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a b s t r a c t

Porcine reproductive and respiratory syndrome virus (PRRSV) crosses the placenta during late gestation
and productively infects the fetus. Virus replication and cytokine responses were measured in tissues of
fetuses recovered at 109–112 days of gestation, just prior to parturition. At the time of recovery, gross
anatomical abnormalities were evident in both infected and non-infected fetuses from the infected dams.
Virus isolation and immunohistochemistry identified the thymus as the primary site of virus replication.
Steady state RT-PCR amplification of inflammatory, Th1 and Th2 cytokines, showed elevated IFN-� and
orcine reproductive and respiratory
yndrome virus (PRRSV)
ongenital infection
umor necrosis factor-� (TNF-�)
nterferon-� (IFN-�)

TNF-� mRNAs in tissues from infected fetuses, which corresponded to elevated cytokine proteins in
serum but not amniotic fluid. Further evidence for induction of immunity was found in the hyperplastic
response of lymph nodes, which included the development of germinal centers occupied CDw75+ B cells.
Collectively, these data support the notion that the immunocompetent fetus is capable of initiating an
antiviral response, which is compartmentalized within the infected fetus. Furthermore, fetal pathology

may not be a direct result of virus replication in the fetus.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is caused

elevating virus (LDV) of mice, equine arteritis virus (EAV), and
simian hemorrhagic fever virus (SHFV; for review see Plagemann,
1996). The arteriviruses, toroviruses, roniviruses and coron-
y an enveloped positive-stranded RNA virus, PRRSV, belong-
ng to the family Arteriviridae (Benfield et al., 1992; Cavanagh,
997; Nelsen et al., 1999; Wensvoort et al., 1991). Other
embers of the arterivirus group include lactate dehydrogenase-

∗ Tel.: +1 785 532 4631; fax: +1 785 532 4481.
E-mail address: browland@vet.ksu.edu.

168-1702/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.virusres.2010.09.001
aviruses form a single order, Nidovirales. Arteriviruses structurally
resemble togaviruses, but similar to coronaviruses, replicate
via a nested 3′-co-terminal set of subgenomic mRNAs that
possesses a common leader and a poly-A tail (reviewed in

Snijder and Mulenberg, 1998). The arteriviruses exhibit several
important properties relevant to the study of viral patho-
genesis, including cytopathic replication in macrophages, the
capacity to establish and maintain an asymptomatic infec-

dx.doi.org/10.1016/j.virusres.2010.09.001
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:browland@vet.ksu.edu
dx.doi.org/10.1016/j.virusres.2010.09.001
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ion, as well as cause severe and fatal disease (Plagemann,
996).

Infection of adult pigs with PRRSV usually produces a non-fatal
isease, characterized by flu-like symptoms, a transient elevation

n temperature and inappetance (reviewed in Benfield et al., 1999;
hristianson et al., 1992). The reproductive form of PRRS occurs fol-

owing the infection of late gestation pregnant gilts or sows. Natural
nfection of the fetus with PRRSV is initiated with the infection of
ilts and sows at 90 days gestation. After productive replication
n the maternal side, the virus crosses the placenta and produc-
ively infects the fetus. The mechanism of transplacental infection
s unknown, but could be similar to the infected “Trojan Horse”

acrophage, described for LDV (Cafruny and Bradley, 1996). Since
he pig fetus becomes immunocompetent at about 70 days of gesta-
ion, PRRSV infection occurs in an immune environment containing
unctional B and T cells.

Accordingly, virus-induced reproductive failure can present
linically as delayed returns to estrus, as well as abortions, mum-
ified fetuses, stillborn and weak-born pigs (Benfield et al., 1999;

hristianson et al., 1993; Collins et al., 1992; Mengeling et al.,
994; Rossow et al., 1999; Rowland et al., 2003). Surviving neonates
an exhibit the severest form of respiratory disease with mortality
ometimes reaching 100% within three weeks after birth (Feng et
l., 2001; Rossow et al., 1994; Rossow, 1998). The complex pathol-
gy following exposure to PRRSV in utero represents a unique
orm of the disease referred to as congenital PRRS (Rowland et al.,
003). The purpose of this study was to characterize the interaction
etween PRRSV and the pig fetus by (1) identifying sites of virus
eplication, (2) measuring immune and inflammatory cytokines in
ifferent compartments, and (3) evaluating the response of lymph
odes.

