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A
�

bstract. Cytokines are small proteins or glycoproteins that transmit information from one cell to a� nother. Most
c� ells in the body secrete and respond to cytokines and their effects have been described on a myriad of cellular
functions. Cytokine interactions may not be linear, thus making the system extremely intricate and with unpre-
d

�
ictable features. Therefore, each model of disease may be unique, with its own mechanism of aut

	
oregulation

d
�
ictated by positive and negative feedback involving cytokines and costimulatory molecul



es. The emergence of

some cytokines over others in the course of Cryptococcus neoformans infection may characterize a positive or
n� egative outcome of cryptococcosis. Much less is known about the influence of costimulatory molecules in
regulating C. neoformans immune response. The available information indicates a critical role for proinflamma-
t

	
ory cytokines such as tumor necrosis factor α and interleukin 12 (IL-12). The positive role of interferon γ�  in

infected tissue as an inducer of antimicrobial function of innate immune cells and as positiv
 e feedback for IL-12
i

�
nduction appears to be indisputable. I

�
n vitro studies indicate that costimulatory molecule expression appears to

b
�
e regulated on antigen-presenting cells by C. neoformans and increased expression of B7-1 and CD40 on these

c� ells may promote a protective response. These studies await confirmation in an in vivo system. The interplay
b

�
etween cytokines and costimulatory molecules has been scarcely explored and additional de� tails are needed to

b
�
etter understand how they convey positive and negative information to immune cells in response to C. neofor-

m� ans.
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Introduction

Cryptococcus neoformans is an opportunistic fun-
g� us that causes serious infection in immuno-com-
p� romised hosts, particularly in patients with AIDS. Al-

t
	
hough new anti-viral therapies have reduced the in-

c� idence of cryptococcal infections in patients with
AIDS, cryptococcosis is still a significant problem in
A

�
sia and Africa5

�
, 54. In addition, there are new groups

a� t high risk for cryptococcosis, including renal trans-

Abbreviations used: APC – antigen-presenting cell, CD40L – CD40 ligand, GXM – glucuronoxylomannan, IFN – interferon, IL
– interleukin, mAb – monoclonal antibody, NK – natural killer, NO – nitric oxide, PBMC – peripheral blood mononuclear cells, Th
– T helper, TNF – tumor necrosis factor.
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p� lant patients14, 25. The infectious particle enters the
host through the respiratory tract and reaches the lung,
w� here  the  primary infection is contained in immuno-
-competent hosts. In contrast, the ability to control in-
fection is severely hampered in immuno-suppressed
subjects, resulting in dissemination of fungal cells to
c� ause life-threatening meningitis5

�
. Therapeutic options

a� re inadequate to eradicate the fungus, as patients with
c� ryptococcosis are in need of life-long suppressive ther-
a� py. It is widely recognized that a complex interplay
b

�
etween cell-mediated and humoral immune response

p� lays a pivotal role in the control of C. neoformans
i

�
nfection5

�
6. The immune response to infectious agents

is often ascribed to either a dominant cell-mediated or
h

�
umoral-type effector mechanism which has been at-

t
	
ributed to a dichotomy of T helper (Th) CD4+ cytokine
p� roduction2

�
0. A Th1-type response has been shown to

b
�
e important in containing C. neoformans infection at

l


ung level4

�
1.

It is known that the generation of a Th1 or Th2
r� esponse depends on many factors, including the cyto-
k

�
ine milieu, the antigen concentration and the type of

a� ntigen-presenting cells (APC). In addition, Th1 and
Th2 responses may coexist in the host until one or the
o� ther emerges. A switch from a Th1 to a Th2 response
has been demonstrated, while a switch from Th2 to Th1
a� ppears improbable. Th1 generation has been associ-
a� ted with high levels of interferon γ�  (IFN-γ� ) and IgG2a,
w� hereas a Th2 response correlates with interleukin
4 (IL-4), IL-10 and IgG1 production. Several studies on
e� xperimental models have emphasized the pivotal role
o� f a Th1 response9

�
, 19, the presence of IL-129

�
, 33 and

a�  delayed-type hypersensitivity as predictive of a posi-
t

	
ive outcome to C. neoformans infection1. On the other

hand, convincing studies report on the importance of
specific IgG1 in host defense for murine cryptococ-
c� osis2

�
–4, 13, 46. Thus, it appears that C. neoformans in-

fection could be efficiently controlled by the concomi-
t

	
ant presence of a Th1 response and specific IgG1. This
c� ondition is not likely to be obtained in vivo because
Th1 development and establishment exclude an appro-
p� riate IgG1-specific response that, in contrast, may be
a� chieved in the presence of a dominant Th2-type re-
sponse45.

