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IMMUNOLOGY

RNA binding protein DDXS5 restricts RORyt" T4
suppressor function to promote intestine inflammation

Shengyun Ma'*, Qiyuan Yang?, Nicholas Chen', Anna Zheng', Nazia Abbasi', Gaowei Wang?,
Parth R. Patel’t, Benjamin S. Cho', Brian A. Yee', Lunfeng Zhang*, Hiutung Chu>%,
Sylvia M. Evans*7-8, Gene W. Yeo', Ye Zheng?, Wendy Jia Men Huang'*

Retinoid-related orphan receptor (RAR) gamma (RORyt)-expressing regulatory T cells (RORyt" T,4) play pivotal
roles in preventing T cell hyperactivation and maintaining tissue homeostasis, in part by secreting the anti-in-
flammation cytokine interleukin-10 (IL-10). Here, we report that hypoxia-induced factor 1a (HIF1a) is the master
transcription factor for //70 in RORyt" T,.4.. This critical anti-inflammatory pathway is negatively regulated by an
RNA binding protein DEAD box helicase 5 (DDX5). As a transcriptional corepressor, DDX5 restricts the expression
of HIF1a and its downstream target gene /170 in RORyt* T,gs. T cell-specific Ddx5 knockout (DDX52T) mice have
augmented RORyt* T,.4 suppressor activities and are better protected from intestinal inflammation. Genetic
ablation or pharmacologic inhibition of HIF1a restores enteropathy susceptibility in DDX52T mice. The DDX5-HI-
F1a-IL-10 pathway is conserved in mice and humans. These findings reveal potential therapeutic targets for
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intestinal inflammatory diseases.

INTRODUCTION

Regulatory T (T,.g) cells are critical for restricting immune respons-
es and local inflammation by limiting antigen-presenting cell activ-
ities, cytokine sequestration, cytolysis, and releasing inhibitory
cytokines, including interleukin-10 (IL-10) (1). They express the
lineage-specific transcription factor Foxp3, and recent studies also
identified a role of tissue hypoxia and the hypoxia-induced factor la
(HIF1a) in regulating their differentiation and suppressor activities
in the lymph node and spleen (2-7). However, the contribution of
HIFla to intestinal T,.; heterogeneity and suppressor functions
during inflammation remains elusive. Intestinal T,. can be
divided into two major subsets, including the conventional T,
(cT;eg) and RAR-related orphan receptor gamma T—expressing
Treg (RORYt" Tpg) cells. They serve protective roles in the 2,4,6-tri-
nitrobenzenesulfonic acid (TNBS) and T cell transfer colitis models
(8—10). However, little is known about the common and/or subset-
specific pathways regulating their functions in vivo.

The Asp-Glu-Ala-Asp (DEAD)-box RNA helicase DDX5 is one
of the highest expressed RNA binding proteins in the intestine ep-
ithelium and is ubiquitously expressed in all T cell types (11, 12).
DDX5 contributes to RNA processing, mRNA export, ribosome as-
sembly, translation, and RNA decay (13). Emerging evidence also
suggests that DDX5 can serve as transcription coactivator and/or
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corepressor to regulate transcription initiation (14-17) and termi-
nation (18-24). Its expression is dysregulated in human intestine
tumors and inflamed intestine lesions from inflammatory bowel
diseases patients and mouse models of epithelial injury (12, 25).
Our recent study found that DDX5 in intestinal epithelial cells
can protect against immune-mediated enteropathies (12, 25).
However, little is known about the role of DDXS5 in the intestinal
Tieq differentiation and function under homeostatic and inflamed
settings.

In this study, we report that DDX5 is a negative regulator of
RORyt* T,g suppressor activities. Loss of DDX5 unleashes IL-10
production potential and suppressor activity in RORyt" T, and
protects against weight loss and pathology in two murine models
of T cell-mediated intestinal inflammation. Mechanistically,
DDXS5 resolves the chromatin R loops on the Hifla locus to restrict
the expression of HIFla and its downstream target IL-10. The
DDX5-HIF1a~IL-10 pathway is evolutionarily conserved and
provide potential therapeutic targets for treating T cell-mediated
intestinal inflammatory diseases in humans.

RESULTS

DDX5 regulates homeostatic CD4* T cell heterogeneity and
their cytokine production capacity in the intestinal

