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Clearance of pulmonary infection with the fungal
pathogen Cryptococcus neoformans is associated with
the accumulation and activation of lung macrophages.
However, the phenotype of these macrophages and the
mechanisms contributing to their accumulation are not
well-defined. In this study, we used an established mu-
rine model of cryptococcal lung infection and flow cy-
tometric analysis to identify alveolar macrophages
(AMs) and the recently described exudate macrophages
(ExMs). Exudate macrophages are distinguished from
AMs by their strong expression of CD11b and major
histocompatibility complex class I and modest expres-
sion of costimulatory molecules. Exudate macrophages
substantially outnumber AMs during the effector phase
of the immune response; and accumulation of ExMs,
but not AMs, was chemokine receptor 2 (CCR2) depen-
dent and attributable to the recruitment and subsequent
differentiation of Ly-6C™#" monocytes originating from
the bone marrow and possibly the spleen. Peak ExM
accumulation in wild-type (CCR2*/*) mice coincided
with maximal lung expression of mRNA for inducible
nitric oxide synthase and correlated with the known
onset of cryptococcal clearance in this strain of mice.
Exudate macrophages purified from infected lungs dis-
played a classically activated effector phenotype char-
acterized by cryptococcal-enhanced production of in-
ducible nitric oxide synthase and tumor necrosis
factor «. Cryptococcal killing by bone marrow—de-
rived ExMs was CCR2 independent and superior to
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that of AMs. We conclude that clearance of cryptococ-
cal lung infection requires the CCR2-mediated mas-
sive accumulation of fungicidal ExMs derived from
circulating Ly-6C™#" monocytes. (4m J Patbol 2011,
178:198-211; DOI: 10.1016/j.ajpath.2010.11.006)

Cryptococcus neoformans, an encapsulated yeast ac-
quired by the respiratory tract, causes pneumonia and
disseminated infection in patients with either compro-
mised’~3 or intact*~® immune systems. Failure of antifun-
gal therapy occurs,” and novel immunotherapeutics or
vaccines are needed. Murine models of cryptococcal
lung infection have elucidated numerous host defense
mechanisms contributing to the clearance of the organ-
ism.®° Clearance requires the development of an adap-
tive immune response characterized by interferon (IFN) y
production,®~'” which activates lung macrophages and
enhances their antifungal effector functions, including
production of inducible nitric oxide synthase (iNOS) and
tumor necrosis factor (TNF) a.'6724

The origin and phenotype of this effector macrophage
population have not been well characterized. Resident
alveolar macrophages (AMs), the dominant macrophage
population in the unperturbed murine lung, ingest cryp-
tococci but kill inefficiently.2! The intracellular sequestra-
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tion of viable cryptococci within AMs contributes to prop-
agation of infection during the pre-effector phase of the
host response [approximately 0-14 days post-infection
(dpi)].?>2° Yet, AMs also protect against deleterious and
ineffective inflammation before the onset of adaptive im-
munity.®° Previous studies®'*2 identified macrophage ac-
cumulation in the lungs of cryptococcal-infected mice dur-
ing the effector phase (approximately 14-28 dpi) of the host
response. Impaired cryptococcal clearance in chemokine
receptor 2 (CCR2)-deficient mice correlates strongly with
diminished pulmonary macrophage accumulation. How-
ever, these observations were made by visual identification
of macrophages by light microscopy, which neither distin-
guishes resident from nonresident cells nor provides further
insight into the phenotype or function of this critical cell
population.

Flow cytometric analysis was recently used to identify
exudate macrophages (ExMs) as a nonresident macro-
phage population accumulating in the lungs of mice with
bacterial or viral pneumonia.®32¢ Expression of CD11b,
along with varying reports of increased major histocom-
patibility complex (MHC) class Il and costimulatory mol-
ecules, distinguishes ExMs from AMs.®3 Exudate macro-
phages express iINOS indicative of effector function.®
Whether ExMs are present in mice with cryptococcal lung
infection is unknown.

In this study, we investigated the role of macrophages
in host defense against cryptococcal lung infection using
BALB/c mice that clear the infection beginning 14 dpi in
this established model system 23237 We used six- to
eight-parameter flow cytometric analysis to assess the
relative prevalence and phenotype of AMs and ExMs
during the pre-effector and effector phases of the host
response to infection and determined whether AMs or
ExMs proliferate in the lungs of infected mice. We then
performed a comparative analysis using gene-targeted
mice deficient in CCR2 (CCR2~/~ mice; BALB/c genetic
background) to determine whether accumulation of ExMs
requires the recruitment and differentiation of blood
monocytes. Finally, we specifically evaluated AM and
ExM effector functions. Our results show that pulmonary
clearance of a eukaryotic fungal pathogen requires the
CCR2-mediated massive accumulation of fungicidal
ExMs derived from Ly-6C™9" monocytes.

Materials and Methods
Mice

Specific pathogen-free, inbred, female, wild-type BALB/c
mice (designated CCR2*/* in experiments involving direct
comparison with CCR2~/~ mice), purchased from Charles
River Laboratory Inc, Wilmington, MA, were used, except as
specified. The CCR2™/~ mice [C57BL/6 X J129 (C57/
J129)] back crossed eight times onto a BALB/c back-
ground were provided by W. Kuziel, Molecular Genetics
and Microbiology, University of Texas, Austin,3® and were
bred on site. Mice were housed in the Animal Care Facility
at the Ann Arbor Veterans Affairs Health System and were
cared for using a protocol approved by the local Depart-
ment of Veterans Affairs Institutional Animal Care and Use
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Committee. Mice were aged 8 to 12 weeks at infection, and
there were no age-related differences in the responses of
these mice to C. neoformans infection.

Cryptococcus neoformans

Cryptococcus neoformans strain 52D was obtained from
the American Type Culture Collection (24067; Manassas,
VA); this strain displayed smooth colony morphological
features when grown on Sabouraud dextrose agar before
inoculation and on recovery from infected mice. For in-
fection, yeast were grown to a stationary phase (for
48-72 hours) at 37°C in Sabouraud dextrose broth (1%
neopeptone and 2% dextrose; DIFCO, Detroit, Ml) on a
shaker. Cultured C. neoformans was then washed in non-
pyrogenic saline, counted using Trypan blue on a hemo-
cytometer, and diluted to 3.3 X 10° cryptococci/ml in
sterile nonpyrogenic saline.

Surgical i.t. Inoculation

Mice were anesthetized by i.p. injection of ketamine (100
mg/kg; Fort Dodge Laboratories, Fort Dodge, |A) and
xylazine (6.8 mg/kg; Lloyd Laboratories, Shenandoah, 1A)
and restrained on a surgical board. A small incision was
made through the skin over the trachea, and the under-
lying tissue was separated. A 30-gauge needle was at-
tached to a 1-ml tuberculin syringe filled with diluted C.
neoformans culture. The needle was inserted into the tra-
chea, and a 30-uL inoculum [10* colony-forming units
(CFUs)] was dispensed into the lungs. The needle was
removed, and the skin was closed with cyanoacrylate ad-
hesive. The mice recovered with minimal visible trauma.

