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ABSTRACT Cyclic GMP-AMP synthase (cGAS) senses double-stranded DNA and syn-
thesizes the second messenger cyclic GMP-AMP (cGAMP), which binds to mediator
of IRF3 activation (MITA) and initiates MITA-mediated signaling, leading to induction
of type | interferons (IFNs) and other antiviral effectors. Human cytomegalovirus (HCMV),
a widespread and opportunistic pathogen, antagonizes the host antiviral immune re-
sponse to establish latent infection. Here, we identified HCMV tegument protein
UL94 as an inhibitor of the cGAS-MITA-mediated antiviral response. Ectopic expres-
sion of UL94 impaired cytosolic double-stranded DNA (dsDNA)- and DNA virus-
triggered induction of type | IFNs and enhanced viral replication. Conversely, UL94
deficiency potentiated HCMV-induced transcription of type | IFNs and downstream
antiviral effectors and impaired viral replication. UL94 interacted with MITA, dis-
rupted the dimerization and translocation of MITA, and impaired the recruitment of
TBK1 to the MITA signalsome. These results suggest that UL94 plays an important
role in the immune evasion of HCMV.

IMPORTANCE Human cytomegalovirus (HCMV), a large double-stranded DNA
(dsDNA) virus, encodes more than 200 viral proteins. HCMV infection causes irrevers-
ible abnormalities of the central nervous system in newborns and severe syndromes
in organ transplantation patients or AIDS patients. It has been demonstrated that
HCMV has evolved multiple immune evasion strategies to establish latent infection.
Previous studies pay more attention to the mechanism by which HCMV evades im-
mune response in the early phase of infection. In this study, we identified UL94 as a
negative regulator of the innate immune response, which functions in the late phase
of HCMV infection.
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he innate immune system is the first line of host defense against viral infection.

Pathogen-derived components known as pathogen-associated molecular patterns
(PAMPs) are recognized by host cellular pattern recognition receptors (PRRs), which
initiate signaling cascades that lead to the induction of type | interferons (IFNs) and
proinflammatory cytokines. Subsequently, these cytokines trigger a wide range of
antiviral responses, including the suppression of viral replication, elimination of virus-
infected cells, and facilitated activation of adaptive immune responses (1-3).

Viral nucleic acids, a type of potent PAMP, can be recognized by PRRs which sense
cytoplasmic DNA and RNA (4, 5). Cyclic GMP-AMP synthase (cGAS), a member of
nucleotidyltransferase family, has been demonstrated as a universal DNA sensor that
detects cytosolic viral DNA in various cells and in mice (6, 7). Upon sensing cytosolic
DNA, cGAS utilizes ATP and GTP as the substrates to synthesize the second messenger
cyclic GMP-AMP (cGAMP), which then binds to the adaptor protein mediator of IRF3
activation (MITA; also called STING, ERIS, MPYS, and TMEM173) (8-11). MITA undergoes
dimerization and then traffics from the endoplasmic reticulum (ER) via the Golgi
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apparatus to perinuclear microsomes. In this process, TBK1 and IRF3 are recruited to the
MITA signalsome and activated. The activated IRF3 subsequently translocates into the
nucleus and initiates the induction of type | IFNs (12, 13).

Human cytomegalovirus (HCMV), a typical double-stranded DNA (dsDNA) virus, is a
widespread and opportunistic pathogen that belongs to the beta herpesvirus family
and encodes more than 200 viral proteins (14). HCMV infection rarely causes severe
diseases in immunocompetent individuals but leads to irreversible abnormalities of the
central nervous system in newborns and severe syndromes in immunocompromised
adults, such as organ transplantation patients or AIDS patients (15-17). During its
evolution, HCMV obtained multiple immune evasion strategies to establish latent
infection (18). Previous research has demonstrated that HCMV UL31 and UL83 impair
the enzymatic activity of cGAS and inhibit the production of cGAMP (19, 20). It has also
been reported that the tegument protein UL82 impedes the trafficking of MITA and
assembly of MITA-TBK1-IRF3 complexes (21). In addition, the nucleus-localized UL44
suppresses IRF3- and NF-«kB-mediated transcription of type | IFNs (22). However, these
studies all focused on the early phase of infection, the mechanism by which HCMV
evades immune response in the late phase of infection has not yet been elucidated.

HCMV UL94 is expressed with true late kinetics and acts as a structural component
to facilitate the secondary envelopment of virions (23-25). In this study, we identified
UL94 as an inhibitor of the MITA-mediated innate immune response. Overexpression of
UL94 inhibited the viral DNA-triggered induction of type | IFNs and downstream
antiviral genes, whereas UL94 deficiency had opposite effects. UL94 associated with
MITA disrupted the dimerization of MITA and recruitment of TBK1 to the MITA signal-
some. Therefore, UL94 impaired MITA-mediated antiviral signaling and contributed to
HCMV replication. These findings expand our knowledge of HCMV immune evasion at
the late phase of infection.

RESULTS

UL94 inhibits cGAS-MITA-mediated signaling. It has been demonstrated that the
cGAS-MITA axis plays a pivotal role in the antiviral response to HCMV infection (26). To
identify HCMV proteins that have inhibitory functions on cGAS-MITA-mediated signal-
ing, HEK293T cells were transfected with HCMV expression clones encoding individual
proteins and expression plasmids of cGAS and MITA along with the IFN-B promoter,
and reporter assays were performed to screen candidate proteins which inhibited
cGAS-MITA-mediated activation of the IFN-B promoter. In this screen, we identified
UL94 as a potential inhibitor. We found that overexpression of UL94 inhibited cGAS-
MITA-mediated activation of the IFN-B promoter and NF-«B in a dose-dependent
manner in HEK293T cells (Fig. 1A). In similar experiments, HCMV tegument protein
UL82, which has been reported as an inhibitor of cGAS-MITA-mediated antiviral im-
mune responses (21), also suppressed cGAS-MITA-triggered activation of IFN-B pro-
moter, whereas the HCMV integral membrane protein UL50 had no marked effects on
cGAS-MITA-mediated signaling (Fig. 1A). Quantitative PCR (qPCR) analysis indicated
that overexpression of UL94 inhibited cGAS-MITA-triggered transcription of IFNBI,
CXCL10, and RANTES in HEK293T cells (Fig. 1B). In contrast, UL94 showed little effects on
IFN-y-induced activation of IRF1 reporter or tumor necrosis factor alpha (TNF-«)-
induced activation of NF-kB (Fig. 1C). Overexpression of UL94 also had no marked
effects on IFN-B-triggered phosphorylation of STAT1 and STAT2 in HEK293T cells (Fig.
1D). These results suggest that UL94 specifically downregulates cGAS-MITA-mediated
induction of type | IFNs and downstream antiviral genes.

