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ABSTRACT

Little is known about the influence of maternal anti-
bodies and immune cells transferred through colostrum 
on the immune responses of calves to the currently 
used foot-and-mouth disease (FMD) vaccines. Here we 
evaluated the humoral and cellular immune responses 
induced by vaccination of colostrum-deprived calves 
and calves that received equivalent amounts of colos-
trum preparations that differed in the presence or ab-
sence of maternal immune cells but contained the same 
quantity and quality of anti-foot-and-mouth disease 
virus (FMDV) antibodies. Three groups of 32-d-old 
calves (n = 3 per group) were deprived of colostrum 
and fed either whole immune colostrum or a cell-free 
colostrum preparation containing only anti-FMDV an-
tibodies. All groups were immunized with 1 dose of an 
oil-adjuvanted commercial vaccine. Blood samples were 
collected periodically before vaccination and weekly 
after vaccination. Immune responses specific to FMDV 
were assessed based on T-cell proliferation, IFN-γ 
production, total and neutralizing serum antibodies, 
and isotype profile. All vaccinated calves developed 
IFN-γ and lymphoproliferative responses, irrespective 
of the colostrum received. Colostrum-deprived animals 
responded to vaccination with a primary IgM response 
followed by an increase of IgG1 titers. Conversely, an-
tibody titers decreased in all colostrum-fed calves after 
vaccination. This study demonstrates for the first time 
that maternal immune cells transferred to the calves 
through colostrum do not modify immune responses 
to FMD vaccine, and it confirms the interference of 
maternal antibodies in the induction of humoral but 
not cell-mediated immune responses.

Key words: foot-and-mouth disease vaccine, maternal 
immunity, calves, colostrum

INTRODUCTION

Colostrum contains high concentrations of nutrients 
and hormones to support growth and maturation in the 
physiological development of the calf (Goldman, 1993). 
Bovine colostrum also contains maternal antibodies 
(MAB) and a large number of maternal immune cells 
(Mohr et al., 1970; Reber et al., 2008). Several studies 
have addressed the role of antibodies passively trans-
ferred by colostrum in neonatal protection (Gay et al., 
1965; Belknap et al., 1991) and how these antibodies 
interact with incoming pathogens or with vaccination 
(Ridpath et al., 2003; Bucafusco et al., 2014). However, 
the influence of the maternal leukocytes in the devel-
opment of the calves’ immune responses to pathogens 
or vaccines still needs to be defined. Donovan et al. 
(2007) reported that transfer of live maternal cells from 
colostrum to neonatal calves enhanced responses to 
antigens against which the dams had previously been 
exposed, but not to antigens to which the dams were 
naïve. Other studies demonstrated that calves fed with 
whole colostrum have enhanced expression of activa-
tion markers and major histocompatibility complex 
II (Reber et al., 2008; Langel et al., 2015). Previous 
studies also showed that adoptive transfer of maternal 
cells through colostrum affects the development of the 
neonatal immune system (Langel et al., 2016). These 
studies suggest that calves fed whole colostrum are able 
to activate immune cells, leading to enhanced responses 
upon antigen exposure.

Vaccines based on inactivated viral antigens are 
usually capable of inducing T-cell responses but not 
humoral responses in competent young individuals in 
the presence of MAB (Endsley et al., 2003; Vitour et 
al., 2011). We previously demonstrated that the induc-
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tion of anti-foot-and-mouth disease virus (FMDV) 
neutralizing antibodies and IgM-driven primary re-
sponses to vaccination only became evident as MAB 
titers decreased (Bucafusco et al., 2014). Current foot-
and-mouth disease (FMD) vaccines in Argentina are 
oil-adjuvanted and contain 4 binary ethylenimine–inac-
tivated FMDV strains of the latest regional circulation: 
O1/Campos/Brazil/58 (O1/Campos), A24 Cruzeiro/
Brazil/55 (A24/Cruzeiro), A/Argentina/2001 (A/
Arg/2001), and C3/Indaial/Brazil/71 (C3/Indaial) 
(SENASA, 2006, 2013). Animals older than 2 yr are 
vaccinated once a year, while immunizations are per-
formed every 6 mo in calves up to 2 yr old (SENASA, 
2013). Consequently, calves may be vaccinated when 
they still have maternally derived immunity transferred 
through colostrum.

