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Abstract 

Behcet’s disease (BD) is a form of vasculitis characterized by complex multi-organ manifestations that 
may frequently recur and induce major tissue damage.  Although genetic association studies have 
identified a number of risk factors, the etiology of BD and its tissue manifestations remains unknown, and 
the landscape of immune responses in BD is opaque, particularly in terms of inflammatory recurrence. In 
this study, we mapped the transcriptomes of the immune cell compartment in BD at single-cell resolution, 
sampling both circulation and affected skin in order to chart the immune interplay driving pathogenesis. 
Through comprehensive expression and communication analysis of the twenty major cell types identified, 
we observe striking mechanistic differences in immune response between BD skin lesions and peripheral 
circulation involving TNF signaling and T cell migration. Through integrated TCR sequencing, we 
further discover a pattern of clonal sharing between circulating and skin CD8+T cell populations along a 
trajectory defined by the acquisition of tissue-residential properties. In addition, we also identify a 
population of expanded CD4+ Tregs with the propensity to produce IL-32. Instead of suppressing effector 
T cell proliferation and function, IL-32 triggers increased expression of CD97, and may thus encourage 
prolonged local T cell activity in the skin. Collectively, our data serve to advance understandings of 
contributions of varying immune cell types to BD pathogenesis in the vasculature and skin, as well as the 
lifecycle patterns of T cells clones in this context. These data may also assist in further investigations of 
the mechanisms contributing to Treg dysfunction in systemic autoimmunity, while generating a 
conceptual model of T cell function contributing to BD recurrence. 
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Introduction 

Behcet’s disease (BD) is a recurrent form of vasculitis characterized by complex, multi-organ, 
manifestations involving mucosal membranes, skin, eyes, and other tissues1. These inflammatory 
manifestations often run a course of remission and relapse, and may cause significant tissue damage and 
negatively impact patient quality of life2. While the precise etiology of BD remains unclear, aberrant 
immune responses has long been appreciated to be a dominant contributor, with early genetic linkage 
studies demonstrated an association between class I major histocompatibility (MHC) complex molecules 
and BD, particularly HLA-B*513,4. Larger-scale genome-wide association studies have confirmed this 
association, and have further identified a number of other risk alleles impacting genes responsible for 
modulating immune response, such as IL10, IL23R-IL12RB2, and IFNGR15,6,7. Functional studies of 
immune cells isolated from BD patients have also reported altered behavior across multiple populations, 
including increased T cell oligoclonal expansion8 and cytokine production9, increased memory B cells of 
certain isotypes10,11, and M1-skewing of macrophages12, among many others. However, many of these 
studies have focused on changes in peripheral circulation, and are limited in scope to pre-defined cell 
populations, while a fuller census of the cell types involved is currently lacking. Furthermore, it is unclear 
how these different cell types interact with each other to drive vasculitis, and whether these patterns of 
behavior are also responsible for mediating the inflammatory organ manifestations seen in BD.  

While simultaneous assessments across differing immune cell populations has traditionally been arduous 
due to the throughput limitations, advances in library construction methodologies in recent years have 
made it increasingly possible to concurrently profile transcriptomes of  distinct cell types at single-cell 
resolution and census cell types in a systematic manner13. Further technological advances have been made 
it possible to recover of specific T cell receptor (TCR) and B cell receptor (BCR) sequences in single cells 
to simultaneously classify the adaptive immune repertoire in complex samples14. While these technologies 
have already been applied to classify immune cell type heterogeneity and T cell clonal behavior in 
multiple contexts, including cancer15, and infection16, these tools have yet to be fully applied in the 
context of autoimmunity and rheumatologic disorders such as BD17. In this manuscript, we utilize 
scRNAseq and scTCRseq to map for the first time the immune cell types present in peripheral circulation 
and inflamed skin of patients with BD. We perform detailed functional analysis of the molecular 
pathways, cell types, and communication patterns showing differential regulation between skin lesions 
and circulating immune cells in BD, both compared internally and as compared to similar cell types 
identified in healthy controls. We also develop a novel computational approach to trace the behavior of 
CD4+ and CD8+ T cell clones across circulation and skin in BD. The unified analyses presented here 
may serve as a valuable resource for understanding the behavior of specific immune cell types that 
contribute to BD pathogenesis.  

Materials and Methods 

Functional analysis of single-cell data 

Functional analyses of pathway enrichment were performed using the GSEA method18 using the 
Reactome knowledgebase19. Since droplet-based scRNAseq data tends to show sparse expression 
in individual cells, each cluster was sampled 5 times to generate bulk profiles of 100 cells each 
for more accurate comparisons. Functional communication analyses were performed using the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


CellChat package20 in R using the built-in human receptor-ligand reference database. Trajectory 
inference was performed using the Slingshot package21 in R run on the first two dimensions of 
UMAP embedding. Identification of genes displaying significant changes in expression over the 
course of pseudotime progression was performed using the TIPS package22 in R. Network 
visualization of the expression correlation between progression-associated genes was obtained 
through Fruchterman-Reingold force-directed expansion in Gephi. Other visualizations were 
drawn using the ggplot223, UpSetR24, and pheatmap25 packages in R.  

Integrated analysis of scTCRseq data 

To integrate TCR sequences with transcriptome data, we first filtered out cells with multiple 
distinct TCRβ and/or >2 TCRα chains as potential doublets, and matched the remaining TCR 
sequences to their originating cell based on cell barcode. Clonal homeostasis analysis within 
specific T cell subsets was performed by tabulating the number of cells corresponding to a single 
TCRβ clonotype in each population. Morista-Horn similarity between cell types was computed 
based on cell counts of each clonotype using the abdiv package26 in R. TCR clustering was 
performed using the GLIPH2 algorithm27 with full substitution matrixes.  

Flow Cytometry 

PBMCs were isolated from peripheral blood of healthy donors by density gradient separation 
(Lymphoprep, Stem Cell Technologies) and cryopreserved in 90% FBS (Gibco) and 10%DMSO (Sigma-
Aldrich). Prior to experimental manipulation, PBMCs were recovered and rested overnight. Single-cell 

suspensions of rested PBMCs were aliquoted into plates pre-coated with anti-CD3 (clone：UCHT1, 

Biolegend) and anti-CD28 (Clone:CD28.2, Biolegend) antibodies according to manufacturer’s protocol at 
a density of 1X106/mL to induce TCR activation. 200ng/mL recombinant human (rh) IL32γ (4690-IL-
025/CF, R&D Systems) or solvent control was given at the same time, and cells were incubated at 37°C 
in 5% CO2 and 100% humidity in RPMI-1640 supplemented with 10% FBS and 100ug/ml 
penicillin/streptopmycin (Gibco).   

For intracellular cytokine production experiments, cells were maintained for 3 days, and further 
stimulated with a cocktail of (1 µg/mL Iomomycin; 50 ng/mL phorbol-12-myristate 13-acetate (PMA); 3 
µg/mL Brefeldin A (BFA)) for 4 hours priors to collection. Cells were then harvested and stained with a 
amine-reactive dye (NIR, Invitrogen) and surface antibodies against CD3, CD4, and CD8 (BD 

Bioscience). Intracellular staining (BDB554714，BD) was performed according to the manufacturer’s 

protocol using antibodies against TNF, IL2, GZMB (BD Bioscience), and IFNγ (Invitrogen). For cell 
proliferation experiments, cells were labeled with Celltrace (1922850, Invitrogen) according to the 
manufacturer’s protocol. Cells were then incubated for 6 days prior to collection, and stained with 
antibodies against CD3, CD4, CD8, CD97 (BD Biosciences), PD1, CXCR6, and CD57 (Biolegend).     

Human Treg Differentiation  

CD4+ naive T cells were isolated from healthy donors’ peripheral blood by CD4 MicroBeads according 
to the manufacturer’s protocol (Miltenyi). A non-differentiated control group (Th0) was treated with anti-
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CD28 Ab and rhIL2 (Biolegend) alone, while Tregs were differentiated through treatment with anti-CD28 
Ab, rhIL2 and rhTGFβ (LS-G4063, R&D Systems). Th0 and Treg groups were also exposed to rhIL32γ 
to assess the impact of the cytokine on differentiation efficacy. Cells were harvested at 3 days and stained 
with surface antibodies against CD4 and CD25 (BD Bioscience), processed using a transcription factor 
buffer kit (Biolegend), and subsequently stained with antibody against FOXP3 (Biolegend).  

