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Despite their potential role in the spread of foot-and-mouth disease (FMD), the immune response and viral
persistence in FMD virus (FMDV)-infected Indian buffaloes (Bubalus bubalis) have been unexplored. We found
similar kinetics of neutralizing antibody responses in the sera and secretory fluids of buffaloes following
experimental FMDV Asia 1 infection, but the lymphocyte-proliferative response in infected buffaloes was of low
magnitude. Despite inducing a significant systemic and secretory immune response, viral persistence seems to
be a common outcome in buffaloes following FMDV Asia 1 infection, which is associated with a weak cellular
immune response.

Foot-and-mouth disease (FMD) is an acute, highly conta-
gious viral disease that affects a wide range of hosts, including
Indian buffaloes (Bubalus bubalis) (1, 12, 16). Buffaloes con-
tribute significantly to the livestock industry in India in terms
of milk (52%) and meat production (30%) (6). FMD virus
(FMDV) infection causes a drastic drop in productivity, result-
ing in severe financial losses. Hence, FMD in buffaloes has a
huge impact on the economy of the country (12).

Developing countries where FMD is endemic have mixed-
husbandry practices of rearing cattle, buffaloes, sheep, and
goats together, which favors FMDV persistence and spread in
nature. Furthermore, FMDV transmission between cattle and
buffaloes has been observed in natural outbreaks (12, 30) and
in experimental studies (15, 23). The susceptibility of buffaloes
to FMD has been found to vary according to the country
(buffalo subspecies) and serotype and strain of the virus (6, 30,
31). Of significant importance, the clinical disease pattern in
buffaloes is distinct from that in cattle, where buffaloes exhibit
a covert nature of disease with unique lesions at different sites
in buffaloes (21, 23). In addition to causing acute clinical dis-
ease, FMDV causes persistent asymptomatic infection in ru-
minants, including buffaloes. Persistently infected animals (car-
riers) are considered to be the source of virus for later
outbreaks (1). Thus, buffaloes serve as an unapparent reservoir
of FMDV for the spread of disease and represent a major host
with a potential role in the epidemiology of FMD.

The immune response to FMDV has been extensively stud-
ied following infection and also following vaccination in cattle,
pigs, sheep, and goats. Infection induces antibody responses in
serum and secretory fluids and a cellular immune response,

which is distinct from that after vaccination (24). Moreover,
the immune response to persistent FMDV infection in cattle
seems to be distinct (22, 26, 27). In this context, information on
the kinetics of the immune response in FMDV-infected buf-
faloes and viral persistence is lacking. Furthermore, FMDV
Asia 1 is believed to be restricted mainly to the Asian conti-
nent. However, the recent spread of the disease to European
countries and the emergence of new variants have pointed to
the potential role of type Asia 1 in global FMD (19, 33).
Despite its significance, the immune response to persistent
FMDV Asia 1 infection has been unexplored. The present
experimental study was therefore designed to investigate the
systemic (serum) and secretory antibody response, the cellular
immune response to FMDV Asia 1 infection, and viral persis-
tence in Indian buffaloes following experimental inoculation.

Five male Indian buffaloes, aged 10 to 14 months, free from
serum-neutralizing antibodies to FMDV, were infected by in-
tradermolingual inoculation of 104 50% infective doses of cat-
tle tongue-adapted FMDV type Asia 1 strain 8/79. All the
experimental procedures of the study were reviewed by the
institutional animal ethics committee for the control and su-
pervision of animal experiments of the Indian Veterinary Re-
search Institute, Bangalore, India. Buffaloes infected with
FMDV Asia 1 developed vesicular-to-erosive lesions in their
feet, although tongue lesions were observed in only three of
them. Thus, development of clinical disease following experi-
mental infection with cattle-adapted FMDV Asia 1 supports
the idea that virus is transmitted between cattle and buffaloes
(15, 23). To assess the immune response to FMDV Asia 1 in
buffaloes, blood, esophageal-pharyngeal fluid (OPF) and oro-
nasal fluid (ONF) were collected preinfection and at 7- to
15-day intervals up to 65 days postinfection (DPI).

Virus-neutralizing antibody (VN) titers in serum were de-
termined by a virus microneutralization test as described in the
OIE manual (2) using BHK21 clone 13 cells and 100 50% tissue
culture infective doses of FMDV Asia1 8/79. The kinetics of
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the neutralizing antibody response in sera of FMDV Asia
1-infected buffaloes is depicted in Fig. 1a and d. All infected
buffaloes developed significant VN titers in serum, which
reached a peak (log10 2.71) around 14 DPI. The appearance of
serum-neutralizing antibodies coincided with the healing of
lesions, and complete recovery from disease was evident by 14
DPI, supporting the role of neutralizing antibodies in the clear-
ance of virus from the site of predilection (1). The titers con-
tinued to be high until the end of experiment at 65 DPI. There
was no significant difference in the VN titers among the in-
fected buffaloes (Fig. 1a), despite the differences in lesion
development. Although, buffaloes exhibit distinct covert dis-
ease, the kinetics of the serum antibody response to FMDV
Asia 1 infection in buffaloes is similar to that of cattle observed
in our previous studies (21, 22). Further, Gomes and cowork-
ers (15) have also reported similarity in the kinetics of VN
titers in the sera of FMDV type O-infected Indian buffaloes
and cattle. Taken together, our results indicate that the devel-
opment of serum-neutralizing antibodies in FMDV-infected
cattle is similar to that in buffaloes, irrespective of their clinical
disease.

