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T cell-mediated immune responses play crucial roles in protection against infection and
malignant disease. Repetitive immunization by prime-boost vaccination or pathogen re-
encounter increases memory T cell numbers and generates long-term protective T-cell
responses. The impact of recurring antigen stimulation on the differentiation of circulating
and tissue-resident CD8* T cell populations is however not fully understood. Here, we show
that second and third immunizations profoundly impacted the magnitude of antigen-specific
memory CD8* T cells. Using high-dimensional single-cell mass cytometry we delineated that
especially second immunizations sculps the heterogeneity of vaccine-induced CD8" T cells
organ-wide. Moreover, by using lineage tracing of antigen-specific CD8* T cells, we show
that the development of circulating CD8* ex-T_ cells is most profoundly impacted by tertiary
immunization. Together, these data show that repeated antigen triggering has a dynamic
and profound impact on the magnitude and diversification of antigen-specific circulating and
tissue-resident CD8* memory T cells organ-wide and is key in the development of protective

prime-boost vaccination.
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T cell-mediated immune responses play critical roles in acquiring immunity against infections
and malignant disease. Repetitive immunization, either by prime-boost vaccination or
pathogen re-encounter, increases the number of memory T cells, and this concept has
become increasingly evident in vaccine design. Importantly, the induction of durable T cell
responses of sufficient magnitude and quality is key in vaccine-induced immunity (1, 2). In
this respect, understanding the mechanisms of repetitive immunizations is critical to advance

the development of T cell-based vaccines.

Homologous or heterologous booster vaccine regimens, where a second vaccine is
administered after an indicated period of time, are used to acquire sufficient immunity
against infectious disease (3, 4). Many vaccines in national vaccination programs require
a booster vaccine, including vaccines against diphtheria, pertussis, hepatitis B and human
papilloma virus (HPV) (5). Also for most vaccines against Covid-19, booster vaccines are
highly recommended (6). Even though booster vaccination is commonly used to generate
long-term protective immune response, the effect of boosting on the differentiation of

heterogeneous memory CD8* T cell populations is not fully understood.

The increase in the number of circulating memory T cells upon booster immunization has
been well documented, and recently this has also been observed for tissue-resident memory
T(T

tissues (7, 8). Moreover, also upon vaccination with adenoviral vectors that induce low level

) Cells, which are excluded from the blood circulation and reside in non-lymphoid
persistent antigen-triggering, both circulating as well as CD8* T, cells are increase in multiple
tissues, and both are implicated in protection (9). Recently, it has also been observed that T, ,
cells have the capacity to re-enter the circulation and shape systemic T cell responses upon
re-challenge (10-12). However, the effect of antigen-triggering on the development of CD8*

ex-T,,, remains incompletely understood.

Here, we studied the effect of antigen-triggering by booster synthetic long peptide (SLP)
vaccinations focused on the diversification of vaccine-induced memory CD8" T cells. SLP
vaccine platforms can be designed to induce exclusive CD4* or CD8" T cell responses against

single or multiple epitopes present in pathogens and malignant cells. Clinically, SLP vaccines
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are used as immunotherapy of pre-malignant disease and combined with other therapies
are also active against established malignant disease (13, 14). To gain in-depth insight into
the differentiation of the antigen-specific CD8* T cell phenotype in prime-boost settings we
used high-dimensional mass cytometry with 41 markers including indicators for recognizing
antigen-specific cells. Booster vaccination impacted both the magnitude and diversification of
antigen-specificCD8" T, T, , and T, cell subsets leading to increased protection. Especially
T, and T_ subsets were increased upon the first boost, while a second boost empowered
the development of CD8* ex-T_ cells. Thus, additional antigen triggering results in disparate

impact on the differentiation of circulating and tissue-resident memory T cell subsets.
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Mice

Wild-type C57BL/6 mice were obtained from Charles River Laboratories (LUArbresle, France)
or Jackson Laboratory (Sacramento, CA, USA). CD45.1 Hobit reporter and CD45.2 Hobit
reporter X ROSA26-eYFP LT mice were previously described and spleens were obtained
from the group of Van Gisbergen, Sanquin (10). At the start of the experiments, mice were
six to eight-week-old. Animals were housed in individually ventilated cages under specific-
pathogen free conditions at the animal facility at the Leiden University Medical Center
(LUMC). All animal experiments were approved by the Animal Experiments Committee of
LUMC and performed according to the recommendations and guidelines set by LUMC and

by the Dutch Experiments on Animals Act.

Peptide vaccination

GP34 synthetic long peptide (SLP) (sequence: KAVYNFATCGIFALIS), OVA SLP (sequence:
SMLVLLPDEVSGLEQLESIINFEKLTEWTS) and E7 SLP (sequence: GQAEPDRAHYNIVTFCCKCDS)
were produced at the peptide facility of the LUMC. The purity of the synthesized peptide
(75-90%) was determined by HPLC and the molecular weight by mass spectrometry. Mice
were vaccinated subcutaneously (s.c.) at the tail base with 100ug synthetic long peptide +
20ug CpG (ODN 1826, InvivoGen) dissolved in PBS. Booster vaccinations were provided with

2 weeks interval.

Viral and bacterial infections

MCMV-IE2 OVA and MCMV-M45 OVA were generated and reconstituted as described
elsewhere (15, 16). In brief, nucleotide sequences encoding the SIINFEKL epitope of chicken
ovalbumin were inserted by targeted mutagenesis at the C-terminus of the IE2 or M45 genes.
Mice were infected intraperitoneally with 1x10* infectious units (IU) MCMV-IE2 OVA or 1x10*
IU MCMV-M45 OVA. Listeria monocytogenes (LM) expressing OVA (LM-OVA) was previously
described (17). In brief, LM-OVA contains a chromosomally integrated Ag cassette encoding
truncated OVA (aa 134-387). Mice were infected intravenously via retro-orbital injection
with 1x10* colony-forming units (CFU) LM-OVA. To quantify the bacterial load in liver, livers
were isolated and subsequently minced in PBS using 70 um cell strainers. Dilution series

were made in 0.1% Triton X-100 Lysis buffer after which they were plated on Brain Heart
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Infusion (70138, Merck Millipore) agar plates. After 24 hours incubation at 37°C, bacterial

colonies were quantified.

