INFECTION AND IMMUNITY, Nov. 2007, p. 5453-5459
0019-9567/07/$08.00+0 doi:10.1128/IA1.00713-07

Vol. 75, No. 11

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

CD4 T-Cell Epitopes Associated with Protective Immunity Induced
following Vaccination of Mice with an Ehrlichial Variable Outer

Membrane Protein"f

Bisweswar Nandi," Kathryn Hogle,"' Nicholas Vitko,' and Gary M. Winslow"**

Wadsworth Center, New York State Department of Health, P.O. Box 22002, Albany, New York 12201-2002," and
Department of Biomedical Sciences, School of Public Health, University at Albany, Albany, New York 12201-0509*

Received 25 May 2007/Returned for modification 16 July 2007/Accepted 1 August 2007

The ehrlichiae express variable outer membrane proteins (OMPs) that play important roles in both
pathogenesis and host defense. Previous studies revealed that OMPs are immunodominant B-cell antigens and
that passive transfer of anti-OMP antibodies can protect SCID mice from fatal ehrlichial infection. In this
study, we used a model of fatal monocytotropic ehrlichiosis caused by Ehrlichia bacteria from Ixodes ovatus
(IOE) to determine whether OMP immunization could generate protective immunity in immunocompetent
mice. Immunization of C57BL/6 mice with a purified recombinant OMP expressed by IOE omp19 generated
protection from fatal IOE infection and elicited robust humoral and CD4 T-cell responses. To identify CD4
T-cell epitopes within OMPs, we performed enzyme-linked immunospot analyses for gamma interferon
(IFN-v) production using a panel of overlapping 16-mer peptides from IOE OMP-19. Five immunoreactive
peptides comprising residues 30 to 45, 77 to 92, 107 to 122, 197 to 212, and 247 to 264 were identified; the
strongest response was generated against OMP-19,,,_,,,. Most of the peptides are conserved between E. muris
and E. chaffeensis OMP-19, and they elicited IFN-y production in CD4 T cells from E. muris-infected mice,
indicating that T-cell epitope cross-reactivity likely contributes to heterologous immunity. Accordingly, CD4
T-cell responses to both OMP-19 and OMP-19,,,_,,, were of greater magnitude following high-dose IOE
challenge of mice that had been immunized by prior infection with E. muris. Our studies cumulatively identify
B- and T-cell epitopes that are associated with protective homologous and heterologous immunity during

ehrlichial infection.

Ehrlichial infections are a significant cause of morbidity in
both humans and animals throughout the world. Although it is
likely that many immune mechanisms contribute to host de-
fense in these infections, it is now clear that antibodies play
important roles in immunity. Outer membrane proteins
(OMPs) are major targets of protective antibodies, and immu-
nodominant B-cell epitopes have been located in hypervariable
regions of these antigens (11).

T cells can also play an important role(s) in ehrlichial im-
munity, including the secretion of gamma interferon (IFN-vy)
(2). However, the identification of T-cell antigens and epitopes
utilized during protective immune responses has been more
challenging. Studies of a closely related rickettsia, Anaplasma
marginale, have identified T-cell epitopes in major surface pro-
tein 2 (MSP2) that are associated with protective immunity in
cattle (4, 6). T-cell epitopes identified in MSPs in these studies
were located in both conserved and variable regions (1, 5).
These data suggest that ehrlichial OMPs also express immu-
nodominant B- and T-cell antigens and are thus potential vac-
cine candidates. In one study, the immunization of BALB/c
mice with Erlichia chajffeensis OMP-19 prevented blood-borne
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E. chaffeensis infection (17), although the B- and/or T-cell
epitopes involved in protection were not identified.

In this study, we addressed a possible role for OMPs in
protective immunity in a model of fatal ehrlichiosis. Such an
infection model has been described for Ehrlichia bacteria from
Ixodes ovatus (IOE), which cause fatal monocytotropic ehr-
lichiosis within about 12 days of infection (9, 19). Unlike many
ehrlichiae, such as E. chaffeensis, IOE causes fatal infection in
immunocompetent mouse strains. Moreover, it is possible to
generate immunity against fatal IOE infection following prior
infection with the closely related ehrlichia E. muris (8). Pro-
tection was associated in the latter case with high OMP-19
antibody responses (8, 22). A role for T cells in protective
immunity induced by heterologous infection is expected but
has not yet been fully established.

