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ABSTRACT Porcine reproductive and respiratory syndrome (PRRS) is of great con-
cern to the swine industry due to pandemic outbreaks of the disease, current inef-
fective vaccinations, and a lack of efficient antiviral strategies. In our previous study,
a PRRSV Nsp9-specific nanobody, Nb6, was successfully isolated, and the intracellu-
larly expressed Nb6 could dramatically inhibit PRRSV replication in MARC-145 cells.
However, despite its small size, the application of Nb6 protein in infected cells is
greatly limited, as the protein itself cannot enter the cells physically. In this study, a
trans-activating transduction (TAT) peptide was fused with Nb6 to promote protein
entry into cells. TAT-Nb6 was expressed as an inclusion body in Escherichia coli, and
indirect enzyme-linked immunosorbent assays and pulldown assays showed that E.
coli-expressed TAT-Nb6 maintained the binding ability to E. coli-expressed or PRRSV-
encoded Nsp9. We demonstrated that TAT delivered Nb6 into MARC-145 cells and
porcine alveolar macrophages (PAMs) in a dose- and time-dependent manner, and
TAT-Nb6 efficiently inhibited the replication of several PRRSV genotype 2 strains as
well as a genotype 1 strain. Using a yeast two-hybrid assay, Nb6 recognition sites
were identified in the C-terminal part of Nsp9 and spanned two discontinuous re-
gions (Nsp9aa454 –551 and Nsp9aa599 – 646). Taken together, these results suggest that
TAT-Nb6 can be developed as an antiviral drug for the inhibition of PRRSV replica-
tion and controlling PRRS disease.

IMPORTANCE The pandemic outbreak of PRRS, which is caused by PRRSV, has
greatly affected the swine industry. We still lack an efficient vaccine, and it is an im-
mense challenge to control its infection. An intracellularly expressed Nsp9-specific
nanobody, Nb6, has been shown to be able to inhibit PRRSV replication in MARC-
145 cells. However, its application is limited, because Nb6 cannot physically enter
cells. Here, we demonstrated that the cell-penetrating peptide TAT could deliver
Nb6 into cultured cells. In addition, TAT-Nb6 fusion protein could suppress the repli-
cation of various PRRSV strains in MARC-145 cells and PAMs. These findings may
provide a new approach for drug development to control PRRS.
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Porcine reproductive and respiratory syndrome (PRRS), which is caused by PRRS virus
(PRRSV), is currently one of the most economically detrimental viral diseases in the

swine industry worldwide (1–3). PRRS is characterized by severe reproductive failure in
sows and respiratory syndromes and persistent infection in young pigs (4, 5). At
present, because of the high antigenic heterogeneity and antibody-dependent enhance-
ment of PRRSV infection, vaccination strategies are obviously ineffective for controlling
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PRRSV infection (6, 7). A PRRSV-specific treatment for infected herds, or other prevention
methods, is urgently needed to inhibit further damage to the industry (8).

PRRSV belongs to the family Arteriviridae within the order Nidovirales (9). It has a
single-stranded, positive-sense RNA genome of approximately 15.4 kb, which contains
at least 10 open reading frames (ORFs), including ORF1a, ORF1b, ORF2a, ORF2b, ORF3,
ORF4, ORF5, ORF5a, ORF6, and ORF7 (10, 11). Viral proteases process polyproteins
translated from ORF1a and ORF1b into 16 nonstructural proteins (Nsps): Nsp1�/�,
Nsp2-6, Nsp7/7�, Nsp8-12, Nsp2TF, and Nsp2N (12, 13). It has been demonstrated that
some of the Nsps are assembled with host cell components to form the viral replication
and transcription complex (RTC) (14). In the RTC, Nsp9 possesses RNA-dependent RNA
polymerase (RdRp) activity and is essential for genome replication and transcription.
Nsp9 is a relatively conserved region in the PRRSV genome, making it a logical antiviral
target for the control of PRRSV infection (1).

Nanobodies (Nbs), the variable domain of Camellidae heavy-chain-only antibodies
(15), possess attractive advantages over conventional monoclonal antibodies (MAbs),
such as small size, ease of genetic manipulation, high specificity, and solubility (16). In
addition, nanobodies can be easily produced in prokaryotic or eukaryotic host organ-
isms (17). Considering these characteristics, nanobodies are ideal candidates for drug
development (18–20). In our previous study, we isolated a PRRSV Nsp9-specific nano-
body, Nb6, which interacted with PRRSV-encoded Nsp9 and blocked PRRSV replication
when expressed in MARC-145 cells (1), suggesting it usefulness as an innovative
anti-PRRSV agent. However, the impermeability of cell membrane to macromolecules
limits the application of such nanobodies in biopharmaceuticals Therefore, it is perti-
nent to establish an efficient, safe, and nontoxic delivery system to greatly improve the
applicability of nanobodies.

Cell-penetrating peptides (CPPs), short peptides with approximately 5 to 30 amino
acids, have been widely used for delivering exogenous proteins into living cells and
tissues (21–23). It has been reported that CPPs can direct proteins to cross cellular
membranes via direct translocation or endocytosis (24, 25). These peptides can enter
the cells without causing cytotoxicity and have been used as a tool for the delivery of
various cargos into cells, such as plasmid DNA, short interfering RNA (siRNA), thera-
peutic proteins, viruses, imaging agents, and other nanoparticles (21, 26–28).

