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Human monocytotropic ehrlichiosis (HME), an emerging and often life-threatening tick-transmitted dis-
ease, is caused by the obligately intracellular bacterium Ehrlichia chaffeensis. HME is modeled in C57BL/6 mice
using Ehrlichia muris, which causes persistent infection, and Ixodes ovatus Ehrlichia (I10E), which is either
acutely lethal or sublethal depending on the dose and route of inoculation. A persistent primary E. muris
infection, but not a sublethal IOE infection, protects mice against an ordinarily lethal secondary IOE chal-
lenge. In the present study, we determined the role of persistent infection in maintenance of protective memory
immune responses. E. muris-infected mice were treated with doxycycline or left untreated and then challenged
with an ordinarily lethal dose of IOE. Compared to E. muris-primed mice treated with doxycycline, untreated
mice persistently infected with E. muris had significantly greater numbers of antigen-specific gamma inter-
feron-producing splenic memory T cells, significant expansion of CD4* CD25* T regulatory cells, and
production of transforming growth factor $1 in the spleen. Importantly, E. muris-primed mice treated with
doxycycline showed significantly greater susceptibility to challenge infection with IOE compared to untreated
mice persistently infected with E. muris. The study indicated that persistent ehrlichial infection contributes to

heterologous protection by stimulating the maintenance of memory T-cell responses.

Human monocytotropic ehrlilchiosis (HME), an emerging
tick-borne disease in the United States, is caused by the obli-
gately intracellular bacterium Ehrlichia chaffeensis, which re-
sides in the host mononuclear phagocytic cells (24, 34). HME
manifests initially as a mild flulike illness with nonspecific
symptoms (12, 22), and the disease can progress to a severe
life-threatening condition resulting from liver dysfunction,
multiorgan failure, meningoencephalitis, and adult respiratory
distress syndrome (11, 25, 26, 28). Immune-mediated pathol-
ogy is attributed in severe cases of HME to the severity of
inflammation observed in the absence of high numbers of
ehrlichiae in the tissues (28). It is unknown whether E.
chaffeensis establishes persistent infection in humans, although
a few studies reported prolonged infection with E. chaffeensis
(9, 27). It is also unknown whether immunocompetent patients
recovered from HME are immune to reinfection with a genet-
ically identical or distinct E. chaffeensis strain. However, a case
of reinfection with a distinct strain of E. chaffeensis after a
2-year interval in a liver transplant patient who was receiving
immunosuppressive therapy has been reported (21).

In a previous study, using murine models of persistent ehr-
lichiosis and fatal ehrlichiosis, we have established that ehr-
lichial species that differ in their ability to cause acute or
chronic persistent infection also differ in stimulation of a long-
term protective memory immune response (33). Ehrlichia
muris, a mildly virulent Ehrlichia which causes persistent infec-
tion in C57BL/6 mice, but not sublethal infection with highly
virulent Ixodes ovatus Ehrlichia (IOE), which causes acute in-
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fection only, induces strong memory immune responses and
confers protection against an ordinarily lethal IOE challenge.
The cross-protection induced by persistent E. muris infection is
associated with the generation and maintenance of strong Ehr-
lichia-specific IFN-y-producing CD4" and CD8" memory T-
cell responses in the spleen and production of Ehrlichia-spe-
cific serum immunoglobulin G (IgG) responses (33). The
correlation between persistent primary E. muris infection and
heterologous protection against secondary lethal IOE chal-
lenge suggested that persistent infection or antigen persistence
could play a role in the maintenance of protective immunity.
Antigen persistence or continuous exposure to low levels of
antigen is thought to be required for maintenance of protective
memory immune responses (3, 14, 37). In the present study we
addressed the role of persistent ehrlichial infection in confer-
ring protection against lethal heterologous ehrlichiosis. The
results suggested that persistence of E. muris infection in
C57BL/6 mice contributes to protective heterologous immu-
nity against IOE infection by stimulating maintenance of mem-
ory T-cell and Ehrlichia-specific antibody responses.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female C57BL/6 mice were used in all experi-
ments. Mice were purchased from the Jackson Laboratory (Bar Harbor, ME)
and housed and cared for in the Animal Research Center at the University of
Texas Medical Branch in accordance with the Institutional Animal Care and Use
Committee guidelines under whose review and approval the experiments were
conducted.

