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Stellingen behorende bij het proefschrift: Monitoring the immune 
responses to vaccination and infection – Bordetella pertussis and 
beyond

1. To ensure data quality and reproducibility, it is important that 
protocols and phenotypic descriptions are standardized between diff erent 
laboratories & clinical sites (this thesis).
2. Understanding the cellular mechanisms underlying protective 
immunity will help guiding future vaccine design (this thesis).
3. Mucosal immunity and blocking of transmission should always be 
considered when evaluating the effi  cacy of vaccination against an infec-
tious respiratory pathogen (this thesis).
4. Before we can decide whether PLCγ2 – or any other protein- is a 
suitable therapeutic target, we should understand how much we can 
infl uence its functional range (e.g. by stabilizing or amplifying the signa-
ling) without causing side eff ects (this thesis).
5. The in- and exclusion criteria of a vaccination cohort can heavily 
infl uence the fi nal results and should therefore be carefully considered and 
described in the study protocol.
6. Certain infections (e.g. helminth infections) can infl uence vaccina-
tion responsiveness; therefore, the environmental triggers of the target 
population should be kept in mind during the development and evaluation 
of a vaccine candidate.
7. To improve vaccine-induced immunity, we should consider making 
the vaccination route more similar to the infection route. 
8. Adding exploratory methods to the established ‘standard’ methods 
may ultimately speed up the search for new (surrogate) biomarkers.
9. The moment you stop learning is the moment your knowledge 
becomes outdated.
10. Vaak bu’j te bang (a common saying in the “Achterhoek” region of 
the Netherlands).
Both in Science and ‘real life’, it is a lot easier to stay within your comfort   
zone. I believe that we progress in science and real life by working on (and over) 
the edge of our comfort zones.
11. The importance of social inclusivity and contact with nature is 
refl ected by their positive association with reduced feelings of loneliness 
(Hammoud et al., Scientifi c Reports, 2021, 11:24134).
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Chapter 1

General Introduction

NB: parts of this chapter have been published in 'B-cell immunophenotyping to 
predict vaccination outcome in the immunocompromised - a systematic review' 
by Diks & Overduin et al.[1]
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Figure 1. Simplifi ed overview of the three lines of defense that protect the human body 
from pathogens. The fi rst line comprises physical and chemical defenses, such as skin, nails and 
epithelial lining, and secretions such as mucus, enzymes, and antimicrobial peptides. The second lay-
er of defense consists out of the cells of the innate immune system. These are phagocytes (neutrophils, 
monocytes, and dendritic cells), eosinophils, basophils, and natural killer cells. In addition to immu-
ne cells, proteins from the complement system and cytokines are part of the innate immune system. 
The last layer of defense consists of the adaptive immune system, which is characterized by unique 
receptors and the ability to create memory cells, which leads to a more robust and specifi c response 
upon a second encounter with the pathogen. Like in innate immunity, cytokines play an important 
role in adaptive immunity. The adaptive immune system consists out of B- and T cells, which both 
exist in various activation and maturation stages. The last part of the adaptive immune system are 
the immunoglobulins, which are antigen-specifi c products secreted by the terminally diff erentiated 
B cells (plasma cells). Of note, only immune cells that generally can be detected in the periphery are 
shown. Figure created in Biorender.com.

1.1 The human immune system– general overview
The primary task of our immune system is to protect our body from pathogens. 
To do so, the immune system utilizes several lines of defense. The fi rst line of de-
fense comprises physical and chemical barriers, such as the epithelium, mucosal 
surfaces, and secreted antimicrobial products (Figure 1). The next line of de-
fense is the innate immune system, which consists of blood proteins (such as 
the complement system), cytokines, and innate immune cells such as phagocytes 
(which can eliminate the pathogen by engulfi ng and digesting it (phagocytosis)), 
dendritic cells (which can activate the cells of the adaptive immune system via a 
process called antigen presentation), and natural killer cells (which can kill infec-
ted cells). Innate immunity is already present before an infection occurs or can 
be generated within hours and is therefore able to respond fast upon infection/ 
pathogen invasion.

Although innate responses provide eff ective initial defenses against infections, 
many pathogens have evolved mechanisms to escape the innate immune system. 
To eliminate these pathogens, an adaptive immune response is required. The 
adaptive immune system is the third line of defense. It is characterized by the 
presence of unique receptors on the cell surface and the generation of immuno-
logical memory. These receptors specifi cally distinguish parts of microbes and 
molecules, called antigens. The adaptive immune system launches more vigorous 
responses upon repeated encounters and comprises B- and T-lymphocytes (B and 
T cells), and immunoglobulins (also frequently referred to as ‘antibodies’). Like 
in innate immunity, cytokines play an important role in adaptive immunity.[2] 
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The components of the innate and adaptive immune system are inter-connected 
and work together to provide optimal protection against pathogens. For example, 
the innate and adaptive immune system are connected via antigen-presenting 
cells. These are innate cells that present an antigen to a naive T cell (or pre-exi-
sting memory T cells) in a process called ‘antigen presentation’. When the pre-
sented antigen is recognized by the unique receptor on the naive T cell, this T cell 
can become activated.[3,4] Moreover, T cells can instruct innate immune cells by 
means of cytokine secretions, and the products of B cells (immunoglobulins) can 
neutralize a pathogen and enhance its degradation by innate immune cells. Thus, 
there is a continuous interplay between the diff erent components of the immune 
system.

Immune cells can be found in all tissues in the body, such as the blood, bone 
marrow, thymus, spleen, and secondary lymphoid organs, but also in the epit-
helial layers or in mucosa-associated lymphoid tissue (MALT).[2] In addition, 
released cytokines and chemokines can attract immune cells to specifi c locations, 
for example a site of tissue damage or infection. Some types of immune cells are 
found primarily in the tissues, such as tissue-resident T cells, Langerhans cells, 
dendritic cells (DCs), mast cells and macrophages.[2] In this thesis, we focus on 
immune cells that can generally be detected in peripheral blood.

1.2 The innate immune system
The innate immune system consists out of several immune cell types and is res-
ponsible for the control or removal of encountered pathogens by starting in-
fl ammation and/or the antiviral defense. The main types of innate immune cells 
found in the periphery are phagocytes (neutrophils, monocytes, and dendritic 
cells (DCs)), eosinophils, basophils, and natural killer (NK) cells. Upon infl am-
mation or tissue damage, the fi rst cells to arrive are neutrophils and monocytes. 
When migrating from the blood into the tissue, monocytes diff erentiate into ma-
crophages. Neutrophils, monocytes and macrophages express receptors on their 
surface that can sense pathogens via diff erent mechanisms.[3,5] For example, via 
detection of specifi c conserved patterns on the outside of the pathogen (‘patho-
gen-associated molecular patterns; PAMP’s), complement proteins attached to 
the pathogen and marking it for degradation, or specifi c immunoglobulins – of-
ten generated in a previous response- bound to the pathogen (a process known as 
opsonization). As Chapter 4 of this thesis discusses the phagocytosis of opsoni-
zed pathogens, this process will be explained in more detail (Figure 2). 

Opsonized particles are covered in immunoglobulins that recognized and bound 
to the particle. Phagocytes express receptors on their surface that can recogni-
ze the Fc-part of these immunoglobulins, these receptors are called Fc-Receptor 
(FcR). Although inhibitory FcRs do exist (FcγRIIB; CD32), the majority of FcRs 
has activator properties, such as FcγRIII (CD16) and FcγRI (CD64). Binding of 
multiple immunoglobulins can lead to FcR cross-linking. This results in signal 
transduction events, which leads to mobilization of the cytoskeleton. One impor-
tant player in this signaling cascade is phospholipase C gamma 2 (PLCγ2) (we go 
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Figure 2. Simplifi ed representation of the phagocytosis of an opsonized pathogen. From 
left to right: phagocytes express Fc-receptors (FcR), which can recognize the Fc-tail of the immu-
noglobulins that have opsonized the pathogen. Cross-linking of the FcRs leads to cell activation. The 
phagocyte adjusts its cytoskeleton to engulf the pathogen. When the pathogen is engulfed, it is con-
tained in a vesicle: the phagosome. Next, the phagosome is fused with lysosomes, resulting in pha-
golysosomes, which are vesicles fi lled with substances that are meant to destroy the pathogen. Upon 
destruction of the pathogen, the phagocyte can present parts of the pathogen on its surface to activate 
the adaptive immune cells. Figure created in BioRender.com.

more in depth into this in Chapter 4).[6] The mobilization of the cytoskeleton 
enables the phagocyte to engulf the pathogen while keeping it concealed from the 
rest of the cell in a so-called phagosome. The phagosome then fuses with other 
vesicles (lysosomes) present in the cell, which contain substances that are harm-
ful for the pathogen. The fusion with the lysosomes leads to a controlled release of 
enzymes and chemicals, such as reactive oxygen and nitrogen species, which are 
all meant to destroy and digest the engulfed pathogen (Figure 2).[2,5,7] 

Within the monocyte compartment, several subsets can be defi ned based on phe-
notypic and functional diff erences. Monocytes mature from classical monocytes 
(cMos, CD14++CD16-), via intermediate (iMos, CD14++CD16+) to nonclassical 
monocytes (ncMos, CD14+CD16++) and can be further subdivided into diff erent 
functional subsets or activation stages (Figure 3).[8,9] cMos play an important 
role in the initiation and progression of the infl ammatory response, whereas nc-
Mos are involved in the resolution of infl ammation and have the ability to clear 
dead cells.9 The function of iMos seems to be intermediate, combining both pro- 
and anti-infl ammatory properties.[9] Within the cMos, two subpopulations can 
be defi ned based on expression of surface marker CD62L+ (also known as L-se-
lectin) and FcεR1.[10,11] The CD62L+ cMos are thought to be recent bone mar-
row emigrants, whereas CD62L- cMos most likely have been activated, and have 
shed the CD62L upon activation. Within the ncMos, several subpopulations can 
be defi ned based on markers such as CD9, CD36 and SLAN.[9-11] Within these 
ncMo subsets, it was shown that SLAN+ ncMos had higher eff erocytosis (removal 
of apoptotic cells by phagocytes) capacities compared to SLAN- ncMos, sugge-
sting they play a role in clearance of apoptotic cells.[9]  

Another important set of innate cells that can be found in the circulation are DCs. 
Although a large part of the DCs resides within the tissues, they can be detec-
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Figure 3. Diff erent monocyte subsets discriminated based on diff erential expression 
of surface markers. (A) Based on expression of CD14 and CD16, classical monocytes (cMo), inter-
mediate monocytes (iMo), and non-classical monocytes (ncMo) can be defi ned. (B) Within cMo, four 
subpopulations can be defi ned based on expression of CD62L (L-selectin) and the FcER1. (C) Within 
ncMo, four subpopulations can be defi ned based on expression of SLAN and CD36.

ted in low quantities in the circulation. DCs can be subdivided into myeloid DCs 
(mDCs) and plasmacytoid DCs (pDCs) with diff erent functional properties.[8] 
In short, mDCs are considered ‘the classical DCs’: immature DCs that circulate 
through the body in search of antigens. Upon encounter of antigens, these anti-
gens are taken up via several mechanisms such as phagocytosis, macropinocy-
tosis or receptor-mediated endocytosis.[4] Next, the DCs migrate to the lymph 
node. During this process, the DC matures, and its main function becomes anti-
gen presentation via MHC molecules (major histocompatibility complex) on the 
cell surface to engage the adaptive immune system.[4] Although pDCs can also 
present antigen to T cells, they are considered to specialize in the production of 
type 1 Interferon and promote antiviral immune responses.[12] 

Eosinophils are innate immune cells known to have a role in defense against pa-
rasite infections, but their numbers are also known to increase in allergic disea-
ses, drug reactions and in hypereosinophilic syndrome.[13] Basophils play a role 
in allergic responses and in the host defense against parasites.[13] Lastly, NK 
cells respond to viral infections in a non-antigen specifi c way and play a role in 
the elimination of malignant cells from the body.[5] 

1.3 The adaptive immune system 
1.3.1 Generation of unique receptors
The adaptive immune system consists out of two main players: T cells and B cells. 
Both are generated in the bone marrow from common lymphoid progenitor cells. 
However, T cells mature in the thymus, and B cells mature in the bone marrow. 
Both B and T cells express a unique receptor on their surface (the B- and T-cell 
receptor, BCR and TCR, respectively).[14] The genes encoding these unique re-
ceptors are generated by the rearrangement of the diff erent variable (V) genes 
with the diversity (D) and joining (J) genes. An example of this recombination is 
shown for the BCR heavy chain- encoding genes (IGH) in Figure 4 (adapted from 
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[15]). IGHV, IGHD and IGHJ genes are present in the DNA of every cell in the 
body (germline genes) but only when a single random V gene, D gene and J gene 
have rearranged to form a functional V(D)J exon, the DNA can be transcribed 
into a functional receptor.[16,17] Of note, the D gene is not included in every re-
combination; the BCR Ig heavy chain (IgH), TCR β and TCR δ chains are encoded 
by a V, D and J gene, while the BCR Ig light chain (IgL), TCR α and TCR γ chains 
are encoded by a V and J gene only.[17,18] This rearrangement of genes– called 
V(D)J recombination- results in an exon encoding a unique receptor. In addition 
to the use of diff erent V(D)J combinations, junctional diversity (caused by non-
homologous end joining; NHEJ) is an important contributor to the generation of 
unique receptors.[17] In this process, there is a random removal and addition of 
nucleotides at the joints where double stranded DNA breaks were introduced and 
where the DNA pieces were ligated together to form the functional V(D)J exon. 
Moreover, the heavy and light chains are paired randomly. The combination of 

1 2 3 4 5 6 70 1 2 3 4 1 2 3 4 5 6

VH DH JH C
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DH  JH rearrangement

transcription

RNA splicing
VDJ C

5 27
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Figure 4. Schematic representation of IGH gene rearrangement. In the fi rst step of V(D)J 
recombination in the IGH a D gene is coupled to a J gene. Subsequently, a V gene is coupled to the DJ 
joint. The VDJ exon is transcribed and spliced to the IGHM exons. A functional IgM protein is trans-
ported to the plasma membrane with anchoring molecules Igα and Igβ (also known as CD79Aa and 
CD79b, respectively) and a functional Ig light chain protein in immature and mature B cells. Adapted 
from van Dongen et al, 1991.
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V(D)J recombination, introduction of junctional diversity, and random pairing 
of the heavy and light chains occurs in individual lymphocytes during their ma-
turation process, and results in a large variety of BCRs and TCRs expressed.[17] 
Importantly, not every successful receptor rearrangement will lead to a naive B or 
T cell being released into the circulation. There are extensive selection processes 
ongoing to prevent release of potentially harmful B- and T cells into the circu-
lation. Continuous production of new B- and T cells (naive cells) leads to a con-
stant renewal of the available repertoire. Only cells that encountered a matching 
antigen become activated and can further develop into memory or eff ector cells. 
Cells that did not fi nd a matching antigen will not receive activation or survival 
signals and will generally go into programmed cell death, thereby creating space 
for newly generated B- and T cells to enter the circulation. It is estimated that at 
any given moment, the available repertoire (i.e., the number of unique receptors) 
present in an individual is approximately 10^7, although it should be noted that 
this depends on the age of the given individual (higher in younger individuals, 
lower in the elderly).[2,19-21] 

1.3.2 T-cell subsets and functions
When a T cell has successfully generated a unique TCR and has passed the se-
lection processes, it is released in the circulation as a naive T cell. Of note, most 
T cells generate a TCR consisting of α and β chain (TCRαβ), and a small part of 
T cells generates a TCR consisting of a γ and δ chain (TCRγδ). The main goal of 
the naive T cell is to encounter antigen, which occurs via antigen presentation on 
MHCI or MHCII molecules on other cells. Upon antigen recognition the naive 
T cell will get activated and start proliferating and diff erentiating into eff ector T 
cells and memory T cells. The eff ector T cells are short-lived, whereas the memory 
T cells stay in the body for a longer time, providing immunological memory in 
case of antigen re-encounter.[22] Aside from naive, eff ector and memory cells, 
there are many subsets defi ned within the T-cell compartment, each with specifi c 
characteristics.[22] Although many T-cell subsets can be monitored in the blood, 
most T cells are present in the bodily tissues, and only part of T cells is thought to 
be (re)circulating.[23]

In healthy adults, majority of T cells found in the blood are of the CD4 ‘helper’ T 
(Th) cell or CD8 ‘cytotoxic’ T cell phenotype. CD4 T cells recognize MHCII-anti-
gen complexes, and CD8 T cells recognize MHCI-antigen complexes. Cytotoxic T 
cells scan the surface of cells in the tissues. When a cell is damaged or infected, 
the CD8 T cell gets activated and induces apoptosis of the damaged/infected cell.
[2] The CD4 Th cells play a role in the activation of innate immune cells and -in 
the case of follicular Th (Tfh) cells- in the activation and shaping of the B-cell 
and immunoglobulin response.[24] There are diff erent subtypes of Th cells, each 
of which is directed to the defense against specifi c types of pathogens (Table 1, 
based on ref [2,23,25,26]). Importantly, although we can distinguish many diff e-
rent Th cell subsets, there seems to be a high plasticity between them. Likewise, 
each Th subset has signature cytokines, yet there is overlap between the cytokine 
production in diff erent Th subsets.[23]
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The most well-known Th subsets are Th1, Th2, Th17 and Th22 cells, which are 
generated in diff erent responses and can each be identifi ed by the secretion of 
signature cytokines, or by the expression of specifi c surface markers (Table 1). A 
recent study by Botafogo et al. (2020) described a fl ow cytometry panel in which 
many of these T-cell subsets can be identifi ed based on the surface expression 
of various markers.[27] This fl ow cytometry approach identifi ed an even larger 
heterogeneity within the Th subsets, and has defi ned several new possible Th 
subsets, primarily described by their marker expression pattern (based on ex-
pression of CXCR3, CCR4, CCCR6 and CCR10). 

Aside from cytotoxic T cells and Th cells, other T-cell subsets can be found in the 
blood too. Examples hereof are the Tfh cells, regulatory T cells (Tregs) and TCRγδ 
T cells.[27-31] 

Tfh cells are primarily present in the secondary lymphoid organs (especially in 
germinal centers), but can also be detected in the blood, albeit in lower quanti-
ties. Like in Th cells, there is a heterogeneity within the Tfh cells.[30] Based on 
marker expression patterns, subpopulations similar to Th cells can be defi ned, 
e.g. Th1-like cells, Th2-like cells, etc.[27] Next are the Tregs, which are thought to 
play an important role in the development and maintenance of immune toleran-
ce. In a healthy situation, they regulate ongoing immune responses and prevent 
autoimmunity. Like Th and Tfh cells, Tregs have been shown to be a heterogenous 
population.[29] Lastly, TCRγδ T cells can be identifi ed in the circulation. TCRγδ 
T cells are a small distinct T-cell subset/lineage and although their exact function 
in  immunity is not fully understood, it is known that TCRγδ T cells have featu-
res of innate and adaptive immune cells and seem to have a multifaceted role in 
immunity.[28] And– in contrast to TCR αβ T cells- these cells are not completely 
restricted by MHC presentation for antigen recognition.[31] 

In this thesis, we used the fl ow cytometry panel as published by Botafogo et 

Type Th cell Signature cytokine 
expression

Associated with 

Th1 IFN-γ Defense against intracellu-
lar microbes

Th2 IL-4, IL-5, IL-13 Defense against helminthic 
parasites

Th17 IL-17, IL-22, (IL-10) Defense against extracellu-
lar bacteria; fungi; Tissue 
repair

Th22 IL-22 Tissue repair

Table 1. Overview of main helper T-cell subsets, their signature cytokines, and functi-
ons. Table based on ref [2,23,25,26].
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al.[27] to monitor the CD4 T-cell compartment and describe the kinetics of CD4 
T-cell populations that can be defi ned with that marker combination.

1.3.3 B-cell functions and subsets- general overview
As explained in §1.3.1, the BCR is formed during a process called V(D)J recom-
bination. First the genes encoding the immunoglobulin heavy chain (IgH), and 
then the genes encoding the immunoglobulin light chain (Igκ or Igλ) rearrange to 
form a unique BCR.[15,32,33] From the immunoglobulin light chain genes, each 
developing B cell will fi rst initiate recombination of the Igκ light chain. When this 
does not result in a functional light chain, the cell will initiate recombination of 
the Igλ light chain. If both Igκ and Igλ rearrangements fail, the cell will go into 
programmed cell death. 

After generation of a functional BCR the B cell leaves the bone marrow and en-
ters the blood as a naive B cell in search for antigen. As each generated B cell 
expresses a unique BCR, there is a large variety in the available repertoire. Upon 
encounter of an antigen that matches the BCR, the naive B cell gets activated and 
develops into an eff ector cell (known as plasma cell) or a memory cell. Dependent 
on the type of antigen, this process can be T-cell dependent (in case of protein 
antigens) or T-cell independent (in case of nucleic acid, lipid, and polysaccharide 
antigens).[34]
 
1.3.4 B-cell functions - Activation of the BCR
The BCR forms a complex with the Igα and Igβ molecules. The Igα and Igβ mole-
cules contain an immunoreceptor tyrosine-based activation motif (ITAM) in the 
cytoplasmic tail. Upon binding of antigen, the involved BCRs start cross-linking 
(Figure 5). This leads to phosphorylation of the ITAMs in the Igα and Igβ mo-
lecules, which triggers subsequent signaling events downstream of the BCR.[35] 
For example, the PLCγ2 protein gets activated, which leads to the production of 
second messengers such as diacylglycerol (DAG) and inositol-1, 4, 5-trisphosp-
hate  (IP3).[35,36] IP3 generation leads to the increase in intracellular calcium, 
whereas DAG is an activator of protein kinase C (PKC).[37,38] The production of 
second messenger molecules and the increased calcium levels result in enzyme 
activation. These enzymes activate several transcription factors, such as NFAT 
and NF-κB, which results in activation of genes whose products are required for 
functional B-cell responses, such as proliferation and diff erentiation.[35] 

Upon activation, the B cell starts proliferating and actively modifying its BCR to 
generate a BCR with a better fi t to the antigen. This modifi cation occurs via the 
introduction of mutations in the regions of the BCR that come into direct contact 
with the antigen. This process is called ‘Somatic Hypermutation’ (SHM) (Figure 
6A).[24] Moreover, the B cell can change the isotype of their heavy chain in order 
to alter the eff ector functions of the BCR and secreted immunoglobulins in a pro-
cess called ‘Class-Switch Recombination’ (CSR) (Table 2, based on [39-42]).[24] 
As this process involves the removal of genomic fragments, this is an irreversible 
process that goes in one direction (Figure 6B, based on [2,15,43]).
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Figure 5. Simplifi ed representation of the major steps in BCR activation. (1) Cross-linking 
of the BCRs by means of antigen binding (or via use of Fab-binding fragments). (2) Phosphorylation 
of the ITAM parts of the Igα and Igβ chain by the activation Src family kinases. (3) Release of secon-
dary messenger molecules/biochemical intermediates, such as DAG or the release of calcium. These 
lead to the activation of (Ca-dependent) enzymes. (4) Activation of transcription factors. (5) Activati-
on/transcription of genes whose products are required for functional B-cell responses. Adapted from 
‘BCR downstream signaling’ by BioRender.com (2022). Retrieved from https://app.biorender.com/
biorender-templates.
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Figure 6. Simplifi ed representation of the processes of Somatic Hypermutations (SHM) 
and Class-Switch Recombination (CSR). (A). Introduction of somatic hypermutations can lead 
to structural changes in the V-region of the immunoglobulin, which can lead to increased or decreased 
affi  nity, or no change in affi  nity. Immunoglobulins with higher affi  nity are preferentially selected, and 
thus SHM leads to the generation of higher affi  nity immunoglobulins. V; Variable region, C; Constant 
region (B) The human IGH locus contains nine constant regions (IGHC). When an antigen-activated 
B cell gets T-cell help, the B cell will undergo switching to another isotype, depending on the T-cell 
help. In this fi gure, the proximal genes Cμ, Cδ, and Cγ3 are deleted in a circle of DNA, which leads 
to recombination of the VDJ with the Cα1 gene. Transcription of the newly formed exon results in 
generation of immunoglobulin with the IgA1 constant region. As part of the DNA is deleted, next 
class switching events can only go in one direction. Adapted from ‘Somatic Hypermutation allows for 
generation of higher affi  nity BCRs’ by BioRender.com (2022). Retrieved from https://app.biorender.
com/biorender-templates.

A

B
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Table 2. General overview of diff erent immunoglobulin (sub)classes. In the left co-
lumn, simplifi ed representations of the immunoglobulin format(s) present are indicated. The 
primary known binding receptors and eff ector functions are indicated per immunoglobu-
lin subclass.[39-42] Immunoglobulin representations generated in BioRender.com. 

Immuno-
globulin

format binding 
receptor

function

IgM Pentamer FcμR Complement fi xation; opsonization; 
primary adaptive responses

IgG Monomer FcγR IgG1-4: secondary adaptive responses
IgG1,IgG3: complement fi xation, 
strong opsonization, strong FcγR bin-
ding
IgG2: no complement binding or op-
sonization capacity, reduced binding to 
most FcγRs
IgG4: no complement binding, redu-
ced binding to most FcγRs, in vivo Fab 
exchange resulting in bispecifi c immu-
noglobulins

IgA Monomer, 
dimer

FcαR IgA1:  mainly mucosal immunity, 
immune protection of newborns, larger 
distances between Fab tips allows bin-
ding that are further apart
IgA2:  mainly mucosal immunity, im-
mune protection of newborns

IgD Monomer FcδR Function not defi ned, possibly involved 
in regulation of B-cell fate and shaping 
of B-cell repertoire

IgE Monomer FcεR Involved in allergies, hypersensitivity 
and worm infections

1.3.5 Generation of kappa-deleting recombination circles (KRECs)
Each developing B cell will fi rst initiate recombination of the Igκ light chain and 
will only initiate recombination of the Igλ light chain if Igκ is not successfully re-
combined. This knowledge can be used to our advantage in immune monitoring. 
We know that when the Jκ-Cκ intron recombination signal sequence (intron RSS) 
rearranges to the kappa-deleting element (Kde), the Igκ locus is not rearranged 
any further (thus rendering this locus ‘non-functional’).[44,45] In humans, this 
rearrangement is quite common in mature B cells with an Igκ light chain, and 
present in almost all B cells with an Igλ light chain.[46-48] During this specifi c 
rearrangement, part of the DNA is excised and remains as an ‘excision circle’ in 
the cell (Figure 7, duplicated with permission from [46]). These excision cir-
cles – also known as kappa-deleting recombination circles; KRECs- are stable 
elements which do not replicate during cell divisions. This means that on the 
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cell population level they dilute upon each cell division. Thus, by calculating the 
ratio between the ‘coding joint’, which is left in the genome and the ‘signal joint’ 
on the KREC, the average number of cell divisions that a B-cell population has 
undergone since generation of the BCR (≈ since they left the bone marrow) can 
be determined.[46] This concept and the fi rst results are described in the patent 
fi led by van Dongen and Szczepanski in 2004 (PCT/NL2005/00761, priority date 
25.10.2004).[49] For T cells, a similar approach can be used when detecting the 
T cell receptor excision circles (TRECs).[50,51] In terms of immune monitoring 
the number of detected KRECs or TRECs could give insight in the dynamics of 

Figure 7. Formation of kappa-deleting recombination circles during the generation of 
the human B-cell receptor. (A) V(D)J recombination of the IGK locus results in a Vk-Jk coding 
joint. Subsequent rearrangement between the intron RSS and the Kde elements can make the IGK 
allele nonfunctional by deleting the ck exons and the enhancer. Consequently, the coding joint pre-
cludes any further rearrangements in the IGK locus and therefore remains present in the genome. The 
KREC with the corresponding signal joint is a stable double-stranded, circular DNA structure, which 
will not be degraded, but neither be duplicated during the cell cycle. (B) Therefore, upon each cell 
division, the number of KRECs will be diluted. The coding joint in the genome and the signal joint on 
the KREC can be quantifi ed via RQ-PCR and their ratio can be used to determine the number of cell 
divisions a B-cell subset has undergone since they left the bone marrow. Figure and legend duplicated 
with permission from Van Dongen (2004).
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B- and T-cell subsets. One example is the case of severe combined immunodefi ci-
ency (SCID) or primary immunodefi ciencies (PID), where the level of TREC and 
KREC numbers can aid the diagnosis. In fact, this approach has implemented in 
newborn screening programs in several countries.[52,53]

As indicated earlier in this introduction, naive B cells diff erentiate into memo-
ry B cells (that can persist in the body for many years) and plasma cells, which 
produce large quantities of immunoglobulins to neutralize antigen. In the blood, 
several maturation stages of plasma cells can be observed based on expression 
of several cellular markers. The surface marker CD20 (its exact function is not 
known, but CD20 interacts with the BCR and may be involved in B-cell activation 
[54]) and CD138 (a proteoglycan that is considered a hallmark of (mature) plas-
ma cells [55]) play an important role in defi ning the plasma cell maturation stage. 
Immature plasma cells express CD20 but not CD138. During maturation, CD20 
is downregulated and CD138 is upregulated. Most mature plasma cells are CD20 
negative, and CD138 positive (Figure 8A).[56] Plasma cells of all these matura-
tion stages can be detected in circulation, and thus a heterogenous expression of 
CD138 is observed. As CD138 expression is considered a hallmark of plasma cells, 
this mixed circulating plasma cell population is often referred to as plasmablasts. 
In this thesis, we will refer to the circulating plasmablast/plasma cell populations 
simply as plasma cells. 

Aside from the changes in CD20/CD138 expression, maturing plasma cells gra-
dually lose the expression of surface immunoglobulins (the BCR) and various 
other surface markers (Figure 8B) and initiate massive immunoglobulin pro-
duction (production and secretion of BCRs).[55] After their generation in follicles 
or germinal centers, plasma cells migrate via the blood stream to fi nd a niche that 
supports their survival (bone marrow, spleen, MALT, lymph node).[55] Although 
most generated plasma cells are short-lived, the plasma cells that fi nd a niche 
become long-lived plasma cells and can stay in the body for many years. It is 
thought that, upon antigen-challenge, a fraction of the newly generated plasma 
cells will compete with the long-lived plasma cells for a place in the niches, pro-

Figure 8. (A) Heterogenous expression of CD20 and CD138 in plasma cells, depending on their 
maturation status. (B) Gradual loss or gain of expression of various surface markers in plasma cells 
upon their maturation.
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bably expelling some of these plasma cells from their location. As a result hereof, 
the pool of long-lived plasma cells is a dynamic entity.[57] The immunoglobulins 
secreted by plasma cells play an important role in the neutralization of the pa-
thogen/antigen. Depending on the type of antigen, the type of encounter and the 
location in the body (e.g., mucosal vs. systemic), diff erent BCRs are generated, 
and thus diff erent types of immunoglobulins are generated.

1.3.6 B-cell functions and subsets- distribution in the general popu-
lation 
In healthy adults, majority of B cells are of the naive mature or memory B-cell 
phenotype (Figure 9, modifi ed from [1,46,48]). Additionally, low numbers of 
transitional/immature B cells (recent bone marrow migrants) and plasma cells 
can be detected in peripheral blood.[58] While the breadth of the naive B-cell 
repertoire (number of naive B cells carrying a unique BCR) is crucial in the res-
ponse to neoantigens, the diversity within the memory B-cell compartment, sha-
ped by previous antigen encounters, plays an important role in recall responses, 
such as to a booster vaccination. Within memory B cells, two major subpopula-
tions can be defi ned: the non class-switched memory B cells and class-switched 
memory B cells. Most non class-switched memory B cells are believed to be (part-
ly) derived from T-cell independent immune responses. In contrast, formation 
of class-switched memory B cells is mostly T-cell dependent and takes place in 
germinal centers upon recognition of protein antigens.[34] However, it should be 
noted that several exceptions to these general observations have been described, 
such as T-cell independent IgA responses in the MALT or T-cell dependent origin 
of a part of IgM+ memory B cells.[59] 

1.4 Immune monitoring
All the immune cells mentioned so far can be detected in the peripheral blood, 
which is considered the ‘highway’ for immune cells to make their way through 
our body.[60,61] The blood can be sampled in a minimally invasive manner, ma-
king it suitable to use for immune monitoring. Immune monitoring is a process 
where the immune system is monitored at one or several timepoints to gain more 
information about its status or composition. Detailed monitoring of the immune 
system and ongoing processes can be a valuable source of information, both when 
the system is in homeostasis and when it is not, e.g. in case of infection, disease, 
or when an individual is receiving treatment or medication.[62-64] Immune mo-
nitoring can be performed in vivo and in vitro, with a functional or phenotypic 
assessment or a combination of both, and at diff erent levels; the cellular level, the 
molecular level, or by means of e.g. serum analysis or repertoire studies.[65-70] 
The preferred method of immune monitoring may be infl uenced by the available 
material, equipment, timeframe, funding and knowledge. 

In this thesis, we primarily used fl ow cytometry-based immune monitoring tools 
to assess baseline and ongoing cellular immune kinetics, with peripheral blood 
as source of material. Therefore, we will further explain this method in the follo-
wing paragraph (§1.5). To a lesser extent, serology, ELISpot, qPCR, activation/
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Figure 9. Simplifi ed representation of major B-cell subsets detectable in blood. From 
left to right: Immature/Transitional B cells are recent bone marrow migrants and present in low 
numbers in the peripheral blood. They mature into naive B cells, which constitute a major part of 
the circulating B-cell population. The number of naive B cells with unique B-cell receptors forms 
the naive B-cell repertoire, which is crucial for recognition of neoantigens (primary antigen encoun-
ters). Naive B cells which encountered T-cell dependent antigens (e.g., a protein), will enter germinal 
centers to receive T-cell help. Consequently, they will upregulate AID (Activation Induced Cytidi-
ne Deaminase) and subsequently improve affi  nity for antigen by initiating Somatic Hypermutation 
(SHM) and change eff ector functions in the process of Class-Switch Recombination (CSR). Only B 
cells that express receptors with increased affi  nity to the encountered antigen survive and can leave 
the germinal center as class-switched memory B cells or as plasma cells. When a B cell is activated 
by a T-cell independent antigen (e.g., a polysaccharide, nucleic acid or lipid), it does not enter the 
germinal center, but diff erentiates into a non class-switched memory B cell instead. Class-switched 
and non class-switched memory B cells make up a large part of the circulating B-cell compartment, 
and are present in other parts of the peripheral lymphoid system, such as the spleen or lymph nodes. 
These memory B cells are important during recall responses (recall antigen encounter) when they 
can re-enter germinal centers and undergo further processes of affi  nity maturation and class-swit-
ching. Lastly, plasma cells are the terminal eff ector B cells and responsible for massive immunoglo-
bulin production after antigen encounter. Upon infection or vaccination, a transient peak of plasma 
cell numbers is observed, but in steady state, plasma cell numbers are low. Figure created in Bio-
Render.com. Modifi ed from Diks et al., 2021, van Zelm et al., 2005, van Zelm et al., 2007. 1,46,48

stimulation assays and single cell-sequencing technologies were used for immune 
monitoring, again using peripheral blood as source of material. 

Serology, or the detection of antigen-specifi c serum immunoglobulins is consi-
dered a golden standard when it comes to assessing vaccine eff ectiveness; the 
(increased) levels of vaccine-specifi c immunoglobulins in the serum are known 
to correlate with protection against disease in numerous cases.[71] To detect and 
quantify the number of antigen-specifi c B cells, the ELISpot method was applied 
in this thesis. Signifi cant correlations between the number of Ag-specifi c B cells 
and the Ag-specifi c Ig serum levels have been reported for multiple vaccines.[72] 



Chapter 1

26

The qPCR-based methods that we use in this thesis are related to the detection 
of KRECs. The number of KRECs detected in a B-cell population can give infor-
mation about the number of cell divisions that a B-cell population has undergone 
since it left the bone marrow.[46] Activation and stimulation assays were used 
in this thesis to determine the ‘fi tness’ of cells. We evaluated the activation of 
cells upon stimulation at various locations during the activation pathway, such 
as phosphorylation events, calcium release, and phagocytosis/ROS production 
(upon stimulation with opsonized particles).

Lastly, we made use of single cell sequencing techniques to investigate the B-cell 
repertoire during an immune response. By investigating the B-cell repertoire, we 
can get insight in the selection processes that occur upon antigen encounter.  This 
way we may identify structures that are most immunogenic during natural patho-
gen encounter and evaluate if these are also present in current vaccines or vaccine 
candidates. 

1.5 Flow cytometry as a tool for immune monitoring
Flow cytometry is a frequently used immune monitoring method which allows 
identifi cation of cells/particles in (single cell) suspensions. Cell identifi cation is 
based on the detection of cellular markers by fl uorescently labelled (monoclo-
nal) antibodies or detection of nucleic acids by fl uorescent dyes (Figure 10).[73] 
Frequently used cell suspensions for fl ow cytometry include, but are not limited 
to, mechanically or enzymatically digested tissues, cell lines and/or co-cultures, 
bone marrow, cerebrospinal fl uid, saliva, urine and (peripheral) blood. 

In the early days, the number of cellular markers that could be detected was ra-
ther limited. However, over time the number of fl uorescent labels and the ability 
of fl ow cytometers to pick up multiple signals has increased signifi cantly, leading 
to the development and publication of several high-dimensional/multicolor fl ow 
cytometry panels (van der Pan et al, manuscript accepted).[27,74,75] Such panels 
allow identifi cation of many diff erent cell entities, such as subsets, maturation 
stages or diff erent activation stages. Aside from the detection of surface/intracel-
lular markers, the availability of bioparticles coupled to a sensor dye or sensor 
dyes in general, such as pHrodo, DHR123 or calcium-sensor dyes, allow for de-
tection of processes such as phagocytosis, generation of reactive oxygen species 
(ROS) or calcium release. Thus, the use of (intra)cellular markers, bioparticles 
and sensor dyes can be a valuable source of information about the function of 
evaluated cells. Additionally, the introduction of high-throughput fl ow cytome-
ters allows analysis of high cell numbers, and when counting beads are used, one 
can retain information about absolute numbers. The large availability of fl uo-
rochrome-linked detection antibodies, number of fl uorescent dyes and the op-
portunity to adjust the optical confi guration of the machine result in great fl exi-
bility. Lastly, the introduction of spectral fl ow cytometers has resulted in an even 
higher number of marker combinations that can be used simultaneously. Spectral 
fl ow cytometers diff er from conventional fl ow cytometers regarding their optics 
and detectors, resulting in detection of the complete emission spectrum from a 
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Figure 10. Simplifi ed overview of fl ow cytometry principles. The main steps are indicated 
and labeled sequentially. (1)  A mixture of cells is fl uorescently labeled with antibodies specifi c for 
each cell type. (2) In the fl ow cytometer, the labeled cell mixture is passing a laser beam in a stream of 
fl uid. The laser beam strikes the stream and the cells that are passing by at that moment. Based on the 
type of cell that is hit at that moment, diff erent light signals are hitting the detectors. The FSC detector 
identifi es the cell size. The SSC detector identifi es the (auto)fl uorescence and the granularity of the cell. 
The other detectors identify signals originating from the fl uorescently labeled antibodies that bound 
to the cells. (3) For each interrogated cell (also called “event”), the outcome of each detector is saved 
as a separate parameter. (4) Using fl ow cytometry analysis software, each cell type can be identifi ed 
based on its unique combination of parameters. Adapted from ‘Fluorescence-activated Cell Sorting 
(FACS)’ by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.

fl uorochrome/dye instead of only the light passing a set of fi lters, as is the case in 
conventional fl ow cytometers.[76] The combination of high-throughput, fl exibi-
lity and the relatively fast acquisition of cells make fl ow cytometry a very suitable 
tool for exploratory research. 

Although much information can be retrieved from such complex fl ow cytome-
try panels and large cell numbers, this increased complexity of antibody panels 
has resulted in an increased subjectivity when it comes to data analysis and in-
terpretation.[74] To ensure data quality and reproducibility, it is important that 
protocols and phenotypic descriptions are standardized between laboratories/
clinical sites. To this end, several groups and consortia proposed the use of har-
monized or standardized protocols for sample collection, acquisition, and (auto-
mated) analysis.[77-80] In this thesis, the guidelines and protocols as proposed 
by the EuroFlow Consortium have been applied to all experiments executed on 
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a BD FACS Canto II 3L or a BD FACS LSR (X-20) Fortessa 4L (BD Biosciences, 
San Jose, CA, USA).[77,81] In short, this means that standardized protocols were 
used whenever available, and that machine performance was monitored daily 
with CS&T beads (BD Biosciences) as well as SPHERO™ Rainbow calibration 
particles (Cytognos, Salamanca, Spain). 

Figure 11 shows an overview of diff erent aspects in the preanalytical, analytical 
and postanalytical process that can infl uence the results and should ideally be 
decided before start of large experiments, such as a clinical trial. In short, the 
type of anticoagulant can infl uence cell distribution over time.[82] The presen-
ce of a fi xation agent can infl uence cell identifi cation markers (e.g. altered scat-
ter properties), but allows for extended sample stability.[83,84] The amount of 
blood used for sample processing and acquisition (and thus cell numbers evalua-
ted) determines depth of analysis, moreover, protocol adjustment may be needed 
when sample volume changes. With increased sample age (time since donation), 
quality reduces, but this diff ers per evaluated cell type and is infl uenced by type 
of anti-coagulant, storage temperature, storage time and mode of storage (e.g. 
full blood, cell suspension, or fi xed cells).[84-86] During sample acquisition, the 
type of fl ow cytometer used (including confi guration and calibration), the used 
protocols, and the antibody cocktail can infl uence the generated fl ow cytometry 
fi les.[81] Lastly, the analysis of the fl ow cytometry fi les is dependent on the (expe-
rience of the) operator and population defi nition. Thus, standardization of these 
aspects leads to increased data quality and reproducibility.

Figure 11. Diff erent aspects in the preanalytical, analytical and postanalytical process 
that can infl uence the quality of results and should ideally be decided before start of 
large experiments, such as a clinical trial. Figure modifi ed from Diks et al (this thesis).
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1.6 Immune response to antigen – vaccines
Exposure to a pathogen or vaccine component initiates an immune response 
which eff ectiveness depends on the cooperation of multiple cell types. During 
the immune response, innate immune cells are rapidly recruited to the place of 
damage or infection.[62,87,88] They initiate the immune response by means of 
local infl ammation, but also act as antigen (Ag)-presenting cells.[87,88] The in-
nate response is followed by activation of adaptive immune cells (T and B cells), 
which results in the formation of eff ector and memory cells.[24] The generation 
of immunological memory is the basis for vaccine-induced protection. By actively 
exposing the immune system to a part of a pathogen, or a weakened/dead patho-
gen, the immune system is triggered and generates an immune response against 
the pathogen, while induction of disease is avoided. In this process, immunologi-
cal memory is built, and when the pathogen is encountered in real-life, the tools 
required to neutralize/destroy the pathogen are already present. This leads to a 
more effi  cient immune response and can prevent (major) disease. The effi  cacy 
of vaccines has been demonstrated by the reduced number of infectious-disease 
related deaths since their introduction.[89]

However, the use of vaccines is often based on empirical data, and not all under-
lying (protective) mechanisms are fully understood. Moreover, the vaccine com-
position such as type of adjuvant, variety and concentration of antigen, and type 
of antigen (e.g., peptide, polysaccharide-conjugates, or whole pathogen) can lead 
to diff erences between generated immunity versus optimal protective immunity.
 
1.7 The diff erence between vaccine-induced and natural infecti-
on-induced immunity- Bordetella pertussis 
The main immune response monitored in this thesis is the response launched 
against Bordetella pertussis (Bp), a gram-negative bacterium responsible for the 
respiratory tract disease pertussis, also known as whooping cough. Infection with 
Bp occurs via airways and transmission of the bacterium occurs via respiratory 
droplets. Although the introduction of vaccines against pertussis (1940s/1950s) 
have resulted in a great reduction in reported cases, there is still a high disease 
burden (Figure 12). In 2018, there were 35.627 reported pertussis cases in Eu-
rope, of which 10 had a fatal outcome.[90] However, it is generally assumed that 
there is an underreporting of pertussis cases, and thus that actual number of ca-
ses is higher. Worldwide, an estimated 300.000-400.000 pertussis related de-
aths occur annually, mostly aff ecting infants and people in developing countries.
[91,92] 

The initial pertussis vaccines were whole cell pertussis vaccines (wP vaccines), 
which contained inactivated Bp. However, due to the unfavorable reactogenicity 
profi le of the wP vaccine, many countries switched to acellular pertussis vaccines 
(aP vaccines).[93,94] The aP vaccines contain one or more Bp antigens, such as 
pertussis toxin, pertactin, fi lamentous hemagglutinin and fi mbriae2/3, and are 
adjuvanted with aluminum hydroxide. Vaccines against pertussis are generally 
combined vaccines that also provide protection against diphtheria, tetanus and 
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in some cases also Haemophilus infl uenzae type B, polio or hepatitis B.[95] In the 
US, the fi rst aP vaccine was licensed in 1996, and in Europe, transition towards 
aP vaccines started in 1995 (Netherlands: 2005).[96] 

Figure 12. Number of reported pertussis cases in (A) the US (1922-2019), (B) the US 
(1995-2019), and (C) Europe (EU) and the Netherlands (1998-2018, timeline starts at 
1995). Reported pertussis cases were retrieved from the Center for Disease Control.[99] Reported 
pertussis cases for Europe/Netherlands were retrieved from the European surveillance atlas for in-
fectious diseases.[100] 

Nowadays, most high income countries use aP vaccines, whereas several low- and 
middle income countries still use the wP vaccine.[96,97] Although the introduc-
tion of pertussis vaccines in 1940s/1950s resulted in a strong reduction of the 
number of cases, the incidence of pertussis has increased in the past decennia 
with a shift in reported cases from young children to adolescents and adults (Fi-
gure 12).[92,98-100] This may be explained by the fact that protection against 
Bp is not life-long. Moreover, several studies suggested that aP-induced immu-
nity wanes faster than wP vaccine-induced immunity.[92,93] Dependent on the 
type of vaccine (wP or aP vaccine), diff erent cellular and serological responses 
were detected, such as skewing of the Th-response and diff erences in induced 
vaccine-specifi c serum immunoglobulin subclasses.[101-103] In addition, ba-
boon studies have shown that wP and aP vaccines do not prevent transmission of 
Bp (with wP vaccines being more effi  cient in reducing colonization and transmis-
sion than aP vaccines).[104] Thus, although vaccinated individuals were protec-
ted from disease, they could still transmit the pathogen upon infection. Indeed, 
most pertussis cases with severe outcome are found in unprotected individuals, 
especially unvaccinated or incompletely vaccinated infants.[92,98] Thus, it is of 
importance to develop new pertussis vaccines that protect against colonization 
and transmission. 

To develop new vaccination strategies, it is important to gain a thorough under-
standing of diff erences and similarities in the immune response induced by per-
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tussis vaccines and natural infection. Previous studies showed that the cellular 
and serological responses post-vaccination diff ered from cellular and serological 
responses measured in patients with a natural infection.[101] However, patient 
settings are not optimal due to heterogeneity in the cohort and the number of un-
known factors (for example, time since infection, time since symptoms, baseline 
parameters). In contrast, human challenge studies allow for safe and controlled 
infection, with the option to monitor/predefi ne many parameters, and with stan-
dardized clinical readout. Therefore, such studies can be an immense source of 
new information regarding immune responses to “natural infection” and the in-
duction of protective immunity.

In the case of pertussis, there are several diff erences between vaccination and 
natural infection that can infl uence the induced immune response.  The major 
diff erences between current Bp vaccines and natural infection are the site of an-
tigen encounter (deltoid muscle vs respiratory tract) and the variety/concentrati-
on of antigens (as indicated above; pertussis vaccines are combination vaccines). 
Upon vaccination, a high load of Bp (and other) antigens is injected in the muscle 
(skipping the fi rst line of defense), whereas upon natural infection, the antigenic 
load of Bp may be a lot lower and more gradually encountered, as the Bp initially 
encounters the fi rst line of defense (physical en mechanical defenses, mucosal 
tract). The encounter of bacteria in mucosal areas may initiate immune proces-
ses (mucosal responses) that are not induced upon primary vaccination but may 
be of importance for the induction of protective immunity against infection and 
transmission. Prevention of transmission is not only of importance to pertus-
sis vaccines but may play a role in other infectious respiratory diseases, such as 
SARS-CoV-2.

1.8 Immune monitoring outside the healthy adult population
Aside from vaccine evaluation (generally occurring in healthy adults), immune 
monitoring can be applied in many other situations. In the fi eld of diagnostics, 
immune monitoring is a valuable tool that can help with the identifi cation or ex-
clusion of hematological malignancies or immune defi ciencies. Moreover, the re-
constitution of immune system after hematopoietic stem cell transplantation or 
immunosuppressive treatments and targeted immunotherapies can be subjected 
to immune monitoring. Thus, immune monitoring has many applications. 

One specifi c group in which monitoring is becoming more important is the aging 
population. Increased welfare, because of economical and medical improvements, 
has resulted in people all around the globe living longer. The WHO has estima-
ted that in the coming 25-30 years, the number of individuals aged 60 or older 
will double, from 1 billion in 2020 to about 2.1 billion in 2050.[105] In majority 
of people, aging goes hand in hand with a decline in cognitive and/or physical 
health. There are many age-related impairments, such as lowered resistance to 
infection, dementia, osteoporosis, atherosclerosis and diabetes, which are direct-
ly or indirectly related to the aging immune system, especially to the low grade 
infl ammation that is often observed in older individuals (infl ammaging).[20,106] 
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This overall increase in age creates new challenges for our medical system and the 
way we monitor the immune system of these individuals (for example; when a po-
pulation is reaching older age, should we adjust the parameters defi ning ‘healthy 
reference values’ in such individuals?).

Upon aging, the numbers and distribution of circulating immune cells and the 
functioning of immune cells change. The output of naive B and T cells into the 
periphery decreases, which leads to a decrease in naive cells in the circulation. 
This, in combination with the reported increase in oligoclonality in older adults 
results in a decreased B and T-cell repertoire.[19-21] Moreover, impaired ger-
minal center formation, reduced affi  nity maturation, memory B-cell formation 
and lowered levels of plasma cells in the bone marrow have been reported in 
both human and animal models.[19] Additionally, the functioning of innate im-
mune cells declines. Several studies reported a lowered capacity to phagocytose 
opsonized particles and produce ROS in neutrophils derived from aged indivi-
duals.[21,107] Moreover, reduced phagocytic capacity, lowered ROS production 
and lower anti-tumor properties were reported for monocytes derived from ol-
der adults.[20,108,109] Lastly, immune cells with unusual phenotypes can get a 
more prominent place during the aging process, as was shown for the so-called 
‘age-associated B cells’.[1,110,111] Altogether, these processes indicate that upon 
aging, individuals become less equipped to deal with infection and infl ammation. 
This does not only infl uence ‘natural encounters’ but may also negatively impact 
the induction of protective immunity by means of vaccination. 

Indeed, several studies evaluating vaccine responses in the elderly have shown 
reduced vaccination responses, such as reduced Ag-specifi c serum immunoglo-
bulins, immunoglobulin functioning (neutralizing or inhibiting capacity), and 
plasma cell counts.[1] Of note, although reduced immune responses were obser-
ved in several of these studies, there was still an expected benefi t of the vacci-
nation. However, the impact of aging was not consistent between these studies. 
A possible explanation is the stringency of the inclusion criteria. As indicated 
above, majority of individuals experience a cognitive and physical decline upon 
aging. However, we know from studies that this decline varies between individu-
als and can be infl uenced by several factors, such as lifestyle, stress factors and 
genetics. Depending on these factors, a person can age well or poorly. Therefore, 
not only the age in years, but also the ‘biological age’ infl uences the ability of an 
individual to response to antigen-challenge. Thus, when a study has stringent 
health-related inclusion criteria, it may automatically select for individuals that 
are aging well, and thus reduce the impact of the age in years. In order to har-
monize the study cohorts in immunogerontological studies, protocols have been 
composed to better select and describe the elderly cohort, for example the SENI-
EUR protocol.[112] 

Although majority of individuals show physical and cognitive decline upon aging, 
there is a selected group of individuals that ages well. Although their successful 
aging is most likely a combination of several factors, multiple studies have sear-



1General Introduction

33

ched for factors that are associated with good or poor aging.[113,114]  The ApoE4 
allele is a well-known genetic factor negatively associated with longevity, but the-
re are many more gene variants associated with increased or decreased likeli-
hood of longevity. Examples of gene variants positively associated with longevity 
are the 1082GG polymorphism in the gene encoding IL-10, the Asp299Gly poly-
morphism in the gene encoding TLR4, and the P522R polymorphism in the gene 
encoding PLCγ2.[114,115] As indicated before, aging is in part an immunological 
process. Therefore, it is relevant to understand the impact of these factors as-
sociated with successful aging/increased resilience against aging. Better insight 
in these processes may help guide and design future therapies for age-related 
complications.

1.9 Outline of this thesis
Standardization in clinical trials is crucial to obtain data that is reliable and com-
parable in-between study locations. Therefore, we fi rst evaluated the infl uence of 
pre-and post-analytical procedures on the quality of fl ow-cytometric immunop-
henotyping in blood. In Chapter 2, we assessed the impact of delayed sample 
processing and acquisition, storage temperature and fi xating agents on quantity 
and distribution of leukocyte subsets (2.1). We showed that blood samples stored 
for <24h at room temperature before processing and staining seem most suitable 
for reliable immunophenotyping, despite observed losses in absolute cell num-
bers. Next, we measured the impact of delayed sample processing on the per-
formance of a database-driven analysis (2.2). Here, we showed that automated 
analysis is superior to manual analysis regarding reproducibility and robustness, 
although expert revision of these automated fi les remains necessary in samples 
with numerical alterations and aberrant B- and T-cell maturation and/or marker 
expression profi les.

Knowledge gathered in studies presented in Chapter 2 was utilized in several 
clinical trials where we aimed to dissect the cellular immune responses following 
controlled pertussis infection or vaccination. These clinical trials were initiated 
locally at the LUMC or within the IMI-2 PERISCOPE Consortium and their major 
outcomes are summarized in Chapter 3. Initially, within LUMC, we performed 
an extensive trial, in which we investigated kinetics of multiple leukocyte subsets 
over time following vaccination (3.1). This allowed us to determine the most rele-
vant timepoints and populations for the follow up analysis. Additionally, this set 
of data could be used as a ‘framework’, on which we projected data of subsequent 
vaccination study, where we collected samples from fewer timepoints, but from 
more diverse cohorts (diff erent ages and priming backgrounds) (3.2). There, we 
showed that the plasma cell response initiated after Tdap booster vaccination 
diff ered with age and priming background. Cellular analysis of the immune res-
ponse to pertussis vaccination was further extended by molecular studies using 
single cell sequencing technologies on highly enriched plasma cell samples from 
one vaccinated individual (3.3). In this study, we developed a pipeline for ana-
lysis of such samples, including hallmarks of antigen exposure, such as somatic 
hypermutation and clonal expansion. Additionally, we established a query tool to 
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identify B-cell receptors related to anti-tetanus and anti-pertussis toxoid respon-
ses. Finally, in 3.4, we compared the fi ndings from the vaccination studies with 
the kinetics found in individuals that were or were not protected against coloni-
zation in a controlled bacterial challenge with the same pathogen (B. pertussis). 
Here, we showed that donors that were protected from colonization showed dis-
tinct early cellular kinetics. Moreover, we showed that the plasma cell response 
generated after booster vaccination or bacterial challenge diff ered with regards to 
timing, magnitude, maturation, and polarization to specifi c Ig subsets. With this 
information we can better understand immunity against pertussis and use this 
knowledge for future pertussis vaccine evaluations. 

In Chapter 4 we evaluated the SARS-CoV-2 vaccination responses in a cohort 
of older adults/elderly with or without a specifi c variant of the PLCG2 gene. This 
variant is associated with cognitively healthy aging and longevity, but its impact 
on the immune system remains unknown. Therefore, we extended this study by 
an in-depth analysis of the quantity and functionality of the circulating immu-
ne cells. Although no diff erences were observed in the responses against SARS-
CoV-2 vaccination, carriers of this variant tended to show less signs of immuno-
senescence compared to age-matched non-carriers. 

Lastly, in Chapter 5, we discuss the general fi ndings of this thesis and outline fu-
ture directions that, we believe, should be pursued to reliably gain more insights 
in the human immune system.
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Abstract 
Obtaining reliable and reproducible high quality data in multicenter clinical re-
search settings requires design of optimal standard operating procedures. While 
the need for standardization in sample processing and data analysis is well-recog-
nized, the impact of sample handling in the pre-analytical phase remains unde-
restimated.  We evaluated the impact of sample storage time (≈ transport time) 
and temperature, type of anticoagulant, and limited blood volume on reproduci-
bility of fl ow cytometric studies.
 
EDTA and Na-Heparin samples processed with the EuroFlow bulk lysis protocol, 
stained and stored at 4°C showed fairly stable expression of cell surface mar-
kers and distribution of the major leukocyte populations for up to 72h. Additional 
sample fi xation (1% PFA, Fix & Perm) did not have any benefi cial eff ects. Blood 
samples stored for <24h at room temperature before processing and staining see-
med suitable for reliable immunophenotyping, although losses in absolute cell 
numbers were observed. The major losses were observed in myeloid cells and 
monocytes, while lymphocytes seemed less aff ected. Expression of cell surface 
markers and population distribution were more stable in Na-Heparin blood than 
in EDTA blood. However, storage of Na-Heparin samples was associated with 
faster decrease in leukocyte counts over time. Whole blood fi xation strategies 
(Cyto-Chex, TransFix) improved long-term population distribution, but were 
detrimental for expression of cellular markers. The main conclusions from this 
study on healthy donor blood samples were successfully confi rmed in EDTA cli-
nical (patient) blood samples with diff erent time delays until processing. Finally, 
we recognized the need for adjustments in bulk lysis in case of insuffi  cient blood 
volumes. 

Despite clear overall conclusions, individual markers and cell populations had 
diff erent preferred conditions. Therefore, specifi c guidelines for sample handling 
should always be adjusted to the clinical application and the main target leuko-
cyte population. 

Keywords: Flow cytometry, Immunophenotyping, Clinical trial, Blood 
storage, Sample fi xation, Anticoagulant
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Introduction
Standardized sample processing, immunostaining procedures, and calibration of 
instruments assure quality and reproducibility of fl ow cytometric data [1, 2]. Still, 
limited guidelines are available for sample handling in the pre-analytical phase. 
Parameters such as sample volume, storage time and temperature, and type of 
anticoagulant seem crucial for optimal data quality, reproducibility, and correct 
data interpretation. 

In multicenter studies transportation of samples is often required. Whenever 
granulocytes are not studied [3] and selective loss of leukocyte subsets can be 
aff orded [4], batch shipment of cryopreserved mononuclear cells might be used. 
However, if precise quantifi cation and detailed immunophenotyping of all leuko-
cyte subsets is required, peripheral blood (PB) needs to be analyzed fresh prior to 
any substantial sample manipulation. Whenever sample collection and analysis 
cannot be performed at the same location, either fresh blood or stained blood 
samples are shipped for central data acquisition. Depending on the distance, 
availability of personnel and equipment, such shipment may cause serious delays.

Prolonged blood storage leads to selective loss of cell populations with a short 
half-life time, such as eosinophils and neutrophils [5, 6]. Additionally, bioche-
mical changes, such as decrease in pH, changes in blood gases [7], alterations 
in the contents of amino acids, carbohydrates, lipids and cofactors [8, 9], might 
further infl uence cell viability. The magnitude of these changes partly depends on 
the temperature [10, 11]. Ng et al. reported that certain monocytes and natural 
killer (NK) cell subsets are relatively stable at 4°C [12], while Hodge et al. showed 
a delayed apoptosis of granulocytes in refrigerated blood [12, 13]. In contrast, 
lymphocyte stability is aff ected by low temperature, with optimal temperature for 
T cells being 14-16°C [14]. Thus, both time and temperature of blood storage need 
to be optimized for specifi c research questions.

Reagents like Cyto-Chex, TransFix and formaldehyde extend the storage time of 
whole blood prior to fl ow cytometric analysis [12, 15]. However, they might have 
some unwanted eff ects. Davis et al.  and Ng et al. found that while Cyto-Chex is 
more eff ective in preserving cell counts, TransFix is more potent in preserving 
cell identity [12, 16]. The loss of signal intensity, especially in Cyto-Chex, was 
further confi rmed by others [17].

The Fix & Perm reagent Kit (Nordic MUbio, Susteren, the Netherlands), Becton 
Dickinson Perm/Wash buff er (BD Biosciences, San Jose CA), paraformaldehyde 
(PFA), glutaraldehyde or ethanol are frequently used to stabilize processed and 
labeled samples [2, 18-21]. Still, these reagents may aff ect the detection of cell 
surface markers by reducing the availability of the targeted antigen epitopes [22, 
23] and thereby hamper optimal discrimination between cell populations. So far, 
no extensive comparative study of the impact of these techniques on the quality 
of stained samples after storage has been performed. 
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Combining fl ow cytometry with functional assays may infl uence the choice of an-
ticoagulant. Ethylene diamine tetra-acetate (EDTA) is generally preferred in im-
munophenotyping, but it retains calcium for enzymatic reactions which hampers 
functional studies; thus, for the latter assays EDTA should preferably be replaced 
by heparin [8]. Several studies have evaluated the impact of anticoagulant on 
sample stability. Heparin was found superior to EDTA in preserving granulocytes 
[13], while data on lymphocyte stability remains controversial [24, 25].  So far, 
little is known about the impact of anticoagulant on the stability of cellular mar-
kers over time. 

Standardized protocols (e.g. the EuroFlow bulk lysis protocol [26]) are designed 
for predefi ned large blood volumes. If, for example in pediatric settings, sample 
volume is insuffi  cient, protocol adjustments might improve the quality of the fi -
nal data. 

Here we evaluated the impact of diff erent blood storage conditions and potential 
protocol adjustments on the quality of fl ow cytometric data in multicenter clinical 
research settings (Figure 1).  For this purpose the highly standardized EuroFlow 
“primary immunodefi ciency orientation tube” (PIDOT)[27], which allows iden-
tifi cation of all major cell populations in blood, was used as a model to assess 
stability of cells and cell surface markers in healthy and clinical samples. 

Figure 1. Critical decision steps involving the sample pre-analytical phase in clinical 
trial design. Depending on the design of the trial several decisions need to be made concerning (1) 
the choice of the blood collection tubes (anti-coagulant), (2) the distribution of samples based on the 
minimal volumes required per assay, (3) the time and temperature of sample transportation, and (4) 
storage of processed samples prior to data acquisition and data analysis.
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Materials and methods
Samples
PB samples were obtained from healthy adult volunteers after they had given 
their informed consent to participate (n=15; m/f ratio: 5/10; age range: 23-62y, 
mean age: 36y). K3EDTA blood collection tubes (Vacuette®, Greiner Bio-One, 
Alphen aan den Rijn, the Netherlands) were used in all experiments, unless in-
dicated otherwise. To evaluate the eff ect of anticoagulant on sample quality and 
stability, Na-Heparin blood collection tubes (Vacuette®, Greiner Bio-One) were 
used in parallel. 

Blood processing and staining with PIDOT
All PB samples were processed according to the EuroFlow bulk lysis standard 
operating protocol (SOP) (available at www.EuroFlow.org). In brief, up to 2ml of 
blood was incubated with 50ml of ammonium chloride (NH4Cl) at room tempe-
rature (RT) on a roller bank to lyse non-nucleated red blood cells. After a washing 
step, nucleated cells were counted on an automated hematological analyzer (Sys-
mex XP-300, Sysmex Europe GmbH, Norderstedt, Germany), and 2.5 x 10^6 
cells were stained for 30min in the dark with the PIDOT antibody combination 
(Cytognos SL, Salamanca, Spain) according to the instructions of the manufac-
turer (www.cytognos.com)[27]. Finally, cells were incubated for 10min (in the 
dark; RT) with 2ml of BD FACS™ Lysing Solution (BD Biosciences), washed once 
and re-suspended in 200μl PBS prior to acquisition. A liquid format of the anti-
body combination was used [28], unless indicated otherwise. In the latter cases a 
dried version of PIDOT was used. Previous studies showed similar performance 
in samples stained using liquid and dried PIDOT [28]. 
In the experiments with limited sample volume, a modifi ed version of the bulk 
lysis protocol was used where 100 or 200μl of K3EDTA PB sample was lysed 
in 3ml or 50ml of NH4Cl without cell counting prior to acquisition on the fl ow 
cytometer.

