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Vaccination with live attenuated classical swine fever virus (CSFV) vaccines can rapidly confer protection in the absence of neu-
tralizing antibodies. With an aim of providing information on the cellular mechanisms that may mediate this protection, we
explored the interaction of porcine natural killer (NK) cells and �� T cells with CSFV. Both NK and �� T cells were refractory to
infection with attenuated or virulent CSFV, and no stimulatory effects, as assessed by the expression of major histocompatibility
complex (MHC) class II (MHC-II), perforin, and gamma interferon (IFN-�), were observed when the cells were cultured in the
presence of CSFV. Coculture with CSFV and myeloid dendritic cells (mDCs) or plasmacytoid dendritic cells (pDCs) showed that
pDCs led to a partial activation of both NK and �� T cells, with upregulation of MHC-II being observed. An analysis of cytokine
expression by infected DC subsets suggested that this effect was due to IFN-� secreted by infected pDCs. These results were sup-
ported by ex vivo analyses of NK and �� T cells in the tonsils and retropharyngeal lymph nodes from pigs that had been vacci-
nated with live attenuated CSFV and/or virulent CSFV. At 5 days postchallenge, there was evidence of significant upregulation of
MHC-II but not perforin on NK and �� T cells, which was observed only following a challenge of the unvaccinated pigs and cor-
related with increased CSFV replication and IFN-� expression in both the tonsils and serum. Together, these data suggest that it
is unlikely that NK or �� T cells contribute to the cellular effector mechanisms induced by live attenuated CSFV.

Classical swine fever (CSF) is a highly contagious and often fatal
disease of domestic pigs and wild boar. The etiological agent is

the classical swine fever virus (CSFV), a small, enveloped, posi-
tive-sense, and single-stranded RNA virus belonging to the family
Flaviviridae (1). Due to the ethical and economic consequences of
controlling CSF outbreaks in the European Union (EU) through a
stamping-out policy, there is an urgent need for the development
of alternative control strategies, such as marker vaccines (2, 3).
Vaccination with live attenuated C-strain vaccines can protect
against CSF before the appearance of a neutralizing antibody re-
sponse but not before virus-specific gamma interferon (IFN-�)-
secreting cells appear in the peripheral blood (4). Studies have
suggested that C-strain CSFV is a potent inducer of type I T-cell
responses, which may play a role in the protection afforded in the
absence of antibody responses (5–7). An improved understanding
of the cellular immune mechanisms triggered by the C-strain vac-
cine would therefore aid in the development of the next genera-
tion of CSFV marker vaccines.

Little is known about the contribution of porcine NK and �� T
cells in the cellular immune response against CSFV. Their activa-
tion/inhibition might be crucial, given that swine possess only a
small number of cytotoxic T cells but large numbers of lympho-
cytes with innate cytotoxic activity, especially �� T cells (8). In
young pigs, �� T cells and NK cells represent 50% and 10% of the
total peripheral blood lymphocyte population, respectively, al-
though their frequencies decrease with age (8, 9). It is well known
that NK cells possess the ability to attack pathogen-infected and
malignant cells and to produce immunostimulatory cytokines,
such as IFN-� and tumor necrosis factor alpha (TNF-�) (9). Spe-

cifically, NK cells are triggered to kill or ignore transformed or
pathogen-infected cells, depending on a balance of inhibitory and
activating signals received through ligands on potential target cells
(10). Although some pathogens can directly activate NK cells,
such as influenza virus activation of human NK cells through
hemagglutinin-NKp46 receptor binding (11) or murine cytomeg-
alovirus-activating NK cells via the m157 glycoprotein-Ly49 re-
ceptor interaction (12), the activation of these cells by most patho-
gens seems to be initiated by antigen-presenting cells (APCs),
which provide both indirect (cytokines) and direct (contact-de-
pendent) signals (13). The cross talk between NK cells and den-
dritic cells (DCs) may also be bidirectional, and IL-2-activated
human NK cells can directly induce the maturation of DCs,
thereby enhancing their ability to stimulate naive T cells (14).
Porcine NK cells were originally defined by a CD3� CD8�� per-
forin� CD2� CD16� phenotype (8, 9). Similar to the NK cells
from other species, porcine NK cells may be activated with IL-2 or

Received 4 June 2014 Returned for modification 10 July 2014
Accepted 25 July 2014

Published ahead of print 30 July 2014

Editor: T. S. Alexander

Address correspondence to Simon P. Graham, simon.graham@ahvla.gsi.gov.uk.

* Present address: Francisco J. Salguero, School of Veterinary Medicine, Faculty of
Health and Medical Sciences, University of Surrey, Guildford, United Kingdom.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/CVI.00382-14

1410 cvi.asm.org Clinical and Vaccine Immunology p. 1410 –1420 October 2014 Volume 21 Number 10

http://dx.doi.org/10.1128/CVI.00382-14
http://cvi.asm.org


IL-15 or synergistically with interleukin-12 (IL-12) and IL-18,
which in addition to inducing cytokine and cytotoxic responses,
increase the expression of major histocompatibility complex
(MHC) class II, which is normally found at low levels in resting
NK cells (15, 16), suggesting that MHC class II may serve as a
marker of activated NK cells, as has been proposed for porcine T
cells (9). Cytokine-induced activation of porcine NK cells has
been shown to enhance the killing of virus-infected cells (16). The
recent development of monoclonal antibodies (MAbs) against
porcine NKp46 unexpectedly revealed both NKp46� and
NKp46� NK cells in the blood, with NKp46� cells showing capac-
ity for enhanced IFN-� expression (17). While absent from the
blood, a third NK cell population with a CD8��/low NKp46high

