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Highlights:
* PPARDS Treg conditional knockout mice show accelerated tumor growth due to
increased expression of CIITA-MHC II.
+ Type | interferon signal regulates Treg CIITA-MHC Il axis in vitro and in vivo.
+ PPARO attenuates Type | interferon response and restrains CIITA-MHC I
expression in Treg cells.
* Treg suppressive function is enhanced by Treg MHC II's direct interaction with

TCR/CD4/Lag3 on Ter cells.
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Abstract

Regulatory T cells (Treg cells) play a critical role in suppressing anti-tumor immunity, often
resulting in unfavorable clinical outcomes across numerous cancers. However, systemic
Treg depletion, while augmenting anti-tumor responses, also triggers detrimental
autoimmune disorders. Thus, dissecting the mechanisms by which Treg cells navigate and
exert their functions within the tumor microenvironment (TME) is pivotal for devising
innovative Treg-centric cancer therapies. Our study highlights the role of peroxisome
proliferator-activated receptor 3/ (PPARJ), a nuclear hormone receptor involved in fatty
acid metabolism. Remarkably, PPAR® ablation in Ty escalated tumor growth and
augmented the immunosuppressive characteristics of the TME. This absence of PPARd
spurred an increased expression of genes central to antigen presentation, notably CIITA
and MHC Il. Our results showcase a novel association where the absence of CIITA in
PPAR®-deficient Trg bolsters anti-tumor responses, casting CIITA as a pivotal
downstream regulator of PPARD within Treg. In vitro assays demonstrated that elevated
CIITA levels enhance the suppressive capacity of Trg, facilitated by an antigen-
independent interaction between Treg-MHC Il and Teon-TCR/CD4/Lag3. A significant
revelation was the role of type 1 interferon as a TME signal that promotes the genesis of
MHC II" Trg; PPARS deficiency intensifies this phenomenon by amplifying type 1
interferon signaling, mediated by a notable upsurge in JAK3 transcription and an increase
of pSTAT1-Y701. In conclusion, the co-regulation between TME cues and PPAR®
signaling shapes the adaptive and suppressive roles of Treg cells through the CIITA-MHC
Il pathway. Strategically targeting the potent MHC II* Treg population could open a new
avenue for cancer therapies by boosting anti-tumor defenses while curbing autoimmune

threats.
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Introduction

Regulatory T cells (Treg cells) are essential in controlling hyperactive immune responses
and significantly influence cancer progression in patients(7-5). Multiple studies employing
various methods to disable or deplete Treg cells have demonstrated that they could be a
potential target to enhance anti-tumor immunity.(6-8) However, systemic removal of Treg
cells not only boosts anti-tumor responses but also increases the risk of autoimmunity (7,
8-12). This dual effect underscores the need to unravel the mechanisms by which Treg
cells navigate and exert their functions within the tumor microenvironment (TME) in order

to develop safer and more effective Treg-centric cancer therapies.

Extensive research has illustrated how Ty cells maintain tissue homeostasis and
suppress the function of effector T cells (Tef cells) in both physiological and pathological
conditions(73-16). Current models suggest that T.g-mediated suppression operates
through both cell contact-dependent(77-22) and cell contact-independent
mechanisms(23-28). Despite these advances, key questions remain regarding how Treg
adapts to local environments, especially the tumor microenvironment (TME), as well as
how Treg cells suppress intra-tumoral Teff cells. The mechanism by which Treq cells shape
and contribute to tumor progression needs further elucidation.

Accumulated evidence indicates that tumor-infiltrated T cells undergo metabolic rewiring,
particularly in lipid metabolism, to adapt to the TME(29-32). These metabolic adaptations
are regulated by a group of transcription factors, including the nuclear receptor family
known as Peroxisome Proliferator-activated receptors (PPARs)(33). Among the three
PPAR isoforms, PPAR® is ubiquitously expressed and plays a critical role in lipid
metabolism(34), inflammation(35), cellular survival(36), differentiation(37, 38), as well as
maintaining energy balance in various tissues(39). In T cells, PPARS activation has been
reported to restrict Th1 and Th17 responses while promoting Th2 responses(40-42).

However, the role of PPARD in Treg cells was not clearly established.

In this study, we employ conditional knockout PPAR® mice to delve into the function of
PPAROD in Treg cells in anti-tumor immunity. PPARS ablation in Treg enhances tumor growth
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78 and increases the immunosuppressive nature of the TME by activating the CIITA-MHC I
79 axis in intra-tumoral Treq. Type 1 interferon signaling emerges as a key driver of MHC I
80 upregulation in intra-tumoral Treq cells, while PPARD restrains MHC |l expression through
81 weakening the JAK-STAT pathway.
82
83 Results
84  Ablation of PPARD in Treg cells leads to accelerated tumor growth
85 Among the PPAR family members, PPARD is the only one consistently expressed
86 throughout all stages of mouse T-cell differentiation (Fig. S1a). We assessed the
87 expression level of PPARa, PPARy, and PPAR®Y in peripheral T cell subsets including
88 CDB8T cells, conventional T cells (Tconv), and Treg cells isolated from the peripheral lymph
89 nodes. PPARd messenger RNA levels were the highest among the PPAR isoforms (Fig.
90 S1b-d), suggesting it may play a significant role in regulating T cell function. To
91 investigate PPAR®J’s potential in modulating Treg cell function, we generated Treg-specific
92  PPARDY conditional knockout (PPARS cKO) mice by crossing the Foxp3YFP-¢® mouse with
93 the PPARO" mouse(43). These PPARS cKO mice had normal distributions of CD4* T
94  cell, CD8" T cell, and Treg cell populations in the thymus and the periphery with unaffected
95 Foxp3 expression levels in Treg cells (Fig. S2a-f). Specific ablation of PPARD in Treg cells
96 did not induce spontaneous activation in conventional T cells (Fig. S2g,h). Further, The
97  activation status of peripheral CD4* and CD8* T cells in PPARd cKO mice is comparable
98 to WT controls based on IFNy, IL-4, IL-13, and IL-17A expression (Fig. S2i-n), implying
99 that Treg expression of PPARDS is dispensable for immune homeostasis at steady state.
100 We performed Treg cell apoptosis and proliferation assays to further characterize
101 PPAR®J’s role in Tregs and observed comparable results between wild-type (WT) Treg
102  cells and PPARd-deficient Treg cells (Fig. S3a-f). To evaluate whether PPARJ deficiency
103  affects Treg’'s metabolic function, we performed fatty acid or glucose uptake assays and
104 measured the mitochondrial membrane potential of cultured Tregs, and observed similar
105 results between WT and PPARO-deficiency Treg cells (Fig. S4a-e). In conclusion,
106 endogenous PPARD seems to play a minimal role in regulating Treg cell homeostasis and

107  function, including maintaining mitochondrial function, lipid and glucose metabolism,
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108 proliferation, apoptosis, differentiation, and Teg cells’ suppressive function in the steady
109 states.

