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Abstract
Human Cytomegalovirus (HCMV) encodes multiple microRNAs (miRNAs) whose functions

are just beginning to be uncovered. Using in silico approaches, we identified the Toll-Like

Receptor (TLR) innate immunity pathway as a possible target of HCMVmiRNAs. Luciferase

reporter assay screens further identified TLR2 as a target of HCMVmiR-UL112-3p. TLR2

plays a major role in innate immune response by detecting both bacterial and viral ligands,

including HCMV envelope proteins gB and gH. TLR2 activates a variety of signal transduc-

tion routes including the NFκB pathway. Furthermore, TLR2 plays an important role in con-

trolling CMV infection both in humans and in mice. Immunoblot analysis of cells transfected

with a miR-UL112-3p mimic revealed that endogenous TLR2 is down-regulated by miR-

UL112-3p with similar efficiency as a TLR2-targeting siRNA (siTLR2). We next found that

TLR2 protein level decreases at late times during HCMV infection and correlates with miR-

UL112-3p accumulation in fibroblasts and monocytic THP1 cells. Confirming direct miR-

UL112-3p targeting, down-regulation of endogenous TLR2 was not observed in cells in-

fected with HCMVmutants deficient in miR-UL112-3p expression, but transfection of miR-

UL112-3p in these cells restored TLR2 down-regulation. Using a NFκB reporter cell line, we

found that miR-UL112-3p transfection significantly inhibited NFκB-dependent luciferase ac-

tivity with similar efficiency as siTLR2. Consistent with this observation, miR-UL112-3p

transfection significantly reduced the expression of multiple cytokines (IL-1β, IL-6 and IL-8)

upon stimulation with a TLR2 agonist. Finally, miR-UL112-3p transfection significantly inhib-

ited the TLR2-induced post-translational activation of IRAK1, a kinase located in the up-

stream section of the TLR2/NFκB signaling axis. To our knowledge, this is the first identified

mechanism of TLR2 modulation by HCMV and is the first report of functional targeting of

TLR2 by a viral miRNA. These results provide a novel mechanism through which a HCMV

miRNA regulates the innate immune response by down-regulating TLR-2 expression.
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Author Summary

Human cytomegalovirus (HCMV) is a herpesvirus that is a leading cause of congenital de-
fects in newborns and can be deadly in people with weakened immunity. HCMV has de-
veloped multiple strategies to escape the host immune system. Among those, microRNAs
(miRNAs) are short regulatory RNAs that target gene transcripts through sequence com-
plementarity. HCMV expresses more than 20 miRNAs and several of them, in particular
miR-UL112-3p, have been demonstrated to cooperate in evading the host antiviral im-
mune response during infection. In this work we identified TLR2, a cell surface receptor
that plays an important role in the detection and control of CMV infection, as a novel tar-
get of miR-UL112-3p. We demonstrate that miR-UL112-3p efficiently down-regulates en-
dogenous TLR2 during infection, causing significant inhibition of the downstream
signaling cascade. This work provides the first identified mechanism of TLR2 modulation
by HCMV and is the first report of TLR2 targeting by a viral miRNA.

Introduction
The innate immune system is activated when microbial components (pathogen-associated mo-
lecular patterns or PAMPs) bind pattern recognition receptors (PRRs) located to the cell sur-
face or in the intracellular compartment, leading to cellular changes including production of
proinflammatory cytokines, increased motility and enhanced antigen presentation capabilities
[1]. TOLL-like receptors (TLRs) are PRRs that play a critical role in controlling microbial infec-
tions. Each of the 10 TLRs identified in humans recognizes specific PAMPs, e.g. TLR4 binds
Gram-negative bacteria lipopolysaccharides (LPS), TLR7/8 detects RNA virus infection by
binding single-stranded RNAs, and TLR2 is responsive to bacterial lipoproteins through di-
meric association with either TLR1 or TLR6 [2]. In the "classic" TLR2 pathway, binding of a
PAMP to the receptor induces the recruitment of the adaptor protein MyD88 and IL-1 recep-
tor-associated kinases (IRAK-4 and -1) via death domain interactions. The resulting phosphor-
ylation and ubiquitination cascades activate the NFκB and MAP kinase (MAPK) pathways
that in turn stimulate the transcription of various pro-inflammatory cytokines such as TNF-α,
IL-6 and IFN-β [3].

In addition to bacterial lipopeptides, TLR2 is an important sensor of viral proteins including
EBV dUTPase [4], Hepatitis C core and NS3 proteins [5] and Human Cytomegalovirus
(HCMV) envelope glycoproteins B and H (gB and gH) [6,7]. HCMV gB and gH interact direct-
ly with TLR2 on the plasma membrane, resulting in the stimulation of the NFκB pathway in a
MyD88-dependent manner and the production of inflammatory cytokines characteristic of in-
nate immune detection. Interestingly, endosomal TLR2 was also shown to mediate expression
of type I interferon in inflammatory monocytes upon murine CMV (MCMV) infection in a
MyD88- and IRF3/IRF7 dependent manner [8].

Correlating with these in vitro studies, the biological importance of TLR2 to control CMV
infection has been demonstrated in vivo in both human and mice. Single nucleotide polymor-
phism (SNP) analysis of human liver transplant recipients identified a frequent human TLR2
mutation that is a significant risk factor for HCMV reactivation and disease [9]. Further studies
revealed that this mutation results in a functional defect of TLR2 stimulation and downstream
signaling by HCMV [9–13]; in line with human data, MCMV infection of TLR2 knock-out
(KO) mice led to elevated viremia in the spleen and liver compared with WTmice [14]. Taken
together, these findings indicate that TLR2 plays a crucial role in the detection and control of
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CMV infection in vivo. However, despite its importance in the biology of CMVs, a viral mecha-
nism for TLR2 modulation has not been reported.

MicroRNAs (miRNAs) are small non-coding RNAs that down-regulate target genes post-
transcriptionally via incorporation into the RNA-induced silencing complex (RISC) (for re-
view, see [15]). In addition to plants and animals, miRNAs have been identified in double-
stranded, nuclear-replicating DNA viruses, and in particular herpesviruses (www.mirbase.org).
A number of studies, including our own, have identified 24 mature miRNAs encoded by
HCMV from 13 pre-miRNAs [16–18]. Unlike the miRNAs encoded by the α- and γ-herpesvi-
ruses, which form clusters in latency-associated regions of the genome, the HCMV-encoded
miRNAs are located throughout the viral genome as both single miRNAs and small clusters
[19,20]. Although miRNA sequences are not conserved between herpesviruses, the consensus
in the field is that miRNAs from different viral species target similar genes or pathways in their
respective hosts [21,22]. Herpesvirus miRNAs have been shown to target various aspects of
virus and cell biology, including viral transcriptional activators and immune evasion genes
[23–25] as well as cellular genes involved in cell cycle regulation, apoptosis, signal transduction
and vesicular trafficking [26–32].