Tumor challenge

The TC-1 tumor cell line (a kind gift from T.C. Wu, John Hopkins University, Baltimore, MD)
was developed by retroviral transduction of C57BL/6 lung epithelial cells with the HPV16
E6/E7 and c-H-ras oncogenes (18). Mice were inoculated subcutaneously in the flank with
1x10° TC-1 tumor cells. Tumor size (mm3) was measured two times a week using a caliper
and calculated as (LxWxH)x0.52 (L: length, W: width, H: height). Mice were euthanized when
tumor size reached 500-1000 mm3 in volume. Mycoplasma tests were frequently performed
by PCR and were negative for all cell lines. Cell lines were authenticated with a microsatellite
PCR.

Isolation of T cells

Peripheral blood was collected from the tail vein. Splenocytes were obtained by mincing the
tissue through cell strainers. Bone-marrow cells were obtained from the femurs and tibias by
centrifugation. Blood cells, splenocytes and bone marrow cells were depleted of erythrocytes
using ammonium chloride lysis buffer. Subsequently, bone-marrow T cells were isolated using

MicroBeads (130-095-130, Miltenyi Biotec) according to manufacturers’ protocol.

To remove remaining circulating blood cells from the liver and lungs, mice were perfused
with 20 ml PBS containing 2 mM EDTA. Next, liver and lungs were cut into small pieces using
surgical knives. Liver tissue was resuspended in 3.5 ml IMDM containing 250 U/ml collagenase
type 1-A (C2674, Sigma) and 20 ug/ml DNase | (D5025, Sigma), and lung tissue was incubated
with 1 ml IMDM and 250 U/ml collagenase and 20 pg/ml DNase. After incubation with
collagenase/DNase for 25 minutes at 37°C, liver and lung tissue were dissociated into single-
cell suspensions using 70 um cell strainers, and subsequently lymphocytes were isolated

using a Percoll (GE Healthcare) gradient.

Adoptive T cell transfers

Spleens of CD45.1 Hobit reporter OT-1 or CD45.2 Hobit reporter x ROSA26-eYFP LT mice were
isolated and subsequently CD8* T cells were isolated by negative selection using MicroBeads
(130-104-075, Miltenyi Biotec) according to the manufacturer’s protocol. Splenic CD8* T cells

were adoptively transferred via retro-orbital injection into naive Ly5.2 mice.
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Flow cytometry

Fluorescently labelled monoclonal antibodies against the following mouse antigens were
used: CD3 (clone 145-2C11, BD Biosciences), CD4 (clone RM4-5, BioLegend), CD8 (clone
53-6.7, BioLegend), CD127 (clone A7R34, ThermoFisher), KLRG1 (clone 2F1, ThermoFisher),
CD44 (clone IM7, BioLegend), CD62L (clone MEL-14, BioLegend), CD69 (clone H1.2F3, BD
Biosciences), CD38 (clone 90, Thermo Fisher), CX3CR1 (clone SAO11F11, Biolegend), CD11c
(clone HL3, BD Biosciences), Sca-1 (clone D7, Biolegend). 7-AAD (A1310, Invitrogen) staining
was used to exclude dead cells. Cells were stained according to our previously published
protocol (9). GP34-specific, OVA-specific or E7-specific CD8* T cells were quantified using
2441 (AVYNFATC), OVA (SIINFEKL), HPV
E7 (RAHYNIVTF) respectively. The presence of GP33-specific CD8* T cell responses was

49-57
excluded using MHC class | tetramers for the epitope GP (KAVYNFATC). Flow cytometric

MHC class | tetramers for the peptide epitopes GP

257-264

3341

acquisition was performed on a BD Fortessa flow cytometer (BD Biosciences).

Mass cytometry

Metal-conjugated antibodies were either purchased from Fluidigm or were generated by
conjugation of lanthanide metal isotopes to anti-mouse antibodies using the Maxpar X8
Polymer method according to the manufacturer’s protocol (Fluidigm). Cisplatins 194 and
198 and Bismuth 209 were conjugated to anti-mouse monoclonal antibodies using protocols
previously described (19, 20). All in-house conjugated antibodies were diluted to 0.5 mg/ml
in antibody stabilizer supplemented with 0.05% sodium azide (Candor Biosciences). Serial
dilution staining was performed on mouse lymphocytes to determine appropriate antibody

dilution.

The CyTOF staining was performed as described elsewhere (21). In brief, around 3x10° cells
per sample were stained for CyTOF analysis. First, cells were stained in FACS buffer with PE
and APC labelled tetramers and incubated for 30 minutes on ice. Cells were washed with
Maxpar Cell Staining buffer (201068, Fluidigm) and subsequently incubated for 20 minutes
with 1 uM Interchalator-Rh (201103A, Fluidigm) in staining buffer. Next, a-specific binding
was prevented by incubating cells with Fc blocking solution and mouse serum for 15 minutes.
Anti-PE and anti-APC were added in a final concentration of 1:50 and incubated for 45
minutes. The antibody mix was added and incubated for an additional 45 minutes. After

washing the cells, samples were incubated overnight with 25nM Intercalator-Ir (201192A,
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Fluidigm) in Maxpar Fix and Perm Buffer (201067, Fluidigm). Cells were pelleted in staining
buffer and measured within one week. Before measuring, EQ™ Four Element Calibration

Beads (201078, Fluidigm) were added in a 1:10 ratio.

Data analysis and statistics

Mass cytometry data analysis focused on the antigen-specific CD8* T cells. For the selection,
we set our gating strategy to live single cells, positive for CD45, and excluded reference
beads. The live CD45* gated files were compensated using Catalyst (22). Subsequently, MHC

class | tetramer-specific CD8* T cells were selected in FlowJo for subsequent analysis.

