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The mechanisms underlying induction of immune dysregulation and chronic fungal infection by a transient
tumor necrosis factor alpha (TNF-�) deficiency remain to be defined. The objective of our studies was to
determine the potential contribution of neutropenia and immature dendritic cells to the immune deviation.
Administration of an anti-TNF-� monoclonal antibody at day 0 neutralized TNF-� only during the first week
of a pulmonary Cryptococcus neoformans infection. Transient neutralization of TNF-� resulted in transient
depression of interleukin-12 (IL-12), monocyte chemotactic protein 1 (MCP-1), and gamma interferon (IFN-�)
production but permanently impaired long-term clearance of the infection from the lungs even after the levels
of these cytokines increased and a vigorous inflammatory response developed. Early neutrophil recruitment
was defective in the absence of TNF-�. However, as demonstrated by neutrophil depletion studies, this did not
account for the decrease in IL-12 and IFN-� levels and did not play a role in establishing chronic pulmonary
cryptococcal infection. Transient TNF-� neutralization also produced a deficiency in CD11c� MHC II� cells
and IL-12 in the lymph nodes, potentially implicating a defect in mature dendritic cell trafficking. Transfer of
cryptococcal antigen-pulsed immature dendritic cells into naı̈ve mice prior to intratracheal challenge resulted
in the development of a nonprotective immune response to C. neoformans that was similar to that observed in
anti-TNF-�-treated mice (increased IL-4, IL-5, and IL-10 levels, pulmonary eosinophilia, and decreased
clearance). Thus, stimulation of an antifungal response by immature dendritic cells can result in an immune
deviation similar to that produced by transient TNF-� deficiency, identifying a new mechanism by which a
chronic fungal infection can occur in an immunocompetent host.

The immunologic mechanisms underlying chronic fungal in-
fections in otherwise healthy individuals remain unknown.
However, an increasingly frequently reported side effect of
immunotherapy with a monoclonal antibody (MAb) against
tumor necrosis factor alpha (TNF-�) for rheumatoid arthritis
is the subsequent development of fungal infections in these
patients (24, 43, 46, 49, 51). In animal models, TNF-� is re-
quired to clear infections by Histoplasma, Blastomyces, Can-
dida, Pneumocystis, Aspergillus, Paracoccidioides, and Crypto-
coccus species (2, 5, 6, 9, 15, 19, 23, 28, 29, 42). The
development of T1-cell-mediated immunity is critical for con-
trolling fungal infections, including infection by the ubiquitous
encapsulated yeast Cryptococcus neoformans (7, 14).

Production of TNF-� is required for development of T1-
cell-mediated immunity to C. neoformans infection (5, 15, 19).
Continuous neutralization of TNF-� during the first 2 weeks of
C. neoformans infection (via multiple doses of an anti-TNF-�
antibody) reduces leukocyte recruitment by 80% and impairs
clearance (19). Surprisingly, if a single injection of a TNF-�-
neutralizing antibody is given at the time of infection, long-
term clearance of C. neoformans still remains defective (19).
TNF-� is required for the induction of interleukin 12 (IL-12)

and gamma interferon (IFN-�) (15) and for dendritic cell mi-
gration to initiate delayed-type hypersensitivity (DTH) re-
sponses (5). Other groups have also shown that IL-12 and
IFN-� are required for host defense against C. neoformans
infection (11, 16, 52). Clinically, there have been reports of
patients developing cryptococcosis following TNF-� antagonist
therapy (46). The mechanisms underlying induction of immune
dysregulation and chronic fungal infection by transient TNF-�
deficiency remain to be defined.

In many infections, TNF-� is a proximal mediator for neu-
trophil chemotactic factor production (31, 41). Neutrophils are
essential for host defense against several fungi including Can-
dida albicans, Aspergillus fumigatus, and Paracoccidioides bra-
siliensis (14). In addition to being effective microbicidal cells,
neutrophils can produce proinflammatory mediators (8). De-
pletion of neutrophils at the time of Candida infection results
in a T2 response and renders mice susceptible to infection (39,
40). The early recruitment of neutrophils has also been shown
to play a role in T1/T2 polarization during Legionella infection
(44). In both of these infections, neutrophils can modulate
developing immune responses through production of the
proinflammatory cytokine IL-12.

TNF-� also promotes the maturation and migration of im-
mature dendritic cells (imDC) from peripheral tissues to the
draining lymph nodes, where T-cell clonal expansion is stimu-
lated (3, 5, 10, 20). imDC capture and process antigens but
express low levels of major histocompatibility complex class II
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(MHC II) and costimulatory molecules (CD40, CD80, CD86)
on their surfaces. Mature DC present antigens, express high
levels of MHC II, CD80, CD86, and CD40 on their surfaces,
and produce high levels of IL-12 (3). While mature DC can
stimulate polarized T-cell responses (Th1 or Th2), imDC have
been proposed to induce regulatory T-cell responses (12, 21,
36, 48).

The objective of our present studies was to determine the
potential contribution of neutropenia and imDC to the im-
mune deviation that develops following transient TNF-� defi-
ciency during C. neoformans infection. Our working hypothesis
is that initiation of immune responses to fungi by imDC can
lead to immune dysregulation and chronic fungal infection.