One of the most studied aspect of the biology of herpesvirus miRNAs is their role in the reg-
ulation of the host innate immune response. Very recently, our lab demonstrated that HCMV
miR-US5-1, miR-US5-2 and miR-UL112-3p modulate inflammatory cytokine secretion by tar-
geting multiple members of the secretome pathway, and that combined inactivation of these
miRNAs in the virus disrupts the virus assembly complex (VAC) and causes severe growth de-
fect [32]. Another HCMVmiRNA, miR-UL148 was found to target the immune cell attracting
chemokine RANTES [33]. Supporting the hypothesis that different viruses utilize distinct
miRNA sets to modulate the same biologically important genes and pathways, work from the
Mandelboim lab revealed that HCMVmiR-UL112-3p as well as KSHV and EBV miRNAs all
directly target MICB, a stress-induced ligand of the natural killer (NK) cell activating receptor
NKG2D that plays an important role in the NK-mediated antiviral response [21,34,35]. In an-
other example of functional convergence, various viruses have recently been found to modulate
the TLR/ IL-1β pathway via miRNA targeting. Specifically, MyD88 and IRAK1 are directly tar-
geted by KSHV miRNAs but also by a cellular miRNA, miR-21, that is induced during HCV,
HIV-1 and VSV infection, resulting in reduced inflammatory cytokine and interferon expres-
sion [36,37].

Despite the fact that TLR2 is an important viral sensor that is regulated by cellular miRNAs
[38–42], a viral miRNA has not been shown to target this gene. In this study we demonstrate
that in addition to MICB and the secretome pathway, HCMVmiR-UL112-3p modulates the
TLR/IRAK1/NFκB signaling pathway by targeting TLR2, a HCMV sensor that plays an impor-
tant role in mammalian control of CMV infection.

Results

TLR2 is targeted by HCMVmiR-UL112-3p
To identify cellular pathways that are potentially targeted by HCMVmiRNAs, we analyzed the
reactome database (www.reactome.org, [43]) for pathways enriched in genes for which the
3'UTR contains one or more canonical HCMVmiRNA target sites. Strikingly, several reactome
pathways related to TLR signaling appeared to be targeted by HCMVmiR-UL112-3p (S1 Fig,
upper panel). Given the importance of the host innate immune response in the biology of her-
pesviruses and the fact that others have shown that TLR pathways are targeted by miRNAs
during viral infection, we decided to explore this finding further.
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To determine experimentally if genes belonging to the TLR pathway are targeted by HCMV
miRNAs, we cloned the 3'UTR of 10 human genes belonging to the pathway (TLR1, TLR2,
TLR3, TLR9, CD14, Rac1, Rac2, Rac3, TICAM1, TICAM2) in the pSICHECK2 dual luciferase
reporter construct downstream of the Renilla luciferase gene. Individual co-transfection of
these constructs with 12 putative and confirmed HCMVmiRNAmimics or a negative control
in HEK293Tcells followed by luciferase assay suggested that TLR2 is targeted by two miRNAs,
miR-US25-2 and miR-UL112-3p (Figs 1A and S1). miR-UL25-2 inhibited luciferase activity by
approximately 20% while miR-UL112-3p had a stronger effect with 65% inhibition. None of
the other TLR pathway genes were reproducibly down-regulated by the HCMVmiRNAmim-
ics tested in this assay (S1 and S2 Figs).

Since TLR2 3'UTR appears targeted by two miRNAs, we tested whether they could synergize
in the down-regulation of the reporter gene. As shown in Fig 1B, miR-US25-2 did not exhibit
significant effect in down-regulating the TLR2 3'UTR reporter when co-transfected with
miR-UL112-3p. These results indicate that miRUL112-3p is solely responsible for TLR2 down-
regulation. Taken together with the fact that miR-US25-2 transfection was unable to down-reg-
ulate TLR2 by immunoblot (IB) (S3 Fig), we chose to focus exclusively on miR-UL112-3p in
subsequent experiments. Using RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/
rnahybrid/) we identified two potential target sites for miR-UL112-3p located in the proximal
region of TLR2 3’UTR and separated by 41bp (Fig 1C). Site-directed mutagenesis was per-
formed on the seed sequence of each target site in the pSICHECK2-TLR2 3’UTR reporter con-
struct, individually or in combination. Luciferase assay analysis indicated that mutation of
individual target sites partially rescued the knockdown induced by miR-UL112-3p in the WT
construct (40% rescue for site #1 and 15% rescue for site #2, Fig 1D), while the double mutation
resulted in complete rescue (75% rescue compared to the WT construct). If the two sites had
additive effect, the rescue would be approx. 40+15: 55%, which is significantly lower than the
observed rescue by the double mutant. These results suggest that the down-regulation of TLR2
by miR-UL112-3p is mediated by two closely spaced target sites acting cooperatively. We next
tested if transfection of a miR-UL112-3p mimic could target endogenous TLR2. For this exper-
iment we used TPA-differentiated THP-1 cells in which TLR2 is easily detectable by IB (Fig
1E). Compared to untransfected cells or cells transfected with a non-targeting control siRNA
(NEG), TLR2 expression was strongly reduced upon transfection of a miR-UL112-3p mimic.
Strikingly, this mimic was almost as potent as a commercial siRNA against TLR2, suggesting
that miR-UL112-3p targets TLR2 with siRNA-like efficiency (Fig 1E). This unusually high effi-
ciency (for a miRNA) is probably due to the cooperative effect of the two target sites identified
above.

These results indicate that miR-UL112-3p efficiently targets endogenous TLR2 via two tar-
get sites located in the proximal part of the 3'UTR sequence.

