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The collectin pentraxin 3 (PTX3) is an essential component of host resistance to pulmonary aspergillosis.
Here we examined the protective effects of administration of PTX3 alone or together with deoxycholate
amphotericin B (Fungizone) or liposomal amphotericin B (AmBisome) against invasive aspergillosis in a
murine model of allogeneic bone marrow transplantation. PTX3, alone or in combination with the polyenes,
was given intranasally or parenterally either before, in concomitance with, or after the intranasal infection with
Aspergillus fumigatus conidia. Mice were monitored for resistance to infection and parameters of innate and
adaptive T-helper immunity. The results showed the following: (i) complete resistance to infection and
reinfection was observed in mice treated with PTX3 alone; (ii) the protective effect of PTX3 was similar or
superior to that observed with liposomal amphotericin B or deoxycholate amphotericin B, respectively; (iii)
protection was associated with accelerated recovery of lung phagocytic cells and T-helper-1 lymphocytes and
concomitant decrease of inflammatory pathology; and (iv) PTX3 potentiated the therapeutic efficacy of sub-
optimal doses of either antimycotic drug. Together, these data suggest the potential therapeutic use of PTX3
either alone or as an adjunctive therapy in A. fumigatus infections.

Invasive aspergillosis (IA) is the leading cause of both nos-
ocomial pneumonia and death in allogeneic bone marrow
(BM) transplantation, with an estimated infection rate ranging
between 8 to 15% and an associated mortality rate of approx-
imately 90% (16, 29, 36, 47). Despite advances in early diag-
nosis and new antifungal agents (30), the majority of cases of
IA remain undiagnosed and untreated at death (16). The most
important risk factor for IA has historically been neutropenia
(27). However, modifications in the chemotherapeutic prepar-
ative regimens and the transplanted grafts have resulted in a
significant shortening of the period of neutropenia. Multiple
studies have documented that aspergillosis now typically oc-
curs late after BM transplantation, in concomitance with the
occurrence of graft-versus-host disease (29). These findings,
together with the occurrence in nonneutropenic patients (17),
attest to the importance of specific defects in both innate and
adaptive immune effector mechanisms in the pathogenesis of
the disease (13, 20, 22, 39, 44). In particular, the role of Th
lymphocytes in providing a critical secondary defense against
the fungus has recently been appreciated (8–10, 12, 14, 23, 26).
Because IA is extremely rare in immunocompetent individuals,
therapy aimed at strengthening the host immune response
offers a promising new approach in the treatment of this in-
fection.

A complex, multifaceted innate immune system has evolved
to protect the lung. The optimal defensive strategy in the lung

would include not only preemptive control of microbial prolif-
eration and immediate clearance but also the execution of a
finely tuned inflammatory response, one that is sufficient to
contain the infection without inducing harmful degrees of al-
veolar exudation and alveolar infiltration. Components of the
surfactant lining layer have recently received increasing atten-
tion as primary immunomodulators in the alveolar spaces (28,
31, 42). Pentraxins (PTX) are a superfamily of proteins con-
served during evolution from Limulus polyphemus to humans,
usually characterized by a pentameric structure (21). PTX3 is
prototypic of long pentraxin consisting of an N-terminal por-
tion coupled to a C-terminal pentraxin domain, the latter re-
lated to short PTX (7). PTX3 is rapidly produced and released
by diverse cell types, in particular by mononuclear phagocytes,
endothelial cells, and dendritic cells (DCs), in response to
primary inflammatory cytokines in vitro and in vivo (11, 18,
38). Increased circulating levels of this protein have been de-
tected in different infectious and inflammatory conditions (37,
19, 34, 41). It binds selected microbial agents (e.g., conidia of
Aspergillus fumigatus and Pseudomonas aeruginosa) and acti-
vates several effector pathways to oppose pathogen infectivity
(20). Analysis of gene-targeted mice has revealed that PTX3 is
a unique pattern recognition receptor which plays a nonredun-
dant role in resistance against selected pathogens (20). The
susceptibility of PTX3-deficient mice to A. fumigatus was as-
sociated with failure to mount an adaptive type I immune
response that could be restored by the exogenous supply of
PTX3 (20).

