
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Vaccine 28 (2010) 5356–5364

Contents lists available at ScienceDirect

Vaccine

journa l homepage: www.e lsev ier .com/ locate /vacc ine

Development of an 8-plex Luminex assay to detect swine cytokines for vaccine
development: Assessment of immunity after porcine reproductive and
respiratory syndrome virus (PRRSV) vaccination

Steven Lawsona, Joan Lunneyb, Federico Zuckermannc, Fernando Osoriod, Eric Nelsona, Craig Welbona,
Travis Clementa, Ying Fanga, Susan Wonge, Karen Kulase, Jane Christopher-Henningsa,∗

a Veterinary Science Department, South Dakota State University, North Campus Drive, Brookings, SD 57007, United States
b Animal Parasitic Diseases Laboratory, ANRI, ARS, USDA, Building 1040, Room 103, BARC-East Beltsville, MD 20705, United States
c Department of Pathobiology, College of Veterinary Medicine, University of Illinois, Champaign-Urbana, IL 61802, United States
d Department of Veterinary and Biomedical Sciences, University of Nebraska-Lincoln, Lincoln, NE 68583, United States
e Diagnostic Immunology Laboratory, Wadsworth Center NYSDOH, Albany, NY 12201, United States

a r t i c l e i n f o

Article history:
Received 12 January 2010
Received in revised form 23 March 2010
Accepted 4 May 2010
Available online 18 May 2010

Keywords:
PRRSV
Luminex
Swine cytokines

a b s t r a c t

A Luminex (Luminex Corp., Austin, TX) multiplex swine cytokine assay was developed to measure 8
cytokines simultaneously in pig serum for use in assessment of vaccine candidates. The fluorescent
microsphere immunoassay (FMIA) was tested on archived sera in a porcine reproductive and respira-
tory syndrome virus (PRRSV) vaccine/challenge study. This FMIA simultaneously detects innate (IL-1�,
IL-8, IFN-�, TNF-�, IL-12), regulatory (IL-10), Th1 (IFN-�) and Th2 (IL-4) cytokines. These proteins were
measured to evaluate serum cytokine levels associated with vaccination strategies that provided for
different levels of protective immunity against PRRSV. Pigs were vaccinated with a modified-live virus
(MLV) vaccine and subsequently challenged with a non-identical PRRSV isolate (93% identity in the gly-
coprotein (GP5) gene). Protection (as defined by no serum viremia) was observed in the MLV vaccinated
pigs after PRRSV challenge but not those vaccinated with killed virus vaccine with adjuvant (KV/ADJ)
(99% identity in the GP5 gene to the challenge strain) or non-vaccinates. Significantly elevated levels of
IL-12 were observed in the KV/ADJ group compared to MLV vaccinated and control groups. However, this
significant increase in serum IL-12 did not correlate with protection against PRRSV viremia. Additional
studies using this assay to measure the local cytokine tissue responses may help in defining a protective
cytokine response and would be useful for the targeted design of efficacious vaccines, not only for PRRSV,
but also for other swine pathogens.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV)
is a single-stranded RNA virus in the family Arteriviridae, order
Nidovirales. The virus is found in pigs worldwide since it emerged in
the late 1980s in Europe and the United States. It has since caused
significant economic problems including more recently, severe out-
breaks in China resulting in 2 million affected pigs with about
400 thousand fatalities [1]. The virus can cause late-term abor-
tions in sows and respiratory symptoms and mortality in young
or growing pigs. The development of effective vaccines that are
broadly protective against non-identical PRRSV strains has been
difficult and correlates of immune protection still remain elusive
[2,3]. Minimal innate cytokine production and low levels of PRRSV-

∗ Corresponding author. Tel.: +1 605 688 5171; fax: +1 605 688 6003.
E-mail address: Jane.Hennings@sdstate.edu (J. Christopher-Hennings).

specific IFN-� producing T cells are described after PRRSV infection
[4–6]. The development of neutralizing antibodies from vaccine
administration has been reported to coincide with protection from
equine arteritis virus (EAV) (e.g., another Arterivirus) [7]. How-
ever, for PRRSV, one study described an interesting paradoxical
finding that killed vaccine vigorously induced PRRSV neutraliz-
ing antibodies upon challenge although no reduction in viremia
was noted [8]. This study also described a spontaneous production
of IFN-� secreting cells in pig peripheral blood mononuclear cells
(PBMCs) produced by the adjuvanted killed vaccine (KV/ADJ), but
only a moderate specific IFN-� response resulted in pigs vaccinated
with the modified-live virus (MLV) vaccine. However, no detectable
serum viremia was noted in the MLV vaccinated pigs even when
the PRRSV challenge strain was not completely homologous (93%
identical in the glycoprotein (GP) 5 gene) to the MLV strain. There-
fore, this study is important for evaluation of what measurable
immunological parameters, or biomarkers, might be associated
with a protective response to non-identical (non-homologous)

0264-410X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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PRRSV challenge as defined by no measurable viremia after chal-
lenge. In addition, archived samples from this study provide a
logical sample set for validation of a new multiplex assay for simul-
taneously detecting multiple immune proteins (cytokines) in a
single sample.

