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Porcine reproductive and respiratory syndrome virus (PRRSV) is the most important infectious disease
agent of pigs worldwide, causing reproductive failure in pregnant sows and respiratory problems in nursing
and growing pigs. PRRSV infection is characterized by a prolonged viremia of 30 or more days and an extended
persistent infection of lymphoid tissues. To better understand the immunological basis for prolonged acute and
persistent PRRSV infection, we have examined the cell-mediated immune (CMI) response throughout the
course of infection and compared the results to the local distribution and abundance of PRRSV in infected
tissues. PRRSV-specific T cells, enumerated by gamma interferon enzyme-linked immunospot assay, did not
appear until 2 weeks after PRRSV inoculation, and their abundance exhibited substantial variation over time
and among animals. In all cases the T-cell response was transient. High levels of viral RNA were present in
lymphoid tissues of all animals in the acute phase of infection. Viral loads were decreased 1,000-fold or more
in persistent infections, with the primary sites of persistence being tonsil, sternal lymph node, and inguinal
lymph node. The abundance of virus-specific T cells in either acutely or persistently infected animals was
highly variable and showed no correlation to the level of virus in lymphoid tissues. No significant difference in
antigen-specific T-cell abundance was observed in secondary lymphoid tissues in either acute or persistent
infection except for tonsil, in which the number of responding cells was extremely low. CD4�- and CD8�-T-cell
frequencies did not change after PRRSV infection, though a decrease in �� T cells was observed. Macrophages,
the permissive cell type for PRRSV, were present in various levels in all tissue preparations and were not in
proportion to local virus load. These findings indicate that a weak CMI response contributes to prolonged
PRRSV infection and suggests that PRRSV suppresses T-cell recognition of infected macrophages. Thus, the
slow but eventual resolution of PRRSV infection may be dependent on limiting permissive macrophages and
on innate immune factors.

Porcine reproductive and respiratory syndrome virus
(PRRSV), which causes the most important disease of swine
worldwide, is a single-stranded, positive-sense RNA virus be-
longing to the Arteriviridae family (11, 17, 41, 64). The patho-
genesis of PRRSV in pigs consists of an acute infection char-
acterized by viremia lasting for approximately 1 month,
followed by a nonviremic persistent infection of secondary
lymphoid tissues that lasts for approximately 3 to 4 months (43,
44, 52), although virus can persist for longer periods in some
animals (68). Antibodies to PRRSV appear about 10 days after
infection, but the cell-mediated immune (CMI) response is
reported to appear transiently at 4 to 8 weeks after infection (5,
37) or to become more pronounced months later (40). The
CMI response to PRRSV has been examined only in periph-
eral blood mononuclear cells (PBMC). However, peripheral
blood contains only 2% of the total T cells of the body (66) and
is the site of neither viral replication nor antigen presentation.
Therefore, it is possible that the principal T-cell-dependent
response to PRRSV might be occurring in lymphoid tissues,
analogous to T-cell responses to simian immunodeficiency vi-

rus and human immunodeficiency virus (HIV). In HIV and
simian immunodeficiency virus infection, CD4�-T-cell counts
are reduced in peripheral blood but increased in spleen and
lymph nodes (LN) or remain stable in nonlymphoid organs
during asymptomatic infection (59), and the decrease of viral
load in tissues in comparison to that in plasma is delayed (33).
Similarly, in swine influenza virus infection in pigs, antigen-
specific T cells are predominantly localized to the spleen and
tracheobronchial LN and are infrequent or absent in blood
(35).

The extended period of acute and persistent PRRSV infec-
tion indicates that the virus subverts immune defenses. Alter-
natively, the eventual resolution of viral infection indicates that
an effective immune response develops over time. To address
these opposing possibilities, we examined the association be-
tween virus-specific T-cell immune responses and viral load in
secondary lymphoid tissues to test the hypothesis that a pro-
longed viremia and viral persistence are the results of an inef-
fective T-cell response.

MATERIALS AND METHODS

Animals and housing. Two-week-old early weaned, mixed-sex pigs from a herd
free of PRRSV were maintained in isolation at the Livestock Infectious Disease
Isolation Facility, Iowa State University, Ames. Feed and water were provided ad
libitum. Animals received 1 ml per day of ceftiofur (Excenel; 50 mg/ml) intra-
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muscularly for 3 days following arrival. Pigs were assigned to treatment groups at
random and observed daily, and rectal temperatures and clinical scores were
recorded every other day. Whole blood in EDTA tubes and serum were collected
weekly by venipuncture. At necropsy samples of sternal LN, mesenteric LN,
inguinal LN, tonsil, femur, and spleen were collected and stored on ice for cell
isolation.

Four-month-old female Landrace by Large White cross-bred gilts were ob-
tained from a PRRSV-free herd (Genetiporc USA, LLC, Alexandria, Minn.) and
maintained in the University of Minnesota Swine Disease Eradication Center
research farm, Holloway Minn., or in animal facilities of the College of Veter-
inary Medicine at the University of Minnesota. Animals were assigned to treat-
ment groups at random and provided with feed and water ad libitum. Animals
were observed daily and bled by venipuncture for whole blood and serum.
Tissues, including lung, tracheobronchial LN, skin, kidney, and liver, in addition
to those described above, were collected at necropsy.

