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In recent years, single-cell mass cytometry (CyTOF) has been used to simultaneously 
examine the expression of surface and intracellular proteins on single cell 
suspensions isolated from blood and tissue samples, to reveal disease-associated 
immune characteristics and identify functional biomarkers and therapeutic targets 
of disease1, 2, 3, 4. In addition, imaging mass cytometry (IMC) has been developed 
to enable multiplexed detection of proteins to delineate spatial cellular interactions 
and immune system heterogeneity in the tissue context5, 6. In this thesis, we have 
introduced the adoption of IMC on snap-frozen tissues. For this we developed a 
dedicated antibody panel, optimized the staining procedure, validated staining 
quality, and performed basic analysis of datasets by MCDTM Viewer, followed by 
downstream analysis based on pixels. IMC with a 36-marker panel was applied 
on human fetal intestine to investigate immune system development during the 
second trimester. Moreover, to investigate disease-associated immune subsets, 
IMC with a dedicated antibody panel was performed on skin biopsies from patients 
suffering from mycosis fungoides or psoriasis. Here, we aimed to determine 
whether there is a correlation between clinical parameters and IMC findings.

Imaging mass cytometry and data analysis

To enable IMC on snap-frozen tissues, we optimized the staining protocol for a 
34-marker panel to obtain a high signal/noise ratio while preserving the morphology 
of the tissue samples. For this, we used immunohistochemistry for the primary 
selection of suitable antibodies. In addition, we determined the optimal drying time 
of the freshly cut tissue sections, compared fixation procedures, and investigated 
the optimal incubation condition for each of the antibodies in the panel (Chapter 
2). Guided by the DNA (Intercalator-Ir) signal and the signal/noise ratio of each 
marker in MCDTM Viewer software, we determined on the optimal staining methods 
for the full IMC antibody panel for analysis of snap-frozen human fetal intestinal 
samples. In addition, this protocol was adapted for optimal performance when 
applied to skin tissue samples.

Multiplexed imaging data can be analyzed by visualization of the individual 
markers and overlays of several markers with different colors to reveal the tissue 
architecture and the spatial distribution and interactions between different cell 
types (Chapter 2-5). Moreover, several computational approaches have been 
developed to analyze all markers in the panel simultaneously, such as HistoCAT7 and 
ImaCytE8. To extract single-cell data from the images, single cells are generated 
by using cell segmentation masks Ilastik and CellProfiler. To normalize variations 
in signal intensity and background between samples, a normalization strategy 
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for the processing of IMC data is applied prior to analysis by high-dimensional 
reduction tools9. Once imaging data have been segmented, downstream analysis 
by several approaches/algorithms can be used to identify immune and non-
immune cells, the abundance of cell subsets, and the cellular neighborhoods in 
which these cells are present in health and disease10, 11, 12.

We also have applied the optimized segmentation workflow to process the IMC 
datasets on skin biopsies of patients with psoriasis in Chapter 5. By comparing the 
DNA staining with the cell segmentation we observed that this approach is unable 
to accurately segment regions with a high cellular density, impacting on the cell 
phenotype identification and cell-cell interaction analysis (Figure 1). However, 
as such areas with dense immune infiltrates are likely to reflect disease-related 
cellular interactions it is important to gain more information on the composition of 
these immune infiltrates. For this we developed Cytosplore imaging to analyze the 
IMC data at the pixel level, by which we were able to identify and quantify individual 
cell types within these aggregates (Chapter 2 and 5). Moreover, pixel analysis 
enables the identification of so-called double-feature pixels, pixels containing 
markers of two cell types, like T cells and APCs, and thus most likely reflecting co-
localization of T cells and APCs (Chapter 5), both potential diagnostic/therapeutic 
targets in both intestinal and skin diseases. Moreover, this feature of the pixel-
based analysis provides semi-quantitative data on cell-cell interactions, which 
can be further explored by texture-aware dimensionality reduction methods to 
analyze spatial pixel neighborhoods by distance measures in future work13.

