«

N

~

> Journal of
[0 ] Experimental
) Medicine

ARTICLE

Hesl attenuates type | IFN responses via VEGF-C and
WDFY1
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Induction of type I interferons (IFNs) is critical for eliciting competent immune responses, especially antiviral immunity.
However, uncontrolled IFN production contributes to pathogenesis of autoimmune and inflammatory diseases. We found that
transcription factor Hesl suppressed production of type | IFNs and expression of IFN-stimulated genes. Functionally, Hes1-
deficient mice displayed a heightened IFN signature in vivo, mounted enhanced resistance against encephalomyocarditis virus
infection, and showed signs of exacerbated experimental lupus nephritis. Mechanistically, Hes1 did not suppress IFNs via direct
transcriptional repression of IFN-encoding genes. Instead, Hesl attenuated activation of TLR upstream signaling by inhibition
of an adaptor molecule, WDFY1. Genome-wide assessment of Hesl occupancy revealed that suppression of WDFY1 was
secondary to direct binding and thus enhancement of expression of VEGF-C by Hesl, making Vegfc a rare example of an Hesl
positively regulated gene. In summary, these results identified Hes1 as a homeostatic negative regulator of type I IFNs for the

maintenance of immune balance in the context of antiviral immunity and autoimmune diseases.

Introduction

Induction of type I IFNs, such as IFN-a and IFN-f, is a critical
event for host defense during viral and bacterial infections
(McNab et al., 2015; Boxx and Cheng, 2016). IFN-a and IFN-B
further activate downstream signaling pathways that lead to
transcriptional induction of a wide range of IFN-stimulated
genes (ISGs) encoding key immune effector molecules, includ-
ing but not limited to translation inhibitors, chemokines, and
antigen-presenting molecules (Ivashkiv and Donlin, 2014;
Schneider et al., 2014; Wong and Chen, 2016). However, exces-
sive IFN production often acts as an amplifier of undesirable
autoimmune and inflammatory responses and has been causally
linked to pathogenesis of autoimmune diseases such as systemic
lupus erythematosus (SLE; Hall and Rosen, 2010; Rénnblom
et al., 2011; Crow, 2014). Pharmacologically dampening either
IFN expression or IFN signaling has shown clear beneficial ef-
fects in animal models of lupus (Nacionales et al, 2007;
Urbonaviciute et al., 2013). More importantly, anti-IFN thera-
pies are being actively investigated in clinical trials for treat-
ment of SLE (Petri et al., 2013; Kalunian et al., 2016; Khamashta
et al., 2016; Furie et al., 2017). To rationally design pharmaco-
logical interventions targeting IFNs in human diseases, com-
prehensive understanding of positive and negative regulatory

mechanisms controlling the magnitude and duration of IFN
production is much desired. Type I IFNs are typically up-
regulated by the activation of a cascade of signaling molecules
downstream of pattern recognition receptors, converging at
transcriptional induction of IFN genes by IFN regulatory factor
(IRF) family transcription factors. This multistep process start-
ing from receptor signaling to transcription activation provides
ample opportunities for negative regulatory factors to exert
their inhibitory actions (Kondo et al., 2012; Chen et al., 2017). For
example, noncanonical NF-kB has been shown to suppress
signal-induced histone modification at the Ifnbl locus by viruses
and TLR ligands (Jin et al., 2014). However, due to the necessity
of tightly controlling IFN production and the complex nature of
intermolecular interactions, our understanding of the mecha-
nisms governing negative regulation of IFNs is incomplete and
requires further investigation and clarification.

Transcription factor hairy and enhancer of split 1 (Hesl)
belongs to a family of basic helix-loop-helix DNA-binding pro-
teins best known for their identities as Notch targets (Kobayashi
and Kageyama, 2014). Given the critical role of Notch in cell fate
decisions, functions of Hes family members have been studied
predominantly in the context of developmental biology. Ablation
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of Hesl in mice leads to embryonic or neonatal lethality due to
premature neuronal differentiation and severe neural tube de-
fects (Ishibashi et al., 1995). To date, knowledge about Hes family
proteins in the immune system remains scarce. We have pre-
viously reported that Hesl inhibits TLR-mediated induction of
cytokines and chemokines such as IL-6, IL-12, and CXCLI in
macrophages (Hu et al., 2008; Shang et al., 2016a), identifying
Hesl as a negative regulator of innate immune responses. More
recently, we found that epithelial Hesl deficiency leads to in-
testinal microbial dysbiosis and disturbed homeostasis (Guo
et al,, 2018). In addition to its emerging role in immune regu-
lation, an accumulating body of literature has implicated Notch
target genes in the regulation of autoimmune disorders such as
SLE (Shang et al., 2016b). For example, Hesl expression was
found to be lower in patients with active SLE than in healthy
controls (Sodsai et al., 2008), raising the interesting possibility
that dysregulation of Notch target genes such as Hesl may
contribute to SLE pathogenesis. Given that SLE is an autoim-
mune disease prominently featured with a heightened IFN sig-
nature, it would be of importance to investigate functional as
well as molecular connections between Hesl and IFNs, which
remain uncharacterized.

WD-repeat and FYVE-domain-containing protein 1 (WDFY1)
colocalizes with early endosome via the FYVE domain and acts
as an adaptor molecule for protein-protein interactions (Ridley
et al., 2001). Limited functional studies of WDFY1 indicated that
Wdfyl expression was associated with aging (Arisi et al., 2011;
Bennett et al., 2015), but the exact physiological function and
regulation of WDFY1 remain obscure. Recent reports have
identified WDFY1 as a new adaptor protein for TLR3/4 signaling
by interacting with TLR3/4 and facilitating recruitment of Toll/
IL-1 receptor domain-containing adaptor-inducing IFN-f (TRIF)
to these receptors (Hu et al., 2015; Nandakumar and Paludan,
2015), suggesting a role of WDFY1 in innate immune responses.
As for regulation of WDFY1 expression, two studies reported
that WDFY1 transcription is negatively regulated by a cell sur-
face receptor neuropilin-2 (NRP2) in cancer cells (Stanton et al.,
2013; Dutta et al., 2016). Interestingly, NRP2 also mediates sig-
naling by vascular endothelial growth factor C (VEGF-C; Yao and
Bouyain, 2015; Schellenburg et al., 2017), although it is not clear
whether VEGF-C can regulate expression of WDFY1 in immune
cells.

In this study, we explored the role of Hesl in regulating ex-
pression of key immune effector molecules, type I IFNs. We
demonstrated that Hesl negatively regulated expression of type I
IFNs and ISGs at both basal and TLR-stimulated conditions. As a
result of heightened IFN expression, Hesl-deficient mice dis-
played an enhanced IFN signature, increased resistance against
encephalomyocarditis virus (EMCV) infection, and exacerbated
experimental lupus nephritis in vivo. Mechanistically, Hesl-
mediated suppression of type I IFNs was through regulating
the expression of a newly identified TLR signaling adaptor
protein, WDFY1, via modulating its upstream inhibitory factor,
VEGF-C. The molecular connections between Hesl and VEGEF-
C-WDFY1 were functionally validated in vivo in viral infection
and experimental lupus models. Thus, our findings identify Hesl
as a crucial homeostatic suppressor of type I IFNs via targeting
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the VEGF-C-WDFY1 axis and deepen our understanding of
mechanisms curbing IFN responses under physiological and
pathological conditions.

