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ABSTRACT Classical swine fever is a highly contagious disease caused by the classical
swine fever virus (CSFV), a member of the Flaviviridae family. Exosomes are extracellular
vesicles that mediate intercellular communication by transferring membrane compo-
nents and nucleic acids between cells. They play a role in the progression of various
infectious diseases and help viruses evade immune responses. However, the impact
of CSFV on exosome secretion and whether exosomes facilitate CSFV's evasion of the
host immune response remains unclear. In this study, we first demonstrated that CSFV
infection upregulates Rab27a, a small GTPase that regulates exosome secretion by
mediating the trafficking and fusion of multivesicular bodies with the plasma membrane.
By overexpressing and silencing Rab27a, we assessed its involvement in CSFV replication
and release. We also demonstrated an interaction between the CSFV EO and E2 proteins
and Rab27a. Our findings show that Rab27a facilitates the release of exosomes, which,
in turn, enhances CSFV spread. These results suggest that CSFV infection upregulates
Rab27a, promoting the exosome-mediated release pathway, thereby contributing to
viral spread and immune evasion.

IMPORTANCE Classical swine fever, caused by the classical swine fever virus (CSFV) from
the Flaviviridae family, is highly contagious. Exosomes, extracellular vesicles that transfer
membrane components and nucleic acids, play a role in viral progression and immune
evasion. This study shows that CSFV infection upregulates Rab27a, and the CSFV EO and
E2 proteins interact with Rab27a. By manipulating Rab27a expression, we found that
Rab27a facilitates exosome release, which enhances CSFV spread. These findings suggest
that CSFV exploits Rab27a to promote exosome-mediated release, aiding viral spread
and immune evasion.

KEYWORDS classical swine fever virus (CSFV), exosome, Rab27a, immune evasion,
release

lassical swine fever (CSF) is an acute, highly contagious viral disease affecting pigs,
caused by the classical swine fever virus (CSFV). This disease poses a significant
threat to the global swine industry. Control strategies for CSF typically involve mandatory
vaccination combined with the culling of infected animals. However, despite stringent
vaccination measures, CSFV continues to re-emerge in multiple outbreaks (1). CSFV is
a single-stranded positive-sense RNA virus, and its genome is divided into three major
regions: the uncapped 5' untranslated region (containing an internal ribosome entry
site), the open reading frame (ORF), and the 3' untranslated region (which lacks a polyA
tail) (2). The ORF encodes a polyprotein that is cleaved into four structural proteins (C,
Erns, E1, and E2) and eight non-structural proteins (Npro, p7, NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) (3).
Rab GTPases are a conserved family of proteins critical for regulating vesicular
transport in eukaryotic cells (4). Research has shown that the activation or inhibition
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of specific Rab GTPases can significantly affect exosome release, including Rab5 and
Rab27 (5, 6). Among them, Rab27a plays a pivotal role in regulating the secretion of
lysosome-related organelles, such as multivesicular bodies (MVBs) (7). Rab27a undergoes
isoprenylation at two conserved cysteine residues at its C-terminus, allowing it to anchor
MVBs to the plasma membrane, promoting their docking and fusion with the membrane
(8). Inhibition of Rab27a expression impedes MVB docking, leading to a significant
reduction in exosome secretion (9).

Various Rab GTPases play crucial roles in the cellular entry of CSFV. For example, CSFV
employs the classical clathrin-dependent pathway, which requires Rab5 and Rab7, to
infect PK-15 cells (10). Alternatively, the virus can enter porcine alveolar macrophage
cells through a caveola-mediated endocytic route, involving Rab5, Rab7, and Rab11 (11).
Additionally, Rab14 regulates lipid metabolism and enhances CSFV replication (12). CSFV
NS4B also interacts with Rab22a and co-localizes with Rab5 in early endosomes of PK-15
cells, potentially forming a ternary complex that aids in viral entry (13).

Exosomes are small extracellular vesicles (EVs) that facilitate complex intercellular
communication, with sizes ranging from 30 to 200 nm (14, 15). Exosomes originate
from intraluminal vesicles within MVBs and are transported to the plasma membrane,
where they fuse and release exosomes into the extracellular space (16). These vesi-
cles carry intracellular contents, including nucleic acids and proteins, facilitating the
intercellular exchange of information and materials (15). Increasing evidence points
to a close relationship between viruses and exosomes. For instance, retroviruses use
the vesicular budding mechanism to enhance viral budding (17), and hepatitis viruses
utilize exosomes for intercellular transmission (18). Additionally, exosomes play a key
role in activating innate immunity and antiviral responses, contributing to long-term
interactions between viruses and host cells (19-21).

In this study, we investigated how CSFV regulates Rab27a expression and examined
its impact on viral replication through overexpression and small interfering RNA (siRNA)
knockdown techniques. By focusing on Rab27a’s role in exosome secretion, we aim to
uncover how CSFV manipulates host cellular machinery to promote immune evasion and
its persistence in the host.

RESULTS
CSFV infection enhances Rab27a expression

To investigate the impact of CSFV infection on Rab27a expression, PK-15 cells were
either infected with CSFV at a multiplicity of infection (MOI) of 1.0 or mock-infected for
12, 24, and 48 hours. The relative mRNA and protein expression levels of Rab27a were
examined. We found that both mRNA (Fig. 1A) and protein levels (Fig. 1B) of Rab27a were
significantly elevated at all indicated time points. We further investigated whether the
impact of Rab27a expression is associated with infection MOI. Cells were infected with
CSFV at an MOI of 0.2, 1, or a high dose of 5. We observed that both mRNA (Fig. 1C) and
protein levels (Fig. 1D) of Rab27a were significantly elevated at all indicated MOI.

