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Many  highly  effective  vaccines  have  been  produced  against  viruses  whose  virulent  infection  elicits  strong
and durable  protective  immunity.  In these  cases,  characterization  of  immune  effector  mechanisms  and
identification  of  protective  epitopes/immunogens  has  been  informative  for  the  development  of  successful
vaccine  programs.  Diseases  in which  the  immune  system  does  not  rapidly  clear  the  acute  infection  and/or
convalescent  immunity  does  not  provide  highly  effective  protection  against  secondary  challenge  pose  a
major  hurdle  for clinicians  and  scientists.  Porcine  reproductive  and  respiratory  syndrome  virus  (PRRSV)
falls  primarily  into  this  category,  though  not  entirely.  PRRSV  causes  a prolonged  infection,  though  the  host
eventually  clears  the  virus.  Neutralizing  antibodies  can  provide  passive  protection  when  present  prior
to  challenge,  though  infection  can  be  controlled  in the  absence  of  detectable  neutralizing  antibodies.
In  addition,  primed  pigs  (through  natural  exposure  or  vaccination  with  a modified-live  vaccine)  show
some  protection  against  secondary  challenge.  While  peripheral  PRRSV-specific  T cell  responses  have
been  examined,  their  direct  contribution  to antibody-mediated  immunity  and  viral  clearance  have  not
been fully  elucidated.  The  innate  immune  response  following  PRRSV  infection,  particularly  the  antiviral
type  I interferon  response,  is  meager,  but  when  provided  exogenously,  IFN-�  enhances  PRRSV  immunity
and  viral  control.  Overall,  the quality  of  immunity  induced  by  natural  PRRSV  infection  is  not  ideal  for
informing  vaccine  development  programs.
The  epitopes  necessary  for protection  may  be identified  through  natural  exposure  or  modified-live
vaccines  and  subsequently  applied  to vaccine  delivery  platforms  to  accelerate  induction  of  protective
immunity  following  vaccination.  Collectively,  further  work  to identify  protective  B and  T cell  epitopes
and  mechanisms  by  which  PRRSV  eludes  innate  immunity  will  enhance  our ability  to develop  more
effective  methods  to control  and  eliminate  PRRS  disease.

Published  by Elsevier  B.V.
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. Introduction

PRRSV is a member of the Arteriviridae family, along with equine
rteritis virus (EAV), lactate dehydrogenase elevating virus (LDV)
f mice, and simian hemorrhagic fever virus (SHFV). The PRRSV
enome is a positive-sense, single-stranded RNA of approximately
5 kb that encodes 10 open reading frames (ORF): ORF1a, ORF1b,
RF2a, ORF2b, and ORFs 3–7, which includes ORF5 and ORF5a (Firth
t al., 2011; Johnson et al., 2011). ORF1 (a and b) code for two  large
olyproteins that are cleaved into 14 nonstructural proteins (Fang
nd Snijder, 2010). There are seven structural proteins encoded
y ORF2a, ORF2b, ORF3-7 and ORF5a: glycoprotein (GP) 2, small
nvelope (E), GP3, GP4, GP5, membrane (M), nucleocapsid (N) pro-
eins, and ORF5a protein (Dea et al., 2000; Meulenberg et al., 1995).
P5 and M can form a dimer, and GP2, GP3, and GP4 can form

 hetero-trimer that has been shown to facilitate viral entry into
he host cell (Mardassi et al., 1996; Wissink et al., 2005). PRRSV’s
re grouped into 2 genotypes; European (Type I) and North Amer-
can (Type II) and there are significant genetic differences between
he two genotypes. In addition, there is significant heterogeneity
mong strains within a genotype, giving rise to a significant number
f antigenically distinct viruses, although a clear antigenic classi-
cation scheme has not been developed. Thus, protection against
eterologous viruses with a vaccine is highly sought.

PRRSV infection is persistent, as numerous research studies have
hown that virus can be isolated from lymphoid tissue months
fter the initial infection (Allende et al., 2000). However, the imple-
entation of herd closure and farm stabilization protocols using

xposure to wildtype PRRSV has shown that the virus can be elim-
nated from an individual animal and herd (Linhares et al., 2014;
orremorell et al., 2002). Therefore, the pig immune system is capa-
le of mounting a response that eventually resolves the infection,
liminating the virus from the animal entirely. However, clearance
nd disease resolution takes a significant amount of time – most
erd closure protocols indicate more than 200 days. Ultimately, this
ells us that the pig eventually “sees” PRRSV in the context neces-
ary to develop protective immunity and eliminate the virus from
he body. This context most likely involves proper innate immune
ctivation to adequately direct development of protective adap-
ive immunity. The portions of the virus that the immune system

ust target are eventually recognized and the immune cells nec-
ssary to mediate clearance are induced. Although it takes a long
ime for clearance, natural infection and subsequent convalescent
mmunity can be used to correlate specific immune parameters (T
ell or antibody) to particular PRRSV epitopes that are involved in
rotection. While we can dissect this from immunity that develops

ost-exposure, the question remains, why does it take so long to
et a protective immune response that can clear PRRSV infection?

The following review is focused on type 2 PRRSV and is
tructured based on the different arms of the immune response
 .  . .  .  . .  . . . .  . . .  . . . . . .  . . . . .  . . .  . . .  . . . . . . .  . . . . . . .  .  . .  . . . . .  .  . .  . . .  . .  . . .  .  . . . . . . .  .  . .  .  .  10

(antibody, cell-mediated, and innate) with the intent of outlin-
ing factors associated with protection or a lack thereof. It is well
accepted that neutralizing antibody is a key component of steril-
izing immunity (Osorio et al., 2002). For vaccine-based immunity,
the rapid induction of neutralizing antibody is the ultimate goal, as
it would provide protection against infection. Induction of antibody
secretion from B cells requires T cell help, and T cells are required
for killing virally infected cells; however, we know very little mech-
anistically about cell-mediated immunity against PRRSV. The final
section relates to innate immunity, and is presented last because
it aims to tie together findings described for adaptive immunity
against PRRSV. As mentioned above, we know that pigs do even-
tually “see” PRRSV and can clear the infection. Thus, identifying
the epitopes and immune cells necessary for clearance and pairing
those antigens in the context of “proper” innate immune activation
will be necessary to find solutions for enhancing PRRSV immunity,
and developing strategies to significantly decrease the time it takes
to develop protective immunity.

2. Antibody-mediated immune response to PRRSV

2.1. PRRSV-specific antibody response during infection

Early after PRRSV exposure a vigorous anti-PRRSV antibody
response can be measured, with initial detection at 7–9 days post-
infection (PI). However, there is no evidence that this early antibody
response plays a role in the protection against PRRSV infection
(Labarque et al., 2000; Yoon et al., 1994). The antibodies that appear
during the early PI period do not neutralize PRRSV in vitro (Yoon
et al., 1994) and when used in passive protection experiments,
early PI antibodies (i.e. serum antibodies collected at 21 days PI)
do not mediate passive protection against challenge with virulent
antibody-matched PRRSV but rather seemingly enhance the viru-
lence of the infection (Lopez et al., 2007). Serum antibodies with
PRRSV-neutralizing activity appear only at later PI times, specifi-
cally at periods equal or higher than 28 days PI (Meier et al., 2000,
2003; Yoon et al., 1994).

The kinetics of antibody development, especially antibodies
directed to the major structural proteins N, M and GP5 of PRRSV,
has been studied in experimentally challenged pigs (Loemba et al.,
1996; Nelson et al., 1994). PRRSV-specific IgM is detected at 7 days
PI, with titers peaking between 14 and 21 days PI and decreasing to
undetectable levels around 40 days PI. Anti-PRRSV IgG peaks at day
21 to 28 days PI, and levels remain elevated through the persistent
phase of the infection. The earliest antibodies detected are directed

against the 15 kDa N protein, followed by the 19 kDa M protein
then the 26 kDa GP5 envelope glycoprotein (Loemba et al., 1996).
Interestingly, NSP2 contains a cluster of non-neutralizing epitopes,
suggesting an immunodominant role for this major nonstructural
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NS) protein (de Lima et al., 2006; Oleksiewicz et al., 2001). The most
ommonly used PRRSV serologic test (IDEXX Labs, Portland Maine,
S) detects antibodies mainly against the N protein. These antibod-

es appear around the first week PI and persist for several months,
ut do not correlate with protection (Lopez et al., 2007; Lopez and
sorio, 2004). Although the N protein is a commonly used diagnos-

ic antigen, it has been shown that several of the NS proteins induce
ntibodies that, based on kinetics and persistence, rival with N as

 diagnostic antigen and maybe a better target (Brown et al., 2009;
ohnson et al., 2007; Mulupuri et al., 2008).

