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ABSTRACT: Cows in the periparturient period have been 
found to reveal immunosuppression, frequently associated 
with increased susceptibility to uterine and mammary infec-
tions. To better understand the causes and the molecular 
regulatory mechanisms accounting for this phenomenon, 
we examined the impact of a vaccination challenge of cows 
prior to (BC) or after calving (AC) on the modulation of 
gene expression. Whole blood transcriptome analysis using 
RNAseq revealed a divergent transcriptional profile specific 
for each cow group and showed a substantially higher num-
ber of loci affected in BC cows in response to vaccination 
compared to AC cows (2,235 vs. 208). Consequently, the 
number and variety of regulated signalling pathways in-
volved in immunomodulation were considerably lower in 
AC cows. The divergent transcriptional reprogramming in 
response to vaccination in the cow groups provides evi-
dence for a suppressed immune capacity of early lactating 
cows on the molecular level. 
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cattle 
 
 

Introduction 
 

The transition from pregnancy to lactation is 
marked by metabolic, hormonal and immunological chang-
es that have an impact on the incidence of infectious and 
metabolic diseases of early lactating cows (Burvenich et al. 
2007). It has been reported that periparturient cows undergo 
a period of immunosuppression of various immunological 
parameters associated with a high susceptibility to uterine 
and mammary infections (e.g., Kehrli et al. 1989; Mallard 
et al. 1998; Sheldon and Dobson 2004). Understanding of 
the factors accounting for immunosuppression and disease 
incidence in periparturient cows is important to maintain 
the welfare, health and productivity of cows. Although 
potential causal relationships between periparturient metab-
olism and immune function have been investigated (e.g., 
Hammon et al. 2006; Ster et al., 2012; Carbonneau et al. 
2012), and several recent studies have examined blood 
immunometabolic factors, hematological and peripheral 
blood leukocyte and neutrophil expression profiles of cows 
during the periparturient period (e.g., Wathes et al. 2009; 
Graugnard et al. 2012; Jonsson et al. 2013), the causes and 
mechanisms of the immunosuppression phenomenon 
around calving are not completely understood. RNA-based 
next-generation sequencing (RNAseq) provides a huge 
amount of new information regarding gene expression, 
transcript structure, function and regulation on a whole 
transcriptome level (Mortazavi et al. 2008). The truly holis-

tic nature of RNAseq enables a comprehensive picture of 
the transcriptomics response to challenges within cells and 
tissues and offers the chance to reveal novel unannotated 
functional loci (e.g., Prokunina-Olsson et al. 2013), new 
cytokines or functional mechanisms not identified yet. This 
is especially appealing in genomes with no high-quality 
annotation like in many livestock species including cattle. 
Recently, we demonstrated that the RNAseq approach is 
applicable for monitoring the transcriptional immune re-
sponse in the whole blood of cows subjected to vaccination 
with an inactivated viral vaccine known to be associated 
with bovine neonatal pancytopenia (Demasius et al. 2013). 
The inactivated vaccine is known for inducing a very strong 
immune response (Raue et al. 2011). The aim of this study 
was to elucidate the impact of a defined strong antigen 
challenge on the modulation of the immune response and 
the regulation of transcriptional processes in the whole 
blood of cows differing regarding lactation status. 

 
Materials and Methods 

 
Animals and sampling. Animals, sampling and 

data collection were identical to those described in our 
previous study (Demasius et al. 2013) that included six 
lactating and six non-lactating cows. Except for one Hol-
stein cow, all individuals were F2 cows from a German 
Holstein x Charolais crossbred (CH x GH) population 
(Kühn et al. 2002). All cows were before or after se-
cond/third parturition except for one pregnant heifer from 
the German Holstein x Charolais population. The cows 
were kept under identical dairy cow conditions on the ex-
perimental farm of the FBN Dummerstorf. They received a 
basic double vaccination with an inactivated vaccine (Preg-
Sure® BVD, Pfizer) against the Bovine Virus Diarrhoea 
Virus and at least one booster vaccination 15 months prior 
to our experiment. Jugular blood was taken immediately 
prior a further booster vaccination with the vaccine and 14 
days after vaccination. At the time point of the booster 
vaccination, six cows were at 6.8-28.7 weeks prior to calv-
ing, and six cows had delivered a calf 1.6-11.7 weeks be-
fore. After sampling, 2.5 ml blood was immediately trans-
ferred to PAXgene blood RNA tubes (PreAnalytiX). Blood 
samples were frozen and stored at -80°C until further pro-
cessing. 