The human fetal intestine

To study the development of the human fetal intestine, we applied spectral flow 
cytometry together with IMC to human fetal intestinal samples from week 14 
through week 22 of gestation. With spectral flow cytometry, we identified distinct 
populations of Ki-67 expressing cells within all major immune subsets present in 
the samples. Moreover, the percentage of Ki-67+ cells in these immune subsets 
remained constant throughout the second trimester of gestation, suggesting 
that there is a continuous pool of proliferating cells to populate the growing fetal 
intestine. Since the majority of the immune cells in the fetal intestine expressed 
CD127 (IL-7 receptor, IL-7R), IL-7 was used to stimulate the fetal immune cells 
to investigate the proliferative potential in vitro. Here we observed proliferation of 
fetal immune cells that was enhanced by the presence of IL-7 and accompanied 
by upregulation of CD40L and granzyme B expression, providing evidence that 
the observed Ki-67 expression reflected proliferative potential of fetal intestinal 
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immune cells. In addition, we performed RNAscope analysis which allows the 
visualization of selected RNA molecules with high sensitivity in situ14. Here, we 
observed the presence of IL-7 transcripts in both the lamina propria and epithelium 
of a human fetal intestinal sample from gestational week 14 (Figure 2A-C), 
suggesting that fetal intestinal cells can produce IL-7 during fetal development 
supporting immune cell proliferation. Future elucidation of the cell types producing 
IL-7 in the human fetal intestine would require a combination of RNAscope and 
IMC. This combination of techniques has been successfully applied to chemokine 
expression analysis in tumor samples15 and should be feasible to be used for 
analysis of the human fetal intestine as well. This will be the subject of further 
studies.

Figure 1 Generation of single cell masks in a representative ROI from a psoriatic 
lesion. (A) DNA staining performance colored by white in MCDTM viewer. A region with 
high-density cells is boxed by the solid line, while a region with low-density cells boxed by a 
dashed line. (B) Single cell masks by Ilastic and CellProfiler. Colors are used for visualization 
of individual cells. (C-D) DNA staining and cell mask for the region with high cellular density. 
(E-F) DNA staining and cell mask for the region with low cellular density.



163

6

Summarizing discussion

IMC identified formation of lymphoid follicles (LFs) in the developing intestine 
just below the epithelium from week 16 onwards, harboring B cells, T cells, ILCs 
and myeloid cells. Also, Ki-67 positive cells were detected in all major immune 
subsets both in the LF and in the lamina propria. As described previously, the 
chemokine CXCL13 has an important role in the formation of secondary lymphoid 
organs by mediating the influx of mature lymphocytes into the newly forming 
follicles and regulating the recruitment of LTi cells16. CXCL13 expression has also 
been detected in lymphoid follicles present in inflamed tissue sites, for example 
ulcerative colitis17. RNAscope analysis of the human fetal intestine revealed the 
presence of CXCL13 in the lamina propria of a human fetal intestinal sample 
from gestational week 14 (Figure 2D), where the location and distribution of the 
CXCL13 signal fits with the location and distribution of lymphoid follicles identified 
by IMC. Further investigations are needed to explore the role of CXCL13 in the 
formation of lymphoid follicles in the developing fetal intestine.

Moreover, our IMC data revealed abundant expression of CD161 and CD69 in the 
LF of human fetal intestines (Chapter 3). In addition, further analysis by spectral 
flow cytometry showed that CD161+CD69+ T and CD3–CD7+ ILCs cells co-expressed 
CD117, CD127 and CCR6 (Chapter 3). These data fit with the observation that 
in the murine small and large intestinal mucosa a large fraction of closely packed 
lymphocytes in cryptopatches expressed CD117 and CD127, pointing to the 
presence of T and/or B lympho-hemopoietic progenitors18. Moreover, our data 
indicate that a subset of CD161+CD69+CD117+CD127+CCR6+ cells expressed Ki-
67, compatible with cellular proliferation.  Additional work is needed to determine 
whether these Ki-67+ cells represent a stable subset or a transitional phenotype 
in the human fetal intestine.