Next, marker expression was ArcSinh5 transformed and subjected to dimensionality reduction
analyses in Cytosplore (23) or FlowSOM (24). Cytoslore and FlowSOM were used for the
identification of the clusters. For Cytosplore analysis, samples were analysed by hierarchical
stochastic neighbourhood embedding (HSNE) (25) based on approximated t-distributed
stochastic neighbourhood embedding (A-tSNE) (26). The similarity between tSNE maps was
quantified using the Jensen-Shannon (JS) divergence as previously described (21). The JS
divergence values ranged from 0 (indicating identical distributions) to 1 (indicating disjoint
distributions). The dual tSNE analysis was performed to quantify the individual samples

similarity based on the clusters composition as previously described (21, 27).

FlowSOM was used for the identification of vaccination and tissue-specific clusters. Using
FlowSOM, 14 clusters were identified per analysis. Subsequently, Cytofast (28) was used
for visualization and quantification of cell clusters. T, (CD62L CD69"), T, (CD62L" CD69')
and T, (CD62L°CD69’) CD8" T cell clusters were selected by expression of CD69 and CD62L.
Visualization of heatmaps and selection of clusters based on the size of the cluster (abundance

of at least >5% of total) and significance was performed as previously described (21).
Statistical analyses were performed using Cytofast or GraphPad Prism (La Jolla, CA, Unites

States). One-way ANOVA and log-rank (Mantel-Cox) survival test were used for statistical

analysis. All P values were two-sided, and P < 0.05 was considered statistically significant.
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Prime-boost vaccination impacts the heterogeneity of circulating CD8* T cells

To investigate the effect of antigen-triggering on the development and heterogeneity of CD8*
T cells, mice were vaccinated subcutaneously with synthetic long peptide (SLP) vaccines in
a prime-boost-boost setting. We performed these experiments with SLP vaccines containing
the class | restricted GP, ,, epitope from lymphocytic choriomeningitis virus (LCMV), or the

class I restricted E7,, ., epitope from human papilloma virus (HPV). The SLP vaccines were
administered subcutaneously in prime-boost settings with 2 week intervals (prime only,
prime-boost, prime-boost-boost) (Figure 1A). For both GP34 SLP and E7 SLP vaccines, a single
immunization resulted in expansion of the antigen-specific CD8" T cells that peaked to ~5%
of the total CD8* T cells around day 7 post-vaccination, followed by contraction and memory
formation (Figure 1B and S1A). Booster immunization (2nd vaccine) increased the antigen-
specific CD8* T cell in the circulation, resulting in a higher maintenance of the antigen-specific
memory CD8* T cell population. Remarkably, after the second boost (3rd vaccine), a relatively
higher level of the antigen-specific memory CD8* T cell population in blood was observed as
compared to the first booster. Flow cytometric analysis of the GP34-specific and E7-specific
CD8* T cells showed that the majority of these cells had a effector-memory phenotype based
on the markers CD44 and KLRG1, that increased upon boosting (Figure 1C). Detailed analysis
of memory CD8* T cell differentiation by Cytosplore (23), which incorporates approximated
t-distributed stochastic neighbourhood embedding (A-tSNE) algorithms for subset definition,
revealed however a difference in the heterogeneity of the GP34-specific CD8" T cells in blood
at both the acute and memory phase of vaccination (Figure 1D and 1E). Phenotypical changes
of antigen-specific CD8* T cells occur gradually over time while differences in the phenotype
change deeply upon sequential boosting. Thus, second and third immunization profoundly

impact the magnitude and differentiation of circulating antigen-specific CD8" T cells.
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Figure 1. Prime-boost vaccination impacts the heterogeneity of circulating CD8* T cells. A) Vaccination schedule
for mice vaccinated with SLP vaccines in a prime-boost regimen with 2 week intervals. SLPs contain the dominant
class | GP34 (LCMV) or E7 (HPV) epitope (epitope sequences are indicated in bold). B) Vaccine-specific CD8" T cell
kinetics in blood at indicated days after vaccination. Data +/- SEM are shown. C) Phenotype of GP34-specific or E7-
specific CD8* T cells in blood. Data +/- SEM are shown. D) Cytosplore tSNE analysis of GP34-specific CD8* T cells at
indicated time points after 1 vaccination. CD3, CD8a, CD62L, CD44, KLRG1 and GP34 tetramer were used for the
analysis. The color of the cells indicates ArcSinh5-transformed expression values for a given marker analyzed. E)
Cytosplore tSNE analysis of GP34-specific CD8* T cells at day 71 after 1, 2 and 3 vaccinations. CD3, CD8a, CD62L,
CD44, KLRG1 and GP34 tetramer were used for the analysis. See also Figure S1A.

lLow

tSNE2

Prime-boost vaccination increases protective antigen-specific memory T cells

To corroborate the differential impact of booster immunizations, the abundance of
circulating and tissue-resident memory CD8* T cells in blood, spleen and liver, was analyzed.
Each vaccination with GP34 SLP, increased the percentage of antigen-specific CD8* T cells in
the blood circulation as well as in the spleen and liver (Figure 2A and 2B). In the liver, the
increase of antigen-specific CD8" T cells reached ~7% of total CD8" T cells after 3 vaccinations,
and of these antigen-specific CD8* T cells, 40% expressed the tissue-resident marker CD69
(Figure 2C). A similar effect on the increment of antigen-specific CD8* T cells upon boosting,

