








together, these results suggest that CCR7 and its ligands play an im-
portant role in the immune response to A. fumigatus.

CCR7�/� mice are protected from invasive aspergillosis

To examine the effect of CCR7 during invasive pulmonary as-
pergillosis, we infected neutropenic wild-type and CCR7�/� mice
with 6.0 � 106 conidia. CCR7�/� mice were less susceptible to
death following fungal challenge when compared with their wild-
type counterparts (Fig. 2A). It was observed that the lungs of un-
infected CCR7�/� mice had significant cellular infiltrate, which
included the formation of lymphoid aggregates (Fig. 2B, i and ii).
Although there was substantial leukocytic infiltration in both wild-
type and CCR7�/� mice 48 h following conidial challenge, the
CCR7�/� mice demonstrated a decrease in pulmonary fungal el-
ements as determined by GMS staining (Fig. 2B, iii–vi). Using
real-time PCR, the gene expression of whole lung cytokine levels
was determined in uninfected mice and in mice 48 h after A. fu-
migatus infection (Fig. 2, C and D). Uninfected CCR7�/� mice
had elevated levels of IL-12p35, TNF-�, IL-17a, CXCL10, and
IL-10, when compared with unchallenged wild-type mice. Addi-
tionally, CCR7�/� mice had significantly higher gene expression
of IFN-� before infection (data not shown). Interestingly, 48 h
following conidial challenge, CCR7�/� mice had lower expres-
sion of IL-12p35, TNF-�, �L-17a, IFN-�, and IL-10 RNA than did
wild-type mice (Fig. 2D). Taken together, these data indicate that
CCR7�/� mice are protected from invasive aspergillosis and have
a regulated inflammatory response due to the accelerated clearance
of A. fumigatus.

Deficiency of CCR7 on hematopoietic cells significantly
enhanced survival and decreased fungal burden following
A. fumigatus conidia challenge

Previous studies, and work in our laboratory, have demonstrated
that CCR7�/� mice exhibit anatomical abnormalities, such as al-
terations in secondary lymphoid organs, and generalized autoim-

munity (27, 32). Given this feature of CCR7�/� mice, we elected
to make bone marrow chimeras to examine the effect of CCR7
solely on the hematopoietic system during invasive aspergillosis.
CCR7�/� chimeras had significantly lower mortality (10%) than
did their wild-type counterparts (66%) at day 5 postinfection with
A. fumigatus (Fig. 3A). Analysis of whole lung chitin levels re-
vealed that CCR7�/� chimeric mice had a significantly lower fun-
gal burden compared with wild-type chimeras (Fig. 3B). Consis-
tent with these data, GMS staining of whole lung sections showed
significant fungal growth and hyphal formation in the wild-type
chimera lung, which was widely absent in the CCR7�/� chimeras
(Fig. 3, C–H). The lungs of uninfected CCR7�/� chimeras exhib-
ited some lymphoid aggregates made up predominantly of B cells
and T cells as well as additional cell infiltrate, which was not
observed in the wild-type chimeras (Fig. 3, C and D). Interestingly,
this infiltrate was markedly less than that observed in naive
CCR7�/� mice of the same age. Two days after conidia challenge,
H&E staining showed significant cell infiltrate in the lungs of both
mice, but to a greater extent in the wild-type chimeras, when com-
pared with CCR7�/� chimeras and to the unchallenged controls
(Fig. 3, C–F). This cellular infiltrate corresponded to a massive
inflammatory response to A. fumigatus. Despite the influx of cells
in both groups of mice, wild-type chimeras were unable to control
the growth of the fungus, while the knockout animals did not de-
velop invasive aspergillosis (Fig. 3, G and H). These data clearly
demonstrate that neutropenic CCR7�/� chimeric mice are pro-
tected from invasive aspergillosis.

Lung leukocyte cell recruitment following invasive aspergillosis
challenge

Since treatment of mice with anti-Gr-1 eliminates neutrophils, a
major effector cell type in the aspergillus-infected lung, we exam-
ined whole lung samples by flow cytometery to identify the cells
providing the protective effect observed in CCR7�/� chimeras.

