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ABSTRACT

Porcine reproductive and respiratory syndrome (PRRS) is a devastating disease caused by the PRRS virus. The Mon-
tanide™ class of flexible polymeric adjuvants has recently been shown to enhance protective immunity against PRRSV
infection in piglets when used in combination with PRRS modified live vaccines (MLV). In this study, we explored the
efficacy and immunological mechanisms of protection of Montanide™ Gel01 ST (Gel01) adjuvanted modified live
PRRSV vaccine in pigs challenged with two genetically distinct strains of PRRSV. Gel01-MLV reduced lymph node
pathology scores in pigs challenged with VR-2332 (parental strain of MLV vaccine) but not that in pigs challenged with
MN184A (heterologous strain), when compared to that in pigs vaccinated with un-adjuvanted MLV. Pigs vaccinated
with Gel01-MLYV had higher levels of PRRS-specific antibodies, as measured by IDEXX ELISA and virus neutralizing
antibodies, after vaccination and VR-2332 challenge. In addition, pigs vaccinated with Gel01-MLV had decreased le-
vels of IFN-y, IL-10, and T-regulatory lymphocytes in the blood as compared to that in pigs vaccinated with MLV alone.
Interestingly, we found that addition of GelO1 did not change the profile of other T lymphocyte populations after
PRRSV challenge. These results demonstrate that the MLV adjuvanted with GelOl1 provides enhanced protection
against homologous PRRSV infection, possibly by regulating the production of PRRSV-specific antibodies and cyto-
kines involved in the development of T-regulatory cells. Thus, GelO1 ST is a promising adjuvant that can be formulated
with PRRSV MLYV vaccines to reduce disease severity and tissue damage caused by PRRSV infection in pigs.
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1. Introduction to limited protection against antigenically diverse hete-
rologous PRRS virus isolates [5].

Current formulations of MLV do not contain adjuvants
since the multiplication and infectious properties of at-
tenuated live PRRS virus have been shown to induce suf-
ficient protection to PRRSV infection [6]. However, due
to the high degree of genetic variation of PRRSV, new
strains are quickly emerging that current vaccine formu-
lations may not be able to protect against. Recently, seve-

ral studies showed that addition of adjuvants, such as

Porcine reproductive and respiratory syndrome (PRRS) is
currently one of the most devastating swine diseases wor-
ldwide, causing immense economic losses in the swine
industry [1]. It was estimated that the US pork industry
alone has annual losses of $664 million due to the preva-
lence of PRRS [2]. The causative agent, PRRS virus
(PRRSV), belongs to the family Arteriviridae, order Ni-
dovirales, and causes reproductive failure in sows in-
cluding still births, mummification, week-born piglets

and high pre-weaning mortality [3]. Currently, comer-
cially available PRRS modified live vaccines (MLVs) are
widely being used in the US to control PRRSV infection
[4]. However, the efficacy of these MLVs is debated due
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Mycobacterium tuberculosis whole cell lysate, to PRRS
modified live vaccine (PRRS-MLYV) can induce enhan-
ced cross-protective immunity to PRRSV [7]. However,
the addition of these experimental adjuvants to comer-
cially available vaccines still requires large-scale trials
and certification by USDA before they can be brought to
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market. By contrast, the Montanide™ class of adjuvants
is a well-established brand of vaccine adjuvants, which
are already approved in Europe and included in several
registered commercial veterinary vaccines for food ani-
mals including cattle, poultry, and fish. These Montani-
de™ adjuvants have been shown to enhance disease pro-

tection when combined with diverse types of antigens [8].

Recently, one research group used Montanide™ Gel01, a
polymer based adjuvant, as adjuvant for PRRS attenuated
live vaccine and found the addition of GelOl enhanced
protection from PRRS in vaccinated animals, even in
formulations containing half the dose of the modified
live PPRSV [9]. However, they did not evaluate the
cross-protection potential of the Gel0l adjuvant or me-
chanism of increased protection. Therefore, using Gel01
ST as an adjuvant, we evaluated PRRS MLV-induced hu-
moral and cellular immune responses to homologous and
heterologous PRRSV challenges and explored whether
GelOl-adjuvanted PRRS MLV can provide broader cross-
protection to field strains of PRRSV.

