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Antigens as Markers for Early and Late Infection in Dogs

Bettina Wagner,®P Heather Freer,®? Alicia Rollins,>P David Garcia-Tapia,® Hollis N. Erb,? Christopher Earnhart, Richard Marconi, and
Patrick Meeus*©

Department of Population Medicine and Diagnostic Sciences® and Animal Health Diagnostic Center,” College of Veterinary Medicine, Cornell University, Ithaca, New York,
USA; Veterinary Medicine Research and Development, Pfizer Animal Health, Kalamazoo, Michigan, USAS; and Department of Microbiology and Immunology, Center for
the Study of Biological Complexity, Medical College of Virginia at Virginia Commonwealth University, Richmond, Virginia, USA

Lyme disease in the United States is caused by Borrelia burgdorferi sensu stricto, which is transmitted to mammals by infected
ticks. Borrelia spirochetes differentially express immunogenic outer surface proteins (Osp). Our aim was to evaluate antibody
responses to Osp antigens to aid the diagnosis of early infection and the management of Lyme disease. We analyzed antibody
responses during the first 3 months after the experimental infection of dogs using a novel multiplex assay. Results were com-
pared to those obtained with two commercial assays detecting C6 antigen. Multiplex analysis identified antibodies to OspC and
C6 as early as 3 weeks postinfection (p.i.) and those to OspF by 5 weeks p.i. Antibodies to C6 and OspF increased throughout the
study, while antibodies to OspC peaked between 7 and 11 weeks p.i. and declined thereafter. A short-term antibody response to

OspA was observed in 3/8 experimentally infected dogs on day 21 p.i. Quant C6 enzyme-linked immunosorbent assay (ELISA)
results matched multiplex results during the first 7 weeks p.i.; however, antibody levels subsequently declined by up to 29%.
Immune responses then were analyzed in sera from 125 client-owned dogs and revealed high agreement between antibodies to
OspF and C6 as robust markers for infection. Results from canine patient sera supported that OspC is an early infection marker
and antibodies to OspC decline over time. The onset and decline of antibody responses to B. burgdorferi Osp antigens and C6
reflect their differential expression during infection. They provide valuable tools to determine the stage of infection, treatment

outcomes, and vaccination status in dogs.

yme disease is the most common vector-borne disease in the

United States. It is caused by B. burgdorferi sensu stricto bacte-
ria, which is transmitted to mammalian hosts by infected ticks
(Ixodes spp.) (9, 32). Clinical signs of Lyme disease in dogs are
fever, acute arthritis, arthralgia, lameness, and nephritis in some
cases. Central nervous system involvement, heart block, and uve-
itis are less frequently reported in dogs (2, 10, 12).

The diagnosis of Lyme disease is made on the basis of symp-
toms, including the animal living in an area where the disease is
endemic, ruling out other causes of clinical signs, and a high titer
of B. burgdorferi-specific antibodies. In dogs, the latter was initially
accomplished by the detection of serum antibodies by a quantita-
tive but rather nonspecific enzyme-linked immunosorbent assay
(ELISA) followed by a qualitative but more specific Western blot-
ting (WB) (2, 11, 43). Other, more recent tests are based on the
detection of an invariable domain (IR6) of the variable surface
antigen VISE of B. burgdorferi. IR6, also commonly known as C6, is
immunodominant in human patients with Lyme disease and also
in dogs infected with B. burgdorferi (14-16).

Fluorescent bead-based, multiplex analysis of antibodies to B.
burgdorferi is a novel approach of high analytical sensitivity and
allows for the simultaneous detection of immune responses to
several antigens in dogs and horses (39, 40). Several antigens of B.
burgdorferi, including outer surface protein A (OspA), OspC, and
OspF, are differentially expressed in ticks (OspA) (23, 24, 30, 36,
44) during transmission to a warm-blooded animal (OspC) (7, 25,
28) or later in the mammalian host (OspF) (1, 18, 21). Although
the surface antigen expression patterns of B. burgdorferihave been
thoroughly investigated in ticks and during transmission, less in-
formation is available about the antigen expression of the spiro-
chetes in the mammalian host. Besides the studies on C6 men-

1556-6811/12/$12.00 Clinical and Vaccine Immunology p. 527-535

tioned above, almost no data exist about the dynamics of
antibodies to various B. burgdorferi antigens after the infection of
dogs. Considering the ability of B. burgdorferi to regulate its sur-
face antigen expression in adjustment to its current environment,
it is likely that the differential expression of these antigens during
early or persistent infection results in a variation of the immune
response over time. Thus, a more detailed analysis of the dynamics
of antibody to different B. burgdorferi antigens in dog serum will
likely provide us with greater insights into various stages of infec-
tion, could improve our understanding of this persistent patho-
gen, and is likely to influence prognosis and treatment decisions
for Lyme disease.

The aim of this study was to identify markers for early and late
infection by comparing antibody responses to different surface
antigens of B. burgdorferi in two sample sets. First, sera of experi-
mentally infected dogs were used to compare antibody responses
to OspA, OspC, OspF, flagellin B (FlaB), and two C6 peptides
during the first 3 months of infection and by using a novel multi-
plex assay for all six antigens and two commercially available tests
based on C6 peptide. Second, we analyzed sera from canine pa-
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tients by multiplex analysis to further evaluate the infection mark-
ers OspC, OspF, and C6.

