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How spatial and temporal changes in major histocompatibility complex/peptide antigen presentation to CD4 T
cells regulate CD4 T-cell responses during intracellular bacterial infections is relatively unexplored. We have shown
that immunization with an ehrlichial outer membrane protein, OMP-19, protects mice against fatal ehrlichial
challenge infection, and we identified a CD4 T-cell epitope (IAb/OMP-19107-122) that elicited CD4 T cells following
either immunization or infection. Here, we have used an IAb/OMP-19107-122-specific T-cell line to monitor antigen
display ex vivo during acute and chronic infection with Ehrlichia muris, a bacterium that establishes persistent
infection in C57BL/6 mice. The display of IAb/OMP-19107-122 by host antigen-presenting cells was detected by
measuring intracellular gamma interferon (IFN-�) production by the T-cell line. After intravenous infection,
antigen presentation was detected in the spleen, peritoneal exudate cells, and lymph nodes, although the kinetics of
antigen display differed among the tissues. Antigen presentation and bacterial colonization were closely linked in
each anatomical location, and there was a direct relationship between antigen display and CD4 T-cell effector
function. Spleen and lymph node dendritic cells (DCs) were efficient presenters of IAb/OMP-19107-122, demonstrat-
ing that DCs play an important role in ehrlichial infection and immunity. Chronic infection and antigen presen-
tation occurred within the peritoneal cavity, even in the presence of highly activated CD4 T cells. These data
indicated that the ehrlichiae maintain chronic infection not by inhibiting antigen presentation or T-cell activation
but, in part, by avoiding signals mediated by activated T cells.

Major histocompatibility complex class II (MHC-II)-re-
stricted CD4 T cells are well known to contribute to immunity
during many intracellular bacterial infections. Less is known,
however, regarding when and where during infection MHC-II/
peptide antigens are available to generate and maintain pro-
tective T-cell immunity. Some intracellular bacteria can mod-
ulate antigen presentation to CD4 T cells (7, 30, 49), although
many intracellular bacteria elicit both acute and chronic CD4
T-cell responses, even in the absence of sterilizing immunity
(25, 29, 33, 48, 50). How CD4 T-cell responses are initiated and
maintained during both acute and chronic infection is, there-
fore, an ongoing question that is relevant to a number of
bacterial, viral, and parasitic infections. Knowledge of T-cell
antigen presentation will aid in understanding how, during
acute infections, the quantity and quality of the antigens pre-
sented serve to regulate T-cell differentiation and memory
development. During chronic infections, persistent antigen dis-
play likely regulates effector T-cell populations that are essen-
tial for the maintenance of immunity. Several studies have
addressed where and when T-cell MHC/peptide ligands are
presented during viral and bacterial infections. For example,
during Listeria monocytogenes infection, early antigen presen-
tation was sufficient to drive the full program of CD8 T-cell
expansion and contraction (8). Antigen presented by MHC-I
and MHC-II proteins has been shown to persist following
influenza and vesicular stomatitis virus infections (15, 44), and

it likely is responsible for the maintenance of effector T-cell
responses during chronic infections (52).

Ehrlichiosis is an emerging infectious disease of both hu-
mans and animals and is caused by obligate intracellular rick-
ettsiae of the genus Ehrlichia. Our studies have focused on
Ehrlichia muris, which first was identified in Eothenomys kageus
mice in Japan and in Hemaphysalis flava ticks (47). Although
the bacterium was discovered in mice, E. muris is closely re-
lated to ehrlichiae that cause human and animal diseases, in
particular, Ehrlichia chaffeensis, the etiologic agent of human
monocytotropic ehrlichiosis (32). Unlike E. chaffeensis, E.
muris causes a low-level persistent infection in mice (31, 47).
Moreover, E. muris infection generates protective immunity
against another closely related but highly virulent ehrlichia,
first identified in Ixodes ovatus ticks in Japan, known as ehrlichia
from Ixodes ovatus (IOE) (37). It is not certain why E. muris,
but not E. chaffeensis or low-dose IOE, can generate protective
immunity against high-dose IOE infection. However, we have
demonstrated that immunity to IOE can be achieved in the
absence of classical CD4 T cell-mediated helper functions but
not in the absence of B cells (4), suggesting that B cells and/or
antibodies play a critical role in protective immunity. Never-
theless, CD4 T-cell responses are generated during infections
by E. muris and other ehrlichiae and likely contribute to im-
munity, especially during chronic infection. For example, we
have shown previously that CD4 T cells contribute to immu-
noglobulin class switching during E. muris infection, even
though some class switching does occur in the absence of these
cells (4).

