
Vol. 34, No. 4ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 1990, p. 587-593
0066-4804/90/040587-07$02.00/0
Copyright © 1990, American Society for Microbiology

Evaluation of Nikkomycins X and Z in Murine Models of
Coccidioidomycosis, Histoplasmosis, and Blastomycosis

R. F. HECTOR,1 B. L. ZIMMER,2 AND D. PAPPAGIANIS2*

Cutter Biological, Berkeley, California 94710,1 and Department of Medical Microbiology, University of California
Davis School of Medicine, Davis, California 956162

Received 23 October 1989/Accepted 19 January 1990

Nikkomycins X and Z, competitive inhibitors of fungal chitin synthase, were evaluated as therapeutic agents
in vitro and in mouse models of coccidioidomycosis, histoplasmosis, and blastomycosis. In vitro, the
nikkomycins were found to be most effective against the highly chitinous, dimorphic fungi Coccidioides immitis
and Blastomyces dermatitidis, were less effective against yeasts, and were virtually without effect on the
filamentous fungus Aspergillus fumigatus. Additionally, by transmission electron microscopy, nikkomycin Z
was highly disruptive to the cell wall and internal structure of the spherule-endospore phase of C. immitis in
vitro. In vivo, nikkomycin Z was more effective than nikkomycin X, was also found to be superior on a

milligram per milligram basis to the majority of azoles tested in the models of coccidioidomycosis and
blastomycosis, and was moderately effective in histoplasmosis. A study of the pharmacokinetics in mice showed
that nikkomycin Z was rapidly eliminated after intravenous infusion but that absorption after oral
administration was sufficiently slow to allow inhibitory levels to persist for more than 2 h. Results of limited
toxicology tests suggest that nikkomycin Z was well tolerated at the dosages employed.

Several antifungal compounds in use today affect the
integrity of the fungal cytoplasmic membrane or the synthe-
sis of its constituent ergosterol. Although some of these
drugs have demonstrable efficacies and have been widely
utilized for treatment of human patients and animals, there is
a clear need for drugs with greater fungicidal activities.
Because the cell walls of most medically important fungi
contain chitin, a polymer not encountered in mammals,
compounds which interfere with the synthesis or degrada-
tion of this polymer could be useful in therapy of mycoses
(3). The polyoxins, which are specific inhibitors of fungal
chitin synthase due to their similarity in structure to UDP-
N-acetylglucosamine (reviewed in references 4 and 13), the
substrate of chitin synthase, had previously been used in
vitro against Candida spp. (1, 22, 31) and dimorphic fungi
with some success (6, 17). A related group of compounds is
the nikkomycins, which are structurally similar to the poly-
oxins and are also inhibitors of chitin synthase (3, 7). We
employed nikkomycins X and Z (NX and NZ, respectively)
in vitro against selected medically important fungi represent-
ing true yeast, dimorphic, and filamentous groups. Because
of the high level of activity of these agents against the
dimorphic pathogenic fungi, we subsequently evaluated
them in mouse models of coccidioidomycosis, blastomyco-
sis, and histoplasmosis, and the results are reported herein.
In addition, data are provided on the pharmacokinetics and
safety of these compounds.

MATERIALS AND METHODS
Drugs. NX and NZ and the triazole R 3783 were received

as powders from Bayer AG, Wuppertal, Federal Republic of
Germany; fluconazole was received as a powder from Pfizer
Inc., Groton, Conn.; itraconazole was received as a powder
from Janssen, Piscataway, N.J.; ketoconazole was pur-
chased as Nizoral (200-mg tablets); and amphotericin B was
purchased as Fungizone. For administration the nikkomy-
cins and fluconazole were prepared as solutions in 0.1% agar
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(Difco Laboratories, Detroit, Mich.) with 0.5% glucose. R
3783 was prepared either as a suspension in 0.1% agar with
0.5% glucose or dissolved with heating at 60°C in polyethyl-
ene glycol 200 (J. T. Baker, Phillipsburg, N.J.). Ketocona-
zole tablets were pulverized and suspended in the glucose-
agar. Itraconazole was dissolved in polyethylene glycol 200.
The concentrations of the nikkomycins and azoles were
adjusted for oral delivery in 0.1-ml volumes. Amphotericin B
was diluted in 5% glucose and water and injected intraperi-
toneally in 0.1-ml volumes.
Organisms and conditions of culture. Coccidioides immitis