MATERIALS AND METHODS

Mice. CBA/J mice were obtained from Jackson Laboratories (Bar Harbor,
Maine). Mice were housed under pathogen-free conditions in enclosed filter-top
cages at University of Michigan Unit for Laboratory Animal Medicine facilities.
Clean food and water were given ad libitum. The mice were handled and main-
tained by using microisolator techniques with daily veterinarian monitoring.
Bedding from the mice was transferred weekly to cages of uninfected sentinel
mice that were subsequently bled at weekly intervals and found to be negative for
antibodies to mouse hepatitis virus, Sendai virus, and Mycoplasma pulmonis.

C. neoformans. C. neoformans strain 52D was obtained from the American
Type Culture Collection (ATCC 24067). For infection, yeast cells were grown to
stationary phase (48 to 72 h) at 37°C in Sabouraud dextrose broth (1% neopep-
tone, 2% dextrose; Difco, Detroit, Mich.) on a shaker. The cultures were then
washed in nonpyrogenic saline, counted on a hemocytometer, and diluted to 3.3
� 105 CFU/ml in sterile nonpyrogenic saline.

Intratracheal inoculation of C. neoformans. Mice were inoculated as described
previously (17). Briefly, a tuberculin syringe (Monoject, St. Louis, Mo.) was filled
with the diluted C. neoformans culture. A 30-gauge needle was inserted into the
tracheae of anesthetized mice, and 30 �l of inoculum was dispensed into the
lungs (104 CFU). Aliquots of the inoculum were collected periodically to monitor
the number of CFU delivered.

In vivo antibody administration. C. neoformans-infected mice were given a
single intraperitoneal (i.p.) injection of 0.25 mg of an anti-TNF-� MAb (MP6-
XT3) at the time of infection. Neutrophils were depleted by i.p. injection of 0.25
mg of anti-Gr1 (RB6-8C5) on days 0, 2, 4, and 6 of infection. Sterile saline was
given i.p. to control mice. Previous studies have shown no difference between
saline and rat immunoglobulin G as a control for antibody administration (19).

CFU assay. For lung CFU, small aliquots were collected from lung digests.
Brains were excised, placed in 2 ml of sterile water, and homogenized. Ten-
microliter aliquots were plated out on Sabouraud dextrose agar (Difco) plates in
duplicate 10-fold dilutions and incubated at room temperature. C. neoformans
colonies were counted 2 to 3 days later, and the number of CFU was calculated.

BAL. Following euthanasia, mice were lavaged by cannulation of the trachea
with polyethylene tubing (PE50) attached to a 25-gauge needle on a tuberculin
syringe. The lungs were lavaged twice with 0.75 ml of phosphate-buffered saline.
The fluid recovered (1.3 to 1.4 ml total) was spun at 1,500 rpm, and the super-
natant was removed and stored at �20°C for further analysis. Levels of TNF-�,
macrophage inflammatory protein 2 (MIP-2), KC, IL-12, and soluble TNF re-
ceptor type II (sTNFRII) in the bronchoalveolar lavage (BAL) fluid were mea-
sured by a sandwich enzyme-linked immunosorbent assay (ELISA) by following
the manufacturer’s instructions supplied with the cytokine-specific kits (OptEIA;
PharMingen, San Diego, Calif.).

Preparation of lung leukocytes. Lung leukocytes were isolated as previously
described (18). Briefly, the lungs were excised, minced, and enzymatically di-
gested for 30 min by using 15 ml of digestion buffer (RPMI, 5% fetal calf serum,
antibiotics, 1 mg of collagenase/ml)/lung. Lung leukocytes were counted on a
hemocytometer with trypan blue.

Cell differentials (neutrophils, macrophages, lymphocytes, eosinophils) were
visually counted from Wright-Giemsa-stained samples of lung cell suspensions
cytospun onto glass slides (Shandon Cytospin, Pittsburgh, Pa.). The absolute
number of a leukocyte subset was equal to the percentage of that cell subset
multiplied by the total number of leukocytes in the lungs.

Lung leukocyte culture. Isolated leukocytes (from enzymatic digests) from
individual mice were standardized to 15 � 106 cells/3 ml and cultured in com-
plete medium without additional stimulation at 37°C under 5% CO2. Superna-

tants were harvested at 24 h and assayed for IFN-� production by a sandwich
ELISA according to the manufacturer’s instructions supplied with the cytokine-
specific kits (OptEIA; Pharmingen).

Generation of BMDC. Bone marrow was harvested from femurs and tibias of
8- to 10-week-old CBA/J mice. Red blood cells were lysed on ice for 5 min. Bone
marrow cells were cultured in RPMI 1640 (Gibco BRL) supplemented with 10%
fetal calf serum, antibiotics, granulocyte-macrophage colony-stimulating factor
(10 ng/ml), and IL-4 (10 ng/ml). On day 4, loosely adherent and nonadherent
cells were harvested and layered onto a metrizamide gradient (14.5%). DC were
collected, counted, and pulsed with cryptococcal mannoprotein (MP) alone (4 h)
or MP plus lipopolysaccharide (LPS) (24 h). Following antigen pulsing, bone
marrow-derived DC (BMDC) were washed twice with sterile phosphate-buffered
saline. Pulsed BMDC (106) were injected into the spleens of naı̈ve CBA/J mice
1 week prior to pulmonary C. neoformans infection.

