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Introduction
Bovine respiratory disease complex (BRDC) is a major health 

and economic issue for feedlots in the United States. Bovine 
respiratory disease is responsible for roughly $800 to 900 million 
dollars in lost revenue each year due to decreased feed efficiency, 
medicinal costs, and eat [1]. In 2011, an estimated 16.2% of all 
cattle in the United States were affected by respiratory disease, 
and 87.5% of those animals required treatment for the disease [2]. 
Treatment costs for BRDC have increased to $23.60 per case which 
is double the cost observed in 1999 [2]. Bovine respiratory disease 
typically results from a co-infection of both viral and bacterial 
pathogens. Common viral agents include bovine viral diarrhea 
virus type 1 and 2 , parainfluenza type 3, and infectious bovine  
rhinotracheitis, bacterial agents include, Mannheimia haemolytica,  

 
Pasturella multocida, and Haemophilus [3] In Oklahoma, bovine viral 
diarrhea virus (BVDV) and Mannheimia haemolytica are the two 
most common pathogens in BRDC cases [4] Viral infections activate 
the type I IFN pathway which in turn stimulates transcription of 
interferon stimulated genes [5]. Host pattern-recognition receptors 
(PRR) identify pathogen-associated molecular patterns (PAMPS) 
and stimulate innate immune activation and IFN production. 
Multiple PRR exist and are found in various cellular domains leading 
to a variety of pathways that can stimulate IFN production, but 
these pathways appear to converge at interferon regulatory factors- 
(IRF) 3 and -7 [6]. Work utilizing in vitro models demonstrates 
that BVDV prevents binding of IRF-3 to DNA, thus inhibiting type I 
IFN production [7,8] demonstrated that the NPro protein of BVDV 
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Abstract 
Bovine respiratory disease complex (BRDC) is a major health issue facing the feedlot industry and is the leading cause of morbidity and mortality 

in feedlot cattle. The genome of bovine viral diarrhea virus (BVDV), a common agent in BRDC, contains an amino terminus protease (Npro)that 
inhibits the type I interferon (IFN) response in vitro, however in vivo work indicates that thetype I IFN response is activated during BVDV infection. 
Dietary mineral status has been implicated in BRDC susceptibility in calves during shipping, but little is known regarding mineral supplementation 
and the IFN response. To determine if Cu deficiency or natural exposure to BVDV1b inhibits IFN signaling in vivo, Cu deficient (n=6) or control 
(n=6) calves were infected with BVDV1b and Mannheimia haemolytica (MH). Steady-state mRNA levels of MX1, ISG15, and RTP4 were determined 
in peripheral blood leukocytes prior to BVDV1b exposure (day -4), prior to MH challenge (0 h), and 12 h and 24 h after MH challenge. Changes in 
gene expression are relative to the average of day -4 values was quantified. No mineral effects were detected (P>0.10) so mineral deficient and 
supplemented groups were pooled. A significant time effect (P<0.05) for all interferon stimulated genes was detected. At 0h, ISG15 mRNA expression 
increased 44-fold and remained elevated over 60-fold for 12 h and 24 h (P<0.01). Likewise, RTP4 and MX1 increased at 12 h (P<0.05) after BRD 
challenge. Data suggests that regardless of Cu status, the type I interferon pathway remains active after being challenged with BVDV1b and MH in 
vivo.
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blocks induction of IFN-β by degrading IRF-3.Collectively, these 
results suggest that BVDV can disrupt the type I IFN pathway, 
thereby reducing the production of IFN, but these works were 
conducted strictly in vitro only. Conversely, studies which expose 
cattle in vivo to laboratory cultured BVDV appear to maintain type 
I IFN production Bovine respiratory disease complex is most often 
observed in cattle being shipped, and studies have suggested that 
mineral supplementation can alleviate rates of BRDC in shipped 
cattle. For example, calves fed organic trace mineral supplements 
were found to have higher concentrations of eosinophils, suggesting 
that they would be better able to cope with an inflammatory 
response [9]. Furthermore, addition of organic trace minerals to 
diets in feedlot cattle decreased the percentage of sick animals 
that needed second treatment of antibiotics for bovine respiratory 
disease [10]. This may indicate that while mineral status does not 
affect rate of morbidity, mineral deficiency potentially impairs the 
innate immune response. However, the effects of dietary minerals 
status on the type I IFN response have not been evaluated.