The aim of this study was to assess the magnitude 
and kinetics of the humoral and cellular immunity in-
duced by primary FMD vaccination in calves fed with 
colostrum preparations that differed only in the pres-
ence or absence of maternal cells. We measured total 
and neutralizing antibodies in the vaccinated calves, 
characterized the isotypes induced, and evaluated cell-
mediated immunity in terms of lymphoproliferation 
and production of systemic IFN-γ. This study provides 
new insights on the immunogenicity of current FMD 
oil-adjuvanted vaccines used in the presence of mater-
nal immunity.

MATERIALS AND METHODS

Animals and Experimental Design

This study used crossbred Jersey/Holstein calves 
that were born to multivaccinated cows or heifers (last 
vaccination ~5 mo before calving) raised on a dairy 
farm located in Tandil, Buenos Aires, Argentina. Ani-
mals were monitored to prevent colostrum intake from 
the moment of birth. Once a newborn calf was able to 
stand up, it was moved to a separate room for perina-
tal care. After a general objective exam, the residual 
amniotic fluid was removed and the umbilical cord was 
disinfected with iodinated alcohol.

Calves were divided into 3 experimental groups (n = 3 
each): deprived of colostrum (CD), receiving whole co-
lostrum (WC), or receiving acellular colostrum (AC). 
Animals born to cows were randomly assigned to the 
WC or AC group. Calves born to heifers were assigned 
to the CD group and received a standard treatment ac-
cording to protocols developed by our group (Malacari, 
2016; Malacari et al., 2018). An additional group of 5 
animals were fed 2 L of the whole colostrum prepara-
tion (as described below) and left unvaccinated. These 

animals were bled at 0, 21, 35, 49, and 60 d after birth, 
and serum samples were analyzed by various serological 
methods (see below) to estimate the half-life of MAB.

Calves were kept at the farm for the first 24 h of 
life before being transferred to biosafety level 2 animal 
boxes at Instituto Nacional de Tecnología Agropecuaria 
(INTA), where they remained throughout the experi-
ment. The WC and AC calves were fed 2 L of colostrum 
within the first 6 h of life and then received another 
2 L before 12 h of life. The CD calves were fed a 2× 
concentrated milk replacer AF 80 (ACA, San Nicolás, 
Buenos Aires, Argentina), following the same volumes 
and schedule as colostrum-fed animals. In all cases, an 
esophageal tubing procedure was employed to ensure 
correct and uniform administration. Blood samples (10 
mL) were collected from the jugular vein of calves at 
6 to 12 h after the last administration of colostrum to 
corroborate the transfer of MAB. Blood samples were 
again collected at 1, 15, and 32 d of age and at 7, 14, 
21, and 28 d post-vaccination (DPV). Samples were 
taken using Vacutainer (BD, Franklin Lakes, NJ) tubes 
for serum separation or tubes containing sodium hepa-
rin (samples for analyzing cellular immune responses).

Colostrum Preparations

Acellular colostrum preparations (cell-free colostrum) 
were produced from approximately 30 L of colostrum 
collected at the same dairy farm from cows that had 
calved the same day. Colostrum was cooled to 4°C and 
transported to our laboratory where it was stored at 
−20°C for 48 h. To pellet remaining cells and cell de-
bris, colostrum was thawed in a heat bath at 37°C and 
centrifuged in 350-mL fractions at 3,000 × g for 20 min 
in 500-mL bottles. The fat fraction of each flask was 
recovered and placed together with the aqueous frac-
tion in a beaker, and the 2 phases were homogenized. 
The cell fractions were discarded. Colostrum resulting 
from this process was aliquotted into 2-L bottles and 
frozen at −20°C. Upon the birth of a calf, a bottle was 
thawed by immersion in cold water and then warmed to 
37°C to be administered as described above.