110

111 A large body of studies showed that Teg cells can be enriched in tumors and suppress
112 anti-tumor immunity (44-46). We tested whether PPAR® regulates Treg cell adaptation and
113  function in cancer immunity by inoculating tumor cells in WT and PPARd cKO mice and
114  tracking tumor growth. Remarkably, PPAR® cKO mice exhibited an increase and
115 acceleration in the growth of tumors compared to their WT counterparts after implanting
116 the B16 melanoma, the MC38 adenocarcinoma, and the EL4 thymoma cells (Fig. 1a).
117  Immunoprofiling across the three tumor types revealed modest changes in the
118 percentages of intra-tumoral innate immune cell subsets (Fig. S5), CD4" conventional T
119 cells, and CD8" T cells (Fig. 1b). The percentages of Treg among tumor-infiltrated CD4*
120 T cells were consistently higher in PPARd cKO mice compared to WT mice (Fig. 1c).
121  Notably, PPARd cKO mice displayed a more immune suppressive TME, as evidenced by
122 a decrease in IFNy" and TNFa* tumoricidal subsets among tumor-infiltrating CD4*
123 conventional T cells and CD8" T cells (Fig. 1d,e). Thus, PPARG® restricts intra-tumoral Treg
124  number and function, leading to enhanced anti-tumor immunity.

125

126  The CIITA-MHC Il axis is regulated by PPARDS in Tg cells

127  To elucidate how PPARDY in intra-tumoral Treq restricts tumor growth, we performed RNA-
128 sequencing (RNA-seq) experiments on intra-tumoral Treg cells isolated from PPARS cKO
129 and WT control mice. RNA-seq data analysis uncovered 92 and 56 differentially
130 expressed genes (DEGs) in the B16 and MC38 tumor models, respectively (Fig. 2a,b).
131  Notably, among these DEGs, a group of the MHC II related genes were significantly
132 upregulated in PPAR®-deficient intra-tumoral Treg cells (Fig. 2a,b). In an analysis of the
133 upregulated DEGs from both B16F10 and MC38 tumor models, there are 10 overlapping
134  genes, half of which are MHC |l related genes (Fig. 2c). Consistently, over-representative
135 analysis (ORA) of the DEGs revealed enrichment of genes involved in the antigen
136  processing and presentation pathway in PPAR®S-deficient Teg cells from both B16F10 and
137 MC38 tumors (Fig. 2d). While mouse T cells typically do not express MHC Il, which is
138  highly expressed by antigen-presenting cells such as dendritic cells, macrophages, as


https://doi.org/10.1101/2024.12.16.628819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.16.628819; this version posted December 20, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

139 well as certain tissue-specific with functional roles, such as mast cells, basophils,
140  eosinophils, ILC3s, and microglia(47). We observed an increase in the percentage of
141  MHC II" Twg cells and the mean fluorescent intensity (MFI) representing MHC I
142  expression level in Treg cells in B16, MC38, and EL4 tumors (Fig. 2e). In addition to MHC
143 |l genes, we also found a group of antigen presentation related genes upregulated in the
144  PPAROdS-deficient intra-tumoral Teg cells, including their master regulator CIITA(48), H2-
145 O, H2-DM, and Cd74 (Fig. 2f,g). This implies MHC II" Teg cells could be equipped with
146  the antigen presentation machinery. Of note, although the expression level of MHC Il in
147  Treg is much higher than CD4 conventional cells, CD8 T cells, and NK cells, it is
148  substantially lower than professional APCs such as dendritic cells, macrophages, and B
149  cells (Fig. S6), hinting that the MHC |l expressed in these Treg cells might carry a function
150 that is different from classic antigen presentation cells.

151

152  To test whether the up-regulation of CIITA/MHC Il in PPARS cKO T.eg cells contributes to
153  the suppression of tumor immunity, we performed a T cell adoptive transfer experiment.
154 Rag1 KO mice were transferred with Ly5.1 CD4 and CD8 naive T cells along with Treg
155 cells transduced with sgRNA targeting PPARD, sgRNAs targeting both PPARS and CIITA,
156  or a non-targeting control sgRNA. These mice were inoculated with B16F10 melanoma
157 cells on the next day and monitored for tumor growth (Fig. 3a). The double knockout
158 group showed a significant reduction of tumor growth compared to the PPAR®S single
159  knockout group, and it is comparable to the control group (Fig. 3b). Flow cytometry
160 analysis confirmed the reduction of MHC Il expression in sgCIITA transduced T cells
161  (Fig. 3c). Next, we analyzed cytokine expression in the intra-tumoral T cells. Knockdown
162  of CIITA and PPARD in Treg cells restored IFNy and TNFa expression in both CD4 and
163 CD8 T cells compared to mice with PPARS single knockdown (Fig. 3d-g). Therefore, the
164  up-regulation of the CIITA/MHC Il is a major contributor to the increase in immune
165  suppression in PPARS cKO mice.

166

167 Type | interferon signal regulates intra-tumoral Treg CITA-MHC Il axis

168 To delineate how PPARS suppresses CIITA-MHC I, we need to first examine how these
169 genes are up-regulated in intra-tumoral Treq cells. To this end, we treated Treg cells with a
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170  group of pro-inflammatory cytokines, including IL-6, IFN-o, IFN-B, IFN-y, and TNFa, and
171  measured MHC Il expression (Fig. S7a, b). Only type 1 interferons (IFN-a and IFN-) up-
172 regulated MHC Il expression in Treq cells. In PPARGS deficient Treqg cells, type 1 interferons
173  induced MHC Il expression at higher levels compared to WT T.g (Fig. 4a, b). To test
174  whether blocking the type 1 interferon pathway would reduce the intra-tumoral MHC II*
175  Treg cell population, we conducted an adoptive T cell transfer tumor growth experiment,
176  comparing Treg cells knockout of type 1 interferon receptor IFNAR1 to WT control Treg
177  cells (Fig. S7c). Although the difference in tumor volume between the IFNAR1 knockout
178 group and the control group was not significant (Fig. S7d), we observed a marked
179  reduction in MHC Il expression level in IFNAR1 knockout Treg cells compared to control
180 Tregcells. Interestingly, this difference was only observed in tumor-infiltrated Teg cells, not
181 in the spleen, suggesting that type 1 interferon is a primary signal in the tumor
182  microenvironment to induce MHC Il expression in Treg cells (Fig. S7e-h).

183 To further investigate the relation between type 1 interferon signaling and PPARD
184  pathway, and their influence on the CIITA-MHC Il axis, we performed an adoptive T cell
185 transfer tumor experiment using Treg cells knockdown of both IFNAR1 and PPARDS (Fig.
186 4c). Knockdown of IFNAR1 downregulated MHC |l expression to baseline levels in
187 PPAROS-deficient Treg cells (Fig. 4d,e), suggesting type 1 IFNs are the primary signals
188  driving MHC |l expression in Treg cells, with PPARS and type 1 IFN convergently regulate
189  CHTA-MHC Il axis.

