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Immunoreactive proteins of Ehrlichia canis and Ehrlichia chaffeensis that have been characterized include a
family of 28-kDa major outer membrane proteins (p28) and two large antigenically divergent surface glyco-
protein orthologs. We previously demonstrated that recombinant E. canis p28 and the 140- and 200-kDa gly-
coproteins gp140 and gp200, respectively, react strongly with serum antibodies from suspect canine ehrlichiosis
cases that were positive for E. canis by immunofluorescent antibody test and in various phases of acute or chronic
infection (J. Clin. Microbiol. 39:315-322, 2001). The Kkinetics of the antibody response to these potentially
important vaccine and immunodiagnostic candidates is not known. Acute-phase serum antibody responses to
whole-cell E. canis lysates and recombinant p28, gp140, and gp200 were monitored for 6 weeks in dogs exper-
imentally infected with E. canis. Irrespective of the inoculation route, a T-helper 1-type response was elicited
to E. canis antigens consisting of immunoglobulin G2 antibodies exclusively in both acute and convalescent
phases in most dogs. Analysis of immuoreactive antigens for peak intensity and relative quantity identified
major immunoreactive E. canis antigens recognized early in the infection as the 19-, 37-, 75-, and 140-kDa
proteins. Later in infection, additional major immunoreactive E. canis proteins were identified, including the
28-, 47-, and 95-kDa proteins and the recently identified 200-kDa glycoprotein. All dogs had developed antibody
against the recombinant gp140, gp200, and p28 in the convalescent phase. Immunoreactivity and antibody re-
sponse kinetics suggest that major immunoreactive proteins identified are immunodominant, but early rec-

ognition suggests increased dominance by some antigens.

Canine monocytic ehrlichiosis is a globally distributed tick-
borne rickettsial disease of dogs caused primarily by the obli-
gate intracellular bacterium, Ehrlichia canis (41). E. canis
causes a serious acute disease in dogs, which exhibit clinical
signs and hematologic abnormalities, including depression,
anorexia, weight loss, fever, bleeding, thrombocytopenia, and
anemia (15). Following the acute phase, dogs may eliminate
the infection (12) or develop a mild asymptomatic chronic
infection, lasting from months to years that may progress into
a severe chronic infection (9, 12): some dogs can lapse directly
into a severe chronic phase 6 to 12 weeks postinfection (7). In
the severe chronic phase, impaired production of blood cells
associated with bone marrow hypoplasia is irreversible, result-
ing in a less-favorable prognosis and an outcome that is more
likely to be fatal (7).

Immunoreactive E. canis proteins with masses ranging from
19 to 110 kDa have been reported to react with convalescent-
phase antisera from E. canis-infected dogs, and proteins con-
sistently identified as major antigens are 25 to 30 kDa and 42
to 47 kDa (3, 30, 37). Progress towards an effective E. canis
subunit vaccine has been advanced by the identification and
molecular characterization of several major immunoreactive
proteins and corresponding orthologs in Ehrlichia chaffeensis.
Molecularly characterized antigens include a family of major
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outer membrane proteins (p28) (23, 33, 46, 48), two large
antigenically distinct glycoproteins (45, 46), and orthologs of
the Ehrlichia ruminantium major antigenic protein 2 (MAP2)
1, 2).

Genetic conservation has been reported for major immuno-
reactive protein genes (p28 and gpl140) in North American
E. canis isolates, suggesting that identification of immunopro-
tective antigen(s) could be regionally efficacious (23, 24, 46).
Similarly, the antigenic profiles of both North and South
American E. canis isolates were nearly identical genetically
and antigenically, suggesting that E. canis vaccines developed
for the North American isolates may be useful in South Amer-
ica (42). Antigenic conservation is also important to note with
regard to the development of subunit immunodiagnostics. The
antigenic conservation of immunoreactive proteins has been
demonstrated in several studies showing strong and consistent
immunoreactivity of multiple immunoreactive proteins in dogs
with E. canis infections diagnosed by indirect immunofluores-
cence antibody (IFA) testing (22, 34). In contrast, genetic
diversity of E. chaffeensis has been described, leading to the
identification of three genogroups based the diversity of p28
genes (20, 38, 47), and may be partially responsible for the
inconsistent reactivity of antibodies from human monocytic
ehrlichiosis patients with p28 proteins by Western immuno-
blotting.

