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IMMUNOLOGY

Targeting lysophospholipid acid receptor 1 and ROCK
kinases promotes antiviral innate immunity

Chi Zhang"*, Weiyun Li*3*", Xiaobo Lei*, Zhenfei Xie?, Linlin Qi°, Hui Wang®, Xia Xiao*, Jun Xiao?,
Yuxiao Zheng?, Chen Dong?, Xin Zheng?, Shiyang Chen'?, Jianfeng Chen?, Bing Sun?, Jun Qin®,
Qiwei Zhai®, Jinsong Li?, Bin Wei*>”'®*, Jianwei Wang**, Hongyan Wang">%+*

Growing evidence indicates the vital role of lipid metabolites in innate immunity. The lipid lysophosphatidic acid
(LPA) concentrations are enhanced in patients upon HCV or SARS-CoV-2 infection, but the function of LPA and its
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receptors in innate immunity is largely unknown. Here, we found that viral infection promoted the G protein-
coupled receptor LPA1 expression, and LPA restrained type I/lll interferon production through LPA1. Mechanisti-
cally, LPA1 signaling activated ROCK1/2, which phosphorylated IRF3 Ser®’ to suppress IRF3 activation. Targeting
LPA1 or ROCK in macrophages, fibroblasts, epithelial cells, and LPA1 conditional KO mice promoted interferon-
induced clearance of multiple viruses. LPA1 was colocalized with the receptor ACE2 in lung and intestine. Together
with previous findings that LPA1 and ROCK1/2 promoted vascular leaking or lung fibrosis, we propose that the
current available preclinical drugs targeting the LPA1-ROCK module might protect from SARS-CoV-2 or various

virus infections in the intestine or lung.

INTRODUCTION
Virus invasion triggers highly active lipid metabolism in the host cells,
and growing evidence indicates that lipid metabolites might regu-
late antiviral responses (1). Currently, the emerging severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) causes a pandemic
worldwide, and several reports have identified that plasma concen-
trations of the simplest lysophospholipid lysophosphatidic acid
(LPA) and its precursors are enhanced in coronavirus disease 2019
(COVID-19) patients compared to healthy population, especially in
fatal cases (2, 3). Furthermore, plasma LPA levels are also enhanced
in chronic hepatitis C virus (HCV)-infected patients, which are de-
creased after antiviral therapy, indicating a positive correlation be-
tween plasma LPA levels and HCV virus loads (4). Except for being
a possible biomarker, it is unclear whether LPA signaling manipu-
lates the innate antiviral responses to control virus infection.

LPA has numerous biological activities through binding with its
G protein—coupled receptors (GPCRs), including LPA1 to LPA6, and
the receptor LPA1 shows the highest affinity with LPA. The ligand
receptor LPA-LPA1 signaling in lung induces fibroblast chemo-
taxis and enhances vascular leaking, which leads to macromolecule
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infiltration to bronchium and accelerates pulmonary fibrosis (5).
Therefore, much effort has been made to inhibit LPA1 to treat idio-
pathic pulmonary fibrosis, including the phase 2 preclinical drug
BMS-986020 (6). Nevertheless, data of coronavirus infection, includ-
ing SARS, Middle East respiratory syndrome, and the COVID-19
pandemic, have suggested that patients might suffer substantial
fibrotic consequences following infection (7). It would be impor-
tant to elucidate whether targeting the LPA-LPA1 signaling pathway
could regulate the innate antiviral responses.

After recognizing DNA or RNA viruses, the pattern recognition
receptors in innate immune cells, including cGAS and RIG-I-like
receptors (RLRs), can recruit their adaptor proteins STING and
MAVS for TBK1 activation and phosphorylation of the transcription
factor interferon regulatory factor 3 (IRF3), resulting in type I inter-
feron (IFN-I) transcription (8). In addition, IRF3 can also mediate
IFN-III (i.e., IFN-A2 and IFN-A3 in mice) production in gastroin-
testinal and respiratory epithelial cells (ECs) to eliminate viruses (9).
Studies have suggested that SARS-CoV-2 infects the ECs of lung and
small intestine (10), which triggers IFN-III production while induc-
ing very low levels of IFN-I in human intestinal organoids (11).
Compared to IFN-I, IFN-III is more potent in preventing viral dis-
semination without causing inflammation during viral infections in
epithelium (12). Therefore, how to evoke secretion of IFN-III and
IFN-I is critical for the host against viral infections.

Here, we have identified that the expression of LPA1 was up-regulated
in response to multiple virus infections. LPA binding to LPAL1 in-
hibited IRF3-mediated type I and III IFN production and impaired
host defense to eliminate viral infection. Targeting LPA1 with the
specific inhibitor Kil6425 or the preclinical drug BMS-986020, as
well as conditionally knockout (cKO) Lpal in intestinal ECs (IECs),
could enhance IFN-I/III levels and antiviral responses. Critically,
LPA1 colocalized with the SARS-CoV-2 receptor ACE2 in lung al-
veolar cells, bronchium, and small intestine, which might enable
LPAL as an ideal drug target specifically in SARS-CoV-2-infected
organs. Mechanistically, LPA1 signaling activated ROCK1/2, and
ROCK1/2 directly phosphorylated IRF3 Ser’ to reduce IRF3 activa-
tion and IFN production. Furthermore, targeting ROCK promoted
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IFN-mediated antiviral responses. Together, this study has elucidated
the LPA1-ROCK module as a potential drug target against multiple
virus infections.

RESULTS

LPA-induced signaling represses IFN-1/1ll production

and impairs virus clearance

LPA displays dynamic changes in plasma of HCV-infected patients
before and after receiving antiviral therapy, suggesting LPA as a
biomarker to monitor HCV loads. In addition, plasma LPA concen-
trations are enhanced in COVID-19 patients (2, 3). We therefore
asked whether LPA had any effect on antiviral responses. Various
types of cells were pretreated with exogenous LPA, followed by in-
fection with multiple viruses. In peritoneal macrophages (PEMs),
LPA pretreatment inhibited Ifnbl expression upon infection with
the RNA virus vesicular stomatitis virus (VSV) and the DNA virus
herpes simplex virus type 1 (HSV-1), as well as upon stimulation by
transfection of polyinosine-polycytidylic acid [poly(I:C)] to trigger
RIG-I/MDAS activation or by ISD to trigger the cGAS-STING path-
way (Fig. 1A). PEMs were transfected with the VSV genomic RNA
(VRNA) for RIG-I activation or poly(dA:dT) for DNA sensor; alter-
natively, poly(I:C) was added directly into the culture medium, which
could be internalized to the endosome to activate the Toll-like re-
ceptor 3 (TLR3) pathway. The expression levels of IfnbI (Fig. 1A)
and the IFN-stimulated genes (ISGs), including Cxcl10 and Ccl5
(fig. S1A), were repressed, but the mRNA levels of Mx1 and Ifitl
were not affected (fig. S1B).

