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Abstract
Routine screening for infectious agents is critical in establishing and maintaining specific
pathogen free (SPF) nonhuman primate (NHP) colonies. More efficient, higher throughput, less
costly reagent, and reduced sample consumption multiplex microbead immunoassays (MMIAs)
using purified viral lysates have been developed previously to address some disadvantages of the
traditional individual enzyme-linked immunosorbent assay (ELISA) methods. To overcome some
of the technical and biosafety difficulties in preparing antigens from live viruses for viral lysate
protein based MMIAs, novel MMIAs using recombinant glycoprotein D precursor (gD) protein of
herpesvirus B and four viral gag proteins of Simian Immunodeficiency Virus (SIV), Simian T Cell
Lymphotropic Virus (STLV), Simian Foamy Virus (SFV) and Simian Betaretrovirus (SRV) as
antigens have been developed in the current study. The data showed that the recombinant viral
protein based MMIAs detected simultaneously antibodies to each of these five viruses with high
sensitivity and specificity, and correlated well with viral lysate based MMIAs. Therefore,
recombinant viral protein based MMIA is an effective and efficient routine screening method to
determine the infection status of nonhuman primates.
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1. Introduction
Nonhuman primates (NHPs) have been utilized widely as animal models for human diseases
in biomedical research because they are closer phylogenetically to humans than other
animals (Boffelli et al., 2003; Sibal and Samson, 2001; Siepel, 2009). Identifying and
eliminating bacterial and viral pathogens from nonhuman primates can increase their value
as animal models (Mansfield and Kemnitz, 2008). In addition, removing pathogens which
cause infectious diseases in the nonhuman primates can decrease the morbidity and
mortality while improving the overall health of colony animals. Infection by simian
immunodeficiency virus (SIV) results in loss of CD4+ T cells and an acquired immune
deficiency syndrome (AIDS)-like disease in Asian macaques, although it is often
asymptomatic in its natural hosts, African nonhuman primates (Hirsch and Johnson, 1994;
Silvestri et al., 2007). Simian Betaretrovirus (SRV) also causes immunodeficiency disease in
Asian macaques; and Simian T cell leukemia virus (STLV) has been reported to induce
adult T-cell Leukemia-like disease in African green monkeys (Maul et al., 1986; Tsujimoto
et al., 1987). In addition, these and other microbes can cause physiological dysfunction and
abnormality in nonhuman primate hosts leading to erroneous data and failed experiments.
Persistent infection with simian retroviruses such as SIV, SRV, STLV and Simian foamy
virus (SFV), have impaired toxicological research in the nonhuman primates in many ways
(Lerche, 2010; Lerche and Osborn, 2003). Another concern is the possibility that some
pathogens could cause zoonotic diseases in humans who are exposed to blood, body fluids
or tissues of infected nonhuman primates. This concern even applies to pathogens that are
nonpathogenic in the nonhuman primates. Herpesvirus B (B virus; Cercopithecine
Herpesvirus 1) can be fatal in humans, while only causing a virtually asymptomatic
infection in its natural nonhuman primate carriers (Huff and Barry, 2003). SFV transmission
to humans exposed occupationally has been found more frequently than other simian
retroviruses (Lerche et al., 2001; Sandstrom et al., 2000; Switzer et al., 2004). Therefore,
routine screening for SIV, SRV, STLV, SFV, and B virus is critical to identifying and
maintaining specific pathogen free (SPF) nonhuman primates.