The human immunodeficiency virus type 1 (HIV-1) trans-activator TAT protein, which
was first discovered in 1988, contains 86 amino acids and can rapidly enter cells. About
10 years after the initial discovery of TAT protein, some studies found that an 11-amino-
acid TAT peptide, YGRKKRRQRRR (residues 47 to 57), was sufficient for intracellular
transduction and nuclear subcellular localization of exogenous proteins (29–31). For
drug delivery, TAT improved the intestinal absorption efficiency of insulin (32), and
another study reported that TAT-fused glyoxalase protein inhibited ischemic neuronal
cell damage and ameliorates ischemic injury (17). Recently, TAT was also used in the
delivery of HIV-1 Nef to enhance the immune response in mice (16). While a TAT-fused
nanobody has been reported in recent anticancer research (33), no report has been
seen on the use of CPPs as a potential strategy for PRRSV control.

In the present study, cell-penetrating peptide TAT and nanobody Nb6 were expressed
as a fused protein, TAT-Nb6, in Escherichia coli. We demonstrated that TAT-Nb6 efficiently
entered MARC-145 cells and porcine alveolar macrophages (PAMs), and the nanobody
inhibited PRRSV replication in both types of cells. We also identified the Nb6 binding
regions on Nsp9 by yeast two-hybrid assay. These data have laid the foundation for future
research on the molecular mechanism by which Nb6 inhibits PRRSV replication.

RESULTS
Expression and purification of nanobodies. The nanobodies Nb6, Nb53, TAT-Nb6,

and TAT-Nb53, each containing a 6�His tag at the C terminus, were successfully
expressed in E. coli as inclusion bodies. The four fusion proteins were affinity purified
using Ni-nitrilotriacetic acid (NTA) resin under denaturing conditions, refolded and
dialyzed, and then examined by SDS-PAGE (Fig. 1A) and Western blot analysis using
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anti-His monoclonal antibody (Fig. 1B). Analyses show that all four proteins were
obtained with high purity. His-tagged Nb6 and Nb53 exhibited the predicted size of 15
kDa, and the two nanobodies fused with TAT leader peptide were approximately 19
kDa, which is consistent with their predicted sizes. Purified Nsp9-His next was used as
an indirect enzyme-linked immunosorbent assay (iELISA) coating antigen to test the
antigen reactivity of refolded TAT-Nb6. As shown in Fig. 1C, TAT-Nb6 before or after
refolding was able to specifically react with Nsp9, unlike TAT-Nb53, and there was no
significant difference between these two forms.

Cellular uptake of TAT-Nb6 and TAT-Nb53. To examine the ability of Nbs to enter
cells, the purified proteins with or without TAT were added onto MARC-145 or PAM
monolayers at a final concentration of 5 �M. After 5 h of treatment, cells were harvested
and the His-tagged nanobodies delivered into the cells were detected by Western
blotting and immunofluorescence assay (IFA). As shown in Fig. 2A, TAT-Nb6 and

FIG 1 Analysis of purified and refolded nanobodies by SDS-PAGE (A) and Western blotting (B). The predicted sizes of the
His-tagged nanobodies are 15 kDa without TAT (NB6 and NB53) and 19 kDa with the TAT leader peptide (TAT-NB6 and
TAT-NB53). M, protein marker; lanes 1 to 4, NB6, NB53, TAT-NB6, and TAT-NB53. (C) Determination of the binding activity
of TAT-Nb6 to Nsp9 by iELISA. TAT-Nb53 was used as a negative control. Assays were performed in triplicate, and data are
presented as means � standard deviations (SD).

FIG 2 Cellular uptake of TAT-Nbs into MACR-145 and PAMs. (A and B) Western blotting (A) and IFA detection (B) of intracellular TAT-Nbs. MARC-145 and PAMs
were treated with 10 �M Nb6, Nb53, TAT-Nb6, and TAT-Nb53 for 5 h. (C and E) Western blot (C) and flow cytometry (E) analyses of the uptake of TAT-NB6 and
TAT-NB53 at different concentrations. MARC-145 cells were treated with the nanobodies at the indicated concentrations for 5 h. (D) MARC-145 cells were treated
with TAT-NB6 at 20 �M for 0, 1, 3, 5, and 10 h and then examined by Western blotting.
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TAT-Nb53 were clearly detected in both MARC-145 cells and PAMs. In contrast, Nbs
without TAT were not detectable in the cell lysates. IFA confirmed the Western blotting
results, showing that TAT-Nb6 and TAT-Nb53 accumulated in the cytoplasm and also
entered the nucleus (Fig. 2B).

To investigate the effects of protein concentration and incubation time on cellular
uptake of the TAT-tagged nanobodies, TAT-Nb6 was incubated with MARC-145 cells at
various concentrations for 5 h or at 5 �M for different time periods. The proteins that
entered the treated cells were then detected by Western blotting. The data showed that
increasing amounts of TAT-Nb6 were delivered into the cells at concentrations ranging
from 0 to 20 �M (Fig. 2C). In addition, prolonged incubation time also resulted in more
protein accumulation in the cells (Fig. 2D), indicating that the translocation of TAT-Nb6 into
cells was dose and time dependent. Flow cytometry assay (FCM) analysis confirmed that
TAT-Nb6 internalization was dose dependent in both MARC-145 and PAM cells (Fig. 2E). The
delivery efficiency of the control nanobody TAT-Nb53 at 20 �M was similar to that of
TAT-Nb6 when detected by Western blotting and FCM (Fig. 2C and E).

Furthermore, a cell counting kit-8 (CCK-8) assay was performed to test the toxicity
of TAT-Nb6 in MARC-145 cells and PAMs. As shown in Fig. 3, the viability of MARC-145
cells and PAMs was close to that of the untreated control cells at concentrations lower
than 30 �M, but it rapidly reduced to less than 80% of the control when the concen-
tration of the nanobody was increased to 40 �M. This result suggested that TAT-Nb6,
which entered cells in a dose- and time-dependent manner, was not toxic to MARC-145
and PAMs at concentrations lower than 30 �M.

