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Abstract

Angiogenesis and cell proliferation in reproductive tissues are essential events for the maintenance of pregnancy, and alterations
can lead to compromised fetal development and survival. Porcine reproductive and respiratory syndrome virus 2 (PRRSV-2)
induces reproductive disease with negative financial and production impact on the swine industry. PRRSV-2 infection alters
placental physiology through inflammatory and apoptotic pathways, yet fetal susceptibility varies. This study aimed to evaluate
angiogenesis and cell proliferation in the porcine maternal-fetal interface (MFl) and determine if these physiological processes
were altered by PRRSV-2 infection. Thirty-one pregnant gilts were inoculated with PRRSV-2 at gestation day 86 = 0.4 (mean
* SD). Seven control gilts were sham-inoculated. All gilts were euthanized at 12 days postinoculation. Angiogenesis and cell
proliferation were determined through the detection of vascular endothelial growth factor (VEGF) and Ki-67, respectively,
using immunofluorescence of the MFl from 4 fetal resilience groups: uninfected (UNIF), high viral load—viable (HVL-VIA), and
HVL-meconium-stained (MEC) from PRRSV-infected gilts, as well from sham-inoculated (CON) gilts. VEGF immunolabeling in
the uterine submucosa was significantly lower in MEC compared with UNIF and HVL-VIA groups. Significantly greater Ki67
immunolabeling was detected in the trophoblasts of CON fetuses versus all other groups, and in uterine epithelium of CON and
UNIF fetuses versus HVL-VIA and MEC. These results suggest that fetal resilience may be related to greater cell proliferation
in uterine epithelium, and fetal compromise with reduced uterine submucosal angiogenesis, except fetuses with intrauterine
growth restriction, in which inherently lower submucosal angiogenesis may be protective against PRRSV infection.
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Porcine reproductive and respiratory syndrome virus 2
(PRRSV-2) (Betaarterivirus suid 2) causes disease character-
ized by reproductive failure and interstitial pneumonia in grow-
ing pigs and is considered one of the most significant viral
pathogens in pig production due to economic and production
losses in breeding and feeding herds.!”?*# Reproductive losses
are primarily due to late-term abortions and fetal death, but also
include birth of stillborn and weak congenitally infected pig-
lets, as well as infertility.??”*3 The growing pig losses are pri-
marily associated with the role that PRRSV-2 plays in the
porcine respiratory disease complex that leads to increased
nursery mortality and morbidity.” Moreover, PRRSV-2 is a
profoundly immunosuppressive virus, exerting effects on both
the innate and adaptive responses.?

Despite the severe reproductive disease caused by many
PRRSV-2 strains, the cellular mechanisms used by the virus to
compromise fetal survival during the last third of gestation
have not been determined. Within days of maternal infection,
the virus may cross the maternal-fetal interface (MFI; that is,
the adherent uterine and fetal chorioallantois-allantochorion) to

infect fetuses by way of the umbilical circulation,?**? but the
timing of infection varies among fetuses within a litter, and
some fetuses escape infection. Different phenotypic fetal cate-
gories related to preservation states and viral load have been
established to investigate factors associated with fetal resil-
ience. Fetal preservation is based on the viability and gross
lesions of the fetus at the time of necropsy and classified as
viable, meconium-stained (MEC), decomposed (recent death),
and autolyzed (early death).?>2®* PRRSV RNA concentration in
fetal thymus, serum, and placenta varies between states of fetal
preservation.?? Fetuses may be classified as high viral load
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(HVL), low viral load (LVL), or uninfected (UNIF). UNIF are
fetuses from infected dams where viral RNA is not detected in
serum or thymus of the fetus, which are therefore considered
relatively resistant compared with their HVL cohorts.

Fetal compromise is likely associated with PRRSV-related
events occurring at the MFI, within the fetus or a combination of
the two. While critical physiological changes in the fetus includ-
ing hypothyroidism,** cytokine expression,®** hypoxia and
apoptosis,? and endocrine disruption are related to fetal compro-
mise, the lesions in endometrium and placenta associated with
PRRSV-2 infection may alter the normal transplacental nutritive
and physiological processes essential for fetal growth and sur-
vival. The most consistent microscopic lesions in reproductive
tissues associated with PRRSV-2 infection are inflammation and
vasculitis in the endometrium®®3? as well as apoptosis in placen-
tal endothelial cells, uterine epithelial cells (UECs), and tropho-
blasts'®3*3! that historically have been considered important
maternal factors contributing to reproductive failure.