Viruses and inoculations. The following PRRSV strains and field isolates were
used: the cell culture-adapted vaccine Ingelvac PRRS ATP (Boehringer In-
gelheim Vetmedica, Inc., St. Joseph, Mo.), the North American prototype strain
VR2332 (17), strain MN30100 isolated from a persistently infected sow (7a), and
three isolates from field cases in the state of Minnesota (10221-4, 25616-32, and
34222) provided by the Minnesota Veterinary Diagnostic Laboratory. Nucleotide
sequence similarities in the open reading frame 5 (ORF5) gene encoding the
envelope glycoprotein are shown in Table 1. The ORF5 sequence is highly
variable in PRRSV and is widely used to differentiate field isolates diagnostically
(31). Vaccine virus was used according to the manufacturer’s recommendation.
Other strains and isolates were grown to approximately 80% cytopathic effect on
MA-104 cells, released from cells by three freeze-thaw cycles, and clarified by
centrifugation. The titers of the viruses were determined, and viruses were frozen
in aliquots at �80°C. Pigs were inoculated intranasally with 102.5 of the 50%
tissue culture infective dose (TCID50)/2 ml.

Sample collection. Blood was collected by superior vena cava venipuncture in
EDTA or heparin Vacutainer tubes (Sherwood Medical, St. Louis, Mo.). For
tissue isolation, pigs were anesthetized with intramuscular tiletamine-zolazepam
(Telazol; Fort Dodge Animal Health, Fort Dodge, Iowa) and euthanized with
Beuthanasia-D solution (Schering Plough Animal Health, Union, N.J.). Pigs
were weighed and tissues, including sternal LN, mesenteric LN, inguinal LN,
tracheobronchial LN, tonsil, femur, spleen, and lung, were removed as indicated
in the Results section and weighed. Approximately 0.5- to 1-g portions of each
tissue were weighed and transferred to RNALater (Ambion, Austin, Tex.) for
virus quantification. The remaining tissues were weighed and placed in RPMI
1640 medium (Mediatech, Herndon, Va.) containing 10 �g of gentamicin (In-
vitrogen, Grand Island, N.Y.) per ml for cell isolation.

Cell isolation and culture. Tissue and cell culture reagents were from Medi-
atech except as noted. Tissues were diced with scalpel blades, manually disag-
gregated in sterile phosphate-buffered saline (PBS), and filtered through 70-�m-
pore-size cell strainer membranes (BD Falcon, Bedford, Mass.). Femurs were
flushed with RPMI 1640 culture media containing 10 �g of gentamicin/ml. Cell
preparations from tissue sources, femurs, and peripheral blood were diluted 1:2
with PBS and layered on lymphocyte separation medium (ICN Biomedicals,
Aurora, Ohio) and centrifuged for 30 min at 400 � g. Mononuclear cell layers
were recovered, and erythrocytes were removed by water lysis for 30 s; the
resulting mononuclear cell preparations were washed two times with PBS by
centrifugation, followed by resuspension in RPMI 1640 medium. Cells were
counted with a hemacytometer. Viability was tested by trypan blue exclusion and
was found to be �95%. Cells were cultured in RPMI 1640 medium with 5% fetal
bovine serum, 10 �g of gentamicin/ml, 1� minimal essential medium nonessen-

tial amino acids, 4 mM L-glutamine, and 250 �M 2-mercaptoethanol (Invitro-
gen).

One-step TaqMan reverse transcription-PCR. Tissue samples were removed
from RNALater and 250-mg portions were homogenized with a Polytron in 2 ml
of RLT buffer (QIAGEN, Valencia, Calif.). Homogenates were centrifuged at
13,000 � g for 5 min, and 200 �l of the supernatant was used for RNA extraction.
Total RNA was isolated by using the serum protocol of the QIAamp 96 DNA
blood kit (QIAGEN). RNA was eluted in 20 �l of water, and 5 �l was used in
a 50-�l PCR. The reverse transcription-PCR was performed essentially as de-
scribed by Mahlum et al. (39) by the University of Minnesota Diagnostic Lab
with universal primers for ORF6 of PRRSV. To quantify viral RNA copies, the
titer of a stock of strain VR2332 from media supernatants of BHK cells trans-
fected with purified genomic RNA was determined on MA-104 cells by plaque
assay. RNA was extracted from the titered stock, and a series of 10-fold dilutions
corresponding to a concentration of 1 to 100,000 PFU/ml were amplified by PCR
as described. The resulting standard curve, run in each experiment, was used to
express data as PFU per gram of tissue.

IFN-� ELISPOT. Briefly, 5 � 105 cells in 50 �l of RPMI 1640 complete
medium were added to duplicate wells of enzyme-linked immunospot (ELISPOT)
plates (Millipore, Bedford, Mass.) coated with anti-porcine gamma interferon
(IFN-�) monoclonal antibody P2G10 (BD Pharmingen, San Diego, Calif.). Cells
were stimulated in 50 �l of complete media with PRRSV strain MN30100 (2 �
105 TCID50) and 2.5 � 107 latex microspheres coated with approximately 25 ng
of recombinant nucleocapsid from strain VR2332. Control wells received an
equal amount of bovine serum albumin (BSA)-coated beads or 2.5 �g of phy-
tohemagglutinin/ml as negative and positive controls, respectively. Cells were
cultured at 37°C in 5% CO2 for 24 h. Plates were washed three times with PBS
and four times with PBS containing 0.05% Tween 20 (Fisher Scientific, Pitts-
burgh, Pa.). Captured IFN-� was detected with biotinylated anti-porcine IFN-�
antibody P2C11 (BD Pharmingen) and streptavidin-horseradish peroxidase
(Prozyme, San Leandro, Calif.). Color was developed with 3-amino-9-ethylcar-
bazole (Sigma Chemical, St. Louis, Mo.) and read on an Immunospot image
analyzer (Cellular Technology, Cleveland, Ohio).

