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Induction of nucleotide-binding oligomerization domain 2 (NOD2)
and downstream receptor-interacting serine/threonine-protein kinase
2 (RIPK2) by human cytomegalovirus (HCMV) is known to up-regulate
antiviral responses and suppress virus replication. We investigated
the role of nucleotide-binding oligomerization domain 1 (NOD1),
which also signals through RIPK2, in HCMV control. NOD1 activation
by Tri-DAP (NOD1 agonist) suppressed HCMV and induced IFN-f.
Mouse CMV was also inhibited through NOD1 activation. NOD1
knockdown (KD) or inhibition of its activity with small molecule
ML130 enhanced HCMV replication in vitro. NOD1 mutations dis-
played differential effects on HCMV replication and antiviral re-
sponses. In cells overexpressing the E56K mutation in the caspase
activation and recruitment domain, virus replication was enhanced,
but in cells overexpressing the E266K mutation in the nucleotide-
binding domain or the wild-type NOD1, HCMV was inhibited,
changes that correlated with IFN-B expression. The interaction
of NOD1 and RIPK2 determined the outcome of virus replication,
as evidenced by enhanced virus growth in NOD1 E56K mutant
cells (which failed to interact with RIPK2). NOD1 activities were
executed through IFN-B, given that IFN-p KD reduced the inhibi-
tory effect of Tri-DAP on HCMV. Signaling through NOD1 result-
ing in HCMV suppression was IKKa-dependent and correlated
with nuclear translocation and phosphorylation of IRF3. Finally,
NOD1 polymorphisms were significantly associated with the risk
of HCMV infection in women who were infected with HCMV
during participation in a glycoprotein B vaccine trial. Collec-
tively, our data indicate a role for NOD1 in HCMV control via
RIPK2- IKKa-IRF3 and suggest that its polymorphisms predict
the risk of infection.
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H uman cytomegalovirus (HCMV), a member of the herpes-
virus family, induces complex innate immune responses (1, 2).
Despite this effective and multifaceted induction, HCMV has de-
veloped strategies to counteract its recognition (3), allowing for its
productive replication and the establishment of latency. Identification
and characterization of HCMV-induced innate immune responses
and resulting signaling pathways may provide novel strategies for
its control.

Mounting evidence indicates that HCMV sensing is an intricate
process involving activities of membrane, cytoplasmic, and nuclear
receptors. Several HCMV-encoded proteins directly activate innate
immune response molecules; the glycoprotein B (gB) binds to and
activates TLR2 (4), and pp65 interacts with IFI16 (5). Other viral
proteins, dSDNA, or dsRNA are likely to activate or inhibit host
innate response molecules. Several previous reports have high-
lighted a complex role of the IFN pathway in response to HCMV.
The activity of the promyeolcytic leukemia protein, a regulator of
type I IFN response, is counteracted by HCMV-encoded immediate

E7818-E7827 | PNAS | Published online November 16, 2016

early 1 protein (IE1) (6). A cytoplasmic dsDNA sensor, ZBP1,
activates IRF3 on infection, and its overexpression inhibits HCMV
replication (7). IFN-inducible protein IFI16 modestly inhibits
HCMV by blocking Sp1-mediated transcription of HCMV-encoded
ULS54 and ULA44, which are involved in viral DNA synthesis (8).
The nucleotide-binding domain (NBD) and leucine-rich repeat-
containing family (NLR) of receptors were originally reported to
induce the NF-xB pathway in response to bacterial pathogens, but
more recently induction of alternative signaling reminiscent of an-
tiviral responses, including the IFN pathway and autophagy, have
been reported (9-11). NLRCS was found to be induced by HCMV
within 24 h, and its knockdown (KD) impaired the up-regulation of
IFN-o in response to HCMV (12). We reported on nucleotide-
binding oligomerization domain 2 (NOD?2) induction by HCMV,
resulting in antiviral response and inhibition of virus replication (13).
Induction of NOD2 by HCMYV occurred starting at 24 h and resulted
in activation of the receptor-interacting serine/threonine-protein ki-
nase 2 (RIPK2), the major kinase downstream of NOD2. Over-
expression of NOD2 or RIPK?2 resulted in HCMV suppression.
NOD?2 activation by muramyl dipeptide (MDP), a peptidoglycan
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moiety of Gram-positive and Gram-negative bacteria, inhibited
HCMYV via an IFN-p pathway (14).

RIPK?2 interacts with NOD1 and NOD2 through its caspase
activation and recruitment domain (CARD), leading to its activa-
tion and downstream signaling. RIPK2’s role in NOD-dependent
induction of innate and adaptive immunity has been reported pre-
viously (15). For some intracellular bacteria, collaboration between
NOD1 and NOD2, rather than individual activation of each re-
ceptor, is important in host response (16). In addition, induction of
tolerance to NOD?2 activities resulted in increased activation of
NF-kB in response to an NODI1 agonist, suggesting that cross-
tolerization between NOD1 and NOD2 may result in improved
recognition of bacteria (17-19).