The porcine fetomaternal junction (FMJ; including the
interdigitating trophoblastic epithelium and uterine epithelium)
continually remodels throughout pregnancy through processes
of apoptosis, cell proliferation, and angiogenesis to maintain
and support fetal development and survival.*#14¢ Given the
extensive lesions in the MFI following PRRSV infection and
the wide variation in fetal outcome, it is possible that altera-
tions in angiogenesis and cell proliferation at the MFI also con-
tribute to fetal outcome. This study aimed to evaluate
angiogenesis and cell proliferation in the porcine MFI follow-
ing maternal PRRSV-2 infection and to determine whether
alterations in these processes were associated with variation in
fetal resilience.

Materials and Methods

Animal Experimental and Sample Collection

Thirty-one pregnant purebred Landrace gilts were intramuscu-
larly and intranasally inoculated with PRRSV-2 (NVSL
97-7895 propagated on MARC-145 cells; 1 X 10° TCIDj, total
dose) on gestation day 86 * 0.4 (mean = SD). At the same
gestational stage, 7 pregnant control gilts (CON) were simi-
larly sham-inoculated with sterile minimum essential media.
All the gilts were euthanized by intravenous barbiturate over-
dose (Euthanyl Forte, 19,200 mg/gilt) and cranial captive bolt
at 12 days postinfection. The study protocols have been
described in detail,>>** adhered to guidelines established by the
Canadian Council on Animal Care, and were reviewed and
approved by the University of Saskatchewan Animal Research
Ethics Board (permit #20160023).

At necropsy, the gravid uterus was removed and fetuses
counted sequentially based on their position in each horn (start-
ing with L1/R1 at the tip of the left and right horns, respec-
tively). The external fetal preservation status was assessed as
viable (VIA; live with normal skin color), MEC (live and MEC
on head and/or body), or decomposed (DEC; dead with pale
skin * edema) as previously described.?>*® Fetuses were

subsequently weighed, sexed, and dissected. The weights of
key organs including brain and liver were recorded and used to
assess the proportionate growth of brain compared with liver as
a proxy measure for intrauterine growth restriction (IUGR;
high brain: liver weight ratio).>??

Sampling of the MFI was performed by cutting the uterine
wall (full thickness) into rectangular samples (approximately 3
X 20 cm?). From the MFI associated with each fetus (n = 516),
3 samples were collected: centered on the umbilical stump
(sample 1), 10 to 15 cm distant from the umbilical stump toward
the ovary (sample 2), and 0 to 15 cm distant from the umbilical
stump along the anti-mesometrial border (sample 3).2° All sam-
ples were fixed in 10% buffered formalin, trimmed to 1-cm
squares and processed routinely for hematoxylin and eosin
staining. Histological analyses of these sections evaluating the
severity of inflammation in the endometrium, placenta, and
blood vessels was performed as previously described.*? Briefly,
the inflammation scores in the endometrium and placenta were
categorized as, score 0 for no inflammatory cell infiltrate in the
tissues; score 1 for less than 10% of tissue section with inflam-
matory cell infiltrate; score 2 for 10% to 25% of tissue section;
score 3 for 25% to 50% of tissue section; and score 4 for greater
than 50% of tissue section with inflammatory cell infiltrate.
Scores for inflammation within the vascular walls (vasculitis) in
the endometrium and placenta were classified as score 0 for no
vasculitis; score 1 for vasculitis in less than 30% of blood ves-
sels; score 2 for 30% to 70%; and score 3 for greater than 70%
of inflamed blood vessels in the tissue sections.

Assessment of Fetal Viral Load

Fetal viral load was evaluated by RT-qPCR as previously
described in detail.?>?* Briefly, RNA was extracted from 140
uL of fetal sera using QIAamp Viral RNA mini kit and from 10
to 20 mg tissue (allantochorion and fetal thymus) using RNeasy
extraction kit (Qiagen). A strain-specific probe-based protocol
targeting open reading frame 7 (ORF7) with a 5-point standard
curve (107, 10°, 10%, 10%, 10") run in triplicate on each plate was
used for quantification. Samples were run in duplicate in
96-well plates using corresponding positive controls. Viral
concentration was reported as log,, target copies per mg/uL
tissue/sera. The limits of quantification were defined by the
least and most concentrated standards, the lower limit being 2.2
log,, per uL sera or mg tissue.

Fetal Classification

A classification system representative of disease progression®*
was used to select a subset of fetuses for further analysis. First,
control fetuses were randomly selected from 7 CON gilts.
From PRRSV-2-infected gilts, groups were selected as follows
(Table 1): UNIF (live fetuses with nondetectable/negative
PRRSV RT-qPCR [reverse transcriptase quantitative poly-
merase chain reaction] in fetal placenta, sera, and thymus),
high viral load-viable (HVL-VIA: live fetus with >4.4 log,,
genome copies per mg/uL in placenta, sera, and thymus), and
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Table I. Summary of median histologic lesion severity scores and PRRS viral load by fetal group.