Silveira (ATCC 28868) (University of California Davis col-
lection), Histoplasma capsulatum G217B (obtained from G.
Kobayashi, Washington School of Medicine, St. Louis,
Mo.), Blastomyces dermatitidis 1389 (obtained from the
University of Kentucky collection, Lexington), Candida
albicans B311 (originally obtained from H. Hasenclever,
National Institutes of Health, Bethesda, Md.), Candida
tropicalis 1525 (obtained from J. Domer, Tulane School of
Medicine, New Orleans, La.), Cryptococcus neoformans
Blouin (University of California Davis collection), and As-
pergillus fumigatus ATCC 13073 were used for all experi-
ments. Arthroconidia of C. immitis were obtained by cultur-
ing the fungus on 2% glucose-1% yeast extract (GYE; Difco)
agar at 35°C for several weeks, dislodging the arthoconidia
into sterile water by using a magnetic stirring bar, and
storing them in liquid suspension at 4°C until needed. The
spherule-endospore phase was maintained in liquid culture
as described by Levine et al. (21). Yeast-phase B. dermati-
tidis was maintained by weekly passage at 37°C on Kelley
agar (20) modified by the substitution of glucose for starch
and hemoglobin (equivalent to 0.5% [vol/vol] sheep blood) in
place of serum. Inocula for experiments with the yeast phase
were prepared by inoculation of fresh slants 72 h prior to
experiments. H. capsulatum was maintained in the yeast
phase on brain heart infusion-blood agar slants at 37°C by
weekly transfer, with fresh slants inoculated 72 to 96 h
before initiation of experiments. The Candida albicans and
Cryptococcus neoformans isolates were stored at -70°C
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until needed, and inocula were propagated in GYE broth at
37°C overnight. Conidia ofA. fumigatus were collected after
growth on GYE agar at 37°C for 7 to 10 days and then were
harvested and stored as a suspension in water at 4°C until
needed.

Animals. Outbred CFW female mice (20 to 24 g, average
weight; Charles River Breeding Laboratories, Inc., Portage,
Mich.) were used in both survival and organ load experi-
ments for coccidioidomycosis and blastomycosis; CF-1 or
CFW mice were used for histoplasmosis.

Susceptibility testing. All tests were performed in broth by
using microdilution plates. The yeasts were tested in yeast-
nitrogen base (Difco) with glucose and asparagine, B. der-
matitidis (yeast phase) and A. fumigatus were tested in
Sabouraud glucose broth, and C. immitis (spherule-endo-
spore phase) was tested in modified Converse medium as
previously described (18). All cultures were incubated at
37°C. MICs were determined at 48 h for all but the dimorphic
fungi, which were determined at 96 h.

Transmission electron microscopy. A spherule-endospore
culture was initiated by seeding 250-ml Erlenmeyer flasks
containing 100 ml of modified Converse medium to approx-
imately 106 CFU of C. immitis endospores, which were
incubated with shaking at 37°C. After 9 h of incubation, NZ
was added to one flask to achieve a final concentration of 2
gxg/ml, and the flasks were incubated an additional 24 h. The
spherules were then preserved with Formalin (0.05% [volV
vol]) and processed for electron microscopy. The cells were
embedded in Spurr medium, sectioned, and stained with
osmium tetroxide and lead citrate. The sections were exam-
ined with a Philips EM 400 transmission electron micro-
scope.

Experimental design. The therapeutic efficacy of the com-
pounds was examined by their effects on the survival of
infected mice and on the number of viable fungi in the target
organs.

