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We previously showed that microRNA 181 (miR-181) can inhibit PRRSV replication by directly targeting its genomic RNA.
Here, we report that miR-181 can downregulate the PRRSV receptor CD163 in blood monocytes and porcine alveolar macro-
phages (PAMs) through targeting the 3= untranslated region (UTR) of CD163 mRNA. Downregulation of CD163 leads to the
inhibition of PRRSV entry into PAMs and subsequently suppresses PRRSV infection. Our findings indicate that delivery of miR-
181 can be used as antiviral therapy against PRRSV infection.

Porcine reproductive and respiratory syndrome (PRRS) is one
of the most important diseases in swine industry worldwide.

PRRS virus (PRRSV) is an �15.4-kb positive-sense RNA virus
belonging to the family Arteriviridae (1). Most recently, there have
been devastating outbreaks in China of atypical PRRS, which is
caused by a highly pathogenic PRRSV (HP-PRRSV) genotype (2).
Currently, there are no effective ways to protect pigs from PRRSV
infection (3).

Studies have revealed that microRNAs (miRNAs) participate
in host antiviral responses, either by targeting cellular factors es-
sential for virus replications (4, 5) or by directly targeting virus
genomes (6–8). We previously showed that in blood monocytes,
which are refractory to PRRSV infection, the microRNA 181
(miR-181) expression level is 9 times higher than that in porcine
alveolar macrophages (PAMs) (9). Given that blood monocytes
do not express the PRRSV receptor CD163 or express it at very low
levels, we propose that miR-181 might downregulate CD163 and
subsequently inhibit PRRSV infection.

To investigate whether miR-181 can target CD163, we first
performed computational prediction analysis with RegRNA (10)
to identify the potential target sites of miR-181 in CD163 mRNA.
Three miR-181 seed binding sites were found, one in the 3= un-
translated region (UTR) (3544 to 3565) and two in the coding
region (623 to 644 and 842 to 863).

PRRSV infection in cultured monocytes is coordinated well
with the increased CD163 (11). Thus, we examined the relation-
ship of CD163 and miR-181c expression in cultured monocytes in
the presence of L929 cell culture supernatant (12–14). Our results
showed that CD163 mRNA was significantly upregulated (about
14 times higher at 48 h than at 2 h) (Fig. 1A, left). Meanwhile, the
miR-181c expression level decreased gradually and was more than
80% lower in abundance at 48 h than at 2 h (Fig. 1A, right). We
also analyzed CD163 and miR-181c expression levels in cultured
monocytes without L929 cell culture supernatants. As shown in
Fig. 1B, increased CD163 expression was also coordinated with
the reduced miR-181c expression. These results suggest that there
might be an inverse correlation between the expressions of miR-
181c and CD163 during monocyte-macrophage differentiation.
To further confirm this correlation, we transfected miR-181c
mimics or negative-control (NC) mimics into 2-h-cultured

monocytes and then detected CD163 mRNA expression using
quantitative real-time PCR at different times. As shown in Fig. 1C,
aberrant higher expression of miR-181c mimics significantly im-
paired the upregulation of CD163 (72% at 12 h, 67% at 24 h, 59%
at 48, and 65% at 72 h relative to NC). We also analyzed CD163
protein expression on the cell surface using flow cytometry (Fig.
1D and E), and there were about 32% and 26% CD163� cell re-
ductions in miRNA181c-transfected cells at 24 h and 72 h com-
pared to NC, respectively. These results suggested that miR-181c
downregulated CD163 expression. We got similar results with
other miR-181 members (data not shown), which are also lower in
PAMs (9), and then focused on miR-181c in the following study.

PAM is the natural host cell for PRRSV infection and has high
expression of CD163 as well as extremely low expression of miR-181c
(9, 11, 12, 15). To investigate whether overexpression of miR-181c
reduces CD163 expression in PAMs, we transfected miR-181c mim-
ics, NC mimics, or small interfering CD163 (siCD163) as a positive
control into PAMs and analyzed CD163 expression using quantita-
tive real-time PCR. As expected, CD163 mRNA was significantly
downregulated by siCD163. Additional expression of miR-181c re-
sulted in less CD163 mRNA dose dependently, and CD163 mRNA
was reduced to about 80% and 40% of that in mock control cells
when miR-181c mimics were at 10 nM and 60 nM, respectively (Fig.
2A), while NC mimics had no effect on CD163 expression. Next, we
determined whether downregulation of CD163 mRNA leads to less
CD163 protein. Immunoblot analysis showed that CD163 was re-
duced in a dose-dependent manner (Fig. 2B). Even though miR-181c
impaired CD163 mRNA expression only modestly, the decrease of
CD163 protein expression was more convincing. This suggested that
miR-181c might reduce CD163 expression through both mRNA deg-
radation and translation inhibition (16). The reduction of CD163
protein was also confirmed by flow cytometry (Fig. 2C). The mean
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fluorescence intensity (MFI) of stained CD163 in miR-181c-trans-
fected PAMs was reduced to about 57% of that in control cells (Fig.
2D), and the percentage of CD163-positive cells was down to �43%
from 68% in the mock or NC control group (Fig. 2E). Collectively,
these results demonstrated that increasing expression of miR-181c in
PAMs downregulated CD163 expression.