Protective immune mechanisms against E. canis are likely to
involve both cellular and humoral immune components. Par-
tial immunity to challenge has been documented in dogs that
recovered from acute and severe chronic canine ehrlichosis
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(7), but a more recent study suggests that E. canis infection
does not provide immunity against reinfection and a reduction
in clinical signs (3). Antibody has been shown to suppress the
growth of E. canis in vitro (16, 17), and evidence supporting a
major role for antibody in immunity to Ehrlichia infections has
recently been provided by experiments in which passive trans-
fer of antibodies provided protection against lethal E. chaffeen-
sis infection in SCID mice (44). Additional studies have con-
cluded that antibodies against specific p28 linear epitopes
located in a hypervariable region mediate this protection (18,
19). Although the kinetics of antibody responses to individual
E. canis immunoreactive proteins have not been adequately
addressed, serum antibody responses to whole antigen in dogs
with experimental and natural E. canis infections consist pri-
marily of immunoglobulin G2 (IgG2) (13).

Development of effective subunit vaccines and useful immu-
nodiagnostics for E. canis is dependent on accurate and com-
prehensive identification of immunoprotective antigens and
characterization of protective host immune responses. In this
study, we describe the quantitative and qualitative character-
istics of antibody response kinetics to E. canis antigens in dogs
during acute infection with E. canis and comprehensively de-
fine the major immunoreactive proteins of E. canis, including a
newly recognized 200-kDa glycoprotein (gp200).

MATERIALS AND METHODS

Experimental animals. Twenty-four healthy 11-month-old male and female
Walker hounds with body weights of 20 to 30 kg were obtained from the Loui-
siana State University School of Medicine breeding colony maintained by the
Department of Laboratory Animal Medicine. Males were castrated 2 weeks
before use, but females remained intact. All animals were housed in enclosed
runs within an indoor climate-controlled kennel at Louisiana State University.
Food and water were supplied ad libitum throughout the study. The animal care
facility operates under the guidelines of the American Association for the Ac-
creditation of Laboratory Animal Care. The experimental protocol for this study
was approved by the Institutional Animal Care and Use Committee at Louisiana
State University (protocol no. 00-048). Prior to inclusion in this study, all dogs
were given physical and hematologic examinations to confirm a normal status
and screened for a negative antibody status to E. canis by an IFA test. Dogs were
randomly assigned to six groups of four dogs each.

Experimental design. Groups of dogs were inoculated either subcutaneously
(s.c.) or intradermally (i.d.) on the dorsal midline between scapulae with cell
culture-passaged E. canis (Louisiana isolate) as previously described (11) with
the following modifications. One 2-ml vial of E. canis-infected dog bone marrow
(DBM) cells was mixed by inversion, and three dilutions (1:100, 1:500, and
1:1,000) of stock inoculum were made. The inoculum (0.5 ml) was loaded into
1-ml syringes for injection. An extra syringe filled with the 1:1,000 dilution was
taken to the kennel on ice and returned to the laboratory to verify infectivity by
titration in cell culture. Groups of dogs (one group s.c., one group i.d. for each
dilution) received the 1:100, 1:500, and 1:1,000 dilutions of inoculum on day 0.
Dogs were monitored for 6 weeks postinoculation. At the completion of study,
dogs that developed E. canis infections were administered a doxycycline regimen
(10 mg/kg of body weight twice a day [b.i.d.] for 10 days, per os). The following
parameters were measured at 0, 7, 14, 21, 28, 35, 42 days postinoculation and 2
weeks posttreatment (day 56) for this study: platelet concentration and anti-E.
canis serum antibody (IgG) titer. Dogs with E. canis infections were identified by
concurrence of increased anti-E. canis antibodies and decreased platelet con-
centrations (<200 X 10%/pl).

Hematology. Venous blood was collected from the jugular vein in tripotassium
EDTA-containing tubes (Becton-Dickinson, Rutherford, N.J.). Platelet concen-
trations were determined with a multichannel electronic cell counter (System
9000; Serono-Baker, Allentown, Pa.) validated for canine blood cells. Wright-
stained blood smears were also performed to exclude platelet clumping as a
cause for decreased platelet concentrations.

Inoculum. E. canis was propogated in a DBM cell line created at Louisiana
State University (R. E. Corstvet) as described previously (11). The cells have not
been completely characterized, but they are phenotypically and functionally
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similar to macrophages and were originated from a primary culture of canine
bone marrow cells. Cells were maintained in Fisher’s medium (GIBCO, Grand
Island, N.Y.) containing 20% horse serum (HyClone, Logan, Utah), 2 mM
L-glutamine, and 0.2% hydrocortisone (Sigma, St. Louis, Mo.) in a humidified
37°C incubator with 5% CO, in tightly capped flasks. E. canis was cultured in
DBM cells until the percentage of infected cells reached 70% as determined by
IFA. The infected cells were collected and frozen in liquid nitrogen in 2-ml
aliquots with 10% dimethyl sulfoxide. Frozen stocks were maintained in liquid
nitrogen for 11 weeks prior to inoculation as previously described (11). Titrations
of inoculum were performed prior to freezing, 7 days postfreezing, and on the
day of inoculation. Cultured monolayers of DBM cells were inoculated with 1 ml
of serial 10-fold dilutions of the inoculum. The cultures were incubated for 21
days, and infectivity was determined by an IFA test as described previously (11).