was also observed after sequential E7 SLP vaccinations (Figure 2D, 2E, 2F).
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Boost immunization elicits diversification of circulating and tissue-resident CD8* memory T cells
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Figure 2. Prime-boost vaccination increases protective antigen-specific memory T cells. A) GP34-specific CD8*
T cell response in blood day 35 upon GP34 SLP vaccination. Data +/- SEM are shown (n=10 per group). B) GP34-
specific CD8* T cell response in spleen and liver day 50 upon GP34 SLP vaccinatinon. Data +/- SEM are shown (n=10
per group). C) GP34-specific CD8" T, cell response in liver day 50 upon GP34 SLP vaccinatinon. Data +/- SEM are
shown. D) E7-specific CD8* T cell response in blood day 35 upon E7 SLP vaccinatinon. Data +/- SEM are shown (n=10
per group). E) E7-specific CD8* T cell response in spleen and liver day 50 upon E7 SLP vaccinatinon. Data +/- SEM are
shown (n=10 per group). F) E7-specific CD8" T, cell response in liver day 50 upon E7 SLP vaccination. Data +/- SEM
are shown. G-J) Experimental setup of bacterial and tumor challenge. At day 50 after the first GP34 vaccination
mice received LM-GP33 challenge i.v. retro-orbitally. The bacterial load in liver was assessed 3 days after bacterial
challenge (H). At day 50 after the first E7 SLP vaccination mice received a TC-1 tumor challenge s.c. in the flank. Upon
tumor challenge, tumor outgrowth (1) and survival (J) were assessed. One-way ANOVA and log-rank (Mantel-Cox)
survival test were used for statistical analysis. *P<0.05, **P<0.01. ANOVA, analysis of variance.
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To determine whether this increase in antigen-specific memory CD8* T cells correlates to
increased protection, mice where challenged with Listeria Monocytogenes (LM), a gram-
positive bacterium that replicates within the host cell cytosol (29, 30), containing the GP34
epitope (LM-GP34), or received a TC-1 tumor challenge upon GP34 and E7 SLP vaccination,
respectively (Figure 2G). Booster vaccination with GP34 SLP increased protection against
LM-GP33 (Figure 2H), but this protection was not further improved by a second boost.
Similar results were obtained when E7 SLP vaccinated mice challenged with TC-1 tumor cells.
Here, a single E7 SLP vaccination did partially protect mice from tumor outgrowth whereas
an additional booster vaccination fully protected mice (Figure 2l, 2J). Thus, SLP booster
vaccination increases the magnitude of antigen-specific memory CD8* T cells leading to

enhanced protection against infection and malignant disease.

Prime-boost antigen triggering impacts phenotype of antigen-specific CD8* T cells or-
gan-wide

To study in depth the phenotype of the antigen-specific CD8" T cells induced upon sequential
SLP vaccinations, we performed single-cell high dimensional mass cytometry (Figure 3A). Our
panel includes 39 cellular markers that allows an in depth identification of T cell signatures as
previously described (Table S1) (21). For the detection of PE- and APC-labelled MHC class |
tetramer-binding T cells, anti-PE and anti-APC antibodies coupled to lanthanides were added
to the panel. Upon selection of live single cells, positive for CD45, files were compensated
using Catalyst (22), after which tetramer-specific CD8* T cells were selected in FlowJo (Figure
S1B and S1C). To interrogate whether the phenotype of antigen-specific CD8" T cells is
influenced by sequential vaccinations and the tissue environment, we performed a system-
wide analysis of antigen-specific CD8" T cell subsets in all tissues examined after multiple
vaccinations. Analysis of antigen-specific CD8* T cells was performed using Cytosplore (23)

and subsequent dual tSNE and Jensen-Shannon (JS) divergence analysis.

First, we visualized the similarity between GP34-specific CD8* T cells that were present in
spleen, liver, lungs, and bone marrow upon 1, 2 or 3 vaccinations in one tSNE analysis (Figure
3B-D). This analysis shows that distinct patterns exist across sequential vaccinations (Figure
3B). Especially the first boost has a profound impact on the phenotype of these vaccine-
induced CD8* T cells whereas the second boost further shaped the phenotype of these cells,

albeit less evident. Visualization of the tSNE distribution across different tissues revealed
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that antigen-specific CD8* T cells cluster together depending on their location (Figure 3C).
Here, liver and lung tissue have a similar phenotype, as well as hematopoietic tissues spleen
and bone marrow. The cell distribution in this analysis is based on expression of all markers
in our panel and the abundance of the various clusters. Using this approach clusters of CD8*
T, and CD8' T cells were identified, by their expression of CD62L, KLRG1, CD69, CX3CR1
(Figure 3D).

Subsequently, we performed a dual tSNE analysis on all 60 samples of GP34-specific CD8*
T cells (three vaccinations, four tissues, n = 5) based on the abundance of 63 GP34-specific
CD8* T cell clusters generated by Cytosplore. We visualized the segregation of the samples,
based on vaccination-associated patterns or tissue-specific patterns. The distribution of
samples showed clusters of BM and spleen or lung and liver but also clusters of vaccinations
were evident. In addition to the sample distribution, visualization of the tSNE map values of
the GP34-specific CD8" T cell clusters corroborated the tissue- and vaccination-associated
patterns (Figure 3E and 3F). The GP34-specific CD8* T cell clusters contributing to the
2" and 3" vaccination-specific phenotypes had considerable overlap. Subsequently, the
similarity between the tSNE plots of memory CD8* T cell clusters in multiple vaccinations
and in different tissues was determined by performing a Jensen-Shannon (JS) divergence
analysis (Figure 3G). A low JS distance was found when comparing antigen-specific CD8* T
cells induced upon 2 and 3 vaccinations, indicating high similarities between cells induced
upon these vaccinations, whereas a higher JS distance was found when comparing 1 to 2
vaccinations or 1 to 3 vaccinations. In contrast, for all tissues high JS distance was obtained,
indicating that tissues induce clear dissimilar tissue-specific CD8* T cell states. Thus, upon
sequential SLP vaccinations, antigen-specific CD8* T cells have their unique phenotype in
multiple organs and especially after the first boost the phenotype is different from the initial

