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Introduction: Brucella abortus and Mycobacterium bovis, the causative agents of
bovine brucellosis and tuberculosis respectively, are zoonotic bacterial
pathogens that both contribute to major economic losses in the cattle industry
and pose a human health risk worldwide. Co-infections of cattle with B. abortus
and M. bovis have been identified in various developing countries, necessitating
the development of an efficacious strategy for controlling both important
zoonotic diseases even in the event of co-infection. Brucella abortus strain
RB51, a live attenuated vaccine for bovine brucellosis that is currently used in the
US, is highly effective at preventing reproductive failure due to brucellosis in
cattle. Bacillus Calmette-Guérin (BCG) is a live attenuated vaccine strain of M.
bovis that provides protection against bovine tuberculosis in cattle but is not
currently licensed for use in the US.

Methods: The study presented here compares functional Thl responses of RB51
+ BCG vaccinated cattle to responses of RB51-only and BCG-only vaccinated
cattle to evaluate the feasibility of a combined vaccination strategy for controlling
both bovine brucellosis and tuberculosis.

Results: This work identified that peripheral blood mononuclear cells (PBMC)
from RB51 vaccinates proliferate not only in response to stimulation with killed
RB51 but also in response to mycobacterial antigen PPDb. Combination
vaccinates show significantly more CD4" T cell proliferation than single BCG
vaccinates when stimulated with PPDb, while no differences were observed
between RB51 and combination vaccinates stimulated with RB51.
Discussion/conclusion: Significantly enhanced BCG-specific Thl responses in
combination vaccinates compared to BCG-only vaccinates suggest that
combining vaccinations for B. abortus and M. bovis may alter the host CD4* T
cell response.
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1 Introduction

Brucella abortus is a zoonotic pathogen that causes reproductive
failure and abortion in cattle and other reservoir species (1), and is
the etiologic agent of bovine brucellosis. In the United States, bovine
brucellosis is endemic in elk and bison in the Greater Yellowstone
Area, which encompasses parts of Idaho, Montana, and Wyoming.
Domestic cattle herds in these states are therefore at risk of
contracting brucellosis from infected elk or bison (2).
Transmission of brucellosis most often occurs via the mucosa,
either orally or through aerosols from contact with tissue from
the birth or abortion of an infected fetus (1). As such, the most
important objective to reduce transmission in the field is to prevent
fetal infection and abortions. In addition to serologic testing and
removal of infected animals from herds, current brucellosis control
strategies in the United States focus on the calthood vaccination of
heifers with B. abortus strain RB51 (RB51) between 4 and 12
months of age (1, 3). RB51 is highly effective at preventing
abortion in cattle (4, 5) and, importantly, does not interfere with
serological diagnostic testing for brucellosis infection (6). Therefore,
RB51 functions as a DIVA vaccine (Differentiation of Infected from
Vaccinated Animals).

Adaptive cellular immunity, specifically a T helper type 1 (Thl)
response, is essential for protection against brucellosis (7). Studies
have shown that the production of interferon-y (IFN-vy) by Brucella-
specific CD4" T cells is important for macrophage activation and
clearance of the bacteria (8-11). Murine studies indicate that while
CD8" T cells are dispensable for protection against Brucella, CD4"
T cells are required (11, 12). Though a strong humoral response is
induced following exposure to Brucella, antibodies do not
contribute significantly to protection against infection or
prevention of abortion (11, 13). Our own previous work has
demonstrated that vaccination of cattle with RB51 results in
proliferative and IFN-y responses in peripheral blood
mononuclear cells (PBMCs) from vaccinated animals, and these
responses are associated with protection against B. abortus
challenge (14, 15). However, questions remain regarding the
specific cell types responsible for antigen-specific responses.
Dorneles et al. addressed this knowledge gap by evaluating
peripheral lymphocyte responses to RB51 vaccination using an in
vitro recall response assay (16). In that study, surface markers and
cytokine production of PBMCs were evaluated using two-, three-, or
four-color flow cytometry panels. The percentage of Brucella-
specific CD4" T cells peaked at 4 weeks post-vaccination (PV)
using proliferation to Brucella antigens as a measure of vaccine
specificity, and CD4" T cells produced IFN-y in response to antigen
stimulation. Among other observations, their study concluded that
RB51 vaccination induces Brucella-specific, Th1 polarized immune
responses in cattle.

Another zoonotic intracellular pathogen, Mycobacterium bovis, is
the causative agent of bovine tuberculosis (bTB). Transmission occurs
via inhalation of aerosolized bacteria from a reservoir host with an
active infection (17). Following infection, bacteria mainly reside in
macrophages and cause granulomatous lesions of the lung and
pulmonary lymph nodes (18). The lack of a highly efficacious
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vaccine for bTB, coupled with persistent infections in wildlife
reservoirs, prevents eradication of the disease in domestic cattle
herds (19). Similarly to Brucella, a Thl immune response is
instrumental in controlling mycobacterial infections. M. bovis-specific
CD4" T cells producing IFN-y enhance the bactericidal activity of
macrophages to encourage the clearance of M. bovis (20, 21). However,
increased IFN-y production does not directly correlate to protection
against bTB (22, 23). Humoral responses to M. bovis tend to correlate
positively with bacterial persistence and pathology, indicating that high
antibody titers are not sufficient for protection (24, 25).

Bacillus Calmette-Guerin (BCG) is a live attenuated strain of M.
bovis that was developed for human vaccination against
Mycobacterium tuberculosis infections in the early 20" century.
Though BCG is not used in the United States, infants are still
vaccinated in developing countries where tuberculosis is prevalent
(26). BCG is also known to be protective against bTB in cattle and
wildlife reservoirs, reducing lesion severity in cattle and various wildlife
species under controlled experimental conditions (22, 23, 27-30).
However, vaccination with BCG can interfere with currently
approved bTB diagnostic testing methods for cattle (31) and is not
approved for use in the United States. Despite efforts to develop other
efficacious DIVA vaccines for bTB, BCG remains a front runner in the
effort to control the disease (19).

Though uncommon in the United States, co-infections with
Brucella abortus and Mycobacterium bovis in domestic cattle herds
and wildlife have been reported in other countries including
Canada, South Korea, Burkina Faso, and Nigeria (32-36).
Globally, there is also considerable geographic overlap between
high-risk areas for brucellosis and bTB (37-41). Reducing the
prevalence of both pathogens in livestock is important to
minimize economic losses and prevent zoonoses in farm workers.
Development of a safe, efficacious, combined vaccine for bovine
brucellosis and tuberculosis may be an efficient option to address
co-infections in cattle herds worldwide.

