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ABSTRACT The innate immune response plays a pivotal role during human cytomega-
lovirus (HCMV) primary infection. Indeed, HCMV infection of primary fibroblasts rapidly
triggers strong induction of type | interferons (IFN-I), accompanied by proinflammatory
cytokine release. Here, we show that primary human foreskin fibroblasts (HFFs) infected
with a mutant HCMV TB40/E strain unable to express UL83-encoded pp65 (v65Stop)
produce significantly higher IFN-B levels than HFFs infected with the wild-type TB40/E
strain or the pp65 revertant (v65Rev), suggesting that the tegument protein pp65 may
dampen IFN-B production. To clarify the mechanisms through which pp65 inhibits IFN-3
production, we analyzed the activation of the cGAS/STING/IRF3 axis in HFFs infected
with either the wild type, the revertant v65Rev, or the pp65-deficient mutant v65Stop.
We found that pp65 selectively binds to cGAS and prevents its interaction with STING,
thus inactivating the signaling pathway through the cGAS/STING/IRF3 axis. Consistently,
addition of exogenous cGAMP to v65Rev-infected cells triggered the production of IFN-3 lev-
els similar to those observed with v65Stop-infected cells, confirming that pp65 inactivation of
IFN-B production occurs at the cGAS level. Notably, within the first 24 h of HCMV infection,
STING undergoes proteasome degradation independently of the presence or absence of
pp65. Collectively, our data provide mechanistic insights into the interplay between HCMV
pp65 and cGAS, leading to subsequent immune evasion by this prominent DNA virus.

IMPORTANCE Primary human foreskin fibroblasts (HFFs) produce type | IFN (IFN-I) when
infected with HCMV. However, we observed significantly higher IFN-B levels when HFFs
were infected with HCMV that was unable to express UL83-encoded pp65 (v65Stop),
suggesting that pp65 (pUL83) may constitute a viral evasion factor. This study demon-
strates that the HCMV tegument protein pp65 inhibits IFN-B8 production by binding and
inactivating cGAS early during infection. In addition, this inhibitory activity specifically
targets cGAS, since it can be bypassed via the addition of exogenous cGAMP, even in
the presence of pp65. Notably, STING proteasome-mediated degradation was observed
in both the presence and absence of pp65. Collectively, our data underscore the impor-
tant role of the tegument protein pp65 as a critical molecular hub in HCMV's evasion
strategy against the innate immune response.

KEYWORDS human cytomegalovirus, IFI16, STING, cGAS, innate immunity,
interactome, interferons, pp65

uman cytomegalovirus (HCMV), a member of the family Herpesviridae, is a wide-
spread pathogen with a seroprevalence that ranges from 50% to 90% depending
on the geographical area and socioeconomic factors. The virus establishes a lifelong
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infection that is asymptomatic in the immunocompetent host despite the occurrence
of periodic reactivation and subsequent virus-shedding episodes. However, reactivation
in the immunocompromised host or infection of the immunologically naive fetus in
utero can cause significant morbidity and mortality. Indeed, congenital HCMV infection
can lead to abortion or dramatic disabilities, such as deafness and mental retardation
1, 2).

Pathogen recognition receptors (PRRs) detect viral components, such as viral nucleic
acid, and subsequently lead to the induction of type | interferons (IFN-I), including
IFN-a/3, which in turn triggers the expression of numerous IFN-stimulated genes (ISGs)
(3). PRRs may be located either on the cell membrane, e.g., Toll-like receptors (TLRs), or
in the cytosol and the nucleus; the latter group includes retinoic acid-inducible gene |
(RIG-1)-like receptors, nucleotide-binding oligomerization domain (NOD)-like receptors,
and several proteins involved in the DNA damage response (4-7). Intracellular double-
stranded DNA (dsDNA) receptors, such as DNA-dependent activator of interferon-
regulatory factors (DAI; also known as ZBP1) (8, 9) and IFN-y-inducible protein 16 (IFI16),
have been shown to recognize HCMV components (10-16). More recent studies have
demonstrated that the dsDNA receptor cyclic GMP/AMP (cGAMP) synthase (cGAS) is
activated upon HCMV DNA binding and synthesizes the second messenger cGAMP
(17-21). Subsequently, cGAMP binds to the endoplasmic reticulum (ER) transmem-
brane adaptor protein stimulator of IFN genes (STING) and triggers its translocation
from the ER to perinuclear punctate structures in order to induce IFN-I induction via
TANK-binding kinase 1 (TBK1) and IFN regulatory factor 3 (IRF3) (13, 22, 23).

On the opposing side, viruses have adopted various strategies to evade host innate
immune responses and establish persistent infection (14, 24-26). In particular, herpes-
viruses have evolved strategies that target distinct steps in the signaling of IFN-I
production (27-29). Su and Zheng (30) showed that the herpes simplex virus 1 (HSV-1)
tegument protein UL41 was involved in counteracting the cGAS/STING-mediated DNA-
sensing pathway. HSV-1 ICPQ, a viral E3 ubiquitin ligase, has been shown to promote
proteasome-dependent degradation of the DNA sensor IFI16 (31, 32). Another HSV-1
immediate-early gene product, ICP27, has been demonstrated to antagonize IFN-I
signaling by targeting the TBK1-activated STING signalosome, followed by accumula-
tion of IRF3 in the nucleus (33), or by downregulating STAT-1 phosphorylation and
accumulation in the nucleus (34). Finally, VP16, an abundant 65-kDa HSV-1 virion
phosphoprotein, has been shown to inhibit IRF3 recruiting of its coactivator CREB-
binding protein, thereby blocking its transactivation activity (35). With respect to HCMV,
previous studies by Abate at al. (36) demonstrated that during virus infection, pp65
prevented IRF3 activation in the IFN-I response by inhibiting its nuclear accumulation
associated with a reduced IRF3 phosphorylation state. Moreover, pp65 has been shown
to bind directly to the nuclear DNA sensor IFI16, which impairs its DNA-dependent
oligomerization and triggers its nuclear delocalization, followed by inhibition of sub-
sequent immune signals (26, 37). Consistent with these results, another HCMV tegu-
ment protein, pUL82/pp71, was recently identified as a negative regulator of the
STING-dependent antiviral response, impairing its cellular trafficking and formation of
the TBK1/IRF3 complex (29).

Although these studies demonstrate that tegument proteins can downregulate type
| interferon production during HCMV infection, they currently offer only limited insight
into the mechanisms these viral proteins rely on to counteract the cGAS/STING/IRF3
axis, leading to reduced IFN-I production. Thus, to fill this gap, we sought to compare
the IFN-B response in human foreskin fibroblasts (HFFs) upon infection with a pp65
mutant HCMV that is unable to express UL83-encoded pp65 (v65Stop) with that
observed with the wild-type TB40/E strain and the pp65 revertant (v65Rev), viruses that
express normal levels of pp65.