In the present study, the display of MHC/peptide antigen
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complexes in various tissues and anatomical locations has been
monitored during acute and chronic E. muris infection. Our
findings reveal that MHC-II/peptide antigen presentation and
associated T-cell responses are regulated temporally and spa-
tially during acute infection. Although dendritic cells (DCs)
usually are considered the primary antigen-presenting cells
(APCs) involved in antigen presentation to naive T cells (13,
28), the ehrlichiae are largely monocytotropic, and it was not
known whether or when DCs harbor ehrlichiae and/or present
MHC/peptide antigens to T cells. We show that CD11c-posi-
tive DCs harbor viable ehrlichiae and present specific antigen
during the early phase of infection. Although chronic antigen
presentation occurs in the peritoneal cavity and likely is re-
sponsible for chronic CD4 T-cell activation, the ehrlichiae
nonetheless are able to avoid elimination while residing in
macrophages. These findings have important implications for
our understanding of how the ehrlichiae and related pathogens
evade the cellular immune response during chronic infection.

MATERIALS AND METHODS

Mice. C57BL/6J mice were obtained from the Jackson Laboratories (Bar
Harbor, ME) and were housed at the Wadsworth Center under microisolater
conditions in accordance with institutional guidelines for animal welfare. In all
studies, mice judged to be moribund were humanely euthanized.

Bacterial infections. Experimental intravenous inoculations were performed
with aliquots of C57BL/6J spleen mononuclear cells that had been stored at
�80°C, as described previously (4).

Generation of the T-cell line. The OMP-19107-122-specific T-cell line was gen-
erated using T cells obtained from mice immunized with OMP-19, as described
previously (26). The cells were cultured for 4 days with OMP-19107-122 in com-
plete tumor medium (CTM) (23) containing 10% fetal bovine serum (FBS),
followed by 3 days without added peptide but with 20 U/ml of recombinant
human interleukin-2 (IL-2). The cells then were cultured in medium without
antigen or IL-2, and the cycle was repeated until a stable T-cell line was obtained.
The cells were maintained in culture using the same protocol. To obtain cells for
the direct ex vivo antigen detection (DEAD) assay, we harvested the T-cell line
3 days after antigen stimulation; aliquots were stored at �80°C in 7% dimethyl-
sulfoxide (DMSO)–10% FBS. The cells were used in the DEAD assay immedi-
ately after being thawed. The OMP-19107-12 peptide was described previously
(26).

Antigen detection assay. The DEAD assay was performed essentially as de-
scribed previously (2), except that the cells were used directly from frozen stocks,
since we had determined that this step does not affect assay sensitivity. The
OMP107-122 T-cell line was labeled with carboxyfluorescein succinimidyl ester
(CFSE; 5 �M), as described previously (34), and was cultured at a concentration
of 1 � 106/ml in CTM in the presence of APCs obtained from various tissues.
The APCs first were treated to eliminate erythrocytes, as described previously
(5), and T cells were depleted from the APC preparations with an anti-CD4
antibody (HIO3.4), anti-CD8 (monoclonal antibody [MAb] 53.6), and rabbit
complement. The APCs were cultured at a concentration of 1 � 106/ml in CTM
plus 30 �g/ml brefeldin A with the T-cell line. After 5 h, the cells were harvested
and surface stained for peridinin chlorophyll protein (PerCP)-conjugated CD4
(MAb RM4-5; BD Biosciences, Mountain View, CA); the cells then were fixed
with 2% formaldehyde, permeabilized with 0.5% saponin (Sigma Chemical), and
stained with allophycocyanin-conjugated anti-IFN-� (MAb XMG1.2; BD Bio-
sciences). The CFSE-labeled T cells were analyzed on a FACSCalibur flow
cytometer, and the flow-cytometric data were analyzed by FlowJo software (Tree
Star, Inc., Ashland, OR). The data in the figures were plotted after the subtrac-
tion of IFN-�-producing cells detected in control samples that lacked specific
antigen.

ELISpot assays. The number of antigen-specific CD4 T cells in spleens, lymph
nodes (LN), and peritoneal exudate cells (PECs) was determined using a stan-
dard enzyme-linked immunospot (ELISpot) assay (24). The assays were per-
formed in triplicate and used a starting concentration of 1 � 106 cell/ml (100
�l/well) purified CD4 T cells, which were serially diluted. The cultures contained,
in addition, 1 � 106 spleen APCs. The assays were performed using recombinant
OMP-19, which has been described previously (26), at a concentration of 10
�g/ml. Specific responses were quantitated by subtracting the number of spots, if

any, detected in the absence of the specific antigen, or using an irrelevant
antigen. The latter was the West Nile virus NS5 methyl transferase protein that
was generated, purified, and used in the same manner as OMP-19 (54) (kindly
provided by Hongmin Li, Wadsworth Center). Spots were enumerated by visual
inspection using a stereo microscope (Olympus SZ61).

Flow cytometry. For the detection of T cells in peritoneal exudates, cells were
harvested by lavage and stained with PerCP-conjugated anti-CD8 (MAb 53.6),
allophycocyanin- or PerCP-conjugated anti-CD4 (MAb SK3 and RM4-5, respec-
tively), and phycoerythrin (PE)-conjugated anti-CD69 (MAb H1.2F3), all ob-
tained from BD Biosciences. Allophycocyanin-conjugated anti-KLRG1 (MAb
2F1) was obtained from eBiosciences. Data were acquired on a FACSCalibur
flow cytometer equipped with CellQuest software (BD Biosciences) and were
analyzed with FlowJo software (Tree Star, Inc.).