Traditionally, researchers have used enzyme-linked immunosorbent assays (ELISA),
indirect immunofluorescence antibody assays (IFA) and Western blot assays (WB) to select
and monitor the SPF nonhuman primates (Andrade et al., 2003; Lerche et al., 1994;
Simmons, 2008; Wolf et al., 2010). However, multiple replicates of these conventional
methods are not only expensive in terms of time, labor, and reagents; but also in their large
sample (tissue, blood, or other body fluids) volume requirements. As the demand for the
number of SPF agents as well as the number of nonhuman primates in research increases, a
more efficient, higher throughput, and less costly reagent and sample consumption method
will become an urgent preference. The multiplex microbead immunoassay (MMIA) based
on the Luminex® xMAP® system is a method which meets these requirements (Mandy et
al., 2001; Nolan and Mandy, 2001). The Luminex® xMAP® system incorporates 100 sets
of 5.6 µm polystyrene microspheres which are filled by gradient ratio of two different
fluorochromes, so that each microsphere set in the matrix can be identified by a different
fluorescence signature (Dunbar, 2006). Each uniquely identifiable microsphere set can be
conjugated to a unique antigen. The bead sets can be mixed and assayed simultaneously to
detect antibodies to multiple infectious agents by the MMIAs, which is more efficient than
multiple ELISAs. Furthermore, the high-speed laser scanner and digital signal processor can
examine each sample in a few seconds, resulting in higher throughput, more replicates and
increased efficiency compared to the traditional methods. Finally, the MMIAs simultaneous
detection of multiple analytes can reduce the cost of reagents and required volume of
samples.
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The MMIA has become an established method for antibody detection in infectious diseases
(Brown et al., 2011; Jones et al., 2002; Khan et al., 2006; Khan et al., 2008; Kuller et al.,
2005; Smith et al., 2008). MMIAs reported previously which detected simultaneously
antibodies to multiple viruses in nonhuman primates relied primarily on microbeads
conjugated with antigens from purified preparations of specific viruses (Khan et al., 2006;
Kuller et al., 2005). However, it may be difficult to obtain these purified lysates of viruses
due to numerous regulatory, safety, stability, reproducibility, technical complexity, and
commercial availability issues. The requirement of Biosafety Level 4 for B virus
propagation and the recommendation of at least biosafety level 2 conditions for the others
are often major obstacles. This study presents the development of MMIAs using purified
preparations of E. coli-expressed gag proteins from highly conserved regions of four simian
retroviruses (SIV, SRV, STLV-1 and SFV-1) and the glycoprotein D precursor of B virus as
antigens to detect antibodies in nonhuman primates. The performances of these recombinant
viral protein based MMIAs were compared with the results obtained using viral lysate based
MMIAs and ELISAs used routinely for viral antibody screening in nonhuman primates
(Khan et al., 2006; Lerche, 2010; Lerche and Osborn, 2003).

2. Materials and methods
2.1 Recombinant viral proteins

Sequences of all viral gag and glycoprotein D precursor (gD) proteins were cited from
Genebank (SIV gag: AAA47632, from 1 to 510 aa; SRV 4/5 gag: BAD89356 (from 1 to
417 aa and from 627 to 659 aa) and AAF71355 (form 1 to 208 aa); STLV-1 gag:
AAU34008, from 1 to 437 aa; SFV-1 gag: AAZ23611, from 1 to 643 aa; and B virus gD:
AAL39132, from 1 to 394 aa). The SRV 4/5 sequence used was a combination of SRV-4
and SRV-5 gag gene sequences in which SRV-5 replaces the SRV-4 region from 418 to 626
aa. DNA sequences were designed by utilizing codons preferred by E. coli to express
recombinant viral proteins in E. coli efficiently. All viral protein genes flanked by two
enzyme digestion positions (Nde I and BamH I) were synthesized commercially and ligated
into transfer plasmid pJ36 to construct five transfer plasmids (DNA 2.0 Inc., Menlo Park,
CA, USA). 10 pg of each transfer plasmid were transformed and cultured separately in 50µl
E. Coli TOPO 10 competent cells as specified by the manufacturer’s manual (Invitrogen,
Carlsbad, CA, USA). Ten transformants of each transfer plasmid were chosen and cultured
separately in 3 ml liquid LB media (Sigma, St. Louis, MO, USA) with 40 µg/ml kanamycin
(Invitrogen, Carlsbad, CA, USA) at 37°C 150 rpm overnight, and kept at −80°C.

