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ABSTRACT

This study evaluated the early modulation of the phenotype and cytokine secretion in swine immune cells treated
with an engineered killer peptide (KP) based on an anti-idiotypic antibody functionally mimicking a yeast killer
toxin. The influence of KP on specific immunity was investigated using porcine reproductive and respiratory syn-
drome virus (PRRSV) and porcine circovirus type 2 (PCV2) as ex vivo antigens. Peripheral blood mononuclear
cells (PBMC) from healthy pigs were stimulated with KP and with a scramble peptide for 20 min, 1, 4 and 20 h
or kept unstimulated. The cells were analyzed using flow cytometry and ELISA. The same time-periods were used
for KP pre-incubation/co-incubation to determine the effect on virus-recalled interferon-gamma (IFN-y) secreting
cell (SC) frequencies and single cell IFN-y productivity using ELISPOT. KP induced an early dose-dependent shift
to pro-inflammatory CD172«* CD14 *M8h monocytes and an increase of CD3*CD16* natural killer (NK) T cells.
KP triggered CD8x and CD8p expression on classical CD4-CD8af* cytotoxic T lymphocytes (CTL) and double
positive (DP) CD4*CD8a* Th memory cells (CD4*+CD8x* oW CD8p*1oW). A fraction of DP cells also expressed

Porcine circovirus type 2 (PCV2) high levels of CD8a. The two identified DP CD4 * CD8q *high cpgp+low/+high CTL, subsets were associated with

tumor necrosis factor alpha (TNF-«) and IFN-y secretion. KP markedly boosted the reactivity and cross-reactivity
of PRRSV type-1- and PCV2b-specific IFN-y SC. The results indicate the efficacy of KP in stimulating Th1-biased
immunomodulation and support studies of KP as an immunomodulator or vaccine adjuvant.

Abbreviations: Ab/s, antibody/ies; ADCC, antibody-dependent cell-mediated cytotoxicity; ADV, Aujeszky’s disease virus; A-10-S (AKVTMTCSAS), alanine-lysine-valine-threo-
nine-methionine-threonine-cysteine-serine-alanine-serine (killer peptide, KP); APC, antigen presenting cells; ASFV, African swine fever virus; BSA, bovine serum albumin; Cap, capsid;
CD, cluster of differentiation; CD172a, CD172 alpha; CD8«, CD8 alpha; CD8p, CD8 beta; CD8af, CD8 alpha/beta (heterodimer); cRPMI, complete RPMI; CSFV, classical swine fever
virus; CTL, cytotoxic T lymphocytes; Da, Dalton; DP CTL, double positive (CD4*CD8a™) cytotoxic T lymphocytes; DC, dendritic cells; DMSO, dimethylsulfoxide; ELISA, enzyme-linked
immunosorbent assay; ELISPOT, enzyme-linked immunospot; F(ab), fragment antigen-binding; F(ab’),, divalent fragment antigen-binding; FBS, foetal bovine serum; Fc, fragment crys-
tallizable; FcRIIIL, Fc receptor 3; FITC, fluorescein isothiocyanate; FMO, fluorescence-minus-one; Fmoc, 9-fluorenylmethoxycarbonyl; hi, heat-inactivated; HCV, hepatitis C virus; HIV-1,
human immunodeficency virus type 1; HSV-1, herpes simplex virus type 1; IFN-y, interferon-gamma; Ig, immunoglobulin; IL, interleukin; k, kappa light chain; KP, killer peptide; KT, killer
toxin; LAK, lymphokine-activated killer; , ; MHC-II, major histocompatibility complex type 2; MLV, modified live virus; MOI, multiplicity of infection; MSTAVSKCAT, methionine-ser-
ine-threonine-alanine-valine-serine-lysine-cysteine-alanine-threonine (scramble peptide, SP); MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MW, molecular weight;
NK, natural killer; N10K, NQVSLTCLVK (asparagine-glutamine-valine-serine-leucine-threonine-cysteine-leucine-valine-lysine); NKT, natural killer T; OD, optical density; PBMC, peripheral
blood mononuclear cells; PBS, phosphate buffer saline; PE, phycoerythrin; PE/Cy7, phycoerythrin/cyanin 7; PCV2b, porcine circovirus type 2b; PHA, phytohemagglutinin; pl, isoelectrical
point (IEP); PRRSV-1, porcine reproductive and respiratory syndrome virus type 1 (European); PRRSV-2, porcine reproductive and respiratory syndrome virus type 2 (North American);
qPCR, quantitative polymerase chain reaction; RNA, ribonucleic acid; RPMI, Roswell Park Memorial Institute; RT, reverse transcription; SD, standard deviation; SDS, sodium dodecyl
sulfate; SIGN-R1, specific ICAM-3 (intercellular adhesion molecule 3) grabbing non-integrin receptor 1; SP, scramble peptide (MSTAVSKCAT); Th1, T helper 1; VHCDR3, variable heavy
chain complementary-determining region 3.
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1. Introduction

Several antibody (Ab)-derived small peptides display an intrinsi-
cally wide spectrum of activity in vitro and in vivo against distinct in-
fectious pathogens. In humans, these molecules may act as a type of
natural defense system, together with endogenous antimicrobial pep-
tides (AMP) that include a- and p-defensins, cathelicidins, and gran-
ulysin [1], natural Abs, and other soluble inflammatory/immune fac-
tors such as lipopolysaccharide binding protein (LBP) and the comple-
ment system [2]. Among these peptides, Ab fragments and anti-idio-
typic Ab-derived killer toxin functional mimotopes have been studied
for their potential use as anti-infective compounds against microbial and
viral agents responsible for major infections in humans and domestic
animals. AKVTMTCSAS is the first engineered anti-idiotypic Ab-derived
killer peptide (KP) shown to have significant antimicrobial effect in vitro
against Candida spp., Cryptococcus neoformans, Paracoccidioides brasilien-
sis, Acanthamoeba castellanii, Leishmania major and Leishmania infantum,
Toxoplasma gondii, and Malassezia pachydermatis [3—-10]. KP proved to
display inhibitory activity against human immunodeficiency virus type 1
(HIV-1), human and avian influenza A viruses, and herpes simplex virus
type 1 (HSV-1) in vitro and in vivo [11-13].

