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Sheeppox (SPP) is a highly contagious disease of small ruminants caused by sheeppox
virus (SPPV) and predominantly occurs in Asia and Africa with significant economic losses.
SPPV is genetically and immunologically closely related to goatpox virus (GTPV) and
lumpy skin disease virus (LSDV), which infect goats and cattle respectively. SPPV live
attenuated vaccines (LAVs) are used for vaccination against SPP and goatpox (GTP).
Mechanisms related to innate immunity elicited by SPPV are unknown. Although adaptive
immunity is responsible for long-term immunity, it is the innate responses that prevent viral
invasion and replication before LAVs generate specific long-term protection. We analyzed
the relative expression of thirteen selected genes that included pattern recognition
receptors (PRRs), Nuclear factor-kb p65 (NF-kb), and cytokines to understand better
the interaction between SPPV and its host. The transcripts of targeted genes in sheep
PBMC incubated with either wild type (WT) or LAV SPPV were analyzed using quantitative
PCR. Among PRRs, we observed a significantly higher expression of RIG-1 in PBMC
incubated with both WT and LAV, with the former producing the highest expression level.
However, there was high inter-individual variability in cytokine transcripts levels among
different donors, with the expression of TNFa, IL-15, and IL-10 all significantly higher in
both PBMC infected with either WT or LAV compared to control PBMC. Correlation
studies revealed a strong significant correlation between RIG-1 and IL-10, between TLR4,
TNFa, and NF-kb, between IL-18 and IL-15, and between NF-kb and IL-10. There was
also a significant negative correlation between RIG-1 and IFNg, between TLR3 and IL-1 b,
and between TLR4 and IL-15 (P< 0.05). This study identified RIG-1 as an important PRR
in the signaling pathway of innate immune activation during SPPV infection, possibly
org June 2021 | Volume 12 | Article 6665431
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through intermediate viral dsRNA. The role of immunomodulatory molecules produced by
SPPV capable of inhibiting downstream signaling activation following RIG-1 upregulation
is discussed. These findings advance our knowledge of the induction of immune
responses by SPPV and will help develop safer and more potent vaccines against SPP
and GTP.
Keywords: gene expression, PRRs, cytokine, RIG-1, LAV, SPPV
INTRODUCTION

Sheeppox (SPP) is a highly contagious viral disease of domestic
and wild small ruminants, causing significant economic losses in
sheep and goat productivity (1). Sheeppox virus (SPPV), the
causative agent of the disease, and two other viruses, goatpox
virus (GTPV) and lumpy skin disease virus (LSDV), are the three
members of the genus Capripoxvirus within the family
Poxviridae (2). Commonly, SPPV and GTPV cause SPP and
GTP in sheep and goats, respectively, while LSDV is restricted to
cattle. However, host specificity of SPPV and GTPV is not strict
as cross-infection between goat and sheep by those two viruses
have been noted (3–5). The two viruses are closely related
genetically and immunologically, with some cross-protection
observed (6). Given their economic relevance and severity,
SPP, GTP, and LSD are listed as notifiable diseases by the
world organization for animal health (7). Live attenuated
vaccines (LAV) derived from various SPPV strains are used to
control SPP and GTP (8–10). Several reports have recognized
LAVs as effective vaccines against CaPV infections; however,
field data on vaccination suggest some efficacy and safety
concerns. There are some vaccination failure cases and adverse
reactions (11, 12).

