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ABSTRACT Exosomes are small membrane-enclosed vesicles produced by various
cells and actively released into the extracellular space. They participate in intercellu-
lar communication and transfer of biologically active proteins, lipids, and nucleic ac-
ids. Accumulating evidence suggests that exosomes derived from cells infected by
some viruses selectively encapsulate viral proteins, genetic materials, or even virions
to mediate cell-to-cell communication and/or virus transmission. Porcine reproduc-
tive and respiratory syndrome virus (PRRSV) is an Arterivirus that has been devastat-
ing the global swine industry since the late 1980s. Recent studies have shown that
major proteins secreted from PRRSV-infected cells are exosomal proteins and that
the serum-derived exosomes from PRRSV-infected pigs contain viral proteins. How-
ever, the role of exosomes in PRRSV infection remains unclear. In this study, purified
exosomes isolated from PRRSV-infected cells were shown with reverse transcription-
PCR and mass spectrometry to contain viral genomic RNA and partial viral proteins.
Furthermore, exosomes from PRRSV-infected cells established productive infection in
both PRRSV-susceptible and -nonsusceptible cells. More importantly, exosome-mediated
infection was not completely blocked by PRRSV-specific neutralizing antibodies. In sum-
mary, this study demonstrated that exosomes can mediate PRRSV transmission and are
even resistant to antibody neutralization, identifying a potential immune evasion mecha-
nism utilized by PRRSV.

IMPORTANCE Exosomes have recently been characterized as bioactive vesicles that
function to promote intercellular communication. The exosomes from virally infected
cells containing altered compositions confer numerous novel functionalities. A study
of the secretome of cells infected with PRRSV indicated that the exosomal pathway
is strongly activated by PRRSV infection. Here, we demonstrate that PRRSV can uti-
lize host exosomes to infect naive healthy cells. Furthermore, exosome-mediated vi-
ral transmission is largely resistant to PRRSV-specific neutralizing antibodies. Our
study provides novel insights into an alternative mechanism of PRRSV transmission
that can compromise the host’s anti-PRRSV immune response.

KEYWORDS exosome, infection, intercellular transmission, porcine reproductive and
respiratory syndrome virus

Porcine reproductive and respiratory syndrome (PRRS) was first recognized in the
United States in 1987 (1). The prevailing clinical symptoms are failures in pregnant

sows, including late-term abortions, stillborn piglets, mummified piglets, and respira-
tory distress in piglets (2, 3). Since then, PRRS has become one of the most economically
significant swine diseases in the world. The causative agent, porcine reproductive and
respiratory syndrome virus (PRRSV), is a positive-sense single-stranded enveloped RNA
virus of the family Arteriviridae. Its 15.4-kb genome encodes at least 10 open reading
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frames (ORFs). ORF1a and ORF1b encode two long polypeptides that produce 14
mature nonstructural proteins (nsp’s) after enzymatic cleavage. ORF2 to ORF7, located
at the 3= terminus, encode the structural proteins glycoprotein 2 (GP2), envelope (E)
protein, GP3, GP4, GP5, ORF5a protein, matrix (M) protein, and nucleocapsid (N) protein
(4–6). Evidence indicates that PRRSV can compromise the innate immune response and
establish a persistent infection (7–9). Although several kinds of vaccines have been
developed to combat PRRSV, most of them have had only limited success in protecting
pigs against PRRSV infection and disease (10–12). Neutralizing antibodies (NAbs) are
believed to be crucial for anti-PRRSV immunity (13, 14). However, apparent paradoxes
have been reported. For example, Lopez et al. reported that pigs passively immunized
with PRRSV-specific NAbs achieved a nonviremic status, but PRRSV still displayed
disseminated infection and replicated in the peripheral pig tissues (15). Furthermore,
PRRSV was isolated from the sera of PRRSV-infected pigs despite the presence of high
levels of PRRSV-specific NAbs (16). These paradoxes suggest the existence of other
mechanisms of PRRSV dissemination and/or its evasion of NAbs.

We previously analyzed the secretome of cells infected with PRRSV and found that
approximately 72.4% of all the secretory proteins identified were listed in the ExoCarta
database (17), suggesting that the release of exosomal proteins was strongly activated
by PRRSV infection. A recent study also identified viral proteins of PRRSV in serum-
derived exosomes from pigs actively or previously infected with PRRSV (18).

Exosomes are small lipid bilayer vesicles secreted by most cell types that
originate from late endosomal compartments called “multivesicular bodies” (MVBs)
and are 30 to 150 nm in size (19). Various biological materials, including proteins,
RNAs, and lipids, can be carried by exosomes (20, 21). Once released into the
extracellular space, exosomes can mediate cell-to-cell communication through the
transmission of signaling-competent proteins or functional RNAs, playing important
roles in intercellular communication and signal transduction (22–24). Because of the
importance of exosomes in intercellular communication, it is not surprising that
some viruses have evolved mechanisms to hijack them to promote the viruses’
survival and replication (25). For example, exosomes derived from human immu-
nodeficiency virus (HIV)-infected cells contain viral transactivating response (TAR)
RNA transcribed from the integrated provirus, which acts as a decoy in the recipient
cells to make them more susceptible to HIV infection (26). Exosomes isolated from
hepatitis C virus (HCV)-infected cells contain viral RNA and can mediate the
viral-receptor-independent transmission of HCV (27). These studies highlight the
potential role of exosomes in viral infection and transmission. Although preliminary
studies have shown that PRRSV infection may promote exosome release and partial
viral proteins have been found in exosomes (17, 18), the functions of exosomes in
PRRSV infection remain unclear.