phenotype has been described in porcine spleens, with high cyto-
lytic and cytokine expression capacity (18). Studies of the role of
porcine NK cells in the response to viral infection are limited, but
there are data showing that porcine NK cell responses are im-
paired following infection with foot-and-mouth disease virus
(FMDV) (19) and porcine reproductive and respiratory syn-
drome virus (PRRSV) (20, 21). One study was conducted in the
context of virulent CSFV infection and similarly showed dimin-
ished NK cell cytolytic activity following the onset stage of disease
(22). Several studies have reported the effects of a related flavivi-
rus, hepatitis C virus (HCV), on human NK cells. Human NK cell
activity can be directly inhibited by the recombinant HCV core
protein (23) and by the structural protein E2 (24). The HCV non-
structural protein 5A (NS5A) is able to impair human NK cell
activity indirectly by inducing monocytes to secrete cytokines that
result in the downregulation of NKG2D expression on NK cells
(25). This inhibition of NK cells, which occurs early in infection,
would allow HCV to establish a replicative advantage prior to the
induction of the specific immune response and would also destroy
NK-DC cross talk, impairing the DC-mediated priming of CD8�

cytotoxic T lymphocyte (CTL) responses (26).
�� T cells represent another significant lymphocyte population

of the innate immune system, which is regulated by the balance
between activating and inhibitory signals (27). �� T cells have
been shown to exert several different functions, suggesting that
they are involved in a multitude of immunological processes. They
are able to release perforin and granzymes to kill infected or ma-
lignant cells (28). They can produce cytokines involved in the
protection against viruses and other intracellular pathogens
(IFN-� and TNF-�), extracellular parasites (IL-4, IL-5, and IL-
13), extracellular bacteria (IL-17), or immunoregulation (trans-
forming growth factor beta [TGF-�] and IL-10) (27). The activa-
tion of �� T cells can be direct or indirect, mediated by the
interaction with APCs, such as DCs (29). Moreover, in humans
and pigs, it has been shown that �� T cells not only interact with
DCs but also display characteristics of professional APCs them-
selves (30, 31). In swine, �� T cells can express both CD8� and
MHC-II molecules, which have been proposed to be markers of
porcine T-cell activation (9), and it has been reported that a sub-
population of circulating porcine �� T cells is able to present an-
tigens to memory helper T cells through MHC-II (31). �� T-cell
responses to CSFV have not been described; however, in HCV-
infected patients, �� T cells from the liver, but not blood, are able
to be expanded in vitro after exposure to cytokines, and it is
thought that �� T cells are activated through the cross-linking of
CD81, which binds the HCV structural protein E2 with high af-
finity (32).

In a previous study, we did not detect CSFV-specific IFN-�
release by NK and �� T cells in the blood of C-strain-vaccinated
pigs (33). However, we hypothesize that these cells play an impor-
tant role in the lymphoid tissues by contributing to protection at
the sites of primary infection and by shaping the T-cell response
against the virus. Similar to HCV infection, we might find evi-
dence of cellular activation at the local tissue level, which in the
case of CSFV would be the tonsils, as well as in the lymph nodes
that drain the oronasal cavity. To explore both the direct and
indirect effects, we investigated the interaction of NK and �� T
cells with CSFV virions and CSFV-infected DC populations in
vitro, and we extended these findings to an ex vivo analysis of NK
and �� T cells in the tonsils and retropharyngeal lymph nodes
from pigs vaccinated with C-strain and/or challenged with viru-
lent CSFV.

MATERIALS AND METHODS
Viruses. A live attenuated C-strain CSFV (AC Riemser Schweinepest-
vakzine, Riemser Arzneimittel AG, Riems, Germany) and the virulent
CSFV Brescia strain were propagated in PK15 cell monolayers. Both mock
virus and virus stocks were prepared, and titers were determined, as de-
scribed previously (33).

Ethics statement. All animal work was approved by the Animal Health
and Veterinary Laboratories Agency ethics committee, and all procedures
were conducted in accordance with the Animals (Scientific Procedures)
Act 1986 (United Kingdom) under project license permits PPL 70/6559
and 70/7057. To minimize animal suffering, careful completion of the
clinical score sheets and regular observation were conducted, which in-
formed euthanasia decisions based on a predefined humane endpoint
(clinical score, �15 or temperature, �41°C and �2 individual scores
[other than the temperature score] with a value of 3). However, none of
the animals experienced clinical signs necessitating euthanasia. Each ani-
mal was euthanized on predetermined days by stunning and exsanguina-
tion.

Animals. For an assessment of the interaction of NK and �� T cells
with CSFV in vitro, blood samples were collected from CSFV-naive Large
White/Landrace crossbreed pigs, 6 to 24 months of age, by puncture of the
external jugular vein. To analyze the responses of NK and �� T cells to
CSFV ex vivo, a C-strain vaccination and challenge study was performed
as previously described (33). In brief, 42 Large White/Landrace crossbreed
pigs of 8 to 10 weeks of age were randomly assigned to one of four groups.
Five days prior to challenge (day �5), the animals in groups 1 (n 	 6) and
3 (n 	 12) were vaccinated intranasally with 105 the 50% tissue culture
infective dose (TCID50) of C-strain CSFV (1 ml divided equally between
each nostril and administered using a mucosal atomization device [MAD-
300; Wolfe Tory Medical, USA]), group 2 (n 	 12) was vaccinated with 2
ml of C-strain vaccine into the brachiocephalous muscle (as recom-
mended by the manufacturer [Riemser Arzneimittel AG]), and group 4
(n 	 12) was intranasally inoculated with 1 ml of mock virus supernatant,
as described for groups 1 and 2. On day 0, groups 2 to 4 were inoculated
intranasally with 105 TCID50 of CSFV Brescia strain, as described above,
and group 1 received a similar inoculation of mock virus supernatant. On
days �2 and 0, three animals were euthanized from groups 2 to 4, and on
days 3 and 5, three animals were euthanized from all four groups, and the
tonsils and retropharyngeal lymph nodes were collected.