Cytokines are small secreted proteins that mediate and regu-
late both humoral and cell-mediated immunity and may readily be
measured in tissues and serum. Cytokines are essential biomarkers
of immunity, particularly for respiratory infections [9]. In design-
ing second-generation PRRSV vaccines, it would be useful to have
rapid, standardized assays that could measure whether these vac-
cines, or viral proteins proposed to be used in the vaccines, are
inducing effective cytokine responses for immune protection.

Currently, few standardized assays are available for determining
cytokine responses in swine. Some swine cytokine enzyme-linked
immunosorbent assays (ELISAs) are commercially available, but
each cytokine analysis is performed separately on separate plates,
requiring more sample and cost compared with a ‘multiplexed’
assay whereby multiple cytokines are evaluated at one time within
a single sample. Multiplex cytokine kits are available for other
species (e.g., human, rat, mouse), using a fluorescent microsphere
immunoassay (FMIA) on a Bio-Rad, Bio-Plex 200TM system (Her-
cules, CA) and Luminex X-MapTM platform (Luminex Corp., Austin,
TX), but none are commercially available for swine. Johannisson
et al. [10] developed a FMIA swine cytokine assay, but this only
included 3 proinflammatory cytokines (TNF-�, IL-8 and IL-1�), and
sensitivity limits were in ng/ml, rather than in the lower pg/ml
range as is detected in commercially available cytokine ELISAs.
More recently, Bjerre et al. [11] developed a swine-specific FMIA
multiplex cytokine assay that was performed as 2 separate assays
including a 2-plex for detection of IL-1� and Hsp32 and a 4-plex
of IL-6, IL-8, IL-10 and TNF-�. Polyclonal antibodies were used
for detection for 5 of 6 of these cytokines. The use of monoclonal
antibodies (mAbs) would provide additional specificity and a repro-
ducible source of reagents for laboratories worldwide to perform
these assays.

Therefore, the first objective of this study was to develop an 8-
plex FMIA cytokine panel for the simultaneous detection of swine
cytokines using capture and detection mAbs with the Bio-Rad,
Bio-Plex 200TM system and Luminex X-MapTM platform to detect
innate inflammatory (IL-1�, IL-8, IFN-�, TNF-�, IL-12); regulatory
(IL-10), Th1 (IFN-�) and Th2 (IL-4) cytokines. Secondly, this assay
was applied to measure cytokine levels in serum of pigs with dif-
ferent levels of protective immunity against PRRSV challenge [8]
and to determine whether a serum cytokine protective response
biomarker could be identified.

2. Materials and methods

2.1. Covalent coupling of capture antibodies to carboxylated
microspheres

For each cytokine, the respective capture antibody was cova-
lently coupled to Luminex polystyrene, carboxylated microspheres
with separate spectral addresses using a previously described
two-step carbodiimide coupling procedure [12,13] (Table 1). All
reactions were performed in 1.5 ml, homopolymer, low protein
adhesion microcentrifuge tubes. Briefly, 3.1 × 106 microspheres
corresponding to a discrete spectral address were washed twice
with 250 �l of activation buffer (0.1 M NAH2PO4, pH 6.2) and soni-
cated for 60 s after each wash by immersion into a 40 W sonicating
water bath. Microspheres were activated for 20 min at room tem-
perature in 500 �l activation buffer containing 2.5 mg of freshly
prepared N-hydroxysulfocuccinimide (sulfo-NHS) and 2.5 mg
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) (Pierce

Chemical, Rockford, IL). Activated microspheres were washed twice
with coupling buffer (0.5 M 2-[N-morpholino]ethanesulfonic acid
(MES)) pH 5.0 and sonicated after each wash. Coupling was ini-
tiated by the addition of 100 �g of capture mAb into 500 �l
(final volume) fresh MES and allowed to incubate in the dark for
3 h at room temperature with end-over-end mixing. The opti-
mal concentration of capture immunoglobulin per number of
microspheres was determined via a titration assay that demon-
strated an effective optimized concentration between 16 and 32 �g
IgG/1 × 106 microspheres. Coupled microspheres were washed
once with 1 ml of PBS + 0.05% NaN3 + 1.0% BSA (PBS-NB) and blocked
with an additional 1 ml of PBS-NB for 30 min to reduce non-
specific binding. Microspheres were washed an additional two
times and resuspended in PBS-NB, to a final concentration of
2.0 × 106 antibody-coupled-microspheres/ml in PBS-NB.

2.2. Coupling efficiency determination

A determination of the relative amount of mAb per micro-
sphere was performed by adding 2.5 × 103 antibody-coupled
microspheres to each column well of a 96-well microtiter filterplate
pre-wetted with 20 �l PBS-NB. A solution containing 10 �g/ml
of goat anti-mouse Strepavidin-R-Phycoerythrin (SAPE) (Invitro-
gen/Molecular Probes, Eugene, OR) was diluted in PBS-NB and
serial, log2 dilutions were performed down separate columns of
dilution tubes. Fifty microliters of the titrated goat anti-mouse
SAPE was added to corresponding wells containing coupled-
microspheres and allowed to incubate at room temperature for
1 h on a plate shaker. Controls included uncoupled microspheres.
Microspheres were washed via a vacuum manifold three times with
a solution of PBS + 0.05% Tween 20 (PBST) then resuspended in
125 �l of PBST and transferred to a 96- well polystyrene optical
plate. Coupled microspheres were analyzed through the flow cell
of a dual laser Bio-Rad, Bio-Plex 200® instrument analyzed with
the Bio-Plex Manager software version 5.0. The median fluorescent
intensity (MFI) for 100 microspheres was recorded at each titration
point and a five parameter logistic regression curve was generated.
Relative coupling efficiencies for each mAb were determined by
analyzing the MFI at each dilution point and position under the
curve.