However, information on the immunomodulatory properties of KP
are scarce. It was demonstrated that KP displays immunomodulatory ac-
tivity by interacting with murine innate immune cells such as dendritic
cells (DC) and macrophages via receptors involved in immune cell in-
ter-communication (SIGN-R1, MHC-II, CD16, CD32). These interactions
result in the up-regulation of the co-receptors CD8x, CD80, and CD40,
which in turn, can trigger lymphocyte activation and cytokine release
[14]. Different mechanisms of action are involved in this wide spectrum
of activity, in part owing to the ability of KP to spontaneously and re-
versibly self-assemble and slowly release its dimeric form over time and
to interact, for example in fungi such as Candida albicans, with specific
f-1,3-glucan containing cell wall receptors [15-18].

The pig is a potentially interesting species with regard to addressing
KP modulation of the immune system, since pigs share several important
immunological features with humans [19,20].

For example, porcine blood CD172a"CD14* monocytes, which can
up-regulate CD14 expression upon stimulation (CD14*"8") monocytes
in terms of genes related to immune activation [21]. These cells are in-
volved in the first line of defense against different pathogens by evolv-
ing to macrophages, acting as antigen presenting cells (APC), displaying
natural recognition mechanisms, chemotaxis to inflammatory sites and
inducing inflammatory reactions due to the interaction between CD14
and the lipopolysaccharide (LPS) of gram-negative bacteria. They can
express chemokines/chemokine receptors including C-C chemokine re-
ceptore type 1 (CCR1), interleukin (IL)-8RB/R2, and C-X-C motif chemo-
chine receptor 2 (CXCR2); release pro-inflammatory cytokines including
tumor necrosis factor-alpha (TNF-a) and IL-18; and express inflamma-
tory molecules (e.g. S100A8)/recruit neutrophils [21].

Natural killer (NK) cells act using innate recognition/cytotoxic mech-
anisms which share with NKT cells. These mechanisms include recog-
nition of Ab-opsonized cells by CD16, an activating receptor (FcyRIII)
involved in Ab-dependent cell-mediated cytotoxicity (ADCC), and the
release of perforins and granzymes that mediate direct cell killing and
apoptosis of virus-infected cells and cancer cells. The activity of these
cells is triggered by innate cells such as macrophages or T lymphocytes
that produce TNF-a and interferon-gamma (IFN-y), respectively [22].
NKT cells are also involved in anti-viral response regulation [23,24].
Considering that porcine and human NKT cells share several features
[25,26], the porcine model could be promising for comparative studies.

Proper activation and amplification of the immune response are de-
pendent on T helper (Th) lymphocytes, which can be influenced by the
extent and features of innate cell reactivity and APC, leading to the
secretion of a variety of cytokines [20,27]. Thl lymphocytes are in-
volved in the anti-viral responses where IFN-y plays a key role in sus-
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taining both innate functionality and the efficiency of adaptive immune
T cells, such as “classical” CD4~CD8a*ighCD8B* cytotoxic T lympho-
cytes (CTL) and double positive (DP) CD4"CD8a* memory T cells,
which are present in relatively high numbers in pig blood [28,29]. The
activation status of these subsets and their interplay is crucial during
both the early phase of many viral infections and also the late phase for
complete clearance or virus control [23,30-33]. Up-regulation of CD8«
can occur in T lymphocytes in response to different antigenic stimuli and
can be used to evaluate an activated status [22,27,34]. Interestingly,
porcine CD4*CD8a ™ DP CTL expressing CD8p have been so far detected
in immune pigs [22]. Upon viral infections caused by Aujeszky’s disease
virus (ADV) [35], classical swine fever virus (CSFV) [31], African swine
fever virus (ASFV) [32], and porcine reproductive and respiratory syn-
drome virus type 2 (PRRSV-2) [36], DP CTL have been related to a poly-
functional phenotype, displaying both memory and cytotoxic functions
through the secretion of granzyme B, perforin and IFN-y.

In a previous study in adult pigs [37], we found that prolonged treat-
ment with KP induced a wide range of immune modulation in both in-
nate and adaptive immune cells within peripheral blood mononuclear
cells (PBMC). A dose-dependent shift in quiescent circulating monocytes
to a pro-inflammatory CD172a* CD14 *high phenotype was observed to-
gether with an increase of CD3¥CD16" NKT cells. Furthermore, the
reduction of naive CD4*"CD8ua~ Th lymphocytes was associated with
the up-regulation of CD8« on CD4*CD8a* memory Th cells. Activated
CD25%CD16™" cells and classical CD8B* CTL also increased following
prolonged KP exposure [37].

The present study investigates the early in vitro immunomodulatory
effects of KP on innate immune cells and acquired T lymphocyte sub-
populations in terms of phenotypical/functional changes and cytokine
secretion. These assessments can reveal important properties and effects
of the engineered Ab-derived peptide on pivotal immune subsets.

Furthermore, an ELISPOT assay was used to evaluate the potential
immunomodulatory effects of KP on virus-specific homologous and het-
erologous IFN-y secreting cell (SC) ex vivo recalled responses in pigs vac-
cinated against PRRSV and porcine circovirus type 2 (PCV2), which are
predominant pig pathogens.

2. Materials and methods
2.1. Animals and sample collection

PBMC were collected from healthy adult hybrid pigs from two con-
ventional commercial herds in Northern Italy. Animals were intramus-
cularly vaccinated at weaning against PRRSV (MLV PRRSV-1 DV
strain-based Porcilis® PRRS vaccine; MSD-Animal Health, Whitehouse
Station, NJ, USA) and PCV2 (subunit PCV2a Cap-based Porcilis® PCV
vaccine; MSD-Animal Health), as previously described [33,38]. The ab-
sence of PRRSV and PCV2 infections was confirmed in blood samples
by reverse transcription-quantitative PCR (RT-qPCR) and qPCR, respec-
tively, according to previously established protocols [30]. The absence
of PRRSV infection was also assessed by serology. Mycoplasma hyopneu-
moniae negativity was checked by serology. A group of 10 animals was
kept unvaccinated for both antigens and served as the negative control
group for quantification of virus-specific IFN-y SC. All pigs of the un-
vaccinated group were tested for the same pathogens and confirmed as
negative. Blood samples were collected in lithium heparin and kept at
room temperature with gentle agitation until processed for PBMC isola-
tion within 4 h. Two independent experiments were carried out on 10
animals for each experiment.

