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SUMMARY

Aspergillus fumigatus, a ubiquitous fungus, causes
invasive disease in immunocompromised humans.
Although monocytes and antigen-specific CD4
T cells contribute to defense against inhaled fungal
spores, how these cells interact during infection
remains undefined. Investigating the role of inflammatory monocytes and monocyte-derived dendritic
cells during fungal infection, we find that A. fumigatus infection induces an influx of chemokine receptor
CCR2- and Ly6C-expressing inflammatory monocytes into lungs and draining lymph nodes. Depletion
of CCR2+ cells reduced A. fumigatus conidial transport from lungs to draining lymph nodes, abolished
CD4 T cell priming following respiratory challenge,
and impaired pulmonary fungal clearance. In contrast, depletion of CCR2+Ly6Chi monocytes during
systemic fungal infection did not prevent CD4 T cell
priming in the spleen. Our findings demonstrate
that pulmonary CD4 T cell responses to inhaled
spores require CCR2+Ly6Chi monocytes and their
derivatives, revealing a compartmentally restricted
function for these cells in adaptive respiratory
immune responses.
INTRODUCTION
Inhalation of airborne fungal spores (conidia) is a daily event in
mammalian life, and respiratory immune defenses provide effective and generally symptomless protection against invasive infection (Hohl and Feldmesser, 2007; Latge, 1999; Segal, 2009).
Aspergillus fumigatus is a ubiquitous mold that, in immune compromised individuals, can cause invasive pulmonary infection
leading to potentially lethal, disseminated disease. Though early
defense against inhaled A. fumigatus spores is mediated by
neutrophils (Bonnett et al., 2006; Gerson et al., 1984; Mehrad
et al., 1999; Mircescu et al., 2009), protection against invasive
disease in immunocompromised mice (Cenci et al., 1997, 2000)
and humans (Hebart et al., 2002) also involves fungus-specific

CD4 T cells. In immunocompromised patients, adoptive transfer
of A. fumigatus-specific CD4 T cells can provide protection against
invasive fungal infection (Beck et al., 2006; Perruccio et al., 2005).
Circulating monocytes have been implicated in defense
against A. fumigatus, with evidence for direct killing of invasive
fungal hyphae (Diamond et al., 1983; Roilides et al., 1994) and
spores (Serbina et al., 2009a). A. fumigatus spores activate
monocytes to express a broad range of cytokines, chemokines,
and antimicrobial molecules (Cortez et al., 2006; Loeffler et al.,
2009). TLR-mediated recognition of undefined fungal components and Dectin-1-mediated interactions with fungal b-glucans
(Hohl et al., 2005) contribute to monocyte activation.
Monocytes are divided into subsets on the basis of chemokine
receptor and Ly6C expression in mice and CD14 and CD16
expression in humans (Auffray et al., 2009b; Serbina et al.,
2008). Murine Ly6Chi monocytes are commonly referred to as
inflammatory monocytes and express CCR2, a chemokine
receptor that promotes emigration from the bone marrow (BM)
into the circulation (Serbina and Pamer, 2006). Ccr2/ mice
have increased susceptibility to viral and microbial infections
(Kurihara et al., 1997; Robben et al., 2005; Serbina et al.,
2003), in large part due to retention of monocytes in the BM (Serbina and Pamer, 2006). Ccr2/ mice also have decreased Th1
CD4 T cell responses (Nakano et al., 2009; Peters et al., 2000,
2001), a defect that has been correlated to impaired trafficking
of monocytes to sites of infection and diminished transport of
antigen to draining lymph nodes (Peters et al., 2000) or to
decreased monocyte recruitment to inflamed lymph nodes and
diminished production of IL-12 at the time of T cell priming
(Nakano et al., 2009). In chronic fungal infection models, CCR2
deficiency appears to be associated with Th2 CD4 T cell differentiation (Blease et al., 2000; Traynor et al., 2000). Thus,
although increasing evidence implicates monocytes in the activation and differentiation of CD4 T cell responses to viral
(Aldridge et al., 2009; Nakano et al., 2009), mycobacterial (Peters
et al., 2001), parasitic (Leon et al., 2007), and fungal infections
(Traynor et al., 2000), it remains unclear whether monocytes
are essential for these processes.
Although CCR2-mediated signals promote emigration of
Ly6Chi monocytes from the BM, the absence of CCR2 only
reduces circulating monocyte levels by roughly 80% during homeostatic conditions (Serbina and Pamer, 2006). CCR2-independent
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Figure 1. Inflammatory Cell Recruitment and Conidial MLN Transport during Respiratory Fungal Infection
(A) Gating strategy to define cell populations in the mouse lung. CD45+CD11c+MHC class II variable cells from naive C57BL/6 mice were classified as CD103+
DCs (R1, yellow gate), autofluorescent CD11c+ macrophages (R2, green gate), and CD11b+ DCs (R3, blue gate) as in Sung et al. (2006).
(B and C) C57BL/6 mice (black bars) or Ccr2/ mice (white bars) were infected with 1–2 3 107 conidia and euthanized at the indicated time points. Single-cell
lung suspensions were enumerated and multiplied by the frequency of CD11b+Ly6C+Ly6G+ neutrophils, CD11b+Ly6C+Ly6G monocytes, or CD11b+ DCs in the
lung. The bar graphs in (B) show the average number (+ SEM) of the indicated cell populations. One of three representative experiments is shown with 3–4 mice
per group. (C) The histograms depict the uptake of AF633-labeled conidia (gray lines) or unlabelled conidia (black lines) by the indicated lung cell subsets 2 days
postinfection.
(D and E) C57BL/6 mice were infected with 1–2 3 107 conidia via the i.t. route, and CFUs in the (D) lungs and (E) MLN were determined at the indicated time points.
The bar graphs show the average number (+ SEM) of CFUs per time point (n = 5/time point) from a representative experiment.

