










We next compared the in vivo activities of once daily APX001 and APX2097 to the
activity of fluconazole. Fluconazole (25 mg/kg), which is considered first-line therapy in
the treatment of coccidioidomycosis in humans (7), was administered orally BID by
gavage without ABT pretreatment. Mice were sacrificed 1 day after they had received
treatment for 5 days for assessment of the CFU/g of tissue. All three treatment groups
had significantly lower CFU/lung than the control group, and all prevented dissemina-
tion to the spleen (with the exception of one mouse in each group) (Fig. 5). We
repeated this experiment (excluding the fluconazole group) to evaluate the appearance
of the spherules in the infected lungs. Figure 6 shows representative lung fields mice
treated with ABT/glucose, APX001, and APX2097. The lung from the control mouse

FIG 5 Reduction in fungal burden upon treatment with APX001 and APX2097 in comparison to fluconazole. Mice were infected and treated with the ABT and
APX prodrugs as in Fig. 3. Fluconazole was administered orally twice daily. Values for the geometric mean CFU/organ � the SEM were calculated and compared
using a paired t test (Prism, v7.01). If there were �2 groups, the differences in the means of treated and control groups were compared using Dunnett’s ANOVA
test. All of the treatment groups had significant lower colony counts than the untreated control in lungs and spleen (P � 0.001). Only the untreated mice had
a statistically significant eight loss on day 13 after infection compared to their starting weight (P � 0.006).

FIG 6 Histological analysis of lung tissue sections in control versus APX001- and APX2097-treated mice. Mice were infected with C. immitis RS as described in
Materials and Methods and then treated once daily with 50 mg/kg ABT plus APX001 or APX2097 at 26 mg/kg for 5 days. Control mice received only ABT. Lungs
were removed a few hours after the last dose, fixed in glutaraldehyde, and then stained with PAS prior to microscopic examination (�20 magnification). (A)
The control lungs showed many spherules in all stages of development and a myriad of endospores from ruptured spherules, surrounded by acute and chronic
inflammatory cells. (B) APX001-treated mice had many small, immature spherules that were primarily inside macrophages. There were no fully grown spherules
and few if any endospores. (C) The lungs of APX2097-treated mice had an appearance similar to the lungs of APX001-treated mice.
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shows spherules in all stages of maturation and numerous free endospores, while the
spherules in the APX001- and APX2097-treated mice were all small and immature, and
many had been ingested by macrophages.

(iv) Efficacy of three Gwt1 inhibitor prodrugs in the treatment of pulmonary
coccidioidomycosis: evaluation of survival. The same infection and dosing condi-
tions were utilized as shown in Fig. 5; however, the endpoint was survival 30 days after
infection (18 days after the last treatment dose). As shown in Fig. 7, the fluconazole-
treated mice survived significantly longer than the control mice (P � 0.01). However,
mice treated with APX001 survived significantly longer than the fluconazole-treated
mice (P � 0.01), and the mice treated with APX2097 survived significantly longer than
the APX001-treated mice (P � 0.01). The one surviving mouse in the APX2097 group at
the end of the experiment was infected.

DISCUSSION

In this study, we demonstrated that oral administration of the prodrug APX001 and
three other prodrug analogs were effective treatments for experimental murine coc-
cidioidomycosis caused by C. immitis. To be sure that the drugs were acting on the
tissue stages of this dimorphic fungus and not the arthroconidia used to infect the mice
(28), treatment was delayed until 7 days after infection. Thus, the infection more closely
mimicked treatment of coccidioidomycosis pneumonia, as would be seen in clinical
practice. The appearance of the organisms in the APX prodrug-treated mice at the end
of therapy, as determined by histological analyses of lung tissue sections, was that of
immature spherules, suggesting that was their stage of development when treatment
began and that the APX drugs prevented further maturation.

We assessed two all-oral-treatment regimens that led to similar reductions in fungal
burden. Mice were treated either with 50 mg/kg BID of APX001, or they were pretreated
with 50 mg/kg of the pan-CYP450 inhibitor ABT 2 h prior to administering the APX
prodrugs at 26 mg/kg once daily. ABT prolonged the half-life and increased the
exposure of the APX active moieties by 8.6- to 15-fold, so that once-daily dosing with
ABT achieved similar or better therapeutic benefits than multiple higher doses of the
APX molecules without ABT. This is consistent with in vivo efficacy being a function of
drug exposure, as has been observed for APX001 and its analogs in other infection
models (17, 18, 22). The oral 26-mg/kg QD treatment regimen reduced colony counts,
as well as the twice-daily oral treatment with 50 mg/kg fluconazole, given for the same
duration. Although fluconazole is not the most active triazole against the mold form of

