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Abstract: A preliminary study into the protective mechanisms of adaptive immunity against porcine reproductive and
respiratory syndrome virus (PRRSV) in piglets (n = 9) born to a gilt challenged intranasally with a type-2 PRRSV.
Immune parameters (neutralizing antibodies, CD3+CD4+, CD3+CD8+, CD3+CD4+CD8+ T-lymphocytes, and PRRSV-
specific interferon (IFN)-γ secreting T-lymphocytes) were compared with infection parameters (macro- and microscopic
lung lesion, and PRRSV-infected porcine alveolar macrophages (CD172α+PRRSV-N+ PAM) as well as with plasma
and lymphoid tissue viral loads. Percentages of three T-lymphocyte phenotypes in 14-days post-birth (dpb) peripheral
blood mononuclear cell (PBMC) had significant negative correlations with percentages of CD172α+PRRSV-N+ PAM
(p < 0.05) as well as with macroscopic lung lesion (p < 0.01). Plasma and tissue viral loads had significant (p < 0.05)
negative correlations with CD3+CD4+CD8+ T-lymphocyte percentage in PBMC. Frequencies of CD3+CD8+ and
CD3+CD4+ T-lymphocytes in 14-dpb PBMC had significant negative correlations with of lymph node (p = 0.04) and
lung (p = 0.002) viral loads. IFN-γ-secreting T-lymphocytes frequency had a significant negative correlation with gross
lung lesion severity (p = 0.002). However, neutralizing antibody titers had no significant negative correlation (p > 0.1)
with infection parameters. The results indicate that T-lymphocytes contribute to controlling PRRSV replication in young
piglets born after in-utero infection.
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Introduction

Porcine reproductive and respiratory syndrome (PRRS)

was first recognized in the United States and Europe as

‘Mystery Swine Disease’ in mid-1980s. The disease charac-

terized by manifestation of reproductive failure and respira-

tory distress in swine herds had been subsequently reported

from Asia and other pig-producing areas between the late

1980s and early 1990s [7, 31]. The causative agent of this

globally epidemic, economically important porcine disease

was then identified as a member of the Arteriviridae family,

which contains a single-stranded positive-sense RNA genome

of approximately 15 Kb in the order of Nidovirales. Porcine

reproductive and respiratory syndrome virus (PRRSV) is

divided into two major genotypes: type-1 PRRSV (European

type) and type-2 PRRSV (North American type). 

Vaccination with attenuated live viruses has been used to

control clinical PRRS in many countries [2, 26]. However,

this conventional vaccine formulation using a few selected

PRRSV isolates has not been satisfactory to protect swine

herds affected with various PRRSV isolates, possibly due to

induction of ineffective immune response, high antigenic

variation among isolates and a possible reversion to viru-

lence of attenuated vaccine strains [1, 24]. Up to date, neu-
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tralizing antibodies have been considered as an indicator of

protective immunity in vaccinated pigs. However, neutraliz-

ing antibodies are often induced in a delayed mode in vacci-

nated pigs [21, 34] and not efficacious enough to prevent

pigs from being affected by PRRS [3, 13]. Furthermore, neu-

tralizing antibodies are protective only against antigenically

homologous viruses, while partial or no protective against

heterologous strains of PRRSV [17]. 

Cell-mediated immunity (CMI) against PRRSV appears in

two to four weeks after infection reaching to a peak response

in four to seven weeks when measured by interferon (IFN)-γ

secretion and lymphocyte proliferation [22, 33]. The infor-

mation on the efficacy and mechanism of PRRSV-specific T-

lymphocytes is lacking with conflicting reports, particularly

on protective effect of cytotoxic T-lymphocytes (CTL) in

PRRSV-infected pigs [20, 33]. 

In-utero infection of PRRSVs resulted in still-birth and

death of fetuses, and varying degree of clinical syndromes

accompanying with viremia and development of PRRSV-spe-

cific-antibodies in live piglets [12, 29]. The present study

was conducted to characterize adaptive immune responses

associated with control of lung lesion, virus replication in tis-

sues and viremia pattern in piglets born to a gilt exposed to a

type-2 PRRSV strain at the late gestation.

Materials and Methods

Preparation of PRRSV

A Type 2 PRRSVSD23983 [11] was used in this study. Propa-

gation and titration of this virus were carried out as previ-

ously described [5, 15, 27].

