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Abstract
Pulmonary clearance of the encapsulated yeast Cryptococcus neoformans requires the development
of T1-type immunity. CCR2-deficient mice infected with C. neoformans develop a non-protective
T2 immune response and persistent infection. The mechanisms responsible for this aberrant response
are unknown. The objective of this study was to define the number, phenotype, and micro-anatomic
location of dendritic cells (DC) residing within the lung of CCR2+/+ or CCR2−/− mice throughout a
time course following infection with C. neoformans. Results demonstrate the CCR2-mediated
recruitment of conventional DC expressing modest amounts of co-stimulatory molecules. DC
recruitment was preceded by the up-regulation in the lung of the CCR2 ligands CCL2 and CCL7.
Co-localization of numerous DC and CD4+ T cells within bronchovascular infiltrates coincided with
increased expression of IL-12 and IFN-γ. By contrast, in the absence of CCR2, DC recruitment was
markedly impaired, bronchovascular infiltrates were diminished, and mice developed features of T2
responses, including bronchovascular collagen deposition and IL-4 production. Our results
demonstrate that CCR2 is required for the recruitment of large numbers of conventional DC to
bronchovascular infiltrates in mice mounting a T1 immune response against a fungal pathogen. These
findings shed new insight into the mechanism(s) by which DC recruitment alters T cell polarization
in response to an infectious challenge within the lung.
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Introduction
Cryptococcus neoformans, an encapsulated yeast acquired via the respiratory tract, causes
significant morbidity and mortality in patients with AIDS, lymphoid or hematological
malignancies, or those receiving immunosuppressive therapy secondary to autoimmune
disease or organ transplantation (1–3). Antibiotic therapy is often inadequate (4), underscoring
the need to better understand host defense against this organism. In normal hosts, the
development of a T1 cell-mediated immune response is crucial to eradicate this organism (5–
14). However, the mechanisms responsible for T1 polarization in response to C. neoformans
infection remain incompletely understood.

Disruption of the chemokine and chemokine receptor axis alters T cell polarization and
adversely affects microbial clearance in murine models of C. neoformans pulmonary infections
(15–21). CCR2-expressing (CCR2+/+) mice develop a T1 immune response and clear C.
neoformans infection, whereas CCR2-deficient (CCR2−/−) mice develop T2 responses as
evidenced by: (a) reduced levels of IFN-γ; (b) increased production of IL-4 and IL-13 by lung
leukocytes; (c) prominent eosinophilic infiltrates; and (d) impaired clearance of C.
neoformans (19). The mechanism responsible for impaired T1 polarization in CCR2-deficient
mice has not been identified. We have previously correlated early reductions in TNF-α and
IFN-γ elaboration in the lungs with decreased IL-12 production, T2 responses, and impaired
clearance of C. neoformans infection (9,10,14,22). Our previous studies demonstrating CCR2-
mediated lung DC recruitment in another model system, the response to particulate, non-
infectious antigen (23), imply that impaired DC recruitment to the lung could account for the
differential T cell polarization observed between CCR2+/+ and CCR2−/− mice in cryptococcal
infection.

The role of DC in host defense against C. neoformans is not well understood. Dendritic cells
(DC) ingest whole C. neoformans or associated mannoproteins, and stimulate a C.
neoformans-specific T cell line when assessed in vitro (24–26). DC migrate to regional nodes
when exposed to the organism in vivo (11). As part of the initial response to infection, sensitized
CD4+ and CD8+ T cells proliferate within draining lymph nodes; however, lymphocytes do
not express an activated phenotype or produce IFN-γ in an Ag-specific manner until they have
migrated to the lung (27). Whether T cell activation in the lung requires additional interactions
with professional APC (possibly DC) has not been established definitively. We hypothesized
that newly recruited lymphocytes require additional interactions with DC in the lung to achieve
activated and polarized phenotype. The objective of this study was to investigate this hypothesis
by defining the number, phenotype, and micro-anatomic location of DC residing within the
lung of CCR2+/+ or CCR2−/− mice throughout a time course following infection with C.
neoformans.

Materials and Methods
Mice

Specific pathogen-free inbred female BALB/c (designated CCR2+/+) mice purchased from
Charles River Laboratory Inc. (Wilmington, MA) were used, except as specified. CCR2−/−

mice (C57BL/6 × J129 (C57/J129) back-crossed eight times onto a BALB/c background) were
provided by W. Kuziel (Molecular Genetics and Microbiology, University of Texas, Austin,
TX) (28) and were bred on-site. Mice were housed at the University of Michigan Unit for
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Laboratory Animal Medicine Facilities (Ann Arbor, MI), which is fully accredited by the
American Association for Accreditation of Laboratory Animal Care. Mice were kept under
specific pathogen-free conditions in enclosed filter top cages, and provided standard animal
chow and chlorinated tap water ad libitum. Mice were 8–12 wk of age at the time of infection
and there were no age-related differences in the responses of these mice to C. neoformans
infection. Experiments were approved by the Animal Care and Use Committee at the University
of Michigan.

C. neoformans
C. neoformans strain 52D was obtained from the American Type Culture Collection (24067;
Manassas, VA). For infection, yeast were grown to stationary phase (48–72 h) at 37°C in
Sabouraud dextrose broth (1% neopeptone and 2% dextrose: DIFCO, Detroit, MI) on a shaker.
Cultured C. neoformans was then washed in non-pyrogenic saline, counted using Trypan Blue
on a hemocytometer, and diluted to 3.3 × 105 CFU/ml in sterile non-pyrogenic saline.

Surgical intratracheal inoculation
Mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg; Fort Dodge
Laboratories, Fort Dodge, IA) and xylazine (6.8 mg/kg; Lloyd Laboratories, Shenandoah, IA)
and restrained on a small surgical board. A small incision was made through the skin over the
trachea, and the underlying tissue was separated. A 30-gauge needle was attached to a 1-ml
tuberculin syringe filled with diluted C. neoformans culture. The needle was inserted into the
trachea, and 30 μl of inoculums (104 CFU) was dispensed into the lungs. The needle was
removed, and the skin was closed with cyanoacrylate adhesive. The mice recovered with
minimal visible trauma.

Monoclonal Abs
The following mAbs purchased from BD Biosciences PharMingen (San Diego, CA) were used:
M1/70 (anti-murine CD11b, rat IgG2b); HL3 (anti-murine CD11c, hamster IgG1); 2.4G2 (“Fc
block”) (anti-murine CD16/CD32, rat IgG2b); 3/23 (anti-murine CD40, rat IgG2a); 30-F11
(anti-murine CD45, rat IgG2b); 16-10A1 (anti-murine CD80, hamster IgG2); GL1 (anti-
murine CD86, rat IgG2a); AMS-32.1 (“MHC Class II”) (anti-murine I-Ad, mouse IgG2b);
145-2C11 (anti-murine CD3e, hamster IgG1, k), and ID3 (anti-murine CD19, rat IgG2a). The
mAb, BM8 (anti-murine F4/80, rat IgG2b), was purchased from Caltag Laboratories
(Burlingame CA). Monoclonal Abs were primarily conjugated with FITC, PE; PerCP-Cy5.5,
or allophycocyanin. Isotype-matched irrelevant control mAbs (PharMingen) were tested
simultaneously in all experiments.

