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Abstract

Tick-borne bacteria, EArlichia canis, Anaplasma platys, and Ehrlichia chaffeensis are significant
pathogens of dogs worldwide, and coinfections of £. canisand A. platysare common in dogs on
the Caribbean islands. We developed and evaluated the performance of a multiplex bead-based
assay to detect antibodies to £. canis, A. platys, and E. chaffeensis peptides in dogs from
Grenada, West Indies, where £. canisand A. platys infections are endemic. Peptides from

outer membrane proteins of P30 of £. canis, OMP-1X of A. platys, and P28-19/P28-14 of E.
chaffeensis were coupled to magnetic beads. The multiplex peptide assay detected antibodies

in dogs experimentally infected with £. canisand E. chaffeensis, but not in an A. platys
experimentally infected dog. In contrast, the multiplex assay and an in-house enzyme-linked
immunosorbent assay (ELISA) detected A. p/atys antibodies in naturally infected Grenadian dogs.
Following testing of 104 Grenadian canine samples, multiplex assay results had good agreement
with commercially available ELISA and immunofluorescent assay for £. canis antibody-positive
dogs (K values of 0.73 and 0.84), whereas A. p/atys multiplex results had poor agreement with
these commercial assays (K values of —0.02 and 0.01). Prevalence of seropositive £. canis

and A. platys Grenadian dogs detected by the multiplex and commercial antibody assays were
similar to previous reports. Although the multiplex peptide assay performed well in detecting the
seropositive status of dogs to £. canisand had good agreement with commercial assays, better
antigen targets are necessary for the antibody detection of A. platys.
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Tick-borne bacteria are significant pathogens of dogs in the United States and the Caribbean.
Specifically in Grenada, West Indies, there is serologic and polymerase chain reaction
(PCR) evidence that dogs are infected with Ehrlichia canis and Anaplasma platyst® A
study of 177 Grenadian dogs evaluated in 2004 and 2006 indicated that the seroprevalence
of E. canisis 42-49% and 20% for A. p/atys. In the same study, 44% of dogs were

detected as PCR-positives for £. canisand A. platysin 2006.1° With the concerns of
cross-reactivity among antigens found in immunofluorescent assays (IFAs)1215 and a
commercially available enzyme-linked immunosorbent assay (ELISA),,2 use of multiplex
peptide bead-based technology was proposed as an alternative that may improve detection
of infections and coinfections of these tick-borne agents. Advantages of this technology
over traditional IFA and ELISA are the multiplex format (analysis of several analytes or
antibody-antigen reactions at the same time) and high throughput capabilities (e.g., 96-well
capacity), smaller sample volume, greater cost-effectiveness, and higher sensitivity.3:4:16

We developed a multiplex peptide bead assay to detect antibodies to peptides specific

to immunodominant outer membrane proteins (OMPs) P30 of E. canis, OMP-1X of A.
platys, and P28-19 and P28-14 of E. chaffeensis.81314 A similar multiplex assay has been
developed to detect serum antibodies to outer surface proteins of Borrelia burgdorferiin
dogs.1” We also compared the agreement of the multiplex assay results with the results

of a commercial ELISA2 and IFA.P Because the ELISA® does not differentiate antibody
responses to Ehrlichia chaffeensis from E. canis, we also included peptides from OMPs
expressed in E. chaffeensis-infected macrophages (P28-19) and in infected tick cells (P28—
14)° to determine the cross-reactivity of £, canisand A. platys antibodies in serum to
these peptides of £. chaffeensis. The OMP-1X gene for A. platyswas chosen because

it is reported as unique to this species and is considered not to cross-react with mouse
anti-Anaplasma phagocytophilum serum.® To validate the multiplex bead assay, we tested
sera from 3 purpose-bred experimentally infected Beagles (carried out at Kansas State
University)1! and from 104 dogs of Grenada, West Indies. The population of Grenadian
dogs allowed us to test for £. canis- and A. platys—exposed dogs, because Rhipicephalus
sanguineus, vector of E. canisand A. platys, is the only known tick to parasitize dogs in
Grenada.1®

For experimentally infected samples, sera from 3 purpose-bred Beagles obtained from a
previous studyl! were tested for antibodies to £. canis, A. platys, and E. chaffeensis before
(control serum) and 14, 27, and 35 d post experimental infection. Days post-infection were
selected based on peak total immunoglobulin (1g)G ELISA values.!1