Four liters of whole colostrum was obtained by hand 
milking. Each calf was fed with colostrum from its own 
dam to ensure the viability of the immune cells by 
minimizing handling. They were fed according to the 
procedure described above.

Vaccine

We used an officially approved commercial tetrava-
lent single-oil emulsion vaccine containing inactivated 
FMDV strains A24/Cruzeiro, A/Arg/2001, O1/Cam-
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pos, and C3/Indaial. The vaccine was injected subcu-
taneously in the neck (2 mL/dose) according to the 
manufacturer’s recommendations and official regula-
tions (SENASA, 2006).

Serological Assays

Serology included a virus neutralization test (VNT), 
liquid phase blocking ELISA (LPBE), and isotype 
ELISA against the O1/Campos strain. All serological 
tests were performed according to previously published 
reports, following standard protocols developed or 
modified in our laboratory (Lavoria et al., 2012; Brito 
et al., 2014; Bucafusco et al., 2014).

Serum neutralizing antibodies were titrated by a con-
ventional VNT using cell culture adapted FMDV O1/
Campos on BHK cell monolayers as described in the 
OIE Manual of Diagnostic Tests and Vaccines for Ter-
restrial Animals (OIE, 2012) and adapted by Bucafusco 
et al. (2014). The endpoint titers of the serum samples 
were expressed as the logarithm (log10) of the recipro-
cal of the last dilution of serum that neutralized 100 
× tissue culture infective doses 50% (TCID50) of the 
virus in 50% of the wells. To avoid variability between 
tests, FMDV-neutralizing antibodies were all assessed 
in one test run.

Total anti-FMDV O1/Campos antibody responses 
were assessed by LPBE performed as described in the 
OIE Manual (OIE, 2012), using a rabbit antiserum 
to capture the virus from an inactivated O1/Campos 
preparation from clarified infected cell cultures, and a 
guinea pig anti-FMDV O1/Campos hyperimmune sera 
as detector antibody (Bucafusco et al., 2014). Serum 
samples were incubated with a standardized dilution 
of inactivated virus, and free (unbound) virus was 
revealed using the detector antibody preparation. An-
tibody titers were expressed as the reciprocal log10 of 
serum dilutions giving 50% of the absorbance recorded 
in the virus control wells without serum.

Immunoglobulin G isotype profiles of FMDV-specific 
bovine antibodies were determined by an indirect ELI-
SA according to Lavoria et al. (2012), using purified 
inactivated whole FMDV capsids as capture antigen 
and sheep anti-bovine IgG1 and IgG2 horseradish per-
oxidase (HRP)-conjugated antibodies diluted 1:750 as 
detectors (BD-Serotec, Oxford, UK). Immunoglobulin 
M determinations were run according to Bucafusco et 
al. (2014), using sheep anti-bovine IgM HRP-conjugat-
ed antibody diluted 1:5,000 as detector (BD-Serotec). 
Isotype antibody titers were expressed as the highest 
dilution of the serum reaching an optical density (OD) 
value equal to mean OD obtained from 25 negative sera 
± 2 SD.

Interferon-γ Assay

Heparinized whole blood was incubated at 37°C for 
24 h with pokeweed mitogen (10 μg/mL) as the positive 
control, purified inactivated FMDV 140S particles of 
each vaccine strain (A24/Cruzeiro, A/Arg/2001, O1/
Campos, and C3/Indaial), or PBS as the negative con-
trol. Stimulated plasma samples were tested for IFN-γ 
using a commercial kit (Bovigam assay, Thermo Fisher 
Scientific, Waltham, MA) in triplicate, as described 
previously (Bucafusco et al., 2015).

