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Abstract

Paracoccidioidomycosis (PCM) is the most prevalent deep mycosis in
Latin America and presents a wide spectrum of clinical manifesta-
tions. We established a genetically controlled murine model of PCM,
where A/Sn mice develop an infection which mimics the benign
disease (immune responses which favor cellular immunity) and B10.A
animals present the progressive disseminated form of PCM (preferen-
tial activation of B cells and impairment of cellular immune re-
sponses). To understand the immunoregulatory phenomena associ-
ated with resistance and susceptibility in experimental PCM, A/Sn and
B10.A mice were studied regarding antigen-elicited secretion of
monokines (TNF-α and TGF-ß) and type-1 (IL-2 and IFN-γ) and type-
2 (IL-4,5,10) cytokines. Total lymph node cells from resistant mice
infected ip with P. brasiliensis produced early and sustained levels of
IFN-γ and IL-2; type-2 cytokines (IL-4 and IL-5) started to appear 8
weeks after infection. In contrast, susceptible mice produced low
levels of IFN-γ concomitant with significant levels of IL-5 and IL-10
early in the infection. In the chronic phase of the disease, susceptible
animals presented a transitory secretion of IL-2, and IL-4. In the
pulmonary infection IL-4, IL-5 and IL-10 were preferentially detected
in the lung cells washings of susceptible animals. After in vitro
challenge with fungal antigens, normal peritoneal macrophages from
B10.A mice secreted high levels of TGF-ß and low levels of TNF-α.
In contrast, macrophages from A/Sn animals released high levels of
TNF-α associated with a small production of TGF-ß. The in vivo
depletion of IFN-γ not only abrogated the resistance of A/Sn mice but
also diminished the relative resistance of B10.A animals. The in vivo
depletion of IL-4 did not alter the disease outcome, whereas adminis-
tration of rIL-12 significantly enhanced resistance in susceptible
animals. Taken together, these results suggest that an early secretion of
high levels of TNF-α and IFN-γ followed by a sustained secretion of
IL-2 and IFN-γ plays a dominant role in the resistance mechanisms to
P. brasiliensis infection. In contrast, an early and ephemeral secretion
of low levels of TNF-α and IFN-γ associated with production of IL-5,
IL-10 and TGF-ß characterizes the progressive disease of susceptible
animals.
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Introduction

Paracoccidioidomycosis (PCM), caused
by the thermally dimorphic fungus Paracoc-
cidioides brasiliensis, is the most prevalent
deep mycosis in Latin America. The usual
route of infection is the inhalation of fungal
particles. Most exposed subjects develop an
asymptomatic infection (PCM-infection) al-
though some individuals present clinical
manifestations. The disease presents a wide
spectrum of clinical and pathological mani-
festations, ranging from benign and local-
ized to severe and disseminated forms. Pa-
tients with benign PCM usually present low
levels of specific antibodies and adequate
cellular immune responses, while those with
the disseminated disease typically show high
levels of specific antibodies, polyclonal acti-
vation of B cells, antigenemia and impaired
cellular immune responses (1).

The experimental murine model
of paracoccidioidomycosis

We established a genetically controlled
murine model of PCM which allowed us to
investigate several parameters of host-para-
site interactions.

Eleven different inbred mouse strains in-
fected intraperitoneally (ip) with five mil-
lion yeast cells from P. brasiliensis showed
varying patterns of susceptibility as indi-
cated by mortality data. Four basic survival
patterns were defined: susceptible (B10.A,
B10D2/oSn, B10D2/nSn), intermediate
(BALB/c, C57Bl/10, CBA, C3H/FeJ), re-
sistant (C3H/HeJ) and highly resistant (A/
Sn, A/J, DBA/2). Our results clearly showed
that, although mouse strains differ with re-
spect to their susceptibility to P. brasiliensis,
those differences are not controlled by the
H-2 locus, since susceptible (B10.A) and
resistant (A/Sn) strains share the same H-2
haplotype (H-2a). Since the three most resist-
ant strains (A/J, A/Sn and DBA/2) are C5
deficient, the presence of this complement

component does not appear to play a role in
the resistance mechanisms to P. brasiliensis
infection (2).

