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A B S T R A C T   

Foot-and-mouth disease (FMD) is a highly contagious infection caused by foot-and-mouth disease virus (FMDV). 
Exosomes are extracellular vesicles that mediate antiviral immune responses in host cells and could be used by 
pathogens to evade host cell immune responses. Whether FMDV affects exosome secretion or whether exosomes 
derived from FMDV-infected cells mediate host cell antiviral immune responses is not yet clarified. In this study, 
the exosomes were identified and extracted from FMDV-infected PK-15 cells, and it was found that FMDV in
hibits exosome secretion. Further investigation revealed that FMDV suppresses exosomes by degrading Rab27a 
via the autophagy-lysosome pathway. Also, microRNA (miRNA) differential analysis was performed in exosomes, 
which revealed that miRNA-136 was highly differentially expressed in exosomes and may be the key miRNA that 
inhibits the proliferation of FMDV. In summary, these results showed that host cells take advantage of exosomes 
to mediate their antiviral immune response, while FMDV evades exosome-mediated immune responses by 
degrading the exosome molecular switch, Rab27a.   

1. Introduction 

Foot-and-mouth disease (FMD) is a harmful contagious disease 
(Kardjadj, 2017) that causes clinical symptoms, such as blisters and 
ulcerations in the mouth and hoof. Severe events lead to death of 
infected animals, such as pigs, cows, or sheep (Grubman and Baxt, 
2004). FMD is caused by the foot-and-mouth disease virus (FMDV), 
which is a single-stranded, positive-strand RNA virus with a genome size 
of 7.8 kbp that encodes 4 structural proteins P1 (VP1, VP2, VP3, VP4) 
and 8 non-structural proteins L, P2 (2A, 2B, 2C), and P3 (3A, 3B, 3C, 3D) 
(Steinberger et al., 2014). Recent studies have recognized exosomes as 
vital components of viral pathogenesis and immunity. Exosomes are 
small vesicles with a diameter of 40–150 nm (Jeppesen et al., 2019). The 
majority of the model cells secrete exosomes that contain multiple 
bioactive substances, including large amounts of proteins and nucleic 
acids. The production and secretion of exosomes are regulated by mul
tiple factors. Typically, the production of exosomes involves three 
endosomal sorting complexes required for transport (ESCRT), lipids, and 
four-span membrane proteins (Colombo et al., 2014). Additionally, 
four-span membrane proteins have been shown to belong to a family of 

proteins that regulate ESCRT-independent endosome sorting. For 
instance, CD63 protein is highly expressed on the surface of exosomes. 
Rab protein is a critical molecular switch for intracellular vesicle 
transport and is involved in the generation, movement, and connection 
of vesicles with the membrane of the receptor compartment (Wandin
ger-Ness and Zerial, 2014). Rab11 is the first Rab family protein to be 
related to exosome secretion (Savina et al., 2002). Advanced studies 
have proven that Rab27a (Ostrowski et al., 2010) and Rab35 (Hsu et al., 
2010) regulate exosome secretion. Some studies have also shown that 
the downregulation of Rab27a and Rab27b suppress the secretion of 
exosomes that express CD63, CD81, and MHC class II proteins. Also, the 
downregulation of Rab27a effectors, Slp4 and Slac2b, inhibit exosome 
secretion. Pathogenic microorganisms utilize the proteins related to 
exosome production or secretion to regulate exosome secretion, thereby 
mediating spontaneous transmission or evading host cell immune re
sponses. For example, murine leukemia virus is a gamma retrovirus that 
hijacks the host component of the ESCRT for budding (Christina and 
Reinhild, 2016). Thee exosomes mediate the spread of these biologically 
active substances between cells (Abdel-Haq, 2019; Anderson et al., 
2018; Sun et al., 2018). Also, the exosome components are altered when 
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cells are altered physiologically (Arenaccio et al., 2019; Bai et al., 2019; 
Cheruiyot et al., 2018). 

Reportedly, microRNA (miRNA) in exosomes regulates innate im
mune responses. The abundance of proteins and nucleic acids contained 
in the exosomes were significantly changed after infection with a 
pathogen; also, the amount and type of miRNA were affected (Stein
berger et al., 2014). miRNA was first reported in 1993 (Lee et al., 1993) 
and can be found in most cells. Hitherto, more than 35,000 mature 
miRNAs have been reported (Liang et al., 2013; Wu et al., 2014). miRNA 
is a non-coding RNA (ncRNA) gene product involved in the regulation of 
RNA transcription and translation (Arai et al., 2007) that can bind to 
miRNA-regulated 3’-untranslated (UTR) to mediate translational regu
lation (Ling and Calin, 2014). The degree of complementation de
termines the mechanism by which miRNA regulates mRNA. Gene 
regulation is the core link that causes changes in biology and phenotype 
(Lee et al., 2013). Compared to other biologically active substances, 
miRNA occupies a large proportion of exosomes. Thus, miRNA is 
considered to be a key component in the biological functions of exo
somes (Valadi et al., 2007; Zhang et al., 2016). Previous studies have 
shown that exosomes mediate the spread of miRNAs (Geis-Asteggiante 
et al., 2018), facilitating a regulatory role in the biological functions of 
pathogens and hosts, especially in the host cell immune response. 

