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Introduction
A common management practice to prevent bovine respiratory 
disease (BRD) in dairy and beef cattle often involves the admin-
istration of modified-live virus (MLV) vaccines. In addition, in-
jectable trace minerals (ITM) concomitant with vaccination has 
been associated with an improved immune response and pro-
tection elicited by vaccine antigens. While widely utilized, the 
influence these tools have on immunomodulation and cellular 
mobilization within central lymphoid tissue is largely unknown. 
To our knowledge, this study is the first to comprehensively eval-
uate gene expression patterns from cattle administered MLV vac-
cines and ITM followed by BVDV2 and BHV1 challenge. 

Materials and methods
A total of 29 male dairy calves (age: ~1 mo) previously enrolled 
in a larger randomized clinical trial were utilized. Twenty-two 
calves received an MLV intranasal (IN) vaccine containing BHV1, 
BRSV and BPI3V and subcutaneous (SC) ITM (Se, Cu, Zn & Mn; 
ITM, n = 12) or saline (SAL, n = 10). Ten weeks later, calves re-
ceived a second dose of ITM, or saline, according to previous 
groups and were randomly assigned to receive the same IN vac-
cine (ITM-IN [n = 6], SAL-IN [n = 5]) or an SC MLV vaccine con-
taining BHV1, BRSV, BPI3V, BVDV1 & 2 (ITM-SC [n = 6], SAL-SC 
[n = 5]). Seven calves did not receive vaccine or treatment and 
served as a control group (UNVAC, n = 7). Forty-nine days after 
booster, all calves were challenged with BVDV2; and 7 days lat-
er with BHV1. Calves were euthanized 7 days after BHV1 chal-
lenge and lymphoid tissues including spleen were preserved in 
RNA later and stored at -80 °C until processing. Total RNA was 
extracted from spleen samples using RNeasy® Mini Kits (Qia-
gen) according to manufacturer instructions. RNA sequencing 
(NovaSeq 6000; ~47M PE reads/sample) was performed from 
isolated splenic RNA. Following HISAT2-StringTie2 reference-
guided gene assembly, weighted gene co-expression network 
analysis (WGCNA) was utilized for expression network and 
gene module construction. Filtered genes (n = 15,130) were 
constructed into co-expression modules according to signed 
bi-weight mid-correlation, with a minimum of 40 genes in each 

module, merging modules with intermodular correlations 
above 0.70, and assigning unique color identifications to each 
expression module. Module-trait Kendall’s tau coefficients were 
identified between gene expression modules and clinical traits, 
further considered as weak or strong at P < 0.1 and |R|> 0.20 or 
P < 0.05 and |R|> 0.30, respectively. Significantly correlated mod-
ules were evaluated for functional enrichments via over-rep-
resentation analysis within g:Profiler (FDR < 0.05). Hub genes 
(|R|> 0.30) driving correlations with clinical illness scores were 
evaluated for predicted protein-protein interactions via STRING 
v12.0 (confidence score > 0.500). 

Results
One expression module (“yellow”) was positively associated 
with vaccination; this module possessed genes related to cel-
lular filament organization and development, Notch signaling, 
extracellular kinase cascade, and collagen biosynthesis. One 
expression module (“purple”) was negatively associated with 
trace minerals administration; this module possessed genes 
related to the regulation of T-cell activation, antigen process-
ing and presentation via MHC class II, complement regulation, 
interferon-γ signaling, and neutrophil degranulation. Four ex-
pression modules (“brown”, “green”, “turquoise”, “blue”) were 
associated with clinical illness scores over time; gene products 
from these modules formed a predicted protein-protein interac-
tion complex centered around ubiquitin C. 

Significance
These results illustrate associations between central lymphoid 
gene expression patterns following BVDV2 and BHV1 infections 
and 2 significant management practices (vaccination and trace 
mineral administration) used to control BRD. These patterns 
may be leveraged to improve our understanding of immuno-
modulation and acquired immune response against viral infec-
tions involved in BRD.

 


