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ABSTRACT Porcine alveolar macrophage (PAM) is one of the primary cellular targets
for porcine reproductive and respiratory syndrome virus (PRRSV), but less than 2% of
PAMs are infected with the virus during the acute stage of infection. To comparatively
analyze the host transcriptional response between PRRSV-infected PAMs and bystander
PAMs that remained uninfected but were exposed to the inflammatory milieu of an
infected lung, pigs were infected with a PRRSV strain expressing green fluorescent pro-
tein (PRRSV-GFP), and GFP* (PRRSV infected) and GFP~ (bystander) cells were sorted for
RNA sequencing (RNA-seq). Approximately 4.2% of RNA reads from GFP* and 0.06%
reads from GFP~ PAMs mapped to the PRRSV genome, indicating that PRRSV-infected
PAMs were effectively separated from bystander PAMs. Further analysis revealed that
inflammatory cytokines, interferon-stimulated genes, and antiviral genes were highly up-
regulated in GFP* compared to GFP~ PAMs. Importantly, negative immune regulators,
including NF-«B inhibitors (NFKBIA, NFKBID, NFKBIZ, and TNFAIP3) and T-cell exhaustion
markers (programmed death ligand-1 [PD-L1], PD-L2, interleukin-10 [IL-10], IDO1, and
transforming growth factor B2 [TGFB2]) were highly upregulated in GFP* cells com-
pared to GFP~ cells. By using an in situ hybridization assay, RNA transcripts of tumor ne-
crosis factor (TNF) and NF-«B inhibitors were detected in PRRSV-infected PAMs cultured
ex vivo and lung sections of PRRSV-infected pigs during the acute stage of infection.
Collectively, the results suggest that PRRSV infection upregulates expression of negative
immune regulators and T-cell exhaustion markers in PAMs to modulate the host immune
response. Our findings provide further insight into PRRSV immunopathogenesis.

IMPORTANCE Porcine reproductive and respiratory syndrome virus (PRRSV) is wide-
spread in many swine-producing countries, causing substantial economic losses to the
swine industry. Porcine alveolar macrophage (PAM) is considered the primary target for
PRRSV replication in pigs. However, less than 2% of PAMs from acutely infected pigs
are infected with the virus. In the present study, we utilized a PRRSV strain expressing
green fluorescent protein to infect pigs and sorted infected and bystander PAMs from
the pigs during the acute stage of infection for transcriptome analysis. PRRSV-infected
PAMs showed a distinctive gene expression profile and contained many uniquely acti-
vated pathways compared to bystander PAMs. Interestingly, upregulated expression of
NF-«B signaling inhibitors and T-cell exhaustion molecules were observed in PRRSV-
infected PAMs. Our findings provide additional knowledge on the mechanisms that
PRRSV employs to modulate the host immune system.
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orcine reproductive and respiratory syndrome virus (PRRSV) is a major swine viral

pathogen that is currently circulating in many swine-producing countries. It is an
enveloped, positive-sense, and single-stranded RNA virus belonging to the order
Nidovirales, family Arteriviridae, and genus Portarterivirus with a genome of approximately
15 kb. According to the recently updated taxonomy, PRRSV is classified into two distinct
species: Betaarterivirus suid 1 (previously known as PRRSV-1) and Betaarterivirus suid 2
(previously known as PRRSV-2) (1). The virus is known to infect only swine. It has a re-
stricted tropism for the cells of monocytic lineages (2). Viral antigen can be detected in
lung and various lymphoid tissues, including tonsil, spleen, and lymph nodes (2). Porcine
alveolar macrophage (PAM) is considered the major target for PRRSV infection, and no
more than 2% of lung alveolar macrophages are infected with the virus (2).

PRRSV infection of pigs induces poor innate and adaptive immune responses. Several
mechanisms for PRRSV-mediated immune suppression have been reported, which
includes the modulation of crucial immune signaling pathways such as NF-«B, retinoic
acid-inducible gene | (RIG-l), and Janus kinase/signal transducer and activator of tran-
scription (JAK-STAT) (3-6). The ovarian tumor (OTU) domain within the viral nonstruc-
tural protein (nsp) 2 possesses ubiquitin-deconjugating activity which inhibits NF-«B
activation by preventing the polyubiquitination and proteasomal degradation of 1«Be,
an inhibitor of the NF-«B pathway (3). Nsp1« and nsp1 suppress tumor necrosis factor-
a (TNF-a) induction by modulating the NF-«xB and AP1 element binding sites, respec-
tively, on the TNF-a promoter (7). Similarly, the viral nucleocapsid (N) protein upregu-
lates expression of suppressor of cytokine signaling 1 (SOCS1), a negative regulator that
suppresses interferon-stimulated gene (ISG) activation, to support PRRSV replication (8).
Furthermore, some strains of PRRSV were reported to induce expression of T-cell exhaus-
tion marker programmed death ligand-1 (PD-L1) (CD274) in monocyte-derived dendritic
cells, suggesting that the virus might be able to modulate the host T-cell response (9).

Many transcriptomic studies have been conducted to elucidate the host responses
to PRRSV infection. These studies have been performed using different types of tissues,
including peripheral blood mononuclear cells, lung alveolar macrophages, parenchy-
mal mononuclear phagocytes, lung tissue, and tracheobronchial lymph node, that
were collected from pigs infected with different PRRSV strains (10-14). Additionally,
several studies have been conducted using PRRSV-infected PAMs that were cultured ex
vivo (15-17). The results of these studies are highly heterogeneous. However, most of
the studies involving highly pathogenic PRRSV strains reported the upregulation of
multiple proinflammatory cytokines (interleukin-8 [IL-8], TNF-&) and chemokine genes
(CXCL10, CCR5, CCL4, and CCL2) (11, 15). In a meta-analysis of available gene expres-
sion data sets involving PRRSV infection, it was found that TREM1 signaling, role of
hypercytokinemia/hyperchemokinemia in the pathogenesis of influenza and Toll-like
receptor signaling were the commonly activated pathways in PRRSV infection (18).
Particularly, this study reported that upregulation of several chemokines (CCL2, CCL3,
CCL4, and CCL5), interleukins (IL-TA, IL-1B, IL-8 and IL-18) and the chemokine receptor
1 (CCR1) were commonly observed among the data sets (18). In these studies, RNA was
extracted from the whole population of cells or tissues collected from infected pigs.
Since only a small percentage of those cells are infected with the virus (2), the tran-
scriptome responses detected in those studies do not reflect the responses of cells
directly infected with PRRSV. Instead, these studies reveal the combined responses
from both infected and bystander cells.