As ECs play a crucial role against viruses in the mucosal sites, we
next determined how LPA affected antiviral function in primary mouse
embryo fibroblasts (PMEFs). Similar to the phenotype in macrophages,
in poly(I:C) and ISD-treated pMEFs (Fig. 1, B and C) or in VSV-
and HSV-infected pMEFs (Fig. 1D and fig. S1C), LPA suppressed
IFN-p and ISG expression at mRNA or protein levels. Consistently,
LPA exerted the inhibitory effects on IFN-B expression in the hu-
man cell lines HCT116 and human embryonic kidney (HEK) 293A,
which are derived from intestine and kidney, respectively (fig. S1D).

IFN-III displays a predominant role to clear the virus in the mu-
cosal surface, including small intestine (13). We prepared the or-
ganoids derived from small intestine and found that IFN-III was
induced at high levels upon VSV infection (Fig. 1E). LPA treatment
repressed Ifnl2/3 mRNA expression and secretion as well as Ifnbl
production in the intestinal organoids (Fig. 1E). Moreover, LPA
exerted the dose-dependent suppressive effect on IFN expression
(Fig. 1F) and ISG expression (fig. S1E) in response to various stim-
uli or infection with VSV and encephalomyocarditis virus (EMCV).
In agreement with the suppressed IFN production, LPA treatment
enhanced the amount of VSV-green fluorescent protein (GFP) in
macrophages as measured under fluorescence microscopy or in
fibroblasts by fluorescence-activated cell sorting (FACS) (Fig. 1G).
Together, we have elucidated that the bioactive lipid LPA substan-
tially represses both IFN-I and IFN-III production in different cell
types to facilitate multiple virus infection.

Targeting the receptor LPA1 promotes production of IFNs
and ISGs against various virus infections

LPA signaling can be transduced through the different GPCRs in-
cluding LPAL1 to LPAG6 in different cell types. We asked which LPA
receptor was dominantly involved in the innate immunity against
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infections. Except for Lpa3 (Fig. 2A) and Lpa4 (fig. S2A), the other
LPA receptors were expressed in PEMs and IECs. Only Lpal
expression was consistently enhanced upon treatment with various
stimuli, including virus mimics or different types of viruses (Fig. 2B).
In contrast, expression of the other receptors remained unchanged
or decreased (fig. S2B). Considering LPA1 having the highest affinity
with LPA, we proposed a potential role of LPA1 in response to virus
infection. We therefore silenced Lpal in macrophages (fig. S2C),
which enhanced mRNA expression of IfnbI (Fig. 2C) and ISG se-
cretion (fig. S2D) upon VSV infection or poly(I:C) treatment (fig.
S2E). In RAW264.7 cells, which were generated to stably overex-
press LPAL1 (fig. S2F), Ifnb1 mRNA levels were reduced in response
to VSV infection (Fig. 2D). In fibroblast cells, which silence Lpal
expression with small interfering RNA (siRNA), Ifnbl production
was also enhanced upon poly(I:C) stimulation (Fig. 2E). LPA1
knockdown could abolish the inhibitory effect of LPA on Ifnb1 ex-
pression (Fig. 2F). This confirms that LPA is dependent on the re-
ceptor LPA1 to inhibit IFN production upon treatment with various
infections or viral mimics.

Because GPCR is one of the largest and promising candidates for
drug development, we next tested the potential application of the
LPA1/3 inhibitor Kil6425 against virus infection. Since LPA3 ex-
pression was undetectable in macrophages and ECs, Kil6425 could
selectively act on LPA1 in these two cell types. In macrophages,
Kil16425 treatment enhanced expression of IfnblI (Fig. 2G) and the
ISGs including Cxcl10 or Ccl5 (fig. S2G) after treatment with vari-
ous stimuli to activate cytosolic DNA and RNA sensors as well as
the TLR3 pathway. Ki1l6425 treatment also promoted Ifnb1, Cxcl10,
or Ccl5 expression in fibroblast cells (Fig. 2H) or in the human cell
lines, including HCT116 and HEK293A cells (fig. S2H). In intestinal
organoids, inhibition of LPA1 by the preclinical drug BMS-986020
(Fig. 2I) or by Kil6425 (Fig. 2J) could substantially elevate IFN-III
or IFN-I expression. In agreement with this, Kil6425 treatment
enhanced virus clearance as shown by the reduced mean fluores-
cence of VSV-GFP (Fig. 2K). Together, we have identified that tar-
geting LPA1 by the inhibitor Kil6425 or the preclinical drug
BMS-986020 can enhance IFN-I and IFN-III expression in multiple
cell types as well as in intestinal organoids against virus infection.

LPA1 deficiency in ECs protects the host against various
virus infections in vivo
Because half amount of plasma LPA is generated from lysophospho-
lipids by the lysophospholipase autotaxin (ATX) (14), we pretreated
mice with the ATX inhibitor PF-8380 to reduce LPA concentrations.
PF-8380 treatment promoted IFN-B1 secretion in serum of VSV-
infected mice (fig. S3A). We also noted that Lpal expression was
induced in multiple organs, tissues, and peripheral blood mono-
nuclear cells (PBMCs) upon VSV infection in vivo (Fig. 3A); there-
fore, the LPA1 inhibitor Kil6425 was applied to test the in vivo
protection. Kil6425 treatment increased the survival rates (Fig. 3B)
and attenuated the amount of VSV mRNA and the fluorescence
intensity of GFP-VSV in liver (Fig. 3C) as well as VSV titers in
serum (Fig. 3D). Consistently, Ki16425 treatment enhanced Ifnbl
mRNA expression in PBMCs and serum IFN-B concentrations
(Fig. 3E). These data suggest that the LPA1 inhibitor has the sys-
tematic benefit against virus infection.

