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VIROLOGY

Human cytomegalovirus UL36 inhibits IRF3-dependent
immune signaling to counterbalance its
immunoenhancement as apoptotic inhibitor

Yujie Ren"?, An Wang'?, Bowen Zhang"?, Wenting Ji'3, Xiao-Xu Zhu'"?, Jing Lou', Muhan Huang',
Yang Qiu'?, Xi Zhou'%3*

Apoptotic inhibition and immune evasion have particular importance to efficient viral infection, while a
dilemma often faced by viruses is that inhibiting apoptosis can up-regulate antiviral immune signaling.
Herein, we uncovered that in addition to inhibiting caspase-8/extrinsic apoptosis, human cytomegalovirus
(HCMV)-encoded UL36 suppresses interferon regulatory factor 3 (IRF3)-dependent immune signaling by di-
rectly targeting IRF3 to abrogate IRF3 interaction with stimulator of interferon genes or TANK-binding kinase
1 and inhibit IRF3 phosphorylation/activation. Although UL36-mediated caspase-8/extrinsic apoptosis inhibi-
tion enhances immune signaling, the immunosuppressing activity of UL36 counterbalances this immunoen-
hancing “side effect” undesirable for virus. Furthermore, we used mutational analyses to show that only the
wild-type, but not the UL36 mutant losing either inhibitory activity, is sufficient to support effective HCMV rep-
lication in cells, showing the functional importance of the dual inhibition by UL36 for the HCMV life cycle. To-
gether, our findings demonstrate a sophisticated mechanism by which HCMV tightly controls innate immune
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signaling and extrinsic apoptosis for efficient infection.

INTRODUCTION
Human cytomegalovirus (HCMV) is an important human patho-
gen that belongs to the subfamily Betaherpesvirinae in the family
Herpesviridae. The large proportion of the global population,
with an occurrence of 60 to 100% depending on different socioeco-
nomic and geographical factors, has been infected by this virus (1,
2). HCMYV infection is well known for its latency that can persist
lifelong after the primary infection. Despite being usually asymp-
tomatic in adults, reactivation from latency can be achieved in
certain immunocompromised circumstances, including acquired
immunodeficiency syndrome and organ or stem cell transplanta-
tions, which can result in significant morbidity or mortality in
these people (2—4). Besides, congenital infections by HCMV are
common causes for fetal or neonatal malformations, as approxi-
mately 0.5% of total pregnancies in the world are affected by this
herpesvirus (5). Furthermore, HCMV infection has been associated
with some autoimmune diseases and degenerative disorders, prob-
ably due to chronic inflammatory response caused by this virus (6).
Latency and reactivation of HCMV infection have been believed
as an ongoing event, which is sophisticatedly controlled by host an-
tiviral defense mechanisms such as innate immune signaling and
apoptosis (4, 7-9). The cyclic GMP (guanosine monophosphate)—
AMP (adenosine monophosphate) synthase (cGAS) recognizes
viral double-stranded DNAs and produce cyclic GMP-AMP,
which activates stimulator of interferon genes (STING; also
known as MITA/ERIS/MPYS) (10-13). STING then undergoes ho-
modimerization and binds TANK-binding kinase 1 (TBK1) to
phosphorylate and activate interferon regulatory factor 3 (IRF3),
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leading to the induction of type I interferons (IFN-I) (14-16).
The IFN-I system plays a central role in HCMV-induced host anti-
viral immune response, while HCMV has been found to use several
viral proteins, including UL31, UL42, UL44, UL82, UL83, and
UL94, as immune antagonists to inhibit IFN-I signaling pathway
(17-24).

In addition to innate immune signaling, apoptosis is well recog-
nized as an efficient host antiviral defense mechanism, particularly
in the early stage of viral infection, by removing infected cells (25—
27). Apoptosis relies on a set of caspases and can be activated via
either intrinsic or extrinsic pathway (28-30). The intrinsic apoptotic
pathway is triggered by mitochondrial outer membrane permeabi-
lization, which is caused by some cellular stresses, followed by the
release of cytochrome ¢ from mitochondria into cytosol, resulting in
apoptosome formation, caspase-9 activation, and the subsequent
activation of effector caspases-3 and -7 (31). The extrinsic apoptotic
pathway relies on external induction that activates death receptors,
resulting in the activation of initiator caspases-8 and -10 (32).

Both intrinsic and extrinsic apoptotic pathways can be induced
by viral infection (26, 32). As a slow-replicating virus, HCMV needs
the survival of infected cells to establish infection, latency, and re-
activation, making inhibition of apoptosis particularly important
for this virus (33, 34). It has been reported that HCMV encodes
UL37 exon 1 protein (UL37x1) to inhibit intrinsic apoptosis by
binding to pro-apoptotic Bax to prevent mitochondrial cytochrome
c release into cytosols (35, 36). On the other hand, HCMV-encoded
UL36, probably better known for its other name, the viral inhibitor
of caspase-8 activation (vICA), has been found to inhibit extrinsic
apoptosis by directly binding to pro—caspase-8, thereby inhibiting
its cleavage into active caspase-8 (36, 37). HCMV encodes
UL37x1 and UL36 to function as the respective countermeasures
to both intrinsic and extrinsic apoptosis.

It has been previously reported that caspase-8 can inhibit IRF3
activation by cleaving receptor-interacting serine/threonine-protein
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kinase 1 (RIP1), which is a signaling enhancer of IRF3 phosphory-
lation (38). Therefore, it is rational to speculate that the expression
of HCMV UL36 can enhance the activation of IRF3 by inhibiting
caspase-8, resulting in up-regulation of IRF3-dependent immune
signaling. However, here, when UL36 was knocked down or over-
expressed in HCMV-infected cells, we failed to observe any alter-
ation of phosphorylation of IRF3 or transcription of the immune
genes downstream of IRF3. These interesting findings led to the hy-
pothesis that UL36 probably has some immunosuppressive activity.
We then uncovered that HCMV UL36 can directly bind to IRF3 to
inhibit its interaction with TBK1 and STING, thereby leading to the
suppression of IRF3 activation and IRF3-dependent immune sig-
naling, which counterbalances its enhancing effect on IRF3 activa-
tion as a caspase-8 inhibitor. Moreover, the dual inhibition of UL36
on both extrinsic apoptosis and IRF3-dependent immune signaling
is pivotal for efficient HCMV replication in infected cells.