The primary objective of this study was to comparatively analyze the transcriptomic
response of infected- and bystander- PAMs that were collected from pigs during an acute
infection with PRRSV. Pigs were infected with a recombinant PRRSV strain expressing
green fluorescent protein (FL12-GFP). At 7 days postinfection (dpi), GFP* (PRRSV-infected)
and GFP~ (bystanders) PAMs were sorted for RNA sequencing (RNA-seq). Many differen-
tially expressed genes (DEGs) and pathways were observed in GFP* compared to GFP~
cells. Pathways involved in host immune responses against viral infections were highly
enriched in both GFP* and GFP~ PAMs. However, upregulation of negative immune
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regulators like NF-«B inhibitors (NFKBIs) and T-cell exhaustion markers were observed
only in GFP* PAMs. Collectively, this study provides new insight into the mechanisms
that PRRSV uses to modulate the host immune response.

RESULTS

Isolation of PRRSV-infected and bystander CD163* PAMs for RNA-seq. A pilot
experiment was conducted to determine the kinetics and frequencies of PAMs collected
from PRRSV-infected pigs that harbored viral antigens. Twelve weaned pigs were inocu-
lated intramuscularly with a virulent PRRSV strain, FL12, and bronchoalveolar lavage fluid
(BALF) was collected at different time points postinfection to analyze for the frequencies
of CD163* PRRSV* cells by flow cytometry (Fig. 1A). While over 90% of cells from the
BALF expressed CD163, the main cellular receptor for PRRSV infection (19), only a small
fraction of these cells was infected with PRRSV. Specifically, the mean frequencies of
CD163* PRRSV™ cells were 0.06% at 1 dpi, 0.33% at 3 dpi, and 0.51% at 8 dpi (Fig. 1B).
Interestingly, the frequency of CD163* PRRSV* cells decreased to undetectable levels at
15 dpi even though the pigs were still viremic at this time point (Fig. 10).

In the pilot experiment, PAMs were fixed, permeabilized, and stained with PRRSV
anti-N protein antibody in order to determine the frequencies of PRRSV-infected cells
by flow cytometry. To facilitate the isolation of live cells for RNA-seq, in the second
experiment, pigs were inoculated with the PRRSV strain FL12-GFP. BALF was collected
at 7 dpi, and CD1637GFP* cells and CD163*GFP~ cells were sorted by fluorescence-
activated cell sorting (FACS) (Fig. 1D). The frequencies of CD163*GFP™* cells were
greatly variable among the three PRRSV-infected pigs, ranging from 0.1% to 1% (Fig.
1E), even though they displayed similar levels of serum viral loads (Fig. 1F).

We noted that pigs infected with FL12-GFP exhibited similar frequencies of virus-
infected PAMs (Fig. 1B and E) and levels of serum viral loads (Fig. 1C and F) compared
to those infected with FL12. Moreover, microscopic lung lesion was similar between
pigs infected with FL12-GFP and those infected with FL12 (data not shown). Together,
the data suggest that FL12-GFP had a virulence property similar to that of its parental
strain, FL12.

RNA-seq data quality and detection of viral transcripts in PRRSV-infected and
bystander PAMs. A total of nine cell populations were subjected to RNA-seq—three
CD163" PAMs collected from mock-infected pigs and three CD163*GFP™ and three
CD163"GFP~ PAMs collected from FL12-GFP-infected pigs at 7 dpi. The number of RNA
reads per sample varied from 34 million to 58 million, with an average of 36 million
(Table 1). To determine whether PRRSV-infected PAMs were effectively sorted from the
BALF collected from PRRSV-infected pigs, RNA reads were mapped to the FL12-GFP ge-
nome. As expected, viral RNA reads were not detected from PAMs collected from mock-
infected pigs. On average, 4.2% of RNA reads from GFP™ PAMs and 0.06% of reads from
GFP~ PAMs mapped to the FL12-GFP genome (Table 1). Viral reads from GFP* samples
mapped predominantly to the 3" end of the genome (Fig. 2). The results clearly indicate
that PRRSV-infected cells were effectively separated from bystanders.

PRRSV-infected and bystander PAMs display a distinct transcriptome profile.
To examine the host responses to PRRSV infection, RNA reads were mapped to the ref-
erence pig genome (Sscrofall.1; GenBank assembly number GCF_000003025.6). A
total of 25,394 pig genes were identified in this study. Principal-component analysis
(PCA) revealed that the three PAM populations were segregated by their infection sta-
tus (Fig. 3A). This finding demonstrated that PAMs directly infected with PRRSV have
distinct transcriptional profiles compared to the bystander PAMs that remained unin-
fected but were exposed to the inflammatory milieu of an infected lung.