FIG 7 Comparison of Kaplan-Meir survival curves and end-of-treatment weights of mice treated with APX001, APX2097, or
fluconazole compared to untreated controls. Mice were infected and treated as described in Fig. 3. The arrows show the
days of treatment. Kaplan-Meir survival curves were compared by log rank analysis (Prism, v7.01). All three treatment
groups survived significantly longer than the control mice. Differences between the three treatment groups was also
significant. The mean body weights of the three treatment groups and the untreated control on day 14 posttreatment were
compared by ANOVA (Tukey’s multiple-comparison test; Prism, v7.01). There were no significant differences in the weights
of fluconazole-, APX001-, and APX2097-treated mice. *, P � 0.01 for both graphs.
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Coccidioides, it is considered first-line therapy for coccidioidomycosis (7) and is easy to
administer orally in mice because it is water soluble (29).

When we compared the ability of fluconazole and the APX drugs to prolong survival
after the end of therapy, we found that the two Gwt1 inhibitor prodrugs, APX001 and
APX2097, were superior to fluconazole (P � 0.01) in that they prolonged survival for
many days after treatment ended (Fig. 7). Although the functions of GPI-linked proteins
in Coccidioides are still unknown, the antifungal activity of the Gwt1 inhibitors both
in vitro and in vivo implies that they are of vital importance for both the hyphal and
the spherule stages of the fungus. The more prolonged survival after treatment was
stopped may be due to a longer postantifungal effect of the Gwt1 inhibitors (30), better
immune system recognition due to a loss of mannoproteins (13), or other factors.
Further work is needed to determine the factors that result in the persistent activity of
the Gwt1 inhibitors after treatment ended.

The APX drugs were also tested against the mold form of the fungus in vitro. One
of the difficulties in evaluating the activity of compounds in vitro against dimorphic
Coccidioides spp. is the lack of standardized CLSI methodology (31). Perhaps of more
significance, in vitro testing is done against arthroconidia that develop into hyphae
under the conditions of the assay, but hyphae are not the pathogenic form of the
fungus. We used a broth microdilution methodology similar to the CLSI standard
method for determining MEC endpoints (31), and we found the APX drugs to be highly
active against the hyphal form of both species of Coccidioides. The MEC endpoint has
been shown to be a reliable and reproducible method for evaluation of the activity of
APX001A (formerly E1210) (23, 24) and the echinocandins (25). A caveat about the
significance of MEC in vitro results is that the ability to prevent hyphal growth may not
be directly relevant to treating infections that are due to spherules. Although one
would like to test activity against spherules, since they reproduce by circumferential
growth and sequential septation within the spherule (28), monitoring the effect of
antifungal drugs on this stage by ordinary microscopy or changes in turbidity in vitro
is not feasible. Therefore, we tested the drug in an in vivo model, and preliminary
morphological evidence suggests that APX001A and its analogs also inhibit the growth
and maturation of spherules.

Previous susceptibility testing of Coccidioides has been performed by broth mac-
rodilution according to methods described in CLSI M38-A3, with MIC values read as the
lowest concentration that resulted in �80% inhibition of growth versus the no-drug
control (26). Using this methodology, a recent study evaluated 377 Coccidioides clinical
isolates and determined that the posaconazole MIC90 was 0.25 �g/ml. These data are
similar to the results of the present study where a smaller collection of 10 strains was
evaluated using a broth microdilution assay (reading 100% inhibition endpoint) and a
posaconazole MIC90 of 0.125 �g/ml was observed. Likewise, the previous study showed
that the MIC90 for fluconazole was 16 �g/ml, with 37% of clinical isolates exhibiting
fluconazole MICs of �16 �g/ml and 3.8% with MICs of �64 �g/ml (9). In the present
study, we also observed a fluconazole MIC90 of �16 �g/ml (Table 1). Although flucona-
zole is the most commonly used antifungal agent for Coccidioides infections, the use of
other agents with lower MIC values, such as the newer triazoles, or Gwt1 inhibitor
prodrugs, such as APX001, may be better alternative treatment options for coccidioid-
omycosis (9).