Preparation of MP. MP was prepared as outlined previously (35) and was kept
sterile for BMDC pulsing (50 �g/ml).

Histology. Following euthanasia and before removal, lungs were fixed by
inflation with 1 ml of 10% neutral buffered formalin. The fixed lung specimens
were dehydrated in 70% ethanol and paraffin embedded. Sections were cut,
deparaffinized, stained with either hematoxylin and eosin, trichrome, or periodic
acid-Schiff stain (PAS), and viewed by light microscopy.

Flow cytometric analysis. Cell suspensions were made from draining lymph
nodes harvested from mice at day 7 postinfection. CD11c� cells were enriched by
magnetic cell sorting with CD11c-conjugated magnetic beads and LS separation
columns (Miltenyi Biotech, Auburn, Calif.). Enriched cells were stained with
phycoerythrin-labeled CD11c (HL3) and fluorescein isothiocyanate (FITC)-la-
beled I-Ak (11-5.2). For BMDC analysis, cells were incubated with phyco-
erythrin-labeled CD11c (HL3) and FITC-labeled CD80 (16-10A1), CD86 (GL1),
CD40 (HM40-3), or I-Ak (11-5.2) for 30 min on ice. The samples were washed
in staining buffer and fixed in 2.5% paraformaldehyde in buffered saline. Stained
samples were analyzed by flow cytometry.

Statistics. The mean � standard error (SE) was determined for each treat-
ment group in the individual experiments. Statistical significance was calculated
by using a t test with a significance level (P) of �0.05 for a single comparison.

RESULTS

Induction of a transient early TNF-� deficiency. To deter-
mine the role of a transient early TNF-� deficiency in the
establishment of a chronic pulmonary C. neoformans infection,
mice were infected intratracheally with C. neoformans, and an
anti-TNF-� MAb was administered by a single i.p. injection at
the time of infection (day 0). TNF-� was measured by an
ELISA using capture and detection antibodies that recognize
different epitopes of the TNF-� protein. Treatment with the
anti-TNF-� MAb at the time of infection significantly dimin-
ished the levels of TNF-� induced by C. neoformans through
day 7 (Fig. 1A). Between days 7 and 14, TNF-� levels in the
lavage fluid increased significantly in the anti-TNF-�-treated
group of mice. Thus, administration of the anti-TNF-� MAb at
day 0 neutralizes TNF-� only during the first week of infection
(i.e., in the afferent phase of immunity).

Analysis of the long-term pulmonary inflammatory response
that develops when TNF-� induction is delayed. To determine
how long the defect in host defense persisted following the
transient TNF-� deficiency, histological analysis of the lungs
was performed at week 7 postinfection. By this time point,
control mice appeared healthy while mice treated with anti-
TNF-� (day 0) had ruffled fur and were lethargic. The only
discernible feature of the lungs of control-infected mice (rel-
ative to uninfected mice) was small foci of inflammation (Fig.
2A). Minimal numbers of cryptococci were detected in control-
infected lungs, consistent with clearance of the infection (Fig.
2F). In contrast, there was significant consolidation of the
airspaces (	60%) in anti-TNF-�-treated mice, characterized
by large numbers of macrophages and neutrophils and a diffuse
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exudate (Fig. 2B). Evidence of a fibrotic response was also
detected in anti-TNF-�-treated mice, characterized by signifi-
cant collagen deposition in necrotic areas of the lung (Fig. 2D).
In addition, many of the airways in anti-TNF-�-treated mice
were obstructed by collagen (Fig. 2E). These fibrotic changes
were not seen in control-infected animals (Fig. 2C). Large
numbers of cryptococci were clearly evident in the lungs of
anti-TNF-�-treated mice; the most striking feature was the
number of intracellular cryptococci (Fig. 2G). Thus, delayed
production of TNF-� following infection permanently impairs
host defense (even after TNF-� levels rise), resulting in a
chronic pulmonary inflammatory response that is unable to
control the growth of the organism. Furthermore, this chronic
inflammation induced a marked fibrotic response, further com-
promising the lungs of anti-TNF-�-treated mice.

Role of TNF-� in the induction of IL-12, MCP-1/CC che-
mokine ligand 2 (CCL2), and IFN-�. We next examined
whether transient TNF-� deficiency caused a long-term devi-
ation in the early expression of cytokines that drive T1 immu-
nity to C. neoformans. Levels of IL-12 and MCP-1/CCL2 in
BAL fluid from anti-TNF-�-treated mice were analyzed by
ELISA. No detectable levels of IL-12 or MCP-1/CCL2 were
observed at days 2 and 3 postinfection (data not shown). Neu-
tralization of TNF-� at the time of infection markedly inhib-

ited IL-12 and MCP-1/CCL2 induction at day 7 relative to that
for control mice (Fig. 1B and C). IFN-� levels in leukocytes
isolated from the lungs of control and anti-TNF-�-treated mice
were also assessed by an ELISA. At day 7, leukocytes from
anti-TNF-�-treated mice produced very low levels of IFN-�
(Fig. 1D). By day 14, the levels of IL-12, MCP-1/CCL2, and
IFN-� had increased and were greater than or equal to the
levels measured in control mice at day 7 (Fig. 1). The increase
in TNF-� levels at day 14 in the treated mice was accompanied
by a parallel increase in these other T1-promoting cytokines.
Thus, transient TNF-� deficiency results in only a transient
depression in the production of IL-12, MCP-1, and IFN-�.