In addition to characterizing the peripheral CD4" T cell
response to RB51 vaccination in cattle, we sought to determine
whether co-administration of two live attenuated bacterial vaccines,
RB51 and BCG, influenced the CD4" T cell response to either
vaccine. Our data provide additional foundational knowledge on
the bovine immune response to RB51 vaccination and suggest a
vaccination strategy to enhance BCG-specific immune responses.

2 Materials and methods
2.1 Vaccination

Two studies using twenty-four yearling dairy-beef crossbred
heifers and twenty-four four-month-old Holstein steer calves were
conducted at the National Animal Disease Center (NADC) in Ames,
Iowa. Crossbred heifers were randomly assigned into one of three
vaccine groups (n = 8/group) and housed outdoors. RB51 vaccinates
were vaccinated subcutaneously with 2 mL of 1x10'° colony forming
units (CFU) of RB51 (Colorado Serum Company, Denver, CO). BCG
vaccinates were vaccinated subcutaneously with 1 mL of 2.4x10° CFU
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of BCG Danish strain 1331. Combo vaccinates were vaccinated
subcutaneously with RB51 and BCG administered together in the
same syringe. Holstein steers were randomly assigned to one of three
treatment groups including control animals (n = 8), BCG vaccinates
(n=7),and RB51 + BCG combo vaccinates (n = 8). Vaccination was
conducted as previously described for the study in dairy-beef
crossbred heifers, using 1x10'° CFU RB51 and 1.36x10° CFU BCG.
Dose variability of BCG between the two studies was within standard
accepted range (42, 43).

Standard veterinary protocols were implemented to maintain health
and wellbeing of all animals. All animal procedures were approved prior
to the studies by the NADC Animal Care and Use Committee.

2.2 Peripheral blood mononuclear cell
isolation

Whole blood was collected from crossbred heifers at the time of
vaccination and at four-week intervals until 24 weeks PV to assess
peripheral immune responses. Blood was collected via jugular
venipuncture in acid citrate dextrose (ACD) and PBMCs were then
isolated as previously described (44). Live cell count was determined
using the Muse® Count and Viability Kit on the Guava® Muse® Cell
Analyzer (Cytek, Fremont, CA) and cell suspensions were adjusted to a
final concentration of 1x10” cells per mL of complete 1640 RPMI
(cRPMI) media containing 20% heat-inactivated FBS, 1% HEPES, 1%
non-essential amino acids, 1% essential amino acids, 1% sodium
pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, 2nM
glutamine, and 50 puM 2-beta mercaptoethanol. In the Holstein steer
study, whole blood was collected at the time of vaccination and at 12-
and 24- weeks PV and PBMC:s isolated in the same manner.

2.3 Labeling PBMCs for proliferation assay

PBMCs from all animals were labeled with the CellTrace
Violet (CTV) proliferation kit (Cat. No. C34557, Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s
recommendations to track in vitro proliferation. Briefly, CTV dye
was reconstituted in 20 pL dimethyl sulfoxide (DMSO) provided by
the manufacturer, suspended in 780 pL PBS, and further diluted
1:10 in sterile Dulbecco’s phosphate buffered saline (DPBS). PBMCs
were washed in DPBS and centrifuged at 300x g for 10 minutes
(min) at room temperature (RT). Supernatants were discarded and
cell pellet was resuspended in diluted CTV, then vortexed and
incubated for 20 min at RT with occasional vortexing. Cells were
then washed in DPBS and again centrifuged at 300x g for 10 min at
RT. Supernatants were discarded, and PBMC were resuspended to a
final concentration of 1x10” cells per mL in cRPML.

2.4 In vitro recall response assay

To assess in vitro recall responses, 100 uL of CTV-labeled cRPMI
PBMC suspensions (1x10° cells) were plated per well in 96 well flat
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bottom plates and incubated in duplicate wells without stimulation
(media only) or with y-irradiated RB51 (107 CFU/well), purified
protein derivative of M. bovis (PPDb) (30 ug/well), or Concanavalin
A (ConA) (0.5 ng/well). Plates were incubated for 7 days at 37 °C with
5% CO,. Sixteen hours prior to beginning cell staining procedure on
day 7, PBMCs were treated with eBioscience protein transport
inhibitor (Cat. No. 00-4980-93, Thermo Fisher Scientific) to assess
intracellular cytokine production.

2.5 Surface marker and intracellular
cytokine staining

PBMCs were harvested on day 7 and washed twice in DPBS at
300x g for 5 min at RT. PBMCs were then incubated with
eBioscience eFluor " 780 fixable viability dye (Cat. No. 65-0865-
14, Thermo Fisher Scientific) for 20 min at 4°C and subsequently
washed via centrifugation under the same conditions as previously
described, once with DPBS and once with FACS buffer (PBS + 0.5%
fetal bovine serum (FBS)). Cells were then incubated with FITC
labeled anti-bovine CD4 (clone CC8, Cat. No. MCA1653F, BioRad,
Hercules, CA) antibody for 15 min at RT. Following incubation and
two washes in FACS buffer, cells were fixed and permeabilized using
the BD Cytofix/Cytoperm kit (Cat. No. 554714, BD Biosciences,
Franklin Lakes, NJ) according to manufacturer’s recommendations.
Intracellular staining was then carried out by incubating cells with
PE labeled anti-bovine IFN-y antibody (clone CC302, Cat. No.
MCA1783PE, BioRad) for 30 min at RT. Cells were washed once
with 1X wash/perm buffer and once with FACS buffer. Cells were
then resuspended in 200 uL FACS buffer and concurrently analyzed
for proliferation, intracellular cytokine production, and surface
markers using a BD FACSymphony A5 flow cytometer (BD
Biosciences). Data were analyzed using FlowJo software
(version 10.8).

2.6 Statistical analysis

The vaccination study conducted with crossbred heifers was
designed to follow vaccine-induced T cell responses over 24 weeks,
comparing functional and phenotypic results back to Day 0 pre-
vaccination time point, which was used as the control. Internal
assay controls to evaluate the effect of environmental factors were
included at each time point with unstimulated and ConA
stimulated PBMCs. The study conducted with Holstein steers was
designed to include challenge with M. bovis after 24-week
evaluation of vaccine-induced T cell responses, therefore,
unvaccinated control animals were included as a treatment group.
The internal assay controls used in the dairy-beef crossbred heifer
study were also implemented in the Holstein steer study.

All data were analyzed using a simple auto regressive model
(ARI) in R (4.2.0). Time point (weeks post-vaccination), stimulation
condition or vaccination group, and the interaction between time
point and stimulation condition or vaccination group were set as
fixed effects for all data. Pairwise comparisons of Least Squares Means
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were conducted to determine significant differences between specific
contrasts of interest. Data are presented as mean + SEM with
statistical differences identified when P-value < 0.05. Data
presented here is open source and available at: Ag Data Commons
10.15482/USDA.ADC/26871160 and was analyzed as detailed below.

