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 Industry Summary: PRRSv infection has been shown to cause an acute lymphopenia (loss of cells in the blood), 
lymphadenopathy (increased size of lymph nodes due to increased cell numbers) and thymic atrophy (decreased thymus 
size due to decreased number of cells) in conjunction with PRRSv antigen staining in the thymus; however, the relationship 
between these features and subsequent immune dysregulation has not been evaluated. Lymphopenia coincidental with 
impaired thymic output is likely to have a significant impact on the peripheral pool of functional T cells. Ultimately, this would 
impair the ability of the pig to mount a protective immune response and clear the virus, a characteristic feature of PRRSv 
pathogenesis. Work from this proposal shows that the thymus is significantly impacted by PRRSV infection, but severity is 
impacted by the challenge strain. Infection with the moderately pathogenic strain (SDSU73) did have an impact on thymic 
cellularity and changes in gene expression, but these changes were limited within the first few weeks post-infection, with 
near resolution to normal by day 21 following challenge. In stark contrast, the effect on the thymus is more pronounced 
following infection with JXwn06 highly-pathogenic PRRSV and there is no indication of resolution to normal. Interestingly, 
there are a large number of dying cells in the thymus following challenge, but these areas are not the same as where the 
virus is located. This indicates that the loss in cells may be an indirect effect of infection. Overall, the changes in gene 
transcription will provide useful data for further characterizing how cells are changing following infection, and ideally lead to 
identifying interventions to lesson the negative impact of infection on this important lymphoid organ.  

 

Keywords: porcine reproductive and respiratory syndrome virus (PRRSV), thymus, immune, transcriptome, pathogenesis 

 

Scientific Abstract: PRRSv infection has been shown to cause an acute lymphopenia (loss of cells in the blood), 
lymphadenopathy (increased size of lymph nodes due to increased cell numbers) and thymic atrophy (decreased thymus 
size due to decreased number of cells) in conjunction with PRRSv antigen staining in the thymus; however, the relationship 
between these features and subsequent immune dysregulation has not been evaluated. Lymphopenia coincidental with 
impaired thymic output is likely to have a significant impact on the peripheral pool of functional T cells. Ultimately, this would 
impair the ability of the pig to mount a protective immune response and clear the virus, a characteristic feature of PRRSv 
pathogenesis. The thymus was significantly impacted by PRRSV infection, but severity was related to the challenge strain. 
Infection with the moderately pathogenic strain (SDSU73) resulted in a decrease in thymic size and cellularity, and changes 
in gene expression, but these changes were limited within the first few weeks post-infection, with near resolution to normal 
by day 21 following challenge. In stark contrast, the effect on the thymus was more pronounced following infection with 
JXwn06 highly-pathogenic PRRSV and there is no indication of resolution to normal. The number of differentially expressed 
genes in the thymus of JXwn06-infected pigs was nearly twice as many as observed in the thymus of SDSU-73 infected 
pigs. Apoptotic cells were found primarily in the thymic cortex, but PRRSV antigen staining was found primarily in the 
medulla. Thus, the induction of apoptosis following challenge was likely an indirect affect of PRRSV infection, though the 
cells positive for PRRSV antigen have not been thoroughly characterized. Overall, the changes in gene transcription will 
provide useful data for further characterizing the mechanism of cell death and cellularity changes associated with PRRSV 
infection, and ideally lead to identifying interventions to lesson the negative impact of infection on this important lymphoid 
organ.
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Introduction: The purpose of this proposal is to perform an in-depth analysis on the effects of PRRSv infection on the 
thymus to further characterize PRRS-associated immune dysregulation. This work will utilize thymus samples collected 
from previous in vivo PRRSv studies to map thymic gene response pathways and cellular changes altered by PRRSv 
infection. Thymus samples were collected from pigs challenged with one of three different PRRSv strains, which represent 
strains that span the virulence spectra (VR2332, SDSU73, JXwn06). In vitro work will also be performed to evaluate thymic 
cell permissivity to PRRSv and further characterize thymic gene expression changes associated with PRRSv exposure. 
Successful completion of this work, in conjunction with work that has already been completed (preliminary data), will provide 
a better understanding of the relationship between PRRSv infection and lymphocyte homeostasis. Results will provide an 
immediate understanding by which PRRSv alters thymic function, but the data can also be used for further hypothesis-
driven studies to investigate methods to mitigate the detrimental effects on the thymus and identify viral factors responsible. 
Collectively, this will allow for the development of better modified-live vaccines (targeted elimination of viral factors from 
vaccine strains) as well as identification of host targets for development of methods that can facilitate immune recovery in 
infected pigs. 