Antibody staining and flow cytometric analysis
Staining, including blockade of Fc receptors, and analysis by flow cytometry were performed
as described previously (29,30). Data was collected on a FACS VANTAGE flow cytometer
using Cell Quest software (both from Becton Dickinson Immunocytometry Systems, Mountain
View, CA) and analyzed using FlowJo software (Tree Star Inc., San Carlos, CA). 10,000 to
100,000 cells were analyzed per sample.

Experimental Design
In all experiments, primary cryptococcal infection was induced in the lungs of CCR2+/+ (Wild
type, BALB/c) and syngeneic CCR2−/− mice by the intratracheal administration of 104 CFU
of C. neoformans in 30 μL of normal saline. Uninfected (untreated) mice are referred to as
“day 0” mice and served as controls. Following euthanasia, all mice underwent perfusion via
the right heart with 5 ml of PBS containing 0.5 mM EDTA to reduce intravascular leukocytes.
Thereafter, five types of experiments were performed at various time points following
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infection. First, DC were physically isolated (using CD11c magnetic beads) from lung
leukocytes which had been depleted of lung macrophages (by bronchoalveolar lavage and an
adherence step). The phenotype of recovered DC was then assessed using flow cytometric
analysis (FACS). Second, to identify DC from bulk lung leukocyte populations (without lavage
or the use of CD11c beads) three- and four-color FACS was performed on single-cell
suspensions generated from enzymatically-digested lung tissue. A gating strategy was
developed that identified conventional DC, and distinguished DC from lung macrophages and
monocytes (23,31,32). Gates were kept consistent in all experiments. This approach allowed
for quantitative, comparative analysis of the total numbers of DC present in the lung of
CCR2+/+ or CCR2−/− mice throughout a kinetic time course following C. neoformans infection.
Third, the differential recruitment of DC to the alveolar and interstitial compartments was
assessed by comparing the number and phenotype of DC within bronchoalveolar lavage fluid
versus those retained in the lung mince. Fourth, the expression of CCR2 ligands and cytokines
within the lungs of infected mice was evaluated with real-time quantitative PCR using RNA
samples generated from lung homogenates. Fifth, the micro-anatomic location of DC and T
cells within the lungs of infected mice was determined using routine histology on paraffin-
embedded tissues and two-color immunohistochemistry.

Physical isolation and characterization of lung DC using CD11c magnetic beads
Following euthanasia, the trachea was cannulated with PE50 tubing (Clay-Adams, Parsippany,
NJ) and lungs were lavaged twice with 0.8 ml of PBS containing 5 mM EDTA to remove
macrophages (which express CD11c). Lavage fluid was discarded. Lungs were excised,
minced, and enzymatically digested for 30 min at 37°C in 15 ml of digestion buffer (RPMI
1640, 5% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin sulfate, 1 mg/ml
collagenase, 30 μg/ml DNase). The cell suspension and undigested fragments were further
dispersed by being drawn up-and-down 20 times through the bore of a 10-ml syringe. After
erythrocyte lysis using NH4Cl buffer (0.83% NH4Cl, 0.1% KHCO3, 0.037% Na2 EDTA, pH
7.4), cells were washed, filtered over 70 μm mesh, resuspended in complete medium (RPMI
1640, 5% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin sulfate) and centrifuged
for 30 min at 2,000 × g in the presence of 20% Percoll (Sigma-Aldrich) to separate leukocytes
from cell debris and epithelial cells. The isolated leukocytes were resuspended in complete
medium. To further remove contaminating macrophages, leukocytes were next cultured in 100
× 20 mm tissue culture dishes containing complete medium (RPMI 1640, 5% fetal calf serum,
100 U/ml penicillin, and 100 μg/ml streptomycin sulfate) at a concentration of 2 × 106 cells/
ml for one-hour at 37°C. Non-adherent cells (including DC) were removed by gentle pipetting.
Adherent cells (primarily macrophages) were discarded. Non-adherent cells were treated with
Fc block and DC isolation was performed using CD11c magnetic beads (MACS system,
Miltenyi Biotech, Auburn, CA) per the manufacturer's guidelines. The resultant population
was assessed by 3-color FACS and DC were identified as cells expressing MHC Class II (I-
Ad) (FITC; FL-1), CD11c (allophycocyanin; FL-4), CD11b (PE; FL-2) and low amounts of
F4/80 (PE; FL-2). Note that due to the purity of this population, it was not necessary to employ
the gating strategy outlined below (for identifying DC from bulk leukocyte populations).
Cytospins of this purified population were performed using Hematoxylin-eosin stains (VWR.
Westchester, PA) to verify DC morphology.

Total lung leukocyte isolation
To obtain a single population of total lung leukocytes, individual lungs were first excised (this
time without lavage), minced, and enzymatically digested as described above. The cell
suspension and undigested fragments were further dispersed, filtered, and separated using a
Percoll gradient (also as described above). The resultant cell population included the total lung
leukocytes (all cells within the alveolar and interstitial compartments). These cells were
resuspended in complete medium and total numbers of viable lung leukocytes were assessed
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in the presence of trypan blue using a hemocytometer. This population was subjected to FACS
analysis using the gating strategy outlined below to enumerate the total number of DC per lung.

Differential lung leukocyte isolation from the alveolar versus interstitial compartments
To obtain differential populations of lung leukocytes from the alveolar and interstitial
compartments, mice first underwent bronchoalveolar lavage (BAL). Briefly, the trachea was
cannulated with PE50 tubing (Clay-Adams, Parsippany, NJ) and a total of 10 lavages with.
8ml of PBS containing 5 mM EDTA were performed. Viable leukocytes recovered from the
lavage fluid were enumerated in the presence of trypan blue using a hemocytometer and placed
in culture medium for subsequent analysis (as the “BAL” population). Lungs were then excised,
minced, enzymatically digested and processed thereafter as described above to generate a single
cell suspension. This population of cells was termed “Lung Mince” and consists of cells
retained within the interstitial compartment of the lung. Both populations (BAL and Lung
Mince) were later assessed by FACS using the gating strategy outlined below to identify DC
within each population.