2. Materials and Methods
2.1. Cells, Virus and Adjuvant Preparation

MARC-145 cells were maintained in Modified Eagle’s
medium (MEM) supplemented with 7% fetal bovine se-
rum (FBS) containing 100U penicillin/ml and 100 ug
streptomycin/ml at 37°C with 5% CO,. Virus stocks were
prepared and titrated in MARC-145 cells and stored in
aliquots in —80°C until use. For virus infection and titra-
tion, MEM supplemented with 2% FBS was used. Modi-
fied live virus vaccine (PRRS-MLV) was purchased from
Boehringer Ingelheim Vetmedica Inc. PRRSV VR-2332,
the parental strains of MLV, was purchased from ATCC.
PRRSV MN184A was a kind gift from Dr. Kay Faaberg
in United States Department of Agriculture. Montani-
de™ Gel01 ST (Gel01) polymeric adjuvant was a kind gift
from Dr. Robert Parker (SEPPIC Inc.). A final 10% of
Gel01 was added into diluted PRRS modified live vac-
cine and mixed by manual shaking.

2.2. Pigs, Vaccination and Challenge

Thirty-five conventional large White-Duroc crossbred wea-
ned specific-pathogen free piglets at 3 weeks of age were
housed at the Large Animal Research Center (LARC)
facility, within Kansas State University. These piglets
were confirmed sera-negative for antibodies to PRRSV
by ELISA and PRRSV-free in the blood by RT-PCR.
Pigs were allowed to acclimate for an additional week
before initiation of the experiment. Pigs were immuniz-
ed intramuscularly on day post-vaccination (DPV) 0 with
MEM (placebo) or vaccine (PRRS-MLV, 1 x 10°
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TCIDsy/pig) formulated with or without 10% GelO1 ad-
juvant. After four weeks, the pigs were challenged with
either homologous PRRSV VR-2332 (1 x 10° TCIDs) or
heterologous PRRSV MN184A (5 x 10° TCIDs). Pigs
were monitored for body weight once a week and clinical
signs of infection, including rectal temperature, for 7 days
post challenge (DPC).

2.3. Collection of Blood Samples for Analysis

Blood was collected on DPV 0, 7, 14, 21, 28, DPC 7 and
14. Serum was separated from clotted blood and pre-
served at —20°C until used in assays. Serum was used for
evaluation of viremia, viral titer, serum neutralizing an-
tibody titers, and ELISA antibody titer (HerdCheck Por-
cine Reproductive and Respiratory Syndrome Antibody
test Kit, IDEXX Laboratories) to PRRSV as suggested
by the manufacturer. Peripheral blood mononuclear cells
(PBMCs) were isolated from a heparinized blood sample
by Ficoll-Hypaque gradient centrifugation using Histo-
paque®-1077 (Sigma-Aldrich, St. Louis, MO). PBMCs
were used for ELISpot assay, flow cytometry and real-
time PCR analysis.

2.4. Gross Lung and Lymph Node Lesion
Analysis

Pigs were humanely euthanized on DPC 14 as approved
by Kansas State University Institutional Animal Use and
Biosafety Committees. To evaluate lung and lymph node
histopathology, slices of lung tissue from each lobe and
lymph nodes were formalin-fixed, paraffin embedded,
sectioned and stained with hematoxylin and eosin (H&E).
Scoring of macroscopic and microscopic lung/lymph
node pathology was done in a blinded fashion by two
veterinary pathologists in the Kansas State Veterinary
Diagnostic Laboratory (KSVDL).