Recognition of Nsp9 in PRRSV-infected cells by TAT-Nb6. According to the
results shown in Fig. 1C, E. coli-expressed TAT-Nb6 could recognize E. coli-expressed
Nsp9. To validate the binding ability of TAT-Nb6 to the native Nsp9 produced in virus
infection, pulldown assays were performed. MARC-145 cells were lysed after infection
with PRRSV strain SD16 for 48 h. The cell lysates were mixed with TAT-Nb6-His or
TAT-Nb53-His and incubated with Ni-NTA beads, and the protein complexes bound
with the His-tagged proteins were eluted and then detected by Western blotting using
anti-His antibody and mouse anti-Nsp9 antiserum. As expected, Nsp9 was pulled down
by TAT-Nb6-His but not by the control nanobody, TAT-Nb53-His (Fig. 4). These results
demonstrated that TAT-Nb6 maintained the antigen binding ability of the nanobody.

TAT-Nb6 inhibits PRRSV replication in MARC-145 cells. To evaluate the ability of
TAT-Nb6 to inhibit PRRSV infection, MARC-145 cells were infected with PRRSV strain
SD16 at a multiplicity of infection (MOI) of 0.01. After incubation with the virus for 1 h,
TAT-Nbs were added to the infected cells at different concentrations. The treated cells

FIG 3 Detection of TAT-Nb6 toxicity using CCK-8 kits. Data are expressed as means � SD from three
independent experiments. P values were calculated using ANOVA. P values were �0.05 (*), �0.01 (**),
and �0.001 (***) compared with the cells infected with PRRSV alone (ns, not significant).
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were cultured for 24 h or 36 h, and then the expression levels of PRRSV Nsp9 in the cell
lysates were detected by Western blotting. As shown in Fig. 5A and C, Nsp9 expression
was significantly suppressed in the cells treated with TAT-Nb6 at 24 hpi and 36 hpi, and
the inhibition was dose dependent, suggesting that the replication of PRRSV in
MARC-145 cells could be effectively inhibited by TAT-Nb6. We also quantified progeny
virus production in cell culture supernatants by TCID50. As shown in Fig. 5B and D,
TAT-Nb6 significantly inhibited the propagation of PRRSV SD16 at 30 �M, exhibiting an
approximately 100-fold reduction in virus yield at 24 hpi and a 10-fold decrease at 36
hpi compared with the untreated group and TAT-Nb53-treated group. No significant
decrease in progeny virus production was detected in the cells treated with TAT-Nb6
at lower concentrations. Consistent with the Nsp9 expression results, titration of
progeny viruses in the cell medium also demonstrated that TAT-Nb6 suppressed the
virus replication in a dose-dependent manner.

As the RNA-dependent RNA polymerase in PRRSV, Nsp9 plays a critical role in PRRSV
RNA synthesis. To detect the effect of TAT-Nb6 on the replication and transcription of
PRRSV genome, reverse transcription-quantitative PCR (RT-qPCR) was performed for the
detection of the PRRSV nsp9 RNA level. The results reveal that the relative PRRSV RNA
level in the cells treated with 30 �M TAT-Nb6 was significantly reduced compared with
that of the controls at 24 hpi (Fig. 5E, left). A similar tendency was found at 36 hpi (Fig.
5E, right). Consistent with the virus production and viral protein expression results, the
treatment of TAT-Nb6 did not significantly reduce PRRSV RNA synthesis at concentra-
tions lower than 30 �M. These results suggest that TAT-Nb6 efficiently inhibits the RNA
synthesis of PRRSV, at least in early infection.

TAT-Nb6 suppresses PRRSV replication in PAMs. Since TAT-Nb6 exerted signifi-
cant antiviral activity in PRRSV-infected MARC-145 cells, we further investigated
whether TAT-Nb6 could suppress PRRSV replication in PAMs, the primary targets of
PRRSV infection in vivo. PAMs were treated with TAT-Nb6 or TAT-Nb53 at different
concentrations. The cells and culture supernatants were collected at the indicated time
points after infection for Western blotting, qPCR, and titration assays. Consistent with
the results detected in MARC-145 cells, TAT-Nb6 treatment significantly inhibited the
expression of PRRSV Nsp9, synthesis of PRRSV RNA, and production of progeny viruses
in a dose-dependent manner (Fig. 6). Moreover, the data showed that PRRSV replica-
tion, especially viral RNA synthesis, was more efficiently inhibited in PAMs than in
MARC-145 cells. At 36 hpi, the TAT-Nb6 treatment at a lower concentration of 10 �M
also significantly reduced the production of viral RNA, Nsp9, and the progeny viruses.

TAT-Nb6 inhibits the replication of multiple PRRSV strains. In our previous
study, we found that intracellularly expressed Nb6 could significantly inhibit the
replication of various PRRSV strains. To determine whether TAT-Nb6 can also suppress
the replication of multiple PRRSV strains, three more genotype 2 strains (low-
pathogenicity PRRSV strain VR2332 and two high-pathogenicity PRRSV [HP-PRRSV]
strains, JXA1 and GD-HD) and genotype 1 strain GZ11-G1 were used to infect PAMs at
an MOI of 0.01. At 1 hpi, TAT-Nb6 was added to the infected PAMs at a final
concentration of 30 �M. The cells were lysed at the indicated time points, and the
transcription levels of N gene were quantified by RT-qPCR. The results showed that the

FIG 4 TAT-Nb6 interacts with PRRSV-encoded Nsp9. MARC-145 cells were infected with SD16 at an MOI
of 1 for 48 h, and Nsp9 was pulled down by TAT-Nb6-His or TAT-Nb53-His. The bound proteins were
detected by Western blotting using mouse anti-His antibody or mouse anti-Nsp9 antiserum.
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relative RNA levels of all strains were significantly different in all of the groups except
GZ11 at 12 hpi (Fig. 7A). After 24 hpi, the RNA synthesis of all strains was predominantly
suppressed by TAT-Nb6 (Fig. 7B to D), and the relative RNA levels for strains SD16,
GD-HD, and VR2332 were significantly reduced compared to levels for the TAT-Nb53
group and no nanobody group (Fig. 7C and D).

