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Introduction

Summary

We earlier demonstrated that nitric oxide (NO) is a fungicidal molecule
against Sporothrix schenckii in vitro. In the present study we used mice
deficient in inducible nitric oxide synthase (iNOS™) and C57BL/6 wild-
type (WT) mice treated with No-nitro-arginine (Nitro-Arg-treated mice),
an NOS inhibitor, both defective in the production of reactive nitrogen
intermediates, to investigate the role of endogenous NO during systemic
sporotrichosis. When inoculated with yeast cells of S. schenckii, WT mice
presented T-cell suppression and high tissue fungal dissemination, suc-
cumbing to infection. Furthermore, susceptibility of mice seems to be
related to apoptosis and high interleukin-10 and tumour necrosis factor-o
production by spleen cells. In addition, fungicidal activity and NO pro-
duction by interferon-y (IFN-y) and lipopolysaccharide-activated macro-
phages from WT mice were abolished after fungal infection. Strikingly,
iNOS™" and Nitro-Arg-treated mice presented fungal resistance, control-
ling fungal load in tissues and restoring T-cell activity, as well as produc-
ing high amounts of IFN-y Interestingly, macrophages from these groups
of mice presented fungicidal activity after in vitro stimulation with higher
doses of IFN-vy. Herein, these results suggest that although NO was an
essential mediator to the in vitro killing of S. schenckii by macropha-
ges, the activation of NO system in vivo contributes to the immuno-
suppression and cytokine balance during early phases of infection with
S. schenckii.

Keywords: fungus; nitric oxide; virulence; macrophages; phagocytosis; kill-
ing activity

We had previously characterized a model of systemic
sporotrichosis in which, depending on the time of fungal

Sporotrichosis is a chronic infection of humans and ani-
mals caused by the dimorphic saprophytic fungus Sporo-
thrix schenckii. If left untreated, the infection may spread
along lymphatic channels, causing a chronic, slowly pro-
gressive lymphocutaneous reaction. The risk factors to
sporotrichosis exist both to a healthy host and to an
immunosuppressed one, although immunosuppression
predisposes to a more severe form of sporotrichosis.
However, the extent of the disease varies with host
immune status."”* The fact that sporotrichosis is more
severe and usually disseminated in nude mice’ and in
patients with acquired immune deficiency syndrome*™®
suggests that T-cell mediated immunity is important in
limiting the extent of infection.
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cultivation, a severe or a chronic form of the disease
could be induced in different mice strains, using a single
fungal strain.” Later, we described that nitric oxide (NO)
is essential to fungal killing by interferon-y (IFN-y) and
lipopolysaccharide (LPS)-activated macrophages. The fun-
gicidal activity of macrophages was more effective against
the less virulent conidia compared to the more virulent
fungal forms.® However, the mechanisms that determine
the modulation of fungal virulence in vivo remain poorly
understood.

The role of reactive nitrogen intermediates (RNIs)
in the immune system is extremely varied.” To date, there
is no doubt that NO is an integral part of important
immunological signaling pathways, regulating cytokines
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responses, T-cell responsiveness, cell survival and contrib-
uting to tissue damage as seen in some forms of parasitic
infections.'®™'? Despite the generation of RNI by phago-
cytes being thought to be critical to fungal killing, it has
been described that other antifungal factors either com-
pensate or are sufficient for the killing of phagocytosed
pathogens. Among these alternative fungicidal pathways is
the IFN-y-induced antimicrobial effects mediated by de-
gradation of L-tryptophan by indoleamine 2,3-dioxygenase
(IDO).13’14

In the present study we have investigated whether inhi-
bition of NO production in vivo alters the susceptibility
of mice to the infection with S. schenckii yeast cells. We
report here that inhibition of NOS system in vivo
enhances the resistance of mice to S. schenckii in early
phases of infection, which is related mainly with T-cell
function and cytokine balance between IFN-y and inter-
leukin-10 (IL-10). The findings should have important
implications in our understanding of the role of NO in
immunosuppression induced by S. schenckii.

Materials and methods

Culture medium and reagents

Brain heart infusion (BHI) and agar were purchased from
Oxoid Reagents (Cambridge, UK). RPMI-1640 medium;
HEPES; streptomycin; penicillin, lipopolysaccharide (LPS;
Escherichia coli serotype O26:B6); thyoglicollate, 2-B-mer-
captoethanol (2-ME); 1-glutamine; sodium pyruvate;
non-essential amino acids; sodium nitrite (NO3); No-
mono-methyl-L-arginine (L-NMMA); N-nitro-L-arginine
(Nitro-Arg); concanavalin A (Con A); Tween-20; bovine
serum albumin (BSA) and O-phenylenediamine dihydro-
chloride (OPD) were purchased from Sigma Chemical Co
(St Louis, MO). Fetal bovine serum (FBS) was purchased
from Cultilab (Sao Paulo, Brazil). [3H]—thymidine (PHTJ)
was purchased from Amersham Co. (Arlington Heights,
IL). Recombinant murine interferon-gamma (IFN-y) was
obtained from Genzyme (San Diego, CA). To perform
enzyme-linked immunosorbent assay (ELISA), all specific
recombinant cytokines and antibodies were purchased
from BD Pharmingen (San Diego, CA). Avidin-horse-
radish peroxidase (HRP) complex was purchased from
Vector (Burlingame, CA).