To investigate the cellular universality of CSFV infection on Rab27a expression,
validation experiments were further conducted in 3D4/21 and IPEC cell lines. Both cell
lines were treated with CSFV at an MOI of 1.0 or mock controls for 12, 24, and 48 hours.
The relative mRNA and protein expression levels of Rab27a were examined. The results
demonstrated that in 3D4/21 cells, both mRNA (Fig. 1E) and protein levels (Fig. 1F) of
Rab27a were significantly elevated at all indicated time points. Similarly, in IPEC cells,
Rab27a mRNA (Fig. 1G) and protein (Fig. TH) expression were significantly elevated at all
time points.

Rab27a knockdown inhibited CSFV release

To investigate the role of Rab27a in CSFV infection, PK-15 cells were transfected with
Rab27a-specific siRNA. Knockdown efficiency was assessed using two different siRNA
candidates, Rab27a siRNA1 and Rab27a siRNA2, by quantifying Rab27a mRNA and
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CSFV infection upregulates Rab27a expression. (A) PK-15 cells were infected with CSFV (MOI = 1) for 24 and 48 hours, and Rab27a mRNA levels were

analyzed by quantitative PCR (qPCR). (B) PK-15 cells were infected with CSFV (MOI = 1) for 24 and 48 hours, and Rab27a protein levels were analyzed by western
blotting. (C) PK-15 cells were infected with CSFV at different MOls (0, 0.2, 1, and 5) for 48 hours, and Rab27a mRNA levels were analyzed by qPCR. (D) PK-15 cells
were infected with CSFV at different MOIs (0, 0.2, 1, and 5) for 48 hours, and Rab27a protein levels were analyzed by western blotting. (E) 3D4/21 cells were
infected with CSFV (MOI = 1) for 24 and 48 hours, and Rab27a mRNA levels were analyzed by qPCR. (F) 3D4/2 cells were infected with CSFV (MOI = 1) for 24 and
48 hours, and Rab27a protein levels were analyzed by western blotting. (G) IPEC cells were infected with CSFV (MOI = 1) for 24 and 48 hours, and Rab27a mRNA

levels were analyzed by gqPCR. (H) IPEC cells were infected with CSFV (MOI = 1) for 24 and 48 hours, and Rab27a protein levels were analyzed by western blotting.

gPCR data were normalized to -actin mRNA levels, and western blot data were semi-quantified and normalized to (3-actin as a loading control. Error bar = SD. *,

P < 0.05; **, P < 0.01; ***, P < 0.001. Results shown are representative of three experimental repeats.

protein levels at 24 and 48 hours post-transfection. The results indicated that both
Rab27a siRNA1 and Rab27a siRNA2 efficiently reduced Rab27a expression at both time
points and at both the mRNA (Fig. 2A) and protein levels (Fig. 2B) compared to the
negative control siRNA (siNC). However, Rab27a siRNA2 exhibited greater knockdown
efficiency and was therefore selected for further experiments in this study. To evaluate
whether Rab27a knockdown affects cell viability and proliferation, a CellTiter-Glo assay
was performed. The results demonstrated no significant changes in cell viability or
proliferation following Rab27a knockdown, indicating that the observed effects on CSFV
infection were not due to cytotoxicity (Fig. 2C).

Next, we examined the effect of Rab27a knockdown on CSFV proliferation. PK-15 cells
were transfected with siRNA for 24 hours, followed by infection or mock infection with
CSFV at an MOI of 1.0 for 24 or 48 hours. The relative expression levels of CSFV E2 mRNA
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FIG 2 siRNA-mediated knockdown of Rab27a inhibited CSFV release. (A) PK-15 cells were transfected with Rab27a siRNA1, siRNA2, or siNC (50 uM) for 24 or
48 hours, and Rab27a mRNA levels were analyzed by gPCR. (B) PK-15 cells were transfected with Rab27a siRNAT, siRNA2, or siNC (50 uM) for 24 or 48 hours, and
Rab27a protein levels were analyzed by western blotting. (C) PK-15 cells were transfected with siRNA2 or siNC (50 uM) for 12, 24, 36, 48, 60, or 72 hours, and cell
proliferation was assessed using the CellTiter-Glo assay. (D and E) PK-15 cells were transfected with siNC or siRab27a for 24 hours, followed by infection with CSFV
(MOI = 1) for 24 or 48 hours. CSFV RNA levels were analyzed by qPCR (D), and E2 protein expression was detected by western blotting (E). (F) CSFV titers in the
culture supernatants were determined using the TCIDsq assay. (G) PK-15 cells were transfected with siNC or siRab27a (50 uM) for 24 hours, then incubated with

CSFV (MOI = 1) under different conditions: at 4°C for 2 hours to assess viral adsorption, at 37°C for 2 hours to assess viral invasion, at 37°C for 6 hours to assess

viral replication, and at 37°C for 9 hours to assess the ratio of viral RNA levels in the culture supernatants to that in the cytoplasm. CSFV RNA levels were analyzed

by gPCR. (H) Immunofluorescence assays were performed to observe intracellular CSFV propagation in PK-15 cells. qPCR data were normalized to 3-actin mRNA
levels, and western blot data were semi-quantified and normalized to -actin as a loading control. Error bar = SD. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; “ns” = not

significant. Results shown are representative of three experimental repeats.

and protein were quantified using qPCR and western blot, respectively, while viral titers
in the supernatant were measured using the TCIDsq assay. Compared to control cells
transfected with siNC, CSFV proliferation was significantly inhibited in Rab27a-knock-
down cells at both time points, at both the mRNA (Fig. 2D) and protein levels (Fig. 2E).
Additionally, viral titers in the supernatant were significantly reduced in Rab27a-silenced
cells compared to siNC-transfected cells (Fig. 2F). These findings suggest that Rab27a
plays a crucial role in CSFV replication.