190

191 PPARD suppresses MHC Il expression through the Jak3/Stat1 signaling pathway
192 To elucidate how PPARd modulates the CIITA-MHC Il axis, we performed PPARY Cut-
193 and-Run experiment in Treg cells expressing a TY1-tagged PPARS with or without the
194 PPARd agonist GW501516 (Fig. S8a). We observed a successful agonist treatment,
195 demonstrated by a substantial overlap of peaks and a significant increase in the number
196  of PPARD® binding peaks (Fig. S8b). This assay unveiled binding peaks at the established
197 PPAROD target genes, such as Plin2, Pdk4, Angptl4, and Cpt1a, underscoring PPARJ's
198 influence on lipid metabolism-related genes (Fig. S8c-f). However, the absence of
199 PPARDS binding to class Il genes and CIITA loci suggests that PPARS regulates these
200 genes in an indirect manner (Fig. S8g,h). By comparing PPARd-regulated genes from
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201 the Cut-and-Run assay and the DEGs from RNA-seq of the cKO and WT tumor-infiltrating
202  Treg cells, we identified JAKS as a potential PPAR®S direct target with enhanced expression
203 incKO Tregs compared to WT Tieg cells (Fig. 5a-c). Based on this result, we hypothesized
204 that PPAR® may influence class Il gene expression by transcriptionally repressing JAK3
205 expression, thereby weakening Stat1 phosphorylation and type 1 interferon signaling. To
206  substantiate our hypothesis, freshly isolated splenocytes and lymphocytes were treated
207  briefly under various conditions—with or without IFN-, with or without the JAK3-specific
208 inhibitor WHI-P131—and assessed pSTAT1-Y701 phosphorylation levels. Our analyses
209 revealed that JAKS3 inhibition corresponds with a decreased pSTAT1-Y701 level (Fig.
210 5d,e), suggesting that in Tweg cells, type 1 IFN activates Stat1 through JAKS3. Stat1
211 phosphorylation levels in PPARY cKO Tieqg cells is higher than WT Treg cells, suggesting
212 that PPARD suppresses class |l gene expression by inhibiting Jak3 expression.

213

214  Increased CIITA/MHCII expression in Treg cells enhances Treg suppressive function
215  invitro

216  Based on our observations of accelerated tumor growth, we hypothesized that MHC Il
217  expression enhances Treg cell’'s suppressive function, and a more suppressive TME
218 correlates with a higher MHC II* Treg proportion in total Treq cells. To validate this, we
219 performed an in vitro suppression assay (IVSA), measuring the suppressive function of
220 MHC 1I"sh and MHC 1'% T4 cells. To test whether MHC II* Treq cells directly interact with
221  Tefr cells and act as APCs (Fig. S9a), we utilized TCR transgenic OTII T cells in the IVSA
222 (Fig. S9b). OVA peptide was introduced into the culture to mediate MHC Il-peptide and
223 OTIl TCR interaction so either APCs or MHC II* Treg could stimulate TCR signaling.
224 Overexpression of CIITAin Treg cells led to high levels of MHC |l on the cells’ surface (Fig.
225 S9c-e) and revealed MHC II* Teq cells were more suppressive than MHC 1'% Teq cells
226  (Fig. S9f).

227

228 In the standard IVSA setup, we couldn’t determine whether MHC |l-peptide complexes
229  on Treg cells directly interacted with the TCRs of Tet cells (Fig. 6a). To overcome this limit,
230 we set up a modified IVSA that used plate coating anti-CD3 and anti-CD28 in place of
231 APCs (Fig. 6b). This enabled us to test whether the enhanced suppressive function of
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232 MHC II" Treg cells is dependent on antigen-dependent interaction between MHC 1" Treg
233 cells and Ter cells by culturing Treg cells and OTII CD4 Ter cells with or without the OVA
234  peptide. The results indicated that CIITA overexpression enhanced Trg function,
235 independent of the presence of the OVA peptide (Fig. 6¢,d). To further confirm that MHC
236 Il is the key functional molecule downstream of CIITA, boosting Trg function, we
237  conducted two loss-of-function assays. In the first, we deleted H2-Ab1, a component of
238 the MHC Il, on Treg cells. IVSA revealed that overexpressing CIITA while knocking out
239  MHC Il resulted in Treg function returning to normal levels (Fig. 6e), indicating that MHC
240 Il is indeed the primary functional molecule downstream of CIITA. Moreover, when we
241  administrated an MHC ll-blocking antibody in the IVSA, the enhanced Teg function was
242  alsoreduced to the normal level (Fig. 6f). These results suggested that MHC Il expression
243  on Treg cells can promote its interaction with TCR of Tef cells in an antigen-independent
244  manner, contributing to increased Ty suppressive function. Given that the TCR is not the
245  only molecule on the cell surface that MHC Il can interact with, we hypothesize that MHC
246 Il would potentially interact with CD4 and lag3 on Tt cells as well(49, 50). Such interaction
247  could strengthen the engagement between Ty and Te cells, thereby enhancing the
248  suppressive function of Treg cells. The detailed molecular mechanism underlying these
249 interactions is unknown and warrants further investigation.

250

251 MHC Il expression on T.eg cells strengthens direct interaction between Tett and Treg
252 cells

253  Recently, the LIPSTIC assay was developed to investigate the direct interactions between
254  cell types via ligand-receptor pairs(57). This assay is based on S. aureus enzyme Sortase
255 A (SrtA), a transpeptidase that can ligate a substrate peptide LPETG to an N-terminal
256  glycine residue. We utilized this assay to further examine the interactions between MHC
257 II" Treg cells and Tesr cells in vitro. The ligand-receptor pair of neurexin (NRX-SrtA) and
258 neuroligin (NLG-G5) fused to the SrtA/G5 system were retrovirally expressed on Treg
259  (donor) and Ter (recipient) cells, respectively (Fig. 7a). The interaction intensity between
260 Tregand Ter cells was determined by adding biotinylated LPETG peptide substrate and
261  measuring the biotin levels on the Tef "recipient” cell surfaces (Fig. 7b,c). The "Donor" Treg
262  cells were also transduced with CIITA to boost MHC |l expression. We compared the
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263 interaction between donor and recipient cells across two groups: one treated with IgG
264 isotype and the other with anti-MHC Il blocking antibody to test the effect of the
265 engagement of MHC Il to TCR/CD4/Lag3. Flow cytometry revealed a significantly higher
266  biotin signal on the Tex recipient cell population in the IgG isotype treatment group
267 compared to the anti-MHC |l treatment group (Fig. 7d-h). This result supported that the
268 expression of MHC Il on Treg cells strengthens their interaction with Tef cells, leading to
269 their better immune suppressive function.

270

271 Discussion

272 Our research has identified the PPARS/CIITA-MHC |l axis as a key regulator of the
273 suppressive function of intra-tumoral Treg cells through MHC Il expression. Type 1 IFNs
274  induce the upregulation of CIITA/MHC Il in these Teq cells, while PPARS counteracts this
275 effect by downregulating CIITA/MHC Il via suppression of Jak3 expression so that
276  reduces JAK-STAT1 signaling downstream of the IFNa receptor. The presence of MHC
277 Il on Treg cells enhances their suppressive function by strengthening the Tieg- Terr cell
278 interaction, mediated by the engagement of MHC Il with TCR/CD4/Lag3 (Fig. 7i).