lamina propria

In the steady-state small intestine and colon, DDX5 was highly
expressed in the epithelial cells and the lamina propria immune
cells (Fig. 1A), including T helper 17 (Ty17) (RORyt*Foxp3™),
conventional Treg (cT,.g) (RORyt"Foxp3*), and RORyt" T,
(RORyt*Foxp3™") (Fig. 1, B to D, and fig. S1A). To explore the func-
tion of DDX5 in T lymphocytes and its contribution to intestine
homeostasis and inflammation, we generated the T cell-specific
Ddx5 knockout mice (Ddx5"1 Cd4°, annotated as DDX527).
Control (Ddx5"'* or Ddx5"* Cd4°", annotated as CTL) and
DDX5%T littermates were born in the Mendelian ratio. CTL and
DDX5%T mice harbored similar proportions of RORyt* Teg,
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Fig. 1. DDX5 regulates homeostatic CD4* T cell heterogeneity and cytokine production capacity in the intestine lamina propria. (A) Representative images from
immunohistochemistry analysis of DDX5 in the ileum and colon of wild-type (WT) mice. Enlarged images are shown on the right. White stars: intestinal epithelial cells;
magenta arrows: intestinal infiltrated immune cells. IHC, immunohistochemistry. (B) Representative histogram of DDX5 protein expression in CD4* T cells from the ileal
lamina propria (iLP). (C) Representative flow cytometry analysis of total live CD4™ T cells. Gating strategy for RORyt* T,eq (RORyt*Foxp3*), cT,eg (RORyt"Foxp3¥), T417
(RORyt*Foxp3™), and other (RORyt~Foxp3™) cells in the iLP from wild-type mice under steady state. (D) Geometric mean fluorescence intensity (gMFI) of DDX5 in RORyt*
Tregr CTreg: and Ty17 from iLP and colonic lamina propria (cLP). Each dot represents the result from one mouse. *P < 0.05 and **P < 0.01; ns, not significant (multiple paired t
test, n = 4). (E) Proportions of the indicated subsets among CD4* T cells and their IL-10 and IL-17A production potential in iLP from steady-state CTL and DDX5T lit-
termates. Each dot represents the result from one mouse. (F) Proportions of the indicated subsets among CD4" T cells and their IL-10 and IL-17A production potential in
cLP from steady-state CTL and DDX54T littermates. Each dot represents the result from one mouse. *P < 0.05 (multiple paired t test, n = 8).
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CTyeg, and Ty 17 (Fig. 1E). The cytokine production potential of each
subset was assessed as an index of their suppressor and/or effector
functions. We found higher IL-10 production potential in RORyt*
Tregs and reduced IL-17A production potential in T17s from the
DDX5%T ileal lamina propria, suggesting that DDX5 regulates ho-
meostatic CD4" T cell cytokine production capacities in the small
intestine. DDX5 expression in colonic T cells is lower than those
found in the ileum (Fig. 1D). IL-10 and IL-17A production poten-
tials in colonic RORYt" T,egs and Ty17s were similar between CTL
and DDX5%T mice (Fig. 1F), suggesting that DDX5 did not modu-
late these homeostatic CD4" T cell cytokine production capacities in
the colon.

DDX5 in T cells promotes intestinal inflammation

When challenged with the model of anti-CD3e—induced enteropa-
thy as previously described in (26, 27), ileal and colonic T cells in
CTL mice up-regulated DDX5 expression (Fig. 2A). To assess the
contribution of DDXS5 to the intestinal CD4" T population and
their functions in an inflammatory setting, anti-CD3¢ antibodies
were administered to CTL and DDX5T cohoused littermates. For
the first 48 hours, both groups experienced similar weight loss. By
days 3 to 5, DDX5T mice gradually returned to normal weight, and
their small intestine tissues showed milder pathology, while their
cohoused CTL littermates maintained a 15 to 20% weight loss
and sustained extensive epithelial tissue damage (Fig. 2B and fig.
S2, A and B). These results indicate that DDX5 in T cells promotes
intestinal inflammation.

In the inflamed DDX5%7 ileum, there was a significant reduction
in the proportion and the absolute number of infiltrated CD4* T
cells (fig. S3, A and B). Previous studies suggest that DDX5 can reg-
ulate immune cell survival and apoptosis in T cell acute lympho-
blastic leukemia and acute myeloid leukemia (17, 28). However,
local proliferation and apoptosis of ileal T cells, as assessed by stain-
ing of Ki67 and annexin-V, were not influenced by the presence or
absence of DDX5 (fig. S3C), suggesting that the reduced number of
ileal CD4" T cells in the DDX5-deficient mice was not due to
changes in local T cell proliferation and/or apoptosis. In the anti-
CD3e—challenged DDX52T ileum lamina propria, we found a
higher proportion of cTeg, IL-10* RORYt" Tieqs, and a lower pro-
portion of IL-17A* T17s (Fig. 2, C and D). IL-10 and IL-17A pro-
duction potentials in ileal non-CD4 T cells were comparable in CTL
and DDX5%T mice (fig. S3D).

In the anti-CD3e—challenged colon, the proportion and the ab-
solute number of infiltrated CD4" T cells were modestly reduced in
the absence of DDXG5 (fig. S3, E and F) despite a reduction in the
proportion of apoptotic cells (fig. S3G). Here, DDX5T RORyt*
Tregs had elevated the IL-10 production capacity than controls
(Fig. 2E), different from the observation made in the steady-state
colon (Fig. 1F). The proportion of colonic IL-17A* Ty17 cells
were similar between CTL and DDX5%T mice (Fig. 2E). IL-10 and
IL-17A production potentials in colonic non-CD4 cells were also
comparable (fig. S3H). These results suggest that DDX5 regulates
intestinal CD4" T cell population heterogeneity and cytokine pro-
duction capacities in a context-dependent manner. The increase in
ileal and colonic IL-10" RORyt" T, and/or reduction in ileal IL-
17A* Ty17 cells may contribute to protecting the DDX5%T mice
from anti-CD3e-induced enteropathy.