PRRS histological lesion scores (minimum/maximum)

PRRSV RNA concentration

Vasculitis Vasculitis
Group Endometritis ~ endometrium Placentitis placenta Placenta Serum Thymus
CON 0 0° 0° 0 NA NA NA
(n=12) (0/0) (0/0.3) (0/0) (0/0)
UNIF 3.0 2.6° o° 0 0.0° 0.0° 0°
(n=10) (1.6/3.6) (173) 0/1.3) (0/0) (0/0) (0/0) 0/1.3)
HVL-VIA 2.6° 1.8 0.1° 0 6.8° 7.4 5.6
(n=10) (274) (173) (0/0.6) (0/0) (4.4/9.1) (5.8/18.3) (4.8/6.6)
MEC 2.6° 2.1° 0.1° 0 7.1° 8.0° 5.8°
(n=13) (274) (0.373) (0/1.3) (0/0) (6.0/8.5) (6.4/9.6) (3.6/6.2)
P value* <.001 <.001 .04 <.001 <.001 <.001

Abbreviations: PRRSV, porcine reproductive and respiratory syndrome virus; CON, control; UNIF, uninfected fetuses from inoculated dams; HVL-VIA, high
viral load-viable fetuses; MEC, high viral load—meconium-stained fetuses. Fetuses used for VEGF and Ki6é7 labeling were similar but not identical. NA—viral
load not assessed CON fetuses. PRRSV RNA concentration in copies per uL sera or mg tissue.

“Within each column, different superscripts indicate statistical group differences (P < .05) among fetal groups (Kruskal-Wallis with post hoc Dunn’s test).

MEC (live fetus with >3.6 log,, genome copies per mg/uL in
placenta, sera, and thymus and meconium staining of skin). All
fetuses were spatially selected while considering their position
in the uterine horns to obtain an equal distribution among and
within litters (Supplemental Figures S1-S2).

Immunofluorescence

Assessment of angiogenesis in MFI tissues was determined
through the detection of vascular endothelial growth factor
(VEGF) using an anti-VEGFA rabbit polyclonal antibody
(ab39250; 1:50 dilution; Abcam) and immunofluorescence.
The antibody was raised against amino acids 1 to 100 of
human VEGFA. Thus, to validate use of the antisera against
VEGFA, a protein BLAST was conducted of homo sapiens
(P15692.2) and Sus scrofa (P49151.1) VEGFA amino acid
sequences. They were found to be 95% identical in the first
100 amino acids. Serially sectioned paraffin tissue blocks
from CON (n = 9), UNIF (n = 9), HVL-VIA (n = 10), and
MEC (n = 8) fetuses (Supplemental Figure S1) were labeled.
While the objective was to include 10 fetuses per group, the
distribution was not equal because the immunolabeling was
of poor quality in some of the 3 samples of MFI within each
paraffin block. To delineate cell borders and facilitate the
identification of each cell type, sections were colabeled with
tight junction protein-1 antibody (TJP-1; also known as
zonula occludens-1; anti-ZO-1 rat monoclonal antibody
IgG,,; clone R40.76, sc-33725; 1:100 dilution; Santa Cruz
Biotechnology), which identifies tight junctions to distin-
guish trophoblastic epithelium from uterine epithelium of the
FMJ.! This antibody had been previously used in the pig to
detect TJP-1.1%1628 A negative control was also labeled for
each fetus by replacing the VEGF antibody with normal rab-
bit serum (ab7487; 1:10 dilution).

After deparaffinization and rehydration, 5-um thick tissue
sections on glass slides underwent antigen retrieval using Tris-
EDTA (pH 9) for 30 minutes at 95°C. Primary antibodies were

incubated on the slides overnight at 4°C. The respective sec-
ondary antibodies, donkey anti-rabbit-IgG (Cy™ 5, Jackson
Immuno Research; 711545152; 1:200 dilution), and donkey
anti-rat-IgG (Fluorescein [FITC], Jackson Immuno Research;
712095153; 1:200 dilution) were incubated for 4 h at room
temperature. Counterstaining with 4’,6-diamidino-2-phenylin-
dole (DAPI) was used to visualize cell nuclei. The slides were
processed in 2 batches and nonspecific rabbit [gG was used at
the same concentration as the primary antibody as a negative
control.

