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Abstract

It is well known that piglets congenitally infected with porcine reproductive and respiratory syndrome virus (PRRSV) can
be viremic at birth, and that preweaning mortality due to secondary infections often increases during acute outbreaks of
PRRS. Therefore, an immunosuppressive effect of in utero infection has been suggested. The aim of the present study was to
characterise the changes of leukocyte populations in piglets surviving in utero infection with PRRSV. A total of 27 liveborn
uninfected control piglets and 22 piglets infected transplacentally with a Danish strain of PRRSV were included. At 2 and 4
weeks of age, 21 of 22 (96%) and 7 of 14 (50%) examined infected piglets were still viremic, whereas PRRSV could not be
detected in the six infected piglets examined at 6 weeks of age. Flow cytometry analysis was used to determine the
phenotypic composition of leukocytes in peripheral blood and bronchoalveolar lavage fluid (BALF) of 2-, 4- and 6-week-old
infected piglets and age-matched uninfected controls. The key observation in the present study is that high levels of CD8"
cells constitute a dominant feature in peripheral blood and BALF of piglets surviving in utero infection with PRRSV. In
BALPF, the average high level of CD8™ cells in 2-week-old infected piglets (33.4 + 12.6%) was followed by a decline to
7.3+3.0and 11.1 £+ 3.0% at 4 and 6 weeks of age. BALF of control piglets contained 1.6 +0.9, 2.3 + 1.8 and 1.9 & 0.5%
CDS8™ cells, only. In peripheral blood, however, the average number of CD8™ cells remained at high levels in the infected
piglets throughout the post-natal experimental period (2.8 £ 1.9, 2.9 & 1.8 and 3.2 £ 1.7 x 10® CD8™ cells/ml at 2, 4 and 6
weeks, respectively). In the controls, the average levels of CD8" cells were 0.9 £0.2, 1.9+ 1.7 and 1.6 & 0.5 x 10%/ml,
respectively. Furthermore, the numbers of CD2*, CD4"CD8" and SLA-classII" cells, respectively, in peripheral blood,
together with the levels of CD21 and CD3™ cells in BALF were increased in the infected piglets infected in utero compared to
the uninfected controls.

Abbreviations: SLA, swine leukocyte antigen; FSC, forward light scattering; SSC, side light scattering; BALF, bronchoalveolar lavage
fluid; PPAM, porcine pulmonary alveolar macrophages; WBC, white blood cells; CD, cluster of differentiation
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The kinetic analyses carried out in the present study reflect that in utero infection with PRRSV modulates immune cell
populations in peripheral blood and BALF of surviving piglets. The observed changes are characterised by high levels of CD8"
cells supporting an important role of these cells in PRRSV infection. The present results, however, do not support the existence of
post-natal immunosuppression following in utero infection with PRRSV.

© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Pigs; PRRSV; In utero; Flow cytometry; Leukocyte subpopulations

1. Introduction

Porcine reproductive and respiratory syndrome
(PRRS) is a severe disease in pigs characterised by
reproductive failure in sows and gilts, increase in
preweaning mortality and pneumonia in young grow-
ing pigs. The causal agents of the disease is a positive-
stranded enveloped RNA virus (Wensvoort et al.,
1991) designated PRRS virus (PRRSV) which pri-
marily replicates in macrophages.

The clinical signs of PRRS vary widely, possibly
due to a variety of modifying factors, e.g. differences
in genetic susceptibility, environmental factors,
management, immune status, virus strain differences
or a combination of more factors (Robertson, 1992;
Halbur et al., 1995; Polson, 1995; Goldberg et al.,
2000a,b).

Field reports describe an increased incidence and
severity of secondary infections, e.g. Streptococcus
suis, Haemophilus parasuis, Mycoplasma hyopneu-
monia, Actinobaccillus pleuropneumonia, Salmo-
nella spp. and swine influenza virus, in swine
herds following PRRSV infection (Keffaber et al.,
1992; Collins and Rossow, 1993; Zeman et al., 1993;
Done and Paton, 1995). Although the current experi-
mental evidence for any interaction of PRRSV with
other pathogens is ambiguous (for review, see Drew,
2000), a number of reports support the assumption
that PRRSV may exacerbate secondary infections
(Carvalho et al., 1997; Feng et al., 2001; Galina
et al., 1994; Van Reeth et al., 1996; Wills et al.,
2000). If indeed there is an increased susceptibility to
other pathogens following PRRSV infection, an
underlying mechanism could be suppression of the
immune system in infected pigs, as also often sug-
gested. Based on clinical and experimental observa-
tions, it appears likely that PRRSV interacts with the
immune system of the pig paving the way for
increased susceptibility to secondary infections.

Drew (2000) summarised the present knowledge
concerning immunomodulation by PRRSV and con-
cluded that (i) immunomodulation is likely to be
present, at local level, in the lung, (ii) general immu-
nosuppression is possible, but not proven, (iii) the
degree of such immunomodulation and its signifi-
cance for piglet health is unclear, (iv) certain experi-
mental evidence for enhancement of the immune
system exists.