Ma et al., Sci. Adv. 9, eadd6165 (2023) 1 February 2023

DDXS5 negatively regulates RORyt* T,.4 suppressor function
in vitro and in vivo

Compared to cTyeg, RORYt™ Ty, have elevated the expression of
Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4) and C-C
Motif Chemokine Receptor 6 (CCR6) (10, 11). To test the role of
DDX5 on RORyt" T, suppressor activity, we fluorescence-activat-
ed cell sorting (FACS)-sorted two T, populations, CCR6"CTLA4"
(enriched with 45 to 50% RORyt" T,s) and CCR6™ CD25" (en-
riched with 65 to 75% cT,cgs) from the spleen and lymph nodes of
CTL or DDX5%T mice for the in vitro suppressor assay (Fig. 3A).
Enriched DDX5%" RORyt* T, showed significantly higher sup-
pressor activity in 1:1 and 1:2 T, T effector cell ratios than cells
from CTL mice (Fig. 3B). In contrast, CTL and DDX54T CTyeq-en-
riched cells showed similar suppressor activity in most conditions
except for DDX5%T ¢T,., showing reduced suppressor activity
under the 1:1 condition. These results suggest that DDX5 can
serve distinct functions in different T, subsets.

Next, we assessed the contribution of DDX5 to RORyt" T,
suppressor activity in the T cell transfer colitis model. CTL or
DDX52T CCR6*CTLA4* Tregs were mixed with wild-type naive
effector T cells marked by CD90.1 in a 1:4 ratio and transferred
to Recombination activating gene 1 knockout (Ragl~~) recipients.
Between days 8 and 20, CTL and DDX5"" T, showed comparable
abilities in preventing weight loss in RAG1~~ recipients. By days 24
to 36, however, recipients of DDX5T CCR6*CTLA4* Tregs
experienced less weight loss compared to those receiving
CTL CCR6*CTLA4" T, (Fig. 3C). Recipients of DDX5%T
CCR6"CTLA4" Ty had a slight, although not significant, reduc-
tion of total mononuclear cells and effector T cells in the colonic
lamina propria (Fig. 3D) and slight reductions in Il17a and II123a
transcript abundance (Fig. 3E). DDX5%T CCR6"CTLA4* cells
maintained a higher proportion of IL-10 producers in the colonic
lamina propria and spleen (Fig. 3F). In contrast, IL-10 production
potential in cells derived from the wild-type naive effector T cells
marked by CD90.1 was not influenced by DDXS5 levels in neighbor-
ing cells (Fig. 3F), suggesting that DDXS5 likely modulate IL-10 pro-
duction capacity in CCR6*CTLA4" cells in a cell-intrinsic manner.
Together, these results demonstrate that DDX5 negatively regulates
RORyt" T, suppressor function in vitro and in vivo.

Inhibition of IL-10 signaling restores enteropathy
susceptibility in DDX5-deficient mice

To test the extent IL-10 signaling contributes to the differential
weight changes observed in the anti-CD3e—challenged mice, CTL
and DDX52T mice were treated with anti-IL-10R blocking antibod-
ies or isotype controls. Notably, anti-IL-10R—treated DDX5%T mice
were no longer protected from anti-CD3e~induced weight loss on
days 4 to 5 (Fig. 4A). These results suggest that the protective effect
from DDX5-deficient T cells is dependent on IL-10 signaling, pre-
sumably in both T and non-T cells.

To determine whether DDX5 regulated IL-10 expression in T
cells through a cell-intrinsic or paracrine mechanism, CD90.1-
marked CTL and tdTomato-marked DDX5T T cells were cotrans-
ferred in a 1:1 ratio into CTL recipients. Following anti-CD3e ad-
ministration, tdTomato-marked DDX5%T RORyt" Tregs harbored
higher IL-10 production potential than the CD90.1-marked CTL
RORYt" Tieg, (Fig. 4B), indicating that DDX5 restricted IL-10 pro-
duction in RORyt" T, through a cell-intrinsic mechanism.
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Fig. 2. DDX5 in T cells promotes intestinal inflammation. (A) gMFI of DDX5 in the indicated T cell subsets from iLP and cLP of steady-state or anti-CD3e—challenged
wild-type mice. Each dot represents the result from one mouse. *P < 0.05 and **P < 0.01 (paired multiple t test, n = 4). (B) Weight changes of CTL and DDX5T gender-
matched cohoused littermates intraperitoneally challenged with anti-CD3e monoclonal antibodies (mAb) on days 0, 2, and 4 as indicated. **P < 0.01, ***P < 0.001, and
*#%¥P < 0.0001 (paired multiple t test, n = 14, combined from three independent experiments). (C) Proportions of the indicated subsets among CD4* T cells and their IL-10
and IL-17A production potential in iLP from inflamed CTL and DDX52 littermates. *P < 0.05 (paired multiple t test, n = 5). (D) Representative flow cytometry analysis of IL-
10 in ileal CD4* T cell subsets from CTL and DDX54T mice administrated with anti-CD3e. SSC, side scatter as an index of cell granularity. (E) Proportions of the indicated
subsets among CD4* T cells and their IL-10 and IL-17A production potential in cLP from inflamed CTL and DDX52T littermates. *P < 0.05 (paired multiple t test, n = 5).
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Fig. 3. DDX5 negatively regulates RORyt" T,.4 suppressor function in vitro and in vivo. (A) Gating strategy for FACS sorting the CCR6"CD25" (enriched with 65 to
75% CTyegs) and CCR6*CTLA4™ (enriched with 45 to 50% RORyt* T,eqs) populations. (B) Proliferation index of wild-type naive cells (CD4*CDD62LMCD44'") cocultured with
CCR67CD25" and CCR6*CTLA4* cells from CTL or DDX54T mice in the indicated ratio for 72 hours. Average and SD from three replicates are shown. **P < 0.01 and ***P <
0.005 (multiple t tests). (C) Left: Experiment scheme. Right: Weight changes of RAG1~/~ recipients of wild-type naive CD4" T cells (white circles, n = 2), naive cells together
with CTL CCR6*CTLA4™ (black circles, n = 4), or naive cells together with DDX54T CCR6*CTLA4+ cells (blue circles, n = 4). *P <0.05 and **P < 0.01 (multiple t tests). (D) Total
cLP mononuclear cell counts and CD4* T effector (Te¢) cell counts derived from the wild-type naive donor on day 36 after T cell transfer in mice described in (C). (E)
Normalized mRNA expression of the indicated cytokine genes in cLP mononuclear cell lysates from mice described in (C). *P < 0.05 (multiple t tests). (F) Proportions of IL-
10 production potential in transferred Ty, (CD90.17) and T effector (CD90.1%) populations on day 36 after T cell transfer in mice described in (C). Each dot represents the