Storage of stained samples (delayed acquisition)  
Bulk-lysed PB samples stained with the PIDOT antibody combination were ac-
quired directly or stored at 4°C for delayed acquisition (0h, 6h, 18h, 24h, 30h, 
42h, 48h, 66h and 72h). In addition, part of the samples was treated with Reagent 
A of Fix & Perm® (F&P) or PFA (Merck, Darmstadt, Germany) to evaluate the 
eff ect of additional sample fi xation on the stability of stained surface markers and 
leukocyte subset distribution. Treatment with Reagent A (F&P) was performed 
according to the manufacturer’s protocol. In brief, after treatment with 1x BD 
FACS™ Lysing Solution and a washing step, 100μl of sample was incubated with 
100μl of Reagent A for 15min in the dark (RT). Afterwards, samples were washed 
and stored in 200μl of PBS at 4°C for up to 72h. Treatment with PFA was perfor-
med in a comparable way, except for the incubation that was performed on ice. 
After initial evaluation of PFA concentration (0.5%, 1% and 2% fi nal concentrati-
on), 1% PFA was used. 
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Storage of whole blood samples (delayed processing and staining)
To investigate the eff ect of prolonged blood storage on data quality, K3EDTA and 
Na-Heparin blood samples were stored at RT or 4°C for up to 72h prior to pro-
cessing and staining.  Additionally, treatment with TransFix (Cytomark, Leeds, 
UK) and Cyto-Chex blood collection tubes (Streck Cyto-Chex™, La Vista, NE) 
were evaluated.
TransFix was added to PB in K3EDTA collection tubes according to manufactu-
rer’s protocol (Revision 3 US, 2016-11). Both storage at RT (for up to 4 days) and 
at 4°C (for up to 14 days) were investigated. Cyto-Chex blood collection tubes 
were used according to manufacturer’s protocol (Version 2017-02) and stored at 
RT for evaluation for up to 14 days.

Evaluation of absolute cell numbers
Two alternative approaches were used to determine absolute cell counts in (aged) 
K3EDTA and Na-Heparin blood samples. First, absolute leukocyte counts were 
measured on an automated hematological analyzer (Sysmex XP-300) at 0h, 6h, 
12h, 24h, 30h, 36h, 48h, 54h, 60h and 72h after blood drawing.  Then, analyses 
were repeated with Perfect-Count Microspheres™ (Cytognos) on  BD LSRFor-
tessa™ fl ow cytometer according to the EuroFlow SOP (www.EuroFlow.org). 
Leukocytes were discriminated based on the expression of CD45 (CD45-OC515, 
Cytognos).

Evaluation of clinical samples 
To extrapolate the results of the storage experiments to diagnostic settings, fl ow 
cytometric data on 88 peripheral blood samples from primary immunodefi cien-
cy (PID) suspected individuals were evaluated retrospectively (age range: 0-79y, 
mean age: 30y). Flow cytometric data were obtained in a diagnostic context and 
approval for inclusion in the study was obtained by the Ghent University Hospital 
Ethics Committee (approval 2016/1137). In the diagnostic setting, samples were 
processed locally according to the EuroFlow guidelines. In all cases K2EDTA (BD 
Vacutainer®, Becton Dickinson Benelux, Erembodegem, Belgium) was used as 
anticoagulant, and whole blood was stored at RT for variable time periods before 
analysis with PIDOT (liquid format). 

Flow cytometer set up and data acquisition
PIDOT stained samples were measured on FACSCanto™ II (BD Biosciences) in-
struments while Perfect-Count tubes were measured on LSRFortessa™ fl ow cyto-
meter (BD Biosciences).  Flow cytometers were calibrated daily according to the 
EuroFlow guidelines. In short, photomultiplier tube (PMT) voltages of the fl ow 
cytometer were set using BD™ Setup and Tracking (CS&T) beads (BD Biosci-
ences) and SPHERO™ Rainbow calibration particles (Cytognos), as previously 
described)[2, 29].  

Data analysis
Samples were mostly analyzed manually or manually checked after automated 
analysis with the EuroFlow PIDOT reference database (Infi nicyt™ Software v2.0, 
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Cytognos) with respect to both marker stability and distribution of the major cell 
populations. Most positive and negative reference populations were defi ned as 
previously described [28]. For each reference population, mean fl uorescence in-
tensity (MFI) was determined. A deviation of 30% from the original MFI value 
(MFI-baseline) was set as the acceptance limit. The diff erence compared to MFI-
baseline was determined by the following formula in which MFIx represents the 
MFI of a sample in a given condition: (MFIbaseline –MFIx)/MFIbaseline) *100.  
The distribution of a cell population was calculated as its relative frequency in the 
sample after excluding debris and doublets. 

Determination of the degree of correlation between variables was performed 
using a Spearman correlation, after assessment of the normality of the distribu-
tion using the Shapiro Wilks test. For all statistical analyses the GraphPad Prism 
8.0 software (GraphPad, San Diego, CA, USA), was used.

Results
Stable expression of cell surface markers and distribution of major 
cell populations after delayed acquisition of stained samples
The PIDOT SOP (Cytognos PIDOT manual: revision 16-02-2018) recommends 
acquiring cells immediately after staining, or at most after 1h of storage at 4°C.  
To determine the eff ect of delayed acquisition of stained samples, PIDOT tubes 
were analyzed fresh or after they had been stored at 4°C for 6h, 18h, 24h, 30h, 
42h, 48h, 66h and 72h (Figure 2A).
    
The impact of sample storage on the expression of cell surface markers was eva-
luated by analysis of their MFI on both positive and negative reference popula-
tions (Supplemental Table 1, Figure 2B). Most markers remained stable on 
positive reference populations for up to 72h with the exception of CD16+CD56 PE 
(> 10% loss of MFI after 24h), and TCRγδ PE-Cy7 (>10% loss of MFI after 18h, 
>30% loss after 48h). Despite the stable MFI on positive reference populations, 
background staining increased for most markers, in particular for CD16+CD56 
PE (>30% after 6h), but in no case this hampered the discrimination of cell popu-
lations stained with PIDOT. 

The Automatic Population Separator (APS) tool, based on the principal compo-
nent analysis algorithms, was used to demonstrate overall segregation of popula-
tions in the multidimensional space. With the exception of neutrophils at 72h, all 
medians of populations in aged blood fell within one standard deviation (SD) line 
of the reference baseline population, and outside of one standard deviation lines 
of other populations (Figure 2C). Although basophils, monocytes and plasma-
cytoid dendritic cells (pDCs) were positioned closely together, they were clearly 
separable in other APS views (not shown).  

To evaluate which of the major lymphoid and myeloid populations are the most 
aff ected by storage, their distribution was compared in stained samples stored for 
diff erent time periods (Supplemental Table 2). Remarkably, the distribution 
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of the major cell subsets remained quite stable for up to 72h (Supplemental 
Table 2, Figure 2D). The largest variation from baseline was observed for the 
eosinophils, mainly due to substantial changes in one donor.

No benefi cial eff ect of additional fi xation of stained samples
The lysing solution utilized in the PIDOT SOP already contains a low concentra-
tion of fi xative (<15% formaldehyde and <50% diethylene glycol in BD FACS™ 
Lysing Solution; 10x concentrated). To evaluate whether usage of an additional 
fi xation step would have a positive impact on the quality of the data, freshly stain-
ed samples were treated with 1% PFA or with Solution A from F&P and evaluated 
after 0h, 6h, 18h, 24h, 30h, 42h, 48h, 66h and 72h storage at 4°C (Figure 2A).  

Fixation with 1% PFA had no additional benefi cial eff ect on the stability of cell 
surface markers (Supplemental Table 1, Figure 2B), whereas treatment with 
Solution A of F&P mainly had detrimental eff ects such as decreased MFI values 
for CD45RA BV510, IgM PerCP-Cy5.5 (>30%) and to a lesser extent for CD16+56 
PE, CD4 PerCP-Cy5.5, CD27 BV421 and TCRγδ PE-Cy7 (>10%). After the initial 
decrease in MFI, signal remained relatively stable over time. Moreover, the dis-
crimination among the distinct cell populations identifi ed with PIDOT was not 
hampered by the additional fi xation step. Evaluation of population phenotype in 
the APS view revealed that in stored samples fi xed with 1% PFA, aged neutrop-
hils (>42h), CD16+ monocytes (<48h) and NK cells (>66 h) showed the biggest 
variation from baseline, deviating >1SD line of the reference population (Figure 
2C). F&P treated samples stayed within 1SD of the reference population at all 
times, but at the early time points fi xed sample diff ered from baseline more than 
unfi xed stored samples. In both PFA and F&P-treated samples, all populations 
were clearly separable.

The distribution of cell populations in fi xed samples should refl ect the distribu-
tion of the same cell populations in fresh samples and remain stable over time. 
However, directly after fi xation with 1% PFA, the frequency of lymphocytes (B, T, 
NK cells) and CD16+ monocytes decreased by >10% (Supplemental Table 2, 
Figure 2D). Additionally, the frequency of basophils and eosinophils decreased 
by >10% after 6h. These changes were mainly compensated by the relative incre-
ase in neutrophils. Afterwards, the distribution of populations remained stable 

Figure 2 (previous page). Longitudinal analysis of stained samples stored without or 
with additional fi xative. Peripheral blood samples were collected into K3EDTA tubes stained and 
stored at 4°C for delayed acquisition. Additional stained samples were treated with 1% paraformal-
dehyde (PFA) or Fix&Perm Solution A (F&P) directly after staining and prior to the storage at 4 °C, 
n ≥ 3. (A) Flow chart showing the diff erent storage conditions tested in this experiment (B) Mean 
fl uorescence intensity (MFI) of selected cell surface markers on positive and negative reference popu-
lations. Each point indicates a mean value from ≥3 individual experiments. Dashed lines depict a 30% 
deviation from the MFI value at baseline (fresh sample without an additional fi xative). (C) Individual 
populations from diff erent time points separated by an automated population separator (APS) and 
visualized in 2D projections of the fi rst and third principal components. Each dot represents a median 
value and each dashed line represent 1 standard deviation line of the indicated population at t = 0 h. 
Data of one representative donor is shown. Obtained data were analyzed with Infi nicyt™ Software. 
(D) Changes in the frequency of individual cell populations over time relative to baseline.
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over time. Fixation with Solution A resulted in a similar pattern, but with less 
impact on T cells and NK cells (Supplemental Table 2). 

Hampered expression of cell surface markers and gradual loss of 
myeloid cells after prolonged whole blood storage
To mimic the delay caused by sample transportation, PB collected in EDTA tubes 
was analyzed at 0h or stored as whole blood either at RT or at 4°C, for delayed 
processing, staining and acquisition at 24h, 30h, 42h, 48h and 72h (Figure 3A). 

In order to assess the impact of prolonged blood storage on detection of cell sur-
face markers, MFIs of individual markers were analyzed on both positive and ne-
gative reference populations. Irrespective of storage temperature, already at 24h 
most markers showed >10% decrease in MFI on the positive reference cell popu-
lations, together with an increased unspecifi c staining on negative cells (Supple-
mental Table 1, Figure 3B). At RT the MFI signal was the least stable for CD27 
BV421 and TCRγδ PE-Cy7 (>30% decrease in MFI from 42h onwards), while at 
4°C the most aff ected markers were CD3 APC and TCRγδ PE-Cy7 (>30% decrease 
in MFI after 24h).  Despite all the above, most populations could still be identifi ed 
for up to 72h, but discrimination among them was clearly impaired over time. 

In the APS view, (CD16+) monocytes, NK cells, neutrophils and B cells deviated 
>1SD of the reference population when blood was stored at RT from more than 
30h (Figure 3C).  Whereas in PB stored at 4°C the phenotype of B cells, T cells, 
and pDCs was impaired at later time points (>24h),  CD16+ monocytes and NK 
cells showed limited deviation from baseline.

Several blood cell populations, mainly those of myeloid origin, have half-life 
times equal or shorter than 24h (6-8h for neutrophils, 18h for eosinophils, 1-2d 
for monocytes) [5, 6, 30]. Indeed, in blood stored for 24h at RT the frequency of 
eosinophils was reduced by 55% and the frequency of CD16+ monocytes by 27% 
(Figure 3D, Supplemental Table 2). Although the relative loss of neutrop-
hils reached only 9%, a substantial part of these latter cells already showed early 
signs of apoptosis (lower FSC, SSC, CD45 and CD16 expression, without a clear 
separation from the viable population).  The most overrepresented populations 
were long-living pDCs (+20%) and lymphocytes, with B cells being more overes-

Figure 3 (next page). Longitudinal analysis of blood samples stored in K3EDTA tubes. 
Peripheral blood samples were collected into K3EDTA tubes and stored either at RT or at 4°C for 
delayed staining. All results were compared to freshly stained K3EDTA samples, n ≥ 3. (A) Flow chart 
showing diff erent storage conditions tested in this experiment (B) Mean fl uorescence intensity (MFI) 
of selected cell surface markers on positive and negative reference populations. Each point indicates 
a mean value from ≥3 individual experiments. Dashed lines depict a 30% deviation from the MFI 
value at baseline. (C) Individual populations from diff erent time points separated by an automated 
population separator (APS) and visualized in 2D projections of the fi rst and third principal compo-
nents. Each dot represents a median value and each dashed line represent 1 standard deviation line 
of the indicated population at t = 0 h. Data of one representative donor is shown. Obtained data were 
analyzed with Infi nicyt™ Software. (D) Changes in the frequency of individual cell populations over 
time relative to baseline. (E) Changes in leukocyte count over time relative to baseline as measured 
by two independent methods.
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timated (+53%) than T cells (+29%) and NK cells (+11%). In blood stored at 4°C 
for 24h, both eosinophils and neutrophils were underestimated by around 11%, 
which was mainly compensated by a relative increase in both lymphocytes and 
monocytes (Supplemental Table 2).  Thus, monocytes were better preserved 
at 4°C than at RT. Nevertheless, samples stored at RT were overall more stable 
than samples stored at 4°C.

Cell death not only infl uences the distribution of cell populations in a sample, but 
also their absolute counts. Interestingly, at later time points, analysis on Sysmex 
XP-300 was more robust than analysis with the Perfect-Count Microspheres™, 
which showed progressive loss of cells of up to 17% (RT) and 25% (4°C) at 72h 
(Figure 3E). These diff erences may be caused by less extensive sample handling 
or the less stringent exclusion of dying cells on Sysmex XP-300.

Hampered expression of cell surface markers and initial changes in 
the distribution of cell populations after whole blood fi xation
Two alternative whole blood fi xation strategies were evaluated in parallel: Trans-
fi x for up to 4 days at RT and up to 14 days at 4°C and Cyto-Chex for up to 14 days 
at RT (Figure 4A). Both fi xation methods resulted in an initial decrease in MFI 
(>10%) for approximately half of the markers tested (Supplemental Table 1, 
Figure 4B). In all cases the most aff ected markers were CD16+CD56 PE and 
CD27 BV421 (>30% MFI loss), followed by CD8 FITC and TCRγδ PE-Cy7 (>10% 
decreased MFI values). Additionally, TransFix led to changes in signal intensity 
of CD45RA BV510 (>10% increase at 4°C) and IgM PerCP-Cy5-5 (>10% decrease 
at RT), and Cyto-Chex fi xation was associated with decreased signal intensity of 
CD4 PerCP-Cy5-5 (>10%). Further decrease in MFI over time occurred for all 
markers in Cyto-Chex tubes and for most markers in TransFix-treated samples. 
Decreased MFIs, increased background and aff ected cell scatter hampered discri-
mination of several cell subsets. Finally, the number of cell doublets and debris 
was increased, most likely due to an increased cell death and as a side eff ect of 
fi xation (data not shown).

TransFix-treated samples stored at RT showed the best preservation of popula-
tion phenotype of all whole blood-fi xed samples. Nevertheless, in the APS view 

Figure 4 (next page). Longitudinal analysis of blood samples stored in K3EDTA tubes 
with a whole blood fi xative. Peripheral blood samples were collected into K3EDTA tubes, treated 
with TransFix and stored for delayed staining either at RT or at 4°C or collected into Cyto-Chex blood 
collection tubes and stored for delayed staining at RT. All results were compared to freshly stained 
K3EDTA samples, n ≥ 3. (A) Flow chart showing diff erent storage conditions tested in this experi-
ment (B) Mean fl uorescence intensity (MFI) of selected cell surface markers on positive and negative 
reference populations. Each point indicates a mean value from ≥3 individual experiments. Dashed 
lines depict a 30% deviation from the MFI value at baseline (fresh sample without an additional fi xa-
tive). (C) Individual populations from diff erent time points separated by an automated population 
separator (APS) and visualized in 2D projections of the fi rst and third principal components. Each dot 
represents a median value and each dashed line represent 1 standard deviation line of the indicated 
population at t = 0 h. Data of one representative donor is shown. Obtained data were analyzed with 
Infi nicyt™ Software. (D) Changes in the frequency of individual cell populations over time relative to 
baseline.
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basophils, neutrophils and eosinophils at multiple time points deviated more 
than 1SD from their reference population (Figure 4C). In TransFix-treated sam-
ples stored at 4°C, myeloid cells were heavily aff ected from the start. Already at 
24h time point neutrophils, CD16+ monocytes and NK cells deviated >1SD from 
baseline samples. Deviations in eosinophils, monocytes and basophils showed 
a gradual increase in time. Evaluation of Cyto-Chex treated samples revealed a 
hampered identifi cation of pDCs, neutrophils, basophils, CD16+ monocytes and 
eosinophils at most time points. Thus, whole blood fi xation seemed to have the 
biggest detrimental impact on cells of myeloid origin.

Although at most of the time points populations of cells in Cyto-Chex and Trans-
Fix samples cluster together in the multidimensional space, the initial deviation 
from baseline samples renders them unsuitable for comparison with baseline 
samples and use for detailed immunophenotyping.

Both Cyto-Chex and TransFix aff ected the relative distribution of multiple cell 
populations. Lymphocytes and monocytes were overrepresented at the expen-
se of granulocytes, similar to what was observed in blood samples stored at 4°C 
(Supplemental Table 2, Figure 4D). Decrease in neutrophil numbers was es-
pecially prominent in samples treated with TransFix. After these initial changes, 
the distribution of cell populations remained relatively stable over time. Overall, 
samples stored at RT performed slightly better than samples stored at 4°C.

Good performance of PIDOT in Na-Heparin blood
Heparin is often the anticoagulant of choice when immunophenotyping needs to 
be combined with functional assays. To compare EDTA and Na-Heparin blood 
samples, Na-Heparin and EDTA anticoagulated blood was stained directly and 
stored at 4°C for acquisition at 0h, 24h, 30h and 48h. Additionally, samples in 
Na-Heparin tubes were stored at RT or at 4°C for delayed staining and acquisiti-
on at 24h, 30h and 48h (Figure 5A).

Figure 5 (next page). Longitudinal analysis of blood samples collected into Na-Heparin 
tubes. Peripheral blood samples were collected into Na-Heparin tubes, stained and acquired directly 
or stored at 4°C for delayed acquisition. Additional samples were collected into Na-Heparin tubes and 
stored either at RT or at 4 °C for delayed staining. All results were compared to freshly stained K3ED-
TA samples of the same donors, n ≥ 3. In 1 donor, the PIDOT in dried format was used, in all others, 
the liquid format was used for staining. (A) Flow chart showing diff erent storage conditions tested in 
this experiment (B) Mean fl uorescence intensity (MFI) of selected cell surface markers on positive 
and negative reference populations. Each point indicates a mean value from ≥3 individual experi-
ments. Dashed lines depict a 30% deviation from the MFI value at baseline (fresh sample without an 
additional fi xative). (C) Individual populations from diff erent time points separated by an automated 
population separator (APS) and visualized in 2D projections of the fi rst and third principal compo-
nents. Each dot represents a median value and each dashed line represent 1 standard deviation line 
of the indicated population at t = 0 h. Data of one representative donor is shown. Obtained data were 
analyzed with Infi nicyt™ Software. (D) Changes in the frequency of individual cell populations over 
time relative to baseline. (E) Changes in leukocyte count over time relative to baseline as measured 
by two independent methods.
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Stained and stored EDTA and Na-Heparin samples performed equally well with 
regards to marker stability and cell population distribution (Figure 5B-D, Sup-
plemental Table 3, Supplemental Table 4). None of the markers in samples 
collected in Na-Heparin tubes, besides CD16+56 PE showed a >10% decrease 
in MFI signal, and the increase in background staining was limited (>30% for 
only CD16+CD56 PE and CD27 BV421). None of the analyzed cell populations 
were clearly over- or underestimated over time. When looking at a representative 
donor in the APS plot, baseline samples showed a smaller standard deviation in 
directly stained Na-Heparin samples compared to directly stained EDTA sam-
ples. For neutrophils and CD16+ monocytes, >1SD diff erence was seen after 24h 
and 48h, respectively. Nevertheless, stored samples closely represented baseline 
samples (Figure 5C). 

Samples stored at RT in Na-Heparin tubes prior to staining showed stable ex-
pression of most of the evaluated cell surface markers (none showed decreased 
MFI values of >30%) and outperformed samples stored at RT in EDTA tubes 
(Supplemental Table 1). Sample storage at 4°C had a more detrimental ef-
fect on marker expression in both EDTA and Na-Heparin.  While CD3 APC and 
CD27 BV421 performed better in Na-Heparin tubes, CD8 FITC was more stable 
in EDTA. 

Na-Heparin samples stored at RT showed virtually no deviations >1SD in the 
multidimensional space up to 48h of PB storage. Na-Heparin samples stored at 
4°C showed deviations >1SD from 30h onwards for NK cells, B cells and neutrop-
hils (Figure 5C).

The relative distribution of distinct cell populations was more stable when sam-
ples were stored at RT, and Na-Heparin tubes were associated with more stable 
results than EDTA tubes (Figure 5D). Up to 24h no major deviations were ob-
served in Na-Heparin samples stored at RT, while at later time points lympho-
cytes (mainly T cells), monocytes and basophils were slightly overrepresented at 
the expense of eosinophils, CD16+ monocytes and neutrophils. These changes 
were more prominent in Na-Heparin blood stored at 4°C, where almost all cell 
populations deviated from baseline by >10% already at 30h. Again, lymphocytes 
(mainly B cells), monocytes and basophils were overrepresented at the expense 
of neutrophils.

In contrast to the expression of cell surface markers and the distribution of cell 
populations, absolute leukocyte numbers were less stable in samples stored in 
Na-Heparin than in EDTA (Figure 5E). After 24h, in samples measured by Per-
fect-Count Microspheres™, absolute cell counts decreased by ~40% in Na-Hepa-
rin and by ~20% in EDTA. Remarkably, all samples were stable over time when 
measured on Sysmex XP-300 except for Na-Heparin samples stored at 4°C. 
Na-Heparin samples stored at 4°C showed a strong initial drop in absolute cell 
counts in all donors (>30% after 12h), followed by gradual recovery from 30h 
onwards. 
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Bulk lysis protocol should be adjusted for limited sample volume
Bulk lysis SOP is optimized for 1.5-2ml of blood, which results in more than the 
2.5 x 106 cells required for PIDOT. As diff erent lysis protocols may impact sample 
properties like scatter and marker expression, it is recommended to use the same 
protocol for all samples that are compared to one another, especially when auto-
mated analysis is used. In case too little sample volume is available for bulk lysis, 
the protocol may need to be adjusted. To evaluate the procedure for limited blood 
volumes, 100μl and 200μl of blood were lysed either with 50ml of NH4Cl (bulk 
lysis SOP) or 3ml of NH4Cl (blood/NH4Cl ratio similar to offi  cial EuroFlow SOP; 
Supplemental Table 5) and stained with PIDOT. If a reduced NH4Cl volume 
was used, lysis was performed directly in the staining tube to minimize cell loss 
during transfer of sample between tubes. 

If the original blood/NH4Cl ratio was maintained, the distribution of cell po-
pulations in small volume samples was more comparable to the distribution of 
such cell populations in samples processed according to the SOP. In small volume 
samples lysed with 50ml of NH4Cl most B-cell subsets were underestimated by 
>20%, mainly in favor of granulocytes and monocytes. In all tested conditions, 
the fl uctuations of plasma cell percentages were large (>50%), most likely due to 
the small population size at the detection limit of the method.

Prolonged storage of diagnostic samples aff ects data analysis 
To evaluate the impact of sample storage in diagnostic settings, 88 EDTA blood 
samples from PID-suspected individuals were stored for up to 8 days at RT and 
analyzed with PIDOT. As all samples were sent for routine diagnostics, no base-
line measurements were available. For analysis purposes samples were anony-
mized and divided into fi ve categories based on storage duration: 0-12h, 12-24h, 
24-48h, 48-72h and >72h. 

As in the whole blood storage experiments with healthy controls, most markers 
showed >10% decrease in MFI on the positive reference population already 12-
24h after collection (Supplemental table 6, Figure 6). In accordance with the 
previous fi ndings in PB stored at RT, the most dramatic decrease in signal was 
observed for TCRγδ PE-Cy7 and CD27 BV421, which showed >30% and 28% de-
crease in MFI in samples acquired >48h after drawing, respectively. Furthermo-
re, control and diagnostic samples shared some common features regarding rela-
tive changes in population distribution over time, i.e. a gradual loss of eosinophils 
and NK cells (Figure 6, Supplemental table 7). Although in both control and 
diagnostic samples most populations could be identifi ed in aged blood, the situ-
ation in PID-suspected individuals was complicated by the unknown diagnosis. 
Therefore, the absence or an aberrant phenotype of a given population could be 



Chapter 2.1

58

attributed either to prolonged sample storage or to the underlying disease.
 
Discussion
Complex sample logistics in multicenter clinical studies require careful align-
ment of working procedures among participating laboratories. Extra challenges 
are caused by limited sample volume (e.g. in case of infants or young children) 
and the need of sample transportation to another (e.g. reference) laboratory. 

Figure 6. Impact of sample storage on diagnostic samples collected in K3EDTA tubes.
Peripheral blood samples were collected into K3EDTA tubes and stored at RT until staining (n = 88). 
Mean age and range per group: 0–12 h (20.1; 1–67.4), 12–24 h (23.0; 0.4–71.3), 24–48 h (36.5; 0.4–
78.8), 48–72 h (39.9; 5.9–68.7), 72 h + (28.6; 1.2–76.8) (A) Mean fl uorescence intensity (MFI) of 
selected cell surface markers on positive and negative reference populations. Each point indicates a 
mean value of all diagnostic samples collected within that timeframe (n ≥ 11). Dashed lines depict a 
30% deviation from the MFI value from the samples acquired 0–12 h after collection. (B) Changes in 
the frequency of individual cell populations over time relative to the samples acquired 0–12 h after 
collection.



2.1

Chapter 2.1

59

Here we evaluated several critical steps in the process of obtaining high quality 
fl ow cytometry data from peripheral blood samples.  We showed how the choice 
of anticoagulant infl uences the stability of cell surface markers and cell popu-
lations, and tested a range of possibilities to preserve whole blood and stained 
samples for delayed acquisition. These results were translated to clinical settings 
by retrospective analysis of routine diagnostic samples. Finally, we recognized 
the need for adjusting working procedures in case of insuffi  cient sample volumes.
Enumeration of white blood cells is one of the most frequently requested routine 
diagnostic tests. Here we evaluated two alternative strategies to determine ab-
solute cell counts: fl ow cytometry-based Perfect-Count Microsphere™ measure-
ments and the Sysmex XP-300 hematological analyzer. Overall, results obtained 
with Sysmex XP-300 in aged blood better refl ected results from fresh samples. 
Analysis with Perfect-Count Microspheres™ was preceded by sample treatment 
for 10 min with NH4Cl. This lysis step can have a detrimental eff ect on the –
already vulnerable- aging cells which then become classifi ed as debris or dead 
cells rather than viable cells; alternatively speed of analysis and electronic-digital 
signal processing, together with diff erent rates of doublet formation might con-
tribute to explain such diff erences. Furthermore, the potential inclusion or ex-
clusion of apoptotic cells by diff erent counting methods could result in diff erent 
blood cell counts. Irrespective of the blood storage temperature, measurement of 
Na-Heparin samples resulted in lower absolute cell counts than those obtained 
for EDTA anticoagulated samples. Therefore, whenever longitudinal analyses are 
required, or subtle changes in cell numbers are expected, it is crucial to always 
use the same blood collection tubes, preferably EDTA tubes if samples will be 
processed immediately (<24-30h).

Reliable analysis of absolute cell counts by Sysmex XP-300 was not possible in 
Na-Heparin samples stored at 4°C. For these samples leukocyte numbers sho-
wed an apparently rapid initial decrease followed by a slow gradual recovery after 
24h. These changes were positively correlated with the platelet counts (Spearman 
correlation P<0.0001, correlation coeffi  cient of 0.65). A likely explanation is that 
in Na-Heparin samples stored at 4°C platelets become activated and start to form 
aggregates [31, 32] including platelet-leukocyte aggregates. This formation and 
disintegration may explain fl uctuations in the absolute leucocyte count.

Total white blood cell numbers can be reliably determined in a limited volume 
of blood. However, if infrequent cell populations need to be quantifi ed, analysis 
might reach the detection limit. Here, we stained 2.5 x 106 cells (resulting in 
acquisition of ~1-1.5 x 106 cells) and observed that small populations like plas-
ma cells, eosinophils and specifi c T-cell subsets showed a greater variation than 
larger cell populations, implying that the enumeration of less represented cell 
populations has to be more critically assessed. Increasing the number of cells 
evaluated will most likely improve accurate quantitation of such rare cells. As 
stated by Oldaker et al., and proven by Theunissen et al., and Flores Montero et 
al., detection of low represented abnormal cell populations is possible as long as 
an adequate number of events is acquired [26, 33, 34].  
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In fact, the limit of detection of one or more cell populations becomes an im-
portant problem when limited blood volumes are available. Here we found that 
the distribution of populations analyzed in the small volume samples better re-
fl ects the distribution of populations in large volume samples when the volumes 
of reagent are adjusted to maintain the same blood/reagents volume ratio. Fewer 
transfer steps between tubes in the protocol with adjusted blood/reagents volu-
me may further infl uence better preservation of initial population distribution. 
Consequently, reagent volumes and protocols need to be adapted to sample volu-
mes. In any case, the total number of acquired white blood cells should always be 
acknowledged to indicate the reliability of the data.

Populations of cells are defi ned based on the presence or absence of specifi c mar-
kers and their expression levels (especially of importance if these are modulated 
during cell activation and/or maturation)[35-38]. Therefore, each marker should 
not only provide a proper discrimination between strong and dim positive cells 
and between positive and negative cells, but it should also provide an adequate 
resolution to detect more subtle changes. Here we confi rmed and extended previ-
ous observations [12-17, 22-25] by showing that the type of anticoagulant, storage 
time, storage conditions and treatment all had an impact on marker expression 
levels and background staining.  Similar fi ndings on the impact of anticoagulant 
on sample stability have recently been published by Kárai et al. in the context of 
bone marrow and PB processing [39].

None of the two tested anticoagulants (Na-Heparin, EDTA) had a clear advanta-
ge over the other with regard to stability of marker expression levels. However, 
individual markers performed better in one of the conditions. Therefore, if MFIs 
are to be compared, it is crucial to be consistent with the choice of anticoagulant.

For most markers the resolution of signal decreased over time. The decrease in 
signal and increase in background staining was more prominent in stored whole 
blood than in stored processed and stained samples. This is likely because the 
signal intensity can be infl uenced by unspecifi c binding of mAbs to dying cells 
and shedding or internalization of markers due to e.g. apoptosis or (in)activation 
[38, 40]. Furthermore, sample (including whole blood) fi xation (Solution A from 
F&P, Cyto-Chex, TransFix) had a negative impact on marker expression. In these 
circumstances the most prominent loss of signal occurred directly after additi-
on of a fi xative, possibly due to conformational changes of the antibody targeted 
epitopes or impact of the fi xative on the fl uorochromes [41].

Certain fl uorochromes, e.g. some of the tandem-dyes, are known to be less stable 
[42]. Despite a broad range of antibodies assessed, we have not observed antibo-
dies conjugated with any specifi c dye to be more aff ected. At the same time, we 
found that antibodies with lower affi  nity for the antigen, such as TCRγδ, were 
especially sensitive to prolonged sample storage. This is in line with what has 
been reported by Davis et al., who showed that CD4 PE conjugates from diff erent 
clones showed great variability in both avidity and antibody stability [43] and by 
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Van der Velden et al., who showed that TCRγδ PE-Cy7 showed greater variability 
when used in diff erent formats (freeze-dried or liquid antibodies) [28].

In whole blood samples the largest diff erences in cell distribution were caused 
by progressive cell death (mainly granulocytes), which appeared to be associated 
with both changes in the cell phenotype and an increase in doublets and debris.  
Although whole blood fi xation had a detrimental eff ect on the relative distribu-
tion of distinct cell populations directly after treatment, it stabilized the relative 
distribution afterwards, making this condition more benefi cial at the later time 
points. Thus, if blood cannot be processed within 24-30h, and the distribution of 
cell populations is of primary interest, whole blood fi xation might be an option.  
However, we would not recommend it for general immunophenotyping. Of note, 
it has been reported that PB fi xation may preserve leukocyte counts compared to 
untreated PB [44, 45]. Again, here we show that additional fi xation of processed 
samples provides better results than fi xation of whole blood samples.

Processing of diagnostic samples can be delayed by transportation as well as by 
personnel and equipment availability. This can have several consequences for the 
outcome of fl ow cytometric analysis. First, we showed in healthy controls that, 
depending on the storage conditions, absolute cell counts can decrease by up to 
40% already 24h after collection. Since absolute cell count is one of the diagnostic 
criteria for immunodefi ciencies, cell loss in aged samples can aff ect proper diag-
nosis.  Secondly, several immunodefi ciencies are characterized by the absence 
or reduced number of cell populations or their aberrant phenotype [27, 46].  A 
recent study by van der Burg et al. showed reduced numbers of memory B cells 
in confi rmed SCID patients. The markers used in PIDOT to separate memory B 
cells from pre-germinal center cells are mainly CD27 and IgM. Thus, the obser-
ved decrease in CD27 BV421 and increased background in the PerCP-Cy5.5 chan-
nel (which harbors both IgM and CD4) can eventually hamper discrimination of 
memory B cells. Analogical problem can arise in identifi cation of TCRγδ T cells, 
as TCRγδ PE-Cy7 was one of the most storage-aff ected markers, and lack of these 
cells can be associated with immune defi ciency.  Thus, prolonged storage (>24h) 
of diagnostic samples should be avoided and, if not possible, they should be eva-
luated critically, keeping in mind that changes may be attributed to sample aging.
In this study we used a <30% deviation from baseline MFI as a measure of mar-
ker stability.  In many cases, samples could be reliably analyzed by experienced 
personnel despite greater signal changes. This was at least in part based on the 
software used for data analysis (Infi nicyt™ Software v2.0, Cytognos), which al-
lows for simultaneous multidimensional gating rather than 2-dimensional con-
secutive gating. In this multidimensional approach changes in expression of 
cellular markers over time were absorbed by other markers in such a way that 
population separation was still possible.  Recently, a database has been released 
for automated analysis of PIDOT (Infi nicyt™ Software 2.0, Cytognos).  Although 
during the construction of a database high quality samples are required [47], it 
would be of great interest to evaluate how aged and diff erently treated samples 
can be run through such a database.
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Concluding remarks
This intricate set of data presented here was based on the analysis of a single 
antibody combination: PIDOT. Therefore, it cannot provide universal guidelines. 
Still, certain conclusions can be drawn about what can and should not be done in 
the pre-analytical phase of multicenter clinical trials:
• Delay from blood collection to blood processing should be minimized, 
especially in a diagnostic setting.
• PB samples stored for <24h at RT seem suitable for reliable immunophe-
notyping, although losses in absolute cell numbers should be taken into account.
• PB samples stored for 24-48h at RT may be used for immunopheno-
typing, but results will be less reliable. Again, losses in absolute cell numbers 
should be taken into account.
• In whole PB samples, most populations are more stable when stored in 
Na-Heparin than in EDTA tubes at RT.
• However, storage of processed and stained samples is usually more bene-
fi cial than storage of whole blood. 
• B and T cells are the most stable populations, followed by NK cells, whe-
reas myeloid cells and monocytes are more sensitive to storage. Thus, based on 
cell type of interest, diff erent delays are acceptable.
• The impact of anticoagulant and potential fi xation steps on the expressi-
on of individual cell markers varied signifi cantly; thus, it is crucial to be consis-
tent in the use of anticoagulant, storage time and temperature.
• Any deviations from standard operating procedures should be recorded.
• When determining absolute counts, minimize storage or aim for consis-
tent delays. Be consistent with the method used. In our experience an automated 
hematological analyzer is more stable than fl ow cytometric determination of ab-
solute counts.

Specifi c recommendations for individual types of cells are summarized in Sup-
plemental Figure 1.
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Abstract
Background: Multiparameter flow cytometry (FC) is essential in the diagnostic 
work-up and classification of primary immunodeficiency (PIDs). The EuroFlow 
PID Orientation tube (PIDOT) allows identification of all main lymphocyte sub-
populations in blood. To standardize data analysis, tools for Automated Gating 
and Identification (AG&I) of the informative cell populations, were developed by 
EuroFlow. Here, we evaluated the contribution of these innovative AG&I tools to 
the standardization of FC in the diagnostic work-up of PID, by comparing AG&I 
against expert-based (EuroFlow-standardized) Manual Gating (MG) strategy, 
and its impact on the reproducibility and clinical interpretation of results.

Methods: FC data files from 44 patients (13 CVID, 12 PID, 19 non-PID) and 26 
healthy donor (HD) blood samples stained with PIDOT were analyzed in parallel 
by MG and AG&I, using Infinicyt™ software (Cytognos). For comparison, per-
centage diff erences in absolute cell counts/μL were calculated for each lympho-
cyte subpopulation. Data files showing diff erences >20% were checked for their 
potential clinical relevance, based on age- matched percentile (p5-p95) reference 
ranges. In parallel, intra- and inter-observer reproducibility of MG vs AG&I were 
evaluated in a subset of 12 samples.

Results: The AG&I approach was able to identify the vast majority of lymphoid 
events (>99%), associated with a significantly higher intra- and inter-observer 
reproducibility compared to MG. For most HD (83%) and patient (68%) samples, 
a high degree of agreement (<20% numerical diff erences in absolute cell counts/
μL) was obtained between MG and the AG&I module. This translated into a mini-
mal impact (<5% of observations) on the final clinical interpretation. In all except 
three samples, extended expert revision of the AG&I approach revealed no error. 
In the three remaining samples aberrant maturation and/or abnormal marker 
expression profiles were seen leading in all three cases to numerical alarms by 
AG&I.

Conclusion: Altogether, our results indicate that replacement of MG by the 
AG&I module would be associated with a greater reproducibility and robustness 
of results in the diagnostic work-up of patients suspected of PID. However, expert 
revision of the results of AG&I of PIDOT data still remains necessary in samples 
with numerical alterations and aberrant B- and T-cell maturation and/or marker 
expression profiles.

Keywords: flow cytometry, immunophenotyping, primary immunodeficiencies, 
automated gating, standardization, EuroFlow



2.2

Chapter 2.2

69

Introduction
Primary immunodeficiency (PIDs) comprises a clinically heterogeneous group of 
rare disorders with defects in the innate and/or adaptive immune system. Due 
to the dysfunctional immune system, patients can suff er from a wide variety of 
clinical manifestations, including severe, recurrent, and opportunistic infections, 
auto-inflammation and auto-immunity [1–3]. Since delayed diagnosis causes 
higher morbidity and mortality, fast and efficient PID diagnosis, classification 
and risk assessment is critically important.

Multicolor flow cytometric (FC) immunophenotyping has become a key tool in 
the diagnostic work-up and classification of PID [1, 3–7]. FC has the advantage 
of providing fast, widely accessible and relatively low-cost diagnostic screening 
[8] based on a wide range of assays devoted to immunophenotypic identificati-
on and enumeration of specific (sub)populations of blood lymphocytes (e.g. B, T 
and NK cell subsets), quantitative evaluation of disease-associated protein ex-
pression profiles—e.g. Wiskott-Aldrich syndrome protein screen (WASP), CD40/ 
CD40Ligand expression for hyper IgM syndromes-, functional assays (e.g. lymp-
hocyte/T-cell proliferation) and analysis of specific signaling pathways (e.g. 
phosphorylation of STAT proteins) [2, 7–9].

Despite the clinical relevance of FC in the diagnosis and classification of PID, 
standardization of specific FC assays across distinct laboratories still remains a 
challenge. Thus, most published FC data on PID are limited to single center da-
tasets which may not be directly applicable in other centers. Generation of repro-
ducible and comparable data in multicenter settings is required for (inter)natio-
nal data exchange and integration, creation of larger datasets of patient samples 
and better identification and definition of the altered immunophenotypic pat-
terns associated with specific PID diagnostic categories.

In the past years, the EuroFlow consortium developed a diagnostic algorithm to-
gether with fully standardized antibody combinations (preferably used as dried 
format reagent mixes) [10] and analytical FC procedures for the diagnostic scree-
ning and classification of PID of the lymphoid system [6]. In the proposed Eu-
roFlow approach, the PID orientation tube (PIDOT) plays a central role in case of 
suspicion of PID, as recently validated in a selected cohort of genetically defined 
PID patients [4]. Overall, PIDOT allows unequivocal and reproducible identifica-
tion of >20 diff erent leucocyte populations (including 15 T, B and NK lymphoid 
subpopulations) in blood, when more than a million cells are evaluated. Inter-
pretation of such data using the classical (2- dimensional-based) expert-guided 
Manual Gating (MG) approaches (i.e. Boolean gating strategies) is time-consu-
ming and highly subjective, as it relies on the operator’s gating decisions, know-
ledge and expertise. Thereby, MG strategies may result in disturbing levels of 
variability and more limited reproducibility of FC data analysis, depending on 
the knowledge and experience of each individual expert [11–14]. In order to avoid 
such variability introduced during data analysis, the EuroFlow consortium has 
developed innovative Automated Gating and Identification (AG&I) approaches 
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and software tools [14], which can be directly applied to the analysis of FC stan-
dard data files of blood samples stained with the PIDOT. This tool is based on the 
combined use of clustering algorithms and big data-based classification approa-
ches, including direct comparison of individual clusters of events per interroga-
ted sample against i) a fully annotated database of FC data files from healthy indi-
viduals stained according to the same standard operating procedures (SOPs), and 
ii) reference values based on a large dataset of hundreds of age-matched healthy 
donors that includes samples from controls between 0 days (neonatal) and 89 
year-old subjects [4, 14].

In this study, we evaluated the contribution of the AG&I module available in 
the Infinicyt software (Cytognos Sl, Salamanca, Spain), in combination with the 
PIDOT antibody panel and database, for an increased reproducibility and stan-
dardization of multiparameter FC analysis of lymphocyte populations in blood 
of patients suspected of PID, compared to the classical EuroFlow- standardized 
MG strategy. In parallel, we also evaluated the potential impact of the new AG&I 
tool vs. the classical MG approach on the clinical interpretation of PIDOT results.

Materials and Methods
Sample Collection
FC PIDOT data files of peripheral blood (PB) samples from 44 patients, collec-
ted in a routine context of PID suspicion at the Hematology Laboratory of the 
Ghent University Hospital between November 2016 and March 2018, were in-
cluded in this study. From these patients, 13 were diagnosed with common varia-
ble immunodeficiency (CVID) according to the ESID criteria [9] (M/F ratio: 8/5; 
age range: 7–67y), and 12 with other PID (M/F ratio: 5/7; age range: 1–12y; two 
patients with Shwachman–Bodian–Diamond Syndrome [SBDS]; two with KM-
T2A deficiency; two with myeloperoxidase (MPO) deficiency; one patient with 
tumor necrosis factor receptor- associated periodic syndrome [TRAPS]; one with 
KMT2D deficiency; one with adenosine deaminase (ADA) deficiency; one with 
IRAK4 deficiency and two with mannose-binding lectin (MBL) deficiency); the 
other 19 cases corresponded to non-PID patients with PID suspicion at time of 
sampling in whom the diagnosis of PID was ruled out ([non PID]; M/F ratio: 
12/7; age range: 11m–50y). In addition, FC PIDOT data files from 26 healthy do-
nors (HD) (M/F ratio: 10/16; age range: 20–58y) collected at Leiden University 
Medical Center (n=16) and at the Hematology Laboratory of the Ghent Univer-
sity Hospital (n=10) were included in the study [15]. The study was approved by 
the local ethics committee of the Ghent University Hospital, Belgium (approval 
2016/1137). Informed consent from the adult healthy volunteers included in the 
study was obtained at the time of blood sampling at the participating centers[(15].

Staining Procedures, Instrument Set-Up, and Data Acquisition
PB samples were collected in BD Vacutainer tubes containing K2EDTA (Bect-
on/Dickinson, San Jose, CA). For each sample, a white blood cell (WBC) count 
was determined on a Sysmex XP-300 hematology analyzer (Sysmex Corporation, 
Kobe, Japan). For the immunophenotypic studies non-nucleated red cells were 
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lysed prior to staining, strictly following the EuroFlow bulk lyse SOP (available at 
www.EuroFlow.org), as described elsewhere [16, 17]. Subsequently, a stain- wash 
protocol was performed. Thus, the remaining cell pellet in a volume of 100μL, 
was stained for 30 minutes in the dark (room temperature [RT]) with the EuroF-
low PIDOT monoclonal antibody combination, as previously described (liquid 
format) [4]. Afterwards, 2mL of BD FACS™ Lysing solution –Becton/Dickinson 
Biosciences (BD)- diluted 1/10 (v/v) in distilled water, was added and the cell 
suspension was incubated for another 10 minutes at RT in the dark. Afterwards, 
cells were washed and the cell pellet was re-suspended in 300μL of washing buf-
fer. Staining and data acquisition of all samples were performed within 24h after 
blood collection. Data were acquired on BD FACSCanto™ II flow cytometers (BD) 
at the collection sites. In both centers, instrument settings and data acquisition 
were performed according to the EuroFlow guidelines available at www.EuroF-
low.org [11]. Standard instrument settings were monitored by BD™ Cytometer 
Setup and Tracking (CS&T) beads (BD) and eight-peak Rainbow bead calibration 
particles (Spherotech, Lake Forest, IL). For each sample at least 10^6 total even-
ts were acquired at low-medium speed. Subsequently, data were exported as an 
FC standard-file for further analysis. As per the EuroFlow standard instrument 
setting and calibration SOPs, further manual compensation for optimization of 
measurements of individual samples was not required.

Data Analysis
All FC standard data files were analyzed using Infinicyt™ Software (version 
2.0.1b, Cytognos SL, Salamanca, Spain) both manually (MG strategy) and auto-
matically (AG&I) using the Infinicyt™ AG&I module and the EuroFlow PIDOT 
database, with a special focus on the lymphoid populations. MG was based on 
the previously published EuroFlow PIDOT guidelines [4, 6]. Briefly, gating of the 
lymphoid populations was performed after excluding debris and cell doublets 
based on sideward light scatter area (SSC-A)/forward light scatter area (FSC-A) 
and FSC Height (FSC-H)/FSC-A bivariate dotplots, respectively. B-cells were 
identified based on their unique CD45hi CD19+ CD3- CD45RA+ phenotype and 
FSClo SSClo characteristics. Further identification of B-cell subpopulations was 
based on the levels of expression of CD27, IgM and IgD. In turn, T-cells were 
identified based on a CD45hi CD3+ and FSClo SSClo phenotype. After gating 
TCRγδ+ T-cells, the CD4+, CD8+ and CD4- CD8- TCRγδ- T-cell subpopulati-
ons were identified. Subsequently, the distinct maturation-associated subsets of 
CD4+ and CD8+ TCRγδ- T-cell subpopulations were further identified based on 
their unique levels of expression of CD27 and CD45RA. Finally, NK-cells were 
defined as CD45hiCD19-CD3- CD16&CD56hiCD45RAlo/+ FSC-Alo SSC-Alo 
cells. More details on the MG strategy used for the identification of the lymphoid 
populations are provided in Table 1.

In parallel with the MG strategy, all FC standard data files were also analyzed 
with the AG&I module of Infinicyt™. The AG&I module compares each FC stan-
dard data file with a reference database of healthy controls using the automated 
gating and classification algorithms, as previously described in detail [18, 19]. 
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This automated analysis included a first clustering step of all individual events in 
the data file, followed in a second step by classification of the resulting clusters 
of events into the cell populations identified a priori in the database, according 
to their characteristics in the multidimensional space generated by all the para-
meters evaluated. Input of patient’s age and WBC counts was required before 
the automated process could be started. During automated data processing, most 
events are automatically assigned to the diff erent cell populations with only a few 
remaining unassigned clusters of events (= “checks”). For these latter groups of 
alarmed events, the AG&I module proposes one or more populations to which 
they might correspond, but definitive assignment to a given cell population must 
be done manually by an expert. Once the alarmed events have been checked by 
the expert, the software provides an automated report indicating the normal ran-
ge in age-matched controls, with a “remark” for each cell population with values 
out of the normal range, using previously published reference values [4, 6].

In this study, those events automatically assigned to a given cell population were 
not re- evaluated or re-classified manually to mimic the optimal routine situation, 
unless stated otherwise. Following the automated gating process, the percentage 
of each cell population from both its parent population and all WBC, was automa-
tically calculated, recorded, and stored by the Infinicyt™ software. Absolute cell 
counts/μL were calculated according to the white blood cell count (dual platform) 
as follows:

Table 1. Phenotypic features 
used in the Manual Gating 
(MG) strategy for the iden-
tification of lymphoid popu-
lations in blood according 
to the EuroFlow guidelines 
for analysis of blood sam-
ples stained with PIDOT.

Population Gating strategy (1)

B-cells FSClo SSCloCD45hiCD19+CD3-CD45RA+

Pre-germinal center B-cells CD27-IgD+IgM+

Post-germinal center B-cells/
plasmacells (MBC/PC)
Unswitched MBC/PC (2) IgD+IgM+CD27 +

Switched MBC/PC (2) IgD-IgM-CD27- to +

IgD+IgM- post-GC IgD+IgM-CD27+

T-cells FSClo SSCloCD45hiCD3+CD19-

CD16&CD56- to lo

TCRgd+ T-cells TCRgd +CD4-CD8- to lo

TCRgd- CD4-CD8- T-cells TCRgd -CD4-CD8- to lo

CD4+ T-cells TCRgd -CD4+CD8-

CD4+ naive T-cells CD27+CD45RA+

CD4+ central memory T-cells CD27+CD45RA-

CD4+ effector memory T-cells CD27-CD45RA-

CD4+ terminal effector T-cells CD27-CD45RA+

CD8+ T-cells TCRgd -CD4-CD8+

CD8+ naive T-cells CD27+CD45RA+

CD8+ central memory T-cells CD27+CD45RA-

CD8+ effector memory T-cells CD27-CD45RA-

CD8+ effector CD27+ T-cells CD27loCD45RA+

CD8+ terminal effector T-cells CD27-CD45RA+

CD4+CD8+ T-cells TCRgd -CD4+CD8+

Natural Killer cells SSC-AloFSC-AloCD45hiCD19-CD3-

CD16&CD56hiCD45RAlo to +

(1)In addition to the classical two-dimensional gating based on the listed markers,
automatic population separator (APS) plots were used for fine-tune the gating of the
listed cell populations as described elsewhere (4); (2)Most MBC/PC, but not all, are CD27+.
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Comparison Between the MG Strategy and the AG&I Approach
Absolute cell counts/μL obtained with the MG and AG&I strategies were com-
pared for each cell population. The percentage diff erence between the counts for 
each cell population obtained with the two strategies was calculated by the follo-
wing formula:

According to the International Standard EN ISO 15189 [20], the two gating me-
thods were considered to be equivalent whenever the percent diff erence was 
<20%. Nevertheless, for the less abundant subpopulations with relatively wide 
reference intervals, the application of the <20% diff erence criterion may be clini-
cally irrelevant. Because of this, for all lymphoid subpopulations with >20% dif-
ferences we applied an additional criterion that relied on the impact on the final 
clinical interpretation, based on comparison of each of the two values against 
age-matched reference percentile (p5–p95) ranges as determined on a group of 
250 HD [4]. Diff erences in interpretation of the results after application of these 
age-matched reference values were considered as ‘clinically relevant’ and trigge-
red a more detailed revision of both the AG&I (including a revision of the auto-
matically assigned events whenever necessary) and MG analyses.

Intra- and Inter-Observer Reproducibility 
Twelve samples (three samples from each patient group and the HD group) out 
of the 70 samples analyzed were randomly chosen to document the impact of 
the use of the AG&I software tools vs MG, on intra-observer and inter-observer 
reproducibility of data analysis.

For evaluation of intra-observer reproducibility, MG and AG&I were performed 
five times by the same observer (EL) on those 12 samples selected as described 
above. For inter-observer reproducibility, MG and AG&I were performed on 
the same 12 samples by five diff erent observers (EL, MH, CB, PB, JDW). All five 
observers were trained individuals with strong expertise in gating the EuroF-
low PIDOT tube and (routine) users of Infinicyt™. Standard deviation (SD) and 
coefficient of variation (CV) values were calculated for each cell population as 
obtained by both gating strategies.

Statistical Methods
For comparison of the analysis strategies, Spearman rank correlation was used. 
For comparison between groups for continuous variables, the Chi-squared test 
with the Yates’ correction for continuity, was applied. Statistical comparison of 
the CVs was performed by the variance ratio F-test. Two-sided p- values <0.05 
were considered to be associated with statistical significance. In case of multiple 
testing, the Bonferroni correction was applied. Statistical evaluation was perfor-
med using MedCalc Statistical Software (version 15.6.1; MedCalc Software bvba, 
Ostend, Belgium) and GraphPad Prism (version 5.04 for Windows; GraphPad 
Software, San Diego, CA).
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Results
Comparison Between MG and AG&I Approaches on Healthy Donor 
Blood Samples
When considering all observations for the HD samples (n=520 observations; 20 
cell populations in 26 samples), the vast majority of the events in the HD FC 
standard data files—median of 99.85% (range: 99.30–99.95%)—that correspon-
ded to lymphoid cells were classified into one of the lymphocyte populations of 
the database with the AG&I module. In contrast, for a minor fraction of events— 
median 0.15% (range 0.0–0.70%)—the AG&I module induced an alarm due to 
phenotypic deviations from the reference populations in the PIDOT database and 
required revision by an expert.

Diff erences greater than 20% on absolute cell counts (/μL) as calculated via MG 
vs AG&I were observed in 17% of all HD observations. An overview of these dif-
ferences per cell population is shown in Table 2. Briefly, no diff erences >20% 
between both analytical strategies (MG and AG&I) were observed for 9/20 lymp-
hoid populations (i.e., total lymphocytes, B-cells, pre-GC B- cells, T-cells, CD4+ 
T-cells, CD4+ naïve and central memory T-cells, CD8+ T-cells, and TCRγδ+ 
T-cells). In turn, a limited number of HD samples showed >20% diff erences bet-
ween MG and AG&I counts for NK-cells (n=3/26), unswitched memory B-cells/
plasma cells (MBC/PC) (n=8/26), switched MBC/PC (n=2/26), CD4+ eff ector 
memory T-cells (n= 2/26), CD8+ naive T-cells (n=2/26), CD8+ central memo-
ry T-cells (n=5/26) and CD4-CD8- TCRγδ- T- cells (n=6/26). In contrast, dif-
ferences were more frequently observed [60% of the observations (n=62/104)] 
for other less abundant T-cell subpopulations [CD4+ terminal diff erentiated 
(TD) T-cells (n=20/26), CD8+ eff ector memory T-cells (n=11/26), CD8+ TD27+ 
T-cells (n=19/26) and CD8+ TD T-cells], as might have been expected for these 
populations which typically represent <1% of all WBC. Of note, CD4+CD8+ dou-
ble-positive T-cells were not assigned as a separate population with the AG&I 
module. Spearman rank correlation coefficients for cell populations mandato-
ry for PID screening and classification according to the ESID criteria (i.e. total 
lymphocytes, total B-cells, pre-GC B-cells, unswitched and switched MBC/PC, 
total T-cells, CD4+ and CD8+ T-cells, CD4+ and CD8+ naïve and central memory 
T-cells, TCRγδ+ and TCRγδ- CD4-CD8- T-cells, NK-cells) are shown in Table 
3. For healthy donor samples correlation coefficients of >0.90 were obtained for 
most populations.
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Table 2. Comparison of the Manual Gating (MG) strategy versus the AG&I module. CVID, 
Common Variable Immunodeficiency Disorder patients; PID, Other PID patients; Non PID: patients 
with diseases other than PID; HD, healthy donors; Pre-GC-B-cells, pre-germinal center B-cells; TD, 
terminal diff erentiated; NK-Cells, natural killer cells; NA, not applicable.
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In order to further evaluate the impact of AG&I on both intra- and inter-obser-
ver reproducibility of data analysis on HD samples, SDs and median %CVs for 
MG and AG&I data, were compared (see Figure 1A). As a result, a lower overall 
median % CV was observed with the AG&I approach compared to MG (5.8 vs 
0.2% for intra-observer and 8.0 vs 0.3% for inter-observer reproducibility, res-
pectively). A more detailed analysis of the impact of AG&I for the individual cell 
populations is given in Supplementary Table 1A.

Comparison of the MG Strategy Versus the AG&I Module on Samples 
of Patients Suspected of PID
A rather limited median percentage of checks (% of total events) was observed 
with the AG&I module (median 0.54%; range: 0.02–41.5%) for all observations 
recorded on the patient samples (n=880 observations for 20 cell populations in 
44 samples) (Supplementary Figure 1).

Around one third (32%) of all patient samples showed >20% diff erences on the 
absolute cell counts (/μL) of at least one cell population as obtained with MG vs 
the AG&I module, with similar frequencies (p>0.05) in each of the three patient 
groups (CVID 35%, other PID 34%, and non-PID 28%). Despite this, diff eren-
ces >20% between both analytical strategies involving one or more of the major 
lymphocyte populations in blood (total lymphocytes, B-cells, T-cells, CD4+ and 
CD8+ T-cells) were restricted to a minority (<15%) of all patient samples. Thus, 
>20% diff erences were observed for total lymphocytes in 1/44 patients, B-cells in 
1/44 cases, T-cells in 1/44, CD4+ T-cells in 2/44, and CD8+ T-cells in 5/44 cases. 
More than 20% diff erences between MG vs AG&I observed in the patient sam-

 Healthy donors Patients Total 

Lymphocytes 0.996 0.994 0.994 
B-cells 0.996 0.998 0.998 

Pre-GC B-cells 0.997 0.992 0.995 
Unswitched MBC/PC 0.955 0.845 0.877 
Switched MBC/PC 0.983 0.963 0.956 

T-cells 0.997 0.992 0.992 
CD4+ T-cells 0.998 0.989 0.990 

CD4+ naive T-cells 0.976 0.988 0.989 
CD4+ central memory T-cells 0.960 0.933 0.923 

CD8+ T-cells 0.995 0.980 0.991 
CD8+ naive T-cells 0.987 0.978 0.983 
CD8+ central memory T-cells 0.779 0.933 0.893 

TCRgd+ T-cells 0.999 0.925 0.942 
TCRgd- CD4- CD8- T-cells 0.951 0.915 0.955 

Natural killer cells 0.883 0.983 0.973 

Results expressed as Spearman rank correlation coefficient values for those cell 
populations that are mandatory for PID screening and classification according to the 
ESID criteria. For all correlations p-vales < 0.001 were detected. 

Table 3. Correlation between absolute counts obtained by manual gating (MG) versus 
automated gating and identification (AG&I).
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Figure 1. Intra- and inter-observer reproducibility of Manual Gating (MG) versus Auto-
mated Gating and Identifi cation (AG&I). (A; top fi gure) Box-and-Whisker plots of CVs (%) for 
all lymphoid populations in HD blood samples. (B; bottom fi gure) Box-and-Whisker plots of CVs (%) 
for all lymphoid populations in patient samples. ****Statistically signifi cant diff erences (P < 0.0001) 
based on the variance ratio F-test.

ples were mostly documented for the less abundant B- and T-cell subpopulations 
(counts <1% of all WBC). An overview of the results obtained per cell population 
is shown in Table 2. Spearman rank correlation coefficients for patient samples 
were calculated, showing correlation coefficients of >0.90 for most subset po-
pulations mandatory for PID screening and classification according to the ESID 
criteria (see Table 3).

The AG&I approach showed a greater intra- and inter- observer reproducibili-
ty than MG also on patient samples with lower median %CV (5.1 vs 0.4% for 
intra-observer and 12.1 vs. 0.6% for inter-observer reproducibility for AG&I vs 
MG, respectively) for all 20 lymphoid populations identified (see Figure 1B and 
Supplementary Table 1B).

Impact of AG&I vs MG on Clinical Interpretation of Results
The possible impact of diff erences on clinical interpretation of cell counts ob-
tained with the AG&I tool vs the MG strategy was evaluated by comparing each 
of the paired counts against age- matched reference percentile (p5–p95) ranges, 
assessed on a group of 250 HD [4]. Data are summarized in Table 2. Overall, 
comparison of the results obtained with each of the two data analysis approaches 
against age-matched reference values, translated into diff erent clinical interpre-

A 

B 
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tations for MG and AG&I in only 4.4% (n=62/1,400) of all paired observations 
[1.3% (n=7/ 520) for HD and 6% (n=55/880) for the patient samples].

Looking at the major lymphocyte populations (total lymphocytes, B-cells and 
T-cells) in both HD and patient samples, no diff erence in clinical interpretation 
was observed after evaluating the results against the age-matched p5–p95 refe-
rence values. The clinically relevant diff erences were also limited for the NK-cells, 
a diff erent interpretation being restricted to a single HD sample (absolute NK-
cell counts below p5 for MG while within the p5–p95 range for AG&I).

No diff erences in clinical interpretation related to the B-cell populations were 
observed in HD. In contrast, several diff erences in clinical interpretation were 
observed among the patients. Thus, clinically relevant diff erences in pre- germi-
nal center B-cell counts were observed for one CVID patient sample for which 
diff erences against age-matched reference values were also detected for the me-
mory B-cell populations as discussed in more detail below (Sample 1). Diff eren-
ces in clinical interpretation for unswitched and switched MBC/PC were mostly 
observed among CVID (n=2) and other PID samples (n=4; 2 KMT2A deficien-
cies, 1 IRAK4 deficiency, and 1 MBL). For the two KMT2A deficiency patients, 
who typically display a CVID-like phenotype with deviations in B-cell maturation 
and low absolute counts of diff erent B-cell populations, the absolute counts ob-
tained with MG were within age-matched reference ranges for both unswitched 
and switched MBC/PC, while AG&I provided decreased absolute counts for both 
memory B-cell populations below the p5. The IRAK4 deficiency sample and MBL 
deficiency sample (both conditions for which no lymphoid deviations are usually 
expected) also showed clinically relevant diff erences for the unswitched MBC/
PC subpopulation, with abnormal values for the MG approach (below p5 for the 
IRAK4 deficiency and above p95 for the MBL deficiency), but normal absolute 
counts for all B-cell subpopulations when analyzed with the AG&I tool. In addi-
tion, another CVID patient sample (not Sample 1, see above), showed a clinically 
relevant diff erence in the absolute number of unswitched MBC/PC: decreased 
below p5 with MG while within the normal range with the AG&I approach. In 
another CVID sample, diff erent clinical interpretation for switched MBC/PC was 
made with AG&I (absolute values below p5 as is expected for a CVID phenotype) 
and MG (absolute values within the p5–p95 range).

Diff erences in clinical interpretation related to CD4+ T-cell populations (inclu-
ding the less abundant CD4+ T cell populations) were also absent in HD and very 
limited in patient samples (0–7% of samples depending on the specific CD4+ 
T-cell population). No clinically relevant diff erences were found in HD for nai-
ve and central memory CD8+ T-cells, with only a few discrepancies in patient 
samples (between 5% and 9% of the samples depending on the specific CD8+ 
T-cell population). More diff erences in clinical interpretation (compared with 
age- matched normal p5–p95 reference ranges) were observed for the CD8+ 
eff ector T-cell populations (range: 7–27% of samples depending on the specific 
cell population). Despite all the above, detailed analysis of all clinically relevant 
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diff erences observed for the distinct T-cell populations identified with PIDOT, 
showed no recurrent pattern (or cause) in all but one sample. This latter sample 
corresponded to a non-PID sample (Sample 2) which showed a combined pattern 
of clinically relevant diff erences in both CD4+ memory eff ector T-cells and CD4-
CD8- TCRγδ- T-cells, as discussed in more detail below.

