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Foot-and-mouth disease virus (FMDYV) is the causative agent of a highly contagious vesicular disease of
cloven-hoofed animals. In the present study we use FMDV serotype C infection of swine to determine, by
analytical techniques, the direct ex vivo visualization of virus-infected immune cells during the first 17 days of
infection. We report, for the first time, that FMDV C-S8cl can infect T and B cells at short periods of time
postinoculation, corresponding with the peak of the viremia. There is a significant lymphopenia that involves
CD3* CD4~ CD8*'~, CD3* CD4~ CD8*Tc, and CD3* CD4* CD8* memory Th but not CD3* CD4* CD8~
naive Th lymphocytes. In addition, a profound depletion of the vast majority of peripheral T cells in lymph
nodes and spleen is observed. This selective depletion of T cells is not due mainly to in situ death via apoptosis
as visualized by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
technique. Thus, early infection of T cells by FMDV may be the main cause of the observed T-cell depletion.
Importantly, this lack of T cells is reflected in a reduced response to mitogen activation, which in many cases
is totally eliminated. These data suggest a mechanism by which the virus causes a transient immunosuppres-
sion, subvert the immune systems, and spreads. These results have important implications for our under-

standing of early events in the development of a robust immune response against FMDV.

Foot-and-mouth disease virus (FMDV), member of the Pi-
cornaviridae family, and the only member of the genus Aph-
thovirus, is the causative agent of the highly contagious disease
of cloven-hoofed animals foot-and-mouth disease (FMD). Se-
rologically, FMDV can be classified into seven antigenically
distinct serotypes, O, A, C, South African Territories 1
(SAT1), SAT2, and SATS3, and Asia 1, and innumerable sub-
types (20). Immunologically, there is no cross protection be-
tween serotypes. Infection with FMDV occurs commonly via
the respiratory tract following inhalation of air-borne virus,
with an incubation period of 2 to 8 days.

Ruminants can become carriers of the virus, presenting a
potential reservoir of infection, while pigs are particularly im-
portant in virus dissemination, due to the large quantities of
infectious virus excreted per day (24). Thus, rapid spread of the
virus can even occur before clinical signs become apparent.
Immunity against FMDV is documented as being primarily
mediated by neutralizing antibodies (reviewed in reference
14), and vaccines consisting of inactivated, purified virus in-
duce the production of neutralizing antibodies (14, 27). The
induction of an effective long-lasting immune response is a
difficult task when inactivated virus is used as the immunogen,
even when utilizing immunomodulators in the formulation of
the vaccine (3, 4). On the other hand, the duration of protec-
tion, the neutralizing antibody titer, and the average affinity of
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vaccine-induced responses are lower than those following nat-
ural infection. This, and the fact that neutralizing antibodies
alone are not always sufficient for control of FMDYV infection
(2), indicates that cell-mediated immunity may play a role in
the elimination of the virus. Thus, given that exposure to the
virus results in production of T-cell-dependent neutralizing
immunoglobulin (IgG) antibodies, and subsequent T-cell-de-
pendent memory, it is clear that CD4™ cells must be stimulated
(6, 7, 12, 30). The role of CD8" T cells is not as clear as that
of CD4™" T cells, although in cattle these cells appear to be
activated during response to FMDYV (5).

The effects of FMDV on the immune system of the host
have not been widely studied in detail. Analyses during the
acute phase of FMDYV serotype O infection in swine showed a
transient lymphopenia involving T cells (1), although B cells
have not been evaluated. Also, the function of T cells during
the acute phase of infection was significantly impaired. Sec-
ondary immunosuppression is a well-known consequence of
some viral infections in animals and humans. Viruses such as
feline leukemia virus, feline immunodeficiency virus, and hu-
man immunodeficiency virus induce profound, long-lasting im-
munosuppression in their hosts (8, 11). Other viruses as canine
and feline parvoviruses may suppress immune responses tem-
porarily (29). In pigs, several bacteria (Mycoplasma hyopneu-
moniae and Actinobacillus pleuropneumoniae) and viruses such
as porcine reproductive and respiratory syndrome virus, Au-
jeszky disease virus, and African swine fever virus are capable
of causing immunosuppression, and render the animal more
susceptible to secondary infections. Furthermore, these and
some other swine pathogens (porcine parvovirus, swine influ-
enza virus, African swine fever virus, and Salmonella spp.) are
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able to replicate in a variety of immune cells and impair their
function (17).