To further elucidate the role of Rab27a in different stages of the CSFV life cycle, we
investigated its effects on viral adsorption, invasion, replication, and release. To assess
viral adsorption, cells were incubated with CSFV (MOI 1) at 4°C for 2 hours to allow virus
attachment. To examine viral invasion, cells were incubated with CSFV (MOI 1) at 37°C for
2 hours to assess viral entry. To analyze viral replication, cells were incubated with CSFV
(MOI 1) at 37°C for 6 hours to evaluate intracellular viral replication. Finally, to assess viral
release, cells were incubated with CSFV (MOI 1) at 37°C for 9 hours, and viral levels in the
culture supernatant were analyzed by qPCR and indirect immunofluorescence assay (IFA)
staining.

The results demonstrated that Rab27a knockdown had minimal impact on viral
adsorption, invasion, and replication. However, viral release was significantly inhibited, as
evidenced by the decreased detection of CSFV in the supernatant via qPCR (Fig. 2G) and
IFA (Fig. 2H). These findings suggest that Rab27a is crucial for efficient CSFV release but
does not significantly affect early stages of viral infection.
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Rab27a overexpression promoted CSFV release

To further investigate the role of Rab27a in CSFV infection, we evaluated the effect
of Rab27a overexpression on CSFV proliferation. PK-15 cells stably transfected with
PGK-Rab27a or the control PGK-Flag plasmid were established. The relative expression
of Rab27a was significantly higher at both the mRNA (Fig. 3A) and protein levels (Fig.
3B) in the cell line stably transfected with PGK-Rab27a, compared to the control cell line
transfected with PGK-Flag plasmid. Similar to the siRNA knockdown results, overexpres-
sion of Rab27a did not result in any significant impact on cell proliferation (Fig. 3C).
To assess the impact of Rab27a overexpression on CSFV proliferation, PK-15 cells stably
transfected with PGK-Rab27a or the control PGK-Flag plasmid were infected or mock
infected with CSFV at an MOI of 1.0 for 24 or 48 hours. The relative expression levels of
CSFV E2 mRNA and protein were quantified using qPCR and western blot, respectively,
while viral titers in the supernatant were measured using the TCID5q assay. Compared
to control cells transfected with PGK-Flag plasmid, CSFV proliferation was significantly
increased in Rab27a-overexpressing cells at both time points, at both the mRNA (Fig. 3D)
and protein levels (Fig. 3E). Additionally, viral titers in the supernatant were significantly
higher in Rab27a-overexpressing cells compared to control cells (Fig. 3F).

We also assessed the impact of Rab27a overexpression on different stages of the CSFV
life cycle, using the same methods as the siRNA knockdown study. The results demon-
strated that Rab27a overexpression had minimal impact on viral adsorption, invasion,
and replication. However, viral release was significantly increased, as evidenced by the
increased detection of CSFV in the supernatant via qPCR (Fig. 3G) and IFA (Fig. 3H).
These findings further corroborate the results from the knockdown study, confirming
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FIG 3 Overexpression of Rab27a enhanced CSFV release. (A and B) The efficiency of Rab27a overexpression was assessed by qPCR (A) and western blotting

(B). (C) Cell proliferation in Rab27a-overexpressing cells was analyzed using the CellTiter-Glo assay. (D and E) Cells transfected with PGK-Rab27a or PGK-Flag were
incubated with CSFV (MOI = 1) for 24 or 48 hours. CSFV RNA levels were analyzed by qPCR (D), and E2 protein expression was detected by western blotting
(E). (F) CSFV titers in the culture supernatants were determined using the TCIDsq assay. (G) Cells transfected with PGK-Rab27a or PGK-Flag were incubated with
CSFV (MOI = 1) under different conditions: at 4°C for 2 hours to assess viral adsorption, at 37°C for 2 hours to assess viral invasion, at 37°C for 6 hours to assess

viral replication, and at 37°C for 9 hours to assess the ratio of viral RNA levels in the culture supernatants to that in the cytoplasm. CSFV RNA levels were analyzed

by gPCR. (H) IFAs were performed to observe intracellular CSFV propagation in PK-15 cells. qPCR data were normalized to -actin mRNA levels, and western blot

data were semi-quantified and normalized to B-actin as a loading control. Error bar =SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; “ns” = not significant. Results

shown are representative of three experimental repeats.
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that Rab27a is crucial for efficient CSFV release but does not significantly affect the early
stages of viral infection.

Interaction of Rab27a with CSFV proteins EO and E2

To investigate the interaction between Rab27a and CSFV proteins, we performed
co-immunoprecipitation (Co-IP) experiments. The results showed that Rab27a interacted
with the structural proteins EO and E2 of CSFV, as it was able to co-precipitate with both
of these proteins (Fig. 4A). To further validate this interaction, we co-transfected plasmids
expressing pEGFP-EQ or pEGFP-E2 with pDsRed1-Rab27a into 293T cells and analyzed the
subcellular localization using confocal laser microscopy. The observations revealed that
Rab27a significantly co-localized with EO and E2 in the cytoplasm, providing additional
evidence for the interaction between Rab27a and CSFV structural proteins (Fig. 4B).

To assess the specific role of Rab27a during CSFV infection, PK-15 cells were transfec-
ted with specific siRNA targeting Rab5, Rab7, and Rab11. Knockdown efficiency was
assessed by quantifying targeted Rab mRNA and protein levels at 24 and 48 hours post-
transfection. The results confirmed that the siRNAs effectively reduced the expression of
the targeted Rab mRNA and proteins (Fig. 4C). Subsequently, we evaluated the impact of
silencing these Rab proteins on CSFV release by measuring the ratio of virus titers in the
cell supernatant to intracellular virus titers. The results showed that silencing Rab5 and
Rab7 slightly increased CSFV release compared to the control group, while silencing
Rab11 significantly reduced virus release. However, none of these changes reached
statistical significance (Fig. 4D). These results indicate that Rab27A specifically interacts
with the CSFV structural proteins EO and E2 and promotes CSFV release through this
interaction, while other Rab family members (Rab5, Rab7, and Rab11) do not significantly
affect CSFV release.