. Materials and methods

.1. Virus and infection

Experiments involving animals were approved by the Kansas
tate University IACU Committee. Pregnant sows, obtained from

closely monitored PRRSV-negative herd, were challenged at
0 days gestation with a sixth passage isolate of SD-23983, a
ypical North American field isolate (Rowland et al., 2001). The

ethods for the preparation of the PRRSV inoculum on MARC-
45 cells and infection of pigs are described in Rowland et al.
2003). Virus was cultivated on MARC-145 cells in MEM sup-
lemented with antibiotics (pen/step) and 7% FBS. Dams, at 90
ays gestation were challenged with approximately 105 TCID50 of
irus diluted in 5 ml of culture medium. One half of the inocu-
um was administered by intramuscular injection in the neck.
he remaining dose was administered intranasally. Mock-infected
ows were challenged with medium recovered from MARC-145
ells. Dams were monitored for clinical signs and blood collected
eekly. At between 109 and 112 days of an approximate 114
ays gestation period, the dams were euthanized. The uterine
orns were immediately removed and the individual fetuses with

ntact placenta were carefully removed and immediately necrop-
ied. A sample of amniotic fluid was collected prior to removal.
he brachial artery of each fetus was severed and blood col-
ected using a disposable syringe and serum stored at −80 ◦C.

aternal, accessory and fetal tissues were collected and stored
n formalin for histological staining and immunohistochemistry

IHC), or storage in RNAlater (Ambion) for RT-PCR of cytokine

RNAs. PRRSV-specific antibody was measured in sera using the
erdCheck® PRRS ELISA (IDEXX) and performed by personnel at
ansas State University Veterinary Diagnostic Laboratory. Serol-
gy results were reported as a sample/positive (S/P) ratio. An S/P
h 154 (2010) 114–122 115

ratio greater than 0.39 was considered positive for PRRSV anti-
body.

2.2. Virus isolation and titration

Virus isolation (VI) in serum and tissues was performed as
described in Rowland et al. (2003). Briefly, serum was serially
diluted in MEM supplemented with pen/step antibiotics and 7%
FBS and placed on 96 well plates of confluent MARC-145 cells. After
three days, plates were fixed in 80% acetone and stained with FITC-
SDOW-17 anti-nucleocapsid antibody, diluted in PBS with 5% FBS
(Nelson et al., 1993). The results were reported as the log10 of the
inverse dilution of the last positive well. Virus isolation from tissues
was the same except that tissues were weighed and homogenized
in Hanks balanced salt solution and then centrifuged at 500 × g for
20 min to remove debris.

2.3. PRRSV ORF5 sequencing

The sequencing of the hypervariable region of ORF5 is
described in Rowland et al. (1999). Total RNA was prepared
from serum or infected MARC-145 cells using an RNeasy kit
(Qiagen) according manufacturer’s instructions. For PCR, cDNA
was prepared using MLV reverse transcriptase (Promega) and
4MSB as the primer. The sense and antisense primers for the
outer amplification were 4MSA, 5′-CTTCGTCCCTTCTTTTCCTCGTGG,
and 4MSB, 5′-CCGCTCTAGAGCCAACGATAGAGTCTGC, respectively.
The product was re-amplified with a nested set of sense and
antisense primers, 04A, 5′-ACCGTGTATGTTACCATCACAGCC and
04B, ACGGGAAAGATGACAAAACTCTCC. Thirty-two cycles of ampli-
fication were performed for each primer pair. The conditions
for both amplifications included a 95 ◦C denaturing step (25 s),
a 58 ◦C annealing step (10 s), and a 74 ◦C (25 s) polymeriza-
tion step. The final PCR product, which contained the last 312
nucleotides of ORF4, the 10 nucleotide untranslated region (UTR),
and the first 215 nucleotides of ORF5 was sequenced directly
by automated DNA sequencing. PCR products were cloned into a
pCR2.1 TA cloning vector (Invitrogen), propagated in Escherichia
coli and individual plasmids sequenced using M13 forward and
reverse primers. Sequences were analyzed using Gene Jockey II
software.

2.4. RT-PCR and ELISA for detection of porcine cytokines

Tissue samples for RT-PCR were immediately placed in RNA-
Later (Ambion) and stored at −80 ◦C. Total RNA was extracted
from approximately 50 �g of tissue using RNeasy kit (Qiagen)
according to manufacturer’s instructions. The design of cytokine-
specific primers and RT-PCR procedures were performed according
to Reddy and Wilkie (2000). Primer sequences are listed in Table 1.
RNA was diluted to a final volume of 50 �l in nuclease free water.
cDNA was prepared from10 �l of total RNA by reverse transcrip-
tion using Molony murine leukemia virus reverse transcriptase
(Promega) and random hexamers as primers. The amplification
of �2m mRNA was used as an internal control. PCR amplifica-
tion of cytokine and control cDNAs consisted of 35 cycles (45 s
at 94 ◦C, 45 s at 55 ◦C, and 45 s at 72 ◦C) and DNA products elec-
trophoresed on a 2.0% agarose gel and visualized using ethidium
bromide. The identity of the DNA products was confirmed by DNA
sequencing.
2.5. Histology and immunohistochemistry

Tissue samples were collected and immediately placed in
10% buffered formalin. Paraffin-embedded thin sections were
mounted on slides, deparaffinized and stained with hematoxylin
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Table 1
PCR primers used for amplification of porcine cytokines.