Clinical, hematological, and virological methods. The animals were
inspected by the Animal Health and Veterinary Laboratories Agency
(AHVLA) Animal Service Unit staff twice daily (am and pm), and 9 pa-
rameters relevant to an indication of CSF (affecting liveliness, body ten-
sion, body shape, breathing, walking, skin, eye/conjunctiva, appetite/left
over food at feedings, and defecation) were examined and scored as 0
(normal), 1 (slightly altered), 2 (distinct clinical sign), or 3 (known CSF
symptom) (34). A total clinical score for each animal was assigned twice
daily, and their temperatures were monitored by rectal thermometer
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readings and recorded once daily. Temperature and clinical score moni-
toring commenced on day �11 postchallenge and continued until the
termination of the experiment (day 5 postchallenge). Peripheral blood
leukocytes and CSFV RNA were monitored in EDTA blood samples col-
lected every 3 days using volumetric flow cytometry and reverse transcrip-
tion-quantitative RT-PCR (qRT-PCR), respectively (34).

Isolation and cryopreservation of tonsil and lymph node cells and
PBMC. At days �2, 0, 3, and 5 postchallenge, each animal was stunned
and euthanized by exsanguination. The tonsils and medial and lateral
retropharyngeal lymph nodes were removed. The lymphoid tissues, first
separated from the connective and epithelial tissues, were placed in a small
volume of Hanks’ balanced salt solution (HBSS) (Life Technologies) sup-
plemented with 100 U/ml penicillin and 100 
g/ml streptomycin and
chopped into fine pieces with sterile pointed scissors. The tissues were
transferred to a 100-
m cell strainer (BD Biosciences) inserted in a 50-ml
collection tube. A plunger from a 5-ml syringe was used to disrupt the
tissues, HBSS was passed regularly through the cell strainer, and the pro-
cess was continued until only connective tissue remained in the cell
strainer. The cells were washed twice in HBSS and resuspended in RPMI
1640 medium (Life Technologies) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 
g/ml streptomycin (cRPMI).
Peripheral blood mononuclear cells (PBMC) were prepared as described
earlier (33). For both the tonsil/lymph node cells and PBMC, cell numbers
were determined using a MACSQuant Analyzer flow cytometer (Miltenyi
Biotec, Bisley, United Kingdom) by gating on events with typical forward
scatter (FSC) and side scatter (SSC) properties for lymphocytes. The cells
were adjusted to a density of 1 � 107 to 2 � 107 cells/ml in cold 10%
dimethyl sulfoxide (DMSO) (Sigma, Poole, United Kingdom) in FBS and
cryopreserved as described previously (33).

Quantification of CSFV RNA in tonsils and retropharyngeal lymph
nodes. To quantify CSFV RNA in the tonsils and retropharyngeal lymph
nodes, RNA was extracted from the tissue homogenates. Briefly, 200 mg of
tissue was homogenized in 4 ml RLT buffer (Qiagen, Crawley, United
Kingdom) using the Precellys 24-Dual tissue homogenizer (Precellys,
Stretton Scientific Ltd., Stretton, United Kingdom), with 2 30-s cycles at
6,000 rpm. The tissue homogenates were clarified by centrifugation for 10
min at 1,000 � g and RNA extracted using the RNeasy maxi kit with the
additional DNase treatment, as per the manufacturer’s instructions (Qia-
gen). CSFV RNA was quantified by qRT-PCR as described previously (34)
and normalized to 18S RNA using the Eukaryotic 18S rRNA endogenous
control (Life Technologies).

Detection of IFN-�-secreting cells in tonsils. Samples from the ton-
sils were collected, fixed in Bouin’s solution, and embedded in paraffin
wax. Four-micrometer sections were dewaxed, rehydrated, and then
treated in hydrogen peroxide 3% in methanol for 15 min to eliminate
endogenous peroxidase activity. The tissue sections were then pretreated
for antigen retrieval by immersing in 0.01% Tween 20 in phosphate-buff-
ered saline (PBS) for 10 min at room temperature and then washing in
running tap water for 5 min. The sections were mounted in a Sequenza
immunostaining center (Shandon Scientific, Runcorn, United Kingdom)
and rinsed with 5 mM Tris-buffered saline (pH 7.6) with 0.05% Tween 20
(TBST). Primary antibody cross-reactivity with the tissue constituents
was blocked with 10% FBS, 0.3% (wt/vol) glycine, and 0.001% (wt/vol)
bovine serum albumin (BSA) in PBS. A mouse MAb against porcine
IFN-� (clone F17; R&D Systems) was added at 1.82 
g/ml and sections
incubated at 4°C for 18 to 20 h. The sections were washed in TBST and
incubated for 30 min with a 1:100 dilution of biotinylated secondary an-
tibody (biotin-SP-conjugated AffiniPure Fab fragment goat anti-mouse
IgG [H�L]; Jackson ImmunoResearch, Stratech, Newmarket, United
Kingdom), and normal goat serum (1:66 dilution) and normal pig serum
(1:33 dilution) were added before being washed twice in TBST. The sec-
tions were incubated for 30 min at room temperature with avidin-biotin
complex (ABC Vector Elite; Vector Laboratories, Peterborough, United
Kingdom), and the signal was detected using 3,3=-diaminobenzidine tet-
rahydrochloride (DAB). Finally, the sections were lightly counterstained

with Mayer’s hematoxylin (Surgipath, Peterborough, United Kingdom)
for 5 min, dehydrated in absolute alcohol, and cleared in xylene before
being coverslipped. Negative-control sections were included in each run,
substituting primary antibody with an isotype control (mouse IgG1;
Dako, Ely, United Kingdom) at the same concentration. Immunolabeled
cells were counted in 25 nonoverlapping consecutive fields of 0.2 mm2 for
interfollicular tonsil lymphoid tissue or 25 tonsillar lymphoid follicles per
animal. The slides were identified with a unique code, which did not
include references to the animal or experimental group and were thus
examined in a blind manner.

