
ABSTRACT 

KICK, ANDREW ROBERT. Characterizing the Porcine Adaptive Immune Response to 
Homologous/Heterologous Porcine Reproductive and Respiratory Syndrome Virus Type 2 
(PRRSV-2) Strains. (Under the direction of Dr. Tobias Käser and Dr. Glen Almond). 
 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is the prevailing 

disease affecting the US pork industry, and North Carolina is the second leading US state in pork 

production. Despite being a prominent pork producing state, the North Carolina State University 

College of Veterinary Medicine (NCSU CVM) did not have an active PRRSV research effort. 

We reestablished active PRRSV research at the CVM and gained national recognition with 

multiple national presentations and an international publication: This dissertation encompasses 

the genesis of our research that will continue into the future. We began this research effort by 

producing PRRSV stocks from two field isolates (strains 1-7-4 and 1-3-4) and also from a 

modified live virus (MLV) vaccine. Then, we conducted our first animal trial; a nine-week trial 

comparing the adaptive immune response (IR) in nursery pigs to three PRRSV strains and 

specifically evaluating the IR to the strain of infection (homologous) and to the two heterologous 

strains. Our scope of evaluation expanded as we obtained intriguing results for both serum 

neutralizing antibodies and T-cell proliferation / IFN-γ production. In Chapter 2, we 

characterized the T-cell’s essential function in the homologous and heterologous IR: Thelper 

cells were the main responders during viremia with a peak response at 28 days post infection 

(dpi), their response correlated with the drop in viremia during that period, and their phenotypes 

were both central and effector memory; the cytotoxic T lymphocyte (CTL) response was 

disposed towards sites of infection; and TCR-γδ T cells responded most strongly after clearance 

of viremia corresponding with upregulation of CCR7 expression. In Chapter 3, we characterized 

the humoral IR to PRRSV infection by describing the development of serum neutralizing 



antibodies (NAs) to homologous and heterologous strains and compared these values between 

infection strains, as well as, with anti-PRRSV IgG, secreted anti-PRRSV IgA, viral nasal 

shedding, and viremia. The most novel discoveries from this chapter were that homologous 

strain NAs were not delayed following infection with two lineage 1 strains and could provide 

protection as early as 21 dpi; however, protection against heterologous strains was delayed 

between lineage 1 strains or non-existent between the MLV and lineage 1 strains. Finally, we 

applied the methods we learned in Chapters 2 and 3 to conduct a maternal vaccination evaluation 

study (maternally-derived immunity - MDI) in weaned pigs evaluating autogenous killed 

vaccines versus MLV vaccination only (Chapter 4). We evaluated the effects of three different 

maternal vaccinations on PRRSV-2 infection (different 1-7-4 strain) outcomes (performance, 

histopathology and adaptive IR) for 28 dpi. Generally, we observed greater protection in the 

autogenous vaccinated pigs possibly conferred by maternal transfer of NAs or TCR-γδ T cells. 

Equally important, we were able to describe cell-mediated immunity by IFN-γ production upon 

PRRSV restimulation of lymphocyte subsets in pre-farrow gilts, weaned pre-infection piglets, 

and infected piglets through 28 dpi in the blood, lungs, and tracheobronchial lymph nodes (LNs). 

Overall, PRRSV-specific IFN-γ production shifted over time in the blood, lungs and LNs: CD4+ 

T cells and CD21α+ B cells were the strongest in the blood before infection with a shift towards 

CD4+ T cells and CTLs after infection; CD4+ T cells and CTLs were the strongest in the lung; 

and CD4+ T cells and CD21α+ B cells were the highest in the LNs.  

Collectively, this dissertation provides novel and foundational discoveries of the adaptive IR to 

PRRSV and generates numerous questions for the lab to investigate in the future.  
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CHAPTER 1  

 PRRSV Background and Immune Correlates of Protection 

Abstract: 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is an on-going PROBLEM for 

the worldwide pig industry. Commercial vaccinations and experimental vaccinations demonstrate 

improved performance; however, specific immune correlates of protection (CoP) for PRRSV 

vaccination have not been quantified or even definitively postulated. Applying the breadth of work 

on human diseases and CoP by Dr. S.A. Plotkin to PRRSV research, we advocate four hypotheses 

for peer review and evaluation as appropriate testable CoP: i) effective class-switching to IgG 

serum neutralizing antibodies and mucosal neutralizing IgA is required for protective immunity; 

ii) vaccination should induce virus-specific peripheral blood CD4+ T-cell proliferation and IFN-γ 

production with central memory and effector memory phenotypes (4 weeks post infection (wpi)); 

cytotoxic T-lymphocytes (CTL) proliferation and IFN-γ production should indicate a CCR7- 

phenotype that migrates to the lung; iii) Pigs are vaccinated prior to breeding and at weaning: 

nursery, finishing, and adult pigs will have different CoP; iv) neutralizing antibodies provide 

protection and are rather strain specific; T cells confer disease prevention / reduction and possess 

greater heterologous recognition. We believe proposing these four CoP for PRRSV will provide 

clarity for evaluation of future PRRSV vaccine and immunity research. 

1.1. The PROBLEM of PRRSV 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is an on-going 

PROBLEM for the worldwide pig industry despite available, stable, affordable vaccines [1]. 

PRRSV type 1 (European) variety and type 2 (North American) variety only share approximately 

60% of the same genome; but they rose to prominence and were identified at roughly the same 
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time in the late 1980s, early 1990s [2]. Since that time, type 1 or type 2 PRRSV has spread around 

the globe. PRRSV has been a detrimental porcine health disease in the United States for over the 

past 30 years: PRRSV has ebbed and flowed between periods of significant loss during emergence 

of new high pathogenicity (HP) strains and other periods of general prevention and mild losses. 

Boehringer Ingelheim (BI) introduced the Ingelvac PRRS (strain VR-2332) Modified Live Virus 

(MLV) vaccine in 1994; numerous other biological companies followed with type 1 and type 2 

MLV or killed / component vaccines [1]. In general, commercially available PRRSV vaccines 

suffer from the same limitations, good protection for the vaccine strain, but limited protection 

against emerging PRRSV strains [3]. The big open question is: Why does PRRSV remain a 

problem even with available vaccines?  

Some of the problem is self-induced and can be mitigated by management: implementation 

of multi-site production in the 1980-90s [4] enabled the rapid spread of PRRSV [5,6], continuous 

flow nurseries are more at risk for PRRSV outbreaks vs. single site production [7-10], and limited 

space allocation and proximity contributes to transmission of respiratory diseases like PRRSV [11-

13]. PRRSV transmission was thoroughly reviewed by Pileri and Mateu [14]. As with any economic 

decision, efficiencies in management practices must outweigh losses from disease. PRRSV resides 

at the intersection of husbandry management, economics, veterinary care / animal well-being, anti-

microbial resistance from administration combating secondary infections [15,16], and vaccinology: 

pork husbandry management practices have maximized economic efficiencies while balancing 

animal well-being and care; endemic diseases like PRRSV have significant costs [17] (est. 2013, 

$664 million: loss, vaccination, medications, etc.), but these costs do not invalidate the efficiencies 

in the multi-site system.  
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The other half of the problem is the virus. PRRSV infects porcine alveolar macrophages 

(PAMs) expressing the scavenger receptor CD163 and possibly other monocyte varieties [18,19]. 

Depletion of PAMs in nursery pigs makes them susceptible to secondary bacterial infections, 

pneumonia, and other respiratory diseases [20], while PRRSV infection in pregnant sows can result 

in high litter mortality and abortions [21]. The use of vaccines eradicated or substantially reduced 

the burden of porcine viral diseases despite the fore mentioned management practices: 

Pseudorabies virus, Porcine Parvovirus, Porcine circovirus 2 among others [22] are effectively 

controlled by vaccines administered (or previously administered) at the herd-level to sows or sows 

and piglets. As discussed, 25 years of PRRSV vaccines have not achieved the same level of 

protective immunity [23]. Butler et al. describe in great detail some explanations for PRRSV 

evading vaccine-control: PRRSV rapid mutational rate and genetic diversity; uncertainty of the 

critical viral epitopes to target for neutralizing antibodies (NAs), and PRRSV ability to dysregulate 

the neonatal immune system [23]. In addition to investigating NA epitopes, there are on-going 

efforts to identify the largely unknown PRRSV T-cell epitopes [24-26]. Further discussion of 

immune dysregulation is not within the scope of this review as that portion of the PRRSV problem 

is distinct from the question this review explores.  

PRRSV genetic diversity is well-documented and most published research examines the 

diversity of Open Reading Frame 5 (ORF5), which is approximately 600 bp of the 15 kb PRRSV-

2 genome [27,28]. ORF5 codes PRRSV glycoprotein 5, which has been implicated for host cell 

infection and as a target of neutralizing antibodies [1]. The possibly outdated strain designation 

based upon the restriction fragment length polymorphism (RFLP) pattern [29-32] is being updated 

with whole genome analysis as that analysis becomes more affordable and available [29,33]. Two 

recent studies evaluated strain diversity utilizing whole genome sequencing to compare genetic 
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differences between lineage 1 strains with a 1-7-4 RFLP with previously ciculating strains [30,33]; 

genetic sequences can vary greatly between 1-7-4 strains and strain similarity does not necessarily 

correlate with pathogenicity [33]. This genetic diversity reveals the importance of veterinarians 

understanding the circulating PRRSV strains in a herd to determine the most effective vaccination 

strategy: Autogenous vaccines (strains isolated from the herd, attenuated/killed and then 

administered to the herd) have the potential to overcome the strain diversity issues. 

PRRSV is a positive stranded, enveloped RNA virus. RNA viruses have characteristic high 

mutation rates because RNA polymerase does not possess a proofreading mechanism: RNA 

viruses have measured mutation rates of 10-4 mutations per nucleotide copied [34], which results 

in high genetic diversity with potential rapid drift in a population resulting in diverse PRRSV 

strains, or in fact, “quasispecies”  of PRRSV or  “a cloud of diverse variants that are genetically 

linked through mutation” [34]. Hanada et al. estimated the mutation rate in PRRSV to be higher 

than that attributed to RNA viruses arguing that PRRSV evolved in the 1970-80s prior to 

emergence at a rate of 10-2 / site / year [35]. Beyond mutation, numerous studies also supported 

possible return to virulence [36-38] and recombination as a mechanism for PRRSV diversity [39-41] 

including recombination between vaccine and wild type strains [42]. 

One final area to discuss is the difficulty of effective PRRSV vaccination. In general, 

commercial farms vaccinate selected gilts prior to breeding. Vaccination should result both in 

protection from PRRSV-related abortion during pregnancy and then provide maternal-derived 

immunity (neutralizing antibodies and memory-cell transfer) to piglets after farrowing and early 

nursery phase after weaning [23,43,44]. Multiple porcine studies confirm transfer of MDAs and 

memory T-cells in colostrum to piglets with detectable NA titers [45-48], antigen reactivity [49,50], 

and protective effect [51], but cross fostering prohibits absorption of memory T cells in suckling 
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piglets [52]. Upon transfer to nursery farms, weaned pigs are usually vaccinated for PRRSV. If 

PRRSV is circulating in the farrowing house or nursery farms, then vaccination upon arrival to the 

nursery is too late. It is unlikely that PRRSV vaccination at the same time as infection will provide 

protection because of the delay in an initial adaptive immune response. To provide more time for 

an adaptive immune response before entrance to a nursery farm, recent studies have also evaluated 

administration of a PRRSV MLV vaccine at 1-day of age overcoming maternally-derived 

antibodies (MDAs) and report positive efficacy [53-55]. The pork industry’s reliance on MLVs is 

due to the recognized superior protection of PRRSV MLV vaccines compared to killed / 

inactivated vaccines; however, there remains the possibility that PRRSV MLVs can mutate and 

regain virulence resulting in the prevalence of PRRSV across vaccinated farms.  

In summary, there are a number of non-host immune factors that affect PRRSV vaccination 

efficacy: animal husbandry (multi-site production); PRRSV genetic diversity and rapid mutations 

resulting in quasispecies; and vaccination timelines conflict with transfer from farrowing to 

nursery and initial exposure to PRRSV. These factors are the problem, but effective vaccines need 

to overcome this problem. 

1.2. Correlates of Protective Immunity 

What constitutes an effective vaccine? Sterilizing immunity and eventual eradication are 

the goal and have been achieved in numerous diseases with only one natural host (i.e. smallpox 

and polio in humans). For viruses that infect multiple species (i.e. rabies), population immunity 

remains the goal and continued vaccination is a requirement to prevent disease outbreaks. 

Immunologists and vaccinologists describe the quantifiable characteristics of successful 

vaccination as immune correlates of protection (CoP). Over the past 30 years, Dr. Stanley A. 

Plotkin is debatably the most influential scientist, writer, and advocate for vaccines and 
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understanding the immunological mechanisms that provide protection; these immunological 

mechanisms that provide protection from disease are referred to as CoP [56]. Plotkin further divides 

CoP into mechanistic (mCoP: those with a mechanistic cause of protection) and non-mechanistic 

(nCoP: predicts but does not cause protection) [57]. Through the course of numerous reviews and 

his textbook, Plotkin champions six principles [58] (quoted directly below) for CoP that are critical 

to examine and understand prior to analyzing PRRSV literature; within Plotkin’s reviews, he 

applies these principles to understand human diseases. We will apply these same principles to 

PRRSV: 

i. Large challenge doses may overwhelm vaccine-induced immunity and confuse 

the identification of correlates 

ii. The mechanism of protection is not necessarily the mechanism of recovery from 

infection 

iii. Most vaccines available today act through antibodies; however, the immune 

system is redundant and may protect through multiple mechanisms (paraphrased) 

iv. Memory induced by vaccination may be crucial to protection, particularly in 

long-incubation diseases 

v. Correlates may vary according to individual characteristics, such as age, gender, 

and major histocompatibility complex 

vi. It is important to define protection against what; what is the prevention objective 

(paraphrased) 
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One final principle Plotkin highlights in his reviews is that the T-cell response is important for 

protection [59,60]; but thus far vaccine protection is largely quantified by neutralizing antibodies 

as described in point iii and most currently highlighted in Table 3.4 within his textbook [56]. 

1.3. Innate immunity. 

The immune response to PRRSV can be subdivided into three immune components: innate, 

humoral, and cell-mediated to T-cell mediated. The innate immune response is critically important 

and has been reviewed extensively often in the context of PRRSV dysregulation or immune 

suppression [18,20,23,24,61,62]. The influence of the innate immune system on an effective adaptive 

immune response cannot be overstated; however, as a measure of immunological memory critical 

for vaccine efficacy and CoP, the innate system eludes quantification. Accordingly, we will 

evaluate PRRSV CoP in the context of the humoral and cell-mediated immune response.  

1.4. Plotkin’s principles of correlates of protection applied to PRRSV. 

Before discussing individual research studies, we will assert that Plotkin’s principles are 

relevant for discussing PRRSV CoP; furthermore, will enable a different perspective on a 

frequently reviewed topic – PRRSV and the porcine adaptive immune response. Second, we 

believe that the body of evidence suggests that a herd can mount an effective immune response to 

PRRSV eventually resulting in eradication if the virus is not reintroduced [1,8-10]. We will organize 

our argument by first consolidating Plotkin’s principles into four hypotheses for the PRRSV CoP: 

1. Effective class-switching to IgG serum neutralizing antibodies and mucosal neutralizing 

IgA is required for protective immunity. 

2. Vaccination should induce virus-specific peripheral blood CD4+ T-cell proliferation and 

IFN-γ production with central memory and effector memory phenotypes (4 wpi); cytotoxic T-
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lymphocytes (CTL) proliferation and IFN-γ production should indicate a CCR7- phenotype that 

migrates to the lung.  

3. Pigs are vaccinated prior to breeding and at weaning: nursery, finishing, and adult pigs 

will have different CoP. 

4. Neutralizing antibodies provide protection and are rather strain specific; T cells confer 

disease prevention / reduction and possess greater heterologous recognition.  

1.5. Effective class-switching to serum neutralizing antibodies and mucosal neutralizing IgA is 

required for protective immunity 

Lopez and Osorio produced the seminal review on neutralizing antibodies and PRRSV 

immunity in 2004 [63]; this paper with its often cited Figure 1 shaped the PRRSV communities’ 

understanding of the immune response to PRRSV and asserted the critical role of neutralizing 

antibodies. Additional reviews have built upon that foundation with each concluding that 

neutralizing antibodies are an important component of PRRSV protection [1,3,20,23,24,64].  

To briefly describe the research and shifting evidence from those papers, initial PRRSV 

antibody research and opinions suggested that despite a strong serum anti-PRRSV IgG response 

within one week post infection, serum neutralizing antibodies do not appear until generally 4 or 

more weeks post infection [65-67]; however, Yoon et al. [65,68] did observe serum neutralizing 

antibodies against strain VR-2402 but this effect was eliminated with addition of anti-IgM 

suggesting this was not seroconverted IgG neutralizing the virus [65]. Equally troubling in the early 

discussion of NA and PRRSV was the dichotomy where serum NA presence coincided with 

viremia suggesting that serum NA are unable to clear viremia [63].  In conjunction with his review, 

Osorio also changed the view of NA ability to provide protection from PRRSV with two critical 
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studies: His lab first proved that transfer of NA into pregnant females can prevent infection of the 

mother and offspring [69] and second that transfer of NA into weaned piglets at a 1:8 titer prevents 

viremia but prevention in persistent replication sites (lungs and secondary lymph nodes) requires 

a higher titer than is probable either from maternal antibodies or vaccination [70]. These two studies 

reflect a second key principle: a sterilizing serum NA concentration is different based upon the age 

of pig.  

Another scientist who has contributed significantly to our understanding of NA is the late 

Dr. Michael Murtaugh. Murtaugh’s recent papers from 2015 and 2018 demonstrate sows from two 

PRRSV-exposed herds maintain high titers of NA to heterologous PRRSV-2 strains [71] and that 

passive transfer of NA into weaned pigs significantly reduced infection of PRRSV-1 and PRRSV-

2 strains [72].  Not directly examined before in PRRSV, his lab also examined the role of IL-21 for 

B-cell proliferation and differentiation into antigen secreting cells in the presence of PRRSV [73] 

and also the reactivity of B-cells with PRRSV nsp7 [74]. Humoral immunity consists of both B 

cells and the antibodies they produce; PRRSV research has almost exclusively focused on the 

product (antibody) and neglected the producing B cell (with the exception of J.E. Butler and M. 

Sinkora). 

A survey of other recent PRRSV NA literature (since 2016) not included in the fore-

mentioned reviews further supports their conclusions and our hypothesis that NA is a PRRSV CoP. 

Viremia, weight gain, and anti-PRRSV IgG (neutralization undetermined) is related to the genetic 

basis of weaner pigs [75]. Two PRRSV strains were attenuated by codon-pair deoptimization 

(CPD), used as vaccines compared to the infective wild-type counterparts, and achieved similar 

serum NA levels; in a subsequent study, upon heterologous PRRSV challenge, the CPD vaccinated 

groups exhibited reduction of all evaluated PRRSV infection criteria [76], which built upon the 
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promising CPD attenuated vaccine results of two previous studies [77,78]. Vaccination with a 

PRRSV-2 MLV that produced serum NA improved reproductive performance in gilts challenged 

with PRRSV-1 and PRRSV-2 strains [79]. One-day old piglets, vaccinated with a PRRSV-1 MLV 

(no anti-PRRSV maternal antibodies),  developed NA titers 56 days post-vaccination (dpv) which 

remained consistent to 125 dpv and upon challenge increased rapidly; vaccinated piglets had 

reduced viremia and faster clearance than unvaccinated piglets [54]. A PRRSV subunit vaccine that 

induced serum NA protected gilts during PRRSV-1 and PRRSV-2 challenge from abortion while 

all unvaccinated gilts aborted [80]. With four different PRRSV-1 vaccines, serum neutralizing 

antibodies were present 21 dpv and low levels of anti-PRRSV IgA and IgG were also generally 

present in the BAL 14 dpv [81]. One-day-old piglets were vaccinated with a PRRSV-1 or PRRSV-

2 MLV (from PRRSV seropositive sows); serum NA titers decreased to 21 dpv as maternal 

antibodies decreased, but then serum NA increased upon exposure to PRRSV in the nursery with 

PRRSV-2 vaccinated pigs exhibiting better performance than unvaccinated and PRRSV-1 

vaccinated pigs through the finishing phase [82]. Though serum NA were not examined in a 

PRRSV-2 vaccination / challenge study, anti-PRRSV antibodies were detected following 

vaccination and upon challenge with a heterologous PRRSV-2 strain, the vaccinated group had 

reduced viremia and duration of viremia compared to the unvaccinated group [83].  

Demonstrating the unpredictability and difficulty in obtaining heterologous serum NA after 

vaccination / infection, a strain recovered from a cDNA clone of a WT PRRSV-2 isolate displayed 

homologous serum NA at 77 dpi; however, the antibodies did not neutralize 12 other PRRSV-2 

isolates in-vitro [84]. A different engineered vaccine generated strong serum NA titers; the 

vaccinated group had significantly better performance upon homologous challenge than the 

unvaccinated group; however, against a high pathogenicity (HP) heterologous strain the protection 
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offered by vaccination was gone [85]. Vaccination of sows prior to breeding with a MLV PRRSV-

2 resulted in serum NA titers and significantly better reproductive performance than unvaccinated 

sows upon exposure to active circulating PRRSV strains [86]. A heterologous DNA-vaccine in 

combination with MLV achieved serum NA in nursery-age pigs and improved clearance of HP 

virus upon challenge compared to unvaccinated pigs [87]. A chimeric PRRSV-2 vaccine resulted 

in serum NA titers against two heterologous PRRSV-2 strains and upon challenge, the vaccinated 

pigs had reduced viremia and improved performance against those heterologous strains [88]. In a 

primary and secondary challenge experiment with PRRSV-1 and PRRSV-2, the primary challenge 

resulted in low-level or no serum NA within five weeks; however, upon secondary challenge serum 

NA rose rapidly and PRRSV-2 challenge provided greater protection against PRRSV-1 and 

PRRSV-2 in nursery age pigs [89]. A study evaluating a VR-2332 MLV demonstrated significant 

improved performance in vaccinated nursery pigs upon heterologous challenge; however, serum 

NA titers were not detectable throughout the study [90]. Finally, three chimeric virus vaccinations 

combining different genetic combinations of two common PRRSV-2 strains did not produce broad 

NA at 42 dpi; however, upon challenge with either WT virus, viremia was nearly undetectable in 

vaccinated pigs [91], while in a separate MLV vaccination / challenge study, serum NA titers were 

very low 28 dpv; however, the serum NA rose rapidly upon heterologous and homologous 

challenge and were significantly higher than unvaccinated challenged pigs through 28 dpi [92].  

In our most recent study (dissertation, Chapter 3) examining the humoral immune response 

to homologous and heterologous PRRSV-2 strains, we observed serum NA to homologous virus 

with little delay from the serum anti-PRRSV IgG in our infected groups with strains 1-7-4 and 1-

3-4; serum NA levels were positive by 14 dpi (1-7-4) and 10 dpi (1-3-4)  and maximized the limits 

of our test by 28 dpi for the 1-7-4 and 42 dpi for the 1-3-4 strains. In fact, the maximization of our 
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test coincided with drop of viremia to background levels in most pigs as well. Conversely, as is 

characteristic for a VR-2332 MLV inoculation and infection, homologous serum NA were delayed 

becoming positive (IAW our test) at 42 dpi and continuing to rise through 63 dpi at the end of the 

study. Serum NA against heterologous virus was very different and not based upon ORF-5 

similarity: the ORF-5 similarity between 1-7-4 and 1-3-4 was 86% (check) as was the similarity 

between 1-7-4 / 1-3-4 and VR-2332; the 1-7-4 and 1-3-4 infected pigs serum NA had strong cross-

reactivity with a positive result by 21 dpi for both groups and a greater than 96% suppression (test 

not maximized) by 35 dpi (1-3-4) and 49 dpi (1-7-4). The VR-2332 MLV vaccinated pig serum 

NA exhibited no cross-reactivity with 1-3-4 by 63 dpi and limited cross-reactivity with 1-7-4 at 63 

dpi (positive result) (dissertation, Chapter 3). In a separate vaccination study (dissertation, Chapter 

4), a killed autogenous 1-7-4 vaccination administered to gilts after VR-2332 MLV administration 

resulted in serum NA titers to the 1-7-4 strain in gilts prior to farrowing: the offspring at weaning 

(2 weeks of age) had corresponding maternal-derived serum NA titers and upon challenge with 

the 1-7-4 strain at weaning, viremia remained significantly lower than weaned piglets from gilts 

only vaccinated with the MLV (lung interstitial pneumonia histology scores were also lower in the 

1-7-4 maternally vaccinated group than the MLV-only group). Serum NA titers of the offspring 

dropped over the first 14 dpi / post-weaning and then remained constant until the completion of 

the study (28 dpi). Serum NA titers of the offspring from some of the MLV-only vaccinated gilts 

began to have detectable serum NA titers at 28 dpi; viremia and interstitial pneumonia histology 

scoring by 28 dpi was not different between groups (dissertation, Chapter 4). 

In summary, the last four years of research investigating the role of serum NA in PRRSV 

protection have solidified the aforementioned reviews: serum NA titers continue to play a critical 

role in reduction of viremia and improved performance for homologous and heterologous PRRSV 
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challenge trials. The diversity of vaccines, age of pigs (nursery / sows and gestation), study design, 

and PRRSV challenge virus make drawing any specific required titer levels for protection not 

applicable: this fact is even more relevant based upon Plotkin’s first principle that “large challenge 

doses may overwhelm vaccine-induced immunity confusing CoP”. In these studies, challenge 

doses generally range from a TCID50 of  105 to 106 administered to nursery-age pigs intranasally 

or intramuscularly; in studies with passive exposure to circulating PRRSV strains, MLV 

vaccinations can result in a marked reduction in viremia against the circulating heterologous strains 

[90,93]; Hermann et al. examined the probability of PRRSV infection and determined that intranasal 

exposure of 103 resulted in 50% infection [94]. Perhaps, our high persistence in high challenge 

doses overwhelms the IgG and IgA present in the respiratory tract allowing local PRRSV infection 

to occur and subsequent rapid viral expansion in the lungs; viremia, then, is not quickly sterilized 

in nursery-age pigs due to the susceptibility of macrophages to PRRSV infection and the barrier 

between circulating NA in the blood and PRRSV expansion in the lungs.  Accordingly, possibly a 

more accurate predictor of NA as a CoP is combining serum NA with anti-PRRSV IgA in the 

respiratory tract (nasal or oral fluids). Plotkin describes this CoP for influenza because like 

PRRSV, influenza infects cells in the mucosa (epithelial cells not alveolar macrophages) [95]. He 

describes the role of IgG and IgA as synergistic CoCoP with both being responsible for a 

significant drop in viral shedding compared to either individually. 

One previously mentioned study examined anti-PRRSV IgA and IgG presence in the BAL 

and oral fluids. A separate vaccination study examined anti-PRRSV nasal IgG and suggested it as 

an important CoP for the mucosal anti-PRRSV response induced by vaccination; this study did not 

detect anti-PRRSV IgA [96]. One recent study examined oral fluid anti-PRRSV IgA and found IgA 

reduced PRRSV replication and reduced macrophage susceptibility to infection [97]. In our recent 



  14 

 

study, we examined the presence of anti-PRRSV IgA in the respiratory tract by taking nasal swabs 

through 63 dpi. We detected anti-PRRSV IgA by 7 dpi (1-3-4) or 10 dpi (1-7-4) in infected pigs 

with a maximum at 14 dpi and detectable levels extending until 42 dpi (1-3-4) and 63 dpi (1-7-4). 

Similar to serum NA, the VR-2332 MLV vaccinated piglets had a positive IgA level by 14 dpi, 

but their levels were significantly lower compared to 1-3-4 and 1-7-4 infected pigs; they hovered 

around the positive / negative discrimination level and varied based upon the individual animal 

response (dissertation, Chapter 3).  

In conclusion, since Osorio’s group effectively demonstrated passive transfer of NA to 

sows can protect sows and offspring from PRRSV viremia and improve performance in nursey-

age pigs, PRRSV researchers have generally agreed that serum neutralizing antibodies are an 

important measure of vaccine efficacy and a likely CoP; however, due to diversity of PRRSV 

strains and vaccines, differing anti-PRRSV immune responses between young and adult pigs, a 

specific protective serum NA titer has not been determined. In addition to serum NA, we believe 

effective evaluation of the ability of mucosal IgG and IgA to neutralize PRRSV prior to infection 

will be an important CoP and is the actual protection-causing mechanistic CoP (cause / effect) for 

what is observed in the relationship between viremia and serum NA. 

