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Diverse pathogens have evolved to survive and replicate in the endosomes or phagosomes of the host cells and establish persis-
tent infection. Ehrlichiae are Gram-negative, intracellular bacteria that are transmitted by ticks. Ehrlichiae reside in the endo-
somes of the host phagocytic or endothelial cells and establish persistent infection in their vertebrate reservoir hosts. CD4� T
cells play a critical role in protection against phagosomal infections. In the present study, we investigated the expansion, mainte-
nance, and functional status of antigen-specific CD4� T cells during persistent Ehrlichia muris infection in wild-type and inter-
leukin-10 (IL-10)-deficient mice. Our study indicated that early induction of IL-10 led to reduced inflammatory responses and
impaired bacterial clearance during persistent Ehrlichia infection. Notably, we demonstrated that the functional production of
gamma interferon (IFN-�) by antigen-specific CD4� T cells maintained during a persistent phagosomal infection progressively
deteriorates. The functional loss of IFN-� production by antigen-specific CD4� T cells was reversed in the absence of IL-10. Fur-
thermore, we demonstrated that transient blockade of IL-10 receptor during the T cell priming phase early in infection was suffi-
cient to enhance the magnitude and the functional capacity of antigen-specific effector and memory CD4� T cells, which trans-
lated into an enhanced recall response. Our findings provide new insights into the functional status of antigen-specific CD4� T
cells maintained during persistent phagosomal infection. The study supports the concept that a better understanding of the fac-
tors that influence the priming and differentiation of CD4� T cells may provide a basis to induce a protective immune response
against persistent infections.

Several pathogens, including Ehrlichia, have evolved to survive
in the endosomes or phagosomes of the host cells and establish

persistent infection (1, 2). Ehrlichiae are pathogenic Gram-nega-
tive intracellular bacteria that are transmitted by ticks to humans
and animals (3). Ehrlichiae reside in the endosomes of host
phagocytic cells or endothelial cells and establish persistent infec-
tion in their reservoir vertebrate hosts despite the active host im-
mune response (3). It is unclear whether Ehrlichia establishes per-
sistent infection in humans, although occurrence of prolonged
infection with Ehrlichia chaffeensis in human patients has been
reported (4, 5). The reported high seroprevalence rates in humans
from some regions in the absence of a high incidence of disease
possibly suggest occurrence of subclinical and/or persistent infec-
tion (6–8). However, the mechanisms that contribute to persis-
tence of ehrlichial infections are not well understood.

CD4� T cells recognize peptide-major histocompatibility
complex class II (peptide–MHC-II) complexes generated in the
phagosomes and presented on the surface by antigen-presenting
cells. CD4� T cells play an important role in protection against
intracellular pathogens, such as Ehrlichia, that replicate in the
phagosomes of the host cells (1, 9, 10). CD4� T cells proliferate
and differentiate into Th1 effector cells following phagosomal in-
fection and enhance the microbicidal activity of phagocytes (11).
The cytokines gamma interferon (IFN-�) and tumor necrosis fac-
tor alpha (TNF-�), secreted by polyfunctional Th1 cells, synergis-
tically enhance the microbicidal activity of phagocytes through the
induction of nitric oxide synthase (12). Although CD4� T cells are
effective in limiting phagosomal infections, these cells often fail to
eliminate pathogens residing in the phagosomes, leading to estab-
lishment of persistent infection (13, 14). Formation of granulo-

mas by phagosome-residing pathogens is thought to aid their per-
sistence by limiting access of infected cells to activated T cells at the
site of infection (15–17). Presentation of a small number of pep-
tide–MHC-II complexes by the infected phagocytes within the
granulomas limits production of IFN-� and TNF-� by Th1 cells
(18). In addition, Th1 cells at the site of persistent phagosomal
infections acquire the capacity to produce the immunosuppres-
sive cytokine interleukin-10 (IL-10), which dampens the micro-
bicidal capacity of infected phagocytes at sites of persistent infec-
tions (19). Signaling through IL-10 receptor (IL-10R) suppresses
production of IFN-� and TNF-� and reduces expression of
MHC-II and generation of nitric oxide by infected phagocytes,
thereby limiting their microbicidal activity (20, 21). Phagocytes
harboring pathogens in the phagosomes also produce IL-10,
which suppresses T cells and inhibits phagosome-lysosome fusion
(22, 23).

CD4� T cells proliferate and expand in response to antigenic
stimulation, resulting in generation of a peak of effector CD4� T
cells in about a week after acute infection, such as in the case of
lymphocytic choriomeningitis virus (LCMV) or Listeria monocy-
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togenes infection (24, 25). About 90% of the effector CD4� T cells
die by apoptosis, and the surviving population of memory pheno-
type cells consist of Th1 cells and follicular helper cell-like central
memory cells (26). Unlike generation and maintenance of a stable
population of memory CD8� T cells following acute infection, the
number of antigenic-specific CD4� T cells gradually declines after
the clearance of infection due to their lower rate of homeostatic
proliferation driven by IL-15 than for memory CD8� T cells (27).
In contrast, in the case of pathogens that reside in the phagosomes
and establish persistent infections, such as Mycobacterium, Leish-
mania, and Salmonella spp., a stable population of antigen-expe-
rienced Th1 cells is maintained due to antigen persistence
(28–30). These antigen-experienced CD4� T cells confer “con-
comitant immunity” against reinfection, but it requires antigen
persistence (31).