There has been a recent surge in the development of newer
antifungals to treat IA, including entirely new classes of drugs
with novel targets (45), creating hope for treatment and in-
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creasing the permutations of new potential combination ther-
apies (45). On the basis of treatment of other infectious dis-
eases (4), combination therapy seems logical. In the present
study, we assessed the therapeutic efficacy of PTX3, alone or
combined with antifungals such as amphotericin B or AmBi-
some, in a murine model of BM-transplanted mice that repli-
cates the immunodeficiency seen in BM transplantation. Mice
were subjected to different treatment schedules and assessed
for resistance to IA and parameters of innate and adaptive Th
immunity. The results showed that PTX3 induced complete
resistance to infection and reinfection, activated protective
type 1 responses with minimum pathology, and greatly in-
creased the therapeutic efficacy of either drug when given in
combination.

MATERIALS AND METHODS

Animals. Female, 8- to 10-week-old, inbred BALB/c and C3H/HeJ mice were
obtained from Charles River Breeding Laboratories (Calco, Italy). Mice were
bred under specific-pathogen-free conditions at the breeding facilities of the
University of Perugia, Perugia, Italy. BM-transplanted mice were kept in small
sterile cages (five animals in each cage) and fed with sterile food and water.
Procedures involving animals and their care were conducted in conformity with
national and international laws and policies. All in vivo studies were done in
compliance with National and Perugia University Animal Care and Use Com-
mittee guidelines.

BM transplantation model. BM cells from donor BALB/c mice were prepared
by differential agglutination with soybean agglutinin. T-cell-depleted cells (con-
taining less than 1% contaminating T cells on fluorescence-activated cell sorting
(FACS) analysis) were injected intravenously at a concentration of �4 � 106/ml
into recipient C3H/HeJ mice exposed to a lethal dose of 9 Gy (33). Without BM
transplantation, mice died within 14 days. According to previous studies (33),
more than 95% of the mice survived, showing a stable, donor-type hematopoietic
chimerism, as revealed by donor type major histocompatibility complex class I
antigen expression on cells from spleens.

Microorganism, culture conditions, and infection. An A. fumigatus strain was
obtained from a fatal case of pulmonary aspergillosis at the Infectious Diseases
Institute of the University of Perugia (13). For infection, mice were lightly
anesthetized by inhaled diethyl ether before instillation of a suspension of 2 �
107 conidia/20 �l of saline, which was applied slowly through the nostrils with a
micropipette with a sterile disposable tip. This procedure was repeated for three
consecutive days. For reinfection, mice surviving the primary intranasal (i.n.)
infection were challenged intravenously with 5 � 105 Aspergillus conidia. Fungal
loads in lungs, brains, and kidneys of infected mice were quantified by serial
plating on Sabouraud dextrose agar, and the results (means � standard errors)
were expressed as numbers of CFU/organs. For histological analysis, lungs were
excised and immediately fixed in formalin. Sections (3 to 4 �m) of paraffin-
embedded tissues were stained with the periodic acid-Schiff procedure (13, 20).

Treatments. PTX3 (SIGMA-Tau, Pomezia, Rome, Italy) was obtained under
endotoxin-free conditions by immunoaffinity of culture supernatants of CHO
cells transfected with PTX3 (20). PTX3, deoxycholate amphotericin B (D-AMB)
(Fungizone; Bristol-Myers Squibb, Sermoneta, Italy) and liposomal amphoteri-
cin B (L-AMB) (AmBisome; GILEAD, Milan, Italy) were diluted at the desired
concentrations in sterile saline (PTX3) or a 5% glucose-water solution. Treat-
ment schedules were as follows: different doses of PTX3, amphotericin B, or
L-AMB, alone or in combination, were administered intraperitoneally or i.n.
(PTX3 only) for 5 days before Aspergillus infection (prophylactic treatment) in
concomitance with the infection and continuing for 5 days later or for 5 days after
the last injection of conidia (therapeutic treatment). In the case of concomitant
i.n. administration, PTX3 and conidia were given separately. Controls received
the diluent alone or sterile saline.