Exosomes cause the host to produce an effective immune response to 
a pathogen. Examples of immune responses include the activation of 
antiviral mechanisms or the transfer of antiviral components (Madison 
et al., 2015). Depending on the target and the nature of the pathogen, 
exosomes enhance or limit the viral infections. Many viruses have 
evolved to escape the host’s innate immune response; however, only a 
few studies have shown the pathogen suppression of the host cell’s 
antiviral immune response by inhibiting exosome secretion. Our previ
ous studies found that exosomes mediate the spread of FMDV (Zhang 
et al., 2019), but whether FMDV affects the exosome secretion or 
whether exosomes mediate host cell antiviral immune responses remain 
unknown. 

In this study, we found that FMDV degraded the exosome molecular 
switch Rab27a protein via the autophagy-lysosome pathway, that 
miRNA-136 was highly expressed in the exosomes extracted from 
FMDV-infected cells, with miRNA-136 inhibiting the FMDV prolifera
tion. Interestingly, FMDV did not degrade the Rab27a protein after 
interfering with miRNA-136 in cells. Herein, we revealed that FMDV 
suppresses the secretion of exosomes for the first time, which in turn, 
suppresses the host cell’s exosome-mediated antiviral immune response. 
The current results provided a theoretical basis for the host cell’s anti
viral immune response and the mechanism by which pathogens avoid 
immune responses. TCID50 and multiplicity of infection (MOI) for FMDV 
are measured based on the previous studies (Lei et al., 2020; Lowenstein, 
2003). 

2. Materials and methods 

2.1. Cell culture and viruses 

In order to obtain the supernatant for exosome extraction, porcine 
kidney cell line (PK-15) model was used. The cells were cultured in 
Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA, USA) sup
plemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 
and 100 mg/mL streptomycin at a temperature of 37 ℃ with 5% CO2. 
The FMDV serotype A strain was (A/GDMM/CHA/2013, GenBank 
number KF450794) was provided by the OIE/national reference labo
ratory for FMD in China, and the virus strain was isolated from the pig. 
According to VP1 analysis, it belonged to A/ASIA topotype. PK-15 cells 
were preserved by the State Key Laboratory of Veterinary Pathogen 
biology in China. PK-15-CD63-GFP cell line with stable expression of 
CD63 was constructed by the laboratory. Flag-L, Flag-vp0, Flag-vp1 
Flag-vp2, Flag-vp2, Flag-vp3, Flag-2b, Flag-3c, Flag-3d, and empty 
vector pCAGG were constructed during the experiment, while HA- 

Rab27a plasmid was constructed by the Laboratory of veterinary Path
ogen Biology. 

2.2. FMDV infection and cell culture supernatant collection 

In order to obtain exosomes secreted by FMDV-infected cells, PK-15 
cells were infected with FMDV, and the supernatants were collected at 
specific time points after infection. Then, PK-15 cells were incubated in a 
single layer using a 150-mm culture dish (Corning, New York, NY, USA). 
The culture supernatant was discarded, and the cells were washed with 
phosphate-buffered saline (PBS) before FBS-free MEM was added. FMDV 
(A/GDMM/CHA/2013) was injected at the same time as PBS was as a 
control. After 1 h incubation, the FMDV was discarded and replaced 
with MEM containing 2% exosome-depleted FBS. Finally, the cell cul
ture supernatant was collected after 24 h. 

2.3. Exosome isolation and purification 

The collected supernatant was further separated and purified by 
differential centrifugation 500 ×g for 5 min at 4 ℃ to remove any large 
fragments and cells, followed by centrifugation again at 2000 ×g for 10 
min to further remove the cell debris. Subsequently, the supernatant was 
collected and spun at 12000 ×g for 45 min to remove cells. Finally, the 
large vesicles were collected and filtered through a 0.22-μm filter, and 
the supernatant was collected by ultracentrifugation at 120000 ×g for 2 
h (Thermo Scientific Sorvall WX100). The pellet was resuspended in 500 
μL PBS. The exosomes were extracted with a CD63 antibody-labeled 
exosome isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). 

2.4. Transmission electron microscopy (TEM) 

Direct observation based on the morphological characteristics of 
exosomes is crucial for exosome identification (Shao et al., 2018). 
Therefore, we used TEM to observe the extracted exosomes (Hitachi H- 
7000FA, Tokyo, Japan). The exosomes were prepared by incubation 
with a TEM 200 copper mesh (EMS 80100-Cu US) for 2 min and stained 
with phosphotungstic acid for 2 min. After drying under an incandescent 
lamp, the exosomes were viewed with an electron microscope at a 
voltage of 80 kV. 

2.5. Nanoparticle tracking analysis (NTA) 

Cells secrete a variety of nanoparticles with varying diameters that 
can be detected in the supernatant. The size can be used to further 
identify exosomes. The mean size and size distribution profiles of exo
some particles derived from FMDV or mock-infected PK-15 cell culture 
supernatants after isolation and purification were analyzed as described 
previously (Fu et al., 2017; Nath Neerukonda et al., 2019). Briefly, 
exosome samples were diluted before analysis, and the relative con
centration was calculated based on the dilution factor. The samples were 
analyzed using gain adjustments and manual shutter, which resulted in 
the speeds of 15 or 30 ms, with a shutter speed between 280 and 560. 
Data were analyzed using NTA 3.2 software (Malvern Panalytical Ltd, 
Malvern, Worcestershire, UK), and evaluated using a NanoSight NS300 
instrument (Malvern Panalytical Ltd). Each sample was analyzed five 
times, and the average of the counts considered. 