A
�

n optimal protective response could be acquired
b

�
y an early administration of preformed specific IgG1

t
	
hat 1) may potentiate Th1 generation by optimizing the
a� ntigen presentation process via phagocytosis enhance-
m� ent, Fcγ� R

 
 perturbation, and activation of the comple-

ment cascade3
!
4, 63 and 2) would facilitate the scaveng-

i
�
ng of C. neoformans and glucuronoxylomannan

(GXM) from the host15. Although collaboration be-

t
	
ween the cellular and humoral responses is certainly

d
�
eterminant for the outcome of C. neoformans infec-

t
	
ion, we believe that a strong predictive value for the
e� fficacy of the interconnection of the two branches of
immune response is provided by the cytokine milieu
a� nd costimulatory molecule interaction. In this report,
I

"
 discuss experimental approaches to identify positive

a� nd negative signals provided by the cytokine network
a� nd costimulation.

Cytokine Involvement in the Collaboration
b

#
etween Cellular and Humoral Response

I
"
t has been established that the presence of anti-cap-

sular polysaccharide antibodies in the serum helps clear
C. neoformans from the host2–4, 46. Antibodies to C. neo-
f

$
ormans polysaccharide are found in the serum of

healthy subjects as well as in patients with cryptococ-
c� osis10; the absence of antibodies in the serum may be
a� ssociated with a poor prognosis in these patients11.
Thus, both the humoral and the cellular response work
in concert to fight yeast invasion. The opsonizing ca-
p� ability of antibodies favors phagocytosis and the kill-
ing of C. neoformans by natural immune effector cells3

!
.

M
%

oreover, the presence of protective IgG1 antibodies
i

�
nduces increased synthesis and release of proinflam-

matory cytokines such as IL-1β and tumor necrosis fac-
t

	
or α (TNF-α)5

�
9, promotes T cell proliferation5

�
3, 59,

w� hich appears to be a consequence of enhanced phago-
c� ytosis of C. neoformans by APC5

�
3, and an increased

c� apacity of accessory cells to present cryptococcal anti-
g� ens. This latter effect is supported by the ability of
IgG1 to promote over-expression of major histocom-
p� atibility complex class II43 and the costimulatory
m� olecule B7-15

�
7. Increased B7-1 expression has been

a� ssociated with the generation of a Th1-type response.
O

&
ur recent results show that IgG1 is capable of increas-

ing IL-12 release from human monocytes5
�

0, likely fa-
v
 oring a protective Th1 response. Differently from B7-1,
o� ver-expression of B7-2 appears to favor a Th2 re-
sponse. By blocking B7-2 expression with monoclonal
a� ntibody (mAb) to B7-2, we demonstrated increased
T

'
h1 generation. In particular, the concomitant presence

o� f anti-GXM protective antibodies with mAb to B7-2
resulted in the optimization of the anti-B7-2 effects43.
The collaboration between the humoral and cellular
i

�
mmune responses is clearly demonstrated in an in

v( ivo murine model of C. neoformans infection showing
t

	
hat T cells are required for antibody-mediated protec-
t

	
ion6

)
4.
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I
+
n Vitro Cytokine Response to C. neoformans

Proinflammatory and anti-inflammatory cytokines

Several reports have underscored the inhibitory and
stimulatory activity of C. neoformans on TNF secretion
b

�
y human cells depending on the type of immune cells.