We show that primary HFFs infected with HCMV v65Stop produce significantly
higher IFN-B levels than HFFs infected with HCMV wild type or v65Rev, suggesting that
the tegument protein pp65 impairs IFN-B production. Furthermore, when we analyzed
the mode of action, we found that pp65 binds to cGAS and inhibits the release of
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biologically active cGAMP, preventing its interaction with STING and thus interfering
with the cGAS/STING signaling pathway. The finding that the response to exogenous
cGAMP is not affected by pp65 confirms that cGAS is the key target of pp65. Finally, we
demonstrate that STING undergoes rapid degradation early during infection indepen-
dently of pp65. Altogether, this work defines a previously unrecognized mechanism
underlying HCMV evasion, i.e., cGAS inactivation, which assigns a critical role to pp65
in determining the outcome of host defense and viral pathogenesis.

RESULTS

The HCMV tegument protein pp65 inhibits IFN-B induction early during infec-
tion. It has been demonstrated that infection of HFFs with HCMV induces the produc-
tion of IFN-I through activation of the cGAS/STING/IRF3 signaling pathway (13, 21, 26,
29). On the opposing side, the HCMV tegument protein pp65 has been shown to inhibit
IFN-I expression by preventing IRF3 activation or by inhibiting IFI16-mediated DNA
sensing for immune evasion (36), suggesting that the cGAS/STING/IRF3 and/or IFI16
signaling pathways become blocked. Here, we sought to determine whether the
immunosuppressive function of pp65 could also be extended to other components of
these signaling pathways, i.e., cGAS and STING, thereby interfering with the activation
of IFN-I production. For this purpose, we compared IFN-B induction in HFFs infected
with a pp65 mutant virus unable to express UL83-encoded pp65 (v65Stop), the TB40/E
wild-type virus, or the revertant virus (v65Rev) (37, 38). To this end, HFFs were mock
infected, infected with the wild type or v65Rev, or infected with v65Stop at a multi-
plicity of infection (MOI) of 1, and total RNA, harvested at 6 h postinfection (hpi), was
analyzed by reverse transcription-quantitative PCR (RT-qPCR). As shown in Fig. 1A, the
IFN-B mRNA levels observed with v65Stop were ~2.7-fold higher than those observed
with wild-type- or v65Rev virus-infected cells, suggesting that HCMV pp65 impairs
IFN-B production. Interestingly, HFF treatment with the synthetic dsRNA poly(l-C),
which mimics RNA virus infection and induces antiviral immune responses by promot-
ing the production of both type | IFNs (39), induced IFN-B levels similar to those
observed in cells infected with v65Stop.

To provide further evidence supporting the physiological relevance of pp65 in
the regulation of IFN-B production, HFFs transduced with an adenovirus-derived
vector (AdV) constitutively expressing pp65 protein (AdVpp65) or with control
vector (AdVLacZ) at an MOI of 50 for 24 h were infected with v65Stop for 6 h (MOl =
1). RT-qPCR analysis revealed that IFN-B mRNA transcription was significantly
decreased in AdVpp65-infected cells compared with AdVLacZ-infected cells (~90%
reduction) (Fig. 1B). Taken together, these results support the immunosuppressive
role of pp65 in downregulating IFN- production in HCMV-infected cells and its
contribution to innate immune response evasion.

Next, we wanted to verify whether higher levels of IFN-B mRNA in v65Stop-infected
HFFs correlated with an increase in the production of biologically active IFN-S protein.
For this purpose, supernatants from HFFs infected with wild-type, v65Rev, and v65Stop
viruses were harvested at 24 hpi and assessed by enzyme-linked immunosorbent assay
(ELISA) for IFN-B production. In parallel, HFFs were stimulated with poly(l-C). As shown
in Fig. 1C, consistent with the results obtained with RT-qPCR, when cells were infected
with the v65Stop virus or stimulated with poly(l-C), the levels of IFN-B secreted at 24 hpi
were significantly higher than those observed with HFFs infected with wild-type or
v65Rev virus, confirming that in the presence of HCMV pp65, the transduction pathway
leading to IFN-B production is impaired (Fig. 1C).

HCMV pp65 dampens IFN-f3 production by inactivating the cGAS/STING/IRF3
axis. HCMV infection can be detected by multiple innate sensing pathways, including
TLR2 and TLR9, in diverse cell types (14, 40, 41). In addition to TLRs, the HCMV dsDNA
genome directly engages cytosolic or nuclear DNA-sensing pathways, including DAI/
ZBP1 (42), AIM2 (43, 44), the cGAS/STING/IRF3 axis, and IFI16 (13, 20, 21, 33, 39, 45-47).

To better understand how pp65 dampens IFN-B production during HCMV infection,
we generated gene knockout (KO) variants in HFFs through clustered regularly inter-
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FIG 1 Inhibition of IFN-B response by HCMV pp65. (A) HFFs were infected at an MOI of 1 with wild-type,
v65Rev, or v65Stop virus and processed by RT-qPCR. Kinetics analysis results for IFN-3 mRNA expression
following HCMV versus mock infection were normalized to those for GAPDH expression and are shown
as mean fold changes plus SD (**, P < 0.01; one-way ANOVA followed by Bonferroni’s posttest for
comparison of treated versus untreated cells). (B) (Left) HFFs were transduced with AdVLacZ or AdVpp65
at an MOI of 50. Afterward, the cells were infected with v65Stop (MOl = 1). At 6 hpi, IFN-B mRNA
expression was normalized to that of GAPDH and is shown as the mean fold change plus SD (**, P < 0.01;
unpaired t test for comparison of AdVpp65- versus AdVLacZ-transduced cells). (Right) The efficiency of
pp65 overexpression was analyzed by Western blotting with anti-pp65 monoclonal antibody; a-tubulin
was included as a loading control. Experiments were repeated at least three times, and one represen-
tative result is shown. (C) HFFs were infected with the wild type, v65Rev, or v65Stop at an MOI of 1 or
stimulated with poly(I-C) (4 ug/ml). Supernatants were collected at the indicated times postinfection and
assessed by ELISA for IFN-B production. The results are shown as mean fold change plus SD [*, P < 0.05;
one-way ANOVA followed by Bonferroni’s posttest for comparison of wild-type/v65Rev- versus v65Stop/
poly(l-C)-treated cells].