Detection of type I IFN activity in serum. At days �2, 0, 3, and 5
postchallenge, blood was collected in serum separator tubes (BD Biosci-
ences), and serum was obtained by centrifugation at 1,500 � g for 10 min
and stored at �80°C until analyzed. Type I IFN bioactivity was deter-
mined using an Mx protein chloramphenicol acetyltransferase (Mx/CAT)
reporter gene assay originally developed for to quantify bovine IFN-�/�
(35). The serum samples were diluted to 20% (vol/vol) in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies) supplemented
with 10 
g/ml blasticidin (Life Technologies) and added to reporter bo-
vine kidney cells (MDBK-t2) for 24 h. A titration of recombinant porcine
IFN-� (R&D Systems) was added as a standard. The lysates were prepared
from the cultures and CAT enzyme measured by ELISA (Roche, Welwyn
Garden City, United Kingdom). Absorbance was read using a FLUOstar
Optima microplate reader (BMG Labtech, Aylesbury, United Kingdom).

Enrichment of DCs, �� T cells, and NK cells from porcine blood.
PBMC were prepared as described above. The blood DC populations were
enriched by two rounds of magnetic cell separation (CD14 depletion and
CD172a enrichment), and the subsets were isolated by subsequent flow
cytometric sorting. Specifically, PBMC were resuspended in CD14 mi-
crobeads (10 
l/107 cells; Miltenyi Biotec) and incubated at room tem-
perature (RT) for 10 min. After two washes with 50 ml of PBS supple-
mented with 2% FBS, the cells were resuspended in PBS supplemented
with 2% FBS and 5 mM EDTA (MACS buffer, 1 ml/2.5 � 108 cells), passed
through a 100-
m cell strainer (BD Biosciences) to eliminate cell aggre-
gates, and applied to a MACS LD column on a QuadroMACS unit (Milte-
nyi Biotec). The column flowthrough and two washes of 3 ml MACS
buffer were collected and washed in PBS with 2% FBS. The cells were
stained with an MAb against CD172a (clone 74-22-15A, 1 
g MAb/107

cells; Washington State University Monoclonal Antibody Center
[WSUMAC], Pullman, WA, USA) and incubated at RT for 10 min. The
cells were then washed and incubated with mouse IgG microbeads (10

l/107 cells; Miltenyi Biotec) for a further 10 min. After two washes with
50 ml of PBS with 2% FBS, the CD172a� cells were enriched using LS
columns, as described by the manufacturer (Miltenyi Biotec). To assess
the purity of the enriched DCs and/or to isolate myeloid DCs (mDCs) and
plasmacytoid DCs (pDCs), the cells were stained with anti-CD4-PerCP-
Cy5.5 MAb (clone 74-12-4, 0.4 
g/107 cells; BD Biosciences) and a lineage
cocktail of IgG1 MAbs against CD3 (clone 8E6, 2 
g/107 cells;
WSUMAC), CD8� (clone PT36B, 2 
g/107 cells; WSUMAC), and CD21
(clone B-Ly4, 1 
g/107 cells; BD Biosciences), followed by staining with
APC-conjugated rat anti-mouse IgG1 antibody (clone X56, 1 
g/107 cells;
BD Biosciences). For sorting, the cells were washed, resuspended at a
density of 107 cells/ml in cRPMI, and lineage� CD4� mDCs and lineage�

CD4� pDCs were sorted using a MoFlo Astrios cell sorter (Beckman
Coulter, High Wycombe, United Kingdom). The purity of the enriched
and sorted DC populations was assessed by flow cytometry. The DCs were
typically enriched by magnetic sorting to �60%, with comparable num-
bers of mDCs and pDCs, and following flow cytometric sorting, the mDCs
and pDCs were shown in all instances to be �90% pure. After sorting, the
cell densities were adjusted to 2 � 106 cells/ml in cRPMI, and 50 
l/well
was added to round-bottom 96-well plates.

Porcine �� T cells were enriched by positive magnetic sorting of
PBMC stained with an MAb against 1 
g/107 cells ��-TcR1-N4 (clone
PGBL22A; WSUMAC), followed by mouse IgG microbeads and a collec-
tion of the positive fraction following separation on an LS column (Milte-
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nyi Biotec). To assess purity, an aliquot of cells was stained with the MAb
TcR1-N4 labeled with Zenon Alexa Fluor 405, as described by the manu-
facturer (Life Technologies), and analyzed by flow cytometry. The purity
of the �� T cells ranged from 85 to 95%. The porcine NK cells were
isolated by two rounds of magnetic sorting. PBMC were first depleted of T
cells by indirect staining with an MAb against CD3 (clone 8E6, 1 
g/107

cells; WSUMAC), followed by staining with mouse IgG microbeads, col-
lection of the flowthrough, and washes on an LD column, as described
above. The CD3� fraction was stained with an MAb against CD8� (clone
PT36B, 1 
g/107 cells; WSUMAC), and after staining with mouse IgG, the
microbeads were enriched using an LS column. Purity was assessed after
staining an aliquot with an MAb against CD8�-phycoerythrin (PE) (clone
76-2-11; BD Biosciences) and CD3-APC (clone BB238E68C8; BD Biosci-
ences) and showed a purity of the NK cells that ranged from 70 to 80%.
After sorting, the cell densities of the NK and �� T cells were adjusted to
2 � 106 or 4 � 106 cells/ml with cRPMI, and 100 or 50 
l was added to the
wells of a round-bottom 96-well plate. All the washes used centrifugation
at 930 � g for 5 min.

Coculture of NK and �� T cells with CSFV, DCs, and recombinant
porcine cytokines. Enriched NK cells or �� T cells (2 � 105 cells/well),
alone or cocultured with enriched or sorted DC populations (1 � 105

cells/well), were cultured with CSFV C-strain or Brescia (100 
l/well). To
maintain pDC viability in vitro, the DC-containing cultures were supple-
mented with 40 ng/ml recombinant porcine IL-3 (kindly provided by
Kirsten Morris, CSIRO Animal, Food, & Health Science, Australian Ani-
mal Health Laboratory, Geelong, Australia). For experiments involving
only enriched NK or �� T cells, a multiplicity of infection (MOI) of 1 was
used, whereas an MOI of 0.66 was used for the DC coculture experiments.
In defined experiments, the cells were cultured in the presence of recom-
binant porcine cytokines IL-12 (100 ng/ml), IL-18 (100 ng/ml), IFN-�
(4,000, 2,000, or 1,000 U/ml), and/or TNF-� (800, 400, or 200 pg/ml) (all
R&D Systems). In all experiments, mock virus supernatant or cRPMI
medium was used as a negative control. The cultures were incubated for
24 to 48 h at 37°C in a 5% CO2 humidified atmosphere.

