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Abstract

Dendritic cells (DCs) sense environmental cues and adopt either an immune-stimulatory or
regulatory phenotype, thereby fine-tuning immune responses. ldentifying endogenous regulators
that determine DC function can thus inform the development of therapeutic strategies for
modulating the immune response in different disease contexts. Tim-3 plays an important role

in regulating immune responses by inhibiting the activation status and the T cell priming ability of
DC in the setting of cancer. Bat3 is an adaptor protein that binds to the tail of Tim-3; therefore,
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we studied its role in regulating the functional status of DCs. In murine models of autoimmunity
(experimental autoimmune encephalomyelitis) and cancer (MC38-OVA-implanted tumor), lack of
Bat3 expression in DCs alters the T cell compartment—it decreases Ty1, TH17 and cytotoxic
effector cells, increases regulatory T cells, and exhausted CD8* tumor-infiltrating lymphocytes,
resulting in the attenuation of autoimmunity and acceleration of tumor growth. We found that
Bat3 expression levels were differentially regulated by activating versus inhibitory stimuli in DCs,
indicating a role for Bat3 in the functional calibration of DC phenotypes. Mechanistically, loss

of Bat3 in DCs led to hyperactive unfolded protein response and redirected acetyl-coenzyme

A to increase cell intrinsic steroidogenesis. The enhanced steroidogenesis in Bat3-deficient DC
suppressed T cell response in a paracrine manner. Our findings identified Bat3 as an endogenous
regulator of DC function, which has implications for DC-based immunotherapies.

INTRODUCTION

Dendritic cells (DCs) play a fundamental role in shaping the T cell landscape by controlling
T cell activation, expansion, and differentiation (1). Conventional DCs (cDCs) are highly
plastic cells that act as sentinels in tissue and, depending on the local milieu, can either
activate T cells or induce T cell tolerance. There are two distinct cDC subsets, CD103*
cDC1s and CD11b* ¢cDC2s (2). cDC1s have a unique capacity to induce cellular immunity
against intracellular pathogens and tumor cells by cross-presenting exogenous antigens to
activate CD8* T cells. In contrast, cDC2s are potent inducers of CD4* T cell responses (3).
Overall, in response to certain stimuli, DCs undergo maturation wherein they acquire the
ability to produce higher levels of proinflammatory cytokines and chemokines and exhibit
higher surface expression of costimulatory molecules and major histocompatibility complex
I (MHC-II) (4). However, various physiological and pharmacological agents may induce
tolerogenic DCs (tolDCs). tolDCs are not specific to a given lineage and are present in

the steady state in certain anatomical sites, such as the intestine and airways, where they
help maintain immune homeostasis (4). These DCs control excessive immune activation

by inducing tolerance in T cells via multiple mechanisms including T cell anergy, T

cell deletion, or conversion to FoxP3* regulatory T cells (Tregs) (4). Specifically, tolDCs
often display an immature or semimature phenotype with characteristically low expression
of costimulatory (e.g., CD80 and CD86) and MHC molecules on their surface, favoring
weak antigen presentation, and produce anti-inflammatory cytokines, such as interleukin-10
(IL-10) and transforming growth factor—p (TGF-p), facilitating an anti-inflammatory
microenvironment (4). Thus, the functional status of DCs is essential for the maintenance of
immunological homeostasis.

The unique capacity of DCs to induce both immune activation and tolerance has been
exploited for the development of several immunotherapeutic strategies for patients with
autoimmune diseases such as rheumatoid arthritis (5), type 1 diabetes (6), and multiple
cancers (7). However, the therapeutic potential of DC-directed therapies remains to be

fully exploited in the clinic because DCs change their function in vivo due to high

plasticity, resulting in short-lived effects (8, 9). Accordingly, the development of reliable
and effective DC-directed therapies requires identification of endogenous regulators that can
be genetically modified to modulate DC function to achieve the desired stable effects. Such
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endogenous regulators that can switch DCs between the regulatory and stimulatory states are
under studied.

Tim-3 regulates DC function by inhibiting the activation of the inflammasome (10) and
inhibiting the stimulator of interferon genes (STING) pathway in DCs (11). Because Bat3
is an adapter protein that binds to the cytoplasmic tail of Tim-3 and restrains its inhibitory
function (12), therefore, it was tempting to hypothesize that Bat3 may function as an
endogenous regulator of DCs function. Bat3 is encoded by Bagé, which is located within
the MHC class 111 gene cluster on chromosome 6; the latter encodes genes with key roles in
immune function (13, 14). Bat3 polymorphisms are associated with an increased incidence
of several autoimmune diseases such as Kawasaki syndrome (15), type 1 diabetes (16),
rheumatoid arthritis (17), and allogeneic hematopoietic stem cell transplant (18), as well
as lung cancer (19, 20), indicating that Bat3 may be involved in the regulation of wide
spectrum of immune-mediated diseases.

Here, we examined the effect of selective loss of Bat3 on regulating the functional

activity of DCs. We found that Bat3 expression was tightly regulated by stimulatory versus
regulatory signals, with Bat3 being higher in immune stimulatory compared with tolDCs.
Conditional deletion of Bat3 in DCs drove the acquisition of regulatory-like phenotype,
thereby inhibiting both autoimmunity and antitumor immunity. Mechanistically, loss of
Bat3 altered endoplasmic reticulum (ER) homeostasis and rewired cellular metabolism to
increase the production of steroid hormones by inhibiting the tricarboxylic acid cycle (TCA
cycle). Bat3™~ DCs showed increased production of glucocorticoid, which acted on T cells
in a paracrine manner to suppress immune responses. Our findings suggest that Bat3 is

an endogenous regulator of the tolerogenic state in DCs with important implications for
regulating autoimmunity and antitumor immunity.

The absence of Bat3 expression in DCs alters the cross-talk between DCs and T cells

To study the cell-intrinsic function of Bat3 in regulating DC functions, we used
Bat3M/flCD11cCRE [hereby referred to as Bat3 conditional knockout (cKO)] mice (21). First,
we confirmed that Bat3 was selectively deleted in CD11c* DCs (fig. S1, A and B). Next, we
determined that the absence of Bat3 in CD11c™ cells did not affect the proportion nor the
number of major immune populations [DCs, T cells, B cells, natural killer (NK) cells, and
NKT cells] (fig. S1, C to E) and confirmed that Bat3 was dispensable for the development
and survival of DCs at steady state.

The functional status of DCs can determine whether immune activation versus tolerance
ensures. We therefore investigated the effect of Bat3 modulation in DC in a model of
autoimmunity. To study the effect of loss of Bat3 in DCs in autoimmunity, we induced
experimental autoimmune encephalomyelitis (EAE) in Bat3 cKO mice and their littermate
controls by immunization with MOG3s_s55 (myelin oligodendrocyte glycoprotein 35-55)
peptide. We observed that the Bat3 cKO mice developed significantly milder clinical disease
compared with the controls (Fig. 1A). Histopathologic analysis confirmed that Bat3 cKO
mice had less severe inflammation compared with controls (Fig. 1B). We assessed the
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central nervous system (CNS) infiltrates and found that changes in the frequency and total
cell numbers of plasmacytoid DC, myeloid DCs, and cDCs were not significant (fig. S2,

A to C). Neither the proportion of Tim-3* CNS-infiltrating cDCs nor their expression level
of Tim-3 was different between the Bat3 cKO mice and controls (fig. S2D). Furthermore,
we observed that there was no difference in the frequency of cDC1 and cDC2 subsets in
the CNS of Bat3 cKO and the controls (fig. S2E). However, although we did not observe
differences in the abundance of DCs (fig. S2, B and C) or distribution of DC subsets (fig.
S2E), examination of their phenotype revealed that in the absence of Bat3, DCs had lower
expression of MHC-11, CD40, CD80, CD86, and programmed cell death ligand 1 (PDL1)
(Fig. 1D and fig. S2, C and F). The absence of Bat3 expression on DCs also affected CD4*
T cells in the CNS. Specifically, we found that the Bat3 cKO mice harbored fewer total

and proinflammatory IL-17A* and interferon-y—positive (IFN-y*) CD4" T cells (fig. S2G)
but more FoxP3* CD4* T cells (Tregs) in the CNS compared with controls at the peak of
disease (Fig. 1D and fig. S2G). We next included 5-bromo-2’-deoxyuridine (BrdU) staining
to assess the proliferation status of Tyegs, T helper 17 (Ty17) cells, and Tl cells retrieved
from the draining lymph nodes (dLNs) and CNS of the Bat3 cKO mice and the controls at
the peak of disease. The Bat3 cKO mice exhibited a significant reduction in the proliferation
of IL-17A* and IFN-y™* T cells but an increase in the proliferation of Tyegs in both the dLN
and CNS (fig. S2H). These data indicated that the absence of Bat3 expression in DCs led to
the establishment of a phenotype that shared many features with regulatory DCs, including
the ability to suppress proinflammatory T cell responses.