Results 

Immune cell atlas of Behcet’s disease 

In order to more completely characterize the immune response underlying Behcet’s disease, we first 
performed paired scRNAseq and scTCRseq on peripheral blood of four patients and affected skin samples 
from two patients (Fig1A). Stringent filtering based on quality control metrics yielded a total of 39,820 
high-quality single-cell transcriptome profiles (FigS1A). Following dimension reduction and clustering, 
20 major cell populations were identified and annotated based on their expression profiles (Fig1B, 
TableS1). These population-characteristic genes were both highly expressed and largely cluster-unique 
(Fig1C, TableS2).  

Many of these populations have been previously described to have altered counts and/or function in BD. 
For instance, three populations of B cells were identified, corresponding to naïve, memory, and plasma 
phenotypes. Consistent with previous reports, we observed a high ratio of memory cells to naïve cells in 
both the blood and skin of BD patients (FigS2), with a substantial proportion of these memory cells being 
IgA-secreting clones. At the same time, we were also able to capture rarer cell populations, including γδT, 
which have been suggested to be functionally restrained in BD28, as well as natural killer cells, whose 
potential contribution remains to be explored29. We also observed significant numbers of rare T cell types, 
including mucosal-associated invariant T cells reactive to antigen presented by MR1 and which have been 
suggested to contribute to inflammatory pathogenesis in other forms of vasculitis30,31, as well as double-
negative αβT cells expressing neither CD4 nor CD8, which have been previously reported to be increased 
in BD32. By capturing the transcriptome profiles of significant numbers of these rare cell types, together 
with larger macrophage and conventional T cell populations in both skin and circulation, we are thus able 
to create an unbiased census of the cell types potentially involved in both vasculitis and skin 
manifestations. This survey can consequently serve as the basis for the further functional and lineage 
analyses into BD pathogenesis. 

Genetically-associated markers of Behcet’s disease are abundantly expressed 

A substantial number of studies have been performed to identify risk alleles and genes associated with 
susceptibility to BD across multiple populations, but the expression distribution of many of these 
identified markers across immune cell populations has been hitherto unclear. At the same time, other 
studies have identified specific functional aberrations in specific populations in BD, but have been unable 
to address their relation to BD risk alleles. Taking advantage of the resolution offered by scRNAseq, we 
mapped the expression levels of genetically-associated risk genes across the cell types identified in our 
dataset (Fig2A, FigS3) to synthesize these two lines of knowledge. Interestingly, we observed that many 
markers demonstrated focused expression, such as CCR1, TLR4, NOD2, and MEFV, which were almost 
exclusively found in macrophages of both skin and peripheral circulation (Fig2B). Similarly, the 
transcription factor FOXP3 was exclusively expressed in CD4+ Tregs, and FCRL3 was only found in B 
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cells and some CD4+T populations. At the same time, other genes, including TNFAIP3, HLA-B, UBAC2, 
STAT4, and GIMAP4 were highly expressed and detectable across a large majority of the immune 
populations analyzed. As such, these patterns suggest that both defects in specific populations and more 
general mutations can contribute to BD pathogenesis. 

Interestingly, some of these broadly expressed markers also showed differential expression between 
peripheral blood and skin populations. In particular, expression of TNFAIP3 (encoding for the key 
signaling adaptor A20) was elevated in skin T cell populations compared to their peripheral blood 
counterparts, while expression of GIMAP4 was significantly lower. TNFAIP3 has been demonstrated to 
serve as a negative regulator of inflammation by being induced by TNF, and subsequently restraining, 
TNF-driven apoptosis via NF-kB. Intriguingly, mutations in TNFAIP3 associated with BD have been 
reported to involve a loss-of-function in its suppressive capability. These indications thus raise the 
possibility that the increase of TNFAIP3 in skin populations may be the result of active TNF stimuli, but 
that the expressed protein may not be sufficiently potent to suppress TNF downstream effects. At the 
same time, GIMAP4 has previously been reported to regulate the secretion of the IFNγ33 and decrease 
during differentiation towards Th2 cells34, suggesting that downregulation of this factor may be involved 
in enabling differentiation of CD4+T cells towards non-Th1 fates observed in the skin during BD. 

Differential characteristics between skin and peripheral immune cells in Behcet’s Disease 

Having already observed some significant differences between skin and peripheral immune cell 
populations within the genetically-associated markers analyzed above, we then sought to 
comprehensively catalogue these changes over the entire transcriptome. Labeling of individual cells in the 
UMAP space based on tissue origin revealed that the relative percentages of many populations varied 
significantly (Fig3A). Of note, we observed that naïve CD8+T cells and ISGhi CD8+T cells were very 
rarely observed in the skin, while CD4+T Tregs and DN effector T cells were prominently enriched 
therein (Fig3B). A significantly lower percentage of macrophages were also found in the skin, while 
relative proportions of B and NK populations were relatively similar.  

Interestingly, differential expression analysis demonstrated that individual cell populations also tended to 
show substantial transcriptome differences between skin and peripheral blood (Fig3C). While a few of 
these differences were shared across multiple populations at statistically significant levels (FigS4), the 
majority were constrained to one or two, indicating that these differences were unlikely to result from 
systemic biases in sequencing. Functional analyses of these differences in macrophages, the population 
with the greatest apparent variation, demonstrated that circulating macrophages showed elevated 
interferon signaling and toll-like receptor (TLR) signaling, as well as increased expression of MHC Class 
II antigen presentation machinery (Fig3D). Similarly, circulating memory B cells showed higher 
interferon signaling and FCGR activation compared to their counterparts in the skin (Fig3G). These 
results, coupled with the higher proportions of circulating ISGhi CD8+T cells observed, suggested that 
interferon activity may figure prominently in driving the underlying vasculitis phenotype contributing to 
BD, but may be less critical to its dermal pathogenesis. 

To further evaluate this hypothesis, we then performed enrichment comparisons against macrophages and 
B cells derived from healthy controls in a publicly available dataset35. Consistent with our expectations, 
circulating macrophages from BD patients had increased enrichment for pathways associated with 
interferon signaling, TLR signaling, as well as chemotaxis (Fig3E). Similarly, circulating memory B cells 
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from BD patients displayed enriched interferon signaling, FCGR activation, and BCR regulation 
compared to those from healthy controls (Fig3H). Collectively, these results support our observation that 
inferno activity may intimately affect the functions of multiple circulating immune cell populations in BD.   

At the same time, macrophages derived from the skin of BD patients showed elevated activity in NF-kB 
as mediated through antibody receptor signaling, as well as TNFR2, together with increased IL-12 
signaling (Fig3F). Furthermore, skin memory B cells showed prominent alterations in IL-1, IL-12, and 
BCR downstream signaling (Fig3H-I). These results indicate that circulating and skin macrophage and 
memory B cell populations are functionally distinct from their counterparts in healthy skin and circulation, 
and furthermore distinct in different ways. Furthermore, the skin environment appears to significantly 
reshape these inflammatory signatures seen in the periphery towards a local response profile, with a 
potential sensitivity to NF-kB activation. 