 

Stated Objectives from original proposal 

 Objective 1: Map thymic gene response pathways altered by infection with different PRRSv isolates.  

 Objective 2. Characterize thymic cellular changes associated with in vivo PRRSv infection and further characterize 
PRRSv-positive cells in the thymus using immunohistochemistry. 

 Objective 3. Use in vitro assays to determine if thymic cells support PRRSv replication and evaluate gene 

expression changes associated with PRRSv exposure. 

Materials and Methods –  

Objective 1: Samples from 2 separate studies were used for completing objective 1.  
Study 1: The first study was completed using pigs that were approximately 5 weeks of age when challenged with one of 

three different PRRSv strains, which represent strains that span the virulence spectra [VR2332 (VR), SDSU73 (S), 
JXwn06 (J)]. Groups of pigs from each group, and a non-infected group, were necropsied on days 4 and 10 post-
challenge for tissue isolation.  In the second study, pigs at approximately 12 weeks of age were challenged with 
SDSU73, or non-infected, and pigs from each group necropsied on days 4,10 and 21 post-challenge for tissue 
isolation. In both studies, pigs were challenged by the intranasal route. The thymus was collected into RNAlater and 
subsequently, RNA was extracted using MagMax for Microarray Kit (Applied Biosystems). Quantity and quality was 
assessed and deemed adequate for preparing RNA libraries for sequencing. Samples were delivered to Iowa State 
University in January of 2014, but due to performance issues with the machine and the large number of samples in 
the que, our RNA samples were not sequenced until late summer, with data made available in August of 2014. After 
mapping the reads to the porcine genome, lists of differentially expressed genes were compiled with various 
comparisons made. 

Differential Expression (DE) and Gene Ontology (GO) term enrichment – For study 1 - Differential expression (DE) was 
examined within treatment and between days (non-infected (N) at 4 days post infection (dpi) and 10dpi - N4 vs N10; 
VR strain - V4 vs V10; SDSU strain - S4 vs S10; JXwn - J4 vs J10) and between non-infected and infected animals at 
every given day, for each virus strain (N4 vs V4, N4 vs S4, N4 vs J4, N10 vs V10, N10 vs S10, N10 vs J10). The 
functional annotation tool DAVID Bioinformatic Resources v6.7 was used to define gene ontology (GO) terms 
enriched by these DE lists of genes [1]. DAVID analyses were performed on DE lists created using a maximum FDR 
adjusted p-value of 0.05 and an up- or downregulation of at least 50% as criterion. The human Ensembl gene ID 
numbers were used to annotate these lists, to maximize recognition by the DAVID tool. As a background gene dataset 
for these DAVID analyses, all annotated transcripts from the total 19,908 transcripts expressed in at least one sample 
at one day, were used. Enrichment scores higher than 1.3 were regarded as significant (p-value <0.05). 