2.5. Virus Neutralizing Antibody Titration

Serum samples were heat inactivated (56°C, 30min) and
serially diluted before the titration. The serial dilutions of
serum were mixed with equal volumes of PRRSV VR-
2332 or MN184A, respectively, containing 200 TCIDs
of virus. After incubation at 37°C for 1 h, the mixtures
were transferred to MARC-145 monolayers in 96-well
plates. After incubation for 72 h at 37°C in a humidified
atmosphere containing 5% CO,, cells were examined for
cytopathic effect (CPE). CPE was used to determine the
end-point titers that were calculated as the reciprocal of
the highest serum dilution to neutralize 200 TCIDs, of
PRRSV in 50% of the wells.

2.6. ELISpot Assay
Briefly, 5 x 10° PBMCs were plated in enriched RPMI in
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a 96-well multiscreen plate (Millipore, Billerica, MA)
pre-coated overnight with capture IFN-y mAB (BD Phar-
mingen, San Diego, CA). PBMCs were restimulated with
three different strains of PRRSV at 0.1 TCIDs, for 24 h
at 37°C. IFN-y-secreting cells were detected by bioti-
nylated anti-pig IFN-y detection antibody and visualized
using the immunospot image analyzer (Cellular Techno-
logy, Cleveland, OH). Data were presented as the mean
number of antigen-specific IFN-y-secreting cells per 10°
PBMCs from duplicate wells of each sample.

2.7. Flow Cytometry Analysis

Flow cytometry analysis was performed to determine dif-
ferent lymphocyte populations based on the cell surface
marker phenotype: T-helper cells (CD3'CD4"CDS8"); cy-
totoxic T lymphocyte (CD3°CD4 CDS8"); Th/memory
cells (CD3°CD4°CD8"), T-regulatory cells
(CD4'FoxP3°CD25") and y T cells (CD8" TcRIN4").
Mouse anti-pig TcRIN4 antibody was purchased from
VMRD (Pullman, WA), and the rest of the antibodies
used in this study were purchased from BD Biosciences.
Immuno-stained cells were acquired using a FACS Cali-
ber (BD Biosciences) flow cytometer. Frequencies of in-
dividual lymphocytes were analyzed by 100,000 events
using FlowJo software (Tree Star, Inc., OR, USA).

2.8. Analysis of Serum PRRSV Titer

Total RNA was extracted from 100 ul serum using TRI-
zo0l” Reagent (Sigma). One-step SyBR Green real-time
PCR (Bio-Rad) was performed to evaluate PRRSV ORF7
expression level as previously described [10]. For quan-
tification, total RNA of known TCIDs, of viruses were
10-fold serially diluted and were used to generate a stan-
dard curve. The virus quantities of unknown samples
were determined by linear extrapolation of the Ct value
plotted against the standard curve.

2.9. Analysis of IL-10 Cytokine Response

Pig sera collected at necropsy and culture supernatants
harvested after in vitro re-stimulation of one million of
PBMCs, TBLNs, and lung MNCs were analyzed by
ELISA kit (Invitrogen, CA) for secretion of IL-10 cyto-
kine.

2.10. Statistical Analysis

All data were expressed as the mean value of five pigs +
SEM. The differences among each group were deter-
mined by the paired ¢ test (Prism5.0, GraphPad Software,
San Diego, CA). Differences were considered statistic-
cally significant when P < (.05.
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3. Results

3.1. Addition of Gel01 Adjuvant to MLV
Provided Enhanced Protection against
Homologous VR-2332 Challenge but
Not Heterologous MN184A PRRSV
Challenge in Pigs

Currently, the most effective vaccines for PRRS, include-
ing MLV, are cell-culture attenuated strains of PRRSV.
However, the high incidence of genetic mutation during
PRRSV transmission often results in vaccines based on
strains of PRRSV isolated twenty years ago, such as
MLV, having limited protection to new emerging viral
strains. Therefore, there is a growing need to develop
new vaccines or significantly improve the ones currently
available. Previous studies have shown that the Mon-
tanide™ line of adjuvants may be able to improve the
protection potential of commercially available PRRSV
MLV to emerging field isolates of PRRSV [9]. To de-
termine the cross-protection potential of GelOl, pigs
were mock vaccinated or vaccinated with modified live
PRRSYV vaccine formulated with or without GelO1 adju-
vant.