Bacteria, infection of mice, and doxycycline treatment. Two ehrlichial species,
namely, E. muris (provided by Y. Rikihisa, Ohio State University, Columbus) and
IOE isolated from I. ovatus ticks in Japan (kindly provided by M. Kawahara,
Nagoya City Public Health Research Institute, Nagoya, Japan), were used in the
study. Ehrlichial stocks were prepared (17). Mice were inoculated with the
splenic stock containing E. muris (~10° bacterial genomes) i.p., and the IOE
challenge infection consisted of either ~2 X 10 or ~1 X 10* bacterial genomes
given by the intraperitoneal (i.p.) route. Antibiotic treatment of E. muris-infected
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mice consisted of doxycycline injections given i.p. for 7 consecutive days (10
mg/kg [body weight], one injection per day) starting on day 16 after primary
infection.

Determination of ehrlichial copy numbers in E. muris and IOE stocks and
quantification of ehrlichial load in tissue samples. Ehrlichial copy numbers in
stocks and tissue samples were determined by a quantitative real-time PCR
method (32). Briefly, DNA was extracted from infected tissues, and a portion of
the E. muris or IOE dsb gene, which encodes a disulfide bond formation protein
(GenBank accession no. AY236484 and AY236485), and the host housekeeping
gene, murine gapdh, were amplified and detected using the primers and the
probes described previously (32). The absolute number of copies of the dsb gene
and the gapdh gene and the number of host cells present in stocks were used to
calculate the number of ehrlichiae present per milliliter of the stock. The bac-
terial load in each organ was expressed as the number of copies of E. muris or
IOE dsb gene present per microgram of total DNA. The limit of detection of the
plasmid carrying the dsb gene by the PCR method used in the study was found
to be 100 copies.

Preparation of E. muris antigen. E. muris antigen was prepared from Percoll
density gradient purified E. muris cultured in the DH82 canine macrophage cell
line as described previously (17). Total protein concentration in the antigen
preparations was determined by using a bicinchoninic acid protein assay reagent
kit (Pierce, Rockford, IL).

Splenocyte cultures and in vitro assay of immune responses. Single-cell sus-
pensions were prepared from spleens harvested from mice. Splenocytes were
cultured in vitro in complete medium (RPMI 1640 medium containing 10%
heat-inactivated fetal bovine serum, 10 mM HEPES buffer, 50 uM 2-mercapto-
ethanol, and antibiotics [penicillin [100 U/ml] and streptomycin [100 pg/ml]) in
a 12-well plate (Costar, Corning, NY). The cells were cultured at a concentration
of 5 X 10° cells per well, along with irradiated naive syngeneic spleen cells (5 X
10° per well) as antigen-presenting cells. The cells were stimulated in vitro with
E. muris antigen (5 wg/ml) for 18 h, followed by 4 h of incubation with brefeldin
A (BD Biosciences, San Diego, CA) for intracellular cytokine staining and
analysis by flow cytometry. Positive and negative control wells included cells
stimulated with 5 wg of concanavalin A/ml or medium, respectively. Splenocyte
culture supernatants were collected at 48 h for measurement of interleukin-10
(IL-10) and transforming growth factor 1 (TGF-B1) concentrations by enzyme-
linked immunosorbent assay by using Quantikine immunoassay kits (R&D Sys-
tems, Minneapolis, MN). The detection limits of the Quantikine enzyme-linked
immunosorbent assay for IL-10 and TGF-B1 are 4.0 and 4.61 pg/ml, respectively.

For flow cytometric analysis, cells were incubated with anti-Fc II/III receptor
monoclonal antibodies (MAbs; BD Biosciences) in fluorescence-activated cell
sorting buffer to block Fc receptors. Cells were then labeled with fluorochrome-
conjugated MAbs (BD Biosciences) specific for mouse CD3 (clones 17A2 or
145-2C11), CD4 (RM4-5), CD8 (clone 53-6.7), CD62L (clone MEL-14), CD44
(clone IM7), or CD25 (clone PC61) molecules. The expression of gamma inter-
feron (IFN-y) by T cells was assessed by intracellular cytokine staining (clone
XMG1.2). Staining for Foxp3 expression was carried using the phycoerythrin-
labeled anti-mouse Foxp3 (clone FIK-16S) and Foxp3 staining buffer set (eBio-
science, San Diego, CA). Flow cytometric data were collected by using FACS-
Canto (BD Immunocytometry Systems, San Jose, CA). Lymphocytes were gated
based on forward scatter and side scatter, and data were analyzed by using FCS
Express (version 3; De Novo Software, Los Angeles, CA).