In order to further understand the mechanisms contributing to local education of immune cell populations 
in the skin of BD patients, we then categorized the differential communication patterns between immune 
populations in the skin and peripheral circulation based on well-annotated receptor-ligand interactions. 
UMAP classification of these interactions demonstrated showed that many of these interactions were 
shared in both tissues on a general level (Fig4A, FigS5-6). In agreement with our observations above, 
ISGhi CD8+T cells appear to play a significant role in mediating immune cell crosstalk in peripheral 
circulation where they appear in large numbers, but not in skin tissue where they are scarce (Fig4B). On 
the other hand, a number of signaling interactions were enriched in skin compared to peripheral 
circulation. For instance, we could observe highly elevated TNF communication among skin immune 
populations (Fig4C), consistent with the increase in TNFAIP3 expression in the skin we observed above. 
TNF has long been suspected to play a role in the pathogenesis of BD, and treatment using anti-TNF 
antibodies has been demonstrated to have considerable efficacy in BD cases with skin and mucosal 
involvement36. Signaling via ADGRE5 (encoding for CD97), a surface molecule known to be involved in 
immune cell migration37,38, was also increased among skin immune populations (Fig4D, 4G). Similarly, 
we could observe a striking increase in C-C motif chemokine ligand (CCL) signaling between immune 
populations in the skin (Fig4E). Of note, we could observe that while expression of the chemokine CCL5 
could be found in both skin and circulating T cells populations, expression of the chemokine receptor 
CCR4 was almost exclusively found among skin T cell types (Fig4F). While the mechanisms driving 
immune cell infiltration to the skin in BD has not been previously clarified, CCR4 expression has been 
reported to be a major contributor to skin-homing in the context of other autoimmune diseases and 
infection39. As such, these results suggest that the skin manifestations of BD may involve substantially 
different immune cell response compared to circulation. Differences in cytokine signaling and cell 
migration may be particularly important causal drivers of this variation. 

Skin-infiltrating and circulating CD8+T share clonal origin and progress to acquire tissue-
residential characteristics  

While the results above indicate that skin-infiltrating and circulating populations both mount an active 
immune response in BD patients, matching cell types in the two tissues were also be found to display 
differential gene expression and cellular crosstalk characteristics. As such, the precise connection between 
these matching cell types is unclear. To resolve this question, we then utilized TCR repertoire information 
obtained from concurrent scTCRseq of the same cells to trace the clonal origins of skin-infiltrating T cells. 
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Following maturation in the thymus, the vast majority of mature αβT cells will enter into circulation as 
naïve cells, with almost every cell displaying a unique TCR sequence corresponding to their antigen 
specificity. Per common understanding, these naïve αβT cells cannot alter their TCR sequence following 
thymal egress. However, they may proliferate into a large pool of cells following encounter and activation 
by their cognate antigens in a process of clonal expansion. Clonally expanded T cells may then distribute 
across tissues and/or migrate to sites of inflammation to carry out their effector functions. Importantly, 
during this expansion process, cells of a single clonal lineage may adopt distinct phenotypes as a result of 
exposure to environmental stimuli (such as cytokines, metabolites, etc.), as well as asymmetric cell 
division (ACD, wherein a proliferating cell divides into two daughter cells with differing phenotypes). As 
a result, examination of TCR sequences reads out a genetic record tying all T cells of a single clonal 
lineage. 

Within the CD8+T cell populations we observed in BD patients, we found that the naïve and ISGhi 
populations in both skin and circulation were composed exclusively of rare, low-frequency clonotypes, 
indicating that these populations were unlikely to have undergone clonal expansion. However, circulating 
CTL and Trm populations were dominated by highly expanded clonotypes (Fig5A). These latter two 
populations were also expanded in the skin, albeit to a lesser extent. Concurrent examination of the 
transcriptomes of these cells also indicate that GZMK+, CTL, and Trm populations feature elevated cell 
cycle activity, consistent with expectations that these cells have undergone clonal expansion (FigS7). 

To understand the lineage relation between these differing CD8+T phenotypes, we next assessed the 
similarity between the disparate populations in skin and circulation. Clustering based on clonotype 
similarity revealed that circulating and skin-infiltrating GZMK+ and CTL populations featured a large 
degree of overlap, while naïve and ISGhi populations were composed of distinct repertoire pools (Fig5B). 
Intriguingly, we also found significant similarity between circulating GZMK+ cells and skin-infiltrating 
GZMK+, CTL, and Trm populations, and this similarity was found to be supported by substantial 
numbers of overlapping clones (FigS7, TableS3). Furthermore, clustering of TCRβ sequences across the 
six cell types with notable clonal expansion revealed that a notable portion of global patterns and 
sequence motifs could be found to span clonotypes observed in skin and circulation (Fig5C-D). 
Collectively, these results suggest that memory and effector CD8+T clones in BD patients may 
disseminate to both skin and circulation, and demonstrate that single clonotypes may efficiently migrate 
between the two sites. As such, we can infer that differences in transcriptome and communication 
characteristics do not preclude the same antigenic drivers from influencing BD pathogenesis in both skin 
and circulation. 

To further explore this indication, we then performed trajectory analyses on the CD8+T cell populations 
showing significant clonal overlap. Interestingly, a single differentiation path was inferred to be the most 
likely model, wherein GZMK+ memory cells may differentiate into CTLs before then acquiring tissue-
resident properties (Fig5E). Consistent with this model, this progression trajectory involves a change in 
the expression of key transcription factors, with EOMES expression decreasing past the GZMK+ memory 
stage, and ZNF683 expression being dominant in Trm cells (Fig5F). In contrast to CTL effectors, Trm 
cells also display lowered expression of cytotoxic effector molecules, consistent with their memory 
phenotype (Fig5G). Furthermore, the terminal Trm population is enriched for ITGB1, an integrin 
expressed late on during immune response associated with mediating tissue residence, and also show 
enhanced expression of the CD5 molecule required for regulating TCR affinity (Fig5H). Taken together, 
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these results indicate that a single pool of memory CD8+T cells mediating immune response in the skin 
and circulation may diversify to adopt distinctive tissue-specific phenotypes over time. Since these tissue-
resident cells may subsequently accelerate regional response upon future exposure to antigen, we 
hypothesize that this local conversion may contribute to recurrence of inflammation in BD patients, with 
one round of inflammation laying the groundwork for subsequent recurrence in the future by establishing 
local residential populations.   

Skin CD4+T cells include a population of expanded Tregs enriched for IL-32 expression 

CD4+ T cells are known to produce substantial amounts of cytokines and engage in intracellular 
communication to maintain inflammatory microenvironments. In order to investigate the factors 
contributing to CD8+T cells adopting tissue residence in the skin during BD pathogenesis, we next 
considered the possibility that differentiated CD4+T cell types may play an important role. In particular, 
we considered the possibility that the expanded population of CD4+T Tregs observed in the skin may 
play a role, since Tregs are known to influence CD8+T cell behavior40. Trajectory analysis of the five 
CD4+T cell populations identified yielded three distinct paths jointly emerging from naïve CD4+T cells, 
wherein a portion of cells undergoing an early branching event to progress into CD4+T Tregs, while the 
remainder branch during a memory-like KLRB1+ stage into Th2 and Th17 cells (Fig6A, FigS8). Closer 
inspection of the naïve CD4+T cell to Treg path demonstrated that skin Tregs occupied the end stage of 
this differentiation trajectory, while naïve cells could be more frequently observed in at the start in 
peripheral circulation (Fig6B-C). These results suggest that the increase in skin Tregs in BD patients may 
be driven by mechanisms distinct from those regulating Th2 and Th17 populations.  

Interestingly, cell cycle scoring along the Treg differentiation trajectory further demonstrated that while 
naïve T cells were largely quiescent, the Treg population also displayed signs of proliferation (Fig6D). To 
clarify this point, we then performed TCR repertoire analysis. Intriguingly, these skin Tregs included a 
portion of cells of common clonal origin and matching TCRβ sequences, a phenomena not seen in 
circulating Tregs (FigS9, FigS6E), indicating that these cells are highly likely to have truly proliferated. 
Clonotype similarity analysis further demonstrated that skin Treg clonotypes show a slight overlap with 
skin naïve cells and circulating Tregs, but no overlap with circulating naïve cells (FigS9). Unfortunately, 
the repertoire similarity and overlap levels among CD4+ T cell populations were notably lower than those 
observed in CD8+T cells, and expanded clone sizes were also smaller, making it difficult to draw further 
inferences regarding their clonal origin. Nonetheless, these results raise the possibility that the expansion 
in skin Tregs observed in BD patients may be influenced by local proliferation. 

