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ABSTRACT Viruses have evolved numerous strategies to impair immunity so that
they can replicate more efficiently. Among those, the immunosuppressive effects of
morbillivirus infection can be particularly problematic, as they allow secondary infec-
tions to take hold in the host, worsening disease prognosis. In the present work, we
hypothesized that the highly contagious morbillivirus peste des petits ruminants vi-
rus (PPRV) could target monocytes and dendritic cells (DC) to contribute to the
immunosuppressive effects produced by the infection. Monocytes isolated from
healthy sheep, a natural host of the disease, were able be infected by PPRV and this
impaired the differentiation and phagocytic ability of immature monocyte-derived
DC (MoDC). We also assessed PPRV capacity to infect differentiated MoDC. Ovine
MoDC could be productively infected by PPRV, and this drastically reduced MoDC
capacity to activate allogeneic T cell responses. Transcriptomic analysis of infected
MoDC indicated that several tolerogenic DC signature genes were upregulated upon
PPRV infection. Furthermore, PPRV-infected MoDC could impair the proliferative
response of autologous CD4* and CD8" T cell to the mitogen concanavalin A
(ConA), which indicated that DC targeting by the virus could promote immunosup-
pression. These results shed new light on the mechanisms employed by morbillivirus
to suppress the host immune responses.

IMPORTANCE Morbilliviruses pose a threat to global health given their high infectivity.
The morbillivirus peste des petits ruminants virus (PPRV) severely affects small-rumi-
nant-productivity and leads to important economic losses in communities that rely on
these animals for subsistence. PPRV produces in the infected host a period of severe
immunosuppression that opportunistic pathogens exploit, which worsens the course
of the infection. The mechanisms of PPRV immunosuppression are not fully under-
stood. In the present work, we demonstrate that PPRV can infect professional antigen-
presenting cells called dendritic cells (DC) and disrupt their capacity to elicit an
immune response. PPRV infection promoted a DC activation profile that favored the
induction of tolerance instead of the activation of an antiviral immune response. These
results shed new light on the mechanisms employed by morbilliviruses to suppress
the immune responses.

KEYWORDS PPRV, monocyte, tolerance, immunosuppression, monocyte-derived DC,
sheep, monocyte-derived dendritic cell

este des petits ruminants (PPR) is an infection disease of wild and domestic small
ruminants that primarily affects sheep and goats. It was first described in 1942 in
Céte d'lvoire (1), but its current distribution covers North, East, West and Central Africa,
the Middle East, and Asia, regions where the disease is considered endemic (2). PPR is
an acute disease, with animals usually dying 4 to 6 days after the onset of fever, with
mortality rates up to 90% in naive populations; it also produces abortion of pregnant
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animals (3). PPR causes an estimated economic loss worth $1.2 to $1.7 billion per year,
with dire economic and social consequences for entire communities that heavily
depend on sheep and goats as their main livelihood. PPR has been marked as the next
viral pathogen to be eradicated by 2030 by the World Organisation for Animal Health
and FAO (4).

Peste des petits ruminants virus (PPRV) is the causative agent of PPR disease. PPRV
has a linear nonsegmented negative-sense single-stranded RNA genome. It is a mem-
ber of the Paramyxoviridae family, Morbillivirus genus, which includes other relevant
pathogens such as measles virus (MV), rinderpest virus (RPV), and canine distemper vi-
rus (CDV) (5). The typical incubation period of the virus is 2 to 7 days, with signs that
include fever, oculonasal discharge, diarrhea, leukopenia, dyspnea, and sloughing of
the epithelium of the oral and nasal mucosae (3). Transmission occurs via aerosol drop-
lets, and infection is thought to begin with PPRV taken up by antigen-presenting cells
(APCs) within the respiratory mucosa. These infected APC then migrate to regional
lymphoid tissues where the virus can start replication (3, 6, 7). PPRV shows a tropism
for lymphoid and epithelial tissues, as the virus interacts with the host cells through
two receptors, signaling lymphocyte activation molecule (SLAM/CD150) and nectin-4.
SLAM/CD150 is the main cellular receptor of morbilliviruses, exclusively expressed on
the surface of immune cells such as lymphocytes, macrophages, and dendritic cells
(DQ) (3, 7, 8), whereas nectin-4 is principally expressed on epithelial cells.

Owing to this lymphoid tropism, PPRV infections are characterized by an acute
immunosuppression that favors the onset of secondary infections that complicate the
clinical outcome of the disease. There is evidence that PPRV can profoundly affect the
activation process of T cells since polyclonal T cell responses to the mitogen ConA are
impaired for at least 15 days postinfection (9, 10). Since DC are central for initiating
effective T cell responses, it could be hypothesized that PPRV could target these cells
to mediate its immunosuppressive effects.

DC are a diverse group of leukocytes, key for the immune system as they play an
important role as APC. Their role includes the induction and regulation of the adaptive
immune response by acting as a bridge between innate and adaptive immunity (11,
12). Located in submucosal tissues, DC survey for incoming pathogens to capture and
process the pathogen antigens. As a consequence of recognizing pathogen-associated
molecular patterns (PAMP) (such as viral genetic material) through their pattern recog-
nition receptors (PRR), DC become activated and subsequently migrate to secondary
lymphoid organs so that they can trigger T cell responses. DC ability to recognize
invading pathogens and become activated is therefore the first critical step in the de-
velopment of an adequate immune response (11, 13). As a result of their central role in
immunity, several viruses are known to target DC, including the morbilliviruses MV and
CDV (14-18).

Since DC primarily exist in two basic functional states, immature (iDC) and mature
(mDCQ) (19), we have studied the effects of PPRV infection in both cell phases in a natural
host of the disease. Monocyte-derived dendritic cells (MoDC), a subset of functional DC
that can be obtained in vitro from monocytes cultured with granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) (20), are the perfect tool to study
PPRV infection effects on ovine DCs since they can be obtained in relatively large numbers.
In the present work we determined whether PPRV affects the development of immature
MoDC. We also performed transcriptomic and functional analyses of infected mature
MoDC to assess the consequences of viral infection on the activity of mDC. We present evi-
dence of the multifaceted effects triggered by morbillivirus infection on DC biology that
could act as a mechanism that contributes to host immunosuppression.