 
Library preparation, RNA sequencing, se-

quence assembly, locus annotation and quantification. 
Preparation and sequencing of the libraries as well as all 
bioinformatic analyses comprising sequence assembly and 
locus annotation were performed as described previously 



(Demasius et al. 2013). For each individual, two RNAseq 
libraries were prepared from samples collected before and 
14 days after vaccination. Indexed libraries were prepared 
applying the Illumina TruSeq RNA library preparation kit, 
Illumina) and were pooled for paired-end sequencing (61 
cycles each end) on a Genome Analyser GAIIx (Illumina). 
Demultiplexing, quality check, filtering of reads and guided 
alignment of reads to the bovine reference genome 
UMD3.1 as well as locus and transcript quantification were 
performed as previously described (Demasius et al. 2013) 
using the Bowtie/TopHat/Cufflinks/Cuffdiff pipeline 
(Trapnell et al. 2012). 
 

Cluster and differential expression analysis. The 
parameter for the cluster analysis including all 12 individu-
als was the normalised difference (in counts per million 
reads, cpm) between pre and post-vaccination sampling for 
each individual and each locus. Only loci with a minimum 
expression >1 cpm in each of the 24 samples were included. 
Cluster analysis was performed using PermutMatrix 
(Caraux and Piloche 2005) for calculation of Euklidian 
Distance applying McQuitty's criteria for linkage rule and 
Multiple-fragment heuristic for Tree Seriation rule. Differ-
ential expression analysis was performed using the edgeR 
algorithm (McCarthy et al. 2012). After calculation of the 
normalisation factor, the effect on gene expression was 
calculated applying the model: counts = individual + treat-
ment. Multiple testing by calculating the false discovery 
rate (FDR) according to Benjamini and Hochberg (1995) 
was accounted for when testing for statistical significance. 
Differences in expression with a significance threshold q< 
0.05 were considered statistically significant.  

 
Pathway analysis. Ingenuity pathway analysis 

(IPA, Ingenuity® Systems, http://www.ingenuity.com) was 
applied to identify biological functions, canonical pathways 
and networks involved in the response to vaccination in 
pre- and post-calving cows. Only annotated loci with a 
statistically significant differential vaccination-induced 
expression level (q< 0.05) were included in the pathway 
analysis. For IPA analysis, the respective log fold change 
(logFC) of differentially expressed genes prior to and after 
vaccination was used to indicate the direction and quantity 
of differential expression. The analysis was performed by 
referring to the human Ensembl annotation because of the 
incomplete functional annotation of the bovine genome.  
 

Results and Discussion 
 

Cluster Analysis. The hypothesis-free cluster 
analysis specifically clustered cows according to their stage 
of lactation and time point of vaccination relative to calv-
ing. For subsequent analysis of vaccination effect on the 
whole transcriptome response, we restricted our dataset to 
the two groups of cows from the CH x GH crossbred popu-
lation, which differed in vaccination timing: before calving 
(BC, non-lactating, n=4) and after calving (AC, early lactat-
ing, n=5). The respective data was extracted from the da-
taset (Demasius et al. 2013) and re-analysed according to 
the group design. 

Different magnitude of transcriptional response 
to vaccination in pre- and post-calving cows. The analy-
sis of whole transcriptome modulation of blood in response 
to vaccination indicated that 2,235 loci were significantly 
modulated in BC cows (Table 1), out of which 936 loci 
were downregulated whereas 1,300 loci were upregulated 
after vaccination. Out of the 2,235 affected loci, 2,087 
(93%) were annotated in the bovine reference genome. 
Compared to the BC cows, the number of loci differentially 
expressed in response to vaccination was substantially 
lower in the AC cows (Table 1). Out of the 208 significant-
ly affected loci in the AC cows, 68 loci were downregulated 
and 140 loci were upregulated in response to vaccination. 
Nearly half of the 208 differentially expressed loci had no 
annotation in the bovine reference genome assembly. Sur-
prisingly, there were only 47 loci modulated in both cow 
groups (Table 1). This common set of genes might repre-
sent loci with a general functional relevance in antigen 
response, independently of vaccination time point and lacta-
tion status. The small number of loci collectively modulated 
in both cow groups suggests that the response to vaccina-
tion elicits a divergent regulatory immune defence reaction 
in each group. The higher magnitude of transcriptional 
response to vaccination in the BC group compared to AC 
cows provides evidence for a generally reduced reactivity 
of the cows in early lactation.  
 