For study 2 – Groups of pigs were infected with SDSU-73 (S) or non-infected (N), with up to four pigs from each group 
necropsied on day 4, 10 or 21 post-infection. Thymus and tracheal-bronchial lymph node was collected at necropsy to 
evaluate mass and cellularity. Sections were also collected into RNALater for evaluating RNA transcript levels by 
next-generation sequencing. Differential expression (DE) was examined within treatment and between days (non-
infected (N) at 4 days post infection (dpi) and 10dpi - N4 vs N10; VR strain - V4 vs V10; SDSU strain - S4 vs S10; 
JXwn - J4 vs J10) and between non-infected and infected animals at every given day, for each virus strain (N4 vs V4, 
N4 vs S4, N4 vs J4, N10 vs V10, N10 vs S10, N10 vs J10). The functional annotation tool DAVID Bioinformatic 
Resources v6.7 was used to define gene ontology (GO) terms enriched by these DE lists of genes [1]. DAVID 
analyses were performed on DE lists created using a maximum FDR adjusted p-value of 0.05 and an up- or 
downregulation of at least 50% as criterion. The human Ensembl gene ID numbers were used to annotate these lists, 
to maximize recognition by the DAVID tool. As a background gene dataset for these DAVID analyses, all annotated 
transcripts from the total 19,908 transcripts expressed in at least one sample at one day, were used. Enrichment 
scores higher than 1.3 were regarded as significant (p-value <0.05). 
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Cluster analysis using BioLayout Express3D(BE3D) - BioLayout Express3D (BE3D) was used to visualize gene expression 
patterns across days of all expressed transcripts. At a Pearson correlation coefficient of 0.85, 10,796 transcripts were 
kept to create clusters with similar gene expression patterns over time, and with regard to the infectious strains 
examined. For this clustering, the Markov Cluster Algorithm (MCL) was used and 6,382 transcripts remained in the 20 
largest clusters. 

Cell type enrichment (CTEN) analysis - Cell type enrichment (CTEN) was used to see if these twenty BE3D clusters 
pointed to enrichment of one or more specific cell types to explain expression patterns of specific clusters [2]. For this 
analysis, all available gene symbols in a cluster were uploaded and the list was compared to the existing CTEN 
database [2], which consists of highly expressed cell specific genes known for human. As output, the program uses 
Benjamini-Hochberg adjusted p-values to determine the significance of enriched cell types or tissues and creates 
color-coded figures indicating this enrichment. 

Weighted gene co-expression network analysis (WGCNA) - The WGCNA R package was used to cluster highly correlated 
genes and find clusters whose expression was correlated with examined traits (Langfelder and Horvath, 2008). 
WGCNA was performed on the day 4 and day 10 dataset separately, with 19348 and 19441 transcripts expressed in 
at least one sample, respectively. An adjacency matrix based on expression correlation was created using a soft 
threshold procedure to allow a scale free topology. The clusters created by WGCNA are called modules, and the 
minimum number of genes in a module was set to 30. Genes not classified in a correlated module were grouped in a 
grey ‘rest of data’ module. Once the modules were created, phenotypic information was correlated with the module 
Eigen gene of the modules. Phenotypes to analyze were virus in the serum, virus in the thymus, number of 
thymocytes, CD8 single positives (SP), CD4 SP, CD4/CD8 double positives (DB) and double negative (DN). 

  
Objective 2: Thymus samples were collected at necropsy into 10% buffered formalin and processed using routine 

histological techniques. Sections were cut and used for immunohistochemistry. Staining for PRRSV was performed at 
Iowa State University Diagnostic Laboratory. Sections were also stained for autoimmune-induced regulatory element 
[AIRE (clone X)], a marker of medullary epithelial cells; cytokeratin using antibody clones AE1 and AE8, to 
differentiate cortical epithelial cells and medullary epithelial cells using routine immunohistochemical techniques. 
Routine H&E sections were also generated for evaluating cellular changes associated with PRRSV infection. 

 
Objective 3: Sections of thymus were collected from healthy pigs into complete (c) RPMI-media (RPMI-1640, 10% fetal 

bovine serum, L-glutamine, antibiotic-antimycotic). Samples were processed through a series of mechanical and 
enzymatic digestion (Liberase Blendzyme and DNAse) for generation of a single cell suspension. Cells were labeled 
with an anti-CD45 (clone X) antibody and used for positive-selection magnetic sort (Miltenyi Biotech) to isolate CD45-
negative cells (epithelial cells). The CD45-negative fraction was cultured in cRPMI. Viability was assessed using 
trypan blue exclusion. PRRSV (SDSU73) was added to the isolated cells and incubated for up to five days. 
Supernatants were collected, RNA extracted, and used for real-time PCR to quantitate PRRSV RNA as described 
previously (Loving REF).  