Histology. Tissue samples of liver and lung were fixed in 10% neutral buffered
formaldehyde, embedded in paraffin, cut at 4-um thickness, and stained with
hematoxylin and eosin.

IFA. An indirect immunofluorescence assay (IFA) was used to determine the
titer of Ehrlichia-specific IgG antibodies in serum samples (23). Antigen slides
prepared from E. rmuris grown in DH82 canine macrophage cell line were
incubated with twofold dilutions of serum samples, followed by incubation with
fluorescein-labeled horse anti-mouse IgG (gamma-chain-specific) secondary an-
tibodies (Vector Laboratories, Burlingame, CA) for 30 min each at 37°C. Anti-
body titer was expressed as the reciprocal of the highest dilution of serum at
which specific fluorescence was observed.

Statistical analysis. Analysis of the experimental data was carried out by using
the GraphPad Prism software version 5.01 for windows (GraphPad Software, San
Diego, CA). The data were transformed by taking the square root of individual
values, and analyzed using one-way analysis of variance with Tukey’s post test for
comparison of multiple groups. The log-rank test was used to compare survival
curves. Statistical significance was determined at 95% (P < 0.05), and asterisks
indicate levels of statistical significance (, P = 0.01 to 0.05; #*, P = 0.001 to 0.01;
sk, P < 0.001).
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RESULTS

Persistent E. muris infection stimulates maintenance of
splenic memory CD4* and CD8™" T-cell populations. Our pre-
vious study had demonstrated that cross-protection of E.
muris-primed mice and lack of homologous protection against
lethal IOE challenge are associated with the presence and
absence of persistent infection, respectively, and distinct mem-
ory immune responses (33). In the present study, we addressed
the role of persistent infection in maintenance of protective
memory immune responses during ehrlichial infections by an-
tibiotic treatment of persistent E. muris infection prior to chal-
lenge with IOE. C57BL/6 mice were infected with E. muris by
the i.p. route and treated with i.p. doxycycline on days 16 to 22
postinfection. The doxycycline treatment resulted in undetect-
able levels of ehrlichial DNA in different organs as measured
by real-time PCR on day 36 after E. muris infection (e.g., in the
lungs, there were less than 100 copies of the ehrlichial dsp gene
per pg of total DNA/ug in the treated group versus 241 * 48
copies of the ehrlichial dsp gene per pg of total DNA/pg in
untreated persistently infected mice). Flow cytometric analysis
of splenic memory T-cell populations revealed the presence of
approximately three- and fourfold greater total numbers of
memory CD4" and CD8™ T cells, respectively, in the spleens
of untreated mice persistently infected with E. muris compared
to E. muris-primed mice treated with doxycycline on day 36
after E. muris infection. We detected significantly greater per-
centages of effector memory (CD44™&* CD62L'°Y) CD4 ™" and
CD8" T cells in the spleens of untreated mice persistently
infected with E. muris and E. muris-primed mice treated with
doxycycline on day 36 after primary infection compared to
uninfected naive mice (Fig. 1). However, due to substantial
expansion of the CD4" and CD8" T-cell populations, the
absolute numbers of both effector memory and central mem-
ory (CD44"eh CD62LMe") CD4* and CD8™ T cells were sig-
nificantly higher in the spleens of mice persistently infected
with E. muris than in the spleens of E. muris-primed mice
treated with doxycycline (data not shown). The results of the
present study suggest that persistence of E. muris stimulates
maintenance of memory T cells, particularly effector memory
CD4" and CD8™" T cells, which are known to migrate to sites
of infection and exhibit immediate effector functions.

Persistent E. muris infection does not lead to T-cell effector
dysfunction or exhaustion. We next examined the proliferation
and functional status of T cells during persistence of E. muris
infection. CD4"% and CD8" T cells from day 36 E. muris-
primed mice responded to in vitro antigenic stimulation by
producing IFN-y (Fig. 2), and CD4" T cells proliferated in
vitro in response to antigenic stimulation as measured by the
incorporation of bromodeoxyuridine (data not shown). These
results suggested that T cells do not appear to enter a state of
dysfunction or exhaustion during persistent E. muris infection,
which correlates with low antigen load during the persistent
phase of E. muris infection.