FIGURE 3. Survival, lung chitin content, and histology of wild-type and CCR7�/� bone marrow chimeras challenged with A. fumigatus conidia.
Wild-type or CCR7�/� chimeric mice were given 100 �g of anti-Gr-1 Ab 24 h before an i.t. challenge with 6.0 � 106 conidia and followed for survival
or analyzed at 48 h. A, Survival of wild-type and CCR7�/� chimeras; n � 10 for wild-type mice and n � 12 for CCR7�/� mice. B, Lung chitin content
determined 48 h after the onset of infection. C–H, Histologic analysis of lung tissue 2 days after conidia challenge. H&E staining of uninfected lungs (C
and D) or 48 h after conidia challenge (E and F). G and H, Representative GMS-stained sections from wild-type (G) or CCR7�/� chimeras (H) following
conidial challenge; fungal elements are stained in black. Original magnification was �20 for H&E-stained sections and �40 for GMS sections. �, p � 0.05
when comparing survival and chitin in wild-type and CCR7�/� chimeras.
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We saw a dramatic increase in myeloid DCs and immature my-
eloid cells (monocytes and recruited macrophages) at 48 h after
aspergillus challenge in both the wild-type and CCR7�/� groups
(Fig. 4). Conversely, the numbers of T cells, B cells, and NK cells
were decreased 2 days after conidia challenge. While immature
myeloid cell numbers were elevated in both groups, flow cytomet-
ric data revealed higher percentages of myeloid DCs in the lungs
of CCR7�/� chimeric mice, which, in combination with higher
absolute number of cells in the lungs of the knockout animals,
resulted in a significantly greater number of DCs present (Fig. 4).
It has been previously reported that DCs provide protection against
invasive aspergillosis and that mice lacking adequate numbers of
DCs are susceptible to disease (15). Therefore, antifungal re-
sponses in CCR7�/� chimeras appear to be the result of an en-
hanced accumulation of DCs.

Whole lung protein analysis 48 h after onset of invasive
aspergillosis

Inflammation is required for an appropriate antifungal immune re-
sponse, but it has been reported that an uncontrolled inflammatory
response is detrimental to the host (33, 34). We found that protein
levels were significantly higher in both groups of mice 2 days after
infection when compared with naive controls (Fig. 5). Unlike wild-
type and CCR7�/� mice, there is no significant difference in the
baseline cytokine expression between uninfected wild-type chime-
ras and CCR7�/� chimeras (Figs. 2C and 5). The reduction of
proinflammatory cytokine expression in uninfected CCR7�/� chi-
meras compared with CCR7�/� mice may be due to the reduction

in lymphoid aggregates in the lung (Figs. 2Bii and 3D). Similarly to
infected wild-type mice, conidial challenge in wild-type chimeras re-
sults in significantly higher expression of TNF-�, CCL2, CCL5, and
CCL3, but lower levels of CXCL9 and CXCL10, when compared
with CCR7�/� chimeras. While CCR7�/� chimeras have lower lev-
els of inflammatory mediators, both groups produce the same amount
of the antiinflammatory cytokine IL-10. Taken together, these find-
ings suggest that the inflammatory response in the lung of CCR7�/�

chimeric mice is appropriately regulated before and during infection,
leading to the rapid clearance of A. fumigatus.

Characterization of wild-type and CCR7�/� DCs following
aspergillus challenge in vitro

Survival, histological, and fungal growth differences between
wild-type and CCR7�/� chimeras appear to be the result of the
accumulation of DCs in the lungs of the knockout mice. However,
these differences could also be the consequence of differential ac-
tivation and maturation by CCR7�/� DCs, or due to a difference in
fungal recognition by these chemokine receptor-deficient DCs. To
determine whether differences exist between wild-type and
CCR7�/� BMDCs, bone marrow from both mice was grown in
vitro for 8 days with GM-CSF and the resulting BMDCs were
challenged with Aspergillus conidia. Two hours after fungal chal-
lenge, CCR7�/� and wild-type BMDCs had very similar gene ex-
pression of the costimulatory molecules MHC II, CD86, and CD40
(Fig. 6A). When RNA was analyzed for expression of antifungal,
proinflammatory cytokines at 2 h, CCR7�/� BMDCs showed
higher levels of TNF-�, CXCL10, CCL2, and CXCL2 and similar