spaced short palindromic repeat (CRISPR)/Cas9 technology. Primary cell lines carrying
mutations in genes encoding cGAS (cGAS KO), STING (STING KO), and IFI16 (IFI16 KO)
were generated based on three different guide RNAs (gRNAs). Verification of genetic KO
was carried out by RT-qPCR, Western blotting, and TIDE (tracking of indels by decom-
position) analysis (48). As shown in Fig. 2, expression of cGAS, STING, and IFI16 genes
was efficiently abrogated at both the mRNA (Fig. 2A) and protein (Fig. 2B) levels.
Moreover, a TIDE analysis of the STING and IFI16 knockdown populations showed
overall knockdown efficiencies of 87% (Fig. 2C) and 82% (Fig. 2D), respectively. This
shows that over 80% of the cells carry an indel (insertion or deletion) in the targeted
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FIG 2 Generation of specific gene knockout cell lines by CRISPR/Cas9-mediated genome editing. Knockout
gene variants in HFFs for cGAS (cGAS KO), STING (STING KO), and IFI16 (IFI16 KO), were generated using
CRISPR-Cas9 technology. The efficiency of IFI16, cGAS, and STING protein depletion was assayed by RT-qPCR
for cGAS, STING, IFI16, and the GADPH housekeeping gene (the data are shown as mean fold changes plus
SD; ***, P < 0.001 by two-way ANOVA followed by Bonferroni’s posttest for comparison of KO versus WT cells)
(A); by Western blot analysis for cGAS, STING, IFI16, and vinculin as a loading control (B); and by TIDE analysis
to quantify indel frequencies and composition using PCR amplicons spanning the sgRNA target sites for
Sanger sequencing and subsequent analysis with TIDE software (http:/tide.nki.nl) (C and D).
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FIG 3 The cGAS/STING axis mediates IFN-B production during HCMV infection. (A) Control (WT), cGAS KO, STING KO, and IFI16
KO HFFs were infected with wild-type, v65Rev, or v65Stop virus at an MOI of 1. Six hours later, IFN-B mRNA expression was
processed by RT-gPCR. The values were normalized to GAPDH mRNA and plotted as fold induction over WT HFFs. The RT-qPCR
data are shown as mean fold changes plus SD (¥, P < 0.05; ***, P < 0.001; two-way ANOVA followed by Bonferroni’s posttest
for comparison of KO versus WT cells). (B) WT, cGAS KO, STING KO, or IFI16 KO HFFs were infected with wild-type, v65Rev, or
v65Stop virus at an MOI of 1. Supernatants from the cells were collected at 24 hpi and analyzed by IFN-B ELISA. The results
are shown as the mean fold change plus SD (*, P < 0.05; ***, P < 0.001; two-way ANOVA followed by Bonferroni’s posttest
for comparison of KO versus WT cells). (C and D) WT, cGAS KO, STING KO, and IFI16 KO HFFs were transfected with poly(l-C).
IFN-B mRNA modulation was assessed by RT-gPCR 6 hpt (C) or IFN-B ELISA 24 hpt (D). The results are shown as the mean fold
change plus SD [***, P < 0.001; two-way ANOVA followed by Bonferroni’s posttest for comparison of poly(l-C)-transfected cells
versus untransfected cells].

gene that leads to a frameshift in the reading frame, rendering the gene nonfunc-
tional. Unfortunately, due to a technical limitation of the TIDE analysis, we have
been unable to confirm cGAS knockout in CRISPR/Cas9 expressors. This limitation is
likely due to the high number of repeats upstream and downstream of the region
of the cGAS gene (MB21D1) targeted by the gRNA, which makes it nearly impossible
to generate a clean target side-spanning PCR amplicon. Furthermore, this region
displays an unusually high GC content, which, coupled with the high repeat
number, is likely responsible for the low signal-to-noise ratio and the ensuing early
sequencing termination that has hampered our attempts. However, the Western
blot and qPCR data clearly show that the majority of the cells are silenced for cGAS
(Fig. 2A and B).

We therefore sought to determine whether the KO cell lines exhibited a dependence
on these three genes for HCMV-induced IFN- expression. Consistent with the above-
mentioned results (Fig. 1), elevated IFN-B mRNA induction was observed at 6 hpi in
normal HFFs infected with v65Stop, whereas infection with wild-type virus or v65Rev
virus triggered lower, albeit significant, levels of IFN-B8 mRNA expression. In contrast,
induction of IFN-B mRNA expression was completely abolished in HFFs lacking cGAS or
STING independent of the type of virus used for infection. Interestingly, although
dramatically decreased, minor residual IFN-B induction was still observed in IFI16 KO
cells (Fig. 3A).

Taken together, these results confirm that cGAS and STING, and to a lesser extent
IF116, are required for early immune activation by HCMV infection, consistent with the
results reported by other investigators (21, 49).
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Next, to address whether disruption of the IFI16/cGAS/STING pathway affected the
secretion of IFN-B, we performed an ELISA specific for IFN-B using supernatants
obtained from HFFs permanently depleted of IFI16, cGAS, or STING, respectively, and
then infected with the wild type, v65Rev, or v65Stop for 24 h. A significant decrease in
IFN-B production was observed in cells depleted of cGAS and STING and then infected
with wild-type, v65Rev, or v65Stop virus (Fig. 3B), thus confirming that these proteins
are necessary for the effective production of IFN-B during HCMV infection, independent
of the presence of pp65. In agreement with the RT-qPCR results, residual induction of
IFN-B release was observed in HCMV-infected IFI16-deficient HFFs compared with HFFs
devoid of cGAS and STING. Altogether, these results indicate that cGAS and STING, and
to a lesser extent IFI16, are essential to mount abundant IFN-B responses to HCMV.

To exclude potential off-target effects of the cGAS-, STING-, and IFI16-directed CRISPR
knockout, we assessed innate immune responses to the synthetic dsRNA poly(l-C), known
to trigger RIG-I activation (39). In this case, both IFN-B expression and release were not
affected by knocking out the above-mentioned genes, thereby ruling out nonspecific
off-target effects (Fig. 3C and D).

pp65 inhibits enzymatic activity of cGAS. To define the relative roles of cGAS and
pp65 interplay in innate sensing, we examined the production of cGAMP—the product
of cGAS—in HFFs upon infection with wild-type, v65Rev, or v65Stop virus. cGAMP
activity was measured in cell extracts using a modified bioassay based on the original
method of Orzalli et al. (50) that analyzes the induction of IFN-B transcripts, as a marker
of cGAMP activity, in permeabilized secondary reporter cells (HFFs) at 24 hpi. As shown
in Fig. 4A, an increase in cGAMP activity was observed in HCMV-infected HFFs. How-
ever, the lack of pp65 in cells infected with v65Stop resulted in cGAMP activity more
robust than that in wild-type and v65Rev-infected cells, indicating that interaction of
pp65 with cGAS impairs cGAMP production.

To understand whether pp65 is able to modulate cGAMP activity by itself during
viral replication, HFFs transfected with a HaloTag fusion plasmid expressing the full-
length pp65 (pp65 Halo-WT) were infected with HCMV v65Stop. At 6 hpi, the induction
of IFN-B transcripts in permeabilized secondary reporter cells (HFFs) was measured (Fig.
4B). As expected, HFFs infected with v65Stop exhibited cGAMP activity significantly
higher than that of mock-infected HFFs. Of note, the ability of v65Stop to induce IFN-$3
was almost completely ablated (~80%) after the expression of pp65 Halo-WT, further
confirming that pp65 is crucial for cGAS activity suppression.

Next, we sought to determine whether the suppression exerted by pp65 was
specific for HCMV DNA or whether it could be extended to other cyclic dinucleotides
that are sensed by cGAS. Interestingly, a similar pattern of cGAMP activity modulation
was observed following transfection of HFFs with the dsDNA synthetic analog poly(dA-
dT), indicating that pp65 acts directly on cGAS activity independently of the type of
viral DNA, whether viral or synthetic (Fig. 4C).