Purification of E. canis antigen. E. canis was cultured in DHS2 and purified
with a 32% Percoll gradient as previously described (43).

Gel electrophoresis and protein blotting. Purified E. canis (50 pg) (Jake, a
North Carolina isolate) was subjected to sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) in 3-N-morpholinopropanesulfonic acid
(MOPS) running buffer (NuPAGE; Invitrogen, Carlsbad, Calif.) under reducing
conditions with 4 to 12% gradient Bis-Tris acrylamide gels with a two-dimen-
sional well (NuPAGE; Invitrogen). The same E. canis antigen preparation was
used for all experiments. An antioxidant (Invitrogen) was added to the upper
chamber buffer during electrophoresis and to the transfer buffer during protein
blotting to prevent partial protein renaturation as a result of disulfide bond
reoxidation. Antigen was heated at 70°C for 10 min in lauryl dodecyl sulfate
sample buffer (NuPAGE; Invitrogen) containing the reducing agent dithiothre-
itol (Invitrogen) prior to loading. A protein standard was included for molecular
mass determination (Precision protein standards, broad range, prestained; Bio-
Rad, Hercules, Calif.). Proteins were transferred to supported nitrocellulose
(BASS5; Schleicher & Schuell, Keene, N.H.) with a semidry protein blotting unit
(Bio-Rad) with 2X transfer buffer (NuPAGE; Invitrogen) at 15 V for 30 min.
Electrophoresis and protein blotting were also performed similarly with individ-
ual E. canis recombinant proteins (p28, gp200, and gp140).

Western blotting. Membranes were incubated with blocking buffer consisting
of Tris-buffered saline (TBS [pH 8.0])-3% nonfat milk for 1 h, and damp blots
were placed in a slotted blotting apparatus (Multiscreen; Bio-Rad). Primary
antibodies were diluted (1:100) in the blocking buffer, and 450 pl was placed in
each channel for 1 h at room temperature and slowly rocked. Membranes were
removed from the apparatus, washed with buffer (TBS-0.05% Tween 20), and
incubated for 1 h with affinity-purified alkaline phosphatase-labeled goat anti-
dog IgG (H & L) (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) diluted
1:5,000 in blocking buffer. Membranes were washed and incubated for 30 min at
room temperature in a 5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tet-
razolium (BCIP-NBT) substrate (Kirkegaard & Perry Laboratories) to visualize
bound antibody. A one-dimensional gel and blot analysis package (Quantity
One; Bio-Rad) was used to determine molecular mass, peak intensity, and
relative quantity of immunoreactive E. canis antigens in each lane. Proteins were
identified as major immunoreactive antigens based on peak intensity and the
average relative quantity (measured intensity expressed as a percentage of the
total intensity of all bands in a lane). Major immunoreactive proteins on days 21,
28, and 35 were determined by identification of antigens with an average relative
quantity of >3.0 that were identified by at least 75% of the reactive dog sera.
Comprehensive identification of all major immunreactive proteins was deter-
mined on day 42 as described above, except antigens reactive with sera from all
dogs were included in the analysis.

ELISA. Antibody responses (IgM, IgG1, and IgG2) to E. canis whole-cell
lysates were evaluated with an enzyme-linked immunosorbant assay (ELISA).
The optimal antigen concentration for antibody detection was determined by
serial antigen titration. Assay plates (Immulon I) were coated with E. canis
whole-cell lysate diluted in coating buffer (Kirkegaard & Perry Laboratories) and
incubated at room temperature for 2 h. Plates were washed four times with buffer
(TBS-Tween 20) and then incubated in blocking buffer (TBS-3% nonfat milk)
for 1 h and washed. The primary antibody (100 wl) diluted 1:100 in blocking
buffer was added to the plates, which were then incubated for 1 h at 37°C. The
plates were washed, and affinity-purified goat anti-dog IgG1 or IgM or sheep
anti-dog IgG2 (Bethyl Laboratories, Montgomery, Tex.) diluted 1:1,000 in block-
ing buffer was added, and the mixture was incubated for 1 h at 37°C. Bound
antibody was visualized with BluePhos substrate (BCIP and a proprietary tetra-
zolium) (Kirkegaard & Perry Laboratories) for color development. Plates were
read on a tuneable plate reader (Molecular Devices, Sunnyvale, Calif.) at A4,
after incubation at room temperature for 30 min. The sample absorbance was
plotted as the optical density at 620 nm (ODyy).