Here we examined whether immunization with a recombi-
nant OMP known to be expressed during ehrlichial infection,
delivered with adjuvant, could mediate protection against fatal
IOE challenge. Using this approach, mice were successfully
immunized against fatal IOE infection, and the immunization
was associated with robust humoral and cellular immune re-
sponses. Because T-cell epitopes recognized in the mouse have
not been identified in ehrlichial infections, we have performed
a characterization of OMP-19 T-cell epitope utilization follow-
ing OMP immunization and in E. muris infection. These data,
along with our previous studies (11), provide a complete char-
acterization of both the T- and B-cell epitopes of a major
immunodominant ehrlichial antigen of particular interest for
studies of host defense and for vaccine development.
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MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from the Jackson Laboratories, Bar Har-
bor, ME, and were handled in accordance with institutional guidelines for animal
welfare. Institutional standards for animal welfare did not permit the use of
death as an end point in the infection experiments, so mice were routinely
sacrificed when deemed moribund.

Bacterial infections. Infections were performed as described previously (2).
Mice were inoculated via the peritoneum. Quantitative PCR was used to deter-
mine the bacterial copy number in the frozen aliquots, as described previously
(2). We made the simplifying assumption that copy number and numbers of
viable bacteria were equivalent in our experimental model. Mice were challenged
with IOE at least 4 weeks following E. muris immunization. In vitro infections
with E. chaffeensis were performed using bacteria obtained from infected spleen
cells from SCID mice (11).

Cloning and production of IOE OMP-19. Cloning, production, and purifica-
tion of IOE and E. chaffeensis OMP-19 recombinant proteins have been de-
scribed previously (11, 22). The recombinant IOE OMP-19 lacked 26 amino-
terminal leader residues and 13 carboxy-terminal residues relative to the E.
chaffeensis and E. muris OMP-19 sequences (see Fig. 7), as the sequence of the
entire IOE OMP-19 gene was not available.

Enzyme-linked immunosorbent assay. Enzyme-linked immunosorbent assays
were performed as described previously (11). The reciprocal antibody titers were
assigned by determining the highest dilution of antibody that exhibited an A,,s
greater than 0.1 after subtracting the background absorbance. The background
A5 values when using normal sera were typically less than 0.1.

Peptides. Forty-six overlapping 16-mer peptides spanning the truncated amino- to
carboxy-terminal residues of IOE OMP-19 were synthesized as a peptide array by
New England Peptide LLC (Fitchburg, MA). The peptides overlapped by 11
amino acids. The peptides were solubilized in 50% acetonitrile to a final con-
centration of 2.5 mg/ml and stored at —20°C. The amino acid sequences of the
peptides are shown in Table S1 in the supplemental material. The OMP-19
residue 107 to 122 (OMP-19,;_,,,) truncation variants shown in Table 3 were
also synthesized as part of the peptide array. OMP-19,(,_;,, and OMP-19,9; 5,
were resynthesized using conventional peptide synthesis methodologies to con-
firm activity.

OMP immunization and challenge infections. Mice were immunized with 200
pg of purified OMP-19 in complete Freund’s adjuvant (CFA) by subcutaneous
injection at two or three sites on the back (100 pg per injection site). The mice
received a fatal IOE challenge infection (500 bacteria; 2X 50% lethal dose
[LDs,]) 30 days postimmunization and were monitored thereafter for morbidity
and bacterial infection.

Generation of T-cell hybridomas. Axial and brachial lymph nodes (LNs) were
harvested from IOE OMP-19-immunized mice 10 to 12 days following immuni-
zation, the tissues were dissociated, and the pooled cells were cultured at a
concentration of 4 X 10° cells/ml with recombinant IOE OMP-19 (10 pg/ml) in
a volume of 30 ml complete tumor medium (14). Four days later, the cells were
harvested, washed with Hanks’ balanced salt solution, and cultured in complete
tumor medium with interleukin-2 (IL-2) (20 units/ml). Eight days following the
initiation of the culture, the cells underwent fusion with the T-cell thymoma
BWa /B, using standard methods (14). Hybridomas were monitored for
growth and were screened for responses to OMP-19-specific peptides by using an
IL-2 assay as described previously (14). IL-2 was quantitated by measurement of
[*H]thymidine incorporation by the HT-2 indicator cell line (14).