DC purification and depletion. Following T-cell depletion, DCs were purified
from infected spleens and LNs by magnetic bead positive selection using CD11c-
conjugated microbeads (Miltenyi Biotec) by following the protocol supplied by
the manufacturer. Purification was performed manually. The DCs then were
stained with PE-conjugated anti-IAb (MAb AF6-120.1; BD Biosciences) and
APC-conjugated anti-CD11c (MAb HL3; BD Biosciences), and the cells were
further purified using a FACSAria cell sorter (BD Biosciences). DC-depleted
spleen cells were obtained on day 8 postinfection by harvesting the eluate from
the CD11c magnetic bead column after two successive separations.

Imaging. For the detection of cells and bacteria in situ, spleens were embed-
ded in Neg-50 medium (Richard-Allan Scientific, Kalamazoo, MI), frozen on dry
ice, and stored at �80°C. Cryostat sections (7 �m) were fixed in ice-cold acetone
for 15 min and rehydrated in phosphate-buffered saline (PBS). To block non-
specific binding, the sections were treated for 30 min at 37°C with Fc blocking
solution containing 10% normal rabbit serum. The sections were stained in
succession with rat anti-mouse MOMA-1 (overnight; Serotec, Raleigh, NC),
biotinylated rabbit anti-rat immunoglobulin G (60 min at room temperature
[RT]; Vector Laboratories, Burlingame, CA), and streptavidin-Alexafluor-350
(30 min; Invitrogen, Carlsbad, CA); the sections then were washed extensively in
PBS and blocked with 2% bovine serum albumin (BSA) for 60 min at RT. The
sections next were incubated with biotinylated hamster anti-mouse CD11c (1 h at
RT; BD Biosciences) and streptavidin-Alexafluor-647 (30 min; Invitrogen, Carls-
bad, CA). For the detection of E. muris, biotinylated Ec18.1 (1 h at RT) (18) and
streptavidin-Alexafluor-488 (30 min; Invitrogen, Carlsbad, CA) were used. When
biotinylated antibodies were used, a streptavidin-biotin blocking kit (Vector
Laboratories, Burlingame, CA) was applied between each of the successive
antibody incubations. The stained sections were mounted in antifading reagent
(Slow Fade Gold; Invitrogen, Carlsbad, CA). Images were acquired with an
epifluorescence microscope (Azioskop2; Carl Zeiss SMT, Peabody, MA)
equipped with a Hamamatsu camera and were processed using OPENLAB
software (Zeiss).

For the detection of E. muris in flow-cytometrically sorted DCs, the cells were
centrifuged onto poly-L-lysine-coated cytospin slides (Shandon Cytospin), fixed
in 1% paraformaldehyde (20 min RT), and blocked with 2% BSA (1 h at RT).
The cells were stained with biotinylated hamster anti-mouse CD11c (1 h at RT;
BD Biosciences) followed by streptavidin-Alexafluor-647 (30 min; Invitrogen).
The cells were washed in PBS and blocked with PBS containing 5% FBS (20 min
at RT). For the detection of extracellular bacteria, the cells were incubated with
biotinylated Ec18.1 for 1 h at RT, followed by incubation with streptavidin-
Alexafluor 594 (Invitrogen) for 30 min. For the detection of intracellular bacte-
ria, the same cells as those described above were washed in PBS and incubated
for 20 min with 5% FBS containing 0.2% saponin (1). The saponin-permeabi-
lized cells were incubated with biotinylated Ec18.1 for 1 h at RT, followed by
incubation with streptavidin-Alexafluor-488 (Invitrogen) for 30 min. Since all of
the antibodies used in this staining procedure were biotinylated, a streptavidin-
biotin blocking kit (Vector Laboratories, Burlingame, CA) was used between
successive antibody incubations. The cells were mounted and analyzed in the
same medium as that described above. For the detection of bacteria within
peritoneal macrophages, the cells were stained with fluorescein isothiocyanate-
F4/80 (Serotec) and biotinylated Ec18.1.

Statistical analyses. The statistical analyses were performed by use of a one-
tailed Mann-Whitney test with a confidence interval of 99%. The data were
analyzed with Prism software (GraphPad Software, Inc.).