In this study, we examined exosomes derived from PRRSV-infected cells and found
that the purified exosomes contained viral genomic RNA and partial viral proteins.
PRRSV appears to exploit the cellular exosomal delivery system to transmit viral
components that can establish a productive infection. Exosome-mediated PRRSV trans-
mission is also largely resistant to NAbs.

RESULTS
Isolation and characterization of exosomes from PRRSV-infected cells. Because

PRRSV virions and exosomes share similar sizes and buoyant densities, the conventional
ultracentrifugation method cannot efficiently separate exosomes from viral contami-
nation. To obtain exosomes with greater purity, we used a stringent isolation method
to extract and purify exosomes from PRRSV-infected cells, with polyethylene glycol
(PEG) enrichment precipitation (28) and ultracentrifugation combined with CD63 im-
munomagnetic bead affinity purification. To this end, PK-15CD163 cells (a porcine kidney
cell line stably expressing the PRRSV receptor CD163, gifted by En-min Zhou at
Northwest A&F University, China) were infected with PRRSV strain WUH3 at a multi-
plicity of infection (MOI) of 1.0 and maintained in Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 2% exosome-depleted fetal bovine serum (FBS). At 36 h
postinfection (hpi), the supernatants were collected to isolate and purify exosomes. The
purified exosomes were characterized by an analysis of exosomal markers with Western
blotting. Three representative exosome markers, Alix, CD9, and CD63, were detected,
and the absence of GRP94 (endoplasmin marker) and GP4 (PRRSV structural protein)
excluded contamination with endoplasmic vesicles and PRRSV particles (Fig. 1A).
Transmission electron microscopy (TEM) showed that the purified exosomes display a
cup-shaped appearance ranging from about 30 to 150 nm in size, while the purified
PRRSV particles are enveloped, have a spherical appearance, and range from 50 to 70
nm in diameter (Fig. 1B). The purified exosomes were further characterized by immu-
nogold labeling with antibodies against the exosome marker Alix, viral structural
protein GP4, and nsp2, a viral nonstructural protein that has been demonstrated to be
incorporated into PRRSV virions (29). The results showed that the Alix marker protein
but not viral nsp2 and GP4 could be probed in the exosomes isolated from PRRSV-
infected cells (Fig. 1C). Taken together, these results indicate that there is no free-
PRRSV-virion contamination in the purified exosomes.

Exosomes derived from PRRSV-infected cells contain viral components. To
characterize the contents of exosomes purified from PRRSV-infected cells, a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed. In
total, 216 host proteins were identified within the purified exosomes. Gene ontology
(GO) analysis showed important enrichment of membrane or transport proteins, cyto-
skeletal dynamics proteins related to exosome composition and innate immunity, and
metabolic enzyme proteins related to exosome functions (Fig. 2A). Among the proteins
identified, 92% were listed in the Vesiclepedia database (http://www.microvesicles
.org/), and only 16 proteins were not documented in that database. LC-MS/MS analysis
also revealed the presence of three viral proteins: GP5, M, and N. Western blots probed

FIG 1 Isolation and characterization of exosomes from PRRSV-infected cells. (A) Purified exosomes derived from
mock- or PRRSV-infected cells were analyzed on Western blots probed with antibody directed against Alix, CD9,
CD63, GRP94, or GP4. The PRRSV-infected cells and purified virions (free PRRSV) were used as controls. (B)
Transmission electron microscopy observations of negatively stained purified exosomes from PRRSV-infected cells
and free PRRSV. Purified exosomes with both higher and lower magnification are shown. (C) Immunoelectron
microscopy images of purified exosomes or virions from PRRSV-infected cells. Immunogold labeling (10-nm gold
particles) was performed with antibodies against exosome marker protein Alix and viral proteins nsp2 and GP4,
respectively.
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with monoclonal antibodies (MAbs) directed against these viral proteins confirmed that
all three proteins, but not nsp2 and GP4, were present in the purified exosomes
(Fig. 2B). Previous studies have suggested that viral nucleic acids are present in
exosomes from cells infected by several viruses, including HCV and hepatitis B virus (30,
31). We also used reverse transcription (RT)-PCR to investigate whether the exosomes
derived from PRRSV-infected cells contain viral RNAs. Because it is difficult to amplify
the complete genomic RNA by a single PCR, the whole genome of PRRSV was divided
into five overlapping fragments (A, B, C, D, and E) to be amplified. As shown by the
results in Fig. 2C, all five overlapping fragments could be amplified from the exosomes
isolated from PRRSV-infected cells, indicating that the exosomes contained the com-
plete PRRSV genomic RNA. Taken together, these results indicate that exosomes
isolated from the supernatants of PRRSV-infected cells contain viral genomic RNAs and
partial viral proteins.