Animals

Five- to 8-week-old male C57BL/6 wild type (WT) and
iNOS knockout (iNOS™) mice were maintained in the
animal house of the Division of Immunology, School of
Medicine of Ribeirdo Preto (University of Sdo Paulo, Sao
Paulo, Brazil) under specific-pathogen-free conditions.
iNOS™" mice were obtained from Jackson Laboratories
(Bar Harbor, ME). All procedures were approved by our
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Institutional Ethics Committee and are in accordance
with the National Institutes of Health Animal Care
Guidelines.

Fungal cells and experimental infection

The virulent Sporothrix schenckii, strain 1099-18 (Colum-
bia University, New York, USA) was used throughout this
study. A yeast-like form of S. schenckii was cultured at
37° for 7 days in BHI medium, as described earlier.” Mice
were infected intravenously with 5 x 10° yeast cells sus-
pended in 0-2 ml of sterile phosphate-buffered saline
(PBS). The viability of the S. schenckii inocula were ascer-
tained by colony-forming units (CFU) counts after 7 days
of incubation in BHI-agar plates at 37°. Spleen cells, peri-
toneal macrophages, and serum were collected at appro-
priate times after infection. Survival of mice was observed
for up to 30 days after infection.

Treatment of animals with Nitro-Arg

Infected mice were treated daily with an intraperitoneal
administration of PBS (pH 7-4) or with the specific inhibi-
tor of NO synthase, Nitro-Arg at a dose of 50 mg/kg
according to body weight.

Tissue fungal burden

The fungal burden in tissues of infected mice was deter-
mined by quantitative counts of CFU on the 14th day of
infection. The lungs and spleen from iNOS™'~ and WT
infected mice, which had or had not been treated with
Nitro-Arg, were weighed and homogenized in 2 ml of
cold sterile PBS. The suspension was adjusted to 10 mg of
tissue/ml and aliquots of 100 pl of each homogenate were
plated onto BHI-agar containing antibiotics. The number
of colonies per plate was counted after the plates had
been incubated for 7 days at 37°. Values were expressed
as the number of viable S. schenckii per gram of tissue.

RNA extraction and real time reverse
transcription—polymerase chain reaction (QqRT-PCR)

Peritoneal cells were collected from WT and iNOS™~
thioglycollate-elicited mice, added to six-well plates, at a
cell density of 1x 107 cells/ml, activated with IFN-y
(20 U/ml) and LPS (20 ng/ml) for 6 hr at 37° in an
atmosphere of 5% CO, in complete medium (RPMI-1640
containing 10% heat-inactivated FBS and 100 U/ml peni-
cillin, 100 pg/ml streptomycin). After this time, total
RNA was extracted using 1 ml of Trizol reagent according
to manufacturer’s recommendations (Life Technologies,
Inc, Gaithersburg, MD). The cDNA was synthesized using
Superscript II reverse transcriptase according to the sup-
plier’s specifications (Life Technologies, Inc). Briefly, the
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qRT-PCR assay was carried out as described earlier."”
The pairs of primer sequences used were as follows:
B-actin forward GTGGGCCGCTCTAGGCACCAA, reverse
CTCTTTGATGTCACGCACGATTTC, which results in a
550 base-pair (bp) amplification product. For iNOS for-
ward TGGGAATGGAGACTGTCCCAG, reverse GGGAT
CTGAATGTGATGTTTG, which results in a 306 base-pair
(bp) amplification product. Reaction conditions were 35
cycles, for B-actin primers, and 40 cycles, for iNOS prim-
ers, of 1 min at 94°, 1 minute at 54°, and 2 min at 72°.
For each set of primers, a negative sample (water) was
run in parallel. The results were determined as number of
copies relative to B-actin expression.

Measurement of serum nitrite

The concentration of nitrite (NO3) in culture super-
natants of peritoneal macrophages and spleen cells were
measured by a microplate Griess assay as described previ-
ously.'® Briefly, 100 ul of the samples were incubated
with an equal volume of the Griess reagent at room tem-
perature. The Assqy was determined with an ELISA
reader (Molecular Devices Co, Sunnyvale, CA). The NO;
concentration was determined using a standard curve of
1-200 pm.