RESULTS

UL36 inhibits HCMV-induced IRF3 activation and
downstream immune signaling

HCMYV UL36 has been previously reported as an inhibitor of
caspase-8 (37). Given that caspase-8 can inhibit IRF3 activation
by cleaving RIP1, a signaling enhancer of IRF3 phosphorylation
(38), we speculate that the loss of UL36 expression should reduce
the activation of IRF3, resulting in the down-regulation of IRF3-de-
pendent immune signaling during HCMV infection. To this end,
we examined the transcription of a series of downstream immune
genes, including IFNBI, ISG15, and RANTES, in HCMV-infected
human foreskin fibroblasts (HFFs), the permissive cell line for her-
pesvirus infection, in the presence or absence of UL36-specific
siRNAs (fig. S1, A to C). Unexpectedly, compared with control
siRNA, the knockdown of HCMV-expressed UL36 failed to
reduce the transcription of the immune genes downstream of
IRF3 (Fig. 1A).

A rational explanation of such a discrepancy between the spec-
ulation and observation is that UL36 may have some immunosup-
pressive activity, which results in a mutual offset with its potential
immunoenhancing effect as a caspase-8/extrinsic apoptosis inhibi-
tor. To test this possibility, z-VAD-FMK, a pan-caspase inhibitor,
was used to block apoptosis caused by HCMV infection (fig. SID
and Fig. 1B). In the presence of apoptotic inhibition, knockdown
of UL36 effectively enhanced the transcriptional induction of
IRF3-dependent immune genes (Fig. 1A) as well as the phosphor-
ylation/activation of IRF3, but not the phosphorylation/activation
of TBK1 (Fig. 1C), in HCMV-infected HFFs.

Moreover, we overexpressed UL36 via a lentiviral expression
system in HCMV-infected HFFs in the presence or absence of z-
VAD-FMK. Our data showed that only under the condition of ap-
optosis blockade did the overexpression of UL36 dramatically
reduce the IRF3 downstream immune signaling (Fig. 1, D and F)
as well as the phosphorylation/activation of IRF3, but not TBK1
(Fig. 1, E and G), in HCMV-infected cells.

Together, these results show that when apoptosis is blocked,
UL36 inhibited HCMV-induced IRF3 activation and downstream
signaling in infected cells, and such an inhibition did not happen
at the level of TBKI.
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UL36 interacts with IRF3 to inhibit IRF3-dependent innate
immune signaling

To examine whether HCMV UL36 can inhibit DNA-triggered
innate immune signaling in the absence of apoptotic inhibition,
we assessed the promoter activity of IFN-p, interferon stimulated
response element (ISRE), and nuclear factor kB (NF-kB), and the
transcription of IFNBI, ISG15, RANTES, IFNA, IL6, and TNFA,
in HFFs ectopically expressing cGAS and STING together with
UL36. Of note, the transfection of cGAS-STING or DNA ligands
did not induce apoptosis (fig. S2). The data showed that the
ectopic expression of UL36 inhibited the cGAS-STING-triggered
activation of IFN-f, ISRE, and NF-«kB promoters as well as the
immune gene transcriptions dose-dependently in HFFs (Fig. 2, A
and B). In addition, UL36 expression inhibited the transcription
of IFNBI, ISG15, and RANTES induced by the transfection of
various DNA ligands in cultured HFFs (Fig. 2C). Besides, we
further examined the phosphorylation/activation of TBK1 and
IRF3 in HFFs treated with these DNA ligands in the presence or
absence of UL36 expression. As shown in Fig. 2D, UL36 expression
inhibited the DNA-triggered phosphorylation/activation of IRF3
but not TBKI1. Thus, our data show that UL36 can inhibit DNA-
triggered innate immune signaling in cultured cells.

We then aimed to find out how UL36 inhibits DNA-triggered
immune signaling. UL36 efficiently inhibited the activation of
ISRE promoter as well as the transcriptional induction of IFNBI,
ISG15, and RANTES triggered by the overexpression of cGAS-
STING, TBKI1, or IRF3, but not IRF3-5D (a constitutively active
form of IRF3) (Fig. 3A and fig. S3). Together with our previous ob-
servations (Figs. 1, C and G, and 2D), UL36 inhibits the DNA-trig-
gered immune signaling at the level of IRF3.

We then examined whether UL36 interacts with any protein in
the immune signaling pathway. Our results showed that UL36 was
coimmunoprecipitated with IRF3, but not cGAS, STING, or TBK1
(Fig. 3B). The UL36-IRF3 interaction was further validated via en-
dogenous coimmunoprecipitation using an anti-UL36 antibody in
HCMV-infected HFFs (Fig. 3C). Besides, ectopically expressed
UL36 has been found to be subcellularly colocalized with IRF3 in
cells (Fig. 3D).

To further study the interaction between IRF3 and UL36, we
generated a series of IRF3 truncations. The domain mapping anal-
ysis and glutathione S-transferase (GST)—pulldown assay suggested
that the 197 to 394 amino acids of IRF3 is responsible for interacting
with UL36 (Fig. 3G). Additionally, the presence of UL36 substan-
tially impaired the IRF3-TBK1 or IRF3-STING interaction (Fig. 3,
H and I), but not the TBK1-STING interaction (Fig. 3]).

Moreover, we assessed the effect of UL36 on the IRF3-TBK1 or
IRF3-STING interaction in HCMV-infected HFFs via endogenous
coimmunoprecipitation assay. For this purpose, in HCMV-infected
HFFs, we stably expressed UL36 via lentivirus, or knocked down
endogenous UL36 by RNAi. Our data showed that the overexpres-
sion or knockdown of UL36 resulted in substantial reduction or en-
hancement of the endogenous interactions of IRF3-TBK1 and
IRF3-STING, respectively (Fig. 3, K and L), showing that UL36
did inhibit IRF3 interaction with either TBK1 or STING during
HCMV infection.