2.6. Identification of exosomes by Western blot (WB) 

WB was performed using the following protocols. The purified exo
somes were lysed using a radio-immunoprecipitation assay buffer (Santa 
Cruz Biotechnology, Dallas, TX, USA). The clarified lysate was collected 
by centrifugation, and total protein extract separated on 12% sodium 
dodecy1 sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). These 
proteins were transferred to 0.45-μm polyvinylidene difluoride (PVDF) 
membranes (Millipore, USA) after electrophoresis. Next, the membranes 
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were blocked for 1 h with 10% fat-free milk in Tris-buffered saline 
containing Tween 20 (TBST). The blots were incubated with primary 
antibodies, FMDV serotype A, CD63 (Abcam, Cambridge, UK), CD9 
(Abcam), Alix (Cell Signaling Technology, Waltham, MA, USA), and 
Rab27a (Proteintech, Chicago, IL, USA), at 4 ℃ overnight. Subse
quently, the membranes were incubated with horseradish peroxidase 
(HRP)-labeled secondary antibodies for 2 h at room temperature. 
Finally, the proteins were visualized with enhanced chemiluminescence 
(ECL) substrate (Bio-Rad Laboratories, Hercules, CA, USA). 

2.7. Analysis of miRNA expression profiles 

The total RNA or purified sRNA fragments were extracted, and the 3’ 
and 5’ linkers were ligated, reverse transcribed into cDNA, and sub
jected to PCR amplification. Subsequently, the target fragment library 
was recovered by gelation, and the qualified library was sequenced 
(Illumina HiSeqTM 2500). The raw data were filtered such that the joints 
at both ends of the reads were removed. The fragment length with <17 
nt and low-quality reads were removed after the initial filtering of the 
data to obtain high-quality data (clean reads). The ncRNA classification 
annotations for clean reads judged the expression of the identified 
miRNA, clustering of miRNA expression, and differential expression 
between samples miRNA analysis. 

2.8. Generation of CD63-GFP stable expression of PK-15 cell lines and 
FMDV infection 

The generation of the stable expression of CD63-GFP in PK-15 cells 
based on a lentivirus vector was carried out as described previously 
(Case et al., 1999; Demaison et al., 2002; Natascha et al., 2018). Briefly, 
the primers of the CD63 gene (GenBank accession No. 
XM_005663878.2) were designed and synthesized. The CD63 gene was 
cloned onto the multiple cloning site of LvpLVX and termed as Lv-CD63. 
HEK293T cells (Invitrogen R700-07) were cultured in DMEM containing 

glucose and glutamine (Gibco), supplemented with 100 μg/mL PenStrep 
(Gibco) and 10% FBS (Gibco). Plasmids, Lv-pLVX and Lv-CD63, were 
transfected into HEK293T cells using Lipofectamine2000 in order to 
package the lentivirus (Thermo Fisher Scientific, Waltham, MA, USA). 
Subsequently, PK-15 cells infected with packaged lentivirus and stable 
cell lines (Lv-CD63-PK-15) were selected using limited dilution methods 
in the presence of 3 μg/mL puromycin．The expression level of the 
fusion protein CD63 + GFP was examined using RT-qPCR. A microscope 
was used to observe the green fluorescence signals. Exosome secretion 
can be enhanced by increasing the CD63 expression (Gauthier et al., 
2017; Heikkilä et al., 2016). To evaluate the effect of an FMDV infection 
on CD63 gene expression in PK-15 cells, green fluorescence was 
observed at 24 h after Lv-CD63-PK-15 infection with FMDV. 

2.9. Indirect immunofluorescence 

The cell density was distributed to 30–60% in a special dish for laser 
confocal microscopy (the cells were infected with the virus). After 
washing three times with PBS, the cells were fixed with 4% formalde
hyde for 30 min. The cells were permeabilized using 0.2-0.3% Triton X- 
100 for 10 min, blocked with 5% BSA at room temperature for 1 h, and 
probed with primary antibody against CD63 overnight at 4 ℃ overnight 
in the dark. Subsequently, the sections were incubated with GFP fluo
rescent secondary antibody in 1 × PBST at 37 ℃ for 1 h. Finally, 50–100 
μL anti-fluorescence attenuation mounting media was added to the 
slides (to avoid light), and observed under a laser confocal microscope. 