Titration of the viruses released in the cell culture revealed that TAT-Nb6 treatment
suppressed progeny virus production for all strains at 48 hpi (Fig. 7E). Overall, these
results demonstrated that TAT-Nb6 inhibited the replication of PRRSV genotype 1 as
well as genotype 2 strains in PAMs, although the inhibition efficiencies for these strains
were different.

Nb6 interacts with Nsp9 by binding to the C-terminal end of Nsp9. To identify
the binding regions within Nsp9 involved in the Nsp9-Nb6 interaction, a yeast two-

FIG 5 Inhibition of PRRSV SD16 infection and replication by TAT-NB6 in MARC-145 cells. MARC-145 cells were infected with
SD16 at an MOI of 0.01 for 1 h, and then the cell culture media were replaced with fresh DMEM containing 3% FBS and
TAT-Nbs at the indicated concentrations. TAT-Nbs and PRRSV Nsp9 were detected at 24 hpi (A) and 36 hpi (C) by Western
blotting using anti-His MAb and mouse anti-Nsp9 antiserum, respectively. Progeny virus released in the cell medium was
measured by TCID50 at 24 hpi (B) and 36 hpi (D). (E) Relative levels of PRRSV RNA were detected by RT-qPCR using PRRSV
Nsp9-specific primers. The GAPDH mRNA level served as an internal reference. Data are expressed as means � SD from
three independent experiments. P values were calculated using ANOVA as �0.05 (*), �0.01 (**), and �0.001 (***) compared
with cells infected with PRRSV alone (ns, not significant).
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hybrid assay was performed. According to the three-dimensional (3D) structure of Nsp9
predicted in a previous report (34), the protein was truncated and expressed as four
DNA binding domain-fused fragments containing coding sequences Nsp9aa1–183,
Nsp9aa184 –283, Nsp9aa284 – 453, and Nsp9aa454 – 646 (Fig. 8A) for the yeast two-hybrid
assay. When coexpressed with the Nb6 activation domain, binding domain-fused
full-length Nsp9 and Nsp9aa454 – 646 activated reporter expression (Fig. 8B), indicating
that Nsp9 interacted with Nb6 through the Nsp9aa454 – 646 region. Subsequently,
Nsp9aa454 – 646 was split into four fragments, including Nsp9aa454 –551, Nsp9aa552–598,
Nsp9aa599 – 646, and Nsp9aa552– 646. The results revealed that Nb6 could bind to
Nsp9aa454 –551, Nsp9aa552– 646, and Nsp9aa599 – 646 but not Nsp9aa552–598 (Fig. 8B). These
results indicate that Nb6 could recognize two discontinuous regions in the C-terminal
end of Nsp9, Nsp9aa454 –551 and Nsp9aa599 – 646.

Based on the results shown in Fig. 7, the suppression efficiencies by TAT-Nb6 were
different among the tested PRRSV strains. We speculate that the different binding
abilities and, thus, inhibition efficiencies of TAT-Nb6 are attributable to the sequence
variations in Nsp9aa454 – 646 of the PRRSV strains. In order to verify our hypothesis, amino
acid sequences of Nsp9aa454 – 646 from 38 PRRSV strains in GenBank, including 15
genotype 1 and 23 genotype 2 strains, were aligned using the Clustal W module of

FIG 6 Inhibition of PRRSV SD16 infection and replication by TAT-NB6 in PAMs. PAMs were infected with SD16 at
an MOI of 0.01 for 1 h, and then the cell culture media were replaced with fresh RPMI 1640 containing 3% FBS and
TAT-Nbs at the indicated concentrations. TAT-Nbs and PRRSV Nsp9 were detected at 24 hpi (A) and 36 hpi (C) by
Western blotting using anti-His MAb and mouse anti-Nsp9 antiserum, respectively. Progeny virus released in the
cell medium was measured by TCID50 at 24 hpi (B) and 36 hpi (D). (E) Relative levels of PRRSV RNA were detected
by RT-qPCR using PRRSV Nsp9-specific primers. The GAPDH mRNA level served as an internal reference. Data are
expressed as means � SD from three independent experiments. P values were calculated using ANOVA as �0.05
(*), �0.01 (**), and �0.001 (***) compared with cells infected with PRRSV alone (ns, not significant).
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Lasergene 7.1 (DNASTAR, Inc.). Alignment analysis reveals that the strains among
genotype 1 or genotype 2 were highly conserved, and the sequence identity reached
92.2% to 100% and 92.7% to 100%, respectively, whereas the sequence similarity
between genotypes 1 and 2 was only about 77.7 to 81.3% (Fig. 8C). Furthermore, the
sequences of Nsp9aa454 –551 and Nsp9aa599 – 646 were more variant than those of the rest
of the regions on Nsp9454 – 646 between genotype 1 and genotype 2 (Fig. 8D). Further
studies are needed to investigate whether TAT-Nb6 binds to the conserved amino acids
in Nsp9aa454 –551 and Nsp9aa599 – 646 and what factors contribute to the different inhi-
bition efficiencies of TAT-Nb6 among the PRRSV strains.