Monoclonal Antibodlies

The following monoclonal antibodies (mAbs) were pur-
chased from BiolLegend, San Diego, CA: N418 (anti—
murine CD11c, hamster 1gG1), 2.4G2 (“Fc block”) (anti—
murine CD16/CD32, rat 1gG2b), 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-A% mouse IgG2b), 145-
2C11 (anti-murine CD3e, hamster IgG1, k), 6D5 (anti—
murine CD19, rat IgG2a), M3/38 (anti-murine Mac-2, rat
IgG2a), M3/84 [anti-murine CD107b (Mac-3), rat IgG1],
and BM8 (anti-murine F4/80, rat IgG2a). The following
mAbs were purchased from BD Biosciences PharMin-
gen, San Diego: AL-21 (anti-murine Ly-6C, rat IgM),
M1/70 (anti-murine CD11b, rat IgG2b), 3/23 (anti-murine
CDA40, rat IgG2a), and clone 6 (anti-murine INOS/NOS).
The following mAbs were purchased from Cedarlane Lab-
oratories, Burlington, NC: 2F8 (anti-murine CD204, rat
IgG2b) and NLDC-145 (anti-murine CD205, rat IgG2a). The
mAbs were primarily conjugated with fluorescein isothio-
cyanate, phosphatidylethanolamine, peridinin chlorophyll
protein - Cyanine 5.5, allophycocyanin, allophycocyanin-
cyanine 7, or Pacific blue. Isotype-matched irrelevant con-
trol mAbs (BioLegend) were tested simultaneously in all
experiments.
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Ab Staining and Flow Cytometric Analysis

Staining, including blockade of Fc receptors, and anal-
ysis by flow cytometry were performed as previously
described.®%4° Data were collected on a flow cytometer
(BD LSR II) using computer software (FACSDiva; both from
Becton Dickinson Immunocytometry Systems, Mountain
View, CA) and analyzed using additional software (FlowJo;
Tree Star Inc, San Carlos, CA). Numerous cells (10,000—
100,000) were analyzed per sample. In selected experi-
ments, fluorescence-activated cell sorting of specific lung
macrophage populations was performed using a flow cy-
tometer (BD ARIA) and software (FACSDiva).

Specific gating strategies identifying macrophage and
monocyte subsets are described in detail in the Results sec-
tion. To maintain complete consistency, cytometer parameters
and gate position were held constant during analysis of all
samples. Total numbers of each cell population within each
tissue were calculated by multiplying the frequency of the
population by the total number of leukocytes (the percentage
of CD45™ cells multiplied by the original hemocytometer count
of total cells) identified within that sample.

Tissue Collection

Lungs were perfused via the right heart using PBS contain-
ing 0.5 mmol/L EDTA until pulmonary vessels were grossly
clear. Lungs were then excised, minced, and enzymatically
digested to obtain a single-cell suspension of lung leuko-
cytes.*! The peripheral blood mononuclear cells were iso-
lated from peripheral blood obtained from the retro-orbital
vein of deeply anesthetized mice and processed as previ-
ously described.*? Spleens were excised and leukocytes
were dispersed by mincing and mechanical disruption.
Bone marrow was harvested by removing the ends from
both femurs with a number 10 blade scalpel (after removal
of skin and muscle) and flushing the marrow with 2 ml of
PBS, using a 3-ml syringe and a 25'%2-gauge needle, into a
sterile 100 X 15-mm dish; leukocytes were dispersed fur-
ther by mechanical disruption. After erythrocyte lysis, cells
were washed, filtered over 70-um mesh, and resuspended
in complete medium. Total numbers of viable lung, periph-
eral blood, spleen, and bone marrow leukocytes were as-
sessed in the presence of Trypan blue using a hemocytom-
eter. All cell preparations were washed twice in PBS before
use for antibody staining.

Evaluation of Macrophage Proliferation in Vivo

A flow cytometry assay kit (Click-iT EAU Pacific Blue;
catalogue number A10034) was purchased from Invitro-
gen, Carlsbad, CA, for the labeling and detection of DNA
synthesis. This labeling strategy uses the incorporation of
the thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU),
followed by chemical coupling of the analogue with an
azide-conjugated flurophore for detection. Mice were in-
jected i.p. with either 100 ng of EAU in PBS or PBS alone
(negative control) at 10 dpi, the time of maximal ExM
accumulation in the lung. After 2 hours, mice were sac-
rificed and bone marrow cells (as positive control) and
specific lung leukocyte populations identified by flow cy-

tometric analysis were evaluated for EAU uptake follow-
ing manufacturer's protocols and as previously de-
scribed.*® ¢ Gates depicting positive uptake were set
based on the staining characteristics of control leuko-
cytes obtained from infected mice not receiving EdU.
The assay was further validated by measuring EdU incor-
poration in polymorphonuclear neutrophils (defined as
SSCmederate-high |y gCmederate GNH{1p*+), which prolifer-
ate in bone marrow but not on arrival in the lung.*”

In Vitro Culture of Ly-6C™"" Monocytes

Purified Ly-6C"9" myeloid cells, obtained from the bone
marrow of uninfected CCR2*/* mice, as previously de-
scribed,*® were cultured and differentiated at 3 X 10°
cells/ml in the presence of 20-ng/ml Granulocyte Macro-
phage - Colony Stimulating Factor (GM-CSF) (Pepro-
Tech, Rocky Hill, NJ) in complete medium (previously
defined). After 7 days, the resultant nonadherent cell
populations were discarded and the remaining adherent
cells were removed by cell scraping after incubation on
ice for 20 minutes in PBS containing 1 mmol/L EDTA.
Adherent cells were compared with freshly isolated cells
[designated day 0 (DO)] using flow cytometry for the
expression of Ly-6C, CD11c, and CD11b.

In additional experiments, adherent CD11c* CD11b™
cells were assessed for the expression of macrophage-
associated markers (F4/80, Mac-2, Mac-3, and CD204)
and costimulatory molecules (CD80 and CD86). These
CD11c* CD11b™ cells were resultant from culture of
Ly-6C"9" bone marrow-derived myeloid cells in com-
plete medium under either of two conditions: i) GM-CSF
alone for 7 days or ii) GM-CSF for 7 days plus heat-killed
C. neoformans strain 602 at a 1:2 ratio of cells/heat-killed
C. neoformans strain 602 on day 6 of culture. Adherent
cells from all cultures were removed for analysis on day 7.

In Vitro Macrophage Stimulation and Nitrite
Production Assay

AMs and ExMs isolated from cryptococcal-infected BALB/c
mice (at 14 dpi) by cell sorting were cultured in 96-well
plates (1 X 10° macrophages/200 uL complete medium)
either alone or in the presence of heat-killed C. neoformans
strain 602 (at a 1:3 ratio of macrophages/Cryptococcus).
Supernatants were removed after 24 hours of culture.
Thereafter, 100-uL Griess reagent (0.1% napthylethyl-
enediamine in water and 1% sulfanilamide in 5% orthophos-
phoric acid; Sigma, Aldrich, St. Louis, MO) was added to
100-uL experimental supernatants or 100-pL sodium nitrite
standard (0-100 umol/L).*® The mixture was incubated at
room temperature for 10 minutes, and the absorbance was
measured at 550 nm. Nitrite concentrations of experimental
samples were determined by reference to a standard curve
constructed in parallel.

TNF-a Production

Culture supernatants derived from AM and ExM cultures (pre-
viously described) were assayed for TNF-a production by



sandwich enzyme-linked immunosorbent assay (R&D Sys-
tems, Minneapolis, MN) using the manufacturer’s instructions.