279

280 A prior study has reported contradictory results regarding the effects of PPARS deficiency
281 in Treg cells on tumor growth(37). Variations in findings may arise from the different
282  sources of the PPARS conditional knockout mice used in the two studies (Ppard™Mz ys,
283  Ppard™'Rev) despite targeting the same exon of PPARJ(43, 52). Additionally, differences
284 may be introduced by the distinct cancer models employed. Our findings were also
285  substantiated by examining tumor models induced by three different tumor cell lines,
286 including further assessing Treg cell proliferation, apoptosis, and metabolic function.
287  Similar observations on PPAR®’s impact on tumor growth were also made by Dr. Beyaz's
288 lab in colorectal cancer models. Therefore, PPAR®&’s role in curbing intra-tumoral Treg
289  suppression and modulating tumor growth is likely to be relevant to many types of tumors.
290

291 Itis important to note that human Treg cells include an HLA-DR* population, as MHC Il is
292  expressed on activated T cells and serves as an activation marker in human peripheral
293  Dblood T cells(53-585). In contrast to human T cells, MHC Il genes in mouse T cells are
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294  widely recognized as being silenced(56). Our study discovered that the CIITA-MHC |l axis
295 was upregulated in PPAR®-deficient mice within the TME. The lower expression level of
296 MHC Il in Treg compared to APCs could be attributed to the activation of alternative CIITA
297  promoters(57). A compelling question is whether the MHC II* Treq cells we observed are
298 capable of presenting antigens. Studies in humans suggest that activated T cells can
299 express MHC II, enabling antigen presentation, though their effectiveness as antigen-
300 presenting cells is limited by a lack of antigen-capturing ability(58, 59). Additionally, a
301 study examining the role of MHC Il in human Treq cells demonstrated that the suppressive
302 function of HLA-DR* Treg in vitro relies on direct MHC Il interactions independent of
303 antigen specificity(60). Antibody blocking of MHC Il resulted in the loss of Treg SUppressive
304 function, which aligns with our findings in mouse MHC II" T.g cells, suggesting a
305 conserved mechanism of MHC Il-mediated Treg-Tesr interaction between mice and humans.
306 Furthermore, structural analyses have shown that specific amino acids in the variable
307 regions CDR1 and CDR2 of TCRs consistently interact with MHC proteins, indicating a
308 basal interaction affinity between TCR and MHC, regardless of the bound antigen(67).
309 Together, these findings suggest that Treg cells possess adaptive mechanisms to respond
310 to local environmental cues, potentially through conserved MHC |I-mediated interactions
311 that enhance their regulatory function across species.

312

313  An increasing number of human studies indicate that DR* Teg cells are correlated with
314  tumor progression and poor prognosis(62-64). However, no mechanistic studies have yet
315 elucidated the specific signaling pathways that regulate CIITA-MHC Il in human T cells.
316  In our mouse Treq study, we found that PPARd and type 1 IFN as upstream regulators of
317 the CIITA-MHC Il axis. Through RNA-seq and Cut-and-Run analyses, JAK3 emerged as
318 a gene directly regulated by PPARS, acting as an interception point within the type 1 IFN
319 signaling pathway. JAK3 kinase is critical in cytokine receptor signaling, primarily through
320 its association with the common gamma chain found in cytokine receptors(65).
321  Furthermore, it is critical for T cell development, evidenced by the T cell maturation
322  defects in JAK3-deficient mice(66). Notably, within the JAK family, JAK1, JAK2, and Tyk2
323  are expressed at lower levels than JAKS in tumor-infiltrating Treg cells based on our RNA-
324 seq data, and they do not show differential expression between PPARS knockout and
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325  wild-type cells. We didn’t detect PPARS binding in their promoter regions. Our finding
326  aligns with prior studies suggesting that, while JAK3 has not been directly observed to
327 phosphorylate STAT1, STAT1 phosphorylation is JAK3-dependent. Disruption of JAKS,
328 whether by knockout or inhibition, leads to decreased STAT1 phosphorylation and
329 subsequent attenuation of type 1 IFN signaling(67, 68). In our assays, inhibition of JAK3
330 by a specific inhibitor reduced the phosphorylation of the STAT1-Y701 site induced by
331 IFN-B. The underlying mechanisms of how JAK3 regulates type 1 IFN signaling warrant

332 further exploration.

333  Our study identified that PPAR®S regulates the CIITA-MHC Il axis via JAK3 in Treg cells. It
334 s likely that additional mechanisms may also contribute to this regulation. For instance,
335 PPARd-mediated modulation of lipid metabolism might influence the epigenetic
336 landscape of the CIITA-MHC Il axis in intra-tumoral Treg cells, a possibility that warrants
337 further investigation. Additionally, the limited number of DEGs identified in our RNA-seq
338 analysis and the modest metabolic differences observed between PPARd WT and KO
339 Treg cells in cellular functional assays may be attributed to compensatory activity by
340 PPARa, a phenomenon previously reported in other cell types(69). While our proposed
341  working model highlights type 1 IFN signaling as a key intermediary in the subcutaneous
342  tumor models illustrated, it is important to consider that other signaling pathways may
343 also regulate the CIITA-MHC Il axis in different TMEs. These alternative pathways need
344  to be explored in future studies.

345 In summary, our study uncovers a noncanonical role of PPARS in restraining the
346  suppressive functions of intra-tumoral Treg cells through the modulation of expression of
347  MHC Il. This highlights a critical interplay between intracellular signaling and extracellular
348 environments that convergently shape Treg cell functionality within the TME.

349
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350 Methods

351 Mice. All mice were maintained in specific pathogen-free facilities at the Salk Institute.
352  Animal experiments were conducted under the regulation of the Institutional Animal Care
353 and Use Committee according to the institutional guidelines. All mice used in the present
354  study are in the C57BL/6 genetic background. C57BL/6 Ly5.1* congenic mice and Rag1-
355  mice purchased from the

356  Jackson Laboratory were used for Treg cell suppression assay and adoptive T cell transfer
357 in B16F10 melanoma models. Foxp3Y P-C¢PPARS"" mice were generated by crossing
358  Foxp3YFP-ce mice26 with PPARS"* mice (Jackson laboratory Strain #: 005897). C57BL/6
359 Rosa-Cas9/Foxp3Thy1.1 mice were generated by crossing Rosa26-LSL-Cas9 mice (The
360 Jackson Laboratory #024857) with Foxp3™'! reporter mice. Foxp3™"! reporter mice
361 were used to isolate Treq cells for over-expression CIITA in in vitro suppression assay and
362  Foxp3™"1 reporter mice or Rosa-Cas9/ Foxp3™'! were used to isolate Trg cells for
363 adoptive transfer assay to validate the function of PPAR® and CIITA upstream of MHC II.
364 Thymus T cell differentiation analysis was checked when mice were around 6 weeks old.
365 All other experiments were initiated in the 8- to 10-week-old male or female mice, unless
366 otherwise specified. All mice used in experiments were socially housed under a 12 h light:
367 dark cycle, with an ambient temperature of 20-26 °C and humidity of 30—70%.

368

369 Invitro culture of Treg cells. IL2 expanded Treq cells (ref of IL2 expansion) were isolated
370 from the spleen and peripheral lymph nodes of Foxp3™'-! reporter mice or Rosa-Cas9
371  Foxp3™'1 mice by anti-PE magnetic beads (Miltenyi, catalog no. 130-048-801) for Cut
372 & Run and adoptive transfer experiment.

