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T helper 1-type cytokine transcription in peripheral blood mononuclear cells of
pseudorabies virus (Suid herpesvirus I)-primed swine indicates efficient

immunization

T. FISCHER, M. BUTTNER & H.-J. RZIHA Federal Research Centre for Virus Diseases of Animals, Institute for

Immunology, Tiibingen, Germany

SUMMARY

The induction of porcine cytokines, which are believed to be important for the regulation of T
helper (Th)1- and Th2-specific immune responses of pigs, was analysed after in vitro restimulation
with a herpesvirus, Suid herpes 1 (pseudorabies virus [PRV]), in peripheral blood mononuclear cells
(PBMC). To this end, quantitative, competitive reverse transcription—polymerase chain reaction
(RT-qcPCR) was established using constructed heterologous DNA MIMICS, which contain
cytokine- or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific primer-binding sites.
This is a simple method that allows reliable determination of the differing regulation of cytokine
mRNAs specific for porcine interleukin (IL)-2, -4 and -10, interferon gamma (IFN-y) and the
housekeeping gene, GAPDH, as an endogenous control. PBMC derived from naive (innate
response) and PRV-primed (memory response) outbred swine were analysed comparatively. The
results demonstrated that restimulation with PRV significantly enhanced the transcription of
Thl-type cytokines (IL-2 and IFN-vy) but not of Th2-type cytokines (IL-4 and IL-10). This virus-
specific cytokine response was only found with PBMC from swine protected against lethal PRV
challenge infection, but not with naive PBMC or with PBMC from pigs immunized with plasmid
DNA encoding PRV glycoprotein gC. Notably, PBMC derived from immune and naive pigs
constitutively produced relatively high amounts of IL-10-specific mRNA, exceeding that of
GAPDH mRNA, independently of the addition of viral antigen or the mitogen concanavalin A
(Con A). The results of this work should help to provide a better understanding of the effector cell/
cytokine network response to infection with, or vaccination against, PRV. Additionally, the simple,
reliable and sensitive RT-qcPCR, when used to determine the porcine cytokine pattern, might be of

prognostic value for the induction of protective immunity.

INTRODUCTION

Pseudorabies virus (PRV), a member of the Alphaherpesvirinae,
is the causative agent of Aujeszky’s disease, an economically
important disease of swine. Vaccination of pigs is practised in
many countries, using live and inactivated vaccines. Although
vaccines can prevent symptoms of the disease, they do not
eliminate the virus from the infected host and do not prevent the
establishment of a latent infection (reviewed in ref. 1). More
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recently, the use of plasmid DNAs (encoding glycoproteins of
PRYV) for DNA vaccination of pigs has been reported with
varying success, particularly regarding protection of the animals
against lethal challenge with highly virulent PRV strains.>™
One important prerequisite for the improvement of anti-
herpesviral vaccines in general, and against PRV in particular, is
a better knowledge of immunological parameters relevant
for protection. For instance, the presence and activation of
long-lived memory B- and T-cell responses is important to confer
long-lasting immunity against herpesviruses.® Specific virus-
neutralizing serum antibodies are believed to play a substantial
role in controlling PRV infection, and recently it has been
demonstrated that a humoral immune response directed against
glycoprotein gC can interfere directly with the attachment of
PRV to cells.” However, it has also been shown that high titres of
circulating antibodies are not solely responsible for protective
immunity."® Cell-mediated immunity is regarded as a major
protective effector mechanism against virus infections,®’
including herpes simplex virus (HSV) or PRV.'%!3 Pigs infected
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with or vaccinated against PRV produce specificcytotoxic T cells,
which are major histocompatibility complex (MHC) unrest-
ricted as well as MHC class I restricted.!>'* CD4* T helper (Th)
cells have been found among porcine T lymphocytes with anti-
PRV activity.! The CD4+ CD8 " extrathymic T cells, which are
unique to the porcine immune system, contain cells responsive to
PRV asrecall antigen that are characteristic of memory T cells.'®
'8 This virus-specific secondary response was found to be MHC
class II restricted, requiring the CD4 molecule for recognition,
and the glycoprotein gC, a major immunogen of PRV, was found
to be involved in the priming of PRV-specific memory Th
cells.”"”

It is well documented that cytokines and chemokines,
secreted by macrophages and T lymphocytes, play a crucial role
in the initiation and maintenance of antiviral immune
responses (reviewed in ref. 19). Two different Th cell subsets
(Th1 and Th2), which differ from each other in their cytokine
profile, are described for mouse, human and bovine T
lymphocytes.?>*> Thl-type cytokines, such as interleukin
(IL)-2 and interferon-y (IFN-y), stimulate cytotoxic T
lymphocytes (CTLs) and B cells, whereas IL-4 and IL-10
predominately promote B-cell activity.>® The Thl-type of
immune response is believed to limit viral replication and to
facilitate resolution of viral infections.”* It was demonstrated
in mice that a Thl-type cytokine-mediated immune response
was crucial for the prevention of lethal HSV infection, whereas
a Th2-type immune response aggravated the disease.>>?® Using
mouse models for PRV, the induction of a Thl-type of antiviral
immune response and its importance for protective immunity
have been reported.>”?