result from one mouse. *P <0.05 and ***P < 0.005 (multiple t tests).

DDXS5 RNA interactome in cultured T cells

Next, we used a culture system as previously described (29, 30)
where purified naive CD4" T cells were polarized toward RORyt*
Theg-like cells in the presence of IL-6 (20 ng/ml) and elevated con-
centration of transforming growth factor—f (TGEFp; 5 ng/ml) to
identify the direct RNA targets of DDX5 (fig. S4, A and B).
DDX54T cells generated in this condition also displayed augmented
IL-10 production capacities (Fig. 4C), similar to our in vivo obser-
vation (Figs. 1E and 2, C to E). To identify DDX5-bound RNAs,
cultured CTL cells were ultraviolet (UV)—cross-linked for the en-
hanced cross-linked immunoprecipitation sequencing (eCLIP-
seq) assay (fig. S5A). Global analysis revealed that DDX5 binding
to intronic regions near coding sequences (proximal intron) ac-
counts for the largest fraction of its RNA interactome in T cells
(Fig. 4D), similar to findings reported in other cell types (25, 31).
However, we did not detect any DDXS5 signals on 1110 transcripts,
suggesting that DDX5 likely regulated IL-10 expression through a
more elaborate mechanism.

DDXS5 controls RORyt* T4 function and promotes
enteropathy by repressing HIF1a

Among the transcripts encoding molecules previously implicated in
regulating IL-10 levels in other cell types, Hifla was bound by

Ma et al., Sci. Adv. 9, eadd6165 (2023) 1 February 2023

DDXS5 (Fig. 4E). In cancer cells, DDX5 has been reported to poten-
tiate Hifla expression (32). In contrast, knocking out DDX5 in
culture RORyt" T,-like cells resulted in a significant elevation of
Hifla at both the RNA and protein levels (Fig. 4, F and G). In T1
cells, hypoxia and HIF1a are positive regulators of IL-10 (33); there-
fore, we hypothesized that DDX5 regulation of Hifla in RORyt"
Tieg-like cells might similarly affect their IL-10 production poten-
tial. DDX5%T RORyt" Teg-like cells displayed a significant increase
of the HIF1a*IL-10" population (Fig. 4H).

In the ileal lamina propria under steady state, RORyt" T, and
CTyegs had the highest HIF1a expression (Fig. 5A). Ablation of
DDXS5 resulted in elevated HIF1a protein levels in RORyt" Tegq
and not in any other CD4 T cell subsets (Fig. 5A), suggesting that
DDXS5 regulated HIF1a in a cell type—specific manner. On the basis
of these results, we hypothesized that IL-10 production in RORyt*
Tregs might be regulated by the DDX5-HIFla axis and that DDX5
regulation of IL-17A production in ileal Ty17 cells (Fig. 1E) was
through a HIFla-independent mechanism. We detected a higher
proportion of HIF1a*TL-10* RORyt" Tieg in the steady-state and
inflamed DDX54T ileum (Fig. 5, B and C), as well as in the inflamed
DDX54T colon after anti-CD3e administration (fig. S6, A and B).
These results demonstrate that DDX5 regulates IL-10 and HIFla
expressions in intestinal RORyt" Teg.
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Fig. 4. Identifying DDX5 targets in T cells. (A) Weight changes of cohoused CTL and DDX5T littermates administered with anti-CD3e and anti-rat I9G (isotype control)
or anti—IL-10R intraperitoneally on days 0, 2, and 4. *P < 0.05 (paired multiple t tests, n = 4). (B) CD90.1* CTL or tdTomato* DDX52T naive CD4™* T cells cotransfer into wild-
type mice. iLP T cell cytokine levels were analyzed 5 days after anti-CD3¢ challenge. *P < 0.05 (t test). (C) IL-10 levels in cultured RORyt™ T,.4-like cells (n = 6). (D) Distribution
of DDX5-bound RNA regions in cultured T cells. 5'-UTR, 5" untranslated region. (E) Expression of select mRNAs. Log, fold changes were defined by qRT-PCR results
normalized to Gapdh from T cells cultured in the TGFp (5 ng/ml, high) over those under the TGFp (0.1 ng/ml, low) condition (multiple t tests, n = 4). Black dot: Enriched
with DDX5 eCLIP-seq signal; gray dot: DDX5 eCLIP-seq signal absent. (F) Normalized mRNA levels of two Hif1a isoforms in cultured RORyt* T.g-like cells. Each dot rep-
resents the result from one mouse. **P < 0.01 (paired multiple t test, n = 6). (G) Representative histogram of isotype or HIF1a in cultured RORyt* Treglike cells. (H)
Representative flow plots (left) and proportions (right, each dot represents the result from one mouse) of HIF1a and IL-10 expression in cultured RORyt™ T,4-like
cells. ***P < 0.001 (paired multiple t test, n = 6).
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expressing RORyt" Ty.qs from steady-state or anti-CD3e—challenged mice. FSC, forward scatter as an index of cell granularity. *P < 0.05 (paired multiple t test).
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To test the contribution of HIFla to IL-10 production in
RORYt" Tg, we knocked down HIFla using two independent
single guide RNAs (sgRNAs) designed to target either exon 3
(sgHifla-1) or exon 4 (sgHifla-2) at the Hifla locus in cultured
RORyt* Tyeg-like cells derived from CTL Cas9* mice (Fig. 5D).
While the transient loss of HIFla did not alter RORyt expression
(Fig. 5E), it resulted in a significant reduction of IL-10 production
capacity in the RORyt" T,,-like cells (Fig. 5F). Chromatin immu-
noprecipitation quantitative polymerase chain reaction (ChIP-
qPCR) assays revealed that HIF1a was recruited to the I110 promot-
er and a distal enhancer 26-kb upstream of the transcription start
site (Fig. 5G), indicating that HIFla could directly regulate the
1110 locus in RORyt" T,-like cells. Consistent with this possibility,
inhibition of HIFla DNA binding by echinomycin effectively
reduced IL-10 production potential in cultured DDX5%T RORyt*
Thegs-like cells to levels observed in CTL cells in a dose-dependent
manner (fig. S7, A and B). A previous study in cT\.g reported that
HIF1a controls the expression of genes involved in glycolysis (6). In
RORyt" Tyeg-like cells, however, we did not observe a similar de-
pendency of glycolysis genes on DDX5 (fig. S7C).