Most SPPV LAVs were developed by serial passages of
virulent or low virulent SPPVs in cell culture. Immune
responses and host interactions with viruses, including
poxviruses, are widely studied in vitro using peripheral blood
mononuclear cells (PBMC) (13). In addition to fibroblasts,
PBMC also includes target cells for SPPV, such as monocytes
and macrophages (14). The cytokine expression of PBMC
collected from animals vaccinated with SPPV (Romanian
vaccine strains), and goatpox virus (Gorgan strain) has
previously been studied (15). However, PBMC used in the
2017 study were stimulated with inactivated viruses for the
evaluation of immune responses to vaccines using qPCR to
measure IL-4 and IFNg. SPPV infection of sheep PBMC
induces an innate antiviral response that leads to the
recruitment of antigen-presenting cells which in turn initiate
adaptive immunity. Innate immune responses are responsible for
recognizing pathogens at the initial encounter through pattern-
recognition receptors (PRRs) such as Toll-like receptors (TLRs)
and RIG-1-like receptors (RLRs). The recognition of viral
pathogens activates a cascade of events leading to the
induction of downstream signaling molecules and transcription
factors, consequently inducing inflammatory cytokines and
chemokines (16). Therefore, the investigation of innate
immune responses provides vital information about virus-host
org 2
interactions. However, little is known on the innate immune
response mechanisms elicited by wild-type (WT) and LAV
SPPVs. Interrogation of immune responses by directly
comparing WT versus LAV SPPVs could provide information
on the escape of host immunity by WT. Additionally, any
immune markers that LAV induces in the host could also be
used for vaccine design.

This study analyzed the innate immune responses to SPPV
infections in sheep PBMC. The expression levels of thirteen
targeted genes, including pattern recognition receptors (PRRs),
Nuclear factor-kb p65 (NF-kb), and cytokines in sheep PBMC,
were compared, following in vitro infections using SPPV WT or
LAV viruses.
MATERIAL AND METHODS

Viruses
The Wild type isolate SPPV Algeria/93 Djelfa, obtained from the
Institut National de la Médecine Vétérinaire, Algiers, Algeria,
and Romanian SPPV vaccine, obtained from BioPharma,
Morocco, were used for this study. Both viruses were
propagated on embryonic skin cell lines from sheep (ESH-L
cells) in Hank ’s Minimum Essential Medium (MEM)
supplemented with 10% fetal calf serum and 1% antibiotics
(17). The viral suspensions were titrated (18) and stored
at −80°C until further use. All procedures were performed in
the Bio-Safety Level-3 laboratory facilities at AGES, Austria.

PBMC Isolation, CD14- Cell Isolation and
Viral Infection
Blood samples were collected from healthy local Austrian sheep
via jugular vein using heparinized vacutainer tubes and needles.
A certified veterinary service collected the samples according to
the Austrian Agency for Health and Food Safety (AGES) local
guidelines and international guidelines by OIE. PBMC were
separated by density-gradient centrifugation using Ficoll-Paque
(density, 1.077 g/ml; GE health care, Sweden) and washed twice
with RPMI 1640 medium (Gibco, Carlsbad, CA, USA). The
resultant pellet was resuspended in complete media (RPMI
1640 media containing 10% FBS and 100 IU/mL penicillin and
100 µg/mL streptomycin) and cell numbers were determined
using a hemocytometer. CD14+ monocytes were captured from
PBMC using magnetic beads conjugated to a bovine cross-
reacting anti-human CD14 monoclonal antibody (human
CD14 microbeads, Miltenyi Biotech, Germany) and the CD14-
flow-through cells collected as previously described (19).
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PBMC derived from the donor sheep (n=5) were suspended
in complete media and placed in either 24-well plates containing
5 x 106 cells in 1 ml per well (for flow cytometry) or 6-well plates
containing 20 x 106 cells in 5 ml per well (for real-time PCR
analysis). PBMC were then cultured either with 10µl (flow
cytometry) or 100µl (real-time PCR analysis) of WT or LAV
strain of SPPV at a concentration of 1x106 TCID50/ml. CD14-
cells were also cultured for real-time PCR analysis at 20 x 106

cells in 5 ml with WT or LAV strain of SPPV. Uninfected
controls consisting of 10µl or 100µl of PBS added to PBMC or
CD14- cell suspensions were also prepared. The plates were
incubated at 37°C in a humidified atmosphere containing 5%
CO2 for 2 days (for real-time PCR analysis) or 4 days (for flow
cytometry). The incubation period and the MOI were
determined by conducting a series of experiments with variable
time points for harvesting and using different MOI.