(i) Survival experiments. All survival experiments were
designed to follow an acute course, with the first deaths
generally occurring in 5 to 12 days. The purpose of this
approach was to provide a rigorous test of the antifungal
agent, with the outcome essentially determined before an
active immune response could influence results. For the
coccidioidomycosis pulmonary experiments, infection was
by the respiratory route. Mice were first anesthetized with
pentobarbital (50 mg/kg of body weight, intraperitoneally),
and then 30 RI of inoculum (5 x 103 to 10 x 103 arthro-
conidia) was placed in the nares, from which it was inhaled.
For the coccidioidal meningocerebral model, the inoculum
of 60 to 90 conidia was delivered intracranially by puncturing
the crania with a 27-gauge needle and delivering 30-,ul
samples of the fungal suspensions as shallowly as possible.
For the blastomycosis experiments, the infection of the
lungs was established by intravenous infection with 5 x 104
yeast-phase cells. For the histoplasmosis model, mice were
infected intravenously with approximately 5 x 10V yeast-
phase cells. Therapy was begun 48 h after inoculation.
Nikkomycins were administered orally twice a day (b.i.d.)
and azoles were given once a day (q.d.) for periods indicated
in the figures. All animals were maintained for at least 28
days and monitored daily for mortalities. There were 10 mice
per group.

(ii) Short-term organ load experiments. Mice were infected
by the appropriate routes with sublethal to moderately lethal
challenges (levels indicated in the figure legends). Groups of
eight mice each were used in all experiments. Therapy was
initiated 48 h later and was given b.i.d. for all nikkomycins

TABLE 1. MICs of nikkomycins against diverse fungi

MIC (,ug/ml)'
Organism

NX NZ

Coccidioides immitis 0.77 0.125
Blastomyces dermatitidis 8 30
Cryptococcus neoformans 125 250
Candida albicans 125-250 250-500
Candida tropicalis >8,000 >8,000
Aspergillus fumigatus >4,000 >4,000

a Read at 48 h except for dimorphic fungi, which were read at 96 h.

and azoles and q.d. for amphotericin B. Therapy was given
for 5 days, and after a 48-h washout period, all animals were
sacrificed. For all experiments, a target organ(s) was re-
moved and weighed and then homogenized in 10 ml of sterile
phosphate-buffered saline, using a tissue homogenizer
(Brinkmann Instruments, Inc., Westbury, N.Y.). Serial di-
lutions were made and plated in a quantitative fashion on the
surface of Sabouraud glucose agar (Difco) containing 50 jig
of chloramphenicol per ml and 50 ,ug of cycloheximide per
ml (Sigma Chemical Co., St. Louis, Mo.) for C. immitis and
B. dermatitidis and on brain heart infusion agar with chlor-
amphenicol and cycloheximide for H. capsulatum. Cultures
for C. immitis were incubated at 35°C, and for B. dermatit-
idis and H. capsulatum cultures were incubated at room
temperature. Colonies were enumerated and data were cal-
culated, with results expressed as the log1o CFU/g of tissue.

Bioassay. Groups of mice treated with NZ were bled into
heparinized tubes at several intervals. After centrifugation,
200 ,ul of each plasma sample was precipitated with 400 RI of
95% ethanol as a means of inactivating peptidases. These
samples (together with standards prepared by adding NZ to
normal mouse plasma and treating it as described above)
were again centrifuged to pellet the precipitate, and the
supernatants were transferred to glass tubes (13 by 100 mm).
The supernatants were evaporated by being heated in a
water bath under a stream of N2 and then reconstituted with
50 ,u of distilled water.

Plates for the bioassay of NZ were composed of yeast-
nitrogen base (Difco) with 1% glucose and 0.15% asparagine
(Sigma) added to 1.5% molten agar. To increase the sensi-
tivity of the assay by potentiating the action of NZ, the
triazole R 3783, dissolved in a minimal volume of 95%
ethanol, was added to the agar at a final concentration of 0.1
,ug/ml. Just prior to pouring, log-phase Candida albicans
B311 was added to the agar at a final concentration of 104
CFU/ml. Twenty-five milliliters of agar was added to each
150-mm-diameter petri plate and allowed to solidify. Wells of
6-mm diameter were punched with a cork borer, and 30-,ul
samples were added. The plates were incubated at 30°C, and
the diameters of inhibitory zones were read after overnight
incubation. Under these conditions, the range of linearity
was 2 to 100 ,g/ml.