DEGs were first determined by comparing the relative abundance of transcripts
between mock-infected and GFP™ PAMs (mock versus GFP*) and between mock-infected
and GFP~ PAMs (mock versus GFP~). The mock versus GFP~ comparison revealed 198
DEGs—164 upregulated and 34 downregulated genes (Fig. 3B). The top 25 upregulated
DEGs in this comparison included interferon-stimulated genes [ISG12(A), 1SG20, GBP1,
GBP2, STAT1, GVIN1, RTP4, NMI, and PARP9], negative regulators of cellular signaling
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FIG 1 Frequencies of PRRSV-infected PAMs from pigs during the acute stage of infection and sorting of PRRSV-infected and bystander PAMs. (Experiment
1) To determine the kinetics of PRRSV-infection in PAM, 12 pigs were inoculated intramuscularly with PRRSV strain FL12. At different days postinfection
(p.i.), PAMs were collected and stained for porcine CD163 receptor and anti-PRRSV N protein. (A) Representative flow cytometry plots showing the gating

(Continued on next page)
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TABLE 1 Summary of sequencing quality control and read mapping statistics

Journal of Virology

Total no. of Total no. of
Total no. of quality trimmed Total mapped uniquely mapped Uniquely mapped No. of viral Viral reads
Sample name reads reads reads reads reads (%) reads (%)
Mock 500H 57,549,647 57,352,945 55,491,701 53,680,312 93.6 1,427 0.0
Mock 501B 58,263,397 58,071,152 56,202,005 54,359,509 93.6 485 0.0
Mock 501C 44,666,037 44,505,522 43,012,952 41,698,476 93.7 295 0.0
GFP~ 500B 47,334,964 47,168,580 45,597,702 44,056,250 934 26,961 0.1
GFP~ 503A 56,372,523 56,159,073 54,369,701 52,601,975 93.7 30,017 0.1
GFP~ 598E 36,394,100 36,266,288 35,098,482 33,927,222 93,5 694 0.0
GFP* 500B 47,011,665 46,844,364 42,808,562 41,190,157 87.9 2,275,791 49
GFP* 503A 50,040,720 49,853,736 45,326,169 43,765,943 87.8 2,560,535 5.1
GFP* 598E 34,027,315 33,875,247 31,816,789 30,865,285 91.1 926,100 2.7

(DUSP10 and ACKR2), mitophagy receptor (FUNDCT1), and other cellular signaling mole-
cules (UBD, SASH1, C3AR1, CASP1, and ERAP2). The top 25 downregulated genes mainly
involved in induction of inflammatory responses (FSTL1, RAI14, PPBP, KLF12, MFGES8, and
MARCO). The results indicate that the GFP~ PAMs collected from FL12-GFP-infected pigs
had distinct transcriptional profiles compared to PAMs collected from mock-infected pigs.
Thus, the GFP~ PAMs were regarded as bystander cells in this study.

The degree of transcriptional change was more profound in the GFP* PAMs than in
the GFP~ PAMs. In particular, the mock versus GFP* comparison revealed 1,072 DEGs-
910 upregulated and 162 downregulated genes (Fig. 3C). The top 25 upregulated genes
in this comparison included several inflammatory cytokines (IL-1B, IL-1A, and TNF), che-
mokines (CCL4 and CCL3L1), interferon-stimulated genes (GBP1, GBP2, IRF1, and IFIH1),
and type-l interferons (IFNB1, IFN-Alphaomega). Notably, NFKBIA, a negative feedback
regulator of the NF-«B signaling pathway (20), was also among the top 25 upregulated
genes in the mock versus GFP*™ comparison (Fig. 3C). Genes that were downregulated
were mostly associated with cell adhesion (MFGES8, ITGB5, SPN, and CDH24), cell growth
regulation (MAMDC2, LSAMP, TESK2, MXD3, SESN3, and CDCA72), and cell metabolism
(PYGL and HILPDA) (Fig. 30).

The majority of DEGs found in the mock versus GFP~ comparison were also found
in the mock versus GFP* comparison (Fig. 3D). Thus, direct comparison of the relative
transcript abundance between GFP* and GFP~ PAMs (GFP* versus GFP~ comparison)
was performed to identify genes that were affected by direct PRRSV infection.
Compared with GFP~, the GFP* PAMs had 338 DEGs (Fig. 3E), several of which are
proinflammatory genes such as TNF, IL-1A, IL-1B, CCL4, and CXCL2. Interestingly, sev-
eral anti-inflammatory genes, including the negative regulators of NF-«B, such as
NFKBIA and NFKBIZ (Fig. 3E), were also upregulated in GFP™ PAMs relative to GFP-
PAMs. There were only 4 downregulated DEGs in the GFP~ versus GFP* comparison,
METTL24, SPN, TP53INP1, and SMPD5.

Canonical pathway enrichment analysis between PRRSV-infected and bystander
PAMs. The total DEGs identified from the three pairwise comparisons, namely, mock
versus GFP*, mock versus GFP~, and GFP~ versus GFP*, were analyzed by Ingenuity
pathway analysis (IPA) to identify canonical cellular pathways that were enriched in
each comparison. Pathways commonly activated in both the mock versus GFP* and
mock versus GFP~ comparisons included systemic lupus erythematosus in B cell signal-
ing, neuroinflammation signaling, retinoic acid-mediated apoptosis, interferon signal-
ing, and role of pattern recognition receptors in recognitions of bacteria and viruses
(Fig. 4A). These pathways are highly interconnected and involved in the antiviral

FIG 1 Legend (Continued)

strategy used to determine the percentage of PAM infected with PRRSV. (B) Percentage of CD163"FL12* cells at 1, 3, 8, and 15 dpi. (C) Viral loads in serum
determined by qRT-PCR. (Experiment 2) To isolate PRRSV-infected and bystander PAMs, pigs were inoculated with PRRSV strain FL12-GFP. At 7 dpi, PAMs
were harvested and sorted from both PRRSV-infected (CD163*GFP*) and bystander (CD163*GFP~) cells. (D) Representative gating strategy used to sort
CD163"GFP™* (infected) and CD163"GFP~ (bystander) PAMs for the RNA-seq study. (E) Percentage of PAMs infected with FL12-GFP strain at 7 dpi. (F) Viral

loads in serum determined by qRT-PCR.
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immune responses. Notable pathways that were only activated in the mock versus
GFP* and/or GFP~ versus GFP* comparisons included T-cell exhaustion signaling, den-
dritic cell maturation, high mobility group box 1 (HMGB1) signaling, IL-15 signaling,
triggering receptor expressed on myeloid cells 1 (TREM-1) signaling, and NF-«B signal-
ing (Fig. 4B). The coronavirus pathogenesis pathway was the only pathway that was
commonly inactivated in both the mock versus GFP* and mock versus GFP~ compari-
sons (Fig. 4Q). Finally, the canonical pathways that were selectively inactivated in the
mock versus GFP* and/or GFP~ versus GFP* comparison included peroxisome prolifer-
ator-activated receptor (PPAR) signaling, antioxidant activation of vitamin C, liver X re-
ceptor/retinoid X receptor (LXR/RXR) activation, lipopolysaccharide (LPS)/IL-1-mediated
inhibition of RXR function, and CD40 signaling (Fig. 4C).

