Narrowband ultraviolet B induces peripheral regulatory T cells to
exert antigen-specific immune suppression
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Abstract

Background: Commonly used to treat inflammatory skin diseases, narrowband ultraviolet B (UVB) has been shown to induce
antigen-specific immune suppression when combined with alloantigen immunization, but the underlying mechanism remains
elusive. Methods: We used cytometry by time-of-flight (CyTOF) to analyze the peripheral blood mononuclear cells (PBMCs)
from 19 psoriasis patients enrolled in UVB trial. Mouse models of ovalbumin (OVA)-induced skin inflammation and allogeneic
skin transplantation were used to investigate the effects of UVB on antigen-specific regulatory T cell (Treg) induction. We
applied bulk RNA sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq) methods to the analysis of mouse skin
Tregs and PBMCs, respectively. Results: CyTOF analysis revealed patients’ therapeutic response to be determined by a cluster
of CD4 T T cells expressing T cell receptor (TCR)-activated and Treg-associated molecules. In clinical trial and mouse models
of skin inflammation and allogeneic skin transplantation, UVB led to immunosuppressive phenotypes through antigen-specific
Treg induction. RNA-seq from mouse skin Tregs showed that UVB enhanced gene expression associated with cell stability,
cellular location, and cell proliferation. When compiling with human peripheral Tregs analyzed by scRNA-seq, we found similar
gene expression patterns involved in Treg differentiation, maintenance, and function. Furthermore, scRNA-seq analysis also
demonstrated that UVB inhibited negative regulators of Treg development, thereby promoting CD4 * T differentiation into
Tregs, clonal expansion of which was also noted. Conclusions: Our findings suggest UVB can induce antigen-specific Tregs

in a clinical setting, highlighting its potential for broader immunosuppressive applications.

1 INTRODUCTION

A commonly used therapy in dermatology, narrowband ultraviolet B (UVB)exerts immunosuppres-
sive effects on the skin to attenuate central nervous system autoimmunity! and prevent
atherosclerosis? by regulating systemic inflammatory responses. UVB-induced immunosup-
pression can be hapten-specific, based on a mouse model of hapten-induced contact hypersensitiv-
ity (CHS), where UVB suppressed skin phenotypes but skin sensitized to unrelated haptens
remained unaffected.? Results of a separate study where an injection of splenocytes from
UVB-tolerized mice into naive mice also indicated skin phenotype suppression.* Other stud-
ies have shown that UVB irradiation with alloantigen immunization can protect allografts
from rejection.’® Even though UVB can induce peripheral tolerance to a specific antigen, the
mechanism remains unclear.

Previous work has implicated the expansion of regulatory T cells (Tregs) by UVB.1278 Various immune



responses,including autoimmunity, transplant rejection, antitumor immunity, and allergy®11,
are suppressed by Tregs, of which there are two types: tnduuo-depied Teeve (tTeeyc) avd
negunnepah Teeve (nTeevg).'? Teey dechonpevT W Tne TNPUUS L& ALOCOGLATED ®LTY
nuyn-apewitd wiepagtiov Betweev TP avd padop niotogopnatiBiittd counieg (MH")-
nentide, wMhe nTeey diuppepevTiatiov v tne nepinnepd cav Be wduged uvdep ouf-
pLvoyevie covditiovg. 1314 Tlepinnepal Teeyg ape xvowv To mAoh av wdiorevoaufAe
POAE vV TNE COVIPOA 0@ pLVITY at weplappatopth Tiocue oites.'516 Soue oTLdieg Nae
OLYYECTES TNE govepowov o wepopd op epyectop T ceAig to Tpeeyg w 1Tpo avd v
nepinnepal Tiocvues. Kip €T aAd. onowed tnat aviiyev-onecipic wepopd Tn2 celhg ape
wduced To dipgepevtiate wro PoEn3T Teeyc B TIP-B, alr-Tparg petivolc ogLd, avd
panopdcv.l” Apcovatn €t al. gouvd tnat nupav Tyl ceAlg ape covepted 10 PoEn3™T
Teeys LVdep mpoyeaed deatn Atyavd-1 (ITA-Al) otipviatiov.'® Trug, nTeeys pod
COVTEOA AOGAA WPAAUUATORY PECTOVOES, CUGY AG LV TNE OXLY, VO ONOW GAWVIGAA CLYVi-
(PLSAUVGCE POP LUTOLULUVE OLOEXCECS.