Diff erent clinical interpretation for the TCRγδ+ and CD4-CD8- TCRγδ- T-cells 
were observed for a limited number of samples (1 and 6, respectively). One of 
these samples was already described above (Sample 2). In addition, one CVID 
sample (Sample 3) showed clinically relevant diff erences for both TCRγδ+ and 
CD4-CD8- TCRγδ- T-cells, triggering further investigations (see below). For the 
remaining four discrepant samples, no underlying cause could be identified to 
clarify the diff erence.

Detailed Analyses of Clinically Relevant Discrepancies
Detailed revision of both MG and AG&I data analysis was performed for all 
samples showing “clinically relevant” diff erences on the interpretation of the re-
sults obtained (once compared with age-matched reference values) for at least 
one lymphoid cell population (diff erences in 62 observations corresponding to 
37 samples). In 34/37 samples (92%) AG&I results were confirmed during the 
expert review. In the remaining three samples (8%) corresponding to two CVID 
samples [Sample 1 and 3] and one non-PID patient sample [Sample 2] AG&I re-
sults were questionable. In more detail, in one of these two CVID samples [Sam-
ple 1], diff erent absolute counts were observed for all B-cell populations identified 
by MG vs AG&I. Plots corresponding to the (unchecked) AG&I analysis for this 
sample are shown in Figure 2A. This was due to the fact that by AG&I a large 
proportion of the B-cells was automatically assigned to the memory IgD+IgM- 
B-cell population. MG confirmed that phenotypically this population was indeed 
CD27+; however, its phenotype was not fully compatible with the classically high 
IgD expression (MFI of between 104 – 105 using the EuroFlow instrument set-
tings in combination with the EuroFlow PIDOT reagents) on memory IgD+IgM- 
B-cells, making their distinction from switched MBC/PC (CD27+/ IgM-/IgD-) a 
challenge, also with MG that assigned them to switched MBC/PC. Despite this 
uncommon phenotype, AG&I analysis did not classify these events as ‘checks’. In 
the other two discordant samples (Samples 2 and 3) clinically relevant diff erences 
for the CD4-CD8- TCRγδ- T-cell population were observed and confirmed after 
revision of the AG&I data. In the latter CVID sample (Sample 3), a large TCRγδ+ 
population was automatically assigned to the CD4-CD8- TCRγδ- population by 
AG&I (unchecked AG&I plots shown in Figure 2B). In the non- PID sample 
(Sample 2), events classified by MG as CD4+ eff ector memory T-cells and CD4+ 
naive T-cells had been incorrectly classified by the AG&I module as CD4-CD8- 
TCRγδ- due to an abnormally low CD4-signal because of a technical (staining) 
issue (unchecked AG&I plots shown in Figure 2C). Despite all the above, these 
wrongly identified cell populations were systematically alarmed as “numerically 
altered” by the AG&I software tool, pointing out the need for review by the expert 
prior to final reporting.
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Figure 2. Representative (unchecked) AG&I bivariate dot-plots corresponding to the 
specifi c cell populations present in those 3 cases with altered phenotypes identifi ed 
during detailed expert revision. (A) CVID sample (Sample 1) with a B-cell population showing 
abnormally dim expression of IgD on IgM-negative B-cells, classifi ed by the AG&I tool as IgD+IgM- 
MBC/PC (brown) with need for expert revision based on their aberrant expression pattern, in addi-
tion to pre-germinal center B-cells (dark green), unswitched MBC/PC (bright green) and switched 
MBC/PC (blue). (B) CVID sample with a large population of TCRγδ+ T-cells (see arrow) incorrectly 
assigned CD4-CD8- TCRγδ- events (orange) (sample 3) in addition to CD8+ T-cells (green), CD4+ 
T-cells (purple) and TCRγδ+ T-cells (blue). (C) Non PID patient with a large population of dim CD4+ 
events (see arrow) automatically classifi ed as CD4-CD8- TCRγδ- T-cells (orange) (sample 2), in addi-
tion to CD8+ T-cells (green) and CD4+ T-cells (pink).

A 

B 

C 
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Discussion
Due to major technological advances in multiparameter FC, data analysis has 
become increasingly complex and time-consuming [13, 18, 21–23]. This also im-
plies higher variability and more subjectivity, as it is influenced by the obser-
ver’s expertise. Thus, the increased complexity associated with greater numbers 
of cells measured for an increasingly high number of parameters with the ability 
of identifying greater numbers of cell populations, has fostered the development 
of automated algorithms and tools for the analysis of complex multiparameter 
FC datasets [14, 18, 21–23]. In this study, we evaluated the contribution of the 
EuroFlow AG&I module implemented in the Infinicyt software for analysis of PB 
samples stained with PIDOT in the standardization of the FC diagnostic work-up 
of PID.

Overall, our results showed that compared to MG, the use of the AG&I approach 
was associated with a significantly lower intra- and inter-observer variability of 
data analysis (and also interpretation) for all lymphoid populations identified 
with the PIDOT. In fact, the use of the AG&I tool systematically provided for most 
lymphoid populations identified a high intra- and inter- observer reproducibility 
with <20% CVs according to the EN ISO 15189 criterion applied in most Euro-
pean medical diagnostics laboratories [20]. Altogether, these results indicate that 
replacement of MG by the AG&I module would be associated with a greater re-
producibility and robustness of results.

In turn, a  high  degree  of  agreement  (defined  as  <20% numerical diff erences in 
absolute cell counts/μL) was obtained between expert-based MG and the  AG&I 
module, for most lymphocyte populations in both HD (83% of all observations) 
and routine diagnostic patient samples  (68% of all observations), most discre-
pancies occurring for cell populations present at low (<1%) frequencies in blood. 
This translated into a minimal possible impact (4.4% of all observations, 6.3% of 
patient observations, 1.3% of HD observations) on the final clinical interpretation 
(e.g. normal vs increased or decreased cell counts) resulting from the comparison 
of the results obtained with each analytical approach with (p5–p95) age-matched 
reference values. Thereby, only a limited number of discordant observations be-
tween MG and AG&I was detected for those lymphoid populations that are man-
datory for PID screening according to the ESID criteria (i.e. total lymphocytes, to-
tal B-cells, pre-GC B-cells, unswitched and switched MBC/PC, total T-cells, CD4+ 
and CD8+ T-cells, CD4+ and CD8+ naïve and central memory T-cells, TCRγδ+ 
and TCRγδ- CD4-CD8- T-cells, NK-cells). For those lymphoid populations, dis-
crepant observations were restricted to 4.4% of patients observations (n=29/660 
observations) and 0.2% of HD observations (n=1/390). This was due to the fact 
that most diff erences were observed for the less abundant T-cell populations (e.g. 
CD4+ and CD8+ eff ector memory and terminally diff erentiated T-cells), that are 
currently not considered in the (routine) diagnostic work-up of PID.

Looking into potential reasons for the discrepancies here reported between AG&I 
and MG, we identified three diff erent variables to contribute to such diff erences: 
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low absolute counts, suboptimal light scatter measurements and the use of sin-
gle heterogeneously expressed markers for the distinction between two lymphoid 
populations. Thus, several of the less abundant T- cell subpopulations had low 
absolute counts for those samples with a >20% diff erence between AG&I and MG 
(Mann-Whitney U, p<0.05, see Supplementary Data Table 2). Besides, Eu-
roFlow recommends well defined intervals for median FSC-A and/or SSC-A va-
lues for lymphocytes (median FSC-A of >50,000/<60,000 and median SSC-A of 
>11,000/<13,000). Here we observed that when these criteria were violated, an 
increased number of samples with >20% diff erences between AG&I and MG was 
found (see Supplementary Data Tables 2 and 3). For B- cells, the high num-
ber of >20% AG&I vs. MG diff erences observed for unswitched memory B-cells 
(and pre-GC B cells) could be related to the fact that these two B-cell populations 
are discriminated among them based upon a single marker/ parameter with he-
terogeneous expression levels (i.e. CD27). This was confirmed by the significant 
lower delta MFI for CD27 between pre-GC and unswitched memory B-cells in 
the discrepant FC standard data file cases (median MFI values of 999 vs. 2441 
arbitrary fluorescence channel values, Mann-Whitney U p=0.043) and vice versa 
(Supplementary Data Figure 2). Overall, these results indicate that AG&I is 
more reproducible and more accurate than MG in detecting abnormal values for 
individual cell populations (see below) due to technical issues, including those 
populations that are mainly discriminated based on a single, heterogeneously ex-
pressed marker (e.g. CD27 in unswitched memory B-cells vs pre-germinal center 
B-cells).

Thus, these data indicate that strict adherence to the EuroFlow SOPs and criteria 
for instrument setup and calibration is mandatory, including a systematic check 
of the light scatter characteristics of lymphocytes for individual samples before 
final data storage, in parallel to careful evaluation of cell populations with low 
absolute count results.

Taken together, our results indicate that compared to conventional expert-based 
MG, routine use of the AG&I tool is associated with both a greater reproducibility 
of data analysis and a more robust interpretation of the numerical alterations 
detected for those lymphoid cell populations that are relevant in the diagnostic 
work-up of PID of the lymphoid system. However, for PID diagnosis, FC results 
should not be interpreted based on alterations involving single cell populations, 
but rather on the combination of altered patterns that typically aff ect >1 cell po-
pulation within a sample.

As indicated above, numerical clinically relevant diff erences between AG&I and 
MG were more frequently observed among the patient samples than in HD sam-
ples. These results might be due to the fact that abnormal B- and T-cell matura-
tion patterns and/or marker expression profiles are virtually restricted to patient 
samples and such altered profiles frequently represent a challenge during data 
analysis, even when MG is performed by an experienced operator. Indeed, clini-
cally relevant diff erences within the B-cell subpopulations were found in several 
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PID patients included in this study. For these PID patient- associated diff erences, 
it remains difficult to define which gating approach is correct due to the lack of 
a reference standard and the limited number of patients analyzed. Nevertheless, 
our results suggest a more accurate gating of B- cell populations using AG&I vs 
MG, since using the AG&I approach, B-cell alterations were only detected in the 
KMT2A- deficient patients, which are expected to have a CVID-like phenotype 
[24], but not in the IRAK4-deficient and MBL- deficient patients for whom no 
lymphoid deviations are usually expected [2, 9]. Altogether, these findings un-
derline the need for robust reference databases of PIDOT-stained blood samples 
from well-defined PID patients, in addition to normal HD blood, for unequivocal 
and accurate classification of cell events in PID suspicious patient blood sam-
ples, ideally generated in multi-center settings, as initiated by the EuroFlow PID 
consortium [4, 6, 13, 14, 25]. Moreover, the availability of reference images of 
PID patients to the database might also contribute to a better classification of the 
more challenging cell populations and cases.

Despite all the above, the AG&I approach used here, based on the PIDOT data-
base composed of HD blood samples stained with PIDOT at multiple centers, 
separately classifies all clusters of events that show phenotypic deviations from 
normal as groups of events that need to be checked by an expert. For HD samples, 
only a minor proportion of all events contained in the individual FC data files 
(<1% events) were classified as “checks”, i.e. events mimicking lymphoid cells 
that required expert revision following the AG&I classification tool. This observa-
tion is in line with previously published data on HD blood samples stained with 
other EuroFlow antibody combinations, that typically showed <2%  checks  of  
the total events [14]. In contrast, some cell populations which are either absent or 
present at very low frequency in normal blood, such as activated B- and T-cells, 
might require expert revision, particularly for patient samples, as confirmed here.
Optimal use of the AG&I module for PIDOT would imply that in a first step, only 
unclassified clusters of events should be checked by an expert. Subsequently, all 
cell populations that carry phenotypic and/or numerical alarm should be revised, 
as done in this study for 37 samples that showed >20% diff erences in the absolute 
cell counts obtained for at least one cell population with the AG&I approach vs 
MG, that led to a distinct clinical interpretation after comparison with p5–p95 
age-matched reference ranges (normal vs altered cell population). In all except 
three of these 37 samples, extended expert revision of the AG&I gating approach 
revealed no error. In the three remaining samples aberrant maturation and/or 
abnormal marker expression profiles were seen which might have induced an 
arguable classification of specific cell populations by the AG&I tool leading in all 
three cases to numerical alarms (i.e. absolute counts of the corresponding cell 
populations falling outside age-matched normal reference ranges). Thus, in a 
routine clinical laboratory setting, these latter deviations would trigger expert 
revision of the immunophenotypic results prior to their integration with other 
laboratory data and clinical findings. Although the underlying reason for these 
phenotypic deviations could not be fully identified, they might be due, at least in 
part to technical issues related with the quality of staining with single liquid for-
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mat reagents (e.g. CD4 staining in one case, IgD staining in another patient and 
TCRγδ staining in third patient). In order to limit the impact of reagent variabili-
ty and minimize pipetting issues, EuroFlow encourages the use of the lyophilized 
format of the PIDOT reagents [10].

In summary, here we show that the AG&I tool contributes to the standardization 
of FC data analysis in the diagnostic work-up of PID suspected patients, mostly 
due to its improved reproducibility vs conventional expert-based MG approaches 
and a more robust definition of numerical alterations against age-matched refe-
rence ranges. However, expert revision of the results of AG&I of PIDOT data still 
remains necessary in samples with numerical alterations and aberrant B- and 
T-cell maturation and/or abnormal marker expression profiles. Importantly, di-
agnosis of PID requires integration of FC results with other laboratory data (e.g. 
serum immunoglobulin levels, functional assays, molecular diagnostics, vaccina-
tion response), clinical findings and clinical history (e.g. history of infections), ac-
cording to both the ESID and IUIS criteria [2, 6, 9]. Of note, this study specifically 
focused on the evaluation of the technical performance of the new AG&I module 
for analysis of PIDOT data in a rather limited cohort of healthy donor and patient 
samples. Therefore, the overall impact of the new AG&I approach on the final PID 
diagnosis still remains to be fully defined in larger patient cohorts that include a 
wide variety of PID patients, preferably in a multi-center setting.
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Abstract
Antigen-specifi c serum immunoglobulin (Ag-specifi c Ig) levels are broadly used 
as correlates of protection. However, in several disease and vaccination models 
these fail to predict immunity. In these models, in-depth knowledge of cellular 
processes associated with protective versus poor responses may bring added va-
lue. We applied high-throughput multicolor fl ow cytometry to track over-time 
changes in circulating immune cells in 10 individuals following pertussis booster 
vaccination (Tdap, Boostrix®, GlaxoSmithKline). Next, we applied correlation 
network analysis to extensively investigate how changes in individual cell popu-
lations correlate with each other and with Ag-specifi c Ig levels. We further deter-
mined the most informative cell subsets and analysis time points for future stu-
dies. Expansion and maturation of total IgG1 plasma cells, which peaked at day 
7 post-vaccination, was the most prominent cellular change. Although these cells 
preceded the increase in Ag-specifi c serum Ig levels, they did not correlate with 
the increase of Ig levels. In contrast, strong correlation was observed between 
Ag-specifi c IgGs and maximum expansion of total IgG1 and IgA1 memory B cells 
at days 7 to 28. Changes in circulating T cells were limited, implying the need for a 
more sensitive approach. Early changes in innate immune cells, i.e. expansion of 
neutrophils, and expansion and maturation of monocytes up to day 5, most likely 
refl ected their responses to local damage and adjuvant. Here we show that simul-
taneous monitoring of multiple circulating immune subsets in blood by fl ow cyto-
metry is feasible. B cells seem to be the best candidates for vaccine monitoring.

Keywords: pertussis vaccine, fl ow cytometry, immune monitoring, plasma 
cells, correlation networks
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Introduction
Determination of antigen-specifi c immunoglobulin (Ag-specifi c Ig) levels in se-
rum is routinely used as readout for vaccine effi  cacy and/or protective immunity 
[1-3]. Besides Ag-specifi c Igs, immunological memory is preserved in the form of 
circulating memory B and T cells, which are more diffi  cult to measure. These cells 
are preserved even when Ag-specifi c Ig levels have waned. Therefore, the cellu-
lar compartment may harbor potential for more accurate correlates of protection 
and provide insights into the mechanism of protection. Whereas serology provi-
des insight in Ag-specifi c Ig levels and function, analysis of circulating immune 
cells may result in a deeper understanding of the processes induced by the vac-
cine and the cellular changes preceding Ig production. These additional insights 
can support the evaluation of novel vaccination strategies, such as addition of 
new adjuvants, antigens or changing the route of administration.

Cellular processes and their kinetics can be evaluated with diff erent methods, 
such as ELISpot, cytokine production, tetramer staining or cell proliferation as-
says [4]. These techniques have resulted in identifi cation of several cellular cor-
relates of protection. For example, Sridhar et al. reported that for fl u a higher 
frequency of (pre-existing) cross-reactive IFNγ+IL-2- CD8 T cells was associa-
ted with decreased disease symptoms, and CD45RA+CCR7- late eff ector T cells 
within the above-mentioned cross-reactive T cells were a cellular correlate of pro-
tection [5]. Furthermore, Wilkinson et al. showed increased numbers of infl uen-
za-specifi c CD4 T cells before the detectable increase in antibody levels 6. Despite 
their (generally) high sensitivity, such approaches may be laborious and require 
additional steps like pre-existing knowledge of HLA-type, prolonged incubation 
with or without culturing and stimulation, or isolation of cell subsets. Moreover, 
they mostly focus on a small part of the immune system and are therefore less 
suitable as an exploratory tool. Many of these limitations can be overcome with 
the use of fl ow cytometry or mass cytometry.

However, conventional fl ow and mass cytometry do have some limitations with 
regards to the monitoring of cellular processes and their kinetics in the blood. 
First, cells of interest can be present in low numbers in the peripheral blood (PB) 
(such as plasma cells, <5 cells/μL [7]), which may hamper their detection. This 
can be overcome by increasing sample volume, as applied in minimal residual di-
sease monitoring [8]. With the introduction of the new generation of high-speed 
fl ow cytometers, measuring increased cell numbers is becoming less of a hurdle. 
Second, cellular changes in PB may not directly refl ect cellular changes in specifi c 
tissues. However, the blood stream is thought to be a ‘crossroad’ for cell traf-
fi cking. Leukocytes continuously circulate via blood through the body in search 
of damage or infection [9-11]. This implies that when analyzed at the right time 
points, PB can contain valuable information about processes ongoing in the body 
[11-14]. Flow cytometry can be an important tool in exploratory research, because 
it allows in-depth phenotyping and monitoring of millions of cells, while retai-
ning information about absolute cell numbers. Finally, Ag-specifi c approaches 
are valuable tools, but not all antigens are commercially available, and associated 
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costs can be high. Thus, it can be of interest to know which general changes can 
be observed post-vaccination.

A deeper understanding of cellular processes associated with vaccination may 
be of great value for pertussis research. The current acellular pertussis vaccine 
(aP) is a combined multivalent vaccine used to protect against tetanus, diphtheria 
and pertussis (Tdap) and, in some cases, additional diseases such as polio, Hib 
and hepatitis [15]. It is mandatory or highly recommended in many countries, in-
cluding the Netherlands [16,17]. Despite good vaccine coverage, the incidence of 
pertussis cases has increased over the past decennia [18]. Therefore, an improved 
vaccination strategy or vaccine formulation based on in-depth understanding of 
cellular processes is of a great interest.

In this study, we used a pertussis booster vaccine (Tdap, Boostrix®, GlaxoSmith-
Kline) as a model to extensively monitor cellular kinetics in the immune system 
of 10 healthy adults. Using high-dimensional fl ow cytometry, we investigated 
longitudinal changes in PB immune cell subsets before and after detectable in-
crease in Ag-specifi c serum Igs. Moreover, we tested for correlations between to-
tal population kinetics and Ag-specifi c serum Ig levels. The exploratory nature 
of this study generated a vast amount of complex data, which is challenging to 
interpret without automated strategies. Therefore, we developed a top-down ap-
proach which starts with correlation network analysis to identify shared patterns 
between and within diff erent immune cell populations. As the use of correlation 
network analysis yielded many correlations, we next evaluated the fl uctuations of 
individual populations. Using this two-step approach, we assessed the complete 
dataset and identifi ed most informative cell populations and time points post-
Tdap booster vaccination. These can be further employed in larger scale studies, 
in order to e.g. evaluate candidate correlates of protection. 

Materials and methods
Study design and sample collection
This study was approved by the Medical Ethics Committee of Leiden Univer-
sity Medical Center (LUMC) (registration number: P16-214 EUDRACT: 2016-
002011-18) and performed in competent adults after signing an informed con-
sent form. Only volunteers who were (1) healthy, as evaluated by a questionnaire, 
(2) had blood hemoglobin levels and leukocyte diff erential counts within normal 
range, (3) had no suspected exposure to Bp in the past, (4) had a completed vacci-
nation scheme according to Dutch National Immunization Program (www.rivm.
nl/en/national-immunisation-programme) were eligible. Exclusion criteria are 
listed in Supplementary Table 1. Between June and December 2017, 10 in-
dividuals were included (m/f ratio: 1/9; age range: 25-55y, mean age: 37y), and 
completed the study. After initial blood collection (day 0), volunteers were vacci-
nated intramuscularly with the Boostrix® vaccine (GlaxoSmithKline). This redu-
ced-antigen, combined Tdap booster vaccine contains diphtheria toxoid (Diph) 
(2.5Lf (limit of fl occulation)), tetanus toxoid (Tet) (5Lf), three Bp proteins -i.e. 
pertussis toxoid (PT) (8μg), fi lamentous hemagglutinin (FHA) (8μg), pertactin 
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(Prn) (2.5μg) and aluminum hydroxide as adjuvant 19. PB samples were collected 
in K2EDTA blood collection tubes (BD Vacutainer, BD Biosciences, San Jose, CA, 
USA) and serum collection tubes (BD Vacutainer, BD Biosciences) at baseline 
(day 0) and subsequently at nine pre-defi ned time points i.e. day 3, 5, 7, 10, 14, 21 
(20-21), 28 (28-31), 90 (90-95) and 1 year (day 363-371) post-vaccination. One 
donor was not eligible at the last time point.

Evaluation of total and Ag-specifi c serum Ig levels
Serological analyses were performed in all collected samples. Levels of the three 
major Ig classes (IgM, IgA and IgG) were determined by turbidimetry, and IgG 
subclass (IgG1, IgG2, IgG3 and IgG4) levels were determined by nephelometry 
at the certifi ed Clinical Chemistry laboratory at LUMC. Levels of IgG directed 
against Tet, Diph, PT, FHA, Prn and Fimbriae 2/3 (Fim2/3), and levels of IgA di-
rected against PT, FHA, Prn and Fim2/3 were determined by multiplex immune 
assay (MIA) at the Dutch National Institute for Public Health and the Environ-
ment (RIVM, The Netherlands) [20].

Longitudinal fl ow cytometric analysis of up to 250 circulating immu-
ne cells subsets in blood
All blood samples were subjected to high-throughput fl ow cytometric im-
munophenotyping with a panel of four recently developed multicolor immune 
monitoring antibody combinations (or their prototypes). In brief, the dendritic 
cell-monocyte panel (DC-monocyte) allows analysis of up to 19 diff erent (sub)
populations within the myeloid compartment, including several subsets of mono-
cytes and dendritic cells [21] (van der Pan et al., manuscript in preparation). The 
CD4 T-cell tube (CD4T) allows identifi cation of at least 89 (up to 161) populations 
within the CD4 T-cell compartment with diff erent functionalities and maturation 
stages, and longitudinal use of this tube may provide insight in the activation/
maturation of T-cell subsets [21,22]. The CD8 cytotoxic T-cell tube (CYTOX) al-
lows identifi cation of up to 50 (sub)populations within the CD8 T-cell and the 
natural killer (NK) cell compartments [21]. Lastly, the B-cell and plasma cell tube 
(BIGH) allows identifi cation of up to 115 populations of B and plasma cells dis-
tinguished based on their maturation stage-associated phenotypic profi le and the 
expressed Ig subclasses [7,21]. 

Depending on the antibody combination, samples were either processed accor-
ding to the bulk lysis protocol, for staining of 10 x 10^6 cells (DC-Monocyte and 
BIGH) or prepared using the EuroFlow stain-lyse-wash protocol (CD4T, CYTOX; 
both protocols available on www.EuroFlow.org). For BIGH and CYTOX tubes, 
surface staining was followed by intracellular staining with the Fix & Perm rea-
gent kit (Nordic MUbio, Susteren, The Netherlands) according to manufacturer’s 
protocol. In brief, 100μl of washed sample was fi xed with 100μl of Solution A 
(15min in the dark at RT), washed, and permeabilized by adding 100μl of Solu-
tion B (15min in the dark at RT) and antibodies against intracellular markers. 
Next, samples were washed and re-suspended in PBS for immediate acquisiti-
on (or stored for max ~3h at 4◦C). Additionally, BD TruCount tubes (BD Biosci-
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ences) were used according to manufacturer’s protocol for precise enumeration 
of cell subsets. By adding HLA-DR Pacifi c Blue, CD3 FITC, CD45 PerCP-Cy5.5, 
CD16 PE, CD56 PE, CD19 PE-Cy7, CD300e (IREM2) APC and CD14 APC-H7, we 
could determine absolute cell count of total leukocytes, eosinophils, neutrophils, 
monocytes (including classical, intermediate and non-classical monocytes (cMo, 
iMo and ncMo, respectively [23])), dendritic cells, basophils, total lymphocytes, 
B cells, natural killer (NK) cells and T cells. For each immune monitoring panel, a 
representative population was selected (e.g. total B-cell count as reference point 
in the BIGH panel) and used to determine absolute cell counts of all other popu-
lations in that panel. Immune monitoring tubes were measured on a BD FACS 
LSRFortessa 4L or BD FACS LSR Fortessa x20 4L fl ow cytometer (BD Bioscien-
ces, San Jose, CA, USA), while TruCount samples were measured on a BD FACS 
Canto™ II 3L (BD Biosciences) instrument. Flow cytometers were calibrated 
daily according to EuroFlow guidelines, as previously described [24,25]. All data 
were analyzed manually with Infi nicyt software (Infi nicyt™ Software v2.0, Cytog-
nos) according to the gating strategies proposed for these panels as proposed by 
EuroFlow [7,22] [van der Pan et al., manuscript in preparation].

Correlation network analysis
A sliding window of 3 time points was used to evaluate correlating changes bet-
ween and within all immune subsets and Ag-specifi c Ig levels. To identify patterns 
shared by diff erent individuals, the ratio over baseline was used as input. Pearson 
correlations were calculated using Hmisc library in R. The correlations were fi lte-
red based on their presence in at least 8/10 donors and the edges >90% positive 
and negative mean correlations were considered for visualization. To approach 
the data in a completely unbiased manner, we did not incorporate any adjust-
ments or corrections for expected or implied correlations (e.g. when population 
A-B and B-C correlate strongly, a correlation between A-C is implied). For initial 
interpretation, the correlations were visualized in the open source software Cy-
toscape (version 3.7.1; Cytoscape Consortium [26]) (Fig.1A). To select the most 
informative time points, each timeframe was inspected individually (Fig. 1B). 
The most relevant networks were selected and dynamic networks were generated 
using the open source Gephi software (version 0.9.2; Gephi.org [27]) and are at-
tached to this manuscript as supplementary videos.

Statistical analysis of independent comparisons
Correlations of baseline levels of B cells, naive B cells, memory B cells (total, IgG1 
and IgA1), plasma cells (total, IgG1, IgG4 and IgA1), total T cells, CD4 T cells, CD8 
T cells, T follicular helper cells (TFHs), TCRγδ T cells, regulatory T cells (Tregs), 
naive CD4 T cells, NK cells, total leukocytes, neutrophils, monocytes, myeloid 
and plasmacytoid DCs (mDCs and pDCs) with the level (IU/mL) of vaccine-spe-
cifi c serum IgG at days 14, 21, 28, 90 and 365 were calculated using Spearman’s 
rank correlation.

For other statistical analyses (indicated in fi gure legends) the GraphPad Prism 
8.1.1 software (GraphPad, San Diego, CA, USA), was used. Correlation coeffi  cients 
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Figure 1. Example of Cytoscape network analysis between B-cell subsets and/or anti-
gen-specifi c serum IgGs. In this example, correlations between and within the B-cell compart-
ment and Ag-specifi c serum IgGs are shown. All positive and negative correlations with an R>0.90 
or R<-0.90 over 3 sequential time points and present in at least 8/10 donors were visualized. Only 
subsets that had at least 1 correlation were shown in the network. For ease of interpretation, subset 
names have been removed and group names have been added. Of note, the most informative corre-
lation networks found in this study were visualized in the Gephi software and are added as supple-
mentary movies to this manuscript. MBC= Memory B cells (red), PC= plasma cells (orange), preGC B 
cells= pre-germinal center B cells (yellow), Ag-specifi c serum IgG= antigen-specifi c serum IgG (blue). 
D= Days after vaccination. A. All correlations found within and between the B-cell compartment and 
Ag-specifi c serum IgGs at all time points. The table presents an overview of the 10 strongest correlati-
ons of the visualized network. B. The most relevant correlations visualized per timeframe.

(Spearman r) >0.8 were classifi ed as strong correlations, and r-values <0.8 were 
classifi ed as weak correlation. When multiple correlations were tested between 
two variables, but at several timepoints (e.g. maximum plasma cell expansion 
(day 7) and the level of vaccine-specifi c IgG (“Boostrix-IgG”) at days 14, 21 and 
28), correction for multiple testing was done using the false discovery rate (FDR) 
approach method of Benjamini and Hochberg with an FDR of 5%.

Results
All donors reached protective serum Ig levels 14 days post-vaccination
Seven out of ten donors reported a painful/sore arm after receiving the vaccine. 
One serious adverse event, unrelated to this study, was reported. 



Chapter 3.1

96

Increase in Ag-specifi c serum Ig levels is the primary read-out of vaccine effi  cacy. 
To follow changes in serum Ig levels post-Boostrix® vaccination and determine 
whether and when study participants reached protective levels, major Ig classes 
and IgG subclasses were measured at baseline and at all consecutive time points. 
In most donors, the levels of major Ig classes at baseline were within the normal 
reference ranges and followed subtle changes upon Boostrix® vaccination (do-
nor ranges: IgG 7.95-14.20 g/L, IgA 1.31-5.04 g/L, IgM 0.85-1.60 g/L, IgG1 4.35-
8.87 g/L, IgG2 1.95-5.40 g/L, IgG3 0.30-0.53 g/L, IgG4 0.15-3.15 g/L) (Suppl. 
Fig.1) [28,29]. 

Ag-specifi c responses were analyzed separately for serum IgGs and IgAs (Fig. 
2A+B). Baseline serum IgGs directed against Diph (median: 0.12 IU/mL, ran-
ge: 0.007-0.65 IU/mL) were above protective levels (0.01-0.1 IU/mL [30-32]) in 
5/10 donors, while baseline serum IgGs directed against Tet (median: 2.07 IU/
mL, range: 0.29-9.30 IU/mL) were above protective levels (0.1 IU/mL [33]) in 
all donors. Baseline anti-PT serum IgGs (median: 11 IU/mL, range: 1-121 IU/mL) 
were at arbitrary protective levels of >20 IU/mL [34-36] in 3/10 donors. Baseli-
ne anti-FHA, anti-Prn and anti-Fim2/3 IgG levels were highly variable between 
donors (median anti-FHA: 33.5 IU/mL, range: 8-188 IU/mL, median anti-Prn: 
20.5 IU/mL, range: 2-161 IU/mL, and lastly, median anti Fim2/3: 30 IU/mL, 
range: 1-83 IU/mL).

Baseline anti-PT and anti-Prn IgA levels (median anti-PT IgA: 0.56 IU/mL, ran-
ge: 0.25-14.3 IU/mL, median anti-Prn IgA: 2.7 IU/mL, range: 0.67-12.7 IU/mL) 

Figure 2. Ag-specifi c serum Ig levels prior to and post-aP booster vaccination. A. Ag-spe-
cifi c serum IgG levels (IU/mL) directed against the 5 vaccine components (Diphtheria toxoid (Diph), 
tetanus toxoid (Tet), PT, FHA, and Prn). Fim2/3 was not present in the vaccine and considered a 
negative control in A and B. B. Ag-specifi c serum IgA levels (IU/mL) directed against the Bp vaccine 
components (PT, FHA, Prn). For Diph and Tet no quantitative read-out was available. D= Days after 
vaccination.
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were similar in most donors, whereas baseline anti-FHA and anti-Fim2/3 IgAs 
were detected at variable levels (median anti-FHA IgA: 4.0 IU/mL, range: 0.25-
94.4 IU/mL, median anti-Fim2/3 IgA: 31.7 IU/mL, range 0.37-377.0 IU/mL). 
Elevated baseline levels of anti-PT IgG (121 IU/mL) and anti-PT IgA (14.3 IU/mL) 
in donor BP07 were either remaining high from previous vaccination or potential 
(subclinical) infection [37]. In donor BP09, elevated anti-Prn and anti-Fim2/3, 
but no anti-PT IgAs were observed at baseline, indicative of previous contact with 
another microorganism, for example another Bordetella species [36].

In all donors, Ag-specifi c serum Ig levels started to rise from ~day 7 post-vacci-
nation. Among Bp antigens the IgG level range at the peak was 79-847 IU/mL for 
anti-PT, 261-2688 IU/mL for anti-FHA and 39-4928 IU/mL for anti-Prn. For 
IgA the level range at the peak was 4-50 IU/mL for anti-PT, 14-693 IU/mL for 
anti-FHA and 6-3421 IU/mL for anti-Prn. As expected, for both Ig isotypes se-
rum levels of anti-Fim2/3 Igs showed limited variation over time (max. ratio of 
3x over baseline), since Fim2/3 was not a component of this vaccine. Although 
both Ig responses showed some heterogeneity in-between donors with regards 
to magnitude and number of targeted antigens, all donors reached arbitrary 
protective anti-PT IgG levels at day 14 post-vaccination the latest (>20 IU/mL). 
For diphtheria, all donors reached 0.01 IU/mL IgG levels (basic protection) the 
latest at day 7, and 0.1 IU/mL IgG levels (full protection) at day 10 [30-32]. Wa-
ning was observed after 1 year for all vaccine-specifi c Ig responses. Nevertheless, 
8/10 donors maintained protective anti-PT (>20 IU/mL) IgG and anti-Diph IgG 
(>0.1IU/ml) serum levels at 1 year post-vaccination. All donors maintained pro-
tective anti-Tet IgG levels (>0.1 IU/ml) [33].

Early expansion of plasma cells preceded the increase in vaccine-spe-
cifi c serum Ig levels
All donors responded to vaccination by reaching protective IgG levels. To deter-
mine whether vaccination also triggered cellular changes which could be traced 
in circulation, we monitored the kinetics of over 250 immune cell populations 
in blood. Thereafter, we used correlation networks to investigate which cellular 
changes were associated with the change in Ag-specifi c Ig levels. Since not all 
identifi ed correlations were biologically relevant (e.g. between two populations 
constant over time), we critically assessed these networks and used observed cor-
relations as a guide to interpret the data. 

Igs are the secretory product of terminally diff erentiated B cells (plasma cells). 
Therefore, we fi rst focused on B-cell and plasma cell subsets and compared their 
kinetics with Ag-specifi c Igs within any 3-visit timeframes (Dynamic network 
video: B-serology). Plasma cells and Ag-specifi c serum Igs at multiple ti-
meframes followed similar kinetics, as refl ected by positive correlations between 
them. These correlations were the strongest between IgG1 and IgA1 plasma cells, 
and vaccine-specifi c Igs at day 3-5-7 (Dynamic network video: B-serology) 
due to the simultaneous rise of both Ig and plasma cell levels (Fig. 2, Fig. 3A).
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Interestingly, the more mature IgG1 plasma cells (CD20-CD138-) and IgA1 plas-
ma cells (CD20-138- and CD20-138+) showed stronger correlations with serum 
IgGs (anti-Tet, anti-Diph) and serum IgAs (anti-PT, anti-Prn and anti-FHA) 
(Dynamic network video: B-Serology) than their less mature counterparts. 
Furthermore, strong positive correlations were found between IgG4 plasma cells 
and Ag-specifi c serum IgGs (anti-Tet, anti-Diph, anti-Prn and anti-FHA) and 
IgAs (anti-FHA and anti-PT). At day 7-10-14, a negative correlation was observed 
between decreasing plasma cell numbers and increasing serum Ig levels (Dyna-
mic network video: B-Serology). No correlations between plasma cells and 
Ag-specifi c Igs were observed at later time points i.e. day 21-365. Thus, correlati-
ons between kinetics of IgG1, IgA1 and IgG4 plasma cells and vaccine-specifi c se-

Figure 3. Kinetics in the plasma cell compartment upon immunization with aP booster.
A. Maximum expansion of plasma cells at day 7 (up to 156 cells/μl). Expansion started at day 5, pea-
ked at day 7 and returned to baseline afterwards. B. Heatmap representing the expansion of plasma 
cells in ratio over baseline. C. Heatmaps representing the expansion of diff erent plasma cell subsets. 
Only the most prominent expansions were visualized: IgG1 plasma cells (11-236x), IgG4 plasma cells 
(2-27x), IgA1 plasma cells (1.6-10.4x) and IgG2 plasma cells (1.3-4.6x). D. Fluctuations in the distri-
bution of the plasma cell compartment over time. One representative donor is shown. Majority of the 
expanded plasma cells was of IgG1 phenotype (min-max in donors: 44% -76%). E. Correlation bet-
ween maximum plasma cell expansion (day 7) and the level of vaccine-specifi c IgG (“Boostrix-IgG”) 
at days 14, 21 and 28 as determined by Spearman’s rank correlation. An FDR-corrected p-value of 
<0.0075 was considered signifi cant. D= Days after vaccination.
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rum Igs were not restricted to one particular vaccine antigen, but mainly limited 
to early timeframes post-vaccination.

Based on the change in the direction of correlation, we hypothesized that changes 
in plasma cell numbers precede changes in Ag-specifi c serum Igs. To test this 
hypothesis, we shifted the timeframes in Ag-specifi c Ig kinetics by 1, 2 or 3 time 
points later and earlier as compared to the plasma cells (Suppl. Fig. 2). By shif-
ting one timeframe later for serum Ig levels, strong positive correlations were 
found between IgG1 plasma cells (day 0-3-5) and vaccine-specifi c serum Ig le-
vels (day 3-5-7), and between IgA1, IgG1 and IgG4 plasma cells (day 3-5-7) and 
vaccine-specifi c serum Ig levels (day 5-7-10), respectively (Dynamic network 
video: B-Serology+1). The number of edges and the correlation strength were 
similar as found when correlating within the same timeframes (B-serology +1 
versus B-serology network). Shifting the timeframe later by 2 visits resul-
ted in fewer correlations. A strong positive correlation was observed between 
IgG1 plasma cells (day 0-3-5) and serum IgAs (anti-Prn and anti-PT; day 5-7-
10), and between IgG4 plasma cells (day 7-10-14) and serum IgAs (anti-FHA; day 
14-21-28), respectively (Dynamic network video: B-Serology +2). Other ti-
meframe comparisons i.e. 3 later and 1, 2 and 3 earlier timeframes did not reveal 
any relevant correlations. Thus, increasing plasma cell levels preceded for most 
of antigens the increase in serum Ig levels by 1-2 time points.

Strong increase in IgG1 plasma cell levels did not explain quantitative 
changes in Ag-specifi c Ig levels
Strong correlations between plasma cell levels and Ag-specifi c Igs implied dyna-
mic changes in the plasma cell compartment. Indeed, plasma cells showed a clear 
expansion from day 5 to day 14 post-vaccination, with a sharp peak at day 7 (ratio 
over baseline: 2.5-25x) (Fig. 3A+B). This was predominantly due to expansion 
of IgG1 plasma cells (ratio over baseline: 11-236x), followed by IgG4 plasma cells 
(ratio over baseline: 2-27x), IgA1 plasma cells (ratio over baseline: 1.6-9.4x), and 
IgG2 plasma cells (ratio over baseline: 1.3-4.6x) (Fig. 3C). Expansion in other 
plasma cell subclasses was limited and restricted to individual donors (Suppl. 
Fig. 3). Irrespective of the magnitude of changes, the distribution of plasma cells 
at day 7 was strongly skewed towards IgG1, which constituted 44%-76% of all 
plasma cells at the peak of expansion (Fig. 3D).

Increase in plasma cell numbers in blood preceded and strongly correlated with 
an increase in Ag-specifi c serum Ig levels. Still, it remains unclear to what ex-
tent these circulating plasma cells are responsible for the entire vaccine-specifi c 
Ig production. To address this issue, we correlated the maximum IgG1 plasma 
cell expansion (day 7) with the vaccine-specifi c IgG levels measured at later time 
points (Fig. 3E). Although donors with higher changes (ratio) in IgG1 plasma 
cells showed somewhat greater vaccine-specifi c IgG levels, no signifi cant (strong) 
correlation was observed. Similarly, no statistical signifi cance was reached bet-
ween IgA1 or IgG4 plasma cell expansion (day 7) and vaccine-specifi c IgG levels 
(data not shown), or between any of the plasma cell subsets and vaccine-specifi c 
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IgA levels.

Circulating plasma cells matured in time upon immunization 
Although plasma cell expansion preceded the increase in Ag-specifi c serum Ig le-
vels, the magnitude of this expansion failed to explain quantitative changes in vac-
cine-specifi c serum Igs. This suggested that expanding plasma cells may be newly 
generated cells on their way to bone marrow or tissues (e.g. mucosal tissues). Ne-
wly generated plasma cells have high expression of CD20 and lack CD138. During 
maturation, CD20 is downregulated, which is followed by upregulation of CD138 
at later stages [38] (Fig. 4A). To investigate which other markers change their 
expression during plasma cell maturation, we drew a maturation pathway with 
the Infi nicyt™ software maturation tool [21]. Downregulation of CD20 was ac-
companied by milder downregulation of CD19 and CD62L, while upregulation of 
CD138 was preceded by increase in expression of CD38 and CD27 (Fig. 4B). We 
used this information about the expression of all six markers to draw a new matu-
ration pathway for IgG1 plasma cells and distinguished 6 consecutive maturation 
stages (S1-S6). Finally, the distribution of IgG1 plasma cells over the maturation 
stages was analyzed for samples collected at all 10 time points. At baseline and 
at day 3 IgG1 plasma cells were low in number, and relatively evenly distributed 
over all maturation stages (Fig. 4C). From day 5 onwards, plasma cells expanded 
in numbers and more frequently belonged to more mature stages (S3-S6). At day 
7, the peak of plasma cell expansion, the majority of IgG1 plasma cells reached the 
most mature phenotypes (~70% in S5+S6). In principle, the higher expansion of 
plasma cells, the more cells belonged to the most mature stages (Suppl. Fig. 4). 
After day 7, plasma cell numbers and their distribution over maturation stages 
were gradually returning to baseline, which for individual donors was reached be-
tween days 14-28. The same phenomenon was observed in multiple other plasma 
cell subsets despite their overall lower expansion (IgG2, IgG3, IgG4, IgA1) (data 
not shown). Therefore, expanding plasma cells seem to be newly generated cells 
on their way to bone marrow, and this maturation observed in the periphery may 
be a hallmark of recent antigen encountering, such as vaccination. We further 
investigated this by correlating the absolute increase (cell count day 7 – baseline 
cell count) in IgG1 and IgA1 plasma cells (using the classical 3 maturation stages 
based on CD20 and CD138 expression) with the levels of Ag-specifi c Igs from day 
7 onwards. In general, no strong correlations were found, with exception of the 
correlation between the absolute increase in CD20-CD138- IgA1 plasma cells and 
the vaccine-specifi c IgG levels at day 7 (Suppl. Fig. 5). 

Longitudinal changes in serum Ig levels did not correlate with longi-
tudinal changes in the memory B-cell compartment 
Despite clear expansion and maturation of circulating plasma cells, these failed 
to quantitatively explain expansion in Ag-specifi c Ig levels (Fig. 3E), suggesting 
that most of the Ag-specifi c Igs are derived from memory responses (represented 
by long-lived plasma cells in bone marrow and memory B cells in periphery). 
Overall, fl uctuations of memory B-cell numbers were limited over the time of 
analysis (ratio over baseline: 0.36-1.75x), as were fl uctuations of total B cells and 
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Figure 4. Maturation of IgG1 plasma cells was observed upon immunization with aP 
booster. A. Flow cytometry fi les containing the plasma cells of all donors at all time points were mer-
ged in the Infi nicyt software to visualize plasma cell maturation. The plasma cell maturation, defi ned 
by downregulation of CD20 and upregulation of CD138, is shown in the dot plot. The arrow indicates 
the direction of the maturation pathway. B. Based on this CD20-CD138 maturation pathway, the In-
fi nicyt software maturation tool identifi ed 4 additional markers in the fl ow cytometry panel that were 
up- or downregulated upon plasma cell maturation. Based on the 6 identifi ed markers (CD19, CD20, 
CD27, CD62L, CD38, CD138), 6 maturation stages were defi ned. C. Per time point the percentage of 
plasma cells in each maturation stage was plotted (total IgG1 plasma cells of all donors, grouped per 
time point). The size of the dot indicates the percentage of plasma cells in a given maturation stage 
(average of 10 donors). Cell count is shown at the right side of the plot (average of 10 donors). The 
bubble plot was generated using plotly python graphing library. D= Days after vaccination.

naive B cells (Suppl. Fig. 6). In contrast to the plasma cell compartment, no ske-
wing towards a particular memory B-cell subset was observed (data not shown).
Kinetics of IgG1 and IgA1 memory B-cell subsets strongly correlated with each 
other and, to a lesser extent, with IgG3 memory B-cell subsets. In contrast to 
plasma cells, correlations between Ag-specifi c Ig levels and memory B cells were 
absent both within and in-between timeframes (Dynamic network videos: 
B-Serology, B-Serology +1, B-Serology +2). Lastly, no correlation of base-
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line values of major B-cell populations and the vaccine-specifi c IgG levels at days 
14, 21, 28, 90 or 365 was found (data not shown).

Maximum expansion of IgG1 and IgA1 memory B cells correlated 
strongly with the increase in Ag-specifi c serum IgG 
Lack of correlations between Ag-specifi c serum Ig kinetics and memory B-cell 
kinetics is likely a consequence of the low frequency of expanding Ag-specifi c 
memory B cells in blood [39,40]. Furthermore, memory B-cell expansion may 
be less unifi ed in time than plasma cell expansion. To address this second pos-
sibility, we correlated the levels of Ag-specifi c serum Igs at days 14-365 with the 
maximum observed expansion of total and individual memory B-cell subsets bet-
ween days 7 and 28 (in majority of donors this maximum expansion was reached 
between days 7 and 14). In donors with a higher memory B-cell expansion there 
was a trend towards higher Ag-specifi c serum Ig, but no strong positive correlati-
on (r>0.8) was found (data not shown). However, further investigation of memo-
ry B-cell subsets confi rmed a strong positive correlation between IgG1 and IgA1 
memory B-cell expansion (max. expansion d7-28) and Ag-specifi c serum Ig. After 
correction for multiple testing, we found a strong positive correlation between 
total Ag-specifi c serum IgG levels at day 21 and maximum expansion of IgG1 me-
mory B cells (r=0.8061, p=0.0072) (Fig. 5A). Furthermore, the maximum ex-
pansion of IgA1 memory B cells strongly correlated with serum IgG levels at days 
14 and 21 (r=0.8303, p=0.0047 and r=0.8788, p=0.0016, respectively) (Fig. 
5B). These strong correlations between IgG1 and IgA1 memory B-cell expansions 
and the increased Ag-specifi c serum IgG levels could not simply be explained by 
changes in total B-cell or leukocyte numbers (Suppl. Fig. 7) and were stronger 
than any correlation between serum IgG levels and the day 7 IgG1 plasma cell 
peak (Fig. 3E). As the rise in Ag-specifi c Igs was mostly caused by Bp-specifi c 
Igs, the abovementioned correlations held true when correlating only to Bp-spe-
cifi c Ig levels, but not for Diph-specifi c or Tet-specifi c serology (data not shown).

Minor changes in circulating T cells showed limited correlations with 
B cells and Ag-specifi c Igs
T-cell help in the germinal centers results in the generation of high affi  nity B cells 
[41]. For Tdap vaccination, polarization of CD4 T-cell responses towards Th2 has 
been described [42]. However, recent studies indicated that in donors who were 
wP-primed, T-cell responses upon aP booster vaccinations were skewed towards 
a Th1/Th17 response [43,44]. Within CD4 T cells, we evaluated both kinetics of 
diff erent T-helper cell types (including TFHs and Tregs) and of diff erent eff ector 
stages within these subsets (e.g. naive, central-, transitional-, peripheral- and ef-
fector memory).

Analysis of correlation networks revealed multiple correlations in-between CD4 
T-cell subsets within the same timeframes. These correlations were especially 
prominent between T helper and TFH cells of the TH17, TH1/17 and CXCR3+C-
CR4+CCR6+CCR10- phenotype. At the same time, no consistent strong correla-
tions were found between CD4 T cells and Ag-specifi c Igs, and correlations be-
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Figure 5. Correlation between maximum expansion of memory B-cell subsets and vac-
cine-specifi c IgGs as determined by Spearman’s rank correlation. A. Correlation between 
the maximum expansion of IgG1 memory B cells (ratio over baseline at days 7-28) and vaccine-spe-
cifi c IgGs (“Boostrix-IgG”) at days 14, 21 and 28. B. Correlation between the maximum expansion of 
IgA1 memory B cells (ratio over baseline at days 7-28) and vaccine-specifi c IgGs at days 14, 21 and 28. 
An FDR-corrected p-value of <0.0075 was considered signifi cant. D= Days after vaccination.

tween CD4 T cells and B cells were limited and restricted to minor populations 
(Dynamic network video: B-CD4). Despite several correlations, changes in 
absolute T-cell subset numbers over time were limited (Supplementary Table 
2). Likewise, no consistent changes were observed in maturation of T helper sub-
sets. Thus, in this case, monitoring of T-cell kinetics in the periphery may require 
an Ag-specifi c approach.

Additionally, we correlated CD8 T-cell and NK-cell kinetics with changes in B 
cells and Ag-specifi c Ig levels. Within the CD8 T-cell and NK-cell compartments 
correlations were limited and inconsistent, suggesting no shared response pat-
tern. Likewise, hardly any correlations were observed between both Ag-specifi c 
Igs and NK or CD8 T cells, and between B cells and NK or CD8 T cells (mostly 
restricted to CD8 or TCRγδ T-cell subsets). When comparing CD4 T-cell kinetics 
with NK and CD8 T-cell kinetics, very limited or no correlations were observed. 
Lastly, no correlation of baseline values of major cell populations and the vacci-
ne-specifi c IgG levels at days 14, 21, 28, 90 or 365 was found (data not shown).
Changes in innate immune cells preceded, but poorly correlated with changes in 
the T- or B-cell compartments

So far, post-vaccination kinetics of serum Igs, B cells and T cells were evaluated 
over time, but not the kinetics of innate immune cells. Local damage, antigens 
and adjuvant introduced by the vaccine lead to the recruitment of innate immune 
cells, which serve an important role in initiating the immune response by means 
of local infl ammation and antigen presentation [45-48].
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Overall, correlations between kinetics of innate immune cells and the change 
in Ag-specifi c serum Ig levels were limited and mostly restricted to monocyte 
subsets (cMo, iMo and ncMo, further subdivided into diff erent functional sub-
sets/activation stages, e.g. based on expression of CD62L, FcER1, CD36 or SLAN 
[49,50] [van den Bossche & Damasceno et al., manuscript in preparation]). Li-
kewise, correlations between kinetics in the innate immune cell compartment 
and the B-compartment were sparse, both within and in-between timeframes. 
No correlations were found between T-cell and innate immune cell fl uctuations 
within the same timeframes (Dynamic network video: CD4- DC Monocy-
te), and only limited correlations were present upon shifting timeframes (early 
monocyte changes with later Treg changes). Lastly, no correlations between base-
line values of major innate immune cell populations and the vaccine-specifi c IgG 
levels at days 14, 21, 28, 90 or 365 were found (data not shown).

In terms of absolute cell counts, in approximately half of the donors, an incre-
ase in total leukocyte count was observed at the earliest evaluated time points 
post-vaccination (days 3-5, Suppl. Fig. 8A). This was mainly due to an increase 
in both mature and immature neutrophils (total neutrophils: max. ratio over ba-
seline: 2.6x) (Suppl. Fig. 8B). At the same time – mostly in donors that showed 
neutrophil expansion - total monocyte numbers showed a max. ratio over ba-
seline of 2x and at day 3 predominantly belonged to the more mature iMos and 
ncMos. No increase was observed for cMos. 

Discussion
In this study we showed that fl ow cytometry is a sensitive tool to monitor cellular 
changes upon vaccination. Although most of these changes occur locally in the 
tissue, many cells can be traced during their passage in PB, if suffi  ciently sensitive 
methods are applied. Up to 5 days post-Tdap-vaccination, fl uctuations were pre-
dominantly found in the levels of neutrophils and monocytes and were associated 
with gradual maturation of monocytes. Afterwards, plasma cells started expan-
ding from day 5 onwards with a sharp peak in (predominantly IgG1) plasma cell 
levels at day 7, simultaneously with plasma cell maturation. Despite limited chan-
ges in memory B-cell numbers, these changes strongly correlated with increase 
in Ag-specifi c serum IgG levels, which occurred from day 7 onwards. Although 
memory B cells seem better correlated with serological responses, strong homo-
genous plasma cell increase and clear plasma cell maturation over time can play a 
valuable role in immune response timing. Despite in-depth analysis, no uniform 
changes were detected in circulating T-cell subsets. We summarize our fi ndings 
and their potential role in immune monitoring in Fig. 6.

Correlation networks are frequently used in systems biology to model kinetic re-
lationships between diff erent types of omics data [51-53]. Analysis of correlation 
networks is suited for large, multidimensional datasets, and can aid in fi nding 
shared or correlating patterns in exploratory studies. Such results should be ana-
lyzed cautiously as two interacting pairs that remain constant over time will cor-
relate as well, which may be irrelevant for the posed research question. Therefore, 
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Figure 6. Overview of changes detected in human peripheral blood post-Boostrix vacci-
nation in this study. Created with BioRender.com. Up to 5 days post-vaccination, fl uctuations were 
found in the levels of circulating neutrophils and monocytes, with a change in total monocyte compo-
sition (based on expression of CD14 and CD16, with increased levels of intermediate and non-classical 
monocytes). Circulating plasma cells started expanding from day 5 onwards with a sharp peak in 
(predominantly IgG1) plasma cell levels at day 7 simultaneous with plasma cell maturation. Changes 
in circulating memory B-cell numbers were limited. Increase in Ag-specifi c IgG serum levels occurred 
from day 7 onwards and only showed signs of waning at d365. Despite in-depth analysis, no uniform 
changes were detected in circulating T-cell subsets. Baseline cell count and Ag-specifi c serum Ig levels 
did not seem to infl uence the levels of Ag-specifi c IgGs.

identifi ed correlations should be confi rmed by experimental data or in another 
group of samples. In our study, we correlated longitudinal changes in circulating 
immune cells and serology readouts over a 3 time point window. 

Increase in number of neutrophils, iMo and ncMo was the earliest signs of im-
mune response to Boostrix. In fact, innate immune cell kinetics might be even 
more prominent than observed as we did not study cellular changes before day 3. 
Mouse models have shown increased numbers of neutrophils and monocytes at 
the site of vaccination already within hours [54]. Moreover, upon Ebola vaccina-
tion, a signifi cant increase in frequency and activation state of DCs and monocyte 
subsets was observed after 1 and 3 days, and a gene enrichment set analysis after 
fl u vaccination pointed towards gene signatures from innate immunity modules 
after 1 day [55,56]. The changes observed in our study may not be vaccine speci-
fi c, but rather related to the local damage or adjuvant [11]. It has been shown in 
man and mouse that the type of adjuvant used and the route of administration 
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can infl uence the innate response [54,57]. Lastly, Rechtien et al showed a corre-
lation between innate markers and post-vaccination antibody levels (days 28 and 
later) [55]. Therefore, fl ow cytometric evaluation of innate immune cells at early 
time points (days 1-3) may be a valuable tool to evaluate diff erent adjuvants as 
well as diff erent routes of vaccine administration.

Increase in plasma cell numbers started at day 5 and peaked at day 7 post-vacci-
nation. In steady state, numbers of circulating plasma cells in blood are low, with 
median values in adults of <5 cells/μL [7], in contrast, plasma cell counts expand 
rapidly upon infection or vaccination. This highly dynamic behavior brings both 
challenges and opportunities. Because of low baseline numbers, reliable detec-
tion of circulating plasma cells has only become possible upon introduction of 
high-throughput fl ow cytometry. In turn, the system is relatively ‘clean’ and easy 
to study without the need of introducing an antigen-specifi c approach. It has been 
shown in an infl uenza model that at the peak of expansion up to 80% of the gene-
rated IgG plasma cell peak can be antigen specifi c [12,58]. The same is likely to be 
true in our Tdap booster study. This is in contrast to memory B cells, where cells 
raised in response to the vaccine or infection may constitute <0.1% of all B cells 
[59,60]. Currently, we are evaluating which of the components of the multivalent 
Boostrix vaccine are recognized by most Ag-specifi c B cells, and whether there 
are phenotypical diff erences in-between plasma cells with diff erent specifi cities.
At the peak of expansion majority of plasma cells was of the IgG1 phenotype. 
Ag-specifi c serum Igs were mostly IgGs and correlated well with the max. expan-
sion of IgG1 memory B cells (max. ratio over baseline between days 7-28). In fact, 
IgGs (mainly IgG1) are the most frequently raised in response to vaccination and 
for many vaccines Ag-specifi c serum IgGs are considered correlates of protection 
[61,62]. IgG1 plays an important role in complement activation and antibody de-
pendent cell-mediated cytotoxicity [63]. Moreover, IgG1 can be transferred to the 
placenta to protect fetus and newborns, which can be highly relevant for maternal 
vaccination programs [64,65]. 

Increase in Ag-specifi c serum IgA levels and IgA B cells was less pronounced. 
This can be related to the fact that -in contrast to IgG- IgA responses are most-
ly associated with natural infections and occur locally in the mucosa-associated 
lymphoid tissue. Moreover, the monomeric serum IgAs -generated upon vaccina-
tion- are metabolized at a faster rate than serum IgGs [66]. Therefore, serum IgA 
levels are rarely considered a read-out of vaccine effi  cacy, i.e. in case of rotavirus 
[67]. The volunteers in this study were adults. As Bp carriership within the po-
pulation is high, it is likely that they have encountered Bp earlier in life and had 
pre-existing IgA memory B cells which became activated upon antigen encounter 
[68,69]. Indeed, several studies showed an age-dependent increase in Bp-specifi c 
serum IgA levels [70,71]. Alternative vaccine administration routes, such as the 
intranasal delivery of a life-attenuated bacterium in the BPZE1 vaccine, can also 
result in robust Ag-specifi c IgA responses [57]. 

The composition of the plasma cell compartment in steady state is a mixture of 
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plasma cells of diff erent maturation stages [72], and over the course of an immu-
ne response, the contribution of the most mature plasma cells (CD20-CD138+) 
increases. Since the magnitude of plasma cell expansion diff ers between donors, 
knowledge of these maturation stages may be useful when assessing the progress 
of an immune response. Although up to 80% of total plasma cells at the peak of 
expansion can be Ag-specifi c and derived from the ongoing response, the origin 
of remaining plasma cells may be somewhat diff erent. Odendahl and colleagues 
showed that upon vaccination with tetanus toxoid a considerable amount of cir-
culating plasma cells, not specifi c to the used vaccine, were long-lived plasma 
cells forced to leave their niche in the bone marrow upon competition with newly 
generated plasma cells [13]. These cells may further contribute to the observed 
shift in plasma cell maturation. Moreover, the competition for the bone marrow 
niche prolongs retention of the newly generated plasma cells in the blood, which 
may start maturing before leaving circulation.

The early expansion of plasma cells at days 5-7 was closely followed by an incre-
ase in Ag-specifi c serum Igs from day 7 onwards. This rise in serum Igs continued 
even when plasma cell numbers had returned to baseline. However, magnitude of 
plasma cell expansion did not refl ect quantitative changes in serum Ig levels. One 
of the potential explanations of this phenomenon is that, at the peak of response, 
part of the circulating plasma cells may be derived from the “expelled” long-lived 
plasma cells in bone marrow rather than from the ongoing immune response 
[13]. Further explanation may have to do with plasma cell affi  nity. If affi  nity of 
the newly produced Abs is low, they may not be detected in Ag-specifi c assays, 
such as MIA. Finally, it remains unclear whether all produced plasma cells will be 
able to successfully home to bone marrow and start Ig production. To shed more 
light on these issues, it would be of value to compare the B-cell receptors (BCR) 
of circulating plasma cells with the structure of Ag-specifi c Igs.

Despite minor quantitative changes, and in contrast to circulating plasma cells, 
total IgG1 memory B cells at the peak of expansion (max. ratio over baseline bet-
ween days 7-28) correlated well with Ag-specifi c serum Ig levels (IU/mL). Corre-
lations between Ag-specifi c memory B cells and serum Ig levels, have been obser-
ved for tetanus toxoid and rotavirus, but were not corroborated by other studies 
on tetanus toxoid and wasp venom [59,60]. The diff erent techniques used in-bet-
ween those studies may account for the diff erent fi ndings. A study on pertussis by 
Hendrikx et al showed correlations between circulating memory B cells as measu-
red by ELISPOT and Bp-specifi c serum Igs (at baseline with FHA, post-vaccina-
tion with FHA, PT and Prn) [73]. Although these techniques yield valuable data, 
they are laborious and diffi  cult to apply in daily practice. Our non-Ag-specifi c 
approach, when confi rmed in a larger cohort, would be more convenient in a way 
that it is not dependent on the availability and costs of (labeled) antigens.

Although the CD4 T-cell panel used in this study allowed us to monitor diff erent 
maturation and activation stages of (minor) T-cell subsets in a highly sensitive 
manner, no consistent kinetics or maturation of T cells were detected in this stu-
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dy. However, a recent study by Lamberts et al, showed that their recently deve-
loped T-cell assay enabled relatively fast detection of Ag-specifi c T-cell kinetics 
upon aP vaccination [44]. Similarly, Da Silva and colleagues were able to monitor 
an Ag-specifi c CD4 T-cell response upon aP vaccination [43]. Still, both studies 
showed low prevalence of Ag-specifi c T cells, which could explain the limited cel-
lular changes observed in the T-cell compartment in our approach.

Of note, the magnitude of cellular changes diff ered between donors. This may be 
due to individual diff erences in the immune system responsiveness and previous 
(natural) Bp exposure, as also visible from diverse Ig levels generated post-vac-
cination. Furthermore, it can be related to diff erences in timing of the response. 
In our study, we included days 5, 7 and 10 and observed a clear plasma cell peak 
at day 7. This is in line with previous studies using rabies, tetanus and infl uenza 
vaccination, which reported detection of plasma cells 6-7 days after secondary 
immunization [12,14,74]. However, somewhat delayed responses in some of the 
donors cannot be excluded. Moreover, timing may diff er in case of a primary im-
munization or when using a diff erent route of delivery, therefore the fi ndings pre-
sented in this study may not directly be extrapolated to all types of vaccination 
[14,57].

Lastly, 2/10 donors in this study did not have protective anti-PT serum IgG levels 
(>20 IU/mL) 1 year after vaccination. These two donors did not show a devia-
ting cellular response as compared to the other donors. Moreover, a decrease in 
Ag-specifi c Ig levels 1 year after vaccination was observed for all donors. Whether 
these donors are still protected, may not only depend on the Ag-specifi c antibo-
dies, but also on the presence of memory cells [75].