As prototypes of the polarized behavior,
B10.A and A/Sn mice were studied regard-
ing their innate and acquired immune re-
sponses after P. brasiliensis infection. Sev-
eral isolates (with low and high virulence),
different routes of infection as well as sev-
eral immunological manipulations were used
to characterize the immunopathological phe-
nomena associated with resistance and sus-
ceptibility to this fungal agent. Most of those
results were recently reviewed (3) and clearly
show the diverging immune responses
mounted by susceptible and resistant ani-
mals. Table 1 presents the most important
results obtained in our experimental model,
and clearly shows that resistance is associ-
ated with immune responses which favor
cellular immunity and activation of phago-
cytes, whereas susceptibility is associated
with impairment of cellular immune re-
sponses and preferential activation of B cells.
This pattern of immunological reactivity,
also observed in other chronic infectious
diseases, led us to postulate that resistance in
experimental PCM is associated with a pref-
erential Th1 activation whereas susceptibil-
ity is associated with a predominant Th2
pattern (3,4).

To better understand the immunoregula-
tory phenomena associated with resistance
and susceptibility in experimental PCM, A/
Sn and B10.A mice were studied regarding
their secretion of monokines (TNF-α and
TGF-ß), and type-1 (IL-2 and IFN-γ) and
type-2 (IL-4, IL-5, IL-10) cytokines. Since
our laboratory has also established experi-
mental protocols which lead to protection or
exacerbation of the disease developed by
susceptible animals, this model was used to
further investigate the association of cytokine
production and disease outcome. In addi-
tion, the pulmonary model of infection was
used to determine the effect of in vivo deple-
tion of IFN-γ and IL-4 as well as the effect of
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early rIL-12 administration on susceptibility
to P. brasiliensis infection.

Cytokines production in the
intraperitoneal model of infection

Cells from both distant and local lymph
nodes were obtained at different times (1-16
weeks) after ip infection of resistant and
susceptible mice with five million yeast cells
of a virulent isolate (Pb18). Cells were pooled
and cultured in the presence of a cell-free
antigen (5). Supernatants were obtained and
cytokines assayed by capture ELISA using
monoclonal antibodies against murine cyto-
kines.

Lymphocytes from resistant mice pro-
duced IL-2 and IFN-γ at almost all time
points analyzed. The high production of IFN-
γ at the 2nd week after infection and the
increasing levels of IL-2 from the second
week onwards were noteworthy. On the other
hand, IL-4 and IL-5 were detected only after
8 weeks of infection.

In contrast, total lymph node cells from
susceptible animals secreted low levels of

IFN-γ (2nd week) and IL-2 (8th and 16th
weeks). The cytokine IL-10 was produced at
almost all post-infection periods whereas
IL-4 was detected only at week 12 after
infection.

Resistant animals produced IL-5 late in
the disease (from the 8th week on), but sus-
ceptible mice showed two peaks of IL-5
production at the 1st and 12th weeks post-
infection. Since eosinophils are positively
regulated by IL-5 (6), we examined the pres-
ence of these cells in the bone marrow of
resistant and susceptible mice after P. brasi-
liensis infection. Interestingly, two eosino-
philia peaks were detected in susceptible
animals concomitant with IL-5 peaks ob-
served in lymph node cell supernatants. De-
spite the late IL-5 production by resistant
animals, no eosinophilia was detected in
their bone marrow smears. This result sug-
gests that in the presence of significant lev-
els of type 1 cytokines (IL-2 and IFN-γ) IL-5
is unable to induce enhanced eosinophil
maturation (7,8).

The production of the inflammatory
monokine TNF-α was examined after in vi-

Table 1 - Immunopathological characteristics of susceptible (B10.A) and resistant (A/Sn) mice infected with
the virulent Pb18 P. brasiliensis isolate.

Mice were infected ip with 5 x 106 yeast cells and the observations made in the course of infection (15 days
to 6 months).