In the present study, we aimed to investigate the mechanism underlying the induction of
antigen-specific Tregs by UVB, which confers peripheral tolerance to an antigen. We report
the effects of UVB on human peripheral CD41 T cells in a prospective UVB phototherapy trial using cy-
tometry by time-of-flight (CyTOF). Mouse models of OVA-induced skin inflammation and allogeneic skin
transplantation were used to validate antigen-specific Treg induction under UVB treatment. We performed
adoptive transfer experiments to investigate the role of UVB-induced antigen-specific Tregs in disease mod-
ulation. Using single-cell RNA (scRNA) sequencing analysis, we sought to illustrate the detailed pathway
of Treg differentiation from CD4%1 T cells and understand how UVB induces antigen-specific Tregs
in human peripheral tissues.

2 METHODS
Methods are described in Supplementary Methods.
3 RESULTS

3.1 A distinct cluster of CD4% T cells dictates therapeutic response to psoriasis patients to
treatment with UVB

Peripheral blood mononuclear cells (PBMCs) were isolated from 38 blood samples taken from 19 mild to se-
vere psoriasis patients (Table S1) before and after phototherapy at the Department of Dermatology, National
Taiwan University Hospital (NCT05636839) and analyzed using cytometry by time of flight (CyTOF). A
total of 42 markers targeting surface molecules and transcription factors were measured. FlowSOM analysis
identified distinct immune cell clusters within the PBMC population (Figure S1). We identified a cluster
(cluster 11) of CD4™ T cells characterized by high expression of CD25, FOXP3, and low expression of CD127
(Figure 1A), which exhibited elevated levels of TIGIT, CTLA4, TIM3, CD39, and Helios, markers associ-
ated with regulatory T cell (Treg) activation (Figure 1B). Receiver operating characteristic (ROC) curves
were applied to assess the discriminative ability for UVB response. A total of 7 responders out of the 19
recruited patients achieved an over 50% reduction in Psoriasis Area Severity Index (PASI) score. The area
under the curve (AUC) for cluster 11 at baseline showed a significant prediction for therapeutic response
in psoriasis (adjusted-AUC, 0.85; 95% confidence interval (CI), 0.65 to 1.00) (Figure 1C). We also found
that UVB significantly increased the size of cluster 11, but not the other clusters (Figure 1D and Figure
S2). This specific cluster was recapitulated using conventional manual gating on HLADR and TIGIT pre-
and post-UVB treatment (P = 0.03, Figure 1E, upper) or HLADR and TIM3 (P = 0.04, Figure 1E lower),
indicating the TCR activation phenotype of Tregs after UVB treatment. Our results suggest that UVB
induces activated Tregs in an inflammatory context.

3.2 UVB induces OVA-specific Tregs in mouse model of OVA-induced skin inflammation
We hypothesized that UVB-induced activated Tregs are antigen-specific. To investigate the impact of UVB



on the induction of antigen-specific Tregs, we induced skin inflammation in mice using ovalbumin (OVA) as
a model antigen; the experimental protocol is shown in Figure 2A. OVA stimulation caused significant skin
inflammation, characterized by redness, increased transepidermal water loss (TEWL), epidermal thickening,
and inflammatory responses, and all were alleviated by UVB treatment (Figure 2B-D). To assess immune
responses, cells isolated from the skin were restimulated with PMA and ionomycin, and intracellular cytokine
staining with flow cytometric analysis was performed. Increased frequencies of IL-4-, 1L-5-, and IL-22-
producing CD4*1T cells (gated as shown in Figure S3A) were noted in OVA-stimulated mice, and UVB
treatment significantly reduced these inflammatory T cells (Figure 2E). These findings demonstrate that
UVB inhibits inflammation induced by a model antigen.

We further analyzed skin-draining lymph node (dLN) cells (Figure S3B). UVB increased the frequency of
CD25%Foxp3™t Tregs and upregulated the expression of TCR-activation markers, including CD25, ICOS,
CTLA-4, TIGIT, Tim3, CD39, and Helios (Figure 2F). Similar findings were also detected in the skin (Fig
S3C). These findings suggested enhanced antigen specificity. To test this, we used OVAgzo3 33gtetramers to
identify OVA-specific Tregs (gated as shown in Figure S3D). We found that OVA-specific Tregs in UVB-
treated mice were significantly increased (Figure 2G). To further investigate the role of Tregs in UVB-
mediated immune suppression, we depleted Tregs in Foxp3PTR-GFP mice using diphtheria toxin (Figure
S4A). Treg depletion under UVB treatment exacerbated skin inflammation and increased IL-4-producing
CD4™" T cells (Figure S4B-D). In summary, UVB-induced immunosuppression is mediated by an increase in
antigen-specific Tregs.