.2. Antibody enhancement of infectivity: . . .its importance?

PRRSV is primarily a macrophage-tropic virus, and given what
s known for other macrophage-tropic viruses, it was initially
lausible to propose a role for antibody-dependent enhancement
ADE) of infectivity for PRRSV. The occurrence of ADE in vitro
nd in vivo has been reported (Gu et al., 2015; Yoon et al., 1996,
997). These reports contributed to the establishment of the notion
hat anti-PRRSV antibodies, particularly the early antibodies that
o not neutralize virus and precede the neutralizing response
oth in time of appearance and robustness, could enhance dis-
ase caused by PRRSV and be deleterious for the host. While it
ppears possible to demonstrate the occurrence of ADE on cul-
ures of swine macrophages with PRRSV in vitro, the real role of
DE in vivo, if any exists, remains unclear and most likely holds

ittle significance for the overall pathogenesis of PRRS. The actual
ccurrence of ADE in PRRSV-infected macrophages is, at best,
ontroversial, with different laboratories reporting different suc-
ess at detecting ADE (Delputte et al., 2004; Yoon et al., 1996).
uch contrast between experimental results of different labs has
een ascribed to “virus strain or swine macrophage differences”
Delputte et al., 2004), a contention which per se limits significantly
he putative overall pathogenic importance of ADE. Regarding in
ivo proof for the occurrence of ADE, only two  experiments can
e cited. In one case it was reported that passive transfer of sub-
eutralizing titers of PRRSV followed by PRRSV challenge resulted

n enhanced viremia 1–2 logs over the groups receiving only virus,
ithout inducing any other clinical exacerbation (Yoon et al., 1996).
nother report described that passive transfer of salt-concentrated,
on-neutralizing IgGs (IgGs collected at 21 days PI) followed by
RRSV challenge led to increased rectal temperatures and caused
ncreased interstitial pneumonia (Lopez et al., 2007). However, the
uthors could not rule out the possibility that the increased pathol-
gy observed was caused by the presence of pro-inflammatory
ytokines co-salted out with the IgG fractions collected from the 21
ays PI donors sera rather than by the non-neutralizing IgGs. It is
nown that significant amounts of pro-inflammatory mediators are
ikely contained in the serum of the PRRSV-infected animals during
he first weeks post infection (Van Reeth et al., 1999; van Reeth and
auwynck, 2000). In summary it would appear that the degree of
athogenicity that ADE contributes after PRRSV infection could not
e distinguished from the overall pathology caused by the intro-
uction of serum cytokines from PRRSV infected pigs, which would
ave co-precipitated with the IgG. Overall, the contribution of ADE
o PRRS pathogenesis is unlikely and has been critically discussed
t in a recent review (Murtaugh and Genzow, 2011).

.3. Role of neutralizing antibodies in protection

The early observation that virus-specific antibodies in the sera
f PRRSV – convalescent pigs displayed the ability to neutralize
nfectious PRRSV in the absence of complement attracted the inter-

st of many researchers (Nelson et al., 1994; Yoon et al., 1994).
owever, at the time initial systematic studies into PRRSV patho-
enesis were being carried out in the early 1990s, data showing the
imultaneous presence of PRRSV and PRRSV-specific antibodies in
d Immunopathology 167 (2015) 1–14 3

serum of infected pigs was  interpreted as an indication that the neu-
tralizing antibodies (NAb) did not play a role in protection (Albina,
1997; Collins, 1998; Loemba et al., 1996; Molitor, 1993; Molitor
et al., 1997; Snijder and Meulenberg, 2001). At the same time,
the idea that PRRSV antibodies produced early following infection,
which were present in the absence of neutralizing antibodies, could
exacerbate PRRSV replication in macrophages in vitro and in vivo
(Yoon et al., 1996, 1997) led to the general conclusion that anti-
PRRSV antibodies played a non-protective but deleterious role in
the disease (reviewed by Snijder and Meulenberg, 2001). Due to
the slow and irregular appearance of PRRSV neutralizing antibodies
following PRRSV infection, not much credit was  given to the role of
neutralizing antibodies in PRRSV protection and/or clearance. Over-
all, literature related to the role of NAb against PRRSV infection has
been, if anything, confusing. For example, reports describing the
persistence of infectious PRRSV in lymphoid tissues (e.g. tonsils)
for weeks PI in animals with high titers of circulating homologous
PRRSV-NAb was  interpreted as consistent with the idea that PRRSV
NAb are incapable of clearing the virus (Murtaugh et al., 2002; Wills
et al., 1997). However, other data indicated that NAb prevented the
appearance of viremia (Osorio et al., 2002). Likewise, immunization
with PRRSV proteins GP5 and M (Bastos et al., 2004; Pirzadeh and
Dea, 1997, 1998) confers some degree of protection against infec-
tion, and this protection correlates to the appearance of serum NAb.

Serum transfer experiments conducted by Osorio et al. have
provided unequivocal evidence that PRRSV NAb alone can fully
prevent transplacental PRRSV infection of piglets and prevent
PRRSV infection in the pregnant females (Osorio et al., 2002). The
transfer of NAb provided sterilizing immunity to both the dam and
piglets in utero against subsequent challenge since PRRSV could not
be detected in lymphoid organs by virus isolation, RT-PCR, or swine
bio-assay in either the dams or the offspring. Along the same line,
we later observed that passive transfer of NAb to piglets directly at
the time of or prior to challenge protected against PRRSV infection,
though protection was  dependent on the amount of antibody
transferred (Lopez et al., 2007). Such passive transfer experiments
in piglets also indicated significant differences from the results
obtained in gestating sows. Passive transfer of NAb to piglets under
concentrations that would attain an endpoint of around 1:8 did
not provide sterilizing immunity to all the piglets. We  observed
transmission of PRRSV to naïve penmates from piglets that had
passively received NAb and were challenged, although viremia
was not detected. Likewise, additional experiments indicated
that higher concentrations of antibodies transferred (i.e. to attain
an end-point titer of 1:32) were capable of providing sterilizing
immunity in piglets, as had been reported with passive transfer
of NAb into gestating sows (required end-point titer of 1:8). These
paradoxical results are likely the consequence of differences in
susceptibility and overall capacity for PRRSV replication in adult
sows versus piglets, with piglet target cells (macrophages) being
much more permissive to PRRSV replication and consequently the
ensuing viral loads in tissues is higher in young pigs than in sows.
This data suggest that a vaccine may  need to elicit higher titers
of NAb in younger pigs to be effective in that target population.
However, these points have not been clearly demonstrated and
warrant further investigation.

A major confounding factor impeding an accurate evaluation of
the role of NAb in PRRSV protection is the fact that many authors
attempted interpreting the value of NAb using post-exposure corre-
lations between the development of NAb and resolution of infection
as opposed to prophylactic capacity of NAb to prevent PRRSV infec-
tion. When analyzing the NAb response upon natural wild-type

PRRSV infection, it was demonstrated that NAb were not produced
rapidly enough to limit the establishment of a chronic infection
(Nelson et al., 1994). In addition, the kinetics of appearance of anti-
bodies to the major candidate target for NAb (GP5) did not coincide
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ith the clearance of viremia (Mulupuri et al., 2008), and it was
bserved that PRRSV persisted in tissues even after the appear-
nce of NAb (Allende et al., 2000). Collectively, these observations
ed to the conclusion that NAb do not contribute to control of
RRSV following infection. The ability of prophylactic anti-PRRSV
Ab to provide protection against subsequent challenge/exposure

s a completely separate experimental question than correlating
he appearance of NAb during infection with viral clearance, as the
ormer is a question of whether vaccine-induced NAb (separate
rom other arms of the immune system) can provide protection
gainst disease and the later a question on the mechanism of reso-
ution following natural infection. Delineating these two  concepts is
mportant for drawing conclusions on the role of different immune
arameters in providing protection against PRRSV. It is worth not-

ng that the source of NAb for prophylactic passive transfer studies
as derived from experimentally challenged pigs, indicating that
uring the course of infection, pigs can produce antibodies that can
revent infection.