The objectives of the current study were to evaluate the 
type I IFN response in calves exposed to BVDV via exposure to a 
persistently infected (PI) calf and determine the effects of copper 
deficiency on type I IFN activation during viral exposure.

Materials and Methods

Animals

All procedures for this experiment were approved by the 
Oklahoma State University Institutional Animal Care and Use 
Committee (Animal Care and Use Protocol AG-12-5) Twelve 
bull calves were selected from an Angus based commercial cow 
herd. Calves were individually tagged, surgically castrated, and 
vaccinated for clostridial pathogens (Covexin 8; Merck Animal 
Health, Summit, NJ) at the ranch of origin 80 days prior to the 
start of the experiment. Blood samples from all calves were 
seronegative to BVDV at 80 days and 24 days prior to the start of the 
experiment. All calves were tested for persistent infection of BVDV 
by immunohistochemical analysis (Oklahoma Animal Disease and 
Diagnostic Laboratory,Stillwater, OK). Eleven days prior to the start 
of the experiment, calves were vaccinated for clostridial pathogens, 
infectious bovine keratoconjunctivitis (Autogenous Bacterin; 
Newport Laboratories, Worthington, MN) and viral pathogens, 
excluding BVDV, (Inforce; Zoetis,Florham Park, NJ). Calves were also 
treated for internal and external parasites (Ivermax Plus;Norbrook 
Laboratories, Lenexa, KS). Tilmicosin phosphate (300 mg per mL) 
was administered at the rate of 1.5 mL per 45.4 kg of BW (Micotil; 
Elanco Animal Health, Indianapolis, IN) and every calf was given a 
fly tag (Corathon; Bayer, Shawnee Mission, KS). Calves were then 
transported to the Animal Science Equine Center at Oklahoma State 
University for a 6-day weaning period.

After weaning, calves were transported to the Nutrition and 
Physiology Research Center (NPRC) at Oklahoma State University 
5 days prior to the initiation of the experiment. Upon arrival calves 
were weighed, and, using body weight and initial antibody titers to 

BVDV and MH, calves were allocated to experimental treatments of 
control (CONT) or copper deficient (CuDef). For 5 days calves were 
placed in individual metabolic stanchions with automatic waters 
and individual feed troughs to allow for adaptation. Calves were 
then randomly assigned to individual 3.05 x 3.66 m slatted floor 
pens for 42 days (day -46 of experiment; day 0=MH challenge) with 
access to automatic water bowls and individual feed bunks. During 
the 42day period prior to BRDC challenge, calves were fed diets 
that were not mineral supplemented or mineral supplemented 
(described below). The BVDV and MH challenge was conducted 
as described by [4] with minor modifications. Briefly, pre-BVDV 
peripheral blood leukocyte (PBL) samples were collected on day 
-4 (day 0=MH challenge), calves were comingled in a common 
pasture for 4 days with a persistently infected (PI) animal [11]. On 
day 0 calves were gathered and placed in metabolic stanchions and 
pre-MH challenge PBL samples were taken. All calves received 10 
mL of a solution containing 6 x 10^9 CFU of MH serotype 1 that 
was reconstituted and grown prior to the challenge as described 
by Mosier et al. Mannheimia haemolytica was delivered via 
intratracheal bronchoalveolar by a licensed veterinarian (Dowling 
et al., 2002).

Diet

Prior to weaning, calves received no mineral supplementation. 
Upon arriving at the Horse Unit at OSU, calves were given ad libitum 
access to water, Bermuda grass hay, and a common receiving 
ration. After the calves were transported to the NPRC and placed in 
stanchions, Bermuda grass hay was removed, but the calves were 
still allowed ad libitum access to water and the common receiving 
ration. Calves received this ration ad libitum, for the duration of 
the experiment, along with ad libitum access to water. Calves were 
either mineral supplemented or non-mineral supplemented. The 
CONT calves received a ground corn top dress daily containing a 
common mineral supplement while the CuDef calves received a 
top dress of only ground corn daily. Dietary analysis showed that 
non-mineral supplemented calves were deficient in Cu only; ration 
ingredients provided adequate levels for all other minerals. During 
the 4 days of the BVDV challenge, calves were gathered at 0700 h 
each morning and sorted into their respective treatments, each 
receiving 11.3 kg of the common ration and their individual top 
dress.