2518 McBRIDE ET AL.

INFECT. IMMUN.

TABLE 1. IFA antibody titers and platelet counts in dogs experimentally infected with E. canis

Dog (inoculum

IFA antibody titer/no. of platelets (10°)/per pl on:

and route) Day 0 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42¢
32 (1:100 i.d.) <40/259 <40/216 <40/268 160/183 640/<10 1,280/31 1,280/38
33 (1:100 i.d.) <40/253 <40/240 <40/179 640/<10 2,560/11 2,560/31 5,120/12
34 (1:100 i.d.) <40/352 <40/362 <40/155 640/20 2,560/11 5,120/26 10,240/15
35 (1:100 i.d.) <40/274 <40/282 <40/295 <40/280 40/197 1,280/24 2,560/10
37 (1:100 s.c.) <40/257 <40/264 <40/242 <40/245 320/47 5,120/<10 10,240/<10
41 (1:100 s.c.) <40/308 <40/313 <40/290 <40/278 160/135 2,560/<10 5,120/<10
45 (1:100 s.c.) <40/328 <40/319 <40/326 <40/230 5,120/70 5,120/35 10,240/<10
48 (1:100 s.c.) <40/278 <40/300 <40/243 <40/272 <40/301 <40/268 640/98
43 (1:500 i.d.) <40/280 <40/272 <40/286 <40/207 2,560/20 5,120/22 2,560/17
44 (1:500 i.d.) <40/281 <40/267 <40/260 80/206 1,280/10 2,560/36 5,120/11
46 (1:500 s.c.) <40/292 <40/295 <40/287 <40/210 640/23 1,280/19 2,560/20
51 (1:500 s.c.) <40/229 <40/297 <40/299 <40/282 <40/258 80/302 640/<10
52 (1:500 s.c.) <40/318 <40/319 <40/274 <40/262 1,280/64 2,560/<10 5,120/<10
59 (1:1,000 i.d.) <40/239 <40/299 <40/279 <40/260 <40/254 640/135 2,560/<10
54 (1:1,000 s.c.) <40/307 <40/317 <40/307 <40/316 40/260 5,120/10 1,280/<10

“ Treated with doxycycline.

E. canis recombinant protein expression and purification. E. canis recombi-
nant proteins used in this study were expressed and purified as described previ-
ously (22, 24, 46).

IFA test. Antigen slides were prepared from DBM cells infected with E. canis
(Louisiana isolate) as described previously (22). Sera were diluted twofold in
saline from 1:40 to the endpoint titer. Fifteen microliters of diluted serum was
added to each well, and then the wells were incubated for 30 min. Slides were
washed, and an affinity-purified fluorescein isothiocyanate (FITC)-labeled rabbit
anti-dog IgG (H & L) secondary antibody (Kirkegaard & Perry Laboratories)
diluted 1:80 was added, and the mixture was incubated for 30 min. Slides were
viewed with a UV microscope with filters for fluorescein.

RESULTS

Fifteen of the 24 dogs experimentally inoculated (i.d. or s.c.)
with different dilutions (1:100, 1:500, and 1:1,000) of tissue
culture-grown E. canis developed canine ehrlichiosis. All in-
fected dogs developed anti-E. canis antibody as determined by
an IFA test and thrombocytopenia (<200 X 10%/ul) by 5 weeks
postinoculation (Table 1). All dogs (eight of eight) that re-
ceived the 1:100 dilution of inoculum and five of eight that
received the 1:500 dilution became infected, but only two of
eight that received the 1:1,000 dilution were infected. The
route of inoculation did not affect the efficiency of infection;
however, the i.d. inoculation appeared to induce an earlier
antibody response in the dogs than the s.c. inoculation (Table
1 and Fig. 1). This was particularly evident in the dogs that
received the 1:100 inoculum dilution. The two dogs that re-
ceived the 1:1,000 inoculum dilution and became infected de-
veloped antibody later (day 35) than the majority of dogs (day
28) inoculated with 1:100 or 1:500 dilutions (Table 1 and see
Fig. 1 and 3).