An inhibitory role for C. neoformans on TNF-α secre-
t

	
ion by natural killer (NK) cells has been observed48. In

c� ontrast, peripheral blood mononuclear cells (PBMC)
o� r bronchoalveolar macrophages are able to produce
TNF-α in response to inactivated C. neoformans3

!
7. Our

studies show that acapsular C. neoformans is a better
inducer of TNF-α than the encapsulated strain. GXM,
t

	
he principal constituent of the capsular material of

C. neoformans, is strongly involved in the observed
d

�
own-regulation6

)
1. Indeed, human neutrophils are also

a� ble to secrete TNF in response to C. neoformans.
H

,
owever, unlike monocytes, neutrophils are stimulated

b
�
y large capsule isolates of C. neoformans5

�
1. Since

T
'

NF-α could enhance complement-mediated phagocy-
t

	
osis of encapsulated C. neoformans cells6

)
–8, this cyto-

kine could greatly influence the anti-cryptococcal ac-
t

	
ivity of phagocytic cells.

I
"
n addition to TNF-α, C. neoformans and its capsu-

lar component have been shown to regulate IL-1 secre-
t

	
ion by monocytes and neutrophils. Production of IL-1

has been demonstrated in PBMC exposed to heat-inac-
t

	
ivated C. neoformans3

!
8. In agreement with these obser-

v
 ations, we demonstrated that monocytes are the major
source of IL-1 and that the capsular material acts as
a�  negative regulator6

)
1. Indeed, IL-1 release is limited by

t
	
he presence of IL-1044. On the other hand, this deacti-

v
 ating cytokine is produced by human monocytes in
response to the capsular material of C. neoformans6

)
0.

In contrast to monocytes, human neutrophils produce
t

	
he largest amount of IL-1 when stimulated with heav-

ily encapsulated strains. An explanation for this effect
i

�
s provided by the ability of C. neoformans and its cap-

sular material to activate the complement cascade3
!
4, 35

b
�
y generating bioactive complement fractions, such as

C
-

3a, and C5a, that mediate IL-1 release5
�

8. The fact that
m� onocytes and neutrophils exhibit opposite behavior
w� ith regards to TNF-α and IL-1 production is an intri-
g� uing result that highlights how human cells can re-
spond very differently to fungal components.

Among the inflammatory cytokines, IL-6 is produced
in response to C. neoformans by alveolar macrophages and
m� onocytes. IL-6 mRNA levels are significantly increased
in the presence of antisera to C. neoformans3

!
9. Peripheral

b
�
lood monocytes were also found to produce IL-6 in re-

sponse to C. neoformans or its capsular components6
)
2.

C. neoformans is also able to induce IL-8 release
from neutrophils5

�
8 and it is conceivable that endogen-

o� us IL-8, in turn, could enhance the antifungal activity
o� f phagocytic cells5

�
2. However, TNF-α, IL-1, IL-6 and

IL-8, produced largely by phagocytic cells, have been
studied with respect to their effects on the inflammatory
p� rocess and their ability to regulate, in an autocrine
manner, natural effector cells, but their influence on the
lymphocyte response to C. neoformans is currently un-
k

�
nown. Moreover, the primary role of phagocytic cells

a� s a first line of defense against microorganisms in-
c� ludes the capacity to direct the generation of a sub-
sequent T cell response, thus determining the success
o� r failure of the C. neoformans invasion.

A
�

 bridge between innate and adaptive immunity is
r� epresented by IL-12, a proinflammatory cytokine that
is a key factor in the induction of a Th1-type response
b

�
y governing the development of IFN-γ� -dependent host

r� esistance in C. neoformans infection2
�

9.

Cytokines regulating T cell function

Phagocytic cells are the major biological source of
IL-12. Secretion may be induced by direct microbial
stimulation in a T cell-independent manner or in
a�  T cell-dependent manner, depending on the interac-
t

	
ion of CD40 on monocytes with CD40 ligand (CD40L)

o� n T cells and on the presence of IFN-α5
�

5.
Human monocytes produce low levels of IL-12

e� ven when mRNA for IL-12 is detected after 16 h of
stimulation17. However, considerable IL-12 is produced
later after C. neoformans stimulation and is dependent
o� n the presence of T cells. This implies a requirement
for the interaction of CD40 molecules on monocytes
w� ith CD40L expressed on T cells and the presence of
IFN-γ� 5

�
0. The presence of endogenous IFN-γ�  could be

p� rovided by T cell interaction with C. neoformans.
This is supported by previous results showing that
h

�
uman lymphocytes are capable of being directly

stimulated to release IFN-γ�  after exposure to C. neofor-
m� ans3

!
6. However, regulation of IL-12 production by

p� hagocytic cells in response to C. neoformans is ex-
t

	
remely complicated and appears to be dependent on

t
	
he status of activation and on the type of immune cells.