UL94 antagonizes the viral DNA-triggered antiviral immune response. It was
previously reported that human primary foreskin fibroblasts (HFFs) are able to activate
cGAS-MITA signaling and express type | IFNs in response to HCMV infection (27). We
established HFF cells stably expressing UL94 (HFF-UL94) by lentiviral transduction.
Following HCMV infection, transcription of IFNB1, IL6, and CXCL10 genes in HFF-UL94
cells was significantly impaired in comparison with that in the control cells (Fig. 2A). In
addition, transcription of the antiviral genes triggered by other DNA viruses such as
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FIG 1 Identification of HCMV UL94 as an inhibitor of cGAS-MITA-mediated signaling. (A) UL94 inhibits cGAS-MITA-
mediated activation of the IFN-B promoter and NF-«B in a dose-dependent manner. HEK293T cells (1 X 10°) were
transfected with the luciferase reporter of IFN-f promoter (0.05 ng) or NF-«B (0.005 ng) plus expression plasmids
for cGAS (0.01 ng), MITA (0.02 ng), or an empty vector (0.03 ng; Vec) as well as the indicated amounts of UL94,
UL82, and UL50 plasmids for 24 h before luciferase assays. The levels of transfected proteins were examined by
immunoblots. (B) UL94 inhibits cGAS-MITA-induced transcription of antiviral genes in a dose-dependent manner.
HEK293T cells (4 X 10°) were transfected with cGAS (0.05 ug) and MITA (0.1 ng) or an empty vector plus the
indicated amounts of UL94 plasmid for 24 h before qPCR analysis. The levels of transfected proteins were examined
by immunoblots. (C) Effects of UL94 on IFN-y- or TNF-a-induced signaling. HEK293T cells (1 X 10°) were transfected
with the IRF1 (0.05 ng) or NF-«B (0.005 png) luciferase reporter and the indicated amounts of UL94 plasmid for 24
h. The cells were then left untreated or treated with IFN-y (100 ng/ml) or TNF-a (10 ng/ml) for 12 h before luciferase
assays. The levels of transfected proteins were examined by immunoblots. (D) Effects of UL94 on IFN-B-induced
phosphorylation of downstream components. HEK293T cells (4 X 10°) were transfected with UL94 plasmid (0.5 ug)
for 24 h. The cells were then treated with IFN-B (100 ng/ml) for the indicated times before immunoblot analysis
were performed with the indicated antibodies. Graphs show means =+ standard deviations (SDs), n = 3.*, P < 0.05;
** P < 0.01; ns, not significant (unpaired t test).

herpes simplex virus 1 (HSV-1) and vaccinia virus (VACV) as well as by various trans-
fected dsDNAs that represent the genome fragments of HSV-1 and VACV, was also
markedly impaired in HFF-UL94 cells (Fig. 2A and B). In contrast, UL94 showed no
effects on the RNA virus Sendai virus (SeV)-triggered induction of antiviral genes (Fig.
2C). Additionally, secretion of IFN-B was also remarkably impaired in HFF-UL94 cells
following HCMV and HSV-1 but not SeV infection (Fig. 2D). Since the phosphorylations
of TBK1 and IRF3 are key events in the activation of cGAS-MITA-mediated signaling, we
further investigated the effects of UL94 on these processes. As shown in Fig. 2E and F,
UL94 significantly inhibited HCMV- and transfected HSV120-triggered but not SeV-
triggered phosphorylations of TBK1 and IRF3. These results suggest that UL94 acts as
an inhibitor for DNA virus-triggered induction of type | IFNs and downstream antiviral
genes.

UL94 deficiency enhances the innate antiviral response against HCMV. It was
previously reported that UL94 is a true late protein (25). To better detect the protein of
UL94, we generated a recombinant HCMV strain (HCMV-UL94-HA) by BAC, in which a
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FIG 2 UL94 negatively regulates viral DNA-triggered signaling. (A) UL94 inhibits HCMV, HSV-1, or VACV-triggered
transcription of antiviral genes in HFFs. HFFs stably expressing UL94 (4 X 10°) were left uninfected or infected with
HCMV (multiplicity of infection [MOI] = 1), HSV-1 (MOI = 1), or VACV (MOI = 1) for 6 h before qPCR analysis. (B)
Effects of UL94 on transcription of antiviral genes induced by transfected dsDNA in HFFs. HFFs stably expressing
UL94 (4 X 10%) were transfected with the synthesized dsDNA representing a 60-bp or 120-bp fragment of HSV-1
genome (HSV60 or HSV120, respectively) or a 70-bp fragment of VACV genome (VACV70) (1 ug/ml) for 6 h before
gPCR analysis. (C) Effects of UL94 on SeV-induced transcription of antiviral genes in HFFs. HFFs stably expressing
UL94 (4 X 10°) were left uninfected or infected with SeV (MOI = 1) for the indicated times before qPCR analysis. (D)
Effects of UL94 on secreted IFN-B in HFFs. HFFs stably expressing UL94 (4 X 10°) were left uninfected or infected
with HCMV (MOI = 1), HSV-1 (MOI = 1), or SeV (MOI = 1) for 12 h before measurement of IFN-f by ELISA. (E) Effects
of UL94 on the phosphorylation of TBK1 and IRF3 induced by HCMV and transfected HSV120 in HFFs. HFFs stably
expressing UL94 (4 X 10°) were left uninfected or infected with HCMV (MOI = 1), or transfected with HSV120
(1 pg/ml) for the indicated times before immunoblot analyses were performed with the indicated antibodies. (F)
Effects of UL94 on SeV-induced phosphorylation of TBK1 and IRF3 in HFFs. HFFs stably expressing UL94 (4 X 10%)
were left uninfected or infected with SeV (MOI = 1) for the indicated times before immunoblot analyses were
performed with the indicated antibodies. Graphs show means = SDs, n = 3. *, P < 0.05; **, P < 0.01 (unpaired t
test).