In this study, we implemented a broad in-depth fl ow-cytometric approach to de-
termine the most relevant time points for cellular immune analysis in vaccinati-
on studies and to identify candidate populations for novel cellular correlates of 
protection. This approach could be useful in early evaluation of e.g. vaccine can-
didates, altered routes of vaccine/antigen administration or the setup of disease 
models. Currently, we are comparing cellular kinetics post-Boostrix vaccination 
in this cohort and additional in four cohorts of diff erent ages and priming back-
grounds, with cellular kinetics post-bacterial challenge in humans, as recently 
described by De Graaf and colleagues [76,77]. This work is done within the frame-
work of the IMI (Innovative Medicines Initiative) PERISCOPE Consortium (htt-
ps://periscope-project.eu/). In these studies, additional analyses are performed 
by diff erent IMI PERISCOPE partners providing insights into Ag-specifi c immu-
nity, local (mucosal) immunity, cytokine and chemokine production [44,78,79]. 
This should yield novel insights into the extent to which current vaccines mimics 
naturally obtained immunity. 
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Abstract
Pertussis is a vaccine-preventable disease caused by the bacterium Bordetella 
pertussis. Over the past years, the incidence and mortality of pertussis increased 
signifi cantly. A possible cause is the switch from whole cell to acellular pertussis 
vaccines, although other factors may also contribute. Here, we applied high-di-
mensional fl ow cytometry to investigate changes in B cells in individuals of diff e-
rent ages and distinct priming backgrounds upon administration of an acellular 
pertussis booster vaccine. Participants were divided over four age cohorts. We 
compared longitudinal kinetics within each cohort and between the diff erent co-
horts. Changes in the B-cell compartment were correlated to numbers of vacci-
ne-specifi c B- and plasma cells and serum Ig levels. Expansion and maturation 
of plasma cells 7 days postvaccination was the most prominent cellular change 
in all age groups and was most pronounced for more mature IgG1+ plasma cells. 
Plasma cell responses were stronger in individuals primed with whole-cell vacci-
ne than in individuals primed with acellular vaccine. Moreover, IgG1+ and IgA1+ 
plasma cell expansion correlated with FHA-, Prn-, or PT- specifi c serum IgG or 
IgA levels. Our study indicates plasma cells as a potential early cellular marker 
of an immune response and contributes to understanding diff erences in immune 
responses between age groups and primary vaccination backgrounds.

Keywords: Tdap; fl ow cytometry; acellular pertussis vaccine (aP); whole-cell 
pertussis vaccine (wP); plasma cells; ELISpot; vaccine priming eff ect; plasma cell 
expansion
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Introduction
Pertussis is a vaccine-preventable respiratory disease caused by the bacterium 
Bordetella pertussis (Bp). Since the introduction of the fi rst pertussis vaccines in 
the 1940s and 1950s containing whole inactivated bacteria (whole-cell pertussis; 
wP), the incidence and mortality of pertussis have dramatically decreased [1]. 
However, the wP vaccine itself has a relatively high reactogenicity profi le [2,3]. 
Therefore, from the early 1980s onwards, many (developed) countries started to 
replace the wP vaccine by an acellular pertussis (aP) vaccine, which had a more 
favorable reactogenicity profi le [3,4]. In the Netherlands, this change took place 
on 1 January 2005. The aP vaccines contain purifi ed Bp components, such as 
pertussis toxoid (PT), fi lamentous hemagglutinin (FHA), pertactin (Prn), and 
Fimbriae 2 and 3 (Fim2/3). In the Netherlands, the combined DTaP-IPV-Hib-
HepB vaccine (providing protection against diphtheria, tetanus, pertussis, polio, 
Haemophilus infl uenzae type b (Hib), and hepatitis B) is used for primary vacci-
nation. The booster vaccinations given at a later age are often Tdap vaccines [5].
Immune surveillance data have shown that despite high vaccination coverage in 
many countries, there has been an increase in pertussis cases in the past decennia 
[6,7]. This increase is not only seen in aP-using countries but was also reported 
in countries that primarily used wP vaccines at the time of investigation [6,8]. 
Several explanations for this increase have been proposed. First of all, improved 
awareness, surveillance, and diagnostics may increase the detection rate [9]. Fu-
rthermore, several new Bp strains have been described. These strains lack anti-
gens present in the aP vaccine (such as FHA- or Prn-defi cient strains), or PtxP3 
strains that have adapted to suppress host immunity by producing higher levels 
of PT [10–13]. Lastly, there may be increased carriership within the population 
as well as faster waning of protective immunity in aP-primed individuals. Initial 
studies comparing the effi  cacy of aP vs. wP vaccines showed a similar short-term 
protection [14,15]. However, later long-term studies showed that protection las-
ted shorter when using aP vaccines [16–19]. Further, baboon models have shown 
that aP-induced immunity does not prevent transmission, immunity induced by 
wP vaccines leads to a faster clearance of bacteria, and immunity generated by 
infection prevents colonization [20]. These combined data point at the need for 
mucosal immunity to prevent or reduce colonization and carriership.

An improved vaccine, immunization program, and/or route of administration 
seem necessary to combat pertussis. This implies a need to fi rst understand the 
mechanism underlying protection induced by aP and wP vaccines (their diff eren-
ces and similarities). So far, no true correlate of protection (neither serological 
nor cellular) has been established for pertussis, and this would greatly aid eva-
luation of newly developed vaccines. This is one of the pillars of the Innovative 
Medicines Initiative (IMI)-2 PERISCOPE Consortium (PERtussIS COrrelates of 
Protection Europe), which aims to increase the scientifi c understanding of per-
tussis-related immunity in humans, identify new biomarkers of protection, and 
generate technology and infrastructure for the future development of improved 
pertussis vaccines [21].
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Several (recent) studies within and outside the IMI-2 PERISCOPE Consortium 
have shown that initial priming against pertussis (aP or wP vaccine) infl uences 
protection against disease as well as the immune response to (future) booster 
vaccinations [16,18,22–25]. For example, Hendrikx et al. found that in aP-pri-
med children, antigen (Ag)-specifi c IgG4 serum levels were higher compared 
with those in wP-primed children [23]. Furthermore, Da Silva et al. showed that, 
even after receiving aP booster vaccinations, initial priming (wP or aP vaccine) 
determined the Ag-specifi c CD4 T-cell response [24]. Similarly, Lambert et al. 
showed that CD4 T cells isolated from recently aP-boosted individuals could be 
separated in a principal component analysis (PCA) view based on priming back-
ground. Here, an aP priming background resulted in a more Th2-related response 
compared to a wP priming background [22].

Neither vaccine-induced nor infection-induced immunity leads to lifelong pro-
tection against pertussis. Thus, the use of booster vaccinations later in life is a 
topic relevant for public health, as people with waned immunity can become car-
riers and, thus, a source of transmission. Moreover, older adults can be more 
vulnerable to severe disease outcomes [26]. Several studies have shown that aP 
boosters are eff ective and well-tolerated in (older) adults [27,28]. Recently, Ver-
steegen et al. investigated the specifi c serological response to an aP booster vac-
cination in four cohorts of diff erent ages and primary vaccination backgrounds in 
the Netherlands, Finland, and the UK (IMI-2 PERISCOPE study acronym: BERT, 
Booster pertussis vaccination study) [29]. Here, they found that all age cohorts 
showed a good response upon booster vaccination, with only limited diff erences 
between the diff erent age cohorts for the Bp-specifi c IgG levels. However, Ag-spe-
cifi c serum IgA (both pre- and postvaccination) increased with age, likely caused 
by (mild) exposures to Bp over time.

Previous studies on infl uenza have shown that up to 80% of the circulating IgG 
plasma cells 7 days after vaccination can be vaccine-specifi c [30,31]. This, com-
bined with the low numbers of circulating plasma cells at baseline (median counts 
<5cells/μL [32]), implies that the plasma cell system is a relatively ‘clean’ system 
to monitor. Thus, fl ow cytometry may serve as a faster and less laborious ap-
proach to study vaccination-elicited plasma cells than typical Ag-specifi c approa-
ches such as Enzyme-Linked Immunospot (ELISpot). Recently, our team used 
high-dimensional fl ow cytometry to investigate over-time cellular kinetics in 10 
healthy (wP-primed) adults upon aP vaccination. We were able to demonstrate a 
clear expansion and maturation of plasma cells (especially IgG1+), and a strong 
correlation between IgG1+ memory B-cell expansion and the magnitude of the 
Ag-specifi c IgG serum response [33]. Here, we extended our exploratory study by 
the analysis of participants of diff erent ages and diff erent priming backgrounds 
after receiving an aP booster (Boostrix-IPV, GlaxoSmithKline (GSK), Wavre, 
Belgium). We included 48 individuals enrolled in the Dutch cohort used in the 
IMI-2 PERISCOPE–BERT study (periscope-project.eu/patients/study-2-bert/) 
at predefi ned time points, with the primary objective of describing the kinetics of 
circulating B-cell populations in four cohorts of diff erent ages and with diff erent 
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priming backgrounds. 

Materials and Methods
Study Design and Sample Collection
This study comprises one of the exploratory objectives of the Dutch ‘BERT study’, 
which was initiated by the IMI-2 PERISCOPE Consortium. It was approved by 
Medical Research Ethics Committees United (MEC-U, NL60807.100.17-R17.039) 
and registered at the EU Clinical trial registry (EudraCT number 2016-003678-
42). To be eligible for this study, participants had to (1) be generally healthy; (2) 
have no recent evidence of serious disease—i.e., requiring the use of immunosup-
pressive or immunomodulating medication—within the 3 months prior to inclu-
sion; (3) received all regular vaccines according to Dutch National Immunization 
Program (www.rivm.nl/en/national-immunisation-programme, accessed on 18-
11-2020) as appropriate for their age. An extensive description of the cohort and 
a complete overview of all inclusion and exclusion criteria was published recently 
by Versteegen and colleagues [29]. For convenience, an overview of inclusion and 
exclusion criteria specifi c for this study is provided in Supplementary Mate-
rials, Supplemental Table S1. A fraction of the participants of this aP vacci-
nation study was subjected to additional exploratory analysis, such as mass cyto-
metry, evaluation of mucosal antibodies, NGS, or in-depth fl ow cytometry. The 
exploratory substudy monitoring the fl uctuations in circulating B-cell subsets at 
baseline and days 7, 14, and 28 after vaccination is discussed in this manuscript. 
Here, 48 individuals were selected from four cohorts of diff erent ages and distinct 
priming backgrounds at infancy: children, 7–10 y/o, aP-primed; adolescents, 11–
15 y/o, aP- or wP-primed (aiming for equal distribution of priming background); 
young adults, 20–34 y/o, wP-primed; older adults 60–70 y/o, in whom vaccina-
tion history was unknown (presumably, wP-primed or not vaccinated). Partici-
pants were selected from the study cohort of the overarching ‘BERT study’. For 
each cohort, the fi rst 12 participants to be included for the BERT study were also 
included in this fl ow cytometric study. Dropouts were replaced by individuals 
that were included but had not yet started the BERT study. As we aimed for an 
equal distribution of priming background in the adolescent cohort, inclusion of 
participants for this cohort was guided by priming background and order of in-
clusion in the BERT cohort.

The study was conducted by the Spaarne Academy (Spaarne Hospital, Hoofd-
dorp, the Netherlands). Written informed consent was obtained at the start of 
the study. Participants were vaccinated intramuscularly with the Boostrix-IPV 
vaccine after their fi rst blood donation (baseline). Boostrix-IPV is a reduced-an-
tigen Tdap–IPV booster vaccine, which contains diphtheria toxoid (Diph) (≥2.5 
Limit of fl occulation (Lf)); tetanus toxoid (Tet) (≥5Lf); three Bordetella pertussis 
proteins, PT (8μg), FHA (8μg), Prn (2.5μg); and inactivated poliovirus (Mahoney 
strain, 40 D-Antigen units (DU); MEF-1 strain, 8 DU; Saukett strain, 32 DU) and 
aluminum hydroxide as adjuvant [34]. Peripheral blood samples were collected 
in blood collection tubes using heparin as anticoagulant and in serum collection 
tubes at baseline, day 7, and day 28 after vaccination. An additional peripheral 



Chapter 3.2

120

blood sample was taken at day 14 in participants aged 20–34 and aged 60–70. 
Individuals were excluded and replaced by a new participant if a blood sample at 
day 0 or 28 could not be obtained. 

Evaluation of Antigen-Specifi c Immunoglobulin Levels in Serum
Serological analysis was performed in all collected samples. Levels of IgG direc-
ted against Tet, PT, FHA, Prn, and Fim2/3, and levels of IgA directed against 
PT, FHA, Prn, and Fim2/3 were determined by multiplex immunoassay (MIA) 
at the Dutch National Institute for Public Health and the Environment (RIVM, 
The Netherlands) [35]. The serum antibody responses raised against Bp-antigens 
during the PERISCOPE–BERT study have been extensively discussed by Verstee-
gen and colleagues [29].

Detection of Vaccine-Specifi c Antibody-Producing Plasma Cells and 
Memory B Cells
Analysis of numbers of IgG and IgA producing plasma cells and memory B cells 
was performed in the majority of the samples included in this study. B cells pro-
ducing IgG directed against PT, FHA, Prn, and Tet, and B cells producing IgA di-
rect against PT, FHA, and Prn were measured using ELISpot assay at the RIVM. 
This procedure has been described previously [36]. In short, peripheral blood 
mononuclear cells (PBMCs) were isolated using a density gradient. For antibo-
dy-producing plasma cells, PBMCs at day 7 postvaccination were directly trans-
ferred to Ag-coated ELISpot fi lter plates (duplicates). For the detection of vacci-
ne-specifi c memory B cells, PBMCs collected at day 0 and day 28 were collected 
and stored at -135 °C. Thawed PBMCs were stimulated for 5 days using a culture 
medium containing CpG, IL-2, and IL-10. Next, cells were transferred to Ag-coa-
ted plates (duplicates). Numbers of Ag-specifi c antibody-producing cells—appea-
ring as spots—were measured using an ImmunoSpot S6 Ultra-V analyzer (Cellu-
lar Technology Limited, Cleveland, OH). Uncoated wells fi lled with PBS served as 
negative control and were used to subtract background signal. Wells with a signal 
below the limit of quantifi cation were set at 0.1 cell/10^5 PBMCs. Cumulative 
IgG and IgA spot counts for all antigens measured were used for analyses.

Longitudinal Flow Cytometric Analysis of Circulating B-cell Subsets 
All peripheral blood samples were subjected to high-throughput fl ow cytometric 
immunophenotyping of the B-cell compartment. Here, we used a recently deve-
loped BIGH-tube: the B-cell and plasma cell tube (BIGH) allows identifi cation of 
>100 populations of B and plasma cells distinguished based on their maturation 
stage and expressed Ig subclasses [32,37] (Antibody panel and phenotypic des-
cription of the identifi ed B-cell subsets: Supplemental Table S2 and S3). 
Samples were processed according to the bulk lysis protocol using 10 × 10^6 cells 
followed by intracellular staining, as described before [33] (protocols available 
on www.EuroFlow.org), with the addition of membrane staining with CD45-Al-
exaFluor700. 

In short, based on the white blood cell count (as determined by an automated 
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hematological analyzer (Sysmex XP-300, Sysmex Europe GmbH, Norderstedt, 
Germany)), one or multiple tubes were fi lled with up to 2 mL of blood, after which 
ammonium chloride was added up to a total volume of 50 mL. After a 15 min 
incubation at room temperature on a roller bank to lyse non-nucleated red blood 
cells, cells were washed, counted on a Sysmex XP-300, and pooled to a total of 10 
× 10^6 cells. Next, cells were stained with an antibody cocktail directed against 
surface markers for 30 min in the dark with the BIGH panel (Supplemental 
Table S2). This was followed by a cytoplasmic staining for intracellular Igs using 
the Fix & Perm reagent kit (Nordic MUbio, Susteren, The Netherlands) according 
to the manufacturer’s protocol. Finally, samples were washed and resuspended in 
PBS for immediate acquisition (or stored for max ~3 h at 4 °C).

For precise enumeration of cell numbers, we used Perfect-Count Microsphe-
res™ (Cytognos) according to the EuroFlow SOP (protocol available on www.
EuroFlow.org, accessed on 09-10-2017). In short, exactly 50 μL of well-mixed 
Perfect-Count Microspheres™ were added to exactly 50 μL of peripheral blood. 
Then, antibodies directed against CD19, CD3, and CD45 were added and the sam-
ple was incubated for 30 min in the dark. Next, 500 μL of NH4Cl was added and 
after 10 min incubation, samples were ready for immediate acquisition. Using 
this tube, we could identify and quantify total leukocytes and lymphocytes, B, T, 
and NK cells in each sample. All samples were acquired at the Flow cytometry 
Core Facility of LUMC, using a BD FACS LSR Fortessa 4L (BD Biosciences, San 
Jose, CA, USA) or a BD FACS LSR Fortessa X-20 fl ow cytometer (BD Bioscien-
ces), which were calibrated daily according to EuroFlow guidelines, as previously 
described [38,39].

Data Analysis and Statistics
To ensure objective data analysis and minimize operator-induced variability, all 
data were analyzed using the automated gating and identifi cation (AGI) module 
of the Infi nicyt software (Infi nicyt™ Software v2.0, Cytognos). This AGI module 
makes use of clustering algorithms and comparison with fully annotated refe-
rence fl ow cytometry (FCS) data fi les of healthy individuals to assign clusters of 
events to a population [40]. Importantly, when there was no perfect fi t for a clus-
ter of events, this was marked as a ‘check’ population and the software indicated 
to which populations this cluster may correspond. These check events were as-
signed manually according to the proposed gating strategies for the BIGH panel 
(Supplemental Table S3) [32,37].

For visualization and statistical analysis, the GraphPad Prism 8.1.1 software 
(GraphPad, San Diego, CA, USA) was used. First, normality of distribution of 
major cell populations at baseline was evaluated using D’Agostino–Pearson 
Normality test. As not all major cell populations were normally distributed, a 
nonparametric approach was applied. To test longitudinal changes within each 
cohort, the Wilcoxon signed-rank test for paired samples was used. This was cor-
rected for multiple testing by Bonferroni correction (in case of three sampling 
timepoints, p < 0.0167; in case of four sampling timepoints, p < 0.0083 was con-
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sidered signifi cant). To compare diff erences between the four cohorts at days 0, 
7, and 28, the Kruskal–Wallis approach was used, followed by Dunn’s test. At day 
14, only samples from the two adult cohorts were collected; therefore, the Mann–
Whitney test was used instead of Kruskal–Wallis at day 14. This was corrected for 
multiple testing by Bonferroni correction (p < 0.0125 was considered signifi cant). 
Correlations were determined using Spearman’s Ranking Correlation. Correlati-
on coeffi  cients with a p < 0.05 were considered signifi cant. Within these signifi -
cant correlations, correlation coeffi  cients <0.6 or—in case of negative correlation, 
>-0.6—were considered weak correlations, whereas correlation coeffi  cients >0.6 
or <-0.6 were considered strong correlations. In Supplemental Tables S5 and S6, 
where many correlations were analyzed, we corrected for multiple testing by Bon-
ferroni correction (p < 0.01 was considered signifi cant). Lastly, in the comparison 
between aP- and wP-primed individuals (comparison of ratio over baseline at 
days 7 and 28), we performed Mann–Whitney, followed by Bonferroni correction 
(p < 0.025 was considered signifi cant). 

Results
Study Cohorts
All participants enrolled in the study between October 2017 and March 2018. In 
total, 12 children (age: 7–10, aP-primed, m/f ratio: 6/6), 12 adolescents (age: 11–
15, 7 individuals wP-primed, m/f ratio: 2/5;5 individuals aP-primed, m/f ratio: 
4/1), 12 young adults (age 20–34, wP-primed, m/f ratio: 7/5), and 12 older adults 
(age 60–70, presumably wP-primed or not vaccinated, m/f ratio: 4/7) completed 
this study (as part of the PERISCOPE–BERT study). Three children who were 
initially enrolled dropped out and were replaced by three new participants. From 
all acquired samples, two baseline B-cell samples were lost due to technical pro-
blems (one child and one young adult). Finally, one older adult was excluded due 
to (potentially) clonal expansion of B cells and replaced by a new participant.

For most participants, the leukocyte, lymphocyte, T-cell, B-cell, and NK-cell 
counts at baseline were within the normal age-matched range (Table 1, Supple-
mental Table S4), or, in case of minor deviations, fell into the normal range at 
later time points [41,42]. Leukocytes, lymphocytes, and T cells remained mostly 
stable over the time of analysis. Although NK-cell numbers showed a minor de-
crease at day 28, this was most likely not related to the vaccination response (day 
0 vs. 28, p ≤ 0.01; day 7 vs. 28, p ≤ 0.05, Supplemental Figure S1). There were 
no statistically signifi cant diff erences in absolute leukocyte, lymphocyte, T-cell, 
and NK-cell counts at baseline between age cohorts. Thus, regarding the numbers 
of leukocytes, lymphocytes, B cells, T cells, and NK cells, our participants were 
healthy representatives of the general population.

Table 1. (next page, continues several pages) Baseline distribution of normal B-cell and 
plasma cell subsets (cells/μL) in each age cohort. Ages of the cohorts of which reference va-
lues were used: children 5–9 y/o, adolescents 10–17 y/o, young adults 18–39 y/o, older adults 60–79 
y/o. The reference values as indicated in this table were selected from the study performed by Blanco 
et al. [32]. In the before-mentioned study, reference values for B-cell subsets are provided for all age 
ranges (from cord blood until older adults >80 y/o). When referring to the reference values indicated 
here, please refer to the original source data.
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Higher Counts of Naive B Cells and Plasma Cells in Children
B-cell numbers are known to decrease over time from an average of 1400 cells/μL 
in children <2 years to 200 cells/μL in adults [32,41]. This trend was also visible 
in our dataset, where children had more B cells than the adult groups (Table 1). 
This diff erence was mainly due to high numbers of pre-germinal center (naive) B 
cells in children. Although memory B-cell numbers were also higher in children 
than in adults (160 cells/μL in children vs. 85.7 cells/μL in young adults, n.s., and 
160 cells/μL in children vs. 63.8 cells/μL in older adults, p ≤ 0.01), these diff e-
rences were less prominent, and mainly restricted to IgG1+ and IgG3+ memory 
B cells. Finally, several plasma cell subsets were signifi cantly more abundant in 
children than in adults (IgG1+, IgG3+, and IgD+ plasma cells), but due to their 
overall low frequencies, this did not have a major impact on total B-cell numbers. 
Limited diff erences in B-cell subset numbers were observed between adolescents 
and adults (Table 1). These diff erences were predominantly found in pre-germi-
nal center (naive) B cells and individual plasma cell subsets. Thus, baseline cell 
numbers of B-cell subsets diff ered between the cohorts, which was in line with 
previously published data of age-matched individuals [32].

Expansion of Plasma Cells as the Most Prominent Cellular B-cell 
Change after Vaccination
We have recently shown that aP booster vaccination in (wP-primed) adults trig-
gers several cellular changes, of which the expansion of (predominantly) IgG1+ 
plasma cells at day 7 is most prominent [33]. Now, we set out to determine 
whether the same types of changes occur in vaccinated individuals, irrespective 
of age and primary vaccination background.

Total B cells, pre-germinal center B cells, and memory B cells remained relatively 
stable and did not show any consistent fl uctuations over time following vaccina-
tion. However, in all participants, plasma cells underwent signifi cant expansion 
between baseline and day 7 (p ≤ 0.01 for children, and p ≤ 0.001 for adolescents 
and the adult cohorts, Figure 1). The magnitude of this expansion was highly 
similar in children, adolescents, and young adults (ratio to baseline: 2.6–3.4) 
and was signifi cantly higher in older adults compared with children (ratio: 2.6 in 
children vs. 5.7 in older adults, p ≤ 0.01). Total plasma cell numbers returned to 
baseline at day 14 or, if day 14 was not measured, day 28 (p ≤ 0.001 for adoles-
cents, young and older adults; in the children cohort, plasma cell counts were still 
slightly elevated at day 28). Thus, the expansion of plasma cells 7 days postvacci-
nation was the most prominent change in all age groups.

Despite Individual Diff erences, Skewing towards IgG1+ Plasma Cell 
Responses in all Cohorts
Cell expansion at day 7 was not equally pronounced in all plasma cell subsets. It 
was most prominent in IgG1+ plasma cells (ratio to baseline: 5.7–17.6, depending 
on cohort, p ≤ 0.001 in all cohorts, with a higher increase in older adults com-
pared with children, p < 0.05). This was followed by IgG3+ plasma cells (ratio: 
3.6–6.5, p ≤ 0.01 in children and adolescents, and p ≤ 0.001 in young and older 
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Figure 1. Postvaccination fl uctuations of major B-cell subsets. Fluctuations of (A) total 
B cells (B) pre-germinal center (pre-GC) B cells, (C) memory B cells, and (D) plasma 
cells postvaccination presented as ratio over baseline (median, min-max). For total B 
cells, pre-GC B cells, and memory B cells, the dashed lines indicate a ratio over baseline of 0.67 and 
1.5. For plasma cells, the dashed lines indicate a ratio over baseline of 0.5 and 2.0. Underneath each 
graph, the baseline cell counts per cohort are presented in cells/μL (median, min-max). To assess 
longitudinal changes within each cohort, Wilcoxon matched pair signed-rank test followed by Bon-
ferroni correction was used. To test diff erences between cohorts at one timepoint, Kruskal–Wallis 
followed by Dunn’s test was used, with exception of the comparison at day 14. At day 14, only blood 
samples from the adult cohorts were collected; here, the Mann–Whitney test followed by Bonferroni 
correction was used. For longitudinal changes, only signifi cant diff erences compared with baseline 
are shown. Signifi cant longitudinal diff erences within a cohort are indicated as  **, p ≤ 0.01; ***, p ≤ 
0.001. Signifi cant diff erences between cohorts at the same time point are indicated as ##, p ≤ 0.01.
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adults, Figure 2A). IgG4+ plasma cells were signifi cantly increased in children 
and adolescents (ratio: 5.1 and 7.2, respectively, p ≤ 0.01). IgG2+ plasma cells 
were signifi cantly increased in adolescents only (ratio: 1.8, p ≤ 0.001). IgA1+ 
plasma cells were signifi cantly increased in both adult cohorts (ratio: 2.1 and 3.9 
in younger and older adults, p ≤ 0.01 and p ≤ 0.001, respectively). Although IgM+ 
plasma cells seemed to expand at day 7 in older adults, there was a large variation 
between individuals and the diff erence was not statistically signifi cant.

Despite individual changes in response patterns between the cohorts, IgG1+ plas-
ma cells were the most expanded subset. They constituted between 43% (young 
adults) and 61% (adolescents) of all plasma cells at the peak of expansion, while 
only at most 18% at baseline (Figure 2B). Although the ratio (to baseline) of 
plasma cells was often higher in adults than in children, children had higher ba-
seline IgG1+ plasma cell numbers, and also higher IgG1+ plasma cell numbers 
at day 7 (median cell count at day 7: 7.64 cells/μL in children vs. 3.81 cells/μL in 
older adults, ns). Thus, the expansion of IgG1+ plasma cells was the most pro-
minent in all cohorts. Both an increase over baseline (ratio) and in absolute cell 
numbers were observed.

Maturation of Plasma Cells over Time Following Vaccination 
Newly generated plasma cells migrate from germinal centers via the blood stream 
to become long-lived antibody-secreting plasma cells in the bone marrow and 
other peripheral tissues. Over time, they gradually lose expression of CD20 and 
gain expression of CD138 [43] (Figure 3A). We used this information to divide 
plasma cells into consecutive maturation stages and to trace their maturation 
over time after booster vaccination.

Plasma cells representing all maturation stages were expanded at day 7 (Supple-
mental Figure S2 for total plasma cells, Figure 3 for IgG1+ plasma cells). This 
expansion was limited in the least mature CD20+CD138- plasma cells (ratio to 
baseline: up to 3.1 in IgG1+ plasma cells in children, Figure 3B), clearer in inter-
mediate CD20-CD138- plasma cells (ratio to baseline: up to 22.7 in IgG1+ plasma 
cells in young adults, in all cohorts p ≤ 0.01 or p ≤ 0.001), and most prominent 
in the most mature CD20-CD138+ plasma cells (ratio to baseline: up to of 115.6 
in young adults, in all cohorts p ≤ 0.01 or p ≤ 0.001). Similar to what was obser-
ved for total plasma cells, expansion of IgG1+ plasma cells belonging to diff erent 
maturation stages was least prominent in children. In all cohorts, a signifi cant 
increase in the percentage of the most mature plasma cells was observed, except 
for the adolescent cohort, showing just a trend. At day 7 postvaccination, most 
mature plasma cells constituted between 42% and 53% of IgG1+ plasma cells (Fi-
gure 3C). Thus, the expansion of plasma cells at day 7 postvaccination was ac-
companied by a shift towards a more mature plasma cell phenotype in all cohorts.
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Figure 2. Individuals of all age groups underwent expansion of IgG1+ plasma cells at 
day 7 postvaccination. (A) Quantitative changes in plasma cells expressing diff erent Ig subclasses, 
presented as ratio over baseline (median, min-max). Each symbol represents a median value with ran-
ge. Dashed lines indicate a ratio over baseline of 0.5 and 2. Underneath each graph, the baseline cell 
counts per cohort are presented in cells/μL (median, min-max). Wilcoxon matched pair signed-rank 
test followed by Bonferroni correction was used to assess longitudinal diff erences within each cohort. 
Diff erences in ratio at day 7 between cohorts were assessed using Kruskal–Wallis followed by Dunn’s 
test. (B) Over-time distribution of plasma cells expressing diff erent Ig subclasses. Median values for 
each population were used to construct the plots. Wilcoxon matched pair signed-rank test followed 
by Bonferroni correction was used to assess longitudinal diff erences in the percentage of IgG1+ cells 
in the total plasma cell compartment within each cohort. Diff erences in the percentage of IgG1+ cells 
in total plasma cell compartment between cohorts were assessed using Kruskal–Wallis followed by 
Dunn’s test but did not yield signifi cant diff erences. For pediatric cohorts, no blood samples were col-
lected at day 14; the Mann–Whitney test followed by Bonferroni correction was used. For longitudinal 
changes, only signifi cant diff erences compared with baseline are shown. Signifi cant longitudinal dif-
ferences within a cohort are indicated as **, p ≤ 0.01; ***, p ≤ 0.001. Signifi cant diff erences between 
cohorts at the same time point are indicated as #, p < 0.05. d = days after vaccination.
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Figure 3. Over-time maturation of IgG1+ plasma cells. (A) Representative dot plots showing 
the phenotypical changes during plasma cell maturation. The top plot shows a baseline situation and 
the bottom plot shows a situation at day 7 postvaccination. Each dot represents an individual cell. 
The arrow indicates the direction of changes during maturation. (B) Over-time quantitative changes 
in IgG1+ plasma cells belonging to diff erent maturation stages, presented as ratio over baseline (me-
dian, min-max). Dashed lines indicate a ratio over baseline of 0.5 and 2. Underneath each graph, a 
table shows the baseline cell counts of that population in cells/μL (median, min-max). (C) Over-time 
distribution of IgG1+ plasma cells representing diff erent maturation stages with total IgG1+ plasma 
cells based on expression of CD20 and CD138. Median values for each population were used to con-
struct the plots. Wilcoxon matched pair signed-rank test followed by Bonferroni correction was used 
to assess longitudinal diff erences in percentage of CD20-CD138+ cells in total IgG1+ plasma cells 
within each cohort. Diff erences in the percentage of CD20-CD138+ cells in total IgG1+ plasma cells 
between cohorts were assessed using Kruskal–Wallis followed by Dunn’s test but did not yield signifi -
cant diff erences. For pediatric cohorts, no blood samples were collected at day 14; the Mann–Whitney 
test followed by Bonferroni correction was used. For longitudinal changes, only signifi cant diff erences 
compared with baseline are shown. Signifi cant longitudinal diff erences within a cohort are indicated 
as *, p < 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. Signifi cant diff erences between cohorts at the same time 
point are indicated as ##, p ≤ 0.01. d = days after vaccination.

As an expansion of IgA1+ plasma cells was observed in the adult cohorts, we 
evaluated maturation of IgA1+ plasma cells at the peak of expansion as well. In 
children, no increase in more mature (CD20-CD138- and CD20-CD138+) IgA1+ 
plasma cells was observed at the peak of expansion. In adolescents, a small incre-
ase of the most mature (CD20-CD138+) IgA1+ plasma cells was observed, and in 
both adult cohorts, an increase in both intermediate and the most mature (CD20-
CD138- and CD20-CD138+) IgA1+ plasma cells was observed at the peak of plas-
ma cell expansion (adolescent cohort: p < 0.05, adult cohorts: p ≤ 0.01). When 
comparing all cohorts at 7 days postvaccination, a higher expansion of the most 
mature IgA1+ plasma cells was observed in older adults compared with children 
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(p ≤ 0.01). Thus, the expansion and maturation of IgA1+ plasma cells seemed to 
increase with the age of the cohort. However, within the oldest cohort, no cor-
relation was found between total IgA plasma cells, IgA1+ plasma cells, or vacci-
ne-specifi c IgA cells, and age.

No Clear Changes in the Memory B-cell Compartment over Time Fol-
lowing Vaccination 
While mature antibody-secreting plasma cells predominantly reside in bone mar-
row and only transiently appear in blood, memory B cells form the circulating 
component of immunological memory. In the steady state, memory B cells (direc-
ted against various antigens) are known to be abundant in blood of both children 
and adults, and undergo limited quantitative changes following antigen exposure 
[44,45]. Still, memory B cells with specifi c reactivities can be detected in the blood 
stream [45–47]. In our previous study, we showed that even minor expansions in 
circulating memory B cells can strongly correlate with a postvaccination increase 
in Bp-specifi c serum Ig levels [33]. Therefore, we set out to determine whether 
any quantitative changes can be observed at selected time points and whether the 
same pattern is shared by diff erent cohorts.

Neither total memory B cells nor any of the major memory B-cell subsets under-
went consistent quantitative changes over time following vaccination (Figure 
4A). One exception was the IgG4+ memory B-cell subset in adolescents, which 
showed a minor but signifi cant increase at day 28 compared with baseline levels. 
Moreover, at 14 days postvaccination, there was a minor but signifi cant diff erence 
between the number of IgG3+ memory B cells between young and older adults, 
although there were no signifi cant longitudinal changes within any of the groups. 
Within each cohort, the distribution of memory B-cell subsets was stable over the 
time of analysis (Figure 4B). However, upon further subdivision of memory B 
cells based on the expression of CD20, CD21, CD24, and CD27, two memory B-cell 
subsets underwent signifi cant fl uctuations over time (Supplemental Figure S3). 
In adolescents, there was a signifi cant increase in IgG1+ CD20++CD21-CD24+ 
memory B cells at day 28 after vaccination. Moreover, in adolescents and older 
adults, there was a signifi cant increase in IgG1+ CD20++CD21-CD24-CD27+ me-
mory B cells at days 14 or 28 after vaccination compared with baseline. Therefore, 
it is possible that memory B cells specifi c to Boostrix-IPV vaccine reside within 
these CD20++CD21- memory B cells. Here, the use of an Ag-specifi c approach 
should lead to additional insights. No signifi cant diff erences were observed bet-
ween the cohorts. Although most of subsets defi ned within IgG1+ memory B cells 
were signifi cantly more numerous in children than in both adult cohorts (data 
not shown), this was mainly due to higher numbers of IgG1+ memory B cells in 
children at baseline. Thus, except for a few minor fl uctuations, no diff erences in 
the number of memory B cells were observed after Tdap booster vaccination. 
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Figure 4. Stable distribution of memory B-cell subsets over time after vaccination.
(A) Quantitative changes in memory B cells expressing diff erent Ig subclasses, presented as ratio 
over baseline (median, min-max). Dashed lines indicate a ratio over baseline of 0.67 and 1.5. Un-
derneath each graph, a table shows the baseline cell counts of that population in cells/μL (median, 
min-max). (B) Over-time distribution of memory B cells expressing diff erent Ig subclasses within 
the total memory B-cell compartment. Median values for each population were used to construct the 
plots. Wilcoxon matched pair signed-rank test followed by Bonferroni correction was used to assess 
longitudinal diff erences within each cohort. Diff erences between cohorts were assessed using Krus-
kal–Wallis followed by Dunn’s test but did not yield signifi cant diff erences. For pediatric cohorts, no 
blood samples were collected at day 14; the Mann–Whitney test followed by Bonferroni correction 
was used. For longitudinal changes, only signifi cant diff erences compared with baseline are shown 
as *, p < 0.05. Signifi cant diff erences between cohorts at the same time point are indicated as #, p < 
0.05. d = days after vaccination.
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Good Correlation between the Increase in Plasma Cell Numbers with 
the Vaccine-Specifi c Antibody-Producing Cells 
Plasma cells are the main producers of antibodies, and, in a recall response, are 
mainly generated from Ag-specifi c memory B cells originating from a previous 
encounter. To support our fl ow cytometry-based monitoring of memory B- and 
plasma cell fl uctuations, we determined the increase in numbers of vaccine-spe-
cifi c plasma and memory B cells upon vaccination via ELISpot. 

Previous studies on infl uenza have found that Ag-specifi c plasma cells generated 
after vaccination represent up to 80% of the total plasma cell pool [30,31]. There-
fore, we correlated numbers of total plasma cells (non-Ag-specifi c) as determined 
by fl ow cytometry to those specifi c for the vaccine components as determined 
by ELISpot analysis. In our Tdap-IPV vaccination study, the absolute increase 
in IgG and IgA plasma cell numbers from baseline to day 7 and the number of 
vaccine-specifi c IgG- and IgA-producing plasma cells at day 7 showed a positive 
correlation, indicating that the increase in total IgG and IgA plasma cells is ex-
plained by the increase in Ag-specifi c IgG and IgA plasma cells (IgG: r= 0.59, p < 
0.0001; IgA: r = 0.60, p < 0.0001) (Figure 5). 

Figure 5. Correlation between cellular changes as measured by fl ow cytometry and 
ELISpot, and the correlation between plasma cell expansion and vaccine-specifi c se-
rum Igs 28 days postvaccination. (A) Left panel: expansion of IgG+ plasma cells (day 7) per 
individual, expressed as absolute increase in cells/μL. Middle panel: correlation between the ELISpot 
and fl ow cytometry readout for IgG+ plasma cells. Right panel: correlation between the increase in 
plasma cells (as measured by fl ow cytometry) and the vaccine-specifi c serum IgG levels (day 28). (B) 
Left panel: expansion of IgA1+ plasma cells (day 7) per individual, expressed as absolute increase in 
cells/μL. Middle panel: correlation between the ELISpot and fl ow cytometry readout for IgA+ plasma 
cells. Right panel: correlation between the increase in plasma cells (as measured by fl ow cytometry) 
and the vaccine-specifi c serum IgA levels (day 28). Each dot represents a single donor. Of note, for 
visualization purposes, all absolute increases lower than 0.01 were set to 0.01. The original values 
were used to calculate the Spearman correlations. Flow Cyt. = fl ow cytometry; PCs = plasma cells; d 
= days after vaccination; Abs. = absolute.
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Next, we evaluated whether the expansion of circulating IgG+ and IgA+ plas-
ma cells at day 7 could predict the increase in serum IgG and IgA at day 28 and 
year 1 postvaccination. We correlated the increase in IgG+ and IgA+ plasma cells 
(measured by fl ow cytometry) with the levels of vaccine-specifi c serum IgG and 
IgA at day 28 and year 1. Although plasma cells had no predictive value for serum 
IgG levels, a positive correlation was found for serum IgA levels (r = 0.3944, p = 
0.0067). Although weaker, this correlation was still present at year 1 postvaccina-
tion (r = 0.3403, p = 0.0207).

For memory B cells, no correlation was observed between the ELISpot readout 
and fl ow cytometry readout (Supplemental Figure S4). Neither fl ow cytome-
try IgG nor IgA memory readout correlated with vaccine-specifi c serum Igs at day 
28 or year 1 (data not shown). These fi ndings indicate that for analysis of memory 
B cells by fl ow cytometry, an Ag-specifi c approach is required. As diff erences in 
cellular changes could be found between the diff erent age groups, we also tested 
for correlations between cell expansion (ratio over baseline) and vaccine-specifi c 
serum Ig (IU/mL) within each age group (Supplemental Figure S5). No cor-
relations between cell expansion and serum Ig levels were found. 

Thus, the expansion of total plasma cells measured by fl ow cytometry correlated 
with the expansion of Ag-specifi c plasma cells measured by ELISpot. In this re-
gard, fl ow cytometry and ELISpot can provide complementary data. This is not 
observed for memory B cells.

Weak Positive Correlation between Plasma Cell Expansion and Vacci-
ne-Component-Specifi c Ig Levels
As the response to individual vaccine components may diff er, we next correla-
ted the IgG1+ and IgA1+ plasma cell expansions at day 7 postvaccination with 
the levels of serum IgG and IgA directed against individual pertussis vaccine 
components. Additionally, we tested whether the degree of maturation correla-
ted with vaccine-component-specifi c IgG or IgA levels. Within the IgG1+ plasma 
cells, the strongest correlations (with a correlation coeffi  cient between 0.3–0.5) 
were found between PT- or Prn-specifi c IgG levels and total IgG1+ plasma cells or 
CD20-CD138- IgG1+ plasma cells (Supplemental Table S5 (IgG). No correla-
tions were observed between IgG1+ memory B-cell expansion and vaccine-com-
ponent-specifi c serum IgG. Correlations between IgA1+ plasma cells and serum 
IgAs against individual pertussis components were higher and more frequent 
(ranging between 0.3–0.6, Supplemental Table S6). Most correlations were 
found between FHA-specifi c serum IgAs and the increase in total IgA1+ plasma 
cells, CD20-CD138- IgA1+ plasma cells, and CD20-CD138+ IgA1+ plasma cells. 
Considerably fewer correlations were found between PT- and Prn-specifi c serum 
IgAs and the increase in IgA1+ plasma cells. Interestingly, a positive correlation 
was found between the maximum expansion of IgA1+ memory B cells and the 
FHA-specifi c serum IgAs at year 1 postvaccination (ratio over baseline).
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More Prominent Cellular Responses in Participants Primed with wP 
Vaccine
Due to the change in the National Immunization Program on 1 January 2005, 
all children and 5 out of 12 adolescents were primed with an aP vaccine, while 
7 adolescents and all young adults received the Dutch wP vaccine in childhood 
(presumably, older adults were vaccinated with wP or had received no pertussis 
vaccination during childhood). It has been previously shown that the primary 
vaccine can impact both T-cell and antibody responses [16,18,22–24]. As antibo-
dies are the product of plasma cells, we studied whether B-cell and plasma cell 
responses are also infl uenced by the primary vaccine. To avoid the eff ect of age, 
we fi rst compared both subgroups of adolescents.

Over-time changes in numbers of total, naive, and memory B cells were minor 
and comparable between wP- and aP-primed adolescents (Figure 6A). In con-
trast, changes in plasma cell numbers were much more prominent in adolescents 
who were primed with the Dutch wP vaccine vs. aP-primed adolescents (ratio to 
baseline: 4.8 vs. 1.5 at day 7 in total plasma cell numbers). From all plasma cells, 
the diff erences were the clearest for IgG1+ (ratio: 23.9 vs. 4.5 at day 7), IgG3+ (ra-
tio: 19.7 vs. 3.7 at day 7), and IgG4+ (ratio: 9.2 vs. 3.2 at day 7) plasma cells. Only 
the diff erence in IgG1+ plasma cell expansion reached statistical signifi cance (p ≤ 
0.01), possibly due to the low number of participants in both groups. Moreover, 
plasma cell maturation at the peak of expansion was more prominent in wP-pri-
med adolescents in whom the most mature CD20-CD138+ plasma cells consti-
tuted 46% of IgG1+ plasma cells in contrast to 39% in aP-primed adolescents 
(Figure 6A,B). Thus, the type of primary vaccination background seems to in-
fl uence the plasma cell response to later booster vaccinations. In our study, the 
plasma cell response was stronger and more diverse in wP-primed adolescents.

To exclude that diff erences observed in the adolescent cohort were caused by the 
diff erent sex distribution between aP- and wP-primed individuals, we assessed 
the impact of sex on the cell expansion in the young adult cohort and extrapola-
ted this to the adolescent cohort. The young adult cohort was well sex-balanced 
and had a homogenous priming background. We evaluated the expansion of to-
tal B cells, plasma cells, IgG1–3+ plasma cells, and IgA1+ plasma cells in males 
and females. No signifi cant diff erences were observed between male and female 
responses (Supplemental Figure S6). Therefore, we concluded that the sex 
imbalance in the adolescent cohort did not infl uence the plasma cell expansion 
as found in this study.

The adolescent cohort only consisted of 12 individuals, which is rather small for 
statistical analysis. Therefore, although we found some age-dependent diff eren-
ces in cellular responses, we grouped all aP-primed individuals (children and 
adolescents) and all wP-primed individuals (adolescents and young adults; not 
the older adults, because of their uncertain vaccination background status) to 
increase the size of the aP- vs. wP-primed study cohorts (Supplemental Figure 
S7A). In this comparison, expansions of total and IgG1+ plasma cells were again 
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Figure 6. IgG1+ plasma cell expansion and maturation are more prominent in age-mat-
ched participants after wP priming. (A) Heatmap showing over-time changes in memory B-cell 
and plasma cell subsets in aP-primed (n = 5) or wP-primed (n = 7) adolescents (median values). (B) 
Over-time distribution of IgG1+ plasma cells representing diff erent maturation stages within total 
IgG1+ plasma cells. Median values for each population were used to construct the plots. Wilcoxon 
matched pair signed-rank test followed by Bonferroni correction was used to assess longitudinal dif-
ferences in percentage of CD20-CD138+ cells in total IgG1+ plasma cells within each cohort. Diff eren-
ces in the percentage CD20-CD138+ cells in total IgG1+ plasma cells between cohorts were assessed 
using Kruskal–Wallis followed by Dunn’s test but did not yield signifi cant diff erences. For longitu-
dinal changes, only signifi cant diff erences compared to baseline are shown. Signifi cant longitudinal 
diff erences within a cohort are indicated as *, p < 0.05. Signifi cant diff erences between cohorts at 
the same time point are indicated as ##, p ≤ 0.01. d = days after vaccination; aP = acellular pertussis 
vaccine; wP = whole-cell pertussis vaccine; pre-GC = pre-Germinal Center.

more pronounced in wP-primed participants. Diff erences in other plasma cell 
subsets did not reach statistical signifi cance. Finally, based on ratio to baseline, 
the (total) plasma cell maturation was more prominent in wP-primed individuals 
compared with aP-primed individuals, and diff ered signifi cantly for intermediate 
mature plasma cells. The percentage of the most mature cells in the IgG1+ plasma 
cell population did not signifi cantly diff er between the two groups (Supplemen-
tal Figure S7).
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In summary, we showed that, irrespective of the age of vaccinated individuals, 
the most prominent cellular changes occurred in the numbers of circulating plas-
ma cells. Despite some age-related diff erences, the expansion and maturation of 
IgG1+ plasma cells at day 7 postvaccination are a shared phenomenon. This ex-
pansion of plasma cells measured by fl ow cytometry was complementary to the 
increase of vaccine-specifi c plasma cell numbers determined by ELISpot. Posi-
tive correlations between plasma cell expansion and postvaccination Ag-specifi c 
serum Ig levels were observed, mainly when correlating with the individual Bp 
components (Bp: FHA, Prn, and PT). Finally, plasma cell responses were stron-
ger in individuals who were wP-primed.

Discussion
In this study, we applied high-dimensional fl ow cytometry to investigate changes 
in B cells in individuals of diff erent ages and primary vaccination backgrounds 
upon administration of an aP booster vaccine and correlated these fi ndings with 
vaccine-specifi c Ig levels in serum. In all age groups, expansion and maturation of 
plasma cells 7 days postvaccination was the most prominent cellular change. Alt-
hough in children the expansion of plasma cells was less prominent than in adults 
(ratio to baseline), they had more plasma cells at peak levels due to their initially 
high plasma cell numbers. Furthermore, total and IgG1+ plasma cell responses 
were stronger in individuals primed with the Dutch wP vaccine than in individu-
als who were primed with aP vaccines. No consistent over-time memory B-cell 
fl uctuations were observed. No strong correlation between plasma cell expansion 
or memory B-cell expansion with vaccine-specifi c serum Ig levels was observed, 
yet the absolute increase in IgA plasma cells at day 7 correlated weakly with the 
IgA serum levels at day 28 (IU/mL). Furthermore, weak positive correlations 
were observed between the expansion of IgG1+ and IgA1+ plasma cells and FHA-, 
Prn-, and PT-specifi c serum IgG or IgA levels postvaccination. Although serology 
provides insight into Ag-specifi c Ig levels and function, analysis of circulating im-
mune cells may result in a deeper understanding of the processes induced by the 
vaccine and the cellular changes preceding Ig production. Our study points at 
plasma cells as a potential cellular marker of an immune response and contribu-
tes to a better understanding of the immune responses (to booster vaccinations) 
between diff erent age groups and diff erent primary vaccination backgrounds.

To ensure objective data analysis, we used the automated gating and identifi cati-
on (AGI) tool in the Infi nicyt software. This tool was shown to reduce intra- and 
inter-operator variability and increase reproducibility of the analysis [40,48–
50]. This is especially important for studies with big data from multiple samples, 
which cannot be analyzed by a single operator within a reasonable timeframe. 
Irrespective of the new analysis strategy, these data corroborated major fi ndings 
from our previous study, where data were subjected to manual analysis [33]. This 
automated analysis approach, in combination with the standardized EuroFlow 
sample processing and acquisition procedures, allows for identifi cation of fl uc-
tuations in small populations of cells such as diff erent plasma cell maturation 
stages.
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Levels of Ag-specifi c serum Igs are routinely used as readout for vaccine effi  cacy. 
In many cases, a rise in Ag-specifi c IgG levels is associated with response to vacci-
nation, and for several vaccines—e.g., against rotavirus—an increase in IgA levels 
has been indicated as a correlate of protection [23,45,51–53]. As Igs are the pro-
duct of terminally diff erentiated B cells (plasma cells), the B-cell compartment 
may harbor new correlates or biomarkers of ongoing immune responses. Indeed, 
we found that expansion and maturation of circulating plasma cells 7 days after 
booster vaccination was the most prominent cellular change. The generation of 
mainly IgG1+ plasma cells is in line with previous serology-based studies, whe-
re within Bp-specifi c serum IgGs mostly IgG1 antibodies were found, with mi-
nor contribution of IgG2, -3, and -4 [51,54]. The positive correlation between 
the numbers of total plasma cells with the vaccine-specifi c plasma cell numbers 
supports the assumption that most of the plasma cells at the peak of expansion 
are vaccine-specifi c.

The IgA response, observed mostly in the adult cohorts, is likely a result of im-
munological memory generated by previous (subclinical) infection of the respi-
ratory tract, where a mucosal response against Bp was launched. As Bp circu-
lates within the population, causing outbreaks every 2–5 years, the adult cohorts 
have likely encountered Bp multiple times during life, which explains the more 
prominent IgA1+ plasma cell response in these groups [55–58]. In contrast, the 
expansion of IgG4+ plasma cells was mostly seen in the pediatric cohorts, which 
may be explained by the predominant aP priming in these cohorts; this has been 
shown to induce a more Th2-related response as well as increased vaccine-speci-
fi c serum IgG4 [23,24].

In addition to the expansion of IgG1+ and IgA1+ plasma cells in adults, and the 
IgG1+ and IgG4+ response in the pediatric cohorts, which are in line with previ-
ous (cellular and serology-based) studies, we also observed a prominent increase 
in IgG3+ plasma cells in all cohorts [23,33,51,54]. A potential explanation for this 
phenomenon might be that, in addition to the memory B cells, there are naive B 
cells that recognize the antigens and undergo fi rst-step IgG3 class switching and 
affi  nity maturation [59].

The diff erence in plasma cell—and thus, antibody—production can have conse-
quences for the type and effi  cacy of the launched immune response. IgG1 and 
IgG3 antibodies have stronger opsonizing capacities compared with IgG4 antibo-
dies [60]. The mixed IgG1-IgG3-IgG4 response observed in the mostly aP-primed 
pediatric cohorts may lead to competition for Bp antigens in future encounters, 
possibly leading to less effi  cient bacterial clearance compared with the IgG1-IgG3 
(and IgA1) response observed in the adult cohorts [59,61]. Lastly, the prominent 
contribution of IgA1+ plasma cells to responses observed in the adult cohorts, 
which is likely an indicator of previous pertussis encounters, may imply existence 
of eff ective mucosal defense mechanisms, and more effi  cient protection against 
bacterial translocation in IgA-producing individuals. Comparison of repertoires 
and reactivities of IgA in mucosa and in circulation could provide better insights 
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into this phenomenon and value of IgA as a biomarker of protection.

Maturation of plasma cells (total and IgG1+) was observed irrespective of age 
and priming background. The clear expansion and maturation of total and IgG1+ 
plasma cells are in line with our previous fi ndings and may be explained by the 
prolonged retention of newly generated plasma cells in the periphery as well as 
the competition for bone marrow niches with pre-existing long-lived plasma cells 
[33,62].

In this study, several diff erences between the aP- and wP-primed cohorts were 
observed. Although the sizes of the age-matched adolescent cohorts were too li-
mited to reach statistically signifi cant conclusions, major observations were con-
fi rmed by analysis of all individuals with known primary vaccination background. 
Remarkably, this diff erence based on primary vaccination background was not 
observed in the overarching part of the BERT study, where the Bp-specifi c Ig 
responses of 85 Dutch and Finnish adolescents pre- and postvaccination were 
evaluated [29].

The formulation of aP and wP vaccines diff ers with regards to number of antigens 
and the total antigenic load, with wP vaccines containing the broad variety of 
pertussis antigens and aP vaccines containing high concentrations of a restricted 
number of antigens. In consequence, wP priming is likely to trigger a more diver-
se antibody response. Since consecutive boosters lead to a more specifi c, but also 
more restricted response, this initial broad priming can be benefi cial in case of 
encountering future (mutated) bacterial strains [10,12,13]. Interestingly, in this 
study, we showed that compared to aP-primed individuals, individuals primed 
with the Dutch wP vaccine have a stronger response upon aP booster vaccination. 
It would be of interest to visualize potential diff erences in breadth of an immune 
response against Bp antigens. Moreover, since the initial type of priming vaccine 
seems to imprint future responses to given antigens, it should be carefully consi-
dered in the design of future vaccines and vaccination strategies. This may also 
hold true for diseases other than pertussis, such as COVID-19.

To identify unique and shared patterns between groups, we primarily focused on 
normalized data (represented as the ratio to baseline). However, we also showed 
that, in line with published studies, children had overall higher leukocyte and 
B-cell counts compared with (older) adults [32,41]. Specifi cally, the cell count 
of naive B and T cells—and thus, the available naive repertoire—is substantially 
higher in youth [32,48]. Therefore, despite a lower increase in cells expressed as 
ratio to baseline, children and adolescents may still produce a stronger and more 
diverse immune responses than adults.

In this study, memory B-cell fl uctuations were limited. As the frequencies of 
Ag-specifi c memory B cells are low, as demonstrated by previous studies using 
ELISpot assays, an increase in only these Ag-specifi c memory B cells may not have 
an impact on the total memory B-cell population [36,63]. Indeed, in this study, 
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no correlation was found between the memory B-cell fl uctuations measured by 
fl ow cytometry and the vaccine-specifi c memory B cells by ELISpot. However, we 
observed an increase in CD20++CD21- IgG1+ memory B cells in older adults and 
adolescents at days 14 and 28 after vaccination, respectively. Interestingly, sever-
al studies reported an increased percentage of Ag-specifi c CD27+CD21-/dim B 
cells 14 days after infl uenza vaccination [64,65]. There is no consensus about the 
exact function of these CD21-/dim B cells, but it has been suggested that CD21-/
dim B cells are exhausted cells or, as described in autoimmunity and chronic in-
fection, are anergic [66,67]. In this context, it is not unlikely that cells that have 
responded to an antigen multiple times would acquire this phenotype. However, 
Lau and colleagues suggest that CD21-/dim B cells are primed for plasma cell 
diff erentiation [64]. Ag-specifi c fl ow cytometry studies should give insight into 
the exact function of this B-cell subset.

No correlation was found between expansion of memory B cells and Ag-specifi c 
serum IgG levels at day 28. Previously, we observed a clear correlation between 
the expansion of IgG1+ memory B cells and the vaccine-specifi c IgG levels at day 
21 in a cohort of 10 healthy adults [33]. Moreover, we found that although in the 
majority of participants memory B cells showed maximum expansion at 14 days 
after vaccination, the expansion of memory B cells was not as synchronized in 
time as the plasma cell expansion, implying that, in some participants, we may 
not have sampled at the most optimal timepoint [33], especially in the children 
and adolescent cohorts, where the sampling times were limited to days 0, 7, and 
28. This diff erence in timing of memory B-cell responses might be related to the 
immune status of each individual at baseline and makes the use of memory B 
cells as correlates of protection more diffi  cult.

Neither aP nor wP vaccination yield a response that fully mimics natural infecti-
on; especially, the IgA response seems to be limited upon vaccination and mostly 
relies upon previous encounters with Bp. To overcome this limitation, multiple 
novel pertussis vaccines and alternative delivery routes are being developed, such 
as nasal delivery of a vaccine or the use of life-attenuated Bp strains (BPZE1) 
[68–70]. It would be of interest to evaluate how (cellular) immune responses 
induced by these vaccine candidates compare with cellular kinetics induced by 
intramuscular aP and wP vaccines, as well as (controlled) human infection. Such 
comparison between aP booster vaccination and (controlled) human infection is 
currently ongoing within the IMI-2 PERISCOPE program [71,72]. These studies 
will create a solid basis for evaluation of novel vaccination approaches.

Conclusions
Analysis of circulating immune cells results in a deeper understanding of the pro-
cesses induced by vaccination and the cellular changes preceding Ig producti-
on. Irrespective of the age of vaccinated individuals, the most prominent cellular 
changes occurred in the numbers of circulating plasma cells. The expansion and 
maturation of IgG1+ plasma cells at day 7 postvaccination were a shared pheno-
menon. Plasma cell expansion, as determined by fl ow cytometry, was comple-
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mentary to the increase of vaccine-specifi c plasma cell numbers as determined 
by ELISpot. Positive correlations between plasma cell expansion and postvacci-
nation Ag-specifi c serum Ig levels were observed, mainly when correlating with 
the individual Bp components. Finally, plasma cell responses were stronger in 
individuals who were wP-primed. Thus, our study contributes to a better under-
standing of the immune responses (to booster vaccinations) between diff erent 
age groups and diff erent primary vaccination backgrounds.
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Abstract
To mount an adequate immune response against pathogens, stepwise mutation 
and selection processes are crucial functions of the adaptive immune system. To 
better characterize a successful vaccination response, we performed longitudinal 
(days 0, 5, 7, 10, and 14 after Boostrix vaccination) analysis of the single-cell tran-
scriptome as well as the B-cell receptor (BCR) repertoire (scBCR-rep) in plasma 
cells of an immunized donor and compared it with baseline B-cell characteristics 
as well as fl ow cytometry fi ndings. Based on the fl ow cytometry knowledge and 
literature fi ndings, we discriminated individual B-cell subsets in the transcrip-
tomics data and traced over-time maturation of plasmablasts/plasma cells (PB/
PCs) and identifi ed the pathways associated with the plasma cell maturation. We 
observed that the repertoire in PB/PCs diff ered from the baseline B-cell repertoire 
e.g., regarding expansion of unique clones in post-vaccination visits, high usage 
of IGHG1 in expanded clones, increased class-switching events post-vaccination 
represented by clonotypes spanning multiple IGHC classes and positive selecti-
on of CDR3 sequences over time. Importantly, the Variable gene family-based 
clustering of BCRs represented a similar measure as the gene-based clustering, 
but certainly improved the clustering of BCRs, as BCRs from duplicated Variable 
gene families could be clustered together. Finally, we developed a query tool to 
dissect the immune response to the components of the Boostrix vaccine. Using 
this tool, we could identify the BCRs related to anti-tetanus and anti-pertussis 
toxoid BCRs. Collectively, we developed a bioinformatic workfl ow which allows 
description of the key features of an ongoing (longitudinal) immune response, 
such as activation of PB/PCs, Ig class switching, somatic hypermutation, and clo-
nal expansion, all of which are hallmarks of antigen exposure, followed by muta-
tion & selection processes.

Keywords: B-cell receptor repertoire; Tdap vaccine; pertussis; single cell; vac-
cination
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Introduction
The adaptation of the immune system to recognize antigenically distinct epito-
pes of pathogens is a critical feature of the antibody (Ab) -mediated immunity in 
response to infection/vaccination. Abs are products of terminally diff erentiated 
B cells, plasma cells (PCs), and are the secreted forms of B-cell receptors (BCRs). 
Generation of a highly diverse BCR repertoire (BCR-rep) starts during precursor 
B-cell development in bone marrow, where developing B cells assemble immu-
noglobulin heavy (IGH) and light chain genes in the process of V(D)J recombina-
tion. B cells with a functional BCR leave the bone marrow and are ready to recog-
nize antigens in the peripheral immune system. Following antigen recognition, 
the BCR undergoes affi  nity maturation in the germinal centers (GCs) through 
introduction of somatic hypermutations (SHM) and subsequent selection pro-
cesses for B cells with high-affi  nity BCR [1]. The introduction and subsequent 
selection of SHM are critical steps in raising the appropriate immune response. 
Typically, through positive selection, SHM accumulate in so called complemen-
tarity-determining regions (CDRs) because CDRs are in direct contact with the 
antigen, while SHM in the framework regions (FWR) are less frequently selected, 
because FWRs are responsible for maintaining receptor structure. Additional-
ly, B cells optimize their eff ector functions by exchanging the initial Cμ constant 
region by other downstream IGH constant regions. This process is known as 
class-switch recombination (CSR). Memory B cells that have recognized patho-
gen/antigen circulate through the peripheral lymphoid system, diff erentiate into 
plasmablasts and re-enter bone marrow to become long-lived Ab-producing PCs.
The immune response to a booster vaccination or a re-encounter of the same 
antigen would lead to the use of pre-existing Abs as the fi rst line of defense [2]. 
The encounter with an antigen will initiate the processes of SHM and affi  nity ma-
turation where new Abs are generated from the pool of the pre-existing memory 
B cells [3,4]. Using fl ow cytometry, we have recently shown that in booster vacci-
nation settings (Boostrix), an increase in circulating PC numbers, associated with 
their phenotypical maturation, occurs as early as fi vedays post-vaccination, with 
a peak in expansion and maturation at day seven post-vaccination [5]. However, 
the dynamics of the over-time changes in the BCR-rep after Boostrix vaccination 
in humans are not known yet. Therefore, we performed longitudinal measure-
ments and analysis of single-cell transcriptomics and single-cell BCR-rep (scB-
CR-rep) in PCs derived from an individual vaccinated with a Tdap Booster vac-
cine (Boostrix®, GlaxoSmithKline), and compared them with the total BCR-rep 
at baseline. Along with understanding the dynamics of scBCR-rep after Boostrix 
vaccination, with this pilot study, we aimed to assess the diff erences between 
the fl ow cytometry and single-cell transcriptomics data at the level of protein vs. 
transcript expression level and develop a bioinformatics workfl ow to identify key 
features of an ongoing (longitudinal) immune response. Furthermore, we also 
tracked the footprints of the selection processes e.g., V(D)J usage, level of SHMs 
in FWRs and CDRs and CSR events in B-cell clonotypes to understand the immu-
ne responses in a booster vaccination.

As the Boostrix vaccine contains multiple antigens i.e., diphtheria toxoid (DT), 
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tetanus toxoid (TT), three Bordetella pertussis proteins i.e., fi lamentous hemag-
glutinin (FHA), pertactin (Prn) and pertussis toxoid (PT), and aluminum hy-
droxide as an adjuvant [6], we obtained receptor repertoire information against 
all components of the vaccine. Although it is known that majority of PCs in the 
response peak at day 7 (d7) are Ag-specifi c [7,8], we aimed to dissect the immune 
response against each component. This was, however, subjected to the known 
pool of Abs against the antigens of Boostrix vaccine. Knowing limitations of the 
available anti-toxoid Abs for toxoids in vaccine, we developed a method to search 
the known Ab CDR3 sequences for these vaccine components in our data.

Here, we have analyzed the longitudinal single-cell transcriptomics and scB-
CR-rep data in PCs derived from an individual vaccinated with Boostrix vaccine 
and compared them with the total B cells and/or plasma cells at baseline. Using 
transcriptomics data, we have identifi ed additional membrane markers for fl ow 
cytometry that can be used to identify the B-cell subtypes and maturation of plas-
ma cells. With the scBCR-rep data, we have clustered functionally similar recep-
tors and assessed diff erent components of the repertoire for associations between 
visits and to baseline. Importantly, we found BCRs associated with the vaccine 
components in scBCR-rep data.