To explore the interplay between NOD1 and NOD2 at the
RIPK2 checkpoint during HCMV infection, we investigated the
role of NOD1 in cellular defense against HCMV. Our data reveal
that NOD1 plays an important role in HCMV suppression through
the induction of antiviral responses. NOD1 KD or treatment with
an NOD1 inhibitor, ML130, enhanced HCMV replication. Over-
expression of NOD1 or pretreatment of human foreskin fibroblasts
(HFFs) with L-Ala-y-D-Glu-mDAP (Tri-DAP), a NODI1 activator
present in the peptidoglycan of Gram-negative bacilli and certain
Gram-positive bacteria, resulted in HCMV suppression. Mouse
CMV (MCMV) was also inhibited after pretreatment with the
NODI1 activator iE-DAP. HCMV inhibition through NOD1 re-
quired activation of the IFN pathway and was independent of the
canonical NF-«xB activation via IxB kinases (IKKs). Surprisingly, in
IKKa KD cells, Tri-DAP lost its ability to inhibit HCMV, and
neither infection nor Tri-DAP pretreatment resulted in nuclear
translocation of IRF3. NOD1 and NOD?2 collaborated in HCMV
control, as evidenced by improved virus suppression when MDP
and Tri-DAP were combined. Our data reveal different effects of
specific NOD1 mutations on HCMV replication and antiviral sig-
naling, pointing to the importance of the interaction between
NOD1 and NOD2 with RIPK2 in HCMV control. Finally, single
nucleotide polymorphisms (SNPs) in NOD1 were predictive of in-

fection in a cohort of women with documented primary infection
during their participation in a HCMV gB vaccine trial (20).

Results

NOD1 Activation Suppresses HCMV. We previously reported that
NOD2 expression was undetectable in noninfected HFFs but signif-
icantly induced after HCMV infection. NOD1 mRNA was abundant
in noninfected HFFs and increased only modestly after infection (13).
In the present study, the expression of NOD1 mRNA and protein
was measured at 18 and 72 h postinfection (hpi) (Fig. 1 4 and B).
There was a twofold to fourfold increase in NOD1 mRNA at both
time points. Tri-DAP pretreatment induced NOD1 mRNA to similar
levels at 72 h. NOD1 protein was already expressed in noninfected
cells, and no significant change in its expression was observed after
infection; however, its activation by pretreatment with Tri-DAP
(10 pg/mL) resulted in HCMYV inhibition. Virus suppression was
confirmed by decreased pp28-luciferase activity in second cycle
infection (Fig. 1C), viral protein expression (Fig. 1D), and a pla-
que reduction assay using the Towne strain (Fig. 1E). The effect of
Tri-DAP on HCMYV replication was not secondary to cellular tox-
icity, as in treated HFFs during the same time frame. Tri-DAP did
not affect cell viability (Fig. 1F). The effect of Tri-DAP was specific
to HCMYV, given that HSV-1 was not inhibited after Tri-DAP
pretreatment (Fig. 1G).

In Vivo NOD1-Dependent Anti-MCMV Activity. BALB/c mice (34 wk)
were pretreated with iE-DAP (Invivogen), 500 pg once daily for 2 d,
followed by infection with MCMYV at 10° PFU/mice. iE-DAP activity
was confirmed by the induction of the chemokine RANTES in se-
rum samples collected at 4 h after administration of the second dose
(P < 0.01) (Fig. 24). At 14 d postinfection, mice were killed, in-
tracardiac blood samples were collected, and tissue homogenates
were prepared for plaque assays. In iE-DAP—pretreated mice, real-
time PCR for gB (P < 0.001) (Fig. 2B) and plaque numbers in sal-
ivary glands, liver, and spleen (P < 0.001) (Fig. 2C) were significantly
reduced compared with values in infected-only mice. Ganciclovir
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Fig. 1. NOD1 activation results in HCMV inhibition. HFFs were infected with HCMV Towne (MOI 1) or activated with Tri-DAP (10 pg/mL), and the expression

level of NOD1 was measured by gqRT-PCR (A) and Western blot analysis (B) at 18 and 72 hpi. Cells were pretreated (PT) with Tri-DAP for 72 h, followed by
infection with pp28-luciferase HCMV or Towne HCMV. (D-E) Virus replication was measured by luciferase activity in the first cycle (96 hpi) and second cycle
(72 hpi) (C), viral protein expression (D), and a plaque reduction assay (E). (F) Cell viability after 72 h of Tri-DAP treatment was determined by the MTT assay.
(G) HFFs were pretreated with Tri-DAP for 72 h at the indicated concentrations followed by infection with a clinical isolate of HSV-1, and plaques were
counted after 48 h. Data are mean + SD from triplicate measurements. *P < 0.05, **P < 0.01, ***P < 0.001.

Fan et al. PNAS | Published online November 16, 2016 | E7819



L T

D\

1000 525 Sk
= .
) = 2.04
= *k $
‘g OQoo00 S 154 ]
00| g™ ] T
a g 1.0 oo
= o o
= % 50 )
10 Q =
T -
PBS IiE-DAP Infected iE-DAP Mock
G i Liver Spleen
wg SAvaRyland, .4 6554
— | e |
L) .
g . 100 . 1.046] .
Dp0| Sege® —
E b ee® i L:'_
= 5.04d] . s0dd] ®ge
— 2« *
> &
T 5 —%gg— -Q%%—
o o o
Infected iE-DAP Infected IE-DAP  Infected IiE-DAP
D Salivary gland Liver
1246 * 1540 A

% 16 - ':'
Laud] o 1.04 A
o 3 .
£ 610
(=] [ ]
=4 440 5.040
> 2 (o]
E q o P

0.
Infected GCV

0
*Infected GOV Infected GGV

Fig. 2. NOD1 activator, iE-DAP, inhibits MCMV replication. (A) BALB/c mice
(age 3-4 wk) were pretreated with iE-DAP. Blood was collected at 4 h after the
second dose of iE-DAP and RANTES levels were measured by ELISA in serum
samples. (B and C) At 14 d postinfection, blood was collected for gB real-time
PCR (B) and plaque assays were performed from salivary glands, liver, and
spleen (C). (D) GCV was given after infection at 10 mg/kg twice daily for 5 d.
Data are presented as mean + SD of PFU/100 mg of tissue homogenate.
P values were calculated using the two-tailed Mann-Whitney U test. **P <
0.01, ***P < 0.001.