Serial sections of paraffin tissues from the same fetuses,
with 5 substitutions, that were used for VEGF labeling
(Supplemental Figure S2), were immunolabeled for Ki-67
(anti-human Ki-67 mouse monoclonal; clone MIB-1 [Dako
Omnis]; 1:100 dilution; Agilent Technologies), a proliferation
marker expressed in the nuclei of proliferating cells.** This
antibody has been previously used to evaluate porcine stem cell
proliferation in jejunal crypts of intestinal samples.® Normal
mouse serum (ab7486; 1:10 dilution) replaced the Ki-67 to
demonstrate a lack of nonspecific binding for quality control
purposes on the negative control slides. As described above,
slides were also labeled for TJP-1 and DAPI. The secondary
antibody used for the detection of Ki-67 was donkey anti-
mouse-IgG (Rhodamine Red; Jackson Immuno Research;
711545152; 1:200 dilution). The same 4 fetal groups were
assessed (n = 10 fetuses/group). The slides were processed in
2 batches and nonspecific mouse IgG was used with the same
concentration as the primary antibody as a negative control.
Immunolabeling details are outlined in Supplementary Tables
S1 and S2.

Image Analysis

All sections and images were obtained and analyzed using an
Olympus IX83 microscope system equipped with an Andor
Zyla 4.2 sCMOS camera (2048 X 2048 pixel array; Andor
USA, Concord, MA) and CellSens imaging software. In all
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analyses, placental areolac and areas of detachment in the MFI
were excluded. Evaluation and quantification of both placental
angiogenesis and cell proliferation were performed with
Imagel] using a series of semiautomated macros. For angiogen-
esis (detection of VEGF antibody), the ImageJ macro evalu-
ated the median labeling intensity in each region (FMJ,
submucosa, and myometrium). For this analysis, each region
was analyzed in its entirety, and the median intensity values for
each of the 3 samples (when suitable for analysis) were aver-
aged to calculate a composite score for each region of each
fetus.

For cell proliferation (detection of Ki-67 antibody), another
Image] macro was developed to semiautomate the manual
counting of positive cell nuclei per mm? of tissue indepen-
dently in the uterine and trophoblast epithelium. For this analy-
sis, representative sections of MFI were chosen by placing 3
identical rectangles (307,265 um?) along the total length of the
MEFT of each of the 3 samples from each fetus. All measure-
ments and imaging protocols were custom-developed for this
study.

Statistical Analysis

All statistical analyses were performed using Stata 15.1 (Stata-
Corp LP, TX, USA). Group differences in histological scores
and PRRSV concentration were assessed using a Kruskal-
Wallis with post hoc Dunn’s test and Benjamin-Hochberg
adjustment. The Ki67 and VEGF data were natural log-trans-
formed to obtain a normal distribution. Differences in median
VEGF pixel intensity (per mm?) and counts of Ki67-positive
labeled nuclei (per mm) among fetal classification groups were
assessed using linear regression, followed by a pairwise com-
parison with Tukey multiple comparison adjustments. Full
regression models were built that included other biologically
relevant predictor variables (sex, within litter Z-score of brain:
liver ratio [proxy for IUGR], and labeling batch) potentially
associated with fetal PRRS severity, angiogenesis, and cell pro-
liferation. A backward stepwise elimination was performed by
removing nonsignificant variables until a parsimonious final
model was achieved. For angiogenesis, separate models were
created for each region investigated (FMJ, submucosa, and
myometrium). For cell proliferation, separate models were cre-
ated to assess labeling in the uterine and trophoblastic epithe-
lium. For all analyses, P < 0.05 was considered statistically
significant. All models were assessed for linearity and homo-
skedasticity of residuals using appropriate QQ and scatter
plots.

Results

Histopathology and Viral Load

In the endometrial area of the MFI corresponding to infected
fetuses, there was an accumulation of inflammatory cells
(endometritis) characterized by lymphocytes, macrophages,
and some plasma cells. An inflammatory reaction was also

observed in the placental area (placentitis) associated with
infected fetuses, with less severity than the endometrium, and
characterized mainly by the accumulation of macrophages. In
the endometrium associated with infected fetuses, there was
accumulation of lymphocytes and occasional macrophages
within vascular walls (vasculitis). Vasculitis was not observed
in the placental area. In the CON fetuses, a few randomly dis-
tributed inflammatory cells were observed, without any
vasculitis.

Among the samples from PRRSV-inoculated gilts, the
severity of endometritis, placentitis, and endometrial vasculitis
did not differ among the UNIF, HVL-VIA, and MEC groups.
However, all PRRSV-inoculated groups had greater lesion
scores (P < .04 for all) than the CON group, which had no
inflammation in any of the 3 areas evaluated (Table 1).

