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Abstract
Bovine respiratory syncytial virus (BRSV) and bovine viral diarrhea virus (BVDV) are the main 
viral contributors to bovine respiratory disease (BRD) with high mortality and morbidity. 
BRD control measures include vaccination that modulates immunological profiles reflected 
in blood cells, serum, and body secretions, such as milk. This study evaluated the immune 
responses to an inactivated BRD vaccine in lactating cows reared in a natural environment on 
a dairy farm. The cows were intramuscularly inoculated with the vaccine, and serum, blood, 
and milk were collected pre-and post-vaccination. Our study revealed a prominent increase 
in BRSV-specific antibodies both in serum and milk, while the change in BVDV-specific 
antibodies was insignificant. Serum interleukin (IL)-1β and IL-6 levels significantly decreased, 
but this change was not reflected in milk. Evaluation of pattern recognition receptors (PRRs) 
via RT-qPCR revealed downregulation of nucleotide-binding oligomerization domain 2 
(NOD2). The concentrations of BRSV antibodies, BVDV antibodies, IL-2, and IL-17A in serum 
and milk were strongly correlated, implying a concurrent influence on both body fluids. Thus, 
immunological factors modulated as a result of vaccination generally measured in serum 
were reflected in milk, demonstrating the suitability of milk evaluation as an alternative 
approach for immunological observations. Furthermore, the correlation between BRSV 
antibodies and NOD2 and that between BVDV antibodies and toll-like receptor (TLR) 2, TLR3, 
TLR4, and TLR5 imply the possible role of PRRs for the assessment of the immune response 
developed in immunized cows reared on the farm.
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Introduction
Bovine respiratory disease (BRD) is a serious threat to the dairy and beef industry and has a considerable economic impact. 

It is most prevalently caused by bovine respiratory syncytial virus (BRSV) and bovine viral diarrhea virus (BVDV) (Griffin, 
1997; Snowder et al., 2006; Brodersen, 2010; Oliveira et al., 2020). BRSV causes severe life-threatening infections, mostly 
in one- to six-month-old calves (Bryson et al., 1978; Kimman et al., 1988), and affects the respiratory epithelium of the 
nasopharynx, bronchi, bronchioles, and alveolar spaces, leading to pyrexia, anorexia, tachypnea, and dyspnea (Verhoeff et al., 
1984). BVDV infection during pregnancy results in a variety of reproductive disorders (failure to conceive, stillbirth, abortion, 
and congenital deformity) and the birth of persistently infected (PI) calves (Grooms, 2004). PI calves are immunotolerant to 
BVDV and maintain the infection in herds. In practice, maternal antibody transfer is a widely accepted disease protection 
measure. However, as another commonly used disease management tool, vaccination before pregnancy could be a 
precautionary measure to control the disease. Commercial vaccines that consist of modified live or inactivated pathogens 
are in practice to prevent the negative impact of BRD; however, they have questionable efficiency (Theurer et al., 2015). 
Therefore, further study regarding the immunological aspect to develop a more efficacious vaccine is still needed.

A vaccine with adjuvants elicits the innate immune response via antigen presentation to T lymphocytes and promotes 
inflammatory reactions (Tizard, 2004) characterized by proinflammatory cytokines that ultimately impair cattle performance 
by increasing basal metabolism and tissue catabolism (Johnson, 1997). Lactating dairy cows experience an increased 
metabolic load, and vaccination at such a physiological loading stage further pushes them towards metabolic stress. Maternal 
immunization has the potential to protect dams, fetuses, and newborn calves during their first months of life until they are 
old enough to be vaccinated. In practice, lactating cows are immunized not only to prevent the spread of diseases on the 
farm but also to protect their offspring at an early age through transfer of the maternal immune response (Downey et al., 
2013; Guzman and Taylor, 2015). In addition to serum, detecting antibody in milk is a convenient method for scrutinizing 
vaccinated cattle because antibodies against BRSV and BVDV in bulk milk or individual milk are used to monitor herd/
individual infection status (Elvander et al., 1995; Lindberg and Alenius, 1999; Klem et al., 2014; Ohlson et al., 2014). Innate 
and adaptive immunity modulation after vaccination is reflected in serum and milk. Post-vaccination changes in milk 
components could provide information about their relationship to the immune response.

The purpose of this study was to evaluate the immune profiles in blood cells, serum, and milk after vaccination in dairy 
cows to improve understanding of the immunological profile generated by the inactivated vaccine in a field situation.

Materials and methods

Animals and vaccination

In total, twenty lactating dairy cows of different ages reared in the dairy farm were enrolled in the present study. Among 
these cattle, 8 were primiparous, 18 were multiparous with an average parity of 1.89, and no parity information was known 
for 2 cows. The mean age of the dairy cows in the experiment was 3.74 years. Cows were intramuscularly vaccinated with 
an inactivated vaccine (Barvac Elite 4-HS, Boehringer Ingelheim Vetmedica, Inc., St. Joseph, Missouri, USA) that contains 
infectious bovine rhinotracheitis (IBR) virus, BVDV type I, BRSV, Myxovirus parainfluenza type 3 (PI3), and Haemophilus 
somnus. Each dose of the vaccine consists of a virus over 2.5 log protection per 5 mL.
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Sampling

Blood samples were collected via jugular venipuncture before vaccination on the same day and 14 days post-vaccination 
(dpv) in accordance with animal health regulations. The study was approved by the National Institute of Animal Science 
(NIAS), Rural Development Administration (RDA). For serum collection, blood was coagulated, followed by centrifugation 
at 1,800 × g for 20 minutes at room temperature; serum was then aspirated and aliquoted into 1.5 mL tubes. For RNA 
extraction, 3 mL of blood was drawn into a TempusTM RNA tube (Applied Biosystems, Austria) containing 6 mL of stabilizer. 
Both serum and blood tubes were stored below -60℃ until use. Individual milk samples were obtained both pre-and post-
vaccination and stored below -50℃ until the assay was performed.