Exosomes transmit PRRSV and establish productive infections in susceptible
and nonsusceptible cells. The presence of PRRSV components in the purified exo-
somes prompted us to investigate whether exosomes from PRRSV-infected cells can
transmit infection to naive cells. To this end, the exosomes purified from PRRSV-
infected cells were incubated with naive PK-15CD163 cells and indirect immunofluores-
cence assay (IFA) for viral N protein was performed at 36 hpi to confirm infection. Cells
infected with cell-culture-derived PRRSV (free PRRSV) were used as the positive control,

FIG 2 Components of exosomes derived from PRRSV-infected cells. (A) Purified exosomes derived from PRRSV-
infected cells were analyzed with LC-MS/MS to determine the host proteins and viral proteins present. Classification
of host proteins according to function is shown. (B) PRRSV proteins in exosomes were confirmed on Western blots
probed with antibody directed against M, N, GP5, GP4, or nsp2. (C) PRRSV genomic RNAs in exosomes isolated from
PRRSV-infected cells were detected with RT-PCR. Five overlapping fragments (A, B, C, D, and E) were designed
based on the genome sequence of PRRSV strain WUH3.
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and cells inoculated with exosomes isolated from mock-infected cell supernatants with
the same method were used as the negative control. As shown by the results in Fig. 3A,
obvious cytopathic effects were observed in the cells treated with PRRSV-positive
exosomes or infected with free PRRSV. The IFA performed with an MAb directed against
PRRSV N protein also confirmed that a productive infection was established in the naive
PK-15CD163 cells inoculated with PRRSV-positive exosomes. We also tested Marc-145
cells, another cell line permissive of PRRSV that is used extensively for PRRSV studies
and vaccine production. A similar productive infection was established after treatment
with PRRSV-positive exosomes, whereas no cytopathic effect was observed in cells
treated with the control exosomes (Fig. 3A). The expression of viral proteins N, GP4, and
nsp2 could also be detected with Western blotting in PK-15CD163 and Marc-145 cells
treated with PRRSV-positive exosomes (Fig. 3B), further confirming the establishment of
productive infections. Fifty-percent tissue culture infective dose (TCID50) assays were
performed to determine the viral titers in the exosome-treated PK-15CD163 and Marc-
145 cells, and cell-culture-derived PRRSV was used as the control. As shown by the
results in Fig. 3C, the purified PRRSV-positive exosomes generated high viral titers in
both PK-15CD163 and Marc-145 cells that were similar to the levels seen in cells infected
with the cell-culture-derived PRRSV.

Lack of the receptor CD163 makes PK-15 cells nonsusceptible to PRRSV infection
(32). We investigated whether a productive infection could be established in PK-15 cells
by PRRSV-positive exosomes. Pseudorabies virus (PRV), which can efficiently infect
PK-15 cells, was used as the positive infection control. After coculture with PK-15 cells,
IFA with an N protein-specific MAb showed that PRRSV-positive exosomes established
a productive infection in PK-15 cells, whereas no specific immunofluorescence was
observed in PK-15 cells infected with free PRRSV (Fig. 3D). In the control cells infected
with PRV, bright immunofluorescence was detected with an antibody directed against
PRV glycoprotein D (gD) (Fig. 3D). Western blot analyses used to detect the expression
of PRRSV N protein were consistent with the results of IFAs (Fig. 3E). Taken together,
these results suggest that PRRSV-positive exosomes can establish productive infections
in both susceptible and nonsusceptible cells.

Inhibition of exosome release impairs PRRSV transmission mediated by exo-
somes. To further investigate the involvement of the exosomal pathway in PRRSV
transmission, we examined the effects of an inhibitor of exosome release, GW4869
{N,N=-bis[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,3=-p-phenylene-bis-acrylamide di-
hydrochloride}. GW4869, a neutral sphingomyelinase inhibitor (33) that is known to
inhibit ceramide biosynthesis, contributes to exosome secretion by triggering the
budding of exosomes into MVBs. MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] assay demonstrated no obvious cytotoxicity at any of the con-
centrations of GW4869 tested in PK-15CD163 cells (data not shown). The effect of
GW4869 on exosome biogenesis was assessed with Western blotting to quantitate the
expression of exosome biomarker Alix. As shown by the results in Fig. 4A, as the
concentration of GW4869 increased, the amount of exosomes gradually and continu-
ously declined. To test whether GW4869 affects PRRSV replication, PK-15CD163 cells
were infected with PRRSV and then treated with medium containing GW4869 at the
concentrations indicated in Fig. 4A. TCID50 and real-time RT-PCR assays were performed
to determine the viral titers and propagation. Compared with the mock-treated group,
treatment with 10 �M GW4869 did not cause a significant reduction in PRRSV infection
or replication (Fig. 4B). At this concentration of GW4869, which effectively inhibits
exosome release but has no effect on PRRSV propagation, we mimicked the exosome
transfer from PK-15CD163 cells to PK-15 cells using a coculture model (Transwell system)
in the presence of GW4869, as shown by the schematic diagram in Fig. 4C (left). PRRSV
RNAs from the cells in both the top and bottom chambers were quantified with
real-time RT-PCR. As shown by the results in Fig. 4C (right), PRRSV RNAs were detected
in the PK-15 cells in the bottom chamber when they were cocultured with PK-15CD163