Our previous study indicated that C57BL/6 mice infected with
E. muris, which causes persistent infection, have increased expres-
sion of IL-10 in the spleen (32). In addition, our previous study
indicated that elimination of persistent E. muris infection in mice
leads to significant reduction in level of heterologous protection
against Ixodes ovatus Ehrlichia, which was associated with de-
creased frequency of IFN-�-producing antigen-specific CD4� T
cells (32). Mice infected with E. muris develop granulomas in the
liver and lungs, and CD4� T cells play an important role in pro-
tection against primary infection (10, 33). In the present study, we
investigated the priming, expansion, and long-term maintenance
of total polyclonal antigen-specific CD4� T cells following E.
muris infection in wild-type and IL-10-deficient (IL-10�/�) mice
using the recently described surface markers CD49d and CD11a
for the identification of antigen-experienced CD4� T cells (34–
36). Our studies indicated that the functional production of
IFN-� by antigen-specific CD4� T cells maintained during a per-
sistent phagosomal infection deteriorated progressively and that
production of IL-10 early during the T cell priming phase nega-
tively impacts antigen-specific CD4� T cell expansion, mainte-
nance, and functions during persistent phagosomal infection.

MATERIALS AND METHODS
Mice and bacteria. Six- to 8-week-old female C57BL/6 mice and IL-10�/�

mice (B6.129P2-Il10tm1Cgn/J) were obtained from the Jackson Laboratory
(Bar Harbor, ME) and housed and cared for in the Animal Resource
Center at the University of Texas Medical Branch (UTMB). All experi-
ments were carried out in accordance with a protocol approved by the
Institutional Animal Care and Use Committee. Ehrlichia muris strain
AS145 was provided by Y. Rikihisa, Ohio State University, Columbus,
OH. The bacterium was cultured in the canine macrophage-like cell line
DH82. The bacterial inocula for infecting mice were prepared from the
spleens of syngeneic mice infected with E. muris grown in DH82 cells by
the intraperitoneal (i.p.) route as described previously (33). Briefly,
spleens were collected aseptically from E. muris-infected mice on day 7
after inoculation. The spleens were homogenized, the resulting single-cell
suspension was passed through 40-�m cell strainers, and the cells were
suspended in freezing medium (10% dimethyl sulfoxide [DMSO] in fetal
bovine serum [FBS]) for storage in liquid nitrogen at �196°C until fur-
ther use.

Quantification of bacterial load. Ehrlichial copy numbers in stocks
and organs were determined by a quantitative real-time PCR method
(37). Briefly, DNA was extracted from infected tissues, and a portion of
the E. muris dsb gene (GenBank accession no. AY236484) and the host
housekeeping gene, murine gapdh, were amplified and detected using the
primers and the probes described previously (37). Plasmids carrying the
dsb gene or gapdh gene were used to prepare standard curves. The number

of copies of the dsb gene and 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 bacterial loads in organs were expressed as
the number of ehrlichiae (the number of copies of the E. muris dsb gene)
present per 100 ng 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.

Mouse infection and antibiotic and antibody treatments. Mice were
infected with E. muris (�1 � 104 bacterial genomes) by the i.p. route. For
secondary-recall experiments, mice were challenged with E. muris (�1 �
104 bacteria) by the i.p. route on day 70 after the primary infection. In
some experiments, doxycycline antibiotic treatment (10 mg/kg of body
weight) was given daily to mice by the i.p. route starting on day 10 after
infection and continuing for 7 days. In order to block IL-10R, we treated
mice with 500 �g of IL-10R-blocking antibody (clone 1B1.3a; BioXcell,
West Lebanon, NH) by the i.p. route on days 0 and 5 after E. muris infec-
tion (38). Control mice received 500 �g of rat IgG1 isotype antibody
(clone R3-34).

Splenocyte culture and ex vivo assay of immune responses. Single-
cell suspensions of spleens were prepared, and red blood cells (RBC) were
lysed using RBC lysis buffer. Splenocytes were cultured ex vivo in complete
medium (RPMI 1640 medium containing 10% heat-inactivated fetal bo-
vine serum, 10 mM HEPES buffer, 50 �M 2-mercaptoethanol, and anti-
biotics [penicillin at 100 U/ml and streptomycin at 100 �g/ml]) in 96-well
plates (Costar, Corning, NY). The cells were cultured at a concentration of
5 � 105 cells per well. The cells were stimulated ex vivo for 5 h with 10
�g/ml of E. muris lysate antigen in the presence of the protein transport
inhibitor brefeldin A (eBioscience, San Diego, CA) before being harvested
for intracellular cytokine staining and analysis by flow cytometry.

Flow cytometric analysis. Briefly, cells were stained with a fluorescent
vital dye (Live/Dead Fixable Near-IR Dead Cell kit; Invitrogen, Carlsbad,
CA) for 30 min on ice. Cells were then incubated with anti-Fc II/III recep-
tor monoclonal antibodies (MAbs; (eBioscience) in fluorescence-acti-
vated cell sorting (FACS) buffer (Dulbecco’s phosphate-buffered saline
[PBS] without Mg2� or Ca2� containing 1% fetal calf serum [FCS] and
0.09% sodium azide) at 4°C for 15 min in order to block Fc receptors.
Subsequently, cells were labeled with fluorochrome-conjugated MAbs
(eBioscience) specific for mouse CD3, CD4, CD49d, CD11a, and PD-1
(programmed death 1) molecules. Cells were fixed, permeabilized, and
stained for the intracellular cytokine IFN-� using the BD Cytofix/Cy-
toperm fixation/permeabilization kit according to the manufacturer’s in-
structions. Flow cytometric data were collected using an LSR II flow cy-
tometer (BD Immunocytometry Systems, San Jose, CA). Live cells were
gated based on the vital staining, and at least 200,000 live cells were ana-
lyzed. The data were analyzed with FlowJo 8.6 software (Tree Star Inc.,
Ashland, OR).