The majority of the studies dealing with the influ-
ence of PRRSV on immune functions of the pig have
been carried out either in vitro (Choi et al., 1994,
Oleksiewicz and Nielsen, 1999; Thanawongnuwech
et al., 1997; Bautista and Molitor, 1999; Lopez-
Fuertes et al., 2000; Thanawongnuwech et al.,
2001) or in vivo using young pigs infected at various
ages (Shimizu et al., 1996; Vezina et al., 1996;
Bautista and Molitor, 1997; Nielsen and Bgtner,
1997, Albina et al., 1998; Kawashima et al., 1999;
Lopez-Fuertes et al., 1999; Labarque et al., 2000;
Samsom et al., 2000). However, no previous studies
have addressed the hypothesis of immune changes in
piglets following in utero infection with PRRSV. It is
well known that piglets can be viremic at birth
(Bgtner et al., 1994; Kranker et al., 1998; Mengeling
et al., 1998), and that preweaning mortality due to
secondary infections often increases during acute
outbreaks of PRRS (Stevenson et al., 1993; Done
and Paton, 1995; Feng et al., 2001; Nielsen et al.,
2002). Feng et al. (2001) and Nielsen et al. (2002)
suggested an immunosuppressive effect of in utero
infection with PRRSV, and therefore we decided to
study the interaction of PRRSV with various facets of
the immune system of surviving piglets infected in
utero.

In the present paper, we describe the studies on the
phenotypic composition of leukocytes in peripheral
blood and bronchoalveolar fluid of 2-, 4- and 6-week-
old piglets infected in utero with PRRSV.
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2. Materials and methods
2.1. Animals

Four healthy, pregnant sows were procured from a
PRRSV-seronegative swine herd. The sows had been
routinely vaccinated against porcine parvovirus (PPV)
prior to service. Approximately 2 months before
estimated farrowing, the sows were transferred to
the animal isolation units at the Danish Veterinary
Institute.

2.2. Experimental design

In preliminary experiments, we developed a
PRRSV pig infection model which provides only
few dead foetuses but high numbers of in utero
infected piglets surviving transplacental infection with
PRRSYV. This model was applied in the present study:
on day 90 of gestation, two pregnant sows (infected
sows 97 and 208) were challenged with a sixth porcine
pulmonary alveolar macrophages (PPAM) cell culture
passage of a Danish PRRSV isolate (Bgtner et al.,
1994) with a titre of 10" TCIDsy/ml. One ml of
challenge virus (107 TCIDs,) was diluted to a total
volume of 4 ml in Eagle’s minimum essential medium
(EMEM) and given intranasally to each sow, 2 ml per
nostril. At the same stage of gestation, two Sows
(control sows 199 and 303) were sham-inoculated
with EMEM. General health, appetite, and rectal body
temperature of the sows were monitored daily.

For virological and serological examination, serum
blood samples were collected from sows on days 0 and
14 post-inoculation (PI), at farrowing, and at weaning
of the piglets at 4 weeks of age. All live piglets were
blood sampled before ingestion of colostrum, and 2, 4
and 6 weeks after birth. Serum samples were obtained
for virological and serological examination, and
EDTA-stabilised samples for total white blood cell
(WBC) counts and flow cytometry analysis. From
stillborn pigs and from piglets dying during the obser-
vation period, lung and spleen tissue, and thoracic
fluids were collected.

Two, 4 and 6 weeks after birth, numbers of 8, 8 and
6 infected piglets, and 7, 11 and 9 control piglets,
respectively, were euthanised for examination. At
necropsy, tissue samples collected from the left lung
lobes and the spleen were pooled at weight ratio of 4:1

for the individual pigs for virological examination.
Furthermore, lung tissues were routinely processed for
histopathological examination.

Bronchoalveolar lavage fluid (BALF) was collected
as follows. After euthanasia, the lungs, heart and tra-
chea were removed. Before removal of the left lung for
examination (see above), the left main bronchial branch
was cross-clamped in order to prevent escape of fluid in
connection with subsequent lavage. The trachea was
cannulated, and the lobes of the right lung were repeat-
edly washed with lung lavage fluid consisting of PBS
supplemented with antibiotics (streptomycin, 0.1 g/l;
neomycin, 0.05 g/l; penicillin, 10° TUA; amphotericin,
8 mg/1). The amount of fluid varied from 200 to 500 ml,
depending on the size of piglet. Routinely, the recov-
ered BALF cells were washed once. However, when
reddening of the pellet indicated the presence of ery-
throcytes, an initial wash with 0.83% NH4Cl was
performed to lyse these cells. The centrifugations were
carried out at 800 x g at 20 °C. The cell pellet was
resuspended in EMEM supplemented with 20% FCS to
a final concentration, typically between 5 and
10 x 107 cells/ml. Ten percent DMSO was added,
and ampoules containing 1.5 ml cell suspension were
stored on liquid nitrogen until use.

All experimental procedures and animal manage-
ment protocols were undertaken in accordance with
the requirements of the Danish Animal Experiments
Inspectorate.

2.3. Virus isolation

Examination of serum, thoracic fluids, and lung/
spleen tissue homogenates for PRRSV was carried out
using PPAM as previously described (Bgtner et al.,
1994). Furthermore, the tissue homogenates were
examined for other porcine viruses known to be pre-
sent among Danish pigs, i.e. porcine adenovirus,
swine influenza virus, porcine enterovirus, porcine
parvovirus (PPV), porcine respiratory coronavirus,
haemagglutinating encephalomyelitis virus, and por-
cine circovirus types 1 (PCV1) and 2 (PCV2) accord-
ing to the standard procedures used at DVI.

2.4. Serological examination

Sera and thoracic fluids were examined for anti-
bodies to PRRSV in an immunoperoxidase monolayer
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assay (IPMA), carried out as a double test using a
European PRRSV strain and an American PRRSV
strain in parallel (Sgrensen et al., 1998).