3.3 UVB induces alloantigen-specific immunosuppression in mouse model of allogeneic skin
transplantation

We employed a mouse model of allogeneic skin transplantation to further investigate the antigen-specific
immunosuppression induced by UVB. Full-thickness tail skin grafts from C57BL/6 donor mice were trans-
planted onto the right chest of BALB/c recipient mice. Starting on day 5, recipient mice were exposed to
UVB every other day for a total of 5 courses (Figure 3A). Graft rejection was defined as less than 20%
viable tissue remaining. We found that allogeneic skin grafts underwent complete rejection around 30 days
post-transplantation, while UVB-treated grafts exhibited delayed rejection kinetics (Figure 3B). Histological
analysis revealed reduced immune cell infiltration in UVB-treated grafts (Figure 3C). We further isolated
cells from the graft tissues for flow cytometric analyses and found UVB significantly increased the frequency
of CD25"Foxp3™ Tregs with enhanced activation markers (ICOS and LAG-3) (Figure 3D). To determine
whether UVB-induced immunosuppression in the skin is antigen-specific, a second skin graft (either C57BL/6
or C3H) was transplanted onto the left chest of recipient mice (Figure 3E). In mice without UVB treatment
during the first graft, both second grafts (C57BL/6 and C3H) were rejected. However, in mice with UVB
treatment during the first graft, the second C3H graft was rejected normally, but the second C57BL/6 graft
exhibited prolonged survival (Figure 3F). These results underscore the role of UVB in inducing antigen-
specific immunosuppression via antigen-activated Treg induction.

3.4 A specific cluster of Tregs, identified in peripheral CD41 T cells, is inversely associated
with disease severity

We hypothesized that cluster 11, primarily composed of activated Tregs, plays a critical role in modulating
skin inflammation and is associated with psoriasis severity. To test this hypothesis, we analyzed 38 blood
samples and found a negative correlation between the percentage of cluster 11 cells and PASI score (Figure
4A). Furthermore, when patients were categorized into low (PSAI [?] 4.5), medium (4.5 < PASI < 9), and
high (PASI [?] 9) PASI groups, those with high PAST scores exhibited the lowest percentage of cluster 11
compared to healthy controls (Figure 4B). These findings suggest that a higher proportion of the activated
Tregs, represented by cluster 11, may contribute to reduced skin inflammation in psoriasis patients.

3.5 UVB-induced antigen-specific Tregs influence the clinical outcomes

To confirm the role of UVB-induced antigen-specific Tregs in disease modulation, we performed adoptive
transfer experiments. Live GFPT Tregs were sorted from the skin-draining LNs of Foxp3PTR-GFP mice



under conditions of OVA-induced skin inflammation (Figure 4C and Figure S5A). Naive CD4+*CD25 GFP-
T cells (naive T cells) were sorted from OT-II/Foxp3PTR-GFP mice. A 1:1 mixture of Tregs and naive T
cells was intravenously injected into recipient mice one day before sensitization with OVA /Alum followed by
OVA patch challenges (Figure 4C). OVA-stimulated mice receiving naive T cells demonstrated significant skin
inflammation and an influx of IL-5-producing CD4™" T cells into the skin. Neither Tregs from UVB-irradiated
mice without OVA stimulation (UTregs) nor Tregs from OVA-stimulated mice without UVB treatment
(OTregs) were able to prevent OVA-induced skin inflammation in recipient mice. However, Tregs from
OVA-stimulated mice treated with UVB (O+UTregs) significantly mitigated these inflammatory responses
(Figure 4D-F).

In mouse model of imiquimod (IMQ)-induced psoriasiform dermatitis, Tregs were intravenously administered
to recipient mice one day before topical application of IMQ to the ears (Figure 4G). We found that neither
UTregs, OTregs, nor O+UTregs could suppress the inflammation of skin infiltrated with IL-17- and IL-22-
producing CD4T T cells (Figure 4H,I) These findings demonstrate that UVB-induced antigen-specific Tregs
are critical for clinical phenotypes of skin inflammatory diseases.

We further performed in vitro suppression assays to investigate the functional properties of these Treg
populations. Bone marrow-derived dendritic cells (BMDCs) were generated from C57BL/6
mice and stimulated with LPS and OVA. UTregs, OTregs, and O+UTregs were assessed for
their ability to inhibit BMDC activation and T-cell proliferation. ( Figure S5B). All three
Treg populations exhibited comparable inhibitory effects on LPS-induced BMDC activation.
However, O+UTregs demonstrated a stronger ability to suppress BMDC activation in the
presence of OVA ( Figure S5C,D). Similarly, O4+UTregs showed a higher ability to suppress the
proliferation of naive OT-II T cells stimulated by OVA-pulsed BMDCs ( Figure S5E).