Purification of CD49dhi CD11ahi and CD49dlo CD11alo subpopula-
tions. Single-cell suspensions of spleen cells were prepared and the cells
were washed and magnetically labeled with anti-CD4 microbeads (Milte-
nyi Biotec, Auburn, CA). After the washing, CD4� T cells were obtained
by positive selection using an AutoMACS Pro (Miltenyi Biotec). The
CD4� T cell-enriched population was stained with fluorochrome-labeled
MAbs to CD3, CD4, CD11a, and CD49d, and CD4� T cells were sorted
into CD49dhi CD11ahi and CD49dlo CD11alo subsets by FACS using a BD
FACSAria III. The purity of the sorted cells was more than 95% as assessed
by FACS.

Serum cytokines. Serum IL-10 concentration was measured using the
mouse IL-10 enzyme-linked immunosorbent assay (ELISA) Ready-
SET-Go kit (eBioscience). Selected serum cytokines were measured using
multiplex bead-based assays (Bio-Rad Laboratories, Hercules, CA) by fol-
lowing the manufacturer’s instructions. Plates were read and analyzed
using the Bio-Plex array reader and Bio-Plex manager software.

Statistical analysis. Analysis of the experimental data was carried out
using the GraphPad Prism software version 5.01 for Windows (GraphPad
Software, San Diego, CA). Unless indicated otherwise, data were square-
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root transformed and analyzed by a two-tailed unpaired student t test for
comparison of two groups. Statistical significance was determined at 95%
(P 	 0.05), and asterisks in figures indicate levels of statistical significance
(*, P 
 0.01 to 0.05; **, P 
 0.001 to 0.01; and ***, P 	 0.001). Data
presented are expressed as means plus standard deviations and are repre-
sentative of results from two or three independent experiments.

RESULTS
IL-10 limits initial inflammatory responses and bacterial clear-
ance. We first analyzed the influence of IL-10 in the pathogenesis
of Ehrlichia muris infection in C57BL/6 mice. After infection of
mice with E. muris, there was an increase in serum IL-10 concen-
tration, which peaked around day 8 postinfection (p.i.) and sub-
sequently declined (Fig. 1A). We then addressed the influence of
IL-10 on the course of the infection by infecting wild-type (WT)
C57BL/6 mice and IL-10-deficient (IL-10�/�) mice with E. muris
by the intraperitoneal route (i.p.) and observing the mice daily for
the development of signs of disease. After infection with E. muris,
WT mice did not develop any overt illness. In contrast, IL-10-
deficient mice infected with E. muris developed overt disease signs
by day 8 postinfection, including hunched posture, ruffled fur,
and reluctance to move. However, IL-10-deficient mice infected
with E. muris recovered from the illness and appeared healthy by
day 15. We evaluated the concentrations of serum cytokines and
chemokines and changes in body weight as an index of disease
severity. The two strains of mice had comparable body weights at
the time of E. muris inoculation. IL-10�/� mice infected with E.
muris began losing body weight around day 6 postinfection and
had significantly greater body weight loss until around day 35
postinfection than did WT mice infected with E. muris (Fig. 1B).

IL-10�/� mice infected with E. muris had higher concentrations of
the proinflammatory cytokines IL-6, IFN-�, TNF-�, and IL-17
and the chemokines granulocyte colony-stimulating factor (G-
CSF) and RANTES on day 9 postinfection than did infected WT
mice (Fig. 1C). In addition, we observed increased infiltration of
inflammatory cells in the liver, spleen, and lungs of IL-10�/� mice
infected with E. muris on days 9 and 35 postinfection compared to
that in infected WT mice (data shown for liver in Fig. 2).

We then determined the bacterial burdens in different organs
by quantitative real-time PCR. We found significantly reduced
bacterial burdens in the blood, liver, and lungs of IL-10�/� mice
infected with E. muris on day 9 postinfection compared to those in
infected WT mice (Fig. 3A). The numbers of bacteria in the blood
and lungs of infected WT mice were approximately 2.6 and 4.2
times higher, respectively, than in infected IL-10�/� mice on day 9
postinfection. We also found significantly higher numbers of bac-
teria in the liver and lungs of infected WT mice on day 35 postin-
fection than in infected IL-10�/� mice (Fig. 3B). The bacterial
numbers in the lungs of WT mice infected with E. muris were
significantly higher on day 90 postinfection than in infected IL-
10�/� mice (Fig. 3C). The bacterial loads in each organ examined
were below the limit of detection in infected IL-10�/� mice at day
90 postinfection. The data suggested that IL-10 controls initial
inflammatory responses and impairs bacterial clearance during E.
muris infection.