Together, our findings show that HCMV UL36 targets IRF3 to
abrogate IRF3-TBK1 and IRF3-STING interaction, resulting in the
inhibition of IRF3 activation and IRF3-dependent immune
signaling.
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Fig. 1. UL36 inhibits HCMV-induced IRF3 activation and downstream immune signaling. (A and B) HFFs were transfected with siRNAs specifically for UL36 (UL36-
siRNA#1, UL36-siRNA#2, or UL36-siRNA#3) or control siRNA (Control) for 24 hours, followed by infection with HCMV (MOI = 1) in the absence or presence of z-VAD-FMK. At
12 hours post-transfection (h.p.t.), qRT-PCR was performed to measure the transcription of indicated antiviral genes (A), cells were collected and stained with annexin V-
FITC/PI for flow cytometry analysis, and the percentage of apoptotic cells was measured (B). (C) HFFs were transfected and infected as in (A) in the presence of z-VAD-FMK
followed by infection with HCMV (MOI = 1). At 12 h.p.i,, cell lysates were subject to immunoblots with the indicated antibodies. (D to G) HFFs stably expressing UL36 or
empty vector were infected with HCMV (MOI = 1) in the absence (D and E) or presence (F and G) of z-VAD-FMK. At 0, 4, 8 and 12 h.p.t., qRT-PCR was performed to measure
the transcription of indicated antiviral genes (D and F). At 0, 6, and 12 h.p.i., cell lysates were subject to immunoblots with the indicated antibodies (E and G). Immunoblots
are representative of three independent experiments. Graphs show mean + SD (n = 4, biologically independent experiments for A, D, and F or n = 2 for B). Statistical
significance was determined by two-way ANOVA in (A), (D), and (F), or one-way ANOVA in (B).
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Fig. 2. UL36 inhibits DNA-triggered IRF3 activation and downstream immune signaling. (A) Top: luciferase reporter assay analyzing IFN, ISRE, or NF-kB promoter
activity was conducted in HFFs transfected with the plasmids of FLAG-cGAS plus FLAG-STING or an empty vector together with the indicated amounts of FLAG-UL36
expression plasmid for 24 hours. Bottom: blots showing the expression levels of these transfected proteins. (B) Top: HFFs were transfected with the plasmids of FLAG-
CGAS plus FLAG-STING or an empty vector together with the indicated amounts of FLAG-UL36 expression plasmid for 24 hours, followed by qRT-PCR of the indicated
antiviral genes. Bottom: blots showing the expression levels of these transfected proteins. (C and D) HFFs stably expressing UL36 or empty vector were untreated (mock)
or transfected with the indicated DNA ligands (HSV60, DNA90, or HSV120). At 0, 3, and 6 h.p.t., total RNA was extracted and subject to qRT-PCR of indicated antiviral genes
(C); at 0,6, and 12 h.p.t,, the cell lysates were prepared and subject to immunoblots with the indicated antibodies. Immunoblots are representative of three independent
experiments (D). Graphs show mean + SD (n = 4 biologically independent experiments). Statistical significance was determined by two-way ANOVA. h, hours.
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Fig. 3. UL36 interacts with IRF3 to
inhibit IRF3-dependent innate
immune signaling. (A) Top: 293T cells
were transfected with ISRE reporter and
indicated plasmids together with
FLAG-UL36 or empty vector for 24
hours before luciferase assay. Bottom:
blots showing the expression of indi-
cated proteins. Graph shows mean +
SD (n = 4 biologically independent ex-
periments). Statistical significance was
determined by two-way ANOVA. (B)
293T cells were transfected with the
indicated plasmids together with
FLAG-UL36. After 24 hours, cells were
subjected to immunoprecipitation (IP)
with anti-FLAG antibody or IgG, fol-
lowed by immunoblots (IB). (C) HFFs
were infected with HCMV (MOI = 1). At
24 or 48 h.p.i., cells were subject to
immunoprecipitation with anti-UL36
antibody or IgG, followed by immuno-
blots. h, hours. (D) 293T cells were
transfected with FLAG-UL36 and HA-
IRF3. At 24 h.p.t, cells were fixed and
stained with anti-FLAG—, anti-HA—,
Alexa 488—, and Alexa 594—conjugated
1gG antibodies, followed by immu-
nofluorescence. Scale bar, 10 um. (E)
The schematic illustration of UL36
truncations. (F) 293T cells were trans-
fected with FLAG-UL36 together with
HA-IRF3 or indicated truncation. At 24
h.p.t., cell lysates were subject to im-
munoprecipitation with anti-FLAG an-
tibody, followed by immunoblots. (G)
Purified GST, GST-UL36, and FLAG-IRF3
or indicated truncation were incubated
as indicated. The mixtures were sub-
jected to Coomassie blue staining and
immunoblots. The mixtures were sub-
jected to GST pull-down followed by
immunoblots. (H to J) 293T cells were
transfected with the indicated plas-
mids. After 24 hours, cells were sub-
jected to immunoprecipitation with
anti-FLAG antibody or IgG, followed by
immunoblots. (K) HFFs expressing
UL36 or empty vector were infected
with HCMV (MOI = 1) for 12 hours and
then subjected to immunoprecipita-
tion with anti-IRF3 antibody, followed
by immunoblots. (L) HFFs were trans-
fected with the indicated siRNAs, in-
fected by HCMV (MOI = 1). At 0, 6, and
12 h.p.i., cells were subjected to im-
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The Ser'”” of UL36 is required for targeting IRF3

After determining the region of IRF3 responsible for UL36 binding,
we aimed to identify the region of UL36 responsible for binding
IRF3. Thus, we generated a series of UL36 truncations, and the
data showed that UL36g;, UL36,_597, UL36;36_297, UL36436 315, OF
UL36,36-47¢ but not UL36,97_476 or UL363,4_47¢ interacted with
IRF3 (fig. S4, A and B), and only UL36,97_476 or UL363;6-476
failed to inhibit the cGAS-STING triggered IFNBI, ISG15, and
RANTES transcription (fig. S4C), indicating that the amino acid
136 to 297 region of UL36 is important for IRF3-UL36 interaction.
To further identify the key amino acid(s) within UL36 responsible
for its immunosuppressing activity, we constructed a set of UL36
deletion mutants within the amino acid 136 to 297 region. Our
data showed that UL36,,77_,59 (deleting amino acids 177 to 189
of UL36) completely lost its capability to interact with IRF3 and
inhibit the cGAS-STING-triggered IFNBI transcription (fig. S4, D
and E), showing that the amino acid 177 to 189 region is required
for UL36 to interact with IRF3 and antagonize IRF3-dependent
immune signaling.

Next, we introduced a series of single-point mutations into the
amino acid 177 to 189 region by replacing the serine residue at 177
with threonine (S177T); the isoleucine residue at 178 with alanine
(I178A); the aspartic residue at 179, 180, 183, or 187 with alanine
(D179A, D180A, D183A, or D187A); the proline residue at 181 or
186 with threonine (P181T or P186T); the phenylalanine residue at
182 with threonine (F182T); the glutamic residue at 184 with
alanine (E184A); the cysteine residue at 185 with alanine
(C185A); the threonine residue at 188 with alanine (T188A); or
the histidine residue at 188 with alanine (H189A). We found that
the S177T mutation abolished the capability of UL36 to interact
with IRF3 and inhibit the cGAS-STING triggered immune gene
transcriptions (Fig. 4, A to C). To provide further mechanistic
insight, we then assessed whether the S177T mutation would
abolish the inhibitory effects of the IRF3-STING and IRF3-TBK1
interactions. As expected, overexpressing UL36g;,,r did not
inhibit the IRF3-TBK1 or IRF3-STING interaction (Fig. 4, D and
E). Consistently, UL36g, ;7 also failed to inhibit the endogenous in-
teraction of IRF3 with TBKI1 or STING in HCMV-infected
HFFs (Fig. 4F).