Immunostaining. Single-cell suspensions (2 � 106 cells) were plated in six-well
plates (Corning, Corning, N.Y.) with coverslips for approximately 3 h. Adherent
cells were fixed with 3% formaldehyde in PBS for 10 min and permeabilized by
treatment with 0.1% Triton-100 (Sigma) in PBS with 0.1% BSA. Fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibody SDOW17 against
PRRSV nucleocapsid (gift from Eric Nelson, South Dakota State University,
Brookings) was diluted 100-fold and applied to the coverslips for 1 h in 1% BSA.
Coverslips were washed three times in PBS, mounted on microscope slides in
50% glycerol, and observed on a Nikon E8000 epifluorescence microscope.

FACS staining. Single-cell suspensions (5 � 105 cells in 100 �l of PBS) were
incubated with specific antibodies for 30 min at 4°C, washed twice with PBS,
incubated with fluorescently labeled second antibody for 30 min if needed,
washed twice, and examined in a BD Biosciences FACSCalibur (fluorescence-
activated cell sorter [FACS]; San Jose, Calif.). Antibodies included phyco-
erythrin (PE)-conjugated anti-porcine macrophage monoclonal antibody 74-
22-15 (Southern Biotechnology Associates, Birmingham, Ala.), anti-pig CD4
(74-12-4) and CD8 (76-2-11) conjugated to FITC or PE (BD Pharmingen), and
anti-pig gamma delta monoclonal antibody PGBL22A (VMRD, Inc., Pullman,
Wash.).

Statistical analysis. One-way analysis of variance (ANOVA), two-tailed t tests,
and correlation analysis were used to analyze the data. Graphs were constructed
in GraphPad Prism 3.0 software (San Diego, Calif.). A P value of �0.05 was
considered significant.

RESULTS

The distribution of PRRSV-specific T cells in peripheral
blood shows substantial variation over time and among ani-
mals. To better understand the immunological basis for pro-
longed PRRSV infection in pigs, we examined the kinetics of
PRRSV-specific T-cell responses in peripheral blood during
acute infection. PRRSV-specific (IFN-�-secreting) T cells
were detected in PBMC at day 14 postinfection (p.i.) in a
group of 33 pigs exposed at 2 weeks of age. Between days 21 to
28 after infection, the frequency of virus-specific T cells in-
creased substantially, peaking at 28 days p.i. and declining
thereafter until the end of the experiment (Fig. 1A). IFN-�

TABLE 1. ORF5 nucleotide sequence similarities of the PRRSV
strains and field isolates used in the studya

Strain on
isolate

% Similarity

25616-32 MN-30100 IngelvacATP VR2332 34222

10221–4 92.7 95.2 89.5 88.3 85.7
25616–32 94.2 90.3 89.5 85.0
MN-30100 90.7 89.7 86.0
IngelvacATP 90.5 86.5
VR2332 86.7

a Nucleotide sequences of ORF5 (600 bp) were aligned in Clustal W
(Megalign, Lasergene; DNASTAR, Madison Wis.).
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secretion was dependent on the presence of PRRSV, since no
responding cells were observed in wells stimulated with beads
coated with BSA. Surprisingly, the majority of the mean peak
response was due to strong responses in only a few pigs. At
peak responsiveness, on day 28, 4 of 33 animals (12%) showed
almost no T-cell response (�20 IFN-�-secreting cells/106

PBMC) (Fig. 1B and C). A low-responding group (21 to 60
PRRSV-specific T cells/106 PBMC) consisted of 13 of 33 pigs
(39%), in which 11 of 13 pigs had 32 to 50 responding cells/106

PBMC. Another 12 of 33 (36%) pigs were intermediate re-
sponders (61 to 114 IFN-�-secreting cells/106 PBMC), and 4

pigs (12%) were high responders (�115 cells/106 PBMC), with
the highest animal at 436 PRRSV-specific IFN-�-secreting
cells per 106 PBMC. The differences in T-cell responsiveness to
PRRSV at 28 days after infection were maintained in all
groups with a few notable exceptions. As shown in Fig. 1B and
C, poorly responding animals had few virus-specific T cells at
all times over the 38-day period of observation. Low- and
intermediate-responding animals showed no significant differ-
ence between days 14 and 21 but showed a significant increase
at day 28 (P � 0.0001), with numbers in the intermediate group
significantly reduced again at day 38 (P � 0.0001). The highly
responding animals also showed no significant change in
PRRSV-responsive lymphocytes at day 21, a dramatic increase
at days 28 to 299 � 56 (mean � standard error), and a marked
reduction to less than 25 responding cells per 106 PBMC 10
days later (Fig. 1C). These findings stimulated a more thor-
ough examination of the T-cell response to PRRSV during
acute and persistent infection, since it was possible that the
dramatic decrease in PRRSV-specific lymphocytes at day 38
was due to a redistribution of the cells from peripheral circu-
lation to LN in response to the persistence of PRRSV in
lymphoid tissue.