DISCUSSION

To date, PRRS is still of great concern to the swine industry due to the inefficiency
of current vaccinations and lack of efficient antiviral strategies. In our previous study,
we demonstrated that an intracellularly expressed PRRSV Nsp9-specific nanobody Nb6
could dramatically inhibit PRRSV replication in MARC-145 cells (1). This finding provided
motivation and insight for the development of an innovative anti-PRRSV strategy.

FIG 7 TAT-NB6 inhibits the replication of multiple PRRSV strains. PAMs were infected with JXA1, SD16,
GD-HD, VR2332, or GZ11-G1 at an MOI of 0.01 and incubated with 30 �M TAT-NB6 or TAT-NB53. The
transcription levels of PRRSV Nsp9 in the cells were detected via RT-qPCR at 12 (A), 24 (B), 36 (C), and 48
(D) hpi. (E) The titers of progeny virus in the cell culture supernatants were measured by TCID50 at 48 hpi.
Data are expressed as means � SD from three independent experiments. P values were calculated using
ANOVA as �0.05 (*), �0.01 (**), and �0.001 (***) compared with cells infected with PRRSV alone (ns, not
significant).
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FIG 8 Nb6 binds to the C-terminal end of Nsp9. (A) Nsp9 fragments used in this study for the identification of the Nb6-Nsp9 interaction domain. Full-length
Nsp9 was truncated into four fragments in the first stage: Nsp1–183, Nsp9184 –283, Nsp9284 – 453, and Nsp454 – 646. The C-terminal fragment, Nsp9454 – 646, was
subsequently split into fragments Nsp9454 –551, Nsp9552– 646, Nsp9552–589, and Nsp9599 – 646. (B) Yeast two-hybrid assay. Vectors expressing the Nb6 protein and
the indicated Nsp9 fragments were cotransformed into yeast cells. (C and D) Amino acid sequence comparison and alignment of Nsp9aa454 – 646. The sequences
of Nsp9 from the 38 PRRSV strains in GenBank were analyzed using the Clustal W module of Lasergene 7.1 (DNASTAR, Inc.). Nb6-Nsp9 binding domains are
shown in red square brackets, with dots indicating identical amino acid residues.
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Nanobodies are characterized by their unique specificity, affinity, stability, solubility,
and small size (35–37). Despite possessing these advantages, nanobodies are unable to
physically enter cells, and their application is limited when targeting an intracellular
molecule. CPPs provide an ideal means for intracellular delivery of the growing number
of pharmaceutically relevant proteins. Previous studies reported that nanobodies fused
with CPPs could pass through the cell membrane and interfere with hepatitis C virus
replication (38–40).

Previously it was reported that TAT can deliver proteins such as glyoxalase protein
and Smar protein, which were expressed as fusion proteins with TAT in prokaryotic
expression system, into cells in a time- and dose-dependent manner (31, 41). Our
results here demonstrated that TAT-Nb6 and TAT-Nb53 entered MARC-145 cells and
PAMs in the same manner (Fig. 2). However, when transfected with various amounts of
TAT-Nb6 or 20 �M TAT-Nb53, the MARC-145 cells give two peaks in FCM analysis (Fig.
2E). We speculate that these cells were in different cell cycle stages, and the TAT-Nb
transduction efficiency may be influenced by the state of cells.

There are some reports that have shown that 5 amino acids (GRKKR) in TAT peptide
act as a potential nuclear localization signal (29), and using a transfection system,
mammalian-expressed TAT or TAT-green fluorescent protein (GFP) fusion proteins
predominantly localize to the nucleus with accumulation in the nucleolus (31, 42). In
addition, it was also demonstrated that E. coli-expressed TAT-GFP was able to enter
various cells. However, the subcellular distribution of E. coli-expressed TAT-GFP still
remains controversial. Caron et al. (43) and Yang et al. (31) reported that TAT-GFP was
mainly located in the cytosol but not in the nucleus, which is in good agreement with
the TAT-Nb distribution in PAMs observed in this study (Fig. 2B), whereas Han et al.
demonstrated that TAT-GFP was able to be detected in both cytoplasm and nucleus
(44), which is inconsistent with our results from TAT-Nb transduction in MARC-145 cells
(Fig. 2B). These two different distribution patterns may be influenced by the host cell
type, culture medium, or other unknown factors.

Since their discovery, CPPs have attracted the attention of researchers worldwide
due to their high efficiency of cellular delivery and low toxicity. In the present study, we
tested the cytotoxicity of TAT-Nb6 for MARC-145 cells and PAMs. The results reveal that
TAT-Nb6 protein exhibited no toxicity at concentrations up to 30 �M, but the cell
toxicity increased rapidly when the concentration was higher than 40 �M (Fig. 3). This
indicates that the cytotoxicity of the TAT-tagged protein is related to its concentration,
and this side effect in its clinical application should not be underrated.

Through examination of the TAT-Nb6 anti-PRRSV activity, we found that TAT-Nb6
could inhibit the replication of SD16 in both MARC-145 cells and PAMs (Fig. 5 and 6).
Interestingly, it seemed that TAT-Nb6 displayed a stronger capability to suppress SD16
replication in PAMs than in MARC-145 cells (Fig. 5 to 7). We observed that the
internalized TAT-Nb6 protein level in PAMs was higher than that in MARC-145 cells (Fig.
2A). We postulate that PAMs, as macrophages, are able to take in the exogenous
proteins more efficiently than kidney MARC-145 cells. In addition, the internalized
nanobody proteins are concentrated in the cytoplasm, where Nsp9 performs its func-
tion, and viral RNA syntheses take place in PAMs, while TAT-Nb6 dispersed in the
nucleus could be ineffective for the inhibition of Nsp9. These factors may result in the
better inhibition of virus replication in PAMs.