(GCV), used as a direct antiviral agent, inhibited MCMYV, as
expected (Fig. 2D).

NOD1 KD or Inhibition of Its Activity Results in Enhanced HCMV
Replication. Given that NOD1 activation limited HCMV replica-
tion, we tested the effect of NOD1 KD or inhibition of its activity by
the small molecule ML130. Using shRNA for NOD1, we found
decreases in NOD1 mRNA of 80% in noninfected HFFs and 50%
in HCMV-infected HFFs (Fig. 34). On infection, a twofold to
threefold reduction in NODI1 protein expression was observed in
NOD1 KD cells compared with control cells (Fig. 3B). Luciferase
activity from pp28 (Fig. 3C) and Western blot analysis for pp65 were
measured in control (GIPZ) and NOD1 KD cells (Fig. 3D). During
the first replication cycle, there was no difference in pp28-luciferase
activity between control and NOD1 KD cells; however, after the
second cycle, pp28-luciferase activity and pp65 expression were in-
creased in NOD1 KD cells compared with control cells (Fig. 3 C and
D). Virus titers measured using supernatants collected from the first
cycle showed a mild (nonsignificant) increase in plaque numbers in
NOD1 KD cells (Fig. 3E). Collectively, these data suggest that
NOD1 might play a role in suppressing HCMV; however, because of
its abundance in noninfected and infected cells, we suspected that
the effects of its KD were moderate.

To achieve a more significant inhibition of NOD1 activity, we
used ML130, a specific NOD1 inhibitor (21, 22). We found
that ML130 did not affect cell viability even at a concentration
of 100 uM, as determined by the 3-(4, 5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazolim bromide (MTT) assay. HFFs were pre-
treated with ML130 for 72 h at a concentration sufficient to
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inhibit NOD1 activity (5 pM) but not NOD2 or TNF-a activity,
followed by HCMV infection. A significant increase was ob-
served in second cycle pp28-luciferase activity (Fig. 3F) and virus
titer (Fig. 3G). The effect of ML130 was specific to HCMYV,
given that pretreatment of HFFs followed by HSV-1 infection
did not change the number of plaques (Fig. 3H).

Differential Effects of NOD1 Mutations on HCMV Replication. To
determine whether mutations in specific regions of NODI1 affect
HCMV replication, we generated stable cell lines overexpressing
wild-type (WT) NOD1 and two NOD1 mutants, ES6K (in the
CARD) and E266K (in the NBD), using a doxycycline-inducible
lentivirus system. The ES6K mutation was reported to abrogate
NOD1 signaling by abolishing its interaction with RIPK2 (23, 24),
indicating a role for NOD1-RIPK?2 interaction in executing down-
stream signaling. The E266K mutation in NOD1 has been suggested
to increase the pathogenesis of Helicobacter pylori infection (25);
however, its effect on NOD1 function remains undetermined.

After doxycycline induction, NOD1 mRNA was induced by 75- to
160-fold (Fig. 44), and the expression of NOD1 protein was in-
creased in the overexpressing cell lines compared with Tripz control
(Fig. 4B). We measured HCMYV replication in the different NOD1-
overexpressing cells and found that pp28-luciferase activity was re-
duced by 60% at 96 hpi in the WT and E266K-overexpressing cells,
but was increased in the ES6K- overexpressing cells (Fig. 4 C-=F).
Supernatants collected after the first cycle were used for second cycle
infection and virus titration (Fig. 4 C and D). Significant virus in-
hibition was observed in the NOD1 WT and E266K cells, as op-
posed to increased HCMV replication in the ES6K-overexpressing
cells. The expression of HCMV proteins correlated with luciferase
activity. Significant decreases in IE1/2, ULA44, and pp65 were seen in
cells overexpressing NOD1 WT or the E266K mutant; however, cells
overexpressing the ES6K NOD1 mutant consistently showed an in-
ability to suppress HCMV or its protein expression (Fig. 4 C-E).

An immunofluorescence assay (IFA) for IE1/2 using a clinical
isolate of HCMV showed reduced IE1/2 expression in NOD1 WT
and E266K-overexpressing cells, but not in E56K-overexpressing
cells (Fig. 4F). The changes in HCMYV replication/protein expression
were not secondary to lentivirus transduction or cellular toxicity;
virus uptake was similar irrespective of the overexpressing cell line,
based on pp65 level at 2 hpi (Fig. 4G), and the MTT assay revealed
no effect on cell viability after 4 d of doxycycline induction (Fig. 4H).
Furthermore, these effects were not secondary to altered cytokine
expression induced by HCMV infection of the different cell lines;
infection with purified HCMV Towne showed the same pattern of
luciferase activity and viral protein expression depending on
the cell line used (Fig. S1 4 and B). Finally, HSV-1 replication
was not altered in any of the overexpressing cell lines after 24 h
(first cycle) or 48 h (second cycle; Fig. 4]), again indicating no
role for NOD1 in controlling HSV-1 replication. Collectively, these
data reveal that specific functional mutations in NOD1 may affect
HCMV replication.