Information on the porcine cytokine profile in PRV-
infected or vaccinated swine, the natural host of PRV, is very
scarce owing to the limited availability of appropriate
immunological and biological reagents. To date, indirect
assays to measure cytokine activity indicate secretion of I1L-2
and IFN-y after in vitro restimulation of PRV-primed porcine
lymphocytes.®!7*3% An excellent alternative for the quantita-
tive assessment of cytokine gene expression is competitive
reverse transcription—polymerase chain reaction (RT-
PCR),*!*? also described for swine.**® In the present report
we determined cytokine gene expression in peripheral blood
mononuclear cells (PBMC) of naive (innate response) and
PRV-primed (memory response) outbred swine after in vitro
stimulation with PRV or concanavalin A (Con A). To achieve
this, a reliable and simple RT—qc (quantitative, competitive)
PCR was developed for accurate quantification of porcine IL-
2, -4 and -10, and IFN-y. Animals vaccinated with a live
vaccine were fully protected against challenge infection with a
lethal dose of PRV, and the derived PBMC exhibited
significantly increased IL-2 and IFN-y expression upon in
vitro restimulation with PRV. This induction was PRV specific
and did not occur with PBMC from naive animals. In contrast,
transcription of neither IL-2 nor IFN-y was stimulated by PRV
after exposure of PBMC derived from piglets that were
vaccinated with a plasmid encoding gC of PRV and not
protected against lethal virus challenge. Induction of IL-4 and
IL-10 was absent after restimulation of PBMC with PRV,
whereas treatment with the polyclonal T-cell activator Con A
increased transcription of all cytokines tested, except IL-10.
Notably, in all PBMC samples analysed, a relatively high basal
transcription of IL-10 was observed, which even exceeded that
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of the housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

Improved knowledge of the cytokine profiles will help to
elucidate the contribution of different porcine T-lymphocyte
subsets in protective immunity and therefore assist in
improving the development and delivery of protective vaccines,
as exemplified here for PRV infection in pigs. Moreover, better
characterization of the cytokine response against primary and
secondary viral infection might also be of prognostic value for
the protective quality of vaccines in general.

Similarly to herpesvirus infection in humans and mice, the
results presented in this work indicate that in successful
protection of swine against PRV infection a Thl-type immune
response prevails, which was not found after gC DNA
immunization.

MATERIALS AND METHODS

Virus propagation and chemical inactivation of PRV

The porcine kidney cell line, PSEK, was used for propagation
of the PRV strain, Phylaxia, as described previously.” For
inactivation, the virus lysate (10® plaque-forming units [PFU]
per ml) was incubated with 0:08% (v/v) B-propiolactone
(Sigma-Aldrich Chemie GmbH, Munich, Germany) on ice
for 30 min with occasional shaking. Thereafter, the mixture
was shaken at 37° for 4 hr (taking care to maintain the pH
between 7-0 and 7-4) and then incubated at 4° for an additional
48 hr without shaking. The resultant precipitate was removed
by centrifugation at 400 g for 15 min, and the supernatant
containing PRV was assayed for successful inactivation of virus
by inoculation of PSEK cells.

Animals and immunization

Pigs (German landrace; weight =25 kg) were immunized
intramuscularly (i.m.) with 10 of a 50% tissue culture infective
dose (TCIDs) of PRV live vaccine (Nobi-Porvac live; Intervet,
Boxmeer, the Netherlands) and boosted 4 weeks later (10°
TCIDsg). Two months later, all animals survived an intranasal
challenge infection with 1-2 x 10° PFU of the highly virulent
PRV strain, NIA-3. All immune sera displayed PRV-specific
antibody titres between 1:2000 and >1:10 000, as determined
by enzyme-linked immunosorbent assay (ELISA) and comple-
ment-independent virus-neutralizing antibody titres of 1:64—
1:480 (data not shown).

Animals 9, 10 and 15 were injected intradermally (i.d.) in the
pinna of both ears with 50 pg of plasmid DNA containing the gC
gene (gC-CMV) (25 pg of DNA in 0-1 ml of phosphate-buffered
saline [PBS] was administered at each site using a 22-gauge
needle). Two booster immunizations were performed at
subsequent 4-week intervals by i.d. inoculation of a further
50 ugof gC-CMYV, and 4 weeks after the third immunization the
animals were intranasally challenge infected (with 1-2 x 10°PFU
of NIA-3). Plasmid gC-CMV was kindly provided by T. C.
Mettenleiter (Federal Research Centre For Virus Diseases of
Animals, Insel Riems, Germany) and has been described
previously.’

Isolation and in vitro stimulation of PBMC

Heparinized blood was collected from the jugular vein, and
PBMC were prepared by Ficoll gradient centrifugation and
cultured as described previously.” In vitro stimulation was
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performed with 5 pg/ml of Con A (Sigma-Aldrich Chemie
GmbH) with PRV (strain Phylaxia) or with bovine herpesvirus
1 (BHV-1) (vaccine strain Difivac; Bayer AG, Leverkusen,
Germany) at a multiplicity of infection (MOI) of 1-0.