Gating strategy using FACS to identify lung DC within bulk leukocyte populations
Cell populations assessed included 1) Total lung leukocytes, 2) BAL leukocytes, and 3) Lung
Mince leukocytes (as defined above). Initial gates were set based on light scatter characteristics
to eliminate debris, red cells, and cell clusters. Samples were stained with anti-MHC Class II
(I-Ad) (FITC; FL-1), anti-CD11c (allophycocyanin; FL-4), anti-CD3 and anti-CD19 (PerCP
Cy5.5; FL-3), and a panel of additional antibodies of interest (PE; FL-2). An initial FSC vs.
FL-3 scatter plot was used to exclude T cells (CD3+), B cells (CD19+), and macrophages (large
autofluorescent cells), as described previously (33). DC were then identified among the
remaining non-T cell, non-B cell, non-autofluorescent population (Gate 1 in Figure 2A) as
MHC Class II (I-Ad)+, CD11c+ cells. A panel of antibodies (CD11b, F4/80, CD40, CD80, and
CD86 PE; FL-2) were used to further characterize the DC population. Substitution of PE-
conjugated anti-CD11c (FL-2) antibody (for anti-CD11c allophycocyanin) permitted DC
identification in three-color experiments. To maintain complete consistency, cytometer
parameters and gate position were held constant during analysis of all samples. The percentage
of DC obtained from flow cytometry was used to calculate the total number of DC from each
tissue by multiplying the frequency of DC by the total number of leukocytes (the percent of
CD45+ cells multiplied by the original hemocytometer count of total cells) identified within
that sample.

RT-PCR
For PCR, lungs were homogenized in Trizol and immediately stored in RNAlater (Ambion,
Austin, TX). Total RNA was prepared using a RiboPure RNA Isolation kit (Ambion).
Contaminating DNA was removed with DNA-free (Ambion). Samples were reverse-
transcribed using a RETROscript kit (Ambion). Quantitative real-time RT-PCR for
chemokines CCL2 (MCP-1), CCL7 (MCP-3), CCL12 (MCP-5), CCL11 (eotaxin-1), cytokines
IL-4, IL-12p35, IL-12p40, IFN-γ, and the housekeeping gene GAPDH was performed using
Taqman Assay kits obtained from Applied Biosystems (Foster City, CA). cDNA conversion,
amplification, and data analysis were performed as previously described (23). Data are
presented as fold-increase in specific mRNA transcripts relative to a pooled RNA sample
obtained from the lungs of five, uninfected wild type (BALB/c) mice not used elsewhere in
this study.

Histology
The trachea was cannulated with PE50 tubing (Clay-Adams, Parsippany, NJ) and inflated with
1 ml of 10% neutral buffered formalin. The fixed lung specimens were stored in 10% neutral-

Osterholzer et al. Page 5

J Immunol. Author manuscript; available in PMC 2009 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



buffered formalin until dehydrated in 70% ethanol and then paraffin embedded. Sections (5
μm) were cut, deparaffinized, stained with hematoxylin and eosin (± PAS or Masson's
trichrome where indicated), and viewed by light microscopy.

Immunohistochemistry
Lung sections were prepared and stained for immunohistochemical analysis as previously
described in detail (23). Briefly, lungs were inflated first with 1 ml air followed by 1 ml of an
80:20 mixture of RPMI (InVitrogen Life Sciences) to OCT (Tissue Tek, Sakura Finetek,
Torrance, CA). Lungs were snap frozen in liquid N2 and stored overnight at −20°C. Lung
sections (5-μm-thickness) were blocked with hamster serum, and Ags were visualized using
consecutive peroxidase (biotinylated anti-CD11c, anti-CD4, or isotype control mAb; red
reaction product) and alkaline phosphatase (biotinylated anti-MHC Class II (I-Ad), anti-
CD11b, or isotype control mAb; black reaction product) reactions. Slides were counterstained
in hematoxylin and coverslipped using aqueous mounting media (Biomeda).

Statistical analysis
All data were expressed as mean ± SEM. Continuous ratio scale data were evaluated by
unpaired Student t test (for comparison between two samples) or by ANOVA (for multiple
comparisons) with post hoc analysis by two-tailed Dunnett test, which compares treatment
groups to a specific control group (34). Statistical calculations were performed on a Dell 270
computer using GraphPad Prism version 3.00 for Windows, GraphPad Software, San Diego
California USA. Statistical difference was accepted at p<0.05.

Results
Conventional DC are reduced in the lungs of CCR2-deficient mice in response to infection
with C. neoformans

To characterize lung DC during experimental cryptococcal infection, we first devised a strategy
to purify lung DC. Using CD11c magnetic beads, we isolated DC from macrophage-depleted
lung leukocytes obtained from CCR2+/+ mice two weeks post-infection with C. neoformans.
DC were identified (Fig. 1) within a purified, ungated population as MHC Class II (I-Ad)+,
CD11c+ cells (Fig. 1B, circular gate labeled cDC) also expressing the cell surface markers
CD11b (Fig. 1C) and low amounts of F4/80 (Fig. 1D). DC displayed a lobulated nucleus with
multiple fine cytoplasmic extensions, consistent with classic DC morphology (Fig. 1E). This
phenotype is most consistent with that described for conventional DC (cDC); their
accumulation within an inflamed peripheral tissue (the lung) further suggests they represent
an inflammatory subset (35,36). Note that the term, myeloid DC (mDC), is often still used in
the literature interchangeably with cDC.

The use of CD11c magnetic beads to isolate cDC was not conducive to a thorough study of
lung DC recruitment; the procedure is labor intensive, costly, and DC are lost in the steps
designed to eliminate contaminating macrophages (i.e. the lavage or brief in vitro culture).
Therefore, using this defined phenotype (Fig. 1) for lung cDC as a reference, we next used
multi-parameter FACS to identify cDC from bulk lung leukocyte preparations derived from
individual infected CCR2+/+ mice (Fig. 2). A specific gating strategy proven to identify lung
DC accurately in allergen-exposed mice (32,33) served as the basis of our approach. Briefly,
care was taken to first exclude auto-fluorescent alveolar macrophages (which express CD11c
but not CD11b) and T or B lymphocytes (Fig. 2A) (32,33). cDC were identified within a gated
population (Fig. 2A, gate 1) as MHC Class II (I-Ad)+, CD11c+ cells (Fig. 2C, circular gate).
Four-color experiments confirmed the MHC Class II (I-Ad)+, CD11c+ population co-expressed
the cell surface marker CD11b, and low amounts of F4/80 (similar to Fig. 1C and 1D
respectively; data not shown). Others have defined lung cDC (or mDC) as non-autofluorescent
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cells which are CD11b+, CD11c+, or CD11c+, F4/80lo (23,37–41). After incorporating these
two alternative combinations into our gating strategy (Fig. 2D, E), the percentage of cDC
identified amongst lung leukocytes was similar (7–11%) to that of the MHC Class II (I-Ad)+,
CD11c+ population. Thus, cDC could accurately be identified amongst recruited lung
leukocyte populations using FACS alone.