Animals and viral challenge

A 12-month-old sexually mature gilt negative for PRRSV,

porcine circovirus and porcine epidemic diarrhea virus was

purchased and transferred into an isolation facility at Wash-

ington State University, and bred by artificial insemination

using the commercial semen from a PRRSV- and PCV-free

boar. The pig was maintained in the facility for the entire

study period. At 98 days of gestation, the pregnant gilt was

intranasally inoculated with 1.58 × 104 TCID50 of PRRSVSD23983.

Nine piglets live born to the gilt were bled at 0 (before feed-

ing colostrum), 7- and 14-days post-birth (dpb) for serum and

peripheral blood mononuclear cells (PBMCs). At 14-dpb

(33-day post-inoculation), the piglets were euthanized and

pulmonary alveolar macrophage (PAM) was obtained from

lungs of the all nine piglets. Macroscopic and microscopic

lung lesions were examined per previously described meth-

ods [12]. At necropsy, several regional lymph nodes (medial

retropharyngeal, tracheobronchial, mesenteric, inguinal, sub-

mandibular, and mediastina lymph nodes), tonsil, lung and

spleen were collected, and homogenate was made from each

tissue for viral load quantitation. Animal handling and care

was performed as per the animal use protocol (IACUC No.

04372) approved by Institutional Animal Care and Use Com-

mittee at Washington State University. 

Real-time reverse transcriptase-polymerase chain

reaction (RT-PCR) 

Real-time RT-PCR on various samples was performed at

Iowa State University Veterinary Diagnostic Laboratory as

per the established protocol using VetMax NA and EU

PRRSV reagents (Applied Biosystems, USA). PCR reac-

tions were done per the manufacturer’s instructions using a

7500 Fast Real-Time PCR System (Applied Biosystems).

The thresholds for NA and EU PRRSVs were set at 0.10 and

0.05, respectively. A cycle threshold (CT) of < 37 cycles was

used as cut-off for positive on the assay. A negative control

without RNA and a positive control provided in the kit were

added to each PCR plate along with positive and negative

extraction controls. 

Preparation of PBMCs and storage 

Swine PBMCs were isolated from fresh venous blood

mixed with 5 mM EDTA (final concentration) by centrifuga-

tion on a discontinuous gradient using Lymphoprep (1.077 g/

mL, STEMCELL Technologies, Canada) as previously described

[19, 5]. 

Analysis of T-lymphocyte subpopulations and PRRSV-

infected alveolar macrophages by flow cytometry

To analyze T-lymphocyte subpopulations in PBMC col-

lected at 14-dpb, staining of T-lymphocytes was performed

using phenotype-specific monoclonal antibodies and second-

ary antibody conjugates per the method previously described

[11]. Monoclonal antibodies (MAbs) used in surface staining

were anti-CD3 (8E6 clone, IgG1 isotype; VMRD, USA),

anti-CD8 (PT81B clone, IgG2b clone; VMRD) and anti-

CD4-PerCP-Cy5.5 (BD Pharmingen, USA). The secondary

antibody conjugates for anti-CD3 and anti-CD8 MAbs were

goat anti-mouse IgG1 labeled with fluorescein isothiocyan-

ate (FITC) (Life Technologies, USA) and goat anti-mouse

IgG2b conjugated with R-phycoerythrin (R-PE) (Life Tech-

nologies), respectively. To determine the proportion of PAM

cells harboring PRRSV collected from lung of piglets, sur-

face staining of CD172α molecule as a PAM cell marker and

intracellular staining of PRRSV nucleocapsid (N) protein

were performed using CD172α- and PRRSV-N-specific mono-

clonal antibodies (clones 74-22-15 and 2D6, respectively)

and secondary anti-mouse antibodies labelled with FITC or

R-PE per the method previously described [6]. The stained

cells were analyzed with a FACSCalibur analytical flow

cytometer (BD, USA). 

IFN-γ enzyme-linked immunospot (ELISpot) assay 

ELISpot assay was carried out to assess PRRSV-specific T-

lymphocyte responses using a commercial assay (Mabtech,

Sweden) as per manufacturer’s instruction. The detailed meth-

ods for porcine PBMC stimulation and calculating signifi-

cant spot-forming unit (SFU) were described previously [5].
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Fluorescent focusing neutralization assay 

The PRRSV neutralizing antibody response in serum was

measured using fluorescent focus neutralizing assay as previ-

ously described [5, 32]. 