cells infected with free PRRSV or PRRSV-positive exosomes. These results confirm the
transmission of PRRSV-positive exosomes through the membrane when free PRRSV- or
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FIG 3 Exosomes transmit PRRSV and establish productive infections in both susceptible and nonsusceptible cells. (A) IFAs demonstrated
productive infection of Marc-145 and PK-15CD163 cells after treatment with PRRSV-positive exosomes. Marc-145 and PK-15CD163 cells were
cocultured with PRRSV-positive exosomes or infected with PRRSV at an MOI of 1.0. At 36 h after treatment or infection, the cells were fixed
and an IFA was performed with MAb directed against PRRSV N protein. Fluorescence was observed with an Olympus IX73 inverted
microscope. (B) Western blot analysis of PRRSV N, GP4, and nsp2 expression in Marc-145 and PK-15CD163 cells infected with PRRSV or
treated with PRRSV-positive exosomes. (C) PK-15CD163 and Marc-145 cells were infected with PRRSV or treated with purified
PRRSV-positive exosomes, and the viral titers were determined with TCID50 assay. (D) PK-15 cells were incubated with PRRSV-positive
exosomes or infected with PRRSV at an MOI of 1.0. Pseudorabies virus (PRV) was used as the positive control for infection of PK-15
cells. At 36 h after treatment or infection, cells were fixed and IFAs were performed with MAb directed against PRRSV N protein or
PRV gD. (E) Western blot analysis of PRRSV N protein expression in PK-15 cells infected with PRRSV or purified PRRSV-positive
exosomes. DAPI, 4’,6-diamidino-2-phenylindole.
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PRRSV-exosome-infected PK-15CD163 cells from the top chamber released exosomes
containing PRRSV components. However, the presence of GW4869 in the top chamber
inhibited the release of exosomes, and the PRRSV RNA copy numbers were markedly
lower in the PK-15 cells (Fig. 4C, right). At the same time, cell samples from both top
and bottom chambers were collected and subjected to Western blotting with antibody
against PRRSV nsp2. The protein expression level (Fig. 4D) of each group remained in
accordance with the PRRSV RNA level (Fig. 4C). These results suggest that GW4869 has
a direct effect on the transmission of PRRSV mediated by exosomes, indirectly sup-
porting our conclusion that exosomes derived from PRRSV-infected cells can establish
a productive infection in nonsusceptible cells.

Exosome-mediated PRRSV infection is not blocked by PRRSV-specific NAbs. We
also investigated whether exosome-mediated PRRSV transmission is blocked by PRRSV-

FIG 4 Inhibition of exosome release impairs PRRSV transmission mediated by exosomes. (A) PK-15CD163 cells
were treated with the indicated concentrations of GW4869, and the exosomes isolated were subjected to
Western blotting for Alix expression. (B) PK-15CD163 cells were infected with PRRSV at an MOI of 1 for 1 h
and then maintained in medium containing 10 �M GW4869 for 36 h. TCID50 and real-time PCR assays were
performed to determine the viral titers and RNA copy numbers, respectively. (C) Schematic diagram of the
Transwell system used to coculture PK-15CD163 and PK-15 cells. The upper-chamber PK-15CD163 cells were
infected with PRRSV or treated with purified PRRSV-positive exosomes for 3 h and then treated or not with
GW4869 (10 �M). After 36 h, the total RNAs were extracted from cells in both chambers and analyzed for
PRRSV RNA with real-time quantitative PCR. (D) Cell samples from both bottom and top chambers of the
experiment diagrammed in panel C were collected and subjected to Western blotting with antibody
against viral protein nsp2.
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specific NAbs. To avoid the interference of some unidentified factor(s) in hyperimmune
sera, PRRSV-specific immunoglobulins (IgGs) were purified from the sera of pigs re-
peatedly immunized with PRRSV vaccine. PRRSV-positive exosomes or free PRRSV
suspensions were incubated with the purified NAbs for 1 h and then transferred into a
monolayer of PK-15CD163 cells. At 36 hpi, cells were fixed for IFAs with an MAb directed
against PRRSV N protein. As expected, the number of infected cells decreased signifi-
cantly more in the group treated with free PRRSV and NAbs (group PRRSV�NAbs) than
in the group treated with PRRSV without NAbs (Fig. 5A, left), suggesting that the
purified NAbs efficiently neutralized PRRSV infection. However, there was almost no
difference between the PRRSV-exosome group (mock-treated PRRSV-positive exo-
somes) and the PRRSV-exosome�NAb group (NAb-treated PRRSV-positive exosomes)
(Fig. 5A, left), indicating that NAbs had almost no blocking effect on PRRSV-positive
exosomes. The results of Western blotting used to detect the expression of PRRSV N
and nsp2 proteins confirmed the IFA results (Fig. 5A, right). Similar results were
obtained in Marc-145 cells with both IFA (Fig. 5B, left) and Western blotting (Fig. 5B,
right).

