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Barrier Organs

Both the skin and intestinal tract have a large surface area that is constantly 
exposed to a large array of microorganisms. To protect the organism against 
invading pathogens multiple protective strategies are employed. In the intestine 
a mucous covered epithelial layer separates the lumen from the intestinal tissue, 
while in the skin the epidermis forms the first line defense barrier. In addition, 
the intestinal epithelium and lamina propria are home to numerous immune cells 
that together form the largest immune compartment in the body. Here, aberrant 
immune responses to the intestinal microbiota is thought to underly chronic 
intestinal disease like Crohn’s disease and ulcerative colitis. In contrast, under 
homeostatic circumstances the skin contain relatively few immune cells but is 
characterized by the presence of Langerhans cells (LCs) in the epidermis and 
dermal dendritic cells (DCs) in the underlying dermis. Upon infection, however, 
many immune cells can be recruited to the skin leading to local inflammation 
and may result in chronic disease condition like psoriasis and atopic dermatitis 
(AD). Thus, while barrier immunity has developed to maintain local homeostasis 
by continual crosstalk between environmental signals and the immune system, 
disturbance of this crosstalk can result in a variety of chronic diseases. Therefore, 
to characterize the innate and adaptive immune cells that are present in the skin 
and intestine, the investigation of immune compositions and interactions need to 
be explored.

Immune system of human intestine

The intestine harbors the largest compartment of the human immune system. The 
intestinal epithelium and underlying lamina propria are the major effector sites of 
immune cell accumulation within the intestine. The lamina propria contains B cells, 
T cells, and numerous innate immune cell populations including innate lymphoid 
cells (ILCs), DCs, macrophages, whereas the epithelium primarily contains T cells1. 
While much is known about the organization and function of the intestinal immune 
system in adults, little is known about the population and development of the  fetal 
intestinal immune compartment. As such we have a limited understanding of the 
molecular processes and cellular interactions that establish mucosal homeostasis 
and prepare the fetus for exposure to the invading microbiota right after birth. 
Given that disturbance of this homeostasis can lead to chronic inflammatory 
bowel diseases, more detailed information on how homeostasis is established and 
maintained will be required to better treat and prevent such diseases. 
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Immunohistochemistry analysis has shown that mature B cells were found in 
human fetal intestine at approximately 14 weeks of gestation2, 3, of which around 
10% express Ki-67 at gestational week 16 to 202. By 19 weeks, distinct follicles of 
B cells with variable levels of expression of IgM, IgD, CD5 and CD23 are present 
and surrounded by T cells3. Mass cytometric analysis revealed that follicular and 
transitional B cells are enriched in fetal intestines from gestational weeks 16 to 
234. Moreover, single-cell RNA sequencing (scRNA-seq) analysis of fetal intestinal 
B cells from gestational week 8 to 17, identified common lymphoid progenitor, 
pro-B, pre-B and immature B cells. Also, a subpopulation of pro-B cells were 
frequently present till gestational week 15, after which there was an increase in 
the number of immature B cells5.

Multiple single-cell cytometric technologies have been applied to investigate fetal 
intestinal T cells as well4, 6, 7. CD3+CD4+CD8— T cells were found to be present in 
both the epithelium and lamina propria of the human fetal intestine at gestational 
week 13, and their numbers increased with age4. Strikingly, tissue resident memory 
CD4+ and CD8+ T are abundant in human fetal intestines4. Here, multiple subsets 
of memory-like fetal intestinal CD4+ T cells were identified in the second trimester 
and were found to display distinct TCR repertoire characteristics7. Moreover, TNF-
α-expressing effector memory T cells have been observed in human the human 
fetal intestine6. Based on the expression patterns of the chemokine receptors 
CXCR3 and CCR6, the majority of fetal intestinal T cells were found to display a 
Th1 phenotype4. 