Statistical analysis 

Statistical correlation between immune parameters and

infection parameters measured on the 9 piglets was analyzed

by Spearman’s rank correlation coefficient. Hypothesis tests

based on these correlation coefficients were carried out by

determining if different parameters had a significant (p <

0.05) nonzero correlation each other. All statistical analyses

were performed using R software from the R foundation for

Statistical Computing (Austria).

Results

Piglets developed PRRSV-specific immune responses

after in-utero infection of PRRSVSD23983

Nine piglets born to a gilt intranasally inoculated with

type-2 PRRSVSD23983 at the late gestation were viremic at the

day of birth before suckling colostrum, clearly demonstrat-

ing in-utero infection. The proportion of CD172α+PRRSV-

N+ PAM harboring PRRSV ranged from 8.0% to 42.2%

among the piglets as determined by surface and intracellular

staining and flow cytometry analysis. The macroscopic lung

lesion score varied among the piglets, ranging between 5%

and 50% of total lung surface. Similarly, the degree of micro-

scopic lesion in lung tissue was varying from mild to severe

lesion caused by the replication of PRRSV (Fig. 1). Besides

lung tissues, PRRSV RNA was also detected in spleen and

mixed lymph nodes of all nine piglets (Table 1).

Six of nine piglets had significantly (≥ 5 SE of negative

control SFU) high PRRSV-specific T-lymphocyte responses

after in-utero infection as determined by ELISpot assay

(Table 2). PRRSV-specific IFN-γ secreting T-lymphocyte

response was particularly highly significant (> 100 SFU and

> 5 SE) in piglets 1 and 7, moderately significant (50–100

SFU and 5 SE) in piglets 2 and 9, and weakly significant (< 50

SFU) in piglets 3 and 6. Frequencies of three different phe-

Fig. 1. Varying severity in microscopic lung lesion of piglets born to a gilt inoculated with PRRSVSD23983. Piglets were euthanized at

14-dpb and subjected to necropsy and histological analysis. Representative pictures from piglets with mild to normal (piglet 1), moderate

(piglet 2) and severe (piglet 8) lung lesions were presented as a supplementary data to the summary in Table 1. Scale bars = 50 μm.

Table 1. Analysis on infection parameters in piglets born after in-utero porcine reproductive and respiratory syndrome virus (PRRSV)
infection

Piglet 

ID 

CD172α+PRRSV-N+ 

PAM

Lung lesion 

size (%)

Lung 

histology

Viral load (Ct) in plasma Viral load (Ct) in tissue

0-dpb 7-dpb 14-dpb Lung Spleen Lymph node

1 18.44 55 mild 19.3 22.8 24.1 23.4 30.7 23.9

2 22.92 25 moderate 20.9 24.7 23.8 31.5 29.8 24.6

3 36.75 30 moderate 37 18 24.8 21.3 29.5 23.8

4 25.94 50 severe 23.2 21.1 23.0 22.2 28.9 22.3

5 42.25 40 severe 20.7 19.0 17.1 21.1 24 21.1

6 18.86 30 severe 22.4 19.7 21.9 21.5 28.5 22.8

7 17.72 10 severe 22.1 18.9 19.9 21.5 25.9 22.0

8 34.23 50 severe 37 20.1 18.5 15.6 19.6 18.7

9 58.04 55 mild 17.8 19.5 24.8 23.6 30.1 21.9

Ct value was obtained by real time RT-PCR. CD172α+PRRSV-N+ PAM, macroscopic lung lesion, lung histology and tissue viral loads were
analyzed using PAMs and tissues collected at 14 days post-birth (dpb). RT-PCR, reverse transcriptase polymerase chain reaction; PAM, pul-
monary alveolar macrophage.
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notypes of T-lymphocyte varied among the piglets (Table 2).

Neutralizing antibody titer was 1:2 to 1:16 at 0-dpb before

colostrum consumption, and was 1:2 to 1:16 and 1:8 to 1:32

at 7- and 14-dpb, respectively. 