RT-PCR

Total lung or macrophage-specific RNA was prepared us-
ing a kit (RNeasy Plus Mini Kit; Qiagen, Valencia, CA), and
cDNA was synthesized using (SuperScriptlll; Invitrogen),
according to the manufacturer’s instructions. Cytokine
mRNA was quantified with SYBR Green—based detection
using a system (MX 3000P; Stratagene, La Jolla, CA), ac-
cording to the manufacturer’'s protocols. Forty cycles of
PCR (94°C for 15 seconds, followed by 60°C for 30 seconds
and 72°C for 30 seconds) were performed on a cDNA
template. The mRNA levels were either i) expressed as a
ratio of their relative abundance to B-actin or ii) normalized
to glyceraldehyde-3-phosphate dehydrogenase and ex-
pressed as fold induction compared with uninfected mouse
expression level assigned as 1. The following murine oligo-
nucleotide primers were used for RT-PCR analysis: Arg-1
sense, 5-CAGAAGAATGGAAGAGTCAG-3'; Arg-1 anti-
sense, 5'-CAGATATGCAGGGAGTCACC-3’; inducible NO
synthase (iINOS) sense, 5'-TTTGCTTCCATGCTAATGCGA-
AAG-3'; INOS antisense, 5'-GCTCTGTTGAGGTCTAAAGG-
CTCCG-3'; YM2 sense, 5'-CAGAACCGTCAGACATTCATTA-
3'; YM2 antisense; 5'-ATGGTCCTTCCAGTAGGTAATA-3';
FIZZ1 sense, 5'-GGTCCCAGTGCATATGGATGAGAC-
CATAGA-3'; FIZZ1 antisense, 5'-CACCTCTTCACTCGA-
GGGACAGTTGGCAGC-3'; glyceraldehyde-3-phosphate de-
hydrogenase sense, 5'-TATGTCGTGGAGTCTACTG-3';
glyceraldehyde-3-phosphate dehydrogenase antisense,
5’-GAGTTGTCATATTTCTCGT-3’; TNF-a sense, 5'-
CCTGTAGCCCACGTCGTAGC-3’; TNF-a antisense, 5'-
AGCAATGACTCCAAAGTAGACC-3’; B-actin sense, 5'-
TGGAATCCTGTGGCATCC-ATGAAAC-3'; and B-actin
antisense, 5'-TAAAACGCAGCTCAGTAACAGTCCG-3'.

Quantification of Intracellular C. neoformans
from Sorted Macrophage Populations

AMs and ExMs isolated from cryptococcal-infected
BALB/c mice (at 14 dpi) by fluorescence-activated cell
sorting were adjusted to 10° cells/well and lysed with
0.1% Triton X-100 to release viable cryptococci phago-
cytosed by macrophages in vivo. Prior experiments dem-
onstrate that 0.1% Triton does not affect cryptococcal
growth.*® Cultures were then maintained for 24 hours,
when fungal growth was assessed by CFU assay to de-
termine the average number of cryptococci per macro-
phage at macrophage isolation from the lung.

C. neoformans Killing Assay

CD11c* CD11b* ExMs derived from Ly-6C* bone marrow
monocytes were generated as previously described from
naive CCR2™* mice or CCR2™/~ mice under one of two
conditions: i) GM-CSF alone for 7 days or ii) GM-CSF for 7
days plus IFN-y (20 ng/ml) and TNF-a (20 ng/ml) on day 6.
At day 7, the adherent population of ExMs was removed,
and the fungicidal activity of these cells was assessed by
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CFU assay after 24-hour culture at a 100:1 effector to target
ratio with live C. neoformans strain 52D. The fungicidal ac-
tivity of these ExMs was compared with that of fresh AMs
obtained by bronchoalveolar lavage from the lungs of naive
wild-type (CCR2™/*) mice. The AMs were tested after 24-
hour culture in complete medium alone or medium contain-
ing IFN-y (20 ng/ml) and TNF-a (20 ng/ml).

Statistical Analysis

All data were expressed as mean = SEM. Continuous
ratio scale data were evaluated by unpaired Student’s
t-test (for comparison between two samples) or by anal-
ysis of variance (for multiple comparisons) with post hoc
analysis by two-tailed Dunnett’s test, which compares
treatment groups with a specific control group.®° Statis-
tical calculations were performed on a computer (Dell
270) using software (GraphPad Prism version 3.00 for
Windows; GraphPad Software, San Diego). Statistical dif-
ference was accepted at P < 0.05.

Results

CD11c* CD11b™ Autofluorescent ExMs Are the
Most Prevalent Lung Macrophage Population in
Mice that Clear Cryptococcal Lung Infection

We first used antibody staining and multiparameter flow
cytometric analysis (please see the Materials and Methods,
section Ab Staining and Flow Cytometric Analysis) to identify
specific macrophage populations in the lungs of cryptococ-
cal-infected wild-type (BALB/c) mice that clear cryptococ-
cal lung infection. Initial gates eliminated debiris, red cells,
and cell clusters and selected for CD45™ leukocytes. T
cells, B cells, and eosinophils were excluded*'®" (data not
shown). Next, we set consecutive gates which identified
CD11c™ cells (Figure 1A, left dot plot) and distinguished
autofluorescent (AF™) macrophages from non-AF (AF~)
dendritic cells (DCs) (Figure 1A, middle dot plot), as previ-
ously described. 55153 | ast, we used relative expres-
sion of CD11b to distinguish CD11b-negative AMs
(CD11c™ AF* CD11b™)*25455 and CD11b-positive ExMs
(CD11c™ AF* CD11b™)®335 (Figure 1A, right dot plot;
gates labeled AM and ExM). Proper gate placement for
AF and expression of CD11c and CD11b were deter-
mined using AMs obtained from bronchoalveolar la-
vage fluid of uninfected mice (which consists of >90%
CD11c* AF" CD11b~ AMs; data not shown). AMs
were prevalent in uninfected mice (Figure 1A, right dot
plot). In contrast, ExMs appeared enriched in the lungs
of mice at 14 dpi (Figure 1B, right dot plot).

Both AMs and ExMs displayed high forward scatter and
side scatter, typical of macrophages (Figure 1C). Visual
inspection of cytospins prepared from sorted populations
confirmed that both AMs and ExMs were large cells (12-18
wm) with abundant cytoplasm and round/oval nuclei (Figure
1D). AMs displayed largely smooth cell membranes and
contained few intracellular vacuoles. In contrast, ExMs had
highly invaginated cell membranes, some of which seemed
adherent to individual cryptococci. Many ExMs contained
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Figure 1. ExMs are the most prevalent macrophage population in the lungs of mice that
clear infection with C. neoformans. Lung leukocytes obtained from wild-type (BALB/¢) mice
that were either uninfected (designated DO) or at various dpi with C. neoformans were
stained with specific antibodies and either analyzed by flow cytometric analysis (A—C and E)
or sorted and prepared by cytospin (D), as described in the Materials and Methods, section
Ab Staining and Flow Cytometric Analysis. A and B: Gating strategy used to identify AMs and
ExMs among lung leukocytes obtained from uninfected mice (A) or mice at 14 dpi (B). Initial
gating on CD45" lung leukocytes excludes debris, lymphocytes, and eosinophils (not
shown). Next, a plot of CD11c versus FSC identifies CD11c™" cells (left dot plots, gate R1).
Within the CD11c" populations, a plot of FL-3 versus FSC (middle dot plots) distinguishes
AF macrophages (AF*, gate R1a) from non-AF DCs. Among AF* macrophages, a plot of
CD11c versus CD11b distinguishes AMs (right dot plots; CD11c* AF* CD11b™, gate AM)
and ExMs (right dot plots; CD11c™ AF* CD11b*, gate ExM). AMs appear more prevalent in
uninfected mice, whereas a dense population of ExMs is identified in the lungs of infected
mice. C: Representative histograms depicting the forward scatter (FSC; left histograms) and
side scatter (SSC; right histograms) properties of AMs (top histograms) and ExMs (bottom
histograms). D: Representative photomicrographs of AMs (top) and ExMs (bottom) ob-
tained by flow sorting of lung leukocytes at 14 dpi (X100 objective; hematoxylin-eosin stain).
ExMs are large cells displaying invaginated membranes that contain numerous foamy vacu-
oles and occasional intracellular cryptococci (arrows). E: Total numbers of AMs and ExMs
present in the lungs of uninfected mice (D0) or at 7, 14, 21, and 28 dpi with C. neoformans.
Total numbers were calculated by multiplying the frequency of each population (using the
gating strategy previously described) by the total number of CD45™ lung leukocytes at each
point. Data represent the mean % SEM of five to eight mice assayed individually per point;
AM, gray dashed lines; ExM, black solid lines; *P < 0.05 by unpaired Student’s #test for ExM
versus AM mice at the same point. The time course was repeated once (72 = 3 mice per strain
per point) in its entirety with similar results.

ingested cryptococci within cytoplasmic vacuoles, consis-
tent with phagocytic function.