Lymphocyte Proliferation Assay

Peripheral blood mononuclear cells (PBMC) were 
purified using Histopaque 1083 (Sigma-Aldrich, St. 
Louis, MO) at 1,000 × g for 30 min. Resulting PBMC 
were stained with CellTrace CFSE Cell Proliferation 
Kit (Life Technologies, Carlsbad, CA) according to 
manufacturer’s instructions and following previously 
standardized procedures (Mansilla et al., 2013) with 
some modifications. Briefly, carboxyfluorescein succin-
imidyl ester (CFSE)-stained PBMC (5 × 105 cells/
well; 96-well plates) from each individual animal were 
placed in RPMI medium with 10% calf fetal serum and 
stimulated, in triplicate. The PBMC were then treated 
with 5 μg/mL of concanavalin A (ConA, Sigma-
Aldrich), purified inactivated FMDV 140S particles of 
each vaccine strain, or RPMI as the negative control 
for 5 d at 37°C, 5% CO2. The intensity of CFSE fluo-
rescence was analyzed on a flow cytometer at 530 nm 
(BD Biosciences FACSCalibur flow cytometer; BD Cel-
lQuest Pro Software) and cell proliferation in each well 
was estimated as the reduction in CFSE signal of each 
cell with respect to mock-stimulated cells and reported 
as the proliferation index.

Animal Welfare

Animal experiments were approved by the local 
animal welfare committee of INTA (CICUAE INTA 
42/2013), following international animal welfare guide-
lines. Management and use of colostrum-deprived calves 
as an animal model followed institutional guidelines 
(Malacari, 2016).

Data Analysis

Individual curves were built for all serological as-
says using serum samples from 5 animals fed 2 L of 
colostrum each. Each curve was subjected to a 1-phase 
decay nonlinear regression analysis from which a rate 
constant (K) was calculated (Table 1). From these val-
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ues, an average K was computed for each serological 
assay to estimate the half-life of the MAB using the 
following formula: average half-life (days) = ln(2)/K.

The expected protection percentage (EPP) was used 
to estimate and quantify protective vaccine-induced 
responses. The EPP represents the correlation between 
antibody titers at 60 DPV, measured by LPBE or VNT, 
and the percentages of protection achieved for the same 
groups of animals after in vivo challenge experiments, 
performed at 90 DPV based on the test for protection 
against generalized foot infection (Casas Olascoaga et 
al., 1991; Maradei et al., 2008; OIE, 2012). Titers cor-
responding to EPP values ≥ 75% (EPP 75%) for the 
FMDV O1/Campos strain were 1.66 for VNT (Casas 
Olascoaga et al., 1991) and 2.11 for LPBE (Maradei et 
al., 2008). Expected MAB decay curves were calculated 
for each animal, with the antibody titers registered 18 
h after colostrum intake representing the initial titer 
and the corresponding K value being applied for each 
serological parameter. Mean antibody titers observed 
for each experimental group were pair-wise compared 
at each time point to those of the expected MAB decay 
curve using the Mann-Whitney test.

Results obtained for cell-mediated immunity (CMI) 
tests for each individual against the different FMDV 
strains performed at each time point were compared 
using 1-way ANOVA Kruskal-Wallis test, followed by 
Dunn’s test. Analysis of the kinetics of T-cell responses 
considering all virus strains was accomplished by 2-way 
ANOVA with repeated measures, followed by Bonfer-
roni multiple comparisons test. Normal distribution 
of these values was previously confirmed using the 
D’Agostino-Pearson normality test.

The confidence interval used was 95% for all deter-
minations. Statistical analyses were carried out using 
GraphPad Prism v5.0 (GraphPad Software, La Jolla, 
CA).

