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Abstract
Plasmacytoid dendritic cells (pDCs) play a key role in the innate immune response to viral infection,
due largely to their ability to produce large quantities of type I IFNs. These cells are also notable for
their ability to differentiate into conventional dendritic cells after appropriate stimulation. Here, we
show that a splenic population of murine CD11c+ cells expressing pDC markers Gr-1, B220, and
PDCA-1 is preferentially parasitized after infection with the virulent RH strain of Toxoplasma
gondii. Although these markers are closely associated with pDCs, the population we identified was
unusual because the cells express CD11b and higher than expected levels of CD11c. By adoptive
transfer of CD45.1-positive cells into CD45.2 congenic mice, we show that CD11c+Gr-1+ cells
migrate from the peritoneal cavity to the spleen. During infection, these cells accumulate in the
marginal zone region. Recruitment of infected CD11c+Gr-1+ cells to the spleen is partially dependent
upon signaling through chemokine receptor CCR2. Intracellular cytokine staining demonstrates that
infected, but not noninfected, splenic CD11c+Gr-1+ dendritic cells are suppressed in their ability to
respond to ex vivo TLR stimulation. We hypothesize that Toxoplasma exploits pDCs as Trojan
horses, targeting them for early infection, suppressing their cytokine effector function, and using
them for dissemination within the host.

Toxoplasma gondii is an intracellular protozoan known for its ability to induce strong Th1-
type cytokine responses (1). IL-12 and IFN-γ are required to survive acute and chronic infection
with this opportunistic pathogen, but overproduction of these cytokines can precipitate
proinflammatory pathology that results in host death (2-7). Therefore, there is a need to tightly
regulate Th1 cytokine production to allow parasite control without causing host death. Early
events in initiation of immunity to Toxoplasma are likely to play a prominent role in
determining the strength and pattern of cytokine production during infection.

Dendritic cells (DCs)3 are now recognized as central in immune response initiation, due to
their ability to acquire Ag, migrate from peripheral tissues to lymphoid organs, activate naive
T cells, and secrete immune-polarizing cytokines such as IL-12. DC biology is complex insofar
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as there are many distinct subpopulations with discrete phenotypic characteristics and
functional activities (8,9). Broadly, DCs can be subdivided into conventional DCs and type I
IFN-producing plasmacytoid DCs (pDCs). Conventional DCs can be further subdivided based
upon tissue localization and surface marker expression. Furthermore, other types of DCs arise
in inflammatory or infection conditions, such as the TNF- and inducible NO synthase-
expressing DCs that emerge during mouse infection with Listeria monocytogenes and
monocyte-derived DCs that appear at the infection site during Leishmania major infection
(10-12).

DCs are required to survive infection with T. gondii as shown in a recent study where diptheria
toxin was used to deplete cells expressing the diptheria toxin receptor under the control of the
CD11c promoter (13). Older studies showed that CD8α+ DCs in the spleen are an important
IL-12 source after i.v. injection of parasite lysate Ag (14). The identification of a
Toxoplasma profilin molecule that induces high level IL-12 production from splenic DCs
through activation of TLR11 provides a molecular explanation for this effect (15).
Unexpectedly, it was recently reported that pDCs, which are usually associated with responses
to viruses, acquire T. gondii-derived Ag and produce IL-12 during infection with this parasite
(16). At the same time, other studies provide evidence that DC infection with Toxoplasma
down-modulates their capacity to produce IL-12 (17). Discrepancies in how these cells respond
to infection may result from using different DC subsets, or they may reflect differences in DC
responses to extracellular parasite molecules vs their inherent ability to produce cytokines after
parasite infection.

In addition to their role in initiation of immunity to Toxoplasma, there is evidence that DCs
serve as vehicles for dissemination during infection. During early oral infection, infected
CD11c+ cells were identified in the lamina propria, Peyer's patches, and mesenteric lymph
nodes, although CD11c−CD11b+ cells were also found to be a reservoir of infection at these
locations (18). Interestingly, another study reported that infection of human monocyte-derived
DCs as well as mouse bone marrow-derived DCs induce a state of hyper-motility that, at least
in mice, potentiates dissemination in the host (19). Therefore, it is seemingly paradoxical that
Toxoplasma may target for infection cells that themselves play a predominant role in triggering
anti-parasite immunity.