TLR2 is down-regulated during HCMV infection
Like most HCMVmiRNAs, miR-UL112-3p is expressed with early kinetics during in vitro
HCMV infection and accumulates over time [17]. We reasoned that miR-UL112-3p might
down-regulate TLR2 as it accumulates during infection. To test this hypothesis, we first moni-
tored the protein level of endogenous TLR2 during HCMV infection in productively infected
fibroblasts by western blot (IB) (Fig 2A). Quantitation of TLR2 revealed that the protein fol-
lows a biphasic expression in fibroblasts infected with the lab strain AD169. First, TLR2 was
significantly up-regulated within 24–48 hours post-infection (hpi). TLR2 upregulation upon
infection with HCMV and other viruses such as HSV1 and Influenza has been observed by oth-
ers both at the mRNA and protein level [44–47] and requires live virus since UV-inactivated
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virus is unable to induce TLR2 (S4 Fig and [45]). Early TLR2 accumulation was followed by a
down-regulation phase clearly seen at 4 and 6dpi, which corresponded to the late phase of in-
fection as indicated by the detection of pp65, a late gene product. TLR2 biphasic expression
was not a loading artifact since probing the same blot for TRAM1, a protein that remains con-
stant during HCMV infection, indicated fairly consistent loading between the lanes. In line
with our hypothesis that miR-UL112-3p targets TLR2 during infection, the TLR2 decrease cor-
related temporally with the progressive accumulation of miR-UL112-3p in infected NHDF
cells (Fig 2B). We performed similar experiment using TPA-differentiated THP-1 cells (a
monocytic cell line) infected with the HCMV clinical strain TB40E. In contrast with fibroblasts,
TLR2 was abundantly expressed in uninfected THP-1 and was not significantly upregulated
upon infection. However, similar to fibroblasts, TB40E infection resulted in the progressive
down-regulation of TLR2 at 4-6dpi (Fig 2C) that temporally correlated with the progressive ac-
cumulation of miR-UL112-3p in TB40E-infected cells (Fig 2D).

Taken together, these results show that TLR2 is down-regulated late during HCMV infec-
tion at time when miR-UL112-3p accumulates significantly.

Fig 1. TLR2 3’UTR is targeted by HCMVmiRNAs. (A) Dual luciferase reporter assay suggests that TLR2 3’UTR is targeted by miR-UL112-3p and
miR-US25-2. Two independent pSICHECK2-TLR2 3’UTR clones were tested; stars indicate potential Renilla luciferase down-regulation. Putative and
confirmed HCMVmiRNAs are indicated in abbreviated form (see detailed list in legend of S1 Fig) (B) TLR2 3’UTR is down-regulated by miR-UL112-3p.
HEK293 cells were transfected with pSICHECK2-TLR2 3’UTR and the indicated miRNAmimics alone or in combination. (C) Two potential miR-UL112-3p
target site are present near the 5’end of TLR2 3’UTR (bold characters). Wobble G-U pairs are in italics; seed sequences are indicated. (D) Both target sites
are required for full miR-UL112-3p down-regulation of TLR2. pSICHECK2 vectors containing mutations in target sites #1 and #2 (mut1 and mut2,
respectively) were assayed by luciferase assay with the indicated miRNAs. (E) A miR-UL112-3p mimic down-regulates endogenous TLR2 in THP1 cells.
TPA-differentiated THP1 cells left untransfected (Ø) or transfected as indicated were harvested 2 days post-transfection for IB analysis.

doi:10.1371/journal.ppat.1004881.g001
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miR-UL112-3p down-regulates endogenous TLR2 during HCMV
infection
To determine whether miR-UL112-3p expressed by HCMV during infection is responsible for
the down-regulation of TLR2 shown in Fig 2, we used an AD169 miR-UL112-3p KO mutant
BAC construct [32]. This mutant contains seven silent mutations in the miR-UL112-3p locus
that disrupt the secondary structure of the miRNA resulting in the loss of miR-UL112-3p ex-
pression without affecting expression of UL114 located on the complementary strand [32].
Side-by-side infection experiments using AD169WT and AD169 miR-UL112-3p KO in fibro-
blasts revealed that both viruses induce TLR2 with similar efficiency at 1dpi (Fig 3A). Striking-
ly, in contrast with WT virus infection in which TLR2 level decreased over time, TLR2 levels
remained stable 3 and 5 days post-infection with the miR-UL112-3p-deficient virus. Similar ex-
periment performed with a triple miRNA mutant virus that does not express miR-UL112-3p,
miR-US5-1 and miR-US5-2 [32] gave the same result (S5 Fig). This effect was not due to an in-
fection defect by the mutant viruses since viral proteins IE1, IE2, pp28 and pp65 were express-
ed at levels comparable to the WT virus throughout infection (Figs 3A and S4 and S5).
Furthermore, we and others have demonstrated that AD169 miR-UL112-3p KO does not

Fig 2. TLR2 is down-regulated during HCMV infection. (A) TLR2 follows a biphasic expression pattern during HCMV AD169 infection of NHDF fibroblasts
with early induction and late down-regulation. Numbers below the TLR2 blot represent quantification of the protein signal. IB, immunoblot. TRAM1 was used
as loading control. (B) miR-UL112-3p accumulates at late time points during AD169 infection of NHDF cells. miR-UL112-3p copy number was determined by
RT-PCR at various points during the infection of NHDF fibroblasts with HCMV AD169 (MOI: 3). (C) TLR2 is down-regulated late during TB40E infection of
THP-1 monocytic cells. (D) miR-UL112-3p accumulates at late time points during TB40E infection of differentiated THP-1 cells (MOI: 3).

doi:10.1371/journal.ppat.1004881.g002
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display any significant growth defect compared to WT virus in fibroblasts [32,48]. These data
demonstrate that miR-UL112-3p expression is required for TLR2 down-regulation during
HCMV infection.

Since the level of TLR2 is maintained in cells infected with a miR-UL112-3p-deficient virus,
we next tested whether transfection of exogenous miR-UL112-3p could reverse this effect (Fig
3B). NHDF cells were infected with AD169 miR-UL112-3p KO, transfected with siRNA/
miRNA mimics 2 hrs later and harvested 2 dpi. Transfection of the miR-UL112-3p mimic
markedly reduced the level of TLR2 compared to untransfected cells or cells transfected with
miRNA mimics that do not target TLR2 (NEG and miR-US25-1).

Taken together, these results indicate that miR-UL112-3p expressed by HCMV during in-
fection efficiently down-regulates endogenous TLR2.

miR-UL112-3p inhibits TLR2 signaling and NFκB activation
HCMV inhibits the NFκB pathway late in infection, presumably to repress the expression of
cytokines and chemokines by the infected cell [49]. Since TLR2 is a major PRR trigger of NFκB
signaling, we tested whether miR-UL112-3p inhibits TLR-2-dependent NFκB signaling. These
experiments were performed in differentiated THP-1 cells using the outline described in Fig
4A. First, we evaluated the impact of miR-UL112-3p on the induction of NFκB expression in
THP1 reporter cells expressing luciferase under the control of the NFκB Response Element
(THP1-NFκBRE-luc) upon stimulation with the TLR2/TLR6 agonist FSL-1 (Fig 4B). FSL-1 ef-
ficiently induced luciferase expression in cells transfected with NEG (15-fold and 28-fold at 10
and 100ng/ml FSL-1 over non-stimulated cells, respectively). Knocking down TLR2 with a
siRNA (siTLR2) inhibited luciferase activity by 50% at 10ng/ml FSL-1 and by 40% at 100ng/ml
FSL-1. Transfection with miR-UL112-3p mimic had the same effect as the siRNA, suggesting
that miR-UL112-3p efficiently inhibited TLR2-mediated NFκB activation.