vaccination.
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Figure 3. Prime-boost antigen triggering impacts phenotype of antigen-specific CD8* T cells organ-wide. A)
Experimental setup and data analysis graphic. Mice were vaccinated s.c. tailbase with GP34 SLP (100ug) + CpG
(20ug) with 2 week intervals. At day 72 after the first vaccination, lymphocytes were isolated from spleen, liver, lung
and bone-marrow. Spleen and bone-marrow were T cell enriched, liver and lung lymphocytes were isolated using
a Percoll gradient. Lymphocytes were stained for mass cytometry analysis. For data analysis, CD45 live cells were
manually gated in FlowJo, after which samples were compensated using Catalyst. After gating GP34-specific CD8* T
cells in FlowJo, data was analyzed using Cytosplore and subsequent dual tSNE and JSD analysis or data was analyzed
per tissue using FlowSOM and Cytofast, as well as PCA analysis. Figure created with BioRender. B, C) tSNE embedding
of GP34-specific CD8* T cells isolated from vaccinated mice and multiple organs in one analysis. Cells are color coded
per vaccination (B) of type of tissue (C). D) Expression intensity of the cell-surface markers on the GP34-specific CD8*
T cells. The color of the cells indicates ArcSinh5-transformed expression values for a given marker analyzed. E, F)
dual tSNE analysis of GP34-specific CD8* T cells from multiple organs (liver, lung, spleen, bone-marrow) of mice (n =
5 per vaccination group) that received 1, 2 or 3 vaccinations. E) tSNE maps showing the 60 samples, color coded per
vaccination (upper) or per tissue (below). Samples with similar composition across clusters end up close together
in the map. F) tSNE maps showing the 63 GP34-specific CD8* T cell clusters per vaccination (upper row) or tissue
(lower row). Clusters with similar composition profiles across samples end up close together in the map. The varying
dot size and color in this cluster tSNE map shows the average cluster normalized frequencies per vaccination/tissue
group. G) Pairwise Jensen-Shannon Divergence plots of the tSNE map obtained from all samples of GP34-specific
CD8* T cells grouped by vaccinations (upper) and tissue (lower). JSD, Jensen-Shannon Divergence. PCA, Principal
Component Analysis. See also Figure S1B.
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Heterogeneity of CD8' T and T_, cells upon vaccination

To gain further insight into the phenotypic heterogeneity within the antigen-specific CD8*
T cell pools in the different organs, we performed Principal Component Analysis (PCA) per
tissue based on the cluster frequencies of the GP34-specific memory CD8* T cells. The clusters
present in liver, spleen, lung and bone-marrow were clearly distinct between one vaccination
and booster vaccinations, indicating booster-specific clustering of the GP34-specific CD8* T

cell populations (Figure 4A).

To gain further insight into the antigen-specific CD8" T cell phenotypes in the different
organs, we analyzed the phenotype of these cells per tissue using FlowSOM and Cytofast
(28) and confirmed and visualized the data using Cytosplore. Using FlowSOM, 14 clusters
were generated per analysis, of which we show here the clusters abundant >5% of total
antigen-specific CD8* T cells that show a difference between the vaccination groups. In the
liver, 2 subsets of GP34-specific CD8* T cells increased upon boosting (Figure 4B). Specifically,
one subset expressing KLRG1 and CX3CR1, Ly6C and NKG2A was increased upon the first
booster vaccination to almost 70% of total antigen-specific CD8* T cells in the liver. On the
contrary, a subset expressing CD127 but lacking other activation markers was decreased upon
boosting. Also, one GP34-specific CD8" T, , cluster was slightly increased upon boosting. We
confirmed these data and visualized the cellular distribution and marker expression by one
tSNE analysis on the same GP34-specific CD8* T cells from liver using Cytosplore (Figure 4C).
In the spleen, two GP34-specific CD8" T, subsets decreased upon boosting and one CD8*
T, subset increased with a phenotype similar to the liver CD8* T_, cells (Figure 4D and
Figure S2A). Here, for both liver and spleen, using Cytofast as well as Cytosplore analysis,
we confirmed the change in phenotype especially upon the first vaccine boosting. However,
using this approach we are not able to study the heterogeneity of CD8* T cells because of
their relative low abundance. When we zoom in on the CD69* CD8"* T cells using Cytosplore
and analyse these using Cytofast, we can further identify and visualize various antigen-
specific CD8" T, , cell clusters (Figure 4E). Here, contrary to the first boost effect on the CD8*
T, cells, mainly the second booster vaccination has an impact on the phenotype of CD8"
T, cells, increasing antigen-specific CD8" T cells that express CD11c, CD49a and Sca-1.
Next to the antigen-specific CD8* T cells in spleen and liver, we analyzed the heterogeneity
of antigen-specific CD8* T cells in lung and bone marrow (Figure $2B-E). Also in both lungs
and bone marrow, the phenotype was mainly affected by the first boost. We confirmed these
antigen-specific CD8" T and T, phenotypes using flow cytometry (Figure S3). Thus, booster

vaccination impacts the heterogeneity of antigen-specific CD8" T, and T, cells organ-wide.
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Figure 4. Heterogeneity of CD8' T, and T cells upon vaccination. A) Principal Component Analysis of GP34-
specific CD8* T cells per tissue upon multiple vaccinations. B) Mass cytometry data of GP34-specific CD8* T cells in
the liver of mice that received multiple vaccinations. Level of ArcSinh5transformed expression marker is displayed
by a rainbow scale. Average and SEM in percentage of each CD8" T cell cluster among the GP34-specific CD8* T-cell
population of one vaccination (blue bars), two vaccinations (red bars) and three vaccinations (purple bars). C) tSNE
embeddings of liver GP34-specific CD8* T cells isolated from vaccinated mice. Distribution of GP34-specific CD8*
T cells per vaccination in one tSNE analysis. Expression intensity of the cell-surface markers on the GP34-specific
CD8* T cells. The color of the cells indicates ArcSinh5-transformed expression values for a given marker analyzed.
D) Mass cytometry data of GP34-specific CD8* T cells in the spleen of mice that received multiple vaccinations. E)
Mass cytometry data of GP34-specific CD8' T, cells in the liver of mice that received multiple vaccinations. See also
Figure S2 and S3.
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CD69* CD8* T cells induced in liver upon vaccination and infection express Hobit