2.5. Immunological examination

2.5.1. Total WBC counts

The WBC were counted using a semi-automated
animal blood cell counter (Vet abc™, ABX, Mon-
tpellier, France).

2.5.2. Flow cytometry analyses

For the phenotyping of leucocytes in peripheral
blood and BALF by flow cytometry, both single-
labelling and double-labelling methods for defining
the different subpopulations were employed. To this
end, the following murine monoclonal antibodies
(mAb) directed against or cross-reactive with porcine
leukocyte cluster of differentiation (CD) antigens
were used: anti-SLA-classI (anti-SLAI) (mAb
PT85A, Davis et al., 1987; VMRD Inc., Pullman,
WA, USA) reacting with all nucleated cells; anti-
SLA-classlI (anti-SLAIT) (mAb MSA3, Hammerberg
and Schurig, 1986; the hybridoma of this mAb was
kindly placed at our disposal by Dr. A. Saalmiiller,
Federal Research Centre for Virus Diseases of Ani-
mals, Tiibingen, Germany) reacting with B cells,
some T cells, monocytes/macrophages; anti-CD3
(mAb PPT3, Yang et al., 1996; mAb 3E8, VMRD
Inc., Pullman, WA, USA) reacting with T cells; anti-
wCD21 (mAb CC51, Naessens et al., 1990; HB271,
ATCC, Manassas, VA, USA) reacting with bovine
and cross-reacting with porcine B cells; anti-SWC3
(mADb 74-22-15, Pescovitz et al., 1984) reacting with
monocytes, macrophages and granulocytes; anti-
CD2 (mAb MSA4, Hammerberg and Schurig,
1986) reacting with T cells, natural killer (NK) cells
and thymocytes; anti-CD4 (mAb 74-12-4, Pescovitz
et al., 1984) reacting with T helper (T},) cells; anti-
CD8 (mAb 76-2-11, Pescovitz et al., 1984) reacting
with cytotoxic T (T.) cells and NK cells. The hybri-
domas of the latter 4 mAb were kindly placed at our
disposal by Dr. J.K. Lunney, USDA, Beltsville, MD,
USA. Hybridoma supernatants were produced at
DVI, Lindholm, for all but two mAbs (anti-SLAI
and anti-CD3). Extrathymic cells reacting with both
mADb 74-12-4 and mAb 76-2-11 are characterised as
CD4"CD8" memory cells (Zuckermann, 1999). An

overview of characterisation of swine leukocytes
using differentiation antigens is given by Samsom
et al. (2000).

A FACScan flow cytometer (Becton Dickinson,
San José, CA, USA) was used for the analyses. For
phenotyping, four parameters were stored: forward
light scattering (FSC), sideward light scattering
(SSC), green (FL1) and orange (FL2) fluorescence.
For viability test using propidium iodide, FL3 was
stored. In each test, 10,000 cells were counted, and
data were analysed using CellQuest software (Becton
Dickinson).

2.5.3. Single-colour flow cytometry

2.5.3.1. Blood samples. An indirect immunofluores-
cence staining of whole blood using a lyse/wash
procedure was used. A volume of 100 ul EDTA-
stabilised blood was incubated with 25 or 50 pl of
mAb (undiluted hybridoma culture supernatant,
except for mAb PT85A which was diluted mouse
ascites fluid) for 30 min. Two millilitres of 10%
FACS™ 1lysing solution (Becton Dickinson) were
added and the samples were then incubated for
10 min.

After washing with 2 ml PBS supplemented with
1% pig serum and 0.1% sodium azide (washing
buffer), the cells were incubated with 15 pl fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-mouse
IgG F(ab'), fragment (F0313, DAKO, Denmark)
diluted in washing buffer for 30 min. After an addi-
tional wash, the cells were finally resuspended in
FACSFlow™ sheat-fluid (Becton Dickinson). All
incubations were performed at room temperature in
the dark and centrifugations were carried out at
490 x g at 20 °C. Controls without any reagents, or
with secondary antibody, only, were included for each
animal. The samples were stored at 4 °C until flow
cytometric examination within 3 h.

For B cell detection a three-step method was used.
The cells were labelled with anti-wCD21 followed
by lysing and washing as above. The cells were then
incubated for 30 min at room temperature with 25 pl
biotin-conjugated goat—anti-mouse (BIOGAM) IgG
(Jackson Immuno Research Laboratories (JIRL) Inc.,
West Grove, PA, USA) diluted in washing buffer.
After another washing, the cells were incubated
with R-phycoerythrin (RPE)-conjugated streptavidin
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FL1 - SWC3
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Fig. 1. FSC/SSC (a) and FL1-SWC3/SSC (b) dot plots of peripheral blood leukocytes from a representative 4-week-old uninfected control
piglet. Analysis gates for lymphocytes (R1) and mononuclear cells (lymphocytes (R1) and monocytes (R2)) were defined on the basis of cell
size and granularity (a) combined with differentiation of leukocyte populations using the anti-SWC3 mAb 74-22-15 reactive with monocytes/
macrophages and granulocytes (b). SWC3 ™ cells with low granularity were defined as lymphocytes (R1), SWC3™ cells with low granularity as
monocytes (R2), and SWC3* cells with high granularity as granulocytes (R3). Mononuclear cell analysis was performed using R1 + R2.
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(R0438, DAKO, Denmark). Otherwise, the proce-
dure was as above.