To further investigate the origin of these expanded Treg cells, we then carefully examined their 
transcriptome signatures. Network analysis of the factors most strongly positively associated with 
progression towards the Treg phenotype demonstrated that naïve cells were primarily enriched for 
ribosome components, together with the surface receptor CCR7 and transcription factor TCF1, and that 
expression of these factors declined over time (Fig6F). In contrast, progression to the Treg phenotype 
included a change in several transcription factors, including BATF, IKZF2, and FOXP3 (Fig6G). 
Interestingly, we also observed prominent expression of the cytokine IL32 to be associated with Treg 
progression, and Treg expression of this cytokine was the highest compared to other cell types (FigS10). 
At the same time, these Tregs did not appear to express significant levels of inhibitory factors, such as 
IL10. To validate the expression of IL32 in skin Tregs, we then performed immunofluorescent staining of 
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skin biopsy samples from five patients with BD. Consistent with the sequencing results, we observed 
strong IL32 signal in FOXP3+ skin Tregs (Fig6H). Collectively, these results suggest that skin Tregs in 
BD represent a distinctive cell population with unique functional characteristics. 

IL32 does not enhance regulatory T cell function but increases CD97 signaling 

Tregs have been demonstrated to exert their regulatory function through a number of different molecular 
mechanisms, including secretion of cytokines such as IL-10 and TGFβ, increasing environmental 
adenosine levels via CD39 and CD73, and suppressing antigen-presenting cell function via surface 
ligands such as CTLA-4 and LAG341. Tregs are also widely appreciated to exert their suppressive 
functions in both circulation and at tissue sites, with tissue Tregs being understood to be primed towards 
homeostatic responses under physiological conditions42. However, the role of IL-32 secretion in Tregs has 
not been clearly defined. In order to further explore the functional significance of the production of this 
cytokine, we first examined its possible impact on T cell behavior. Initial differentiation experiments 
demonstrated that IL32 did not have a substantive effect on the proportion of Tregs induced from PBMCs 
isolated from healthy donors (Fig7A). Furthermore, in vitro addition of IL32 to cultures of PBMCs 
isolated from healthy donors did not appreciably impact the proliferative ability of either conventional 
CD4+T or CD8+T cells in response to canonical TCR activation (Fig7B). At the same time, IL32 also 
failed to show a significant impact the expression of key pro-inflammatory cytokines such as TNF or 
IFNγ (Fig7C). Taken together, these results indicate that IL32 derived from Tregs is unlikely to have an 
inhibitory effect on T cell function. 

Since IL32 did not show a suppressive impact on T cell cytokine production, we then examined the 
possibility that it may impact the intracellular communication networks we had observed to vary between 
skin and peripheral blood. Expression of the chemokine receptor CCR4 and the skin-homing marker CLA 
were not notably effected by IL-32 stimulation (data not shown). However, we found that prolonged 
stimulation with IL32 highly increased T cell surface expression of CD97 (Fig7D). Of note, this striking 
increase came on top of the increase caused by canonical TCR activation (Fig7E). This increase coincided 
with a significant increase in CD97-CD55 mediated communication between skin immune populations 
relative to peripheral circulation seen earlier. Collectively, these results thus indicate that not only does 
IL32 not have a direct suppressive effect on T cell responses; it may also contribute to T cell infiltration 
and tissue invasion through CD97 signaling, and accelerate BD pathogenesis. 

Discussion 

Defects in both the relative proportion of Tregs, and individual suppressive function of Tregs to restrain 
CD4+ and CD8+ T cell-mediated immune responses, have been widely reported to occur in a number of 
autoimmune diseases, including various types of vasculitis43,44. A number of previous reports have sought 
to address the changes in relative proportion of circulating Tregs in BD patients, generally showing of 
decreases45,46,47 in Treg percentages in active BD patients relative to healthy control. Treg percentages in 
BD patients have also been shown to change substantially in response to treatment48,49. However, whether 
the decrease in Tregs also extends to sites of BD tissue manifestation has not been previously 
demonstrated, and the functional capabilities of Tregs in the context of BD have not been clearly 
examined. From our results, we observe that the percentage Tregs is in fact quite high in the skin of 
patients with BD when compared to circulation. Furthermore, we observed that these skin Tregs showed 
signs of clonal expansion, and expressed high levels of the cytokine IL32.  
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High Treg expression of IL32 has been previously reported to be positively associated with inflammation 
in the context SARS-Cov-2 infection50, a condition wherein Tregs have been shown to display dramatic 
perturbations51, and has been suggested to permit Tregs to carry out pro-inflammatory functions. This 
latter presumption has been supported by abundant evidence in innate immune cells that IL32 can induce 
the differentiation of monocytes into mature macrophages52, while also stimulating the expression of co-
stimulatory molecules and cytokines in macrophage and dendritic cell populations53,54. These effects have 
also been showed to indirectly influence T cell behavior, particularly in terms of CD4+T cell 
differentiation55. From our results, we found that IL32 also holds an additional capability in increasing the 
expression of CD97 on activated CD8+T cells, and CD97 signaling was elevated in skin-infiltrating 
CD8+T cell populations. These indications thus suggest that the high proportions of IL32-expressing 
Tregs are likely to be dysfunctional, and instead act as positive regulators of tissue damage in the skin of 
BD patients over time. Further validation work into this possibility may shed more light on the full 
importance of these Tregs and other CD4+T cell types to both vascular and dermal pathogenesis in BD. 

Although mutations in HLA-B*51 have long been appreciated to be strongly associated with BD, the 
function and trajectories followed by the CD8+T cells that survey and recognize peptides displayed on 
class I MHC molecules has not explored in detail in this context. Through our integration of scTCRseq 
and scRNAseq data, we observed that CD8+T cells largely fell into three classes of effector (GZMK+, 
CTL, and Trm) phenotypes in both circulation and skin manifestations of BD patients. These phenotypes 
are intimately linked by TCR clonal identity, suggesting that the same T cell clones are capable of 
mediating effector function in both tissues. We further identify through trajectory analysis a 
differentiation trajectory followed by these clones, wherein cytotoxic effector cells may adopt tissue-
resident characteristics during active disease, and consequently establish themselves into a local memory 
population to more rapidly respond to future stimuli. While the contribution of Trm cells in the context of 
BD has been hitherto underappreciated, Trm have been found to mediate long-term antigen memory56 and 
the recurrence of inflammation in multiple skin diseases57. Taken together, our data can thus be 
synthesized into a model for BD recurrence (Fig8) wherein IL32 derived from Tregs may boost the 
adoption of resident characteristics by tissue-infiltrating CD8+T cells during an initial inflammatory 
episode. Prolonged residence of these CD8+T cells may then contribute to repeated recurrence of skin 
lesions in response to future stimuli. Further investigations can clarify the full contribution of these Trm 
cells and their dependence on Treg function in relation BD recurrence, and also address whether the same 
clones will repeatedly function as the protagonists across multiple rounds of active disease.  

In addition, identification of the antigen specificity of these CD8+Trm may help to significantly advance 
our understanding of the cell targets of CD8+T cells in the skin and other affected sites. While our study 
identifies a number of expanded Trm clones that may be autoreactive, we were unable to determine their 
antigen sensitivity. One report has found that a portion of BD patients possess circulating CD8+T cells 
that are responsive to a peptide in MICA as presented by HLA-B*5158, while other autoantigens from 
IRBP might also be sensed59. Longitudinal tracking in BD patients with classified antigen specificities 
may serve to weave together these strands into a complete tapestry of CD8+T cell function in BD.    

While scRNAseq has immense potential for unraveling cell type heterogeneity and functional variations 
in complex environments, it should also be noted that current single-cell technologies also contain 
inherent limitations. For instance, in our current study, we elected to focus on CD45+ mononuclear cells 
in order to optimize cell capture efficiency, thus excluding stromal cells in the skin, as well as 
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granulocytes, which may also play critical roles in BD pathogenesis60. Droplet-based sequencing 
techniques may also be somewhat limited their ability to capture transcripts with low expression levels61. 
As such, future studies that leverage more sensitive detection techniques and sample other cell types may 
be able to further improve the census resolution. Furthermore, while our study identified substantial 
numbers of regulatory and expression differences in immune response between peripheral circulation and 
skin lesions, it is unclear how many of these differences may also extend to other site of BD tissue 
manifestation, such as mucosal ulcers, or the nervous system. Intriguingly, IL32 may be a shared element, 
with a recent report having shown increased IL32 levels in the cerebrospinal fluid of BD patients with 
neurological symptoms62. Further evaluations with longitudinal sampling at other tissue sites may be able 
to address these and other questions regarding BD pathogenesis. 