Most of the enriched pathways identified in this study were also reported in a previ-
ous study with ex vivo infection of PAMs (15). Notably, activation of T-cell exhaustion,
NF-«B signaling, and NF-«B activation by viruses, which largely comprise negative reg-
ulators of inflammatory responses, are only observed in GFP*, not in GFP~ PAMs (Fig.
4B). Therefore, we will discuss in more detail in the following sections the DEGs
involved in these pathways and their possible roles during an acute viral infection.

NF-«B inhibitors were selectively upregulated in PRRSV-infected PAMs. NF-«B
is an inducible transcription factor that regulates various cell physiological functions that
mediate cell survival, inflammatory response, and immune responses (20). Several genes
involved in the NF-«B pathway were only upregulated in the GFP~ versus GFP* compar-
ison (Fig. 5A). These included inflammatory genes that are activated by NF-«B, such as
IFNB1, CCL20, CCL4, TNF, IL-1B, CXCLS, IL-1A, and CCL5 (Fig. 5B). Interestingly, several
negative regulators of NF-«xB were also upregulated in the GFP~ versus GFP* compari-
son, including NFKBIA, NFKBID, NFKBIZ, and TNF-a-induced protein 3 [TNFAIP3] (Fig. 5C).
Additionally, suppressors of cytokine signaling molecules (SOCS1 and SOCS3) were also
upregulated in the GFP™* cells.

Detection of TNF and NFKBIs transcripts in PAMs infected with PRRSV ex vivo.
In situ hybridization (ISH) was used to analyze the expression of PRRSV and 4 selected host
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FIG 4 Top canonical signaling pathways modulated by PRRSV infection in PAMs. Total DEGs identified from the three pairwise comparisons; mock versus
GFP*, mock versus GFP~, and GFP~ versus GFP" were analyzed by IPA to identify canonical cellular pathways that were enriched in each of these
comparisons. Blue and orange colors represent negative and positive Z-scores, respectively, indicating that the biological pathway is activated or suppressed
based on the DEGs detected in each comparison. (A) Canonical signaling pathways commonly activated in all three pairwise comparisons. (B) Canonical
signaling pathways only activated in the mock versus GFP* and/or GFP~ versus GFP* comparison. (C) All inactivated canonical signaling pathways from all
three pairwise comparisons.

genes, NFKBIA, NFKBIZ, TNFAIP3, and TNF, in PAMs infected with PRRSV ex vivo. PRRSV-
infected cells were detected early at 6 h postinfection (hpi), and the frequency of PRRSV*
cells increased significantly at 18 hpi (Fig. 6). Similarly, the expression of the four selected
host genes, NFKBIA, NFKBIZ, TNFAIP3, and TNF, was also detected at 6 hpi and increased sig-
nificantly at 18 hpi. Of the 4 host genes analyzed, expression of NFKBIA, NFKBIZ, and
TNFAIP3 was more profound than that of TNF at 18 hpi (Fig. 6). Collectively, these data sup-
port the in vivo observations that PRRSV infection upregulates NF-« B inhibitors.
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FIG 5 Upregulation of both pro- and anti-inflammatory signals in GFP™ cells. (A) Pathway image from IPA illustrating genes associated in the NF-«B
signaling pathway using DEGs from the GFP~ versus GFP* comparison. Red color indicates the genes that are upregulated in this study. Nondifferentially
expressed genes within the pathway are depicted in gray. (B) Heatmap showing the inflammatory genes regulated by the NF-«B signaling pathway and
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FIG 6 Detection of RNA transcripts of TNF and NFKBIs in PRRSV-infected PAMs cultured ex vivo. PAMs
were harvested from PRRSV-free pigs and cultured in Lab-Tek chambers. The cells were infected with
FL12-GFP at a multiplicity of infection of 0.1 TCID,, per cell. At various time points p.i., cells were fixed
and processed for in situ hybridization using probe specific to PRRSV, NFKBIA, NFKBIZ, TNFAIP3, and
TNF. Hybridization signal was revealed using the RNAscope 2.5 HD red detection kit. Bar = 50 um.

Detection of TNF and NFKBI transcripts in lung sections of PRRS-infected pigs.
In situ hybridization was also used to examine the expression of the PRRSV genome
and the 4 selected host genes in the lung sections from PRRSV-infected pigs. PRRSV*
cells were detected at 1 dpi and increased significantly at 3 and 8 dpi. At 15 dpi, the
frequency of PRRSV* cells decreased significantly, and only a few infected cells were
detected (Fig. 7).

Among the 4 host genes tested, NFKBIA displayed the strongest staining signal,
which was widely distributed throughout various components of the tissue, including
alveolar septa, bronchiolar and glandular epithelium, and endothelium (Fig. 7). Even
though basal expression level of NFKBIA was observed in lung sections of mock-
infected pigs, the staining signal and the frequency of cells labeled with NFKBIA probe
was much more prominent in lung sections collected from PRRSV-infected pigs. The
staining intensity of NFKBIA was highest at 3 dpi and slightly reduced at 8 and 15 dpi.

Different from NFKBIA, the NFKBIZ staining signal was overall broncho/bronchiolar
centered, with the lining epithelium staining darkly the entire circumference of several
airways, particularly at later time points of infection. Staining signal was observed at
1 dpi and remained until 15 dpi (Fig. 7).