T-cell proliferation assay. T cells were purified from the spleens of immunized
mice by magnetic-bead cell selection as described previously (2). The purified
cells were cultured with recombinant OMP-19 (10 pg/ml) in the presence of
autologous spleen antigen-presenting cells (APCs) from uninfected C57BL/6
mice. After 72 h, 0.5 mCi of [*H]thymidine (New England Nuclear, Boston, MA)
was added to the cultures, and 24 h later, cells were harvested and [*H]thymidine
incorporation was measured using a 1205 beta plate counter (Wallac, Gaithers-
burg, MD).

ELISPOT. The numbers of antigen-specific CD4 T cells in spleens or LNs
were determined by using a standard enzyme-linked immunospot (ELISPOT)
assay (15). Specific responses were quantitated by subtracting the number of
spots, if any, detected in the absence of the specific antigen.

Statistical analyses. Statistical analyses of the challenge studies were per-
formed by using a log rank test. Other data were analyzed by using a one-tailed
Mann-Whitney test with a confidence interval of 95%. The data were analyzed
using Prism software (GraphPad Software, Inc.).
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FIG. 1. Immunization with IOE OMP-19 provided protection
against fatal IOE challenge. (a) C57BL/6 mice were immunized with
200 pg of IOE OMP-19 in CFA or with CFA alone (control). Thirty
days later, the mice were challenged with a high-dose (2X LDs,) IOE
inoculum, and morbidity was monitored. Data from three separate
experiments of identical design were pooled and represent 13 mice per
group. The differences between the two groups were significant (P =
0.0039) as determined by using a log rank test. (b, ¢) Level of bacterial
infection in the spleens and livers of immunized and control mice was
determined on the indicated days postinfection. Standard deviations of
the mean are shown. Four mice were used per group. The data for the
spleens were statistically significant on both day 7 (P = 0.047) and day
10 (P = 0.002) postinfection. Data from the livers were not significant
on days 7 and 10 postinfection.

RESULTS

Recombinant OMPs mediate protection against fatal IOE
infection. Although heterologous ehrlichial infection can gen-
erate protective immunity to fatal IOE challenge infection in
immunocompetent mice, it was not known whether subunit
vaccination could also be effective. In our studies, OMP-19 was
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FIG. 2. Immunization generated high OMP-19 serum antibody ti-
ters. (a) Sera from four C57BL/6 mice were collected 30 days after
immunization with OMP-19, and the serum antibody titer was mea-
sured for each of the Ig classes and subclasses. Background obtained
using normal sera (typically A4 < 0.1) was subtracted, and only
absorbances greater than 0.1 were considered significant. (b) An im-
munodominant peptide, OMP-195_-, identified during E. chaffeensis
infection was also recognized by polyclonal sera from both IOE OMP-
19-immunized and IOE-infected mice. Antibody titers for individual
mice are shown; horizontal lines indicate means.

chosen because this antigen is expressed and has been shown
to be a target of protective antibody responses following E.
chaffeensis infection (11, 20). Recombinant IOE OMP-19 was
used to immunize mice subcutaneously in the presence of
CFA. The mice were challenged at least 30 days later with 2X
LDy, of IOE (approximately 500 bacteria [3]). Mice immu-
nized with IOE OMP-19/CFA, but not CFA alone, were pro-
tected from IOE challenge (Fig. 1a). Protection was associated
with an approximately 1-log reduction in bacterial numbers in
the spleen on day 10 postinfection (Fig. 1b). Bacterial coloni-
zation was detected in the livers of both immunized and con-
trol mice but decreased to near-background levels in the sur-
viving immunized mice by day 16 postinfection (Fig. 1c). Mice
that survived initial IOE challenge exhibited significantly lower
bacterial infection within 16 days postinfection and survived
indefinitely (data not shown).