We next monitored the effect of siTLR2 and miR-UL112-3p on the expression of endoge-
nous cytokines in THP-1 cells using the same experimental outline (Fig 4A). In these experi-
ments, mRNA expression of TLR2 and three NFκB-responsive cytokines that play a significant
role in the HCMV life cycle (IL-1β, IL-6 and IL-8) was monitored by quantitative RT-PCR

Fig 3. miR-UL112-3p targets endogenous TLR2 during HCMV infection. (A) A miR-UL112-3p deficient AD169 virus fails to down-regulate endogenous
TLR2 during infection. NHDF cells infected (MOI: 1) with AD169WT or a miR-UL112-3p mutant that does not express miR-UL112-3p were harvested at
various times post-infection for IB analysis. (B) Transfection of a miR-UL112-3p mimic down-regulates TLR2 in NHDF cells infected with a miR-UL112-3p-
deficient virus. NHDF cells were infected with AD169 112 KO (MOI: 3), left untransfected (Ø) or transfected 2 hrs later with various siRNA and miRNAmimics
and harvested 2 dpi for IB analysis.

doi:10.1371/journal.ppat.1004881.g003
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upon stimulation with FSL-1 (Fig 4C). First, we evaluated the impact of FSL-1, siTLR2 and
miR-UL112-3p on TLR2 mRNA level (top panel). While TLR2 transcription was mildly in-
duced (x 2.5) by FSL-1 in cells transfected with NEG, TLR2 mRNA level was strongly reduced
in cells transfected with siTLR2 (90% reduction) and slightly less with miR-UL112 (70% reduc-
tion). These results correlated well with the effect of siTLR2 and miR-UL112-3p on TLR2 pro-
tein level in THP-1 cells (Figs 1E and S7), suggesting that miR-UL112-3p mainly targets TLR2
via a direct mRNA degradation mechanism rather than post-translational silencing.

The three lower panels of Fig 4C indicate that, compared to unstimulated cells, FSL-1 ro-
bustly induced IL-1β, IL-6 and IL-8 transcription in cells transfected with NEG. Similar to
NFκBRE reporter cells, knocking down TLR2 with siTLR2 inhibited the induction of IL-1β,
IL-6 and IL-8 by 50–60% compared to NEG transfection. Transfection with miR-UL112-3p

Fig 4. miR-UL112-3p inhibits TLR2-dependent activation of the NFκB pathway in THP1 cells. (A) Schematic of cell treatment. THP1 or NFκB luciferase
reporter THP1 cells (THP1-NFκBRE-luc) were transfected with siRNA or miRNAmimics after being differentiated for 24hrs with TPA. Cells were stimulated
48hrs post-transfection with the TLR2/TLR6 agonist FSL-1 and harvested either 30 min or 5 hrs later for IB analysis or luciferase assay, respectively. (B)
miR-UL112-3p inhibits NFκBRE-driven luciferase activity stimulated by the TLR2 agonist FSL-1 with similar efficacy as siTLR2. Each test was performed in
quadruplicate. (C) miR-UL112-3p decreases TLR2 mRNA level (upper panel) and IL-1β, IL-6 and IL-8 mRNA expression stimulated by the TLR2 agonist
FSL-1 (three lower panels) with similar efficacy as siTLR2. Each test was performed in duplicate. **, P-value <0.0001 (sample vs. NEG).

doi:10.1371/journal.ppat.1004881.g004
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had the same effect as the siRNA, confirming that miR-UL112-3p efficiently inhibits
TLR2-mediated activation of endogenous NFκB responsive genes.

Albeit the effect of siTLR2 on NFκB signaling stimulated by a TLR2 agonist can be ex-
plained by the knock-down of TLR2, we cannot exclude a composite effect in the case of
miR-UL112-3p since miR-UL112-3p might target other members of the NFκB pathway. We
therefore tested whether miR-UL112-3p could inhibit TLR2 signaling upstream of the IKK
convergence point of the NFκB pathway. As depicted in Fig 5A, upon agonist stimulation,
TLR2 in association with TLR1 or TLR6 signals to IRAK4 via interaction with MyD88 (and in
some conditions TIRAP/MAL). This interaction results in the phosphorylation and activation
of IRAK4 that in turn phosphorylates IRAK1. In the process, IRAK1 is also polyubiquitinated
with Lys-63 linkage, which does not lead to proteasomal degradation of the protein. These ex-
tensive IRAK1 post-translational modifications induce the rapid formation of higher molecular
weight forms along with a marked reduction of the non-modified form that can be detected by
IB in THP-1 cells treated with PAM3CSK4 (Fig 5B) and FSL-1 (Fig 5C). Comparison between
these 2 agonists revealed that FSL-1 is more efficient than PAM3CSK4 in inducing IRAK1
modifications (Fig 5, compare panels B and C); FSL-1 was therefore used in subsequent experi-
ments. In contrast with TLR2 agonists, treatment of THP-1 cells with the TLR4 agonist LPS
failed to induce IRAK1 modifications (Fig 5B) due to the fact that uninfected THP1 cells ex-
press low levels of TLR4 [50]. Accordingly, LPS was much less efficient than PAM3CSK4 in ac-
tivating NFκBRE in THP1-NFκBRE-luc cells, an effect opposite to fibroblast- NFκBRE-luc
cells that do express TLR4 (S6 Fig, [51]). Taken together, these results indicate that detection of
IRAK1 activation by IB is a good proxy to monitor the activation of the upstream part of the
TLR2 pathway. Practically, we found that comparing the unmodified form of IRAK1 between
treatments was a more robust indicator of IRAK1 activation than measuring the modified
forms, which in our IB experiments did not correlate with the actual amount of IRAK1 post-
translational modifications (Fig 5C). We next transfected THP-1 cells with NEG, siTLR2 or
miR-UL112-3p at two different concentrations for two days then monitored the level of TLR2
and IRAK1 modifications by IB after stimulation with FSL-1 (Fig 5C). TLR2 was unaffected by
FSL-1 treatment (lanes 1 and 2) but was efficiently down-regulated by siTLR2 and