Major and minor immunoreactive antigens were identified
by Western blots based on the peak intensity and average
relative quantity of all reactive antigens on day 42 (Table 2 and
Fig. 1 and 2). A slightly greater sensitivity in detecting antibody
was observed by immunblotting with E. canis whole-cell lysates
as compared to the ELISA (Fig. 1 and 3). Antigens were
recognized by Western blotting in at least six dogs on day 21
compared to two dogs positive by ELISA and four dogs posi-
tive by IFA (Table 1 and Fig. 1 and 3). The two antigens in E.
canis lysates that exhibited the earliest antibody reactivity in

the acute-phase response were a 37-kDa protein and a 19-kDa
protein—perhaps the ortholog of E. ruminantium MAP2.
Some dogs that received the highest inoculum concentrations
(1:100 and 1:500 dilutions) by the i.d. route consistently exhib-
ited the earliest antibody responses (day 21), which were pri-
marily directed at the 37- and 19-kDa proteins (Table 1 and
Fig. 1). Similar responses on day 21 were not observed in any
dogs from companion groups that received the inoculum s.c.
All dogs had detectable E. canis-specific antibody by Western
immunoblotting on day 28, and all dogs exhibited an antibody
response to three or more antigens by day 35 postinoculation
(Fig. 1). Major immunoreactive antigens, recognized earliest in
the immune response (days 21 and 28), were the 19-, 37-, 75-
and 140-kDa proteins (Table 3 and Fig. 1 and 2). The minor
antigens were 72- and 79-kDa proteins. The major immunore-
active antigens recognized later (days 28, 35, and 42) in the
infection were the 28-, 47-, 72-, 95-, and 200-kDa proteins
(Table 3 and Fig. 1 and 2).

The kinetics of the antibody responses to recombinant pro-
teins p28, gpl40, and gp200 were similar to those demon-
strated with whole-cell lysates (Fig. 4). The recombinant pro-
tein gp140 reacted nonspecifically with at least half of the dog
sera prior to inoculation. This reactivity was not detectable in
Western immunoblots with E. canis whole-cell lysates as an
antigen (Fig. 1). In the 15 dogs that became infected and
developed anti-E. canis antibody, an increase in antibody to
gp140 over background levels was detectable on day 21 in 3
dogs, and 2 dogs exhibited antibody specific for the p28. By day
28, 11 dogs had developed antibodies to gp140, 7 dogs had
developed antibody to the p28 protein, and 2 dogs had devel-
oped antibody to the gp200 protein. Antibody to gp200 devel-
oped later in the infection than antibodies to gp140 and p28,
but by day 42, 12 of the 15 dogs recognized all three proteins,
and in convalescent-phase sera obtained 2 weeks posttreat-
ment, antibodies were detectable to the three recombinant
proteins in all dogs.

By ELISA, the IgG2 isotype exclusively was found to be
produced against E. canis whole-cell lysates by most dogs that
developed canine ehrlichiosis (Fig. 3). A minimal increase in
anti-E. canis 1gG1 and IgM antibodies was detected by ELISA
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FIG. 1. Kinetic antibody responses (IgG) to E. canis whole-cell lysates in 15 dogs experimentally infected s.c. or i.d. with E. canis. The dog
number is shown above each corresponding lane. A positive control (+) was included on days 0, 7, and 14, and a negative control (N) was included
on days 21, 28, 35, 42, and 56 postinoculation. The day 0 immunoblot is representative of results obtained for days 7 and 14. Day 56 was 2 weeks
postinitiation of doxycycline treatment (PT). Dogs 32, 33, 34, and 35 received a 1:100 inoculum dose i.d., and dogs 37, 41, 45, and 48 received the
same dose s.c. Dogs 43 and 44 received a 1:500 inoculum dose i.d., and dogs 46, 51, and 52 received the same dose s.c. Dog 59 received a 1:1,000
inoculum dose i.d., and dog 54 received the same dose s.c. Protein standards representing 15 to 250 kDa (Precision protein standards; Bio-Rad)
are shown to the right of each blot.
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TABLE 2. Major and minor E. canis immunoreactive antigens

E. canis immunoreactive antigens by

Antigen immunoblot (mass in kDa)
Major” 19, 28, 37, 47, 72, 75, 95, 140, 200
Minor 25, 34, 61, 65, 79

“ Relative average quantity of >3.0 of on day 42.

on day 28 only, in 4 of the 15 dogs (dogs 30, 35, 41, and 45) but
was undetectable by day 35 postinoculation (data not shown).
Antibody was detected earlier in the dogs that received the
highest inoculum dose (1:100), but the levels of antibody de-
tected 2 weeks posttreatment (day 56) or 8 weeks postinocu-
lation were similar among all dogs. Of the dogs receiving the
1:100 inoculum dose, two dogs had detectable antibody by
ELISA at 21 days postinoculation, while four of five dogs re-
ceiving the 1:500 dose and one of two dogs receiving the 1:1,000
dose developed a detectable antibody response on day 28.

