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Neonates and juvenile ruminants are very susceptible to paratuberculosis infection. This is likely due to a high degree of expo-
sure from their dams and an immature immune system. To test the influence of age on vaccine-induced responses, a cocktail of
recombinant Mycobacterium avium subsp. paratuberculosis proteins (MAP0217, MAP1508, MAP3701c, MAP3783, and
MAP1609c/Ag85B) was formulated in a cationic liposome adjuvant (CAF01) and used to vaccinate animals of different ages.
Male jersey calves were divided into three groups that were vaccinated at 2, 8, or 16 weeks of age and boosted twice at weeks 4 and
12 relative to the first vaccination. Vaccine-induced immune responses, the gamma interferon (IFN-�) cytokine secretion and
antibody responses, were followed for 20 weeks. In general, the specific responses were significantly elevated in all three vaccina-
tion groups after the first booster vaccination with no or only a minor effect from the second booster. However, significant dif-
ferences were observed in the immunogenicity levels of the different proteins, and it appears that the older age group produced a
more consistent IFN-� response. In contrast, the humoral immune response is seemingly independent of vaccination age as we
found no difference in the IgG1 responses when we compared the three vaccination groups. Combined, our results suggest that
an appropriate age of vaccination should be considered in vaccination protocols and that there is a possible interference of vac-
cine-induced immune responses with weaning (week 8).

Paratuberculosis is a chronic nontreatable granulomatous en-
teritis affecting all domestic and nondomestic ruminants and

some nonruminants worldwide. It is an economically significant
and widespread disease of the ruminants caused by Mycobacte-
rium avium subsp. paratuberculosis. Neonates and juvenile ani-
mals are most susceptible to infection, which progresses through
subclinical, clinical, and advanced clinical disease stages (1, 2).

Currently available vaccines against M. avium subsp. paratu-
berculosis consist of killed or attenuated M. avium subsp. paratu-
berculosis in an oil adjuvant, which has been reported to provide
partial protection through delayed fecal shedding and a reduction
in the number of clinically affected animals (3, 4, 40). Whole-cell-
based vaccines, however, induce the production of antibodies and
a sensitization to delayed-type hypersensitivity (DTH), making it
impossible to differentially diagnose naturally infected from vac-
cinated animals. Vaccination against M. avium subsp. paratuber-
culosis also interferes with the diagnosis and surveillance of bovine
tuberculosis due to false-positive skin test results (5). Moreover,
whole-cell-based live vaccines suffer from a lack of characteriza-
tion, localized prolonged swelling, and granuloma formation at
the site of injection as well as risk of accidental self-inoculation
among veterinarians while they are vaccinating animals (6–8).

Subunit vaccination with identified protective protein anti-
gens in combination with an adjuvant inducing strong Th1-
type immune responses could be an ideal strategy to surmount
the limitations associated with whole-cell-based vaccines (9,
10). Recently, paratuberculosis experimental vaccines based on
recombinant proteins expressing mycobacterial antigens (4,
11–14), DNA vaccines (14), and expression library immuniza-
tions (15) have been found to induce partial protection against
experimental infection with M. avium subsp. paratuberculosis.