Effect of transient TNF-� deficiency on clearance of C. neo-
formans. The pulmonary burden of C. neoformans during the
course of infection was examined in order to determine
whether the transient absence of TNF-� would impair the
clearance of cryptococci from the lungs. In control mice, the
cryptococcal burden in the lungs increased more than 100-fold
from days 0 to 7 and then decreased progressively through days
21 and 35 (Fig. 3A). In contrast, numbers of CFU in the lung
remained elevated in anti-TNF-�-treated mice at days 21 and
35 (Fig. 3A). Survival studies were not performed; however,
the only mice that succumbed to infection during these exper-
iments were from the anti-TNF-� group (data not shown).
Therefore, long-term clearance of the infection from the lungs
is impaired by the transient TNF-� deficiency during the first
week of infection.

Role of afferent-phase TNF-� production in leukocyte re-
cruitment. To determine the mechanism responsible for the
impaired pulmonary clearance in anti-TNF-�-treated mice,
leukocyte recruitment into the lungs was analyzed. Total lung
leukocytes were isolated and counted after enzymatic disper-
sion of whole lungs as described in Materials and Methods. No
cellular influx could be detected in control or anti-TNF-�-
treated mice at day 2 or 3 postinfection. Recruitment of in-
flammatory cells into the lungs was first observed on day 7
post-C. neoformans infection. Control mice developed a vigor-
ous pulmonary inflammatory response by day 21, which began
to resolve by day 35 (Fig. 3B), paralleling clearance of the
infection. Treatment of mice with an anti-TNF-� MAb at day
0 inhibited leukocyte recruitment into the lungs at day 7. There
were 80% fewer leukocytes in the lungs of anti-TNF-�-treated
mice than in those of C. neoformans-infected control animals.
By day 14, leukocyte recruitment was evident in the lungs of
anti-TNF-�-treated mice, and it continued to increase through
day 35 (Fig. 3B). These data show that leukocyte recruitment
is defective in the absence of TNF-�; however, subsequent
production of TNF-� is accompanied by a chronic inflamma-
tory infiltrate in the lungs.

The leukocytic infiltrate was characterized at each time
point to determine specific leukocyte populations affected by
TNF-� neutralization. A transient eosinophilia developed in
the lungs following afferent TNF-� neutralization (Fig. 3C).
Whereas control mice had minimal eosinophils in their lungs at
all time points, anti-TNF-�-treated mice had a significant in-
flux of eosinophils into their lungs at days 14 and 21 (	20
million eosinophils at day 21) (Fig. 3C). Consistent with the
pulmonary eosinophilia, production of IL-4, IL-5, and IL-10 by
lung leukocytes was increased at day 14 in anti-TNF-�- but not
control-treated mice (Fig. 4A to C). No significant difference in

FIG. 1. Cytokine production in the lungs of anti-TNF-�-treated
mice. (A-C) BAL fluid was collected on days 7 and 14 postinfection
and was analyzed for TNF-�, IL-12, and MCP-1/CCL2 levels by
ELISA. (D) Lung leukocytes were cultured for 24 h without additional
stimulation, and supernatants were collected and analyzed by ELISA
for IFN-� levels. Cytokine levels in uninfected lungs are represented by
the dashed line. Results are expressed as means � SEs. n 
 8 mice/
group/time point from two separate experiments. *, P � 0.05 for
comparisons with control mice.
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IFN-� production was observed between the two groups of
animals (Fig. 4D). Depletion of CD4 and CD8 T cells abol-
ished eosinophil recruitment (21.3% in the group treated only
with anti-TNF-� versus 1.1% in the anti-TNF-�-treated group
depleted of CD4 and CD8 cells; P � 0.01). By day 35, the
eosinophilia had resolved and the granulocytic infiltrate was
predominantly neutrophils (Fig. 3D). This is in contrast to day
7, when there was virtually no recruitment of neutrophils in the
lungs of anti-TNF-�-treated mice (Fig. 3D). Analysis of MIP-2
and KC in the BAL fluid and lung homogenates of anti-TNF-
�-treated animals revealed a marked reduction in these CXC
chemokines at day 7 postinfection (Fig. 5). Therefore, the
absence of early neutrophil recruitment in anti-TNF-�-treated
animals is likely due to the low levels of MIP-2 and KC.

Macrophage and lymphocyte recruitment was enhanced in
anti-TNF-�-treated mice at days 21 and 35 postinfection (Fig.
3E and F). T cells isolated from the lung-associated lymph
nodes (day 7) and the lungs (day 14) of control and anti-TNF-
�-treated mice were analyzed for T-cell receptor V� skewing
during cryptococcal infection. No differences in T-cell V� us-
age in either the lymph nodes or the lung were observed
between treatment groups (data not shown). Therefore, the
development of chronic C. neoformans infection following
transient depletion of TNF-� is not due to skewing of the
T-cell repertoire. Overall, the recruitment data demonstrate
that early TNF-� deficiency causes a transient pulmonary eo-
sinophilia followed by an influx of neutrophils and large num-
bers of mononuclear cells as the infection progresses.