Major immunoreactive antigens gp200, gp140, and p28 were
confirmed to correspond to previously molecularly character-
ized and reported immunoreactive E. canis antigens (21, 24,
34, 46). These antigens were identified with polyclonal antisera
produced against the gp200, gp140, and p28 recombinant pro-
teins (data not shown).

DISCUSSION

The identification of all of the major immunoreactive pro-
teins of E. canis recognized by the host immune response is an
important step towards the identification of candidates for
subunit vaccines and immunodiagnostics. Previous studies
aimed at identification of major immunoreactive E. canis pro-
teins have been deficient in the identification of large immu-
noreactive proteins (4, 32, 39), and none has substantially ad-
dressed the kinetics of antibody response to determine antigen
recognition in different phases of the immune response. The
aim of this study was to identify all major immunoreactive
antigens, determine the kinetics of antibody responses to these
antigens, and characterize the antibody response to E. canis in
dogs experimentally infected by routes that best represent a
tick bite inoculation.

Some major antigens recognized early, including the 37- and
75-kDa proteins, have not been well characterized. However,
others, including the 200- and 140-kDa proteins and the cor-
responding orthologs in E. chaffeensis, have been described
previously (21, 22, 45, 46) and are among the first glycoproteins
described in pathogenic bacteria (25). The gp200 and gp140
proteins are genetically and antigenically distinct from the E.
chaffeensis orthologs, and thus they may be important for spe-
cies-specific immunity and will be useful as species-specific
immunodiagnostic antigens (21, 22). gp200 has been shown
to be an especially sensitive immunodiagnositic antigen for
E. canis infections compared to IFA and provides species spec-
ificity (21). While gp140 was previously shown to be an
immunoreactive protein (22), the nonspecific reactions we
have observed suggest that it may not be useful as an immu-
nodiagnostic antigen in its current form. The 19-kDa protein,
the target of an antibody response earliest in the acute phase,
may be the ortholog of E. ruminantium MAP2 that has been
previously characterized and shown to be a useful serodiag-
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nostic antigen (2). The kinetics of antibody response to the
major immunoreactive proteins of E. canis suggest that some
antigens such as the 37- and 19-kDa proteins detect antibody
earliest in the acute phase and therefore may be advantageous
for diagnostics aimed at detecting early-acute-phase infections.
However, the use of these proteins as immunodiagnostic anti-
gens may not be of any added benefit, because most dogs do
not present with clinical signs until 21 to 40 days postinfection.

Many of the major immunoreactive proteins identified in
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FIG. 2. Peak intensity of immunoblot from a representative dog
(dog 37) on days 28, 35, and 42 postinoculation. Molecular mass
calculations, peak intensity, and average relative quantity of immuno-
reactive antigens were determined by the Quantity One gel analysis
software package (Bio-Rad). The corresponding immunoblot of reac-
tive antigens identified by computer analysis is shown below the peak
intensity graph. Peak intensity and the average relative quantity were
used to identify major immunoreactive proteins. Major immunoreac-
tive proteins identified for each time interval are labeled above the
corresponding peak.
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FIG. 3. Detection of anti-E. canis 1gG2 responses to E. canis whole-
cell antigen in dogs experimentally infected with E. canis on days 0, 7,
14, 21, 28, 35, 42, and 56 by ELISA. Sera were diluted 1:100, and values
were plotted as the ODy,,. Dogs were inoculated with a 1:100 (top),
1:500 (middle), or 1:1,000 (bottom) dilution of E. canis.

this study are similar in mass to those described previous re-
ports, but differences in the assignment of molecular masses to
these proteins make direct comparison difficult. However, sev-
eral major immunoreactive proteins consistently identified in

TABLE 3. Kinetic antibody response to E. canis major
immunoreactive antigens

No. of days E. canis major immunoreactive
postinoculation proteins (mass in kDa)*
21 e 19, 37
28 e 19, 37, 75, 140
35 e 19, 37, 47, 75, 95, 140, 200
A2 e 19, 28, 37, 47, 72, 75, 95, 140, 200

“ Relative average quantity of >3.0.
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DayO 32 33 34 35 37 41 45 48 43 44 N 46 51 52 59 54

gp140
9p200

p28

Day14 32 33 34 35 37 41 45 48 43 4 N 46 51 52 59 54

9p140

p28

Day21 32 33 34 35 37 41 45 48 43 44 N 46 51 52 59 54

gp140

gp200

p28

Day28 32 33 34 35 37 41 45 48 43 44 N 46 51 52 59 54
gp140 .