Formation of CD4+ T cell memory in the human fetal intestine

Previously, we revealed the presence of memory CD4+ and CD8+ T cells in human 
fetal intestine19, suggesting in utero exposure to foreign antigens. Additional 
observations showed that memory formation was associated with several signaling 
pathways, including that of the T cell receptor. However, whether fetal T cells are 
exposed to foreign antigens is still a matter of debate. In this thesis we have 
expanded on our initial observations by studying the proliferative capacities of 
the fetal intestinal immune compartment across the second gestational trimester. 
We have also described for the first time the formation of organized lymphoid 
structures in the fetal intestine (Chapter 3).
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Figure 3 RNAscope 
detection of RNA in 
a FFPE human fetal 
intestinal sample 
from gastational 
week 14. 
(A) Negative control 
PPIB probe. 
(B) Positive control 
DapB probe.
(C) IL-7 probe.
(D)CXCL13 probe. 
Nuclei were 
counterstained with 
hematoxylin. 
EP, epithelium;
LP, lamina propria.
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With these new data in mind, we can envision two scenarios for the in utero 
formation of CD4+ T cell memory (Figure 3):
 
1) Naive CD4+ T cells migrate from the thymus to mucosal inductive sites 

(Mesenteric lymph nodes or LFs in the lamina propria), where they encounter 
antigen-presenting DCs and differentiate into mucosal-imprinted memory T 
cells, as has been described for adult intestinal mucosa20, 21 22. Then they 
migrate to effector sites in the fetal intestine.

2) Naive CD4+ T cells migrate directly from the thymus to the fetal intestinal 
lamina propria, where they encounter abundant proliferation signals that lead 
to their expansion and acquisition of a memory-like phenotype, as has been 
described for lymphopenia-induced proliferation23, 24, 25.

Scenario 1: Memory formation at induction sites
For the first scenario to be plausible, two conditions have to be met. First, mature 

Figure 3. Depiction of memory formation in human fetal intestines. Created in Biorender.
com.
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inductive sites where DCs and naïve T cells can meet have to be present. Second, 
foreign antigen has to be available for the DCs to present.
Mesenteric lymph nodes (MLNs) are key sites for the generation of memory T cells 
with mucosal imprinting26, 27. What do we know about the timeline of human MLN 
development? In the human fetus, T lymphocyte differentiation is initiated in the 
thymus at 7-9 post-gestational weeks (PGW), and the first TCRab T cells leave 
the thymus by 12PGW28. The first lymphoid cells can be found in the lymph node 
(LN) primordium at 12 PGW, while monocytes and macrophages can be found 
from 13 PGW onwards29. In the 14 PGW, lymphoid cells with features of immature 
precursor-type thymocytes gradually fill in the cortex of the LNs30, indicating that 
these cells migrate directly from the thymus to LNs. In the human fetus, MLNs can 
be detected as early as 13 PGW31. Although not determined yet for MLNs, in axillary 
LNs at 14 PGW, CD4+ T cells are distributed throughout the anlage32. Meanwhile, B 
cells are found mainly in the outer cortex, although not yet organized in follicles, 
and during subsequent weeks, loosely aggregated primary follicles emerge32, 33. 
This timeline coincides with the gradual filling of LFs in the fetal intestine described 
in Chapter 3, and suggests that mucosal inductive sites develop throughout the 
entire second gestational trimester, and points to a plausible interaction between 
T cells and DCs. In support of this,  in Chapter 2, T cells were detected in close 
proximity to CD11c+ myeloid cells and CD163+ macrophages in the lamina propria 
of human fetal intestines, supporting antigen uptake and presentation by myeloid 
cells. In Chapter 3, we identified proliferating naïve and memory T cells, as well as 
CD1c+ B cells and lymphoid tissue inducer cells by suspension flow cytometry from 
14 PGW onwards. Moreover, IMC analysis of human fetal intestines showed the 
presence of locally proliferating cells within lymphoid follicles and lamina propria 
as early as 16 PGW. Although the nature of the antigen is yet to be determined, 
the spatial distribution of T cells and APCs in the LFs supports the hypothesis of 
LFs as mucosal inductive sites.