To gain insight into in vivo interactions between DCs and Toxoplasma, and to determine the
functional consequences of intracellular infection in an in vivo situation, we examined
recruitment and invasion of DCs during the early immune response. We chose to use an i.p.
infection model so that we could precisely control delivery of parasites and examine early cell
recruitment and invasion at the site of infection. Most of the infected cells in the peritoneal
cavity expressed monocyte/macrophage and neutrophil markers. In striking contrast, in the
spleen the major population of infected cells was largely restricted to a subset that expressed
surface markers most closely associated with pDCs. These cells were present as a minor
population in the peritoneal cavity, but they were markedly more susceptible to infection
compared with other cell types. We examined cytokine production by these cells and found
that infected DCs’ ability to produce IL-12 was suppressed, whereas the corresponding
noninfected population was capable of producing this cytokine. We hypothesize that T.
gondii targets pDCs for early infection and dissemination, in the process inhibiting their ability
to produce IL-12.

Materials and Methods
Mice

Female C57BL/6 mice 6−8 wk of age were purchased from Charles River Laboratories and
Taconic Farms. CCR2−/−, CCR5−/−, and control B6.129 mice were purchased from The
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Jackson Laboratory. CD45.1 C57BL/6 background congenic mice (strain B6.SJL-Ptprca

Pepcb/BoyJ) were maintained as a breeding colony at the Cornell College of Veterinary
Medicine Animal Facility and were provided by Dr. J. Appleton (James A. Baker Institute for
Animal Health, Ithaca, NY). The animals were housed in the Cornell University College of
Veterinary Medicine transgenic mouse core facility, which is accredited by the American
Association for Accreditation of Laboratory Animal Care.

Parasites and infections
Tachyzoites of the RH strain were originally purchased from the American Type Tissue
Collection, and a transgenic RH strain expressing tandem copies of yellow fluorescence protein
(RH-YFP) was a gift from D. Roos (University of Pennsylvania, Philadelphia, PA) and B.
Striepen (University of Georgia, Athens, GA). Parasites were maintained by passage in human
foreskin fibroblasts in DMEM (Mediatech) supplemented with 1% bovine growth serum
(HyClone), 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen). Infections were
accomplished by i.p. injection of 106 tachyzoites in 100 μl of PBS.

Flow cytometric analysis
Splenocytes were prepared by mechanical disruption of whole spleens, and red cells were lysed
using red cell lysis buffer (8.3 g/L ammonium chloride in 0.01 M Tris-HCl buffer; Sigma-
Aldrich). Splenocytes and peritoneal exudate cells were filtered through 70 μm filters, and
incubated on ice for 15 min with 10% normal mouse serum in FACS buffer (1% BSA and
0.05% sodium azide in PBS). Surface staining was performed for 30 min on ice, and
intracellular cytokine staining was performed using the BD Cytofix/Cytoperm fixation/
permeabilization solution kit (BD Pharmingen). Cells were stained with the following Ab
obtained from BD Pharmingen: anti-CD11c allophycocyanin (clone HL3), anti-Gr-1/Ly6G
PerCP (clone RB6−8C5), anti-CD4 PE (clone RM4−5), anti-B220 PE (clone RA3−6B2), and
anti-IL-12p40 PE (C15.6). The following Abs were obtained from eBioscience: anti-CD40 PE
(clone 1C10), anti-B7.1 PE (clone 16−10A1), anti-B7.2 PE (GL1), anti-CD3 PE (145−2C11),
anti-CD11b PE (clone M1/70), anti-MHC class II PE (clone M5/114.15.2), anti-CD8 PE (clone
53−6.7) and anti-CD45.1 PE (clone A20). Anti-mPDCA-1 PE (clone JF05−1C2.4.1) was
purchased from Miltenyi Biotec, and anti-T. gondii p30 FITC (clone G-II9) from Argene. Cells
were analyzed using CellQuest software and a FACSCalibur cytometer (BD Biosciences).