Immaturity of the neonatal immune system contributes to an
increased susceptibility of the young animal to infectious dis-
ease and may limit its capacity to develop a protective response
to vaccination (16). Cattle usually become infected with M.
avium subsp. paratuberculosis as calves, either through in utero
transmission or as neonates via ingestion of fecal material,
milk, or colostrum containing M. avium subsp. paratuberculo-
sis organisms (17–19). Newborns have a tendency to exhibit a
Th2 profile (20), and paratuberculosis infection is character-
ized by a distinct Th1 response (21). If calf susceptibility to M.
avium subsp. paratuberculosis infection is related to matura-
tion of the immune system, the immune response to an M.
avium subsp. paratuberculosis vaccine may also be influenced
by the age of vaccination. Evaluating the appropriate age of the
animals for vaccination against M. avium subsp. paratubercu-
losis is therefore important in order to generate a high fre-
quency of antigen-specific T cells with more rapid effector
functions. We hypothesized that age of vaccination influences
the quality of M. avium subsp. paratuberculosis vaccine-in-
duced T-cell responses. In order to substantiate this hypothe-
sis, we vaccinated calves with well-defined M. avium subsp.
paratuberculosis recombinant proteins at 2, 8, or 16 weeks of
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age and followed this with two booster rounds 4 and 12 weeks
after the first vaccination. Vaccine-induced gamma interferon
(IFN-�) release and antibody responses were analyzed in indi-
vidual animals to assess the immunogenicity of the vaccine.
The upregulation of these immune responses was prospectively
correlated with the ages of the calves.

MATERIALS AND METHODS
Animals. A total of 27 male jersey calves were used in the present study.
The animals were obtained at the age of 2 weeks from a farm which, by the
Danish paratuberculosis surveillance program, had a true prevalence
equal to or close to zero at all milk antibody samplings from September
2006 to January 2011 (22). Animals were housed and raised under appro-
priate biological containment facilities (biosafety level 2 [BSL-2]) in a
community pen with straw bedding. Calves were fed a commercial milk
replacer (DLG, Denmark) and Green Start (DLG, Denmark) for the first 2
months twice a day. At 8 weeks of age, calves were weaned and fed pellets
and hay ad libitum for the remainder of the study period. Calves had access
to water ad libitum, and bedding was changed every day. Calves were
checked daily for general health.

The use of animals described in this experiment was approved by the
Danish National Experiments Inspectorate, and the experiment was car-
ried out in compliance with their regulations and policies.

Antigens. Antigens in the vaccine are detailed in Table 1. They were
selected based on their immunogenicity as studied in naturally infected
heifers and represent one protein from each of the secreted proteins
(MAP0217), latency proteins (MAP3701c), and ESAT-6 family member
proteins (MAP1508) along with a hypothetical protein (MAP3783), as
reported earlier (22). MAP1609c (antigen Ag85B) was included as a pos-
itive-control antigen based on earlier studies reporting significant IFN-�
responses in cattle and mice to the MAP1609c (Ag85B) of M. avium subsp.
paratuberculosis (12, 13). All antigens were produced in Escherichia coli
and purified by metal affinity and anion columns as previously described
(22). The protein concentration of the final products was measured by a
NanoOrange protein quantification kit (Invitrogen).

Experimental design. Calves were distributed into three groups,
Vac2w, Vac8w, and Vac16w, with nine calves in each group. Each group
was comprised of seven calves that received vaccine (vaccine calves) and
two randomly assigned adjuvant controls. Calves were born over a period
of 4 months and assigned into groups as they were born; i.e., group
Vac16w includes the nine oldest animals followed by groups Vac8w and
Vac2w. All vaccine calves in the three groups received 100 �g each of
MAP0217, MAP1508, MAP3701c, MAP3783, and MAP1609c (Ag85B)
recombinant vaccine antigen formulated with the DDA/TDB (N,N=-di-
methyl-N,N=-dioctadecylammonium/�,�=-trehalose 6,6=-dibeheneate;
2,500 �g/500 �g) (CAF01) adjuvant (23). After the vaccine antigens were
mixed, they were allowed to adsorb to the adjuvant CAF01 for 1 h at room

temperature (RT) before injection. Controls received the adjuvant only,
along with sterile phosphate-buffered saline (PBS). Vaccinations were
performed through the subcutaneous route in the right midneck region 7
cm ahead of the prescapular lymph node. The ages at the first vaccinations
in the groups Vac2w, Vac8w, and Vac16w were 2, 8, and 16 weeks, respec-
tively. All vaccine calves were vaccinated three times, with revaccinations
at weeks 4 and 12 after the first vaccination (Fig. 1). Blood samples were
collected every 2 weeks throughout the experiment. Heparinized samples
were used for whole-blood IFN-� assays, and serum samples were taken
for serological analysis.