3 Results

3.1 RB51-specific CD4"* T cell recall
response following RB51 vaccination of
crossbred heifers

PBMCs were isolated from RB51 vaccinated crossbred heifers,
stimulated in vitro under various conditions, and analyzed via flow
cytometry to identify RB51-specific CD4" T cells using proliferation
(Supplementary Figure S1). When PBMCs were left unstimulated
(open circles), there were no changes in the number of proliferating
CD4" T cells (Figure 1). As expected, stimulation of PBMCs from
RB51 vaccinated heifers with y-irradiated RB51 (red circles)
resulted in a significant increase in numbers of proliferating
CD4" T cells as compared to unstimulated negative controls (p <
0.001) at 4-, 16-, and 20-weeks PV. Peak proliferative responses
were observed at 4-weeks PV, followed by a drop at 8-weeks PV,
and a subsequent increase in the number of proliferating CD4" T

RB51 Vaccination

10.3389/fimmu.2025.1664398

cells at 16-weeks PV. These data are consistent with previously
reported results (16, 45), demonstrating significant RB51-specific
CD4" T cell responses in the peripheral blood of RB51
vaccinated cattle.

3.2 Mycobacterium-specific CD4™ T cell
recall response following RB51 vaccination
of crossbred heifers

When PBMCs from RB51 vaccinated crossbred heifers were
stimulated with the unrelated bacterial antigen PPDb, we observed
measurable proliferative responses. PPDb stimulation (blue circles)
of PBMCs from RB51 vaccinated heifers resulted in increased
numbers of proliferating CD4" T cells when compared to
unstimulated PBMCs at 8-, 12-, 16-, and 20-weeks PV (p <0.004,
p <0.001, p < 0.001, p < 0.02, respectively) (Figure 1). The
magnitude of the PPDb-driven CD4" proliferative response was
similar to that of the RB51-specific proliferative response at 8-, 16-,
and 20-weeks PV (p > 0.1 for all), and was greater (p = 0.0445) at
12-weeks PV. However, the kinetics of the response differed from
that observed after RB51 antigen stimulation, with peak
proliferative responses observed at 12- and 16-weeks PV. Our
data suggest that RB51 vaccination resulted in the generation of
PPDb-responsive CD4™ T cells.
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FIGURE 1

Proliferation of CD4" T cells from RB51 vaccinated dairy-beef heifers in response to in vitro RB51 and PPDb stimulation. Mean numbers (gray bars) of
CD4* T cells proliferating in response to media only (no stimulation, white circles, n = 8), y-irradiated RB51 (red circles, n = 8), and PPDb (blue
circles, n = 8). *, RB51 or PPDb stimulated CD4" T cells compared to unstimulated CD4* T cells at respective time points. #, PPDb stimulated CD4*
T cells compared to RB51 stimulated CD4" T cells at respective time points. AR1, circles represent individual animal cell counts and gray bars

represent means + SEM. * #p < 0.05, **p < 0.01, ***, ###p < 0.001.
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3.3 Proliferative response of CD4" T cells
following combo vaccination of crossbred
heifers with RB51 and BCG

To determine the biological significance of this observation in
vivo, we also assessed CD4™ T cell proliferative responses in crossbred
heifers co-vaccinated with RB51 and BCG. PBMCs isolated from
combo vaccinated heifers were stimulated with the cognate antigen
for each vaccine, y-irradiated RB51 and PPDb, respectively.
Comparison of RB51 (red circles) and combo vaccinated cattle
(black circles) revealed no differences (p = 0.092) between the
RB51-specific CD4" T cell-mediated proliferative responses in
terms of magnitude or kinetics between vaccinate groups
(Figure 2A). However, assessment of the PPDb-specific response
between BCG (blue circles) and combo vaccinated cattle (black
circles) showed statistical differences. The combo vaccinated cattle
had higher numbers of proliferating CD4" T cells in response to
PPDb stimulation at 4-, 8-, 12-, 16-, and 20-weeks PV (p < 0.005, p <
0.02, p < 0.0001, p < 0.01, p < 0.002, respectively) when compared to
BCG vaccinated cattle (Figure 2B). The combination also resulted in
changes to the kinetics of the PPDb-specific proliferative response
when compared to responses of BCG vaccinated cattle. Peak
proliferation in combo vaccinated cattle was observed at 12-weeks
PV in contrast to 8 weeks PV in BCG vaccinated cattle. Furthermore,
the response was sustained longer in the combo vaccinates than BCG
vaccinates, with statistical differences in proliferation still observed at
24 weeks PV (p < 0.01). Altogether, these data suggest that the
addition of RB51 to BCG vaccination increased the magnitude and
affects the kinetics of the BCG-specific responses, but the addition of
BCG to RB51 has no effect on RB51-specific responses.
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3.4 Magnitude of the Thl functional
potential of antigen-specific CD4" T cells

To further characterize the functional phenotype of the antigen-
specific CD4" T cell responses in all vaccine groups, we evaluated
IFN-y production as a measure of Thl-polarized effector function.
CD4" T cells were broken down into three functional groups,
characterized by the response to antigen stimulation: proliferating
and IFN-y" (Figure 3A Q2, Figures 3B, C white bars), IFN-y" only
(Figure 3A Q2, Figures 3B, C white bars), and proliferating only
(Figure 3A Q4, Figures 3B, C gray bars). When comparing the
responses of functional groups between RB51 vaccinates and combo
vaccinates following in vitro RB51 stimulation, we observed similar
numbers of total responding cells at each time point and the
functional group responses were consistent between the two
vaccine groups across all time points analyzed (Figure 3B).
However, in response to in vitro PPDb stimulation, combo
vaccinated cattle had both higher numbers of total responding
CD4" T cells and higher numbers of CD4" T cells in each of the
three functional groups as compared to BCG vaccinated cattle at all
time points PV (Figure 3C). The observed increase in the number of
CD4" T cells is predominately found within proliferating only and
proliferating and IFN-y" populations. Consistent with previous
findings, these data demonstrate that RB51 and BCG vaccination
both result in Thl polarized CD4" T cell responses. We
demonstrate that addition of BCG to the RB51 vaccine did not
have any effect on the functional cell-mediated RB51 responses in
cattle, but that combo vaccination did enhance numbers of PPDb-
specific CD4" T cells with a Thl-polarized effector response
compared to BCG vaccination alone.
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Proliferative CD4" T cell responses in combo vaccinated dairy-beef heifers compared to RB51 or BCG vaccinates. (A) Mean numbers of RB51-
specific CD4" T cells (gray bars) in combo vaccinated heifers (black circles, n = 8) compared to RB51 vaccinated heifers (red circles, n = 8).
Proliferation in unstimulated (white circles, n = 16) CD4" T cells from both RB51 and combo vaccinated heifers was used as a control. (B) Mean
numbers (gray bars) of BCG-specific CD4* T cells in combo vaccinated heifers (black circles, n = 8) compared to BCG vaccinated heifers (blue
circles, n = 8). Proliferation in unstimulated (white circles, n = 16) CD4" T cells from both BCG and combo vaccinated heifers was used as a control.
*, proliferating CD4" T cells from combo vaccinated heifers compared to single vaccinated heifers at respective time points. AR1, circles represent
individual animal cell counts and gray bars represent means + SEM. NS, no significance. *p < 0.05; **p < 0.01; ***p < 0.001.
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Th1 functional potential of vaccine-specific CD4™ T cells in dairy-beef heifers. (A) Quadrant gate defines functional subsets of CD4* T cells: Q1,
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number of RB51-specific CD4" T cells exhibiting Th1 functionality in RB51 vaccinated (n = 8) and combo vaccinated (n = 8) heifers. (C) Mean
number of BCG-specific CD4" T cells exhibiting Th1 functional potential in BCG vaccinated (n = 8) and combo vaccinated (n = 8) heifers.