hemagglutinin (HA) tag was inserted at the C terminus of UL94 without interruption of
the reading frame. Following HCMV infection, the mRNA of UL94 was detected at 24 h
postinfection and rapidly enriched at 48 h postinfection (Fig. 3A). Consistently, the
protein of UL94 was not detectable before 24 h postinfection but readily detected at
48 and 72 h postinfection (Fig. 3B). To determine whether UL94 is present in the virion,
we performed an immunoblot analysis with purified viruses. As expected, UL94, UL82,
and UL44, which all have been reported as HCMV structural proteins (24, 28, 29), were
detected in virions (Fig. 3C). To confirm the function of UL94 in HCMV immune evasion,
we constructed two UL94 short hairpin RNA (shRNA) plasmids that markedly inhibited
the expression of UL94 but not UL82 or UL44 (Fig. 3D). gPCR analysis showed that the
UL94 shRNAs remarkably knocked down the transcription of HCMV UL94 (Fig. 3E).
Knockdown of UL94 obviously increased HCMV-induced transcription of IFNB1, CXCL10,
and ISG56 genes (Fig. 3E) and enhanced phosphorylation of TBK1 and IRF3 (Fig. 3F) in
HFFs. In contrast, knockdown of UL94 showed no effects on HSV-1-induced transcrip-
tion of antiviral genes (Fig. 3G). These results suggest that UL94 negatively regulates
the innate immune response to HCMV.

June 2020 Volume 94 Issue 12 e00022-20

Journal of Virology

jviasm.org 4


https://jvi.asm.org

HCMV UL94 Targets MITA for Immune Evasion

5 2500

UL94

HCMV c HCMV

& 2000 0 6 12 24 48 72(h) virion

= 1500 w ] -UL94-HA []-UL94-HA

2 1000 — UL 82 -uLs2

€ 500 — = [W&]-uL44
ol — et

HCMV:0 3 6 1224 48 72 (

D E HFF
UL94- oCon ®BUL94-shRNA#1  m UL94-shRNA#2
shRNA UL94 IFNB1 CXCL10 1SG56
Con #1#2 400 Ex
— -UL94-HA 300
-uL82 560
UL44
= 100
0 0 0 0
HCMV: 0 24 48 72 0 24 48 72 0 24 48 72 0 24 48 72 (h)
= UL94-shRNA G
Con #1 #2 HEE

HCMV: 0 244872 0 244872 0 244872 (h)

IFNB1 CXCL10 RANTES

100 a Con
— - == e TBKT g g ns ® UL94-ShRNA#2
o - — = = = — —|-TBK1 9% 60
- pIRF3 < 40
X 20
(— — — »“——..——-'RF\?) E 0 0
- - - |-uLs2 & 6{- NN
. I’ e
B-actin Q\ Q\ NS
H u&b‘ | HFF
> > IFNB1 IL6 ISG56 RANTES
S 55] = 207 = 100 0 HCMV-UL94-HA
F¥ a4 15 80 100 ® HCMV-AUL94
= J-ULos < g =10 - 28
e |-UL94-HA x 5 20
———-L82 € 0 0 0
s w--UL44 04872 04872 0 48 72 0 48 72 (h)
J HCMV K
UL94-HA  AUL94 il
0 4872 0 48 72 (h) RANTES CXCL10
- — —]-p-TBK1 o Vec-HCMV
UL94-HCMV
TBK1 = Vec-HCMV-UV
- -p-IRF3 m UL94-HCMV-UV
IRF3
- -UL94-HA
— ~|-uLs2 12 (h)
B-actin

FIG 3 UL94 deficiency potentiates HCMV-induced antiviral response. (A and B) Expression of UL94 following HCMV infection. HFF
cells (2 X 107) were infected with HCMV-UL94-HA (MOI = 3) for the indicated times before gPCR (A) or immunoblot (B) analyses
were performed. (C) UL94 is present in the virion. Purified HCMV-UL94-HA viruses were analyzed by immunoblot assay with the
indicated antibodies. (D) Effects of UL94-shRNAs on expression of UL94. HFFs stably expressing UL94 shRNA (2 X 107) were
infected with HCMV-UL94-HA (MOI = 3) for 48 h before immunoblot analyses were performed with the indicated antibodies. (E)
Knockdown of UL94 enhances HCMV-induced transcription of antiviral genes in HFFs. HFFs stably expressing UL94 shRNA (4 X 10%)
were left uninfected or infected with HCMV (MOI = 1) for the indicated times before qPCR analysis. (F) Knockdown of UL94
potentiates HCMV-induced phosphorylation of TBK1 and IRF3 in HFFs. HFFs stably expressing UL94 shRNA (4 X 10°) were left
uninfected or infected with HCMV (MOI = 1) for the indicated times before immunoblot analyses were performed with the
indicated antibodies. (G) Effects of UL94 knockdown on HSV-1-induced transcription of antiviral genes in HFFs. HFFs stably
expressing UL94 shRNA (4 X 10%) were left uninfected or infected with HSV-1 (MOl = 1) for 10 h before gPCR analysis. (H)
Confirmation of UL94 deficiency of HCMV-AUL94. HFFs (2 X 107) were infected with HCMV-UL94-HA (MOI = 3) or HCMV-AUL94
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To further confirm the role of UL94, we generated a UL94-deficient HCMV strain
(HCMV-AUL94) by introducing a C-to-A point mutation at 24 bp of the UL94 coding
sequence, which resulted in a premature stop codon at this position. The recombinant
virus was confirmed by sequencing. Additionally, immunoblot analysis confirmed the
knockout of UL94 (Fig. 3H). We next examined the effects of UL94 deficiency on
HCMV-triggered induction of antiviral genes. qPCR analysis indicated that mRNA levels
of IFNB1, IL6, I1SG56, and RANTES genes induced by UL94-deficient HCMV were signifi-
cantly higher at 48 and 72 h postinfection than that induced by HCMV-UL94-HA in HFFs
(Fig. 3I). The expression of antiviral genes induced by HCMV was weakened at 72 h
postinfection, suggesting that induction of cytokines is regulated by elaborate mech-
anisms to prevent excessive immune responses. Consistently, UL94-deficient HCMV also
induced higher levels of TBK1 and IRF3 phosphorylation at the late phase of infection
(Fig. 3J). Furthermore, we treated HCMV with UV. UV-treated HCMV, which is capable of
infection but not transcription or translation, induced higher transcription of antiviral
genes such as RANTES and CXCL10 than untreated viruses. Notably, UL94 also inhibited
transcription of antiviral genes triggered by UV-treated HCMV, indicating that UL94
directly affects HCMV-induced transcription of antiviral genes (Fig. 3K). Taken together,
these results suggest that UL94 plays an important role in the inhibition of the
HCMV-triggered innate immune response.