IFN-� assay. Heparinized whole-blood samples were collected by the
Vacutainer system. Whole blood (0.5 ml) was stimulated in 48-well cul-
ture plates (Greiner Bio-One, Heidelberg, Germany) with previously
added purified protein derivatives of Johnin (PPDj), bovine (PPDb), and
avian (PPDa) (a kind gift from James McNair, Agri-Food and Biosciences
Institute [AFBI], Belfast, Ireland), each of the five recombinant M. avium
subsp. paratuberculosis vaccine antigens, PBS (nil antigen), and positive-
control stimulation with phytohemagglutinin (PHA; Sigma) or the super-
antigen Staphylococcus enterotoxin B (SEB; Sigma) (50 �l volume). All M.
avium subsp. paratuberculosis antigens, PPDb, PPDa, and SEB were added
to a final concentration of 1 �g/ml, while PHA and PPDj were added to
final concentrations of 5 �g/ml and 10 �g/ml, respectively. Whole-blood
cultures were incubated for 18 to 20 h at 37°C in 5% CO2 in air. Following
overnight incubation, 55 �l of heparin solution (10 IU/ml in blood) was
added to avoid clots in the supernatant after freezing. Plates were then
centrifuged, and approximately 0.35 ml of supernatant was collected into
96-well 1-ml polypropylene storage plates (Greiner Bio-One, Heidelberg,
Germany) and frozen at �20°C until analysis.

The antigen-specific IFN-� secretion in supernatants was determined
by use of an in-house monoclonal sandwich enzyme-linked immunosor-
bent assay (ELISA) as described earlier (24). The levels of IFN-� (pg/ml)
were calculated using linear regression on log-log-transformed readings
from the 2-fold dilution series of a reference plasma standard with prede-
termined IFN-� concentration. The IFN-� response to PBS was sub-
tracted from the IFN-� response to each of the five recombinant M. avium
subsp. paratuberculosis antigens among all the calves, and the result was
defined as the antigen-specific IFN-� response.

Antigen-specific serum IgG1 ELISA. An in-house developed and op-
timized indirect enzyme-linked immunosorbent assay (ELISA) was ap-
plied for the demonstration of serum IgG1 antibody responses against the
five vaccine recombinant proteins throughout the study. Serum IgG2 lev-
els were also measured but were found to be too weak for any useful
interpretation and thus are not discussed further. Briefly, microtiter plates
(Maxisorp; Nunc A/S, Roskilde, Denmark) were coated overnight with
100 �l of 1 �g/ml of each of the five M. avium subsp. paratuberculosis
antigens in sodium carbonate buffer except for MAP3701c, for which 0.2
�g of coating concentration was used. On the next day, plates were

FIG 1 Experimental design. Within each age group, seven animals were vac-
cinated against M. avium subsp. paratuberculosis and two calves received the
CAF01 adjuvant only (7 � 2C).