As the DNA sensor IFI16 has been recently reported to cooperate with cGAS for DNA
sensing in fibroblasts (50), human keratinocytes (46), and human macrophages (39) and
to modulate STING activation in keratinocytes (46), we next tested whether IFI16 would
be able to influence cGAS activity for the production of the second messenger cGAMP.
For this purpose, cGAS KO, STING KO, and IFI16 KO HFFs (39) were infected with
wild-type, v65Rev, or v65Stop virus, and whole-cell extracts were harvested at 24 hpi
and analyzed for the presence of cGAMP activity. As shown in Fig. 3D, depletion of
cGAS, STING, and IFI16 resulted in a significant reduction in IFN-B production, confirm-
ing the cooperation of cGAS and IFI16 in cGAMP production upon HCMV infection.

Finally, to understand if the inhibitory activity of pp65 is limited to cGAS or could be
extended to downstream components of the cGAS/STING/IRF3 axis, we tested whether
pp65 affects the activation of STING by exogenous addition of cGAMP (39, 46). For this
purpose, HFFs were transfected with synthetic 2'3’-cGAMP or with the linearized
2'3'-cGAMP control, as described by Jgnsson et al. (39) and Almine et al. (46), and the
IFN-B gene expression response over time was quantified. As shown in Fig. 4E, the
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FIG 4 HCMV pp65 inhibits cGAS activity. (A) HFFs were infected with the wild type, v65Rev, or v65Stop at an MOI
of 1 for 24 h. Extracts from the infected cells were prepared, DNase and heat treated, and incubated with
permeabilized HFFs for 6 h. IFN-B RNA induction was analyzed by RT-qPCR and normalized to that of GAPDH and
is shown as the mean fold change plus SD following HCMV versus mock infection (**, P < 0.01; one-way ANOVA
followed by Bonferroni’s posttest). (B) HFFs were electroporated with pp65 Halo-WT or left untransfected and then
infected with v65Stop at an MOI of 1 for 24 h. cGAMP was harvested at 24 hpi and assayed on HFFs. IFN-B mRNA
induction was measured in HFFs at 6 hpi by RT-qPCR (***, P < 0.001; one-way ANOVA followed by Bonferroni’s
posttest for comparison of v65Stop-HaloTag-transfected cells versus v65Stop-untransfected cells). (C) Cells were
transduced as described for panel B and 24 h later transfected with poly(dA-dT) (4 ng/ml) for 24 h and assayed on
HFFs. IFN-B mRNA induction was measured in HFFs at 6 h by RT-gPCR [***, P < 0.001; one-way ANOVA followed
by Bonferroni’s posttest for comparison of poly(dA-dT)-HaloTag-transfected cells versus poly(dA-dT)-untransfected
cells]. (D) WT, cGAS KO, STING KO, and IFI16 KO HFFs were infected with the wild type, v65Rev, or v65Stop at an
MOI of 1. cGAMP was harvested at 24 hpi and assayed on HFFs. [IFN-8 mRNA induction was measured in HFFs at
6 hpi by RT-qPCR (***, P < 0.001; two-way ANOVA followed by Bonferroni’s posttest). (E) HFFs were transfected with
synthetic 2'3'-cGAMP or 2'3'-cGAMP control (2 ug/ml) or HFFs were electroporated with pp65 Halo-WT and then
transfected with 2'3’-cGAMP. IFN-B mRNA induction was analyzed by RT-gPCR at the time points indicated and
normalized to that of GAPDH. The experiment was repeated six times, and no statistically significant differences by
unpaired t test analysis were observed between cells transfected with cGAMP alone versus cGAMP plus pp65
Halo-WT.
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delivery of synthetic cGAMP induced the expression of IFN-B mRNA, peaking at 24 h
posttransfection (hpt), even in the presence of pp65 Halo-WT, indicating that pp65
inhibitory activity is limited to cGAS and can be bypassed by direct addition of
2'3'-cGAMP. As expected, HFFs transfected with 2'3"-cGAMP control exhibited a se-
verely blunted response.

pp65 selectively interacts with cGAS. To investigate whether cGAS localization
could be regulated during HCMV infection, HFFs were mock infected or infected with
wild-type, v65Rev, or v65Stop virus (MOl = 1). The intracellular localization of pp65 and
cGAS was assessed by confocal microscopy at 2 hpi. In both mock- and HCMV-infected
cells, cGAS was localized in the cytoplasm, as previously reported (17, 27, 45, 51).
Interestingly, cGAS-defined puncta also occurred in the nucleus (Fig. 5A), in accordance
with the results of Orzalli et al. (50), where they colocalized with pp65. Analysis of
three-dimensional (3D) reconstructions created using confocal z stacks to enhance the
colocalization analysis confirmed this observation (Fig. 5A, far right). Because pp65 and
a subset of cGAS showed colocalization, we hypothesized that they could form a
heterocomplex. To learn more about the basis of a pp65-cGAS interaction, we at-
tempted to monitor the pp65-cGAS interaction during HCMV infection in situ using a
proximity ligation assay (PLA). PLA allows the detection of adjacent proteins through
the use of antibodies that recognize two proteins located within a maximum distance
of 40 nm from each other (37). Mock-, wild-type-, v65Rev-, and v65Stop-infected HFFs
(MOI = 1) were fixed at 2 hpi and stained with anti-pp65 and anti-cGAS antibodies, and
their interaction was analyzed by PLA. As shown in Fig. 5B, cGAS and pp65 were mostly
found in close proximity early during HCMV infection with the wild type and v65Rev.

Given the novelty of these results, pp65-cGAS interaction was also confirmed by the
immunoprecipitation (IP) of pp65 from lysates of infected cells at 2 hpi with an
anti-pp65 monoclonal antibody (MAb) or with an unrelated MAb of the same isotype
as a negative control (CTRL). The immunoprecipitates were then analyzed by immu-
noblotting with antibodies directed against cGAS or pp65. The presence of pp65 and
cGAS in all the protein extracts was monitored by the analysis of input control samples
(nonimmunoprecipitated whole-cell extracts) (Fig. 5C). As shown in Fig. 5C (left and
middle), a band corresponding to cGAS was detectable in precipitates of wild-type- and
v65Rev-infected cell lysates when pp65 was precipitated with an antibody against virus
pp65. The specificity of this interaction was verified by the observation that no signal
was detected in immunoprecipitates obtained from v65Stop-infected cell lysates (Fig.
4C, right) or in samples with CTRL antibody (Fig. 5C). Moreover, in coimmunoprecipi-
tation experiments with STING, no interaction with pp65 could be observed (Fig. 5C),
suggesting that pp65 interacts with cGAS but not with STING during HCMV infection.