FIGURE 4. Leukocyte differentials in the lung at 48 h after A. fumigatus challenge in wild-type and CCR7�/� bone marrow chimeras. The left lung lobe
from wild-type or CCR7�/� chimeras was analyzed by flow cytometery 48 h after fungal challenge. Myeloid DCs were CD11chigh, CD11bhigh cells (as
shown in the dot plots). Monocytes/macrophages were CD11b�, F4/80�, and CD11c�. NK cells were NK1.1�, T cells were CD3� and CD4� or CD8�,
and B cells were CD19�. �, p � 0.05 when comparing DCs in wild-type and CCR7�/� mice on day 2 following infection.
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levels of CCL5, when compared with wild-type BMDCs (Fig. 6B).
Given that it has been shown that a TLR2/dectin-1 complex and
TLR4 recognize A. fumigatus (35–37), we examined the expres-
sion of these receptors on wild-type and CCR7�/� BMDCs. We
found significantly more TLR2 gene expression present 2 h after
conidia challenge, but decreased levels of dectin-1 in the
CCR7�/� BMDCs. TLR4 levels were similar between the two
groups (Fig. 6C). When we cultured our cells for 24 h in the pres-
ence of amphotericin B, we observed that CCR7�/� DCs had
higher expression of CD86 than did wild-type DCs (Fig. 6D). Ad-
ditionally, CCR7�/� DCs appeared to be functionally more ma-

ture, as they were able to stimulate allogeneic T cell proliferation
in a MLR better than wild-type DCs (Fig. 6E). Collectively, these
data indicate that CCR7�/� DCs might provide protection via a
more activated and mature phenotype, characterized by the higher
expression of costimulatory molecules, and by the production of
greater amounts of proinflammatory cytokines compared with their
wild-type counterparts.

Adoptive transfer and tracking of wild-type and CCR7�/� BMDCs

DCs appear to be critically important in the host immune response
to invasive aspergillosis in our model. To determine whether

FIGURE 5. Whole lung protein
levels 48 h after conidial challenge in
wild-type and CCR7�/� bone mar-
row chimeras. Cytokine and chemo-
kine levels were determined using a
Bio-Plex multiplex assay; all values
are represented as pg/ml. �, p � 0.05
when comparing wild-type and
CCR7�/� chimeras following conidia
challenge.

FIGURE 6. Phenotypic and functional comparison of wild-type and CCR7�/� BMDCs. A–C, BMDCs were cocultured in a 1:5 ratio with conidia for
2 h before analysis by real-time PCR. Data are fold change of CCR7�/� BMDC gene expression over uninfected wild-type BMDC transcript expression.
D and E, BMDCs were cultured for 24 h in a 1:5 ratio with conidia; amphotericin B was added to culture after 2 h. D, Relative expression of CD86 on
wild-type (gray histogram) and CCR7�/� (solid black line) BMDCs (control is black histogram). E, Twenty-four hours after culture with conidia or LPS
or in media, BALB/c T cells were added at a 10:1 ratio and allowed to proliferate for 72 h before the addition of tritiated thymidine ([3H]). cpm represents
T cell proliferation. �, p � 0.05, which compares wild-type or CCR7�/� BMDCs.

5176 ROLE OF CCR7 DURING ASPERGILLOSIS

 by guest on M
ay 24, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


CCR7 deficiency on DCs alone was adequate to provide protection
against A. fumigatus, we labeled 1.0 � 106 wild-type or CCR7�/�

BMDCs (Fig. 7A) with CFSE and coinjected them i.t. into neu-
tropenic wild-type mice with 6.0 � 106 conidia. Twenty-four
hours after the transfer, the lungs were analyzed for CFSE expres-
sion by flow cytometry. We found that mice receiving CCR7�/�

BMDCs had significantly higher numbers of CFSE-positive cells
than did mice receiving wild-type BMDCs (Fig. 7B). Upon histo-
logical analysis, at 48 h, recipients of wild-type and CCR7�/�

BMDCs both showed a decrease in fungal growth when compared
with wild-type mice or chimeras without an adoptive transfer of
BMDCs (Figs. 7, C and D, 2Bv, and 3G). Although fungal burden
was diminished in both BMDC adoptive transfer groups compared
with wild-type mice not receiving BMDCs, the histology indicates
that mice receiving wild-type BMDCs had more fungal growth
overall, especially in the air spaces. Additionally, protein data
showed a similar trend to the wild-type and CCR7�/� chimeras
infected with aspergillus (Fig. 7E). TNF-� and CCL5 were statis-
tically higher in the mice receiving wild-type BMDCs than in mice
receiving CCR7�/� BMDCs. Since the adoptive transfer of
BMDCs significantly decreased the fungal burden in both groups
of mice, we increased the conidia inocula from 6.0 � 106 to
107spores to examine differences in lung chitin levels (Fig. 7F). At
107 conidia, mice in both groups were susceptible to fungal
growth, but mice receiving wild-type BMDCs had an increase in

fungal burden. Collectively, these data indicate that CCR7�/�

BMDCs provided better protection from invasive aspergillosis
compared with wild-type BMDCs.