RNA extraction

Total RNA was isolated from PBMC with TRIzol reagent
(Gibco-BRL Life Technologies, Karlsruhe, Germany), accord-
ing to the manufacturer’s instructions, and resuspended in
20 ul of sterile bidistilled water containing 0-1% (v/v) diethyl-
pyrocarbonate (DEPC; Sigma-Aldrich Chemie GmbH). RNA
was quantified spectrophotometrically and tested for integrity
by using denaturing agarose-gel electrophoresis.

RT of total RNA and PCR

Total cellular RNA from PBMC was heated at 70° for 10 min,
chilled on ice and then incubated for 10 min at room
temperature in a total volume of 20 ul containing 2 pg of
RNA, 0-25 ug of random hexamer primers (Invitrogen BV,
Groningen, the Netherlands), 0-5 mm deoxynucleotide tripho-
sphates (ANTPs; Amersham Pharmacia Biotech, Freiburg,
Germany), 1 x first-strand buffer (Gibco-BRL Life Technol-
ogies), 10 mm dithiothreitol (Gibco-BRL Life Technologies)
and 20 U of ribonuclease inhibitor (RNaseOUT; Gibco-BRL
Life Technologies). After addition of 200 U of reverse
transcriptase (Superscript II, Gibco-BRL Life Technologies),
cDNA was synthesized at 42° for 1 hr followed by heat
inactivation at 70° for 10 min.

Oligonucleotides used as primers for PCR amplification of
c¢DNA specific for porcine GAPDH, IL-2, IFN-y, IL-4 and IL-
10 are listed in Table 1. PCR was performed, for 35 cycles, in a
total volume of 50 pl containing 20 mm Tris-HCI (pH 8§-4),
50 mm KCI, 1:5 mm MgCl,, 30 ng of each primer, 0-02 mm
dNTPs (Amersham Pharmacia Biotech), 1 ul of the cDNA
reaction and 0-5 pl of Tag polymerase (5 U/ul; Gibco-BRL
Life Technologies) in a TRIO-Thermoblock (Biometra,
Gottingen, Germany). Each PCR cycle comprised 80 seconds
of denaturation at 96°, 90 seconds of annealing at 56° (64° for
the IL-4-specific PCR), a 90-second extension at 72° and a final
extension at 72° for 10 min. The reaction products (15 pl) were
separated in 2% agarose gels containing 0-3 pg/ml ethidium
bromide. Specific PCR products were cloned into the pCR®II
cloning vector (Invitrogen BV), according to the manufac-
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turer’s instructions, and then sequenced using an automatic
DNA sequencing apparatus (ABI model 377 sequencing
system; Applied Biosystems Division PE/ABI, Foster City,
CA) and the ABI PRISM® Dye-Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems GmbH, Perkin-
Elmer Corporation, Weiterstadt, Germany).

Quantitative, competitive PCR

A heterologous competitor DNA (MIMIC) was generated
from the Escherichia coli lacZ gene by PCR using plasmid
pCHI110 (Amersham Pharmacia Biotech) as a template.
Composite primers, consisting of the target gene-specific
primer sequence (Table 1) linked to a lacZ gene-specific
sequence, were synthesized. Therefore, all forward primers
contained at their 3’ end the additional sequence 5'-
CTCGTTGCTGCATAAACC-3', and all reverse primers 5'-
GCAGACCATTTTCAATCC-3". The PCR was performed as
described above, but using an annealing temperature of 50°.
The resulting PCR products were diluted 250-fold and used for
a second round of amplification in the presence of the target-
specific primers. The resulting MIMICs were purified using the
High Pure PCR-Product Purification Kit (Roche Molecular
Biochemicals, Mannheim, Germany), and the DNA concen-
tration was determined. The molar quantity of each MIMIC
resulted from the calculation that 1 ng of DNA of a size of
300 bp equals 5 x 10° attomoles (amol).

Serial, 10-fold dilutions of each MIMIC were placed into
different test tubes and amplified with constant amounts (1 pl)
of cDNA. The resulting PCR products were separated in an
ethidium bromide-stained 2% agarose gel and photographed
using the DC120 Zoom Digital Camera (Eastman Kodak
Company, Rochester, NY). Computer-directed densitometry
was performed using 1D Image Analysis Software (Eastman
Kodak Company) to determine the maximum fluorescence
intensity of each DNA band. The molar ratio between target
and MIMIC-specific PCR products was calculated for each
reaction using the equation:

(Fluorescence of target + fluorescence of MIMIC) x (size of
MIMIC [in bp]+ size of target [in bp])

The log;o value of the molar ratio was plotted against the log;g
value of amol of MIMIC present in each reaction. This
regression plot yielded a linear graph, and from the intercept on

Table 1. Primers used for quantitative, competitive reverse transcription—polymerase chain reaction (RT—-qcPCR)

Product size (bp)

GenBank

Target Primer sequence (5'—3’) Target MIMIC acc. no.