Assessment of cytokine production from DC, NK, and �� T-cell cul-
tures. After 24 h of culture, the cells were resuspended, centrifuged at
930 � g for 2 min, and the supernatants were collected and stored at
�80°C until analyzed. The quantitative simultaneous measurement of
porcine IFN-�, IFN-�, IL-1�, IL-2, IL-4, IL-6, IL-8, IL-10, and TNF-� in
culture supernatants from mock- and CSFV-infected sorted mDC and
pDC populations was performed using a multiplex ELISA (Cira porcine
cytokine 1 array; Aushon, Billerica, MA, USA), according to the manufac-
turer’s instructions. IL-12 was quantified from the culture supernatants
from mock- and CSFV-infected sorted mDC and pDC populations using
a commercial ELISA kit (Porcine IL-12 DuoSet; R&D Systems). Type I
IFN activity was quantified from the culture supernatants from mock-
and CSFV-infected sorted mDC and pDC populations, as described
above, following the addition of dilutions of culture supernatants to re-
porter bovine kidney cells (MDBK-t2) for 24 h and an assessment of CAT
expression by ELISA. IFN-� was quantified in the supernatants from the
NK and �� T-cell cultures using a commercial ELISA kit (Porcine IFN-
gamma Quantikine ELISA kit; R&D Systems).

Multiparameter cytofluorometric analysis of NK and �� T cells. To
analyze NK and �� T-cell populations from the in vitro experiments,
cytometric staining was performed directly. For the analysis of NK and ��
T cells from CSFV vaccinated/challenged animals, cryopreserved retro-
pharyngeal lymph node or tonsil cells were rapidly thawed in a 37°C water
bath and washed in prewarmed cRPMI. The cell densities were deter-
mined as described above, adjusted to 1 � 107 cells/ml, and 100 
l was
transferred to the wells of a 96-well round-bottom plate.

In both the in vitro and ex vivo experiments, the cells were harvested
and washed in Dulbecco’s PBS without Mg2� and Ca2� (Life Technolo-
gies). To assess viability, the cells were stained with LIVE/DEAD fixable
near infrared viability dye (Life Technologies) for 30 min at 4°C and then
washed twice with PBS supplemented with 2% FBS and 0.09% sodium

azide (fluorescence-activated cell sorter [FACS] buffer). The cells were
stained with the MAbs specific for surface markers for 10 min at RT and
then washed twice with FACS buffer. The MAbs used were: MHC class II
DR-fluorescein isothiocyanate (FITC) (clone 2E9/13; AbD Serotec),
CD8�-PE (clone 76-2-11; BD Biosciences), CD4-PerCP-Cy5.5 (clone 74-
12-4; BD Biosciences), CD3-APC (clone BB238E68C8; BD Biosciences),
CD3 (clone BB238E6; Southern Biotech, Cambridge Bioscience, Cam-
bridge, United Kingdom), and TcR1-N4 delta chain (clone PGBL22A;
WSUMAC). Unconjugated CD3 and TcR1-N4 MAbs were labeled using
the Zenon Alexa Fluor 647 and Alexa Fluor 405 mouse IgG1 labeling kits,
respectively, according to the manufacturer’s instructions (Life Technol-
ogies). Surface-stained cells were fixed using CellFIX (BD Biosciences) for
10 min at RT and then analyzed or were fixed and permeabilized using
CytoFix/CytoPerm solution (BD Biosciences) for 20 min at 4°C. After two
washes in BD Perm/Wash buffer (BD Biosciences), the cells were incu-
bated with MAbs at RT for 10 min in the dark. The MAbs used for intra-
cellular staining were anti-human perforin-FITC (clone �G9; BD Biosci-
ences) and anti-CSFV E2 MAb (clone WH303; AHVLA Cell and Tissue
Culture Unit). Staining with anti-CSFV E2 MAb was visualized by subse-
quent staining with rat anti-mouse IgG1-APC (clone X56; BD Biosci-
ences). The cells were given two final washes in BD Perm/Wash buffer and
resuspended in FACS buffer prior to flow cytometric analysis. The cells
were analyzed by gating on viable cells (LIVE/DEAD fixable dead cell stain
negative) in the lymphocyte population, and the defined lymphocyte sub-
populations were then gated upon and their expression of MHC-II, per-
forin, and CSFV-E2 assessed. The irrelevant isotype control MAbs used to
control staining with MHC-II, perforin, and CSFV E2 were FITC-IgG2b
isotype control (AbD Serotec), FITC-IgG2b isotype control (27-35; BD
Biosciences), and unconjugated IgG1 isotype control (AbD Serotec), re-
spectively. All the washes used centrifugation at 930 � g for 2 min, and the
cells were analyzed on MACSQuant Analyzer (Miltenyi Biotec) or CyAn
ADP (Beckman Coulter) flow cytometers. To assess the potential effects of
cryopreservation on the expression of MHC-II and perforin by NK and ��
T cells, PBMC were cultured in the presence or absence of IL-12/IL-18
prior to their cryopreservation. Flow cytometric analysis of the resusci-
tated cells demonstrated that previously activated NK and �� T cells re-
tained increased MHC-II and perforin expression compared to that of
unstimulated cells (data not shown).

Data analysis and statistics. Graphical and statistical analyses were
performed using GraphPad Prism 5.04 (GraphPad Software, Inc., La Jolla,
CA, USA). The data were represented as the mean with standard error of
the mean (SEM). A two-tailed unpaired t test or a one-way analysis of
variance (ANOVA), followed by a Bonferroni’s posttest or Dunnett’s test,
was used, and a P value of 0.05 was considered statistically significant.