PRRSV is distributed unevenly in secondary lymphoid tis-
sues in both acute and persistent infection. PRRSV primarily
infects macrophages in lung and lymphoid tissues (36, 52) and
has been reported in serum, thymus, brain, and semen (46, 52,
57). However, the extent of PRRSV in secondary lymphoid
tissues has not been examined quantitatively. Therefore,
PRRSV load was examined by real-time PCR in serum, spleen,
tonsil, lung, sternal LN, inguinal LN, and mesenteric LN at 19
days (acute infection) and 67 days (persistent infection) after
inoculation of 15 pigs with PRRSV field isolates 10221-4 (n 	
3), 25616-32 (n 	 3), MN30100 (n 	 3), 34222 (n 	 3), and
VR2332 (n 	 3). Animals inoculated with isolates 10221-4,
25616-32, and MN30100 were sacrificed at 19 days, and ani-
mals inoculated with isolates VR2332 and 34222 were sacri-
ficed at 67 days. Although the virus isolates varied between 4.8
to 15.0% in pairwise nucleotide sequence comparisons (Table
1), PRRSV-specific T-cell responses were indistinguishable
among strains (data not shown). Therefore, the results were
pooled for analysis. At 19 days, PRRSV on average was equally
abundant in tonsil, sternal LN, inguinal LN, and mesenteric
LN as in lung, the primary site of replication in acute infection
(Fig. 2A). The amount of virus was significantly lower in
spleen, and the lowest levels were observed in serum, most
likely reflecting that blood is not a site of viral replication (19).
Within any given tissue, there was substantial variation in viral
load among animals, ranging from approximately 100-fold in
spleen to more than 107-fold in tonsil, in which the average
viral load was highest, and 106-fold in mesenteric LN (Fig. 2A).
Likewise, the amount of virus was not consistently high or low
in different tissues of the same animal. In persistent infection,
at 67 days after inoculation, PRRSV RNA was detected in
every animal. However, the viral load was greatly reduced in all
tissues, and no viral RNA was found in serum, spleen, mesen-
teric LN, tracheobronchial LN, skin, kidney, or liver (Fig. 2B).
PRRSV RNA was detected in inguinal LN of only two pigs and
in lung from one of six pigs, and the viral loads were approx-
imately 10,000-fold lower than in acute infection (Fig. 2A and
B). Tonsil and sternal LN were the primary sites of viral per-

FIG. 1. Kinetics of IFN-� ELISPOT response to PRRSV in swine.
Thirty-three 2-week-old pigs were inoculated intramuscularly with 2 ml
of the modified live vaccine Ingelvac ATP according to the manufac-
turer’s recommendations. IFN-� ELISPOT was performed on PBMC
collected at the indicated times. (A) Time course of responding cells.
Data are means and standard errors of 33 pigs per time point through
38 days and 3 pigs per time point at days 42, 45, and 52. (B) Variation
in PRRSV-specific IFN-� ELISPOT results among pigs at 28 days
after exposure. (C) Kinetics of PRRSV-specific IFN-� response in pigs
having poor, low, intermediate, and high responses. Sample sizes are n
	 4 (poor), n 	 13 (low), n 	 12 (intermediate), and n 	 4 (high).

VOL. 78, 2004 PRRSV LOAD IS INDEPENDENT OF T-CELL RESPONSE IN PIGS 5925



FIG. 2. Comparison of PRRSV load and PRRSV-specific T-cell frequencies among lung and lymphoid tissues. Fifteen pigs were inoculated
intranasally with 5 ml of cell culture fluid containing 102.4 TCID50 PRRSV field isolates. In the acute infection, nine pigs were inoculated with
isolates 10221-4, 25616-32, and MN30100 and sacrificed at 19 days after PRRSV infection. In the persistent infection, six pigs were inoculated with
isolates VR2332 and 34222 and sacrificed at 67 days after infection. Virus load (A and B) was quantified by real-time PCR and expressed as
numbers of virus/gram of tissue. PRRSV-specific T-cell frequencies (C and D) were determined by IFN-� ELISPOT. Statistical analysis was
performed with nonparametric one-way ANOVA in GraphPad Prism software. Each symbol represents an individual sample from one pig. The
horizontal bar is the mean of the group. The P value on the top of each frame in panels A to D is the outcome from all the groups within the frame.
Panels E and F show the correlation between virus load and antigen-specific T-cell frequency in lung and lymphoid tissues in acute and persistent
infection, respectively. Points represent the viral load and PRRSV-specific T-cell values of all tissues examined in panels A to D. Correlation
coefficients and P values were calculated by linear regression analysis in GraphPad Prism. SLN, sternal LN; ILN, inguinal LN; MLN, mesenteric
LN; TLN, tracheobronchial LN; SC, secreting cells.
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sistence, although the levels were about 10,000-fold lower than
those in acute infection, and one animal was negative for each
tissue (Fig. 2B).

Distribution of PRRSV-specific T cells in lymphoid com-
partments in acute and persistent infection. The distribution
of PRRSV-specific T cells was examined to determine if local
immune responses accounted for the differences in virus load
that were observed in both acute and persistent infection. In
acute infection, PRRSV-specific T lymphocytes were present
at approximately 100 to 1,000 cells/g of tissue in sternal, ingui-
nal and mesenteric LN, and spleen (Fig. 2C). Significantly
fewer virus-specific T cells were found in tonsil and blood. The
wide range in PRRSV-specific T-cell frequencies previously
observed in PBMC was also evident in secondary lymphoid
tissues. Except for spleen, every tissue was negative in one or
more animals, and in spleen there was a 1,000-fold range of
variation. The distribution of PRRSV-specific cells followed
the same trend in persistent infection (Fig. 2D). As in acute
infection, in persistent infection the frequency of responding
lymphocytes was significantly lower in tonsil and blood, sub-
stantial variation among animals was present, and one or more
animals were negative in every tissue except spleen. Tonsil,
which had the highest viral load in acute and persistent infec-
tion, was noteworthy, since no responding T cells were ob-
served in four of nine animals in acute infection and in two of
six animals in persistent infection.