Immunoassay

Serum antibody responses against BRSV and BVDV were assayed by a competitive ELISA using an Ingenzim BRSV 
compac ELISA kit (Ingenasa, Madrid, Spain) and VDPro BVDV AB ELISA kit (Median Diagnostics Inc., Seoul, Korea) 
according to the manufacturer’s protocols. As a competitive ELISA, samples with higher antibody concentrations develop 
weaker color intensity. Antibody levels in milk samples were also evaluated by the same procedure.

The optical densty (OD) values of BRSV and BVDV antibodies were evaluated to compare with a positive control to 
determine the relative antibody concentration in the S/P ratio form according to the following equation.

S/P = 
Sample OD  value - Negative Control OD  value

Positive control OD  value - Negative Control OD  value           (1)

Cytokines in both serum and milk were assayed using sandwich ELISA. Interleukin (IL)-1β concentrations were measured 
using a Bovine IL-1β Invitrogen Thermo Fisher Scientific kit (Vienna, Austria); IL-4 was evaluated using a Thermo 
Scientific kit (Waltham, MA, USA), and IL-17A was evaluated using a Kingfisher kit (Saint Paul, MN, USA). Likewise, the 
concentrations of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, IL-2, and IL-6 were assessed by using a bovine kit from 
R&D Systems (Minneapolis, MN, USA). The concentrations were inferred using corresponding standards by measuring the 
OD value at 450 nm.

Milk constituents

An immunoperoxidase assay was performed to analyze milk samples for the presence of total immunoglobulin (Ig) A and 
total IgG following the manufacturer’s instructions (MyBioSource, San Diego, California, USA). Lactoferrin and lysozyme 
contents in milk were quantified using an ELISA kit developed by MyBioSource (San Diego, California, USA). Milk was 
centrifuged at 10,000 × g for 15 min at 4℃, the aqueous fraction was collected, and the cycle was repeated twice. Skimmed 
milk was used for the quantification of lactoferrin. Lysozyme was quantified from the milk centrifuged at 2,000 rpm for 
10 min at 4℃. The final absorbance was measured at 450 nm using the ELISA plate reader, and the concentration was 
calculated based on the standards.
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RNA extraction and quantitative real-time PCR

RNA was extracted from blood collected in the Tempus tube using TempusTM Spin RNA isolation reagent kit (Applied 
Biosystems, Thermo Fisher Scientific, Texas, USA) based on the guanidine hydrochloride method. Extracted RNA was 
quantified using a BioSpec-Nano Spectrophotometer (Shimadzu Biotech, Shanghi, China) at a 0.7-mm pathlength, and 
its purity was verified (OD260/OD280 absorption ratio > 2.0). Complementary DNA synthesis was performed using 
ReverTraAce qPCR RT kit (TOYOBO, Osaka, Japan) in a 10-μL reaction mixture using a template concentration of 0.5 μ
g·μL-1 by incubation at 37℃ for 15 min followed by 98℃ for 5 min and holding at 4℃ using Thermal Block All in one 
cyclerTM (Bioneer, Daejeon, Korea). The generated cDNA was diluted in nuclease-free water and stored at -80℃ until 
it was used for RT-qPCR. RT-qPCR was performed with the SYBR green premix (Bioneer, Daejeon, Korea) using the 
CFX ConnectTM Real-time system (BioRad, California, USA). A total of 17 primer pairs were used for amplification of the 
target genes, which are listed in Table 1. Genes included are Toll-like receptors (TLR) 1-10, myeloid differentiation primary 
response gene 88 (MyD88), retinoic acid-inducible gene (RIG-I), toll-like receptor adaptor molecule 2 (TICAM2), nuclear 
factor kappa B (NF-kB), melanoma differentiation-associated protein 5 (MDA5) and nucleotide-binding oligomerization 
domain 2 (NOD2). All primers were selected based on a published paper except for NOD2, which was designed on the 
IDT Realtime Design Tool platform. The housekeeping gene β-actin was used as the endogenous reference gene for the 
normalization of the Ct values of the target gene. The gene expression in fold change was evaluated using the 2-∆∆Ct method 
(Livak and Schmittgen, 2001).

Statistical analysis

The changes in the S/P ratios of BRSV and BVDV antibodies and cytokine concentrations pre- and post-vaccination were 
compared using a two-tailed, paired t-test. The correlation between cytokines including IL-1β, IL-2, IL-4, IL-6, IL-17A, 
TNF-α, and IFN-γ and BRSV and BVDV antibodies were evaluated using two-tailed Pearson’s correlation determined with 
GraphPad Prism version 7.04. The correlogram was computed and plotted using R software (R i386 3.6.2, R Foundation for 
Statistical Computing, Vienna, Austria). Correlations and differences were considered significant at a 5% level of significance 
(p < 0.05), highly significant at a 1% level of significance (p < 0.01), strongly significant at a 0.1% level of significance (p < 
0.001), and very strongly significant at a 0.01% level of significance (p < 0.0001).