The present work analyzes the immune response of pigs to
FMDV serotype C over a period of 17 days postinoculation.
We report, for the first time, that FMDYV replicates in lympho-
cytes in vivo, more likely kills the cells and causes an immu-
nosuppressive stage. This is characterized by profound lym-
phocyte depletion, affecting T and B cells, and an inhibition of
T-cell response to mitogen. Moreover, we demonstrate that
the levels of apoptotic cells in lymphoid tissues are not signif-
icant enough to explain the lymphoid depletion observed. Un-
derstanding the details of these effects as well as the immune
response to the viral agent will allow more efficient and poten-
tially more rapid vaccine approaches.

MATERIALS AND METHODS

Animals, virus, and experimental design. Twenty Large White X Landrace
pigs female 9 weeks old, clinically healthy and free of antibodies against African
swine fever virus, classical swine fever virus, Aujeszky disease virus, FMDV,
swine vesicular disease virus, and porcine reproductive and respiratory syndrome
virus were used for this study. The animals were housed in isolation at the Centro
de Investigacion en Sanidad Animal in Valdeolmos, Spain. Sixteen animals were
inoculated by the intradermal route in the coronary band of the right front limb
with 10° PFU of FMDV C-S8cl in 1 ml of phosphate-buffered saline (PBS).
FMDV C-S8cl is a plaque-purified derivative of natural isolate C,-Sta Pau-Spain
70, a representative of the European subtype C; FMDV (26). The animals were
slaughtered in batches of two animals at 1, 2, 3, 5, 7, 10, 14, and 17 days
postinoculation. Four pigs were used as uninfected controls, housed in different
boxes, and killed at the end of the experiment: two were noninoculated controls
and two received an injection of 1 ml sterile PBS in the coronary band of the right
front limb. All experiments with live animals were performed under the guide-
lines of the European Community (Directive 86/609/EEC) and were approved by
the site ethical review committee.

Cell infection and infectious center assay. Monolayers of BHK cells were
infected with FMDYV in Dulbecco’s modified Eagle’s medium supplemented with
5% fetal bovine serum. Infection of purified swine peripheral blood lymphocytes
(PBLs) with FMDV C-S8c1 was done in complete RPMI medium supplemented
with 10% fetal bovine serum. The infectious center assay was done as follows.
PBLs isolated from FMDV C-S8cl-infected pigs at different times postinocula-
tion were serially diluted in PBS, and each diluted cell suspension was added to
35-mm plates containing BHK-21 cells at 90% confluence and incubated at 37°C
for 2 h in 7% CO,. Then semisolid agar medium was added, and the cells were
incubated for another 24 h before staining for plaque counting.

Isolation of peripheral blood lymphocytes. PBLs were prepared from whole
blood of C-S8cl-infected and control pigs. Briefly, fresh heparinized peripheral
blood was mixed with an equal volume of phosphate-buffered saline (PBS).
Ficoll-Hypaque (density 1.007 g/liter) was layered underneath the blood/PBS
mixture and centrifuged 30 min at 900 X g. The mononuclear cell layer was
transferred to another tube, washed and counted with trypan blue to determine
viability. PBLs purified in this way were used directly for flow cytometry analysis
or lymphoproliferation assays.

Cell staining and flow cytometry analysis. Single cells were then obtained by
mechanical disruption of lymphoid organs or by isolation of PBLs as described
above. Cells were pelleted by centrifugation and resuspended in staining buffer
(PBS containing 2% fetal bovine serum and 0.2% NaN,) for flow cytometry. To
analyze the expression of cell surface molecules, we used monospecific antibod-
ies, fluorochrome dyes, and flow cytometry, as described (25). The antibodies
used were mouse anti-pig CD8-R-phycoerythrin and mouse anti-pig CD4-fluo-
rescein isothiocyanate (all from BD Pharmingen, San Jose, CA). For B-cell
staining, primary mouse anti-human CD21 antibody (clone B-ly4, BD Pharmin-
gen, San Jose, CA) was used, followed by secondary antibody, anti-mouse con-
jugated to Alexa-488. After staining, cells were fixed in PBS/1% fetal bovine
serum/4% (wt/vol) paraformaldehyde. Affinity-purified antibody to FMDV-3D
(3H11) or FMDV-3A (2C2) was conjugated to Alexa-647 according to the
protocol recommended by the manufacturer (Molecular Probes) and used for
intracellular detection of FMDV 3D or FMDV 3A. Cells were acquired using a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Dead
cells were excluded on the basis of forward and side light scatter. Data were
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analyzed with FlowJo (Tree Star, San Francisco, CA) and CellQuest software
(Becton Dickinson, Franklin Lakes, NJ).