3.6 UVB inhibits negative regulators and activates functional and developmental genes to
promote Treg induction

To study the mechanisms underlying the effects of UVB on antigen-specific Treg induction, we collected
Tregs from UVB-untreated/treated skin of mice with imiquimod-induced psoriasiform dermatitis. RNA se-
quencing (RNA-seq) of Tregs from two independent experiments of UVB-untreated and treated skin samples
was performed to investigate differentially expressed genes (DEGs) related to UVB treatment. Compared
to UVB-untreated Tregs, UVB-treated Tregs showed alterations in 880 upregulated DEGs and 243 down-
regulated DEGs, after false discovery rate (FDR <0.05) correction and |log2-fold change| [?] 1. Principle
component analysis (PCA) unveiled an altered transcriptional profile in UVB-treated Tregs relative to UVB-
untreated Tregs (Figure S6A). Gene ontology analysis of the significantly upregulated DEGs revealed biolog-
ical functions of cellular homeostasis, cell proliferation, and cell motility (Figure 5A). These findings suggest
that UVB-treated Tregs show stable cell fate, high proliferative ability, and sustainable cellular location in
the skin.

We performed single-cell RNA sequencing (scRNA-seq) on blood samples from two psoriasis patients whose
disease was greatly mitigated by UVB treatment to investigate the underlying molecular mechanisms. Sam-
ples from the two patients yielded 4,832 CD4T T cells, averaging 39,811 genes per cell, and comprised of
3,045 and 1,787 CD4™ T cells, which were well-distributed across the UMAP (Figure S6B). No distribution
bias across cell clusters was evident in either the pre- (n = 2,502) or post-UVB (n = 2,330) treatment cells
(Figure 5B). Subsequent analysis of CD4™ T cell phenotypic heterogeneity identified several clusters, which
were annotated as naive T, T memory (Tmem), T effector (Teff), and Tregs based on known gene markers
(Figure 5C). We identified different gene profiles between Tregs derived from UVB-untreated/treated skin
of mice and before UVB/after UVB human blood samples, respectively (Figure 5D). Thirty-one genes were
identified and were categorized into three gene sets. The first gene set, including FOX03 , AHR , andSP1 ,
is involved in Treg differentiation, maintenance, and function. These genes were upregulated in both mouse
skin and human blood Tregs upon UVB treatment, indicating Treg cellular functional improvement. The
second gene set is classified as negative regulators. These genes were downregulated upon UVB treatment,
supporting the examined Treg cell expansion. Notably, the changes in the expression ofIDHI! (p = 0.03),



VAV1 (p = 0.02), and RAB35 (p = 0.04) were significant, a finding that merits further mechanistic in-
vestigation (Figure 5D,E). The last gene set, including HAVCR2 ,NFKB1 , and TIGIT , is involved in
TCR activation. Most of these genes were upregulated upon UVB treatment (Figure 5D). Overall, these
genes indicate that UVB promotes Treg differentiation and expansion by cultivating Treg functional and
developmental genes and inhibiting negative regulators.

3.7 Tregs in human peripheral blood are transitioned from naive CD41 T cells

To further investigate the underlying mechanism of Treg induction from blood samples of patients under
UVB treatment by scRNA-seq (Figure 5B,C), slingshot analysis was undertaken to infer cell lineages and
pseudotimes and revealed a trajectory originating from naive T cells, transitioning into Tmem or Teff cells,
and ultimately differentiating into Tregs (Figure 6A). A similar trajectory was also noted in human skin
CD4™ T cells, as annotated in Figure S7TA,B, although the skin contained few naive T cells (Figure 6B).
This trajectory was corroborated by the chronologically colored pseudotime gradient map from Monocle3,
with naive T cells represented by a dark violet hue, Tmem and Teff cells by purple to purplish-orange hues,
and Tregs by orange to yellow colors (Figure 6C). Marker gene expression patterns along the trajectory
confirmed the annotated cell functions (Figure 6D). Treg transcription factors (FOXP3 , IKZF2 , andAHR
) and TCR activation markers (IL2RA , TIGIT , andICOS ) exhibited increased expression throughout the
lineage. Notably, the steep upregulation of FOXP3 and IL2RA , encoding Foxp3 and CD25, respectively,
confirmed the Treg transition. Tmem and Teff markers (CD44 and CD69 ) peaked at pseudotime Teff
cells. Their subsequent decline indicated the transition to a Treg phenotype. Interestingly, the Treg negative
regulator CD226 followed a similar trend as Tmem and Teff markers, suggesting its potential involvement
in Treg differentiation. Conversely, SATBI expression decreased gradually throughout the lineage, with the
lowest expression in Tregs, indicating a reduction of its suppressive function. These findings collectively
demonstrate that naive T cells differentiate into Tmem and Teff cells, which can further differentiate into
Tregs.