RESULTS

PPRV productively infects CD14+ cells without significantly increasing cell
death. To determine PPRV effects on DC, we first established a differentiation protocol
for ovine monocyte-derived DC (MoDC) using recombinant ovine Gm-CSF (OvGM-CS)F
and ovine IL-4 (OvIL-4) (Fig. S2 in the supplemental material). MoDC thus upregulated
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upon differentiation characteristic DC markers (CD11b, CD11¢, CD209, CD80, CD86,
major histocompatibility complex class | (MHC-I), major histocompatibility complex
class Il (MHC-Il), CD1 and CD1w2) and could be matured by 24-h poly(I-C) stimulation.
Immature MoDC (iMoDC) had high phagocytic capacity, while mature MoDC (mMoDC)
could stimulate the proliferation of allogeneic T cells. Therefore, functional iMoDC and
mMoDC could be obtained using this protocol.

We next evaluated PPRV capacity to infect CD14* cells and, as a consequence, affect
their differentiation to iMoDC. Freshly isolated CD14* were infected with PPRV-ICV'89 at a
multiplicity of infection (MOI) of 1 and subsequently differentiated into iIMoDCs with
OvGM-CSF and OvlIL-4. PPRV infection was monitored by flow cytometry using anti-PPRV-N
protein intracellular staining. Seventy-two hours postinfection approximately 40% of cells
were positive for the PPRV-N protein (Fig. 1A). Plaque assays of culture supernatants at dif-
ferent time points postinfection (Fig. 1B) showed an increase in virus titer with time, indi-
cating that PPRV is capable of productively infecting monocytes while they differentiate
into iMoDC. In many cases, viral infections enhance DC apoptosis, thus weakening a major
body defense line (21). Annexin V and 7-AAD staining was performed on mock- and PPRV-
infected cells at 24, 48, and 72 h postinfection (hpi) to determine whether PPRV-induced
apoptosis on differentiating iMoDC (Fig. 1C and D). Our data showed that the percentage
of late apoptotic cells increased at late infection points (72 hpi) when compared to early
time points (24 hpi) both in mock- and PPRV-infected iMoDC (Fig. 1D). The percentage of
early (annexin V*/7-AAD™) or late (Annexin V*/7-AAD™) apoptotic cells in PPRV-infected
iMoDC cultures was not significantly different from that in mock-infected counterparts.
This indicates that PPRV does not significantly increase cell death in monocytes that differ-
entiate to iMoDC.

PPRYV infection of CD14* cells impairs the upregulation of critical surface DC
molecules and the phagocytic function of iMoDC. To determine whether PPRV infec-
tion of CD14™ cells disrupts differentiation to iMoDC, flow cytometry was used to assess the
surface expression of phenotypic markers at 72 h after PPRV infection (Fig. 2A). PPRV-
infected cells showed a statistically significant impaired upregulation in the characteristic DC
adhesion molecule CD11c compared to mock cultures. Molecules associated with PAMP rec-
ognition were also reduced in PPRV-infected cells: expression of Toll-like receptor 4 (TLR4)-
associated CD14 and the C-type lectin receptor CD209 was significantly lower in infected
cells. Likewise, expression of antigen-presenting molecules MHC-Il, CD1, and CD1w2 was
also significantly lower on PPRV-infected cells than on control. Expression of costimulatory
markers CD80 and CD86, adhesion molecules CD11b, and antigen-presenting MHC-I mole-
cules showed no statistical differences between PPRV- and mock-infected cells. These data
suggest that PPRV infection could affect iMoDC differentiation and impair cellular mecha-
nisms involved in antigen processing, PAMP recognition and interaction with the milieu.

To study whether antigen uptake, one of the main functions of iMoDC, was affected
by PPRV infection, we carried out microsphere phagocytosis assays comparing mock-
and PPRV-infected iMoDC. Flow cytometry analysis (Fig. 2B and C) showed a statisti-
cally significant decrease in the total amount of internalized microspheres (reduced
mean fluorescence instensity [MFI]) in infected iMoDC. To confirm that these micro-
spheres were internalized by iMoDC, confocal microscopy studies were performed (Fig.
2D). Z-stack confocal images of PPRV- or mock-infected iMoDC revealed microsphere
internalization. As shown in the orthogonal projections, confocal imaging also con-
firmed that PPRV-infected iMoDC internalized fewer microspheres than their mock-
infected counterparts. These data indicate that PPRV infection reduces the phagocytic
capacity of iMoDC.

PPRYV replicates in MoDC. Due to DC relevance in activating immune responses,
we addressed whether PPRV could infect MoDC as efficiently as monocytes. To this
end, iMoDC differentiated for 48 h were infected with PPRV-ICV'89 at an MOI of 1. At
24 hpi, mock- and PPRV-infected iMoDC were matured with poly (I-C) stimulation over-
night. At 48 hpi, mMoDC staining with anti-PPRV-N protein showed a high percentage
of MoDC positive for PPRV-N (67% =+ 7.5%) by flow cytometry (Fig. 3A). Furthermore,
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FIG 1 CD14" cell infection with PPRV and differentiation to iMoDC. Freshly isolated CD14* cells were infected with
PPRV at an MOI of 1 (or mock-infected as control) and differentiated into iMoDC for 72 h. (A) Representative flow
cytometry intracellular staining histogram using anti-PPRV-N monoclonal antibody in mock-infected (blue) and PPRV-
infected (red) iMoDC. Isotype controls were included (black line). (B) Titration by plaque assays in VDS cell line of
iMoDC culture supernatant at 0 (input), 24, 48, and 72 hpi. (C) Flow cytometry assessment of iMoDC death induced
by PPRV infection at 24, 48, and 72 hpi. (Left) Representative iMoDC forward scatter/side scatter (FSC/SSC) dot plot
and gating for Annexin V and 7-AAD staining analysis. (Right) Representative dot plots for Annexin V and 7-AAD
staining in mock- or PPRV-infected cells. Numbers in lower right quadrant (Annexin V* 7-AAD™) and in upper right
quadrant (AnnexinV* 7-AAD™) indicate, respectively, the percentage of early apoptotic and late apoptotic cells
present in the culture. (D) Percentage of CD14" cells differentiating into iMoDC in early apoptosis state (left) and
late apoptosis state (right) in PPRV" cultures (red), compared to that in mock-infected (blue) cells, at 24, 48, and 72
hpi (n = 3). *, P < 0.05; two-way analysis of variance (ANOVA) with Tukey’s post-test.

the presence of infective virus in the supernatant of MoDC cultures indicated that the
virus could productively replicate in MoDC (Fig. 3B).