Clinical scores and rectal temperatures

Rectal temperatures and clinical scores were documented for 
each calf at h 0 (at MH challenge), 2, 4, 6, 12, 18, and 24. Rectal 
temperatures were taken using a digital thermometer (GLA 
M-500; Agricultural electronics, San Luis Obispo, CA). All calves 
were monitored by trained personnel for clinical signs of BRDC 
and were based on criteria from the DART™ system (Pharmacia 
Upjohn Animal Health, Kalamazoo, MI) with some modifications as 
described [9]. Scores were assigned for each calf from 0 to 4 based 
where 1=mild clinical signs; 2=moderate clinical signs; 3=severe 
clinical signs; 4=moribund animals.
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Total RNA isolation and cDNA synthesis

Blood samples were collected at day -4, day 0 (equivalent to 0 
h), 12 h and 24 h, and PBL were isolated and frozen at -80ᵒC in 1 
mL of TRIzol reagent (Life Technologies, Carlsbad, CA) according 
to procedures described .Total mRNA was isolated according 
to manufacturer’s recommendations, and the integrity of RNA 
was assessed by gel visualization of 18S and 28S ribosomal 
RNA. The purity and quantity of RNA was determined using a 
NanoDrop, ND 1000 Spectophometer (Thermo Fisher Scientific, 
Wilmington, DE, USA). After isolation, 2 μg of mRNA was treated 
with DNase I Amplification Grade (Life Technologies) according 
to manufacturer’s recommendation. Then cDNA was reversed 
transcribed from 2 μg of RNA using 1 μL of Superscript II Reverse 
Transcriptase (Life Technologies).

Quantitative real time PCR

Quantitative real time PCR (qRT-PCR) was used for analysis 
of three known interferon stimulated genes (ISG), MX dynamin-

like GTPase 1 (MX1), ISG15 ubiquitin-like modifier, (ISG15) and 
receptor (chemosensory) transporter protein-4 (RTP4). Each cDNA 
sample was analyzed by qPCR utilizing primers and according to 
procedures reported. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), peptidylprolyl isomerase A(PPIA), and beta-actin 
were tested for stability using geNorm (Biogazell qbasePLUS2, 
Zwijnaarde, Belgium) and PPIA was selected.

Statistical analysis

Fold-change of ISG mRNA abundance in PBL was calculated 
using the ΔΔCT method [12]. Fold-change for each gene was the 
dependent variable and was tested against treatment, time, and 
treatment x time using the MIXED procedure of SAS (Ver 9.2; SAS 
Institute). Significance level for all studies was set at P < 0.10. Steers 
served as the experimental units and was tested against time for 
clinical scores and temperature using the GLIMMIX procedure of 
SAS.

Results

Figure 1: Clinical scores for the first 24 h after calves exposed to a bovine viral diarrhea virus type 1b persistently infected calf on day -4 
and subsequently challenged with Mannheimia haemolytica (MH) at 0 h. Calves were monitored and scores recorded by trained personnel 
using the subjective criteria as follows: depression, abnormal appetite, and respiratory signs. Calves were given a score between 0 and 4 
depending on the clinical signs and the severity of the signs. Time is in reference to the MH challenge at 0 h. Scores increased after 0 h to 
peak at 18 h before decreasing to a score of 0 by day 7. Scores were relatively low, but significant time effect was noted (P < 0.01). Mineral 
status was not significant (P = 0.87), allowing all animals to be pooled.