Acknowledgements 

The authors would like to thank all lab members for their helpful input during discussion of this work. 
This work was funded in part by support from the National Natural Science Foundation of China 

(81971546 and 82171787 to L.Z.) and the Chongqing International Institute for Immunology 

(2020YJC06 to L.Z.). 

 

References   

                                                           

1 Yazici H, Seyahi E, Hatemi G, Yazici Y. Behçet syndrome: a contemporary view. Nat Rev Rheumatol. 2018 
Feb;14(2):107-119. doi: 10.1038/nrrheum.2017.208. 
2 Yazici Y, Hatemi G, Bodaghi B, Cheon JH, Suzuki N, Ambrose N, Yazici H. Behçet syndrome. Nat Rev Dis 
Primers. 2021 Sep 16;7(1):67. 
3 Ohno S, Aoki K, Sugiura S, Nakayama E, Itakura K, Aizawa M. Letter: HL-A5 and Behçet's disease. Lancet. 1973 
Dec 15;2(7842):1383-4. 
4 McGonagle D, Aydin SZ, Gül A, Mahr A, Direskeneli H. 'MHC-I-opathy'-unified concept for spondyloarthritis 
and Behçet disease. Nat Rev Rheumatol. 2015 Dec;11(12):731-40. 
5 Remmers EF, Cosan F, Kirino Y, Ombrello MJ, Abaci N, Satorius C, Le JM, Yang B, Korman BD, Cakiris A, 
Aglar O, Emrence Z, Azakli H, Ustek D, Tugal-Tutkun I, Akman-Demir G, Chen W, Amos CI, Dizon MB, Kose 
AA, Azizlerli G, Erer B, Brand OJ, Kaklamani VG, Kaklamanis P, Ben-Chetrit E, Stanford M, Fortune F, Ghabra M, 
Ollier WE, Cho YH, Bang D, O'Shea J, Wallace GR, Gadina M, Kastner DL, Gül A. Genome-wide association 
study identifies variants in the MHC class I, IL10, and IL23R-IL12RB2 regions associated with Behçet's disease. 
Nat Genet. 2010 Aug;42(8):698-702. 
6 Mizuki N, Meguro A, Ota M, Ohno S, Shiota T, Kawagoe T, Ito N, Kera J, Okada E, Yatsu K, Song YW, Lee EB, 
Kitaichi N, Namba K, Horie Y, Takeno M, Sugita S, Mochizuki M, Bahram S, Ishigatsubo Y, Inoko H. Genome-
wide association studies identify IL23R-IL12RB2 and IL10 as Behçet's disease susceptibility loci. Nat Genet. 2010 
Aug;42(8):703-6. 
7 Ortiz Fernández L, Coit P, Yilmaz V, Yentür SP, Alibaz-Oner F, Aksu K, Erken E, Düzgün N, Keser G, Cefle A, 
Yazici A, Ergen A, Alpsoy E, Salvarani C, Casali B, Kısacık B, Kötter I, Henes J, Çınar M, Schaefer A, Nohutcu 
RM, Zhernakova A, Wijmenga C, Takeuchi F, Harihara S, Kaburaki T, Messedi M, Song YW, Kaşifoğlu T, 
Carmona FD, Guthridge JM, James JA, Martin J, González Escribano MF, Saruhan-Direskeneli G, Direskeneli H, 
Sawalha AH. Genetic Association of a Gain-of-Function IFNGR1 Polymorphism and the Intergenic Region 
LNCAROD/DKK1 With Behçet's Disease. Arthritis Rheumatol. 2021 Jul;73(7):1244-1252. 
8 Esin S, Gül A, Hodara V, Jeddi-Tehrani M, Dilsen N, Koniçe M, Andersson R, Wigzell H. Peripheral blood T cell 
expansions in patients with Behcet's disease. Clin Exp Immunol. 1997 Mar;107(3):520-7. 
9 Shimizu J, Takai K, Fujiwara N, Arimitsu N, Ueda Y, Wakisaka S, Yoshikawa H, Kaneko F, Suzuki T, Suzuki N. 
Excessive CD4+ T cells co-expressing interleukin-17 and interferon-γ in patients with Behçet's disease. Clin Exp 
Immunol. 2012 Apr;168(1):68-74. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                                                                                           

10 Suzuki N, Sakane T, Ueda Y, Tsunematsu T. Abnormal B cell function in patients with Behçet's disease. Arthritis 
Rheum. 1986 Feb;29(2):212-9. 
11 Bashford-Rogers RJM, Bergamaschi L, McKinney EF, Pombal DC, Mescia F, Lee JC, Thomas DC, Flint SM, 
Kellam P, Jayne DRW, Lyons PA, Smith KGC. Analysis of the B cell receptor repertoire in six immune-mediated 
diseases. Nature. 2019 Oct;574(7776):122-126. 
12 Nakano H, Kirino Y, Takeno M, Higashitani K, Nagai H, Yoshimi R, Yamaguchi Y, Kato I, Aoki I, Nakajima H. 
GWAS-identified CCR1 and IL10 loci contribute to M1 macrophage-predominant inflammation in Behçet's disease. 
Arthritis Res Ther. 2018 Jun 12;20(1):124. 
13 Haque A, Engel J, Teichmann SA, Lönnberg T. A practical guide to single-cell RNA-sequencing for biomedical 
research and clinical applications. Genome Med. 2017 Aug 18;9(1):75. 
14 Pai JA, Satpathy AT. High-throughput and single-cell T cell receptor sequencing technologies. Nat Methods. 2021 
Aug;18(8):881-892. 
15 Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, Kang B, Hu R, Huang JY, Zhang Q, Liu Z, Dong M, Hu X, 
Ouyang W, Peng J, Zhang Z. Landscape of Infiltrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. 
Cell. 2017 Jun 15;169(7):1342-1356.e16. 
16 Khatun A, Kasmani MY, Zander R, Schauder DM, Snook JP, Shen J, Wu X, Burns R, Chen YG, Lin CW, 
Williams MA, Cui W. Single-cell lineage mapping of a diverse virus-specific naive CD4 T cell repertoire. J Exp 
Med. 2021 Mar 1;218(3):e20200650. 
17 Zheng Z, Chang L, Li J, Wu Y, Chen G, Zou L. Insights Gained and Future Outlook From scRNAseq Studies in 
Autoimmune Rheumatic Diseases. Front Immunol. 2022 Feb 17;13:849050. 
18 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub 
TR, Lander ES, Mesirov JP. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci U S A. 2005 Oct 25;102(43):15545-50. doi: 10.1073/pnas.0506580102. 
19 Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, Sidiropoulos K, Cook J, Gillespie M, Haw R, 
Loney F, May B, Milacic M, Rothfels K, Sevilla C, Shamovsky V, Shorser S, Varusai T, Weiser J, Wu G, Stein L, 
Hermjakob H, D'Eustachio P. The reactome pathway knowledgebase. Nucleic Acids Res. 2020 Jan 8;48(D1):D498-
D503. doi: 10.1093/nar/gkz1031. 
20 Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, Myung P, Plikus MV, Nie Q. Inference and 
analysis of cell-cell communication using CellChat. Nat Commun. 2021 Feb 17;12(1):1088. doi: 10.1038/s41467-
021-21246-9. 
21 Street K, Risso D, Fletcher RB, Das D, Ngai J, Yosef N, Purdom E, Dudoit S. Slingshot: cell lineage and 
pseudotime inference for single-cell transcriptomics. BMC Genomics. 2018 Jun 19;19(1):477. doi: 10.1186/s12864-
018-4772-0. 
22 Zheng Z, Qiu X, Wu H, Chang L, Tang X, Zou L, Li J, Wu Y, Zhou J, Jiang S, Wan Y, Ni Q. TIPS: trajectory 
inference of pathway significance through pseudotime comparison for functional assessment of single-cell RNAseq 
data. Brief Bioinform. 2021 Sep 2;22(5):bbab124. doi: 10.1093/bib/bbab124. 
23 Wickham H (2016). ggplot2: Elegant Graphics for Data Analysis.Springer-Verlag New York. 
24 Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the visualization of intersecting sets and their 
properties. Bioinformatics. 2017 Sep 15;33(18):2938-2940. doi: 10.1093/bioinformatics/btx364. PMID: 28645171; 
PMCID: PMC5870712. 
25 Kolde R (2019). pheatmap: Pretty Heatmaps. R package version 1.0.12. 
26 Bittinger K (2020). abdiv: Alpha and Beta Diversity Measures. R package version 0.2.0. 
27 Huang H, Wang C, Rubelt F, Scriba TJ, Davis MM. Analyzing the Mycobacterium tuberculosis immune response 
by T-cell receptor clustering with GLIPH2 and genome-wide antigen screening. Nat Biotechnol. 2020 
Oct;38(10):1194-1202. doi: 10.1038/s41587-020-0505-4. 
28 Parlakgul G, Guney E, Erer B, Kılıcaslan Z, Direskeneli H, Gul A, Saruhan-Direskeneli G. Expression of 
regulatory receptors on γδ T cells and their cytokine production in Behcet's disease. Arthritis Res Ther. 2013 Jan 
21;15(1):R15. doi: 10.1186/ar4147. 
29 Petrushkin H, Hasan MS, Stanford MR, Fortune F, Wallace GR. Behçet's Disease: Do Natural Killer Cells Play a 
Significant Role? Front Immunol. 2015 Mar 24;6:134. doi: 10.3389/fimmu.2015.00134. 
30 Braudeau C, Amouriaux K, Néel A, Herbreteau G, Salabert N, Rimbert M, Martin JC, Hémont C, Hamidou M, 
Josien R. Persistent deficiency of circulating mucosal-associated invariant T (MAIT) cells in ANCA-associated 
vasculitis. J Autoimmun. 2016 Jun;70:73-9. doi: 10.1016/j.jaut.2016.03.015. 
31 Ghesquière T, Ciudad M, Ramon A, Greigert H, Gerard C, Cladière C, Thébault M, Genet C, Devilliers H, 
Maurier F, Ornetti P, Quipourt V, Gabrielle PH, Creuzot-Garcher C, Tarris G, Martin L, Soudry-Faure A, Saas P, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                                                                                           