For naturally infected samples, community-owned Grenadian dogs from St. George’s parish
and outlying parishes were brought to the Veterinary Teaching Hospital at St. George’s

a.Snap 4DX, IDEXX Laboratories, Westbrook, ME.
b. Exrlichia canis and A. phagocytophilum MIF canine 1gG antibody kit, Fuller Laboratories, Fullerton, CA.
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University School of Veterinary Medicine for assessment and blood sampling prior to spay
and neuter surgeries (September-December of 2014). Collection of blood samples from
these dogs was approved by the Institutional Animal Care and Use Committee (IACUC,
protocol 14002-R) at St. George’s University. The population consisted of 28 male dogs and
76 female dogs, 101 mixed-breed dogs, and 3 purebred dogs with a median age of 1.8 y (2
mo to 8y).

All canine samples were tested for the presence of antibodies to £. canisand A. platys

by commercial ELISA? during clinical examination. All canine sera were tested by IFA
using a commercial kit? in which slides were coated with semipurified elementary bodies
and morulae from cell culture—propagated E. canisand A. phagocytophilum. Positive and
negative canine control serum was provided from the same company as the kit. Serum
samples were tested as recommended by the manufacturer,? and were considered positive if
they reacted at a dilution >1:80.

To develop the multiplex bead assay, peptides were synthesized using published sequences
for the immunodominant OMP of E. canis P30 [GenBank accession ACC85904], A.
platys OMP-1X 8 E. chaffeensis P28-19,10 and E. chaffeensis P28-14.5 The peptides were
modified by the addition of a 19-atom nonimmunogenic spacer consisting of N-terminal
amine-polyethylene glycol acid (PEG 5).¢ The carboxyl terminus of PEG 5 was attached
to the primary amine N-terminus of each peptide by an amide bond® (Table 1). Four
carboxylated magnetic bead regionsd were identified and coupled to 20 pg/mL of NH,-
PEG 5-modified peptides using a 2-step carbodiimide reaction® to chemically couple the
carboxylated bead regions to the amine N-terminus of each modified peptide (Table 1).

Serum samples from the experimentally infected dogs were then tested against 4 distinct
Ehrlichia/Anaplasma peptide-coupled beads to confirm coupling of these peptides to the
beads. The multiplex assay was performed using a modification of an indirect immunoassay
protocol as described* using multiplex technology.f In brief, a working mixture of the 4
peptide coupled bead regions was prepared and diluted to a final concentration of 100
microspheres of each set per microliter in assay buffer.# Fifty microliters of the microsphere
mixture was placed in a 96-well plate9 containing 50 pL of filter-sterilized assay buffer.
Sera from all dogs were diluted 1:1,000 in assay buffer containing 0.1% blocker" to reduce
nonspecific binding of antibody,® and 50 uL of the diluted sample was added to the
appropriate wells in duplicate. Background wells consisted of the microsphere mixture
without diluted serum. Following incubation overnight at 4°C on a plate shaker, the beads
were washed according to the published protocol using a magnetic sepalrator.i Biotin-affinity
purified goat anti-dog 1gG H+LJ (50 pL of 2 pg/mL) was added to all of the wells, and

the plate was incubated for 1 h at room temperature while on a plate shaker. Three washes

C-Pierce Biotechnology, Rockford, 1L
d-Magplex beads, Luminex, Austin, TX.
€.xMap antibody coupling kit, Luminex, Austin, TX.
‘MagPix instrument, Luminex, Austin, TX.
9-Greiner black plate (65509x), Greiner Bio-One North America, Monroe, NC.
h-EMD Millipore ChemiBLOCKER, Merck, Darmstadt, Germany.
I-Magnetic plate separator, Luminex, Austin, TX.
J-Biotin-affinity purified goat anti-dog IgG H+L, Kirkegaard and Perry Laboratories, Gaithersburg, MD.
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using assay buffer were performed followed by 30-min incubation at room temperature with
50 pL/well of 4 pg/mL of phycoerythrin (PE)-labeled streptavidin.k The beads were then
washed with assay buffer and resuspended in 100 pL of manufacturer’s drive fluid! and
analyzed. The median fluorescent intensity (MFI) of each sample performed in duplicate
was compared to the MFIs of the background wells (beads without serum). An average