2.10. RNA extraction, reverse transcription, and RT-qPCR 

RNase (Sigma) was added to the purified exosomes and incubated at 
37 ◦C for 1 h before RNA extraction. To detect FMDV RNA, total RNA 
was extracted from exosomes using a total exosome RNA isolation kit 
(Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s 
instructions. Next, cDNA was synthesized using the respective specific or 

Fig. 1. Isolation and characterization of exosomes extracted from FMDV-infected PK-15 cells. (A) TEM observation of exosome extracted from FMDV-infected 
PK-15 cells after negative staining. (B) Histogram displaying the mean size and size distribution profile of exosome particles derived from culture supernatants of 
FMDV-infected PK-15 cells by NTA method. (C) Exosomes were extracted from FMDV-infected PK-15 cells, purified, and identified by WB probe with antibodies 
directed against Alix and CD63. (D) Detection of FMDV mRNA in exosomes by RT-qPCR. 
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random primers and superscript III reverse transcriptase. The reaction 
system was prepared using the SYBR® Premix Ex Taq™ (Takara) kit, 
according to the manufacturer’s instructions, and the fluorescence 
quantitative PCR was conducted according to the Mx3000P operation 
process. GAPDH was used as an internal reference for the relative 
quantification of the mRNA of different genes. The 20 μL reaction system 
consisted of 10 μL SYBR Premix Ex Taq II, 0.4 μL upstream primer, 0.4 μL 
downstream primer, 8.2 μL DEPC water, and 1 μL cDNA and was carried 
out as follows: predenaturation at 95 ℃ for 3 min and 35 cycles of 
denaturation at 95 ℃ for 10 s and annealing at 60 ℃ with extension for 
34 s. 

3. Results 

3.1. Extraction and identification of exosomes 

The exosomes in the supernatant of PK-15 cells infected with FMDV 
were enriched by differential centrifugation and ultracentrifugation and 
purified by CD63 immunomagnetic bead method. In this study, the size 
of the immunomagnetic beads was about 50 nm. In order to avoid the 
influence of the magnetic beads, the exosomes were negatively stained 
with 2% phosphotungstic acid. The cup-shaped lipid bilayer vesicles of 
the representative exosomes images were observed under transmission 
electron microscopy (TEM) (Fig. 1A). Then, the exosomes were evalu
ated using the NTA method, and the particle size was approximately 100 
nm, as detected by previous studies (Fig. 1B). Moreover, the exosome 
maker proteins, Alix and CD63, were detected by WB (Fig. 1C). These 

results showed that the FMDV-exosomes were successfully isolated and 
purified from FMDV-infected PK-15 cell culture supernatants. Also, the 
RT-qPCR test results indicated that FMDV-exo contains FMDV (Fig. 1D). 

3.2. FMDV infection inhibits the secretion of exosomes 

In order to substantiate the above hypotheses, after inoculating PK- 
15 cells with FMDV, the cell culture supernatant was collected and 
exosomes extracted. The levels of exosome marker proteins, CD63 and 
Alix, were detected and quantitated by WB. These findings suggested 
that fewer exosomes were isolated from the PK-15 cells with FMDV in 
comparison to the control group (Fig. 2A and B). To further verify this 
result, exosomes were extracted from PK-15 cells inoculated with FMDV 
and purified using CD63 immunomagnetic beads. The protein concen
tration of the exosomes was measured using the BCA protein concen
tration detection kit. The total amount of protein was found to be 
consistent with that of the WB result (Fig. 2C). Coomassie Brilliant Blue 
staining of the extracted exosomes also implied that the protein content 
of FMDV-exosomes was lower than that of mock-exosomes (Fig. 2D). In 
addition, the changes in the number of exosomes were evaluated 
through laser confocal experiments, and it was observed that the num
ber of CD63-GFP in PK-15 cells was significantly increased after FMDV 
infection (Fig. 2E), further indicating that FMDV inhibits the secretion of 
PK-15 cell exosomes and increases the number of intracellular 
exosomes. 

Fig. 2. FMDV infection inhibits the secretion of exosomes. (A) PK-15 cells were infected with FMDV, and an equal volume of PBS was used as the control. The 
culture supernatant was collected 24 h after FMDV infection, and exosomes were extracted. Finally, the level of exosome marker proteins CD63 and ALIX was 
detected by WB. (B) The gray-scale scanning analysis of Fig. 2A. (C) PK-15 cells were inoculated with FMDV and an equal volume with controls, and the cell su
pernatants were collected at 24 h after inoculation. Then ultracentrifugation was performed, and the supernatant purified by CD63 immunomagnetic beads. The total 
protein concentration was detected by the BCA protein concentration detection method. (D) The extracted exosomes were separated by SDS-PAGE and stained with 
Coomassie Brilliant Blue. (E) PK-15-CD63-GFP cell line was used to detect whether the exosomes were co-localized with FMDV, and the FMDV-VP3 polyclonal 
antibody was used for indirect immunofluorescence. The colocalization of FMDV-VP3 (red) and CD63-GFP (green) exosomes was observed under a 
confocal microscope. 
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3.3. FMDV degrades Rab27a via the autophagy-lysosome pathway 

