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Background: Perianal fistulas are a debilitating complication of Crohn’s disease (CD). Due to unknown reasons, CD-associated fistulas are in 
general more difficult to treat than cryptoglandular fistulas (non-CD-associated). Understanding the immune cell landscape is a first step towards 
the development of more effective therapies for CD-associated fistulas. In this work, we characterized the composition and spatial localization 
of disease-associated immune cells in both types of perianal fistulas by high-dimensional analyses.
Methods: We applied single-cell mass cytometry (scMC), spectral flow cytometry (SFC), and imaging mass cytometry (IMC) to profile the 
immune compartment in CD-associated perianal fistulas and cryptoglandular fistulas. An exploratory cohort (CD fistula, n = 10; non-CD fistula, 
n = 5) was analyzed by scMC to unravel disease-associated immune cell types. SFC was performed on a second fistula cohort (CD, n = 10; 
non-CD, n = 11) to comprehensively phenotype disease-associated T helper (Th) cells. IMC was used on a third cohort (CD, n = 5) to investigate 
the spatial distribution/interaction of relevant immune cell subsets.
Results: Our analyses revealed that activated HLA-DR+CD38+ effector CD4+ T cells with a Th1/17 phenotype were significantly enriched in 
CD-associated compared with cryptoglandular fistulas. These cells, displaying features of proliferation, regulation, and differentiation, were also 
present in blood, and colocalized with other CD4+ T cells, CCR6+ B cells, and macrophages in the fistula tracts.
Conclusions: Overall, proliferating activated HLA-DR+CD38+ effector Th1/17 cells distinguish CD-associated from cryptoglandular perianal 
fistulas and are a promising biomarker in blood to discriminate between these 2 fistula types. Targeting HLA-DR and CD38-expressing CD4+ T 
cells may offer a potential new therapeutic strategy for CD-related fistulas.

Lay Summary 
We applied high-dimensional analyses to profile the immune compartment in CD-associated and cryptoglandular perianal fistulas. Data analysis 
revealed activated HLA-DR+CD38+ effector Th1/17 cells as distinctly increased in CD-associated fistulas, suggesting a potential novel therapeutic 
target.
Key Words: high-dimensional analyses, perianal fistulas, Crohn’s disease

Introduction
Crohn’s disease (CD), one of the subtypes of inflammatory 
bowel diseases (IBDs), is a chronic, immune-mediated disease. 
In patients with IBD, mucosal integrity of the intestine is often 
compromised, leading to translocation of luminal antigens 

and microbiota across the epithelial barrier.1 Chronic inflam-
mation is believed to arise from a dysregulated mucosal im-
mune response to these microbial antigens.2 Perianal fistulas, 
pathological connections between the intestinal lumen and 
the perianal skin, are a debilitating complication of CD. Up 
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to 26% of patients with CD suffer from perianal fistulizing 
disease within 20 years of initial diagnosis.3-5

More than 90% of all perianal fistulas are unrelated to IBD 
and may arise from infected anal glands and the onset of peri-
anal abscesses and are hence called cryptoglandular.6-8 Crohn’s 
disease–associated and cryptoglandular perianal fistulas look 
similar macroscopically but differ considerably in complexity, 
treatment strategies, and healing rates.9 Distinction between 
these 2 types of fistulas is mainly based on the presence or ab-
sence of (previous) luminal inflammation. However, in 30% 
of the patients with CD, development of a fistula is the first 
manifestation and precedes luminal disease by years.10 In these 
cases, identifying CD-associated from cryptoglandular peri-
anal fistulas might be challenging. In general, cryptoglandular 
fistulas are managed surgically, whereas CD-associated fistulas 
require combined surgical and medical approaches and still 
have a poor success rate.11,12 Most patients with CD-associated 
fistulas receive medical treatment with antitumor necrosis 
factor (TNF)-α, but their effectiveness is limited, with over 
60% of patients that relapse after 1 year of maintenance 
therapy.13,14 Thus, it is crucial to differentiate between the 2 
types of fistulas in order to initiate the appropriate treatment 
trajectory, and concurrently, it is imperative to identify novel 
targets for therapy-refractory patients.

The pathogenesis of CD-associated fistulas is still elusive 
but likely involves host, microbial, and environmental factors. 
It has been speculated that luminal bacterial stimuli trigger an 
aberrant immune response that leads to persistent mucosal 
inflammation in a genetically predisposed individual. Due to 
an aberrant immune response triggered by luminal bacterial 
antigens, cytokines, including TNF-α, transforming growth 
factor (TGF)-β, and interleukin (IL)-13, induce transcrip-
tion factors that promote epithelial-mesenchymal transition 
(EMT) and cell invasion leading to fistula formation.15 An 
inflammatory process also appears to play a crucial role in 
cryptoglandular fistulas next to the presence of EMT, but this 
is still understudied.16,17

The immune cell composition of the immune infiltrates in 
both fistula types is still poorly characterized. Understanding 
the differences in the immune cell subsets present in the fis-
tula tract between CD-associated and cryptoglandular 
fistulas could help us understand the underlying biological 
mechanisms contributing to fistula persistence.

High-dimensional single-cell mass cytometry (scMC) allows 
the simultaneous identification and characterization of im-
mune cell populations across multiple lineages, providing the 
opportunity to explore the mucosal immune system at great 
depth.18 With this technique, we performed a comprehensive 
characterization of the immune cell landscape in perianal 
fistulas of CD-diagnosed patients and patients not diagnosed 
with CD. Peripheral blood mononuclear cell (PBMC) samples 
were also collected from these patients to explore if partic-
ular immune cell populations residing in the fistula were also 
present in blood. Additionally, a second cohort was obtained 
to investigate, by spectral flow cytometry (SFC), the prolifera-
tion, regulation, and differentiation state of HLA-DR+CD38+ 
CD4+ effector memory T (TEM) cells and CD8+ TEM cells as-
sociated with CD fistulas. Lastly, a third cohort was used for 
the analysis of cellular distribution patterns by imaging mass 
cytometry (IMC). The data generated in this work were used 
to further dissect the inflammatory process in fistulas and its 
drivers with the ultimate goal to provide insights for thera-
peutic approaches.