Fig 5. miR-UL112-3p inhibits TLR2-dependent activation of IRAK1. (A) Schematic of the upper section of the TLR2/NFκB pathway with known factors
and post-translational modifications of IRAK4 and IRAK1 upon stimulation with TLR2 agonists. Grey ellipse, agonist; P, phosphorylation; K63, Lys63 poly-
ubiquitin chain. (B) IRAK1 undergoes post-translational modifications upon stimulation with a TLR2/TLR1 agonist (PAM3CSK4, 100ng/ml) but not with a
TLR4 agonist (LPS). TPA-differentiated THP-1 cells were treated as described in panel A. Unmodified and post-translationally modified forms of IRAK1 were
detected by IB. (C) miR-UL112-3p inhibits FSL-1 induced IRAK1 post-translational modifications. TLR2, β-actin and IRAK1 unmodified and modified forms
were detected by IB. Numbers below the IRAK1 blot represent quantification (in relative units) of the unmodified protein signal.

doi:10.1371/journal.ppat.1004881.g005
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miR-UL112-3p (lanes 3–4 and 6–7). IRAK1 was efficiently modified upon FSL-1 treatment as
indicated by the 92% and 78% decrease of the unmodified form (as measured in relative units,
RU) in cells transfected with 33nM and 66nM NEG, respectively (compare lanes 1, 2 and 5).
The unmodified form of IRAK1 was more abundant in cells transfected with siTLR2 than NEG
at all siRNA/miRNA concentrations (62 vs. 8 and 60 vs. 22 RU, respectively), confirming that
knocking down TLR2 reduced IRAK1 activation triggered by FSL-1. miR-UL112-3p also re-
duced IRAK1 activation but it did so less efficiently than siTLR2 at all siRNA/miRNA concen-
trations (36 vs. 62 and 46 vs. 60 RU), even though TLR2 knock-down by siTLR2 and
miR-UL112-3p was similar (lanes 3–4 and 6–7). This effect was not due to direct targeting of
IRAK1 by miR-UL112-3p as IRAK1 level was not affected by miR-UL112-3p transfection in
the absence of TLR2 stimulation (S7 Fig). The fact that miR-UL112-3p did not inhibit IRAK1
activation as efficiently as siTLR2 but was nevertheless as efficient in inhibiting NFκB activa-
tion (Fig 4B and 4C) suggests that miR-UL112-3p targets additional NFκB signaling factors
downstream of IRAK1.

Taken together, these results suggest that by targeting TLR2 and probably other members
of the NFκB pathway, miR-UL112-3p inhibits NFκB pathway signaling triggered by TLR2
agonists.

Discussion
In this paper we show that miR-UL112-3p efficiently targets TLR2 during HCMV infection, re-
sulting in the inhibition of TLR2-mediated NFκB signaling. Several viruses have been shown to
inhibit TLR2 signaling, including VZV [52,53], HSV [54] and HBV [55,56]. TLR2 itself is
down-regulated at the transcriptional level during HSV2 infection [57], underlining the impor-
tance of this innate immune sensor to control viral infection. However, although TLR2 is tar-
geted by several human miRNAs including miR-105, miR-19, miR-1225-5p, miR-143 and
miR-154 in a variety of cell types [38–42], no viral miRNA has been shown to target TLR2—
until now.

In silico analysis coupled with luciferase assays screens identified TLR2 as a potential target
of HCMVmiR-UL112-3p and miR-US25-2. Additional luciferase assays revealed that
miR-UL112-3p was much more efficient than miR-US25-2 at targeting TLR2 3'UTR, with the
latter having negligible effect in combination analysis. Confirming these findings, transfection
of a miR-US25-2 mimic in fibroblasts had no effect on TLR2 protein level (S3 Fig). In contrast,
transfection experiments in fibroblasts and THP-1 cells revealed that miR-UL112-3p alone
down-regulates TLR2 with similar efficiency as a commercial TLR2 siRNA (Figs 1E and 4E
and S3). Two functional, closely spaced miR-UL112-3p target sites were identified in the proxi-
mal region of TLR2 3'UTR and mutagenesis experiments demonstrated that both sites are re-
quired for full miR-UL112-3p targeting. Site #1, which individually provides the most efficient
targeting, contains a canonical 6-mer seed sequence and extensive 3’ compensatory pairing;
site #2, which is less efficient than site #1, contains an extensive non-canonical, 11-mer seed se-
quence that contains two G:U wobbles and additional 3’ compensatory pairing. Our mutagene-
sis data further suggests that the two miR-UL112-3p target sites have a cooperative effect, a
phenomenon previously described for closely spaced miRNA target sites [58]. Importantly,
synergy between the two target sites probably explains the siRNA-like efficiency of miR-
UL112-3p in down-regulating TLR2 at the protein level.

To assess the functional effect of miR-UL112-3p down-regulation of TLR2, we tested
whether NFκB pathway activation by TLR2 agonists is affected by miR-UL112-3p transfection
(Figs 4 and 5). In addition to NFκB, TLR2 signals through other pathways including P38, JNK
and Interferon Response Factors (IRFs) (for review, [3]) that could potentially play a major
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role in the TLR2-dependent modulation of HCMV infection. Nevertheless, in this study we fo-
cused on the NFκB pathway because of its demonstrated importance in CMV biology and the
fact that it is a well-studied TLR2 signaling route with many robust in vitro functional assays
available. NFκB reporter assays, endogenous cytokine expression and IRAK1 post-translational
modifications allowed us to monitor activation of NFκB signaling at two different points in the
pathway, one in the early/upstream phase of signaling (IRAK1) and one in the late/down-
stream phase that corresponds to the transcriptional activity of NFκB. Because miR-UL112-3p
could in principle target multiple members of the NFκB pathway in addition to TLR2, being
able to assess its impact at different steps of the signaling route was important to evaluate the
contribution of TLR2 targeting to the overall effect. Using these assays, we also compared the
efficiency of PAM3CSK4 with another TLR2 agonist, FSL-1. We found that FSL-1, a TLR2/
TLR6 agonist, induced more efficiently and robustly IRAK1 modification and NFκBRE-medi-
ated luciferase production than PAM3CSK4, a TLR2/TLR1 agonist (Fig 5, compare panels B
and C), perhaps due to higher expression or better availability of TLR6 on the THP-1 cell sur-
face. Based on this finding we used FSL-1 in subsequent experiments.

Using NFκBRE-Luc reporter assays, we found that miR-UL112-3p inhibited the FSL-1 de-
pendent activation of NFκB and NFκB-dependent cytokines by 40–50%, similar to the effect
observed with a TLR2 siRNA (Fig 4B and 4C). However, miR-UL112-3p was not as efficient as
siTLR2 in preventing IRAK1 modification (Fig 5C), suggesting that miR-UL112-3p targets ad-
ditional members of the NFκB pathway downstream of IRAK1. Could miR-UL112-3p also tar-
get additional genes upstream of IRAK1? Most known TLR2 pathway genes upstream of
IRAK1 either do not contain a canonical miR-UL112-3p target site in their mRNA sequence
(CD14, TLR1, TIRAP/MAL, IRAK4) or are not targeted by miR-UL112-3p in experimental
setting (MyD88, S3 Fig). TLR6 mRNA contains two sites complementary to miR-UL112-3p
seed sequence and remains a possible target. However, the fact that siTLR2 inhibited IRAK1
modifications more efficiently than miR-UL112-3p while down-regulating TLR2 with similar
efficiency argues against this possibility. Taken together, these data suggest that miR-UL112-3p
modulation of IRAK1 activation occurs mainly through TLR2 down-regulation.