1.6. Vaccination should induce virus-specific peripheral blood CD4+ T-cell proliferation and IFN-

γ production with Central Memory and Effector Memory phenotypes (4 wpi); CTL proliferation 

and IFN-γ production should indicate a CCR7- phenotype that migrates to the lung 

The anti-PRRSV cell-mediated immune (CMI) response lacks the depth and body of 

research of the humoral immune response. In general, the anti-PRRSV CMI response is described 

by IFN-γ ELISPOT. As with serum NA, the aforementioned reviews describe the importance of 

the anti-PRRSV CMI response but in general agree that compared to human diseases researched 
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in mice, the T-cell response to PRRSV is poorly understood. With respect to CoP, a quantifiable 

uniform measure (like serum NA) for the T-cell response  to PRRSV has not been determined, but 

this is also characteristic of vaccines for other viral diseases: Plotkin concludes that the CD4+ T-

cell response is critical for cytokine production to direct the immune response and B-cell antibody 

production with long-lasting protective memory as well as CTL preventing infection / replication 

at sites of infection: “antibodies prevent infection whereas cellular responses control infection once 

replication has been established.” [58]  

In the previously discussed papers for serum NA, most of them utilized IFN-γ ELISPOT 

either completely or partially as the measure of CMI. A thorough list of PRRSV papers that 

examined the cell-mediate immune response with IFN-γ ELISPOT is listed in Table 1. IFN-γ 

ELISPOT  is very sensitive with limited background IFN-γ+ cells and has been very useful in 

explaining the CMI response to PRRSV over the past 20 years; however, we assert that IFN-γ 

ELISPOT is insufficient as a CoP due to its lack of specificity of cell type since it is unable to 

differentiate the lymphocyte type or T-cell phenotype. T-cell gene expression [93,98] and cytokine 

production is also complementary [98-101] and especially critical for deciphering the role of Tregs 

[102-105] and innate immunity [18]; however, characterizing the cytokine production alone is not 

specific enough to be a CoP. Differences in systemic or local T-cell populations following PRRSV 

infection or vaccination is also instructive and is a common method for describing the T-cell 

response: the anti-PRRSV response is inferred from changes in populations of T-cells in peripheral 

blood, lungs, and lymph nodes. In general, PRRSV infection increases the presence of T-cells in 

the blood after initial lymphocyte trapping [106-109] and sites of infection following PRRSV 

infection [100,104,108,110,111] and specific increases in CD8α+ T-cells in the lymph nodes [112] and 
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lung [109]. Population changes are indicative of effects of PRRSV vaccination; however, being 

able to quantify a specific anti-PRRSV CMI is required. 
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Table 1. Comparison of pig age, IFN-γ secreting cells, and serum NA in PRRSV vaccination or 
challenge.  
Strain Pig 

age 
Vaccination IFN-γ 

Response  
Serum NA Challenge Viremia / 

symptoms 
IFN-γ 
Response 

Serum NA Reference 

PRRSV-2 N CPD of WT HO / HE 28 dpv HO only at 28 
dpv 

CPD vs. WT CPD lower HO / HE 14 dpi HO only 14 
dpi 

[76] 

PRRSV-1 
PRRSV-2 

mice KV w/ mAb 
adj in mice 

HE at 28 dpv mAb cross-
reactive 

N/A N/A N/A N/A [113] 

PRRSV-1 
PRRSV-2 

G/S MLV-1 or 
MLV-2 

2 HE w/ HO 
higher; 1 HO 
only 21 dpv 

Both HE /w 
HO higher 21 
dpv 

Both WT-
1&2 

MLV-2 
reduced 
1&2  

HE w/ HO 
higher; 2 more 
SCs 

HE w/ HO 
higher 

[79] 

PRRSV-1 N MLV or MLV 
w/ DNA 

MLV w/ DNA 
higher SCs to 
peptides 13 dpv 

NE N/A N/A N/A N/A [96] 

PRRSV-1 N 4 types (2 KV, 
2 MLV 

Positive for all 
vaccines 21 dpv 

MLV higher 
21 dpv 

WT-1 Virus shed 
lower in 
vacc 

Positive to 
include unvacc / 
challenged 

Inactivated 
higher 21 
dpv 

[81] 

PRRSV-1 N,F MLV IN or 
IM 

SCs INC thru 
125 dpv 

Appeared 56 
dpv thru 125 
dpv 

WT-1 Reduced in 
vacc 

IN INC post-
chall; IM DEC 
10 dpi 

3-fold INC 
vacc 10 dpi 

[54] 

PRRSV-1 
PRRSV-2 

G/S MLV-1 & 
MLV-2 

HE 21 dpv HE 21 dpv Both WT-
1&2 

Vacc higher 
RP 

SCs higher 7 & 
21 dpi 

Titer higher 
7 & 21 dpi 

[114] 

PRRSV-2 G/S MLV-2 HO 70 dpv HO 70 dpv CSE Vacc no 
viremia / 
higher RP 

DEC at farrow DEC at 
farrow 

[86] 

PRRSV-2 N N/A N/A N/A cDNA 
clone, FL12 

N/A SCs highest 63 
& 77 dpi; 
genetic 
similarity did 
not affect SC 
with type 2 
PRRSV 

HO NA 
titers at 63 
& 77 dpi; 
limited HE 
titers  

[84] 

PRRSV-2 N MLV-2 Peaked 21 dpv  ND WT-2 HE 
isolates 

Vacc DEC Rose rapidly 
thru 14 dpi 

ND [90] 

PRRSV-1 
PRRSV-2 

N WT-1 or WT-
2 

Low-level HO 
& HE post-chall 

ND WT-1 or 
WT-2 (HO 
or HE) 

HO second 
chall; DEC 

HO second 
chall; rapid rise 
3 dpc 

HO second 
chall; rapid 
rise 7 dpc 

[89] 

PRRSV-1 N MLV-1 NE NE CSE Vacc INC 
morbidity 
& survival  

Vacc INC 7 
wpv thru 16 
wpv; unvacc 
higher Treg 
activation 

NE [93] 

PRRSV-2 N MLV-2 or 
MLV-2 + adj 

Higher SC 14 
dpv MLV + adj 

NE N/A N/A N/A N/A [115] 

 
Acronyms: N – Nursery (2 weeks+), A – adult, F – finishing (8 weeks+), G/S – gilt/sow, CPD – Codon-pair 
deoptimization, HO – homologous, HE – heterologous, KV – killed virus, dp – days post, wp – weeks post, v – 
vaccination, c – challenge, i – infection, 1 – type 1 PRRSV, 2 – type 2 PRRSV, MLV – modified live virus, WT – 
wild type, SC – secreting cells, NA – neutralizing antibodies, CSE – circulating strains exposure, N/A – not 
applicable, NE – Not evaluated, ND – Not detected, adj – adjuvant, vacc – vaccinated treatments, RP – reproductive 
performance, IN – intranasal, IM – intramuscular, ID – intradermal, PCV2 – porcine circo virus 2, PRV – 
pseudorabies virus, INC – increased, DEC – decreased, prot – protected, BCG – Mycobacterium bovis Bacille 
Calmette-Guérin. 
 
 
 



  18 

 

Table 1 continued. 
Strain Pig 

age 
Vaccination IFN-γ 

Response  
Serum NA Challenge Viremia / 

symptoms 
IFN-γ 
Response 

Serum NA Reference 

PRRSV-1 
PRRSV-2 

N MLV-2 NE NE WT-1 Vacc 
reduced 

Higher vacc SC 
7-21 dpc 

NE [116] 

PRRSV-1 
PRRSV-2 

G/S MLV-2 SCs INC to 84 
dpv; DEC 121 
dpv HO virus 

ND WT-1 or 
WT-2 

HO chall 
prot; HE 
chall semi-
prot 

SC to HO virus 
in vacc highest; 
all HO SC INC 
after infection   

HO chall 
highest NA; 
reduced for 
HE chall  

[117] 

PRRSV-2 N MLV-2 NE ND HO-2 or 
WT-2 

MLV + 
HO-2 chall 
prot 

MLV + WT 
challenge had 
highest SCs 

HO present 
14 dpi 

[118] 

PRRSV-2 N MLV-2 SCs INC 7, 14 
dpv 

ND WT-2 
isolate 

Vacc DEC  SCs INC 
rapidly 7-14 
dpc in vacc 

ND [119] 

PRRSV-1 N MLV-1 (IM 
vs. ID vs. adj 
only) 

SCs to HO & 
HE at 21, 35 
dpv 

ND CSE Similar 
across trts  

SCs INC to HO 
& HE at 35 dpi 
in vacc 

Titers 
present 
after CSE 
in vacc 

[120] 

PRRSV-1 N MLV-1, PCV2 
or both 

SCs INC after 
MLV-1 

NE CSE Similar 
across trts 

SCs INC all trts 
after CSE 

NE [121] 

PRRSV-1 N 2x WT-1 
isolates 

WT-1(1) more 
SCs than WT-
1(2) 

WT-1(2) 
more NA 
than WT-1(1) 

Challenge 
w/ either 
WT-1 
isolate 

WT-1(2) no 
viremia; 
WT-1(1) 
low viremia 

WT-1(1) more 
SCs than WT-
1(2) 

WT-1(1) 
more NA 
than WT-
1(2) 

[101] 

PRRSV-2 N N/A N/A N/A WT-2  Viremic 7 
dpi; 50% 56 
dpi 

Detected 28 
dpi; peaked 42 
dpi; steady 56 -
193 dpi 

NA appear 
42 dpi; 
peak 70 
dpi; remain 
193 dpi 

[122] 

PRRSV-1 G/S MLV-1, KV-1 SCs background 
for both 

ND WT-1 KV 
viremic; 
MLV prot 

Low, more SCs 
in MLV than 
background 

KV rose 10 
dpi; MLV 
background 

[123] 

PRRSV-1 F N/A N/A N/A WT-1 Clear w/in 
7-14 dpi 

SCs INC 14 – 
70 dpi 

NA appear 
56 dpi in 
60%  

[106] 

PRRSV-2 N MLV-2 
(separate) 

SCs peaked at 
28 dpv, then 
DEC 

NE WT-2 
cocktail 
(separate) 

WT-2 
persists in  
lymph 
nodes 67 
dpi 

No correlation 
SCs with virus 
presence in 
tissues 19 or 67 
dpi 

NE [124] 

PRRSV-2 N, F Recombinant 
component in 
BCG 

PRRSV SCs 
ND 

Detectacble 
60 dpi 

PRRSV-2 Vacc DEC PRRSV SCs 
ND  

NA not 
INC 7 dpi 

[125] 

PRRSV-2 F MLV-2 + adj SCs peaked 4 
wpi 

Minimal thru 
8 wpv 

PRRSV-2 Vacc lower 
/ no viremia 
at 4, 7 dpc 

SCs INC after 
chall thru 14 
dpc 

Vacc NA 
INC 14 dpc 
to vacc & 
chall 

[126] 

PRRSV-2 F MLV-2, KV-
2, PRV, or 
MLV-2 + adj 

MLV-2 vac 
SCs INC thru 8 
wpv; less than 
PRV  

NA 
detectable at 
8 wpv; less 
than PRV 

N/A N/A N/A N/A [127] 

PRRSV-2 N-A N/A N/A N/A WT-2 Persisted 3 
wpi 

SCs maintained 
5-12 mpi 

NA appear 
with SCs; 
DEC post-
viremia  

[128] 
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The foundational paper by Bautista et al. provided the basis for future PRRSV-work that 

serves as CMI CoP (characterizing specific T-cell phenotypes that proliferate and produce 

cytokines in response to PRRSV): following PRRSV infection, PRRSV lymphocyte proliferation 

from peripheral blood was detected 4 wpi, peaked at 7 wpi, and returned to background by 11 wpi 

[129]. Meier et al. built upon this foundation by identifying the T-cell subsets of IFN-γ+ cells in 

ELISPOT using different anti-T-cell subset antibodies to deplete the quantity of secreting cells; 

the vast majority > 90% being CD4+CD8α+ memory cells [127]. Costers et al. observed CTL 

proliferation in peripheral blood mononuclear cells (PBMCs) from PRRSV-infected pigs upon 

PRRSV restimulation beginning 14 dpi and increasing to 56 dpi [130]. Ferrari et al. expanded this 

analysis by complementing IFN-γ ELISPOT with flow cytometry staining for IFN-γ and CD8α 

upon PRRSV stimulation with a PMA / IO boost: the vaccinated pigs had a significantly higher 

percentage of CD8α+ IFN-γ+ cells than unvaccinated pigs 35 days after environmental PRRSV 

exposure upon restimulation with the vaccine strain and a heterologous PRRSV isolate [120]. Park 

et al. also combined IFN-γ ELISPOT with flow cytometry staining for IFN-γ, CD4, and CD8α 

with either the MLV vaccine or WT challenge restimulation and observed that at 21 dpc vaccinated 

challenged pigs had a higher proportion of  CD4+CD8α+IFN-γ+ than unvaccinated unchallenged 

pigs [119]. Mair et al. then utilized violet proliferation dye to characterize the specific CD4+ T-cell 

response to MLV restimulation and differentiated proliferating cells upon a naïve, central or 

effector memory phenotype observing a higher percentage of effector memory proliferation with 

adjuvant addition [115]. Sirisereewan et al. determined that vaccination (MLV or DNA-MLV) and 

subsequent challenge increased serum NA and CD3+ IFN-γ+ cells following vaccination and 

challenge, which reduced PRRSV viremia and symptoms but did not protect from a HP PRRSV-

2 strain [87]. Cao et al expanded upon T-cell phenotypes by analyzing the T-cell phenotypes (CD4+, 
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CD8α+, CD4+CD8α+, and TCR-γδ T cells) for IFN-γ production and CD107a expression to 

characterize the CTL response to specific identified PRRSV epitopes [25]. Concurrently, 

Madapong et al. evaluated multiple vaccines to 35 dpv followed by a 7 day challenge, assessing 

proliferation and IFN-γ and IL-10 production in the T-cell subsets with flow cytometry: 

proliferation was not detectable; IFN-γ production was highest in CD8α+ T-cells upon homologous 

PRRSV restimulation [131].  

Our lab performed the most exhaustive T-cell analysis to date as we utilized a vaccination 

strain and two field isolates to inoculate 4-week old pigs and follow the course of infection for 9 

weeks. We utilized multi-color flow cytometry with two different restimulation set-ups to evaluate 

three key parameters: isolated peripheral blood T-cell phenotype proliferation after homologous 

and heterologous virus IAW the previously discussed T-cell subsets with the additional marker for 

CCR7 expression (tissue or lymph node homing) and Foxp3 for Tregs; T-cell central memory 

populations residing in the tracheobronchial lymph nodes after clearance of viremia; and lastly 

IFN-γ, TNF-α, and IL-2 production along with CCR7 expression in T-cell subsets [109]. At 28 dpi, 

the most evident characteristics of the T-cell response was that Thelper proliferation coincided 

with clearance of viremia and Thelper CCR7 expression indicated a shift towards an effector 

memory phenotype while maintaining a similar proportion of central memory Thelper cells; and 

the same effect was observed in IFN-γ+ cells. Proliferating and IFN-γ+ CTLs expressed a tissue-

homing phenotype in PRRSV-infected pigs, but these characteristics for CTLs were not present in 

MLV-vaccinated pigs. TCR-γδ phenotypes also displayed interesting characteristics over the 

course of the infection, as well as, the heterologous response revealed similarities in cross-

reactivity between strains similar to those observed with the humoral response already discussed 

(dissertation, Chapter 3): MLV pigs displayed the best cross reactivity to HP; LP pigs had the best 
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cross-reactivity with HP; and HP pigs displayed cross-reactivity to MLV and LP at the height of 

infection. In cells isolated from the tracheobronchial lymph nodes at 9 wpi, the infected LP and 

HP treatment groups displayed strong T-cell subset proliferation and cross-reactivity with each 

other, but limited cross-reactivity to the MLV [109]. A subsequent study we conducted with the 

previously mentioned maternal vaccination study further cemented the importance of Thelper cells 

and CTLs in the anti-PRRSV response (dissertation, Chapter 4). In this study, we only evaluated 

intracellular staining of IFN-γ in T-cell subsets, as well as, B cells and NK cells for 4 wpi. 

Peripheral blood CD4+ T-cells exhibited a lower percentage of effector memory in the IFN-γ 

component than in our previous study with a higher percentage residing in the central memory 

component. This difference might be explained by the age of the pigs in the studies: Pigs were two 

weeks younger in the later study with fewer effector memory cells. Nevertheless, necropsy of the 

lung revealed high IFN-γ production in CD4+ T cells. This characteristic was consistent with CTLs 

also having the highest percentage of IFN-γ+ cells of all lymphocytes isolated from the lung 4 wpi. 

Viremia decreased between 2 and 4 wpi despite no detectable serum NA in the pigs from the MLV 

vaccinated gilts again demonstrating the central role of cell-mediated immunity (CD4+ T cells and 

CTLs) in recovery from infection. Additionally, except for at weaning prior to infection, the 

highest percentage of IFN-γ+ lymphocytes in peripheral blood were CD4+ T cells followed by 

CTLs at 2 and 4 wpi. These results emphasize the power of flow cytometry over IFN-γ ELISPOT: 

At 0 wpi, we observed CD21α+ cells as the highest percentage of IFN-γ+ cells and their 

representation at 2 and 4 wpi was replaced by CD4+ T cells and CTLs; with IFN-γ ELISPOT alone 

we would not have that lymphocyte fidelity. 

In conclusion, actual studies evaluating the specific contribution of T-cell subsets and 

phenotypes are yet limited; but with the advancement of the flow cytometry antibody repertoire 
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for swine, flow cytometry will enable a much higher-level of fidelity to characterize the CMI 

response to PRRSV. From the aforementioned studies, though, we can reassert the following CMI 

CoPs: 

1. Vaccination should induce virus-specific peripheral blood CD4+ T-cell proliferation 

and IFN-γ production with Central Memory and Effector Memory phenotypes (4 wpi) 

2. CTL proliferation and IFN-γ production should indicate a CCR7- phenotype that 

migrates to the lung 

1.7. Pigs are vaccinated prior to breeding and at weaning: nursery, finishing, and adult pigs will 

have different CoP 

Over the past 30 years, Dr. Armin Saalmüller’s lab has possibly contributed more to our 

understanding of swine immunology and tools to evaluate the immune response than any other 

research team. A sampling of their work illustrates the differing perspective and analysis required 

for determining PRRSV CoP in nursery, finishing and adult pigs. The Thelper phenotypes in 

peripheral blood change dramatically between newborn, nursery, and adult pigs with a continuous 

shift from naïve (CD3+CD4+CD8α-CCR7+(CD27+)) to central memory 

(CD3+CD4+CD8α+CCR7+(CD27+)) to effector memory populations (CD3+CD4+CD8α+CCR7-

(CD27-)) [132,133] as well as differences in other relevant phenotypic markers [132,134-136]. IFN-γ 

production as a CoP is also age-dependent with adult pigs being much better producers of various 

cytokines such as IFN-γ than nursery pigs [137]. Therefore, nursery age pigs are more vulnerable 

to PRRSV infection than the adult [23].  

With respect to humoral immunity CoP, Table 1 illustrates the ability of MLV vaccinations 

to generate homologous and heterologous serum NA as soon as 21 days post vaccination that 

provide good protection during homologous challenge or environmental exposure in gilts / sows 
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[79,82,86,117]. For nursery age pigs (taking into account vaccine diversity and the number of 

studies), Table 1 highlights greater variability in NA induction with multiple studies reporting NA 

not detectable (ND) following vaccination and also lack of cross-reactivity between strains for 

vaccine generated NA. One other point is the trend of strain VR-2332 to result in delayed NA 

consistent in vaccination and infection studies highlighted from Table 1 ([90,117,118,122,126,127]; 

regardless, vaccine efficacy is attributable to VR-2332 as serum NA are detectable within 7-14 dpi 

after challenge. In our own NA study, we observed a considerable delay in generation of NA with 

a positive result occurring at 42 dpi, which increased through the end of the study (63 dpi) 

(dissertation, Chapter 3).  

Secondly, the PRRSV vaccination schedule will require different CoP between vaccinated 

gilts / sows. Current vaccinations significantly improve reproductive performance, especially upon 

homologous or environmental challenge [79,86,114]. Maternally-derived immunity (MDI) improves 

offspring performance upon PRRSV exposure during the nursery phase; however, maternally-

derived immunity is not completely protective [51,138] (dissertation, Chapter 4). If transfer to 

nursery phase results in concurrent PRRSV vaccination and exposure to circulating strains, then 

PRRSV vaccines will not provide sterilizing or herd immunity. Vaccination of piglets at 1-day-of 

age [54,55] appears to be a strategy to overcome concurrent vaccination and exposure; however, 

the vaccine’s effect must overcome MDAs, the piglet’s immature immune system, and the 28 days 

or more [109] required for a maximal immune response. In the aforementioned studies, challenge 

occurred at 9 or 18 weeks after vaccination. To summarize, the CoP in nursery age pigs must be 

defined by both MDI and vaccine generated immunity. These are two distinct categories and must 

be investigated accordingly. The benefit of killed or non-replicating vaccines once herd immunity 

is achieved will be that vaccination at weaning has the required 14-28 dpv in order to generate a 
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protective adaptive immune response as opposed to being circumvented by circulating mutated 

MLV or WT strains. 

In conclusion, PRRSV vaccine CoP will be different in weaned / unvaccinated pigs, 

weaned / vaccinated pigs, and breeding gilts / sows. Understanding the age-dependent changes of 

T-cell phenotypes / cytokine production and NAs is critical for correctly interpreting and 

predicting PRRSV immune CoP. 

1.8. Neutralizing Antibodies provide protection and are strain specific; T cells confer disease 

prevention / reduction and possess greater heterologous recognition 

Our final hypothesis can be observed with Table 1 as we compare the reported timeline for 

appearance of IFN-γ SCs with serum NAs. Table 1 illustrates the increased emphasis on 

identifying the characteristics of a heterologous response as over the past five years, the volume 

of research investigating vaccination with homologous and heterologous challenge is extensive 

emphasizing the challenges faced in production. Possibly, the most thorough study that emphasizes 

our overall hypothesis is Correas et al.: a novel vaccine / virus was administered and then IFN-γ 

SC numbers were compared for antigen recall of eleven PRRSV isolates at 63 and 77 dpi; IFN-γ 

SCs numbers were similar across PRRSV-2 isolates; however, serum NA were superior for the 

homologous strain with limited heterologous titers [84]. This relationship is repeated with multiple 

studies in Table 1, most recently by Park et al. utilizing CPD: After vaccination and challenge, the 

IFN-γ response was heterologous while the NA response was homologous [76]. Nevertheless, even 

more important than understanding the homologous vs. heterologous response for this CoP is the 

clear relationship between vaccine-generated cell-mediated immunity through CD4+ memory cells 

and effective class-switching and serum NA upon PRRSV challenge. Balasch et al. is the perfect 

example of this principle: serum NA did not appear until 56 dpv but were maintained out to 125 
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dpv with similar IFN-γ SCs results; upon challenge, there was a 3-fold increase in the serum NA 

titer at 10 dpi in vaccinated pigs (IFN-γ SCs changes depended upon the vaccination) [54]. 

Numerous other studies reflect this relationship of a limited NA response upon vaccination, but 

rapid increase in NA upon infection [89,117,118,126]. On the other hand, this is not a uniform 

response as evidenced by Zuckermann et al. where the MLV vaccination was effective and 

protected pigs upon challenge from viremia and symptoms: in that case, serum NA did not rise 

upon challenge while for the other treatment group with an ineffective killed vaccine, serum NA 

rose rapidly along with viremia upon challenge infection [123]. This study perfectly illustrates this 

CoP: an ideal PRRSV vaccine will produce serum and mucosal NA that prevent PRRSV infection; 

however, if vaccination does not produce sterilizing NA titers, then the CMI primed by vaccination 

results in rapid antibody seroconversion and affinity maturation in B cells to produce NA that 

reduce viremia as well as memory Thelper and CTLs that migrate to the cites of infection. In our 

studies, further analysis is being completed to determine the correlative relationships between 

viremia, serum NA, and CMI. Each of our studies involved challenge only without prior 

vaccination of the infected animals; accordingly, T-cell and B-cell memory populations were 

developing simultaneously and CMI supported clearance of viremia and protection from follow-

on infection. Briefly, as discussed in paragraph 1.6., we observed this principle in both of our fore 

mentioned studies: T cells displayed greater and different cross-reactivity to heterologous strains 

in ex vivo restimulation experiments than was observed for serum NA. At 28 dpi, the 1-7-4 infected 

pig Thelper cells exhibited the highest proliferation to 1-7-4 but also had significant proliferation 

to VR-2332 restimulation, even though there was no cross-reactivity for NA. The inverse was true 

for MLV pigs with Thelper proliferation for VR-2332 and 1-7-4 restimulation; however, serum 

NA were negative for both 28 dpi but MLV serum NA did trend towards cross-reactivity to 1-7-4 
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by 63 dpi. 1-7-4 and 1-3-4 pigs exhibited cross-reactivity for CMI and NA for both strains at 28 

dpi and throughout the study (dissertation, Chapter 2 and 3). In our second maternal vaccination 

study (dissertation, Chapter 4), MLV (VR-2332) vaccinated gilts did not produce serum NA to the 

1-7-4 strain, but did have a NA titer for VR-2332. The MLV + 1-7-4 vaccinated gilts produced 

serum NA titers to 1-7-4 and VR-2332. With respect to CMI, there was no difference in the T-cell 

IFN-γ response with 1-7-4 restimulation between treatments reemphasizing the first tenet of this 

CoP: serum NA are generally strain specific while T-cell responses exhibit greater cross-reactivity. 

Secondly in this study, maternally transferred antibodies provided greater protection to the 1-7-4 

vaccination groups 14 dpi; however, by 28 dpi, the CMI response and reduction in viremia between 

all treatments was equivalent demonstrating the second tenet of this CoP: T cells confer disease 

prevention and reduction. 

1.9. New approaches for CoP evaluation 

Our primary emphasis in this review has been to postulate four hypotheses as CoP for 

PRRSV; theses CoP are based upon Plotkin’s six principles and then a survey of current PRRSV 

research. Additionally, we briefly identify the difficulties in vaccination of nursery age pigs – the 

most vulnerable population to PRRSV. 

We recommend the following direction for future PRRSV research based upon our four 

hypotheses:  

1. Sustain evaluation of serum NA against relevant homologous and heterologous virus 

strains while developing new methods for evaluating the neutralizing capability of mucosal IgG 

and IgA. Unlocking our understanding of secreted IgG and IgA is the key to vaccines providing 

sterilizing immunity. Additionally, mucosal vaccines may be more likely to generate secreted IgG 

and IgA then intramuscular vaccinations as evidenced with other swine diseases [139-142]. 
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2. PRRSV immunology research should evaluate the CMI response with more specific 

methods than IFN-γ ELISPOT: gene expression, flow cytometry for specific T-cell phenotypes 

(memory, transcription factors, proliferation, cytokine production), and immunohistochemistry for 

T-cell resident memory populations. With near-time vaccine efficacy evaluation, it should be 

possible to isolate circulating PRRSV strains, codon pair deoptimize the strains [141], and test the 

strains to demonstrate low or no viremia and a virus-specific IFN-γ producing Thelper central and 

effector memory population in the blood with IFN-γ producing CTLs migrating to the lungs and 

periphery.  

3. Gilt and sow vaccination provide stronger heterologous protection from abortion and 

fetal transfer during gestation against current circulating PRRSV strains. Maternal antibody 

transfer occurs with serum neutralizing titers. Little is known for PRRSV on the ability of passive 

transfer to cross into the mucosa to protect weaned piglets in the nursery. As Butler emphasizes, 

the neonatal pig is the most vulnerable to PRRSV in the period that maternal antibodies are 

decreasing before the weaning age (or earlier) PRRSV vaccine provides protection. Pigs are 

vulnerable during this time and as long as PRRSV is circulating in herds, this window of time 

remains a challenge. A novel weaning study that evaluates transfer of not only NA but also B cell 

and T-cell memory cells would help our visualization of how to improve maternal vaccinations to 

protect farrowing and nursery-age pigs.  

4. This CoP is our current model: nursery age MLV vaccines improve performance, but do 

not provide sterilizing immunity to the plethora of PRRSV strains circulating in the field. 

Biological companies, the reviewed research, and producers generally agree that the current line 

of vaccines does not prevent heterologous viremia, PRRSV clinical symptoms, lung lesions, or 

shedding; however, it does reduce the effects of PRRSV and significantly improve performance 
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over unvaccinated animals. This is because of the robust and flexible CMI response. The research 

demonstrates greater heterologous anti-PRRSV response in CMI than is inherent in serum NA. 

CMI enables recovery from disease that was not prevented by the humoral defenses. 