2.3. Biotinylation of detection mAb

Commercially available biotinylated mAbs were obtained for six
of the cytokines, but a biotinylation procedure was performed to
obtain detection antibodies for IFN-�, and IL-8. Briefly, for biotiny-
lation, mAbs were dialyzed using a Spectra/Por dialysis membrane,
MWCO 10,000 (Spectrum Laboratories, Rancho Dominguez, CA)
overnight at 4 ◦C against a 1000× volume of PBS to remove any
inhibitory preservatives. Each mAb was then transferred to a micro-
centrifuge tube and 0.150 mg of biotin-NHS (Calbiochem, La Jolla,
CA) was added to every milligram of affinity purified antibody in a
solution containing PBS + 10% DMSO. The solution was incubated in
the dark for 4 h with rotation at room temperature, then dialyzed
overnight at 4 ◦C against a 4000× volume of PBS. The conjugated
antibody solution was quantified via the Lowry protein method,
and carrier BSA was added to a final concentration of 10 mg/ml and
subsequently aliquoted and stored at −20 ◦C.

2.4. Singleplex and multiplex assay procedures

For the “sandwich” FMIA, 8 mAbs were used to couple car-
boxylated microspheres for cytokine protein capture (Table 1).
Since serum may shift or reduce the slope of the standard curve
compared to buffer alone and to provide a complimentary matrix
for standards, dilutions of cytokine standards in pooled porcine
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sera from clinically healthy pigs was obtained [13,14]. This pig
serum was tested by commercial ELISA and the current FMIA and
confirmed that there were no measurable levels of the tested
cytokines present. The optimum working dilution of the porcine
test sera for dilution of swine cytokine standards was predeter-
mined by titration to give the highest signal to background ratio
aside from non-specific reactions. At a serum dilution of 1:2 in
PBS pH 7.2 + 0.05%NaN3 + 1.0% BSA (PBS-NB), a maximum dynamic
range for all capture microspheres was attained.

For the FMIA, a 96-well 1.2-�m, hydrophilic membrane, filter
plate was blocked for 2 min with 150 �l of PBS-NB then aspi-
rated via a vacuum manifold and wetted with an additional 20 �l
of PBS-NB buffer. Cytokine standards (recombinant proteins from
commercial sources) were diluted in the above described pooled
porcine serum. Next, 50 �l of porcine test serum diluted 1:2 in
PBS-NB or diluted standards were added to duplicate wells of the
filter plate along with 2.5 × 103 of each mAb coupled microsphere
(2.0 × 104 total microspheres for the 8-plex assay) in an additional
50 �l buffer. All incubations were performed in the dark by sealing
the plate with foil since these fluorescent assays are light sensitive.
The plate was then incubated at room temperature for an opti-
mum time of 2 h on a plate shaker rotating at a speed of 750 rpm.
Incubation times initially tested were 1, 1.5 and 2 h. Next, the
plate was aspirated via vacuum manifold and washed three times
with 150 �l of PBST. Then, 50 �l of each anti-cytokine, secondary,
biotinylated, mAb was diluted in PBS-NB and added to the filter
plate and incubated in the dark at room temperature for an opti-
mum time of 90 min (incubation times initially tested were 0.54,
1, 1.5 and 2 h), then aspirated and washed three times with PBST.
Optimum incubation times for the FMIA and concentrations of each
biotinylated mAb (e.g., 0.5, 1.0, 2.0, 2.5, 5.0 and 10 �g/ml) added to
the assay were determined by evaluating the sensitivity, fluores-
cent intensity and slope for each recombinant cytokine standard in
the FMIA. The optimized concentration of each biotinylated mAb
was 0.5 �g/ml for IL-10, TNF-�, IL-8, IFN-�, IL-12; 1.0 �g/ml for
IFN-�, IL-4; 2.0 �g/ml for IL-1�. Next, 50 �l of a solution contain-
ing 10 �g/ml SAPE in PBS-NB was added to each well and incubated
for 30 min at room temperature with shaking. The supernatant was
aspirated and the plate washed three times with PBST. Finally, the
microspheres were resuspended in 125 �l of PBST per well and
transferred to a clear 96-well polystyrene optical plate. Coupled
microspheres were analyzed through the flow cell of a dual laser
Bio-Rad, Bio-Plex 200® instrument and analyzed with the Bio-Plex
Manager software version 5.0. The MFI for 100 microspheres corre-
sponding to each individual cytokine analyte was recorded for each
well. All reported MFI measurements were background corrected
(normalized) (F-Fo), where Fo was the background signal deter-
mined from the fluorescence measurement of the negative control
sample (1:2, control serum:PBS-NB) and F was the MFI for each
cytokine containing analyte.

