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Foot and mouth disease (FMD) is a highly contagious infection caused by FMD-
virus (FMDV) that affects livestock worldwide with significant economic impact.
The main strategy for the control is vaccination with FMDV chemically inactivated
with binary ethylenimine (FMDVi). In FMDV infection and vaccination, B cell
response plays a major role by providing neutralizing/protective antibodies in
animal models and natural hosts. Extracellular vesicles (EVs) and small EVs (sEVs)
such as exosomes are important in cellular communication. EVs secreted by
antigen-presenting cells (APC) like dendritic cells (DCs) participate in the
activation of B and T cells through the presentation of native antigen
membrane-associated to B cells or by transferring MHC-peptide complexes to
T cells and even complete antigens from DCs. In this study, we demonstrate for
the first time that APC activated with the FMDVi O1 Campos vaccine-antigens
secrete EVs expressing viral proteins/peptides that could stimulate FMDV-specific
immune response. The secretion of EVs-FMDVi is a time-dependent process and
can only be isolated within the first 24 h post-activation. These vesicles express
classical EVs markers (CD9, CD81, and CD63), along with immunoregulatory
molecules (MHC-Il and CD86). With an average size of 155 nm, they belong to the
category of EVs. Studies conducted in vitro have demonstrated that EVs-FMDVi
express antigens that can stimulate a specific B cell response against FMDV,
including both marginal zone B cells (MZB) and follicular B cells (FoB). These
vesicles can also indirectly or directly affect T cells, indicating that they express
both B and T epitopes. Additionally, lymphocyte expansion induced by EVs-FMDVi
is greater in splenocytes that have previously encountered viral antigens in vivo.
The present study sheds light on the role of EVs derived from APC in regulating the
adaptive immunity against FMDV. This novel insight contributes to our current
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understanding of the immune mechanisms triggered by APC during the antiviral
immune response. Furthermore, these findings may have practical implications
for the development of new vaccine platforms, providing a rational basis for the
design of more effective vaccines against FMDV and other viral diseases.

KEYWORDS

extracellular vesicles, foot and mouth disease virus, antiviral immune response, antigen
presenting cells, B cell activation

1 Introduction

The International Society for Extracellular Vesicles (ISEV)
defines EVs as: “particles naturally released from the cell that are
delimited by a lipid bilayer and cannot replicate, i.e. do not contain a
functional nucleus” (1, 2). Although they were initially considered
cellular waste bags, their role in multiple physiological and
pathological processes is now undeniable. EVs participate in
numerous biological processes, like antigen presentation and
modulation of the immune response, intercellular communication,
and transfer of molecules such as nucleic acids, proteins, and surface
molecules. Specifically, EVs play a very important role in immune
system communication being an alternative to the traditional routes
of cell communication characterized by soluble factors or cell-cell
contact (3, 4).

EVs secreted by both immune and non-immune cells perform
important functions in immunity, by mediating immune stimulation
or suppression and can lead to inflammatory, autoimmune, and
infectious pathological diseases. A large part of the proteins
expressed in EVs correspond with the proteins expressed in the
cell of origin. In this way, changes that occur in the cell can be
reflected in EVs. For example, when dendritic cells (DCs) mature
and increase the expression of co-stimulatory molecules and MHC
molecules, these changes also occur in EVs. Furthermore, EVs
secreted by DCs differentiated from murine bone marrow
(BMDC) and previously activated with LPS or IFN-y have been
shown to contain increased levels of MHC-II, CD86, and the
adhesion molecule ICAM-I. Sometimes, the expression of
molecules on EVs can explain their involvement in the regulation
of the immune system (5-8).

Foot-and-mouth disease (FMD) is a highly contagious disease
of worldwide livestock and has an important economic impact. The
main strategy for the control is vaccination with foot-and-mouth
disease-virus (FMDV) chemically inactivated with binary
ethylenimide (FMDVi). Today, in Argentina, the FMDV National
Eradication Plan implements the vaccine containing strains Ol
Campos, A24 Cruzeiro, A Argentina 2001, and C3 Indaial, which
are the ones circulating in Argentina (9). It has been demonstrated
that FMDVi elicits an effective immune response and protects
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against infection without establishing sustained immunity over
time and requires regular re-inoculations. In FMDYV infection and
vaccination, B cell response plays a major role by providing
neutralizing/protective antibodies in both animal models and
natural hosts. Our results demonstrated that APC internalize the
vaccine antigens FMDVi and become activated. This activation is
reflected as an increased expression of maturation markers such as
MHC-II and CD86 molecules. As a result of this interaction,
activated APC release sEVs expressing FMDVi proteins/peptides
(sEVs- FMDVi), either MHC-associated or membrane-associated,
due to antigen redirection to the sEVs within the DCs. Further,
these EVs derived from APC previously pulsed with the antigens
included in the commercial vaccine against FMDV modulate the
antigen-specific immune response favoring an improved host
antiviral immunity.

2 Materials and methods

2.1 Mice

Six-to-ten-week-old female immunocompetent BALB/c mice
were purchased from the School of Veterinary Sciences,
Universidad de Buenos Aires (Buenos Aires, Argentina). Animals
were fed on Cargill pellets and water ad libitum. The entire work
was performed using the murine model used for the study of the
immune response against FMDV previously developed and detailed
by other groups (10-13). All animal procedures were performed
following the “Guide for the use and care of experimental animals”
and approved by the Institutional Animal Care and Use Committee
of Instituto Nacional de Tecnologia Agropecuaria (INTA) (ethic
code: 28/2016).

2.2 Inactivated virus and monovalent
FMD vaccine

The O1 Campos strain was selected for this study because it
conforms to the antigen banks that are used in case of FMDV
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outbreaks around the world (14) The Ol Campos FMDV was
kindly provided by Biogénesis Bago S.A. laboratory as a binary
ethyleneimine inactivated virus suspension (FMDVi) (15). For in
vitro assays, only sucrose gradient purified FMDVi was used (16).
The monovalent vaccine for FMDV O1 Campos was also kindly
provided by Biogénesis Bago S.A laboratory and verified for sterility,
safety, and purity according to SENASA Resolution (No. 609/2010).