RNA Extraction, cDNA Synthesis,
and qPCR
After an incubation period of 2 days, PBMC and CD14- cells
were harvested, and total RNA extracted from PBMC incubated
either with WT or LAV and from control cells using the
RNeasy mini kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions with on-column DNAse treatment.
The total RNA was resuspended in 30µl of RNase-free water and
quantified using a Nanodrop ND-1000 spectrophotometer. Total
RNA was converted into cDNA using the SuperScript™ III First-
Strand Synthesis System (Invitrogen, USA) as per the
manufacturer’s instructions. Approximately one µg of each
RNA sample was used with random hexamers according to the
manufacturer’s instructions. The resulting cDNA was stored at -
20°C until further use. For quantitative analysis, a cDNA dilution
of 1: 100 was used as a template for real-time PCR using specific
primers presented in Supplementary Table 1 (20), using
GAPDH as a housekeeping gene. Real-time PCR was
performed in a total reaction volume of 10 ml containing 2 ml
of diluted cDNA as template, 1 ml of forward and reverse
primers (Supplementary Table 1), 5 ml of iQ SYBR Green
Supermix 2X (Bio-Rad, USA), and 1 µl of water. All samples
were tested in triplicate. Real-time PCR was performed in a
CFX96 real-time PCR Detection System (Bio-Rad, Hercules,
USA). The cycling conditions and quantification of targets
were performed as previously described (20).

Quantitative Expression Analysis
The relative fold-change for the thirteen selected genes
(Supplementary Table 1) in PBMC infected either with WT
or LAV compared to PBMC control were analyzed by real-time
PCR. These genes were chosen as representative markers from
various immune system components, enabling them to
interrogate diverse pathways. A panel of specific primers
compatible with the same thermal cycling program was used.
The specificity of each primer pair was evaluated by melting
curve analysis. All amplified PCR products showed distinct and
unique Tms that were compatible with the amplification of ovine
targets, as previously reported (20). The relative quantities of the
target genes were normalized against the internal standard’s
Frontiers in Immunology | www.frontiersin.org 3
relative quantities (GAPDH). Cq values of the amplified
templates in sheep PBMC cultured with either WT or LAV
were used for the calculation of gene expression. Differences in
expression levels were given as fold-change (FC) using the sheep
GAPDH gene for normalization and compared with
PBMC control.

Quantification of Viral Growth in PBMC
The quantification of the active virus using cDNA from PBMC
and CD14- cells incubated with WT or LAV was carried out with
primers and probes targeting the RPO30 gene as previously
described (21). Briefly, RNA extracted with on-column DNAse
treatment that destroys inoculating SPPV was used as the
template for one-step RT-PCR. Absolute quantification of
replicating virus was calculated based on the amplification of
serially diluted RPO30 plasmid with target copies from 108 to 102

per 2 mL. RNA without reverse transcription was used as
a control.

Surface and Intracellular Cytokine Staining
After 4 days of incubation of PBMC with SPPV (WT or LAV) or
PBS, protein transport in cells was blocked by adding BrefeldinA
(GolgiStop, BD Biosciences, USA) overnight. Positive control for
cytokine production was generated by adding a cell stimulation
cocktail (Leukocyte Activation Cocktail with GolgiStop, BD
Biosciences) to a third well and incubated overnight. On day 5,
PBMC were harvested, washed in PBS, transferred to
microcentrifuge tubes, and stained for flow cytometry. Surface
staining master mix containing mouse anti-sheep CD4 antibody
(clone 44.38: Bio-Rad) and mouse anti-bovine CD8 (clone CC63,
cross-reacts with sheep: Bio-Rad) were added to each tube, and
samples were incubated at 4°C for 30 min. Following surface
staining, dead cell exclusion staining was done with a fixable
viability stain (BD Biosciences) before cell fixation. The cells were
washed, fixed, and permeabilized with a saponin-based buffer
(Fixation/Permeabilization Solution Kit, BD Biosciences)
according to the manufacturer’s protocol. Intracellular cytokine
staining was done with mouse anti-bovine interferon-gamma
antibody (clone CC302, cross-reacts with sheep, Bio-Rad) for
30 min at room temperature in the dark. Cells were washed
twice in 1x Perm/Wash buffer and resuspended in FACS buffer
(PBS containing 2% FBS and 2mM ethylenediaminetetraacetic
acid). Flow cytometry data were acquired using the Gallios flow
cytometer (Becton Dickinson Beckman Coulter, USA) and
analyzed with Kaluza software (Becton Dickinson, Beckman
Coulter). Cell populations were gated by forward and side-light-
scatter parameters, as shown in Figure 1. Intracellular cytokine
expression was calculated as a percentage of the parent population.