RESULTS

Passive Transfer of Anti-FMDV-O1/Campos 
Antibodies Through Colostrum

Titers for neutralizing and total antibodies, as well 
as for IgM, IgG1, and IgG2 against FMDV O1/Campos, 
were initially determined in all colostrum preparations. 
Pooled AC presented slightly higher mean titers than 
WC for VNT, resulting marginally below for the remain-
ing serological determinations (Figure 1A). To test the 
efficacy of the passive immunization procedures, calves 
fed with the AC or WC preparations were bled 1 d post 
colostrum intake and serum samples were assayed for 
FMDV-specific antibodies. As shown in Figure 1B, all 
colostrum-fed animals passively acquired anti-FMDV 

O1/Campos antibodies as detected by the different 
serological tests. For all the determinations, antibody 
titers in colostrum-fed animals were significantly higher 
than those of CD calves (P < 0.05). We did not find any 
differences between AC and WC groups for serological 
determinations (P = 0.571), except for IgG2 for which 
the mean antibody titers were significantly higher in 
the WC group than in the AC calves (P = 0.032).

Kinetics of Passively Acquired Antibody Titers

To evaluate the induction of humoral responses after 
vaccination in the different experimental groups, we 
first determined the natural decay of the transferred 
antibodies. Individual kinetics of extinction were calcu-
lated considering the antibody titers at 32 d of age as 
the initial time point (0 DPV) to determine the average 
decay slope for different serological tests. The half-life 
values of FMDV-specific MAB are shown in Table 1, 
ranging from 15.35 ± 2.5 d for IgM to 20.43 ± 6.4 d for 
IgG2. The half-lives of IgG1 and total and neutralizing 
antibodies were similar, with mean values between 16 
to 18 d.

Progression of Total and Neutralizing Antibody 
Responses Induced by Vaccination

The progression of antibody responses after vaccina-
tion was assessed by measuring the kinetics of total, 
neutralizing, and isotype antibody responses against 
FMDV O1/Campos in sequential serum samples. 
Curves for total antibodies obtained in calves fed with 
AC (Figure 2A, LPBE) displayed a slight increase at 28 
DPV for some animals, although these values did not 
differ from those expected in the absence of vaccination 
(MAB expected decay curves). Similarly, none of the 
calves in the WC group showed an ascendant trend 
in total antibody titers after vaccination. In both ex-
perimental groups, titers remained above the EPP 75% 
level up to the end of the study and kinetic curves were 

Table 1. Average half-life of antibodies (in days) in colostrum 
preparations measured by the different serological assays1

Assay2 K (SD) R2 (SD)
Estimated  

half-life (SD)

LPBE 0.042 (0.011) 0.98 (0.011) 17.85 (5.6)
VNT 0.041 (0.015) 0.98 (0.021) 18.12 (5.9)
IgG1 0.044 (0.013) 0.99 (0.006) 16.56 (5.6)
IgG2 0.038 (0.014) 0.99 (0.006) 20.43 (6.4)
IgM 0.046 (0.007) 0.99 (0.005) 15.35 (2.5)
1K (rate constant) and R2 represent average values obtained from non-
linear regressions built for each individual (n = 6).
2LPBE = liquid phase blocking ELISA; VNT = virus neutralization 
test.
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identical to those from the decay curves expected in the 
absence of vaccination. Interestingly, titers at the time 
of vaccination in this group were higher than those of 
AC, although these differences were not statistically 
significant (P = 0.08). In contrast, total antibody titers 
against FMDV O1/Campos were first detected at 14 
DPV in CD calves and surpassed the EPP 75% only at 
28 DPV (Figure 2A).

Coinciding with the LPBE results, no significant 
differences were found in the kinetics of VNT titers 
measured in colostrum-fed calves (P > 0.2 at each 
time point), and titers were similar to those expected 
over time following the natural waning of MAB. Some 
calves that received AC had a slight rise in VNT titers, 
although it did not significantly differ from the pre-
dicted MAB decay slope (P > 0.57). Animals deprived 
of colostrum responded to vaccination with an increase 
in VNT titers, but the average titers did not reach the 
EPP 75% threshold during the experimental period 
(Figure 2B).