The staining patterns for TNF and TNFAIP3 probes were similar, with staining signal
mainly observed in alveolar septa (Fig. 7). Based on position and morphology of cells
with the counterstain, many, if not the majority, of TNF- and TNFAIP3-positive cells
appeared to be macrophages. The endothelium staining was very subtle where it
occurred and relatively insignificant compared to the frequency and intensity of stain-
ing in the alveolar septa. The frequency of cells expressing TNF and TNFAIP3 was
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FIG 7 Detection of RNA transcripts of TNF and NFKBIs in lung sections of PRRSV-infected pigs. Lung tissue
samples were collected from FL12-infected pigs at 1, 3, 8, and 15 dpi (Materials and Methods, pig experiment 1).
ISH was performed using probe specific to PRRSV, NFKBIA, NFKBIZ, TNFAIP3, and TNF. Hybridization signal was
detected using the RNAscope 2.5 HD brown detection kit. Bar = 100 um.

significantly lower than that of NFKIBA and NFKBIZ. TNFAIP3-positive cells appeared at
3 dpi, while TNF-positive cells were observed at 8 dpi. For TNFAIP3, the distribution of
staining was remarkably sparse in mock-infected animals at 8 dpi compared to their
infected counterparts. TNF signal was most widespread and intense in infected animals
at 8 and 15 dpi.

Increased expression of T-cell exhaustion markers in PRRSV-infected PAMs. In
addition to the NF-«B signaling pathway, the T-cell exhaustion pathway was also
enriched and activated in GFP™ PAMs. Multiple genes involved in the induction of T-
cell exhaustion were significantly upregulated in the mock versus GFP* comparison
(Fig. 8A). Notably, PD-L1 (CD274) and PD-L2 (PDCD1LG2), the two immune suppressive
transmembrane proteins that interact with the PD1 receptor on T cells and drive T cells
into a state of exhaustion, were upregulated in GFP™ cells (Fig. 8B). Expression of the
immune suppressive cytokines IDO1, IL-10, and TGFB2 was upregulated in GFP*™ PAMs
(Fig. 8B). Additionally, expression of several genes in the IFN-STAT1-IRF1 axis which are
involved in the upregulation of PD-L1 expression on antigen-presenting cells was sig-
nificantly upregulated in GFP™ cells. Collectively, these results suggest that GFP™ PAMs
displayed coordinated upregulation of several genes associated with T-cell exhaustion.

DISCUSSION

PRRSV has a narrow tropism for cells of the monocyte/macrophage linage (21).
PRRSV antigens can be detected in lung and various lymphoid organs of infected pigs
(2). By using immunohistochemistry staining of lung sections from pigs infected with a
PRRSV-1 isolate, it was reported that no more than 2% of PAMs in the sections har-
bored viral antigens (2). In the current study, by using flow cytometry analysis of PAMs
collected from pigs infected with a PRRSV-2 isolate, we identified that the highest fre-
quency of PRRSV*™ PAM was 1.01%. The frequency of PRRSV*™ PAMs was highest at
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FIG 8 Activation of the T-cell exhaustion pathway in PRRSV-infected PAMs. (A) Pathway image from IPA
illustrating genes associated with the T-cell exhaustion signaling pathway using DEGs from the mock versus
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8 dpi and declined to a minimal level at 15 dpi. Thus, our results corroborate the previ-
ous finding that PRRSV infects only a small fraction of PAMs from PRRSV-infected pigs
during the acute stage of infection. PAMs collected from young pigs were more sus-
ceptible to ex vivo infection with PRRSV than those collected from adult pigs (22). In
the current study, pigs were inoculated with PRRSV when they were 4 weeks old. At
this age, their PAMs are supposed to be highly susceptible to PRRSV infection (22).
Therefore, the low frequency of PRRSV* PAMs from the BALF of PRRSV-infected pigs
observed in this study was not likely due to the refractory stage of the cells to PRRSV
infection. Sialoadhesin (CD169) and CD163 are the two main cellular receptors for
PRRSV entry into porcine macrophages (reviewed in reference 23). We did not analyze
the expression of sialoadhesin because this receptor is not required for PRRSV infection
in vivo (24). On the other hand, we observed that more than 90% of PAMs expressed
CD163 (Fig. 1), the cellular receptor for PRRSV infection (19). Thus, the low frequencies
of PRRSV+ PAMs were not likely due to the lack of cellular receptors either. It has been
suggested that the origin and state of differentiation and activation affects the suscep-
tibility of porcine macrophages to PRRSV infection. PAMs after 1 day of cultivation ex
vivo are much more susceptible to PRRSV infection than freshly isolated PAMs (21). It is
possible that the low frequencies of PRRSV* PAMs from PRRSV-infected pigs could be
partially due to the differentiation and activation stage of the PAMs. Additionally,
innate immune responses in the lung of infected pigs might also contribute to the inhi-
bition of PRRSV infection of PAMs.

Since only a small fraction of PAMs are directly infected with PRRSV, transcriptome
studies using RNA extracted from a whole population of PAMs collected from
infected pigs might not reveal the true responses of directly infected cells. In the cur-
rent study, we therefore inoculated pigs with a PRRSV-GFP strain and sorted directly
infected (GFP*) and bystander (GFP~) PAMs from the infected pigs to comparatively
analyze transcriptional responses in these two populations. The transcriptional
change is much more profound in directly infected than bystander PAMs. We
observed several canonical pathways that are only enriched in directly infected
PAMs, including T-cell exhaustion signaling, dendritic cell maturation, role of PI3/AKT
signaling, HMGB1 signaling, TREM1 signaling, and NF-«B signaling. Of these path-
ways, we are interested in the NF-«B signaling and T-cell exhaustion pathways, both
of which contain molecules that negatively regulate the immune responses by mod-
ulating inflammation.