Data Analysis and Presentation
In the present study, gene expression was analyzed using the
efficiency-corrected calculation models, based on multiple
samples, to estimate the relative changes in the gene expressions
(normalized with the GAPDH housekeeping genes) (22).
Boxplots of the log2 (FC) values and the parent population
percentage for flow cytometry data were generated using
ggplot2 package in R (23). One sample t-test and two-sample
June 2021 | Volume 12 | Article 666543
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paired t-test were performed in R to compare gene expression
differences between the infected and control groups. Infection of
PBMC between WT, LAV, PBMC, and CD14- groups were
analyzed by fitting a mixed-effects model ANOVA using
GraphPad Prism 9. The heatmap.2 function of R gplots package
was used to create both expression and correlation heatmaps. The
Pearson correlations were computed in R. Hierarchical clustering
was performed using the complete linkage method to compute
the distance between clusters.
Frontiers in Immunology | www.frontiersin.org 4
Bioinformatic Analysis
Based on the previous knowledge that the vaccinia virus E3 and
N1L proteins can inhibit the signaling to NF-kb (24–26), we
analyzed their SPPV orthologs in comparison to vaccinia virus
and other poxviruses. Sequence alignment of the E3 and the N1L
amino acid sequences were done using clustalW implemented in
BioEdit version 7.2.6.

The ortholog sequence of N1L from SPPV Djelfa was
analyzed using i-Tasser model prediction software (Yang
A

B

C

FIGURE 1 | Gate represents gating strategy for Flow cytometry. Analytic gating of flow cytometry showed a representative graph of the change in the mean
fluorescence intensity of IFNg in the PBMC subpopulation. (A) Single cells were selected in the forward scatter-height (FSC-HA) versus forwarding scatter-width
(FSC-WA) plot, then, live/dead was gated to identify live cells. Next, monocytes and lymphocytes were gated from the live cells on FSC-A versus SSC-A plot. Gating
of lymphocyte subset was performed as CD4+, CD8+, and CD4/CD8 double-negative (DN). (B) Expression of IFNg by PBMC, monocytes, and lymphocytes: IFNg
positive populations were gated using PBMC cultured with PBS (negative control) and PBMC cultured with cell stimulation cocktail (positive control). (C) Expression
of IFNg by CD4+, CD8+, and DN: IFNg positive populations were gated using PBMC cultured with PBS (negative control) and PBMC cultured with cell stimulation
cocktail (positive control).
June 2021 | Volume 12 | Article 666543
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Zhang Laboratory – University of Michigan, Ann Arbor, MI,
USA). LOMETS meta-threading software (RCSB Protein
Databank) determined the structural similarities based on z-
scores. Pymol (Schroedinger, Inc – New York, NY USA) was
used to model the structures.
RESULTS