MATERIALS AND METHODS

Experimental dogs and samples. A total of 12 clinically healthy purpose-
bred beagles were enrolled in this study. Dogs were 9 to 10 weeks of age at
the time of tick challenge. Five of them were male and seven female. Dogs
were experimentally infected with B. burgdorferi by exposure to 25 (n = 4)
or 50 (n = 4) wild-caught ticks (Ixodes scapularis). A control group (n =
4) was not exposed to ticks. Adult Ixodes scapularis ticks were collected in
the spring of 2008 in southern Rhode Island from an area in which B.
burgdorferi was endemic and were stored in the laboratory (in ventilated
tick vials in tick incubators at 12 to 15°C and 95% relative humidity) for a
brief period before infestation on dogs. Borrelia infection rates in ticks
were determined by dark-field assay to be 52% (20). On day 0, adult ticks
were placed in infestation chambers affixed to both sides of each dog.
Ticks were allowed to feed to repletion (between days 7 and 14) and were
removed on day 14. Starting on the day of tick challenge through to the
end of the study, 92 days later, animals were examined daily for clinical
signs associated with Borrelia infection, including, but not limited to,
lameness, ataxia, joint swelling, enlarged lymph nodes, depression, and
fever (>39.5°C) (42). Blood samples were collected from the dogs 13 days
before exposure to ticks and on days 21, 35, 49, 63, 77, and 92 and were
analyzed for antibodies to Borrelia burgdorferi. The blood was allowed to
clot. Three drops of serum were used immediately in the SNAP 4Dx test,
and the remainder of the serum was stored at —70°C until being evaluated
using the Lyme Quant C6 test and Cornell’s multiplex Lyme assay (see
below). All tests were performed in a masked manner. Body skin punch
biopsy specimens (2 to 4 mm) were collected on days 49 and 92 from each
dog to confirm the presence or absence of Borrelia. Two biopsy specimens
were taken from body regions close to the tick attachment sites at each
sampling day. Half of the biopsy specimens were used for culturing and
were placed directly into screw-cap tubes containing 6 ml Barbour-
Stoenner-Kelly IT (BSK IT) medium. The other samples were used for PCR
and were frozen immediately and stored at —70°C until analyzed. PCR
was performed with primers amplifying a fragment of the housekeeping
gene encoding FlaB (FlaB-F, 5° GACGACGACAAGATGATTATCAATC
ATAATACATCAGC 3'; and FlaB-R, 5" GAGGAGAAGCCCGGTTTATC
TAAGCAATGACAAAACATA 3'). The dogs were euthanized at the end
of the study (day 92). A full necropsy was performed, and samples were
collected to investigate Borrelia-associated histopathology and tissue dis-
tribution of spirochetes as described previously (35). The following tissues
were collected: superficial lymph nodes, skin, the capsules of the left and
right carpi, elbows, shoulders, stifles, and tarsi. For each of these samples,
the presence or absence of Borrelia-associated pathology was assessed and
ascore was applied. Histopathological findings in the skin were rated with
the following scale: 0, scar (fibrosis/loss of adnexae); 1, no change to min-
imal change; 2, dermatitis, superficial, mild; and 3, lymphoid prolifera-
tion, nodular, perineural. Histopathological findings in synovial mem-
branes were rated with the following scale: 0, no change to minimal
change; 1, focal to regional hyperplasia/hypertrophy of synovial lining
cells; 2, generalized hyperplasia of synovial lining cells; and 3, generalized
hyperplasia plus inflammatory cells plus fibrin deposition; lymph nodes
were determined to be either quiescent or reactive.

The animal study was executed according to Pfizer standard operating
procedures (SOPs) and legal requirements in the conduct of the study,
national animal welfare regulations, and other applicable national regu-
latory requirements. The study protocol was reviewed and approved by
Pfizer’s Animal Use Committee (IACUC) prior to the start of the study.

Sera from canine patients. In addition to sera from experimentally
infected dogs, 125 serum samples from client-owned dogs were tested
using the multiplex assay to compare the performance of C6 and OspF as
markers for chronic infection. The canine patient sera were submitted for
serological Lyme testing to the Animal Health Diagnostic Center at Cor-
nell University between July 2008 and January 2009, and antibodies to B.
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burgdorferi were analyzed by Western blotting using a whole-cell lysate
from cultured bacteria (2, 11). Whole-cell lysates from B. burgdorferi con-
tain multiple antigens, including OspA, OspC, OspF, FlaB, and VISE (39).
Information about clinical signs or a disease history was not available for
these dogs. The presence (positive) or absence (negative) of serum anti-
bodies to the 39-kDa (VISsE containing the C6 region) and 29-kDa (OspF)
proteins on the blots was determined blindly by an observer who was not
aware of the multiplex assay results. All serum samples included in this
comparison had agreeable results by Western blotting and multiplex anal-
ysis, i.e., both tests were either negative or positive for OspF and also for
C6-P1, respectively. Patterns with positive C6 and negative OspF results
or the opposite were included in the comparison.