To evaluate the secretory antibody response, ONF and OPF
were collected and processed as described previously (22). VN
titers in secretory fluids (OPF and ONF) was determined by a
virus microneutralization test (2) using BHK21 clone 13 cells
and 10 50% tissue culture infective doses of FMDV Asia 1 8/79
(22). The kinetics of neutralizing antibody response in secre-
tory fluids of FMDV Asia 1-infected buffaloes is depicted in
Fig. 1b, c, and d. The secretory fluids of buffaloes were negative
for neutralizing antibody prior to experimental infection. How-
ever, significant VN titers were observed in the OPF and ONF

of all the buffaloes following FMDV Asia 1 infection. There
was no significant difference in VN titers of secretory fluids
among the infected buffaloes (Fig. 1b and c). The peak mean
titer was reached around 14 DPI in both secretory fluids, which
coincided with the peak serum VN titers (Fig. 1d). Further,
there was a steady, but moderate, decline in the antibody titer
in secretory fluids until the end of the experiment (Fig. 1d).
The VN titers of ONF were higher than those of OPF through-
out the observation period in the present experiment (Fig. 1d).
The difference between the OPF and ONF titers in the present
study is in agreement with findings for FMDV Asia 1-infected
cattle (22) and might be related to stimulation of different
immunosecretory compartments (7, 20).

The neutralizing activity of secretory fluids is due mainly to
secretory immunoglobulin A (IgA), although IgM and IgG
antibodies also contribute (7). Similarly, FMDV-specific anti-
bodies in secretory fluids are mainly IgA antibodies, and their
levels are significantly high following infection in cattle and
pigs (13, 29). Henceforth, to evaluate the secretory IgA re-
sponse, an indirect enzyme-linked immunosorbent assay
(ELISA) for the detection of IgA antibodies to structural pro-
teins was performed as described previously (22). In the
present study, IgA antibodies were not detected in the secre-
tory fluids of buffaloes collected prior to infection. Following
infection, significant IgA levels were observed in ONF, with a
peak around 21 DPI, and the response was sustained until the
end of the experiment. All buffaloes, except one (buffalo 73),
had sustained high responses (Fig. 2). In contrast, Maroudam
and coworkers (23) failed to detect any IgA antibodies in the
saliva of FMDV type O-infected Indian cattle and buffaloes.
Further, in the present study, the IgA response in OPF was

FIG. 1. FMD VN titer in Indian buffaloes (Bubalus bubalis) at different DPI following FMDV type Asia 1 experimental inoculation in serum
(a), ONF (b), and OPF (c). (d) Mean VN titers (� standard deviations) in serum, ONF, and OPF.
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very low and did not show a significant rise following infection.
This difference is in agreement with observations of VN titers
of secretory fluids. Commensurably, the secretory IgA re-
sponse to FMDV Asia 1 in infected buffaloes is similar to that
in infected cattle observed in our previous study (22). Thus,
our results are suggestive of similar kinetics of the secretory
antibody response in FMDV Asia 1-infected Indian buffaloes
and cattle.

Although neutralizing antibodies clear virus from its site of
predilection, the cellular immune response is involved in the
clearance of intracellular viral infection. Therefore, a lympho-
cyte proliferation test was performed to assess the cellular
immune response in FMDV Asia 1-infected Indian buffaloes.
Heparinized blood (10 IU/ml) was collected for separation of
peripheral blood mononuclear cells (PBMC) by centrifugation
over Histopaque 1.077. PBMC obtained were suspended in
RPMI 1640 medium with supplements. The lymphocyte pro-
liferation test was performed using the 3-(4,5 dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) dye
method (18), with some modifications. PBMC (2 � 105/well)
were stimulated in duplicate with inactivated FMDV Asia 1
antigen (Ag) (10 �g/ml) and concanavalin A (ConA), a T-cell
mitogen (10 �g/ml). For in vitro lymphocyte stimulation and
proliferation, the plates were incubated at 37°C for 96 h in a
humidified atmosphere with 5% CO2. MTT (10 �l) solution
(10 mg/ml in sterile phosphate-buffered saline) was added to
each well and incubated for 4 h at 37°C in 5% CO2. Dimethyl
sulfoxide (100 �l) was added to each well, and the plates were
further incubated for 15 min at 37°C to dissolve the formazan
crystals formed by metabolization of MTT. The optical density
(OD) was recorded at 540 nm with reference reduction of back-
ground color in an ELISA reader. The lymphocyte-proliferative
(LP) response, depicted as a percentage of proliferation, is cal-
culated according to the formula [(OD of stimulated cells � OD
of unstimulated cells)/OD of unstimulated cells] � 100.