Each cytokine was first tested in singleplex assay using our
standard buffer system (PBS-NB) then evaluated in swine serum
diluted 1:2 to assess the deviation of calibration slopes between
matrices. In addition, each singleplex assay was compared to the
8-plex assay to determine whether there was any cross reactivity.
A correlation coefficient was determined between the singleplex
vs. multiplex standard curve values for each cytokine measure-
ment. To further evaluate any cross reactivity between individual
capture mAb coupled microspheres and unrelated proteins, each
capture mAb coupled microsphere was evaluated with and without
the associated cytokine protein and a percent cross reactivity was
recorded. For example, a MFI level would be obtained when the IL-
4 mAb bead was used alone with all cytokines and all biotinylated
mAbs and compared to the MFI level without IL-4 protein. In addi-
tion, to evaluate any cross reactivity between a specific cytokine
and unrelated biotinylated mAbs, all capture mAb coupled beads

were used and evaluated against all cytokine proteins with and
without the associated biotinylated mAb in a multiplex assay. A
percent cross reactivity was recorded between the MFI with and
without the associated biotinylated mAb. For these experiments,
the upper end of the dynamic range for each cytokine protein was
used (e.g., 800–2000 pg/ml or international units (IU)/ml).

2.5. Repeatability

To verify the repeatability of the assay, dilutions of recombinant
cytokine standards were prepared for each cytokine and used in
triplicate in the FMIA over a 3-day period of time. Fig. 1 shows
the standard curves for each cytokine generated in one of these
multiplex assays. An intra- and interassay variability coefficient of
variation was determined.

2.6. Cytokine ELISA and FMIA comparisons, recombinant protein
standards

Separate swine cytokine ELISA kits were utilized from R & D
Systems Inc., Minneapolis, MN, for the detection of IL-1� (Duoset,
DY681) and IL-12 (Duoset, DY912), and from Invitrogen, Carlsbad,
CA for the detection of IL-8 (Cytoset, CSC 1223); TNF-� (Cytoset CSC
1753); IFN-� (Cytoset CSC 4033) and IL-4 (Cytoset, CSC 1283). ELISA
procedures were performed as per the manufacturer’s instructions.
A serial dilution of each recombinant protein supplied with each kit
was spiked 1:2 into control pig serum and used for comparisons by
determining a correlation coefficient between the ELISA and FMIA.
Since ELISA kits were not commercially available for the detection
of IFN-�, recombinant protein standards for the FMIA were pur-
chased separately from PBL Biomedical Laboratories, Piscataway,
NJ (17100-1). Concentrations for this cytokine are expressed in
international units (IU)/ml.

In addition, for validation of reactivity of every assay with
native as well as recombinant cytokine protein, 11 cell culture
supernatants generated with different stimulants (LPS, ionomycin,
Concanavalin A) or from experimentally inoculated pigs were
examined. These supernatants had been archived and previously
tested by various cytokine ELISAs.

2.7. Archived sera for assay validation

The vaccine experimental protocol is described in detail in
Zuckermann et al. [8]. Briefly, for this study, archived sera from
three groups of adult female mixed-breed swine were utilized for
cytokine analysis. Pigs had been vaccinated with commercially
available vaccines used in the field, either a MLV PRRSV vaccine,
Pyrsvac-183 (Syva Labs, Leon, Spain) (n = 10) which was 93% sim-
ilar in the GP5 gene to the wild-type challenge virus or a killed
virus vaccine with adjuvant (KV/ADJ) Progressis (Merial Labs, Lyon,
France) (n = 10) which was 99% similar in the GP5 gene to the wild-
type challenge virus. GP5 sequencing is the standard, typically used
to determine the relatedness of PRRSV strains [8]. Non-vaccinated
pigs (n = 5) were used for the control group. Vaccine was applied
twice at day 0 and 21 days post-vaccination (DPV) and pigs in all
groups were subsequently challenged at 28 DPV with 105 TCID50
of PRRSV (Lelystad) intranasally. Sera were collected at 0, 21, 28,
32, 35 and 42 DPV. Cytokine analysis on the FMIA was performed
on serum from all pigs at 28 and 32 days post-vaccination (DPV)
which corresponds to 0 and 4 days post-challenge (DPC), respec-
tively. The time points selected for cytokine analysis were chosen
based on previous data demonstrating changes in cytokine levels in
vaccinated pigs are slow to develop [3,5,8], thus, measurable serum
cytokines that will have effects on viremia would be expected to be
present between 7 days after the last vaccination (28 DPV) and 4
DPC (e.g., 32 DPV). Unfortunately, no archived sera obtained prior
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Table 1
FMIA cytokine capture and detection monoclonal antibodies.