Effect of neutrophil depletion during the afferent phase of C.
neoformans infection. The most striking afferent cellular
change was inhibition of neutrophil recruitment (Fig. 3D). We
next examined whether this neutrophil deficit was responsible
for the development of a chronic fungal infection in anti-TNF-
�-treated mice. An anti-Gr1 antibody was injected into mice
on days 0, 2, 4, and 6 of infection in order to deplete neutro-
phils throughout the first week of C. neoformans infection.
Lung leukocyte recruitment was significantly reduced at day 7,
a finding that could be attributed predominantly to the absence
of neutrophils in these mice (Fig. 6A). By week 2, leukocyte
recruitment was similar in control and anti-Gr1-treated mice.
There were no differences in the proportions of neutrophils,
monocytes/macrophages, lymphocytes, or eosinophils (Fig.
6B).

Transient neutropenia did not interfere with the develop-
ment of protective immunity to pulmonary C. neoformans in-
fection. Clearance of C. neoformans at day 7 postinfection was
not compromised in the absence of neutrophils (Fig. 6C). IL-
12p70 and IFN-� production was not inhibited in anti-Gr1-
treated mice (Fig. 7A and B). Levels of IL-12p70 actually

increased in these mice, potentially contributing to the slightly
increased clearance of the infection between weeks 1 to 2 in
neutrophil-depleted mice (Fig. 6C). In addition, levels of
TNF-� and sTNFRII in the lungs of control and anti-Gr1-
treated mice were similar (Fig. 7C and D). Levels of T2-type
cytokines (IL-4, IL-5, and IL-10) were not elevated in the lungs
of anti-Gr1-treated mice (data not shown). By week 5, clear-
ance was observed in both groups of mice, and the difference
between the groups was not significant (Fig. 6C). These data
demonstrate that the inhibition of early neutrophil influx fol-
lowing TNF-� neutralization did not account for the decrease
in IL-12p70 and IFN-� levels (Fig. 1) or play a role in estab-
lishing a chronic pulmonary cryptococcal infection (Fig. 2).

Effect of DC maturation on the protective immune response
to C. neoformans. Analysis of the lung-associated lymph nodes
of anti-TNF-�-treated mice revealed a significant reduction in
the number of CD11c� cells relative to that in control-infected
mice (Fig. 8). In addition, IL-12 levels were significantly lower
in the lymph nodes of anti-TNF-�-treated mice at day 7 postin-
fection (data not shown). Therefore, to determine whether
imDC could be involved in the development of chronic fungal
infection, BMDC were pulsed with MP and injected into naı̈ve
mice. BMDC were pulsed either with MP alone (4 h) or with
MP plus LPS (24 h), and their phenotype was characterized
prior to injection. These BMDC were CD11c� CD11b� my-
eloid-type DC as determined by flow cytometry analysis. Mat-
uration was determined by expression of CD80, CD86, CD40,
and MHC II on the surface. As shown in Fig. 9A, expression of
these markers was significantly increased on DC pulsed with
MP plus LPS. DC pulsed with MP alone displayed a phenotype
identical to that of unpulsed DC. Furthermore, induction of
TNF-� and IL-12 production was observed only for MP-plus-
LPS-pulsed DC (Fig. 9B and C). Based on these data, we
concluded that MP-pulsed BMDC exhibit an immature phe-
notype whereas MP-plus-LPS-pulsed BMDC exhibit a mature
phenotype.

We next evaluated whether transfer of MP-pulsed imDC
would alter the immune response to a pulmonary cryptococ-
cal infection. CBA/J mice were intratracheally infected with
C. neoformans 7 days after transfer of MP-pulsed imDC, and
the immune response was examined at day 14 postinfection.
The pulmonary cryptococcal burden was significantly higher
in mice with MP-imDC than in control-infected animals at
days 14 and 21 (Fig. 10A). In contrast, numbers of CFU in
the lungs of mice receiving MP-pulsed mature DC were
similar to those for control-infected mice, demonstrating
that maturation of the DC could reverse the immune devi-
ation but did not augment clearance. Recruitment of leuko-
cytes into the lungs was increased in the MP-imDC group.

FIG. 2. Photomicrographs of lungs from C. neoformans-infected, anti-TNF-�-treated, and imDC-treated mice at week 7. (A) Control C.
neoformans-infected mouse. Note that only a small focus of inflammation is detected at week 7. (B) Anti-TNF-�-treated C. neoformans-infected
mouse. Note the consolidation due to the overwhelming inflammatory response. (C) Control C. neoformans-infected lung demonstrating minimal
collagen deposition. (D) Necrotic area in the lung of an anti-TNF-�-treated mouse demonstrating marked collagen deposition. (E) An airway in
the lung of an anti-TNF-�-treated mouse significantly obstructed by collagen. (F) The presence of intracellular cryptococci (arrow) is minimal in
the inflammatory sites in the lung of a control C. neoformans-infected mouse. (G) Detection of significant numbers of intracellular cryptococci
(arrows) in the lung of an anti-TNF-�-treated mouse. (H) Lung of an imDC-treated C. neoformans-infected mouse. Note the consolidation due
to the inflammatory response. (I) Detection of significant numbers of intracellular cryptococci (arrows) in the lung of an imDC-treated mouse. (A,
B, H) Hematoxylin and eosin. Magnification, �54. (C-E) Trichrome. Magnification, �108. (F, G, I) PAS. Magnification, �216.
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Differential analysis of leukocyte subsets revealed eosino-
philia in the lungs of MP-imDC mice, whereas minimal
numbers of eosinophils were detected in those of control-
infected mice (Fig. 10B). Recruitment of neutrophils and
mononuclear cells (i.e., macrophages and lymphocytes) was
similar in both groups. The cytokine profile in the lungs at
day 14 postinfection was also examined. While IFN-� levels
were similar in control and MP-imDC mice, levels of IL-4,
IL-5, and IL-10 were all significantly elevated in MP-imDC