Audia S, Bonnotte B, Samson M. Mucosal-associated invariant T cells in Giant Cell Arteritis. J Autoimmun. 2021 
Jul;121:102652. doi: 10.1016/j.jaut.2021.102652. 
32 Ling E, Shubinsky G, Press J. Increased proportion of CD3+CD4-CD8- double-negative T cells in peripheral 
blood of children with Behcet's disease. Autoimmun Rev. 2007 Mar;6(4):237-40. doi: 10.1016/j.autrev.2006.08.008. 
33 Heinonen MT, Kanduri K, Lähdesmäki HJ, Lahesmaa R, Henttinen TA. Tubulin- and actin-associating GIMAP4 
is required for IFN-γ secretion during Th cell differentiation. Immunol Cell Biol. 2015 Feb;93(2):158-66. 
34 Filén JJ, Filén S, Moulder R, Tuomela S, Ahlfors H, West A, Kouvonen P, Kantola S, Björkman M, Katajamaa M, 
Rasool O, Nyman TA, Lahesmaa R. Quantitative proteomics reveals GIMAP family proteins 1 and 4 to be 
differentially regulated during human T helper cell differentiation. Mol Cell Proteomics. 2009 Jan;8(1):32-44. doi: 
10.1074/mcp.M800139-MCP200. 
35 Theocharidis G, Thomas BE, Sarkar D, Mumme HL, Pilcher WJR, Dwivedi B, Sandoval-Schaefer T, Sîrbulescu 
RF, Kafanas A, Mezghani I, Wang P, Lobao A, Vlachos IS, Dash B, Hsia HC, Horsley V, Bhasin SS, Veves A, 
Bhasin M. Single cell transcriptomic landscape of diabetic foot ulcers. Nat Commun. 2022 Jan 10;13(1):181. doi: 
10.1038/s41467-021-27801-8. 
36 Leccese P, Ozguler Y, Christensen R, Esatoglu SN, Bang D, Bodaghi B, Celik AF, Fortune F, Gaudric J, Gül A, 
Kötter I, Mahr A, Moots RJ, Richter J, Saadoun D, Salvarani C, Scuderi F, Sfikakis PP, Siva A, Stanford M, Tugal-
Tutkun I, West R, Yurdakul S, Olivieri I, Yazici H, Hatemi G. Management of skin, mucosa and joint involvement 
of Behçet's syndrome: A systematic review for update of the EULAR recommendations for the management of 
Behçet's syndrome. Semin Arthritis Rheum. 2019 Feb;48(4):752-762. doi: 10.1016/j.semarthrit.2018.05.008. 
37 Liu D, Duan L, Rodda LB, Lu E, Xu Y, An J, Qiu L, Liu F, Looney MR, Yang Z, Allen CDC, Li Z, Marson A, 
Cyster JG. CD97 promotes spleen dendritic cell homeostasis through the mechanosensing of red blood cells. Science. 
2022 Feb 11;375(6581):eabi5965. doi: 10.1126/science.abi5965. 
38 Leemans JC, te Velde AA, Florquin S, Bennink RJ, de Bruin K, van Lier RA, van der Poll T, Hamann J. The 
epidermal growth factor-seven transmembrane (EGF-TM7) receptor CD97 is required for neutrophil migration and 
host defense. J Immunol. 2004 Jan 15;172(2):1125-31. doi: 10.4049/jimmunol.172.2.1125. 
39 Soler D, Humphreys TL, Spinola SM, Campbell JJ. CCR4 versus CCR10 in human cutaneous TH lymphocyte 
trafficking. Blood. 2003 Mar 1;101(5):1677-82. doi: 10.1182/blood-2002-07-2348.  
40 Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mechanisms of differentiation and function. Annu Rev 
Immunol. 2012;30:531-64. doi: 10.1146/annurev.immunol.25.022106.141623. 
41 Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, Ohkura N. Regulatory T Cells and Human Disease. 
Annu Rev Immunol. 2020 Apr 26;38:541-566. doi: 10.1146/annurev-immunol-042718-041717. 
42 Panduro M, Benoist C, Mathis D. Tissue Tregs. Annu Rev Immunol. 2016 May 20;34:609-33. doi: 
10.1146/annurev-immunol-032712-095948. 
43 Free ME, Bunch DO, McGregor JA, Jones BE, Berg EA, Hogan SL, Hu Y, Preston GA, Jennette JC, Falk RJ, Su 
MA. Patients with antineutrophil cytoplasmic antibody-associated vasculitis have defective Treg cell function 
exacerbated by the presence of a suppression-resistant effector cell population. Arthritis Rheum. 2013 
Jul;65(7):1922-33. doi: 10.1002/art.37959. 
44 Samson M, Audia S, Fraszczak J, Trad M, Ornetti P, Lakomy D, Ciudad M, Leguy V, Berthier S, Vinit J, 
Manckoundia P, Maillefert JF, Besancenot JF, Aho-Glele S, Olsson NO, Lorcerie B, Guillevin L, Mouthon L, Saas 
P, Bateman A, Martin L, Janikashvili N, Larmonier N, Bonnotte B. Th1 and Th17 lymphocytes expressing CD161 
are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis. Arthritis Rheum. 2012 
Nov;64(11):3788-98. doi: 10.1002/art.34647. 
45 Nanke Y, Kotake S, Goto M, Ujihara H, Matsubara M, Kamatani N. Decreased percentages of regulatory T cells 
in peripheral blood of patients with Behcet's disease before ocular attack: a possible predictive marker of ocular 
attack. Mod Rheumatol. 2008;18(4):354-8. doi: 10.1007/s10165-008-0064-x. 
46 Gündüz E, Teke HU, Bilge NS, Cansu DU, Bal C, Korkmaz C, Gülbaş Z. Regulatory T cells in Behçet's disease: 
is there a correlation with disease activity? Does regulatory T cell type matter? Rheumatol Int. 2013 
Dec;33(12):3049-54. doi: 10.1007/s00296-013-2835-8. 
47 Kim JR, Chae JN, Kim SH, Ha JS. Subpopulations of regulatory T cells in rheumatoid arthritis, systemic lupus 
erythematosus, and Behcet's disease. J Korean Med Sci. 2012 Sep;27(9):1009-13. doi: 10.3346/jkms.2012.27.9.1009. 
48 Liu X, Li W, Liu X, Luo J, Gao C, Li X. Low-dose IL-2 effectively restored decreased regulatory T cells in 
patients with Behçet's disease. Clin Exp Rheumatol. 2021 Jul-Aug;39(4):746-752. 
49 Sugita S, Yamada Y, Kaneko S, Horie S, Mochizuki M. Induction of regulatory T cells by infliximab in Behcet's 
disease. Invest Ophthalmol Vis Sci. 2011 Jan 21;52(1):476-84. doi: 10.1167/iovs.10-5916. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                                                                                           