2.2. Killer peptide (KP)

The KP, also defined as A-10-S (AKVTMTCSAS), MW 998.18 Da, pl
8.27, was synthesized as a dimer by Fmoc solid-phase peptide synthe-
sis (SPPS). The lyophilized powder was dissolved in dimethylsulfoxide
(DMSO) at 20 mg/mL (Sigma-Aldrich, St. Louis, MO, USA) and prop-
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erly diluted before use. Controls included unstimulated cells (negative
control containing the same dilution of DMSO) and cells incubated
with a synthesized scramble peptide based on the KP sequence (SP,
MSTAVSKCAT) in DMSO in order to exclude a response to an irrelevant
peptide [39]. Peptide purity was checked by high performance liquid
chromatography (HPLC). The purity was >95 % for both KP and SP.

2.3. Isolation of porcine PBMC

PBMC were isolated by Histopaque-1077® density gradient
(Sigma-Aldrich) as previously described [38]. The cells were washed
twice with sterile PBS + 1% heat inactivated (hi) foetal bovine serum
(FBS) and suspended in complete RPMI-1640 (cRPMI-1640) + 10 %
DMSO + 40 % hi FBS (Gibco, Carlsbad, CA, USA). Each suspension
was frozen at —80 °C and stored in liquid nitrogen. Thawed cells were
washed twice with ¢cRPMI-1640 + 10 % hi FBS, resuspended in the
same medium, and checked for viability based on Trypan blue exclusion
(Sigma-Aldrich). Cell viability was >90 % in all samples prior to stimu-
lation with KP or SP and subsequent analyses.

2.4. Lymphoproliferation/cytotoxicity assay with KP

An assay based on 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; Sigma-Aldrich) was performed to evaluate lym-
phoproliferation/metabolic activity and cytotoxicity upon KP treatment.
Briefly, PBMC were plated at 2 x 10° cells/well (100 uL) in flat-bot-
tom 96-well plates in duplicate and incubated for 48 and 72 h. Incuba-
tion with phytohemagglutinin (PHA, 5 pg/mL) was used as the positive
control. During the last 3 h, 10 pl of 5 mg/mL MTT in sterile PBS were
added. After incubation, 100 pl of 0.01 N HCl + 10 % sodium dodecyl
sulfate (SDS) were added to develop the reaction. After overnight in-
cubation, plates were read using a Victor-3™ 1420 Multilabel Counter
(PerkinElmer, Waltham, MA, USA) and stimulation indexes were cal-
culated as the ratios between the optical density at 540 nm (ODs40nm)
in PHA-, SP-, or KP-stimulated cells and ODs40ny, in unstimulated cells
(negative control) after subtraction of the mean value in the cell-free
control and the ODggonm, Value (reference value).

2.5. Analysis of immune subsets in PBMC upon KP stimulation

The effect of KP stimulation was evaluated in vitro on immune sub-
sets within PBMC by flow cytometry (FCM) using previously estab-
lished protocols [23,29,30,33,37,40]. Briefly, PBMC (1 X 10° cells/
mL) were incubated in snap-cap tubes (Sarstedt, Niimbrecht, Germany)
in cRPMI-1640 + 10 % hi FBS for 20 h with the addition of 0, 10, 20,
and 40 pg/mL KP or SP for the whole period or for the last 4 h, 1 h, and
20 min, at 37 °C, 5% CO».

Table 1
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After stimulation, samples were surface stained for CD172a/CD14,
CD3/CD4, CD3/CD8a, CD3/CD8f, CD4/CD8w/CD8PB, and CD3/CD16.
The details of the reagents used for FCM analysis are provided in Table
1. The phenotypes of the immune subsets analyzed are listed in Table 2.
Negative controls consisted in unstained PBMC or PBMC incubated with
secondary Ab. Fluorescence-minus-one (FMO) controls were included
for each staining combination. CD8p staining was performed by incubat-
ing cells with the specific primary Ab followed by the secondary Ab for
15 min on ice, before adding Abs for the other markers.

The analysis of CD16+ cells was related to NK (CD37) and NKT
(CD3 1) subsets by evaluating cells in the lymphocyte gate [22,24]. Cell
samples were also stained with 1/1000 Sytox® AADvanced™ (Invitro-
gen, Paisley, UK) to exclude dead cells from the analysis, which com-
prised <20 % in all samples, independent from KP concentration. The
analysis was performed using a Cytomics FC500 dual laser flow cytome-
ter and CXP software (Beckman Coulter, Indianapolis, IN, USA) based on
doublet discrimination, live cells, and lymphocyte or PBMC (extended to
include monocytes) gating after acquisition of at least 40 000 cell events
(Fig. 1).

Washes after each surface staining were performed with 2 mL of
PBS + 1 % hi FBS except for the step before/after Sytox AADvanced, in
which PBS was used according to the manufacturer’s recommendations.

Cell analysis was performed to evaluate and quantify the cellular re-
sponses to KP. The responses are expressed as percentages. The levels of
all cell subsets incubated with KP were compared to the levels of unstim-
ulated cells and SP-incubated cells. As the unstimulated cell values and
SP-incubated cell values were almost identical (and therefore not statis-
tically different), only the values in unstimulated samples are shown in
each figure.

2.6. Quantification of cytokine release in supernatants of KP-stimulated
PBMC

PBMC were incubated in 24-well plates (4 X 10° cells/mL) for 20 h
with the addition of 0, 10, 20, and 40 pg/mL KP or SP for the whole
period or for the last 4 h, 1 h, and 20 min, at 37 °C, 5% CO,. The sam-
ples were then centrifuged at 400 X g and supernatants were collected
to evaluate IFN-o, TNF-o, IFN-y, and IL-10 secretion. Cytokine concen-
trations were quantified using commercial species-specific solid-phase
sandwich ELISA kits (swine TNFa, IFN-y, and IL-10 ELISA Kits, Thermo
Fisher Scientific — Life Technologies, Carlsbad, CA, USA; RayBio®
Porcine IFN-alpha ELISA Kit, RayBiotech, Norcross, GA, USA) and a
Victor-3™ 1420 Multilabel Counter equipped with a 450 nm filter
(PerkinElmer, Waltham, MA, USA). Lower limits of detection (LLD) were
< 3 pg/mL, 2 pg/mL, < 3 pg/mL, and 36 pg/mL for each kit, respec-
tively.