In previous studies, PRRSV N gene/protein was used to evaluate virus replication.
However, we found that the expression level of N gene/protein was not always
consistent with the viral titer in this study. In MARC-145 cells, the reduced ratio in viral
titer at 36 hpi was lower than that at 24 hpi, but the N protein production was further
reduced at 36 hpi (data not shown). Similarly, the majority of the PRRSV N gene
expression was suppressed at 24 hpi and 36 hpi in PAMs treated with 30 �M TAT-Nb6
(data not shown), whereas the virus titer only decreased about 1 and 1.4 log, respec-
tively. These results suggest that N gene or protein level is not a reliable indicator of
PRRSV replication in early infection. Given that Nsp9 is the viral RdRp, the core protein
of the replication and transcription complex for viral RNA synthesis, we consider that
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the Nsp9 gene/protein expression level will be more suitable for the reflection of PRRSV
replication than N gene/protein. Here, PRRSV Nsp9 instead of N protein was used for
the evaluation of the inhibitory effects of TAT-Nb6.

Nsp9, the target of Nb6, is more conserved than other PRRSV proteins (9). In our
previous study, we found that intracellularly expressed Nb6 had different antiviral
capabilities for different strains (7). Here, we examined the antiviral ability of TAT-Nb6
for four PRRSV type II strains and one type I strain. The results showed that TAT-Nb6
significantly inhibited the replication of all five strains, although the inhibition potency
for the type II strains was higher than that for the type I strain (Fig. 7).

Using Nb6 to probe Nsp9 by Western blotting and ELISA, we have found that Nb6
does not bind to the denatured Nsp9 but only interacts with native Nsp9 (data not
shown), suggesting that the nanobody recognizes a conformational epitope. Using the
yeast two-hybrid assay, we showed that Nb6 bound to the C-terminal part of Nsp9,
spanning two discontinuous regions: Nsp9aa454 –551 and Nsp9aa599 – 646 (Fig. 8A and B).
This result also implies that Nb6 is a conformational antibody. The amino acids in the
two Nsp9 regions involved in forming the antigenic epitope remain to be investigated.

Previous reports propose that PRRSV Nsp9 protein contains a putative RdRp domain
in the C-terminal portion and have identified the upstream N-terminal part as a
nidovirus RdRp-associated nucleotidyltransferase domain (45, 46). The Nb6 binding
regions identified in this study overlap the predicted RdRp catalytic domain (47, 48). As
the RdRp of PRRSV, Nsp9 is the key enzyme for viral genome replication and transcrip-
tion (46). This enzyme is also considered the core component of the transcription and
replication complex that forms in viral infections, and it involves both viral and host
cellular proteins. Protein interaction studies have revealed that most PRRSV nonstruc-
tural proteins (Nsp1�, Nsp1�, Nsp3, Nsp7�, Nsp7�, Nsp8, Nsp11, and Nsp12) can bind
directly to Nsp9 (49, 50). PRRSV N protein also interacts with the C-terminal end of Nsp9,
and Nsp9-N protein association is involved in the process of viral RNA production (34).
Interactions between Nsp9 and cellular cofactors may play a role in the synthesis of viral
RNA in an infected cell. For example, several studies demonstrated that the cellular
retinoblastoma protein Annexin A2 and DEAD box RNA helicase 5 could bind to Nsp9,
and these interactions are beneficial to PRRSV replication (51–53). Therefore, we
postulate that Nb6 binding to the C terminus of Nsp9 directly blocks RdRp activity or
interferes with the interaction of Nsp9 with other viral or cellular proteins, which
resulted in the inhibition of PRRSV replication.

In conclusion, we report in this work that cell-penetrable nanobody TAT-Nb6, which
was expressed in a prokaryotic expression system, was able to enter MARC-145 cells
and PAMs in a time- and dose-dependent manner and inhibit the replication of both
PRRSV genotype 1 and genotype 2 strains. Furthermore, we demonstrated that Nb6
bound to the C-terminal part of Nsp9, which contained two discontinuous regions,
Nsp9454 –551 and Nsp9599 – 646, and overlapped the predicted RdRp catalytic domain.
These data indicate that TAT-Nb6 exhibits high potential to be further developed as an
anti-PRRSV drug. Studies are ongoing to investigate the molecular mechanism by
which Nb6 suppresses PRRSV replication and the inhibition efficiency of TAT-Nb6 on
PRRSV replication in vivo.

MATERIALS AND METHODS
Cells, viruses, and reagents. PRRSV-permissive MARC-145 cells were cultured in Dulbecco’s mod-

ified Eagle’s medium (DMEM; Life Technologies Corp., Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and penicillin-streptomycin (Life Technologies Corp.,
Grand Island, NY, USA). Porcine alveolar macrophages (PAMs) were obtained from 6-week-old PRRSV-
negative pigs using a lung lavage technique as previously described (54) and cultured in RPMI 1640
supplemented with 10% FBS and penicillin-streptomycin. All cells were cultured at 37°C with 5% CO2.

The following viral strains were used in this study: one PRRSV genotype 1 strain, GZ11-G1 (GenBank
accession no. KF001144.1), and four genotype 2 strains, including HP-PRRSV strain SD16 (HP-PRRSV/
SD16) (JX087437.1), HP-PRRSV/JXA1 (EF112445.1), and HP-PRRSV/GD-HD (KP793736.1), and a low-
pathogenicity strain, VR-2332 (EF536003.1). All PRRSV strains were propagated and titrated in MARC-145
cells and stored at �80°C.