Innate lymphoid cells (ILCs) are a subset of innate immune cells that promote 
barrier immunity in the intestine and help to maintain immune homeostasis8. 
Recent analysis of the developmental pathways of the ILC family members 
indicates that natural killer (NK) cells, and non-cytotoxic helper ILCs, including 
ILC1s, ILC2s, ILC3s and lymphoid tissue inducer (LTi) cells are separate lineages9, 

10. Single-cell mass cytometry data has shown that around 50% of human fetal 
intestinal ILCs are NK cells4, 11. In addition, ILC3s are also enriched with high 
expression of CD10311 and CD694 in human fetal intestines, suggesting tissue 
resident subtypes. Moreover, RORC-expressing LTi, commonly recognized as the 
initiator of secondary lymphoid organ formation12, were found in the developing 
fetal intestines and to express CXCR5 and CCR64, 5 to maintain the congregation 
of LTi there13. In addition, a unique population of the intermediate ILCs (Lin—

CD7+CD127—CD45RO+CD56+) has been identified in the human fetal intestine that 
can give rise to NK cells and ILC311.
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Antigen presenting cells (APCs) are essential in maintaining homeostasis and are 
involved in the recruitment of T cells to the intestine by processing and presenting 
antigens to T cells. Single-cell cytometry analysis has shown that APCs are the 
most abundant intestinal innate cell in the fetal samples from the 2nd trimester4. 
scRNAseq data of the human fetal intestine have revealed that there is an increased 
abundance of myeloid cells, including monocytes, DCs, HLA-DR+ macrophages, 
mast cells and megakaryocyte in the 2nd trimester compared to the 1st trimester5.

Thus, the fetal intestine already harbors a complex immune system that contains 
all major immune lineages long before birth. The presence of a sizable proportion 
of T cells expressing a memory phenotype in the second trimester suggests early 
exposure to exogenous antigens which may prepare the infant for the bacterial 
colonization upon birth. In the current thesis, we have explored novel approaches 
to map and follow the development of the human fetal intestinal immune system 
throughout the second trimester. 

Immune system of skin

Historically, the skin is seen as an organ comprising an outermost layer, the 
epidermis, and a subjacent connective tissue, the dermis, that together provide a 
physical and biological barrier against chemical, physical and pathogenic insults. 
The skin is home to a variety of innate and adaptive immune cell populations that 
ensure protection against pathogens whilst maintaining tolerance to innocuous 
antigens, but can also contribute to the pathology of many inflammatory skin 
diseases14 (Figure 1). Skin barrier dysfunction is critical in inducing cutaneous 
inflammatory diseases, such as psoriasis as a chronic inflammatory skin disease, 
but also mycosis fungoides (MF) as the most common type of cutaneous T cell 
lymphoma.

Figure 1. Schematic of skin resident immune cells. Dendritic epidermal T cell (DETC); 
Dendritic cell (DC); Group 2 innate lymphoid cells (ILC2); Langerhans cell (LC). Figure 
adapted from Tay et al. (2014)
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Psoriasis

Psoriasis is an immune-mediated disorder primarily affecting the skin, in which T 
cell infiltration into epidermis and dermis is closely linked to disease pathogenesis 
and maintenance of inflammation15. Several T cells subsets, including central 
memory T cells, tissue-resident memory T cells, and exhausted and activated 
cytotoxic CD8+ T cells were identified in psoriasis by single-cell RNA sequencing 
analysis16, 17. Psoriasis was considered to be a Th1-mediated skin disease for many 
years, because of the relative increase of circulating and skin-residing IFN-γ-
producing T cells and upregulation expression genes involved in the IFN-γ immune 
response18, 19, 20. However, since IL-17A-producing CD4+ T cells (Th17) were 
observed to be involved in the pathogenesis of psoriasis in mouse models21, Th17 
cells were described as main instigators of psoriasis22, 23. Moreover, Th17/Tc17 
cytokines such as IL17A, IL17F, IL26, IFNG, and CXCL1324 were predominantly 
produced by skin-resident memory T cells in proriasis16. 