2.3 Differentiation of APC

Bone marrow cells were isolated from female BALB/c mice
between 6 and 10 weeks of age by flushing femurs with complete
medium (RPMI 1640 supplemented with 10% FCS-EVs-depleted,
2mM glutamine, 25mM HEPES buffer, 100 IU/ml penicillin, 100
pg/ml streptomycin, 0.05 mM 2-mercaptoethanol and 10 U/ml
Polymyxin B). Ten million bone marrow cells were cultured in Petri
dishes in a complete medium with recombinant GM-CSF (20 ng/
ml, Peprotech). On day 3, 10 ml of fresh culture medium with 40 ng/
ml rGM-CSF was added to each Petri dish. On day 6, half of the
medium was removed, and the cell suspension was centrifuged at
300 xg for 5 min, the pellet was resuspended in a new medium
supplemented with rtGM-CSF (40 ng/ml) and added to the culture
(17). The morphology of the cells was monitored on a daily basis. At
days 5-6, the cells exhibited the typical characteristics of immature
dendritic cells, including the formation of cells clusters and
dendrites, an irregular morphology, and a mixture of attached
and suspension cells. On day 8, non-adherent cells and loosely
adherent cells were harvested, pooled, and used for the experiment.
The average yield of differentiation was 7.86 x 10° + 2.43 bone
marrow dendritic cells (BMDC) from 10.00 x 10° precursors. A
population of cells with viability higher than 85% was obtained.
Based on the presence of CD11b and F4/80 molecules and their
morphological characteristics (data not shown), these APC could be
included within the subpopulations of inflammatory or
conventional DCs. However, taking into consideration the
heterogeneity of the cells obtained, it was decided to classify them
as APC in general. The population of cells obtained on day 8 of
culture expressed MHC class IT (>85%), F4/80, CD86, CD11b, and
CDl11c, but no Gr-1 (Supplementary Figure S1).

2.4 In vitro APC pulse load with BEI-FMDVi:
determination of optimal virus concentration,
APC pulsing time, and EVs collection time

10x10° APC were incubated for 16 hours with 1, 5, and 10 ug of
purified BEI-FMDVi. After this time, the cells were washed twice to
remove antigen remnants and then cultured for 24 hours in complete
RPMI medium. As a negative control, APC cultured in the presence
of RPMI medium only was used. As a positive control of activation,
APC incubated with 5 pg/ml of LPS or with POLI I:C 50 pg/ml were
used (18). The pulsing time and EV collection time was determined
using ten million APC incubated with 10 pg/ml of purified non-
infectious BEI-FMDVi serotype O1 Campos for 16 or 4 h at 37°C in
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6-well tissue-culture plates of complete medium. Non-stimulated
APC were used as negative control (RPMI). APC with 5 pg/ml LPS
was used as a positive control of maturation. For the isolation of EVs,
APC were washed twice with complete medium and cultured in Petri
dishes for 24 h or 36 h. The activation state of APC was evaluated by
flow cytometry. The expression of classical activation markers such as
MHC-II and CD86 was determined using specific monoclonal
antibodies for each protein. For analysis, cells were gated by
forward and side scatter as well as CD11c+ marker to eliminate the
contribution of other populations such as granulocytes or
macrophages that are not of interest.

2.5 FMDYV internalization

The fluorescent labeling of the virus was accomplished using the
procedures detailed by Harwood (19) with modifications. The label of
virus was performed by mixing 1 mg of viral protein with 100 pg/ml
FITC in 0.1 M bicarbonate buffer (pH 9.5) for 1 h at 37°C.
Unconjugated dye was removed by dialyzed. APC were then
incubated with 10 or 30 pug/ml FMDVi-FITC for 40 or 120 min at
37°C or at 4°C cells were then analyzed by flow cytometry before and
after the addition of Trypan Blue (0.01 mg/ml). Fluorescence was
measured in a BD FACSCalibur flow cytometer (BD Biosciences, CA,
USA) and the data was analyzed using FlowJo software (FlowJo).

2.6 EVs isolation

Small EVs derived from APC were isolated by differential
centrifugation, ultrafiltration, and ultracentrifugation. Briefly,
conditioned medium of APC pulsed with FMDVi (EVs-FMDVi),
from untreated APC that were incubated only with RPMI (EVs-
RPMI), and from LPS-activated APC (EVs-LPS) was centrifuged at
300xg for 10 min to separate floating cells. Supernatants were filtered
through a 0.22 um porous membrane and ultracentrifuged at
100,000xg for 80 min. at 4°C. The pellet with EVs were
resuspended in phosphate-buffered saline (PBS) and were
concentrated in the last step of 70 min ultracentrifugation at
100,000xg. The pellet obtained was resuspended in PBS and EVs
were characterized by flow cytometry after each isolation and stored
at -80°C. To standardize the number of vesicles, all EVs derived from
a total of 10.00 x 10® APC were resuspended in a volume of 50 ul of
PBS (20). Only cultures with viability more than 85% as assessed by
Trypan blue exclusion staining were used for EV isolation. Viability
measurement was consistently performed after each pulsing
experiment and before and after each vesicle purification experiment.

2.7 EVs immunofluorescence staining and
flow cytometry
EVs derived from 5.00 x 10° APC (25 ul) were incubated with 10

ul of latex beads aldehyde/sulfate (InVitrogen®/Thermoﬁsher, CA,
USA 4% W/V- 4-um diameter). After being saturated with 100 mM
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glycine, EVs were incubated with the following monoclonal
antibodies: 0.02ug/100pl anti-MHC-II-PE (Biolegend-clone: M5/
114.15.2), 0.2ug/100pl anti-CD11c-APC (Biolegend-clone: N418),
1.5 pg/100pl anti-CD86-FITC (Miltenyi-clone: PO3.3), 1 ug/100ul
anti-CD9-biotin (eBioscience-clone: MEM61), 1 ug/100pl anti-
CD81-biotin (eBioscience clone: Eat2) or 1 pg/100ul polyclonal
antibody anti-CD63-biotin (MyBioSource). After incubation with
the primary antibody, the cells were washed and then incubated
with 0,04 pg/100ul streptavidin-phycoerythrin (PE) conjugated
(eBioscience). Analysis was performed on the singlet gate of a
forward scatter versus a side scatter dot plot (21). Fluorescence was
measured in a BD FACSCalibur flow cytometer (BD Biosciences, CA,
USA). The data were analyzed with FlowJo X software.