Materials and Methods
Overview of the Study
Firstly, we employed scMC to obtain a comprehensive im-
mune cell landscape in perianal fistulas of patients with and 
without CD. In this cohort (cohort 1), we included 21 patients 
(CD, n = 14; non-CD, n = 7) undergoing surgical intervention 
at the Leiden University Medical Center (LUMC, Leiden, the 
Netherlands), the Proctos clinic (Bilthoven, the Netherlands), 
and the Alrijne hospital (Leiderdorp, the Netherlands), for their 
perianal fistula between July 2019 and June 2021. Curettage 
material of perianal fistulas, rectum biopsies, and peripheral 
blood mononuclear cell (PBMC) samples were collected and 
freshly processed. Some samples were excluded for further 
analysis due to a low number of total CD45+ cells (<1000; 
CD-fistula, n = 3; non-CD-fistula, n = 2; CD-rectum, n = 1; 
non-CD-rectum, n = 2), bad quality of the sample (CD-fistula, 
n = 1; CD-rectum, n = 1), or were not obtained because no pa-
tient consent for rectum sampling was given (non-CD-rectum, 
n = 1). Ultimately, we analyzed curettage material of 15 fistulas 
(CD, n = 10; non-CD = 5), 16 rectum biopsies (CD, n = 12; 
non-CD, n = 4), and 21 PBMC (CD, n = 14; non-CD, n = 7) 
samples. Secondly, based on our findings in the scMC cohort, 
SFC was used to perform deep T cell phenotyping including 
the identification of the distinct T helper subsets. For this pur-
pose, curettage material of perianal fistulas from a new cohort 
of CD patients (n = 10, 3 of whom were also included in co-
hort 1), and non-CD patients (n = 11) was collected during 
surgery at the LUMC, the Proctos Clinic and the Alrijne hos-
pital from December 2021 to October 2022. After collection, 
material of this second cohort (cohort 2) was cryopreserved 
in freezing medium (20%FCS/60%RPMI/20%DMSO) for 
staining at a later time point.

Thirdly, we examined the interaction between immune 
cells using formalin-fixed paraffin-embedded (FFPE) samples 

Key Messages

What is already known?

T helper CD4+ T cells are crucial drivers in the pathogenesis of 
Crohn’s disease, but their role in perianal fistulas is understudied.

What is new here?

We, for the first time, performed high-dimensional single-
cell and spatial interaction analyses of CD-associated and 
cryptoglandular perianal fistulas, revealing activated HLA-
DR+CD38+ effector Th1/17 cells as distinctly increased in 
CD-associated compared with cryptoglandular fistulas, closely 
interacting with other (activated) effector CD4+ T cells and B 
cells, pointing to the potential function of this cell subset in the 
inflamed fistula tracts of CD patients.

How can this study help patient care?

Monitoring HLA-DR+CD38+ CD4+ T cells holds significant clin-
ical promise for guiding treatment strategies due to the distinct 
treatment approaches for CD-associated and cryptoglandular 
perianal fistulas and the potential for fistulas to serve as initial 
disease manifestations.
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(n = 8) obtained from fistula tracts of a third cohort (cohort 
3) of a total of 5 CD patients. We obtained 3 samples from 
one patient and 2 samples from another patient, as we had 3 
and 2 tissue blocks, respectively, from the same fistula tract 
(same time point). For each sample, 2 consecutive slides were 
prepared and stained; one with Haematoxylin and Eosin 
(H&E) to determine immune cells around the tract and to 
select regions of interest (ROI) and another with a 40-marker 
antibody panel for IMC.

An overview of the study design and the patients’ cohorts is 
displayed in Figure 1 and Supplementary Table 1, respectively.

Human Samples
Patients eligible for inclusion were 18 years or older with 
an indication for incision and drainage of their perianal 
fistula, regardless of the type of perianal fistula (according 
to Parks’ classification19) and number of fistulas or side-
branches. Patients with rectovaginal fistulas or with a fistula 

after radiotherapy were excluded. The material was collected 
during surgery and further processed at the Department of 
Immunology of the LUMC. The medical data of the patients 
were retrieved from the electronic medical record. For the 
exploratory scMC cohort (cohort 1), fistula material was 
curetted via the external opening of the tract. The material 
within the tract was scraped via the external orifice of the 
fistula tract, which was dilated for this purpose. Two rectum 
biopsies were taken around the internal opening, and 16 mL 
of blood was drawn. For SFC (cohort 2), only fistula curet-
tage material was used. Formalin-fixed paraffin-embedded 
samples (cohort 3) of fistula tracts were obtained from the 
pathology archive. The Medical Ethical Committee of the 
Leiden University Medical Center (LUMC) approved this en-
tire study (protocol P18.069), and patients provided written 
informed consent. All specimens were anonymized and han-
dled in accordance with the local ethical guidelines for the 
LUMC and in accordance with the Declaration of Helsinki.

Figure 1. Study design. Three different techniques were applied to samples from fistula-bearing patients with and without CD to unravel the immune 
cell landscape in perianal fistulas (single-cell mass cytometry; cohort 1; top row), the T (helper) phenotype of activated T cells associated with CD 
fistulas (spectral flow cytometry; cohort 2; middle row), and interaction of immune cells in situ (imaging mass cytometry; cohort 3; bottom row). 
Abbreviations: CD, Crohn’s disease; PBMC, peripheral blood mononuclear cell; Dy, dysprosium; H&E, hematoxylin and eosin; IMC, imaging mass 
cytometry; AF, alexa fluor.
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Experimental Methods
Sample Processing
In cohort 1, leukocytes were isolated from fresh rectal biopsies 
and fistula scrapings and stained with a 41-antibody panel 
(Supplementary Table 2) for scMC. For SFC (cohort 2), the 
cryopreserved isolated cells were stained with a 37-antibody 
panel (Supplementary Table 3). A detailed description of the 
sample processing is provided in the Supplementary Methods.

In cohort 3, IMC was applied to FFPE fistula specimens. 
These samples were obtained during fistulectomy. Formalin-
fixed paraffin-embedded samples from fistula tracts were cut 
with a microtome (Leica RM225, Bannockburn, IL, USA) 
into 4-μm sections and were subsequently deparaffinized. 
The location of the fistula tract was determined together 
with the pathologist. Tissue sections were prepared for 
immunodetection by IMC and stained with a 33-antibody 
panel (Supplementary Table 4) followed by laser ablation 
coupled to mass spectrometry to generate high-dimensional 
images as previously described.20

Antibodies, Antibody Staining, and Data 
Acquisition
Antibodies, manufacturers, and concentrations are listed in 
Supplementary Tables 2, 3, and 4 for scMC, SFC, and IMC, 
respectively. For scMC and IMC, preconjugated metal-
labeled antibodies were either purchased from Fluidigm (San 
Francisco, California, USA) or conjugated in-house using 
100 mg of carrier-free formulations of purified antibody 
combined with the MaxPar X8 antibody labeling kit (Fluidigm 
Sciences) according to the manufacturer’s instructions. 
Following conjugation, antibodies were diluted to 200 mL 
in Candor phosphate-buffered saline (PBS) antibody stabili-
zation buffer (Candor BioscienceGmbH, Wangen im Allgäu, 
Germany) and stored at 4 °C. Self-conjugated antibodies 
were validated using OneComp beads (Invitrogen, Waltham, 
Massachusetts, USA) and on PBMCs. Further details on the 
antibody staining and data acquisition are described in the 
Supplementary Methods.