Results

Hes1 deficiency promotes the expression of type | IFNs and
ISGs in macrophages

To explore the potential connections between Hesl and type I
IFNs, we generated HesI!"iCre-ER™ mice in which deletion of the
Hesl gene was achieved by tamoxifen administration (referred to
hereinafter as Hesl KO; Indra et al., 1999). To induce IFN ex-
pression, bone marrow-derived macrophages (BMDMs) from
Hes1"fCre-ER™ mice that showed efficient deletion of the Hesl
gene (Fig. S1 A) and HesI*/*Cre-ER™ control BMDMs were
stimulated with poly(I:C) (polyinosinic:polycytidylic acid), a
synthetic mimic of viral double-stranded RNA (dsRNA) that
mainly activates TLR3 signaling. RNA sequencing (RNA-seq)-
based global gene expression profiling analysis of poly(L:C)-
treated BMDMs revealed that 49 genes were overexpressed
greater than twofold in Hesl KO BMDMs relative to their ex-
pression levels in control cells. Among them, a subset of the
overexpressed genes exhibited heightened baseline transcript
levels in unstimulated Hesl KO cells (Fig. 1 A). Notably, ap-
proximately two-thirds of these Hesl-restrained genes were
ISGs according to the Interferome database (Rusinova et al.,
2013; Fig. 1 B). Enhanced induction of a subset of well-known
ISGs, including genes encoding the IFN-induced GTPase super-
family (Tigpl), the guanylate-binding protein subfamily (Gbp4,
Gbps, Gbpé6, and Gbp9), the GTP-binding protein myxoma sub-
family (MxI and Mx2), chemokines (Cxcl9, Cxcll0, and Ccl12), and
IFN-induced protein with tetratricopeptide repeats (Ifitl, Ifit2,
and Ifit3), in Hesl-deficient macrophages was further confirmed
by quantitative real-time PCR (qPCR; Fig. 1 C). Thus, these re-
sults indicated that Hesl negatively regulated TLR3-mediated
induction of ISGs.

Expression of ISGs is generally driven by IFN signaling via
activation of transcription factors STATI1 and STAT2, which
form a heterotrimeric complex with IRF9 to induce ISG tran-
scription (Ivashkiv and Donlin, 2014). To determine whether
Hesl suppressed ISG expression directly through transcriptional
regulation of ISGs or indirectly through modulating events up-
stream of IFNs, we stimulated Hesl-deficient BMDMs and con-
trol cells with IFN-B to directly activate ISG expression and
found that IFN-f stimulation induced comparable expression of
ISGs, including Mxl, Cxcl9, and CclI2, in WT and Hesl KO mac-
rophages (Figs. 1 D and S1 B), indicating that Hesl may not di-
rectly regulate transcription of ISGs. Instead, enhanced
phosphorylation of STAT1 and STAT2 was observed in Hesl-
deficient BMDMs in response to poly(:C) stimulation (Fig. 1
E). In addition, blockade of type I IFN signaling using an anti-
body against IFNAR1 abrogated poly(I:C)-mediated induction of
ISGs in both WT and Hesl KO cells (Fig. S1 C). These data sug-
gested that Hesl likely impaired molecular events upstream of
IFN signaling, such as production of type I IFNs. Indeed, Hesl
deficiency led to enhanced Ifnbl mRNA expression, as evidenced
by both expression profiling analysis (Fig. 1 A) and qPCR results
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Figure 1. Hesl deficiency results in enhanced TLR3-induced expression of type I IFN and ISGs. (A) Heatmap of superinduced genes by poly(I:C) in
Hes1M/fiCre-ER™ (Hes1 KO) BMDMs versus Hes1*/*Cre-ER™ (WT) cells. BMDMs were stimulated without or with 1 pug/ml poly(1:C) for the indicated periods. Ifnbl
in listed genes is highlighted in red. FC, fold change. (B) Percentage of ISGs (defined on the Interferome database) among all superinduced genes by poly(I:C) at
3 hin Hes1 KO BMDMs. (C) qPCR analysis of ISG mRNA in WT and Hes1 KO BMDMs stimulated with poly(1:C) for 3 h. (D) qPCR analysis of Mx1 in WT and Hes1
KO BMDMs stimulated with IFN-B (10 U/ml) for 3 h. (E) Immunoblotting analysis of phosphorylated (p-) and total STAT1 (Tyr701) and STAT2 (Tyr689) in whole-
cell lysates of WT and Hes1 KO BMDMs stimulated with poly(1:C) for various times (top lanes). Levels of p38a served as loading controls. (F) gPCR analysis of
Ifnblin WT and Hes1 KO BMDMs stimulated with poly(1:C) for various times (left). Cumulative results of Ifnb1 expression are shown (right). (G) qPCR analysis of
Ifnb1 and Mx1 in WT and Hes1 KO BMDMs stimulated with various concentrations of poly(I:C) (horizontal axes) for 2 h. (H) ELISA of IFN- in supernatant of WT
and Hes1 KO BMDMs stimulated with poly(1:C) for various times (horizontal axes). Data are representative of one (A and B) or three independent experiments
(C-E, F [left], and G; mean + SD of technical triplicates in C, D, F [left], and G) or are pooled from three (F [right] and H; mean + SD in H) independent

experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).

in multiple independent experiments (Fig. 1 F). In addition, su-
perinduction of Ifnbl and MxI in Hesl-deficient macrophages was
observed over a wide range of poly(I:C) doses, suggesting that
Hesl-mediated suppression of these genes was a robust effect
independent of activator dosages (Fig. 1 G). Consistent with the
mRNA results, levels of IFN-p protein were also higher in the
supernatants of Hesl-deficient BMDMs than in those of Hesl-
sufficient cells (Fig. 1 H). Moreover, increased expression of Ifnbl
in response to poly(I:C) stimulation was also observed in mac-
rophages derived from mice with myeloid-specific Hesl deletion
using Lyz2-Cre (Fig. S1 D), implying that Hesl-mediated regula-
tion of IFNs was a highly reproducible phenomenon indepen-
dent of the gene deletion methods. As Cre-ERT achieved a more
efficient gene deletion than Lyz2-Cre, we chose to use the
HesI/Cre-ER™ system for most of the in vitro experiments in
this study. Given that poly(I:C) activates TLR3 that shares IFN-
inducing signaling modules with TLR4, we assessed whether
Hesl-associated hyperinduction of IFNs was also observed upon
stimulation with a TLR4 ligand, LPS. Indeed, LPS stimulation
also led to superinduction of Ifnbl and Mxl in Hesl-deficient
macrophages (Fig. Sl E). Taken together, the above multiple
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lines of genetic loss-of-function evidence supported that Hesl
functions as a homeostatic suppressor of type I IFNs and ISGs.