Lymphoproliferation assay. Proliferation assays were carried out in 96-well
flat-bottomed microtiter plates. Cells were plated at a concentration of 4 X
10%ml, 100 pl/well in RPMI/10% (voljvol) fetal bovine serum, and 0.05 mM
2-mercaptoethanol. Triplicate cultures were stimulated with concanavalin A
(Sigma, St. Louis, MO) at a final concentration of 1 pg/ml. The cultures were
incubated for 3 days at 37°C, 5% (vol/vol) CO,. They were then pulsed overnight
with [*H]thymidine (Amersham Pharmacia), 0.5 pCi/well. The cells were har-
vested on to filter mats using a cell harvester and incorporation of radioactivity
into the DNA was measured by liquid scintillation in a Microbeta counter
(Pharmacia, Uppsala, Sweden). Data are expressed as stimulation index, calcu-
lated by dividing the mean cpm obtained in the stimulated cultures by the mean
cpm obtained in the medium control cultures.

Tissue samples and immunohistochemical techniques. Animals were anesthe-
tized with Tiletamina and Zolacepam (5 mg/kg) and Atropina (100 mg/kg), and
painlessly killed with a lethal dose of sodium pentobarbital (Dolethal). Tissue
samples were taken and fixed in buffered formalin, 10%. After fixation, samples
were dehydrated through a graded series of alcohol to xylol and embedded in
paraffin wax. The avidin-biotin-peroxidase complex (Vectastain ABC kit elite,
Vector) technique was used for the immunohistochemical detection of T cells
with a monoclonal anti-CD3 antibody (Dako, Glostrup, Demark). After depar-
affination and dehydration, endogenous peroxidase activity was quenched by
incubation with 3% hydrogen peroxide in methanol for 45 min at room temper-
ature. Then, tissue sections were rinsed in PBS and incubated with 10% normal
goat serum (Sigma Chemical Company, Poole, Dorset, United Kingdom) for 30
min at room temperature. Primary antibody was incubated overnight at 4°C
diluted in normal goat serum, 10%. A secondary goat anti-mouse immunoglob-
ulin G (Dako, Glostrup, Denmark) diluted 1:100 in PBS was used. An ABC kit
was used and 3,3'-diaminobenzidine tetrahydrochloride (Sigma), diluted 0.035%
in Tris-buffered saline, pH 7.6, with 0.01% hydrogen peroxide was applied for 1
min as the chromogen. The slides were counterstained with Mayer hematoxylin
for 1 min, dehydrated, and routinely mounted. Specific primary antibodies were
replaced by PBS or normal mouse serum in tissue sections used as negative
controls.

In situ detection of apoptosis. Tissue sections were deparaffinized, rehydrated,
and treated for quenching endogenous peroxidase activity as described above.
Sections were permeabilized by incubation in 20 mg/ml proteinase K (Roche,
Basel, Switzerland) in PBS for 20 min and washed twice for 5 min in PBS. The
terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) method was used for the histological detection of apoptotic cells. The
cells were detected with a kit which utilizes horseradish peroxidase (In Situ Cell
Death Detection kit; Roche); it was used following the manufacturer’s directions.
The color reaction was developed with DAB and slides were counterstained with
Mayer hematoxylin. Negative controls were always included in each series of
sections assayed.

RESULTS

Lymphopenia during acute infection with FMDV. To exam-
ine the early events of lymphocyte balance during FMDV
infection, we designed the following experiment. Twenty Swiss
White Landrace pigs were inoculated with 10° PFU of FMDV
C-S8c1 and four pigs were used as uninfected controls. Ani-
mals inoculated with FMDYV developed clinical signs, including
fever and vesicle formation in the tongue, snout, and coronary
bands of the feet. These symptoms were resolved and animals
recovered by days 6 to 10 postinoculation. Two FMDV-inoc-
ulated animals per time point were slaughtered (1, 2, 3, 5, 7, 10,
14, and 17 days postinoculation), and blood and several tissue
samples (spleen, thymus, superficial inguinal lymph node, pres-
capular lymph node, tonsil, and skin at the coronary band)
were taken.