Data Analysis
Single-cell CyTOF
First, for data cleaning, all samples were pregated, using the 
FlowJo v10 Software, on single, live CD45+ cells, removing 
duplicates, beads, dead cells, and debris. A reference PBMC 
sample was included in each experiment to account for tech-
nical variation. All reference PBMC samples were obtained 
from blood from the same healthy individual from whom 
cells were isolated and aliquoted. ComBat was applied to 
align the PBMC reference samples and corresponding pa-
tient samples to correct for batch effects.21 The markers 
CD66b, CD15, Nkp44, c-kit, CD40, CD80, and PD-L1 
were not present in the reference PBMCs at sufficient levels 
to scale and were thus not normalized. For further anal-
ysis, these antibodies were not used for clustering but were 
shown for marker expression overlays and interpretation of 
data; CD45+ cells were sample-tagged, hyperbolic ArcSinh 
transformed with a cofactor of 5, and subjected to dimen-
sionality reduction analysis in Cytosplore.22 Major immune 
lineages (Figure 2A) were identified at the overview level of 
a 5-level hierarchical stochastic neighbor embedding (HSNE) 
analysis on CD45+ data from fistula samples and rectal 

biopsy samples with default perplexity and iterations (30 
and 1000, respectively).23,24 The CD4+ T cells, CD8+ T cells, 
innate lymphoid cells (ILCs), and B cells were analyzed sepa-
rately in a data-driven manner up to a maximum number of 
0.5 × 106 landmarks using t-distributed stochastic neighbor 
embedding (tSNE).24 One rectum sample within the CD4+ 
T cell analysis had a 10-times higher number of cells than 
the other samples; for that reason, we downsampled to the 
second-highest cell count. The CD66b+ granulocytes and 
CD66b- myeloid cells were identified within the myeloid 
cell compartment at the overview level of a 3-level HSNE 
analysis. Additionally, CD66b- myeloid cells were further 
analyzed using tSNE. Clustering of the data was performed 
by Gaussian mean shift (GMS) clustering in Cytosplore, and 
an algorithm was run that merged clusters showing high 
similarity in ArcSinh5-transformed median expression of 
all markers (<1). Quantification of frequencies of clusters 
in each sample was performed in GraphPad Prism v9. The 
R-package “corrplot”25 was used to calculate the correlation 
networks of cell frequencies of the identified cell subsets.

Spectral flow cytometry
First, similar to what was described for scMC data, SFC data 
from all samples were cleaned, using the FlowJo v10 soft-
ware, by gating on single, live CD45+ cells. A time gate was 
used to remove events acquired during unstable windows of 
acquisition. Conventional T cells were gated as CD19- CD7+/- 
CD56- CD3+ TCRγδ

- Va7.2- cells and subgated as CD8α
+ CD8β

+ 
(conventional CD8αβ

+ T cells) or CD8α
- CD8β

- FoxP3- Helios- 
CD4+ (conventional CD4+ T cells). Subsets of conventional 
CD8αβ

+ and CD4+ T cells were gated based on CD45RA, 
CD45RO, and CCR7 expression. The full gating strategy is 
depicted in Supplementary Figure 6A-C.

Imaging mass cytometry
An imaging processing pipeline was used to generate cell 
masks to convert raw IMC images into single-cell data.26 
This involved the creation of cell segmentation masks using 
semiautomated background identification with Ilastik27 and 
CellProfiler,28 after which the resulting masks were processed 
by ImaCytE29 for the generation of FCS files to obtain 
single-cell data. The t-SNE in Cytosplore was used to iden-
tify immune cell clusters. Cell clusters were merged based on 
overlapping markers and exported as separate FCS files. The 
resulting subsets were imported back into ImaCytE for visu-
alization of subsets in the segmentation masks, and localiza-
tion was compared with original MCD images to validate the 
obtained clusters. In ImaCytE, an overview of phenotypes in 
the microenvironment was obtained. Next to that, ImaCytE 
allowed exploration of the spatial interaction of phenotypes 
and identified which of the interactions were significant.

Statistical Analyses
Data were presented as individual points with the median 
and interquartile range (IQR). Group comparisons were 
performed using the Mann-Whitney U (MWU) test (2-tailed; 
Graphpad prism v9). The MWU test–generated P values of 
the 124 immune cell clusters identified with the scMC analysis 
were subsequently adjusted for multiple hypothesis testing 
(FDR < 5%). To determine correlations between immune cell 
populations and to compare different tissues with each other, 
a Spearman’s rank correlation analysis was applied.
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Results
Patient Characteristics
Baseline characteristics of all patients in cohort 1 and 2 are 
summarized in Supplementary Tables 5 and 6. In cohort 1, 
85.7% of CD patients (n = 14) were females and were the 
median age 41 years. Of the non-CD patients (n = 7), 42.9% 
were females and were the median age 52 years. In cohort 
2, 40% of CD patients (n = 10) were females and were the 
median age 41.5 years, and of the non-CD patients (n = 11), 
27.3% were females and were the median age 44 years.

The median time since diagnosis of CD was 17.5 (cohort 1) 
and 12.0 (cohort 2) years, and the median time since diagnosis 
of the perianal fistula was 9.5 (cohort 1) and 6.0 (cohort 2) 
years. Biologics used for concomitant use included infliximab/
adalimumab (cohort 1, n = 4; cohort 2, n = 5), ustekinumab 
(cohort 1, n = 4; cohort 2, n = 2), vedolizumab (cohort 1,  

n = 3; cohort 2, n = 0), and both ustekinumab and vedolizumab 
(cohort 1, n = 1; cohort 2, n = 0).

Of the non-CD patients, no one used biologics. The me-
dian time since diagnosis of a fistula was 1.0 year in both 
cohorts 1 and 2. In 3 of 7 patients in cohort 1 and in 1 
of 11 patients in cohort 2, a colonoscopy was performed 
to exclude CD diagnosis, while the remaining had no co-
lonoscopy as they had a negative anamnesis focused on 
CD-typical symptoms, extraintestinal manifestations (EIMs) 
of CD, presence of immune-mediated diseases (IMIDs), and 
patients’ family history according to our recently published 
flowchart.15 The feces calprotectin (FCP) value was not 
known.

No clinical information was accessible for the 5 patients 
in cohort 3. However, it was established that these patients 
had been diagnosed with CD and had undergone surgery for 
perianal disease.