We then applied this gating strategy to quantify the num-
bers of AMs and ExMs in the lungs of uninfected mice (DO)
or mice at 7-day intervals after infection with C. neoformans.
As expected, 3324145 infection stimulated a substantial ac-
cumulation (22-fold relative to DO) of lung leukocytes, peak-
ing at 14 dpi (1.1 = 0.2 X 108 CD45* leukocytes per lung).
AMs were more numerous than ExMs in uninfected mice
(Figure 1E) but demonstrated only a modest fivefold in-
crease relative to DO, peaking at 21 dpi (3.5% = 1.0% of
total CD45™" leukocytes and 3.6 = 0.5 X 10° AMs/lung). In
contrast, ExXM numbers massively increased 60-fold relative
to DO, peaking at 14 dpi (7.6% = 0.1% of total CD45™
leukocytes and 8.9 + 2.3 X 10° ExMs/lung). ExMs signifi-
cantly outnumbered AMs at 14, 21, and 28 dpi, coinciding
with the time of maximal cryptococcal clearance in this
model.>? Thus, ExMs are the most prevalent lung macro-
phage population present in mice during the effector re-
sponse against cryptococcal lung infection.

ExMs Express Numerous Macrophage-Associated
Proteins, MHC Class I, and Costimulatory
Molecules

AMs and ExMs were evaluated for expression of mole-
cules associated with pathogen recognition and phago-

cytosis, including F4/80 (a G protein—coupled receptor of
the epidermal growth factor-TM7 family), Mac-3 (also
known as Lamp2 or CD107b), CD204 (scavenger recep-
tor A I/ll), and CD205 (DEC205) during either the pre-
effector (7 dpi) or effector (14 and 21 dpi) phase of the
host response against C. neoformans (Figure 2A). AMs
initially expressed F4/80, Mac-3, and CD204, which de-
creased at 14 dpi. In contrast, expression of Mac-2 and
CD205 was low (at 7 dpi) but increased by 14 dpi. ExMs
expressed more F4/80 and CD204 than the AMs at 7 dpi.
Similar to AMs, ExM expression of F4/80, Mac-3, and
CD204 decreased at 14 dpi, whereas Mac-2 and CD205
increased. At 21 dpi, the expression of these molecules
was similar to the pattern observed at 14 dpi for both AMs
and ExMs (see Supplemental Figure S1A at http.//ajp.
amjpathol.org).

In a similar fashion, we also evaluated AM and ExM
expression of MHC class Il (I-A%) and the costimulatory
molecules CD40, CD80, and CD86 (Figure 2B). At 7 dpi,
AMs expressed some MHC class Il and CD80 but minimal
CD40 or CD86; only MHC class Il increased to a modest
amount by 14 dpi. In contrast, ExMs expressed much
higher amounts of MHC class Il, CD40, and CD86 than AMs
at 7 dpi. Interestingly, ExM expression of MHC class |l
remained high (at 14 dpi), whereas expression of CD40,
CD80, and CD86 decreased. At 21 dpi, trends toward a
further reduction in expression of MHC class Il, CD40, and
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Figure 2. Cell surface phenotype of AMs and ExMs in the lungs of mice
infected with C. neoformans. Lung leukocytes obtained from wild-type mice
at 7 and 14 dpi with C. neoformans were identified using the gating strategy
described in the legend to Figure 1. Representative histograms (four-decade
log scale) of AMs or ExMs from individual mice displaying their expression
of macrophage-associated proteins (F4/80, Mac-2, Mac-3, CD204, and
CD205) (A) and MHC class II (I-AY) and costimulatory molecules (CD40,
CD80, and CD86) (B). Shaded histogram, isotype staining; open histogram,
specific staining. Numbers located above the histograms represent the
change in mean fluorescent intensity (MFI) between specific antibody and
isotype staining. The experiment was performed three times with similar
results.

CD86 were observed for both AMs and ExMs, whereas
CD80 expression was stable (see Supplemental Figure S1B
at http://ajp.amjpathol.org). Collectively, these data demon-
strate that both AMs and ExMs express macrophage mark-
ers associated with pathogen recognition and phagocytosis
in a similar fashion. However, ExMs are distinguished from
AMs by their stronger expression of MHC class Il and co-
stimulatory molecules, suggesting that these macrophages
may be more uniquely equipped to participate in the effec-
tor arm of the adaptive immune response. The expression of
these molecules is not static; it varies at different phases of
the effector response against C. neoformans.

ExMs Are Not Proliferating at the Time of Their
Peak Accumulation in the Lungs of Mice
Infected with C. neoformans

Next, we determined whether in situ proliferation contrib-
uted to macrophage accumulation in this model. Lung
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Table 1. Proliferation of Bone Marrow and Lung Leukocytes*

Leukocytes % Positive for EAUT
Bone marrow
Total cells 16.6 = 0.5%
PMNs 11.0+ 1.1%
Lung
AMs 1.0x0.6
ExMs -0.2+0.3
PMNs -0.1+0.3

PMN, polymorphonuclear neutrophil.

*Cells were identified , per the Materials and Methods section Ab Stain-
ing and Flow Cytometric Analysis and Figure 1. The experiment was re-
peated with similar results.

tData are given as the mean + SEM of three cryptococcal-infected
wild-type (BALB/c) mice assayed individually at 10 dpi.

*P < 0.05 by unpaired Student t-test comparing EdU expression from
EdU-treated mice versus untreated (but infected) controls.

leukocyte proliferation was evaluated during maximal
ExM accumulation in the lung (between 7 and 14 dpi). We
used an established assay that measures EdU incorpo-
ration into replicating cells using flow cytometric analysis
(per the Materials and Methods section Evaluation of Mac-
rophage Proliferation In Vivo).*3~4€ Within bone marrow, we
clearly identified a population of proliferating leukocytes,
including polymorphonuclear neutrophils (positive con-
trol), whereas among lung leukocyte populations, AMs,
ExMs, and polymorphonuclear neutrophils (negative con-
trol*”) were not proliferating (Table 1). Collectively, these
data indicate that the substantial accumulation of ExMs
(and AMs) during cryptococcal infection is not attribut-
able to macrophage proliferation within the lung.