Primer name Primer sequence (5′–3′) GenBank
accession no.

�2m Forward CTGCTCCACTGTCTGG L13854
Reverse ATCGAGAGTCACGTGCT

IFN-� Forward CCAGAATGCAAGTACCTCAG X53085
Reverse TCTCTGGCCTTGGAACATAG

TNF-� Forward CACTGAGAGCATGATCCGAG X57321
Reverse GGCTGATAGTGGTAGTGAGG

IL-1� Forward CAGCTATGAGCCACTTCCTG X52731
Reverse GTCACAGGAAGTTGCGAATC

IL-2 Forward GATTTACAGTTGCTTTTGAA X58428
Reverse CATCCTGGAGAGATCAGCATTC

IL-4 Forward GTCTCACATCGTCAGTGC L12991
Reverse TCATGCACAGAACAGGTC

IL-6 Forward GGAACGCCTGGAAGAAGATG M80258
Reverse ATCCACTCGTTCTGTGACTG

IL-8 Forward TGCAGCTTCATGGACCAG X61151
Reverse GTACAACCTTCTTCTGCACC

IL-10 Forward GCTCTATTGCCTGATCTTCC L20001
Reverse GCACTCTTCACCTCCTCCAC
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Fig. 1. Status of fetuses from infected dams. Circles represent the relative location of
each fetus in the left and right uterine horns. The number above each fetus identifies
the order of removal from the uterus. The serum VI titer is below each infected fetus.
Serology results, shown in parentheses, are presented as the S/P ratio. S/P ratios
IL-12� Forward CCGTCAGCAACACACTTC NM 213993
Reverse TTCAGAGCCTGCATCAGC

IL-12� Forward GTGCTGGAAGCTGTTCAC NM 214013
Reverse GGTCTGCTCCATCATGTC

nd eosin (H and E). Immunohistochemistry (IHC) and H and
staining procedures were performed by personnel in the

ansas State Veterinary Diagnostic Laboratory. For IHC stain-
ng, thin sections were mounted on Vectabond-treated slides
Vector Laboratories) and deparaffinized and processed using
n automated NexES IHC Staining Module (Ventana Medical).
or the detection of PRRSV antigen, slides were incubated for
0 min with a 1:100 dilution of mAb SR-30 anti-nucleocapsid
ntibody (Rural Technologies). Other antibodies included a poly-
lonal anti-human CD3 and B cell antibodies, anti-CDw75 and
nti-CD79�. Bound antibody was detected with biotinylated goat
nti-mouse or anti-rabbit Ig followed by avidin-HRPO and DAB
hromagen (Ventana Medical). Slides were counterstained with
ematoxylin.

. Results

.1. Clinical signs, gross pathology and infection status

The experiment incorporated four PRRSV-infected and two-
ock-infected dams. All maternal serum samples were VI-negative

nd seronegative for PRRSV prior to infection. Between one and
wo weeks after virus challenge, all infected sows were VI-positive
n serum, confirming the presence of an active infection. By the
ime of necropsy, the concentration of circulating virus in the dams
ad dipped to below detectable levels by VI. A total of 44 viable
etuses were recovered from the four infected dams (see Table 2
or summary). Two fetuses were dead and partially autolysed and
ot subjected to further study. 10 (22%) of the 44 viable fetuses were
ositive for PRRSV by VI. Since dams were VI-negative in blood at
he time of necropsy, it was concluded that the presence of virus

able 2
etal infection and mortality.

Dam
no.

Day of
gestation

Number of
fetuses

Number of
infected fetuses

Number of
dead fetusesa

1 109 8 2 (25%) 1
2 111 12 0 (0%) 0
3 111 12 3 (25%) 1
4 109 14 5 (36%) 0

Total 46 10 (22%) 2

a Dead fetuses were not tested for the presence of virus or antibody.
greater than 0.4 were considered positive for PRRSV antibody. Dead fetuses were
partially autolysed and not tested. Gross pathology key: *1, partially mummified; *2,
non-viable fetus or relatively low quantity of amniotic fluid; *3, necrotic placenta; *4,
merconium- and/or blood-stained amniotic fluid; *5, small, underdeveloped fetus.