IL-2 Forward GCACCTACTTCAAGCTCTAC 387 431 X56750
Reverse GATGCTTTGACAAAAGGTAATC

IL-4 Forward TATTCATGGGTCTCACCTCCCA 337 432 X68330
Reverse TTGGCTTCATGCACAGAACAG

IL-10 Forward TACCTGGGTTGCCAAGCCTT 523 431 L.20001
Reverse TTCACAGAGAGGCTCGGTAAAT

IFN-y Forward ATTTTGAAGAATTGGAAAGAGG 368 433 X53085
Reverse AAATTCAAATATTGCAGGCAGG

GAPDH Forward CCTTCATTGACCTCAACTACAT 400 432 U48832

Reverse CCAAAGTTGTCATGGATGACC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN-v, interferon-y; IL, interleukin.
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Figure 1. Reverse transcription—polymerase chain reaction (RT-PCR)
specific for porcine cytokines and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Total RNA was isolated from concanavalin A
(Con A)-stimulated (24 hr) peripheral blood mononuclear cells
(PBMC) of a naive pig and used for RT-PCR specific for: GAPDH
(lane 1), interleukin (IL)-2 (lane 2), interferon-y (IFN-vy) (lane 3), IL-4
(lane 4) and IL-10 (lane 5). The PCR products were separated in a 2%
agarose gel; the sizes (in bp) for each specific product are indicated. M,
molecular-weight markers.

the x-axis, the point of molar equivalence was determined,
representing the relative amount of target cDNA. Quantifica-
tion of the cDNA specific for the housekeeping gene, GAPDH,
was used as a control for any sample-to-sample variation in
quantity of RNA and variation of RT and PCR. Therefore, the
values obtained for individual stimulated and non-stimulated
PBMC samples were corrected by their GAPDH ratios. This
finally allowed the quantitative comparison of changes in the
cytokine profiles and was expressed as the induction coefficient
of cytokine transcription (ICT).

RESULTS

Establishment of RT-PCR for specific detection of porcine
cytokine transcripts

Stimulation of porcine PBMC with the polyclonal T-cell
activator Con A allows the detection of various cytokines,

72 hr F

48 hr I

24 hr

including IL-2, IFN-y, IL-4 and IL-10.** Therefore, RT-PCR
was established and optimized initially with PBMC derived
from a naive pig (pig 1), which were stimulated in vitro for 24 hr
with Con A. The RT-PCR resulted in specific amplification
products of the expected size: 400 bp for GAPDH, 387 bp for
IL-2, 368 bp for IFN-y, 337 bp for IL-4 and 523 bp for IL-10
(Fig. 1). To prevent amplification of cytokine-specific genomic
DNA, the chosen primers were specific for two different exons
of each cytokine gene. Although the GAPDH-specific primers
are positioned in the same exon, GAPDH-specific genomic
DNA was not amplified. Reverse transcription in the absence
of reverse transcriptase or when using RNase A-digested RNA
did not result in a GAPDH-specific PCR product, whereas
DNase I treatment of the RNA did not affect the RT-PCR (not
shown). In addition, the identity of all resulting RT-PCR
products was further confirmed by sequence analysis of the
cloned PCR fragments (results not shown).

The sensitivity of the cytokine- and GAPDH-specific PCR
amplification was determined by using serial dilution of known
amounts of each cloned PCR product as template. The assays
revealed that 107° pm of IL-4-, 107> pm of GAPDH-, IL-2-
and IL-10-, and 10~% pm of IFN-y-specific cDNA could be
detected in ethidium bromide-stained gels (results not shown).

Cytokine profile in Con A-activated PBMC

To assess the stimulation and amplification of cytokine
mRNA, PBMC from non-infected pig 1 were cultured in the
presence or absence of Con A, and total RNA was isolated
from 1x 107 cells after 5, 24, 48 and 72 hr. The transcription
rate of GAPDH, IL-2, IFN-y, IL-4 and IL-10 was analysed by
RT-qcPCR, and the ICT was determined as described in the
Materials and methods. The kinetic profile of cytokine
induction in Con A-activated porcine PBMC is illustrated in
Fig. 2. Maximal induction of the IL-2- and IFN-y-specific
transcription (95-8-fold and 144-0-fold, respectively) was
observed as early as 5 hr after addition of Con A to the

IL-2 IFN-y
Qw4 M L-10
]
T T T 1
0 20 40 60 80 100 120 140 160

ICT

Figure 2. Kinetics of cytokine induction in porcine peripheral blood mononuclear cells (PBMC) during treatment with concanavalin
A (Con A). PBMC derived from a naive pig were stimulated in vitro with Con A, and cytokine transcription was quantified by
quantitative, competitive reverse transcription—polymerase chain reaction (RT-qcPCR) at the indicated time-points. By comparison
with the non-stimulated PBMC, the induction coefficients of transcription (ICT) were determined as described in the Materials and
methods. The highest ICT were found for interleukin (IL)-2 and interferon-y (IFN-y) after 5 hr of stimulation with Con A, whereas
IL-4 transcription was induced only after 24 hr. IL-10 transcription did not show a significant increase at any of the time-points tested.
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Figure 3. Quantification of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) and interleukin (IL)-10 mRNA. Quantitative, compe-
titive reverse transcription—polymerase chain reaction (RT—qcPCR)
was performed with (a) non-stimulated and (b) concanavalin A (Con
A)-stimulated (24 hr) peripheral blood mononuclear cells (PBMC)
from a naive pig. For PCR, cDNA and a 10-fold dilution of MIMIC
were added together in concentrations ranging from 10! to 10~2 amol
for GAPDH (lanes 1-4, upper bands), and from 10% to 10! amol for
IL-10 (lanes 5-8, lower bands). In both Con A- and non-stimulated
PBMC, molar equivalence was obtained in the presence of
~10°—10" amol IL-10-specific MIMIC (lane 7, both panels) and
10" amol GAPDH-specific MIMIC (lane 3, both panels). M,
molecular-weight markers.