50 Galván-Peña S, Leon J, Chowdhary K, Michelson DA, Vijaykumar B, Yang L, Magnuson AM, Chen F, 
Manickas-Hill Z, Piechocka-Trocha A, Worrall DP, Hall KE, Ghebremichael M, Walker BD, Li JZ, Yu XG; MGH 
COVID-19 Collection & Processing Team, Mathis D, Benoist C. Profound Treg perturbations correlate with 
COVID-19 severity. Proc Natl Acad Sci U S A. 2021 Sep 14;118(37):e2111315118. doi: 10.1073/pnas.2111315118. 
51 Meckiff BJ, Ramírez-Suástegui C, Fajardo V, Chee SJ, Kusnadi A, Simon H, Eschweiler S, Grifoni A, Pelosi E, 
Weiskopf D, Sette A, Ay F, Seumois G, Ottensmeier CH, Vijayanand P. Imbalance of Regulatory and Cytotoxic 
SARS-CoV-2-Reactive CD4+ T Cells in COVID-19. Cell. 2020 Nov 25;183(5):1340-1353.e16. doi: 
10.1016/j.cell.2020.10.001. 
52 Netea MG, Lewis EC, Azam T, Joosten LA, Jaekal J, Bae SY, Dinarello CA, Kim SH. Interleukin-32 induces the 
differentiation of monocytes into macrophage-like cells. Proc Natl Acad Sci U S A. 2008 Mar 4;105(9):3515-20. doi: 
10.1073/pnas.0712381105. 
53 Bai X, Shang S, Henao-Tamayo M, Basaraba RJ, Ovrutsky AR, Matsuda JL, Takeda K, Chan MM, Dakhama A, 
Kinney WH, Trostel J, Bai A, Honda JR, Achcar R, Hartney J, Joosten LA, Kim SH, Orme I, Dinarello CA, Ordway 
DJ, Chan ED. Human IL-32 expression protects mice against a hypervirulent strain of Mycobacterium tuberculosis. 
Proc Natl Acad Sci U S A. 2015 Apr 21;112(16):5111-6. doi: 10.1073/pnas.1424302112. 
54 Schenk M, Krutzik SR, Sieling PA, Lee DJ, Teles RM, Ochoa MT, Komisopoulou E, Sarno EN, Rea TH, Graeber 
TG, Kim S, Cheng G, Modlin RL. NOD2 triggers an interleukin-32-dependent human dendritic cell program in 
leprosy. Nat Med. 2012 Mar 25;18(4):555-63. doi: 10.1038/nm.2650. 
55 Jung MY, Son MH, Kim SH, Cho D, Kim TS. IL-32gamma induces the maturation of dendritic cells with Th1- 
and Th17-polarizing ability through enhanced IL-12 and IL-6 production. J Immunol. 2011 Jun 15;186(12):6848-59. 
doi: 10.4049/jimmunol.1003996. 
56 Cheuk S, Wikén M, Blomqvist L, Nylén S, Talme T, Ståhle M, Eidsmo L. Epidermal Th22 and Tc17 cells form a 
localized disease memory in clinically healed psoriasis. J Immunol. 2014 Apr 1;192(7):3111-20. doi: 
10.4049/jimmunol.1302313. 
57 Chen L, Shen Z. Tissue-resident memory T cells and their biological characteristics in the recurrence of 
inflammatory skin disorders. Cell Mol Immunol. 2020 Jan;17(1):64-75. doi: 10.1038/s41423-019-0291-4. 
58 Yasuoka H, Okazaki Y, Kawakami Y, Hirakata M, Inoko H, Ikeda Y, Kuwana M. Autoreactive CD8+ cytotoxic T 
lymphocytes to major histocompatibility complex class I chain-related gene A in patients with Behçet's disease. 
Arthritis Rheum. 2004 Nov;50(11):3658-62. doi: 10.1002/art.20597. 
59 Takeuchi M, Usui Y, Okunuki Y, Zhang L, Ma J, Yamakawa N, Hattori T, Kezuka T, Sakai J, Goto H. Immune 
responses to interphotoreceptor retinoid-binding protein and S-antigen in Behcet's patients with uveitis. Invest 
Ophthalmol Vis Sci. 2010 Jun;51(6):3067-75. doi: 10.1167/iovs.09-4313. Epub 2010 Jan 20. 
60 Le Joncour A, Martos R, Loyau S, Lelay N, Dossier A, Cazes A, Fouret P, Domont F, Papo T, Jandrot-Perrus M, 
Bouton MC, Cacoub P, Ajzenberg N, Saadoun D, Boulaftali Y. Critical role of neutrophil extracellular traps (NETs) 
in patients with Behcet's disease. Ann Rheum Dis. 2019 Sep;78(9):1274-1282. doi: 10.1136/annrheumdis-2018-
214335. 
61 Mereu E, Lafzi A, Moutinho C, Ziegenhain C, McCarthy DJ, Álvarez-Varela A, Batlle E, Sagar, Grün D, Lau JK, 
Boutet SC, Sanada C, Ooi A, Jones RC, Kaihara K, Brampton C, Talaga Y, Sasagawa Y, Tanaka K, Hayashi T, 
Braeuning C, Fischer C, Sauer S, Trefzer T, Conrad C, Adiconis X, Nguyen LT, Regev A, Levin JZ, Parekh S, 
Janjic A, Wange LE, Bagnoli JW, Enard W, Gut M, Sandberg R, Nikaido I, Gut I, Stegle O, Heyn H. Benchmarking 
single-cell RNA-sequencing protocols for cell atlas projects. Nat Biotechnol. 2020 Jun;38(6):747-755. doi: 
10.1038/s41587-020-0469-4. 
62 Hamzaoui K, Borhani-Haghighi A, Dhifallah IB, Hamzaoui A. Elevated levels of IL-32 in cerebrospinal fluid of 
neuro-Behcet disease: Correlation with NLRP3 inflammasome. J Neuroimmunol. 2022 Apr 15;365:577820. doi: 
10.1016/j.jneuroim.2022.577820. 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                                                                                           

Figure Legends 
 
Figure 1—Single cell RNAseq atlas of immune cell populations in peripheral blood and skin 
lesions of Behcet’s Disease patients. A) Schematic overview of the experimental design for 
single-cell sequencing. Mononuclear cells isolated from peripheral blood and skin biopsies of 
BD patients with active disease were sorted through FACS, and CD45+ immune cells were 
retained for droplet-based single-cell capture and subsequent library construction. In order to 
simultaneously capture TCR sequences and transcriptome information, 5’ sequencing was 
performed. B) UMAP visualization of the 20 cell populations identified following dimension 
reduction and clustering. C) Heatmap visualization of select representative markers of each cell 
population. While these markers were selected based on expression differential against all other 
cell types, some markers may be expressed in several relatively similar populations. 