in the fetal circulation was the result of virus replication in the
fetus and not from contamination with maternal blood. (The virus
isolation technique is not subject to false positives from minute
amounts of cross-contamination with viral protein or RNA.) The
number of infected fetuses in each litter varied from no infected
fetuses (dam no. 2) to five of 14 (36%) infected fetuses for dam
no. 4. Fetuses that were VI-negative in serum were confirmed as
PRRSV-negative by VI-negative results in placenta, lung, lymph
nodes and thymus (data not shown). One fetus, 1-1, was seroposi-
tive for PRRSV (S/P ratio = 0.94). Since there is no maternal transfer
of antibody from mother to fetus (Tizard, 1996), it was concluded
that this fetus generated an antibody response to PRRSV in utero. 7
of the 10 infected fetuses showed some form of gross pathology,
including growth retardation (two fetuses) or reduced amounts
and/or merconium-stained amniotic fluid (five fetuses). Ongoing
virus replication in the fetus as the source of these gross patho-
logical changes is questionable, since non-infected fetuses from
infected dams exhibited similar changes. For example, fetuses from
dam no. 2 (see Fig. 1) were either merconium stained (two fetuses),
non-viable, possessed reduced amniotic fluid levels (four fetuses)
or small (one fetus). Except for one autolysed fetus, the 23 fetuses
from the two control dams showed no evidence of gross pathology
(data not shown).

3.2. Appearance of a novel viral sequence in dams and fetuses

RNA viruses frequently exist as a heterogeneous population,
frequently referred to as a quasispecies. The appearance or dis-
appearance of individual viral sequences within a quasispecies
population is often used as evidence to support the existence of
positive or negative selection during infection (Elena et al., 2000;

Forns et al., 1999; Tsibris et al., 2009). Mutations that appear in
the PRRSV genome are useful as markers to identify and follow
the appearance and disappearance of viruses within the population
(Allende et al., 2000; Rowland et al., 1999). DNA sequencing of ORF5
PCR products, amplified directly from the sera of infected dams,
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Table 3
Frequency of T at nucleotide position 77 of ORF5.

Source of ORF5
sequence

Consensus nucleotide
at position 77 of ORF5

T:C ratio in cloned PCR
products (percent)

23983-P6 C 0/5 (0)
Dam-1 C 0/2 (0)
Dam-3 C 0/2 (0)
Dam-4 T 3/5 (60)

Fetus 4-09 T 6/7 (86)
Fetus 4-10 T 3/6 (50)
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Fetus 4-11 C 1/4 (25)
Fetus 4-12 T 6/6 (100)
Fetus 4-13 T 5/5 (100)

dentified one dam, no. 4, which possessed a virus with a mutation
ithin the hypervariable region of ORF5. The change detected by

equencing the PCR product was a C to T (U for RNA) nucleotide
ransition at position 77 that resulted in a non-conserved amino
cid change from threonine to isoleucine in GP5. The T-77 muta-
ion was not detected after sequencing the ORF5 PCR products from
he other dams (see Table 3). PCR products were cloned into a TA
lasmid and the individual plasmids sequenced. Even though T-
7 was detected in the PCR product from dam no. 4, the sequence
f individual clones showed that two of the five sequences pos-
essed a C at position 77 mutation, which indicated that viruses
ith the wild-type ORF5 sequence were still present in the popula-

ion. Whole PCR and plasmid-cloned PCR products were sequenced
or the five infected fetuses from dam no. 4. The frequency of the
-77 mutation ranged from 25% (fetus 4–11) to 100% (fetuses 4–12
nd 4–13). These results indicate that the fetus is capable of select-
ng for a particular virus population, which either arises in the dam
r fetus. Therefore, fetal infection is a potential source of PRRSV
iversity.

.3. The fetal thymus as the primary site of PRRSV replication

During acute infection of the postnatal pig, the largest quantity
f virus and greatest number of cells supporting virus replica-
ion are found in the lung, a consequence of targeting alveolar

acrophages. During the later stages of PRRSV infection, secondary

ymphoid organs, including tonsil and lymph nodes, become
ources of virus replication (Allende et al., 2000; Rossow, 1998;
owland et al., 1999; 2003). Virus replication in fetal tissues was
ssessed using a combination of virus isolation and IHC detection
f nucleocapsid antigen in formalin-fixed tissues. As summarized

able 4
RRS virus isolation and immunohistochemistry (IHC) in fetal tissues.a

Dam no. 1 3

Fetus no. 2 3 9 11

Placenta 3.6 n.m.b 1.0 1.6
Umbilical Cord n.d.c 1.4 1.3 2.2
Heart 1.7 1.8 2.5 2.6
Lung 2.1 n.m. 1.0 n.m.
(IHC) (−)d (−) (−) (−)
Lymph nodee 3.6 n.m. 2.2 2.2
(IHC) (−) (−) n.d. (−)
Spleen 2.3 n.m. 2.1 3.1
(IHC) (−) (−) (−) (−)
Tonsil 1.3 1.4 1.2 1.2
(IHC) (−) (−) (n.d.) (−)
Thymus 4.1 n.m. 1.6 2.3
(IHC) (+) (−) (−) (+)