Immunity was associated with strong humoral responses
against IOE OMP-19. The ehrlichiae induce strong antibody
responses in many different hosts, and we have demonstrated
that antibodies can be highly effective against the ehrlichiae
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FIG. 3. T cells from OMP-19-immunized mice proliferated and
produced IFN-y in response to specific antigens. (a) T cells were
purified by negative magnetic selection from spleens of C57BL/6 mice
after 10 days following IOE OMP-19 immunization. Cells were cul-
tured with or without APCs from unimmunized mice in the presence
or absence of IOE OMP-19 (10 pg/ml). Concanavalin A was used as
positive control. Cells from three immunized mice were pooled and
were cultured in duplicate. Proliferative responses using T cells from
unimmunized mice were less than 2 X 10? cpm. (b) The frequencies of
IFN-y-producing OMP-19-specific CD4 T cells in spleens and draining
brachial lymph nodes (dLN) from IOE OMP-19-immunized mice were
determined by ELISPOT assay. Cells from three OMP-19-immunized
mice were pooled and cultured in triplicate in the presence of OMP-19
(10 pg/ml). Data were obtained following subtraction of background
from cells cultured in the absence of added antigen. Responses using
CD4 T cells from unimmunized mice were at background levels. Hor-
izontal lines indicate means. SFC, spot-forming cells.

(21, 22). Therefore, we examined whether high antibody titers
were associated with protective immunity following OMP-19
vaccination. Indeed, antibody titers to OMP-19 were robust,
with reciprocal titers often exceeding 1,000 (Fig. 2a). Immu-
noglobulin M (IgM) and antibodies of all IgG subclasses were
detected (Fig. 2a). We also examined whether the immuno-
dominant antibody epitope previously described for E.
chaffeensis OMP-19 (10) was recognized in the IOE OMP-19-
immunized mice. This determination was possible because the
antibody epitope (contained within residues 65 to 78) was
largely conserved between IOE and E. chaffeensis OMP-19
(see Fig. 7). The E. chaffeensis peptide OMP-19_,; was de-
tected using serum from IOE OMP-19-immunized mice and
IOE-infected mice (Fig. 2b), indicating that both immunization
and infection elicit responses to this immunodominant anti-
body epitope.
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FIG. 4. Identification of immunoreactive peptides in IOE OMP-19. The frequencies of IFN-y-producing OMP-19 peptide-specific T cells in
spleens collected from IOE OMP-19-immunized mice were determined by ELISPOT assay. Spleen cells from two immunized mice were pooled
and cultured in duplicate in the presence of either OMP-19 (10 pg/ml) or a panel of overlapping 16-amino-acid IOE OMP-19 peptides. Data shown
were obtained after subtraction of background; none of the peptides elicited responses from CD4 T cells obtained from unimmunized mice.
Counts above the dotted line intercepting the value of 5 SFC/1 X 10° cells were considered significant. The sequences of the peptides are
available in Table S1 in the supplemental material. SFC, spot-forming cells.

T-cell responses were elicited by OMP-19 immunization.
T-cell responses are usually associated with protective immu-
nity against intracellular bacteria, so we next examined T-cell
responses to OMP-19. T-cells purified from the spleens of IOE
OMP-19-immunized mice exhibited strong proliferative re-
sponses to OMP-19 in vitro (Fig. 3a). Because IFN-y production
is required for immunity following low-dose IOE infection, we
also enumerated CD4 T-cell responses by using a conventional
ELISPOT analysis (Fig. 3b). IFN-y production was identified in
both spleen and draining LN (brachial) CD4 T cells 10 days
following infection. This amounted to approximately 45 to 75
spot-forming cells per 1 X 10° CD4 T cells in these tissues (Fig.
3b), or 0.045 to 0.075% of the total CD4 T cells detected.

Identification of T-cell epitopes in IOE OMP-19. As murine
ehrlichial CD4 T-cell epitopes have not been characterized, we
next sought to identify the exact epitopes recognized within
OMP-19. To this end, we synthesized a panel of 46 overlapping
peptides spanning the entire OMP-19 sequence carboxy termi-
nal to the signal sequence cleavage site (see Fig. 7; see also

TABLE 1. Stimulation of IL-2 production from T-cell hybridomas
by IOE OMP-19-derived peptides

T-cell IL-2 production with peptides comprised of residues®

hybridoma 30-45 77-92 107-122 197-212 247264

BOI-6 - -
BOI-10
BOI-14
BOI-29
BOI-67
BOI-72

+ —

I+ 1+

— + — —

I+ + 1

“ 4, a more than 2-fold increase in IL-2 production relative to that in cultures
that lacked the specific peptide; —, response was not significant.