No correlation was present between viral load and antigen-
specific T cells. A correlation analysis was performed to de-
termine if the viral load in lymphoid tissues was associated
positively or negatively with the frequency of responding T
cells. An extensive range of differences in both viral load and
antigen-specific T-cell numbers was observed in all sites of
infection; thus, there was no correlation between viral load and

the frequency of responding T cells in the same tissue sample
in either acute or persistent infection. The correlation coeffi-
cients were 0.005 and 0.035 for acute and persistent infection,
respectively. The scatter plots in Fig. 2E and F contain the
comparative data for viral load and responding T cells in every
sample of all tissues shown in panels A through D and dem-
onstrate the absence of correlation during both acute and
persistent infection.

T-cell phenotypes at sites of infection. Since the antigen-
specific responding T-cell distribution did not account for dif-
ferences in viral load in infected tissues, the overall distribution
of T-cell subsets was examined in acute infection to determine
if particular subsets not elucidated by IFN-� ELISPOT were
recruited to sites of infection. Single-cell suspensions were
prepared from PBMC, lung, tonsil, sternal LN, inguinal LN,
mesenteric LN, bone marrow, and spleen and stained for CD4
and CD8 single-positive T cells, CD4 and CD8 double-positive
T cells, and �
 T cells. PRRSV infection did not change the
CD4� or CD8� population in any tissue; and CD4� CD8�-T-
cell ratios were consistent between control and infected pigs
except in tonsil, in which there was a significant increase, and
in bone marrow, in which there was a significant decrease. By
contrast, �
-positive T cells were significantly decreased in
lung and all LN and reduced, though not significantly, in every
other tissue examined (Fig. 3).

PRRSV is present in lymphoid tissues of persistently in-
fected pigs. The unexpected absence of a correlation between
PRRSV-responding T cells and viral load, which was deter-
mined by quantifying viral RNA, raised the possibility that viral
antigens were not present in target cells. Thus, the presence of
PRRSV in lymphoid tissues in the persistent phase of infection
was evaluated by immunostaining of adherent macrophages
with antinucleocapsid antibody SDOW17. Single-cell suspen-

FIG. 3. Comparison of T-cell phenotypes in PRRSV-permissive tissues of noninfected and PRRSV-infected pigs. Single-cell suspensions in 100
�l were stained with anti-porcine CD4-FITC, anti-porcine CD8-PE, or anti-porcine �
 T-cell monoclonal antibodies. Data are means and standard
deviations for 5 noninfected pigs and 10 pigs infected for 19 days. SLN, sternal LN; ILN, inguinal LN; SP, spleen; BM, bone marrow.
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sions were prepared from lymphoid tissues and cultured for
3 h. Nonadherent cells were removed, and the remaining ad-
herent cells were greater than 90% macrophages, as deter-
mined by staining with monoclonal antibody 74-22-15 (data not
shown). Intense SDOW17 cytoplasmic staining was observed
in macrophages in lung, spleen, tonsil, mesenteric LN, inguinal
LN, and sternal LN. Representative examples are shown in
Fig. 4 for lung, spleen, and bone marrow. Based on counting
cells on slides from all of the animals, approximately 5% of
adherent cells stained positively in spleen and bone marrow,
and about 3% were positive in alveolar macrophages (Table 2).
About 0.1% of cells were positive in tonsil and in regional
lymphoid tissues. No positive cells were detected in PBMC.
However, real-time PCR gave negative results for PRRSV
viral RNA in all spleen samples, all bone marrow cell samples,
and all secondary lymphoid tissues except tonsil, sternal LN,
some inguinal LN, and some lung samples (Table 2). These
results suggested that viral antigen was present in lung and
lymphoid tissues.

Comparison of viral load and macrophage abundance in
acute and persistent infection. To address the possibility that
differences in macrophage abundance might account for the
substantial variation in viral load in target tissues during acute
infection, the proportion of macrophages was determined by
FACS analysis and compared to viral load in 10 gilts infected

at 4 to 5 months of age. The number of macrophages per unit
mass of tissue was lowest in tonsil and highest in spleen (Fig.
5A). Furthermore, PRRSV acute infection did not change
macrophage abundance in any of the tissues, including lung

FIG. 4. Immunostaining of macrophages isolated from different tissues in the persistent phase of PRRSV infection. Single-cell suspensions
were produced by the mechanical disruption of tissues from PRRSV-infected pigs 67 days after infection, and cells were plated on glass coverslips
for 3 h. Adherent cells were stained with FITC-conjugated anti-PRRSV nucleocapsid monoclonal antibody SDOW17. Images are representative
macrophage staining results in lung, spleen, bone marrow, and PBMC.

TABLE 2. PRRSV immunopositive macrophages in persistently
infected pig tissuesa

Tissue Viral RNA
statusb

PRRSV-positive macrophage
frequencyc

PBMC 0 �
Spleen 0 ���
Tonsil 5/6 �
Lung 1/6 ���
Sternal LN 5/6 �
Inguinal LN 2/6 �
Mesenteric LN 0 �
Bone marrow 0 ���

a Macrophages isolated from various tissues 67 days after PRRSV infection
were stained by FITC-anti PRRSV nucleocapsid monoclonal antibody.

b Numbers represent the PRRSV RNA-positive tissues/total number of tissues
tested by real-time PCR.