a VI reported as titer per gram of tissue.
b n.d., not determined.
c n.m., no virus detected at a dilution of 1:5.
d The presence (+) or absence (−) of PRRSV antigen-positive cells for a single thin sectio
e VI was performed on mandibular lymph node. IHC, in parentheses, included results fo
h 154 (2010) 114–122 117

in Table 4, virus was isolated from all tissues from infected fetuses,
including placenta, umbilical cord, heart, lung, spleen, lymph nodes
and thymus. Overall, the thymus contained the largest quantity of
virus. Nine of ten fetuses yielded measurable amounts of virus with
five of the ten fetal thymuses producing titers greater than 3.0. For
lung, 6 of 10 fetuses were VI-positive and only one fetal lung yielded
a virus titer greater than 2.0. The recovery of virus from a tissue
can represent virus in circulating blood. Therefore, to determine
if cells in the thymus and other tissues were a source of PRRSV,
tissue thin sections were stained with PRRSV anti-nucleocapsid
antibody. The IHC staining procedure included two sets of nega-
tive controls: tissue thin sections from non-infected fetuses and
from infected fetuses stained with only secondary antibody. Both
controls were negative for staining (data not shown). The results
in Table 4 showed the largest number of positive tissues for the
thymus (8 of 10 positive), followed by spleen (2 of 8 positive) and
lymph node (1 of 9 positive). Within the thymus, antigen-positive
cells were located in both medullar and cortical regions (data not
shown). PRRSV antigen-positive cells were not detected in lung or
tonsil. Taken together, the virus titration and IHC results identify
the thymus as a principal source of virus replication in the PRRSV-
infected fetus.

3.4. Response of fetal lymph node to infection

In the post-natal pig, PRRSV infection results in distinct pathol-
ogy in the lung, including the appearance of interstitial pneumonia.
Representative lymph node and lung tissues from non-infected
and infected fetuses are shown in Fig. 2. There was no discern-
able difference between lungs from infected and non-infected
fetuses (compare Fig. 2 panels C and D). Lymph nodes from
PRRSV-negative fetuses appeared largely undeveloped and devoid
of well-defined germinal centers. In contrast, the lymph nodes
from PRRSV-infected fetuses appeared much more pronounced
and enlarged. At the microscopic level, the increased lymph node
volume was associated with increased numbers of cells and the
formation of distinct germinal centers (see Fig. 2 panels A and
B). The overall appearance is consistent with an antigen-activated
lymph node. To determine the source of the increased cell volume,

formalin-fixed thin sections of lymph nodes were stained with T
cell-specific (CD3) and B cell-specific (CDw75 and CD79�) anti-
bodies. Representative results for mandibular lymph nodes from
infected and non-infected fetuses are shown in Fig. 3. The lymph
nodes from both infected and non-infected fetuses showed exten-

4

12 9 10 11 12 13

1.9 2.4 n.m. n.m. 2.7 1.3
1.6 2.2 2.0 1.2 1.1 1.9
1.4 2.8 n.m. 1.3 1.0 2.0
n.m. 0.8 n.m. 0.7 0.5 1.9
(−) (−) (−) (−) (−) (−)
n.m. 3.0 n.m. n.m. 1.3 n.m.
n.d. (−) (−) (+) (−) (+)
2.1 2.7 1.9 1.0 n.m. 1.6
(−) (−) (−) (−) (−) (+)
2.2 3.2 n.m n.m. n.m. n.m.
(−) (−) (−). (−) (−) (−)
3.6 1.6 3.5 3.5 2.2 4.2
(+) (+) (+) (+) (+) (+)

n of tissue.
r mandibular and medial inguinal lymph node tissues.
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ig. 2. Microhistology of lung and lymph nodes. Panels (A) and (C) show a hematox
am. Panels (B) and (D) show representative lymph node and lung tissues from a P

ive areas of staining with anti-CD3, indicating the presence of T
ells. Lymph nodes from non-infected fetuses were negative for
wD75 staining, but possessed some regions that were positive

or CD79�. The B cell receptor for antigen (BCR) signal transduc-
ion complex is composed of a heterodimer of Ig� and Ig� chains,
hich are also known as CD79� and CD79�, respectively. CD79�

taining in the lymph node from non-infected fetuses is consis-
ent with the presence of pro- and pre-B cells (Lee et al., 2008).
he principle difference between infected and non-infected fetuses
as found in an overall increase in CD79�+ cells as well as the

ppearance of CDw75+ cells, which were associated with germi-
al centers. CDw79 is beta-galactoside alpha-2,6-sialyltransferase,
hich is up-regulated in activated B cells (Erikstein et al., 1992).