Measurement of serum nitrate

The serum nitrate (NO3) concentration was determined
by enzymatically reducing nitrate to nitrite with nitrate
reductase, as described previously;'” the total amount of
nitrite was then determined using the Griess method. The
results are reported as um of NOs3.

Macrophages cultures and fungal killing assay

Nitrite production and fungicidal activity of murine peri-
toneal macrophages were evaluated, as described earlier.”
On the 14th day of infection the peritoneal cavity was
washed with 5 ml of cold Hanks balanced salt solution
(HBSS). The resulting suspension was pelleted at 4° by
centrifugation for 10 min at 300 g, and the supernatant
was removed. The cells were suspended in complete
RPMI-1640 and added onto 24-well plates at a cell den-
sity of 10° cells/ml, incubated for 30 min at 37° in an
atmosphere of 5% CO, and washed three times with pre-
warmed medium to remove any adherent cells. Macro-
phages were suspended in fresh complete RPMI and then
activated with IFN-y (20-60 U/ml) plus LPS (20 ng/ml)
for 4 hr, then yeast cells of S. schenckii (10°/ml) were
added to the cultures and incubated for 18 h at 37° in an
atmosphere of 5% CO,. Some wells were filled with med-
ium alone and inoculated with the fungus as a control for
the fungal growth. Cell-free supernatants were collected
and stored at —70° for nitrite determination. Cells were
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then lysed with sterile distilled water, wells were scrapped
and cell lysates were diluted with sterile PBS. To deter-
mine fungal viability, aliquots were plated on BHI-agar
containing antibiotics, and CFU was determined as
described above. The macrophage fungicidal activity was
evaluated as the percentage of killing, calculated as:
[(1 = CFU samples)/CFU control] X 100.

Spleen cell proliferation assay

The T-cell proliferation induced by Con A or fungal anti-
gen (heat-killed yeast cells from S. schenckii) was evalu-
ated by [SH]-thyrnidine (PH]TdR) incorporation. Spleens
of non-infected and infected WT and iNOS™~ mice were
harvested after 14 days of infection. Briefly, spleen cells
were disrupted in HBSS, centrifuged, washed twice, and
erythrocytes were lysed in a lysing buffer (1 part of
0-17 mol/l Tris and 9 parts of 0-16 mol/l ammonium
chloride, pH 7-5) for 2 min. The erythrocyte-free cells
were washed three times in HBSS, counted and added
onto 96-well plates at a cell density of 5 x 10° cells/ml in
RPMI-1640 that had been supplemented with 2 mm L-glu-
tamine, 1 mm sodium pyruvate, 5% non-essential amino
acids, 50 um 2-ME, 100 pg/ml streptomycin, 100 U/ml
penicillin, and 5% FBS. The cells were subsequently stim-
ulated with 2 pg/ml Con A or fungal antigen at a 10 : 1
ratio of yeast cells per spleen cell at 37° in an atmosphere
of 5% CO, for 36 hr, The experiments were performed in
five duplicates at a final volume of 200 pl/well. Lympho-
cyte proliferation was determined by liquid scintillation
counting after the addition of 0-5 pCi/well [*H]-TdR in
the last 18 hr of incubation. The culture supernatants
were collected after 12 hr to evaluate the accumulation of
NO5 by the Griess method.

Cytokine determination by ELISA

Spleen cells at a cell density of 2 x 10° cells/ml) were
cultured in 24-well plates with 2 pg/ml Con A or fungal
antigen at a 10 : 1 ratio of yeast cell per spleen cell or
medium alone at 37° in an atmosphere of 5% CO, for
48 hr. The supernatants were collected and stored at
—70° until assayed for IFN-y, tumour necrosis factor-o
(TNF-a) and IL-10, using a two-sandwich ELISA.
Flat-bottomed, 96-well microdilution plates (Nalge Nunc
Int., Rochester, NY) were coated with 50 pl of a capture
monoclonal anti-mouse IFN-y (0-5 pg/ml) or IL-10 (2 pg/ml)
or the monoclonal rat anti-mouse TNF-o (XT22.11)
(2 pg/ml), incubated overnight at 4°, and then washed
four times with PBS containing 0-1% Tween-20. The wells
were filled with a blocking buffer consisting of PBS plus
0-1% Tween-20 and 1% BSA, incubated for 1 hr at 4° and
then washed four times with PBS-Tween. Samples were
diluted in blocking buffer and 50 pl were added to each
well. The plates were incubated overnight at 4°. The wells
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were washed four times with PBS-Tween, and 100 pl of a
monoclonal biotin-conjugated anti-mouse IL-10 (1 pg/ml)
or anti-IFN-y (1 pg/ml) or the polyclonal antibodies from
sheep anti-mouse TNF-oo serum (H/92) (1 :1000) in
blocking buffer were added to each well. The plates were
incubated for 1 hr at room temperature. After four washes
with PBS-Tween, the reaction products were detected with
an avidin~HRP complex, and the colour of the reaction
was developed with OPD. The A4, was determined with
an ELISA reader (Molecular Devices Co, Sunnyvale, CA).
Cytokine concentration [pg/ml] was calculated from a
standard curve of murine recombinant cytokines.