Regarding PRRSV RNA concentration in the placenta, sera,
and thymus, by experimental design, there were no statistical
differences between the HVL-VIA and MEC fetal groups, but
both groups had greater viral load than CON and UNIF fetuses
(P <.001).

Localization of VEGF in the MFI

Immunolocalization of VEGF within the FMJ (Fig. 1) was
more intense in the cytoplasm of trophoblastic epithelial cells
compared with the cytoplasm of UEC (Fig. 2). In trophoblasts,
the expression of VEGF appeared vesicular and with a ten-
dency toward accumulation in the basolateral surface of the
cell (Fig. 2). There was lower intensity of VEGF expression in
UEC compared with trophoblasts, but it was possible to observe
VEGEF expression in the form of vesicles located mostly around
the nucleus of UEC (Fig. 2).

In the endometrial submucosa, VEGF-positive immunola-
beling was demonstrated in the cytoplasm of uterine glands
(Fig. 3) with a spatial bias toward the apical part of the glandu-
lar cell (Fig. 4; suggesting the potential for diffuse release of
VEGF into the glandular lumen). Also in endometrial submu-
cosa, positive labeling for VEGF was detected through the
entire cytoplasm of endothelial cells (Figs. 5, 6).

While the detection of VEGF was observed mainly in vesic-
ular form in the cytoplasm of MFI cells mentioned above, the
presence of positively immunolabeled vesicle-like structures
were also detected in the extracellular spaces throughout the
different regions evaluated. VEGF was also detected in myo-
metrial cells (Fig. 7) in vesicle-like structures with random dis-
tribution in the cytoplasm (Fig. 8). These areas previously
described as positive for VEGF labeling were identified in all
fetuses evaluated without obvious visual difference between
the groups.

Evaluation of VEGF Labeling Intensity by Fetal Group

Given the complex and diffuse labeling pattern described
above, the analyses comparing differences in the intensity of
VEGF labeling by fetal group were conducted on a whole-
region basis (FMJ, uterine submucosa, and myometrium) rather
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Figures 1-8. Porcine reproductive and respiratory syndrome virus 2 (PRRSV-2) at 12 days after maternal infection, uterus and placenta, pigs.
Immunofluorescence for vascular endothelial growth factor (VEGF; red); 4',6-diamidino-2-phenylindole (DAPI; blue; nuclear counterstaining);
tight junction protein—| (TJP-1; green; for identifying cell borders). Figure . Fetomaternal junction (FMJ) with diffusely positive immunolabeling
for VEGF in all trophoblastic cells and with a higher intensity compared with uterine epithelial cells (UECs). Figure 2. Higher magnification
of the white box in Figure |. Trophoblasts (T) with diffuse VEGF expression in the cytoplasm and a tendency toward accumulation in the
basolateral part of the cell (oval with dashed line). UECs have lower VEGF expression that is mostly observed around the nucleus (circle).
Figure 3. Uterine glands have diffuse cytoplasmic labeling for VEGF. Figure 4. Higher magnification of the white box in Figure 3. There
is diffuse VEGF immunolabeling with a tendency toward the apical part of the cell (oval with dashed line). Figure 5. Endothelial cells have
diffuse cytoplasmic immunolabeling for VEGF. Figure 6. Higher magnification of the white box in Figure 5. There is diffuse immunolabeling
through the cytoplasm (oval with dashed line). Autofluorescence of erythrocytes (green). Figures 7, 8. Myometrial cells showing random foci
of cytoplasmic immunolabeling for VEGF. Figure 8 is a higher magnification of the white box in Figure 7.

than by tissue type or element within region. The resulting
analysis (Figs. 9-11) showed that group differences were only
significant (P = .05) in the submucosa, with greater expression
of VEGF observed in endometrium associated with UNIF and
HVL-VIA fetuses compared with MEC, with CON being inter-
mediary (Fig. 10). Regarding the potential effects of sex and
IUGR on VEGF labeling intensity, a significant association
was only demonstrated in the submucosa where intensity was
greater for female versus male (P = .027) fetuses, and inversely
related to brain: liver weight ratio (lower intensity in IUGR vs
non-IUGR fetuses; P = .013; Fig. 12). Labeling batch was also
significantly associated with intensity in the submucosa (P =
.003) and myometrial (P = .02) regions, but not in FMJ.