In conclusion, the purpose of this review was to examine current PRRSV adaptive immune 

research from a new perspective by nominating four CoP for PRRSV vaccination. Of the CoP, the 

first two are measureable and can potentially be used as quantifiable measures for vaccine 

evaluation in the future: PRRSV neutralizing serum IgG, secreted neutralizing IgG and IgA titers, 

and a descriptive CMI response analysis. The third and fourth CoP are hypotheses to bear in mind 

when evaluating the first two hypotheses: the immune CoP for vaccination of nursery pigs should 

be different than breeding gilts / sows. Protective NA titers may be lower in nursery pigs and the 

proportion of effector memory and IFN-γ production achieved will be higher in gilts / sows: Young 

pigs will have different measured values than adult pigs, but yet both can be protected. Vaccination 

should result in a sufficient CMI response to generate central and effector memory cells to defeat 

infection and disease if the humoral immune response (IgG and IgA) does not provide sterilizing 

immunity. As Plotkin stated in his latest review, “a biological fact is of great importance: that the 

immune system is redundant and that more than one response may be a CoP.” [60]. Our hope in 

this review is that the reader will have a broadened perspective on the amazing complexity and 

redundancy of the immune system as we work together towards vaccine-generated sterilizing 

immunity and eradication of PRRSV. 
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Abstract: Porcine reproductive and respiratory syndrome virus (PRRSV) continues to cause 

severe reproductive and respiratory pathologies resulting in immense monetary and welfare costs 

for the swine industry. The vaccines against PRRSV are available; but they struggle with 

providing protection against the plethora of heterologous PRRSV strains. To improve PRRSV 

vaccine development, the aim of this study was to provide an in-depth analysis of the crucial 

heterologous T-cell response to type-2 PRRSV. Following PRRSV modified live virus (MLV) 

vaccination or infection using one high- or one low-pathogenic PRRSV-strain, this nine-week 

study evaluated the T-cell response to different PRRSV strains. Our results demonstrate an 

important role for T cells in this homo- and heterologous response. Specifically, the T-helper 

cells were the main responders during viremia. Their peak response at 28 dpi correlated with a 

reduction in viremia, and their homing receptor expression indicated the additional importance 

for the anti-PRRSV response in the lymphatic and lung tissue. The cytotoxic T lymphocyte (CTL) 

response was the strongest at the site of infection—the lung and bronchoalveolar lavage. The 

TCR-γδ T cells were the main responders post viremia and PRRSV induced their expression of 
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the lymph node homing the chemokine receptor, CCR7: This indicates a crucial role for TCR-γδ 

T cells in the anti-PRRSV response in the lymphatic system. 

Keywords: PRRSV; T cells; adaptive immunity; treg; thelper; Cytotoxic proliferation; TCR-γδ; 

IFN-γ 

 

1. Introduction 

Porcine reproductive and respiratory syndrome virus Type 2 (PRRSV-2) causes severe 

reproductive and respiratory pathology leading to tremendous financial losses for the swine 

industry. PRRSV-2 is often involved in the porcine respiratory disease complex (PRDC) 

decreasing health and resulting in the reduced performance, higher medication costs and elevated 

mortality [20,24]. One main characteristic of PRRSV-2 is its ability to actively suppress the host 

immune response facilitating prolonged viremia, persistence in tissues, and the development of 

chronic secondary infections associated with PRDC. The following mechanisms of PRRSV-2 

immune suppression were reported: The inhibition of NK cell activity and Type I Interferons 

production in the innate response [18]; the induction of PRRSV-2 specific CD4+CD25+ regulatory 

T cells (Tregs) [102-105,143-147]; and the dysregulation of T-cell development in the neonatal 

thymus [148]. Ideally for the host, an effective T-cell response to PRRSV-2 would display the 

characteristics of a strong T-helper type 1 (Th1) response: Early CD4+ Th proliferation and 

significant production of IFN-γ; the differentiation of PRRSV-reactive Th cells into both, lymph 

node homing central memory (TCM) and tissue homing effector memory (TEM) populations [134]; 

and the induction of multifunctional memory T cells (Tmulti). These Tmulti combine the best 

characteristics of memory cells: Tmulti have a long lifespan; they produce high levels of cytokines, 
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such as IFN-γ, IL-2, and TNF-α; they can home to the lymph nodes and tissue; they have been 

identified as the best correlates of protection for many viral diseases [149]. In addition, the early 

activation and proliferation of cytotoxic T cells are crucial in the response to viral infections [23]. 

To facilitate the clearance of the virus, the induction of immunosuppressive Tregs should occur 

towards the end of the infection. The role and function of TCR-γδ T cells in an ideal immune 

response to PRRSV-2 is unclear with limited research on the topic, but they possibly serve as an 

additional stimulatory and regulatory link between the innate and adaptive immunity [150,151]. 

The modified live virus (MLV) vaccines have been licensed in the US for 25 years. It was 

demonstrated that these vaccines provide protection in vaccinated animals against homologous 

strains and limited protection against heterologous strains. However, commercially available MLV 

vaccines have not provided complete protection from PRRSV-2 outbreaks, possibly due to the 

PRRSV-2 high mutation rate and strain diversity [141]. In order to provide efficient protection, 

vaccines must induce long-lasting immunological memory against multiple heterologous PRRSV-

2 strains. 

Despite the importance of PRRSV-2 and its progress in commercially available vaccines, there 

remains a large gap in the knowledge of the adaptive immune response over the course of the 

infection and the clearance of viremia [24]. This paper addresses four specific gaps identified by 

Loving et al. and Lunney et al.: (1) To develop a methodology to investigate the antigen-specific 

expansion of the T-cell subsets and the establishment of memory cell populations [24]; (2) to 

develop a system to evaluate the PRRSV-2 vaccine induced cross-protection to the heterologous 

virus strain [20]; (3) to investigate the time course of Treg induction during infection [24]; and (4) 

the characterization of IFN-γ producing T-cell subsets [24]. The present study accomplishes those 

objectives by systematically examining the porcine T-cell response to three different PRRSV-2 
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strains: This study i) vaccinated weanlings using a commercially available modified live virus 

(MLV) vaccine, or ii) infected them with PRRSV-2 strains currently circulating in North Carolina 

with either a low-pathogenic (LP) 1-3-4 strain, or a high-pathogenic (HP) 1-7-4 strain. This study 

then followed the infection and the induced T-cell immune response for nine weeks. The specific 

T-cell response to the homologous and heterologous PRRSV-2 strains was studied by multi-color 

flow cytometry upon the in vitro re-stimulation of isolated immune cells with these three virus 

strains. 

In this study, the immune response of T cells to homologous and heterologous PRRSV-2 

strains are summarized: The strain-specific T-cell subset proliferation, cytokine production, and 

differentiation into memory cells are determined; the peak of the Th response is identified 28 days 

post infection; and that response is able to be correlated with the clearance of viremia. Thereby, 

this study addresses critical knowledge gaps in the immune response to PRRSV-2 and it represents 

the most detailed analysis of the T-cell response to PRRSV-2 to date. 

2. Materials and Methods 

2.1. PRRSV-2 Propagation and Titration 

The PRRSV-2 viral isolates (strains LP (1-3-4) and HP (1-7-4)) were obtained from a 

commercial NC pork company. The strains were verified with Open Reading Frame (ORF) 5 

sequencing and the restriction fragment length polymorphism (RFLP) was performed by Iowa 

State University Veterinary Diagnostic Laboratory (Ames, IA, USA). For the inoculation, both 

PRRSV-2 strains were passed three times through PRRSV-negative porcine alveolar macrophages 

(PAMs) as previously described [146] with the following modifications. RPMI-1640, 1X with L-

glutamine (Corning, Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS) 
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(VWR, Radnor, PA, USA) and 1X penicillin / streptomycin (Corning) was used as media. For the 

third passage, once the cytopathic effect was observed (approximately 30 h), T-75 flasks (Sarstedt, 

Nümbrecht, Germany) were freeze thawed one time and a supernatant was spun at 650 g at 4 °C 

for 20 min. To concentrate the virus, the supernatant was spun in a Vivaspin 20, 30kDA MWCO 

(GE Healthcare, Buckinghamshire, UK) at 8000 g at 4 °C for 45 min. The viral concentrate was 

then sterile filtered using a 0.22 µm filter (Corning) and stored in aliquots at -80 °C. The 

supernatant from the cells with the same treatment, except viral infection, were used as the control 

(mock). 

For ex vivo viral restimulation, the three strains (LP, HP, and a commercially available 

modified live virus (MLV) vaccine) were propagated separately in a 500-mL spinner flask 

(Corning) on MA-104 cells (ATCC, Manassas, VA, USA) adapted from a previously described 

method [152]. Briefly, 500-mL Minimum Essential Medium Eagle (MEM, 1X) (Corning) 

supplemented with 10% FBS (VWR) and 1X penicillin / streptomycin (Corning) was added to the 

flask along with 1 g of Corning Enhanced Attachment Microcarrier beads (Corning, Kennebunk, 

ME, USA) rehydrated in 50-mL sterile 1X PBS. The flask was placed on a magnetic stirrer in an 

incubator at 37 °C and 5% CO2. Approximately 4 x 107 MA-104 cells grown in T-75 flasks 

(Sarstedt) were added to the spinner flask and incubated at a minimal stirring rate for 

approximately 4 days until the bead samples were determined to be confluent with the cells by 

light microscopy. The respective virus stock was added to achieve an approximate 104 50% tissue 

culture infectious dose (TCID50) / ml. After 4 days, the MA-104 cells in the culture displayed a 

cytopathic effect of approximately 80%. The supernatant was transferred to 50-mL flasks and 

frozen at -20 °C. The supernatant was thawed and spun at 2200 g at 4 °C for 10 min. The 

supernatant was then transferred to 36 mL Nalgene centrifuge tubes (Thermo Fisher Scientific, 
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Rochester, NY, USA) and spun in a Sorvall 100S Ultracentrifuge (Sorvall (Thermo Fisher 

Scientific), Newtown, CT, USA) at 73,000 g at 4 °C for 2 h. The supernatant was discarded and 

the pellet was resuspended in media (MEM complete), sterile filtered, and stored in 100 µL 

aliquots at -80 °C. 

The TCID50 titers of viral stock solutions were determined utilizing PAMs for viral inoculation 

and MA-104 cells for viral restimulation as previously described (Spearman-Karber TCID50 

method according to the OIE manual of diagnostic tests (OIE, “Chapter 2.8.7 Porcine 

Reproductive and Respiratory Syndrome,” Terr. Man., no. May 2015, 2015). 

2.2. Study Design 

Twenty-four 4-week-old weaned piglets from a PRRSV-negative herd (NC State University 

Swine Education Unit, Raleigh, NC, USA) were moved to the BSL-2 Laboratory Animal Research 

(LAR) facility at NC State University, College of Veterinary Medicine (Raleigh, NC, USA). The 

pigs were randomly assigned by sow and sex into one of four treatment groups with six pigs each 

(3 gilts / 3 barrows). The assigned treatment groups were the control (MOCK), vaccinated with a 

commercially available MLV (MLV), inoculated with NC PRRSV-2 strain 1-3-4 (LP), or 

inoculated with NC PRRSV-2 strain 1-7-4 (HP) (Figure 1A). Each group was placed in a separate 

room with three pigs / pen. The pigs were fed and monitored two times / day in accordance with 

the USDA recommendations. For inoculation, the pigs were manually restrained. The MOCK pigs 

received a 1 mL dose of PAM culture media injected intranasally (IN) (500 µL per nostril). The 

MLV pigs received a 2 mL intramuscular (IM) injection of the commercially available vaccine in 

accordance with the manufacturer’s instructions. The LP and HP pigs received a 106 TCID50/mL 

dose of the virus injected intranasally (500 µL/nostril). The blood samples, body weight, and rectal 

temperature were collected weekly for nine weeks post infection (Figure 1A). At nine weeks post 
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infection (64–67 dpi – one treatment group per day), the animals were sacrificed using lethal 

injection. Then, the spleen, tonsils, mediastinal and tracheobronchial lymph nodes, and lungs were 

harvested. The experimental procedures were approved by the NC State University Institutional 

Animal Care and Use Committee (IACUC) ID# 17-166A (29. Nov., 2017). 

2.3. Blood and Tissue Sample Processing 

Sample processing was conducted as previously described [153]. Briefly, for serum collection, 

the blood was collected into SST tubes (BD Biosciences, San Jose, CA, USA), incubated for two 

hours, spun at 2000 g for 20 min at 23 °C and stored in aliquots at -80 °C. The complete blood 

counts (CBCs) were determined from the blood collected in EDTA tubes (BD Biosciences) using 

a Hemavet 950 system (Drew Scientific Group, Miami Lakes, FL, USA). The blood for peripheral 

blood mononuclear cells (PBMC) isolation was collected in Heparin tubes (BD Biosciences) and 

performed by density centrifugation using Ficoll-Paque (GE Healthcare, Uppsala, Sweden). After 

isolation, the PBMCs were frozen in 10% DMSO, 40% FBS, and 50% RPMI-1640 and stored in 

liquid nitrogen until they were thawed for laboratory analysis. 

At necropsy, the tissue samples were minced, pressed through a tea sieve, flushed with ice-

cold PBS and passed through a 40 µm cell strainer (BD Biosciences) to obtain the single cell 

suspensions. The cell suspension was then layered onto Ficoll-Paque (GE Healthcare) in order to 

obtain mononuclear cells. The bronchial alveolar lavage (BAL) was performed as previously 

described [154]. The isolated BAL cells were saved for immunotyping or were frozen in 10% 

DMSO, 40% FBS, and 50% RPMI-1640 and stored in liquid nitrogen until they were thawed for 

laboratory analysis. 
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2.4. Immunotyping of Tissue Samples 

All flow cytometry (FCM) stainings and protocols are adapted from those previously 

established [153]. Single-cell suspensions from the spleen, tonsils, mediastinal lymph nodes (MS 

LN), tracheobronchial lymph nodes (TB LN), lungs and BAL were stained for T-cell subset and 

innate immune subset discrimination markers, as well as, for PRRSV-2 infection. The FCM 

staining panels and gating hierarchies are summarized in Figures S1–S3. The gating strategy for 

myeloid cells in the PRRSV staining panel is based upon those previously established [155].The 

cells were recorded on a Cytoflex using the CytExpert software (Beckman Coulter, Brea, CA, 

USA). The data analysis was performed with FlowJo version 10.5.3 (FLOWJO LLC, Ashland, 

OR, USA) with gates based upon the fluorescence minus one (FMO) controls. 

2.5. Cytokine Production of PRRSV-Stimulated T-cell Subsets 

The frozen PBMCs were thawed and seeded at a density of 500,000 PBMCs per well in 

quadruplicate in RPMI-1640 supplemented with 10% FBS and 1X antibiotic-antimycotic 

(Corning). The cells were stimulated with one of four treatments: Media, MLV, LP, or HP PRRSV 

virus (MOI of 0.1). Phorbol 12-myristate 13-acetate (PMA, 5 ng/mL, Alfa Aesar, Ward Hill, MA, 

USA) / Ionomycin (500 ng/mL, AdipoGen, San Diego, CA, USA) stimulation served as the 

positive control. The plates were cultured for 18 h and Monensin (5 µg/mL, Alfa Aesar) was added 

for the last 4 h of culture. The replicates were then pooled and stained in accordance with Figure 

S4. The cells were recorded on a Cytoflex using the CytExpert software (Beckman Coulter). The 

data analysis was performed with FlowJo version 10.5.3 (FLOWJO LLC) with gates based upon 

the FMO controls. 
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2.6. Proliferation of PRRSV-Stimulated T-cell Subsets 

While the PBMCs were thawed from liquid nitrogen, the single cell suspensions from the 

tracheobronchial lymph nodes were used fresh. Both were stained with CellTraceTM Violet Cell 

Proliferation Kit (Invitrogen) according to the manufacturers’ instructions. Then, the stained cells 

were seeded into a 96-well round-bottom plate (Sarstedt): Quadruplicates of 200,000 PBMC per 

well were cultured in RPMI-1640 supplemented with 10% FBS and 1X antibiotic-antimycotic 

(Corning). The cells were stimulated with one of four treatments: Media, MLV, LP, HP. 

Concanavalin A (ConA, 2.5 µg/mL, Alfa Aesar) stimulated cells were used as the positive control. 

The three PRRSV-2 strains were added at a MOI of 0.1. The plates were cultured for 90 h. The 

replicates were then pooled and stained in accordance with Figure S5 for PBMCs and Figure S6 

for tracheobronchial lymph nodes cell suspensions. The PBMCs were recorded on a Cytoflex using 

the CytExpert software (Beckman Coulter). The lymph node cells suspensions were recorded on 

a LSR II (BD Biosciences, San Jose, CA, USA) using FACSDIVA (BD Biosciences) software. 

All data analysis was performed with FlowJo version 10.5.3 (FLOWJO LLC) with gates based 

upon the FMO controls. 

2.7. Viremia 

The isolated serum was shipped to Iowa State University Veterinary Diagnostic Laboratory 

(Ames, IA, USA). Their laboratory determined viremia using quantitative PCR on these serum 

samples. The results were provided as Ct values and genomic copy numbers / mL. 

2.8. Statistical Analysis 

The statistical analyses were performed using Graphpad Prism 8 (Graphpad Software, San 

Diego, CA, USA). The data throughout the study were analyzed using a repeated-measure two-
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way ANOVA. Depending upon the figure, the two factors varied between days post infection (dpi), 

in vivo inoculation, or restimulation. The significant differences were determined by Fisher’s least 

significant difference (LSD) and are annotated on the figures. For Figures 2, 3 and 5–9, the box 

and whisker plots are utilized to display the data. In the box and whisker plots, the line designates 

the median. The box represents the 25th and 75th percentile and the whiskers designate the smallest 

and largest value. For Figure 4, the correlation matrix application was utilized with Pearson 

correlation coefficients and a two-tailed 95% confidence interval. A nonlinear regression curve 

was fitted utilizing a lognormal equation. 

3. Results 

3.1. Clinical Measures, and Viremia 

The study design is described in the materials and methods and it is illustrated in Figure 1A. 

For clarity throughout the results and discussion, the treatment groups are referred to by their in 

vivo inoculation: MOCK (media), MLV (MLV vaccine), LP (1-3-4), and HP (1-7-4). Within the 

text, the inoculated animals / pigs refer to the MLV, LP, and HP treatment groups. The infected 

animals / pigs refer to only the LP and HP treatment groups. Several clinical measures were 

collected and analyzed over the course of the study and describe the PRRSV-2 infection and 

symptoms. Viremia is depicted in Figure 1B: Viremia peaked between 7–14 days post inoculation 

(dpi); and it decreased rapidly in the infected pigs between 21 and 35 dpi. At 7 and 21 dpi, viremia 

in the HP pigs was significantly higher compared to the LP and MLV pigs. In contrast, at 14 dpi, 

the LP pigs had a significantly higher viremia. Viremia in the LP and HP pigs was cleared by 49 

dpi and 35 dpi respectively, with a re-bounce at 56 dpi. In contrast, MLV pig viremia continued at 

low levels to 63 dpi (Figure 1B). Peripheral blood lymphocyte (PBL) counts are depicted in 
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Figure 1C: PBLs increased significantly beginning at 21 dpi in LP pigs; both infected groups were 

significantly higher than MOCK animals at 28 dpi. In general, PBLs from the LP and HP pigs 

remained significantly higher than MOCK pigs through 63 dpi (Figure 1C). The body weight 

changes are depicted in Figure 1D: The body weight from infected pigs trended below the MLV 

and MOCK animals; the body weight from the HP pigs was significantly lower than the MOCK 

pigs at 49 and 63 dpi (Figure 1D). The body temperatures, which showed a relatively strong 

variability, are depicted in Figure 1E: With some by day exceptions, the significant differences in 

body temperature began at 3 dpi in the infected pigs and persisted out to 35 dpi in the HP pigs 

(Figure 1E). General clinical monitoring revealed that in contrast to the MOCK and MLV pigs, 

both infected groups exhibited lethargy and a lack of appetite up to 28 dpi. The LP pigs displayed 

the most pronounced symptoms of infection including respiratory distress and sneezing until 21 

dpi. These data confirm that all and only the PRRSV-inoculated pigs developed active infections, 

while the MOCK and MLV pigs remained healthy, and both infected groups developed symptoms 

consistent with the established PRRSV-2 pathology. 
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Figure 1. PRRSV-2 inoculation resulted in PRRSV-2 pathology and / or viremia. (A) Study 
design (as described in Materials and Methods); (B) viremia for weekly serum samples (qPCR 
performed by ISU VDL) comparing differences between PRRSV-2 inoculated animals with a 2-
way ANOVA and Fisher’s LSD; groups with dissimilar superscripts (a or b) are significantly 
different (p < 0.05); (C) peripheral blood lymphocytes were determined on fresh peripheral 
blood by a complete blood count; (D) the animals were weighed prior to blood sampling at each 
time point; (E) the body temperature was determined at each time point by rectal thermometer 
prior to blood sampling. Graphs illustrate the means with standard deviation (SD). The data were 
analyzed using Fisher’s LSD repeated-measures 2-way ANOVA by day compared to the MOCK 
pigs. **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

3.2. Time Kinetic of the Systemic Proliferative T-cell Response to Homologous Restimulation 

The proliferative response of T-cell subsets to homologous PRRSV-2 strains is depicted in 

Figure 2. The significance of differences was analyzed within a group comparing the values of 

each day to 0 dpi. While the MOCK pigs did not respond to PRRSV-2 restimulation (MLV strain), 

all PRRSV-inoculated groups developed a homologous T-cell response: The MLV and HP pigs 

proliferated the strongest at 28 dpi; the LP pigs showed the highest response at 42 dpi. These time 

points also represent the last time points before viremia was cleared in these groups (Figure 1B). 
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The T-cell proliferation in the LP and HP infected pigs remained significantly higher than 0 dpi 

through 56 dpi (Figure 2A). 

The proliferation of all TCR-αβ subsets followed the above described kinetic (Figure 2B: Th 

cells, C: Tregs, E: CTLs [CD3+CD4-TCR-γδ-CD8α+]). Within these TCR-αβ cells, Th cells 

showed by far the strongest proliferative response. These Th cells are crucial regulators of the 

immune response. The balance of activated Th cells and Tregs can shift this response either into 

an inflammatory or immunosuppressive direction. To get an impression of this balance, Figure 

2D shows the ratio between proliferating the Th cells and Tregs. The MOCK pigs did not show 

any differences in this balance. While the MLV pigs showed a decrease in this ratio at 14 and 56 

dpi, these values are comparable to the mean of all 0 dpi and the MOCK values. These values can 

be used as a baseline instead of the highly variable MLV 0 dpi value. Using this baseline for the 

MLV pigs, all PRRSV-2 inoculated groups showed the same pattern: At an early time-point (14 

dpi) and after viremia (56 dpi), the Th / Treg ratio displayed an unaltered baseline level. In contrast, 

at 28 and 42 dpi, all PRRSV-2 inoculated groups had an increased Th / Treg ratio, indicating an 

inflammatory systemic immune response environment. However, this ratio never dropped into a 

significantly low Th / Treg ratio. 

Compared to TCR-αβ T cells, the proliferative response of TCR-γδ T cells shifted towards the 

later time points: While Th cells dominated the response at 14 and 28 dpi, TCR-γδ T cells showed 

the strongest proliferation to all homologous PRRSV-2 restimulations at 42 and 56 dpi. This 

proliferation peaked at the latest time point of analysis—56 dpi and peaked after clearance of the 

initial viremia in LP and HP pigs at 56 dpi. 

Overall, these data indicate that Th cells, Tregs, CTLs and TCR-γδ T cells are all involved in 

the T-cell response to PRRSV-2. The Th cells exhibit the strongest proliferation to homologous 
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viral restimulation during viremia, while TCR-γδ T-cell proliferation comprises the greatest 

percentage of T cells post-viremia. The heterologous response mimics the homologous response 

timeline; but the degree of the response varies for the different heterologous strains. Due to the 

complexity of the data, the following figures focus on the T-cell response to homologous and 

heterologous PRRSV-2 strains at 28 dpi. This time point was selected for two reasons: i) Most 

responses peaked at that time point; and ii) PRRSV-2 viremia dropped right after that time point 

indicating the occurrence of an effective immune response at 28 dpi. 
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Figure 2. The peripheral blood T-cell immune response peaks at 28 dpi. (A) T-cell proliferation; 
(B) Th proliferation; (C) Treg proliferation; (D) Proliferating Thelper / Treg ratio with the grey 
dashed line representing the mean (value = 1.79) of inoculated at Day 0 and MOCK at all time 
points (E) CTL proliferation; (F) TCR-γδ T-cell proliferation with homologous viral restimulation 
for 90 h. Proliferation was quantified as the percentage proliferating of all T cells. The data were 
analyzed using Fisher’s LSD repeated-measures 2-way ANOVA comparing all time points within 
an in vivo inoculation to 0 dpi. n = 6 for all groups except MOCK pigs / MLV, 28 dpi (n = 4). 
**** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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3.3. CD4+ T-Cell Immune Response to Homo- and Heterologous PRRSV-2 Strains at 28 dpi 

The systemic response of CD4+ T cells to homologous and heterologous PRRSV-2 strains was 

analyzed at 28 dpi. The results are depicted in Figure 3 and they include the following parameters: 

Proliferation and differentiation of Th and Treg cells (Figure 3A,B); IFN-γ, TNF-α, and IL-2 

production of CD4+ cells; also including differentiation from naïve cells (CD8α-CCR7+) into TCM 

(CD8α+CCR7+) cells and TEM (CD8α+CCR7-) cells (Figure 3C–E). CC-chemokine receptor 7 

(CCR7) expression indicates whether the cells are homing to the tissue (CCR7-) or homing to the 

lymph nodes (CCR7+). While the lack of an anti-porcine CD45RO antibody impedes the 

discrimination of antigen-experienced non-memory and memory T cells, this CD8α/CCR7 

differentiation into naïve, TCM and TEM is consistent with previously published research and 

definitions [132-134]. 

Systemically, the MLV vaccination induced a proliferative response in the Th and Treg cells 

to the homologous MLV strain and the heterologous HP strain, but these cells did not respond to 

the LP strain. The infection with LP and HP PRRSV-2 strains induced a broader homo- and 

heterologous response in the Th cells and Tregs. The homo- and heterologous response to HP in 

vitro restimulation was generally the highest, but these CD4+ T cells from infected pigs also 

proliferated to heterologous MLV and LP re-stimulation (Figure 3A,B, left graphs). With respect 

to cytokine production, while CD4+ cells did not produce the increased amounts of IL-2 upon 

homo- or heterologous PRRSV-2 restimulation, they produced TNF-α. However, these CD4+ T 

cells responded most strongly with producing IFN-γ. As seen for the proliferative response of 

systemic CD4+ T cells, MLV induced the strongest heterologous IFN-γ and TNF-α production to 

HP restimulation. In addition, within the LP and HP animals, a higher frequency of CD4+ T cells 

produced IFN-γ and TNF-α upon homo- and heterologous PRRSV-2 restimulation and their 
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cytokine response seems to be broadly cross-reactive (Figure 3C,D, left graphs). The analysis of 

the differentiation of CD4+ T-cell subsets responding with the proliferation or cytokine production 

to homo- and heterologous PRRSV-2 strains can be performed in several directions. Therefore, 

three statistical analyses were performed on these data. First, the response of CD4+ T cells were 

compared to PRRSV-2 restimulation with the response of the unstimulated cells (Media group) 

WITHIN each in vivo treatment group such as the MLV pigs. This analysis shall answer the 

question if there is a significant difference between the cells responding to PRRSV-2 and the cells 

with a background response. In addition, the responding CD4+ T cells BETWEEN the in vivo 

treatment groups with the MOCK pigs were compared. This analysis shall answer the question if 

the in vivo treatment affected the differentiation of PRRSV-specific CD4+ T cells responding to 

all PRRSV-2 strains (second analysis; Figure 3 right graphs, black letters above bar) or to the 

homologous PRRSV-2 strain (third analysis; Figure 3 right graphs, colored letters below bar). 

The proliferating Th cells from the MOCK pigs did not show any differences in the 

differentiation between the media and any of the PRRSV-2 strain restimulations. In contrast, the 

Th cells from the MLV, LP and HP pigs proliferating upon PRRSV-2 restimulation had in nearly 

all groups significantly fewer naïve cells than when cultured in media (Figure 3A, Naïve). The 

decreased frequency of naïve cells responding to the PRRSV-2 restimulation is reflected in the 

increase in responding memory cells. In most cases, the majority of these cells belonged to the 

central memory compartment (Figure 3A, Central Memory and Effector Memory). These 

differences within the groups were much less pronounced for Treg cells (Figure 3B, three right 

graphs). In regard to the frequency of naïve cells within cytokine-producing cells, the cells isolated 

from the MOCK pigs did not show any differences, but CD4+ cells producing IFN-γ or TNF-α 

belonged, in most cases, to a lower frequency into the naïve cell compartment. While Th cells 
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proliferating upon PRRSV-2 restimulation were mainly central memory cells, IFN-γ and TNF-α 

producing CD4+ cells mainly differentiated into effector memory cells (Figure 3C,D, three right 

graphs). 

A comparison between the in vivo treatment groups also reveals relevant differences. 

Compared to the MOCK group, both the MLV vaccinated and LP or HP infected groups had 

significantly less naïve cells within the Th cells proliferating to homologous restimulation (Figure 

3A, Naïve colored letters). Comparing their homo- and heterologous response to all PRRSV-2 

restimulations, the LP and HP infected groups had even fewer naïve cells compared to the MLV 

vaccinated group (Figure 3A, Naïve black letters). In contrast to the within group comparison, 

comparing between the groups shows the most significant difference in the effector memory 

subsets. For both homologous and heterologous comparison, the MLV and LP infected pigs had 

significantly more effector memory cells than the MOCK pigs. On top, the HP infected pigs had 

even more TEM cells than all the other groups. Again, these differences were less pronounced for 

Tregs (Figure 3B). The between group comparisons for all three cytokines support the results of 

the differentiation analysis within the proliferating Th cells for the LP and HP infected groups. 