Apoptosis measurement

To evaluate populations of cells undergoing apoptosis in
WT and iNOS™ infected mice, we performed a flow
cytometry (FCM) analysis of spleen cells using Apo-
Screen™ Annexin V Apoptosis Kit (Southern Biotech Inc,
Birmingham, AL), as per the manufacturer’s instructions.
Briefly, disrupted spleen cells were washed twice in cold
PBS, suspended in cold binding buffer at a cell density of
1 x 107 cells/ml into 12- by 75-mm polypropylene tubes
(Becton Dickinson, San Jose, CA). Aliquots of 100 pl were
incubated in ice for 15 min in the presence or not of Ann-
exin V—-fluoroscein isothiocyanate (FITC) protected from
light. Without washing, 380 pl of cold binding buffer was
added to each tube. Necrotic cells were evaluated by stain-
ing with 1 pg/ml propidium iodide (PI). Fluorescence of
exposed cell surface phospholipid phosphatidylserine
labelled with Annexin V-FITC and individual nuclei
labelled with PI was measured in a fluorescence-activated
cell sorting flow cytometer (Becton Dickinson). Percentile
of apoptosis was determined by gating cells to exclude
debris and necrotic cells and analysing Annexin V-labelled
mice populations.

Statistical analysis

The results are expressed as the mean + SEM of the indi-
cated number of animals or experiments. Statistical analy-
sis was performed using anova followed by Bonferronis’s
t-test and differences were considered significant when
P < 0-05. Cumulative mortality curves were compared by
log rank test.

Results

Fate of yeast cell-infected iNOS™~ mice: increase
of survival, control of tissue fungal dissemination
and abrogation of T-cell suppression

To determine the role of endogenous NO in the resis-
tance to infection with S. schenckii, we infected iNOS
knockout mice (iNOS™") with yeast cells and their sur-
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vival was compared with that of littermate controls. As
described earlier by Fernandes et al.®, yeast cell-infected
WT mice presented a sharp decrease from 90% in sur-
vival rate on the 10th day of infection, decreasing to 30%
on the 15th day, this was maintained until the 30th day
of infection. Surprisingly, infected iNOS™" mice were
totally resistant to fungal infection (Fig. la). The absence
of iNOS gene RNA transcripts in LPS and IFN-vy activated
macrophages was confirmed in the iNOS™~ knockout
mice genotype by real-time qRT-PCR, because amplifica-
tion of iNOS was not detected. Furthermore, infected
WT mice presented an increase in serum nitrate levels
during the first 14 days of infection, being 15 times
higher than in controls 7 days after infection (255 % 53
and 17 £ 67 uM, n = 6, respectively), continuing to
increase until the 14th day (360 = 59 and 24 + 9-6 um,
n = 6, respectively). On the 14th day of infection, the
CFU counts in spleen and lung from infected WT mice
were significantly higher when compared to iNOS™~ mice
(Fig. 1b). Moreover, spleen cells of WT mice at 14th day
of infection proliferated less in response to Con A than
cells of non-infected mice (Fig. 1c). Besides this, these
cells presented impairment in NO production after Con
A or antigenic stimuli, when compared to non-infected
ones (data not shown). Interestingly, the T-cell unrespon-
siveness observed in infected WT mice was abrogated
in infected iNOS™~ mice, which presented a vigorous
Con A-induced T-cell proliferation, when compared to
infected WT mice (Fig. 1d). In our experimental condi-
tions, the antigen-induced proliferative response did not
achieve significant levels after infection with S. schenckii.

Absence of NOS2 gene prevents apoptosis induced
by yeast cell infection

To evaluate whether T-cell proliferative response of
S. schenckii-infected mice was related to apoptosis index,
spleen cells were harvested from of WT and iNOS™~ mice
after 14 days of infection with yeast cells, and apoptosis
levels were evaluated. The results showed that 60% of
cells from infected WT mice were apoptotic, whereas the
percentage of iNOS™™ apoptotic cells was 20% (Fig. 2),
being not significantly different from non-infected mice.