Overall, experiments on the prophylactic administration of NAb
stablished that a specific titer of NAb is required to prevent sub-
equent infection. In that respect, an immunization regimen that
ives rise to protective levels of NAb in blood, subsequently, the
erum NAb titer can serve as a correlate of protection (Plotkin
nd Gilbert, 2012). Recent publications analyzing the response of

 large number of animals to different PRRSV vaccination regi-
ens (Li et al., 2014) indicate that NAb are a possible correlate

f vaccine-induced protection for PRRSV. However, it should be
ept in mind that: (1) Protective NAb titers in blood (i.e. 1:8–1:32)
re hard to obtain with just one application of currently available
RRSV vaccines (Han et al., 2014; Roca et al., 2012; Trus et al., 2014;
uckermann et al., 2007); (2) Most of NAb are specific for the vac-
ine strain (homologous), as significant titers of cross-neutralizing
ntibodies are rare (Vu et al., 2011; Zhou et al., 2012); and (3)
he anamnestic induction of NAb observed after heterologous
hallenge in some previously sensitized (vaccinated or previously
nfected) animals indicates a good prognosis of broad heterologous
rotection, but the anamnestic NAb response only seems to occur
hen a certain period of time has elapsed between primary sen-

itization and subsequent secondary heterologous challenge. The
ecessary length of time appears to be 2–3 months, if the challenge

s one month or less, the anamnestic NAb response is not detected
Osorio et al., 1998; Scortti et al., 2006; Zuckermann et al., 2007).

.4. Where on the PRRSV virion are neutralizing epitopes located?

The overall serum NAb response against PRRSV has been repeat-
dly studied and characterized by different groups, although little
s known about the location of the most prominent neutralizing
pitopes on the PRRS virion. The initial investigations directed at
ocating neutralizing epitopes on the PRRS virion focused on the
nvelope glycoproteins and the M protein, which likely interact
ith host cell proteins and mediate viral penetration of the cell.
ther structural proteins on the PRRSV envelope, such as small
nvelope (E) protein and the ORF5a gene product have already
een ruled out as inducers of neutralizing antibodies (Robinson
t al., 2013; Wu et al., 2001). Early papers reported that mono-
lonal antibodies specific for GP5 and GP4 (van Nieuwstadt et al.,
996) possessed PRRSV-neutralizing capacity, which led to signif-

cant investigation on these two glycoproteins as the main targets
f serum NAbs, with an emphasis placed on GP5. Numerous initial
tudies proposed that a major neutralizing epitope(s) was  located
n GP5 (Pirzadeh and Dea, 1997, 1998; Weiland et al., 1999; Yang

t al., 2000). Besides the neutralizing epitope on GP5, at least
nother neutralizing epitope was recognized by a monoclonal anti-
ody on the envelope’s GP4 (van Nieuwstadt et al., 1996; Yang
t al., 2000) and another on the envelope protein M (Yang et al.,
d Immunopathology 167 (2015) 1–14

2000). Recently, a single amino acid in the M protein was shown
to be necessary for polyclonal swine antibody to mediate broadly
neutralizing activity (Trible et al., 2015). Initial reverse vaccinology
studies and additional reports proposed that the main neutraliz-
ing epitope on GP5 targeted by the NAb was  located on the GP5
ectodomain (Ostrowski et al., 2002; Plagemann et al., 2002). The
minimum antigenic area of this GP5 epitope comprises amino acids
37 to 44 as the core of the main neutralizing epitope (Ostrowski
et al., 2002). This data established the notion that the main neu-
tralizing epitope is located on the ectodomain of GP5. This notion
would be consistent with other arteriviridae, as the neutralizing
epitope of EAV and LDV is in the ectodomain of GL and VP-3P,
respectively.

The GP5 neutralizing epitope was assumed to be a linear epi-
tope; however, data now shows that the neutralizing epitope in
GP5 is conformational rather than linear (Fan et al., 2015; Li and
Murtaugh, 2012; Pirzadeh and Dea, 1998). The conformational
nature of the GP5 neutralizing epitope was  first described by
Pirzadeh and Dea (1998) who  showed that immunizing against
PRRSV with a DNA vaccine encoding GP5 elicited the production of
serum NAbs, while immunization with recombinant GP5 protein
produced in bacteria from the same ORF5 DNA construct failed to
induce the production of NAbs. More recently, two independent
reports have concluded that the GP5 ectodomain does not con-
tain a linear neutralizing epitope in PRRSV type 1 (Vanhee et al.,
2011) or in PRRSV type 2 (Li and Murtaugh, 2012) strains. In sum-
mary, the original observation that DNA immunization with the
single GP5 gene alone can evoke antibodies that efficiently neu-
tralize PRRSV infectivity still holds true and has been confirmed
by multiple subsequent independent reports that used GP5 as pos-
sible subunit candidate to make experimental vaccines (based on
GP5 alone or in GP5/M expressed as a dimer) (Jiang et al., 2007; Kim
et al., 2013; Pirzadeh and Dea, 1998; Vanhee et al., 2011; Xu et al.,
2012; Zheng et al., 2007; Zhou et al., 2010). In all these cases GP5
alone or GP5/M expressed in multiple different vaccine platforms
have elicited PRRSV-neutralizing antibodies. While no consistent
evidence for sequential epitopes in the ectodomain of GP5 exists,
we should assume that the neutralizing epitope(s) that exist(s) on
the PRRSV GP5 is (are) conformational (Fan et al., 2015), and that
the M protein, when forming the dimer with GP5, contributes to
the conformational nature of the neutralization epitope on GP5.

More recently, two important pieces of information have had
a significant impact on our view of the role of specific PRRSV gly-
coproteins as targets for antibody-mediated virus neutralization.
First, one major discovery has been the unequivocal recognition
that GP5 per se does not determine the host cell tropism of PRRSV,
thus suggesting that GP5 does not interact with the main cel-
lular receptor for PRRSV. Instead, the cluster of minor PRRSV
glycoproteins GP2-GP3-GP4 interacts with the host cell to initi-
ate infection (Tian et al., 2012). Second, the notion that GP2, GP3
and GP4 interact with each other to form a multi-protein complex
that is present in a scarce number on the virus envelope and that
at least GP2 and GP4 would be the proteins that interact with the
main membrane and endosomal receptor for PRRSV penetration
(CD163; see Fig. 1) (Das et al., 2010). Such information has stimu-
lated significant interest in these minor glycoproteins and their role
as antibody targets for neutralization of PRRSV. Peptide scanning
technology led to the identification of peptides in GP2, GP3 and GP4
that define actual linear neutralizing epitopes in these three minor
glycoproteins but, interestingly, none in GP5 (Vanhee et al., 2011).
If the glycoproteins that interact with the main cellular receptor for
PRRSV contain conserved residues that contact or interact with the

host cell for entry, these epitopes would be candidates for vaccine
antigen for induction of broadly neutralizing antibodies, which may
be of significance in cross-protection. Further work in this area is
warranted to determine if this is actually the case.
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Fig. 1. A preliminary model of PRRSV envelope protein complex and its
interaction with CD163 on the host cell plasma membrane (Das et al.,
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of CD163) projecting from the plasma membrane of a host cell.
010).Copyright © American Society for Microbiology, J. Virol. 84, 2010, 1731–1740,
oi:10.1128/JVI.01774-09.