Figure 2. Similar composition of the immune compartment in fistula tracts from patients with Crohn’s disease and patients without Crohn’s disease. A, 
HSNE embedding showing 2.3 × 103 landmarks representing immune cells (2.9 × 106) isolated from fistula scraping samples (n = 15), rectum biopsies 
(n = 16) from patients with Crohn’s disease (n = 14) and patients without Crohn’s disease (n = 7). Colors represent the different samples (left) and 
marker expression (right). B, Composition of the major immune lineages in fistula scraping samples (n = 15) and rectum biopsies (n = 16), represented 
in vertical bars. The size of the colored segments represents the proportion of the cells as a percentage of total CD45+ cells in the samples.
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Similar Presence of the Major Immune Cell Subsets 
in Fistula Tracts From Patients With and Without CD
The heterogeneity of the innate and adaptive immune system 
in perianal fistulas and rectum biopsies from 14 patients (ex-
ploratory cohort; cohort 1) with CD and 7 patients without 
CD was deciphered by measuring 41 immune cell markers 
by scMC. Hierarchical stochastic neighbor embedding in 
Cytosplore was applied to the entire data set encompassing 
2.9 million CD45+ cells from the fistula tract (1.6 million 
cells) and rectum biopsies (1.3 million cells) to obtain a 
global overview of the major immune lineages. Based on 
lineage marker expression, we could distinguish CD4+ and 
CD8+ T cells, TCRγδ T cells, double-negative T (DNT) cells, 
B cells, innate-lymphoid cells (ILCs), granulocytes (CD66b+), 
and mononuclear phagocytes (CD66b-, MNPs; Figure 2A). 
Quantification of cell frequencies revealed that the CD4+ T 
cells and the myeloid cells were the most dominant cell types 
in the fistula tract (Figure 2B and Supplementary Figure 2), 
the latter to a large part composed of granulocytes. At this 
level of analysis, however, we did not observe significant 
differences between CD and non-CD patients in both fistula 
tracts and rectum biopsies with regard to the presence of the 
major immune lineages. Next, we individually analyzed the 
HSNE-defined major immune lineages at the single-cell level 
with t-SNE.

HLA-DR+CD38+ Effector CD4+ T and CD8+ T Cells Are 
Significantly Increased in CD-associated Fistulas 
Compared With Cryptoglandular Fistulas
We next used t-SNE to further explore the cellular heteroge-
neity within each major immune cell lineage. The embedding 
of the CD4+ T cell, CD8+ T cell, MNP, and ILC/NK cell com-
partment is shown in Supplementary Figure 3A-D. In total, 
this yielded 124 phenotypically distinct immune cell subsets 
in the fistula tract samples and rectum biopsies.

Hierarchical clustering of the CD4+ T cells yielded 18 phe-
notypically distinct immune cell clusters in the samples that 
are defined by a unique marker expression profile (Figure 3A). 
We could distinguish a naïve population (CD45RA+CCR7+ 
CD27+; cluster 6), antigen-experienced central memory (TCM) 
populations (CD45RO+CCR7+; clusters 2, 11-13, and 16), ef-
fector memory (TEM) populations (CD45RO+CCR7-; clusters 
1, 3-6, 8-10, 14, 15, 17, and 18), and terminally differentiated 
effector memory (TEMRA) populations (CD45RA+ CD45RO+/-

CCR7-; clusters 5 and 14). Differential expression of 
HLA-DR, CD38, CD25, PD-1, Tigit, CD161, CD127, CD27, 
and CD28 was present within the memory compartment. 
We next evaluated the samples quantitatively by analyzing 
the frequencies of the CD4+ T clusters for all fistula samples 
(Figure 3B). We did not quantitively assess the rectum 
samples due to the low sample size. This analysis indicated 
largely similar compositions of the immune compartment 
in the CD-associated and cryptoglandular fistulas, with the 
notable exception of an HLA-DR+CD38+ effector memory 
population (Figures 3B and C, cluster 10) that was signifi-
cantly more abundant (P = .0236) in CD-associated fistulas, 
constituting up to 20% of the CD4+ T cells compared with 
5% of the CD4+ T cells in cryptoglandular fistulas. A signifi-
cant proportion of these HLA-DR+CD38+ TEM cells expressed 
CD25, consistent with cellular activation. Moreover, heterog-
enous/variable expression of CD69, CD161, CD127, CD28, 
and PD-1 was observed (Figure 3D).

Hierarchical clustering of the CD8+ T cells yielded 16 phe-
notypically distinct immune cell clusters in the fistula tract and 
rectum samples. These 16 immune cell clusters consisted of 
a naïve population (CD45RA+CCR7+CD27+; cluster 2), TCM 
and TEM populations (CD45RO+CD45RA-; clusters 3-11, and 
13-16), and TEMRA populations (CD45RA+CCR7-CD45RO+/-; 
cluster 1 and 12; Figure 3E). Analysis of cluster frequencies 
showed one HLA-DR+CD38+ CD8 TEM cell population 
(cluster 13) that was significantly (P = .0372) more abundant 
in CD-associated than in cryptoglandular fistulas (Figure 3F). 
A related HLA-DR-CD38+ cluster (cluster 3) was not signif-
icantly different (P = .2771) but showed a trend towards a 
higher frequency in the CD-associated fistula compared with 
the cryptoglandular. Similar to the HLA-DR+CD38+ CD4 TEM 
cell population, these CD8+ T cell subsets expressed CD25 
and CD69, indicative of cellular activation.

Analysis of the ILC/NK and MNP compartment revealed a 
trend towards higher frequencies in certain ILC/NK cell and 
MNP subsets in CD-associated compared with cryptoglandular 
fistulas. Here, CD56brightCD16-CD11c+ NK-like cells (ILC 
compartment, cluster 11), dendritic cell types (MNP compart-
ment, cluster 10; CD11c-CD123+HLA-DR+ [pDC] and cluster 
20; CD11c+HLA-DR+CCR7+), and a Lin-HLA-DR+CCR7+ cell 
type (MNP compartment: cluster 8) showed an upward trend 
in CD-associated fistulas (Supplementary Figure 4A and B). 
Moreover, an integrated correlation analysis revealed strong 
correlations between the activated CD4+ and CD8+ T cell 
subsets and these innate immune cell subsets (Supplementary 
Figure 4C).

Together, these data demonstrate the presence of both 
CD4+ and CD8+ TEM cell subsets, displaying an activated 
HLA-DR+CD38+ phenotype that is significantly increased 
in CD-associated fistulas compared with cryptoglandular 
fistulas. The presence of these activated T cells is correlated 
with HLA-DR+ myeloid cell subsets and NK cells in 
CD-associated perianal fistulas.

Identification of Disease-associated CD4+ and CD8+ 
T Cell Phenotypes in Peripheral Blood of Patients 
With CD
We next sought to study whether the identified CD-associated 
HLA-DR+CD38+ EM CD4+ (cluster 10) and (HLA-DR+) 
CD38+ EM CD8+ (clusters 13 and 3) T cell populations in pe-
rianal fistulas could be detected in peripheral blood.