3.5 Repeatability of enhanced PPDb-
specific CD4" T cell proliferation

To assess this phenomenon of an enhanced BCG-specific CD4" T
cell response following combo vaccination of dairy-beef crossbred
heifers with RB51 and BCG, a similar study was conducted in
Holstein steers. Our analysis focused on evaluating proliferation at
two time points prior to proposed M. bovis challenge, 12- and 24-
weeks PV, as these represented the peak and contraction of the
proliferative response, respectively. In Holstein steers, combo
vaccination did not enhance the PPDb-specific CD4" T cell
proliferative responses when compared to BCG-only vaccinated
animals. Proliferative responses were the same (p > 0.2) in the BCG
vaccinates and the combo vaccinates at the time points analyzed
(Figure 4). Analysis of the functional potential of the PPDb-specific
CD4" T cells showed similar numbers of responding cells and
proportions between the three functional groups (Supplementary
Figure S2). In contrast to the results reported for the dairy-beef
crossbred heifers, the combo vaccination of Holstein steers with
RB51 and BCG did not enhance BCG-specific CD4" T cell responses.

4 Discussion

This study evaluated peripheral CD4" T cell responses following
vaccination of cattle with RB51 and BCG. We provide evidence that
combo vaccination of dairy-beef crossbred cattle with RB51 and BCG
enhanced the Thl-polarized cellular immune response to BCG.
However, in a separate study using Holstein steers, we did not
observe the increase in the BCG-specific CD4" T cell response with
combo vaccination.

We utilized a flow cytometry panel previously developed by our lab
(44) and used an in vitro recall response assay to evaluate a time course
of RB51-specific responses in cattle up to 24 weeks following
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vaccination. Our data demonstrated that CD4" T cells proliferated
significantly and produced IFN-y in response to RB51 stimulation as
early as 4 weeks PV. Further, we were able to define three subsets of
RB51-specific functional CD4™ T cells: cells that only proliferated, cells
that only produced IFN-y, and cells that proliferated and produced
IFN-y. These results build on established findings following RB51
vaccination in cattle which demonstrated significant proliferative
responses and IFN-y production in PBMCs stimulated with y-
irradiated RB51 starting at 4 weeks post RB51 vaccination (45).
Previously, proliferation was measured in the total PBMC population
and cytokine production was evaluated with supernatant ELISAs,
therefore the phenotype of proliferating cells and the source of the
IFN-y were not known. Dorneles et al. (16) described the phenotypic
and functional characteristics of RB51-specific lymphocytes using flow
cytometry to evaluate surface markers, proliferation, and IFN-y
production of PBMCs stimulated with Brucella antigens up to a year
after RB51 vaccination. In that study, proliferating CD4" and CD8" T
cells were observed as early as 4 weeks post RB51 vaccination, and the
main source of IFN-y was CD4" T cells. However, proliferation and
IFN-y production were evaluated separately and therefore only casual
conclusions could be made regarding the functional capacity of the
RB51-specific CD4" T cell populations.

In addition to RB51, we chose to stimulate PBMCs from RB51
vaccinated cattle with PPDDb, the antigen used to evaluate M. bovis-
specific cell-mediated responses. Unexpectedly, PPDb did not serve as a
negative control and instead, proliferative responses in the CD4" T cell
population were observed starting at 8 weeks post-RB51 vaccination
and continuing through 20 weeks PV. No significant proliferation
occurred in PPDb-stimulated PBMCs prior to RB51 vaccination
compared to unstimulated PBMCs (p = 0.58), suggesting that
responses were due to RB51 vaccination. These observations led us
to conclude that vaccination of cattle with RB51 was priming
peripheral CD4" T cells to respond to M. bovis-derived antigens in
vitro. We had previously shown that PBMCs isolated from BCG
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FIGURE 4

Proliferation of CD4" T cells in response to in vitro PPDb stimulation in BCG and combo vaccinated Holstein steers. The average number of CD4* T
cells (gray bars) proliferating in response to PPDb stimulation from unvaccinated (white circles, n = 8), BCG vaccinated (blue circles, n = 7), and
combo vaccinated (black circles, n = 8) Holstein steers. AR1, circles represent individual animal cell counts and gray bars represent means + SEM.

NS, no significance.

vaccinated, RB51-naive cattle did not proliferate or produce IFN-y in
response to RB51 stimulation (46). The unique one-directional in vitro
priming effect of RB51 vaccination that we observed led us to explore
whether we could exploit this response in vivo to enhance either
vaccine-specific CD4" T cell response by combo vaccinating cattle with
RB51 and BCG.

We found that addition of BCG to the RB51 vaccine had no effect
on proliferative CD4" T cell responses to y-irradiated RB51 stimulation.
However, corresponding to the one-directional in vitro observations,
we found that the addition of RB51 to the BCG vaccine significantly
enhanced BCG-specific responses. Upon evaluation of the functional
subsets of cells responding to antigen stimulations following RB51,
BCG, or combo vaccination, we found that only the number of
functional BCG-specific CD4" T cells were enhanced following
combo vaccination. The enhanced in vitro expansion of BCG-specific
CD4" T cells isolated from combo vaccinated heifers compared to BCG
vaccinated heifers, whether IFN-y* or IFN-y, indicates the possibility
of a more efficient in vivo cell-mediated immune response in the face of
an M. bovis infection. Altogether, these results suggested that combo
vaccination uniquely increased the BCG-specific Thl-polarized cell
mediated immune responses but had no effect on the RB51-specific
Th1 responses.