Results and Discussion

Antibody responses

Vaccination is the most important option for the control of BRD. Vaccination of lactating dairy cows with an inactivated vaccine 
resulted in a significant increase in specific antibodies against BRSV. The antibody concentration was interpreted from the S/P 
ratios analyzed using OD values. Screening of cows based on the cutoff values according to the manufacturer’s instructions showed 
that all were positive for both BRSV and BVDV pre- and post-vaccination, except one cow that was negative for BVDV before 
vaccination. The S/P ratio for BRSV increased within 14 dpv both in serum and milk, indicating an induced antibody response 
against BRSV as a result of immunization (Fig. 1). Monitoring for an increase in BRSV-specific antibodies in milk may be the 
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best option to evaluate vaccine efficiency since milk is easily and regularly accessible. Thus, the parallel relationship in BRSV titers 
between serum and milk suggests that milk alone can be used for surveillance for BRSV antibodies (Ohlson et al., 2014). The ease 
of milk sampling from an individual or in bulk might have the potential for differentiating infected from vaccinated animals (DIVA) 
if specific antigenic vaccines are used.

Before vaccination, BVDV-specific antibody levels were high in serum and vaccination didn’t further increase antibody 
levels in serum and milk (Fig. 1). The preexisting BVDV-specific antibodies in serum are the possible reason behind the 
non-significant increment of antibody levels. However, the higher BVDV-specific antibody levels in milk from infected 
cattle were successfully used to scrutinize and eradicate the disease in Sweden (Lindberg and Alenius, 1999). Thus, a 
lower concentration of BVDV-specific antibodies in milk in vaccinated than in infected cattle could be used as a diagnostic 
screening tool for DIVA.

Table 1. List of primers used in quantitative real-time PCR.

Gene symbol Accession no. 5'- 3' Sequences Amplicon size 
(bp) References

TLR1 FJ147090 F - GCACCACAGTGAGTCTGGAA 181 Russell et al., 2012; Werling et al., 2017
R - GTACGCCAAACCAACTGGAG

TLR2 NM_174197.2 F - ACGACGCCTTCGTGTCCTAC 66 Werling et al., 2017
R - GCTCCTGGACCATGAGGTTC

TLR3 NM_001008664 F - CAGGTCAACAGTCCCGAA 143 Weng et al., 2015
R - GCAGCACATTCCCCACAT

TLR4 AY634630 F - ACTGCAGCTTCAACCGTATC 190 Weng et al., 2015
R - TAAAGGCTCTGCACACATCA

TLR5 NM_001040501.1 F - AAAACCACATCGCCAACATC 191 Menzies and Ingham, 2006
R - CATCAGATGGAACTGGGACA

TLR6 NM_001001159.1 F - CAAAGCAGGGAACAATCCAT 206 Menzies and Ingham, 2006
R - CCACAATGGTGACAATCAGC

TLR7 AY957628 F - ACTCCTTGGGGCTAGATGGT 180 Menzies and Ingham, 2006; Weng et al., 2015
R - GCTGGAGAGATGCCTGCTAT

TLR8 NM_001033937 F - TTATTGCAGAATGTAATGGTCG 117 Weng et al., 2015
R - GAAAGGATTCATTCGTTACCC

TLR9 NM_183081.1 F - CTCGTATCCCTGTCGCTGAG 210 Menzies and Ingham, 2006
R - CACCTCCGTGAGGTTGTTGT

TLR10 NM_001076918.2 F - TCTGCCTGGGTGAAGTATGA 190 Menzies and Ingham, 2006
R - AATGGCACCATTCAGTCTGG

MYD88 NM_001014382 F - CGCGACGACGTGCTGATGGA 220 Cronin et al., 2012
R - TCGCTGGGGCAGTAGCAGATGA

NOD2 NM_001002889 F - ACAAGTTGACCGATGGCTG 139 This paper
R - TTGTTAGTTCTGAGCCCCTG

RIG-I XM_580928 F - GTGGTGGAAGATGTTGCG 119 Weng et al., 2015
R - AGATTGAGGTCCTGAGCC

TICAM2 DQ319071 F - TGGCAGACAGCATTTACAGA 131 Ibeagha-Awemu et al., 2008
R - ACAGAGTTCATGAGGGACGA

NF-κB XM_587432 F - ATACGTCGGCCGTGTCTAT 186 Ibeagha-Awemu et al., 2008
R - GGAACTGTGATCCGTGTAGG

MDA5 XM_615590 F - CGGCTGGGCTAGGATGTT 103 Weng et al., 2015
R - AGACGATGGAGAAGGCAAGT

β-actin BC102948 F - CAAGGAGAAGCTCTGCTACG 231 Weng et al., 2015
R - GATGTCGACGTCACACTTCA

F, forward sequence; R, reverse sequence.
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Cytokine responses

Cytokine concentrations in serum and milk were measured to study if immune responses upon vaccination could 
modulate cytokine levels. IL-2, IL-4, and IFN-γ were mostly undetectable in both serum and milk regardless of vaccination. 
Interestingly, two major proinflammatory cytokines, IL-1β and IL-6 were significantly decreased upon vaccination in 
serum. However, both cytokines were not changed after vaccination in milk (Fig. 2). Another pro-inflammatory cytokine, 
TNF-α, was not detected in all except in one pre-vaccination serum sample. The concentration of the cytokine IL-17A was 
also negligible and not noted in immunized cows. Antiviral cytokine IFN-γ was expected to increase significantly but was 
upregulated in few cattle only.