ExMs Strongly Express Ly-6C during the Early
Phase of Their Accumulation in the Lungs of
Mice Infected with C. neoformans

The absence of ExM proliferation in the lung suggested
that massive ExM accumulation required the recruit-
ment and differentiation of a myeloid precursor. There-
fore, we evaluated ExM expression of the cell surface
molecule Ly-6C as a marker of newly differentiated
myeloid cells.?®5657 ExMs recovered at 7 dpi strongly
express Ly-6C, whereas expression was diminished at
14 and 21 dpi (Figure 3). By 28 dpi, the few remaining
ExMs expressed almost no Ly-6C. These data suggest
that ExMs present during the pre-effector response

Ly-6C

Figure 3. ExMs strongly express Ly-6C at early points after pulmonary
infection with C. neoformans. Representative histograms express Ly-6C on
ExMs recovered from the lungs of wild-type mice at 7, 14, 21, and 28 dpi with
C. neoformans. Shaded histogram, isotype staining; open histogram, specific
staining. Numbers located above the histograms represent the change in
mean fluorescent intensity (MFI) between specific antibody and isotype
staining. Expression of Ly-6C is highest at day 7 and is diminished thereafter.
The experiment was performed three times with similar results.
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Figure 4. Ly-6C"#" bone marrow—derived myeloid

+ HK-Cneo cells differentiate into CD11c™ CD11b" macro-

phages in vitro. A: Ly-6C"&" myeloid cells isolated
Vs from the bone marrow of uninfected wild-type mice
were either analyzed immediately (DO) or cultured
for 7 days in GM-CSF (20 ng/ml), when nonadherent
~ cells were discarded and the remaining tightly adher-
ent cells were removed for further analysis (day 7).
Left: Expression of Ly-6C (shaded histogram, isotype
staining; open histogram, specific staining); right,

A ! B unstimulated
| [ ] ‘
po |
| I -
o | J
ali
(@]
LyeC CD11b
C CD204

| 2855

unstimulated

+ HK-Cneo

(7-14 dpi) are newly differentiated from a Ly-6CMon
myeloid precursor.

Ly-6C"9" Bone Marrow-Derived Myeloid Cells
Differentiate in Vitro into CD11¢™ CD11b™ Cells
Displaying an ExM Phenotype

Next, we directly tested whether Ly-6CM" myeloid
cells differentiate into cells displaying an ExM pheno-
type. Ly-6C™e" bone marrow-derived myeloid cells
isolated from uninfected wild-type mice were small
cells containing little cytoplasm (data not shown). They
expressed high amounts of Ly-6C and modest
amounts of CD11b and did not express CD11c (Figure
4A, DO). Purified Ly-6CM9" myeloid cells were cultured
for 7 days in GM-CSF, a cytokine uniquely expressed in
relatively high amounts in the lung microenvironment.>®
Thereafter, DCs were discarded with the nonadherent
cell population; and the macrophages tightly adherent
to the tissue culture plates were collected. Recovered
adherent cells no longer expressed Ly-6C but strongly
expressed both CD11c and CD11b (Figure 4A, day 7).
These cells were large, displayed membrane invaginations
and cytoplasmic vacuoles (Figure 4B, unstimulated),
and avidly ingested numerous heat-killed cryptococci
added to cell cultures (Figure 4B, heat-killed C. neo-
formans strain 602). Unstimulated CD11c™ CD11b™
adherent cells expressed F4/80, Mac-2, CD204, and
CD80. The expression of Mac-3 and CD86 was low
initially but increased after stimulation with heat-killed
cryptococci (Figure 4C). Thus, Ly-6CM" bone mar-
row—derived myeloid cells can differentiate into highly
phagocytic cells displaying a phenotype similar to that
of ExMs in the lungs of mice with cryptococcal lung
infection.

CD80

coexpression of CD11c¢ and CD11b (rectangular gate
identifies double-positive cells). The expression of
Ly-6C decreased, whereas the expression of CD11c¢
and CD11b increased, over time in culture. B: Rep-
resentative photomicrographs of adherent cells after
culture, as previously described, in GM-CSF alone
[unstimulated (left)] or in GM-CSF with the addition
of heat-killed C. neoformans (HK-Cneo) on days 6 to
7 (right) (X100 objective for both). The ingested
cryptococci (arrows) are identified in cells exposed
to HK-Cneo. C: Representative histograms of recep-
tor expression on adherent cells after 7 days of cul-
ture in media containing GM-CSF alone (unstimu-
f& lated) or GM-CSF with the addition of HK-Crneo on
| days 6 to 7 (HK-Crneo). Numbers located above the
f histograms represent the change in mean fluorescent

| intensity (MFI) between specific antibody and iso-
type staining. The experiment was performed three
times with similar results.
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ExM Accumulation Is Associated with an Early
CCR2-Mediated Increase in Ly-6C"9"
Monocytes in the Blood and Spleen of Mice
that Clear Cryptococcal Lung Infection

CCR2 mediates the egress of Ly-6C™9" myeloid cells
from the bone marrow into the blood of CCR2*/*
(BALB/c) mice that clear cryptococcal lung infection.*®
Within the blood, these cells are defined as Ly-6C"9h
CD11b* CCR2" “inflammatory monocytes” and are
distinct from populations of “resident” or “patrolling”
monocytes that express markedly less Ly-6C and
CCR2 but strongly express the fractalkine receptor,
CX3C chemokine receptor 1 (CX;CR,).52:€° Additional
studies in a noninfectious model of vascular injury have
suggested that the spleen may participate in the kinet-
ics of monocyte trafficking by acting as a monocyte
reservoir.®’ Whether the spleen serves a similar pur-
pose in response to an infection located in a peripheral
organ has not been investigated. To address this ques-
tion, we used flow cytometric analysis to identify
Ly-6C"S" monocytes (defined as Ly-6CMe" CD11b™
cells*®) in the peripheral blood, bone marrow, and spleen
during the time of maximal ExM accumulation in the lungs of
infected mice (between 0 and 14 dpi). Our results confirm
that the frequency of Ly-6C"9" monocytes increased pro-
gressively in peripheral blood mononuclear cells obtained
from CCR2*/* mice but not from CCR2~/~ mice (Figure
5A). Within bone marrow, the numbers of Ly-6C™S" mono-
cytes were significantly increased in CCR2~/~ mice (rela-
tive to CCR2*/* mice) at DO and 7 dpi (Figure 5B), consis-
tent with impaired egress. In the spleens of CCR2*/* mice,
Ly-6C"9" monocytes first increased between DO and 7 dpi
(peaking at 1.1 + 0.3 X 10° monocytes/spleen, a threefold
increase) but then decreased by 14 dpi. No increase in
Ly-6CM'9" monocytes was observed in the spleens of
CCR27/~ mice, and they were significantly reduced relative
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Figure 5. CCR2 mediates the early accumulation of Ly-6C"#" monocytes in the peripheral blood and spleens of mice that clear cryptococcal lung infection.
Organ-specific leukocytes were obtained from CCR2*/* mice (wild type, BALB/c) or syngeneic CCR2™/~ mice that were either uninfected (designated DO0) or

at 7, 14, 21, and 28 dpi with C. neoformans. Leukocytes were stained with specific antibodies and analyzed by flow cytometric analysis to identify Ly-6C™&h
monocytes (defined as CD45™ Ly-6CM&" CD11b™ cells). A through C: Kinetic analysis of Ly-6C™#" monocytes during cryptococcal lung infection in peripheral
blood mononuclear cells (PBMCs) (A), bone marrow (B), and spleen (C). Data in A are the frequency of Ly-6C™&" monocytes within PBMCs. Data in B and C are
total numbers of Ly-6C™&" monocytes in each tissue; the mean = SEM of three to seven mice was assayed individually per point; CCR2™/" mice, black bars; CCR2™/~

mice, gray bars. *P < 0.05 by unpaired Student’s ttest between groups at the same point.

to CCR2™* mice at all three points (Figure 5C). The se-
quential increase (between 0 and 7 dpi), then decrease
(between 7 and 14 dpi), in Ly-6C"9" monocytes in the
spleen when their numbers are progressively increasing in
the blood suggests that the spleen acts as a dynamic res-
ervoir that releases additional Ly-6C"9" monocytes into the
circulation during the pre-effector phase of the host re-
sponse to cryptococcal lung infection.