When challenged with anti-CD3e, HIF1a®T (Hifla"Cd4°™)
mice showed more weight loss (Fig. 5H) and higher ileal pathology
compared to their CTL littermates (fig. S8, A and B). Under both
basal and inflamed settings in vivo, ileal HIF1a*" RORyt" T\, cells
showed lowered IL-10 production potential (Fig. 5I), demonstrating
that HIF1a promotes IL-10 expression in RORyt" Tyeg, in vivo. To
test the hypothesis that the enteropathy protection found in
DDX52T mice was conferred by the augmented expression of
HIFla in their T cells, we crossed the DDX5%T mice with the
HIF1a”T line to generate the DDX54THIF1a*" double knockout
mice (Hifld"" Ddx5"f Cd4°™). When challenged with anti-
CD3e, DDX52THIF1a2" mice experienced similar weight loss com-
pared to CTL mice (Fig. 6A). The ileal CD4" infiltrate proportion
and absolute number in the DDX52THIF1a*™ mice were partially
restored to CTL levels (Fig. 6B). Notably, DDX5*THIF1a2T
RORyt" Tyegs harbored similar levels of 1L-10 as CTL (Fig. 6, C
and D). Similarly, the pharmacologic inhibition of HIFla DNA
binding also obliterated the differences in weight, intestine pathol-
ogy, total T cell count, and IL-10* RORyt* T\, populations between
CTL and DDX5T littermates (Fig. 6, E to H). Together, these
results show that DDX5 promotes enteropathy and restricts IL-10
production in RORyt" T, in a HIFla-dependent manner
(modeled in Fig. 6I).

DDX5 promotes R loop disassembly and restricts RNA Pol2
recruitment on the Hif1a locus in RORyt* T,

To evaluate the contribution of DDX5 binding on the Hifla tran-
scripts toward its repressive activity on Hifla expression, we de-
signed a sgRNA (sgHiflaPP?) targeting the intron encoding the
DDX5 binding sites (Fig. 7A). As expected, cultured Cas9*
RORyt" T,cq-like cells transduced with the sgHifla"® expressing
vector had a higher proportion of HIF1a*IL-10" cells (Fig. 7B).
These results suggest that the DDX5 bound stretch of intron 1 on
the Hifla transcript confers repressive activities on HIFla and IL-10
expressions in cultured RORyt" Tq-like cells.

A recent study report that the HIFIA locus in human epithelial
cells is enriched with DNA-RNA hybrid (R loop) structures (34)
implicated in transcription regulation (35-37). In addition,
DDX5-mediated R loop resolution can promote RNA polymerase

Ma et al., Sci. Adv. 9, eadd6165 (2023) 1 February 2023

II (Pol2) transcription termination (I8, 19, 23, 24). To test
whether DDX5 also regulated the murine HIfIa locus through an
R loop—dependent mechanism, we performed the DNA-RNA im-
munoprecipitation (DRIP) assay using the $9.6 antibodies on cul-
tured RORyt" T g-like cells. Similar to human cells, the murine
Hifla locus was also decorated with R loop structures at the tran-
scriptional start and terminal sites (Fig. 7C). Loss of DDXS5 resulted
in an accumulation of R loop signals that paralleled an increase in
the occupancy of RNA Pol2 and H3K4me3 deposition at the Hifla
transcription start site (Fig. 7D). After transcription, the splicing
rate of the Hifla nascent transcripts and the RNA half-life of the
mature Hifla mRNA were comparable between CTL and
DDX54T cells (fig. 9, A to C), suggesting that DDX5 regulated
Hifla at the transcription level. Together, these results demonstrate
that DDXS5 regulates R loop structures and RNA Pol2 recruitment to
restrict Hifla transcription in RORyt" T,egs (modeled in Fig. 7E).
RX-5902 is a small-molecule inhibitor developed to target DDX5
(38). As expected, the proportion of HIF1a*TL-10" RORyt" Ty.g-like
cells was elevated in the presence of RX-5902 (Fig. 7F), consistent
with results observed using genetic approaches. Similarly, human
Jurkat T cells cultured in the presence of RX-5902 also had a
higher proportion of HIF1a*IL-10" cells (Fig. 7, G and H). Further-
more, analysis of two publicly available datasets of human ileal T
cells also suggests that HIFIA mRNA abundance positively corre-
lates with IL10 transcript levels (Fig. 7I). Together, these results
suggest that pharmacologic inhibition of DDX5 can modulate the
HIF1la-IL-10 pathway in both mouse and human T cells.