Methods
Inclusion Criteria and Informed Consent from the Subject
The donor used in this study was a 28-year-old female, who was recruited as one 
of 10 healthy adults in a vaccination study where volunteers received Boostrix 
and wherein their immune responses were monitored over-time by means of fl ow 
cytometry (registration number: P16-214, EUDRACT: 2016-002011-18). This 
longitudinal study aimed at understanding the (Ag-specifi c) cellular immune res-
ponses post-Boostrix vaccination and was approved by the Medical Ethics Com-
mittee Leiden-Den Haag-Delft. Inclusion and exclusion criteria were previously 
published [5]. In short, the donor had to be generally healthy, had completed 
a vaccination schedule according to the Dutch National Immunization program 
(www.rivm.nl/en/national-immunisation-programme; accessed on 31 August 
2020) and had no known or suspected exposure to pertussis infection nor vac-
cination in the past 10 years. She also provided an informed consent prior to the 
inclusion. The individual was selected for the current single-cell study as she had 
a representative increase in plasma cells at the peak of the plasma cell response 
(i.e., day 7 (d7). EDTA-blood samples for single-cell transcript sequencing were 
collected at baseline and d5, d7, d10 and d14 post-vaccination, which based on 
the parent study, corresponded to the plasma cell expansion (d5-d10) and con-
traction of plasma cell response [5] (Figure S1). The sequencing of the samples 
of only one individual were performed as a pilot study to optimize the pipeline to 
sort cells from the frozen samples, to make comparative assessment of the fl ow 
cytometry and transcriptomics data and to develop a pipeline for downstream 
processing the BCR-rep data and identify toxoid specifi c BCRs from total B cells.
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High Throughput B-Cell and Plasmablast/Plasma Cell Sorting
Prior to the sort, 78.2 million PBMCs from fi ve diff erent time-points were in-
dividually (per time-point) stained with an Ab cocktail for surface markers for 
30 min at RT in the dark (CD19 BV786, CD24 BV650, CD27 BV421, CD38 Per-
CP-Cy5.5), followed by a live/dead staining (Zombie NIR Fixable Viability kit, 
Biolegend) according to the manufacturer’s protocol. Next, samples were pre-
pared for multiplexing according to the protocols provided on the 10x Genomics 
website (www.10xgenomics.com; accessed on 9 January 2019). In short, Fc block 
was added and after a 10 min incubation at 4 °C, unique cell hashing Abs (10x 
Genomics) were added to each sample separately (per time-point). After incuba-
tion for 20 min at 4 °C, cells were washed three times and resuspended in PBS. 
Next, all post-vaccination samples were pooled and sorted on a high-speed cell 
sorter (BD FACSAria III, BD Biosciences at the fl ow cytometry core facility of 
LUMC) using an 85μm nozzle and a pressure of 45PSI, while the baseline sample 
was sorted separately, but in the same collection tube, to ensure an enrichment 
of plasmablasts/plasma cells (PB/PCs) in the sorted sample. Cells were collec-
ted in a BSA-coated Eppendorf tube fi lled with an RPMI + 10% FCS solution to 
avoid excessive cell loss. At baseline, the fi rst 10,000 total CD19+ B cells were 
sorted, and after adjusting the sorting gate to exclusively sort PB/PCs, another 
1201 CD19+CD38++CD24+CD27+ PB/PCs were sorted. For subsequent visits, 
all available PB/PCs were sorted (11,051 cells). In total, we sorted 22,252 cells. 
Directly after the sort, samples were spun down and resuspended into the re-
commended volume (RPMI + 10% FCS). Further sample processing took place at 
the Leiden genome technology center (LGTC) in the LUMC according to the 10x 
Genomics protocols (Figure S1).

10x CITE-Seq Transcriptomics and scBCR-Rep Sequencing
Nearly 22,000 B cells enriched in PB/PCs from diff erent time-points were pro-
cessed into single cells in a Chromium Controller (10x Genomics) (Figure S1). 
During this process, individual cells were embedded in Gel Beads-in-Emulsion 
(GEMs) where all generated cDNAs share a common 10x oligonucleotide barco-
de. Reverse transcription PCR and library preparation were carried out under the 
Chromium Single Cell 3′ v3 protocol (10x Genomics) per manufacturer’s recom-
mendations. After amplifi cation of the cDNA, a 5′ gene expression library and 
paired heavy and light chain library were generated from cDNA of the same cell 
using Chromium Single Cell VDJ reagent kit (scBCR-rep library; v1.1chemistry, 
10x Genomics). After library preparation, quality control was performed using a 
bioanalyzer (Agilent 2100 Bioanalyzer; Agilent Technologies). The libraries were 
sequenced in the NovaSeq6000 sequencer (Illumina) using the v1.0 sequencing 
reagent kit (read length: 2 × 150 bp).

Unsupervised Clustering of Single-Cell Transcriptomics Data
The raw sequencing data from diff erent visits were processed using Cell Ranger 
(v3.1.0) against the GRCh38 human reference genome with default parameters. 
Single-cell RNA-seq data were processed in R with Seurat (v3.2.3) [9]. Raw UMI 
count matrices for both expression and hashtags oligos (HTO) generated from 
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the Cell Ranger 10x Genomics pipeline (https://www.10xgenomics.com/; acces-
sed on 27 August 2019) were loaded into a single Seurat object. Cells were discar-
ded if they met any of the following criteria: percentage of mitochondrial counts 
>25; the number of unique features <100 or >5000. Furthermore, mitochondrial 
genes, non-protein-coding genes, and genes expressed in fewer than 3 cells were 
discarded. Moreover, the immunoglobulin V genes were removed from the counts 
for clustering analysis. The scaled counts of the constant genes were added to the 
metadata of the Seurat object. We used MULTIseqDemux [10] with default pa-
rameters to demultiplex the data to independent visits (corresponding to HTO1-
HTO5 tags) and eliminated doublets and negatives among the cells (Figure S2). 
We found a few T cells (~20–30 cells) in our data which clustered separately and 
we removed them from further analysis.

After retaining 5010 singlets, we log normalized the gene counts for each cell 
using the ‘NormalizeData()’ function of Seurat with the default parameters. The 
normalized data were scaled again using ‘ScaleData()’. The G2M and S phase 
scores were regressed out from the Seurat object. Principal component analy-
sis (PCA), selecting the 10 most varying principal components, and t-distributed 
stochastic neighbor embedding (tSNE) dimension reduction were performed. A 
nearest-neighbor graph using the 10 dimensions of the PCA reduction was calcu-
lated using ‘FindNeighbors()’, followed by clustering using ‘FindClusters()’ with 
a resolution of 0.6. FACS-like plots were generated using transcript average cell 
scoring implemented in ‘TACSplot()’ [11].

Diff erential Gene Expression Analysis
For comparisons between expression values, the Seurat function ‘FindMarkers()’ 
was used with the ‘Wilcox method’. Cell type markers were obtained using the 
‘FindAllMarkers()’ function with a Wilcoxon signed-rank test. The fold chan-
ges of the mean expression level of genes between the selected cell populations 
were calculated. The pathway analysis of the relevant genes was performed using 
‘ClueGO’ [12].

Identifi cation of V(D)JC Genes in the Reconstructed BCRs
Demultiplexing, gene quantifi cation and BCR contig and clonotype assignment 
were performed using the Cell Ranger 3.0.2 V(D)J pipeline with GRCh38 as re-
ference. In order to get the BCR of a single cell, we obtained high-confi dence 
contig sequences for each cell and kept the contigs with productive BCR rear-
rangements. The assembled fi ltered BCRs from 6437 cells were submitted to 
IMGT HighV-Quest for the V(D)J annotation. The constant gene annotation of 
the BCRs was obtained from the Cell Ranger output. The usage of constant gene 
in this individual was identifi ed from the single-cell data and was compared with 
the constant gene usage identifi ed by the fl ow cytometry. All chains (single, pairs, 
threes or fours) were retained. Of 6437 cells with BCRs, 4051 single cells had 
one heavy chain recorded in the Seurat object. The repertoire analysis was per-
formed on both the sets (6437 and 4051 cells) and the discussed set is implicitly 
mentioned in the text or fi gure legends. In case two or more in-frame/productive 
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heavy chains were recorded from one cell, both the chains were included in the 
repertoire analysis.

Identifi cation of B-Cell Clonotypes
Multiple fi les obtained from the IMGT HighV-Quest were combined using an in-
house Python script. The B cell clonotypes were identifi ed with the same V family, 
J gene, and 80% nucleotide identity in IG heavy chain CDR3 as computed by 
Levenshtein distance {Python}. As V gene assignment might be fl awed by the 
assignment methods, we used the V family to call clonotypes which avoids inac-
curate grouping of the clones in the fi rst place. Also, a comparative assessment 
was performed of the clonotypes obtained when using V genes versus V family in 
assigning B cell clonotypes.

Analysis of scBCR-Rep and Clonotypes
The Circos plots of VJ usage were made using circlize {R}. To plot identifi ed clo-
notypes, IGHC usage, class-switching events and CDR3 length usage, ggplot2 {R} 
was used. We used bcRep {R} [13] to plot the amino acid usage in the amino acid 
sequence of the junction. BCellMA {R} [14] was used to plot the replacement ami-
no acid mutations from IMGT HighV-Quest output tables. Clonal lineages were 
built using alakazam [15] and plotted using igraph {R}. The clonal lineages were 
built based on the SHMs introduced in the V gene sequence. The V genes were 
compared to the germline V gene in the IMGT database and the number of muta-
tions in the clonal group was used to build these lineages. In case two diff erent 
mutation lineages were detected in a clonal group and an intermediate BCR was 
missing, the tool alakazam incorporated an inferred node suggesting a missing 
BCR that could not have been sampled and/or sequenced.

Query Tool to Identify Anti-Toxoid BCRs
The currently profi led BCRs comprise of all the PB/PCs raised in response to the 
vaccine which comprises of multiple components. To identify the contribution of 
each component of the vaccine, we developed an in-house tool using Python. To 
show its functionality, junction sequences related to anti-TT, anti-DT, anti-FHA, 
anti-Prn and anti-PT were searched in the literature. We could only identify the 
CDR3 sequences for anti-TT, anti-DT and anti-PT. These sequences were sear-
ched in the Boostrix-specifi c BCR-rep obtained in this study. The search was not 
only performed based on the percentage identity, but a parameter of length fl exi-
bility was also incorporated; i.e., the search space will include junction sequences 
that are longer or shorter by a user defi ned length. The sequence similarity is 
calculated based on the Levenshtein distance of the junction sequences.

Results
Single-Cell Transcriptome Landscape of the Cells from a Vaccinated 
Individual
Majority of the PB/PCs Derived from d5 and d7 Post-Vaccination
We measured the transcriptomics and BCR-rep data at the single-cell level from 
the longitudinal samples obtained from an individual following Boostrix vacci-



Chapter 3.3

154

nation. After applying quality checks to the transcriptomics data from 10,000 
total CD19+ B cells and 12,252 CD19+CD38++CD24+CD27+ PB/PCs from fi ve 
pre-defi ned time-points (Figure S1), we obtained 5010 singlets (Figure S2). 
Unsupervised clustering using Seurat distinguished seven diff erent cell clusters 
based on their transcription profi le (Figure 1A). CD19, CD38, CD24 and CD27 
markers used to defi ne the cells by fl ow cytometry allowed discrimination bet-
ween B cells (Figure 1A; Clusters B1-B3) and PB/PCs (Figure 1A; Clusters P1-
P4). Based on the tag mapping we could identify the sampling time-point of in-
dividual cells. The highest number of cells was obtained from d0 when both total 
B cell and PB/PCs were sorted. At follow-up visits, more PB/PCs were obtained 
at d5 and d7 and clearly less at d10 and d14 (Figure 1B and Figure S2B). This 
refl ected the number of sorted cells (Figure S1B), but mostly post-vaccination 
fl uctuations in the number of PB/PCs (Figure S1C), which were also observed in 
the fl ow cytometry data obtained from this donor previously [5].

Proliferating Cells Are Clustered in One Cluster
Despite having regressed out cell cycle infl uence, the P4 cluster separated based 
on the expression of the cell cycle genes (Figure 1C). A majority of the cells in all 
the clusters, except P3 and P4, were in G1 with a few cells in S phase, whereas P3 
and P4 clusters were heavily comprised of the cells belonging to S and G2M pha-
se (Figure 1C), suggesting that most proliferating cells are clustered in P4. The 
cells present in G1 phase are the mature PB/PCs deemed to produce Abs which 
are mostly present in P1 and P2 clusters.

B1-B3 Clusters Correspond to Naive, Memory and Activated Memory B Cells, 
Respectively
The B-cell clusters i.e., B1-B3 were assigned individual identities based on the dif-
ferentially expressed genes among these clusters and the classical markers and/or 
literature. The B1 cluster expressed classical markers of naive B cells i.e., IGHD, 
CXCR4high [16] and FOXP1 [17] (Figure 1D). Cluster B2 was defi ned as memory 
B cells based on overexpressed of unique markers e.g., BANK1, REL. The genes 
BCL3 and LTB, that promote Ab production, were also highly expressed in clus-
ter B2 [18]. The SOX5, ZBTB32 are markers for activated memory B cells which 
were also representative markers for cluster B3, hence the 124 cells in cluster B3 
were identifi ed as activated memory B cells [19]. The decreasing expression of 
CXCR4 marker from naive to memory to activated memory B cells was observed 
in clusters B1 to B3, which was also mentioned in the similar subsets identifi ed 
from an infl uenza vaccination study [19]. Overall, we could discriminate between 
naive B cells (cluster B1), memory B cells (cluster B2), activated memory B cells 
(cluster B3) and PB/PCs (clusters P1-P4) based on markers unique to these cell 
types (Figure 1A, D).

Flow Cytometry Guided Plasma Cell Maturation in the Single-Cell 
Transcriptome
Staging of PB/PCs Based on Flow Cytometry Markers
Previously, we used longitudinal fl ow cytometry data from 10 vaccinated donors 
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Figure 1. Identifi cation of B-cell subpopulations by single cell-transcriptomics analy-
sis. (A) The clusters of cells are represented on a tSNE plot based on the highly variable genes. The 
clusters are named as B1-B3 for B cells and P1-P4 for PB/PCs. The expression of the markers used for 
sorting the cells in the study is plotted on the tSNE plot. High expression of CD38 and CD27 marks 
the clusters P1-P4 as the PB/PCs. (B) Plotting tag information on the tSNE plot. The cells are assigned 
to each visit and cells at d0 are assigned to B cells and PB/PCs based on their location in B1-B3 and 
P1-P4 clusters, respectively. (C) Visualizing cell cycle scores on tSNE plot. G1, S and G2M cell-cycle 
scores are represented on the tSNE plot where P3 and P4 clusters comprise of S and G2M phase cells. 
(D) Dot plot of the gene markers used for identifying the B-cell subpopulations. B1: Naive B cells; B2: 
Memory B cells; B3: Activated memory B cells.

to establish how expression of selected cell surface markers changes during ma-
turation of PB/PCs [5]. To visualize the plasma cell maturation in the here stu-
died donor, the PB/PCs data from days 0, 5, 7, 10 and 14 were merged in the 
Infi nicyt software (Infi nicyt™ Software v2.0, Cytognos) and the maturation was 
defi ned by the downregulation of CD20 and upregulation of CD138 (Figure 2A
left panel). The most mature cells exhibited CD20-CD138+ phenotype. Then we 
traced changes in expression of four additional markers i.e., CD19, CD27, CD62L, 
and CD38. Based on the expression of all six markers, we drew new maturati-
on pathways and divided it into six continuous maturation stages (Figure 2A 
right panel). Similar to fl ow cytometry staging, after removing B cells, PB/PCs 
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were clustered based on all the genes and arranged with phenotype ranging from 
CD20+CD138- (less mature) to CD20-CD138+ (most mature) (Figure 2B). Ho-
wever, the cells from diff erent clusters were mixed and the maturation based on 
P1-P6 clusters could not be drawn. Therefore, we clustered the PB/PCs again ba-
sed on the expression of only 6 genes SELL (CD62L), TNFRSF7 (CD27), SDC1 
(CD138), ADPRC1 (CD38), MS4A1 (CD20) and B4 (CD19)) and used the expres-
sion of CD20 and CD138 to align the clusters with the maturation pathway of the 
PB/PCs. Herein, based on the maturation pathway defi ned by CD20 and CD138 
markers, a trajectory from the blue-colored clusters (Pa1) to the dark red ones 
(Pa10) can be drawn (Figure 2C). Based on the maturation of clustered cells the 
staging of the PB/PCs was performed from Pa1-Pa10 and the expression of other 
markers was assessed (Figure 2D).

Pathways and Additional Membrane Markers Identifi ed in Relation to the Ma-
turation of PB/PCs
Based on the 10 clusters/stages of the plasma cell maturation, we identifi ed ad-
ditional markers that might be changing during the maturation of the PB/PCs 
(Figure 2E). Genes with similar expression to the six maturation markers were 
selected from the single-cell transcriptomics data (Table S1; Figure 2E). The 
HLA locus-specifi c genes were not included in the analysis. Several of these genes 
are involved in the regulation of immunoglobulin production, molecular media-
tion of immune responses, N-glycosylation, antigen processing and presentation, 
protein folding and cytokine production (Figure 2F). The majority of these pa-
thways directly suggest the role of these genes in the Ig secretion, post-transla-
tional modifi cations to ensure correct folding of the proteins and henceforth an 
optimum response of the immune system to the vaccines. This is in line with the 
preparation for immunoglobulin secretion, which is the major role of most ma-
ture PB/PCs.

Characteristics of V(D)J Usage over Time upon Vaccination
Identifi cation of Ig Heavy and Light Chains in Majority of the Sequenced Cells
Additional to transcriptomics profi ling, we measured the BCRs of the cells from 
the longitudinal samples obtained from an individual after Boostrix vaccination. 
The barcode mapped BCR information for each cell was obtained from the Cell 
Ranger output. We fi ltered out the unproductive rearrangements and could map 
at least one heavy or light chain for 4175 cells (Figure S3A). No chain was re-
corded for 835 cells (of which 818 cells were collected at d0) (Figure S3A), most 
likely owing to the low expression of BCR in non-plasma cells. We also observed 
that the cells comprised multiple chains varying from three to fi ve heavy and/or 
light chains (~8%). Therefore, we fi ltered out additional chains that were suppor-
ted by a low number of reads as compared to the other chains from the same cell. 
In case multiple productive chains were supported by similar number of reads, 
we included them all in our analysis. After fi ltering, we found varying chain num-
bers (1, 3 or 4 chains) mostly for B cells identifi ed at d0 (Figure S3A), which 
partly could be related to the low expression of BCR or possible doublets. The 
BCRs with 3 or 4 chains comprised of completely diff erent V, D, J and C genes for 
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Figure 2. Plasmablast/plasma cell maturation using fl ow cytometry and single-cell 
transcriptomics data over time following vaccination. (A) Flow cytometric evaluation of cell 
surface markers in maturing PB/PCs. Plasma cell maturation pathway was drawn in the Infi nicyt 
software based on the surface expression of CD20 and CD138. The least mature PB/PCs were defi ned 
as CD20+CD138- and the most mature as CD20-CD138+. Dot plot in the left panel shows all PB/
PCs from the same donor and time-points used in the sequencing, and black arrow indicates the 
direction of plasma cell maturation Each dot represents one cell. Subsequently, the entire matura-
tion pathway was divided into 10 maturation stages (S1–S6), for which expression of additional cell 
surface markers was evaluated (right panel). (B) FACS-like plot to arrange PB/PCs clusters P1-P6 in 
the maturation pathway defi ned by the expression of CD20 and CD138. (C) Redefi ning stages of PB/
PCs in single-cell transcriptome data using six markers pre-selected based on fl ow cytometry. The PB/
PCs were clustered using six pre-defi ned maturation markers and FACS-like plotting is used to stage 
the plasma cell clusters based on the maturation pathway. Ten clusters i.e., Pa1-Pa10 were obtained. 
(D) The spaghetti plot of all six markers visualized after staging the PB/PCs. (E) Additional matu-
ration markers identifi ed using single-cell transcriptomics data based on the Pa1-Pa10 plasma cell 
clusters and corresponding stages. Genes following similar expression patterns were identifi ed using 
the TACSplot function. (F) The important pathways identifi ed based on the top 20 similar genes to 
each of the six maturation genes. The GO terms based on biological processes, molecular pathways, 
cellular components, and immunological processes were merged. The pathways with <0.05 corrected 
p values were selected for visualization.
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both heavy and light chains, which might be related to the doublets that could not 
be removed in the fi ltering steps or the production of multiple chains in B cells 
[20]. For further comparisons in the manuscript, the BCRs from d0 B cells and 
PB/PCs were considered independently and post-vaccination BCRs were compa-
red with d0 PB/PCs. Also, the expression of BCRs in B cells for both heavy and 
light chains was lower as compared to plasma cells.

Cells with Diff erent IGHV and IGHJ Are Dominant at Diff erent Time Points
The single cells with paired heavy and light chain information revealed prefe-
rential pairing between IGHV genes and IGKV1 and IGKV3 gene families (Fi-
gure S3B). IGLV genes mostly belonged to the IGLV1, IGLV2 and IGLV3 gene 
families. Also, over time, IGKV1, IGKV3, IGLV1, IGLV and IGLV3 gene families 
remained the most abundant, with minor variations in the usage which can be 
due to the limited number of cells or expansion of individual clones. However, 
no strong selection for a particular light chain was observed. On the contrary, we 
did observe changes in the usage of the IGHV genes over time (Figure S3B). 
Overall, the IGHV3 was the most used gene family, however, the usage of IGHV1, 
IGHV2, IGHV4 gene families increased in PB/PCs collected at d5 and d7 (around 
the peak of plasma cell response). To better understand the dynamics of the gene 
usage in IGH chains, we looked into the V(D)J gene usage. We found that IGHD3 
genes were used the most over all time-points, whereas the usage of IGHV and 
IGHJ genes changed over time (Figure S3C). We observed that the increased 
usage of IGHV1, IGHV2, IGHV4 gene families was accompanied by an increased 
usage of IGHJ2, IGHJ3 and IGHJ6 genes post-vaccination.

IGHV3 and IGHJ4 Genes Predominant in d0 PB/PCs
As we observed increased usage of several IGHV and IGHJ gene families, we exa-
mined the usage of IGHV and IGHJ gene families in all cells across diff erent visits 
at baseline and post-vaccination. We observed more restricted scBCR-rep in d0 
PB/PCs as compared to d0 B cells (Figure S3D). While 55 unique of 158 VJ pairs 
were observed in d0 B cells, only 16 unique usage of 118 VJ pairs were present 
in d0 PB/PCs. The IGHV3-23 and IGHJ4 were the most used pairs in both d0 
B cells and PB/PCs. The majority of the recombination events observed in d0 
B cells used IGHV1, IGHV3, IGHV4, IGHV5 families recombining with IGHJ4, 
however, it was highly selective in d0 PB/PCs, i.e., the IGHV3 family genes and 
IGHJ4 gene were used the most.

Few Clonotypes Expand with Delay at d10
While comparing the PB/PCs from post-vaccination visits to d0 PB/PCs, we ob-
served that the overall diversity increased at all the time-points post-vaccination 
(Figure 3A). We observed 50 and 65 new VJ pairs at d5 and d7 post-vaccinati-
on, respectively. Despite comparable numbers of sorted PBMCs and plasma cell 
counts at d10 and d14, we observed 24 new VJ pairs at d10 post-vaccination as 
compared to 35 new VJ pairs used at d14. Overall, we observed high usage of the 
IGHV3-23 gene and the IGHV4 gene family at all time-points including baseline. 
A clear expansion of IGHV1 and IGHV4 family genes especially IGHV1-2, IGHV1-
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18, IGHV3-33, IGHV4-39, IGHV4-31 gene can be observed around the peak of 
plasma cell expansion (Figure 3A; d5, d7 and d10). IGHV5-51 usage was also 
observed to be expanding at d10. The expansion of selected few V(D)J genes at 
the later time-points suggested the expansion of few clones with a delay. When 
comparing the relative usage of IGHV and IGHJ genes between visits post-vac-
cination, we observed that the usage of majority of the genes is comparable be-
tween visits with few exceptions, for example, the usage of IGHV1-69 increased 
at d5 and d7 post-vaccination (Figure 3B). Furthermore, IGHV1-2 and IGHJ3 
were used the most at d5, whereas IGHV1-2 and IGHJ4 were used at d7, while at 
d10 and d14 the usage of IGHV1-2 was minimal.

Constant Gene Usage over Time upon Vaccination
IGHG1 Constant Gene Predominant at the Peak of the PB/PCs
Assessment of the constant gene usage helps in understanding the raised eff ector 
function post-vaccination. To identify the usage of the constant genes in the pro-
fi led BCRs, we grouped the receptors based on the constant genes. IGHM was the 
most used constant chain in d0 B cells (Figure 4A), followed by IGHD. It was in 
line with the abundance of naive/pre-germinal center B cells in the pre-vaccina-
tion scBCR-rep. However, IGHA1 was the most used constant gene in the d0 PB/
PCs (Figure 4A). The composition of the constant chains changed after vacci-
nation and IGHG1 became the most used chain. The percentage of cells utilizing 
IGHA1 decreased at the peak of the plasma cell response i.e., d5 and d7, but at 
d10 and d14 returned to the levels comparable to baseline. The usage of IGHD 
was negligible in the PB/PCs post-vaccination. On the other hand, IGHM usage 
reduced at the peak of PB/PCs response which returned to original levels at d14. 
We observed a similar trend in the fl owcytometry data, wherein the 67% of PB/
PCs expanded at d7 was IgG1+ and the relative usage of IgA1 was reduced (Figu-
re 4B). The IGHD expression was relatively low in the single-cell data limiting 
identifi cation of the IgM+IgD+ B cells, which we could indeed identify in the fl ow 
cytometry data (data not shown). With the paired chain information from single 
cells, we observed that the IGKC gene was the most used gene followed by IGLC2 
in all the post-vaccination visits. The high usage of the IGKC gene is in line with 
our previous results specifying high usage of IGKV gene families (Figure 4C). 
Interestingly, in d0 PB/PCs, IGLC1, IGLC2 and IGLC3 genes were used more 
frequently than other IGLC genes.

BCR Clonotypes over Time upon Vaccination
Identifi cation of Clonotypes Based on V Family Grouping
The BCRs were clustered into clones/clonotypes with a slight deviation from the 
classical defi nition of clonotypes; instead of genes, we used V family and J gene 
for grouping. Irrespective of the defi nition used, results of the clustering were 
highly similar (rand index of 0.99). The diff erences in the number of clusters 
were caused by the fact that several singletons clustered with other singletons 
with similar BCRs when the V gene defi nition was relaxed by V family (Table 
S2). Of 3334 clonotypes, 662 clonotypes could not be assigned any visit, 575 of 
which were singletons (8 clones with >10 BCRs; the largest clone comprises 129 
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Figure 4. The dynamics of heavy and light constant gene usage in the BCRs over dif-
ferent time-points pre- and post-vaccination. (A) Usage of IGH constant genes in single-cell 
BCRs over time. The PB/PCs and B cells at the d0 are considered separately. (B) Over time usage of 
constant genes in the PB/PCs as identifi ed by fl ow cytometry (based on membrane and intracellular 
Ig expression). (C) The usage of heavy and light constant genes across diff erent visits. The numbers 
in the heatmap are the number of chains using a given pair and the colors are ranged based on the 
scaled counts for each visit.

BCRs). Overall, 936 of 3334 clonotypes had at least 2 cells. 369 of 936 clonotypes 
were shared between at least two visits of which 145 clonotypes had cells present 
on d0. For the 4051 cells derived from the known visits and with a rearranged 
productive heavy chain, Figure 5A shows the origin of the top 30 (449 BCRs) of 
145 (2075 BCRs) clonotypes. The largest clone comprised of 46 B cells and was 
present in all visits but d14 (Figure 5A; C115). However, 30 additional B cells be-
longed to the same clonotype, but could not be assigned any visit (Figure S4A; 
the top second clone). The clonotype C115, consisting of only the IGHG1 isotype, 
had an expansion of identical sequences across multiple visits including baseline 
as visualized by the largest pie in Figure 5B. This largest node comprises of 58 
individual BCR sequences wherein 34 of them are derived from d5 and 20 BCRs 
could not be assigned to any visit.

CSR Events within the Clonotypes
We investigated the clonotypes for the CSR events by querying clones with dif-
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ferent IGHC chains. Of 369 clonotypes shared between diff erent visits, 191 clo-
notypes used the same constant gene and do not represent clonotypes with CSR. 
Interestingly, a majority of clonotypes (53%; 101 of 191) only used the IGHG1 
gene, 21% clonotypes used IGHA1 followed by 10% using IGHM and 8% using 
IGHG2. Thus, clonotypes followed the same trend as constant gene usage. Of 178 
clonotypes that used multiple constant genes, 17% used IGHG1 and IGHA1 (Fi-
gure 5C). IGHG1 is clustered with IGHM three times more (74%) as compared 
to IGHG2 clustering with IGHM. Similarly, IGHA1 is clustered with IGHM three 
times more than IGHA2, suggesting high CSR between IGHM and IGHA1. Over-
all, we found that 45% of these clonotypes contained IGHM and IGHG isotypes, 
followed by IGHM and IGHA (29%). The usage of multiple constant genes in the 
clonotypes suggest a high IGHG1 response followed by IGHA1.

Clonal Lineages of the Clonotypes with CSR Events
We selected a few of the large clonotypes to visualize the class-switching process 
via lineage construction. While some of the clones (e.g., clone 660, utilizing al-
most exclusively IGHG1 with one IGHA1) were highly mutated and diverse (Fi-
gure S4B), others (e.g., clone 1980) showed a more conserved mutation pattern 
with very few mutations separating the clone members (Figure 5D). Clone 1980 
is the 20th largest clone where the IGHA and IGHG constant genes expanded 
with identical sequence in the V genes, which were only one to four mutations 
away from the IGHM harboring BCR (Figure 5D). This is an example of a recep-
tor wherein the BCRs at later time-points harbor fewer mutations as compared 
to the germline than the BCRs sampled on d0. This suggests that this clone is 
derived from memory responses generated during previous antigen encounters.

Comparable Length of Most of the Junctions
Similarly, CDR3 length distribution was plotted for all the cells grouped by clono-
type at baseline and each visit post-vaccination. We observed a larger proportion 
of clonotypes with CDR3 lengths of 12 amino acids at d5 (mean length of CDR3: 
15.8 ± 3.8 amino acid residues) and 15 amino acids at d7 (mean length of CDR3: 
15.6 ± 3.1 amino acid residues). We also observed a few clonotypes with longer 
junction region at d5 and d7 post-vaccination (Figure S4C).

Mutation Load in BCRs upon Vaccination
The selection process for higher affi  nity Abs during the GC response also leaves 
an imprint on the IGHV genes, in terms of the type of amino acid substitutions 
observed in the cells which have successfully passed selection. Analysis of such 
mutation patterns at the nucleotide level allows us to understand the adaptability 
of the immune system to the antigens encountered during vaccination.

Positively Correlated Mutations in Heavy and Light Chain Genes
The majority of the BCRs in the activated memory B cells used the IGHM (34 cells) 
gene followed by the IGHA1 (6 cells) constant genes. As expected, the mutation 
load between memory B cells (cluster B2) and activated memory B cells (cluster 
B3) was not signifi cantly diff erent. We observed that the IGHG1 and IGHM BCRs 
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Figure 5. BCR clonotypes over diff erent time-points. (A) 30 most numerous clonotypes over 
diff erent time-points pre- and post-vaccination. Contribution of diff erent visits to the total size of a 
clone is indicated by colors. (B) Clonal lineage of clonotype 115. The graph is constructed using V gene 
germline sequence as the root node. The size of each node is scaled and directly related to the number 
of BCRs for that particular sequence. The nodes are colored based on the visits from which sequences 
are derived. The unique sequences present across multiple visits are also grouped and colored diff e-
rently as mentioned in the legend. Germline is colored black and the inferred nodes are colored white. 
The edge label indicates the number of diff erent nucleotides as compared to the previous node. (C) 
A bar plot indicating the >2 clonotypes containing cells with multiple constant genes. For example; 
each of 31 clonotypes consist of sequences using IGHG1 and IGHA1 constant genes. The number of 
clonotypes for each combination is mentioned on the top of bar. (D) Clonal lineage of clonotype 1980 
with class-switch recombination events. Additional inferred nodes were added to correctly represent 
the order of class-switching.

in PB/PCs had signifi cantly more mutations (p < 0.05; <0.001) in the complete 
V gene as compared to the memory and activated memory B cells sampled at 
d0 (Figure 6A). The mutations in V region in sequences using IGHG1 constant 
gene are also accounted for in the CDR1 and FR3 region whereas for IGHM the 
signifi cant diff erences were also observed in FR2, CDR2 and FR3 regions. We ob-
served that IGHV of BCRs utilizing IGHG1, in general, harbored more mutations 
in post-vaccination visits as compared to other constant genes in all V regions 
(Figure 6A), which might be associated with the expansion in the IGHG1 BCRs 
post-vaccination. Moreover, we found that the mutations in heavy chains were 
positively correlated with the mutations in the light chain in all the regions with 
signifi cant p values (Figure 6B).
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Figure 6. SHM levels in the V genes in heavy and light chains. (A) The boxplot representing 
the number of mutations in the V genes of BCRs over diff erent time-points pre- and post-vaccinati-
on per diff erent constant gene. The mutations have been identifi ed in each cell over framework and 
complementarity determining regions in the V region. The cells at d0 are divided over naive B cells, 
memory B cells, activated memory B cells and PB/PCs. Each dot is a sequence from a single cell. The 
signifi cant mean diff erences as calculated by the t-test are highlighted by asterix as *: 0.05–0.01, **: 
0.01–0.001 and *** < 0.001. (B) The correlation of mutation numbers in all the V regions between 
heavy and light variable genes for all cells with known paired constant BCRs. The regression line is 
fi tted and the correlation and p values are indicated on top.
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Positive Selection of Mutations in the CDR Region over Time
To further confi rm that the mutations in PB/PCs were antigen driven, we em-
ployed BASELINe [21] to detect the selection by analyzing mutation patterns in 
experimentally derived Ig sequences. We observed a negative/neutral selection 
in framework regions and slightly positive selection in the CDRs (Figure S5). 
The diff erences between the selection estimates in both FWR and CDR regions 
were highly signifi cant (p ≤ 0.03) except in FWR region at visit d10 (p = 0.25). 
The positive selection of mutations in CDRs and negative selection in FWRs cor-
respond with normal antigen-specifi c B cells [22]. Moreover, we did not observe 
a varying trend i.e., increasing or decreasing selection pressure in CDRs over time 
suggesting that the selected receptors were already available at the beginning of 
the response and these were recruited over time for optimum immune response.

BCRs Specifi c to Vaccine Toxoids
To identify toxoid-specifi c lineages in the scBCR-rep, we searched literature for 
the CDR3 sequences known to be specifi c to antigens present in the Boostrix vac-
cine. We used the CDR3 amino acid sequences of the (mono-)clonal Abs for the 
anti-DT [23], anti-TT [24] and anti-PT [25] to query the related BCRs in our data 
(Figure S6). To account for individual-specifi c variability in the CDR3 sequen-
ces (as a result of SHM and affi  nity maturation processes specifi c to the individu-
als), we allowed a certain level of fl exibility in our search. Apart from relaxing the 
identity of the CDR3 sequence at the amino acid level to 60–70%, the length of 
the CDR3 sequences was also allowed to vary by 1-3 amino acid residues.

Identifi cation of Conserved Anti-TT BCRs
 We could not identify any relevant BCR sequence highly related to the anti-DT 
Ab sequences previously published. However, we identifi ed 54 BCRs from 25 clo-
notypes that were highly similar to anti-TT Ab query sequences. 65% of the ob-
served anti-TT BCR clones used the IGHG1 constant gene followed by the IGHA1 
(13%), IGHM (15%) and IGHA2 (6%) genes. IGHG1 was observed at all time-
points, whereas IGHA1, IGHA2 and IGHM were observed only until d7 post-vac-
cination. Clone 288 and 291 are 82% and 88% identical to the query anti-TT Ab 
sequence (Figure 7A). Similarly, clone 681 and 2083 are 80% and 86% identical 
to their respective anti-TT Ab query sequences. Clone 288 was the largest ex-
panded clone with anti-TT specifi c BCRs (Figure 7B). This clone was present 
mostly at the later time-points post-vaccination. The presence of highly conser-
ved BCR clones to the queried anti-TT Ab sequences suggests the BCRs can be 
highly conserved among diff erent individuals. Furthermore, it also suggests that 
the immune response against TT is memorized effi  ciently by the immune system 
for secondary responses. 

Identifi cation of BCRs (Un-)Likely Related to Anti-PT BCRs
Analogously, we identifi ed 20 BCRs that were similar to the anti-PT Ab query 
sequences, however the BCRs were not conserved as compared to the query se-
quences. This might suggest that the selected BCRs may be specifi c to antigens 
other than PT. 55% of the hits used the IGHG1 gene sampled from all visits, fol-
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lowed by 30% IGHM BCRs sampled from the memory B cells (cluster B3) at ba-
seline. Unlike the anti-TT BCR sequences, we also observed a few BCRs using the 
IGHD constant gene. One clone with maximum identity (~70%) to the anti-PT 
Ab query sequence was found (Figure 7C). This clone used the IGHG1 constant 
gene. Clone 2450 is 73% identical to its respective anti-PT Ab query sequence. 
We did not observe highly conserved (>80%) CDR3 sequences to the anti-PT Ab 
query sequences suggesting either a unique individual-specifi c repertoire or re-
current adaptability of the immune response to the subsequent encounter of the 
antigen i.e., PT.

Figure 7. Toxoid-specifi c lineages upon Boostrix vaccination. (A) Highly conserved anti-te-
tanus toxoid BCR clonotypes. Four clonotypes with >80% identity are aligned to the anti-TT Ab query 
sequences. The changed residues are highlighted in cyan and clonotype IDs are mentioned. The V and 
J gene residues are highlighted in red and demarcated by straight lines. (B) BCR lineage of anti-te-
tanus toxoid clonotype 288. The largest anti-TT BCR clonotype is visualized. (C) (Un-)Likely related 
anti-pertussis toxoid BCR clonotypes. One clonotype with >70% identity is aligned to the respective 
anti-PT Ab query sequences. The length fl exibility allowed the identifi cation of these clonotypes. The 
changed residues are highlighted in cyan and the insertions are highlighted in yellow. Clonotype IDs 
are mentioned.

Discussion
Understanding human B-cell immune responses to infections is critical for vacci-
ne development and assessment [26]. The repertoire of antigen receptor sequen-
ces changes during an encounter with foreign antigen from pathogens/vaccina-
tion [19,27]. Identifying the signatures of eff ective responses from the repertoire 
data is challenging and systematic analysis of the repertoire together with the 
dynamics of clonal lineages during infection/vaccination is crucial. Here, we sys-
tematically characterized the cell types in sorted B cells and PB/PCs using sin-
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gle-cell transcriptomics data and developed a robust workfl ow to capture the lon-
gitudinal changes (d0, 5, 7, 10, and 14 after Boostrix vaccination) in the BCRs and 
clonal lineages using repertoire data from the same cells. Moreover, we accorded 
our results with previously acquired fl ow cytometry data from the same indivi-
dual [5]. We identifi ed additional membrane markers that could be used in fl ow 
cytometry to dissect the maturation of PB/PCs. Furthermore, using one individu-
al, we developed a bioinformatic workfl ow as a proof-of-principle to compare the 
BCR-rep in PB/PCs with the baseline B-cell repertoire and reported expansion of 
unique clones in post-vaccination visits, high usage of IGHG1 in expanded clones, 
increased class switching events post-vaccination and positive selection of CDR3 
sequences over time. We also found that the Variable gene family-based cluste-
ring of BCRs improved the clustering of BCRs. Finally, the query tool developed 
in the study dissect the immune response to the components of Boostrix vaccine 
is unique to this study. Albeit that this pilot study contains only one individual, 
this study still allows us to select for the right processes to be evaluated in a larger 
series. Additionally, the analysis performed in one individual could impact the 
biological fi ndings in our study, especially, the V(D)J gene usage and clonal line-
age analysis, which should be assessed in larger studies.

The classical markers used in phenotyping by fl ow cytometry are not always cap-
tured in the sparse single-cell transcriptomics data which makes it challenging to 
defi ne uniform populations in both the technologies. Therefore, the identifi cation 
of naive B cells, memory B cells, activated memory B cells and plasma cell clus-
ters was made using a combination of classical CD markers and other gene-based 
markers known in the literature. For example, CXCR4, a chemokine receptor, 
turned out to be an important marker for the identifi cation of the naive B cells 
[16], whereas the classical markers IGHD, CD19 were dimly expressed in this cell 
subset. Also, CXCR4 is known to be progressively downregulated in transition 
from naive B cells to memory B cells to activated memory B cells [19], which we 
also observed in clusters B1, B2 and B3 (Figure 1D). The activated memory B-cell 
state displays a hallmark of an eff ector B-cell response and shares several mar-
kers with previously defi ned aged/autoimmunity-associated B cells, e.g., high ex-
pression of ITGAX (CD11c) [28]. Another activated memory B-cell marker, i.e., 
ZBTB32, is known to modulate the duration of memory B-cell recall responses 
in mice [29]. Defi ning the B-cell populations accurately helps in better under-
standing of the molecular processes e.g., immunoglobulin production, antigen 
processing and presentation and glycolysation in vaccination/infection (Figure 
2F), which in turn might be helpful in identifying therapeutic targets in pathogen 
immunity. Moreover, among all activated memory B-cell markers, ITGAX, CD72 
and TNFRSF1B are membrane markers, that in addition to the classical B-cell 
markers can be used to sort activated memory B cells.

Despite regressing out cell cycle genes, we still observed a high score for the G2+S 
genes in the P4 cluster, suggestive of the most proliferating PB/PCs. Although we 
did not consider the cell cycle genes for lineage tracing, the P4 plasma cell cluster 
was the endpoint of the trajectory, which suggests the role of developmental ge-
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nes other than cell cycle genes in the plasma cell development and proliferation. 
Interestingly, these P1-P4 clusters of PB/PCs do not accurately depict the deve-
lopmental stages of PB/PCs as defi ned by the CD20 and CD138 markers in fl ow 
cytometry [5]. We showed that using fl ow cytometry data as a reference, the sta-
ges of plasma cell maturation could be tracked accurately and additional plasma 
cell maturation markers, contributing from the early to late plasma cell maturati-
on pathway, were identifi ed. For example, peroxiredoxin PRDX3 (similar expres-
sion as SELL (CD62L)) suffi  ces the metabolic requirements of PCs in early phase 
of development that are destined to secrete massive amounts of Ig [30]. PPIA, 
peptidyl-prolyl isomerase A, catalyzes the protein folding and might play an im-
portant role in folding the Abs in the early phase of plasma cell development. 
Additionally, PABPC1 (expression similar to CD19) mediates the regulation of 
the switching from membrane IgH to secreted IgH isoform in PCs [31]. CD74 
(expression similar to MS4A1 (CD20)) is directly involved in shaping the scB-
CR-rep by initiating a cascade that results in proliferation of B cells and rescues 
the cells from apoptosis [32,33]. MZB1 (expression similar to CD27) is an impor-
tant co-chaperone in plasma cell diff erentiation [34]. Loss of this gene can aff ect 
migratory properties of the Ab secreting cells and their traffi  cking and retention 
to the bone marrow [34]. Similarly, the SSR4 gene plays an important role in pro-
tein assembly and traffi  cking [35]. Its high expression is related to IgG4-related 
diseases [36]. The markers DDOST and PPIB (expression similar to CD38) are 
involved in protein glycosylation and unfolded protein responses in the plasma 
cell development process as also identifi ed in the pathway analysis. Finally, XBP1 
(similar expression as SDC1 (CD138)) is responsible for late events i.e., increased 
protein synthesis in plasma cell diff erentiation [37,38]. Herein, 32% of 104 genes 
were found to express membrane bound proteins and hence can be used in fl ow 
cytometry to dissect additional stages of plasma cell maturation and/or sort spe-
cifi c populations e.g., Ab-secreting cells. A few of these markers e.g., CD74 [39] 
and CD22 [40] have already been used in quantitative fl ow cytometry studies to 
distinguish normal B cells from the B-cell related malignancies.

The repertoire in response to infection/vaccination has generally preference 
for specifi c V, D or J genes. For example, anti-hemagglutinin clones have been 
shown to use the IGHV1-69 gene [35,41] and IGHV4-34 gene [19] is abundant in 
infl uenza vaccination/infection studies. However, the usage of the IGHV3-7 gene 
increased after Hepatitis B vaccination [42]. Also, the abundance of the IGHV4-
59, IGHV4-39, IGHV3-23, IGHV3-53, IGH3-66, IGHV2-5, and IGHV2-70 genes 
was found in SARS-CoV2 infection studies [43,44,45,46]. Similarly, we observed 
an increased usage of the IGHV3-23 gene on all visits post-vaccination; the usage 
of the IGHV1-2, IGHV1-18, IGHV3-33, IGHV4-39, IGHV4-31 genes increased at 
d5, d7 and d10 post-vaccination; and IGHV5-51 was highly used at d10 post-vac-
cination. We found that none of the specifi c classes of the IGHV genes has driven 
the overall response. Moreover, we identifi ed high usage of the IGHD3 family 
and the IGHJ6 gene, which is in general abundantly used in the general reper-
toire [47,48,49], most likely owing to the perfect recombination signal sequences 
[50,51]. In the light chains, we also observed a high usage of the IGK genes as 
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compared to the IGL loci gene, refl ecting the normal 3:2 ratio observed in hu-
mans at baseline [52,53,54], which was skewed to a ~8:3 ratio at d5, suggesting 
selection mechanisms due to the antigen exposure.

We identifi ed ~900 of ~3500 clonotypes with >1 BCR clustered together. The ma-
jority of them were present on d5 and d7 post-vaccination. Although, the PB/PCs 
expanded after vaccination are enriched for vaccine-specifi city, we cannot rule 
out that some of the PCs may have a diff erent specifi city [55,56]. Approximately, 
70% of the Ab-secreting cells in the infl uenza vaccination study have been shown 
to be infl uenza-vaccine specifi c, previously [8]. The clonotype classifi cation allo-
wed us to identify class-switching events, the majority of which contained IGHM 
and IGHG, followed by IGHM and IGHA. It is known from previous studies that 
~85% of the switches from IgM commonly comprises of IgG1, IgA1 and IgG2 in 
decreasing order [57]. Higher usage of the IgG subclasses (48% IgG1, 22% IgG2, 
and 9% IgG3) has been known previously from infl uenza vaccine responsive clo-
nes [19], which was also observed in our study. Altogether, the highest usage of 
the IGHG1 gene and the highest number of clonotypes containing IgM and IgG 
suggest the vaccine target IgG-based immune response, common immune res-
ponse in intramuscular vaccine administration.

The selection processes and molecular events aff ect the V gene of IG heavy chain 
diff erently than the light chains [58,59] resulting in less diversity in the light 
chain repertoire [60]. Although we observed signifi cant correlations between the 
mutations in V regions in heavy and light chain genes, the correlation was <45%. 
The high mutation rate in IGHV BCRs utilizing the IGHM class has been propo-
sed as a mechanism of the immune system to maintain long-term memory to the 
vaccine [61]. Moreover, the high number of mutations in IGHG1 and IGHM genes 
in CDR and FR3 regions might also be associated with the maturation of IgG af-
fi nity during the response to the Boostrix vaccine. As the vaccine is a booster and 
only one individual was used for the pilot study, it might be diffi  cult to assess the 
role of booster in affi  nity maturation processes.

The dissection of the immune response to all the antigens and/or separate com-
ponents of a vaccine, when cells are not pre-sorted based on their reactivity, can 
be helpful to estimate the response to each of the antigens. We identifi ed a few 
clonotypes related to anti-TT and anti-PT BCRs, suggesting the public nature of 
the queried sequences. Identifi cation of highly conserved anti-TT BCRs suggests 
an optimal repertoire for strong immunodominant epitopes. However, we obser-
ved that the anti-PT BCRs were not highly conserved which could be explained by 
either a unique private repertoire to the antigen or that each encounter with this 
antigen shapes the repertoire with additional mutations. The number of identi-
fi ed anti-TT and anti-PT clones are not directly related to the complexity of the 
proteins in the vaccine but related to the number of epitopes found in the litera-
ture. Additional support to this observation can be obtained with repertoire data 
obtained from antigen-specifi c B cells from multiple individuals.
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Overall, we identifi ed B-cell populations and additional plasma cell maturation 
pathway biomarkers based on the transcriptomics data. Importantly, we used the 
longitudinal scBCR-rep data to understand the V(D)JC gene usage, clonal expan-
sion and SHM events post-vaccination and their role in shaping immune respon-
ses. Together, we were able to dissect the immune responses to the components 
of the Boostrix vaccine.

Conclusions
To conclude, we have characterized the PB/PCs response of an immunized donor 
by performing longitudinal analysis (d0, 5, 7, 10, and 14 after Boostrix vaccina-
tion) of the single-cell transcriptome as well as the B-cell receptor (BCR) reper-
toire (scBCR-rep) data and comparing them with the fl ow cytometry data from 
the same donor. We report that the conventional membrane protein markers for 
cell type identifi cation in fl ow cytometry do not match transcript expression le-
vels. Hence, proper B-cell subsetting based on gene expression profi le requires 
use of additional parameters. Also, the fl owcytometry data guided us to trace the 
maturation pathway of the PB/PCs, which was not feasible with the single-cell 
transcriptomic data, owing to diff erences in the transcript level expression. Ho-
wever, after tracing the maturation pathway, we could fi nd multiple additional 
membrane markers e.g., CD37, CD52, CD22, CD53, FCER2 that could be used in 
fl ow cytometry to dissect the maturation of PB/PCs. Furthermore, in this study, 
we developed a methodology to compare the BCR-rep in PB/PCs with the baseli-
ne B-cell repertoire and reported expansion of unique clones in post-vaccination 
visits, high usage of IGHG1 in expanded clones, increased class-switching events 
post-vaccination and positive selection of CDR3 sequences over time. We also 
found that the Variable gene family-based clustering of BCRs improved the clus-
tering of BCRs. Finally, the query tool developed in the study to dissect the im-
mune response to the components of the Boostrix vaccine is unique to this study.
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Summary 
The authors apply high-dimensional fl ow cytometry to monitor the cellular im-
mune response in a human Bordetella pertussis challenge model. These cellular 
studies show that participants protected from colonization have a distinct early 
cellular immune response, likely refl ecting eff ective immunological memory.

Abstract
Background: Limited data is available on the mechanisms of protection against 
colonization with Bordetella pertussis in humans.

Methods: Cellular responses to Bordetella pertussis challenge were monitored 
longitudinally using high-dimensional EuroFlow-based fl ow cytometry, allowing 
quantitative detection of >250 diff erent immune cell subsets in blood.

Results: Participants who were protected from colonization showed diff erent 
early cellular responses compared to colonized participants. Especially promi-
nent for non-colonized participants were the early expansion of (CD36-) non 
classical monocytes at day 1 (d1), NK cells (d3), follicular T helper cells (d1/d3) 
and plasma cells (d3). Plasma cell expansion at d3 correlated negatively with the 
CFU load at d7 and d9 post-challenge. Participants that seroconverted showed 
increased plasma cell maturation at d11-14.

Conclusion: These early cellular immune responses following experimental in-
fection can now be further characterized and potentially linked to an effi  cient 
mucosal immune response, preventing colonization. Ultimately, their presence 
may be used to evaluate whether new Bordetella pertussis vaccine candidates are 
protective against Bordetella pertussis colonization.  
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Introduction 
The introduction of vaccines has signifi cantly reduced the amount of infectious 
disease-related deaths.[1] However, many vaccines are based on empirical re-
sults, and the mechanisms of protection and underlying immunological pro-
cesses are not completely understood. For vaccines/diseases for which no clear 
correlate of protection is defi ned, as is the case for pertussis, increased insight 
into the immunological processes associated with infection may be an important 
step forward. Pertussis is a disease of the respiratory tract, caused by the bacteri-
um Bordetella pertussis (Bp). Infection with Bp occurs via respiratory droplets. 
Although the whole cell pertussis (wP) vaccine and the acellular pertussis (aP) 
vaccine are known to protect against disease, the incidence of pertussis has been 
rising in the past decennia.[2] Several animal models have been established to 
study pertussis infection and vaccination. These models resulted in valuable in-
sights into the diff erent immune responses induced by aP and wP vaccination, 
new vaccine candidates, diff erent routes of administration, and infection.[3-5] 
In baboons, aP vaccination induced a T helper (Th) 1/Th2 response, protecting 
animals from severe disease, but did not prevent colonization and transmission 
to naive vaccinated animals.[3] In contrast, natural infection with Bp and -to a 
lesser extend- wP vaccination induced a Th1/Th17 memory response. Moreover, 
wP vaccinated animals were protected from severe disease, and although not pro-
tected against colonization, they cleared the infection signifi cantly quicker than 
aP-vaccinated and naive animals. Lastly, previously infected animals were pro-
tected from colonization and disease.[3] The question remains to what extent 
animal models resemble the course of Bp infection and the accompanying immu-
ne response in humans. This topic can only be addressed in human vaccination 
and challenge studies. 

Data on humans in the pre-pertussis vaccine era indicated that although natural 
infection does not result in complete lifelong protection, reinfection is much mil-
der than primary infection.[6] Moreover, protection after natural infection was 
estimated to last longer compared to aP or wP vaccine-induced protection.[6] 
This implies that despite high vaccination coverage, the carriage and transmissi-
on of pertussis persist, which may explain the reported resurgence of pertussis in 
the last decades.[7-9] Improved protection against transmission is an important 
aspect for the development of future vaccines/vaccination strategies against per-
tussis. 

Currently, modifi cations of existing pertussis vaccines as well as new vaccine can-
didates are being investigated.[4] Yet limited data is available on the mechanis-
ms and immune signatures associated with protection against colonization. Mo-
reover, it is diffi  cult to extrapolate data from intramuscular vaccination to other 
routes of administration, such as intranasal delivery, which more resembles the 
‘natural way’ of Bp encounter. For pertussis, the live-attenuated BPZE1 vaccine 
-which is delivered intranasally- is currently one of the most advanced vaccine 
candidates in clinical development also aiming to reduce the transmission of per-
tussis.[4,10] 
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In 2017, a human challenge model for Bp (controlled bacterial infection) was es-
tablished at the National Health Institute for Health Research Clinical Research 
Facility (CRF) Southampton, UK by the University of Southampton as part of the 
IMI-2 PERISCOPE Consortium.[11,12] In this model, asymptomatic colonization 
of participants can be established in a safe way. A major advantage of using this 
human challenge model is that one can defi ne more clearly whether a participant 
is protected against colonization by measuring serum antibodies and culturing 
bacteria from throat and nasal samples. Moreover, in contrast to sampling from 
pertussis patients, the exact moment of infection is known, and the synchronized 
sampling in multiple participants enables us to fi nd shared patterns arising after 
bacterial challenge. The analysis of the cellular immune response following bac-
terial challenge may yield new insights in the cellular kinetics important for early 
removal of bacteria from the mucosal layers and protection against colonization. 
Comparison of similarities and diff erences between the immune responses lau-
nched after vaccination or bacterial challenge may help to identify why current 
pertussis vaccines do not fully protect against infection and what should be chan-
ged to induce protection against carriage. Identifi cation of immune signatures as-
sociated with protection against colonization may be of importance in the evalu-
ation of vaccines that aim at reduction/prevention of carriage and transmission.
In this exploratory study, we monitored the cellular kinetics in humans after in-
tranasal challenge with Bp. All participants were wP-primed and had no known 
recent contact with Bp. We monitored the immune responses in these partici-
pants and identifi ed cellular changes that were unique for participants protected 
from colonization. 

Results
10/15 participants colonized after challenge with B1917 stain
Samples from 15 participants were collected between November 2017 and Sep-
tember 2018. Five participants were challenged intranasally with 10^4 colony 
forming units (CFU) and ten participants were challenged intranasally with 10^5 
CFU. As reported previously, participants challenged with 10^5 CFU more fre-
quently reported mild symptoms of cough, rhinorrhea and nasal congestion than 
participants challenged with 10^4 CFU.[12] None of the participants developed 
pertussis disease or required rescue medication. No serious adverse events were 
reported. In the here-presented study, no diff erences in immune cell kinetics 
were found between participants challenged with 10^4 or 10^5 CFU, unless in-
dicated specifi cally. One participant withdrew from the study after day (d) 14, 
and one participant withdrew after d28, both not related to the study. Samples 
collected until the moment of withdrawal were used.

To determine the colonization status after challenge, nasal washes were perfor-
med from d4 onwards as described previously (Fig 1A-B).[12] Challenge with 
10^4 CFU and 10^5 CFU resulted in Bp positive culture in 2/5 and 8/10 parti-
cipants, respectively. Of the 10 colonized participants, four participants showed 
low-density colonization (defi ned as <1000 CFU/mL at any time point during the 
study), and six participants showed high-density colonization (>1000 CFU/mL at 
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any time point during the study). In further analyses, we divided the participants 
based on colonization and seroconversion status and searched for unique immu-
ne signatures associated with these readouts.

Figure 1. Study and cohort description and clinical readout. A. Overview of intervention and 
sampling time points used in this study, including the mandatory antibiotics treatment for all parti-
cipants at d14, d15 and d16 after bacterial challenge. B. Overview of participants clustered based on 
the clinical readout (colonized/not colonized and degree of colonization: no colonization, low-density 
colonization, and high-density colonization), based on the cultures derived from nasal washes and the 
anti-PT IgG values at baseline and 1 month after challenge. C. Ag-specifi c serum IgG levels at baseline 
and 28 days after challenge, as evaluated by multiplex immunoassay. Data are arranged according to 
degree of colonization. D. Number of non-colonized, low-density colonized, and high-density colo-
nized participants that seroconverted. PT= pertussis toxin, FHA= fi lamentous hemagglutinin, Prn= 
pertactin, Fim2/3= Fimbriae 2 and 3.
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Ag-specifi c serum IgG levels (against PT, FHA, Prn and Fim2/3) were determin-
ed at baseline and d28 (Fig 1C). Comparison of baseline Ag-specifi c serum IgG 
levels of the 15 participants evaluated in this study versus all participants inclu-
ded in the overarching bacterial challenge study showed no diff erences (data not 
shown). Six participants showed signs of seroconversion (one low-density and 
fi ve high-density colonized participants), non-colonized participants showed no 
sign of seroconversion (Fig 1D). On top of increased anti-PT IgG serum levels, 
colonized participants also showed generally higher increases in other Ag-specifi c 
Igs than non-colonized participants. As only an >2-fold increase of anti-PT serum 
IgG was used as cut-off  for seroconversion, we also investigated if any participant 
had an >2-fold increase for another antigen, but not for PT. This was not obser-
ved. Lastly, the absolute increase in Ag-specifi c serum IgG was most prominent 
in high-density colonized participants, especially for anti-PT and anti-FHA IgG.
 
Fluctuations in circulating innate immune cells after bacterial chal-
lenge 
During natural encounter or challenge, the bacterium itself triggers innate im-
munity at the site of infection (mucosal surfaces). Thus, a fast (and local) innate 
response may be important to control Bp directly upon encounter. As recruit-
ment of innate cells to and from tissues may be detected in the blood early after 
challenge, we evaluated the cellular changes of innate immune cell subsets after 
bacterial challenge. 

Early after challenge, total circulating leukocyte numbers (expressed as ratio of 
baseline) did not change. However, at d11, d28 and d56 post-challenge, circula-
ting leukocyte numbers decreased (Fig 2A). Circulating neutrophils decreased 
signifi cantly at d1, d4 and d11 post-challenge (ratio of baseline) (Fig 2B). Inte-
restingly, when dividing into mature and immature neutrophils, this decrease 
was only observed for mature neutrophils (not shown). Circulating eosinophils 
decreased at d3, d4, d28 and d56 post-challenge (Fig 2C). The most prominent 
changes were observed in circulating monocyte populations. Monocytes matu-
re from classical monocytes (cMo), via intermediate (iMo) to nonclassical mo-
nocytes (ncMo) and can be further subdivided into diff erent functional subsets 
or activation stages.[13,14] Fluctuations in total cMo were limited, with only a 
minor reduction in circulating cMo at d1, d11 and d28 (data not shown). Howe-
ver, within cMo subsets, decreased numbers (ratio of baseline) were observed 
for CD62L+ cMo at d1, d4, d9, d11, d14, d28 and d56 post-challenge, whereas in-
creased numbers (ratio of baseline) were observed for CD62L- cMo at d1, d4, d7, 
d9, d28 and d56 post-challenge (Fig 2D+E). CD62L, also known as L-selectin, 
is shed upon activation and CD62L- cMo are considered activated and possibly 
more mature.[15] Moreover, an increase in intermediate monocytes (iMo) was 
observed at d3 and d4 post-challenge (ratio of baseline) (Fig 2F). No consistent 
early fl uctuations were observed for ncMo, although their numbers decreased at 
d11 post-challenge (ratio of baseline) (Fig 2G). Within the dendritic cell (DC) 
compartment no early consistent changes were observed, although both plasma-
cytoid DCs (pDC) and myeloid DCs (mDC) showed a decrease in cells from d28 
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Figure 2. Fluctuations of cell numbers in the innate immune cell compartment after 
bacterial challenge. Boxplots (median, Q1, Q3, min-max) showing the kinetics of major innate 
immune cell subsets (A-I) expressed as ratio compared to baseline. N=15. Dashed line indicates a 
ratio of 1.0 (baseline value). Baseline cell counts, median (min-max) in cells/μl are indicated below 
each graph. Longitudinal changes were evaluated using Wilcoxon test and ratio of baseline. In case 
of signifi cant diff erences in ratio compared to baseline, the median increase or decrease in cells/μl 
is indicated on top of the bar. (J-M) Increase or decrease of cell numbers expressed as ratio com-
pared to baseline in colonized and non-colonized participants. N=15. Statistical test performed; 
Mann-Whitney on ratio of baseline. * Indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 
D=days post-challenge. cMo= classical monocyte. iMo= intermediate monocyte. ncMo= non-classical 
monocyte. mDC= myeloid dendritic cell. pDC = plasmacytoid dendritic cell. a Although in panel E the 
ratio versus baseline was increased, the median cell count at d28 vs median cell count at baseline was 
lowered (-7 cells/ul).

onwards (Fig 2H+I).

To investigate whether the kinetics of innate immune cells are associated with 
colonization, we compared the numbers of circulating innate immune cells in 
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participants who were colonized and non-colonized. No consistent diff erences 
between colonized and non-colonized participants were observed for leukocytes, 
eosinophils, iMo, cMo and dendritic cells. For circulating neutrophils, the de-
crease in mature neutrophils was visible as a trend in non-colonized individuals 
at d1 (p=0.125), d4 (p=0.0625), and d11 (p=0.0625), but was less prominent in 
colonized individuals. An increase in circulating ncMo (ratio of baseline), espe-
cially CD36- ncMo, was found at d1 post-challenge in non-colonized participants 
(Fig 2J-L), while these were decreased in colonized participants. Finally, at d3 
post-challenge, non-colonized participants had higher NK-cell expansion (ratio 
of baseline) than colonized participants (Fig 2M). 

Next, we divided the colonized participants based on colonization density (low- 
or high-density colonization). Here, we found that the decrease in (especially 
CD36-) ncMo was most prominent for low-density colonized participants (Sup-
pl. Fig 1A-C). cMo maturation (represented by shedding of CD62L) did not 
diff er between low- and high-density colonized participants (data not shown). 
However, we did observe a decrease in a circulating mDC subset in low-density 
colonized participants (CD1c+ CD14dim mDC, Suppl. Fig 1D). Lastly, NK cells 
in high-density colonized participants did not expand, whereas the NK cell ex-
pansion in low-density colonized participants -to some extent- resembled that of 
the non-colonized participants (Suppl. Fig 1E).

To summarize: we observed fl uctuations in innate cell numbers in the early days 
after bacterial challenge. Decreased cell numbers may indicate migration of cells 
into the tissue, and the shedding of CD62L may indicate a shift towards a more 
activated phenotype in the cMo compartment. Cellular kinetics diff ered between 
non-colonized and colonized participants, and between high- and low-density 
colonized participants. The colonization density did not refl ect the magnitude of 
cellular changes, as these were usually more prominent in low-density colonized 
participants.

Limited fl uctuations of T-cell populations post-challenge 
Activation of T cells is required for cellular immunity and the activation of humo-
ral immunity by providing T-cell help to B cells in the germinal center reaction. 
As there are diff erent T-cell responses generated after vaccination with aP or wP 
and (natural) infection [16,17], we set out to determine changes in circulating T 
cells after experimental exposure to Bp. 