373

374 Invitro suppression assay. T.q cells were transduced by retrovirus expressing sgRNA
375 targeting gene of interest or retrovirus overexpressing ClITA gene. Treq cells were cultured
376  in RPMI complete media supplemented with IL-2 (500 U/ml). Four days after transduction,
377 transduced cells were sorted and mixed with FACS-sorted CD45.1* naive CD4 T cells
378 (CD4* CD25- CD44'° CD62L") labeled with CellTrace Violet (Thermo Fisher Scientific
379 #C34571) in different ratios in the presence of irradiated T cell depleted spleen cells as

380 antigen-presenting cells (APC). Three days later, Treg suppression function was
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381 measured by the percentage of non-dividing cells within the CD45.1" Tes cell population.
382  Fortwo cell-type IVSA experiments, plate-bound anti-CD3 and anti-CD28 antibodies were
383 used to replace APCs. For specific antigen-mediated cell-cell interaction assay, Tef cells
384 were derived from OTII mice, and Treg cells were derived from Thy1.1 reporter mice or
385 Cas9-Thy1.1 reporter mice. Treg suppression readout was measured after three days of
386 co-culture.

387

388 Retroviral production and T cell transduction. HEK293T cells were seeded in 6-wells
389 plate at 0.5 million cells per 2mL DMEM media supplemented by 10% FBS, 1% Pen/Strep,
390 1 x GlutaMax, 1 x Sodium Pyruvate, 1 x HEPES, and 55 mM beta-mercaptoethanol. One
391 day later, cells from each well were transfected with 1.2 pg of targeting vector pSIRG-
392 NGFR(70) or pMIGR1 (for overexpress CIITA) and 0.8 ug of packaging vector pCL-Eco
393 (Addgene, #12371) by using Lipofectamine 3000 (Thermo Fisher, #.3000008) according
394 to manufactured protocol. Cell culture media was replaced by 2mL fresh DMEM complete
395 media at 24 hours and 48 hours after transfection. The retroviral supernatant was
396 collected at 48 and 72 hours post-transfection for T cell infection. For experiments with
397 CRISPR sgRNA targeting, Cas9* Teq cells were first seeded in 24-well plates coated with
398 anti-CD3 and anti-CD28 antibodies. At 24 hours post-activation, Treg media from each
399 well was replaced by retroviral supernatant, supplemented with 4 ng/mL Polybrene
400 (Millipore # TR-1003-G), and spun in a benchtop centrifuge at 1,258 x g for 90 minutes at
401  32°C. After centrifugation, Treg media was replaced with fresh media supplemented with
402  human IL-2 and cultured for another three days. Transduced cells were analyzed for
403 Foxp3 and cytokine expression in eBioscience Fix/Perm buffer (eBioscience #00-5523-
404  00) using flow cytometry. Transduced NGFR" cells were FACS-sorted for subsequent in
405  vitro adoptive transfer assay and Cut and Run experiments.

406

407 Cut-and-Run. We adopt the same procedure of Cut & Run for Treg cells(77), which is
408 modified from the original Cut & Run protocol(72).

409

410 RNA isolation, RNA-seq, and RT—-qPCR. RNA was isolated using TRIzol RNA isolation
411 reagent (Invitrogen). RNA concentration and integrity were determined by Bioanalyzer
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412 using RNA 6000 Pico Kit (Agilent). RNA-seq libraries were prepared using lllumina
413  TruSeq Stranded mRNA kit (lllumina) following the manufacturer’s instructions.

414  Complementary DNA was synthesized using SuperScript IV First-Strand Synthesis
415 System (Thermo Fisher Scientific, catalog no. 18091050). RT-qPCR was performed
416  using Power SYBR Green Master Mix (Thermo Fisher Scientific, catalog no. 4309155) on
417 aViiA 7 Real-Time PCR System. The relative quantification value was calculated as 272t
418 relative to internal control (Hprt). Details of primer sequences are listed in the
419 Supplementary Table 1.

420

421  Adoptive T cells transfer. T4 cells were purified from the spleens and lymph nodes of
422  IL2-expanded mice, and transduced by retrovirus expressing sgRNA targeting gene of
423 interest, and cultured in RPMI complete media and IL-2 (500 U/ml). Four days after
424  transduction, the NGFR* transduced T4 cells were FACS sorted before being transferred
425 into recipient mice. Alternatively, Treq cells were electroporated by CRISPR-sgRNA RNP.
426  Treq cells were co-transferred into Rag 7~ recipient mice with Tef cells (purified by anti-PE
427  magnetic beads system and followed by CD3 T cell isolation, Biolegend # 480024)

428

429 Tumor models. Foxp3YFP-Ce PPARSIFoxp3YFP-Cre mice were injected with B16.F10
430 melanoma (2.5x 10° cells intradermally), MC38 colon carcinoma (5 x 10° cells
431  subcutaneously), EL4 thymoma (5 x 10° cells intradermally). Mice were randomized co-
432 housing before tumor implantation. Tumors were measured regularly with digital calipers
433  and tumor volumes were calculated; this was done blindly. Tumors and spleens were
434  collected for analysis. TILs were prepared using a 47% Percoll gradient followed by
435 mechanical disruption and collagenase (TL collagenase, Roche #05401020001), DNase
436 | (Roche #4716728001) digestion, and passed through 100 um cell strainer to collect
437  single cell suspension. Isolated cells were stimulated with PMA/lonomycin and Golgi plug
438 for 5 hours, and then were subjected to Foxp3 and cytokines staining with eBioscience
439  Fix/Perm buffer (eBioscience #00-5523-00). For T cell adoptive transfer tumor models,
440 B16.F10 tumor cells were implanted into Rag7- recipient mice three days post T cell
441  transfer.

442
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443  RNP electroporation. Fresh isolated Teg cells and Tesr cells were subjected to

444  CRISPR/Cas9 knockout by Lonza 4D-NulceofecorTM system and P3 primary cell 4D
445  Nucleofector electroporation kit (Lonza, Cat# V4XP-3032 for electroporation wells)

446  according to the manufacture protocols. 40 pmol Recombinant Cas9 protein (Integrated
447  DNA Technologies (IDT), Cat#1081059) and 150 pmol 20bp sgRNAs (Synthego,

448 CRISPR-evolution sgRNA EZ Kit). Electroporated T cells were recovered for 20 minutes
449  Dbefore in vivo adoptive transfer.
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666 Figure legends

667 Figure 1: Regulatory roles of PPARS in T,eg cells modulate anti-tumor immunity and
668 tumor growth dynamics.

669 A | Growth trajectories of B16F10 melanoma, MC38 colon cancer, and EL4 thymoma in
670 PPAR®&-sufficient (PPARS"*Foxp3°®) and PPARJ-deficient (PPARS""Foxp3°®) hosts,
671 measured by tumor volume over time post-inoculation. For each tumor model, 5 x 10°
672  tumor cells were inoculated subcutaneously.

673 B | Differential composition of CD4* and CD8" T cells within the TIL population across
674 B16, MC38, and EL4 tumor models in both genotypes.

675 C | Proportion of Foxp3* cells within the CD4* TIL compartment, comparing Treg
676  prevalence in the tumor milieu between the two genotypes.