DISCUSSION

Anti-inflammatory cytokine IL-10 is critical for maintaining tissue
homeostasis and preventing exacerbated inflammation after injury
(39-42). Previous studies identified multiple T cell subsets with IL-
10 production capacities under different settings, including Ty17
(43), Tul (33), CTregs (44), RORYL' Tiegs (10), and CD8* T cells
(45). Here, we show that ileal and colonic RORyt" T, have the
highest IL-10 production potential among T cells, and this is tran-
scriptionally controlled by HIF1a. In the steady-state and inflamed
small intestine, the HIF1a—IL-10 pathway in RORyt" T, is inhib-
ited by the RNA binding protein DDX5. In the steady-state colon,
however, DDX5 does not regulate IL-10 or IL-17A production in
RORYt" Tieg or Ty17 cells. DDX5-dependent RORyt™ T, only
emerge in the colonic lamina propria after anti-CD3e challenge.
The exact origin of these DDX5-dependent colonic RORYt" Tegq
is not known. One possibility is that these cells are RORyt" Tgq
from the ileum that migrated to the colon after anti-CD3e challenge.
Another possibility may be that these are local RORYt" T4, that
acquired a DDX5-dependent program in the inflammatory envi-
ronment. Unlike T cells, DDX5 in cancer cells can serve as a positive
regulator of HIFla (32). These results suggest that the positive or
negative regulation of HIFla by DDX5 is cell type and context de-
pendent, and future studies are needed to identify the molecular de-
terminants involved in orchestrating these specificities.

In RORyt" Tiege, knocking out DDX5 results in an increase of
HIFla and IL-10 levels, as well as greater contact-dependent sup-
pressor activities in vitro and in vivo. When challenged with the
anti-CD3e—induced and T cell transfer-mediated intestinal inflam-
mation, DDX5T RORyt* Tieqs provide superior protection against
weight loss and tissue pathology. Pharmacologic inhibition of IL-10
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Fig. 6. Genetic ablation of HIF1a or inhibition of HIF1a DNA binding restores enteropathy susceptibility in DDX5T mice. (A) Weight changes of three pairs of CTL,
DDX54T, and DDX52HIF1a*T mice administered with anti-CD3e mAb. *P < 0.05 (multiple t tests, n = 3). (B) Proportions (left) and number (right) of ileal CD4* T cell in the
mice as shown in (A). *P < 0.05 (t test, n = 3). (C) Proportions of IL-10* ileal CD4* T cell subsets from (B). Each dot represents the result from one mouse. *P < 0.05 (t test). (D)
Representative flow cytometry analysis of IL-10 in ileal CD4" T cell subsets from indicated mice administrated with anti-CD3e. (E) Weight changes of five pairs of CTL and
DDX52T mice administered with anti-CD3e mAb or anti-CD3e mAb and echinomycin (100 pg/kg) or echinomycin alone (100 ug/kg). **P < 0.01, ***P < 0.005, and ****P <
0.001 (multiple t tests). (F) Disease score of ileal sections from (E). (G) lleal CD4"* T cell count from (E). Each dot represents the result from one mouse. *P < 0.05 (t test). (H)
Proportions of IL-10* ileal CD4™* T cell subsets from (E). Each dot represents results from one mouse. *P < 0.05 (t test). (I) Working model: DDX5 inhibits HIF1a-mediated IL-
10 expression and contact-dependent suppressor function in RORyt* T,y and promotes T cell-mediated inflammation in the intestine.
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Fig. 7. DDX5 promotes R loop disassembly and restricts RNA Pol2 recruitment to repress Hif1a transcription. (A) DDX5-bound regions on the Hifla transcript. (B)
HIF1a*IL-10" proportions in cultured Cas9* RORyt* T,oq-like cells transduced with the indicated retroviruses. Each dot represents the result from one mouse. *P < 0.05 (t
test). (C) DRIP-qRT detection of RNA-DNA hybrid structures in cultured RORyt" T,.g-like cells. TSS, Transcription Start Site; TTS, Transcription Termination Site. Each dot
represents the result from one mouse. *P < 0.05 (paired multiple t tests, n = 4). RNaseH1, ribonuclease H1. (D) RNA Pol2 and H3K4me3 ChIP-gPCR analysis at the Hif1a locus
in cultured RORyt* Treglike cells. Each dot represents the result from one mouse. *P < 0.05 (paired multiple t test, n = 3). (E) Working model: DDX5 resolves the R loop to
block RNA Pol2 loading and inhibit Hif1a transcription. (F) HIF1a*IL-10* proportions in cultured RORyt™ T,.o-like cells treated with vehicle [dimethyl sulfoxide (DMSO)] or
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determined by single-cell RNA sequencing [GSE134809 (53) and GSE162335 (54)]. Each dot represents the average expression of these genes from one donor.
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signaling restores the anti-CD3e susceptibility of the DDX5%T mice
to wild-type levels, suggesting that DDX5 promotes inflammation,
at least in part, by negatively regulating IL-10. Because DDX5 also
positively regulates IL-17A in ileal Tg;17 cells, we cannot rule out the
possibility that this also contributes to the altered anti-CD3e sus-
ceptibility in DDX5%T mice. The in vitro suppressor assay also in-
dicates that DDX5 can interfere with the contact-dependent
suppressor activity of RORyt* Tregs- However, it remains to be ex-
plored the extent this regulation of DDX5 on RORyt" T, contrib-
utes to the protective phenotypes observed in vivo.