Correlation between different infection parameters 

Correlation between different infection parameters was

analyzed in Figure 2 and summarized in Table 3. The viral

load in lung tissue had a significantly high positive correla-

Table 2. Analysis on immune parameters in piglets born after in-utero PRRSV infection 

Piglet ID 
VN titer (Log2) T-lymphocyte subpopulation frequency SFU*/million 

PBMC0-dpb 7-dpb 14-dpb CD3+CD8+ CD3+CD4+CD8+ CD3+CD4+

1 2 3 4 24.37 2.48 57.15 329+

2 1 3 4 15.42 2.77 11.55 551+

3 1 4 5 11.50 0.87 54.96 530+

4 2 3 4 10.27 2.15 10.67 559

5 2 3 5 54.45 0.51 55.89 560

6 2 2 3 12.43 1.90 58.08 517+

7 3 4 4 25.01 1.17 56.39 132+

8 3 1 4 51.61 0.40 55.25 555

9 4 2 4 11.47 2.47 59.06 573+

*Spot-forming unit (SFU) numbers are mean SFU/106 peripheral blood mononuclear cell (PBMC) minus the mean of the appropriate
unstimulated control; those adjusted SFU that were greater than the unstimulated control SFU mean plus 5 times the SE were scored as pos-
itive and marked with a + in the table. T-lymphocyte subpopulation frequency and SFU of PRRSV specific interferon (IFN)-γ secreting cells
were analyzed using PBMC collected at 14 days post-birth.

Fig. 2. Statistical correlation analysis between tissue viral loads (A, lung; B, spleen; and C, lymph nodes), PRRSV-infected PAM fre-

quency, macroscopic and microscopic lung lesions. Statistical analysis was performed with data in Table 1.
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tion with PRRSV-infected PAM frequency (p = 0.01), and

low positive correlations with gross lung lesion score (p =

0.06) and severity of microscopic lesion in lung (p = 0.06).

The viral load in spleen tissue was also significantly highly

correlated with PRRSV-infected PAM frequency (p = 0.006),

gross lung lesion score (p = 0.02) and severity of micro-

scopic lesion in lung (p = 0.0008). The viral load in lymph

node had a significantly high positive correlation (p = 0.03)

with PRRSV-infected PAM frequency, but not with gross lesion

score (p = 0.2) and histological severity in lung tissue (p = 0.2).

Relationship between infection parameters and immune

parameters

Frequencies of T-lymphocyte subpopulations including

CD3+CD4+, CD3+CD8+ and CD3+CD4+CD8+ in total PBMC

were analyzed for correlation with infection parameters

including PRRSV-infected PAM frequency, macroscopic

lung lesion score, severity of microscopic lesion in lung, and

viral loads in plasma and tissues (Table 3). CD3+CD4+CD8+

T-lymphocytes had significantly high inverse correlations

with CD172α+PRRSV-N+ PAM (p = 0.003), and viral load in

all tissues (p < 0.03), but low inverse correlations with mac-

roscopic (p = 0.07) and microscopic (p = 0.06) lung lesions.

CD3+CD4+ T-lymphocytes had significantly high inverse

correlations with various infection parameters including

CD172α+PRRSV-N+ PAM (p = 0.017), macroscopic lung lesion

score (p = 0.01), and viral loads of lung (p = 0.002). CD3+CD8+

T-lymphocytes had significant inverse correlations with

CD172α+PRRSV-N+ PAM frequency (p = 0.024), macroscopic

lung lesion score (p = 0.01), and viral load in lymph nodes

(p = 0.04). The frequency of PRRSV-specific IFN-γ secret-

ing T-lymphocytes had a significant inverse correlation with

macroscopic lung lesion score (p = 0.002) and a significant

(p = 0.05) positive correlation with CD3+CD8+ T-lymphocytes

(Table 2). 

Interestingly, the titer of virus neutralizing (VN) antibod-

ies had no significant inverse correlations with viral loads in

plasma (p = 0.89), lung (p = 0.37), spleen (p = 0.80) and lymph

nodes (p = 0.61) at 14-dpb, and other infection parameters

including CD172α+PRRSV-N+ PAM frequency (p = 0.78),

macroscopic lung lesion score (p = 0.65) and severity of

microscopic lesion in lung (p = 0.79) at 14-dpb. 