Results 

Objective 1: DE and GO term enrichment 
Table 1 shows the number of differentially expressed (DE) genes for every comparison across days post-infection (dpi), 
within treatment and table 2 shows the number of DE genes for each infection - non-infection comparison on both days. 
As expected, not many genes are DE in the non-infected animal comparison over time, and numbers elevate according to 
the severity of the infectious virus strain used (V<S<J). Table 2 shows that the V and S strain show the highest DE at 4dpi 
compared to 10 dpi, while the most severe J strain has more up- and down-regulated genes at 10dpi compared to 4dpi.  
This shift between strains is also seen in the GO term enrichment analysis on these DE lists; the more immune related 
GO terms are expressed at 4dpi for the V and S strain, while for the J strain, this is partially shifted to 10dpi, with genes 
annotated for lymphocyte activation and differentiation and (anti-)apoptosis more expressed at 4dpi but genes annotated 
for inflammatory response and cytokine activity more expressed at 10dpi (Figure 1). Compared to the non-infected group, 
immune related GO terms are elevated in the infected animals, with a higher significance in those animals that were 
infected with the more severe strain (J>S>V) (Figure 2 and 3 for 4dpi and 10dpi, respectively). GO enrichment for terms 
such as ‘cell cycle’, ‘DNA repair’, ‘mRNA, rRNA and ncRNA splicing and processing’ are more enriched in the non-
infected group. Comparing both figures reveals that at 4dpi these contrasts are true for all three virus strains, while at 
10dpi, it is primarily the group of animals infected with the most severe J strain that is significantly different from the non-
infected animals. 

BE3D clustering - Figure 4 shows the clustering of the twenty largest clusters, representing 6382 transcripts, using BE3D. 
GO term enrichment performed on the twenty clusters can be found in Supplemental Table 1. The average expression of 
these clusters of genes can be plotted using BE3D (Supplemental Figure 1). In four of the largest clusters, genes were 
upregulated after infection, and this to a greater extent with the more severe JXwn strain, on one or both dpi (Figure 5). 
Three clusters showed a downward pattern after infection, and again more prominent in the more severe strain J (Figure 
6). For each of the twenty BE3D clusters, the amount of total transcripts, of those with Ensembl human IDs and those that 
are recognized by DAVID is given, as well as all annotation clusters that are significant (Enrichment score > 1.3; p-value 
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<0.05). As an example, cluster 5, which shows a clear upward pattern with infectivity at 4dpi, represents genes with clear 
immune response GO terms, while cluster 1, which has a downward pattern, is annotated with ‘cell cycle’, ‘DNA repair’, 
‘DNA replication’ and ‘RNA processing’ terms. In some cases however, even when there is a distinct pattern with regard 
to infection, the cluster is not GO enriched, e.g. cluster 8 (Supplemental Table 1). 

CTEN analysis - CTEN was used to see if the seven BE3D clusters with a distinct pattern with regard to infection 
represent genes that were usually expressed by (a) certain cell type(s). If so, its expression pattern could indicate an 
engagement -or lack of- of certain cell types after infection. In figure 7, each column represents a cluster, and a lighter 
color is given to those cell types that are overrepresented according to the genes expressed. As such, in cluster 5, that 
has the most apparent gene expression pattern with every infectious strain and is highly enriched for several immune 
related GO terms, the CD14+ monocyte is the most enriched cell type. In contrast, the genes expressed in cluster 4 do 
not give evidence for a specific cell type to be involved.  

WGCNA analysis - Figure 8 shows the sample clustering with WGCNA concerning their expression patterns. Three 
groups can be distinguished: first, the non-infected animals, together with the day 10 VR- and SDSU-infected animals, 
second, the day 4 VR-, SDSU, and JXwn-infected animals, and third, the day 10 JXwn-infected animals. This agrees with 
the previous finding that the JXwn-infected animals at day 10 still are very different than the non-infected animals, while 
the VR- and SDSU-infected animals are (almost) back to their normal state. As can be seen in figures 9 and 10, modules, 
containing genes with a similar expression pattern, can be very large, and even take up more than a third of the genes 
(e.g. turquoise in both datasets).  