RESULTS

Detection of OMP-19 T-cell antigen presentation during E.
muris infection. To determine the role of antigen in the gen-
eration and maintenance of CD4 T-cell responses, we have
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evaluated the anatomical location(s) of T-cell MHC/peptide
antigen display by APCs during acute and chronic E. muris
infection. Although the detection of MHC/peptide antigen
complexes has been addressed using monoclonal antibodies
specific for such complexes (14), these reagents often lack the
sensitivity available from bioassays. Accordingly, we have used
the DEAD assay originally described by Badovinac and col-
leagues (2). A particular advantage of this approach is that the
detection of MHC/peptide antigens displayed on the surface of
APCs by activated in vitro-cultivated T-cell lines does not re-
quire T-cell costimulatory signals; thus, the assay uses the re-
sponding cells to provide a relatively unbiased detection of
MHC/peptide antigens on APCs. For our studies, a T-cell line
was generated that responded to E. muris OMP-19107-122, an
MHC-II/peptide antigen identified in our previous study (26).
The T cells responded to IAb/OMP-19107-122 presented by T
cell-depleted C57BL/6 spleen APCs by producing IFN-� (Fig.
1a). The T-cell line also detected IAb/OMP-19107-122 on the
surface of T-cell-depleted spleen APCs and PECs obtained
from C57BL/6 mice 12 days after intravenous inoculation with
5 � 104 bacteria (Fig. 1b). In this experiment, approximately
6.5 and 52.6% of the CD4-positive T cells in the spleen and

PEC cultures, respectively, detected MHC/peptide complexes.
Not all of the T cells in the culture responded, probably be-
cause the MHC/peptide was present on only some of the cells
from the infected mice. Differences in the magnitude of the
T-cell response between spleen and PECs likely reflect differ-
ences in cell composition (i.e., the percentage of APCs) in the
cultures, as well as the density of MHC/peptide complexes on
the APCs. Thus, the DEAD assay provides an overall measure
of MHC/peptide antigen display within a particular tissue dur-
ing infection.

The experimental strategy described above was used to
quantitate the frequency of IFN-�-producing T cells that re-
sponded to IAb/OMP-19107-122 at various times after intrave-
nous E. muris infection in spleen, LNs (pooled brachial, axil-
lary, and inguinal LNs), and PECs (Fig. 2a). IAb/OMP-19107-122

presentation was detected within 5 days postinfection in
spleen, and it reached a maximum on day 6 postinfection. In
LNs, IAb/OMP-19107-122 was detected as early as 5 days postin-
fection, but presentation did not reach a maximum until day 16
postinfection; by day 21, LN antigen presentation was largely
undetectable. In PECs, antigen presentation began on day 12
postinfection, was maximal on day 16, and stabilized at rela-
tively high levels for at least as long as 60 days postinfection.

Although the above-described assays were performed by
sampling the same number of cells from each of the organs and
from preparations of PECs, the cellularity of the spleen and
peritoneal cavity clearly was altered following intravenous in-
fection (Fig. 2b). Similarly to our previous observations after
intraperitoneal E. muris inoculation, infection in the present
study was accompanied by massive splenomegaly and an in-
crease in peritoneal cavity cellularity following intravenous in-
fection. In the spleen, antigen presentation, on a per-cell basis,
declined during the time period that tissue cellularity was in-
creasing. In the peritoneal cavity, the apparent sudden increase
in antigen presentation on day 12 postinfection also may reflect
changes in cell composition, given that we observed a large
increase in the frequency of CD11bhi F4/80-positive macro-
phages on day 12 postinfection (see below). We can conclude,
nevertheless, that the relative frequencies of IAb/OMP-19107-122

APCs undergo dynamic temporal and spatial changes during
E. muris infection.

Overall, the changes in antigen presentation were reflected
by changes in bacterial colonization in the tissues, suggesting a
causal relationship (Fig. 2a and c). To directly address a pos-
sible relationship between infection and IAb/OMP-19107-122

presentation, we performed the DEAD assay with spleen cells
and PECs from mice on day 60 postinfection, after the mice
had been treated three times (on days 50, 54, and 57 postin-
fection) with doxycycline, an antibiotic known to be effective
against the ehrlichiae (6, 21). Antibiotic treatment reduced
antigen presentation by approximately twofold in each assay
(Fig. 2d), and this reduction was correlated with a reduction in
E. muris infection (Fig. 2e). The data also reveal that, although
doxycycline is highly effective in treating ehrlichiosis, a signif-
icant proportion of the bacteria in the mouse peritoneal cavity
appeared to be refractory to antibiotic treatment.

Effector CD4 T cells accumulate at sites of antigen presen-
tation during acute and chronic infection. We next addressed
whether IAb/OMP-19107-122-specific CD4 T-cell effector re-
sponses in vivo correlated with antigen presentation by per-