It has been demonstrated by our group and others that pp65 binds to HCMV DNA
(26, 37). DNA-binding proteins can associate during immunoprecipitation due to their
adjacent binding on DNA rather than due to protein-protein interactions. To determine
whether nucleic acid is required for the pp65/cGAS association, pp65 was immunopre-
cipitated from HCMV-infected cell lysates using anti-pp65 MAb in the presence or
absence of the DNA-degrading enzyme benzonase and then probed by Western
blotting using an anti-cGAS antibody. cGAS was detected in immunoprecipitates from
infected lysates in both the absence and presence of benzonase, whereas no migrating
bands corresponding to cGAS protein were detected in the absence of primary
antibodies (Fig. 5D, left). The activity of benzonase on nucleic acid was confirmed when
the cell lysates shown in Fig. 4D were examined on an ethidium bromide-stained
agarose gel (Fig. 5D, right).

pp65 displays a bipartite structure, with a conserved N-terminal domain (~386
residues), a divergent linker region, and a conserved C terminus (C-terminal domain
[CTD]; ~90 residues) (26). Thus, to learn more about the basis of the pp65/cGAS
interaction, we employed HaloTag technology to generate HaloTag fusion plasmids
expressing the full-length pp65 (pp65 Halo-WT), the N-terminal domain (pp65 Halo-AC;
deletion of residues 371 to 561), or the C terminus (pp65 Halo-AN; deletion of residues
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FIG 5 pp65/cGAS interaction. (A) HFFs were infected with wild-type, v65Rev, or v65Stop virus (MOl = 1) or left uninfected (mock) and subjected
to IIF at 2 hpi. pp65 (green) and cGAS (red) were visualized using primary antibodies, followed by secondary-antibody staining in the presence
of 10% HCMV-negative human serum. Nuclei were counterstained with TO-PRO-3 (blue). Images were generated by confocal microscopy; the
far-right column shows 3D image reconstruction using the confocal z stacks. Digitally reconstructed 3D images were generated for at least 5 fields
per condition; representative images are shown. (B) A PLA was performed to detect protein-protein interactions using fluorescence microscopy.
The signal was detected as distinct fluorescent dots in the Texas Red channel when cells reacted with the indicated pairs of primary antibodies,
followed by PLA to assess the interactions between pp65 and cGAS. (C) Coimmunoprecipitation from virus-infected or mock-infected cell lysates.
HFFs were infected with wild-type, v65Rev, or v65Stop virus (MOl = 1) and harvested at 2 hpi. Immunoprecipitations were performed using
antibodies against pp65 or without antibody as a negative control (CTRL). Immunoprecipitated proteins were detected by Western blotting
analyses using antibodies against pp65, cGAS, and STING. Nonimmunoprecipitated whole-cell extracts (Input) were immunoblotted (IB) using

(Continued on next page)
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1 to 414). HFFs were transfected with the above-described constructs, and 72 h later,
IP was carried out using a MAb recognizing HaloTag or control antibodies. Immuno-
precipitated proteins were examined by Western blotting using antibodies recognizing
cGAS. As depicted in Fig. 4E, constructs harboring the N-terminal residues 1 to 414
could efficiently bind cGAS (Fig. 5E, left and right lanes), while lack of this domain
(middle lane) abolished cGAS binding. We can therefore conclude that the N-terminal
domain is necessary and sufficient for pp65 interaction with cGAS.

pp65 does not interfere with STING proteasome degradation during HCMV
infection. Recent work by Fu et al. (29) has shown that the HCMV tegument protein
pUL82/pp71 binds to and inhibits STING-mediated signaling to evade innate antiviral
immunity. To investigate whether pp65 could also interfere with STING—the down-
stream component of cGAS in the signaling pathway leading to IFN-B production—we
examined the levels of STING expression at different times postinfection in mock-
infected HFFs or upon v65Rev or v65Stop infection (MOl = 1). As shown in Fig. 6A, cells
infected with wild-type, v65Rev, and v65Stop viruses displayed comparable levels of
cGAS up to 24 hpi that were similar to those in mock-infected HFFs. In contrast,
infection with both v65Rev and v65Stop induced degradation of STING within 24 hpi,
suggesting that STING expression is independent of the presence of pp65. Moreover,
the finding that STING is activated in the first hours posttransfection and then disap-
pears within 24 h in cells transfected with the synthetic dsDNA poly(dA-dT) (Fig. 6B)
suggests that DNA sensing, independent of pp65, is responsible for STING disappear-
ance (29, 52-55).

We hypothesized that disappearance of STING before 24 hpi could be caused by
rapid proteasomal degradation. To test this hypothesis, the effect of proteasomal
inhibition on STING protein levels was assessed early during HCMV infection. HFFs were
pretreated with the proteasome inhibitor MG132 for 30 min and then infected with
either the wild type, v65Rev, or v65Stop for 6 or 24 h. As shown in Fig. 6C, STING levels
were rescued by MG132, in contrast to cells treated with the solvent dimethyl sulfoxide
(DMSO), indicating that STING undergoes proteasomal degradation early during HCMV
infection.

To test whether ubiquitination is responsible for proteasomal degradation of STING,
as previously reported (56), HFFs were infected with wild-type, v65Rev, or v65Stop virus
(MOI = 1), and ubiquitinated proteins were immunoprecipitated from the cell lysates
by anti-ubiquitin antibodies, followed by detection of STING with specific anti-STING
antibodies. As shown in Fig. 6D, top, STING was immunoprecipitated by anti-ubiquitin
antibodies from HCMV-infected cell lysates, suggesting that HCMV infection induces
ubiquitination and thus degradation of STING. K48-linked ubiquitination is normally
associated with proteasome-mediated protein degradation (56). By using a specific
antibody for immunoprecipitation and detection of STING in precipitates of HCMV-
infected cells, we confirmed the ubiquitination of STING on K48-linked residues that is
apparently induced by HCMV infection (Fig. 6E).

DISCUSSION

Viral DNA is recognized by various PRRs, including DAI/ZBP1 (42), AIM2 (43, 44),
IFI16, and cGAS (13, 20, 21, 33, 39, 45-47). cGAS HCMV DNA sensing during the early
phase of infection leads to the stimulation of the STING/TBK1/IRF3 signaling pathway,
followed by IFN production. The IFN response antagonizes virus infection via the
repression of viral replication, elimination of virus-infected cells, and activation of
adaptive immune responses (16, 20, 21, 51, 57, 58). On the opposing side are diverse

FIG 5 Legend (Continued)

Journal of Virology

anti-pp65, anti-cGAS, and anti-STING antibodies. (D) (Left) Immunoprecipitation was performed as described for panel C, except that the samples
were split in two and half were treated with benzonase (1 U/ul) for 2 h on ice, followed by immunoprecipitation using antibodies against pp65.
(Right) The mock cell lysate used in the IP depicted on the left was run on an ethidium bromide-stained (0.8%) agarose gel. —, IP in the absence
of benzonase; +, IP in the presence of benzonase. (E) Mapping the region of pp65 required for its interaction with cGAS. Wild-type pp65 (pp65
Halo-WT) and serial deletion mutants of pp65 (pp65 Halo-AN and pp65 Halo-AC) were used to immunoprecipitate lysates of HFFs transiently

expressing pp65 HaloTag. Interaction was detected by Western blotting using antibodies against cGAS.
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FIG 6 STING undergoes proteasome degradation. (A) HFFs were infected with wild-type, v65Rev, or v65Stop virus at an
MOI of 1. Lysates were prepared at the indicated time points and subjected to Western blot analysis for pp65, cGAS,
STING, and a-tubulin. (B) Western blot analysis for STING in cells transfected with poly(dA-dT) (4 ng/ml) at the indicated
time points. Lysates were also stained for a-tubulin as a loading control. (C) HFFs infected with wild-type, v65Rev, and
v65Stop viruses (MOl = 1) were treated with MG132 or DMSO. Cells were harvested at 6 and 24 hpi and processed for
Western blot analyses with antibodies against STING. Lysates were also stained for pp65 and with a-tubulin as a loading
control. (D) Coimmunoprecipitation from virus-infected or mock-infected cell lysates. HFFs were infected with wild-type,
v65Rev, or v65Stop virus (MOl = 1) and harvested at 2 hpi. At the indicated time points, total cell protein extracts were
immunoprecipitated for ubiquitin and stained with anti-STING antibodies. Immunoprecipitation of ubiquitin-conjugated
proteins was performed using a UbiQapture-Q kit (Enzo Life Science). (E) Cells were infected as described for panel D.
Immunoprecipitations were performed using ubiquitin-K48-specific antibodies. The immunoprecipitated proteins were
detected by Western blot analyses using antibodies against STING. Nonimmunoprecipitated whole-cell extracts (Input)
were immunoblotted using anti-STING and with a-tubulin antibody as a loading control.

immune evasion strategies that viruses, including herpesviruses, have evolved in order
to inhibit the activation of PRRs, such as IFI16 and cGAS, and their downstream
signaling cascades (59-63).