Exosomes were involved in CSFV proliferation

Rab27a, a member of the Rab protein family, is a GTPase associated with the exosome
membrane, and it regulates the docking and fusion of the exosome membrane with the
plasma membrane, thereby influencing exosome release (16). Evidence suggests that
exosomes can facilitate virus transmission between cells (22, 23), and Rab27a may
regulate CSFV proliferation through the exosome pathway. To explore whether exo-
somes are involved in regulating CSFV replication, we examined the impact of exosome
inhibition on CSFV replication by treating cells with the exosome-specific inhibitor
GW4869.

To determine the optimal concentration of GW4869, we first assessed its cytotoxicity
on PK-15 cells across concentrations ranging from 2.5 to 40 uM. The results showed no
significant cytotoxic effects on PK-15 cell viability within this concentration range (Fig.
5A). We then investigated the effect of different GW4869 concentrations on CSFV
proliferation. PK-15 cells were treated with varying concentrations of GW4869 or mock
treated as a control for 24 hours, followed by CSFV infection (MOI = 1) for 48 hours. The
results indicated that GW4869 inhibited CSFV proliferation in a dose-dependent manner
(Fig. 5B through E). Using 40 uM GW4869, we assessed its impact on CSFV proliferation at
different time points post-infection. The results showed that GW4869 -effectively
inhibited CSFV proliferation at both 24 and 48 hours post-infection (Fig. 4F through ).
These findings suggest that exosomes play a crucial role in CSFV proliferation.

CSFV infection promoted exosome release

To investigate whether CSFV affects exosome release, we first examined changes in
exosome quantity following CSFV infection. PK-15 cells were inoculated with CSFV, and
the cell culture supernatants were collected. Exosomes were isolated from the superna-
tant by ultracentrifugation, as outlined in the protocol in Fig. 6A, resulting in an ultracen-
trifugation pellet (UC pellet). Nanoparticle tracking analysis (NTA) revealed that the size
of the crude exosome preparation ranged from approximately 30-150 nm (Fig. 6B).
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FIG 4 Interaction of Rab27a with CSFV proteins EO and E2. (A) PK-15 cells were transfected with different plasmids of 12 proteins of CSFV for 48 hours.

The transfected cells were lysed and immunoprecipitated with anti-Flag followed by western blot analysis using the anti-Flag antibody and anti-Rab27a
antibody. (B) PK15 cells were transfected with either pEGFP-EO or pEGFP-E2 in combination with pDsRed-Rab27a. Plasmids pEGFP-N1 and pDsRed-N1 were

co-transfected as a control. The transfected cells were fixed with 4% paraformaldehyde and stained with 4',6-diamidino-2-phenylindole (DAPI) (blue) at 48 hours

post-transfection. Scale bar = 10 um. (C) PK-15 cells were transfected with specific siRNA (50 puM) targeting Rab5, Rab7, and Rab11 for 24 or 48 hours, and

targeted Rab mRNA and proteins levels were analyzed by qPCR and western blotting. (D) PK-15 cells were transfected with siNC or specific siRNA (50 uM)

targeting Rab5, Rab7, and Rab11 for 24 hours, then incubated with CSFV (MOI = 1) at 37°C for 9 hours to assess the ratio of viral RNA levels in the culture

supernatants to those in the cytoplasm. CSFV RNA levels were analyzed by qPCR. qPCR data were normalized to -actin mRNA levels. Error bar = SD. ¥, P < 0.05;

**, P <0.01; *** P<0.001; “ns” = not significant. Results shown are representative of three experimental repeats.

Negative staining with 2% phosphotungstic acid followed by transmission electron
microscopy (TEM) revealed cup-shaped lipid bilayer vesicles characteristic of exosomes
(Fig. 6C), confirming that uniformly sized and stable exosomes were successfully
extracted.

To assess changes in exosome release following CSFV infection, we measured the
total protein concentration and content of exosomes using a BCA protein assay and
Coomassie Brilliant Blue staining. The results indicated that, compared to the control
group, the amount of exosomes obtained from the supernatant of CSFV-infected PK-15
cells was significantly increased (Fig. 6D and E). Western blotting was then performed to
quantify the exosomal markers CD81 and Alix, and these results were consistent with the
protein quantity data (Fig. 6F). These findings suggest that CSFV promotes exosome
secretion in PK-15 cells.

To explore whether CSFV is encapsulated within exosomes, we purified the crude
exosomes using immunomagnetic beads (Fig. 6G) and analyzed the exosomal nucleic
acids by PCR. CSFV nucleic acid fragments were detected in the exosomes derived from
infected cells (Fig. 6H). Western blotting also revealed the presence of the E2 protein in
the exosomes (Fig. 6l). Furthermore, immunoelectron microscopy showed the presence
of CSFV within the exosomes (Fig. 6J).
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FIG 5 Inhibition of exosome release by GW4869 reduces CSFV propagation. (A) PK-15 cells were treated with different concentrations of GW4869 (0, 2.5, 5, 10,

20, and 40 uM), and cell viability was assessed using the CCK-8 assay. (B and C) PK-15 cells were treated with different concentrations of GW4869 for 24 hours,

followed by infection with CSFV (MOI = 1) for 48 hours. CSFV RNA levels were analyzed by qPCR (B), and E2 protein expression was detected by western blotting

(Q). (D) IFAs were performed to observe intracellular propagation of CSFV. (E) CSFV titers in the culture supernatants were determined using the TCIDsq assay.
(F and G) PK-15 cells were treated with GW4869 for 24 hours, followed by infection with CSFV (MOI = 1) for 24 or 48 hours. CSFV RNA levels were analyzed by
qPCR (F), and E2 protein expression was detected by western blotting (G). (H) IFAs were performed to observe intracellular propagation of CSFV PK-15 cells.