The analysis of total blood lymphocytes count showed a
decrease in the percentage of lymphocytes starting at day 2
postinoculation and began to recover by day 10 (Fig. 1). In-
deed, the drop in lymphocyte count coincided with the peak in
viremia by day 2 or 3 postinoculation (Fig. 1). In order to
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FIG. 1. Decrease in numbers of T cells at the peak of viral repli-
cation in pigs infected with FMDV C-S8cl. Large White X Landrace
pigs were inoculated with 10° PFU of FMDV C-S8cl in the coronary
band and two pigs per day were sacrificed after inoculation. (A). Virus
titers in serum were determined by plaque assay at the indicated time
points postinoculation. Results represent the mean viral titers for two
pigs per group per time point. (B) Percentage of CD3™ T cells in PBLs
determined by flow cytometry analysis as described in Materials and
Methods. Each point represents the mean for two animals per time
point.

determine which lymphocyte subsets were involved in the ob-
served lymphopenia, PBLs from FMDV-infected and control
animals were obtained and labeled with T- and B-cell-specific
antibodies. Double labeling with anti-CD4 and anti-CDS anti-
bodies were used to differentiate T lymphocyte subpopula-
tions.

The lymphocyte populations CD3" CD4~ CD8*, containing
cytotoxic T cells (CTL), and CD3" CD4~ CD4~ /* T cells
were significantly depleted beginning as early as 2 days posti-
noculation (P < 0.05) (Fig. 2). The CTLs decreased by day 2
and at day 14 rebounded, although they never reached the
level found in control animals. The CD3" CD4" CD8'/~
T-cell subpopulation decreased by day 5 postinoculation, and,
interestingly, by day 17 this cell subpopulation still represented
9% of the total lymphocytes, much below the value shown by
naive animals.

By contrast, the CD3" CD4" CD4~ naive T-helper cells
were not depleted and immediately, starting at day 3 postin-
oculation, their percentage increased significantly. Such an in-
crease peaked at day 5 postinoculation, declining until day 14,
when normal levels were reached. Similarly, the CD3" CD4*
CD8" T-cell subset, containing memory T-helper lymphocytes,
showed a significant decline at days 1 to 3 postinoculation but
started to recover by day 5 with a substantial expansion until
day 17 postinoculation, the last day analyzed. These results
indicate that CTLs and CD4* CD8"/~ T cells were depleted at
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the onset of the viremia but unable to expand after the virus
was cleared from serum. Conversely, the T helper cells, mem-
ory and naive, were slightly depleted at the peak of the viremia
(days 2 to 3 postinoculation) but rapidly expanded by day 5
postinoculation.

We next evaluated the B-cell composition in PBLs from
FMDV-infected and control animals by CD21 staining and
flow cytometry analyses. Similar to T cells, CD21" cells were
significantly depleted starting at day 1 postinoculation (Fig.
3A). However, at day 7 postinoculation CD217* cells started to
recover until day 17, when a normal value of B cells was
obtained. Therefore, there was depletion of B cells at the onset
of the viremia that went back to normal levels once the virus
had been cleared.

Lymphocyte depletion in secondary lymphoid organs. Early
T-cell depletion in the periphery of FMDV-infected pigs may
be explained either by altered trafficking or by cell death. In
order to evaluate the possibility of altered T-cell traffic, we
examined the T-cell distribution in different lymphoid com-
partments following FMDYV infection, using immunohisto-
chemistry of tissue sections with anti-CD3 antibody. We found
that depletion of total T cells occurred in inguinal lymph
nodes, spleen (Fig. 4), and prescapular lymph node (data not
shown). By day 1 postinoculation, the number of T cells was
significantly diminished and by day 3 postinoculation there
were barely any T cells in all the organs observed.

Starting at day 10 postinoculation, an increase in T-cell num-
ber was observed until day 17 postinoculation, when the num-
ber of T cells was very similar to that of naive animals, mainly
in the lymph nodes. In the spleen, however, the number of T
cells at day 17 postinoculation was still below the normal levels.
Moreover, a loss of lymphoid follicles (B-cell-dependent areas
mainly), and reduced cellularity in parafollicular T-cell-depen-
dent areas were observed by day 3 postinoculation (Fig. 4,
circles show where follicles were expected to be).