To investigate whether the diminished CD163 is due to direct
targeting by miR-181c, we constructed firefly luciferase reporter
pGL3-CD163 containing the wild-type sequence of the CD163 3=
UTR and also mutated four nucleotides in the predicted seed
binding site and yielded pGL3-CD163 (mutant [mut]). In addi-
tion, we synthesized miR-181c (mut) with mutations in the seed
sequence complementary to the mutation in the CD163 3= UTR
(Fig. 3A). Then a luciferase reporter assay was performed. We

observed that miR-181c robustly downregulated the activity of
firefly luciferase fused to the CD163 wild-type 3= UTR whereas
miR-181c (mut) did not (Fig. 3B). In the reciprocal experiment,
we transfected HeLa cells with the mutant vector pGL3-CD163
(mut). As expected, transfection of miR-181c (mut) resulted in
significantly less luciferase activity while miR-181c had no effect
on it (Fig. 3B). Next, we examined the dose-dependent effect of
miR-181c on luciferase reporters containing the wild-type or mu-
tational CD163 3= UTR. As shown in Fig. 3C, the luciferase activity
of pGL3-CD163 was inversely proportional to the expression of
miR-181c. The firefly luciferase activity of pGL3-CD163 declined
to about 66%, 52%, 39%, and 28% of that in NC when miR-181c
mimics were transfected at 10 nM, 20 nM, 40 nM, and 60 nM,
respectively, while the luciferase activity of pGL3-CD163 (mut)

FIG 1 miR-181c downregulates CD163 expression in cultured blood monocytes (BMo). (A) During BMo differentiation in vitro upon the presence of L929 cell
culture supernatant, CD163 mRNA was significantly upregulated (left) and the miR-181c expression level decreased gradually with increasing culture time
(right). (B) Without the presence of L929 cell culture supernatant, CD163 mRNA (left) was also significantly upregulated and the miR-181c expression level
(right) decreased gradually with increasing culture time. (C) Transfection of miR-181c mimics into 2-h-cultured BMo suppressed CD163 upregulation.
miR-181c or negative-control (NC sequence, 5=-UUCUCCGAACGUGUCACGUTT-3=; not involved in regulation of CD163) mimics were transfected into BMo
at a concentration of 60 nM using HiPerfect transfection reagents (Qiagen). CD163 mRNA and miR-181c expressions were normalized to the endogenous
control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by quantitative real-time PCR at different culture times (12 h, 24 h, 48 h, and 72 h). (D) Blood
monocytes were cultured and transfected with miR-181c or NC mimics as described in panel C, and CD163 expression at 2 h, 24 h, and 72 h was assessed by flow
cytometry on cultured monocytes. Cells were incubated with mouse anti-pig CD163 monoclonal antibody (MAb) (AbDSerotec) or isotype control and then
stained with Alexa Fluor 488-conjugated rabbit anti-mouse IgG (H�L) (Molecular Probes). (E) The percentage of CD163-positive cultured monocytes at 2 h,
24 h, and 72 h posttransfection was analyzed by flow cytometry. Experiments were performed with at least three independent replicates. Statistical analysis was
performed using GraphPad Prism software, and differences in data were evaluated by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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was not affected by miR-181c (Fig. 3C). To obtain further evi-
dence for the targeting of CD163 by miR-181c, we examined the
physical interaction between CD163 mRNA and miR-181c using
an RNA-induced silencing complex (RISC) immunoprecipitation
assay (17, 18). In total cell lysates, the CD163 mRNA level in miR-
181c-transfected cells was lower than that in NC- or miR-181c
(mut)-transfected cells (Fig. 3D). In contrast, there was about
3-fold enrichment for CD163 mRNA in Argonaute (Ago)-bound
mRNAs when miR-181c was overexpressed. As expected, no en-
richment for CD163 mRNA was observed when miR-181c (mut)
was transfected. Together, these results demonstrated that miR-
181c can downregulate CD163 expression through directly target-
ing its mRNA.