Generally, the single-colour analysis was carried
out on cells within the mononuclear cell (MNC)
region, corresponding to lymphocytes and mono-
cytes, individually gated for each animal using
FSC/SSC dot plot (Fig. 1a). For B cell analysis,
however, the lymphocyte region was used in order
to avoid interpretation errors due to non-specific
staining of monocytes. Differentiation of leukocyte
populations was done using the anti-SWC3 mAb
74-22-15 labelled samples in a FL1-SWC3/SSC
dot plot (Fig. 1b).

2.5.3.2. BALF cells. An indirect three-step immuno-
fluorescence staining with wash/but without lysing of
BALF cells was used. Initially, BALF cells were
thawed at 37 °C and immediately transferred to
10 ml 37 °C warm EMEM. After washing, appro-
ximately 10° cells were incubated for 30 min with
the various mAbs also used for the blood samples.
Hereafter, the procedure used was similar to that for
single-colour labelling of B cells (described above).

For cell viability analysis, BALF cells were labelled
with propidium iodide, 1 pg/ml (Sigma).

2.5.4. Double-colour flow cytometry

Monoclonal antibodies mAb 74-12-11 (anti-CD4)
and mAb 76-2-11 (anti-CD8) were purified from
hybridoma cell culture supernatants by protein A
chromatography and labelled with FITC or biotin,
respectively, using standard protocols. A direct immu-
nofluorescence staining of whole blood using a lyse/
wash procedure was used. CD4/CDS8 double-stained
samples were prepared by using 100 pl EDTA-stabi-
lised blood incubated with 25 pul FITC-conjugated
anti-CD4 and 25 pl biotin-conjugated anti-CD8 for
30 min. After one wash, RPE-conjugated streptavidin
was added, and the samples were incubated for
30 min.

After another wash, the cells were finally resus-
pended in sheat-fluid, stored at 4 °C and examined by
flow cytometry within 3 h.

Cells labelled with one of the conjugated mAbs,
only, and cells labelled with FITC- or biotin-conju-
gated irrelevant isotype controls served as controls.
Analysis was done on cells within the lymphocyte
region (Fig. 1, R1).

2.6. BALF cytospin samples

For detection of cell-associated PRRSV, cytospin
slides were prepared from BALF cells thawed at
37 °C and immediately transferred to 10 ml 37 °C
EMEM. Approximately 18 x 10* cells were immer-
sion-fixed in 4% neutral buffered paraformaldehyde
for 2 min followed by a incubation in 0.05% Triton
X-100 for 10 min. The prepared cytospin samples
were incubated overnight with the mAb SDOW 17
raised against the nucleocapsid protein of PRRSV
(Nelson et al., 1993). After a brief rinse in TBS the
cells were incubated with BIOGAM IgG (JIRL) for
30 min followed by a incubation with Vectastai-
n™ABC Elite reagent (Vector Laboratories Inc.,
Burlingame, CA, USA) for 30 min. The cytospin
samples were then developed in diaminobenzidine,
mounted and examined by light microscopy. The
entire slide was examined for positive cells. To
elucidate the composition of BALF cell populations,
slides were stained with Hemacolor (Merck KGaA,
Darmstadt, Germany).

2.7. Statistical analysis

Student’s #-test was used for statistical evaluation of
differences between the control groups and the infected
groups. Three levels of significance were considered:
“P < 0.05,"°P < 0.01 and P < 0.001.

3. Results

None of the sows showed any signs of clinical
disease throughout the experimental period. The
two control sows delivered a total of 29 liveborn
and 1 stillborn piglet. The two infected sows delivered
23 liveborn and 3 stillborn piglets. One infected piglet
died on day 11 PL

At necropsy, the control piglets neither showed
signs of macro- nor microscopical pathological
lesions. In the infected group, gross lung lesions
characterised by multi-focal tan-mottled areas were
observed in six of eight piglets, four of eight piglets
and four of six piglets necropsied at 2, 4 and 6 weeks
of age, respectively. Furthermore, histopathological
examination showed interstitial pneumonia of varying
intensity in all infected piglets. The observed lung
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lesions were typical for PRRSV-induced pneumonia
(Halbur et al., 1995; Lager and Halbur, 1996; Kranker
et al., 1998). Peritonitis was observed in one 4- and
one 6-week-old piglet as well as pleuritis in a 6-week-
old piglet, all three from infected sow 208.

3.1. Virus isolation and serology

3.1.1. Sows

The detection of PRRSV in serum from infected
sow 97 on days 14 and 21 PI, and in infected sow 208
on day 14 PI showed that both virus-inoculated sows
had been infected. Furthermore, both sows had ser-
oconverted on day 14 PI. Control sows remained
negative throughout the experiment.

3.1.2. Piglets

For all liveborn piglets from the infected sows,
PRRSV was isolated from precolostral serum samples
at birth (Table 1) implying that virus had crossed the
placental barrier and subsequently infected foetuses.
PRRSV was detected in one of the stillborn pigs. At 2,
4 and 6 weeks of age, respectively, PRRSV was
detected in serum from 21/22 (96%), 7/14 (50%)
and 0/6 (0%) infected piglets, respectively, at these
stages. Examination of tissue samples collected at
necropsy at 2, 4 and 6 weeks of age revealed that
PRRSV was present in 8/8, 4/8 and 0/6 infected
piglets, respectively. In addition, PRRSV-specific anti-
bodies were detected in 41% of the infected piglets at
birth, before colostral intake, indicating that these
foetuses had been infected at least some days earlier.