P
.

riming of human monocytes with IFN-γ�  has been
shown to facilitate IL-12 release to C. neoformans18. In
c� ontrast, C. neoformans suppresses IL-12 p40 produc-
t

	
ion in the murine macrophage cell line J774 even after

stimulation with lipopolysaccharide and IFN-γ� 2
�

7.
IL-15 is another cytokine produced by phagocytic

c� ells that affects T cells and has IL-2-like activity. An
e� legant paper by MODY et al.4

�
2 shows that IL-15 is
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p� roduced by human monocytes stimulated with C. neo-
f

$
ormans and that the acapsular strain is a better inducer

t
	
han the encapsulated strain, suggesting phagocytosis as

a�  potential mechanism for IL-15 induction. This paper
shows that IL-15 has a double role against C. neofor-
m� ans: 1) it makes an essential contribution to lympho-
c� yte activation and 2) has an important role in the in-
d

�
uction of the lymphocyte effector function.

IL-18 is also involved in the induction of the T cell
r� esponse12 and effector function of immune cells. IL-18
in combination with IL-12 stimulates the anti-crypto-
c� occal activity of peritoneal exudate cells via IFN-γ�

p� roduction by NK cells6
)
5 or via TNF-α-induced nitric

o� xide (NO) production28.
M

%
uch of what we know about the cytokine response

t
	
o C. neoformans comes from in vitro studies. I

�
n vitro

studies allow control of many variables and provide
e� xcellent systems for the study of these interactions.
H

,
owever, the degree to which in vitro systems are pre-

d
�
ictive of in vivo effects is unknown.

E
/

xperimental animal models have been used to
study the role of cytokines in the pathogenesis of
c� ryptococcosis. It is likely that the outcome of crypto-
c� occal infections is strongly influenced by the cytokine
m� ilieu at the site of the immune response. The in vivo
studies related to cytokine response to C. neoformans
in vitro and in vivo experimental systems are reported
b

�
elow.

I
+
n Vivo Cytokine Response to C. neoformans

T
'

he bulk of results on cytokine involvement in the
p� ositive and negative regulation of C. neoformans in-
fection has been acquired using an experimental mouse
model. In the lung, the control of infection is related to
a�  Th1 response. This is supported by the observation
t

	
hat the administration of mAb to IFN-γ�  and of mAb to

I
"
L-12 inhibits clearance of the fungus19. The pivotal

role of IL-12 in inducing protection against C. neofor-
m� ans was highlighted by recent studies showing that
mice with targeted disruption of the genes IL-12 p35
a� nd IL-12 p40 were more susceptible to C. n0 eoformans
infection than wild-type mice. Furthermore, IL-12 p40
m� ice died earlier with respect to IL-12 p35 mice, sug-
g� esting a protective role for IL-12 p40 heterodimer.
The increased susceptibility of IL-12 p40 and IL-12
p� 35 mice appeared to correlate with marginal produc-
t

	
ion of IFN-γ�  and elevated levels of IL-49

�
.

A possible role for IL-18 in protection against
C. neoformans infection has been suggested by murine
studies. In a mouse model of cryptococcosis, adminis-

t
	
ration of the cytokine was shown to enhance elimina-

t
	
ion of live organisms from the lungs, to prevent dis-

semination to the brain and to reduce the level of cap-
sular polysaccharide in serum. The beneficial effect of
IL-18 appeared to be mediated by an increase of IFN-γ.�

Administration of mAb to IFN-γ�  abrogates the protec-
t

	
ive effect of IL-183

!
1. In agreement with these results,

IFN-γ�  has been shown to promote the clearance of
C. neoformans from the lung. In fact, administration of
m� Ab to IFN-γ�  reduces clearance of the fungus possibly
b

�
y blocking NO production of lung macrophages4

�
1.