Different balance in cytokine production of spleen
cells from infected WT and iNOS™~ mice

At 14th day of infection, the production of IL-10, IFN-y
and TNF-a were determined in supernatants of spleen cell
cultures stimulated for 48 hr with fungal antigen or Con
A. Figure 3(a) shows that infected WT mice produced
significantly higher TNF-a levels after fungal antigen
stimulus when compared to non-infected mice, reaching
values of 230 + 10 ng/ml (three times higher than con-
trols). On the other hand, antigenic stimulus of spleen
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cells from WT (c¢) and iNOS™ (d) mice were ‘:&_; 144 “‘82 40-
harvested and cultured with medium alone, x 124 x
fungal antigen or Con A for 36 hr as described i 104 g_ 307
in Methods. The values represent the mean * s 81 S o0
SD of three experiments with groups of three i: N
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Figure 2. Absence of the iNOS gene reduces apoptosis induced by
yeast cells in murine spleen cells. At 14th day of infection, percent
apoptosis was determined by measuring Annexin V labelling of
freshly explanted spleen cells from WT and iNOS™™ mice. P < 0-05
(ANOVA followed by Bonferroni’s #-test) when compared to non-
infected mice (*).

cell cultures from infected iNOS™™ mice induced just a
moderate in TNF-o levels. Furthermore, we
found that the higher yeast cell susceptibility was also
related to a differential balance between IL-10 and IFN-y
production. While the susceptibility of infected WT mice
was related to a vigorous IL-10 production by Con A-

increase

stimulated spleen cells (Fig. 3b), the resistance of infected
iNOS™ mice was related to higher IFN-y production
(Fig. 3c).
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Exacerbation of IL-10 and TNF-ao production
may account for failure in fungicidal activity
of macrophages

The IL-10 and TNF-o production by WT and iNOS™~
18 hr-cultured peritoneal macrophages were investigated
after infection with S. schenckii. Interestingly, as shown in
Table 1, macrophages from infected WT mice spontane-
ously released significant IL-10 amounts (903-6 + 43
pg/ml), when compared to the non-infected ones (2242 +
42-3 pg/ml). This increase significantly strengthened after
antigen stimulation of infected WT macrophages, reaching
values of 1266 + 217-7 pg/ml when compared to non-
infected mice (300 £ 7-2 pg/ml). On the other hand,
macrophages isolated from infected iNOS™™ mice pre-
sented reduced spontaneous and antigen stimulated IL-10
production when compared to the non-infected ones
(2577 £ 1-2 pg/ml and 86-65 £ 14-4 pg/ml or 282-8
11-9 pg/ml and 140-5 £ 1-15 pg/ml, respectively). Neither
infected WT nor infected iNOS™™ macrophages presented
an increase in spontaneous TNF-o production in relation
to non-infected mice. However, WT and iNOS™~ infected
macrophages were able to produce significantly higher
TNF-o amounts after antigen stimulation when compared
to the non-infected one, there being significantly higher
levels in supernatants of infected WT mice when com-
pared to infected iNOS™™ mice (1349 + 19-8 pg/ml and
535-2 = 5-5 pg/ml, respectively). In order to investigate

473



K. S. S. Fernandes et al.

300+ 1 Non-infected
250 * M Infected
Eg 200+
> #
£ 150 .
3
£ 100
'_
50+
0
(@) WT iNOS-
Antigen
300+
250
= 200
£
(=2}
& 150
o
21 100+
50
o — I
(b) WT iINOS-
Con A
1500
1250 ”
£ 1000
>
o
= 750+
£
= 500
C 0
© WT iNOS~-
Con A

Figure 3. Different cytokine production by spleen cells of WT and
iNOS™ infected mice. At 14th day of infection, TNF-o (a), IL-10
(b) and IFN-y (c) production were determined in culture superna-
tants of spleen cells from WT and iNOS™ mice cultured with fungal
antigen (a) or Con A (b and c) by 48 hr. Values represent the
mean + SD of three mice in one experiment representative of three
performed separately. P < 0-05 (ANOVA followed by Bonferroni’s
t-test) when compared to non-infected mice (*) or to WT infected
mice (#).

whether host susceptibility to S. schenckii was related to
fungicidal activity of macrophages, we determined the
fungal growth in cultures of peritoneal macrophages from
infected WT and iNOS™™ mice after activation with
increasing doses of IFN-y and LPS at an earlier established
dose (20 ng/ml). As previously described by Fernandes
et al.®, fungicidal activity of IFN-y and LPS-activated mur-
ine macrophages is dependent on NO production. Again,
WT macrophages were able to kill yeast cells of S. schenckii
(Fig. 4a) and to produce nitrite (Fig. 4b) after IFN-y
and LPS activation when compared to unstimulated
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Table 1. IL-10 and TNF-a production by peritoneal macrophages
isolated from yeast cell-infected WT and iNOS™~ mice

Macrophage treatment IL-10 (pg/ml) TNF-o (pg/ml)

No antigen added

Non-infected WT! 224.2 + 299 269 + 0-07

Infected WT 903-6 + 30> 56-9 +46-42

Non-infected iNOS™~ 257-7 +1-2 N.D.