Coordinated upregulation of the surface markers CD49d
and CD11a identifies Ehrlichia-specific CD4� T cells. To analyze
the induction and maintenance of antigen-specific CD4� T cells
during persistent Ehrlichia infection, we first validated the use of

FIG 1 IL-10 limits the severity of illness and inflammatory cytokine and chemokine responses during acute Ehrlichia muris infection in mice. (A) IL-10 protein
concentration at indicated time points in the serum of wild-type mice infected intraperitoneally with E. muris. Statistical analysis was performed by one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test. (B) Percent weight loss in E. muris-infected WT and IL-10�/� mice at indicated time points
postinfection. Statistical analysis was performed by a two-tailed paired t test. (C) Serum cytokine and chemokine concentrations of E. muris-infected WT (solid
bars) and IL-10�/� (open bars) mice at day 9 postinfection. Data are the means for four or five mice per group and are representative of two independent
experiments. Error bars represent the standard deviations. *, P 
 0.01 to 0.05; **, P 
 0.001 to 0.01; ***, P 	 0.001.
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the recently described surface markers CD49d and CD11a for
identification of Ehrlichia-specific CD4� T cell populations (34–
36). Antigen-experienced CD4� T cells upregulate surface expres-
sion of CD49d (alpha chain of the �4�1 integrin) and CD11a (al-
pha chain of the �L�2 integrin) and retain higher expression of
these markers into the memory phase. This approach has been
used successfully for identification of antigen-specific CD4� T
cells during viral and Plasmodium infections in mice (34–36). A
gating strategy for identification of antigen-experienced CD49dhi

CD11ahi CD4� T cells in the spleens of E. muris-infected mice is
presented in Fig. 4A. We stimulated splenocytes ex vivo from un-
infected naive or E. muris-infected mice (day 9) with E. muris
lysate antigen and examined expression of the effector cytokine
IFN-� by the CD49dhi CD11ahi CD4� T cell and CD49dlo CD11alo

populations. A substantially greater percentage of CD4� T cells
exhibited the CD49dhi CD11ahi phenotype in E. muris-infected
mice on day 9 postinfection than for uninfected naive controls
(Fig. 4B and 5A). Furthermore, the CD49dhi CD11ahi population,
but not the CD49dlo CD11alo population, of CD4� T cells from E.
muris-infected mice expressed the effector cytokine IFN-� follow-
ing ex vivo antigenic stimulation (Fig. 4B). Production of IFN-� by
these cells indicated that Ehrlichia-specific effector CD4� T cells
are CD49dhi CD11ahi. To evaluate the specificity of these markers
during the memory phase, we purified CD49dhi CD11ahi CD4� T
cells and CD49dlo CD11alo CD4� T cells from E. muris-infected
mice, which had cleared persistent infection following a course of
antibiotic treatment, on day 90 after infection. The purified CD4�

T cell subsets were labeled with carboxyfluorescein succinimidyl
ester (CFSE) and stimulated in vitro with E. muris lysate antigen
for 72 h in the presence of antigen-presenting cells (splenocytes
from RAG�/� mice). Notably, CD49dhi CD11ahi cells, but not
CD49dlo CD11alo cells, proliferated in response to antigenic stim-

ulation (Fig. 4C). Thus, our data demonstrated that the CD49dhi

CD11ahi phenotype reliably identified Ehrlichia-specific CD4� T
cells during the effector and memory phases.

Functional production of IFN-� by antigen-specific CD4� T
cells maintained during persistent Ehrlichia infection progres-
sively deteriorates. To determine the expansion, function, and
maintenance of antigen-specific T cells in the presence and ab-
sence of IL-10 during a persistent phagosomal infection, we ana-
lyzed the antigen-specific CD49dhi CD11ahi CD4� T cells after E.
muris infection in WT and IL-10�/� mice. In WT mice infected
with E. muris, antigen-specific CD49dhi CD11ahi CD4� T cells
expanded by day 9 postinfection and were maintained through

FIG 2 IL-10 restricts infiltration of inflammatory cells in the liver during
Ehrlichia muris infection in mice. Representative liver sections stained with
hematoxylin and eosin are shown for uninfected WT and IL-10�/� mice (top).
The middle and bottom images show liver sections from E. muris-infected WT
and IL-10�/� mice on days 9 and 35 postinfection, respectively. Data are rep-
resentative of four mice per group and two independent experiments. Original
magnification, �200.

FIG 3 IL-10 impairs bacterial clearance during Ehrlichia muris infection in
mice. Shown are representative bacterial loads in the blood, liver, and lungs of
E. muris-infected WT and IL-10�/� mice on day 9 (A), day 35 (B), and day 90
(C) postinfection. The bacterial loads in organs and blood were expressed as
the number of ehrlichiae (the number of copies of E. muris dsb gene) present
per 100 ng of total DNA. Data are the means for five mice per group and are
representative of three independent experiments. Error bars represent the
standard deviations. *, P 
 0.01 to 0.05; **, P 
 0.001 to 0.01; ***, P 	 0.001.
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day 35 postinfection before contraction by day 90 postinfection
(Fig. 5A). Similar kinetics, but of significantly greater magnitude,
of antigen-specific CD49dhi CD11ahi CD4� T cells was observed
in IL-10�/� mice infected with E. muris (Fig. 5A). The total num-
bers of antigen-specific CD49dhi CD11ahi CD4� T cells in the
spleens of E. muris-infected IL-10�/� mice were approximately
4.3 and 1.6 times higher on days 9 and 35 postinfection, respec-
tively, than in infected WT mice (Fig. 5B). We further evaluated
the functional status of antigen-specific CD4� T cells by deter-
mining their capacity to produce IFN-� ex vivo in response to
antigen stimulation. Significantly (P 	 0.05) higher percentages of
CD49dhi CD11ahi CD4� T cells from infected IL-10�/� mice pro-
duced IFN-� than from infected WT mice during the effector (day
9 p.i.) and memory (days 35 and 90 p.i.) phases (Fig. 5C). Notably,
CD49dhi CD11ahi CD4� T cells in infected WT mice progressively
lost their capacity to produce the effector cytokine IFN-� com-