To determine specifically the impact of antigen-triggering by prime-boost-boost vaccination
on antigen-specific CD8" T_ cells, we adoptively transferred Hobit reporter OT-I cells and
studied subsequent CD8" T cell responses upon vaccination and infection. These Hobit
reporter cells are TCR transgenic OT-| cells, recognizing the OVA-derived peptide SIINFEKL
(10), and contain tdTomato in the Hobit locus. This enables us to study antigen-specific
T cell responses after OVA SLP vaccination as well as after infection with pathogens that
contain the OVA epitope. First, we confirmed that OVA SLP prime-boost-boost vaccination,
by subcutaneously administration in a 2 week interval together with TLR9 adjuvant CpG,
induced antigen-specific CD8* T cell responses comparable to the other SLPs (Figure 5A).
Upon OVA SLP vaccination, sequential SLP vaccinations increased the percentage of OVA-
specific CD8* T cells in the circulation as well as the spleen and liver day 50 after the first
vaccination (Figure 5B and 5C). In addition, OVA SLP vaccination induced antigen-specific
CD8' T,,, cells in multiple tissues, similar to GP34 and E7 SLP vaccination (Figure S4). Upon
sequential vaccination, an increase of antigen-specific CD8* T cells was seen in liver, where
upon 3 vaccinations these antigen-specific CD8* T cells reached on average 8% of total CD8* T
cells. To determine whether the CD69* antigen-specific CD8* T cells are truly tissue-resident,
we performed an adoptive transfer of Hobit OT-I reporter cells (Figure 5D). One day after
adoptive transfer of Hobit reporter cells, mice received the viral MCMV-OVA infection,
bacterial LM-OVA infection or 3 times vaccination with OVA SLP with two weeks interval.
Using flow cytometry, we tracked the presence of these cells in the circulation, by their
expression of CD45.1 (Figure 5E). As expected upon acute infection, challenge with Listeria
Monocytogenes-OVA resulted in a peak of CD45.1" cells at day 8 after infection followed by
contraction. However, SLP boosting increased the CD45.1* cells over time, with the peak
after the 3 boost. Upon infection with MCMV-OVA, CD45.1* cells were maintained. In the
circulation, the adoptively transferred cells did not express Hobit since, confirming the
lacking of residency (Figure 5F). In the liver, the transferred Hobit reporter cells can be found
50 days after adoptive transfer upon SLP boost as well as acute and persistent infection. SLP
prime-boost-boost vaccination elicited most CD45.1* cells in liver, more than 60% of total
CD8* T cells. Thus, strong antigen-triggering by SLP vaccination induced potent expansion of
these adoptively transferred cells. Moreover, a large subset of these cells in liver expressed
CD69 (Figure 5G). In all experimental settings, the CD69* CD45.1* T cells from liver express

Hobit, confirming tissue-residence (Figure 5H).
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Figure 5. CD69* CD8"* T cells induced in liver upon vaccination and infection express Hobit. A) Mice were vaccinated
s.c. tailbase with OVA SLP (100ug) + CpG (20ug) in a prime-boost regimen with 2 week intervals. B) OVA-specific
CD8" T cell kinetics in blood at indicated days after vaccination. Data +/- SEM are shown. C) OVA-specific CD8* T cell
response in spleen and liver day 50 after the first OVA SLP vaccinatinon. Data +/- SEM are shown (n=2 per group). D)
Schematic overview of experimental setup. 10.000 Hobit OT-I CD8* T cells were adoptively transferred into C57BL/6
mice. The day after, mice received the first SLP OVA vaccination, which continued in a prime-boost-boost setting,
or 1x10* CFU LM-OVA retro-orbitally i.v. or 1x10* IlU MCMV-IE2 OVA i.p. infection and after 50 days spleen and liver
CD8* T cells were isolated and analyzed by flow cytometry. Figure created with Biorender. E) Percentage of CD45.1* T
cellsin blood at indicated time points after vaccination. F) Expression of Hobit in CD45.1* and CD45.1 T cells in blood
day 44 after MCMV-IE2 OVA infection. G) Percentage of CD45.1* and CD69* T cells in liver day 50 after vaccination
or infection. H) Expression of Hobit in CD69* and CD69 populations from CD45.1* cells in liver 50 days after SLP
vaccination or LM-OVA or MCMV-OVA infection. See also Figure S4.

Ex-T_,, cells induced in circulation and liver upon booster vaccination

To investigate whether ex-T, cells are generated upon antigen-triggering, we adoptively
transferred Hobit lineage tracer (LT) CD8" T cells into naive CD45.2 wild-type mice that
received subsequent SLP vaccinations or MCMV infection. We used these reporter cells to fate
map T,,, cell progeny by exploiting T, transcription factor Hobit (10). Here, Hobit reporter
OT-I mice were crossed with ROSA26-eYFP mice, resulting in constitutive expression of YFP in

Hobit-expressing T cells. The day after adoptive transfer, mice received OVA SLP vaccination
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in a prime-boost-boost setting or MCMV-OVA infection to investigate the antigen-specific
expansion of transferred cells (Figure 6A). We studied the phenotype of memory CD8* T cells
and the formation of CD8" ex-T_  cells in spleen and liver day 50 after adoptive transfer. Here
we used MCMV as a model of low level antigen-triggering, compared to prime-boost-boost
SLP vaccination that induces strong antigen-triggering. MCMV induces CD8" T cells against
various epitopes, and is well known to induce memory inflation, a phenomenon where T cell
populations specific for certain epitopes do not contract but instead are maintained and/or
accumulate at high frequencies (31). Here we used MCMV expressing OVA under the IE2 or

M45 promotor, inducing inflationary and non-inflationary OVA responses respectively (32).

Upon adoptive transfer and subsequent SLP vaccination, CD8" ex-T cells are induced in
the circulation after booster vaccination, and the presence increases substantially upon a
sequential second boost (Figure 6B). Remarkably, one week after a third SLP vaccination,
almost 4% of total CD8" T cells in the circulation are ex-T_ cells, even though we only
transferred 10.000 CD8* Hobit LT T cells. Upon MCMV infection, CD8* ex-T,, cells are present
in the circulation even though at much lower frequency. Moreover, the presence of ex-
T, cells in circulation slightly decreased over time upon infection with MCMV-M45 OVA
compared to MCMV-IE2 OVA (Figure 6B). Day 50 after adoptive transfer we analyzed the
memory CD8" T cell composition in the spleen and liver. In the liver, an increase of CD8*
T, cells and CD8" ex-T,  cells was found upon first and second SLP boosting (Figure 6C). Of
these CD8" T cells, expressing both YFP and tomato, all cells express CD69 in liver (Figure
6D). No difference in CD8" T, cell or CD8" ex-T_ cell formation was found upon MCMV-IE2
OVA or MCMV-M45-0VA infection (Figure 6E). CD8" ex-T  cells were increased in both liver
and spleen, however the highest frequency was found in spleen upon the second boost. In
line with previous findings, we found that CD8" ex-T,, in spleen and liver mainly acquire an
T, Phenotype (Figure 6F-H). Thus, ex-T_, cells induced upon sequential SLP vaccination are