To determine LPA1 function in vivo, we generated Lpal " mice
with the two loxP sites flanking exon 3 (fig. S3B). Although LPA1 in
macrophages could regulate type I IFN production, we noted that

fl/fl
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Fig. 1. LPA-induced signaling represses IFN-1/1ll production and impairs virus clearance. (A) PEMs were pretreated with 10 uM LPA for 1 hour, followed by stimula-
tion with VSV and HSV, or by transfection of poly(l:C), ISD, VSV genomic RNA (VRNA), and poly(dA:dT); alternatively, poly(l:C) was directly added into the culture medium
to activate the TLR3 pathway for 4 or 6 hours. Ifnb7 mRNA level was determined by RT-gPCR. (B to D) pMEFs were pretreated with LPA and stimulated with poly(l:C) or ISD
for 4 hours and VSV or HSV for 6 hours to check expression of IFN-B (B and D), Cxcl10, and Ccl5 (C). (E) LPA-pretreated intestinal organoids were stimulated with VSV for
5 hours to measure IFN-A and Ifnb1 expression. IFN-A secretion was normalized to the extracted total amount of RNA. (F) NIH-3T3 cells were pretreated with LPA for 1 hour
and then stimulated with poly(l:C), poly(dA:dT), and vVRNA for 4 hours, or VSV and EMCV for 6 hours to check Ifnb7 mRNA levels. (G) The amount of VSV-GFP was measured
12 hours after infection by microscopy in PEMs or by FACS analysis in NIH-3T3 cells that were pretreated with or without LPA. Scale bar, 50 um. *P < 0.05, **P < 0.01,
***P < 0.001 [unpaired Student’s t test in (A) to (E) and (G), one-way ANOVA followed by Tukey’s multiple comparisons test in (F)]. Data are from three (A to G) independent
experiments (means + SD) or are representative data (G).
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Fig. 2. Targeting the receptor LPA1 promotes production of IFNs and ISGs against various virus infections. (A and B) Lpa7-6 mRNA levels in resting PEMs (A) or in
PEMs after stimulation with the indicated pathogen-associated molecular pattern mimics for 4 hours or viruses for 6 hours (B). (C and D) Ifnb1 mRNA levels in VSV-infected
PEMs that were transfected with siRNA to knock down LPA1 (C) or in RAW264.7 cells overexpressing LPA1 (D). (E and F) LPA1 was knocked down in NIH-3T3 cells followed
by transfection of poly(l:C) for 4 hours (E) or pretreated with LPA (5 uM in DMEM without FBS) for 1 hour followed by transfection of poly(l:C) to check Ifnb7 mRNA levels
(F). (G to J) Macrophages (G), NIH-3T3 cells (H), or the intestinal organoids (I and J) were pretreated with 10 uM Ki16425 or BMS-986020 followed by the indicated stimu-
lation for 4 hours or VSV and EMCV infection for 6 hours to check Ifnb1, Ifnl2/3, Cxcl10, and Ccl5 mRNA levels. (K) The amount of VSV-GFP was measured 12 hours after in-
fection in Ki16425-pretreated PEMs by microscopy or in NIH-3T3 cells by FACS analysis. Scale bar, 50 um. *P < 0.05, **P < 0.01, ***P < 0.001 [unpaired Student’s t test in (B)
(left), (C) to (E), and (G) to (K); one-way ANOVA followed by Tukey’s multiple comparisons test in (B) (right); two-way ANOVA followed by Sidak’s multiple comparisons test
in (F)]. Data are from three (B to K) independent experiments (means + SD) or are representative data (A, E, and K).
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Lpal expression levels were much higher in IECs and fibroblast
cells than those in PEMs (fig. S3C), and Lpal mRNA levels in IECs
were enhanced by VSV infection (fig. S3D). To examine the poten-
tial role of LPA1 in ECs, Lpalﬂ/ % mice were crossbred with the Villin-
cre mice to specifically deplete Lpal in IECs (Fig. 3F). Although
LPA1 null mice are reported with the impaired intestine integrity
(15), Lpal cKO IECs expressed normal mRNA levels of tight junc-
tion proteins including E-cadherin, Claudin-2, and Claudin-4 (fig.
S3E). The structure of small intestine remained intact in Lpal cKO
mice, and the cKO organoids derived from crypts also developed
normally as those from wild-type (WT) mice (fig. S3F).

We applied EMCV to generate a mouse model with intestinal
infection. Lpal ¢cKO mice improved the survival rates with longer
villi, and the intestine structure was more intact with the decreased
amount of EMCV (Fig. 3G) compared to that of WT mice. After
challenge with VSV, Lpal cKO mice also prolonged the survival
rates (fig. S3G). This suggests that LPA1 deficiency could protect
the host from different viral infections in vivo.

Next, WT or Lpal cKO mice were injected with poly(I:C), and
IECs were isolated to determine how LPA1 affected IFN expression
in vivo. Lpal deficiency enhanced the mRNA levels of IFN-I, IFN-III
(Fig. 3H), and ISGs (fig. S3H) in IECs. In addition, the intestine tissue
isolated from Lpal cKO mice expressed higher levels of IFN-I, IFN-III
(Fig. 31), and Cxcl10 (fig. S3I). Furthermore, the organoids from WT
or Lpal cKO mice were exposed to VSV infection. cKO organoids
expressed higher levels of IFN-I, IFN-III (Fig. 3]), and Cxcl10
(Fig. 3K). Together, targeting the LPA-LPALI axis genetically in IECs
or by the LPAL1 inhibitor could boost the production of IFN-I/III
and ISG to attenuate virus infection.