We next examined whether the differences in the number of
memory T cells maintained in the presence or absence of
persistent E. muris infection are associated with differences in
the magnitude of antigen-specific T-cell responses. Compared
to uninfected mice, significantly greater percentages of Ehrli-
chia-specific IFN-y-producing CD4" and CD8" type 1 cells
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FIG. 1. Greater numbers of memory CD4" and CD8" T-cell populations are maintained in the spleen in the presence of persistent E. muris.
Significantly greater frequencies (P < 0.05) of effector/effector memory CD4" and CD8™" T cells were present in the spleens of E. muris-primed
mice treated with doxycycline and in mice persistently infected with E. muris on day 36 after primary infection compared to naive mice. The data
are representative of three independent experiments with three mice per group.

were present in the spleens of untreated mice persistently
infected with E. muris and E. muris-primed mice treated with
doxycycline on day 36 after infection (Fig. 2). However, the
absolute numbers of Ehrlichia-specific IFN-y-producing CD4™*
T cells and CD8" T cells in the spleens of untreated mice
persistently infected with E. muris were approximately six- and
fourfold higher than in E. muris-primed mice treated with
doxycycline, respectively (Fig. 2B). IL-4-producing CD4™ and
CD8™ type 2 cells were not detected in both groups of mice
(data not shown). These results suggest that absence of per-
sistent infection significantly compromises the magnitude of
antigen-specific type 1 memory cells (8).

Persistent E. muris infection induces higher titers of Ehrli-
chia-specific serum IgG antibodies than that detected in the
absence of persistent infection. Studies from our laboratory
and others have established the importance of antibodies in

protection against ehrlichial infection (10, 17, 19). Examina-
tion of Ehrlichia-specific IgG antibody responses indicated that
sera from E. muris-primed mice treated with doxycycline ob-
tained on day 36 after primary infection had approximately
twofold lower Ehrlichia-specific IgG antibody titers than un-
treated mice persistently infected with E. muris (Table 1).
Similar differences were observed in Ehrlichia-specific IgG an-
tibody titers on day 7 after IOE challenge, suggesting that
persistent E. muris infection promotes substantial IgG anti-
body responses.

Persistent E. muris infection induces expansion of CD4"
CD25" Foxp3™ T regulatory cells. We examined the potential
role of CD4% CD25" Foxp3™* T regulatory cells in the main-
tenance of persistent ehrlichial infection. Compared to E.
muris-primed mice treated with doxycycline, untreated mice
persistently infected with E. muris had similar percentages
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FIG. 2. Persistent E. muris infection does not lead to T-cell dysfunction or exhaustion. (A) Significantly higher percentages of Ehrlichia-specific
IFN-y-secreting CD4™ T cells were present in the spleens of untreated mice persistently infected with E. muris than in E. muris-primed mice treated
with doxycycline on day 36 after primary infection. (B) Compared to E. muris-primed mice treated with doxycycline, untreated mice persistently
infected with E. muris had significantly greater absolute numbers of Ehrlichia-specific IFN-y-producing CD4* and CD8* T cells in the spleen. The
data are representative of two experiments. Three mice per group were included for analysis. Asterisks indicate significant differences from the
naive group. *, P < 0.01; ##x, P < 0.001.
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TABLE 1. Serum anti-Ehrlichia 1gG titers in E. muris-primed mice, untreated or treated with doxycycline, before and after
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@ Serum anti-Ehrlichia 1gG antibody titers were determined by using an IFA. NA,

but significantly greater absolute numbers of CD4" CD25*
Foxp3™ T regulatory cells in the spleen on day 36 after primary
infection (Fig. 3). These data suggest that the persistence of
ehrlichiae is required for expansion of T regulatory cells in the
spleen.

E. muris infection induces immunoregulatory cytokines
IL-10 and TGF-$31 during the acute stage and TGF-31 during
the chronic phase of the infection. Further, we examined the
possible roles of immunoregulatory cytokines IL-10 and
TGF-B1 in persistence of E. muris infection. Splenocytes from
E. muris-infected mice, but not IOE-infected mice, produced
significantly greater quantities of IL-10 and TGF-B1 on day 7
after acute infection (Fig. 4). Furthermore, splenocytes from
untreated mice persistently infected with E. muris, but not E.
muris-primed mice treated with doxycycline, produced signifi-
cantly greater quantities of TGF-B1 during the chronic stage of
infection (day 36 postinfection) compared to uninfected naive
mice (Fig. 4B).