Expression Analysis
The expression level of the transcripts for the PRRs, including
TLR3, TLR4, TLR8, and RIG-1, following the infection of sheep
PBMC with WT SPPV or LAV SPPV, were converted to log2
fold change and presented in Figure 2. At 48 hours post-
infection, there was a highly significant expression of RIG-1 in
both WT (100-FC) and LAV (60 FC) in infected PBMC cultures
(P < 0.001). Moreover, RIG-1 expression in PBMC that were
cultured with WT was significantly higher than in those cultured
with LAV (P < 0.05). NF-kb p65 was clearly upregulated in two
donors for both LAV and WT; however, the mean fold changes
for PBMC infected with either WT (4.3) or LAV (3.7) were not
statistically different from that of the control PBMC (P > 0.05;
Figure 2). The expression level of transcripts for IFNa, IFNg,
TNFa, IL-1b, IL-6, IL-10, IL-15, and IL-18 showed high
variability in the cytokine transcripts levels between different
donors: 3.1-fold for IL-18 to 28.14-fold for IL- 1b for PBMC
treated with LAV; and 4.22-fold for IL-18 to 27.26-fold for IL-1b
for those treated with WT. The mean fold changes for TNFa
(WT = 5.3, LAV = 3.5), IL-15 (WT = 5.6, LAV = 3.6), and IL-10
(WT = 9.3, LAV = 4.1) were significantly higher in both PBMC
infected with either WT or LAV as compared control PBMC (P <
0.05, Figure 2). The expression levels of TNFa, IL-15, and IL-10
were higher in PBMC incubated with WT than LAV, though the
difference was not significant (P > 0.05). IFNg, IFNa, IL-6, and
Frontiers in Immunology | www.frontiersin.org 5
IL-18 each presented various patterns of regulation depending
on the donor. In general, none of the cytokines were differentially
expressed between WT and LAV treatments. These data
collectively reveal a greater innate immune gene expression in
WT infected sheep PBMC cultures than LAV infections, likely
due to increased levels of viral dsRNA within the cytoplasm of
infected PBMC. Additionally, inter-individual variability was
more pronounced with cytokine transcripts levels.

Correlation Analysis of an Immune Gene
Expression Signature
Since many immune markers followed a similar expression
pattern between the two (WT and LAV) treatments, we next
investigated which markers correlated in their expression.
Indeed, heatmap analysis revealed relationships between
receptors, transcription factors, and cytokines (Figure 3). Our
results showed a strong significant correlation between the
expression of RIG-1, which recognizes dsRNA, and IL-10 (P<
0.01), and a significant negative correlation between RIG-1 and
IFNg (P< 0.05) in PBMC. TLR3, another PRR that can recognize
dsRNA, is moderately correlated with IL-6, IL-15, and IL-18.
However, these correlations were not statistically significant. We
also observed a highly significant negative correlation between
the expression of TLR3 and IL-1 b (P< 0.01) in PBMC. Similarly,
there was a significant positive correlation between the
expression levels of TLR4, TNFa, and NF-kb (P< 0.05) and a
significant negative correlation between TLR4 and IL-15 (P<
0.05) in PBMC (Figure 3). There was a strong and significant
FIGURE 2 | Box plots representing the differential expression of mRNA of
thirteen genes. The expression of RIG-1, IL-10, IL-15 and TNFa were
significantly upregulated. Note that the expression RIG-1 was significantly
higher in WT as compared to LAV. Data represent the Log2 FC of five
independent experiments. Significance level was set at P value (*p<0.05,
**p<0.001, ***p<0.0001).
FIGURE 3 | Heat map for correlations of target genes expression FC using
qPCR. The correlation heat map describes the combined Pearson correlation
coefficient based on the distance between the two gene expression value
against all target groups. This shows that the heatmap will cluster together,
genes that have positively correlated log2 FC value, P-value; P<0.05*,
P<0.01**.
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positive correlation between the expression level of IL-18 and IL-
15 (P< 0.01). The expression of NF-kb positively and
significantly correlated with the expression of IL-10 (P< 0.05).

Flow Cytometry Analysis of IFNg in Sheep
PBMC Cultured With SPPV
Next, to validate mRNA expressions of immune markers, protein
production by individual cell populations within the PBMC were
analyzed through flow cytometry. The IFNg producing cells were
identified as a percentage of total live PBMC, monocytes,
lymphocytes or CD4+, CD8+, and CD4/CD8 double-negative
cells within the lymphocyte population (Figure 1). None of the
subpopulations had a difference in the percentage of IFNg
producing cells in the identified cell populations between WT
or LAV treatments (Figure 4). Collectively, the IFNg production
by PBMC detected with flow cytometry was consistent with that
determined through quantitative RT-PCR and showed that there
was no disparity even among the subpopulation of cells.

Quantification of Active Virus
The quantification of replicating virus in PBMC incubated with
WT virus reveals a higher viral load, close to a log difference,
compared to LAV (Figure 5). This trend is maintained after
removing monocytes from the whole PBMC. More than one log
reduction was observed for both WT and LAV in CD14- cells
(Figure 5). These changes were not statistically significant after
analysis was performed. RIG-1 expression was also measured in
CD14- cells where an increase was observed when compared to
CD14- control cultures (77.5 FC in WT and 77.9 F in LAV;
Supplementary Figure 3).