Since the animals in this study were not challenged with M. bovis,
we can only speculate that the increased numbers of BCG-specific IFN-
v" CD4" T cells in combo vaccinated animals could contribute to
enhanced protection against infection. There is evidence that the
context in which IFN-y is produced, not solely an increase in IFN-y
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concentration or number of IFN-y" T cells, determines the outcome of
M. bovis infections. Previous analysis of BCG-specific memory T cells
suggests that IFN-y" central memory (Tcyy) are essential for protection
against M. bovis (47, 48). Cytokine production by Ty indicates that
tumor necrosis factor oo (TNF-a)*interleukin-2 (IL-2)*/IFN-y"
polyfunctionality is associated with protection against M. bovis, while
TNF-0/'TFN-y" Tcy are negatively correlated with protection (49).
Evaluation of systemic cytokine signatures suggests that IL-2 and IL-
17A alone, and IL-1B and CXCL10 in conjunction with IFN-y, are
potential DIVA biomarkers and correlates of protection against M.
bovis infection (50-54). Besides IFN-y, the current study did not
evaluate production of other Thl cytokines, chemokines, surface
markers, or other candidate biomarkers that may indicate protection
against M. bovis infection. In future studies, we intend to more
thoroughly evaluate BCG-specific cellular memory phenotypes,
polyfunctionality, and the cytokine and chemokine environment in
conjunction with M. bovis challenge.

Seeing that combo vaccination of dairy-beef cross heifers with RB51
and BCG enhanced BCG-specific cell-mediated immune responses, we
repeated the study to compare BCG responses between single and
combo vaccinates in a group of Holstein steers. In contrast to the
original study, we did not observe differences in proliferative CD4" T
cell responses to PPDb between BCG vaccinated and combo vaccinated
steers. Significant CD4" proliferation to RB51 stimulation was observed
in PBMCs isolated from combo vaccinated animals, indicating that the
RB51 vaccine was administered to the combo vaccinate group
(Supplementary Figure S3). Animals in the two vaccine studies were
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housed under the same conditions and the same route of vaccine
administration was used, but cattle varied in age, sex, and genetic
background and were housed in separate pastures. It has been
established that stringent genetic selection for milk production in the
Holstein breed over the past 60 years has affected many immune-related
genes (55). Further, the genetic selection for milk production in
Holsteins specifically influences PBMC transcriptional signatures in
response to RB51 exposure (56). While age, sex, and environment of the
animals used in the two studies along with assay variability may have
been minor confounding variables, we hypothesize that differences in
host genetic background led to the variation in the T cell response to
combo vaccination.

Our results indicate that combo vaccinating cattle with RB51and
BCG may be an option to enhance immune responses to the BCG
vaccination. Administration of RB51 with BCG significantly enhanced
in vitro proliferative CD4" T cell responses to mycobacterial antigens
compared to vaccination with only BCG in dairy-beef crossbred heifers,
however, this observation was not replicated in Holstein steers. While
batch effects and/or environmental differences are possible factors that
could affect results, further investigation into the possible effect of
genetic background on immune responses to BCG and RB51
administered alone or together, is currently ongoing. Assessment of
how the enhanced T cell response observed in this study correlates to
protection against challenge with both B. abortus and M. bovis is also of
interest. The effect of cattle breed, age, and sex on immune responses
should be evaluated further to describe the full effect of RB51 and BCG
combo vaccination across the bovine species. Notably, the evaluation of
combo vaccination during disease challenge should be assessed to fully
consider the potential application of altered vaccination strategies for
beef and dairy cattle producers.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: Ag Data Commons https://doi.org/
10.15482/USDA.ADC/26871160.v1.

Ethics statement

The animal study was approved by National Animal Disease
Center Animal Care and Use Committee. The study was conducted
in accordance with the local legislation and institutional requirements.

Author contributions

HS: Conceptualization, Data curation, Formal Analysis,
Investigation, Writing - original draft. EP: Conceptualization,
Methodology, Project administration, Supervision, Writing - review
& editing. SO: Funding acquisition, Methodology, Project
administration, Resources, Supervision, Writing — review & editing.
MP: Methodology, Project administration, Supervision, Writing -
review & editing. PB: Conceptualization, Funding acquisition,

Frontiers in Immunology

10.3389/fimmu.2025.1664398

Investigation, Methodology, Project administration, Resources,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by USDA CRIS 5030-32000-234. The authors did not receive
funding from any outside grant or funding agencies. USDA is an
equal opportunity provider and employer.

Acknowledgments

We would like to thank Kolby Stallman, Derek Vermeer, Jonathan
Gardner, Caitlyn Ehrlich, and Tiffany Williams of the Animal Resource
Unit at the NADC for their assistance with animal husbandry and
sample collection. We also thank Dr. Kaitlyn Sarlo-Davila for assistance
with statistical analysis, Lilia Walther for technical support, and Sam
Humphrey for assistance with flow cytometry and data analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1664398/full#supplementary-material

frontiersin.org


https://doi.org/10.15482/USDA.ADC/26871160.v1
https://doi.org/10.15482/USDA.ADC/26871160.v1
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1664398/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1664398/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1664398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sterle et al.

References

1. Olsen S, Tatum F. Bovine brucellosis. Vet Clin North Am Food Anim Pract. (2010)
26:15-27. doi: 10.1016/j.cvfa.2009.10.006

2. Schumaker B. Risks of Brucella abortus spillover in the Greater Yellowstone area.
Rev Sci Tech. (2013) 32:71-7. doi: 10.20506/rst.32.1.2185

3. APHIS Veterinary Services. Brucella abortus Strain RB51 Vaccine Licensed for Use
in Cattle. (Washington, D.C.: United States Department of Agriculture). editor (2018).