Table S1 in the supplemental material) and used these in CD4
T-cell IFN-y ELISPOT assays. The peptides were synthesized
as 16-mers and overlapped by 11 residues. Five immunogenic
peptides were identified that elicited specific responses by
spleen T cells (Fig. 4). These included the peptides comprised
of the following amino acid residues: 30 to 45, 77 to 92, 107 to
122,197 to 212, and 247 to 264 (Fig. 4; see also Table S1 in the
supplemental material). The strongest response was generated
against OMP-19,,,_,,,. These data revealed that multiple
epitopes were recognized by CD4 T cells following OMP im-
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FIG. 5. OMP-19 peptide specificity of T-cell hybridomas generated
following IOE OMP-19 immunization. Hybridomas produced IL-2
following incubation with OMP-19 or OMP-19 peptides comprising
residues 30 to 45 (for BOI-29), 107 to 122 (for BOI-6), and 197 to 212
(for BOI-10). IL-2 production was determined by measuring [*H]thy-
midine incorporation by the indicator cell line HT-2. Standard devia-
tions are indicated.
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TABLE 2. Cross-recognition of related ehrlichiae by IOE
OMP-19-specific T-cell hybridomas

IL-2 production with”:

Peptide from APCs

: b.
Peptide from™ infected with®:

T-cell hybridoma

E. E. E. E.

I0E muris  chaffeensis 10 muris  chaffeensis
BOL-6 + 0+ + + + +
BOI-10 + - + + - +
BOI-29 or -67 + +4 +e + + +

“ +, a greater than 2-fold increase in IL-2 production relative to cultures that
lacked specific peptide; —, response was not significant.

? The hybridomas were incubated with spleen APCs and the cognate peptides
encoded by the indicated ehrlichiae.

¢ IL-2 production by the hybridomas was measured following incubation with in
vitro- or in vivo-infected APCs.

9 The IOE peptide is identical to the E. muris variant, with the exception of a
conservative Val to Ala substitution at position 33.

¢ Recombinant E. chaffeensis OMP-19 was utilized because the peptide was
unavailable.

munization. Peptide specificity was confirmed by resynthesis of
OMP-19,y7_1,, and OMP-19,4, 5, (data not shown).

In parallel studies, six T-cell hybridomas that recognized
OMP-19 were generated from similarly immunized mice (Ta-
ble 1). Further analyses demonstrated that, together, the hy-
bridomas recognized three of the peptides identified in the
ELISPOT studies (comprising residues 30 to 45, 107 to 122,
and 197 to 212) (Table 1). Three hybridomas were generated
that recognized OMP-19,,, ,,,. Representative hybridomas
generated robust production of IL-2 in response to their cog-
nate peptides (Fig. 5). T-cell hybridomas BOI-6, -10, and -29 in
most cases recognized the homologous peptides from both E.
muris and E. chaffeensis and/or infected APCs, indicating that
the elicited T cells were cross-reactive (Table 2). One excep-
tion was peptide OMP-19,4, ,,,. The hybridoma generated
against IOE OMP-19,4,_,,,, BOI-10, recognized the variant
encoded by E. chaffeensis, but not the E. muris variant. This
difference is likely due to the asparagine-to-serine substitution
at position 207, as serine is the only residue that is not found
in the corresponding peptides encoded by the other ehrlichiae.

TABLE 3. Recognition of truncation variants of IOE
OMP-19,y,_,,, by the hybridoma BOI-6

Peptide Amino acid sequence Relative response®
1 IGYSMDGPRVEFEVSY” 1.00
2 GYSMDGPRVEFEVSY 1.33
3 YSMDGPRVEFEVSY 1.38
4 SMDGPRVEFEVSY 1.36
5 MDGPRVEFEVSY 0.35
6 DGPRVEFEVSY 0.04
7 GPRVEFEVSY 0.17
8 IGYSMDGPRVEFEVS 1.47
9 IGYSMDGPRVEFEV 1.45
10 IGYSMDGPRVEFE 1.12
11 IGYSMDGPRVEF 0.003
12 IGYSMDGPRVE 0.001
13 IGYSMDGPRV 0.001

¢ IL-2 production in response to the truncated peptides is indicated relative to
the response achieved using the full-length peptide (1).

 The underlined sequence indicates the minimal T-cell epitope required for
T-cell activation.