Localization of Ki-67 in the MFI

Immunolocalization of Ki-67 was randomly detected through-
out the MFI in both trophoblastic epithelium and UEC (Fig. 13)
and as expected was exclusively found in the nucleus (Fig. 14).
Ki-67 protein was granular to condensed and observed scat-
tered throughout the nuclei.

Evaluation of Positive Ki-67 Labeling by Fetal Group

In the maternal epithelium, the number of Ki-67 labeled cells
differed across fetal classification groups (P < .001) with CON
and UNIF groups having greater Ki-67 counts (indicative of

greater proliferation) in UEC compared with the VIA and MEC
groups (Fig. 15). Significant group differences were also
observed among the fetal disease progression groups with
respect to the number of Ki-67 positive trophoblastic epithelial
cells (P = .001). Greater trophoblastic cell proliferation was
evident in the CON group compared with all infected groups
(Fig. 16).

Neither sex nor brain: liver ratio was associated with Ki67
labeling in the maternal and fetal epithelium. However, label-
ing batch was significant (P < .001) for both types of cells,
with greater labeling intensity in the second versus the first
batch.

Discussion

The objective of this study was to evaluate angiogenesis and
cell proliferation in the porcine MFI to determine if these pro-
cesses were altered by PRRSV-2 infection. Examining VEGF
immunofluorescence labeling intensity and count of nuclei
immunopositive for Ki67 in MFI tissues across fetal pheno-
typic groups representing a range of disease progression from
noninfected to high viral load-MEC, provided insight into the
possible mechanisms of fetal compromise.

With regard to reproductive PRRS, it has been shown that the
infection of uterine tissues and transplacental transmission of
PRRSV-2 to the fetus occurs rapidly. After intramuscular/intra-
nasal viral inoculation in the gilts, viral replication in uterine
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Figures 9-12. Box plots comparing vascular endothelial growth factor (VEGF) immunolabeling counts per mm

Brain:Liver Z-score

12

2 among fetal porcine

reproductive and respiratory syndrome virus 2 (PRRSV-2) resilience groups: control (CON), uninfected (UNIF), high viral load—viable (HVL-
VIA), and meconium-stained (MEC). Each datapoint represents the average of 3 different regions of the maternal-fetal interface (MFl), for
each fetus. Different superscripts indicate significant group differences based on Tukey-adjusted post hoc pairwise comparisons from linear
regression modeling of In-transformed data. Figure 9. Fetomaternal junction. No significant differences are observed (P = .08). Figure
10. Submucosa. VEGF immunolabeling intensity is significantly lower in MEC versus UNIF and HVL-VIA groups (P = .0001). Figure 11.
Myometrium. No significant differences among groups are observed (P = .09). Figure 12. Submucosa, showing the relationship between
VEGF labeling and brain: liver weight ratio, a proxy measure for intrauterine growth restriction. Fetuses with intrauterine growth restriction

(IUGR; those with greater brain: liver ratios) have lower VEGF labeling (P = .013).

tissues occurs within 2 days and transplacental transmission of
the virus to fetuses is evident within 5 days.?® The virus has been
demonstrated in different fetal organs including thymus, tonsils,
lymph nodes, lungs, liver, spleen, heart, and kidneys following
infection.?®?”3® Classification of fetuses along a spectrum of
relative fetal resilience based on fetal preservation and viral load
is highly desirable to study PRRSV-2 pathogenesis. UNIF
fetuses are classified as more resistant to the virus than the HVL
groups because viral replication is suppressed or prevented in
fetal tissues. The UNIF fetuses were purposely selected for this
study based on absence of virus in placenta, sera, and fetal thy-
mus. By contrast, HVL-VIA and MEC fetuses had high levels of
virus in all 3 tissues tested. Previous research has proposed that
viable fetuses with HVLs are more tolerant than their MEC
cohorts that show early to advanced signs of fetal compromise
preceding death.?>2%3347 The relationship between viral infection
and fetal death has been difficult to understand in part because
microscopic lesions are limited in the fetus in both research and

diagnostic specimens.’?*3237 On the other hand, another funda-
mental organ during pig pregnancy that has been widely evalu-
ated during PRRSV infections is the placenta. Frequent
inflammatory lesions associated with PRRSV infection are
observed in the endometrium, placenta, myometrium, and blood
vessels, along with hemorrhagic areas, apoptotic cell death in
MFT cells, and areas of separation between trophoblasts and
UEC.!8193031 These PRRSV-related lesions in the MFI have his-
torically been considered important in terms of the possible
mechanisms of fetal death.