Adoptive transfer of peritoneal exudate cells
Peritoneal exudate cells were harvested from CD45.1 congenic mice on day 3 after i.p.
inoculation with 106 RH-YFP tachyzoites, and 1.5 × 107 cells were injected i.p. into C57BL/
6 mice that had been infected on the same day with the same dose of RH-YFP parasites as the
donor mice. After 48 h, peritoneal cells and splenocytes were harvested, and presence and
phenotype of CD45.1 cells in the spleen were analyzed by flow cytometry.

In vitro culture and analysis of splenic DCs
Splenocytes were harvested from mice 4 days after infection with RH-YFP tachyzoites. DCs
were enriched using pan-DC microbeads according to the manufacturer's instructions (Miltenyi
Biotec). The cells were subsequently incubated for 24 h with or without Escherichia coli LPS
(Sigma-Aldrich) and CpG oligodinucleotide 1826 (Coley Pharmaceutical Group), including
Golgi-Stop (BD Pharmingen) for the last 4 h of incubation. The DC-enriched population was
washed and stained for surface markers and intracellular IL-12p40, then analyzed by flow
cytometry.
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Immunofluorescence labeling
To visualize morphology of infected cells, splenocytes were harvested from mice infected i.p.
4 days earlier with RH-YFP tachyzoites and stained (as described above for FACS analysis)
with anti-Gr-1 PE (BD Pharmingen). Cells were transferred to a glass slide via cytospin
(Shandon), and nuclei were labeled with 4′,6′-diamidino-2-phenylindole (DAPI) (Invitrogen,
Molecular Probes). Staining of spleen sections from infected mice was performed as described
previously (20). Briefly, fragments of spleen were embedded in Tissue-Tek OCT (Miles
Laboratories), snap-frozen in pre-chilled methyl-butane, and stored at −80°C. Cryostat sections
(8 μm) of spleen were fixed in 4% paraformaldehyde/PBS and blocked with 10% normal goat
serum and the avidin-biotin blocking kit (Vector Laboratories). Tissue sections were incubated
with the following reagents (Ab were obtained from BD Pharmingen, unless specified): 1)
biotin-anti-MOMA-1 mAb (Bachem) followed by Cy3-streptavidin (Jackson
ImmunoResearch Laboratories) or 2) anti-CD11c mAb plus Cy3-anti-hamster IgG in
combination with either biotin-CD3 mAb or biotin-Gr-1 mAb followed by Cy5-streptavidin
(Jackson ImmunoResearch Laboratories). Nuclei were stained with DAPI (Molecular Probes).

Statistical analyses
Statistical analysis was performed using Prism 4 software (GraphPad software) and
significance was calculated using an unpaired, two-tailed Student's t test.

Results
A rare population of CD11c+ Gr-1+ cells in the peritoneal cavity is preferentially targeted
following i.p. infection with tachyzoites

To elucidate cell types parasitized by Toxoplasma during early infection, C57BL/6 mice were
infected i.p. with RH-YFP, a genetically engineered parasite strain expressing tandem copies
of the gene encoding yellow fluorescence protein, and the peritoneal exudate cells were
analyzed by flow cytometry 3 days later. As expected for Toxoplasma, a parasite known for
its ability to promiscuously infect a diverse range of cell types, most cells in the peritoneal
cavity were parasitized at this time point, including macrophages (F4/80+), neutrophils
(Gr-1+), DCs (CD11c+), and B cells (B220+) (Fig. 1A). Nevertheless, while ∼50% of
macrophages, neutrophils, and DCs harbored parasites, B lymphocytes and T lymphocytes
were considerably more resistant to infection. In each case only a minority of cells were infected
(20% and 5% for B220+ and CD3+ lymphocytes, respectively). There are several subsets of
DCs, including some that coexpress CD11c and Gr-1. A small population of the CD11c+

Gr-1+ cells (<1%) was detected in the peritoneal cavity 72 h after infection (Fig. 1B). These
cells were remarkable inasmuch as over 80% were positive for parasites (Fig. 1C).