2.8 Size distribution by nanoparticle
tracking analysis

The diameter size of the vesicle population was determined
using equipment ZetaView PMX-120 (Particle Metrix). The
samples were evaluated using various dilutions. The software
analyzed raw data videos in triplicate (22).

2.9 Expression of viral protein on EVs at
different secretion and pulse times

EVs-beads were incubated with anti-FMDV-FITC (IgG purified
from the serum of immunized bovine). IgG purified from the
bovine serum of a healthy animal was used as IgG control.
Analysis was performed on the singlet gate of a forward scatter
versus a side scatter dot plot. Fluorescence was measured in a BD
FACSCalibur flow cytometer (BD Biosciences, CA, USA). The data
were analyzed using Flow]Jo software (Flow]Jo).

2.10 Carboxyfluorescein succinimidyl ester
proliferation assay

BALB/c mice were immunized with monovalent FMDV O1
Campos vaccines ip. On day 14, spleen cells were obtained under
sterile conditions. The proliferation of lymphocytes was evaluated by
the CFSE dilution. The CFSE staining was performed using the CFSE
(Invitrogen, CA, USA) at a final concentration of 5 uM for 10 min at
room temperature, followed by immediate quenching with culture
medium. CFSE-stained splenocytes (3.00 x 10°/ml) were seeded in a
96-well plate and incubated for 5 days with EVs-FMDVi or EVs-LPS
derived from 2.50 x 10° APCs, or 10 pg/ml of FMDVi. For the
positive and negative controls, splenocytes were incubated with 0.5
ug of Con A and RPMI complete medium, respectively. The antigen-
specific proliferation of cells was determined by incubation with
purified FMDVi. To analyze T cell subpopulations, stimulated and
CFSE-stained splenocytes were incubated with PE-conjugated anti-
CD3 or anti-B220 monoclonal antibodies. Anti-CD21 APC and anti-
CD23 Biotin antibodies were also used for the study of B cell
subpopulations. Streptoavidin-PECy5 was used as a conjugate. For
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all in vitro experiments, the EVs were previously sterilized by
filtration using a 0.22 um filter. In vitro stimulated splenocytes
were analyzed by flow cytometry. Fluorescence was measured in a
BD FACSCalibur flow cytometer (BD Biosciences, CA, USA). The
data analysis was performed using FlowJo software (FlowJo). Relative
proliferative index (RPI) is defined as the ratio between the
percentages of stimulated cells and the percentage of control cells.

2.11 Statistical analysis

The statistical significance of differences between the
experimental and control groups was analyzed using one-way
ANOVA followed by a post-ANOVA Tukey’s multiple
comparison test or Bonferroni multiple comparisons test. For
certain analyses, the non-parametric Kruskal-Wallis method was
used followed by the Dunn multiple comparisons test to compare
pairs of groups. All analyses used are detailed below each figure in
the results section. Differences were considered significant at p
values < 0.05 for all comparisons. The statistical analysis was
performed using GraphPad Prism software 8 for Windows
(GraphPad Software, San Diego, California, USA).

3 Results

3.1 APC internalize the FMDVi O1
Campos vaccine antigen and
become activated in vitro

3.1.1 Virus internalization by APC promotes
its activation

To elucidate the interaction between APC and the antigen used
for commercial FMDV vaccine (BEI-FMDVi), we differentiated
APC from murine bone marrow pluripotent precursors.
Differentiated APC were obtained after 8 days of culture with
GM-CSF as detailed in material and methods. The interaction
between APC with FMDVi was assessed by confocal microscopy
and flow cytometry (Figures 1A, B, respectively). APC cells were
incubated with different concentrations (10 and 30 pg/ml) of
FMDVi conjugated with the fluorochrome FITC (FMDVi-FITC).
FMDYV internalization was measured at 40 and 120 min. At both
times and both virus concentrations, by confocal microscopy, we
observed that APC (CDllc+) can internalize the FMDVi-FITC
when incubating at 37°C (Figure 1A I, III, V, and VII square in
dotted line). Upon repeating the incubation at 4°C, the
internalization process slows down due to the decrease in the
temperature (Figure 1A II, IV, VI, and VIII). These results were
confirmed by flow cytometry where virus internalization was
reflected as a fluorescence shift to the right (Figure 1B I-1V). In
the group treated with 10 pg/ml FMDVi-FITC, the population
FITC+ was 17.5% at 40 min (Figure 1B I) and increased to 39.5% at
120 min (Figure 1B II). When 30 ug/ml of the virus was used, it was
observed that most of the virus was internalized at 40 min (94.9%)
and 120 min (97.5%) (Figure 1B III and IV, respectively). After the
addition of Trypan Blue, the fluorescence decreased as a result of
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the quenching effect allowing discriminating internalized virus
microparticules from attached to the cell membrane. In the group
corresponding to 10 pg/ml FMDVi-FITC and 40 min incubation,
the FITC-positive population decreased a 7.4% (Figure 1B I). On the
contrary, in the group corresponding to 30 pg/ml of FMDVi-FITC
and 40 min, the decrease was 17.2% (Figure 1B III). When
evaluating both concentrations (10 and 30 pg/ml of FMDVi-
FITC) but at 120 min incubation time, a 21.3% decrease in
fluorescence was observed for the 10 ug/ml group and 9.4% for
the 30 pg/ml group (Figure 1B IT and IV). These results indicate that
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murine APC interact and internalize the FMDVi vaccine antigen.
The internalization of FMDVi by APC is supported by the presence
of FITC+ particles inside the cell and the fluorescence persistence
after the addition of Trypan Blue.