3.8 UVB enhances Treg clonal expansion in human peripheral blood

To further validate Treg expansion induced by UVB, we integrated scRNA-seq and TCR VDJ sequencing
data obtained from peripheral blood samples from the above two psoriasis patients, focusing on CD4%
T cells. We identified four distinct populations — naive T cells, T effector cells, T memory cells, and
Tregs (Figure 6E, left) — of which a more condensed Treg population was observed after UVB treatment,
suggesting clonal expansion (Figure 6E, right). To quantify this, we categorized clonotypes based on the
number of cells expressing each TCR sequence: single (0 < X [?]1), small (1 < X [?] 5), and medium (5
< X [?] 20). The proportion of small-to-medium clonal expansions increased within the Treg cluster post-
UVB treatment (from 5.26% to 11.42%) (Figure 6F). Additionally, we calculated expansion indices using
the Shannon entropy-based STARTRAC method. In both patients, a higher expansion index was noted
in post-UVB Tregs compared to pre-UVB Tregs (Figure 6G). In conclusion, our TCR sequencing analysis
demonstrates that UVB induces clonal expansion in human peripheral Tregs.

DISCUSSION

This study integrates human clinical data, transcriptomic analyses, and mouse models to investigate the effect
of UVB on antigen-specific Treg induction. Our results demonstrate that UVB promotes the differentiation
of antigen-activated CD4™" T cells into Tregs and enhances Treg clonal expansion, leading to antigen-specific
immune suppression. By analyzing PBMCs from psoriasis patients by CyTOF, we identified a distinct CD4%
T cell cluster expressing Treg-associated molecules and TCR activation phenotypes (Foxp3, CD25, HLA-DR,
TIGIT, and Tim3), which significantly increased after UVB treatment and predicted therapeutic response.
This cell subset was further confirmed to be antigen-specific Tregs induced by UVB in mouse models of OVA-
induced skin inflammation and allogeneic skin transplantation. Adoptive transfer experiments demonstrated
the important role of UVB-induced antigen-specific Tregs in disease modulation. Finally, scRNA-seq and
scTCR-seq analyses from patient PBMCs revealed that UVB treatment led to Treg differentiation from
CD4*" T cells and Treg clonal expansion.



UVB irradiation can induce immune tolerance and effectively treat inflammatory skin diseases.'®2! The
mechanisms underlying UVB-induced immunosuppression are multifactorial and complex. Immediate ef-
fects, including DNA damage, membrane lipid oxidation, and isomerization of chromophores (such as uro-
canic acid), induce cell growth arrest and apoptosis.?%23 Delayed effects include decreased inflammatory
cytokine production, inhibition of antigen-presenting cell (APC) activity, and induction of Tregs.”2* In our
results, we found UVB treatment increased the frequency of a specific cluster of Tregs (clus-
ter 11) expressing significantly higher HLADR, TIGIT, and TIM3, the constitutional TCR
activation markers, in psoriasis patients (Fig ure1D,E). The induction of antigen-specific Tregs
by UVB was further proved by using OVA tetramers in a mouse model of OVA-induced skin
inflammation (Fig ure 2G), as well as by an animal model of allogeneic skin transplantation
(Fig ure 3). These results show that UVB can significantly induce antigen-specific Tregs in the
periphery to exert antigen-specific immune suppression in an inflammatory context.