emigration of Ly6Chi monocytes from the BM potentially
confounds the interpretation of experiments using CCR2-deficient mice, given that peripheral tissues may be populated with
sufficient numbers of monocytes and derivative cells in the
steady state to obscure important phenotypes resulting from
defective monocyte recruitment during infectious and inflammatory states. In addition, monocytes may employ CCR2-independent mechanisms to influence adaptive immune responses.
Thus, an experimental system that targets monocytes and derivative cells for in vivo depletion would provide strong evidence
regarding their role in triggering adaptive immune responses.
Herein, we have investigated the recruitment and activation of
Ly6Chi monocytes upon infection with Aspergillus fumigatus and,
by generating a transgenic mouse strain that enables complete
depletion of Ly6Chi monocytes, determined that this cell population is essential for transport of fungal spores from the airways to
draining lymph nodes. Whereas depletion of Ly6Chi monocytes
abrogates CD4 T cells’ responses to respiratory challenge with
fungal spores, systemic immune responses in the spleen are
unaffected. Our studies reveal an essential, compartmentalized
function for Ly6Chi monocytes for the initiation of CD4 T cell
responses following the inhalation of fungal spores.
RESULTS
Selective Expansion of Myeloid Cell Populations during
Respiratory Fungal Infection
To characterize the pulmonary inflammatory cell influx following
intratracheal (i.t.) A. fumigatus infection, we analyzed dissociated

lung cells from naive mice by using flow cytometry to define
distinct DC, macrophage, monocyte, and neutrophil populations
in the steady state (Figure 1A). Lung leukocytes (CD45+ cells)
were analyzed for CD11c and MHC class II expression
(Figure 1A), and CD11c+ cells were divided into CD103+ DCs
(Figure 1A, R1, yellow gate), macrophages (Figure 1A, R2, green
gate), or CD11b+ DCs (Figure 1A, R3, blue gate) in accordance
with published results (Sung et al., 2006). Following i.t. challenge
with A. fumigatus conidia, rapid numeric expansion of CD11b+
DCs, but not CD103+ DCs or macrophages, was observed
(Figure 1A). Neutrophil (defined as CD11b+Ly6C+Ly6G+ cells)
and monocyte (defined as CD11b+Ly6ChiLy6G cells) numbers
increased substantially as well (Figure 1B). We next examined
whether infection-induced changes in monocytes and derivative
populations depends on intact CCR2 signaling. Ccr2/ mice
were infected and found to have diminished numbers of pulmonary monocytes and CD11b+ DCs at 2 days postinfection
(Figure 1B) compared to control mice. Loss of CCR2 signaling
did not diminish pulmonary neutrophil influx (Figure 1B).
To define cell subsets that take up A. fumigatus conidia
following i.t. inoculation and potentially contribute to CD4 T cell
priming and differentiation, we infected mice with Alexa Fluor
633-labeled conidia and analyzed them at 2 days postinfection.
Neutrophils and lung macrophages bound fluorescent conidia
(Figure 1C), as anticipated from prior studies (reviewed in Latge,
1999). CD11b+ DCs, a cell population that expands numerically
during respiratory fungal infection, bound fluorescent conidia,
but CD103+ DCs, which do not increase in number following
infection, did not bind labeled conidia in vivo.
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Figure 2. Characterization of CCR2 Reporter Mice
(A) Generation of CCR2 reporter mice. A BAC was modified to encode enhanced GFP under control of the murine CCR2 promoter. A stop codon was introduced
at the 30 transgene terminus followed by a single nucleotide deletion. Arrows indicate the expected translation products.
(B) The plot shows GFP expression and CCR2 Ab staining by CCR2 reporter BM cells.
(C) The histograms show GFP expression by lung DC subsets and macrophages isolated from naive CCR2 reporter (green lines) or nontransgenic C57BL/6 littermates (solid gray histograms).
(D) The bar graphs show the number (+ SEM) of lung GFP+ cells in CCR2 reporter mice (n = 5/group) at the indicated time points postinfection.
(E–G) The plot in (E) shows CD11b expression by GFP+ lung cells in day +2-infected CCR2 reporter mice (black gate). Lung GFP+CD11b+ cells (A, blue gate) were
examined for uptake of AF633-labeled (F, left histogram) or unlabeled (F, right histogram) conidia. The blue and red gates indicate the frequency of AF633 and
AF633+ cells in each histogram, respectively. (G) CD11c expression by AF633 (blue line) and AF633+ (red line) cell subsets among lung GFP+CD11b+ cells isolated from infected CCR2 reporter mice.