Statistical analyses. Results from short-term organ loads
were analyzed by Duncan's multiple range test, with signif-
icance determined at the P = 0.05 level. Survival data were
analyzed by the Cox proportional hazards estimation, using
one-sided tables in comparisons of control and treatment
group values and two-sided tables in comparisons of the R
3783 groups with other treatment groups. Significance was
determined at the P = 0.05 level. Data inappropriate for Cox
analysis were compared in pairwise fashion, using the log-
rank method with significance determined at the P = 0.05
level.
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FIG. 1. Transmission electron micrograph of 33-h-old spherules of C. immitis cultured in vitro. (Top) Control, untreated spherules;
(bottom) spherules of the same age but exposed to NZ at 2 ,ug/ml for 24 h. The treated spherules are much smaller and have thinner, electron-
transparent walls, and most have marked damage to internal structures or are lysed.

RESULTS

Susceptibility testing. The results of MIC tests against six
different species of fungi representing the dimorphic fungi
(C. immitis and B. dermatitidis), true yeasts (Candida albi-
cans, Candida tropicalis, and Cryptococcus neoformans),
and a filamentous opportunistic pathogen (A. fumigatus) are
presented in Table 1. As can be seen, NX and NZ showed

the greatest inhibition against the dimorphic pathogenic
fungi, with values in the microgram per milliliter range. Both
agents had modest degrees of activity against some yeasts
but were inactive against A. fumigatus in the milligram per
milliliter range. The extreme resistance by Candida tropica-
lis was an unexpected but reproducible finding.

Electron microscopy. In order to assess the morphological
effects of NZ on C. immitis, a synchronous spherule-endos-
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FIG. 2. Survival of mice with pulmonary coccidioidomycosis

following intranasal infection with 9 x 103 CFU, comparing un-
treated controls with mice treated with NX and NZ at three dose
levels given b.i.d. (5, 20, and 50 mg/kg). The period of therapy is
indicated below the x axis.

pore culture was initiated, allowed to grow for 9 h, and then
treated with 2 ,ug of NZ per ml for 24 h. Examination of
control cells by transmission electron microscopy (Fig. 1,
top) showed the cells to have cell walls of uniform thickness
and electron density and to have initiated endosporulation.
In marked contrast, cells exposed to NZ (Fig. 1, bottom)
were smaller and had walls of uneven thickness and staining
intensity. In addition, no endosporulation was evident and
many cells had lysed, suggesting that the compound has a
fungicidal effect on this organism.

In vivo experiments. Although experiments to assess the
toxicology of NZ indicated that laboratory animals are able
to tolerate oral doses of 400 mg/kg of body weight for a
30-day period (see toxicology section), a maximum dose of
75 mg/kg was selected for therapy because of favorable
results seen in this dose range in preliminary trials.

Coccidioidomycosis. In a survival experiment in which
animals were infected intranasally with a highly lethal chal-
lenge, three dose levels of NX and NZ (given b.i.d.) were
administered, after a 48-h delay, for 10 days. NZ was more
active than NX, with the 20- and 50-mg/kg doses of NZ
resulting in complete protection while the 5-mg/kg group had
only slightly more deaths than the group treated with the
50-mg/kg level of NX (Fig. 2).

In a short-term organ load experiment with the pulmonary
model of coccidioidomycosis, NZ was compared with R
3783 and fluconazole. The results from that experiment
(Table 2) indicate that NZ at 50 mg/kg of body weight was
able to eradicate nearly all of the fungus from the lungs of
treated animals (only a single colony was recovered from a
total of eight mice treated) and was therefore comparable to
25 mg of the triazole R 3783 per kg and superior to flucon-
azole under the conditions employed. In a second experi-
ment in the same model, 20 mg ofNZ per kg given b.i.d. was
compared with 50 mg of the same drug per kg given q.d. The
data indicate that divided doses are more effective than one
dose per day, which is likely a reflection of the short half-life
of this drug (see section on pharmacokinetics).
A model of meningocerebral coccidioidomycosis in mice

was used to assess the ability of NZ to penetrate into the

TABLE 2. Short-term organ loads with lungs of mice
infected with C. immitisa

Expt Treatment Dose Mean loggroup (mg/kg) CFU/g + SEM

1 Control 6.35 + 0.06
R 3783 2.5 b.i.d. 4.07 ± 0.92
R 3783 10 b.i.d. 2.88 ± 0.45
R 3783 25 b.i.d. 0.00
Fluconazole 2.5 b.i.d. 3.77 ± 1.12
R 3783 10 b.i.d. 4.42 ± 0.66
R 3783 25 b.i.d. 2.62 ± 0.82
NZ 50 b.i.d. 0.37 ± 0.37