The major population of infected cells in the spleen predominantly expresses CD11c and
Gr-1

We next examined infection in the spleen, an organ targeted by the parasite during acute
infection (2,6). Splenocytes were obtained from mice infected 4 days before by i.p.
administration of RH-YFP tachyzoites. At this time point, 5−6% of total splenocytes were
positive for T. gondii (Fig. 2A). Gating on the infected population, we found that the majority
(∼70%) coexpressed CD11c and Gr-1 (Fig. 2B). We also found that ∼20% of infected cells
possessed a CD11c−Gr-1+ phenotype. This population is likely to be neutrophils, but it is also
possible that some are Gr-1+ inflammatory monocytes described by Sibley and colleagues
(21,22). We also determined the proportion of total splenic CD11c+Gr-1+ cells that were
infected with T. gondii. As shown in Fig. 2C, ∼60% of this population harbored intracellular
parasites.
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We wanted to investigate the phenotype of the CD11c+Gr-1+ population in more detail (Fig.
2D, upper panels). The cells expressed MHC class II, B220, CD11b, CD80/86, and PDCA-1.
This profile, in particular expression of PDCA-1, Gr-1, and B220, was suggestive of a pDC-
related population, although they are atypical in that they express CD11b and higher than
expected levels of CD11c (23-26). We also examined the phenotype of the CD11c−Gr-1+

population (Fig. 2D, lower panels). These cells expressed high levels of CD11b, a molecule
expressed by neutrophils. Interestingly, the cells were also positive for MHC class II and CD80.

We examined the appearance of Gr-1+ parasite-infected cells in the spleen by fluorescence
microscopy (Fig. 3). The vast majority of infected Gr-1+ cells were clearly distinct from the
neutrophil population, because they possessed abundant cytoplasm and non-polymorphic
nuclei. However, we were also able to detect some infected neutrophils, consistent with our
data showing a population of infected CD11c−Gr-1+ cells (Figs. 2B and 3C).

Next, we used immunofluorescence staining of frozen tissue sections to localize infected cells
in situ. In spleens of day 4-infected mice, parasites were mainly present in phagocytes of the
marginal zone, red pulp, and to a lesser extent in cells of the lymphoid follicles (Fig. 4). Within
the splenic follicles, T cell areas also contained CD11c+ DCs infected with T. gondii (Fig. 5,
A and B). In Fig. 5, C and D, we used 4-color fluorescence imaging to confirm that infected
CD11c+ cells (C) also expressed Gr-1 (D).

CD11c+ Gr-1+ cells migrate from the peritoneal cavity to the spleen
Because we found that CD11c+Gr-1+ cells were highly susceptible to infection in the peritoneal
cavity, we hypothesized that these cells may be migrating from the inoculation site to the spleen.
To determine whether this was the case, we infected congenic B6.SJL mice (CD45.1) with i.p.
injected RH-YFP tachyzoites. Two days later we harvested the peritoneal exudate cells from
the B6.SJL mice and transferred them by i.p. injection into CD45.2 congenic C57BL/6 mice
infected i.p. 2 days before with RH-YFP tachyzoites. Spleen and peritoneal exudate cells were
harvested 48 h after transfer. We found a small number of transferred cells, which were
primarily noninfected, remaining in the peritoneal cavity at this time (data not shown). As
expected, in the spleen there was background staining for CD45.1+ cells in nontransferred
animals (Fig. 6A). However, we found adoptively transferred parasite-infected CD45.1+ cells
mobilized to the spleen in the CD45.2 congenic hosts (Fig. 6B), and as predicted, these
migrating cells coexpressed Gr-1 and CD11c (Fig. 6C). We transferred cells from CD45.1+

mice infected with YFP-RH into CD45.2 animals infected with nonfluorescent RH tachyzoites
(Fig. 6D). As shown in the figure, we detected the appearance of YFP-RH infected,
CD45.1+ cells in the spleen. As expected, these cells also expressed Gr-1 and CD11c (data not
shown). Also evident in Fig. 6D, most of the YFP+ cells were derived from recipient mice,
because they do not express CD45.1. The majority of these cells are positive for Gr-1 and
CD11c (data not shown), and it seems likely that they originate from host pDC infected in the
peritoneal cavity by RH-YFP. We cannot be sure what accounts for the low percentage of
CD45.1+ cells that traffic to the spleen in these situations. However, we suspect that the cells
are negatively affected by the recovery and transfer protocol, and that many subsequently die
after transfer. Regardless, from these data we conclude that infected CD11c+Gr-1+ cells are
capable of migrating from the peritoneal cavity to the spleen over the course of infection.