Kinetics of Conidial Transport to the MLN
The priming of A. fumigatus-specific CD4 T cells in the lungdraining mediastinal lymph node (MLN) can be observed as early
as 4 days postinfection (Rivera et al., 2006). To determine the
kinetics of conidial transport to the draining MLN, C57BL/6
mice were infected with 1–2 3 107 conidia, and the number of
MLN CFUs was quantified at specified time points postinfection.
At 15 hr postinfection, 102 CFUs were cultured from the MLN
(Figure 1D), and this number increased to 103 CFUs by 48 hr
postinfection, with a slight decline during the ensuing 48 hr.
Pulmonary CFUs declined at each time point examined, with
a nearly 10-fold drop between the 15 hr and 96 hr time points
(Figure 4B). Thus, MLN conidial transport is rapid and peaks in
the first 2 days postinfection, temporally coincident with the
large pulmonary influx of monocytes and CD11b+ DCs.
Development and Validation of CCR2 Reporter Mice
Because CD11b+ DCs take up conidia and accumulate in
a CCR2-dependent manner during respiratory fungal infection,
a CCR2 reporter mouse was generated to track CCR2+Ly6Chi
monocytes and their relationship to CD11b+ lung DCs. A bacterial artificial chromosome encoding the murine CCR2 locus was
modified to place GFP under control of the endogenous CCR2
promoter and incorporated into the germline of C57BL/6 mice
(Figure 2B; for details, see methods in Serbina et al., 2009b). In
CCR2 reporter mice, surface staining with a CCR2-specific
monoclonal antibody (Mack et al., 2001) and transgenic expression of GFP correlate closely in BM cells (Figure 2B). GFP

expression is high on circulating Ly6Chi monocytes and diminished on Ly6Clo monocytes (Figure S1 available online); these
monocyte subsets express high and low levels of CCR2, respectively (Geissmann et al., 2003).
Although recent studies have shown that CD11b+ and CD103+
DCs both express CCR2 (Jakubzick et al., 2008b), characterization of naive CCR2 reporter mice revealed that CD11b+ DCs
express higher levels of the GFP transgene compared to
CD103+ DCs in the lung (Figure 2C). GFP transgene expression
was not detected on neutrophils (data not shown) or autofluorescent lung CD11c+ macrophages from CCR2 reporter mice by
flow cytometric analysis.
Monocytes Differentiate into CD11b+ Lung DCs during
Respiratory Fungal Infection
During respiratory fungal infection, the number of GFP+ cells in
the lungs of CCR2 reporter mice nearly triples in the first 2 days
postinfection (Figure 2D), and virtually all GFP+ cells express
CD11b+ (Figure 2E). Approximately 15%–20% of CD11b+GFP+
cells contain fluorescent conidia (Figure 2F, left, red gate); this
subset expresses high levels of CD11c (Figure 2G, red line)
and MHC class II (data not shown), whereas GFP+ cells that
did not contain fluorescent conidia (Figure 2F, left, blue gate)
express little or no CD11c. This result suggests that monocytes
rapidly convert to CD11b+ DCs upon or prior to conidial uptake.
Adoptive transfer experiments were performed to examine
monocyte differentiation during respiratory fungal infection.
CD45.1+CD45.2+ BM monocytes from CCR2 reporter mice
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were purified on the basis of GFP expression and transferred into
CD45.2+ C57BL/6 recipient mice (Figure 3A). One-half of the
recipient mice were infected with A. fumigatus 30 min later. The
lungs of all experimental groups were harvested 3 days postinfection and analyzed by flow cytometry. CD45.1+GFP+ cells
were found in the lungs of naive and infected recipient mice (Figure 3B), though the frequency and number of CD45.1+GFP+cells
were higher in infected mice than in naive mice by a factor of 2
and 3, respectively. In infected mice, CD45.1+GFP+ cells in the
lung express high levels of CD11c and MHC class II, whereas
transferred CD45.1+GFP+ cells recovered from the lungs of naive
mice (Figure 3C) express marginal levels of CD11c and MHC
class II, consistent with the CD11b+Ly6C+Ly6G flow cytometric
phenotype of lung monocytes. Thus, the inflammatory response
to respiratory fungal infection promotes monocyte differentiation
into CD11b+ lung DCs that are associated with conidial uptake.
We did not observe CD45.1+GFP+ cells in the CD103+ DC or
macrophage gate in plots of stained lung cells from recipient
mice (data not shown).
CD11b+ Lung DCs Transport Conidia to the Draining
MLN
To examine whether GFP+ cells are associated with conidia in
the MLN, we analyzed the MLN cell composition in CCR2
reporter mice at 48 hr postinfection, which corresponds to the
peak in MLN A. fumigatus CFUs. At this time point, 2–3 3 104
GFP+CD11b+ cells accumulated in the MLN of infected (Figures
4A and 4B), but not naı̈ve, mice. The majority of MLN
GFP+CD11b+ cells express CD11c (Figure 4C, red gate) with
a minor CD11c population (Figure 4C, blue gate). MLN