FIG. 1. Detection of IAb/OMP-19107-122 antigen presentation. T-
cell-depleted APCs were incubated with the OMP-19107-122-specific
CD4 T-cell clone for 5 h in the presence of brefeldin A, and the T cells
then were stained for intracellular IFN-�. The T-cell clone was labeled
with CFSE, and the CFSE-negative APCs were excluded from the flow
cytometry analyses. (a) Uninfected T-cell-depleted spleen APCs (1 �
106) were incubated with the T-cell clone in the absence or presence of
OMP-19107-122. (b) Either T-cell-depleted spleen cells or PECs from a
mock-infected or day 12-infected mice were incubated with the OMP-
19107-122 T-cell line, as described for panel a. The data in panel b are
representative of data obtained from three mice.
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FIG. 2. MHC/peptide antigen display during E. muris infection. Antigen presentation, tissue cellularity, bacterial infection, and the effects of
antibiotic treatment were measured in the indicated tissues and anatomical locations after intravenous ehrlichial infection with 5 � 104 bacteria.
(a) T-cell-depleted APCs from spleen, within PECs, and pooled brachial, axillary, and inguinal LNs (1 � 106 cells each) were analyzed for
OMP-19107-122 antigen presentation on the indicated days postinfection using the approach described in the legend to Fig. 1. Each datum
represents the determination from a single mouse. The data were compiled from several different infections. Horizontal lines indicate the mean
values. The asterisks indicate statistically significant differences in values relative to the values of uninfected control APCs, as determined using
the Mann-Whitney test (P � 0.05). The data were plotted after subtracting the background level obtained using uninfected control APCs. (b) Total
spleen and peritoneal cavity mononuclear cell numbers were determined on the indicated days postinfection. (c) Bacterial copy numbers (per 10
ng of tissue DNA) were determined on the indicated days postinfection. (d) Mice were untreated or were administered doxycycline (doxy; 400 �g)
on days 50, 54, and 57 postinfection, and ex vivo antigen presentation by spleen and peritoneal APCs was measured on day 60 postinfection. (e)
Bacterial infection was measured in the mice analyzed in panel d. The experiment described for panels d and e was performed once. nd, not
determined.
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forming IFN-� ELISpot analyses. Antigen presentation was a
good predictor of effector CD4 T-cell responses; the frequency
and number of ex vivo IFN-�-producing CD4 T cells in the
various mouse tissues correlated with tissue antigen presenta-
tion (compare Fig. 3 to 2a). We also addressed whether anti-

gen presentation in the peritoneal cavity was associated with an
influx of polyclonal populations of T cells. Both CD4 and CD8
T cells were detected at high frequencies, relative to the fre-
quencies in normal mice, during peak antigen presentation on
day 12 postinfection (29.4 and 14.5%, respectively) (Fig. 4a
and b). The frequencies and numbers of CD4 and CD8 T cells
remained at least twofold higher than those in normal mice for
as long as 60 days postinfection, a finding also consistent with
the idea that persistent antigen presentation is occurring in the
peritoneal cavity at this time.

These data also revealed that CD4 T cells reside in the
peritoneal cavity during chronic E. muris infection in the pres-
ence of ehrlichial MHC/peptide antigens. Chronic antigen ex-
posure can lead to terminal differentiation and/or the exhaus-
tion of T cells (51). To examine whether the peritoneal CD4 T
cells exhibited characteristics of chronically activated effector
cells, the T cells were evaluated for the surface expression of
the activation marker CD69 (17, 45) and for the killer cell
lectin-like receptor G1 (KLRG1), an inhibitory receptor orig-
inally identified on NK cells (22). KLRG1 expression has been
associated with nonproliferative senescence in T cells (46), and
stimulation with persistent antigen has been shown to increase
KLRG1 expression on virus-specific CD8 T cells (42). More
than 50% of the polyclonal population of CD4 T cells detected
within the peritoneal cavity on day 60 after E. muris infection
expressed CD69, and 25% of CD4 T cells expressed KLRG-1
(a 10- and 5-fold increase compared to the levels for unin-
fected mice) (Fig. 4c). These data reveal that E. muris can
persist even in the presence of displayed antigen and termi-
nally differentiated CD4 T cells, suggesting that infected host
APCs are refractory to T-cell-derived signals during chronic
infection.

DCs are highly effective APCs and harbor E. muris in vivo.
DCs are well known to be the major APCs that trigger naive
T-cell responses, although such a function for DCs has not
been formally demonstrated following ehrlichial infection.
Moreover, the ehrlichiae are considered to be largely mono-
cytotropic, and it had not been known whether DCs are actual
targets of infection or whether they phagocytose bacteria or
bacterial antigens to present them to CD4 T cells. To address
whether DCs present ehrlichial MHC/peptide antigens, we
purified day 5 postinfection spleen and LN DCs using CD11c-
mediated magnetic bead positive selection and flow-cytometric
cell sorting (Fig. 5a). The day 5 postinfection time point was
chosen because this was when IAb/OMP-19107-122 was first
detected in the spleen. The purified DCs (�96% CD11c pos-
itive) were highly efficient at presenting IAb/OMP-19107-122

(Fig. 5b). Antigen presentation was considerably more efficient
in spleen cultures than in LN cultures: 50.4 and 13.0% of the
CD4 T cells responded, respectively. The differences between
the two cultures likely reflected organ-specific temporal
changes in antigen presentation observed during infection
(Fig. 1). To address the extent to which DCs contributed to
spleen antigen presentation in early ehrlichial infection, DCs
were depleted using two rounds of CD11c-mediated magnetic
bead negative selection; the remaining APCs (containing less
than 0.1% DCs) were used in antigen presentation assays. The
depletion of DCs from day 6-infected spleens in three exper-
iments reduced antigen presentation by 56, 62, and 80%, re-
spectively. These data reveal that DCs constitute a major APC