Hes1 deficiency promotes antiviral immunity

Type I IFNs are key mediators of host antiviral immune re-
sponses. Given that poly(I:C) is a synthetic analogue of viral
dsRNA, we investigated the role of Hesl in host responses to
EMCV infection, which involved TLR3-mediated recognition of
viral dsRNA (Hardarson et al., 2007). Upon EMCV infection of
primary macrophages, Hesl deficiency led to enhanced induc-
tion of Ifnbl, Ifnad4, and ISGs (Cxcll0, Mxl, and Mx2; Fig. 2, A and
B). Concomitantly, virus titers were lower in Hesl-deficient
BMDMs than in WT cells, as measured by expression of the
EMCV RNA (Fig. 2 C). To further elucidate the physiological role
of Hesl in host antiviral immune responses in vivo, we gener-
ated animals deficient of Hesl in the hematopoietic compart-
ment by transferring bone marrow cells from Hesl*/*Cre-ERT?
or HeslCre-ER™ mice into irradiated C57BL/6] recipients
(Fig. 2 D) and subsequently challenged these chimeric mice with
EMCV. In response to a sublethal dose of EMCV infection, levels
of IFN-p in the serum of Hesl-deficient mice were significantly
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Figure 2. Hesl deficiency protects against EMCV infection in vitro and in vivo. (A) PCR analysis of Ifnb1 and Ifna4 in Hes1*/*Cre-ER™ (WT) and Hes1"/ICre-
ER™? (Hes1 KO) BMDMs infected with EMCV (MOI = 10) for the indicated periods. (B and C) qPCR analysis of ISGs (B) and EMCV replication (C) in WT and Hes1
KO BMDMs infected with EMCV (MOI = 10) for 6 h. (D) qPCR analysis of mRNA expression of HesI in bone marrow cells from WT and Hes1 KO chimeric mice. (E
and F) ELISA of IFN-B in serum (E) or percentage of mice with detectable EMCV in heart (F) of WT and Hes1 KO chimeric mice at day 4 after infection with a
sublethal dose of EMCV (MOI = 5). (G) Survival rate of age-matched and sex-matched chimeras of WT (n = 10) and Hes1 KO (n = 9) infected with a lethal dose of
EMCV (MOI = 6.6). Data are representative of two (A-C, E, and F; mean + SD of technical triplicates in A~C and mean + SEM in E) or three (D and G; mean +
SEM in D) independent experiments. Each symbol represents an individual mouse. *, P < 0.05 (Student’s t test).

higher than those of control mice (Fig. 2 E). Meanwhile, 44% of
WT mice exhibited detectable EMCV in heart, while EMCV was
detected only in 13% of Hesl-deficient mice at day 4 after in-
fection (Fig. 2 F), indicating that Hesl deficiency increased the
ability of virus clearance in a host target organ. When infected
with a lethal dose of EMCV, Hesl-deficient mice showed en-
hanced survival relative to WT mice (Fig. 2 G). Collectively,
these findings demonstrated that in the context of viral in-
fections, Hesl acted as an endogenous brake of type I IFN pro-
duction and thus host antiviral immunity.

Hesl attenuates the IFN signature and lupus nephritis in vivo

Under homeostatic conditions, type I IFNs are constitutively
produced at vanishingly low quantities yet are essential for
maintaining immune balance (Gough et al., 2012). Having es-
tablished that Hesl negatively regulated expression of type I
IFNs and ISGs under immune-activated conditions in vitro and
in vivo, we next sought to determine whether Hesl-mediated
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suppression also occurred under homeostasis. qPCR analysis
revealed that expression of Ifnb], Iigpl, Ccll2, Cxcll0, and Mx2 was
significantly increased in Hesl-deficient resting peritoneal
macrophages compared with WT cells (Fig. 3 A), indicating that
Hesl suppressed IFN and ISG expression at the basal level. It has
been widely accepted that persistent type I IFN exposure and
subsequent type I IFN signaling leading to ISG expression (re-
ferred to as the IFN signature) are characteristic features of SLE
pathogenesis (Crow, 2014). We therefore investigated whether
Hesl deficiency contributed to the IFN signature in a 2,6,10,14-
tetramethylpentadecane (TMPD)-induced murine model of lupus
(Reeves et al., 2009). As expected, in WT mice, TMPD admin-
istration markedly induced the IFN signature, as evidenced by
expression of ISGs such as Ifitl, Cxcll0, Mxl, and Mx2, in peri-
toneal cells (Fig. S2). Interestingly, Hesl-deficient mice ex-
hibited a heightened TMPD-induced IFN signature compared
with control animals (Fig. 3 B), demonstrating that Hesl acts to
attenuate the IFN signature in lupus-prone conditions. One
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Figure 3. Hesl deficiency promotes the IFN signature and exacerbates lupus nephritis. (A) qPCR analysis of Ifnbl and a subset of ISGs in peritoneal
macrophages from Hes1*/*Cre-ER™ (WT, n = 5) and Hes1"ICre-ER™ (Hes1 KO, n = 5) mice. (B) qPCR analysis of ISGs in peritoneal cells from WT (n = 6) and Hesl
KO (n = 7) mice treated with TMPD (0.5 ml per mouse) for 2 wk. (C and D) Photographs of lipogranulomas in peritoneal cavity (C) or immunofluorescence of
glomerular deposition of IgG in kidney (D) in WT and Hes1 KO mice 14 wk after TMPD treatment. (E and F) Quantitative analysis of creatinine (E) and urea
nitrogen (F) in urine samples from untreated WT (n = 8) and Hes1 KO (n = 5) mice or from WT (n = 9) and Hes1 KO (n = 6) mice 14 wk after TMPD (0.5 ml per
mouse) treatment. Scale bars, 20 um. Data are representative of two (C and D) independent experiments or pooled from two (A, B, E, and F; mean + SEM)

independent experiments. Each symbol represents an individual mouse. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).

prominent phenotype of the TMPD model is development of li-
pogranulomas adhering to the peritoneal mesothelial cell surface
(Reeves et al., 2009), which was markedly exacerbated in Hesl
KO mice compared with WT controls (Fig. 3 C). Clinically evident
lupus nephritis is one of the pathological features of SLE, which
is characterized by glomerular immune complex deposition and
results in accumulation of creatinine and urea nitrogen
(Sprangers et al., 2012; Davidson, 2016). Therefore, we further
investigated whether Hesl deficiency affected development of
TMPD-induced lupus nephritis. Hesl-deficient mice showed
enhanced glomerular IgG deposition relative to that of WT mice
(Fig. 3 D). While quantitative analysis of urine samples detected
comparable baseline levels of creatinine and urea nitrogen in
untreated WT and Hesl KO mice, Hesl-deficient mice exhibited
significantly increased levels of creatinine and urea nitrogen
after TMPD treatment (Fig. 3, E and F), suggesting that Hesl
deficiency exacerbated renal disease severity. Collectively, these
data implicated Hesl as an endogenous suppressor of type I IFNs
under homeostasis as well as autoimmune conditions.