UL94 mediates HCMV immune evasion. Since UL94 inhibits HCMV-triggered
induction of type | IFNs, we next investigated the role of UL94 in HCMV immune
evasion. PCR analysis showed that at the early phase of HCMV infection, the levels of
viral genome indicated by UL44, UL83, UL122, and UL123 genes showed little difference
in control and UL94-expressing cells (Fig. 4A), suggesting that UL94 has no marked
effects on HCMV infection at the early phase. UL94 enhanced expression of HCMV
proteins at late phase of infection, whereas UL94 deficiency showed the opposite effect
(Fig. 4B and C). Consistently, 50% tissue culture infective dose (TCID,,) assays indicated
that UL94 markedly increased HCMV replication at 5 days postinfection (Fig. 4D). Next,
to further investigate whether cGAS-MITA axis is involved in UL94-mediated immune
evasion, we generated MITA-deficient HFFs by the CRISPR-Cas9 system and infected
control and MITA-deficient cells with HCMV-UL94-HA or HCMV-AUL94 viruses. TCID5,
assays showed that the progeny viruses of HCMV-AUL94 were not detected in either
control or MITA-deficient HFFs (Fig. 4E), confirming from a previous report that UL94 is
crucial for virion envelopment and thus is essential for viral replication (25). We further
examined the role of UL94 in viral genome replication by analyzing levels of UL82 and
UL44 genes at different time points after infection. As shown in Fig. 4F, in control cells,
UL94 deficiency significantly impaired viral genome replication at 72 and 96 h postin-
fection. In MITA-deficient cells, UL94 deficiency had no marked effects on HCMV
genome replication at all times examined except 96 h. The difference at 96 h postin-
fection may have partially been caused by the generation of a large number of progeny
viruses by HCMV-UL94-HA (Fig. 4F). Notably, as shown in Fig. 4G, UL94 markedly
increased HCMV replication in control but not MITA-deficient HFF cells, suggesting that
UL94 enhances HCMV replication by interrupting MITA-mediated signaling. Taken
together, these results suggest an important role of UL94 in viral immune evasion.

UL94 interacts with MITA. Ectopic expression of UL94 impaired the second mes-
senger cGAMP-induced transcription of IFNB, CXCL10, RANTES, and ISG56 genes as well
as phosphorylation of TBK1 and IRF3 (Fig. 5A and B). Co-immunoprecipitation experi-

FIG 3 Legend (Continued)

(MOI = 3) for 48 h before immunoblot analyses were performed with the indicated antibodies. (I) UL94 deficiency enhances
HCMV-induced transcription of antiviral genes in HFFs. HFFs (4 X 10°) were infected with HCMV-UL94-HA (MOI = 1) or HCMV-
AUL94 (MOI = 1) for the indicated times before qPCR analysis. (J) UL94 deficiency enhances HCMV-induced phosphorylation of
TBK1 and IRF3 in HFFs. HFFs (4 X 105) were infected with HCMV-UL94-HA (MOI = 1) or HCMV-AUL94 (MOI = 1) for the indicated
times before immunoblot analyses were performed with the indicated antibodies. (K) UL94 inhibits UV-inactivated HCMV-triggered
transcription of antiviral genes in HFFs. HFFs stably expressing UL94 (4 X 10°) were left uninfected or infected with untreated or
UV-inactivated HCMV (MOI = 1) for the indicated times before qPCR analysis. Graphs show means * SDs, n = 3. *, P < 0.05; **,