To evaluate the activation of APC after FMDVi internalization
we incubated the APC with increasing concentrations of FMDVIi, and
then the expression of the activation markers MHC-II and CD86
were assessed by flow cytometry (Figure 2). CD86 and MHC-II
expression in untreated APC (negative control), LPS or POLI I.C
treated APC (positive controls) was shown in Figures 2D-F,
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Activation of APC by FMDVi. APC were incubated with: (A) 1 pg/ml of FMDVi; (B) 5 ug/ml of FMDVi or (C) 10 ug/ml of FMDVi for 16 h at 37°C in 6-
well plates. (D) Unstimulated cells (RPMI) were used as a negative control. (E) Cells cultured for 16 h with 5 ug/ml LPS or (F) 50 ng/ml POLI |: C were
used as positive controls. For the analysis, a gate was performed according to the data obtained from SSC vs FSC. MHCII + population was then
defined within the CD11c+/MHCII+ cell region. Contour density plots and histograms corresponding to CD86 and MHC-II expression are shown.

respectively. As can be seen in Figures 2A-C, APC activation
progressively increases with virus concentration. This is reflected as
an increase in the percentage of MHC-II+/CD86+ cells. This result
was consistent with the phenotype of activated DC. This experiment
revealed that inactivated viral particles can activate APC by inducing
the upregulation of MHC-II and CD86 molecules necessary for the
generation of an adaptive response. Based on these results, the
working concentration of FMDVi for optimal stimulation of APC
was 10 pg/ml, as the highest percentage of activated MHC-11"/CD86*
cells was achieved without altering the cell viability of the culture.

3.2 Bone marrow-derived APC loaded with
FMDVi secrete EVs expressing viral proteins

3.2.1 APC release EVs expressing viral proteins
only during the first 24 h post-internalization

To evaluate the role of EVs in the antiviral immune response,
EVs from the conditioned medium of FMDVi-pulsed APC were
isolated. The optimal time to harvest EVs was determined by
studying the expression of FMDV proteins. Two pulse times (4 h
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and 16 h) and three secretion times (24 h, 36 h, and a third time
divided into two intervals: the initial 24 h and the final 12 h covering
a total of 36 h) were analyzed (Figure 3). The results revealed that
there was a significant increase in the secretion of EVs expressing
FMDVi proteins (CD9+/CD81+/FMDVi+) during the first 24 h
after pulsing APC with FMDVi for 16 h (p<0.001 when compared
to the other secreted time points, 0-36 h and 24-36 h) (Figure 3A).
Afterward, APC continued secreting vesicles for the next 12 h but
lacked viral antigens (CD9+/CD81+/FMDVi-) (Figure 3A).
Comparable viral protein expression was achieved by shortening
the pulse time to 4 h and extending the secretion of EVs to 36 h
(Figure 3A). The presence of EVs was confirmed at all evaluated
time points through the expression of CD9 and CD81 proteins
(Figure 3B). Furthermore, their cellular origin from APC was
assessed through MHC-II expression (Figure 3B).

3.2.2 Characterization of EVs derived from APC
according to size, morphology, and
protein profile

EVs isolated from a conditioned medium of APC pulsed with
FMDVi (EVs-FMDVi), from untreated APC that were incubated
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FIGURE 3

FMDVi-activated APC secretes EVs expressing viral proteins. (A) EVs were coupled with aldehyde/sulfate latex beads of 4 ym diameter. For viral
protein detection on EVs, FITC-labeled IgG purified from an FMDV-immune bovine serum was used, and FITC-labeled IgG obtained from a healthy
unimmunized bovine serum was used as a corresponding control (Control). Flow cytometry histograms corresponding to the expression of viral
proteins in EVs at different pulsed times. Analysis was performed on the singlet gate of the SSC vs FSC plot. Histograms with continuous lines
represent EVs—bead complexes stained with specific monoclonal antibodies, and histograms with dotted lines represent bead’s autofluorescence
control. Columns bar graph details the pulsing time and the times at which supernatants were collected and EVs were purified (secretion time). (B)
To assess the secretion of EVs at each time point EVs were incubated with anti-CD9 and anti-CD81. The origin from APC was determined by the
expression of MHC-II molecules. Data represent the mean value + SEM of 4 independent experiments. One-factor ANOVA was used for statistical
analysis, followed by comparisons using a post-ANOVA Tukey's multiple comparisons test. Asterisks indicate significant differences (***p < 0.001).

only with RPMI (EVs-RPMI), and from LPS-activated APC (EVs-
LPS) were biophysically characterized by electron microscopy
(TEM), nanoparticle tracking analysis (NTA) and flow cytometry,
following the guidelines given by ISEV in the minimal information
for studies of extracellular vesicles (MISEV) (23).

NTA analysis showed that all the EV populations obtained had
a relatively homogeneous and similar size distribution, with no
differences between them (Figure 4A). The average size for EVs-
FMDVi was 155.7 nm + 6.25, 164.1 nm + 3 for EVs-RPMI, and
172.7 nm #*3.15 for EVs-LPS. The sizes of the EVs obtained from
APC correspond to those reported for nanovesicles, particularly for
small EVs (sEVs). TEM micrograph (Figure 4B) shows that the EV's
obtained from the different treatments presented the cup-shaped or
flat balloon shape characteristic for exosomes (24). It was also
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possible to confirm their size (around 150 nm) which agrees with
the values reported in the literature for sEVs and in concordance
with the size obtained from NTA analysis. In agreement with
previous results, EVs morphology was also not affected by the
activation treatments to which the APC were exposed.

As shown in Figure 5 and Supplementary Figure S2, EVs
derived from different treatments expressed the tetraspanins
marker CD9, CD81, and CD63. CD9 is the most expressed
protein, being present in roughly 90% of EVs-FMDVi or EVs-
LPS and nearly 80% in EVs-RPMI (Figure 5). All EV populations
obtained expressed a high percentage of MHC-II molecule, being
present in more than 90% of each population (Figure 5).
Surprisingly, CD11c marker, although present in abundance in
the DC, was not detected in any of the EV populations obtained.
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The secreted EVs-FMDVi are classified as small EVs, based on their size and morphology. (A) The size distribution was evaluated from nanoparticle
tracking analysis. Representative NTA profiles of EVs isolated from APC loaded with FMDVi antigen (EVs-FMDVi), unstimulated APC (EVs-RPMI), or
from APC activated with LPS (EVs-LPS). Plots correspond to one measurement made for each treatment in a total of 4 independent measurements.
Column bar graph represents the mean or modal values + SEM. The Kruskal Wallis test was used for statistical analysis, followed by a Dunn’s multiple
comparisons test. (B) Electron micrograph of EVs isolated from APC conditionate medium of each treatment. The size (100-200 nm) and typical cup
shape of the EVs can be observed. Nine images of each sample were obtained at 50,000X magnifications.