Persistent E. muris infection is critical for protection
against virulent IOE challenge. We next investigated whether
persistent infection is essential for protection against fatal IOE
challenge. Mice previously infected via the i.p. route with E.
muris and treated with doxycycline or left untreated were chal-
lenged on day 36 after E. muris infection with either a low or
a high (~2 X 10® or ~1 X 10* bacterial genomes) dose of

§ E3 CD4+CD25+Foxp3+

5 P <0.001
<0.

5 25106 - PR it S,

o o

)

S 2.0x10°

(%)

&

& 1.5x10° 4 :

g T %

£ 1.0x10° - —

& & = :

o~

2 5.0x10° 4 2 e

9Q 3 :

3 0

a ;

5 & o &

S ~ R

= <

FIG. 3. Persistent E. muris infection induces expansion of CD4"
CD25" Foxp3™ T regulatory cells in the spleen. Mice persistently
infected with E. muris had similar percentages (data not shown) but
significantly greater absolute numbers of CD4* CD25% Foxp3* T
regulatory cells in the spleen compared to E. muris-primed mice
treated with doxycycline. Three mice per group are included for anal-
ysis. The data are representative of three independent experiments.
Asterisks indicate significant differences from the naive group. #*, P <
0.01.

not applicable; ND, not detected.

virulent IOE. Naive mice were also challenged with the same
doses of IOE, and survival of all groups was assessed up to 30
days after IOE challenge. All unprimed mice challenged with
IOE succumbed to infection between days 9 and 13 after the
challenge (Fig. 5). Doxycycline-treated mice also exhibited sig-
nificant susceptibility, with ~38 and 100% of treated mice
succumbing to challenge with the low dose and the high dose
of IOE compared to 0 and ~66%, respectively, of untreated
mice persistently infected with E. muris (Fig. 5).

Persistent E. muris infection prevents the development of
IOE-induced immune-mediated pathology. We next evaluated
the mechanism of increased susceptibility of E. muris-primed

A 600-

£ 4001 {

>

2

e

4 2004

L]
x 1
[}
Naive EM I0E EM EM-Doxy

Day 7 p.i. Day 36 p.i.

B 1200,

= 900 { )

: {

(=

-1

= 600

15

= o300{ 3 I

" Naive EM I0E EM EM-Doxy

Day 7 p.i. Day 36 p.i.

FIG. 4. E. muris infection, but not IOE infection, induces immu-
noregulatory cytokine IL-10 in the spleen during the acute stage and
TGF-B1 during the acute and chronic phases of the infection. (A and
B) Splenocytes from mice infected with E. muris produced significantly
greater quantities of IL-10 and TGF-B1 on day 7 after primary infec-
tion compared to IOE-infected mice and naive uninfected mice. Sig-
nificantly greater quantities of TGF-B1 were produced by splenocytes
from mice persistently infected with E. muris on day 36 after E. muris
infection compared to splenocytes harvested from naive mice (B). The
data are presented as means * the standard deviations, and three mice
per group are included for analysis. Asterisks indicate significant dif-
ferences from the naive group. *, P < 0.05; #x, P < 0.01; ##x, P <
0.001.
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FIG. 5. Persistent E. muris infection contributes to heterologous
protection against IOE infection. C57BL/7 mice persistently infected
with E. muris and E. muris-primed mice treated with doxycycline were
challenged on day 36 postinfection with either an ordinarily lethal
lower (A) or a higher (B) dose of IOE (~2 X 10 or ~1 X 10* bacterial
genomes, respectively). The survival rates after the lethal low-dose
IOE challenge were statistically significant in untreated mice persis-
tently infected with E. muris (P < 0.0001) and in E. muris-primed mice
treated with doxycycline (P = 0.0001) compared to naive mice. Com-
pared to E. muris-primed mice treated with doxycycline, the higher
survival rates after the lethal low-dose and the high-dose IOE chal-
lenges were marginally (P = 0.062) and highly (P = 0.0029) significant,
respectively, in untreated mice persistently infected with E. muris (A
and B). The log-rank test was used for the analysis of survival curves.
The data are representative of two independent experiments with eight
mice/group per experiment (n = 8).