of duplicate samples was determined by analysis software™ and recorded as the average
MFI. Cutoffs for positive samples for each bead set were based on 2 standard deviations

of the MFIs of 10 replicates of a negative control sample (serum from an uninfected

dog). Background wells, negative control serum, and known positive control serum from
experimentally infected dogs were assayed in each plate. During the initial testing of the
multiplex assay, it was noted that seroreactivity to OMP-1X peptide by the A. platys-
infected dog was below the MFI negative control cutoff (Table 2). The £. canis- and E.
chaffeensis-infected canine serum reacted well with the £. canis P30 and E. chaffeensis
P28-19 peptide-coated beads as expected (Table 2 with the highest MFI values). There was
some cross-reactivity noted with the £. canis-infected serum to £. chaffeensis P28-19 and
P28-14 coated beads and E. chaffeensis-infected serum with £. canis P30 coated beads;
however, the MFIs were lower.

Because the A. platys experimentally infected dog did not produce a MFI reading

above the negative cutoff, an in-house ELISA was developed to determine if the serum
immunoreactivity to A. platys OMP-1X and Ehrlichia P28/P30 peptides bound to an ELISA
plate was in any way different than when tested against the peptide-coated beads. In this
experiment, sera were compared from 3 experimentally infected dogs and 2 Grenadian dogs
that were known to be £. canisor A. platys antibody-positive by ELISA® and IFAP as well
as PCR-positive for 16S rRNA of £. canisor A. platys (data not shown). The in-house
ELISA performed similarly to the peptide bead assay for £. canis P30 and E. chaffeensis
P28-19, however, the serum from a known A. p/atys-seropositive Grenadian dog reacted
readily with A. platys OMP-1X peptide-coated wells with a higher OD than the serum from
the A. platys experimentally infected dog (Fig. 1). This same Grenadian canine sample was
above the MFI cutoff for A. p/atysin the multiplex assay performed later. The A. platys
strain used for experimental infection is from a naturally infected dog from Florida.1! This
observation suggest that the OMP-1X peptide is suitable for detecting canine infections with
A. platys at more prevalent geographic locations such as Grenada in the Caribbean, but
requires further optimization to detect wider geographical strains.

The intra-assay precision or repeatability of the multiplex assay was determined by assaying
5 Grenadian canine samples that covered a dynamic range (very low: <250 MFI; low

to moderate: 251-999 MFI; moderate to high: 1,000-2,500; very high: >2,500 MFI) in
triplicate on the same plate. Inter-assay precision was determined by testing serum from

4 dogs covering the dynamic range in duplicate on 2 different plates 1 mo apart. The
coefficient of variation (CV) calculation of the intra-assay was 5-8% for the 4 bead sets.
The inter-assay precision was 7-14% for all EArlichia peptide-coated beads and 18% for

k-Phycoerythrin (PE)-labeled streptavidin, Life Technologies, Grand Island, NY.
I-Magpix drive fluid, Luminex, Austin, TX.
M.xPonent 4.2 software for MagPix, Luminex, Austin, TX.
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A. platys peptide-coated beads. According to published norms, acceptable intra-assay and
inter-assay CVs are <10% and <20%, respectively.!

Following these preliminary assay optimizations, the multiplex bead assay was used to test
104 Grenadian canine serum samples. The average age of the dogs was ~2 y. Three dogs
were <6 mo of age, with 1 testing antibody positive for £. canis (likely because of maternal
antibody), whereas the other 2 dogs tested antibody negative against the £. canisand A.
platys peptides. There were 60 antibody-negative dogs and 44 positive samples (Fig. 2).
Analysis of variance and Dunn multiple comparison test” detected significant differences
between the MFIs of the canine sera against each peptide-coated bead (o= 0.0019). The
MFIs for E. chaffeensis P28-19 and E. canis P30 were similar (p > 0.99), whereas the

MFIs for E. chaffeensis P28-14 and A. platys OMP-1X were significantly lower than £.
chafffeensis P28-19. E. chaffeensis P28—-14 MFI was significantly lower than the results

for E. canis P30 (Fig. 2). Although the median MFI (511) results for A. platys-positive

dogs was lower than £. canis P30 (1363), there was no significant difference (p = 0.0854).
Seven samples from Grenadian dogs reacted with the A. p/atys peptide with MFIs above the
cutoff. Six of these dogs also reacted to £. canis, indicating co-exposure, whereas only 1 dog
reacted to A. platys peptide alone. All serum that reacted with £. chaffeensis P28-19 peptide
also reacted with P30 of £. canis. However, 9 canine sera reacted with the £. canis peptide,
but did not recognize the £. chaffeensis P28-19 peptide. Of the 9 canine sera that reacted
with E. chaffeensis P28-14, 4 samples also reacted with E. chaffeensis P28-19 and/or E.
canis P30 peptides. Sera from 4 dogs reacted with all bead sets with low to moderate range
MFls.