Hes1 does not directly repress type | IFNs and ISGs

To gain mechanistic insights into Hesl-mediated suppression on
IFNs, we investigated the effects of Hesl in a luciferase assay
system. Overexpression of Hesl inhibited luciferase activities
driven by a Ifnbl promoter in RAW 264.7 mouse macrophages
under both poly(I:C) and LPS-stimulated conditions (Figs. 4 A
and S3 A), suggesting that Hesl overexpression was sufficient to
suppress TLR-mediated induction of type I IFNs.
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To confirm the above findings in the setting of endogenous
IFN genes and delineate which domains of Hesl were involved in
Hesl-mediated suppression, we infected primary macrophages
with retroviruses expressing WT full-length Hesl (Hesl-FL) or
Hesl mutants harboring mutations or deletions of key functional
domains (Kobayashi and Kageyama, 2014), including a
dominant-negative mutant (dnHesl) that cannot bind DNA but
can still dimerize with endogenous WT Hesl to form a
non-DNA-binding heterodimeric complex, a truncated Hesl
(HeslAHLH) lacking the helix-loop-helix region that serves as a
dimerization domain and a platform for interaction with addi-
tional proteins, and a truncated Hesl (HeslIAWRPW) lacking the
C-terminal WRPW motif (Trp-Arg-Pro-Trp) essential for re-
cruiting corepressors such as transducing-like enhancer (TLE)
proteins (Fig. 4 B). While infection of primary macrophages with
WT Hesl-expressing virus efficiently blocked poly(I:C) and LPS
induction of Ifnbl and ISGs such as CclI2 and MxI (Figs. 4 C and S3
B), the suppressive effects of Hesl were partially abolished upon
mutating or deleting the key functional domains (Fig. 4 C). In
particular, loss of the WRPW motif robustly and consistently
reduced the suppressive capacity of Hesl (Fig. 4 D), suggesting
that WRPW motif-mediated recruitment of transcription cor-
epressors may be important for the inhibitory action of Hesl.

To further explore the transcription regulatory mechanisms
by Hesl, we determined genome-wide distribution of Hesl
protein by chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq) in primary macrophages. Prominent
Hesl occupancy was observed on a canonical Hesl target gene
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Figure 4. Hesl inhibits Ifnb1 expression via its key functional domains. (A) Luciferase activities in RAW 264.7 cells cotransfected with an IfnbI promoter-
driven reporter construct and a Hes1 expression plasmid or control empty vector. 18 h after transfection, cells were left untreated or stimulated with 10 pg/ml
poly(I:C) for 8 h, and cell lysates were analyzed for luciferase activity. (B) Immunoblotting (IB) analysis of indicated proteins in immunoprecipitated (IP) samples
and whole-cell lysates of HEK 293T cells that overexpressed WT Hesl or Hesl mutants. (C) qPCR analysis of IfnbI and related genes (Ccl12 and Mx1) in WT
BMDMs transduced with control retroviruses or retroviruses expressing Hes1 or Hes1 mutants, subsequently with or without 1 pg/ml poly(1:C) stimulation for 3
h. (D) Percent suppression of Ifnbl in BMDMs expressing HesIAWRPW relative to results obtained for cells expressing Hesl-FL (set as 100). Cells were
stimulated with poly(1:C) for 1 h. (E) ChIP-seq analysis of Hes1 occupancy along gene loci of Ifnb1 (top) and Ifna4 (bottom) in BMDMs. Data are representative of
one (E), two (B), or three (C; mean + SD of technical triplicates) independent experiments or pooled from three independent experiments (A and D; mean + SD

in A). *, P < 0.05; **, P < 0.01 (Student’s t test).

Ascll (Mashl) and Hesl acted to suppress Ascll as expected (Fig. S3
C). However, we did not identify notable Hesl binding peaks in
the gene loci of Ifnbl, Ifna4 (Fig. 4 E), and ISGs such as Mx1, Mx2,
and Ccli2 (Fig. S3 D), indicating that type I IFN genes were not
the direct transcriptional targets of Hesl. Taken together, these
findings supported that Hesl negatively regulated expression of
type I IFNs via mechanisms other than direct transcription
repression.

Hes1 inhibits TLR signaling leading to IFN expression
As the above genomic analysis excluded the possibility of direct
regulation of IFNs and ISGs by Hesl, we hypothesized that Hesl
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indirectly modulated expression and/or activities of key tran-
scription factors responsible for IFN production. NF-«B and IRF
family transcription factors are the major drivers of type I IFN
expression downstream of TLR3 (Honda et al., 2006). Hesl de-
ficiency did not alter TLR3-mediated activation of canonical NF-
kB signaling as measured by p65 phosphorylation and I«Ba
degradation (Fig. 5 A; signal intensities are quantitated in Fig. S4
A). In contrast, upon poly(I:C) stimulation, Hesl-deficient mac-
rophages showed enhanced serine phosphorylation of IRF3, a
hallmark of its transcriptional activation capacity, relative to
WT cells whereas total IRF3 protein levels were comparable
(Fig. 5 B and S4 A), suggesting that Hesl targets signaling events
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Figure 5. Heslinhibits activation of TLR-IRF3 signaling cascades. (A-D) Immunoblotting analysis of phosphorylated (Ser536) and total p65 and total IkBa
(A); phosphorylated (Ser396) and total IRF3 (B); phosphorylated (Ser172) and total TBK1 and IKKe (C); and phosphorylated (Thr202/Tyr204, Thr183/Tyr185,
and Thr180/Tyr182) and total ERK, JNK, and p38a (D) in whole-cell lysates of BMDMs obtained from Hes1*/*Cre-ER™ (WT) and Hes1/fiCre-ER™ (Hes1 KO) mice
and treated for various times (above lanes) with poly(1:C) (1 pg/ml). (E) Immunoblotting analysis of phosphorylated and total TBK1, IKKe, and IRF3 in whole cell
lysates of WT and Hes1 KO BMDMs treated with LPS (10 ng/ml) for various times. Data are representative of three independent experiments (A-E).

upstream of IRF3. Phosphorylation of IRF3 is dependent on ac-
tivation of two I«B kinase (IKK)-related kinases, TANK-binding
kinase 1 (TBK1) and IKKe, downstream of TLR3 (Kawai and
Akira, 2011; Tkushima et al., 2013). Interestingly, Hesl defi-
ciency promoted phosphorylation and thus activation of the
IRF3 upstream kinases TBK1 and IKKe without altering activa-
tion and/or expression of other key signaling molecules such as
ERK/JNK/p38a MAPKs (Fig. 5, C and D; and Fig. S4 A). Similarly,
enhanced phosphorylation of TBKI1, IKKe, and IRF3 was also
observed in Hesl-deficient macrophages in response to LPS
stimulation (Fig. 5 E; signal intensities are quantitated in Fig. S4
B). Together, these results demonstrated that Hesl suppressed
activation of IFN-inducing key transcription factor IRF3 by
targeting TLR upstream signaling components.