CCR2 is partially involved in recruitment of CD11c+ Gr-1+ to the spleen
The chemokine receptor CCR2 is involved in recruitment of inflammatory myeloid cells and
DCs during several infections, including Toxoplasma and Listeria monocytogenes (10,22).
Therefore, we sought to determine whether CCR2 might play a role in recruitment of
CD11c+Gr-1+ cells during infection. Accordingly, CCR2 knockout mice were infected in
parallel with wild-type controls and CD11c+Gr-1+ splenocytes were analyzed 4 days
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postinfection. We found a major reduction in the number of CD11c+Gr-1+ cells in the spleens
of infected mice in the absence of CCR2 signaling (Fig. 7A). Nevertheless, recruitment of
CD11c+Gr-1+ DCs to the spleen was not completely dependent upon CCR2 because there was
a low, but significant increase in the number of these cells comparing noninfected with infected
CCR2−/− mice. We also examined the influence of CCR5, another chemokine receptor
implicated in resistance to T. gondii (27-29), on mobilization of CD11c+Gr-1+ cells to the
spleen during infection. In this case, absence of CCR5 had no impact on the migration of
CD11c+Gr-1+ cells to the spleen following T. gondii infection (Fig. 7B).

Toxoplasma-infected CD11c+ Gr-1+ DCs are refractory to TLR-induced IL-12p40 production
Splenic CD8α+ DCs are a well-characterized source of IL-12 after i.v. injection of
Toxoplasma lysate Ag (14). This activity is largely due to parasite profilin-TLR11 interactions
(15). However, our previous data has shown that Toxoplasma-infected macrophages are
suppressed in their ability to produce proinflammatory cytokines such as IL-12 when subjected
to TLR stimulation (30). Similar findings have been reported by others using mouse bone
marrow-derived DCs (17). Therefore, we sought to determine whether the CD11c+Gr-1+ DCs
targeted for infection by T. gondii were stimulated to produce IL-12, or whether the parasite
actively suppressed the cytokine.

To discriminate between induction vs suppression of IL-12, splenic DCs from day 4-infected
mice were enriched using pan-DC immunomagnetic beads. In this population, ∼14% of the
cells coexpressed CD11c and Gr-1 (Fig. 8A). The enriched DC population was cultured for 24
h in the presence of medium alone or with TLR ligands. Because the phenotype of the
CD11c+Gr-1+ cells displayed characteristics of both pDC and conventional DC, and because
these DC populations express distinct TLR ligands, we used a combination of TLR9 and TLR4
ligands (CpG and LPS, respectively) for stimulation. We then examined IL-12 p40 expression
in infected and noninfected CD11c+Gr-1+ DCs. As shown in Fig. 8B, ∼9% of noninfected
CD11c+Gr-1+ cells produced IL-12 without further in vitro stimulation. After stimulation with
TLR ligands, almost 40% of noninfected CD11c+Gr-1+ DCs expressed IL-12 (Fig. 8C). In
marked contrast to these results, only 2% of infected CD11c+Gr-1+ stained positive for IL-12
during culture in medium (Fig. 8D), and with the addition of LPS and CpG, the percentage
increased to only ∼14% (Fig. 8E). We conclude from these data that Toxoplasma targets
CD11c+Gr-1+ cells for infection, and the parasite suppresses IL-12 production once inside the
cells.