Significant differences were found when analyzing CD86 (Figure 5).
EVs derived from activated APC expressed a higher level of CD86
than EVs-RPMI, reflected in both, the percentages of EVs
expressing CD86 (64.42% + 12.07 for EVs-FMDVi, 67.36% + 4.06
for EVs-LPS, and 3.27% + 0.57 for EVs-RPMI) and in the MFI
(MFI: 46.4 + 17.7 for EVs-FMDVi, MFI: 41.71 + 14.11 for EVs-LPS,
and MFI: 2.41+ 0.25 for EVs-RPMI). These findings suggest that the
expression of CD86 in EVs would reflect the activation status of the
APC from which they come. On the other hand, only EVs derived
from APC pulsed with FMDVi expressed viral antigens in more
than 85% of the population (p<0.001 when comparing EVs-FMDVi
with, EVs-RPMI or EVs-LPS) (Figure 5) reflected as well as in MFI
(p<0.001 and p<0.01 when comparing FMDVi-EVs with RPMI-
EVs and LPS-EVs, respectively).

It is important to note that the possibility that the viral proteins
expressed in EVs-FMDVi could be derived from viral debris
copurified with the EVs was excluded by an additional
experimental control. The control consisted of performing the
same incubation protocol with FMDVi but without APC. Then
the supernatant obtained was processed following the EV isolation
protocol and characterized by flow cytometry. As expected, neither
EVs markers CD9, CD81, CD63 nor FMDV antigens were found.
The absence of viral proteins indicates that no viral remnants,
which could co-purify with the EVs, were isolated (data not shown).

The data obtained from the characterization demonstrated that
the treatment of APC with FMDVi or LPS does not affect the size or
expression of protein markers in the EVs. The principal
differentiating characteristics between the various EV groups are
the presence or absence of viral proteins (only expressed in EVs-
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FMDVi) and the absence of CD86 in those EVs derived from
unstimulated APC (EVs-RPMI). Our results confirm that EVs from
different treatments have similar characteristics, and only differ in
the expression of FMDVi antigens and CD86.

3.3 EVs-FMDVi induce an antigen-specific
lymphocyte proliferation in vitro

To assess whether viral proteins expressed by EVs-FMDVi could
be recognized by lymphocytes previously primed with the FMDVi in
vivo, an antigen-specific lymphoproliferation assay was performed
using the CFSE dye dilution technique. Splenocytes obtained from
mice immunized with FMDVi O1 Campos (IMMUNE) as well as
those obtained from naive mice (NAIVE) were stained with CFSE
and stimulated in vitro with EVs-FMDVi, FMDVi or Con A as a
positive control. EVs-LPS were used as a control for stimulated APC-
derived EVs that do not express viral proteins.

To determine which cell subpopulations were stimulated by the
presence of the viral antigens expressed on the EVs, T and B cell
populations were analyzed (Figure 6). Proliferation assays showed
that sensitized B220+ cells (IMMUNE) proliferate in an antigen-
specific manner in the presence of EVs-FMDVi (Figure 6A left
panel). This proliferation was significantly higher when compared
to basal proliferation (RPMI) or to non-specific stimulated
splenocytes incubated with EVs-LPS (p<0.001 and p<0.01,
respectively) (Figure 6A column bar graph, gray line). Although
EVs-FMDVi stimulated B cell proliferation, this proliferation was
approximately 30% lower compared to those stimulated by 10 ug/
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FIGURE 5

EVs-FMDVi express FMDV proteins, classical EVs markers, and immunoregulatory molecules. EVs were coupled with aldehyde/sulfate latex beads of
4 ym diameter and incubated with different fluorochrome-conjugated monoclonal antibodies anti-CD9, anti-CD81, CD63, MHC-II, CD11c, CD86 as
detailed in materials and methods. For viral protein detection on EVs, FITC-labeled I1gG purified from an FMDV-immune bovine serum was used, and
FITC-labeled I1gG obtained from a healthy unimmunized bovine serum was used as a corresponding control (Control). Comparison of percentages
for different marker proteins and FMDV viral proteins for each EV population. The mean value + SEM of the Median Fluorescence Intensity (MFI) for
each of the markers evaluated is also shown. For statistical analysis, the Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used
for the analysis of MFI, and one-factor ANOVA followed by Bonferroni's multiple comparisons test for the analysis of percentages. Only significant
differences are indicated in the graphs (p<0.05 *; p<0.01**; p<0.001 ***). The data correspond to 15 independent experiments.

ml FMDVi vaccine antigen (mean RPI: 1.91 and mean RPIL 2.8,
respectively) and roughly 40% lower compared to 25 pg/ml FMDVi
(mean RPIL: 3.4). On the other hand, the same assay using naive
lymphocytes (Figure 6A right panel) showed that only the
concentration of 25 pg/ml FMDVi induced a statistically
significant proliferation of B220+ cells respect to the basal control
(p<0.01, mean RPI: 1.95. Figure 6A column bar graph, black line).
When comparing NATVE vs IMMUNE group, a higher
proliferation was observed in the IMMUNE group for all the
treatments (Figure 6A, column bar graph, green line). This
proliferation was higher for both EVs-FMDVi treatment (EVs-
FMDVi NAIVE vs EVs-FMDVi IMMUNE, p<0.05), and for both
FMDVi concentrations evaluated (10pg/ml FMDVi NAIVE vs
10ug/ml FMDVi IMMUNE, p<0.001; 25 pg/ml FMDVi NAIVE
vs 25ug/ml FMDVi IMMUNE, p<0.001. Figure 6A, column bar
graph, green line). However, for the treatment corresponding to
EVs-LPS, no stimulation was observed in NAIVE or IMMUNE B
lymphocytes. Also, T cell stimulation was observed when incubated
with EVs-FMDVi. Figure 6B shows a significant proliferation in the
group of CD3+ lymphocytes primed in vivo with FMDVi (p<0.01,
compared to baseline; mean RPI: 1.65. Figure 6B, column bar graph,
gray line). However, similar lymphoproliferation was observed
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when lymphocytes were incubated with EVs-LPS (p<0.01; mean
RPIL 1.66. Figure 6B, column bar graph, gray line). Therefore, we
cannot state that the proliferation induced by EVs-FMDVi is
antigen-specific. Furthermore, EVs or FMDVi did not stimulate
naive splenocytes demonstrating that both EVs-FMDVi and EVs-
LPS induced proliferation only in T cells that had been previously
primed in vivo with the virus. It was found that both EVs-FMDVi
and EVs-LPS induced proliferation only in T cells that had been
previously primed in vivo with FMDVi, indicating that prior
exposure to the virus was necessary for T cell activation.