c Three epifluorescent microscopic fields were examined for each tissue in
each animal. Each field contained 300 to 400 cells visible by bisbenzimide-
stained nuclei. Results were scored as no positive cells (�), 1 to 5 positive cells
in at least one field (�), 1 to 5 positive cells in every field (��), �5 cells in every
field (���).
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and secondary lymphoid tissues, compared to results from five
age-matched noninfected control gilts (Fig. 5A). By this mea-
sure of abundance, macrophage frequency did not account for
the distribution or level of PRRSV in the same tissues (Fig.
5B). The results also show that tonsil and PBMC, which have
relatively low levels of PRRSV-specific IFN-�-secreting lym-
phocytes, have sufficient numbers of macrophages or mono-
cytes, respectively, for antigen presentation in the ELISPOT
assay, as shown in Fig. 2. In persistent infection, at 67 days, the
relative proportions of macrophages in lung, blood, spleen, and
peripheral LN are similar to or higher than those observed in
acute infection (Fig. 5C). Nevertheless, the tissue richest in
macrophages, the spleen, contained no viral RNA in any of 10
animals, while tonsil, with the second lowest proportion of
macrophages, had the highest level of PRRSV (Fig. 5D). The
comparison of macrophage distribution and viral loads in Fig.
5C and D show that there is no relationship between macro-
phage availability and the level of persistent infection.

DISCUSSION

The standard model for CMI response to viral infection
involves antigen-specific activation and expansion of CD4�

and CD8� T cells in draining LN, followed by trafficking of
specific cytotoxic lymphocytes back to the sites of infection,
where infected cells are destroyed (30, 65). In PRRSV infec-
tion of pigs, alveolar macrophages of the lung are the primary
target in acute infection, but the virus is found in macrophages
throughout the body, including secondary lymphoid tissues
(36). Hence, secondary lymphoid tissues, including LN, are

sites for viral infection as well as for PRRSV antigen presen-
tation and T-cell activation and expansion. Thus, the presence
of antigen-specific T cells in lymphoid tissues of PRRSV-in-
fected pigs should reflect an ongoing local CMI response in
acute and persistent infection similar, for example, to the ki-
netics of antigen-specific T-cell responses in persistent lympho-
cyte choriomeningitis virus infection, in which the response to
four different viral epitopes was closely related to viral load in
spleen (67).

PRRSV, however, did not elicit an organized and consistent
T-cell response. The antigen-specific T-cell response at sites of
infection was highly variable, weak, and independent of the
local viral load. The recruitment of T cells to sites of infection
did not occur, and the frequency of �
 T cells, which may be
involved in innate immunity, was unchanged or decreased in all
sites of acute infection. The disparities between viral loads in
lymphoid tissues and corresponding antigen-specific T-cell re-
sponses was striking. The viral load in tonsil was 1,000 times
greater than that in spleen in acute infection, whereas the
antigen-specific T-cell frequency in spleen was almost 1,000
times greater than that in tonsil. Furthermore, the outcomes of
viral persistence were completely different in LN that had
similar antigen-specific T-cell frequencies. For example, virus
persisted in sternal LN and some inguinal LN but not in mes-
enteric LN and tracheobronchial LN. In addition to the ab-
sence of a correlation between viral load and responding T
cells in sites of infection, there was no apparent effect of
PRRSV on local T-cell populations. The proportions of CD4�,
CD8�, and CD4� CD8� T cells were not altered by PRRSV

FIG. 5. Comparison of macrophage density and virus load in permissive tissues in acute and persistent infection. (A) Effect of acute PRRSV
infection on macrophage concentrations in various tissues. Single-cell suspensions were stained with anti-porcine macrophage monoclonal antibody
74-22-15. Data are expressed as means and standard deviations of five noninfected control gilts or 10 infected gilts. There are no significant
differences between infected and noninfected tissues. (B) Viral load in the tissues at 19 days of acute PRRSV infection. Virus load was determined
by real-time PCR. (C) Macrophage density in lung and lymphoid tissues of persistently infected pigs at 67 days after infection. (D) Viral load in
tissues in persistent PRRSV infection at 67 days after infection. The data in panels B and D are redrawn from the data in Fig. 2A and B to facilitate
comparison with panels A and C, respectively. SLN, sternal LN; ILN, inguinal LN; MLN, mesenteric LN; L, lung.
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infection in lung, blood, or lymphoid tissues. The numbers of
macrophages in lung and lymphoid tissues were not affected by
PRRSV infection, yet macrophage abundance was not associ-
ated with viral load in acute or persistent infection.

Surprisingly, there was an apparent decline of �
 T-cell
populations in all of the tissues, especially in lung and lymph
nodes. The biological functions of �
 T cells are primarily
regulatory (9). In mouse influenza virus A infection, �
 T cells
show two waves of response, at 10 days and 13 days p.i. (8). The
regulatory function of �
 T cells may be carried out by pro-
duction of proinflammatory cytokines, including tumor necro-
sis factor alpha (9), to link the initial immune response with the
later development of an adaptive response. Van Reeth and
colleagues found that production of tumor necrosis factor,
interleukin-1, and IFN-� were low or absent in the first 3 days
of PRRSV infection, especially compared to levels in influenza
virus infection (62). The reduction in the number of �
 T cells
in lung may result from the low production of proinflammatory
cytokines (62) and may contribute to the impaired cellular
immune response to PRRSV (44).