3 µl of TOPO 10 transformat storage liquid from each transfer plasmids was cultured in 3 ml
liquid LB media (Sigma, St. Louis, MO, USA) with 40 µg/ml kanamycin (Invitrogen,
Carlsbad, CA, USA) at 37°C, 150 rpm overnight. The five transfer plasmids were isolated
by plasmid mini kit (Qiagen, Valencia, CA, USA). The five transfer plasmids and pET 15b
vector (Novagen, Madison, WI, USA) were double digested by Nde I and BamH I
restriction endonucleases (NEB, Ipswich, MA, USA) in a 50µl reaction system, respectively.
Target fragments were recovered and purified by MinElute Gel Extraction Kit (Qiagen,
Valencia, CA, USA). The five viral protein gene fragments were ligated with pET 15b
fragments by T4 DNA ligase in 20µl reaction system following the manual (NEB, Ipswich,
MA, USA) to generate five expression plasmids in which a start codon and a 6·His-tag
sequence was inserted in the 5’ flanking region and in the same reading frame, respectively.
As described previously, the five expression plasmids were also transformed into and
cultured in E. Coli TOPO 10 competent cells (Invitrogen, Carlsbad, CA, USA) and the ten
transformants of each expression plasmid were picked out and cultured separately, and kept
at −80°C.
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Before transforming into expressing host E. Coli ER2566, the five expression plasmids were
isolated and the expressed regions were sequenced to proof with T7 promoter primer and T7
terminator primer by ABI 3100 (ABI, Carlsbad, CA, USA). After the five expression
plasmids were transformed into E. Coli ER2566 independently, the five recombinant viral
proteins with N-terminal His-tag were expressed in a Bio-Flow 2000 bench top bio-reactor
(10L) (New Brunswick Scientific, Edison, NJ, USA) and were induced with isopropyl β-
D-1-thiogalactopyranoside (IPTG) at 30°C and O.D.=25. Harvesting after 90 minutes
inducing (O.D. > 32) at 4,000 ×g for 15 minutes, the cell pastes were suspended and washed
with 600 ml buffer (40mM Sodium phosphate pH=7.0, 0.1M NaCl), and were homogenized
in an APV1000 homogenizer (APV, Charlotte, NC, USA). The homogenized pastes were
centrifuged at 15,000 ×g for 30 minutes. The pellets were suspended and washed with
200ml inclusion body wash buffer (8M urea, 2% NLS, 20mM triethanolamine, 500mM
NaCl, 10mM imidazole, PH=8.0) and were stirred at 2,000 rpm overnight to dissolve
adequately the inclusion body. The target proteins were purified by 6·His-tag in an
Immobilized Metal Affinity Column (IMAC; GE Healthcare, Waukesha, WI, USA) as
instructed by the manufacturer’s manual. The purified proteins were dissolved in solution
buffer (20mM triethanolamine, 50mM NaCl, PH=8.0) and stored at −80°C. The purified
proteins were examined by western blot using anti-His monoclonal antibodies (Invitrogen,
Carlsbad, CA, USA) and specific simian virus positive sera as shown in Figure 1.

2.2 Animal samples
The initial assay development and validation was performed using archived frozen sera or
plasma from Pathogen Detection Laboratory (PDL) at the California National Primate
Research Center. This group included uncharacterized samples from rhesus, cynomolgus,
and pigtail macaques received for routine diagnostic screening as well as selected samples
from monkeys infected experimentally with the target viruses. The California National
Primate Research Center is accredited fully by the American Association for Accreditation
of Laboratory Animal Care (AAALAC) and all animals were housed and handled in
accordance with the Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Research CoLS, 1996). All procedures associated
with collection of samples for this study were approved by the institutional animal care and
use committee of the University of California, Davis.

The original antibody testing on these samples was performed using either commercial or in
house prepared ELISA followed by IFA or WB to confirm any reactivity. HIV-2 ELISA
(Biorad, Hercules, CA, USA) was validated to cross react with SIVmac and SIVmac WB
strips (Zeptometrix, Buffalo, NY, USA) were used for SIV antibody. HTLV ELISA
(BioMerieux, Durham, NC, USA) and WB strips (Zeptometrix, Buffalo, NY, USA) which
had been validated to cross react with STLV were used for STLV. SRV and SFV testing was
performed using ELISA and WB prepared by PDL (Andrade et al., 2003; Lerche et al.,
1994). In addition, some SFV confirmatory testing was done using SFV IFA slides (Charles
River Labs, Wilmington, MA, USA). Herpes virus papio 2 (HVP2) was used as a surrogate
marker for B Virus (Yamamoto et al., 2005). HVP2 ELISA was prepared by PDL and HVP2
IFA was available commercially (Charles River Labs, Wilmington, MA, USA). All assays
were performed according to manufacturer’s instructions and standard PDL protocols (Khan
et al., 2006).