Targeting LPA1 facilitates clearance of SARS-CoV-2 and ZIKV
Clinical reports have suggested that SARS-CoV-2 mainly infects the
epithelial system via the receptor Ace2, which is highly expressed in
lung, intestine, and kidney (16), resulting in function failure of multi-
ple organs. Recent studies have reported that plasma LPA levels were
enhanced in COVID-19 patients (2, 3). We noted that expression of
the receptor LPA1 was induced by SARS-CoV-2 infection in vitro
(Fig. 4A). Lpal displayed similar expression pattern with Ace2, i.e.,
expressed at high levels in small intestine, kidney, heart, and lung (fig.
S4A). We further provided the first evidence by immunofluorescence
staining showing the colocalization of LPA1 with ACE2 in the muco-
sal epithelium, including lung alveolar cells, bronchium, and small
intestine in mice (Fig. 4B) but not in kidney proximal tubular cells
(fig. S4B). These data indicate that the LPA1 inhibitor could exhibit
organ specificity in some major organs infected by SARS-CoV-2. Be-
cause we observed that targeting LPA1 could induce much higher
levels of IFN-III production especially in ECs, we next determined
whether the LPA1 inhibitors could block SARS-CoV-2 replication.
Ki16425-treated Calu-3 cells decreased the amount of SARS-CoV-2
inside the cells (left) as well as SARS-CoV-2 virions released to the
culture medium (right) (Fig. 4C). A549 cells overexpressing hACE2
were generated and stimulated with SARS-CoV-2 pseudovirus to ex-
amine IFN-III expression. Addition of LPA could inhibit IFNLI
mRNA levels (fig. S4C), while treatment with the LPA1 inhibitor
Kil6425 or BMS-986020 enhanced IFN-III expression (fig. S4D).
Ki16425 also promoted IFN expression in lungs of the K18-hACE2
transgenic mice upon SARS-CoV-2 pseudovirus infection (fig. S4E).
This suggests that targeting LPA1 protects against SARS-CoV-2 in-
fection by enhancing IFN-mediated antiviral responses.
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Considering that IFN-IIT is critical to prevent Zika virus (ZIKV)
infection in human placental trophoblasts (17), and IFN-I can prevent
ZIKV infection in adult mice (18), we next tested the function of
LPAL1 signaling in response to ZIKV infection. Upon ZIKV infec-
tion, LPA1 expression was increased in A549 cells (Fig. 4D). Targeting
LPA1 in A549 cells via the inhibitor Ki16425 (Fig. 4E) or silencing
LPA1 expression (Fig. 4F) could enhance IFNBI expression in re-
sponse to ZIKV infection. Consistently, ZIKV titers were reduced
as measured by the plaque assay after silencing LPA1 (Fig. 4G and
fig. S4F). Together, inhibition of LPA-LPA1 signaling can boost
IFN-I/III production against infections by SARS-CoV-2 and ZIKV.

LPA-LPA1 signaling disrupts IRF3 activation

To clarify how LPA regulated IFN expression, HEK293A cells were
transfected with the plasmids expressing cGAS and STING, MAVS,
and TBK1, which could turn on the transcription of IFN-I and IFN-
II1. Addition of LPA suppressed the signaling molecule-induced
IFN-I (i.e., IFNBI) and IFN-III (i.e., IFNL1/3) expression (Fig. 5A).
This indicates that LPA1 signaling should affect the signaling mole-
cule downstream of TBK1 in both cGAS-STING and RIG-I/MAVS
pathways. Although both IRF1 and IRF3 are responsible for IFN-III
transcription upon infection, IRF1 is dispensable for IFN-I expression
at early phase of infection (19). We therefore mainly asked whether
LPA reduced IRF3 activation to block both IFN-I/III productions.
IRF3 activation can be measured by IRF3 phosphorylation at Ser”*®
(p-IRF3 $396), which then forms dimerization to enter the nucleus.
LPA treatment repressed p-IRF3 S396 levels as well as IRF3 translo-
cation to the nucleus by Western blotting (Fig. 5B) or by immuno-
fluorescence staining (Fig. 5C) in response to poly(I:C)-induced
RIG-I/MDAS activation. Consistently, LPA1 deficiency in organ-
oids, fibroblast cells, and PEM enhanced p-IRF3 S396 levels upon
varjous stimulations (Fig. 5, D and E, left, and fig. S5A). Further-
more, LPA-induced suppression of p-IRF3 S396 was abrogated
once Lpal was silenced (Fig. 5E, right), proving that LPA inhibited
IRF3 activation through the receptor LPA1. Consistently, when LPA1
was targeted by the inhibitor Kil6425, p-IRF3 S396 levels and the
amount of IRF3 into the nucleus were increased (Fig. 5, F and G)
upon poly(I:C) transfection. Together, LPA-LPA1 signaling sup-
presses IRF3 phosphorylation and activation to block IFN-I and
IEN-III production.

G12/13-ROCK1/2 is downstream of LPA1 to inhibit IRF3
activation

We next dissected LPA1-IRF3 signaling in detail. Once activated,
GPCRs activate several heterotrimeric G proteins to transduce in-
tracellular signaling. To determine whether Go proteins were in-
volved in IFN regulation by LPA, we used pertussis toxin (PTX) to
block Gy, activation (Fig. 6A and fig. S6A) or used siRNA-transfected
NIH-3T3 cells to silence Gq/1, expression (Fig. 6B and fig. S6B),
which unexpectedly failed to influence LPA-mediated inhibition on
Ifnbl production upon poly(I:C) transfection. In contrast, knock-
down of Gjy13 (fig. S6C) could abrogate LPA-mediated inhibition
on Ifnbl expression and p-IRF3 S396 levels (Fig. 6C), indicating that
G213 is downstream of LPAL1 to repress IRF3 activation.