Discussion

Defining immune protective mechanisms in PRRSV-infected

pigs have been focused on neutralizing antibody responses. It

has been reported that neutralizing antibodies play a role in

protecting pigs from PRRS to a certain extent [25, 34].

Therefore, neutralizing antibody titer has been used in most

studies as a criterion to evaluate protective immunity in vac-

cinated or naturally infected pigs. However, PRRSV-specific

neutralizing antibodies were slowly induced, strain-specific

and, therefore, not efficacious for controlling antigenically

diverse PRRSV isolates including heterogeneous viruses of

the same genotype or viruses of different genotypes [4, 23].

Up to date, neutralizing antibody-based evaluation of PRRS

vaccines have not resulted in a commercial vaccine effica-

cious against diverse virus isolates yet. Despite unsuccessful

development of efficacious vaccines inducing protective neu-

tralizing antibody responses against heterologous isolates in

pigs, systematic approaches to define other protective mech-

anisms including innate immunity and CMI have been lack-

ing. Therefore, this study was conducted to define immune

parameters associated with disease protection in piglets born

to a gilt infected with a pathogenic type-2 PRRSV, SD23983

isolate.

Fetal pathogenicity of PRRSVSD23983 after in-utero infec-

tion varied in different studies. In this study, the gilt infected

with PRRSVSD23983 had two still-births (18.2% of piglets) and

9 live PRRSV-infected births. A previous study using the

identical strain reported that 43–58% of piglets were born

live, 24–43% stillborn and 6–18% mummified when sows

were infected at 98 days of gestation [11]. In contrast,

another study reported that the PRRSV infection of sows at

90 days of gestation resulted in 4.5% of dead piglets [28]. A

possible explanation for higher fetal pathogenicity in two of

three studies may be related to infection timing in gestation

period. Eight-day delayed infection in gestation period may

be related to higher rates of reproductive failure [10, 14, 16].

Another possible explanation is that different passage history

of PRRSV stocks in green monkey cell line (Marc 145) may

Table 3. Summary on statistical correlation analysis (p value) between immune parameters and infection parameters in piglets born
after in utero infection

Piglet ID 

CD172α+

PRRSV-N+ 

PAM

Gross lung 

lesion size 

(%)

Lung his-

tology

Viral load (Ct) in plasma Viral load (Ct) in tissue 

0-dpb 7-dpb 14-dpb Lung Spleen 
Lymph 

node

T cell

CD3+CD4+ 0.017* 0.01 0.3 0.09 0.41 0.14 0.002 0.07 0.47

CD3+CD8+ 0.024 0.01 0.3 0.21 0.45 0.27 0.11 0.1 0.04

CD3+CD4+CD8+ 0.003 0.07 0.06 0.05 0.03 0.02 0.000006 0.006 0.03

IFN-γ2 T cell SFU 0.13 0.002 0.09 0.01 0.39 0.46 0.25 0.11 0.35

VN titer 0.78 0.65 0.79 0.43 0.26 0.89 0.37 0.8 0.61

*Statistical analysis was performed with data of Tables 1 and 2. VN, virus neutralizing.
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cause varying virulence [9]. Despite severe pathogenicity of

PRRSVSD23983 in in-utero infected piglets in this study and

other previous studies [11, 28], manifestation in the gilt after

intranasal infection of PRRSVSD23983 was limited to short

period of viremia without clinical symptom such as lung

lesion and nasal discharge. 

All of piglets born to the gilt infected with PRRSVSD23983

by intranasal route developed PRRS-specific diseases includ-

ing clinical symptoms (anorexia, depression, and respiratory

syndrome), viremia, viral loads in various lymph nodes, and

macroscopical and microscopical lung lesions. PRRSV-spe-

cific neutralizing antibody measured by VN titer and

PRRSV-specific T-lymphocytes measured by IFN-γ T-cell

SFU were detectable at varying levels. VN titers in infected

live birth piglets were ranging from 1:2 to 1:16 (1–4 log2) at

0-dpb before colostrum consumption, and reached to 3–5

log2 at 14-dpb. Despite weak VN titers of in-utero infected

piglets, higher VN positive rate (100%) at birth was notice-

able than a previous report [28] with positive VN titers in

only 22% of piglets in-utero infected at 90 days of gestation.