BRSV either in live or inactivated or nano vaccine form significantly induced pro-inflammatory cytokines including IL-1
β, IL-6, and TNF-α in bovine monocyte‐derived dendritic cells, macrophages, and epithelial cells (Werling et al., 2002; 
Guzman and Taylor, 2015; McGill et al., 2018). BVDV infected macrophages also induced IL-1β (Morales-Aguilar et al., 
2020). In the present study, vaccination decreased both IL-1β and IL-6 levels in serum. The sampling after vaccination was 
done once at 14 dpv, while in most studies the samplings were performed within few days of infection, and were carried out 
in vitro. Thus, the natural farm condition and sampling time selection might result in such a deviation.

Downregulation of serum IL-1β was followed by a decrease in IL-2 since IL-1β and IL-6 regulate Th0 cells to differentiate 
into effector Th1 cells to produce IFN-γ and IL-2. In contrast, this decrease was masked in milk. The complete absence of 
IL-4 post-vaccination skewed the proliferation of Th2 cells. IL-4 stimulates B-cells for antibody production; however, a 
biased response of Th2 cells may predispose to increased pathology, whereas Th1 cells facilitate protection (Meyer et al., 
2008). The inactivated vaccine developed humoral responses while inflammatory cytokine responses were downregulated.

Fig. 1. Specific antibodies (sample to positive, S/P ratio) in lactating cows. Cows reared in a natural 
environment on the farm were vaccinated for bovine respiratory diseases (BRDs). Serum and milk 
samples were collected before and at 14 dpv, and specific antibodies were measured for (A) bovine 
respiratory syncytial virus (BRSV) and (B) bovine viral diarrhea virus (BVDV). Serum was diluted 50-fold 
for the BRSV S/P assay. For the remaining assays, samples were used without dilution. All data are 
expressed as the mean ± standard error of the mean (SEM). A two-tailed paired t-test was performed 
and asterisks (**** p < 0.0001) signify statistically significant differences.
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Correlation between serum and milk

The constituents of serum and milk were compared to analyze their relationship. BRSV and BVDV antibodies in serum 
and milk were tallied to find corresponding relations. The correlation between serum and milk was strongly positive for 
BRSV-specific antibodies and moderately positive for BVDV-specific antibodies. Likewise, the correlation for IL-2 levels in 
serum and milk was very strong and in the same direction. A similar scenario was noted for IL-17A (Table 2). Since TNF-α 
was not detected in milk at all tested time points, performing a correlation study was not applicable. Although nonsignificant, 
the correlation between IL-1β levels in serum and milk was negative.

Fig. 2. Cytokine concentrations in response to vaccination. Serum and milk were sampled from cows 
reared at the farm pre- and post-vaccination. TNF-α was not detected except in pre-vaccinated serum 
samples, and IL-4 was not detected in post-vaccinated samples. All data are expressed as the mean ± 
standard error of the mean (SEM). A two-tailed paired t-test was assessed and asterisks (** p < 0.01) 
indicate a statistically significant difference. IL, interleukin; TNF,tumor necrosis factor; IFN, interferon.

Table 2. Correlation between different factors in serum and milk. 
Statistical values BRSV BVDV IL-1β IL-6 TNF-α IL-2 IL-4 IFN-γ IL-17A

r 0.679 0.473 -0.137 0.106
NA

0.803 -0.033 -0.083 0.648
p < 1E - 04*** 3E - 3** 0.418 0.534 < 1E - 04*** 0.848 0.627 < 1E - 04***

BRSV, bovine respiratory syncytial virus ; BVDV, bovine viral diarrhea Virus; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; Ig, immunoglobulin; 
NA, not applicable.
Difference is significant at * p < 0.05, ** p < 0.01, and *** p < 0.001 and r is the correlation coefficient.
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Studies regarding the bovine cytokine levels in milk and serum were done separately but the comparative analysis for 
vaccinated cows was not performed yet (Hagiwara et al., 2000; McGill and Sacco, 2020). Natural antibodies in bovine milk 
and blood plasma were highly correlated in a consistent and repeatable manner (Ploegaert et al., 2011). Nakajima et al. (1997) 
observed a strong correlation for IL-6 in between serum and milk in cows with naturally occurring coliform mastitis (Nakajima 
et al., 1997). The strong correlation between serum and milk for antibodies and cytokines in this study further strengthens the 
importance of milk as an alternative substitute for serological study.