Progression of Isotype Antibody Responses  
Induced by Vaccination

Vaccination in both groups of colostrum-fed calves 
did not elicit significant changes in the isotype profile 
and kinetics against FMDV O1/Campos strain (Fig-
ures 2 C and D) compared with those expected in the 
absence of vaccination (estimated from decay curves). 
Colostrum-deprived calves developed a typical primary 
response after vaccination, characterized by a sustained 
increase in IgM from 7 and up to 14 DPV (Figure 2E), 
which decreased thereafter, followed by a switch toward 

IgG. Immunoglobulin G1 titers peaked at 28 DPV (Fig-
ure 2C), whereas IgG2 antibodies were first detected 
between 21 and 28 DPV, presenting lower magnitude 
and a more delayed progression than the IgG1 isotype 
(Figure 2D).

Cell-Mediated Immunity

Adaptive cellular responses elicited after vaccination 
were determined by assessing antigen-specific IFN-γ 
production and lymphoproliferation in whole blood 
and PBMC samples, respectively, obtained at different 
times post vaccination. For both CMI tests, no signifi-
cant differences were found in the mean values obtained 
after stimulation with the different FMDV vaccine 
strains for each individual animal at each time point (P 
> 0.05, 1-way ANOVA). Based on these results, and to 
analyze the kinetics of T-cell responses and allow com-
parisons among groups, mean values obtained against 
the different strains were taken as replicates (n = 4 
per animal and per time). These values were normally 
distributed and were analyzed by 2-way ANOVA with 
repeated measures followed by the Bonferroni multiple 
comparisons test.

Production of FMDV-specific IFN-γ before vaccina-
tion was only observed in the AC group, although with 
high variability among samples. As expected, FMDV-
induced IFN-γ responses increased after vaccination in 
all experimental groups. Animals receiving WC and AC 
produced IFN-γ in response to FMDV antigens already 
at 7 DPV, and CD animals responded only from 14 
DPV. Peak values were observed at 14 DPV in all the 
groups and IFN-γ levels decreased to pre-immune levels 

Figure 1. Antibody titers against foot-and-mouth disease virus (FMDV) O1/Campos measured by different serological assays in colostrum 
preparations (A) and in calves (B) 18 h after colostrum intake. (A) Titers for acellular colostrum (AC) correspond to the pooled colostrum 
preparation, and for the whole colostrum (WC) preparation, the titers represent mean values of individual samples ± SD (n = 3). (B) Mean 
values ± SD (n = 3) in each serological test for all experimental groups; CD = colostrum deprived: *P < 0.05 compared with colostrum-fed 
animals. LPBE = liquid phase blocking ELISA; VNT = virus neutralization test.
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already at 28 DPV for CD animals (Figure 3A). At 
all time points and for all the experimental groups, 
PBS treatment induced very low IFN-γ levels (≤200 
pg/mL). Additionally, all stimulated cells were viable 
and metabolically active as shown by their response to 
pokeweed mitogen at concentrations over 3,000 pg/mL 
(data not shown).

Peripheral blood mononuclear cells were purified 
from whole blood and incubated with ConA, PBS, or 
FMDV antigen (purified 140S particles from all 4 vac-
cine strains), and dividing lymphocytes were counted 
using CFSE as described above. The proliferation rates 
found in ConA-stimulated PBMC were always above 
20% relative to the rates observed in mock-treated cells. 

Figure 2. Kinetics of serum antibodies in calves fed with whole colostrum (WC, black triangles) or acellular colostrum (AC, gray squares) 
or no colostrum (colostrum-deprived, CD, white circles). Blood samples were collected between 0 and 60 d of age, before and after vaccination, 
as indicated between parentheses. Antibodies were titered against O1 Campos vaccine strain by liquid-phase blocking ELISA (LPBE; A), the 
virus neutralization test (VNT; B), and isotype ELISA for IgG1 (C), IgG2 (D), and IgM (E). Mean log10 titers ± SD for each group are depicted. 
Horizontal dashed lines in panels (A) and (B) indicate the expected protection percentage (EPP) ≥75% for LPBE and VNT, respectively. 
Arrows indicate the time of vaccination. DPV = days post vaccination.
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Vaccinated animals developed FMDV-specific T-cell 
responses with similar proliferation rates in response 
to FMDV antigen stimulation, despite the different 
colostrum preparations they had received (Figure 3B). 
The highest proliferation rates for all FMDV strains oc-
curred at 14 DPV, except for AC calves, which showed 
peak responses at 7 DPV. T-cell proliferation rates 
decreased at 28 DPV.