The therapeutic potential of Tregs has generated significant enthusiasm, in part due to the targeted suppres-
sion capabilities of antigen-specific Tregs, which avoid the global immunosuppression mediated by polyclonal
Tregs. It ¢ welAX xvowv tnat TI'P®-B cav wepeace PoEn3d enpeooiov v vaue T geAlg
®LTN AVILYEY CTLALAATIOV v 11p0.2526 Trig TT ®-B-denevdevt PoEn3 eEnpecoiov 1§ vot
attouvaBAe ppou eppegTop op pepopd T gceAhg avd 1 vot cuctouvaPBAe B tne npecevge
op mpowglappatopd chroxives.2526 Axapatou €t aA. pemopTed TRat TNe WwNLBLTIOV 09
"AK8/19 covepted aviiyev-orecipls egpgectop/wepopd T cerlg wwro Po&n3-eEnpecowvy
Teeyvc.2” Tne covepted Teeyc COLAD WNBLT AUTOLRILVE AV AAAERYLS LULUVE PECTIOVOES
W avipoh podere.2” Oup adonTie TpAvVoPep EENEPLUEVTS POLVD HiGE pegettvy Y B-1vduged
O"A-ornecigigc Teeyc 818 vot dechon oxiv weAoppatiov vvdep O°A oTIKHLAATIOV COVEL-
Tovg, Wolgativy tTne cuctouvoBilitd op Poin3 sfnpecoiov avd cunnpecaoie puveTiov B
tneoce Teeyc w o (Puvy ured). By single-cell trajectory and pseudotime analyses on patient
PBMCs, we found a trajectory originating from naive T cells, transitioning into Tmem or Teff cells, and
ultimately differentiating into Tregs (Figure 6A). This was confirmed by analyzing CD4% T cells in
the skin (Fig ure 6B), as well as by the pseudotime analysis (Fig ure 6C,D).

UVB has numerous effects on local and systemic immunity. Our findings in mice indicated that
UVB suppressed immune responses to topically applied model antigens by inducing antigen-
specific Tregs. Several other studies have reported the systemic immunosuppression of UVB
— Sasaki et al. found that UVB exposure prevented atherosclerosis in atherosclerotic mice?;
Hayashiet al. suggested that UVB exposure suppressed angiotensin II-induced abdominal
aortic aneurysm in mice by expanding Tregs?; and Breuer et al. indicated that UVB attenuated
the systemic immune response in the central nervous system.! To better understand whether
Tregs induced in the local site are similar to circulating Tregs, we undertook bulk RNA
sequencing from skin-sorted Tregs in imiquimod-induced psoriasiform mice. With pathway
analysis, we found DEGs associated with biological functions related to cell stability, cellular
localization, and cell proliferation were upregulated in skin Tregs of UVB-treated mice (Fig
ure 5A). When compiling the results with the RNA-seq profiles from patient PBMCs, we
found similar expression patterns in genes involved in both positive and negative regulation
of Treg differentiation, maintenance, and function, as well as in TCR. activation signaling (Fig
ure 5D,E).

Transcriptomic analysis of mouse skin and human blood Tregs under UVB treatment revealed
three significantly down-regulated genes, including VAV1 |, IDHI , and RAB35 (Figure 5E). The
VAV1 gene encodes the guanine

nucleotide exchange factor and is essential for transducing T cell receptor signals, suggesting
its critical role in the development and activation of T cells.28:29 VAV1-/- mice were resistant
to MOG-induced experimental autoimmune encephalomyelitis (EAE) due to defective priming
and expansion of CD41" and CD8% T cells.3° The IDH1 gene encodes isocitrate dehydroge-



nase 1, which catalyzes the NADP-dependent conversion of isocitrate to a-ketoglutarate. Xu
et al. reported that knockdown of both IDH1 and IDH2 reduced Th1l7 cell differentiation
and increased Foxp3 expression.3! Aso et al.suggested that itaconate inhibited IDH1/2, which
altered the chromatin accessibility of essential transcription factors at IL-17a andFoxp3 loci,
leading to decreased IL-17A and increased Foxp3 expression.3? The RAB35 gene encodes
Ras-related protein functioning in vesicle formation, motility, docking, and fusion.3%:3¢ Yang
et al. reported that Th2 cells deficient in Rab35 exhibited enhanced TCR-mediated effector
function.?> Previous studies suggested that the differentiation and function of Tregs are cor-
related with the strength of TCR signaling.36-38 Our study found UVB significantly inhibited
these three negative regulators, which may affect TCR signaling during the antigen stimulation
and result in Treg differentiation.

Single-cell TCR sequencing from patient PBMCs revealed that UVB enhanced clonal ex-
pansion in Tregs (Fig ure 6E-G). Compared to other T cell subsets (naive T, memory T, and
effector T cells), Tregs exhibited a greater increase in clone size after UVB treatment, suggest-
ing potential induction from other CD41 T cells (Fig ure 6F). Analysis of individual samples
demonstrated clonal expansion of Tregs in all cases (Fig ure 6G). The importance of clonal
expansion of antigen-specific Tregs has been shown in patients with diabetes.3? Specifically,
individuals with long-standing anti-islet autoimmunity who do not progress to overt diabetes
exhibit a higher frequency of insulin-specific Tregs compared to both healthy individuals and
those with diabetes onset.3®