Association of antibodies and cytokines

The correlation analysis among antibodies and cytokines was performed to assess the immune response following BRD 
vaccination in lactating cows. BRSV- and BVDV-specific antibodies in serum were negatively correlated with IL-1β. 
Although BRSV and BVDV infection-induced IL-1β production (Werling et al., 2002; Guzman and Taylor, 2015; McGill 
et al., 2018; Morales-Aguilar et al., 2020), vaccination downregulated it resulting in an inverse relation. The association 
between IL-1β and BVDV-specific antibodies in milk was reversed to that in serum; they were moderately positively related. 
The correlation between BVDV-specific antibodies and IL-2 was in the same direction; the association was stronger in 
milk than in serum. The association between BRSV-specific antibodies and IL-17A was positive in milk, and no significant 
relationship was found in serum. Generally, mastitis enhances pro-inflammatory cytokines in milk (Bochniarz et al., 2017) 
and vaccination has not been reported for changes in milk cytokine profiles. Thus, the relation between antibodies and 
cytokines indicates the requirement of further confirmation with more sampling time and multiple vaccination schedules.

Milk factors

Post-vaccination milk samples obtained 14 dpv revealed decreased levels of total immunoglobulin A (IgA), 
immunoglobulin G (IgG), and lactoferrin. The decrease was not significant but was on a trend of a significant difference for 
total IgA levels (Fig. 3). Lysozyme was not detected in any pre-or post-vaccination milk samples. The decreased total IgA, 
IgG, and lactoferrin levels were not associated with changes in BRSV- and BVDV-specific antibodies; however, IgG levels 
were weakly correlated with BRSV-specific antibodies (p = 0.059) (Table 3).

Fig. 3. Concentration of immune factors in milk. Total IgA, total IgG, and lactoferrin in milk were 
measured by ELISA pre- and post-vaccination (14 dpv) in dairy cows. Data are expressed as the 
mean ± standard error of the mean (SEM). A two-tailed t-test was conducted, and differences were 
significant at * p < 0.05. Ig, immunoglobulin.
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Lactoferrin, an iron-binding glycoprotein, modulates the immune response through defense mechanisms by chelating 
iron required for microbial growth (Hao et al., 2019). It has strong antiviral potential against respiratory syncytial virus, 
rotavirus, herpesviruses, Mayaro virus, and other naked/enveloped DNA/RNA viruses (van der Strate et al., 2001; Carvalho 
et al., 2014). Decreased production of lactoferrin post-vaccination could be due to time variation as there was no correlation 
established with BRSV- and BVDV-specific antibody levels. Besides, various factors including the somatic cell count, stage 
of lactation, daily milk production, and parity affect the concentration of lactoferrin in bovine milk (Cheng et al., 2008). 
Vaccination had no influence on the total IgA in milk although it is an anti-inflammatory antibody required for mucosal 
defense against bacterial invasion (Cakebread et al., 2015).

Expression of pathogen recognition receptor (PRR) genes

The expression levels of different PRRs were studied in dairy cows immunized with an inactivated vaccine. Cytosolic 
receptor, NOD2 was significantly downregulated after vaccination, while RIG-I and MDA5 were slightly downregulated 
(Fig. 4). The decrease in expression of NOD2 in immunized cows may be critical for preventing uncontrolled inflammation 
in future encounters and may play a protective role against infection. Likewise, surface receptors including TLR1 and TLR5 
were also downregulated. BRSV and BVDV infection induced the expression of TLR2 and TLR4 in bronchial lymph nodes 
(Tizioto et al., 2015) while the inactivated vaccination showed no such increment in blood cells.

Association of PRRs

BRSV-specific antibody was negatively correlated with NOD2 expression. NOD2 recognizes the viral ssRNA 
genome in the cytoplasm and utilizes the adaptor protein mitochondrial antiviral signaling (MAVS) to activate interferon 
regulatory factor 3 (IRF3) (Sabbah et al., 2009). It is essential for induction of both Th1- and Th2-type responses following 
costimulation with TLR agonists. The correlation of NOD2 with TLR4, TLR2, TLR5, and TLR7 supports its importance in 
a downstream signaling pathway.

Table 3. Correlation between antibodies and bioactive components in serum and milk. 

Immunological
factors

BRSV BVDV
Serum Milk Serum Milk

r p r p r p r p
IL-1β -0.359 0.025*  0.184 0.270 -0.433 0.006** 0.353 0.030**
IL-6 -0.251 0.123 -0.029 0.863 0.124 0.452 0.093 0.580
TNF-α -0.138 0.402 NA 0.281 0.084 NA
IL-2 0.019 0.911 -0.099 0.556 0.330 0.040* 0.569 2E - 04***
IL-4 -0.148 0.368 -0.154 0.355 -0.285 0.079 -0.057 0.736
IFN-γ 0.015 0.928 -0.057 0.733 0.180 0.272 -0.089 0.594
IL-17A -0.088 0.593 0.320 0.050* -0.217 0.185 -0.035 0.835
IgA 0.189 0.255 0.145 0.386
IgG 0.310 0.059 0.027 0.873
Lactoferrin 0.214 0.198 0.210 0.206
BRSV, bovine respiratory syncytial virus ; BVDV, bovine viral diarrhea Virus; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; Ig, immunoglobulin; 
NA, not applicable.
Difference is significant at * p < 0.05, ** p < 0.01 and *** p < 0.001 and r is the correlation coefficient.
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BVDV-specific antibody was moderately correlated with TLR2, TLR3, TLR4, and TLR5. Innate viral recognition of 
BVDV in cattle depends on TLR3 and TLR7 (Lee et al., 2008) and such viral recognition produces cytokines to stimulate 
inflammatory and adaptive immune responses (Janeway and Medzhitov, 2002; Schlender et al., 2005; Kawai and Akira, 
2006). The correlation of BVDV-specific antibodies with TLR2, TLR3, TLR4, and TLR5 indicates their possible role in 
vaccination-induced immune responses. Although viral infection promotes TLRs to induce inflammatory cytokines such 
as TNF-α, IL-1β, and IL-6 (Kawai and Akira, 2006), BVDV viral infection down-regulated these cytokines to inhibit 
inflammation and enhances infection (Lee et al., 2008). The inactivated vaccine in this study slightly increased the expression 
of TLR2, TLR3, TLR7, and TLR8 and decreased IL-1β to control the inflammation.