N1L Protein in VACV and SPPV Modeling
To investigate the lack of downstream signal following the
activation of RIG-1, including the absence of NF-kb and type I
and type II interferon response, we analyzed the capripoxvirus
orthologs of the vaccinia virus N1L and E3 proteins, two known
inhibitors of the signaling to NF- kb. The multiple sequence
alignment of SPPV E3 amino acid sequence with other
Frontiers in Immunology | www.frontiersin.org 6
poxviruses’ orthologs showed all essential residues contributing
to E3 dsRNA binding (Supplementary Figure 2).

In contrast, the N1L of SPPV and other capripoxvirus
displayed considerable amino acid sequence divergence to the
sequence of vaccinia. Nevertheless, amino acid residues 13, 16,
17, 30, 37, 44, 61 – 78, 89, 92, 98 -102, and 109 – 112 were either
identical across all poxviruses or replaced with similar side
groups e.g., isoleucine for Leucine in position 13. This
prompted the protein quaternary structure modeling compared
to the VACV N1L structure (Supplementary Figure 1).
Sequence alignment of N1L protein from different poxviruses
suggests that N1L is highly conserved between sheeppox virus
(Djelfa, Roumania), lumpy skin disease virus, and goatpox virus.
These substitutions do not affect the quaternary structure of the
folded protein (Supplementary Figure 1).
DISCUSSION

We have analyzed the relative expression of thirteen selected
genes, encoding for proteins involved in host innate responses to
viral infections, following the infection of sheep PBMC with WT
SPPV and LAV SPPV to understand better the interaction
between SPPV and its host.

Among the mRNA of the pattern recognition receptors
(PRRs), we have observed that RIG-1 was highly expressed in
PBMC infected with WT and LAV, suggesting that RIG-1 may
play an essential role in innate recognition of SPPV. As RIG-1 is
a sensor for dsRNA (27), the high expression of this receptor in
both WT and LAV suggests that dsRNA intermediates are
produced during SPPV infection. Indeed, previous studies
showed that some dsDNA viruses, such as poxviruses, that
replicate and transcribe their genomes and assemble infectious
FIGURE 4 | Flow cytometry analysis of the expression of IFNg in PBMC
subpopulations. The box plots represent the percentage of IFNg expression in
healthy sheep PBMC sub-population infected with either WT SPPV or LAV SPPV.
FIGURE 5 | Active viral replication in PBMC and CD14- cells. DNAse treated
RNA was used a template for absolute quatification of the RPO30 gene. Viral
copies were calculated and the mean (n=5) plotted as box plots with
GraphPad Prism 9. Analysis was performed using ANOVA.
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particles exclusively in the cytoplasm of cells produce dsRNA
intermediates (28). The production of IFNg did not differ
between WT and LAV in any of the cell populations when
analyzed through flow cytometry, which is consistent with
mRNA expression data. However, the highest IFNg expression
was seen in the monocyte cell population. It has already been
shown that SPPV can infect monocytes (29). We confirmed this
by observing a reduced replication of both WT and LAV in
CD14- and no significant difference in the expression of RIG-1
when monocytes are removed from culture. RIG-1 expression
was significantly higher in PBMC infected withWT than in those
infected with LAV, suggesting that WT infection in PBMC
produces more dsRNA intermediates than LAV. Our finding is
consistent with the observation that active virus in infected
PBMC is one log higher in WT infection than LAV, with this
effect likely produced during the infection of monocytes. This
suggests that the lower replication of LAV directly results in a
lower number of dsRNA intermediates and consequent lower
RIG-1 expression when compared to WT virus. This further
suggests RIG-1 expression is a direct result of active viral
replication yielding dsRNA intermediates. It was interesting to
notice that among the tested PRRs, only RIG-1 was significantly
positively expressed, suggesting that host sensing of SPPV ds
RNA intermediates is mostly through RLRs than TLRs.