Staining reagents used in flow cytometry. Antigen, clone/cell line and isotype refer to the reactivity and characterization of the primary fluorochrome-labelled or unlabelled antibody.

Sytox AADvanced was used to discriminate between viable and dead cells.

Clone/cell
Staining line Isotype Source Fluorochrome Secondary antibody
CD172a 74-22-15 IgGlk Southern Biotech PE
CD14 MIL2 1gG2b Serotec FITC
CD16 (FcRIID) G7 IgG1 Serotec FITC
CD3e PPT3 IgGlk Southern Biotech FITC or PE
CD4 74-12-4 1gG2bk Southern Biotech PE
CD8a 76-2-11 IgG2ak Southern Biotech FITC
CD8p PG164A 1gG2a Kingfisher unlabelled goat anti-mouse IgG2ay-PE/Cy7 (1080-17, Southern
Biotech Biotech)
Sytox AADvanced (viable/dead Invitrogen FL4 channel

cells)

fluorescence

PE: phycoerythrin; FITC: fluorescein isothiocyanate; FcRIII: fragment constant receptor 3; F(ab’),: divalent fragment antigen-binding; PE/Cy7: phycoerythrin/cyanin 7; Southern Biotech,
Birmingham, AL, USA; Kingfisher Biotech Inc., St. Paul, MN, USA; Dako Cytomation, Glostrup, Denmark; AbD Serotec, Raleigh, NC, USA; Invitrogen, Paisley, UK.
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Table 2

Phenotypes of the immune cell subsets analyzed by flow cytometry. The details for each
staining reagent and analysis are provided in the materials and methods section and Table
1.

Immune cell subset

Phenotype

Monocytes

NK cells

NKT cells

Total CD4 + T lymphocytes
Total CD8« + T lymphocytes
Naive T helper lymphocytes
Memory T helper cells
Cytotoxic T lymphocytes
Double positive (DP) cytotoxic T
lymphocytes

Viable/dead cells

CD172« *CD14 *low/high

CD3 ~CD16 *

CD3 *CD16 *

CD3 *CD4 *

CD3 *CD8« *

CD4 *CD8« ~CD8p ~

CD4 *CD8a *CD8p ~

CD3 *CD8p *CD4 ~CD8« *high cDgp +
CD4 *CD8«a +low/high CDSﬁ +low/high

Sytox AADvanced (included in all staining

combinations)

2.7. Quantification of PRRSV-specific and PCV2-specific IFN-y SC
frequencies and single cell IFN-y productivity in KP-stimulated PBMC

The effect of KP was tested on the ex vivo recall response of
virus-specific IFN-y SC to PRRSV-1 strains and PCV2b strains by
ELISPOT, based on previously established protocols [30,33,38,41].
Specifically, PBMC were pre-stimulated for 20 min, 1, 4, and 20 h with
KP or SP during a 20-h pre-incubation step in snap-cap tubes. The cells
were then plated in duplicate (4 x 10° cells/well) in cRPMI-1640 + 10
% FBS in MultiScreen® HTS-IP 96-well plates (Merck Millipore, Darm-
stadt, Germany), or were stimulated directly in the ELISPOT plate for
20 h at 37 °C, 5% CO,, with KP or SP alone, KP or SP and each
PRRSV-1 vaccine (Porcilis® PRRS, MSD-AH; Unistrain® PRRS, Labora-
torios Hipra S.A., Girona, Spain), or the BS/114/S and BS/55 PRRSV-1
isolates [38] (provided by Dr. Ferrari M. and Dr. Dotti S., IZSLER
Brescia, Italy), the PCV2b 112/11-10K15 and PCV2b Bakker-11D26 iso-
lates (provided by Dr. Fachinger V. and Dr. Witvliet M.H., MSD-AH,
Boxmeer, Belgium), or with each virus alone (Table 3). As posi-

Comparative Immunology, Microbiology and Infectious Diseases xxx (XxxX) XXX-XXX

tive controls, 4 x 10° PBMC/well were incubated with PHA (5 pg/mL).
As negative controls, 4 X 10° PBMC were incubated without any anti-
gen or KP, and their values were subtracted from all stimulation condi-
tions.

The results are shown in terms of differential increase (delta, A)
calculated for each pig as IFN-y SC frequency in KP + PRRSV or
KP + PCV2 stimulated sample after subtraction of the value in the
corresponding PRRSV-alone or PCV2-alone stimulated sample and in
the KP-alone stimulated sample. To better highlight the extent of the
effect of KP on the ELISPOT responses, the percentage increase in
PRRSV + KP and PCV2 + KP stimulated cells was calculated by divid-
ing the differential increase (or delta value) by the value in PRRSV + KP
or PCV2 + KP stimulated cells and multiplying by 100. In addition, vi-
sual analysis of IFN-y spots was performed to evaluate single cell IFN-y
productivity related to spot size and intensity, depending on the amount
of cytokine secreted by each single re-activated T cell.

2.8. Statistical analysis

Statistical analysis was performed using Analysis of Variance
(ANOVA) and Paired Student’s t-test for ELISPOT as previously de-
scribed [42]. The Mann-Whitney and Kruskal-Wallis tests were used for
the other analyses to compare the different in vitro stimulation condi-
tions. A p-value < 0.05 was considered significant. Statistical analysis
was carried out using the SPSS System for Windows v.14.0 (IBM, Ar-
monk, NY, USA).

3. Results
3.1. Lymphoproliferation/cytotoxicity evaluation

Stimulation of porcine PBMC with KP or SP did not elicit any lym-
phoproliferation or significant cytotoxicity at 48 or 72 h. As the cell
responsiveness control, stimulation with PHA at both times confirmed
significant increases of the stimulation indexes (SI) in all samples
(Slygn = 2.21-4.48; Sl = 7.81-32.36). Rosette formation represent-
ing morphofunctional aggregation of activated cells was evident. Un-
stimulated PBMC did not show any significant response (data not
shown).