677 D|IFNy expression profiles in CD4" and CD8" TILs, indicating cytokine-mediated immune
678 responsiveness.

679 E | TNFa expression levels in CD4" and CD8" TIL subsets, reflecting pro-inflammatory
680 response modulation.

681

682 The data represent a synthesis of 2-4 independent experiments for each tumor type,
683 involving 6-8 mice per group. Statistical analyses were performed using two-tailed
684  unpaired t-tests, with significance denoted as: *P < 0.05, **P < 0.01, ***P < 0.001. Data
685 are expressed as mean values + SEM. MFI stands for mean fluorescence intensity.

686

687 Figure 2: Enhanced expression of MHC Il genes in PPAR®&-deficient intratumoral
688  Treg cells.

689 A and B | Scatter plots displaying differentially expressed genes in Teg cells extracted
690 from B16F10 melanoma (A) and MC38 colon carcinoma (B) in PPARJ-deficient mice
691 compared to controls. Genes meeting the FDR<0.05 and fold change>1.5 criteria are
692  shown, with a particular emphasis on MHC ll-related genes.

693 C | Venn diagram demonstrating the overlap of upregulated differentially expressed
694 genes (DEGs) between B16F10 and MC38 Teg cells in PPARS-deficient mice.
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695 D | Over-Representation Analysis (ORA) for upregulated genes in Treg cells from B16F10
696 tumors, applying an FDR<0.05 (dark blue) and fold change>1.5, conducted using
697 WebGestalt.

698 E | Flow cytometric quantification of MHC |l expression in intratumoral Ty cells from
699 PPARG**Foxp3°® and PPARS""Foxp3°* mice, indicating upregulation in the absence of
700 PPARS.

701 F | Heatmap representing expression profiles of genes associated with the MHC |l antigen
702  presentation pathway in Treg cells from both B16F10 and MC38 tumors, comparing
703  PPARS&"*Foxp3°® and PPARS""Foxp3°™ genotypes.

704 G| Quantitative RT-PCR analysis of MHC Il gene expression in sorted, purified Treg cells
705 from B16F10 tumor-bearing C57BL/6 mice, including PPARG**Foxp3°¢ and
706 PPAR&""Foxp3°® mice, aged 8-12 weeks. Relative expression levels of certain genes
707 are normalized by HPRT.

708

709  All analyses were based on gene expression data that passed a threshold of FDR<0.05
710 and fold change>1.5. The heatmap z-scores represent expression levels normalized
711  across all samples. Data are presented as mean values + SEM. Statistical analysis was
712 performed using an unpaired, two-tailed t-test, with significance indicated as: *P < 0.095,
713 **P < 0.01. ns denotes not significant. MFI stands for mean fluorescence intensity.

714

715  Figure3: CIITA-MHC Il axis is downstream of PPAR® signaling in intratumoral Tieg
716  cells.

717 A | Schematic diagram of adoptive T cell transfer tumor model.

718 B | Tumor growth curve of T cell adoptive transfer Rag1”- recipient mice receiving 2.5 x
719 10° B16F10 melanoma cells. Statistical analysis was shown between PPARJ single
720  knockout group and PPAR® & CIITA double knockout group.

721  C | Flow cytometric analysis of MHC |l expression level in transferred Teg cells from
722 tumors.

723 D-G | IFNy (D, E) and TNFa (F, G) cytokine staining of intra-tumoral CD4 and CD8 Te
724  cells.

725
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726  Statistical analysis was performed using an unpaired, two-tailed t-test, with significance
727  indicated as: *P < 0.05, **P < 0.01, ****P < 0.0001. MFI stands for mean fluorescence
728  intensity.

729

730 Figure 4: Type | interferon signaling regulates intratumoral Teg CIITA-MHC Il axis.

731  A| Flow cytometric analysis of MHC |l expression on Treg cells from PPARS wild-type and
732 conditional knockout mice after cytokine stimulation with IFN-y, IFN-a, and IFN-
733  compared to PBS control.

734 B | Graphical representation of the mean fluorescence intensity (MFIl) of MHC Il on Treg
735  cells following the same treatments as in (A).

736  C | Schematic overview of the experimental setup for adoptive transfer of electroporated
737  Trg cells and effector T cells (Terr) into B16F10 melanoma-bearing Rag1-/- mice. The
738 diagram details the groups: sgNT2+Cas9 (control), sgPPARd+Cas9, and sgPPARJd &
739  sglFNAR1+Cas9.

740 D | Tumor growth curves for B16F10 melanoma in Rag1-/- recipient mice that received
741 engineered Trg cells according to the schematic in (C), measured over time post
742  subcutaneous tumor cell injection.

743  E | Flow cytometric quantification of the percentage of MHC II* Treg cells within the tumor
744  and spleen (SP), comparing the outcomes among various genetically engineered Treg
745  groups.

746

747  Data are presented as mean values + SEM. Statistical analysis was performed using an
748  unpaired, two-tailed t-test, with significance indicated as: *P < 0.05, *™*P < 0.01, **P <
749 0.001, *™**P < 0.0001, ns denotes not significant. MFI stands for mean fluorescence
750 intensity.

751

752 Fig.5 PPAR® as a Transcriptional Repressor of Jak3, Inhibiting Stat1
753  Phosphorylation

754 A | Cut-and-Run sequencing tracks showing the binding of PPAR®J at the JAK3 locus in
755  Treg cells, comparing PPARS wild-type and knockout cells (with or without GW501516).
756  Red arrows point to the PPARJ binding locus.
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757 B | RNA-seq analysis depicting JAK3 expression levels in Treg cells from tumor tissue,
758  highlighting differences between PPARJ wild-type and knockout cells.

759 C | Quantitative RT-PCR analysis of JAK3 expression in sorted, purified Treg cells from
760 naive C57BL/6 mice both PPARS"*Foxp3° and PPARS" Foxp3°® genotypes, aged 8-12
761  weeks. The relative expression level is normalized by HPRT.

762 D | Histograms representing intracellular staining for phosphorylated STAT1 (pSTAT1-
763 Y701) in Trweq cells derived from splenocytes of PPARS**Foxp3°® and PPARS""Foxp3°
764  mice treated with IFN- or JAKS inhibitor WHI-P131.

765  E | Statistical analysis correlating to (D), showing mean fluorescence intensity (MFI) data
766  for pSTAT1-Y701 in the different treatment groups.

767

768  Statistical analysis was performed using an unpaired, two-tailed t-test, with significance
769 indicated as: *P < 0.05, **P < 0.01, ****P < 0.0001. Normalized counts are shown for
770 pSTAT1-Y701 phosphorylation under the various treatment conditions. Treg cells were
771  assessed for response to IFN-B stimulation or inhibition via JAK3-specific inhibitor, WHI-
772  P131.

773

774  Figure 6: CIITA-MHC II* T,eg cells show enhanced suppressive function through two
775 cell type in vitro suppression assay

776 A | Schematic representation of the in vitro suppression assay setup, featuring the
777  interaction between MHC II* Treg cells and CD4" effector T cells (Te).

778 B | Experimental workflow for the Teg cells in vitro suppression assay using the OT-II-Ova
779  peptide system, detailing the pre-coating of a 96-well plate with anti-CD3 and anti-CD28
780 antibodies prior to T cell culture, and the final concentration of Ova-peptide used.