These large modules of correlated genes are created driven by the JXwn-infected animals, as can be seen in figure 11. 
This figure shows additional WGCNA analyses performed to divide the data into infection with a highly pathogenic virus 
strain versus infection with more moderate virus strains: first, analyses were performed on the non-infected and JXwn-
infected animals, on both days, and second, on the non-infected, VR- and SDSU-infected animals, again on both days. It 
is clear that on both days the turquoise module clusters a large part of the expressed genes together in the complete as 
well as the JXwn-specific datasets (Figure 12 and 14 for day 4 and 10 respectively), while there are more smaller clusters 
in the VR- and SDSU-specific datasets (Figure 13 and 15 for day 4 and 10 respectively). In Supplemental Tables 2 to 5, 
an overview is given of all expressed transcripts, together with the color of the module they are in the N-J and N-V-S 
dataset at day 4 and 10 respectively. A column for Module Membership (MM) and Gene Significance (GS) and their p-
values is shown as well, The MM indicates how strong the transcript is as a member of the respective module. The higher 
the GS of a transcript, the higher its correlation with the trait. Trait chosen here is ‘strain’, which are the N and J or N, V 
and S in the respective datasets. Additional sheets are David annotations of interesting modules. 
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Tables and Figures 
Table 1: Differential expression (DE) between days (4dpi, 10dpi), within treatment (non-infected (N) or infected (with VR 
(V), SDSU (S) or JXwn (J)) (q<0.05). The number of DE genes in every contrast is divided in up- and downregulated genes. 
Up means more expression of the genes in the y group, down means more in the x group in the x vs y comparison. In 
brackets are those genes that are up- or downregulated with at least 50%. 
 

  # DE genes in contrast 

  N4 vs N10 V4 vs V10 S4 vs S10 J4 vs J10 

up 1 (1) 394 (262) 1897 (1276) 3934 (3307) 

down 0 (0) 323 (256) 1683 (1129) 3567 (2940) 

 
 
Table 2: Differential expression (DE) between non-infected (N) and infected animals (infected with VR (V), SDSU (S) or 
JXwn (J)) at each day (4dpi, 10dpi) (q<0.05). The number of DE genes in every contrast is divided in up- and downregulated 
genes. Up means more expression of the genes in the y group, down means more in the x group in the x vs y comparison. 
In brackets are those genes that are up- or downregulated with at least 50%. 
 

  # DE genes in contrast 

  N4 vs V4 N4 vs S4 N4 vs J4 

up 593 (472) 2312 (1868) 3995 (3288) 

down 587 (365) 1988 (1082) 3549 (2425) 

  N10 vs V10 N10 vs S10 N10 vs J10 

up 39 (38) 647 (575) 5191 (4626) 

down 8 (6) 301 (200) 4310 (2961) 

 
 
 

 
 
Figure 1: GO enrichment for the comparison within strain, across days. Significantly enriched GO terms are colored 
according to the dpi they at which they are the most enriched. 
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Figure 2: GO enrichment for the comparison at 4dpi between non-infected animals and animals infected with the VR, SDSU 
or JXwn strain. Significantly enriched GO terms are colored to a greater extent according to the group they are the most 
enriched for. GO terms enriched in the non-infected animals are coded with a square according to the comparison they are 
more enriched in (■ for N4 vs V4, ■ for N4 vs S4, ■ for N4 vs J4). 
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Figure 3: GO enrichment for the comparison at 10dpi between non-infected animals and animals infected with the VR, 
SDSU or JXwn strain. Significantly enriched GO terms are colored to a greater extent according to the group they are the 
most enriched for. GO terms enriched in the non-infected animals are coded with a square according to the comparison 
they are more enriched in (■ for N10 vs V10, ■ for N10 vs S10, ■ for N10 vs J10). 
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Figure 4: Twenty largest BE3D clusters, shown in twenty different colors. Each sphere is a transcript. The first cluster is 
the largest, the twentieth cluster has the smallest amount of transcripts. 
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Figure 5: Four largest BE3D clusters clustering upregulated genes after infection (Clusters 2,4,5 and 8). Average gene 
expression and standard error of the mean is shown. n=4 for the VR-infected animals at day 4, n=5 for all other groups. N, 
V, S, J represent the expression pattern non-infected and VR-, SDSU- or JXwn-infected animals respectively. 
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Figure 6: Three largest BE3D clusters clustering downregulated genes after infection (Clusters 2,4,5 and 8). Average gene 
expression and standard error of the mean is shown. n=4 for the VR infected animals at day 4, n=5 for all other groups. N, 
V, S, J represent the expression pattern non-infected and VR-, SDSU- or JXwn-infected animals respectively. 