GFP+CD11b+CD11c+ cells express high
levels of MHC class II and CD86 (Figure 4D), whereas GFP+CD11b+CD11c
cells do not. Thus, on the basis of flow
cytometric characterization, MLN GFP+
CD11b+CD11c+ cells closely resemble
lung CD11b+ DCs.
Because CD11b+ DCs take up conidia
in the lung, we expected to find fluorescent conidia in the corresponding MLN GFP+CD11b+CD11c+
cell population. Following infection with AF633-labeled conidia,
5% of MLN GFP+CD11b+CD11c+ cells bound fluorescent conidia (Figure 4E, left), whereas GFP+CD11b+CD11c cells did not
(Figure 4E, right), suggesting that monocyte-derived CD11b+
lung DCs transport conidia to the MLN.
GFP+CD11b+ cells were sorted from the MLN of infected mice
48 hr postinfection and cultured ex vivo with naive, A. fumigatusspecific Af3.16 CD4 T cells (Rivera et al., 2006) in the presence of
exogenously added Aspergillus antigens. Under these conditions, GFP+CD11b+ cells stimulated the proliferation of Af3.16
CD4 T cells, measured by tritiated thymidine incorporation
(Figure 4F) and IL-2 release (data not shown), as efficiently as
CD11c+ splenic DCs purified from mice injected with Flt3Lsecreting tumor cells. These results demonstrate that
GFP+CD11b+ MLN cells isolated from A. fumigatus-infected
mice have the capacity to prime naive fungus-specific CD4
T cells ex vivo.
Development, Validation, and Characterization of CCR2
Depleter Mice
To determine whether monocytes and derivative cells actively
transport conidia to the MLN and to analyze their role in CD4
T cell priming, we generated a CCR2 depleter mouse using the
diphtheria toxin (DT)-induced cell ablation strategy (Saito et al.,
2001). The BAC clone RP23-182D4 was modified to encode
a simian DT receptor (DTR) and enhanced cyan fluorescent
protein (CFP). The DTR and CFP modules were separated by
a linker sequence that contains an aphthovirus 2A cleavage
site and was optimized for fluorescence (Figures 5A and S2).
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Figure 4. Influx of GFP+CD11b+ DCs in the MLN during Respiratory Fungal Infection
(A–D) GFP+CD11b+ cells accumulate in the MLN of A. fumigatus-infected mice. The plots in (A) and the bar graph in (B) show the frequency (A) and average
number (+ SEM) (B) of MLN GFP+CD11b+ cells in infected (day +2) or naive CCR2 reporter mice. (C) MLN GFP+CD11b+ cells isolated from infected mice can
be divided into two subsets on the basis of CD11c expression (blue and red gates). (D) The histograms show MHC class II and CD86 expression by the
CD11c+ (red line) or CD11c subset of MLN GFP+CD11b+ cells (blue line). Isotype control staining is shown in the gray histograms. One of three (A and B) or
two (C and D) experiments with 3–4 mice per group is shown.
(E) GFP+CD11b+ DCs are associated with fluorescent conidia. CCR2 reporter mice were infected with AF633-labeled (colored lines) or unlabeled conidia (black
lines). MLN GFP+CD11b+ cells were divided into CD11c+ DCs (red lines) or CD11c monocytes (blue lines) and analyzed for AF633 fluorescence. The gate indicates the frequency of AF633+ cells.
(F) MLN GFP+CD11b+ cells can prime naive Ag-specific CD4 T cells. 3.5 3 104 flow-sorted MLN GFP+CD11b+ cells harvested from infected CCR2 reporter mice
or 5 3 104 MACS-enriched CD11c+ DCs from Ftl3L-treated mice were cultured for 48 hr with 5 3 104 Af3.16 CD4 T cells with (gray bars) or without (black bars)
hyphal antigens prior to assessment of CD4 T cell proliferation by [3H]-thymidine incorporation.

Two candidate founder mice were derived following oocyte
injections, and a single CCR2 depleter founder line was
expanded.
CFP expression in CCR2 depleter BM cells corresponds
closely to CCR2 Ab staining (Figure S3A). Similar to CCR2
reporter mice, BM Ly6Chi monocytes from CCR2 depleter mice
uniformly express high levels of the fluorescent transgene
(Figure S3B) and stain for the simian DTR transgene using an
anti-human DTR Ab (Figure S3C). Circulating Ly6Chi and Ly6Clo
monocytes express high levels and low levels of CFP, respectively (Figure S3D). CCR2 depleter mice were crossed to
transgenic mice carrying a GFP transgene at the CX3CR1
locus (Jung et al., 2000). In progeny that contain both reporter