A 16 member challenge panel of characterized frozen sera or plasma whose aggregate
consensus results from 12 other laboratories performing nonhuman primate antibody testing
by various, unspecified methods was also utilized in the current study.
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2.3 ELISA detection using recombinant protein coated plates
Purified recombinant proteins for SIV, SRV, STLV-1, SFV-1 and B virus were used to
perform antibody detection by ELISA. Briefly, ELISA plates were prepared as follows: 96-
microtiter plate wells (Nunc, Roskilde, Denmark) were coated with 100 µl of purified
antigens at optimal protein concentrations of 2.5 µg/ml for SIV, STLV-1, SFV-1 and B
virus, and 1µg/ml for SRV 4/5 diluted in coating buffer, 0.1 M sodium bicarbonate (pH 9.6).
After being incubated overnight at 4°C, the plates were washed 250 µl/well of 0.01M PBS
(PH=7.4) plus 0.05% Tween-20 (PBST) five times and blocked with 250 µl/well of PBS
(pH 7.4) plus 2% bovine serum albumin (BSA; Sigma, St. Louis, MO, USA). To detect
optimally antibody, 100 µl/well sera, titrated and optimized at 1:200 for SRV, STLV-1 and
B virus, 1:400 for SIV, and 1:1000 for SFV-1 in PBS (pH 7.4) containing 1% BSA (Sigma,
St. Louis, MO, USA), were loaded into the plates. Plates were incubated for 1 hour at 37°C
and then wells were washed by PBST. 100 µl/well of the secondary antibody, goat anti-
monkey conjugated to horseradish peroxidase (Sigma, St. Louis, MO, USA), was loaded
into plate wells at a dilution of 1:15000 for SRV, STLV-1 and B virus, and 1:30000 for SIV
and SFV-1. Plates were incubated for 30 minutes at 37°C and then washed with 250 µl/well
of PBST five times. 100 µl/well of Tetramethylbenzidine (mixed, equal volumes of TMB A
and B) (Kirkgaard and Perry, Gaithersburg, MD, USA) was loaded and reacted in the dark
for 10 minutes at 37°C. The reaction was stopped by loading 100 µl/well of 2 M sulfuric
acid. Color development was read at 450 nm, measured as optical density (O.D.) (Tecan
Sunrise, Durham, NC, USA).

2.4 Recombinant viral protein based multiplex microbead immunoassays (MMIAs)
The five purified recombinant proteins were cross-linked chemically to uncoated
microbeads (Luminex Corp. Austin, TX, USA) according to the manufacturer’s protocols.
Since microbeads are light sensitive, as much as possible, all operations were carried out in
the dark. Resuspension was by 20–30 second vortexing and 30 second treatment in a
sonicator bath. 2.5 × 106 stock microbeads were required for each recombinant protein. The
stock beads were resuspended and then centrifuged at 10,000 ×g for 2 minutes to remove the
storage buffer supernatant. The pelleted microbeads were resuspended in 100 µl of dH2O
and then centrifuged at 10,000 ×g for 1.5 minutes. To prepare for activation the microbeads
were resuspended in 80 µl of 100 mM monobasic sodium phosphate (pH 6.3).

To activate the microbeads for cross-linking to the recombinant proteins, 10 µl of 50 mg/ml
sulfo-N-hydroxysulfosuc-cinamide (NHS; Pierce, Rockford, IL, USA) and 10 µl of 50 mg/
ml 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC; Pierce, Rockford, IL, USA)
were loaded in turn, followed by mixing gently by vortex after each. The microbead mixture
was incubated for 20 minutes at room temperature with gentle mixing by vortex at 10
minute intervals and then centrifuged at 10,000 ×g for 1.5 minutes. Microbeads were
washed twice with 250 µl of 0.01M PBS (pH 7.4) buffer, followed by centrifugation at
10,000 ×g for 1.5 minutes after each washing. Finally, pelleted microbeads were
resuspended in 100 µl of 0.01 M PBS (pH 7.4) buffer containing recombinant protein at the
optimal concentration for each individual virus. The following total protein concentrations
for purified recombinant proteins were used: 10 µg/ml for B virus gD and SIV gag; 4 µg/ml
for STLV-1 gag and SRV gag; 2 µg/ml for SFV-1 gag. Microbead sets were also coated
with Rhesus Monkey IgG (100 µg/ml) (Southern Biotech Corp., Birmingham, AL, USA), a
positive control protein for reaction with R-phycoerythrin-conjugated goat anti-monkey, and
with Bovine Serum Albumin (BSA) (100 µg/ml) (Sigma, St. Louis, MO, USA) or mock
purified E-coli lysate as a negative control protein. For cross-linking, mixtures of activated
microbeads and proteins were incubated by shaking on a rocker for 2 hours at room
temperature. After being coated with proteins, beads were washed twice with 250 µl of
PBST followed by centrifugation at 10,000 ×g for 1.5 minutes after each washing and then
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resuspended in 250 µl of PBS-BN (1% BSA in 0.01 M PBS (pH 7.4), 0.05% sodium azide)
and shaken on a rocker at room temperature for 30 minutes. Microbeads coated with
antigens were resuspended in 0.5 ml PBS-BN and kept at 2–8°C as recommended by the
manufacturer. Repeat testing of positive and negative control sera against the recombinant
SRV gag protein coated microbeads was performed after 6 months storage at 4°C to ensure
reproducibility as compared to the results obtained immediately after coating.