Hesl1 suppresses Wdfyl to regulate IFN expression
Next, we sought to investigate the mechanisms underlying Hesl-
mediated inhibition of TLR3 upstream signaling. Given that

Ning et al.
Hes1 as a suppressor of type | IFN production

Hesl, a transcription factor, attenuated activation of TBK1 and
IKKe acutely as early as 30 min after stimulation (Fig. 5 A), we
postulated that Hesl likely modulated expression of signaling
molecules upstream of TBK1 and IKKe. Nevertheless, Hesl did
not affect expression of well-characterized TLR3 key signaling
proteins, including TNF receptor-associated factor (TRAF) 3 and
TRIF (Fig. S4 C). Therefore, we further analyzed the Hesl KO
RNA-seq dataset for differentially expressed genes that may
explain the signaling phenotypes and found that among genes
up-regulated in Hesl-deficient macrophages was Wdfy1 (Fig. 6
A), encoding an adaptor protein that facilitates recruitment of
TRIF to TLR3 and TLR4 (Hu et al., 2015). The increase of Wdfyl
gene expression in Hesl-deficient BMDMs was confirmed by
gPCR in multiple independent experiments (Fig. 6 B). Notably,
inhibition of Wdfyl expression by Hesl was independent of the
cellular stimulation status and already apparent at baseline, as
shown by assessment of both mRNA and protein levels (Fig. 6, B
and C). Moreover, an increase in Wdfyl was also observed
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in vivo in resident peritoneal macrophages from Hesl-deficient
animals (Fig. 6 D). Taken together, these data demonstrated that
Hesl reduced macrophage Wdfyl gene expression in vitro and
in vivo.

To evaluate whether changes of Wdfyl were causally related
to Hesl-regulated IFN expression, we knocked down Wdfyl in
Hesl-deficient primary macrophages using RNA interference
(Fig. 6 E). While siRNA oligo transfection specifically decreased
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Wdfyl expression in Hesl KO BMDMs, compared with control
nontargeting siRNA oligos, Wdfyl knockdown did not signifi-
cantly alter cell viability, as assessed by absolute cell counts as
well as cell death assays (Fig. S4, D and E). Importantly, di-
minishing Wdfyl expression reduced Ifnbl and ISG mRNA levels
in Hesl-deficient cells in response to poly(I:C) stimulation as
well as EMCV infection (Fig. 6, F and G), implying that Hesl
deficiency-associated Wdfyl up-regulation contributed to the
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IFN overproduction phenotype. To further determine the
physiological function of Wdfyl in vivo, we adoptively trans-
ferred control siRNA or Wdfyl siRNA-transfected macrophages
into WT recipients and found that both control and Wdfy1
knocked down cells could be faithfully recovered from the
peritoneal cavity, certifying that Wdfy1 loss of function did not
affect survival of transferred cells and thus did not interfere
with the adoptive transfer process (Fig. S4 F). Consistent with
the in vitro observations, reducing Wdfyl expression in Hesl-
deficient macrophages attenuated the TMPD-induced IFN
signature in vivo (Fig. S4 G). Moreover, adoptive transfer of
Wdfyl-overexpressed macrophages protected mice from a lethal
dose of EMCV infection, mimicking the phenotypes of the Hesl-
deficient animals (Fig. S4, H and I). Together, these findings
suggested that Hesl limited type I IFN-mediated responses via
suppression of an adaptor molecule Wdfyl in vitro and in vivo.

Vegfc serves as a direct transcriptional target of
Hesl-regulated IFN production

To gain further insights into the mechanisms of Hesl-imposed
regulation on Wdfyl, we assessed whether Hesl directly bound
the endogenous Wdfyl gene locus in primary macrophages using
the Hesl ChIP-seq dataset. Among the identified 5,819 Hesl
binding peaks, >40% of these peaks were located in the gene
promoter regions (Fig. 7 A) with binding motifs enriched for
canonical target sequences such as E boxes (Fig. S5 A), validating
the reliability of the dataset. Unexpectedly, we did not find any
prominent Hesl-binding peaks in the promoter region or the
gene body region of the Wdfyl locus (Fig. 7 B), indicating that
Wdfyl was not the direct transcriptional target of Hesl. Instead,
we located a distinct binding peak of Hesl near the promoter
region of the Vegfc gene locus (Fig. 7 C), suggesting a direct
regulation of the growth factor-encoding Vegfc gene by Hesl.
Interestingly, VEGF-C has been reported to inhibit WDFY1 ex-
pression in cancer cells (Stanton et al., 2013; Dutta et al., 2016).
These lines of evidence prompted us to hypothesize that Hesl
suppressed Wdfyl expression through regulation of Vegfc and to
examine expression of Vegfc in Hesl-deficient macrophages. We
found that Vegfc expression was consistently down-regulated in
Hesl-deficient BMDMs (Fig. 7 D), suggesting that Hesl might
promote Vegfc expression via binding to its promoter region.
Indeed, overexpression of Hesl enhanced luciferase activities
driven by the Vegfc promoter, in which two of the three putative
E boxes played a critical role (Fig. 7 C and E), further supporting
the notion that Hesl acted as a positive regulator of Vegfc ex-
pression. To functionally connect Hesl-regulated VEGF-C with
the changes of IFNs, we overexpressed Vegfc in Hesl-deficient
BMDMs via viral transduction. In Hesl-deficient cells, forced
expression of Vegfc decreased Wdfyl expression to a comparable
level to that of WT cells (Fig. 7 F), with a concomitant reduction
of Ifnbl and MxI expression (Fig. 7 G), functionally implicating
VEGF-C in the Hesl-WDFYI1-IFN regulatory loop. To extend the
functional link between Hesl and VEGF-C to in vivo settings,
Hesl-deficient animals were administrated with recombinant
murine VEGF-C in TMPD treatment and viral infection models.
In the Hesl-deficient background, VEGF-C administration at-
tenuated heightened Wdfyl expression and the IFN signature
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(Fig. 7 H) and compromised the host defense against EMCV in-
fection (Fig. 7I), underscoring VEGF-C as a key functional target
of Hesl in regulation of IFN-mediated immune responses. In
summary, these findings indicated that Hesl promoted Vegfc
transcription to suppress WDFY1-IFN expression and subse-
quently attenuated IFN-mediated host defense and autoimmune
processes.