PBMC cultures. Thereafter, the ICT of IL-2 and IFN-y
gradually decreased to basal levels (as produced by non-
stimulated cells) after 48 hr (IL-2) and 72 hr (IFN-v) of culture.
Elevated transcription of IL-4 was found only after 24 hr of
stimulation with Con A, showing an ICT of at least 18-0, and
was essentially undetectable at earlier or later time-points and
not detected in non-stimulated cells (Fig. 2). Con A caused no
significant increase of IL-10 transcription during the time-
period tested (Fig. 2). Notably, gel analysis of the RT-qcPCR
products indicated the presence of relatively high amounts of
IL-10 mRNA in non-stimulated PBMC. Molar equivalence
was reproducibly found in the presence of = 1-10 amol IL-10
MIMIC using non-stimulated (Fig. 3a) or Con A-stimulated
PBMC (Fig. 3b). For GAPDH, equivalence was reached with
=~ 10- to 20-fold lower concentrations of MIMIC (Fig. 3, lanes
1-4). This was not the result of a higher sensitivity of the IL-
10-specific PCR compared to the other PCRs (as described
above), and was found with all test PBMC samples derived
from the different pigs (also discussed below).

To examine the variability of cytokine induction among
individual outbred pigs, PBMC derived from nine additional
pigs were stimulated with Con A for 24 hr and analysed. As
summarized in Table 2, the ICT for IL-2 ranged from 10-4 to
669 (average 24-4), for IFN-y from 3-6 to 45-4 (average 20-0)
and for IL-4 from 12-0 to > 54-0 (average 22-0). A more exact
determination of the ICT of IL-4 was not possible because IL-
4 mRNA could be not detected in any of the non-stimulated
PBMC. In no case was a significant induction of the basal IL-

190

—O— MIMIC DNA
170

—@— cDNA

Amount of PCR product (relative units)

70 1 T T T T 1
23 26 29 32 35 38

No. of cycles

Figure 4. Kinetics of amplification of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-specific target c¢cDNA and MIMIC.
Identical amounts of both templates (10 amol) were co-amplified,
parts of the reaction separated in a 2% agarose gel at the indicated
number of polymerase chain reaction (PCR) cycles, and the amount of
each PCR product determined densitometrically. The slope of both
curves indicated very similar efficiency of amplification for the target
cDNA (filled circles) and the MIMIC (open circles).

10 transcription, which never increased more than 2-8-fold
(average 1-6), found after Con A stimulation (Table 2).

Estimation of molar amounts of cytokine mRNA

The results described above indicate varying basal levels of the
different cytokine mRNAs in non-stimulated PBMC: particu-
larly high for IL-10 and very low for IL-4. The RT-qcPCR
used in this work allows accurate determination of relative

Table 2. Induction coefficients of cytokine transcription (ICT) in
porcine peripheral blood mononuclear cells (PBMC)

Con A PRV (inactivated)
Animals IL-2 IFN-y IL-4 IL-10* IL-2 IFN-y IL-4 IL-10
Pig 1 (naive) 296 119 >180 + NTf NT NT NT
Pig 2 (naive) 104 234 >120 + 06 09 -f +
Pig 3 (naive) 153 199 >270 + 34 14 - +
Pig 4 (naive) 122 64 >540 + 34 16 - +
Pig 5 (immune) 119 132 >10-0 + 59:6 400 - +
Pig 6 (immune) 171 450 >33:0 + 1244 630 - +
Pig 7 immune) 131 454 ++8% + 42-1 343 - +
Pig 9 (gC-DNA) 307 66 ++ + 21 26 - +
Pig 10 (gC-DNA) 669 36 ++ + 35 16 - +
Pig 15 (gC-DNA) 127 >48 ++ + 0-5 - - +

*+ indicates the high constitutive transcription of interleukin (IL)-10,
which did not increase significantly (also see the text).

TNot tested.

INot detectable.