To further confirm that the observed antiviral activity in cells
overexpressing the NOD1 WT or mutants was through NOD1, we
performed Tri-DAP pretreatment. We found that in cells over-
expressing the WT or E266K NODI, luciferase activity was signif-
icantly inhibited (Fig. S24) and the expression level of viral proteins
was reduced (Fig. S2B); however, in the ES6K-overexpressing cells,
Tri-DAP pretreatment did not result in HCMV inhibition.

Signaling Downstream of NOD1 in HCMV-Infected Cells. Tri-DAP
activates a signaling pathway downstream of NOD1, through NF-
kB (26), and the antiviral response to HCMV involves IRF3 (7).
Because IFN- is responsive to these transcription factors, we tested
signaling in NOD1 KD and Tri-DAP-pretreated cells. We mea-
sured IL-8 and IFN-f transcripts in NOD1 KD and control cells at
24 hpi (Fig. 5A4). Infection resulted in a 14-fold increase in both
IL8 and IFN-p in GIPZ control cells, but only sixfold and twofold
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increases, respectively, in NOD1 KD cells. A significant reduction
in IFN-B expression was observed in infected NOD1 KD cells
compared with control cells (P < 0.01), but no change in RIG-I
transcripts was observed, supporting the specificity of the NOD1
KD system (Fig. 54, Right). We also measured NF-kB (p65)
expression in cytoplasmic and nuclear extracts of infected cells. In
control cells, HCMYV infection resulted in NF-xB localization into
the nucleus, but in the NOD1 KD cells, the changes in NF-xB
localization were not as evident (Fig. 5B).

NODI1 activation by Tri-DAP followed by HCMV infection in-
duced IFN-p mRNA (Fig. 5C, Left), as well as secreted IFN-f
(Fig. 5C, Right). We measured the expression of RIPK2, NF-kB,
and IRF3 at 24 hpi in Tri-DAP—pretreated cells. Infection induced
cytoplasmic expression of RIPK2, which was further induced in
infected Tri-DAP-pretreated cells (Fig. 5D). Similar to the effect
of infection, Tri-DAP induced NF-«kB in both cytoplasmic and nuclear
extracts. Tri-DAP treatment followed by infection further increased
NF-«B in both fractions. The pattern of IRF3 activation differed from
that of NF-B, in that pretreatment with Tri-DAP without infection
did not change nuclear IRF3 phosphorylation. The effect of Tri-DAP
on IRF3 phosphorylation was enhanced only after infection (Fig.
5D). These data suggest that NOD1 activation results in enhanced
downstream signaling, some independent of infection (NF-kB)
and others triggered only by HCMV infection (IFN pathway).

Differential Signaling Induced Downstream of NOD1 WT and NOD1
Mutant Cell Lines on HCMV Infection. Given that HCMV replication
was restricted in NOD1 WT and E266K mutant cell lines, but not in
those overexpressing the ES6K mutant, we tested the signaling in-
duced by these constructs in transfected HEK293. Plasmids encoding
for NOD1 WT, E56K, and E266K were cotransfected with NF-xB or
IFN-B luciferase reporters. Transfection of NOD1 WT or E266K
plasmid induced NF«B activity in HEK293, but the ES6K mutant
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failed to induce NF-xB (Fig. 64). No induction of IFN-p was seen
with any of the plasmids (Fig. 6B), in agreement with the data Fig.
5D, demonstrating that IRF3 activation through NOD1 occurred
only on infection. IL-8 and IFN-p mRNA was measured in the stably
transduced overexpressing cells at 24 h after infection. IL-8§ mRNA
was induced in control, NOD1 WT, and E266K-overexpressing cells,
but enhanced induction was not observed in the ES6K-overexpressing
cells (Fig. 6C). Similarly, IFN-p was induced on infection of control
cells, and enhanced induction was observed in WT and E266K-
overexpressing cells, but not in ES6K-overexpressing cells (Fig. 6D).

We measured the expression of proteins downstream of NOD1 in
the HCM V-infected overexpressing cells. RIPK2 induction was ob-
served in infected NOD1 WT and E266K-overexpressing cells, but
not in ES6K-overexpressing cells (Fig. 6E), and phospho-IRF3 was
not induced in the latter (Fig. 6F). Nuclear translocation of NF-xB
was observed on infection of WT and E266K-overexpressing cells,
but not of ES6K-overexpressing cells (Fig. 6F). Histone 3 levels also
were reduced in the nuclear fraction of ES6K (Fig. 6F), whereas
lamin B levels were similar among all of the cell lines, possibly
representing NF-kB-mediated changes in histone 3. NF-kB expres-
sion is regulated by inhibitory IkB proteins, which are regulated by
upstream IKKs (27). Phosphorylation of IkB proteins results in their
degradation and release of the NF-xB complex. Whereas IxBa was
reduced in WT and E266K-overexpressing cells, its expression was
increased in ES6K-overexpressing cells, supporting the lack of nu-
clear translocation of NF-kB. Immunoprecipitation of RIPK2, fol-
lowed by immunoblotting for NODI1-His, showed that an intact
RIPK2-NOD1 interaction in all overexpressing cells except the
E56K cells (Fig. 6G). Additional confirmation for the NODI1-
RIPK?2 interaction was obtained in RIPK2 KD cells (Fig. S34). Tri-
DAP pretreatment in these cells did not reduce CMV-pp65 ex-
pression (Fig. S3B). The expected induction of IFN-p and CXCL10
mRNA was observed in the control line, but not in the RIPK2 KD
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measurements. ***P < 0.001.

cells (Fig. S3 C and D). Taken together, these data indicate that
NODL1 activation suppresses HCMYV replication, and that mutations
in NOD1 that potentially affect its interaction with RIPK2 and
resulting downstream signaling will determine its capability to
suppress HCMV.