FIG. 3. Kinetics of the effector CD4 T-cell response during infec-
tion. (a to c) CD4 T cells were purified from infected mice by magnetic
bead negative selection and were incubated for 48 h with uninfected
spleen APCs in the presence of recombinant OMP-19 (10 �g/ml).
ELISpot analyses for IFN-� were performed, and the frequency and
number of spot-forming cells (SFCs) in the indicated tissues were
determined (left and right panels, respectively). Each datum repre-
sents a determination from a single mouse, and horizontal lines indi-
cate the mean values, except for the peritoneal cavity analyses (b),
where the data represent the frequency and number of SFCs identified
in pooled peritoneal lavage from three mice at each time point. n.d.,
not determined. All of the values obtained in cultures from the in-
fected mice were statistically different from results of control assays,
which were performed in the absence of OMP-19, or using an identi-
cally prepared irrelevant antigen (not shown). SFCs detected in wells
that lacked peptide were negligible and were subtracted from the
experimental samples. Very similar results were obtained using intra-
peritoneal infections in several related experiments.
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population in the spleen 6 days after E. muris infection, al-
though it is not the only one.

Although DCs clearly presented IAb/OMP-19107-122, this
could have been the result of direct infection and/or the indi-
rect capture of antigen, possibly via cross-antigen presentation
(11). To determine whether DCs harbored bacteria in vivo, we

purified DCs from spleens on day 5 postinfection by CD11c
magnetic bead selection followed by flow-cytometric cell sort-
ing; the cells then were stained with an anti-OMP-19 mono-
clonal antibody that recognizes E. muris (Ec18.1) (19). To
distinguish between intracellular and cell-associated bacteria,
we performed immunochemical staining prior to and after

FIG. 4. T-cell expansion and persistence in the peritoneal cavity during acute and chronic infection. PECs were isolated by lavage and were
analyzed for the presence of CD4 and CD8 T cells on the indicated days postinfection by flow cytometry. (a) Representative dot plots are shown;
the analyses were performed after flow cytometric gating on viable cells. (b) The frequencies and numbers of CD4 and CD8 T cells detected in
each of the mice analyzed in panel a are shown. An asterisk indicates a statistically significant difference in value, relative to the value of day 0
control samples, determined using the Mann-Whitney test (P � 0.05). The experiment was performed two times. (c) A representative flow
cytometric analysis of surface expression of CD69 and KLRG1 on CD4 T cells obtained from the peritoneal cavity on day 60 postinfection and
an aged-matched control mouse is shown. (d) The frequencies of CD4 T cells that expressed the markers analyzed in panel c are shown in the
graphs.
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saponin treatment using distinct secondary reagents to detect
the external and internal bacteria. E. muris was detected within
the spleen DCs, indicating that the DCs either phagocytosed the
bacteria or were actively infected (Fig. 5c). Approximately

23% of the spleen CD11c-positive DCs harbored one or more
E. muris morulae (n � 199); most of the infected DCs con-
tained 1 to 3 morulae per cell (range, 1 to 10). Many of the
ehrlichiae were detected inside the DCs (range, 33 to 66%),

FIG. 5. DCs display antigen and harbor E. muris. DCs were purified from pooled day 5-infected spleens and LNs (n � 3), enriched by magnetic bead
positive selection, and then purified by flow-cytometric cell sorting (95 to 99% purity was obtained). (a) Representative dot plots demonstrating the
homogeneity of each of the purified DC populations. (b) OMP-19107-122 antigen presentation was measured in cultures containing the DCs, purified as
described for panel a, from mock-infected mice (mock) or from spleen and LNs from mice on day 5 postinfection. The data are representative of two
independent experiments of similar design; the average frequencies of IFN-�-producing T cells were 43.7 and 13.6% for spleen and LNs, respectively.
(c) DCs from mice on day 5 postinfection were purified by flow-cytometric cell sorting as shown in panel a and were stained with antibodies that recognize
E. muris (Ec18.1) and CD11c. The staining for E. muris was performed using biotinylated Ec18.1. The cells first were stained using streptavidin-conjugated
Alexafluor-594 (pseudocolored cyan in the figure), permeabilized with 0.2% saponin, blocked, and stained again with streptavidin-conjugated Alex-
afluor-488 (shown in green). Thus, the cyan-colored bacteria are surface-associated bacteria, and the green bacteria represent all of the bacteria associated
with the host cell. The merged image, which also includes CD11c staining (in red), is shown in the panels at the right. Nuclei were counterstained with
4	,6	-diamidino-2-phenylindole (blue in nuclei). The top and bottom rows show two representative fields of cells.
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FIG. 6. E. muris infection of APCs in situ. Spleen tissue was harvested from a mouse on day 6 postinfection, sectioned, and stained using the
antibodies described in the legend to Fig. 5c and MOMA-1, which recognizes MZ metallophilic macrophages. (a) A representative merged image
of a portion of a spleen is shown. CD11c staining is shown in red, and MOMA-1-positive macrophages are shown in blue. The bacteria were stained
with biotinylated Ec18.1 and streptavidin-conjugated Alexafluor-488; these were imaged as green but appear yellow in the merged panel, because
they are present in the red CD11c-positive DCs (yellow arrows). (b) Representative image from a portion of a spleen section showing bacteria
residing in MOMA-1-positive macrophages (blue arrows). (c) PECs were isolated from a mouse on day 30 postinfection, and the cells were stained
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although a relatively large portion of bacteria were found on
the cell surface. The significance of the DC surface-associated
bacteria is not known, but surface presentation may facilitate
the recognition of the bacteria by B cells (3, 20).