Cytokine (bead no.) Capture mAb Detection mAb

No. Clone (source) No. Clone (source)

IL-1� (43) 841040 DY681a(RD) 841041 DY681(RD)
IL-4 (24) 5S12809 CSC1283b(I) 18426-31 2b2.131(US)
IL-8 (51) CXCL8 8M6(S) MAB5351 105105 (RD)
IL-10 (38) ASC0104 945A4C437B1(I) ASC9109 945A1A926C2(I)
IL-12 (12) MCA2414Z G9.2(S) BAM9122 116211(RD)
IFN-� (45) GTX11408 G16(GT) 27105-1 F17(PBL)
IFN-� (6) ASC4934 A151D5B8(I) ASC4839 A151D13C5(I)
TNF-� (28) 5S17509 CSC1753b (I) 5S17503 CSC1753b(I)

GT: GeneTex, San Antonio, TX; I: Invitrogen, Carlsbad, CA; PBL: PBL Biomedical Laboratories, Piscataway, NJ; RD: R & D Systems Inc., Minneapolis, MN; S: AbD Serotec, Raleigh,
NC; US: US Biologicals, Swampscott, MA.

a Duoset no. (no clone no.).
b Cytoset no. (no clone no.).

to vaccination were available for testing to evaluate vaccination
only effects on cytokines. All archived sera were aliquots that had
been prepared at the time of the vaccination trials and stored at
−20 ◦C and none had been thawed until used for the assays reported
here. The animals in this study had been previously assessed as

exhibiting different levels of protective immunity against PRRSV,
ranging from (a) sterilizing immunity (viremia negative, viral load
in tissue negative or low (MLV vaccinated)) or, (b) viremia positive,
viral load in tissue positive (KV/ADJ and non-vaccinated controls)
[8].

Fig. 1. Multiplex (8-Plex) fluorescent microsphere immunoassay (FMIA) concentrations in international units (IU)/ml for IFN-� or pg/ml for all other cytokines and mean
fluorescent intensities (MFI) of serially diluted recombinant protein standards for 8 cytokines (IFN-�, IL-12, IL-8, IFN-�, TNF-�, IL-4, IL-10, IL-1�) within the multiplex assay.
Best fit standard curves were generated using a 5-parameter logistic regression model with normalized data resulting from MFI of recombinant swine cytokine standards.
Standards were evaluated in duplicate wells. Experimental values were interpolated in the linear range for each cytokine measurement.
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Table 2
Cytokine capture and detection mAbs pairs evaluated, but not optimal for the FMIA compared to mAbs listed in Table 1 (the underlined MAbs indicate the capture or detection
mAb used in the FMIA).

Cytokine (bead no.) Capture mAb Detection mAb

No. Clone (source) No. Clone (source)

IL-1� NA NA NA NA
IL-4 5S12809a CSC1283(I) 18426-31 5S12803 2b2.131(US) CSC1283(I)a

IL-8 MAB5351 105105(RD) 8M6(S) ASC0016 CSC1223(I)
ASC0015a ASC0016a CSC1223 (I)
MAB5351 105105(RD) CXCL8 8M6(S)
ASC0015(I)
ASC0015(I) CXCL8 MAB5351 105105

IL-10 NA NA NA NA

IL-12 MCA2414Zc G9.2 (S) 841098b,d DY912(RD)
MAB1171e 116219(RD)
MAB912d 116237(RD)
MCA2414Zc G9.2(S)

MAB9121d 116224(RD) BAM9122d 116211(RD)
MAB1171e 116219(RD)
MAB912d 116237(RD)
841098f DY912(RD)
MCA2414Zc G9.2(S)

MAB1171e 116219(RD) BAM9122d 116211(RD)
MAB1171e 116219(RD)
MAB912d 116237(RD)
841098d,f DY912(RD)
MCA2414Zc G9.2(S)

MAB912d 116237(RD) BAM9122d 116211(RD)
MAB1171e 116219(RD)
MAB912d 116237(RD)
841098d DY912(RD)
MCA2414Zc G9.2(S)

841097d DY912(RD) BAM9122 d 116211(RD)
MAB1171e 116219(RD)
MAB912d 116237(RD)
841098d DY912(RD)
MCA2414Zc G9.2(S)

IFN-� 27105-1 F17(PBL) GTX11408 G16(GT)

IFN-� 559961 P2G10(BDP) 559958 P2C11(BDP)
ASC4839 A151D13C5(I)

ASC4934 A151D5B8(I) 559958 P2C11(BDP)

TNF-� 6902 103304(RD) 6903 103302(RD)
5S17503a CSC1753(I)

5S17509 CSC1753(I) BAM6903 103302(RD)

IL-6f M620 5IL6(PT) MAB6861 90613(RD)
MAB686 77830(RD)
M621B 7IL6(PT)

MAB686 77830(RD) SC80837 24D12(SCB)
MAB6861 90613(RD)
MAB686 77830(RD)
M621B 7IL6(PT)

MAB6861 90613(RD) SC80837 24D12(SCB)
MAB6861 90613(RD)
MAB686 77830(RD)
M621B 7IL6(PT)

M620 5IL6(PT) SC80837 24D12(SCB)

GT: GeneTex, San Antonio, TX; I: Invitrogen, Carlsbad, CA; BDP, BD Pharmingen, San Diego, CA; PBL: PBL Biomedical Laboratories, Piscataway, NJ; PT: ThermoScientific Pierce
Protein Research Products, Rockford, IL; RD: R & D Systems Inc., Minneapolis, MN; SCB: Santa Cruz Biotech, Santa Cruz, CA; S: AbD Serotec, Raleigh, NC; US: US Biologicals,
Swampscott, MA; NA indicates no other mAbs were tested in the FMIA except those in Table 1.

a Cytoset no. (no clone no.).
b Duoset (no clone no.).
c IL-12 p70.
d IL-12 p40.
e IL-12 p35.
f mAbs listed for IL-6 were tested in the FMIA, but an optimized standard curve could not be achieved.
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2.8. Statistics

Before each FMIA run, the multiplex array reader was calibrated
against known reporter signal calibrates (CAL2 calibration bead
standards), and a dual set of bead spectral address classification
calibrates (CL1 target & CL2 target) from Bio-Rad. For each bead
class, a total of 100 beads were analyzed using a high RP1 tar-
get setting. Samples and standards were measured in duplicate,
then normalized MFI values were used for the calculation of each
analyte.