Together, these findings demonstrate that the residue S177 of
UL36 is essentially required for UL36 to directly target IRF3, abro-
gate the IRF3-TBK1 and IRF3-STING interactions during HCMV
infection, and subsequently inhibit IRF3-dependent immune
signaling.

The immunosuppression by UL36 counterbalances the
immunoenhancing effect of its anti-apoptotic activity
Previous studies reported that apoptotic inhibition by UL36 re-
quires the Cys131 (C131) residue of UL36 (37). To assess the contri-
butions of the S177 and C131 residues on the functions of this viral
protein, we first constructed UL36-deficient HCMV (HCMV py1.36)
via CRISPR-Cas9 based on the HCMVy,.,e strain Towne.
HCMV au136 Was successfully recovered and used to infect HFFs
at a multiplicity of infection (MOI) of 1 (fig. S5A). We then stably
expressed the wild-type UL36 or its mutants, UL36g;771, UL36¢c131R,
and UL36¢;31res177> in HFFs, followed by infection with
HCMV purse. After that, we examined the effect of wild-type or dif-
ferent UL36 mutants on apoptosis. As expected, UL36vr or immu-
nosuppression-deficient UL36g;771, but not UL36¢j3r  or
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UL36¢131ra&s1771> retained the ability to inhibit HCMV ayp36-
induced apoptosis in HFFs (Fig. 5A). In addition, similar to that
of wild-type UL36, ectopic expression of the anti-apoptosis—defi-
cient mutant UL36¢;3,r effectively inhibited the cGAS-STING-
triggered activation of IFN-pB, ISRE, and NF-«xB promoters as well
as immune gene induction (Fig. 5, B and C). Thus, the immunosup-
pressing and anti-apoptotic activities of UL36 are functionally inde-
pendent from each other.

Compared with empty vector, anti-apoptosis—deficient
UL36¢;31r but not wild-type UL36 effectively inhibited immune
gene induction, cytokine secretion, or IRF3 phosphorylation in
HCMV syp36-infected HFFs (Fig. 5, D and F, and fig. S5C).
UL36¢13;r cannot inhibit apoptosis but keeps its immunosuppress-
ing activity (Fig. 5, A to C). Thus, the stronger suppressing activity
of UL36¢;3;r than that of wild-type UL36 on HCMV pyp36-trig-
gered immune gene induction, cytokine secretion, or IRF3 activa-
tion  should be attributed to  apoptosis-mediated
immunosuppressing effect, as the UL36-mediated apoptotic inhibi-
tion was lifted. Consistently, when apoptosis is blocked by pan-
caspase inhibitor z-VAD-FMK, UL36y and UL36¢;5,r showed
similar effect in immunosuppression during viral infection
(Fig. 5, E and G, and fig. S5, B and D).

Otherwise, HCMV sy 36 infection induced even higher levels of
immune gene induction, cytokine secretion, or IRF3 phosphoryla-
tion in the presence of UL36;,,1 when being compared with that of
empty vector in HFFs (Fig. 5, D and F, and fig. S5C). UL36g;777
loses its immunosuppressing activity but can still inhibit apoptosis
(Figs. 4 and 5A). Hence, this result indicates that the immunoen-
hancing effect of UL36s;,,1 was owing to its anti-apoptotic activity,
which was further confirmed by the observation that compared with
that of empty vector, UL36g;,1 showed a similar effect on immune
signaling when apoptosis was blocked by z-VAD-FMK (Fig. 5, E
and G, and fig. S5, B and D). In addition, compared with that of
empty vector, the double-point mutant UL36¢;3;rss1771» Which
loses both immunosuppressing and anti-apoptotic activities,
showed a similar effect on immune gene induction in either the
presence or the absence of z-VAD-FMK (Fig. 5, D and E).

It is noteworthy that the approach of ectopically expressing UL36
in cells before HCMYV infection has the potential limitation that the
pre-existence of UL36 may affect certain signaling pathway(s) or
other earlier viral gene expression in cells. Therefore, we used a
Tet-On doxycycline-inducible system to express UL36 or its
mutants in HFFs after HCMV »y; 36 infection (fig. S5E). Our data
show that when being expressed either before or after
HCMV 136 infection, UL36 or its distinct mutant had the same
effect on IRF3 immune signaling (Fig. 5D and fig. S5F), excluding
the possible interference of pre-existing UL36 before HCMV
infection.

Moreover, previous studies of HCMV UL36 and its ortholog
M36 in murine HCMV had found that these viral proteins had
more pronounced effects in macrophages than in fibroblasts (39—
43). Thus, we examined the effects of UL36 or its mutants on
immune gene induction in THP1-derived macrophages, and the
results are consistent with our previous observations in HFFs (fig.
S5, G and H, and Fig. 5, D and E).

To provide some mechanistic insight into how UL36 works, we
assessed the effects of different UL36 mutants on the STING-IRF3
or TBK1-IRF3 interaction in the context of HCMV zy13¢ infection.
Our data showed that similar to UL36yy, UL36¢3;r disrupted IRF3
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Fig. 4. The Ser'”” of UL36 is required for targeting IRF3. (A) 293T cells were transfected with the plasmid of HA-IRF3 together with the plasmid of FLAG-UL36 or the
indicated mutant. After 24 hours, cell lysates were subjected to immunoprecipitation with anti-FLAG antibody, followed by immunoblots with anti-FLAG and anti-HA
antibodies. (B) 293T cells were transfected with the plasmids of FLAG-cGAS plus FLAG-STING together with the plasmids of FLAG-UL36 or the indicated mutant for 24
hours, followed by qRT-PCR of IFNB1. The transfection of the empty vector was used as a negative control. (C) 293T cells were transfected with or without the plasmids of
FLAG-cGAS plus FLAG-STING together with the plasmids of FLAG-UL36 or FLAG-UL36s,777 for 24 hours. Total RNAs were extracted and subjected to qRT-PCR of the
indicated antiviral genes. (D and E) 293T cells were transfected with the indicated plasmids. After 24 hours, cells were subjected to immunoprecipitation with anti-
FLAG antibody or IgG, followed by immunoblots with anti-FLAG, anti-HA, and anti-Myc antibodies. (F) HFFs stably expressing UL36, UL36s;777, Or empty vector were
infected with HCMV (MOI = 1). At 12 h.p.i., cell lysates were subjected to immunoprecipitation with anti-IRF3 antibody or IgG, followed by immunoblots with the indicated
antibodies. Immunoblots are representative of three independent experiments. Graph shows mean + SD (n = 4 biologically independent experiments). Statistical sig-

nificance was determined by two-way ANOVA.

interaction with STING or TBK1, while the immunosuppression-
deficient UL36g;7,7 failed to do so (Fig. 6A).