This gating strategy was then utilized to assess the frequency and total number of cDC within
the lungs of individual CCR2+/+ or CCR2−/− mice at baseline and at multiple time points
following infection with C. neoformans (Fig. 3). Infection of CCR2+/+ mice with C.
neoformans resulted in massive leukocyte recruitment to the lungs (Fig. 3A), peaking at day
14 (1.2 ± 0.1 × 108 total leukocytes/mouse, n = 4–7 mice per strain in 2–3 separate time courses).
Total leukocyte recruitment was initially delayed in CCR2−/− mice. This finding is not
attributable to differences in fungal burden, as our previous studies demonstrated no differences
in C. neoformans numbers in the lungs of CCR2+/+ versus CCR2−/− mice until 21 days post-
infection (19). Total leukocyte numbers in CCR2−/− mice eventually surpassed those of
CCR2+/+ mice. This difference is largely attributable to a significant eosinophil influx (data
not shown) and to persistent infection in CCR2−/− mice, consistent with previous findings in
this model (19).

In the uninfected state, cDC comprised 3.1 ± 0.1% (mean ± SEM) of the total lung leukocyte
population in CCR2+/+ mice and 2.2 ± 0.1% in CCR2−/− mice (Fig. 3B representative scatter
plot D0, 3C cumulative data). Absolute numbers of cDC per lung at baseline were similar in
the two strains (CCR2+/+, 2.0 ± 0.2 × 105 total mDC/mouse vs. CCR2−/−, 2.1 ±. 0.1 × 105;
n=5–7 mice per strain in 2–3 experiments per time-point) (Fig. 3D). Post-infection, the
percentage (Fig. 3C) and absolute numbers (Fig. 3D) of lung cDC increased substantially in
CCR2+/+ mice. Numbers of cDC increased maximally (77-fold increase from uninfected mice)
by day 14 post-infection in CCR2+/+ mice (12.4 ± 1.2% of total leukocytes, 1.5 ± 0.2 × 107

cDC/mouse). By contrast, the accumulation of lung cDC in CCR2−/− mice following infection
with C. neoformans was markedly reduced relative to CCR2+/+ mice. The difference was
greatest at day 10 post-infection (Figs. 3B representative scatter plots D10; and Figs. 3C, 3D
cumulative data), representing a 96% decrease in CCR2−/− mice (1.1 ± 0.1 × 107 lung cDC/
CCR2+/+ mouse vs. 6.5 ± 0.4 × 105 lung cDC/CCR2−/− mouse). Despite greater numbers of
total lung leukocytes in CCR2−/− mice by day 21 post-infection, this disparity in cDC numbers
persisted.

cDC localized primarily to the lung interstitium of CCR2+/+ mice and were phenotypically
immature

These results indicate that CCR2 mediates the recruitment of cDC to the lung (in response to
C. neoformans infection) but do not identify the microanatomic compartment within the lung
where these cells accumulated. Therefore, we used the FACS gating strategy described above
(Fig. 2) to identify cDC within leukocytes recovered from the lung interstitium (Lung Mince)
or the alveolar space (BAL). CCR2+/+ mice and CCR2−/− mice were evaluated at day 14 post-
infection (the time of maximal DC recruitment; Fig. 3D). In CCR2+/+ mice, the percentage of
cDC (relative to other leukocytes) in the lung interstitium was significantly increased relative
to those recovered from the alveolar space (Fig. 4A) representing an 82-fold enrichment (8.2
± 3.5 × 106 cDC/Lung Mice vs 1.0 ± 0.03 × 105 cDC/BAL). In the absence of CCR2, the
frequency of cDC amongst lung leukocytes within both the lung interstitium and the alveolar
space was reduced relative to CCR2+/+ mice (Fig. 4A). Similar results were obtained using
either alternative definition of cDC (CD11c+, CD11b+; Fig. 2D or CD11c+, F4/80lo; Fig. 2E)
(data not shown). This data supports our conclusion that total lung cDC recruitment is impaired
in CCR2-deficient mice (Fig. 2C, D). The frequency (Fig. 4A) and total numbers of cDC in
the lung interstitium of CCR2−/− mice were significantly increased when compared to those
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within the alveolar space (1.3 ± 0.06 × 106 cDC/Lung Mice vs 4.3 ±0.6 × 104 cDC/BAL).
Collectively, these findings strongly suggest that the vast majority of cDC in the lungs of C.
neoformans-infected mice (of either strain) localize within the interstitium.

Results of the many studies on the maturational state of lung DC in response to allergic,
inflammatory, and infectious stimuli have varied widely, with both mature DC (42–44) and
immature DC (23,45,46) described. To assess co-stimulatory molecule expression on lung cDC
in this model system, the four-color FACS and gating strategy (described in methods and Fig.
2) was applied to these leukocyte populations obtained from both the interstitial (Lung Mince)
and alveolar compartments (BAL). We observed that cDC within both compartments (and
strains) expressed low to moderate levels of the co-stimulatory molecules CD40, CD80, and
CD86 (Fig. 4B), consistent with an immature phenotype. CD80 expression appeared slightly
increased on cDC from CCR2+/+ mice (compared with CCR2−/− mice); the significance of this
small difference is uncertain. Experiments performed on total lung leukocyte populations at
day 10 and 17 post-infection revealed a similar phenotypic profile for cDC in both strains.
Appreciable differences in MHC Class II expression (over time or between strains) were also
not observed (data not shown). Thus, cDC located within the lungs of CCR2+/+ mice and
CCR2−/− mice appeared phenotypically immature and qualitatively similar as assessed at
multiple time-points following infection with C. neoformans.

The CCR2 ligands CCL2 and CCL7, but not CCL12, were up-regulated early in response to
infection with C. neoformans

CCR2 ligands are rapidly up-regulated in response to a variety of infectious and inflammatory
stimuli in the lung (15,23,47,48), whereby they mediate the early recruitment of CCR2-bearing
cells. The ligand(s) mediating DC recruitment in this model has not been fully defined. To
assess the expression of the three known murine CCR2 ligands (CCL2 /monocyte chemotactic
protein, MCP-1; CCL7/MCP-3; and CCL12/MCP-5) real time RT-PCR was performed on
total lung mRNA obtained from CCR2+/+ and CCR2−/− mice, both at baseline and in response
to infection with C. neoformans (Fig. 5). In CCR2+/+ mice, CCL2 mRNA levels were markedly
upregulated (36-fold) by day 7 post-infection (Fig. 5A). CCL7 mRNA increased with similar
magnitude and kinetics (Fig. 5B). In contrast, lung levels of CCL12 mRNA in CCR2+/+ mice
increased only modestly (7-fold) and at a much later time point (day 28) (Fig. 5C).

In lungs of C. neoformans-infected CCR2−/− mice, mRNA levels of CCL2, CCL7, and CCL12
also significantly increased from baseline (Fig. 5A–C). These levels exceeded those of
CCR2+/+ mice at some time-points. mRNA levels of CCL11 (Eotaxin-1) peaked at day 14 post-
infection in CCR2−/− mice (Fig. 5D) accounting for the observed influx of eosinophils that
occurs at this time (19) (and data not shown). Thus, CCR2 ligands (CCL2 and CCL7) are
expressed in the lung with appropriate kinetics to mediate the CCR2-dependent DC recruitment
observed in this model. Moreover, production of these ligands does not depend on recruitment
of CCR2+ cells.