TABLE 1 Details of antigens used in the study

Antigen

Homology (%) in:
Protein
size
(aa)a

Product of M. avium
subsp. paratuberculosis

M. avium
subsp. avium M. bovis

MAP0217 99 83 300 LipW secreted protein
MAP1609c 99 85 330 Secreted antigen 85B

(Ag85B)
MAP1508 100 87 98 Hypothetical ESAT-6-like

protein EsxK
MAP3701c 100 71 146 Heat shock protein 20

(latency protein)
MAP3783 100 84 97 Hypothetical ESAT-6-like

protein EsxG
a aa, amino acids.
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blocked using 200 �l of PBS with 0.05% Tween 20 and 1% bovine serum
albumin (PBS-T-BSA). The plates were then washed with PBS with 0.05%
Tween 20 (PBS-T), and serum at a final dilution of 1:40 in PBS-T-BSA was
added to test wells in duplicate and incubated at RT in a shaking incubator
for 1 h. To allow for plate-to-plate calibration, positive- and negative-
control (PosC and NegC, respectively) sera were added to test wells in
triplicate and along with blank (PBS-T-BSA) wells included on each plate.
PosC serum was the serum from a vaccinated calf with consistently higher
antibody responses against all vaccine antigens collected at 4 weeks after
the second vaccination (V2) and at 2 and 4 weeks after the third vaccina-
tion (V3), with responses following an exponential curve. NegC serum
was the serum from the same calf on the day of vaccination (day 0). The
plates were washed with PBS-T buffer and incubated with 100 �l of a
1:500 dilution of horseradish peroxidase-conjugated mouse anti-bovine
IgG1 (clone IL-A60; AbD Serotec) for 1 h at room temperature. After
samples were washed with PBS-T buffer, substrate (1,2-orthophenyl-di-
amine [OPD], H2O2) was added to each test well, and the absorbance was
read at 493 nm with a 649-nm reference subtraction. The mean optical
density (OD) value for each test serum (ODSample) was calibrated accord-
ing to the OD values of the control sera on the respective plate, and the
result is presented as the calibrated OD (ODCal), calculated as follows:
ODCal � [(ODSample � ODNegC) � (ODPnorm � ODNnorm)/(ODPosC �
ODNegC)] � ODNnorm, where ODSample is the sample OD, ODPosC is the
mean of the positive controls on the plate (mean OD of three sera all in
triplicate), ODNegC is the mean of the negative controls on the plate (mean
OD of day 0 sera in triplicate), ODPnorm is the mean over all runs of
positive controls, and ODNnorm is the mean over all runs of negative
controls.

Tuberculin skin test. To evaluate the development of the cell-medi-
ated immune (CMI) response and to negate the possibility of any cross-
reactivity with surveillance testing for bovine tuberculosis, tuberculin skin
testing was performed 6 weeks after the third immunization. The single
comparative intradermal tuberculin test with avian and bovine purified
protein derivative (PPDa and PPDb, respectively; 2,000 IU each) was per-
formed by intradermal inoculation of 0.1 ml of PPDa and PPDb (a kind
gift from James McNair, AFBI, Belfast, Ireland), and reactions were read
72 h later. Results were recorded as the increase in skin thickness at 72 h
compared to thickness before injection and interpreted according to a
standard protocol (European Communities Commission regulation 141
number 1226/2002) (25). Reactions to each of the tuberculin’s were in-
terpreted as follows: a skin test reaction was considered positive when skin
thickness increased 4 mm or more, inconclusive when there was an in-
crease of more than 2 mm and less than 4 mm, and negative when the
increase was not more than 2 mm.

Following the guideline to the official interpretation of the intrader-
mal comparative cervical tuberculin test, an animal was scored positive if
the increase in skin thickness at the bovine site of injection was more than
4 mm greater than at the avian site, inconclusive if the increase in skin
thickness at the bovine site was 1 to 4 mm greater than the avian reaction,
and negative if the increase in skin thickness at the bovine site of injection
was less than or equal to the increase in the skin reaction at the avian site
of injection.

Statistical analysis and interpretation. For the statistical analyses of
the antigen-specific immune responses, the adjuvant control animals
were pooled into one group. In order to obtain a single value of the im-
mune response following each vaccination, the mean of the IFN-� values
obtained 2 and 4 weeks after each vaccination was used. For each antigen,
data were analyzed with a zero-inflated model due to the excess amount of
data registered with a 0 measurement. The probability that an IFN-�
measurement was positive was modeled (model A) with a logistic regres-
sion model where vaccine group (Vac2w, Vac8w, Vac16w, or control) and
vaccination number (1, 2, or 3) were entered as deterministic explanatory
variables, while an animal effect was included as a random effect. In order
to obtain normality distributions, the responses above 2 pg/ml were log
transformed and modeled (model B) with a mixed linear model with the