mice treated with doxycycline to challenge IOE infection. Sim-
ilar to our previous studies (17, 33), naive mice challenged with
either the lethal low dose or the high dose of IOE had exten-
sive apoptotic cells in the liver parenchyma with few inflam-
matory cells on day 7 after IOE challenge (Fig. 6A). After IOE
challenge, untreated E. muris-primed mice had fewer apop-
totic cells in the liver associated with inflammatory foci and
well-formed granulomas. However, a greater number of apop-
totic cells, which were concentrated mainly in the inflammatory
foci, were observed on day 7 after IOE challenge in the livers
of E. muris-primed mice treated with doxycycline than in un-
treated mice persistently infected with E. muris and challenged
with IOE (Fig. 6A). Interestingly, the higher rate of mortality
of doxycycline-treated E. muris-primed mice challenged with
the high dose IOE (~10* bacterial genomes) was associated
with substantially higher degree of apoptosis and necrosis in
the liver with inflammatory cells compared to untreated mice
persistently infected with E. muris and challenged with either
the low or the high dose of IOE or doxycycline-treated E.
muris-primed mice challenged with the low dose of IOE (Fig.
6A). These data suggest that fatal disease in E. muris-primed
mice treated with doxycycline and challenged with IOE is most
likely due to immune-mediated host cell injury similar to that
observed in naive mice infected with the same lethal doses
of IOE.

INFECT. IMMUN.

We next analyzed bacterial burdens after IOE challenge in
the different groups of mice. Bacterial burdens in the livers and
lungs of E. muris-primed mice treated with doxycycline were
similar to those in untreated mice persistently infected with E.
muris on day 7 after challenge with either the low dose (Fig.
6B) or the high dose (data not shown) of IOE. This result
suggests that the failure of cross-protection against IOE-asso-
ciated pathology in doxycycline-treated, E. muris-primed mice
is not due to ineffective clearance of IOE.

Heterologous protection against IOE induced by persistent
E. muris infection is associated with increased TGF-f3 re-
sponses. Our previous studies showed that primary fatal ehr-
lichial infection is due to an overactivation of proinflammatory
responses and the generation of pathogenic T-cell responses
that lead to severe tissue injury. Therefore, we examined
whether the lack of immunoregulatory cytokines such as IL-10
and TGF-B1 in doxycycline-treated mice may account for the
development of immunopathology after IOE infection. IL-10
production was very low and not significantly different among
untreated mice persistently infected with E. muris, E. muris-
primed mice treated with doxycycline, and naive mice after
IOE challenge (data not shown). In contrast, splenocytes from
untreated mice persistently infected with E. muris, but not E.
muris-primed mice treated with doxycycline, produced signifi-
cantly greater quantities of TGF-B1 after IOE challenge than
naive mice challenged with IOE (Fig. 6C). Thus, the lower
levels of protection observed in E. muris-primed mice treated
with doxycycline against lethal IOE challenge may be attribut-
able to decreased TGF-B1 production, which in turn leads to a
less efficient downregulation of inflammatory and pathogenic
T-cell responses after IOE challenge.

DISCUSSION

The generation and maintenance of memory immune re-
sponses after infection with pathogens that establish persistent
infection are not well understood (7, 31). In the present study,
we addressed the role of the persistence of ehrlichial infection
in maintenance of heterologous protective immunity. The re-
sults suggested that persistent infection contributes to heterol-
ogous protective immunity by promoting the maintenance of
type 1 memory T-cell responses and preventing the develop-
ment of IOE-induced immune-mediated pathology. Our data
showed that E. muris-infected/doxycycline-treated mice chal-
lenged with the lethal high dose of IOE had marked suscepti-
bility to fatal disease, whereas those challenged with the ordi-
narily lethal lower dose of IOE had some degree (~60%) of
protection. Our data suggest that the elimination of persistent
infection by doxycycline treatment generates a single distinct
“intermediate” or “suboptimal” cell-mediated and humoral
immune phenotype compared to naive or untreated mice per-
sistently infected with E. muris. This suboptimal phenotype can
either lead to partial or no protection against fatal disease
depending on the secondary-challenge dose of IOE (Fig. 5). In
agreement with this conclusion, we have reported previously
that a higher frequency of CD4" Thl cells and strong cell-
mediated responses are associated with complete protection
against primary infection with a lethal dose of IOE (16, 18).