ExM Accumulation Is Associated with an Early
CCR2-Mediated Increase in F4/80™" Ly-6C"9"
Monocytes in the Lungs of Mice that Clear
Cryptococcal Lung Infection

Next, we identified monocytes within CD45™ lung leuko-
cytes obtained from the lungs of CCR2™/* mice at 7 dpi
using flow cytometric analysis. Initial gates excluded lym-
phocytes and eosinophils (data not shown). Thereafter,
CD11c-expresssing lung DCs and macrophages were
excluded (Figure 6A, left dot plot, gate R2); and lung
monocytes were identified as CD11c™ F4/80" CD11b™
cells (Figure 6A, right dot plot, gate “mono”). F4/80 was
used as a general marker of lung myeloid cells, including
inflammatory and patrolling monocytes. However, nearly
all of the lung monocytes we identified expressed high
amounts of Ly-6C at all points after infection (Figure 6B
and data not shown), consistent with the “Ly-6C™9" in-
flammatory monocyte” phenotype identified in the periph-
eral blood of these mice. Further characterization of
sorted F4/80" Ly-6CM9" lung monocytes by visual in-
spection and flow cytometric analysis confirmed that
these cells were smaller and had less cytoplasm than
lung macrophages (Figure 6, C and D). Similar to ExMs,
they strongly expressed CD204 and variable amounts of
Mac-2, Mac-3, and CD205 (Figure 6E). F4/80* Ly-6CM9"
lung monocytes expressed moderate amounts of MHC

class Il, whereas expression of the costimulatory mole-
cules CD40, CD80, and CD86 was low (data not shown).

F4/80" Ly-6C™9" monocytes were rare in the lungs of
uninfected CCR2™/* mice and CCR2 ™/~ mice (Figure
6F). In CCR2*'* mice, their numbers significantly in-
creased by 7 dpi and peaked at 14 dpi (7.1% = 0.1% of
total CD45™" leukocytes and 1.2 = 0.1 x 10° F4/80"
Ly-6C"M'9" monocytes per mouse). This change repre-
sented a 53-fold increase relative to uninfected CCR2"/*
mice. By contrast, total numbers of lung F4/80" Ly-6C"e"
monocytes in CCR2™/~ mice were markedly diminished,
with the maximal difference (91% decrease compared
with CCR2*/* mice) occurring at 7 dpi. Collectively,
these data demonstrate the CCR2 dependence of F4/
80" Ly-6C"9" monocyte accumulation in mice that effec-
tively clear pulmonary cryptococcal lung infection.

Accumulation of ExMs, But Not AMs, Is CCR2
Dependent

CCR2-deficient mice do not clear cryptococcal lung in-
fection.®"32 We sought to determine whether this defect
in host defense was associated with impaired accumu-
lation of either AMs or ExMs. In uninfected mice (DQ),
there were no differences between CCR24/* (wild-type)
mice and CCR2~/~ mice in either AM or ExM populations
(Figure 7, A and B). Consistent with prior studies,®'3%4"
infection of CCR2™/~ mice with C. neoformans resulted in
diminished accumulation of lung leukocytes (data not
shown). However, AMs were not significantly reduced in
CCR2~/~ mice (relative to CCR2™/" mice) at any point
after infection (Figure 7A). In contrast, total numbers of
ExMs were significantly reduced in the lungs of CCR2 ™/~
mice at all points after infection, with the greatest reduc-
tion (83%) at 14 dpi (Figure 7B). Thus, accumulation of
ExMs, but not of AMs, is CCR2 dependent and peak
ExM accumulation at 14 to 21 dpi immediately follows
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Figure 6. CCR2 mediates the early accumulation of F4/80" Ly-6C"#" monocytes in the lungs of mice that clear cryptococcal lung infection. A through E: Lung
leukocytes from cryptococcal-infected CCR2™/™* (wild-type, BALB/c) mice at 7 dpi were stained and analyzed by flow cytometry. A: Gating strategy to identify
monocytes: within CD11c™ cells (left dot plot, gate R2 to distinguish this gate from gate R1 in Figure 1), monocytes are identified as F4/80* CD11b™ cells (right
dot plot, gate mono). B through E: Phenotypic analysis of F4/80" monocytes, including the following: expression of Ly-6C (B), morphological features
(photomicrograph of cells purified by cell sorting; X100 objective; hematoxylin-eosin stain) (C), scatter properties (D), and expression of Mac-2, Mac-3, CD204,
and CD205 (E). Shaded histogram, isotype staining; open histogram, specific staining. Numbers located above the histograms represent the change in mean
fluorescence intensity (MFI) between specific antibody and isotype staining. Nearly all F4/80" monocytes express high amounts of Ly-6C. F: Kinetic analysis of
F4/80" Ly-6C™#" monocytes in the lungs of CCR2*/* (wild-type) mice and syngeneic CCR2™/~ mice during cryptococcal infection. Data are the mean * SEM
of three to six mice assayed individually per point; CCR2*/™ mice, black bars; CCR2™/~ mice, gray bars. *P < 0.05 by unpaired Student’s ~test between groups
at the same point. The time course was repeated once (1 = 3 mice per strain per point) in its entirety with similar results.

the maximal accumulation of F4/80" Ly-6C"" mono-
cytes (at 7-14 dpi, Figure 6F), providing further evi-
dence that ExMs are derived from this recruited mono-
cyte population.

ExMs Are Classically Activated and Fungicidal

Our final objective was to evaluate the effector functions
of ExMs. First, to verify that ExMs are phagocytic in vivo,
we assessed AMs and ExMs for the presence of intracel-
lular cryptococci at the onset of the effector phase
against the organism. AMs and ExMs were sorted from
the lungs of cryptococcal-infected CCR2*/* (wild-type)
mice at 14 dpi. Equal numbers of macrophages were
lysed, and cultures were maintained for 24 hours to quan-
tify the intracellular fungal burden by CFU assay. Rela-
tively few AMs contained fungus at this time, with an
average of 0.008 = 0.001 cryptococci per AM (or, on
average, 1 cryptococci per 127 = 22 AMs). In contrast,
cryptococci were significantly more likely to reside within
ExMs at 0.035 = 0.002 cryptococci per ExMs (P = 0.02,
or 1 cryptococci per 28.0 = 0.1 ExMs). Thus, ExMs dis-
play phagocytic function. Because the total number of
ExMs significantly exceeds that of AMs at this time (Fig-
ure 1E), these data document that ExMs, not AMs, con-
tain most intracellular cryptococci at the onset of crypto-
coccal clearance in this model.

Second, we evaluated the expression of two molecules
iINOS and TNF-q, that are critically important in mediating
antifungal host defense.!®'823:62-67 Whole lung mRNA
expression of INOS and TNF-a was similar in uninfected
CCR2** mice and CCR2™/~ mice (data not shown).
However, the expression of iNOS and TNF-a was signif-

icantly increased in CCR2™/* mice relative to CCR2™/~
mice at 14 dpi (Figure 8A). The expression of INOS was
maximal at 14 dpi but remained significantly elevated in
CCR2** mice (relative to CCR2™/~ mice) at 21 dpi,
whereas there was no longer a difference in TNF-a ex-
pression at this point (data not shown). We used flow
cytometric analysis and the gating strategy previously
outlined (Figure 1) to demonstrate that both ExMs and
AMs present in the lungs of cryptococcal-infected mice
at 14 dpi expressed iNOS (Figure 8B). To confirm that this
enzyme was biologically active, ExMs and AMs were
purified by cell sorting and nitrite production was as-
sayed in vitro. Freshly isolated ExMs and AMs produced
measurable amounts of nitrite that were further increased
by stimulation with heat-killed C. neoformans (Figure 8C).
The expression of iINOS and nitrite production both
tended to be greater in ExMs than in AMs. Both macro-
phage subsets spontaneously produced TNF-«, which
was further enhanced on stimulation with heat-killed C.
neoformans (Figure 8D).