Peripheral blood mononuclear cells from WC animals 
proliferated in response to FMDV antigens before vac-
cination (at 0 DPV), while prevaccination LPBE values 
were indistinguishable from the negative (PBS) control 
responses in the other groups (Figure 3B).

DISCUSSION

In this study, 2 groups of newborn calves received 
FMDV-immune colostrum preparations that differed 
by the presence or absence of maternal cells, with the 
aim of studying if the presence of maternal immune 
cells influences the immunity to a commercial FMD-
inactivated oil-adjuvanted vaccine. Another experimen-
tal group not receiving colostrum was also included to 
identify potential beneficial or detrimental effects of the 
passive immunity in their capacity to develop adaptive 
responses after FMD vaccination. Finally, a group of 
calves fed with a pool of immune colostrums (n = 5) 

were used to estimate the half-life of MAB based on 
various serological parameters.

We found slight differences in the FMDV-specific 
MAB half-life according to the isotype studied. Im-
munoglobulin M antibodies had the shortest half-life 
(15.35 ± 2.5 d) and the IgG2 the longest (20.43 ± 6.4 d) 
among the immunoglobulin isotypes. As expected, half-
life values obtained for total and FMDV-neutralizing 
antibodies were between these 2 values and did not 
differ from one another. As a whole, these results are in 
agreement with those previously reported by our group 
(Bucafusco et al., 2014).

Passive transfer of MAB from colostrum was equally 
efficient in the presence or absence of maternal cells, 
thus indicating that these immune cells do not have a 
critical role in the passive acquisition of FMDV-specific 
antibodies in newborn calves. Moreover, kinetics of 
antibody waning observed in both experimental groups 
were practically identical to those estimated through 
the expected MAB decay curves.

Colostrum-fed animals responded to FMD vaccina-
tion with a slight decay in serum antibodies. Interest-
ingly, time-course curves registered after vaccination 
also followed the same kinetics as those depicting the 
natural waning of MAB. Only a slight increase was 
observed in both total (28 DPV) and neutralizing an-
tibodies (7 DPV) in AC calves. This finding may sug-

Figure 3. (A) Interferon-γ responses measured by ELISA in stimulated plasma after incubating whole blood samples of calves that were 
colostrum deprived (CD) or fed with whole (WC) or acellular (AC) colostrum with purified 140S particles from the 4-vaccine strain. Values 
are expressed as the mean optical density (OD, 450 nm) values ± SD. (B) Peripheral blood mononuclear cells (PBMC) were purified from 
whole-blood samples, stained with carboxyfluorescein succinimidyl ester (CFSE) dye and incubated with purified inactivated 140S particles. 
Proliferation was measured by flow cytometry. Results are depicted as proliferation rate ± SD with respect to PBS-treated PBMC. Blood 
samples were taken at different time points before (0 days post vaccination, DPV) and after vaccination. Different letters above bars indicate 
significant differences (P < 0.05).
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gest that primary antibody responses cannot be easily 
detected due to the presence of MAB, even when IgM is 
titrated. If a primary antibody response was induced in 
colostrum-fed animals, it might be masked by measure-
ments fitted at the top of a logarithmic scale.

Colostrum-deprived animals developed a primary 
response after vaccination, evidenced by an increase in 
IgM titers from 7 DPV (with peak values at 10 DPV) 
followed by a switch to IgG1 at 14 DPV and IgG2 a 
week later. This pattern is the same kinetic described 
for older animals immunized with an equivalent vaccine 
from the same manufacturer, as reported previously 
(Bucafusco et al., 2014); however, total and neutral-
izing antibody titers were lower than those measured in 
adult animals (Bucafusco et al., 2014). This result may 
be due to the immune system still being immature dur-
ing first month of life. Kampen et al. (2006) reported 
that the number of B cells at 30 d after birth represents 
only 50% of the expected number in an adult animal. 
Other authors attributed a role to the antigens and ad-
juvants in the generation of antibodies in young cattle 
(Kampen et al., 2006; Foote et al., 2007). We cannot 
rule out colostrum components having a role in trig-
gering immune maturation in the newborn individuals.