RESULTS
In vitro analysis of the interaction of NK and �� T cells with
CSFV. The direct effects of a live attenuated C-strain and the vir-
ulent Brescia strain of CSFV were assessed on NK and �� T cells in
vitro (Fig. 1). In contrast to stimulation with a combination of
recombinant porcine IL-12 and IL-18, neither virus inoculum in-
duced the activation of either cell type, as assessed by an increase in
the proportion of cells expressing MHC-II or intracellular perfo-
rin or by the secretion of IFN-�. Furthermore, it was found that
both cell populations were resistant to in vitro infection by atten-
uated or virulent CSFV, as assessed by intracellular staining for the
CSFV E2 protein (data not shown). To assess the indirect effects of
CSFV on NK and �� T cells, these cells were cocultured with CSFV
and enriched blood DCs, which contained both pDCs and mDCs
as a source of CSFV-susceptible antigen-presenting cells. Cocul-
ture with DCs and both C-strain and Brescia CSFV led to a signif-
icant increase in the proportions of both NK and �� T cells ex-
pressing MHC-II but did not induce upregulation in perforin or
stimulate an IFN-� response.
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To determine whether MHC-II upregulation on NK and �� T
cells was due to soluble factors released by the DCs in response to
CSFV infection, experiments were conducted using culture super-
natants collected 24 h following infection of enriched blood DCs
with Brescia or C-strain CSFV. The culture of NK and �� T cells
with the supernatants from DCs infected with either strain, but
not the uninfected DC cultures, led to a significant increase in the
proportion of cells expressing MHC-II (Fig. 2A). In order to es-
tablish whether mDCs or pDCs were responsible for this partial
activation, NK and �� T cells were cocultured with viruses in the
presence of mDCs or pDCs (Fig. 2B). A significant increase in the
cells expressing MHC-II was observed on the surface of both NK
and �� T cells when cultured with virus and pDCs, whereas cul-
ture with mDCs had no stimulatory effect.

We next assessed the cytokine profiles of the supernatants from
the cultures of CSFV-infected mDCs and pDCs in an attempt to
identify differentially expressed cytokines that may be responsible
for the upregulation of MHC-II. In response to both CSFV strains,
no significant differences were observed in the levels of IL-1�,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, or IFN-� detected in the su-
pernatants of the mDC and pDC cultures (data not shown), while
significantly higher levels of type I IFN and TNF-� were detected
in the supernatants of virus-infected pDC cultures compared to
those of mDCs (Fig. 3A). Enriched NK and �� T cells were there-
fore cultured with recombinant porcine IFN-� and TNF-� at con-
centrations comparable to those detected in the infected pDC cul-
ture supernatants, either individually or in combination, and the

effects on MHC-II expression were assessed (Fig. 3B). Stimulation
with IFN-� but not TNF-� induced significant upregulation of
MHC-II on the NK and �� T cells, and there was evidence for
further enhancement of MHC-II expression by �� T cells when
the two cytokines were combined. The lack of dose dependency in
the observed responses may reflect that all doses of cytokines
tested were at a saturating concentration.

Ex vivo analysis of NK and �� T cells isolated from the tonsils
and retropharyngeal lymph nodes of pigs vaccinated and/or
challenged with CSFV. Ex vivo experiments were performed in
the context of CSFV vaccination and/or challenge in order to
complement the in vitro results. An experiment was conducted in
which pigs were vaccinated with the C-strain virus and challenged
5 days later with the virulent strain Brescia. A challenge control
group was included in the study. The vaccinated animals were
solidly protected from challenge, while the unvaccinated pigs de-
veloped clinical signs of CSF, viremia, and leukopenia (33). We
focused the analysis of the phenotypes of NK and �� T cells in the
tonsils and retropharyngeal lymph nodes, which are the primary
sites of CSFV infection and thus where innate immunity might
play an important role. The surface expression of MHC-II and the
intracellular levels of perforin were assessed in the cells isolated
from tissues collected on days �2, 0, 3, and 5 postchallenge. While
no differences were observed in the proportions of NK and �� T
cells expressing perforin (data not shown), we observed differ-
ences between the groups in terms of upregulation of MHC-II
(Fig. 4). Specifically, on day 0 postchallenge (day 5 postvaccina-

FIG 1 Analysis of the direct and indirect effects of CSFV on NK and �� T cells. Enriched NK and �� T cells were cocultured with an attenuated C-strain or
virulent Brescia strain of CSFV, either alone or with enriched blood DCs, at a ratio of 2:1. A mock virus-infected cryolysate supernatant and a cocktail of
recombinant porcine IL-12 and IL-18 were used as negative and positive controls, respectively. Twenty-four hours postculture, the percentages of MHC-II- and
perforin-expressing cells were assessed on the NK cells (A) and �� T cells (B) by flow cytometry, and the IFN-� content of the culture supernatants was assessed
by ELISA. The mean data � SEM from three independent experiments utilizing different animals are shown. The values for each virus-stimulated condition were
compared to the corresponding mock-stimulated control using a one-way ANOVA, followed by Dunnett’s multiple comparison test: ***, P  0.001; **, P  0.01;
*, P  0.05.
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tion), there was some evidence of an upregulation of MHC-II on
�� T cells in the draining lymph nodes from intranasally vacci-
nated animals (Fig. 4B), although greater differences were ob-
served 5 days postchallenge (Fig. 4B). At this time point, there was
a significantly greater proportion of MHC-II expressing NK and
�� T cells in both the tonsils and retropharyngeal lymph nodes of
the challenge control pigs compared to that of both the vaccinated
and challenged pigs and those that were vaccinated but unchal-
lenged. A comparison of the viral loads in these tissues confirmed
that the challenge control pigs had significantly larger amounts of
viral RNA present on day 5 postchallenge (Fig. 5). Concomitant
with the increased viral loads, we also found that by day 5 post-
challenge, the unvaccinated and challenged pigs showed increased
numbers of IFN-�-expressing cells, primarily in the interfollicular
areas of the tonsils (Fig. 6A), as well as high levels of type I IFN
circulating in serum (Fig. 6B).