OMP-19 IMMUNIZATION GENERATES PROTECTIVE IMMUNITY 5457

A 207 3045
e 107-122
E 150- -8-197-212
°
>
~ 100
~
4]
7
> 50
z
L
04— ——
0 2 4 6 8 10 12 14 16
day post infection
b o 107-122
60, * OMP-19
P — =
5 50 L
Q
‘@ 40/ BEL .
x o
5 30+
%p
5 20
A
z .
L 104 e —
—i—
0
IOE EmACE

FIG. 6. Recognition of OMP-19 peptide antigens by CD4 T cells
during ehrlichial infection. (a) C57BL/6 mice were infected with E.
muris, and the frequencies of IFN-y-producing OMP-19 peptide-spe-
cific CD4 T cells in spleens were determined by ELISPOT assay on the
indicated days postinfection. Mean SFC (spot-forming cell) numbers
and standard deviations are indicated. Three mice were used per
group; data were obtained after subtraction of background obtained
from cultures that did not contain added peptides. (b) ELISPOT
analysis of OMP-19- and OMP-19,,_,,,-specific CD4 T-cell responses
in naive or E. muris-immunized mice 8 days after challenge with high-
dose IOE (500 bacteria; 2X LDs,). The differences between E. muris-
immunized (Em-IOE) and nonimmunized (IOE) IOE-infected mice
were statistically significant. *, P = 0.05.

Thus, some T cells that recognize IOE OMP-19 do not recog-
nize the homologous epitope expressed by the related ehrli-
chiae (see Fig. 7).

Since OMP-19,,_,,, was found to be a dominant peptide in
both of the above analyses, we performed studies using peptide
truncation variants to identify the core T-cell epitope within
this sequence, which is recognized by the hybridoma BOI-6.
This core epitope was found to comprise residues 110 to 119
(Table 3; Fig. 7).

In vivo CD4 T-cell responses to OMP-19 during infection.
To address whether the CD4 T-cell epitopes recognized fol-
lowing OMP-19 vaccination were also targets for T cells fol-
lowing infection, we infected mice intraperitoneally with E.
muris and monitored T-cell IFN-y responses thereafter by
ELISPOT assay. In these studies, the corresponding peptides
from E. muris OMP-19 were utilized (except for OMP-19; s,
where the IOE peptide was used, as it is identical to the E.
muris peptide with the exception of a conservative valine-to-
alanine substitution at position 33 [see Fig. 7]). OMP-19-reac-
tive T cells were first detected on day 6 postinfection and
increased in number until at least day 9 postinfection (Fig. 6a).
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FIG. 7. Distribution of major B- and T-cell epitopes in OMP-19. B- and T-cell epitopes identified in OMP-19 are shown in a sequence
alignment of the three closely related ehrlichiae used in this study. The B-cell epitope was identified previously (11) and is indicated by the
horizontal bracket. The hypervariable regions are highlighted in gray, and T-cell epitopes are shown in black. The two major epitopes (OMP-195,_45
and OMP-19,,_,,,) and a third epitope recognized by a T-cell hybridoma (OMP-19,4,_,,,) are shown. The arrow indicates the putative N-terminal
signal sequence cleavage site. OMP-,_o, and OMP,,, 44 were omitted from the schematic because they were weakly immunogenic and were not
recognized by any of the hybridomas generated from immunized mice.

Each of the three peptides that we analyzed elicited T-cell
responses, although the greatest number of responsive T cells
were found to recognize OMP-19,,_,,, as was observed in the
vaccinated mice (Fig. 4). By day 16 postinfection, the T-cell
responses were no longer detectable. These data indicate that,
although E. muris establishes a low-level, persistent infection
(18; data not shown), persistent infection may occur in the
absence of detectable spleen T-cell responses to OMP-19. Al-
though the hybridoma BOI-10 that recognizes IOE OMP-
19,4751, did not recognize E. muris OMP-19,4,_5,,, other CD4
T cells elicited during E. muris infection did recognize this
peptide, indicating that some, but not all, T cells elicited by
IOE OMP-19 were cross-reactive. These studies indicate that
epitopes elicited by vaccination are also generated during nor-
mal infection.