Knowing that EVs-FMDVi induce antigen-specific proliferation
in B cells and the importance of the B cell response in FMDV
infection, different subpopulations of B cells were evaluated. Spleen
marginal zone lymphocytes (MZB) are characterized by high
expression of CD21+ and low or no expression of the CD23
marker, while the follicular lymphocytes (FoB) express both CD21
and CD23 (25). EVs-FMDVi were used as an antigen-specific
stimulus and the vaccine antigen FMDVi 10 pg/ml was used as a
positive control. Both, EVs-FMDVi and FMDVi induced a significant
increase in the proliferative response of CD21+/CD23- lymphocytes
when compared to unstimulated control in IMMUNE and NAIVE
group (p<0.001 for both IMMUNE and NAIVE splenocytes.
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FIGURE 6

EVs-FMDVi induces antigen-specific lymphoproliferation. Lymphoproliferative response of (A) B220+ lymphocytes stimulated with EVs-FMDVi, (B)
CD3+ lymphocytes stimulated with EVs-FMDVi. Splenocytes obtained from mice primed in vivo with the monovalent FMDVi O1 Campos vaccine
(INMUNE) were labeled with 5 uM CFSE and cultured for 5 days at 37°C with EVs-FMDVi or EVs-LPS isolated from 2.50 x 10° APC, 10 or 25 pg/ml
FMDVi. Unstimulated splenocytes (RPMI) stained with CFSE were used as a negative control and splenocytes stimulated with 0.50 ug/ml Con A were
used as a positive control for nonspecific stimulation. The same protocol was used for splenocytes obtained from naive mice (NAIVE). Flow
cytometry density plots correspond to one representative of three independent experiments. The measurements were performed in triplicate. The
lymphocyte region was determined from the SSC vs FSC plot. Proliferation was analyzed in the region corresponding to B220+ or CD3+
lymphocytes. Bars represent the mean value + SEM of the relative proliferation index (RPI), defined as the ratio between the percentages of
stimulated cells by the percentage of basal proliferation (RPMI). For statistical analysis, a one-factor ANOVA was performed, followed by a Bonferroni
multiple comparisons test. Two-factor ANOVA was used for comparisons between NAIVE vs IMMUNE. Only significant differences are indicated in
the graphs which are marked with asterisks (p<0.05*; p<0.01**; p<0.001***). Significant differences for comparisons within the IMMUNE group are
shown in gray line, significant differences for comparisons within the NAIVE group are shown in black line, and significant differences for
comparisons between NAIVE vs IMMUNE are shown in green line. Solid bars represent naive mice and grid bars represent immunized mice. N=6.

Figure 7A, column bar graph black line and gray line, respectively).
However, RPI in IMMUNE was always higher than in NAIVE
splenocytes (43% higher for EVs-FMDVi and 57.5% higher for
FMDVi) (Figure 7A, column bar graph). This implies that EVs-
FMDVi can stimulate the proliferation of MZB (CD21+/CD23-) cells
in vitro as FMDVi antigens (Figure 7A, column bar graph).

As observed for CD21+/CD23- lymphocytes, both the EVs-
FMDVi and the FMDVi consistently induced and increased CD21
+/CD23+ lymphocyte proliferation compared to the basal level
(RPMI). This was observed in both the NAIVE group and the
IMMUNE group (EVs-FMDVi p<0.001 and FMDVi p<0.001.
Figure 7B, column bar graph, black line and gray line). An
enhanced cellular expansion was observed in CD21+/CD23+
lymphocytes that were previously sensitized in vivo with FMDVi
(p<0.01. Figure 7B, green line). The RPI was increased by 120% and
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74% (for EVs-FMDVi and FMDVi, respectively), compared to
naive splenocytes.

All these data showed that proteins/peptides expressed on the
EVs-FMDVi can activate both CD21+/CD23- and CD21+/CD23+
cells, from both previously sensitized with FMDVi and
naive lymphocytes.

4 Discussion

Communication plays a leading role in the immune system, cell-
cell interactions and soluble factors are fundamental. A few years ago,
EVs were incorporated as another means of communication between
cells and can activate or inhibit an immune response depending on
the originating cell’s state (3). For example, EVs derived from DCs
reflect the activation and functional state of the parent cell and have
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FIGURE 7

EVs-FMDVi induces virus-specific lymphoproliferation in B cell subpopulations. Lymphoproliferative response of (A) CD21+/CD23- lymphocytes
stimulated with EVs-FMDVi, (B) CD21+/CD23+ lymphocytes stimulated with EVs-FMDVi. Splenocytes obtained from naive mice (NAIVE) or
immunized with the monovalent FMDVi O1 Campos vaccine (IMMUNE) were stained with CFSE and cultured for 5 days at 37°C with EVs-FMDVi
isolated from 2.50 x 106 APC and 10pg/ml FMDVi. Unstimulated CFSE-stained splenocytes (RPMI) were used as a negative control. The graphs
correspond to one experiment, measurements were performed in quintuplicate. The lymphocyte region was determined from the SSC vs FSC graph.
Proliferation was analyzed in the region corresponding to CD21+/CD23- or CD21+/CD23+ lymphocytes. A two-way ANOVA was performed, and
pairwise comparisons were conducted using a post-ANOVA Bonferroni multiple comparison test. Only significant differences are indicated in the
graphs marked with asterisks (p<0.05*; p<0.01**; p<0.001***). Significant differences for comparisons within the IMMUNE group are shown in gray
line, significant differences for comparisons within the NAIVE group are shown in black line, and significant differences for comparisons between
NAIVE and IMMUNE are shown in green line. The relative proliferation index (RPI) was defined as the ratio of the percentage proliferation of the
experimental group over the percentage basal proliferation (RPMI). Bars represent the mean + SEM percentage of relative proliferation index (RPI).
Solid bars represent naive mice and grid bars represent immunized mice. (N=5).