 

Experiment 2 Results 

DE and GO term enrichment 

Table 3 shows the amount of DE genes in each comparison between days for the non-infected and infected animals, as 
well as between the non-infected and infected animals at every timepoint. As expected, not many genes are differentially 
expressed in non-infected animals and large numbers are up- and downregulated in the infected animals over time. 
Compared to non-infected animals, the difference in expression with the infected animals is the largest at 10dpi. 

Looking at infected animals over time, the immune related GO terms come up at 4dpi and 10 dpi, while at 21dpi, GO 
terms such as ‘cell cycle’, ‘DNA repair’, ‘DNA replication’, ‘mRNA splicing and processing’ are more enriched (Figure 7). 
Comparing back to non-infected samples, the immune related GO terms come up mostly in the infected animals at 4dpi 
and 10dpi, while the ‘cell cycle’ and ‘ DNA replication’ GO terms are the most enriched in the non-infected samples, at 
4dpi and 10dpi. At 21dpi, the GO term ‘viral replication’ is significantly enriched (Figure 8).  

BE3D clustering 

Genes were clustered together according to their expression profile, over time and in non-infected and infected animals. 
In Figure 9, the twenty largest clusters are shown. Two of those clusters were clearly upregulated after infection. Cluster 
1, shows a distinct upregulation of the infected animals at 10dpi compared to non-infected animals, while cluster 4 shows 
a clear upregulation at 4dpi, and to a lesser extent at 10dpi (Figure 10). Interestingly, the adaptive immunity GO term is 
enriched in cluster 1  (Enrichment score = 3.44; p-value = 0.0004) and innate immunity is a GO term showing up for 
cluster 4 (Enrichment score = 2.25; p-value = 0.006). Most other clusters that show a clear distinction between infected 
and non-infected samples, show a downward pattern after infection and are annotated for cell cycle GO terms 
(Supplemental Figure 1, Supplemental Table 1).  
 
Tables and Figures 

Table 3: Differential expression (DE) between days (4dpi, 10dpi, 21dpi) within treatment and between non-infected (N) and 
SDSU-infected animals (S) at each day (q<0.10). The number of DE genes in every contrast is divided in up- and 
downregulated genes. Up means more expression of the genes in the y group, down means more in the x group in the x 
versus y comparison. 

 

  # DE genes in contrast 

  N4 vs N10 N4 vs N21 N10 vs N21 

up 0 2 1 

down 1 4 2 

  S4 vs S10 S4 vs S21 S10 vs S21 

up 3407 2427 2851 

down 2569 2174 3490 

  N4 vs S4 N10 vs S10 N21 vs S21 

up 555 3190 56 

down 790 2389 29 
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Figure 7: GO enrichment for the comparison between SDSU infected animals, across days. Significantly enriched GO terms 
are colored according to the dpi they at which they are the most enriched. 

 

 

 

Figure 8: GO enrichment for the comparison between non-infected and SDSU infected animals on 4, 10 and 21dpi. 
Significantly enriched GO terms are colored according to the dpi they at which they are the most enriched. 
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Figure 9: Twenty largest BE3D clusters, shown in twenty different colors. Each sphere is a transcript. The first cluster is the 
largest, the twentieth cluster has the smallest amount of transcripts. 
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Figure 10: Two largest BE3D clusters clustering upregulated genes after infection (Clusters 1 and 4). Average gene 
expression and standard error of the mean is shown. n=2 or 3 for the non-infected group, n=5 for the infected group.  