Autoimmunity and cancer are at opposite ends of the spectrum of immune activation.
Having observed that the loss of Bat3 in DCs ameliorated CNS autoimmunity, we next
investigated whether it would weaken antitumor immunity. We found that Bat3 cKO mice
exhibited faster tumor growth compared with controls in the MC38-OVAY™ model of colon
carcinoma (Fig. 1E). To examine how the loss of Bat3 in DCs affected the function of DCs
and potentially DC-T cell cross-talk in the tumor microenvironment (TME), we harvested
tumors at an early stage of tumor development when tumor sizes (40 to 60 mm?2) were not
significantly different across the two groups of mice (22). Consistent with our observations
in the DCs from the CNS of mice undergoing EAE, we found no significant differences

in either the absolute numbers or the frequency of total cDC and DC subsets in the tumor
tissues of the Bat3 cKO and control mice (fig. S3, A to D); however, the DCs from the
TME in Bat3 cKO mice also exhibited lower levels of CD40, CD86, CD80, and PDL1

(Fig. 1F and fig. S3E) compared with their controls. In addition, there were fewer CD8*
tumor-infiltrating lymphocytes (TILs) in the TME of Bat3 cKO mice (fig. S3F). We next
examined the phenotype of the CD8" TILs in the Bat3 cKO mice. Tim-3 and programmed
cell death 1 (PD1) can be used to identify terminally exhausted CD8* TILs (23). Therefore,
we compared the frequency of Tim-3*PD1*CD8" TILs between the Bat3 cKO and the
controls; we observed a higher frequency of Tim-3*PD1*CD8* TILs in Bat3 cKO mice (Fig.
1G). CD8* TILs from Bat3 cKO mice also exhibited lower cytotoxic capacity, as shown by
the decreased frequency of CD107a*Granzyme B™ cells. The CD8* TILs from Bat3 cKO
mice exhibited dampened responses to ex vivo polyclonal restimulation, producing less 1L-2,
tumor necrosis factor-a (TNF-a), and IFN-y and were less polyfunctional (Fig. 1G and fig.
S3G). Together, these findings demonstrated that Bat3 expression in DCs directly affected
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their functional status, leading to the modulation of CD4* and CD8* T cells in autoimmune
and tumor settings.

Bat3 regulates the functional plasticity of DCs in vivo

To gain a better understanding of the role of Bat3 in DCs in regulating T cell function in
vivo, we studied the expansion and differentiation of MOG-specific T cell receptor (TCR)
(Va3.2%) bearing T cells (24) referred to as 2D2 cells upon transfer into either Bat3 cKO
or littermate controls immunized with MOG35_g5 peptide (Fig. 2A). After immunization,
we examined the proliferation status of the 2D2 cells and found that there was a reduction
in their proliferation in the dLNs and CNS of Bat3 cKO mice (Fig. 2B). Moreover, 2D2
cells retrieved from the Bat3 cKO mice exhibited a significant reduction in IL-17A* and
IFN-vy* but an increase in IL-10" T cells (Fig. 2C). Together with the data in Fig. 1D, these
findings reinforced the notion that the absence of Bat3 in DCs dampened the expansion
of effector T cells and the production of proinflammatory cytokines in the establishment
of autoimmunity. Furthermore, DCs derived from Bat3 cKO mice supported the antigen-
specific differentiation of FoxP3* T cell (Tregs) from 2D2 cells in the dLN and CNS (Fig.
2D).

We next tested whether DCs deficient in Bat3 acquired the ability to actively induce
tolerance in vivo. We pulsed bone marrow—derived DCs (BMDCs) generated from Bat3
cKO mice or controls with MOG3s_s5 peptide and transferred these antigen-pulsed DCs to
wild-type (WT) recipient mice that were previously immunized with MOGgs_s5 (Fig. 2E).
We found that MOG-pulsed Bat3-deficient DCs (Bat3™~ DCs) significantly inhibited the
development of actively induced EAE with reduction in both clinical disease and lesion
load (Fig. 2F). Together, these data demonstrated that the absence of Bat3 in DCs led to
acquisition of tolerogenic features by DCs.

Next, we studied in detail the phenotype of the DCs derived from the Bat3 cKO mice in
vitro. In line with our data in the EAE and colorectal tumor models (Fig. 1), we found

that after lipopolysaccharide (LPS) stimulation, the Bat3~~ DCs had lower frequencies of
MHC-11*, CD40*, CD80*, CD86*, PDL1*, and PDL2* cells (Fig. 2G). In the steady state,
Bat3~/~ DCs also had a significantly lower frequency of CD80™ but a higher frequency

of PDL2" cells (fig. S4A). To determine how the changes observed in the DC phenotype
affected DC-T cell cross-talk, we performed DC-T cell coculture assays. To this end, we
used an in vitro system where DCs pulsed with MOG35_g5 peptide were cocultured with
MOG-specific (2D2) naive T cells. The priming ability of DCs was assessed by comparing
T cell proliferation and cytokine production after coculture. Consistent with their markedly
diminished maturation status, Bat3~/~ DCs showed reduced ability to prime naive 2D2 T
cells, resulting in a much lower rate of T cell proliferation (Fig. 2H). Again, reminiscent of
our data from the CNS of Bat3 cKO during EAE (Figs. 1, A to D, and 2, A to D), we found
that Bat3~~ BMDCs also had an impaired ability to polarize naive T cells toward IFN-y™*
and IL-17A* T cells but rather promoted an increase in the frequency of 1L-10* and FoxP3*
T cells (Fig. 21).

We next tested whether the absence of Bat3 expression in DCs affected their antigen
processing ability. Full-length MOG protein is relatively unstable; thus, we used the
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ovalbumin (OVA) protein and peptide system. We pulsed the Bat3-sufficient (Bat3*/*) and
Bat3~/~ DCs with OVA protein or OVA peptide (ISQAVHAAHAEINEAGR or SIINFEKL),
followed by coculturing these cells with OVA-specific CD4* T cells (OT-I1 or OT-1). We
found that Bat3~~ DCs demonstrated reduced capacity to induce the proliferation of T cells
when pulsed with either OVA protein or OVA peptide (fig. S4, B and C), indicating that the
absence of Bat3 limited the ability of the DCs to process and present antigens to T cells. To
further support the concept, tumor-associated DCs (tDCs) (DC1 and DC2 separately) were
sorted from the Bat3 cKO mice and controls, pulsed with full-length OVA, and cocultured
with either OT-1 or OT-11 naive T cells, respectively. We found that Bat3~/~ tDCs had
decreased capacity to induce OT-I and OT-11 T cell expansion compared with WT tDCs (Fig.
2J). Common features of tolDCs include low antigen presentation capacity combined with
the loss or reduction of costimulatory signals, expression of inhibitory molecules, and an
anti-inflammatory cytokine profile (4). Thus, our data suggest that loss of Bat3 promoted the
acquisition of regulatory functions in DCs, leading to the suppression of T cell responses.

The expression level of Bat3 is regulated by microenvironmental cues

In response to Toll-like receptor (TLR) agonists (i.e., LPS and CpG-containing DNA) or
proinflammatory cytokines (i.e., IFN-y), DCs undergo functional maturation and activation,
which subsequently leads to efficient T cell priming (25). In contrast, treatment with
anti-inflammatory agents such as dexamethasone (DEX) (26, 27), vitamin D3 (28), IL-10
(29), vasoactive intestinal peptide (30), retinoic acid (31), rapamycin (32), aspirin (33),
cyclosporin A (34, 35), and hepatocyte growth factor (36) leads to tolDCs with regulatory
features. To dissect the association between Bat3 expression and the immune-stimulatory
versus regulatory status of DCs, we treated DCs with either proinflammatory stimuli such
as various TLR ligands or anti-inflammatory agents such as DEX and then examined

the expression level of Bat3. We found that the proportion of Bat3* cells and the Bat3
expression levels were significantly up-regulated under the immune-stimulatory conditions
(Fig. 3A and fig. S5A) and were down-regulated under the regulatory conditions at both the
protein (Fig. 3A and fig. S5, A and B) and transcript (fig. S5C) levels. These data indicated
that Bat3 expression was correlated with the external cues received by the DCs.

Next, we addressed whether Bat3 expression was affected by the microenvironment
associated with different disease settings. To this end, we analyzed the level of Bat3

in DCs isolated from inflammatory settings (MOG-immunized EAE mice) or an immune-
suppressive environment (MC38-OVAYM tumor-bearing mice) (Fig. 3B). Analysis of DCs
from the spleen and dLN revealed an expression pattern of Bat3 consistent with that
observed in vitro in BMDCs with different activation statuses; the proportion of Bat3*

cells was higher in the setting of EAE, whereas it was markedly decreased in the context

of tumor-bearing mice compared with that in naive mice. The frequency of Bat3* DCs
infiltrating the CNS during EAE was significantly higher than that in tumor tissue (Fig. 3B).
Thus, Bat3 was induced in DCs upon proinflammatory cues both in vitro and in vivo.