A granulomatous inflammatory process is often as-
sociated with protection versus C. neoformans infec-
t

	
ion2 and TNF-α is considered a prototype of proin-

f
1
lammatory cytokines. The role of TNF-α has been

e� xtensively studied in experimental animal models.
HU

2
FFNAGLE et al.2

�
4 showed that TNF-α is required in

t
	
he afferent phase for a protective T cell immune re-
sponse to C. neoformans. TNF-α mRNA and protein
p� recede the inflammatory response in the lungs of mice
u3 ndergoing intratracheal challenge with C. neofor-
m� ans24. The production of TNF-α was also required to
p� revent colonization of the central nervous system2

�
3.

The administration of mAb to TNF drastically reduced
t

	
he inflammatory response and clearance of the fungus

from the lungs24. Consistent with a critical role for
T

'
NF-α, mice deficient in both TNF-α and lym-

p� hotoxin-α g� ene were more susceptible to systemic
c� ryptococcosis than their wild-type counterpart4

�
9. Dur-

ing the course of cryptococcosis, exogenous TNF-α fa-
v
 ors clearance of the fungus. The production of TNF-α
c� orrelates with fungal burden in the blood and spleen40

a� nd appears to play a critical role in regulating the im-
mune response against C. neoformans. The suppression
o� f TNF-α synthesis by highly virulent strains could
p� rovide an explanation for their ability to elude host
i

�
mmune defense. Besides TNF-α, highly virulent

strains have been shown to decrease IL-12, IL-18 and
I

"
FN-γ�  production in the initial phase of the immune

response2
�
2, 24, 26, 32.

A difference in the Th1-type response to highly or
w� eakly virulent isolates of C. neoformans was ob-
served in a murine model of pulmonary cryptococcosis.
The cytokine profiles of spleens from infected mice
showed production of IL-2 and IFN-γ�  early after infec-
t

	
ion with either isolate. However, the weakly virulent

strain retained its ability to induce these cytokines,
w� hile the highly virulent strain lost it. In addition, IL-10
w� as produced by the spleens of mice infected with the
highly virulent strain; IL-10-deficient mice survived
l



onger than wild-type mice1. Thus, IL-10 is involved in

t
	
he suppression of the protective response to C. neofor-
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m� ans and in the in vivo inhibition of TNF secretion
o� bserved with the highly virulent strain. A human par-
a� llel for this result may be the report that TNF-α and
I

"
L-10 were detected in the plasma of AIDS patients

w� ith cryptococcosis4
�
0.

The role of Th2 cytokines, IL-4 and IL-5, has been
r� eported in a murine experimental model of intratra-
c� heal infection with C. neoformans. IL-4 suppressed
host protection and reduced local IFN-γ�  production,
w� hereas an opposite effect was obtained with adminis-
t

	
ration of mAb to IL-43

!
0. HU

2
FFNAGLE et al.2

�
1 used

a�  murine model of pulmonary cryptococcosis to study
t

	
he involvement of IL-5 in promoting pulmonary eosi-

nophilia and inflammatory damage. Genetically suscep-
t

	
ible C57BL/6 mice developed eosinophilia in the lung

f
1
ollowing C. neoformans infection which was associ-

a� ted to IL-5 mRNA in the lung. Administration of mAb
t

	
o IL-5 prevented eosinophil recruitment. A similar
p� henomenon was observed by depleting CD4, which
a� blated IL-5 production. Pulmonary eosinophilia ap-
p� ears to be associated with an inability to clear C. neo-
f

$
ormans infection21.