UL36 is a well-recognized caspase-8 inhibitor, and it has been
previously reported that blocking caspase-8 can cause up-regulation
of IRF3 phosphorylation, which was confirmed in this study by
using the caspase-8-specific inhibitor z-IETD-FMK (Fig. 6, B and
C, and fig. S6A). Moreover, in the presence of z-IETD-FMK,
UL36y but not UL36g;,,7 effectively inhibited the up-regulation
of IRF3 phosphorylation (Fig. 6, B and C). Furthermore, we exam-
ined the effect of UL36 on IRF3 activation in the absence or

Ren et al., Sci. Adv. 9, eadi6586 (2023) 4 October 2023

presence of distinct caspase inhibitor, including pan-caspase inhib-
itor z-VAD-FMK, caspase-8-specific z-IETD-FMK, or caspase-9—
specific z-LEHD-FMK. Of note, UL36 showed further inhibition
on apoptosis only in the presence of z-LEHD-FMK but not z-
IETD-FMK (fig. S6, A and B), confirming the apoptosis-inhibition
specificities of UL36 as well as these caspase inhibitors. Our data
showed that the loss of UL36 expression in HCMV-infected cells
(i.e., HCMV zyy36 infection) resulted in the substantial up-regula-
tion of IRF3 phosphorylation in the presence of either pan-
caspase or caspase-8-specific inhibitor, but not the presence of
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Fig. 5. The immunosuppression by
UL36 counterbalances the immu-
noenhancing effect of its anti-apo-
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CGAS plus FLAG-STING together with
the plasmid of FLAG-UL36 or FLAG-
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caspase-9-specific inhibitor (Fig. 6, D to G). Therefore, these results
indicate that the immunosuppressing activity of UL36 specifically
neutralized the immunoenhancing effect caused by caspase-8
inhibition.

Together, our findings show that during HCMV infection, UL36
can simultaneously confer both immunosuppressing and anti-apo-
ptotic functions, which are functionally independent with each

Ren et al., Sci. Adv. 9, eadi6586 (2023) 4 October 2023

other, and the immunosuppression mediated by UL36 counterbal-
ances the immunoenhancing effect of caspase-8 inhibition mediat-
ed by the same viral protein.
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Fig. 6. UL36 suppresses the immunoenhancing effect caused by its inhibition on caspase-8. (A) HFFs stably expressing UL36, UL36¢;31r, UL3651777, Or empty vector
were uninfected or infected with HCMVp 36 (MOl = 1). At 0, 6, and 12 h.p.i,, cell lysates were subjected to immunoprecipitation with anti-IRF3 antibody, followed by
immunoblots with the indicated antibodies. (B and C) HFFs stably expressing UL36y (B), UL36s;,77 (C), or empty vector were infected with HCMVp 3¢ (MOl = 1) in the
absence or presence of z-[ETD-FMK (10 pM or 20 uM). At 12 h.p.i., cell lysates were subject to immunoblots with the indicated antibodies. (D to G) HFFs were infected with
HCMV or HCMV 136 (MOI = 1) in the absence (D) or presence of z-VAD-FMK (E), z-IETD-FMK (F), or z-LEHD-FMK (G). At 0, 6, and 12 h.p.i., cell lysates were subject to
immunoblots with the indicated antibodies. Immunoblots are representative of three independent experiments.
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Both the immunosuppressing and anti-apoptotic activities
of UL36 are critical for HCMV replication

To further study the functional importance of the dual inhibitory
function of HCMV UL36 on both innate immunity and apoptosis,
we assessed how losing either immunosuppressing or anti-apopto-
tic activity, or both, affects the replication of HCMV. For this
purpose, HCMV zyp 36 was used to infect HFFs or THP1-derived
macrophages ectopically expressing wild-type or distinct UL36
mutant via the lentiviral or Tet-On doxycycline-inducible system
as indicated, followed by assessing viral replication via measuring
the expression levels of HCMV genes, including IEI, IE2, and
pp65, or the 50% tissue culture infectious dose (TCIDs), at 96
hours post-infection (h.p.i.) (Fig. 7, A and B, and fig. S7, A to C).
Our data show that compared with that of empty vector, restoring
UL36ywr expression substantially enhanced the viral replication in
HCMV yprse-infected cells, while the expression of either
UL36¢131r Or UL36g;7,7 only partially restored viral replication.

Moreover, similar experiments were performed in the presence
of distinct caspase inhibitors. In the presence of either pan-caspase
inhibitor z-VAD-FMK or caspase-8-specific inhibitor z-IETD-
FMK, the expression of anti-apoptosis—deficient UL36¢;31r
showed a similar effect on enhancing the replication of
HCMV sup36 compared with that of UL36vy, while the immuno-
suppression-deficient UL36s,,,7 failed to increase viral replication
compared with empty vector (Fig. 7, C to F, and fig. S7, D and E). In
contrast, the effect of wild-type or distinct UL36 mutant on
HCMV surse replication showed a similar pattern between that in
the presence of caspase-9—specific z-LEHD-FMK or in the
absence of any caspase inhibitor (Fig. 7, G and H vs. Fig. 7, A
and B), highlighting that the functional importance of UL36
depends on its specific inhibition on caspase-8.

Furthermore, we assessed the effect of wild-type or distinct UL36
mutant on viral replication in the context of abrogating cGAS-
STING signaling in HFFs. Our data showed that in cells with the
deficiency of either STING or cGAS, the expression of immunosup-
pression-deficient UL36g;,,1 showed a similar effect on enhancing
the replication of HCMV zyy 36 compared with that of UL36v,
while the anti-apoptosis—deficient UL36¢,3,r failed to increase
viral replication compared with empty vector (fig. S8).

In conclusion, our findings demonstrate that the inhibitory ac-
tivities on both IRF3-dependent immune signaling and extrinsic
apoptosis/caspase-8 are pivotal for the efficient replication
of HCMV.