.5. Glycan shielding for immune evasion

As persistence of PRRSV infection in individual animals is one of
he biggest obstacles to control the disease in the field, all the possi-
le mechanisms that could explain this persistence have been given
reat pathogenic significance. Since the initial reports that the N-
lycan moieties in GP5 of type-II PRRSV are important for the virus
o escape the effect of NAbs (Ansari et al., 2006; Faaberg et al., 2006),
lycan shielding has been postulated to be a primary mechanism to
xplain evasion from the neutralizing antibody response, ensuring
n vivo persistence of virus, such as had been previously reported
or simian and human immunodeficiency virus, influenza A virus,
nd Hepatitis C virus and Ebola virus (Francica et al., 2010; Liu et al.,
007; Reitter et al., 1998; Wang et al., 2009a; Wei  et al., 2003). Fur-
hermore, experiments with GP3 would confirm the previous find-
ngs observed in GP5, suggesting that also the N-glycan in GP3 of
ype-II PRRSV would also be important in protecting the virus from
ntibody neutralization (Vu et al., 2011). Recent reports involving
eglycosylation experiments of PRRSV type II strains have provided
upport to the conclusion that glycosylation of GP5 downstream of
he putative neutralizing epitope renders PRRSV resistant to neu-
ralization (Wei  et al., 2013a,b) though the same effect on GP3 could
ot be confirmed (Wei  et al., 2013b). Regardless of whether glycosy-

ation of GP3 contributes to the overall glycan shielding of neutral-
zing epitopes, the overall body of hypo-glycosylation experiments

ith GP3 by Vu et al. firmly confirmed the important role of GP3 in
he induction of neutralizing antibodies, a concept that had been
lready suggested by previous investigators (Cancel-Tirado et al.,
004; Jiang et al., 2008; Kim and Yoon, 2008; Plana Duran et al.,
997). More recent work by Vanhee et al. (2011) clearly demon-
trated that GP3 contains important linear neutralizing epitopes.

It is also important to mention here that the use of hypo-
lycosylated versions of PRRSV generated by reverse genetics with
he intent of enhancing of the ability of live virus vaccines to elicit
eutralizing antibodies (Ansari et al., 2006) is severely limited by
he short life span of the hypo-glycoyslated phenotype in vivo, as

irus replication in vivo quickly leads to reversion to wildtype of
he glycan shielded version of the GPs (Osorio and Pattnaik, Uni-
ersity of Nebraska, unpublished data). However, the possibility of
d Immunopathology 167 (2015) 1–14 5

significant induction of serum NAbs by immunization with
recombinant or inactivated hypo-glycosylated forms of GP5 or
GP3 administered as adjuvanted, non-replicating immunogens
deserves consideration for additional study, as has been recently
published (Linhares et al., 2014).

2.6. Induction of cross-neutralizing antibody and viral protein
targets

Passive transfer experiments demonstrated that NAb are a bona
fide parameter of PRRSV protective immunity and an important
mediator of protection against PRRSV. Many different PRRSV vac-
cine candidates are now being evaluated by protection against
homologous/heterologous challenge plus their ability to induce
cross-neutralizing antibody. While passive protection through pro-
phylactic administration of NAb has demonstrated their value
for prevention of infection, protection is only consistently pro-
vided under homologous conditions (i.e. conditions of close identity
between the NAb specificity and the challenge strain). As already
discussed, initial studies aimed at identifying the location of
neutralizing epitopes in PRRSV positioned GP5 as the primary
immunogen target for cross-protection. GP5 is known to form a
heterodimer with non-glycosylated M protein in the virion enve-
lope, which enhances immunogenicity and production of NAb. This
explains the worldwide use, alone or in combination, of GP5 and
M as immunogens for different platforms and constructs tested as
subunit vaccine candidates against PRRSV. These attempts have
included, amongst others, viral vectors, DNA vaccines as well as
genetic adjuvants and other immunomodulators. Regardless of the
platform and formulation, it has become obvious that the use of
GP5 and M subunits alone, although immunogenic and somewhat
protective, are not sufficient to provide complete protection. Vac-
cines containing only GP5/M subunits provide limited protection
against homologous challenge, and provide less protection than
that attained by modified live virus vaccine. Thus GP5 alone, or
even formulated with M protein, is unlikely to serve as a vaccine
immunogen for homologous or heterologous protection.

A significant advancement in delineating the role immunity
against other PRRSV glycoproteins plays in protection derives
from studies on the interactions amongst the four PRRSV envelope
glycoproteins. Das et al. (2010) looked at either the interaction
of PRRSV surface glycoproteins with each other or with the main
cellular receptor CD163. They were able to show strong GP4-GP5
interaction and, to a lesser extent, interaction between GP5 with
each of the other minor glycoproteins. The GP2 and GP4 proteins,
on their part, were found to interact with all the other GPs,
resulting in the formation of a multi-protein complex (see Fig. 1).
Remarkably, these results showed that the GP2 and GP4 proteins
specifically and exclusively, interact with the CD163 molecule (Das
et al., 2010). Recent reports by Wei  et al. have confirmed the CD163
interaction with GP4 but were unable to confirm GP2 participation
in the interaction (Wei  et al., 2013b). Overall, Das et al. concluded
that GP4 is critical for mediating inter-glycoprotein interactions
and along with GP2, serves as proteins that are responsible for
mediating interactions with CD163 for virus entry into host cells.
Other groups have reported similar findings working with both
European (Martinez-Lobo et al., 2011) and US strains (Hesse et al.,
1996). A study out of China using chimeric viruses obtained by
reverse genetics, seem to confirm Das et al.’s original contention
suggesting that the PRRSV cluster of GP2-3-4 is responsible for
interaction with CD163. In Fig. 1, CD163 is shown as a structure
with extracellular region having repeating units (9 SRCR domains
Although multi-protein complexes like the one proposed by Das
et al. can be detected in experiments with transfected cells, the
molar ratio of the proteins in such complexes is still unknown.



6 ogy an

A
b
h
p
C
e
p
p

b
i
t
o
b
t
h
N
i
2
a
t
t
d
f
P
s
f
s
N
t
o
s
r
h
t
l
m
w
a
s
a
b

c
c
v
e
o
t
s
c
c
c
c
e
p
f
M
B
i
c
i
t
a
s
a

 C.L. Loving et al. / Veterinary Immunol

lthough GP5 is the major glycoprotein on the envelope and may
e distributed uniformly throughout the viral envelope, one can
ypothesize that only few of the complexes (possibly two to three
er particle) as shown in Fig. 1 may  be responsible for binding to
D163. Cryo-electron microscopic studies published by Dokland
t al. (Spilman et al., 2009) suggest that only two to three large
rotein complexes can be seen on the viral envelope and thus
rovide additional support for the hypothesis and for the model.

The view and the possibility that GP2 and GP4 may  indeed
e responsible for stimulating antibodies that would block their

nteraction with the main host cell receptor resurfaces interest in
hese two proteins, which for a while were rather neglected based
n the primary interest in GP5, which was generally believed to
e the major PRRSV immunogen for induction of NAb. Although
he original finding that GP5 induces neutralizing antibodies still
olds, further evidence collected at laboratories at the University of
ebraska (Ansari et al., 2006) would indicate that, rather than evok-

ng broadly reactive (pan-neutralizing) antibodies (Robinson et al.,
015), it would appear that GP5 evokes primarily strain-specific
ntibodies. It should be mentioned here that a recent publica-
ion would assign to M protein, rather than GP5 itself, the ability
o induce cross-neutralizing antibodies (Trible et al., 2015). Evi-
ence for the strain specific character induced by GP5 alone comes
rom experiments using reverse genetics to generate a strain of
RRSV in which GP5 is deglycosylation (clone FL12). The glycan
hielding ability of PRRSV showed that GP5, in its deglycosylated
orm, results in a significant of PRRSV-NAb, whereas the glyco-
ylated form of GP5 does not stimulate significant production of
Ab (Ansari et al., 2006). However, the titers were only increased

o homologous virus and were not significantly increased against
ther heterologous strains of PRRSV (Vu et al., 2011). Thus, it is plau-
ible to conclude that antibodies targeting the receptor-binding
egion of GP2 and GP4 would prevent entry of the virus into the
ost cell and serve to neutralize infection. Likewise, mutations in
he regions of GP2 and/or GP4 that directly interact with the cellu-
ar receptor would render the virus incapable of infection and such

utations would not be selected for during an infection. Consistent
ith this view, a hypothesis could be made that antibodies directed

gainst glycoprotein epitopes conserved across different PRRSV
trains (those necessary for viral attachment and entry) would be
ble to neutralize multiple PRRSV strains, or in other words would
e cross-neutralizing.