The data described above proved that FMDV inhibits the secretion of 
exosomes. In order to elucidate the underlying mechanism, we analyzed 
the level of exosome-related proteins Rab27a, Rab5a, Rab35, ISG15, and 
VPS28 in PK-15 cells with FMDV infection by WB. The results showed 
that FMDV inhibited the expression of Rab27a protein (Fig. 3A) and that 
the expression of Rab27a was significantly reduced after FMDV infection 
(Fig. 3B). Previous studies showed that Rab27a plays a critical role in the 
secretory pathway of exosomes (Wandinger-Ness and Zerial, 2014). 
Herein, we did not detect any difference in the transcription level of 
Rab27a (Fig. 3C), which led to the speculation that FMDV degrades the 
Rab27a protein without affecting its transcription level. Next, we used 
CQ (chloroquine diphosphate salt), NH4Cl, Z-VAD-FMK (caspase-3 in
hibitor), and MG132, which inhibits autophagy-lysosome, lysosome, 
caspase, and proteasome pathway of PK-15 cells, respectively, while an 
equal volume of DMSO served as the control. We also incubated FMDV 
with Rab27a in PK-15 cells and evaluated by WB. The results showed 

that the level of Rab27a in the CQ group was maximal (Fig. 3D), and that 
the expression of Rab27a was significantly increased compared with 
control group according to the gray-scale analysis results (Fig. 3E). The 
experimental results showed that FMDV degrades the host protein 
Rab27a via the autophagy-lysosome pathway 

3.4. FMDV-2c degrades Rab27a 

FMDV encodes 4 structural proteins and 8 non-structural proteins. 
Herein, we aimed to identify the FMDV protein that degrades Rab27a. 
Hence, the FMDV proteins, L, VP0, VP1, VP2, VP3, 2B, 2C, 3A, 3B, 3C, 
and 3D were transfected in PK-15 cells, following which, the level of 
endogenous Rab27a protein was measured by WB. The findings revealed 
that 2B, 2C, and 3C degrade Rab27a (Fig. 4A), and the expression of 2C 
was significantly lowest than that of the others. (Fig. 4B). On the other 
hand, the expression of Rab27a protein decreased with increasing 2C 
transfected in a dose-dependent manner (Fig. 4C), and the quantitation 
immunoreactive bands showed that with the increase in the transfection 

Fig. 3. FMDV degrades Rab27a by autophagy-lysosomal pathway. (A) Effects of FMDV replication on Rab5a, Rab35, VPS28, ISG15, and Rab27a protein levels. 
The cells were collected at 8, 14, 18, and 24 after FMDV infection of PK-15 cells, and the expression of Rab5a, Rab35, VPS28, ISG15, and Rab27a proteins, related to 
exosome formation and secretion pathways, was detected by WB; β-actin was used as the internal reference protein. (B) The gray-scale scanning analysis of Fig. 3A. 
(C) 24 h after FMDV infection of PK-15 cells and PBS (mock) as controls, FMDV mRNA was detected. (D) CQ, NH4Cl, Z-VAD-FMK (caspase-3 inhibitor), and MG132 
inhibited autophagy-lysosome, lysosome, caspase, and proteasome pathway of PK-15 cells, respectively, while using an equal volume of DMSO as the control; the 
cells were then incubated with FMDV. The level of Rab27a was detected, and β-actin was used as an internal reference protein. (E) The gray-scale scanning analysis of 
Fig. 3D. The data were presented as means ± SD (n = 3 for each group). A significant difference was calculated using two-tailed t-test; *P < 0.05 and **P < 0.01. 
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Fig. 4. FMDV-2C degrades Rab27a via the autophagy-lysosome pathway. (A) PK-15 cells were transfected with FMDV protein L, VP0, VP1, VP2, VP3, 2B, 2C, 
3A, 3B, 3C, and 3D. After 36 h, the cells were collected to detect the endogenous Rab27a protein by WB. (B) The gray-scale scanning analysis of Fig. 4A. (C) FMDV-2C 
was transfected with 0, 1, and 2, and the expression of Rab27a protein was detected at 36 h post-transfection. (D) The gray-scale scanning analysis of Fig. 4C. (E) CQ, 
NH4Cl, Z-VAD-FMK, and MG132 were utilized, and an equal volume of DMSO was used as the control to inhibit autophagy-lysosome pathway, Lysosome, caspase, 
and proteasome hosts to degrade protein pathways and inoculate FMDV. After collecting the cells, the expression level of Rab27a was detected, and β-actin was used 
as an internal reference protein. (F) The gray-scale scanning analysis of Fig. 4E. (G) Overexpression of cells was detected in 2B, 2C, 3C, and 3D. After 36 h, the cell 
supernatant was collected, and exosomes were extracted, and exosome maker proteins Alix and CD9 were detected by WB. (H) The gray-scale scanning analysis of 
Fig. 4G. All data were represented as means ± SD (n = 3 for each group). A significant difference was calculated using two-tailed t-test; *P < 0.05 and **P < 0.01. 
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Fig. 5. Interference of Rab27a to promote FMDV replication. (A) FMDV was infected after transfection of si-Rab27a for 36 h in PK-15 cells. After 18 h post-FMDV 
infection, RT-qPCR was used to detect intracellular Rab27a mRNA levels. (B) Intracellular and extracellular FMDV mRNA levels were detected. (C) Overexpression of 
Rab27a inhibits FMDV replication. Rab27a overexpression plasmid and pCAGGS control plasmid were transfected in PK-15 cells, respectively. FMDV and PBS 
controls were inoculated at 12 h after transfection. Cell supernatants were collected at 24 h after FMDV inoculation, exosomes were extracted, and exosome maker 
proteins, Alix and CD9 were detected by WB. (D) The gray-scale scanning analysis of Fig. 4C. (E) Overexpression of Rab27a inhibits FMDV replication. Rab27a 
overexpression plasmid and pCAGGS control plasmid were transfected in PK-15 cells, respectively. FMDV and PBS controls were inoculated at 12 h after transfection. 
WB was used to detect the expression of intracellular and extracellular FMDV. (F) The gray-scale scanning analysis of Fig. 4E. (G) 24 h after the cells were treated 
with 10 μmol GW4869, the cell supernatant was collected, and the exosome maker protein Alix was detected by WB. (H) The gray-scale scanning analysis of Fig. 4G. 
(I) PK-15 cells were treated for 24 h with 0, 5, and 10 μmol GW4869, respectively, with equal volume of DMSO as the control, followed by infection with 1 MOI 
FMDV. At 18 h after FMDV infection, RT-qPCR was used to detect the FMDV mRNA in the intracellular and extracellular regions. All data represent means ± SD (n =
3 for each group). A significant difference was calculated using two-tailed t-test and labeled as *P < 0.05 and **P < 0.01 in graphs. All data are represented as 
means±SD (n=3 for each group). A significant difference was calculated using two-tailed t-test and labeled as *P < 0.05 and **P < 0.01 in graphs. 