P < 0.01 (unpaired t test).
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FIG 4 Role of UL94 in HCMV immune evasion. (A) Effects of UL94 on HCMV initial infection. HFFs stably expressing UL94
(4 X 10°) were left uninfected or infected with HCMV (MOI = 3) for the indicated times. Genomic DNA was extracted at the
indicated times postinfection for analysis of HCMV DNA with PCR assays. (B) UL94 enhances viral gene expression during
HCMV infection in HFFs. HFFs stably expressing UL94 (4 X 10°) were infected with HCMV (MOI = 3) for the indicated times
before immunoblot analyses were performed with the indicated antibodies. (C) Effects of UL94 deficiency on HCMV gene
expression. HFFs (2 X 107) were infected with HCMV-UL94-HA or HCMV-AUL94 (MOI = 3) for the indicated times before
immunoblot analyses were performed with the indicated antibodies. (D) UL94 enhances HCMV replication in HFFs. HFFs
stably expressing UL94 (1 X 106) were infected with HCMV (MOl = 1), and the supernatants were harvested at the
indicated times postinfection for measurements of viral titers with standard TCID,, assays. (E) Effects of UL94-deficiency on
HCMV replication. HFFs transduced with a control gRNA or MITA gRNA were infected with HCMV-UL94-HA or HCMV-AUL94
(MOI = 1). The supernatants were harvested at the indicated times postinfection for measurements of viral titers with
standard TCID,, assays in HFFs stably expressing UL94. (F) Effects of UL94 deficiency on viral genome replication during
HCMYV infection in HFFs. HFFs stably expressing MITA gRNA (4 X 10°) were infected with HCMV-UL94-HA or HCMV-AUL94
(MOI = 1), and genomic DNA was extracted at the indicated times postinfection for quantification of HCMV DNA with gPCR
assays. (G) UL94 facilitates HCMV replication via the MITA-mediated innate antiviral response. HFFs transduced with UL94
and a control gRNA or MITA gRNA were infected with HCMV (MOI = 1), and the supernatants were harvested at the
indicated times postinfection for measurements of viral titers with standard TCID,, assays. The protein levels of MITA and
UL94 were examined with immunoblot assays. Graphs show means + SDs, n = 3., P < 0.05; **, P < 0.01 (unpaired t test).
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FIG 5 UL94 targets MITA. (A) UL94 inhibits cGAMP-induced transcription of antiviral genes in HFFs. HFFs stably
expressing UL94 (4 X 10°) were transfected with cGAMP (0.2 ug/ml) for 3 h before gPCR analysis. (B) UL94 inhibits
c¢GAMP-induced phosphorylation of TBK1 and IRF3 in HFFs. HFFs stably expressing UL94 (4 X 10°) were transfected
with cGAMP (0.2 ng/ml) for 3 h before immunoblot analyses were performed with the indicated antibodies. (C)
Association of UL94 with MITA. HEK293T cells (2 X 10%) were transfected with the indicated plasmids for 24 h.
Co-immunoprecipitation and immunoblot analyses were performed with the indicated antibodies. (D) Endogenous
association of UL94 with MITA following HCMV infection. HFFs stably expressing Flag-tagged MITA (2 X 107) were
infected with HCMV-UL94-HA (MOI = 3) for 72 h. Co-immunoprecipitation and immunoblot analyses were per-
formed with the indicated antibodies. (E) UL94 directly binds to MITA. Purified GST-MITA (151 to 379) was bound
to glutathione agarose beads and incubated with purified His-UL94 for 3 h. Inmunoblot analyses were performed
with the indicated antibodies. (F) Domain mapping of the UL94-MITA association. HEK293T cells (2 X 10°) were
transfected with the indicated UL94 truncation mutants for 24 h before co-immunoprecipitation and immunoblot
analyses were performed with the indicated antibodies. (G) Effects of UL94 truncations on HCMV-induced
transcription of antiviral genes in HFFs. HFFs stably expressing UL94 or the indicated UL94 truncations (4 X 10°)
were left uninfected or infected with HCMV (MOI = 1) for 12 h before gPCR analysis. The protein levels of UL94 and
its truncations were examined with immunoblot assays. Graphs show means *+ SDs, n = 3.*, P < 0.05; **, P < 0.01
(unpaired t test).

ments indicated that UL94 specifically associated with MITA but not other components
of the signaling pathway such as cGAS, TBK1, IRF3, IKKq, IKKB, or p65 (Fig. 5C). To
further confirm the association of UL94 with MITA under physiological conditions, we
established HFF cells that stably express Flag-tagged MITA by lentivirus-mediated
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transduction. Semiendogenous co-immunoprecipitation experiments indicated that
UL94 was associated with MITA following HCMV-UL94-HA infection (Fig. 5D). In addi-
tion, in vitro pulldown assays showed that UL94 directly bound to MITA (151 to 379), a
truncation of MITA in which the N-terminal transmembrane domains have been
deleted, in a dose-dependent manner (Fig. 5E). Domain-mapping experiments indi-
cated that the N terminus of UL94 (amino acids [aa] 1 to 172) was essential for its
interaction with MITA (Fig. 5F). Notably, gPCR analysis indicated that UL94 and UL94 (aa
1 to 172) but not the MITA binding-defective mutant UL94 (aa 173 to 345) inhibited
HCMV-induced transcription of IFNBT and CXCL10 genes in HFFs (Fig. 5G). Taken
together, these findings suggest that UL94 inhibits the antiviral innate immune re-
sponse by targeting MITA.

UL94 impairs dimerization and trafficking of MITA. It has been demonstrated
that MITA dimerization and its trafficking from the ER via the Golgi apparatus to
perinuclear microsomes are crucial for its activation (9, 30). We then determined the
effects of UL94 on these events. Co-immunoprecipitation experiments indicated that
UL94 inhibited self-association of MITA (Fig. 6A). Consistently, UL94 also impaired
HCMV- and transfected HSV120-induced dimerization of MITA in HFFs (Fig. 6B). In
addition, confocal microscopy showed that compared with that in the control cells,
HSV120-induced accumulation of MITA in perinuclear microsomes was disrupted in
cells ectopically expressing UL94 (Fig. 6C). Previously, it was reported that TRAPS,
iRhom2, and SNX8 form a translocon complex which is involved in the trafficking of
MITA (8, 31, 32). Surprisingly, UL94 showed no effects on the association of MITA with
TRAP, iRhom2, or SNX8 in co-immunoprecipitation experiments (Fig. 6D). It has been
reported that the G158 of MITA is essential for its dimerization (33). Interestingly,
accumulation of MITA in perinuclear microsomes induced by dsDNA was dramatically
hindered in MITA-deficient cells reconstituted with the MITA G158L mutant (Fig. 6E),
indicating that dimerization of MITA is a prerequisite for its trafficking. Taken together,
these findings suggest that UL94 inhibits dimerization of MITA and consequently
disrupts the translocation of MITA to the perinuclear microsomes.

UL94 impairs recruitment of TBK1 to the MITA complex. MITA functions as a
scaffold protein to recruit TBK1 and IRF3 to the MITA signalsome in which IRF3 is
phosphorylated by TBK1 and activated, leading to subsequent induction of type I IFNs
(13, 34). We next examined whether UL94 affects recruitment of TBK1 and IRF3 to MITA.
Co-immunoprecipitation experiments indicated that UL94 impaired the association of
MITA with TBK1 but showed no effects on the interaction between MITA and IRF3 (Fig.
7A and B). Consistently, in vitro glutathione transferase (GST) pulldown assays indicated
that UL94 disrupted binding of MITA (151 to 379) to TBK1 but not IRF3 (Fig. 7C and D).
Taken together, these results suggest that UL94 selectively impairs recruitment of TBK1
to the MITA signalsome, leading to the inhibition of downstream signal transduction.