DISCUSSION

Viral infections can induce both extrinsic and intrinsic apoptosis,
resulting in the removal of infected cells from host organisms (44,
45). As countermeasures, viruses use various strategies, particularly
by encoding diverse apoptotic inhibitors, to antagonize both apo-
ptotic pathways (27, 46). For HCMYV, the viral protein UL36 has
long been found to antagonize extrinsic apoptosis by directly
binding pro—caspase-8 to prevent cleavage into active caspase-8,
which makes UL36 being named vICA as well (37). On the other
hand, caspase-8 has been reported to inhibit IRF3 activation by me-
diating the cleavage of RIP1, while inhibition of caspase-8 can lead
to enhanced phosphorylation/activation of IRF3 (38). Therefore, a
rational speculation is that the inhibition of caspase-8/extrinsic ap-
optosis should induce IRF3 activation as well as downstream IRF3-

Ren et al., Sci. Adv. 9, eadi6586 (2023) 4 October 2023

dependent immune signaling; such an induction of innate antiviral
immunity would inevitably lead to a detrimental intracellular mi-
croenvironment for HCMV infection and replication.

However, our initial experiments by either knocking down or
overexpressing UL36 in HCMV-infected cells led to an unexpected
but very interesting result that neither knockdown nor overexpres-
sion of UL36 showed any impact on IRF3 activation or immune sig-
naling. Our further studies revealed that in addition to its anti-
apoptotic activity, HCMV UL36 can inhibit IRF3-dependent
immune signaling by directly targeting IRF3 to abrogate IRF3 inter-
action with STING or TBK1 and inhibit IRF3 activation, thereby
leading to the suppression of IRF3-dependent immune signaling.
Considering that inhibition of caspase-8 by UL36 can lead to
IRF3 activation, directly targeting IRF3 itself before its activation
and nuclear translocation, rather than some upstream factors, is
an ideal way to block the downstream immune signaling (Fig. 8).

We then took advantage of different UL36 mutants that lose
either the anti-apoptotic or immunosuppressing activity, or both.
We find that the two inhibitory activities of UL36 are mediated
by different regions/residues within UL36 and are functionally in-
dependent. Besides, the anti-extrinsic apoptosis/caspase-8 activity
of UL36 does cause the up-regulation of IRF3 activation and down-
stream signaling, which can be effectively counterbalanced by the
immunosuppressing activity of the same viral protein during
HCMYV infection. These findings also provide the explanation
about why overexpressing or knocking down UL36 was unable to
show either immunoenhancing or immunosuppressing effect in
HCMV-infected cells, as the effects of these two activities were mu-
tually neutralized. On the other hand, although the mutual neutral-
ization makes the effect of UL36 on immune signaling inevident,
only the wild-type, but not UL36 mutant losing either activity,
was sufficient to support effective HCMV replication in cells, high-
lighting the functional importance of the dual inhibition of UL36
on both extrinsic apoptosis and IRF3-dependent immune signaling.

Our previous study has found that the HCMV-encoded UL37x1
protein can simultaneously inhibit both intrinsic apoptosis and
innate immunity (47). The inhibition of apoptosis is of particular
importance for HCMYV to establish infection and latency. Therefore,
the same virus encodes two distinct viral proteins, UL36 and
UL37x1, to respectively inhibit extrinsic and intrinsic apoptotic
pathways. UL36 and UL37x1 can confer immunosuppressing activ-
ities by directly targeting IRF3 and TBK1, respectively, and these
immunosuppression efficiently counterbalance the corresponding
immunoenhancing “side effects” caused by their different anti-ap-
optotic activities, thereby ensuring a balanced, favorable intracellu-
lar microenvironment for HCMYV life cycle.

HCMYV UL36 and its ortholog proteins belong to the US22
family of herpesviral proteins, and Cys'*' and Ser'”’, the key resi-
dues for inhibiting caspase-8 and IRF3 activations, respectively, are
conserved within multiple HCMV strains, including the strain
Towne used in the current study and other commonly used
strains like Merlin (37, 41). On the other hand, a highly passaged,
laboratory-adapted HCMYV strain AD169 (HCMVp149) bears the
C131R mutation within UL36, which makes HCMV s p;69-UL36 in-
capable of binding pro—caspase-8 and inhibiting extrinsic apoptosis
(37); this UL36 protein also contains the S177T mutation, making it
defective in binding IRF3 and suppressing IRF3-dependent
immune signaling. These findings imply that the anti-apoptotic
and immunosuppressing activities of HCMV UL36 are tightly
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Fig. 7. Both the immunosuppressing and anti-apoptotic activities of UL36 are critical for HCMV replication. (A to H) HFFs stably expressing UL36, UL36¢131r,
UL36s,777, or empty vector were infected with HCMV,y 36 (MOl = 1) in the absence (A and B) or presence of z-VAD-FMK (C and D), z-LEHD-FMK (E and F), or z-IETD-
FMK (G and H). At 96 h.p.i., the mRNA levels of the indicated HCMV genes in HFFs were measured by qRT-PCR (A, C, E, and G), and supernatants were harvested for
measurements of the viral titers with standard TCIDs, assays (B, D, F, and H). Graph shows mean + SD (n = 4 biologically independent experiments). Statistical significance

was determined by one-way ANOVA.
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Fig. 8. Model for the dual inhibition of IRF3-dependent innate immune and
caspase-8/extrinsic apoptosis by HCMV UL36. Caspase-8 can inhibit IRF3 phos-
phorylation/activation by cleaving RIP1, while HCMV-expressed UL36 directly
binds to pro—caspase-8 to prevent its cleavage into active caspase-8, thereby en-
hancing IRF3 phosphorylation/activation. On the other hand, UL36 can directly
target IRF3 to inhibit its interaction with TBK1 or STING, resulting in the suppres-
sion of IRF3 activation and downstream immune signaling. This immunosuppress-
ing activity of UL36 counterbalances the immunoenhancing “side effect” of UL36's
anti-extrinsic apoptosis/caspase-8 activity.

interlocked in functionalities, suggesting that these two functions
face the same set of intracellular pressures (i.e., host antiviral defens-
es including apoptosis and innate immunity), which further em-
phasizes the functional importance of this dual inhibitory
mechanism. In addition to inhibiting extrinsic apoptosis, UL36
has been reported to inhibit necroptosis by mediating the degrada-
tion of mixed lineage kinase domain-like protein (MLKL), a termi-
nal mediator of necroptosis, and this anti-necroptotic activity is
mediated by the same residue Cys"*' responsible for anti-apoptosis
(8). Hence, UL36 is a multifunctional inhibitor for virus-induced
cell death and innate immunity, which is pivotal for HCMV
life cycle.