Given that CD163 functions as a cellular receptor for PRRSV,
we next investigated whether downregulation of CD163 in PAMs
led to the inhibition of PRRSV infection. To rule out the influence
of miR-181c on the PRRSV genome, we constructed PRRSV-
JXwn06 (mut), which had mutations in the target sequence of
miR-181c in its genome (Fig. 4A), and then evaluated the effect of
miR-181c on PRRSV infection in PAMs. We inoculated PAMs
with PRRSV-JXwn06 (wt) or PRRSV-JXwn06 (mut) at a multi-
plicity of infection (MOI) of 5 at 72 h posttransfection with miR-
181c mimics and then quantified intracellular PRRSV RNAs using
quantitative real-time PCR at 3 h postinoculation at 37°C (it takes
�3 h for PRRSV to enter PAMs). As shown in Fig. 4B, PRRSV
RNAs in PAMs transfected with miR-181c were about 70% less
than that in mock- or NC-transfected PAMs. However, no signif-
icant difference in RNA quantity existed between PRRSV-JXwn06

(wt)- and PRRSV-JXwn06 (mut)-infected cells. These results in-
dicated that miR-181c remarkably blocked both PRRSV-JXwn06
(wt) and PRRSV-JXwn06 (mut) entry into PAMs. To further ver-
ify the inhibition of miR-181 on PRRSV infection and replication,
we transfected PAMs with miR-181c or NC mimics and, 72 h later,
inoculated the cells with PRRSV-JXwn06 (wild type [wt]) or
PRRSV-JXwn06 (mut) at an MOI of 0.01. We then evaluated in-
tracellular PRRSV RNAs at 3, 12, 24, and 36 h postinfection (Fig.
4C). Consistently with Fig. 4B, at 3 h postinfection, comparable
PRRSV RNAs were detected in cells transfected with miR-181c for
both PRRSV-JXwn06 (wt) and PRRSV-JXwn06 (mut). However,
12 h after infection, while PRRSV-JXwn06 (wt) and JXwn06
(mut) replicated comparably in control cells, PRRSV-JXwn06
(wt) replicated much more slowly than PRRSV-JXwn06 (mut) in
miR-181c-transfected cells, and the amount of JXwn06 (wt) RNAs
was about 8-fold lower than that of PRRSV-JXwn06 (mut). More
importantly, 24 h later, PRRSV-JXwn06 (mut) replicated equally
in miR-181c-transfected and control cells while PRRSV-JXwn06
(wt) was still inhibited robustly by miR-181c, and JXwn06 (wt)
RNA was 100 times less than that in control cells. These data sug-
gest that miR-181c can prevent PRRSV-JXwn06 (mut) from en-
tering the cells but cannot impair its replication. The findings were
also confirmed with a type 1 PRRSV strain which does not have
miR-181 targeting sites in its genome (data not shown). Finally,
we investigated the quantity of CD163 on PAMs in the presence or
absence of miR-181c during PRRSV infection. PAMs were trans-
fected with 60 nM miR-181c and then infected with PRRSV at an
MOI of 0.01 at 12 h posttransfection. Cells were harvested at 12 h,

FIG 2 Overexpression of miR-181c reduces CD163 mRNA and protein levels in PAMs. PAMs were transfected with miR-181c mimics at different concentra-
tions, NC as a negative control, or siCD163 (a mix of equal amounts of the small interfering RNAs [siRNAs] 5=-GCCAUUAAUGCCACUGGUUTT-3=,
5=-GCUCAAGAUACACACAAAUTT-3=, and 5=-GCUGGAGUGAUUUGCUUAATT-3=) as a positive control using HiPerfect transfection reagents (Qiagen),
and CD163 mRNA expression was determined by quantitative real-time PCR 72 h after transfection (A) and CD163 protein expression was analyzed using a
Western blot in PAMs (B). (C) CD163 expression on PAMs at 72 h after transfection with NC or miR-181c mimics was assessed by flow cytometry (cells were
stained as described in Fig. 1). (D) CD163 expression presented as MFI. (E) The percentage of CD163-positive PAMs at 72 h posttransfection was analyzed by flow
cytometry. Data represent means and standard deviations (SD) of three independent experiments. Control, mock control cells; NC, negative microRNA control.
Statistical analysis was performed using GraphPad Prism software, and differences in data were evaluated by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P �
0.001.

Gao et al.