animals during C. neoformans infection (Fig. 11). Therefore,
transfer of MP-pulsed imDC prior to pulmonary infection
results in up-regulation of the T2 response, preventing the
development of protective immunity to C. neoformans.

To determine the long-term effects of MP-imDC transfer on
the host response to C. neoformans infection, histological anal-
ysis of the lungs was performed at week 7 postinfection. As
shown in Fig. 2H (compared to Fig. 2A), an overwhelming
inflammatory response resulted in significant consolidation of

FIG. 3. Pulmonary clearance and leukocyte recruitment in the lungs of C. neoformans-infected control mice and anti-TNF-�-treated mice.
(A) CBA/J mice were infected intratracheally with 104 CFU and treated with an anti-TNF-� MAb on day 0. Total lung CFU were enumerated
at days 2, 3, 7, 21, and 35 postinfection. (B) Lung leukocytes were isolated from individual lungs as described in Materials and Methods. Total
leukocytes were enumerated, and recruited leukocytes were calculated. (C-F) Samples of individual lung leukocyte suspensions (days 7, 14, 21, and
35 postinfection) were cytospun onto slides and stained with Wright-Giemsa stain for visual quantification of leukocyte subsets. Results are
expressed as the mean number per lung � SE. n 
 8 mice/group/time point from two separate experiments. *, P � 0.05 for comparisons with C.
neoformans-infected mice. Macs/Mono, macrophages/monocytes.
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the airspaces of imDC recipient mice but not in control mice.
The cellular infiltrate in imDC recipient mice was character-
ized by large numbers of macrophages and neutrophils. Large
numbers of cryptococci were also observed in the lungs of
imDC recipient mice (Fig. 2I). The magnitudes of the inflam-
matory responses and cryptococcal burdens in the lungs of

imDC-recipient mice were similar to those found in the lungs
of anti-TNF-�-treated mice (Fig. 2B and G). Thus, like early
transient anti-TNF-� treatment, transfer of imDC also results
in chronic fungal infection and inflammation.

DISCUSSION

These are the first reported studies to find the modulation of
an immune response to fungal infection by imDC. Our data
demonstrate that injection of MP-pulsed imDC inhibited pro-
tective T1 immunity to a pulmonary cryptococcal infection.
The immune response in animals receiving the imDC was
shifted toward a T2-type response characterized by elevated
IL-4, IL-5, and IL-10 levels and eosinophilia in the lungs.
These studies have also shown that the absence of TNF-�
during the afferent phase of the immune response to C. neo-
formans results in chronic fungal infection in the lungs.

TNF-� is required for the induction of IL-12, IFN-�, and

FIG. 4. Cytokine production in lungs of anti-TNF-�-treated mice
at day 14 post-C. neoformans infection. Leukocytes were isolated from
whole lungs at day 14 postinfection and were cultured for 24 h without
additional stimulation. Supernatants were collected and assayed by
ELISA for IL-4, IL-5, IL-10, and IFN-� levels. Results are expressed as
means � SEs. n 
 8 mice/group from two separate experiments. *, P �
0.05 for comparisons with C. neoformans-infected mice. Cytokine lev-
els in uninfected lungs are represented by the dashed line.

FIG. 5. Levels of MIP-2 and KC in lungs of control and anti-TNF-
�-treated mice. BAL fluid was collected from control and anti-TNF-
�-treated mice at day 7 postinfection. Lung homogenates were also
prepared from both groups of mice at day 7. Levels of MIP-2 (A) and
KC (B) were determined by ELISA. Results are expressed as means �
SEs. n 
 5 mice/group. *, P � 0.05 for comparisons with C. neofor-
mans-infected mice.

FIG. 6. (A and B) Recruitment of lung leukocytes in neutrophil-
depleted mice at days 7 (A) and 14 (B) post-C. neoformans infection.
Mice were treated with an anti-Gr1 antibody on days 0, 2, 4, and 6.
Samples of individual lung leukocyte suspensions were cytospun onto
slides and stained with Wright-Giemsa stain for visual quantification of
leukocyte subsets. Results are expressed as the mean number per lung
� SE. n 
 8 mice/group/time point from two separate experiments.
(C) CFU in the lungs of neutrophil-depleted mice were examined at
days 7, 14, and 35 post-C. neoformans infection. Aliquots from lung
digests were plated onto Sabouraud dextrose agar in 10-fold dilutions,
and total numbers of CFU per lung were determined. Results are
expressed as means � SEs. n 
 8 mice/group/time point from two
separate experiments. *, P � 0.05 for comparisons with C. neoformans-
infected control mice.
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MCP-1/CCL2 in the lungs following C. neoformans infection. It
has recently been demonstrated that TNF-� neutralization at
the time of infection alters the IFN-�/IL-4 ratio in the lung-
associated lymph nodes at day 7, causes a rise in serum immu-
noglobulin E levels, and prevents the development of C. neo-
formans-specific delayed-type hypersensitivity (15). IL-12, in
turn, is required for the induction of IFN-� in the lungs during
C. neoformans infection. MCP-1/CCL2 does not play a role in
the afferent phase of the immune response but is a key effer-
ent-phase mediator of T1 immunity to C. neoformans (18, 45).
Altogether, if TNF-� production is delayed, a dysregulated
host response develops in the lungs (even after TNF-�, IL-12,
IFN-�, and MCP-1/CCL2 levels rise) due to a shift in the
T1/T2 balance of the immune response. The host defense
against the infection is permanently impaired, leading to a
chronic C. neoformans infection.