Angiogenesis is a process involving the formation and devel-
opment of new blood vessels from the existing vasculature'?
and is an essential physiological component of placental devel-
opment during pregnancy to enhance the exchange of gases and
nutrients between the dam and litter.> While contributing to pla-
cental development,’® the importance of angiogenesis in placen-
tal tissues during pregnancy is highlighted best by the alterations
in angiogenesis that can compromise pregnancies in animals
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Figures 13, 14. Porcine reproductive and respiratory syndrome virus 2 (PRRSV-2) at |12 days after maternal infection, fetomaternal junction
(FMY)), pigs. Immunofluorescence for Kié7 (pink); 4',6-diamidino-2-phenylindole (DAPI; blue; nuclear counterstaining); tight junction protein-|
(TJP-1; green; for identifying cell borders). Figure 13. Trophoblast and uterine epithelial cells (UECs) showing positive labeling for Kié7
expressed randomly throughout the FM] (ovals with dashed line). Figure 14. Higher magnification of the white box in Figure 13. There is
positive labeling for Ki6é7 in the nucleus of trophoblastic (T) cells and nucleus of UECs.
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Figures 15, 16. Box plots comparing Kié7 immunolabeling counts per mm among fetal porcine reproductive and respiratory syndrome
virus 2 (PRRSV-2) resilience groups: control (CON), uninfected (UNIF), high viral load—viable (HVL-VIA), and meconium-stained (MEC). Each
datapoint represents values for epithelial layers of the fetomaternal junction associated with each individual fetus. Different superscripts indicate
significant group differences based on Tukey-adjusted post hoc pairwise comparisons from linear regression modeling of In-transformed data.
Figure 15. Uterine epithelial cells. There is significantly decreased Ki-67 immunolabeling (lower cell proliferation) in HVL-VIA and MEC
groups (P < .001). Figure 16. Trophoblast cells. There is significantly decreased Ki-67 immunolabeling in all fetal groups from infected gilts
compared with non-inoculated control gilts (P = .001).

and women.'%20333¢ VEGF is one of several angiogenic factors
that participate in the formation and development of new blood
vessels in the placenta*!! through its involvement in stimulating
mitosis and proliferation of endothelial cells. While intuitive
that VEGF immmunolabeling should be localized around endo-
thelial cells, in the present study, VEGF immunolabeling was
also localized in uterine and trophoblastic epithelium, uterine
gland cells, and myometrial cells. These results are consistent
with previous investigations where VEGF was detected in dif-
ferent types of porcine placental cells.>'>*4 It has been

proposed that extra-endothelial localization of VEGF in cells,
such as the uterine or trophoblastic epithelium, might be related
to the differentiation and cell maturation functions that VEGF
produces in these cells.*>** Similarly, the expression of VEGF
in the uterine glandular epithelium might be associated with the
differentiation, development, and secretory functions that
VEGF promotes in the glandular cells.*’

Despite the similarity in the area of MFI among the fetal
groups in our study, MEC fetuses presented a lower expression
of VEGF in the endometrial submucosa where abundant
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uterine glands and blood vessels are located. Considering the
numerous functions that VEGF has on these cellular structures,
low expression of VEGF in the submucosa associated with
MEC fetuses may negatively affect cellular transport capacities
in placental cells, mitosis, development, and differentiation of
uterine glands and endothelial cells compromising normal fetal
development and survival of these fetuses, thereby resulting in
fetal compromise and meconium staining following PRRSV
infection. Another possible reason for the decreased expression
of VEGF in MEC fetuses may be related to the other pathologi-
cal processes induced by PRRSV.

The VEGF immunolabeling in the cytoplasm of MFI cells
and in extracellular areas suggests that the cellular storage and
release of this glycoprotein to the extracellular medium may be
carried via vesicles. This vesicular form could lead to signaling
between cells and the resulting angiogenic effects of VEGF
between neighboring or distant cells.'>*

In the present study, female fetuses presented with signifi-
cantly greater levels of VEGF immunolabeling in the submu-
cosa associated with male fetuses and trended similarly in the
MFI. Finding sex differences was not entirely unexpected as
these were reported for angiogenic signaling in tissue of the
porcine MFL*' Although these previous differences were
detected in vitro, it suggests that male and female fetuses com-
municate differently during different periods of gestation (pre-
implantation, migrating around the uterus, and implantation).
Based on the present results, it is also plausible that male and
female fetuses might have differing angiogenic responses when
infected by PRRSV.