FMIA standard curves for all nine cytokines were calculated
using a five parameter logistic (5-PL) regression model, and
cytokine concentrations from experimental samples were obtained
via interpolation from best fit regression analysis generated by the
Bio-Plex Manager 5.0 software. In addition, the software provides
full statistical microsphere data (bead counts, mean, median, %CV,
standard deviation and sampling errors). ELISA standard curves
were generated via 5-PL regression interpolation using SoftMax Pro
5.0 (Molecular Devices, Sunnyvale, CA).

The limits of detection (LOD) for each analyte was defined as
the lowest concentration of each cytokine that can be detected
above the lower 5-PL regression asymptote, and was established
by analyzing multiple replicates and calculated as the concentra-
tion corresponding to the MFI plus 2 standard deviations of the 0
calibrator for each analyte. The analytical range of the assay was
assessed from the precision curve and defined as the concentration
range in which the CV ([SD/mean] × 100) was less than 20%.

The determination of intra-assay repeatability was evaluated
by analyzing multiple replicates (n = 11) of recombinant cytokine
standards with known concentration during a single assay run and
expressed as the CV of repeated measurements. Interassay vari-
ability was studied using 11 different concentrations of standards,
analyzed in triplicate over 3 different days (n = 8 for each of 11
analytes) and expressed as the CV of repeated measurements.

The comparison of means among groups of experimental ana-
lytes was performed using GraphPad InStat version 3.06 (GraphPad
Software, San Diego, CA). Comparison of mean cytokine levels
between groups of pigs and within groups between days were
performed using a non-parametric Kruskal–Wallis statistic [15]. A
P ≤ 0.05 was considered statistically significant for all analytes.

A Pearson’s correlation coefficient was determined for single-
plex vs. multiplex comparisons and ELISA vs. FMIA comparisons.

3. Results

3.1. Relative microsphere coupling efficiency determination

As the first step in developing each FMIA, the relative micro-
sphere coupling efficiencies were determined. The following list
shows the MFI of each anti-cytokine microsphere-coupled anti-
body: IFN-� (23,625), IL-10 (24,551), Il-1� (29,520), IL-4 (27,066),
TNF-� (20,668), IL-8 (14,614), IL-12 (21,848) and IFN-� (3756).

3.2. Singleplex and multiplex assay procedures

For each cytokine, a singleplex assay was first established.
Tests evaluating several different commercially available mAb for
each cytokine compared the respective capture and detection mAb
(Table 2). Table 1 summarizes the final set of mAb pairs that were
then selected for the full panel of FMIA tests based on a series of fac-
tors: optimum coupling efficiencies and cytokine detection levels,
low background fluorescence, and reproducibility of the standard
curve. Fig. 1 shows the standard curves generated in the multi-
plex assays. A correlation coefficient was determined between the
singleplex vs. multiplex standard curve values for each cytokine

Table 3
Correlation coefficients and comparison of the limits of detection (LOD) and upper
range detectable by ELISA and FMIA in pg/ml or IU/ml.

Cytokine FMIA ELISA

LOD Upper range LOD Upper range R2

IL-1� 17 4000 77 4000 0.998
IL-4 1.1 1000 2.1 1000 0.994
IL-8 4.4 2000 24.4 2000 0.994
IL-10 4.3 2000 23.5 2000 0.996
IL-12 48 5000 395 5000 0.996
IFN-� 0.36 1000 NA NA NA
IFN-� 3.7 1000 4.3 1000 0.986
TNF-� 126 4000 10.5 4000 0.978

FMIA: fluorescent microsphere immunoassay; LOD: limit of detection; R2: coeffi-
cient of determination between ELISA and FMIA; NA: not applicable (commercial
ELISA kit not available).

measurement; the coefficient determinations (R2) were between
0.95 and 1.0 for all 8 cytokines [IL-1� (0.998); IL-4 (1.0); IL-8
(0.950); IL-10 (0.996); IL-12 (0.990); IFN-� (0.986); IFN-� (1.0);
TNF-� (0.951)]. The mean percent cross reactivity using a single
capture mAb-labeled microsphere with and without the associated
cytokine protein where the concentration of the cytokine proteins
were all at the high end of the dynamic range was 11% ± 6. The mean
percent cross reactivity for the multiplex assay with and without
the associated biotinylated mAb was 8% ± 6, using cytokine levels
at the high end of the dynamic range.

3.3. Repeatability of the 8-plex cytokine assay

Intra-assay variability of the 8-plex cytokine assay, evaluated by
analyzing multiple replicates (n = 11) of recombinant cytokine stan-
dards with known concentration during a single assay run, ranged
between 3 and 18% with a mean CV of 10%. Interassay variability
was studied using 11 different concentrations of standards and ana-
lyzed in triplicate over 3 different days (n = 8 for each of 11 analytes)
and ranged between 7.5 and 18% with a mean of 11.3%.