Compared with uninflamed skin samples many myeloid subsets are increased in 
psoriasis. These include CD68+CD163+ macrophages, CD14+ classical monocytes 
and an inflammatory monocyte population with expression of IL1B and IL23A, 
HLA-DR+CD301+ DCs and CD207+ Langerhans cells, and mast cells24. Among 
these innate immune subsets, DCs play a critical role in the development of 
psoriasis in both of the initiation and maintenance phase25. LCs are a distinct 
immature DC subset that resides in the epidermis, and constitutes the first innate 
immune barrier against invading pathogens, but they have also been implicated 
in tolerance induction26, 27. While the density of LCs is decreased in psoriatic 
skin due to epidermal hyperplasia, their numbers and morphology are similar to 
normal skin28. However, mobilization and migration of LCs is profoundly impaired 
in psoriasis, even in non-lesional skin29. A mouse model of psoriasis has identified 
resident LCs and monocyte-derived LCs, and it was observed that monocyte-
derived LCs produce higher level of IL-23 to induce differentiation/activation of 
Th17 cells30. For dermal DCs, a  double immunofluorescence-based in situ study 
has shown that most CD11c+ dermal DCs co-express CD1c28, 31. In vitro analysis 
of single-cell suspensions from psoriasis lesions increased numbers of both 
CD11c+CD1c— resident DCs and CD11c+CD1c— inflammatory DCs. Moreover, both 
DC types induced proliferation of T cells and the production of IL-17 and IFN-γ, 
while normal skin dermal DCs have no this ability32. In psoriatic lesions mature 
DCs present as dense cellular clusters, frequently aggregated with infiltrating T 
cells33, 34, 35, 36. Thus, interfering with DC/T cell interaction has been considered to be 
an effective therapeutic strategy for psoriasis. In addition, it has been confirmed 
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that macrophages enable to impact on the pathogenesis of psoriasis especially 
the initiation phase. Studies in mice have demonstrated that the depletion of 
macrophages improved psoriasis inflammation37, 38, and reduced the production of 
Th1 cytokines like IL-23 and TNF-α in the psoriatic lesion39, 40. In human psoriatic 
plaques dermal macrophages expressed TNF-α41. Moreover, the number of CD163+ 
macrophages was increased in psoriatic skin lesion in human, and decreased 
to non-lesional skin levels after treatment with TNF-α inhibitors42. So, next to 
DCs, it is worthwhile to study the contribution of T cells and macrophages to the 
development of psoriasis as well. 

Mycosis fungoides

Mycosis fungoides (MF) is the most common type of cutaneous T cell lymphoma, 
which in the early stage presents with appearance of cutaneous patches or 
plaques covering a limited area of the skin43. In the early stages, MF typically 
exhibits an indolent clinical behavior and this has been considered to be points 
in a disease continuum for many years. However, at some point in time the skin 
lesions can progress from early stages to the advanced stage, while other patients 
diagnosed never progress to the advanced-stage disease. So many studies aim 
to understand why some patients progress and other not and to identify markers 
that can predict progression to the advanced stage.

Histopathological analysis of MF lesions has reported skin infiltration of both 
malignant CD4+ and reactive CD8+ T cells, which exacerbates as the disease 
progresses44. Here, MF with low numbers of CD8+ tumor infiltrating lymphocytes 
could represent an early stage of the disease45. The analysis of scRNAseq and 
TCR sequencing for T cells from MF has showed that CD4+ T cells with a dominant 
clonotype expressed CTLA4 and KI67, while CD8+ T cells with a dominant clonotype 
exhibited the upregulation of markers associated with T-cell exhaustion and PD1/
PDL1 signaling46, 47. Moreover, loss of the cell surface markers CD7, CD2, CD3, 
and CD26 have been observed in the advanced stage of MF48, 49. While early stage 
MF is characterized by a dominant Th1 cytokine pattern, there is a shift from a 
protective Th1 response to an immunosuppressive Th2 response during disease 
progression50, 51.
 