The LP responses of infected buffaloes are depicted in the
Fig. 3. The response was variable at different DPI among the
individual buffaloes. The LP response to FMDV Asia 1 Ag in
the present study was of low magnitude, indicating a weak
primary cellular immune response following infection (Fig.
3a). The peak LP response was observed on 28 DPI. Further-

more, the magnitudes of the cellular responses have been
found to vary with the virus serotype, strain, and species and
the breed of the host (due to the major histocompatibility
complex haplotype) (3, 9, 14, 17, 25, 27). In our study, the
kinetics of the LP response to FMDV Ag did not correlate with
the VN titer in the sera (Pearson correlation coefficient [r] �
0.18, P � 0.65) or secretory fluids (r � 0.12, P � 0.75) of
infected buffaloes. A similar lack of correlation between the
cellular immune response and VN titer in serum has been
reported in previous studies of FMDV (serotype O and
A/SAT)-vaccinated and -infected cattle (14, 25). Thus, kinetics
of the neutralizing antibody response and cellular immune
response to FMDV may not correlate among the infected
animals.

The LP response to ConA decreased significantly following
infection and recovered by 35 DPI (Fig. 3b). These findings of
a low-magnitude cellular immune response observed following
FMDV Asia 1 infection in the present study is suggestive of a
suppressed cellular immune response in buffaloes. The recent
studies have also observed inhibited cellular immune responses
among infected pigs (5, 10, 11), cattle (25, 27), and sheep (3).
Interestingly, recent findings have implicated a role of inter-
leukin 10 in the suppressed cellular responses of FMDV-in-
fected pigs (5, 10, 11). In contrast, vaccination with FMDV

FIG. 2. IgA antibody response in the ONF of Indian buffaloes
(Bubalus bubalis) at different DPI following FMDV type Asia 1 exper-
imental inoculation.

FIG. 3. LP responses of in vitro-stimulated PBMC cultures from
Indian buffaloes (Bubalus bubalis) at different DPI following experi-
mental FMD virus type Asia 1 inoculation. (a) LP response to FMDV
Asia 1 Ag (10 �g/ml) stimulation; (b) LP response to ConA (10 �g/ml)
stimulation.
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serotypes (O, A, Asia 1) has been shown to induce a significant
cellular immune response in buffaloes (8). Thus, our results are
supportive of a suppressed cellular immune response due to
extensive viral replication in FMDV-infected naïve animals.

Indian buffaloes are one of the major hosts of FMDV and
are believed to carry virus asymptomatically (persistent infec-
tion) (1). To investigate the development of persistent infec-
tion, OPF samples were collected and analyzed for the pres-
ence of FMDV RNA by Ag capture reverse transcription-PCR
(Ag RT-PCR) as described previously (22). Briefly, a mixture
of OPF and phosphate-buffered saline–Tween-20 containing
3% bovine serum albumin was incubated in FMDV Asia 1-spe-
cific Ab-coated microcentrifuge tubes at 37°C for 3 h. Follow-
ing virus capture, RT-PCR were done as described previously
(32) to yield the 330-bp amplification product of VP1 in the
virus-positive samples. Ag RT-PCR is found to be at least
125-fold-more sensitive than ELISA and has sensitivity com-
parable to that of other RT-PCR protocols for the detection of
FMDV (28, 32).

All inoculated Indian buffaloes were found positive for
FMDV Asia 1 in OPF on or beyond 28 DPI and hence termed
carriers. This finding is in agreement with previous studies in
which all infected buffaloes were found to be carriers (4, 15,
23). Taken together, our results suggest that development of
viral persistence among the buffaloes is a common sequel to
FMDV infection and that the frequency of carriage is much
higher than among cattle, as observed in previous studies (4,
15, 23).

In the present study, although infected buffaloes developed
high titers of virus neutralizing antibody in serum and secretory
fluids, FMDV persistence was observed in all the animals. This
is in agreement with the opinion that neutralizing antibodies
are ineffective in clearing virus from the site of persistence, the
pharyngeal region (1, 26). However, the sustained high IgA
levels in persistently infected Indian buffaloes, as with carrier
cattle, support the opinion of secretory IgA as an indicator of
viral persistence (22, 26, 29). Furthermore, IgA detection can
serve as alternate test to identify carriers. Intriguingly, persis-
tent infection was associated with a suppressed cellular im-
mune response, which plays a major role in the clearance of
persistent viral infection. Similarly, recent studies have ob-
served suppressed cellular immune responses among persis-
tently infected cattle and sheep (3, 25, 27). Thus, the findings
of the present study are in agreement with the hypothesis that
suppression of the cellular immune response by FMDV favors
viral persistence.

To conclude, despite a significant systemic and secretory
antibody response following infection, FMDV Asia 1 per-
sistence associated with a weak cellular immune response
seems to be a common outcome in buffaloes. These findings
suggest the need for further in-depth studies to investigate
viral persistence in relation to the immune response in buf-
faloes. A better understanding of this issue might improve
vaccination and surveillance strategies, leading to better
control of global FMD.
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