The multiplex peptide bead assay results of all positive and negative Grenadian canine
sera for £. canisand A. platyswere compared to the ELISA2 and IFAP results (Table 3).
Based on the analyte used for antibody detection, considerably more dogs were detected as
antibody-positive for £. canisin the multiplex peptide bead assay than either commercial
assay (35.5% for multiplex bead assay vs. 20% for commercial ELISA and 19% for IFA).
The ELISA and IFAP assays detected more A. platys—positive dogs (5% for ELISA and
9% IFAP vs. 1% for multiplex assay), and more dogs were antibody-positive for both £.
canisand A. platysthan the peptide assay (12.5% for ELISA and 18% for IFAP vs. 5.7%
for multiplex assay). The proportion of dogs that were antibody negative for E. canis, E.
chaffeensis, and A. platyswere similar for all 3 methods (62.5% for ELISA, 53.8% for
IFA,? and 57.6% for multiplex assay), with the IFA having fewer negatives as expected.

Kappa statistics® (Table 4) indicated very good to good agreement between the ELISA,2
IFA,P and the multiplex peptide bead assay when naturally exposed £. canis antibody-
positive serum from Grenadian dogs were compared. In contrast, the agreement among the 3
assays for A. platys antibody detection was poor (Table 5).

To test the implementation of the canine EArlichia Anaplasma assay developed in our study
and to compare the performance with a commercial ELISA? that uses £. canisand A.

N.GraphPad Prism 6.05, GraphPad Software, La Jolla, CA.
0. Analyse-it (Method Evaluation Edition version 4), Analyse-it Software, Leeds, United Kingdom.
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phagocytophilum peptides, we selected serum samples from Grenadian dogs because this
population is likely exposed to only 1 known tick species, R. sanguineus, which carries

both E. canisand A. platys. Because we detected £. canis-positive serum samples that

also reacted with £. chaffeensis peptides, this likely represents cross-reactions with £. canis
antibodies because the tick vector, Amblyomma americanum, has not been found on the
island.19 It is also possible that the antibodies cross-reacted with the peptides for the £. canis
P30, E. chaffeensis P28-9 and P28-14 because several amino acids are common within

the peptide sequences of the pathogens. Nonetheless, the possibility of the presence of £.
chaffeensis on this island cannot be ruled out and requires further investigation.

The multiplex bead assay had good agreement with the ELISA® and IFAP when antibody
reactivity to £. canis was compared. The agreement findings for the multiplex peptide bead
assay and the ELISA is expected because the commercial assay uses peptides from the

P30 and P30-1 immunodominant proteins of £. canis and the multiplex bead assay had a
similar peptide to P30 of £. canis. In addition, the prevalence of Grenadian dogs seropositive
for E. canisbut not A. platys by the multiplex assay was 36%, which is very similar to

an island-wide survey in 2013 that reported 34% positives for £, canisin dogs.? Dogs
coexposed to both pathogens were 6% for the multiplex assay, 13% for the commercial
ELISA, and 18% for the IFA.

Because the P28/P30 OMP from these gene clusters are conserved between E. chaffeensis
and £. canis, cross-reactive antibodies to peptides of £. canis P30 is likely. The majority

of E. canisreactive sera also reacted well with £. chaffeensis P28-19 coated beads, with

4 samples reacting with all peptides. These findings suggest the possible conservation

of antibody-binding epitopes among the various peptides. EhArlichia chaffeensis P28 OMP
consists of a multigene locus of 22 arranged genes that encode for immunodominant 28-kDa
OMP and form porin-like structures on the membrane of the organism.’” The P28 OMP from
gene 14 is also from the same multigene locus and is known to be highly expressed in
infected tick cells and both P28—14 and P28-19 are paralogs of P30-10 in £. canis.®> P28-19
peptides of £. chaffeensis are highly expressed in infected canine macrophages.® In our
study, very few serum samples had antibodies that reacted with the peptide of £. chaffeensis
P28 OMP-14, and the MFIs were low to moderate in range. The biologic significance of E.
chaffeensis P28-14 is not completely known; however, prior studies in mice infected with
bacteria grown in tick cells indicate that the immune response is less effective in clearing the
organism grown in tick cells compared to the organism grown in canine macrophages.®