Figure 2— Genetically-associated markers of Behcet’s Disease are abundantly expressed in 
both peripheral and skin populations. A) Heatmap of the expression of 20 markers reported in 
genetic-association studies to include alleles associated with BD risk, and which were found to 
be significantly expressed in at least one of the immune cell populations observed. B) Expression 
profiles of eight genetically-associated markers projected in UMAP space. C) Violin plots 
comparing the expression of three markers (TNFAIP3, HLA-B, and GIMAP4) among skin and 
immune cell populations. Cell types not found to express these markers in either tissue were 
excluded. Turquoise halves correspond to marker expression in skin, while garnet halves 
correspond to expression in circulation. 

Figure 3— Differential expression characteristics between skin and peripheral immune cells in 
Behcet’s Disease. A) Visualization of the distribution of skin (turquoise) and circulating (garnet) 
cell populations in UMAP space. While cells from both tissues are largely interspersed, some 
populations notably appear to be overrepresented by one tissue. B) Barplot of the proportional 
representation of skin and circulating cells in each cell type. Due to differences in absolute cell 
count, a reference line is depicted to demarcate the point of equal representation based on 
relative likelihood. C) Pyramid plot depicting the numbers of genes showing significant 
differential expression between in skin and circulation within each cell type. D-F) Gene set 
enrichment plots showing functional pathways with differential expression in macrophages in 
circulation versus skin of BD patients (D), enriched in circulating macrophages in BD patients 
compared to healthy controls (E), and enriched in skin macrophages in BD patients compared to 
healthy controls (F). G-I) Gene set enrichment plots as in (D-F), comparing functional changes in 
memory B cells. 

Figure 4— Differential communication characteristics between skin and peripheral immune 
cells in Behcet’s Disease. A) Heatmap of the interaction matrix between each communication 
target and source scored based on the total number of distinct interactions found between each 
pair (left), or the weighted overall strength of all interactions in each pair (right). Garnet grids 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2022. ; https://doi.org/10.1101/2022.03.22.485251doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.22.485251
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                                                                                           

correspond to interactions between the cell type pair being more prominent among the 
circulating populations. B) UMAP visualization of the different types of communication 
interactions found to be significant in at least one tissue, arranged based on functional pattern 
similarity in this context. C) Circle plot showing the landscape of TNF communication between 
distinct cell types in circulation (left) and in skin (right). Interaction lines are colored according 
to the cell type source, while the width of the line corresponds to interaction strength. In the 
context of TNF, macrophages appear to be the driving source of TNF communication within 
circulating populations. However, multiple populations of CD4+ and CD8+ T cells are found to 
also play a role in initiating TNF communication in skin, leading to a heavily interconnected and 
overlapping communication pattern wherein skin TNF may be anticipated to also be derived 
from T cell sources. D) Circle plot of the landscape of ADGRE5 communication. ADGRE5 
(encoding CD97) engages with CD55 as part of a receptor-ligand interaction between surface 
molecules. While nearly all cell types are projected to engage in this communication in both skin 
and circulation, these interactions are much more robust among skin populations. E) Circle plot 
of the landscape of CCL signaling demonstrates increases in both complexity and interaction 
intensity in skin populations compared to circulation. F-G) Violin plot of the expression of the 
CCL5-CCR4 (F) and ADGRE5-CD55 (G) receptor-ligand pairs demonstrates this discordance in 
communication, as the CCR4 receptor and ADGRE5 ligand are strongly expressed among skin T 
cell populations but rare in circulating populations.  

Figure 5— Combined trajectory and repertoire analysis of CD8+T cells identifies clonal sharing 
between local and circulating memory cells. A) Clonal homeostasis analysis of the five CD8+T 
cell phenotypes found in circulation (left) and skin (right). In this analysis, clonotypes were 
considered to be expanded if at least 4 cells with the same TCRβ CDR3 amino acid sequences 
were found within the same cell type. B) Morista-Horn similarity matrix of TCRβ CDR3 amino 
acid sequences across skin and circulating CD8+T cell populations, clustered according to 
similarity. C) Network analysis of TCRβ CDR3 amino acid sequences clustered via paratope 
hotspots using GLIPH2. Each node corresponds to a single clonotype, with edges connecting 
clustered clonotypes. Edges are colored by clonotype pattern (global sequence versus motif), 
while nodes are colored according to tissue origin. Larger nodes correspond to clonotypes of 
higher frequencies. D) TCRβ network in (C) with nodes colored according to cell type of each 
node. E) Inferred trajectory line (orange) overlaid in UMAP space of the three CD8+T cell 
populations showing clonal overlap. The trajectory begins in the CD8+ GZMK population, 
passes through the CTL population, and terminates in the Trm population. F-H) Gene expression 
curves of key molecules over the pseudotime trajectory inferred in (E). Three transcription 
factors show phased changes in expression over the course of the trajectory, culminating in the 
emergence of ZNF683 in Trm cells (F). Expression of four molecules associated with CD8+T 
cell killing increase during transition towards CTLs and decrease following the adoption of Trm 
phenotype (G). Three molecules found to positively increase during the course of CTL to Trm 
transition (H).  
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Figure 6— Combined trajectory and repertoire analysis of CD4+T cells identifies clonal 
expansion of skin Tregs enriched for IL32. A) Trajectory curves inferred among five CD4+T cell 
populations, with each curve representing a distinct differentiation lineage. B) UMAP 
visualization of the subset of cells participating in the differentiation trajectory from naïve 
CD4+T to Tregs, colored according to their assigned pseudotime within this trajectory. C) 
Histogram showing sample origin of each cell over the pseudotime trajectory marked in (B). D) 
Cell cycle scoring using G2-M phase genes over the course of the differentiation trajectory in (B) 
shows notable enrichment of these markers in Tregs. E) Clonotype expansion scoring of the cells 
in (B). All cells belonging to clonotypes with at least 4 cells within the trajectory were 
considered to be expanded in this context. F) Correlation network analysis of the top genes 
showing decreases in expression over the course of naïve to Treg differentiation. Larger nodes 
correspond to genes with higher mean expression. Darker nodes mark higher network centrality. 
G)  Correlation network analysis as in (F), but of genes showing increases in expression over the 
course of naïve to Treg differentiation. H) Immunofluorescence staining of FOXP3 and IL32 
expression in a skin lesion biopsy of a patient with BD (n = 5). While some background IL32 is 
apparent, high expression of IL32 notably localizes to cells with positive FOXP3 nuclear staining.  

Figure 7— IL32γ does not suppress CD8+T cell proliferation or cytokine production but 
increases CD97 signaling. A) Differentiation of CD4+T cells derived from human PBMCs for 
three days in the presence or absence of IL32γ shows no significant change in the percentage of 
FOXP3+CD25hi Tregs (n = 4). B) Cell proliferation histograms of conventional CD8+T (left) 
and CD4+T (right) cells labeled with membrane dye and activated by TCR stimulation via 
αCD3CD28 for 6 days (n = 8). No significant distribution change was elicited by IL32γ. C) 
Intracellular staining of cytokine production in CD8+T cells activated by TCR stimulation via 
αCD3CD28 for 3 days (n = 8). IL32γ could not restrain either baseline or stimulation-induced 
cytokine production. D) Histogram of CD97 expression in CD8+T cells 6 days post-activation 
shows prominent rightward shift in CD97 expression resulting from IL32γ treatment (n = 4). E) 
Statistical summary of the geometric mean fluorescence intensity of CD8+T cells from (D). p < 
0.01.  

Figure 8— Model of T cell dynamics driving recurrence of BD. By synthesizing the trajectories 
followed by CD4+T and CD8+T cells in BD, we propose a model wherein CD8+T cells progress 
towards the acquisition of resident memory properties during an inflammatory episode. This 
progression coincides with a progression of naïve CD4+T cells towards an aberrant Treg 
phenotype overexpressing IL32. IL32 from Tregs may further support the acquisition of Trm 
phenotype via CD97 expression. These Treg and Trm populations may persist through resolution 
of the inflammatory episode, and contribute to rapid responses in future episodes of skin 
inflammation. 
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