he absence of CDw75 staining in non-infected fetuses is consis-
ent with the overall quiescent nature of the non-stimulated fetal
mmune system. The up-regulation of CDw75 after PRRSV infec-
ion is consistent with B cell activation and the formation of mature
erminal centers in response to infection. It should be noted that
nfected fetuses showed different degrees of staining, a likely con-
equence of the different stages of fetal infection; i.e. less staining
as the result of early infection. Together, the overall morphol-

gy and lymphocyte marker expression results indicate that the
ncreased volume in the lymph nodes of infected fetuses is largely
he result of increased numbers of mature activated B cells, which
ccupy germinal centers.
.5. Cytokine gene expression

Immune cytokines are important factors in antiviral immunity
nd can influence the outcome of pregnancy (Arck et al., 1999;
asurko et al., 2009). The detection of cytokine gene expression
nd eosin stained (HE) lymph node (A) and lung (C) of a fetus from a mock-infected
infected fetus. Arrows identify germinal centers.

in tissues was performed using a steady state RT-PCR procedure.
RT-PCR was performed on RNA isolated from four fetuses ran-
domly chosen from the two mock-infected dams and four randomly
selected PRRSV-infected fetuses. The tissues selected for RT-PCR
amplification were lung, lymph node and placenta. Lung and lymph
node represent sites cytokine alterations in the post-natal pig.
Placenta was selected as an accessory tissue located at the fetal
maternal interface. Amplification of mRNAs included cytokines
associated with inflammatory (IL-6, IL-8), Th1 (IL-12, IFN-�, IL-
2) and Th2/regulatory (IL-4, IL-10) responses. The amplification of
�2m mRNA was included as an internal control. The determination
of a cytokine response was based on the presence or absence of a
PCR product. IL-6, IL-8, IL-12 and IL-10 products were detected in
tissues from both control and infected fetuses. Because of the qual-
itative nature of the PCR method, it was not possible to accurately
determine quantitative differences between control and infected
fetuses; and therefore, these cytokines were not subjected to fur-
ther study (data not shown). IL-4 mRNA was not detected in any
of the selected tissues for control and infected fetuses. Marked dif-
ferences in expression were observed for TNF-� and IFN-� mRNAs.
The results for IFN-� and TNF-� from lung, mandibular lymph node
and placenta are presented in Fig. 4. The results for IL-10 are also
shown. The internal control mRNA, �2m, was amplified from all
tissues, indicating that the RNA was intact. IL-10 was amplified
from lung and mandibular lymph nodes from two of the four con-
trol fetuses and from all infected fetuses. The presence of IL-10 was

not unexpected, since increased IL-10 production is associated with
fetal T cell responses (Lin et al., 1993; Rainsford and Reen, 2002). As
shown in Fig. 4A, IFN-� and TNF-� PCR products were not detected
in lung, lymph node or placenta from the non-infected fetuses.
However, IFN-� PCR products were obtained for lung and lymph
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ig. 3. Antibody staining for B and T cell markers. Tissues were prepared and stained
cells that express Ig are identified by CD79� staining. Activated B cells are identifi
odes from infected fetuses. One infected fetus, 4–3, yielded a faint
FN-� product for placenta. For infected fetuses, TNF-� mRNA was
mplified from lung, but not lymph node or placenta (Fig. 4B).
o determine if cytokine gene expression was the direct result of

ig. 4. Cytokine gene expression in fetal tissues. RT-PCR for cytokine mRNAs was perform
nd infected (panel B) fetuses as described in the text using the primers in Table 2. Ampl
ere electrophoresed on a 1.2% agarose gel and stained with ethidium bromide.
scribed in Materials and Methods. T cells were identified by staining with anti-CD3.
CDw75 staining.
PRRSV infection, RT-PCR for IFN-� and TNF-� was performed on the
same tissues from fetuses of infected dam no. 2, which produced
only PRRSV VI-negative fetuses (see Fig. 1). The analysis of mRNA
expression in lungs and lymph nodes from six fetuses from dam no.

ed on lung (L), mandibular lymph node (N) and placenta (P) for control (panel A)
ification of �2-microglobulin mRNA was used as an internal control. PCR products
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ircles) and amniotic fluid (closed circles) in infected fetuses and fetuses from mock-
nd infected fetuses assayed on a single ELISA plate. Each data point is the mean A4
he horizontal lines show the A450 values for the cytokine standards.

showed only the amplification of the �2m, but not TNF-� or IFN-�
RNAs (data not shown). Similar results were obtained from virus-

egative fetuses located immediately adjacent to infected fetuses
data not shown).