In our present study, MP-pulsed DC failed to produce IL-12
and were phenotypically immature based on low expression of
CD80, CD86, CD40, and MHC II. We injected our imDC
directly into the spleen because the absolute number of FITC�

MHC II� cells following intranasal FITC administration was
greatest in the spleen (50). Transfer of these imDC prior to C.
neoformans infection disrupts the T1/T2 balance in the lungs,
resulting in pulmonary eosinophilia, elevated T2 cytokine lev-
els, and increased cryptococcal burden. A major function of
imDC is to induce tolerance (4); therefore, one interpretation
of our data is that immature MP-pulsed DCs are inducing
tolerance to the C. neoformans antigen. As a result of this
unresponsiveness, a chronic pulmonary infection develops.
imDC can also induce T cells with regulatory properties (21,
36, 48). IL-10-producing DC induce pathogen-specific T-regu-
latory cells that inhibit protective T1 responses in the respira-

tory tract (26). Furthermore, injection of antigen-pulsed imDC
leads to inhibition of effector T-cell function (12). Based on
this evidence, we hypothesize that injection of MP-pulsed
imDC induces T-regulatory cells in our model, leading to im-
mune deviation and chronic infection. Future studies will ad-
dress the involvement of regulatory T cells during C. neofor-
mans infection.

The parallels between the MP-pulsed DC model and the
anti-TNF-� model are striking. Both groups of animals de-
velop nonprotective immunity to C. neoformans, resulting in
impaired clearance from the lungs. Inflammatory stimuli are
crucial for DC maturation and subsequent induction of naı̈ve T
cells to develop into effector cells. Several lines of evidence
demonstrate the importance of TNF-� in promoting the mat-
uration of DC. For example, maturation of wild-type BMDC is
inhibited by administration of an anti-TNF-� antibody (38).
DC isolated from the bone marrow of TNF-��/� mice remain
in an immature phenotype (38), and similar findings have been
described for TNF LT� LT� triple-knockout mice (1). TNF-�
also plays a central role in DC migration to draining lymph
nodes. Injection of TNF-� into tissue significantly increased
the migration of DC to the nodes (25). This increase in anti-
gen-presenting DC correlated with the magnitude and quality
of the T-cell immune response (25). Analysis of the lung-
associated lymph nodes of anti-TNF-�-treated mice revealed a
reduction in the number of CD11c� cells relative to that for
control-infected mice (Fig. 8). In addition, IL-12 levels were
significantly lower in the lymph nodes of anti-TNF-�-treated
mice at day 7 postinfection (data not shown). The reduction in
CD11c� antigen-presenting cells and the cytokine milieu in the
lymph node following TNF-� neutralization likely contribute
to the immune deviation reported for these mice (15, 19).
Based on the evidence given above, we speculate that modu-
lation of immunity by imDC is one potential mechanism for
the development of chronic fungal infection in anti-TNF-�-
treated mice. Anti-TNF-�-treated mice are immunologically
“normal” after the first week of infection but are no longer
able to clear the infection. Therefore, a critical early window
for TNF-� production exists and is required in order for the
host to develop protective immunity against the fungus.

The early influx of neutrophils into the lungs does not play

FIG. 7. Levels of IL-12p70, IFN-�, TNF-�, and sTNFRII in neu-
trophil-depleted mice at day 7 post-C. neoformans infection. (A, C, D)
Mice were treated with an anti-Gr1 antibody on days 0, 2, 4, and 6.
BAL fluid was collected from control and anti-Gr1-treated mice at day
7 postinfection. Levels of IL-12p70 and sTNFRII were determined by
ELISA. (B) Leukocytes were isolated from whole lungs at day 7 postin-
fection and were cultured for 24 h without additional stimulation.
Supernatants were collected and assayed for IFN-� by ELISA. Results
are expressed as means � SEs. n 
 10 mice/group from two separate
experiments. *, P � 0.05 for comparisons with C. neoformans-infected
control mice. Dashed line indicates cytokine levels in uninfected mice.