At the molecular level, DDX5 binding to the first intron of the
Hifla transcript promotes R loop resolution and restricts RNA Pol2
recruitment to the Hifla promoter. This study provides the first in
vivo and mechanistic evidence that an imbalance of R loop—associ-
ated RNA binding proteins can modulate immune cell function and
contribute to intestinal pathologies. Future studies will be needed to
assess the extent DDX5 contributes to chromatin R loop dynamics
genome-wide and whether other members of this RNA binding
protein family have unique or overlapping functions as DDX5.
We speculate this negative feedback switch is evolutionarily con-
served to keep T, suppressor activities in check and to allow for
a robust inflammatory response in settings of infection and
tissue injury.

In contrast to the proinflammatory role in T cells reported here,
DDX5 in the intestinal epithelial cells is reported to be protective
against the same model of T cell-mediated enteropathy (12). This
highlights the importance of understanding how DDX5 regulates
expressions of common and cell type-specific RNA targets to deci-
pher its paradoxical contribution to intestinal pathologies and the
therapeutic potential of these DDX5-dependent pathways for com-
bating T cell-mediated inflammation in the intestine.

MATERIALS AND METHODS

Mice

Cas9 (stock no: 026179), Cd4°™ (stock no: 017336), Hifla** mice
(stock no: 007561), and RAG1™/~ (stock no: 002216) mice were ob-
tained from the Jackson Laboratory. Ddx5%* mice were obtained
from F. Fuller-Pace’s laboratory and have been previously described
in (46). Heterozygous mice were bred to yield 6- to 12-week-old lit-
termates. All animal studies were approved and followed the Insti-
tutional Animal Care and Use Guidelines of the University of
California San Diego.

Anti-CD3e-induced enteropathy model

Adult mice of 8 to 12 weeks were used for anti-CD3e~induced en-
teropathy. Anti-CD3e monoclonal antibodies (mAb) (15 pg per
time per mouse; eBioscience, clone #: 2C11) with or without
anti-IL-10R (0.2 mg per time per mouse; Bio X Cell, clone #:
CD210) or anti-rat immunoglobulin G1 (IgGl) (Bio X Cell,
BE0088) were injected intraperitoneally at days 0, 2, and 4. Ileal
tissues were harvested on day 5. Ileal tissues were collected for he-
matoxylin and eosin (H&E) staining, and lamina propria cells were
isolated for flow cytometry analysis as described in (47). The H&E
slides from each sample were scored for changes in the inflamma-
tory infiltrate, submucosal inflammation, crypt morphology,
muscle thickening, and abscess in a double-blind fashion as de-
scribed in (25).

Ma et al., Sci. Adv. 9, eadd6165 (2023) 1 February 2023

For cotransfer experiments, splenic naive CD4* T cells from
CD90.1* CTL and tdTomato" DDX5%T donors were isolated
using the Naive CD4" T Cell Isolation Kit (Miltenyi Biotec). CTL
and DDX52T cells were combined in a 1:1 ratio (0.5 million each,
a total of 1 million in phosphate-buffered saline) and transferred
into CTL mice by intraperitoneal injection. After 1 week, recipient
CTL mice were challenged with anti-CD3e to induce enteropathy.
Lamina propria cells were isolated for flow cytometry analysis.
For transfer colitis, each RAG1™~ mouse was intraperitoneally
injected with FACS-sorted CD90.1* naive T helper cells
(CD4*CD25-CD44"°CD62L", 0.4 million) and RORyt" T,cg-en-
riched cells (CD90.1"CD4"CCR6*CTLA4", 0.1 million) from the
spleen and lymph nodes.

In vitro suppressor assay

CCR67CD25" and CCR6*CTLA4" cells from the spleen and lymph
nodes of CD45.2" mice were FACS-sorted by MA900 (Sony) and
mixed with FACS-sorted CD45.1" naive CD4" T cells labeled
with CellTrace Violet (Thermo Fisher Scientific, #C34571) in the
presence of irradiated T cell-depleted splenocytes as antigen-pre-
senting cells. After 3 days of coculture in RPMI 1640 containing
10% fetal bovine serum (FBS), T suppression function was mea-
sured by the percentage of nondividing cells within the CD45.1% ef-
fector T cell population.

Flow cytometry

Ileal and colonic lamina propria mononuclear cells were obtained as
previously described (47). Cells were stimulated with phorbol 12-
myristate 13-acetate (5 ng/ml; MilliporeSigma) and ionomycin
(500 ng/ml; MilliporeSigma) in the presence of GolgiStop (BD Bio-
sciences) for 5 hours at 37°C, followed by cell surface marker stain-
ing for CD4 (clone GK1.5, BioLegend) and CD90.1/Thyl.1 (clone
OX-7, BioLegend). Fixation/permeabilization buffers (eBioscience)
were used as per the manufacturer’s instructions to assess intracel-
lular transcription factor and cytokine expression. Antibodies are
listed in table S1.