B. burgdorferi antigens. A fluorescent bead-based multiplex assay was
used to measure antibodies to B. burgdorferi OspA, OspC, and OspF an-
tigens in canine serum (39). For this study, three additional antigens were
added to the existing assay for the simultaneous measurement of antibod-
ies to six antigens of B. burgdorferi. Recombinant FlaB antigen was ex-
pressed in Escherichia coli using an expression system previously described
for OspA, OspC, and OspF (39). In brief, a 909-bp partial FlaB gene
corresponding to the extracellular part of the antigen was amplified from
DNA was isolated from B. burgdorferi that originated from infected Ixodes
ticks that were collected in a forested area in Westchester County, NY (2).
Primers spanning bases 1 to 20 and 909 to 889 of the B. burgdorferi strain
B31 FlaB gene (GenBank accession no. NC_001318) were designed. Prim-
ers contained BamHI and Kpnl restriction sites for the cloning of the FlaB
gene into the pQE-30Xa expression vector (Qiagen Inc., Valencia, CA).
After induction with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG),
the His-tagged protein was expressed in E. coli SG13009 cells (Qiagen Inc.,
Valencia, CA). The bacteria were lysed, and the His-tagged FlaB protein
was purified using a HisTrapFF and an AKTA-fast protein liquid chroma-
tography instrument (both from GE Healthcare, Piscataway, NJ). The
protein concentration was determined by bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL). In addition, two 26-amino-acid C6 peptides from
the B31 and 297 strains of B. burgdorferi sensu stricto (15) were used as
antigens for the multiplex assay. One C6 peptide sequence (C6-P1) orig-
inated from strain B31 (MKKDDQIAAAIALRGMAKDGKFAVKD), and
the other C6 peptide (C6-P2) was from strain 297 (MKKNDQIAAAIVL
RGMAKDGEFALKD). The two C6 peptides differed in amino acids in
positions 4, 12, 21, and 24 (in boldface). The peptides were synthesized,
desalted by high-performance liquid chromatography (HPLC), and con-
jugated to bovine serum albumin (BSA) (GenScript USA, Piscataway, NJ).
Before coupling to the multiplex beads, the FlaB protein and the C6 pep-
tides coupled to BSA were run on an SDS gel and tested by Western
blotting with positive and negative canine sera as previously described
(39). The analysis confirmed the specific detection of the FlaB protein or
the C6 peptides by sera that had previously tested positive (see Fig. S1A in
the supplemental material). BSA alone was not detected.

Fluorescent bead-based multiplex assay. Six B. burgdorferi antigens
were coupled to fluorescent beads (Luminex, Austin, TX), and the multi-
plex assay was performed as previously described (39). In brief, OspA was
coupled to bead 33, OspC to bead 34, OspF to bead 37, FlaB to bead 36,
C6-P1 to bead 35, and C6-P2 to bead 38. For each antigen, 5 X 10° beads
were used per microtiter plate well (Multiscreen HTS plates, Millipore,
Danvers, MA). Canine serum samples were diluted 1:600 in blocking buf-
fer (phosphate-buffered saline [PBS] with 1% [wt/vol] BSA and 0.05%
[wt/vol] sodium acid) and incubated with the beads for 30 min on a
shaker at room temperature and in the dark. The plate was washed with
PBS-Tween (PBS with 0.1% [wt/vol] BSA, 0.02% [vol/vol] Tween 20, and
0.05% [wt/vol] sodium acid), and 50 ul of biotinylated rabbit anti-dog
IgG(H+L) (Jackson ImmunoResearch Laboratories, West Grove, PA) di-
luted 1:5,000 in blocking buffer was added to each well and incubated for
30 min as described above. After washing, 50 ul of streptavidin-phyco-
erythrin (Invitrogen, Carlsbad, CA) diluted 1:100 in blocking buffer was
added. Plates were incubated for 30 min as described above and washed.
The beads were resuspended in 100 ul of blocking buffer, and each plate
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was placed on the shaker for 15 min to resuspend the beads. The assay was
analyzed in a Luminex IS 100 instrument (Luminex, Austin, TX). The
data were reported as median fluorescent intensities (MFI). The positive
cutoff values for the multiplex assay were established by comparing MFI
values and Western blotting results of each antigen by receiver-operating
curve (ROC) analyses using 188 canine patient sera as described previ-
ously (39) or as shown in Fig. S1B in the supplemental material for FlaB
and the C6 peptides. Positive cutoff values were =1,000 MFI (OspC and
C6-P2) and =1,500 MFI (OspA, OspF, C6-P1, and FlaB).

Antibody testing by SNAP 4Dx test and Lyme QuantCé6 ELISA.
Three drops of serum from experimentally infected dogs were tested im-
mediately after blood collection and processing using SNAP 4Dx tests as
described in the test kit (IDEXX Laboratories, Westbrook, ME). Samples
were considered positive if any color developed at the site of the B. burg-
dorferi antigen spot within 8 min. Frozen samples also were sent to IDEXX
Laboratories to perform the Lyme Quant C6 ELISA (C6 ELISA) testing.
Sera were considered positive for antibodies to C6 if the ELISA result was
=30 U/ml.

Data and statistical analysis. For the C6 and FlaB bead assays within
the multiplex assay format, ROCs were generated by 188 blindly measured
canine serum samples (39). The Western blotting result (positive/nega-
tive) of the corresponding proteins (39 kDa for C6 and 41 kDa for FlaB)
served as relative gold standards for the comparison to MFI values ob-
tained by multiplex analysis. The procedure was previously described for
the multiplex assay using OspA, OspC, and OspF antigens (39). The ROCs
were generated using the MedCalc program, version 11.2.0.0 (F.
Schoonjans, Mariakerke, Belgium).

Serum samples from experimentally infected and control dogs were
coded on collection, and all antibody testing was performed masked by
the different laboratories. Once all of the assays had been run, the samples
were decoded for data analysis. Differences in antibody responses between
the 25- and 50-tick exposure groups were calculated by two-factor repeat-
ed-measures analysis of variance (RM ANOVA). The model was run for
each B. burgdorferi antigen in the multiplex analysis and for the C6 Quant
ELISA, and a 2-sided P value of 0.05 was considered significant.