The CNS T cell landscape is altered in the absence of Bat3 expression in DCs

To elucidate the impact of Bat3 expression in DCs on shaping the T cell landscape
during neuroinflammation, we performed single-cell RNA sequencing (SCRNA-seq) of CNS-
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infiltrating T cells at the onset of EAE in WT or Bat3 cKO mice. After dimensionality
reduction and graph-based clustering, we identified 13 lymphocyte subsets, including four
CD8" subsets and six CD4* subsets, each with unique signature genes (Fig. 4, A to D).
Cluster 3 (CD4" naive-like T cells), cluster 11 (CD8* naive-like T cells), and cluster 12
(CD8* NKT cells) were the main populations of T cells derived from the Bat3 cKO mice
(Fig. 4B). Both the major CD4™ T (cluster 3) and CD8* T cell clusters (cluster 11) in

Bat3 cKO mice 7s5c¢22d3emerge as an identity gene, being among the top 5 differentially
expressed (DE) marker genes (Fig. 4C) along with Rp/35, Lef1, Ccr7, lgfop4, Rps27, and
Rps29. Next, we examined the DE genes between T cells derived from control and Bat3
cKO mice within each cluster. 7sc22d3again emerged among the top DE genes across most
T cell clusters (except CD4* memory-like, Ty17-like, Ty1-like, and CD8* T stem cell-like
early effector clusters) with positive expression log fold changes in the cells from the Bat3
cKO mice (Fig. 4D). Thus, 7s5¢22d3 was associated with the phenotypes of T cells from

the Bat3 cKO mice both at the cell subset—specific (cluster 3 and cluster 11) and pan T cell
level. 7sc22d3 encodes for glucocorticoid-induced leucine zipper (GILZ) (37). GILZ is a
protein with multiple biological roles that is up-regulated by glucocorticoids, which have
potent immunosuppressive functions (37). One of the mechanisms by which glucocorticoids
induce immunosuppression is through regulation of the T cell response (37). Other notable
genes associated with the T cells that derived from the Bat3 cKO mice were Zfp36/2and
Pik3ip1, both known glucocorticoid receptor (GR) target genes (38-43). Pik3jpIlisalsoa T
cell regulator that leads to reduced antitumor immunity (40, 41). These data indicated that
glucocorticoid signaling is more active in the T cells derived from the Bat3 cKO mice. We
confirmed that the other top DE genes (LefZ and /gfbp4) were glucocorticoid responsive

in T cells by examining the expression of these genes in in vitro—differentiated CD4* or
CDS8™ T cells treated with glucocorticoids (fig. S6A). We further examined the levels of
other known glucocorticoid-responsive genes such as Mt1, Mt2, Nfil3, Haver2, and Pdcdl
and found that these genes were also higher in the T cells retrieved from the dLN of

Bat3 cKO mice with EAE compared with controls, supporting the notion that these cells
indeed have a higher level of glucocorticoid signaling (Fig. 4E). This finding prompted us
to hypothesize that the T cells from the CNS of Bat3 cKO mice were either more sensitive
to glucocorticoids or exposed to a higher concentration of glucocorticoids in the local tissue
microenvironment. We tested the first possibility by measuring the level of ANir3c1 (gene
that encodes the GR) in T cells. We found that the levels of Ar3cZ were comparable in

the CD4* T cells derived from the control or Bat3 cKO-immunized mice (fig. S6B). This
finding supported the alternate hypothesis that the T cells from Bat3 cKO mice were in an
environment with higher glucocorticoid content.

We therefore tested whether higher glucocorticoid production in the tissue
microenvironment was the major driver of the regulatory phenotype observed in mice that
lack Bat3 in DCs. We used an in vitro DC-T cell coculture system with WT or Bat3™/~
BMDCs cocultured with either WT or GR-deficient CD4* T cells (Nr3c1f/fl dLckCRE;
GR cKO) (fig. S6C) (22). In line with our previous observations (Fig. 2H), we found that
Bat3~/~ BMDCs exhibited poor stimulatory capacity when cocultured with WT T cells;
however, the inhibitory effect of Bat3~/~ BMDCs was abrogated when they were used to
stimulate T cells that lack the expression of GR (Fig. 4F and G). These results indicated
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that the difference in the stimulatory capacity of Bat3*/* versus Bat3~/~ DCs was dependent
on the presence of active glucocorticoid signaling in T cells. Similarly, we found that the
differential ability of the Bat3-deficient versus Bat3-sufficient DCs to polarize T cells toward
IFN-y * and IL-17A" cells was completely abrogated when using GR-deficient T cells (Fig.
4G). We further tested the requirement for active glucocorticoid signaling in T cells in vivo.
We transferred Bat3~/~ BMDCs to either WT or GR cKO mice. As expected, the transfer

of Bat3™/~ BMDCs resulted in inhibition of EAE in WT mice. Conversely, the transfer of
Bat3~/~ DCs to GR cKO recipients abolished the previously observed regulatory effect of
Bat3™~ DCs (Fig. 4H). Together, these data indicated that the regulatory effect of Bat3~/~
DCs on CD4* T cells was largely dependent on the activation of glucocorticoid signaling in
the interacting T cells.

Enhanced activation of the unfolded protein response leads to acquisition of regulatory-
like features in Bat3-deficient DCs

Our data pointed to a role for glucocorticoids in the regulatory phenotype of Bat3™~ DCs.
Myeloid cells are a major local source of endogenous glucocorticoids in the TME (22).
Accordingly, we tested the steroidogenic capacity of DCs by examining the expression of
the enzymes involved in glucocorticoid biosynthesis (StAR, Cyp2lal, Cypl1bl1, Hsd3b3,
and Hsd11b1) in the Bat3*/* versus Bat3™/~ DCs. All these genes were expressed at a higher
level in LN DCs derived from MOG3s_s5 peptide—immunized Bat3 cKO (Fig. 5A). We
further confirmed that Bat3~~ DCs produce significantly higher amounts of corticosterone
as compared with Bat3*/* DCs (Fig. 5B).

As the absence of Bat3 led to the acquisition of regulatory-like features by the DCs (Figs.

1 and 2), we assessed whether the transcriptome of Bat3~/~ DCs shared features with those
of other bona fide tolDCs generated by treatment with IL-10/TGF-B, rapamycin, or vitamin
D3. We found that regulatory DCs generated by these treatments shared some features

with Bat3-deficient DCs (e.g., TNF signaling, phagosome, and osteoclast differentiation);
however, Bat3~/~ DCs mostly adopted unique programs that correlated with their regulatory
functions (fig. S7, A to C). To further dissect the unique mechanisms by which Bat3
regulated DC functions, we focused on the differences in the transcriptional profiles between
the Bat3-deficient and Bat3-sufficient DCs (Fig. 5C and fig. S7D). We noted that Bat3™/~
DCs had markedly increased the expression of £rmi, Atf4, and Ddit3, genes involved in
hyperactivation of the unfolded protein response (UPR) (Fig. 5C). We further confirmed
that Bat3~/~ DCs had marked up-regulation of additional ER stress—related genes, including
Xbpls, Sec61al, Eraj4, Gadd34, Grp94, and Grp78 (Fig. 5D). Accordingly, “response

to unfolded protein” (GO:0006986) or “protein processing in the endoplasmic reticulum”
(mmu04141) (fig. S6C) were among the top-ranked pathways [false discovery rate (FDR)