Therefore, we analyzed the PBMC samples from non-CD 
(n = 7) and CD (n = 14) patients from the first cohort and 
manually gated on the populations of interest employing the 
gating strategy as depicted in Figure 4A. Strikingly, this re-
vealed a significantly higher abundance of all 3 (HLA-DR+) 
CD38+ cell populations in PBMC from CD patients compared 
with non-CD patients (Figure 4B). A t-SNE embedding of 
the HLA-DR+CD38+ EM CD4+ T cell subset in the blood 
samples revealed a marker expression pattern similar to the 
equivalent subset in the tract, except for a higher expression 
of CD69 on the cells in the tract, consistent with tissue resi-
dency. Contrarily, CCR6 showed a higher expression on the 
HLA-DR+CD38+ EM CD4+ T cells in peripheral blood than 
in the fistula tract (Supplementary Figure 5). Similarly, marker 
expression overlays of the CD8+ T cell populations revealed 
overlap between the blood and tract counterparts, where 
the blood counterpart lacked the tissue-residency markers 
CD103 and CD69. The activation marker CD25 was also 
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Figure 3. HLA-DR+CD38+ effector CD4+ T and CD8+ T cells are significantly increased in Crohn’s disease-associated perianal fistulas compared with 
cryptoglandular fistulas. A, Heatmap of CD4+ T cell subsets identified through differential expression of the phenotypic markers indicated. The color 
indicates the median ArcSinh5-transformed marker expression values (blue-to-red scale) of the clusters identified in Supplementary Figure 3A (cluster 
partitions). B, Composition of the CD4+ T cell compartment in cryptoglandular fistulas (n = 5) and CD-associated fistulas (n = 10) represented in vertical 
bars where the size of the colored segments represents the proportion of cells as a percentage of total CD4+ in the sample. Colors for each cluster 
as in A. C, Frequencies of the one significant subset out of a total of 18 CD4+ T cell subsets among cryptoglandular fistulas (n = 5) and CD-associated 
fistulas (n = 10) as percentage of total CD4+ T cells. Cluster numbers correspond to the ones in (A). Bars indicate median with interquartile range. Each 
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Figure 4. Identification of disease-associated CD4+ and CD8+ T cell phenotypes in peripheral blood of patients. A, Gating strategy used to identify 
HLA-DR+CD38+ CD4+ and CD8+ T cells in blood. B, Frequencies of the HLA-DR+CD38+ CD4+ and CD8+ T cells in blood among cryptoglandular fistulas 
(n = 7) and CD-associated fistulas (n = 14) as percentage of total CD4+ T cells and CD8+ T cells, respectively. Bars indicate median with interquartile 
range. Each dot represents an individual sample. Mann-Whitney U test with correction for multiple testing with a False Discovery Rate of 1% was 
performed. C, Correlation graphs of the HLA-DR+CD38+ CD4+ and CD8+ T cells in blood of the 14 CD patients.

dot represents an individual sample. Mann-Whitney U test with correction for multiple testing with a False Discovery Rate of 1% was performed. D, 
A t-SNE embedding showing the HLA-DR+CD38+ CD4+ T cells (61 000 cells) derived from rectum biopsies and fistula scrapings from CD patients and 
non-CD patients. E, Heatmap of CD8+ T cell subsets identified through differential expression of the phenotypic markers indicated. The color indicates 
the median ArcSinh5-transformed marker expression values (blue-to-red scale) of the clusters identified in Supplementary Figure 3B (cluster partitions). 
F, Frequencies of the one significant subset (top) and the subset that showed a trend out of a total of 16 CD8+ T cell subsets among cryptoglandular 
fistulas (n = 5) and CD-associated fistulas (n = 10) as percentage of total CD4+ T cells. Cluster numbers correspond to the ones in (E). Bars indicate 
median with interquartile range. Each dot represents an individual sample. Mann-Whitney U test with correction for multiple testing with a False 
Discovery Rate of 1% was performed.
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more pronounced on both the HLA-DR+CD38+ CD4+ T and 
CD8+ T cell subset in the fistula scrapings compared with 
their peripheral counterparts (Supplementary Figure 5).

Spearman’s correlation analysis revealed a strong and 
significant correlation between the CD-associated HLA-
DR+CD38+ EM CD4+ T cell phenotype and both the HLA-
DR-CD38+ EM CD8+ T cell population (r = 0.8; P = .0007) 
and the HLA-DR+CD38+ EM CD8+ T cell population (r = 0.8; 
P = .0005) in the peripheral samples (Figure 4C).

Taken together, HLA-DR+CD38+ EM CD4+ T cell and HLA-
DR+/-CD38+ EM CD8+ T cell populations were identified in 
blood, where they strongly correlated with each other. These 
populations discriminated fistula-bearing CD patients from 
cryptoglandular fistula-bearing patients.

Th17 CD4+ T Cells Are More Activated in Fistulas 
From CD Patients and Show Skewing Towards a 
Th1 Phenotype
Using mass cytometry, HLA-DR+CD38 + CD4+ T cells emerged 
as a distinguishing characteristic between CD-associated 
and cryptoglandular fistulas. We next aimed to determine 
the helper phenotype of these cells in fistula scrapings from 
CD and non-CD patients. For this purpose, we developed 
a 36-antibody SFC panel (Supplementary Table 3) and ap-
plied it to single cells prepared from cryopreserved fistula 
tract scrapings from a new cohort (cohort 2) of CD patients 
(n = 10) and patients without CD diagnosis (n = 11). A con-
ventional gating strategy was designed based on the pheno-
type of the activated cells detected in cohort 1 (Supplementary 
Figure 6A-B). As observed in the mass cytometry analysis, 
we detected an HLA-DR+CD38+CD4+ TEM subset in the CD 
patient samples (Supplementary Figure 6D). Additionally, 
the increased sensitivity of this technique allowed for the 
detection of HLA-DR+CD38- and HLA-DR-CD38+ CD4+ 
TEM cells (Figure 5A). Quantification of these subsets in the 
fistula scrapings revealed that both HLA-DR+CD38+ and 
HLA-DR+CD38-CD4+ TEM were increased in frequency in 
CD-associated fistulas when expressed as percentage of TEM 
(Figure 5B, C) and as percentage of total CD4+ T cells (Figure 
5E, F), while HLA-DR-CD38+ CD4+ TEM cells were not signif-
icantly different (Figure 5D, G).

In both fistula types, HLA-DR+CD38+ and HLA-DR-

CD38+CD4+ TEM subsets showed higher proportion of 
Ki-67+ cells, which was more pronounced in the former 
(Supplementary Figure 7A, B). These 2 subsets were also 
enriched for CD69+CD103- and CD39+ cells (Supplementary 
Figure 7C, D), and they displayed lower CD127 and higher 
CD25 expression when compared with the nonactivated 
HLA-DR-CD38- cells (Supplementary Figure 7E, F). 
These features were shared to a lesser extent with HLA-
DR+CD38- CD4+ TEM but did not reach statistical significance 
(Supplementary Figure 7A-F). Regarding their Th pheno-
type, CD4+ T cells in the scrapings of both types of fistula 
tracts contained a variable proportion of RORγt

+ CCR6lo/- 
cells (Figure 5H, I). The HLA-DR+ CD38+ and HLA-DR+ 
CD38- cells were significantly increased within the RORγt

+ 
subset in CD-associated fistulas compared with the RORγt

- 
within the same fistulas and to the RORγt

+ cells from the 
cryptoglandular fistulas (Figure 5J-L). Moreover, T-bet ex-
pression was higher in HLA-DR+ RORγt

+ CD4+ TEM cells 
compared with their HLA-DR+ RORγt

- counterparts within 
CD-associated fistulas (Figure 5M, N).