Among PRRs, there were clusters of strong positive correlations among NOD2, MyD88, and TLR8 and among TLR1, 
TLR9, and TLR10. Likewise, TLR4, TLR2, and TLR7 were positively correlated with MyD88, TLR8, and NOD2 (Fig. 5). 
The formation of these clusters suggests their relationship to the immune response for cytokine production. Further, the slight 
increase in TICAM2 post-vaccination and its positive correlation with NF-kB favored the cytokines release pathway.

Fig. 4. Relative normalized expression of mRNA for (A) toll-like receptors (TLRs) and (B) adaptor 
proteins. RNA was extracted from the whole blood of bovine respiratory disease (BRD)-immunized 
lactating cows at pre- and post-vaccination time points. mRNA expression was measured using 
published and designed primers. Data are expressed as the fold difference in mRNA expression 
normalized to the housekeeping gene (β-actin) relative to the values obtained for pre-vaccinated cows 
using a two-tailed paired t-test where * p < 0.05 refer to a statistically significant difference. MyD88, 
myeloid differentiation primary response gene 88; NF-kB, nuclear factor kappa B; NOD2, nucleotide-
binding oligomerization domain 2; TICAM2, toll-like receptor adaptor molecule 2; RIG-I, retinoic acid-
inducible gene; MDA5, melanoma differentiation-associated protein 5.
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TLRs and the other adaptor protein genes were not significantly modulated post-vaccination; thus, further evaluation 
within a few days after vaccination should be performed. However, the clustering of NOD2, MyD88, and TLR8 and the 
relationships of TLR2, TLR4, TLR7, and TLR8 with MyD88 suggest that MyD88-dependent activation of the signaling 
pathway is necessary for consecutive immune responses.

Conclusion
In conclusion, when dairy cows were inoculated with inactivated BRD vaccine, pathogen-specific antibody response, 

especially BRSV, was induced both in serum and milk. This result indicates that milk could be a better choice with an easier 
approach than serology for BRSV-specific antibody detection. Antibody response to BVDV was not induced by vaccination 
which was possible due to preexisting high-level antibodies and single-dose vaccination. PRR transcript analysis using RNA 
extracted from blood revealed that NOD2 expression was downregulated after vaccination. In addition, serum cytokine levels 

Fig. 5. Correlogram presenting the relationships among antibodies, pattern recognition receptors 
(PPRs), and cytokines in response to bovine respiratory disease (BRD) vaccination in cows. The 
numerical value and color denote the Pearson correlation coefficient and strength of the relationship, 
respectively, and asterisks (*p < 0.05, **p < 0.01 and ***p < 0.001) indicate statistically significant 
differences. BVDV, bovine viral diarrhea virus; TLR, toll-like receptor; BRSV, bovine respiratory 
syncytial virus; NF-kB, nuclear factor kappa B; RIG-I, retinoic acid-inducible gene; MDA5, melanoma 
differentiation-associated protein 5; TICAM2, toll-like receptor adaptor molecule 2; NOD2, nucleotide-
binding oligomerization domain 2; MyD88, myeloid differentiation primary response gene 88.
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were not changed by single-dose vaccination except IL-1β. In the present study, sampling was done at a one-time point (14 
dpv) and vaccination was also done once. Therefore, further studies with multiple sampling times and multiple vaccinations 
are necessary to characterize immune responses against BRD vaccination.

Conflict of Interests
No potential conflict of interest relevant to this article was reported.

Acknowledgments
This work was supported by the Cooperative Research Program for Agriculture Science and Technology Development 

(Project No. PJ012704012019), Rural Development Administration, Republic of Korea.

Authors Information
Ram Prasad Aganja, https://orcid.org/0000-0002-1945-7153
Kangseok Seo, https://orcid.org/0000-0002-6116-6114
Seungmin Ha, https://orcid.org/0000-0002-5152-1979
Young-Joo Yi, https://orcid.org/0000-0002-7167-5123
Sang-Myeong Lee, https://orcid.org/0000-0002-3624-3392

References

Bochniarz M, Zdzisinska B, Wawron W, Szczubial M, Dabrowski R. 2017. Milk and serum IL-4, IL-6, IL-10, and amyloid 
A concentrations in cows with subclinical mastitis caused by coagulase-negative staphylococci. Journal of Dairy 
Science 100:9674-9680.

Brodersen BW. 2010. Bovine respiratory syncytial virus. Veterinary Clinics North America Food Animal Practice 26:323-
333.

Bryson DG, McFerran JB, Ball HJ, Neill SD. 1978. Observations on outbreaks of respiratory disease in housed 
calves--(2) Pathological and microbiological findings. The Veterinary Record 103:503-509.