There was a high inter-individual variability for cytokines
compared to PRRs, though the levels of both cytokines and PPRs
appeared to be characteristics of different donors. Indeed, in each
donor, the cytokine levels and PRRs levels followed the same
trend independently of the SPPV strain used for PBMC
infection. Similar inter-individual variabilities in cytokine
productions in human PBMC were previously reported and
attributed to polymorphisms in genes that control cytokines
expression (25, 30). Among the tested cytokines, the expressions
of TNFa, IL-15, and IL-10 were all significantly upregulated,
suggesting that they may play an essential role in SPPV
infections. A similar increase in IL-10 expression following
SPPV infection in vivo has been reported (31). IL-10 is a
critical anti-inflammatory cytokine secreted by monocytes
following their infection with pathogens, and increased
production of IL-10 following infection by other poxviruses
has been previously reported (25, 32). In addition, an IL-10
gene homolog deficient LSDV conferred cross-protective
immunity when used as a live attenuated vaccine in both sheep
and goats (33). These findings suggest the ability of SPPV to
attenuate host immune responses during infection.

Similarly, the increase in TNFa production following
poxvirus infection has been reported (25). It was interesting to
note the upregulation of inflammatory cytokines IL-15 and
TNFa in response to PBMC infection with SPPV. Virus
infections result in an inflammatory environment with an
increased IL-15 and TNFa and the subsequent recruiting of
antigen-presenting cells to the infection site, leading to the
induction of an adaptive immune response. However, IL-10
can inhibit those effects. This dichotomy of inflammatory and
anti-inflammatory cytokine expressions could also result from
the expression of different cytokines from infected and non-
infected cells. Therefore, it would be worth looking at cytokine
Frontiers in Immunology | www.frontiersin.org 7
expression after sorting infected and non-infected cells.
Interestingly, our data analysis shows a strong positive
correlation between the PRR RIG-1 and IL-10, both positively
significantly expressed in WT and LAV SPPV infected PBMC.

The strong positive correlation between RIG-1 and IL-10
suggests that the anti-inflammatory properties of IL-10 could
mediate immune evasion of SPPV. Anti-inflammatory cytokines
such as IL-10 create an inhibitory environment (34). On the
other hand, RIG-1 negatively correlated with IFNg, a necessary
cytokine for driving Th1 cell-mediated immunity to control viral
infections. Curiously, the activation of RIG-1 did not lead to the
subsequent expression of other signaling molecules of the RIG-1
pathway. For instance, our data suggested that the production of
NF-kb and type I and type II interferon response were
comparable between treated and control PBMC. The flow
cytometry results further supported the absence of specific
IFNg production following PBMC infection with SPPV.

A possible explanation is that SPPV-encoded virokines
inhibited RIG-1 downstream signaling leading to a type 1
interferon response. For instance, SPPV possesses VACV
orthologous genes encoding for E3, A52, and N1L proteins, all
known to interfere with the downstream regulation of RIG-1
(26). Of interest, previous reports have shown that N1L promotes
the virulence of VACV (35) through various mechanisms such
the inhibition to signaling to NF-kb (24–26), as well as the IL-1b
and TLR4 signaling cascades (25). The sequence alignment of the
E3 showed the conservation of essential residues between SPPV
and vaccinia virus. The quaternary structure modeling of SPPV
N1L, in comparison to VACV, showed that the two proteins
display similarities in their structures, suggesting that the SPPV
ortholog of N1L protein could play the same function of
inhibiting NF-kb signaling. This signaling is responsible for
triggering pro-inflammatory activity in the host, indicating the
importance of SPPV N1L as a virulence factor (36).

In conclusion, we have demonstrated that innate immunity is
essential as a host defense response against SPPV infections by
identifying critical innate mechanisms that follow PBMC
exposure to SPPV. The findings will enable us to compensate
for deficiencies in our knowledge of cellular mechanisms that
activate innate immunity in sheep PBMC infected with SPPV.
The data generated will also help develop inactivated vaccines for
SPPV and other pox viral diseases in small and large ruminants
by incorporating adjuvants that will yield the desired innate
immune activation pathway.
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