DISCUSSION

This study aimed to provide insight into the potential roles of NK
and �� T cells in the immune response against CSFV, which may
explain in part the capacity of live attenuated CSFV vaccines to
provide protection within days of administration (7). Through a
combination of in vitro experimentation and ex vivo analyses of
the key lymphoid tissues, our data suggest that neither cell type
appears to be appropriately activated for contribution to antiviral
effector functions, but they are at least partially activated following
stimulation with type I IFN produced by pDCs infected with
CSFV.

Coculture of NK and �� T cells with CSFV-infected pDCs, but
not mDCs, led to an upregulation of MHC-II on the surface of

these cells, which was associated with high levels of IFN-� release.
In response to CSFV infection, the mDCs released significantly
smaller amounts of IFN-� compared to that of pDCs, which is
most likely due to the inhibition of the type I IFN induction cas-
cade by CSFV Npro-induced proteasomal degradation of inter-
feron regulatory factor 3 (IRF3) (36–38). By virtue of their utili-
zation of IRF7 instead of IRF3, pDCs possess a functional type I
IFN response to CSFV infection, although it was recently shown
that Npro also interacts with IRF7 and reduces the capacity of
pDCs to produce IFN-� (39). While IFN-� is the prototypic an-
tiviral cytokine, it also plays an important immunoregulatory role,
enhancing both innate and adaptive immune responses (40).
Moreover, it is well known that IFN-� can upregulate MHC-II on
professional APCs, although there are few reports demonstrating
that it can induce expression on nonconventional APCs (41). For
the first time, we report this effect of IFN-� on two nonconven-
tional APCs, NK and �� T cells, in pigs. Future work should ad-
dress whether this effect is mediated specifically by particular por-
cine IFN-� subtypes or whether other type I IFNs may also play a
role. Seventeen different porcine IFN-� subtypes have been de-
fined (42). While only IFN-�1 is commercially available and is
currently used as the basis for IFN-� ELISAs, commercial anti-
bodies recognize �16 porcine IFN-� subtypes (Olubukola Soule,
AHVLA, personal communication).

The results of the ex vivo analysis showed that the upregulation
of MHC-II on tonsillar and lymph node resident NK and �� T
cells was associated with virulent Brescia infection and appeared
to be inversely correlated to C-strain-induced protection. Indeed,
the activated phenotype was observed in tissues with both the
highest levels of CSFV infection and IFN-�-secreting cells, which

FIG 2 Effect of soluble factors released by CSFV-infected DCs on MHC class II expression by NK and �� T cells, and an assessment of the cellular source.
Enriched NK and �� T cells were cocultured with attenuated C-strain or virulent Brescia strain CSFV or with culture supernatants from enriched blood DCs
previously infected with the two strains (A). To determine whether pDCs or mDCs were responsible for this effect, enriched NK and �� T cells were cocultured
with attenuated C-strain or virulent Brescia strain CSFV, alone or together with sorted pDCs or mDCs, at a ratio 2:1 (B). A mock virus-infected cryolysate
supernatant was used as a negative control. Twenty-four hours postculture, the expression of MHC-II was assessed on NK and �� T cells by flow cytometry. The
mean � SEM data from three independent experiments utilizing different animals are shown. The values for each virus-stimulated condition were compared to
the corresponding mock-stimulated control using a one-way ANOVA, followed by Dunnett’s multiple comparison test: ***, P  0.001; **, P  0.01; *, P  0.05.
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was reflected in the elevated levels of circulating type I IFN. It is
likely that virulent CSFV infection of pDCs is responsible for the
type I IFN response, since it has been described that pDCs rapidly
increase in numbers in the tonsils following CSFV infection ac-
companied with high levels of IFN-� (43). While there was little
evidence for MHC-II upregulation associated with C-strain infec-
tion in vivo, our results did show a C-strain-mediated response in
vitro. This may be explained by the more limited replication of
C-strain in vivo and/or a failure of pDCs to traffic to the tonsils,
resulting in the reduced type I IFN levels observed. Alternatively, it
is possible that some form of immune regulation is induced by
C-strain infection, such as IL-10 induction, which may inhibit the
pDC-mediated type I IFN response (44). Moreover, it has recently
been shown that the interaction of pDCs with CSFV-infected cells
induces greater IFN-� production than that from direct infection
of pDCs (45); therefore, the ability of virulent CSFV strains to
rapidly replicate in macrophages and mDCs may potentiate the
IFN-� response by pDCs in the lymphoid tissues. This exacer-
bated type I IFN response to CSFV mediated by pDCs has been
hypothesized as a key driver of the pathogenesis of CSF, including
the hallmark trait of leukopenia (46, 47). A novel subset of porcine

NK cells expressing high levels of NKp46 and low levels of CD8�
has recently been described in the spleen, with a highly activated
status (18); future analyses should assess whether this population
resides in other secondary lymphoid tissues, such as the tonsils,
and determine if they show evidence of activation following infec-
tion with C-strain and/or virulent CSFV.