4. Cheville NF, Olsen SC, Jensen AE, Stevens MG, Palmer MV, Florance AM. Effects
of age at vaccination on efficacy of Brucella abortus strain RB51 to protect cattle against
brucellosis. Am ] Vet Res. (1996) 57:1153-6. doi: 10.2460/ajvr.1996.57.08.1153

5. Olsen SC, Bricker B, Palmer MV, Jensen AE, Cheville NF. Responses of cattle to
two dosages of Brucella abortus strain RB51: serology, clearance and efficacy. Res Vet
Sci. (1999) 66:101-5. doi: 10.1053/rvsc.1998.0251

6. Stevens MG, Hennager SG, Olsen SC, Cheville NF. Serologic responses in
diagnostic tests for brucellosis in cattle vaccinated with Brucella abortus 19 or RB51.
J Clin Microbiol. (1994) 32:1065-6. doi: 10.1128/jcm.32.4.1065-1066.1994

7. Skendros P, Boura P. Immunity to brucellosis. Rev Sci Tech. (2013) 32:137-47.
doi: 10.20506/rst.32.1.2190

8. Araya LN, Elzer PH, Rowe GE, Enright FM, Winter AJ. Temporal development of
protective cell-mediated and humoral immunity in BALB/c mice infected with Brucella
abortus. J Immunol. (1989) 143:3330-7. doi: 10.4049/jimmunol.143.10.3330

9. Zhan Y, Cheers C. Endogenous gamma interferon mediates resistance to Brucella
abortus infection. Infect Immun. (1993) 61:4899-901. doi: 10.1128/iai.61.11.4899-4901.1993

10. Murphy EA, Sathiyaseelan J, Parent MA, Zou B, Baldwin CL. Interferon-gamma
is crucial for surviving a Brucella abortus infection in both resistant C57BL/6 and
susceptible BALB/c mice. Immunology. (2001) 103:511-8. doi: 10.1046/j.1365-
2567.2001.01258.x

11. Vitry MA, De Trez C, Goriely S, Dumoutier L, Akira S, Ryffel B, et al. Crucial role
of gamma interferon-producing CD4+ Th1 cells but dispensable function of CD8+ T
cell, B cell, Th2, and Th17 responses in the control of Brucella melitensis infection in
mice. Infect Immun. (2012) 80:4271-80. doi: 10.1128/IAL00761-12

12. Goenka R, Parent MA, Elzer PH, Baldwin CL. B cell-deficient mice display
markedly enhanced resistance to the intracellular bacterium Brucella abortus. J Infect
Dis. (2011) 203:1136-46. doi: 10.1093/infdis/jiq171

13. Nicoletti P. Vaccination. In: Klaus Nielsen JRD, editor. Animal Brucellosis. CRC
Press, Boston (1990). p. 283-96.

14. Palmer MV, Olsen SC, Cheville NF. Safety and immunogenicity of Brucella
abortus strain RB51 vaccine in pregnant cattle. Am ] Vet Res. (1997) 58:472-7.
doi: 10.2460/ajvr.1997.58.05.472

15. Olsen SC. Immune responses and efficacy after administration of a commercial
Brucella abortus strain RB51 vaccine to cattle. Vet Ther. (2000) 1:183-91.

16. Dorneles EM, Lima GK, Teixeira-Carvalho A, Araijo MS, Martins-Filho OA,
Sriranganathan N, et al. Immune response of calves vaccinated with Brucella abortus
S19 or RB51 and revaccinated with RB51. PloS One. (2015) 10:¢0136696. doi: 10.1371/
journal.pone.0136696

17. Pollock JM, Neill SD. Mycobacterium bovis infection and tuberculosis in cattle.
Vet J. (2002) 163:115-27. doi: 10.1053/tvjl.2001.0655

18. Palmer MV, Kanipe C, Boggiatto PM. The bovine tuberculoid granuloma.
Pathogens. (2022) 11. doi: 10.3390/pathogens11010061

19. Waters WR, Palmer MV, Buddle BM, Vordermeier HM. Bovine tuberculosis
vaccine research: historical perspectives and recent advances. Vaccine. (2012) 30:2611-
22. doi: 10.1016/j.vaccine.2012.02.018

20. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential
role for interferon gamma in resistance to Mycobacterium tuberculosis infection. ] Exp
Med. (1993) 178:2249-54. doi: 10.1084/jem.178.6.2249

21. Bold TD, Banaei N, Wolf AJ, Ernst JD. Suboptimal activation of antigen-specific
CD4+ effector cells enables persistence of M. tuberculosis in vivo. PloS Pathog. (2011) 7:
€1002063. doi: 10.1371/journal.ppat.1002063

22. Vordermeier HM, Chambers MA, Cockle PJ, Whelan AO, Simmons J,
Hewinson RG. Correlation of ESAT-6-specific gamma interferon production with
pathology in cattle following Mycobacterium bovis BCG vaccination against
experimental bovine tuberculosis. Infect Immun. (2002) 70:3026-32. doi: 10.1128/
TAL70.6.3026-3032.2002

23. Wedlock DN, Denis M, Vordermeier HM, Hewinson RG, Buddle BM.
Vaccination of cattle with Danish and Pasteur strains of Mycobacterium bovis BCG
induce different levels of IFNgamma post-vaccination, but induce similar levels of
protection against bovine tuberculosis. Vet Immunol Immunopathol. (2007) 118:50-8.
doi: 10.1016/j.vetimm.2007.04.005

24. Pollock JM, McNair J, Welsh MD, Girvin RM, Kennedy HE, Mackie DP, et al.
Immune responses in bovine tuberculosis. Tuberc (Edinb). (2001) 81:103-7.
doi: 10.1054/tube.2000.0258

25. Ritacco V, Lopez B, De Kantor IN, Barrera L, Errico F, Nader A. Reciprocal
cellular and humoral immune responses in bovine tuberculosis. Res Vet Sci. (1991)
50:365-7. doi: 10.1016/0034-5288(91)90143-C

Frontiers in Immunology

10.3389/fimmu.2025.1664398

26. Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al.
Tuberculosis. Nat Rev Dis Primers. (2016) 2:16076. doi: 10.1038/nrdp.2016.76

27. Holder T, Coad M, Allan G, Hogarth PJ, Vordermeier HM, Jones GJ.
Vaccination of calves with Bacillus Calmette-Guerin Danish strain 1331 results in a
duration of immunity of at least 52 weeks. Vaccine. (2023) 41:7290-6. doi: 10.1016/
j.vaccine.2023.10.060

28. Nugent G, Yockney IJ, Whitford J, Aldwell FE, Buddle BM. Efficacy of oral BCG
vaccination in protecting free-ranging cattle from natural infection by Mycobacterium
bovis. Vet Microbiol. (2017) 208:181-9. doi: 10.1016/j.vetmic.2017.07.029

29. Ameni G, Vordermeier M, Aseffa A, Young DB, Hewinson RG. Field evaluation
of the efficacy of Mycobacterium bovis bacillus Calmette-Guerin against bovine
tuberculosis in neonatal calves in Ethiopia. Clin Vaccine Immunol. (2010) 17:1533-8.
doi: 10.1128/CV1.00222-10