G. Xu et al.                                                                                                                                                                                                                                       



Veterinary Microbiology 251 (2020) 108889

8

dose of 2C, the expression of Rab27a decreased significantly (Fig. 4D). 
Subsequently, CQ, NH4Cl, MG132, and an equal volume of DMSO 
control were used to inhibit the degradation pathway of each protein. It 
was found that the 2C protein degrades the endogenous Rab27a protein 
through the autophagy-lysosome pathway, which was similar to that of 
FMDV (Fig. 4E), and the gray-scale analysis showed an elevated 
expression of Rab27a in the CQ group (Fig. 4F). After overexpression of 
2C, the cell supernatant was collected, and the exosomes were extracted. 
The exosomes maker proteins, Alix and CD9, were detected by WB, and 
the cell culture supernatant was used as control after exosome removal. 
The data revealed that the overexpression of 2C inhibited the secretion 
of exosomes (Fig. 4G), and the gay-scale analysis also showed that the 
expression levels of Alix and CD9 were significantly reduced (Fig. 4H). 
Based on these results, it could be deduced that 2C degrades Rab27a via 
the autophagy-lysosome pathway. 

3.5. Rab27a regulates the proliferation of FMDV 

Furthermore, we verified whether interference or overexpression of 
Rab27a affects the secretion of exosomes (thereby affecting the prolif
eration of FMDV). Downregulation of Rab27a using RNAi inhibits exo
some secretion (Fig. 5A), resulting in a significant increase in the 
intracellular and extracellular number of FMDV-infected PK-15 cells 
(Fig. 5B). To further verify the above experimental results, Rab27a was 
overexpressed in PK-15 cells, and FMDV was inoculated; pCAGGS 
plasmid and PBS were used in the control group. Then, the exosomes 
were isolated and the level of Alix and CD9 proteins measured by WB 
and gray-value. The results showed that the secretion of exosomes was 
significantly reduced in the pCAGGS + FMDV group as compared to the 
pCAGGS + MOCK group. Also, no significant difference was detected in 
the secreted exosomes between the Rab27a + FMDV and Rab27a +
MOCK groups (Fig. 5C and D). In addition, WB detected the intracellular 
and extracellular FMDV expression, and the gray-value of the immu
noreactive bands was analyzed, suggesting that the overexpression of 
Rab27a significantly inhibits FMDV replication (Fig. 5E and F). 
Furthermore, GW4869 inhibits the formation of exosomes by inhibiting 
neutral sphingomyelinase 2 (Verderio et al., 2018). After treating PK-15 
cells with GW4869, the exosomes were extracted and purified, and the 
exosome protein Alix detected by WB. The results showed that the 
number of exosomes was significantly reduced after GW486 treatment 
as compared to the controls (Fig. 5G and H). Next, PK-15 cells were 

treated with 0, 5, and 10 μmol GW4869, respectively, with an equivalent 
volume of DMSO as the control. RT-qPCR revealed that the intracellular 
and extracellular FMDV mRNA was significantly higher than that in the 
control group (Fig. 5I). The concentration was dose-dependent, indi
cating that inhibition of the formation of exosomes was beneficial to 
FMDV replication. Based on these results, we demonstrated that FMDV 
inhibits the secretion of exosomes. 

3.6. FMDV-exosomes inhibit FMDV proliferation 

Our previous study showed that exosomes mediate the spread of 
FMDV (Zhang et al., 2018). To further investigate this phenomenon, 
exosomes extracted from FMDV-infected PK-15 cells were restored to 
new PK-15 cells, which were injected with FMDV (Fig. 6A). The results 
showed that exosomes inhibit the proliferation of FMDV (Fig. 6B), which 
led us to consider the host perspective, i.e., whether the host cells 
mediate the antiviral factors through exosomes and inhibit the prolif
eration of FMDV. 