The cross-protection induced by E. muris against IOE infec-
tion is unlikely to be nonspecific immunity mediated by inflam-
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FIG. 6. Persistent E. muris infection confers protection against
IOE-mediated immunopathology. (A) Doxycycline-treated mice in-
fected with E. muris have a greater number of apoptotic cells concen-
trated in the inflammatory foci after challenge with a lethal low dose of
IOE (EM-Doxy/IOE) than was observed in untreated E. muris-primed
mice, but the levels were comparable to those detected in naive mice
challenged with the same dose of IOE. A higher degree of apoptosis in
the liver was more pronounced in E. muris-primed mice treated with
doxycycline after challenge with a lethal high-, than low-, dose IOE
challenge. Original magnifications, X400. The data are representative
of sections from one mouse in each group with similar results in three
independent experiments with three mice/group. (B) Comparable, but
significantly lower numbers of IOE bacteria were present in the livers
(P < 0.001) and lungs (P < 0.05) of E. muris-primed mice treated with
doxycycline and of untreated mice persistently infected with E. muris
than in naive mice infected with the same dose of IOE on day 7 after
a lethal low-dose IOE challenge. Similar results were observed after a
lethal high-dose IOE challenge (data not shown). Asterisks indicate
significant differences from the IOE group: *, P < 0.05; #*%, P <
0.001; NS, not significant (P > 0.05). (C) Splenocytes from
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matory responses or activation of nonspecific T cells. Bitsaktsis
et al. (5) have demonstrated that nonspecific inflammatory
responses and/or nonspecific T cells do not provide protection
against IOE infection. That study also demonstrated that the
protection induced was systemic and not due to persistent E.
muris infection in the peritoneal cavity since E. muris-primed
mice were protected against IOE challenge by the intravenous
route as well (5). In addition, studies from our laboratory have
demonstrated the importance of specific T- and B-cell re-
sponses in protection against monocytotropic ehrlichiosis.
Adoptive transfer of Ehrlichia-specific effector/memory CD4™
and CD8" type 1 cells and Ehrlichia-specific IgG antibodies
from E. muris/IOE-infected mice, which survived ordinarily
fatal IOE infection, protected naive mice from ordinarily lethal
IOE challenge (17).

Chronic viral infections with persisting high antigen loads
such as lymphocytic choriomeningitis virus result in T-cell ex-
haustion or T-cell effector dysfunction and interfere with de-
velopment of memory T cells (2, 30, 35). Similarly, infection
with Anaplasma marginale, a ruminant bacterial pathogen that
causes high-level bacteremia during persistent infection, is as-
sociated with the loss of antigen-specific T cells and immuno-
logic memory (15). In contrast, viral infections that establish
latency with a low antigen load such as gammaherpesvirus
infections do not appear to interfere with T-cell functions and
the generation of memory T cells (7). However, antigen-spe-
cific T cells during persistent ehrlichiosis do not appear to
enter a state of exhaustion or depletion since both CD4™ and
CD8" T cells from mice persistently infected with E. muris
responded to in vitro antigenic stimulation by secreting IFN-y
and CD4™" T cells proliferated in response to in vitro antigenic
stimulation. However, further phenotypic and functional char-
acterization of T cells in C57BL/6 mice with or without per-
sistent E. muris infection is required to examine the occurrence
of any partial T-cell exhaustion or altered memory T-cell func-
tions (29, 30).

The present study demonstrates that the magnitude of T
cells maintained in the presence or absence of persistent E.
muris infection is greatly different. The persistence of antigen
is required for the generation and maintenance of a high fre-
quency of multifunctional (i.e., capable of simultaneously se-
creting IFN-vy, tumor necrosis factor alpha, and IL-2) effector
memory CD4" Thl cells and protection against L. major in-
fection (8). The presence of low levels of antigen during per-
sistent infection is thought to condition effector memory T cells
for optimal function (8). Our data here clearly demonstrate
that substantially greater numbers of antigen-specific IFN-y-
producing type 1 memory cells were maintained in mice per-
sistently infected with E. muris than in mice primed with E.
muris and treated with doxycycline. Further studies are re-
quired to establish whether the substantial quantity of effector

untreated mice persistently infected with E. muris, but not E. muris-
primed mice treated with doxycycline, produced significantlygreater
quantities of TGF-B1 on day 7 postinfection compared to naive mice
challenged with the high-dose IOE. The data are presented as means
plus the standard deviations with three mice per group. The data are
representative of two independent experiments.
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memory T cells maintained during persistent E. muris infection
is multifunctional.