an active role in the immune response. Previous studies have shown
that FMDV can affect murine DCs differently depending on whether
it is infectious or inactivated. (26, 27). Based on these considerations,
we hypothesize that EVs derived from APC exposed to FMDV O1
Campos (an antigen commonly found in commercial vaccines) may
activate the immune response to FMDV. This activation could be a
significant factor in the development of the protective immunity
conferred by the vaccine.
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EVs were isolated from culture-conditioned supernatant of
APC pulsed with FMDVi, LPS, or untreated APC, using
centrifugation, ultrafiltration, and ultracentrifugation. The isolated
EVs-FMDVi, EVs-RPMI, and EVs-LPS were similar in shape and
size, ranging from 100-200 nm, and enriched in sEVs or exosomes.
These EVs expressed high levels of tetraspanin CD9, moderate
levels of CD81, and low levels of CD63. In addition, they also
express immunomodulatory molecules, such as the MHC-II, and
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the costimulatory molecule CD86 indicating that they arise from
APC. Furthermore, the fact that CD86 was higher in EVs derived
from mature APC such as those pulsed with FMDV or activated
with LPS demonstrates that EVs reflect the maturation state of the
cells of origin. Since the CDI11lc molecule is widely used to
characterize bone marrow derived DCs, we included it in the
characterization. Surprisingly, although abundant in DCs, this
protein was not detected in the EVs populations studied. In line
with our findings, only a few papers from the extensive bibliography
consulted, report the expression of CD11c in EVs derived from
DCs, and its presence is only detected when specific isolation
methodologies were used (28). In conclusion, from our results
and following MISEV guidelines, we defined the EVs derived
from APC we isolated as a small population of EVs with high
expression of the tetraspanin CD9, medium expression of CD81,
and low expression of CD63 (1).

It is well known that during its maturation, DCs acquire
proteins from pathogens or microorganisms that are later
processed for T cell presentation. Considering this, EVs obtained
from FMDVi-activated APC could have associated FMDVI1 proteins
or peptides. Our experiments demonstrated that FMDVi proteins/
peptides were detected in EVs-FMDVi. These viral proteins/
peptides could be either bound to the MHC, associated with the
EVs surface, or included in the membrane of the EVs. Although we
did not perform any experiments to determine the location of these
proteins, we can infer from the flow cytometry results that they are
expressed on the surface of the EVs, since they could interact with
FMDV-specific antibodies.

As mentioned above, DCs secrete in their external environment
different amounts and types of EVs according to the
microenvironment and stimuli (29). Changes in the cell of origin
may impact the number of EVs secreted and their phenotype.
Furthermore, the composition of EVs subpopulations isolated at a
one-time point is determined by the balance between the EVs
secreted by a cell and those that are reincorporated into an
accepting cell (30).Considering these facts and knowing that
antigen persistence in DCs is influenced by several factors,
including degradation rate, cell protein recycling, and antigen
availability in the external environment, we isolated EVs-FMDVi
from DCs pulsed with FMDVi at different incubation-secretion
times. DCs pulsed with FMDVi do not secrete EVs-FMDVi
constantly instead have a limited secretion period. Within the
initial 24 h after pulsing, DCs secrete EVs containing viral
proteins. Beyond this time frame, these DCs continue to release
EVs with identical characteristics in EV markers (CD9 and CD81)
and immunocompetent molecules (MHC-II) but do not express
viral proteins. One probable explanation for this unexpected result
could be that all the antigens internalized in the APCs have already
been processed within 24 h and therefore the EVs no longer express
viral proteins. Collecting EVs-FMDVi beyond 24 h may result in a
dilution eftect for those EVs expressing viral proteins.

FMDVi antigens are present on EVs membranes, either
unprocessed or partially processed since EVs-FMDVi induce
specific B cell proliferation, and also because antibodies present in
sera of immunized animals with the commercial FMDV vaccine
(used in the protein characterization by flow cytometry) can
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recognize EVs-FMDVi. This is important because B cell epitopes
are often discontinuous and many FMDYV antigenic sites are
conformational. For example, the G-H loop of the VP1 protein is
a crucial conformational antigenic site (31). Previous studies have
demonstrated that proteins expressed on EVs induce humoral
immune responses both in vitro and in vivo (32). Our findings
are also in line with this research and the one conducted by
Gabrielson’s team, which first demonstrated that EVs derived
from pulsed DCs activate specific immune cells (33).
Furthermore, our results and those of previous studies suggest
that antigens recognized and endocytosed by APC can be
redirected intact to the membrane of EVs. According to our
research, Dr. Zheng’s group has shown that, in infective FMDV,
all FMDV proteins (excluding proteins L, 2A, and 3B) were
included in exosomes that were purified from the infected PHK-
15 cells supernatant. Additionally, the vesicles contained the entire
genomic RNA of the virus (34). These findings and our results
suggest that exosomes and EVs play a crucial role in transporting
FMDYV viral materials.

The role of EVs derived from DCs in antigenic presentation to T
cells is well known. However, little is known about their role in the
activation of B cells and the generation of a humoral response (35).
We mainly focused the study on marginal MZB (CD21+/CD23-) and
FoB (CD21+/CD23+) because they are involved in FMDVi immune
response. MZB lymphocytes play an important role in the germinal
center by transporting antigens from the blood to the follicular DCs
(FDCs) in the spleen (36, 37) and exhibit the kinetics and activation
requirements typical of the innate system (38-41). The MZB
lymphocytes are responsible for generating the first FMDVi-
neutralizing antibodies. On the other hand, FoB cells which
constitute the predominant population of mature B cells participate
in the production of high-affinity antibodies and in the generation of
memory B cells that will protect from reinfections (42). Through Ag-
specific lymphoproliferation assays, we suggest that EVs-FMDVi
could contribute substantially to the induction of an immune
response against FMDVi. A remarkable proliferation was observed
in B cells, more specifically in both, MZB and FoB cells
subpopulations, indicating that viral proteins expressed on the
surface of EVs are conformational antigens readily recognized by B
cells through their BCR. An observation of note is that lymphocytes
that have been primed in vivo via vaccination exhibit a reduced
threshold for activation by EVs-FMDVi as compared to their naive
counterparts. This could be explained by the presence of memory
cells. Due to their previous activation and selection in the germinal
center, memory B cells are characterized by a lower response
threshold, which allows them to respond faster and more
powerfully than naive B cells. Moreover, FoB lymphocytes showed
a more significant increase in proliferation as compared to MZB. This
could be attributed to the in vivo generation of memory FoB cells
induced by immunization.