Singlet selection (ungated) Lymphocytes (singlet gated) FBMC (singlet gatad)
g g g ;
= &5
5 - =]
o ﬁ E
L] L] L
] Wi e ]
S5C Lin 55C Lin S8 Lin
] g
:‘35.1‘%
Lymphacyte PEMC § - h,
gated @ pated 3 TR :é
o iy
live cells live cells
T w T - T -
Sytox AdDvanced [Log) Sytax AdDvanced (Log)

Fig. 1. Gating strategy for flow cytometry analysis of porcine circulating lymphocytes and PBMC upon stimulation with the killer peptide (KP). Cells were gated for singlets, and then for
lymphocytes or the whole PBMC subpopulation depending on whether the analysis was focused on lymphocytes or monocytes, respectively. Dead cells were excluded by selecting low
Sytox AADvanced fluorescent cells. Analysis was performed after acquisition of at least 40 000 live cells.
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Table 3
PRRSV and PCV2 recall antigen features. Information regarding the type and amount of
viruses used as recall antigen for stimulation of 4 X 10 5 PBMC in ELISPOT.

Virus strain Commercial Antigen Ex vivo recall
designation Virus type designation type amount (MOI)
DV PRRSV-1 Porcilis® Modified- 1
vaccine PRRS live virus
VP-046-BIS PRRSV-1 Unistrain® Modified- 1
vaccine PRRS live virus
BS/114/S PRRSV-1 - Live virus 1
field isolate
BS/55 PRRSV-1 - Live virus 1
field isolate
112/11-10K15 PCV2b field - Live virus 0.1
isolate
Bakker-11D26 PCV2b field - Live virus 0.1

isolate

3.2. Modulation of monocyte and lymphocyte subsets in PBMC

The effect of KP was tested in vitro on PBMC by evaluating pheno-
type changes of innate and adaptive immune cells. The percentages of
monocytes, identified as CD172a*CD14 ™ cells, were remarkably mod-
ulated from 1 h onwards. The cell subpopulation displayed a significant
increase of the CD14*M8h fraction and a corresponding decrease of the
CD14 1% fraction. A significant inversion (p < 0.05) of these two sub-
sets was demonstrated upon stimulation with 20-40 pg/mL KP during
incubation for up to 20 h (Fig. 2).

KP induced a gradual increase of the CD37CD16*% NKT cell subset
beginning at 1 h. The reduction of the CD3"CD16* NK cell counterpart
was observed from 4 h at 40 pg/mL (Fig. 3). KP had an early and strong
activation effect on both CD14" monocytes and CD37CD16" NKT cells
in terms of phenotypic and functional modulation by inducing CD14 and
CD3 expression over time, respectively.

CD3*CD8x™ and CD3*CD4* lymphocyte percentages were signif-
icantly increased in a KP dose-dependent manner at 20 h (p < 0.05,
data not shown). Analysis of the proportion of CD4/CD8a T cell subsets
showed that DP CD4"CD8a™ T cells increased markedly depending on
KP concentration, from 10 to 30 % on average (p < 0.05) at 20 h, while
naive CD4 " CD8o~ Th lymphocytes did not show significant changes at
any time point (Fig. 4).

It is worth noting that, in the DP CD4*CD8a™ subset at 20 h
post-treatment, the CD4*CD8a*1°¥ fraction slightly increased depend-
ing on KP concentration while the CD4*CD8«x " high fraction, which was
negligible in unstimulated cells and for up to 4 h, showed a strong KP
dose-dependent increase (Fig. 4). KP remarkably modulated CD3* T
lymphocytes by inducing CD4 and CD8a surface expression. For DP
memory T cells in particular, KP induced the expression of high levels of
CD8a, which was consistent with a cytotoxic/cytolytic phenotype.

CD3" T cells expressing CD8p as well as CD4~CD8u*Pish cD8p™*,
indicative of “classical” CTL, displayed a significant dose-dependent in-
crease from 10 % to 45-50 % at 20 h (p < 0.05, data not shown). As ex-
pected, CD4*CD8a™ cells in unstimulated samples and in briefly-stim-
ulated samples were CD8~. Of note, CD8} expression was significantly
detected upon stimulation for 20 h with 20 and 40 pg/mL KP. Specif-
ically, CD4+ cells expressing high levels of CD8x (CD4 " CD8u*high)
co-expressing CD8B were increased to a greater extent compared to
CD4*CD8uat1oWCD8B* (p < 0.05, Fig. 5A). CD8p positivity was also
modulated as mean fluorescence intensity (MFI) in both CD4*CD8a*low
and CD4*CD8a*hish cells at 20-h post-incubation (Fig. 5B). Partic-
ularly, CD8 on CD4*CD8a*h8h cells was modulated from lower to
higher expression (CD8p 1" to CD8p*high) in a dose-dependent manner
(Fig. 5B, C). KP induced CD8p expression during 20 h on “classical” CTL
and also on DP CD4*CD8a* memory T cells, especially on cells express-

ing another marker of cytotoxicity, CD8a* high
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, which thus acquired a DP CTL phenotype. In addition, the differential
CD8p expression on CD4*CD8u« " M8 cells indicated a further plasticity
of this subset.

3.3. ELISA quantification of cytokine release in PBMC supernatants

Quantification of cytokine release in supernatants of KP-stimulated
PBMC showed that the peptide induced low levels of IFN-a and high
levels of TNF-a (p < 0.05). No significant differences were observed for
the different KP doses at each time point. KP induced considerable dose-
and time-dependent increases of the [FN-y levels (p < 0.05). The levels
of IL-10 were highly variable and were not significantly dependent on
either KP dose or incubation time (Fig. 6).

The induction of IFN-a, TNF-a, and in particular the time-dependent
increase of IFN-y upon KP stimulation supported the potential of the
peptide of triggering and sustaining a Th1 immune response.

3.4. ELISPOT quantification of PRRSV- and PCV2-specific IFN-y SC
frequencies and single cell IFN-y productivity

The effect of KP was evaluated on the anti-viral immune response in
PBMC of PRRSV- and PCV2-vaccinated pigs in terms of frequencies of
circulating antigen-specific IFN-y SC recalled by PRRSV and PCV2 alone
and following simulataneous (KP + virus) ex vivo stimulation or a se-
quential in vitro pre-stimulation with KP followed by incubation with
each virus (Fig. 7).