Transcriptomic analysis of PPRV-infected ovine MoDC reveals a complex modu-
lation of gene expression. Since PPRV can effectively infect DC, it has the potential to
affect the biology of these cells. To obtain a global perspective of cellular changes induced by
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FIG 2 PPRV infection impairs iMoDC function. (A) Geometric mean fluorescence intensity (Geo MFI) of cell
surface markers (mean * SD) measured by flow cytometry in mock-infected (red) and PPRV-infected
(orange) iMoDC measured in 4 or 5 donor sheep. *, P < 0.05; **, P < 0.01; multiple-ratio paired t test with
Bonferroni-Dunn correction. (B) Microsphere phagocytosis assay assessed by flow cytometry, showing a
decrease in both the percentage of cells and the number of beads (Geo MFI) captured by PPRV-infected
iMoDC (orange) compared to mock-infected iMoDC (red). As a control, the histogram for iMoDC cultured
without microspheres is shown (black line). (C) Geo MFI (mean = SD) (n = 3) of PPRV-infected (red) and
mock-infected (orange) iMoDC in microsphere phagocytosis assay assessed by flow cytometry. **, P < 0.01;
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FIG 3 PPRV can productively infect MoDC. (A) Representative flow cytometry intracellular staining using
anti-PPRV-N monoclonal antibody in mock-infected (bright green) and PPRV-infected (dark green)
mMoDC. Isotype controls were included (black line). (B) Titration by plaque assay in VDS cell line of mock-
or PPRV-infected MoDC culture supernatants at 0 (input), 24, 48, and 72 hpi. CNT, control.

PPRV on MoDC, we conducted RNA-sequencing (RNA-seq)-based transcriptomic analyses to
characterize differential gene expression between PPRV- and mock-infected MoDC. The princi-
pal-component analyses (PCoA) on all samples arranged them in two groups: one contained
the mock samples, while in the other, the PPRV samples were clustered (Fig. 4A). The analysis
also revealed 688 differentially expressed genes (DEG) between PPRV- and mock-infected
samples. Of these, 518 genes were upregulated while 170 genes were downregulated (Fig.
4B). We also assessed for the presence of PPRV mRNA in the samples (Table 1). Transcripts for
all PPRV genes were detected in PPRV-infected MoDC, while none were detected in mock-
infected samples. This confirms the PPRV infection of MoDC shown in Fig. 3. Transcript quanti-
fication also revealed that mRNA counts for each PPRV gene coincided with the characteristic
“start-stop” transcription mechanism of paramyxoviruses (3). Interestingly, we also detected,
for the first time to the best of our knowledge, the presence of transcripts for the PPRV-W
gene during the infection. Since V and W transcripts are produced by the insertion of 1 or 2
guanine residues, respectively, at the conserved RNA editing site of the P gene (3), sequenced
transcripts with these insertions were counted. C transcripts could not be quantified, as the C
protein expression results from the leaky scanning of the P mRNA (3).

To determine the MoDC signaling and biological functions that were affected by the
infection, sequencing data analysis based on gene set enrichment analysis (GSEA) and over-
representation analysis (ORA) with the Kyoto Encyclopedia of Gene and Genome (KEGG)
database (ORA-KEGG) were carried out. Overall, these analyses concurred in the signaling
pathways that were modulated by the infection (Fig. 5). GSEA and functional ORA-KEGG
detected statistically significant enrichment in signaling pathways related to autophagy reg-
ulation, viral recognition, cytokine signaling, and cell survival and activation. Upregulation of
genes in the AMPK, mTOR, and phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathways,
which are related, among other things, to autophagy regulation, were detected in both
analyses. Genes related to signaling pathways involved in viral infection sensing (NOD-like
receptor, Toll-like receptor, and NF-«B signaling pathways) were also enriched according to
GSEA and ORA-KEGG. Genes from the proinflammatory tumor necrosis factor (TNF) signal-
ing pathway were found to be upregulated by both analyses. Concomitantly, genes from
the immune regulatory tumor growth factor B (TGF-B) signaling pathways were also
enriched in PPRV-infected MoDC using both analyses. GSEA also revealed the downregula-
tion of over 50 genes related to the interferon (IFN) response (Fig. 5B). This indicates that a
complex cytokine response takes place in the MoDC as a result of the infection, which
involves proinflammatory as well as immune regulatory signals. Genes related to the mito-
gen-activated protein kinase (MAPK) and p53 pathways, which are important for cell activa-

FIG 2 Legend (Continued)

paired Student's t test. (D) Confocal images of microsphere phagocytosis assays in mock- or PPRV-infected
iMoDC. iMoDC were stained for the membrane marker CD11b (green) and counterstained with DAPI (blue)
to visualize nucleic acids. Crimson carboxylate-modified fluorescent microspheres are shown in red. Merged
orthogonal projections were generated using ImageJ software. Scale bar = 5 um.
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FIG 4 General results of RNA-seq data. (A) Two-dimensional scatterplot of the principal-coordinate analysis (PCoA) results showing the first
two leading dimensions. Data clustered in two groups: PPRV-infected samples (blue) and mock-infected samples (red). (B) Volcano plot of
gene expression values of PPRV-infected mMoDC compared to mock-infected controls, displayed as log, fold change (FC) against statistical
significance (—log,, [g valuel). Red dots indicate significantly upregulated genes, blue dots indicate significantly downregulated genes, and
black dots show genes with no significant differences.

tion and survival, were also modulated during the infection. Overall, it appears that MoDC
are capable of recognizing the viral infection, as indicated by the enrichment of viral recog-
nition signaling pathways. This probably triggers a complex cellular response in which
autophagy, cell activation, and survival, as well as cytokine responses, are involved.

GSEA and transcriptomic ORA-KEGG was also applied to biological functions related to
immune processes (Fig. 6). ORA-KEGG confirmed that genes related to biological functions
associated with autophagy (phagosome, lysosome, and animal autophagy) were upregu-
lated (Fig. 6A). The biological function “lysosome” was also enriched according to the GSEA
(Fig. 6B). GSEA and ORA-KEGG also detected the biological process of “apoptosis” as signifi-
cantly modulated in PPRV-infected MoDC with up- and downregulation of several genes.
The analyses also concurred on the enrichment of the biological functions related to viral
infection. Interestingly, ORA-KEGG found that 10 genes associated with the response to
the prototypical morbillivirus MV were upregulated in PPRV-infected mMoDC (Fig. 6A),
indicating that PPRV and MV infection share some characteristics. GSEA also identified the
biological functions of DC and inflammatory response as upregulated, while antigen pre-
sentation was downregulated. Overall, biological function analysis confirmed the activation
of autophagy and the modulation of apoptosis by PPRV. Moreover, both GSEA and ORA-
KEGG identified that viral infection biological processes are modulated because of the
infection. From an immunological perspective, the transcriptomic analysis showed that
MoDC response to PPRV infection is complex. On the one hand, viral infection is recog-
nized, which probably leads to the activation of an inflammatory response, while on the
other hand, antigen presentation is reduced and the immunoregulatory TGF-3 signaling