PRRSV infection induces inflammatory responses, leading to the infiltration of
immune cells (11). High levels of inflammatory cytokines such as IL-1¢, IL-6, IL-8 (CXCL8),
and TNF have been detected in PRRSV-infected pigs, especially those that are infected
with highly virulent PRRSV strains (25-27). Overinduction of proinflammatory cytokines
contributes to the manifestation of severe lung damage in pigs infected with a highly
virulent PRRSV strain (26, 27). In agreement with previous studies, we observed in this
study the upregulation of multiple inflammatory genes in directly infected PAMs, includ-
ing TNF, CCL4, IL-1B, CXCLS8, IL-1A, CCL5, and CXCL10. Notably, several genes that func-
tion as negative regulators of cytokine signaling pathways are also highly upregulated in
PRRSV-infected PAMs, including suppressor of cytokine signaling (SOCS) proteins (SOCS1
and SOCS3), TNFAIP3, and the inhibitors of NF-«B proteins (NFKBIA, NFKBID, and
NFKBIZ). SOCS proteins are inhibitors of the JAK/STAT signaling pathways. In particular,
SOCS1 is a ubiquitin ligase which regulates NF-«B signaling and terminates expression
of NF-«B inducible genes through polyubiquitination and proteasomal degradation of
nuclear p65, a member of the NF-«B (28). TNFAIP3 is a ubiquitin-modifying enzyme that
has both ubiquitin ligase and deubiquitinase activities. It removes K63-polyubiquitin

FIG 8 Legend (Continued)

GFP* comparison. Red color indicates the genes that are upregulated in this comparison. Nondifferentially
expressed genes within the pathway are depicted in gray. (B) Heatmap showing the genes that are
upregulated in the mock versus GFP* comparison and associated to develop the T-cell exhaustion
phenotype. Bar graphs represent the log, fold change of the T-cell exhaustion pathway transcripts.
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chains from receptor interacting protein 1 (RIP1) and NF-«B essential modulator (NEMO)
while adding K48-polyubiquitin chains to RIP1 and Ubc13, leading to their degradation
and, consequently, termination of NF-«B activation (29). NFKBIA, NFKBID, and NFKBIZ
belong to a family of proteins called inhibitors of NF-«B, or IxB proteins, which interact
with NF-«B dimers to hold them in an inactive form in the cytosol (30, 31). Degradation
of these 1kBs upon their phosphorylation by the 1B kinase (IKK) releases NF-«B, which
is translocated into the nucleus to stimulate expression of inflammatory cytokines and
other genes (30). Collectively, the upregulation of both pro- and anti-inflammatory genes
within directly infected PAMs reflects the dynamic changes in the host innate immune
response to acute PRRSV infection.

As discussed above, pigs infected with a highly virulent PRRSV strain produce high
levels of proinflammatory cytokines, which leads to severe lung damage (26, 27). On the
other hand, pigs infected with a highly virulent PRRSV strain clear the virus from their
tissues much earlier than those infected with a low-virulence PRRSV strain, partially due
to the induction of inflammation (26). Therefore, inflammation is critical for effective
host defense, but excessive inflammation might be detrimental to the host. Thus, the
inflammatory response is tightly controlled by several feedback mechanisms (32). There
are two plausible explanations for the upregulation of the negative regulatory genes
observed in PRRSV-infected PAMs. It is possible that the expression of the regulatory
genes was simply the consequence of the expression of inflammatory cytokines which
are triggered by double-stranded RNA (dsRNA) intermediates formed during the viral ge-
nome replication. Alternatively, it is possible that PRRSV actively induces expression of
the negative regulatory proteins to suppress inflammation and other innate immune
responses. The current literature seems to support the latter explanation. PRRSV infec-
tion activates expression of SOCS1 and SOCS3, leading to suppression of IFN expression
while enhancing virus replication (8, 33). The viral nsp2 carries an OTU domain that
inhibits NF-«B activation by interfering with the polyubiqutination and degradation of
IkBa (3). Additionally, nsp2 upregulates expression of TREM2, an anti-inflammatory re-
ceptor, to suppress inflammatory cytokine production (34). Several viruses have evolved
strategies to suppress NF-«B activation. Vaccinia virus A49 protein harbors a sequence
mimicking IkBa to block the action of the B-TrCP E3 ligase responsible for identification
and ubiquitination of phosphorylated IkBs, thus inhibiting NF-«xB activation (35). The
nonstructural protein 1 of human rotavirus induces the degradation of B-TrCP to stabilize
the 1kBs and avoid NF-«B activation (36).

In addition to the NF-«B signaling pathway, the T-cell exhaustion pathway was also
exclusively activated in the PRRSV-infected PAMs. In particular, multiple T-cell exhaus-
tion/impairment markers, including PD-L1, PD-L2, IL-10, IDO1, TGFB, CCL2, and PRDM1,
were upregulated in PRRSV-infected PAMs. PD-L1 and PD-L2 are the two ligands for
PD-1, an inhibitory receptor induced in activated T cells. Engagement of PD-L1 and PD-
L2 with PD-1 inhibits the T-cell receptor (TCR) signaling pathway, leading to inhibition
of T-cell proliferation and cytokine production (37). Initially, the PD-L1/PD-1 signaling
pathways were mainly described in chronic infections and cancer (38, 39). However, it
has been subsequently demonstrated that acute viral respiratory infection could rap-
idly induce CD8" T-cell impairment (40). For the viruses that mainly replicate in lung,
such as human metapneumovirus (HMPV), T-cell impairment during the acute stage of
infection mainly occurs in lung, the infection site, while virus-specific T cells in other tis-
sues, such as spleen, are completely functional (41). Unlike HMPV, which mainly repli-
cates in lung and causes acute infection, PRRSV can establish a systemic infection in
which the virus can replicate in multiple tissues, including lung and lymphoid organs
(2). Moreover, PRRSV can persist in the infected animal for a long period of time (42).
Increased expression levels of PD-L1 and several other immune checkpoints, including
CTLA4, TIM3, LAG3, CD200R1 and IDO1, were detected in thymus of pigs infected with
PRRSV-1 strains during the acute stage of infection (43). Similarly, expression of multi-
ple genes involved in the T-cell exhaustion pathway, including PD-1, IDO1, HAVCR2,
and FAS, were also upregulated in the inguinal lymph node of pigs persistently
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infected with a PRRSV-2 strain (44). In vitro studies have shown that some strains of
PRRSV-2 induce expression of PD-L1 in monocyte-derived dendritic cells, especially
when the cells were coinfected with porcine circovirus type 2 (9, 45). Collectively, the
current literature suggests that PRRSV might induce T-cell impairment in different tis-
sues. While upregulation of T-cell exhaustion markers has been reported previously
both in vivo and ex vivo infection studies, it remains unknown how PRRSV induces
T-cell exhaustion. In this study, we observed that T-cell exhaustion markers were only
upregulated in directly infected PAMs, not in bystander PAMs. Therefore, it is possible
that active viral replication is necessary for the induction of T-cell exhaustion markers.
However, the viral genes associated with this process remain to be determined.