To further confirm that exosome-mediated PRRSV infection cannot be blocked by
PRRSV-specific NAbs, PK-15CD163 cells were cultured together with Marc-145 cells in a
Transwell system to allow the transfer of exosomes but preclude any direct cell contact.
Purified NAbs (neutralization titer is 1:16) were added to the medium in the top
chamber containing PK-15CD163 cells, as shown in the schematic diagram in Fig. 5C
(top). Real-time RT-PCR was used to analyze PRRSV RNAs in the top-chamber PK-15CD163

cells and the bottom-chamber Marc-145 cells. Consistent with the IFA and Western
blotting results, the PRRSV RNA levels were significantly reduced in both PK-15CD163

cells and Marc-145 cells treated with PRRSV�NAbs but only barely reduced in cells
treated with PRRSV-positive exosomes�NAbs (Fig. 5C, bottom). When we used porcine
alveolar macrophages (PAMs) in the bottom chamber, similar results were observed
(Fig. 5D).

We also compared the neutralizing effects of different concentrations of NAbs on
free PRRSV and exosome. As shown by the results in Fig. 5E, the neutralizing effects on
free PRRSV were gradually decreased with decreased concentrations of neutralizing
antibodies; however, nearly no significant change could be detected for exosome-
mediated infection after treatment with different concentrations of neutralizing anti-
bodies. The results of all experiments (IFA, Western blotting, Transwell system, and
neutralizing assay) support the conclusion that exosome-mediated PRRSV infection
cannot be blocked by PRRSV-specific NAbs.

DISCUSSION

Exosomes were originally considered a vehicle to remove cellular waste from cytosol
(34), but ever-increasing evidence supports the role of exosomes in intercellular
communication by transferring functional cellular proteins, RNAs, and microRNAs
(miRNAs), affecting the functional fates of recipient cells (35–37). Furthermore, many
virally infected cells secrete exosomes that differ in content from those secreted from
normal cells. However, they may also contain various viral proteins, RNAs, or even
virions, so it is possible that viruses exploit exosomal pathways to spread infection and
modify their target cells (38–40). In this study, we have demonstrated for the first time
that exosomes derived from PRRSV-infected cells contain viral RNAs and transfer
productive infections to naive cells, even in the presence of PRRSV-specific NAbs.

Despite tremendous advances in the study of the interplay between exosome and
virus, isolating pure exosomes free of contaminating viruses from virus-infected cells
remains a huge challenge. Exosomes are conventionally isolated from virus-infected
cells or bodily fluids with a sequential sucrose-gradient ultracentrifugation method (41).
However, because some viral particles have sizes, buoyant densities, or sedimentation
velocities similar to those of exosomes, it is difficult to separate the two populations
completely. For example, exosomes derived from HIV- or HCV-infected cells cannot be
readily distinguished or separated from infectious viral particles with sucrose-gradient

Wang et al. Journal of Virology

February 2018 Volume 92 Issue 4 e01734-17 jvi.asm.org 8

http://jvi.asm.org


FIG 5 Exosome-mediated PRRSV infection is not blocked by PRRSV-specific neutralizing antibodies (NAbs). (A, B) Purified PRRSV-positive exosomes or free
PRRSV virions were incubated with PRRSV-specific NAbs for 1 h. Then, PK-15CD163 (A) or Marc-145 (B) cells were exposed to the antibody-treated exosomes
or virus for 3 h. The exosomes or viruses were washed off, and the medium was replaced with fresh maintenance medium for a further 36 h.
Immunofluorescent staining was performed with MAb against PRRSV N protein. Western blotting was performed with MAbs against PRRSV N and nsp2
proteins. (C) Schematic diagram of the Transwell system used to coculture PK-15CD163 and Marc-145 cells. PK-15CD163 cells in the upper chamber were
incubated with purified PRRSV-positive exosomes or infected with PRRSV pretreated with PRRSV-specific NAbs (neutralization titer is 1:16) for 1 h. The
viruses or exosomes were washed off, and cells were cultured in maintenance medium for a further 36 h. Total RNAs of the cells in both top and bottom
chambers were extracted and analyzed for PRRSV genomic RNA with real-time quantitative PCR. (D) Schematic diagram of the Transwell system used
to coculture PK-15CD163 cells and PAMs. PK-15CD163 cells from the upper chamber were treated with purified PRRSV-positive exosomes or infected with
PRRSV pretreated with PRRSV-specific NAbs as described in the legend to panel C. Quantitative RT-PCR was performed to detect PRRSV genomic RNA
in PK-15CD163 cells and PAMs. (E) The neutralizing effects of PRRSV-specific NAbs at different concentrations on exosomes and free PRRSV virions. The
PRRSV-specific NAbs (neutralization titer is 1:16) were serially diluted, and the neutralizing effects on exosomes and free PRRSV were determined by using
a rapid fluorescent focus neutralization assay.
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ultracentrifugation (38, 42–45). Based on a recent review (46), CD63 or composite
magnetic bead purification is by far the best method to completely separate exosomes
and virions. In the present study, the exosomes isolated from PRRSV-infected cells were
further purified by CD63 immunomagnetic bead affinity. Immunoelectron microscopy
confirmed that there were no free PRRSV virions in the purified exosomes (Fig. 1C).
LC-MS/MS analysis also showed that there were no minor structural proteins or
nonstructural proteins of PRRSV in the purified exosomes, and the infectivity of
exosomes isolated from PRRSV-infected cells was not blocked by PRRSV-specific NAbs.
These results indicated that the purified exosomes were not contaminated with free
PRRSV virions.