8The clear induction of IL-4 is indicated by + +, but the exact ICT was
not determined.

gC, PRV glycoprotein gC; IFN-y, interferon-y; PRV, pseudorabies virus.
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Figure 5. Comparative cytokine profiles of peripheral blood mononuclear cells (PBMC) from immune and naive pigs. PBMC were
stimulated in vitro with inactivated (inact.) or live pseudorabies virus (PRV), bovine herpesvirus 1 (BHV-1), concanavalin A (Con A)
or left unstimulated for 24 hr. Results of quantitative, competitive reverse transcription—polymerase chain reaction (RT—qcPCR) are
shown for one immune animal (pig 5) (a), (b) and (c) and one naive animal (pig 2) (d) and (e). The RT-qcPCR products obtained from
PRV-stimulated (a and d) and non-stimulated (b and ¢) PBMC were separated in a 2% agarose gel; PCR was performed in the
presence of 10°—1072 amol glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MIMIC (lanes 1-6, upper DNA bands),
10'—=10~* amol IL-2 MIMIC (lanes 7-12, upper DNA bands) or interferon-y (IFN-y) MIMIC (lanes 13-18, upper DNA bands),
respectively. Calculation of the induction coefficients of transcription (ICT), as described in the Materials and methods, is shown in (c)
and (f), which demonstrates that T helper 1 (Th1)-type cytokines are specifically induced by PRV only after restimulation of PBMC
from the immune pig (a), (b) and (c), which surpassed the ICT found after 24 hr of stimulation with Con A. M, molecular-weight

markers.

differences in cytokine gene expression, but not necessarily the
correct quantification of molar concentrations of the synthe-
sized target cDNA reflecting the amount of mRNA molecules
present in each sample. For such an estimation, target and
MIMIC must share equal amplification kinetics. This was
tested with identical amounts (10 amol) of the cloned target
cDNA and the respective MIMIC as templates in the same
PCR. Five microlitres of the PCR reaction was collected after
23, 26, 29, 32, 35 and 38 cycles and separated by gel
electrophoresis. The amount of PCR products specific for
MIMIC and target were quantified by densitometry and
plotted against the number of cycles. Representative results are
shown for the simultaneous amplification of GAPDH-specific
cDNA and the GAPDH MIMIC (Fig. 4). The almost parallel
slope of both curves indicates that both templates were
amplified to approximately equal molar amounts. This could
also be demonstrated for the other target cDNAs and their
corresponding MIMIC, which were all amplified with nearly
identical kinetics (data not shown). Therefore, the actual
number of mRNA molecules present in each sample could be
estimated from the RT-qcPCR results. Because efficiency of
cDNA synthesis is probably less than 100%, the estimated
values represent the minimum number of mRNA molecules

© 2000 Blackwell Science Ltd, Immunology, 101, 378-387

present in each sample. Using RNA isolated from non-
stimulated PBMC derived from the different naive pigs (pigs 1—
4) =107 copies of IL-10 mRNA were found per ug of total
cellular RNA, but 25-fold less GAPDH mRNA (10** copies/
ug of total RNA). Compared with IL-2 and IFN-y (10** and
10*2 copies of mMRNA/ug of total RNA, respectively) the basal
transcription rate of IL-10 in naive PBMC was, on average,
250-fold and 300-fold higher, respectively. In summary, these
results verified the presumption that IL-10 mRNA was
constitutively transcribed in relatively high amounts in porcine
PBMC during 24 hr of culture.

Thi-type cytokine response in PRV-primed PBMC

PBMC from naive and PRV-vaccinated, challenge-infected
pigs were stimulated in vitro for 24 hr with inactivated PRV (at
a MOI of 1-:0 before virus inactivation) and the induced
cytokine profiles were compared. As controls, cells were left
untreated or were stimulated for 24 hr with Con A. Figure 5
represents results obtained with PBMC from an immune
animal (pig 5; Fig. 5a, 5b, 5c¢) and from a naive animal (pig 2,
Fig. 5d, Se, 5f). Gel analysis of the RT-qcPCR products
demonstrated that for GAPDH, molar equivalence was
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obtained in the presence of =10~ amol MIMIC (Fig. 5a, b,
5d, Se, lane 4), likewise using PRV-stimulated (Fig. 5a, 5d) or
non-stimulated (Fig. Sb, 5¢) PBMC. This indicated compar-
able RNA quality and efficiency of RT-qcPCR for the
different PBMC preparations. After restimulation of PBMC
of the primed animal with inactivated PRV, the addition of
10" amol IL-2 MIMIC and 10° amol IFN-y MIMIC,
respectively, led to molar equivalence (Fig. 5a, lanes 9 and
14). In contrast, RT-qcPCR with RNA from non-stimulated
PBMC of the same animal showed equivalence of between
103 and 10~* amol IL-2 MIMIC (Fig. 5b, lanes 11 and 12)
and of 102 amol IFN-y MIMIC (Fig. 5b, lane 16). Densito-
metric analysis of the gel-separated RT-qcPCR products and
subsequent calculation of the ICT revealed that restimulation
with inactivated PRV increased IL-2 transcription nearly
60-fold and IFN-y transcription 40-fold (Fig. 5c). Very similar
results were obtained with PBMC isolated from two other
PRV-immune pigs (pigs 6 and 7). Again, in vitro restimulation
with inactivated PRV induced the transcription of IL-2 and
IFN-y to a higher extent than Con A (Table 2). In contrast,
PBMC derived from naive animals (pigs 2-4) and stimulated
with PRV did not show significantly elevated transcription of
IL-2 or IFN-y (Fig. 5d, 5e, 5f; Table 2).