For the analysis of antibodies to the infection markers OspC, OspF,
and C6 in canine patient sera, we used 125 serum samples that were sub-
mitted for Lyme antibody testing to Cornell University. All of these sera
were tested by Western blotting and in the multiplex assay and were either
positive or negative for the respective antigens in both assays. The spear-
man’s rank correlation between antibodies to C6 and OspF was calculated
based on multiplex assay results. In addition, antibodies to OspC, OspF,
and C6 antigens were compared by a one-way RM ANOVA with Bonfer-
roni post tests to compare the responses between the three antigens. All
analyses were performed with 95% confidence intervals and P < 0.05 for
significance. Calculations were performed and the graphs were created by
using the GraphPad Prism program, version 5.01.

RESULTS AND DISCUSSION

Infection with B. burgdorferi after exposure of experimental
dogs to ticks. The successful transmission of Borrelia spirochetes
from the ticks to the dogs was confirmed using both PCR and
culture of skin samples taken close to the tick attachment site. On
days 49 and 92 after exposure to ticks, skin biopsy specimens were
obtained from the dogs and used to amplify the FlaB gene of B.
burgdorferi by PCR (Table 1). Bacterial DNA was detected in all
samples from dogs in the 25-ticks/dog group at both time points.
For dogs in the 50-tick group, all samples obtained on day 49 were
positive and two out of four samples were positive on day 92. All
PCRs from control dog samples were negative for B. burgdorferi.
The presence of viable spirochetes transmitted by the wild-caught
ticks was further confirmed by bacterial cultures from the same
skin biopsy specimens (Table 1). B. burgdorferi could not be cul-
tured from any of the tissues of the control group. Spirochetes
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TABLE 1 Number of positive results obtained by amplification of the
FlaB gene by PCR and bacterial culture of B. burgdorferi using skin
biopsy specimens from experimentally infected dogs

Detection method No. positive/total no. tested by exptl group

and day p.i. Control 25 ticks/dog 50 ticks/dog
PCR

49 0/4 4/4 4/4

92 0/4 4/4 2/4
Culture

49 0/3° 3/3¢ 3/3¢

92 0/4 4/4 2/3°

“ The fourth culture could not be evaluated due to contamination.

were present in all noncontaminated cultures from dogs exposed
to 25 ticks and in all but one (day 92) culture from dogs in the
50-tick group (Table 1). Bacteria were found in cultured samples
from all dogs in the 50-tick group, i.e., in at least one of the skin
samples. PCR and bacterial culture confirmed that all dogs ex-
posed to wild-caught ticks were infected with B. burgdorferi. Be-
cause infection with B. burgdorferi was confirmed in all dogs that
were exposed to ticks, we will refer to day 0 as the day of infection
and to the ensuing days as days postinfection (p.i.).

Similar experimental infection models for dogs using wild-
caught ticks were previously reported (2, 34). In these models,
dogs were also successfully infected by tick exposure as indicated
by PCR and long-lasting antibody titer to B. burgdorferi, while the
needle injection of the spirochetes resulted in considerably lower
antibody titers (2).

Clinical signs and tissue histopathology. Sporadic fever
(body temperature of >39.5°C) was observed in individual dogs
of the infected groups between days 9 and 21 (see Fig. S2A in the
supplemental material) and on days 83 and 92 in two dogs of the
control group. Clinical signs, such as weight loss, ataxia, joint
swelling, or depression, were not observed in any of the dogs dur-
ing the study. Lameness was seen on days 74 to 76 p.i. and again on
days 90 to 92 p.i. in one dog that had been exposed to 50 ticks.
Enlarged lymph nodes were frequently found from day 15 p.i. on
until the end of the study in control and tick-exposed dogs. At the
end of the study, histology was performed on skin, lymph nodes,
and several synovial membranes, and a score was applied. Lymph
node tissues were reactive in all tick-exposed dogs and in two of
the four control dogs. By comparing synovial membrane tissues, a
slight increase in histopathological changes was found in the in-
fected groups (see Fig. S2B). Increased inflammation in skin re-
gions close to the tick attachment sites was observed in both in-
fected groups but not in the control dogs (see Fig. S2C). Overall,
clinical signs within the first 3 months after experimental infection
with B. burgdorferi were sporadic, and pathological tissue damage
was rather mild in the infected dogs compared to that of the con-
trol group. The clinical findings are in agreement with previous
studies of dogs reporting lameness as the predominant clinical
sign after experimental infection with B. burgdorferi. Lameness
was observed 2 to 5 months after tick exposure, and the most
severe histopathological changes were found at the time when
clinical signs occurred (2, 34).