Table 1
Examination for PRRSV in liveborn piglets delivered by sows
infected with PRRSV on day 90 of gestation

Experimental Sow ID Age of piglets

rou;
group At birth® 2 weeks® 4 weeks® 6 weeks”
Infected 97 9/9¢ 8/8

208 14/14 13/14 7/14 0/6
Total 23/23 21/22 7/14 0/6
Controls 199 0/16 0/14 0/14 0/9

303 0/13 0/13 0/6
Total 0/29 0/27 0/20 0/9

 Precolostral samples.
® Serum samples.
¢ Number of positive piglets/number of piglets examined.

At 2 weeks of age and later, all infected piglets were
antibody-positive.

All piglets from the control sows remained negative
for PRRSV and antibodies to PRRSV throughout the
experiment. Finally, no other viruses than PRRSV
were isolated from any of the sows or piglets.

3.2. Total and differential WBC counts

Total WBC counts were significantly higher for
infected piglets than control piglets at 2 and 4 weeks
of age (P < 0.001), but not at 6 weeks of age (Fig. 2a).
The number of lymphocytes increased over time in
both groups. Although the mean percentage of lym-
phocytes was around 50% for both groups (data not
shown), the absolute numbers were significantly
higher in the infected piglets at 2 (P < 0.001) and 4
(P < 0.05) weeks of age (Fig. 2b). Also the num-
bers of granulocytes were significantly increased
in the infected piglets at 2 and 4 weeks of age
(P < 0.001) (Fig. 2c). The percentage of monocytes
was lower in the infected piglets than in controls at 2
and 4 weeks of age (P < 0.001), but higher at 6 weeks
of age (P < 0.01) (data not shown). The absolute
monocyte counts, however, were significantly higher
for the infected piglets at 6 weeks of age (P < 0.01)
(Fig. 2d).

3.3. Characterisation of blood leukocyte
subpopulations

The distribution of various leukocyte subpopula-
tions in peripheral blood was determined by flow
cytometry analysis.

The SLAI mAb PT85A was used to define nucleated
cells, in order to exclude red blood cells, sporadically
present in the cell preparations, from the analyses.

The absolute number of CD2™" cells was markedly
higher for the infected piglets than for the controls
(Fig. 3a). However, due to great variation within
the infected groups, statistical significant differen-
ce between groups was seen at 2 weeks of age
(P < 0.001), only. The increase of total CD2™" cells
was not simply due to the overall increase of WBC
counts, since the mean percentage of CD27" cells in the
MNC fraction (Fig. 1, R1 4+ R2) was also significantly
higher for the infected piglets (63 +8, 58 +£ 8 and
52 +5%) than the controls (52+9, 51 £8 and
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difference between age-matched controls and infected piglets: “P < 0.05; “P < 0.01;

44 £ 5%) at 2 (P < 0.001), and 4 and 6 (P < 0.05)
weeks after birth.

The mean percentage of CD4" cells (in MNC
fraction) was markedly lower in the infected piglets
(21 £5 and 18 +2%) than controls (28 &4 and
22 +3%) at 2 (P < 0.001) and 6 (P < 0.05) weeks
of age, but at almost the same level at 4 weeks of age
(infected piglets: 20 + 4%, controls: 23 + 4%). The
absolute numbers of CD4™ cells, however, showed no
significant difference between the groups at any stage
(Fig. 3b).

The mean percentage of CD8" cells (in MNC
fraction) was significantly higher in the infected pig-
lets (33 + 11, 31 10 and 31 + 8%) than in the con-
trols (17 + 3,23 & 10 and 18 +4%) at 2 (P < 0.001),

Y

P < 0.001.

4 (P <0.05) and 6 (P < 0.01) weeks of age. Also,
the absolute number of CD8" cells was markedly
higher for the infected piglets than for the controls.
Due to great variation within the infected groups,
however, statistically significant difference between
groups was observed at 2 weeks (P < 0.001) only
(Fig. 3c).

The level of CD4/CDS8 double-positive cells in-
creased over time in both groups. The mean percen-
tage of CD4"CD8 ™ cells (in lymphocyte region, Fig. 1,
R1) was significantly higher in the infected piglets
8+ 1,9+ 1.5and 11 £ 2.5%) compared to controls
(6£1,6+1.5and 6 £ 1%) at 2 and 4 (P < 0.001)
and 6 (P < 0.01) weeks of age. This difference was
paralleled by significantly higher absolute numbers of
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Fig. 3. Variations over time in absolute numbers of various leukocyte subpopulations in peripheral blood of uninfected control ([J) and in
utero PRRS V-infected (@) piglets. Each dot represents the average & S.D. of examined piglets at the various age. At 2, 4 and 6 weeks of age,
respectively, 27, 20 and 9 control piglets, and 22, 14 and 6 infected piglets were examined. Significant difference between age-matched
controls and infected piglets: P< 0.05; P < 0.01; P < 0.001.



144 J. Nielsen et al./Veterinary Immunology and Immunopathology 93 (2003) 135-151

double-positive cells for the infected piglets at 2
(P <0.001), 4 (P<0.01) and 6 (P < 0.05) weeks
of age (Fig. 3d).