Cakebread JA, Humphrey R, Hodgkinson AJ. 2015. Immunoglobulin A in bovine milk: A potential functional food? 
Journal of Agricultural and Food Chemistry 63:7311-7316.

Carvalho CA, Sousa Jr IP, Silva JL, Oliveira AC, Goncalves RB, Gomes AM. 2014. Inhibition of Mayaro virus infection by 
bovine lactoferrin. Virology 452:297-302.

Cheng JB, Wang JQ, Bu DP, Liu GL, Zhang CG, Wei HY, Zhou LY, Wang JZ. 2008. Factors affecting the lactoferrin 
concentration in bovine milk. Journal of Dairy Science 91:970-976.

Cronin JG, Turner ML, Goetze L, Bryant CE, Sheldon IM. 2012. Toll-like receptor 4 and MYD88-dependent signaling 
mechanisms of the innate immune system are essential for the response to lipopolysaccharide by epithelial and 
stromal cells of the bovine endometrium. Biology of Reproduction 86:51.

Downey ED, Tait Jr RG, Mayes MS, Park CA, Ridpath JF, Garrick DJ, Reecy JM. 2013. An evaluation of circulating bovine 
viral diarrhea virus type 2 maternal antibody level and response to vaccination in Angus calves. Journal of Animal 
Science 91:4440-4450.



Korean Journal of Agricultural Science 48(2) June 2021 263

Evaluation of immune responses in dairy cows immunized with an inactivated vaccine for bovine respiratory disease

Elvander M, Edwards S, Naslund K, Linde N. 1995. Evaluation and application of an indirect ELISA for the detection 
of antibodies to bovine respiratory syncytial virus in milk, bulk milk, and serum. Journal of Veterinary Diagnostic 
Investigation 7:177-182.

Griffin D. 1997. Economic impact associated with respiratory disease in beef cattle. Veterinary Clinics North America 
Food Animal Practice 13:367-377.

Grooms DL. 2004. Reproductive consequences of infection with bovine viral diarrhea virus. Veterinary Clinics North 
America Food Animal Practice 20:5-19.

Guzman E, Taylor G. 2015. Immunology of bovine respiratory syncytial virus in calves. Molecular Immunology 66:48-
56.

Hagiwara K, Kataoka S, Yamanaka H, Kirisawa R, Iwai H. 2000. Detection of cytokines in bovine colostrum. Veterinary 
Immunology and Immunopathology 76:183-190.

Hao L, Shan Q, Wei J, Ma F, Sun P. 2019. Lactoferrin: Major physiological functions and applications. Current Protein 
and Peptide Science 20:139-144.

Ibeagha-Awemu EM, Lee JW, Ibeagha AE, Bannerman DD, Paape MJ, Zhao X. 2008. Bacterial lipopolysaccharide 
induces increased expression of toll-like receptor (TLR) 4 and downstream TLR signaling molecules in bovine 
mammary epithelial cells. Veterinary Research 39:11.

Janeway Jr CA, Medzhitov R. 2002. Innate immune recognition. Annual Review of Immunology 20:197-216.
Johnson RW. 1997. Inhibition of growth by pro-inflammatory cytokines: an integrated view. Journal of Animal Science 

75:1244-1255.
Kawai T, Akira S. 2006. Innate immune recognition of viral infection. Nature Immunology 7:131-137.
Kimman TG, Zimmer GM, Westenbrink F, Mars J, van Leeuwen E. 1988. Epidemiological study of bovine respiratory 

syncytial virus infections in calves: Influence of maternal antibodies on the outcome of disease. The Veterinary 
Record 123:104-109.

Klem TB, Tollersrud T, Osteras O, Stokstad M. 2014. Association between the level of antibodies in bulk tank milk and 
bovine respiratory syncytial virus exposure in the herd. The Veterinary Record 175:47.

Lee SR, Pharr GT, Boyd BL, Pinchuk LM. 2008. Bovine viral diarrhea viruses modulate toll-like receptors, cytokines and 
co-stimulatory molecules genes expression in bovine peripheral blood monocytes. Comparative Immunology, 
Microbiology and Infectious Diseases 31:403-418.

Lindberg AL, Alenius S. 1999. Principles for eradication of bovine viral diarrhoea virus (BVDV) infections in cattle 
populations. Veterinary Microbiology 64:197-222.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time quantitative PCR and the 
2(-Delta Delta C(T)) Method. Methods 25:402-408.

McGill JL, Kelly SM, Kumar P, Speckhart S, Haughney SL, Henningson J, Narasimhan B, Sacco RE. 2018. Efficacy of 
mucosal polyanhydride nanovaccine against respiratory syncytial virus infection in the neonatal calf. Scientific 
Reports 8:3021.

McGill JL, Sacco RE. 2020. The immunology of bovine respiratory disease: Recent advancements. Veterinary Clinics 
North America Food Animal Practice 36:333-348.

Menzies M, Ingham A. 2006. Identification and expression of Toll-like receptors 1-10 in selected bovine and ovine 
tissues. Veterinary Immunology and Immunopathology 109:23-30.

Meyer G, Deplanche M, Schelcher F. 2008. Human and bovine respiratory syncytial virus vaccine research and 
development. Comparative Immunology, Microbiology and Infectious Diseases 31:191-225.