Some calves that received whole colostrum showed 
FMDV-specific lymphoproliferation even before vac-
cination, which may be attributed to the presence of 
active immune cells passively transferred via colostrum. 
Unfortunately, the small number of animals included 
in each group did not enable performing a reliable 
statistical analysis to confirm the differences observed 
between WC and CD animals. The transference of ma-
ternal cells by colostrum was reported before (Donovan 
et al., 2007; Reber et al., 2008; Langel et al., 2016). 
In the study by Donovan et al. (2007), lymphoid cells 
with proliferative activity were found in colostrum-fed 
calves vaccinated with bovine viral diarrhea virus, as 
opposed to the absence of activity in calves that re-
ceived acellular colostrum. The observed effect had the 
maximum activity on the first day of life before disap-
pearing completely at d 7. Our results indicate that if 
specific immune cells against FMDV were transferred 
by colostrum, they might have remained active for at 
least 40 d after birth and did not modify the kinetics of 
CMI responses over time. Anamnestic IFN-γ responses 
to FMDV were undetectable in WC calves at 0 DPV, 
suggesting that those FMDV-specific proliferating cells 
detected before vaccination were not IFN-γ producers. 
After vaccination, FMDV-specific lymphoproliferative 
responses were found between 7 and 14 DPV, with 
similar magnitude and kinetics in all the animals, re-
gardless of the colostrum preparation they received.

Statistical analysis of the FMDV-specific CMI re-
sults showed no differences in the stimulating capacity 
among the viral strains tested, concurring with a previ-
ous report from our group demonstrating that adaptive 
cellular immunity is highly cross-reactive even among 
different serotypes (Bucafusco et al., 2015). Interferon-γ 
anamnestic responses peaked at 14 DPV as described 
before for primary vaccinated adult animals (Bucafusco 
et al., 2015). Kinetics and magnitude of IFN-γ respons-
es were similar in colostrum-fed animals, whether they 
received immune cells or not. In CD calves, however, 
IFN-γ responses were delayed after vaccination and 
decreased faster than in colostrum-fed animals. This re-
sult can be attributed to the absence immune stimulat-
ing factors present in the soluble fraction of colostrum, 
or even to the absence of specific antibodies that could 
play a role in facilitating antigen uptake (Robinson et 
al., 2011). Due to the design of the experiment, we 
cannot rule out the effect of components of colostrum 
apart from specific antibodies in shaping the immune 
response to FMDV vaccine.

In this study, we did not see an evident effect of 
maternal cells on the kinetics of the immune response 
induced in vaccinated calves; animals receiving AC or 
WC developed similar humoral and cellular FMDV-
specific responses. These results are concordant with 
those reported by Endsley et al. (2003) for bovine viral 
diarrhea virus infection and counter to findings of Re-
ber et al. (2008), who proposed an active role of mater-
nal cells transferred by colostrum in the activation of 
calf lymphocytes. Altogether, our results demonstrate 
that the presence of colostrum maternal cells neither 
prevent the induction nor represent an advantage for 
eliciting anti-FMDV CMI after primary vaccination. 
We did not identify detrimental effects of maternal im-
munity in the development of vaccine-induced adaptive 
responses against FMDV. In this scenario, consump-
tion of frozen or whole colostrum in the field will make 
no difference in the development of immunity against 
FMDV vaccines. Consequently, regions under manda-
tory vaccination programs may include young animals.

We conclude that the presence of maternal immune 
cells transferred from colostrum to the calves do not 
significantly influence the cellular immune responses to 
FMDV primary vaccination.
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