Flow cytometry. Cell surface phenotype was assessed by reacting samples with
fluorescein isothiocyanate-conjugated rat antimouse antibodies from PharMin-
gen (San Diego, Calif.). Before labeling, FcR blocking was performed by incu-
bating cells with 5% normal serum. Unrelated isotype-matched antibodies were
used as the control. Analysis was performed on a FACScan instrument (Becton
Dickinson, Mountain View, Calif.). The data obtained were evaluated as per-
centages of positive cells. Histograms are representative of one out of four
independent experiments.

Quantitation of cytokine transcripts by real-time reverse transcription-PCR.

Total RNA (5 �g, extracted from splenic CD4� T cells using the RNeasy Mini
kit; QIAGEN S.P.A., Milan, Italy), was reverse transcribed with Sensiscript
reverse transcriptase (QIAGEN) according to the manufacturer’s directions.
PCR primers were obtained from Applied Biosystems (Foster City, Calif.).
Samples were subjected to 40 cycles of amplification at 95°C for 15 seconds
followed by 60°C for 1 min using an ABI PRISM 7000 sequence detection system
(Applied Biosystems). PCR amplification of the housekeeping eukaryotic 18S
rRNA gene was performed for each sample to control for sample loading and
allow normalization between samples as per the manufacturer’s instructions
(Applied Biosystems). Water controls were included to ensure specificity. Each
sample was examined for integrity by electrophoretic analysis of the amplification
plot. The eukaryotic 18S rRNA-normalized data were expressed as relative
cytokine mRNA (��Ct) in experimental groups compared to that of naive mice
(10).

Cytokine and spot enzyme-linked immunosorbent (ELISPOT) assays. The
levels of cytokines in the bronchoalveolar lavage fluids and culture supernatants
of splenocytes stimulated with heat-inactivated Aspergillus (9, 10) were deter-
mined by ELISA (R&D Systems, Inc., Space Import-Export srl, Milan, Italy).
The detection limits (pg/ml) of the assays were �16 for interleukin 12 (IL-12)
p70, �32 for tumor necrosis factor alpha (TNF-�), �10 for gamma interferon
(IFN-�), and �3 for IL-4 and IL-10. For enumeration of cytokine-producing
CD4� T cells, an ELISPOT assay was used on purified splenic CD4� T cells (9,
10). Results are expressed as the mean number of cytokine-producing cells (�
standard error) per 105 cells, calculated by using replicates of serial twofold
dilutions of cells.

Statistical analysis. The log-rank test was used for paired data analysis of the
Kaplan-Meier survival curves. Student’s t test or analysis of variance and Bon-
ferroni’s test were used to determine the statistical significance of differences in
organ clearance and in vitro assays, as indicated in the figure legends. Signifi-
cance was defined as a P value of �0.05. In vivo groups consisted of four to six
animals. The data reported were pooled from three to five experiments, unless
otherwise specified.