TABLE 1 Number of counts per million mapped reads for PPRV gene products detected in
PPRV-infected mMoDC at 48 hpi

PPRV-infected mMoDCs samples

PPRV gene product PPRV 1 PPRV 2 PPRV 3 PPRV 4 Avg

N 315,840 296,837 316,257 307,978 309,228
pa 306,468 296,621 293,291 279,353 293,933
M 13,7499 137,064 139,936 141,015 138,879
H 93,692 92,956 95,692 94,937 94,319
F 85,952 83,849 83,847 82,952 84,150
L 43,376 40,494 43,060 45,190 43,030
ve 32,706 33,540 31,910 32,450 32,652
We 21 44 33 51 37

aV and W transcripts result from an RNA editing site present in the P gene that leads to the insertion of 1 G
residue for V or 2 G residues for W (3). Only unique sequence matches were mapped to transcript species; thus
only unequivocal counts for P, V. and W are shown. C transcripts cannot be identified as the C protein translation
results from the leaky scanning of the P transcripts (3).

September 2022 Volume 96 Issue 18 10.1128/jvi.01240-22 7

Downloaded from https://journals.asm.org/journal/jvi on 19 December 2025 by 147.96.28.129.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01240-22

Tolerogenic DC Induction by Morbillivirus Infection Journal of Virology

A. ORAKEGG B. GSEA
. . Number of genes . f Number of genes
Signaling Signaling
pathways < Down-regulated Up-regulated > pathways < Down-regulated Up-regulated >
%o AMPK > 3 AMPK -
<= =
Th g 5
&4 mTOR o3 mTOR
53 28
L  PIBK-Akt < '!'.;J PI3K-Akt '
NOD-like =z NOD-like |
2 receptor 9 receptor
] akE
B Tolllike IZ  Tollike
é 4 receptor S 8 receptor
S 8 C-type lectin &
O  receptor E NF-kappa B '
w
o
NF-kappa B Interferon
TNF STAT |
Yo Yo
4 5 IL-17 g S TNF
o< o<
-2 - Z -
> O TGF- B > (O |Interleukins
on on
Chemokine TGF-B
: 5 p53 Chemokine
< | s | .l
2% =z
S > MAPK 40 p53
= <=
20 2«
n g 5 0 5 10 15 20 E > MAPK
>5
N g

150 100 50 0 50 100 150

FIG 5 Multiple signaling pathways are affected by PPRV infection in mMoDC. Shown are the numbers of genes involved in
statistically significant upregulated (red) and downregulated (blue) signaling pathways related to autophagy regulation, viral
recognition, cytokine signaling, and cell survival and activation obtained by ORA-KEGG (A) or GSEA (B) analysis in PPRV-
infected mMoDC compared to mock-infected mMoDC.

pathway is triggered upon infection. The balance between these processes will dictate
PPRV effect on MoDC activity.

PPRV impairs ovine MoDC antigen-presenting capacity. To further our understand-
ing of the infection effects on DC, we carried out experiments to study the functionality of
PPRV-infected MoDC. Mature DC are the only cells able to activate naive T cells, and this matu-
ration process is associated with upregulation of costimulatory molecules and antigen-pre-
senting molecules (22-24). We thus evaluated by flow cytometry the upregulation of essential
molecules for DC function in mock-infected and infected cells stimulated with poly-I-C to
induce maturation. PPRV-infected mMoDC showed higher expression of PAMP-associated
molecules CD14 and CD209 than mock-infected counterparts (Fig. 7A). Expression of adhesion
molecules CD11b and CD11c was higher in PPRV-infected cells, although this was not statisti-
cally significant. Expression of costimulatory molecule CD86 and antigen-presenting molecules
MHC and MHC-I was lower in infected cells than in mock-infected counterparts.
Costimulatory molecule CD80 expression also tended to be lower in infected cells. Expression
of non-classical antigen-presenting molecules CD1 and CD1w2 (CD1b) did not show statistical
differences between treatments in mMoDC. Thus, PPRV infection reduces the surface expres-
sion on mMoDC of costimulatory and MHC molecules, which are necessary for T cell activa-
tion. To determine whether this reduction had an effect on the antigen-presenting capacity of
infected mMoDC, we performed mixed lymphocyte reactions (MLR) using these cells as anti-
gen-presenting cells for allogeneic T cells. As shown in Fig. 7B, PPRV-infected mMoDC were
unable to stimulate a primary MLR, whereas mock-infected mMoDC could. These data dem-
onstrate that PPRV infection of MoDC resulted in a functional deficit that aborts primary MLR.

The DC phenotype triggered by the infection (reduced upregulation of surface
MHC and costimulatory molecules and impaired antigen-presenting capacity)
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could be due to the virus maintaining the DC at an immature stage. To test this
possibility, the antigen uptake capability of PPRV-infected mMoDC was studied.
Microsphere phagocytosis assay showed a decrease in the phagocytic capacity in
both PPRV- and mock-infected mMoDC compared with iMoDC independently of
their infection status, which is indicative of the maturation process (Fig. 7C and D).
Importantly, no differences between infected and mock-infected mMoDC were
detected, indicating that PPRV-infected mMoDC also reached a maturation stage in
which antigen capture is downregulated. A slight decrease in the phagocytic activ-
ity of infected iMoDC compared to that of mock-infected cells was observed,
although this did not reach significance (Fig. 7D). Thus, PPRV-infected DC do not
retain an immature phenotype after poly-I-C treatment, but the infection appears
to impair their immunogenic maturation.