781 C | Histograms showing Tefr cell division within the suppression assay, indicating the
782  functional impact of MHC I+ Trq cells versus control on the proliferative capacity of Tes
783  cells, with and without Ova-peptide.

784 D | Statistical analysis of Tes cell division percentages in the presence of MHC II* Treg cells
785  (MIGR1-CIITA) or control vector (MIGR1-CTL) in the suppression assay.


https://doi.org/10.1101/2024.12.16.628819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.16.628819; this version posted December 20, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

786  E | Analysis of Tef cell division in assays where Treg cells were engineered with sgNT2
787  (control) or H2-Ab1 knockout, in the presence of overexpressed MHC II* Trg cells
788 (MIGR1-CIITA), maintaining a Treg: Tet ratio of 1:1.

789 F | Division analysis of Te cells with sgNT2 or H2-Ab1 knockout in MHC |I* Treg cells
790 (MIGR1-CIITA) treated with or without an MHC Il blocking antibody (aMHC 1), in the two
791  cell type in vitro suppression assay system, also with a Treg: Tefr ratio of 1:1.

792

793  Statistical significance is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001. The percentage
794  of divided Tef cells serves as an indicator of Treg SUppressive capacity in the assay.

795

796 Figure 7: MHC Il and TCR/CD4/Lag3 interaction enhance suppressive function of
797 MHC II* Treq cells.

798 A | Diagram illustrating the construction of plasmids used in the LIPSTIC (Labeling of
799 Immune Partnerships by SorTagging Intercellular Contacts) system to investigate
800 intercellular interactions.

801 B | The experimental setup for the LIPSTIC assay to detect physical interactions between
802  Treg and Ter.

803 C | Identification of Treg and Tes cell populations using cell surface markers CD45.2 and
804 Thy1.1, respectively, within the LIPSTIC assay.

805 D | Histograms displaying the biotin signal from donor (Treg) and recipient (Tefr) cells post-
806 LIPSTIC assay across different treatment groups.

807 E | Bar graphs quantifying the percentage of biotin-positive Treg cells following the assay.
808 F | Bar graphs presenting the mean fluorescence intensity (MFI) of biotin labeling in Treg
809 cells.

810 G | Bar graphs depicting the percentage of biotin-positive Terr cells after LIPSTIC
811 interaction.

812 H | Bar graphs showing the MFI of biotin labeling in Tef cells, indicating the strength of
813 intercellular interaction.

814 || Schematic representation of the hypothesized working model based on LIPSTIC assay
815 findings.

816
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Data are presented as mean * SEM. Statistical significance was evaluated using
appropriate statistical tests, with significance indicated as: **P < 0.01, ns denotes not

significant.
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821 Supplementary Figure legends

822

823 Supplementary Figure 1: Differential Expression of PPAR Isoforms in T Cell
824  Subsets.

825 A|Expression levels of PPAR family genes (PPARa, PPARY, and PPARY) across various
826 stages of T cell differentiation, utilizing the ULI-RNAseq database from the ImmGen
827  project.

828 B-D | Quantitative RT-PCR analysis of PPAR isoform gene expression in sorted, purified
829 naive Treg, conventional T cells (Tconv), and CD8* T cells from C57BL/6 wild-type mice,
830 aged 8-12 weeks (n=5). Relative expression levels are shown for each PPAR isoform
831  within the different T cell populations.

832

833 Data are represented as mean values + SEM.

834

835 Supplementary Figure 2: Normal T.eg development and function in PPAR® cKO
836 mice under steady-state conditions.

837 A| Flow cytometric analysis comparing the percentage of CD4* and CD8* T cells in the
838 thymus of wild-type (WT) and PPAR® conditional knockout (cKO) mice.

839 B | Quantification of CD25*Foxp3~, CD25 Foxp3*, and CD25*Foxp3* Treg progenitor and
840 mature Treq cells in the thymus of WT and PPARS cKO mice.

841 C, D| Flow cytometric analysis of CD4* and CD8" T cell populations in the spleen (C) and
842  peripheral lymph nodes (D) of WT and PPARS cKO mice.

843 E, F | Percentage and mean fluorescence intensity (MFI) of Foxp3* Treg cells in the spleen
844  (E) and peripheral lymph nodes (F).

845 G, H | Analysis of activated/memory CD4* and CD8" T cells, characterized as
846  CD44M9"CD62L'%, in the spleen (G) and peripheral lymph nodes (H).

847 1, J | Proportion of IFNy or IL-17 producing CD4* T cells in the spleen (I) and peripheral
848 lymph nodes (J).

849 K, L | Frequency of IL-4 or IL-13 producing CD4"* T cells in the spleen (K) and peripheral
850 lymph nodes (L).


https://doi.org/10.1101/2024.12.16.628819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.16.628819; this version posted December 20, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

851 M, N | Quantification of IFNy producing CD8"* T cells in the spleen (M) and peripheral
852  lymph nodes (N).

853

854  Statistical significance was assessed using a two-tailed unpaired Student's t-test, with no
855  significant difference (NS) observed in the measured parameters between the WT and
856 PPAROJ cKO groups. Data are represented as mean + SEM.

857

858 Supplementary Figure 3: Proliferation, apoptosis, and homeostasis of
859 Foxp3°*PPAR& T4 cells.

860 A | The proliferation index of nature Treg cells (nTreg) from PPARS** and PPARSY mice,
861 determined by Cell Trace Violet dilution on day 3 post-staining, with data analyzed by
862  FlowdJo software.

863 B | The division index for the same nT.g populations as in (A), calculated to assess cell
864  divisions over the same period.

865 C | Analysis of apoptosis levels in Treg cells, assessed by annexin V staining of overnight-
866  cultured splenocytes from PPARS** and PPARS" mice.

867 D | Percentage of Foxp3™* Treqg cells in the spleen (SP) and peripheral lymph nodes (pLN)
868 of PPAR®"* and PPARd" mice.

869 E | Mean fluorescence intensity (MFI) of Foxp3 expression in Treg cells from the spleen
870 and peripheral lymph nodes.

871  F | Invivo proliferation of Treg cells evaluated by Ki67 staining in the spleen and peripheral
872  lymph nodes. (n=4)

873

874  Each analysis used biological triplicates or a sample size of n=5 mice. No significant
875 differences (ns) were observed between the groups.

876

877 Supplementary Figure 4: Mitochondrial function and nutrient uptake in
878 Foxp3°PPAR& T4 cells.

879 A| Histograms depicting the mitochondrial membrane potential in T regulatory cells (Treg)
880 from the spleen and peripheral lymph nodes (pLN), assessed using CMXRos staining.

881 Fluorescence intensities represent mitochondrial potential relative to fluorescence minus
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882 one (FMO) controls, and comparisons are made between wild-type (WT) and PPARd
883  knockout (KO) Treg cells.

884 B | The mean fluorescence intensity (MFI) of mitotracker red CMXRos in Treg cells from
885 the spleen and pLN, comparing WT and KO cells to assess mitochondrial activity.