Multiplex analysis of sera from experimentally infected
dogs. Multiplex analysis for the simultaneous detection of anti-
bodies to OspC, OspF, C6-P1,C6-P2, FlaB, and OspA antigens of
B. burgdorferi was performed on serum samples from all experi-
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FIG 1 Multiplex antibody values (MFI) to six surface antigens of B. burgdorferi in serum samples of experimentally infected dogs. Dogs were divided into three
groups with four dogs per group: a noninfected control group and two infected groups exposed to 25 or 50 ticks, respectively. Serum samples were obtained on
day 13 prior to tick exposure (d-13) and on days 21, 35, 49, 63, 77, and 92 postexposure. All sera were analyzed in a multiplex assay to simultaneously measure
antibodies to six surface antigens of B. burgdorferi (A to F). The graphs show the mean values and standard errors for each time point and group of dogs. The
dotted lines indicated the positive cutoff values for individual markers. The arrow shows the time of exposure to infected ticks. Asterisks indicate significant
differences in antibody values between the 25- and 50-tick exposure groups: ¥, P < 0.05; **, P < 0.01; and ***, P < 0.001.

mentally infected dogs on day 13 prior to tick exposure and on
days 21, 35, 49, 63, 77, and 92 p.i. (Fig. 1). Antibody values were
negative in sera from all dogs in the control group at all time
points and in sera from all infected dogs on day 13 prior to tick
exposure. Positive values for antibodies to B. burgdorferi were de-
tected by multiplex analysis on the first sampling day after infec-
tion (day 21) for selected antigens (see below). Between days 63
and 92 p.i., all infected dogs were positive for antibodies to five
antigens, OspC, OspF, C6-P1, C6-P2, and FlaB. The multiplex
data were further evaluated for two parameters: (i) the earliest
detectable onset of antibody responses to an antigen (positive val-
ues) and the time point when all infected dogs in a group were
positive for that antigen; and (ii) the dynamics of antibody values
to different antigens during the first 3 months after infection.
Early markers for infection with B. burgdorferiin dogs. After
exposure to 25 ticks, antibodies to OspC were first detected on day
21 p.i. in one out of four dogs (Table 2). On day 35 (25 ticks),
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TABLE 2 Number of dogs with positive antibody responses to B.
burgdorferi antigens in serum samples obtained between days 21 and 49
p.i. and measured by multiplex analysis”

No. positive/total no. tested by exptl group and day p.i.

Infection 25 ticks/dog 50 ticks/dog

marker 21 35 49 21 35 49
OspC 1/4 4/4 4/4 4/4 4/4 4/4
OspF 0/4 2/4 3/4 0/4 3/4 4/4
C6-P1 0/4 3/4 4/4 2/4 4/4 4/4
C6-P2 0/4 2/4 3/4 1/4 3/4 4/4
FlaB 0/4 4/4 4/4 2/4 4/4 4/4
OspA 1/4 0/4 0/4 2/4 0/4 0/4

“ On day 13 prior to infection, all antibody values were negative for all antigens. From
days 63 to 92 p.i., all antibody values were positive by multiplex analysis for both
infected groups and all infection markers, with the exception of OspA, which resulted
in positive values on day 21 p.i. only. The time points when antibodies to a particular
antigen were first detectable are shown in boldface.
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antibodies to OspC and FlaB were detected in all dogs, and those
to OspF, C6-P1, and C6-P2 were detected in two or three animals.
In the 50-tick group, antibodies to OspC were detected in all dogs
by day 21 p.i. At the same time, positive antibody values to C6-P1,
C6-P2, and FlaB were observed in one or two of the four dogs
while antibodies to OspF were first observed at day 35 p.i. in three
out of four dogs. Looking at sera from all experimentally infected
dogs (both tick loads), we found that 5/8 dogs had antibodies to
OspC in their serum on day 21 p.i. and 8/8 dogs were positive for
OspC antibodies on day 35 p.i. The OspF, C6-P1, or C6-P2 infec-
tion markers resulted in lower numbers of positive dog samples on
day 21 p.i., with 0/8, 2/8, or 1/8, respectively, and on day 35 p.i.,
with 5/8 or 7/8 positive samples. None of the three dogs that were
negative for OspC on day 21 p.i. had positive antibody values for
OspF, C6-P1, or C6-P2 (see Tables S1 and S2 in the supplemental
material). Based on these patterns obtained by simultaneous an-
tibody detection in samples from experimentally infected dogs, it
can be concluded that antibodies to OspC are the first indicators
of infection with B. burgdorferi, and antibodies to FlaB and C6
develop afterwards, followed by antibodies to OspF. The finding
that antibodies to OspC are a marker of early infection in dogs is in
agreement with the role of OspC during spirochete transmission
(9). OspC expression is required for the effective migration of the
bacteria from the tick intestine to the salivary glands (25). After
spirochetes enter the mammalian host, OspC also inhibits bacte-
rial killing by antibody-mediated cytotoxicity (28). As a conse-
quence of OspC expression during and directly after transmission,
it is one of the first antigens of B. burgdorferi that is recognized by
the mammalian immune system and can subsequently induce an-
tibody responses. In humans, antibodies to OspC are also consid-
ered to be markers of early infection (1, 25).

In addition, we observed a small but clear increase in antibody
responses to OspA in all experimentally infected dogs on day 21
p.i. compared to results for the preexposure samples (see Table S1
in the supplemental material). Some of the OspA antibody values
were in the positive interpretation range for this antigen (Table 2).
OspA is expressed in the midgut of infected ticks and becomes
downregulated during transmission (9, 23, 24, 30, 36, 44). The
immune system thus is not exposed to significant OspA expres-
sion after infection with B. burgdorferi. Nevertheless, OspA is
highly immunogenic, and antibodies to OspA have been shown to
protect mice (6, 29) and dogs from infection (3, 4, 41). OspAis a
component of all currently available Lyme vaccines for dogs. In
serological diagnostics, antibodies to OspA therefore have been
interpreted as vaccination markers in dogs (8, 11, 37, 38). How-
ever, our current data show that OspA antibodies also form in
response to infection. Compared to the usually high and long-
lasting anti-OspA vaccination titers (39), OspA antibody re-
sponses in the experimentally infected dogs were low and tempo-
rary, as indicated by the small antibody peak on day 21 p.i. (Fig.
1F). This suggested that OspA expression is not completely down-
regulated by the spirochetes at the time of infection and can in-
duce a weak but detectable antibody response early after infection
in some dogs.