Immune evasion has particular importance for viruses to estab-
lish and maintain infection, and multiple HCMV-encoded proteins,
including UL31, UL37x1, UL42, UL44, UL82, UL83, and UL%4,
have been reported to inhibit host innate immunity by targeting dif-
ferent components of immune signaling pathways (17-22, 47). In
particular, similar to UL36, HCMV UL44 has been shown to inter-
act with and suppress IRF3 (19). In the presence of various HCMV
proteins with the capability of suppressing immune signaling and
even targeting IRF3 itself, it is intriguing to ask for the reason
why HCMYV uses a single protein, UL36, to confer such a dual sup-
pression. It is probable that HCMV must assure a synchronous
counterbalance for the immunoenhancing “side effect” of anti-ex-
trinsic apoptosis/caspase-8, and the integration of the two inhibito-
ry activities in one viral protein provides such an edge for HCMV.

Diverse viruses including herpesviruses, flaviviruses, poxviruses,
and enteroviruses have been found to use different strategies to
inhibit apoptosis (48—53). Therefore, how to overcome the inevita-
ble immunoenhancing “side effect” caused by apoptotic inhibition
should be serious challenges for most viruses, and it would be
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intriguing to find out how these viruses reach the balance
between anti-apoptosis and immune evasion. In conclusion, this
study uncovers that HCMV UL36 directly targets IRF3 to inhibit
its activation as well as downstream IRF3-dependent immune sig-
naling. Such an immunosuppression by UL36 counterbalances its
immunoenhancing effect as an inhibitor of caspase-8, and the
dual inhibition of UL36 on both extrinsic apoptosis and IRF3-de-
pendent immune signaling is pivotal for efficient HCMV replica-
tion. These findings demonstrate that HCMV uses a sophisticated
strategy to precisely control and balance anti-apoptosis and
immune evasion, which extends the knowledge about the immuno-
modulatory arsenals used by HCMYV to establish infections, and
sheds light onto developing potential therapies against this notori-
ous virus.

MATERIALS AND METHODS

Cell culture

293T cells were commercially obtained from the American Type
Culture Collection (ATCC). HFFs were kindly provided by Y.-Y.
Wang (Wuhan, Hubei). MRC5 cells were generously provided by
the National Virus Resource Center, Wuhan Institute of Virology,
Chinese Academy of Sciences (CAS). These cell lines were cultured
in Dulbecco’s modified Eagle's medium (Gibco, A4192101) con-
taining 10% fetal bovine serum (FBS) (Gibco, 10099141 C) and
1% streptomycin-penicillin (Gibco, 15140122) at 37°C in a CO,
incubator.

THP-1 cells were commercially obtained from the ATCC and
cultured in RPMI 1640 (Gibco, 11875119) containing 10% FBS
(Gibco, 10099141 C) and 1% streptomycin-penicillin (Gibco,
15140122) at 37°C in a CO, incubator. To obtain THP-1-derived
macrophages, THP-1 cells were treated with phorbol myristate
acetate (PMA; Merck, 16561-29-8) at a final concentration of 50
ng/ml.

Viruses

HCMYV (Towne strain) was provided by the National Virus Re-
source Center, Wuhan Institute of Virology, CAS. HCMV stock
was prepared on MRC5 cells, and the virus titer was determined
by standard TCIDs, assays. HCMV (MOI = 2) infected THP-1-
derived macrophages in the presence of PMA (50 ng/ml) and 5
mM hydrocortisone (MCE, HY-N0583). Cells were harvested at
the indicated h.p.i. for further analysis.

CRISPR/Cas9-mediated genome editing of HCMV

Potential guide RNAs (gRNAs) targeting UL36 gene were analyzed
using the CRISPR Design tool. Double-stranded oligos were cloned
into the lentiCRISPRv2 vector and cotransfected with packaging
plasmids into 293T cells. Lentiviral particles were collected and
used to transduce MRCS5 cells. The MRC5-gRNA cells were infected
with serial dilution of HCMV in 96-well plates 20 days before quan-
titative real-time polymerase chain reaction (QRT-PCR) and immu-
noblot analysis with antibodies. To gain the complete HCMV pyy.36
strain, the second screen was performed similarly as previously de-
scribed. The HCMV syyp.36 single-clone strain was amplified in the
MRC5-UL36 cells. The UL36 gRNA target sequence is 5'-CGCA-
CACCTTGAAACGCCGT-3'.
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Plasmids, siRNAs, and transfection

Plasmid construction was described previously (54). In brief, the
DNA fragment of UL36 was amplified from the HCMV genome
and then digested with restriction enzymes (Sal I and Not I,
Thermo Fisher Scientific, ER0641 and ER0593) and ligated to the
pRK-FLAG vector with T4 ligase (Thermo Fisher Scientific,
EP0061). The wild-type pRK-FLAG-UL36 construct was used as a
template to generate the mutant UL36 constructs. For Tet-On ex-
pression system, the DNA fragment of FLAG-tagged UL36 or
mutant was amplified from the corresponding pRK-FLAG-UL36
construct, and then cloned into pLVX-TetOne-Puro. The pRK-
FLAG or pRK-HA vectors for cGAS, STING, IRF3, IRF-5D, and
TBK1 were previously described (55). The pRK-FLAG vectors for
IRF3 truncations were generated using the vector for IRF3 as tem-
plate. The primers are listed in table S1. All mutations were con-
firmed by DNA sequencing.

Cells were seeded onto the dish 24 hours before z-VAD-FMK, z-
IETD-FMK, or z-LEHD-FMK (MCE, HY-16658B, HY-101297, and
HY-P1010) treatment or transfection, and plasmids were transient-
ly transfected by using Lipofectamine 2000 reagent (Thermo Fisher
Scientific, 11668019) according to the manufacturer’s instruction.

The siRNAs specifically targeting UL36 were synthesized by
RiboBio (Guangzhou, China). siRNA (100 nM) was transfected
with 3 pl of Lipofectamine 2000 reagent (Thermo Fisher Scientific)
and 100 ul of Opti-MEM (Gibco, 22600134) into HFFs cultured in
24-well plates with the confluence of 50 to 70%. Cells were harvested
at 24 h.p.i,, and total RNAs were extracted. All the primers and ol-
igonucleotides used here are listed in table SI.

qRT-PCR and ELISA

These experiments were performed as previously described (55, 56).
In brief, cells were harvested and total RN A were isolated using a cell
total RNA isolation kit (Foregene, RE-03111). The first-strand
cDNA was reverse-transcribed with first-strand cDNA Synthesis
(Takara, D6110A).). Gene expression was examined with a Bio-
Rad SFX connect system by a QqRT-PCR SYBR Green Master Mix
(Yeasen, 11198ES03). Data were normalized to the expression of
the gene encoding B-actin. All the qRT-PCR primers used here
are listed in table S1. The assays were conducted using the ABI
QuantStudio Q3 real-time PCR system and the data were collected
using QuantStudio design and analysis software v1.4. Protein levels
of IFN-B (R&D Systems, QK410) and TNFa (Absin Bioscience,
abs510006) in samples were measured by standard enzyme-linked
immunosorbent assay (ELISA). ELISA was performed using a
Synergy H1 microplate reader (BioTek).