Since 1976, the presence of CD1a+ DCs has been well established in MF T cell 
infiltrates52, and subsequent studies have investigated the role of DCs in MF 
progression53, 54. In early stage MF, immature DCs (LCs) of the epidermis migrate 
to the dermis to become highly efficient antigen presenting cells in areas of 
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epidermotropic invasion of tumor T cells55. The proportion of CD1a+ LCs and 
dermal DCs with differential expression of CD1c and CD207 are increased through 
all stages of MF, however, most significantly in the tumor stage of the disease47, 56. 
Macrophages were previously designated to promote tumor growth by releasing 
many pro-angiogenic cytokines and growth factors57, 58. The number of CD68+ and 
CD163+ macrophages significantly increases as the MF disease progressed47, 59. 
Moreover, CD163+ macrophages were located in the invasive margin of the tumor 
in MF patients60, and the CD163/CD68 ratio was highest at the tumor stage of MF, 
indicating that alternatively activated macrophages (also called M2 macrophages) 
are associated with disease progression59,which fits with other observations 
are associate M2 macrophages with tumor cell growth and metastasis through 
modulation of angiogenesis and tissue remodeling57, 61. Thus, ongoing interactions 
of T cells with DCs as well as macrophages in lesions of MF could lead to chronic 
T cell activation and inflammation associated with these lesions.

Although these immune subsets in the inflammation skin conditions has been 
explored, the investigation of composition and spatial characteristics of the 
cutaneous lymphocytes and myeloid cells infiltrate simultaneously has been 
incompletely characterized at single-cell level. Mass cytometry and spectral 
flow cytometry are novel tools to apply over 40 heavy metal or fluorochrome 
labelled markers as reporters for dissecting the immune composition in individual 
patients and diseases. Combined with imaging mass cytometry that enables the 
simultaneous spatial and phenotypic evaluation of up to 40 biomarkers in the 
tissue contexture. Therefore, these novel techniques can substantially contribute 
to a better understanding of the role of immune subsets in disease progression, 
knowledge that may be used for improved differential diagnosis and therapy of 
skin diseases.

High-dimensional single-cell cytometric technologies

Fluorescence-activated flow cytometry has been used for decades for the surface/
intracellular protein expression single cell level. As such flow cytometry has been 
a key technology to unravel the complexity of the immune system. However, with 
conventional flow cytometry only a relatively limited number of antibodies can 
be applied simultaneously, prohibiting a detailed analysis of the ever expanding 
number of distinct immune subsets simultaneously. Novel single cell analysis 
technologies have emerged in the last decade that allow the incorporation of a far 
greater number of markers. Spectral flow cytometry, for example, can incorporate 
up to 40 antibodies can be measured at the single cell level in a single tube in a 
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single experiment62, 63, 64, 65. These antibodies are labelled with spectrally diverse 
fluorochromes that can be simultaneously detected by the use of multiple lasers in 
combination with detectors that capture the emitted fluorescence across the full-
spectrum. Here, the application of algorithms based on the Least Squares Method 
enables separation of overlapping fluorescent spectra (Figure 2)63. Moreover, 
spectral flow cytometry can separate distinct autofluorescence signals, and the 
unmixing algorithm subtracts the autofluorescence signal to allow more accurate 
true fluorescence detection, thus improves signal-to-noise ratios and allows a 
more accurate phenotypic characterization of a large number of immune subsets 
in complex cellular mixtures66. Nevertheless, researchers applying spectral flow 
cytometry are frequently facing challenges when it comes to the distinction of 
the individual emission patterns of the applied fluorochromes. The development 
of suitable antibody panels, therefore, is often a laborious process. Nevertheless, 
spectral flow cytometry allows a more detailed analysis of immune system 
heterogeneity.
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Next to spectral flow cytometry, mass cytometry (CyTOF, also known as cytometry 
by time-of-fight) has been developed to utilize isotopically purified metal-tagged 
antibodies for the analysis single-cell suspensions. In mass cytometry, the 
antibody-stained cells are analyzed by breaking the individual antibody labelled 
cells to the atomic level followed by measurement of the cell bound metals with 
a time-of-flight mass spectrometer. A schematic overview of the mass cytometry 