Twenty eight days after vaccination, pigs were chal-
lenged with homologous VR-2332 (isolated in 1992) or
heterologous MN184A (isolated in 2002) strains of
PRRSV. Gel01 was tested to be safe when combined
with MLV in our vaccination protocol. We did not ob-
serve injection site reactions in any group (data not
shown) and pigs vaccinated with MLV adjuvanted with
Gel0O1 had equivalent net body weight gain compared to
control challenged pigs (Figure 1).

Clinically, unvaccinated pigs developed typical PRRSV
symptoms including slight fever and lethargy after chal-
lenge. The mean body temperature of unvaccinated pigs
challenged with VR-2332 or MN184A was 0.3°C or
1.0°C higher, respectively, compared to At necropsy, 14
days post challenge (DPC), Gel01-MLV vaccinated pigs
had slightly lower lung lesion scores, although not statis-
tically significant, compared to MLV vaccinated pigs
challenged with VR-2332 (Figure 1). However, lymph
node pathology scores were significantly lower in Gel01-
MLV pigs than MLV vaccinated pigs with homologous
VR-2332 challenge (Figure 1). Interestingly, GelO1 adju-
vant addition was unable to reduce MN184A-induced
lung lesion and lymph node pathology scores. Protection
from disease in vaccinated pigs with or without GelO1
was also associated with a significantly reduced PRRSV
titer at DPC14 (Figure 1). Circulating VR-2332 PRRSV
was cleared in the blood by DPC14 in both MLV and
Gel01-MLYV vaccinated groups, and a reduced MN184A
PRRSYV titer in the blood was observed in both vacci-
nated groups. However, there was no difference between
Gel01-MLV and MLV vaccinated groups for the level of
viremia (Figure 1).
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Figure 1. Addition of Gel01 adjuvant to MLV provided enhanced protection against homologous VR-2332 challenge but not
heterologous MN184A PRRSYV challenge in pigs. (a) The body weight of pigs was monitored weekly for 6 weeks starting on
the day of vaccination (DPV 0) and concluding 14 days post PRRSV challenge (14 DPC). Fold body weight gain of each indi-
vidual pig was calculated by normalizing the weight of the pig on DPV 0 to 1; (b) Lung tissue harvested on 14 DPC was sec-
tioned, stained with H&E, examined, and given an estimated score of 0 to 4 based on the severity interstitial pneumonia; (c)
Lymph node sections harvested on 14 DPC were examined and given a score from 1 to 3 according to the amount of hyper-
plasia; (d) PRRSV-specific viral RNA in serum was detected by real-time PCR on 14 DPC. Data are shown as mean + SEM
for five pigs per group. An asterisk denotes statistically significant (P < 0.05).

Taken together, our results suggest that addition of Gel01
to MLV can enhance protection of homologous but not
heterologous PRRSV infection in pigs.

3.2. Pigs Vaccinated with Gel01 Adjuvanted
MLYV Have Enhanced PRRSV-Specific
Antibodies and Virus Neutralizing
Antibodies after Homologous PRRSV
Challenge

Since pigs vaccinated with GelOl-adjuvanted MLV de-
monstrated enhanced protection against homologous
PRRSV challenge, we next wanted to explore the im-
munological mechanisms of improved vaccination effi-
cacy. The presence of vaccine-induced PRRSV-specific
antibodies has been shown to correlate with the protec-
tion against disease [11]. Therefore, serum samples were
analyzed for PRRSV specific ELISA antibodies and neu-
tralizing antibodies before and after PRRSV challenge.
Pigs vaccinated with Gel01-MLV developed signifi-
cantly higher IDEXX ELISA antibody titers (indicated
by value of S/P) on 21 DPV than the MLV vaccinated or
unvaccinated pigs (Figure 2).