< 0.05] enriched in the Bat3~/~ DCs. These pathways supported the idea that Bat3 is

a chaperone protein that acts as a hub in protein quality control pathways to prevent
aggregation and accumulation of misfolded and mislocalized protein (44-49). Bat3™/~
BMDCs showed increased splicing of X6pZ mRNA and higher spliced form of X-box
binding protein 1 (XBP1s) nuclear levels compared with WT controls (fig. S7, E and F).
Together, these data indicated that Bat3 may regulate DC function by controlling the level of
the UPR.
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Given that sustained hyperactivation of the UPR is a unique feature of Bat3~~ DCs, we
next examined whether this feature imparted regulatory properties to the DCs. We first
tested whether normalizing or relieving the ER stress in Bat3~~ DCs could revert the
regulatory status of Bat3~/~ DCs in vitro. For this, we used two highly potent and specific
ER stress inhibitors [4-phenylbutyric acid (4PBA) and 7-hydroxy-4-methyl-2-ox0-2H-1-
benzopyran-8- carboxaldehyde (4pu8C)]. 4PBA mainly targets the inositol-requiring enzyme
la (IRE1a)/XBP1 axis in addition to two other UPR pathways (50), and 4u8C is a selective
inhibitor of IRE1-dependent degradation and splicing of X6pZ mRNA in response to ER
stress (51). Treatment with 4PBA or 4p8C of in vitro LPS-stimulated BMDCs rescued the
defective activation of Bat3™/~ DCs as shown by increased expression of MHC-11, CD40,
CD80, CD86, PDL1, and PDL2 (Fig. 5E and fig. SBA) and resulted in a dose-dependent
restoration of the proliferative response of T cells upon coculture (Fig. 5F and fig. S7B).
We next confirmed the effect of targeting the UPR in Bat3~/~ DCs in vivo. We transferred
Bat3~/~ DCs treated with 4PBA or 4u8C to MOG-immunized mice and found that mice
receiving 4PBA- or 4u8C-treated DCs enhanced the severity of EAE (Fig. 5G), correlating
to increased infiltration of CD4* T cells expressing higher levels of IFN-y and IL-17

into the CNS but reduced frequency of FoxP3* Tregs (Fig. 5H). Similarly, we found that
adoptive transfer of Bat3~/~ DCs pretreated with 4PBA to MC38-OVAYM tumor-bearing
mice completely abolished the previously observed tumor-promoting effects of these DCs
(Fig. 51), reduced the proportions of Tim-3*PD1* CD8 TILs, and increased the production
of IFN-y and TNF-a by CD8" TILs, indicating that the restriction of ER stress in Bat3~/~
DCs reduced their regulatory phenotype and improved their ability to mount effective
antitumor responses (Fig. 5J). Further, intratumoral administration of 4PBA at an early
stage of tumor progression (average tumor size < 40 mm?2), when tumor sizes were not
significantly different across groups, abrogated the accelerated tumor progression observed
in the Bat3 cKO mice (fig. S8C), reduced the frequency of PD1*Tim-3*CD8* TILs, and
increased the production of IFN-y and TNF-a by CD8* TILs (Fig. S8D). Collectively,
these data indicated that targeting the ER stress response in Bat3~~ DCs reduced the
tolerogenicity of these cells, which subsequently led to augmented T cell activation.

Bat3-mediated ER stress regulation controls cell-intrinsic steroidogenesis in DCs

We next examined a connection between ER stress and the induction of steroidogenesis

in DCs. We noted that enzymes in the TCA cycle (Acol, /dhi, Idh3a, Sdha, and Sdhb)
were significantly down-regulated in the Bat3~~ compared with Bat3*/* DC (Fig. 5C).
Aconitase (Acol) and isocitrate dehydrogenase (Idh) mediate conversion of mitochondrial
citrate to isocitrate and a-ketoglutarate, respectively, and their inhibition redirects citrate to
cytoplasmic lipid and sterol synthesis (52). We hypothesized that ER stress and activation of
the UPR redirect central carbon metabolism from the TCA cycle toward steroidogenesis by
reduced expression of TCA cycle enzymes. Lack of Bat3 reduced expression of multiple
genes in the TCA cycle of in vitro LPS-stimulated BMDCs, and these were rescued

by treatment with 4PBA (Fig. 6A). This was concomitant to an increased expression of
Acly and levels of acetyl-coenzyme A (acetyl-CoA), both of which indicated an increased
synthesis of cytoplasmic acetyl-CoA in the Bat3~/~ compared with Bat3*/* BMDCs (Fig.
6A and B). Acetyl-CoA is resynthesized in the cytoplasm from citrate exported from
mitochondria and is required for lipid synthesis (53). In agreement with the elevated levels
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of acetyl-CoA in the Bat3~/~ DCs, the levels of citrate were also higher compared with
the WT controls (Fig. 6B). Simultaneously, there was reduced flux of citrate in TCA cycle
as measured by the level of the TCA cycle intermediate fumarate, which was significantly
reduced in Bat3~/~ DCs (Fig. 6B).

Our data pointed to increased lipid and sterol synthesis in Bat3~/~ DCs. We found that
Bat3~/~ DCs had significantly increased cholesterol and that this was completely abrogated
by treatment with 4PBA (Fig. 6B). Because cholesterol is a metabolic intermediate bridging
acetyl-CoA and steroids, we determined whether inhibiting ER stress reversed not only
changes in the levels of the above intermediates but also the increase in steroid levels (Fig.
6B). Restraining the UPR by treatment with ER stress inhibitors [4PBA, 4u8C, B-109 (54),
and MKC8866 (55)] or by genetic ablation of Xbp1 [Xbp1f/flCD11cCRE mice (56)] reduced
the level of corticosterone in Bat3™~ DCs to the same level measured in WT counterparts
(Fig. 6C and fig. S8E). To further test this in vivo, we examined the expression of the
enzymes involved in glucocorticoid biosynthesis (StAR, Cyp2lal, Cyplibl, Hsd3b3, and
Hsd11b1) in the dLN DCs derived from MOG immunized Bat3fl/fl, Bat3fl/fICD11cCRE,
and Xbp1fl/fIBat3fl/fICD11cCRE mice. Conditional deletion of Xbp1 in Bat3~~ DCs (fig.
S6D) reduced the expression level of these enzymes to the levels observed in controls

(Fig. 6D). In addition, genetic ablation of Xbp1 in Bat3~/~ DCs reduced the level of
glucocorticoid-responsive genes in responding CD4* and CD8* T cells in the dLNs of the
double KO mice (Fig. 6E). Hence, our findings indicated that Bat3 is a regulator of the fate
of the acetyl-CoA pool in BMDCs. Genetic ablation of Bat3 in DCs promoted ER stress
that inhibited central carbon metabolism in the TCA cycle and directed acetyl-CoA toward
steroidogenesis.

In the current study, we showed that (i) the absence of Bat3 expression in DCs ameliorates
autoimmunity but enhances tumor growth; (ii) the absence of Bat3 in DCs leads to the
development of a tolDC phenotype that affects DC-T cell cross-talk; (iii) the expression
level of Bat3 in DCs is markedly increased by proinflammatory stimuli but decreased by
anti-inflammatory stimuli; (iv) DCs deficient in Bat3 develop unresolved ER stress, which
redirects acetyl-CoA toward enhanced steroidogenesis; and (v) glucocorticoids produced by
Bat3-deficient DCs induce T cell tolerance both in vitro and in vivo. Together, these results
indicated that Bat3 had a central role in limiting the UPR response. Loss of Bat3 activated
ER stress, which, in turn, inhibits the TCA cycle, leading to the accumulation of citrate,
which served as a substrate for synthesis of cholesterol that is broken down to produce
glucocorticoids. DC-derived glucocorticoids acted on T cells to inhibit autoreactive T cell
responses in EAE and antitumor T cell responses in MC38 colon carcinoma (Fig. 7).

DISCUSSION

DCs are sentinel cells that integrate signals from the environment and either pave the way
for the induction of immunity or set up a state of tolerance. Although various external
stimuli that can skew the functional state of DCs have been identified (57, 58), the
endogenous molecular switches that can regulate the functional state of DCs remain elusive.
Here, we described that Bat3 can act as an endogenous regulator of the functional state

of DCs. Our data demonstrate a previously unknown Bat3-regulated metabolic mechanism
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of determining the immunogenic versus tolerogenic state in DCs. Hence, Bat3™~ DCs
show reduced expression of TCA cycle genes (Acol, ldhl1, l1dh3a, Sdha, Sdhb, Suclgl, and
Diaf) and reduction of TCA cycle metabolites, which reverses upon inhibition of UPR.
This is concurrent with increased acetyl-CoA, citrate, and cholesterol levels in Bat3™/~
DCs, all being precursors of steroids including glucocorticoids. TCA cycle regulates ER
stress in hepatocytes by increased glutathione oxidation (59). Although these findings
remain to be investigated in DCs, our study showed that ER stress could also reduce

TCA cycle metabolism to promote steroid biosynthesis. This indicates a potential positive
feedback loop between ER stress and TCA cycle metabolites. Accumulation of cholesterol,
a precursor to glucocorticoids, increases DC activity, although this is contingent upon
inhibition of Abcal/gl transporters (60). Bat3 deficiency increased expression of these
transporters based on our quantitative polymerase chain reaction (qPCR) results. Our data
showed glucocorticoid-promoted regulatory phenotypes in T cell. Likewise, exogenous
cholesterol promotes FoxP3* Tregs under hypercholesterolemia (61). Hence, Bat3”~ DC
could be releasing both cholesterol and glucocorticoid to promote Teg phenotypes in a
tumor or autoimmune environment. Further studies are warranted to determine whether this
effect is additive or only through glucocorticoid.