same set of explanatory variables, and the two models were combined into
one zero-inflated model (model C). A statistically significant immunolog-
ical response to the individual antigen was defined as a statistically signif-
icant effect in model C (P � 0.05). Tests were performed with the likeli-
hood method, using the Wald test (26). For MAP3783, the number of
positive values were so different between vaccinated and nonvaccinated
animals that a logistic regression model (model A), and thus a zero-in-
flated model (model C), did not apply. Instead, a nonparametric Wil-
coxon test (27) was used. This was modified to the Kruskal-Wallis rank
test (27) when more than two groups were compared. For each anti-
gen, the corresponding antibody responses were modeled with a model
similar to model B. Log transformation of ODCal values was performed
for all antibody responses except for antigen MAP0217, whose values
were normally distributed. Identical analyses were also performed us-
ing only the results after the first two vaccinations to assess the im-
mune response following a two-dose regimen. All analyses were car-
ried out in Splus, version 6.1.

RESULTS
Observations following vaccination. The animals were observed
throughout the study for any visible effects postvaccination. How-
ever, no side effect, such as swelling or palpable growth, was ob-
served following midneck subcutaneous inoculation of the re-
combinant proteins formulated in CAF01 adjuvant or from
adjuvant alone.

Cell-mediated immune responses to vaccine antigens. IFN-�
release toward each of the five antigens in the vaccine was followed
in individual animals for 20 weeks (Fig. 2). In general, adjuvant
control calves did not show antigen-specific responses to the vac-
cine antigens. However, the heat shock protein MAP3701c in-
duced some IFN-� responses in all adjuvant controls, and one calf
responded to several of the other antigens at the first sampling
prior to vaccination and at two samplings after the third vaccina-
tion.

Statistically significant immune responses to all the vaccine
antigens were observed following vaccination compared to levels
in adjuvant controls (Table 2). The most significant responses
were observed against MAP3783, MAP3701c, and MAP1508,
while responses against MAP1609c (Ag85B) and, in particular,
MAP0217 were less significant. Comparison of the response levels
to different vaccine antigens confirmed that MAP3783 and
MAP3701c induced significantly higher levels than other antigens.
Vaccinated calves had IFN-� levels below 50 pg/ml toward PPDj
and PPDb antigens (data not shown).

From the data shown in Fig. 2, it appears that immune re-
sponses in group Vac16w were more consistent than responses in
younger age groups. However, no statistically significant differ-
ences in the immune responses between the three vaccine age
groups were observed in the zero-inflated model, except for the
response to MAP3783, where the Vac8w group responded with
significantly lower levels. There was no statistically significant ef-
fect of the second vaccine booster on IFN-� responses against
vaccine antigens; however, for Vac2w and Vac8w animals, the
response to MAP0217 was not statistically significant different
from that of the controls after only two vaccinations.

To investigate if the animal’s age had an effect on the IFN-�-
producing capacity of blood cells, whole blood from all vaccinated
calves was stimulated with SEB (a bacterial superantigen) at
2-week intervals throughout the study (Fig. 3) or PHA (phyto-
hemagglutinin) at the time of the three vaccinations (data not
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shown). There was no effect of animal age on the IFN-�-produc-
ing capacity.

Antibody responses to vaccine proteins. Antigen-specific
IgG1 levels in serum from immunized calves were measured at
first vaccination and at 4 weeks after the second and third vac-
cinations (Fig. 4). In general, the humoral responses emulate
the IFN-� responses. IgG1 responses were statistically signifi-
cant for all the vaccine antigens in the vaccinated groups com-
pared to the adjuvant controls. As seen with the IFN-� re-
sponses, the most significant responses were observed against
MAP3701c, MAP3783, and MAP1508, followed by MAP1609c
(Ag85B) and MAP0217. However, no significant differences in

the humoral immune responses were observed between the
three vaccine groups.