Compared to the MOCK pigs, cytokine producing CD4+ cells from the LP and HP-infected 

animals had significantly fewer naïve cells (Figure 3C-E, Naïve, black and colored letters). While 

there were only small changes in the differentiation of IFN-γ and IL-2 producing cells between the 

MOCK and MLV pigs, TNF-α producing CD4+ cells in the MLV pigs had fewer naïve cells than 

within the MOCK pigs. As for the between group comparisons of the proliferating Th cells, the 

lower frequencies in the undifferentiated naïve cells are mainly reflected by the increased numbers 

of effector memory cells. Within IFN-γ and IL-2 producing CD4+ cells, the PRRSV-infected LP 
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and HP animals had more effector memory cells and within TNF-α producing CD4+ cells, all 

PRRSV-2 inoculated groups had more TEM cells (Figure 3C–E, three right graphs). 

To determine the correlation of the ex-vivo T-cell response with the substantial reduction of 

viremia between 21 and 35 dpi, T-cell response characteristics were selected with clear significant 

differences across the virus and inoculation at 28 dpi (Figures 3,5,6) and compared those 

characteristics to the decrease in viremia. The homologous restimulation data were utilized for all 

T-cell response characteristics and only included the MLV, LP and HP pigs. Of all the T-cell 

response characteristics compared, the significant drop in viremia between 21 dpi and 35 dpi only 

exhibits a significant correlation with Th (Figure 4A) and Treg (Figure 4B) proliferation at 28 

dpi. 

In conclusion, these data demonstrate that the MLV vaccination induced a CD4+ T-cell 

response to the homologous MLV and the heterologous HP PRRSV-2 strains. Both, the LP and 

HP PRRSV-2 infection induced broadly reactive CD4+ T cells recognizing all three virus strains. 

The reactive cells displayed enhanced proliferation as well as IFN-γ and TNF-α production. On 

top, the reactive cells were further differentiated into both memory cell subsets. Using the within 

group comparison, the proliferating cells were mainly found in the central memory subset. For 

most other comparisons, the in vivo-induced PRRSV-specific CD4+ T cells were mainly effector 

memory cells. Finally, of all the significantly different quantifiable characteristics of the T-cell 

response at 28 dpi, only the Th and Treg proliferation exhibit a significant correlation with viremia 

clearance. 
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Figure 3. PRRSV-2 inoculation increases Th and Treg proliferation and IFN-γ production. (A) 
Proliferative response of Th cells and the differentiation of proliferating Th cells; (B) Proliferative 
response of Treg cells and the differentiation of proliferating Treg cells; (C) IFN-γ production and 
the differentiation of IFN-γ+ CD4+ T cells; (D) TNF-α production and the differentiation of TNF-
α+ CD4+ T cells; (E) IL-2 production and the differentiation of IL-2+ CD4+ T cells. Proliferation 
was quantified as the percentage proliferating of all Th or Treg cells. The data were analyzed using 
Fisher’s LSD repeated-measures 2-way ANOVA comparing all the viral restimulations within an 
in vivo inoculation to media. n = 6 for all groups except in (A) and (B) where the MOCK pigs with 
media (n = 3), and the MOCK pigs with MLV / LP / HP (n = 4). **** p < 0.0001. *** p < 0.001, 
** p < 0.01, * p < 0.05. The letters above the graphs compare the different treatment groups. The 
black letters compare the means of all three viral restimulation. The colored letters compare the 
means for homologous restimulation (MOCK pigs / MLV restimulation). The groups with 
dissimilar letters are significantly different (p < 0.05). 

 
 



  50 

 

 



  51 

 

 

Figure 4. Viremia reduction correlates with Th (A) and Treg (B) proliferation at 28 dpi. The values 
for individual pigs are plotted comparing proliferation to the change in viremia from 21 dpi to 35 
dpi. Two animals (one MLV and one HP pig) were not plotted because Δ viremia was a negative 
value or 0. Both were included in the Pearson correlation analysis. 

3.4. CD3+CD8α+ T-Cell (CTLs) Immune Response to Homo- and Heterologous PRRSV-2 Strains 

at 28 dpi 

A detailed analysis of the CTL proliferation and cytokine production to PRRSV-2 at 28 dpi is 

shown in Figure 5. This analysis confirms the data obtained in the time kinetic mentioned above: 

The CTL response to PRRSV-2 was lower than the response of CD4+ cells. While the trend of 

CTL proliferation and cytokine production was similar to CD4+ cells, the significant differences 

between the MOCK and PRRSV-inoculated animals could only be found for proliferating CTLs 

from the LP pigs and for IFN-γ producing CTLs mainly upon HP re-stimulation (Figure 5A–D, 

left graphs). The differentiation analysis of PRRSV-specific CTLs using the between group 

comparison revealed that in vivo inoculation significantly increased the presence of homo- and 

heterologous tissue-homing CCR7- CTLs (Figure 5, right graphs): First, the proliferating CTLs 

from all the PRRSV-inoculated groups had a higher frequency of CCR7- cells compared to the 
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MOCK group. Second, cytokine-producing CTLs of the LP and HP infected pigs had more CCR7- 

cells compared to the MOCK and MLV pigs. 

These results demonstrate that PRRSV-2 vaccination or infection does not induce IL-2 and 

TNF-α production in CTLs and that these CTLs also show a weak proliferative and IFN-γ 

response. The most remarkable in vivo effect of PRRSV-2 on CTLs is the induction of tissue-

draining CCR7- CTLs. Within the proliferating cells, the MLV vaccination and both PRRSV-2 

infections induced CCR7- CTLs. Within cytokine-producing cells, only the LP and HP PRRSV-2 

infections induced CCR7- CTLs. 
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Figure 5. Only low-pathogenic (LP) inoculation induces significant cytotoxic T lymphocyte (CTL) 
proliferation to viral restimulation. (A) Proliferative response of CTLs and the differentiation of 
proliferating CTLs; (B) IFN-γ production and the differentiation of IFN-γ+ CTLs; (C) TNF-α 
production and the differentiation of TNF-α+ CTLs; (D) IL-2 production and the differentiation of 
IL-2+ CTLs. Proliferation was quantified as the percentage proliferating of all CTLs. The data were 
analyzed using Fisher’s LSD repeated-measures 2-way ANOVA comparing all PRRSV-2 
restimulations within an in vivo inoculation to media. n = 6 for all groups except in (A) where the 
MOCK pigs with media (n = 3) and the MOCK pigs with MLV / LP / HP (n = 4). **** p < 0.0001, 
*** p < 0.001, ** p < 0.01, * p < 0.05. The letters above the graphs compare the different treatment 
groups. The black letters compare the means of all three viral restimulation. The colored letters 
compare the means for homologous restimulation (MOCK pigs / MLV restimulation). The groups 
with dissimilar letters are significantly different (p < 0.05). 
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3.5. TCR-γδ T Cells Ex Vivo Immune Response to Heterologous PRRSV-2 Strains at 28 dpi 

Compared to TCR-αβ T cells, the systemic TCR-γδ T cells show a less significant proliferative 

and cytokine response to PRRSV at 28 dpi (Figure 6). 

Compared to unstimulated media cells, restimulation with the HP strain resulted in 

significantly more proliferation and IFN-γ production of TCR-γδ T cells than in all the inoculated 

groups (Figure 6A,B, left graphs). As for CTLs, TCR-γδ T cells from the MLV pigs tend to 

proliferate and produce IFN-γ to the homologous MLV and heterologous HP restimulation. In 

contrast, TCR-γδ T cells from the LP and HP infected pigs show a broader heterologous response 

to all PRRSV-2 strains (Figure 6A,B, left graphs). The amount of systemic IL-2 and TNF-α 

production by TCR-γδ T cells at that time point did not show any significant differences between 

the MOCK and PRRSV-inoculated groups (Figure 6C,D, left graphs). 

The most significant changes were once more found in the differentiation of TCR-γδ T cells, 

especially when studying the proliferating TCR-γδ T cells. The data on the differentiation of 

porcine TCR-γδ T cells are scarce. To the author’s knowledge, this study represents the first 

analysis of the differentiation of porcine TCR-γδ T cells using CD8α in combination with the 

lymph node homing chemokine receptor CCR7. While recent manuscripts show a more flexible 

profile for certain subsets of TCR-γδ T cells [132,136,156,157], CD8α has been described to 

distinguish naïve (CD8α-) and antigen-experienced/ memory (CD8α+) TCR-γδ T cells [151,157]. 

Our data support this role for CD8α in two ways: First, in some cases, the MLV vaccination, but 

mainly the LP and HP PRRSV-2 infection, increased the frequency of CD8α+ cells within 

proliferating TCR-γδ T cells (Figure 6A, CCR7+CD8α+ and CCR7-CD8α+, black and colored 

letters); and second, within each group and compared to the unstimulated media cells, CD8α- TCR-

γδ T cells responded generally less to PRRSV-2 but CD8α+ TCR-γδ T cells responded more to 
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homo- and heterologous PRRSV-2 restimulation (Figure 6A, four right graphs). The increased 

frequency of CD8α+ TCR-γδ T cells was visible within both the CCR7 subsets (Figure 6A, 

CCR7+CD8α+ and CCR7-CD8α+). 

The overall expression of CCR7 and CD8α within the cytokine producing TCR-γδ T cells 

revealed additional interesting differences. While TNF-α and IL-2 producing cells seem to be 

relatively evenly spread over the four CD8α/CCR7 subsets, IFN-γ producing TCR-γδ T cells show 

a clear pattern. While both the CCR7+ subsets have only very few IFN-γ producing TCR-γδ T 

cells, CCR7-CD8α+ TCR-γδ T cells have with ~20% the second highest frequency in IFN-γ 

producing cells. However, the majority of IFN-γ producing TCR-γδ T cells can be found within 

the CCR7-CD8α- subset (Figure 6B, four right graphs). PRRSV seems to have a rather minor 

effect on the differentiation of these IFN-γ-producing TCR-γδ T cells (Figure 6B, four right 

graphs). In contrast, TNF-α and IL-2 producing TCR-γδ T cells, especially upon HP restimulation, 

seem to shift from CCR7-CD8α- to CCR7+CD8α+ TCR-γδ T cells (Figure 6C,D, four right 

graphs). 

While CD4+ cells from the MOCK pigs have a high frequency of naïve (= CCR7+CD8α-) 

PRRSV-responsive cells (Figure 3A-E, MOCK, Naïve), TCR-γδ T cells responding to PRRSV 

nearly lack this cell type (Figure 6A–D, CCR7+CD8α-). In contrast, these TCR-γδ T cells have up 

to 80% CCR7-CD8α- cells (Figure 6, right column). This subset is nearly non-existent in CD4+ T 

cells and was therefore excluded in the analysis. The discrepancy in the CCR7 expression within 

the naïve CD8α- population between the CD4+ and TCR-γδ T cells led the authors to further 

decipher the effect of PRRSV on the CCR7 expression within TCR-γδ T cells as shown in Figure 

7. Figure 7A compares the CCR7 expression of non-proliferating (dashed line) and proliferating 

(solid line, filled histogram) TCR-γδ T cells from a high responder animal within each inoculation 
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group. Figure 7B and 7C show the results for all animals in these groups regarding the mean 

fluorescence intensity (MFI) and percent CCR7+, respectively. Our results demonstrate that within 

the MOCK and all PRRSV-inoculated groups, and upon homologous PRRSV-2 restimulation, the 

proliferating TCR-γδ T cells have a significantly increased CCR7 MFI as well as a higher 

frequency of CCR7+ cells. This analysis shows that irrespective of a previous contact to the 

pathogen, TCR-γδ T cells proliferating to PRRSV-2 upregulate the expression of CCR7. 

These data demonstrate that TCR-γδ T cells contribute to the heterologous response to 

PRRSV-2 strains. PRRSV-specific TCR-γδ T cells mainly react with proliferation and a limited 

production of IFN-γ. Of note, and in contrast to TCR-αβ T cells, PRRSV-2 activated TCR-γδ T 

cells upregulate the expression of the lymph node homing chemokine receptor CCR7. 
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Figure 6. High-pathogenic (HP) virus restimulation results in TCR-γδ T cells proliferation and the 
differentiation of a CD8α+CCR7+ subset. (A) Proliferative response of TCR-γδ T cells and the 
differentiation of proliferating TCR-γδ T cells; (B) IFN-γ production and the differentiation of 
IFN-γ+ TCR-γδ T cells; (C) TNF-α production and the differentiation of TNF-α+ TCR-γδ T cells; 
(D) IL-2 production and the differentiation of IL-2+ TCR-γδ T cells. Proliferation was quantified 
as the percentage proliferating of all TCR-γδ T cells. The data were analyzed using Fisher’s LSD 
repeated-measures 2-way ANOVA comparing all PRRSV-2 restimulations within an in vivo 
inoculation to media. n = 6 for all groups except in (A) where the MOCK pigs with media (n = 3) 
and the MOCK pigs with MLV / LP / HP (n = 4). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * 
p < 0.05. The letters above graphs compare the different treatment groups. The black letters 
compare the means of all three viral restimulation. The colored letters compare means for 
homologous restimulation (MOCK pigs / MLV restimulation). The groups with dissimilar letters 
are significantly different (p < 0.05). 
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Figure 7. TCR-γδ T cells proliferating to PRRSV-2 upregulate the expression of the lymph node 
homing chemokine receptor CCR7. (A) One high responding pig from each treatment group was 
selected to demonstrate the differences in CCR7 expression between the proliferating and non-
proliferating TCR-γδ T cells with the homologous virus restimulation. The counted cells were 
normalized to the mode for visual representation; (B) the mean fluorescent intensity (MFI) for 
CCR7 is compared between non-proliferating and proliferating TCR-γδ T cells with homologous 
virus restimulation; (C) The percentage of CCR7+ TCR-γδ T cells is compared between non-
proliferating and the proliferating TCR-γδ T cells with the homologous virus restimulation; the 
data were analyzed using Fisher’s LSD repeated-measures 2-way ANOVA comparing non-
proliferating to proliferating within an in vivo inoculation. n = 6 for all groups except MOCK pigs 
/ MLV (n = 4). **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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3.6. The T-cell Response to PRRSV-2 in the Tracheobronchial Lymph Node at 63 Days Post 

Infection 

In addition to the systemic T-cell response, the proliferative response of the T cell subsets 

isolated from the tracheobronchial lymph nodes was analyzed at necropsy (= 63 dpi, Figure 8. T 

cells from the MOCK pigs did not respond to any in vitro restimulation. In contrast to the systemic 

T cell response within the MLV pigs, the lymph node T cells at 63 dpi did not respond to HP 

restimulation. However, these regional T cells from the MLV pigs showed only a response to 

homologous PRRSV-2 restimulation. The regional T cells from the LP and HP pigs displayed a 

non-significant response to the MLV strain; but they responded with a strong proliferative response 

to both, homo- and heterologous LP and HP PRRSV-2 strains (Figure 8A). The regional Th 

response showed a similar picture with a non-significant homologous response of Th cells from 

the MLV pigs and a robust Th response in the LP and HP pigs to both homo- and heterologous LP 

and HP stimulation. As for the systemic Th response at 28 dpi, the HP Th response was stronger 

than the LP proliferative response (Figure 8B). While also Tregs from the MOCK pigs responded 

to the LP and HP restimulation, the most significant response to the LP and HP restimulation was 

seen in regional Tregs from the LP and HP pigs (Figure 8C). Consistent with peripheral blood, 

the CTL response to PRRSV-2 restimulation was weaker compared to Th cells. In addition, only 

the LP pigs displayed a significant CTL proliferative response and they also displayed cross-

reactivity with the HP PRRSV-2 strain (Figure 8D). TCR-γδ T cells from the LP and HP pigs 

exhibited a significant increase in proliferation compared with the media and exhibited significant 

cross-reactivity between the two LP and HP strains (Figure 8E). 

These results demonstrate that while the systemic T-cell response in blood has declined to a 

low level by 56 dpi, the T-cell response in the tracheobronchial lymph node is still ongoing. While 
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the heterologous response of T cells from the MLV pigs to the HP PRRSV-2 strain could not be 

found in the tracheobronchial lymph node, some of the most important results obtained in blood 

at 28 dpi are consistent with the regional T-cell response in this lung draining lymph node: i) As 

for the systemic response, the regional T-cell response in the lung draining lymph nodes is 

dominated by Th cells; and ii) in vivo infection with the LP and HP PRRSV-2 strains induced the 

strongest T-cell response; and these responding T cells have a robust heterologous response to the 

other LP or HP PRRSV-2 strain. Regarding TCR-γδ T cells, while the frequency of TCR-γδ T 

cells is relatively low in the tracheobronchial lymph node (generally <10% of all T cells, Figures 

8,9), these cells showed the highest frequency of responding cells within their subset: 40–60% of 

TCR-γδ cells from the LP and HP pigs proliferated upon LP and HP restimulation. 
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Figure 8. Proliferation of tracheobronchial lymph node T-cells is comparable with 28 dpi. (A) T-
cell proliferation; (B) Th proliferation; (C) Treg proliferation; (D) CTL proliferation; (E) TCR-γδ 
T cell proliferation. Proliferation was quantified as the percentage proliferating of all T cells or the 
respective subset. The data were analyzed using Fisher’s LSD repeated-measures 2-way ANOVA 
comparing all PRRSV-2 restimulations within an in vivo inoculation to media. n = 6 for all groups 
except LP pigs / MLV, (n = 5). **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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3.7. Distribution of Immune Cell Subsets and Prevalence of PRRSV-2 in the Lung and in 

Lymphoid Tissues at 63 dpi 

At nine weeks post infection, the pigs were sacrificed. Then, the lung and lymphoid tissues 

were collected to analyze the distribution of the immune cells and the prevalence of PRRSV-2 

(Figure 9). While viremia was absent in the LP and HP pigs at 63 dpi, PRRSV-2 was still present 

in macrophages in the peripheral tissues from the pigs of all three PRRSV-2 inoculated groups—

MLV, LP and HP. In addition, the MLV animals displayed PRRSV-2+ dendritic cells and moDCs 

in the tonsils and lung. Using flow cytometry, the lymph nodes and BAL were the only 

compartments, in which PRRSV-2 could not be detected (Figure 9A). 

The distribution of the immune cell populations in the lung and lymphoid tissues was analyzed 

utilizing a novel 9-color FCM immunophenotyping panel (Figure 9A–E, only myeloid and T-cell 

data shown). The frequencies of the T and myeloid cells were relatively consistent between the in 

vivo inoculation groups (Figure 9B). Independent of the PRRSV-inoculation groups, it is notable 

that not only in the lymphoid tissues, but also within the lung, a high frequency of ~20–40% of 

leukocytes represent T cells (Figure 9B). 

Figure 9C–E study the distribution of CD4+, CTL and TCR-γδ cells within the analyzed 

tissues. For CD4+ T cells, the inoculated pigs display slight differences from the MOCK in the 

mediastinal lymph nodes with the MLV pigs having more CD4+ T cells, HP pigs having higher 

TCM, and LP pigs having more Tregs (Figure 9C). As expected, the naïve and central memory 

CD4+ cells mainly populated the lymphoid tissues. In contrast, the effector memory cells 

dominated the lung and BAL. While these CD4+ T cells were rather consistent between the 

infection groups, PRRSV-2 vaccination or infection clearly resulted in a shift in the composition 

of T cells. Within the T cells, the frequency of CTLs increased in the mediastinal lymph node, 
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lung and BAL (Figure 9D). In contrast, the frequency of TCR-γδ T cells in these tissues decreased 

in PRRSV-inoculated animals (Figure 9E). Of note, the MLV pigs had a higher percentage of 

CD4-CD8α+FoxP3+ Tregs in the tonsils, mediastinal and tracheobronchial lymph nodes. Regarding 

TCR-γδ T cell differentiation, the HP pigs experienced a shift in the cells from CD8α-CD27- into 

the CD8α+ compartments in the lung or mediastinal lymph nodes (Figure 9D–E). 

In conclusion, PRRSV-2 has been cleared from the lung in the LP and HP infection which is 

accordance with the absence of viremia in those pigs. In the MLV vaccinated pigs on the other 

hand, PRRSV-2 was still present in the blood and it could be also detected in their lungs as well 

as in the spleens and tonsils. Regarding the effect of the PRRSV-2 vaccination or infection on the 

distribution of T cells subsets in the lung and lymphoid tissues at 9 weeks post infection, the most 

remarkable finding was that even at such a late time point, in the MLV, LP and HP pigs, more 

CTLs and less TCR-γδ T cells were present in the lung-draining mediastinal lymph node, the lung 

itself, and the BAL. 
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Figure 9. PRRSV-2 inoculation results in increased CTLs at PRRSV-2 routes of entry 63 dpi. (A) 
PRRSV-2+ cells in select tissues at 63 dpi; (B–E) 9-color immunophenotyping staining panel and 
Treg staining panel of immune cells isolated at necropsy, 63 dpi. The colored boxes (A) represent 
respective in vivo inoculations throughout figure. n = 6 for all groups. **** p < 0.0001. *** p < 
0.001, ** p < 0.01, * p < 0.05. 
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4. Discussion 

The overall goal of this study was to provide a detailed insight into the T-cell response to 

homo- and heterologous PRRSV-2 strains. To provide this information, this study followed the 

infection, clinical pathology and T-cell immune response of PRRSV-vaccinated or infected 

animals over nine weeks. 

PRRSV-2 infection leads to viremia within one week. Viremia is usually cleared by week 5–

7 with some rebounds at later time points [20,63]. In lymphoid tissue on the other hand, PRRSV-

2 can persist over several months [20,63]. The PRRSV-2 inoculations led to a similar viremia 

timeline and persistence of PRRSV-2 in the lymphoid tissue: After clearing viremia in the LP 

animals at 49 dpi and in the HP animals at 35 dpi, PRRSV-2 rebounded in the blood until 56 dpi. 

After that, PRRSV-2 could still be detected at 63 dpi in their spleens (Figure 9A). At this time 

point, the MLV pigs were still viremic and besides lymphoid tissues, PRRSV-2 was still present 

in the lung. Clinical pathology was absent in the MOCK and MLV pigs. In contrast, the LP and 

HP pigs had some pathology including fever, lethargy and reduced body weights. These clinical 

observations were rather mild. The limited PRRSV pathology can be explained by the clean study 

conditions limiting the risk of secondary infections. Despite some studies which report pig deaths 

in PRRSV infection studies [158,159], the mild pathology is also consistent with several PRRSV 

studies performed under ABSL-2 conditions [90,99,160,161]. Overall, the PRRSV-2 infection and 

clinical pathology data are consistent with the PRRSV vaccination and infection trials described 

in the literature. This consistency provides the relevant basis for the interpretation of the focus of 

this study—The T-cell immune response to PRRSV-2. 

To address the substantial knowledge gap in the T-cell response to PRRSV-2, the presented 

in vivo trial with extensive in vitro PRRSV-2 restimulation assays were combined. In contrast to 
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the ex vivo analysis of immune cells, this kind of restimulation allows the analysis of PRRSV-

specific T-cells. To provide further detail, this study used up to nine-color polychromatic flow 

cytometry to provide an in-depth analysis of this T-cell response to PRRSV-2. 

All analyzed T-cell subsets seem to be involved in both the homologous and heterologous 

immune response to PRRSV-2 (Figures 3,5,6). While the MLV PRRSV-2 strain belongs to the 

PRRSV-2 lineage 5.1, the LP and HP strains are PRRSV-2 lineage 1 strains. Our data demonstrate 

that genomic analyses, especially when only based on a partial genome such as the PRRSV ORF-

5 sequence, are not suitable to reflect the complexity of the heterologous immune response to 

PRRSV-2. The complexity of this heterologous response is best explained using the heterologous 

Th response. In blood, the HP pig Th cells display a strong proliferative response to MLV 

restimulation and the MLV pig Th cells exhibit a significant proliferative response to the HP strain. 

Additionally, the isolated PBMCs in HP pigs do not exhibit a significant Th proliferative response 

to the LP strain. However, the tracheobronchial lymph node HP pig Th proliferative response to 

the LP strain is significant. The question is: What accounts for the changes in cross-reactivity in 

Th cells between 28 dpi and long-term TCM cells? Our hypothesis to explain these changes in cross-

reactivity is grounded in the basic immunology concept of affinity maturation [162]. This concept 

states that T cells with a higher affinity for the antigen will proliferate and differentiate and the 

cells with a weaker interaction will die. In this case, the long-term memory population of the HP 

pigs in the tracheobronchial lymph nodes specificity for the HP strain is greater than during the 

peak of infection. The greater specificity for this homologous strain reduces the cross-reactivity 

with MLV. The same is true for the MLV pigs’ cross-reactivity with the HP strain. The MLV pigs’ 

long-term memory population does not exhibit the cross-reactivity with the HP strain evidenced 

at 28 dpi. This hypothesis would indicate that affinity maturation might represent a challenge for 
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long-term vaccine efficacy to heterologous PRRSV-2 strains. It also indicates that, since this 

mechanism is host-based, it cannot be predicted by using a PRRSV-2 sequencing tool. A detailed 

analysis of the immune response can provide a much better prediction of this anti-PRRSV-2 

response as shown below. 

The overall pattern of lymphocyte proliferation upon PRRSV-2 infection was first determined 

over 20 years ago. The PRRSV-specific lymphocyte proliferation was detectable starting at 4 

weeks post-infection. This response had two peaks: One at four and one at seven weeks post-

infection. Afterwards, it declined and was absent at 11 weeks post infection. In addition, Bautista 

et al. determined that CD4+ T cells exhibited a stronger proliferative response than CD8+ T cells 

[129]. Recent papers have determined phenotypic changes of T cells within PBMCs upon PRRSV-

2 infection. However, those studies do not address an antigen-specific proliferative response 

[108,111,133]. Our own data confirm these two proliferation peaks and the strong CD4+ response. 

This study also provides additional insight into the potential cause of the two proliferation peaks. 

First, as shown in Figure 2, while T-cell proliferation was detectable at 14 dpi, it mainly peaked 

at 28 dpi. Second, CD4+ Th cells were the main responders at this first 28 dpi peak. Third, HP 

PRRSV-2 infection also led to a second peak in T-cell proliferation at 56 dpi. This second peak 

can be best explained by the high proliferation of TCR-γδ T cells (Figure 2F). These cells 

dominated the T-cell response in all PRRSV-2 inoculation groups at the later time points. At 14 

and 28 dpi, TCR-αβ T cells were the main responders but 42 and 56 dpi, TCR-γδ T cells exhibited 

the strongest proliferative response. 

While TCR-γδ T cells are postulated to produce IFN-γ at early time points ([20], Figure 6), 

the limited research in pigs on the specific role of TCR-γδ T cells in combating PRRSV-2 leaves 

one important question open: What role do these TCR-γδ T cells play at such a late time point? 
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Our data support that these TCR-γδ T cells play an important role in the immune response to 

PRRSV-2 in lymphoid tissue. First, the systemic TCR-γδ T cells are most active when viremia is 

mainly cleared, but at these late time points PRRSV-2 is still persisting in lymphoid organs, such 

as the spleen or tonsils (Figures 2F,9A). Second, in all groups but especially in the LP group, 

TCR-γδ T cells responding to PRRSV-2 upregulate CCR7 (Figure 7): This chemokine receptor is 

responsible to direct these TCR-γδ T cells into lymphoid tissues. Third, while the overall TCR-γδ 

T cells frequency decreased in the mediastinal lymph nodes of PRRSV-inoculated animals, the 

response of the TCR-γδ that were present in the lymph nodes was tremendous. Upon PRRSV-2 

restimulation, TCR-γδ T cells from the LP and HP-infected pigs responded with ~40–60% 

proliferation. In comparison, Th cells responded to ~5–20%. While the frequent Th certainly play 

a role in the late immune response to PRRSV-2 as well, the three points mentioned above provide 

a strong indication that TCR-γδ T cells are highly involved in the immune response to PRRSV-2 

within the lymphoid tissues. The role TCR-γδ T cells play in this response is still unclear. As their 

TCR-αβ counterparts, TCR-γδ T cells can have multiple functions. These functions include 

immunosuppressive and immunostimulatory capacities [18]. Therefore, it still needs to be 

determined if TCR-γδ are either involved in downregulating the immune response to PRRSV-2 

which might promote PRRSV-2 persistence in lymphoid tissue, or those TCR-γδ are helping in 

the clearance of PRRSV-2 from those tissues. In any case, TCR-γδ T cells seem to play a critical 

role in PRRSV-2 persistence in lymphoid tissues. 