Discussion

Production of inflammatory mediators and key immune effector
molecules is negatively controlled by multiple mechanisms at
virtually every step of the production process to prevent toxicity
and maintain immune homeostasis (Porritt and Hertzog, 2015).
We have previously reported that the canonical Notch target
Hesl selectively inhibits expression of inflammatory cytokines
and chemokines via targeting the gene transcription initiation
or elongation step in macrophages, which serves as a crucial
negative regulatory mechanism of TLR-induced inflammatory
responses (Hu et al, 2008; Shang et al., 2016a). However,
whether Hesl regulates TLR-induced production of type I IFNs
remains unclear. Here, we demonstrated that Hesl suppressed
TLR3/4-mediated expression of type I IFNs and downstream
ISGs in macrophages without directly affecting gene transcrip-
tion of IFNs and ISGs or activation of TLR-mediated canonical
events such as NF-«B and MAPKs. Instead, Hesl inhibited acti-
vation of IRF3 via suppression of mRNA expression of Wdfyl, an
adaptor molecule facilitating activation of the signaling cascade
upstream of IRF3 (Hu et al., 2015). Furthermore, Hesl inhibited
Wdfyl expression through direct binding to the Vegfc gene locus
and promoting expression of VEGF-C, which negatively regu-
lates Wdfyl transcription (Stanton et al., 2013). Our findings thus
implicate that Hesl plays a critical role in restraining type I IFN
production via an unusual mechanism by targeting VEGF-C that
may act in an autocrine or paracrine fashion to limit WDFY1
expression and thus type I IFN production (Fig. S5 B). As a result,
Hesl attenuated the host antiviral defense and development of
lupus-associated symptoms, two processes in which type I IFNs
were indispensable. Hence, the insights gained from this study
advanced our understanding of the (patho)physiological func-
tion of Hesl in immune regulation with potential therapeutic
implications for viral infections and autoimmune diseases. In-
vestigating the role of Hesl is particularly relevant for human
disease settings, as TLR stimulation strongly promotes expres-
sion of Notch target genes, including Hesl in primary human
monocytes and macrophages. Although the exact biological
significance of such up-regulation in human cells remains ob-
scure and represents an interesting topic for future research,
this study may suggest that the homeostatic negative function
described here in the mouse system may also be in effect in
humans.

Hesl generally represses target gene expression via binding
to sequence-specific DNA elements such as N box and/or E box
(Kobayashi and Kageyama, 2014). In addition, Hesl also inhibits
gene transcription via attenuation of polymerase II-mediated
productive elongation by antagonizing recruitment of a positive
transcription elongation factor complex, P-TEFb (Shang et al.,
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2016a). Although predominantly viewed as a transcription re-
pressor, it has been described that Hesl could function as a
transcription activator under certain circumstances. For exam-
ple, Hesl could be switched from a transcriptional repressor to a
transcriptional activator to induce development-related gene
expression for neuronal differentiation (Ju et al., 2004). Con-
sistent with this notion, we found that Hesl was physically lo-
cated on the Vegfc gene locus and promoted Vegfc gene
expression. Of note, in macrophages, transcriptional activation
by Hesl is an exception rather than a rule, as Hesl-suppressed
genes significantly outnumbered Hesl-activated genes (Fig. 6 A).
Therefore, our findings, for the first time, show that Hesl
functions as a novel negative regulator of IFN responses via an
unusual mechanism of enhancing expression of the soluble
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factor VEGF-C, which is mechanistically distinct from the pre-
vious studies by us and others depicting Hesl’s action (Hu et al.,
2008; Kobayashi and Kageyama, 2014; Shang et al., 2016a).
Molecular mechanisms underlying transcriptional activation
properties of Hesl are poorly understood and will be an inter-
esting subject for future investigation, especially in the context
of inflammatory responses.

To mediate gene repression, Hesl interacts with TLE cor-
epressors in a manner dependent on its C-terminal WRPW do-
main (Fisher et al., 1996). The mammalian TLE family proteins
are homologous to Drosophila melanogaster Groucho protein
and have been mainly implicated in developmental processes
(Buscarlet and Stifani, 2007). Interestingly, Hesl seemed to
inhibit IFN responses through recruitment of its corepressor,
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TLE, as a Hesl mutant with deletion of the WRPW domain lost
the capacity to suppress expression of type I IFNs. Similar to
Hes], little is known about function of TLE family proteins in
the immune system. TLE1 has been implicated in the negative
regulation of inflammatory responses (Alvarez et al., 2011;
Ramasamy et al., 2016), although the exact mechanisms of ac-
tion are unclear. Further studies will be needed to clarify how
Hesl cooperates with TLE family members to regulate gene
expression during immune responses (Zhang et al., 2019).

The function of WDFY1 remains obscure, especially in the
immune system. Recent studies identified WDFY1 as a positive
regulator of TLR3/4 signaling, suggesting a new function of
WDFY1 in regulation of innate immune responses (Hu et al.,
2015; Nandakumar and Paludan, 2015). Although studies have
found that transcription of WDFY1 is controlled by the VEGF-
C-NRP2 axis in cancer cells (Stanton et al., 2013), it remains
unclear how WDFYI expression is regulated in immune cells.
Notably, expression of VEGF-C and its receptor, VEGFR-3, is
substantially increased in primary macrophages upon bacterial
infections or stimulation with TLR agonists. The enhanced
VEGF-C-VEGFR3 signaling then restrains TLR4-mediated in-
flammatory responses, which represents a negative feedback
mechanism by which immune cells avoid “overreaction” during
bacterial infection (Zhang et al., 2014). In addition to ligation
with VEGFR3, VEGF-C also binds to its nontyrosine kinase re-
ceptor, NRP2, to regulate autophagy and endocytic trafficking in
cancer cells by suppressing transcription of the downstream
effector gene WDFY1 (Stanton et al., 2013; Dutta et al., 2016).
Here, our findings supported that VEGF-C-WDFY1 signaling was
likely involved in IFN responses and that Hesl may modulate
crosstalk between VEGF-C-WDFY1 and TLR signaling to fine-
tune IFN expression.

Materials and methods

Mice

The experiments using mice were approved by the Institutional
Animal Care and Use Committees at Tsinghua University.
Hes1f! mice were originally obtained from R. Kageyama (Kyoto
University, Kyoto, Japan). Mice with inducible deletion of Hesl
(Hes1"ACre-ER™) were generated by crossbreeding Hes!/! ani-
mals with Cre-ERT? mice on the C57BL/6] background. Deletion
of Hesl was induced by i.p. injection with 2 mg per mouse of
tamoxifen (T5648; Sigma-Aldrich) five times in 5 d. WT litter-
mates were also injected with tamoxifen with the same dosage.
Mice were used for experiments 7 d after tamoxifen admi-
nistration. Mice with a myeloid-specific deletion of Hesl
(HestLyz2-Cre) were generated by crossing HesI ! animals to
Lyz2-Cre mice, and littermates with genotype of HesIViLyz2-Cre
and Hesl*/*Lyz2-Cre were used for experiments. Experiments on
mice were performed at 8-10 wk of age with gender-matched
littermates. Bone marrow chimeras were generated as previ-
ously described (Hu et al., 2008). Briefly, HesI"/ICre-ERT2 or HesI*/*
Cre-ER™ mice were i.p. injected with 2 mg per mouse of ta-
moxifen five times within 5 d. 7 d after tamoxifen treatment, 10°
bone marrow cells from HesICre-ER™ or HesI*/*Cre-ER™ mice
were intravenously injected into 6-wk-old irradiated (one dose
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of 11 Gy) C57BL/6] recipient mice. Chimeric mice were used for
experiments 6 wk after bone marrow reconstitution.