Dynamics of antibodies to different antigens of B. burgdor-
feri after infection. During the first 3 months of infection with B.
burgdorferi, the dynamics of antibodies to OspC differed from
those to the other antigens. Antibodies to C6-P1, C6-P2, OspF,
and FlaB (25 ticks) increased constantly (Fig. 1B to E), indicating
the presence of B. burgdorferi in the host and suggesting a contin-
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uous immune stimulus provided by these antigens. Antibodies to
OspF, C6, and FlaB all provided robust infection markers by 2
months after infection. Their kinetics also suggested a titer in-
crease beyond 3 months of infection which eventually may de-
velop into a constant titer in chronically infected dogs, as previ-
ously described in long-term infection studies for antibodies to
whole bacterial lysate antigen (2, 34) or to C6 (16, 26). In contrast,
antibodies to OspC peaked on day 49 (25 ticks) or 77 (50 ticks)
and decreased afterwards (Fig. 1A). This is in accordance with the
differential expression pattern of the OspC antigen during trans-
mission and its downregulation after infecting mammalian hosts.
The missing antigenic stimulus likely leads to the decline of anti-
bodies to OspC a few weeks after infection. Our findings also
suggested that OspC antibodies further decline after day 92 p.i.
and may become undetectable in late infection stages. The only
other decline of antibodies was observed for FlaB between days 77
and 92 in the 50-tick exposure groups. However, this was not
consistent between the two exposure groups (Fig. 1E).

Exposure to 50 ticks resulted in slightly earlier detection of
antibodies to most antigens compared to that for the 25-tick ex-
posure groups (Table 2). We also analyzed if significant differ-
ences in the magnitude of antibody responses were observed for
individual antigens after exposure to 25 or 50 infected ticks. Com-
pared to the 25-tick group, a significantly increased antibody pro-
duction after exposure to 50 ticks was observed only for OspF on
days 77 and 92 p.i. and FlaB on days 35 to 77 postinfection (Fig. 1B
and E). Overall, this suggests that the influence of infection dose
on the magnitude of antibody responses to B. burgdorferi is small,
and that antibody values instead are influenced by the individual
animal’s immune response (see Tables S1 and S2 in the supple-
mental material). Quantitative antibody values, although valuable
indicators for infection, thus are unlikely to give a direct correla-
tion to spirochete loads. Nevertheless, this requires further con-
firmation, because the number of spirochetes per tick was un-
known in this study and possible variations in this parameter may
have influenced the antibody responses of these dogs.

After experimental infection, FlaB appeared to be a robust
marker of infection inducing strong antibody responses (Fig. 1E).
Although FlaB may be a valuable infection marker under experi-
mental conditions, dogs are usually exposed to various other bac-
teria expressing flagellin. In canine patient sera, cross-reactivities
with other flagellins were described previously (17, 31). Antibod-
ies to FlaB thus should not be considered specific markers for
infection with B. burgdorferi in canine patients.

In summary, the multiplex analysis of sera from experimental
infection of dogs confirmed that (i) antibodies to OspC are useful
markers for early infection with B. burgdorferi, (ii) antibodies to
C6 or OspF antigens are developed at similar times after infection,
with antibodies to C6 slightly preceding those to OspF in some
dogs, and (iii) that antibodies to OspF and C6 are maintained at
similar levels during the first 3 months of infection.

Analysis of Lyme QuantCé6 ELISA titers in experimentally
infected dogs. Serum samples were also analyzed by SNAP 4Dx
tests and QuantC6 ELISA. The SNAP test was negative for all
control animals during the course of the study. In infected dogs,
the test was negative on day 13 prior to infection and day 21 p.i. in
all animals, positive in two out of four dogs per group at day 35
p.i., and positive in all infected dogs from day 49 on (Table 3).
Differences between exposures to 25 or 50 ticks were not observed
by using the SNAP test. On day 13 prior to infection, the C6 ELISA
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TABLE 3 Detection of antibodies to C6 by SNAP4Dx test and Lyme
Quant C6 ELISA in sera from experimentally infected dogs

No. positive/total no. tested by day p.i.”

Assay and group —-13 21 35 49 63 77 92
SNAP4Dx
Control 0/4 0/4 0/4 0/4 0/4 0/4 0/4
25 ticks/dog 0/4 0/4  2/4 4/4 44 4/4  4/4
50 ticks/dog 0/4 0/4 2/4 4/4 4/4 4/4 4/4
Lyme Quant C6 ELISA
Control 1/4 0/4 0/4 0/4 0/4 0/4 0/4
25 ticks/dog 0/4 2/4  4/4 4/4  4/4  4/4  4/4
50 ticks/dog 0/4 4/4 44 44 44 44 4/4

@ The time points when antibodies to C6 were first detectable by each of the assays are
shown in boldface.