30. Lopez-Valencia G, Renteria-Evangelista T, Williams J, Licea-Navarro A, Mora-
Valle A, Medina-Basulto G. Field evaluation of the protective efficacy of
Mycobacterium bovis BCG vaccine against bovine tuberculosis. Res Vet Sci. (2010)
88:44-9. doi: 10.1016/j.rvsc.2009.05.022

31. Whelan AO, Coad M, Upadhyay BL, Clifford D], Hewinson RG, Vordermeier HM.
Lack of correlation between BCG-induced tuberculin skin test sensitisation and protective
immunity in cattle. Vaccine. (2011) 29:5453-8. doi: 10.1016/j.vaccine.2011.05.057

32. Lee J-C, Baek Y-B, Park J-G, Park S-I. Prevalence and co-infection status of
brucellosis and tuberculosis in Hanwoo in Jeonnam province. Korean ] Vet Serv. (2023)
46:283-91. doi: 10.7853/kjvs.2023.46.4.283

33. Dahourou LD, Ouoba LB, Minoungou L-BG, Tapsoba ARS, Savadogo M,
Yougbaré B, et al. Prevalence and factors associated with brucellosis and tuberculosis
in cattle from extensive husbandry systems in Sahel and Hauts-Bassins regions,
Burkina Faso. Sci African. (2023) 19:e01570. doi: 10.1016/j.sciaf.2023.e01570

34. Cadmus SI, Adesokan HK, Stack JA. Co-infection of brucellosis and tuberculosis
in slaughtered cattle in Ibadan, Nigeria: a case report. Vet Ital. (2008) 44:557-8.

35. Joly DO, Messier F. Factors affecting apparent prevalence of tuberculosis and
brucellosis in wood bison. J Anim Ecol. (2004) 73:623-31. doi: 10.1111/j.0021-
8790.2004.00836.x

36. Shury TK, Nishi JS, Elkin BT, Wobeser GA. Tuberculosis and brucellosis in wood
bison (bison bison athabascae) in Northern Canada: a renewed need to develop options for
future management. ] Wildl Dis. (2015) 51:543-54. doi: 10.7589/2014-06-167

37. European Food Safety Authority and European Centre for Disease Prevention
and Control. The European Union One Health 2023 Zoonoses Report. EFSA J. (2024)
€9106. doi: 10.2903/j.efsa.2024.9106

38. Bonilla-Aldana DK, Jiménez-Diaz SD, Lozada-Riascos C, Silva-Cajaleon K,
Rodriguez-Morales AJ. Mapping bovine tuberculosis in Colombia, 2001-2019. Vet
Sci. (2024) 11:220. doi: 10.3390/vetsci11050220

39. Bonilla-Aldana DK, Trejos-Mendoza AE, Pérez-Vargas S, Rivera-Casas E,
Muiioz-Lara F, Zambrano LI, et al. A systematic review and meta-analysis of bovine
brucellosis seroprevalence in Latin America and the Caribbean. New Microbes New
Infect. (2023) 54:101168. doi: 10.1016/j.nmni.2023.101168

40. Rodrigues DL, Amorim EA, Ferreira F, Amaku M, Baquero OS, de Hildebrand E
Grisi Filho JH, et al. Apparent prevalence and risk factors for bovine tuberculosis in the
state of Parana, Brazil: an assessment after 18 years since the beginning of the Brazilian
program. Trop Anim Health Prod. (2022) 54:360. doi: 10.1007/s11250-022-03350-0

41. Escarcega DAV, Razo CAP, Ruiz SG, Gallegos SLS, Suazo FM, Alarcon GJC.
Analysis of bovine tuberculosis transmission in Jalisco, Mexico through whole-genome
sequencing. J Vet Res. (2020) 64:51-61. doi: 10.2478/jvetres-2020-0010

42. Buddle BM, de Lisle GW, Pfeffer A, Aldwell FE. Immunological responses and
protection against Mycobacterium bovis in calves vaccinated with a low dose of BCG.
Vaccine. (1995) 13:1123-30. doi: 10.1016/0264-410X(94)00055-R

43. Buddle BM, Hewinson RG, Vordermeier HM, Wedlock DN. Subcutaneous
administration of a 10-fold-lower dose of a commercial human tuberculosis vaccine,
Mycobacterium bovis bacillus Calmette-Guerin Danish, induced levels of protection
against bovine tuberculosis and responses in the tuberculin intradermal test similar to
those induced by a standard cattle dose. Clin Vaccine Immunol. (2013) 20:1559-62.
doi: 10.1128/CV1.00435-13

44. Boggiatto PM, Schaut RG, Olsen SC. Enhancing the Detection of Brucella-
Specific CD4+ T Cell Responses in Cattle via in vitro Antigenic Expansion and
Restimulation. Front Immunol. (2020) 11:1944. doi: 10.3389/fimmu.2020.01944

45. Olsen SC, Boggiatto PM. Characterization of the duration of immunity of
Brucella abortus strain RB51 vaccination in cattle after experimental challenge. Prev
Vet Med. (2022) 206:105705. doi: 10.1016/j.prevetmed.2022.105705

46. Sterle HM, Putz EJ, Olsen SC, Boggiatto PM. Induction of CD4 T cell memory

responses following BCG vaccination in cattle. Front Vet Sci. (2024) 11:1491424.
doi: 10.3389/fvets.2024.1491424

47. Vordermeier HM, Villarreal-Ramos B, Cockle PJ, McAulay M, Rhodes SG,
Thacker T, et al. Viral booster vaccines improve Mycobacterium bovis BCG-induced
protection against bovine tuberculosis. Infect Immun. (2009) 77:3364-73. doi: 10.1128/
1AL.00287-09