The relatively small sample size of psoriasis patients in UVB trial constrains our high-dimensional genomic
data analyses. While clinical responses to UVB vary among individuals, CyTOF analysis from PBMCs
revealed a statistically significant increase in activated Tregs post-UVB treatment (Fig ure 1D). While the
role of Tregs in psoriasis remains debated?-42, we observed a negative correlation between the proportion of
activated Tregs and psoriasis severity in a significant dose-dependent manner(Fig ure 4A,B). The limited
input cell numbers for scRNA and scTCR sequencing affected the depth of the transcriptomic analysis and
the assessment of clonal expansion. Nevertheless, integrating genomic data from mouse and human samples
sheds light on the differential gene expression patterns and offers a better understanding of the mechanism
underlying the induction of antigen-specific Tregs by UVB.

In conclusion, our study provides evidence that the proportion of activated Tregs in peripheral blood may
predict individual responses in UVB trial. Our scRNA/scTCR sequencing findings demonstrate that UVB
exposure can induce Treg differentiation from other CD4™ T cell subsets and stimulate Treg clonal expansion,
providing a novel mechanism underlying UVB-mediated antigen-specific immune suppression. The three
significantly downregulated genes (VAVI , IDH1 , and Rab35 ) represent potential therapeutic targets to
induce antigen-specific Tregs in future translational studies.
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FIGURE LEGENDS

Figure 1 The therapeutic response of psoriasis patients treated with UVB is dictated by a specific cluster of
CD4 " expressing Treg and TCR-activated markers. (A) UMAP of CD4" T cells showing a distinct cluster of
CD25TFOXP3TCD127 cells (cluster 11) by CyTOF analysis. (B) Heatmap showing the differences among



clusters in CD4*" T cells. Each row represents the median arcsinh-transformed intensities in each cluster,
and each column represents a maker. (C) Receiver operating characteristic (ROC) curve for the percentage
of cluster 11 at baseline predicting UVB treatment response. Models were fit using logistic regression, both
unadjusted (blue) and adjusted for gender and age (red). (D) Change in the percentage of cluster 11 CD4+T
cells before (pre-UVB) and after (post-UVB) UVB treatment (n = 19). The P value was calculated using the
Wilcoxon signed-rank test. PASI: Psoriasis Area Severity Index. (E) Left: Biaxial contour plots illustrating
the distribution of HLADR-TIGIT and HLADR-TIM3 expressing cells within cluster 11, pre- and post-UVB
treatment. Numbers indicate the percentage of cells in each quadrant. Right: Paired Wilcoxon signed-rank
tests were used to compare the frequencies of HLADRMTIGIT™ and HLADRMTIMS3" cells in cluster 11
before and after UVDB treatment.

Figure 2 UVB alleviates OVA-induced inflammatory responses in the skin by increasing OVA-
specific Treg cells. (A) Mice were intraperitoneally injected with OVA /alum on days 0, 7, and 14 and
epicutaneously treated with OVA patches on day 14. The mice were exposed to UVB every other day
three times during the OVA patch application.(B) Images of mouse dorsal skin are shown. (C) Changes in
transepidermal water loss (TEWL). n = 5 for the ctrl and O groups; n = 3 for O+U groups. (D) Histological
changes within the graft were assessed using hematoxylin and eosin staining. (E-G) Flow cytometry of cells
isolated from skin and draining lymph nodes (LNs). Cells isolated from the skin were restimulated. IL-4,
IL-5, and IL-22 in CD4" T cells were analyzed (E). CD25"Foxp3™ Treg cells and the markers associated
with TCR, activation were analyzed in cells isolated from skin-draining LNs (F). Cells from the skin were
incubated with the OVAg323.339 tetramers, followed by the antibodies against the indicated markers. OVA-
specific Treg cells were analyzed (G). Statistical analyses: one-way ANOVA with Kruskal-Wallis test. Mean
+ SEM. *, p<0.05; ** p<0.01; *** p<0.001.