NOD1 and NOD2 Cooperate in HCMV Inhibition. Our findings indicate
that HCMV suppression is achieved through NOD1 activation and
its interaction with RIPK2. Given our previous report of HCMV
inhibition by the NOD2 activator, MDP (14), here we investigated
the combined effect of NOD1 and NOD2 activation. Pretreatment of
HFFs with MDP together with Tri-DAP augmented virus suppres-

E7822 | www.pnas.org/cgi/doi/10.1073/pnas.1611711113

sion to a greater degree than pretreatment with MDP or Tri-DAP
alone, based on first and second replication cycle (Fig. S44), plaque
reduction (Fig. S4B), and viral protein expression (Fig. S4C) data.

HCMV Inhibition via NOD1 Requires IFN-B. Because Tri-DAP pre-
treatment inhibited HCMV replication along with IFN-p in-
duction, and because the NODI1-overexpressing cells exhibited
differing effects on IFN-f mRNA, we tested whether the effects of
Tri-DAP in HCMV-infected cells are IFN-B—dependent. For this,
control and IFN-f KD cells were pretreated with Tri-DAP, fol-
lowed by infection [at a multiplicity of infection (MOI) of 1]. Tri-
DAP pretreatment reduced HCMV plaque formation and viral
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**P < 0.01.

protein expression in control cells, but not in IFN-p KD cells (Fig.
7 A and B). IFA performed after infection with TB40 similarly
showed reduced IE1/2 staining in control cells, but not in the
IFN-p KD cells (Fig. 7C). None of the observed effects was sec-
ondary to cellular toxicity (Fig. 7D), and virus uptake was similar
in the different cell lines (Fig. 7E).

HCMV Inhibition via NOD1 Is Dependent on IKKa. NOD1 activation by
Tri-DAP results in signaling, leading to nuclear translocation of NF-
kB accompanied by IKKa (27). Because Tri-DAP induced NF«B in
noninfected cells, we investigated whether NOD1 activity in HCMV
suppression is dependent on the canonical pathway or on the alter-
native NF-xB pathway. For this, we performed Tri-DAP pretreat-
ment, followed by infection, in IKKa KD, IKKB KD, and control
transduced cells. Once KD of IKKa and IKKp (Fig. 84) and similar
virus entry into the three cell lines were confirmed (Fig. 8B), Tri-DAP
pretreatment was performed, followed by infection. Virus replication
was efficient in all three cell lines. In control and IKKp KD cells, Tri-
DAP pretreatment suppressed HCMV replication to a similar de-
gree, as evidenced by viral protein expression (Fig. 8C), first and
second cycle luciferase activity (Fig. 8D), and a plaque reduction
assay using TB40 (Fig. 8E). However, in the IKKa KD cells, Tri-DAP
could not suppress HCMYV, suggesting that the anti-HCMV activity
of Tri-DAP is independent of the IKKB arm but requires the alter-
native IKKa pathway (Fig. 8 C-E). These results are in agreement
with previous reports of the general mechanism of Tri-DAP showing
the need for IKKa for translocation of NF-kB (28).

In control transduced cells, IKKa was detected in both cyto-
plasmic and nuclear fractions, whereas IKKp was confined to the
cytoplasm (Fig. 94). Tri-DAP pretreatment increased the cy-
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toplasmic expression of IKKa as well as pIKKa/f in the cytoplasmic
and nuclear fractions. In control and IKKp KD cells, Tri-DAP
triggered NF-«B translocation into the nucleus, whereas in IKKa
KD cells it did not. IRF3 phosphorylation in the different cell lines
revealed an increase in the cytoplasm after Tri-DAP pretreatment,
and a more significant increase in the nuclear fraction after Tri-
DAP pretreatment and infection (Fig. 94). Whereas Tri-DAP
pretreatment followed by infection similarly induced nuclear
translocation and phosphorylation of IRF3 in IKKf KD cells, in the
IKKa KD cells, IRF3 remained in the cytoplasm (Fig. 9 A-C). In
agreement with these findings, mRNA expression of IFN-§ and
CXCL-10 was enhanced in control and IKKp cells, but no such
induction was observed in IKKa KD cells (Fig. 9 D-F). Thus, IKKa
mediates an IRF3 effect in response to Tri-DAP that amplifies the
antiviral cytokine response (Fig. S5, model).

SNPs in NOD1 Are Significantly Associated with HCMV Infection. Fi-
nally, because mutations in NOD1 were seen to affect HCMV
replication in vitro, we asked whether SNPs in NOD1 had clinical
relevance for predicting the risk of HCMV infection. The HCMV
gB vaccine trial provided a unique opportunity to address this
question. Genomic data for 29 selected innate immune response
genes and 768 SNPs were available from 383 women (152 who had
received vaccine and 231 who had received placebo). Twenty
women in the vaccine group and 32 women in the placebo group
were infected with HCMV. A comparative analysis of SNPs in all
infected and all noninfected women revealed that of six statistically
significant SNPs, three were in introns 6, 9, and 12 of NOD1 (Fig.
S6 and Table 1). SNPs in NOD1 were more significantly associated
with HCMYV infection compared with noninfected controls.
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formed in 293T cells. pcDNA-NOD1 WT and mutant plasmids were cotransfected with reporter plasmids. After 24 h, cells were lysed, and luciferase activity
was determined. (C and D) NOD1-overexpressing cells were infected with HCMV (MOI 1) for 24 h, and IL-8 (C) and IFN-B (D) mRNA expression was measured by
gRT-PCR. The depicted mRNA expression experiments represent mean + SD from triplicate wells of two representative experiments. (E and F) The expression
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Discussion (LRR) that detects conserved microbial patterns and modulates
The innate immune response to HCMV involves an orchestrated ~ NLR activity (26, 31, 32). NOD2 recognizes MDP, which is pre-
system composed of multiple receptors residing in different cellular ~ sent on most peptidoglycans (33). As bacterial sensors, NOD1 and
compartments (1, 4, 7, 29). Characterizing of these receptors and ~ NOD2 induce downstream signaling pathways. Although NF-kB is
understanding their function and networking, as well as strategies @ major signaling pathway downstream of NOD1 and NOD2, type
used by HCMV to counteract their activities, are of paramount I IFNs were induced via NOD1 during infection with H. pylori,
importance for HCMV control. In addition, pathways that are reminiscent of an antiviral response (34). NOD2-dependent IFN-f