Early bronchovascular infiltrates are diminished in CCR2-deficient mice infected with C.
neoformans

We next evaluated the lungs of both strains of mice morphologically for evidence of differing
patterns of inflammation at day 10, the period of active DC recruitment in CCR2+/+ mice.
Prominent inflammatory cell infiltrates developed in CCR2+/+ mice by 10 days post-infection
in two micro-anatomic locations: 1) surrounding bronchovascular bundles, and 2) within
alveolar spaces (Fig. 6A, C, E). Bronchovascular infiltrates consisted of densely packed
mononuclear cells surrounding small arterioles and venules. Many of the cells were
lymphocytes, as evident by their compact nuclei and minimal cytoplasm. The vessels appear
thickened, and often contained flattened, adherent leukocytes, suggestive of an activated
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endothelium (Fig. 6E, high power). Less well-developed infiltrates were seen in the
submucosal regions underlying small airways. Infiltrates filling alveolar spaces consisted of
loose granulomatous inflammation containing C. neoformans, granulocytes, macrophages, and
other mononuclear cells. In contrast, bronchovascular infiltrates identified in infected
CCR2−/− mice appeared smaller and less well-developed (Fig. 6B, D, F). Infiltrates contained
fewer leukocytes; however, perivascular, extracellular matrix was more apparent (Fig. 6F, high
power). Alveolar infiltrates contained higher numbers of eosinophils as expected.

Patterns of inflammation in CCR2+/+ and CCR2−/− mice continued to diverge at a later time-
point (day 21) post-infection (Fig. 7). Bronchovascular infiltrates were diminished in
CCR2−/− mice (Fig. 7B) relative to CCR2+/+ mice (Fig. 7A), although differences between
strains were less apparent than at the earlier time-point. Trichrome staining (Fig. 7C, D)
revealed increased bronchovascular collagen deposition in CCR2−/− mice (Fig. 7D). Increased
airway mucus production, smooth muscle hypertrophy, and tissue eosinophilia was also
observed (in CCR2−/− mice, Fig. 7D, and data not shown). Collectively, these data demonstrate
prominent bronchovascular infiltrate formation in CCR2+/+ mice correlates with the known
development of T1 immunity and clearance of C. neoformans in these mice (20). In contrast,
diminished formation of bronchovascular infiltrates in CCR2-deficient mice correlates with
the characteristic morphological features of pulmonary T2 responses by three weeks post-
infection with C. neoformans.

DC localized to bronchovascular infiltrates in CCR2+/+ mice infected with C. neoformans
In contrast to the abundant literature on the micro-anatomic location of lung DC in diseases of
larger airways such as asthma (39,49), it is unknown where lung DC localize during fungal
pulmonary infections, in which inflammation is restricted to terminal bronchioles and alveolar
spaces. Our FACS analysis suggests that the majority of cDC accumulate within the interstitial
compartment of the lung in mice infected with C. neoformans (described above and Fig. 3A).
We further investigated the specific microanatomic location of lung DC in the two strains of
mice using immunohistochemistry (Fig. 8). DC were identified as cells that expressed both
MHC Class II and CD11c and displayed multiple cytoplasmic extensions. They were readily
distinguished from lung macrophages which expressed only CD11c and had distinct
morphologic features including vacuolated cytoplasm and on occasion, intracellular C.
neoformans (Fig. 8B). In CCR2+/+ mice, DC formed a near-continuous network of tightly
intertwined cells specifically surrounding bronchovascular structures (Fig. 8C, D). In contrast,
lung DC were notably reduced in CCR2−/− mice (Fig. 8E), consistent with our quantitative
analysis. Instead, larger numbers of large, vacuolated cells lacking DC morphology were seen;
these cells expressed only CD11c and are presumably macrophages (Fig. 8F).

To further confirm that bronchovascular infiltrates were enriched for cDC, the combination of
anti-CD11b and anti-CD11c antibodies were applied to lung sections from CCR2+/+ mice
infected with C. neoformans. CD11b is absent on lung macrophages (23,40,41) but is expressed
on cDC (and a broad population of other lung leukocytes including neutrophils, monocytes,
and eosinophils). Results revealed that numerous cells within bronchovascular infiltrates
expressed both markers (CD11b and CD11c) and displayed classic DC morphology thereby
confirming their cDC phenotype (Fig. 8G, H). Macrophages were readily identified as large,
vacuolated CD11c+ cells lacking expression of CD11b (data not shown but similar to the
macrophages depicted in Fig. 8B) and appeared more numerous in CCR2−/− mice (similar to
that shown in Fig. 8E, F).
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Co-localization of DC and CD4+ T within bronchovascular infiltrates is associated with
increased expression of IL-12 and IFN-γ mRNA in the lungs of CCR2+/+ mice infected with C.
neoformans

T cell polarization against fungal pathogens is completed once T cells arrive within the lung
(27,50). We hypothesize that T cell polarization requires interaction(s) with APC. We therefore
investigated whether DC specifically co-localized with CD4+ T cells. In this experiment, DC
were identified by expression of MHC Class II and characteristic morphology. T cells were
smaller, more compact, and expressed CD4. In the lungs of infected CCR2+/+ mice, we
observed DC within bronchovascular infiltrates interdigitating with numerous CD4+ T cells
(Fig. 9A). Individual DC formed contacts with multiple CD4+ lymphocytes simultaneously
(Fig. 9A-inset). Few DC/CD4+ interactions were observed in CCR2−/− mice due to both the
reduction in bronchovascular infiltrates, and the paucity of lung DC (data not shown). Thus,
the co-localization of DC and CD4+ T cells within bronchovascular infiltrates is associated
with CCR2 expression in mice infected with C. neoformans.

DC production of IL-12 is a key determinant of T1 immune responses (39,51). IL-12 and IFN-
γ are strongly associated with the development of T1 immune responses and clearance of C.
neoformans infection (10,13,22,52). In this study, we found that expression of both IL-12 (p35
subunit, Fig. 9B; p40 subunit, data not shown) and IFN-γ (Fig. 9C) was significantly increased
(relative to baseline) in CCR2+/+ mice two weeks post-infection with C. neoformans, whereas
the increase from baseline in CCR2−/− mice was less marked. In contrast, expression of IL-4
remained unchanged in CCR2+/+ mice, but increased in CCR2−/− mice at day 14 (Fig. 9C).
Collectively, these data demonstrate that DC recruitment and T cell co-localization observed
in CCR2+/+ mice correlates with IL-12 and T1 cytokine expression in response to C.
neoformans infection.