The angiogenic response in [UGR fetuses in this study are
partially consistent with other investigations that suggest that
VEGF may be an important growth factor associated with fetal
development, and alterations in placental angiogenesis may
predispose to compromised nutrient transport due to alterations
in the development of new placental blood vessels'>*® While
the reduction in VEGF immunolabeling in [IUGR fetuses in this
study was only noted in the submucosa and its effect was vari-
able, IUGR fetuses that have lower viral loads are at greater
odds of being UNIF compared with non-IUGR littermates.?! It
is possible that the lower vascularization in IUGR fetuses could
reduce the opportunity for transplacental infection because of
fewer vessels or increase the distance separating maternal and
fetal circulation at the FMJ.

Ki-67 was used to evaluate cell proliferation because the
protein is expressed in the nucleus of cells in a state of prolif-
eration, and its immunoreactivity is detected at all stages of the
cell cycle except G, or resting phase.*’ In this study, Ki-67 was
detected in both endometrial cells and trophoblastic epithelium
indicating proliferation of these cell types during pregnancy.
The labeling differentiated cells in a state of proliferation (pink
label—Ki-67) and quiescent cells (blue labeling—DAPI) along
the FMJ.

In the UEC, Ki-67 immunoreactivity was statistically differ-
ent among fetal classification groups, with CON and UNIF
fetuses having greater cell proliferation than the infected HVL-
VIA and MEC groups. This suggests that proliferation of uterine

epithelium is reduced following PRRSV infection, but only after
the fetus is infected. This is noteworthy because the severity of
endometritis and vasculitis in UNIF fetuses was similar to the
other infected groups (Table 1) suggesting endometrial disease is
not underlying proliferation of UEC. By contrast, Ki-67 immu-
noreactivity in trophoblastic epithelial cells was decreased in all
fetal groups from inoculated gilts (UNIF, VIA, and MEC) com-
pared with CON fetuses. This suggests the continuous remodel-
ing of trophoblast cells that normally occurs during porcine
gestation is adversely affected as soon as the endometrium is
PRRSV-infected, independent of fetal infection. This may be
due to apoptotic cell death in placental cells of the MFI.!3!
Arrested cell cycle was confirmed during PRRSV-2 infection of
cultured porcine trophoblast cells at the G2/M phase.*?

These results also support the concept of cross-talk between
the fetus and MFI whereby some host responses in MFI are
only induced after fetal infection is established. For example, a
core set of interferon-induced genes were upregulated in fetal
placenta and thymus of LVL and HVL fetuses, but only after
the fetal thymus became infected.’” These genes were not
upregulated in UNIF fetuses, or in fetuses with infected pla-
centa but UNIF thymus.*’” Our results indicate that the cell
cycle is downregulated in trophoblasts prior to fetal infection
and in the opposing uterine epithelium after fetal infection.

It was previously demonstrated that the decrease in cell pro-
liferation factors in placental tissues was associated with the
lightest fetuses and IUGR during different periods of gestation,
potentially affecting cell proliferation or remodeling and the
exchange of nutrients between the dam and the fetus during
development.”*! While our results demonstrate that VEGF
labeling was decreased in the submucosa associated with [UGR
fetuses, no such relationship was found to be associated with
the amount of Ki67 immunoreactivity.

Conclusion

Angiogenesis and proliferation of maternal and placental cells
are indispensable physiological processes during pregnancy
that ensure adequate development and maintenance of MFI tis-
sues while also ensuring the proper development and survival
of the fetus. PRRSV has direct and indirect effects on different
types of reproductive tissues through inflammatory processes,
apoptosis, and cell cycle arrest. Fetuses classified as resistant to
PRRSYV infection due to lack of virus detected in fetal tissues
(UNIF) demonstrated levels of angiogenesis in the submucosa
and cell proliferation in UEC similar to those of CON fetuses.
Thus, the homeostasis of angiogenesis in the endometrium of
UNIF fetuses could be described as a characteristic of resis-
tance to PRRSV infection. By contrast, decreased angiogenesis
was observed in the submucosa of the most susceptible fetuses
(MEC) and may underlie an important mechanism associated
with fetal demise. Furthermore, decreased angiogenesis in the
submucosa of [UGR fetuses may help to prevent PRRSV infec-
tion, explaining the relative resilience of this phenotype. While
trophoblast cell proliferation decreased in all fetuses postinfec-
tion, similar changes in the UEC appear to be dependent on
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infection of the fetus. None of these changes, however, were
related to severity of endometritis, placentitis, or endometrial
vasculitis. In addition to the pathological effects that PRRSV
produced in endometrial and placental tissues reported in other
investigations, we confirm that PRRSV infection of reproduc-
tive tissues also decreases VEGF immunolabeling intensity
which plausibly alters angiogenesis in the submucosa and cell
proliferation in MFI cells and thereby adversely affects fetal
viability.
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