In summary, by comparing the transcriptome profiles between PRRSV-infected and
bystander PAMs collected from PRRSV pigs during the acute stage of infection, we
detected the upregulated expression of multiple negative regulatory genes, including
genes that are involved in suppression of inflammation and those that are involved in
T-cell impairment. Upregulation of the negative regulatory genes in PRRSV-infected
PAMs might help prevent excessive inflammation and protect the lung from immune-
mediated damage (46). However, it would be possible that suppression of inflamma-
tory cytokines in lung would enhance PRRSV infection since inflammatory factors
downregulate expression of CD163, the main receptor for PRRSV infection, leading to
reduction of PRRSV infection (34). Additionally, upregulation of the negative regulators
and T-cell exhaustion markers during the acute stage of infection might lead to subop-
timal induction of the adaptive immunity, which might help the virus establish persis-
tent infection in the infected animals.

MATERIALS AND METHODS

Cells, viruses, and antibodies. MARC-145 cells were cultured in low-glucose Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin, and
100 pg/ml of streptomycin (Sigma-Aldrich, St. Louis, MO). PAMs used for ex vivo infection were har-
vested from lung lavage fluid of PRRSV-negative pigs between 4 and 8 weeks old. The cells were cryo-
preserved in freezing medium containing 50% RPMI 1640, 40% FBS, and 10% dimethy! sulfoxide (DMSO)
and stored in liquid nitrogen until they were used. The PRRSV strains FL12 and FL12-GFP were recovered
from full-length infectious cDNA clones as previously described (47, 48). The FL12-GFP carries the GFP
gene at the junction between open reading frames 1b and 2a. R-phycoerythrin (R-PE) conjugated mouse
anti-pig CD163 monoclonal antibody (clone 2A10/11) was purchased from Bio-Rad (Hercules, CA).
Fluorescein (FITC) conjugated mouse anti-PRRSV N protein antibody (clone SR30) was purchased from
Rural Tech, Inc. (RTI; Brookings, SD).

Animal studies. All pig experiments conducted in this study were approved by the Institutional
Animal Care Committee of the University of Nebraska-Lincoln (UNL) under protocol 1873. All pigs used
in this study were between 4 and 5 weeks of age and were free of PRRSV. The pigs were accommodated
in the animal biosafety level 2 (ABSL-2) research facility at UNL. Two pig experiments were conducted. In
the first experiment, 12 pigs were housed in a single ABSL-2 room and were inoculated intramuscularly
with 10%° 50% tissue culture infective dose (TCID,) of PRRSV strain FL12 diluted in 2 ml of DMEM.
Whole-blood samples were collected, and serum was isolated and stored at —70°C for measurement of
viral loads in serum. At 1, 3, 8, and 15 dpi, three pigs were randomly selected and humanely euthanized
by overdose of pentobarbital sodium (Virbac, Fort Worth, TX). Lung lavage fluid was collected using ice-
cold 1x phosphate-buffered saline (PBS) and processed for flow cytometry analysis to determine the fre-
quencies of PAM infected with PRRSV (described in the next section). Simultaneously, samples of lung
were collected and fixed in 10% neutral buffered formalin (NBF) for 24 to 30 h at room temperature (RT),
which were used for ISH staining. In the second experiment, 6 pigs were randomly assigned into two
groups of three pigs, which were accommodated in two separate ABSL-2 rooms. Pigs in group 1 were
injected with RPMI 1640 to serve as negative controls, whereas pigs in group 2 were inoculated with
10%° TCID4,/ml of FL12-GFP diluted in 4 ml of RPMI 1640—2 ml intramuscularly and 2 ml intranasally. At
7 dpi, all pigs were humanely euthanized by overdose of pentobarbital sodium (Virbac). Lung lavage
fluid from each pig was harvested and process for cell sorting. Lung tissue was also collected and proc-
essed as described above for ISH staining.

Flow cytometry and PAM cell sorting. PAM cells were suspended in FACS buffer (PBS with 4%
FBS). For experiment 1, approximately 1 million cells were first incubated with Zombie Violet live-dead
fixable dye (BioLegend, San Diego, CA) (dilution, 1:100 in PBS) at room temperature in the dark for 20
min. Cells were washed thrice using FACS buffer and incubated with R-PE labeled, anti-pig CD163 anti-
body (dilution, 1:50 in FACS buffer) on ice in the dark for 30 min. After three washes in FACS buffer,
the cells were fixed and permeabilized with 4% paraformaldehyde and Leucoperm buffer (Bio-Rad,
Hercules, CA), respectively. Subsequently, the cells were incubated with FITC conjugated, anti-PRRSV
N protein antibody (dilution, 1:100 in FACS buffer) for 30 min. After three washes with FACS buffer,
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the cells were analyzed by using a CytoFlex cytometer (Beckman Coulter, Fremont, CA). Approximately
30,000 events were recorded for each sample. Data were analyzed using FlowJo software (BD
Biosciences, San Jose, CA).

In experiment 2, PAMs were stained with R-PE labeled anti-pig CD163 antibody as described above.
Without fixation and permeabilization, the cells were subjected to FACS analysis using a FACSAria instru-
ment (BD Biosciences, San Jose, CA). Three populations of PAMs were sorted, CD163* from mock-
infected pigs, CD163*GFP*, and CD163*GFP~ from FL12-GFP infected pigs. Approximately 40,000 PAMs
were sorted for each of the above-mentioned populations. Sorted PAMs was lysed in 50 ul of TRIzol rea-
gent (Life Technologies, Carlsbad, CA) and subjected to RNA sequencing (RNA-seq).