PPRV promotes a tolerogenic maturation process in ovine MoDC. Given the
impaired immunogenic capacity of PPRV-infected MoDC, we sought out the expression
of tolerogenic DC signature genes in our transcriptomic data set. While upregulation
of prototypical proinflammatory gene sets appears to a common feature of immuno-
genic and tolerogenic DC maturation (25), expression of IL-6-associated genes and
interferon-stimulated genes (ISG) could be discriminatory between the two maturation
processes in mice. Interestingly, few IL-6-associated genes and ISG were upregulated
in PPRV-infected mMoDC (Fig. 8A and B). Indeed, we found that STAT2, one of the hall-
marks of immunogenic DC maturation in mice (25), was downregulated in infected
mMoDC, while several genes involved in the negative regulation of IL-6 were upregu-
lated (e.g., C5AR2, GBA, IL-10, NLRP12, TNFAIP3, and ZC3H12A). Signature genes for
tolerogenic DC have been described previously (26-29), and we found that the expres-
sion of several of these genes was upregulated in PPRV-infected mMoDC (Fig. 8C). The
expression of transcription factors involved in modulating the DC maturation profile
was also altered in infected cells compared to that in mock-infected cells (Fig. 8D).
These include the downregulation of GATA3, whose expression on DC was shown to
promote Th2 responses (30), or the upregulation of NR1D2, a repressor of the ROR
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response elements (31) used by the transcription factor ROR-T, expressed on murine
immunogenic mature classical DC2 (cDC2) (32). Furthermore, the downregulation in
PPRV-infected mMoDC of the expression of several genes involved in antigen presenta-
tion, such as those encoding the MHC-II-like molecule DO (involved in MHC-Il molecule
peptide loading) (33), or the aminopeptidases ERAP1 and ERAP2 (involved in peptide
trimming for MHC-I molecules) (34), indicated that antigen processing may be affected
by the infection (Fig. 8E). Overall, the transcription profile of PPRV-infected MoDC indi-
cated that the virus could promote tolerogenic instead of immunogenic DC maturation.
To confirm this hypothesis, we assessed the capacity of PPRV-infected mMoDC to
affect T cell responses to the T cell mitogen ConA in an autologous context. Mock- or
PPRV-infected mMoDC were cocultured with autologous T cells labeled with CellTrace
Violet, and CD4* and CD8" T cell proliferation upon ConA stimulation was measured
by flow cytometry (Fig. 9). Coculture of T cells with PPRV-infected mMoDC decreased
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the percentage of proliferating CD4* and CD8* T cells in response to ConA compared
to that in mock-infected counterparts (Fig. 9B and E). A higher CellTrace Violet geomet-
ric MFI (Geo MFI) in CD4* and CD8" T cell was detected in PPRV-infected cocultures
than with mock-infected mMoDC (Fig. 9C and F). As the fluorescence intensity of the
dye is halved with each cell division, this higher MFI in PPRV-infected mMoDC cocul-
tures indicated that these infected DC limited the number of T cell divisions in
response to ConA. These data suggest that PPRV-infected mMoDC impair CD4* and
CD8™* T cell activation and thus could contribute to host immunosuppression.
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(E) and Geo MFI (F) in CD8* T cells in 5 independent experiments. *, P < 0.05; **, P < 0.01; paired
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DISCUSSION

The exact mechanisms that lead to immunosuppression during the acute phase of
morbillivirus infection are not fully elucidated. PPRV, like other morbilliviruses, is likely
to use multiple immunosuppressive mechanisms to evade immunity and expand its
window of replication. PPRV infections are known to produce leukopenia (6, 35), which
results in a weakened immune status that is taken advantage of by opportunistic
pathogens. We have also observed impaired T cell response to mitogens in infected
animals (9, 10). Our data show a significant impact of PPRV infection on DC function,
suggesting targeting of DC by PPRV to induce the T cell hyporesponsiveness detected
during infection. Several nonexclusive immunosuppressive mechanisms on DC activity
have been described for morbillivirus infections, such as promotion of DC apoptosis
(36), impaired induction of lymphoproliferation (14, 37, 38), or alteration in DC cytokine
response (14, 15).

We have established a reliable in vitro differentiation protocol in sheep, a natural
host of the disease, for monocyte-derived dendritic cells that produced immature
MoDC with high phagocytic ability and mature MoDC with a high capacity to stimulate
allogeneic T cells. We found that PPRV could productively infect ovine monocytes in
vitro. In MV infections, monocytes can also be a natural target of infection that could
contribute to virus dissemination and immunosuppression (39). In turn, PPRV infection
of monocytes impaired ovine iMoDC differentiation. Differentiating iMoDC infected
with PPRV had reduced phagocytic capacity as well as decreased upregulation of anti-
gen-presenting molecules (MHC-II, CD1, and CD1w2), CD11c integrin, and molecules
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related to the PAMP recognition (CD14 and CD209). MoDC are a DC population natu-
rally occurring during immune responses in mice and humans that is likely to locally
support the role of conventional DC in mounting an immune response (20, 40, 41).
Thus, it could be speculated that PPRV potency to infect monocytes, and its subse-
quent impairment of MoDC differentiation, could be a mechanism to limit the ampli-
tude of the immune response to the infection.

PPRV also productively infects iMoDC and impairs their maturation toward an im-
munogenic phenotype. Curiously, PPRV production was lower in infected iMoDC than
in monocyte precursors. MV has also been shown to be poorly productive in human
MoDC (14). Whether this could be due to the existence of mechanisms in the differenti-
ated MoDC that limit viral replication, which would be absent in the monocyte precur-
sors, remains to be determined. We also found that PPRV-infected iMoDC could not be
optimally activated by poly (I-C) in contrast to mock-infected cells. This resulted in
reduced upregulation of MHC-I and MHC-Il molecules as well as costimulatory mole-
cules CD80 and CD86 compared to that in the control. Since our objective was to study
the effects of PPRV infection on DC function, we irradiated the mMoDC in our lympho-
proliferation experiments to prevent the transmission of infective viral particles from
the DC to the T cells. This phenomenon has been documented in MV infections, and it
could contribute to impair T cell responses and disseminate the virus through the or-
ganism (37, 42). Studies in MV-infected DC have shown the existence of immunosup-
pressive mechanisms independent of virus transmission in the dialogue between DC
and T cells. For instance, MV-infected DC did not mature in response to CD40 ligation
(14). Our data show that PPRV-infected mMoDC could not stimulate allogeneic T cell
proliferation. We also demonstrated that infected mMoDC limited the proliferation of
autologous CD4* and CD8* T cells in response to the mitogen ConA. It thus appears
that PPRV can effectively suppress T cell responses in the absence of viral replication as
no infective virus was detected in the supernatant of the cocultures. These data are in
line with studies using MV, in which coculture of infected DC led to unresponsiveness
of allogeneic T cells (14, 37, 38) and of autologous T cells stimulated with the mitogen
phytohemagglutinin (PHA) (38). Taken together, our data indicate that PPRV infection
can modify DC maturation programming to reduce their immunogenic capacity.