Higher levels of serum Ehrlichia-specific 1gG antibodies
were maintained in untreated mice persistently infected with
E. muris than in E. muris-primed mice treated with doxycycline.
Studies suggest that antigen persistence is not required for
long-term maintenance of humoral memory responses since
bone marrow-residing long-lived plasma cells contribute to the
long-term antibody response in the absence of persisting anti-
gen and independent of memory B cells (1, 13, 36). However,
elevated levels of antigen during persistent E. muris infection
could have influenced the maintenance of the germinal center
reaction, early B-cell proliferation, and the development of
memory B cells, which would produce a high titer of IgG
antibodies in the presence of antigen-dependent memory T-
cell help during chronic infection (13). In conclusion, our data
suggest that the lack of protection against fatal IOE challenge,
in the absence of persistent E. muris infection, is most likely
due to the compromised or suboptimal cell-mediated and hu-
moral immune responses.

The findings of the present study appear to contradict earlier
observations made by Bitsaktsis et al. (5). These authors indi-
cated that protection induced against IOE infection in mice
previously primed with E. muris is mostly dependent on T-cell-
independent humoral immunity. The discrepancy between our
results and those in the study by Bitsaktsis et al. could be due
to (i) differences in the challenge doses of IOE used in these
studies or (ii) the presence of compensatory mechanisms in the
knockout mice used in the Bitsaktsis study (5). Of note, Bit-
saktsis et al. observed (i) significantly lower titers of antibodies
to Ehrlichia outer membrane protein (OMP-19) in CD4™
T-cell-deficient mice compared to wild-type mice, (ii) the
generation of T-cell-dependent immunoglobulin subclasses
in CD4 '~ knockout mice, and (iii) partial protection against
IOE challenge in mice that received anti-E. muris serum from
major histocompatibility complex class I/~ mice compared to
those that received immune serum from E. muris-infected wild-
type mice (20% versus 60%). As suggested by these authors,
their data indicate that other T cells, such as NKT cells and /8
T cells, could provide B-cell help, which would result in im-
munoglobulin class switch and low-titer antibodies in the ab-
sence of CD4™ T cells. Nevertheless, these researchers did not
rule out the role of CD4™ T cells in providing B-cell help.

Although comparable bacterial burdens in the organs were
found after IOE challenge, E. muris-primed mice treated with
doxycycline had greater tissue damage than untreated mice
persistently infected with E. muris. The enhanced tissue dam-
age in the absence of higher bacterial burdens after IOE chal-
lenge in E. muris-primed mice treated with doxycycline is sim-
ilar to immune-mediated pathology associated with a complete
lack of homologous protection against secondary IOE chal-
lenge in mice primed with sublethal doses of IOE (33). The
latter does not cause persistent infection (4, 33). These results
suggest that immune-mediated pathology plays a role in IOE-
induced disease and that protective immunity against IOE
reinfection in E. muris-primed mice involves at least two com-
ponents: (i) the protective mechanisms that prevent bacterial
replication and eliminate IOE and (ii) the regulatory mecha-
nisms that prevent IOE-induced immune-mediated pathology.
Overproduction of tumor necrosis factor alpha by antigen-
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specific CD8* T cells and effector/memory CD8" T cells is
implicated in IOE-induced immune-mediated pathology dur-
ing primary and secondary IOE infections, respectively (6, 17).

Higher numbers of CD4" CD25" Foxp3™ T cells and a
higher level of TGF-B1 in the spleen were observed in the
presence of persistent E. muris infection compared to E. muris-
primed mice treated with doxycycline. The correlation between
the generation and maintenance of higher frequencies of mem-
ory T cells in persistently infected mice, minimal tissue injury,
and higher levels of TGF-B1 compared to the treated mice
(Fig. 2 and 6A and C) suggests that TGF-B1 may exert multiple
functions, including (i) the maintenance of memory T cells and
(ii) the inhibition of inflammatory tissue injury and the down-
regulation of pathogenic T-cell inflammatory responses after
IOE challenge. This conclusion is consistent with the study
showing that TGF-B signaling positively regulates T-cell acti-
vation, differentiation, development, and homeostasis, as well
as the maintenance of peripheral Foxp3-expressing regulatory
T cells and the survival of CD4™" T cells (20). Further studies
are required to decipher the roles of CD4" CD25" Foxp3" T
regulatory cells and/or TGF-B in ehrlichial persistence and
immune regulation after lethal infection.

In conclusion, we demonstrate here that persistent E. muris
infection contributes to heterologous protective immunity
against IOE infection in mice by stimulating the maintenance
of type 1 memory T-cell responses. Our findings also suggest
that T cells maintained during persistent E. muris infection do
not appear to enter a state of exhaustion or dysfunction.
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