Previous research suggested that sphingosine-1-phosphate (S1P)
and LPA could activate yes-associated protein (YAP) through the
Giz/13-coupled GPCRs in HEK293A to facilitate cell migration. Be-
cause YAP was also reported to suppress IFN-I production (20), we
tested whether YAP was the downstream effector upon LPA
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were pretreated with Ki16425 followed by SARS-CoV-2 infection to check the amount of SARS-CoV-2 in cells (left) or in the culture medium (right). (D) LPAT mRNA levels
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tive of three independent experiments (B to G).
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Fig. 6. G12/13-ROCK1/2 is downstream of LPA1 to inhibit IRF3 activation. (A to E) NIH-3T3 cells were transfected with siRNAs to knock down Gg/11 (B), G12/13 (C), and
Rock1 and Rock2 (D) or pretreated with the inhibitor PTX (100 ng/ml) (A) and Y27632 (10 uM) (E), with or without 10 uM LPA treatment for 1 hour, followed by stimulation
with poly(l:C) or VSV. The expression levels of Ifnb1, p-IRF3, and total IRF3 were examined. (F) The intestine organoids were pretreated with Y27632 and then infected with
VSV for 5 hours to check the mRNA levels of Ifnb1 and Ifnl2/3. (G to 1) HEK293T cells were transfected with plasmids expressing ROCK1 and ROCK2 stimulated with VSV to
check the levels of IFNBT mRNA (G), p-IRF3, total IRF3 (H), and the amount of IRF3 in the nucleus (I). *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant (P > 0.05) [unpaired
Student’s t test in (F) and (G); two-way ANOVA followed by Sidak’s multiple comparisons test in (A) to (E)]. Data are from three (A to G) independent experiments
(means + SD) or are representative of three independent experiments (H and I).

treatment. As noted, after silencing YAP in NIH-3T3 cells, LPA Rho guanosine triphosphate (GTPase) was reported downstream
still repressed Ifnbl production and p-IRF3 S396 levels (fig. of Gjz/13, and the autoinhibition of ROCK1 or ROCK2 is then
S6D), indicating that other molecules might mediate the inhibi- released by binding to Rho GTPase (21). After we silenced both
tion of LPA1-Gyy13 signaling on IFN production. ROCKI and ROCK2 (fig. S6E), or used the ROCK inhibitor Y27632,
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LPA treatment no longer repressed Ifnbl production and p-IRF3
$396 levels (Fig. 6, D and E). In contrast, by knocking down ROCK1
alone or ROCK2 alone, LPA treatment still showed its inhibitory
effect (Fig. 6D), suggesting that ROCK1 and ROCK?2 are both needed
in LPALI signaling.

Current understanding has revealed that ROCK1/2 are mainly
involved in cell cytoskeleton change, including cell adhesion, mi-
gration, and cytokinesis (21). However, the function of ROCK1/2 in
antiviral responses remains unknown. We observed that silencing
ROCK1 or ROCK2 alone could enhance Ifnb1 expression (Fig. 6D).
Furthermore, the ROCK inhibitor Y27632 increased both IFN-I
and IFN-III production in VSV-infected intestine organoids (Fig. 6F).
Overexpression of ROCK1 and ROCK2 in HEK293T cells could
suppress IFNBI expression upon VSV infection (Fig. 6G). Mecha-
nistically, p-IRF3 S$396 (Fig. 6H) and IRF3 translocation into the
nucleus (Fig. 6I) were repressed by overexpression of ROCK1 and
ROCK?2. Consistent with the phenotype from different cell types,
mice pretreated with the ROCK inhibitor Y27632 displayed better
survival rates after VSV infection (fig. S6F). Hence, we have eluci-
dated that ROCK1/2 are downstream of LPA1 signaling to suppress
IEN-I/III production and antiviral responses.

ROCK directly binds and phosphorylates IRF3 at Ser®”
to inhibit IFN production
To dissect how ROCK kinases inhibit IRF3 activation, we overex-
pressed Flag-tagged TBK1 or IRF3 together with ROCK2 in HEK293T
cells. Hemagglutinin (HA)-tagged ROCK2 coimmunoprecipitated
with Flag-tagged IRF3 but not TBK1, and Flag-tagged IRF3 could
also coimmunoprecipitate with Myc-tagged ROCK2 (Fig. 7A). Further-
more, anti-ROCK2 antibody precipitated endogenous IRF3 in NIH-
3T3 cells, and the IRF3-ROCK2 binding was not affected by LPA
treatment or VSV infection (Fig. 7B). In the resting state, the ROCK
kinase domain (i.e., named CA) can be inhibited by the Rho-binding
domain and PH domain (i.e., named DN) (fig. S7A) (2I). Because
the kinase activity of ROCKs was required for LPA1 signaling
(Fig. 6E), we therefore overexpressed the truncated versions of
ROCK2. The ROCK2 CA domain, but not the DN fragment, sup-
pressed IFNBI expression and p-IRF3 $396 levels in VSV-infected
HEK293T cells (Fig. 7C). Next, His-tagged IRF3 and glutathione
S-transferase (GST)-tagged ROCK2 CA domain were purified and
incubated together in vitro. His-tagged IRF3 could pull down the
GST-tagged ROCK2 CA domain and vice versa (Fig. 7D), suggest-
ing a direct interaction between the ROCK kinase domain and IRF3.
As a serine/threonine kinase, could ROCK2 phosphorylate IRF3
to perturb IRF3 activation? As noted, LPA treatment even inhibited
the constitutively active IRF3-5D-induced IFN-I/III production in
HEK293A cells (Fig. 7E); we therefore hypothesized that ROCK1/2
might phosphorylate some serine/threonine sites that inhibit IRF3
activation. On the basis of others’ findings, phosphorylation of S82,
T253, S336/S339, and S97 could negatively regulate IRF3 activation
(22). HEK293T cells were then transfected with the plasmids ex-
pressing these IRF3 mutants followed by VSV infection. Only the
mutants expressing S97A (mimicking the dephosphorylation state)
and S97D (mimicking the phosphorylation state) were involved in
ROCK?2-induced inhibition on IFNBI expression (Fig. 7F and fig.
S7B). For example, overexpression of ROCK2 inhibited p-IRF3
S396 levels in WT cells but failed to further reduce p-IRF3 S396
levels in IRF3-S97D-expressing cells (Fig. 7F) upon VSV stimula-
tion. Moreover, S97A could enhance IfnbI production and p-IRF3
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$396 levels compared to the vector control cells (Fig. 7G), while
Kil6425 treatment failed to further promote IfnbI production and
p-IRF3 S396 levels in S97A-expressing cells (Fig. 7G). Together,
LPA1 and the downstream ROCK1/2 suppress IRF3 activation via
phosphorylation of IRF3 Ser”.