Infected INOS™~ 86-65 + 14-4%° N.D.

Antigen added

Non-infected WT 300 £ 7-2 587-3 + 37-25
Infected WT 1,266 + 217-7° 1,349 + 19-8%
Non-infected iNOS™~ 282-8 £ 11-9 535.2 + 5.5

Infected INOS™~ 1405 + 1-15%° 793-3 + 72:2%°

"Peritoneal cells were harvested from WT and iNOS™~ mice infected
or not with yeast cells for 14 days. Macrophages were incubated for
18 hr in the presence or absence of antigen (heat-killed yeast cells)
and cytokine production was determined in supernatants by ELISA
as described in Methods.

P < 0-05 compared to noninfected mice and *P < 0-05 when com-
pared to WT infected mice.

macrophages (values at 20 U/ml and values at 60 U/ml
IFN-v). After 14 days of infection, the fungicidal activity
and nitrite production of WT macrophages were abro-
gated. Interestingly, despite the absence of nitrite produc-
tion by iNOS™ mice (undetected levels), it was observed
that iNOS ™ -infected macrophages presented a significant
increase in fungicidal activity after activation with higher
doses of IFN-y (60 U/ml) when compared to the non-
infected ones (Fig. 4a).

Effect of daily treatment of infected mice with
Nitro-Arg on yeast cell-induced mortality, tissue
fungal dissemination and T-cell proliferative
responses

To confirm the hypothesis that endogenous NO produc-
tion is determined by modulation of host defence against
infection with yeast cells, we treated WT infected mice
with Nitro-Arg, an inhibitor of NO production. Figure 5
shows the survival curves (Fig. 5a), fungal load in tissues
(Fig. 5b) and T-cell responsiveness (Fig. 5¢) of WT mice
infected with 5 x 10° yeast cells of S. schenckii and treated
daily with Nitro-Arg. As shown in Fig. 1, the increase of
mortality of WT infected mice was followed by an
increase in CFU counts in tissues and by a progressive
decrease in spleen cell proliferation. The treatment in vivo
with Nitro-Arg promoted a delay in mortality (Fig. 5a) in
the acute phase of fungal infection (until 25th day),
which was accompanied by a decrease in tissue CFU
counts (Fig. 5b) and also prevented T-cell unresponsive-
ness to Con A (Fig. 5¢), when compared to untreated
ones. At late phases of infection, T cells were again un-
responsive to Con A stimulus and mice succumbed to

© 2008 Blackwell Publishing Ltd, Immunology, 123, 469-479
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Figure 4. Fungicidal activity of macrophages in the absence of iNOS
gene is related to IFN-y induced IDO activity. Peritoneal cells were
harvested from WT and iNOS™™ mice infected (closed symbols) or
not (open symbols) with yeast cells for 14 days. Macrophages were
activated or not with different doses of IFN-y and LPS (20 ng/ml)
for 4 hr before addition of yeast cells. The percentage of killing (a)
and nitrite concentration (b) in supernatants were determined after
18 hr of culture as described in Material and methods. No detected
amounts of nitrite accumulation in supernatant of iNOS™ mice
were detected. *P < 0-05 when compared to non-infected WT mice
(ANOVA followed by Bonferroni’s t-test).

infection, despite Nitro-Arg treatment. As shown in
Table 2, the serum nitrate levels have hugely increased in
yeast cell-infected mice when compared with non-infected
mice, decreasing significantly after nitro-Arg treatment
(17 £ 6:7 pm, 255 + 53 pm and 27 + 9-5 pm at the 7th
day, respectively, n = 6) (24 £ 9-6 pum, 360 £ 59 pum and
37-7 £ 10-2 um at 14th day, respectively, n = 6) and
(15 £ 97 pmM, not detected and 33-6 £ 15 puMm at 21st day,
respectively, n = 6). Herein, it was confirmed that endog-
enous NO production was immunosuppressant after fun-
gal infection, once the addition of L-NMMA to spleen
cell cultures did not change the immunosuppressive
response (data not shown).

Discussion

It was demonstrated that CD4" T-cell, macrophages and
IFN-y are essential to acquired protective immunity
against S. schenckii infection,'® and that NO is essential to
macrophage fungicidal activity against S. schenckii.’