The second vaccination strongly boosted the IgG1 antibody
responses toward all five vaccine antigens, and these responses
were statistically strongly significant (P � 0.0001); the third
vaccination, however, did not increase the IgG1 levels above
the level found after the second vaccination. Among the vari-
ous recombinant antigens used, IgG1 response levels were the
highest for MAP3701c (even though the coating concentration
for this antigen was only 0.2 g/ml), followed by MAP3783,
MAP1508, MAP1609c (Ag85B), and MAP0217. None of the
prevaccination serum samples from any of the calves reacted

FIG 2 Antigen-specific IFN-� responses in whole-blood cultures. Levels of IFN-� released from whole-blood cultures stimulated with M. avium subsp.
paratuberculosis recombinant antigens from calves in groups Vac2w, Vac8w, Vac16w and adjuvant controls following vaccinations, indicated as dotted lines.
IFN-� levels are expressed as mean values (	 standard deviations) for plasma concentrations (pg/ml).
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with any of the M. avium subsp. paratuberculosis recombinant
antigens used.

Skin test reactivity of the M. avium subsp. paratuberculosis-
vaccinated and control calves. The cross-reactivity with surveil-
lance testing for bovine tuberculosis is a major drawback of avail-
able live or killed whole-cell M. avium subsp. paratuberculosis
vaccines. Vaccinated calves were therefore evaluated for cross-
reactivity using the standard tuberculin skin test 6 weeks after the
third vaccination. All 27 calves were found to be negative by a
comparative intradermal tuberculin test. The skin test results cor-
relate with the low IFN-� levels against PPDb and PPDa in the
samples collected at that time point (data not shown). Interpreta-
tion of a single tuberculin test also showed a negative reading in all
calves except for one with a 5.9-mm reaction to bovine tuberculin
and 2.6-mm reaction to avian tuberculin.

DISCUSSION

In this study, we investigated the effect of age on vaccine-induced
immune response following subunit vaccination using defined M.
avium subsp. paratuberculosis recombinant proteins. Vaccina-
tions in the three groups Vac2w, Vac8w, and Vac16w revealed
three immune response profiles. After the first vaccination, there
was an immediate rise in the IFN-� levels against vaccine proteins
in vaccinated animals compared to levels in the adjuvant control
group. In mycobacterial infections including paratuberculosis,

CD4 Th1-cell-mediated immunity is essential to keep the infec-
tion in check, and IFN-� has a central role (28–31). Since IFN-� is
a quintessential cytokine in the Th1 response, it is supposedly an
immune response variable and a correlate of vaccine-induced im-
mune protection (21, 32). In our study, the vaccine proteins did
induce a significant IFN-� response relative to controls, indicating
that CAF01-adjuvanted vaccination induces a measurable anti-
gen-specific cell-mediated immune response in cattle. There was
no age-related correlation between vaccinations and the immune
responses to vaccine antigens, which were significant except for
the response to MAP3783, where Vac8w had significantly lower
response levels. One of the possible explanations for the low IFN-�
responses of the calves in the group Vac8w could be the change in
the feeding schedule, with milk being replaced with pellets and hay
at a time coinciding with the first vaccination. Thus, a change in
the feeding pattern with resulting dietary stress (16, 33) could have
modulated the IFN-� responses following primary vaccination for
the group Vac8w calves, and such dietary changes should be taken
into account when vaccine experiments involving young animals
are designed. In addition, the responsiveness of the young cattle in
the IFN-� assay to mycobacterial infections has also been associ-
ated with NK cells (34). In our study we did not look at IFN-�
production by NK cells and could not associate their role with any
nonspecific IFN-� production. However, one possible scenario
could be that NK cells did not respond to the recombinant M.