Compared to the controls, the mean percentages of
B cells (in lymphocyte region, Fig. 1, R1) for the
infected piglets (12 =6 and 14 +2%) were signifi-
cantly lower than for the controls (15=+3 and
23 +3%) at 2 and 6 weeks (P < 0.01), but at the
same level (20%) at 4 weeks. The level of B cells
increased over time, however, a sudden drop was
observed in 6-week-old infected piglets. At this stage,
the absolute number of B cells was significantly
enhanced in the controls compared to the infected
piglets (P < 0.01) (Fig. 3e).

At 2, 4 and 6 weeks of age, the mean percentage of
SLAII" cells in the MNC fraction was significantly
higher (P < 0.001) in the infected piglets (41 + 11,
46 +7 and 42 +3%) than in the controls (23 & 3,
30 + 4 and 31 & 4%). In parallel, the absolute number
of SLAII" cells was significantly higher in infected
piglets than in controls at weeks 2 and 4 (P < 0.001)
and week 6 (P < 0.05) (Fig. 3f).

3.4. Examination of BALF cells

BALF cell subpopulations were characterised by
flow cytometry analysis. Berndt and Miiller (1997)
described distinction of BALF subpopulations on the
basis of size and granularity. In the present study, two
BALF cell populations were characterised on the basis
of size and granularity (Fig. 4a), and reactivity with
anti-classI mAb PT85A and granularity (Fig. 4b). One
population of small SLAI™ cells with low granularity
was defined as lymphocytic and monocytic cells
(Fig. 4a and b, R1). The second population consisted
of SLAI" cells with high granularity (Fig. 4a and b,
R2). These cells were also found to be SLAIT™, and
were defined as macrophages.

On average, the BALF cell populations consisted of
96-98% SLAI" cells, indicating that contamination
with non-nucleated cells, i.e. erythrocytes, was low.
There was no significant difference within or between
groups.

The viability (measured as exclusion of propidium
iodide) of BALF cells from 2-, 4- and 6-week-old
piglets was 84 + 7,91 4 2 and 91 + 3%, respectively,
for the controls, and 77 =6, 89 &4 and 95 £+ 1%,
respectively, for the infected piglets. The proportion of

SSC

FSC

R1 R2

FL2 - SLAI

SSC

Fig. 4. FSC/SSC (a) and FL2-SLAI/SSC (b) dot plots of BALF
cells from a representative 4-week-old piglet infected in utero with
PRRSV. Two cell populations were characterised on the basis of
size and granularity (a) and reactivity with anti-SLAI mAb PT85A
and granularity (b). One population of SLAI™, small cells with low
granularity was defined as lymphocytic and monocytic cells (R1).
The second population consisted of SLAI' cells with high
granularity (R2). These cells were also found to be SLAII", and
were defined as macrophages. The dot plot setup shown in (b) was
used for further analyses.
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Fig. 5. Flow cytometric characterisation of BALF cells recovered from lungs of uninfected control ([J) and in utero PRRSV-infected ()
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macrophages (Fig. 4, R2) in BALF was significantly
lower in the infected piglets than controls at 2,
4 (P<0.001) and 6 (P <0.01) weeks of age
(Fig. 5a). In the control piglets, the proportion of
macrophages in BALF averaged 93 +3% at 2 and
4 weeks, and 93+ 1% at 6 weeks, whereas the
infected had only 40+ 14, 77 +7 and 76 + 10%
macrophages at 2, 4 and 6 weeks of age, respectively.
Cells other than macrophages falling in region R1
(Fig. 4) were characterised by their reactivity with
mAb against various CD-antigens.

In the controls, only low numbers of cells expressed
the CD2, CD3, CD4 and CDS, antigens, respectively
(Fig. 5b—e). In the infected piglets, however, the
percentages of CD2" and CD3™" cells were dramati-
cally increased, and levels were significantly higher
than in controls at 2 (P < 0.001), 4 and 6 (P < 0.01)
weeks of age, the difference being most pronounced in
2-week-old piglets (Fig. 5b and c).

The proportion of CD4 " cells was low in all piglets
(range 0.6 £0.2t03.3 + 1.82%), but significantly
higher (P < 0.05) in infected 2-week-old piglets than
in controls (Fig. 5d).

At all three stages, the percentage of CD8" cells
was significantly higher in the infected piglets than in
the controls (P < 0.001, P < 0.01 and P < 0.01),
most pronounced at 2 weeks of age, where infected
piglets had 33.4 4+ 12.6% CD8" cells in contrast to
only 1.6 £0.9% in controls (Fig. Se).

At all ages, the proportion of SLAI™ cells was lower
in the infected piglets than in the controls (Fig. 5f). In
infected 2-week-old piglets, the percentage of SLAII™
macrophages was low (Fig. 5a) but increased numbers
of SLAII" cells belonging to the monocytic/lympho-
cytic region (Fig. 4, R1) were detected in these
animals (data not shown).

The percentages of B cells remained below 1%
(range 0.1-0.9%) in all piglets with no significant
difference between groups (data not shown).