3.7. miRNA-136 in FMDV exosomes inhibit FMDV proliferation 

Exosomes contain a large number of miRNAs and play a major role in 
regulating RAN transcription (Miao, 2017). Herein, we evaluated 
whether miRNAs are differentially expressed in FMDV-exosomes 
mediate an antiviral response in host cells. Next, the miRNA expres
sion profiles in exosomes were analyzed. The scatter plot showed that 
the upregulated miRNA is significantly higher than the downregulated 
miRNA (Fig. 7A). When the sequence of the common reads among the 
samples and the specific reads were analyzed, only 15.4% miRNAs were 
found to be commonly expressed in FMDV-exo and mock-exo (Fig. 7B). 
The differential expression analysis of miRNAs in exosomes led to a 
clustered of 59 miRNAs with a differential expression on the heatmap 
(Fig. 7C). This finding result revealed that FMDV-exosome group clus
tered differently in the mock-exosomes group. A total of 25 miRNAs 
showed significant differential expression: 17 upregulated and 8 
downregulated (Table 1). The analysis of differentially expressed miR
NAs revealed that miRNA-136 is highly expressed in exosomes. Some 
studies have shown that miRNA-136 is a dual regulator of RIG-I medi
ated innate immunity, serving as a ligand for RIG-I to enhance innate 
immunity. This phenomenon suggests that PK-15 cells may enhance 
their innate antiviral ability by upregulating the expression of 

Fig. 6. Exosomes produced by FMDV- 
infected PK-15 cells inhibit FMDV 
proliferation. (A) The experimental 
flowchart of this experiment. As shown 
in Figure A, FMDV was inoculated in PK- 
15 cells with the same dose of PBS as the 
control. The supernatant was collected 
at 24 h after FMDV inoculation, and 
exosomes were extracted. Then, the 
exosomes were incubated with PK-15 
cells, and the expression of FMDV 
miRNA in the cells was detected by RT- 
qPCR after 8 h incubation; cells repre
sent PK-15 cells, F represents FMDV- 
exo, and M-exo represents Mock- 
exosomes. (B) PK-15 cells were incu
bated with exosomes for 8 h and then 
inoculated with FMDV. Cells were 
collected at 16 and 32 h after FMDV 
inoculation, respectively, and FMDV 
RNA copy number was detected. All 
data are represented as means ± SD (n =
3 for each group). Significant difference 
was calculated using two-tailed t-test 
and labeled as *P < 0.05 and **P <
0.01.   
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miRNA-136. To further prove whether miRNA-136 can affect the pro
liferation of FMDV, we downregulated the expression of miRNA-136 in 
PK-15 cells, and examined FMDV at transcription (Fig. 7D) and protein 
levels (Fig. 7E), respectively. The results showed that interference with 
miRNA136 promoted the proliferation of FMDV. 

4. Discussion 

The current results indicated that the anti-FMDV immune response is 
mediated by exosomes, otherwise, FMDV escapes the immune response 
by degrading the exosome molecular switch Rab27a protein. Strikingly, 
exosome-mediated viral transmission is gaining acceptance. For 
example, some studies have shown that exosomes present in the sera of 
chronic hepatitis B (CHB) patients contained both HBV nucleic acids and 
HBV proteins, and transferred HBV to hepatocytes (Yang et al., 2017). 
Exosomes isolated from PRRSV-infected cells contain viral RNA and 
proteins (Wang et al., 2018). In the previous studies, we found that 
exosomes mediate the spread of FMDV (Zhang et al., 2019), while 
subsequent studies showed that FMDV infected PK-15 cells and inhibited 
their exosome secretion. 

In the process of exosome formation, MVBs sprout inward to form 
small intraluminal vesicles (ILV) during the transformation of early 
endosomes to late endosomes, and intraluminal vesicles are released 
outside the cell as exosomes. Typically, the formation of exosomes in
volves three pathways: ESCRT, lipids, and four transmembrane proteins 
(Colombo et al., 2014). Several key proteins, such as Alix, CD63, 
TSG101, Rab5, Rab11, Rab24, Rab27a, and Rab35, are involved in the 
production and secretion of exosomes. FMDV inhibits the secretion of 
exosomes that may be related to the key proteins involved in the for
mation and secretion of exosomes. FMDV regulates the expression of 
these proteins through such as to regulate their transcription or degra
dation. Moreover, this study found that FMDV does not affect the 
transcription level of exosomal production and secretion-related pro
teins. However, the expression of the exosomal molecular switch 
Rab27a protein was significantly reduced compared to control group, 
indicating that FMDV inhibits the secretion of exosomes by degrading 
Rab27a. Human parainfluenza virus type 2 (hPIV-2) protein and newly 
synthesized genomes in the cytoplasm need to be transported to the 
plasma membrane where budding occurs. hPIV-2 growth is affected by 
the depletion of Rab27a but not Rab8a or Rab11a (Ohta et al., 2018). 