Although there were no PRRSV-encoded minor structural proteins or nonstructural
proteins in the exosomes isolated from PRRSV-infected cells, three major structural
proteins, GP5, M, and N, were identified in these exosomes with LC-MS/MS. Both GP5
and M proteins are envelope proteins encoded by PRRSV, and the two proteins form a
disulfide-linked heterodimer in PRRSV-infected cells (47). It is surprising that envelope
proteins are actively released through the exosomal pathway. We transfected HEK-293
cells with eukaryotic expression plasmids encoding GP5 or M protein and isolated
exosomes from the transfected cells. Western blotting could detect GP5 and M proteins
in the isolated exosomes (data not shown), indicating that GP5 and M are secreted
through the exosomal pathway. Pleet et al. reported that the viral protein 40 (VP40)
matrix protein of Ebola virus (EBOV) can be packaged into exosomes, and exosomes
isolated from VP40-transfected cells are capable of inducing apoptosis in the
recipient immune cells, which may allow the virus to replicate to high titers in the
immunocompromised host (48). Previous studies have demonstrated that PRRSV
induces apoptosis in pigs during infection and in cultured cells in vitro (49, 50), and
GP5 has been reported to induce apoptosis in bystander cells. Whether the apop-
tosis induced by GP5 acts through the exosomal pathway requires further study. In
addition, PRRSV N protein is a multifunctional nucleolar-cytoplasmic shuttling
protein. Previous studies suggested that PRRSV N protein participates in the
modulation of type I interferon and inflammatory responses (51, 52). Many exo-
somes derived from virus-infected cells contain cellular or viral proteins or RNAs
that can affect the gene expression or immune response of recipient cells (53–55).
Whether PRRSV N protein modulates innate immune responses via the exosomal
pathway is under investigation in our laboratory.

As well as viral proteins, our LC-MS/MS analysis showed that 216 porcine proteins
were present in the purified exosomes derived from PRRSV-infected cells, and most of
these proteins were identified in the database of exosomes derived from sera of
PRRSV-infected pigs in a previous study (18). GO analysis showed that these host
proteins were associated with cytoskeletal structure, membrane transport, ubiquitin,
and response to immune system processes. Viral infection may change the contents of
exosomes, and several studies have demonstrated that the altered compositions of
exosomes derived from virally infected cells confer novel functionalities, such as
facilitating viral spread and viral evasion of host cell defenses (56, 57). Our previous
quantitative secretome study also found that approximately 72.4% of secretory pro-
teins that were differentially expressed in PRRSV-infected Marc-145 cells and mock-
infected controls were exosomal proteins (17). These differentially expressed exosomal
proteins may facilitate viral pathogenesis or host immune response. Unfortunately, we
did not quantitatively analyze the contents of purified exosomes derived from PRRSV-
infected cells in this study.

In recent years, the roles of exosomes released from infected cells have been
investigated for several viruses, including HIV-1, HCV, hepatitis A virus (HAV), Dengue
virus (DENV), human T-cell lymphotropic virus, the herpesviruses, and severe fever with
thrombocytopenia syndrome virus (SFTSV). The findings of these studies suggested
that the released exosomes contain viral particles, genomes, mRNAs, microRNAs
(miRNAs), or proteins that play important roles in viral replication, pathogenesis, and
transmission. For example, purified exosomes isolated from HCV- or HAV-infected cells

Wang et al. Journal of Virology

February 2018 Volume 92 Issue 4 e01734-17 jvi.asm.org 10

http://jvi.asm.org


were shown to contain complete viral particles and were capable of transmitting
infection to naive cells (58). Cells infected with SFTSV also released exosomes contain-
ing virions, and when the exosomes were taken up by uninfected cells, viral replication
was initiated (59). Epstein-Barr virus (EBV)-positive tumors secrete exosomes containing
the viral protein latent membrane protein 1 (LMP1), which has inhibitory effects on
immune responses, facilitating immune evasion (60). Some miRNAs encoded by Kaposi’s
sarcoma-associated herpesvirus are incorporated into exosomes to facilitate tumori-
genesis (61). In this study, we found that exosomes from PRRSV-infected cells contained
viral RNA and partial viral proteins. Similar to the previously reported exosome-
mediated transmission of HCV, PRRSV also takes advantage of the exosomal pathway
to transfer virus to both susceptible and nonsusceptible naive cells and establish
productive infections. A recent study found that treatment with anti-HCV receptor
antibody, which blocks free virus entry and infection, did not inhibit the exosomal
transmission of HCV (27), indicating that exosomes can mediate virus transmission
independently of a virus-specific receptor. This entry pathway may be why exosomes
can transfer PRRSV infection to nonsusceptible cells.