Although several reports have described the transcriptomic changes in immune
cells during PPRV infections (43-49), none have attempted to characterize the DC
response to PPRV infection in a natural host from a transcriptomic perspective. Our
analysis of mMoDC showed the activation of multiple signaling pathways in response
to infection. On the one hand, genes involved in signaling pathways and biological
processes related to viral recognition were significantly upregulated. This is a predict-
able outcome of infection, since DC possess multiple PRR designed to respond to the
presence of PAMP. In murine bone marrow-derived DC, Li et al. also found that PPRV
infection triggered the activation of inflammatory responses at the transcriptomic level
(48). From a transcriptional perspective, the maturation process of DC through PRR
engagement has been associated with the upregulation of prototypical proinflamma-
tory gene sets, and this appears to be irrespective of the functional phenotype (25).
Our ORA-KEGG and GSEA of infected mMoDC demonstrated enrichment in the TNF
and the NF-«B pathways, both of which are typically linked to proinflammatory
responses. We also detected enrichment in TGF-B pathways with both methods in
infected mMoDC. TGF-g signaling is canonically considered a regulatory pathway in
immunity (50), and it is linked to T regulatory and tolerogenic DC function (51).
Expression of ISG has been linked to immunogenic DC maturation in mice (25). GSEA
indicated that the genes related to the IFN signaling pathway were mostly downregu-
lated in infected cells. PPRV infection thus appears to impair the differential expression
of IFN-related genes in mMoDC in response to poly (I-C) stimulation, which in turn
could indicate that immunogenic maturation is impaired. Several PPRV proteins
are known to interfere with the IFN response and impair IFN induction and signaling
(52-57). These inhibitory mechanisms could therefore also come into play in the host
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DC to limit ISG expression and impair the desirable immunogenic maturation required
for mounting an appropriate immune response to the virus.

Tolerogenic DC gene signatures have recently been proposed for humans and mice
(26-29). We found among PPRV-infected mMoDC DEG that the expression of several
tolerogenic signature genes is upregulated. Several of these genes are related to TGF-
B activity such as INHBA, THBS1, MMP9, and ITGB8 (26), which concurs with the path-
way enrichment analysis. We also found that the expression of IL-10 was upregulated
in infected MoDC. IL-10 is another master regulator of immunity that potently targets T
cell activity (58). IL-10 overexpression has also been reported to canine MoDC infected
with the morbillivirus CDV (15). In MV infections, as well as other viral infections, IL-10
induction in DC has also been linked to DC immunosuppression (14, 59). It could thus
be speculated that IL-10 production by PPRV-infected MoDC could also contribute to
the T cell immunosuppressive capacity of these cells.

Several reports have also recently defined some of the transcription factors that
govern the differential functional maturation of DC subsets (32, 60, 61). Most of these
transcription factors have been identified for murine classical DC (cDC) and plasmacy-
toid DC (pDC) populations, and the extrapolation of these findings to MoDC from a dif-
ferent species should therefore be done with caution. It should nonetheless be noted
that bovine ¢cDC1, ¢cDC2, and pDC populations have been characterized (62), and it can
therefore be predicted that similar DC subsets exist in sheep. Interestingly, given the
immunosuppressive phenotype of PPRV-infected DC, several key transcription factors
involved in DC subset functions are downregulated while others are upregulated. The
transcription factors SPI1 and KLF4 are upregulated in infected MoDC. SPI1 is critical
for cDC and MoDC development but not for their maturation (60, 63). The overexpres-
sion of SPIT could be interpreted as an inability of the DC to commit to an immuno-
genic phenotype. On the other hand, KLF4 expression in murine ¢cDC2 is associated
with Th2 immunity involved in parasite clearance (61), which could indicate that PPRV-
infected DC would promote a Th2 bias. ROR-yT expression in cDC2 has been associated
with inflammatory responses (32). The upregulation of NR1D2, a repressor of ROR
response elements (31), indicated that the proinflammatory activity of the ROR-T tran-
scription factors may be impaired in infected MoDC. The expression of transcription
factor ZNF366, also known as DC-SCRIPT, associated with ¢cDC1 maturation is downre-
gulated in infected cells. cDC1 are critical for mounting immune responses against in-
tracellular pathogens such as viruses (64). The downregulation of ZNF366 as well as the
lack of ISG induction in PPRV-infected MoDC further confirms that these cells are not
optimally programmed to prime an antiviral T cell response. Taken together, these
data could indicate that PPRV skews MoDC maturation toward a phenotype that would
not effectively combat the viral infection. Further work will be nonetheless required to
better characterize the transcription factors that govern the different DC subset pro-
gramming in sheep and to what extent findings in mice can be extrapolated to rumi-
nants and MoDC.

These transcriptomic findings along with the observation that infected mMoDC
cannot stimulate the proliferation of allogeneic T cells and impair T cell responses to
mitogen indicate that PPRV likely skews MoDC maturation toward a tolerogenic phe-
notype. It would be interesting in future experiments to assess whether PPRV acts simi-
larly on the different DC populations that exist in vivo, such as cDC subsets or pDC.
These studies could help elucidate the paradoxical immune response that PPRV, and
more generally morbilliviruses, triggers, in which long-lasting immunity is induced to
the virus while severe immunosuppression is taking place.

Transcriptomic analysis of mMoDC also revealed that PPRV modulates the autophagy
and apoptosis in infected cells. PPRV has been reported to induce apoptosis in goat periph-
eral blood mononuclear cells (PBMC) (65), a mechanism that could contribute to the char-
acteristic leukopenia induced by the infection. However, the concomitant upregulation of
genes related to autophagy could indicate that the viral infection prevents mMoDC apo-
ptosis. Autophagy is an important mechanism for PPRV replication (66, 67) that inhibited
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caspase-dependent apoptosis in PPRV-infected caprine endometrial epithelial cells (68).
ORA-KEGG and GSEA concurred in the upregulation of AMPK, mTOR, and PI3K-Akt path-
ways in infected cells, all of which are central to autophagy regulation. Given AMPK's role
as a sensor of cell energetic requirements (69), several viruses are known to modulate
AMPK signaling during infection to benefit their energy requirement for replication and
promote autophagy (70-72). PI3K signaling is also a route activated by nonsegmented
negative-strand RNA viruses, such as paramyxoviruses, to limit apoptosis and increase their
intracellular replication window (73). Our data indicate that PPRV can also manipulate the
AMPK-mTOR-PI3K axis in DC during infection, probably to promote autophagy and
enhance viral replication. It would be interesting in future experiments to assess the bal-
ance between apoptosis and autophagy triggered in immune cells targeted by infection,
such as DC or lymphocytes.