(I) CSFV titers in the culture supernatants were determined using the TCIDs, assay. qPCR data were normalized to B-actin mRNA levels, and western blot data

were semi-quantified and normalized to 3-actin as a loading control. Error bar = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; “ns” = not significant. Results shown are

representative of three experimental repeats.

Rab27a enhanced CSFV replication by promoting exosome secretion

To investigate whether Rab27a influences CSFV release via the regulation of exosome
secretion, we first assessed the impact of Rab27a interference on exosome release
following CSFV infection. The results showed that, after Rab27a interference, the total
protein content of exosomes in CSFV-infected cells was significantly reduced (Fig. 7A and
B), and the levels of exosomal marker proteins Alix and CD81 were also decreased (Fig.
70C), in line with the total protein results.

Next, we examined the effect of Rab27a overexpression on exosome release following
CSFV infection. The results indicated that Rab27a overexpression led to an increase in the
total protein content of exosomes in CSFV-infected cells (Fig. 7D and E), and the levels of
exosomal marker proteins Alix and CD81 were elevated (Fig. 7F). These findings suggest
that Rab27a enhances CSFV release via the exosome pathway.

Neutralizing antibodies at a concentration of 10x NDsg can render 1 MOI of CSFV
particles non-infectious, thus preventing free virus particles from infecting cells. In
contrast, exosome-mediated viral transmission does not require direct cell-to-cell
contact (24). To further investigate whether CSFV release is promoted through the
Rab27a-mediated exosome pathway following infection, we designed a Transwell
experiment as shown in Fig. 7G. In this experiment, the upper chamber contained PK-15
cells with Rab27a overexpression, Rab27a knockdown (via siRNA), or control groups
(either overexpression or siRNA control), all infected with CSFV (MOI = 1.0) for 48 hours.
The lower chamber contained PK-15 cells, with a polycarbonate membrane (0.4 pm
pores) separating the upper and lower chambers, creating a co-culture system. Excess E2
CSFV neutralizing antibody (10x NDsg) was added to the lower chamber to neutralize
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FIG 6 CSFV infection promoted exosome secretion. (A) Schematic diagram of exosome isolation. (B) NTA was performed to determine the particle size

distribution of exosomes isolated from the culture supernatant of CSFV-infected PK-15 cells. (C) The morphology of exosomes was visualized using electron

microscopy after staining with phosphotungstic acid. (D) The total protein concentration of the isolated exosomes was measured using the bicinchoninic acid

(BCA) protein assay. (E) Exosome proteins were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. (F) Western blot analysis was performed to

assess the expression of the exosome marker proteins Alix and CD81. (G) Schematic diagram of exosome purification. (H) CSFV RNA in the purified exosomes was

detected by PCR. (I) CSFV E2 protein in the purified exosomes was detected by western blot analysis. (J) Immunoelectron microscopy confirmed the presence of

CSFV E2 protein in the purified exosomes.

viral particles and prevent free virus particles from infecting the cells. CSFV infection
levels in PK-15 cells from both chambers were assessed by qPCR and IFA. The results
showed that, after Rab27a interference, the CSFV content in the lower chamber PK-15
cells was reduced (Fig. 7H and ), whereas Rab27a overexpression increased the CSFV
content in the lower chamber PK-15 cells (Fig. 7J and K).

These findings further demonstrate that Rab27a promotes CSFV exosome-dependent
release. They also suggest that CSFV infection enhances Rab27a expression, which, in
turn, increases exosome release and facilitates CSFV release via the exosome pathway.

DISCUSSION

Following infection, viruses hijack host cellular mechanisms to complete their replication
cycle. Rab GTPases play crucial roles in vesicular transport, and many viruses exploit
these proteins for invasion, assembly, and release (25). For example, herpes simplex virus
type 1 utilizes Rab27a during morphogenesis and release (26). In our previous study, we
found that in addition to free propagation, CSFV can also spread between cells through
EVs (24). In this study, we investigated the role of Rab27a in CSFV infection and demon-
strated that Rab27a expression is upregulated in a variety of CSFV-infected different cells.
Functional analysis revealed that Rab27a overexpression enhanced CSFV release,
whereas Rab27a knockdown significantly reduced viral release. These findings suggest
that Rab27a plays a role in the CSFV lifecycle, particularly in viral egress.

We found that Rab27a directly interacted with the CSFV structural proteins EO and E2,
as evidenced by co-immunoprecipitation and co-localization analysis. These interactions
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FIG 7 Rab27a enhanced CSFV replication by promoting exosome secretion. (A-C) PK-15 cells were transfected with siNC or siRab27a for 24 hours and then
infected with CSFV (MOI = 1) for 48 hours. Exosomes were isolated, and their total protein content was quantified using the BCA assay (A) and Coomassie Brilliant
Blue staining (B). Western blot analysis was performed to assess the expression of exosome marker proteins CD81, Alix, and CSFV E2 protein (C). (D-F) Cells
transfected with PGK-Rab27a or PGK-Flag were infected with CSFV (MOI = 1) for 48 hours. Exosomes were isolated, and their total protein content was quantified
using the BCA assay (D) and Coomassie Brilliant Blue staining (E). Western blot analysis was performed to assess the expression of exosome marker proteins
CD81, Alix, and CSFV E2 protein (F). (G) Schematic representation of the Transwell co-culture experiment. PK-15 cells were infected with CSFV (MOI = 1) and
co-cultured with uninfected PK-15 cells in the lower chamber for 72 hours, with or without the addition of an E2 neutralizing antibody. (H and I) CSFV RNA levels
in lower chamber PK-15 cells were measured by gPCR in the Rab27a knockdown group (H) and Rab27a overexpression group (I). (J and K) IFA was used to detect
CSFV infection plaques in lower chamber PK-15 cells in the Rab27a knockdown group (J) and Rab27a overexpression group (K). qPCR data were normalized to
B-actin mRNA levels. Error bar = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Results shown are representative of three experimental repeats.