 
Objective 2: In study 2, thymus and lymph nodes were collected at necropsy for weighing and evaluation of cellularity 
(Figure 11). Results show that thymus size and cellularity are reduced following PRRSV infection, but only the lymph node 
size (weight) is increased. Routine histological examination was performed on sections of thymus that were collected at 
necropsy. Thymic lesions associated with PRRSV infection were characterized primarily by apoptosis and/or hypocellularity. 
On day 4 and 10, only 1 of 5 pigs in the VR2332 group displayed hypocellularity or apoptosis, respectively. In the SDSU 
group, none of the pigs had changes different than those observed in non-infected controls on day 4, by at day 10 two of 
the five pigs in that group had characteristic lesions of apoptosis and hypocellularity. The pigs infected with the JXwn06 
virus had the most severe changes, with 2 of 5 pigs with apoptotic cells at day 4 and all 5 pigs displaying extensive apoptosis 
and hypocellularity on day 10.  Regardless of the challenge virus, the primary location in which PRRSV antigen was detected 
was in the medulla, though the number of positive cells in the thymus was associated with the virulence of the virus (V<S<J). 
While some PRRSV antigen staining was appreciated in the cortex of the V and S infected pigs, pigs infected with the J 
strain had PRRSV antigen detected in the medulla, cortex and corpuscles by dpi 10. Overall, in the regions of intense 
apoptosis there was little to no PRRSV antigen staining (Figure 12). The main antigen staining was detected in the medulla, 
but there was significant cortical depletion and apoptotic cells primarily detected in the cortex. 
In an attempt to better identify cells that were positive for PRRSV antigen, immunohistochemistry for different cytokeratin 
molecules was performed. Different antibodies to different cytokeratins have been shown to differentiate thymic cortical 
versus medullary epithelial cells (Colic et al, Dev Comp Immunology 1990).   

 
 

Figure 11: Mass and cellularity of thymus and 
tracheal-bronchial lymph node (TBLN) from 
non-infected (controls) and PRRSv-infected 
pigs 10 days post-infection.  There is both a 
decrease in size and cellularity in the thymus 
after PRRSV-infection, but only an increase in 
size of lymph nodes (not cellularity).  
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Objective 2 Results – continued: Unlike previous reports, staining with AE8 antibody was limited to very few cells in the 
medulla of the thymus.  The AE1 antibody was able to label epithelial cells in the medulla, but the characteristics of the 
cells stained with AE1 were much different than those stained with PRRSV – essentially staining that appeared to 
represent long processes (dendrites) on the epithelial cells, but cells stained with PRRSV antigen were small and round, 
more characteristic of macrophages. Dual staining for AE8 and PRRSV antigen was attempted, but there were technical 
issues with background.  This work is on going to better characterize the cells staining for PRRSV antigen.  Staining for 
AIRE protein was attempted, but the antibody tested was not specific to swine and the staining pattern observed was not 
representative of what is known about AIRE expression. Thus, the results from that staining were determined to be non-
specific. 
**In addition to the immunohistochemistry techniques, work is ongoing to use RNA probes to label cells expressing both 
PRRSV subgenomic RNA (indicative of PRRSV replication) and AIRE mRNA.  The AIRE gene is only expressed in a 
subset of thymic epithelial cells. The results from this work will aid in further identifying the cells in the thymus staining for 
PRRSV antigen. 
  
Objective 3: Results from work associated with this objective are limited. A number of isolation protocols were attempted, 
but very few viable thymic epithelial cells were isolated. Of the cells isolated and cultured with PRRSV, the amount of 
PRRSV RNA in the supernatant did not increase over time, indicating that PRRSV did not replicate in the isolated cells.  In 
addition to evaluation of CD45- cells, a single cell suspension of whole thymus was collected, cultured, and ability of PRRSV 
to replicate in these cells evaluated. Again, there was not a change in the amount of PRRSV RNA in the supernatant over 

Figure 12: PRRSV antigen staining and 
apoptotic bodies in the thymus of pigs on day 
10 following challenge with JXwn06 PRRSV. 
Sections of thymus were collected at necropsy 
and stained for PRRSV (SDOW17) using 
routine immunohistochemistry. A) PRRSV 
antigen staining in the cortex of the thymus 
(dark arrows) and B) areas of marked 
apoptosis in the cortex (thin arrows). 

A 

B 

Figure 13: Cytokeratin staining in the thymus of 
non-infected pigs to identify epithelial cell 
populations. Thymus sections were collected at 
stained with monoclonal antibody AE1. Brown 
staining labeled cells primarily in the medulla of 
the thymus. Sections were also stained with 
monoclonal antibody AE8, but that staining was 
limited to Hassals Corpuscles in the medulla 
(not shown). 
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time. When culturing cells from the thymus, cell viability was an issue, as cells died with a few days of culture, even without 
PRRSV.  
 