TABLE 2 P values and parameter estimates with the full zero-inflated model (IFN-�)

Antigen

P value for the indicated group vs the control
Vaccination response
at three vaccinations P value for:

Vac2w Vac8w Vac16w Equal? P value
Vaccination at all time points
vs the control Effect of age

MAP0217 0.13 0.18 0.006** Yes 0.28 0.04* 0.64
MAP1609c 0.30 0.003** 0.005** Yes 0.15 0.005** 0.68
MAP1508 0.0009*** 0.02* �0.0001*** Yes 0.55 �0.0001*** 0.08
MAP3701c �0.0001***a �0.0001***a �0.0001***a Yes 0.70a �0.0001*** NA
MAP3783 �0.0001***a �0.0001***a �0.0001***a No 0.02a NAb 0.13a

a All noncontrols were positive. For group Vac2w and Vac16w (MAP3783), the difference is significant with respect to the level of response (P � 0.03 and 0.01). For MAP3701c, all
controls except three were positive, one at vaccination number 2 and two at vaccination number 3. For MAP3701c, the P value on time for the positive level is thus based on a very
small sample, which makes it unreliable. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
b NA, not applicable.

FIG 3 Secretion of IFN-� in whole-blood cultures stimulated with SEB from the calves in the vaccinated groups Vac2w, Vac8w, and Vac16w. Individual IFN-�
levels are plotted against the age of the calves at the time of blood collection. Solid lines represent means for each age group.
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avium subsp. paratuberculosis proteins used in our study. IFN-�
responses following whole-blood stimulation with SEB and PHA
revealed that all the animals in the three vaccine groups produced
comparable levels of IFN-�. Thus, there was no difference in the
IFN-�-producing capacity of the animals with age or in response
to the vaccinations.

Analysis of the immune responses among the groups after only
two vaccinations revealed a strikingly similar portrait as responses
after three vaccinations. Notably, the third vaccination was not
able to induce a statistically significant increase in the levels of
IFN-� against any of the recombinant vaccine antigens. Thus, it
seems likely that a second booster dose for M. avium subsp. para-
tuberculosis vaccination is trivial at this time point and hence
could be omitted.

Among the vaccine antigens used in this study, secreted pro-
teins MAP0217 and MAP1609c (Ag85B) are expected to be highly
immunogenic due to their extracellular environment and high
likelihood of encountering immune cells (35, 36). However, we
found that postvaccination immune responses of the animals with
these antigens were weak compared to responses with the other
recombinant proteins. Also the antibody responses corroborated

this observation. This contrasts with previously published data
which showed that recombinant Mycobacterium bovis Ag85B in-
duces strong proliferative and ex vivo IFN-� responses following
natural and experimental infection in cattle and mice (13). De-
spite the fact that Ag85B induces an early immune response fol-
lowing infection, whether it plays a major role in the protection
against M. avium subsp. paratuberculosis infection when used as a
recombinant subunit vaccine is still to be confirmed.

The recombinant M. avium subsp. paratuberculosis antigens
encoded by MAP3783, MAP3701c, and MAP1508 induced the
most significant immune responses, with higher IFN-� levels than
the secreted proteins. MAP3783, a conserved hypothetical protein
the function of which is yet unknown, produced sustained and
average higher IFN-� levels in the animals. MAP3701c is an im-
munogenic latent protein (heat shock protein) which is known to
be expressed during the latent stage of M. tuberculosis infection
and may contribute to the control of mycobacterial infection (37).
The vaccinated animals in all three groups responded very well to
MAP3701c antigen throughout the study period, supporting its
role as a potential candidate in subunit vaccine strategy against M.
avium subsp. paratuberculosis infection. Another protein,