Table 1. Number of loci modulated significantly (q< 
0.05) at expression level in response to vaccination in 
cows prior to (BC) or after (AC) calving. 
Number  AC BC AC+BC overlap 
Affected loci in total 208 2,235 47 
Annotated loci 106 2,087 37 
Unannotated loci 102 149 10 
Upregulated loci 140 1,300 44AC/43BC 
Downregulated loci 68 936 3AC/4BC 

 
 
Biological functions and canonical pathways af-

fected by vaccination prior and after calving. The analy-
sis of biological functions overrepresented by differentially 
expressed genes due to vaccination using the IPA software 
clearly demonstrates that there is a highly divergent re-
sponse of both cow groups on biological functions in de-
fence against antigen challenge (Table 2). In the BC cows, a 
total of 61 biological function categories were overrepre-
sented, whereas in the AC cow group, 34 categories dis-
played significant enrichment (p< 0.001). Noticeably, bio-
logical functions associated with “gene and protein expres-
sion”, “cell death and survival” and “infectious disease” 
were most significantly affected in BC cows. For the AC 
cows, biological functions related to “cellular develop-
ment”, “hematological disease” and “cell death and surviv-
al” were the most significantly affected biological func-
tions. In concordance with results of overrepresented bio-
logical functions, IPA pathway analysis showed that a total 
of 195 canonical pathways were significantly enriched by 
genes differentially regulated in BC cows (p< 0.05) in re-



sponse to vaccination, whereas only 17 canonical pathways 
were significantly enriched by genes differentially modulat-
ed in AC cows (Table 2). Regarding overlap between 
groups, almost all biological functions affected in AC cows 
were also modulated after vaccination in the BC cows. In 
contrast, the overlap regarding canonical pathways was 
much lower. 

 
Table 2. Number of significantly affected biological 
functions (p< 0.001) and canonical pathways (p< 0.05) in 
cows vaccinated prior to (BC) or after (AC) calving. 
Number  AC BC AC+BC overlap 
Affected biological 
functions 

34 61 30 

Activation* 4 30 3 
 Inhibition* 3 3 0 
    
Affected canonical 
pathways 

17 195 4 

*Activation or inhibition of affected biological functions with a threshold 
for│z│≥2, (activation score z calculated by IPA). 
 
 

Conspicuously, in response to vaccination chal-
lenge both, the number of affected biological functions and 
canonical pathways as well as the levels of significance of 
the observed effects were substantially higher in the BC 
group compared to the AC group. This indicates that the 
intrinsic functional ability to respond to antigen challenge 
seems to be suppressed in cows that are in the critical peri-
od post calving, a period characterised by a tremendous 
metabolic adjustment due to the onset of lactation (e.g., 
Drackley et al. 2005). The generally reduced transcriptional 
response in the AC cows is most probably ascribed to the 
fact that the priority of cows in the early lactation interval is 
to cope with physiological challenges due to physical reor-
ganisation events and to metabolic stress associated with 
calving and early lactation. Additional burden due to the 
intervention in the immune system by exposure to vaccina-
tion cannot be defended efficiently. Thus, the results of our 
whole transcriptome analysis using the RNAseq approach 
suggest that the immune defence system of the AC cows 
might be suppressed after calving as has been reported in 
literature for cows in the early lactation period.  
 

Conclusions 
 

The results indicate a differential modulation of 
transcripts, biological processes and pathways in the blood 
of two divergent cow groups (non-lactating vs. early lactat-
ing) vaccinated prior to or after calving. The non-lactating 
cows vaccinated prior to calving displayed a substantially 
higher number of differentially expressed loci, modulated 
signalling pathways and biological functions compared to 
the early lactating cows vaccinated after calving. The lower 
magnitude of the whole transcriptome modulation in re-
sponse to vaccination in the early lactating cows suggests a 
generally reduced capability to respond to antigen chal-
lenge, possibly compromised by temporary pivotal chal-

lenges associated with tremendous metabolic requirements 
for lactogenesis. Thus, the results of our study provide 
evidence for the suppressed capacity for immunomodula-
tion on the molecular level in early lactating cows and 
demonstrate that an efficient immune response to antigen 
challenge is clearly interrelated to the intrinsic physiologi-
cal and metabolic conditions. Our data can contribute to 
compile a model of key signalling pathways that are modu-
lated divergently in response to vaccination and to identify 
potential specific blood biomarkers characteristic for diver-
gent immune responses of periparturient cows.  
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