genes, GFPloCFPhi monocytes (Figure 6B, orange gate) correspond to Ly6ChiCX3CR1loCCR2hi monocytes. Conversely,
GFPhiCFPlo monocytes (Figure 6B, purple gate) correspond to
Ly6CloCX3CR1hiCCR2lo monocytes. Thus, the major circulating
monocyte subsets can be distinguished on the basis of transgene expression.
CCR2 depleter mice were injected with a single 10 ng/g body
weight dose of DT. No overt toxicity was observed, and DTtreated mice did not succumb during a 10 day observation
period. Within 24 hr, > 99% of circulating monocytes were
ablated, with recovery incipient at 48–72 hr following DT administration (Figure 6C). The blood monocyte frequency reached
pretreatment levels by day +4, with a further increase evident
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Figure 5. Abrogation of Conidial MLN Transport in CCR2 Depleter Mice
(A) Generation of CCR2 depleter mice. The BAC clone RP23-182D4 was modified to encode a simian DTR followed by a -(GSG)3GTG- linker, a 19 residue aphthovirus 2A cleavage site (-APVKQTLNFDLLKLAGDVESNPGP-) (Donnelly et al., 2001), and enhanced CFP under control of the CCR2 promoter. A stop codon
was introduced at the 30 transgene terminus followed by a single nucleotide deletion. Arrows indicate the expected translation products.
(B and C) Transgene expression by monocytes and sensitivity to DT. Transgene expression by monocytes and ablation by DT administration. (B) CD115+ blood
monocytes (black gate, left) from CX3CR1(gfp/+) CCR2 depleter mice were analyzed for CFP, GFP, and Ly6C expression. In the left panel, the purple and orange
gates indicate GFPhiCFPlo and GFPloCFPhi monocytes, respectively. Ly6C expression by both subsets is shown in the histogram on the right. (C) CCR2 depleter
mice were treated were 10 ng/g body weight DT via the i.p. route. The graph shows the percentage of CD115+ monocytes among CD45+ blood leukocytes at the
indicate time points after DT treatment. Control mice include CCR2 depleter mice that did not receive DT and DT-treated nontransgenic littermates. One of two (B)
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(D) CCR2 depleter mice (black bars) or control C57BL/6 mice (white bars) were treated with DT on day 1 and infected with 1–2 3 107 conidia on day 0. The
histograms show the number (+ SEM) of MLN and lung CFUs 48 hr postinfection (n = 12–13/group) from two pooled experiments.

at day +8 (Figure 5C) and a return to homeostatic levels by day
+10 (data not shown).

monocyte-derived CD11b+ DCs represent the major transport
mechanism for A. fumigatus from the lung to the MLN.

Monocyte Depletion and MLN Antigen Transport
The finding that monocytes infiltrate the lungs of A. fumigatusinfected mice and differentiate into CD11b+ DCs that contain
bound conidia is consistent with a role in MLN antigen delivery.
It remains unclear, however, whether conidial transport to the
MLN depends on DC uptake. Cell ablation experiments were
performed to establish whether monocytes and derivative cells
not only have the capacity to transport antigen to the MLN, but
also are essential for this process.
CCR2 depleter and nontransgenic control mice were treated
with a single DT dose and infected 24 hr later. The mice were
euthanized 48 hr postinfection, and CFUs were determined in
the MLN and lungs (Figure 5D). MLN CFUs in DT-treated
CCR2 depleter mice were 85% lower than in nontransgenic
controls, whereas lung CFUs were statistically equivalent in
both groups (Figure 5D). Taken together with the MLN characterization of infected CCR2 reporter mice, these data indicate that

Differential Impact of DT Treatment on DC Populations
in the Lung and Spleen
Further characterization of CCR2 depleter mice demonstrated
that DT treatment led to a rapid depletion of BM Ly6C+ monocytes, with > 99% depletion within 12 hr of administration (data
not shown). Of interest, MDPs, defined as CX3CR1+CD117+Lin
BM cells (Fogg et al., 2006), underwent depletion as well, with an
90% reduction 24 hr following DT administration (Figure S4A),
consistent with low-level expression of the CFP transgene
(Figure S4B). Because MDPs not only give rise to monocytes,
but also to nonmonocytic DC precursors, this finding suggested
that DT treatment may affect splenic DC populations.
DT-induced cell depletion was, therefore, examined in lung
and spleen samples from CCR2 depleter mice. A single DT
dose led to the rapid depletion (by 12 hr) of lung- and spleen-resident CD11b+Ly6GLy6Chi monocytes, with a 2 log10 reduction in
number (Figures 6A and 6B). In the lung, CD11b+ DCs and
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Figure 6. Depletion of Lung and Spleen DC Subsets in CCR2 Depleter Mice
(A and B) CCR2 depleter mice received no toxin (control) or 10 ng/g body weight DT at day 0. At the indicated time points, mice were euthanized, and single-cell
suspensions from the lungs (A) and spleens (B) were enumerated and analyzed by flow cytometry to determine toxin-induced cell depletion. For the top panel in
(A), the baseline lung monocyte, CD103+ DC, CD11b+ DC, and lung macrophage counts (± SEM) were (in log10 units) 6.167 ± 5.645, 5.401 ± 4.557, 5.786 ± 4.825,
and 5.512 ± 4.781, respectively. For the top panel in (B), the baseline spleen monocyte, CD8a+ DC, and CD11b+ DC counts (± SEM) were 5.746 ± 5.115, 4.978 ±
4.317, and 5.620 ± 4.916, respectively. One of three representative experiments is shown with 3–4 mice per group.