RESULTS
Administration of PTX3 cures BM-transplanted mice from

primary A. fumigatus infection and reinfection. To assess the
effects of PTX3 in BM-transplanted mice highly susceptible to
IA (15), mice were subjected to treatments with different doses
of PTX3 given i.n. or intraperitoneally, before, in concomi-
tance with, or after the infection. Doses were selected on the
bases of preliminary experiments showing that PTX3 levels (at
the dose of 2 mg/kg of body weight given i.n.) were elevated in
the bronchoalveolar lavage fluids for at least 24 h (between 70
and 25 ng/ml from 2 to 24 h) and were superior to those found
in mice with IA a day after the infection (between 2 and 15
ng/ml) (20; also unpublished data). PTX3 was also measurable
in the serum (from 22 to 50 ng/ml at 2 and 24 h after infection,
respectively) and was in the range previously found to occur in
patients with aspergillosis (20). The parameters of survival and
fungal load in the lung were then recorded and comparatively
analyzed with those obtained in mice treated with different
doses of L-AMB or D-AMB. The results showed that PTX3, at
doses of 1 and 0.2 mg/kg given prophylactically, induced com-
plete resistance to IA (Fig. 1A), as revealed by the increased
survival (	60 days) of 100% treated mice and the significantly
(P � 0.05, treated versus untreated mice) reduced fungal bur-
den in the lung, particularly in mice receiving the higher dose
(Fig. 1A) and in the brain (data not shown). High-level resis-
tance was also obtained in mice receiving PTX3 in concomi-
tance with the infection (Fig. 1B). However, a dose-dependent
effect was observed here, since the protective efficacy of PTX3
was lost at the dose of 0.04 mg/kg. PTX3 administered after the
infection significantly (P � 0.05; 1-mg/kg PTX3 treatment ver-
sus no treatment) increased the survival of mice at the higher
dose only, although at both doses it reduced significantly the
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FIG. 1. Effect of PTX3, L-AMB, or D-AMB administration in mice with invasive aspergillosis. Lethally irradiated C3H/HeJ mices were infused
with �2 � 106 T-cell-depleted allogeneic bone marrow cells from BALB/c mice a week before intranasal infection with 2 � 107 Aspergillus conidia.
Mice were treated with PTX3 or the polyenes at the doses and routes indicated for 5 days before (Pre-) or after (Post-) the infection or in
concomitance with the infection and continuing for 5 days later (Con.). Resistance to infection was assessed in terms of percent survival and fungal
growth (CFU) in the lungs and brains, determined at the time of death for mice dying earlier or 6 days after infection. Each group consisted of
six animals. Bars indicate the standard errors. (
, untreated mice). The asterisk indicates a P value of �0.05 (treated versus untreated mice). i.n.,
intranasal; i.p., intraperitoneal.
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fungal burden in the lung and at the higher dose in the brain
(Fig. 1C). No differences were observed between the two
routes of administration. Similar results were observed in mice
treated with 5 mg of L-AMB/kg, since all the mice survived the
infection upon treatment before or after infection (Fig. 1D).
D-AMB did not afford the same level of protection, since
increased survival and decreased fungal burden were observed
only at the highest tolerated dose (4 mg/kg) given after the
infection (Fig. 1E). We also assessed the susceptibility of cured
PTX3-treated mice to Aspergillus reinfection and found that
treatment with PTX3 also significantly increased resistance to
reinfection, as revealed by decreased fungal growth in the
kidneys of reinfected mice (data not shown). PTX3 also ame-
liorated lung pathology. Lung sections from infected mice
showed the presence of numerous Aspergillus hyphae infiltrat-
ing the lung parenchyma, with severe signs of bronchial wall
damage and necrosis and scarce inflammatory cell recruitment
(Fig. 2A). These features were not observed in PTX3-treated
mice, whose lungs were characterized by healing infiltrates of
inflammatory poly- and mononuclear cells with no evidence of

fungal growth and bronchial wall destruction (Fig. 2B). These
data point to the therapeutic efficacy of PTX3 in BM trans-
plantation settings where antifungals are known to have re-
duced activity (16, 30).