To address whether the bacteria associated with the DCs
were intact and infectious, DCs were obtained from E. muris-
infected mice on day 5 postinfection and purified by flow cy-
tometry (as described for Fig. 5a), and 0.5 � 106 cells were
transferred to uninfected C57BL/6 mice. On day 8 after trans-
fer, the recipient mice harbored an average of 1.3 � 103 bac-
teria per 10 ng of spleen DNA and exhibited characteristically
large spleens (data not shown), indicating that the DCs indeed
harbored infectious bacteria. To localize E. muris-infected DCs
in vivo, spleen tissue from day 6-infected mice was stained with
anti-CD11c, as well as an antibody that recognizes marginal
metallophilic macrophages (MOMA-1) and Ec18.1. MOMA-1
was used to delineate the marginal zone (MZ) and spleen
follicles. Most of the infected cells detected at this time were
located outside of the B-cell follicles and MZ, in the red pulp
(68%); the majority of the bacteria colocalized with or were
closely associated with CD11c-positive DCs (57%; n � 129
infected cells) (Fig. 6a). Some bacteria were detected in non-
DCs, including MOMA-1-positive macrophages (12%) (Fig.
6b); this finding suggests a role for MOMA-1 macrophages in
bacterial phagocytosis and/or antigen presentation. The re-
maining 20% of the bacteria were detected within the white
pulp. These data confirm that both DCs and macrophages
harbor E. muris and likely display MHC/peptide antigens dur-
ing the early stages following intravenous infection.

Because antigen presentation persisted in the peritoneal
cavity, we also investigated which APCs were present and in-
fected during chronic infection at this location. On day 30
postinfection, bacteria were found to be colocalized nearly
exclusively with F4/80-positive macrophages (Fig. 6c). Approx-
imately 10% of the F4/80 macrophages were infected, and the
bacteria were found only in these cells. Moreover, F4/80-pos-
itive macrophages were the predominant APC detected within
the peritoneum; while class II IAb was expressed by only a
small proportion of macrophages in uninfected mice, nearly all
of the macrophages from infected mice expressed large
amounts of the MHC protein (Fig. 6d). However, as some DCs
also are present in the peritoneal cavity during chronic infec-
tion, we cannot yet conclude if macrophages actually are re-
sponsible for presenting antigen to T cells APC.

DISCUSSION

Our data reveal a strikingly dynamic process of infection and
antigen display during both acute and chronic phases of ehr-
lichial infection following intravenous inoculation. The spleen
was the site where the majority of MHC/peptide complexes
were detected early after infection, presumably reflecting the

rapid sequestration of blood-borne organisms in this tissue.
Thus, the spleen is likely the major site of T-cell priming during
blood-borne ehrlichial infections. Given that DCs are well
known to be the most efficient cell type in the activation of T
cells and that macrophages are poor activators of naive T cells
(35), these data also suggest that CD4 T cells first are primed
in the spleen by DCs early following infection. The ehrlichiae
generally are considered monocytotropic, although some spe-
cies have been shown to infect endothelial cells and hepato-
cytes (39). Our data reveal, in addition, that DCs are targets of
ehrlichial infection, as the transfer of DCs from infected mice
led to the bacterial colonization of naive mice. Thus, our data
suggest that DCs can serve as host cells for ehrlichial infection
in vivo, as has been shown to occur for other intracellular
bacterial infections (9, 12, 27, 41). It is not known whether or
how the requirements for the colonization of DCs differs from
macrophage colonization, or whether DC infection is transient
or persistent. It also is possible that blood-borne DCs become
infected and transfer the ehrlichiae to the spleen, as has been
suggested to occur during Listeria monocytogenes infection
(27). The significance of the DC surface-associated bacteria
also is not known, although one possibility is that bacteria or
bacterial antigens so presented are available for recognition by
B cells (3).