886 C | Quantitative representation of fatty acid uptake in Teg cells, indicated by counts per
887 minute (CPM), comparing cells treated with ethanol (EtOH) as control and those treated
888  with the PPARJ agonist, GW501516.

889 D | Glucose uptake assay results, also shown as CPM, in Treg cells treated with EtOH or
890 GW501516, across WT and KO groups to examine metabolic function.

891

892 Data are expressed as mean + SEM. Statistical significance was assessed based on data
893 distribution and variance characteristics, with 'ns' indicating not significant (p > 0.05).
894

895 Supplementary Figure 5: Immune cell profiling in B16F10 melanoma of PPARdJ
896 Knockout and Wild-Type Mice.

897  This figure illustrates the immune cell distribution within the tumor microenvironment
898 (TME) of B16F10 melanoma-bearing mice, with a comparison between mice harboring a
899 PPARJ knockout in Foxp3-expressing cells (PPARS""Foxp3YFF-e) and wild-type
900 (PPARG&"*Foxp3YFF-c) mice. Immune cells were characterized and quantified as follows:
901 A Leukocytes identified as CD45.2" cells.

902 B | Macrophages characterized by F4/80+CD11b* markers.

903 C | Neutrophils represented by CD11b*Ly-6G".

904 D | Eosinophils designated as CD11b*siglec-F*.

905 E | Dendritic cells classified by CD11¢c*MHC II* expression.

906 F | cDC1 subset within dendritic cells.

907 G| cDC2 subset within dendritic cells.

908 H | NK cells classified by NK1.1%.

909 || B cells identified as CD19".

910 J | CD4* T cells recognized by TCRb*CD4" markers.

911 K| CD8* T cells marked by TCRb*CD8".
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912 L | T regulatory cells (Trg) are defined as TCRb*CD4*Foxp3* within Ghost-dye'CD4* T
913  cells.

914

915 Data are presented as mean + SEM. The percentage of each immune cell type is reported
916 relative to the total immune cell population. Statistical significance was evaluated using a
917 two-tailed unpaired t-test, with significance denoted by *P < 0.05 and **P < 0.01.

918

919 Supplementary Figure 6: MHC Il Expression Across Immune Cell Populations in
920 B16F10 Tumor-Bearing Mice with PPARS Deficiency.

921 A | Mean fluorescence intensity (MFI) of MHC |l expression across various immune cell
922  types within the tumor microenvironment of B16F10 melanoma-bearing mice. This panel
923 compares MHC |l levels in cells from PPARd"*Foxp3YFP-ce (wild-type) and
924 PPARd"IFoxp3YFP-cre (PPARS-deficient) mice.

925 B | Histogram illustration of MHC Il expression presented as MFI for macrophages,
926 dendritic cells, B cells, T regulatory (Treg) cells, conventional T cells (Tconv), CD8™ T cells,
927  neutrophils, and natural killer (NK) cells.

928

929 Immune cells were gated based on their specific surface markers and analyzed for MHC
930 Il expression using flow cytometry. MFI data are presented on a logarithmic scale to allow
931 for comparison across different cell types.

932

933

934 Supplementary Figure 7: Influence of Cytokines on MHC Il Expression in Tg cells
935 and Functional Analysis of IFNAR1-Deficient Treg cells in Tumor Context.

936 A|Invitro analysis of MHC Il expression induction in Treg cells after treatment with a panel
937 of cytokines, including Negative control (NC), mIL-6, mIFN-a, mIFN-B, mIFN-y, and
938 hTNFa.

939 B | Mean fluorescence intensity (MFI) of MHC Il on T cells following cytokine treatments
940 as compared to the negative control).
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941 C | Schematic representation of the adoptive transfer model used to investigate the
942 function of Teg cells deficient in IFNAR1 and wild-type (WT) Trg cells in @ B16F10
943  melanoma tumor model.

944 D | Tumor volume measurements over time following subcutaneous injection of B16F10
945 cells in RAG-1-/- recipient mice that were adoptively transferred with engineered Treq cells,
946  either with sgNT2 (non-targeting control) or sgIFNAR1.

947 E | Histograms showing the expression of MHC Il on Treq cells isolated from tumor tissue,
948  comparing Treg cells with sgNT2 and sglFNAR1.

949  F | Histograms of MHC Il expression on Treg cells from the spleen, contrasting sgNT2 and
950 sglFNAR1 conditions.

951 G | Bar graphs quantifying the percentage of MHC II* T.g cells in both the tumor and
952  spleen across the sgNT2 and sgIFNAR1 groups.

953 H | Bar graphs presenting the MFI of MHC Il on Tg cells, comparing tumor-infiltrating
954 and splenic Trg cells following the adoptive transfer of Treg cells with sgNT2 and
955 sglFNAR1.

956

957  Statistical significance was determined using two-tailed P values with unpaired t-tests,
958  with **P < 0.01.

959

960 Supplementary Figure 8: Cut & Run Analysis of PPARS and Foxp3 Binding Sites in
961 Cultured T.eq cells.

962 A-C|

963 A | Experimental setup for retroviral transduction of Ty cells with MIGR1 vector
964 expressing TY1-PPAROS. Treg cells were treated with the PPARS agonist GW501516 or
965 DMSO.

966 B | Venn diagrams illustrating the overlap of binding peaks of overexpressing MIGR1-
967 TY1-PPARD Treg cells between PPARD agonist (GW) treatment and vehicle (DMSO)
968 treatment.

969 C-H | Genomic tracks showcasing peaks at different gene loci:

970 C | Plin2 locus showing binding peaks with different treatments.

971 D | Pdk4 locus with displayed peaks.
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972  E | Angptl4 locus peaks in the context of different conditions.

973 F | Cptlalocus and its binding patterns under various treatments.

974 G | Representation of class Il gene loci without any significant PPARd binding.

975 H | ClITA locus indicating the absence of PPAR®S binding peaks across all conditions.
976

977 Supplementary Figure S9: Functional Assessment of CIITA-Overexpressing MHC
978 II" Treg cells Using an In Vitro Suppression Assay.

979 A | Schematic representation of the in vitro Treg Suppression assay designed to evaluate
980 the suppressive capability of Treq cells.

981 B | Detailed experimental setup of the suppression assay using the OT-ll Ova peptide
982  system, including Tregs overexpressing MIGR1-CIITA or control vector (MIGR1-CTL), T
983 effector cells (Terr) and Antigen-presenting cells (APC), cultured with a final concentration
984  of 0.1uM Ova-peptide.

985 C | Proportion of EGFP* Treg cells in the culture, indicating transduction efficiency.

986 D | Percentage of MHC II* cells within the EGFP* Ty population, assessing the
987  upregulation of MHC Il due to CIITA overexpression.

988 E | Mean fluorescence intensity (MFI) of MHC Il expression on Treg cells, comparing the
989 impact of MIGR1-CIITA to the control.

990 F | Quantification of Tesr cell division within the suppression assay, measured at different
991 Treg: Terr ratios, illustrating the enhanced suppressive function of ClITA-overexpressing
992  Tregcells.

993

994  Statistical significance was determined using a two-tailed unpaired t-test with indicated p-
995 values (P < 0.01; ****P < 0.0001). The data, comprising three biological replicates per
996 group, are presented as mean values + SD.
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