We next determined by flow cytometry the population of T
cells that were depleted in these lymphoid organs. Double
staining with anti-CD4 and anti-CD8 antibodies was used to
quantify the percentage of each T-cell population. Thus, we
observed a profound decline by day 3 postinoculation of CD3™
CD4~ CD4™ T cells in the spleen and prescapular lymph node
(Fig. 5), and values started to recover by day 5 postinoculation.
However, in the superficial inguinal lymph node, the deepest
decline was by day 7 postinoculation and recovered by day 14
postinoculation. The CD3* CD8" CD4~ and CD3" CD8*'~
CD4" T cells declined by day 5 postinoculation in all tested
organs, and reached normal levels by day 14 postinoculation.

In general, the reduction in the number of CD3" CD8*
CD4~ and CD3" CD8" /= CD4™ T cells found in lymphoid
organs was very similar to that found in blood. Double CD4/
CD8-positive cells were increasing with the time in both lymph
nodes (inguinal and prescapular) but not in the spleen, where
a decline starting at day 1 postinoculation was observed. In this
organ, the CD3" CD8" CD4™ cells started to recover by day
5 postinoculation. Interestingly, in the prescapular lymph node
there was an expansion between days 2 and 7 postinoculation
of double-positive cells and a decline started at day 10 posti-
noculation, although at day 17 normal levels were reached.
Thus, the results indicate that depletion of T cells can be
associated with a decrease of CDS8-positive cells and, to a
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FIG. 2. Decrease of the percentage of T-cell subpopulations in PBLs during acute infection of pigs with FMDV. PBLs were isolated (Materials
and Methods) from FMDV C-S8cl-infected as well as uninfected (N) pigs. CD8" and CD4" cells obtained from PBLs were labeled with specific
antibodies for these cell subsets (see Materials and Methods). (A). Dot plots showing flow cytometry analysis of double staining with anti-CD4 and
anti-CD8 antibodies of PBLs. The magnified plot shows the different T-cell subpopulations determined by this technique: CD3" CD8" CD4~
CTLs, CD3* CD8"/~ CD4~ T cells, CD3" CD4~ CD4" naive T-helper cells, and CD3" CD8" CD4* memory T cells. In each dot plot is indicated
the percentage of each of these populations. (B) Based on the populations of cells determined by the dot plots, the curve plots show the percentage
of each population over the 17-day observation period. Each point is the average for two pigs.

minor extent, of CD4-positive cells. Furthermore, although it is
difficult to completely rule out the possibility that some cells
may have been trafficking to unusual sites that we have not
examined, the results indicate that the observed depletion of T
cells is unlikely to be attributable to redistribution of these cells
into organs.

Infection of T cells by FMDYV. To combine phenotypic char-
acterization of various immune cell subsets with the detection
of viral antigen, we established a flow cytometry-based assay
using the FMDYV 3D-specific monoclonal antibody 3H11 and
the FMDYV 3A-specific monoclonal antibody 2C2. The 3D and
3A proteins were chosen as suitable target antigens because
expression of both proteins requires viral replication.

PBLs from FMDV-infected pigs at different times postin-
oculation were stained for surface markers and intracellular
FMDV 3D or 3A as described in Materials and Methods. Viral
3D and 3A were readily detectable in all major T lymphocyte
populations although only data for 3D staining is shown for
simplification (Fig. 6). The CD3* CD8*'~ CD4~ T-cell subset
positive for viral antigen increased over time so that by day 10
postinoculation 15% of CD8"/~ CD4~ T cells contained
FMDV antigens, to decline to almost undetectable levels of

viral antigen by day 17 postinoculation. In contrast, the per-
centage of viral antigen-positive cells in the subpopulation of
CD3" CD8" CD4~ «B-CTLs increased to 10% by day 3 posti-
noculation and dropped to less than 5% by day 5 postinocula-
tion. By day 7 postinoculation this percentage increased again
to 10% to reach a maximum of positive cells at 10 days posti-
noculation.

The infectivity curve of CD3" CD8" CD4" memory T cells
was very similar to that of CTLs, showing a sudden drop by day
5 postinoculation and a maximum of infection by day 10 posti-
noculation. The CD3" CD4~ CD4" naive Th lymphocytes
showed the highest percentage of viral antigen-positive cells of
all the T-cell subsets examined. By day 1 postinoculation more
than 25% of cells were positive for viral antigen, and this
dropped markedly by day 5 to almost undetectable levels. By
day 10 postinoculation about 20% of cells were positive for
viral antigen and this declined to undetectable levels by day 17.
The label of PBLs with CD21 and FMDV 3D monoclonal
antibody showed a higher percentage of positive cells for viral
antigen on B cells (more than 60% by day 5 postinoculation)
(Fig. 3B).