These studies on the differentiation and homing receptors CD8α and CCR7 revealed an 

interesting peculiarity of TCR-γδ T cells: As their CD4+ T-cell counterparts, TCR-γδ T cells seem 

to upregulate CD8α upon antigen-exposure (Figure 6, especially A). In contrast, while naïve and 

central memory CD4+ T cells are CCR7+ and downregulate the CCR7 expression upon further 
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differentiation into the effector memory cells [14], the naïve TCR-γδ T cells seem to be CD8α-

CCR7- (Figure 7, non-proliferating cells; and Supplementary Figure 4, bottom left plot). This 

means, the naïve TCR-γδ T cells migrate between the blood and tissue. This phenomenon would 

attribute a potentially critical role to TCR-γδ T cells in the early response to PRRSV at the site of 

infection. Upon stimulation, these naïve CD8α-CCR7- TCR-γδ T cells seem to acquire different 

homing patterns probably depending on their role in the immune response to PRRSV: On the one 

side, IFN-γ-producing TCR-γδ T cells stay CCR7-. On the other side, TNF-α-producing and 

proliferating TCR-γδ T cells upregulate their CCR7 expression (Figure 6A,C, CCR7+CD8α+; and 

Figure 7, proliferating cells). These CCR7+ TCR-γδ T cell subset can thereby acquire the ability 

to drain into the lymphatic system during the activation/ differentiation process. Combined with 

the strong proliferative response of TCR-γδ T cells in blood, this lymph node homing ability 

indicates an important role for TCR-γδ T cells in the immune response to PRRSV in the lymphatic 

tissue during persistent PRRSV infection. The details of the role of TCR-γδ T cells in PRRSV are 

currently unknown. IFN-γ-producing TCR-γδ T cells in the lung probably contribute to the anti-

viral response by macrophage activation. It is speculated that lymph node draining TCR-γδ T cells 

could promote inflammation by their TNF-α production and they could additionally be involved 

in TCR-αβ T-cell stimulation by potential antigen presentation. 

The differentiation of porcine TCR-γδ T cells has so far only been performed using CD8α in 

combination with CD27 [132]. Talker et al. [24] showed that TCR-γδ T cells in young animals are 

CD8α-. This result, combined with further phenotypic and functional studies of TCR-γδ T cells 

[136], confirm the data obtained in this study. They indicate that naïve TCR-γδ T cells are CD8α-

. Within these most probably naïve CD8α- TCR-γδ T cells, the vast majority expressed CD27. 

“Notably, a CD27- … phenotype could only be detected in combination with CD8α expression.” 
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In contrast, antigen-experienced/ memory TCR-γδ T cells included CD27- cells [132]. This 

indicates that while CCR7 and CD27 are co-expressed in CD4+ T cells [133,163], these markers 

are inversely expressed in porcine TCR-γδ T cells. The naïve TCR-γδ T cells are CD27+ and CCR7- 

and they upregulate CCR7 but downregulate CD27 during their activation/ differentiation process. 

Studies in humans show a similar CD27 expression pattern in TCR-γδ T cells from peripheral 

blood. The naïve and central memory TCR-γδ T cells are CD27+ and effector memory TCR-γδ T 

cells are CD27- [164-166]. Berglund et al. studied the differentiation of TCR-γδ T cells from cord 

blood using both markers, CD27 and CCR7. Their results confirmed our observations in swine. 

While the majority of naïve (CD45RO-) TCR-γδ T cells within human cord blood express CD27, 

they are CCR7- [163]. This is the first study showing that in contrast to CD27, porcine naïve TCR-

γδ T cells are CCR7- and they can upregulate CCR7 during their activation/ differentiation process. 

While TCR-γδ T cells dominate the late systemic response to PRRSV-2, TCR-αβ T cells 

dominate the early immune response during viremia. These TCR-αβ T cells mainly consist of 

CD4+ Th and Treg cells and CTLs. CD4+ T cells responding to PRRSV-2 represent up to 10% of 

all T cells. In contrast, proliferating CTLs upon PRRSV-2 restimulation are less than 1% of all T 

cells. PRRSV-specific CTLs also produce less cytokines. Only IFN-γ production was significantly 

increased upon restimulation with HP strains. While the cytotoxic activity of CTLs was not 

examined here, Costers et al. demonstrated that CD3+CD8αhi proliferate as early as 14 dpi, but 

those cells did not exhibit cytotoxic activity until 49 dpi [130]. Additionally, Lamontagne et al. 

demonstrated increased CD8αhigh subsets in the spleen and blood after PRRSV-2 infection until 60 

dpi [112]. The analysis of the lymph node and tissue homing of CTLs shed light on a specific role 

of CTLs in combating PRRSV-2. In contrast to TCR-γδ T cells, PRRSV-specific CTLs from in 

the MLV, LP and HP animals significantly increased the frequency of tissue-homing CCR7- CTLs 



  74 

 

(Figure 5). This increased tissue-homing of systemic CTLs is substantiated by the increased 

frequency of CTLs in the lungs and BAL of PRRSV-2 vaccinated or infected animals (Figure 9D). 

These data indicate that while the systemic response of CTLs might be secondary to CD4+ cells, 

CTLs might play a crucial role in combating PRRSV-2 at the site of infection, the lung and BAL. 

In addition to the potentially vital roles of TCR-γδ T cells in the lymph nodes and CTLs in the 

lung and BAL, CD4+ Th and Treg cells are important to the immune response against PRRSV-2. 

The balance between these two important CD4+ T-cell subsets is crucial for an effective and 

healthy immune response. The two research groups reported that PRRSV-2 stimulates Tregs 

[104,105,145,147,167]. Based on those reports, it has been speculated that the PRRSV-2 is shifting 

that balance of the CD4 T-cell response towards Tregs. In contrast, a third research group did not 

find an active role of Tregs in PRRSV-induced immunosuppression [168]. Tregs have the ability 

to suppress various parts of the immune response [143,144] and this immunosuppression can then 

lead to prolonged pathogen persistence [169]. While our study confirmed that PRRSV-2 is 

stimulating Tregs (Figures 2C,3B), the important question is if this stimulation is strong enough 

so that PRRSV-2 can shift the Th/Treg balance into an immunosuppressive state. To further 

investigate this balance, the authors studied the ratio of Th and Treg cells responding to PRRSV-

2 over time. Our data show that prior to PRRSV-2 infection (= 0 dpi), or in the absence of PRRSV-

2 (= MOCK animals), the ratio of Th / Treg cells responding to PRRSV-2 is on average roughly 

between 0.5 – 2. Upon PRRSV-2 inoculation, it took until 28 dpi to shift this ratio above the two 

thresholds. This means that it took 28 days to shift the CD4 immune response into an inflammatory 

state. On the other hand, PRRSV-2 inoculation was at no time able to shift Th / Treg ratio below 

the normal 0.5 – 2 ratio. The delayed start of the Th / Treg ratio confirms an immunosuppressive 

capacity of PRRSV-2. While Treg activation by PRRSV-2 supports an active role of this subset in 
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PRRSV-2, the lack of induction of a decreased Th / Treg ratio rather challenges the speculation 

that Tregs are responsible for PRRSV-2 immunosuppression. Therefore, this study concluded that, 

unfortunately, the data were not able to end the discussion if Tregs play an active or passive role 

in PRRSV-2 immunosuppression. 

Regarding the Th response, as mentioned above, the systemic proliferative response of Th 

helper cells was the strongest of all analyzed T-cell subsets at 14 and 28 dpi (Figure 2). At 28 dpi, 

the systemic CD4+ cells had also the strongest induction of IFN-γ and TNF-α production (Figure 

3C,D), consistent with previous PRRSV-2 research for IFN-γ production in PBMCs using 

ELISPOT or intracellular cytokine staining [81,86,90,116,119,120,124,126,170]. This strong Th 

response is peaking at the time at which PRRSV-2 viremia is dropping substantially for all 

PRRSV-inoculated groups. This timing indicated a possible role for Th cells in clearing PRRSV-

2 viremia. To further investigate this indication, this study performed a correlation analyses 

between the CD4 T-cell response and the viremia drop before and after 28 dpi – Δviremia (21 dpi 

– 35 dpi). These analyses substantiated the central role of CD4 T-cells in the clearance of PRRSV-

2 viremia: The Treg and Th responses were the only two immune parameters at 28 dpi that 

significantly correlated with the drop in PRRSV-2 viremia (Figure 4). While Tregs are 

immunosuppressive, Th cells are vital players in combating viruses. Especially, IFN-γ and TNF-α 

production by Th cells are important immune mechanisms in anti-viral responses. Therefore, the 

data strongly support that Th cells play a central role in clearing PRRSV-2 viremia. 

The Th cells play a critical role in directing the humoral immune response. In that respect, the 

MLV, LP and HP inoculated pigs all produced anti-PRRSV-2 systemic IgG levels starting at 14–

21 dpi. While the production of neutralizing antibodies was delayed for the MLV strain, the LP 

and HP infected pigs developed neutralizing antibodies within 7 and 14 dpi, respectively. An in-
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depth analysis of this early humoral immune response is planned to validate our findings. These 

data will then be addressed in another manuscript. 

Studying the differentiation of Th cells responding to PRRSV-2, it seems that Th cells play 

additional roles in both the lymphoid and lung tissues. On the one side, Th proliferating upon 

PRRSV-2 restimulation mainly consist of lymph node homing central memory cells. On the other 

side, the PRRSV-2 infection mainly leads to the induction of cytokine-producing effector memory 

Th cells which are migrating into the tissue. The importance of Th cells for responding to PRRSV-

2 infection in the lymphoid tissue is additionally supported by the high frequency of PRRSV-

specific Th cells within the draining mediastinal lymph node (Figure 8B). For the lung and BAL, 

this study did not perform restimulation assays. Therefore, PRRSV-specific Th in those tissues 

could not be determined. The overall frequency of Th in the lung and BAL did not increase in 

PRRSV-inoculated animals. While this might seem to contradict a role of Th in those tissues, the 

PRRSV-specific effector memory Th cells mainly responded by cytokine production, not 

proliferation. This lack in proliferation can explain the lack in an increased frequency of Th cells 

within the lung and BAL. Nevertheless, the systemic data on the induction of the effector memory 

Th cells by PRRSV-2 inoculation still provide robust data that Th also play an important role in 

the anti-PRRSV-2 response in the lung and BAL. In summary, our data show that Th cells can 

play a vital role in the anti-PRRSV-2 response in all relevant parts of the body—the blood, 

lymphoid organs, the lung and BAL. 
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Figure 10. The time course of the T-cell response to the PRRSV-2 infection. Three critical 
immunological compartments are depicted: blood, lung and tracheobronchial lymph nodes (TB 
LN); the relative proportions for each are determined as followed: For pre-infection, the data are 
based on the T-cell frequencies at 0 dpi and from Talker et al. [171]; for acute infection, the 
relations are based on proliferating cells and CCR7 expression at 28 dpi; for persistent infection, 
frequencies of proliferating cells at 56 dpi and immune cell staining in tissue at 63 dpi were used. 
CCR7 expression on immune cells allows for their entrance from the blood into the lymphatic 
system. In contrast, CCR7- cells circulate between the blood and tissue including the lung. The 
relative size of the CCR7 arrows indicates the relative proportion of each T-cell subset traveling 
to each compartment at the indicated states of infection—pre infection, acute infection, and 
persistent infection. Pre-infection: With the exception of cross-reactive or maternally derived T 
cells, PRRSV-reactive T cells are naïve prior to their first contact with PRRSV. Those PRRSV-
2-reactive naïve T cells are circulating in the peripheral blood. Naïve TCR-γδ T cells are CCR7-; 
and they are thereby also located in the lung. In contrast, naïve CD4+ T cells and CTLs are CCR7+; 
this CCR7 expression causes them to circulate between blood and the TB LN. Acute infection: 
Upon respiratory PRRSV infection, PRRSV particles first enter the lung and later on also the 
blood stream (V↑). Therefore, PRRSV-reactive naïve TCR-γδ T cells in the lung can directly 
encounter the virus. Here they can quickly react to the infection. The majority of those cells can 
stay CCR7-, including IFN-γ-producing TCR-γδ T cells; these cells can migrate between the lung 
and the blood. However, some of those TCR-γδ T cells can upregulate CCR7 and acquire the 
ability to home to the lymphatic system. These lymph node homing TCR-γδ T cells can proliferate 
and/ or produce TNF-α. The function of those cells is currently unknown; but they might induce 
inflammation and/ or present PRRSV antigen in the lymph nodes to facilitate the clearance of 
PRRSV from the lymphatic tissues. Naïve TCR-αβ T cells are in the blood and TB LN; antigen 
presenting cells need to pick-up the antigen, mature, migrate to the lymph node and then present 
the PRRSV antigen to those naïve TCR-αβ T cells to induce TCR-αβ T cell activation. Once 
activated, those naïve TCR-αβ T cells differentiate into antigen-experienced T cells and 
potentially memory cells. The activated CD4+ T cells react with strong proliferation leading to a 
marked increase of antigen-experienced CD8α+CD4+ T cells. These CD8α+ CD4 T cells can be 
CCR7 negative or positive: Therefore, they can migrate to both, the lung and TB LN, but they 
slightly prefer the TB LN. Probably based on the increase of CD4 T cells, the relative frequency 
of PRRSV-reactive CTLs decreases in the blood. The PRRSV-reactive CTLs in the blood are also 
able to home to the lung and the TB LN. However, the CCR7 expression indicates that these 
PRRSV-reactive CTLs are slightly more likely to travel to the lung than to the TB LN. Persistent 
infection: During persistent infection, PRRSV is mainly cleared from the lung and the blood 
(V↓), but PRRSV is still present in lymphoid tissues (V). Many of the T-cell homing 
characteristics of the acute infection remain or are intensified during persistent infection. The 
TCR-γδ T cells now comprise the vast majority of the PRRSV-reactive T cells in the blood. While 
the majority of TCR-γδ T cells still home to the lung, the numerous proliferating TCR-γδ T cells 
are now also homing to the lymphatic system, including the TB LN. Thereby, these TCR-γδ T 
cells might play a more prominent role in combating PRRSV infections in the lymphatic system. 
CD4+ T cells are at this late stage confined primarily in the TB LNs. Finally, CTLs have taken up 
residence in the lungs; they might therefore be relevant for long-term protection at the most likely 
site for future PRRSV-2 exposures. 
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5. Conclusions 

Our data provide for the first time a complete and in-depth analysis of the T-cell response to 

PRRSV-2 (Figure 10). The obtained data demonstrate an important role for T cells in the homo- 

and heterologous immune response to PRRSV-2: TCR-γδ T cells seem to be mainly involved in 

the immune response within the lymphoid tissues; CTLs probably play a crucial role in the lung 

and BAL; and Th cells seem to have a central role in combating PRRSV-2 in blood as well as in 

the lymphoid and lung tissues. With the Th response at 28 dpi, a potential immune correlate of 

protection has been identified. These immune correlates of protection can be used as a tool to 

predict the vaccine-efficacy against a pathogen, such as PRRSV-2. Thereby, studying the detailed 

immune response to homo- and heterologous PRRSV-2 strains provides essential information to 

improve the assessment of PRRSV-2 vaccines. A better understanding of the immune response to 

PRRSV-2 will additionally provide essential information to facilitate the development of PRRSV-

2 vaccines providing protection against the various heterologous PRRSV-2 strains. 
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Supplemental Figures. 

 

Antigen Clone Isotype Fluorochrome Labeling strategy Primary Ab source 2nd Ab source
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TCR-γδ PGBL22A IgG1 Alexa Fluor 647 Directly conjugated Kingfisher Invitrogen
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Antigen Clone Isotype Fluorochrome Labeling strategy Primary Ab source 2nd Ab source
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Antigen Clone Isotype Fluorochrome Labeling strategy Primary Ab source 2nd Ab source
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CHAPTER 3 

Development of Cross-reactive Neutralizing Antibodies to 
 Heterologous Type 2 PRRSV Strains 

 
1. Introduction 

“Words have meaning!” Oh to count the times I have heard this statement in a military 

briefing as the commander corrects an incorrect or vague term spoken by a junior officer. 

Accordingly, before we address the humoral immune response to PRRSV-2, we will first utilize 

Merriam-Webster to define our words’ meanings [172]:  

Homologous - derived from or developed in response to organisms of the same 
species  

Heterologous - characterized by cross-reactivity  

Autologous - involving one individual as both donor and recipient 

Autogenous - originating or derived from sources within the same individual 

These definitions refer to individuals and species, while in this paper we are referring to 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) strains. PRRSV strains distress 

the global pork industry causing significant losses globally [17,173] through reproductive failure 

[21,174], nursery age pig respiratory distress [175,176], reduced growth [79], secondary infections 

[177,178], and increased mortality [179,180], as well as, through expenditures on vaccination and 

biosecurity efforts. PRRSV strains are diverse and are distinguished as Type 1 or Type 2 strains; 

furthermore, due to its RNA-viral nature and propensity for genetic mutation, PRRSV strains can 

be described as “quasispecies” [34]. 

Therefore, to clarify our definitions within the context of PRRSV, heterologous refers to 

quasispecies of different strains, either between Type 1 and Type 2 or within a type. Historically, 
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PRRSV researchers characterized virus isolates or strains by their restriction fragment length 

polymorphism (RFLP) patterns of open reading frame 5 (ORF5) and the genetic sequence 

similarity of ORF5. Analysis of genetic similarity between PRRSV isolates for ORF5 is extensive: 

PRRSV-1 (European) is subdivided into three subtypes with 12 clades within the Western 

European subtype [29]; PRRSV-2 (North American) is subdivided into nine ORF5 lineages and 

further sublineages [27,31,32]. Consequently, the term heterologous can be applied to different 

PRRSV types and different lineages. But what about within a sublineage or even a specific RFLP 

as in our study for strain 1-7-4. Can we refer to a specific strain, 1-7-4, as homologous? van Geelen 

et al. recently answered that question with evidence that we should not assume homology [33]. In 

examining the whole genome sequences of seventeen 1-7-4 isolates, the whole genome sequence 

similarity ranged from 81.4% to 99.8% and ORF5 genotyping did not effectively predict 

pathogenicity [33].  Homologous, autologous, and autogenous may often be used interchangeably 

in PRRSV literature; however, this is probably not accurate. As demonstrated by van Geelen et 

al., homologous may actually be heterologous. For the present study, though, homologous, 

autologous and autogenous can accurately be used interchangeably: PRRSV strains (1-7-4 and 1-

3-4) were isolated, grown to produce an inoculum and restimulation stock, utilized for in vivo 

infection, and then utilized for in vitro analysis. Therefore, in this study, homologous describes the 

virus strain of inoculation and heterologous refers to a genetically distinct quasispecies PRRSV 

strain.   

The purpose of this study was to describe the humoral immune response to PRRSV-2 

infection in nursery age pigs by characterizing development and progression of neutralizing 

antibodies in the serum to a homologous PRRSV-2 strain and cross-reactivity with heterologous 

PRRSV-2 strains. Additionally, we endeavored to understand the relationship between serum NA 
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and secreted mucosal anti-PRRSV IgA. This research is relevant because of the complexity and 

perplexing relationship between serum NA, viremia, and protection from PRRSV as evident by 

the numerous reviews of this subject over the past 25 years, most recently Rahe and Murtaugh, 

and Montaner-Tarbes et al. [3,26]. Recent reviews generally agree on two themes: First, serum NA 

are an important correlate of protection for PRRSV ultimately contributing to clearance of viremia; 

second, vaccination or infection generated NA show limited cross-reactivity to the diversity of 

PRRSV strains in in vitro analyses. Additionally, several reviews discuss a perplexing delay 

between the appearance of serum anti-PRRSV IgG (~7-10 dpi) and serum NA (> 28 dpi) [20,23,63]. 

This delay and overall low vaccination-generated NA titers are a key argument for why current 

PRRSV vaccinations do not provide sterilizing immunity. 

We selected the following PRRSV-2 strains: Two strains were isolated and received from 

a NC swine producer, strains 1-7-4 and 1-3-4, and a modified live virus vaccine (vr-2332) was 

selected for the third strain. The ORF5 similarity between strains was as follows (ISU VDL 

sequenced and/or BLAST analysis): 1-7-4 vs. 1-3-4 (86%); 1-7-4 vs. vr-2332 (87.9%); and 1-3-4 

vs. vr-2332 (84.8%). The diversity of our strains is characteristic of the diversity of circulating 

PRRSV-2 strains on NC farms: two lineage 1 strains (1-7-4, 1-3-4) and one lineage 5 strain (vr-

2332). Strain diversity is important because vaccination studies often report undetectable or late 

developing (> 8 weeks post vaccination) NA following vaccination [90,115,117,118,126,127] or after 

infection [65,67,122]; this is especially a characteristic of vr-2332 (lineage 5), but not of a lineage 8 

vaccine [79,114]. Upon challenge, serum NA to the vaccination strain are often produced rapidly 

within 14 dpi [117,118]. PRRSV strain diversity and failure to obtain cross-reactive serum NA titers 

are generally the reasons postulated for why available PRRSV vaccines improve pig performance 

but do not provide complete protection or sterilizing immunity to vaccinated pigs [1].  
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In this study, we chronicle the development of serum NA to homologous and heterologous 

virus over nine weeks post infection; additionally, we provide a narrative of the relationships 

between serum anti-PRRSV IgG and serum NA to secreted anti-PRRSV IgA, viral nasal shedding, 

and viremia. 

2. Materials and Methods 

2.1. Study design, PRRSV -2 propagation, titration and sample processing  

The animal trial study design, PRRSV-2 strain source, propagation, titration, and sampling 

procedures were described previously [181]. Briefly, twenty-four 4-week-old weaned piglets from 

a PRRSV-negative herd (NC State University Swine Education Unit) were moved to the BSL-2 

Laboratory Animal Research (LAR) facility at NC State University – College of Veterinary 

Medicine. Six pigs were randomly assigned into each inoculation treatment group: media 

(MOCK), commercially available Modified Live Virus vaccine (MLV / vr-2332), NC PRRSV-2 

strain 1-3-4 (LP), or NC PRRSV-2 strain 1-7-4 (HP) and isolated from the other treatments. Serum 

samples and nasal swabs were collected prior to inoculation (0 dpi) and then at the following days 

post infection (3, 7, 10, 14, 21, 28, 35, 42, 49, 56, and 63) as illustrated in Supplemental Figure 1. 

Not described previously, for nasal swabs, pigs were restrained and one sterile Puritan Hydraflock 

swab (Puritan Medical Products Company, Guilford, ME) was inserted into, rotated, and removed 

from each nostril. The swab end was then placed into a 1.5 ml microcentrifuge tube (Sarstedt, 

Nümbrecht, Germany) with 1 ml of sterile phosphate buffered saline (PBS) (Corning, Manassas, 

VA) cut-off and closed. Upon returning to the laboratory, each 1.5-ml tube was vortexed three 

times and then the swab end was removed and discarded. The 1.5-ml tubes were stored at -80 °C. 

Experimental procedures were approved by the NC State University Institutional Animal Care and 

Use Committee (IACUC) ID# 17-166A. 
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2.2. Systemic anti-PRRSV serum IgG and viremia. 

Isolated serum was shipped to Iowa State University Veterinary Diagnostic Laboratory for 

the PRRSV X3 enzyme-linked immunosorbent assay (ELISA) in order to determine serum anti-

PRRSV Immunoglobulin G (IgG) levels and qPCR for viremia as previously reported [181]. 

2.3. Local (respiratory) anti-PRRSV IgA and virus shedding. 

Nasal swab extracts (described above) were shipped to Iowa State University Veterinary 

Diagnostic Laboratory for the PRRSV Oral Fluid IgA enzyme-linked immunosorbent assay 

(ELISA) in order to determine anti-PRRSV IgA presence in the nasal passages and qPCR to 

determine active viral shedding from the respiratory system. This method was recently validated 

for oral fluids [182]. 

2.4. Homologous and heterologous strain neutralizing antibodies. 

Neutralizing antibody (NA) analysis utilizing flow cytometry was adapted to PRRSV from 

Käser et al. [183] and is illustrated in Supplemental Figure 2. Briefly, twenty-five thousand MA-

104 cells (ATCC, Manassas, VA) in 100 μl Minimum Essential Medium Eagle (MEM, 1x) 

(Corning) supplemented with 10% Fetal Bovine Serum (FBS) (VWR, Radnor, PA) and 1x 

penicillin / streptomycin (Corning) were seeded in a 96-well flat bottom plate (Sarstedt) and 

incubated for 24 hours at 37 °C and 5% CO2. To determine the NA present in the serum, the serum 

was heat inactivated and prepared at a 1:8 dilution [15 μl serum / 120 μl total volume (15 μl serum, 

45 μl media, and 60 μl virus)]. The virus concentration was calculated with a MOI = 0.1, by the 

estimate that at the time of infection there were approximately 50,000 MA-104 cells. An MOI = 

0.1 was selected because it resulted in a % infection of MA-104 cells between ~60-80% for all 
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virus strains. Then, 100 μl of the serum / virus / media mixture was added to each well of MA-104 

cells, and the plate was returned to the incubator for another 24 hours. Each serum sample from 

each animal at each time point was tested against all three virus strains for the % infection at a 1:8 

serum dilution. For flow cytometry, after 24 hours of MA-104 incubation with the serum / virus 

mixture, the media was removed and cells were washed with PBS. MA-104 cells were isolated 

from the plate using 0.25% trypsin (Corning) and duplicate wells were combined and transferred 

to a round-bottom 96-well plate. For the flow cytometry staining, cells were stained with Live / 

Dead near-IR (Invitrogen, Eugene, Oregon) and then fixed and permeabilized with eBioscience 

Foxp3 / Transcription Factor Staining Buffer set (Invitrogen, Carlsbad, CA). After fixation and 

permeabilization, cells were intracellularly stained for PRRSV infection using anti-PRRSV SR-

30A (RTI LLC, Brookings, SD) directly conjugated to Alexa Fluor 647 (Invitrogen). Cells were 

recorded on a Cytoflex using the CytExpert software (Beckman Coulter, Brea, CA). Data analysis 

was performed with FlowJo version 10.5.3 (FLOWJO LLC) with gates based upon FMO controls.  

2.5. Neutralizing antibody validation and determination of positive samples. 

PRRSV NA determination utilizing fluorescent focus neutralization (FFN) is the accepted 

standard practiced by both the South Dakota State University Animal Research and Diagnostic 

Laboratory and the Iowa State University Veterinary Diagnostic Laboratory and as described in 

current literature. To validate flow cytometry as a repeatable method for NA analysis, we aliquoted 

serum samples at different time points (0, 7, 10, 21, 49 dpi) from LP and HP pigs and shipped 

them to the South Dakota State University Animal Research and Diagnostic Laboratory 

(Brookings, SD) along with the respective virus strains. South Dakota State University completed 

their FFN assay on the homologous virus; we repeated our flow cytometry method as described 

above on the select aliquots and compared the results to South Dakota State University. South 
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Dakota State University determines a positive result as the highest serum dilution with a 90% or 

higher reduction in the number of fluorescent focus forming units [184]. The % suppression was 

calculated by comparing the % infection at a given day post infection with the % infection at 0 dpi 

before the pigs were inoculated with PRRSV. We defined a positive result for our serum dilution 

of 1:8 as three times the maximum standard deviation (SD = 8.640, MOCK 10 dpi) of the absolute 

value of the % suppression of the MOCK pigs at any of the time points: any % suppression > 

25.92. 

2.6. Statistical analysis 

Statistical analyses were performed using Graphpad Prism 8 (Graphpad Software, San 

Diego, CA). Data throughout the study were analyzed using a repeated-measure two-way 

ANOVA; the two factors were either in vivo inoculation or restimulation. Significant differences 

were determined by Fisher’s Least Significant Difference (LSD) and are annotated on the figures. 

For Table 2, the correlation matrix application was utilized with Pearson correlation coefficients 

and a two-tailed 95% confidence interval.  

3. Results 

3.1. Clinical measures, viremia, and cell-mediated immunity. 

Clinical measures, viremia, and cell-mediated immunity were reported previously [181]. 

Briefly, LP and HP infected pigs exhibited clinical signs consistent with PRRSV-2 infection, while 

MLV vaccinated pigs did not display any clinical signs. All three inoculated groups exhibited 

viremia that peaked at 7 days post infection and decreased to either low-levels or PRRSV negative 

by 35-42 dpi. MOCK pigs were PRRSV negative throughout the study. Cell-mediated immunity 

(T-helper cells (Th) antigen-stimulated proliferation and cytokine production) was highest at 28 
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dpi and with homologous viral restimulation. Heterologous viral strain restimulation cross-

reactivity varied between groups and viral restimulation: MLV Th responded strongest to HP, then 

MLV viral restimulation; LP Th responded strongest to HP, then LP viral restimulation; and HP 

Th responded strongest to HP viral restimulation slightly stronger to MLV over LP viral 

restimulation. 

3.2. Viral shedding. 

Nasal viral shedding generally corresponded with viremia [181] as the peak occurred 

between 3 – 7 dpi and preceded the decline in viremia to low-levels or negative results by 28-35 

dpi. LP pig shedding was significantly higher at 3 dpi and HP pig shedding was significantly higher 

at 7 dpi than other inoculated groups. Pooled MOCK pig nasal swabs were PRRSV negative 

throughout. 
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Figure 1. Nasal swab determined virus shedding. At each time point, nasal passages were sampled 
with a swab and debris were extracted in 1 ml PBS in order to quantify viral shedding. A 2-way 
ANOVA with Fisher’s LSD was used to compare differences between groups at each time point; 
groups with dissimilar superscripts (a or b) are significantly different (p < 0.05). The graph 
illustrates the mean with standard deviation. MOCK pigs were PRRSV-negative at each time point. 
100 (y-axis) is representative of a negative value. 
 