present in the circulation, spleen and liver.
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In this study, we show that SLP prime-boost-boost antigen triggering impacts the
differentiation of circulating CD8* T cells and increases the amount of antigen-specific CD8* T
cells in multiple organs, leading to increased protection against bacterial infection and tumor
challenge. Moreover, prime-boost vaccination induced both circulating and tissue-resident
memory CD8" T cell populations, with a heterogeneous phenotype in multiple organs. In
addition, prime-boost-boost vaccination increased antigen-specific CD8" ex-T,  cells in the

circulation as well as liver and spleen.

Previous studies showed an increase in memory CD8* T cell responses and protective
immunity by sequential immunizations. Jiang et al. showed that T cells generated by
localized skin infection reside not only in the site of infection, but also populate the entire
skin surface (7). Moreover, repeated re-infections led to progressive accumulation of
protective T, cells in non-involved skin. In line with these findings, Davies et al. showed
that repeated boosting enhanced T, development and dissemination throughout the
skin, providing enhanced immunity (33). Recently, a synthetic conjugate vaccine has been
developed to induce protective liver T  cells (34). This glycolipid-peptide vaccine induced
liver-resident memory CD8* T cells protective against rodent malaria. A single dose of this
synthetic conjugate vaccine induced substantial numbers of intrahepatic malaria-specific

CD8' T, cells that could be further increased in number upon vaccine boosting.

In this study, we aimed to understand the impact of repeated boosting on circulating as
well as tissue-resident memory T cell differentiation in multiple tissues. We found that the
boosting impacts the phenotype and abundance of memory T cells organ-wide. For both
GP34, E7 and OVA SLP, boosting increased antigen-specific CD8* T cell in the circulation as
well as the spleen and liver. Upon the first boost, mice were protected against bacterial and
tumor challenge. In line with these findings, antigen-specific CD8" T, phenotypes were
mainly affected by the first boost and an additional second boosting only had a minor impact
on the antigen-specific CD8* T cell phenotypes. However, mainly the second boost impacted
the phenotype of CD8* T, cells. In addition, ex-T,, cells were induced in liver and increase
in the spleen especially after the second boost. Further investigation is needed to delineate

the role of ex-T_, cells in protection.
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Here, we confirmed the findings of repeated boosting with three different SLPs. Vaccination
with E7 SLP generated much higher frequencies of antigen-specific CD8* T cells compared
to GP34. Moreover, remarkably 80-90% of these antigen-specific CD8" T cells had a tissue-
resident phenotype in the liver. On the contrary, vaccination with GP34 OVA peptide
generated weaker CD8* T cell responses, even though booster effects were similar. Thus,
both GP34, OVA and E7 peptide booster vaccinations increased the antigen-specific memory
CD8* T cell response but the phenotype of these cells differed between different peptides.
The difference in CD8* T cell response might be explained by the length of the peptide or
the inclusion of a CD4 T cell help epitope, which needs further investigation. However, our
previous studies showed that protective immune responses induced by SLP vaccination is

mainly attributable to CD8* T cells, not CD4* T cell or antibody responses (35).

In this study we used SLP vaccines in combination with TLR9 ligand CpG as adjuvant.
Previously it was found that DC-activating adjuvant CpG together with prime-boost long
peptide vaccinations increases efficacy and leads to eradications of established tumors (36).
CpG increases frequencies of effector-memory cells after vaccination in nontumor settings,
which correlate with a superior effect of these vaccines on inhibiting tumor outgrowth when
used as therapeutic vaccines (37). SLP vaccines are interesting vaccine candidates because
they can be conjugated to various molecules that enhance strong T cell responses and
thereby improve their efficacy. SLPs can be conjugated to TLR ligands, to strongly enhance
the induction of antitumor immunity (38). Also OX40 ligation during booster vaccination with
a mixture SLPs leads to the induction of strong and polyfunctional CD8* T cell responses (39).
Additionally, SLP vaccination can be combined with chemotherapeutics such as cisplatin to
improve clinical outcomes (40). For further studies it would be interesting to delineate the
heterogeneity of antigen-specific circulating as well as tissue-resident CD8* T cell populations

upon SLP conjugation or combination therapies.

We have previously reported that the phenotypic heterogeneity of CD8" T, and CD8* T_,
cells is influenced by both the pathogen environment as well as tissue-specific cues (21). For
various viral and bacterial infections, the phenotype of both antigen-specific as well as total
CD8* T cells differs amongst different hematopoietic and non-hematopoietic tissues. This is
in line with our findings with peptide vaccinations, where antigen-specific CD8* T cells show

tissue-specific phenotypes. A better understanding of the development and heterogeneity of
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these antigen-specific CD8* T, cells in different organs upon booster vaccination may help
improve vaccination and immunotherapeutic strategies in infectious or malignant disease
(41).