To explore the significance of miR-UL112-3p for the regulation of the
TLR2!IRAK1!NFκB axis in the context of infection, we also attempted numerous infection
experiments with WT and miR-UL112-3p mutant viruses in different conditions, including
various cell types, virus strains, multiplicities of infection (MOIs), timepoints and TLR2 signal-
ing stimuli. These experiments revealed that, in an in vitro setting, cells become permanently
unresponsive to any TLR2 stimulation in a matter of hours after HCMV infection. This unre-
sponsiveness, which is independent of TLR2 levels (see Fig 2A and 2C), is probably mediated
by early viral factors acting downstream of TLR2. Consequently, since significant targeting of
TLR2 by miR-UL112-3p does not occur earlier than 2–3 days post-infection—long after the
cells have become unresponsive to TLR2 signaling—we could not test how lack of miR-UL112-
3p affects TLR2 signaling (including IRAK1 and NFκB activation) in the context of HCMV in-
fection. In the absence of such experiments, we cannot formally rule out that miRNA-mediated
manipulation of TLR2 has non-NFκB effects, or even no consequential effect, relevant to
HCMV infection. Stemming from this uncertainty, other miR-UL112-3p targets such as MICB
[21], members of the secretory pathway [32] or yet unidentified genes may be more important
“drivers” of miR-UL112 biology. However, recent work showing that TLR2 plays an important
role in the control of CMV infection argues against this possibility. As mentioned in the intro-
duction, binding of HCMV envelope glycoproteins gB and gH to TLR2 on the cell surface trig-
gers the cellular innate response, resulting in activation of the NFκB pathway and the
production of inflammatory cytokines [6,7,59]. This mechanism is similar in other herpse-
viruses, for instance HSV that stimulates TLR2 and the NFκB pathway via gH/gL [60]. The
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functional consequences of impaired TLR2 signaling on CMV infection have been established
in vivo in both humans and mice: in humans, the most frequent single nucleotide polymor-
phism (SNP) occurring in TLR2, R753Q [11], is a risk factor for HCMV disease in liver trans-
plant recipients [9,12]; The R753Q mutation was shown to impair tyrosine phosphorylation,
dimerization with TLR6, and recruitment of Mal and MyD88, resulting in a functional defect
of TLR2 stimulation [10,13]. Directly linking this SNP to CMV disease, Brown et al. [59] found
that the R753Q mutation impairs gB-dependent TLR2 stimulation. In a TLR2 KO mouse
model, MCMV infection led to elevated viremia in spleen and liver compared to WT mice
[14]. This effect was associated with lower levels of IL18 and IFN-α/β along with a decreased
NK cell population. Depletion of NK cells abolished the difference in viral titers between TLR2
KO and WTmice, suggesting that this effect was NK cell-dependent. These data could suggest
that TLR2 signaling is important for NK cell-dependent control of MCMV infection. Interest-
ingly, miR-UL112-3p has previously been shown to target the immune ligand MICB to escape
recognition of HCMV-infected cells by NK cells [21,35]. Given that miR-UL112-3p directly
targets TLR2 as shown here, we speculate that by targeting both TLR2 and MICB, miR-UL112-
3p has evolved as a multi-pronged weapon for CMV to escape NK cell control.

In parallel with its well-documented stimulation of the NFκB pathway, which has pro-sur-
vival effects, TLR2 signaling has also been shown in some situations to trigger apotosis either
via direct recruitment of FADD through MyD88 and activation of caspase 8 [61], or autocrine
stimulation of TNF-α (for review, [62]). In the context of a HSV mouse infection model, Ara-
valli et al. [63] demonstrated that HSV infection induces microglia cell apoptosis in a TLR2-de-
pendent manner. HCMV infection has also been found to trigger apoptosis in a
TLR2-dependent manner: during congenital HCMV infection, placentae obtained from new-
borns often display chronic villitis and disruptions of the syncytiotrophoblast (ST) [64]. Bind-
ing of HCMV to TLR2 on the surface of ST cells increased secretion of TNF-α, causing
apoptosis of non-infected neighboring ST cells [45,64,65]. To prevent apoptosis in infected
cells, HCMV has developed several strategies including stimulation of pro-survival pathways
such as the NFκB pathway early during infection along with expression of anti-apoptotic fac-
tors such as UL36 and UL37 [66,67]. As NFκB signaling is markedly down-regulated in the
late phases of HCMV lytic infection [49], it is conceivable that the late down-regulation of
TLR2 by miR-UL112-3p might contribute to keep the survival/apoptosis balance toward sur-
vival [61].

As discussed above, a potential proviral effect of TLR2 down-regulation by HCMV
miR-UL112-3p is the prevention of cellular innate signaling stimulation triggered by gB and
gH binding to TLR2 on the cell surface before viral entry. A major caveat to this hypothesis is
that miR-UL112-3p is expressed after viral entry and TLR2 down-regulation occurs at late
times of lytic infection. It is therefore unlikely that the virus inhibits the immediate innate re-
sponse by this means. However, two possibilities could solve this apparent conundrum: first,
we have detected the presence of miR-UL112-3p in highly purified infectious and non-infec-
tious viral particles, opening the possibility that miR-UL112-3p could be delivered in the cell at
the time of virus entry before productive infection even begins. Alternatively, evidence is
mounting that cellular and viral miRNAs produced by uninfected or infected cells are actively
secreted and stabilized by extracellular miRNA carriers (such as exosomes, apoptotic bodies
and microvesicles) and can have a paracrine effect on neighboring or more distant cells. This
new form of intercellular communication has been identified in multiple cell types and tissues
(for review, [68,69]). For instance, exosomal miRNAs from the placenta-specific chromosome
19 miRNA cluster are secreted by trophoblasts and attenuate replication of multiple viruses-in-
cluding HCMV- in recipient cells by stimulating autophagy [70]. Pegtel et al. [71] recently
demonstrated that EBV miRNAs produced by EBV-infected cells are transferred via exosomes
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to uninfected cells where they are able to down-regulate known targets. Interestingly, signifi-
cantly higher level of miR-UL112-3p has been detected in the serum of patients with essential
hypertension compared to healthy patients [72], a finding that correlated with elevated serum
level of HCMV DNA. Combined with the fact that seropositivity rate was similar between the
hypertensive and healthy group of patients, these data suggest that miR-UL112-3p is secreted
from cells supporting active viral replication into the plasma. This opens the possibility that
miR-UL112-3p produced in infected cells might target TLR2 expression in neighboring non-
infected cells. Such paracrine down-regulation of TLR2 could curtail the initial steps of innate
signaling and antiviral defense triggered by HCMV gB and gH binding to TLR2, facilitating
HCMV infection of neighboring cells and blunting activation of NK cells. Additional studies
will be required to investigate these exciting possibilities.