In view of the above data, we investigated whether the cells
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FIG. 3. Replication of FMDV-C-S8c1 in CD21" B lymphocytes. PBLs isolated from FMDV-infected pigs were labeled with CD21 monoclonal
antibody to determine the percentage of B cells. (A). Dot plots showing the percentage of CD21-positive cells determined by flow cytometry
analyses. The number on each dot plot refers to the percentage of CD21" cells. (B) Double staining with CD21 and 3H11-Alexa 647 to determine
the percentage of FMDV-infected B cells. The histograms show the CD217" cells positive for 3H11 in PBLs from FMDV-infected (dark line) and
uninfected (light line) pigs. The number in each histogram shows the cells positive for 3H11 over the background of uninfected pigs. The curve
plot shows the percentage of CD21" cells and 3H11" CD21" cells over the 17-day period analyzed.

positive for viral antigen were productively infected with
FMDV. Our flow cytometry-based assay allows rapid detection
of viral antigen in defined immune cell subsets, yet it does not
measure the level of infectious virus that may be present, and
the uptake of viral antigens in the absence of actual infection
cannot be excluded. In order to evaluate this, we cocultured
PBLs from infected swine with monolayers of BHK cells, which
are susceptible to FMDV infection. Previous to adding the
PBLs to BHK cells, the PBLs were treated with a phosphate
buffer of pH 6.0 to eliminate any virus bound to the cellular
membrane that could account for the infectivity.

These cocultures yielded cytopathic effect at 24 h, similar to
diluted serum from blood samples (Fig. 7A). In addition, an
infectious center assay on BHK cells was done to quantify viral
production by cells. More that 10> PFU per 10* cells were
found by day 5 postinoculation, declining by day 14 postinocu-
lation to almost undetectable levels (Fig. 7B). Thus, the pat-
tern of infection found by flow cytometry really reflected a
productive infection of lymphocytes by FMDV.

In order to reinforce the concept that FMDV infects PBLs
productively, we infected PBLs isolated from a naive pig in
vitro with FMDV C-S8cl at a multiplicity of infection of 5
PFU/cell. Cells were washed with pH 6.0 phosphate buffer or
PBS after the adsorption time, and supernatants were har-
vested for titration on BHK cells. The results (Fig. 7C) show a
productive infection of PBLs by FMDV C-S8cl. These data
clearly demonstrate that FMDV C-S8cl is able to infect PBLs
in vitro as well as in vivo.

Apoptosis in secondary lymphoid tissues. We considered
the possibility that in situ cell death was responsible for the
lymphoid depletion. In order to determine rates of apoptosis in
several peripheral lymphoid organs, we visualized DNA frag-
mentation directly by the in situ TUNEL assay on tissue sec-
tions. In spleen sections, by day 2 postinoculation, a much
reduced number of positive cells were found in the white pulp
area, and the number of positive cells did not increase in the
following days (Fig. 8). However, although at 2 days postin-
oculation several apoptotic cells could be visualized in the
follicular areas in the inguinal lymph node, these apoptotic
cells were also observed by day 14 postinoculation (Fig. 8),
suggesting that a percentage of cells in the lymph node but not
in the spleen of FMDV-infected pigs undergo apoptosis.