An interesting finding of this study is that exosome-mediated PRRSV transmission is
resistant to PRRSV-specific NAbs compared with their ability to block the transmission
of the free virus. Previous studies have also shown that exosome-mediated transmis-
sion of HAV and enterovirus 71 (EV71) cannot be completely blocked by NAbs (62, 63),
suggesting that viral exosomes can escape the humoral immune response. Using
patient-derived IgGs, Cosset and Dreux demonstrated that exosomal HCV transmission
escaped antibody neutralization and, surprisingly, that several IgGs enhanced the
transmission of exosomes isolated from HCV subgenomic replicon cells (64). These
studies and our present study suggest that exosomes containing virions or viral RNA
may be less sensitive to NAbs, which represents a potential immune evasion mecha-
nism. PRRSV viremia is clinically detected in the blood, even in those pigs with high
NAb titers. Whether exosomes contribute to this phenomenon remains to be investi-
gated.

As well as containing virions, viral RNA, or viral proteins, exosomes isolated from
virus-infected cells often contain viral or host miRNAs, which may act as cofactors to
increase the infectivity of viral exosomes or as immunoregulatory factors controlling
immune responses in the recipient cells (65). It remains to be seen in future studies
whether PRRSV-positive exosomes contain miRNAs and whether these miRNAs con-
tribute to the exosome-mediated transmission of PRRSV.

MATERIALS AND METHODS
Cell culture and viruses. Marc-145, PK-15CD163, and PK-15 cells were maintained in DMEM (Invitro-

gen, USA) supplemented with 10% exosome-depleted FBS (System Bioscience, USA) and 1% penicillin-
streptomycin in a humidified incubator at 37°C with 5% CO2. PAMs were obtained from 5-week-old
PRRSV-negative pigs as described previously (66) and maintained in RPMI 1640 medium (Invitrogen, USA)
with 10% exosome-depleted FBS. The highly pathogenic PRRSV strain WUH3 (GenBank accession number
HM853673), which was previously isolated from the brains of pigs suffering a high-fever syndrome in
China (67), was used throughout this study. Pseudorabies virus (PRV) strain Ea, a wild virulent strain
isolated in China (68), was propagated in PK-15 cells.

Exosome isolation and purification. PRRSV- or mock-infected cell supernatants were collected
and centrifuged for 5 min at 500 � g to remove the cells and larger debris. The samples were
transferred to a new tube, centrifuged at 2,000 � g for 10 min to further remove cell debris, and
filtered through a 0.2-�m filter. A 2-fold-concentrated (2�) stock solution of polyethylene glycol
solution (16%) was prepared to precipitate extracellular vesicles, as reported previously (28). Once
centrifuged and processed, the medium was added to an equal volume of a 2� PEG stock solution
to achieve a final PEG concentration of 8% and incubated at 4°C for at least 12 h. The samples were
then centrifuged at 3,214 � g for 1 h. The resulting pellets were suspended in 50 to 500 �l of
particle-free phosphate-buffered saline (PBS) and centrifuged at 100,000 � g for 70 min to wash and
re-pellet the vesicles. To purify the exosomes recovered, CD63-labeled Dynabeads (Invitrogen) were
used according to the manufacturer’s instructions. For electron microscopy observation, exosomes
were eluted from the Dynabeads using ice-cold 100 nM glycine-HCl (pH 3.0) and immediately
neutralized to pH 7.4 with neutralizing buffer (1 M Tris-HCl, pH 8.5).

Exosome infection assays. PK-15CD163, PK-15, and Marc-145 cells were seeded on 24-well plates at
a density of 2 � 105 cells/well. About 5 � 104 TCID50 of free PRRSV and exosomes derived from
PRRSV-infected cell culture were added to the cells, incubated for 2 h at 37°C in 5% CO2, and the medium
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was replaced with fresh maintenance medium. At 36 h postinfection, cell samples were fixed or collected
for indirect immunofluorescence assay and Western blotting.

Electron microscopy and MS. The purified exosomes or virions were spotted onto Formvar-coated
copper grids (200 meshes). The adsorbed exosomes or purified virions were fixed in 2% (vol/vol)
paraformaldehyde for 5 min at room temperature. After fixation, the grids were directly stained with
uranyl acetate for contrast enhancement and then examined using a transmission electron microscope
(Hitachi H-7000FA, Japan). For immunoelectron microscopy, the purified exosomes or virions resus-
pended in PBS were deposited on Formvar-carbon-coated copper grids, and the samples on the grids
were blocked for 30 min using 5% bovine serum albumin (BSA)–PBS and incubated with primary
antibody against Alix, nsp2, or GP4 and then with 10-nm-colloidal-gold-labeled secondary antibody (goat
anti-mouse IgG). After fixation with glutaraldehyde, the samples were stained with uranyl acetate for
contrast enhancement and processed for electron microscopy. For MS analysis, the purified exosomes
were resuspended in 25 �l elution buffer (50 mM glycine, pH 2.8). Proteins were digested with the
filter-aided sample preparation (FASP) procedure, as described by Wiśniewski et al. (69). Briefly, the
protein pellet (about 30 �g) was solubilized in 30 �l SDT buffer (4% [mass/vol] SDS, 100 mM Tris-HCl，1
mM dithiothreitol [DTT] [pH 7.6]) at 90°C for 5 min. The detergent, DTT, and other low-molecular-weight
components were removed using 200 �l UA buffer (8 M urea, 150 mM Tris-HCl, pH 8.0) with repeated
ultrafiltration (Microcon-30kDa centrifugal filter unit). Iodoacetamide (0.05 M, 100 �l) in UA buffer was
then added to block the reduced cysteine residues, and the samples were incubated for 20 min in the
dark. The filter was washed three times with 100 �l of UA buffer and then twice with 100 �l of 25 mM
NH4HCO3. Finally, the protein suspension was digested with 2 �g of trypsin (Promega) in 40 �l of 25 mM
NH4HCO3 overnight at 37°C. The resulting peptides were collected as the filtrate. Experiments were
performed on a Q Exactive mass spectrometer coupled to an Easy-nLC liquid chromatograph (Proxeon
Biosystems).