2 Control 6.21 ± 0.15
NZ 20 b.i.d. 1.12 ± 0.56
NZ 50 q.d. 3.63 ± 0.62

a Animals were infected intranasally with 4,000 CFU.

central nervous system and combat the fungus in what is
considered the most deadly coccidioidal syndrome. A dos-
age of 50 mg of NZ per kg given b.i.d was compared with 25
mg of R 3783 per kg given q.d. for 21 days. While the onset
of mortalities was earlier in the nikkomycin group (Fig. 3)
than in the azole group, the data suggest that the azole was
acting only in a fungistatic fashion in that deaths occurred in
the latter group soon after cessation of therapy, whereas the
numbers of deaths in the NZ group were ultimately fewer.
Because of the early deaths in the NZ group, the survival
curves for the two treatment groups were not statistically
different.

Blastomycosis. A model of systemic blastomycosis with
acute nodular pulmonary disease was established in mice by
intravenous infection with an inoculum which caused 100%
mortality in control animals in less than 10 days. Again, both
NX and NZ were employed at three dose levels to compare
their relative activities. In this model both compounds had
good dose-response effects, with NZ again the more effec-
tive drug (Fig. 4). In a variation of this model, NZ at 20
mg/kg given b.i.d. was compared with four azoles and
amphotericin B given at 1 mg/kg q.d., with therapy not
administered until the first deaths had occurred on day 6. In

go A R 3783 25 mg/kg
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FIG. 3. Survival of mice with meningocerebral coccidioidomy-

cosis infected intracranially with 90 CFU, comparing controls with
mice treated with 50 mg of NZ per kg b.i.d. and 25 mg of R 3783 per
kg q.d. The period of therapy is indicated below the x axis.
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FIG. 4. Survival of mice with systemic blastomycosis infected

intravenously with 4.9 x 104 CFU, comparing untreated controls
with mice treated with NX and NZ at three dose levels given b.i.d.
(5, 20, and 50 mg/kg). The period of therapy is indicated below the
x axis.

this severe test of the ability of a drug to overcome advanced
disease, NZ-treated mice had the fewest deaths, with no
deaths occurring after day 8, i.e., 2 days after commence-
ment of therapy, but the survival curve was not statistically
superior to those from the R 3783 and amphotericin B groups
(Fig. 5). However, survival in the NZ group was superior to
that in the other azole-treated groups.

In a short-term organ load experiment, three dose levels of
NZ were compared with four azoles and amphotericin B
(Table 3). The high degree of activity of this agent against
blastomycosis is evident, as the lowest dose of NZ tested (5
mg/kg) was as active as amphotericin B at 1 mg/kg and the
most active azole (R 3783) at 25 mg/kg. The 50-mg/kg dose of
NZ resulted in the sterilization of the lungs of most of the
animals.

TABLE 3. Short-term organ loads in lungs of mice
infected with B. dermatitidisa

Treatment Dose Mean log Stat
group (mg/kg) CFU/gS groupb

Control 6.19 + 0.04 A
Ketoconazole 25 6.08 ± 0.12 A
Fluconazole 25 5.63 ± 0.12 A
Itraconazole 25 4.03 ± 0.23 B
Amphotericin B 1c 3.09 ± 0.23 C
R 3783 25 2.29 ± 0.37 D
NZ 5 2.43 ± 0.37 D
NZ 20 1.81 ± 0.57 D
NZ 50 0.37 ± 0.37 E

a Animals were infected with 100,000 CFU intravenously.
b Groups with different letters are statistically different at the P = 0.05

level.
c Amphotericin B given q.d. only; other drugs b.i.d.