PTX3 accelerates myeloid and Th1 cell recovery in mice with
IA. In mice with IA, resistance to infection correlates with the
activation of IFN-�-producing Th1 cells (12, 13). To evaluate
whether PTX3 would activate Th1-cell reactivity in BM-trans-
planted mice with IA, we assessed cell recovery by FACS
analysis together with the pattern of local cytokine production
and antifungal activity of effector phagocytes. Total and differ-
ential counts of blood leukocytes indicated that the absolute
number of circulating neutrophils significantly increased after
PTX3 treatment (data not shown). However, since neutrophil
levels in blood do not predict susceptibility to aspergillosis (5),
a cytofluorimetric analysis was performed on cells from lungs
and spleens. The numbers of CD4� cells, CD8� cells, and
Gr-1� neutrophils were significantly increased in the lungs of
mice upon treatment with PTX3 (Fig. 3A). Recovery of neu-
trophils and, partially, of CD4� T cells was also observed in the
spleens. No differences were observed in the numbers of lung
or splenic F4-80� cells with and without treatment with PTX3
(Fig. 3B). PTX3 alone did not modify cell recovery in unin-
fected mice (data not shown). Recovered cells and lympho-
cytes were functionally active, as indicated by the production of
proinflammatory (IL-12) and anti-inflammatory (IL-10) cyto-
kines in lung homogenates, the frequency of Th1 (IFN-�) or
Th2 (IL-4) cytokine-producing CD4� T splenocytes, and pat-
tern of cytokine gene expression. Figure 4A shows that treat-
ment with PTX3 greatly increased (about fourfold) the pro-
duction of IL-12, while the production of IL-10 was only cut by
half (compared to results for untreated control), a finding
suggesting that PTX3 exerts a fine control over the inflamma-
tory process at the site of the infection. Moreover, PTX3 treat-
ment increased the frequency of Th1 and decreased that of
IL-4-producing CD4� cells in the spleens (Fig. 4B), a finding
corroborated by the assessment of the levels of specific cyto-
kine mRNA expression by quantitative PCR. Figure 4C shows
that both prophylactic and therapeutic treatment with PTX3
significantly increased the IFN-� expression and reduced that
of IL-4. On assessing the level of antifungal activity of effector
phagocytes, it was found that the conidiocidal activity of effec-
tor phagocytes was higher in PTX3-treated mice than in un-
treated mice (data not shown), a finding consistent with pre-
vious data showing the positive effect of PTX3 on both the
phagocytosis and killing activity of effector mononuclear
phagocytes (20). Because in vitro studies have ruled out a
direct killing activity of PTX3 on the fungus (data not shown),
these data qualify PTX3 as a new agent with potent immuno-
modulatory activity in both innate and adaptive antifungal im-
munity.

PTX3 increases therapeutic efficacy of polyenes. All the
above findings prompted us to evaluate whether the immuno-
modulatory activity of PTX3 could be exploited to increase the
therapeutic efficacy of L-AMB or D-AMB, since these agents
are known to work synergistically with antifungal effector
phagocytes (40). For this purpose, BM-transplanted mice re-
ceived PTX3 alone or together with polyenes at suboptimal
doses at which none of the agents achieved the maximum
therapeutic effect. Combined and single treatments were done

FIG. 2. PTX3 reduces lung pathology in mice with invasive as-
pergillosis. Periodic acid-Schiff-stained sections were prepared from
lungs of bone marrow-transplanted mice infected with Aspergillus
conidia either untreated (A) or treated (B) with 1 mg of PTX3/kg
intraperitoneally from the day of the infection and continuing for an
additional 5 days. Numerous Aspergillus hyphae (arrows) infiltrating
the lung parenchyma, with extensive parenchymal destruction, severe
signs of bronchial wall damage, and necrosis and scarce inflammatory
cell recruitment are observed in the lungs of untreated mice (at 3 days
after infection), as opposed to what is observed for PTX3-treated mice,
whose lungs were characterized by healing infiltrates of inflammatory
cells with no evidence of parenchymal destruction and fungal growth
(at 6 days after infection). Magnification, �100 in panels A and B;
�400 in the insets.
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either before or after infection. Mice were monitored for sur-
vival, fungal growth, and cytokine production. It was found that
each single agent given alone, while significantly reducing the
fungal growth in the lung, did not significantly modify the
survival of mice, except for PTX3 given alone before infection.
However, combination therapy with PTX3 and L-AMB, either
before or after infection, cured the mice from infection, as
judged by the increased survival (	60 days) and reduced fun-
gal growth. The combined administration of PTX3 and D-
AMB significantly increased resistance over that with D-AMB
alone when given after infection (Fig. 5). Analysis of cytokine
production in lung homogenates and in culture supernatants of
antigen-stimulated splenocytes revealed that PTX3 greatly re-
duced TNF-� production in the lungs of mice receiving D-
AMB compared to the levels observed upon treatment with the
drug alone; the level of TNF-� production in response to
L-AMB was lower than that induced upon treatment with
D-AMB and was not modified by the combined treatment with
PTX3 (Fig. 6A). The production of IFN-� by splenocytes was
significantly increased over that in untreated mice after each
single treatment and further increased in mice treated with
PTX3 and L-AMB; in contrast, the production of IL-4 was

greatly decreased upon treatment with PTX3 and/or L-AMB
and slightly upon the combined treatment with PTX3 and
D-AMB (Fig. 6B). Therefore, PTX3 appears to work synergis-
tically with L-AMB, more than with D-AMB, to decrease the
lung inflammatory response and to promote antifungal Th1
reactivity.