The expression of MHC-II on activated NK and �� T cells
raises the question of whether these cells acquire an antigen-pre-
senting cell function in response to CSFV infection, but this is
beyond the scope of the present study. A previous study reported
that porcine �� T cells were able to acquire a phenotype similar to
that of professional APCs after vaccination against foot-and-
mouth disease (FMD), and these cells were able to process and
present soluble antigen to CD4� T cells, likely modulating the
outcome of the adaptive immune response (48). Human �� T cells
have also been described as gaining APC function following con-
tact with microbes, enabling them to induce conventional CD4�

and CD8� T-cell responses (30). It has been suggested that �� T
cells act as APCs only in the initiation of proinflammatory im-
mune responses, and they are not able to substitute DCs in con-
trolling self-tolerance and immune regulation (30). The ability of

FIG 3 Investigation of CSFV-infected pDC-derived cytokines on the MHC class II expression of NK and �� T cells. (A) pDCs or mDCs were exposed to CSFV
C-strain, Brescia strain, or a mock virus-infected cryolysate supernatant, and after 24 h in culture, the levels of TNF-� and type I IFN in the supernatants were
analyzed using a porcine cytokine multiplex ELISA and Mx/CAT reporter gene assay, respectively. (B) Enriched NK and �� T cells were then cultured in cRPMI
medium alone or in the presence of porcine recombinant IFN-� and/or TNF-�, at concentrations comparable to those detected in infected pDC cocultures, and
the expression of MHC-II was assessed by flow cytometry after 24 h. The mean � SEM data from three independent experiments utilizing different animals are
shown. The values for each group were compared to the corresponding unstimulated control (mock stimulation in panel A and no cytokine treatment in panel
B) using a one-way ANOVA, followed by Dunnett’s multiple comparison test: ***, P  0.001; **, P  0.01; *, P  0.05.
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NK cells to express MHC-II after interaction with DCs has been
described in mice. Nakayama et al. (49) observed that NK cell
acquisition of MHC-II was mediated by intercellular membrane
transfer from interacting DCs and that NK cells also acquired
costimulatory molecules, such as CD80 and CD86, from DCs
through a process of trogocytosis. However, in the present study,
we observed that both the recombinant cytokines and superna-

tants derived from CSFV-infected pDC cultures induced the up-
regulation of MHC-II on NK cells, suggesting that this was a con-
sequence of de novo expression of MHC-II by the stimulated cells
rather than via “cross-dressing.” An assessment of MHC class II
transcription levels following NK cell stimulation may help eluci-
date whether the observed upregulation of surface expression is
due to trogocytosis. Interestingly, MHC-II-dressed NK cells have

FIG 4 Ex vivo analysis of the MHC class II expression on lymphoid tissue-derived NK and �� T cells 5 days following C-strain vaccination and 5 days
post-virulent CSFV challenge. The cells were isolated from tonsils and retropharyngeal lymph nodes (RPLN) 5 days after vaccination (day 0) and 5 days after
Brescia challenge (day 5), and MHC-II expression on NK and �� T cells was assessed using flow cytometry. (A) Gating strategy used to interrogate responses in
live �� T cells (CD3� ��-TCR�) and NK cells (CD3� CD8�low). (B) Mean percentage of MHC-II-expressing NK and �� T cells for each experimental group
(group 1, C-strain vaccination [intranasal {i.n.}] and mock challenge; group 2, C-strain vaccination [intramuscular {i.m.}] and CSFV Brescia challenge; group
3, C-strain vaccination [i.n.] and CSFV Brescia challenge; group 4, mock vaccination and CSFV Brescia challenge), tissue, and time point. The data represent the
mean of 3 pigs/group/time point � SEM. Statistical analyses were performed using a one-way ANOVA, followed by Bonferroni’s multiple comparison test: ***,
P  0.001; **, P  0.01; *, P  0.05.

FIG 5 Quantification of CSFV loads in tonsils and retropharyngeal lymph nodes following C-strain vaccination and/or virulent Brescia challenge. The tonsils
and retropharyngeal lymph nodes were collected longitudinally following C-strain vaccination and challenge 5 days later with CSFV Brescia strain. CSFV RNA
loads were quantified in the tissues by qRT-PCR. The data represent the mean of 3 pigs/group � SEM. Statistical analyses were performed using a one-way
ANOVA, followed by Bonferroni’s multiple comparison test: **, P  0.01.
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been shown to inhibit DC-induced CD4� T-cell responses via
competitive antigen presentation (49), and it remains to be deter-
mined whether the MHC-II porcine NK cells observed here in-
hibit or promote CSFV-specific T-cell activation.

Despite significant upregulation of MHC-II, the apparent lack
of activation of NK and �� T cells enabling the release of antiviral
cytokines, like IFN-�, or perforin-mediated cytotoxic function
raises the possibility that CSFV actively inhibits this process. CSFV
infection of blood-derived pDCs and mDCs induces the matura-
tion of these cells, as assessed by an increase in costimulatory mol-
ecule expression (J. C. Edwards and S. P. Graham, unpublished
data), and in addition to type I IFN, DCs secrete a range of other
cytokines, such as IL-2 and IL-12, with the capacity to activate NK
and �� T cells. Studies of HCV, another member of the Flaviviri-
dae family, have shown that several viral proteins, core, E2, and
NS5A, can either directly or indirectly, in the case of NS5A, inhibit
human NK cell activation (23–25). Since NK cells may also play an
important role in the induction of T-cell responses via a reciprocal
activating cross talk with DCs, these inhibitory mechanisms may
offer the virus a significant advantage in evading immune re-
sponses at several levels. However, since we saw a lack of complete
activation of NK cells with both C-strain and virulent CSFV, the
upregulation of perforin, or the secretion of IFN-�, it is unlikely
that this has a negative impact on T-cell induction in vivo, since
C-strain induces a virus-specific T-cell response that is undetect-
able in virulent-CSFV-infected animals (6, 7, 33, 50). In summary,
CSFV induced a partial activation of NK and �� T cells, as char-
acterized by MHC-II upregulation, which appeared to be medi-
ated by type I IFN produced by infected pDCs in vitro and was
most clearly observed in the tissues with high viral loads and ac-
companying circulating type I IFN. The current data failed to
show that these cells gained antiviral effector functions, and it
therefore appears unlikely that either population contributes di-
rectly to the rapid protection conferred by C-strain CSFV. Further
studies should assess cytokine and cytotoxic functions at later time
points following interaction with infected DCs and determine
whether MHC-II-bearing NK and �� T cells can function as APCs
or rather might inhibit DC-induced T-cell responses against
CSFV.
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