Discussion
The results of this study show that inoculation of mice with the tachyzoite stage of T. gondii
leads to preferential infection of Gr-1-expressing DCs. CCR2 is involved in the migration of
these cells from the peritoneal cavity to the marginal zone of the spleen, where they express
markers associated with pDC. Infection with T. gondii suppresses the capacity of these cells
to produce the proinflammatory cytokine IL-12 upon ex vivo stimulation with ligands for TLR4
and TLR9, while noninfected cells retain their ability to synthesize IL-12. Recently,
inflammatory macrophages have been implicated in the early anti-microbial response to
Toxoplasma. Those cells resemble the pDC-like population identified here in that they express
Gr-1 and they display CCR2-dependent recruitment (22). However, based upon expression of
PDCA-1, CD11c, and B220, it is most likely that the two populations are distinct, and that the
cells reported here are related to cells of the pDC lineage.

pDCs are differentiated effector cells specialized for production of anti-viral type I IFN (25).
However, they possess the unusual property of being able to differentiate into conventional
DCs that activate naive T cells and instruct adaptive immunity through production of mediators
such as IL-12 (31). Differentiation can be induced by cytokines such as IL-3, and also microbial
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stimuli including bacteria and viruses (26,32). Accompanying pDC differentiation into DCs,
the cells acquire dendritic morphology and up-regulate CD11c, MHC class II, and
costimulatory molecules. However, there are likely to be functional differences between pDC-
derived DCs and conventional DCs insofar as activation of naive T cells by pDC-derived DCs
leads to generation of regulatory T cells in several cases (33,34). pDCs may also differ from
conventional DCs in terms of Ag uptake and processing (35,36).

Although the cells targeted for infection express markers associated with pDCs, namely
PDCA-1, Gr-1 and B220, they are nevertheless atypical in that they also express the monocyte
lineage marker CD11b. A potential explanation for this unique phenotype may relate to
differentiation of pDC into DC under inflammatory conditions. During infection with
lymphocytic choriomeningitis virus, bone marrow-derived pDCs down-regulate B220 and
Gr-1 and up-regulate CD11b, dependent upon type I IFN (37). Interestingly, this was found to
be a two-step process, in which CD11b was first up-regulated, followed by down-regulation
of B220. After this transformation, the cells were also newly capable of producing IL-12 in
response to TLR4 activation, indicating functional as well as phenotypic conversion. In this
regard, it is of interest that Toxoplasma was recently shown to stimulate type I IFN secretion
by pDCs (16). We hypothesize that T. gondii infection stimulates an intermediate stage of pDC
to conventional DC conversion, associated with coexpression of pDC and myeloid DC markers.
Whether this is a stable phenotype associated with infection, or is a transitory state on the way
to a conventional DC phenotype remains to be determined.

In addition to type I IFN secretion, pDCs also produce IL-12 upon stimulation with T. gondii
or soluble tachyzoite Ag, and they are also capable of presenting Ag during infection (16). This
observation suggests a role for pDCs in the induction of the adaptive immune response to
Toxoplasma. However, although we did not examine Ag presenting capability, our work argues
that T. gondii infection suppresses pDC IL-12 production. In this regard, pDCs cultured in vitro
from the bone marrow were used in the experiments showing IL-12 production in response to
T. gondii, whereas the pDCs identified in the present study were enriched from the spleens of
infected animals. Therefore, it is possible that the cells identified here are functionally distinct
from pDCs generated in vitro. Additionally, we used flow cytometry to separate splenic pDCs
into infected and noninfected populations. Although the infected pDC population was
suppressed in IL-12 production, we found substantial IL-12 production by the noninfected pDC
population. Thus, we also found that pDCs present during T. gondii infection are a source of
IL-12. However, our study demonstrates that when pDCs are directly parasitized, their ability
to produce IL-12 is suppressed.

We, and others, previously reported that T. gondii inhibits TLR-induced IL-12 production by
bone marrow-derived macrophages and DCs (17,38). The present study is significant because
it is the first to demonstrate the suppression phenomenon in cells parasitized during in vivo
infection. Inhibition of TLR signaling may be a consequence of the need to avoid activation
by the parasite's own TLR ligands (15,39). The mechanisms of suppression are not clear,
although the parasite has blocking effects on both NFκB and MAPK signaling pathways (30,
40-42). More recently, IL-10-independent STAT3 activation driven by injection of
Toxoplasma rhoptry protein kinases into the host cell cytosol has been implicated in IL-12
inhibition (43,44).