specific to HCMV and not shared by other herpesviruses may affect P r.oduction during inf?CtiOI.l with Listeria resqlted from Synergy
the targeting of unique host responses to HCMV. Toward this effort, wnh‘other cytosolic microbial SCNSOTS (11). Evidence for IFN in-
here we report the role of NOD1 in HCMYV suppression. NOD1 and duction through NOD1 and NOD2 i also supported by reports of
NOD2 are the most well-studied NLRs in human disea.se Both are their ability to sense viruses. RNA viruses activated IRF3 in an
expressed in monocytes, macrophages, and dendritic cells (3.0) NOD1 NOD2- ?%c; III\IIHOO]SgOgdfr.w}l antlylraL silgnaﬁng pgotem-de%q?dent
. . . ’ ) ; manner . -deficient mice had enhanced susceptibility to
1sbalsg exprfassed m eNptt)}glzlal qel(ljs, agdbmilrr]ﬂresults demqnstarlate 1t§ infection with respiratory syncytial virus (RSV), decreased IRF3
abundance in HFFs. D2 1s induced by nflammatory signals, an phosphorylation, and type I IFN production. Redundancy of innate
we previously reported its significant induction in HCMV-infected

: . e immune response pathways to herpesviruses is well known, and
HFFs starting at 24 hpi and thereafter (13). For NODI, activation  gome of the recently described pattern recognition receptors, such

rather than. induction appears to play a role in HCMV inhibition.  4¢ [F116 and cGMP-AMP synthase (cGAS), appear to be broad
Because of its abundal.lce in HFFs, the response of NODI to HCMV sensors of different herpesviruses (29, 36-41). In the case of NODI,
was observed over a wider range of MOI in contrast to NOD2, which  specific HCMV suppression through NODI activation (but not
responded efficiently to a lower MOI (14). Pretreatment of mice with  HSV-1 suppression) suggests the possible use of specialized path-
two doses of iE-DAP already initiated a sufficient signaling milieu that ~ ways through HCMV which could be targeted for virus control.
limited MCMV replication, although the exact balance of signaling On the basis of our previous finding that NOD2 induction by
activation and virus inhibition merits more detailed study. HCMYV resulted in an antiviral response, in the present study we
The NOD1 protein contains an N-terminal CARD, an in- investigated the role of NOD1 in HCMYV inhibition. NOD1
termediary NBD that is required for nucleotide binding and self-  overexpression or activation by Tri-DAP inhibited HCMV, but not
oligomerization, and a C-terminal leucine-rich repeat domain  HSV-1. In addition, mutations in the CARD that interacts with

E7824 | www.pnas.org/cgi/doi/10.1073/pnas.1611711113 Fan et al.
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Fig. 7. IFN- is required for HCMV inhibition by Tri-DAP. (A and B) HFFs were

stably transduced with lentivirus expressing control (GIPZ) or shRNAs against
IFN-B (shIFN-B), nontreated or pretreated with Tri-DAP, followed by HCMV in-
fection (MOI 1) for 72 h. Plaque reduction (A), and expression level of viral
proteins (B) were determined at 72 hpi. (C) IFA for IE1/2 was performed at 24 h in
TB40-infected control or shIFN- cells. The primary antibody was IE1/2, and the
secondary antibody was goat anti-mouse (FITC, green) and nuclear stain (P, red).
(D) Cell viability with or without Tri-DAP pretreatment for 72 h was determined
by an MTT assay. (E) For the virus entry assay, Tri-DAP-pretreated GIPZ control
cells or shIFN-§ cells were infected with HCMV Towne for 2 h at 37 °C and
washed with citric acid buffer (pH 3) to strip off virus particles adhered to the cell
surface, and pp65 was detected by Western blot analysis. Data are mean + SD
from triplicate measurements. ns, nonsignificant. *P < 0.05.