Within circulating total T cells, CD4 T cells, CD4 T helper (Th) and regulatory T 
cells, no changes occurred until d28 and d56, when a signifi cant decrease compa-
red to baseline was observed (Fig 3A-C). However, an expansion of follicular T 
helper (FTH) cells was observed at d3 post-challenge (ratio of baseline) (Fig 3D). 
This expansion of FTHs was not polarized to any specifi c FTH cell type. Additio-
nally, no consistent changes were observed in CD4 Th cell fl uctuations (Fig 3E-I) 
or Th cell maturation/activation. 
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Figure 3. Fluctuations of cell numbers in the T- cell compartment after bacterial chal-
lenge. Boxplots (median, Q1, Q3, min-max) showing the kinetics of major innate immune cell sub-
sets (A-I) expressed as ratio compared to baseline. N=15. Dashed line indicates a ratio of 1.0 (baseline 
value). Baseline cell counts, median (min-max) in cells/μl are indicated below each graph. Longitudi-
nal changes were evaluated using Wilcoxon test and ratio of baseline. In case of signifi cant diff erences 
in ratio compared to baseline, the median increase or decrease in cells/μl is indicated on top of the 
bar. (J-N) Increase or decrease of cell numbers expressed as ratio compared to baseline in colonized 
and non-colonized participants. N=13 (J-L) or N=15 (M, N). Statistical test performed; Mann-Whit-
ney on ratio of baseline. * Indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. D= Days 
post-challenge. FTH= follicular T helper cells, Th= T helper cell, CXCR3-CCR4-CCR6+CCR10- = re-
cently defi ned Th subset with phenotype CXCR3-CCR4-CCR6+CCR10-.

When grouping the participants based on colonization status, three diff erent CD4 
Th subsets increased signifi cantly in non-colonized participants (ratio of baseli-
ne) compared to colonized participants at d1 post-challenge (Fig 3J-L). A small 
expansion in Th1/17 cells was observed at d1 post-challenge. Additionally, we 
found an expansion of Th22 cells and of a recently defi ned Th subset (phenotype: 
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CXCR3-CCR4-CCR6+CCR10-) at d1 in non-colonized participants.[18] The diff e-
rence between colonized and non-colonized participants was not fully explained 
by total CD4 T-cell kinetics (Fig 3M). An increase in total FTH cells at d3 was pri-
marily found in non-colonized participants (Fig 3N). Due to technical and biolo-
gical reasons (missing antibody in a surface stain ‘master mix’ and/or a CD45RA 
polymorphism [19]), at this time point FTH subsets could only be defi ned in 9/15 
participants. Nevertheless, we observed a trend towards increased naive FTHs, 
Th1-like, Th1/17-like and Th17-like FTHs at d3 post-challenge in non-colonized 
participants. This increase was signifi cant for Th2-like FTH cells (Suppl. Fig 2). 
When looking at the impact of colonization density, comparison between non-co-
lonized and low-density colonized participants resulted in signifi cant diff erences 
for Th-cell subsets at d1 (Suppl. Fig 3A-D). Moreover, FTH expansion at d3 was 
higher in non-colonized participants compared to both low- and high-density co-
lonized participants (Suppl. Fig 3E). No consistent changes were observed in 
maturation/activation of Th subsets.

Thus, although we observed consistent changes in the Th cell compartment at 
d1 after bacterial challenge, the most prominent change was the expansion of 
circulating FTH cells at d3 post-challenge. This expansion was only observed in 
non-colonized participants and not polarized to any subset.
 
Increased plasma cell numbers at d3 and d11-14 post-challenge 
T-cell help, given by FTH cells in the secondary lymphoid organs, is required to 
activate B cells after antigen encounter.[20] Activation of B cells leads to the for-
mation of memory B cells and plasma cells, and consequently to the production 
of (protective) antibodies. After (booster) vaccination with aP, skewing towards 
IgG1 plasma cells was reported, whereas natural encounter is thought to induce 
IgA memory, as shown by the positive correlation between age and IgA responses 
against Bp.[21-24] 

Upon challenge, fl uctuations in the naive and memory B-cell compartment were 
limited and not consistent in-between participants (Fig 4A). However, plasma 
cells expanded at d11-14 post-challenge and were signifi cantly increased at d14 
post-challenge (ratio of baseline) (Fig 4B, Suppl. Fig 4A). In participants ino-
culated with 10^5 CFU, a trend towards higher plasma cell expansion was obser-
ved at d11-14 post-challenge (Suppl. Fig 4B, ns). At d14 post-challenge, IgG2, 
IgA1 and IgA2 plasma cells were signifi cantly increased compared to baseline, 
and for IgG1 this was observed as a trend (p= 0.121) (Fig 4C-I). Finally, despite 
clear expansion, no consistent changes were observed in the distribution of ma-
turation stages of total plasma cells, which were primarily defi ned by the loss of 
CD20 and gain of CD138 markers (Suppl. Fig 4D). 

Next, we grouped the participants based on colonization status. Here, we detec-
ted an expansion of plasma cells at d3, which was most prominent in non-colo-
nized participants, but found in seven participants in total (Fig 5A, ns). Among 
all plasma cell subsets, expansion at d3 seemed slightly more prominent for IgG1 
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Figure 4. Kinetics in the plasma cell compartment upon bacterial challenge. A. Boxplot 
(median, Q1, Q3, min-max) showing the expansion of total memory B cells post-challenge. N=15. B-I. 
Boxplots (median, Q1, Q3, min-max) showing the expansion of total (B), IgM (C), IgG1-4 (D-G), and 
IgA1-2 (H-I) plasma cells post-challenge expressed as ratio compared to baseline (B-I: N=14). Dashed 
line indicates a ratio of 1.0 (baseline value). Shown are medians and range. Dashed line indicates a 
ratio of 1.0 (baseline value). Baseline cell counts, median (min-max) in cells/μl are indicated below 
each graph. Longitudinal changes were evaluated using Wilcoxon test on ratio of baseline. In case of 
signifi cant diff erences in ratio compared to baseline, the median increase in cells/μl is indicated on 
top of the bar. * Indicates p<0.05. PC = plasma cell, d= days post-challenge. a Participant ID.12 sho-
wed strongly elevated (IgM) plasma cell counts at baseline, which were about 5x (total plasma cells) 
and 25x (IgM plasma cells) higher compared to counts measured at day 28 and 56. Therefore, this 
participant was excluded in panel B-I.

(ns), IgG4 (ns) and IgA1 (ns). Plasma cell expansion at d11-14 seemed unrelated 
to colonization status (Fig 5B). Next, we investigated the maturation patterns 
of IgG1 and IgA1 plasma cells in colonized and non-colonized participants (Fig. 
5C+D). We observed that in non-colonized participants the expansion of IgG1 
at d3 post-challenge mostly comprised the least and most mature IgG1 plasma 
cells, whereas for IgA1 this expansion comprised the least and intermediate ma-
ture IgA1 plasma cells. For IgG4 plasma cells, cell counts were generally too low 
to reliably monitor all three plasma cell maturation stages. When assessing the 
distribution of total plasma cells over diff erent maturation stages, we found a 
relative increase in more immature plasma cells at d3 and d4 post-challenge in 
non-colonized participants, but not in colonized participants (Fig 5C). 
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Then, we divided participants based on colonization density. Aside from non-co-
lonized participants, the plasma cell expansion at d3 was observed in 1 low- and 1 
high-density colonized participant (Suppl. Fig 5A). Expansion of plasma cells at 
d11-14 post-challenge was not specifi c for colonization density (Suppl. Fig 5B). 

Figure 5. Diff erent kinetics in the plasma cell compartment colonized and non-coloni-
zed participants. Of note: due to diff erent normalization of plasma cells in participant ID.12, this 
participant was not included in the analysis of total plasma cells (panel A, B and E; N=14) A. Plasma 
cell expansion at d3 post-challenge, expressed as ratio compared to baseline. B. Plasma cell expansion 
d11-14 post-challenge expressed as ratio compared to baseline (of d11 and d14, the day of maximum 
expansion was used for each participant). N=14 C+D. Longitudinal changes in IgG1 (C) and IgA1 (D) 
plasma cell maturation stages expressed as ratio compared to baseline. N=15. Dashed line indicates a 
ratio of 1.0 (baseline value). E. Distribution of total plasma cells over six diff erent maturation stages 
(MS1-6), expressed as percentage of total plasma cell population. Average plasma cell counts are indi-
cated at the right side of each plot. N=15 Statistical test performed for longitudinal analysis, Wilcoxon 
test on ratio of baseline. Statistical test for comparison between groups per time point; Mann-Whit-
ney on ratio of baseline. ** Indicates p<0.01.
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Upon inspection of IgG1 and IgA1 plasma cells, we found that at d3 post-challen-
ge, non-colonized participants had signifi cantly higher numbers of least mature 
IgA1 plasma cells, as compared to low-density colonized participants. Moreover, 
both high-density and non-colonized participants showed an increase in inter-
mediate mature IgG1 and IgA1 plasma cells at d11-14 post-challenge (Suppl. Fig 
5C+D, ns). When assessing the distribution of total plasma cells over diff erent 
maturation stages, the diff erences between low-density colonized and non-co-
lonized participants were most prominent at early time points (d0, d3 and d4) 
(Suppl. Fig 5E). 

As the expansion of plasma cells at d3 post-challenge seemed more prominent in 
non-colonized participants, we correlated the plasma cell expansion at d3 with 
the maximum CFU load and the CFU load at each day post-challenge until the 
fi rst day of azithromycin treatment. No correlation was found between the plas-
ma cell expansion and the maximum CFU load. Instead, we found a negative cor-
relation between plasma cell expansion at d3 and CFU load at d7 (Spearman R 
= -0.5773, p=0.0269) and CFU load at d9 (Spearman R = -0.6215, p= 0.0157). 
Plasma cell expansion at d3 did not correlate with CFU load at d11 or d14. Final-
ly, as T-cell help is required for B-cell activation, we correlated the plasma cell 
expansion at d3 with Th-cell expansion at d1 and FTH expansion at d3, but no 
correlation was observed.

Thus, within the B-cell compartment, we observed most changes within the IgG 
and IgA plasma cell subsets. An early expansion of plasma cells at d3 post-chal-
lenge was primarily observed in non-colonized participants, whereas plasma cells 
at d11-14 post-challenge expanded irrespective of colonization status. A negative 
correlation was observed between CFU load and plasma cell expansion at d7 and 
d9 post-challenge. Lastly, maturation of the IgG1 and IgA1 plasma cells was ob-
served to some extent, especially towards to intermediate mature phenotype at 
d11-14 post-challenge.

Plasma cell expansion and maturation are predictors of seroconver-
sion
As Ag-specifi c serum Ig levels are routinely used as a readout for vaccine effi  ca-
cy and/or protective immunity, we also investigated cellular changes associated 
with seroconversion. Here, we found that all participants who seroconverted (1 
low-density and 5 high-density colonized participants) had a more prominent 
expansion of total plasma cells at d14 post- challenge compared to non-serocon-
verting participants (p<0.05) (Fig 6A). This expansion was clearest in IgM, IgG1 
and IgA1 plasma cells (p<0.05). In participants who seroconverted, the number 
of intermediate (d14) and most mature (d11 and d14) IgG1 plasma cells was signi-
fi cantly higher compared to non-seroconverting participants (Fig 6B). For IgA1 
plasma cells, slight diff erences between seroconverting and non-seroconverting 
participants were found for the least mature plasma cells (d4 and d9), and a trend 
towards higher intermediate mature plasma cells was found in seroconverting 
participants at d11 and d14 (Fig 6C). When observing the distribution in matu-
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Figure 6. Diff erent plasma cell kinetics in participants that did or did not seroconvert. 
A. Expansion of plasma cell numbers at d14 post-challenge. Expansion is expressed as ratio compared 
to baseline. N=15 B+ C.  Longitudinal changes in IgG1 (B) and IgA1 (C) plasma cell maturation stages 
expressed as ratio compared to baseline. N=15. Dashed line indicates a ratio of 1.0 (baseline value). 
D. Distribution of total plasma cells over six diff erent maturation stages (MS1-6), expressed as per-
centage of total plasma cell population. Average plasma cell counts are indicated at the right side of 
each plot. N=15 Statistical test performed for longitudinal analysis, Wilcoxon test on ratio of baseline. 
Statistical test for comparison between groups per time point; Mann-Whitney on ratio of baseline. * 
Indicates p<0.05 (longitudinal change), # indicates p<0.05 (diff erence between cohorts).
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ration stages in the total plasma cell compartment, we again observed the incre-
ase in intermediate mature plasma cells in seroconverting participants at d11-d14 
post-challenge (Fig 6D).  In non-seroconverting participants, a slight increase in 
more mature plasma cells was observed at d3-4 post-challenge. 

Evaluation of other immune cell subsets did not reveal any additional cellular 
changes specifi c for seroconversion. Lastly, we investigated the correlation bet-
ween maximum colonization density in CFU during the study and the absolute 
increase in serum IgG (d28-d0) directed against PT, FHA, Prn and Fim2/3. We 
found a positive correlation for anti-PT IgG (Spearman R= 0.6486, p=0.0109) 
and anti-FHA (Spearman R=0.5684, p=0.0296), but not for anti-Prn or an-
ti-Fim2/3 IgG.

Baseline Bp-specifi c serum IgG levels correlate with maximum CFU 
count
It is known that baseline status can impact the immune response. Therefore, we 
correlated the number of plasma cells at baseline and the Bp-specifi c IgG serum 
levels with the maximum CFU load. As anti-PT IgG serum levels >20 IU/mL 
were used as exclusion criteria, we did not correlate baseline anti-PT IgG with 
maximum CFU count. Still, we found a negative correlation between Bp-specifi c 
IgG levels and maximum CFU counts for anti-FHA (Spearman R = -0.5292, p= 
0.0447), anti-Prn (Spearman R = -0.6170, p= 0.0166) and anti-Fim2/3 (Spear-
man R= -0.5210, p = 0.0487), possibly indicating pre-existing immunity in sever-
al participants. No correlations were found between baseline plasma cell num-
bers and the maximum CFU load.
 
Most informative time points and cell populations associated with 
protection against colonization.   
The here presented study identifi ed the immune cell populations and sampling 
time points that are most informative for follow-up studies. Especially in the ear-
ly days after bacterial challenge (d1, d3 and d4), changes in the innate immune 
compartment are detected. Changes in the adaptive immune response can be 
monitored at various time points during the two weeks after challenge, with d1, 
d3, d11 and d14 being most informative in our hands. The most informative time 
points and cell populations to follow up on after bacterial challenge are summa-
rized in Figure 7A (general kinetics post-challenge) and 7B (kinetics specifi c for 
non-colonized participants).

Discussion
This study describes cellular immune responses following bacterial challenge and 
evaluates which features of this response correlate with protection against colo-
nization and/or seroconversion status. First, we evaluated the general immune 
cell kinetics post-challenge. Next, we assessed diff erences in immune signature 
based on colonization status, density, or seroconversion status. We found that in 
the early days (d1, 3, 4) after bacterial challenge, multiple cellular changes can 
be observed in the blood, especially in the neutrophils, monocyte compartments, 
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Figure 7. Overview of most informative time points and cell populations after bacteri-
al challenge. A. General cellular kinetics post-challenge irrespective of clinical readout. B. Cellular 
kinetics unique to participants protected against colonization, possibly indicating pre-existing immu-
nity in these participants.
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FTH cells and plasma cells. Kinetics of these subsets diff ered between colonized 
and non-colonized participants, and surprisingly, the most prominent diff eren-
ces were found in the response between low-density colonized and non-colonized 
participants. Interestingly, the d3 plasma cell expansion negatively correlated 
with CFU load at d7 and d9 post-challenge. Later, at d11-14 post-challenge, ex-
pansion of various plasma cell subsets was observed, and increased plasma cell 
maturation was found in participants who showed seroconversion. Although this 
exploratory study comprised of only 15 participants, which were clustered based 
on their colonization status (leading to low statistical power), we detected consis-
tent kinetics related to clinical readouts (colonization and seroconversion status). 
An important aspect in vaccine evaluation and improvement is understanding 
the underlying immune response. Cellular immunity against Bp colonization is 
never studied before in human, but comparisons can be made with vaccination 
studies, where protection against pertussis is achieved through intramuscular 
vaccination. Indeed, there are multiple studies describing antibody responses, 
and some studies also describe cellular responses induced by intramuscular vac-
cination against pertussis.[17,21-23,25] The major diff erences between current 
Bp vaccines and natural infection are the location of antigen encounter (intra-
muscular vs. mucosal) and the variety and concentration of antigens (aP vaccines 
contain purifi ed Bp antigens usually combined with other bacterial/viral com-
pounds like tetanus, diphtheria, polio). Although Bp vaccines confer protection 
against disease, they do not seem to prevent colonization and transmission of 
the bacterium.[3,26,27] Therefore, it is of critical importance to understand what 
is required to prevent colonization, translocation, and transmission of Bp. The 
benefi t of reduced carriage has already been demonstrated for meningococcal 
disease and Haemophilus infl uenzae type b, where reduced carriage resulted in 
lowered transmission and increased herd immunity. This is most likely related to 
better mucosal immunity.[28-30]
 
In two previous vaccination studies, we explored the cellular responses to intra-
muscular aP booster vaccination in various cohorts using highly similar methods 
(aP-primed children, aP- or wP-primed adolescents, wP-primed young adults, 
and wP-primed older adults).[21,31] Both studies pointed towards the d7 plasma 
cell expansion and maturation as the major cellular change post-vaccination. One 
of these studies also investigated the innate and T-cell kinetics in 10 wP-primed 
participants who received an aP booster.[21] There, we observed ‘late’ monocyte 
kinetics at d3 post-vaccination (mostly iMo and ncMo) in approximately half of 
the participants. No consistent changes were observed post-vaccination in the 
numbers or composition of the CD4 T-cell, CD8 T-cell, or NK cell compartment. 
Comparing these studies with the here presented controlled infection study, we 
found clear diff erences between the kinetics post-challenge and post-vaccination, 
which are discussed in more detail below. Interestingly, several of the fi ndings in 
this challenge model were in line with in a recent study evaluating the immune 
responses after intranasal vaccination with an attenuated Bp strain.[10]

Of all evaluated innate immune cells, especially monocyte subsets hold promise 
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for future evaluation. The decrease of CD62L+ cMo and increase of CD62L- cMo 
implies activation and maturation of the cMo. This activation was seen in all chal-
lenged participants irrespective of clinical readout. However, the early expansi-
on of (especially) CD36- ncMo was found exclusively in participants protected 
against colonization. Currently, information about the exact role of CD36- ncMo 
is scarce. However, part of the CD36- ncMos are SLAN+ ncMos. SLAN+ ncMos 
were recently reviewed by Ahmad et al [32] and are known to be circulating and 
tissue myeloid cells with high plasticity and a pro-infl ammatory function. In vitro 
studies showed that SLAN+ ncMos could rapidly diff erentiate into macrophages 
[13,33,34] or acquire DC functions, [35,36] and had a greater capacity to prime 
naive T cells towards Th1/Th17 cells when compared to CD1c+ DCs.[32,36-38] 
Although these fi ndings were not obtained in the context of Bp infection, the abi-
lity to promote Th1 and Th17 responses is relevant in the case of Bp infection, im-
plying that SLAN+ ncMos may contribute to the (protective) immune response. 
Consequently, we believe that monocyte subsets should be included in future im-
mune monitoring studies.

In our previously published vaccination study, we did not observe the activati-
on of cMo or the expansion of CD36- ncMo, although an expansion of overall 
iMo and ncMo was found.[21] This may be explained by the lack of early time 
points after vaccination or by the diff erent mode of antigen encounter. Recent 
work on intranasal vaccination with a life attenuated Bp (BPZE1) did not observe 
consistent changes or maturation in cMo, iMo or ncMo either.[10] This may be 
attributed to diff erences in methodology, such as depth of evaluation, (number 
of) evaluated time points or the use of an attenuated Bp strain. Interestingly, the 
authors reported the production of several proinfl ammatory cytokines by puri-
fi ed monocytes upon stimulation with BPZE1, implying that upon contact with 
Bp, the monocytes start a local infl ammation response. 

We observed a decrease in circulating mature neutrophils several days post-chal-
lenge, which was a bit more prominent in the participants protected against co-
lonization. The decrease in mature neutrophils may imply that these cells have 
been recruited into the tissue. Recent mouse studies indicated a role for IL-17, se-
creted by tissue-resident CD4 T cells (Trm cells), which is expected to play a role 
in the recruitment of neutrophils and enhancing Bp clearance.[39,40] Of note, 
those studies primarily focused on neutrophils present in (nasal) tissue, which 
may not be easily integrated in human studies due to the more invasive nature 
of sampling of tissue-resident cells (e.g. via nasal scrapings). As the decreased 
number of circulating mature neutrophils observed in this study may imply neu-
trophil extravasation, this (mature) population should be considered in future 
investigations.

The expansion of NK cells seemed to have an inverse relation with colonizati-
on density. This expansion was not observed upon booster vaccination with aP, 
neither did the intranasal study report on NK cell kinetics.[10,21] Animal studies 
have shown a role for NK cells in Bp infection, where they are thought to be the 
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initial source of IFNγ (reviewed by Higgs et al., [41]). The production of IFNγ is 
essential for containment of the infection and promotion of the Th1 response. 
Although we did not monitor IFNγ secretion, we did fi nd an early specifi c NK-cell 
signature (expansion) in the non-colonized participants. 

Interestingly, we found that low-density colonized donors showed more pro-
minent innate immune cell kinetics compared to high-density colonized par-
ticipants. A possible explanation might be the presence of some pre-existing 
immunological memory, yet not as high as in participants protected from coloni-
zation. This pre-existing memory might result in a more targeted innate immune 
response (infl uenced by pre-existing memory cells or antibodies) and faster con-
trol of bacterial growth as compared to donors without any noteworthy pre-exis-
ting immunological memory.

We found an increase in FTH cells at d3 post-challenge, which was especially pro-
minent in non-colonized participants. Although we did not fi nd such expansion 
after aP booster vaccination, the fl ow cytometric analysis of FTH cells after in-
tranasal pertussis vaccination (with BPZE1) did report an expansion of activated 
(as measured by expression of PD-1 and ICOS) Th1-like FTH cells starting at d4 
post-vaccination.[10] We did not assess activation status of the FTH cells, but did 
observe an expansion of FTH cells at d3 post-challenge. Activation and/or expan-
sion of FTH cells can support formation of germinal centers, and thus initiate hu-
moral responses, leading to the generation of (protective) antibodies. Moreover, 
we found increased numbers of circulating T-helper cells of the Th1/17, TH22 
and CXCR3-CCR4-CCR6+CCR10- phenotype at d1 and d3 post-challenge. These 
changes were not observed after an aP booster vaccination, and are much earlier 
than the T-cell readout that was used in the evaluation of BPZE1 vaccination, 
where a Th1-response was found in stimulated PBMCs at d28 post-vaccination.10 
In this study, we observed expansion of several IgG and IgA plasma cell subsets 
at d3 (mostly in non-colonized participants) and at d11-14 post-challenge. This is 
diff erent compared to post-vaccination kinetics, where we observed a prominent 
and homogeneous expansion and maturation of (primarily IgG1) plasma cells at 
d7 post-vaccination. This diff erence may be explained by the way that the anti-
gen is administered. During the booster vaccination, a high dose of antigen (+ 
adjuvant) is injected into the muscle, and thus all participants will be exposed to 
the antigen at the same time (d0), resulting in a synchronized induction of the 
immune response in vaccinated donors. Upon intranasal bacterial challenge, all 
participants are challenged with Bp at d0, but there may be diff erences in bacte-
rial growth between participants. Therefore, the plasma cell peak may diff er in 
timing between participants and thus not be as homogenous as after receiving 
a booster vaccination. Like in the post-challenge data, the expansion of plasma 
blasts (total, no subsets identifi ed) after intranasal vaccination peaked at d14.[10] 
Interestingly, in that same set of data, in 2/12 participants an expansion of plas-
ma blasts/plasma cells seemed present already at d4 post-vaccination, although 
the authors did not comment on this.
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The observed IgG response is most likely the result of previous vaccine-indu-
ced immunity against Bp and natural boosting, whereas the IgA response can be 
mainly attributed to previous natural infections. It should be noted that once ge-
nerated, both IgG and IgA memory B cells may be triggered by vaccination and/
or infection. As natural infection occurs via the respiratory tract, local mucosal 
immunity (i.e., secretory IgA antibodies) is of importance in the rapid removal/
neutralization of Bp upon infection. Increased mucosal immunity should be an 
important aspect for future Bp vaccine candidates, as this may reduce transmis-
sion. However, we believe that before this can be evaluated, the cellular respon-
ses preventing colonization and transmission should be understood. Of course, 
the question is to what extent the circulating IgA plasma cells represent mucosal 
IgA responses. Additional analysis of surface or intracellular markers may give 
insight in the destination of these plasma cells, for example, the use of markers 
that allow to diff erentiate between circulating and mucosa-oriented plasma cells 
(such as adhesion molecule β7 integrin, J-chain or C-C motif receptor 10 (CCR10)
[42-44]), may help to understand the destination of the expanding plasma cells. 
Expression of the J-chain would be of special interest for the peak of plasma cells 
that was observed at d3 post-challenge in the participants who were protected 
from colonization, as expression of mucosal homing markers may be lost when 
these cells are recruited from mucosal layers into the circulation. Moreover, re-
pertoire studies comparing the (Ag-specifi c) B-cell receptor (BCR) repertoire be-
tween B cells at baseline, the plasma cells at d3 and at d11-14, and memory B 
cells at later time points may yield valuable insights in the relationship of these 
cells. Such repertoire studies could give insights in the breadth of the antibody 
response between challenged and vaccinated individuals. Additionally, (Ag-spe-
cifi c) BCR repertoire studies may also identify diff erences in antibody reactivity 
between high-density, low-density, and non-colonized participants, possibly sho-
wing selection towards a shared (protective) response to specifi c antigens/epito-
pes in participants protected against colonization. Lastly, it may be of interest to 
determine the clonal relationship between the plasma cells at d3 and the plasma 
cells that arise at d11/14, to see whether these d3 plasma cells are indeed derived 
from pre-existing immunity.

In this study, all participants were inoculated with predefi ned doses of a 
well-characterized Bp strain. We acknowledge that a controlled experimental 
infection is not the same as a natural infection model. The mode of infection, 
the dose and circumstances are designed to be standardized and this might be a 
limitation to translate these fi ndings to natural pertussis infection. Nevertheless, 
we clearly observed shared kinetics within the total cohort, and when stratifying 
based on colonization status. 

Not all participants who were colonized, showed signs of seroconversion. Per-
haps translocation of Bp is required to initiate seroconversion. In that case, alt-
hough these participants were colonized, the bacteria did not fully translocate 
into the tissue in all participants, leading to seroconversion only in the partici-
pants where bacteria had translocated. It may be of interest to compare the kine-
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tics of antibodies in the mucosal lining fl uid of the nose in participants who did 
and did not seroconvert and their colonization density. Additionally, it may be of 
interest to study whether the mucosal antibodies and the early plasma cell peak 
are associated with each other (e.g. by comparing BCRs). Moreover, it may be 
interesting to investigate whether participants can transmit Bp to others, as this 
would confi rm that asymptomatic infection results in transmission of Bp. Such 
fi nding would imply that the presence/absence of symptoms and the serology 
status may not correctly refl ect carriage/transmission state, and thus that serolo-
gical surveillance studies, although valuable, may still underestimate the number 
of Bp infections. 

In this cellular immune monitoring study, we evaluated the overall immune cell 
kinetics. We previously showed that there is a fair correlation between Ag-specifi c 
ELISpot data and plasma cell fl ow cytometry data in post-vaccination settings 
[45]. Although no ELISpot experiments were performed in the here-reported stu-
dy, we did observe an increased number of (total and more mature) plasma cells 
at d14 post-challenge in donors showing seroconversion. The latter is in line with 
the ELISpot data that was previously reported on the total cohort used in the 
dose-fi nding study of this human challenge model.[12] There, increased num-
bers of Ag-specifi c Ig producing plasma cells were observed in multiple coloni-
zed participants (n=16) at d14 post-challenge, but not in participants protected 
from colonization (n=9). In both studies seroconversion was only observed in 
colonized participants. Given the relationship between Ag-specifi c Ig producing 
plasma cells and the serum Ig levels, the participants showing increased number 
of Ag-specifi c Ig producing plasma cells are likely the donors with seroconversi-
on. Aside from ELISpot, an Ag-specifi c approach combined with mucosal-tracing 
markers may be informative, possibly helping us to fi nd (surrogate) biomarkers 
of protection in the blood. An antigen-specifi c approach would be especially rele-
vant to monitor kinetics of specifi c memory B- and T- cells.

One remaining question is whether the early response observed in participants 
protected from colonization is indeed protective, and to what extent this infor-
mation can be used in future studies. To confi rm whether a protective response 
is observed in participants, in fact a rechallenge would be required (e.g., an in-
fection-reinfection cohort). As we know that natural infection gives the best pro-
tection (compared to wP and aP vaccination) [3,6], it may be that this controlled 
infection leads to a similar level of protection. Based on our data, we hypothesize 
that the initial decrease in mature neutrophils, and early expansion of CD36- nc-
Mos, NK cells, FTH T cells and plasma cell in the non-colonized participants may 
be associated with an effi  cient mucosal immune response, preventing colonizati-
on. When re-challenging the same group of individuals, we would expect a higher 
number of participants to be protected against colonization, and thus to show this 
same early cellular response. 

To the extent of our knowledge, we are one of the fi rst to investigate such in-depth 
cellular immune responses in a Bp human challenge model. Here, we report which 
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cell populations and time points can yield valuable information about the coloni-
zation status and how this compares to vaccine-induced cellular kinetics. Because 
of the low incidence of pertussis and the diffi  culty to diagnose it early, there is a 
lack of information on cellular responses upon Bp infection in humans. Increased 
insight, especially in the protective immune signature, is crucial to the develop-
ment of novel pertussis vaccines, which should aim to prevent colonization and 
transmission of Bp. This study increases insights in the cellular responses in in-
dividuals with varying degree of colonization upon controlled bacterial challenge. 
As we only investigated 15 participants, these fi ndings should be corroborated in 
future studies. When fully established, this human challenge model can not only 
be used to study Bp infection, colonization, translocation, transmission and/or 
shedding in challenged individuals, but also to dissect the induced immune res-
ponses: early vs late responses, mucosal vs systemic responses, and protective vs 
non-protective responses. More importantly, controlled bacterial challenge could 
be an important step to evaluate the effi  cacy of novel Bp vaccine candidates with 
respect to protection against colonization and transmission.

Experimental methods
Inclusion criteria and sample collection
Peripheral blood (PB) samples were collected during a dose-fi nding controlled in-
fection study using Bp (NCT03751514, ethical committee reference 17/SC/0006), 
which aimed to determine the dose required to colonize at least 70% of partici-
pants, and was reported by De Graaf et al. [11,12] Participants (wP-primed) were 
eligible for the study when they were healthy, aged 18-45 years, available for the 
16-day admission period and scheduled visits, vaccinated against Bp at least 5 
years before enrollment, did not use antibiotics within 4 weeks before enrollment 
of the study, had no contraindication to azithromycin (administered at d14, d15, 
and d16) and had no contact with individuals vulnerable to pertussis (full eligibi-
lity criteria were reported before [12]). Participants with recent exposure to Bp, 
defi ned as baseline serum anti-PT IgG of >20 IU/mL (determined by ELISA), 
were excluded. Participants were challenged and admitted to the National Health 
Institute for Health Research Clinical Research Facility in Southampton, UK. A 
total of 34 participants were challenged with various doses of Bp. This paper des-
cribes 15 healthy participants who were challenged intra-nasally with 10^4 (n=5) 
or 10^5 (n=10) CFU of Bp strain B1917 (n=15, m/f ratio: 8/7, age range: 18-43 
years old). 

Colonization was assessed by culture of nasal wash samples on Bp-specifi c me-
dia at d4, d5, d7, d9, d11, d14, d15 and d16 post-challenge.[12] Colonization was 
defi ned as any Bp-positive culture at any time point post-challenge. Colonization 
density was stratifi ed into 3 categories: non-colonized (0 CFU/mL), low-density 
colonized (< 1000 CFU/mL) and high-density colonized (> 1000 CFU/mL) at any 
time point. 

PB was collected in EDTA blood collection tubes at d0, d1, d3, d4, d7, d9, d11, 
d14, d28 and d56 post-challenge. PB was taken early morning and transported 
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to Leiden University Medical Center (LUMC), the Netherlands, where fl ow cyto-
metric evaluation was performed within 12h after donation. In two participants 
(ID.08 and ID.13), the expression of CD45RA on lymphocytes was found to be 
unusual, most likely caused by a CD45RA-related polymorphism19, hampering 
reliable identifi cation of most T-cell subsets in these two participants. Aside from 
the anti-PT ELISA used for initial screening, serum IgG against PT, Prn, FHA and 
Fim2/3 was measured at baseline and d28 using multiplex immune assay (MIA)
[46] at the National Institute for Public Health and the Environment (RIVM, The 
Netherlands). in this study, seroconversion is defi ned as an >2-fold increase in 
anti-PT IgG compared to baseline. 

Blood processing and staining – immune monitoring panels and ab-
solute count determination
All PB samples were subjected to high-throughput EuroFlow-based fl ow cyto-
metric immunophenotyping with four multicolor immune monitoring panels (or 
their direct prototypes). These panels allow monitoring the kinetics of over 250 
circulating immune cell subsets. In short, the B-cell and plasma cell tube (BIGH) 
allows identifi cation of up to 115 B- and plasma cell subsets, that are distinguis-
hed based on expressed Ig subclasses and their maturation stage-associated phe-
notype.[45,47] The CD4 T-cell panel (CD4T) allows identifi cation of >89 CD4 
T-cell subsets with diff erent functionalities and maturation stages.[18] The CD8 
cytotoxic T-cell panel (CYTOX) allows identifi cation of up to 50 subsets within 
the CD8 T-cell and natural killer (NK) cell compartment.[47] Lastly, the dendri-
tic cell-monocyte panel (DC-Monocyte) allows identifi cation of up to 19 diff erent 
(sub)populations within the myeloid compartment, including subsets of monocy-
tes and dendritic cells [van der Pan et al., manuscript submitted].

All blood samples were processed according to the EuroFlow standard operating 
protocol (SOP) as reported previously (protocols available at www.EuroFlow.
org).[21,45] Two adjustments of the previously reported methods concerned the 
addition of surface marker CD45 to the BIGH, CD4T and CYTOX panel, and the 
cytoplasmic staining with a CD154 antibody in the CD4T and the CYTOX panel. 
The latter resulted in an additional intracellular staining step for the CYTOX pa-
nel. 

In short, for CD4T and CYTOX panel 100μL PB was used for a membrane and 
intracellular staining using the Fix and Perm kit (Sanbio). For the BIGH and 
DC-Monocyte panel, high cell numbers were required, and thus a bulk lysis was 
performed on whole blood, then 10 million cells were stained for membrane 
markers. For the BIGH panel, this was followed by intracellular staining for im-
munoglobulins (again, using the Fix and Perm kit). For the DC-Monocyte panel, 
the surface staining was followed by a 10 min incubation with BD FACS lysing 
solution (BD Biosciences, San Jose, CA, USA), washed and acquired on the fl ow 
cytometer. 

Absolute cell counts were determined with the use of Perfect-Count Microsphe-



Chapter 3.4

200

res™ (Cytognos, Spain) according to the EuroFlow SOP (www.EuroFlow.org). In 
short, exactly 50μL of PB was stained with antibodies directed against CD19, CD3 
and CD45, and samples were incubated for 30 min in the dark. Next, 500μL of 
NH4CL was added, and after 10 min incubation exactly 50μl of Perfect-Count 
Microspheres™ were added. Samples were acquired immediately after. This 
procedure allowed for accurate assessment of absolute cell counts of leukocytes, 
lymphocytes, B-, T- and NK cells.

All samples were measured on a BD FACS LSR Fortessa 4L or on a BD FACS 
LSR Fortessa X-20 4L (BD Biosciences, San Jose, CA, USA). Flow cytometer per-
formance was assessed daily according to the EuroFlow guidelines as previously 
described.[48,49] Staining with all antibody panels was performed at every time 
point, with exception of d1 post-challenge, at which the BIGH panel was not ap-
plied.

Data analysis and statistics
All data were analyzed manually in the Infi nicyt™ Software (v2.0, Cytognos, 
Spain) according to the EuroFlow gating strategies.[18,45,47] [Van der Pan et 
al, manuscript submitted] Plasma cell maturation stages were defi ned using the 
maturation pathway tool in the Infi nicyt software, as previously described.[21] 

Diff erences in cell counts between multiple (>2) conditions were assessed with 
Kruskal-Wallis, followed by Dunn’s test. Diff erences between cell counts/ratios 
in two tested conditions were assessed with Mann-Whitney test. A p-value <0.05 
was considered statistically signifi cant. GraphPad Prism 8.0 software (GraphPad, 
San Diego, CA, USA) was used for statistical tests. Correlations between two pa-
rameters were assessed using Spearman’s ranking correlation.
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Supplemental Figure 1. Diff erent kinetics in the innate immune cell compartment ba-
sed on colonization density. Diff erences are presented as ratio of baseline. Dashed line indicates 
a ratio of 1.0 (baseline value). Kruskal-Wallis followed by Dunns’ test was used to assess diff erences. 
D= days after challenge. * p<0.05, ** p<0.01.

Supplemental Figure 2. Expansion of follicular T helper (FTH) cells in participants 
protected from colonization. Expansion of FTH subsets at d3 post-challenge expressed as ratio 
of baseline. Dashed line indicates a ratio of 1.0 (baseline value). Of note, due to technical limitations, 
in 6/15 participants no FTH subsets could be defi ned. N=9. Diff erences between groups were asses-
sed using Mann-Whitney test. * p<0.05. D= days after challenge.
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Supplemental Figure 3. Kinetics of T helper cells in participants grouped upon colo-
nization density. Expansion of reduction of circulating cells was expressed as ratio of baseline. 
Dashed line indicates a ratio of 1.0 (baseline value). Kruskal-Wallis followed by Dunns’ test was used 
to assess diff erences. * p<0.05. D= days after challenge, FTH= follicular T helper cells, Th cell= T 
helper cell.
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Supplemental Figure 4. Kinetics in the plasma cell compartment upon bacterial chal-
lenge. A. Heatmap representing the expansion of plasma cells in ratio compared to baseline ranked 
based on colonization status. NB: Participant ID.12 showed a strongly elevated number of IgM plasma 
cells at baseline. Dashed line indicates a ratio of 1.0 (baseline value). Therefore, it was decided to nor-
malize the plasma cell numbers of this participant to d3 instead of baseline. B. Expansion of plasma 
cell in ratio compared to baseline. The cohort is split based on initial CFU dosage (10^4 or 10^5 CFU 
of BP1917) received at the day of challenge. Each dot represents one participant, the bar indicates the 
median value of all participants in each cohort. C. Fluctuations in the distribution of the plasma cell 
compartment over time. One representative participant is shown. D. Per time point the percentage 
of plasma cells in each maturation stage was plotted (total plasma cells in donors that that were or 
were not colonized, grouped per time point). The size of the dot indicates the % of plasma cells in each 
maturation stage (average of participant). Cell count is shown at the right side of the plot (average of 
participants). Bubble plots were generated using plotly python graphing library.1 Participant ID.12 
was not included in panel D due to deviating baseline IgM plasma cell counts, possibly hinting at an 
ongoing immune response at time of challenge. D= Days after challenge.
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Supplemental Figure 5. Plasma cell kinetics in participants that were non-colonized, 
low-density colonized, or high-density colonized.  A. Plasma cell expansion at d3 post- chal-
lenge. Expansion expressed as ratio compared to baseline. Each dot represents one participant, the 
bar indicates the median value of all donors each cohort. B. Plasma cell expansion at d11/14 post-chal-
lenge. Expansion expressed as ratio compared to baseline. For panel A and B, Kruskal-Wallis follo-
wed by Dunns’ test was used to assess diff erences.  C+D. Total plasma cells were divided into three 
diff erent maturation stages (CD20+CD138-, CD20-CD138-, CD20-CD138+). Per maturation stage, 
the ratio compared to baseline was compared between donors of the three groups for IgG1 (C) and 
IgA1 (D) plasma cells. E. Per time point the percentage of plasma cells in each maturation stage was 
plotted (total plasma cells in donors that that were or were not colonized, grouped per time point). 
The size of the dot indicates the % of plasma cells in each maturation stage (average of donors). Cell 
count is shown at the right side of the plot (average of participants). Bubble plots were generated 
using plotly python graphing library. Dashed line indicates a ratio of 1.0 (baseline value). Statistical 
test performed for longitudinal analysis: Wilcoxon. Statistical test for comparison between groups per 
time point; Mann-Whitney. D= days after challenge.
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Abstract

Background: Phospholipase C gamma 2 (PLCγ2) is encoded by the PLCG2 
gene. A single-nucleotide polymorphism (p.P522R) associates with protection 
against several dementia subtypes and with increased likelihood of longevity. Cell 
lines and animal models indicated that p.P522R is a functional hypermorph. We 
aimed to confi rm this in human peripheral immune cells. 

Methods: We compared eff ects of p.P522R on immune system function between 
carriers and non-carriers (aged 59-103y), using in-depth immunophenotyping, 
functional B-cell and myeloid-cell assays, and in vivo SARS-CoV-2 vaccination. 

Results: As expected, eff ects of p.P522R on immune cell function were small. 
Immune cell numbers in p.P522R carriers better resembled a younger reference 
cohort than those of non-carriers. Moreover, carriers expressed lower levels of 
FcεRI on several immune cell subsets and elevated CD33 levels on classical mo-
nocytes. Upon B-cell stimulation, PLCγ2 phosphorylation and calcium release 
were increased in carriers compared to non-carriers. Normalized ROS produc-
tion in myeloid cells was higher upon PLCγ2-dependent stimulation, but lower 
upon PLCγ2-independent stimulation. Carriers and non-carriers had similar 
serological responses to SARS-CoV-2 vaccination. 

Conclusion: Compared to non-carriers, immune profi les from carriers more 
closely resembled those from younger individuals, suggesting that p.P522R asso-
ciates with resilience against immunological aging.

Keywords: Phospholipase C gamma 2, PLCγ2 p.P522R, PLCG2 rs72824905, 
healthy aging, immunosenescence, fl ow cytometry, functional studies
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Background

The average human lifespan has greatly expanded in the past decennia. In most 
individuals, increase in age coincides with a decline in cognitive and physical 
health. Many age-related impairments, such as lowered resistance to infection, 
dementia, osteoporosis, atherosclerosis, and diabetes are directly or indirectly 
related to the aging immune system, especially to the low grade infl ammation 
that is frequently observed in older individuals (infl amm-aging).(1, 2) 

Upon aging, the output of naive B and T cells from the bone marrow into the 
periphery decreases, leading to lower numbers of naive lymphocytes in the circu-
lation. Additionally, B and T-cell receptor (BCR, TCR) diversity decreases upon 
aging, leaving aged individuals less equipped to deal with neo-antigens.(1, 3, 4) 
Human and animal models have shown impaired germinal center (GC) forma-
tion, reduced affi  nity maturation, reduced memory B-cell (MBC) diff erentiati-
on and lowered levels of plasma cells in the bone marrow.(3) Additionally, the 
functioning of innate immune cells declines. In neutrophils derived from aged 
individuals, a lowered capacity to phagocytose opsonized particles and decreased 
production of reactive oxygen species (ROS) was reported.(4, 5) Likewise, mo-
nocytes derived from older adults showed reduced phagocytic capacity, lowered 
ROS production and lower anti-tumor properties.(1, 6, 7) 

Each individual is uniquely vulnerable to the eff ects of aging. Therefore, sever-
al studies have searched for (biomolecular) elements and pathways associated 
with resilience to the eff ects of aging, i.e. that optimally maintain both physical 
and cognitive functions during the aging process.(8-10) One of the factors identi-
fi ed is a single-nucleotide polymorphism (SNP) in the Phospholipase C gamma 2 
(PLCG2) gene (p.P522R, rs72824905).(8) 

PLCγ2 is an enzyme with a critical regulatory role in various immune and infl am-
matory pathways. It is involved in downstream receptor signaling where, upon 
receptor stimulation, it hydrolyses PIP2 (phosphatidylinositol 4,5-bisphosphate) 
to generate IP3 (inositol 1,4,5-triphosphate) and DAG (diacylglycerol), which are 
second messenger molecules that further transmit the activation signal, leading 
to the release of intracellular calcium.(11, 12) Amongst others, PCLγ2 is expressed 
downstream of several members of the immunoglobulin superfamily, such as the 
B-cell receptor on B cells, but also downstream of Fc receptors (FcR) in innate 
cells, such as FcRγIII and 2B4 on NK cells, FcεRI on mast cells, TREM (Trigge-
ring Receptors Expressed on Myeloid cells) on macrophages and microglia, and 
FcR-involving collagen receptors on platelets.(12-14) 

We previously observed that the p.P522R variant was associated with a lower risk 
of several forms of age-related neurodegenerative diseases, including Alzheimer’s 
disease, frontotemporal dementia, dementia with Lewy Bodies, and progressive 
supranuclear palsy.(9, 15) Recently, multiple sclerosis was added to this list.(16) 
This p.P522R variant simultaneously associates with increased likelihood of ex-
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treme longevity.(9) In fact, a recent study suggested that the p.P522R variant may 
maintain cognitive function during aging by mitigating the accumulation of toxic 
tau pathology in the brain, when this co-occurs with the accumulation of amyloid 
pathology, both hallmarks of Alzheimer’s disease.(17) The same study suggested 
that the cognitive decline observed in individuals who carry the APOE-ε4 allele, 
the strongest genetic risk factor for Alzheimer’s disease, in combination with the 
p.P522R PLCG2 variant, was slower and less compared to individuals who car-
ried the APOE-ε4 allele without the protective p.P522R variant.(9, 17) Together, 
this suggests that the eff ect of p.P522R associates with maintaining an aspect of 
the immune system that, when compromised, increases the risk of these neuro-
degenerative diseases. Many studies have therefore investigated the eff ect of this 
variant in the innate immune cells of the brain, the microglia. However, PLCG2 
is most prominently expressed in peripheral immune cells, suggesting that this 
variant may also aff ect human peripheral immune system function. Furthermore, 
it might well be that the peripheral immune system function also infl uences brain 
function.

The p.P522R variant was shown to be a gain-of-function variant (functional 
hypermorph) in transfected COS7, HEK239T and BV2 cells, a p.P522R mouse 
model, and gene-edited human iPSCs.(13, 18, 19) In the current study, we in-
vestigated the impact of p.P522R carriership on the human immune system and 
its implications for healthy aging. To the best of our knowledge, an in-depth eva-
luation of the PLCγ2 expression in circulating immune cells between p.P522R 
carriers and non-carriers has not yet been performed. We hypothesized that the 
immune system of p.P522R carriers translates to an increased resilience to the 
eff ects of aging compared to age-matched non-carriers. To this end, we investi-
gated the quantities, immunophenotypes, and functions of circulating immune 
cells in p.P522R carriers and non-carriers from 9 diff erent nuclear families, in 
which one parent reached 100 years with high levels of cognitive performance 
and carried the p.P522R variant. We evaluated phosphorylation of PLCγ2 and 
calcium release upon BCR stimulation and analyzed the replication history in 
B-cell subsets. In vivo B-cell responses were assessed by measuring the serum Ig 
response to SARS-CoV-2 vaccination. Lastly, myeloid cell subsets were exposed 
to opsonized Escherichia coli, after which phagocytosis and ROS production were 
monitored. 

Methods
Experimental design
A total of 36 individuals from the 100 plus study cohort, as previously described 
by Holstege et al (20), were selected for this study (METC number: 2016.440, 
approved by the Medical Ethics Committee of the VU University Medical Cen-
ter, Amsterdam, the Netherlands). In short, volunteers either had to be ≥100 
years, and  self-reported as cognitively healthy, which was confi rmed by a fa-
mily member of close relation (20), or to be the off spring or a sibling of such 
individuals. When including off spring, the parent had to be a confi rmed p.P522R 
carrier. After inclusion, peripheral blood (PB) was collected at one or multiple 
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occasions in K3EDTA collection tubes (PB-EDTA), sodium heparin collection 
tubes (PB-HEP), and serum collection tubes (BD Vacutainer, BD Biosciences, 
San Jose, Ca, USA). To avoid infl uence of circadian rhythm on cell counts, sam-
ples were always collected in the morning. p.P522R carriership was determined 
by Sanger sequencing or Illumina Genome Screening Array (GSA, GSAshared-
CUSTOM_20018389_A2, v1, human genome build 37) as described elsewhere.
(21) In the current study, we investigated quantities, immunophenotypes, and 
functions of circulating immune cells in three overlapping cohorts (Cohort I, II 
and III), described in Table 1. Immunophenotyping was performed on all indi-
viduals included in Cohort I (n=33). Calcium fl ux measurements were performed 
on cells from donors included in Cohort I and II, with exception of two donors 
that showed B-cell aberrancies (n=33). Functional evaluation (phosphorylation 
of PLCγ2, KREC analysis, phagocytosis assay and ROS production) was perfor-
med on Cohort II (n=14). Lastly, vaccination responses were evaluated in Cohort 
III (n=22). Family composition can be found in Table S1.

Settings of fl ow cytometers
For all fl ow cytometers (available at the Flow cytometry Core Facility at LUMC) 
there was a daily quality control (QC). QC for Cytek Aurora fl ow cytometers (Cy-
tek Biosciences, Fremont, Ca, USA) was performed using SpectroFlo QC Beads 
(Cytek Biosciences). BD FACS LSR Fortessa 4L and BD FACS Canto II 3L (BD 
Biosciences, San Jose, CA, USA) were calibrated according to EuroFlow guideli-
nes and daily QC was performed using BD™ Setup and Tracking (CS&T) beads 
(BD Biosciences) and Perfect-Count Microspheres™ (Cytognos, Spain), as des-
cribed before.(22, 23)

Immunophenotyping of circulating immune cells
PB-EDTA from Cohort I was used <12h after collection for immunophenotyping. 
In-depth analysis of circulating innate and adaptive immune cells was performed 
using previously published fl ow cytometry panels, or their direct prototypes, and 
gating strategies (Table S2). 

The dendritic cell-monocyte (DC-monocyte) panel allows identifi cation of up to 
19 diff erent (sub)populations in the myeloid compartment.(24, 25) The CD4-T 
cell panel (CD4T) allows identifi cation of at least 89 (sub)populations within the 
CD4 T-cell compartment, which comprise of diff erent functionalities and matu-
ration stages.(25, 26) The CD8 cytotoxic T-cell (CYTOX) panel allows identifi cati-
on of up to 50 (sub)populations within the CD8 T-cell and the natural killer (NK) 
cell compartments.(25) Lastly, the B-cell and plasma cell (BIGH) panel allows 
identifi cation of up to 115 populations of B and plasma cells, distinguished based 
on their maturation stage-associated phenotype and the expressed Ig subclasses.
(25, 27, 28) 

Depending on the antibody combination, samples were either processed ac-
cording to the bulk lysis protocol for staining of 10 x 10⁶ cells (DC-monocyte 
and BIGH) or prepared using the EuroFlow stain-lyse-wash protocol (CD4T, 
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CYTOX); both protocols available on www.EuroFlow.org. For BIGH and CYTOX 
tubes, surface staining was followed by intracellular staining with the Fix & Perm 
reagent kit (Nordic MUbio, Susteren, The Netherlands) according to manufactu-
rer’s protocol. In brief, 100μl of washed sample was fi xed with 100μl of Solution 
A (15 min in the dark at RT), washed, and permeabilized by adding 100μl of So-
lution B (15 min in the dark at RT) and antibodies against intracellular markers. 
After washing, cells were re-suspended in PBS for immediate acquisition (or sto-
red for max ~3h at 4◦C).

Carrier: carrier of PLCG2 p.P522R,  non-carrier; not a carrier of PLCG2 p.P522R. PBMCs; periphe-
ral blood mononuclear cells, Ig; Immunoglobulin

Table 1. Description of the cohorts used in this study; Cohort I, II, III.
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An additional fl owcytometry panel was used to evaluate expression of non-phosp-
horylated PLCγ2 in various cell populations (Table S2). Here, samples were pro-
cessed according to the bulk lysis protocol for staining of 2.5 x 10⁶ cells (www.
EuroFlow.org). 

For precise enumeration of cells, we used Perfect-Count Microspheres™ (Cytog-
nos) according to the EuroFlow SOP (protocol available on www.EuroFlow.org). 
In short, 50μl of well-mixed Perfect Count Microspheres were added to 50μl of 
peripheral blood. This mixture was incubated for 30 min with antibodies directed 
against CD19, CD3 and CD45. Next, 500μl of NH4Cl was added to lyse the red 
blood cells. After a 10 min incubation with NH4Cl, samples were immediately 
acquired on a BD FACS LSR Fortessa 4L, or a BD FACS LSR Fortessa X-20 4L 
(both BD Biosciences, San Jose, CA, USA).

Measurement of phosphorylated PLCγ2 
For in vitro stimulation assays, PB-HEP from Cohort II was used <12h after collec-
tion. Intracellular expression of phosphorylated PLCγ2 (pPLCγ2) was measured 
to assess B-cell activation upon stimulation with IgM or IgG Fabs (being F(ab)2 
fragment Goat anti-human IgM Heavy Chain secondary antibody (Southern Bi-
otech), and F(ab)2 fragment Goat anti-human IgG (Jackson ImmunoResearch), 
respectively). First, PB-HEP was subjected to a bulk lysis to remove red blood 
cells (protocol at www.EuroFlow.org). Then, cells were incubated with an antibo-
dy cocktail for surface staining (45 min, RT in the dark) (Table S2), washed with 
PBS, incubated with 1μl 1:10 Zombie NIR™ Fixable Viability Dye (BioLegend) for 
30 min at RT and washed again. Subsequently, cells were resuspended in 230μL 
PBS+0.5% BSA and incubated with 10μg anti-IgM F(ab)2 or anti-IgG F(ab)2 
fragments (10 min at 37°C in a shaking water bath). The reaction was stopped 
by adding 62.5μl Inside fi x (Cell signaling buff er set A; Miltenyi) and incubating 
for 10 min in the dark. Afterwards, cells were washed and permeabilized (Cell 
signaling buff er set A, Miltenyi), washed again and resuspended in PBS+0.5% 
BSA. Next, antibodies to detect pPLCγ2 and immunoglobulins were added (30 
min at RT in the dark). After a fi nal washing step, cells were resuspended in PBS 
and acquired on a BD FACS Canto II 3L. Integrated MFI (iMFI) was calculated 
according to the following equation (E1):(29)

E1:  integrated MFI=% pPLCγ2 positive cells ×MFI pPLCγ2 positive cells

As the stimulated B-cell receptor could not be targeted for antibody stain to iden-
tify cells, the following marker combinations were used to identify B-cell sub-
sets: For IgM stimulation: pre-GC B cells, CD20+CD27-IgG-IgA-; unswitched 
MBCs, CD20+CD27+IgG-IgA-; class-switched MBCs, CD20+CD27+IgG+ or 
CD20+CD27+IgA+. For IgG stimulation: pre-GC B cells, CD20+CD27-IgD+I-
gA-; unswitched MBCs, CD20+CD27+IgD+IgA-; class-switched IgG MBCs, 
CD20+CD27+IgD-IgA-.
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Calcium fl ux assay
Peripheral blood mononuclear cells (PBMCs) from Cohort I and II were isolated 
from fresh PB-HEP by means of a density gradient (in-house; Ficoll-amidotrizo-
ate, density 1.077g/mL) and stored in liquid nitrogen (freeze medium; RPMI + 
40%FCS + 10% DMSO). At the day of analysis, PBMCs were thawed and washed 
twice with loading buff er (HBSS + 10mM HEPES + 5% FCS). Next, cells (10 x 
10⁶ PBMCs/mL) were loaded with Indo-1 Calcium Sensor Dye (Fisher Scientifi c, 
fi nal concentration 2μg/mL) for 30 min at 37°C, labeled with antibodies directed 
against cell surface markers and incubated for additional 15 min at 37°C (Table 
S2). Subsequently, cells were washed with 10-20x labeling volume in Flux buff er 
(HBSS + 10mM HEPES + 5% FCS + 1mM CaCl2) and resuspended in 500μl Flux 
buff er. Samples were measured immediately on a Cytek Aurora 5L fl ow cytome-
ter. 

After establishing a ~2.5 min baseline, cells were stimulated with 20μL (10 μg) 
anti-IgM F(ab)2 Fragments (Southern Biotech) or 8.3μl (10 μg) anti-IgG F(ab)2 
Fragments (Jackson ImmunoResearch) and measured for ~10 min. Finally, iono-
mycin was added (5μl, 1mg/mL in DMSO) and samples were measured for ~2.5 
minutes. Acquisition was performed at medium speed (~30μl/min). During sti-
mulation and measurement, samples were kept at 37°C in a tube heating device. 
Indo-Free and Indo-Bound signal was detected in the UV7 and UV1 detector, 
respectively. Samples were analyzed by dividing the sample into 30 time slots 
(of equal time, ~30 sec) with the Infi nicyt Software (Cytognos) and determining 
the UV1/UV7 ratios in each time slot. Time slots 1-5 represent baseline signal, 
time slots 6-25 represent Fab-stimulated signal, and time slots 26-30 represent 
ionomycin-stimulated signal. MFIs of all time slots were used to plot a curve per 
B-cell population, from which the area under the curve (AUC) was determined for 
each individual sample using the GraphPad PRISM Software (v8.1.1). To calcula-
te AUC for the ‘total Fab stimulation’, time slots 6-25 were used. When calcula-
ting the AUC for the ‘peak of Fab stimulation’, time slots 7-12 were used, as these 
were the highest values in all donors and presented the peak of calcium release. 
‘Ionomycin stim’ AUC was calculated using time slots 26-30. In all cases, AUC 
was only calculated for points higher than baseline signal (unstimulated sample). 
As the stimulated B-cell receptor could not be targeted for antibody stain to iden-
tify cells, the following marker combinations were used to identify B-cell subsets: 
For IgM stimulation: pre-GC B cells, CD20+CD27-IgG-IgA-; unswitched MBCs, 
CD20+CD27+IgG-IgA-; class-switched MBCs, CD20+CD27+IgG+ or IgA+., and 
for IgG stimulation: pre-GC B cells, CD20+CD27-IgD+IgA-; unswitched MBCS, 
CD20+CD27+IgD+IgA-; class-switched IgG MBCs, CD20+CD27+IgD-IgA-.

KREC analysis to determine cell proliferation history
PB-HEP from Cohort II was used <24h after collection for high-speed cell 
sorting of pre-GC B cells (CD19+CD27-IgM+IgG-IgA-), unswitched MBCs 
(CD19+CD27+IgM+IgG-IgA-) and class-switched MBCs (CD19+CD27+IgM-
IgG+ or CD19+CD27+IgM-IgA+) using a BD FACS Aria III 4L (BD Biosciences, 
San Jose, CA, USA). On average, a purity of at least 98% was reached for pre-GC B 
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cells, unswitched MBCs, and class-switched MBCs, respectively. KREC numbers 
were determined as previously described.(30, 31) In short, DNA of sorted popu-
lations and the KREC control cell line (DB01) was isolated with a QIAmp microkit 
(QIAGEN) and DNA concentrations were determined by NanoDrop 2000 (Ther-
mo Fisher Scientifi c). Next, we performed qPCR (Quantstudio qPCR Machine, 
Thermo Fisher Scientifi c) to quantify the average amount of coding joints (Cj), 
signal joints (Sj) and Albumin (Alb) in each B-cell population and the control cell 
line (DB01), using the primers that were previously described by van Zelm and 
colleagues.(30) The number of cell divisions (ΔCt) for each B-cell population was 
calculated with the following equation (E2):

E2: ΔCt=Ct(Sj)-Ct(cj)- ΔCt(control)

Where ΔCt (control) is a standard correction for primer effi  cacy based on the 
Ct(sj) and Ct(Cj) from DNA from the DB01 control cell line. 

Phagocytosis of pHRodo™ Green E. coli Bioparticles
Assessment of the phagocytic capacity was performed with opsonized E. coli 
(pHRodo™ Green E. coli Bioparticles, ThermoFisher). Polystyrene FACS tu-
bes (4mL) were fi lled with 200μl PB-HEP (Cohort II, <12h after collection) and 
placed on ice for at least 10 minutes. Then, 40μl of pHRodo™ Green E. coli was 
added, samples were mixed and incubated at 37°C for exactly 20 min. All further 
steps were performed on ice or at 4°C to stop the reaction. Cells were washed 
and stained (30 min on ice in the dark) with an antibody cocktail (Table S2). 
Next, samples were lysed with BD lyse (10 min, rolling at 4°C). Lastly, cells were 
washed, resuspended in cold PBS with 0.5% BSA and acquired at a Cytek Aurora 
3L fl ow cytometer. To prevent shedding of CD62L, TAPI-2 (fi nal concentration 
of 20μM) was always present. To account for background activation or signal, 
several control tubes were measured in addition to the sample tubes (Table S3).

Production of reactive oxygen species (ROS)
Production of ROS upon stimulation was assessed with the phagoBURST kit 
(PHAGOBURSTTM CE/IVD kit, BD Biosciences) according to manufacturer’s 
protocol with some modifi cations, as described further in this paragraph. In 
short, each tube was fi lled with 200μl PB-HEP (Cohort II, <12h after collection) 
and placed on ice for at least 10 minutes. Then, 20μl of wash buff er (reagent A), 
Phorbol 12-Myristate 13-acetate (PMA) (Sigma, P8139-1mg, fi nal concentration 
600ng/mL), or E. coli (reagent B, well-mixed by pipetting) was added to each 
tube. After proper mixing, tubes were incubated for exactly 10 min at 37°C in a 
shaking water bath. Next, 20μl of substrate (dihydrorhodamine -DHR123, rea-
gent E) was added to each tube and mixed. Tubes were incubated for another 10 
min at 37°C.  Subsequently, the assay was stopped by lysing the cells (reagent 
F, 15 min, RT, dark). Cells were washed twice, stained for 15 min in the dark at 
RT with antibody cocktail (Table S2) and PBS with 0.5% BSA, washed again, re-
suspended in PBS with 0.5% BSA and stored on ice until acquisition on a Cytek 
Aurora 3L fl ow cytometer (<1h). To prevent shedding of CD62L, TAPI-2 (fi nal 



Chapter 4

218

concentration of 20μM) was always present. The rhodamine 123 (R123) signal 
was used as a readout for ROS production (conversion from DHR123 to R123). To 
account for background activation or signal, several control tubes were measured 
in addition to the sample tubes (Table S4).

Data integration phagocytosis and ROS production
The phagocytosis assay and the ROS production were considered complementary 
assays in which we evaluated three aspects of phagocytosis. First, we evaluated 
the percentage of phagocytosing cells, then we combined this – together with the 
pHRodo™ Green signal- into the integrated MFI (iMFI)(29), which was used as 
a measure of how many particles each cell has phagocytosed (E3). For ease of 
interpretation, this value was divided by 100,000.

E3: integrated MFI=% E.coli positive cells ×MFI E.coli positive cells

Lastly, we measured the production of ROS upon phagocytosis and combined 
this with the iMFI into one output; the normalized ROS production, which was 
defi ned as the ROS generation per given number of phagocytosed particles (E4). 

E4: normalized ROS production=  (R123 MFI)/(integrated MFI)

In vivo evaluation
We collected additional blood samples from donors (Cohort III), 7-14 weeks after 
their second vaccination against SARS-CoV-2. Serum antibodies directed against 
the Spike (S) protein, Receptor Binding Domain (RBD) and Nucleocapsid (N) 
protein were determined by a fl uorescent-bead-based multiplex immunoassay 
(MIA), as previously described.(32) In short, the stabilized pre-fusion conforma-
tion of the ectodomain of the Spike protein, the receptor binding domain of the 
S-protein (RBD) and the Nucleocapsid (N) protein were each coupled to beads or 
microspheres with distinct fl uorescence excitation and emission spectra. Serum 
samples were diluted and incubated with the antigen-coupled microspheres. Fol-
lowing incubation, the microspheres were washed and incubated with phycoery-
thrin-conjugated goat anti-human, IgG, IgA, and IgM. The data were acquired on 
the Luminex FlexMap3D System and MFI was converted to international units 
per milliliter (IU/ml), using Bioplex Manager 6.2 (Bio-Rad Laboratories) soft-
ware.