Discussion
This study defines for the first time the effect of CCR2 deficiency on the numbers, phenotype,
and micro-anatomical location of lung DC throughout an extended time course of a fungal
pulmonary infection. We report that in mice infected intratracheally with C. neoformans: (1)
large numbers of immature cDC accumulated predominantly in the lung interstitium of mice
expressing CCR2; (2) lung DC recruitment was temporally associated with the early
upregulation of two ligands for murine CCR2, CCL2 and CCL7; (3) in CCR2-expressing mice,
the formation of bronchovascular infiltrates correlated temporally and spatially with
recruitment of cDC to these structures; (4) co-localization of DC and CD4+ T cells within
bronchovascular infiltrates coincides with increased expression of the T1-associated cytokines
IL-12 and IFN-γ; and (5) bronchovascular infiltrates were markedly reduced in CCR2−/− mice,
which, as we have previously shown, develop a T2 response ineffectual for fungal clearance.
Collectively, our findings demonstrate that CCR2 mediates lung DC recruitment and the
formation of bronchovascular infiltrates, a form of lymphoneogenesis, in response to
pulmonary infection with C. neoformans. The specific identification of DC/CD4+ T cell
interactions within bronchovascular infiltrates provides additional evidence that DC are critical
determinants of T1 polarization and effective pulmonary host defense against a fungal
pathogen.

Several aspects of the experimental design are worthy of mention. First, this murine model
system has defined the importance of T1 immunity for clearance of C. neoformans (5–14), an
important opportunistic pathogen in immunocompromised hosts. This knowledge is crucial
for the development of novel therapeutics or vaccines. Second, because lack of CCR2 in the
gene-targeted mice is specific, absolute, and irreversible, the role of CCR2 can be evaluated
without concern for residual receptor function or need to block multiple CCR2 ligands
simultaneously. Third, our flow cytometric method, which carefully distinguishes DC from
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monocytes and macrophages, permits more informative assessment of the recruited
mononuclear cell population than previously achieved by visual identification alone. Fourth,
the thorough temporal and spatial analysis of recruited lung DC and chemokines enhances data
interpretation and applicability to other studies of fungal infection.

The observed striking accumulation of lung cDC, accounting for 10–12% of total recruited
leukocytes early in the infection, demonstrates the potent inflammation induced by C.
neoformans (8,15,19,53,54). An early feature of this inflammation is marked up-regulation of
CCL2 and CCL7. The kinetics of mRNA levels for these transcriptionally-regulated
chemokines, increasing immediately before the onset of DC accumulation, implicates these
CCR2 ligands as DC chemoattractants. They may also function by facilitating DC (or DC
precursor) release from the bone marrow (55,56). Reduced numbers of DC in the lungs of
infected CCR2−/− mice cannot be explained by lack of chemoattractant signals, as levels of
CCL2 and CCL7 were equivalent to wild-type mice. Nor, based on previous data, can the
disparity in DC numbers by attributed to a difference in microbial burden (19).

The early appearance of DC within bronchovascular infiltrates in CCR2+/+ mice but not in
CCR2−/− mice illustrates the critical role of chemokines, and their receptors, as mediators of
DC transit between distinct tissue compartments (23,56,57). In the absence of CCR2, DC lack
access to the bronchovascular compartment, thereby diminishing inflammatory infiltrates in
this region. Lymphatics originating in these neolymphoid organs serve as a portal of entry for
microbial antigens draining from the alveolar environment and DC egress into lung-associated
lymph nodes (58). Thus, the novel finding of diminished bronchovascular infiltrates in the
absence of CCR2 probably also account for the reduced numbers of DC arriving in the lung-
associated lymph nodes of CCR2−/− mice infected with C. neoformans (20).

By showing for the first time that T cells recruited to the lungs early in the infection encounter
a dense network of DC within bronchovascular infiltrates, this study enhances understanding
of CCR2-dependent differences in T cell polarization and clearance of fungal infection. T cell
priming to fungal pathogens such as C. neoformans and A. fumigatus is initiated in regional
lymph nodes, but polarization is not completed until T cells arrive within the lung (27,50).
Although T cell priming in the node is undoubtedly mediated by DC, the mechanism(s)
responsible for T cell polarization within the lung have remained poorly understood.
Bronchovascular bundles are important sites of cellular recruitment from blood to lung via
high endothelial venules (59). Lung DC residing in this region are thereby poised to provide
“up to the minute” information regarding the etiology and intensity of the infection to Ag-
specific T cells upon their arrival in the lung. The temporal-spatial interactions we show here
correlate directly with the kinetics with which T cell polarization develops in these models
(19,20,27,50). These interactions in the lungs of CCR2-expressing mice may insure that
recruited CD4+ T cells are exposed to highly focused concentrations of IL-12, an essential
determinant of T1 polarization against many microbial pathogens, including C. neoformans
(9,10,22). In addition, DC interactions with C. neoformans-containing macrophages might
facilitate DC cross-priming of CD8+ T cells, which play an important role in defense against
fungal infections (60,61).

Diminished lung DC recruitment in the absence of CCR2 suggests that subsequent DC-T cell
interactions within bronchovascular infiltrates are reduced. This finding represents a potential
common mechanistic link between our studies and other investigations previously
demonstrating impaired T1 immune responses and/or microbial clearance in CCR2-deficient
mice (19,62–65). However, our results contrast with a recent report by Winters et al.,
investigating the effect of lung DC numbers on microbial clearance (40). Although that study
defined cDC in much the same way as we did, subcutaneous injections of FMS-like tyrosine
kinase 3 (Flt-3) ligand increased total numbers of lung DC prior to infection with Steptococcus
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pneumoniae but did not enhance microbial clearance. We believe this disparity can be
accounted by at least two features which differ in our respective studies. First, C.
neoformans is a eukaryotic and predominantly intracellular fungal pathogen that differs
significantly from the prokaryotic bacteria used in this study. Clearance of C. neoformans is
highly dependent upon the successful initiation of a T1 adaptive immune response (occurring
over weeks) whereas elimination of bacterial pathogens (in non-immune animals) relies
primarily upon innate immunity (occurring over days). Secondly, these authors enhanced lung
DC numbers prior to the onset of infection. This approach, although interesting, differs
significantly from our approach in which lung DC numbers are equivalent between CCR2+/+

and CCR2−/− mice prior to infection.