Materials and Methods

Cells and media
HEK293T (ATCC #CRL-11268) and adult normal human fibroblasts (NHDF) (Lonza #CC-
2511) were cultured in DMEM. THP-1 (ATCC #TIB-202) cells were cultured in RPMI. All
cells were cultured at 37°C in 5% CO2 in media containing 10% fetal bovine serum and penicil-
lin/streptomycin. Stable NHDF-NFκBRE-luc and THP-1-NFκBRE-luc cells were cultured in
media supplemented with 3ug/ml puromycin.

Plasmids, siRNAs, miRNAs, chemicals
The 3'UTR of human CD14, TLR1, TLR2, TLR3, TLR9, Rac1, Rac2, Rac3, TRIF/TICAM1 and
TIRP/TICAM2 were amplified by RT-PCR from total RNA preps extracted from HEK293
cells, TPA-differentiated THP1 cells or primary monocytes using Trizol (Life Technologies).
XhoI and NotI restriction sites were added at the 5' end of the forward and reverse PCR prim-
ers, respectively, allowing to clone PCR products downstream of the Renilla luciferase gene in
the pSICHECK2 plasmid (Promega) using the same restriction sites. Mutations in the seed se-
quence of putative miR-UL112-3p target sites were introduced in the pSICHECK2-TLR2
3'UTR construct by site-directed mutagenesis using the following primers pairs (mutated nu-
cleotides are bolded):

For miR-UL112-3p target site #1:
CCAGTCTTTGTCTAGTTGGGATCTTTATGCAAGTAGTTATAGTTAAGTTCATT-

CAGAC, and GTCTGAATGAACTTAACTATAACTACTTGCATAAAGATCCCAACTA-
GACAAAGACTGG.

For miR-UL112-3p target site #2:
GGATGTACCGGTATTTGAGGACTTGCTTACTAAAAC, and

GTCCTCAAATACCGGTACATCCACGTAGTTTTTAT.
All mutated constructs were verified by sequencing.

Reagents and antibodies
Silencer Select Negative control #1 (NEG, #4390843) and TLR2 siRNA (#s168) were from
Ambion/Life Technologies; double stranded miRNA mimics of miR-UL112-3p, miR-US25-1
and miR-US25-2 were designed using the published miRNA sequences (www.mirbase.org) as
described previously [25,28] and custom synthetized by IDT (Integrated DNA Technologies).

TLR2 agonists PAM3CSK4 and FSL-1, and TLR4 agonist LPS (all from Invivogen) were dis-
solved in water. The following commercial antibodies were used: β-actin (#MAB1501R, Milli-
pore), GAPDH (#ab8245, Abcam), IRAK1 (#PA5-17490, Pierce), TIRP/TICAM2 (#TA306163,
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Origene), TLR2 (#3268–1, Epitomics), MyD88 (#ab2064, Abcam) and TRAM1 (#TA308042,
Origene). Monoclonal pp65 (28–19) and pp28 (41–18) antibodies were a kind gift fromW.
Britt (U. of Alabama Birmingham). Rabbit polyclonal HCMV IE2 antibody (R638) was raised
using bacterially-expressed whole IE2 protein and recognizes several IE products including IE1
and IE2 [23].

HCMV constructs
AD169 112KO and TKO (miR-US5-1, miR-US5-2, miR-UL112-3p KO) mutants have been de-
scribed in [32]. HCMV TB40E has been described in [73]. UV inactivation was performed as
described [74].

pSICHECK2 and NFκBRE reporter luciferase assays
pSICHECK2 transfections were performed in 96-well format. In each well, 1x104 HEK293 cells
were co-transfected with 50ng pSICHECK2 plasmid and 0.3pmol miRNA mimic (or 0.05pmol
when indicated) using 0.3ul lipofectamine 2000 (Life Technologies). Transfection of THP-1-
NFκBRE-luc cells [differentiated for 24hrs with 100ng/ml 12-O-Tetradecanoylphorbol-13-ace-
tate (TPA)] was performed in 96-well format (2x104 cells/well) using 3pmol miRNA or siRNA
and 0.25ul lipofectamine RNAiMAX (Life Technologies). Differentiated THP1 or NHDF cells
were stimulated with TLR agonists as indicated in figure legends. Luciferase assays were per-
formed as described [25].

TLR2 down-regulation and IRAK1 activation assays
NHDF cells plated in 48-well culture plates were infected with virus/MOI indicated in figure
legends for 4 hours before inoculum was replaced with fresh media. For timecourse experi-
ments, cells were harvested at various times post-infection and analyzed by IB and miRNA
RT-PCR. THP-1 cells were differentiated with TPA 24hrs prior to transfections. For siRNA/
miRNA transfection analysis, each well was transfected with 0.5ul lipofectamine RNAiMax
and 2pmol siRNA or miRNA. In infection/transfection experiments, transfections were per-
formed 4 hrs post-infection. When indicated, cells were stimulated with TLR agonists (FSL1,
PAM3CSK4, LPS) or water before IB analysis.

Immunoblots
Cells were harvested in protein lysis buffer (50mM Tris-HCl pH 6.8, 2% SDS, 20% glycerol).
Cell lysates containing 20ug total proteins were incubated at 95°C for 10 min, loaded onto 9%
Tris-Glycine SDS-PAGE gel along with prestained protein markers, and electrophoresed for
45min at 150V. After wet transfer (1hr, 100V), PVDF membranes were blocked in TBST / 5%
nonfat milk then probed with primary and secondary HRP antibodies following manufacturer/
's recommendations. Protein signals were revealed using the ECL plus kit (Pierce) and exposure
to chemiluminescent photographic films. Bands were quantified using the ImageJ software
[75].

RT-qPCR
miR-UL112-3p. Total RNA was harvested using Trizol and reverse transcribed using a

miR-UL112-3p-specific stem-loop RT primer: 5'GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACAGCCTG 3'.

Primers (Fwd: CGCGCAAGTGACGGTGAGAT; Rev: GTGCAGGGTCCGAGGT) and a
Taqman probe (6FAM)ATACGACAGCCTGGAT(MGB) (Taqman, Life Sciences) were then
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used for real-time PCR amplification. miR-UL112-3p copy numbers in samples were deter-
mined from a standard curve established with serial dilutions of the miR-UL112-3p mimic.