Indirect immunofluorescence assay (IFA). Cells infected with PRRSV or treated with PRRSV-positive
or mock exosomes were fixed with 4% paraformaldehyde for 15 min and immediately permeabilized
with precooled methanol for 10 min. After blocking with 5% BSA solution, the cells were incubated with
an anti-PRRSV N MAb (made in our laboratory) for 1 h at room temperature. The cells were then stained
with Alexa Fluor 488- or 596-conjugated anti-mouse antibodies (Invitrogen) according to the manufac-
turer’s protocol. Images were taken with an Olympus IX73 inverted microscope (Olympus).

Western blotting. Western blotting was performed with the following established protocol. Briefly,
predetermined concentrations of proteins were resolved on 12% SDS–PAGE gels. After electrophoresis,
the separated proteins were transferred onto 0.2-�m polyvinylidene difluoride (PVDF) membranes
(Millipore, USA). After protein transfer, the membranes were blocked for 1 h with Tris-buffered saline
containing Tween 20 (TBST) with 10% nonfat dry milk. The blots were then incubated with a primary
antibody at 4°C overnight. The primary antibodies used were directed against CD63 (Santa Cruz
Biotechnology), CD9 (Proteintech), Alix (Cell Signaling Technology), GRP94 (Cell Signaling Technology),
and PRRSV N, GP5, M, GP4, and nsp2 (made in our laboratory). The membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies that included a goat anti-mouse IgG and a goat
anti-rabbit lgG (Beyotime Biotechnology). Finally, the proteins were visualized with Clarity ECL Western
blotting substrate (Bio-Rad).

Analysis and quantification of PRRSV RNA. For PCR detection of PRRSV RNA, total RNA from
exosomes was extracted with a total exosome RNA and protein isolation kit (Life Technologies, USA)
according to the manufacturer’s instructions. To detect PRRSV genome RNA, the whole genome of PRRSV
was divided into five overlapping fragments (A, B, C, D, and E) to be amplified. The primers for each
fragment are listed in Table 1. To quantify the RNA copies of PRRSV in PRRSV-infected or exosome-treated
cells, total RNAs from cell culture samples were isolated with the E.Z.N.A. total RNA kit I (Omega Bio-tek).
Reverse transcription was performed with the Roche Transcriptor first-strand cDNA synthesis kit (Roche).
The primers used to amplify the PRRSV nsp9 gene were 5=-GTTGATGGTGGTGTTGTGCT-3= and 5=-AGAC
CAATTTTAGGCGCGTC-3=. Absolute real-time PCR was performed with the Applied Biosystems ViiA 7
real-time PCR system (Life Technologies). The quantity of PRRSV RNA was calculated based on the results
for a standard plasmid diluted 10-fold (from 1010 to 101). Each sample was assayed at least three times.

Antibody-mediated neutralization of PRRSV. PRRSV-specific NAb was isolated and purified from
sera of pigs repeatedly immunized with commercial PRRSV vaccine against the highly pathogenic PRRSV.
The titer of purified NAb was adjusted to 1:16, as determined by using a rapid fluorescent focus
neutralization assay as described previously (70). Briefly, serial dilutions of antibodies were incubated
with an equal volume of PRRSV strain WUH3 (200 focus-forming units) for 1 h at 37°C. The mixtures were

TABLE 1 Sequences of primers used for amplifying overlapping fragments of the PRRSV
genome

Fragment

Primer sequence (5=-3=)

Forward Reverse

A ACCGTCATGACGTATAGGTGTTGGCT CTCGTCGAGCCCGCTCGGCAG
B CTTAAGGACCAGATGGAGGAGGATCTGCT CCACAAGTGCTGTCAAGGGCAAGGTGA
C TCACCTTGCCCTTGACAGCACTTGTGG AGTTTAAACACTGCTCCTTAGTC
D TAAACTGCTAGCCGCCAGCGGCTTG CCCGAAACGCATCATTGTAATCCT
E GTTTCGGGCGCGCCAGAAAGGGAA TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAATTA
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added to 96-well plates containing confluent Marc-145 cells. After incubation for 24 h at 37°C in a
humidified atmosphere containing 5% CO2, the cells were fixed with a solution of 50% methanol and
50% acetone for 5 min. After washing three times with PBS, the infected cells were detected with
fluorescein isothiocyanate-conjugated MAb against PRRSV N protein. The neutralization titers were
expressed as the reciprocal of the highest dilution that inhibited 90% of the fluorescent foci present in
the control wells.
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