Fig. 7. Complexity of miRNA detected in the FMDV-exosomes and mock-exosomes. (A) Differential expression analysis of miRNA in FMDV-exosome (F1, F2) 
and mock-exosome (M1, M2) groups, Log2 (fold-change) and scatter plots are used to show the difference in the miRNA expression. Among these, |log2 (fold- 
change)| and the P-value calculated by the edgeR algorithm to determine whether there is a significant difference in the expression of miRNA among the samples. | 
log2 (fold-change) |≥1 as the threshold, green dots indicate downregulation of miRNA expression, gray dots indicate no change in miRNA expression, and red dots 
indicate upregulation of miRNA expression. (B) Venn diagram showing the profile of miRNA expressed in FMDV exosomes and mock exosomes. The clean data of 
different samples and analysis of the reads were compared among the samples and the unique read sequence. (C) Cluster analysis of miRNAs in FMDV-exo and mock- 
exo heatmap generated by clustering of the 59 most variable miRNAs in FMDV-exosomes and mock-exosomes. Colors represent different normalized sequencing read 
number as indicated by the color bar (Log2RPM), brick red represents a high expression of miRNA in the sample, and navy blue represents low expression. (D) 
Relative expression of FMDV mRNA in PK-15 cells with transfected siRNA-136, the transfection dose of each miRNA was 200 pmol; the miRNA-mock (irrelevant RNA 
sequence) group as a control. FMDV with MOI of 1 was inoculated at 36 h after transfection, and GAPDH was used as an internal reference gene; the expression levels 
of miRNA were detected at 12 h after infection with FMDV. (E) At the same time, the protein expression level of Rab27a was detected by WB. All data are represented 
as means ± SD (n = 3 for each group). A significant difference was calculated using two-tailed t-test and labeled as *P < 0.05 and **P < 0.01 in the graphs. 
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The small GTPase Rab27a has been implicated in regulated exosomes, 
and seems to play a key role in certain membrane trafficking events; for 
example, herpes simplex virus type 1 (HSV-1) infection of oligoden
drocytic cells (Bello-Morales et al., 2012). FMDV may degrade exosomes 
in many ways, such as autophagy-lysosome, lysosome, caspase, and 
proteasome, and other host degradation protein pathways. The current 
study further shows that FMDV is degraded through the 
autophagy-lysosome pathway, Rab27a. 

When exosomes mediate the spread of biological substances between 
cells, they not only mediate the biologically active substances of path
ogenic microorganisms but also contain a variety of biological sub
stances derived from host cells, including substances that regulate host 
cell immune responses. The studies on dengue virus, human T-cell 
lymphotropic virus, hepatitis C virus (HCV), and human immunodefi
ciency virus (HIV) have demonstrated that exosomes isolated from 
infected cells transmit a variety of regulatory factors (Chahar et al., 
2015a). Exosomes released from HCV-infected hepatocytes carry viral 
RNA and deliver it to plasmacytoid DCs (pDCs) and stimulate TLR7 to 
produce type I interferon (Dreux et al., 2012). Thus, it is suggested that 
the suppression of exocrine secretion by FMDV might be related to 
FMDV-mediated evasion of the immune response of host cells. The 
biologically active substances contained in exosomes include protein, 
RNA, miRNA, and other substances. Among them, protein and miRNA 
account for a large proportion of exosomes, and studies have shown that 
miRNA regulates the immune response of host cells. miR-423-5p 
harbored by exosomes could inhibit the replication of the rabies virus 
(RABV) in MRC-5 cells by blocking the secretion of exosome-promoted 
RABV infection in MRC-5 cells. This study found that the miRNA 
expression profiles in FMDV-exo altered significantly and only 15.4% 
miRNAs were commonly expressed in FMDV-exosomes and 
mock-exosomes, thereby indicating that FMDV infection reduces the 
abundance of miRNAs in exosomes secreted by PK-15 cells. The results 
of this study suggested that these miRNAs with significant changes may 
be the key factors involved in FMDV-mediated evasion of the host im
mune response. 

Previous studies have shown that miRNA-136 effectively antago
nizes the replication of H5N1 influenza A (H5N1 IAV) virus in vitro and 
that the expression of IL-6 and IFN-β was significantly upregulated after 
transfecting miRNA-136. Endogenous miRNA acts as the ligand for toll- 
like receptors and some pattern recognition receptors, with miRNA-136 
as an endogenous RIG-I activator (Zhao et al., 2015). This study 
demonstrated that miRNA-136 is also highly expressed in FMDV-exo 
and inhibits the proliferation of FMDV. Interfering with the expression 
of miRNA-136 in PK-15 cells promoted the secretion of exosomes. These 
findings study suggested that miRNA-136 contained in exosomes is 
involved in the immune response of host cells. 

Due to the limitations of this study, it cannot be explained that FMDV 
inhibits the secretion of exosomes as the key evidence for FMDV to 
evade the host immune response. However, for the first time, we 
demonstrated that FMDV degrades exomolecular switches through the 
autophagy-lysosome pathway Rab27a, thereby inhibiting exosomal 
secretion. FMDV infection significantly increases the scale of miRNA- 
136 that inhibits the proliferation of FMDV in exosomes. Together, the 
current results indicated that 2C of FMDV degraded Rab27a via the 
autophagy-lysosome pathway to suppress exosome secretion. Also, 
FMDV evades exosome-mediated immune responses via host Rab27a, 
which is a switch for exosome secretion. 
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