Increasing VN titers in 9 piglets at later dpbs suggest that

neutralizing antibody responses in the infected piglets are not

solely due to passive transfer through colostrum of the gilt.

No significant difference in VN titer among piglets with var-

ious levels in disease parameters may support that neutraliz-

ing antibodies may not be a protection correlate in in-utero

PRRSV-infected piglets. 

Significantly high positive correlations between various

PRRSV infection parameters in piglets born after in-utero

infection were demonstrated in this study. The viral loads in

lung, spleen and lymph nodes had significant positive corre-

lations with PRRSV-infected PAM frequency. Viral loads in

lung were also significantly correlated with macroscopic lung

lesion score of PRRS-infected piglets. Since PAM in PRRSV-

infected pigs is the main target cell in which virulent PRRSVs

actively replicate [9, 35], significant correlation between

PRRSV-infected PAM frequency and viral loads in lymph

nodes in in-utero infected piglets demonstrates that PAM

infectivity is a good indicator for respiratory virulence of

PRRSV SD23983 strain than microscopic lesion using focal

tissue samples in PRRS affected lung. 

Significantly high inverse correlations between PRRS dis-

ease parameters and protective CMI parameters induced in

piglets born after in-utero infection were demonstrated as a

major finding in this study. Percentages of three T-lympho-

cyte subpopulations in the in-utero infected piglets had a sig-

nificant inverse correlation with macroscopic lung lesion

score. Particularly, CD3+CD4+CD8+ T-lymphocytes were sig-

nificantly associated with lower viral load in plasma and tis-

sues. Previous reports on IFN-γ secreting cells in lung of

PRRSV-infected pigs [29, 30], and the protective correlation

between IFN-γ secreting cells in PBMC and control of pseu-

dorabies [36] led to expectation on contribution of CMI in

the control of PRRSV in infected pigs. PRRSV-specific T-

lymphocyte response determined by IFN-γ ELISPOT assay

was significantly associated with reduction of reproductive

failures in swine farms [20]. IFN-γ response was first

reported in PRRSV-infected fetuses, suggesting the capabil-

ity of fetuses to develop virus-specific T-lymphocyte responses

[28]. However, the protective role of the IFN-γ secreting cells

has not been systematically studied yet. In this study, the

number of IFN-γ secreting T-lymphocytes in PBMC of the

piglets in-utero infected with type-2 PRRSVSD23983 had a

highly significant (p = 0.002) inverse correlation with macro-

scopic lung lesion of those infected piglets, suggesting that

IFN-γ secreting cells developed in the in-utero PRRSV-

infected fetuses may be associated with protection against

neonatal PRRS development after birth. In addition, number

of IFN-γ secreting cells had a significant (p = 0.05) positive

correlation with percentage of CD3+CD8+ T lymphocytes in

PBMC, indicating that IFN-γ secreting cells may be mainly

composed of CD3+CD8+ T lymphocytes. Therefore, even

though previous reports [8, 18] could not define the clear

functional roles of T-lymphocytes in controlling PRRS and

PRRSV replication in tissues, the positive correlation between

CD3+CD8+ T-lymphocytes and PRRSV-specific IFN-γ secre-

tion in in-utero infected piglets in this study suggests the

potential protective role of the T-lymphocyte subpopula-

tions. Simple correlation results based on frequencies of T-

lymphocyte subpopulations and PRRSV-specific total T-lym-

phocytes induced in piglets after intra-uterine infection of

PRRSV in this study need to be further characterized using

other functional T-lymphocyte assays directly related to elim-

ination of RRSV-infected target cells in infected pigs as

reported in lentivirus infection [6]. One of our ongoing studies

to further characterize protective T-lymphocyte responses

demonstrated cytotoxic responses by both CD8+ and CD4+ T-

lymphocytes in three PRRSVSD23983-infected gilts (data not shown).

This study reports that the disease severity of in-utero

PRRSVSD23983-infected piglets is inversely associated with the

numbers of major T-lymphocyte subpopulations and PRRSV-

specific IFN-γ secreting T-cells, but not with the level of

PRRSV-specific neutralizing antibodies. Further study will

be needed to define protective mechanisms of PRRSV-spe-

cific T-lymphocyte responses and their efficacies in various

age groups of pig. 
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