Glucocorticoids are routinely used to generate tolDCs in vitro and in clinical settings (62,
63). Glucocorticoid can also be produced by myeloid cells in the TME (22). Here, we
demonstrate that the regulatory effect of Bat3~/~ DCs was dependent on the activation

of glucocorticoid signaling in the interacting T cells. Thus, it is plausible that the
glucocorticoids produced endogenously by Bat3~~ DCs could act both in an autocrine
manner to further reinforce DC regulatory phenotype and in a paracrine manner to suppress
T cell responses. Glucocorticoids can drive the expression of Tim-3 on T cells and the
development of T cell exhaustion (22). Whereas loss of Tim-3 promotes proinflammatory
phenotype in DCs by inducing activation of inflammasome (10), loss of the Tim-3 adapter
protein Bat3 promotes a regulatory phenotype in DCs. Therefore, it is possible that the
regulatory phenotype observed in Bat3-deficient DCs is due to excessive glucocorticoid
production in these DCs, which further leads to induction of Tim-3 signaling in adjacent

T cells, thus providing an unexpected expansion to what is known about the Tim-3-Bat3
axis in regulating T cell responses (12). It is plausible that glucocorticoids can also induce
or augment the expression of Tim-3 in DCs, which has been reported to restrain the
activation of DC by innate stimuli (64), the production of chemokines by DC (65), and
activation of the inflammasome in DCs (10). Therefore, the regulatory phenotype observed
in Bat3-deficient DCs could be due to unopposed Tim-3 signaling resulting in excessive
glucocorticoid production. Further investigation involving Tim-3-Bat3 double-deficient DCs
is needed to confirm whether the regulatory function observed in Bat3-deficient DCs is
partly due to unopposed Tim-3 signaling.

Activation of UPR-related pathways in DCs subsequent to ER stress can modulate DC
functions in multiple ways. First, the levels/ duration of ER stress and UPR activation
may tune DC functions differently depending on context. Constitutive activation of IREla
is observed in DCs when using ER stress—activated indicator reporter mice (66—68),
indicating that a baseline level of UPR may be critical for DC development and survival.
Overexpression of XBP1s in DCs potentiates the efficacy of DC-based therapeutic cancer
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vaccinees (69). Consistent with this observation, pharmacological blockade of the IREla/
Xbp1 axis in BMDCs impairs antigen cross-presentation (70). However, during progression
of ovarian cancer, sustained activation of XBP1s in tumor-infiltrating DCs enhanced
abnormal lipid accumulation and inhibited subsequent DC antigen presentation to support
activation of antitumor T cells (56). This observation is in line with our observation

that Bat3 deficiency resulting from excessive and sustained activation of UPR may have
detrimental effects on DCs in priming CD8* T cells in the implanted MC38-OVAYM tumor
models. Second, the different arms of the UPR may have different effects in DCs. Loss of
XBP1, but not the other arms of the UPR, results in an increased sensitivity to apoptotic
cell death during DC differentiation, resulting in impaired survival of DCs (71). Activation
of the protein kinase R-like ER kinase (PERK) pathway and C/EBP homologous protein
(CHOP) pathway (72), and IRE1a pathways of the UPR increases IL-23 expression in
TLR- activated DCs (73, 74). Although the contribution of different arms of UPR pathways
in the generation and function of tolDCs has not been studied, our results indicate that
Bat3-mediated regulation of glucocorticoid-GR signaling via the UPR may represent a
major component of the regulatory effect observed in Bat3-deficient DCs.

The level of Bat3 in DCs is tightly regulated by the type of stimulus received by these

cells, implying a broad yet versatile function of Bat3 in DCs in various disease settings.

Our data show that activating or inhibitory signals provided by the environment affect the
endogenous Bat3 levels in DC and subsequently their functions. Although the mechanism
by which this is achieved is not clear, we hypothesize that activating versus tolerogenic
signals may regulate Bat3 expression by (i) inducing transcription factors that regulate Bat3
expression, (ii) activating signaling pathways that regulate Bat3 nuclear translocation, and/or
(iii) changing the metabolic status of DCs. Further studies will be needed to identify the
precise signaling pathways and the transcription factors that regulate the expression of Bat3
in response to environmental cues.

Collectively, our findings define an endogenous regulator that acts as a molecular switch of
DC phenotype and function by regulating ER stress and cellular metabolism by promoting
increased steroidogenesis. We showed that in the absence of Bat3, acetyl-CoA was
preferentially used for increased steroidogenesis, thereby promoting a regulatory program
in T cells. We have thus identified a targetable immunoregulatory program that can be
exploited to modulate DC function (immunostimulatory or regulatory) and the subsequent
cross-talk between DCs and the T cells in different disease settings. As previously
mentioned, DC-based therapy has great potential clinically; however, it has not been used
to its full potential due to the plasticity and instability of DCs in vivo. Our study has
revealed that Bat3, the adaptive protein of Tim-3, plays a fundamental role in regulating the
phenotype of DCs.

MATERIALS AND METHODS

Study design

The aim of this study was to determine the role of Bat3 in DC function. We used mice
bearing conditional deletion of Bat3 in DCs (Bat3 cKO) to examine its role in murine
models of autoimmunity and cancer. We performed bulk RNA-seq and scRNA-seq to
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examine DC and T cell states in Bat3 cKO versus control mice. Bioinformatic analyses

led to the investigation of the role of glucocorticoid signaling, ER stress, and the UPR in the
phenotypes observed in Bat3 cKO mice. We used GR-deficient mice, ER stress inhibitors,
and XBP1 and Bat3 double KO mice to establish the mechanism by which Bat3 exerts its
effects in vitro and in vivo. Gene expression was analyzed by gPCR, and protein expression
was analyzed by flow cytometry and Western blot. Steroid production was measured using
enzyme-linked immunosorbent assay (ELISA). The extent of CNS autoimmunity was scored
on a standard scale as detailed in the methods. Tumor size was measured in two dimensions
and reported as tumor area. Sample size and replicates are indicated in the figure legends.
Details regarding experimental and bioinformatic methods are included below.

Mice
WT C57BL/6, OT-/, OT-11, CD11cCRE, Nr3c1™ and dLck“RE mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Bat3" mice were a gift from T. W. Mak
(Princess Margaret Cancer Centre, Canada) and H. Okada (Kindai University, Japan).
Xbp1™f mice were provided by L. H. Glimcher (Dana Farber Cancer Institute) (56) and
R. Blumberg (Brigham and Women’s Hospital) (75). 2D2 mice were created as described
previously (24). All mouse strains were maintained in the Brigham and Women’s Hospital
facility under specific pathogen—free conditions in accordance with institutional guidelines
and ethical regulations. All animal work was conducted according to guidelines approved
by Institutional Animal Care and Use Committee of Brigham and Women’s Hospital. All
mice used were sex- and age-matched (6 to 10 weeks old). Littermate WT mice were used as
controls.

Experimental autoimmune encephalomyelitis

Active EAE was induced as previously described (12). Equivalent of 50 pug of MOG35_55
(MEVGWYRSPFSRVVHLYRNGK) was emulsified in complete Freund’s adjuvant (BD
Biosciences) containing Mycobacterium tuberculosis extract H37-Ra (Difco Laboratories)
and subcutaneously injected to each mouse. Immunized mice received pertussis toxin (List
Biological Laboratories) on days 0 and 2. Animals were monitored as previously published
(12): 0, no disease; 1, decreased tail tone; 2, hind limb weakness or partial paralysis; 3,
complete hind limb paralysis; 4, front and hind limb paralysis; 5, moribund state. The
brain and spinal cord were harvested at indicated time for flow cytometry analysis and for
histopathology analysis at 28 days after immunization.

2D2 naive T cells transfer in EAE

For 2D2 transfer experiments, 1 x 10° sorted 2D2 naive cells (CD4*CD44-CD25~-CD62L™)
were transferred intravenously 1 day before immunization with MOG peptide. Immunization
procedures were described above. Mice were euthanized at day 7 for analysis of dLN or
when their EAE score reached 2 or 3 (~ day 15) to analyze the infiltrating lymphocytes in
the CNS.
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Tumor models

BatFMflcD1cere, Bat3™" or WT C57BL/6 mice were subcutaneously injected on the right
flank on day 0 with MC38 (5 x 10° cells per mice) or MC38-OVA (2 x 10° cells per mice)
cells. The size of the tumor was monitored and quantified as reported (22). Tumor size was
calculated using the formula L x W, where L is the longest dimension and W is the shortest
perpendicular dimension. The measures were performed in blinded manner. All mice were
euthanized before the tumor size exceeded 400 mm2.

Intratumoral treatment

The mice with the same genotypes were randomized into different groups based on the
tumor size before treatment. 4PBA (100 pg) in 50 pl of vehicle was injected intratumorally
starting on an average tumor size of about 40 mm? (days 6 and 8) in Bat3"ICD1cCRE and
Bat3" mice.