To the best of our knowledge, the present work is the first report on the effects of PPRV
infection on the functionality of ovine CD14* cells differentiating into iMoDC and on the
maturation of MoDC. We provide evidence of the capacity of the morbillivirus PPRV to
impair monocyte-derived dendritic cell differentiation and maturation. Transcriptomic analy-
sis indicated that PPRV produced a reprogramming of mMoDC activation that promoted a
tolerogenic rather than an immunogenic DC phenotype. These data provide further insight
into the mechanisms employed by PPRV to suppress immunity and thereby promote its
replication. Understanding the complex network of interactions that take place during mor-
billivirus infection will surely help improve the treatment of the debilitating diseases that
these viral infections produce.

MATERIALS AND METHODS

Cell lines and viruses. Vero cells expressing Dog-SLAM (VDS cells) (provided by S Parida, Pirbright, UK)
were cultured in Dulbecco modified Eagle medium (DMEM) with 1% fetal bovine serum (FBS), 2 mM
L-GIn, 1% 100x nonessential amino-acids, 1 mM sodium pyruvate, 100 U/mL penicillin-100 wg/mL strepto-
mycin, and 1 wg/mL phleomycin D1 (Zeocin). PPRV Ivory Coast’89 (PPRV ICV'89, lineage I) isolate, kindly pro-
vided by CA Batten (Pirbright, UK), was used in all the experiments. PPRV ICV'89 stocks were grown in VDS
cells and quantified by plaque assays in VDS cells previously described (9).

Generation of ovine monocyte-derived DC and infection. Blood from healthy donor ewes housed
at the Department of Animal Reproduction (INIA, Madrid, Spain) was obtained to isolate peripheral blood
mononuclear cells (PBMC) by Ficoll gradient separation technique, as previously described (74). A human
CD14 magnetic bead isolation kit (Miltenyi Biotec) was used for positive selection of CD14 cell-enriched frac-
tions (at least 85%) following the manufacturer’s protocol. To differentiate CD14" monocytes into immature
monocyte-derived DC (iMoDC), CD14™ cell-enriched fractions were cultured in 6-well plates at 3 x 10° cells/
well in 1.5 mL complete RPMI (RPMI with 10% FBS, 2% HEPES, 2 mM L-GIn, 1% 100x nonessential amino-
acids, 1 mM sodium pyruvate, 100 U/mL penicillin/100 wg/mL streptomycin, and 50uM 2-mercaptoethanol)
supplemented with 20 ng/mL ovine GM-CSF (OvGM-CSF) (Kingfisher Biotech) and 20 ng/mL ovine IL-4 (OvIL-
4) (Kingfisher Biotech), and incubated at 37°C, 5% CO,, and >90% humidity for 72 h. To obtain mature mono-
cyte-derived DC (mMoDC), iMoDC cultures were further supplemented with 20 ng/mL OvGM-CSF and 20 ng/
mL OviL-4 at 48 h, and, to induce maturation, transfected at 72 h with 2.5 ug poly (I-C) (Invivogen)/1 x 10°
cells cultures using Lipofectamine 3000 reagent (Thermo Fisher Scientific) following the manufacturer’s
instructions. mMoDC were ready for use 24 h posttransfection. To assess PPRV effects on iMoDC differentia-
tion, CD14" monocytes were infected (0 h) at MOI of 1 and subsequently differentiated with OvGM-CSF and
OvlL-4 for 72 h. To assess PPRV effects on iMoDC maturation, iMoDC differentiated for 48 h were infected at
MOI of 1 and matured the following day (72-h culture) with an overnight poly (I-C) stimulation. mMoDC were
harvested 24 h later for analysis (i.e., at 48 h postinfection [hpi]).

Flow cytometry and cell marker antibodies. Cells were stained with primary antibodies diluted in
PBS stain buffer (PBS, 2% FBS, 0.03% sodium azide) for 20 min on ice. After that, cells were washed and
incubated with secondary antibodies (when required) under the same conditions, followed by 1% para-
formaldehyde (PFA) fixation. For intracellular staining, cells were fixed in 4% PFA, permeabilized, and
stained in PBS stain buffer supplemented with 0.2% saponin. The following antibodies were used in this
study: anti-CD14 (clone TUK4; Bio-Rad), anti-CD11b (clone MM12A; Kingfisher Biotech), anti-CD11c (clone
BAQ153A; Kingfisher Biotech), anti-CD80 (clone IL-A159; Bio-Rad), anti-CD86 (clone IL-A190,; Bio-Rad),
anti-CD209 (clone 209MD26A; Kingfisher Biotech), anti-MHC-I (clone 41.17; Bio-Rad), anti-MHC-II (clone
49.1; Bio-Rad), anti-CD1 (clone 20.27; Bio-Rad), anti-CD1w2 (CD1b) (clone CC20; Bio-Rad), and anti-PPRV-N
monoclonal antibody (for PPRV detection, intracellular staining; gifted by G Libeau, CIRAD, Montpellier,
France). Rat anti-mouse IgM fluorescein isothiocyanate (FITC) (clone 11/41; BD Biosciences), polyclonal goat
anti-mouse IgG R-phycoerythrin (RPE) (Biolegend), rat anti-mouse 1gG1 RPE (clone RMG1-1; Biolegend),
and polyclonal goat anti-mouse IgG A647 (Thermo Fisher) were used as secondary antibodies. All appro-
priate isotype and secondary controls were included. Flow cytometry was also used to study apoptosis dy-
namics, comparing mock- and PPRV-infected iMoDC at 24, 48, and 72 h, with Annexin V and 7-AAD stain-
ing using the Annexin V-phycoerythrin (PE) apoptosis detection kit | (BD Biosciences), and following the
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manufacturer’s instructions. In some experiments, 7-AAD was used to discriminate live from dead cells.
Samples were acquired on a FACSCalibur flow cytometer (BD Biosciences), and data were analyzed with
FlowJo v10 software (FlowJo, LLC).

Phagocytosis assays and immunofluorescence confocal microscopy. CD14" cell, iMoDC, and
mMoDC phagocytosis capabilities were quantified by microsphere phagocytosis assays. Crimson fluorescent
(625/645) FluoSpheres carboxylate-modified 1.0-um Microspheres (Thermo Fisher) were added to the cul-
tures at a 20:1 microsphere/cell ratio and incubated for 4 h. Flow cytometry analysis was carried out on
CD14" cell, iMoDC, and mMoDC mock- or PPRV-infected populations to determine the percentage of cells
positive for microsphere fluorescence and their geometric mean fluorescence intensity (Geo MFI).