Data analysis and statistical analysis
Flow cytometry data was analyzed with Infi nicyt software (version 2.0.3.a. and 
2.0.4.b., Cytognos, Spain). Statistical analysis was performed in GraphPad Prism 
8.1.1 software (GraphPad, San Diego, CA, USA). Diff erences between p.P522R 
carriers and non-carriers, were evaluated using the Mann-Whitney test. Impact 
of age was assessed using Spearman’s correlation. P<0.05 was considered signi-
fi cant.
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Results 
Numbers of circulating immune cells in the study cohort are repre-
sentative for healthy aged adults
Upon aging, the composition of the immune system changes. The median age of 
the studied cohort was 72 years (range: 59 -103 years), as most of the donors were 
children of a centenarian who carried the p.P522R variant, and only a few were 
centenarians or siblings from a centenarian (details provided in Methods sec-
tion and Table 1). To assess to what extent this cohort represented the general 
(age-matched) population, we fi rst compared absolute counts of multiple innate 
and adaptive cell populations with reference values from healthy age-matched 
cohorts.(24, 26, 27) (ref 22: van der Pan et al, manuscript in revision) Overall, 
innate, CD4 T- and B-cell counts in the donors were representative of their age 
category, with exception of IgG3, IgG4 and IgA2 plasma cells, which were slightly 
elevated in several donors. In three donors (carriers, one family), a subclinical 
B-cell expansion was observed. Additionally, two donors (non-carriers, diff erent 
families) in whom we observed B-cell aberrancies were excluded from all further 
analyses and referred to a hemato-oncologist for further evaluations (the expan-
ded B-cell phenotypes observed in the initial research-based screening were: 
CD19+CD20+CD5+CD21+CD27+IgM+IgD-/dim and CD19+CD20+CD5+CD-
21dimCD27+IgG1dim). For CD8 T- and NK-cell subsets no age-matched referen-
ce values were available. No impact of sex on cell counts was observed. An impact 
of age on cell counts was found for several subpopulations. To reduce impact of 
sex or age on the comparison between p.P522R carriers and non-carriers, cohorts 
were sex- and age-matched as much as possible. Lastly, we observed a pronoun-
ced eff ect of pedigree, as in several subsets cell counts from all fi rst-degree family 
members tended to cluster together, even when individuals were living at diff e-
rent locations for many years (Figure S1). 

Several parameters in p.P522R carriers resemble younger healthy do-
nors
To evaluate the impact of PLCγ2 carriership on cell counts in innate and adaptive 
immune cell subsets, we related this information to the carriership status. Over-
all, p.P522R carriers tended to have higher total and immature B-cell numbers, 
and signifi cantly more CD20++CD21-CD24+ naive and IgG1+ MBCs (Figure 
1A). This pattern was observed in at least half of the families with mixed car-
riership (CD20++CD21-CD24+ naive B cells; 3/6, IgG1+ MBCs; 5/6 families). 
Interestingly, upon comparing median cell counts carriers and non-carriers with 
an internal reference cohort (n=25, 9 females, aged 18-54, median age: 27 years), 
the carrier cell counts more closely resembled the counts of the younger cohort 
than the non-carriers (Figure 1A). Interestingly, for the CD20++CD21-CD24+ 
naive B cells, the median cell count was slightly higher in carriers than in the 
younger cohort.

Next, we evaluated expression of several surface markers: HLA-DR, CD62L, 
CD16, CD33 and FcεRI on innate immune cells, CD45RA, CD27, CD28 and CD3 
on T cells, and CD20 and CD21 on B cells. Interestingly, we found a reduced ex-
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Figure 1. Main diff erences between PLCγ2 p.P522R carriers and non-carriers in Cohort 
I. (A) Major diff erences in absolute immune cell counts between carriers and non-carriers. (B) Major 
diff erences in activation marker expression between carriers and non-carriers. Mean fl uorescence 
intensity (MFI) was corrected by subtraction of background signal on a negative reference population. 
Diff erences between cohorts were determined using the Mann-Whitney test. Green circles indicate 
p.P522R carriers, and black circles indicate non-carriers. Centenarian data points are indicated in 
the graphs as an open red circle. Grey boxes indicate the 95%CI and dashed lines indicate the median 
cell count or MFI from a younger reference cohort (n=25, average age: 31 years old), whose data was 
collected in the same laboratory, using identical methods and equipment. N=31, * p<0.05, ** p<0.01.
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pression of FcεRI on CD62L- FcεRI+ classical monocytes (CD62L- FcεRI+ cMo), 
basophils and plasmacytoid dendritic cells (pDCs) in p.P522R carriers with a me-
dian age of 71 years (range 59-103 years) versus non-carriers with a median age 
of 74 years (range 61-83 years) (Figure 1B). Median FcεRI expression in carriers 
was below, or in the lower range, of the young reference cohort (n.s.). In contrast 
to FcεRI expression, the expression of CD33 on CD62L- FcεRI- cMos was incre-
ased in the p.P522R carriers, and in the high range of the 95% confi dence interval 
of the younger reference cohort, while non-carriers resided on the lower end of 
the 95% confi dence interval of the younger reference cohort (n.s.) (Figure 1B). 
Higher PLCγ2 expression in immune cells of p.P522R carriers 

Then, we evaluated the PLCγ2 expression levels in diff erent leukocyte populati-
ons in the total cohort (irrespective of carriership). The highest PLCγ2 expressi-
on was found in eosinophils, with high variation between individuals, and, more 
consistently, in antigen-experienced B cells (Figure 2A). When comparing car-
riers with non-carriers, the levels of PLCγ2 in all evaluated B-cell subsets were 
consistently higher in p.P522R carriers than in non-carriers (Figure 2BC). Like-
wise, innate cells tended to have slightly higher median values for PLCγ2 expres-
sion in p.P522R carriers compared to non-carriers (Figure 2BC).

To summarize our fi ndings in this fi rst analysis (e.g. Cohort I): based on cell 
counts, Cohort I seemed representative for healthy individuals of this age group. 
Whenever diff erences in cell counts were found between p.P522R carriers and 
non-carriers, carriers more closely resembled the younger control cohort. Lastly, 
PLCγ2 expression tended to be higher in carriers, mostly on antigen-experienced 
B cells.

Higher levels of phosphorylated PLCγ2 in stimulated B cells from 
p.P522R carriers 
In a second analysis (Cohort II), we evaluated the eff ect of p.P522R on PLCγ2 ac-
tivity in several B-cell subsets derived from 14 healthy older adults (6 non-carri-
ers, 8 carriers) (Table 1, Text S1). As PLCγ2 is located downstream of the BCR, 
we assessed whether specifi c elements of the signaling pathway were aff ected by 
the carriership status. The BCR was stimulated with IgM (stimulation with IgG 
Fabs was also tested, but results were considered unreliable due to high back-
ground signal). In the steady state, we observed no signifi cant diff erence between 
the levels of phosphorylated PLCγ2 (pPLCγ2) in B cells from p.P522R carriers 
and non-carriers (Figure 3A). Upon BCR stimulation with IgM Fabs, a similar 
percentage of unswitched MBCs was activated, but the integrated mean fl uores-
cent intensity (iMFI) of PLCγ2 was almost two-fold higher in carriers than in 
non-carriers (3667 vs 2051, respectively), implying a stronger activation in car-
riers (Figure 3A). Moreover, levels of pPLCγ2 tended to be higher in stimula-
ted pre-GC B cells in carriers. According to expectations, no increase in pPLCγ2 
was observed upon IgM stimulation in the (IgM-) class-switched MBCs in either 
group. 
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Figure 2. PLCγ2 expression in diff erent populations of circulating immune cells. (A) 
PLCγ2 expression measured as mean fl uorescence intensity (MFI) and corrected for background sig-
nal by subtracting the MFI signal of a negative reference population (T cells) of the total cohort (ir-
respective of p.P522R carriership).  N= 31. (B) PLCγ2 expression on B-cell and myeloid cell subsets 
in p.P522R carriers (green) and non-carriers (grey). Dashed lines represent the median (min-max) 
of PLCγ2 expression of B cells of the total cohort. (C) PLCγ2 expression on B-cell and myeloid cell 
subsets between carriers (green) and non-carriers (grey). The median of each subset is plotted, medi-
ans of the same subset are connected with lines. Diff erences were evaluated with Mann-Whitney test. 
MBC; memory B cell, IgMD+ MBC; unswitched memory B cell, Pre-GC; pre-Germinal Center B cells, 
PC; plasma cells, NK cells; Natural Killer cells. * p<0.05.
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Higher calcium fl ux in B cells upon BCR stimulation in p.P522R car-
riers
Next, we evaluated the eff ect of p.P522R further downstream of the BCR by 
measuring the calcium release (‘calcium fl ux’) upon BCR stimulation using IgM 
Fabs. After a pilot experiment using IgM and IgG Fab stimulation in 12 donors, 
we found IgM stimulation to be most robust (Figure S2). We observed no diff e-
rences in calcium fl ux in pre-GC B cells derived from Cohort II donors (Figure 
3B), but there was a trend towards more robust calcium fl ux in p.P522R carriers 
vs non-carriers upon Fab stimulation in unswitched MBCs (‘Total fl ux’ and ‘Flux 
at peak’) (Figure 3C). However, this trend was not observed when comparing 
the calcium fl ux of all donors included in cohort I and II (Figure S3). Again, sti-
mulation with IgM Fabs did not result in calcium release in class-switched MBCs, 
thus confi rming that the measured calcium fl ux is truly due to BCR-specifi c sti-
mulation (Figure 3D).  

No diff erence in number of cell divisions between carriers and 
non-carriers  
Stronger B-cell activation upon stimulation in p.P522R carriers may result in 
more robust proliferation upon antigen encounter. To test this hypothesis, we 
evaluated B-cell replication history with the KREC (kappa-recombination excisi-
on circle) assay. Despite generally low cell counts, we were able to determine that 
pre-GC B cells measured in all 14 individuals in Cohort II had undergone on aver-
age 1.58 cell divisions, while unswitched MBCs measured in 8/14 individuals, 
had undergone on average 7.82 cell divisions (Figure 3E). These fi ndings are in 
line with previous publications.(31) We observed no clear diff erence in replicati-
on history of B-cell subsets between p.P522R carriers and non-carriers, possibly 
due to the limited number of donors in the non-carrier cohort (replication history 
in pre-GC B cells: 1.43 vs 1.64; in unswitched MBCs: 7.12 vs 7.82 (Figure 3F)). 
Lastly, although class-switched MBC samples were collected as well, the obtained 
cell numbers were generally too low to determine the number of undergone cell 
divisions.

Serum Ig responses to SARS-CoV-2 vaccination comparable between 
p.P522R carriers and non-carriers
To test whether the eff ect of p.P522R on B-cell activation as observed in our 
in vitro experiments also translates to an in vivo eff ect (e.g. eff ect on antibody 
production), we recognized a window of opportunity in the current global vac-
cination eff orts against SARS-CoV-2. We collected serum samples from 22 in-
dividuals (Cohort III), 7-14 weeks after receiving a second vaccination against 
SARS-CoV-2. Donors were vaccinated with Comirnaty® (Pfi zer/BioNTech, 9 
carriers, 9 non-carriers); Spikevax® (Moderna, 1 carrier); Vaxzevria® (As-
traZeneca, 1 non-carrier), or did not indicate vaccine type (2 non-carriers). All 
donors developed prominent IgG responses against the viral Receptor Binding 
Domain (RBD) and Spike (S)-protein. Antibody responses against the viral Nu-
cleocapsid (N)-protein – indicative of viral infection- were predominantly IgM 
responses (Figure 4A, B). No diff erences were observed between p.P522R car-
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Figure 4. Response to SARS-CoV-2 vaccination in p.P522R carriers and non-carriers. 
Samples were donated 7-14 weeks after second vaccination. Type of vaccine received by donors: Co-
mirnaty® (Pfi zer/BioNTech) – 9 carriers, 9 non-carriers; Spikevax® (Moderna)- 1 carrier, 0 non-car-
riers; Vaxzevria® (AstraZeneca) – 0 carriers, 1 non-carrier; vaccine type not indicated- 0 carriers, 2 
non-carriers. One donor reported a confi rmed SARS-CoV-2 infection, this donor is indicated with an 
open grey circle. (A) Serum IgM, IgA, and IgG response against the receptor binding domain (RBD), 
spike protein (S-protein) and nucleocapsid protein (N-protein), expressed in IU/mL. (B) Compositi-
on of the serum Ig response per antigen, expressed as % of total antigen-specifi c Ig response.

Figure 3 (previous page). Assessment of B-cell activation upon IgM Fab stimulation and 
B-cell replication history in p.P522R carriers and non-carriers. (A) Expression of phospho-
rylated PLCγ2 (pPLCγ2) in B cells before and after stimulation of the B-cell receptor with IgM Fabs. 
Detection of pPLCγ2 was used as a direct measure of B-cell receptor activation after IgM Fab stimu-
lation. N=14. (B-D) Measurement of calcium release (‘fl ux’) after B-cell stimulation with IgM Fabs of 
pre-GC B cells (CD27-IgG-IgA-) (B), unswitched memory B cells (CD27+IgG-IgA-) (C), or class-swit-
ched memory B cells (CD27+IgG+ or CD27+IgA+) (D) in cohort II. Diff erences between carriers and 
non-carriers were evaluated by comparing the area under the curve (AUC) of the total Fab stimulation 
(from stimulation until the moment ionomycin was added, ~ 10 min, fl ux intensity and duration), the 
peak of the response after Fab stimulation (the 5 highest points after the Fabs were added to the cells; 
fl ux intensity), and after ionomycin was added (to determine the maximum fl ux). AUC was calculated 
only for points that were higher than baseline value (unstimulated sample). N=13 (one sample was 
lost due to technical failure). (E+F) Measurement of the average number of undergone cell divisions 
by total pre-GC B cells (CD27-IgM+IgG-IgA-) or unswitched memory B cells (CD27+IgM+IgG-IgA-) 
by means of qPCR based KREC assay in the total cohort (E) or separated into carriers and non-car-
riers (F). For pre-GC B cells; n=14. Due to low DNA concentration, for unswitched MBC; n=8. Diff e-
rences were evaluated by Mann-Whitney test. Pre-GC; pre-Germinal Center, MBC; memory B cells, 
iMFI; integrated mean fl uorescence intensity (for calculation, see Methods) Unsw. MBC; unswitched 
memory B cells, Cs. MBC; class-switched memory B cells. ** p<0.01.



Chapter 4

226

riers and non-carriers.

Summarizing our (B-cell related) fi ndings in Cohort II/III: PLCγ2 in unswitched 
MBCs from p.P522R carriers is more strongly phosphorylated upon stimulation 
compared to non-carriers. Moreover, the calcium fl ux in p.P522R carriers was 
increased relative to non-carriers, at least in individuals from Cohort II, who 
were selected based on fewer comorbidities. Due to technical limitations, we were 
unable to obtain reliable results for class-switched memory cells, such that it is 
currently unclear to what extent these data can be extrapolated to other MBC 
subsets. Despite clear diff erences between p.P522R carriers and non-carriers in 
the multiple in vitro functional experiments, in vivo antibody responses raised 
against SARS-CoV-2 vaccine were comparable between carriers and non-carriers.

Increased ROS production upon FcR-mediated stimulation of innate 
immune cells in p.P522R carriers
Besides being located downstream of the BCR, PLCγ2 is also located downstream 
of FcRs, which are present on many cells of the innate immune system, including 
the microglia of the brain. Therefore, we evaluated ROS production and phago-
cytic activity upon FcR-mediated stimulation in several cell types of the innate 
immune system: neutrophils, classical, intermediate, and non-classical monocy-
tes (cMos, iMos and ncMos, and their subsets), and myeloid and plasmacytoid 
dendritic cells (mDCs, pDCs, and their subsets).

Although the percentage of phagocytosing cells did not diff er between p.P522R 
carriers and non-carriers (Figure 5A), the iMFI, refl ecting the amount of phago-
cytosed E. coli particles per cell (phagocytic capacity), tended to be lower in carri-
ers. This trend was especially prominent in classical and non-classical monocyte 
subsets, less prominent in CD14- mDC subsets and iMos, and not observed in 
CD14dim mDCs  (Figure 5A, Figure S4).  

In addition to phagocytosis, we evaluated ROS production upon phagocytosis of 
opsonized E. coli particles (PhagoBURST assay). No diff erence between p.P522R 
carriers and non-carriers was observed in the amount of ROS produced (Figure 
5A, Figure S4). To combine information from both assays, we investigated ROS 
production relative to the number of phagocytosed particles. We observed that 
this ‘normalized ROS production’ was increased in carriers, which was especially 
evident in CD62L-cMos (Figure 5A). Also, we observed that the ROS produc-
tion relative to number of phagocytosed particles tended to be increased (n.s.) 
in carriers across all evaluated monocyte subsets and neutrophils (Figure 5B, 
Figure S4A-C). Lastly, we observed increased normalized ROS production in 
CD14- mDCs, but not in CD14dim mDCs (Figure S4D-E). Thus, the ROS ge-
neration per particle tends to be somewhat higher in several cell populations in 
p.P522R carriers compared to non-carriers. 

Additionally, we stimulated samples with Phorbol 12-Myristate 13-acetate (PMA), 
which results in FcR-independent ROS generation. Surprisingly, we observed 
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a trend towards decreased ROS production in p.P522R carriers compared to 
non-carriers, which was seen for neutrophils, monocyte subsets and DC subsets 
(Figure S5). This eff ect was the strongest in monocytes, especially in CD62L+ 
and CD62L- cMos, where p.P522R carriers showed a signifi cantly lowered ROS 
production compared to non-carriers. 

Thus, upon stimulation with opsonized E. coli, we observed that p.P522R carri-
ers had a lower phagocytic capacity despite overall similar ROS production upon 
phagocytosis of E. coli and thus had increased ROS production relative to the 
number of opsonized particles. Nevertheless, the total FcR-independent ROS 
generation was lower in these same carriers. In general, diff erences were most 
prominent in the monocyte subpopulations.  

Figure 5. Detection of phagocytosis and ROS production in monocyte subsets after sti-
mulation with pHRodo™ Green E. coli bioparticles. (A) To evaluate the outcome of the phag-
ocytosis assays, three diff erent readouts were used per population; % of cells that were phagocytosing, 
the average amount of particles phagocytosed per cell, and the ROS production upon phagocytosis (as 
measured by conversion of DHR123 into R123). The average amount of particles phagocytosed per 
cell and the ROS production were further combined into one value; the ROS produced per particle, 
or the ‘normalized ROS’ (calculations are indicated in the Methods). The values are presented for 
the CD62L- classical monocyte (cMo) subset (B) The normalized ROS of all four defi ned non-clas-
sical monocyte (ncMo) subsets, based on expression of CD36 and SLAN. Diff erences were evaluated 
by means of Mann-Whitney test. All readouts were corrected for background/baseline activation by 
subtracting the value of the control (ice) from the activated (37°C) sample. * p<0.05.

Discussion 
In this study, we investigated the impact of PLCγ2 variant p.P522R on the im-
mune system in older adults. We showed that p.P522R carriers had higher num-
bers of circulating CD20++CD21-CD24+ naive B cells and IgG1+ MBCs, lower 
expression of FcεRI on several innate immune cells (pDCs, basophils and CD62L- 
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FcεRI+ cMos), and higher expression of CD33 on CD62L- FcεRI- cMos. Overall 
PLCγ2 expression tended to be higher in p.P522R carriers. Upon BCR stimulati-
on, the levels of phosphorylated PLCγ2 were signifi cantly higher in unswitched 
MBCs derived from in p.P522R carriers compared to non-carriers, and we ob-
served a trend towards higher calcium fl ux. This suggests that B-cell stimulati-
on in p.P522R carriers leads to a stronger activation compared to non-carriers. 
The number of cell divisions undergone by pre-GC B cells and unswitched MBCs 
was not diff erent between p.P522R carriers and non-carriers. Upon vaccinati-
on against SARS-CoV-2, vaccine-specifi c antibody levels did not diff er between 
p.P522R carriers and non-carriers. We also evaluated phagocytosis and ROS pro-
duction in myeloid cells and found the most prominent diff erences in the mo-
nocyte subsets, where upon FcR-dependent stimulation, (normalized) ROS pro-
duction was increased in carriers. In contrast, FcR-independent ROS generation 
was lowered in these same carriers. Across all experiments, the observed eff ects 
are small, which is in full accordance with our expectations: the molecular in-
terplay that makes up a robust immune system function has evolved under high 
evolutionary pressure, such that only subtle changes will be tolerated to have an 
advantageous eff ect. 

To our knowledge, this is the fi rst study that investigates the eff ect of the PLCγ2 
variant p.P522R in the human immune system ex-vivo and in-vivo. Previous stu-
dies have reported that -amongst others- the genetic constellation, unique to all 
individuals, has a profound infl uence on cell counts.(33, 34) In line with these 
previous studies, we observed an eff ect of pedigree on the numbers of circulating 
immune cells. Using human subjects means accepting to sample in individuals 
from a heterogenous genetic background compared to inbred animals or cell li-
nes. To minimize genetic heterogeneity, we set out to select samples of p.P522R 
carrier and non-carrier siblings. These siblings (~71/72-year-old) were children 
from a parent who participated in the 100-plus Study, who reached at least 100 
years and carried the protective p.522R PLCγ2 variant.(20) We acknowledge 
that, next to the protective variant in PLCγ2, these individuals, both p.P522R 
carrier and non-carrier siblings, may be enriched with additional advantageous 
genetic elements associated with prolonged health which may positively aff ect 
immune system function. Nevertheless, comparison with age-matched reference 
cohorts confi rmed that cell counts were representative for the general older adult 
population. 

Upon BCR-stimulation, B cells in p.P522R carriers showed a stronger activation. 
This was most prominent for unswitched MBCs. Due to technical limitations, we 
were unable to confi rm whether the same holds true for class-switched MBCs. In 
vitro studies that investigated the activation levels of unswitched and class-swit-
ched MBCs reported confl icting data, and thus indicate that future studies are re-
quired.(35) Nonetheless, the in vitro stimulation of B cells from the homogenous 
and healthy individuals in Cohort II suggested that the activation signal in carri-
ers was stronger, which is in line with the suggestion that the p.P522R variant is 
a functional hypermorph, as previously observed in cell lines and mouse models.
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(13, 18, 19) However, this pattern was lost upon the combination of Cohort II with 
Cohort I. Cohort I was a more heterogenous cohort including individuals with di-
verse comorbidities or medication use that may infl uence the immune responses, 
such as (undiagnosed) autoimmune disease, use of steroids, or use of non-steroid 
anti-infl ammatory drugs (NSAIDs).

While our analysis of post-vaccination serum responses did not reveal a benefi -
cial eff ect of p.P522R in terms of generated serum levels of IgG, IgM or IgA, the 
complexity of the generated response (e.g., B-cell repertoire) may diff er between 
p.P522R carriers and non-carriers. Previous studies indicated that with incre-
asing age the diversity of the B-cell repertoire decreases(36, 37), therefore, an 
in-depth evaluation of the Ag-specifi c B-cell repertoire, especially their VDJ regi-
ons, may reveal diff erences between p.P522R carriers and non-carriers. Although 
we did not investigate repertoire in this study, the higher numbers of circulating 
CD20++CD21-CD24+ naive B cells in carriers may represent a broader available 
B-cell repertoire. This may leave carriers better equipped to deal with neoanti-
gens.

Innate immune cells in p.P522R carriers had a lower expression of FcεRI which, 
upon activation, contributes to the production of important immune mediators 
that promote infl ammation (cytokines, interleukins, leukotrienes, and prostag-
landins).(38, 39) Allergy-related expression of IgE associates with an upregula-
tion of FcεRI expression(40), but since 5/7 reported allergies were in p.P522R 
carriers the frequency of a reported allergy could not explain the decreased FcεRI 
expression among carriers. 

While the current study was ongoing, two studies were published that evaluated 
the impact of p.P55R on phagocytosis. Takalo et al reported increased phagocy-
tic activity of opsonized E. coli (as determined by pHRodo™ Green signal and 
percentage of phagocytosing cells) in murine p.P522R microglia-like cells (BV2 
cell-line) and knock-in murine macrophages.(13) In functional analyses between, 
macrophages derived from homozygous knock-in mice and wild type littermates, 
Takalo et al revealed that the p.P522R variant potentiates the primary function 
of PLCγ2 as a PIP2-metabolizing enzyme.(13) This was associated with improved 
survival and increased acute infl ammatory responses of the knock-in macropha-
ges. Maguire et al showed that -although P522R showed hypermorphic activity 
in Ca-release and endocytosis experiments-, phagocytosis of opsonized E. coli 
was reduced in mouse microglia and macrophages and in human iPSC-derived 
microglia. However, they indicated that reduction of phagocytosis may have 
been due to substrate deprivation (PIP2) upon prolonged stimulation.(19) The 
discrepancies between the study of Takalo and Maguire might be explained by 
diff erences in experimental setup, such as in the timeframe used for phagocyto-
sis, the type of evaluated readout, concentration of substrate, and the cell types 
evaluated. 

In our study of primary human cells, the number of phagocytosed particles per 
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cell seemed somewhat reduced in p.P522R carriers, which aligns with our obser-
vation that innate immune cells in p.P522R carriers had a higher expression of 
CD33 which, upon stimulation by any molecule with sialic acid residues (such 
as glycoproteins or glycolipids), results in a cascade that inhibits phagocytosis 
in the cell.(41) Importantly, previous studies suggested an association between 
CD33 levels and the etiology and pathology of Alzheimers’ disease: the common 
CD33 risk allele (rs3865444, associated with increased chance of developing Al-
zheimers’ disease in GWAS) was associated with higher CD33 expression too.
(41, 42) However, carriers of the risk allele had a 7-fold increased expression 
of CD33 on peripheral monocytes.(42) In our study we see a much lower incre-
ase in CD33 surface expression in one particular monocyte subset (~1.67-fold, 
CD62L- FcεRI- cMo). Additionally, our results indicated that the ROS production 
per phagocytosed particle seemed increased in p.P522R carriers, although over-
all ROS production between carriers and non-carriers was similar. These fi ndings 
suggest that p.P522R carriers have a more effi  cient ROS production per particle. 
This more effi  cient ROS production (per particle) may contribute to an increased 
resilience to age-related decline of immune function as previous studies indica-
ted that with increasing age, both the phagocytic capacity (# particles ingested/
neutrophil) and oxidative burst are reduced.(5, 43, 44) The higher ROS produc-
tion per phagocytosed particle might translate to increased degradation capacity 
-and thus more eff ective clearance- within the phagocyte. This capacity has been 
reported to be decreased in aged individuals as well as Alzheimers’ disease pa-
tients.(45) While we cannot exclude that other advantageous (genetic) elements 
carried by these donors also contribute to this phenotype, this more effi  cient ROS 
production in p.P522R carriers may protect these individuals from infection and 
can thus contribute to a long-term maintenance of healthy immune function.  

PLCγ2 is not the only molecule expressed on peripheral immune cells that has 
been shown to associate with protection against neurodegenerative diseases. A 
recent preprint suggested an association between HLA-variant DRBI*04 and 
protection against neurodegenerative diseases (HLA-DR is mainly expressed 
on antigen-presenting cells).(46) In this study we cannot answer the question 
whether the protective eff ect of the p.P522R variant on neurodegenerative disea-
ses is translated, perhaps in part, through the peripheral immune system. Ho-
wever, a recent study by Prongpreecha et al suggested that reduced activation of 
PLCγ2 in PMBCs is a molecular characteristic of Alzheimers’ disease.(47) Our 
fi ndings clearly indicate that both adaptive and innate circulating human pri-
mary cells of the peripheral system are subtly changed in carriers of the p.P522R 
variant. The more effi  cient ROS production we observed upon FcR-mediated sti-
mulation in peripheral monocytes may translate directly to the microglia in the 
in vivo human brain, which also express FcR. Therefore, the p.P522R variant 
may protect the brain with a mechanism similar to that observed in peripheral 
immune cells. Although there is discussion on whether phagocytosis is benefi cial 
or detrimental during Alzheimers’ disease (19, 48), a more effi  cient clearance of 
tissue damage and debris in the brain may be benefi cial at least in the initial sta-
ges of Alzheimers’ disease. To what extent a more sensitive B-cell response has 
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a protective eff ect on the brain remains to be investigated. However, (natural) 
antibodies against brain amyloid or tau have been observed not only in Alzhei-
mers’ disease patients, but also in cognitively healthy elderly individuals.(49, 50) 
In fact, in brain proteinopathies, antibodies can enter the brain parenchyma and 
eff ectively remove the aberrant proteins, making these antibodies promising can-
didates for intervention strategies for several types of dementia.(51-53) We may 
thus speculate that a sensitive B-cell system, such as observed in the p.P522R 
carriers, through increased activity in the periphery, may contribute to the long-
term maintenance of brain health. 

Conclusions
Our study confi rmed the hypermorphic activity of PLCγ2 p.P522R in circulating 
immune cells, which provides a low-invasive source of primary cells for future 
studies. It would be interesting to evaluate whether p.P522R benefi ts carriers 
early in life, or whether its protective eff ect plays a role mostly later in life by, for 
example, delaying immunosenescence, both in the soma and in the central ner-
vous system. More insight in the functioning of p.P522R may help design future 
therapies and better defi ne the therapeutic window of PLCγ2. 

List of abbreviations
Phospholipase C gamma 2 (PLCγ2)
B and T-cell receptor (BCR, TCR) 
germinal center (GC) 
memory B-cell (MBC)
reactive oxygen species (ROS)
single-nucleotide polymorphism (SNP)
Phospholipase C gamma 2 gene (PLCG2)
phosphatidylinositol 4,5-bisphosphate (PIP2)
inositol 1,4,5-triphosphate (IP3)
diacylglycerol (DAG)
Fc receptors (FcR)
Triggering Receptors Expressed on Myeloid cells (TREM)
peripheral blood (PB) 
Genome Screening Array (GSA)
quality control (QC)
Setup and Tracking beads (CS&T beads)
Dendritic cell-monocyte (DC-monocyte)
CD4-T cell panel (CD4T)
CD8 cytotoxic T-cell panel (CYTOX)
B-cell and plasma cell panel (BIGH)
Peripheral blood mononuclear cells (PBMCs)
area under the curve (AUC)
coding joints (Cj)
signal joints (Sj)
Albumin (Alb)
dihydrorhodamine (DHR123)



Chapter 4

232

classical, intermediate, and non-classical monocytes (cMos, iMos and ncMos)
phosphorylated PLCγ2 (pPLCγ2)
integrated mean fl uorescent intensity (iMFI)
kappa-recombination excision circle (KREC)
Receptor Binding Domain (RBD)
Spike protein (S protein)
Nucleocapsid protein (N protein)
myeloid and plasmacytoid dendritic cells (mDCs, pDCs)
Phorbol 12-Myristate 13-acetate (PMA)
non-steroid anti-infl ammatory drugs (NSAIDs)

Declarations
Ethics approval and consent to participate: In this study,  we selected 36 indivi-
duals from the 100 plus study cohort, as previously described by Holstege et al 
(METC number: 2016.440, approved by the Medical Ethics Committee of the VU 
University Medical Center, Amsterdam, the Netherlands). Informed consent was 
obtained from each study participant.

Consent for publication: not applicable.

Availability of data and materials: The datasets used and/or analysed du-
ring the current study are available from the corresponding authors on reasona-
ble request. Questions and requests about the clinical data should be submitted 
to H. Holstege. Questions and requests for the experimental data discussed in 
this manuscript should be submitted to J.J.M. van Dongen. 

Funding/Competing interests: This work was supported by the Hor-
stingStuit Foundation, the Hans und Ilse Breuer Foundation and Stichting VUmc 
Fund; and by the ABOARD project, Project number: ZonMW (#73305095007 
and Health~Holland, Topsector Life Sciences & Health (PPP-allowance; 
#LSHM20106).

AMD, CT, JJMvD and MAB report inventorship of the patent “Means and me-
thods for multiparameter cytometry-based leukocyte subsetting” (NL2844751, 
PCT/NL2020/050688, fi ling date 5 November 2019), owned by the EuroFlow 
Consortium. In addition, JJMvD reports to be chairman of the EuroFlow scienti-
fi c foundation, which receives royalties from licensed patents, which are collecti-
vely owned by the participants of the EuroFlow Foundation. These royalties are 
exclusively used for continuation of the EuroFlow collaboration and sustainabi-
lity of the EuroFlow consortium. JJMvD reports an Educational Services Agree-
ment from BD Biosciences (San José, CA) and a Scientifi c Advisor Agreement 
with Cytognos; all related fees and honoraria are for the Immunology department 
at Leiden University Medical Center. All other authors declare they have no com-
peting interests.

Authors’ contributions: Conceptualization, HH, JJMvD; Data curation, DH, 



4

Chapter 4

233

LL, SR, AMD; Formal analysis, BN, BdM, RJG, AAV, MdJ, CT, MAB, AMD; Fun-
ding acquisition, HH; Investigation, BN, BdM, RJG, IFL, AAV, MdJ, AMD; Me-
thodology, CT; Project administration, DH, LL, AMD; Resources; DH, LL, SR, 
HH; supervision, HH, JJMvD, MAB, CT; Visualization, AMD; writing – original 
draft preparation, MAB, AMD; writing – review and editing, all authors read the 
manuscript, provided feedback and agree with the fi nal manuscript.

Acknowledgments: The authors would like to thank the participants of the 
100-plus Study and their family members for providing the blood samples ana-
lyzed in this work. Further, we thank the LUMC Vrijwillige Donoren Service 
(LuVDS), who provided healthy blood samples for optimization of all assays, E. 
Simonetti (Radboudumc, Laboratory of Medical Immunology) for running the 
multiplex immunoassay, and the LUMC technical support team for the design 
and production of the tube heating device used in this study. The authors grate-
fully acknowledge the Flow cytometry Core Facility at LUMC (coordinated by M. 
Hameetman, run by operators S. van de Pas, D. Lowie, IJ. Reyneveld and former 
FCF members dr. K. Schepers, J. Jansen, E. de Haas, and G. de Roo) for their 
support.

Supplementary Materials: The Supplementary Material for this article 
can be found online at: https://assets.researchsquare.com/fi les/rs-1929710/
v1/107d2012-dd37-43b1-b2cb-966265d906bf.pdf?c=1661362356

Or using the following QR code:

References
1. Castelo-Branco C, Soveral I. The immune system and aging: a review. Gynecolo-
gical Endocrinology. 2014;30(1):16-22.
2. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De Be-
nedictis G. Infl amm-aging: an evolutionary perspective on immunosenescence. Annals of 
the new York Academy of Sciences. 2000;908(1):244-54.
3. Cancro MP, Hao Y, Scholz JL, Riley RL, Frasca D, Dunn-Walters DK, Blomberg 
BB. B cells and aging: molecules and mechanisms. Trends in immunology. 2009;30(7):313-
8.
4. Frasca D, Diaz A, Romero M, Garcia D, Blomberg BB. B cell immunosenescence. 
Annual review of cell developmental biology. 2020;36:551-74.
5. Fortin CF, McDonald PP, Lesur O, Fülöp Jr T. Aging and neutrophils: there is still 
much to do. Rejuvenation research. 2008;11(5):873-82.
6. McLachlan JA, Serkin CD, Morrey KM, Bakouche O. Antitumoral properties of 
aged human monocytes. The Journal of Immunology. 1995;154(2):832-43.
7. Hearps AC, Martin GE, Angelovich TA, Cheng WJ, Maisa A, Landay AL, Ja-
worowski A, Crowe SM. Aging is associated with chronic innate immune activation and 
dysregulation of monocyte phenotype and function. Aging cell. 2012;11(5):867-75.
8. Sims R, Van Der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobsdottir 
J, Kunkle BW, Boland A, Raybould R, Bis JC. Rare coding variants in PLCG2, ABI3, and 
TREM2 implicate microglial-mediated innate immunity in Alzheimer's disease. Nature 



Chapter 4

234

genetics. 2017;49(9):1373-84.
9. van der Lee SJ, Conway OJ, Jansen I, Carrasquillo MM, Kleineidam L, van den 
Akker E, Hernández I, Van Eijk KR, Stringa N, Chen JAJAn. A nonsynonymous mutation 
in PLCG2 reduces the risk of Alzheimer’s disease, dementia with Lewy bodies and fronto-
temporal dementia, and increases the likelihood of longevity. 2019;138(2):237-50.
10. Wagner K-H, Cameron-Smith D, Wessner B, Franzke BJN. Biomarkers of aging: 
from function to molecular biology. 2016;8(6):338.
11. Wilde JI, Watson SP. Regulation of phospholipase C γ isoforms in haematopoie-
tic cells: why one, not the other? Cellular signalling. 2001;13(10):691-701.
12. Wang D, Feng J, Wen R, Marine J-C, Sangster MY, Parganas E, Hoff meyer A, 
Jackson CW, Cleveland JL, Murray PJ. Phospholipase Cγ2 is essential in the functions of 
B cell and several Fc receptors. Immunity. 2000;13(1):25-35.
13. Takalo M, Wittrahm R, Wefers B, Parhizkar S, Jokivarsi K, Kuulasmaa T, Mäki-
nen P, Martiskainen H, Wurst W, Xiang XJMn. The Alzheimer’s disease-associated pro-
tective Plcγ2-P522R variant promotes immune functions. 2020;15(1):1-14.
14. Andreone BJ, Przybyla L, Llapashtica C, Rana A, Davis SS, van Lengerich B, 
Lin K, Shi J, Mei Y, Astarita GJNN. Alzheimer’s-associated PLCγ2 is a signaling node 
required for both TREM2 function and the infl ammatory response in human microglia. 
2020;23(8):927-38.
15. Strickland SL, Morel H, Prusinski C, Allen M, Patel TA, Carrasquillo MM, Con-
way OJ, Lincoln SJ, Reddy JS, Nguyen TJAnc. Association of ABI3 and PLCG2 missen-
se variants with disease risk and neuropathology in Lewy body disease and progressive 
supranuclear palsy. 2020;8(1):1-12.
16. Chen F, Zhang Y, Wang L, Wang T, Han Z, Zhang H, Gao S, Hu Y, Liu GJJoAsD. 
PLCG2 rs72824905 Variant Reduces the Risk of Alzheimer’s Disease and Multiple Sclero-
sis. 2021(Preprint):1-7.
17. Kleineidam L, Chouraki V, Próchnicki T, van der Lee SJ, Madrid-Marquez L, 
Wagner-Thelen H, Karaca I, Weinhold L, Wolfsgruber S, Boland A. PLCG2 protective va-
riant p. P522R modulates tau pathology and disease progression in patients with mild 
cognitive impairment. Acta neuropathologica. 2020;139(6):1025-44.
18. Magno L, Lessard CB, Martins M, Lang V, Cruz P, Asi Y, Katan M, Bilsland J, 
Lashley T, Chakrabarty PJAsr, therapy. Alzheimer’s disease phospholipase C-gamma-2 
(PLCG2) protective variant is a functional hypermorph. 2019;11(1):16.
19. Maguire E, Menzies GE, Phillips T, Sasner M, Williams HM, Czubala MA, Evans 
N, Cope EL, Sims R, Howell GRJTEj. PIP2 depletion and altered endocytosis caused by 
expression of Alzheimer's disease-protective variant PLCγ2 R522. 2021;40(17):e105603.
20. Holstege H, Beker N, Dijkstra T, Pieterse K, Wemmenhove E, Schouten K, Thies-
sens L, Horsten D, Rechtuijt S, Sikkes SJEjoe. The 100-plus Study of cognitively healthy 
centenarians: rationale, design and cohort description. 2018;33(12):1229-49.
21. Tesi N, van der Lee SJ, Hulsman M, Jansen IE, Stringa N, van Schoor N, Meijers-
Heijboer H, Huisman M, Scheltens P, Reinders MJJEJoHG. Centenarian controls incre-
ase variant eff ect sizes by an average twofold in an extreme case–extreme control analysis 
of Alzheimer’s disease. 2019;27(2):244-53.
22. Kalina T, Flores-Montero J, Lecrevisse Q, Pedreira CE, Velden VH, Novakova M, 
Mejstrikova E, Hrusak O, Böttcher S, Karsch D. Quality assessment program for EuroFlow 
protocols: Summary results of four-year (2010–2013) quality assurance rounds. Cytome-
try Part A. 2015;87(2):145-56.
23. Kalina T, Flores-Montero J, Van Der Velden V, Martin-Ayuso M, Böttcher S, 
Ritgen M, Almeida J, Lhermitte L, Asnafi  V, Mendonca A. EuroFlow standardization 
of fl ow cytometer instrument settings and immunophenotyping protocols. Leukemia. 
2012;26(9):1986-2010.



4

Chapter 4

235

24. Pan Kvd, Bruin-Versteeg Sd, Damasceno D, Hernández-Delgado A, Sluijs-Gel-
ling AJvd, Bossche WBvd, Laat IFd, Diez P, Naber BA, Diks AM, Berkowska MA, Mooij Bd, 
Groenland RJ, Bie FJd, Khatri I, Kassem S, Jager ALd, Louis A, Almeida J, Gaans Jv, Bar-
koff  A-M, He Q, Ferwerda G, Versteegen P, Berbers GA, Orfao A, Dongen JJMv, Teodosio 
C. Development of a standardized and validated fl ow cytometry approach for monitoring 
of innate myeloid immune cells in human blood. in review at Frontiers at Immunology. 
2022.
25. van Dongen JJMOdMCEV, J.A. ; Goncalves Grunho Teodosio, C.I.; Perez Y And-
res, M.; Almeida Parra, J.M.; Van den Bossche, W.B.L.; Botafogo Goncalves, V.D.; Ber-
kowska, M.A.; Van der Pan, K.; Blanco Alvarez, E.; Diks, A.M. , inventor; P119646NL00, 
assignee. Means and methods for multiparameter cytometry-based leukocyte subsetting. 
The Netherlands2019 priority date 5 November 209.
26. Botafogo V, Pérez-Andres M, Jara-Acevedo M, Bárcena P, Grigore G, Hernán-
dez-Delgado A, Damasceno D, Comans S, Blanco E, Romero A. Age Distribution of Multi-
ple Functionally Relevant Subsets of CD4+ T Cells in Human Blood Using a Standardized 
and Validated 14-Color EuroFlow Immune Monitoring Tube. Frontiers in Immunology. 
2020;11:166.
27. Blanco E, Pérez-Andrés M, Arriba-Méndez S, Contreras-Sanfeliciano T, Criado I, 
Pelak O, Serra-Caetano A, Romero A, Puig N, Remesal A. Age-associated distribution of 
normal B-cell and plasma cell subsets in peripheral blood. Journal of Allergy and Clinical 
Immunology. 2018;141(6):2208-19. e16.
28. Diks AM, Versteegen P, Teodosio C, Groenland RJ, de Mooij B, Buisman A-M, 
Torres-Valle A, Pérez-Andrés M, Orfao A, Berbers GAM, van Dongen JJM, Berkowska 
MA, Consortium obotI-P. Age and Primary Vaccination Background Infl uence the Plasma 
Cell Response to Pertussis Booster Vaccination. 2022;10(2):136.
29. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, Hoff  ST, 
Andersen P, Reed SG, Morris SL. Multifunctional TH 1 cells defi ne a correlate of vacci-
ne-mediated protection against Leishmania major. Nature medicine. 2007;13(7):843-50.
30. Van Zelm MC, Van Der Burg M, Langerak AW, Van Dongen JJ. PID comes full 
circle: applications of V (D) J recombination excision circles in research, diagnostics and 
newborn screening of primary immunodefi ciency disorders. Frontiers in immunology. 
2011;2:12.
31. Van Zelm MC, Szczepań ski T, Van Der Burg M, Van Dongen JJ. Replication his-
tory of B lymphocytes reveals homeostatic proliferation and extensive antigen-induced B 
cell expansion. The Journal of experimental medicine. 2007;204(3):645-55.
32. Fröberg J, Gillard J, Philipsen R, Lanke K, Rust J, van Tuijl D, Teelen K, Bousema 
T, Simonetti E, van der Gaast-de Jongh CJNc. SARS-CoV-2 mucosal antibody development 
and persistence and their relation to viral load and COVID-19 symptoms. 2021;12(1):1-11.
33. Garner C, Tatu T, Reittie J, Littlewood T, Darley J, Cervino S, Farrall M, Kelly P, 
Spector T, Thein SJB, The Journal of the American Society of Hematology. Genetic infl uen-
ces on F cells and other hematologic variables: a twin heritability study. 2000;95(1):342-6.
34. Hall M, Ahmadi K, Norman P, Snieder H, MacGregor A, Vaughan R, Spector T, 
Lanchbury JJG, Immunity. Genetic infl uence on peripheral blood T lymphocyte levels. 
2000;1(7):423-7.
35. Kurosaki T, Aiba Y, Kometani K, Moriyama S, Takahashi YJIr. Unique properties 
of memory B cells of diff erent isotypes. 2010;237(1):104-16.
36. Kolibab K, Smithson SL, Rabquer B, Khuder S, Westerink MJJI, immunity. Im-
mune response to pneumococcal polysaccharides 4 and 14 in elderly and young adults: 
analysis of the variable heavy chain repertoire. 2005;73(11):7465-76.
37. Ademokun A, Wu YC, Martin V, Mitra R, Sack U, Baxendale H, Kipling D, 
Dunn-Walters DKJAc. Vaccination-induced changes in human B-cell repertoire and pneu-



Chapter 4

236

mococcal IgM and IgA antibody at diff erent ages. 2011;10(6):922-30.
38. Spiegelberg H, Melewicz F, Ferreri N, editors. IgE Fc receptors on monocytes and 
allergy. Annales de l'Institut Pasteur/Immunologie; 1986: Elsevier.
39. Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan RP, Paul WEJN. Mast 
cell lines produce lymphokines in response to cross-linkage of FcεRI or to calcium ionop-
hores. 1989;339(6219):64-7.
40. Gould HJ, Sutton BJJNRI. IgE in allergy and asthma today. 2008;8(3):205-17.
41. Jiang T, Yu J-T, Hu N, Tan M-S, Zhu X-C, Tan LJMn. CD33 in Alzheimer's di-
sease. 2014;49(1):529-35.
42. Bradshaw EM, Chibnik LB, Keenan BT, Ottoboni L, Raj T, Tang A, Rosenkrantz 
LL, Imboywa S, Lee M, Von Korff  AJNn. CD33 Alzheimer's disease locus: altered monocy-
te function and amyloid biology. 2013;16(7):848-50.
43. Fülöp Jr T, Foris G, Worum I, Leövey A. Age-dependent alterations of Fc gamma 
receptor-mediated eff ector functions of human polymorphonuclear leucocytes. Clinical 
and experimental immunology. 1985;61(2):425.
44. Butcher S, Chahal H, Nayak L, Sinclair A, Henriquez N, Sapey E, O’mahony D, 
Lord J. Senescence in innate immune responses: reduced neutrophil phagocytic capacity 
and CD16 expression in elderly humans. Journal of leukocyte biology. 2001;70(6):881-6.
45. Gabandé-Rodríguez E, Keane L, Capasso MJJonr. Microglial phagocytosis in 
aging and Alzheimer's disease. 2020;98(2):284-98.
46. Guen YL, Luo G, Ambati A, Damotte V, Jansen I, Yu E, Nicolas A, de Rojas I, Leal 
TP, Miyashita A, Bellenguez C, Lian MM, Parveen K, Morizono T, Park H, Grenier-Boley 
B, Naito T, Küçükali F, Talyansky SD, Yogeshwar SM, Sempere V, Satake W, Alvarez V, 
Arosio B, Belloy ME, Benussi L, Boland A, Borroni B, Bullido MJ, Caff arra P, Clarimon J, 
Daniele A, Darling D, Debette S, Deleuze J-F, Dichgans M, Dufouil C, During E, Düzel E, 
Galimberti D, Garcia-Ribas G, García-Alberca JM, García-González P, Giedraitis V, Gold-
hardt O, Graff  C, Grünblatt E, Hanon O, Hausner L, Heilmann-Heimbach S, Holstege H, 
Hort J, Jung YJ, Jürgen D, Kern S, Kuulasmaa T, Ling L, Masullo C, Mecocci P, Mehrabian 
S, de Mendonça A, Boada M, Mir P, Moebus S, Moreno F, Nacmias B, Nicolas G, Norde-
stgaard BG, Papenberg G, Papma J, Parnetti L, Pasquier F, Pastor P, Peters O, Pijnenburg 
YAL, Piñol-Ripoll G, Popp J, Porcel LM, Puerta R, Pérez-Tur J, Rainero I, Ramakers I, 
Real LM, Riedel-Heller S, Rodriguez-Rodriguez E, Luís Royo J, Rujescu D, Scarmeas N, 
Scheltens P, Scherbaum N, Schneider A, Seripa D, Skoog I, Solfrizzi V, Spalletta G, Squas-
sina A, van Swieten J, Sánchez-Valle R, Tan E-K, Tegos T, Teunissen C, Thomassen JQ, 
Tremolizzo L, Vyhnalek M, Verhey F, Waern M, Wiltfang J, Zhang J, Zetterberg H, Blen-
now K, Williams J, Amouyel P, Jessen F, Kehoe PG, Andreassen O, Van Duin C, Tsolaki 
M, Sánchez-Juan P, Frikke-Schmidt R, Sleegers K, Toda T, Zettergren A, Ingelsson M, 
contributors E, group GAs, consortium D, DemGene, EADI, GERAD, consortium APsDG, 
Okada Y, Rossi G, Hiltunen M, Gim J, Ozaki K, Sims R, Foo JN, van der Flier W, Ikeuchi 
T, Ramirez A, Mata I, Ruiz A, Gan-Or Z, Lambert J-C, Greicius MD, Mignot E. Protective 
association of <em>HLA-DRB1</em>*04 subtypes in neurodegenerative diseases impli-
cates acetylated Tau PHF6 sequences. 2021:2021.12.26.21268354.
47. Phongpreecha T, Fernandez R, Mrdjen D, Culos A, Gajera CR, Wawro AM, Stan-
ley N, Gaudilliere B, Poston KL, Aghaeepour N. Single-cell peripheral immunoprofi ling of 
Alzheimer’s and Parkinson’s diseases. Science advances. 2020;6(48):eabd5575.
48. D’Andrea MR, Cole GM, Ard MDJNoa. The microglial phagocytic role with speci-
fi c plaque types in the Alzheimer disease brain. 2004;25(5):675-83.
49. Britschgi M, Olin C, Johns H, Takeda-Uchimura Y, LeMieux M, Rufi bach K, Ra-
jadas J, Zhang H, Tomooka B, Robinson W. Neuroprotective natural antibodies to assem-
blies of amyloidogenic peptides decrease with normal aging and advancing Alzheimer's 
disease. Proceedings of the National Academy of Sciences. 2009;106(29):12145-50.



4

Chapter 4

237

50. Rosenmann H, Meiner Z, Geylis V, Abramsky O, Steinitz M. Detection of cir-
culating antibodies against tau protein in its unphosphorylated and in its neurofi brillary 
tangles-related phosphorylated state in Alzheimer's disease and healthy subjects. Neuros-
cience letters. 2006;410(2):90-3.
51. Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, Dunstan R, 
Salloway S, Chen T, Ling Y. The antibody aducanumab reduces Aβ plaques in Alzheimer’s 
disease. Nature immunology. 2016;537(7618):50-6.
52. Tolar M, Abushakra S, Hey JA, Porsteinsson A, Sabbagh M. Aducanumab, gan-
tenerumab, BAN2401, and ALZ-801—the fi rst wave of amyloid-targeting drugs for Al-
zheimer’s disease with potential for near term approval. Alzheimer's research therapy. 
2020;12(1):1-10.
53. Congdon EE, Sigurdsson EM. Tau-targeting therapies for Alzheimer disease. Na-
ture Reviews Neurology. 2018;14(7):399-415.



Chapter 4

238



239

Chapter 5

General Discussion



Chapter 5

240

Immune monitoring is a process in which a diverse set of tools is applied to al-
low evaluation of the immune system. Monitoring of the immune system, both 
when an active response is ongoing and when in homeostasis, can yield valuable 
information about the immune status of an individual or a group. Vaccination is 
an example of an active response. Here, monitoring can yield information about 
the effi  cacy of applied vaccination/immunization method, or it can give infor-
mation about the functioning of the immune system in one or more individuals 
(for example when using a neoantigen). The importance of immune monitoring 
is well-recognized and various eff orts are made to harmonize/standardize pro-
tocols, yet further improvements are still needed to facilitate direct comparisons 
between diff erent laboratories and between diff erent clinical studies. 

In this thesis, we addressed multiple topics related to immune monitoring. First, 
we investigated the impact of various pre-analytical and analytical factors on the 
data quality and robustness of analysis (Chapter 2). We formulated a list of gui-
delines to improve reliability and reproducibility of data regarding immune cell 
quantity and phenotype. These guidelines fi nd application both in research utili-
zing human blood, but also in patient diagnostics or industry, e.g., in evaluation 
of new treatments or vaccination strategies. 

Next, we evaluated the longitudinal immune response following a pertussis 
booster vaccination, or after bacterial challenge with Bordetella pertussis (Bp) 
(Chapter 3). In case of booster vaccination, we investigated the immune res-
ponse not only in a ‘standard’ cohort of healthy adults, but also in a cohort of 
children, adolescents, and older adults. Additionally, we extended our fl ow cyto-
metry studies with antigen (Ag)-specifi c assays, such as serology and ELISpot, 
and showed that they can complement each other.

In Chapter 3.1, we investigated kinetics of >250 circulating immune cell sub-
sets after booster vaccination. We observed the most prominent changes in the 
plasma cell compartment. Consequently, we focused on kinetics in the B-cell 
compartment in Chapter 3.2 and found that irrespective of age and primary 
vaccination background, the expansion and maturation of (primarily) IgG1 plas-
ma cells was the most prominent feature of an immune response initiated by 
acellular pertussis (aP) booster vaccination. Despite these similarities, specifi c 
diff erences in plasma cell responses appeared to be associated with age and pri-
mary vaccination background. 

Conclusions drawn from fl ow cytometry can not only be supplemented by techni-
ques such as ELISpot and serology, but also by more exploratory techniques such 
as B-cell receptor (BCR) repertoire analysis. In Chapter 3.3, we investigated the 
BCR repertoire of plasma cells by means of single cell sequencing techniques and 
evaluated to what extent the distribution of plasma cell subsets in this data was 
refl ecting the fl ow cytometry data. Moreover, we built a query tool to help search 
for BCRs specifi c to individual vaccine components. 
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As diverse cell populations and timepoints can be of importance in diff erent mo-
dels, we compared the cellular kinetics (within innate immune cells, T cells, and B 
cells) between Bp booster vaccination or bacterial challenge in Chapter 3.1 and 
3.4. Here, we found that the expansion and maturation of plasma cells was less 
prominent and was delayed in time in the bacterial challenge model, but more he-
terogenous with respect to used plasma cell isotypes. Using the data gathered in 
Chapter 3, we identifi ed informative timepoints and cell populations that could 
be monitored in future vaccination/challenge studies. This data emphasizes the 
importance of pilot (time point fi nding) studies. 

Finally, we set out to use immune monitoring to evaluate the immune system 
in homeostasis to get in-depth information on the leukocyte composition and 
function in a group of individuals carrying a specifi c genetic variant, which is 
associated with decreased risk of developing dementia, and increased chance of 
longevity (Chapter 4). This was supplemented with SARS-CoV-2 vaccination 
studies to evaluate the induced immune responses.

Several of the conclusions drawn from the here-presented work have implicati-
ons for future studies and/or experiments. These implications and highlights will 
be discussed further in this chapter.

The need for (increased) standardization in immune monitoring 
Standardization of the pre-analytical, analytical, and post-analytical processes is 
crucial to improve data quality and reproducibility. The importance of standardi-
zation is well-recognized, with many scientifi c articles, guidelines, protocols and 
tools being published in the past years, not only for fl ow cytometry, but also for 
immune monitoring in general.[1-10] Thus, when designing a clinical trial, there 
are multiple guidelines available to make informed decisions about the logistics 
and how to keep the pre-analytical phase as controlled and optimal as required 
for the type of study.

Pre-analytical factors
To understand the impact of storage and transportation after sample collection, 
we fi rst determined the optimal storage time and condition. In our case, storage 
of whole blood at room temperature for <24h, but ideally <6h, was the best for 
PB-EDTA. Storage from 6h onwards resulted in decreasing absolute cell counts 
(Chapter 2.1). In this entire thesis, we attempted to store samples as short as 
possible (ideally <6-12h, with exception of the storage experiments in Chapter 
2) and samples were always kept at room temperature as whole blood until the 
moment of processing. To avoid introducing any bias in longitudinal data, we 
aimed to keep storage conditions and used anti-coagulant as similar as possible. 
In this thesis we only investigated the impact of the pre-analytical factors on the 
primary immunodefi ciency screening and orientation tube (PIDOT). However, 
the EuroFlow Consortium has further investigated the impact of several pre-ana-
lytical factors on other EuroFlow panels (such as tube 1 from the acute myeloid 
leukemia/myelodysplastic syndrome (AML/MDS) panel, the acute leukemia 
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orientation tube (ALOT), and the lymphoid screening tube (LST) and published 
their fi ndings recently.[11]

Analytical and post-analytical factors
In this thesis, the guidelines and protocols as proposed by the EuroFlow Consor-
tium have been applied to all experiments executed on a BD FACS Canto II 3L, a 
BD FACS LSR Fortessa 4L, or a BD FACS LSR X-20 Fortessa 4L  (BD Bioscien-
ces, San Jose, CA, USA).[4, 5] In short, this means that standardized protocols 
were used whenever available, and that CS&T beads (BD Biosciences) as well as 
SPHERO™ Rainbow calibration particles (Cytognos, Salamanca, Spain) were run 
daily to check machine performance. 

One strategy that could help reporting the data in a more harmonized and stan-
dardized manner is the use of database-driven analysis (Automated Gating & 
Identifi cation; AGI), possibly combined with comparison with reference cell 
counts and/or automated reporting of fi ndings. The AGI tool makes use of algo-
rithms that cluster fl ow cytometry data based on an established reference databa-
se.[8] Although events that cannot be automatically assigned still require manual 
checking, we and others have shown that the use of AGI strongly reduced the 
variability as compared to manual analysis, where each operator introduces sub-
jectivity (Chapter 2.2).[12-14]

The calibration and daily quality control (QC) of instruments, and the use of stan-
dardized protocols for sample preparation and acquisition are a prerequisite for 
a successful automated analysis. When using the database-driven approach, it 
is of importance that evaluated samples have undergone similar preparation/
treatment as the samples in the reference database. When sample treatment or 
used anti-coagulant deviates from the samples used to construct the reference 
database, this may infl uence the scatter properties or fl uorescence of the acquired 
sample. As a result, automated analysis may be suboptimal, with many events 
requiring a manual check.

In case no database-driven approach is available, which is often the case for (hig-
hly) exploratory research, the use of highly standardized analysis strategies can 
be a solution. In this thesis, we started with manual analysis of fl ow cytometry 
data acquired in strictly controlled settings. In the meantime, a database-driven 
approach, using a highly similar gating strategy, became available. In two conse-
cutive clinical trials (one using manual gating and one using AGI, Chapter 3.1 
and 3.2, respectively), we found that (major) fi ndings were reproducible between 
the two approaches, confi rming that the degree of standardization was suffi  cient-
ly high.

Additionally, several commercially available databases contain not only fully an-
notated fl ow cytometry datafi les of healthy individuals, but also fully annotated 
patient material or reference values, which aid clinical laboratories to establish 
a diagnosis. For example, when staining a (suspected) patient sample with the 
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ALOT panel and using the automated analysis in the Infi nicyt Software, the Com-
pass Tool performs immunophenotypic diagnosis and classifi cation in patients 
with acute leukemia (AL). Based on the outcome, consecutive steps can be taken 
to fi nalize the diagnosis.[15]  Another example is the inclusion of well-annotated 
fi les of patients with PIDs in the reference database for the PIDOT.[16]

Cohort selection and defi nition
Cohort selection is inherently related to clinical trials. While selecting a cohort, 
the aim is to make it representative of the total target group. In the introduction 
of this thesis, we referred to a systematic review that we conducted.[17] Here, 
we found that the extent of cohort description varied between evaluated studies, 
even though the reported metadata (such as comorbidities, age range, number of 
individuals, sex distribution, ethnicity, current health status, etc.) is an important 
factor showing how well the cohort represents the total target population. 

One example of the importance of the cohort defi nition became apparent in 
Chapter 4 of this thesis, where we determined the calcium release in memory 
B cells (MBCs) upon BCR stimulation. This assay was performed for a set of the 
healthiest individuals (‘Cohort II’), but also in the total cohort (‘Cohort I’), which 
had far less strict inclusion criteria, and more reported comorbidities. Results dif-
fered between the two cohorts. Non class-switched MBCs from Cohort I showed 
no diff erence in calcium fl ux upon stimulation between PLCG2 p.P522R carriers 
and non-carriers. However, when only selecting Cohort II (the healthiest indivi-
duals, whose cells were used for several functional experiments), we observed a 
clear trend towards a more robust calcium fl ux in stimulated non class-switched 
MBCs in carriers. This marks the importance of clearly stating the inclusion cri-
teria. Thus, standardization of cohort description should be an ongoing eff ort.

To gain more confi dence in the representativeness of a cohort, it is a good practice 
to compare baseline parameters of the cohort to available reference values. With 
the introduction of high dimensional fl ow cytometers, the number of reported 
cell populations (percentages and cell counts) is growing. It would be highly be-
nefi cial to establish and keep updating such ‘reference values’ for healthy controls 
of diff erent age categories as distribution of multiple leukocyte subsets changes 
during lifetime. Several of such reference values in healthy controls of several age 
ranges have already been published, both as tables and as database-implemen-
ted reference values, e.g. for diagnostic purposes.[12, 16, 18, 19] [van der Pan et 
al, manuscript accepted] Importantly, reference values may also be impacted by 
other factors such as sex and ethnicity.[20, 21] Therefore, these factors should 
ideally be included as metadata as well. 

It is not unimaginable that in the (near) future, reference ranges of various stu-
dies reporting on the same cell populations and subsets will be merged into large 
databases. In fact, such eff orts are already ongoing, and tools are being develo-
ped. For example, in 2018 Hu and colleagues introduced a bioinformatic tool 
for automated meta-analysis of mass and fl ow cytometry fi les.[20] Of note, the 
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heterogeneity between studies was marked as a challenge. To facilitate such me-
ta-analysis, it is important that cohort description is clearly stated. Moreover, the 
used antibody cocktail, phenotypic identifi cation of cell populations and mode 
of reporting (e.g., IU/mL, ratio compared to baseline, % of total cells, or cells/
μL blood) should be clearly stated to enable merging of (sub)data, although the 
latter may be less of an issue when raw data fi les are used. This clarity is as impor-
tant when comparing or merging data in-between diff erent studies to draw valid 
conclusions. In an era where bioinformatics play an important role in handling 
these high-dimensional datafi les, consistency and transparency is becoming in-
creasingly important.

In addition to clearly stated methods, it is becoming more standard to deposit 
raw data (or to provide this upon request) in repositories such as ImmPort (Im-
mport.org).[22] This results in increased data transparency, and enables com-
parison or alignment of data analysis strategies between studies where initially 
diff erent approaches were used. Additionally, guidelines outlining the minimal 
required information are available.[1] Although we mainly focus on fl ow cytome-
try data here, this statement also applies for other fi elds, such as mass cytometry 
or single-cell sequencing data. 

Based on the fi ndings in this thesis, I highly encourage other researchers to be 
as complete and consistent as possible when describing their methods, data, and 
readouts. In Figure 1, I indicated which pre-analytical, analytical, and post-ana-
lytical factors can infl uence the results of (meta-)analysis and should thus be ca-
refully decided (please beware that this fi gure does not aim to give a complete 
overview of all factors known to infl uence results of the (meta-)analysis). To pro-
vide a better overview of the experimental procedure used in individual studies 
throughout this thesis, I have included a comprehensive list of used gating strate-
gies, used fl ow cytometry panels and list of population defi nitions as appendices 
in this thesis.