RIPK?2 abolished the inhibitory effect of NOD1 on HCMV. NOD1
activation resulted in induction of NF-kB and IFN-p signaling. The
effects of Tri-DAP on NF-xB activation were observed in both
noninfected and HCMV-infected cells, but changes in IFN-f were
observed only in infected cells, supporting the model in which the
NF-kB-dependent IFN-p pathway is required for NOD1 activities
in infected cells. This hypothesis was confirmed by using IFN-$ KD
cells, in which HCMV suppression by Tri-DAP was abolished.
We tested the requirements of the IKKp-dependent classical NF-
kB pathway and the alternative IKKa-dependent pathway (42). In
IKKp KD cells, Tri-DAP inhibited HCMV, suggesting that the
canonical NF-kB pathway is not required for Tri-DAP activity
against HCMV. Although some remaining kinase activity could still
induce NF-kB activation, it is unlikely that HCMV would be
inhibited similarly in the respective cell lines. The activity of Tri-
DAP against HCMV was significantly reduced in IKKa KD cells,
however. There is only one published report of IRF3 activation by
IKKa after its interaction with the NF-kB-inducing kinase (43). We
found that nuclear translocation of IRF3 did not occur in IKKa KD
cells in response to Tri-DAP treatment. Similarly, in another study,
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IKKPp was not required for NOD1 activation of IFN signaling in an
H. pylori model. Although the role of IKKa was not studied in that
model, the induction of IFN through NOD1 signaling was found to
depend on TBK1 and IKKe (34). Nuclear translocation of NF-kB is
a direct response to Tri-DAP-stimulated NOD1 (26), and is de-
pendent on IKKa (28). Whereas IKKp is predominantly cytoplas-
mic, IKKa shuttles between the nucleus and cytoplasm of cells (44).
We observed an increase in both NF-kB and IKKa in response to
Tri-DAP (Fig. 9). IKKa KD resulted in reduced IKKa-mediated
nuclear translocation of NF-kB and IRF3 in response to Tri-DAP,
indicating the requirement for IKKa in mediating an anti-HCMV
response via NF-kB and IRF3. We propose a summary model of
HCMV control by NOD1 through IKKa, leading to IRF3 activa-
tion and IFN-f induction (Fig. S5). In this model, IRF3 and NF-xB
translocate to the nucleus in control and IKKp KD cells, in response
to HCMYV infection and Tri-DAP, and a cumulative effect is ob-
served when Tri-DAP precedes infection (Fig. S5 A and B). Acti-
vation of this pathway is IKKa-dependent; Tri-DAP stimulation
results in increased NF-xB and IRF3 protein levels, but nuclear
translocation does not occur in the absence of IKKa (Fig. S5C).
Mutations in NOD1 and NOD?2 leading to loss or gain of function
are associated with autoimmune and inflammatory diseases (19, 45—
49). We previously reported that the NOD2 mutation associated with
severe Crohn’s disease (3020C) results in enhanced HCMV repli-
cation in vitro (13). Here we provide in vitro evidence indicating that
specific mutations in NOD1 result in either reduced or enhanced
HCMYV replication, as determined by NOD1 interaction with RIPK2.
The laboratory-generated ES6K mutation is an example that disrupts
the interaction between NOD1 and RIPK2, but other mutations have
been reported as well (24). Although a significant body of literature
implicates associations between SNPs in NOD1 and several immune-
related diseases, such as inflammatory bowel disease, atopic eczema,
asthma, and rheumatoid arthritis (4649), a link between these ob-
served associations and specific NOD1 activity has not been estab-
lished. Many of these genetic variants lie outside of protein-coding
genes, and although they may or may not have a direct effect on
protein structure, it is highly likely that cryptic splice sites are gen-
erated by these intronic polymorphisms, resulting in altered protein
translation, stability, and expression of multiple isoforms. In fact,
polymorphisms in the LRR domain of NOD1 that contribute to
differences in expression levels of naturally occurring splice variants
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Fig. 8. Effect of Tri-DAP on HCMV replication in IKKa and IKKp KD cells. (A) KD
of IKKa and IKKB was determined by Western blot analysis in noninfected HFFs
using anti-IKKa and IKKB antibodies. (B) Virus entry into the IKKo, IKKB KD
(shiKKa, shiKKg), and control cells was measured by Western blot analysis for
pp65, as in Fig. 7E. (C-E) Cells were pretreated with Tri-DAP for 72 h, followed by
infection with HCMV Towne (MOI 2). HCMV pp65 expression (C), pp28-luciferase
activity after the first cycle (D) and after the second cycle and a plaque reduction
assay (E) were measured in the respective cell lines. Data are mean + SD from
triplicate measurements. ns, nonsignificant. *P < 0.05, **P < 0.01.
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of NOD1 have been associated with differential inflammatory re-
sponses (48, 50).

Our genetic analysis of 29 selected innate immune response genes
revealed that intronic SNPs in NOD1 were highly predictive of the
risk of HCMYV infection in humans. The majority of previous studies
of host genetics and susceptibility to human herpesvirus infections
have investigated SNPs in Toll-like receptors (TLRs) (46, 47); for
example, an SNP in TLR2 was found to be associated with HCMV
replication and disease in a small cohort of liver transplant recipients
(51). Our data suggest a role for genetic variation in NOD1 as a
predictor of the risk of HCMV acquisition, although its impact on
virus replication and disease in a high-risk population remains to be
studied. Thus, it is possible that a combination of NOD1 SNPs may
determine protein folding/accessibility for interaction with RIPK2
and induction of antiviral responses. These human SNPs should be
further investigated for their effect on LRR-mediated responses and
the resulting NOD1-RIPK2 complex.