As prior E. muris infection has been shown to generate
protective immunity to high-dose IOE challenge (8), we next
tested whether enhanced cross-reactive T-cell responses were
generated following high-dose IOE challenge in the E. muris-
immunized mice. ELISPOT analyses revealed elevated CD4
T-cell responses against both IOE OMP-19 and IOE OMP-
19,07-12> in the immunized mice (Fig. 6b). OMP-19-specific
responses were largely undetectable in the nonimmunized IOE-
infected mice, perhaps due to the relatively low IOE challenge
inoculum (500 bacteria). These data suggest that the enhanced

ELISPOT assay responses were due to the presence of effector/
memory CD4 T cells in the E. muris-immunized mice.

DISCUSSION

OMPs can generate protective immunity against fatal ehr-
lichial infection. This study demonstrates that protective im-
munity can be generated in mice following immunization with
an ehrlichial OMP. A previous study indicated that OMP-19
administration could inhibit E. chaffeensis infection, although
this ehrlichia is not highly virulent in immunocompetent mice
(7). In contrast, protection in our studies was generated against
infection with the highly pathogenic IOE, suggesting that sig-
nificant immunity was generated by using our immunization
strategy. In related studies, purified outer membranes from
Anaplasma phagocytophila were utilized to immunize cattle,
and such immunity was associated with serological responses
to anaplasma MSPs (6). Although the protection described in
the present paper was not achieved in all immunized mice, the
data nevertheless suggest that immunization with OMPs by
themselves can be an effective immunogen. It is possible that
multicomponent vaccines or additional immunizations could
be a useful strategy to improve immunity (12). Our vaccination
strategy utilized CFA, so additional studies will be required to
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evaluate the efficacy of other adjuvants that are available for
clinical or veterinary use.

Immunity was associated with robust humoral and cellular
responses. We reported previously that humoral immunity can
be effective in both immunocompromised and immunocompe-
tent mice (11, 22). Accordingly, OMP-19 immunization was
associated with high titers of antibodies, which likely contrib-
uted to protection. Although our previous studies of OMP-19
antibodies elicited during E. chaffeensis infection identified
several highly effective IgG2cs (formerly indicated as IgG2a),
but not IgG1 (11, 13), all IgG isotypes (IgG1, 1gG2c, IgG2b,
and IgG3) were elicited in the IOE OMP-19-immunized mice.
One explanation for the differences in OMP-19 isotype utili-
zation is that ehrlichial infection, in contrast to the antigen/
adjuvant combination used in the present studies, generates
qualitatively distinct antibody responses. Our previous studies
also identified a major B-cell epitope, OMP-19.5 -5, that was
utilized during E. chaffeensis infection following IOE OMP-19
immunization and IOE infection. Although the OMP-19,5_-4
B-cell epitope was variable among several E. chaffeensis clinical
isolates (16), this region was highly conserved among IOE, E.
muris, and E. chaffeensis, suggesting that the latter three ehr-
lichiae are more closely related than has been believed (Fig. 7).
We have not yet determined the role of humoral immunity in
protection following IOE OMP-19 immunization, but our pre-
vious studies suggest that antibodies and/or B cells play impor-
tant roles in immunity (11, 22). Not surprisingly, OMP-19
immunization also elicited robust T-cell responses. T cells from
immunized mice proliferated in vitro in response to OMP-19,
and ELISPOT analyses identified high numbers of antigen-
specific T cells in both draining LNs and spleens. Thus, it is
likely that both the B- and T-cell responses elicited by vacci-
nation generated protective immunity.

Conserved T-cell epitopes contribute to cross-protection.
This is the first study to identify CD4 T-cell epitopes in an
ehrlichia antigen. The three principal epitopes identified and
studied here were conserved across IOE, E. muris, and E.
chaffeensis (Fig. 7) and exhibited a high degree of similarity
within the family of p28 OMPs in E. chaffeensis (data not
shown). Thus, OMP-19 immunization may induce cross-pro-
tective T-cell immunity against related ehrlichial pathogens
that express variable OMPs. Studies of E. muris-infected mice
revealed that the epitopes utilized following immunization
were also generated during normal infection. Moreover, we
obtained evidence of a CD4 T-cell anamnestic response in E.
muris-immunized mice following IOE challenge, suggesting
that CD4 T cells play a role in protective immunological mem-
ory. Thus, our data reveal that subunit vaccination against the
ehrlichiae is a viable strategy and identify T-cell epitopes that
will facilitate additional studies of the naive and memory CD4
T-cell responses following ehrlichia infection.
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