One major piece of evidence that supports the conclusion that
ertain PRRSV epitopes are capable of inducing the production
ross-neutralizing antibodies comes from the observation that pigs
accinated with MLV  vaccine are protected against secondary het-
rologous challenge (Osorio et al., 1998). Specifically, in the fraction
f pigs that initially respond to the MLV  vaccine with the produc-
ion of serum NAb to the vaccine antigen there is a robust and
train-specific increase in serum NAb titers following heterologous
hallenge that correlates with protection against the secondary
hallenge (Osorio et al., 1998; Scortti et al., 2006). This phenomenon
an be interpreted as evidence that protective cross-neutralization
an occur with PRRSV, not that it always occurs (Martinez-Lobo
t al., 2011; Osorio et al., 1998). This data suggests that the MLV
rimes the immune system, but the secondary challenge is required
or NAb to be detected systemically. The mechanism by which the

LV  primes for cross-protection is unclear – it could be memory
 cells, memory T cells, or a combination of both. However, the

nduction of the anamnestic response suggests that the secondary
hallenge virus replicates for the response, though it may  not result
n a detectable viremia. Further research in this area is warranted

o understand what epitopes the NAb are directed against, as well
s the immune memory compartment primed by the MLV. Under-
tanding this mechanism my  lead to understanding how to prime
gainst PRRSV.
d Immunopathology 167 (2015) 1–14

Collectively, these data suggest that NAb, if present at the time
of challenge in a significant enough titer, can provide steriliz-
ing immunity against challenge. Anti-PRRSV antibodies derived
through active immunity can provide protection when delivered
prophylactically through passive transfer. The specific epitopes that
the NAb recognize have not been completely defined, but recent
work suggests an important role for antibodies directed against
minor glycoproteins and the complexes they generate on the viral
surface. Prior exposure, either natural or with use of MLV  vaccine,
primes the pig immune system for a robust secondary antibody
response that is indicative of protection. What is unclear is why it
takes so long for peripheral NAb to appear following challenge/MLV
vaccination and what the role of NAb is in clearance following
infection. Shielding of epitopes may  be a mechanism by which
PRRSV evades the host immune system; however, the pig eventu-
ally develops detectable serum NAb or is primed for an anamnestic
response that can provide protection against heterologous infec-
tion.

3. Cell-mediated immunity against PRRSV

3.1. PRRSV T cell immunity

T cells play a critical role in many aspects of anti-PRRSV immu-
nity due to their central role in development and regulation of
antigen-specific immune responses, including education and acti-
vation of B cells, determination of the cytokine milieu in the
environment of antigen presentation, cytotoxic effector functions
to destroy infected cells, and regulation of immune responses to
control inflammation and monitor for autoimmune reactions. The
expansive toolkit of functional and biochemical assays that are
used to characterize T cell responses in mice are largely unavail-
able in swine due to a paucity of reagents, inability to clone
antigen-specific T cells, and inability to expand and immortalize
antigen-specific T cells. However, that which is known is reviewed
here.

3.2. General features of T cell response

T cell subpopulations in swine are characterized primarily by
cluster of differentiation (CD) marker phenotyping for CD3, CD4,
and CD8, and by secretion of interferon-gamma (IFN-�). Notably,
swine have a significant population of mature (extrathymic)
CD4/CD8 double-positive T cells that represent memory T cells
(Zuckermann and Husmann, 1996) and are thus likely to play a role
in memory responses. These cells are capable of producing IFN-�
and localize to sites of inflammation, suggesting that they play a
role in mediating protective immunity (Zuckermann, 1999). Work-
ing within these limitations, it is known that a substantial, transient
decrease in CD4+ T cells occurs in blood at about 3–7 days after
infection, with a return to normal levels by 7–14 days after infec-
tion (Nielsen and Botner, 1997; Shimizu et al., 1996). Increased
CD8+ T cells are frequently observed, usually after 4–5 weeks of
infection (Albina et al., 1998; Dwivedi et al., 2012; Kawashima
et al., 1999; Shimizu et al., 1996). CD8+ T cells also are increased
in infected lungs, whereas CD4+ cells are fewer or rare (Samsom
et al., 2000; Tingstedt and Nielsen, 2004). Increased CD8+ and
CD4/CD8 double-positive T cells also are observed in lymphoid tis-
sues (Gomez-Laguna et al., 2009). The T cell response to PRRSV also
includes �� T cells, but little is known about their significance (Olin
et al., 2005).
In piglets infected in utero, reduced numbers of circulating CD4+
T cells are observed at birth and one week of age, but by 14 days,
their numbers have returned to normal, whereas CD8+ T cells are
substantially increased (Feng et al., 2002; Nielsen et al., 2003). In
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tero infection also is associated with mRNA expression of IL-6,
L-10 and IFN-� (Feng et al., 2003). Antigen-specific lymphocyte
roliferation is first detected at four weeks post-infection (PI),
eaks at 7 weeks PI, and declines after 11 weeks PI. Experiments
hat utilized blocking antibodies to specific porcine leukocyte
ntigens demonstrated that the main effector cell type prolifer-
ting was CD4+ T-cells (Bautista and Molitor, 1997). The in vivo

 cell response to PRRSV was shown by detection of a specific,
ose-dependent delayed-type hypersensitivity (DTH) reaction in

nfected pigs after intradermal administration of UV-inactivated
irus (Bautista and Molitor, 1997).

The evolution of PRRSV-specific T cell responses over time fol-
owing infection has been primarily assessed by the IFN-� ELISPOT
ssay which, depending on how the assay is performed, gives a
easure of the number of NK cells, helper T cells and/or cyto-

oxic T cells producing IFN-�. Peripheral PRRSV-specific T cells were
bserved at 2 weeks after infection, with extensive variation over
ime and among animals (Xiao et al., 2004a). No significant differ-
nces were observed in PRRSV-specific T cells in lymphoid tissues
xamined during viremic or post-viremic infection, and there was
o correlation between PRRSV-specific T cell frequencies and viral

oads in lymphoid tissues (Xiao et al., 2004a). In nearly all cases, the
requency of specific IFN-� secreting T cells was low regardless of
ge (Klinge et al., 2009).

Interferon-�  secretion also has been used as an indicator of
H1 polarization of helper T cell responses in PRRSV infection to
dentify candidate treatments that potentiate antiviral immunity
Meier et al., 2004; Xiao et al., 2004b). However, the significance of
FN-� secretion as an indicator of helper T cell polarization is uncer-
ain in swine since the phenotype of secreting cells usually is not
nown, and multiple lymphocyte populations are capable of IFN-

 secretion. While there have been reports on the TH1-TH2-like T
ell phenotypes in pigs (Dawson et al., 2005; Ebner et al., 2014) a
horough characterization of the TH1-TH2 paradigm in swine and its
elevance to PRRSV immunity have not been established (Murtaugh
t al., 2009).

.3. Cytotoxic T Lymphocyte (CTL) activity

At 35 days after vaccination, a low virus-specific IFN-� secret-
ng CD8+ T cell response has been observed that is consistent with

 CTL response (Ferrari et al., 2013). Immune activation was  influ-
nced by isolate but not route of administration (Ferrari et al., 2013).
owever, the cytotoxic effector function of CD8-expressing T cells
as not been strongly linked to control of primary PRRSV infection.
emporary depletion of CD8+ T cells at the time of infection did not
ead to an increase in infection, suggesting that cytotoxic T cells
o not have a functional role in control of acute infection (Lohse
t al., 2004). Similarly, CTL activity was not detected against PRRSV-
nfected macrophages until after viremia was cleared (Costers et al.,
009). Memory CTL proliferation was observed at 14 days after

nfection but CTL activity was not detected until 49 days after infec-
ion (Costers et al., 2009). These data suggest that CTL may  be
nvolved in the clearance of PRRSV-infected cells in tissues. How-
ver, the effect of PRRSV infection on CD8+ T cell frequencies in
ymphoid tissues has not been established. An extensive survey
f PRRSV-specific T cell frequencies in lung and lymphoid tissues
uring acute and prolonged infection showed no significant change
Xiao et al., 2004a), whereas, in another study, prolonged presence
f PRRSV in lymphoid tissues was associated with elevated levels
f highly positive CD8+ T cells (Lamontagne et al., 2003).
.4. Regulatory T cell activity

PRRSV infection is reported to increase the frequency of putative
egulatory T cells (Tregs) that produce TGF-� (Silva-Campa et al.,
d Immunopathology 167 (2015) 1–14 7

2012). Type 1 PRRSV strains can induce IL-10 production in infected
dendritic cells, but co-culture with lymphocytes does not induce
Treg cells or TGF-� production (Silva-Campa et al., 2010). By con-
trast, Type 2 PRRSV infection of dendritic cells can increase Tregs
and induce TGF-� production (Silva-Campa et al., 2009). Recent
work indicates that monocyte-derived dendritic cells infected with
either Type I or Type 2 PRRSV do not increase the frequency or
proliferation of CD4+ Foxp3+ regulatory T cells in an in vitro co-
culture system (Rodriguez-Gomez et al., 2015). PRRSV induction
of Tregs with suppressive activity occurs both in vitro and in vivo
(Wongyanin et al., 2010). The induced Tregs suppress mitogenic
proliferation of peripheral blood mononuclear cells. Early induc-
tion of Tregs by PRRSV infection of dendritic cells would provide
a mechanism for facilitating establishment of viral infection. The
inconsistency in observations might be due to variation in sub-
populations of T lymphocytes that express the transcription factor
FoxP3, or to immunosuppressive cytokine expression differences
(Cecere et al., 2012).