We next examined whether IRF3 Ser”” could be phosphorylated
by ROCK1/2 activated by LPA1 signaling. WT and S97D IRF3 were
overexpressed together with or without ROCK2 followed by VSV
infection, and cells were prepared to detect the phosphorylation levels
of IRF3 Ser”” as in a previous report (22). ROCK2 overexpression
could enhance p-IRF3 S97 levels and reduce IRF3 S396 levels in
cells expressing WT IRF3 (Fig. 7H, lane 5 versus lane 4), but not in
IRF3 S97D-expressing cells. Furthermore, LPA treatment elevated
p-IRF3 S97 levels in HCT116 cells upon poly(I:C) stimulation (Fig. 71).
Together, upon LPA treatment, ROCK1/2 phosphorylate the inhib-
itory site of IRE3 at Ser”’ to suppress IRF3 activation (fig. S7C).

DISCUSSION

As the simplest glycerophospholipid, LPA is distributed in many
organs, including lung and intestine (23). LPA is suggested to act as
an inflammation mediator in airway epithelium (24). As the LPA
receptor, LPA1 is highly expressed in vascular, lung, intestine, heart,
and brain. Coevolved with the sophisticated development of vascu-
lar, nervous, and immune system from invertebrates to vertebrates
(25), LPA1 can promote neuroblast differentiation and vascular
endothelial permeability. However, LPA1 function remains unclear
in the immune system. The intronic polymorphisms of LPAI
(rs10980684) alter IFN-a activity in systemic lupus erythematosus
(SLE) patients who display high concentrations of autoantibody to
RNA binding proteins (26), but no data are available about how
LPA1 regulates IFN production. Here, our study has demonstrated
that LPA-LPA1 signaling represses IFN-I and IFN-III production
and reduces antiviral defense in various cell types. Upon binding
LPA, LPA1 activates Gi,/13 and is dependent on ROCK1/2 to phos-
phorylate IRF3 at Ser”’, resulting in the reduced IRF3 activation in
macrophages and ECs (fig. S7C model). Targeting LPA1 via its spe-
cific inhibitors therefore enhances IFN production.

LPA is synthesized by the secreted enzyme ATX, and we found
that inhibition of ATX could also promote IFN production in vivo
(fig. S3A). In various inflammatory autoimmune diseases, including
idiopathic pulmonary fibrosis, rheumatoid arthritis, and multiple
sclerosis, the expression levels of LPA and ATX in plasma are in-
creased (27). We hypothesize that the elevated LPA and LPA1 could
prevent excessive production of IFN in several types of cells, which
help to restrain the development of autoimmune diseases; on the oth-
er hand, LPA can act as a growth factor to contribute to tissue repair
after viral infection. These hypotheses need further investigation.

Regarding the SARS or SARS-CoV-2 pandemic and devastating
damages to severe patients, researchers are searching for effective
drugs or vaccines (28). The bioactive lipids, including prostaglan-
din E; and S1P, recently attract great attention on treating SARS-
CoV-2 infection because targeting their receptors or biosynthetic
enzymes could regulate antiviral or inflammatory responses (29). In
line with this, we recommend more attention to the bioactive lipid
LPA because the LPA1-ROCK module acts as the ideal drug targets
based on the following reasons: (i) LPA is reported to be elevated in
COVID-19 patients, especially in the fatal cases (2, 3). We found that
LPAL1 colocalizes with ACE2 in the lung and intestine epithelium.
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Fig. 7. ROCK directly binds and phosphorylates IRF3 at Ser®’ to inhibit IFN production. (A) HEK293T cells were transfected with HA-ROCK2 (left) and Myc-ROCK2
(right), along with Flag-tagged GFP or TBK1 or IRF3, followed by immunoprecipitation (IP) and immunoblotting using anti-HA, anti-Flag, or anti-Myc antibodies. (B) NIH-3T3 cells
were pretreated with or without LPA and infected with VSV followed by immunoprecipitation using anti-ROCK2 antibody to assess its endogenous protein binding
with IRF3. (C) HEK293T cells were transfected with HA-ROCK2-CA or DN fragments followed by VSV infection to check the expression levels of IFNBT, p-IRF3, and total IRF3.
(D) The GST-ROCK?2 CA kinase domain and His-IRF3 proteins were purified and incubated together, followed by a pull-down assay using glutathione Sepharose or Ni-NTA
agarose. (E) HEK293A cells were transfected with the plasmid expressing IRF3-5D and treated with or without LPA to check IFNBT and IFNLT mRNA levels. (F and
H) HEK293T cells were transfected with HA-ROCK2, together with Flag-tagged IRF3 or the S97D mutant, followed by VSV stimulation to assess the expression levels of
IFNB1, p-IRF3, and total IRF3 (F), as well as p-IRF3 S97 versus $S396 (H). (G) NIH-3T3 cells stably expressing Flag-tagged IRF3 or the S97A mutant were generated and treated
with or without Ki16425, followed by VSV infection to check the expression levels of IFNBT and p-IRF3. (I) IRF3-knockout HCT116 cells were transfected with IRF3 and
treated with LPA, followed by stimulation with poly(l:C) to check the expression of p-IRF3 S97. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant (P> 0.05) [unpaired
Student’s t test in (E); one-way ANOVA followed by Tukey’s multiple comparisons test in (C); two-way ANOVA followed by Sidak’s multiple comparisons test in (F) and (G)].
Data are from three (C, E, and G) independent experiments (means + SD) or are representative of three independent experiments (A to D, F, H,and I).
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As the downstream effector of LPA1, ROCK1/2 expression is also
elevated in lungs of COVID-19 patients (30). Furthermore, ROCK1/2
are suggested to promote influenza virus internalization (31, 32).
(ii) Previous studies suggest that LPA treatment enhances endothe-
lial permeability and vascular leakage via ROCK1/2 (33), and the
enhanced expression of ROCK1/2 is related with the pathological
intussusceptive angiogenesis due to the endothelial injury (30).
LPA1 or ROCK1/2 deficiency could reduce vascular leakage and at-
tenuate fibrosis in experimental mouse lung fibrosis (5, 34). Because
clinical studies have identified lung fibrosis in some SARS-CoV- or
SARS-CoV-2-infected patients (7), targeting LPA1 or ROCK1/2 might
have the second protection by limiting vascular leakage or pulmonary
fibrosis in severe COVID-19 patients. Together, we propose that the
LPA1 or ROCK1/2 inhibitors including the preclinical drugs could
provide multiple protection to treat severe viral infections.