DISCUSSION

Herpesviruses are a large family of enveloped double-stranded DNA viruses, which
usually establish latent infection in hosts. The viral DNA can be recognized by cGAS,
which subsequently leads to induction of type | IFNs and antiviral effectors, resulting in
suppression of viral replication and elimination of virus-infected cells (6, 7, 35). How-
ever, herpesviruses have evolved multiple strategies to antagonize the innate immune
response, which is important for the establishment of life-long latent infection. For
example, it has been reported that the HSV-1 tegument protein UL37 and the Kaposi's
sarcoma-associated herpesvirus (KSHV) ORF52 inhibit the enzymatic activity of cGAS
and thus disrupt synthesis of cGAMP (36, 37). In addition, HSV-1 ICP27 and KSHV VIRF1
have been shown to target the MITA signalsome, thus inhibiting phosphorylation and
activation of the transcription factor IRF3 (38, 39). In the case of HCMV, multiple viral
proteins such as UL31, UL83, UL82, and UL42 have been demonstrated to antagonize
cGAS-MITA-mediated signaling at an early stage of infection (19-21, 40). However, the
mechanisms by which HCMV evades immune response in the late phase of infection
need more investigation.
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FIG 6 UL94 disrupts dimerization and translocation of MITA. (A) UL94 inhibits self-interaction of MITA. HEK293T
cells (2 X 10°) were transfected with the indicated plasmids for 24 h. Co-immunoprecipitation and immunoblot
analyses were performed with the indicated antibodies. (B) UL94 disrupts dimerization of MITA. HFFs stably
expressing UL94 (2 X 107) were left uninfected, infected with HCMV (MOI = 1), or transfected with HSV120
(1 pg/ml) for the indicated times. Immunoblot analyses were performed with the indicated antibodies. (C) UL94
impairs translocation of MITA to perinuclear microsome. Mita—/~ MLFs that had been reconstituted with MITA-Flag
and stably transduced with UL94-HA were transfected with HSV120 (1 wg/ml) for 3 h before confocal microscopy.
The aggregation ratio of MITA is shown in the histogram on the right. (D) UL94 has no effect on association of MITA
with the components of translocon complex. HEK293T cells (2 X 10¢) were transfected with the indicated plasmids
for 24 h. Co-immunoprecipitation and immunoblot analyses were performed with the indicated antibodies. (E)
Dimerization of MITA is required for its translocation. Mita—/— MLFs that had been reconstituted with MITA-WT or
MITA-G158L mutant were transfected with HSV120 (1 wg/ml) for 3 h before confocal microscopy.

The HCMV protein UL94 has been demonstrated as a true late protein (24). In our
study, UL94 was readily detected in the late phase (48 and 72 h postinfection) of
infection in both qPCR and immunoblot experiments (Fig. 3A and B). Previous studies
have reported that UL94 localizes in the cytoplasm and nuclei in transfected cells and
was detected predominantly in a juxtanuclear structure during HCMV infection (25).
Functionally, UL94 has been demonstrated to direct UL99 to the assembly complex and
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FIG 7 UL94 hinders the recruitment of TBK1 to MITA. (A and B) Effect of UL94 on the association between MITA
and TBK1 or IRF3. HEK293T cells (2 X 10°) were transfected with the indicated plasmids for 24 h. Co-
immunoprecipitation and immunoblot analyses were performed with the indicated antibodies. (C and D) Effects of
UL94 on binding of MITA to TBK1 or IRF3 in vitro. Purified GST-MITA (151 to 379) was bound to glutathione agarose
beads and incubated with lysates of HEK293T cells transiently expressing Flag-TBK1 (C) or Flag-IRF3 (D). Immu-

noblot analyses were performed with the indicated antibodies.

facilitate secondary envelopment of virions, which is essential for viral replication
(25, 41).

In a screen for HCMV proteins that inhibit the antiviral innate immune response, we
identified UL94 as a candidate. Overexpression of UL94 inhibited cGAS-MITA-, HCMV-,
and cytosolic dsDNA-induced transcription of type | IFNs and downstream antiviral
genes (Fig. 1B and 2A and B). Conversely, UL94 deficiency promoted HCMV-triggered
induction of antiviral genes (Fig. 3I). In addition, we found that UL94 enhanced HCMV
replication, whereas UL94 deficiency impaired viral replication (Fig. 4D to F). Several
evidences suggest that UL94 targets MITA for immune evasion. First, ectopic expression
of UL94 impaired cGAMP-induced downstream signaling (Fig. 5A and B). Second, both
co-immunoprecipitation experiments and in vitro pulldown assays showed that UL94
interacted with MITA (Fig. 5C to E). Third, the UL94 truncation mutant which lost its
ability to interact with MITA also failed to inhibit HCMV-induced transcription of type
I IFNs and downstream genes (Fig. 5F and G). Fourth, UL94 failed to enhance viral
replication in MITA-deficient cells (Fig. 4G). These data suggest that UL94 impairs the
innate immune response to DNA viruses by targeting MITA.

Further studies suggest that UL94 acts in two distinct mechanisms to inhibit the
function of MITA (Fig. 8). First, UL94 suppresses the dimerization of MITA in response
to HCMV infection (Fig. 6B), disrupting the translocation of MITA to perinuclear micro-
somes (Fig. 6C). In addition, as demonstrated in both co-immunoprecipitation experi-
ments and in vitro GST pulldown assays (Fig. 7A and C), UL94 directly impairs binding
of TBK1 to MITA, which is essential for the activation of IRF3 and induction of type | IFNs.

In our recent studies, we have identified HCMV UL82 and UL42 as MITA inhibitors.
However, these proteins and UL94 function by distinct mechanisms. First, both UL82
and UL42 are early proteins that were detected at 6 to 12 h postinfection. Nevertheless,
UL94 has been demonstrated to be a true late protein which could only be readily
detected at 48 h postinfection. Given the differences in the timing of expression, it is
reasonable to speculate that these proteins function at different stages following HCMV
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FIG 8 A working model on UL94-mediated HCMV immune evasion. Cytosolic DNA sensor cGAS recog-
nizes HCMV DNA and synthesizes the second messenger cGAMP. cGAMP binds to MITA, facilitating the
dimerization and oligomerization of MITA, and initiates translocation of MITA from the ER to perinuclear
microsomes. During this process, MITA recruits TBK1 and IRF3, leading to phosphorylation and activation
of IRF3 by TBK1. HCMV protein UL94 disrupts MITA dimerization and recruitment of TBK1 and therefore
inhibits the MITA-mediated innate immune response against HCMV infection.

infection, which collaborate to prolong the suppression of the host innate immune
response. Second, although UL82, UL42, and UL94 all impair the trafficking of MITA, the
detailed mechanisms are different. UL82 impedes trafficking of MITA by disrupting the
assembly of the MITA translocon complex, while UL42 impairs translocation of MITA by
facilitating the degradation of TRAPSB, which is a key component of the translocon
complex (21, 40). Notably, UL94 exhibited no effects on the formation or stability of the
MITA translocon complex. Instead, UL94 disrupts the dimerization of MITA, which is a
prerequisite for its translocation.