96-well, filter-bottom plates (1.2-µm MultiScreen; Millipore Corporation, Bedford, MA,
USA) were used for the immunoassay. Wells were loaded with 5000 beads from each
individual bead set, coated with either specific recombinant viral proteins or a control
protein in a total volume of 50 µl per well. An equal volume (50 µl) of monkey serum
diluted 1:50 in PBS-BN, was added to the seven-plex bead mixture in each well. The plate
was then incubated on a shaker at 400 rpm for 1 hour at room temperature. After incubation,
the beads were washed by suctioning the liquid through the filter bottom of the plate on a
vacuum manifold (Millipore Corporation, Bedford, MA, USA), followed by two additional
washes with 100 µl/well of PBST. The detector antibody was R-phycoerythrin-conjugated
goat anti-monkey. 100 µl of IgG-PE (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), diluted to a final concentration of 4 µg/ml in PBS-BN, was added to the beads in
each well and incubated at room temperature for 30 minutes. Microbeads were washed twice
with PBST as described previously, resuspended in 100 µl of PBS-BN per well, and then
analyzed in a BioPlex (BioRad, Hercules, CA, USA) reader using the manufacturer’s default
settings. The value of median fluorescence intensity (MFI) of antigen-coated microbead sets
minus MFI of cell lysate coupled microbeads was calculated as real MFI of antigen-coated
microbead sets. The MFI raw data were collected automatically by BioPlex Manager 4.1
(BioRad, Hercules, CA, USA) software.

2.5 Reference assays
A Luminex bead panel including purified viral lysate antigen coated beads for HVP2,
STLV, SIV, SFV, and SRV purchased from the University of California, Davis Clinical
Proteomics Core Laboratory (UCD; Davis, CA, USA) was used as the reference viral lysate
based MMIAs (Khan et al., 2006).

In assaying the challenge panel, the viral lysate based MMIAs (UCD) and also a Simian
Assessment Panel including viral lysate HVP2, STLV, SIV, SRV, SFV, as well as SIV and
SRV recombinant envelope antigen bead sets purchased from Charles River Labs (CRL;
Wilmington, MA, USA) were compared as reference assays.

2.6 Statistical analysis
The receiver operating characteristic (ROC) curve analysis was carried out with the
MedCalc 11.6 software (free trial; MedCalc Software, Mariakerke, Belgium), in order to set
the cutoff of recombinant protein based MMIAs and to compare recombinant and viral
lysate protein based MMIAs. The area under the curve (AUC) of the two MMIAs were also
calculated and compared using the same software. The suggested criteria published
previously to interpret AUC values were applied in the current study (Swets, 1988). Student
t-test was used to compare the difference between groups. Sensitivity, specificity, 95%
Confidence Interval (CI) and Standard Error (SE) were calculated based on the standard,
published equations (DeLong et al., 1988; Simmons, 2008). An exact binomial confidence
interval for sensitivity, specificity, and difference between two AUC was calculated,
respectively. The diagnostic performance of these MMIAs was also measured by calculating
Youden’s index which is defined as sensitivity + specificity −1 (Youden, 1950).
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3. Results
3.1. Sensitivity and specificity using recombinant viral proteins by ELISA