FIG. 8. Analysis of CD11c� cells from lymph nodes of control-,
anti-TNF-�-, and anti-Gr1-treated mice at day 7. CD11c� cells were
enriched from lymph node cell suspensions by magnetic cell sorting.
To calculate the number of CD11c� cells, the percentage of CD11c�

cells was determined by flow cytometry and multiplied by the total
number of cells. *, P � 0.05 for comparisons with C. neoformans-
infected control mice.
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a role in the development of a protective T1 response to C.
neoformans infection. Early recruitment of neutrophils is re-
quired for the development of protective immunity to C. albi-
cans, Legionella pneumophila, and Mycobacterium avium, be-
cause neutrophils are a major source of early IL-12 during
these infections (37, 39, 44). Our present studies show that
neutrophil depletion did not compromise the development of
T1 protective immunity or reduce the number of CD11c� cells
in the lymph nodes (Fig. 8), unlike TNF-� neutralization. Re-
cently, Mednick and colleagues reported that neutropenia
early in the course of C. neoformans infection changes the
inflammatory response to benefit the host (27). Levels of IL-
10, IL-4, and IL-12 in the lungs were elevated in neutropenic
animals, and IFN-� production was similar to that of control

mice, at day 7 (27). We have also shown that levels of IL-12 are
elevated and those of IFN-� are unchanged in the lungs of
neutrophil-deficient mice at day 7 post-C. neoformans infec-
tion. Therefore, neutropenic mice are able to control a cryp-
tococcal infection. The early absence of neutrophils does not
contribute to the development of chronic C. neoformans infec-
tion, because T1 immunity still develops in neutrophil-de-
pleted animals.

Down-regulation of TNF-� is likely a virulence mechanism
used by fungi to evade host defenses. TNF-� is required for
protective immunity against the fungi Histoplasma capsulatum,
Blastomyces dermatitidis, C. albicans, Pneumocystis carinii, A.
fumigatus, and Paracoccidioides immitis (2, 9, 28, 29, 42). Fun-
gal virulence factors, such as production of polysaccharide
capsule, melanin, or prostaglandin-like molecules, can down-
regulate TNF-� production by leukocytes (17, 30, 32, 47). Pro-
duction of prostaglandin E and prostaglandin D lipids appears
to be a common trait of all pathogenic fungi including C.
neoformans (33). In agreement with these observations, a num-
ber of highly virulent isolates of C. neoformans do not induce
early TNF-� production following infection (22, 34). Inhibition
of TNF-� production by the virulence factor W-1 of B. derma-
titidis has also been reported (13). Thus, fungi produce a num-
ber of virulence factors capable of down-regulating TNF-�
production by the host, thereby promoting chronic infection.

FIG. 9. Characterization of mannoprotein-pulsed BMDC. (A) BMDC
were pulsed with MP (4 h) or MP plus LPS (24 h). Cells were stained
with FITC-conjugated antibodies specific for CD80, CD86, CD40, and
I-Ak and were analyzed by flow cytomety. Expression of CD80, CD86,
CD40, and I-Ak was analyzed on CD11c�cells. (B, C) Supernatants
were collected from pulsed BMDC cultures and were assayed for
TNF-� and IL-12 p70 by ELISA. *, P � 0.05 for comparisons with
MP-pulsed BMDC.

FIG. 10. Pulmonary clearance and leukocyte recruitment following
C. neoformans infection. (A) Aliquots from day-14 and day-21 lung
digests from both treatment groups were plated onto Sabouraud dex-
trose agar in 10-fold dilutions, and total numbers of CFU per lung
were determined. Results are expressed as means � SEs. n 
 8 mice/
group/time point from two separate experiments. (B) Samples of in-
dividual lung leukocyte suspensions were cytospun onto slides and
stained with Wright-Giemsa stain for visual quantification of leukocyte
subsets. Results are expressed as the mean number per lung � SE. n 

8 mice/group/time point from two separate experiments. *, P � 0.05
for comparisons with C. neoformans-infected control mice. mDC, ma-
ture DC; PMN, polymorphonuclear leukocytes; Mono, mononuclear
cells; Eos, eosinophils.
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The mechanism underlying chronic fungal infection in
healthy individuals remains an enigma. Often, the terms “im-
munologic unresponsiveness, ” “anergy, ” or “immune dys-
regulation” are used to describe the host response. Our studies
suggest that interruption of key early signals may underlie such
susceptibility in otherwise healthy individuals. Thus, the timing
of cytokine signals is more important than the simple presence
of a cytokine during infection in determining whether a pro-
tective host response develops. While most of the concepts
about the importance of TNF-� in antifungal host defense in
humans have been extrapolated from animal models of fungal
infection, the increasing use of the anti-TNF-� MAb infliximab
has confirmed the critical role of this inflammatory mediator in
antifungal host defense. There are numerous reports of both
reactivation and primary fungal infections in rheumatoid ar-
thritis patients being treated with anti-TNF-� therapy, includ-
ing infections due to Histoplasma, Aspergillus, Pneumocystis,
and Cryptococcus (24, 43, 46, 49, 51). Thus, even though
TNF-� is a mediator of inflammatory diseases, it is also a
critical mediator of protective immunity against fungal infec-
tions. Delayed induction of early TNF-� production due to
virulence factors, secondary infections, immunotherapy, or
trauma may promote fungal infection by (i) induction of an
ineffective cellular immune response (shift in the T1/T2 bal-
ance) or (ii) induction of regulatory T cells by imDC. These
results provide a starting point for studying the regulatory
mechanisms underlying cryptococcal infections in immuno-
competent patients. Furthermore, our findings have broader
implications for understanding mechanisms by which chronic
fungal infections develop in immunocompetent patients.
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