T cell culture

Naive T cells were purified from the spleens and lymph nodes using
the Naive CD4" T Cell Isolation Kit according to the manufacturer’s
instructions (Miltenyi Biotec). Cells were cultured in Iscove’s mod-
ified Dulbecco’s medium (Sigma-Aldrich) and supplemented with
10% heat-inactivated FBS (Peak Serum), 50 U of penicillin-strepto-
mycin (Life Technologies), 2 mM glutamine (Life Technologies),
and 50 pM B-mercaptoethanol (Sigma-Aldrich). Naive T cells
were activated and differentiated in 24-well or 96-well plates pre-
coated with rabbit anti-hamster IgG in the presence of anti-CD3e
(0.25 pg/ml; eBioscience), anti-CD28 (1 pg/ml; eBioscience),
TGEF (0.1 to 5.0 ng/ml; R&D Systems), and IL-6 (20 ng/ml; R&D
Systems) for 48 to 72 hours.

The Jurkat human “T cell” line was maintained in RPMI 1640
medium (Gibco) supplemented with 10% FBS and 50 U of penicil-
lin-streptomycin. Cells were cultured in the presence of vehicle [di-
methyl sulfoxide (DMSO)] or DDX5 inhibitor RX-5902 (10 to 50
nM; ChemieTek). Cells were harvested 72 hours after treatment
and analyzed by flow cytometry.
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Retroviral transduction in T cells

sgRNAs were designed by CHOPCHOP (48) and cloned into the
retroviral construct described previously by (49). sgRNA sequences
are listed in table S2. PlatE cells were used to generate retrovirus as
described in (50). Virus transduction in T cells was performed 24
hours after T cell activation by centrifugation at 2000 rpm for 90
min at 32°C. Live and CD90.1/Thyl.1"-transduced cultured cells
were analyzed by flow cytometry at 72 hours.

ChIP and DRIP

ChIP assays were performed on 5 to 10 million cultured T cells
cross-linked with 1% formaldehyde. Chromatin was sonicated
and immunoprecipitated using antibodies as listed in table S1 and
Dynabeads (Thermo Fisher Scientific), followed by reverse cross-
linking and genomic DNA purification. DRIP assays were per-
formed on 5 to 8 million cells as described by (51). Briefly, cells
were lysed, and chromatin DNA was fragmented. Anti-DNA-
RNA hybrid antibodies (clone S9.6, Millipore) was used for immu-
noprecipitation (IP). gPCR primer sets are listed in table S2.

DDX5 eCLIP-seq

eCLIP-seq analysis was performed as previously described in (52)
on UV cross-linked CTL-polarized T cells. Following cell lysis
and treatment with ribonucleases (RNases), DDX5-containing
RNA complexes were pulled down. RNA fragments protected
from RNase digestion were subjected to RNA linker ligation,
reverse transcription, and DNA linker ligation to generate eCLIP-
seq libraries for high-throughput Illumina sequencing. Peaks were
first defined using CLIPper on the IP sample (https://github.com/
YeoLab/clipper/wiki/CLIPper-Home). Enrichments were calculat-
ed using both the IP and input samples. Log, fold change was cal-
culated as eCLIP-seq reads normalized for read depth over
normalized reads found at each peak region in the size-matched
input sample. Significance tests were performed using Fisher's
exact test or chi-square test, as described in (52). Encyclopedia of
DNA Elements (ENCODE) irreproducible discovery rate analysis
was performed on two independent biological replicates. Peaks
were ranked using the entropy formula, Pixlog(Pi/Qi)/log,, where
Pi is the probability of an eCLIP-seq read at that position and Qi
is the probability of input reads at that position. Results were filtered
using cutoffs of 3 for both log;, P values and log, fold changes to
define a set of true peaks normalized above their respective size-
matched input signal.

Protein and Western blot analysis

The NE-PER Kit (Thermo Fisher Scientific) was used for cytoplas-
mic and nuclear fractionation studies. Thirty to 50 pg of proteins
were loaded on each lane. Blots were blocked in an Odyssey Block-
ing buffer (LICOR Biosciences) and probed with primary antibod-
ies (table S1). Following incubation with respective IRDye
secondary antibody (LICOR Biosciences), infrared signals on each
blot were measured on the LICOR Odyssey CLX.

cDNA synthesis and qRT-PCR analysis

Total RNA was extracted with an RNeasy kit (QTAGEN) and
reverse-transcribed using the iScript Select cDNA Synthesis Kit
(Bio-Rad Laboratories). Real-time reverse transcription polymerase
chain reaction (RT-PCR) was performed using iTaq Universal
SYBR Green Supermix (Bio-Rad Laboratories). Expression data
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were normalized to Gapdh mRNA levels. Quantitative RT-PCR
(qQRT-PCR) primers were designed using Primer-BLAST to span
across splice junctions, resulting in PCR amplicons that span at
least one intron. Primer sequences are listed in table S2.

Statistical analysis

All values are presented as means + SD. Significant differences were
evaluated using GraphPad Prism 9 software. The Student’s ¢ tests or
paired ¢ tests were used to determine significant differences between
the two groups. A two-tailed P value of <0.05 was considered stat-
istically significant in all experiments.

Supplementary Materials
This PDF file includes:

Figs. S1 to S9

Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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