Mechanistically, this study has revealed that ROCK1/2 directly
bind and phosphorylate IRF3 Ser”” to repress IRF3 activation. As a
critical inhibitory site, Ser”” phosphorylation is erased by the phos-
phatase PTEN in response to virus infection to facilitate IRF3 trans-
location to the nucleus (22). Here, we have identified ROCK1/2 as
the potential writer for Ser” phosphorylation, resulting in the in-
dispensable role by ROCK1/2 to inhibit IFN-I/III expression. The
classical role of ROCKSs is to phosphorylate a series of substrates for
manipulating actin filament dynamics contributing to cell migra-
tion (21). This study has therefore broadened our understanding of
ROCKI1/2 function in innate immunity against IFN-related infec-
tions or possible autoimmune diseases.

In conclusion, the bioactive lipid LPA binding the GPCR recep-
tor LPA1 can activate ROCK1/2 kinases to phosphorylate the in-
hibitory site Ser’” in IRF3, resulting in the suppressed IFN-I/III
production and viral clearance. This finding provides potential drug
targets to enhance antivirus responses, especially for treating severe
virus infections.

MATERIALS AND METHODS

Mice

WT male mice were purchased from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences (CAS). K18-hACE2 mice,
which express the human ACE2 protein under the K18 promoter,
were purchased from GemPharmatech Co. Ltd. The Villin-cre mice
were provided by J. Qin. The third exon of Lpal was flanked with
two loxP sites to generate Lpal™" mice. All mice were on the
C57BL/6 background and bred under specific pathogen-free condi-
tions, and animal studies (protocol no. IBCB0057) were approved
by the Animal Care Facility of Shanghai Institute of Biochemistry
and Cell Biology (SIBCB), CAS. The primers were designed for
genotyping as follows: LoxP1-F, 5'-GGGTCATGCTAACCACAG-
GAA-3'; LoxP1-R, 5'-AAAAGGTCTCTGCTTGGTGG-3'; LoxP2-F,
5- ATATGCTAAATATTGGTCTCTGTGC-3'; LoxP2-R, 5'-TGA-
AGCAAAGTCCTAAGAGTGAGA-3'.

Isolation of PEM and pMEFs

PEMs were isolated from peritoneal cavity of mice intraperitoneally
injected with 3 ml of 3% Brewer thioglycollate medium. To prepare
pMEFs, 13.5-day embryos were isolated from euthanized pregnant
female mice that were previously soaked with 70% ethanol. The
head above the eyes, limbs, and liver were removed and chopped up
in phosphate-buffered saline (PBS). The pieces were digested by
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adding equivalent 0.25% trypsin-EDTA at 37°C for 3 min. After
pipetting up and down for several times, digestion was stopped
by adding equivalent fetal bovine serum (FBS)-containing medium
and cell suspension was seeded for 12 hours in the incubator. Cells
were digested for freezing or further experiment.

Cells and reagents

pMEFs, PEMs, HCT116, Calu-3, HEK293A, HEK293T, and NIH-
3T3 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, penicillin-streptomycin
(100 U/ml), and 2 mM L-glutamine. For LPA treatment, cells were
starved in Dulbecco’s modified Eagle’s medium (DMEM) containing
no or 1% FBS for at least 2 hours.

Virus infection and poly(I:C) injection in vivo

For inhibitor treatment, Y27632 (5 mg/kg per day), Kil6425 (20 mg/
kg per day), or PF-8380 (15 mg/kg per day) was intraperitoneally
injected to 6- to 8-week-old mice for 4 days before virus infec-
tion. Mice were infected with VSV intraperitoneally [lethal dose at
2 x 10° plaque—formm% units (PFU) per mouse] or intravenously
(lethal dose at 1.2 x 10° PFU per mouse and sublethal dose at 7 x
10* PFU per mouse). Serum IFN-B was measured by enzyme-linked
immunosorbent assay (ELISA). PBMCs were isolated from blood
using lymphocyte separation medium; VSV titer in serum was de-
termined by plaque-forming assay; EMCV (3 x 10° PFU per mouse)
was intraperitoneally injected, and small intestine was collected to
analyze EMCV mRNA 16 hours after infection; 100 ug of poly(I:C)
was intraperitoneally injected to 3-week-old mice for 2 or 4 hours,
and IECs and small intestine were collected for total RNA extraction
or ELISA. SARS-CoV-2 pseudovirus [4 X 10* transduction units (TU)]
was intranasally given to the K18-hACE2 mice, and lung tissue was
collected for quantitative reverse transcription polymerase chain
reaction (RT-qPCR) analysis 12 hours after infection. All work was
performed in an animal biosafety level 2 (ABSL2) facility.

VSV/ZIKV/SARS-CoV-2 plaque assay

A549 cells were infected with ZIKV for 24 hours to measure IFNBI
mRNA levels by RT-qPCR. Forty-eight hours after infection, ZIKV
titers in the culture medium were measured by the plaque assay in
Vero E6 cells. Vero E6 cells at 20% confluency were incubated with
ZIKV for 1.5 hours in DMEM without FBS. Four days later, the
semisolid agarose was stained with crystal violet to count the plaques.
To measure serum VSV-GFP titers from the infected mice, HEK293T
cells were incubated with the diluted serum in DMEM without FBS,
which was replaced by FBS-containing medium with 1.6% low-
melting point agarose 3 hours later. Cells were cultured for 2 days
after solidification, and the GFP colonies of HEK293T under im-
munofluorescence microscopy were counted to calculate VSV titers.
Alternatively, 0.1% crystal violet in 10% formaldehyde was added to
the semisolid agarose and incubated for 2 hours. The plaques were
counted after removing the agarose. For SARS-CoV-2 infection,
Calu-3 cells were infected for the indicated time, the titer in the cul-
ture medium was measured in Vero E6 cells, and all work was per-
formed in a biosafety cabinet under BSL3 conditions.

IECisolation

The small intestine was washed with cold PBS until the flushing fluid
was clear; the intestine was then opened longitudinally, and cut into
small pieces. The tissue was shaken slowly in PBS containing 5 mM
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EDTA at4°C for 30 min. After shaking the tube, the villi were collected by
passing the sample through a 70-pm cell strainer to filter out the crypts
and further lysed for immunoblotting analysis or total RNA extraction.