Figure 3 UVB prolongs allograft survival by inducing allograft-specific Treg cells. (A) Schematic
depicting the allograft transplantation experiment. Mice were treated with UVB on alternating days starting
on day 5 (d5) for five treatments post-transplantation. n = 9 for the No UVB group; n = 8 for the UVB
group. (B) Skin grafts were monitored from d5 post-transplantation. Grafts were considered rejected when
less than 20% viable tissue remained.(C) Histological changes within the graft were assessed using hema-
toxylin and eosin staining. (D) Flow cytometry of cells isolated from the grafts. CD25"Foxp3™ Treg cells
and ICOS, CTLA-4, and LAG-3 expression were analyzed. (E) Schematic diagram of the second allograft
transplantation. Recipient mice, previously subjected to a first allograft transplant with or without UVB
treatment, received a second allograft from either C57BL/6 or C3H mice. (F) Skin graft appearance was
monitored until rejection. n = 5 for each of the groups. Statistical analyses: Gehan-Breskiw-Wilcoxon test.
* p<0.05; ** p<0.01; **** p<0.0001.

Figure 4 Antigen-specific Treg cells affect clinical outcomes of inflammatory skin diseases. (A)
Scatter plot illustrating the correlation between the percentage of cluster 11 in CD4™ T cells and PASI score
in psoriasis patients. The P value was calculated using Spearman’s correlation. (B) Box-and-whisker plot
comparing the percentage of cluster 11 in CD4™ T cells in healthy controls (HC) and psoriasis patients with
low (PASI [?] 4.5), medium (4.5 < PASI < 9), and high (PASI [?] 9) disease severity. PASI: Psoriasis Area
Severity Index. (C) Foxp3PTR-GFP Mice were sensitized with OVA /alum, challenged by the OVA patch, and
treated with UVB. CD25TGFP™ Treg cells were sorted from the skin-draining LNs. CD4TGFP T cells as
responder T cells were sorted from the skin-draining LNs of OTII/Foxp3PTR-GFP mice. Treg and responder T
cells were mixed at a ratio of 1 to 1 and then were administered to the recipient mice by intravenous injection.
The recipient mice were then sensitized with OVA /alum by intraperitoneal injection and challenged with the
OVA patches. (D) TEWL was measured every other day. n = 3 for each of the groups. (E) Histological
changes within the graft were assessed using hematoxylin and eosin staining. (F) Cells isolated from the
skin were restimulated. IL-5 production on CD4" T cells was analyzed. (G) Sorted CD25TGFP™ Treg cells
from mice with OVA stimulation and UVB treatment were intravenously injected into the recipient mice.
The ears of the mice were then stimulated with 15 mg of imiquimod-containing cream. (H) Changes in the
ear swelling of mice were shown. n = 4 for each of the groups. (I) Cells isolated from ears were restimulated.
IL-17 and IL-22 on CD4* T cells were analyzed. Statistical analyses: one-way ANOVA with Kruskal-Wallis
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test. P for trend test was calculated by ordinary one-way ANOVA. Mean +- SEM. *, p<0.05; ** p<0.01;
sk
, p<0.001.

Figure 5 UVB enhances genes involved in cell stability, cell proliferation, and cellular localization, and sup-
presses genes associated with negative regulation of Treg development. (A) Pathway analysis of upregulated
genes in Tregs from skin of mice treated with UVB compared to those of mice without UVB treatment (n = 2
treated and n = 2 untreated, pooled samples). GOBP: Gene Ontology Biological Process; NES: Normalized
Enrichment Score. (B) UMAP plot of CD4™ T cells from patients PBMC samples (2 patients, with pre- and
post-treatment samples). (C) Dot plot of gene markers for Treg, T memory, T effector, and naive T clusters.
(D) Heatmap showing gene expression changes in CD4" Tregs from mice and human PBMC under UVB
treatment. (E) Violin plot of negatively-associated genes (RAB35 , IDH1 , and VAV ) with significant
gene expression changes (p<0.05) in human PBMC-derived Treg cells under UVB treatment. Statistical
significance was tested through the Wilcoxon ranked test.

Figure 6 Treg transition from human CD4% T cell lineage and clonal expansion under UVB treatment.
(A-D) Analyses of CD4" T cells obtained from the periphery of psoriasis patients treated with UVB and
the public dataset generated from healthy human skin. UMAP of CD4% T cell clusters with an overlaid
Slingshot trajectory (A). UMAP plot of 9375 CD4" T cells in the skin with Slingshot trajectory (B). A
chronologically color-coded pseudotime UMAP of CD41 T cells from violet (least differentiated) to yellow
(most differentiated) (C). Expression of key genes for pseudotime trajectory, color coded by the clusters
shown in panel A (D). (E) (Left) UMAP visualization of CD4" T cell subtypes. (Right) Clonal expansion
overlay on the UMAP, with higher density indicating greater clonal expansion. (F) Distribution of clonal size
across four CD4" T cell subtypes under UVB treatment. Numbers represent cell counts in each condition.
(G) Expansion indices were quantified using the STARTRAC-expa method.
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