DISCUSSION

This study shows that PTX3, either alone or in combination
with antifungal agents, induced a curative response with min-
imum pathology in mice with IA. PTX3 was effective when
given prophylactically, either locally or systemically, and did
not show direct activity on fungal cells. Therefore, the benefi-
cial effect of PTX3 appears to rely on its ability to activate
protective Th1-dependent resistance.

PTX3 activates at least two effector pathways to oppose
pathogen infectivity: the classic pathway of complement acti-
vation by binding C1q (35) and the promotion of phagocytosis
by interacting with an as yet unidentified cellular receptor(s)
(20). It is likely that the prompt handling of conidia by resident
mononuclear cells may serve to limit fungal infectivity while

FIG. 3. PTX3 accelerates cell recovery in mice with invasive aspergillosis. Bone marrow-transplanted mice, generated as detailed in the legend
to Fig. 1, were infected intranasally with 2 � 107 Aspergillus conidia and treated (�) with 1 mg of PTX3/kg intraperitoneally from the day of
infection and continuing for an additional 5 days or left untreated (
). The numbers refer to the percentages of positive cells, as assessed by FACS
analysis, in the lung (A) and spleen (B) 3 or 6 days after infection (untreated or PTX3-treated mice, respectively).
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allowing the recovery of myeloid and lymphoid cells into the
lung. This will be consistent with the ability of PTX3 to bind
murine and human alveolar macrophages and to promote the
phagocytosis and conidiocidal activities of these cells (20).
However, PTX3 also activates DCs for IL-12 production and
costimulatory antigen expression in response to Aspergillus
conidia (20). Therefore, the rapid triggering of PTX3 produc-
tion in DCs via members of the Toll-like receptor (TLR) fam-
ily (18) may imply a direct role of PTX3 in the amplification of
innate resistance and orientation of adaptive immunity.

From clinical experience, it is known that BM recovery and
increasing numbers of leukocytes in blood are crucial factors in
the outcome of treatment (16). PTX3 accelerated recovery of
myeloid and lymphoid cells; however, no signs of inflammatory
pathology were observed at the site of infection. This is par-
ticularly intriguing, since it is known that neutrophils play a key
role in determining the type of pathology associated with pul-
monary aspergillosis in different clinical settings (3). The pro-
duction of IL-12 was increased and that of IL-10 was decreased
in the lungs of infected mice treated with PTX3, a finding
indicating the occurrence of an inflammatory response. How-
ever, TNF-� production was not increased upon PTX3 treat-
ment, thus suggesting that PTX3 may act as a fine regulator of
the balance between proinflammatory and anti-inflammatory
stimuli. In this regard, it is worth mentioning that not only is
the production of PTX3 dependent on selected TLR activation
(18) but PTX3 itself may modulate TLR functioning on phago-
cytic cells (data not shown). Whatever the mechanism, this may
account for the unique effect of PTX3 on effector phagocytes,
which includes promotion of the phagocytosis and killing ma-
chinery (20) without signs of a dysregulated inflammatory re-
sponse (this study). Moreover, the study also indicates that the
balance between proinflammatory and anti-inflammatory cyto-
kines, such as TNF-� and IL-10, more than the actual level of

FIG. 4. PTX3 induces functional recovery of Th1 cells. Bone mar-
row-transplanted mice, generated as detailed in the legend to Fig. 1,
were infected intranasally with 2 � 107 Aspergillus conidia and treated
with 1 mg of PTX3/kg intraperitoneally either before (p) or from the day
of the infection and continuing for additional 5 days (u). At 3 days after
the infection, the levels of IL-12 p70 and IL-10 were determined by
specific ELISAs in the bronchoalveolar lavage fluids (A), the numbers of
CD4� T splenocytes producing cytokines were enumerated by ELISPOT
assays (B), and the cytokine gene expression on CD4� splenocytes was
determined by real-time PCR. Bars indicate the standard errors. �, P �
0.05, infected versus uninfected mice; ��, P � 0.05, PTX3-treated versus
untreated mice. (�, uninfected mice; ■ , infected mice).