Immunopathological Susceptible mice Resistant mice
characteristics (B10.A) (A/Sn)

Infection outcome Progression Cure
Granulomatous lesions Numerous, non-organized Few, organized
Viable yeasts (chronic phase)

Lungs Numerous Absent
Epiplon/pancreas Numerous Absent
Liver Numerous Absent
Spleen Numerous Scarce

PMN activation Low, transient High, sustained
Macrophage activation Present, late High, early
Ia expression High, not sustained High, sustained
Specific antibody levels High Low
Predominant isotypes IgG2b and IgA IgG2a
Polyclonal B cell activation Present Absent
Specific DTH reactions Anergy Present
Bone marrow eosinophilia Present Absent
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tro infection of normal B10/A and A/Sn
peritoneal macrophages with yeast cells.
Supernatants obtained after several co-culti-
vation periods and from various yeast/mac-
rophage ratios were assayed for TNF-α ac-
tivity using a cytotoxicity assay and rTNF-α
as standard. Macrophages from resistant ani-
mals released higher levels of TNF-α than
macrophages from susceptible mice (Sarti
MSMV and Calich VLG, unpublished re-
sults).

Since the regulatory cytokine TGF-ß func-
tions as a switch factor for IgG2b and IgA
isotypes (9), and susceptible mice presented
an enhanced ability to secrete these isotypes
(3,10), secretion of TGF-ß was studied in the
ip model of P. brasiliensis infection. The
production of this cytokine was measured
using a biological assay and rTGF-ß as stan-
dard. Peritoneal macrophages from infected
B10.A and A/Sn mice were cultured in vitro
in the presence and in the absence of P.
brasiliensis antigens. In both experimental
situations, and early in the infection, B10.A
macrophages produced significantly higher
titers of active TGF-ß than those recovered
from the peritoneal cavity of resistant ani-
mals. Antigen addition to the cell cultures
enhanced the observed differences (11).

The ability of resistant animals to pro-
duce TNF-α, IFN-γ and IL-2 during early
phases of infection appears to meet the re-
quired conditions to induce a preferential
Th1-type T cell response. In addition, early
in the disease, type-2 cytokines are not re-
leased (IL-4 and IL-5) and an inhibitory
cytokine is produced in low amounts (TGF-
ß). This preferential type 1 response agrees
with the main immunological phenotypes
expressed by resistant animals, i.e., self-heal-
ing disease characterized by few and well-
organized granulomata, decreasing fungal
loads in several organs/tissues, positive de-
layed type hypersensitivity (DTH) responses,
activation of macrophage and polymorpho-
nuclear (PMN) cells, IgG2a as the main im-
munoglobulin isotype, absence of circulat-

ing fungal antigens, absent polyclonal B cell
activation and absent bone marrow eosino-
philia (3,7,8).

Eight weeks after ip infection resistant
animals do produce type 2 cytokines: IL-5,
IL-4 and IL-10. Secretion of IL-5 becomes
sustained through the chronic phase, while
IL-4 is transiently produced. The presence of
type 2 cytokines appears to be non-deleteri-
ous to A/Sn mice since they are produced
concomitantly with type 1 cytokines. IL-4
secretion appears to be ineffective in driving
the bulk of T cell responses to the Th2
polarized phenotype. By that time (8th week),
the T cells that have acquired the Th1 pheno-
type are probably resistant to the effects of
IL-4. One possible role of IL-10 in the pres-
ent scenario might be to dampen the produc-
tion of type 1 cytokines thus restraining their
inflammatory effects on host tissues. Con-
sistent with these concepts, knocking out the
IL-10 gene induces high susceptibility to
Toxoplasma gondii due to uncontrolled Th1
responses (12).

The immunoregulatory mechanisms as-
sociated with genetic susceptibility to P. bra-
siliensis are less clear. However, early in the
infection, secretion of low levels of IFN-γ is
concomitant with production of regulatory
(TGF-ß, IL-10) and type 2 (IL-5) cytokines.
These cytokines could account for the major
immunopathological characteristics of sus-
ceptible hosts. The early TGF-ß, IL-10 and
IL-5 secretion is phenotypically translated
into impaired macrophage and PMN activa-
tion, DTH anergy, enhanced IgG2b and IgA
specific antibody production and bone mar-
row eosinophilia. This type of activation
leads to a progressive disease with increas-
ing fungal loads in many non-organized
granulomatous lesions (3,7,8,10).