As observed for the CD4+ T cell compartment, we also 
detected a population of HLA-DR+ CD38+ within the CD8αβ

+ 
TEM subset (Supplementary Figure 6C, F, G), as well as HLA-
DR+CD38- and HLA-DR-CD38+ cells (Supplementary Figure 
8A). These populations were detected at higher levels than 
those found by mass cytometry (Fig 3F), and no signifi-
cant differences were observed between the 2 fistula types 
(Supplementary Figure 8B-G). Of note, HLA-DR+CD38+ 
CD8αβ

+ TEM cells showed significantly higher expression of 
GrzB and Ki-67 than their HLA-DR-CD38- counterparts 
(Supplementary Figure 8H-K).

All in all, these data support the hypothesis that, in both 
types of fistulas, resident CD4+ TEM undergo activation and 
show features of regulation and differentiation. However, in 
CD-associated fistulas, activation is mostly detected in CD4+ 
TEM with a mixed Th1/17 phenotype, based on both T-bet and 
RORγt expression.

Heterogeneous Immune Infiltrates Around the 
Fistula Tract of Crohn’s Disease Patients
Subsequently, we employed IMC to investigate the cel-
lular neighborhood in which the activated CD4+ T cells are 
residing. For this purpose, we designed a dedicated 33-metal-
tagged antibody panel (Supplementary Table 4) and compre-
hensively characterized fistula tracts from five CD patients 
(cohort 3). Our selected antibody panel consisted of struc-
tural markers (vimentin, alpha-smooth muscle actin [α-SMA], 
and D2-40), and innate and adaptive immune cell markers 
(Supplementary Table 4). The IMC data could be quantified 
similarly to scMC using tSNE by using a cell mask to segment 
all cells into single cells. Downstream cluster analysis of 32 
ROIs in Cytosplore yielded a total of 236 808 cells, of which 
152 750 cells were CD45+ immune cells. The nonimmune cells 
comprised mostly of α-SMA+ myofibroblasts, D2-40+ lym-
phatic vessels, and nonspecified cells (DNA+) lacking CD45 
or immune lineage-defining markers, most likely fibroblasts 
(Supplementary Figure 9A). In Figure 6A, 5 representative 
ROIs from 5 patients are depicted. Immune cells (in green) 
were localized close to the tract, whereas nonimmune cells (in 
dark blue) were localized deeper within the tissue, or lining 
the tract (Figure 6A).

Within the immune cell compartment, we identified 
granulocytes, different types of myeloid cells, B cells, T 
cells, and ILCs (Figure 6B and Supplementary Figure 9B). 
Within the T/ILC compartment, we distinguished 15 phe-
notypically distinct immune cell clusters consisting of CD4+ 
T cells, CD8+ T cells, double-negative T (CD4- CD8-, DNT) 
cells, TCRγδcells, and ILCs. All CD4+ and CD8+ T cells 
expressed CD45RO, and subclusters were formed based on 
differential expression of HLA-DR, CD57, CCR6, and Ki-67 
(Supplementary Figure 9C-E). Importantly, we identified im-
mune cell phenotypes representative of those that were sig-
nificantly enriched in CD-associated fistulas in our single-cell 
data set, such as activated CD4+ and CD8+ T cells (HLA-DR+ 
and Ki-67+HLA-DR+; Supplementary Figure 9D and E). The 
HLA-DR+ CD4+ T cells showed a dispersed or clustered pat-
tern around the tract (Figure 6C) and contained potentially 
proliferating cells (Ki-67+, indicated in white).

As recently described by Hoch et al, we also observed a 
cluster with cells that simultaneously expressed CD20 and 
CD3, referred to here as BnT cells.30 Myeloid cells (in light 
blue) were evenly distributed and were prominently present 
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Figure 5. Phenotype of HLA-DR/CD38 subsets from memory CD4+ T cell subsets in fistula scrapings. Phenotypic characterization of CD4+ T cell subsets 
in fistula scrapings from patients with cryptoglandular and CD-associated fistulas. (A) Representative plots depicting HLA-DR and CD38 expression in 
CD4+ TEM cells from fistula scrapings from 2 patients with cryptoglandular (left panels) or CD-associated fistulas (right panels). B-D, Frequencies of (B) 
HLA-DR+CD38+, (C) HLA-DR+CD38- and (D) HLA-DR-CD38+ cells from CD4+ TEM cells; (E-G) Frequencies of (E) HLA-DR+CD38+, (F) HLA-DR+CD38- and 
(G) HLA-DR-CD38+ cells from total CD4+ T cells. H, Representative plots depicting CCR6 and RORγt expression in CD4+ TEM cells from fistula scrapings 
from a patient with cryptoglandular (left panel) or CD-associated fistula (right panel); (I) frequency of RORγt+ cells from CD4+ TEM cells; (J) representative 
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in the immune infiltrates around the tract. With the addition 
of CD68 and CD163 to this IMC antibody panel, we could 
identify macrophages. Granulocytes clustered together close 
to the border of the tract (patients 1, 3, and 4) or were evenly 
distributed throughout the inflamed tissue (patients 2 and 5).

In summary, IMC allowed for the identification and lo-
calization of innate and adaptive immune cells, profiling 
the immune cell landscape around the tract at great depth. 
Furthermore, the cell phenotypes observed with imaging 
mass cytometry closely resembled those found by single-cell 
mass cytometry. In particular, HLA-DR+CD4+ T cells could be 
identified around the fistula tract in a clustered or dispersed 
manner.

HLA-DR+CD4+ T Cells Colocalize With Other CD4+ T 
Cells, B Cells, CD8+ T Cells, and Macrophages
Next, we leveraged spatial information to quantify cell-cell 
interactions between several immune cell types. This enabled 
us to systematically study the microenvironment of HLA-
DR+CD4+ T cells, including Ki-67+ and Ki-67- cells, at the 
single-cell level. The interactions were determined in the tissue 
within a 5-pixel (5-um) radius and corrected for differences 
in cell cluster frequencies using permutation testing,29 ruling 
out that identified interactions do occur at random. An in-
teraction was strong with a z-value of >2.0 (ie, outside 95% 
normal distribution range) and, on the contrary, was mutually 
exclusive (ie, the level of interaction is lower than what would 
be expected based on random chance) with a z-value of <2.0 
(Supplementary Table 7).31 This allowed us to identify which 
cells might influence, or are influenced by, HLA-DR+CD4+ T 
cells by direct contact and/or secreted products.

Eighteen subsets significantly interacted with HLA-
DR+CD4+ T cells (Figure 7A, Supplementary Table 7). 
Most HLA-DR+CD4+ T cells resided in the neighborhood 
of HLA-DR+CD45+ immune cells, possibly myeloid cells, 
and cells from the same phenotype. Interestingly, they also 
colocalized frequently with B cells, most frequently with 
CCR6+ B cells, but also, to a lesser extent, with proliferating 
(Ki-67+) B cells. Moreover, they were also in close vicinity of 
CD8+ T cells, including HLA-DR+ CD8+ T cells, ILCs, and 
CD14+CD68+CD163+/- myeloid cells (Figure 7B). It is note-
worthy that HLA-DR+CD4+ cells were mutually exclusive 
with granulocytes, other myeloid cells, and CD45- nonimmune 
cells comprising of vimentin+ cells, α-SMA+ myofibroblasts, 
D2-40+ lymphatic vessels, and DNA+ nonspecified cells lacking 
CD45 or immune lineage-defining markers (Supplementary 
Table 7), which indicates that they are located in different 
cellular environments.