suggest that Rab27a may promote the efficient packaging of virions into exosomes by
promoting the recruitment of CSFV structural proteins into exosome biogenesis or
transport mechanisms. To further explore the specific role of Rab27a in CSFV release, we
extended our study to other Rab family members involved in vesicle trafficking, such as
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Rab5, Rab7, and Rab11. The results showed that knockdown of these Rab proteins had
little effect on CSFV release, and only Rab27a significantly regulated the release of
exosome-associated viruses, highlighting the central role of Rab27a in this process.

Rab27a undergoes isoprenylation at conserved cysteine residues in its C-terminal
region, facilitating vesicle docking at the plasma membrane (27). Rab27a is also
essential for exosome secretion, as its inhibition markedly reduces exosome release (28).
Exosomes originate from MVBs and contain various biomolecules, including proteins,
lipids, nucleic acids, and viral components. Increasing evidence suggests that viruses
utilize exosome-mediated transmission to evade immune responses. Flaviviruses such
as dengue virus, West Nile virus, hepatitis C virus (HCV), and Zika virus exploit exo-
some pathways for intracellular spread (29-32). Moreover, foot-and-mouth disease virus
degrades Rab27a to inhibit exosome secretion and evade immune responses (33). Given
these findings, we explored whether Rab27a-mediated exosome pathways contribute
to CSFV release. Our results indicate that CSFV infection enhances exosome secretion
via Rab27a upregulation, and exosome-associated CSFV particles contribute to viral
dissemination.

Importantly, we identified intact CSFV particles within exosomes using immunoelec-
tron microscopy, a phenomenon previously reported in other viruses such as Japanese
encephalitis virus (JEV) (34) and hepatitis B virus (35). The presence of CSFV RNA and
proteins in exosomes, confirmed by PCR and western blot analysis, further supports the
hypothesis that exosomes may facilitate CSFV transmission.

To assess whether exosome-mediated viral transfer allows CSFV to evade neutralizing
antibodies, we conducted a Transwell experiment. Excess neutralizing antibodies were
added to the lower chamber, where no virus was directly introduced. Despite this, CSFV
infection was detected in the lower chamber cells, suggesting that exosome-enclosed
virions may bypass antibody-mediated neutralization. Similar mechanisms have been
described for HCV, where exosome-mediated transmission partially protects viral RNA
and proteins from immune clearance (36). Likewise, JEV-derived exosomes have been
shown to evade neutralizing antibodies both in vitro and in vivo (34), aligning with our
findings.

In conclusion, this study demonstrates that Rab27a interacts with EO and E2 and is
involved in CSFV release, and CSFV can be transmitted via exosomes, potentially as a
strategy for immune evasion. For the first time, we show that CSFV enhances exosome
secretion by upregulating Rab27a, and Rab27a interacts with EO and E2 proteins, thereby
promoting virus transmission through the exosome pathway. These findings provide
new insights into the role of exosomes in the pathogenesis of CSFV and highlight Rab27a
as a potential target for CSF antiviral strategies.

MATERIALS AND METHODS
Cell culture and virus

PK-15 and 3D4/21 cell lines were purchased from the American Type Culture Collection
(ATCCQ), and the IPEC cell line is derived from the Veterinary Public Health Laboratory
at Northwest A&F University (Shaanxi, China). PK-15 and IPEC were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) containing
1% penicillin-streptomycin solution (Sigma-Aldrich, St. Louis, MO, USA) and 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA). 3D4/21 was maintained in Roswell
Park Memorial Institute 1640 (RPMI-1640; Gibco, Grand Island, NY, USA) containing
1% penicillin-streptomycin solution and 10% inactivated FBS. All cell cultures were
incubated at 37°C with 5% CO,. The CSFV Shimen strain was purchased from the China
Veterinary Drug Inspection Institute (Beijing, China) and propagated in PK-15 cells.
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CSFV infection

All experimental work was conducted under appropriate biosafety level (BSL-3)
containment in compliance with institutional and national regulations for handling
select agents. Cells were infected with CSFV at the indicated MOI and incubated for 2
hours. The inoculum was then removed and replaced with fresh DMEM or RPMI-1640
containing 2% FBS. Supernatants were collected at 9, 24, and 48 hours post-infection.

For exosome collection, cells were first replenished with DMEM containing 2% FBS at
2 hours post-infection. Subsequently, the medium was replaced with serum-free DMEM
and incubated for an additional 24 hours.

Exosome isolation and purification

Exosomes were isolated by differential centrifugation. The cell culture supernatant was
first centrifuged at 300 X g for 10 minutes at 4°C to remove live cells, and the supernatant
was collected. The supernatant was then centrifuged at 2,000 x g for 10 minutes to
eliminate dead cells, and the supernatant was again collected. The sample was further
centrifuged at 10,000 x g for 10 minutes to remove cell debris. The resulting supernatant
was filtered through a 0.22 um filter. Exosomes were finally pelleted by ultracentrifu-
gation at 100,000 x g for 120 minutes, and the pellet was resuspended in 2 mL of
pre-cooled PBS to obtain the purified exosomes.