GAPDH, TLR2, IL-1β, IL-6, IL-8. Total RNAs were reverse transcribed using a mix of
random hexanucleotide primers and qPCR was performed using the following commercial
Taqman assays (Life Technologies): Hs02758991_g1 (GAPDH), Hs00985639_m1 (IL-6),
Hs00174103_m1 (IL-8), Hs01555410_m1 (IL-1β), Hs00610101_m1 (TLR2). For each sample,
ΔΔCT relative quantitation of TLR2, IL-1β, IL-6 and IL-8 IL-6 and IL-8 was performed using
GAPDH as reference.

List of genes cited in the manuscript

Human TLR2, UniProt O60603

Human IRAK1, UniProt P51617

Human IL-1β, UniProt P01584

Human IL-6, UniProt P05231

Human IL-8, UniProt P10145

Human GAPDH, UniProt P04406

Human TRAM1, UniProt Q15629

Human CD14, UniProt P08571

Human TLR1, UniProt Q15399

Human TLR3, UniProt O15455

HumanTLR9, UniProt Q9NR96

Human Rac1, UniProt P63000

Human Rac2, UniProt P15153

Human Rac3, UniProt P60763

Human TRIF/TICAM1, UniProt Q8IUC6

Human TIRP/TICAM2, UniProt Q86XR7

Human β-actin, UniProt P60709

HCMV IE1, UniProt P03169

HCMV IE2, UniProt P19893

HCMV pp28, UniProt P13200

HCMV pp65, UniProt P06725

HCMVmiR-UL22A-5p, MirBase MIMAT0001574

HCMVmiR-US25-2-5p, MirBase MIMAT0001582

HCMVmiR-US25-2-3p, MirBase MIMAT0001582

HCMVmiR-UL112-3p, MirBase MIMAT0001577

HCMVmiR-US5-1, MirBase MIMAT0001579
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HCMVmiR-US5-2-3p, MirBase MIMAT0001580

HCMVmiR-US25-1-5p, MirBase MIMAT0001581

HCMVmiR-US33-5p, MirBase MIMAT0001584

HCMVmiR-UL36-5p, MirBase MIMAT0001576

HCMVmiR-UL148D, MirBase MIMAT0001578

Supporting Information
S1 Fig. Reactome pathway enrichment analysis and luciferase assay screen to identify TLR
pathway genes targeted by HCMVmiRNAs. Upper panel: Analysis of the Reactome database
(www.reactome.org) for pathways enriched in HCMVmiRNA target sites identified TLR sig-
naling-related cellular pathways. Briefly, for each pathway in the reactome database we gener-
ated 1,000 mock pathways of the same gene size and identified the presence of HCMVmiRNA
target sites in the 3'UTR of each gene member of these pathways (real and mock). For each
miRNA, we then determined the distribution [number of pathways vs. number of targeted
genes] among the 1,000 mock pathways. Reactome pathways that were in the 99 percentile of
the distribution (i.e. that contained a number of miRNA target sites that fit them in the top 1%
of pathway most enriched in miRNA target sites) were considered potential targets of HCMV
miRNAs. Middle panel: flow diagram of the dual luciferase reporter assay. Lower panels: Lucif-
erase assays were performed on two independent pSICHECK2 3’UTR clones for each TLR
pathway gene tested (blue and purple bars), except Rac1 and Rac2 (one clone tested) using
mimics of 10 confirmed HCMVmiRNAs (miR-US5-1, miR-US5-2, miR-UL22A, miR-US25-1,
miR-US25-2 5p, miR-US25-2 3p, miR-US33, miR-UL36, miR-UL112-3p, miR-UL148D) and 2
putative miRNAs (miR-UL63 and miR-UL148D�). NEG, non-targeting miRNA mimic. Blue
arrows indicate possible miRNA mimic downregulation of the reporter construct. Putative and
confirmed HCMVmiRNAs are indicated in abbreviated form.
(TIF)

S2 Fig. Confirmatory screens for selected TLR genes and miRNAs. Luciferase assays were
performed with the indicated pSICHECK2 constructs using two miRNA doses, alone or in
combination as indicated.
(TIF)

S3 Fig. A miR-UL112-3p mimic down-regulates endogenous TLR2 in NHDF fibroblast
cells as efficiently as a commercial TLR2 siRNA. NHDF cells infected with AD169 (MOI: 1)
and transfected 4 hrs later with various siRNA and miRNA mimics were harvested 2 days post-
infection for IB analysis. Numbers below the TLR2 and MyD88 blots represent quantification
(in relative units) of the protein signal.
(TIF)

S4 Fig. TLR2 upregulation during HCMV infection of fibroblasts requires live virus.
NHDF cells were infected with UV-inactivated or live AD169 WT, miR-UL112-3p KO at
MOI: 1. Cells were harvested at 2 dpi and analyzed by IB. �, non-specific product.
(TIF)

S5 Fig. TLR2 accumulates during infection with an AD169 triple mutant virus (TKO,
miR-US5-1, miR-US5-2, miR-UL112-3p KO). NHDF cells were infected with AD169 WT or
AD169 TKO at MOI: 3 and harvested at indicated times for IB analysis. Numbers below the
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TLR2 blot represent quantification (in relative units) of the protein signal. Detection of the teg-
ument protein pp28 at 8hpi in AD169 TKO-infected cells may be due to an abundance
of pp28-containing noninfectious particles in the inoculum: the TKO virus has a marked
growth defect compared to the WT virus, causing the generation of a higher proportion of non-
infectious particles [32] that contain the tegument protein pp28. The quantity of AD169 TKO
inoculum necessary to reach a MOI of 3 may therefore contain more defective particles than
the WT virus and hence more pp28. Note that pp65, another tegument protein, does not show
the same pattern. This could either be due to a lack of sensitivity of the antibody or differential
enrichment of pp28 and pp65 in AD169 TKO noninfectious particles.
(TIF)

S6 Fig. THP1 but not NHDF cells are responsive to stimulation of the NFκB pathway by
the TLR2 agonist PAM3CSK4.NFκBRE luciferase reporter cells (NHDF fibroblasts or THP-1
cells differentiated with TPA) were stimulated with PAM3CSK4 (TLR2/TLR1 agonist, 100 ng/ml)
or LPS (TLR4 agonist, 1 ug/ml) for 6 hrs and NFκB activation measured by luciferase assay.
(TIF)

S7 Fig. miR-UL112-3p does not target the unmodified form of IRAK1. THP1 cells were
transfected for 2 days with 33nM of the indicated siRNA or miRNAs before harvest and
IB analysis.
(TIF)
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