PAM cell RNA extraction, library preparation, and sequencing. RNA-seq was performed through
a contract service with Genewiz LLC (Carol Stream, IL) with the ultra-low input RNA sequencing package.
Briefly, total RNA was extracted and quantified using a Qubit fluorometer (Life Technologies, Carlsbad,
CA). RNA integrity was checked with TapeStation (Agilent Technologies, Palo Alto, CA). Only RNA sam-
ples with an RNA integrity number (RIN) equal to or above 8.0 were included in this study. The SMART-
Seq v4 ultra-low input kit for sequencing was used for full-length cDNA synthesis and amplification
(Clontech, Mountain View, CA), and an Illumina Nextera XT library was used for sequencing library prepa-
ration. The libraries were multiplexed and clustered on one lane of a flow cell and sequenced using the
Illumina HiSeq instrument. The samples were sequenced using a 2 x 150 paired-end (PE) configuration.
Image analysis and base calling were conducted using HiSeq Control Software (HCS). Raw sequence
data (.bcl files) generated from the Illumina HiSeq sequencing was converted into FASTQ files and
demultiplexed using lllumina’s bcl2fastq version 2.17 software. One mismatch was allowed for index
sequence identification.

Data processing and analysis. RNA-seq reads were first trimmed with Trim Galore version 0.6.4 (49,
50), which includes filtering reads shorter than 30 bp and low-quality ends from reads (Phred score,
<20) and the option of removing reads with Ns. The read quality before and after trimming was checked
with FastQC version 0.11.7 (51). The filtered reads were aligned to the Sus scrofa genome (Sscrofal1.1;
GenBank assembly number GCF_000003025.6) using STAR version 2.7.6a (52) with default parameters
and -sjdbOverhang of 149. Alignment files generated by STAR were then used to generate gene counts
using Subread version 2.0.0 (featureCounts) with default parameters (53). A data matrix of gene counts
for all samples was created using a custom Python script, and the data matrix was used to run the differ-
ential gene expression analysis in DESeq?2 version 1.22.1 (54). Genes with a Benjamini-Hochberg adjusted
P value smaller than 0.05 and an absolute log, fold change larger than 1 were considered differentially
expressed. A Wald test was used to determine the DEGs between the CD163" PAM sorted from mock-
infected pigs and CD163*GFP~ PAM (bystander) and CD163"GFP" PAMs sorted from PRRSV-infected
pigs. For the pairwise comparison of CD163*GFP~ and CD163*GFP* PAMs sorted from PRRSV-infected
pigs, the identity of the pigs was taken into consideration since the PAM cells were collected from the
same pigs. The differential expression result table generated by DESeq2 was annotated with gene infor-
mation obtained from Ensemble BioMart for Sus scrofa, supplemented by annotation from the gene
transfer format (GTF) file.

To visualize the level of the PRRSV RNA genome, reads mapped to the PRRSV FL12-GFP genome
were counted base by base, normalized to counts per million, and subsequently used to generate a cov-
erage track using deepTools version 3.4.3 (55).

Differentially expressed genes were used for the significant canonical pathway and molecular net-
work identification using Ingenuity pathway analysis (IPA; Qiagen, Redwood City, CA). The pathway
enrichment P value (Fisher's exact test) and activation Z-score were calculated using IPA and used to
rank the significant pathways.

PRRSV infection of PAM cultured ex vivo. Cryopreserved PAMs were revived and cultured in RPMI
1640 supplemented 10% FBS in a 4-chambered Lab-Tek slide (Nunc, Rochester, NY) at a density of
5 x 10° cells in 1 ml per chamber. After 24 h, the cells were either mock-infected or infected with
FL12-GFP at a multiplicity of infection of 0.1 TCID,, per cell. At 6, 12, and 18 h postinfection (hpi), the
cells were fixed using 10% NBF for 30 min at room temperature and subsequently used for ISH
staining.

RNA in situ hybridization. ISH was used to detect mRNA transcripts of PRRSV, NFKBIA, NFKBIZ,
TNFAIP3, and TNF, both in formalin-fixed paraffin-embedded (FFPE) lung sections and in PAMs infected
with PRRSV ex vivo. ISH was performed using the RNAscope technology. Specific probes for PRRSV (cata-
log [cat.] no. 870971), NFKBIA (cat. no. 867461), NFKBIZ (cat. no. 867441), TNFAIP3 (cat. no. 867451), and
TNF (cat. no. 565841) were developed by Advanced Cell Diagnostics (ACD, Hayward, CA). The probes
were supplied in a ready-to-use format. Probes specific to dihydrodipicolinate reductase B (dapB) (cat.
no. 310043) mRNA of Bacillus subtilis and Sus Scrofa peptidylprolyl isomerase B (Ss-PPIB) (cat. no.
428591) were used as negative and positive controls, respectively. The RNAscope 2.5 HD brown detec-
tion kit (ACD) was used for ISH assays that were done on FFPE lung tissue, while the RNAscope 2.5 HD
red detection kit was used for assays that were done with PAM cultured ex vivo on a Lab-Tek slide.

The ISH assay performed on FFPE lung was qualitatively assessed by a board-certified pathologist who
was blinded to the experimental treatment groups. Two main parameters were used to evaluate ISH sig-
nal, the intensity of staining signal and the frequency (distribution) of stained cells throughout the section.

Measurement of viral load and serum virus titer. Total RNA was extracted from serum samples
using a viral RNA minikit (Qiagen GmbH, Hilden, Germany) following the manufacturer’'s recommenda-
tion. Viral load in serum was measured using a commercial reverse transcriptase quantitative PCR (RT-
qPCR) kit (Tetracore, Inc., Rockville, MD, USA) and was reported as log,, copies per ml of total RNA used
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in the RT-gPCR. For statistical purposes, samples that had no detectable levels of viral RNA were
assigned a value of 0 log,, copies.
Data availability. The RNA-seq data were deposited in the Gene Expression Omnibus (GEO) under
accession number GSE174494.
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