pared to their counterparts in IL-10 �/� mice (Fig. 5C). Further-
more, we assessed the quality of antigen-specific IFN-�-produc-
ing CD49dhi CD11ahi CD4� T cells by determining the geometric
mean fluorescence intensity (GMFI) for IFN-� signal, which in-
dicates the amount of cytokine produced on a per-cell basis. The
mean fluorescence intensity for IFN-� signal was significantly
lower in CD49dhi CD11ahi CD4� T cells from infected WT mice
than from IL-10�/� mice on days 9, 35, and 90 postinfection (Fig.
5D). Our data indicated that this specific functional attribute of
antigen-specific CD4� T cells (the capacity to express IFN-�) pro-
gressively deteriorated in wild-type mice during persistent Ehrli-
chia infection. Similar to the case with CD4� T cells in the spleen,
we found significantly higher percentages of CD49dhi CD11ahi

CD4� T cells within the peripheral blood mononuclear cell
(PBMC) population of E. muris-infected IL-10�/� mice than in
that from infected WT mice on days 35 and 90 p.i. (Fig. 6).

FIG 4 Upregulation of the surrogate surface markers CD49d and CD11a identifies Ehrlichia-specific CD4� T cells. (A) Representative flow cytometric dot plots
and gating strategy for identification of CD49dhi CD11ahi CD4� T cells in the spleens of mice infected with E. muris. (B) Splenocytes from uninfected naive mice
and E. muris-infected mice on day 9 postinfection were stimulated ex vivo with E. muris lysate antigen. The expression of CD49d and CD11a surface markers by
CD4� T cells and production of the effector cytokine IFN-� by the CD49dhi CD11ahi CD4� T cell and CD49dlo CD11alo CD4� T cell populations were
determined by flow cytometry. (C) Splenocytes were collected from E. muris-infected mice, which were treated with antibiotic to eliminate persistent infection,
after day 90 postinfection. Then CD49dhi CD11ahi and CD49dlo CD11alo CD4� T cell subsets were sorted, labeled with CFSE, and stimulated in vitro with E. muris
lysate antigen for 72 h. Dilution of CFSE by CD4� T cell subsets was analyzed by flow cytometry. Representative histograms indicate CFSE dilution profiles of
CD49dhi CD11ahi and CD49dlo CD11alo CD4� T cell subsets. Data in panel B are representative of five mice per group and two independent experiments. Data
in panel C are representative of two independent experiments with splenocytes pooled from five or six E. muris-infected mice.
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PD-1 expression is upregulated by Ehrlichia-specific effector
CD4� T cells in wild-type mice. To understand the phenotypic
heterogeneity of the antigen-specific CD4� T cells, we assessed the
expression of PD-1, an inhibitory molecule, on Ehrlichia-specific
CD49dhi CD11ahi CD4� T cells in both WT and IL-10�/� mice.
We found upregulation of PD-1 expression on a substantial num-
ber of CD49dhi CD11ahi CD4� T cells in both the spleen and
within the PBMC population of E. muris-infected IL-10�/� and
WT mice on day 9 postinfection compared to that in uninfected
naive CD49dlo CD11alo CD4� T cells, which indicates the effector
nature of CD4� T cells responding to antigen (Fig. 7A and B).
However, the expression of PD-1 by the Ehrlichia-specific
CD49dhi CD11ahi CD4� T cells was higher in WT infected mice on
day 9 postinfection than in infected IL-10�/� mice (Fig. 7C).
Nonetheless, this difference was not observed on day 35 postin-
fection (Fig. 7C). Our data indicated that early upregulation of
PD-1 by antigen-specific CD4� T cells during E. muris infection in
WT mice may contribute to their reduced expansion/activation
and impaired effector function.

Blocking signaling through IL-10R during T cell priming en-
hances the magnitude and quality of memory CD4� T cells and
secondary recall response. We reasoned that priming T cells in

the absence of signaling through IL-10R early during infection
would be enough to enhance the magnitude and quality of Ehrli-
chia-specific memory CD4� T cells, as mice infected with E. muris
had higher concentration of serum IL-10 at early time points dur-
ing infection (Fig. 1A). Further, Ehrlichia-specific CD49dhi

CD11ahi CD4� T cells upregulated the inhibitory molecule PD-1
early during infection in WT mice compared to that in infected
IL-10�/� mice (Fig. 7C). We infected mice with E. muris (�1 �
104 bacterial genomes) and then treated them with an IL-10R
blocking antibody on days 0 and 5 postinfection (Fig. 8A). Control
mice were infected with E. muris and treated with an isotype con-
trol. In order to exclude the influence of persistent infection on the
differentiation and function of memory CD4� T cell responses,
we treated both groups of mice with doxycycline for 7 days start-
ing on day 10 postinfection. We determined bacterial burdens in
the organs of antibiotic-treated mice on days 20 and 65 postinfec-
tion to assess the efficacy of the treatment. We did not detect
bacterial genomes in the antibiotic-treated mice (data not shown),
which was consistent with the previous reports of elimination of
persistent E. muris infection in mice treated with doxycycline (32,
39). Unlike IL-10�/� mice infected with E. muris, infected WT
mice treated with anti-IL-10 blocking antibody did not show overt