The 20-h stimulation with each PRRSV vaccine strain and each field
isolate showed average responses between 65 and 125 IFN-y SC/10°
PBMC. Stimulation with each PCV2 field isolate showed average re-
sponses between 105 and 115 IFN-y SC/10° PBMC. Unvaccinated pigs
tested negative for virus-specific IFN-y SC. The responses were com-
parable with those in unstimulated cells and showed comparable spot
frequencies when PBMC were stimulated with KP (data not shown).
In vaccinated pigs, the addition of KP induced significant increases
of virus-specific responses at all concentrations, with 10 ug/mL KP in-
ducing the strongest response (p < 0.05). Slightly lower stimulation
was observed with 20-h KP pre-stimulation and subsequent stimula-
tion with each PRRS virus compared to the simultaneous stimulation
(KP + virus). However, the incremental responses were comparable
among viruses. Shortening KP pre-stimulation to 4 h yielded signifi-
cantly higher recall responses by PRRSV vaccine strains compared to
those induced by the field isolates (p < 0.05). Further reduction of
pre-stimulation to 1 h and 20 min led to extremely low responses. These
results are presented in Fig. 7, shown in terms of differential increase
(A) of IFN-y SC frequencies.

The 20-h ex vivo recall responses to PCV2 were increased when KP
was added and were comparable between the two isolates. However,
pre-stimulation conditions produced lower responses as observed with
PRRSV (Fig. 7).

Ex vivo simultaneous stimulation for 20 h with PRRSV or PCV2 and
KP was the most efficient stimulation condition in which the synergis-
tic effect of KP in inducing a higher frequency of virus-specific SC was
observed. Such an increase may be related to the stimulation and aug-
mented functions of both APC and T cells activated to secrete IFN-y.

The ELISPOT results analyzed as percentage increase (Table 4) re-
vealed the most remarkable variations upon ex vivo 20-h recall and
20-h pre-stimulation (p < 0.05). In addition to the increased IFN-y SC
frequencies when cells were co-stimulated with viruses and KP, visual
analysis of IFN-y spots detected increased single cell productivity, espe-
cially concerning PRRS viruses (Fig. 8).

The response increase, ranging from 30 % to 50 % for PRRSV-stim-
ulated cells compared to approximately 15 % for PCV2-stimulated cells,
and the increase in the secretion potential (amount of IFN-y secreted
by a single cell) suggest that a strong effect was preferentially induced
when RNA strains were used as recall antigens, despite being derived
from the same PRRS virus type 1 prototype.
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Fig. 2. Phenotypic shift of CD172a*CD14* monocytes in response to KP. Percentage values are reported based on CD14 +1°% and CD14 *high surface expression in PBMC upon stimulation
for 20 h with 0, 10, 20, or 40 pg/mL KP or for the last 4 h, 1 h, and 20 min. Data are expressed as mean values + standard deviation (SD). Different letters indicate significant differences
between the responses at different concentrations in the cell subset (p < 0.05). The results are representative of two independent experiments. The representative density plots show acti-
vation of KP-stimulated cells at 1 h compared to unstimulated cells in terms of dose-dependent shift from a majority of CD172a+CD14+ " cells to a prevalence of CD172a+ CD14 + high

cells. For color figure information, please refer to the online manuscript.

Stimulation with KP alone produced comparable or sligltly higher re-
sponses than those in unstimulated cells. Stimulation of PBMC with im-
paired viability was included to determine whether the KP dose-depen-
dent response reduction was due to cell death during the ELISPOT assay.
Cell viability after 20-h incubation was not significantly affected by KP
and KP + virus treatments. Consequently, no evidence of cell death in
terms of DNA release was observed, except for the cell death positive
controls (Fig. 8).

In-depth analysis of spot features highlighted fuzzy blurred spots
(“spot shadows™) at 20 pg/mL, and more markedly at 40 ug/mL KP.
Therefore, these conditions were excluded from quantification due to al-
tered spot size and gradient, and/or extremely reduced intensity (Fig.
9). These results support a hypothetical interference phenomenon by

KP in spot formation likely due to self-assembled KP aggregates between
the cell suspension and the anti-IFN-y coating Abs, and a potentially dif-
ferent sedimentation kinetics between PBMC and KP aggregates in the
well.

4, Discussion

The early immunomodulatory effects of an engineered anti-
body-based killer peptide (KP) obtained using the anti-idiotypic ap-
proach were investigated in swine PBMC. KP is the engineered result of
the internal image of a yeast killer toxin selected to be safe and used
for in vitro and in vivo studies. Cytotoxicity was demonstrated to be ab-
sent even at high concentrations [11,13]. The lymphoproliferation/cy-
totoxicity assay results of this study confirmed that KP concentrations up
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Fig. 3. KP induced modulation of CD16™ cell subsets within lymphocytes. The percentage levels of lymphocyte-gated CD3*CD16" and CD3~CD16" subsets in PBMC upon stimulation
for 20 h with 0, 10, 20, or 40 pg/mL KP or for the last 4 h, 1 h, and 20 min. are shown. Data are expressed as mean values * standard deviation (SD). Different letters indicate significant
differences between responses at different concentrations in the cell subset (p < 0.05). The representative density plots show NK and NKT cell modulation after stimulation with KP for
4 h compared to unstimulated cells. The results are representative of two independent experiments. For color figure information, please refer to the online manuscript.

to 40 ng/mL did not induce either replication/increased metabolic ac-
tivity or cytotoxicity in porcine PBMC.

Incubation with KP from 20 min to 20 h showed that the peptide
strongly modulates the phenotype of CD172a*CD14* monocytes, trig-
gering a dose-dependent up-regulation of CD14 (CD14 *"8") and the ac-
quisition of a pro-inflammatory phenotype [21,43,44].

These results confirm what was previously observed upon a longer
exposure time [37] and suggest how CD14* monocytes can be promptly
activated by KP [45] and are likely responsible for TNF-a secretion in
culture supernatants.

TNF-a induction was also observed upon stimulation with other
Ab-derived molecules, namely VHCDR3 and N10 K, which can modulate
immune cells by triggering cytokine release during comparable KP incu-
bation times, starting from 30 min to 1 h [46,47]. In a murine model,
it was demonstrated that KP is preferentially taken up by cells of the
monocyte-macrophage lineage [14], which are potent TNF-a producers.