frontiersin.org


https://doi.org/10.1016/j.cvfa.2009.10.006
https://doi.org/10.20506/rst.32.1.2185
https://doi.org/10.2460/ajvr.1996.57.08.1153
https://doi.org/10.1053/rvsc.1998.0251
https://doi.org/10.1128/jcm.32.4.1065-1066.1994
https://doi.org/10.20506/rst.32.1.2190
https://doi.org/10.4049/jimmunol.143.10.3330
https://doi.org/10.1128/iai.61.11.4899-4901.1993
https://doi.org/10.1046/j.1365-2567.2001.01258.x
https://doi.org/10.1046/j.1365-2567.2001.01258.x
https://doi.org/10.1128/IAI.00761-12
https://doi.org/10.1093/infdis/jiq171
https://doi.org/10.2460/ajvr.1997.58.05.472
https://doi.org/10.1371/journal.pone.0136696
https://doi.org/10.1371/journal.pone.0136696
https://doi.org/10.1053/tvjl.2001.0655
https://doi.org/10.3390/pathogens11010061
https://doi.org/10.1016/j.vaccine.2012.02.018
https://doi.org/10.1084/jem.178.6.2249
https://doi.org/10.1371/journal.ppat.1002063
https://doi.org/10.1128/IAI.70.6.3026-3032.2002
https://doi.org/10.1128/IAI.70.6.3026-3032.2002
https://doi.org/10.1016/j.vetimm.2007.04.005
https://doi.org/10.1054/tube.2000.0258
https://doi.org/10.1016/0034-5288(91)90143-C
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.1016/j.vaccine.2023.10.060
https://doi.org/10.1016/j.vaccine.2023.10.060
https://doi.org/10.1016/j.vetmic.2017.07.029
https://doi.org/10.1128/CVI.00222-10
https://doi.org/10.1016/j.rvsc.2009.05.022
https://doi.org/10.1016/j.vaccine.2011.05.057
https://doi.org/10.7853/kjvs.2023.46.4.283
https://doi.org/10.1016/j.sciaf.2023.e01570
https://doi.org/10.1111/j.0021-8790.2004.00836.x
https://doi.org/10.1111/j.0021-8790.2004.00836.x
https://doi.org/10.7589/2014-06-167
https://doi.org/10.2903/j.efsa.2024.9106
https://doi.org/10.3390/vetsci11050220
https://doi.org/10.1016/j.nmni.2023.101168
https://doi.org/10.1007/s11250-022-03350-0
https://doi.org/10.2478/jvetres-2020-0010
https://doi.org/10.1016/0264-410X(94)00055-R
https://doi.org/10.1128/CVI.00435-13
https://doi.org/10.3389/fimmu.2020.01944
https://doi.org/10.1016/j.prevetmed.2022.105705
https://doi.org/10.3389/fvets.2024.1491424
https://doi.org/10.1128/IAI.00287-09
https://doi.org/10.1128/IAI.00287-09
https://doi.org/10.3389/fimmu.2025.1664398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sterle et al.

48. Maggioli MF, Palmer MV, Thacker TC, Vordermeier HM, Waters WR.
Characterization of effector and memory T cell subsets in the immune response to
bovine tuberculosis in cattle. PloS One. (2015) 10:¢0122571. doi: 10.1371/
journal.pone.0122571

49. Maggioli MF, Palmer MV, Thacker TC, Vordermeier HM, McGill JL, Whelan
AQ, et al. Increased TNF-0/IFN-Y/IL-2 and decreased TNF-a/IFN-y Production by
central memory T cells are associated with protective responses against bovine
tuberculosis following BCG vaccination. Front Immunol. (2016) 7:421. doi: 10.3389/
fimmu.2016.00421

50. Rhodes SG, McKinna LC, Steinbach S, Dean GS, Villarreal-Ramos B, Whelan
AO, et al. Use of antigen-specific interleukin-2 to differentiate between cattle vaccinated
with Mycobacterium bovis BCG and cattle infected with M. bovis. Clin Vaccine
Immunol. (2014) 21:39-45. doi: 10.1128/CV1.00522-13

51. Khalid H, van Hooij A, Connelley TK, Geluk A, Hope JC. Protein levels of pro-
inflammatory cytokines and chemokines as biomarkers of Mycobacterium bovis
infection and BCG vaccination in cattle. Pathogens. (2022) 11. doi: 10.3390/
pathogens11070738

Frontiers in Immunology

10

10.3389/fimmu.2025.1664398

52. Jones GJ, Pirson C, Hewinson RG, Vordermeier HM. Simultaneous
measurement of antigen-stimulated interleukin-1 beta and gamma interferon
production enhances test sensitivity for the detection of Mycobacterium bovis
infection in cattle. Clin Vaccine Immunol. (2010) 17:1946-51. doi: 10.1128/
CVI1.00377-10

53. Waters WR, Maggioli MF, Palmer MV, Thacker TC, McGill JL, Vordermeier
HM, et al. Interleukin-17A as a biomarker for bovine tuberculosis. Clin Vaccine
Immunol. (2016) 23:168-80. doi: 10.1128/CVI1.00637-15

54. Blanco FC, Bianco MV, Meikle V, Garbaccio S, Vagnoni L, Forrellad M, et al.
Increased IL-17 expression is associated with pathology in a bovine model of
tuberculosis. Tuberc (Edinb). (2011) 91:57-63. doi: 10.1016/j.tube.2010.11.007

55. Ma L, Sonstegard TS, Cole JB, VanTassell CP, Wiggans GR, Crooker BA, et al.
Genome changes due to artificial selection in U.S. Holstein cattle. BMC Genomics.
(2019) 20:128. doi: 10.1186/s12864-019-5459-x

56. Sarlo Davila KM, Boggiatto P, Olsen S, Lippolis JD, Crooker BA, Putz EJ. Effect
of selection genotype on immune response to Brucella abortus RB51 in Holstein cattle.
Anim Genet. (2024) 55:47-54. doi: 10.1111/age.13372

frontiersin.org


https://doi.org/10.1371/journal.pone.0122571
https://doi.org/10.1371/journal.pone.0122571
https://doi.org/10.3389/fimmu.2016.00421
https://doi.org/10.3389/fimmu.2016.00421
https://doi.org/10.1128/CVI.00522-13
https://doi.org/10.3390/pathogens11070738
https://doi.org/10.3390/pathogens11070738
https://doi.org/10.1128/CVI.00377-10
https://doi.org/10.1128/CVI.00377-10
https://doi.org/10.1128/CVI.00637-15
https://doi.org/10.1016/j.tube.2010.11.007
https://doi.org/10.1186/s12864-019-5459-x
https://doi.org/10.1111/age.13372
https://doi.org/10.3389/fimmu.2025.1664398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Effect of co-vaccination of cattle with RB51 and BCG on vaccine-specific CD4+ T cell responses
	1 Introduction
	2 Materials and methods
	2.1 Vaccination
	2.2 Peripheral blood mononuclear cell isolation
	2.3 Labeling PBMCs for proliferation assay
	2.4 In vitro recall response assay
	2.5 Surface marker and intracellular cytokine staining
	2.6 Statistical analysis

	3 Results
	3.1 RB51-specific CD4+ T cell recall response following RB51 vaccination of crossbred heifers
	3.2 Mycobacterium-specific CD4+ T cell recall response following RB51 vaccination of crossbred heifers
	3.3 Proliferative response of CD4+ T cells following combo vaccination of crossbred heifers with RB51 and BCG
	3.4 Magnitude of the Th1 functional potential of antigen-specific CD4+ T cells
	3.5 Repeatability of enhanced PPDb-specific CD4+ T cell proliferation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