Although data are available on the activation of IFN production by HCMV, the
mechanisms HCMV relies on to counteract the cGAS signaling pathway are only
partially defined. In order to fill this gap, here, we took advantage of three HCMVs: the
wild-type TB40/E and the revertant v65Rev, both displaying intact pp65 expression
capacity, and v65Stop, unable to express pp65 (38). Our data demonstrate, for the first
time, that the HCMV tegument protein pp65 directly binds and inhibits cGAS enzymatic
activity, leading to downregulation of IFN-B production (Fig. 7). The interaction of pp65
with cGAS required the presence of the N-terminal domain of pp65, whereas it
appeared to be independent of viral DNA, since the digestion of viral DNA by benzo-
nase did not prevent protein interaction, as shown by immunoprecipitation experi-
ments. Consistent with this, addition of exogenous cGAMP to v65Rev-infected cells
triggered the production of IFN levels similar to those observed with v65Stop-infected
cells, confirming that pp65 inactivation of IFN-B production occurs at the cGAS level.
Thus, the functional relevance of the inhibitory activity of viral pp65 against cGAS can

March 2018 Volume 92 Issue 6 e01774-17

Journal of Virology

jviasm.org 12


http://jvi.asm.org

pp65/cGAS Interactome during HCMV Replication

@ ATP
OGTP

cGAMP

6*03&

IFN-B
1 production

3

FIG 7 Model depicting the proposed functional role of pp65 modulation of IFN-B activity during HCMV
infection.

be inferred by the observation that infection with a mutant virus that is unable to
express pp65 results in a significant increase in c¢GAS activity accompanied by a
significant increase in IFN production.

Recent studies have demonstrated that IFI16 and cGAS cooperate in the activation
of STING during the response to exogenous DNA sensing in human keratinocytes (46).
In addition, it has been demonstrated that IFI16 is required for early DNA sensing in
human macrophages by promoting cGAMP production (39). However, recent findings
by Stetson’s group (49) demonstrated that IFI16 is not essential for the IFN response to
human cytomegalovirus infection. Collectively, these results indicate that the role of
IFI16 in the IFN pathway is still a matter of debate. When we infected IFI16-deficient
HFFs in an attempt to verify whether IFI16 also participates in the modulation of the
IFN-B response to HCMV, residual IFN-B production was observed compared to HFFs
depleted of STING and cGAS, suggesting that in human fibroblasts IFI16 is less involved
in the signaling transduction pathway leading to IFN production to HCMV. Partially
consistent with our results, Paijo et al. (21) demonstrated that HCMV-treated cGAS- or
STING-deficient THP-1 monocytes exhibit significantly impaired IFN-B production. In
contrast, IFI16-deficient THP-1 monocytes infected with HCMV mounted a robust IFN-3
response that was moderately enhanced compared with that of wild-type THP-1 cells.
All these discrepancies might be explained by the different methods used to ablate
IFI16 (i.e., CRISPR/Cas9, small interfering RNA [siRNA], and short hairpin RNA [shRNA]-
mediated IFI16 knockdown); by the different viruses and synthetic DNA employed to
stimulate the IFN-I response; and, finally, by the different target cell types employed
(i.e., HFFs, keratinocytes, monocytes, and plasmacytoid dendritic cells).

Having demonstrated that HCMV pp65 inhibits cGAS activation, we next investi-
gated whether pp65 could also inactivate STING, the downstream partner of cGAS.
Recently, Fu et al. (29) demonstrated that another HCMV tegument protein, namely,
pUL82/pp71, binds to and inhibits STING-mediated signaling, leading to viral innate
immune evasion. Our results showed that pp65 does not bind to STING and that
regulation of its activity is independent of pp65, as its degradation is observed within
24 hpi in both the presence and absence of the pp65 protein. This deduction was
generated from the following observations: (i) STING degradation is observed upon
infection with the wild type, v65Rev, or v65Stop; (ii) immunoprecipitation experiments
showed that pp65 does not bind to STING; (iii) STING degradation is also observed in
the presence of unrelated dsDNA, such as synthetic poly(dA-dT); and (iv) STING
degradation is not modulated by pp65. In addition, in the present study, we report that
STING undergoes ubiquitination followed by degradation in HFFs infected with the wild
type, v65Rev, or v65Stop within 6 h of infection. The following two findings led us to
this conclusion: first, pretreatment with MG132, a proteasome inhibitor, prevented
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STING degradation; second, STING was ubiquitinated at Lys48, a marker of degradation
by ubiquitination. Our results are consistent with those of previous studies that
delineated the following model of STING activation and downstream signaling (Fig. 7).
Intracellular dsDNA induces autophagy and the trafficking of STING/TBK1 through the
Golgi network to endosomal compartments that harbor members of the IRF and NF-«B
family. These transcription factors become activated, and numerous immune-related
genes are induced, such as those encoding type | IFN and a variety of cytokines and
chemokines. STING is then degraded, and the signaling process is halted. These events
ensure the transient production of host defense genes required for direct antimicrobial
effects, as well as stimulating the adaptive immune response. Eventual suppression of
STING function also ensures that the chronic production of cytokines is prevented, thus
avoiding the consequences of inflammatory disease.

In conclusion, our data identify a previously unknown role of pp65 in downregu-
lating the cGAS/STING/IRF3 axis and thus IFN-B production (a proposed model is shown
in Fig. 7). The finding that HCMV, by means of its tequment proteins, i.e., pp65 and
pUL82/pp71, interferes with the activities of all the components of this signaling
pathway (i.e., cGAS, STING, and IRF3) in order to evade the IFN response underlines the
relevance of the IFN system in blocking virus replication. Therefore, further delineation
of the mechanisms through which HCMV inhibits cGAS/STING/IRF3 signaling not only
will help our comprehension of this pathway, but may also facilitate the development
of therapeutics aimed at ameliorating the diseases in which the pathway is altered.