3.3. Systemic anti-PRRSV humoral response. 

The primary method to evaluate the systemic humoral immune response is the presence of 

anti-PRRSV antibodies (IgG) in the serum and more specifically, the capacity of those antibodies 

to neutralize viral infection in an in vitro culture. Serum IgG levels were positive by 10 dpi with 

LP pigs higher than the other treatments at this time point (Figure 2A). At 14 and 21 dpi, HP pig 

serum IgG levels were higher than LP or MLV pigs. By 28 dpi, MLV serum IgG levels were higher 
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than HP pigs and statistically higher than LP pigs until 63 dpi. With respect to serum NA against 

the homologous inoculation strain, LP and HP pigs displayed a similar trend in timing with LP NA 

rising to positive levels by 7 dpi and HP pigs becoming positive at 14 dpi. HP pigs reached the 

limits of the test (dilution) by 28 dpi while LP pigs did not reach the maximum until 42 dpi. MLV 

NA achieved a positive neutralizing effect by 42 dpi and were no longer statistically different from 

LP and HP pigs by 63 dpi. While the MLV showed a lower NA level and the generally reported 

delay in serum NAs (consistent with prior vr-2332 research), there is no delay for the currently 

prevalent NC lineage 1 LP and HP strains: Already after 7-14 dpi, we have strong NA levels for 

1-3-4 and 1-7-4.  
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Figure 2. The systemic anti-PRRSV-2 humoral immune response – IgG titers and homologous 
neutralizing antibody levels.. (A) Serum IgG levels determined by ISU VDL with ELISA X3. 
MOCK pigs were PRRSV-negative at each time point. (B) % Suppression of PRRSV infection by 
serum NA with a 1:8 dilution against the homologous inoculation strain. The graph illustrates the 
mean with standard deviation. MOCK SD (25.92) is the measure for a positive result and is 
equivalent to the largest MOCK SD x 3. A 2-way ANOVA with Fisher’s LSD was used to compare 
differences between groups at each time point; groups with dissimilar superscripts (a, b or c) are 
significantly different (p < 0.05).  
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With respect to the effect of NA against heterologous PRRSV-2 strains, HP and LP pigs 

exhibit strong cross-reactivity between strains as illustrated in Figure 3A and 3B. For HP pig 

serum cross-reactivity with LP virus, NA were positive by 14 dpi and no longer statistically 

different from the homologous NA effect by 35 dpi; HP pig serum did not achieve a positive NA 

level until 49 dpi for the MLV strain. For LP pig serum cross-reactivity with HP virus, NA were 

positive by 14 dpi and no longer statistically different from the homologous NA effect by 28 dpi; 

LP pig serum never reached positive NA level for the MLV strain. Displaying a similar lack of 

cross-reactivity between MLV and HP/LP strains as depicted in Figure 3C, MLV pig serum did 

not become positive for cross-reactivity with the HP strain until 63 dpi and never displayed a 

positive NA effect on the LP strain.  
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Figure 3. Systemic humoral immune response to heterologous PRRSV-2 strains. Pig serum NA 
capacity to suppress % infection of the homologous and two heterologous strains. % suppression 
is comparing % infection of x dpi to 0 dpi. The plots on the left are summarized values with 
statistical differences determined with a 2-way ANOVA with Fisher’s LSD for differences 
between groups at each time point; groups with dissimilar superscripts (a, b or c) are significantly 
different (p < 0.05). The graph illustrates the mean with standard deviation. MOCK SD (25.92) is 
the measure for a positive result and is equivalent to the largest MOCK SD x 3. The plots on the 
right track the progression of NA effect in serum by animal against homologous and heterologous 
strains. 
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3.4. Validation of NA flow cytometry analysis. 

Our flow cytometry analysis results (serum 1:8 dilution) for 0, 7, 10, 21 and 49 dpi were 

consistent with positive FFN results obtained by SDSU; the % suppression of infection with 

homologous strains as illustrated in Table 1 validating our flow cytometry results with the 

established standards. Both our flow cytometry method and the validated SDSU RDL FFN 

detected early NAs. For the majority of pigs (7/12), the days where NA changed from negative to 

positive (highlighted in green) were the same in both methods; FFN detected NAs earlier three 

times and FCM two times.  
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Table 1. Validation of flow cytometry NA method by comparison with SDSU ADRL FFN results. 
Green shaded blocks represent a positive result. FFN depicts the titer value; FCM is the % 
suppression. 

 

 

 

Animal NA Method 0 dpi 7 dpi 10 dpi 21 dpi 49 dpi

LP 1 FFN <1:4 1:4 1:512 1:256 1:512
FCM 0.00 23.23 70.15 99.37 99.89

LP 2 FFN <1:4 <1:4 1:4 1:128 1:128
FCM 0.00 6.70 31.34 93.73 99.96

LP 3 FFN <1:4 1:64 1:32 1:512 1:512
FCM 0.00 72.77 90.50 98.80 99.96

LP 4 FFN <1:4 1:256 1:256 1:256 1:256
FCM 0.00 84.70 90.03 99.59 99.96

LP 5 FFN <1:4 1:32 1:512 1:512 1:512
FCM 0.00 78.57 96.13 99.52 99.88

LP 6 FFN <1:4 <1:4 1:4 1:512 1:256
FCM 0.00 -6.64 5.90 94.20 99.58

HP 1 FFN <1:4 <1:4 1:4 1:32 1:512
FCM 0.00 0.67 25.74 83.42 99.42

HP 2 FFN <1:4 <1:4 1:4 1:256 1:256
FCM 0.00 -8.01 72.44 99.70 99.96

HP 3 FFN <1:4 <1:4 <1:4 1:256 1:512
FCM 0.00 3.67 10.72 99.60 99.93

HP 4 FFN <1:4 <1:4 <1:4 1:8 1:512
FCM 0.00 75.56 74.96 74.52 99.97

HP 5 FFN <1:4 <1:4 <1:4 1:256 1:512
FCM 0.00 3.54 6.93 99.66 99.91

HP 6 FFN <1:4 <1:4 <1:4 1:16 1:512
FCM 0.00 11.34 27.76 97.61 99.60
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3.5. Local anti-PRRSV humoral response. 

The in vivo local humoral immune response was determined from an anti-PRRSV IgA 

ELISA with PBS extracted from nasal swabs. Similar to the systemic serum IgG levels, LP pig 

IgA levels rose before HP or MLV pigs. LP pig nasal IgA levels remained consistently higher than 

HP pigs and MLV pigs while all groups remained viremic. HP pig IgA remained higher than MLV 

pigs during this period. After viremia, HP pigs IgA remained positive while LP and MLV pigs IgA 

levels were negative by 56 and 63 dpi.  

 

Figure 4. Local anti-PRRSV-2 antibodies. At each time point, nasal passages were sampled with 
a swab and debris were extracted in 1 ml PBS in order to quantify viral shedding. A 2-way 
ANOVA with Fisher’s LSD was used to compare differences between groups at each time point; 
groups with dissimilar superscripts (a or b) are significantly different (p < 0.05). The graph 
illustrates the mean with standard deviation. MOCK pigs were PRRSV-negative at each time point. 
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3.6. Correlation of humoral immune response to symptoms and clearance. 

A Pearson correlation matrix illustrates correlative relationships between changes in 

PRRSV symptoms (changes of viremia over 7 day intervals, fever (10 dpi – 42 dpi (baseline)), 

total body weight, and viral shedding (change from 7 to 14 dpi) with serum anti-PRRSV IgG, nasal 

anti-PRRSV IgA, and homologous serum NA; also relationships between serum anti-PRRSV IgG, 

nasal anti-PRRSV IgA, and serum NA (Figure 5). Only LP and HP infected pigs were utilized for 

this analysis since MLV pigs did not display any clinical signs of infection and the humoral 

immune response was analyzed for its role in viremia clearance. 

To highlight the critical relationships of significance, the relationship between viremia 

clearance and the humoral immune response was elusive. We observed a strong positive 

relationship between the change in viremia at 14 dpi, increase in serum NA at 14 dpi, and serum 

IgG (14 – 28 dpi); this was the only positive relationship between viremia and NA. Additionally, 

there appears to be a biphasic relationship between serum anti-PRRSV IgG and changes in viremia 

with positive relationships at 14 and 28 dpi and negative relationships at 21 and 35 dpi. This 

biphasic relationship is also evident when comparing shedding, viremia, and serum IgG: The 

changes in viremia between 14 to 21 dpi are positively correlated with changes in shedding at 7 

dpi and also 21 dpi and negatively correlated for 14 dpi. Nasal IgA levels at 14 and 21 dpi have a 

strong positive relationship with fever reduction and total body weight gain, while the change 

between IgA from 14 to 28 dpi is very strongly positively correlated with serum IgG at 14 through 

28 dpi: Serum IgG at 10 dpi is positively correlated with nasal IgA at 14 and 21 dpi. Serum IgG at 

14, 21, and 28 dpi are highly correlated (intense blue square) but serum IgG at 10 dpi is not 

significant with those time points; this same effect is evident for NAs: Increases in NAs from 21 

– 35 dpi are positively correlated, but the increases between 7 and 14 dpi were negatively 
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correlated with increases at the later time points. Overall, this figure supports the benefits of an 

early humoral immune response (< 14 dpi) characterized by serum anti-PRRSV IgG, specifically 

evident in NAs with viremia reduction; early IgG (10 dpi) and secreted nasal IgA (14 and 21 dpi) 

leading to overall recovery and body weight gain. 

 

Figure 5. Correlation coefficients / relationships between PRRSV infection and humoral immune 
components. Pearson r values are displayed in the heat map with r values > 0.6 equating with a p 
< 0.05. Blue shading represents a positive relationship and red shading represents a negative 
relationship. All Δ values represent the change over the previous 7 days, except as designated for 
temperature.  
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4. Discussion. 

In this study, we provide further evidence that the hypothesis of delayed serum NA during 

PRRSV infection is an assumption and not always true: We clearly demonstrate with two 

heterologous PRRSV-2 lineage 1 strains that serum NA against homologous virus appear shortly 

(~4-7 days) after serum anti-PRRSV IgG (Figure 2). Other recent vaccination studies utilizing 

PRRSV-1 and PRRSV-2 strains have observed NA prior to 28 dpi ([79,81,82,101]. To be fair, 

though, the majority of recent PRRSV humoral immunity studies either do not evaluate NAs before 

28 dpi [83,85] or fail to detect NAs until after 28 dpi [54,89]. Delays in NA are strain specific [101]: 

In this study NAs for vr-2332 were delayed (~42 dpi) consistent with the delayed serum NA 

hypothesis [63]. PRRSV vaccinations do not achieve NA titers as early or as high as other porcine 

vaccinations (Pseudorabies virus) [127].  

Despite slow initial serum NA development, there is strong evidence that upon second 

exposure to PRRSV following infection or vaccination, the humoral immune response can rapidly 

expand the serum NA titer [54,76,89], even for vr-2332 [117,118,120,126]. Loving et al. emphasizes 

sufficient time (2-3 months) is required between vaccination and heterologous challenge to 

facilitate a strong secondary response [24]. Though, we did not examine heterologous challenge, 

we did clearly illustrate the rise of cross-reactive antibodies (Figure 3). Extrapolation from an in 

vitro NA assay to in vivo effect is not possible; however, utilizing Lopez and Osorio’s NA transfer 

experiment [70], we will assume that the high end (serum NA titer >1:32) is effective to provide 

sterilizing immunity. In that case, comparing our % suppression with the validating titers obtained 

by SDSU (Table 1) (mean % suppression of three titers recorded at 1:32), we can conclude that a 

NA % suppression of around 84% (~ 90%) would provide protection. In this case (Figure 3), HP 

pig NA titers for homologous virus are achieved 21 dpi, but heterologous sterilizing immunity to 
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1-3-4 infection does not occur until 42 dpi and is not achieved against vr-2332. Likewise, LP pig 

NA titers for homologous virus are achieved 21 dpi, and heterologous sterilizing immunity to 1-

7-4 infection occurs by 28 dpi; protection against vr-2332 is not achieved. For vr-2332 vaccinated 

pigs, sterilizing immunity titers occurred in only two pigs by 63 dpi and there are no pigs with 

protective cross-reactive NA to 1-7-4 or 1-3-4. Therefore, Figure 3 clearly enables visualization 

of the dynamics of PRRSV vaccination, NA generation, and PRRSV exposure in the nursey to 

heterologous strains: If pigs are vaccinated at weaning and transitioned to a nursery, then even 

with an ideal vaccine generating NA as quickly as a PRRSV-isolate infection, sterilizing immunity 

would not be possible until 21 days post vaccination (dpv) with two lineage 1 strains; cross 

protection with a heterologous strain would not occur until 28 dpv (LP pigs to 1-7-4) and 42 dpv 

(HP pigs to 1-3-4); neither group of pigs would achieve sterilizing immunity to vr-2332. 

Furthermore, pigs vaccinated with vr-2332 would not achieve sterilizing immunity to PRRSV 

infection throughout the 7-8 weeks in the nursery and have no cross-reactivity with 1-7-4 or 1-3-

4. This dynamic is clear evidence that MLV vaccination induces T-cells and cell-mediated 

immunity as there is a body of evidence that PRRSV vaccination though normally not protective, 

does significantly improve performance over unvaccinated pigs. The heterologous secondary 

response with NA described by Loving et al. after vaccination is the result of cell mediated 

immunity, which displays greater cross-reactivity than B cells and the ability to generate strain-

specific B cells in < 14 days upon heterologous challenge. 

Despite PRRSV beginning infection and expanding in the mucosa, very little is understood 

about how serum anti-PRRSV IgG and serum NA affect anti-PRRSV IgA and secreted NA. 

Sterilizing immunity is the result of neutralizing IgG and IgA located in the mucosa preventing 

infection of alveolar macrophages. We demonstrate anti-PRRSV IgA is detectable with a nasal 
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swab and ELISA and endures through clearance of viremia; other recent papers have also 

investigated the roles of secreted IgG and IgA in PRRSV immunity [81,96]. Establishing an 

effective assay for determining the neutralizing capacity of secreted IgA and IgG is the next step 

for this analysis. In the near term, we utilized a Pearson correlation matrix to illustrate relationships 

between weekly changes of viremia, shedding, weekly increases of NA % suppression, measures 

of nursery success (fever reduction, body weight gain), compared to serum anti-PRRSV IgG levels 

and secreted anti-PRRSV IgA levels (Figure 5). We assumed there would be a more clear 

relationship between viremia reduction and serum NAs. We also did not appropriately understand 

the evident biphasic shedding. We believe the early humoral immune response (< 14 dpi) provides 

an advantage in viremia reduction and disease recovery: This early humoral immune response (< 

14 dpi) was characterized by serum NAs (associated with anti-PRRSV IgG); secreted nasal IgA at 

14 and 21 dpi was strongly correlated with overall body weight gain and also early serum anti-

PRRSV IgG levels (10 dpi). The performance benefits of an early anti-PRRSV antibody response 

was also observed with respect to the genetic parameters of the antibody response [75]. 
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Figure 6. Summary of the humoral immune response to PRRSV-2. After infection, viremia and 
shedding increase to a maximum within 1-2 wpi. By 2 wpi, anti-PRRSV serum IgG and nasal IgA 
reach a maximum: nasal IgA slowly declines during viremia and then gradually decreases by 9 
wpi while serum IgG remains near the maximum value through 9 wpi. Homologous serum NAs 
increase to a sterilizing level around 3 wpi while heterologous lineage 1 serum NA achieve the 
same level between 4-6 wpi. Homologous serum NAs to the vaccination lineage 5 strain approach 
a sterilizing range around 9 wpi; however, their cross-reactivity with lineage 1 strains remains 
minimal through 9 wpi. 

 

In conclusion, these results make the following contributions to the PRRSV community 

(Figure 6): Homologous serum NAs are not delayed following infection with two lineage 1 strains 

and would provide protection as early as 21 dpi; heterologous serum NAs exhibit varying delays, 

and there is limited to no detectable cross-reactivity between NA for vr-2332 and two lineage 1 

strains; and nasal anti-PRRSV IgA is correlated with PRRSV disease recovery and should be 

included in future humoral immunity studies. Future research should investigate the relationship 

between serum and secreted NAs. 
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Supplemental Figures. 
 

 

 

 

 

 

 

 

 

Supplemental Figure 1.  Study Design and Sample Processing. 
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Supplemental Figure 2.  Neutralizing antibody method. 
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CHAPTER 4 

Maternal Derived Immunity and the IFN-γ Response 

1. Introduction 

Maternal immunity in mammals is an awe-inspiring symphony (“harmonious complexity” 

- [172]). In this system or symphony, a mother transfers immune protection (temporary and/or 

enduring) to her offspring either during gestation through the placenta, after birth through 

mammary secretions, or both [185]. This immune protection comes as immunoglobulins, immune 

cells, and other immune-related molecules [44,186]; and the quantity of colostrum intake in piglets 

significantly decreases mortality and improves performance [187]. This symphony or harmonious 

complexity incorporates the following components: permeability of the placenta for immunity 

transfer during gestation; selection, concentration, and transfer of maternal protective antibodies 

relevant for the current environment; selection / transfer of phagocytic cells; selection / transfer of 

memory and effector T cells and memory B cells; rapid changes in offspring gut permeability; 

transfer and development of commensal gut bacteria; and the immature, developing offspring 

immune system [185,188-190] in order to protect naïve offspring from immediate exposure to 

countless pathogens and commensal bacteria. Butler et al. provides an excellent summary figure 

of the chorus illustrating differing mammalian systems for transfer of immunoglobulins from 

mother to offspring [185] with three groups: humans receive immunoglobulins during gestation and 

probably not through mammary secretions; dogs and rodents receive immunoglobulins during 

gestation and through mammary secretions; and pigs and other livestock only receive 

immunoglobulins through mammary secretions. In mammals, a great deal is known about this 

symphony and yet so much remains to be discovered about how mothers naturally protect their 

offspring from circulating pathogens. 
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Pathogens of high concern to worldwide pork producers are Type 1 and Type 2 Porcine 

Reproductive and Respiratory Syndrome Viruses (PRRSV-1 and PRRSV-2) [17,173]. Numerous 

reviews have characterized this problematic disease [26] and the challenges of vaccination due to 

strain diversity and conflicting elusive neutralizing epitopes [191]. Our lab has been most 

influenced in our thinking about the disease by the reviews of Loving et al. and Lunney et al. 

[20,24]: These reviews helped us understand the current state in PRRSV research and plan our 

research efforts as we reestablished PRRSV research at NCSU. Both reviews emphasize the 

synergistic roles of humoral immunity and cell-mediated immunity (CMI) in a vaccine response 

and in clearance of infection. For PRRSV humoral immunity, neutralizing antibodies (NAs) are 

the quantifiable measure and were demonstrated through two passive transfer experiments to be 

protective in pregnant sows [69] and partially protective in young weaned pigs [70]. Follow-on 

studies by Osorio and others have examined the difficulty of achieving NAs through vaccination 

that provide subsequent challenge protection against homologous and heterologous PRRSV strains 

in nursery pigs [54,76,84,90,127] and in gestational gilts / sows [79,86,114,117]. These studies are often 

strain and age dependent, but in general reveal the following: Delayed generation of serum NAs, 

lower titers than other swine disease vaccinations, and limited cross-reactivity with heterologous 

strains; upon challenge, though, serum NAs are generated against homologous and heterologous 

strains leading to viremia clearance.  

For CMI, the vast majority of PRRSV studies quantify the CMI response with IFN-γ 

ELISPOT. In general, IFN-γ secreting cells (SCs) appear 14-28 days post vaccination (dpv), are 

detectable as far as 125 dpv, increase following viral challenge, and display greater cross-reactivity 

than NAs [54,76,81,90,93,96,101,120]. We believe flow cytometry can provide greater clarity on the 

CMI response. The key contributions utilizing flow cytometry are: Vaccination resulted in a 
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significantly higher percentage of CD8α+IFN-γ+ cells upon homologous and heterologous PRRSV 

challenge 35 dpv [120]; at 21 dpc (challenge), vaccinated pigs had a higher proportion of 

CD4+CD8α+ IFN-γ+ than unvaccinated pigs [119]; a modified live virus (MLV) vaccine plus 

adjuvant resulted in a higher percentage of proliferating CD4+ effector memory cells [115]; 

vaccination increased CD3+ IFN-γ+  cells upon challenge [87]; IFN-γ production can be quantified 

with flow cytometry in T-cell subsets upon exposure to PRRSV epitopes [25]; and CD8α+IFN-γ+ 

cells comprise the highest percentage of T cells upon PRRSV restimulation [131]. Our previous 

study [109] provided a comprehensive nine-week analysis of the nursery-age porcine T-cell 

response to two lineage 1 PRRSV-2 strains and a PRRSV-2 MLV vaccine: Thelper cells (Th) are 

the main systemic responders during viremia (IFN-γ and proliferation); and infection results in 

higher composition of central and effector memory cells that migrate to the tracheobronchial 

lymph nodes and lungs; the cytotoxic T-lymphocyte (CTL) response is strongest in lungs at the 

site of infection; and TCR-γδ T cells are the strongest responders in peripheral blood (proliferation) 

after clearance of viremia; and display a phenotype to indicate they migrate from the periphery to 

the lymph nodes. 

A standard procedure of swine production is to transfer weaners to a nursery at 2-4 weeks 

of age. At this point, the maternal immunity of the weaners is fading, and they concurrently often 

face exposure to circulating heterologous PRRSV strains.  This scenario presents a unique 

challenge: How to best use vaccination to overcome the maternally-derived antibodies (MDAs, 

discussed shortly) and to achieve the desired protective adaptive immune outcome (serum NA 

titers and memory T-cell subsets) knowing that a PRRSV-specific adaptive immune response to 

vaccination in nursery pigs takes 3-4 weeks to develop.  
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In this study, we asked the question that addresses part of that challenge: Does vaccination 

of gilts during gestation with a killed autogenous PRRSV-2 virus provide greater immunological 

protection to weaned pigs than vaccination of gilts with MLV alone? This study is different than 

the majority of NAs and CMI studies already discussed as they dealt with the adaptive immune 

response in the vaccinated / challenged animal. The body of research on maternal immunity in 

PRRSV is limited, but very informative. First, PRRSV infection during late-term gestation results 

in greater reproductive failure and persistent infection in offspring than infection earlier gestational 

PRRSV infection [192]. Sow anti-PRRSV antibodies derived from natural exposure correlated with 

maternal anti-PRRSV antibodies in offspring at two weeks of age and the antibodies remained 

detectable from 4 to 10 weeks of age [45]. Maternally-derived colostral lymphocytes are absorbed 

intercellularly through the piglet gut after birth [193]. Antigen-specific (Mycoplasma 

hyopneumoniae) maternal T cells are transferred in colostrum and proliferate upon antigen 

exposure after isolation from piglet blood [49]; the phenotypes of T cells differs between sow blood, 

colostrum, and piglet blood; however, the antigen-specific T-cell proliferative response was 

maintained between colostrum and piglet blood as was the IgG and IgA content [50]. Colostrum-

derived antigen-specific IgG and IgA are present in the serum and respiratory tract mucosa of 

piglets through 28 days after birth [48]. PRRSV-1 booster vaccinations (MLV or farm specific 

autogenous inactivated virus strains) in sows increased farm-specific NA titers in the sows; 

however, only the farm-specific inactivated strains provided the highest NA titers to offspring 

(detectable for five weeks after birth); both vaccinated groups had lower viremia (nursery PRRSV 

exposure) than offspring from unvaccinated sows [51]. Litters suckling maternal colostrum for only 

the first 24 hours after birth had significantly higher fecal IgA and serum IgG and blood B cells 

than piglets that missed maternal colostrum in the first 24 hours after birth [46]. Comparing the 
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characteristics of PRRSV stable vs. unstable herds, Drigo et al. postulated that in stable herds the 

observed early IFN-γ response to infection was the result of maternally transferred immunity [138]. 

In a porcine circovirus 2 (PCV2) study, NA titers in sow serum decreased significantly from before 

farrowing to the day of farrowing as NAs were presumably transferred to the colostrum: suckling 

piglets ingested the colostrum and milk and at weaning had an equivalent NA titer with their 

mother before weaning [47].  

The limited research on PRRSV and MDAs is conflicting. A PRRSV-1 MLV overcame 

homologous MDAs in piglets vaccinated at 2 or 3 weeks old; upon natural exposure at 10-12 weeks 

of age, serum  anti-PRRSV antibodies dropped by then resumed within two weeks of challenge 

and vaccinated pigs were protected from infection caused viremia [194]. A separate study examined 

piglets with neutralizing MDAs towards the vaccine strain that were vaccinated with a PRRSV-1 

MLV at 1 day of age; vaccinated piglets demonstrated significantly better performance than 

unvaccinated piglets upon heterologous challenge [55]. Lastly, a PRRSV-1 MLV administered to 

sows and then at 2 or 3 weeks of age in offspring was not impeded by MDAs and protected against 

heterologous challenge: PRRSV-specific IgG, IgA, and IFN-γ SCs were present in the vaccinated 

sows colostrum and milk; serum anti-PRRSV IgG was detectable through six weeks of age for 

unvaccinated piglets and remained stable in vaccinated piglets prior to challenge; IFN-γ SCs could 

not be distinguished from background in pre-weaned piglets [195]. Conversely, piglets from sows 

with low PRRSV-neutralizing MDAs one week after birth exhibited a stronger, earlier adaptive 

immune response (NAs and IFN-γ SCs) upon MLV vaccination than piglets with high PRRSV-

neutralizing MDAs [196].  

In this study, we examined the anti-PRRSV adaptive immune response in three ways: First, 

in vaccinated gilts against two PRRSV-2 strains, second, the anti-PRRSV maternal immunity in 
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two-week-old weaned piglets pre-challenge, and third, the adaptive immune response over four 

weeks after challenge with an autogenous PRRSV-2 strain. Additionally, this study provided an 

opportunity to characterize the IFN-γ immune response in vaccinated gilts and piglets as never 

before done by describing the systemic and local IFN-γ+ lymphocyte phenotypes during acute 

PRRSV-2 infection. 

2. Materials and Methods 

2.1. Study design and sample processing. 

The purpose of this study was to evaluate the effect of different maternal PRRSV-2 

vaccination series on protective immunity in weaned piglets upon introduction to a PRRSV-2 

positive nursery. Prior to the study, a circulating PRRSV-2 strain (restriction fragment length 

polymorphism (RFLP), 1-7-4) from a North Carolina pork company was isolated and propagated 

by two independent biological sciences companies, which produced two distinct autogenous 

(isolated from the herd and then used as a vaccination for the herd) vaccines.  Both vaccines 

contained different proprietary components but contained the same killed 1-7-4 PRRSV-2 strain. 

Both vaccinations were designed to be intramuscularly administered in a series of four doses prior 

to farrowing. To that end, in accordance with (IAW) the North Carolina pork company corporate 

vaccination schedule, 46 PRRSV-2 negative gilts in a commercial sow farm were vaccinated with 

Ingelvac PRRS MLV vaccine (Boehringer Ingelheim Vetmedica GmbH, Germany) nine weeks 

prior to breeding. Four weeks prior to breeding, blood samples were collected from all gilts for 

serum and then gilts were allotted into three treatments: TRT 0 (MLV vaccination only); TRT 1 

(MLV vaccination + 4 doses of autogenous (1-7-4) killed vaccine 1); or TRT 2 (MLV vaccination 

+ 4 doses of autogenous (1-7-4) killed vaccine 2). Gilt vaccination schedule, blood collection for 

serum, and breeding occurred IAW Figure 1A; gilts that did not breed were dropped from the 
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study. At -3 wpi prior to farrowing, blood was collected from pregnant gilts and peripheral blood 

mononuclear cells (PBMC) isolation occurred. At this point, five gilts remained in both TRT 0 and 

TRT 2; nine gilts remained in TRT 1. Gilts then farrowed. At 1.5 weeks after farrowing, three 

representative gilts from each treatment were selected based on three criteria: i) an initial analysis 

of 1-7-4 stimulated IFN-γ production in CD4+ T cells from the PBMC isolated at -3 wpi, ii) serum 

1-7-4 NA titers from South Dakota State University (section 2.4), and iii) the litter size / morbidity. 

At 2 weeks after farrowing (0 wpi), four piglets from each gilt were randomly selected for the 

study and transported to the Biosecurity Level 2 housing facilities of the North Carolina State 

University (NCSU) Laboratory Animal Resources (LAR) (Raleigh, NC). Here, they were 

randomly assigned to one of six pens in the same room; two pigs per treatment were housed in 

each pen (one per gilt). In summary, there were a total of 36 piglets in the study with 12 piglets 

per treatment selected from 3 gilts each. During the course of the study, four piglets died from 

causes other than necropsy as discussed in paragraph 3.1 and depicted in Figure 1A.  