Discussion
Invasive aspergillosis represents a significant challenge in the
clinic and remains a leading cause of death for immunocom-
promised individuals. While the highest incidence of disease is
observed among bone marrow transplant recipients, invasive
aspergillosis is also on the rise in solid organ transplant patients
as well as in cancer and AIDS patients (4 – 6, 38 – 40). The
present study investigated the role of the chemokine receptor
CCR7 in a well-established neutropenic murine model of inva-
sive aspergillosis. We found that CCR7�/� mice and CCR7�/�

chimeric mice had a distinct survival advantage, as well as de-
creased fungal burden in the lungs, after challenge with A. fu-
migatus conidia when compared with their wild-type counter-
parts. This was an unexpected observation given that we found
a significant up-regulation of CCR7 on DCs, in addition to in-
creased levels of CCL19, in wild-type mice challenged with A.
fumigatus conidia, which suggested the importance of this che-
mokine-chemokine receptor interaction during fungal patho-
genesis. Our data thus suggest that CCR7 induction on DCs
during invasive pulmonary aspergillosis promotes a pathologi-
cal response to A. fumigatus.

FIGURE 7. Adoptive transfer of wild-type and CCR7�/� BMDCs into neutropenic C57BL/6 mice. A, Percentage of CD11c� BMDCs used in the
adoptive transfer, following in vitro culture and positive selection using magnetic beads. Black histogram indicates unstained, the gray histogram indicates
wild-type BMDCs, and the solid black line indicates CCR7�/� BMDCs. B, BMDCs were labeled with CFSE and coinjected with 6.0 � 106 conidia. Data
represent the numbers of labeled DCs present in the lungs at 24 h after injection of conidia. C and D, Lung histology 48 h after coinjection of BMDCs
and conidia. Wild-type mice were given an adoptive transfer of 1.0 � 106 wild-type (C) or CCR7�/� (D) BMDCs 6 h before 6.0 � 106 conidia. Black
arrows indicate fungal growth. E, Whole lung protein levels from the mice in C and D. F, Lung chitin levels 48 h following coinjection of 1.0 � 106 BMDCs
and 107 conidia. WT indicates an adoptive transfer of wild-type DCs into a wild-type mouse, and CCR7�/� indicates CCR7�/� DCs transferred into a
wild-type mouse. �, p � 0.05 between wild-type and CCR7�/� groups.
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DCs are an important effector cell during invasive aspergillosis.
The Mehrad group showed that CCR6-deficient mice were signif-
icantly more susceptible to invasive aspergillosis than were CCR6-
sufficient mice (15). CCR6 and its ligand, CCL20, are responsible
for the migration of immature DCs to sights of inflammation, in-
cluding the lung (16, 17, 41, 42). Consequently, DCs lacking the
expression of CCR6 were unable to efficiently traffic into the in-
fected lung, thus leaving a neutropenic host susceptible to invasive
aspergillosis. As originally reported by Dieu et al. in human DCs,
when DCs encounter a maturing stimulus, such as A. fumigatus,
they down-regulate their expression of CCR6 and up-regulate their
expression of CCR7 (43). DC up-regulation of CCR7 expression
permits trafficking away from sites of infection and inflammation
to secondary lymphoid organs, as the cells migrate in response to
the chemokines CCL19 and CCL21 (20, 23–25).