identified one control dog as being positive for antibodies to C6
(34 U/ml). This sample was negative in all other tests performed in
this study. All other samples from control dogs and from infected
dogs at day 13 before exposure were negative using the C6 ELISA
(Table 3). In tick-exposed groups, antibodies were identified at
day 21 p.i. in two out of four (25 ticks) or all dogs (50 ticks). The
antibodies to C6 increased until day 49 p.i. and decreased after-
wards in both infected groups (Fig. 2). The decrease in antibody
means between days 49 and 92 as identified by the C6 ELISA was
81 U/mland 64 U/ml for 25- and 50-tick exposure groups, respec-
tively. The assay did not result in significant differences in anti-
bodies to C6 between the 25- and 50-tick exposure groups. Indi-
vidual dog antibody results for the C6 ELISA are shown in Table
S3 in the supplemental material. Antibodies to C6 identified by
ELISA or SNAP tests are valuable markers to identify infection
with B. burgdorferi in dogs (5, 13, 16, 26, 33). Here, the C6 ELISA
identified antibodies to infection as early as 21 days p.i., which was
similar to antibodies to OspC in the multiplex analysis using the
same samples. The SNAP test detected infection at day 35 or 49 p.i.
depending on the dog, indicating the improved analytical sensi-
tivity of quantitative tests compared to the qualitative SNAP 4Dx
test.

The Quant C6 ELISA is frequently used to make treatment
decisions in dogs and to monitor treatment success by the quan-
tification of antibodies (http://www.idexx.com/pubweb
resources/pdf/en_us/smallanimal/reference-laboratories/lyme-
quant-c6-white-paper.pdf). In an experimental study, a decrease
of C6 antibodies to baseline values was reported at 6 months after
antibiotic treatment with ceftriaxone (26). The antibiotic treat-
ment of C6 ELISA-positive client-owned dogs showed a drop in
antibody values of 68 to 83% at 12 months after treatment (13). In
the same study, a decline in C6 antibody units of up to 31% was
observed in C6 antibody-positive, untreated control dogs. Here,
we observed a decline of antibody values of 23 to 29% in the two
infected groups between days 49 and 92 p.i. in the absence of any
treatment. This finding is somewhat unexpected, considering the
persistent nature of infection with B. burgdorferi and the previ-
ously reported constant increase of antibodies during the first 3
months p.i. using whole-cell lysate ELISA (2, 34). It also was not
confirmed by using two C6 peptides in multiplex analysis. In the
same serum samples, both C6 multiplex values increased con-
stantly until day 92 p.i. The drop in the C6 ELISA values from day
63 on may reflect the limitations of this ELISA compared to mul-
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tiplex technology. Multiplex assays have a much wider dynamic
range. Samples with antibody values between 0.001 and 1,000
ng/ml will fall into the linear range of the assay and allow the
accurate quantification of the samples in a wide range of antibody
concentrations (22, 27, 39, 40). ELISAs have a much smaller linear
quantification range (about 0.1 to 500 ng/ml). Thus, samples will
more frequently fall into the lower and upper plateau ranges, i.e.,
quantification is not accurate. Thus, one explanation for the de-
creasing values observed in Fig. 2 is that the samples have chal-
lenged the upper plateau of the C6 ELISA, resulting in inaccurate
antibody values. However, the technical details about the Cé6
ELISA are unknown, and it is difficult to speculate about the rea-
sons for its performance.

Comparison of antibodies to OspC, OspF, and C6 in canine
patient serum. Previous long-term experimental infection studies
confirmed that antibody titers to B. burgdorferi whole-cell lysate
(2,34) orto C6 (16, 26) are maintained beyond 18 months p.i. The
antibody kinetics obtained here for antibodies to OspF and C6
during experimental infection suggested that antibodies to both
antigens are maintained and increase further beyond the 3-month
interval of the study. Our data also suggested that antibodies to
OspC decrease after 7 to 11 weeks of infection and eventually
become undetectable in later infection stages. In a previous report
using an ELISA, antibodies to OspF and C6 (39 kDa) were found
to be the most important indicators of natural exposure to B.
burgdorferi in dogs, while antibodies to OspC were identified in
less than 10% of the clinical samples, leading to the conclusion
that OspC is a less useful marker for Lyme disease in dogs (18, 19).
The dogs investigated in these two reports lived in an area in which
the disease is endemic and had a history of clinical signs of Lyme
disease and positive antibody titers by ELISA. Thus, the majority
of these samples likely represented chronic cases.

To compare antibodies to OspF and C6 as long-lasting and
robust markers for chronic infection with B. burgdorferi, and to
confirm that antibodies to OspC can become undetectable in late
infection stages, we analyzed sera from 125 canine patients. For
these samples, the Spearman’s rank correlations for antibodies to
OspF and C6 measured by multiplex analysis was 0.85 (P <
0.0001). Identical (either negative or positive) multiplex results
for antibodies to OspF and C6 were found in 115 of these samples,
confirming the high level of agreement between antibodies to
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FIG 2 Antibody titers in sera from experimentally infected dogs identified by
Lyme Quant C6 ELISA. Serum samples were obtained on day 13 prior to
infection (d-13) and on days 21, 35, 49, 63, 77, and 92 p.i. The graph shows
mean values and standard errors for C6 antibody values of the control group
and two experimentally infected groups by exposure to 25 or 50 ticks per dog.
The dotted line indicates the positive cutoff value of the C6 ELISA (>30 U/ml).
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FIG 3 Comparison of antibodies to OspC, OspF, and C6 obtained from ca-
nine patient sera. Antibodies were determined by multiplex analysis. Canine
patient sera were submitted to the Animal Health Diagnostic Center at Cornell
University between July 2008 and January 2009. (A) OspC antibody values of
nine dogs (#1 to 9) with a C6*/OspF~ and one dog (#10) with C6 /OspF "
detection pattern in serum. The antibodies to OspC, OspF, and C6 P1 were
analyzed in the multiplex assay. These 10 samples, with disagreement on the
Lyme antibody status interpretation based on C6 and OspF, were obtained
from a total of 125 canine patient sera. For the remaining 115 samples, the
multiplex assay interpretation based on OspF and C6 was in agreement. The
C6 values decrease from dog 1 to 10. The horizontal lines show the positive
OspC (intact line) or C6 and OspF (dotted line) cutoff values. (B) Sera from 21
dogs with antibodies to all three infection markers. (C) Sera from 43 dogs with
antibodies to OspF and C6 that were negative for antibodies to OspC. The
horizontal lines in plots B and C indicate significant differences between the
antigens. The P value applies to both lines in each plot.