Histoplasmosis. Three dose levels of NZ were used in a
survival model in mice infected intravenously with H. cap-
sulatum. The results show NZ at the low dose levels of 5 and
20 mg/kg of body weight to be highly effective in preventing
deaths, as all animals survived (Fig. 6). The results from an
experiment for short-term organ loads are presented in Table
4 and show that although a dose-response effect was seen,
the moderate amount of clearance does not compare with
that seen with the models of coccidioidomycosis and blasto-
mycosis. However, the reduction in CFU per gram was
similar to that seen in the fluconazole-treated animals.

Pharmacokinetics. A bioassay for NZ was developed and
used for pharmacologic studies in mice. Animals were
treated either orally or intravenously with 100 mg of NZ
dissolved in phosphate-buffered saline per kg of body
weight. Groups of three animals each were bled at intervals
over a 2-h period and processed as described in Materials
and Methods. The results of intravenous administration
indicated that after the initial concentration in serum of 320
,ug/ml the compound was rapidly eliminated, with a half-life
of approximately 10 to 15 min. Results from oral administra-
tion with 100 mg/kg, however, suggest that the compound is
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FIG. 5. Delayed-therapy study in systemic blastomycosis model
in mice infected intravenously with 4.9 x 104 CFU, comparing
controls with mice treated with ketoconazole, fluconazole, itracon-
azole, and R 3783 at 25 mg/kg q.d. and 1 mg of amphotericin B
(AMPHO B) per kg given q.d. with NZ (NIK Z) at 20 mg/kg b.i.d.
The period of therapy is indicated below the x axis.
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FIG. 6. Survival of mice with systemic histoplasmosis infected
intravenously with 107 CFU, comparing untreated controls with
mice treated with NZ at three dose levels given b.i.d. (5, 20, and 50
mg/kg). The period of therapy is indicated below the x axis.
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TABLE 4. Short-term organ loads in livers and spleens of mice
infected with H. capsulatuma

Treatment Dose Mean log CFU/g ± SEM Stat group(s)b
group (mg/kg) Liver Spleen Liver Spleen

Control 6.20 ± 0.13 5.54 ± 0.07 A A
NZ 20 5.25 ± 0.10 5.16 ± 0.16 B A, B
Fluconazole 25 5.34 ± 0.12 4.71 ± 0.10 B B, C
NZ 50 4.37 ± 0.38 4.46 ± 0.14 C C
R 3783 25 2.46 ± 0.12 0.96 ± 0.47 D D

a Animals were infected with 850,000 CFU.
b Groups with the same letter are not statistically different at the P = 0.05

level.

slowly absorbed, with a peak concentration of 10 jig/ml
occurring approximately 45 min after administration.
Though the number of datum points are limited, the half-life
appears to be nearly 1 h under these conditions.

Toxicology. A limited safety trial was conducted in mice by
using agar vehicle orNZ given orally q.d. at 100 or 400 mg/kg
for a 28-day period in groups of 15 each. Weights were
recorded twice weekly and showed no discernible differ-
ences over the test period among the three groups. At the
end of the test period, 10 animals from each group were bled
and necropsied. Routine blood counts and chemistry panels
(the latter done on pools of three mice each for sufficient
volume) revealed no differences among treated groups and
untreated controls. Samples for pathology were sent to an
independent pathology service for assessment, with the only
unusual finding being a comparatively increased incidence of
gliosis in the brains of mice receiving the 400-mg/kg dose.
Animals not sacrificed were held an additional 60 days for
observation, with no outward differences apparent among
the three groups.

DISCUSSION

The potential for using chitin as a chemotherapeutic target
in fungi has been recognized for a number of years (3, 7, 14),
though the reports in the literature are essentially limited to
in vitro testing. Previously, reports have shown polyoxins,
compounds structurally related to the nikkomycins, to be
highly active against dimorphic, highly chitinous fungi (6, 17)
and to have some activity against Candida albicans (1, 22,
31). In the present study we have demonstrated that the
nikkomycins, in particular NZ, have pronounced activity
against selected dimorphic fungal pathogens in animal mod-
els of these mycoses. Indeed, with the models of pulmonary
coccidioidomycosis and systemic blastomycosis, NZ ap-
pears to be fungicidal. In particular, the experiment with
delayed therapy in the blastomycosis model demonstrated
the potency of this agent in reversing advanced disease. NZ
was less effective in the model of coccidioidal meningocer-
ebral disease; however, this may be a result of inadequate
penetration into the central nervous system because of the
limited half-life of this substance. With either continuous
infusion or direct injection of the drug into the cerebrospinal
fluid compartment, the outcome in treatment of this syn-
drome may be more favorable.