TMPD-induced IFN signature and nephritis

The IFN signature was induced by i.p. injection of 0.5 ml TMPD
(P9622; Sigma-Aldrich) in 12-wk-old HesI/fiCre-ERT? or Hesl*/*
Cre-ER™2 mice. Control mice received 0.5 ml mineral oil (M5310;
Sigma-Aldrich) or PBS at the same time. 2 wk after injection,
mice were euthanized by carbon dioxide exposure, and perito-
neal cavities were washed with 5 ml PBS containing 2 mM
EDTA. Total peritoneal cells were then harvested and used for
the following experiments. For TMPD-induced nephritis,
HesIICre-ER™ or HesI*/*Cre-ER™ mice were given TMPD by i.p.
injection (0.5 ml per mouse) for 14 wk. The urine of experi-
mental animals was then collected for creatinine and urea ni-
trogen analysis using a creatinine assay kit (ab65340; Abcam)
and urea nitrogen detection kit (KT-747; KAMIYA) according to
the manufacturer’s instructions, respectively. For the TMPD-
induced IFN signature in the adoptive transfer experiments,
total peritoneal cells were harvested 1 wk after TMPD admin-
istration. For VEGF-C-related experiments, 1 pug recombinant
murine VEGF-C per mouse (268-10325; RayBiotech) was given
via i.p. injection 24 h before TMPD treatment. 1 wk after TMPD
administration, total peritoneal cells were harvested for gene
expression analysis.

Adoptive transfer of macrophages

Macrophage adoptive transfer was performed as described
previously (Shang et al, 2016a), with minor modifications.
Briefly, BMDMs from Hes!?/fICre-ERT? or HesI*/*Cre-ER™?, Wdfy1-
overexpessed BMDMs, Hesl-deficient BMDMs with Wdfyl
knockdown, or control cells were washed three times with PBS,
and cell numbers were adjusted to 4 x 10° cells/ml in sterile PBS.
A 500-pl suspension of BMDMs (2 x 10° cells) was injected i.p.
into WT C57BL/6] mice. Mice were used for subsequent ex-
periments 24 h after cell transfer.

EMCV infection

The EMCV strain (BJC3) originally isolated from porcine sources
was kindly provided by Dr. Hanchun Yang (China Agricultural
University, Beijing, China), and a series of virus titers were
tested to obtain the optimal multiplicity of infection (MOI) for
experimentation. For in vitro viral infection, BMDMs were in-
fected with EMCV (MOI = 10) for indicated times. For in vivo
infection, chimeric mice were i.p. injected with a sublethal dose
of EMCV (MOI = 5) for 4 d to detect serum IFN-B and tissue viral
titers. For the survival rate assay, mice were infected with a
lethal dose of EMCV (MOI = 6.6) via i.p. injection. For VEGF-
C-related experiments, mice were i.p. injected with recombi-
nant murine VEGF-C (1 pg per mouse) for 24 h before EMCV
infection.

Cell culture and stimuli

Murine BMDMs were obtained as previously described (Hu
et al,, 2008) and maintained in DMEM supplemented with
10% FBS (Gibco) and 10% L1929 cell supernatant as conditioned
medium providing macrophage colony-stimulating factor. Cell
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culture-grade poly(L:C) (high molecular weight) was purchased
from Invivogen, and LPS (Escherichia coli 0111: B4) was purchased
from Sigma-Aldrich. IFNARI blocking antibody (AF3039) was
purchased from R&D Systems.

Flow cytometry

For cell viability, BMDMs were washed with PBS 72 h after
siRNA transfection and collected for counting cell number with
trypan blue staining. Cell death was analyzed using an Annexin
V Apoptosis Detection Kit (88-8007-72; eBioscience) according
to the manufacturer’s instructions. For the adoptive transfer
experiments, 18 h after cell transfer, peritoneal cells from CD45.1
mice were collected and stained with APC/Cy7 anti-mouse CD45
(1:400, 103116; BioLegend), Brilliant Violet 421 anti-mouse
CD45.1 (1:400, 110732; BioLegend), and PE/Cy7 anti-mouse CD45.2
(1:400, 25-0454-80; eBioscience) for identification of transferred
macrophages. Cells were analyzed on an LSR Fortessa flow cy-
tometer (BD Biosciences) using FlowJo software (BD Biosciences).

Immunofluorescence

Kidneys were fixed in 4% paraformaldehyde solution overnight
and frozen in Tissue-Tek Embedding Medium (SAKURA) after
dehydration in 30% sucrose solution. 10-um sections were cut,
and glomerular IgG was detected with DyLight*549-conjugated
horse anti-mouse IgG (DI-2549; Vector Laboratories).

Reverse transcription and qPCR

RNA was extracted from whole-cell lysates with a total RNA
purification Kit (GeneMarkbio) and reversely transcribed to
cDNA with a PrimeScript RT Reagent Kit with gDNA Eraser
(Perfect Real Time; Takara). qPCR was performed in tripli-
cate determinants with an ABI StepOne Plus thermal cycler.
Threshold cycle numbers were normalized to triplicate samples
amplified with primers specific for Gapdh. qPCR primer se-
quences are listed in Table S1.

Isolation of resident peritoneal macrophages

Resident peritoneal macrophages were prepared as previously
described (Shang et al., 2016a). Briefly, peritoneal exudate cells
were washed out with ice-cold PBS containing 2 mM EDTA.
After washing twice with PBS, peritoneal cells were resuspended
in DMEM supplement with 10% FBS. The cells were then allowed
to adhere for overnight in Petri dishes at 37°C. Nonadherent cells
are removed by gently washing three times with warm PBS. The
adherent cells were used as peritoneal macrophages.

RNA-seq analysis

For RNA-seq analysis, BMDMs from Hes!?/Cre-ER™ mice and
HesI*/*Cre-ER™ mice were left untreated or stimulated with 1 pg/
ml poly(L:C) for 1 or 3 h. Cells were then harvested for total RNA
extraction with a total RNA purification kit (GeneMarkbio), and
RNA was converted into RNA-seq quantification libraries (low-
input library; 200 ng). RNA-seq libraries were sequenced with
the pair-end option using an Illumina-HiSeq2500 Sequencer at
BGI China per the manufacturer’s recommended protocol. Pair-
end RNA-seq reads were aligned to mouse genome mm1lO using
TopHat 2.1.0 with the parameters -i 70 -g 1 --no-novel-indels
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--coverage-search, and only uniquely mapped reads were pre-
served. For coverage of mapped RNA-seq reads in transcripts,
the expression level of each genes transcripts was calculated as
the normalized fragment count to fragment coverage for each
transcript (per 1 kb) in per million fragments (FPKM). Differ-
ential expression analysis of genes between experimental con-
ditions was implemented using the Cuff-diff program in
Cufflinks 2.2.1. Genes with a P value <0.05 and (FPKM + 1) fold
change 22 between two conditions were regarded as signifi-
cantly up-regulated genes, and significantly down-regulated
genes were identified with P value <0.05 and (FPKM + 1) fold
changes <0.5 between two conditions. The RNA-seq data re-
ported in this paper have been deposited in the Gene Expression
Omnibus with the accession number GSE111169.

ELISA

IFN-p secretion was quantified by using paired anti-mouse IFN-
B antibodies (capture antibody, 22400-1; detection antibody,
32401-1; PBL) according to the manufacturers’ instructions.
Mouse IFN-B (12405-1; PBL) was used as protein standard.