Reporter gene assays

293T cells were transiently transfected with the reporter plasmid
(100 ng) and an internal control vector phRL-TK-Renilla luciferase
(Promega, E1980) (20 ng) together with the indicated plasmids.
Empty vector was added to equalize the total amount of DNA.
After 24 hours, luciferase assays were performed with a dual-specif-
ic luciferase assay kit (Promega, E1980). The firefly luciferase activ-
ity was normalized by Renilla luciferase to obtain relative luciferase
activity.

Coimmunoprecipitation and immunoblots
These experiments were performed as previously described (57).
Cells were collected and lysed in lysis buffer containing 20 mM
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tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 1% protease
and phosphatase inhibitor cocktail (Targetmol, C0002). Cell lysates
were subjected to immunoblot analysis with the appropriate anti-
bodies. For immunoprecipitation assays, the lysates were immuno-
precipitated with protein G agarose and a control immunoglobulin
G (IgG) or the appropriate antibodies (all antibodies used here are
listed in table S2) and the precipitants were washed three times with
lysis buffer, followed by immunoblot analysis with enhanced
chemiluminescence ECL (4A Biotech, BN01036).

Lentivirus-mediated gene stable expression and Tet-on
gene expression

293T cells were transfected with pCDH-FLAG-UL36, pCDH-
FLAG-UL36s;771, pPCDH-FLAG-UL36¢13;14, Or the empty vector
along with the packaging vectors pSPAX2 and pMD2G. The
medium was changed with fresh full medium (10% FBS, 1% strep-
tomycin-penicillin, and 10 uM B-mercaptoethanol) 8 hours post-
transfection. After 48 hours, the supernatants were harvested to
infect HFFs, followed by puromycin selection for 1 week. For Tet-
On inducible gene expression, cells were treated with doxycycline
(500 ng/ml; Beyotime, ST039A).

In vitro pull-down assay

These experiments were performed as previously described (55). In
brief, the plasmids encoding GST and GST-UL36 were transformed
into BL21 competent cells, which were induced with IPTG (1 mM)
at 18°C for 16 hours. The cells were lysed in lysis buffer (20 mM tris—
HCI, 200 mM NaCl, 5% glycerol, and 0.3% Triton X-100) and the
proteins were purified through affinity chromatography using a
matrix (Transgen Biotech, DP201-01) followed by glutathione (10
mM in 50 mM tris—HCI) elution and dialysis. 293T cells were trans-
fected with plasmids encoding FLAG-IRF3 or its truncations. Cells
were lysed with NP-40 lysis buffer and the cell lysates were immu-
noprecipitated with anti-FLAG agarose (Sigma-Aldrich, A4596).
FLAG-IRF3 or its truncations was obtained by elution with
3xFLAG peptide [100 mg/ml in phosphate-buffered saline (PBS)]
(Sigma-Aldrich, SAE0194). The purified GST or GST-UL36 (5
ug) was incubated with FLAG-IRF3 or its truncations at 4°C for
overnight followed by glutathione agarose (Transgen Biotech,
DP501-01) pull-down for 2 hours in PBS containing protease inhib-
itors. The glutathione agarose was washed three times with PBS and
subject to immunoblot analysis.

Apoptosis detection assay

HFFs were collected by centrifugation at 1500g for 5 min and
washed three times with PBS, followed by detection of cell apoptosis
using the annexin V—fluorescein isothiocyanate (FITC) apoptosis
detection kit (Beyotime, C1062M). Briefly, 195 ul of annexin V-
FITC binding solution was added to resuspend cells gently. Then,
5 ul of annexin V=FITC and 10 pl of propidium iodide (PI) staining
solution were added, followed by gentle mixing, incubation at room
temperature (20 to 25°C) in the dark for 10 to 20 min, and incuba-
tion in an ice bath. Flow cytometry analysis was conducted within 1
hour. Early apoptosis: annexin V-FITC single positive, Q3; late ap-
optosis: annexin V-FITC and PI double positive, Q2; the percentage
of apoptotic cells was measured as the sum of Q2 and Q3. This
gating strategy was applied to all flow cytometry analyses in this
study. The flow cytometry assays were performed using the
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LSRFortessa X-20 cell analyzer (BD Biosciences) and the data were
analysed using FlowJo v10.6.2.

Immunofluorescence staining assay

HFFs seeded on the confocal dish were washed three times with PBS
and fixed with 3.7% formaldehyde in PBS for 30 min, then permea-
bilized by 1% Triton X-100 in PBS for 20 min. After blocking with
5% bovine serum albumin (BSA) in PBS for 60 min, cells were in-
cubated with appropriate antibodies diluted in 5% BSA at 4°C over-
night. After washing three times with PBS, cells were incubated with
Alexa Fluor 488- or Alexa Fluor 594—conjugated IgG (H + L) (AB-
clonal, AP1177 and AS039) diluted in 5% BSA for 30 min. After
washing cells three times with PBS, cell nuclei were stained with
DAPI (4,6-diamidino-2-phenylindole) (Invitrogen, D21490)
diluted in PBS for 5 min. Fluorescent signals were detected using
a Nikon Eclipse Ti microscope and the images were analyzed
with the NIS-Elements Viewer v9.11.02C.

Statistical analysis

GraphPad Prism (v8.0.2.263) was used for statistical analyses.
Sample size and number of repeats are indicated in the respective
figure legends. Statistical significance was calculated by one-way
or two-way analysis of variance (ANOVA) as indicated in the
legends. No animals or data points were excluded from the analyses.

Correction (10 November 2023): After publication, the authors alerted the editorial office to
an error with the labels in Fig. 4, D and E. In Fig. 4D, the tag names at the top of the panel were
swapped. This has been corrected so that HA-IRF3 is the first label with FLAG-STING the second
label. In Fig. 4E, "FLAG-IRF3" was mislabeled as "FLAG-STING" on the right side of the figure and
has been corrected.

Supplementary Materials
This PDF file includes:

Figs. S1 to S8

Tables S1 and S2
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