Taken together, spatial cell-cell interaction analysis revealed 
a close interaction of HLA-DR+CD4+ T cells with, HLA-DR+ 
CD45+ cells, (activated) CD4+ T cells, B cells, CD8+ T cells, 
ILCs, and macrophages. Remarkably, considerable prolif-
eration was noted within this neighborhood, including the 

HLA-DR+CD4+ T cells, other CD4+ T cells, B cells, and CD8+ 
T cells.

Discussion
Here, for the first time, high-dimensional techniques were ap-
plied to comprehensively characterize the innate and adaptive 
immune cell landscape of CD-associated perianal fistulas 
and cryptoglandular perianal fistulas at the single-cell level. 
Single-cell mass cytometry, spectral flow cytometry, and im-
aging mass cytometry combined allowed us to delineate the 
cellular diversity in both types of perianal fistulas in-depth. 
Our analyses revealed a disease-specific signature of activated 
CD4+ T cells with a mixed Th1/17 phenotype and high prolif-
erative capacities in perianal fistulas of patients with CD. We 
showed that this phenotype colocalized with other CD4+ T 
cells, CCR6+ B cells, and macrophages in situ.

Recently, we and others highlighted that HLA-DR+CD38+ 
CD4+ T cells are associated with intestinal inflammation in a 
subset of IBD patients.32,33 In the present study, we observed 
the enrichment of HLA-DR+CD38+ CD4+ T cells in virtually all 
CD-associated fistulas; moreover, in a subset of these patients, 
this was accompanied by the presence of HLA-DR+CD38+ 
CD8+ T cells. This may imply that this HLA-DR+CD38+ T cell 
phenotype is associated with a more aggressive disease course 
in CD, resulting in penetrating disease. Activated HLA-DR+ 
CD4+ T cells have also been identified in immune-mediated 
diseases affecting the synovial fluid in juvenile idiopathic ar-
thritis (JIA)34 and rheumatoid arthritis (RA) patients.35 In JIA 
patients, activated effector T helper cells are resistant to Treg-
mediated suppression, suggesting an important pathogenic 
role for this activated phenotype. Studying Treg-mediated 
suppression of HLA-DR+CD38+ CD4+ T cells in the context 
of IBD would thus be of interest in future studies.

Strikingly, activated HLA-DR+CD38+ CD4+ and CD8+ T 
cells could also be identified in blood and discriminated a 
subset of fistula-bearing CD patients from cryptoglandular 
fistula-bearing patients. Of note, in some patients with com-
plex perianal disease the development of fistulas can precede 
luminal inflammation by several years and sometimes CD 
is never diagnosed, making it difficult to rationally decide 
on an appropriate treatment. Therefore, in these patients, 
monitoring HLA-DR+CD38+ CD4+ and CD8+ T cells in blood 
may have clinical potential to predict CD diagnosis and 
guide treatment decisions. However, follow-up of the cohort 
exhibiting cryptoglandular fistulas is essential to corroborate 
the absence of luminal disease development in these patients. 
Spectral flow cytometric analysis of fistula samples confirmed 
the significant increase in HLA-DR+CD38- CD4+ TEM cells 
in CD-associated compared with cryptoglandular fistulas. 
Moreover, this analysis demonstrated higher percentages of 
HLA-DR+ RORγt+ CD4+ TEM cells in CD-associated fistulas 
and these HLA-DR+ RORγt+ cells also displayed higher levels 

plots depicting HLA-DR and CD38 expression in RORγt- (top panels) and RORγt+ (bottom panels) CD4+ TEM cells from fistula scrapings from a patient 
with a cryptoglandular (left panel) or CD-associated fistula (right panel); (K,L) Frequencies of (K) HLA-DR+CD38+and (L) HLA-DR+CD38- in RORγt- and 
RORγt+ CD4+ TEM cells; (M) histograms showing T-bet expression on HLA-DR+ RORγt- (white) and HLA-DR+RORγt+ (gray) CD4+ TEM cells from fistula 
scrapings from a patient with a cryptoglandular (left panel) or CD-associated fistula (right panel); (N) expression levels of T-bet, shown as geoMFI, on 
HLA-DR+RORγt- (open dots) and HLA-DR+RORγt+ (black dots) CD4+ TEM cells from fistula scrapings from patients with cryptoglandular or CD-associated 
fistulas. In (K), (L), and (N), values from populations from the same patient are paired and joined by a line. In (B-D) and (E-G), exact P values from a 
Mann-Whitney test are shown. In (K), (L), and (N), exact p values from a paired 2-way ANOVA with multiple comparisons are shown. Cryptoglandular 
fistula scrapings (n = 11, except for panel [N] where samples with <100 HLA-DR+ RORgt+/- cells were excluded from the analysis, n = 6), CD-associated 
fistula scrapings (n = 10).
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of T-bet, suggesting that activation occurs preferentially in 
cells with a mixed Th1/17 phenotype. Additionally, Th1/17 
cells have been described in the context of actively inflamed 
gut tissue in patients with CD, where they produce both 
IL-17A and interferon (IFN)-γ.36,37 This further strengthens 
our hypothesis that activated CD4+ TEM cells could help to 

distinguish CD-associated from cryptoglandular fistulas. The 
cytokine IL-23 contributes to the polarization of naïve CD4+ 
T cells into IL-17-producing Th17 cells, while IL-12 in turn 
induces the transformation of the highly plastic Th17 cells into 
IFN-γ-producing Th1/17 cells.38 The distinctive presence of 
activated Th1/17 cells in CD-associated fistulas suggests that 

Figure 6. Heterogeneous immune infiltrates around the fistula tract of Crohn’s disease patients. Visualization of the structure (A) and the spatial 
distribution of the major immune lineages (B) and activated CD4+ T cells (C) in one single representative region of interest (ROI) of 5 different patients 
by imaging mass cytometry. Each color represents a cell type as indicated in the legend. Abbreviations: α-SMA, α-smooth muscle actin; CD, cluster of 
differentiation; ILC, innate lymphoid cell.
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the monoclonal antibody ustekinumab, directly targeting the 
common p40 subunit of IL-12 and IL-23, could be effective 
in patients with perianal CD (pCD). In a systematic review, 
Brewer et al showed perianal improvement after induction 
with ustekinumab in 110 (31.6%) of 348 patients. Fistula re-
mission was observed in 69 (24.7%) of 279 patients. In the 
same article, the authors performed a meta-analysis and data 
from CERTIFI and UNITI trials were included in the post hoc 
pooled analysis. These randomized controlled data (n = 150 

patients treated with ustekinumab; n = 71 patients treated 
with placebo) showed at 8-week follow-up a fistula response 
in 26.0% of patients treated with ustekinumab compared 
with 16.9% fistula response in placebo patients (P = .14). The 
rate of complete fistula resolution at 8 weeks was 24.7% in 
ustekinumab-treated patients compared with 14.1% in pla-
cebo patients (P = .073).39 Prospective randomized trials are 
needed to further elucidate long-term efficacy of ustekinumab 
and other biologicals for pCD. In the case that effector 