To summarize, we studied in depth the effects of vaccine boosting on the antigen-specific
circulating and tissue-resident CD8* T cell responses organ-wide. Subset of antigen-specific

memory CD8* T cells, including T, , T, , and ex-T_  cells, increased by booster vaccination in

EM/
multiple tissues. Understanding the induction of long-lasting antigen-specific memory CD8*

T cell responses is critical for the design of vaccines against infectious or malignant diseases.
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Figure S1. Gating strategy flow cytometry and mass cytometry. Related to Figure 1 and Figure 3. A) C57BL/6 mice
were vaccinated with 100ug GP34 SLP + 20ug CpG 3 times in a prime-boost-boost setting with 2 week intervals.
Representative plots show the gating strategy of detecting GP34-specific CD8* T cells (depicted in Figure 1B) taken
from blood and analyzed by flow cytometry. No GP33-specific CD8" T cells (epitope GP,,,, (KAVYNFATC)) were
present upon GP34 vaccination. B,C) Representative plots show the gating strategy of CD45* live cells (B) and GP34-
specific CD8" T cells (C) obtained from the liver and analyzed by mass cytometry.
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Figure S2. Heterogeneity of antigen-specific CD8* T cells in lung and bone-marrow. Related to Figure 4. A) tSNE
embeddings of spleen GP34-specific CD8* T cells isolated from vaccinated mice. Distribution of GP34-specific CD8*
T cells per vaccination in one tSNE analysis. Expression intensity of the cell-surface markers on the GP34-specific
CD8* T cells. The color of the cells indicates ArcSinh5-transformed expression values for a given marker analyzed.
B, C) Mass cytometry data of GP34-specific CD8* T cells in the lung (B) and bone marrow (C) of mice that received
sequential vaccinations. Level of ArcSinh5transformed expression marker is displayed by a rainbow scale. Average
and SEM in percentage of each CD8* T cell cluster among the GP34-specific CD8* T-cell population of one vaccination
(blue bars), two vaccinations (red bars) and three vaccinations (purple bars). D, E) tSNE embeddings of lung (D) and
bone-marrow (E) GP34-specific CD8* T cells isolated from vaccinated mice. Distribution of GP34-specific CD8* T cells
per vaccination in one tSNE analysis. Expression intensity of the cell-surface markers on the GP34-specific CD8" T
cells. The color of the cells indicates ArcSinh5-transformed expression values for a given marker analyzed.
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Figure S3. Phenotype of antigen-specific CD8* T cells upon booster vaccination. Related to Figure 4. A, B) Flow
cytometry data showing the phenotype of antigen-specific CD69* T, cells (A) and antigen-specific CD69" T cells
(B) in liver around 60 days after 1, 2 or 3 times GP34 SLP vaccination in a prime-boost-boost setting. Indicated the
percentage of positive cells. C) Flow cytometry data showing the phenotype of antigen-specific CD8* T cells in spleen
around 60 days after 1, 2 or 3 times GP34 SLP vaccination in a prime-boost-boost setting. Indicated the percentage
of positive cells.
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Figure S4. OVA SLP vaccination induces antigen-specific CD8' T, cells in multiple organs. Related to Figure 5. A,B)
Presence of antigen-specific CD8' T, , cells in liver, lung and bone-marrow upon 3 vaccinations, day 50 after the first
OVA SLP vaccination. Mice were vaccinated s.c. with SLP (100ug) + CpG (20ug) in a prime-boost-boost setting with

2 week intervals.
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Table S1. CyTOF Mass Cytometry Panel. Anti-mouse monoclonal antibodies used for staining of cells for mass
cytometry analysis. Antibodies were either purchased pre-conjugated, or antibodies were conjugated to the
indicated lanthanide metal isotopes.

Antibody Clone Metal Pre- Company Catno Cat no metal
conjugated (Fluidigm)

Anti-PE PEOO1 165 Ho X Fluidigm 31650158
Anti-APC  APCO03 176 Yb X Fluidigm 31760078
CD3e 145-2C11 172 Yb eBioscience 14-0031-86 201172A
CD4 RM4-5 145 Nd X Fluidigm 31450028
CD8a 53-6.7 168 Er X Fluidigm 31680038
CD8b YTS156.7.7 194 Pt BioLegend 126602 201194
CD11a M17/4 160 Gd eBioscience 16-0111-82 201160A
CD11b M1/70 154 Sm X Fluidigm 31540068
CD11c N418 167 Er eBioscience 14-0114-85 201167A
CD19 6D5 Qdot655: X ThermoFisher Q10379

112/114 Cd
CD25 3C7 150 Nd X Fluidigm 31500028
CcD27 LG.3A10 158 Gd eBioscience 14-0272-82 201158A
CD38 90 163 Dy eBioscience 14-0381-85 201163A
CD39 24DMS1 152 Sm eBioscience 14-0391-82 201152A
CcDh43 1B11 1151n BiolLegend 121202
CcD44 IM7 142 Nd eBioscience 14-0441-86 201142A
CD45 30-F11 89Y X Fluidigm 30890058
CD49a Ha31/8 151 Eu BD Biosciences 555001 201151A
CD54 YN1/1.7.4 164 Dy BioLegend 116102 201164A
CD62L MEL-14 169 Tm BioLegend 104443 201169A
CD69 H1.2F3 143 Nd X Fluidigm 31430048
CD73 TY/23 148 Nd BD Biosciences 550738 201148A
CD86 GL1 171Yb eBioscience 14-0862-85 201171A
CD103 2.E7 173 Yb eBioscience 14-1031-85 201173A
CD122 TM-b1 155 Gd eBioscience 14-1222-85 201155A
CD127 A7R34 175 Lu X Fluidigm 31750068
CD160 7H1 209 Bi BioLegend 143002
CD161 PK136 170 Er X Fluidigm 31700028
CD223 eBioC9B7W 161 Dy eBioscience 14-2231-85 201161A
CD278 7E.17G9 162 Dy eBioscience 14-9942-85 201162A
CX3CR1 SA011F11 174 Yb BioLegend 149002 201174A
CXCR3 CXCR3-173 149 Sm eBioscience 16-1831-85 201149A
CXCR5 L138D7 153 Eu BiolLegend 145502 201153A
CXCR6 SA051D1 144 Nd BioLegend 151102 201144A
FR4 TH6 198 Pt BiolLegend 125102 201198
KLRG1 2F1 166 Er eBioscience 16-5893-85 201166A
Ly6C HK1.4 156 Gd eBioscience 16-5932-85 201156A
NKG2A 20d5 147 Sm eBioscience 16-5896-85 201147A
PD-1 29F.1A12 159 Tb X Fluidigm 31590248
Sca-1 D7 141 Pr BioLegend 108135 201141A
TCRgd eBioGL3 146 Nd eBioscience 14-5711-85 201146A
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