In order to confirm that TNF-� and IFN-� were produced
uring infection, cytokine protein levels were measured in fetal
era and amniotic fluid from infected fetuses and fetuses from
ock-infected dams. As shown in Fig. 5, the concentration of TNF-
in serum for PRRSV-infected fetuses ranged between 20 and

00 pg/ml compared to less than 30 pg/ml for control fetuses. Even
hough the maximum quantities obtained for infected fetuses were
ear the lower limit of detection for the ELISA test, it was clear that
NF-� was elevated during infection. Detectable concentrations
f TNF-� (>23 pg/ml) were found in amniotic fluid from only two
ontrol and two infected fetuses. Compared to fetuses from mock-
nfected dams, IFN-� concentrations were detected in sera, with
alues ranging from a low of 60 to more than 500 pg/ml. A maxi-
um level of 60 pg/ml was obtained for a single non-infected fetus.

FN-� was not detected in amniotic fluid from either the infected or
ontrol fetuses. The presence of IFN-� and TNF-� in serum, but not
mniotic fluid, further supports the notion that the IFN-� and TNF-

responses are primarily restricted to the PRRSV-infected fetus
nd do not extend to the accessory tissue compartments.

. Discussion

This study characterizes the unique biology associated with the
nteraction between PRRSV and the late gestation fetus. Consistent

ith the body of published literature, the fetuses from the infected
ams obtained in this study exhibited several anatomic pathologi-
al features typical of PRRSV infection of the fetus, including lesions
ssociated with the accessory organs, such as umbilical cord and
mniotic sac (Lager and Halbur, 1996; Mengeling et al., 1996). One
nteresting observation from this study was the apparent absence
f a correlation between the presence of gross abnormalities and
roductive fetal infection. For example, several fetuses from dam
o. 2 exhibited several types of gross pathology, including death,
rowth retardation, or merconium/blood stained amniotic fluid.
here were also examples of productively infected fetuses that
howed no evidence of gross pathology (see fetuses 1–2, 3–12,
–9, 4–11, 4–13 in Fig. 1). The mechanism for fetal pathology
emains unclear, but the results suggest that the source pathol-
gy is likely result of the infection of tissues on the maternal side
nd damage to maternal tissues or production of maternal factors
hat affect the fetus. In this study we did not observe lesions in
he myometrium or placenta; however, Stockhofe-Zurwieden et

l. (1995) reported PRRS virions budding from maternal vascular
ndothelial cells at the maternal-fetal interface. Lager and Halbur
1996) reported damage to the myometrium during PRRSV infec-
ion. Virus-associated lesions in the myometrium are observed for
orses infected with EAV (Coignoul and Cheville, 1984). The appar-
used to measure the amount of immunoreactive cytokine proteins in serum (open
ed dams. Each cytokine was measured in 100 �l of sample and samples from control
ues of triplicate and duplicate samples for serum and amniotic fluids, respectively.

ent discrepancy between pathology and infection helps to explain
the stealthy nature of the PRRSV. A significant number of apparently
healthy, but infected fetuses, are likely go on to become healthy
growing pigs with the capacity to shed virus.

RNA viruses often exist as a population of closely related
sequences, frequently referred to as a quasispecies. The appearance
or disappearance of individual gene sequences in the population
over the course of infection is used as evidence for changes in fitness
that result from selection. PRRSV variants with mutations in ORF5
typically appear during the serial passage of virus in culture and
during infection of pigs (Rowland et al. 1999; Allende et al., 2000).
The significance of mutations in ORF5 as a source for increased fit-
ness during infection is not completely understood; but is useful
for following the fate of individual PRRSV subpopulations over the
course of a long-term infection (Rowland et al., 1999). In this study,
one dam, no. 4, showed evidence of a mixed PRRSV infection as
indicated by the presence of two different ORF5 sequences, which
were distinguished from each other by a nucleotide substitution at
position 77 in ORF5. The C to T change was observed in approxi-
mately 60% of the cloned plasmid products obtained from dam no.
4 (see Table 2). However, the same frequency was not transferred to
the individual fetuses, which included two fetuses that possessed
only viruses with the T-77 mutation and a single fetus with a virus
population dominated by C at position 77. These results suggest
that fetal infection can alter the selection of PRRSV variants and
may represent a source of PRRSV genetic diversity.

To identify the targets of virus replication in the fetus, a variety of
tissues were assessed for the presence of virus and virus-infected
cells. VI, as opposed to more sensitive approaches, such as PCR,
was selected as the means for measuring virus, because the rel-
ative insensitivity of VI avoids the possibility of false positive
PCR results that might result from small amounts of contaminat-
ing maternal material. Within the group of selected tissues, virus
could be isolated from all tissues. However, the most consistent
source and largest quantity of virus were obtained from the thy-
mus. Collectively, these data identify the thymus as a primary site
of virus replication in the PRRSV-infected fetus and confirm an ear-
lier observation for PRRSV by Benson et al. (2002). The specific
cell population in the thymus targeted PRRSV replication remains
unknown.