Production of recombinant proteins. The gene fragments for Nb6, Nb53, TAT-Nb6, and TAT-Nb53
were generated by PCR using pEGFP-Nb6 and pEGFP-Nb53 (1) as the template and primers shown in
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Table 1. Nb53, which did not interact with PRRSV Nsp9 (1), was used as a negative control. The
pET-21b(�) plasmid (Novagen, Darmstadt, Germany), containing the sequences for a 6-histidine (6�His)
tag downstream of the gene insertion site, was used as the expression vector. The recombinant plasmids,
named pET21b-Nb6, pET21b-Nb53, pET21b-TAT-Nb6, and pET21b-TAT-Nb53, were constructed by in-
serting the corresponding PCR fragments into pET-21b(�) plasmid digested with NdeI and XhoI
restriction endonucleases. The recombinant plasmids were transformed into E. coli strain trans5�, single
colonies were selected, and the inserted fragments were confirmed by sequencing. For protein expres-
sion, the four plasmids were transformed into E. coli BL21(DE3), and protein expression was induced by
1 mM isopropyl �-D-1-thiogalactopyranoside (IPTG) at 37°C for 6 h. Recombinant proteins in inclusion
bodies were dissolved in 8 M urea for denaturation and then purified by Ni-NTA resin (Roche, Mannheim,
Germany) under denaturing conditions according to the manufacturer’s instructions. The denatured proteins
were refolded by rapid dilution in base refolding buffer (880 mM L-arginine, 55 mM Tris, 21 mM NaCl, 0.88 mM
KCl, pH 8.2) with 10 mM EDTA, 150 mM reduced glutathione, and 15 mM oxidized glutathione. For the
subsequent cell experiments, the refolded proteins were dialyzed into 0.01 M phosphate-buffered saline (PBS),
analyzed by SDS-PAGE and Western blotting, and stored at �80°C until use.

Cellular uptake of TAT-Nbs. MARC-145 cells or PAMs were seeded in 24-well plates at a density of
1 � 105 or 1 � 106 cells per well, respectively. After confluent monolayers formed, cells were incubated
with serum-free culture medium containing TAT-Nb6, TAT-Nb53, Nb6, or Nb53 at concentrations of 0, 5,
10, and 20 �M in a 5% CO2 humidified incubator at 37°C. After a set period of time (0, 1, 3, 5, and 10 h),
the cells were washed with PBS three times, and then TAT-Nb6 and TAT-Nb53 taken up by the cells were
detected by Western blotting, immunofluorescence assay, and flow cytometry assay.

Cell viability analysis. Cell viability was evaluated by cell counting kit-8 (CCK-8) assay (Beyotime,
Nanjing, China) as described previously (55), with the following modifications. MARC-145 cells or PAMs
were seeded at a density of 1 � 104 or 1 � 105 cells per well in 96-well plates and incubated in a 5% CO2

humidified incubator at 37°C. After confluent monolayers formed, cells were washed with PBS and then
incubated with different concentrations of TAT-Nb6 and TAT-Nb53 in serum-free medium for 24 h. Ten
�l of CCK-8 reagent was added into each well of the 96-well plate containing 100 �l fresh medium and
incubated for 2 h at 37°C. The absorbance was measured at 450 nm using an Epoch microplate
spectrophotometer (BioTek Instruments, Winooski, VT, USA) for the calculation of cell viability. Results are
expressed as the percentage of the optical density of treated cells relative to that of the untreated control
cells, which was defined as 100% viability.

Inhibition of PRRSV replication by TAT-Nb6. MARC-145 cells or PAMs were seeded into 6-well
plates at a density of 2 � 105 or 2 � 106 cells per well, respectively. The cells were infected with PRRSV
at an MOI of 0.01 for 1 h. The cell culture medium then was replaced with fresh medium supplemented
with TAT-Nb6 or TAT-Nb53. At 12, 24, 36, and 48 hpi, supernatants were collected for the progeny virus
titration, and the cells were harvested for Western blotting and qPCR analyses.

iELISA. To detect the function of refolded TAT-Nb6, iELISA was performed as described in previous
reports (1, 56). Briefly, the 96-well microtiter plates were coated with Nsp9-His recombinant protein
(400 ng/well). After incubation with TAT-Nb6, mouse anti-camel serum (diluted to 1:2,000; prepared in
our laboratory) was used to detect TAT-Nb6, and then horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was added with a dilution
of 1:5,000 to detect the bound antibodies. Color was developed using tetramethylbenzidine (TMB; Sigma
Chenical Co., St. Louis, MO, USA), and the reaction was stopped with 3 M H2SO4. The optical density at
450 nm was read using an automated ELISA plate reader (Bio-Rad, Hercules, CA, USA).

IFA. IFA was performed as previously described (57), with the following modifications. The cells were
fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 min at room temperature, washed three times
with PBS, and then permeated with 0.2% Triton X-100 (Sigma-Aldrich) for 10 min. After being blocked
with 1% bovine serum albumin (BSA) for 30 min at room temperature, the cells were incubated with
mouse anti-His antibody (1:1,000; Tiangen, Beijing, China) for 1 h at room temperature and washed three
times with PBS. Incubations with Alexa Fluor 488- or Alexa Fluor 555-conjugated goat anti-mouse IgG
(H�L) (1:500; ThermoFisher Scientific, USA) were carried out for 1 h at room temperature, followed by

TABLE 1 Primers used for construction of plasmid pET-21b-TAT-Nbs or pET-21b-Nbs and
detecting the level of PRRSV Nsp9 gene by qPCR