After challenge, the ELISA antibody titers were only
significantly higher in Gel01-MLV vaccinated pigs than
that in MLV vaccinated pigs when challenged with ho-

Copyright © 2013 SciRes.

mologous VR-2332 (Figure 2). The presence of VR-
2332 and MN184A PRRSV strain-specific neutralizing
antibodies were also assayed in the serum of all groups
of pig at 14 DPC. Neutralizing antibody titers to VR-
2332 were higher in Gel0OIMLV pigs than that in MLV
vaccinated pigs when challenged with VR-2332 (Figure
2). But there was no difference in neutralizing antibody
titers to MN184A between these two vaccinated groups
when pigs were challenged with VR-2332 or MN184A.
Therefore, our results suggest that GelOl adjuvant may
be facilitating the production of PRRSV-specific anti-
bodies, including neutralizing antibodies, leading to en-
hanced protection against VR-2332 challenge.

3.3. Pigs Vaccinated with Gel01 Adjuvanted
MLYV Have Decreased PRRSV-Specific
IFN-y and IL-10 Cytokines after PRRVS
Challenge

Our results thus far show that the addition of GelO1 ad-
juvant to the MLV PRRSV vaccine acts to increase the
humoral immune response in pigs challenged with ho-
mologous PRRSV. In addition to antibody responses, cy-
tokines expression profiles and cell-based immune re-
sponses are involved in the resolution of PRRSV infec-
tions [12]. In order to determine whether cellular immune
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responses were also enhanced by GelOl adjuvant,
PBMCs were isolated from blood samples in each group
at 14 DPC. We found that the Gel01-MLV group of pigs
challenged with VR-2332, as compared to MLV group,
developed a lower frequency of IFN-y-secreting cells
when re-stimulated with the homologous virus (Figure
3).

Additionally, the secretion of immunosupressive cyto-
kine IL-10 by PBMCs was also reduced in the GelO1-
MLV vaccinated pigs, but not in MLV pigs, challenged
with VR-2332 or MN184A (Figure 3).

IDEXX ELISA Ab Titer - VR2332

S/P value
S/P value

cutoff

IDEXX ELISA Ab Titer - MN184a

To further confirm the decreased IL-10 cytokine ex-
pression induced by the addition of the GelOl adjuvant,
serum IL-10 and IL-10 secreted by lung MNCs were also
analyzed. As shown in Figure 3, reduced IL-10 cytokine
secretion was also found in the serum, but not in the su-
pernatant of lung MNC, of the Gel01-MLV vaccinated
pigs challenged with homologous VR-2332 but not het
erologous MN184A virus. Therefore, these results sug-
gest that Gel0l adjuvant may increase MLV-mediated
protection against homologous PRRSV infection using a
mechanism that involves decreased production of circu-
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Figure 2. (a) Pigs vaccinated with Gel01 adjuvanted MLV have enhanced PRRSV-specific antibodies and virus neutralizing
antibodies after homologous PRRSYV challenge; (b) PRRSV-specific IDEXX ELISA S/P ratio in each group after vaccina-
tion and challenge. The ELISA threshold for positive sera was set at a sample to positive (s/p) ratio of 0.4 according manu-
facturer’s instructions; (c¢) Individual serum samples collected on 14 DPC were titrated in MARC-145 cells. Anti-PRRSV
neutralizing Ab titers were determined as the highest serum dilution that could inhibit CPE. Data are shown as mean + SEM
for five pigs per group. An asterisk denotes statistically significant (P < 0.05).
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Figure 3. Pigs vaccinated with Gel01 adjuvanted MLV have decreased PRRSV-specific IFN-y and IL-10 cytokines after
PRRYVS challenge. (a) PBMCs collected from pigs at 14 DPC were re-stimulated with VR-2332 or MN184a for 24 hrs. IFN-
y-secreting cells were then analyzed by the ELISpot assay; (b)-(d) Blood samples were collected from pigs at 14 DPC. Serum
and PBMC supernatants were then subjected to ELISA analysis for IL-10 secretion. Lung MNCs were also collected at ne-
cropsy (14 DPC), re-stimulated with PRRSYV, and subjected to IL-10 detection by ELISA. Data are shown as mean + SEM for
five pigs per group. An asterisk denotes statistically significant (P < 0.05).
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lating IFN-y and IL-10.