Exosome purification was then performed using immunomagnetic beads. Fifty
microliter of Protein A/G immunomagnetic beads (MCE, catalog number HY-K0202)
was washed three times with PBS and incubated with 500 pL of Anti-CD81 antibody
(10 pg/mL; Proteintech, catalog number 66866-1-Ig) at room temperature for 2 hours
to allow antibody binding. After washing the beads three times with PBS, they were
incubated with 1 mL of the ultracentrifuged exosome suspension on a shaker at 4°C
overnight. Following incubation, the beads were washed three times with PBS, and
100 pL of recombinant CD81 protein solution (500 pg/mL; Proteintech, catalog number
65195-1-Ig) was added to elute the exosomes. The beads were incubated at 25°C for
30 minutes, and the exosome eluate was collected after allowing the beads to settle
on a magnetic stand for 2 minutes. The protein concentration of the isolated exosomes
was determined using Coomassie Brilliant Blue staining and a BCA protein assay kit
(TargetMol, catalog number C0050).

Nanoparticle tracking analysis

Briefly, exosome samples were diluted prior to analysis, and the relative concentration
was calculated based on the dilution factor. The samples were analyzed using gain
adjustment and manual shutter control at a speed of 15 or 30 ms, with shutter speeds
between 280 and 560. Data were analyzed using NTA 3.2 software (Malvern Panalytical
Ltd, Malvern, Worcestershire, UK), and evaluation was performed using the NanoStar I
instrument (Malvern Panalytical Ltd).

Transmission electron microscopy

To observe the morphology of isolated exosomes, a drop of the exosome sample was
placed on a disposable glove, and a copper grid was floated on the droplet for 2 minutes.
Excess water was carefully removed from the edge of the grid using filter paper. The
sample was then stained by placing the grid onto a droplet of phosphotungstic acid
solution for 90 seconds. After air-drying, the copper grid was examined under a TEM at
an accelerating voltage of 80 kV to assess the exosome morphology.

For immunoelectron microscopy (immuno-EM), the copper grid with the sample was
floated on a fixative solution for 10 minutes, followed by three washes in PBS. To block
non-specific binding, the grid was incubated with 50 g/L BSA blocking solution for 30
minutes. The grid was then incubated with a primary antibody (anti-E2) solution for 60
minutes, followed by three PBS washes. The grid was subsequently incubated with a
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secondary antibody solution for 60 minutes, washed three times with PBS, and stained
with phosphotungstic acid. After air-drying, the grid was visualized under a TEM at 80 kV.

Western blot

The cells or exosome samples were lysed on ice with radio immunoprecipitation
assay (RIPA) buffer (MedChem Express, catalog number HY-K0010) supplemented with
protease inhibitors. The lysates were centrifuged, and the resulting supernatants were
mixed with protein loading buffer, followed by heating at 100°C for 5 minutes to
denature the proteins. Protein separation was performed using SDS-PAGE, and the
proteins were subsequently transferred to a polyvinylidene fluoride membrane (Merck
Millipore, catalog number ISEQ00010).

The membrane was blocked at room temperature for 2 hours using Tris-buffered
saline with Tween (TBST) containing 5% non-fat milk. The membrane was incubated
overnight at 4°C with primary antibodies: rabbit anti-Rab27a (1:4,000; Proteintech,
catalog number 17817-1-AP), rabbit anti-Alix (1:2,000; Proteintech, catalog number
12422-1-AP), and mouse anti-CD81 (1:1,000; Proteintech, catalog number 66866-1-1g).
Following three washes with phosphate buffered saline (PBS), horseradish peroxidase
(HRP)-conjugated secondary antibodies (goat anti-mouse IgG, 1:10,000; Immunoway,
catalog number RS0001; goat anti-rabbit IgG, 1:10,000; Immunoway, catalog number
RS0002) were applied for 2 hours at room temperature. Protein signals were visual-
ized using an enhanced chemiluminescence (ECL) chemiluminescent detection system
(mixing solution A and B in equal volumes), and images were captured using a chemilu-
minescence imaging system. 3-actin was used as a loading control.

Plasmids and siRNA

RNA was extracted from PK-15 cells using TRIzo reagent (Thermo), and c¢cDNA was
synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo). The pig
Rab27a gene was amplified from the cDNA by PCR and cloned into the Piggybac-
pgk-3p16-iRFP670-6-IB vector to obtain PGK-Rab27a. The siRNA duplex used in this study
was siRab27a. The primers used in this study are listed in Table 1, and the siRNAs used in
this study are listed in Table 2.

Real-time PCR analysis

Real-time PCR was performed to quantify the expression of Rab27a, CD81, Alix, and
viral genomic copies. Total RNA was extracted from cells or tissues using TRIzol
reagent (Thermo, catalog number AM9738) and reverse-transcribed into cDNA using the
RevertAid First Strand cDNA Synthesis Kit (Thermo, catalog number K1622). SYBR Green
Real-Time PCR Master Mix (Takara, catalog number CN830A) was used for amplification,
following the manufacturer’s protocol. The reaction conditions were 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Primer sequences are available
upon request. Relative RNA expression was normalized to $-actin using the comparative
Ct method.

For viral entry analysis, PK-15 cells were incubated with CSFV (MOI = 5) at 4°C for
1 hour to allow viral attachment, followed by incubation at 37°C for 2 hours to facilitate

TABLE 1 Primers used for RT-qPCR?