Our analysis of lung DC co-stimulatory molecule expression raises three interesting points.
First, the absence of significant in-situ DC maturation in either strain of mice may seem
surprising. Bone-marrow derived DC from both CCR2+/+ and CCR2−/− mice will mature in
response to LPS (data not shown). However, we have previously shown weak co-stimulatory
molecule expression on bone-marrow derived DC pulsed with mannoproteins derived from C.
neoformans (14). This result suggests that cryptococcal products may interfere with DC
maturation. Second, the data imply that the differential T cell polarization observed in this
model does not result from substantial differences in the expression of CD40, CD80, or CD86
by lung DC in either the lung interstitium or alveolar space, as their pattern of expression was
similar in CCR2+/+ and CCR2−/− mice. It remains possible that differential expression of other
co-stimulatory molecules (ICOSL, OX40L) or Notch ligands (Delta, Jagged) by DC might also
influence T cell polarization in this model system. Third, the finding that DC in CCR2+/+ mice
expressed low levels of CD40, CD80, and CD86 indicates that effective T1 pulmonary immune
responses can develop without high expression in the lungs of traditional co-stimulatory
molecules. The current findings are not simply the result of the primary nature of this response,
as we found a similar lung DC phenotype during the secondary response to a non-infectious
particulate antigen (23). Because Ag-sensitized T cells require less co-stimulation for
activation than do naïve T cells (66), low expression of these co-stimulatory molecules by lung
DC might ensure that only Ag-sensitized T cells arriving from the node {or a memory
population (67)} will be activated. Theoretically, diminished co-stimulatory molecule
expression by lung DC might protect against deleterious non-specific inflammation within the
pulmonary parenchyma in an effort to preserve gas exchange. We believe this model is ideally
suited for further studies investigating the role of lung DC co-stimulatory expression on T cell
responses directed against a fungal pathogen.