FIG 5 Functional production of IFN-� by antigen-specific CD4� T cells maintained during persistent Ehrlichia infection progressively deteriorates. Frequencies
of antigen-specific CD49dhiCD11ahi CD4� T cells in the spleen and their capacity to secrete IFN-� following ex vivo stimulation were analyzed in E. muris-
infected WT and IL-10�/� mice on days 9, 35, and 90 postinfection. (A) Percentage of antigen-specific CD49dhi CD11ahi cells within the CD4� T cell population
in the spleens of E. muris-infected WT and IL-10�/� mice on the indicated days after infection. (B) Absolute numbers of antigen-specific CD49dhi CD11ahi CD4�

T cells in the spleens of E. muris-infected WT and IL-10�/� mice on the indicated days after infection. (C) Percentage of antigen-specific CD49dhi CD11ahi CD4�

T cells expressing IFN-� after ex vivo antigenic stimulation in the spleens of E. muris-infected WT and IL-10�/� mice on the indicated days after infection. (D)
Geometric mean fluorescence intensity of IFN-� expressed by antigen-specific CD49dhi CD11ahi CD4� T cells in the spleens of E. muris-infected WT and
IL-10�/� mice. Numbers adjacent to outlined areas in flow cytometry plots (A and C) and bar graphs (B and D) represent the averages and standard deviations
of four or five mice per group and are representative of two independent experiments. *, P 
 0.01 to 0.05; **, P 
 0.001 to 0.01; ***, P 	 0.001.
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signs of the disease before the initiation of antibiotic treatment on
day 10 postinfection. We sacrificed mice on day 65 postinfection
and analyzed CD4� T cell responses by flow cytometry. Similar to
the case with IL-10�/� mice, blocking signaling through IL-10R
resulted in a significant (P 	 0.05) increase in the percentage of
CD49dhi CD11ahi CD4� T cells compared to that in isotype-
treated control mice (Fig. 8B). In addition, significantly higher
percentages of CD49dhi CD11ahi CD4� T cells produced greater
quantities of IFN-� in response to ex vivo antigenic stimulation in
the spleens of IL-10R blocking-antibody-treated, E. muris-in-
fected mice than for the isotype-treated, infected control mice
(Fig. 8C and D).

We challenged the E. muris-infected mice with a second dose of
E. muris (�1 � 104 bacteria) on day 70 after the primary infection
and assessed secondary recall responses on day 5 following rechal-
lenge. We found a significant (P 	 0.05) increase in the percentage
of CD49dhi CD11ahi CD4� T cells in the spleens of mice treated
with IL-10R blocking antibody compared to that of isotype-
treated control mice on day 5 after secondary challenge (Fig. 8E).
Notably, significantly higher percentages of CD49dhi CD11ahi

CD4� T cells produced greater quantities of IFN-� in response to
ex vivo antigenic stimulation in the spleens of mice treated with
IL-10R blocking antibody than for the isotype-treated control
mice on day 5 after secondary challenge (Fig. 8F and G). Further-
more, the bacterial load in the lungs of mice treated with IL-10R
blocking antibody was significantly lower than in the isotype-
treated control mice on day 5 after secondary challenge (Fig. 8H).
These findings suggest that transient blocking of signaling
through IL-10R during T cell priming early in infection leads to
generation of superior memory CD4� T cells that mediate better
recall responses against rechallenge.

DISCUSSION

CD4� T cells play a critical role in protection against pathogens
that reside in phagosomes (1). Herein, we demonstrate that the

functional capacity of antigen-specific CD4� T cells maintained
during a persistent phagosomal bacterial infection progressively
deteriorates and that transient blockade of signaling through IL-
10R during T cell priming early in infection leads to generation
and maintenance of superior-quality CD4� T cells that mediate
enhanced secondary recall responses. Using IL-10�/� mice, an
IL-10R blocking antibody, and the recently identified surface
markers CD49d and CD11a, which allow tracking of total poly-
clonal pathogen-specific CD4� T cell responses, we demonstrated
that IL-10 production reduced the initial inflammation after E.
muris infection, impaired bacterial clearance, restricted Ehrlichia-
specific CD4� T cell expansion, and impaired effector cytokine
IFN-� production.

Various factors individually and in conjunction regulate
immune responses against infections. IL-10 is one of the im-
portant factors in host defense that regulates host immune re-
sponses to pathogens (40). IL-10, a pleotropic cytokine, is pro-
duced by several cell populations and exerts diverse effects on
numerous hematopoietic cell types (40). Induction of IL-10
during infections caused by phagosomal pathogens may impair
pathogen clearance, thereby leading to pathogen persistence as
reported for Leishmania major, Mycobacterium tuberculosis, and
Salmonella (41–43). In the present study, we observed an in-
creased production of IL-10 in mice infected with E. muris, as
indicated by higher serum IL-10 concentration early during the
infection. Furthermore, we also found that IL-10�/� mice in-
fected with E. muris had increased inflammatory responses and
reduced bacterial loads in different organs and blood compared to
those in infected WT mice. These findings suggest that increased
IL-10 production during the peak of E. muris infection leads to
prevention of tissue injury caused by robust inflammatory re-
sponses but also interferes with bacterial clearance and develop-
ment of adaptive immune responses.