Based on these observations, we hypothesized that CCR7�/�

DCs, with functional CCR6 expression, would be able to effi-
ciently traffic to the lungs of infected mice; once there, however,
the DCs would accumulate as they would be unable to respond to
the ligands, CCL19 and CCL21, and effectively traffic out of the
lung to the draining lymph node. Indeed, our results showed that
48 h after infection with A. fumigatus conidia, there was a signif-
icant increase in the number of DCs in the CCR7�/� chimeras
when compared with wild-type chimeric mice. We had similar
findings in an adoptive transfer experiment where CCR7�/� or
wild-type BMDCs are injected along with conidia into the lungs of
wild-type neutropenic mice. Here we saw many-fold higher num-
bers of CCR7�/� BMDCs than wild-type BMDCs in the lungs of
the neutropenic mice. These data support the hypothesis that
CCR7�/� DCs remain in the lungs of infected animals, where they
ultimately provide protection against invasive aspergillosis.

New evidence suggests that an improperly regulated inflamma-
tory response in the lung during invasive aspergillosis is detrimen-
tal to the survival of the host (33, 34). When TNF-�, an important
antifungal cytokine, was neutralized in a murine model of invasive
aspergillosis, there was a significant increase in mortality associated
with increased fungal burden (44). Consequently, significant levels
of TNF-� are required for the clearance of Aspergillus, but dan-
gerously high levels of TNF-� are implicated in severe inflamma-
tory conditions such as sepsis (44–47). Thus, a balance between
pro- and antiinflammatory signals is required for appropriate fun-
gal clearance, without excessive tissue injury. In our model, we
found significantly higher production of TNF-� as well as the
proinflammatory mediators CCL2, CCL5, and CCL3 in wild-type
chimeras. Conversely, CCR7�/� chimeric mice produced signifi-
cantly higher CXCL10, a chemokine recently shown to render the
host susceptible to invasive aspergillosis if inappropriately ex-
pressed (31). Additionally, both wild-type and CCR7�/� chimeras
showed similar expression of the potent antiinflammatory cytokine
IL-10 after conidia challenge. Taken together, our results suggest
that the cytokine milieu demonstrated by CCR7�/� chimeras may
create a more adequate balance between pro- and antiinflammatory
cytokines, which is required for appropriate fungal clearance. Al-
ternatively, the CCR7�/� chimeras may simply have less inflam-
mation, as these animals showed significantly less fungal growth in
their lungs. The resulting decrease in fungal burden eliminated the
need for a prolonged acute inflammatory response, ultimately lead-
ing to lower cytokine levels in the CCR7�/� mice.

While the accumulation of DCs in the lungs of CCR7�/� chi-
meras is likely playing an important role in the clearance of the
fungus, it is possible that differences in DC phenotype or function
also play a pivotal role during invasive aspergillosis. Previous re-
ports have shown that human DCs exposed to A. fumigatus conidia
in vitro up-regulate their expression of costimulatory molecules

and their production of proinflammatory cytokines (18, 19). In the
present study, we observed a trend indicating greater expression of
the costimulatory molecules MHC II and CD86 on CCR7�/�

BMDCs following conidia challenge. Additionally, CCR7�/�

BMDCs had statistically higher gene expression of TNF-�,
CXCL10, CCL2, and CXCL2 compared with wild-type BMDCs.
Due to the importance of proinflammatory cytokines in the anti-
fungal response, the protective phenotype provided by CCR7�/�

DCs might derive not only from their accumulation in the lung, but
also from their more robust cytokine response against A. fumiga-
tus. A complication of these in vitro experiments is the 2 h time
point, chosen to prevent the use of antifungal reagents, which have
been shown to mature BMDCs in vitro (18). When amphotericin B
was used in the MLR, we observed maturation of our media control
BMDCs, leading to significant T cell proliferation. Importantly, T cell
expansion was always greater when CCR7�/� BMDCs were used as
T cell stimulators, regardless of the maturing stimulus used. Col-
lectively, these data indicate that CCR7�/� BMDCs have a more
activated and mature phenotype than do wild-type BMDCs during
challenge with A. fumigatus conidia, which may augment the pro-
tective phenotype seen in vivo.

In summary, invasive aspergillosis is a severe and often fatal
disease primarily affecting immunocompromised individuals. New
therapies are required for the effective prevention and treatment of
this opportunistic fungal infection. The present study demonstrates
a deleterious role for CCR7 in a murine model of experimental
invasive aspergillosis, indicating that selective targeting of CCR7
might provide a new course of therapies for invasive fungal dis-
eases. More study is required to fully understand the beneficial
mechanism of CCR7 deficiency during invasive aspergillosis, and
to determine whether this receptor is clinically relevant to human
disease.
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