FIG. 5. PTX3 increases the therapeutic efficacy of L-AMB and D-AMB. Bone marrow-transplanted mice, generated as detailed in the legend
to Fig. 1, were infected intranasally with 2 � 107 Aspergillus conidia and treated intraperitoneally with each single agent alone or in combination,
either before (Pre-) or after (Post-) infection. The dosages were as follows: 0.04 and 0.2 mg of PTX3/kg before or after the infection, respectively;
1 mg of L-AMB and 2 mg of D-AMB/kg. Resistance to infection was assessed in terms of percent survival and fungal growth (CFU) in the lung,
determined at the time of death for mice dying earlier or 6 days after the infection. Bars indicate the standard errors. (
, untreated mice). �, P
� 0.05, treated versus untreated mice; ��, P � 0.001, combined treatment with PTX3 plus L-AMB versus each single treatment alone; ���, P �
0.05, combined treatment with PTX3 plus D-AMB versus D-AMB alone.

VOL. 48, 2004 COMBINATION THERAPY FOR MURINE ASPERGILLOSIS 4419



cytokine being produced, may determine the optimal protec-
tive immunity to the fungus. This may explain, therefore, the
observed increased resistance to the infection despite de-
creased local production of TNF-�.

There is a need for therapeutic advances against aspergillo-
sis, despite a recent expansion in the armamentarium of newer
antifungals (45, 46). Treatment with amphotericin B, one first
drug of choice, is limited by the dose-related nephrotoxicity of
the drug, which precludes full-dose therapy in patients who
have undergone BM transplantation (24). Several lipid-based
formulations of amphotericin B have been developed to re-
duce the toxicity associated with conventional D-AMB (25),
including L-AMB (1, 2). We found that L-AMB showed activ-
ity superior to that of D-AMB in BM-transplanted mice with
IA. Both prophylactic and therapeutic daily treatments with 5
mg of L-AMB/kg cured the mice of infection and reduced the
fungal burden in the lungs. A previous study had shown that
prophylactic more than therapeutic administration of 5 mg of
L-AMB/kg was effective against IA in BM-transplanted mice
(6). Differences in the treatment schedule, including the timing
of BM graft after irradiation, may account for the discrepancy
observed with the results of the present study. With D-AMB,
we observed only a modestly increased resistance to infection
at the highest tolerated doses (i.e., 4 mg/kg) given after infec-
tion. However, in mice with chemotherapy-induced neutrope-
nia, both drugs exerted a comparable level of antifungal resis-
tance as revealed by the complete resistance to the infection
observed after treatment with 5 or 4 mg of L-AMB or D-AMB/
kg, respectively, beginning the day of the infection and con-
tinuing daily for 5 to 7 days (data not shown). Therefore, it
appears that the toxicity of D-AMB is increased in BM trans-
plantation.

It has been postulated that the signs of toxicity of D-AMB,
including fever and chills, are the result of production of proin-

flammatory cytokines, such as TNF-�, by innate immune cells
through a TLR-dependent mechanism (43). We found here
that production of TNF-� was higher in D-AMB-treated mice
than in L-AMB-treated mice but, interestingly, was decreased
upon the combined treatment with PTX3. However, the coop-
erative activity of PTX3 with the antifungals may rely on an
effect that goes beyond the balancing between proinflamma-
tory an anti-inflammatory cytokine production. In this regard,
it is known that the efficacy of the antifungal chemotherapy
depends on host immune reactivity (32) and that the different
amphotericin B formulations exert additive antifungal activity
in combination with effector phagocytes against A. fumigatus
(40). PTX3 also was reported to enhance the phagocytosis and
killing activity of effector phagocytes against Aspergillus conidia
(20). It is likely, therefore, that a stimulatory activity for effec-
tor phagocytes may underlay the synergistic activity of PTX3
and the antifungals in BM-transplanted mice with IA. What-
ever the mechanism, the results of the present study suggest
the feasibility of combination therapy with antifungals and
immunomodulatory substances, such as PTX3, aimed at restor-
ing the optimal innate and adaptive immune resistance to A.
fumigatus in BM transplantation.
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