Inhibition of T-cell proliferation. We next determined
whether the remaining T cells in the circulation were func-
tional in inducing cellular immunity. We tested for the ability
of whole PBLs to respond to the mitogen concanavalin A. In
uninfected animals, there was an easily detected response to
concanavalin A (Fig. 9). In contrast, starting at 1 day postin-
oculation, the capacity of the T cells to respond to concanava-
lin A was greatly reduced (stimulation index, =50 versus =150
in naive animals). This weak T-cell response was found until
day 7 postinoculation. By day 10 postinoculation, the T-cell
response started to recover to reach a stimulation index higher
than that in naive animals by day 17 postinoculation. Stimula-
tion of cells with higher concentrations of concanavalin A did
not result in an increase in the response of T cells from those
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FIG. 6. Replication of FMDYV in subpopulations of T cells. T cells from PBLs were stained with anti-CD4 and -CDS antibodies and cytometric
analysis was carried out. Intracellular staining with monoclonal antibody 3H11 specific for FMDV 3D protein determined the percentage of
double-positive cells for 3H11-Alexa647 and CD8" CD4~ cells (A), CD8" CD4™ cells (B), CD8" /= CD4~ cells (C), and CD4~ CD4™ cells (D).
The histograms show the percentage of 3H11-positive cells in each T-cell population of infected (dark line) and uninfected control (dotted plot)
pigs. The number indicates the percentage of 3H11-positive cells over the control pigs. The curve plots for each T-cell population show the
percentage of infected cells over the 17 days analyzed.
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FIG. 7. Viral production from PBLs isolated from FMDV C-S8cl-infected pigs. (A) PBLs were cultured over BHK cells susceptible to FMDV
infection. BHK cells at 24 h after addition of PBLs from infected pigs. The PBLs were isolated from pigs infected at day 5, 10, and 17
postinoculation. Complete cytopathic effect can be observed from cocultured BHK cells and PBLs from pigs at day 5 postinoculation. (B) Infectious
center assay of PBLs from infected pigs on BHK cells. (C) Replication curve of FMDV C-S8c1 on PBLs. PBLs from naive pigs were infected in
vitro with FMDV C-S8cl and viral production was determined. Triangles correspond to infection wash with PBS after adsorption; squares
correspond to infection wash with pH 6.0 phosphate buffer after adsorption.

animals that are unable to respond to concanavalin A (data not
shown). Thus, the virus is more likely involved in inhibiting
T-cell function in the residual T cells.

DISCUSSION

In this study we have provided a comprehensive analysis of
the effects on lymphocytes of acute infection of swine with
FMDV. Overall, we observe a profound lymphopenia and lym-
phoid depletion in all the lymphoid organs analyzed. This lym-
phoid depletion affects all T-cell subsets as well as B lympho-
cytes. More importantly, we describe, for the first time, that
FMDV is able to replicate in lymphocytes in vivo. This viral
replication may result in lymphoid depletion, since the levels of
cellular death by apoptosis are not high enough to explain the
significant decrease in lymphocyte levels. Moreover, those lym-
phocytes that survive do not respond to mitogen activation,
indicative of an immunosuppressive state in the infected ani-
mals. The most important questions arising from these obser-
vations relate to the survival, phenotype, and function of virus-

infected immune cells, as well as integration of these findings
into the altered capacity of the host to mount an effective
immune response.

During the observed time of the infection (days 1 to 17
postinoculation), lymphopenia started when virus could be de-
tected in blood, corresponding to the onset of the viremia, and
lymphocyte levels recovered slightly by day 14, although they
never reached the levels found in naive animals (Fig. 1). This
lymphopenia affects mainly CD8" CD4~ T cells (CD8* CD4~
and CD8"/~ CD47). Unlike some other cytopathic viruses,
control of which has been shown to be independent of CD8™"
T cells, it has been established that CD8™ T cells participate in
the immune response to FMDYV in cattle (5), although nothing
is known for pigs.

FMDYV infection results in a rapid reduction of major his-
tocompatibility complex (MHC) class I expression on suscep-
tible cells (22), which could impair presentation of viral pep-
tides by FMDV-infected cells to CTLs, facilitating virus escape
from this particular antiviral response of the host. On the other
hand, monoclonal antibodies against CD8* or anti-MHC class



FIG. 8. Apoptosis in spleen and inguinal lymph node from FMDV C-S8cl-infected pigs determined by TUNEL staining. Inguinal lymph node
and spleen sections were staining using the TUNEL technique (see Materials and Methods). Five time points were chosen as representative of the
observed 17-day period. Circles indicate where follicular areas are or should be (f).
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FIG. 9. T-cell proliferation in response to mitogen stimulation dur-
ing acute infection of swine with FMDV. The T-cell proliferation
response of PBLs isolated from pigs infected with FMDV C-S8cl or
control animals (naive) to the mitogen concanavalin A was deter-
mined. Data are reported as the stimulation index. Standard deviations
are indicated.

I molecules can inhibit proliferation of immune swine lympho-
cytes when stimulated with viral particles (5, 18). However, the
precise contribution of CD8* lymphocytes during the onset of
the immune response against FMDYV is still unclear.