Third, we determined the activation phenotype of ExMs
in the lungs of infected CCR2™/" mice. ExMs were iso-
lated at 14 dpi by cell sorting and expression of iINOS, a
gene associated with classic macrophage activation,
which was compared relative to the expression of YM2 (a
chitinase family member protein), FIZZ1 (found in inflam-
matory 1 zone protein), and Arg1 (arginase); these are
genes associated with alternative macrophage activa-
tion.'®~18:23 Results show a marked increase (>1500-fold
over baseline) in iINOS expression relative to the in-
creases observed for YM2, FIZZ1, and Arg1 (Figure 8E).
Thus, ExMs within CCR2™/* mice with cryptococcal lung
infection were classically activated.
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Figure 7. CCR2 mediates the accumulation of ExMs, but not AMs, in mice that
clear cryptococcal lung infection. Lung leukocytes were obtained from CCR2"/*
(wild-type, BALB/¢) mice and syngeneic CCR2™/~ mice at DO (uninfected) or at
7, 14, 21, and 28 dpi. The total numbers of AMs (A) and ExMs (B) at each point
were calculated by multiplying the frequency of each population identified by
flow cytometry by the total number of CD45" lung leukocytes. Data represent
the mean = SEM of three to six mice assayed individually per point; CCR2*/*
mice, black bars; CCR2™/~ mice, gray bars. *P< 0.05 by unpaired Student’s ~test
between groups at the same point. The time course was repeated once (1 = 3
mice per strain) in its entirety with similar results.

Fourth, we tested whether ExMs are fungicidal. Be-
cause of the paucity of ExMs obtained from infected
CCR2™/~ mice, we isolated these macrophages from the
bone marrow of naive CCR2** (wild-type) and CCR2 /'~
mice and compared their fungicidal activity at baseline
and on further activation with IFN-y and TNF-a (Figure
8F). AMs obtained from naive CCR2™/* (wild-type) mice
were used for additional comparative purposes. As
shown previously,*® resting AMs were not fungicidal; pro-
gressive cryptococcal growth was observed, although
some inhibition occurred when AMs were first cytokine
activated. In contrast, ExMs from both CCR2*/* mice
and CCR2/~ mice were highly fungicidal; near-com-
plete fungal clearance was observed using the same
effector/target ratios used to test AMs. No differences in
fungicidal activity were observed between ExMs derived
from either CCR2*/* mice or CCR2 '/~ mice when higher
effector/target ratios were used (data not shown). Collec-
tively, we conclude that ExMs in mice that clear cryptococ-
cal lung infection are classically activated and fungicidal.

Discussion

The results of this study define ExMs as the critical effec-
tor macrophage population accumulating in murine lungs
during the protective immune response against the fun-
gal pathogen, C. neoformans. The following novel, previ-
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ously unpublished, observations support this assertion.
First, our extensive phenotypic and kinetic analysis re-
veals that ExMs significantly outnumber AMs during the
effector phase of this response. Second, ExMs express
numerous receptors associated with pathogen recogni-
tion and uptake and are distinguished from AMs by their
strong expression of MHC class Il and modest expres-
sion of costimulatory molecules. Third, ExMs are classi-
cally activated and fungicidal; this potent effector func-
tion may be mediated by ExM production of iNOS and
TNF-a. Fourth, ExM accumulation in response to crypto-
coccal lung infection is CCR2 dependent and results
from the release and differentiation of bone marrow—de-
rived Ly-6C"" monocytes, with the spleen serving as a
dynamic monocyte reservoir in this process. We con-
clude that clearance of cryptococcal lung infection is
impaired in CCR2-deficient mice is attributable to the lack
of sufficient numbers of fungicidal ExMs. These findings
provide key insights into the mechanisms responsible for
host defense against pulmonary infection with a eukary-
otic fungal pathogen.

Our data show that infection with a facultative intracel-
lular fungal pathogen, C. neoformans, stimulates the mas-
sive accumulation of ExMs (approximately 10—15 million
cells) in the lung. This finding was facilitated by our use of
multiparameter flow cytometric analysis in conjunction
with specific and consistently applied gating strategies
that distinguish numerous myeloid cell subsets. Our use
of AF to distinguish macrophages (AF™) from lung DCs
(AF™) represents a critical step in our identification pro-
cess because both cell types express CD11c. This dis-
tinction, well described in two prior studies*'*® and in
other infectious and noninfectious models of pulmonary
inflammation,2-51-5%:68 permits more specific identifica-
tion and enumeration of macrophage and DC popula-
tions in the lungs of mice. In our model, AF* macro-
phages, purified by cell sorting, are large cells (with high
forward and side scatter) displaying numerous intracyto-
plasmic vacuoles, some containing cryptococci, consis-
tent with macrophage morphological features (Figure 1).
In contrast, purified AF~ DCs are smaller than macro-
phages (with lower forward and side scatter) and contain
fewer vacuoles; however, they display more cytoplasmic
extensions, consistent with DC morphological features.*®
Our gating strategy distinguishes ExMs from AMs, which
are both CD11c™ AF™ on the basis of CD11b expression
(present on ExMs and absent on AMs), as recently de-
scribed.®>3% |n those studies, ExMs were specifically
identified in the lungs of mice with bacterial or viral pneu-
monia, in which the numbers were much smaller than in
the current study. The impressive quantity of ExMs that
we identify in this model likely reflects the substantial
inflammation induced by cryptococcal lung infection,
with recruitment of up to 100 million CD45" leukocytes
per mouse and critical reliance on lung macrophages for
clearance of this organism.2'24

Our detailed comparative analysis of AM and ExM cell
surface phenotype further distinguishes these two popu-
lations and also suggests that they differ in their biolog-
ical function within the lung. Both AMs and ExMs express
the receptors F4/80, Mac-2, Mac-3, CD204, and CD205,
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Figure 8. ExMs are classically activated effector macrophages. A: mRNA was extracted from whole lung homogenates obtained from CCR2™™* (wild-type,
BALB/c) mice and syngeneic CCR2™/™ mice at 14 dpi and assessed for expression of iNOS and TNF-a (relative to B-actin). The break in the y axis allows better
visualization of gene expression in CCR2™/~ mice. Data represent the mean + SEM of three to four mice assayed individually per point; CCR2™/* mice, black
bars; CCR2™/™ mice, gray bars. *P < 0.05 by unpaired Student’s #test. B through E: Lung leukocytes were obtained from cryptococcal-infected CCR2"* mice

at 14 dpi. B: Representative histograms obtained by flow cytometric analysis depicting intracellular antibody staining for iNOS within AMs (left) and ExMs (right).
Shaded histogram, isotype staining; open histogram, specific staining. Numbers located above the histograms represent the change in mean fluorescent intensity
(MFD between specific antibody and isotype staining. C through E: AMs and ExMs were purified by cell sorting from pooled lung leukocytes (72 = 3 mice at 14
dpi). C and D: After culture for 24 hours in medium alone, or with heat-killed C. neoformans, supernatants from AMs and ExMs were removed and assessed for
production of nitrite (by Griess assay) (C) and TNF-« (by enzyme-linked immunosorbent assay) (D). This experiment was repeated once with similar results. E:
mRNA obtained from freshly isolated ExMs was assessed for expression of genes associated with classical (iNOS) or alternative (YM2, FIZZ, and Argl) macrophage
activation using quantitative PCR. EXM gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed as the relative
fold increase compared with control mRNA obtained from the total adherent macrophage population present in the lungs of uninfected mice. The break in the
yaxis allows better visualization of Argl expression. The strong iNOS expression (relative to YM2, FIZZ, or Argl) indicates that ExMs are classically activated. This
experiment was repeated twice with similar results. F: Comparison of in vitro fungicidal activity of AMs (from uninfected CCR2*/* mice) versus bone
marrow—derived ExMs (obtained from uninfected CCR2*/* mice or CCR2™/~ mice) at baseline or in response to additional culture with IFN-y and TNF-a, per
the Materials and Methods section Cryptococcus neoformans Killing Assay. Progressive cryptoccocal growth was evident in AM cultures (also, a scale change was
included on the y axis), whereas nearly complete clearance occurred in ExM cultures of both CCR2™/* and CCR27/~ cells. *P < 0.05 versus unstimulated AMs
by unpaired Student’s -test. This experiment was repeated once with similar results.