OspF and C6 as markers for infection with B. burgdorferi. Out of
these 115 samples, 51 sera were negative for antibodies to C6 and
OspF, and 64 sera were positive for both markers. All but 1 out of
51 negative samples also were negative for antibodies to OspC,
confirming that most of these dogs were not infected with B. burg-
dorferi. The single OspC-positive sample likely represented a dog 2
to 3 weeks after infection, before antibodies to C6 and OspF de-
veloped. The 64 sera with antibodies to OspF and C6 clearly iden-
tified dogs that were previously infected with B. burgdorferi. Dis-
agreement between OspF and C6 results was found for nine sera
that were positive for antibodies to C6 and negative for those to
OspF and one serum that showed the opposite result. Out of the
nine C6"/OspF~ samples, six had positive antibody values to
OspC (Fig. 3A, bars 1 to 6), suggesting an early infection stage of
about 3 to 7 weeks p.i. The remaining four samples (three C6™/
OspF~ and one C6 /OspF™) overall had very low positive anti-
body values for C6 and OspF, respectively, and were negative for
OspC. For these samples, infection with B. burgdorferi remained
questionable because of overall inconclusive antibody results and
only one low positive value that also could represent the high
background value of the respective serum.
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FIG 4 Summary of experimentally confirmed and projected values based on
canine patient sera for antibodies to OspC, OspF, and C6 antigens of B. burg-
dorferi during early and late infection. The data were obtained by multiplex
analysis. The lines for the first 3 months after infection are based on the mul-
tiplex results from experimentally infected dogs. After 3 months the lines are
projected from the data obtained from patient serum. The horizontal dotted
line shows the cutoff value for the multiplex assay. The vertical dotted line
indicates 3 months after infection.

Further analysis of the 64 canine patient sera that were positive
for antibodies to OspF and C6 identified 23 samples that also were
positive for antibodies to OspC (Fig. 3B), while 41 sera were neg-
ative for OspC antibodies (Fig. 3C). In the 23 samples that were
positive for all three antigens, OspC antibody values were signifi-
cantly decreased compared to values obtained for antibodies to
OspF and C6 (P < 0.001). In agreement with the antibody pattern
that developed in experimentally infected dogs during the first 3
months after infection, sera from canine patients that were posi-
tive for antibodies to OspC, OspF, and C6 likely represented dogs
that were infected several weeks to a few months ago. Alterna-
tively, samples with antibodies to these three antigens also could
originate from chronically infected dogs that were recently rein-
fected with B. burgdorferi, resulting in a recent response to OspC
on top of previously existing antibodies to OspF and C6.

The results also confirmed that antibodies to OspC are not
detectable in many canine patient sera with robust OspF and C6
titers and suggested that these patterns are derived from long-
term, chronic infection with B. burgdorferi. Thus, the simultane-
ous appearance of antibodies to OspC, OspF, and C6 is likely
characteristic for an intermediate infection stage, and sera with
antibodies to OspF and C6 only suggest a late infection stage be-
cause antibodies to OspC disappear from the circulation over
time. The latter observation is in agreement with the downregu-
lation of OspC on the spirochete surface in the mammalian host
(7,25, 36). The short availability of OspC directly after transmis-
sion for the induction of host immunity offers an explanation for
the early increase of antibodies to OspC and also for the decline of
OspC antibodies over time because of the missing antigenic stim-
ulus. Figure 4 summarizes our results from the experimental in-
fection study and the analysis of canine patient sera with unknown
infection history. The projected data for OspF and C6 antibodies
after 3 months of infection closely resemble antibody titers to B.
burgdorferi that were described in previous long-term infection
studies after the experimental infection of untreated dogs (2, 16,
26, 34).

In conclusion, our data, obtained from experimentally infected
dogs and canine patient sera, confirmed that antibodies to OspC
are a sensitive marker for early infection with B. burgdorferi in
dogs and showed that antibodies to OspF and C6 are highly com-
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parable as robust markers for infection with B. burgdorferi and the
diagnosis of Lyme disease in clinically affected canine patients
from areas in which it is endemic. The canine Lyme multiplex
assay can distinguish between these antibodies and has a broad
quantification range, providing the increased accuracy of anti-
body detection during infection. The assay allows the simultane-
ous analysis of antibodies to multiple infection markers that are
indicative of very early (a few weeks; OspC* only), intermediate (2
to 5 months; OspC*/OspF*/C6™), or late infection (>5 months;
OspC~/OspF"/C6™). These advantages of the canine Lyme mul-
tiplex assay allow an interpretation of the stage of infection that
cannot be provided by other assays and is beneficial for the diag-
nosis, prognosis, and treatment of Lyme disease in dogs.
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