Figure 7. Homotypic and heterotypic cellular interactions of activated CD4+ T cells in CD-associated fistula tracts. A, The percentages of HLA-DR+CD4+ 
T cells interacting with an immune cell phenotype displayed on the y-axis. The immune cell phenotypes that are significantly interacting (Z-score >2.0) 
with HLA-DR+CD4+ T cells are shown. B, Visualization of the interaction of HLA-DR+CD4+ T cells with other CD4+ T cells (top row), B cells (middle row), 
and CD14+CD68+CD163+/- cells (bottom row). The cell colors match those in panel A.
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memory Th1/17 cells do actively produce IFN-γ in the fis-
tula tract of CD patients, it remains to be shown whether 
blocking IL-12/IL-23 can prevent this from happening. Due 
to the chronic nature of inflammation in the tracts, simulta-
neously targeting other inflammatory cells, such as fibroblasts 
and macrophages, together with activated T cells, might help 
break the cycle of tissue damage.

In the primary mass cytometry data set, we observed 
that frequencies of both HLA-DR+CD38+ CD4+ T and 
HLA-DR+CD38+ CD8+ T cells were significantly increased 
in CD-associated perianal fistulas compared with 
cryptoglandular fistulas. In a second cohort of patients, spec-
tral flow cytometry was employed, revealing a clear and sig-
nificant increase in the frequency of HLA-DR+CD38+ CD4+ 
T cells, distinctly differentiating CD-associated fistulas 
from cryptoglandular fistulas, and thus confirming the 
mass cytometry data. However, no significant difference 
was observed in HLA-DR+CD38+ CD8+ T cells between 
the 2 patients groups. Nevertheless, although HLA-DR+ 
CD38+ CD8+ T cells do not distinguish CD-associated from 
cryptoglandular fistulas, they are present in both types of 
fistulas and may play a role in the pathogenesis and persist-
ence of fistulas. We observed (Supplementary Figure 8) that 
this phenotype expresses granzyme B in both CD-associated 
and cryptoglandular fistulas, suggesting a likely cytotoxic 
function. It would be of interest to study the functional role 
of these cells in perianal fistulas in future studies.

To our knowledge, we are the first to investigate the spa-
tial localization of innate and adaptive immune cells in 
CD-associated fistulas in great depth. Imaging mass cytometry 
with over 40 immune cell markers simultaneously and coupled 
to a cell segmentation analysis pipeline26 allowed for visuali-
zation of complex phenotypes, including the HLA-DR+ CD4+ 
TEM cells. Interestingly, HLA-DR+ CD4+ TEM cells colocalized 
mainly with cells displaying the same phenotype, other CD4+ 
T cells, and CCR6+ B cells. The interaction with B cells has 
been described in both IBD and other immune-mediated 
diseases. In seropositive synovial samples from patients with 
RA, activated PD-1+CXCR5+ and PD1+CXCR5- CD4+ T cells, 
also expressing HLA-DR and CD38, were found adjacent to 
B cells.40 Moreover in CD, Martin et al observed the produc-
tion of CXCL13, a B cell attractant, in a subset of T cells 
that expressed HLA-DR and CD38 mRNA in samples from 
inflamed ileum.33 Collectively, these results suggest that acti-
vated CD4+ T cells could provide B cell help. Furthermore, 
in one of the fistula tracts, IMC analysis revealed the pres-
ence of an organized cluster of cells with a B cell-rich center 
surrounded by a T cell-rich zone and myeloid cells in the 
outer layer (Figure 6B #1). This cluster might be an ectopic 
lymphoid-like structure (ELS), which is linked to deleterious 
outcomes in certain autoimmune conditions.41 In RA, for 
example, it is associated with inadequate response to anti-
TNF.42 Concurrently, in inflamed CD lesions, activated CD4+ 
T cells are part of a module that mediates nonresponsiveness 
to anti-TNF.33

Finally, we observed the presence of macrophages in close 
proximity to the activated HLA-DR+ CD4+ T cells. Martin et 
al described chemokine-receptor pairs including CXCL9 and 
CXCL10 in dendritic cells and macrophages, whose receptor 
was highly expressed on activated T cells, among others.33 
Our data show the activated HLA-DR+ CD4+ T cells also ex-
press CXCR3 (Supplementary Figure 7I), suggesting a role 

for CXCL9/CXCL10 and CXCR3 interaction for attracting 
macrophages and activated T cells in perianal fistulas in 
CD patients. Additionally, our observations indicate that 
proliferating Ki-67+ CD4+ T cells, CD8+ T cells, and B cells 
colocalize with macrophages and HLA-DR+ CD45+Lin- cells. 
These findings suggest that these cell types are all involved in 
the local activation, expansion, and spatial organization of 
adaptive immune responses.

In this study, we provide novel insights into the immune cell 
landscape present in both CD-associated and cryptoglandular 
fistulas. These findings provide a rationale for future func-
tional studies, which are essential to enhance the under-
standing of the roles played by these cells and, thereby, to 
develop potential therapeutic targets. Subsequent studies 
should prioritize investigating this. The small sample size 
in this study is a clear limitation. The substantial heteroge-
neity within the cohort and the small sample size preclude 
our ability to examine, among other things, the influence of 
various therapies on immune cell populations and the corre-
lation between the frequency of these activated Th cells with 
therapy refractoriness and the necessity for a stoma. Hence, 
in a subsequent study, it would be necessary to collect a larger 
longitudinal cohort to determine whether these activated Th 
cells are linked to fistula development in patients with CD.

For the included patients in the cryptoglandular fistula 
group, a FCP test and endoscopy were not routinely performed 
during sample collection to rule out CD. However, it is note-
worthy that all included patients with a cryptoglandular fistula 
exhibited a favorable disease course without abnormalities or 
EIM. In the future, we would recommend both FCP assess-
ment and endoscopy when dealing with cases of recurrent 
fistulas where CD has not yet been diagnosed.15

Crohn’s disease–associated and cryptoglandular perianal 
fistulas differ substantially in treatment and prognosis. It is 
therefore essential to find clues to differentiate between them 
and to develop new targeted therapies for CD patients with 
treatment-refractory fistulas. In this work, we revealed HLA-
DR+CD38+ CD4+ T cells to be exclusively associated with 
inflammation in CD fistula tracts. The same phenotype was 
increased in peripheral blood of fistula-bearing CD patients 
compared with fistula-bearing patients without CD. These 
HLA-DR+CD38+CD4+ T cells are in close vicinity to B cells 
and potentially provide B cell help. Targeting HLA-DR and 
CD38-expressing CD4+ T cells may offer a potential new 
therapeutic strategy for CD-related fistulas.
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Supplementary data is available at Inflammatory Bowel 
Diseases online.
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