Unlike the dimorphic fungal pathogens mentioned above,
in which chitin represents 10 to 20% of their cell walls in the
parasitic phase (9, 11, 12, 19, 27, 29, 30), Candida albicans
has a much smaller chitin component in its cell wall (5).
Although small amounts of chitin can be found in the inner
layers of the yeast cell wall (29), the highest concentration of

the polymer is found in the yeast bud septum (2). This may
partially explain the previous findings of Becker et al. (J. M.
Becker, S. Marcus, J. Tallock, D. Miller, E. Krainer, R. K.
Khare, and F. Naider, Letter, J. Infect. Dis. 157:212-214,
1988), in which NZ was unable to prevent deaths in mice
infected with a lethal challenge of Candida albicans. An
additional factor which must be considered is the differences
among different fungi in permeability and/or transport of
these drugs intracellularly (22, 31).
With the MICs and the results of the animal experiments

against the dimorphic fungi considered simultaneously, this
report and the previous findings for cilofungin, the inhibitor
of beta-glucan synthesis (J. R. Graybill, J. Ahrens, and M.
Rinaldi, Program Abstr. 28th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. no. 1527, 1988), provide evidence
that in vitro susceptibility tests for compounds active against
the cell walls of fungi may be of predictive value for
therapeutic outcome in mycoses. With azole antifungal
agents, which are directed against the fungal cytoplasmic
membrane, a correlation of susceptibility tests with experi-
mental or clinical outcome has not been established (24).
The findings reported herein also give important clues as

to the varying importance of chitin in the cell walls of
different fungi. While much of the evidence is circumstantial,
these and previous findings (17) suggest that the amount of
chitin in the cell wall is not the sole determinant of suscep-
tibility. Indeed, the filamentous fungi often have as much of
this polymer in the cell wall as the susceptible dimorphic
pathogens (25, 26), but the results of the MIC determination
showed A. fumigatus to be refractory to the nikkomycins.
Previously, we had shown that the spherule-endospore
phase of C. immitis was susceptible to a closely related
chitin synthase inhibitor, polyoxin D, whereas the filamen-
tous phase was apparently resistant (17). Thus, in certain
fungi, other wall polymers are likely able to substitute for
any deficiencies created by inhibitors of cell wall synthesis.
This was demonstrated to be the case with Paracoccidioides
brasiliensis in the mycelial phase, which synthesized addi-
tional alpha-glucan in response to treatment with papulacan-
din B, an inhibitor of beta-glucan synthesis (8). With the
parasitic phases of C. immitis and B. dermatitidis, however,
the need for chitin may be more critical. As has been
previously shown, chitin is the first polymer synthesized in
the cell wall during progressive cleavage of C. immitis
spherules, part of the process involved in replication, with
treatment by polyoxin D halting this process completely (16,
17). In the present study, NZ was found to have the same
effect, with inhibition of progressive cleavage and lysis of
cells evident. Interestingly, the MIC of the nikkomycins for
C. immitis is approximately equal to the calculated Ki value
for this agent against the chitin synthase enzyme isolated
from diverse fungi (3, 10, 15, 22, 23).

In conclusion, we have demonstrated that NX and NZ are
efficacious against mycoses caused by the highly chitinous,
dimorphic fungal pathogens, exceeding the effectiveness of
certain azoles and amphotericin B under the conditions
employed. In the ranges tested, the nikkomycins appear to
have no adverse effects, as assessed by a limited study, and
thus may compare favorably with antifungal agents currently
in use. Additionally, the findings confirm that the cell wall is
a suitable and specific target for antifungal drugs, inviting
continued efforts for development of effective and safe
therapy of the mycoses.
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