8810 jvi.asm.org Journal of Virology

http://jvi.asm.org


36 h, and 72 h posttransfection (relative to 0 h, 24 h, and 60 h after
PRRSV infection, respectively) for CD163 analysis using a West-
ern blot. As shown in Fig. 4D, CD163 expression on PAMs was
downregulated by miR-181c during infection with PRRSV while
PRRSV itself had no effect on it. Collectively, these results indi-
cated that in addition to directly targeting the PRRSV genome,

miR-181 inhibited PRRSV infection by downregulating its recep-
tor, CD163.

CD163, a macrophage-specific protein in the scavenger recep-
tor cysteine-rich (SRCR) superfamily, functions as a cellular re-
ceptor for PRRSV, and the relationship between CD163 expres-
sion and PRRSV infection has been well established. Transfection

FIG 3 miR-181 targets the 3= UTR of CD163 and physically binds to CD163 mRNA in the RISC. (A) Predicted binding site for miR-181c in the 3= UTR of CD163
mRNA. Bold indicates the predicted seed region interaction site. Underlining indicates nucleotides replaced with the sequence indicated by the arrow in mutant
reporter constructs or miR-181c mutants. (B) Dual-luciferase assay of HeLa cells transfected with miRNA-181c (wt), miRNA-181 (mut), or NC at 20 nM and
luciferase reporter vector pGL3-CD163 (wt) or pGL3-CD163 (mut) as well as renilla vector; results are presented relative to the luminescence of renilla luciferase.
(C) Dual-luciferase assay as described in panel B except for the use of 10 nM, 20 nM, 40 nM, or 60 nM miR-181c (wt) and 60 nM NC mimics. (D) Quantitative
real-time PCR analysis of CD163 mRNA among RNAs extracted from RISC immunoprecipitates or total samples of the cells, normalized to GAPDH. Control,
mock control cells; NC, negative microRNA control. Data are representative of three independent experiments. Statistical analysis was performed using
GraphPad Prism software, and differences in data were evaluated by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 4 miR-181 inhibits PRRSV entry into PAMs. (A) Schematic construct of PRRSV-JXwn06 (mut) virus, which has mutations as the arrow indicates in the
target sequence of miR-181c. (B) PAMs were transfected with NC or miR-181c (60 nM) 72 h before the inoculation of virus, and intracellular PRRSV RNAs in
PAMs were evaluated by quantitative real-time PCR at 3 h after inoculation of PRRSV-JXwn06 (wt) or PRRSV-JXwn06 (mut) at 37°C. (C) Viral growth curves
in PAMs transfected with NC or miR-181c mimics (60 nM) for 72 h and then infected with PRRSV JXwn06 or PRRSV-JXwn06 (mut) at an MOI of 0.01.
Intracellular PRRSV RNA was analyzed by quantitative real-time PCR at 3 h, 12 h, 24 h, and 36 h after virus inoculation. (D) Expression levels of CD163 on PAM
cells in the presence or absence of miR-181c during infection with PRRSV. PAMs were transfected with 60 nM miR-181c and then infected with PRRSV at an MOI
of 0.01 at 12 h posttransfection. Cells were harvested at 12 h, 36 h, and 72 h posttransfection for CD163 analysis using a Western blot. Control, mock control cells;
NC, negative microRNA control. Data represent means and SD of three independent experiments. Statistical analysis was performed using GraphPad Prism
software, and differences in data were evaluated by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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of CD163 cDNA into several PRRSV nonpermissive cell lines ren-
ders them permissive for PRRSV infection and replication (19,
20). Pretreatment of PAMs or monocyte-derived macrophages
(MDM) with tetradecanoyl phorbol acetate (TPA) or lipopolysac-
charide (LPS) results in decreased CD163 expression and reduc-
tion of PRRSV infection (21), and anti-porcine CD163 antibody is
shown to inhibit PRRSV infection of PAMs (22). Our results are
consistent with these reports, showing that downregulation of
CD163 by additional expression of miR-181 impairs PRRSV in-
fection.

Viral tropism is a complicated issue influenced by many factors
(23). Expression of CD163 is low in undifferentiated monocytes
and gradually increases following cell activation and maturation
(11, 14). Our data provide evidence that there is an inverse corre-
lation between the expressions of miR-181 and CD163. PRRSV
has a restricted tropism mainly for macrophages and dendritic
cells but not for blood monocytes in vivo. Our findings here sug-
gest that miR-181 affects PRRSV tropism by regulating CD163
expression. However, how miR-181 is regulated remains an im-
portant issue to be elucidated in the future. Nevertheless, our data
here showed that miR-181 represses PRRSV infection through
targeting its cell receptor, CD163.
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