© 2008 Blackwell Publishing Ltd, Immunology, 123, 469-479
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Figure 5. Treatment of S. schenckii-infected mice with a NO inhibitor
also prevents T-cell unresponsiveness and improves fungal disease.
(a) Survival of WT mice (n = 30) following i.v. infection with
5% 10° yeast cells. One group of mice (n = 30) was treated daily
with 50 mg/kg of Nitro-Arg to abrogate NO production in vivo.
Curves of mortality rate were followed for 30 days after infection. All
groups of non-infected mice were inoculated with PBS and presented
no mortality and no CFU counts throughout the time. Similar results
were obtained in a second experiment. Treated mice had an increased
mortality compared with WT controls (*, P < 0-05, log rank test).
(b) CFU counts in organs of untreated and Nitro-Arg-treated mice
at 14th day of infection are expressed as means of CFU counts per g/
tissue = SD for groups of five animals each. P < 0-05 (a, log rank test;
b and ¢, ANOVA followed by Bonferroni’s ¢-test), when compared to
untreated mice (*). (c) At the 0, 7th, 10th, 14th, and 21st day of
infection, spleen cells were harvested from WT mice that were treated
with PBS or Nitro-Arg. Cultures were incubated for 36 hr in the pres-
ence of fungal antigen or Con A as described in Methods. Lympho-
cyte proliferation was determined by [’H]-thymidine (*HTdR)
incorporation during the last 12 hr. Spleen cells incubated with med-
ium alone presented background *HTdr uptakes of 600 + 205 and
800 + 105. P < 0-05 (a, log rank test; b and ¢, ANOVA followed by
Bonferroni’s #-test), when compared to non-infected mice (*).

475



K. S. S. Fernandes et al.

Table 2. Serum nitrate levels of mice infected with of S. schenckii
treated or not with NOS inhibitor

NO;5 (um)!
Infection/treatment 7th day 14th day 21st day
Non-infected/— 17 £ 67 24 £ 96 15+ 9.7
Non-infected/N-Arg 12+ 91 13 + 8.7 12 + 86
Yeast infected/— 255 + 53 360 + 59* -
Yeast infected/N-Arg 27 £ 95 377 £ 10-2 336 £ 15

"Data are represented as nitrate (um). Nitrate levels were assayed on
7th, 14th and 21st day after infection with S. schenckii. Animals were
daily treated with 50 mg/kg of N-Arg.

*P < 0-05 compared to non-infected mice.

Despite of the host protective role of NO as fungicidal
molecule, we prompted the current investigation of the
contribution of NO produced endogenously to immune
response against S. schenckii yeast cells, using animals
treated with NOS inhibitor and animals genetically defi-
cient in iNOS activity (iNOS™™ mice).

In the present study, we observed that C57/BL6 (WT)
mice infected with yeast cells presented a severe outcome
of disease with high mortality and tissue fungal load. The
infection was also associated with suppression of T cell
activity, once spleen cells from this group of mice were
unresponsive to Con A stimulation, when compared to
non-infected ones. This deficit of T-cell response had also
been described in sporotrichosis in different murine mod-
els using the same S. schenckii strain. The authors had
shown that spleen cells did not respond to mitogen or to
S. schenckii antigenic stimuli in the early phases of infec-
tion, which was followed by depressed delayed-type
hypersensitivity response in paws, high mortality rates
and high fungal dissemination in tissues.'”™' However,
the mediators and mechanisms involved in immunosup-
pression after infection with S. schenckii have not been
recognized.

It has been shown that cell wall components of S. sche-
nckii might induce high TNF-o. and NO production by
murine macrophages and also are able to inhibit fungal
phagocytosis.””> Herein our data has shown that spleen
cell as well as macrophage cultures from WT infected
mice produced huge amounts of TNF-a after antigen
stimulation, besides being detected high nitrate serum lev-
els after yeast infection. Therefore, the in vivo dissemina-
tion of yeast cells and consequent continuous antigenic
stimulation could be important in inducing NO and
TNF-a production. In addition, it has been described that
detection of high serum TNF-o levels after S. schenckii
infection was related with the susceptibility pattern of a
genetically selected mice strain, whereas lower amounts of
this cytokine was detected in serum of a resistant mouse
strain.”> This is reasonable because shock, tissue injury,
apoptosis are all conditions recognizably induced by large
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amounts of TNF-o released into vascular compart-
ment,**** whereas a controlled TNF-o production is
essential to a wide spectrum of biological responses such
as cell migration, differentiation and granuloma forma-
tion at the inflammatory site, thus making animals tar-
geted by the TNF-o receptor gene more susceptible to
fungal infections.>*”

Evidence has shown that after an intense activation and
expansion, T cells achieve a tolerant or anergic state. It
has been demonstrated that cytotoxic lymphocyte anti-
gen-4 (CTLA-4), a T-cell receptor, induces T-cell anergy
by inhibition of IL-2 production and cell cycle block-
age.”®” In addition, Fas/Fas-L-induced apoptosis is
involved in T-cell suppression, being exacerbated by
TNF-o production.’®? In this context, we observed that
CTLA-4, FasL and TNF-o are among the molecules
involved in the suppression of T-cell responses after infec-
tion with S. schenckii, once antibodies against those
molecules were able to restore T-cell proliferation of
yeast-infected WT mice (data not shown).