3.4. Cytokine analysis at 28 (0 DPC) and 32 DPV (4 DPC)

Serum cytokine levels from control (n = 5), MLV (n = 10) and
KV/ADJ (n = 10) vaccinated pigs were assayed using the 8-plex FMIA
before (28 DPV) and after (32 DPV) PRRSV challenge. A significant
difference in the mean IL-12 serum cytokine level was noted for
pigs given the KV/ADJ vaccine compared to either the MLV vacci-
nated or control pigs at both 28 and 32 DPV (Fig. 2a). A statistically
significant difference in IFN-� levels was observed between the
control pigs at 28 DPV and pigs given the MLV vaccine at 32 DPV
(Fig. 2b). Cytokine levels for IL-1�, IL-4, IL-8, IL-10, IFN-�, and TNF-
� were measured in the same sera from all pigs in all groups in the
same multiplex assays. There was a high level of variability between
the serum cytokine levels, and the levels detected for the other 6
cytokines were not statistically different among pig groups or days
(Fig. 2c–h).

3.5. Cytokine ELISA and FMIA comparisons

The LOD and upper ranges of detection in pg/ml or IU/ml were
compared between the FMIA and ELISA (Table 3). When serial dilu-
tions of recombinant protein standards were tested by ELISA and
FMIA for all cytokines, a correlation coefficient (R2) was also deter-
mined as listed in Table 3.

For further verification that native cytokine proteins were
detected by the FMIA, archived cell culture supernatants from
previous experiments (previously evaluated by standard cytokine
ELISAs) were used to evaluate the FMIA detection of all of the
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Fig. 2. (a–g) Cytokine serum concentrations (pg/ml) from pigs given MLV (n = 10), KV/ADJ (n = 10) or no vaccine (controls) (n = 5) at 28 and 32 days post-vaccination, which
corresponds to 0 and 4 days post-challenge, respectively. Different letters (a, b in (a) and (b)) indicate statistical differences (P ≤ 0.05). IFN-� concentrations are not shown
since these cytokine levels were not detected from the sera. Error bars indicate the standard deviation from the mean.

native cytokine proteins. Seven of 11 cell culture supernatants had
detectable IFN-� from 1 to 1382 pg/ml; 8 of 11 had detectable IL-
4 from 1 to 90 pg/ml; 9 of 11 had detectable IL-12 from 20 to
134 pg/ml; 1 of 11 had detectable IL-8 at 465 pg/ml; 2 of 11 had
detectable IFN-� at 10 and 21 IU/ml; 6 of 11 had detectable IL-1�
from 11 to 2463 pg/ml; 4 of 11 had detectable IL-10 from 110 to
536 pg/ml; 9 of 11 had detectable TNF-� from 1879 to 6885 pg/ml.
In addition, a second study is in progress to evaluate pig genetic
differences after PRRSV challenge. The FMIA performed for that
study also demonstrates detection of all native cytokine proteins
(manuscript in preparation).

4. Discussion

Multiple cytokines work in concert with each other to promote
immunity to various pathogens. In this study, an 8-plex Luminex
assay for detection of swine cytokines was developed and validated
for use in specifically evaluating serum biomarkers for vaccine
responses to PRRSV. A MLV vaccine was shown to prevent viremia
after challenge with a non-identical PRRSV strain, whereas there
was no reduction in viremia in pigs given the KV/ADJ vaccine and
subsequently challenged with the wild-type PRRSV, which was 99%
identical to the killed vaccine strain [8,16]. Due to individual vari-
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ability in cytokine responses and a relatively small sample size, it
is difficult to define whether IFN-� levels in the MLV group were
definitely correlated with protection, since only the IFN-� levels
were significantly different between control pigs at 28 DPV and
MLV vaccinated pigs at 32 DPV (4 DPC). It is important to note that
earlier data collected on the animals vaccinated with MLV showed
that they exhibited a moderate but significant PRRSV-specific IFN-�
secreting cell response at 28 and 35 DPV [8]. This IFN-� response is
consistent with results obtained in previous studies reflecting the
delayed cellular immune response typical of acute infection with
PRRSV [5,17–21].