Scenario 2: Lymphopenia-like expansion of naïve T cells, with acquisition of a 
memory-like phenotype
T cell survival and proliferation depend on availability of cytokines provided by other 
cell types (e.g. epithelial cells, stromal cells). Gamma-chain cytokines (including 
IL-2, IL-4, IL-7, IL-9 and IL-15), which share the common gamma chain cytokine 
receptor subunit, play an essential role in maintaining T cell memory34, especially 
IL-735. In LNs, the expression of IL-7 together with the CCR7 ligands (CCL19 and 
CCL21) by fibroblastic reticular cells attracts CCR7+ T cells and provides signals 
for their survival36. Our data reveals that IL-7 can induce proliferation of naïve 
and memory T cells of human fetal intestine in vitro. Moreover, IL-7 transcript can 
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be found in both the epithelium and lamina propria in the human fetal intestine 
(Figure 3C). Thus, the formation of T cells with a memory phenotype in the fetal 
intestine can also be due to cytokine-driven expansion to populate the growing 
organ.

In summary, at the moment we could find evidence supporting both scenarios. 
Future studies are needed to further elucidate the contribution of APCs in LFs and 
IL-7 to the generation of memory-like CD4+ T cells in the human fetal intestine. 

Possible improvements of diagnostic process for Mycosis Fungoides

Currently, the diagnosis of mycosis fungoides (MF) is based on immunopathological 
criteria, that helps with determining the atypical lymphocytes suggestive 
for “cancer cells”. Besides an atypical form, atypical lymphocytes show loss 
of immunophenotypic markers like CD2, CD3, CD5 and/or CD7 (Table 1)37. 
Nevertheless, some reactive dermatitis may have an atypical reactive infiltrate 
with marker loss like CD7, making it difficult to diagnose MF at an early stage. 
In those cases T-cell clonality might help, but is not entirely conclusive. For 
improvement of the current diagnostic process, it may be helpful if we understand 
the tumor microenvironment in more detail, to help in differentiating a tumor 
microenvironment from a reactive microenvironment. New techniques including 
single-cell suspension mass cytometry (CyTOF) and imaging mass cytometry 
(IMC) can facilitate the understanding of this microenvironment in more detail.

Table 1 Immunopathologic algorithm for diagnosis of early MF. (Table adapted from 

Pimpinelli  et al. 2005)

Immunopathologic Criteria Scoring system
1) < 50% CD2+, CD3+, and/or CD5+ T cells 1 point for one or more 

criteria2) < 10% CD7+ T cells

3) Epidermal/dermal discordance of CD2, CD3, CD5, or CD7

In Chapter 4, we used CyTOF and IMC to profile the tissue resident immune 
cells of 10 patients with early stage of mycosis fungoides. Based on single-cell 
suspension data in Chapter 4, the shared clusters of CD5+CD127+ effector memory 
T cells and CD5+CD127—CD25+ Treg-like cells were identified among these early 
stage MF patients. Furthermore, CD11c+CD14+ myeloid cells and HLA-DR+CD1a+ 
DCs were observed in the majority of MF patients. In addition, IMC revealed 
the co-localization of T cells with phenotypically distinct subsets of dendritic cells 
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(DCs) in immune aggregates in the dermis of MF patients. Altogether, these new 
insights might provide a basis for further studies aiming to distinguish the MF 
microenvironment from that in reactive dermatitis. Furthermore, a study with 
larger sample sizes and healthy controls will be needed to elucidate the possible 
prognostic value of interfering T-DCs interactions in MF.