For immunofluorescence microscopy studies, 72-hpi mock- or PPRV-infected iMoDC were stained for the
DC surface marker CD11b and goat anti-mouse IgG A488 (A-11029, Life Technologies) as secondary antibody
using the standard flow cytometry protocol. Cells were then fixed with a 4% paraformaldehyde solution, for
20 min at room temperature (RT). Nuclei were counterstained using 4',6-diamidino-2-phenylindole(DAPI)
(Sigma-Aldrich). Finally, cells were laid on slides and mounted using Prolong gold antifade reagent (Invitrogen).
Images were captured with a 63x objective using an LSM 880 confocal microscope (Zeiss). For z-stack imaging,
captures were performed at 0.2 uwm intervals. Image analysis was performed with the ImageJ software (http://
rsbweb.nih.gov/ij/).

Allogeneic MLR. T cells (2 x 10°/well) were plated in U-bottom 96-well plates in triplicates and cocul-
tured for 5 days with PPRV- or mock-infected mMoDC at different DC/T cell ratios (1:2, 1:5, 1:10, and 1:20).
[*H] thymidine (Hartmann Analytic) was added (50 xCi/mL) in the last 24 h. Finally, cells were transferred
onto UniFilter-96 microplates (Perkin-Elmer) with a cell harvester. Incorporated [*H] thymidine was regis-
tered on a 1450 MicroBeta Trilux scintillation counter (PerkinElmer). The allogeneic T cell-enriched fraction
used in these assays was obtained as described previously (75). Briefly, PBMC were depleted in CD14" cells
with the human CD14 isolation kit (Miltenyi Biotec). The CD14-depleted fraction was then enriched in T
cells by nylon wool column separation (75, 76). CD14~ PBMC were incubated in a medium-equilibrated ny-
lon wool column for 45 min at 37°C, 5% CO,, and >90% humidity, followed by collection of the first 14 mL
T cell-enriched eluate (typically >70%). Separation efficiency was checked by flow cytometry. DC were irra-
diated with 1,500 rads prior to coculture to inactivate virus replication and prevent putative DC culture
proliferation. The supernatant of MLR cultures showed no plaque formation in VDS cell plaque assays for
PPRV, which confirmed virus inactivation.

Flow cytometry-based proliferation assays. CD14-depleted T cell-enriched fractions prepared as
described above (75, 76) and labeled with CellTrace Violet (Thermo Fisher) as described in the manufac-
turer’s protocol were cocultured with irradiated autologous mock- or PPRV-infected mMoDC at a ratio of
5T cells to 1 mMoDC in U-bottom 96-well plates. Cocultures were left unstimulated as a control or
stimulated 4 h later with a 1.25 ug/mL of the T cell mitogen ConA (Sigma-Aldrich). After 96-h coculture,
cells were labeled with the Live/Dead fixable near-infrared (IR) dead cell stain kit (Thermo Fisher) as
described in the manufacturer’s protocol and subsequently labeled with anti-ovine CD4 (clone 44.38;
Bio-Rad) and anti-ovine CD8 (clone 38.65; Bio-Rad) antibodies. Appropriate unlabeled, isotype, and fluo-
rescence-minus-one controls were used. Samples were acquired on a FACSCelestaSORP flow cytometer
(BD Biosciences), and analysis was performed with FlowJo v.10 software by gating on live CD4" or CD8*
positive events.

RNA isolation and sequencing. RNA from eight mMoDC cultures (four PPRV infected [48 hpi] and
four mock infected) was isolated with a RNeasy minikit plus DNase set (Qiagen). RNA integrity number
(RIN) was checked to confirm sample quality, which rendered values higher than 5.8. mRNA was cap-
tured through the poly(A) tail. Libraries were constructed with a NEBNext Ultra Il RNA library prep kit
(New England BioLabs) and sequenced on the NextSeq 500 platform (1 x 75 pb, 20 x 106 to 25 x 106
reads/sample) at the Unidad de Gendmica, Parque Cientifico de Madrid.

Raw data processing. Bioinformatic workflow for RNA-seq data analysis is shown in Fig. S1 in the
supplemental material. Quality control checks for raw sequence data from each sample were performed
using FastQC v.0.11.9 (Babraham Bioinformatics). No adapter contamination or overrepresented sequen-
ces were found. Low-quality reads (mean quality score < 15; read length < 36) were removed using
Trimmomatic v.0.39 (77), retaining 97.5% of the reads for all samples.

Identification of differentially expressed genes. Mapping of the quality-filtered reads to the Ovis
aries reference genome was performed using subread-align (Subread v.2.0.1) (78, 79). Then, Cuffdiff
(Cufflinks v.2.2.1) (80) was used to perform gene count summarization and to identify differentially
expressed genes (DEG) between the PPRV-infected mMoDC samples and their mock-infected counter-
parts. False-discovery rate (FDR) correction was used to discard false-positive results. Only those genes
with a g value lower than 0.05 were considered DEG.

Similarly, mapping to PPRV-ICV'89 genome (GenBank accession no. EU267273.1) was carried out
using subread-align, while gene counting was performed using featureCounts tool from the Subread
package, based on the annotation provided by GenBank.

Overrepresentation and enrichment analyses. Over-representation analysis (ORA) was carried out
employing the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and enrichment analysis
was performed employing ClusterProfiler v.3.18.1 (81), using the pathways included in the O. aries-spe-
cific version of the KEGG database. biomarRt v.2.46.3 (82) was used to perform the conversion from
Ensembl identifiers (IDs) to Entrez IDs. FDR correction was applied, and pathways with a g value = 0.05
were considered significantly enriched in DEG. Gene-Set Enrichment Analysis (GSEA) carrying out 1,000
gene_set permutations with default settings was performed using GSEA program v4.1.0 (83). Gene sets
from the C2 v7.4 (curated gene sets) collection from the MSigDB database (84) were used. FDR correction
was applied and sets with a g-value = 0.05 were considered significantly altered. Since the majority of
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sets described very specific processes, these were grouped within different biological functions and sig-
naling pathways categories to aid in data interpretation (Table S1 and S2).
Statistical analysis. Statistical analysis was performed with GraphPad Prism 6 software. Statistical
tests used for data analysis are stated in the figure legends.
Data availability. The transcriptomic data set is deposited in GEO with accession number GSE203515.
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