FIG 4 Seroreactivities to M. avium subsp. paratuberculosis recombinant proteins in calves in groups Vac2w, Vac8w, and Vac16w following vaccinations,
indicated as dotted lines. Antigen-specific IgG1 antibody responses were measured by ELISA and are expressed as ODCal. Ages at first vaccination (V1) in group
Vac2w, Vac8w, and Vac16w were 2, 8, and 16 weeks, respectively. Booster immunizations were given 4 (V2) and 12 weeks (V3) later. IgG1 antibody production
in response to stimulation with M. avium subsp. paratuberculosis recombinant proteins MAP3783, MAP3701c, MAP1508, MAP1609c, and MAP0217 are shown.
IgG1 levels are expressed as mean values (	 standard deviations) for serum ODCal values.
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MAP1508, which is a hypothetical ESAT-6 like protein, was found
to be comparatively weaker than MAP3783 and MAP3701c; how-
ever, the responses peaked after first booster in the youngest ani-
mal group.

Although vaccinated calves developed strong cell-mediated
immune responses, their humoral responses characterized by
IgG1 antibody levels were low but detectable. Postvaccination
antibody levels were differentially elevated for MAP3701c,
MAP3783, and MAP1508 compared to responses to other re-
combinant proteins in all three groups. Some recent studies
have suggested that the age of the calf and ingestion of colostral
antibodies interfere with the immune capacity of young calves
to produce antigen-specific antibody responses, with little or
no effect on cell-mediated immune responses (16, 38). How-
ever, in this study no significant differences in the humoral
immune responses were observed between the vaccine groups.
Despite the fact that humoral responses are not considered
protective in M. avium subsp. paratuberculosis infection, the
production of IgG1 antibody in response to recombinant M.
avium subsp. paratuberculosis antigens is indicative of the role
of vaccine-induced IFN-� in the isotype switching from IgM to
IgG (39).

Evaluation of the comparative skin test results revealed no
cross-reaction with either M. bovis PPD or M. avium PPD tuber-
culins. Only one calf reacted to bovine PPD tuberculin. This is an
important observation considering the fact that the currently
available whole-cell M. avium subsp. paratuberculosis vaccines
show cross-reaction with M. bovis PPD and thus pose a problem in
the differentiation of vaccinated and naturally infected animals.
The cross-reactivity of one of the calves to bovine PPD tuberculin
in the skin test could not be explained, and the same calf reacted
poorly to Ag85B in the whole-blood IFN-� assay performed on
the sample collected before the skin test. Ag85B is a major com-
ponent of bovine PPD, and the gene encoding the Ag85B protein
from M. avium subsp. paratuberculosis shares 85% sequence iden-
tity with M. bovis Ag85B at the protein level (22). Therefore, at the
blood level there was no cross-reactivity between M. bovis and M.
avium subsp. paratuberculosis for Ag85B.

In summary, we have shown enhanced cell-mediated and hu-
moral immune responses after immunization of calves at different
ages with recombinant M. avium subsp. paratuberculosis proteins,
and we have shown that the age of vaccination of the calves has
some correlation with the vaccine-induced immune response to
selected M. avium subsp. paratuberculosis proteins. In particular,
vaccination of the calves against M. avium subsp. paratuberculosis
at the age of weaning could jeopardize the immune response, and
vaccination of older calves appears to result in more sustained
CMI responses. Also, vaccination followed by a single booster
could be sufficient for the generation of an ample immune re-
sponse and thus might circumvent the need for additional boost-
ing of the immune response. We have provided supplementary
evidence that vaccination of the calves using selected recombinant
M. avium subsp. paratuberculosis proteins administered as in this
study will not result in any side effects and interference with M.
bovis diagnosis. Furthermore, it is interesting here in the context
of vaccination that MAP3783, MAP3701c, and MAP1508 could
elicit in calves immune responses which were statistically signifi-
cant when these antigens were administered as recombinant pro-
teins in CAF01 adjuvant. No live M. avium subsp. paratuberculosis
experimental challenge was performed in this study as the main

purpose was to characterize and compare antigen-specific adap-
tive immune responses in different age groups of calves using a
cocktail of recombinant M. avium subsp. paratuberculosis pro-
teins.
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