Collaboration between NOD1 and NOD?2 has been identified in
a Salmonella typhimurium colitis model. Mice deficient in either
NOD1 or NOD2 were not susceptible to infection, but mice de-
ficient in both NOD1 and NOD?2 exhibited increased Salmonella
colonization of the intestine (16). Similarly, it appears that for
HCMV, collaboration between NOD1 and NOD2 may have an
additive effect in virus suppression, with NOD1 activation inducing
an early tier of innate immune response, followed by a second tier
through NOD2. We previously reported that in IFN-p KD cells,
pretreatment with MDP could not suppress HCMV or induce
NOD2, suggesting that NOD2 activities require IFN-p (14). Simi-
larly, IFN signaling was found to induce RIPK2 expression and
downstream signaling in macrophages with a variety of stimuli (18).
Our present data on the combined effect of MDP and Tri-DAP on
HCMV replication, the lack of anti-HCMYV activity of Tri-DAP in
IFN-B KD cells, and the role of IKKa in inducing NF-kB and IRF3
downstream of NOD1 point to a model of initial activities through
NODY1, resulting in IFN-f signaling leading to NOD2 induction and
RIPK?2 activation and further inhibiting HCMV replication.

In summary, here we provide information on a specific innate
immune response pathway for HCMV control. Future studies will
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Tri-DAP, followed by infection with HCMV
Towne (MOI 0.1). Expression levels of
IKKa, IKKB, pIKKo/B, p65, and IRF3 were
measured by Western blot analysis in cy-
toplasmic and nuclear fractions at 24 hpi
(A) and the expression pattern of IRF3
and p65 was determined in IKKa (B) and
IKKB (C) KD cells at 24 hpi. (D-F) mRNA
levels of IFN- B, CXCL10, and RIG-l were
measured after Tri-DAP pretreatment,
followed by infection with HCMV Towne
(MOI 0.1). Data are mean + SD from trip-
licate measurements. ns, nonsignificant.
*P < 0.05, ***P < 0.001.
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examine the role of NOD1 and NOD2 in vivo and with the aim of
uncovering strategies used by HCMV to counteract activities through
these receptors.

Materials and Methods

Chemicals and Proteins. Tri-DAP, iE-DAP, and MDP were obtained from Invivogen.
The NOD1 inhibitor ML130 was provided by Dr. G. Roth, Sanford Burnham Research
Institute (21, 22). ML130's high specificity against NOD1 has been confirmed by
multiple downstream counterscreens that eliminated compounds impacting other
NF-kB effectors, and its ICso against NOD2 or TNF-u is >20 pM. iE-DAP was dissolved
in PBS and used for experiments in mice. GCV was obtained from Sigma-Aldrich.

Cell Culture and Viruses. HFFs were used for infection with HCMV and HSV-1 as
described in S/ Materials and Methods.

Generation of NOD1-Overexpressing Cells. WT and mutant human NOD1
plasmids were constructed in pcDNA4/HisMax vector (Invitrogen), as de-
scribed in SI Materials and Methods.

Additional information on procedures is provided in S/ Materials
and Methods.

Statistical Analysis. All infection assays, gRT-PCR runs, and Western blot
analyses were repeated three times unless stated otherwise. Statistical
analyses were performed using two-tailed ANOVAs for comparisons between
groups. For the animal studies, a two-tailed Mann-Whitney test was used
with GraphPad Prism 7. A P value <0.05 was considered to indicate signifi-
cance: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Quantitative
analysis of proteins detected by immunoblotting was performed by de-
termining band intensities relative to p-actin using ImageJ version 1.48.

Study Population for SNP Studies. Samples were collected from healthy
women age 14-40 y (median age, 19.6 y) who enrolled in the gB vaccine trial
(20). The majority of the study population (75%) was African American. The
Institutional Review Boards of Johns Hopkins University School of Medicine
and University of Alabama granted approval for this study.

SNP Selection. Using a candidate gene approach, 29 genes shown to be asso-
ciated with innate immune responses were selected: JUN, IKBKE, MYD88, TLR9,
CD80, CD86, TLR10, TLR1, TLR6, NF-KB1, TLR2, TLR3, CD14, MXD3, MAPK14,
MAP3K?7, LY96, TLR4, MAPKS8, CHU.K., TRAF6, IRAK4, TBK1, TICAM1, IRF3, CD40,
TLR7, IRAK1. PDGFRA, integrins, and NOD1. Also included were 41 SNPs with

Table 1. Significant SNPs in HCMV-infected and noninfected women

Gene rsiD Risk allele Counts, all Counts, infected Counts, noninfected OR P value
NOD1 rs2284358 G 10/117/256 5/19/28 5/96/225 2.70 0.00041
LY9%  rs6472812 A 0/16/367 0/6/46 0/10/316 8.33 0.00063
NOD1 rs2970500 C 4/88/291 3/14/35 1/72/253 3.21 0.00069
TLR1 rs5743572 A 2/66/314 0/19/32 2/47/1277 3.09 0.00069
NOD1 rs10267377 C 54/180/149 12/30/10 41/147/138 2.15 0.00103
TLR10 rs4513579 G 21/121/241 5/26/21 16/94/216 2.15 0.001380
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previously reported associations in human diseases, 157 nonsynonymous SNPs,
and 28 ancestry-informative markers (AlMs), for a total of 768 SNPs (52).

Genotyping Methods. Genomic DNA (75-150 ng/pL) was obtained from frozen
EDTA blood samples using Gentra Puregene extraction (Qiagen). Genotyping
was performed using the lllumina GoldenGate chemistry as described previously
(52). Genotypes were released for 714 SNPs (93% of those attempted), of which
694 were scored as high-quality SNPs.

Statistical Analysis of SNPs. Statistical analysis of SNPs was done as reported
previously (52). In brief, 28 AIMs were genotyped for evaluation of population
stratification using principal components analysis in the statistical program
Eigenstrat (53). Association analysis was done in PLINK version 1.062 (http:/
pngu.mgh.harvard.edu/purcell/plink) using linear regression and an additive
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