Upon stimulation with PRV, IL-4-specific RNA was not
detected in PBMC from either naive or immune animals
(Fig. 5c, 5f), although this PCR was the most sensitive of all the
PCR tests. Stimulation of the same PBMC with Con A,
however, resulted in induction of IL-4 (Fig. 5c, 5f; Table 2).
Similarly to stimulation with Con A, IL-10 transcription was
not stimulated by PRV, either in PBMC derived from naive
pigs or from PRV-immune pigs (Fig. 5c, 5f; Table 2). In all
cases, molar equivalence with target cDNA occurred by the
addition of = 10 amol of IL-10 MIMIC after RT-qcPCR.

The results obtained using inactivated PRV for restimula-
tion indicated that viral infection and replication was not
necessary for stimulation of IL-2 and IFN-y. This result could
be confirmed using live PRV (MOI 1-0) as recall antigen. Very
similar ICT were found for IL-2 (51-3) and IFN-y (71-8) as
compared to restimulation with inactivated PRV of PBMC
from the PRV-immune animal (pig 5). Furthermore, live PRV
did not stimulate the transcription of IL-4 and IL-10 (Fig. 5c,
5f). Finally, the PRV-specific induction of IL-2 and IFN-y in
immune PBMC was confirmed by exposure of the cells to
BHV-1 (at a MOI of 1-0), a closely related alphaherpesvirus.
Neither live nor inactivated BHV-1 resulted in a significant
increase of ICT for any cytokine tested (Fig. 5c, 5f).

Cytokine response after gC DNA immunization

To examine the cytokine response after DNA immunization,
PBMC from three pigs (animals 9, 10 and 15) were analysed
after three vaccinations with the gC-expressing DNA plasmid.
As summarized in Table 2, transcription of neither IL-2 and
IFN-y nor of IL-4 and IL-10 was induced after in vitro
restimulation with PRV. As a control, treatment of PBMC with
Con A led to an approximately four- to sevenfold increase in
transcription of IFN-y and a 13- to 67-fold enhanced
transcription of IL-2, comparable to the results found with
Con A-stimulated PBMC from the other pigs (Table 2). At the
time of investigation, the animals had developed a weak
humoral immune response against PRV, as reported pre-

viously.>* The sera contained virus-neutralizing antibodies of
titres ranging between 1:4 and 1:8, and were positive in a
PRV-specific-ELISA only to a serum dilution of 1 : 20 (data not
shown). After challenge infection all animals showed severe
and progressing clinical signs (fever, respiratory and central
nervous symptoms) and were killed between days 5 and 7 after
infection.

DISCUSSION

In the present study a quantitative RT-PCR was established
and used to analyse the cytokine response, after specific
restimulation of lymphocytes, with respect to a Thl- or a
Th2-type response and as a possible prediction of efficient
immunization. There is increasing evidence that cell-mediated
immunity (in particular specific memory T cells) is important
for inducing long-lived protective immunity against herpes-
viruses.!'*7 In humans, mice or cattle, protective immunity
against various viruses, including herpesviruses, is character-
ized by a Thl-type immune response according to the induced
cytokine pattern.>>?%:3-40 In pigs, however, information on the
Th1/Th2 bias after viral infection or antiviral vaccination is still
limited.

We determined the induction of typical Thl-type (IL-2,
IFN-y) and Th2-type (IL-4, IL-10) cytokines'® in PBMC from
pigs, which were solidly protected against PRV challenge
infection. After constructing non-homologous competitive
DNA fragments (MIMICS), as described by Siebert & Larrick,
1993,*! the RT-qcPCR method was used to determine cytokine
induction. This method allowed a rapid and reliable relative
quantification of the different cytokine mRNAs using a single
c¢DNA prepared from PBMC. To ensure cDNA integrity and
concentration, which might differ between RNA samples, the
expression of the housekeeping gene GAPDH was additionally
quantified as an endogenous control. No significant differences
of GAPDH transcription were found in PBMC after stimula-
tion (with virus or Con A) and in non-stimulated PBMC
derived from the different pigs. Phytohemagglutinin (PHA) for
lectin-mediated cytokine stimulation in porcine PBMC was
recently reported to affect transcription of GAPDH mRNA as
well as to stimulate IL-4 in PBMC from a single PR V-infected
pig.* Our results confirm that Con A treatment of PBMC from
PRV-immune or -naive pigs is well suited for the reproducible
induction of the cytokines tested,>* and demonstrate that
GAPDH mRNA can be used as a reliable endogenous control.

PBMC from naive and PR V-primed pigs were stimulated in
vitro with PRV to evaluate the cytokine response reflecting
innate and antigen recall reactions. The RT—qcPCR results
clearly demonstrated that, upon in vitro PRV re-exposure using
either live or B-propiolactone-inactivated virus, transcription
of IL-2 and IFN-y was up-regulated in immune cells from all
PRV-primed pigs. After restimulation, only PBMC from
immune animals displayed a 40- to 120-fold increase in IL-2
and a 30- to 60-fold increase in IFN-y transcription, surpassing
even the ICT after 24-hr of stimulation with Con A (Table 2).
Using a different approach of quantitative competitive PCR,
Dufour et al.*® also reported an increased transcription of IL-2
and IFN-y in PRV-restimulated PBMC from a single animal.
The increased transcription of Thl-type cytokines in PBMC of
immunized pigs was specific for PRV, as addition of the closely
related alphaherpesvirus BHV-1 did not result in increased
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transcription of IL-2 and IFN-y. Re-exposure with inactivated
and live PRV led to a similar stimulation of IL-2 and IFN-v,
which indicates that in vitro PRV replication was not necessary,
at least during the 24-hr stimulation protocol. The restimula-
tion of PRV-specific memory cells is probably responsible for
this type of cytokine pattern. Recently, we reported that PRV-
specific, porcine memory T lymphocytes responded both to
PRV and PRV glycoprotein gC-specific peptides, which is
accompanied with an increased secretion of IL-2.7 Secretion of
IFN-y has also been found after specific restimulation of
PBMC from PRV-primed pigs.?>=>°