Figure 2. Principle of “Spectral Unmixing” and separation of fluoroprobes. The 
spectral flow cytometry unmixing algorithm uses all the emitted fluorescence as basic 
spectrum patterns to separate different spectrums (upper). In contrast, conventional flow 
cytometry utilizes only a narrow band of emitted light to remove overlapping fluorescence 
emissions (lower). Figure adapted from Koji et al. (2015)
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workflow67 is shown in Figure 4. Currently, mass cytometry systems typically 
measure around 40 parameters per cell, but theoretically mass cytometry enables 
the detection of over 100 parameters simultaneously68, 69. An important advantage 
of mass cytometry or flow cytometry is that the distinct masses of the applied metal 
tags allows for baseline separation, minimizing the amount of signal spillover from 
one parameter to another, thus eliminating the problem of fluorochrome spectral 
overlap in flow cytometry (Figure 3). Moreover, there is no interference from 
autofluorescence in mass cytometry. However, throughput rates per second by 
mass cytometry are much lower than modern flow cytometers, and only around 
60% stained-cell were acquired. Also, unlike flow cytometry, it is not possible to 
collect cells after measurement by mass cytometer, as they are nebulized during 
the analysis procedure. Despite these disadvantages, mass cytometry has in the 
past decade been widely utilized to study the composition of the immune system 
in both health and disease, providing novel insights into the potential role of 
distinct immune subsets in chronic diseases and cancer.
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Single cell analysis with a 40-antibody panel simultaneously yields highly complex 
datasets that are difficult to interpret using the conventional gating strategies 
commonly used in flow cytometry. Since the inception of mass cytometry, 
t-distributed Stochastic Neighbor Embedding (t-SNE) has been widely used as a 
non-linear dimensionality reduction algorithm to obtain an unbiased overview of the 
immune subsets present in the dataset and visualize with the differential expression 
patterns of the various markers by which these subsets are defined70, 71. However, 
tSNE can only analyze a limited number of cells and requires long computing 
time. To overcome these problems, Hierarchical Stochastic Neighbor Embedding 
(HSNE)72, optimized t-SNE (optSNE)73, and Uniform Manifold Approximation and 
Projection (UMAP)74 and have been developed to allow to analyze large high-

Figure 3. Overcoming spectral overlap via mass cytometry. Histograms demonstrating 
the emission spectra overlap that exists between different fluorophores by flow cytometry 
(left), and metal mass overlap that exists for heavy metals by mass cytometry (right). 
Figure adapted from Blair et al. (2019)
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dimensional datasets on millions of cells rapidly. In addition, clustering-based 
algorithms are employed for the in-depth, including unsupervised Gaussian mean 
shift (GMS) clustering in Cytosplore75, and FlowSOM in Cytobank76. Moreover, a 
data science platform, OMIQ (https://www.omiq.ai/) has been built, which contains 
stepwise operations to accomplish cytometric data analysis in a workflow.
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Imaging mass cytometry

Imaging mass cytometry (IMC) is an extension of mass cytometry, using metal-
conjugated antibodies to label tissue samples, either formalin-fixed paraffin-
embedded (FFPE) or snap-frozen samples that are subsequently ablated by a UV 
laser spot by spot with the use of the Hyperion77. The ablated tissue with a 1-μm 
resolution is then analyzed with the CyTOF instrument. Superior to conventional 
immunohistochemistry (IHC) and immunofluorescence (IF) techniques, IMC 
allows the simultaneous interrogation of over 40 markers in a single tissue section. 
Figure 5 displays the workflow of imaging mass cytometry till the pre-analysis 
of data78. In general, MCDTM Viewer is used to examine the data quality during 
the optimization of the staining procedure79, 80. After validation of the full IMC 
antibody panel staining, computational approaches to visualize IMC data at the 
pixel-level and cell-level have been developed, like Cytosplore Imaging, Imacyte81 
and Histocat82, which allow an analysis of the immune cell composition, their 
spatial organization, and cell-to-cell interactions in situ.

Figure 4. Sample preparation and analysis by mass cytometry. Adapted from Spitzer 
et al. (2016)
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Outline of the thesis

The novel high-dimensional cytometric techniques spectral flow cytometry and 
mass cytometry have provided an opportunities for high resolution comprehensive 
immune profiling of single-cell suspensions. Due to the dissociation of tissue 
materials by mechanical and enzymatic methods, however, spatial information 
on the distribution and interactions of immune cells is lacking. Therefore, imaging 
mass cytometry (IMC) complements the single cell technologies. In this thesis, 
I describe my work to characterize the intestinal and skin immune system by 
integration of single-cell immune profiles with their spatial distribution in the 
tissue contexture.