These disparate observations are reminiscent of lactate de-
hydrogenase-elevating virus (LDV) infection in mice. LDV is
the closest relative to PRRSV in the Arteriviridae family (11).
LDV infects macrophages and causes a life-long viremia after
acute infection (13) that coexists with an active LDV-specific
immune response, including cytotoxic and helper T cells (61).
Disruption of acquired humoral or cellular immunity did not
affect LDV levels in plasma. Moreover, immune-deficient mu-
tant mice had the same level of viremia as that of wild-type
mice, suggesting that anti-LDV immune responses do not play
a critical role in controlling LDV replication (49). The tran-
sient nature of the PRRSV-specific T-cell response reported
here was observed previously (5, 37) and also was observed in
LDV infection, in which cytotoxic T cells were elicited in acute
LDV infection but disappeared in the chronic phase of infec-
tion (21).

The association between an antigen-specific cellular re-
sponse and viral load in plasma has been addressed in HIV (1,
47, 48). An inverse correlation was observed between virus
load in plasma and cytotoxic T-lymphocyte responses to Gag,
which is consistent with the function of cytotoxic T lympho-
cytes (20, 45, 48). However, no correlation was found in other
studies either between viral load and total or Gag-specific
CD4�- or CD8�-T-cell responses (18, 26, 42). Furthermore, in
some studies, a positive correlation was identified between the
viral load in plasma and the total HIV-, Env-, and Nef-specific
CD8�-T-cell frequencies (7, 38). These results indicate that
the antigen-specific T-cell response in blood is not directly
related to viral load and suggests that the nature of the virus-
host interaction at sites of infection are complex.

Real-time PCR quantitation revealed that PRRSV is abun-
dant in lymphoid tissues as well as in lung in acute infection,
which is consistent with macrophages’ being the main target
for PRRSV infection (36). Serum, which is the standard sam-
ple for the diagnosis of acute infection, contains unexpectedly
low levels of virus compared to all other tissues, as was ob-
served previously (19). The relative differences in viral load
between serum and lymphoid tissues depend in part on the
time of sampling; PRRSV titers in blood peak on day 5 after
infection and wane thereafter, so that in our study the titer

values on day 19 would be less than at the peak (58). However,
since the real-time PCR assay was based on the ORF6 se-
quence, the serum results would correspond to genomic RNA,
but the tissue results would include both genomic and sub-
genomic viral RNA. Lymphoid tissues, except for spleen, ap-
pear to be sites of viral replication in acute infection, since
there were no significant differences from lung in viral load. In
the persistent phase, however, PRRSV is restricted primarily
to tonsil and sternal LN, which is partially consistent with
previous studies (2, 52, 69). Interestingly, the tracheal LN,
which is directly attached to and drains lymph from the lung,
was negative, whereas the sternal LN and some inguinal LN
were positive. Moreover, the lung, the major PRRSV replica-
tion site in acute infection, was of minor importance as a site
of viral persistence. Overall, PRRSV persisted primarily in
tonsil and sternal LN.

The contrast between the presence of PRRSV antigen and
the absence of antigen-specific T cells in both acute and per-
sistent infection in tonsil was notable. Tonsil contains lymphoid
structures, such as nodules and germinal centers, similar to
those of spleen, but the general architecture is less developed
than in LN, in which antigen presentation and T-cell activation
are optimal (22, 32). The minimal T-cell immune response to
PRRSV antigens in tonsil may result from a combination of
weak antigen presentation and T-cell activation, lack of
PRRSV-specific T-cell homing back to tonsil, and lack of in-
nate cellular sensing of viral infection (44). Antigen-specific
T-cell trafficking is related to the original inflammatory envi-
ronment (30, 65). In acute PRRSV infection, inflammation was
observed more often and to a greater degree in tonsil than in
spleen (data not shown). This finding suggests that tonsil is a
privileged site in PRRSV infection, possibly due to weak acti-
vation of intracellular IFN pathways. As noted earlier, PRRSV
infection is characterized by a lack of pulmonary IFN-� in
acute infection (62).

Persistent infections with hepatitis C virus, another positive-
sense single-stranded RNA virus, are facilitated by virally en-
coded protease inhibition of IFN signaling (56). Although
PRRSV encodes at least three proteases (70), a viral protease
may not inhibit IFN signaling in infected macrophages. At
least 19 genes, including the IFN-inducible gene Mx1 (29), are
increased in macrophages by PRRSV infection (60), suggest-
ing that PRRSV elicits an IFN-mediated response but may
utilize other mechanisms for evasion of cellular immunity, such
as down-regulation of major histocompatibility complex class I
(25) or costimulatory molecule expression (27). The absence of
an IFN response in lungs of acutely infected pigs (62) suggests
that the IFN response observed in macrophages infected in
vitro does not occur in vivo.

It has been reported that the CMI response to PRRSV is
weak in the first 12 weeks after infection and then develops
progressively for more than 20 weeks, during which it is at least
partially responsible for the elimination of viral persistence
(40). However, we found that the virus load in lung and all
lymphoid tissues in acute infection declined 1,000 times or
more from acute infection at 19 days to persistent infection at
67 days, which is consistent with previous observations (19). An
increase in PRRSV-specific T cells that begins after the major
decline in viral load cannot be the causative factor for the
eventual resolution of viral persistence.
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The weak T-cell response to PRRSV is a feature of this
host-virus interaction. PRRSV did not alter the large majority
of T-cell subpopulations in blood or lymphoid tissues. An ex-
cess of CD8� to CD4� T cells in blood is characteristic of
swine (50), as is a preponderance of CD4� T cells in lymphoid
tissues and a paucity of both CD4� and CD8� T cells in tonsil
(55). Moreover, swine are unusual in possessing substantial
populations of functionally mature CD4� CD8� T cells and
CD4� CD8� �
 T cells in all T-cell compartments (54). The
most consistent observation was a decrease in �
 T cells, which
was statistically significant in lung and in sternal, inguinal, and
mesenteric LN. However, the meaning of this observation is
not apparent at this time.