A key question is why Toxoplasma would target pDCs for preferential infection. As immune
effectors, pDCs have two major functions, which are to produce large quantities of anti-viral
type I IFN and to present Ag (25). pDCs are not known to possess strong microbicidal activity,
unlike macrophages and other myeloid DC populations. Therefore, pDCs may offer a more
hospitable environment for the invading parasite relative to other cell types. Furthermore,
activated DCs are highly motile, and are sensitive to chemokine-mediated recruitment to
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lymphoid organs draining the site of infection or inflammation. In this regard, it has long been
known that Toxoplasma infection initially spreads through the lymphatics, and lymphoid
organs become rapidly parasitized during infection (45). Therefore, pDCs may provide the
parasite with a safe vehicle for dissemination during early infection.

It is an unexpected finding that pDCs play a role in the immune response to Toxoplasma.
Although we used a virulent parasite strain that leads to 100% lethality in this study, preliminary
data (not shown) suggests that low virulence strains capable of establishing long-term infection
also preferentially parasitize pDCs. Other protozoa, including Plasmodium and Leishmania
spp. are known to display complex interactions with DCs (46,47). Whether these pathogens
also target the pDC population remains to be determined.
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FIGURE 1.
CD11c+Gr-1+ cells in the peritoneal cavity are highly susceptible to infection with T. gondii.
A, Mice were infected i.p. with RH-YFP tachyzoites, and peritoneal exudate cells were
harvested 3 days postinfection for phenotypic analysis and assessment of infection levels by
flow cytometry. B, Costaining for CD11c and Gr-1 reveals a small population of
CD11c+Gr-1+ cells in the peritoneal cavity 3 days postinfection. C, Examination of parasite
levels in the CD11c+Gr-1+ population reveals that these cells are highly susceptible to infection
(black line histogram) compared with CD11c+Gr-1− cells (shaded histogram). The numbers
indicate the percent of cells in each quadrant (B) or gate (C). This experiment was repeated
three times with similar results.