Many details on cytokine interaction have been elu-
c� idated and the effect on the immune response to C. n0 eo-
f

$
ormans has been described, characterizing the beha-

v
 ior of protective or non-protective immune responses
t

	
o the fungus. However, the majority of studies were

p� erformed in an experimental mouse model. Mice are
more susceptible to C. neoformans infection than hu-
mans, while rats and rabbits appear relatively more re-
sistant and are more similar to humans4

�
. This could be

d
�
ue to the fact that mice rely entirely on cellular im-

m� unity and have difficulty in mounting an adequate
a� ntibody response. In contrast, like humans10, rabbits
mount an antibody response to capsular polysac-
c� haride16, which probably contributes to the resistance
o� f this species to cryptococcosis.

Costimulatory Signals in Immune Regulation 
t

4
o C. neoformans

T
'

he relationship between the innate and adaptive
immune responses to microbial products is interactive
v
 ia cross-talk between natural effector cells, including
p� hagocytic cells, and B and T cells. Communication
b

�
etween these two types of cells involves both cyto-

kines as soluble factors and costimulatory molecules,
t

	
he latter implying cell-to-cell contact. Cytokines are

known to have multiple and diverse regulatory effects
o� n costimulatory molecules. Although much informa-
t

	
ion has been reported on cytokine involvement in the

r� egulation of costimulatory molecules in experimental
models, data on their involvement and role in the im-
mune response to C. neoformans are scarce.

W
5

e recently reported that B7-1 costimulatory mole-
c� ules are up-regulated on human monocytes treated
w� ith a low virulent acapsular strain of C. neoformans.
I

"
n contrast, weak modulation was observed using

a�  virulent encapsulated strain. It seems unlikely that the
simple difference in phagocytosis between the acapsu-
l



ar and encapsulated strains could provide an explana-

t
	
ion for B7-1 regulation. Costimulatory molecules are

involved in T cell activation, as demonstrated by the
d

�
ecreased T cell proliferation using mAb to B7-1 and

mAb to B7-2. In particular, B7-2 expression was re-
q6 uired to initiate and maintain T cell activation to
C. neoformans43.

B7-1 and B7-2 molecules provide a major costimu-
latory signal, their natural ligands on T cells being
C

-
D28 and CTLA-4. Positive and negative regulation of

t
	
he immune response could be a consequence of the

i
�
nteraction of B7 molecules with CD28 and CTLA-4.

B
7

7/CD28 ligation mediates a positive immune re-
sponse. In contrast, B7/CTLA4 interaction may predict
negative immunoregulation. Recently, MU

2
RPHY and

M
%

CG
8

A
9

BA4
�

7 described up-regulation of the delayed-type
hypersensitivity response and IFN-γ�  production in
a�  murine model of cryptococcosis in mice treated with
a� nti-CTLA-4 Fab fragments. Unpublished results from
o� ur group suggest a correlation between virulence and
t

	
he ability to up-regulate CTLA-4 on T cells in vitro.

T
'

he over-expression of different sets of costimulatory
molecules may cause opposite effects in the T cell re-
sponse45. However, a subtle and unstable equilibrium
b

�
etween the cytokine response and costimulatory mole-

c� ules may determine the outcome of C. neoformans in-
fection. The cross-regulatory effect between costimula-
t

	
ory molecules and cytokines in response to

C. neoformans has received limited attention. Further
studies are needed to designate the exact role for each
c� omponent in order to clarify the immunopathological
e� vents following C. neoformans-host interaction.

Concluding Remarks

A remarkable understanding has been achieved re-
g� arding the cytokine response to C. neoformans. This
has contributed extensively to elucidating the induction,
r� egulation and maintenance of the immune response to
t

	
he fungus. First, the cytokine profile associated to the

T
'

h1 response is critical in clearing the fungus from
infected tissue in mice and, probably, in humans. In-
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f
1
lammatory cytokines play an important role by recruit-

ing immune cells to the site of infection and by activat-
ing phagocytic antimicrobial functions. Secondly, there
i

�
s evidence that antibody to capsular polysaccharide

favors an efficient T cell response, likely a Th1-type
response. Thus, the presence or absence of specific
a� ntibodies could influence the dominant cytokine
p� rofile. Thirdly, based on the dynamics of protective
c� ytokine production, immunotherapeutical approaches
m� ay be designed to fight the virulence of the fungus at
t

	
he appropriate phase of the immune response.
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