Dual-luciferase reporter assay

Murine Ifnbl reporter plasmid was constructed by subcloning
110 bp of the Ifnbl promoter into a luciferase expression vector
(Seth et al., 2005). RAW 264.7 cells were cotransfected in du-
plicates with the IFN-p reporter plasmid and an expression
plasmid (pCMV6-XL4-Hesl) encoding mouse Hesl or a control
vector (pPCMV6-XL4) using Lipofectamine LTX with PLUS Rea-
gent (Thermo Fisher). 18 h after transfection, cells were stimu-
lated with poly(I:C) (10 ug/ml) or LPS (100 ng/ml) for 8 h, and
cell lysates were prepared and analyzed using the Dual-
Luciferase Report Assay System (Promega). Total protein con-
centration analyzed by using Pierce BCA Protein Assay Kit
(Thermo Fisher) was used as an internal control. For luciferase
assay in CMT93 cells, the murine Vegfc promoter sequence from
position -700 to +500 bp was cloned into the pGL3-Basic re-
porter plasmid (pGL3-Basic-Vegfc). Vegfc promoter E box muta-
tions were generated by deleting E box of E1 (CAGCTG, -647 bp),
E2 (CATGTG, -633 bp), or E3 (CACTTG, +249 bp) individually in
the Vegfc promoter region and subcloned into the pGL3-Basic
reporter plasmid. CMT93 cells were then cotransfected in du-
plicate with indicated Vegfc reporter plasmid and Hesl expres-
sion plasmid (100 ng) or a control vector by using Lipofectamine
LTX with PLUS Reagent (Thermo Fisher). 24 h after transfec-
tion, cell lysates were prepared and analyzed by using Dual-
Luciferase Report Assay System. The Renilla luciferase reporter
gene (pRL-TK; Promega) was used as an internal control.

Retroviral transduction

pMx-puroR retroviral vectors expressing full-length Hesl cDNA,
a dominant-negative Hesl (dnHesl), and Hesl deleted with the
HLH domain or WRPW motif were generated as previously
described (Shang et al., 2016a). Briefly, dnHesl was generated by
mutating E43, K44 and R47 in the basic region to A. Hes1(AHLH)
and Hes1(AWPRW) deletion mutants were generated by delet-
ing the HLH domain (amino acids 48-92) or the last six amino
acids of Hesl, respectively. Vector expressing murine Vegfc was
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generated by cloning Vegfc ¢cDNA into pMx-puroR retroviral
vector. For retroviral transduction, 3 x 10° Plat-E cells were
seeded into 100-cm plates and cultured for 24 h. Cells were then
transfected with 17 pg retroviral vectors of pMx-puro-GFP,
pMx-puro-Flag-Hesl, or pMx-puro-Flag-Hesl mutants or pMx-
Vegfc using Fugene HD transfection reagent (Promega). 48 h
after transfection, viral supernatants were collected and filtered,
and 5 ml of viral supernatant was used to transduce 5 x 10°
BMDM:s in the presence of 8 ug/ml polybrene (Sigma-Aldrich).
24 h after viral infection, BMDMs were selected by puromycin
(2 pg/ml) for 3 d and were then used for experiments.

Coimmunoprecipitation and immunoblotting analysis
HEK293T cells were transfected with pMx-puro-GFP, pMx-
puro-Flag-Hesl, or pMx-puro-Flag-Hesl mutants by using Fu-
gene HD transfection reagent. 24 h after transfection, cells were
harvested and then lysed in a lysis buffer containing 10 mM Tris,
150 mM NaCl, 1% NP-40, 5 mM EDTA, 1 mM PMSF, 1 mM
NaVOs, and the proteinase inhibitor cocktail (Roche). Extracts
were immunoprecipitated with an anti-FLAG monoclonal anti-
body (F1804; Sigma-Aldrich) and protein A/G PLUS-Agarose
beads (sc-2003; Santa Cruz Biotechnology). Whole-cell lysates
or immunoprecipitated extracts were then separated by 10%
SDS-PAGE and transferred to a polyvinylidene fluoride mem-
brane (Millipore) for immunoblotting with specific antibodies.
The antibodies used and the sources are as follows: Antibodies
against p38 (1:1,000, sc-535), Hesl (1:1,000, sc-25392), TLE
(1:500, sc-13373), STATI (1:1,000, sc-346), TRAF3 (1:1,000, sc-
6933), and IRF3 (1:1,000, sc-9082) were purchased from Santa
Cruz Biotechnology. Antibodies against STAT2 (1:1,000, 72604),
p-STAT1 (1:1,000, 7649), p-ERK (1:1,000, 9101), ERK (1:1,000,
9102), p-p38 (1:1,000, 9215), p-p65 (1:1,000, 3033), p65(1:1,000,
4764), IxBa (1:1,000, 4812), TBK1 (1:1,000, 3013), p-JNK (1:1,000,
9251), p-TBK1 (1:1,000, 5483), p-IKKe (1:1,000, 8766), IKKe
(1:1,000, 3416), and p-IRF3 (1:500, 4947) were purchased from
Cell Signaling Technology. Wdfy1 antibody (1:500, ab154716) was
from Abcam, p-STAT2 antibody (1:1,000, 07-224) was from
Millipore, TRIF antibody (1:1,000, NB120-13810) was from
Novus, and anti-Tubulin antibody (1:2,000, be0025) was ob-
tained from Easybio.

RNA-mediated interference

siRNA specifically targeting mouse Wdfyl (69368) and non-
targeting control siRNA were purchased from Dharmacon.
siRNA oligoes were transfected into BMDMs using TransIT TKO
transfection reagent according to the manufacturer’s instruc-
tions (Mirus Bio). Cells were used 72 h after transfection.

ChIP-seq assay

The Hesl ChIP-seq assay was performed and described in a
previous study (Shang et al., 2016a). Hesl ChIP-seq data were
downloaded from the Gene Expression Omnibus (accession
number GSE77334) and visualized by IGV (v2.3.78). The UCSC
refseq annotated gene feature in Mus musculus mm10 was used
to identify Hesl-binding peaks. For motif overrepresentation
analysis, Hesl binding with known motif enrichment was ana-
lyzed by Homer de novo Motif Enrichment Results.
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Statistical analysis

P values were calculated with a two-tailed paired or unpaired
Student’s t test by Prism GraphPad software (v5.0). P values of
<0.05 were considered significant. For the mouse survival study,
Kaplan-Meier survival curves were generated by Prism 5.0 and
analyzed for statistical significance with the log-rank test.

Online supplemental material

Fig. S1 shows that Hesl suppresses TLR-induced IFN expression.
Fig. S2 shows the IFN signature in vivo induced by TMPD ad-
ministration. Fig. S3 shows that Hesl does not directly regulate
type I IFN and ISGs. Fig. S4 shows that Wdfyl promotes the
TMPD-induced IFN signature and protects against EMCV in-
fection. Fig. S5 shows a summary of the present study for in-
hibition of type I IFN expression by Hesl. Table S1 lists the PCR
primer sequences used in this study.
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