Although no other specific serum cytokines were associated
with protection from MLV vaccine, there was a significant dif-
ference in IL-12 from pigs vaccinated with the KV/ADJ vaccine
compared to MLV and non-vaccinated controls at both 28 and
32 DPV, indicating serum IL-12 levels were not correlated with
vaccine protection in this study. IL-12 is a cytokine produced by
macrophages and B cells and typically induces production of IFN-�
by T cells [22]. This cytokine has also been used in vaccine develop-
ment to enhance cell-mediated immunity to viruses, bacteria and
parasites [23–25]. However, in the pig, when recombinant porcine
IL-12 was tested for bioactivity by stimulating bovine or swine
lymphoblast cells, only the bovine blast cells were responsive as
indicated by cell proliferation. In addition, a lowered expression
of IL-12 receptor on porcine blast cells was noted, and when IL-
12 was given in vivo IM, there was a reduction in the number of
IFN-� producing lymphocytes isolated from inguinal lymph nodes
[26]. This indicates there may be mechanisms other than IL-12
stimulation to induce IFN-� production in swine. Several studies
have used recombinant IL-12 as an adjuvant to vaccines in pro-
ducing PRRSV-specific IFN-� secreting cells, but the adjuvants did
not necessarily provide enhanced efficacy of PRRSV MLV vaccine
over the MLV vaccine alone when a non-identical virus was used
for challenge [17,18]. Gómez-Laguna et al. [27] also observed an
increase in serum IL-12 and IL-10, but not IFN-�, at the same
time as peak viremia occurred at 10 days after an acute PRRSV
infection. In contrast, other studies have shown that IL-12 is capa-
ble of enhancing the IFN-� response of swine to PRRSV, and in
vivo administration of rpIL-12 was found to significantly decrease
PRRSV titers in the lungs and blood of infected animals while
preventing significant growth retardation in PRRSV-infected ani-
mals [28,29]. In addition, porcine alveolar macrophages (PAMs)
isolated from rpIL-12-treated/PRRSV-infected animals produced
greater amounts of IFN-� and lesser amounts of interleukin-10 than
PAMs isolated from non-rpIL-12-treated/PRRSV-infected animals
[29]. In the present study, the marked presence of IL-12 in the serum
of animals immunized with the KV/ADJ vaccine correlated with a
strong non-specific (spontaneously produced) IFN-� production by
PBMC detected by ELISPOT as previously reported by Zuckermann
et al. [8]. This non-specific IFN-� response was most likely mediated
by NK cells, and it did not correlate with protection from viremia.
Clearly IL-12 does have a modulating effect on the IFN-� response
of swine. However, the role of IL-12 in promoting the development
of a protective immune response to PRRSV is unclear at this time.
The significance of serum IL-12 levels as a biomarker for protection
against PRRSV requires further evaluation.

Since neither neutralizing antibodies nor specific serum
cytokine levels could be definitively associated with protection
from PRRSV challenge, other factors that appeared to correlate with
protection were the low level (yet significant) increase in IFN-�
secreting cells after challenge [8]. It may also be that local activa-
tion of IFN-� secreting cells could have occurred within the lung
or other tissue sites prior to measurement of serum cytokines 28
days after the initial vaccination. This would be in keeping with
the autocrine/paracrine nature of cytokines and the fact that local
cytokine production may not necessarily result in the appearance

of measurable serum cytokines. This could be due to many fac-
tors including degradation at the site of production and utilization
of the cytokine by receptor-bearing cells in the local area [30].
Other mechanisms of protection could have occurred in the MLV
vaccine group such as epitope specific immunity where the chal-
lenge virus may have similar epitopes to the vaccine strain that
provided protection [3]. It may be important to know what epi-
topes are similar between these vaccine and field strains as they
also appear to have provided some protection reflected by reduced
clinical signs after vaccination with another MLV vaccine (Porcilis
PRRSV, Intervet/Schering-Plough) where protection occurred after
challenge with an Italian cluster PRRSV isolate only 84% similar to
the vaccine [31].

The FMIA protocol developed and validated for this study pro-
vided a means to evaluate single, low-volume serum samples for
multiple cytokines simultaneously. This decreased costs and time
in measuring these cytokines compared to performing individual
ELISAs for each cytokine. It should be noted that many combina-
tions of commercially available mAbs for capture and detection
antibodies were evaluated (Table 2), but those used for the cytokine
multiplex assay (Table 1) either had more optimum coupling effi-
ciencies, less background fluorescence, higher sensitivity or a more
linear standard curve. In addition, all capture and detection anti-
bodies were mAbs, rather than polyclonal reagents, thereby giving
greater specificity and sensitivities. The sensitivity of the 8-plex
FMIA was in the pg/ml range in spite of limited cross reactivity
which was compensated for by normalizing the data (e.g., subtract-
ing background levels). As predicted from other studies the serum
and cell supernatant expressed levels of IL-4 are very low for swine
[32]. The mAbs used for this assay were also swine-specific, except
an ovine-derived IL-8 capture mAb which demonstrated a better
coupling efficiency and slope than available swine-derived mAbs
for detection of this cytokine. Although we were able to obtain a
standard curve for IL-6 (data not shown), the slope and the limit
of detection were not optimum and most results from the serum
samples were outside the limits of detection. Eleven different com-
binations of commercially available mAbs were tested for this assay
(Table 2), but it may be that polyclonal reagents are better suited
for this cytokine, particularly since many ELISA kits also use poly-
clonal rather than mAb reagents. In addition, the 2 mAbs that had
the best coupling efficiency and linear standard curve are no longer
available. Currently, the U.S. Veterinary Immune Reagent Network
(http://www.umass.edu/vetimm/swine/index.html) is in the pro-
cess of developing other swine-specific mAbs for the detection of
IL-6 (Dr. Joan Lunney, personal communication).

This study is the first describing the development of a well
validated 8-plex FMIA for the detection of swine cytokines in
serum. The assay should also be very useful in the measurement
of cytokines in tissues and other fluids for the targeted design of
efficacious vaccines for PRRSV, as well as other swine pathogens.
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