Examination of cytospin slides revealed that
PRRSYV virus could not be detected in BALF cells
of any of the controls, but in all infected piglets.
However, the level of PRRSV-positive cells was
low and estimated to average approximately 0.2%
(range 0.05-0.3) in 2-week-old piglets, and 0.02%
(range 0.05-0.1) in 4- and 6-week-old piglets, indicat-
ing a decrease of positive cells over time. The virus-
positive cells were defined as macrophages, and cells

with strong as well as weaker staining were observed.
Furthermore, morphological evaluation of the slides
revealed that various cell types could be detected. In all
the control piglets, macrophages were the most promi-
nent cell type with only few lymphocytes present.
Granulocytes were either not detected or sporadically
seen, only. The macrophages appeared round, uniform
with a homogeneous nucleus as previously described
for germ-free piglets (Gehrke and Pabst, 1990). In the
infected piglets, the cell composition appeared much
more inhomogeneous. Macrophages with differing
morphology (varying size, more irregularly shaped,
and increased numbers of cytoplasmic processes),
monocytes, lymphocytes, plasma cells and epithelial
cells could be detected. Compared to the controls, the
greatest variation was seen in the 2-week-old infected
piglets. Granulocytes were only sporadically seen in
a few infected piglets, and never exceeding more than
1-2% of the BALF cell population.

4. Discussion

The present experiment provides evidence that in
utero infection with PRRSV modulates leukocyte
subpopulations in peripheral blood and BALF of
surviving piglets, especially characterised by the
occurrence of high levels of CD8" cells.

In other experiments, PRRSV has been shown to
induce a transient reduction in the number of blood
lymphocytes in the early phase of infection (Chris-
tianson et al., 1993; Shimizu et al., 1996; Nielsen and
Bgtner, 1997). The fact that a such reduction was not
observed in our study is likely to reflect that the piglets
were not any more in the acute phase of infection,
since they had been infected at least 2 weeks prior to
the initial haematological examination at 2 weeks of
age. In the present experiment, the infection did not
significantly change the numbers of CD4" cells in
peripheral blood. This result corresponds to previous
observations in pigs infected with PRRSV at 8 weeks
of age (Albina et al., 1998), but not to the transient
decrease in the number of CD4" cells in periphe-
ral blood after PRRSV-infection of 54-day-old and
4.5-month-old pigs, respectively, as demonstrated by
Shimizu et al. (1996) and Nielsen and Bgtner (1997).
Most likely, this discrepancy is related to variations in
experimental design. However, it cannot be excluded
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that a number of other factors may influence and
explain conflicting observations on the kinetics of
subpopulations in PRRSV-infected pigs, e.g. varia-
tions in pathogenicity among PRRSV strains or post-
natal versus congenital infection.

PRRSV-specific proliferation of peripheral blood
MNC from pigs infected with PRRSV has been
demonstrated for a period of more than 3 months after
first detection by 4 weeks post-inoculation (Bautista
and Molitor, 1997; Lopez-Fuertes et al., 1999). In
addition, Bautista and Molitor (1997) showed that
PRRSV-immunised pigs developed memory T cells
that not only responded faster on a second virus
exposure and with a higher magnitude to in vitro
stimulation with PRRSV antigens, but that they were
able to mount an antigen-specific in vivo delayed type
hypersensitivity reaction in response to intradermal
challenge with PRRSV. CD4"CD8™ extrathymic lym-
phocytes represent a portion of porcine memory T
cells, and the CD4/CD8 double-positive cells have
been suggested to play a major role in protective
immunity (Zuckermann, 1999). The present demon-
stration of significantly increased numbers of
CD4"CD8™ cells in peripheral blood of the infected
piglets compared to the controls most likely reflects
the development of PRRSV-specific memory cells.
However, the importance of these memory cells in
the immune response against PRRSV still remains to
be defined.

The present study does not explain the role of the
significantly higher numbers of SLAII™ cells found in
the infected piglets throughout the experiment. How-
ever, since SLAII molecules are involved in the pre-
sentation of foreign antigens to the immune system, it
may appear likely that the increased numbers of
SLAII" cells reflect a persistent and enhanced level
of immunological activity in these animals compared
to the controls.

Previous reports have described enhancements of
CDS8™ cells in peripheral blood (Shimizu et al., 1996;
Albina et al., 1998) and BALF (Samsom et al., 2000)
after infection of growing pigs with PRRSV. In our
study, we demonstrated that high levels of CD8™ cells
also constitute a dominant feature of piglets surviving
in utero infection with PRRSV. Abnormal high, and
persistent, numbers of CD2" and CDS8" cells were
observed in peripheral blood of 2-, 4- and 6-week-old
infected piglets. Most likely, the increase of CD2*

cells is mainly due to an augmentation in the number
of CD8™ cells, since the latter express both antigens.
CDS8™ cells may belong to the cytotoxic T cell popula-
tion as well as the natural killer (NK) cell population,
but the labelling method used in the present experi-
ment does not discriminate between these two differ-
ent types of cytolytic cells. Characteristically, the high
level of CD8™ cells in peripheral blood of the infected
piglets was paralleled by an augmented percentage of
CDS8™ cells in BALF, indicating an influx of these cells
into the bronchoalveolar space. However, the decrease
in the proportion of CD8™ cells observed over time in
BALF was not seen in peripheral blood, possibly
indicating that the effect of the infection may decrease
earlier in the lungs than in peripheral blood.