An alternative to IL-10 secretion or Treg induction as an expla-
nation for the difficulty in resolving PRRSV infection is lymphoid
apoptosis. Using histology and viral antigen expression, Gomez-
Laguna et al. showed that mainly lymphocytes in B cell and T cell
areas of lymphoid tissues were apoptotic in pigs infected with a
type 2 PRRSV (Gómez-Laguna et al., 2013). This loss of cells may
result in the low number of PRRSV-specific T cells detected dur-
ing infection. However, a direct link between lymphoid apoptosis
and lack of PRRSV-specific T cells has not been clearly established.
In addition, the marked lymphadenopathy associated with PRRSV
infection has not been explained. Clearly, additional research is
needed to resolve these questions.

3.5. Memory response

The role of memory T cells in anti-PRRSV immunity has not been
studied extensively. It has been reported that a recall response,
mainly dependent on CD4+ cells and SLA-II, is present from 4 weeks
after infection and remains for more than 3 months (Lopez Fuertes
et al., 1999). The majority of studies evaluating T cell responses to
PRRSV have investigated the response during the acute infection
rather than following clearance of viremia. During infection, it is
assumed that primarily T effector cells are detected as opposed to
memory cells. The distinction between effector versus memory T
cells is difficult in swine due to the lack of phenotypic markers and
functional characterization of individual T cell populations. Clearly,
the evaluation of vaccine immunogenicity and efficacy warrants the
measurement of PRRSV-specific memory T cells; however, memory
T cells have not been clearly characterized in pigs.

3.6. Viral epitope targets of T cell immunity

PRRSV antigens that are targets of cell-mediated immunity have
been investigated using various immune assays commonly used
to evaluate antigen-specific responses. Incubation of PBMC from
PRRSV-infected, but not non-infected pigs, in the presence of enve-
lope glycoproteins (GP) 2 and 5, and matrix (M) protein induces
proliferative responses (Bautista et al., 1999). Further analysis of
GP5 identified immunodominant epitopes, including in conserved
amino acid regions at residues 117–131 and 149–163, using an
IFN-� secreting-cell ELISPOT assay (Burgara-Estrella et al., 2013;
Vashisht et al., 2008). Conserved T cell epitopes were identified
in N and GP5 of Type 1 PRRSV, with the GP5 epitope correspond-
ing to epitopes reported in Type 2 PRRSV (Diaz et al., 2009). IFN-�

ELISPOT also was used to identify four conserved T cell peptides
in the matrix (membrane) protein of a Chinese highly pathogenic
PRRSV strain (Wang et al., 2011). In the nonstructural protein reper-
toire, conserved epitopes were identified in nsp2, nsp9 and nsp10
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n Type 2 PRRSV that stimulated antigen-specific proliferation and
FN-� secretion (Burgara-Estrella et al., 2013; Parida et al., 2012).
eptides stimulating IL-10 secretion were also observed, some of
hich inhibited IFN-� responses of PBMC stimulated with mitogen.

t was noted that low IFN-� responding pigs tended to be homozy-
ous for SLA haplotypes, but the significance of this observation
as not pursued (Burgara-Estrella et al., 2013).

An outbred pig model has been developed to evaluate antigen-
pecific T cell responses to PRRSV. Swine were immunized with
lasmid constructs expressing porcine granulocyte-macrophage
olony-stimulating factor (GM-CSF) and PRRSV M or N to gener-
te a source of potentially antigen-specific T cells (Wang et al.,
009b). Dendritic cells derived from the same pigs were loaded
ith the recombinant proteins and used as MHC-matched autol-

gous antigen-presenting cells (APC) to stimulate PBMC from the
ame pig. T cell proliferation and IFN-� synthesis were induced in
mmunized pigs only in response to M and N, with M being more
timulatory. By contrast, serum antibodies were produced only to N
Jeong et al., 2010). This approach, using T cells and MHC-matched
utologous APCs, to identify T cell epitopes is likely to be useful in
uture studies.

.7. Major gaps in PRRSV T cell immunity

The inability of pigs to achieve rapid sterilizing immunity to
RRSV may  be due in large part to inadequate T cell responses,
ince T cells play a central role in direct effector responses to infec-
ion, overall immune activation and modulation of appropriate T
ell and B cell responses, in regulation of response intensity and
uration, and maintenance of immune memory. The essential role
f T cells in resistance to viral infection and disease are known
rimarily from studies of defined cell populations that are specif-

cally expanded and maintained in cell culture, and from genetic
eletion of defined cell populations in animals. Examination of
ellular and animal responses to infection in these experimental
ystems has resulted in detailed dissections of cellular properties
nd molecular mechanisms that explain key features of rapidly
terilizing immunity in a variety of viral infections of animals.
hese features do not operate the same way in pigs infected
ith PRRSV; however, the ability to perform a detailed investi-

ation to identify the molecular mechanisms gone awry is not
ossible.

Thus, it is essential to develop a T cell biology toolkit for swine
o investigate antigen-specific expansion and growth of normal
orcine helper and cytotoxic T cells, as well as immortalization of
ntigen-specific helper and cytotoxic T cells. At the same time, it is
ssential to develop MHC  class I and class II antigen-presentation
ulture systems to functionally assess helper and cytotoxic T cell
unctions in vitro under conditions representative of PRRS disease
n pregnant sows and growing pigs. Further enlargement of the
mmune reagents toolkit is essential for phenotypic characteri-
ation of T cell [subpopulations that is the basis for describing

 cell subsets]. New and better methods must be found to char-
cterize the responses of activated cells in terms of biologically
ctive secreted molecules, and alterations in expression of sur-
ace molecules that can change their ability to respond to the
ocal environment. Genetic tools are needed to introduce and
elete targeted gene functions to test potential causal relation-
hips, in place of association studies that are often times difficult to
eproduce.

Key investments in basic porcine cellular immunology are

ssential for unraveling the mechanisms of protection against PRRS.
he benefit of these investments accrues not only to better con-
rol and prevent PRRS, but also is directly applicable to other viral
iseases of swine, which are numerous and ever-expanding.
d Immunopathology 167 (2015) 1–14

4. The innate immune response to PRRSV

The most effective innate anti-viral immune response is the
production of type I interferons (IFNs) IFN-� and IFN-� by
virus-infected cells, which induces an antiviral state through the
expression of numerous interferon-stimulated genes (Baum and
Garcia-Sastre, 2010). Although most cells types are able to produce
type I IFN in response to a viral infection, this cytokine is most effi-
ciently produced by leukocytes such as macrophages and dendritic
cells. A prominent subset of the latter is the plasmacytoid dendritic
cell (pDC), which produces more IFN-� than macrophages on a
per cell basis (Fitzgerald-Bocarsly, 2002; Fitzgerald-Bocarsly et al.,
2008). Notably, pDCs can recognize endocytosed viral molecules
without being infected via Toll-like receptor 7 (TLR7), and thus due
to their prodigious ability to produce IFN-�, pDCs can generate a
systemic wave of type I IFN production (Takeuchi and Akira, 2009).
Since pDCs are mainly found in secondary lymphoid tissues and in
the blood, it has been proposed that pDCs have a vital role during
systemic viral infections where the virus has tropisms for secondary
lymphoid organs (Swiecki and Colonna, 2010). Macrophages, and
primarily alveolar macrophages (AM�), are the main host cell for
PRRSV replication. Within 2–4 days of respiratory inoculation with
PRRSV, the infection becomes systemic resulting in viremia that
persists for 21 days or longer. After this period, PRRSV can be
detected in most secondary lymphoid tissues for months. Thus,
based on the distribution of PRRSV in the body and the known trigg-
ering signals for a type I IFN response, there are two  types of cells
that could potentially mediate a type I IFN in response to PRRSV
infection – macrophages and pDCs.