BMDC cell culture

BMDCs were prepared from the femurs and tibiae of mice 6 to 12 weeks of age. For
granulocyte-macrophage colony-stimulating factor (GM-CSF)—differentiated BMDCs, cells
were cultured in RPMI 1640 medium (Sigma-Aldrich) with 10% fetal bovine serum
(Thermo Fisher Scientific), 50 UM B-mercaptoethanol (Sigma-Aldrich), and 2 mM L-
glutamine, penicillin (100 U/ml), streptomycin (100 mg/ml) (penicillin-streptomycin), 12
mM Hepes, and GM-CSF (20 ng/ml; PeproTech). BMDCs were treated with LPS (500
ng/ml), and the indicated concentration of 4PBA (Sigma-Aldrich) and 4u8C (Millipore) was
treated for 8 hours. Reagents were added to cells simultaneously with LPS. To differentiate
DCs for the DC-based therapy in the tumor experiments, bone marrow cells were plated at

2 x 10 cells per well in DC medium with FIt3L (100 ng/ml) in six-well plates and cultured
at 37°C in a humidified atmosphere at 10% CO5,. OP9 cell lines were cultured in minimum
essential medium—a medium supplemented with 20% fetal bovine serum and 1% penicillin-
streptomycin (OP9 medium) at 37°C in a humidified atmosphere at 5% CO, Before using in
cocultures, OP9 cells were radiated for 15 min. On day 3 of differentiation, cells from each
well were transferred to a single well containing a monolayer of radiated OP9 cells in 10-cm
plates. DCs were harvested and sorted on day 7. Using this method, we obtained a mixture
of CD11b* DCs and CD103* DCs with a ratio of about 3:1 (76).

BMDC transfer in the EAE and tumor model

After immunization with MOG peptide, mice were divided randomly into different groups.
BMDCs (10 x 108) with different genotypes or treatment were given subcutaneously,
respectively, to each mouse at 0 and 3 days after immunization. BMDCs were treated with
4PBA (10 puM) or 4u8C (2 uM) for 8 hours before transfer. For the DC-based therapy studies
in tumor model, cultured DCs were subcutaneously injected on the inguinal lymph node
(iLN) right side adjacent to the tumor at a tumor size of about 5 mm by 5 mm. A total of 2 x
10% sorted, live CD11c* MHC-11* cells were transferred per mice.
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T cell culture and treatment with glucocorticoid

CD4* T cells or CD8* T cells from splenocytes and lymph nodes were

isolated using microbeads (Miltenyi Biotec). CD4*CD25-CD62L" CD44~ and
CD8*CD25-CD62LNCD44™ naive cells were sorted by BD FACSAria (BD Biosciences)
and cultured for 9 days as previously described (22). Briefly, naive cells were stimulated
with plate-bound anti-CD3 (145-2C11; 1 yg/ml) and anti-CD28 (PV-1; 1 pg/ml) in the
presence of 100 nM corticosterone (Thermo Fisher Scientific) for 3 days. Cells were

then rested in the presence of IL-2 (5 ng/ml; Miltenyi Biotec) for 3 days, followed by
restimulation with plate-bound anti-CD3 (145-2C11; 1 pg/ml) and anti-CD28 (PV-1; 1
pg/ml) in the presence of 100 nM corticosterone (Thermo Fisher Scientific) for an additional
3 days.

Histopathological analysis

At end point of day 28, brains and spinal cords were fixed in 10% neutral-buffered formalin
and processed routinely for paraffin embedment. Slides were stained with hematoxylin and
eosin stains. Inflammatory foci (>10 mononuclear cells) were counted in leptomeninges and
parenchyma in a blinded fashion.

Isolation of mononuclear cells from disease models

Mononuclear cells were isolated from the iLN or CNS at the indicated time of EAE. Mice
were euthanized and were immediately perfused with ice-cold phosphate-buffered saline. In
CNS tissues, dLNs were harvested as reported (12). Tumors were collected for analysis on
day 12. These homogenized tissues were digested with collagenase D (2.5 mg/ml; Roche)
and deoxyribonuclease | (1 mg/ml; Sigma-Aldrich) at 37°C for 30 min. Tumors were
mechanically disrupted with gentle magnetic cell sorter (MACS) C-tubes and dissociator
(Miltenyi Biotec). Mononuclear cells were isolated on a discontinuous Percoll gradient (GE
Healthcare), 30%/70% Percoll for CNS tissues; harvested the interface, 33, 47, and 63%
Percoll for tumor tissues; and harvested both interfaces. Isolated cells were then used in
various downstream assays. To assess cytokine production, cells were incubated in clone
medium containing phorbol 12-myristate 13-acetate (50 ng/ml) and ionomycin (500 ng/ml)
with GolgiPlug and GolgiStop (BD Biosciences) at 37°C with 10% CO, for 4 hours. In
particular, for CD107a staining of TILs, antibody against CD107a (1D4B) was added to

the culture medium during stimulation. For isolation of DCs, tissues (spleen, CNS, dLN,

or tumor) were harvested and digested in digestion buffer mentioned above. cDCs were
defined as CD3"CD19"NK1.1"Ly6C Ly6G~F4/80~Siglec F-CD11c*MHC-II* cells (further
separated by CD11b* as cDC2, CD103" in nonlymphoid, or CD8a™ in lymphoid tissue as
cDC1) and were sorted using Aria cell sorter (BD Biosciences). The following antibodies
were used for surface staining (from BioLegend unless otherwise specified): CD3e (145-
2C11), CD4 (RM4-5), CD8a. (53-6.7), CD11b (M1/70), CD11c (HL3 for staining the
CD11c+ cells enriched by MACS beads and N418 for other purpose), CD19 (534 6D5),
CD44 (IM7), CD45 (30-F11), CD64 (X54-5/7.1), CD107a (1D4B), B220 (RA3-6B2),
F4/80 (BM8), I-A/I-E (M5/114.15.2), Ly6C (HK1.4), Ly6G (1A8; BD), NK1.1 (PK136),
Siglec F (E50-2440; BD), TCR Va3.2 (RR3-16), TCRB (H57-597), and Tim-3 (5D12).
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DC-T cell coculture assays

For antigen presentation experiments, the total CD4* T or CD8* T cells were enriched

with MACS beads and columns (Miltenyi Biotec). Naive T cells were labeled and sorted

as CD25-CD44-CD62L" from 2D2, OT-I, or OT-1I mice. The sorted naive T cells were
labeled with CellTrace Violet before coculture (Thermo Fisher Scientific). BMDCs were
pretreated with LPS (500 pg/ml) or ER stress modulators 4PBA (5 uM) or 4u8C (5 uM)

for 8 hours before coculture. The live CD11ch BMDCs, ex vivo splenic DCs (DC2,
CD11cNMHC-11"CD64-CD11b*; or DC1, CD11cMMHC-11"CD64-CD8a*), or tDCs (DC2,
CD11c"MHC-11"CD64~CD24*CD11b*; or DC1, CD11c"MHC-11*CD64~CD24*CD103")
were sorted and incubated with antigens for 4 hours. After incubation, DCs were washed
twice with medium before proceeding to coculture with T cells at 1:10 (BMDC to T cell
ratio) or 1:40 (splenic DC to T cell ratio) in clone medium for 72 hours. In nonantigen-
specific studies, BMDCs and naive T cell were cocultured in the presence of soluble
anti-CD3 in void of antigen.

Flow cytometry analysis

For flow cytometric analysis, cells were stained with 506 LIVE/DEAD fixable dye
(eBioscience) or 7-aminoactinomycin D (7-AAD) (BD Pharmigen) for 10 min on

ice. Pelleted cells were incubated with Fc blocker (BioLegend) or normal mouse
immunoglobulin G (IgG) (Life Technologies) for 10 min on ice to block the binding to

Fc receptors. Extracellular antigens were stained for 20 min with antibodies on ice in a
staining buffer. Cells were fixed and permeabilized with BD Cytofix/Cytoperm (for cytokine
analysis) or eBioscience Transcription Factor Fix/Perm (for Bat3 or FoxP3 analysis) per

the manufacturers’ instructions. Intracellular antigens were stained for 45 min on ice in the
appropriate 1x perm/wash buffer before acquisition on a BD LSR Il/Fortessa/Symphony
flow cytometer (Becton Dickinson). The following antibodies were used (BioLegend

unless otherwise specified): Bat3 (EPR9223, Abcam), anti-BrdU (3D4), FoxP3 (FJK-16,
eBioscience), Granzyme B (QA16A02), IFN-y (XMG1.2), IL-17A (Tc11-538 18H10.1),
IL-10 (JES5-16E3), IL-2 (JES6-5H4), and TNF-a (MP6-XT22). Negative staining was
determined using the appropriate isotype control antibody or Fluorescence Minus One
control. Counting beads (BioLegend) were added to quantify absolute cell numbers. Results
were acquired with the Diva software and analyzed using FlowJo software (Treestar).