Role of bioinformatic tools in analysis
With the ever-increasing size and dimensionality of experimental data, bioin-
formatics is becoming an important tool in the objective interpretation of data. 
Especially the spectral fl ow cytometers and mass cytometers yield high-dimensi-
onal data that may require specialized software for objective analysis.[23-27] Va-
rious software and analysis packages are available to attune to everyone’s needs. 
In this thesis we primarily used (direct) prototypes of fl ow cytometry panels of 
which standardized gating strategies and databases for automated analysis were 
developed in the Infi nicyt Software. Some of these were developed specifi cally 

Figure 1 (next page). Overview of factors in the pre-analytical, analytical, and post-ana-
lytical process that can infl uence the quality of results and should ideally be decided 
before start of large experiments, such as a clinical trial. To increase transparency and 
help re-use of data (e.g., meta-analysis or to construct a database), a clear cohort defi nition and data 
availability statement are of importance. Figure modifi ed from Diks et al (this thesis).
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for the PERISCOPE program in a collaboration with Cytognos, the company that 
developed the Infi nicyt Software. Therefore, we used the Infi nicyt software for all 
fl ow cytometry analysis in this thesis. Yet we recognize that there are many diff e-
rent analysis software packages/analysis methods (such as instrument-packages 
software FACS Diva, stand-alone software FlowJo or FSC Express, or methods 
such as t-SNE, vi-SNE, FlowSOM, SPADE or PhenoGraph), all with their own 
strengths.[27] Although several of these approaches are relatively accessible, not 
all are equally user-friendly, therefore collaboration and crosstalk with bioinfor-
maticians is highly encouraged. In this thesis, we aimed for objective analysis by 
means of applying (bio)informatic strategies, such as correlation networks and 
the use of database-driven analysis.

In addition to the fl ow cytometry data, other techniques, such as single-cell se-
quencing, require a certain level of expertise in bioinformatic approaches. In 
Chapter 3.3, our bioinformatician developed an analysis pipeline to evaluate 
and interpret the whole transcriptome and BCR sequencing data. Moreover, the 
PLCG2 variant investigated in Chapter 4 was a result of a large genome-wide 
association study (GWAS) by Sims et al., where researchers from diff erent fi elds 
and institutes worked together to identify rare coding variants associated with 
Alzheimer’s Disease, which again emphasizes the need for inter-fi eld collabora-
tion.[28] Although I acknowledge that it may be challenging for both parties to 
meet at ‘the border of their comfort zone’, I believe this is how we can advance 
objective analysis of big data and -in fact- science in general. Therefore, I highly 
recommend researchers to collaborate with one another, and learn from and with 
each other.

In-depth immune monitoring to evaluate the functioning of the immune system
Although majority of this thesis focused on the immune system during an anti-
gen challenge, there are many cases where monitoring of the immune system in 
homeostasis is performed. For example, to confi rm or exclude an immunological 
disorder (e.g., with the PIDOT panel as discussed in Chapter 2) or to diagnose 
hematological malignancies. Aside from diagnostics, the immune system can also 
be monitored in more exploratory settings, as was done in Chapter 4. There, we 
investigated the immune system both in presence and absence of stimulation in 
carriers of a genetic variant of the PLCG2 gene (variant p.P522R/ rs72824905), 
which was associated with decreased risk of several forms of age-related neurode-
generative diseases, including Alzheimer’s Disease.[29-31] Moreover, this variant 
was associated with increased chance of longevity.[29] As the immune system is 
(in)directly involved in several of these diseases, we hypothesized that evaluation 
of the immune system may give information about the (protective) mechanism 
of action.

Age is an important risk factor in many neurodegenerative diseases, and indi-
viduals of the same metric age can present with diff erently pronounced signs of 
biological aging. Based on the fi ndings presented in Chapter 4, we speculate 
that p.P522R carriers are somehow more resilient to the eff ect of biological aging. 
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There are many markers that can be used as marker of aging, and the function and 
composition of the immune system is one of them. Even though most disease-re-
lated pathologies in dementia occur in the brain, immune cells -isolated from the 
blood- can provide valuable information about aging processes. There are several 
similarities between blood phagocytes and microglia, such as the expression of 
PLCG2 and the mechanisms used to remove damaged cells, pathogens, or (cellu-
lar) debris. Therefore, some fi ndings in the blood phagocytes might give insight 
in the microglia of the same individual as well. Moreover, a recent conference 
abstract from the 63rd ASH Annual Meeting described the tracing of somatic 
mutations (occurring in blood or bone marrow), and found these mutations in 
cells that resided in the brain and could not be distinguished from microglia.
[32] This may suggest that during lifetime, (progenitor) cells originating from the 
blood and bone marrow can fi nd their way into the brain and contribute to the 
microglial pool. Thus, insights into the functional capacities of circulating immu-
ne cells (mainly phagocytes) may translate in part to neurodegenerative diseases 
and possibly the functioning of microglia in these individuals. The clear advanta-
ge of blood is that it can be obtained in a minimally invasive way, whereas human 
microglia can generally only be obtained post-mortem or from brain biopsies. Of 
note, iPSC-derived human microglia are an alternative to primary human-deri-
ved microglia and have been shown to have a highly similar transcriptomic pro-
fi le, protein expression, and functional ability to their brain-derived counterpart.
[33] Lastly, immunoglobulins (Igs) are also able to enter the brain and exert their 
functions there, making them potential candidates for intervention strategies for 
several types of dementia.[34-36]

Certain PLCG2 variants can be associated with the pathological conditions. For 
example, there is a condition called PLCG2 associated antibody defi ciency and 
immune dysregulation (PLAID),[37] which is generally associated with loss- or 
gain-of-function deletions in PLCG2. Most patients are thought to have a deletion 
in the autoregulatory domain, which leaves the active site of the enzyme con-
tinuously exposed.[38] To the best of our knowledge p.P522R, which is a gain 
of function variant, has not been associated with any disease/disorders, but in 
fact reduces the chance to develop several neurodegenerative diseases.[29-31] 
It should however be noted that this is a rare variant that only recently gained 
attention, and data on human subjects are still limited. Thus, it may be wise to 
further characterize p.P522R carriers (e.g., the prevalence of malignancies, im-
mune disorders and/or other morbidities). Here, immune monitoring can play 
an important role by combining immunophenotyping with an ex vivo functional 
analysis using blood as a minimally invasive source of material. 

Immune monitoring to evaluate ongoing immune responses - com-
plementarity of diff erent approaches
The effi  cacy of vaccines has been demonstrated by the reduction of infectious-di-
sease related deaths since their introduction.[39] In addition to neutralizing Igs, 
cellular responses play an important role in the protective immunity generated 
by vaccines.[40, 41] However, not all underlying cellular mechanisms are fully 
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understood. Generally, serology is considered the golden standard to assess vac-
cine effi  cacy. Serological tests may evaluate the bactericidal activity of produced 
Igs, their neutralization or inhibition activity, or the level of Ag-specifi c Igs in the 
serum.[40]

In many (exploratory) vaccination studies, serology is complemented with other 
readouts, such as ELISpot and fl ow cytometry.[42-45] Occasionally, approaches 
such as DNA/RNA sequencing or mass cytometry are used.[46, 47] Although the-
se various techniques can complement each other, one can wonder to what extent 
these assays are redundant or unique in their fi ndings, and which assays should 
be included in a certain setup. Aside from costs associated with each technique, 
the required time and expertise for analysis of raw data, as well as the extent of 
standardization may play a role, especially when application in clinical trials or 
diagnostic purposes is the end goal. 

In this thesis, we applied various techniques to measure vaccine-induced respon-
ses. In all Bp studies, we measured the increase in Ag-specifi c serum Ig levels 
and the longitudinal changes in circulating immune cells, with a special focus 
on the B-cell compartment. Although in Chapter 3.1 we found that the maxi-
mum expansion of total IgG1 MBCs (between d7 and 28) positively correlated 
with the increase in Ag-specifi c serum Ig, we could not confi rm this in Chapter 
3.2. A possible explanation for this can be that in Chapter 3.1, we were able to 
choose maximum expansion from several close timepoints, whereas in Chapter 
3.2 only 1 or 2 timepoints were available. Here, we may have missed the peak of 
IgG1 MBC expansion. Additionally, in Chapter 3.2, we correlated the increase 
in Ag-specifi c IgG or IgA MBCs (ELISpot) with the increase in total IgG or IgA 
MBCs (fl ow cytometry). However, no correlation was observed between these two 
techniques. 

Monitoring of the vaccine-induced kinetics in the MBC compartment seems to 
require an Ag-specifi c approach, such as ELISpot or fl ow cytometry with (fl uores-
cently) labeled antigens. These antigens could comprise of fl uorescently labeled 
pathogens or pathogen-derived molecules, tetramers composed of pathogen-de-
rived molecules, of fl uorescently labeled Klickmers (multiple identical antigens 
coupled to a dextran molecule). Both ELISpot and Ag-specifi c fl ow cytometry ap-
proaches have been reported in studies before, have high potential to be standar-
dized, and can be optimized relatively fast, provided that (labeled) antigens are 
readily available or can easily be produced.[48-50] When such Ag-specifi c fl ow 
cytometry panels are established, these allow for longitudinal monitoring and im-
munophenotyping of Ag-specifi c cells, but also for more exploratory strategies 
such as BCR repertoire studies of Ag-specifi c cells. With regards to the work done 
in Chapter 3 of this thesis, it would be of interest to evaluate the Ag-specifi c 
B-cell response in individuals of diff erent age groups (Chapter 3.2). As individu-
als are expected to encounter Bp multiple times during life, the specifi c response 
may change over the course of our lifetime. From a primarily vaccine-based syste-
mic response in children to a mixed vaccine-based/natural encounter-based res-
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ponse in adults, where local mucosal immunity may play an important role too. 
Moreover, based on the studies discussed in Chapter 3.1 and Chapter 3.4, we 
could get new insights in the longitudinal Ag-specifi c B-cell response generated 
after a booster vaccine or bacterial challenge, respectively.

Expansion of IgG1 MBCs observed in Chapter 3.1, which correlated with an in-
crease in Ag-specifi c serum IgG level, was minor when expressed as ratio over ba-
seline (at most 1.9-fold increase). Similar levels of expansion were observed in the 
innate compartment and T-cell compartment but varied between donors. It can 
be debated if such minor expansions are biologically relevant, especially when 
variable between individuals. Although we kept factors known to infl uence the 
numbers of circulating cells, such as circadian rhythm, recent plasma or blood 
donation, or a vaccination unrelated to this study, tightly controlled, there could 
still be other factors infl uencing the fl uctuation that may not be controlled that 
easily, such as the season, subclinical infections, undiagnosed co-morbidities, de-
hydration, the impact of repetitive blood donation within the time of the study, 
etc. Understanding natural fl uctuations of the immune cells can be achieved by 
inclusion of a cohort of healthy individuals who donate blood at the exact same 
timepoints without receiving a Tdap booster vaccine at d0, ideally over a time-
span that covers all seasons when vaccinated donors were included. By monito-
ring the natural fl uctuations of cell populations, we can be more certain whether 
observed fl uctuations are vaccine-induced or may simply be natural fl uctuations. 
Immune monitoring to evaluate ongoing immune responses - plasma cell res-
ponse to vaccination

In contrast to MBC monitoring, which requires an Ag-specifi c approach, we 
found that the expansion and maturation of plasma cell subsets does correlate 
with Ag-specifi c Ig serum levels. In Chapter 3.1, the correlation network ana-
lysis showed clear correlations between the kinetics of (especially more mature) 
IgG1, IgG4, and IgA1 plasma cells and vaccine component-specifi c serum IgGs 
and IgAs. However, when correlating the increase in total vaccine-specifi c Ig le-
vels with the increase in plasma cells, this correlation was not considered sig-
nifi cant as it did not pass the FDR (false discovery rate) correction. However, 
in a next study with fewer variables (Chapter 3.2), we observed a correlation 
between the expansion of IgG1 and IgA1 plasma cells (expressed as ratio over 
baseline) and the vaccine-component specifi c serum IgGs and IgAs. Thus, the 
expansion and maturation of plasma cells may be a good indication of ongoing 
immune responses and a correlate of serological data. Given the function of plas-
ma cells (massive Ig production), their expansion is not surprising and has been 
reported before, especially the plasma cell expansion at d7 post booster vaccina-
tion is a frequent fi nding.[49, 51-53] However, their monitoring/description is 
usually limited to the total plasma cell population, or to major classes (IgG, IgA, 
and IgM plasma cells). The in-depth approach used in this thesis, allowing us to 
determine the expressed Ig subclass and maturation stage, yields additional in-
formation in the induced immune response and diff erence between individuals. 
More in-depth knowledge of the induced plasma cell response may be of added 
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value during the early/exploratory stages of vaccine research. An example hereof 
is the generation of IgG1 vs IgG4 plasma cells, although both will be identifi ed as 
‘IgG’ plasma cells, the Igs they secrete have diff erent functional capacities regar-
ding complement fi xation and binding of FcRs.[54] This may have consequences 
for the generated immune responses, e.g. when Ag-specifi c IgG1 and IgG4 would 
both be present, this may lead to competition for the antigen, and thus may redu-
ce opsonization- and complement-mediated removal of the pathogen. Likewise, 
generation of IgA1 or IgA2 plasma cells would both be detected as IgA, although 
they have diff erent chemical and biological properties.

A clear advantage of using plasma cells as biomarker of ongoing immune res-
ponses is that the baseline levels of plasma cells are very low. This makes the 
plasma cell system a relatively ‘clean’ system, in which an Ag-specifi c approach 
is not strictly required to get a fair impression of the ongoing responses. Indeed, 
when correlating the absolute increase in Ag-specifi c plasma cells (as determined 
by ELISpot) with the absolute increase in total plasma cells (as determined by 
fl ow cytometry), we found a clear positive correlation between the two methods 
(Spearman’s Ranking Correlation test, r≈0.6, p<0.0001), indicating complemen-
tarity of the two assays (Chapter 3.2). Moreover, ELISpot fi ndings have previ-
ously been shown to correlate with the levels of Ag-specifi c serum Igs, albeit with 
various degrees of correlation.[43, 49] Based on the fi ndings in this thesis, we 
believe that fl ow cytometric evaluation of the plasma cell compartment may serve 
as a worthy, fast, in-depth alternative of plasma cell ELISpot evaluation. Another 
important conclusion is that the d7 expansion of plasma cells has been reported 
in various age groups (e.g., children, adolescents, young and older adults), and af-
ter various (booster) vaccinations (e.g., rabies, tetanus, pertussis, infl uenza, and 
hepatitis B), indicating that this may be a widely applicable biomarker.[17, 49, 
51-53] It should be noted however that in several occasions, such as a primary 
vaccination, the expansion of plasma cells may be delayed. This was shown for 
rabies vaccination, where plasma cells after primary vaccination were observed 
at d10, and for vaccination with life-attenuated yellow-fever virus, where plasma 
cells were observed at d14 after primary vaccination.[52, 55] In contrast, upon 
primary vaccination with a life-attenuated Vibrio cholerae vaccine, plasmablasts 
were observed at d7 after vaccination.[56] These fi ndings highlight the importan-
ce of an initial time-fi nding study as pilot before starting a large-scale immune 
monitoring study.

Vaccination vs bacterial challenge – Bordetella pertussis 
In this thesis, we had the opportunity to evaluate the longitudinal kinetics of im-
mune cells after a booster vaccination against Bp and after bacterial challenge 
with live bacterium (Bp strain B1917). Evaluation of immune cell kinetics after 
controlled bacterial infection can mimic natural infection but has several advan-
tages over the (retrospective) monitoring of confi rmed pertussis cases. The main 
advantages are (a) known baseline immune status of the individual, (b) defi ned 
inoculum dose and time (c) homogenous infection in all individuals regarding pa-
thogen strain, reducing microbiological variation. Moreover, in vivo monitoring 
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may result in additional insights compared to in vitro stimulation experiments, 
as in this setting, not only the isolated immune cells, but the entire organism is 
responding to the pathogen. It is true that a human model is more restricted com-
pared to an animal model, for example regarding the type of sampling, and the 
degree of disease-related symptoms that are tolerated by ethical protocols (in the 
human model monitored in Chapter 3.4, inducing bacterial carriage without Bp 
disease was the objective). However, no extrapolation to another species is requi-
red, and the cohort will much better represent the human population (broader 
age-range, genetic diversity, and human). Thus, although the human challenge 
model may have its own limitations, we do believe that it is the best model for 
monitoring of the immune response to controlled Bp infection. Once fully esta-
blished, this human challenge model can not only be used to study the infection, 
colonization, translocation, transmission and/or shedding of Bp in challenged in-
dividuals, but also the induced immune responses (protective vs non-protective). 
More importantly, controlled bacterial challenge could be an important step to 
evaluate the effi  cacy of novel Bp vaccine candidates. Before such studies can be 
performed, the safety and effi  cacy of the original challenge model should be es-
tablished. For this model, it was done by de Graaf and colleagues who have pu-
blished their fi ndings in 2019.[57] In Chapter 3.4 of this thesis, we add to these 
fi ndings and describe the induced immune responses in challenged individuals.

We thoroughly compared the immunological responses between individuals re-
ceiving a booster vaccine and those who were challenged. In short, diff erences ob-
served in the generated immune response concerned three major aspects: timing, 
magnitude, and diversity.

In short, we found that the fl uctuations of immune cell subsets following vaccina-
tion and bacterial challenge occurred at diff erent time points. Within the innate 
immune cells in both cases most prominent changes were found in the monocyte 
compartment, but timing and type of cells diff ered (for a full description of kine-
tics, please refer to Chapter 3.1 and Chapter 3.4). After bacterial challenge, we 
observed a decrease of CD62L+ cMos and an increase of CD62L- cMos, which may 
indicate activation and maturation of cMos from d1 onwards.[58] After booster 
vaccination, the earliest sampling point was only at d3. However, another part of 
the BERT study (B-cell kinetics were discussed in Chapter 3.2) focused on the 
innate immune response and included d1 in the study. Although not available yet, 
comparison of the kinetics at d1 after booster vaccination and bacterial challenge 
could lead to new insights in the early cellular immune response. 

Moreover, within the B-cell compartment, diff erences between bacterial challen-
ge and vaccination were the most visible regarding time, magnitude, and diversi-
ty. Plasma cell expansion after bacterial challenge was less pronounced (1.6-fold 
compared to baseline (Chapter 3.4)) compared to the vaccination studies, whe-
re we observed a 5.4-fold compared to baseline (Chapter 3.1) and a 2.6-, 3.0-
, 3.4-, and 5.7-fold compared to baseline (Chapter 3.2, children, adolescents, 
young adults, and older adults, respectively)). Moreover, the plasma cell response 
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was delayed after bacterial challenge (d11/14) compared to post-vaccination (d7). 
Lastly, the plasma cell response seemed more diverse (i.e., no strong polarization 
towards a specifi c Ig subclass) when compared to the post-vaccination response. 

The diff erent kinetics of immune cells between vaccination and bacterial challen-
ge (Figure 2) are not surprising, as both models diff er in the type of antigen as 
well as route of administration. In the case of vaccination, a high dose of selected 
antigens is directly injected into the muscle, which will lead instantly to the re-
cruitment of innate cells and initiate an immune response. In contrast, bacterial 
challenge may not lead to such instant cell recruitment and activation. In fact, 
bacterial colonization itself might not be suffi  cient to induce a systemic (anam-
nestic) immune response, for which translocation of the bacterium through the 
mucus layer is required. This may happen at a diff erent pace, or not happen in 
part of the donors. In Chapter 3.4 we showed that not all colonized donors sho-
wed signs of seroconversion, which may indicate that a systemic response was 
not initiated (or at least not to the same extent) in every donor with confi rmed 
colonization. Moreover, we found that although the d3 plasma cell peak was most 
prominent in non-colonized donors, it could also be found in several colonized 
donors. And the expansion of plasma cells at d11/14 was not unique for coloni-
zed donors, although a trend towards higher plasma cell expansion was found in 
high-density colonized donors. Thus, the link between colonization and systemic 
immunity may not be as straightforward as we might hope. 

In this thesis, we did not evaluate the (local) mucosal responses. As Bp is trans-
mitted via air droplets and infects the airways, mucosal immunity is expected 
to play a major role in prevention of infection and transmission. Despite high 
vaccination coverage the carriage and transmission of Bp persist, which may ex-
plain the reported resurgence of pertussis in the last decades.[59-61] I believe 
that increased mucosal immunity should be an important aim for future Bp vac-
cine candidates, as this may reduce transmission. The benefi t of reduced carriage 
has already been suggested for other nasopharyngeal-microbe related infectious 
diseases, such as meningococcal disease and Haemophilus infl uenzae type b.[62, 
63] There, intramuscular vaccination resulted in reduced carriage, which was 
suggested to lead to increased herd immunity/protection because of interrupted 
transmission. This interrupted transmission was most likely caused by increased 
mucosal immunity. Indeed, vaccination against meningococcal disease did not 

Figure 2 (next page). Summarizing fi gure showing the main diff erences and similari-
ties detected in our studies in a cohort of individuals vaccinated against pertussis or 
challenged with Bordetella pertussis. (A) Schematic overview of main observed immune cell 
kinetics in donors that received aP booster vaccination. Of note, in Chapter 3.1 of this PhD thesis, we 
observed an increase in the number of memory B cells after vaccination, but this was not confi rmed 
in later studies (Chapter 3.2), therefore, this is indicated with dashed lines. Levels of Ag-specifi c Ig 
were measured at all time points. (B) Schematic overview of main observed kinetics in donors that 
were challenged with Bordetella pertussis, irrespective of inoculum dose (10^4 or 10^5). Levels of 
Ag-specifi c Ig were only measured at d0 and d28 post-challenge. (C). Schematic overview of main 
observed kinetics in donors that were not colonized after challenge with Bordetella pertussis. Levels 
of Ag-specifi c Ig were only measured at d0 and d28 post-challenge.
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only reduce carriage, but also lead to an increase in secretory IgG and IgA after 
booster vaccination, leading to authors to conclude that mucosal immunity was 
boosted.[64] Although IMI2-PERISCOPE-colleagues have investigated the levels 
of Igs in the mucosal lining fl uid (MLF) of the nose at various time points post 
bacterial challenge (unpublished data), there was limited overlap between parti-
cipants, and comparisons between the fl ow cytometry data and the MLF are yet 
to be done. Future studies should consider combining both outcomes in the same 
set of individuals. Aside from data generated in each individual assay, the com-
bination may give insight whether the generated IgA plasma cell response can 
function as a (surrogate) marker for the generation of local mucosal responses. 
In addition to this comparison, it would be interesting to add further markers to 
the fl ow cytometry panel that increase insight in the origin and/or destination 
of these generated plasma cells. For example, detection of the joining (J)-chain, 
which regulates the multimerization of IgM and IgA, could help identify plasma 
cells that are probably destined to migrate to mucosal surfaces (when associated 
with J-chain, IgA is secreted as a dimer, which is the typical form in mucosa).
[65] Moreover, simultaneous expression of chemokine receptor CCR10 (ligand: 
CCL28) and integrin receptor α4β1 (ligand: VCAM1) could indicate homing to the 
mucosal surfaces.[66] Another way to gain insight in the relationship between 
the peripheral plasma cells and the mucosal lining Igs, is by comparing the BCR 
sequences between isolated mucosal Igs and isolated peripheral plasma cells, ide-
ally at several time points following bacterial challenge.

One remaining question is whether the early response observed in donors pro-
tected from colonization is indeed protective, and to what extent this information 
can be used in future studies. To confi rm whether a protective response is obser-
ved in these individuals, in fact a rechallenge would be required (e.g., an infecti-
on-reinfection cohort). As we know that natural infection gives the best protec-
tion (compared to wP and aP vaccination)[67, 68], it may be that this controlled 
infection leads to a similar level of protection. Based on our data, we assume that 
the early expansion of plasma cell/T cells in the non-colonized donors is asso-
ciated with protection. When re-challenging the same group of individuals, we 
would expect a higher number of participants to be protected against colonizati-
on, and thus to show this same early expansion of plasma cells/T cells. Moreover, 
we could compare the BCRs of d11/14 after primary challenge with the BCRs at 
d3 after re-challenge. If these plasma cells are indeed protective, we would expect 
(highly) similar BCRs at d3 after re-challenge. 

Moreover, although environmental sampling did not reveal any shedding of Bp 
from the colonized individuals [57], it would be extremely insightful to know if 
challenged individuals transmit Bp to others. Such eff orts are ongoing within the 
PERISCOPE. These studies may be performed in the clinic or as outpatient stu-
dy, where challenged individuals are ‘co-housed’ with non-challenged individu-
als (e.g., housemate or partner, but without contacts with vulnerable individuals, 
such as the elderly or (unvaccinated) infants). Naturally, the non-challenged in-
dividuals should be screened beforehand and give informed consent. By moni-
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toring both the challenged and non-challenged individuals, we could investigate 
whether transmission takes place. 

When this challenge model has been fully defi ned, the next step would be to eva-
luate (novel) pertussis vaccines in a vaccination-infection model. In such a mo-
del, healthy donors would be vaccinated with a new pertussis vaccine candidate, 
and 1-2 months later they would be challenged with Bp to evaluate the level of 
protection induced by the vaccine. When combined with immune monitoring, 
this would lead to better understanding of the mode of action and protection of 
the vaccine candidate. Aside from the human challenge model that has been es-
tablished by de Graaf et al., similar eff orts are made by Halperin et al. at the 
Dalhousie University (Nova Scotia, Canada), where a study was initiated in Jan 
2022, and is expected to be completed in Nov 2023 (ClinicalTrials.gov identifi er 
(NCT number): NCT05136599). When writing this thesis, no fi ndings have been 
published on this latter model yet. Both challenge models use a diff erent well-de-
fi ned clinical isolate (Bp B1917 by de Graaf et al., and Bp D420 by Halperin et 
al.). These strains are genetically close and a small comparative study in baboons 
did not observe major diff erences after challenge with B1917 or D420.[69] To 
summarize: establishment of a safe and eff ective human (re)challenge model can 
have great potential in the evaluation of future pertussis candidate vaccines, as 
this can be the ultimate way to evaluate the vaccine effi  cacy and blocking of trans-
mission in a safe, controlled, and ethical manner. 

Future of vaccines against respiratory diseases – towards induction 
of mucosal immunity 
In the past years the induction of mucosal immunity to reduce transmission and 
carriage has been mentioned repeatedly to improve the pertussis vaccines and to 
reduce the circulation of Bp in the population. 

The induction of mucosal immunity may lead to rapid clearance of the pathogen, 
and thus reduce the replication and transmission of the bacterium. Although this 
increased clearance may not be a direct benefi t for the individual itself (the cur-
rent vaccines are already eff ectively preventing disease and mucosal immunity 
is generated during natural encounters), the transmission to vulnerable groups, 
such as the elderly, the immunocompromised, and unvaccinated children, may 
be strongly reduced from the moment of vaccination. Thus, by inducing mucosal 
immunity already at priming, one is not dependent on natural encounter to gene-
rate mucosal immunity and reduce transmission. This may lead to a much faster 
reduction in circulation of the pathogen. 
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Multiple studies investigated the induction of mucosal immunity against pertus-
sis in mouse and/or humans (reviewed in [70]). Of these, several candidate vac-
cines are already being evaluated in humans in phase I/II clinical trials. With the 
data gathered in this thesis, we hope to provide researchers currently working on 
novel and improved (pertussis) vaccines with informative timepoints and popu-
lations to monitor. I would like to emphasize:
• The importance of time-fi nding pilot studies, as our data suggested that 
the induced immune response and its kinetics depend on the route of vaccine 
administration. 
• The potential of longitudinal fl ow cytometry-based immunophenotyping 
for in-depth investigation of the ongoing cellular immune responses to supple-
ment current approaches
• That in the case of vaccination studies, especially monitoring of the inna-
te immune cells and the plasma cell compartment may be a quick and informa-
tive tool, whereas monitoring of MBCs and T cells would require an Ag-specifi c 
approach. 

Lastly, I strongly recommend researchers to make eff orts to increase the (sample, 
and thus fi nal) quality and reproducibility of their work, for example by introdu-
cing standardized (multi-center validated) SOPs and to be transparent in their 
cohort selection and data analysis strategies.
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APPENDIX 1. Overview of the EuroFlow panels and versi-
ons used in this thesis.
For transparency within this PhD thesis and convenience of the reader only! 
When citing, please refer to the original publications instead of this appendix!
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APPENDIX 2. Phenotypic descriptions used to identify 
cell populations in samples stained with EuroFlow pa-
nels.
For transparency within this PhD thesis and convenience of the reader only! 
When citing, please refer to the original publications instead of this appendix!

Gating strategies for the EuroFlow PIDOT panel have been published previ-
ously and can be found in the following manuscripts and in Chapter 2.2 of 
this PhD thesis: 
- van der Burg M, Kalina T, Perez-Andres M, et al. The EuroFlow PID Orientation Tube 
for Flow Cytometric Diagnostic Screening of Primary Immunodefi ciencies of the Lymp-
hoid System. Frontiers in Immunology 2019;10;246. 
- van der Velden VHJ, Flores-Montero J, Perez-Andres M, et al., Optimization and tes-
ting of dried antibody tube: The EuroFlow LST and PIDOT tubes as examples. Journal of 
Immunological Methods. 2019; 475: 112287

Offi  cial reference for the EuroFlow PERISCOPE B-cell and plasma cell panel 
(BIGH) panel: 
- Blanco E, Pérez-Andrés M, Arriba-Méndez S, et al. Age-associated distribution of 
normal B-cell and plasma cell subsets in peripheral blood. JACI 2018;141(6):2208-2219. 
e2216. 
- Diks AM, Versteegen P, Teodosio C, et al. 
Age and Primary Vaccination Background Infl uence the Plasma Cell Response to Pertus-
sis Booster Vaccination. Vaccines. 2022;10(2):136. 
- Patent fi led by Van Dongen et al. Means and Methods for Multiparameter Cytome-
try-Based Leukocyte Subsetting. P119646NL00 (2019). PCT/NL2020/050688, priority 
date 5 November 2019.

Offi  cial reference for the EuroFlow PERISCOPE CD4 T-cell (TCD4) panel: 
- Botafogo V, Pérez-Andres M, Jara-Acevedo M, et al. Age distribution of multiple functi-
onally relevant subsets of CD4+ T cells in human blood using a standardized and valida-
ted 14-color EuroFlow immune monitoring tube. Frontiers in immunology. 2020;11:166.
- Patent fi led by Van Dongen et al. Means and Methods for Multiparameter Cytome-
try-Based Leukocyte Subsetting. P119646NL00 (2019). PCT/NL2020/050688, priority 
date 5 November 2019.

Offi  cial reference for the EuroFlow PERISCOPE CD8 cytotoxic T-cell 
(CYTOX) panel: 
- Patent fi led by Van Dongen et al. Means and Methods for Multiparameter Cytome-
try-Based Leukocyte Subsetting. P119646NL00 (2019). PCT/NL2020/050688, priority 
date 5 November 2019.

Offi  cial references for the EuroFlow PERISCOPE DC-Monocyte panel: 
- Van der Pan et al, Development of a standardized and validated fl ow cytometry ap-
proach for monitoring of innate myeloid immune cells in human blood, Frontiers in 
Immunology, 2022, 5141.
- Patent fi led by Van Dongen et al. Means and methods for multiparameter cytome-
try-based leukocyte subsetting. P119646NL00 (2019), PCT/NL2020/050688, priority 
date 5 November 2019.
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Stepwise approach (gating in 2D 
plots)

Phenotypic description

#1. Identifi cation of total plasma 
cells

• CD45+CD19dimCD38highCD21-CD24- 
• Light scatter properties are low/medium (between 

lymphocytes and monocytes).

#2. Defi nition of maturation stage • Least mature plasma cells: CD20+CD138- 
• Intermediate mature plasma cells: CD20-CD138- 
• Most mature plasma cells: CD20-CD138+

#3. Classifi cation of plasma cells 
based on isotype

• IgM+, no expression of other isotype Igs
• IgG1+, no expression of other isotype Igs
• IgG2+, no expression of other isotype Igs
• IgG3+, no expression of other isotype Igs 
• IgG4+, no expression of other isotype Igs
• IgA1+, no expression of other isotype Igs
• IgA2+, no expression of other isotype Igs
• IgD+, no expression of other isotype Igs
• IgH-, no Ig expression of any isotype Igs

#4. Classifi cation of plasma cells 
based on CD62L expression 

• CD62L-
• CD62L+

#5. Identifi cation of total B cells CD45+CD19+CD20+ B cells show low light scatter characte-
ristics (lymphocyte range)

#6. Identifi cation of switched 
memory B-cell (MBC) subsets 
based on isotype. Switched MBCs 
express only one isotype

• IgG1+, no expression of other isotype Igs
• IgG2+, no expression of other isotype Igs
• IgG3+, no expression of other isotype Igs 
• IgG4+, no expression of other isotype Igs
• IgA1+, no expression of other isotype Igs
• IgA2+, no expression of other isotype Igs

#7. Subclassifi cation based 
on maturation/functional CD 
markers

• CD20+CD21+
                    Homogenous CD24 staining
• CD20++CD21-/dim
                    CD24+
                    CD24-

#8.  Subclassifi cation based on 
CD62L/CD27 positivity

• CD27+CD62L+
• CD27+CD62L-
• CD27-CD62L-
• CD27-CD62L+

#9. Identifi cation of non-switched 
MBCs

CD27+IgM++IgD+ 
Of note, a minor subset of IgD+IgM- MBCs may be found as 
well. These can be classifi ed separately.

Table 1. Phenotypic descriptions used to defi ne B-cell subsets stained with 
EuroFlow PERISCOPE B-cell and plasma cell panel (BIGH) panel by manual 
analysis. The removal of debris and doublets is not indicated in the analysis strategy 
below, but should be performed to ensure high quality data. This table was previously 
published in: Diks et al. Age and Primary Vaccination Background Infl uence the Plasma 
Cell Response to Pertussis Booster Vaccination. Vaccines, 2022
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#10. Subclassifi cation based 
on maturation/functional CD 
markers

• CD20+CD21+
 Homogenous CD24 staining
• CD20++CD21-/dim
 CD24+
 CD24-
No further subclassifi cation in these populations.

#11. Classifi cation of pre-germinal 
center (preGC) B cells

CD27-IgM+IgD+

#12. Subclassifi cation based 
on maturation/functional CD 
markers

• Immature preGC B cells: CD38+CD24+CD5+CD21-/+
• Naive CD5+ B cells: CD38-/dim CD24-/dimCD5+
• Naive CD5- B cells:CD38-/CD24-/dimCD5-

#13. Subclassifi cation of naive B 
cells based on maturation/functi-
onal CD markers

• CD20+CD21+
 Homogenous CD24 staining
• CD20++CD21-/dim
 CD24+
 CD24-

Table 2. Phenotypic descriptions used to defi ne T-cell subsets stained with 
EuroFlow PERISCOPE CD4 T-cell (TCD4) panel by manual analysis. The 
removal of debris and doublets is not indicated in the analysis strategy below, but should 
be performed to ensure high quality data.  

Stepwise approach (ga-
ting in 2D plots)

Phenotypic description

#1 Identifi cation of total 
CD4 T cells

CD3+CD4+CD45+
 Light scatter properties are low (‘lymphocyte gate’).

#2 Identifi cation of 
regulatory T cells (Tregs) 
within CD4 T cells

CD25+CD127dim

#3 Identifi cation of 
follicular helper T cells 
(TFHs) within CD4 T 
cells

CD25-/dim CD185+ CCR10-
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#4 Division of total CD4 
T cells into T-helper (TH) 
subsets

• Divide based on chemokine receptor expression (CD183, 
CD194, CD196, and CCR10)

 Naive: CD27+CD45RA+CD62L+CD127+CD183-CD194-      
CD196-CCR10-
 TH1: CD183+ CD194-CD196-CCR10-
 TH2: CD183- CD194+CD196-CCR10-
 TH17: CD183- CD194+CD196+CCR10-
 TH1/17: CD183+CD194-CD196+CCR10-
 TH22: CD183- CD194+CD196+CCR10+
 CD183+CD194+CD196+CCR10+
 CD183+CD194+CD196+CCR10-
 CD183+CD194+CD196-CCR10+
 CD183+CD194+CD196-CCR10-
 CD183+CD194-CD196+CCR10+
 CD183+CD194-CD196-CCR10+
 CD183-CD194-CD196+CCR10-
 CD183-CD194+CD196-CCR10+
 Non-naive CD4+CD183-CD194-CD196-CCR10-CD27-/+C-
D45RA-CD62L-/+

#5 Division of total Tregs 
in TH-like subsets

• Divide primarily based on chemokine receptor expression 
(CD183, CD194, CD196, and CCR10)

 Naive Treg: CD27+CD45RA+CD62L+ CD183-CD194-
CD196-CCR10-
 TH1-like: CD183+CD194-CD196-CCR10-
 TH2-like: CD183-CD194+CD196-CCR10-
 TH17-like: CD183-CD194+CD196+CCR10-
 TH22-like: CD183-CD194+CD196+CCR10+
 CD183+CD194+CD196-CCR10+ Treg
 CD183+CD194+CD196-CCR10- Treg
 CD183+CD194+CD196+CCR10- Treg
 CD183+CD194+CD196+CCR10+ Treg
 CD183-CD194+CD196-CCR10+ Treg

#6 Division of total TFHs 
in Treg-/TH-like subsets

• Divide primarily based on chemokine receptor expression 
(CD183, CD194, CD196, and CCR10)

 CD185+CD27+CD45RA+CD62L+ T cells (CD183-CD194-
CD196-CCR10-)
 Treg TFH: CD127+/dimCD183-/+CD194-/+CD196-/+C-
CR10-
 TH1-like: CD183+CD194-CD196-CCR10-
 TH2-like: CD183-CD194+CD196-CCR10-
 TH17-like: CD183-CD194+CD196+CCR10-
 TH1/17-like: CD183+CD194-CD196+CCR10-
 CD183+CD194+CD196-CCR10- TFH
 CD183+CD194+CD196+CCR10- TFH
 CD183-CD194-CD196+CCR10- TFH
 CD183+CD194+CD196-CCR10- TFH

#7 division of each subset 
into diff erent maturation 
stage

• Divide based on CD27, CD45RA, and CD62L
 Central memory (CD27+CD45RA-CD62L+)
 Transitional memory (CD27+CD45RA-CD62L-)
 Eff ector memory (CD27-CD45RA-CD62L-/+)
 Terminal eff ector (CD27-CD45RA+CD62L-/+)
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Table 3. Phenotypic descriptions used to defi ne T-cell and NK-cell subsets 
stained with the EuroFlow PERISCOPE CD8 cytotoxic T-cell (CYTOX) panel 
by manual analysis. The removal of debris and doublets is not indicated in the analy-
sis strategy below but should be performed to ensure high quality data.

Stepwise approach (gating in 2D 
plots)

Phenotypic description

#1 Identifi cation of total T cells • CD3+CD45+
• Light scatter properties are low (‘lymphocyte gate’).

#2 Identifi cation of total TCRγδ+ T 
cells within total T cells

CD3+ TCRγδ+

#3 Identifi cation of total CD8+ and 
CD8- T cells within total T cells

• CD8+ T cells: CD8+ TCRγδ-
• CD8- T cells: CD8- TCRγδ-

#4 Identifi cation of total NK cells CD3- TCRγδ- CD45+
Light scatter properties are low (‘lymphocyte gate’).
CD56-/+ 
CD16-/+ (lower than neutrophils) 
CD45RA-/+ (most NK cells are CD45RA positive)
CD62L-/+

# 5 Identifi cation of additional 
lymphocytes 

Light scatter properties are low (‘lymphocyte gate’).
CD45+CD3-CD4-

#6 Identifi cation of myeloid cells Neutrophils: high SSC, CD16+CD45+
Eosinophils: high SSC, CD45+, Autofl uorescence results 
in double positive population in CD57 vs cy Granzyme B 
plot
Monocytes: intermediate SSC, CD45+CD16+/- 
CD45RA-/+ and mostly CD62L+

#7 Subsetting of TCRγδ+ T cells • Naive: CD27+CD28+CD45RA+CD62L+Gran-
zB-CD57-

• Central memory: CD27+CD28+CD45RA-CD62L+
 CD57-cyGranzB-/+
 CD57+CyGranzB+
• Transitional memory: CD27+CD28-/+CD45RA-

CD62L-/dim
 CD57-cyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+
• Peripheral memory: CD27-CD28+CD45RA-

CD62L-/+
 CD57-cyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+
• Early eff ector: CD27+CD28-CD45RA+CD62L-/+
 CD57-CyGranzB+
 CD57+CyGranzB+
• Terminal eff ector: CD27-CD28-CD45RA+CD62L-/+
 CD57-CyGranzB+
 CD57+CyGranzB+
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#8 Subsetting of CD8+ T cells • Naive: CD27+CD28+CD45RA+CD62L+ (NB: in 
some donors the naive population can be divided 
into CD62Lhigh and CD62Llow)

• Central memory: CD27+CD28+CD45RA-CD62L+
 CD57-CyGranzB-/+
 CD57+ CyGranzB-/+
• Transitional memory:CD27+CD28+C-

D45RA-CD62L-/dim
 CD57-cyGranzB-
 CD57+CyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+
• Peripheral memory: CD27-CD28-/+CD45RA-

CD62L-/+
 CD57-cyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+
• Early eff ector: CD27+CD28-CD45RA+CD62L-/+
 CD57-cyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+
• Terminal eff ector: CD27-CD28-CD45RA+CD62L-/+
 CD57-cyGranzB-
 CD57-CyGranzB+
 CD57+CyGranzB+

#9 Subsetting of NK cells • CD56+ bright NK cells: CD56brightCD16lo/dim
 CD57-cyGranzB-
 CD57-CyGranzB+
• CD56+dim NK cells: CD56dimCD16+
 CD57-cyGranzB-
 CD57-CyGranzB+ 
 CD57+CyGranzB+
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Table 4. Phenotypic descriptions used to defi ne innate immune cell (sub)sets 
stained with the EuroFlow PERISCOPE DC-Monocyte panel by manual ana-
lysis. The removal of debris and doublets is not indicated in the analysis strategy below, 
but should be performed to ensure high quality data.

Stepwise approach (gating in 2D plots) Phenotypic description

#1 Identify eosinophils SSC high, CD45+ neg. for all other markers in the 
panel

#2 Identify mature neutrophils SSC high CD45+CD16+

#3 Identify immature neutrophils • CD45+CD33+CD16-/+HLA DR-CD14-
SLAN&FcER1-

 CD62L-
 CD62L+

#4 Identify monocytes • SSC intermediate
• CD45+CD33+CD16-/+HLA DR+ 

CD14-/+SLAN&FcER1-/+

# 5 Divide the monocytes based on CD14/
CD16 expression

• ncMo: CD14-/dimCD16+CD62L- SLAN 
&FcER1-/+

 SLAN+CD36+
 SLAN-CD36+
 SLAN-CD36-
 SLAN+CD36-
• iMo:CD16+CD14+HLA DR+Slan&F-

cER1-CD300e&CD303+CD36+
• cMo:CD16-CD14+62L-/+
 CD62L+FcER1+
 CD62L-FcER1+
 CD62L+FcER1-
 CD62L-FcER1-

#6 Identify the CD1c+ myeloid DCs • SSC intermediate
• CD45+CD33+CD141-/dimFcER1+HLA 

DR+CD16-CD14-/dim
 CD14dim
 CD14-

#7 Identify the plasmacytoid DCs SSC intermediate
CD45+CD303+CD14-HLA DR+CD16-CD36+

#8 Identify the CD141+ myeloid DCs CD141+CD33+CD300e-CD303-CD14-HLA 
DR+CD16-

#9 Identify the Axl+ DCs within the 
plasmacytoid DCs

CD33hiCD141hiCD36dim

#10 Identify the basophils SSC intermediate
CD45dimCD33+CD303-CD300e-CD14-HLA DR-

#11 Identify ‘unspecifi ed nucleated cells’ Left-over CD45+ events that fi t the singlet gate
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Summary 

Our immune system consists out of several complementary layers which all play 
an important role in defending our body from pathogens and tissue damage. In 
Chapter 1, I explain the immune system and how immune monitoring can be 
a valuable source of information about the immune status of an individual or 
a group, both when the immune system is in homeostasis and when an active 
response is ongoing. An example of an active response is the response triggered/
elicited by vaccination. Here, immune monitoring can give us information about 
the effi  cacy of applied vaccination/immunization method, or it can give infor-
mation about the functioning of the immune system in one or more individuals. 
The importance of immune monitoring is well-recognized and various eff orts are 
made to harmonize or, preferably, standardize the laboratory protocols used in 
immune monitoring studies.

Standardization in (multi-centre) clinical trials is very important to obtain data 
that is reliable and comparable in-between study locations. Therefore, we fi rst 
evaluated the infl uence of various pre- and post-analytical procedures on the 
quality of the samples used for immunophenotyping of leukocyte subsets in 
blood. In Chapter 2.1, we assessed the impact of delayed sample processing and 
acquisition, storage temperature and the impact of fi xatives on the quantity and 
distribution of leukocyte subsets. Based on our fi ndings, we formulated a set of 
guidelines to improve reliability and reproducibility of data regarding immune 
cell quantity and phenotype.

Data analysis is part of a post-analytical procedure that requires standardization. 
Therefore, we evaluated the impact of delayed sample processing on the perfor-
mance of automated (database-driven) analysis in Chapter 2.2. We showed that 
automated analysis is superior to manual analysis regarding reproducibility and 
robustness. However, expert revision of database-driven analysed fi les remains 
necessary in samples with numerical alterations and aberrant B- and T-cell ma-
turation and/or marker expression profi les.

The knowledge gathered in Chapter 2 was utilized in several clinical trials where 
we aimed to dissect the cellular immune responses following controlled pertussis 
infection or vaccination. These clinical trials were initiated locally at the LUMC 
or within the IMI-2 PERISCOPE consortium and their major outcomes are sum-
marized in Chapter 3.

In Chapter 3.1, we investigated kinetics of >250 circulating immune cell subsets 
after an acellular pertussis (aP) booster vaccination. We observed the kinetics of 
circulating immune cells at various timepoints post-vaccination and found that 
the most prominent changes occur in the plasma cell compartment; especially 
(IgG1) plasma cells showed a homogenous expansion and maturation at day 7 
post-vaccination. Consequently, in Chapter 3.2 we focused on kinetics in the 
B-cell compartment in diff erent age cohorts of vaccinees, and found that irres-
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pective of age and the related primary vaccination background, the expansion 
and maturation of (primarily) IgG1 plasma cells was the most prominent feature 
of an immune response initiated by aP booster vaccination. Despite these simila-
rities, specifi c diff erences in plasma cell responses appeared to be associated with 
age (primarily IgG1, IgG3 and IgA1 responses in adults, and IgG1, IgG3 and IgG4 
responses in children) and primary vaccination background (stronger plasma cell 
responses in those originally primed with wP). The observed diff erence may be 
explained by a better protection induced by wP vaccination, or by the fact that 
older people have most likely encountered Bp multiple times in life, and thus 
probably had several ‘natural boosters’.  In this chapter, we also found that the 
fl ow cytometry data corroborated ELISpot data, and both techniques were com-
plementary to each other.

Conclusions drawn from fl ow cytometry data can not only be supplemented by 
techniques such as ELISpot and antibody serology, but also by more explora-
tory transcriptome techniques such as B-cell receptor (BCR) repertoire analy-
sis. Therefore, we further extended our studies on the immune response after 
aP vaccination in Chapter 3.3. Here, we investigated the BCR repertoire and 
clonal relatedness of plasma cells from diff erent time points by means of single 
cell sequencing techniques. We observed that the BCR repertoire in plasma cells 
at day (d) 5, 7, 10, and 14 after vaccination diff ered from the repertoire at base-
line, such as high usage of IGHG1 in expanded clones, increased class-switching 
events and somatic hypermutation (SHM) patterns, fi tting with positive selection 
of CDR3 sequences over time. In this chapter, we confi rmed that the distribution 
of plasma cell subclasses was highly comparable between the fl ow cytometry and 
sequencing data. Moreover, we built a bioinformatic query tool to help searching 
for BCRs specifi c to individual vaccine components. 

As diverse cell populations and timepoints can be of importance in diff erent mo-
dels, we compared the cellular kinetics (within innate immune cells, T cells, and 
B cells) between an aP booster vaccination and a bacterial challenge with Bor-
detella pertussis (strain B1917) in Chapter 3.4. We found that the expansion 
and maturation of plasma cells was less prominent and more delayed in time in 
the bacterial challenge model, as well as more heterogenous with respect to the 
isotypes of the expanding plasma cells. Using the data gathered in Chapter 3, 
we identifi ed informative timepoints and cell populations that could be moni-
tored in future vaccination and human challenge studies. Especially prominent 
for non-colonized participants were the early expansion of (CD36-) non-classical 
monocytes at d1, natural killer cells (d3), follicular T helper cells (d1-d3) and plas-
ma cells (d3). These populations may be interesting for future monitoring. This 
data emphasizes the importance of pilot studies (for timepoint fi nding) and hig-
hlights diff erences in the generated immune response upon vaccination (which 
has a precise dosage and timing) or controlled infection (which has a more vari-
able exposure in antigen dosage and time, due to the process of colonization and 
infection through mucosal layers). As current pertussis vaccines do not protect 
against transmission, unraveling the immune response associated with protecti-
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on against infection may help the design of more eff ective vaccines against per-
tussis.

Finally, in Chapter 4, we set out to use immune monitoring to evaluate the im-
mune system in homeostasis. We investigated the leukocyte composition and 
function in a group of individuals carrying a specifi c genetic variant in the PLCG2 
gene (p.P522R). This variant is associated with cognitively healthy aging and 
longevity. Although it is known that the PLCγ2 protein is involved in signaling 
downstream of cellular receptors such as the B-cell receptor and the Fc-recep-
tor, the impact of p.P522R on the human immune system remains unknown. We 
performed an in-depth analysis on the quantity and functionality of the circula-
ting immune cells in (older) adults and supplemented this with the evaluation of 
and active immune response: the SARS-CoV-2 vaccination responses in a subset 
of these individuals. Although no diff erences were observed in the response to 
SARS-CoV-2 vaccination, carriers of the genetic variant tended to show less signs 
of immunosenescence compared to age-matched non-carriers.

In this thesis, I evaluated pre- and post-analytical procedures critical for repro-
ducibility of clinical studies and applied them to investigate immune responses to 
Bordetella pertussis and to characterize a polymorphism in healthy older adults. 
By doing so, I (1) created a set of guidelines for sample handling in clinical trials, 
(2) showed diff erences in immune responses to vaccination against Bordetella 
pertussis versus controlled natural infection, and (3) described possible impli-
cations of carrying the p.P522R PLCG2 variant on the human immune system. 
In Chapter 5, I discuss the potential implications of these fi ndings and indicate 
what next steps can be made in the process of improving pertussis vaccines and 
in the process of dissecting the impact of the PLCG2 P522R genetic variant on the 
immune system and evaluate its potential as a therapeutic target.
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Samenvatting

Ons immuunsysteem bestaat uit verschillende onderdelen, die elk een eigen be-
langrijke rol spelen in de bescherming van ons lichaam tegen pathogenen (bac-
teriën, virussen, schimmels, etc.) en tegen weefselschade. In hoofdstuk 1 van 
dit proefschrift leg ik uit hoe het immuunsysteem werkt. Daarnaast leg ik uit hoe 
het monitoren van het immuunsysteem (‘immuunmonitoring’) waardevolle in-
formatie kan leveren over de immuunstatus van een individu of van een groep. 
Immuunmonitoring kan informatie geven over het immuunsysteem wanneer het 
in balans is, of juist wanneer een afweerreactie bezig is. Dit is bijvoorbeeld na het 
ontvangen van een vaccinatie. Als je het immuunsysteem na een vaccinatie bestu-
deert, kan dit informatie geven over het gebruikte middel (de effi  ciëntie) en over 
het functioneren van het immuunsysteem van de individu of de groep. Het belang 
van immuunmonitoring wordt algemeen erkend en er wordt vanuit verschillende 
hoeken gewerkt aan het “harmoniseren” of bij voorkeur “standaardiseren” van de 
laboratoriumprotocollen die worden gebruikt voor immuunmonitoring studies.

Wanneer een klinische studie op meerdere locaties plaatsvindt, is het erg belang-
rijk dat er vooraf een zorgvuldige standaardisatie tussen deze locaties wordt ver-
kregen. Dit zorgt ervoor dat de geproduceerde data betrouwbaarder zijn en niet 
worden beïnvloed door gebruik van verschillende (locatie-gebonden) laborato-
riumprotocollen. Daarom behandel ik in dit proefschrift eerst het eff ect van ver-
schillende factoren in het verwerkingsproces (bijv. het pre- en post-analytische 
proces) op de kwaliteit van de bloedmonsters, die worden gebruikt voor bijvoor-
beeld immuunfenotypering. In hoofdstuk 2.1 hebben we onderzocht hoe de 
gemeten aantallen en de verdeling van de bloedcellen kunnen worden beïnvloed 
door: (1) vertraging van het verwerken van het bloedmonster, (2) vertraging van 
het meten van een verwerkt bloedmonster op de fl owcytometer, (3) de tempe-
ratuur waarop het bloedmonster wordt bewaard, (4) het gebruik van fi xerende 
middelen om het bloedmonster langer houdbaar te maken. Op basis van onze 
onderzoeksresultaten hebben wij richtlijnen kunnen opstellen. Deze richtlijnen 
verbeteren de betrouwbaarheid en reproduceerbaarheid van data betreff ende de 
gemeten aantallen en de verdeling van bloedcellen. 

Data-analyse is een post-analytische procedure waar standaardisatie ook nodig 
is. Daarom onderzochten wij in hoofdstuk 2.2 het eff ect van vertraagde verwer-
king van bloedmonsters op de kwaliteit van automatische (= door een database 
aangestuurde) analyse. We zagen dat, wanneer het aankomt op reproduceerbaar-
heid en robuustheid, een automatische analyse superieur is aan een handmati-
ge analyse. Desalniettemin is een (handmatige) check door een expert nog altijd 
nodig wanneer de aantallen van de verschillende afweercellen, de rijping van de 
verschillend afweercellen, of de expressie van celkenmerken buiten de normale 
waarden valt.

De kennis verzameld in hoofdstuk 2 is vervolgens gebruikt in meerdere klini-
sche studies waarin we de cellulaire afweerreacties na een gecontroleerde infectie 
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met Bordetella (B.) pertussis (= de kinkhoest bacterie) of na vaccinatie tegen B. 
pertussis (= de kinkhoestvaccinatie) bestudeerden. De hier besproken klinische 
studies zijn opgezet in het LUMC of binnen het IMI-2 PERISCOPE consortium. 
De belangrijkste uitkomsten van deze studies zijn samengevat in hoofdstuk 3 van 
dit proefschrift. 

In hoofdstuk 3.1 hebben we onderzocht hoe de kinetiek van meer dan 250 ver-
schillende soorten afweercellen in ons bloed veranderen na het toedienen van een 
niet-cellulair kinkhoest vaccin (aP vaccin; bevat slechts drie specifi eke eiwitten 
van de kinkhoestbacterie). Op verschillende momenten na de vaccinatie zagen 
we consistente veranderingen in de kinetiek van de afweercellen. De toename en 
uitrijping van het aantal (IgG1) plasmacellen (= antistof-producerende afweer-
cellen) op dag 7 na vaccinatie was de meest consistente en duidelijke verandering. 
Vervolgens hebben wij ons in hoofdstuk 3.2 vooral gericht op de veranderingen 
in het B-cel gedeelte van het immuunsysteem. Hier keken we naar de verande-
ringen in het immuunsysteem na toediening van een vaccin binnen verschillende 
leeftijdsgroepen. Zij verschilden zodanig in leeftijd dat ze als baby verschillen-
de kinkhoestvaccins hebben gekregen (de zogenoemde vaccinatie-achtergrond). 
Opnieuw zagen we dat de uitrijping van IgG1 plasmacellen en de toename in aan-
tallen plasmacellen de meest duidelijke veranderingen waren. Dit vonden we in 
elke groep, ongeacht de leeftijd of vaccinatie-achtergrond. Naast de IgG1 respons 
zagen wel andere specifi eke verschillen tussen mensen met een bepaalde leeftijd 
of vaccinatie-achtergrond; volwassenen hadden een gemengde IgG1-IgG3 én IgA1 
plasmacel-respons, terwijl kinderen en adolescenten een gemengde IgG1-IgG3 
en IgG4 plasmacel-respons hadden. Ook hadden mensen die als baby gevacci-
neerd waren met het cellulaire vaccin (wP; vaccin met de complete dode bacterie) 
een sterkere toename in het aantal plasmacellen vergeleken met mensen die het 
niet-cellulaire vaccin (aP) als baby hadden ontvangen. Dit kan erop duiden dat 
vaccinatie met het oude (cellulaire) vaccin een betere antistofproductie heeft op-
gewekt, òf dat de oudere mensen vaker contact hebben gehad met de kinkhoest 
bacterie, bijvoorbeeld doordat ze een lichte infectie hebben gehad. Hierdoor wor-
den er óók IgA antistoff en gemaakt; deze zijn erg belangrijk voor de afweer in de 
slijmvliezen. De slijmvliezen (bijv. de luchtwegen) zijn nou precies de plekken 
waar de kinkhoestbacterie probeert het lichaam binnen te komen. Tenslotte von-
den we in dit onderzoek dat de resultaten van de fl owcytometrie experimenten 
overeenkwamen met die van de ELISpot experimenten (= kweekexperimenten). 
Deze technieken geven dus aanvullende informatie over dezelfde personen.

De fl owcytometrie resultaten kunnen ook worden uitgebreid door andere tech-
nieken dan ELISpot of serologische antistofbepalingen, bijvoorbeeld door meer 
verkennende RNA technieken te gebruiken om de grote mate van diversiteit van 
de antistoff en te onderzoeken. Dit noemen we ook wel  B-cel receptor (BCR) re-
pertoire-analyse. De BCR zit vast aan de buitenkant van het celoppervlak van 
de B cel, maar kan ook worden uitgescheiden door de B cel. Wanneer de BCR 
uitgescheiden is, noemen wij de BCR een antistof. Dit hebben wij gedaan in 
hoofdstuk 3.3. We onderzochten het BCR-repertoire en de klonale relaties tus-
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sen plasmacellen geïsoleerd op verschillende momenten na vaccinatie. Dit de-
den wij door middel van de zogenoemde ‘single-cell sequencing’ techniek. Het 
BCR-repertoire van plasmacellen geïsoleerd op 5, 7, 10 en 14 dagen na vaccinatie 
verschilden van de plasmacellen geïsoleerd op dag 0 (dus vóór de vaccinatie). 
De verschillen waren vooral zichtbaar in het gebruik van de IgG1 zware keten (= 
een onderdeel van de BCR), de hoeveelheid ‘class-switching events’ (= het ver-
anderen van antistof-functie), en de positieve selectie in de CDR3 regio over tijd 
(= het veranderen van de vorm van de grijparm van de antistof door mutaties in 
het DNA te introduceren. Dit heeft als doel om BCRs met verschillende bescher-
mingsgraden te maken en de beste BCRs te selecteren). In dit hoofdstuk zagen 
we dat de verdeling binnen de plasmacel populaties zoals bepaald met fl ow cyto-
metrie overeenkwam met die zoals bepaald met single-cell sequencing. Tenslotte 
hebben we in dit hoofdstuk bioinformatica toegepast om een zogenoemde ‘query 
tool’ te ontwerpen; deze bioinformatica-techniek helpt bij het zoeken naar BCRs 
die specifi ek zijn gericht tegen onderdelen van het niet-cellulaire pertussis vaccin.  

Verschillende celpopulaties en tijdspunten kunnen belangrijk zijn in verschillen-
de studiemodellen. Daarom vergeleken we in hoofdstuk 3.4 de kinetiek van 
verschillende celpopulaties (uit het aangeboren en aangeleerde immuunsysteem) 
na het ontvangen van een vaccin tegen B. pertussis of na een infectie met B. per-
tussis (onder gecontroleerde omstandigheden). Vergeleken met de respons na 
vaccinatie, was de toename en uitrijping van plasmacellen vertraagd en minder 
uitgesproken. De toename en uitrijping van plasmacellen werd wel in meer ver-
schillende antistof-subgroepen (isotypen) gevonden dan het geval was na vacci-
natie.

Met de data uit hoofdstuk 3 hebben we bepaald welke tijdstippen en welke cel-
populaties informatief kunnen zijn om te monitoren in toekomstige vaccinatie-/
infectiestudies. Ook keken we naar de cel kinetiek die geassocieerd werd met be-
scherming tegen kolonisatie na een infectie met B. pertussis. Hieronder vielen de 
vroege toename in het aantal (CD36-) niet-klassieke monocyten (dag 1), van de 
‘Natural Killer’ cellen (dag 3), de ‘follicular helper T cellen’ (dag 1-3) en de plas-
macellen (dag 3). Vanwege die associaties zijn deze afweercelpopulaties mogelijk 
interessant voor toekomstige monitoring studies. 

De resultaten van deze studies benadrukken het belang van pilot-studies, bij-
voorbeeld om de juiste tijdstippen of celpopulaties vast te stellen. Verder laat 
dit onderzoek zien dat er verschillen bestaan in immuunrespons na een infectie 
of vaccinatie. De huidige kinkhoestvaccins beschermen ons niet goed tegen de 
aanwezigheid van de kinkhoestbacterie op onze slijmvliezen (= kolonisatie) en 
daarmee ook minder goed tegen overdracht/verspreiding van de bacterie. Als we 
beter begrijpen hoe de bescherming tegen bacteriële kolonisatie tot stand komt, 
kunnen we deze informatie misschien gebruiken om betere vaccins tegen kink-
hoest te ontwikkelen.

In hoofdstuk 4 gebruikten we immuunmonitoring om het immuunsysteem te 
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bekijken terwijl het in balans is. We bestudeerden de aantallen en de verdeling 
van afweercellen in het bloed bij een groep mensen die een speciale genetische 
variant in het PLCG2 gen bij zich dragen (de variant heet p.P522R), en vergeleken 
dit met mensen die deze variant niet hebben. PLCG2 draagt de genetische code 
voor het eiwit PLCγ2. De p.P522R variant-eiwit wordt geassocieerd met gezond 
oud worden, zowel geestelijk als lichamelijk. Hoewel we weten dat het PLCγ2 
eiwit in afweercellen betrokken is bij het doorgeven van signalen, zodra een BCR 
of een Fc-receptor wordt geactiveerd, weten we niet veel van de invloed die het 
p.P522R variant-eiwit heeft op het afweersysteem. Daarom onderzochten we hoe 
dit variant-eiwit de aantallen en het functioneren van afweercellen in (oudere) 
volwassenen beïnvloedt. Hierbij maakten we ook gebruik van cel-stimulaties 
in het laboratorium. Daarnaast bestudeerden we de antistofreactie tegen CO-
VID-vaccinatie in deze groep (oudere) volwassenen; dus hier keken we weer naar 
het afweersysteem in actie. Hoewel we geen verschillen zagen in respons tegen 
COVID-vaccinatie bij mensen die de p.P522R variant wel of niet bij zich droe-
gen, zagen we wel dat mensen met de p.P522R variant minder immunologische 
veroudering leken te hebben ten opzichte van leeftijdsgenoten die de variant niet 
hadden.

Dus: in dit proefschrift heb ik pre- en post-analytische procedures die belangrijk 
zijn voor de reproduceerbaarheid van klinische studies geëvalueerd, en heb ik 
deze toegepast voor monitoring  van het immuunsysteem. Hierbij keek ik zowel 
naar het immuunsysteem in actie (vaccinatie tegen en blootstelling aan B. per-
tussis) en naar het immuunsysteem in balans (om de genetische variant PLCG2 
p.P522R te bestuderen). Hierbij heb ik (1) richtlijnen opgesteld voor het verwer-
ken van (bloed)monsters in klinische studies, (2) de verschillende immuunreac-
ties van het lichaam na vaccinatie tegen B. pertussis of infectie met B. pertussis 
bestudeerd, en (3) de mogelijke implicaties van het dragen van genetische vari-
ant PLCG2 p.P522R op het humane immuun systeem beschreven. In het laatste 
hoofdstuk van dit proefschrift – hoofdstuk 5- bediscussieer ik de potentiële 
implicaties van deze bevindingen. Ook geef ik aan wat ik denk dat de volgende 
stappen zouden kunnen zijn in de ontwikkeling en/of verbetering van kinkhoest 
vaccins en in het verder ontrafelen van de gevolgen van PLCG2 p.P522R op het 
immuunsysteem en de mogelijkheid om dit als een therapeutisch doelwit te ge-
bruiken.
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