IFN-� secretion is widely used for the assessment of antigen-
specific T-cell responses in swine (24, 35, 40, 63, 71). IFN-�
secretion by activated T lymphocytes, both in helper and cyto-
toxic T-cell subsets, is a hallmark of antiviral immunity. It is
critical in host defense against a variety of viral infections,
including measles, influenza virus, and HIV (14). IFN-� can
regulate antiviral responses via Mx1, 2�,5�-oligoadenylate syn-
thetase, double-stranded RNA-inducible protein kinase
(PKR), RNase L, and nitric oxide synthase (4, 10, 16, 29).
IFN-� also plays a role in PRRSV immunity. IFN-� mRNA
was detected in PBMC, lung, and LN from PRRSV-infected
pigs (37, 53), and PRRSV-specific IFN-�-secreting lympho-
cytes are present in PBMC of pigs infected with PRRSV (34,
40). In addition, IFN-� has been demonstrated to inhibit
PRRSV replication in macrophages (6) and PRRSV RNA
synthesis via PKR (53). In this study, IFN-� secretion was
observed only following antigen stimulation, suggesting that
activated T cells responding to PRRSV are rare in blood and
at sites of infection and that PRRSV-specific cells are of the
memory phenotype (72). A variety of swine T-cell subpopula-
tions, including CD4� CD8� memory cells, CD8� effector
cells, CD4� CD45RA� memory cells, and �
 T cells, secrete
IFN-� upon activation (51). The phenotype of T cells secreting
IFN-� in response to PRRSV appears to consist primarily of
CD4� CD8� memory cells and CD4� helper cells (37, 40 and
Z. Xiao and M. P. Murtaugh, unpublished data). The paucity
of CD8� anti-PRRSV effector T cells, despite the presence of
antigen-positive macrophages, may contribute importantly to
the persistence of PRRSV in lymphoid tissues.

The absence of an association between viral load and
PRRSV-specific T cells at sites of infection is not due to a loss
of host macrophages or lack of viral antigen expression. Mac-
rophages are abundant in spleen and bone marrow, while per-
sistent infection is located primarily in tonsil and LN. Macro-
phages in affected tissues contained large amounts of viral
protein, even when the tissues were negative for PRRSV RNA.
Antigen-positive but viral RNA-negative macrophages in
spleen and bone marrow may represent infected cells that
degraded viral nucleic acids but failed to process viral proteins.
Alternatively, antigen-positive cells may have phagocytosed vi-
ral proteins from dead cells or may have migrated from other
sites of infection. In either case, the absence of this correlation
suggests that other mechanisms could be used to resolve viral
infection in the absence of a cytotoxic T-lymphoctye response,
such as the noncytolytic mechanisms reported in the resolution
of hepatitis B virus infection (28). In addition, both cytolytic
and noncytolytic T cells are involved in the control of feline

immunodeficiency virus infection (15, 23). Interestingly, natu-
ral killer (NK) cell cytotoxic activity increased from 15 to 35%
of specific lysis in T cells cultured from PRRSV-infected pigs
and restimulated with PRRSV for 3 weeks (37). This cellular
immune response may play a relevant role in the clearance of
PRRSV and the resolution of persistent infection.

If the adaptive cellular response is not effective, one might
predict that viral load would be proportional to the amount of
local target macrophages. Macrophage numbers vary substan-
tially among lung and lymphoid tissues. Nevertheless, PRRSV
load is highest in tonsil and lung and about 1,000 times lower
in spleen even though spleen has a significantly higher propor-
tion of macrophages than tonsil and lung. Similarly, spleen was
not the major source of LDV released into circulation during
LDV infection (12). PRRSV infection did not cause a signifi-
cant decline of local macrophage frequency in any tissue, in-
cluding lung. This phenomenon might be due to the rapid
replacement of destroyed macrophages, or a subset of permis-
sive macrophages might be distributed unevenly in different
tissues, with more in tonsil, lung, and other secondary lym-
phoid tissues and fewer in spleen. Only a minor population of
macrophages appears to be permissive to LDV infection (3),
and in pigs less than 2% of lung macrophages were found to be
PRRSV positive in acute infection (19). Thus, tissue-specific
factors may contribute to macrophage infectivity in vivo.

Since the large majority of macrophages may not be permis-
sive to PRRSV infection in vivo (19), the elimination of per-
missive cells might limit the extent of infection. Similarly, per-
missive-cell destruction happens quickly in LDV infection in
mice, and newly generated permissive macrophages may be
responsible for the lifelong viremia and restriction of infection
to certain tissues, such as LN, spleen, and skin (3). In the case
of PRRSV, we propose that the depletion of permissive mac-
rophages accounts for the decline in viral load in lung and
lymphoid tissues and facilitates the eventual abolishment of
virus persistence. If permissive macrophages are depleted by
cytolytic infection and only a subpopulation of replacement
cells is permissive, the total number of newly permissive cells
would decline markedly and result in a self-limiting infection.
The complete elimination of viral infection could then be ef-
fected by neutralizing antibodies, the weak PRRSV-specific
T-cell response, and, possibly, by increased levels of NK cells.
Interestingly, NK cell activity was increased in T cells restim-
ulated with PRRSV and cultured in vitro (37). In addition, this
model would explain the observed lack of response in PRRSV
homologous challenge, since introduced viruses would not find
permissive host cells (24). Rechallenge with heterologous
PRRSV strains would result in a limited infection based on
slight differences in viral genotypes, giving rise to a small num-
ber of permissive targets.
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