Infection of intestinal organoids

Matrigel was washed once with cold PBS and then melted with cell re-
covery solution for 40 min on ice. Mouse intestinal organoids were col-
lected at 150g, 4°C for 3 min. The buds were broken up by pipetting up
and down for 15 times and spun at 50g for 3 min. The organoid pellet
was resuspended with Matrigel and put to a 24-well plate. For VSV
infection, the broken buds were stimulated with VSV in the complete
DMEM/F12 medium. The supernatants were collected for ELISA, and
the pellets were lysed for RNA extraction or immunoblotting analysis.

Tissue histology

The small intestine was embedded in paraffin after fixing in 4%
paraformaldehyde. Tissue was cut into 3.5-um sections and stained
with hematoxylin and eosin (H&E) solution. H&E staining was ob-
served under an Olympus BX51 microscope; for frozen sections of
liver and small intestine, tissues were fixed in 4%paraformaldehyde
followed by 30% sucrose overnight and then embedded in optimal
cutting temperature compound at —80°C. Tissues were cut into 8-pm
sections to observe GFP-VSV signal in liver or for immunofluores-
cence staining, and images were acquired under a Leica SP8 WLL
confocal microscope.

Quantitative RT-PCR

Total RNA was isolated by TRIzol reagent and reverse-transcribed
by reverse transcriptase M-MLV. Real-time PCR was performed in
Bio-Rad CFX96 machine using SYBR Green PCR Master Mix. The
relative expression of target genes was normalized to the housekeeping
gene coding B-actin. For SARS-CoV-2, all experiments were per-
formed under BSL3 conditions.

Pulldown assay

GST-ROCK?2 CA kinase was incubated with the purified his-hIRF3
at an equal molar amount in NP-40 buffer [20 mM tris-Cl, 100 mM
NaCl, 5 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol (DTT), and
0.1% NP-40 (pH 7.4)] at 4°C for 3 hours followed by incubation
with glutathione Sepharose or Ni agarose for 2 hours. After washing
three times, the beads were combined with the SDS loading buffer
for immunoblotting analysis.

Subcellular fractionation

Cell pellets were frozen at —20°C for 5 min and lysed with buffer 1
[10 mM Hepes, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 5 mM NaF, 2 mM NaVOs,
and 0.1% (v/v) NP-40 (pH 7.9)]. After centrifugation at 6000 rpm
for 10 min at 4°C, the supernatants were collected as cytoplasmic
samples. After washing three times with buffer 1, the nucleus pellet
was lysed in buffer 2 [20 mM Hepes, 1.5 mM MgCl,, 0.42 M NaCl,
0.2 mM EDTA, 25% (v/v) glycerol, 0.5 mM DTT, 1 mM PMSF,
5 mM NaF, 2 mM NaVOs3, and 0.1% (v/v) NP-40 (pH 7.9)]. After
centrifugation at 12,000 rpm for 1 min, the supernatants were col-
lected as nucleus samples.

Immunofluorescence
Cells were fixed for 10 min with 4% paraformaldehyde at room tem-
perature and permeabilized for 15 min followed by blocking with
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1% bovine serum albumin in PBS for 30 min. Samples were incu-
bated with anti-IRF3 antibody for 1.5 hours followed by secondary
antibody and Hoechst for 1 hour. IRF3* nucleus was counted in
different fields under an Olympus microscope.

Protein expression and purification

Escherichia coli strain BL21(DE3) was transduced with the plasmid
pET-6*His-hIRF3 and grown in LB medium (ODgg = 0.6) followed
by addition of 0.5 mM isopropyl-B-p-thiogalactopyranoside at 16°C
for 16 hours. For purification, E. coli was collected and resuspended
in the high-salt lysis buffer [25 mM tris (pH 7.4) and 500 mM NaCl].
After sonication and centrifugation, the supernatants were incubated
with Ni agarose in the lysis buffer with 10 mM imidazole. Purified
IRF3 was eluted by 300 mM imidazole. Desalting column was used
to exclude imidazole from the eluted IRF3.

Detection of intestinal cytokine production

The intestine (1.5 cm) was homogenized in cold PBS containing
protease inhibitors using a glass homogenizer for 20 times and then
centrifuged at 13,000 rpm for 10 min. The supernatants were
applied for ELISA measurement, and the final concentration was
normalized to the total amount of protein. For samples from the
culture medium of organoids, ELISA readings were normalized to
extracted total RNA.

Coimmunoprecipitation and immunoblotting

The indicated plasmids were transfected in HEK293T cells for
24 hours, and cells were lysed for 15 min in cold lysis buffer [25 mM
tris-Cl, 150 mM NaCl, 1% (v/v) NP-40, 5 mM EDTA, and protease
inhibitor cocktail (pH 7.2)]. The cell lysate was centrifuged at
13,000 rpm for 15 min at 4°C. The supernatants were incubated
with Flag-, HA-, or Myc-conjugated beads for 2 hours at 4°C. After
washing, beads were combined with SDS loading buffer for im-
munoblotting analysis. To endogenously immunoprecipitate
ROCK?2 in NIH-3T3 cells, the cell lysate was incubated with anti-
ROCK?2 antibody or the rabbit monoclonal antibody (mAb) immuno-
globulin G (IgG) isotype control at 4°C overnight, followed by
incubation with protein A/G beads for 2 hours. For immunoblot-
ting, proteins were separated in SDS—polyacrylamide gel electropho-
resis and detected with specific primary antibody and secondary
horseradish peroxidase-conjugated anti-mouse or rabbit antibody.
Proteins were visualized using the enhanced chemiluminescence
reagent. For anti-LPA1 immunoblotting, protein samples were
not boiled.

RNA interference

For NIH-3T3 cells, 0.07 million cells were seeded in one well of a
24-well plate and transfected with synthetic siRNA or Dharmacon
siRNA (40 pm) with Lipofectamine RNAiMAX Reagent for 48 hours
according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed in GraphPad Prism. Student’s
unpaired t test was used to compare two groups. One-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparisons
test was applied to analyze multiple groups. Two-way ANOVA
followed by Sidak’s multiple comparisons test was used for data
with two independent variables. For the comparison of mice
survival rates, log-rank test was used. P < 0.05 was considered
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significant. The value of n represented the number of mice in
each group.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abb5933

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