Taken together, in this study, we identified previously uncharacterized roles of UL94
in the immune evasion of HCMV during the late phase of infection. Combined with
results from a previous study, it is likely that UL94 is involved in both secondary
envelopment of virions and immune evasion. These findings expand our knowledge on
the mechanisms used by HCMV to ensure persistent immune suppression and enhance
our understanding of the virus-host interplay.

MATERIALS AND METHODS

Reagents, antibodies, cells and viruses. The following reagents and antibodies were purchased
from the indicated manufacturers: dual-specific luciferase assay kit (Promega); recombinant human IFN-y,
IFN-B, and TNF-a (R&D Systems); Polybrene (Millipore); puromycin and RNase inhibitor (Thermo); SYBR
(Bio-Rad); 2'3'-cGAMP and lipofectamine 2000 (Invitrogen); digitonin (Sigma); enzyme-linked immu-
nosorbent assay (ELISA) kits for human IFN-B (4A Biotech); mouse antibodies against Flag and B-actin
(Sigma), His and HA (OriGene), MyC (9B11), IKKB (8943S), and MITA (13647S) (Cell Signaling Technology);
and rabbit antibodies against TBK1 (ab109735; Abcam), IRF3 (11312-1-AP; Proteintech), phosphor-TBK1
(5172) (5483S), phosphor-IRF3 (S396) (4947S), phosphor-IKKa (Ser176)/B (Ser177) (2078S), phosphor-
STAT1 (Y701) (P1675), phosphor-STAT2 (Y690) (88410S), STAT1 (14994S), and STAT2 (72604S) (Cell
Signaling Technology). Antisera against UL94, UL82, and UL44 were generated by immunizing rabbits or
mice with purified recombinant UL94, UL82, and UL44 proteins.

HEK293T cells (transformed human embryonic kidney 293 cell line) were purchased from ATCC. HFFs
(human primary foreskin fibroblasts) were provided by Min-Hua Luo (Wuhan Institute of Virology, CAS).
Reconstituted Mita—/~ mouse lymphatic fibroblast (MLF) cells were generated as previously described
(31). HCMV (AD169) was provided by Min-Hua Luo (Wuhan Institute of Virology, CAS). SeV (Cantell strain)
was obtained from Charles River Laboratories. HSV-1 (KOS strain) and VACV (Tian-Tan strain) were
purchased from China Center for Type Culture Collection, Wuhan, China.
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Constructs. Mammalian expression plasmids for Flag-, HA-, His-, and Myc-tagged UL94 and its
truncation mutants were constructed by standard molecular cloning procedures. Expression plasmids for
HA-tagged cGAS, MITA, TBK1, IRF3, IKKe, IKKB, and p65 and the luciferase reporter plasmids of IFN-S,
IRF1, and NF-«B were previously described (11, 42, 43).

DNA oligonucleotides. The following oligonucleotides were used to stimulate cells: HSV120,
5'-AGACGGTATATTTTTGCGTTATCACTGTCCCGGATTGGACACGGTCTTGTGGGATAGGCATGCCCAGAAGGCA
TATTGGGTTAACCCCTTTTTATTTGTGGCGGGTTTTTTGGAGGACTT-3'; VACV70, 5'-CCATCAGAAAGAGGTTTA
ATATTTTTGTGAGACCATCGAAGAGAGAAAGAGATAAAACTTTTTTACGACT-3'; HSV60, 5'-TAAGACACGATGC
GATAAAATCTGTTTGTAAAATTTATTAAGGGTACAAATTGCCCTAGC-3'.

shRNA. Double-stranded oligonucleotides corresponding to the targeting sequences were cloned
into the pSuper-Retro RNAi plasmid (Oligoengine). The following sequences were targeted: UL94-shRNA
1, 5'-GCGACGGCGAATGGATCATCT-3'; UL94-shRNA 2, 5'-GGGAGACGGCCTGGATTATCA-3’; and control-
shRNA, 5'-GGAAGATGTATGGAGACATGG-3'.

Transfection and reporter assays. HEK293T cells were transfected by the standard calcium phos-
phate precipitation method. HFFs and MLFs were transfected with Lipofectamine 2000 according to the
manufacturer’s instructions. Empty control plasmid was added to ensure that each transfection received
the same amount of total DNA. To normalize for transfection efficiency, pRL-TK (Renilla luciferase)
reporter plasmid (0.01 ng) was included in each transfection. Luciferase assays were performed using a
dual-specific luciferase assay kit. Firefly luciferase activities were normalized on the basis of Renilla
luciferase activities.

Transduction of HFF cells. For generation of HFF cells stably expressing UL94-shRNAs, HEK293T cells
were transfected with two packaging plasmids, pGag-Pol (10 ng) and pVSV-G (3 ng) along with a control
or UL94-shRNA retroviral plasmid (10 wg). After 12 h, cells were incubated with new medium without
antibiotics for another 24 h. The recombinant virus-containing medium was filtered and then used to
infect HFF cells in the presence of Polybrene (6 ug/ml). The infected HFF cells were selected with
puromycin (1 wg/ml) for 2 weeks. Similar methods were utilized to establish HFFs stably expressing UL94
and HFFs transduced with MITA genomic RNA (gRNA).