3.4. Pigs Vaccinated with Gel01 Adjuvanted
MLYV Had Reduced T-Regulatory Cell
Populations after PRRSV Challenge

Finally, since the immune response and cytokine expres-
sion patterns are modulated by different T cell sub-popu-
lations, the phenotype and frequency of various lymph-

oid immune cells in pigs were also analyzed by flow cy-
tometry. The frequency of different immune cells at 14
DPC are shown in Table 1. Interestingly, we found a sig-
nificant decrease of the T-regulatory cell population in
TBLNs and lung MNCs in Gel01-MLYV vaccinated pigs
compared to the MLV vaccinated pigs after both VR-
2332 and MN184A challenge (Figure 4).

We did not observe any significant differences among
total T cell population, T-helper cells, cytotoxic T cells,

Table 1. Frequency of T cell subpopulations in pigs after challenge with PRRSV. PBMCs were isolated from blood collected
from pigs at necropsy (14 DPC), and T cell subsets were counted by flow cytometry according to their phenotypes. Each
number is expressed as the average percent of total PBMCs from five pigs £ SEM. An asterisk indicates a statistically signifi-
cant difference between unvaccinated or MLV vaccinated and Gel01-MLYV pigs.

Cell Mock Unvaccinated MLV MLV + Gel01
Blood @) VR-2332 MN184A VR-2332 MN184A VR-2332 MN184A
T cell 572+24 453+3.6 421+1.7 537+55 50.4+49 578+53 58.9+6.5
Th cell 103+2.1 21.9+3.0 19.8+43 18.7+9.1 17.8+9.4 19.7+1.9 165+1.1
Activated Th 43+3.0 50+£1.9 57+24 6.5+3.4 39+1.9 51+1.6 5.1+£2.1
CTL 30.8+4.2 302+8.9 28.4+6.6 28.0+4.8 29.8+6.1 332+47 37.1+49
NK cell 10.1+£3.2 43+20 32+1.6 11.4+3.1 273+12.7 16.8+ 1.7 20.8+1.2
70 T cell 122+29 10.8+3.3 9.7+4.6 11.7+1.7 127+28 11.8+1.8 11.7+13
T-reg cell 0.15+0.02 0.25+0.03" 0.41£0.12 0.28 +0.04" 0.22+0.16 0.14 +0.03" 0.26 + 0.04
Th/memory 92+1.1 7.5+£2.6 9.1+3.1 16.7+ 1.7 16.0+£2.8 14.6 £3.1 10.9+2.7
TBLN “) VR-2332 MN184A VR-2332 MN184A VR-2332 MN184A
T cell 543+62 583+4.7 59.1+5.5 59.0+3.0 63.7+12.0 59.0+£9.2 642+3.5
Th cell 264 +3.1 33.5+3.5 37.1+79 313£1.9 33.9+7.1 30.4+3.4 39.5+4.0
Activated Th 57+12 50+1.5 47+23 6.7+13 82+23 40+£1.1 49+04
CTL 407+12 3.6+2.1 102+3.7 11.9+2.8 125+6.2 13.5+4.4 172+5.6
NK cell 103+23 73+15 5.6+2.4 10.5+5.9 12.0+4.3 9.7+4.5 11.1+£3.1
70 T cell 17.1+£4.0 10.6+3.5 13.1+4.4 17.3+6.8 17.14£63 149+9.5 16.8+ 6.9
T-reg cell 2.0£0.8 1.1+£04" 1.0£0.2 1.0£04" 0.8+£0.4 04+02" 0.5+£0.2
Th/memory 4117 53+24 3.6+£1.9 54+27 6.2+2.8 40+1.7 6.1+23
Lung MNC @) VR-2332 MN184A VR-2332 MN184A VR-2332 MN184A
T cell 61.5+5.0 85.9+9.7 81.4+72 732+47 77.9+6.9 81.9+5.6 783+8.3
Th cell 72+22 9.6+1.5 9.7+24 10.8+2.8 12.8+3.1 11.6+2.7 13.7+18
Activated Th 3.6£1.0 4.1£0.9 54+13 39+0.5 3.1+0.6 6.0=0.8 54+14
CTL 212+4.1 37.9+9.1 382+6.7 402+9.1 413+99 38.7+74 356+53
NK cell 2.8+0.7 1.4+02 23+0.9 1.3+0.3 1.1£0.6 2.2+0.6 28+04
70 T cell 20.0+2.6 289+7.1 37.0£10.2 31.5+13.1 349+79 323+45 314+6.0
T-reg cell 0.5+0.2 1.1+0.17 23+0.7 24+03 3.8+ 1.1 02+0.1" 0.9+0.2
Th/memory 13+03 12+04 13+04 1.6+0.4 2.1+05 24+04 33+0.8