CD103+ DCs underwent significant depletion (>1 log10 decease
in number), albeit with slower kinetics. The maximal extent of cell
depletion was evident on day +3 post-DT administration (Figure 6A). Similar results were observed for lung CD11c+ macrophages. In contrast, the magnitude of DC depletion in the spleen
was far less pronounced (Figure 6B). In three independent
experiments, the number of CD8a+CD11c+MHC class II+ and
CD11b+CD11c+MHC classII+ DCs in the spleen underwent
a modest reduction, typically by 0.2–0.4 log10 units (Figure 6B).
Lethally irradiated C57BL/6 mice were reconstituted with
CCR2 depleter BM as a control to determine whether CCR2
expression on nonhematopoietic cells influences cell depletion
in the lung and spleen. The extent and kinetics of DC depletion
in the lung and spleen were similar in recipient mice reconstituted with CCR2 depleter BM cells (Figure S5). Thus, DT administration to CCR2 depleter mice selectively affects DCs in the
lung, and CD8a+ and CD11b+ DC subsets in the spleen are relatively unperturbed.
Monocyte Depletion and Impact on Antigen-Specific
CD4 T Cell Responses
To determine whether the reduction in MLN antigen transport
observed in CCR2 depleter mice affects antigen-specific CD4
T cell responses, we measured the proliferation, expansion,

and trafficking of Af3.16 CD4 T cells in DT-treated CCR2 depleter
mice 6 days postinfection. CCR2 depleter and nontransgenic
C57BL/6 mice received 105 CFSE-labeled CD90.1+CD90.2+
Af3.16 CD4 T cells and DT on day 1 and day +1 postinfection,
with 1–2 3 107 A. fumigatus conidia. The number and CFSE dilution profiles of transferred Af3.16 CD4 T cells were examined in
the MLN, lung, and airways.
Af3.16 CD4 T cells underwent priming and expansion in the
MLN of DT-treated control mice (Figures 7A and 7B). In contrast,
the frequency of transgenic cells in the MLN CD4 gate was much
lower in DT-treated CCR2 depleter mice, and little dilution of the
CFSE label was observed (Figures 7A and 7B). Overall, Af3.16
CD4 T cells in the MLN of infected control mice underwent >
1000-fold expansion compared to naive mice, whereas only an
10-fold expansion was observed in the MLN of infected
CCR2 depleter mice. In sum, the number of Af3.16 CD4 T cells
was 100-fold greater both in the MLN and lungs of infected
control mice compared to CCR2 depleter mice (Figure 7C), indicating that a major defect in the initiation of the CD4 T cell adaptive immune response is associated with the depletion of transgene-expressing cells.
The lung fungal burden was examined in the same group of
mice to test whether the loss of A. fumigatus-specific CD4
T cell responses is associated with impaired fungal clearance.
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Figure 7. Depletion of CCR2+ Cells Impairs CD4 T Cell Priming and Fungal Clearance in the Lung
(A–D) CCR2 depleter or nontransgenic littermates received 105 CFSE-labeled Af3.16 CD4 T cells on day 1, DT on day 1 and day +1, and 1–2 3 107 A. fumigatus
conidia i.t. on day 0. The plots show representative examples of (A) the frequency of CD90.1+CD90.2+ Af3.16 TCR-Tg CD4 cells within the MLN CD4 gate and (B)
the CFSE dilution profile of gated Af3.16 CD4 T cells. (C and D) The plots show (C) the number of MLN and lung Af3.16 CD4 T cells and (D) the average lung CFUs
(± SEM) from DT-treated infected control (black circles or bar; n = 9), DT-treated infected CCR2 depleter (white circles or bar; n = 8), or DT-treated uninfected mice
(gray circles; n = 6) 6 days postinfection from two pooled experiments.
(E) CCR2 depleter mice were treated with no DT (black bars) or one dose of DT (white bars) on day 1 and infected with A. fumigatus via the i.t. or i.v. route (day 0).
The graph shows the average number of Af3.16 CD4 T cells (± SEM) in the lung and spleen 6 days postinfection.