In Chapter 2, we provide an optimal IMC protocol for snap-frozen human fetal 
intestinal samples, which were also applied to snap-frozen human adult intestinal 
samples. Moreover, we present the tissue architecture and spatial distribution of 
the stromal cells and immune cells for both types of intestinal samples, revealing 
the colocalization of T cells, ILCs, and various myeloid cell subsets in the lamina 
propria of the human fetal intestine. 

In Chapter 3, we further analyze a large number of human fetal intestinal samples 
from gestational week 14 through 22 by spectral flow cytometry and IMC. The 
spectral flow cytometry analysis identified stable clusters of Ki-67-expressing cells 
within all identified immune subsets that remain present in time. Moreover, with 
the use of the antibody panel developed in Chapter 2, IMC analysis revealed 

Figure 5. Imaging Mass Cytometry (IMC™) Workflow. Adapted from Cereceda et al. 
(2021) 
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formation of lymphoid follicles just below the epithelium in the developing intestine 
from week 16 onwards, harboring B, T, ILC and myeloid cells and confirmed the 
presence of Ki-67+ cells in the various immune subsets in situ. Finally, we observe 
that a CD69+CD117+CD161+CCR6+CD127+ phenotype is shared by subsets of 
fetal intestinal CD3—CD7+ ILCs and T cells and that these cells preferentially 
reside in the lymphoid structures, and harbor Ki-67+ cells, indicating a role in the 
development of these follicles. Overall, these observations indicate the presence 
of immune subset-committed cells capable of local proliferation, contributing to 
the development and growth of organized immune structures throughout the 2nd 
trimester in the human fetal intestine, presumably preparing the infant for the 
microbial colonization right after birth.

In Chapter 4, we use single-cell mass cytometry and IMC to obtain a comprehensive 
analysis of the immune system in skin biopsies of early stage MF patients, with 
the goal to improve recognition of early stage MF faster and more accurately. We 
identified phenotypically distinct subsets in both the CD4+ T cell and myeloid cell 
compartment that are shared by most MF patients. In addition, we find distinct 
CD4+ T cell subsets that are exclusively present in particular patients, potentially 
representing more advanced stages of disease where phenotypically distinct 
CD4+ T cells expand. Moreover, substantial numbers of CD4+ T cells co-localized 
with both CD1a+CD1c+ HLA-DR+ and CD1a—CD1c+HLA-DR+ DCs in the dermis. 
Importantly, the identification of prominent cellular aggregates between CD4+ T 
cells and myeloid cells in the dermis with a patient-unique cellular composition may 
provide a framework for improving mycosis fungoides diagnosis and development 
of treatment tailored to the characteristic features of these aggregates in individual 
patients.

In Chapter 5, we apply an updated IMC antibody panel to non-lesional and 
lesional skin from psoriasis patients to explore the complexity and organization 
of the immune compartment in situ. For this, we performed pixel-based analysis 
in Cytosplore Imaging for samples from nine psoriasis patients, by which the 
pixel-clusters associated with the major immune subset (CD3—CD7+ ILCs, B cells, 
CD4+ T cells, CD8+ T cells, DCs, macrophage and mast cells) were quantified and 
visualized in non-lesional and lesional skin from psoriasis patients. We demonstrate 
that clusters of pixels can be identified that have features of both T and myeloid 
cells and likely represent pixels at the interface between these cell types, allowing 
an unbiased quantification of cellular interactions in these tissue samples. The 
analysis of these “double feature” pixels revealed that T cells frequently colocalize 
with CD207—CD1c+ DCs in the dermis of lesion skin, and allow a classification of 
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these psoriasis patients in distinct groups. These data might guide more patient 
oriented treatment of psoriasis.

In Chapter 6, we discuss the main findings of this thesis and discuss potential 
future directions.
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