The recombinant antigens were evaluated first using frozen sera or plasma with known virus
status based on historical ELISA and WB data from the Pathogen Detection Laboratory
(PDL) archive. These samples were tested previously and demonstrated a broad range of
positive and negative reactivity using purified viral lysate antigen based ELISA followed by
infected cell IFA or purified viral lysate WB methods as validated previously (Lerche et al.,
1994). The cutoff values were set for positivity at 2.5 times the average optical density
(O.D.) of all historical negative samples for B virus, SIV, STLV-1 and SRV, and 3 times for
SFV-1 in the recombinant viral protein based ELISAs. These cutoff values are similar to
those used in the viral lysate antigen ELISAs and were chosen to maximize the sensitivity of
detecting all true positive samples at the expense of specificity. As shown in table 1, the
recombinant viral protein based ELISAs demonstrated high sensitivity and specificity. For
seventy-one samples used for validation of B virus-gD, the data showed 100% (21/21)
sensitivity and 96.0% (48/50) specificity. The fifty-seven samples used for validation of
SIV-gag, demonstrated 100% (7/7) sensitivity and 98.0% (49/50) specificity. The sixty-six
samples tested using STLV1-gag, yielded 100% (16/16) sensitivity and 96.0% (48/50)
specificity. The seventy-eight samples tested using SFV1-gag, demonstrated 100% (28/28)
sensitivity and 98.0% (49/50) specificity. Sixty-seven samples were tested using SRV4/5-
gag, yielding 94.1% (16/17) sensitivity and 98.0% (49/50) specificity. The Youden’s
indexes showed that all five recombinant viral proteins were highly sensitive and specific to
relative virus positive or negative samples (γ>0.9).

3.2. MMIAs comparison using recombinant viral proteins and viral lysates
A direct MMIA comparison was then performed in parallel using beads coated with viral
recombinant proteins (from Vaccine Technology Inc. (VTI)) and viral lysate proteins (from
University of California, Davis Clinical Proteomics Core Laboratory (UCD)). To set Median
Fluorescence Index (MFI) cutoff values to prefer higher sensitivity over specificity for each
analyte in the recombinant viral protein based MMIAs, the results were individually
analyzed by receiver operating characteristic (ROC) curve (Table 2). Mean MFI values for a
subset of samples was 91 for the E-coli negative control and 9176 for the Monkey IgG
positive control. The supplier’s cutoff which were published previously were used for the
viral lysate based MMIAs (Khan et al., 2006) (Table 2). For detection of B virus, SIV,
STLV-1 and SFV-1 antibodies, both methods correlated well, ranging from 93.3%–100%
(Table 2). For detection of SRV antibody, a higher sensitivity (80.0%, 50/70, 95%CI: 68.7 –
88.6) was obtained using SRV4/5-gag protein, while the sensitivity was only 55.7% (39/70,
95%CI: 43.3 – 67.6) using viral lysates (Table 2); but the specificity was lower using
recombinant viral protein (81.0%, 171/211, 95%CI: 75.6 – 86.5) in comparison with using
viral lysates (93.8%, 198/211, 95%CI: 89.7 – 96.7).

The ROC curves between recombinant viral protein and viral lysate based MMIAs for each
of the five individual simian viruses were also compared (Figure 2 and Table 3). The area
under curves (AUC) of all recombinant protein based MMIAs in the current study showed
that these MMIAs were highly accurate in detecting specific viral antibodies in the
nonhuman primate samples (AUC>=0.9). Except for the SRV (AUC=0.894; moderate), the
viral lysate based MMIAs were also highly accurate in detecting viral antibodies. Figure 1
and Table 3 also show that the recombinant protein based MMIAs correlated well with viral
lysate protein based MMIAs (p>0.05), although the difference between the two types of
MMIAs for B virus approached significance (p=0.0155).
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By definition, the MMIAs test all antigens simultaneously. Thus multiple antigens for the
same agent can be tested in parallel. Since false negatives are more detrimental than false
positives (which can be corrected using confirmatory testing) it was decided to interpret any
positive signal as positive to maximize sensitivity. This was illustrated in Table 4, which
showed individual sensitivities of 55.7% for SRV viral lysate and 80% for SRV gag protein,
but 84.3% for both in parallel.

3.3 Recombinant viral protein based MMIAs challenge against a panel examined by 12
different laboratories

The MMIAs were also tested against a challenge panel. This panel included 16 samples that
were tested by 12 different laboratories. The MMIAs using the current study’s recombinant
proteins, viral lysates proteins from University California, Davis Clinical Proteomics Core
Laboratory (UCD), and antigens from Charles River Laboratories (CRL) were compared.
For antibody detection of B virus, STLV, SIV, and SFV, the hit ratios were fairly close
(from 14/16 to 16/16) (Table 5). For SRV, both viral lysate protein coated beads (one form
UCD and the other from CRL) showed lower hit ratios (8/16 and 11/16) than the
recombinant antigens hit ratios which were 15/16 for gag from VTI and 14/16 for env from
CRL (Table 5).