Morales-Aguilar A, Lopez-Reyes Y, Regalado-Huitron M, Sarmiento-Silva RE, Arriaga-Pizano L, Benitez-Guzman A. 
2020. The NADL strain of bovine viral diarrhea virus induces the secretion of IL-1beta through caspase 1 in bovine 
macrophages. Research in Veterinary Science 131:131-136.

Nakajima Y, Mikami O, Yoshioka M, Motoi Y, Ito T, Ishikawa Y, Fuse M, Nakano K, Yasukawa K. 1997. Elevated levels 
of tumor necrosis factor-alpha (TNF-alpha) and interleukin-6 (IL-6) activities in the sera and milk of cows with 
naturally occurring coliform mastitis. Research in Veterinary Science 62:297-298.



Evaluation of immune responses in dairy cows immunized with an inactivated vaccine for bovine respiratory disease

Korean Journal of Agricultural Science 48(2) June 2021 264

Ohlson A, Blanco-Penedo I, Fall N. 2014. Comparison of bovine coronavirus-specific and bovine respiratory syncytial 
virus-specific antibodies in serum versus milk samples detected by enzyme-linked immunosorbent assay. Journal 
of Veterinary Diagnostic Investigation 26:113-116.

Oliveira TES, Pelaquim IF, Flores EF, Massi RP, Valdiviezo MJJ, Pretto-Giordano LG, Alfieri AA, Saut JPE, Headley SA. 
2020. Mycoplasma bovis and viral agents associated with the development of bovine respiratory disease in adult 
dairy cows. Transboundary and Emergerging Diseases 67:82-93.

Ploegaert TC, Tijhaar E, Lam TJ, Taverne-Thiele A, van der Poel JJ, van Arendonk JA, Savelkoul HF, Parmentier HK. 
2011. Natural antibodies in bovine milk and blood plasma: Variability among cows, repeatability within cows, and 
relation between milk and plasma titers. Veterinary Immunology and Immunopathology 144:88-94.

Russell CD, Widdison S, Leigh JA, Coffey TJ. 2012. Identification of single nucleotide polymorphisms in the bovine Toll-
like receptor 1 gene and association with health traits in cattle. Veterinary Research 43:17.

Sabbah A, Chang TH, Harnack R, Frohlich V, Tominaga K, Dube PH, Xiang Y, Bose S. 2009. Activation of innate immune 
antiviral responses by Nod2. Nature Immunology 10:1073-1080.

Schlender J, Hornung V, Finke S, Gunthner-Biller M, Marozin S, Brzozka K, Moghim S, Endres S, Hartmann G, 
Conzelmann KK. 2005. Inhibition of toll-like receptor 7- and 9-mediated alpha/beta interferon production in 
human plasmacytoid dendritic cells by respiratory syncytial virus and measles virus. Journal of Virology 79:5507-
5515.

Snowder GD, Van Vleck LD, Cundiff LV, Bennett GL. 2006. Bovine respiratory disease in feedlot cattle: Environmental, 
genetic, and economic factors. Journal of Animal Science 84:1999-2008.

Theurer ME, Larson RL, White BJ. 2015. Systematic review and meta-analysis of the effectiveness of commercially 
available vaccines against bovine herpesvirus, bovine viral diarrhea virus, bovine respiratory syncytial virus, and 
parainfluenza type 3 virus for mitigation of bovine respiratory disease complex in cattle. Journal of the American 
Veterinary Medical Association 246:126-142.

Tizard IR. 2004. Veterinary immunology. p. 247. SAUNDERS, Philadelpia, USA.
Tizioto PC, Kim J, Seabury CM, Schnabel RD, Gershwin LJ, Van Eenennaam AL, Toaff-Rosenstein R, Neibergs 

HL, Bovine Respiratory Disease Complex Coordinated Agricultural Project Research Team, Taylor JF. 2015. 
Immunological response to single pathogen challenge with agents of the bovine respiratory disease complex: An 
RNA-sequence analysis of the bronchial lymph node transcriptome. PLoS One 10:e0131459.

van der Strate BW, Beljaars L, Molema G, Harmsen MC, Meijer DK. 2001. Antiviral activities of lactoferrin. Antiviral 
Research 52:225-239.

Verhoeff J, Van der Ban M, van Nieuwstadt AP. 1984. Bovine respiratory syncytial virus infections in young dairy cattle: 
Clinical and haematological findings. The Veterinary Record 114:9-12.

Weng XG, Song QJ, Wu Q, Liu MC, Wang ML, Wang JF. 2015. Genetic characterization of bovine viral diarrhea virus 
strains in Beijing, China and innate immune responses of peripheral blood mononuclear cells in persistently 
infected dairy cattle. Journal of Veterinary Science 16:491-500.

Werling D, Collins RA, Taylor G, Howard CJ. 2002. Cytokine responses of bovine dendritic cells and T cells following 
exposure to live or inactivated bovine respiratory syncytial virus. Journal of Leukocyte Biology 72:297-304.

Werling D, Hope JC, Siddiqui N, Widdison S, Russell C, Sopp P, Coffey TJ. 2017. Subset-specific expression of toll-like 
receptors by bovine afferent lymph dendritic cells. Frontiers in Veterinary Science 4:44.