The absence of IL-4 secretion early in the
infection makes it difficult to ascribe suscep-
tibility to a typical activation of CD4+ Th2
cells (13,14). Since IL-10 is produced by
several cell types, the early secretion of this
cytokine cannot be used as a marker of Th2
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cell activation. However, the early bone
marrow eosinophilia associated with IL-5
secretion suggests a Th2-mediated activity.

An overall analysis of cytokine produc-
tion profiles and immunopathological fea-
tures displayed by resistant and susceptible
mice indicates that resistance to P. brasilien-
sis infection is associated with early activa-
tion of immune mechanisms which drive the
immune response to a preferential type 1
phenotype, whereas susceptibility is linked
to early production of inhibitory mediators
which downregulate IFN-γ production and
suppress the development of protective type
1 immunity.

Cytokines in the protection
and exacerbation models of PCM

Experimental studies using other patho-
genic fungi have revealed that the route of
infection influences the immune response
profiles of infected animals (15).

When the subcutaneous (sc) route of in-
fection was used, strain differences in resis-
tance to Pb18 infection could not be ob-
served. Regardless of the mouse strain, the
disease was not lethal and anatomopatho-
logical studies revealed absence of lesions in
all organs/tissues examined characterizing a
self-healing and benign infection. Despite
the equivalent disease outcome of sc in-
fected B10.A and A/Sn mice, susceptible
animals showed significantly higher DTH
responses than their resistant counterparts
(3,16). Furthermore, after sc infection, sus-
ceptible animals presented DTH reactions
with fungal infecting doses 100-fold lower
than those required to prime resistant ani-
mals (5 x 104 yeast cells for B10.A and 5 x
106 yeasts for A/Sn mice). In addition, the
higher DTH reactivity of B10.A mice was
associated with a higher production of IgA,
IgG1, IgG3 and IgG2b specific antibodies
indicating a concomitant activation of Th1
and Th2 cells. In summary, after sc infec-
tion, both resistant and susceptible mice pre-

sented evident humoral and cellular immune
responses, but B10.A animals were much
more reactive than A/Sn mice. These results
clearly show that potent immunoregulatory
mechanisms account for the lack of stable
cell-mediated immunity in susceptible ani-
mals after intraperitoneal, intravenous and
intratracheal (ip, iv, and it) routes of infec-
tion. These mechanisms, however, are ab-
sent in infection induced by the sc route.

Since susceptible animals do not have an
intrinsic deficiency in the ability to mount an
effective cellular immune response, they can
be manipulated in various ways, in order to
induce protective immunity. Therefore, a
protective immunization protocol was de-
veloped employing B10.A mice which were
inoculated by the sc route with five million
Pb 18 yeast cells. At the optimal time for
development of a DTH response (2 weeks
after infection), animals were challenged ip
or iv with a lethal dose of the same Pb isolate.
The ip-challenged animals survived signifi-
cantly longer than non-vaccinated controls.
Surprisingly, the animals challenged iv
showed increased mortality compared to the
iv-infected controls. Thus, the same immune
response induced by sc infection led to op-
posite disease outcomes depending on the
route of challenge (16).

The protection/exacerbation models of
PCM were further explored. The lower mor-
tality observed after sc priming and ip chal-
lenge was associated with lower fungal loads
in several organs, sustained DTH responses
(reversal of the anergy induced by the ip
route), higher lymphoproliferative responses,
increased production of IgM, IgG1 and IgG3
specific antibodies and enhanced produc-
tion of IL-2 and IL-10 by antigen-stimulated
lymph node cells. In conclusion, the protec-
tion model of PCM showed that susceptible
animals can develop a protective immunity
which is associated with secretion of higher
levels of IL-2 and IL-10 and the reversal of
DTH anergy. This model of PCM indicates
that a balanced Th1/Th2 immune response is
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sufficient to confer protection to susceptible
hosts (16,17).

The exacerbated disease induced by iv
challenge in susceptible animals was further
studied. Despite the higher mortality, the sc
+ iv treated mice did not show an increased
fungal load in the examined organs. How-
ever, those animals were persistently anergic
in terms of DTH reactions (like their iv in-
fected counterparts), showed suppressed
IL-2 production, presented higher levels of
IgM and IgA specific antibodies and de-
creased levels of IgG2a antibodies, and se-
creted enhanced levels of IL-4, IL-5 and IL-
10. In this model of exacerbated disease, the
association of DTH anergy with enhanced
secretion of IL-4, IL-5 and IL-10 points out
the deleterious effects of type 2 cytokines
(16,17).