One day after weaning and arrival at NCSU, all piglets were inoculated intranasally with 1 

x 105.5 PRRSV-2 viral particles (autogenous strain 1-7-4) in 1 ml 1X phosphate buffered saline 

(PBS) (500 μl / nostril), maintained in a supine position for 30 seconds and returned to their pens. 

Half the animals were sacrificed at 2 wpi and the remaining animals were sacrificed at 4 wpi. At 

necropsy, lungs, tracheobronchial lymph nodes, and thymus were collected and processed as 

previously described [109].   

Sampling occurred prior to inoculation (0 wpi) and then weekly IAW Figure 1A. Serum 

was collected in SST tubes (BD Biosciences, San Jose, CA, USA) and blood for PBMC isolation 

was collected in heparin tubes (BD Biosciences). Animal housing was IAW the National Institutes 

of Health guide for research animals. Piglets had unlimited access to water, were fed a transitional 
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weaning diet, then regular diet twice daily, and maintained at 83° F with a 12-hour light / dark 

cycle. The experimental procedures were approved by the NC State University Institutional 

Animal Care and Use Committee (IACUC) ID# 17-166A (29 Nov 2017). 

2.2. Virus propagation, titration, and evaluation. 

The PRRSV-2 viral isolate (strain, 1-7-4)) was obtained from Cambridge Technologies 

after production of the autogenous vaccine. The virus was propagated on PRRSV-negative porcine 

alveolar macrophages (PAMs) in RPMI-1640, 1X with L-glutamine (Corning, Corning, NY, USA) 

supplemented with 10% fetal bovine serum (FBS) (VWR, Radnor, PA, USA) and 1X antibiotic-

antimycotic (Corning) (referred to as RPMI-complete) for approximately 30 hours in T-75 flasks 

(Sarstedt, Nümbrecht, Germany) until a cytopathic effect was observed. Flasks were freeze thawed 

one time and a supernatant was spun at 2200 g at 4 °C for 10 min. To concentrate the virus, the 

supernatant was then transferred to 36 mL Nalgene centrifuge tubes (Thermo Fisher Scientific, 

Rochester, NY, USA) and spun in a Sorvall 100S Ultracentrifuge (Sorvall, Thermo Fisher 

Scientific), Newtown, CT, USA) at 73,000 g at 4 °C for 2 h. The supernatant was discarded and 

the pellet was resuspended in media (RPMI complete) and stored in 100 µL aliquots at -80 °C. 

The TCID50 titers of viral stock solutions were determined utilizing PAMs as previously described 

(Spearman-Karber TCID50 method according to the OIE manual of diagnostic tests (OIE, 

“Chapter 2.8.7 Porcine Reproductive and Respiratory Syndrome,” Terr. Man., no. May 2015, 

2015). 

2.3. Viremia. 

Isolated serum was analyzed by the North Carolina pork company’s diagnostic laboratory 

using Real-Time – Quantitative polymerase chain reaction (qPCR) with a 5X MagMAX pathogen 
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RNA/DNA kit (Thermo Fisher Scientific) and VetMAX PRRSV qPCR kit (Thermo Fisher 

Scientific).  

Vaccinated gilt serum was PRRSV-negative (qPCR) at farrowing as determined by Iowa 

State University Veterinary Diagnostic Laboratory (ISU VDL, Ames, IA). 

2.4. Neutralizing antibody validation and determination of positive samples. 

Serum samples (Figure 1A) from gilts and piglets were shipped to South Dakota State 

University Animal Research and Diagnostic Laboratory (Brookings, SD) who completed PRRSV-

2 NA determination utilizing fluorescent focus neutralization (FFN) and the 1-7-4 inoculation 

strain. A positive result is the highest serum dilution with a 90% or higher reduction in the number 

of fluorescent focus forming units [184]. 

2.5. Necropsy tissue isolation, lung gross pathology and histology, and single cell suspension 

staining for PRRSV. 

At necropsy (14 or 28 dpi), animals were sacrificed using lethal injection. Then, the lungs, 

thymus, and tracheobronchial lymph nodes were harvested. For the lungs, dorsal and ventral 

photos were taken; lungs were flushed with 1X PBS to collect the bronchial alveolar lavage (BAL); 

and five total samples were taken for histology: one each from the right and left caudal lobes, right 

and left middle lobes and then one from the accessory lobe. Histology samples were fixed in 

Formaldehyde/Zn fixative (Electron Microscopy Sciences, Hatfield, PA) for 24 hours and then 

transferred to 70% ethanol. The NCSU Histopathology lab performed hematoxylin and eosin 

(H&E) staining and slide preparation of the histology samples. Slides (histology) and lung photos 

(gross pathology) were shipped to ISU VDL and scored by Dr. Phillip Gauger who was blinded to 

treatments and necropsy dates; lung lesion and interstitial pneumonia scoring was performed as 

previously described [197]. For all collected tissues (lungs, thymus, and tracheobronchial lymph 
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nodes), the tissue was cut into small pieces and pressed through stainless steel round drain strainers 

(Grainger, Lake Forest, IL) into 50 ml tubes with ice-cold PBS to elute single cell suspensions. 

Fibrous clumps were filtered with 40 μm filters (BD Biosciences). Single cell suspensions to 

include BAL were stained for PRRSV infection IAW [Table 1]; cell isolation and flow cytometry 

(FCM) staining methods were adapted from those previously described [109,153]. Cells were 

recorded on a Cytoflex using the CytExpert software (Beckman Coulter) and data analysis was 

performed with FlowJo version 10.6.1 (FLOWJO LLC) with gates based upon the full minus one 

(FMO) controls. The gating hierarchy is displayed in Figure 3 and was first gated for living cells 

(live/dead), single cells (FSC-A vs. FSC-W), and leukocytes (FSC-A vs. SSC-A); it is adapted 

from the previously described method [154]. 

Table 1. PRRSV flow cytometry staining panel 
Antigen  Clone Isotype Fluorochrome Labeling strategy Primary Ab 

source 
2nd Ab source 

MHC-II MSA3 IgG2a Alexa Fluor 488 Secondary 
antibody 

Kingfisher Southern 
Biotech 

CD163 2a10-11 IgG1 PE Directly conjugated ThermoFisher -  
CD172a 74-22-

15A 
IgG2b Brilliant Violet 

421 
Secondary 
antibody 

Kingfisher Jackson 
Immunoresearch 

PRRSV SR30-A IgG1 Alexa Fluor 647 Directly conjugated RTI, LLC Invitrogen 
Live / 
Dead 

- - Near Infra-red - Invitrogen - 

 

2.6. Peripheral blood isolation, viral stimulation, and IFN-γ FCM staining / analysis. 

PBMC isolation was performed using Ficoll-Paque (GE Healthcare, Uppsala, Sweden) and 

SepMate-50 ml tubes (STEMCELL Technologies, Vancouver, Canada) IAW the manufacturer’s 

protocol. PBMC and single cells suspension cell counts were completed on a CASY cell counting 

system (Schärfe System, Germany). For the IFN-γ production assay for PBMCs, lung, and 
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tracheobronchial lymph node, 5 x 105 cells were plated in eight replicates in a 96-well round-

bottom plate (Corning) in 100 μl RPMI-complete and left to rest overnight in an incubator at 37° 

C and 5% CO2. The next morning 100 μl of RPMI-complete containing PRRSV strain 1-7-4 (MOI 

= 0.1) (or MLV / vr-2332 for gilts) was added to each well; plates were returned to the incubator 

for 24 hours of viral stimulation and monensin (5 µg/mL, Alfa Aesar) was added for the last 4 h 

of culture to block IFN-γ release from the cells. Upon completion of the 24 hour incubation, the 

replicates were pooled and stained in accordance with Table 2; cells were recorded on a Cytoflex 

using the CytExpert software (Beckman Coulter) and data analysis was performed with FlowJo 

version 10.6.1 (FLOWJO LLC) with gates based upon the full minus one (FMO) controls. The 

respective gating hierarchies are displayed in Figures 6, 8, 10, and 11 and were first gated for 

living cells (live/dead), single cells (FSC-A vs. FSC-W), and lymphocytes (FSC-A vs. SSC-A). In 

general, lymphocyte subsets were positively gated (i.e. CD21α+ cells); the “Not” population was 

then continued and gated for the next discriminating marker and so forth until all lymphocyte 

subsets were designated. The gating hierarchy is consistent and unbiased based upon separation of 

cell populations at large and not specifically on IFN-γ+ cells; Figures 6, 8, 10, and 11 illustrate 

that small changes in gate locations could profoundly change the phenotype of cells on the gate’s 

edge. 
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Table 2. IFN-γ flow cytometry staining panel 
Antigen  Clone Isotype Fluorochrome Labeling strategy Primary Ab 

source 
2nd Ab source 

CD3 PPT3 IgG1 FITC Directly conjugated Southern Biotech - 
CD4 74-12-4 IgG2b Brilliant Violet 

480 
Secondary antibody BEI Resources Jackson 

Immunoresearch 
CD8α 76-2-11 IgG2a Brilliant Violet 

421 
Secondary antibody BEI Resources Jackson 

Immunoresearch 
CD21α BB6-

11C9.6 
IgG1 Brilliant Violet 

605 
Biotin-streptavidin Novus Bio Biolegend 

TCR-γδ PGBL22A IgG1 Alexa Fluor 647 Directly conjugated Kingfisher Invitrogen 
CCR7 3D12 rIgG2a Brilliant Blue 700 Directly conjugated BD Biosciences - 
IFN-γ P2G10 IgG1 PE Directly conjugated BD Biosciences - 
Live / 
Dead 

- - Near Infra-red - Invitrogen - 

 

2.7. Statistical analysis 

Statistical analyses were performed using Graphpad Prism 8 (Graphpad Software, San 

Diego, CA). Data throughout the study were analyzed using a repeated-measure two-way 

ANOVA; the two factors were either in vivo inoculation or wpi.  Significant differences were 

determined by Fisher’s Least Significant Difference (LSD) and are annotated on the figures. For 

Figure 4, the correlation matrix application was utilized with Pearson correlation coefficients and 

a two-tailed 95% confidence interval. A simple regression curve was fitted utilizing a log2 scale. 

Violin plots were used extensively throughout the figures: violin plots illustrate the distribution, 

individual points, median (as applicable, dashed black line), and 25th / 75th intervals (as applicable, 

colored line). 
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3. Results  

3.1. Study design, viremia, and clinical measures. 

The study was conducted in accordance with the plan and as depicted in Figure 1A. Piglets 

were weaned and transported to NCSU LAR on the same day at two weeks of age. Three piglets 

from one sow (TRT 0) died within 30 hours of arrival at LAR and were dropped from the study. 

Additionally, one pig (TRT 2) was euthanized between week three and four of the study due to 

high fever (>106° F) and lack of response to physical stimulation. This pig was included in all 

analysis through week 3 and its lungs were assessed for pathology / histology. No flow cytometry 

analysis occurred for this animal at necropsy. In summary, pigs displayed mild PRRSV symptoms 

beginning within 3-4 days of infection (fever (Figure 1C), lethargy, reduced food consumption, 

mild coughing / sneezing) and the symptoms persisted to varying degrees until necropsy. As shown 

in Figure 1B, all pigs were PRRSV-2 negative at weaning and viremia peaked at 2 wpi. During 

the first 2 wpi, TRT 1 had significantly lower viremia than both TRT 0 and TRT 2. This difference 

remained with TRT 2 through 3 wpi. For weight gain, TRT 1 and 2 had the largest weekly weight 

gain within the first wpi and also between 3 and 4 wpi. TRT 2 also had higher weight gain between 

3 and 4 wpi than TRT 0 (Figure 1D). Overall, the study was successfully completed and resulted 

in PRRSV-2 symptoms and viremia in piglets with apparent stronger protection from PRRSV-2 in 

TRT 1. 
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Figure 1. The study: Maternal vaccination series affects piglet viremia and weekly weight gain. 
(A) Study design (as described in Materials and Methods); (B) viremia for weekly serum samples 
(C) weekly rectal temperature prior to blood sampling; (D) weekly change in body weight. Graphs 
illustrate the means with standard deviation (SD). The data were analyzed using Fisher’s LSD 
repeated-measures 2-way ANOVA; Groups were pooled and compared for weekly differences; 
dissimilar superscripts (a or b) are significantly different (p < 0.05). Significant differences 
between treatments within each week are designated as **** p < 0.0001. *** p < 0.001, ** p < 
0.01, * p < 0.05 with colors distinguishing differences between treatments for clarity. 
 

3.2. Gross pathology and histology. 

All pig lungs were evaluated at necropsy for macroscopic lesions and interstitial 

pneumonia attributable to PRRSV infection. There was considerable variation within an animal 

for the severity of interstitial pneumonia in its lung lobes. At 2 wpi, TRT 0 had significantly higher 
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interstitial pneumonia than TRT 1 or TRT 2 in the weighted macroscopic lesions score (Figure 

2A, 2B) and in the average histology score (Figure 2C, 2D), but differences between treatments 

mostly dissipated by 4 wpi (two outliers for TRT 2: one pig was euthanized). In conclusion, the 

autogenous vaccines contributed to a reduction in interstitial pneumonia in weaned piglets 2 wpi.  
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Figure 2. Histopathology: Maternal 1-7-4 vaccination reduced interstitial pneumonia in piglets 2 
wpi. (A) Lung gross pathology lesion averages at necropsy; (B) representative lung images for the 
treatment weighted averages; (C) lung interstitial pneumonia histology scores at necropsy; (D) 
representative images with H&E staining at 40X and 400X. The data were analyzed using Fisher’s 
LSD repeated-measures 2-way ANOVA; significant differences between treatments within each 
week are designated as **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
 

3.3. Local PRRSV infection and MHC-II expression in antigen presenting cells. 

In addition to gross- and histopathological changes in the lung caused by PRRSV-2 

infection, isolated cells from the following organs (components) were also analyzed for PRRSV-

2 infection: thymus, tracheobronchial lymph nodes, lung, and bronchial alveolar lavage (BAL) at 

2 and 4 wpi. The thymus and lymph node did not exhibit PRRSV+ cells above background (data 
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not shown). This does not mean that PRRSV does not infect macrophages in both organs, but just 

that PRRSV+ cells were not present at high enough levels to be distinguished via flow cytometry.  

The gating hierarchy for the following flow cytometry analysis is displayed in Figure 3A 

and 3B. The gated MHC-II+ myeloid cell types are macrophages (MHC-II+CD163hiCD172a+), 

monocyte-derived dendritic cells (moDCs, MHC-II+CD163loCD172a+), monocyte-derived 

macrophages (moMacro, MHC-II+CD163hiCD172amid) and conventional dendritic cells (cDC2, 

MHC-II+CD163-CD172a+ and cDC1, MHC-II+CD163-CD172a+). Overall, comparing the 

percentage of PRRSV+ cells (Figure 3C - PRRSV gate from Figure 3A) within single living 

leukocytes (SLLs) at 2 and 4 wpi illustrates that the frequency of PRRSV+ cells was highest at 2 

wpi in both, BAL (0.77%) and lung tissue (0.39%). At 4 wpi, the frequency of PRRSV+ cells in 

lung tissue dropped to 0.12% and was nearly cleared (0.05%) in the BAL (Figure 3C). Figure 3C 

illustrates virtual clearance of PRRSV infection in the BAL at 4 wpi and lingering infection in the 

lungs. Figure 3D illustrates the differences in the phenotypes and MHC-II expression of PRRSV+ 

cells between the BAL and lung comparing the values as a percentage of PRRSV+ cells. We only 

detected PRRSV+ cells (above background) in the following subsets: macrophages, MoDCs in the 

lung, and MHC-II- CD172a+ cells in the BAL and lung. There are a few key observations from 

Figure 3D: at 2 wpi in the BAL, macrophages are the most highly infected cell type while in the 

lung, MoDCs are also PRRSV+ at 2 and 4 wpi; MHC-II- CD172a+ cells comprise the highest 

percentage of PRRSV+ cells in the lung at 2 wpi and are second highest in the BAL at 2 wpi; by 4 

WPI, MHC-II- CD172a+ cells no longer are significant in the BAL and comprise a smaller 

percentage than macrophages in the lung. 
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Figure 3. PRRSV infected cells: MHC-II and CD163 expression diverges in PRRSV+ cells from 
the BAL and lung. (A) BAL and Lung gating hierarchy (one representative animal at 2 wpi); (B) 
all animals from BAL or lungs overlaid at 2 wpi for MHC-II and CD163 expression compared to 
PRRSV+ cells; (C) % PRRSV+ single living leukocytes in BAL and lungs at 2 or 4 wpi (D) the 
composition of PRRSV+ cells within all single living leukocytes in BAL and lungs at 2 and 4 wpi, 
leukocyte subsets with background levels of PRRSV+ cells are not shown. The data were analyzed 
using Fisher’s LSD repeated-measures 2-way ANOVA; groups were pooled and compared for 
weekly differences; dissimilar superscripts (a or b) are significantly different (p < 0.05). Significant 
differences between treatments within each week are designated as **** p < 0.0001. *** p < 0.001, 
** p < 0.01, * p < 0.05. 
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3.4. Humoral immune response. 

All gilts received the Ingelvac MLV vaccine which resulted in homologous serum NA 

titers at four weeks post-vaccination (-22 wpi) and the NA titers were sustained for an additional 

twelve weeks (-10 wpi) (Figure 4A). In contrast, this TRT 0 did not result in any NAs against the 

heterologous 1-7-4 strain. TRT 1 and TRT 2 received a series of four vaccinations of autogenous 

killed PRRSV-2 strain 1-7-4 containing different proprietary components. In addition to the 

induction of NAs against the MLV strains, both treatment groups receiving these autogenous 

vaccinations resulted in positive NA titers also to strain 1-7-4. The TRT 1 group achieved higher 

levels than TRT 2 and TRT 0. For TRT 1, some gilts exhibited NAs after one vaccination and all 

gilts had positive NA titers prior to farrowing after completion of the series (Figure 4B).  Serum 

NAs to strain 1-7-4 were maternally transferred during weaning to piglets (Figure 4C): TRT 1 and 

TRT 2 piglets possessed serum NAs to strain 1-7-4 prior to infection which directly correlated 

with maternal NA levels (Figure 4D, r = 0.8865, p < 0.0001) and these levels decreased over the 

first two weeks before stabilizing by 4 wpi. In summary, the autogenous vaccine #1 resulted in the 

highest maternal serum NAs to strain 1-7-4, which resulted in higher serum NA levels in TRT 1 

offspring. 
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Figure 4. NA titers: Maternal 1-7-4 vaccination achieves serum NA titers transferred to piglets 
during suckling. (A) Maternal serum NA titer to MLV following vaccination; (B) maternal serum 
NA titer to 1-7-4 through vaccination series prior to farrowing; (C) piglet serum NA titer to 1-7-4 
at weaning prior to infection (0 wpi) through 4 wpi; (D) Pearson correlation matrix for maternal 
and piglet NA titers to 1-7-4 at 0 wpi. The data were analyzed using Fisher’s LSD repeated-
measures 2-way ANOVA; significant differences between treatments within each week are 
designated as **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
 
3.5. Maternal IFN-γ production following MLV and 1-7-4 strain restimulation. 

For all IFN-γ analyses (gilt PBMCs, piglet PBMCs, and lung / lymph nodes), the data 

presentation is similar: The first figure compared differences in the percentage of IFN-γ+ cells 

within a lymphocyte subset (CD4+, CTL, etc.) among treatments and the treatments collectively 
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between wpi; the second figure examined the IFN-γ+ percentage of each lymphocyte subset as a 

percentage of total IFN-γ+ single living lymphocytes (SLLs) among the three treatments 

individually and collectively versus the other lymphocyte subsets enabling a comparison of 

systemic IFN-γ+ lymphocytes between vaccinated gilts, acute PRRSV infection in young nursery-

age pigs, and the local IFN-γ+ lymphocytes in the lung and tracheobronchial lymph nodes. The 

sub-figure A illustrates the gating hierarchy and disposition of IFN-γ+ cells (red dots) within the 

total population of cells within each subgate (grey dots) with all animal profiles compiled into each 

square. 

Within PBMCs isolated from gilts prior to farrowing, IFN-γ production varied between 

animals; but it was similar between treatment groups. Cell-mediated immunity as measured 

through intracellular IFN-γ+ production was equivalent for 1-7-4 and MLV restimulation despite 

the fact that TRT 0 gilts were not pre-exposed to strain 1-7-4 (Figure 5A, 5B, 5E). Within T cells, 

CD4+ T cells showed the strongest IFN-γ production for MLV (0.19%) and 1-7-4 (0.18%) versus 

CTLs for 1-7-4 (0.04%) and TCR-γδ T cells (0.02%). CD21α+ B cells and NK cells exhibited 

limited differences between vaccination treatments or viral restimulation except for within NK 

cells stimulated with 1-7-4, which was most likely the result of a single outlier (Figure 5C, 5D). 
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Figure 5. Gilt PBMCs %IFN-γ+: Cell-mediated immunity is equivalent across gilt vaccination 
treatments. The % of IFN-γ+ cells after 24 hours of 1-7-4 or MLV restimulation (MOI = 0.1): (A) 
CD4+ T cells; (B) CTLs (C) CD21α+ cells; (D) NK cells; (E) TCR-γδ T cells. The data were 
analyzed using Fisher’s LSD repeated-measures 2-way ANOVA; groups were pooled and 
compared for weekly differences; dissimilar superscripts (a or b) are significantly different (p < 
0.05). Significant differences between treatments within each week are designated as **** p < 
0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
 

In Figure 6A, CD4+ T cells comprised the largest component (62.2%) of IFN-γ+ SLLs with 

all other subsets being less than 10% (Figure 6A, 6B). IFN-γ+ CD4+ T cells expressed CD8α 

consistent with a memory phenotype (Figure 6A, 6C). The majority of those memory T cells 

expressed CCR7 depicting a central memory phenotype; the vast majority of IFN-γ+ CTLs also 

expressed CCR7 and were lymph node homing (Figure 6A, 6B, 6C).  As depicted in Figure 6B, 

the majority of IFN-γ+ SLLs reside within CD4+ T cells. In conclusion, the systemic immune 
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response to PRRSV is equivalent for MLV and MLV / 1-7-4 vaccinated gilts; and within blood, 

CD4+ TCM (central memory) cells show the strongest IFN-γ+ production.   

 

Figure 6. Gilt PBMCs composition and disposition (before farrowing): The majority of IFN-γ+ 

SLLs reside within the CD4+ T cell central memory phenotype. A continuation of analysis from 
Figure 5: (A) Gating hierarchy for IFN-γ expression and all lymphocyte subsets (all gilts overlaid); 
(B) composition of IFN-γ+ single living lymphocytes after 1-7-4 stimulation in isolated PBMCs 
(C) % IFN-γ+ CD4+ T cells expressing a memory phenotype after 1-7-4 or MLV stimulation in 
isolated PBMCs; (D) % IFN-γ+ CTLs expressing a tissue homing (CCR7-) phenotype after 1-7-4 
or MLV stimulation in isolated PBMCs. The data were analyzed using Fisher’s LSD repeated-
measures 2-way ANOVA; groups were pooled and compared for weekly differences; dissimilar 
superscripts (a or b) are significantly different (p < 0.05). Significant differences between 
treatments within each week are designated as **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 
0.05. 
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3.6. Piglet peripheral blood (systemic) IFN-γ production following 1-7-4 strain restimulation. 

Overall, when considering the entire population of SLLs isolated from peripheral blood 

(Figure 7A), there were no differences in the percentage of IFN-γ+ SLLs between 0, 2 and 4 wpi; 

however, significant differences did exist for changes of different lymphocyte cell types over the 

course of infection. PBMCs isolated from piglets prior to infection (0 wpi) within 24-hours of 

weaning had strong CD21α+ IFN-γ production (Figure 7D); however, this percentage of IFN-γ+ 

cells decreased significantly at 2 and 4 wpi. Conversely, as expected, the percentage of IFN-γ+ 

CD4+ T cells across treatments increased post infection from 0 wpi (0.032%) to 2 wpi (0.066%) 

and 4 wpi (0.084%) (Figure 7B); the percentage of IFN-γ+ CTLs also increased each sampling 0 

wpi (0.032%) to 2 wpi (0.046%) and 4 wpi (0.112%) (Figure 7C). The only differences between 

treatments occurred at 0 wpi for CD21α+ cells (Figure 7D). The percentage of IFN-γ+ NK cells 

and TCR-γδ T cells remained at mostly background levels across all time points and treatments 

(Figure 7E, 7F).  

In Figure 8A, the gating hierarchy and disposition from 4 wpi is illustrated and is 

consistent with the gating hierarchy from 0 and 2 wpi. Unlike the gilt PBMC hierarchy where IFN-

γ+ cells were on the peripheries of the CD21α+ gate (Figure 6), the majority of IFN-γ+ cells reside 

in the center of the CD21α+ gate confirming the identity of these cells as a CD21α+ B-cell 

phenotype. With respect to the composition of IFN-γ+ SLLs, the highest percentage of IFN-γ+ SLLs 

shifts from CD21α+ cells pre-infection to CD4+ T cells and CTLs at 4 wpi (Figure 8B). There 

were no differences between treatments; but the shift of the contribution of the different 

lymphocyte subsets to the IFN-γ production across time is stark: the CD21α+ cells mean shifts 

respectively from 41.55% at 0 wpi to 52.55% at 2 wpi to 17.22% at 4 wpi; CD4+ T cells increased 

from 22.91% to 24.57% to 45.39%; and CTLs changed from 8.74% to 6.79% to 20.93%. The 
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percentage of IFN-γ+ memory CD4+ T cells increased between 0 wpi and 2 or 4 wpi (Figure 8C), 

while CCR7 expression in IFN-γ+ CTLs (Figure 8D) varied between weeks (65.51%, 46.91%, and 

63.43% respectively); however, this CCR7 expression revealed an overall CCR7- non-lymphoid 

tissue homing phenotype in contrast to the gilt CTLs in Figure 6. Overall, maternal autogenous 

vaccination (TRT 1 and TRT 2) did not demonstrate improved T-cell immunity in piglet peripheral 

blood over TRT 0; however, acute PRRSV-2 infection following maternal vaccination did result 

in virus-specific IFN-γ+ memory CD4+ T cells and CCR7- CTLs at 2 wpi and 4 wpi respectively.  
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Figure 7. Piglet PBMCs %IFN-γ+: Virus-specific IFN-γ+ CD4+ T-cell and CTL percentages 
increase in peripheral blood during acute PRRSV-2 infection. The % of IFN-γ+ cells after 24 hours 
of 1-7-4 restimulation (MOI = 0.1) at 0 wpi (pre-infection), 2 wpi, or 4 wpi: (A) SLLs; (B) CD4+ 
T cells; (C) CTLs (D) CD21α+ cells; (E) NK cells; (F) TCR-γδ T cells. The data were analyzed 
using Fisher’s LSD repeated-measures 2-way ANOVA; groups were pooled and compared for 
weekly differences; dissimilar superscripts (a or b) are significantly different (p < 0.05). Significant 
differences between treatments within each week are designated as **** p < 0.0001. *** p < 0.001, 
** p < 0.01, * p < 0.05. 
  



  136 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Piglet PBMCs composition and disposition: The composition of IFN-γ+ SLLs shifts from 
CD21α+ cells to memory CD4+ T cells and CCR7- CTLs during acute PRRSV-2 infection. A 
continuation of analysis from Figure 7: (A) Gating hierarchy for IFN-γ expression and all 
lymphocyte subsets (all pigs overlaid – 4 wpi); (B) composition of IFN-γ+ single living 
lymphocytes after 1-7-4 stimulation in isolated PBMCs at 0 wpi, 2 wpi, or 4 wpi; (C) % IFN-γ+ 
CD4+ T cells expressing a memory phenotype after 1-7-4 stimulation in isolated PBMCs at 0 wpi, 
2 wpi, or 4 wpi; (D) % IFN-γ+ CTLs expressing a tissue homing (CCR7-) phenotype after 1-7-4 
stimulation in isolated PBMCs at 0 wpi, 2 wpi, or 4 wpi. The data were analyzed using Fisher’s 
LSD repeated-measures 2-way ANOVA; groups were pooled and compared for weekly 
differences; dissimilar superscripts (a or b) are significantly different (p < 0.05). Significant 
differences between treatments within each week are designated as **** p < 0.0001. *** p < 0.001, 
** p < 0.01, * p < 0.05. 
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3.7. Piglet lung / lymph node (local) IFN-γ production following 1-7-4 strain restimulation. 

At necropsy (2 wpi or 4 wpi), the local immune response to PRRSV-2 at the site of infection 

was examined utilizing immune cells isolated from lungs and tracheobronchial lymph nodes. 

Within the lungs and lymph nodes, there were only a few differences between treatments. The 

most striking difference between treatments was for TCR-γδ T cells: at 2 wpi, IFN-γ+ TCR-γδ T 

cells in TRT 2 in both the lungs and lymph nodes were higher than the other TRTs (Figure 9C, 

9F), but by 4 wpi, the differences in TRTs dissipated.  