Generation and maintenance of CD4� T cell responses and the

FIG 6 Increased percentage of antigen-specific CD4� T cells within the peripheral blood mononuclear cell population in E. muris-infected IL-10-deficient mice.
Shown are representative flow cytometry plots of antigen-specific CD49dhi CD11ahi CD4� T cells within the peripheral blood mononuclear cell population in E.
muris-infected WT and IL-10�/� mice on days 9, 35, and 90 postinfection. Data are representative of four or five mice per group and two independent
experiments.
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factors that affect CD4� T cell responses during infections remain
incompletely understood (25, 28, 29). Identification and quanti-
fication of antigen-specific T cells induced after infection or vac-
cination requires prior knowledge of the antigen specificity of re-
sponding T cells or use of techniques such as enzyme-linked
immunosorbent spot assay (ELISPOT), intracellular cytokine
staining, or tetramers (29). Until recently, studies of CD4� T cell
responses to pathogens relied on responses to a few dominant
antigens due to the lack of markers for identification and quanti-
fication of total polyclonal pathogen-specific T cell responses (34–
36). In the present study, use of the surrogate markers CD49d and
CD11a allowed us to track total Ehrlichia-specific CD4� T cells
during the effector and memory phases and to assess their func-
tions in WT and IL-10�/� mice. We confirmed the specificity of
these markers by purifying CD49dhi CD11ahi CD4� T cells from E.
muris-infected mice and measuring their proliferation in response
to antigenic stimulation. Cytokines, costimulatory molecules, and
coinhibitory molecules profoundly influence the development
and functions of CD4� T cells. Induction of CD4� T cell re-
sponses during phagosomal infections is delayed compared to
those induced following acute bacterial and viral infections. Acti-
vation of CD4� T cells occurs in the draining lymph nodes in 1 to
2 weeks after phagosomal infection, which results in generation of
a large number of effector cells that peak in about 2 to 3 weeks
(28–30). In the present study, we observed expansion of Ehrlichia-
specific CD4� T cells in the spleen by day 9 postinfection, which

was maintained through day 35 postinfection before contrac-
tion by day 90 postinfection. In addition, we observed that the
functional production of IFN-� by the antigen-specific CD4�

T cells progressively deteriorated in the spleen during persis-
tent Ehrlichia infection. We found that an absence of IL-10 re-
sulted in greater expansion of antigen-specific effector CD4� cells
in the spleen and blood during the initial phase of the infection as
well as a higher magnitude and functional capacity of CD4� T cells
in the memory phase. Notably, antigen-specific CD4� T cells pro-
duced significantly greater quantities of IFN-� on a per-cell basis
in IL-10�/� mice, as reflected by a higher MFI than for infected
WT mice. It has been demonstrated that polyfunctional Th1 cells
that produce multiple cytokines (IL-2, TNF-�, and IFN-�) also
produce greater quantities of IFN-� than do cells that produce one
or two cytokines (12). IL-10 inhibits IL-12 production, thereby
reducing Th1 development and IFN-� production (44). A previ-
ous study reported that mice deficient in IL-10 (IL-10�/�) and
infected with Mycobacterium tuberculosis have increased clearance
of bacteria from the lungs and spleen and have an increased per-
centage of IFN-�� CD4� T cells in the lungs compared to those of
infected wild-type mice (43). Antigen-specific CD4� T cells may
become more responsive to positive signals such as IFN-� in the
absence of the suppression mediated by IL-10, resulting in an
increased number of effector cells (45). It was demonstrated that
IFN-� enhances the development of memory CD4� T cells, and
the absence of IFN-� signaling leads to marked contraction of

FIG 7 Ehrlichia-specific effector CD4� T cells express higher levels of PD-1 in wild-type mice than IL-10�/� mice. (A) PD-1 expression by the CD49dhi CD11ahi

CD4� T cell and CD49dlo CD11alo CD4� T cell populations in the spleens of E. muris-infected WT and IL-10�/�mice on day 9 postinfection. (B) Percentage of
CD49dhi CD11ahi CD4� T cells expressing PD-1 within the peripheral blood mononuclear cell population in E. muris-infected WT and IL-10�/� mice on day
9 postinfection. (C) Expression of PD-1 by the antigen-specific CD49dhi CD11ahi CD4� T cells in the spleens of E. muris-infected WT and IL-10�/� mice on days
9 and 35 postinfection. Data are representative of four mice per group and two independent experiments.
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CD4� T cells (46). IL-10 appears to exert its inhibitory effects on
antigen-specific CD4� T cells during priming, as antibody-medi-
ated blockade of IL-10R early during bacterial infection was
sufficient to enhance the effector and memory CD4� T cell re-
sponses. This is consistent with the observation that E. muris-
infected mice had increased concentrations of serum IL-10 early
during the infection. A previous study indicated that inhibition of
IL-10 signaling during Mycobacterium bovis bacillus Calmette-
Guérin (BCG) vaccination resulted in enhanced Th1, Th17, in-
nate lymphoid IFN-�, and IL-17 responses and conferred signifi-
cantly greater protection against aerosol M. tuberculosis challenge
in mice (47). These findings suggest that induction of IL-10 during
the initial phase of persistent phagosomal infection has a major

role in determining the initial expansion of effector CD4� T cells,
their IFN-� secreting capacity, and development of memory
CD4� T cell responses.