MATERIALS AND METHODS

Cells and viruses. Primary HFFs (ATCC strain SCRC-1041) and human embryonic kidney 293 (HEK
293) cells (Microbix Biosystems Inc.) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS) (Sigma-Aldrich) as previously described
(39, 64). The HCMVs used in this study were all bacterial artificial chromosome (BAC) clones. The clones
of the endotheliotropic HCMV strain TB40/E (the wild type), the revertant virus (v65Rev), and a mutant
virus unable to express UL83-encoded pp65 (v65Stop) were previously generated (38). The viruses were
propagated on HFFs and titrated by standard plaque assay (37, 65). HCMV infections were all performed
at an MOI of 1, where more than 50% of the cells should be infected at 24 hpi (20, 38).

Antibodies and reagents. The following primary antibodies were used: rabbit polyclonal anti-cGAS
(Sigma-Aldrich), anti-ubiquitin-K48-specific (Millipore), anti-IFI16 (Santo Landolfo), and mouse MAbs and
anti-STING (R&D), anti-pp65 (Virusys), anti-HaloTag (Promega), anti-vinculin (Sigma-Aldrich), and anti-a-
tubulin (Active-Motive) antibodies. The following conjugated secondary antibodies were used: Alexa
Fluor 488 anti-mouse or Alexa Fluor 568 anti-rabbit antibodies (Life Technologies) and horseradish
peroxidase-labeled anti-mouse and anti-rabbit antibodies (GE Healthcare). The proteasome inhibitor
MG132 (Calbiochem) was used at a concentration of 30 uM (66). Poly(dA-dT) and poly(I-C) (4 wg/ml;
InvivoGen) (39, 67) were transfected into the cells using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s instructions.

Recombinant adenoviral vectors. AdV expressing pp65 was generated by means of a replacement
strategy using recombineering methods (68). Briefly, the UL83 open reading frame (ORF) was amplified
using a specific set of primers (forward, AACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCC
ATAGAAGACACCGGGACCGATCCAGCCTGGATCCATGGAGTCGCGCGGTCGCCG, and reverse, TATAGAGTAT
ACAATAGTGACGTGGGATCCCTACGTAGAATCAAGACCTAGGAGCGGGTTAGGGATTGGCTTACCAGCGCTACC
TCGATGCTTTTTGGGCQ). In order to accomplish homologous recombination, approximately 200 ng of DNA
derived from HCMV-infected cells was electroporated into SW102 bacteria harboring pAdZ5-CV5 vectors.
The cells were then plated on minimal medium agar plates containing 5% sucrose and chloramphenicol
and incubated at 32°C for 1 day. The colonies that appeared were inoculated into LB broth containing
ampicillin and chloramphenicol and LB broth containing chloramphenicol only. In the colonies grown in
chloramphenicol only, the UL83 ORF replaced the ampicillin resistance sequence at multiple cloning
sites. Colonies were checked by PCR and sequencing. AdVpp65 was cotransfected into HEK 293 cells. To
obtain the recombinant adenoviruses, AdZ vectors were transfected into HEK 293 packaging cells. The
transfected cells were maintained at 37°C with 5% CO, until an extensive cytopathic effect was obtained.
Viruses were then purified from the infected cultures by freeze-thaw-vortex cycles and assessed for pp65
expression by Western blotting. For cell transduction, HFFs were washed once with phosphate-buffered
saline (PBS) and incubated with AdVpp65 at an MOI of 50 in DMEM. After 2 h at 37°C, the virus was
washed off, and fresh medium was applied. For all the experiments, a recombinant adenovirus express-
ing the Escherichia coli B-galactosidase gene (AdVLacZ) was used as a control (65).

Plasmid construction. The HCMV UL83 sequences were amplified using specific sets of primers
(pp65 Halo-WT forward, CGGAATTCATGGAGTCGCGCGGTCG, and reverse, AACTCGAGACCTCGATGCTTTT
TGGGCGT; pp65 Halo-AC forward, CGGAATTCATGGAGTCGCGCGGTCGCC, and reverse, GCTCTAGAGGTG
GTTACGAGTTCTTCGT; pp65 Halo-AN forward, GCGAATTCATGCAGTATCGCATCCAGGGCAAG, and reverse,
GCTCTAGAACCTCGATGCTTTTTGGGCGT). The 5’ and 3’ primers were engineered to contain EcoRl and
Xbal restriction sites. The PCR fragments were subsequently digested and directionally cloned into the
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corresponding sites of the pHTC HaloTag CMV-neo vector (Promega). The following HaloTag fusion
plasmids were constructed: plasmids expressing full-length pp65 (pp65 Halo-WT), the N domain (pp65
Halo-AC; deletion of residues 371 to 561), or the C domain (pp65 Halo-AN; deletion of residues 1 to 414).
The plasmids were then tested by Western blotting, and the nucleotide sequences were confirmed by
sequencing. HFFs were transiently transfected using a MicroPorator (Digital Bio) according to the
manufacturer’s instructions (1,200 V; 30-ms pulse width; one impulse).

RNA isolation and semiquantitative RT-qPCR. Total RNA was extracted using a NucleoSpin RNA kit
(Macherey-Nagel), and 1 g was retrotranscribed using a Revert-Aid H-Minus First Strand cDNA synthesis
kit (Fermentas) according to the manufacturer’s protocol. Comparison of mRNA expression between
samples (i.e., infected versus untreated) was performed by SYBR green-based RT-qPCR using an Mx3000P
apparatus (Stratagene) with the following primers: IFN-B forward, AAACTCATGAGCAGTCTGCA, and IFN-f3
reverse, AGGAGATCTTCAGTTTCGGAGG and, for the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) housekeeping gene, GAPDH forward, AGTGGGTGTCGCTGTTGAAGT, and GADPH reverse, AAC
GTGTCAGTGGTGGACCTG.

Transduction of HFFs with lentiviral CRISPR/Cas9. The CRISPR/Cas9 system was employed to
generate specific gene knockouts in primary human fibroblasts. Specifically, we used a lentiviral
CRISPR/Cas9 vector 54 that carries a codon-optimized nuclear-localized Cas9 gene N-terminally fused to
the puromycin resistance gene via a T2A ribosome-skipping sequence. Additionally, the vector contains
a human U6 promoter driving expression of a gRNA consisting of a gene-specific CRISPR RNA (crRNA)
fused to the trans-activating crRNA (tracrRNA) and a terminator sequence.

The gene-specific crRNA sequences cloned were as follows: for IFI16 knockout, 5'-GTACCAACGCTT
GAAGACC-3'; for cGAS knockout, 5'-GACTCGGTGGGATCCATCG-3'; and for STING knockout, 5'-GAGCAC
ACTCTCCGGTACC-3".

Vesicular stomatitis virus G (VSVg)-pseudotyped lentiviral vector-based clustered regularly inter-
spaced short palindromic repeats (lenti-CRISPR) virions were produced by transfecting HEK293T cells
with the following plasmids: CRISPR/Cas9 vector, pMD.2G, pRSV-REV, and pMDIg/p-RRE. Viral superna-
tants were harvested after 72 h and used to transduce fibroblasts by infection in the presence of 4 mg/ml
Polybrene. Transduced cells were selected with increasing dosages of puromycin (0.5 ug/ml, 1 png/ml,
and 2 pg/ml) over the course of 14 days postransduction. After selection, successful knockout was
confirmed using gPCR and immunoblotting. Additionally, indel frequencies were quantified using TIDE
(48); genomic DNA was extracted, and PCR amplicons spanning the single guide RNA (sgRNA) target site
were generated. The purified PCR products were then Sanger sequenced, and indel frequencies were
quantified using the TIDE software (http://tide.nki.nl). A reference sequence (WT cells) was used as a
control.