In contrast to the day +2 time point (Figure 5D), CCR2 depleter
mice had higher lung fungal burdens than control mice on day
+6 postinfection (Figure 7D), consistent with the notion that
CD4 T cell-dependent responses contribute to optimal antifungal defense. Thus, lung CD11b+ DC-mediated conidial transport to the MLN is required for the priming and proliferation
of antigen-specific CD4 T cells in the lung, and interruption of
this process coincides with reduced A. fumigatus pulmonary
clearance.
Although DT treatment led to depletion of lung CD11b+ and
CD103+ DCs, splenic CD11b+ and CD8a+ DC subsets were relatively insensitive to DT. To examine the functional consequences
of compartment-specific DC depletion, CCR2 depleter mice
treated with a single dose of DT were infected via the i.t. or i.v.
route, and the expansion of adoptively transferred Af3.16
TCR-Tg cells was measured in the lung and spleen, respectively.
The number of splenic Af3.16 CD4 T cells was equivalent in
CCR2 depleter and control mice infected via the i.v. route
(Figure 7D), whereas the number of pulmonary Af3.16 CD4
T cells was severely reduced in CCR2 depleter mice compared
to the control group infected via the i.t. route.
Similar results were observed in CCR2 depleter and control
mice infected via the i.t. or i.v. route with an ActA Listeria monocytogenes strain that expresses the Mycobacterium tuberculosis
antigen ESAT-6. CCR2 depleter mice infected via the i.t. route
showed a major defect in the number of lung ESAT-6-specific
CD4 T cells (Gallegos et al., 2008), whereas CCR2 depleter
mice infected via the i.v. route displayed normal expansion of

splenic ESAT-6-specific CD4 T cells (Figure S6). These
data demonstrate a compartment-specific role for monocytederived DCs in initiating adaptive immune responses to microbial
pathogens.
DISCUSSION
Monocytes rapidly mobilize and rapidly differentiate in response
to microbial challenges. Although monocytes are recruited to
diverse host tissues and are implicated in innate and adaptive
responses to viral and other microbial pathogens, their compartment-specific contributions to host defense remain incompletely
defined. In part, our limited understanding of the role of monocytes in antimicrobial defense stems from the fact that selective
in vivo depletion of monocytes has been difficult to achieve. Our
results using a CCR2 depleter mouse strain demonstrate an
essential role for monocytes in the priming and expansion of
CD4 T cell responses following inhalation of a microbial pathogen. Loss of CD4 T cell priming following monocyte depletion
correlates with a marked decrease in transport of fungal conidia
to lung-draining MLNs and an ensuing defect in fungal clearance
from the lung, thus implicating CCR2+Ly6Chi monocytes and
derivative CD11b+ DCs in this critical early step in the adaptive
immune response.
We found that transferred BM monocytes rapidly differentiate
in the presence of infection and express high levels of CD11c and
MHC class II, giving rise to lung CD11b+ DCs. Under these
conditions, we did not observe monocyte differentiation into
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CD103+ DCs or pulmonary macrophages (data not shown).
Furthermore, we did not observe CD11c and MHC class II upregulation upon transfer of cells into naive mice. It is likely that
microbially induced inflammatory responses promote monocyte
differentiation into CD11b+ DCs with the capacity to take up and
process microbial cargo at the portal of entry. CD11b+ and
CD103+ lung DCs have been reported to discriminate between
soluble and particulate forms of a model antigen, with uptake
of the soluble form primarily by CD11b+ DCs and the particulate
form primarily by CD103+ DCs (Jakubzick et al., 2008a).
However, our results suggest that CD11b+ DCs bind inhaled
conidia, particles with an average diameter of 2–4 mm. In murine
models of tuberculosis and leishmaniasis, CD11b+ DCs take up
fluorescent mycobacteria and parasites at infection sites and
remain associated with the labeled microbes in the draining
LNs (Leon et al., 2007; Wolf et al., 2007). Influenza virus nucleoprotein is found in the cytoplasm of migratory CD11b+ and plamacytoid DCs isolated from the lung-draining lymph nodes.
(GeurtsvanKessel et al., 2008). An explanation for the differential
uptake of microbial antigen by CD103 and CD103+ DCs is the
distinct complement of phagocytic receptors expressed by
these DC subsets. Recent microarray analyses demonstrate
that mRNA levels of receptors (e.g., dectin-1 and CD209)
involved in conidial uptake are higher in CD103 than in
CD103+ DCs (del Rio et al., 2008; Serrano-Gomez et al., 2004).
This difference may explain the in vivo difference in fungal cell
uptake by CD11b+ and CD103+ lung DCs.
Much has been learned recently about the development of
tissue DCs from precursors in the BM. Geissmann and colleagues identified a common macrophage and DC precursor
(MDP) (Fogg et al., 2006) that gives rise to DC subsets both in
lymphoid and nonlymphoid tissues. However, splenic conventional CD8a and CD8a+DCs (cDCs) develop in an Flt3L-dependent manner (Waskow et al., 2008) via a common DC precursor
(CDP) in the BM and a pre-DC intermediate that can traffic from
the BM to the spleen (Liu et al., 2007, 2009; Naik et al., 2006,
2007; Onai et al., 2007). Monocytes and descendent cells arise
from MDPs as well (Auffray et al., 2009a; Fogg et al., 2006), albeit
via a distinct developmental pathway (Liu et al., 2009). Recent
studies using parabiosis, latex bead labeling, and adoptive
transfer techniques found that circulating monocytes (Jakubzick
et al., 2008b; Landsman and Jung, 2007; Landsman et al., 2007)
have the capacity to give rise to lung DCs and macrophages in
the steady state, with CCR2+Ly6Chi monocytes preferentially
giving rise to CD103+ DCs and Ly6Clo monocytes preferentially
giving rise to CD11b+ DCs (Jakubzick et al., 2008b). It is clear
that these steady-state pathways of monocyte differentiation
are redirected during microbial infection (Serbina et al., 2008).
For example, Ly6Chi monocytes infiltrating the spleens of Listeria
monocytogenes-infected mice differentiate into TNF and iNOSproducing DCs (Tip-DCs) that are largely uninfected (Serbina
et al., 2003). In contrast, in the setting of respiratory A. fumigatus
infection, Ly6Chi monocytes differentiate into CD11b+ DCs upon
uptake of fungal conidia. This may explain differences in our
study from results seen in the steady state (Jakubzick et al.,
2008b).
The distinct developmental pathways of lung and splenic DCs
likely contribute to the different degree of DC ablation noted in
lung and splenic subsets in toxin-treated CCR2 depleter mice