In vitro PRV stimulation did not induce or enhance 1L-4 or
IL-10 in PBMC from naive or immune animals. IL-4-specific
mRNA was not detectable in non-stimulated or PRV-exposed
porcine PBMC, although this RT-PCR demonstrated high
sensitivity and IL-4 mRNA was found regularly 24 hr after
Con A treatment. In no case was a significant down-regulation
of IL-10 found after the addition of live or inactivated PRV, as
has been recently reported for one naive and one immune pig.*
In the present work a relatively high basal IL-10 transcription
was reproducibly found in non-stimulated PBMC from the
seven animals investigated. Similar results have been reported
by others using either non-competitive>* or competitive RT—
PCR,*® not only with porcine PMBC, but also with feline,
bovine or simian PBMC.*>"*>*} The reason for such a high
basal IL-10 transcription in these animals is unclear, and
whether IL-10 protein is also expressed and secreted in higher
levels than other cytokines remains to be shown. Technical
reasons for this result, such as cell culture conditions or the
procedure used for blood sampling, cannot be excluded
completely, although we found no differences on varying the
source of media, serum or culture vessels (data not shown). As
IL-10 is able to regulate the activation of Thl cells,***’ it can
therefore down-regulate a Thl-mediated inflammatory
immune response.*® Its immunomodulatory role has also been
described in pigs.*’ Specific viral restimulation of PBMC, e.g.
from HSV-seropositive individuals, induced not only IL-2 and
IFN-y but also showed an enhanced secretion of IL-10.%°
Similarly to human IL-10, bovine IL-10 was reported to be
expressed in all Th cell subsets and not, as is known for mice,
selectively in Th2 cells.?>*® It remains to be clarified whether
the unique composition of T-cell subsets of porcine PBMC'®
might be responsible for the markedly high constitutive
expression of IL-10, which consequently requires identifying
the PBMC subpopulation that predominantly produces IL-10.

The results presented in this work indicate that effective in
vivo priming of pigs with PRV leads to the generation of PBMC
that probably contain PRV-specific memory cells, which are
characterized by a Thl-like cytokine pattern upon in vitro recall
stimulation. Protective vaccination of mice against PRV
generated an antiviral Thl-type immune response’’->® compar-
able to that of HSV.>>?® A Thl-type cytokine-mediated
immune response was crucial for preventing mice from lethal
challenge with HSV, whereas a Th2-type cytokine-mediated
response led to an increased rate of morbidity and mortality of
HSV-infected mice.? Similarly, protective vaccination of cattle
against BHV-1 was improved by administration of the Thl
cytokine, IL-2.49-%0

An important role of Thl-type cytokines for protecting pigs
against PRV challenge infection is indicated by the results
obtained with PBMC from three DNA-vaccinated pigs. The
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animals were immunized three times with a plasmid encoding
the complete glycoprotein, gC, of PRV, but were not protected
against challenge infection with the highly virulent PRV strain,
NIA-3. Although gC plays an important role in mediating a
cellular immune response against PRV,”'* more recent data
showed insufficient protection against lethal challenge after
administration of gC alone.” Using the described RT-qcPCR,
no increase in IL-2 and IFN-y transcription could be measured
after in vitro restimulation with PRV of the PBMC derived
from the DNA-immunized animals (Table 2). The presence of
low, specific serum antibody titres confirm immunoreactivity
after gC DNA administration; however, this DNA immuniza-
tion did not result in the priming of a solid, Thl-type cytokine
response. IL-2 and IFN-y represent pivotal cytokines produced
by Thl cells, which provide help for the generation of virus-
neutralizing serum antibodies as well as cytolytic T cells.'” The
success of genetic vaccination, e.g. against herpesviruses, seems
to be determined by the induction of a Thl-type immune
response, which is directed by the nature and type of antigen,
route of administration, immune modulatory or adjuvant effect
of the plasmid used for immunization, and co-expression of
cytokines (reviewed in ref. 50). Determination of the cytokine
pattern, e.g. using the simple, but reliable and sensitive, RT—
qcPCR procedure used in this work, in PBMC from immunized
and non-immunized animals, might be of prognostic value for
the induction of protective immunity. More detailed studies
will demonstrate whether evaluation of the induced cytokines
would be of value for improving the choice and composition of
antigen(s), which might be feasible already early at the onset of
immunity and independent from the detectable generation of
serum antibodies.
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