Immunofluorescence microscopy. Indirect immunofluorescence (IIF) analysis was performed as
previously described (12) using the appropriate dilution of primary antibodies for 1 h at room temper-
ature, followed by 1 h with secondary antibodies in the dark at room temperature. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) or TO-PRO-3. Finally, coverslips were mounted
with Vectashield mounting medium (Vector). Samples were observed using a fluorescence microscope
(Olympus 1X70) equipped with cellSens Standard microscopy imaging software, or a confocal microscope
(Leica TCS SP2). ImageJ software was used for image processing.

PLA. Proximity ligation assay (DuoLink; Sigma-Aldrich) was performed with a DuoLink PLA kit to
detect protein-protein interactions, using fluorescence microscopy according to the manufacturer’s
protocol. Briefly, HFFs were infected with wild-type, v65Rev, or v65Stop virus at an MOI of 1 for 2 h, fixed
for 15 min at room temperature, permeabilized with 0.2% Triton X-100, and blocked with 10% HCMV-
negative human serum for 30 min at room temperature. The cells were then incubated with primary
antibodies diluted in Tris-buffered saline (TBS)-0.05% Tween for 1 h, washed, and then incubated for
another hour at 37°C with species-specific PLA probes under hybridization conditions and in the
presence of 2 additional oligonucleotides to facilitate hybridization only in close proximity (~40 nm). A
ligase was then added to join the two hybridized oligonucleotides, thus forming a closed circle. Using
the ligated circle as the template, rolling-circle amplification was initiated by adding an amplification
solution, generating a concatemeric product extending from the oligonucleotide arm of the PLA probe.
Lastly, a detection solution consisting of fluorophore-labeled oligonucleotides was added, and the
labeled oligonucleotides were hybridized to the concatemeric products. The signal was detected as
distinct fluorescent dots in the Texas Red channel and analyzed by fluorescence microscopy (Olympus
1X70). Negative controls consisted of mock-infected cells that were otherwise treated in the same way as
the infected cells.

Western blot analysis. Whole-cell protein extracts were prepared and subjected to Western blot
analysis as previously described (12, 69). Briefly, equal amounts of cell extracts were fractionated by
electrophoresis on sodium dodecyl sulfate-polyacrylamide gels and transferred to Immobilon-P mem-
branes (Bio-Rad). After blocking with 5% nonfat dry milk in TBS-0.05% Tween, the membranes were
incubated overnight at 4°C with the appropriate primary antibodies. The membranes were then washed
and incubated for 1 h at room temperature with secondary antibodies. Proteins were detected using an
enhanced chemiluminescence detection kit (SuperSignal West Pico chemiluminescent substrate; Thermo
Scientific).

Immunoprecipitation assay. Uninfected or HCMV-infected (MOI = 1) cells were washed with PBS
and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Nonidet P-40, 0.1% SDS, 0.5% deoxycholate, protease inhibitors). Two hundred micrograms of
proteins was incubated with 2 ug of specific antibody, or without antibody as a negative control, for 1
h at room temperature with rotation, followed by overnight incubation at 4°C with protein G-Sepharose
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(Sigma-Aldrich). Immune complexes were collected by centrifugation and washed with RIPA buffer. The
Sepharose beads were pelleted and washed three times with RIPA buffer, resuspended in reducing
sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 1% 2-mercaptoethanol), boiled for 5 min, and
resolved on an SDS-PAGE gel to assess protein binding by Western blotting. Where indicated, ~1 U/ul
benzonase (Sigma-Aldrich) was added for 2 h on ice as described by Wu et al. (27). Imnmunoprecipitation
of ubiquitin-conjugated proteins was performed using a UbiQapture-Q kit (Enzo Life Science). A total of
25 pg of lysates from cultured cells was used per assay. Samples were added to the tubes containing 20
wul UbiQapture-Q matrix and incubated for 3 h at 4°C in a horizontal rotor mixer. The matrix was then
carefully washed, and the ubiquitin-protein conjugates were eluted by addition of 50 ul sample buffer
and heating at 95°C for 10 min. The eluted fraction was clarified from the matrix and analyzed by
immunoblotting.

ELISA. The IFN-B secreted in culture supernatants was analyzed using single-analyte human ELISA

kits for IFN-B (Human IFN Beta ELISA kit; PBL Assay Science) according to the manufacturer’s instructions.
All absorbance readings were measured at 450 nm using a Victor X4 multilabel plate reader (Perkin-
Elmer).

cGAMP activity assay. cGAMP activity assay was performed as previously described (50, 51). Briefly,

HFFs were infected with the wild type, v65Rev, or v65Stop or transfected with poly(dA-dT) (4 pg/ml;
InvivoGen) or pp65 Halo-WT using Lipofectamine 2000 (Life Technologies) according to the manufac-
turer’s instructions. At the indicated times, cells were washed with PBS and lysed in hypotonic buffer (10
mM Tris, pH 7.4, 10 mM KCl, 1.5 mM MgCl,). Cell extracts were incubated with ~1 U/ul benzonase
(Sigma-Aldrich) for 30 min at 37°C. The cell extracts were then heated at 95°C for 5 min and centrifuged
for 5 min at maximum speed (16,100 X g) in an Eppendorf microcentrifuge. HFFs were used as reporter
cells to measure cGAMP production. The HFFs were permeabilized as previously described (70) with
modifications. Briefly, medium was aspirated from the HFFs, and digitonin permeabilization solution (50
mM HEPES, pH 7.0, 100 mM KCl, 85 mM sucrose, 3 mM MgCl,, 0.2% bovine serum albumin [BSA], T mM
ATP, 0.1 mM dithiothreitol [DTT], and 10 ng/ml digitonin) was added to the treated cell extracts. Reporter
HFFs were incubated with the extracts for 30 min at 37°C, and the extracts were then replaced with
supplemented medium. RNA was harvested 6 h after the initial addition of extracts, and RT-qPCR for
IFN-B, as a marker of cGAMP activity, and the GADPH gene, as a housekeeping gene, was performed as
described above.

Response to exogenous cGAMP. Synthetic 2'3'-cGAMP (2 pug/ml; InvivoGen) or 2'3’-cGAMP control

(2 png/ml; InvivoGen), also known as 2'5'-GpAp, a linear dinucleotide analog after hydrolysis of 2'3’-
cGAMP by phosphodiesterases, were transfected into HFFs using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions. At the indicated time points, RNA was harvested, and the
IFN-B gene expression response was quantified over time by RT-qPCR.

Statistical analysis. All statistical tests were performed using GraphPad Prism version 5.00 for

Windows (GraphPad Software, San Diego, CA, USA). The data are presented as means and standard
deviations (SD). For comparisons consisting of two groups, means were compared using two-tailed
Student t tests; for comparisons consisting of three groups, means were compared using one-way or
two-way analysis of variance (ANOVA) with Bonferroni’s posttest. Differences were considered statistically
significant for P values of <0.05.
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