Real-time PCR. Total RNA was isolated with TRIzol reagent (TaKaRa) and reverse transcribed to cDNA
for real-time PCR analysis. The mRNA abundances of targeted genes were normalized to human GAPDH.
Gene-specific primer sequences were as follows: GAPDH, GAGTCAACGGATTTGGTCGT (forward), GACAA
GCTTCCCGTTCTCAG (reverse); IFNB1, TTGTTGAGAACCTCCTGGCT (forward), TGACTATGGTCCAGGCACAG
(reverse); IL6, TTCTCCACAAGCGCCTTCGGTC (forward), TCTGTGTGGGGCGGCTACATCT (reverse); CXCL10,
GGTGAGAAGAGATGTCTGAATCC (forward), GTCCATCCTTGGAAGCACTGCA (reverse); RANTES, GGCAGCC
CTCGCTGTCATCC (forward), GCAGCAGGGTGTGGTGTCCG (reverse); 1SG56, TCATCAGGTCAAGGATAGTC
(forward), CCACACTGTATTTGGTGTCTAGG (reverse); UL44, TCGTGCTCCGTAACTATA (forward), GCTGAAG
AACTTCTACCA (reverse); UL82, ACGACACCGTAGACCTGACC (forward), AAAGAGGTGCAGTCCGCTAA (re-
verse); UL83, GCAGAACCAGTGGAAAGAGC (forward), GTCCTCTTCCACGTCAGAGC (reverse); UL94, CTTCG
GAGGTCCTTTGGGTC (forward), ACGTCGGGCGTAATACCATC (reverse); UL122, ACCATGCAGGTGAACA
ACAA (forward), GCAATTCTTTGAGGCTCCAC (reverse); UL123, CAAGGAGCACATGCTGAAAA (forward),
CATCCACATCTCCCGCTTAT (reverse).

ELISA. HFFs were infected with viruses for 12 h. The culture media were collected for measurement
of IFN-B by ELISA.

Co-immunoprecipitation and immunoblot analysis. HEK293T cells or HFFs were lysed with 1 ml
NP-40 lysis buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 10 ug/ml aprotinin,
10 ug/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride). For each immunoprecipitation, a 0.45-ml
aliquot of lysate was incubated with the control IgG or indicated antibody (0.5 ug), and protein G
Sepharose beads (25 ul) at 4 °C for 3 h. The Sepharose beads were collected and washed four times with
0.8 ml NP-40 lysis buffer containing 500 mM NaCl. Immunoblot analyses were performed as previously
described (42).

GST pulldown assay. GST-MITA (151-379) was bound to glutathione agarose beads and incubated
with purified His-UL94 or lysates of HEK293T cells transiently expressing Flag-TBK1 or Flag-IRF3 along
with an empty or HA-UL94 plasmid for 3 h. The beads were collected and washed three times with lysis
buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1T mM EDTA, 1% NP-40, 10 ug/ml aprotinin, 10 ug/ml
leupeptin, 1 mM phenylmethylsulfonyl fluoride). The beads were then mixed with SDS loading buffer and
boiled for 10 min. The input/elutes were resolved by SDS-PAGE and analyzed by Coomassie staining
and/or immunoblot analysis.

Confocal microscopy. MLFs were fixed with 4% paraformaldehyde for 15 min and permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 15 min on ice. The cells were then blocked
with 1% bovine serum albumin (BSA) in PBS and stained with the designated primary and secondary
antibodies for 1 h. The nuclei were stained with DAPI (4',6-diamidino-2-phenylindole) for 2 min. The
stained cells were observed and imaged with a Nikon confocal microscope under a 60X oil lens objective
(44).

MITA dimerization assay. Analysis of MITA dimerization was performed as described previously (45).
HFFs were lysed in 0.8 ml lysis buffer [10 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES)-KOH
buffer (pH 7.0), 50 mM NaCl, 5mM MgCl,, 5mM EGTA, 10% glycerol, and a mixture of protease and
phosphatase inhibitors] containing 1% Nonidet P-40 and centrifuged at 20,000 X g for 15 min. The cell
lysates were mixed with 5 X SDS buffer (200 mM Tris-HCl buffer [pH 6.8], 10% SDS, 25% glycerol, and
0.05% bromphenol blue) without 2-mercaptoethanol (2-ME), and samples were analyzed by SDS-PAGE.

Generation of recombinant virus. Bacterial artificial chromosome (BAC) pAD-GFP carrying the
green fluorescent protein (GFP)-tagged genome of the HCMV AD169 strain was constructed by inserting
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the BAC sequence containing GFP expression cassette following the US28 open reading frame without
the deletion of any viral sequence and used to reconstitute recombinant HCMV viruses (46). pAD-GFP-
UL94HA and pAD-GFP-UL94stop BACs were generated by using a two-step markerless recombination
system in the GS1783 Escherichia coli strain as previously described (47). The marker cassette linear
fragment was amplified with the oligonucleotides primers UL94HA (forward, GATAGTGTGTTCCTGT
CCGGTGCTTAAGAACCTAGTGCACTACCCATACGACGTACCAGATTACGCTTAACGGGGTCTGACAGTTCAAG
GATGACGACGATAAGTAGGG; reverse, TTTCTTGTTTCTTCTCCCCGTGAACTGTCAGACCCCGTTAAGCGTAATC
TGGTACGTCGTATGGGTAGTGCACTAGGTTCTTAAGCACAACCAATTAACCAATTCTGATTAG) and UL94stop
(forward, TCGCGCGTCACTCTTCATGGCTTGGCGCAGCGGGCTTTGAGAGACCGATTCCAGAACTTTAGGATGAC
GACGATAAGTAGGG; reverse, CCTCTTGCAAGAACTGCTTCAAAGTTCTGGAATCGGTCTCTCAAAGCCCGCTGC
GCCAAGCAACCAATTAACCAATTCTGATTAG). The PCR products of the marker cassette were electropo-
rated into recombination-competent GS1783 cells. The expression of the inducible I-Scel resulted in
cleavage of the complete marker cassette and production of the desired sequence modification.
Recombinant viruses were generated by transfecting pAD-GFP-UL94HA BAC DNA into HFFs or pAD-GFP-
UL94stop BAC DNA into HFFs stably expressing UL94. The cell-free culture supernatant was collected
when the entire monolayer of HFF cells was lysed.
HCMV genome sequencing and read mapping. Genomic DNAs of HCMV-UL94-HA and HCMV-
AUL94 were extracted and sequenced with an lllumina MiSeq platform. The mapping of sequencing
reads was analyzed by Burrows-Wheeler Aligner (BWA) against the reference sequence (FJ527563.1) (48).
The results of alignments were generated in the Sequence Alignment/Map (SAM) format, and SAMtools
was utilized for sorting, merging, and indexing of the alignments (49). Finally, Integrative Genomics
Viewer (IGV) supported the visualization of these results (50).
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