Overall, the percentage of IFN-γ+ CD4+ T cells and CTLs present in the lung was stunning 

compared to levels present in the peripheral blood. Across treatments, IFN-γ+ cells comprise means 

of 4.58% and 2.72% of CD4+ T cells at 2 and 4 wpi (Figure 9A), while IFN-γ+ cells comprise 

means of 1.72% and 1.88% of CTLs at 2 and 4 wpi (Figure 9B). Means of CD21α+ cells, NK 

cells, and TCR-γδ T cells were all less than 1% (Figure 9C). The lymph node results showed 

higher variations between time points making them more difficult to interpret. For CD4+ T cells, 

there is a strong IFN-γ+ response at 2 wpi, which has dissipated at 4 wpi (Figure 9D); conversely, 

the CTL response is generally negative at 2 wpi and then rises to a low-level response for all 

animals at 4 wpi (Figure 9E). Lastly, apparently consistent with the PBMC data, compared to the 

4 wpi, the CD21α+ cell IFN-γ response is stronger at the earlier 2 wpi time point (Figure 9F). 
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Figure 9. Lung and Lymph Nodes %IFN-γ+: The IFN-γ+ response is much higher locally than 
systemically with CD4+ T cells having the highest IFN-γ+ percentage. The % of IFN-γ+ cells from 
the lungs or tracheobronchial lymph nodes after 24 hours of 1-7-4 restimulation (MOI = 0.1) at 2 
wpi or 4 wpi: (A-C) Lung lymphocyte subsets; (D-F) Tracheobronchial lymph node lymphocyte 
subsets. The data were analyzed using Fisher’s LSD repeated-measures 2-way ANOVA; groups 
were pooled and compared for weekly differences; dissimilar superscripts (a or b) are significantly 
different (p < 0.05). Significant differences between treatments within each week are designated 
as **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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The gating hierarchy for SLL at 4 wpi (Figure 10A) illustrates the sparsity of CD21α+ 

cells, NK cells (probably just CTLs with very low CD3 expression), and TCR-γδ T cells. The 

CD4+ T cell gate on all cells demonstrates a clear separation between CD4+ positive and negative 

cells; however, the IFN-γ+ cells are being divided by the gate, which is also evident for the central 

and effector memory gate. The IFN-γ+ CTL population is grouped tightly within the CTL gate and 

also CCR7- gate. 

Examining the composition IFN-γ+ SLLs at 2 and 4 wpi in the lung amplifies the strong 

response observed in CD4+ T cells and CTLs. At 2 wpi, CD4+ T cells accounted for 40.57% of 

IFN-γ+ cells with CTLs accounting for 23.08%. Conversely, at 4 wpi, CTLs accounted for 47.59% 

of IFN-γ+ cells with CD4+ T cells accounting for 35.81% (Figure 10B). TRT 2 did possess a lower 

composition of IFN-γ+ CTLs than TRT 0 and TRT 1 at 4 wpi in the lung. For IFN-γ+ CD4+ T cells, 

the highest percentage are an effector phenotype at 2 wpi (70.58%) and 4 wpi (39.71%) (Figure 

10C); the CTL CCR7 expression is similar to the 2 wpi and 4 wpi peripheral blood profile with 

greater variability in CCR7 expression across treatments at 2 wpi vs. 4 wpi (Figure 10D).  
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Figure 10. Lung composition and disposition: CD4+ T cells and CTLs comprise the majority of 
the IFN-γ+ response in the lung. A continuation of analysis from Figure 9: (A) Gating hierarchy 
for IFN-γ expression and all lymphocyte subsets (all pigs overlaid – 4 wpi); (B) composition of 
IFN-γ+ single living lymphocytes after 1-7-4 stimulation in isolated lung cells at 2 wpi or 4 wpi; 
(C) % IFN-γ+ CD4+ T cells expressing a memory phenotype after 1-7-4 stimulation in isolated 
lung cells at 2 wpi or 4 wpi; (D) % IFN-γ+ CTLs expressing a tissue homing (CCR7-) phenotype 
after 1-7-4 stimulation in isolated lung cells at 2 wpi or 4 wpi. The data were analyzed using 
Fisher’s LSD repeated-measures 2-way ANOVA; groups were pooled and compared for weekly 
differences; dissimilar superscripts (a or b) are significantly different (p < 0.05). Significant 
differences between treatments within each week are designated as **** p < 0.0001. *** p < 0.001, 
** p < 0.01, * p < 0.05. 
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Lastly, with respect to the disposition of IFN-γ+ cells within SLLs (Figure 11A) in the 

tracheobronchial lymph nodes, the CD21α gate and CD4 gates divide IFN-γ+ cells. Depicted in 

Figure 11B, the composition of IFN-γ+ SLL in the lung at 2 wpi and 4 wpi is as expected with 

CD4+ T cells being the largest component at 2 wpi (58.41%) and 4 wpi (42.81%) followed by 

CD21α+ cells (37.35% and 33.60%, respectively). Also, notably, the composition of CTLs 

increased between 2 wpi and 4 wpi (0.86% to 11.88%). Additionally, there were differences 

between treatments for the composition of IFN-γ+ SLL within CD4+ T cells and CD21α+ cells at 2 

wpi and 4 wpi (Figure 11B). The phenotype of CD4+ T cells shifted between 2 wpi and 4 wpi 

from almost exclusively central memory to a mix between central memory and naïve (Figure 

11C). Additionally, CTL CCR7 expression increased slightly at 4 wpi; however, this change could 

simply reflect the increased contribution of CTLs to overall IFN-γ+ cells (Figure 11D).  

Taken together, cell-mediated immunity measured by IFN-γ+ cells following PRRSV-2 

stimulation is a much higher percentage (>1% cells) at the site of infection in the lungs and early 

in the lymph nodes (2 wpi) than in peripheral blood (~0.1% of cells). Within lymphocyte subsets, 

memory CD4+ T cells and CCR7- CTLs are the highest responders in the lung while CD4+ T cells 

and CD21α+ cells are the strongest responders in the draining lymph nodes during acute PRRSV-

2 infection. 
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Figure 11. Lymph Nodes composition and disposition: CD4+ T cells and CD21α+ cells comprise 
the majority of the IFN-γ+ response in the tracheobronchial lymph nodes. A continuation of 
analysis from Figure 9: (A) Gating hierarchy for IFN-γ expression and all lymphocyte subsets (all 
pigs overlaid – 4 wpi); (B) composition of IFN-γ+ single living lymphocytes after 1-7-4 stimulation 
in isolated lymph node cells at 2 wpi or 4 wpi; (C) % IFN-γ+ CD4+ T cells expressing a memory 
phenotype after 1-7-4 stimulation in isolated lymph node cells at 2 wpi or 4 wpi; (D) % IFN-γ+ 
CTLs expressing a tissue homing (CCR7-) phenotype after 1-7-4 stimulation in isolated lymph 
node cells at 2 wpi or 4 wpi. The data were analyzed using Fisher’s LSD repeated-measures 2-way 
ANOVA; groups were pooled and compared for weekly differences; dissimilar superscripts (a or 
b) are significantly different (p < 0.05). Significant differences between treatments within each 
week are designated as **** p < 0.0001. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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4. Discussion.  

In the present study, we examined the effects of three different gilt vaccination treatments 

on the adaptive immune response in young, nursery piglets upon PRRSV infection. The gilt 

vaccinations were an industry standard MLV (TRT 0) along with the addition of one of two 

different autogenous killed vaccines (TRT 1 or TRT 2). Overall, we observed TRT 1 resulted in 

transfer of maternal NA to piglets, which reduced viremia and lung interstitial pneumonia at 2 wpi; 

TRT 2 had lower NA titers than TRT 1 and similar viremia to TRT 0; however, TRT 2 still 

appeared to provide greater protection than TRT 0 at 2 wpi. Significant differences and conclusions 

for the CMI response (quantified as IFN-γ production) between treatments were not obvious; 

however, this trial did chronicle snapshots of the CMI response to acute PRRSV-2 infection in 

young weaned pigs. This narrative illustrates development of PRRSV-specific memory CD4+ T 

cells and CTLs in the peripheral blood, which migrate to the lungs and tracheobronchial lymph 

nodes to combat infection. This is consistent with PRRSV CMI research and hypotheses for the 

CMI response to infection; however, this is the first paper to comprehensively illustrate these 

changes. 

We are conservative in some of our conclusions because we are missing four control groups 

that would have been helpful but were not necessary to answer the main question of this study; 

ideally, we would have included three treatment groups of piglets from vaccinated gilts that were 

not infected with PRRSV-2 and also a treatment of piglets from unvaccinated gilts that were 

infected with PRRSV-2. The addition of these four groups would have added 48 piglets to the 

study and based upon the research principle of reduction, we chose not to include those groups. 

We can make the following statements about the anticipated results if those groups had been 

included based on the literature: i) gilt vaccination does result in transfer of maternal CMI memory 
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cells [49,50] and IFN-γ SCs, but those SCs are difficult to differentiate from background at one or 

two weeks of age [195]; ii) anti-PRRSV MDA in unchallenged piglets would have remained over 

the course of the four-week study [45,51]; iii) PRRSV-2 infection in piglets from unvaccinated gilts 

would have been more severe than in our treatments due to lack of MDA and CMI transfer 

[51,109,138]. 

The following sections will briefly examine and unify the results. PRRSV-2 infection was 

consistent with previous research and resulted in viremia (Figure 1B), fever (Figure 1C) and lung 

pathology (Figure 2). Differences observed between treatments for viremia (Figure 1B) and lung 

pathology (Figure 2) at 2 wpi did not necessarily result in observable differences in PRRSV 

infected cells in the lung and BAL (Figure 3) at the same time point; PRRSV+ cells in the lung 

and BAL consisted of macrophages, MoDCs (lungs only), and MHC-II- CD172a+ cells (possibly 

neutrophils that phagocytosed PRRSV). With respect to MHC-II expression, PRRSV-2 is 

immunosuppressive [23,148] interfering with type I interferons among other immune modulatory 

actions [62] and during infection can downregulate MHC-II expression in antigen presenting cells: 

PAMs [198] and monocyte-derived dendritic cells [199,200]. In this study, we detect PRRSV 

infection of macrophages and PRRSV+ MoDCs consistent with previous research. The MHC-II- 

CD172a+ cells are most likely neutrophils that phagocytosed viral particles, though not studied in 

PRRSV, this is consistent with bacterial studies [201,202]. 

 The maternal transfer of NAs through suckling (Figure 4) in TRT 1 and TRT 2 probably 

contributed to the reduction in interstitial pneumonia at 2 wpi (Figure 2) and reduced viremia 

(TRT 1, Figure 1); offspring NA titers at weaning were strongly correlated with maternal NA 

titers (Figure 4D) consistent with previous research [45,47].  Notably, for TRT 1, NA titers initially 

declined between 0 wpi through 2 wpi as maternal antibodies decreased, but then they remained 
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consistent from 2 – 4 wpi foreseeably as piglet NA titers emerged and may indicate maternal 

transfer of PRRSV-specific T cells and B cells that assisted with more rapid production of NA 

titers than occurred for TRT 0; low NA titers emerged in two pigs at 4 wpi in TRT 0 (Figure 4C). 

When comparing maternal NA titers to 1-7-4 (TRT 1 higher than TRT 0 and TRT 2, Figure 4B) 

with 1-7-4 induced IFN-γ production (no TRT differences, Figure 5), we observe a key 

relationship between humoral immunity and CMI: NA titers often only react to homologous 

PRRSV strains, but CMI often exhibits greater cross-reactivity between heterologous PRRSV 

strains [84] and provides greater protection than no vaccination [51]. The majority of peripheral 

blood PRRSV-specific maternal IFN-γ+ lymphocytes were CD4+ T cells with a central memory 

phenotype (Figure 6) and foreseeably these were transferred to piglets in colostrum; Bandrick et 

al. demonstrated differences in T-cell phenotypes between maternal blood, colostrum, and piglet 

blood; however, the antigen-specific T-cell proliferative response was consistent between 

colostrum and piglets [50]. Returning to our symphony analogy, maternal memory cells and 

antibodies are transferred to offspring [44] based primarily upon what is circulating in the 

peripheral blood because these are the current or recent pathogens present in the mother’s 

environment. The phenotypes differ between maternal blood and colostrum with plasma cells also 

migrating to the mammary glands for increased antibody transfer, but this suggests a rationale for 

repeated booster vaccination of sows during gestation as a method to increase transfer of passive 

immunity to piglets and would be worthy of further analysis. 

With respect to maternal transfer of PRRSV-specific memory cells to offspring, we do not 

observe a strong indication of circulating 1-7-4 responsive memory T cells at 0 wpi prior to 

infection. Piglet absorption of maternally-derived immune cells occurs through the first week of 

suckling and may continue longer based upon the continued presence of  immune cells in milk 
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[44]. Additionally, the IFN-γ+ CD4+ T cells did not exhibit an effector memory phenotype. 

Additionally, despite the high presence in the lungs of IFN-γ+ TCR-γδ T cells, we did not observe 

this characteristic in the blood. This does not mean effector memory and TCR-γδ T cells transfer 

did not occur, but only that we did not detect them with our testing at two weeks after farrowing. 

The highest concentration of maternal cell transfer occurs in with colostrum uptake within the first 

24-48 hours after farrowing.   

As expected and consistent with our previous research [109], IFN-γ production increased in 

peripheral blood CD4+ T cells and CTLs over the 4-week course of acute PRRSV-2 infection 

(Figure 7B, 7C) and the percentage of central and effector memory increased  as well (Figure 

8C). CD21α+ cells (Figure 7D, 8B) displayed strong initial IFN-γ production and the reason for 

this is unknown: it could be maternal transfer of cells [46], especially innate B cells [203]; or it 

might be just background IFN-γ production [195] after weaning. However, the proportion of 

CD21α+ IFN-γ+ cells within all SLLs decreased over time being replaced by CD4+ T cells and 

CTLs. The characteristics observed in peripheral blood was consistent with what we observed at 

necropsy in the lungs and tracheobronchial lymph nodes (Figures 9-11): In the lungs at the initial 

site of infection, PRRSV-specific cell-mediated immunity (CD4+ T cells and CTLs) ranged 

between 1-5% of the T-cell subset and approached 10% or more in some pigs (Figure 9); similar 

percentages were observed in CD4+ T cells in the lymph nodes at 2 wpi; however these levels were 

gone by 4 wpi and were never at such a high percentage in lymph node CTLs (Figure 9). The high 

percentage of PRRSV-specific IFN-γ+ CD4+ T cells and CTLs in the lungs is substantially higher 

to the approximately 0.1% IFN-γ+ in stimulated PBMCs (Figure 7B, 7C); and it illustrates the 

migration and concentration of effector memory cells and CTLs at the site of infection.  
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Within the lungs (Figure 10B), CD4+ T cells and CTLs are the highest IFN-γ+ producers 

and shift in dominance between 2 wpi and 4 wpi. Systemic CD4+ memory T cells were primarily 

a central or effector memory phenotype at 2 wpi and 4 wpi. Notably, the percentage of naïve CD4+ 

T cells was higher in the lungs (Figure 10C) and lymph nodes (Figure 11C) at 4 wpi than 2 wpi; 

this result appears to be inconsistent with the shift we would expect and requires further 

investigation of CD4+ memory T-cell IFN-γ+ production; the effector phenotype of IFN-γ+ CD4+ 

T-cells in the lungs confirms our understanding of migration as does the lack of the effector 

phenotype in the tracheobronchial lymph nodes. As would be expected, IFN-γ+ CTLs in the lung 

are mostly CCR7- (Figure 10D) and CCR7+ in the lymph nodes (Figure 11D). Within the 

tracheobronchial lymph nodes (Figure 11B), CD4+ T cells and CD21α+ B cells are the highest 

IFN-γ+ producers with similar contributions and a rise of CTLs at 4 wpi. The evidence of CD4+ T 

cells and CD21α+ B cells from the tracheobronchial lymph nodes both producing IFN-γ provides 

an indication that the cell types could be involved in producing IFN-γ in order to effect class-

switching from IgM to IgG [204]. 

For TRT 2 at 2 wpi, we observed strong IFN-γ production from TCR-γδ T-cells in the lung 

and lymph nodes (Figure 9C, 9F) and partly with TRT 1 TCR-γδ T-cells in the lung only. This 

potentially demonstrates the mechanistic reason for improved performance of TRT 2 pigs over 

TRT 0 pigs at 2 WPI. Any other evidence for improved performance between TRT 2 and TRT 0 

is not apparent (TRT 1 had higher NA titers and lower viremia than TRT 0). Indicating the 

importance of TCR-γδ T-cells to maternally-derived immunity, a separate colostrum study 

revealed that TCR-γδ T-cells comprise the highest percentage of colostrum and increase the 

percentage of TCR-γδ T-cells in piglet blood after suckling [50]. We did not observe a strong role 

for TCR-γδ T cells (Figures 7F, 8B) in the peripheral blood, which conflicts with our previous 
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study [109]. We hypothesize two reasons for this difference: these pigs possessed an immature 

immune system [23] and were two weeks younger than pigs in that study; and in that study, the 

TCR-γδ T-cell response appeared strongest after clearance of viremia – a period we did not include 

in this study. Additionally, NK cells did not appear to play an important role in IFN-γ production 

following PRRSV-2 restimulation (Figures 7E, 8B, 9C, 9F).  

In our previous paper [109], we evaluated the CMI response to PRRSV-2 with PRRSV-

induced in vitro T-cell proliferation (90 hour culture) and cytokine production (IFN-γ, TNFα, and 

IL-2) (18 hour culture). This study, we only evaluated in vitro T-cell IFN-γ production (24 hour 

culture, plus overnight rest) but included a staining to differentiate B cells and NK cells. IFN-γ 

production decreases over time in in vitro culture, but proliferation assays work by amplifying 

differences in cells over time. We have been working towards an effective protocol for evaluating 

both proliferation and IFN-γ in one FCM staining / test utilizing Ki-67 to differentiate proliferation 

as recently demonstrated [205] and hope this combined test will provide greater fidelity to 

distinguish PRRSV responding cells from background. Since not all PRRSV-specific immune 

cells produce IFN-γ and not all cells proliferate, combining both metrics will enable us to better 

differentiate PRRSV-specific central memory and effector memory phenotypes. 
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CHAPTER 5 

Porcine Adaptive Immunity Vulnerability Analysis to PRRSV Infection 

Author’s viewpoint: 

The complexity and design of the mammalian immune system is awe-inspiring. Whether 

one believes the design evolved through natural selection or was designed by an intelligent 

transcendent being does not change its mystery, intricacy, redundancy, or purpose. The 

mammalian immune system has two mutually supporting missions: distinguish between friend and 

foe (foreign or internal (cancer, microbiome)) and eliminate foes while preserving self. As a US 

Army officer, I observe many similarities between the immune system’s design and vulnerabilities 

with the operational approach planning tool employed by military joint operational planners. 

Joint Publication 3-0 is the US Department of Defense manual for Joint Operations. Figure 

V-7 (JP 3-0) illustrates a key concept for how joint planners should apply an operational approach 

to a large-scale combat operation by describing the operation by different phases and identifying 

transitions. Combat operations are continuous operations, yet phases guide operational planning 

and act as controls; operational activities in one phase (shaping, deterring) will continue into other 

phases, but additional capabilities will be combined in order to achieve the desired effect. Figure 

V-7 also clearly illustrates the idea of transitions: The greatest vulnerability during a combat 

operation occurs at transitions, the change between phases.  JP 3-0 outlines key principles for 

transitions: occur over time and space, driven by events not time, and changing situations require 

operational changes. Finally, Figure V-7 (Chapter 5, Figure 1) phase names accurately describe an 

immune response: shape, deter, seize the initiative, dominate, stabilize, enable civilian control 

(return to non-aggressive state), and shape.  
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Table 1 applies the concepts and phases of JP 3-0, Figure V-7 (Chapter 5, Figure 1) to 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) infection and the adaptive 

immune response to identify the transitions during infection: Transitions illuminate the 

vulnerabilities of the immune response and knowledge gaps are extrapolated from those 

vulnerabilities. From the knowledge gaps, we pose research questions to help guide future PRRSV 

research. 

 

Figure 1. Copied from Joint Publication 3-0, Figure V-7. No permission required. 
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Table 1. Immune response transitions / vulnerabilities for future PRRSV research. 

Phase PRRSV  Porcine immune 
response 

Transition 
(vulnerability) 

Knowledge 
gap 

Research 
question(s) 

Shape • Farm 
circulation 

• Mucosal barriers 
• Innate immunity 
• MDI 
• Adaptive immunity AM, Ig 

production, and Ig class 
switching from vaccination 

• Farm management 
practices 

• Exposure prior to 
vaccine efficacy 
achieved 

• Exposure to 
heterologous strain 

 

• Vaccination 
induced Ig class 
switching  

• Cross-reactive 
epitopes 

• Duration of  
autogenous vaccine 
efficacy 
 

• What vaccines / 
adjuvants result 
in Ig class 
switching and 
cross-reactive 
epitopes? 

• What is the 
timeline from 
viral isolation 
to autogenous 
vaccine 
production / 
administration 
compared to 
farm strain 
mutations after 
vaccination 
pressures? 

Deter • Enter 
respiratory 
system and 
infect 
macrophages 

• Mucosal barriers 
• Innate immunity 
• Respiratory secreted 

neutralizing IgG and IgA 
• TEM  direct macrophage 

phagocytosis with IFN-γ 
• TCR-γδ T cells survey 

mucosa and periphery 

• PRRSV 
immunosuppression 

• Vaccination did not 
result in Ig class-
switch and secretion 

• IgG and IgA not 
cross-reactive with 
heterologous strains 

• TEM and CTLs not 
activated 

• Secreted 
respiratory IgG and 
IgA NA titers 
required to prevent 
infection 

• Role of TEM and 
CTLs in deterring 
PRRSV reinfection 

• How do serum 
NA titers and 
duration 
compare to 
nasal IgG and 
IgA titers and 
duration? 

• How do 
challenge doses 
compare to 
farm exposure? 

Seize the 
Initiative 

• Replicate in 
the BAL and 
lungs 

• Respiratory 
shedding 

• APCs present PRRSV and 
migrate to LNs to present to 
T cells and B cells 

• B cells produce NA and 
class-switch to IgG 

• Resident TEM produce IFN-γ 
and CTLs kill infected cells  

• TCR-γδ proliferation, IFN-γ 
production and migration to 
LN 

• PRRSV 
immunosuppression 

• Secreted IgG and 
IgA not effective 

• Resident TEM and 
CTLs fail to direct 
IR preventing 
PRRSV infection 
and replication  

• APCs present 
PRRSV 

• Secreted IgG and 
IgA 

• Resident TEM and 
CTLs actions upon 
initial heterologous 
infection 

 

• How do TEM, 
TCR-γδ, and 
CTLs 
overwhelm 
PRRSV in 
lungs 
preventing 
viremia? 

• How do anti-
PRRSV T-cell 
phenotypes in 
the blood 
correlate with 
the lungs? 

Dominate • Viremia and 
spread to 
lymphatic 
system 

• Respiratory 
shedding 

• B-cell proliferation, AM and 
plasma cells produce 
overwhelming serum and 
secreted NA  

• T-cell proliferation, AM, and 
migration of TEM and CTLs 
to periphery and TCM to LNs; 
high IFN-γ production 

• T-cell subsets in high 
concentration in peripheral 
blood 

• TCR-γδ proliferation, IFN-γ 
production and migration to 
LN 

• IR delayed; 
secondary bacterial 
infection occurs 

• Pig immune system 
not fully developed 
until 4 weeks old 

• Variable T-cell 
responses 

• Viremia cleared; 
PRRSV persists in 
lymphatic system / 
semen 
 

• Immune 
components 
resulting in delay, 
induced Tregs 

• T-cell CoP; IFN-γ, 
CTLs, TEM and TCM 

• Bacterial and viral 
pathogens most 
likely to cause 
secondary diseases, 
PRDC 
 

• What direction 
does the CNS 
provide to the 
immune system 
to transition to 
dominating 
operations and 
also to return to 
suppressive 
state? 

• What are best 
measures for T-
cell response: 
IFN-γ and 
proliferation? 
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Table 1 continued. 

Phase PRRSV  Porcine immune 
response 

Transition 
(vulnerability) 

Knowledge 
gap 

Research 
question(s) 

Stabilize • Viremia 
clearance; 
lymphatic 
system 
persistence 

• No 
respiratory 
shedding 

• Innate immunity clears 
neutralized virus 

• Memory B cells continue 
AM and plasma cells 
secrete NA; serum NA 
titers and secreted NAs 
remain and slowly decline  

• Circulating memory T cells 
decline but CTLs, TEM and 
TCM, TCR-γδ T cells 
continue to clear infection 
at periphery 

• CD4+ T-cell phenotypes 
begin to shift from Th to 
Tregs  

• Viremia rebound 
• Secondary 

infections 
overwhelm IR 

• Long-term PRRSV 
persistence in 
lymphatic system 
 

 

• Biphasic PRRSV 
infection, viremia, 
and shedding 

• Treg induction 
timeline / 
influences 
 

• How does an 
effective early 
adaptive IR 
shorten 
duration of 
viremia and 
increase 
performance; 
what genetics / 
vaccines 
promote early 
IR?  

Return to  
suppressive 
state 

• Lymphatic 
system 
persistence / 
clearance 

 

• Innate immunity 
• Serum NA titers and 

secreted NAs remain and 
slowly decline 

• Circulating CTLs, TEM and 
TCM, decline in blood; TCR-
γδ T cells remain in blood 
longer 

• Tregs dominate IR 
producing IL-10 and TGF-β 

• Modification of 
Treg induction and 
PRRSV thymus 
dysregulation 

• Memory T cells not 
maintained at 
periphery 

• PRRSV persistence 
in lymphatic system 

• Characteristics of 
long-term memory 
IR in lungs and 
LNs 

• Infectivity of 
PRRSV 
persistence  
 

• Can pigs that 
cleared PRRSV 
infection and 
are not viremic 
infect naïve 
pigs upon 
entrance to 
nursery or 
finishing? 

Shape • Farm 
circulation 

• Mucosal barriers 
• Innate immunity 
• Respiratory secreted 

neutralizing IgG and IgA / 
serum NAs 

• TEM / CTLs / TCR-γδ T 
cells in periphery  and TCM 
in LN 

• Protected from 
homologous re-
exposure 

• Protection from 
heterologous 
exposure is age and 
strain dependent 

• Extent of PRRSV 
genetic diversity 
and protection 
upon re-exposure 

• To what extent do 
sow NAs decrease 
over time and what 
is the effect of 
booster 
vaccinations on 
MDAs 

 

• Do autogenous 
booster 
vaccinations 
during 
gestation 
increase 
transfer of 
homologous 
NA titers for 
higher parity 
sows? 

• What are the 
phenotypes of 
maternally 
transferred anti-
PRRSV B cells 
and T cells and 
to where do 
they migrate in 
offspring? 

• What role do 
TCR-γδ T cells 
play in MDI? 

 
Acronyms: APCs – antigen presenting cells, CoP – correlates of protection, CTLs – cytotoxic T-
lymphocytes, Ig – immunoglobulin, IR – immune response, LN – lymph nodes, MDA – 
maternally-derived antibodies, MDI – maternally-derived immunity,  NA – neutralizing 
antibodies, PRDC – porcine respiratory disease complex, Th – T helper, TCM – Th central memory, 
TEM – Th effector memory, Treg – Regulatory T cells 
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Compartmentalizing PRRSV infection and the porcine immune response into phases was 

valuable as it required us to first understand and categorize specific elements of the immune 

response as either initial entry forces (phases: shape, deter, seize the initiative), decisive action 

forces (phases: dominating, stabilizing) or security forces (phases: stabilizing, suppression, shape) 

and second to identify the vulnerabilities in each phase that impact the transition to the following 

phase. Additionally, it revealed the capacity of an overwhelming early immune response (deter / 

seize the initiative) to return to shaping operations. Finally, the vulnerability analysis made us 

consider some knowledge gaps and worthwhile achievable research questions. 

Our vulnerability analysis and knowledge gaps revealed themes that we summarize in the 

below broad questions:  

i) What is the role of neutralizing IgG and IgA in deterring PRRSV infection? 

ii) What are the specific roles of T-cell subsets / phenotypes (TCM, TEM, Treg, CTLs, and 

TCR-γδ T cells) in PRRSV infection and how can we most accurately quantify their tissue specific 

in vivo response with in vitro methods from peripheral blood and isolated tissues? 

iii) What are the characteristics of PRRSV infection from initial infection (minimum 

exposure, CD163 binding, neutralizing antibody epitopes) to viremia and whole body clearance; 

what are the vulnerabilities of PRRSV? 

We plan to address these questions through the following research lines of effort: i) expand 

and refine evaluation methods for serum and secreted NA; ii) improve T-cell evaluation methods 

beyond IFN-γ production and proliferation as separate measures and develop T-cell 

immunohistochemistry stainings to visualize the roles of anti-PRRSV T-cell subsets in the 

periphery; and iii) support vaccine evaluation studies to determine PRRSV vulnerabilities.  
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