4. Discussion
The five simian viruses in the current study are major concerns in building SPF nonhuman
primate colonies, which can be established by detecting and removing infected monkeys
(Morton et al., 2008). The accuracy of any serological assay used for this work depends
largely on the quality of the target antigens used. Considering that the simian viruses have
many serotypes and subtypes in the infected population, choosing the highly conserved gag
proteins for the MMIAs allows them to be applied in more nonhuman primate species, while
maintaining high accuracy (Chung et al., 2008; Hara et al., 2005; Lerche et al., 1994;
Murray and Linial, 2006). In addition, gag proteins of the simian retroviruses and
glycoprotein D (gD) of B virus stimulate robust humoral responses which are maintained for
a long time and are the critical immunological biomarkers to show infection status in the
nonhuman primates.(Hahn et al., 1994; Lairmore et al., 1990; Mahieux et al., 1997;
Perelygina et al., 2002).

The positive /negative cutoff values for the recombinant viral protein based MMIAs were
chosen to maximize sensitivity over specificity because the effect of a false negative result,
not identifying an infected animal, would be more detrimental to the individual and colony
SPF status and health than the effects of a false positive result. As has been the algorithm
with ELISA, additional confirmatory testing can continue to be an appropriate option to
improve specificity and correct any false positive result (Lerche et al., 1994). Given this
priority, the results with recombinant viral protein antigens were optimized to correlate well
with the reference testing in both ELISA and MMIA formats. The results using this
recombinant viral protein based MMIAs demonstrated overall equivalent or increased
sensitivity with only a relatively slight decrease in specificity as compared to viral lysate
based MMIAs when testing for viral antibodies in the Pathogen Detection Laboratory (PDL)
archived sera or plasma. In addition, results of recombinant viral protein based MMIAs
against the Challenge Panel (Table 5) compared favorably with various other methods and
reagents.

SIV results using recombinant gag protein were essentially equivalent to viral lysate results.
The small number of positive samples is a potential concern; but non-experimental SIV
infection in most monkey species used in biomedical research is extremely rare. STLV
results using recombinant gag protein were slightly more sensitive and correspondingly
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slightly less specific than viral lysate results. SFV antibody detection was highly and equally
accurate with either recombinant viral protein or viral lysate antigen. These results validate
the use of these three recombinant gag proteins for antibody detection.

Herpes simplex virus type 1 (HSV1) and Herpes virus papio type 2 (HVP2) are surrogate
markers which have been used successfully for B Virus detection with sensitivities of 96%
and 98%, respectively (Ohsawa et al., 1999; Tanaka et al., 2004; Yamamoto et al., 2005).
The recombinant viral protein sensitivities (ELISA 100%, MMIA 96%) in the current study
were within this range. Confirmatory testing using B Virus antigen could not be performed
to determine directly which antigen was more accurate.

Although the sensitivity of SRV antibody detection using recombinant gag protein was
increased when compared with viral lysate, it was still much lower than that of the other
agents. Another concern is the loss of specificity with the increased sensitivity. Since SRV is
potentially an important SPF threat, additional improvement is warranted. An example of
using two antigens for a single agent to increase sensitivity is illustrated in Table 4. Using
results of SRV viral lysate and recombinant gag protein together in parallel improved the
sensitivity with some loss of specificity, which could be corrected by confirmatory testing.
In general, parallel testing improves sensitivity but is limited by the specificity of the least
specific assay.

Having demonstrated the feasibility of using these recombinant antigens, further studies to
develop additional recombinant antigens to add to the MMIAs can now be considered. The
simultaneous, multiplex nature of the MMIA allows for the inclusion of additional antigens
for minimal reagent and time costs with no increase in sample volume requirement.

The inclusion of additional antigens should improve the accuracy of testing for B Virus and
SRV antibodies. Reports in the literature suggest the need for multiple epitopes to identify
correctly B Virus infection in various individual host immune backgrounds over the course
of time (Blewett et al., 1999; Perelygina et al., 2005; Ward and Hilliard, 2002). The panel
results in table 5 showed that antibody against SRV recombinant proteins was detected in
some samples which were not reactive to viral lysate antigens, particularly samples for
which there was not good consensus. It has been reported previously that detection of SRV
infection by analysis of blood samples is complicated additionally because antibody appears
to be variable over time, often complementing the detection of virus by culture or DNA by
PCR (Lerche and Osborn, 2003). Whether or not an antibody negative result in a sample
from an infected monkey is a biological reality or a test method/sample limitation is an
important question that has not been answered. The antigen in the ELISA used to original
identify and characterize the samples in this study was SRV-5, which has been used
successfully by the Pathogen Detection Laboratory for routine detection of all SRV
serotypes. The five serotypes of SRV that have been found in macaques have been shown to
be serologically cross-reactive, especially for gag gene proteins (Morton et al., 2008).
However, multiplex technology will allow the opportunity to reconsider the efficient
inclusion of additional serotype antigens in future studies.