In contrast to CD8* T cells, CD4™" cells seem to expand at
the peak of the viremia as might be expected, since they are
essential for the production of neutralizing antibodies by B
cells. This expansion is observed in blood but not in lymphoid
organs, where a profound depletion of CD4™ T cells is found.
This would have consequences in terms of the immunocom-
promising of the animals, not only in the face of FMDYV, but
also with respect to concomitant or secondary infections.

Our data regarding viral infection of lymphocytes suggest
that the lymphoid depletion and T-cell dysfunction could be
due to viral replication in lymphocytes. We need first to ad-
dress whether the cells positive for viral antigen are produc-
tively infected with FMDV. Uptake of viral antigens by T cells
in the absence of actual infection seems unlikely for several
reasons: our own data show that coculture of PBLs with sus-
ceptible BHK cells yields cytopathic effect according to the
percentage of cells positive to viral antigen by flow cytometry.
We have shown productive infection of PBLs in vitro by
FMDV C-S8cl. The expression of nonstructural proteins ne-
cessitates of viral replication, and this is the case for the de-
tection of the 3D protein by monoclonal antibody. In fact,
display of an FMDV-3D epitope relies on 3D neosynthesis
rather than a long-lived pool of cellular 3D or encapsidated
proteins. Together, these considerations indicate that the pres-
ence of viral 3D in T cells is the consequence of continuous
replication, translation, and posttranslational processing of vi-
ral proteins, rather than the acquisition of isolated 3D in the
absence of infection.

The infection of lymphocytes by FMDV described in this
report seems to be unique for serotype C, since others have
reported the lack of infection of lymphocytes in vivo by FMDV
serotype O (1). FMDV, like other RNA viruses, exists and
replicates as complex and dynamic mixtures of related ge-
nomes termed viral quasi-species (9, 10). This spectrum of
related mutants is reflected in a continuous genetic variation
with several biological consequences, affecting, among others,
viral pathogenesis. Initial infection of different cell types by the
two groups of viruses (serotype C and serotype O) may provide
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these viruses with access to different sites, and with different
disease manifestations. Indeed, the infection of lymphocytes by
a virus may alter the immune response elicited by the pathogen
in a way still unexplored for FMDV. To our knowledge, no
differences have been reported between the immune responses
against serotypes C and O or other serotypes, although this
may need additional investigation. Therefore, the case re-
ported here is clear evidence of the implications of genetic
variation of FMDV in vivo.

Taking into account other viral infections (16, 21, 23, 28), it
appears that when apoptosis is implicated in the pathogenesis
of lymphocyte depletion lesions, its incidence is usually in-
creased and can be demonstrated by in situ detection in lym-
phoid tissues. Moreover, it appears that higher rates of apo-
ptosis are found during the acute phase of infection, when
active virus replication occurs. For example, this is the case in
classical swine fever virus (28), African swine fever virus (15,
19), and chicken anemia virus (13) infections. Nevertheless, in
our study, no increased apoptotic rates were found in any
lymphocyte-depleted lesional stage. Thus, the emerging pic-
ture suggests that FMDYV is not causing apoptosis of virus-
infected lymphocytes in vivo. More likely the virus is destroying
the cells and this is reflected in depletion and immunosuppres-
sion during the acute stage of the disease. Nevertheless, this is
currently a topic that we are investigating in our laboratory.

The function of the residual T cells, measured by the capac-
ity to proliferate in response to mitogen activation, is clearly
impaired. Considering the ability of the virus to infect lympho-
cytes, one of the mechanisms to prevent antiviral response is
not only to destroy T cells but to interfere with T-cell function.
In this way, the virus may create a favorable window time in
which it can expand and be shed to the environment, favoring
transmission. On the other side, the simple interaction be-
tween FMDYV and lymphocytes could be insufficient to impair
T-cell function. Further studies on the interaction of FMDV
with other lymphoid cells such as dendritic cells are required to
understand the network.

In conclusion, this study provides the first evidence that
FMDV can infect lymphocytes in vivo, creating an immuno-
suppressive stage in which the virus is able to spread. This
starts very shortly after infection, suggesting that the early
innate immune system is affected. The cooperation between
the innate and adaptive immune response shifts the balance
between induction of an immune response and virus spread in
favor of the immune response. The understanding of this co-
operation in FMD would provide a basis for the design of
better vaccines against this harmful animal disease.
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