Cytokines in the pulmonary
model of infection

After it infection with one million yeast
cells of P. brasiliensis, A/Sn and B10.A
mice maintained the same polarized patterns
of resistance as those observed with the ip
route of infection. A/Sn mice developed a
chronic benign infection limited to the lungs,
whereas B10.A mice presented a chronic
progressive disseminated disease. Results
obtained in this model suggested that resis-
tance to pulmonary PCM is associated with
T cell, macrophage and B cell activities that
are mediated by IFN-γ (10).

To test this hypothesis we determined the
effect of the in vivo IFN-γ depletion by a
neutralizing monoclonal antibody (XMG1.2).
We observed an exacerbation of the pulmo-
nary infection and an earlier fungal dissemi-
nation to the liver and spleen in both resist-
ant and susceptible mice infected by the
pulmonary route. Neutralization of IFN-γ
was accompanied by impairment of antigen-
specific cellular immune responses resulting
in reduced DTH reactions. The depletion of
IFN-γ increased the production of IgG1 and

IgG2b antibodies in susceptible mice while
the isotypic pattern of resistant animals
(IgG2a and IgG3) reverted to a predominant
IgG1 and IgG2b production. Therefore, de-
pletion of endogenous IFN-γ abrogated the
resistance of A/Sn mice but also diminished
the relative resistance of B10.A animals
(18).

Lung cell washings of susceptible ani-
mals were analyzed 4 and 8 weeks after it
infection. Low levels of type 1 cytokines
(IL-2 and IFN-γ) were detected, accompa-
nied by a consistent presence of high levels
of IL-4, IL-5 and IL-10. In addition, when
spleen and lymph node cells were cultured in
the presence of P. brasiliensis antigen, only
IL-10 was significantly released.

The development of Th2 cells requires
IL-4 during priming of naive Th cells (13,14)
and the in vivo depletion of this cytokine
induces a healing phenotype in hosts natu-
rally susceptible to experimental candidiasis
or leishmaniasis (19,20). To better under-
stand the effect of type 2 cytokines on the
pulmonary PCM of susceptible animals, in
vivo depletion of IL-4 with a specific neu-
tralizing monoclonal antibody (11B11) was
performed. This treatment did not alter the
disease outcome as revealed by the equiva-
lent number of viable yeast cells in the lungs,
spleen and liver of anti-IL-4-treated and un-
treated B10.A mice. In addition, IL-4 neu-
tralization did not change the predominant
secretion of type 2 cytokines in the lungs,
spleen and lymph nodes. Also, no significant
differences were noted in the pulmonary
histopathological features (21). These find-
ings suggest that IL-4 does not play a promi-
nent role in host susceptibility to P. brasili-
ensis infection. This conclusion is different
from those obtained in polarized Th1/Th2
models of infection employing several mi-
croorganisms, where abrogation of endoge-
nous IL-4 leads susceptible hosts to a heal-
ing phenotype (13,19,20). In another exper-
imental model of pulmonary PCM using
BALB/c mice, Hostetler et al. (22) demon-
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strated that early in vivo treatment with 8 mg
of anti-IL-4/mouse had a beneficial effect on
the disease. Since we used 1 mg/mouse per
week for 8 weeks, other protocols using
higher amounts of anti-IL-4 should be tested
in our experimental model.

Interleukin-12 is a cytokine produced by
macrophages in response to infection with
various organisms which acts in synergy
with TNF-α and IL-2 to induce the genera-
tion of IFN-γ by NK cells and acts on both
CD8+ T and NK cells to enhance their cyto-
toxic activity. Importantly, IL-12 also condi-
tions naive helper cells to differentiate to the
Th1 pathway and stimulates Th2 cells to
transiently produce IFN-γ (reviewed in Ref.
23). If type 1 responses are protective in P.
brasiliensis infection, it would be expected
that manipulations which enhance type 1
cytokine production would confer some re-
sistance to P. brasiliensis susceptible hosts.
To examine this hypothesis, rIL-12 (a gener-
ous gift of S. Wolf, Genetics Institute, Bos-
ton) was administered ip (1 µg/mouse per