Clinical severity (CS) scores were documented for all animals 
and a significant time effect was noted (P < 0.01) with scores 
peaking at about 1.1, 18 h after MH challenge (Figure.1). By 48 h 
after MH challenge, most calves returned to a CS of 0, and by day 7 
all CS were 0. Body temperatures rose after MH challenge to peak 
at just over 40ᵒC 12 h after MH challenge and all calves returned 
to below 39.5ᵒC by 24 h after challenge (P < 0.01; Figure. 2). There 
was no effect of Cu deficiency on the production of ISG, nor was 
there a mineral by time effect, so data was pooled for all animals (P 

> 0.10). There was a significant effect of time (P < 0.05) for all ISG 
evaluated. At 0 h, ISG15 levels increased 44-fold compared to day 
-4 and remained elevated over 60-fold for both 12 h and 24 h (P 
< 0.01; Figure 3). Receptor (chemosensory) transporter protein-4 
increased (P < 0.05) after BRD challenge and was 6-fold greater 
than day -4 samples at 12 h (Figure 4). Likewise, MX1 also increased 
(P < 0.05) after BRD challenge with a 12-fold greater change than 
day -4 at 12 h (Figure 5).
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Figure 2: Rectal temperatures of the calves for the first 24 h, following exposure to a calf persistently infected with bovine viral diarrhea virus 
type 1b and subsequent Mannheimia haemolytica (MH) challenge. Temperatures were taken by digital thermometer. Time is in reference to 
the MH challenge at 0 h. There is an increase in temperature after the challenge, peaking at 12 h before decreasing to an average temp of 
103.1 ᵒ F at 24 h. There was a significant time interaction (P < 0.01)	but mineral status was not significant (P = 0.66).

Figure 3: Interferon stimulated gene ISG15 ubiquitin-like modifier (ISG15), in response to calves exposed to a bovine viral diarrhea virus 
type 1b persistently infected calf and subsequent Mannheimia haemolytica (MH) infection. There was no effect of treatment so mineral 
supplement and mineral deficient were pooled. ISG ubiquitin-like modifier fold changes are relative to the average of day -4 and were was 
calculated using the ΔΔCt method. Time is relative to the MH challenge at 0 h. There was a marked increase in fold changes with maximum 
induction at 12 h. Fold changes stayed above 60-fold difference for 12 h and 24 h. Time was a significant factor (P< 0.05).
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Figure 4: Interferon stimulated gene Receptor (chemosensory) transporter protein 4 (RTP4), in response to calves exposed to a bovine viral 
diarrhea virus type 1b persistently infected calf and subsequent Mannheimia haemolytica (MH) infection. There was no effect of treatment so 
mineral supplement and mineral deficient were pooled. RTP4 fold changes are relative to the average of day -4 and where was calculated 
using the ΔΔCt method. Time is relative to the MH challenge at 0h. The greatest fold increase was at 12 h, with a 6-fold greater change 
compared to day -4, time was a significant factor at (P < 0.05).

Figure 5: Interferon stimulated gene MX dynamin-like GTPase 1 (MX), in response to calves exposed to a bovine viral diarrhea virus type 1b 
persistently infected calf and subsequent Mannheimia haemolytica (MH) infection. There was no effect of treatment so mineral supplement 
and mineral deficient were pooled. MX1 fold changes are relative to the average of day -4 and where was calculated using the ΔΔCt method. 
Time is relative to the MH challenge at 0 h. MX1 levels increased over 12-fold by 12 h, causing a significant time effect to be observed (P < 
0.05).

Discussion
Animals entering a feedlot are subjected to a range of 

environmental stressors including movement, comingling with sick 
animals, dehydration, short-term loss of appetite, and diet changes. 
Dietary minerals can impact immune function in cattle and mineral 
deficiency could potentially predispose animals to illness. Ten 
days after challenge with infectious bovine rhinotracheitis virus, 
Serum antibody titers for infectious bovine rhinotracheitis virus 
were greater on d 10, and remained higher on d 14 and 17 in 
calves that were Cu deficient when compared to Cu adequate calves 
.Immunoglobulin M levels tended to be higher in Cu adequate 

calves than in Cu deficient calves and the Cu dependent enzyme, 
superoxide dismutase, activity was reduced in Cu deficient calves 
[13]. Serum immunoglobulin production, as well as Brucella abortus 
antibody titers, was reduced in Cu deficient calves challenged with 
Brucella abortus [14]. These studies suggest that Cu deficiency 
impedes the immune function of calves by delaying the antibody 
response, decreasing immunoglobulin levels, and decreasing Cu 
dependent enzymes for anti-inflammatory response. 