The biological significance of the increased levels
of CD8™* cellsin PRRSV infected pigs has not yet been
defined. CD8™ cells are precursors for cytolytic lym-
phocytes (i.e. cytotoxic T cells and NK cells) which
are important cells for the elimination of virus-
infected cells. Albina et al. (1998) suggested that
CD8™ cells could play a role in the control of virus
replication, since viremia started to decline shortly
after the proliferation of CD8" cells. In our experi-
ment, all infected piglets were viremic at 2 weeks of
age, but none at 6 weeks. At this stage, however,
PRRSV-positive BALF cells were still present,
although few in number. This persistence of virus
may explain why the level of CD8™ cells in peripheral
blood and BALF remained high in the infected piglets
also 6 weeks after birth. Our results support the
hypothesis of CD8" cells as an important factor in
the control of PRRSV replication. However, studies
by Shimizu et al. (1996) indicated that a certain as yet
unidentified physiological stimulus induced as a con-
sequence of PRRSV infection may be the cause of the
proliferation of CD8™ cells, possibly effectors being
helper cells or immuno-stimulating cytokines
induced by PRRSV, as suggested by Albina et al.
(1998). In contrast to the study by Albina et al. (1998)
showing no changes in the level of peripheral blood
granulocytes as a result of infection with PRRSV, we
found significantly higher numbers of blood granu-
locytes in the infected piglets at 2 and 4 weeks of age.
Since there were no indications of concurrent bacter-
ial infections to explain the increased level of gran-
ulocytes, the possible importance of this event
remains to be elucidated.
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In the control piglets, the composition of the BALF
cells, i.e. predominantly alveolar macrophages with
only few lymphocytes present, corresponded to the
reference values for healthy specific pathogen-free
(SPF) pigs established by Ganter and Hensel (1997).
The cellular shift in BALF of the in utero infected
piglets, represented by increased levels of mono-
nuclear cells in parallel with decreased proportions
of macrophages (Fig. 5a—e) correlate well with pre-
vious observations after infection of 4- and 8-10-
week-old SPF piglets with PRRSV (Shibata et al.,
1997; Samsom et al., 2000). The latter authors,
however, demonstrated that the number of cells of
the macrophage/monocyte lineage in BALF did not
decrease, but increased in accordance with an
increase of the total number of BALF cells after
infection with PRRSV. In the present study, we did
only semi-quantitatively determine the total number
of cells in BALF. However, the markedly higher
amounts of cells recovered from 2- and 4-week-old
infected compared to control piglets indicated that
the in utero infected piglets had increased numbers of
BALF cells. Granulocytes are rarely found in normal
porcine BALF (Gehrke and Pabst, 1990). The few
granulocytes found in the BALF in our experiment
(together with the virological results) indicate that no
other infection than PRRSV was present in the pig-
lets. The remarkably lower levels of CD3" cells
compared to CD2" cells observed for 2-week-old
infected piglets (compare Fig. 5b and c), but not later,
most likely reflect that these CD2" populations—in
addition to cytotoxic T lymphocytes which stain with
anti-CD3 mAbs—comprised a proportion of NK
cells which do not stain with anti-CD3 mAbs. This
is in accordance with the demonstration of a strong
influx of both NK cells and cytotoxic T lymphocytes
into the bronchoalveolar space during PRRSV-infec-
tion in pigs as shown by Samsom et al. (2000). In
contrast to the latter authors who did not find an
influence of the infection on the number of CD4"
cells, we demonstrated significantly higher numbers
of CD4™" cells in BALF from 2-week-old infected
piglets, possibly indicating a role of these cells in the
respiratory immune response. The low level of B
cells in BALF of both infected piglets and controls
indicate that these cells do not play any role for the
elimination of the respiratory infection, in accor-
dance with the observation that PRRSV persisted

in the infected pigs in the presence of high levels
of specific antibodies (data not shown).

The present experiment showed that PRRSV could
be detected in BALF cells of all infected piglets 2, 4
and 6 weeks after birth. In accordance with the
observation by Shibata et al. (1997) who isolated
PRRSV in BALF samples as late as 49 days post-
inoculation, we detected the virus in BALF cells at
least 6 weeks after infection, i.e. in 6-week-old piglets.
At that stage, virus could not be isolated from serum,
demonstrating that PRRSV may persist in BALF cells
long after serum viremia.

The decreased viability of BALF cells, in particular
macrophages, observed in 2-week-old infected piglets
may be due to a direct cytocidal effect of the virus
(Chiou et al., 2000), although the cell death may also
be by apoptosis (Sirinarumitr et al., 1998; Oleksiewicz
and Nielsen, 1999) which could serve as a host
defence to quench viral replication.

To conclude, in utero infection with PRRSV pro-
foundly affects the immune cell populations in sur-
viving piglets. On the contrary, the present results do
not support the existence of any immunosuppression
following in utero PRRSV-infection. The signifi-
cantly increased post-natal levels of cells with the
CD2, CD3 and CD8 phenotypes in peripheral blood
and BALF indicate a long-lasting activation of the
immune system. However, further studies will be
needed to determine the precise role of these T cell
subpopulations in the infection. In order to elucidate
the importance of the CD8" cells, current experi-
ments at the Danish Veterinary Institute aim to
determine the effects of mAb-induced in vivo
CD8™" cell-depletion of piglets on the course of
PRRSV-infection.

In this paper, we do not describe putative conse-
quences of the PRRSV-infection on the function of the
various immune cells. During the present animal
experiment, however, a number of functional tests
were also carried out. Thus, studies on cytokine
profiles in PBMC and lymph node cells (Aasted
et al., 2002) and in BALF cells (Johnsen et al.,
2002) demonstrated that in utero infection with
PRRSV may alter the expression of cytokines in
surviving piglets. In addition, infected piglets showed
inhibition of alveolar lung macrophage phagocytosis
(U. Riber, personal communication), indicating a state
of immunosuppression.
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