The agreement for A. platys seroreactive samples between the commercial assays and
multiplex assay was poor. Similarly, A. platysbeads were not very strong in detecting A.
platys sera from a dog experimentally infected with a Florida isolate of the pathogen.11

We hypothesized this was a consequence of the lack of specificity of the assay, although
the low prevalence of A. p/atys infection may also have contributed. In our study, A.

platys seropositive samples were determined by the multiplex peptide assay and the peptide
ELISA2 to have a very low prevalence (1% and 5%, respectively) in this canine population.
The IFAP assay also detected a low prevalence (9%) but it was relatively higher than the
other assays and more consistent with the island-wide survey of 9% prevalence reported

in 2013.9 The prevalence of A. p/atysreported in 2013 and in our study, regardless of

J Vet Diagn Invest. Author manuscript; available in PMC 2021 August 10.
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the antibody assay, is less than the 20.5% reported in 2006,1° suggesting a change in the

A. platysinfection rate on the island over a 9-y period. Because more dogs reacted in

the IFA than the other 2 peptide assays, it is likely that whole cell antigen provides more
antigenic epitopes for the antibodies than the peptide assays. Several Grenadian canine
samples had higher MFI values compared to negative control serum. This result suggests
that the sera from the naturally infected Grenadian dogs may have more reactive antibodies
specific to the peptide selected in our bead assay. According to the experimental infection
study, the A. platys-infected dog was seroreactive to A. phagocytophilum in an in-house
ELISA 11 and seroreactive by the IFA using whole cell antigen from the pathogen, and

in the ELISA.2 Because several of the Grenadian canine samples reacted with whole cell
antigens in the IFA and the peptides in the ELISA? (reported to have a high sensitivity

and specificity for £. canisand A. phagocytophilurm),? the low antibody reactivity of the
Grenadian canine samples to the OMP-1X peptide of A. p/atys may be a consequence of the
lack of immunogenic epitopes in this peptide. The ELISA2 uses a different synthetic peptide
from another major P44 OMP gene product of A. phagocytophilum than the multiplex
assay developed in our study. Although A. phagocytophilum has been reported to have
cross-reacting epitopes to A. platys, these epitopes may not be similar to various A. platys
strains existing in nature, such as those in the Grenada island dogs. Even though the A.
platys gene sequence was first identified to be identical in 2 naturally infected dogs from
Venezuela and in 1 naturally infected dog from Taiwan, the report did not describe the
testing of the OMP-1X peptide-coated ELISA plate against serum from infected Venezuelan
dogs.8 Dogs inhabiting Venezuela are likely exposed to similar strains as dogs in Grenada
compared to dogs from Taiwan. Therefore, it is unclear whether the A. p/atys strain found
in Grenadian dogs is different than the strain against which the OMP-1X peptide sequence
was originally defined and tested. Future studies are required to determine the differences in
the sequences of OMP-1X in A. platys-infected Grenadian dogs. Further optimization of the
multiplex assay is necessary before diagnostic sensitivity and specificity of the assay can be
determined.
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Figure 1.

Enzyme-linked immunosorbent assay (ELISA) data of serum obtained from 3
experimentally infected dogs (closed symbols) and 2 naturally infected Grenadian dogs
(open symbols) reacting with peptide-coated wells. Corrected optical densities (ODs; mean
of 3 replicates) represent the OD after negative control serum was subtracted
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Figure 2.
Multiplex bead assay results from testing 44 Grenadian dog serum samples that had median

fluorescent intensities (MFIs) above the cutoffs defined in Table 2 (dotted lines). Each
symbol represents the MFI from a dog serum sample reacting to a peptide-coated bead. The
lower and upper lines represent the 25th and 75th percentiles of the interquartile range. The
middle line represents the median of the data. Significant differences between data sets are
listed above each column of data set (Dunn multiple comparisons test, p < 0.05)
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