In the present study, pronounced dose- and time-dependent increases
of lymphocytes expressing CD16 were evident owing to the increase of
the CD37CD16" NKT cell subset. NKT cells can be rapidly activated
and secrete pro-inflammatory cytokines such as IL-6, as well as IFN-y
[24-26,48]. Therefore, these early activated cells may be involved in
the IFN-y secretion that was observed in this study and require further
investigation.

The dose-dependent increase of both CD3*CD4* and CD3*CD8a*
cells, and the increased expression of CD8«x on T cell subsets was due
to the marked increase of DP CD4*CD8a* Th memory cells. While
this subset has been shown to be comprised of CD4*CD8x*1°" cells
[27,28,34], incubation with the highest dose of KP resulted in a notable
increase of DP cells expressing high levels of CD8« (CD8«x*high) at 20 h.

Moreover, the increase of CD3*CD8B* cells, commonly composed
of cells with cytolytic/cytotoxic functions (“classical” CTL) [19], was
also due to a fraction of DP cells expressing CD8f at KP concentra-
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Stimulation of blood CD4*CD8a™ T lymphocytes by KP. The percentage levels of CD4"CD8u~ and CD4*CD8a™* cells in PBMC upon stimulation for 20 h with 0, 10, 20, or 40 pg/mL KP
or for the last 4 h, 1 h, and 20 min are shown. In the right column, graphs show the fractions of CD4*CD8a*!°" and CD4 * CD8a*M&h within the CD4*CD8u* subset. The representative
density plots show T cell activation in terms of increase of the two CD4*CD8a ™ subsets upon 20 h KP stimulation compared to unstimulated cells. Data are expressed as mean val-

ues * standard deviation (SD). Different letters indicate significant differences between the responses at different concentrations in the cell subset (p < 0.05). The results are representa-
tive of two independent experiments. For color figure information, please refer to the online manuscript.

tions of 20 and 40 pg/mL at 20 h. This subset was detectable upon stim-
ulation, especially in the DP CD4* CD8«x i8] cell fraction, and increased
differently in CD4*CD8u«*"igh and CD4*+CD8u+1oW cells, suggesting dif-
ferential responsiveness of these two latter subsets.

The strong up-regulation of CD8f expression (MFI) observed only
on DP CD4*CD8uatheh T lymphocytes suggests the existence of at
least two distinct subsets following stimulation/activation
(CD4*CD8a*1°“CD8B*1°" and CD4 *CD8«*highcDgp*hish)y which war-
rants further investigation. In humans, differential CD8p expression was
observed, leading to the identification of a CD8p*1°" and a CD8p*hish
subset [49].

The modulation of CD8B* cells can be evaluated considering that,
like humans, pigs also have several known or potential isoforms of the
CD8B gene (coding for the CD8p protein) due to alternative splicing. In
humans, there are four CD8B gene splice variants (M1 to M4) and these
isoforms are differently expressed by different T cell subsets [50,51]. In
particular, surface expression of the M2 isoform is strongly influenced
by in vitro stimulation. It was observed that M2 CD8 protein localiza-
tion to the cell surface increased during short-term stimulation (from 1
to 6 h), together with the CD3 protein [51].

In our conditions, KP induced an increased percentage of CD8f™"
cells and also increased MFI at 20-h post-stimulation. Therefore, in pigs
the course of CD8p surface expression and thus the increase of the
CD8p* cell fractions can potentially be explained by the involvement of
a specific CD8p variant in the functions of CD8™ T cells.

It has been proposed that such isoforms in humans most likely influ-
ence coreceptor-mediated signaling and influence the extent and dura-
tion of the immune response.

The DP phenotype, which is usually evident after acquisition of CD8«
expression, may also have been acquired following expression of CD4 on
CD8u*high [ymphocytes upon activation [20,52].

Overall, the immunomodulation leading to increased fractions of
NKT cells, memory Th lymphocytes, classical CTL and DP CTL, and pos-
sibly CD3*"CD8B*CD16" lymphokine-activated killer (LAK) cells could
be responsible for the dose- and time-dependent increases of IFN-y re-
lease in culture supernatants [22,53]. In this view, the results highlight
how the effects induced by KP can support a marked Th1 response.

KP was also tested for its potential in modulating the antigen-specific
response to two major pig viruses, PRRSV and PCV2. IFN-y ELISPOT
results demonstrated that KP can trigger the response to these viruses
and may be able to increase the sensitivity of the assay. Previous studies
evaluating the addition of potential adjuvants, such as cytokines (IL-15,
IL-7, IL-15+1L7, IFN-a) and anti-CD28 Ab to amplify the sensitivity and
specificity of ELISPOT (thus termed AMPLISPOT) in measuring low fre-
quency virus-specific (HIV, HCV) cells in blood from humans and pigs
(PRRSV) have reported discordant results [54-58].

In our study, the effects of KP on PRRSV-specific and PCV2-specific
IFN-y responses included both increased cell frequencies and increased
IFN-y productivity in single cells, compared to cells stimulated only with
virus (synergistic effect). This effect may be due to the ability of KP to
positively modulate innate immune cells, such as monocytes and den-
dritic cells (DC), which can act as antigen presenting cells (APC) that
lower the activation threshold of CD4* memory T cells and effector
CD8™* T cells, whose functional avidity for antigen depends on their ac-
tivation status [59-61]. On the other hand, the effect may be due to
a stimulatory effect on memory T cells in terms of activation and in-
creased IFN-y secretion.

The same results were observed in PBMC recalled by both vaccines
and heterologous virus isolates, suggesting that recalled memory T cells
are characterized by cross-reactivity. This effect seemed to be more pro-
nounced upon PRRSV-1 co-stimulation (KP + virus) than upon PCV2
co-stimulation, suggesting that KP has a potent effect on PRRSV, an RNA
virus, as demonstrated against other RNA viruses, including HIV and in-
fluenza A viruses in humans, in which polyfunctional cross-reactive cells
play a major role in immune defense [11,12,62,63].

The dose-dependent decrease of the ELISPOT response in PRRSV-
and PCV2-stimulated cells is attributed to the ex vivo interference effect
due to the self-assembling formation of KP aggregates [15-18]. The sed-
imentation kinetics and/or the presence of KP itself may have interfered
with spot formation at the highest concentrations. Short-term KP pre-in-
cubation (from 20 min to 4 h) induced a much lower synergistic effect
in response to the two viruses, compared to the other conditions (20-h
stimulation), which was likely due to the suboptimal stimulation of anti-
gen-specific IFN-y SC.