It has been described that nuclear factor-xB activators
induce IL-10 synthesis.”® Therefore, early TNF-o amounts
detected in yeast cell-infected WT mice could be inducing
a huge and spontaneous IL-10 production by peritoneal
macrophages. This cytokine has been extensively recog-
nized as a suppressor of pro-inflammatory mediators,”*>¢
being associated with iNOS inhibition®” and also with
antifungal defects in murine macrophages.’® Therefore,
the inhibition observed in vitro of NO production by
yeast cell-infected macrophages could be resultant of
IL-10 production. In addition, IL-10 inhibits T-cell prolif-
eration and IFN-y and IL-2 production,” being also
involved in immunosuppression in many fungal infec-
tions.**™* Therefore, these results indicate that IL-10
could be directly related to impairment of macrophage
fungicidal activity and to T-cell unresponsiveness in
WT-infected mice.

Although NO was extensively recognized as a micro-
bicidal molecule, its production can be also detrimental,
even lethal, to the host. Indeed, it has been described that
Trypanosoma gondii infection of iNOS™~ mice or amino-
guanidine (an NOS inhibitor)-treated mice results in
delay of death, control of inflammatory response,
decreased hepatic degeneration and bowel necrosis when
compared to controls.* Other reports have pointed out
to NO as an immunosuppressive molecule in conditions
in which the host is in continuous pathogenic stimu-
lus.'®'>*5*8 The concept is that the high NO output, as
a first innate immunity step against pathogens, invokes a
delay in developing acquired immunity through T-cell
unresponsiveness.*” In fact, it was known that NO pre-
vent the overexpansion of T helper 1 (Thl) cells relative
to Th2 cells.”® Our results have shown that systemic
infection of INOS™ mice resulted in longer survival,
improved fungal clearance in tissues and high T-cell
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proliferation. Furthermore, iNOS™~ infected mice pre-
vented IL-10 production, besides producing moderate
TNF-o and high IFN-y levels. It has been described that
T. cruzi infected iNOS™™ mice produced significantly
more IFN-y than the infected control mice and also pre-
sented reduced apoptosis.*

In the present study, fungal clearance observed in yeast
cell-infected iNOS™~ mice could involve NO-independent
mechanisms elicited by IFN-y It was known that immuno-
reactive IFN-y has been detected in granulomatous skin
lesions of sporotrichosis patients,” and that GKO mice
are more susceptible to S. schenckii infection than their
parental strain (unpublished data). In addition, the
results have shown that macrophages from iNOS™~ mice
presented fungicidal activity after activation with high
doses of IFN-v, despite not producing NO. One possible
microbicidal mechanism could be the improvement of
tryptophan degradation pathway metabolism in phago-
cytes by activation of indoleamine 2,3-dioxygenase
(IDO). It has been well recognized that NO inhibits IDO
activity in IFN-y-primed mononuclear phagocytes,”” and
that tryptophan degradation is involved in host resis-
tance to early infection with various parasites.'>”>>*
Therefore, improvement of T-cell function and IFN-y
production in iNOS™~ mice could be responsible early in
S. schenckii infection for the activation of other fungicidal
mechanisms, such as the IDO-mediated tryptophan
degradation.

The deleterious role of NO to host defence was con-
firmed in studies with mice that had received treatment
with Nitro-Arg. The treatment improved fungal disease,
extending the survival until the 25th day of infection,
when mice died abruptly. Indeed, it is well described in
literature that inhibition of endogenous NO production is
protective to the host in the first phases of infection,
however, as NO is also important for the killing of the
fungi, the inhibition of this molecule in vivo causes rough
disease susceptibility."

In summary, results of this study suggest that in addi-
tion to being a fungicidal molecule, NO may be impli-
cated in immunosuppression in vivo. After infection, yeast
cells seem to be resistant to intracellular fungicidal mech-
anisms of macrophages and promptly disseminate into
the tissues. The severe infection promotes release of pro-
inflammatory mediators, including TNF-o and NO and a
subsequent induction of molecules, such as IL-10, Fas L
and CTLA-4, that leads to suppression of T cell response.
The transitory resistance of infected mice after Nitro-Arg
treatment shows that NO is deleterious just at initial
infection, being crucial some time after fungal inocula-
tion. Thus, we suggest that the full resistance of mutant
mice to S. schenckii is related to IFN-y-induced alterna-
tive fungicidal pathways in phagocytes. In conclusion, it
would appear that the beneficial effects caused by the
loss of nitric oxide immunoregulation outweighed the

© 2008 Blackwell Publishing Ltd, Immunology, 123, 469-479
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detrimental effects associated with loss of nitric oxide
fungicidal activity.
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