Copyright © 2013 SciRes.
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Figure 4. Pigs vaccinated with Gel01 adjuvanted MLV had reduced T-regulatory cell populations after PRRSV challenge ((a)
and (b)) TBLN cells and lung MNCs were isolated from pigs at necropsy (14 DPC). Total cell population was gated as CD4+
cells, T-regulatory cells were further gated on CD25+ and FoxP3+ expression. Each bar is an average percent of T-regulatory
cells from five pigs = SEM. An asterisk indicates a statistically significant difference (P < 0.05).

Th/memory cells, or yd T cells (Tablel). Taken together,
our results suggest that, when combined with PRRSV
MLV, Gel01 adjuvant can enhance the protection against
homologous PRRSV infection by regulating the develop-
ment of T regulatory cells.

4. Discussion

Modified live vaccines are widely used in veterinary me-
dicine, as well as in human medicine, to control many in-
fectious diseases in a wide variety of hosts [13].

Currently, almost all commercially available PRRSV
vaccines are modified live vaccines based on cell culture-
attenuated strains of PRRS virus. In general, MLV pro-
vides decent protection against homologous virus infec-
tion; however the antigenic disparity of rapidly emerging
field isolates leads to partial protection against heterolo-
gous viruses [1].

Furthermore, newly emerging isolates are more viru-
lent then parental strains and more prevalent in swine
farms across the world, leading to devastating economic
losses [2]. Thus, there is a growing need to improve the
current PRRSV vaccination practices in swine farms.

The efficacy of current PRRS modified live vaccines
could be enhanced with the addition of adjuvants. In fact,
a recent study demonstrated that the addition of adjuvant
to MLV led to broadened cross-protection to PRRSV
field isolates and reduced lung and lymph organ damage
[7], suggesting that adjuvant addition to MLV would be
an effective way to reduce PRRS disease. However, My-
cobacterium tuberculosis whole cell lysate was used as
the adjuvant in that study and it would be too expensive
for food animal vaccine markets. On the other hand,
more cost-effective commercially available Gel01 adju-
vant has been proven to be easy to use and stable in a
variety of veterinary vaccines. The addition of GelO1
adjuvant to PRRS MLV has been reported previously [9].
In this report, GelO1 adjuvant could improve the efficacy

Copyright © 2013 SciRes.

of PRRS MLV even with half of the antigen load. Gel01-
adjuvanted PRRS MLV also reduced viremia after chal-
lenge and generated equivalent ELISA antibody titers as
MLV alone. Better protection was shown by reduced du-
ration of hyperthermia and lung pathology score with ad-
ministration of GelOl-adjuvanted PRRS MLV after viral
challenge.