Although we detected some peptide/MHC antigens in LNs
early after infection, maximal antigen presentation in the LNs
did not occur until day 16 postinfection, a time point when
spleen antigen presentation had declined rather precipitously.
This observation that the timing of antigen display varies with
anatomical location suggests that naive T cells undergo prim-
ing sequentially at these various sites. Because the type and
quality of DCs in spleen and LNs differ (38), the anatomical
context wherein T cells encounter antigen may result in qual-
itatively distinct T-cell responses during infection. The marked
changes in the timing and anatomical localization of antigen
presentation during ehrlichial infection are at least partly
driven by bacterial tissue tropism, given that infection and
antigen presentation were closely linked. Such linkage need
not necessarily occur, as during influenza infection it has been
demonstrated that CD4 T-cell antigen presentation persisted
in the absence of viral infection (15). The factors that govern
the spread of the blood-borne bacteria are not known, how-
ever. The relatively late presentation and infection in LNs may
indicate that the bacteria gain access to the lymph more slowly,
perhaps within infected monocytes that must traverse endo-
thelial barriers. The manner whereby the bacteria spread
throughout the body (i.e., in blood and/or lymph) is not well
understood and deserves more investigation.

Antigen display by the PECs occurred abruptly, between
days 9 and 12 postinfection, and in contrast to that of spleen
and LN, presentation persisted for at least 60 days in the
peritoneal cavity. Although antigen presentation appeared

using fluorescein isothiocyanate-conjugated F4/80 (pseudocolored in red) and biotinylated Ec18.1, followed by Alexafluor-647 (pseudocolored in
green). Nuclei were stained with 4	,6	-diamidino-2-phenylindole; the large green structures containing the fluorescent bacteria are morulae. (d)
PECs from day 60 postinfection and age-matched control mice were monitored by flow cytometry for the surface expression of CD11c and F4/80
on class II IAb-positive and -negative cells (left). The percentages of the gated populations within the live cell gate are shown in each plot. The
right panels show the frequencies of CD11c- and F4/80-positive cells in the indicated populations from each of the mice analyzed.
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to be most robust in the PECs, this finding likely reflects the
abundance of infected APCs in the peritoneal cavity relative
to that of the spleen and LNs. Indeed, we detected bacteria
in or associated with approximately 10% of F4/80-positive
peritoneal macrophages during chronic infection, and flow
cytometry studies revealed that these were the major APCs
detected in this anatomical location. Thus, PECs are a po-
tent source of both APCs and specific antigen during
chronic ehrlichial infection. Additional studies will be re-
quired to address whether persistent E. muris infection at
other anatomical locations (i.e., liver and lung) (31) also
contribute to long-lived antigen presentation and chronic
T-cell responses.

While all of the studies described here utilized intravenous
infection, we have obtained similar data after performing in-
traperitoneal infection; the only difference we observed using
the different inoculation strategies was that antigen presenta-
tion occurred earlier in PECs following intraperitoneal inocu-
lation (B. Nandi, M. Chatterjee, and G. Winslow, unpublished
data). It is likely that the route of natural infection influences
the kinetics and the sites of antigen presentation. During nat-
ural infection via tick transmission, infection and, perhaps,
antigen presentation may be confined to peripheral tissues and
draining LNs (10, 40). Further studies will be required to
address possible differences in antigen presentation and im-
mune responses between tick transmission and intravenous
inoculation.

Why are the CD4 T cells found in the peritoneal cavity
unable to clear chronic infection? Our data clearly demon-
strate that the bacteria do not evade the immune response by
inhibiting MHC-II antigen presentation, assuming that the
studies of OMP-19 antigen presentation can be generalized to
other T-cell antigens. An alternative explanation is that the
ehrlichiae subvert the host defenses mounted by activated mac-
rophages. Indeed, the CD4 T cells in the peritoneal cavity
exhibit a phenotype that is characteristic of highly activated
terminally differentiated nondividing effector T cells. Although
a large proportion (25%) of the polyclonal CD4 T-cell popu-
lation expressed the inhibitory receptor KLRG1, the T cells
could produce IFN-� ex vivo and likely were responsible for
macrophage activation, as nearly all of the peritoneal macro-
phages exhibited high surface expression of MHC-II proteins
during chronic infection. Thus, rather than suppressing T- and
B-cell responses, the ehrlichiae instead appear to use macro-
phage-intrinsic mechanisms to subvert host defenses during
chronic infection. Such mechanisms in macrophages likely in-
clude the inhibition of the production of reactive oxygen in-
termediates, phagosome-lysosome fusion, and IFN signaling,
all mechanisms that have been documented in vitro for the
ehrlichiae (36, 53). Thus, although the products of CD4 T cells
may help to limit acute infection, activated T cells appear to be
incapable of eliminating the bacteria once the bacteria have
established chronic infection in macrophages. Similar conclu-
sions have been drawn regarding CD4 T-cell immunity during
chronic tuberculosis infection in the mouse (16, 43). Thus, the
explanations for bacterial persistence are relevant not only to
the ehrlichiae but also to other bacteria that establish chronic
infections (25).
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