Primer Sequence (5"-3")

B-actin-F CAAGGACCTCTACGCCAACAC
B-actin-R TGGAGGCGCGATGATCTT
CSFV-F GAGAAGGACAGCAGAACTAAGC
CSFV-R TTACCGCCCATGCCAATAGG
Rab27a-F AGTGGTGTACAGAGCCAACG
Rab27a-R TGTCAAGCTGCGAAACCTCT

9RT-qPCR, real-time reverse transcription-PCR.
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TABLE 2 Primers used for siRNA

Primer Sequence (5-3)

Rab27a siRNA1F GCUUCCUCAAUGUCAGAAA
Rab27a siRNA1R UUUCUGACAUUGAGGAAGC
Rab27a siRNA2 F GGAAGACCAGAGAGUAGUA
Rab27a siRNA2 R UACUACUCUCUGGUCUUCC
Rab5 siRNA F GGAUACAGCUGGUCAAGAA
Rab5 siRNA R UUCUUGACCAGCUGUAUCC
Rab7 siRNA F GGAUGACAGACUAGUCACA
Rab7 siRNA R UGUGACUAGUCUGUCAUCC
Rab11 siRNAF GGCAGUUCCUACAGAUGAA
Rab11 siRNAR UUCAUCUGUAGGAACUGCC

viral entry. Real-time PCR was used to measure CSFV adsorption (1 hour), viral entry (2
hours), and replication (8 hours).

Construction of Rab27a-overexpressing PK-15 cell line

PK-15 cells were co-transfected with the PGK-Rab27a or PGK-Flag plasmid as a con-
trol, along with transposase PB, using the jetPRIME transfection reagent (Polyplus,
101000046). After 48 hours, cells were selected in medium containing Blasticidin S HCI
(5 mg/mL; Beyotime, ST018) to establish a stable cell line. PGK-Flag vector, expressing the
Flag protein, served as a control.

CSFV titration

PK-15 monolayers in 96-well plates were inoculated with 100 pL of serially diluted CSFV.
After 1 PBS wash, cells were fixed with 4% formaldehyde for 20 min, permeabilized with
0.5% Triton X-100, and blocked with 5% BSA. Cells were incubated overnight at 4°C
with primary antibody, followed by a fluorophore-conjugated secondary antibody for
1 hour in the dark. Nuclei were stained with DAPI, and fluorescence was detected using a
confocal microscope (Nikon). Viral titers were calculated as TCIDgq per half well.

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (TargetMol, catalog number
C0050). Cells were seeded in 96-well plates and cultured for 12, 24, 36, 48, 60, or 72
hours. After the addition of 10 uL of reagent to the culture medium, the mixture was well
mixed and incubated at 37°C for 1 hour. The color of the culture medium turned orange,
and the absorbance at 450 nm was measured using a microplate reader (Thermo Fisher
Scientific). The cell-free group was used as a blank control. The concentration of GW4869
(MCE, catalog number HY-19363) used in this study was determined based on the results
of the cell viability assay.

Cell proliferation assay

Cell proliferation was assessed using the CellTiter-Glo 3D Cell Viability Assay (Promega,
catalog number G9681). Cells were seeded in 96-well plates and cultured for 12, 24, 36,
48, 60, or 72 hours. One hundred microliters of CellTiter-Glo 3D Reagent was added to
each well. The plates were then gently shaken for 5 minutes to ensure thorough mixing.
The plates were incubated at room temperature for 25 minutes. The chemiluminescence
values were measured using a luminescence reader (Thermo Fisher Scientific).

Transwell co-culture assay

Transwell inserts (polycarbonate membrane, 0.4 um pore size, 24-well plate; Corning,
catalog number 3413) containing PK-15 cells with Rab27a overexpression, Rab27a
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knockdown (via siRNA), or control groups (overexpression or siRNA control) were
infected with CSFV (MOI = 1.0) for 48 hours. Uninfected PK-15 cells were seeded in the
bottom wells of a 24-well plate. The Transwell inserts with infected cells were then placed
into the corresponding wells to establish the co-culture system. The culture medium was
supplemented with a neutralizing antibody (10 x NDsp) to block viral replication, and the
medium was replaced every 24 hours. The system was incubated at 37°C for a total of 72
hours.

Coomassie brilliant blue staining

After SDS-PAGE electrophoresis, protein gels were transferred to a container, and 50 mL
of deionized water was added. The gel was microwaved for 3 minutes, then shaken for 5
minutes. It was stained with 20 mL of Coomassie Brilliant Blue Fast Staining Solution for
10-30 minutes. After staining, the gel was washed with 100 mL of deionized water and
destained by shaking and replacing the water every 15 minutes for 30-120 minutes until
the protein bands were visible.

Co-IP experiments

PK-15s transfected with 4 pg of plasmids of 12 proteins of CSFV were harvested at
48 hours with western blot and IP lysis buffer (Beyotime, catalog number P0013).
Followed by centrifugation for 30 min at 4°C, a quarter of the supernatant was subjec-
ted to input assays. The rest were incubated with anti-Flag antibody (1:7,000; Abways,
catalog number AB0008) overnight at 4°C, which had been centrifuged and rinsed with
TBS. Followed by washing with TBS and boiling in 5x SDS sample buffer, the protein
samples were subjected to a western blot with Rabbit anti-Rab27a monoclonal antibody.

Confocal microscopy

293T cells were seeded onto cell culture coverslips in 24-well plates and incubated for
12 hours at 37°C in a 5% CO, incubator. The plasmids of pEGFP and pDsRed were
co-transfected and cultured for 48 hours. Cells were then washed three times with PBS
and fixed with 4% paraformaldehyde at room temperature. After three washes with PBS,
cells were incubated with DAPI (Biosharp, catalog number BL105A) at 37°C for 10 min
and washed three times with PBS. Finally, the images were captured using a Leica TCS
SP8 laser scanning confocal microscope (LSM510 META, Zeiss, Germany).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software). A
Student’s t-test or two-way analysis of variance (ANOVA) was used to analyze differences
between groups. P-values < 0.05 were considered statistically significant.
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