The natural predisposition of maternal immunity towards Th2-
like responses aids in protecting the fetus by blocking cell-mediated
Th1-related allorejection responses (Arck et al., 1999; Entrican,
2002; Raghupathy, 2001; recently reviewed in Challis et al., 2009).
The negative influence of Th1 cytokines on fetal development can
be demonstrated experimentally in mice, which show that a single

injection of IL-2 or IFN-� into certain strains induces fetal resorp-
tion (Lala, 1990; Chaouat et al., 1990). TNF-�, when infected into
mice is abortifacient (Clark et al., 2004). Th1 cytokines can also
have important long-term impacts. For example, newborn mice
that survive maternal infection with influenza virus exhibit behav-
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or similar to hyperanxiety and autism. The behavioral changes are a
onsequence of the altered distribution of dopamine and glutamine
eceptors during fetal brain development. The effect of influenza
irus infection on the fetal brain can be mimicked by the adminis-
ration of poly I:C, an inducer of IFN (Shi et al., 2003). Furthermore,
he addition of IFN-� to hippocampal neuron cultures alters the
istribution of glutamate receptors, sufficient to affect synaptic
ctivity between neurons (Vikman et al., 2001). Virus infections
uring pregnancy present an interesting paradox: those cytokines
hat protect the fetus from viral infection, tend to inhibit fetal devel-
pment or potentiate rejection of the fetus; while those cytokines
hat maintain and promote fetal development are associated with
he inhibition of antiviral immune responses. Because of the poten-
ial negative impact of Th1 cytokines on fetal outcome, there is

natural predisposition for the fetus to block the induction of
h1-associated cytokines. For example, the IFN-� response in the
eveloping fetus can be blocked by a combination of factors, includ-

ng (1) defects in the capacity of fetal dendritic cells to express
HC class II and synthesize IL-12, (2) hypermethylation of the

FN-� gene in fetal T cells, (3) the absence of target macrophages,
nd (4) the presence of an immune environment dominated by
h2/regulatory cytokines (Goriely et al., 2001; Langrish et al., 2002;
elvin et al., 1995; Marodi et al., 2001; Murphy et al., 2009; Prescott

t al., 1998; White et al., 2002,). With this in mind, there are exam-
les of viruses, such as Epstein–Barr virus (EBV), which are capable
f stimulating antigen-specific IFN-� responses in human umbili-
al cord blood lymphocytes (Ito et al., 1998; Wilson and Morgan,
002). These and other data provide a description of the fetus
s capable of initiating a robust antiviral Th1 immune response
Chaouat et al., 2002; Chipeta et al., 2000; Murphy et al., 2009).
n this study IFN-� and TNF-� mRNAs were identified in tissues
rom infected fetuses. RNA message was not identified in tissues
f fetuses from mock-infected dams or non-infected fetuses from
nfected dams. This indicates that altered gene expression is the
irect result of fetal infection. Up-regulated expression was con-
rmed by the presence of detectable levels of IFN-� and TNF-�
roteins in serum. Furthermore, the results indicate that INF-�
nd IFN-� cytokines response are compartmentalized within the
etus and do not extend to other compartments, such as amniotic
uid or placenta, thus lessening the probability of allorejection by
he dam. From these data, it is apparent that the fetus is capa-
le of initiating a Th1-like response; however, the capacity of

FN-� and TNF-� to control PRRSV infection in the fetus is not
nown. Additional evidence for induction of virus-specific immu-
ity was found in the development of germinal centers containing
ctivated (CDw75+) B cells and seroconversion in at least one
etus.

Pro-inflammatory cytokines, such as TNF-� and IFN-� can con-
ribute to pulmonary distress through the activation of alveolar

acrophages and other cell populations. The increased quantities
f IFN-� and TNF-� found in the lungs of PRRSV-infected fetuses
ay not be sufficient to cause pulmonary damage to the fetal lung,

rimarily because fetal macrophages have a reduced capacity to
espond to inflammatory stimuli. In addition, IL-10, up-regulated
n response to PRRSV infection, is a potent antagonist of IFN-� and
NF-� activation of macrophages (Burchett et al., 1992; Marodi et
l., 2001; Johnsen et al., 2002; Thanawongnuwech et al., 2003).
owever, within days after birth, adult macrophages, including
ature alveolar and intravascular macrophages emerge into an

nvironment already enriched in IFN-� and TNF-�. The outcome
s the rapid recruitment, activation, and cytopathic killing of large

umbers of virus-permissive macrophages (Choi and Chae, 2002).
his scenario as a cause of severe interstitial pnuemonia in the
RRSV-infected newborn requires further investigation, but has
bvious implications in the etiology of postnatal pulmonary com-
lications following virus infections of the fetus.
h 154 (2010) 114–122 121
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