Lymphocyte activation is mainly based on three signals: the
recognition of the antigen through the specific receptor, the signal
from co-stimulatory molecules, and the last signal given by
cytokines (43). EVs derived from DCs express in the membrane
molecules that can provide some of these signals and make them
small antigen presenting entities with the potential to activate T

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Menay et al.

cells and B cells. T cell activation by EVs derived from APC is given
by the interaction of the molecules present in the EVs with the
complementary molecules present in the T cells (44). This work
demonstrated that EVs-FMDVi induce the proliferation of
previously primed T cells but not naive T cells. As occurs with B
cells, the proliferation of previously primed T cells by EVs-FMDVi
would be given, mainly by memory T cells that were generated by
the vaccination. However, FMDV-specific memory T cells should
not be activated upon contact with EVs-LPS since these EVs, even
though expressing high content of co-stimulatory molecules, do not
present FMDYV proteins associated with MHC that could provide
the antigen-specific activation signal. Antigen-independent
activation triggered by EVs-LPS could also be due to traces of
LPS used to induce the maturation of APC in vitro. LPS coupled to
EVs, by binding to their specific TLR, directly activates DCs,
induces cytokine secretion, and consequently induces lymphocyte
proliferation. However, the hypothesis of a possible mitogenic effect
of EVs-LPS can be ruled out because they do not induce
proliferation in naive T cells. Furthermore, it is well known that B
cells are stimulated in the presence of LPS. However, the absence of
B cell activation by EVs-LPS suggests that any remnants of LPS that
may have been left over from the purification of the vesicles were
efficiently removed during this process. The ability of EVs-LPS to
activate only previously sensitized T cells is more consistent with
the hypothesis of bystander activation due to the high content of co-
stimulatory molecules in EVs-LPS. In this case, the antigen-specific
signal could be given by DC that endocyte small amounts of
vaccine-antigen that persists within the spleen at day 14 post-
vaccination (12, 45). This hypothesis is supported by data
obtained from assays performed in naive mice. These experiments
revealed that the presence of EVs-LPS did not induce significant
proliferation. These results suggest that in the absence of the initial
activation signal (antigen recognition), co-stimulatory molecules
expressed on EVs are insufficient to induce proliferation. The
activation mediated by EVs derived from nonspecifically activated
DCs was already demonstrated in another study (46). It was
demonstrated that EVs obtained from POLI L:C activated DCs
stimulate a tumor-specific response and induce neoplasia reduction
when inoculated into tumor-bearing mice.

According to our results, EVs-FMDVi can trigger a B cell response
but cannot activate T cells that have not previously been exposed to the
antigen. In this study, we demonstrate that EVs derived from APC
participate in B cell activation and could play an important role in the
generation of the humoral response against FMDV.

Based on our findings, we hypothesize that EVs released in vivo
by APC that have taken up the FMDVi vaccine antigen at the site of
inoculation either could travel through the bloodstream or be
secreted directly into the secondary lymph nodes. DCs could then
take up the EVs-FMDVi and transport them to the T zone, where
they would activate CD4+ and CD8+ T cells. Our research also
reveals an interaction between EVs-FMDVi and MZB cells. These
lymphocytes identify viral proteins/peptides carried by the EVs-
FMDVi through the BCR and could transport them to the FDCs in
the B zone. EVs would persist on the membrane of the FDCs, as what
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happens with infectious FMDV once the acute infection has subsided
(47). This ongoing presence of antigen would aid in activating FoB,
acting as a reservoir of natural or partially processed antigen.

Furthermore, our results show that FoB specifically recognizes
viral proteins present on EVs-FMDVi. The viral antigens associated
with the EVs membrane would facilitate BCR cross-linking,
inducing endocytosis and subsequent activation of FoB. These
cells would then process the viral proteins acquired with the EVs-
FMDVi and present them to a T follicular helper (Tfh) in the T-B
zone. The T-B collaboration would enhance the B cell response
through cytokines secreted by the Thf. FoB would amplify the
response through co-stimulatory molecules. Ultimately, the FoB
would differentiate into antibody-secreting plasma cells and
memory B cells. Thus, the EVs-FMDVi would help to amplify
and generate the immune response induced by the FMDVi vaccine-
antigen in vivo.

The results derived from this work describe for the first time
that bone marrow derived APC co-cultured with FMDV vaccine-
antigen secrete EVs expressing viral proteins/peptides capable of
stimulating an FMDV-specific lymphocyte response in vitro. These
findings provide relevant evidence to elucidate the poorly
understood role of APC-derived EVs in B cell activation. APC-
derived EVs would be a natural platform to present native or
partially processed proteins that can remain longer in circulation.
Being bound to membranes the pathogen proteins could be more
stable (48); favoring BCR cross-linking and facilitating B cell
activation. Not only would they serve as antigen carriers, but they
would also actively participate in the generation and amplification
of the immune response by activating MZB cells, FoB cells, and
other DCs that have not yet been in contact with the antigen.

Research on EVs in veterinary science is still limited (49), but
further study to understand their functions may be of great
importance for animal health, diagnosis of diseases, and the
generation of new therapies or improvement of existing ones.
This work adds evidence to this field and proposes APC-derived
EVs as a novel mediator of cellular communication between DC
and lymphocytes in an anti-FMDV immune response. All our
findings supply a more comprehensive understanding of the
immune mechanisms triggered after FMDV vaccination, thus
contributing to the rational design of novel vaccine platforms.
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unimmunized bovine serum was used as a corresponding control (Control).
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the percentage of EVs positive for each marker (filled histograms). The
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