Our study shows similar results in that Gel01-MLV
was able to better protect pigs challenged with VR-2332
than pigs vaccinated with MLV alone. However, when
pigs were challenged with a heterologous strain of PRRSV
(MN184A), addition of Gel01 adjuvants did not enhance
protection (Figure 1). The amino acid similarity of struc-
tural proteins between MLV and VR-2332 is more than
99.2%, yet MN184A share only 89.4%, which may have
contributed to lack of cross-protection after MN184A
challenge. Therefore, Gel01 may not be an ideal adjuvant
for all strains of PRRSV, but rather is strain-specific in
the ability to enhance the protective properties of MLV.

In our study, pigs vaccinated with Gel01-MLV deve-
loped higher titers of PRRSV-specific antibodies after
vaccination and VR-2332 challenge, as measured by
IDEXX ELISA (Figure 2). However, these ELISA anti-
bodies are non-neutralizing antibodies that are mainly
directed towards the nucleocapsid (N) protein, and did
not provide animals with any protection against PRRSV
infection [14]. In contrast, PRRSV structural proteins are
reported to induce protective neutralizing antibody (NA)
and PRRSV-specific cellular immune response after
PPRSV infection [15]. To further evaluate the immuno-
logical mechanisms of GelO1-mediated adjuvanticity, we
found that pigs vaccinated with GelO1-adjuvanted MLV,
as opposed to MLV alone, generated higher NA titer
when challenged with VR-2332 (Figure 2). Interestingly,
pigs vaccinated with Gel01-MLV showed higher NA
titer to both VR-2332 and MN184A than that in pigs vac-
cinated with MLV alone after they were challenged with
PRRSV MNI184A. Similar results have also been obser-
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ved on other recently isolated field strains of PRRSV (un-
published data). These results are consistent with the spe-
culation that the prime (vaccination-MLV) and boost with
heterologous PRRSV strain (challenge-MN184A) are able to
generate higher NA titers, a concept which has already
been shown to occur in influenza virus vaccination [16].

There are several immunomodulatory cytokines that
are believed to be responsible for the clearance of PRRS
virus. Specifically, vaccine-mediated upregulation of pro-
nflammatory cytokine IFN-y has been suggested to be
important in the combat against PRRSV infection [17].
Interestingly, in our study, pigs receiving GelO1 adju-
vanted MLV were better protected against homologous
PRRSV infected than MLV vaccinated pigs; however,
Gel01-MLV pigs had decreased IFN-y (Figure 3). These
results suggest that [IFN-y may be playing a negative role
in protecting pigs from disease and agents that can re-
duce IFN-y levels in vaccinated pigs and may lead to
better protection. Additionally, pigs vaccinated with the
MLV alone had increased IL-10 production as compared
to unvaccinated animals and the addition of Gel acted to
decrease 1L-10 to levels to at or below unvaccinated ani-
Is (Figure 3). During PRRSV infection, a significant cor-
lation has previously been observed between the inability
to effectively protect against disease and the increased
expression of cytokine IL10. This could be in part due to
IL10-mediated reduction of IFN-a, IFN-y, IL-12 and
TNF-a expression, cytokines involved in dampening the
cellular immune response [5]. Therefore, our results sug-
gest that GelO1 adjuvant may act to enhance the protec-
tive properties of MLV by decreasing IL-10 production.

The expression of IL-10 is mainly regulated by T-re-
latory cells, which consist of a small subpopulation of T
lymphocytes [18]. Consistent with IL-10 expression, we
found that the frequency of T regulatory cells in GelO1-
juvanted vaccinated pigs was dramatically reduced in the
TBLNs and lung MNCs (Figure 4). Therefore the redu-
ced T-regulatory cell population could have contributed
to the decreased expression of IL-10 in pigs after vacci-
nation with Gel01-MLYV and challenge with PRRSV.

In summary, our results show that addition of GelOl
adjuvant to PRRSV modified live vaccine can confer in-
creased protection to homologous but not heterologous
PRRSV challenge, presumably through higher titers of
ELISA and neutralizing antibodies and reduced IFN-y
and IL-10 cytokine production. Therefore, the commer-
cially available GelO1 adjuvant may be a useful tool in
improving the efficacy of live PRRSV vaccines.
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