The seminal study by Albina et al. (1998) indicated that the IFN-�
response of swine to genotype I PRRSV was  meager and could even
be actively suppressed (Albina et al., 1998). Since then, a signifi-
cant amount of research has focused on the possible mechanisms,
at the molecular level, by which PRRSV might inhibit the IFN-�
response. Since this topic has been recently reviewed extensively
by others (Sun et al., 2012), this review we will mainly focus on what
is known about the IFN-� response of swine to PRRSV either in vivo
or by porcine cells in vitro. In this regard, it seems clear that unlike
other swine respiratory viruses that are capable of stimulating sig-
nificant production IFN-�, such as porcine respiratory coronavirus
(PRCV) and swine influenza virus (SIV), PRRSV elicits a moderate
to negligible IFN-� response in the respiratory tract. Production of
IFN-� in the lungs of pigs acutely infected with PRRSV was either
almost undetectable, or >10-fold lower than that induced by PRCV
(Buddaert et al., 1998; Jung et al., 2009; Van Reeth et al., 1999).

Evidence indicative of the engagement of virus-sensing pat-
tern recognition receptors (PRRs) in lung cells of PRRSV-infected
pigs was  reported as the increase in the transcription of several
viral sensing TLRs (Liu et al., 2009; Xiao et al., 2010a,b). How-
ever, these observations were not confirmed in ex vivo experiments
using precision-cut lung slices exposed to PRRSV (Dobrescu et al.,
2014). While RIG-I and MDA5 transcription in AM� infected with
PRRSV was found to be increased, the level of expression was not
as strong as that induced by SIV (Dobrescu et al., 2014). While the
transcription of type I IFN genes in AM� and monocyte-derived
dendritic cells has been described (Genini et al., 2008; Loving et al.,
2007), protein analysis was not always performed. Additional stud-
ies using quantitative real-time PCR and ELISA analysis has shown
that even though transcription of type I IFN genes occurs, actual
secretion of the corresponding cytokine fails to occur (Dobrescu
et al., 2014; Miller et al., 2009; Zhang et al., 2012). These obser-
vations have led to the suggestion that the production of type I

IFN by AM� might be regulated at the post-transcriptional level
(Wang and Christopher-Hennings, 2012). The poor IFN-� response
detected in the lungs of PRRSV-infected pigs is consistent with the
reported poor IFN-� response of porcine AM� to PRRSV infection
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n vitro (Albina et al., 1998; Dobrescu et al., 2014; Lee et al., 2004).
he limited type I IFN response could be due to the ability of virus
o actively block the response or to the rapid destruction of infected
M�, which is known to occur in the lungs of PRRSV-infected pigs

Weesendorp et al., 2013). However, the underlying mechanism is
nclear.

The IFN-� response of porcine pDC to PRRSV, as compared to
ther viruses that are able to stimulate a strong response by this
ell type, has been characterized from moderate (Baumann et al.,
013) to negligible (Calzada-Nova et al., 2010). Although the mod-
st response of porcine pDC to PRRSV reportedly occurs through
he TLR7 pathway (Baumann et al., 2013), PRRSV has been shown
o have the capacity to strongly inhibit the IFN-� response of
DCs to other porcine viruses, such as transmissible gastroenteritis
irus (TGEV), and moderately inhibit the same cytokine response
o synthetic immune-stimulatory DNAs (Baumann et al., 2013;
alzada-Nova et al., 2011). In contrast to TGEV, which can stimulate
he activation and differentiation of porcine pDC through the up-
egulation of IRF-7 expression and acquisition of dendritic cell-type
orphology concomitant with an increase in CD80/86 expression,

xposure of pDCS to PRRSV did not induce any of these activation
athways (Calzada-Nova et al., 2011). The importance of the lack
f pDC activation by PRRSV resides in the fact that pDCs appear
o play a role in promoting cytotoxic T cell responses that require
elp or co-stimulation (Swiecki and Colonna, 2010). Since pDCs are
ot permissive to PRRSV and live PRRSV is not required to suppress
heir function, the inhibitory effect of PRRSV on the pDC’s ability
o produce IFN-� is unlikely due to the killing of pDCs by PRRSV.
ather, it appears that PRRSV alters pDC function through a nega-
ive signal delivered at the cell surface (Calzada-Nova et al., 2011).

 negative signal could be mediated via engagement of cell surface
eceptors on pDCs that are known to negatively regulate type I IFN
ecretion (Swiecki and Colonna, 2010).

.1. Influence of innate immunity on the adaptive immune
esponse

The production of IFN-� by pDCs has an autocrine effect that
romotes functional and phenotypic activation events necessary
or the optimal expression of co-stimulatory molecules and sub-
equent ability of pDCs to induce naïve T cell differentiation into
FN-� SCs (Cella et al., 2000; Fitzgerald-Bocarsly, 2002; Honda et al.,
003; Kadowaki et al., 2000; Montoya et al., 2002). At this point,
he cells express co-stimulatory molecules that promote the dif-
erentiation of naïve T cells into IFN-� secreting cells (Cella et al.,
000; Fitzgerald-Bocarsly, 2002; Honda et al., 2003; Kadowaki et al.,
000) and cytotoxic T lymphocytes (Swiecki and Colonna, 2010).
hus, it has become increasingly evident that the link between
nnate and adaptive immunity in viral infections occurs through the
nteraction of dendritic cells with type I interferon (Montoya et al.,
002; Tough, 2004) and the dendritic cell controlled polarization
f T-cell function (Kapsenberg, 2003).

Accordingly, the apparent lack of an adequate IFN-� response
f swine upon exposure to PRRSV likely contributes significantly to
he inadequate development of a specific cell-mediated immune
esponse (Meier et al., 2003). Usually, virus-infected cells secrete
ype I IFN and the released cytokine interacts with a subset of
aïve T cells to promote their conversion into virus-specific IFN-

 secreting cells (Biron, 2001; Cella et al., 2000; Cousens et al.,
999; Kadowaki et al., 2000; Levy et al., 2003). In contrast, as we
ave described above, the IFN-� response of swine upon expo-
ure to PRRSV is meager at best. The lack of efficient stimulation

f IFN-� production by host cells after pathogen exposure would
e expected to have a significant impact on the nature of the host’s
daptive immune response, since IFN-� up-regulates IFN-� gene
xpression, and thus controls the dominant pathway that promotes
d Immunopathology 167 (2015) 1–14 9

the development of adaptive immunity, namely, T cell-mediated
IFN-� responses and peak antiviral immune defenses (Cousens
et al., 1997; Levy et al., 2003). Under experimental conditions the
presence of IFN-� at the time of PRRSV infection or vaccination has
been found to significantly alter both the innate and the adaptive
immune response (Brockmeier et al., 2012; Royaee et al., 2004).
Given this prominent role for IFN-� in altering PRRSV-specific
immune responses it seems likely that, under field conditions, the
individually variable presence of spontaneously produced IFN-� in
the blood and tissues of pigs may  be responsible for the significant
level of individual variation that has been observed in the kinet-
ics and intensity of the cell-mediated immune response following
vaccination with a modified live virus (Royaee et al., 2004). This is
supported by the observation of a statistically significant (p < 0.001)
correlation (R2 = 0.6) between the frequency of IFN-� and IFN-�-s
in vaccinated swine (Royaee et al., 2004). Regardless, there is clear
data indicating a significant difference in viral clearance and adap-
tive immune responses when IFN-� is present before or at the time
of PRRSV infection (Brockmeier et al., 2009, 2012).