day for 5 days starting at day 0 after infec-
tion) to susceptible B10.A mice. Animals
were tested at weeks 4 and 8 after infection.
Indeed, early treatment with IL-12 had pro-
found effects on the disease development of
B10.A mice. Recombinant IL-12-treated
mice had impaired fungal dissemination to
liver and spleen, concomitant with a signifi-
cant reduction in pulmonary secretion of
type 2 cytokines. Interestingly, rIL-12 also
diminished the low levels of type 1 cytokines
(IL-2 and IFN-γ) present in the lung cell
washings. Noteworthy was the decrease of
IL-10 in the lungs and in the supernatants of
antigen-stimulated lymph node cells. The
protective activity of rIL-12 was accompa-
nied by an increased mononuclear cell infil-
tration in the lungs detected by histopatho-
logical studies (21).

The ability of rIL-12 to improve PCM in
normally susceptible B10.A mice strongly
supports a role of this cytokine in the induc-
tion of protective immunity to P. brasiliensis
infection. Furthermore, this study suggests

Table 2 - Cytokine profiles and effects of in vivo depletion or administration of cytokines in experimental
paracoccidioidomycosis using susceptible (B10.A) and resistant (A/Sn) mice infected with the virulent Pb18 P.
brasiliensis isolate.

Mice were infected ip or it with 5 x 106 or 1 x 106 yeast cells, respectively. For protocols of in vivo
manipulations see text. ND, Not done.

Characteristics Susceptible mice Resistant mice
(B10.A) (A/Sn)

IL-2 and IFN-γ secretion Low, transitory ( ip) High, persistent (ip)
Persistent (it) Persistent (it)

IL-4 secretion Late, transitory ( ip) Late, transitory (ip)

High, persistent (it) Low, persistent (it)

IL-5 secretion Early + late (ip) Late (ip)

High, persistent (it) Low, persistent (it)

IL-10 secretion Early peak ( ip) Late peak (ip)

High, persistent (it) Low, persistent (it)

TNF-α production Low High

TGF-ß secretion High Low

Protection (sc + ip) Increased IL-2 and IL-10 ND

Exacerbation (sc + iv ) Increased IL-4, IL-5 and IL-10 ND

IL-4 depletion No effect ND

IFN-γ depletion Increased susceptibility Reversal of resistance

rIL-12 administration Protective ND
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that the quantity of IL-12 induced by P.
brasiliensis following pulmonary infection
of susceptible animals is low and insuffi-
cient to induce a preferential Th1-type re-
sponse. This amount is presumably well be-
low that administered in the experimental
protocol using exogenous IL-12. Since we
have also observed a critical role of IFN-γ in
resistance to pulmonary PCM, it is tempting
to speculate that IL-12 functions through its
ability to induce IFN-γ production by both T
cells and NK cells. However, increased pro-
duction of IFN-γ was not observed after 4
and 8 weeks of infection. Measurements of
cytokines such as IFN-γ at earlier periods of
infection will help to elucidate the protective
effects of IL-12 in experimental PCM.

Concluding remarks

The results of our cytokine studies in the
isogenic murine model of PCM are summa-
rized in Table 2. The findings are consistent
with a protective role of IL-12, IFN-γ and IL-
2 production, and strongly support the hy-
pothesis of preferential type 1 responses as-
sociated with the resistant phenotype. On the
contrary, susceptibility is linked to IL-4, IL-

5, IL-10 and TGF-ß production, leading us to
propose that type 2 immune responses or
production of regulatory cytokines are re-
sponsible for progressive PCM. Further ex-
periments aimed at determining the function
and cytokine patterns of T, B and NK cells
will help us to better understand the immu-
noregulatory mechanisms associated with
resistance and susceptibility to P. brasilien-
sis infection.

Our knowledge about the immune mecha-
nisms underlying the pathogenesis of PCM
and protection against P. brasiliensis infec-
tion is still fragmentary. However, cytokine
studies have provided new insights into the
host-parasite interactions and opened per-
spectives for the design of new prophylactic
and therapeutic strategies.
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