which likely contribute to pathogen recognition and cal lung infection. Our data reveal that the numbers of
phagocytosis. In contrast, ExMs are distinguished from ExMs, not AMs, are profoundly diminished in CCR2-de-
AMs by their stronger expression of MHC class Il and the ficient mice, which we have previously shown do not
costimulatory molecules CD40, CD80, and CD86. This clear cryptococcal lung infection.'22 We further show
phenotypic distinction suggests that ExMs are better that ExMs, but not AMs, are classically activated and
equipped than AMs to interact with antigen-specific IFN- fungicidal. Results from our study suggest that this fun-

y-producing T cells, which also begin arriving at 14 gicidal activity may be mediated by iNOS and TNF-a.

dpi.®"2 Similarly, ExMs in the lungs of mice infected with ExMs express more iNOS than AMs in vivo and produce
influenza or Mycobacterium tuberculosis, pathogens also more nitrite, a product of active iINOS, after cryptococcal

requiring an adaptive immune response for clearance, stimulation in vitro. Both AMs and ExMs express compa-

also express MHC class Il and costimulatory mole- rable amounts of TNF-a. The results of our kinetic analy-

33,34 .
cules. . In contrast, EX.MS prress ||tt!e MHC class Il or sis suggest that ExMs are the predominant macrophage
CD86 in the lungs of mice infected with Streptococcus .

source of these effector molecules because both iINOS

g’:ﬁ’;ﬁ;’éj ligaf;tﬁgiuﬁrsaaﬁ?r@;ﬂiﬁ?ﬁgﬁ;ﬁiﬁ; and TNF-a are significantly diminished in CCR2-deficient
. " : mice in which ExMs are scarce. Previous investiga-

expression of macrophage-associated proteins and co-
P phag P tions2:18:23.:62-67 have defined iINOS and TNF-a expres-

stimulatory molecules is not uniform but varies at different ) , R
times after infection. Collectively, these data imply that sion as strong predictors of cryptococcal killing in vitro

the ExM phenotype may vary according to the following: and clearance Qf the organism in V(vo, although othgr
i) the class of infecting pathogen, ii) whether innate or effector mechanisms may also contribute to ExM fungi-
adaptive immune mechanisms are required for microbial cidal activity. Additional studies are also required to un-
clearance, and iii) the inflammatory milieu within the pul- derstand whether and how these cells interact with other
monary microenvironment during different phases of in- critical leukocyte populations that we have previously
fection. Further investigation of these hypotheses is of identified, including DCs and IFN-y-producing T
considerable interest and warrants future study. cells.®24" Last, our data demonstrate that CCR2-deficient

In this study, we define for the first time that ExMs are ExMs retain their fungicidal capability. Collectively, we

required for microbial clearance in mice with cryptococ- conclude that the failure of CCR2-deficient mice to clear



cryptococcal lung infection significantly relates to their
relative absence of fungicidal ExMs.

The second major conclusion of our study is that ExM
accumulation in mice with cryptococcal lung infection
results from the recruitment and differentiation of Ly-
6C"'9" monocytes. The current data showing that crypto-
coccal lung infection triggers the CCR2-mediated egress
of Ly-6CM9" inflammatory monocytes from the bone mar-
row agree with and extend the previous finding*® and
results obtained in other model systems.®®~"' The up-
regulation of two CCR2 ligands, CC chemokine ligands 2
and 7, in the lung at 7 dpi*' correlates with a parallel
increase in Ly-6C"9" monocyte in the blood and lung,
suggesting rapid transit from marrow to lung. Ly-6CMe"
monocytes may briefly reside in the spleen because their
numbers sequentially increased (between 0 and 7 dpi)
and then decreased (between 7 and 14 dpi) in the
spleen, whereas they continually increased in both pe-
ripheral blood and lung throughout the pre-effector
phase of the host response. This phenomenon of “filling”
and “draining” implies that the spleen functions as a
dynamic “reservoir” of Ly-6C"9" monocytes in response
to lung infection. Our studies extend those of Swirski et
al,®! who were the first to identify the spleen as a mono-
cyte reservoir using a murine model of vascular inflam-
mation. The near absence of splenic Ly-6C™" mono-
cytes in cryptococcal-infected CCR2-deficient mice
implies that the spleen is “downstream” from the bone
marrow. Loss of this splenic reservoir might further ex-
plain the impaired monocyte accumulation observed in
CCR2-deficient mice in this and other model systems.
Collectively, these data further define early CCR2-medi-
ated communication between the lung, bone marrow,
and possibly spleen as a critical mechanism regulating
the lung’s acquisition of ExMs in response to fungal in-
fection.

The understanding of in situ monocyte differentiation
within peripheral microenvironments is advanced by the
results of our phenotypic and kinetic analysis of lung
ExMs and monocyte accumulation in vivo, in concert with
our in vitro study of cultured Ly-6C"" monocytes. First,
the finding that ExMs present in the lung at 7 dpi ex-
pressed more Ly-6C than those present at 14 or 21 dpi is
consistent with our in vitro culture of Ly-6C™" monocytes
and with other studies demonstrating loss of Ly-6C ex-
pression over time and as myeloid cells differenti-
ate.3356:57 We also show that culture in GM-CSF alone is
sufficient to induce up-regulation of CD11c, CD11b,
Mac-2, CD204, and CD80; however, the expression of
Mac-3 and CD86 requires additional stimulation with
Cryptococcus (or lipopolysaccharide; unpublished ob-
servations, Osterholzer J). These findings suggest that
ExMs are further influenced by their microenvironment.
Second, the total numbers of Ly-6C™" monocytes in
wild-type mice peaked between 7 and 14 dpi (Figure 6),
whereas the numbers of ExMs peaked 1 week later (Fig-
ures 1 and 7), providing further evidence that in vivo
differentiation is not immediate. Loss of Ly-6C expression
by ExMs in vivo was not attributable to cell division be-
cause our results show that ExMs are not proliferating.
These findings highlight further the critical link between
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monocyte recruitment and differentiation and ExM accu-
mulation in the lungs of mice that clear cryptococcal lung
infection.

The factors determining the balance of differentiation
of Ly-6C™" monocytes into ExMs versus DCs are not
addressed by these studies. This balance may depend
on unique regulatory influences in the pulmonary micro-
environment. The results of our studies suggest that ex-
posure to chemokines, cytokines, microbes (or microbial
products), and their physical location within the lung
might all contribute. This model of cryptococcal lung
infection is well suited to define further the complex in-
terrelationships between these nonresident myeloid sub-
sets in the organ associated with the most lethal human
infections.”?

In summary, this study identifies ExMs as the critical
effector macrophage population in the lungs of mice that
effectively clear a fungal pathogen that is highly relevant
to human health. The accumulation of effector ExMs de-
pends critically on the recruitment and differentiation of a
precursor population of Ly-6C™9" monocytes. The results
of our study specifically implicate the CCR2 axis as a
potential target for novel therapies designed to augment
ExM accumulation within the lung for the treatment of
infectious or inflammatory pulmonary disease.
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