4.2. Approaches to improve the stimulation of protective
immunity to PRRSV

Given the influence that the innate immune response can have
on the subsequent development of the adaptive immune response,
much effort has been directed at compensating for the apparent
inadequate innate cytokine stimulation elicited following PRRSV
infection. Novel adjuvants have been used during immunization to
attempt to overcome the deficit in innate stimulation, including the
administration of IL-12. In combination with live or killed PRRSV
vaccine, it resulted in increased lymphoproliferative responses to
the vaccine virus (Wee  et al., 2001), as well as an enhanced IFN-
� response to a modified-live PRRSV vaccine (Foss et al., 2002).
Similarly, an injection of IFN-� provided exogenously in the form
of an expressible cDNA or a replication-defective adenovirus vec-
tor was  found to exert an enhancing effect on the induction of
antigen-specific IFN-� response to PRRSV (Brockmeier et al., 2012;
Meier et al., 2004). Remarkably, no significant alteration in the
development of the humoral immune response was observed with
either of these treatments. The interventions at the initiation of
PRRSV immunization did not alter the usual rapid onset of anti-
PRRSV antibody production and delayed appearance of serum virus
neutralization antibodies (Brockmeier et al., 2012; Labarque et al.,
2000; Meier et al., 2003; Ostrowski et al., 2002). PRRSV engi-
neered to express IFN have been shown to limit the replication
of co-infecting PRRSV, but the effects on PRRSV-specific adaptive
immunity in vivo have not been elucidated (Sang et al., 2012, 2014).
However, a recent study utilizing a strain of PRRSV that induced a
strong type I IFN response was  able to show an increase in virus
neutralizing antibodies both in time to development and levels
(Wang et al., 2013). Thus, the mechanism and/or pathway involved
in type I IFN induction may  have an effect on subsequent immune
responses.

It has been observed that the delivery of IFN-� cDNA has a pro-
nounced and sustained effect on the intensity of the cell-mediated
immune response (Meier et al., 2004). Likewise, the introduction of
the type I interferon agonist poly I:C, a synthetic double-stranded
RNA, during vaccination temporarily amplified the number of
PRRSV-specific IFN-� SCs. However, polyI:C was not as efficient as
an IFN-� encoding plasmid delivered with vaccine at enhancing
the IFN-� response to PRRSV. The observation that the inclusion
of either IL-12 or IFN-� during immunization increased the inten-

sity of the IFN-� response to PRRSV validates the proposed role of
these two innate cytokines in directing the in vivo differentiation
of swine Th1 cells, and helps explain the poor virus-specific IFN-�
response that develops as a result of the exposure of pigs to PRRSV
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Meier et al., 2003; Xiao et al., 2004a). Co-administration of adju-
ant with modified-live PRRSV has also been shown to enhance
he early IFN-� cellular immunity, though the connection to innate
mmune activation was not made (Mair et al., 2015). The plausible
ole of IFN-� in mediating protective immunity against PRRSV is
upported by the ability of this cytokine to inhibit PRRSV replica-
ion in the simian MARC-145 cell line (Rowland et al., 2001) as well
s in porcine AM� (Bautista and Molitor, 1997). The connection
etween IFN-� and protective immunity against PRRSV in vivo has
een implied from the correlation between the frequency of virus-
pecific IFN-� secreting cells and the clinical outcome upon PRRSV
nfection (Charerntantanakul et al., 2006; Lowe et al., 2005; Martelli
t al., 2009). A major focus for assessing the improvement of vaccine
fficacy has been the stimulation of strong T cell mediated IFN-�
esponse upon immunization. Although further studies are needed
o demonstrate a direct cause and effect between protective immu-
ity and IFN-�, at the very least, measurement of cell-mediated

mmunity by measuring the frequency of IFN-� secreting cells
erves as a gauge for stimulation of a Th1-like immune response.
he use of additional technologies to measure virus-specific CTLs
ight enable the establishment of a stronger correlation between

rotective immunity and CMI  and thus facilitate the development
f highly efficacious biologics. Ultimately however, the best mea-
urement of protective immunity triggered by an effective vaccine
s a pig that remains healthy and immunity is able to minimize the
eplication of PRRSV in a challenge infection model.

. Moving forward

The central strategy for control and elimination of animal infec-
ious diseases is vaccination to induce, without any adverse effects,
apid and sterilizing immunity that prevents infection upon expo-
ure. In the case of PRRSV, this goal has not been achieved for
easons that have not yet been deduced. The purpose of this review
s to highlight what is known about PRRSV immunity and focus on
ey areas that may  help enhance vaccination strategies to achieve
apid and more complete sterilizing immunity against PRRSV. In
oving forward with PRRSV immunology research, we have iden-

ified two directed research areas to achieve the goal.
First is research directed at identifying the mechanism(s)

nvolved in preventing the pig from developing rapid and sterilizing
mmunity following infection (i.e. delayed development of conva-
escent immunity soon after infection). This will require a basic,
et mechanistic, understanding of PRRSV pathogenesis and iden-
ification of PRRSV proteins that alter induction of the host innate
mmune response. This research area in particular is full of con-
ention, disagreement and conflicting results. Specifically, there are

any conflicting reports on the ability of PRRSV infection to alter
mmune responses to antigens or infectious agents delivered simul-
aneously with PRRSV infection. Nevertheless, it is widely accepted
hat PRRSV is a predisposing agent for development of the porcine
espiratory disease complex (PRDC), as PRRSV infection leaves pig
erds susceptible to a variety of secondary infections. The associ-
tion of PRRSV with secondary infections highlights the challenge
f determining if PRRSV suppresses immune resistance other viru-
ent pathogens, and/or weakens physiological control mechanisms
o endogenous microorganisms such that they cause disease in the
resence, but not the absence, of PRRSV. Until more is known about
ow the virus itself alters basic host immunity, it seems that fur-
her development of modified-live vaccines derived from virulent
eld viruses would be unlikely to yield markedly better protection

han what is currently achieved. The mechanism(s) of attenua-
ion for currently available commercial modified-live vaccines are
ot known, and induction of immunity is relatively slow, similar
o natural infection. Thus, research focused on the mechanism(s)
d Immunopathology 167 (2015) 1–14

by which PRRSV affects the host immune system, including innate
responses, T cell development, antigen presentation, and induction
of PRRSV-specific lymphocytes, is needed to explain the inability of
the pig to develop rapid and sterilizing immunity following infec-
tion.

Secondly, research directed at identification of protective
immunogens and epitopes, and elucidation of immune mech-
anisms of antigen-specific protection, is essential for rational
development of vaccines that provide rapid protection against
PRRSV. PRRSV immunogens, epitopes and protective mechanisms
unquestionably exist since sterilizing immunity to natural infection
is achieved when given sufficient time. A mechanistic understand-
ing of immunity to primary infection might be gained through
dissection of immunity in adult animals that achieve sterile pro-
tection. At present, the majority of research has been conducted in
growing swine that have not completely eliminated viral infection.
Thus, timing of adaptive immunity evaluation will be critical for
clear determination of convalescent protective immunity. Antigen
delivery systems that deliver key immunogens and epitopes might
be an avenue for both basic research (clearly identify protective
epitopes) and for PRRSV vaccines (to achieve rapid protection and
reduced susceptibility to secondary infections). Overall, the deliv-
ery of the protective epitopes or immunogens outside the context
of PRRSV infection, i.e. in the absence of viral pathogenesis, may
help reveal protective mechanisms more easily.

To achieve the goal of developing a PRRSV vaccine that rapidly
induces protective immunity, the two  primary research areas as
outlined above would ideally be pursued simultaneously using both
natural viral infection and model antigen delivery systems. PRRSV
immunity research must move beyond observational studies to
identification of mechanisms and immune functions to signifi-
cantly advance beyond our current stage of knowledge. This will
require a full understanding of the modulating effect that PRRSV has
on the innate immune response in vivo. In addition, methods for a
mechanistic evaluation of immune cell function, such as culture and
immortalization of porcine antigen-specific T and B lymphocytes
are needed. The ability to evaluate immune cell function requires a
sustained commitment and investment that is independent of any
particular pathogen. Such an investment will be extremely ben-
eficial for understanding PRRSV immunity, as well as immunity
to other swine infectious diseases. Collectively, this approach will
move us forward in the challenge against PRRS, but also against
other emerging diseases of swine.
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