The cell source of IL-10 during E. muris infection in mice and
the components of Ehrlichia that stimulate IL-10 production re-
main to be identified. Molecularly and metabolically distinct
IL-10 producing immunoregulatory antigen-presenting cells that
express increased levels of T cell-interacting molecules and nega-
tive regulatory factors develop during persistent viral infections
and work to suppress T cell responses (48). A major future goal is
to examine whether similar immunoregulatory antigen-present-
ing cells are also induced during persistent bacterial infections.
Bacterial lipoproteins have been shown to inhibit pneumococcal

FIG 8 Transient IL-10R blockade early during E. muris infection enhances memory and secondary recall CD4� T cell responses. (A) Schematic
representation of anti-IL-10R antibody and antibiotic treatment and secondary challenge infection in E. muris-infected mice. E. muris-infected WT
C57BL/6 mice were treated an IL-10R blocking MAb or an isotype control on days 0 and 5 postinfection. Both groups of mice were treated with a course
of antibiotic for 7 days starting on day 10 after E. muris infection. Mice were challenged with a second dose of E. muris on day 70 after primary infection.
CD4� T cell responses were analyzed on day 65 after the primary infection and day 5 after the secondary infection. Tissue bacterial loads were determined
after antibiotic treatment and day 5 after secondary challenge infection. (B to D) Percentage of antigen-specific CD49dhi CD11ahi cells within the CD4�

T cell population (B), production of IFN-� after ex vivo antigenic stimulation (C), and mean fluorescence intensity (MFI) of IFN-� (D) expressed by
antigen-specific CD49dhi CD11ahi CD4� T cells in the spleens of E. muris-infected WT mice treated with IL-10R blocking MAb or isotype control on day
65 postinfection. (E to G) Percentage of antigen-specific CD49dhi CD11ahi cells within the CD4� T cell population (E), production of IFN-� after ex vivo
antigenic stimulation (F), and MFI of IFN-� (G) expressed by antigen-specific CD49dhi CD11ahi CD4� T cells in the spleens of E. muris-infected WT mice
treated with IL-10R blocking MAb or isotype control on day 5 after secondary challenge infection. (H) Bacterial loads in the blood, liver, and lungs of E.
muris-infected WT mice, treated with IL-10R blocking MAb or isotype control, on day 5 after secondary E. muris challenge. Bacterial loads were
undetectable in the organs on days 20 and 65 postinfection after antibiotic treatment (data not shown). Data are representative of four or five mice per
group and two independent experiments. *, P 
 0.01 to 0.05; ***, P 	 0.001.
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protein antigen-induced proliferation of human memory CD4� T
cells in vitro through Toll-like receptor 2 (TLR-2), which was as-
sociated with increased IL-10 production (49). Anaplasma mar-
ginale, a related pathogen of ruminants, causes persistent high-
load bacteremia and induces memory CD4� T cell dysfunction
(50).

The heterogeneity and effector function of T cells are also af-
fected by T cell tolerance or exhaustion during infection. CD4� T
cells become dysfunctional or exhausted during certain chronic
infections, which is associated with high surface expression of
PD-1 (51, 52). Recently, Wei and coworkers demonstrated that
the strength of PD-1 signaling differentially affects T-cell effector
functions such as T cell expansion, cytotoxicity, and cytokine
production (53). The study demonstrated that PD-1 ligation
renders T cells less sensitive to T cell receptor (TCR)-generated
signals and affects their functions (53). In present study, we
observed that the expression of PD-1 by the antigen-specific
effector CD49dhi CD11ahi CD4� T cells in the spleen and blood
of E. muris-infected WT mice was substantially higher early
during the acute phase, but not at the persistent phase, of the
infection than in the infected IL-10�/� mice. In contrast, a high
level of PD-1 expression was observed on the virus-specific
CD4� T cells during chronic LCMV infection in both WT and
IL-10�/� mice (38, 53). Increased expression of PD-1 by the
antigen-specific effector CD4� T cells in E. muris-infected WT
mice was negatively correlated with their expansion, cytokine
production, and subsequent differentiation into memory cells.
Han et al. demonstrated that persistent antigen drives CD4� T
cell dysfunction independently of persistent inflammation,
which was not associated with increased PD-1 expression, us-
ing an inducible model antigen with dendritic cells in a trans-
genic mouse system (54). The IL-10 and PD-1/PD-L1 pathways
function independently to suppress T cell responses (55). The
decreased expression of PD-1 by the antigen-specific effector
CD4� T cells in E. muris-infected IL-10�/� mice compared to
that in infected WT mice could be due to lower bacterial bur-
dens and/or other factors which need further investigation.
Further characterization of Ehrlichia-specific CD4� T cells, such
as expression of inhibitory molecules (BTLA, CTLA-4, and
CD200) and production of cytokines (IL-2 and TNF-�), is
needed to establish their phenotypic and functional heteroge-
neity (56).

Induction of appropriate host responses early during infec-
tions is crucial for their effective resolution and subsequent devel-
opment of memory immune responses that mediate protection
against reinfection. Suboptimal host responses lead to either more
severe disease or pathogen persistence, whereas excessive or inap-
propriate host responses lead to immune-mediated pathology or
autoimmunity. In the present study, using the E. muris-C57BL/6
mouse model, we demonstrated that the functional capacity of
antigen-specific CD4� T cells maintained during a persistent pha-
gosomal infection becomes progressively deteriorated, and tran-
sient blockade of signaling through IL-10R during T cell priming
early in infection was sufficient to induce enhanced memory
CD4� T cell responses. A better understanding of the factors that
influence the priming and differentiation of CD4� T cells may
provide a basis to induce long-term protective immune responses
against persistent phagosomal infections.
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