9p200
p28
Day3> 32 33 34 35 37 41 45 48 43 44 N 46 51 52 59 54
gp140 n
gp200

p28

Day42 32 33 34 35 37 41 45 48 43 4 N 46 51 52 59 54
9p140

9p200

DayS6 32 33 34 35 37 41 45 48 43 44 N 46 51 52 59 54

gp140

9p200 ] LI & » 4

p28

FIG. 4. Anti-recombinant E. canis gp140, gp200, and p28 antibody
detection by Western immunoblotting on days 0, 7, 14, 21, 28, 35, 42,
and 56. Lanes are labeled with the corresponding dog number.

those reports appear to be homologous with the 19-, 28-, 37-,
47-, and 75-kDa antigens described in this study. Major immu-
noreactive antigens described in this study and not consistently
identified in previous reports are the 95-, 140-, and 200-kDa
proteins, although the 110-kDa protein described in several
reports may be homologous to the 95-kDa protein identified in
this study. Differences in molecular masses among these pre-
viously published reports and ours may be related to electro-
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phoresis methodology, protein standards, or available methods
for molecular mass determination.

The molecularly characterized multigene family of 28-kDa
major outer membrane proteins was expected to be recognized
early in the acute infection, but kinetics suggested that anti-
bodies against these proteins developed later in the infection.
This finding is in contrast to previously reported early reactivity
of a 28-kDa immunoreactive antigen in dogs intravenously
inoculated with E. canis-infected cells (14). Notably, another
study of experimental infection by intravenous E. canis inocu-
lation reported antibody reactivity by one of four dogs that was
consistent with our findings (39). This dog had early recogni-
tion of antigens of ~47 and 37-kDa, but reactivity of the
30-kDa (p28) antigen was observed 2 weeks later; unfortu-
nately, the three remaining dogs showed very little reactivity to
proteins other than the 30-kDa antigen. The reasons for this
substantially increased E. canis antigen reactivity in our study
compared to that in the previous report are not clear, but a
likely explanation is immunoblot sensitivity.

In our experiments, we were able to resolve proteins with
masses of between ~15 and 250 kDa, which enabled the con-
sistent identification of larger immunoreactive proteins, in-
cluding gp140 and gp200. A significant difference was noted
with respect to a single major protein band identified in our
study compared with numerous immunoreactive proteins in
the 23- to 30-kDa range identified in previous studies. It has
been established that the E. canis 28-kDa proteins are encoded
on multigene loci consisting of 25 alleles. Expression of mul-
tiple 28-kDa proteins could provide an explanation for multi-
ple bands ranging from 23 to 30 kDa observed on previous
blots. In contrast, these are outer membrane proteins with
numerous cysteine resides (five to seven) that may be involved
in disulfide bond formation leading to changes in conformation
and, ultimately, electrophoretic mobility. In previous studies in
which antioxidants were not routinely used, these bonds have
the potential to reoxidize during electrophoresis, leading to
variations in molecular mass of any disulfide bond-containing
protein. In our work, the inclusion of antioxidants in the elec-
trophoresis buffer may explain the consistent single major im-
munoreactive band at 28 kDa. It is possible that multiple bands
in previous blots are due to disulfide bond oxidation in the
28-kDa proteins, causing variations in the electrophoretic mo-
bility of these proteins.

The major immunoreactive antigens identified in this study
most likely have linear B-cell epitopes, although some confor-
mational epitopes may also be retained during SDS-PAGE.
The epitope type could result in differences in the immunore-
activity of a particular antigen by this methodology. Therefore,
it is conceivable that some antigens with dominant conforma-
tional epitopes might not exhibit strong immunoreactivity by
Western blotting or be weakly reactive; conversely, both linear
and conformational epitopes could be located on the same
protein. Thus, inclusion of conformational epitopes could
potentially strengthen the conclusions. The immunoreactive
MAP?2 orthologs in E. canis and E. chaffeensis have been re-
ported to differ in immunoreactivity on Western blotting, al-
though both have been shown to be highly immunoreactive in
conformational forms when used in ELISA (1, 2). A confor-
mationally dependent epitope on major surface protein 5
(MSPS) of the related organism Anaplasma marginale has also
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been reported (26) and confirms that these epitopes play an
important role in the immunoreactivity of certain proteins.