In addition, several reports have shown that up to 15% of early-stage patients 
experience disease progression to advanced stage MF with an estimated 5-year 
survival of 24%38, 39. In early stage of MF, CXCR3 as interferon (IFN)-inducible 
chemokine receptor, induced by the IFN-γ, was up-regulated in malignant 
lymphocytes40, 41. In the advanced stage of MF, however, malignant T cells 
expressed more CCR4 than CXCR342. As CCR4 has been described as the receptor 
for CCL22, primarily produced by DCs in dermis, it is likely that the interaction 
between CCR4 and CCL22 is involved in DCs-T stimulation43. Recently, scRNAseq 
analysis for skin tumor cells from patient with advanced stage MF revealed 
that malignant tumor infiltrating T lymphocytes highly expressed genes related 
to cell cycle progression and proliferation, and checkpoint molecules including 
TIM3, PD1, LAG3 and CTLA-444. Moreover, gene expression profiling corroborated 
positive correlations between increased expression of checkpoint inhibitors and 
higher tumor stage of disease45. So it might be very useful to use CyTOF and IMC 
to evaluate the expression patters of these chemokine receptors and ligands, and 
markers indicative of cell regulation and proliferation in future experiments as well 
to gain better insight into the factors that play a role in the progression of early 
stage MF to advanced stage MF, results that may be useful for the development of 
better prognostics and targeted therapeutics in the future.

Future perspectives of psoriasis

Psoriasis is a chronic inflammatory skin disorder characterized by keratinocyte 
hyperproliferation and differentiation combined with immune cell infiltration. It is 
known that in the psoriatic dermis mature myeloid dendritic cells (DCs) aggregate 
with skin infiltrating T cells46, 47. Here, IL-23/IL-20-producing DCs have the 
potential to activate Th17 cells in psoriasis48, causing the proliferation seen within 
psoriatic lesions49. Moreover, pathogenic Th17 cells are sustained by IL-23 within 
the dermis50, 51. In addition, keratinocytes produce additional cytokines, such as 
IFN-α, IL-6, and IL-10, resulting in epidermal hyperplasia52, 53.
 
In Chapter 5, we applied imaging mass cytometry to compare lesional skin 
with non-lesional skin from patients with psoriasis in a proof of principle study 
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to determine if it would be useful to apply this technique to gain further insight 
into the cellular interactions that underlie psoriasis. We observed that psoriatic 
lesions contained prominent immune aggregates with many T cells and DCs in the 
dermis. Moreover, multiple types DCs subsets were observed. For more detailed 
analysis of the results we made use of pixel-based which allowed the visualization 
of the structure of psoriatic skin and the distribution and quantification of T 
and myeloid cell subsets. Moreover, this approach identified clusters of pixels 
presenting with features of both T cells and myeloid cells, likely representing 
direct contact between T cells and myeloid cells. This identified patients displaying 
frequent interactions between T cells and CD207+CD1c+ LC-like DCs in the dermis. 
In addition, interactions between T cells and CD207—CD1c+ DCs and between 
T cells and CD206+ macrophages were observed but these varied substantially 
between patients. This allowed a preliminary classification of patients based 
on the presence of particular cell subtypes and interactions between those cell 
subtypes. However, further work is required determine if this relates to disease 
severity. It will be particularly rewarding to investigate if such differences 
between patients correlate to response to treatment and as such may be useful to 
distinguish potential responders to treatment. Moreover, it may provide leads for 
the development of novel therapeutic strategies. 

Concluding remarks

In conclusion, the work described in this thesis demonstrates that imaging mass 
cytometry can provide novel information on the nature and organization of the 
immune system within the tissue context at barrier sites like the human intestine 
and skin. Our work on the human fetal intestine shows that in combination with 
single cell technologies this revealed a prominent role for IL-7-driven local immune 
cells proliferation to allow for the formation of complex organized lymphoid follicles 
and to fill up the immune system in the rapidly growing organ. Our work on mycosis 
fungoides and psoriasis indicates that imaging mass cytometry can be used to 
identify both disease-specific and patient-specific patterns in the composition and 
local organization of the immune system. Further work is needed to determine if 
this will be useful for patient classification and to predict response to treatment. 
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