In summary, large numbers of immature cDC accumulate in the lung interstitium following
infection with C. neoformans. DC recruitment is CCR2-dependent, and temporally related to
the expression of the CCR2 ligands CCL2 and CCL7. CCR2 expression was required for the
formation of prominent bronchovascular infiltrates containing DC and CD4+ lymphocytes and
the production of T1-promoting cytokines. These novel findings shed significant insight into
T cell polarization in response to this clinically significant fungal pathogen. Further definition
of the temporal and spatial relationships between DC and T cells within the lung is needed to
advance understanding of host defense and aberrant immune responses within the lung.
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The abbreviations used are
DC, dendritic cells
cDC, conventional dendritic cells
mDC, myeloid dendritic cells
CCR, chemokine receptor
CCL, chemokine ligand
CCR2−/−, chemokine receptor 2 gene knockout
i.t., intratracheal
HEV, high endothelial venule
IL, interleukin
IFN, interferon
Ag, antigen
FACS, flow cytometric analysis
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Figure 1.
DC isolation identifies the presence of cDC within the lungs of mice infected with C.
neoformans. Lungs from CCR2+/+ mice (14 days post-infection) were lavaged (to remove
alveolar macrophages) and enzymatically digested. The resultant single cell suspension of
mononuclear cells was cultured (1 hr) on tissue culture plates to further deplete macrophages
(by adherence). The non-adherent cells were incubated with CD11c-coated magnetic beads to
isolate CD11c positive cells. This population (A–E) was stained with mAbs to either isotype
controls (A) or (B) MHC Class II (I-Ad, FITC) and CD11c (allophycocyanin) (representative
scatter plots without prior gating). cDC (circular gate labeled cDC) were identified as MHC
Class II (I-Ad)+ and CD11c+cells which expressed (C) CD11b and (D) low amounts of F4/80
(representative histograms, open histograms represents Ab specific staining, shaded
histograms represents isotype control.). (E) Hematoxylin-eosin staining of these cells confirms
a DC morphology with a lobulated nucleus and multiple, fine, cytoplasmic extensions.
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Figure 2.
A flow cytometric analysis strategy identifies cDC amongst total lung leukocytes in the lungs
of mice infected with C. neoformans. (A–E) A strategy was devised to identify cDC from bulk
mononuclear cell populations obtained from CCR2+/+ mice infected with C. neoformans.
Lungs were removed (without lavage) 14 days post-infection and a single cell suspension of
all mononuclear cells from enzyme-digested lung mince was obtained. All cells were stained
with mAbs to CD3 and CD19 (PerCpCy5.5) to generate an initial plot of FL-3 vs. FSC (A)
which identified three cell populations: Lymphocytes (L), small cells which stained for either
CD3 or CD19 (PerCpCy5.5); Macrophages (M), large auto-fluorescent cells; and mononuclear
cells within Gate 1 (which contained a variety of cell types including cDC). Cells within Gate
1 (B–E) were assessed with the following Ab combinations: (B) isotype controls, (C) MHC
Class II (I-Ad, FITC) and CD11c (allophycocyanin); (D) CD11b (PE) and CD11c
(allophycocyanin), or (E) F4/80 (PE) and CD11c (allophycocyanin). cDC were identified (C–
E) as CD11c+ cells co-expressing MHC Class II (I-Ad), CD11b, and low amounts of F4/80
(representative scatter plots, circular gates labeled cDC).
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Figure 3.
Kinetics of total lung cDC accumulation in CCR2+/+ and CCR2−/− mice following infection
with C. neoformans. CCR2+/+ and CCR2−/− mice were infected with C. neoformans; total lung
digests (without BAL) were performed on mice at days 0 (uninfected) and 3, 7, 10, 14, 21, and
28 post-infection. (A) Kinetics of total lung leukocyte (CD45+) accumulation. (B) cDC
(elliptical gates) were identified using the gating strategy outlined in the Methods section and
in the legend to Figure 2. Representative scatter plots (x-axis, I-Ad; y-axis CD11c) of cDC in
the lungs of either CCR2+/+ mice (left panels) or CCR2−/− mice (right panels) at day 0 (D0;
top panels) or 10 (D10; bottom panels) post-IT infection with C. neoformans. (C) Frequency
of lung cDC (% of CD45+ cells) throughout the observed time course. (D) Numbers of total
lung cDC (Total leukocytes × frequency of cDC) throughout the observed time course.
CCR2+/+, black line or bar; CCR2−/− mice, dashed gray line or bar. Data represents a mean ±
SEM of 4–7 mice assayed individually per time-point in 2–3 experiments; * p<0.05 ANOVA
with Dunnet's post-hoc analysis vs. Day 0 (uninfected) of mice of the same CCR2 expression
profile, ‡p<0.05 by unpaired student t-test when values from CCR2+/+ mice or CCR2−/− mice
were compared against each other at the designated time point.
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Figure 4.
Comparison of cDC percentage and phenotype amongst cells isolated from the lung interstitial
and alveolar compartments. CCR2+/+ and CCR2−/− mice were infected with C. neoformans.
At day 14 post-infection single cell populations were obtained from two sources: lung mince
(enzyme digested lung post-lavage) or bronchoalveolar lavage (BAL). cDC were identified as
MHC Class II (I-Ad)+/CD11c+ cells using the gating strategy outlined in Methods (and per
Figure 2). (A) Frequency of lung cDC (% of CD45+ cells) in lung mince and BAL
(CCR2+/+, black bar; CCR2−/− mice, gray bar). Data represents a mean ± SEM of 5 mice
assayed individually per time-point; p values indicate unpaired student t-test between
comparative groups. (B) Representative scatter plots (I-Ad vs CD11c) and histograms (cDC,
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circular gates) depict staining for the indicated receptors within representative cDC populations
identified from lung mince (top panels) and BAL (bottom panels). Open histograms represent
specific staining; solid shading show isotype-control staining. Note that the paucity of cDC
recovered from the BAL of CCR2−/− mice (bottom-most panels) made analysis of co-
stimulatory molecule expression difficult.
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Figure 5.
CCR2 ligands are upregulated in the lung in response to pulmonary infection with C.
neoformans. RNA was prepared from lung homogenates obtained from CCR2+/+ mice and
CCR2−/− mice at baseline and at days 7, 14, 21, and 28 post-IT infection with C.
neoformans. A separate RNA preparation from lung homogenates of uninfected CCR2+/+ mice
(n=5) was used as a reference standard. RT-PCR was performed to evaluate the expression of
the three known murine ligands for CCR2 (A–C): (A) CCL2 (MCP-1), (B) CCL 5 (MCP-3),
(C) CCL12 (MCP-5) and (D) CCL11 (eotaxin-1). CCR2+/+, black bar; CCR2−/− mice, gray
bar. Note difference in scales between individual panels. Data represent a mean ± SEM of 4–
5 mice assayed individually per time-point in 2 experiments; * p<0.05 ANOVA with Dunnet's
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post-hoc analysis vs. Day 0 (uninfected) of mice of the CCR2 expression profile, ‡p<0.05 by
unpaired student t-test when values from CCR2+/+ mice or CCR2−/− mice were compared at
the designated time point.
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Figure 6.
Early bronchovascular infiltrates are diminished in CCR2−/− mice infected with C.
neoformans. CCR2+/+ (A, C, E) and CCR2−/− (B, D, F) mice were inoculated IT with C.
neoformans and lungs were harvested at day 10 post-infection. Samples were processed for
histological evaluation using H & E stain as described in Methods. (A, B) Photomicrographs
(×100 magnification) depicting two spatially distinct regions of lung inflammation:
bronchovascular infiltrates (BVI) and alveolar infiltrates (AI). Note the BVI adjacent to the
airway (AW). BVI are more prominent in CCR2+/+ mice (A) whereas they appear less
developed in CCR2−/− mice (B) despite the presence of substantial inflammation. At higher
power, (C, D ×200) and (E, F ×400), note that BVI in CCR2+/+ mice (C, E) contain
predominantly mononuclear cells and lymphocytes that tightly pack regions surrounding small
blood vessels. In contrast, BVI in CCR2−/− mice (D, F) appear reduced both in cell number
and density, whereas extracellular matrix in the perivascular space is increased. Individual C.
neoformans and infected macrophages (arrow) are identified confirming the presence of
infection in these regions.
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Figure 7.
Increased bronchovascular collagen deposition is evident during later stages of C.
neoformans infection in CCR2−/− mice. CCR2+/+ (A, C) and CCR2−/− (B, D) mice were
inoculated IT with C. neoformans and lungs were harvested at day 21 post-infection. Samples
were processed for histological evaluation as described in Methods. (A), Photomicrographs (H
& E staining, ×400 magnification) in CCR2+/+ (A) and CCR2−/− (B) mice depict a persistent
reduction in bronchovascular infiltrates (BVI) adjacent to airways (AW) in CCR2−/− mice.
Trichrome staining in CCR2+/+ (C) and CCR2−/− (D) mice (×400) reveals increased
bronchovascular fibrosis (blue) in CCR2−/− mice. Note that airway mucus production (B,
arrows) and smooth muscle (D, block arrowheads) are more apparent in CCR2−/− mice.
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Figure 8.
Conventional DC form cellular networks within early bronchovascular infiltrates in the lungs
of CCR2+/+ mice infected with C. neoformans. CCR2+/+ (A–D, G, H) and CCR2−/− (E, F)
mice were inoculated IT with C. neoformans and lungs were harvested at day 10 post-infection.
Samples were snap-frozen and later stained with either isotype contols (A), anti-CD11c (red
peroxidase reaction product) and anti-MHC Class II (I-Ad; black alkaline phosphatase reaction
product) (B–F), or anti-CD11c (red) and anti-CD11b (black) (G–H). (A) isotype control
staining (×100 magnification). (B) Dendritic cell (DC) expressing both MHC Class II and
CD11c (note reddish-gray color), and displaying branching cytoplasmic extensions is
identified adjacent to a visible C. neoformans (CN) (×1000). Also depicted is a CD11c-
expressing macrophage (M) (note strong red staining and vacuolated appearance) which has
ingested a C. neoformans. (C) Photomicrograph (×200) taken from a CCR2+/+ mouse
demonstrating a scaffold-like network of DC within a bronchovascular infiltrate (BVI) adjacent
an airway (AW). (D) Higher power (×400) image further identifying DC (block arrowheads).
(E) Photomicrograph (×200) from a CCR2−/− mouse confirms the paucity of DC and
demonstrates that the majority of CD11c positive (red) cells within these infiltrates are
macrophages (arrows). (F) Higher power (×400) image confirms macrophage morphology of
these CD11c positive cells (arrows), many of which have ingested C. neoformans. (G)
Photomicrograph (×200) from a CCR2+/+ mouse co-stained with CD11c (red) and CD11b
(black) depicting a dense bronchovascular infiltrate. (H) Higher power (×400) image reveals
that numerous cells with branching cytoplasmic extensions express both CD11c and CD11b
(arrows, note reddish-gray color) confirming their cDC phenotype.
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Figure 9.
Co-localization of DC and CD4+ lymphocytes within bronchovascular infiltrates coincides
with increased mRNA expression of IL-12 and IFN-γ in CCR2+/+ mice. (A) CCR2+/+ mice
were inoculated IT with C. neoformans and lungs removed at day 10 post-infection. Samples
were snap-frozen and later stained for anti-MHC Class II (I-Ad; black alkaline phosphatase
reaction) to identify DC with characteristic morphology and anti-CD4 (red peroxidase reaction)
to identify CD4+ lymphocytes. Photomicrograph (×200 magnification) depicting a
bronchovascular infiltrate adjacent to an airway (AW). Note the extensive co-localization of
DC with CD4+ lymphocytes. At higher magnification (see inset, ×1000), individual DC are
identified interacting with multiple CD4+ lymphocytes. (B–D) RNA was prepared from lung
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homogenates obtained from CCR2+/+ mice and CCR2−/− mice at baseline and day 14 post-IT
infection with C. neoformans. A separate RNA preparation from uninfected CCR2+/+ mice
(n=5) was used as a reference standard. RT-PCR was performed to evaluate the expression of
(B) IL-12p35, (C) IFN-γ and (D) IL-4. CCR2+/+mice, black bar; CCR2−/− mice, gray bar. Data
represents a mean ± SEM of 5 mice assayed individually per time-point in 2 experiments; *
p<0.05 by unpaired student t-test vs. Day 0 (uninfected) mice of the same CCR2 expression
profile, ‡p<0.05 by unpaired student t-test when values from CCR2+/+ mice vs. CCR2−/− mice
were compared at the designated time point.
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