Primer name Sequencea (5=–3=) Purpose

Overlap-TAT-Nb-F1 CCGCATATGCCTACGGTCGTAAGAAACGTCGCC pET-21b-TAT-Nbs
AGCGTCGCCGTGGAGGCGGTGGCTCGGG

Overlap-TAT-Nb-F2 CGGTGGCTCGGGCGGTGGCGGCTCGGGTGGCGG
TGGTTCTCAGGTCCAACTGCAGGAG pET-21b-Nbs

Nb-F CCGCATATGCAGGTCCAACTGCA
Nb-R CCGCTCGAG TGAGGAGACGGTG
Type1-Nsp9-F GTCTTGAGGCTGACTTGGCT RT-qPCR
Type1-Nsp9-R TTGGACACACTGGTAACGGG
Type2-Nsp9-F CCTGCAATTGTCCGCTGGTTTG
Type2-Nsp9-R GACGACAGGCCACCTCTCTTAG
GAPDH-F CCTTCCGTGTCCCTACTGCCAAC
GAPDH-R GACGCCTGCTTCACCACCTTCT
aUnderlining indicates restriction sites.
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three washes. Prior to mounting, the nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) for
5 min at room temperature. Coverslips were mounted on microscope slides using Fluoro-Gel, and the
stained cells were observed under a confocal microscope (AF6000; Leica, Wetzlar, Germany). Mock-
infected cells were used as controls to assess background staining.

Flow cytometry assay. FCM was performed by following the procedure described by the manu-
facturer (Invitrogen, CA, USA). Briefly, 106 cells were collected by 0.25% trypsin digestion. After three
washes with PBS, the cells were incubated with 1 ml fixation/permeabilization working solution at 4°C for
60 min, followed by washing three times with permeabilization buffer. The cells were blocked with 1%
BSA for 1 h at 37°C and then incubated with mouse anti-His antibody diluted 1:1,000 for 1.5 h at 37°C.
After washing, allophycocyanin-conjugated goat anti-mouse IgG (1:800; ThermoFisher Scientific, USA)
was added to the cells and incubated for 1 h at room temperature. Finally, the cells were resuspended
in flow cytometry staining buffer and analyzed by flow cytometry.

Quantitative real-time PCR. Infected MARC-145 and PAMs were washed three times with PBS, and
the total RNAs were extracted using TRIzol reagent (Invitrogen, CA, USA). Reverse transcription reactions
were performed using a PrimeScript RT master mix kit (TaKaRa, Dalian, China) according to the
manufacturer’s instructions. qPCR was carried out on a StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA, USA) using RealStar green fast mixture with ROX (GenStar, Beijing, China) and
type 1 or type 2 Nsp9-F/Nsp9-R primer pairs. The reaction was performed in 10 �l, and cellular
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was measured as an internal reference. The
primers used for qPCR amplification are listed in Table 1.

Virus titration. Progeny virus production was detected by titration as previously described (58), with
the following modifications. MARC-145 cells were plated on 96-well plates 24 h before viral infection.
Virus supernatants were 10-fold serially diluted, and 100 �l of each was added to each well with eight
replicates. Six days after infection, the 50% tissue culture infective dose (TCID50) was calculated using the
Reed-Muench method (59).

Western blot analysis. Western blotting was performed as previously described (60), with the
following modifications. Briefly, cells were harvested and lysed, and the cellular proteins were separated
by 15% SDS-PAGE and blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After
being blocked with 2.5% skim milk for 1 h at room temperature, the PVDF membranes were probed with
one of the following primary antibodies: mouse anti-6�His tag MAb (1:2,000), mouse anti-PRRSV Nsp9
antiserum (1:5,000; produced in our laboratory), and anti-�-tubulin (1:5,000; Sigma-Aldrich, St. Louis, MO,
USA). Membranes were washed three times with PBST, followed by incubation with HRP-conjugated goat
anti-mouse IgG at a 1:2,000 dilution as the secondary antibody. The reactions were visualized using an
ECL chemiluminescent detection system according to the manufacturer’s instructions (Pierce, Rockford,
IL, USA).

Pulldown assay. Pulldown assay was carried out as described previously (34). MARC-145 cells were
infected with PRRSV strain SD16 at an MOI of 1 for 48 h, washed with PBS three times, and then lysed
with lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.2 mM EDTA, 2 mM EGTA, 10% glycerin, 0.5% Triton
X-100) containing a proteinase inhibitor cocktail (Roche, Mannheim, Germany). The cell lysates were
collected by centrifugation at 14,000 � g for 15 min at 4°C and mixed with TAT-Nb6 or TAT-Nb53, and
then the mixtures were incubated with PureProteome nickel magnetic beads (Millipore, USA). Antigen-
bound beads were washed three times with wash buffer (pH 8.0). The bound proteins were eluted with
elution buffer (pH 8.0) and analyzed by Western blotting.

Yeast two-hybrid assay. The yeast two-hybrid assay was performed as described previously (34).
The Nsp9 gene of PRRSV, including full-length Nsp9 and truncated fragments of Nsp9, and the Nb6 gene
were amplified by PCR using the corresponding primers described in a previous report (34) and then
inserted into pGBKT7 and pGADT7, respectively. The pGADT7-Nb6 and pGBKT7-Nsp9 constructs were
cotransformed into Saccharomyces cerevisiae (yeast) strain Gold using the Yeastmaker yeast transforma-
tion system kit (Clontech, USA) as described by the manufacturer. Each interaction assay was repeated
in at least three independent experiments.

Statistical analysis. All experiments were performed with at least three independent replicates.
The results were analyzed using Student’s t test for comparisons between two groups or one-way
analysis of variance (ANOVA) if more groups were compared. A P value of �0.05 was considered
statistically significant.
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