Evidence exists to suggest that some of the major immuno-
reactive proteins identified in this study, including the 140- and
28-kDa proteins, may be immunoprotective. The 140-kDa pro-
tein ortholog A. marginale MSP1a protected cattle when used
as a subunit vaccine (35, 36); antibodies against the E. chaffeen-
sis 28-kDa protein have provided protection against lethal in-
fection in a SCID mouse model (44); and E. ruminantium
MAP1, a p28 ortholog, has been shown to provide partial
protection in mice (31). Conversely, the 19-kDa major immu-
noreactive protein, which is likely a highly conserved ortholog
of E. ruminantium MAP2 and A. marginale MSP5, has been
reported not to provide protection in cattle immunized with
native or recombinant MSP5 (37). Protection afforded by E.
ruminantium MAP2 has not been evaluated, but the antigen is
capable of eliciting strong Th1-type cellular responses (28, 29).
Further studies are needed to identify immunodominant T-cell
epitopes and determine whether or not these orthologous pro-
teins of Anaplasma and Ehrlichia spp. are immunoprotective.

The isotype of the antibody response in acute- and conva-
lescent-phase sera against E. canis whole-cell lysates was ex-
clusively of the IgG2 subclass in most dogs irrespective of the
route of inoculation. These findings are consistent with an-
other recent report, which found the predominant IgG2 iso-
type in all dogs naturally or experimentally infected with E.
canis regardless of the disease phase (13). Notably in one
study, antibodies effective in eliminating E. chaffeensis infec-
tion were exclusively IgG, with IgG2a being the most efficient
(18). In humans and mice, a Thl response and the correspond-
ing production of gamma interferon (IFN-y) are associated
with isotype switching to IgG2 subclass antibodies. The IgG2
subclass is associated with a Thl-like immune response and
indicates that this isotype switch may be a result of a high
IFN-vy production by T cells. Consistent with our observations,
a polarized IgG2 response has also been previously reported
against E. canis and the closely related organism E. ruminan-
tium (8, 13). Numerous studies with E. ruminantium have dem-
onstrated a biased Thl response to antigens in vivo and in
vitro, including MAP1 and MAP2 (27, 29, 40). Furthermore,
IgG2 antibodies were produced after immunization of calves
with outer membranes from another related intracellular bac-
terium, A. marginale, and are associated with protection (6),
and T-cell lines derived from calves immunized with A. mar-
ginale outer membranes or MSP1 exhibit high IFN-y responses
consistent with a Thl-type response to multiple major surface
proteins (5). MSP1a appears to be an ortholog of the gp120
and gp140 of E. chaffeensis and E. canis, respectively, and the
strong immunoreactivity of the gp140 in this study would sug-
gest that important T-cell epitopes are present.

Interestingly, IgM subclass responses to E. canis were not
observed in most dogs. A low level of IgM antibody was ob-
served by ELISA in four dogs on day 28, and the antibody
response determined by IFA and Western blotting utilizing a
secondary antibody capable of detecting IgM confirmed the
negative results on days 7 and 14. Studies investigating anti-
body responses to Ehrlichia spp. have not been routinely in-
clusive of IgM; therefore, this is the first study to report the
absence of a significant IgM response in the acute phase of
canine ehrlichiosis. In humans with monocytic ehrlichiosis,
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IgM has also been detected concurrently with increases in IgG,
leading to questions regarding the usefulness of IgM serology
for diagnosis (D. H. Walker, personal communication). All
dogs were serologically negative at the beginning of this study
and were laboratory raised. A previous exposure to Ehrlichia
spp. could explain the anamnestic type response we observed,
but there is no evidence to support this hypothesis. It is pos-
sible that the IgM response was very short in duration and that
in the 7 days between sample collections the response had
peaked and then declined to undetectable levels. A previous
study with E. ruminantium found IgM 4 days after infection,
but IgM was undetectable by day 7 (30).

The reactivity of gp140 with sera from healthy dogs has been
reported previously (22). gp140 typically is reactive with 60%
of normal dog sera, suggesting that natural antibodies may be
directed against a carbohydrate epitope on a gp140 glycan.
Natural antibodies are produced to carbohydrates of bacteria
and parasites and are known to cross-react with other antigens
(10). Although reactivity against the recombinant protein was
observed, similar reactivity was not observed with the native
gp140 on the E. canis whole-cell lysate immunoblots. gp140
appears to be a minor protein in quantity compared to other
proteins in the whole-cell blots, and the amount of recombi-
nant gp140 protein used is substantially higher. Thus, detection
of antibodies with the recombinant gp140 may be related to
sensitivity and may be a function of the quantity of antigen.
Interestingly, gp200 did not react with antibodies from normal
dog sera, which suggests that if carbohydrate epitopes are
involved, gp140 has a distinct epitope not found on gp200. An
increased antibody response to gp140 above background levels
was evident, indicating that a specific immune response was
directed at gp140, and this reactivity was confirmed by the
E. canis whole-cell lysate immunoblots.
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