**As noted under Objective 2, this work is ongoing. Once we can better identify the cells that are PRRSV-positive in the 
thymus we can try a more targeted approach at isolation of a specific cell population to evaluate PRRSV permissiveness.  
 
 
Discussion 
 A major purpose for this proposal was to evaluate transcriptional changes in the thymus of PRRSV-infected pigs, 
and compare changes associated with virus and time post-infection.  General results from the transcriptional study indicate 
that both time since infection and the challenge strain have a major impact on thymic gene transcription. Specifically, pigs 
infected with the JXwn06 highly-pathogenic PRRSV strain had significant changes in gene transcription at both 4 and 10 
days post-infection, with more genes differentially expressed when compared to changes in the thymus of pigs infected with 
even the moderately pathogenic strain SDSU73 (table 2). Following challenge with SDSU73, there is a significant change 
in gene expression from non-infected pigs, but eventually the changes diminish and the changes are more like a non-
infected pig. However, this did not occur with JXwn06 infection – instead, the changes are substantially increased and do 
not appear to return to non-infected status. This is also representative of the virulence of the isolate, as pigs infected with 
HP-PRRSV rarely survive experimental challenge, but pigs infected with SDSU-73 do survive. As it relates to transcriptional 
changes, by day 21 post-infection SDSU-73 challenged pigs are not much different than non-infected pigs (Table 3 and 
Figure 8).  Pigs infected with VR2332 did have alterations in thymic gene transcription, but these changes were minimal 
compared to changes observed with SDSU73 and JXwn06 (Table 2). 
 There is a significant loss of cells in the thymus following PRRSV-infection, particularly with the more virulent 
isolates. Data from the second study shows that thymic size and cellularity are negatively impacted by PRRSV infection, 
and this was also associated with changes in gene expression related to expression of genes associated with apoptosis. 
Specifically, cluster 7 in Figure 9 represents a large number of genes involved in apoptosis. Figure 6 indicates a cluster of 
genes whose expression is decreased following infection across challenge strains, but the effect was sustained in the JX 
group. Genes found in this cluster include terms associated with T cell activation, lymphocyte differention, and the KEGG 
pathway of primary immunodeficiency. Overall, a number of transcriptional changes are not surprising given the other 
phenotypic measurements collected (cellularity, cell population by flow cytometry).   
 A major hypothesis associated with the proposal was that thymic epithelial cells become infected with PRRSV, 
which subsequently effects T cell development.  With the data generated thus far, we have been unable to fully support or 
refute this hypothesis. Areas of marked apoptosis in the thymus were primarily in the cortex, though most of the PRRSV 
antigen staining was in medulla.  Thymus from JXwn06 infected pigs was positive for PRRSV antigen in cortex and medulla, 
but following VR2332 or SDSU-73 challenge, staining was primarily in the medulla. Flow cytometry data provided as 
preliminary data for this proposal showed a significant decrease in double-positive (CD4/8) developing T cells, which is 
supported by the cortical depletion detected by histology. It’s possible that a population of thymic epithelial cells is infected 
by PRRSV, but that it is not a productive infection (hence lack of replication detected in our in vitro studies), but the 
apoptosis/loss of lymphocytes after infection is a secondary effect. Our antigen staining does not suggest that PRRSV-
infected cells are in close proximity to apoptotic cells. Additional work is ongoing to further characterize the PRRSV-positive 
cells in the thymus using RNA-hybridization protocols (Affymetrix/eBiosciences ViewRNA).  
 Overall, these data provide support to the hypothesis that the thymus is negatively impacted by PRRSV infection, 
and the affect depends on the time following challenge and challenge strain. Work is ongoing to hone in on the cell type 
directly affected by PRRSV (cells staining for antigen) and the subsequent negative effect on the immune response to 
PRRSV.  The transcriptome data is still being analyzed/mined to better understand the mechanism by which cells in the 
thymus are affected by infection, and the path to recovery to normal. The intent is to identify strategies to mitigate the effect 
on the thymus with the intent of enhancing adaptive immunity to PRRSV. 
 
 

 