Western blot analysis

Whole-cell lysates, cytoplasmic, organellular/membrane, and nuclear/cytoskeletal fractions
were isolated using the Cell Fractionation Kit [Cell Signaling Technology (CST)]. Protein
concentration was determined using the bicinchoninic acid (BCA) protein assay to
standardize protein concentration and equalize before loading (Pierce). Equivalent amounts
of samples (usually 30 to 40 ug) were separated via Bolt Bis-Tris Plus Gels (Invitrogen)
and transferred onto nitrocellulose membranes (Thermo Fisher Scientific) by Power Blotter
1-Step Transfer system (Invitrogen). After blocking, the membrane was incubated with
primary antibodies overnight at 4°C. The following antibodies were used for Western blot:
anti-histone H3 (clone: D1H2, CST) and XBP1s (clone: D2C1F, CST). The blots were
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incubated with anti-rabbit 1gG and horseradish peroxidase—linked antibody (CST) at 20°C
for 30 min. Last, the membranes were detected using Western blot film developer (Kodak).

Conventional and real-time PCR

Total RNA was extracted from target cells using Picoure reagents (Thermo Fisher
Scientific), and reverse transcription was done with iScript Reverse Transcriptase (Bio-Rad).
Real-time PCR was performed in the Vii7 Real-Time PCR system (Applied Biosystems)
using validated primer-probe sets (Thermo Fisher Scientific, catalog numbers were listed in
table S1), the appropriate endogenous control B-actin (mouse)—probe sets (Thermo Fisher
Scientific, catalog no. 4352341E). Primer sequences are listed in table S1. TagMan FAST
mix or with SYBR Green—-based qPCR was used according to the manufacturer’s instruction
(all Applied Biosystems). Data were normalized to the expression of Actb. Xbp1 splicing
assays were performed as previously described (77) using conventional reverse transcription
PCR.

Metabolite measurements

Supernatant of cell culture were subjected to examination of corticosterone (Arbor Assays)
using ELISA. The acetyl-CoA, fumarate, citrate, and cholesterol were determined on total
or cytosolic fractions using the PicoProbe Acetyl-CoA (BioVision), Fumarate Assay Kit
(BioVision), Citrate Assay Kit (BioVision), and Cholesterol/Cholesteryl Ester Quantitation
Kit (BioVision), respectively, according to the manufacturer’s instructions.

Bulk RNA-seq

Biological replicates of equal cell numbers from BMDCs with indicated conditions as
mentioned in the figure captions were used to sort directly into TCL buffer (QIAGEN)

for generating the RNA sample for each group. This was followed by first-strand cDNA
synthesis using random hexamer-primer, which was followed by adding a buffer containing
deoxynucleoside triphosphates, ribonuclease H, and DNA polymerase | to synthesize the
second strand. The generated double-stranded cDNA was then purified with magnetic
beads (Thermo Fisher Scientific) and the end reparation, and 3-end single-nucleotide

A (adenine) addition was then performed. Thereafter, sequence adaptors were ligated to
the fragments, which were later enriched by PCR amplification. After the quality control
step, library products were ready for RNA-seq. Raw sequencing images from the flowcell
were demultiplexed using the Illumina bcl2fastq command. The resulting fastq files were
aligned to the mouse reference genome (mm10) using the STAR genome aligner (78), and
transcripts were quantified using RSEM (79) and aggregated at the level of genes. Gene
counts were subjected to differential expression analysis using the R package DESeq2 (80)
(or EdgeR for only the public dataset), followed by prioritization of genes at an FDR

of <0.05. Pathway enrichment analysis was performed on the prioritized genes using the
hypergeometric framework in Homer (81).

Droplet-based scRNA-seq

T cells (CD45" CD3* CD4* and CD45" CD3* CD8") were sorted and pooled from five
EAE mice with the same experimental group. Single-cell suspensions were loaded onto
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3’ library chips for the Chromium Single Cell 3" Library (v3, PN-1000269) according to
the manufacturer’s recommendations (10X Genomics). An input of 10,000 single cells was
added to each channel with a recovery rate of about 4000 cells per channel. Libraries were
sequenced on an Illumina NextSeq 500. Sequencing files were demultiplexed (cellranger
makefastq), aligned to the mm10 genome reference, and quantified to gene level counts
(cellranger count) using the 10X Cell Ranger software. Data analysis was performed using
the Seurat (v3) R package. Only cells with at least 200 genes were detected, and a fraction
of mitochondrial reads fewer than 50% were retained for downstream analysis. Cell gene
expression was normalized (NormalizeData), followed by identification of highly variable
genes (FindVariableFeatures). Dimensionality reduction was performed using principal
components analysis (k= 50) on the scaled dataset (ScaleData), followed by graph-based
clustering [FindNeighbors (k= 50) and FindClusters] at a resolution of 1. Cells were
embedded in uniform manifold approximation and projection (UMAP) (FindUMAP) space
for visualization. Cluster identity genes were identified using the Wilcoxon rank sum test
(FindAllMarkers). The R package dplyr (82), ggplot2 (83), cowplot (84), and pheatmap (85)
were used for visualizing. The UpsetR package (86) was used to quantify the intersection of
regulatory gene programs.

Data are presented as means + SEM. Student’s #test was used for statistical evaluation

for two-group comparison in normally distributed data. For more than two groups, data

were analyzed by one-way analysis of variance (ANOVA) or two-way ANOVA, followed by
Tukey’s post hoc tests for multiple comparisons. Disease incidence data were analyzed using
Fisher’s exact test. Maximal disease scores were analyzed using the Mann-Whitney U'test.
To assess the differential onset of disease or tumor growth between different groups, linear
regression analysis was performed to determine the slope of disease onset. All Pvalues are
two-sided, and statistical significance was assessed at the 0.05 level.
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Fig. 1. The absence of expression of Bat3 in DCs pro-foundly affects DC-T cells cross-talk.
(A) Top: Summary plot of mean clinical scores of Bat3"" and Bat3"CD11cCRE mice

subjected to EAE induction by MOGg3s_gs emulsions. Bottom: Summary table of EAE
disease of littermate control Bat3™"" and Bat3""CD11cRE mice (n= 15 to 29, linear mixed
model). (B) Top: Representative hematoxylin and eosin—stained spinal cord section showing
inflammatory foci in meninges and parenchyma of a representative Bat3/fl mouse. There

is no inflammation in the Bat3™/flCD11cCRE mouse. Bottom: Graph demonstrates counts

of inflammatory foci. Scale bar, 100 um. Tissues collected from the same experiment from
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(A). Unpaired multiple ftest. (C) The activation status of cDCs (CD3"CD19"NK1.17Siglec
F~Ly6~F4/80~CD45NCD11cN cells) infiltrating the spinal cord and brain of Bat3™"" and
Bat3"CD11cCRE mice on day 9 after immunization with MOGas_s5 emulsions (7= 5,
unpaired Student’s ftest). (D) The frequency of IFN-y*, IL-17A*, or FoxP3* CD4* T

cells infiltrating the spinal cord and brain of Bat3"f and Bat3"1CD11cCRE mice at the
peak of EAE disease (n7= 5, unpaired Student’s CRE ¢test). (E) Tumor growth curve

of MC38-OVAYIM cells implanted in Bat3"" and Bat3""CD11cCRE mice subcutaneously
(n=610 7, linear mixed model). Mean tumor growth is shown. (F and G) Infiltrating
myeloid cells and TILs were harvested from mice bearing MC38-OVAYIM at a tumor size

of 120 to 150 mm? as determined by the growth observed in WT control (/7= 6, unpaired
Student’s ttest). (F) Fluorescence- activated cell sorting (FACS) analysis of MHC-I1, CD40,
CD80, CD86, and PDL1 expression on ¢cDCs. (G) FACS analysis of Tim-3*PD1*, TNF-a.*,
IFN- y*, and CD107a*Granzyme B*CD8* TILs. Data are representative of at least three
independent experiments with similar results. Error bars show means £ SEM. *P< 0.05, **P
<0.01, and ***P< 0.001, and ****P < 0.0001.
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Fig. 2. Bat3 regulates the functional plasticity of DCs in vivo.