(Figure 6). Depletion of pulmonary CD11b+ and CD103+ DCs
upon DT treatment of CCR2-DTR mice may result from depletion
of monocyte precursors, but it is possible that tissue DC populations recently derived from monocytes continue to express DTR
and thus are eliminated by toxin treatment. The delayed kinetics
of lung DC subset depletion, however, suggests that monocyte
loss is a more likely explanation for DC loss. Furthermore, the
half-life of airway DCs is short. Holt and colleagues estimated
a turnover time of 2 days based on BM chimera experiments
(Holt et al., 1994). In addition, respiratory DCs undergo basal
migration to secondary lymphoid tissues via afferent lymphatics
(Legge and Braciale, 2003). It is thus likely that pulmonary DC
subsets are sensitive to the levels of circulating precursor cells,
particularly following microbial challenge or in inflammatory
states.
The finding that splenic CD4 T cell responses remain intact
whereas pulmonary CD4 T cell responses are impaired may
appear surprising, given the observation that MDPs are targeted
in CCR2 depleter mice following toxin administration. Though
bromodeoxyuridine labeling experiments suggests that both
splenic subsets have half-lives on the order of 1.5–3 days
(Kamath et al., 2000), more recent data show that splenic DCs
may undergo limited cell division in situ (Liu et al., 2007) and
extend the half-life of lymphoid organ DCs to 5–7 days. This latter
estimate may contribute to differences in depletion seen in our
experiments, given DT-induced depletion of the common MDP
precursor. Consistent with this view, we observed that splenic
cDCs were completely depleted in CCR2 depleter mice if the
DT injection schedule was extended to four injections over 8
days (data not shown).
How do CCR2-expressing monocytes influence T cell
responses? In our experiments, we demonstrate that they are
necessary to transport conidia to draining lymph nodes.
Although we demonstrate that monocyte-derived CD11b+ DCs
prime naive T cells ex vivo, we cannot be certain that they are
performing this function in vivo. Thus, the possibility remains
that monocytes transport conidia to lymph nodes and then transfer antigen to lymph node-resident DCs. During influenza virus
infection, this scenario appears highly likely for the priming of
CD8 T cell responses by MLN resident CD11bCD8a+ DCs
(Belz et al., 2004) or CD11bCD8a DCs and CD4 T cell
responses by MLN CD11bCD8a DCs (GeurtsvanKessel
et al., 2008), given that these subsets do not participate in viral
antigen delivery to the MLN. The recent development of mice
with defined genetic lesions in lymph node-resident CD8a+ DC
development (Hildner et al., 2008) may provide a framework to
address these questions in more detail.
Invasive aspergillosis (IA) is a disease of the highly immunocompromised host, occurring most commonly in patients undergoing allogeneic BM transplantation (Segal, 2009). Although
neutropenia is a well-appreciated risk factor for invasive fungal
infection, recent studies have demonstrated that human monocyte subsets can also directly inhibit germination of A. fumigatus
conidia (Serbina et al., 2009a). Whether human or murine monocytes play a critical role for the success of vaccine strategies that
target IA remains an important line of investigation. Preclinical
studies have evaluated a large number of proteinaceous, lipidic,
and carbohydrate antigens in combination with adjuvants or DCs
as vaccine candidates (Bozza et al., 2009; Cenci et al., 2000;
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Torosantucci et al., 2005, 2009). Our demonstration that selective depletion of monocytes in the setting of A. fumigatus
infection abrogates pathogen-specific CD4 T cell responses
suggests that temporary loss of monocytes in clinical settings
has important implications for CD4 T cell-dependent vaccination
strategies and the development of adaptive antifungal defenses.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6, C57BL/6.SJL, Ccr2/, CX3CR1(gfp/gfp) (purchased from Jackson
Laboratories), Af3.16 TCR-Tg (Rivera et al., 2006), and ESAT-6 clone 7 TCR-Tg
(Gallegos et al., 2008) mice were housed and bred at the MSKCC Research
Animal Resource Center. The generation of CCR2 reporter and CCR2 depleter
mice is described in Serbina et al. (2009b) and the Supplemental Experimental
Procedures, respectively. All strains were generated on or backcrossed > 10
generations on the C57BL/6 background.

SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and six
figures and can be found with this article online at http://www.cell.com/
cell-host-microbe/supplemental/S1931-3128(09)00349-7.
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