Additionally, the number of B lymphocytes was markedly 
reduced, and monocytes were increased in Cu deficient calves, 
indicating that Cu status can impact immune cell populations. In 
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calves that were Cu deficient a marked decrease in activity and 
phagocytosis of neutrophils was observed [15]. These studies 
indicate an impaired immune function in Cu deficient calves. 
However, in the current experiment Cu status had no effect on the 
IFN response in BVDV challenged calves. Bovine viral diarrhea 
virus is a single stranded RNA virus, member of the Pestivirus 
genus, family Flaviviridae [2]. Using a portion of the 5’ untranslated 
region of BVDV isolates, by phylogenic analysis and PCR, BVDV was 
separated into BVDV1 with two sub genotypes, BVDV1a, BVDV1b 
and BVDV2 [16,17]. Calves can become infected with BDVD while 
still in utero. If the dam is infected between 30 and 120 days of 
gestation with BVDV, calves are considered persistently infected (PI) 
with BVDV. Persistently infected animals have lifelong infection and 
constantly shed the virus thereby maintaining and spreading the 
virus in the cattle population. If calves are infected after 120 days 
of gestation, they are considered transiently infected (TI) and can 
produce an immune response [18-21]. Interferons are among the 
first cytokines released in response to viral pathogens and function 
to combat viral infections by viral growth-inhibitory properties 
[5]. It is thought that BVDV evades the host immune response by 
interrupting the type I interferon pathway. Non cytopathic-BVDV 
targets IRF-3, preventing it from binding to DNA, which in turn 
blocks the induction of IFN-β [23]. The amino terminus protease 
(NPro) of the BVDV genome targets IRF-3 for polyubiquitination 
and proteasomal degradation [8] thus preventing release of 
IFNα and IFNβ. However, in vivo work suggested that the type 
I IFN production is maintained after BVDV infection. Work by 
Henningson and others (2009) evaluated the type I IFN pathway 
in calves challenged with either an NPro intact BVDV or an NPro 
deleted BVDV. Interestingly, it was observed that the NPro deleted 
BVDV caused an earlier up regulation of interferon concentrations 
than the NPro intact BVDV, with increased IFN concentrations day 3 
to 4 and day 5 after virus challenge, respectively [22].

In the current study, ISG increase as early as 4 days after co-
mingling with a PI calf which also indicates that the type I IFN 
pathway is recruited early after BVDV exposure. Calves that are 
transiently or persistently infected with BVDV2, also exhibit an 
increase in expression of IFNα/β after viral exposure [23,24]. 
Interferon stimulated genes, ISG15, 2’5’ oligoadenylate synthetase-1 
(OAS-1), ds RNA dependent protein kinase (PKR), and MX dynamin-
like GTPase 2 (MX2) levels increased in PI and TI cattle fetuses, as 
well as a PI steers infected with BVDV2 [25]. 

Due to the variability of the genetics and virulence of BVDV 
strains, it has been suggested that the differences in strains could 
cause a difference in immunosuppression, and subsequent effects 
on the type I IFN pathway. Calves that were inoculated by intranasal 
aerosolization with a low virulence type 1a non-cytopathic BVDV 
or a high virulence type 2 non-cytopathic BVDV showed increased 
MX1, ISG15, OAS-1, and PKR in the spleen and trachea-bronchial 
lymph nodes indicating that the strain of BVDV does not change the 
effect on the type I IFN pathway [26]. In the U.S. feedlot industry, 
initial exposure to BVDV primarily comes from contact with PI 
animals. The current study attempted to mimic conditions of 

natural exposure found in shipment of cattle to the feedlot. Similar 
to other in vivo studies, a pronounced type I IFN response was 
observed with increased levels of ISG within 4 days after BVDV 
exposure [27-30].Of particular interest, is the up regulation of ISG 
at or before d 0, MH challenge, suggesting that BVDV alone elicits a 
type I IFN response [31,32].

Conclusion
Though several studies have implicated mineral 

supplementation with immune function, mineral status did not 
appear to affect type I IFN signaling. Consistent with other in 
vivo work, calves exposed to a calf that was persistently infected 
with BVDV exhibited a rapid and robust type I IFN response. The 
observation of increased type I IFN activity is in contradiction to in 
vitro work which suggests BVDV impairs the type I IFN response. 
However, animals in the current experiment had relatively low 
clinical scores and it been possible that more severe cases of BRDC 
which involve BVDV could impair the type I IFN response.
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