300
301 (D1 1R

Page 27

(A) Schematic illustration of experimental procedures used for 2D2 naive T cells transfer

to mice subjected to EAE induction by MOG35_g5 emulsions. (B to D) dLN and CNS

infiltrating lymphocytes were obtained from the Bat3" and Bat3"CD11cCRE mice at the
onset (day 7) or the peak of disease with an average score of 3 (day 15) after EAE induction
(n=15). (B) Frequency of BrdU* cells and 2D2 (Va3.2* CD4* T) cells among the CD4*

T cells in dLN (left) and CNS (right). (C) Frequency of IFN-y*, IL-17A*, and IL-10* cells

among the 2D2 cells in dLN (left) and CNS (right). (D) Frequency of FoxP3* cells among
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the 2D2 cells in the dLN (left) and CNS (right). (E) Schematic illustration of BMDCs
derived from Bat3" and Bat3"CD11cCRE mice transfer to WT recipient mice subjected
to EAE induction by MOG3s_s5 emulsions. (F) Left: Average clinical score of EAE in WT
recipient mice. Right: The average histological score of CNS and spinal cord sections of
the recipient mice (7= 4). (G) FACS analysis of the MHC-11*, CD40*, CD80*, CD86*,
PDL1*, and PDL2*CD11ch cells from BMDCs derived from WT or Bat3"fCD11cCRE
mice activated by LPS (500 ng/ml) for 24 hours (7= 5 to 6). (H and 1) BMDCs derived
from WT or Bat3"1CD11c“RE mice were cocultured with CellTrace Violet (CTV)-labeled
2D2 T cells for 72 hours. 2D2 cell proliferation and cytokine production were assessed

by flow cytometry. (H) Frequency of proliferated 2D2 cells (n= 6). (I) Frequency of
IFN-y*, IL-17A*, IL-10%, and FoxP3* cells gated on the proliferated 2D2 cells (7= 5).
Data are representative of at least three independent experiments. Error bars show means *
SEM. (J) CellTrace Violet-dilution analysis of OT-1 and OT-I1 cells co-cultured with OVA
protein-pulsed tDCs isolated from tumor of dLN of Bat3™"f or Bat3"CD11cCRE mice
bearing MC38-OVAYM tumors for 2 weeks. *P < 0.05, **P< 0.01, ***P< 0.001, and ****p
< 0.0001, unpaired Student’s ftest.
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Fig. 3. The expression level of Bat3 is regulated by microenvironmental cues.
(A) Frequency of Bat3*CD11c" BMDCs activated by the indicated TLR agonists (LPS),

STING agonist [cyclic guanosine monophosphate—adenosine monophosphate (cGAMP)],
and IFN-vy, and indicated tolerance inducing reagents (TGF-B/IL-10, DEX, and rapamycin)
(one-way ANOVA). (B) Frequency of Bat3™ DCs in the spleen and iLN in mice in steady
state, with EAE or tumor-bearing status. Frequency of Bat3* DCs was also compared
between DC infiltrating the CNS in EAE and tumor mass in MC38-OVAYiM cells implanted
mice (one-way ANOVA, unpaired Student’s ztest). Data are representative of at least three
independent experiments (7= 3 to 6). Data are shown as means + SEM. **** P < 0.0001.
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Fig. 4. The CNS T cell landscape is altered in the absence of Bat3 expression in DCs.
(A) UMAP visualization of CNS-infiltrating T cells isolated from the Bat3™" and

Bat3"1CcD11cCRE mice (n=5 per genotype pooled) immunized with MOGgs_s5 emulsion.
Colors indicate unbiased T cell classification via graph-based clustering. Each dot represents
an individual cell. Tfh, T follicular helper. (B) Bar plots representing proportion of CNS-
infiltrating T cells from Bat3"" and Bat3""CD11cCRE mice in the different clusters.

(C) Heatmap reports scaled expression [log TPM (transcripts per million) values] of
discriminative gene sets for each cluster defined in Fig. 6A. 7sc22d3was enriched in CNS-
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infiltrating T cells from Bat3""CD11cCRE mice. (D) Dot plot of top DE genes (DEGs) of
different clusters of CNS-infiltrating T cells from Bat3™"f and Bat3"CD11cCRE mice. Only
the clusters that passed the log, fold change of >1 (P < 0.05) are shown. (E) Expression of
steroidogenesis genes in CD4* T cells in the iLN from the Bat3"" or Bat3""CD11cCRE
mice at day 8 after immunization with MOG35_g5 emulsion (7= 5 to 10, unpaired

multiple test). (F and G) BMDCs derived from Bat3"f or Bat3"CD11cCRE mice

were cocultured with CellTrace Violet-labeled naive CD4* T cells from either Nr3c1f/l

or Nr3c1f/fldLLckCRE mice for 72 hours. T cell proliferation and cytokine production were
assessed by flow cytometry. n= 6. (F) Frequency of proliferated T cells. (G) Frequency of
proliferated T cells, division index, and IFN-y* and TNF-a* cells among the proliferated
cells (two-way ANOVA). (H) Clinical score of EAE in the MOG3s_g5 emulsion immunized
Nr3c1f or Nr3c1f/fl dLckCRE (GRKO) that received BMDCs derived from either Bat3""
or Bat3"cD11cCRE mice (n= 4 to 6). Data are representative of three independent
experiments. Error bars show means + SEM. NS, not significant. *£< 0.05, **£< 0.01,
and ***P < 0.001.
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Fig. 5. Enhanced activation of UPR leads to acquisition of regulatory-like features by Bat3-
deficient DCs.
(A) Expression of the gene encoding enzymes involved in glucocorticoid biosynthesis in

BMDCs derived from the Bat3™"f or Bat3""CD11cCRE mice and treated with LPS (500
ng/ml) for 6hours (7=5) (unpaired multiple ¢test). (B) BMDCs were treated with LPS
(500 ng/ml) for 96 hours, and the supernatant was collected. The corticosterone levels
in the culture medium were quantified by ELISA (n7=5 per group, unpaired Student’s
ttest). (C) Volcano plot showing the DEGs between BMDCs derived from Bat3™"f and
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Bat3""cD11cCRE mice on LPS stimulation; plotted values are normalized gene expression
units (transcripts per million) and scaled across samples in all conditions (7=5). (D)
Expression of Xbpls, Sec6lal, Atf4, ERAf4, Ddit3, Grp94, Gadd34, and Grp78in BMDCs
derived from Bat3"f and Bat3™f CD11c“RE mice treated with LPS (500 ng/ml) (n=

5). Data were normalized to endogenous actin levels in each sample (unpaired multiple
ttest). (E and F) LPS-stimulated BMDCs derived from Bat3™"f or Bat3"CcD11cCRE

mice were treated with 4PBA or vehicle control, respectively, for 8 hours (/7=5). (E)
Frequency of MHC-II*, CD40*, CD80*, CD86", PDL1*, and PDL2* CD11c" BMDCs in
the indicated groups (two-way ANOVA). (F) Proliferation of CellTrace Violet-labeled 2D2
cell cocultured with BMDCs treated with indicated dose of 4PBA for 72hours (unpaired
multiple t test). (G) Clinical score of EAE in MOGg3s5_55 emulsion immunized WT mice that
received indicated BMDCs subcutaneously at days 0 and 3 after immunization (n=51to0 6,
linear mixed model). (H) Frequency of total CD4* T cells (among CD45M) and IFN-y *
cells (among CD45" CD4* ) infiltrating in the CNS (/=5 to 6, one-way ANOVA). (1) OVA
protein-pulsed BMDCs derived from Bat3"f or Bat3""CD11c“RE mice treated with 4PBA
were administrated subcutaneously in WT mice implanted with MC38-OVAdM tumors.
Mean tumor growth is shown (7= 5, linear mixed model). (J) Frequency of IFN-y + CD8*
TILs (n=5, one-way ANOVA). Data are representative of three independent experiments.
Error bars show means £ SEM. *P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 6. Bat3-mediated ER stress regulates regulatory phenotype of DCs by calibrating cell-

intrinsic steroidogenesis.

(A) Heatmap representation of BMDCs subjected to gPCR. Plotted values are zscore

of fold changes normalized to endogenous actin levels in each sample (7= 5). (B)

Relative levels of acetyl-CoA, citrate, fumarate, and cholesterol in control and Bat3® DCs,
represented as fold change of untreated controls (7= 5, two-way ANOVA). (C) ELISA

in supernatants collected from BMDC treated with indicated conditions for 96 hours. The
concentration of corticosterone in supernatant from WT BMDCs was scaled to 1.0 as
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control, and relative corticosterone levels were quantified as fold change of control group
(n=5, one-way ANOVA). (D and E) Cells were sorted from the inguinal LN of the

Bat3" Bar3fCD11cCRE mice, or the Xbp1™"Bat3"1CD11cCRE mice on day 8 after
immunization with MOGss_55 emulsion (n7=5 to 10, one-way ANOVA). (D) Expression of
the gene encoding enzymes involved in glucocorticoid biosynthesis in dLN-derived DCs. (E)
Expression of the glucocorticoid-responsive genes in dLN-derived CD4* T cells and CD8*
T cells. Data are representative of three independent experiments with similar results. Error
bars show means + SEM. *£< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 7. Proposed model for Bat3 regulating the DC function.
Loss of Bat3 activates ER stress, which, in turn, inhibits the TCA cycle, leading to the

accumulation of citrate. Citrate serves as a substrate for the synthesis of cholesterol that

is broken down to produce glucocorticoids. DC-derived glucocorticoids act on T cells to
inhibit autoreactive T cell responses in EAE and antitumor T cell responses in MC38 colon
carcinoma.
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