This likely explains why, even though significant increases of IFN-y
SC were detected at all KP concentrations, the responses did not follow
the same dose-dependent increase of the [FN-y release in ELISA, or of the
cells responsible for IFN-y secretion in FCM. Other effects and artifacts
due to ex vivo incubation were carefully evaluated and excluded based
on previous studies [33,38] and ELISPOT validated guidelines [64,65].

Overall, KP early modulated several immune cells displaying cy-
tokine release and innate inflammatory and cytotoxic effector functions
as well as cells responsible for immune memory surveillance. Impor-
tantly, such T cell subsets also share a cytolytic/cytotoxic phenotype, be-
ing CD4*CD8x™1oW p*1ow or CD4+ CD8w *high p+low/+high and can play
an important role during various Th1l multifunctional responses to in-
fections. Furthermore, the augmented IFN-y responsiveness observed in
PRRSV-1- and PCV2b-primed cells suggests the potential of KP as im-
munostimulant and/or vaccine adjuvant.
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Fig. 7. Synergistic effect of KP on PRRSV- and PCV2-specific IFN-y secreting cell frequencies in PBMC of PRRSV- and PCV2-vaccinated pigs. The graphs show the differential increase
(delta, A) of IFN-y SC in PRRSV + KP or PCV2 + KP stimulated samples (4 x 10° PBMC) calculated by subtraction of the corresponding PRRSV alone or PCV2 alone stimulated samples
and the KP alone stimulated samples, normalized to 10° PBMC. The value in unstimulated cells (negative control) was subtracted from each value for each stimulation condition. For
proper comparisons, only data relative to stimulation with 10 ug/mL KP are reported because of the interference effect observed at 20 and 40 ug/mL KP (see text and Figs. 8 and 9
for details). 20 h ex vivo: stimulation for 20 h with each virus and KP; 20 min pre-stim, 1 h pre-stim, 4 pre-stim, 20 h pre-stim: pre-stimulation of PBMC with KP for the indicated times
followed by stimulation with each virus for 20 h. The viral antigens used for stimulation were: PRRSV-1 DV: vaccine strain; PRRSV-1 VP: vaccine strain; PRRSV-1 BS/114/S: field isolate;
PRRSV-1 BS/55: field isolate; PCV2b 112/11: field isolate; PCV2b Bakker: field isolate; pre-stim: KP pre-stimulation. Different letters indicate significant differences between the responses
at different incubation time-points. Data are expressed as mean values + standard deviation (SD). The results are representative of two independent experiments. For color figure infor-
mation, please refer to the online manuscript.
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Table 4

Percentage increase of virus-specific IFN-y SC frequencies in PBMC simultaneously stimulated with PRRSV + KP or PCV2 + KP. The data show the percentage increase calculated by
dividing the differential increase (delta value, A) defined in Fig. 7 by the value in PRRSV + KP or PCV2 + KP stimulated cells, and multiplying by 100. Only data relative to stimulation
with 10 pg/mL KP are reported because of the interference effect at 20 and 40 pg/mL KP (see text and Figs. 8 and 9 for details). Data are expressed as mean values * standard deviation
(SD). The results are representative of two independent experiments. PRRSV-1 DV: vaccine strain; PRRSV-1 VP: vaccine strain; PRRSV-1 BS/114/S: field isolate; PRRSV-1 BS/55: field iso-
late; PCV2b 112/11: field isolate; PCV2b Bakker: field isolate. 20 h ex vivo: stimulation for 20 h with PRRSV + KP or PCV2 + KP directly in ELISPOT plates; Pre-stim: KP pre-stimulation
condition before incubating pre-stimulated PBMC with each virus in ELISPOT plates.

Percentage increase (%) in virus-specific IFN-y secreting cell frequencies

+KP (10 pg/mL) PRRSV-1 DV PRRSV-1 VP PRRSV-1 BS/114/ PRRSV-1 BS/55 PCV2bI112/11 PCV2b Bakker

20 h ex vivo Mean 30 35 41 46 14 13
SD 8 5 10 13 10 9

Pre-stim 20 h Mean 31 33 34 38 16 14
SD 3 13 3 4 9 10

Pre-stim 4 h Mean 19 22 9 7 11 10
SD 11 14 5 6 8 8

Pre-stim 1 h Mean 12 15 12 12 10 7
SD 7 6 5 5 5

Pre-stim 20 min Mean 8 10 9 8 7 11
SD 3 6 6 6 6
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Fig. 8.

Boosting effect of KP on PRRSV- and PCV2-specific IFN-y secreting cell frequencies and single cell IFN-y productivity (single cell secretion). Representative responses in PBMC of PRRSV-
and PCV2-vaccinated pigs and dose-dependent (pg/mL) effect of ex vivo incubation with PRRSV or PCV2 strains and different KP concentrations (10, 20, and 40 pg/mL). Stimulation was
carried out in cRPMI-1640 for 20 h with PRRSV-1 DV MLV vaccine strain (1 MOI), PRRSV-1 VP-046-BIS MLV vaccine strain (1 MOI), PRRSV-1 BS/114/S and BS/55 field isolates (1
MOI), and PCV2b 111/12-10K15 and PCV2b Bakker-11D26 field isolates (0.1 MOI). The numbers are relative to the spots counted in the stimulated well (4 x 10° PBMC). The results are
representative of two independent experiments. Cells stimulated with KP alone and unstimulated cells are shown. A positive reactivity control (5 pg/mL PHA) and a cell death positive
control (d+ +) of PRRSV- and PCV2-stimulated PBMC (subjected to improper freezing-thawing) are shown to exclude cell death effects (DNA release) from that observed at 40 pg/mL
KP. For color figure information, please refer to the online manuscript.

PRRSV1_DV+KP40 PCV2b_[12+KP40

Fig. 9. Interference phenomenon by KP in ELISPOT spot formation. The two magnified micrographs highlight selected areas of the two representative wells PRRSV1_DV + KP40 and
PCV2b_I12 +KP40 shown in Fig. 8 (20-h ex vivo stimulation). Interference is evident as fuzzy blurred spots or “spot shadows”. These were excluded from quantification due to altered spot
size and gradient, and/or extremely reduced intenstity (red arrows). For color figure information, please refer to the online manuscript.
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