Bierly et al. Page 11

J Immunol. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
CD11c+Gr-1+ cells are the predominant population of infected cells in the spleen, and exhibit
phenotypic characteristics of both plasmacytoid and myeloid dendritic cells. A, Splenocytes
were harvested from mice 4 days postinfection and analyzed by flow cytometry for RH-YFP
tachyzoites. B, CD11c and Gr-1 expression on YFP-positive cells. C, YFP expression in the
total CD11c+Gr-1+ population in the spleen. The numbers indicate the percent of cells falling
within the indicated gates (A and C) or quadrants (B). D, Phenotypic analysis of infected
CD11c+Gr-1+ (upper panels) and CD11c+Gr-1− cells (lower panels) shown in B. The solid
lines represent each respective marker and the shaded histograms indicate isotype controls.
One representative of two independent experiments is shown.
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FIGURE 3.
Morphology of Toxoplasma infected cells in the spleen. Mice were infected with RH-YFP
tachyzoites (green), then 4 days later splenocytes were isolated and stained for Gr-1 (red) and
DNA (DAPI, blue). Most infected cells exhibited a round or bean-shaped nucleus consistent
with monocyte/macrophage/DC (A–C) and abundant cytoplasm, in which multiple parasites
were found. Lesser numbers of infected polymorphonuclear leukocytes were also observed
(C, arrow). The experiment was repeated twice with similar results.
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FIGURE 4.
Infected cells are located primarily in the marginal zone of the spleen. Spleens were obtained
from mice 4 days postinfection and immunofluorescence on frozen sections was performed.
Staining for metallophilic macrophages (MOMA-1, red) delineates the edge of the marginal
zone (MZ), revealing concentration of infected cells (yellow) in this area (arrowheads), with
a small number of infected cells (arrows) in the lymphoid follicle (F). The inset shows at high
magnification a MOMA-1+ cell with intracellular parasites. Blue, DAPI stained nuclei.
Original magnification ×200. One representative of two independent experiments is depicted.
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FIGURE 5.
Infected cells in the T cell areas of the spleen coexpress CD11c and Gr-1. Mice were infected
with RH-YFP tachyzoites and 4 days later spleens were collected for immunohistochemical
staining. A, Four-color immunofluorescence staining of frozen sections shows CD11c+ cells
(red) infected with RH-YFP (yellow). B, In the same section, staining for CD3 (pink) reveals
T cells surrounding infected CD11c+ cells. Staining for CD11c (C) and Gr-1 (D) shows that
most infected cells (arrows) coexpress CD11c (red) and Gr-1 (pink). Insets in C and D shows
an expanded view of infected CD11c+Gr-1+ cells. Original magnification ×400 (A and B) and
×200 (C and D). This experiment was repeated twice with similar results.
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FIGURE 6.
Infected CD11c+Gr-1+ cells migrate from the peritoneal cavity to the spleen. Peritoneal exudate
cells from B6.SJL CD45.1 congenic mice were isolated 2 days after i.p. inoculation with RH-
YFP tachyzoites. The exudate cells were then adoptively transferred i.p. into congenic C57BL/
6 CD45.2 host mice infected 2 days earlier with RH-YFP tachyzoites. Two days later
splenocytes were harvested from the host mice and three-color staining for CD45.1, CD11c,
and Gr-1 was conducted. A, splenocytes from a control day 4-infected C57BL/6 mouse that
received no congenic peritoneal exudate cells, showing background staining for CD45.2. B,
splenocytes from a day 4-infected C57BL/6 mouse adoptively transferred with CD45.2-
positive peritoneal exudate cells. C, CD11c and Gr-1 expression of infected CD45.2+ cells in
the spleen. The numbers indicate the percentage of cells falling within the indicated rectangles
(A and B) and quadrants (C). The graphs show results from one representative mouse. In a
group of four mice, the percentage of CD45.1+ cells after transfer was 0.14 ± 0.03. In D,
CD45.1+ peritoneal exudate cells from mice infected with RH-YFP parasites were transferred
into CD45.2+ mice infected with nonfluorescent parasites. Spleen cells were recovered as
above and CD45.1 expression was examined on YFP+ cells. The numbers in each graph
indicate the percent of cells falling within the indicated quadrants or gates.
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FIGURE 7.
CCR2 is partially involved in recruitment of CD11c+Gr-1+ cells to the spleen during infection.
Wild-type and chemokine receptor knockout mice were infected with RH-YFP tachyzoites,
and recruitment of CD11c+Gr-1+ cells to the spleen was assessed by flow cytometry.
Recruitment of CD11c+Gr-1+ cells was defective in CCR2 knockout mice relative to wild-type
controls (A), but unaffected in CCR5 knockout mice (B). Data shown are pooled from three
experiments, with two mice per condition. *, p < 0.05, **, p < 0.005.
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FIGURE 8.
IL-12 production is defective in CD11c+Gr-1+ cells infected with T. gondii. Splenocytes were
harvested 4 days postinfection with RH-YFP tachyzoites and enriched for CD11c+ cells using
magnetic beads. A, CD11c and Gr-1 expression levels in the enriched DC population. The
number indicates the percent of cells in the indicated rectangle. Enriched cells were cultured
24 h in medium alone, or medium with CpG oligodinucleotide (1 μg/ml) and LPS (100 ng/ml).
The cells were stained for intracellular IL-12p40 and surface Gr-1 and CD11c. B, IL-12
expression by noninfected CD11c+Gr-1+ cells cultured in medium alone. C, IL-12 expression
by parasite-negative CD11c+Gr-1+ cells after in vitro stimulation with LPS + CpG. D, IL-12p40
expression by YFP+ CD11c+Gr-1+ cells with no in vitro stimulation. E, Expression of IL-12p40
in infected CD11c+Gr-1+ cells after TLR ligand-stimulation. In B–D, the numbers indicate the
percent of cells falling within the indicated quadrants. One representative of two independent
experiments is shown.
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