Multiplexed recombinant antigens will be a practical, efficient and economical tool to not
only improve antibody detection for the current agents but also to add additional SPF agents
as they are needed (Lerche and Simmons, 2008). In addition to antibody detection for SPF
surveillance, multiplexed additional antigens could provide an efficient tool for studying
antibody profiles to virus components and perhaps defining the role of various epitopes in
pathogenicity, disease progression, drug resistance, vaccine efficacy, and other applications.
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5. Conclusion
Novel recombinant viral protein based MMIAs for the detection of B virus, SIV, STLV,
SFV, and SRV antibodies have been developed and validated. These recombinant viral
protein based MMIAs demonstrate at least equivalent accuracy as compared to
corresponding viral lysate based MMIAs. The option to use recombinant virus proteins
instead of viral lysate proteins overcomes many difficulties of working with potentially
infectious and biologically variable materials. Future plans include development,
incorporation, and validation of different or additional antigens to determine the best
combination to further improve the accuracy of antibody testing, especially for B Virus and
SRV. Additional antigens should also allow researchers to explore the possibility of
combining screening and confirmatory testing into a single multiplex assay.

Highlights

• Detection of simian virus infection is important in nonhuman primates,
especially in specific pathogen free colonies.

• Assays using recombinant viral protein antigens are as accurate as viral lysate
based assays.

• Multiplex recombinant viral protein antigen based assays are potentially more
efficient, less biohazardous, less variable, and less expensive than traditional
assays.
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MMIA multiplex microbead immunoassay
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Figure 1.
Western Blot of purified recombinant viral proteins reacted with specific simian virus
positive (P) or negative (N) sera. 1: SIV gag (57kD); 2: B Virus gD (42 kD); 3: STLV gag
(48kD); 4: SFV gag (69kD); 5: SRV4/5 gag (74kD). MW: PageRuler Prestained Protein
Ladder 150kD, 95kD, 72kD(red), 55kD, 43kD, 34kD, 26kD, 17kD (from top to bottom)
(Fermentas #SM0671, Shenzen, China).
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Figure 2.
comparison ROC curve between recombinant viral protein (R (VTI)) and viral lysate (VL
(UCD)) based MMIAs. VTI: MMIAs using recombinant virus proteins from Vaccine
Technology Inc. (VTI); UCD: MMIAs using virus lysate preparation from University of
California, Davis Clinical Proteomics Core Laboratory (UCD).
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Table 1

Sensitivity, specificity and Youden’s index of ELISAs using recombinant viral proteins as compared to
reference viral lysate ELISAs with WB or IFA confirmation of reactivity

Sensitivity a Specificity b Youden’s index(γ) c

B virus 100% (21/21) 96.0% (48/50) 0.960

SIV 100% (7/7) 98.0% (49/50) 0.980

STLV-1 100% (16/16) 96.0% (48/50) 0.960

SFV-1 100% (28/28) 98.0%(49/50) 0.980

SRV 4/5 94.1% (16/17) 98.0% (49/50) 0.921

a
Sensitivity= true positive/ (true positive + false negative);

b
Specificity= true negative/ (true negative+ false positive);

c
Youden’s index= sensitivity+specificity-1;
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Table 4

Sensitivity and specificity of SRV recombinant viral protein (R) and virus lysate (VL) based MMIAs
combination strategy

Sensitivity Specificity

Single
VL Screen 39/70(55.7%) 198/211(93.8%)

R Screen 56/70(80.0%) 171/211(81.0%)

Parallel VL or R Screen 59/70(84.3%) 164/211(77.7%)

Single: two MMIAs were performed at the same time. The sensitivity and specificity of both MMIAs were calculated independently; Parallel: two
MMIAs were performed at the same time. The samples negative in both MMIAs were counted as negative and the rest were counted as positive.
And then the sensitivity and specificity of parallel combination were calculated.
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