APX001 is a first-in-class, broad-spectrum antifungal agent that is currently in clinical
development for the treatment of life-threatening invasive fungal infections. APX001
has been shown to be effective in mouse models of Candida albicans (18, 22, 32),
Candida auris (33), and Cryptococcus neoformans (17) infections, as well as Aspergillus
and Fusarium infections (16). In addition to increased survival, a reduction in the colony
counts of fungi in the lungs, kidneys, and brain tissues of infected mice has been
observed, consistent with 14C-APX001 studies that demonstrated wide tissue distribu-
tion in rats and monkeys, especially in tissues associated with invasive fungal infections
(34). Notably, treatment with APX001 lead to a significant reduction in brain CFU in
both a rabbit model of hematogenous C. albicans meningoencephalitis (35) and a
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mouse disseminated C. auris model (33). CFU in brain were also examined in this study,
and the APX001-treated group resulted in sterilization of the brain in all animals.
However, the untreated control group demonstrated low CFU counts (�5 CFU/g of
tissue) and thus, although statistical significance was reached (P � 0.0002), the low
numbers make it difficult to assess biological significance.

We demonstrate here that APX001A, the active moiety of APX001, has good in vitro
activity against the mold form of Coccidioides, with a MEC90 of 0.008 �g/ml. Two
additional Gwt1 inhibitor analogs, APX2020 and APX2041, demonstrated 2- to 4-fold
improved activity versus APX001A with MEC90 values of 0.004 and 0.002 �g/ml, respec-
tively, against a panel of C. immitis and C. posadasii strains (Table 2). These values
compare favorably with posaconazole (MIC90 of 0.125 �g/ml), one of the triazoles that
is used clinically for the treatment of coccidioidomycosis (36).

In summary, we found that APX001A and its analogs were highly active in vitro
against both species of Coccidioides and that the oral administration of the correspond-
ing prodrugs was an effective treatment for pulmonary coccidioidomycosis and pre-
vented systemic spread in a genetically susceptible mouse strain. The demonstrated
efficacy against Coccidioides, as well as previous studies of efficacy against other yeasts
and molds, provides support that APX001 is a promising new broad-spectrum antifun-
gal agent worthy of continued investigation.

MATERIALS AND METHODS
Isolates tested and organism handling. All isolates tested were originally clinical isolates. However,

C. immitis RS, C. posadasii Silvera, and C. posadasii C735 have been passaged for years in different
laboratories. We also collected clinical isolates from cases diagnosed in San Diego over the 24 months
prior to the in vitro testing (Table 2). Standard biosafety level 3 (BSL3) safety precautions were followed
for all in vitro work.

Arthroconidia preparation. Arthroconidia were prepared as previously described (37). Coccidioides
colonies were grown on 2� glucose-yeast extract (GYE) agar. The plates were incubated at 30°C until the
mycelia covered the surface of the agar. Arthroconidia were harvested from the plate after 4 to 5 weeks
of incubation at 25°C by adding 25 ml of saline. The plate was gently scraped using cell scraper, and the
fluid was transferred to a 50-ml tube that was then vigorously mixed for 10 s and centrifuged at
3,000 rpm for 10 min at 4°C. The supernatant containing floating mycelia was discarded. The pellet
containing arthroconidia was resuspended in saline and passed through three layers of Miracloth
(Calbiochem) to filter out mycelia. The strained suspension was centrifuged again and resuspended in
saline, and the arthroconidia were quantitated by counting them under a microscope using a hemocy-
tometer. The viability is determined by dilution plating and counting the CFU on GYE agar.

Reagents. APX001 is the prodrug of APX001A, APX2097 is the prodrug of APX2020, APX2104 is the
prodrug of APX2041, and APX2096 is the prodrug of APX2039 (Amplyx Pharmaceuticals, San Diego, CA)
(Fig. 1). Posaconazole and fluconazole solutions were pharmacy grade.

In vitro susceptibility testing. Drug susceptibility tests were performed using a broth microdilution
method according to the Clinical and Laboratory Standard Institute (CSLI) M38-A2 (26). The assay was
conducted in RPMI 1640 medium (Sigma) containing 0.165 M morpholinepropanesulfonic acid (MOPS;
Sigma) at pH 7.0. Twofold serial dilutions of the drug were made in RPMI 1640 from the highest
concentration of 16 �g/ml to the lowest concentration of 0.016 ng/ml. Arthroconidia were diluted in
RPMI 1640 medium. Then, 1 �l of the spore suspension was added to 99 �l of drug in one well of a
96-well U-bottom sterile plate (Corning) to a final concentration of 5 � 104/ml. A control well was set up
with dimethyl sulfoxide only. Each dilution of the drugs was tested in duplicate, and the plates were
incubated at 37°C for 2 to 3 days.

The plates were visually scored using a magnifying mirror to determine the MIC (100% inhibition).
The MEC scores were determine by examining each well for growth using an inverted microscope. The
MEC endpoint was the lowest drug concentration that uniformly shortened hypha formation. Two
independent observers read each well. If there was more than a one-dilution difference in interpretation,
a third observer was used.

Mice. C57BL/6J (B6) female mice were purchased from Jackson Laboratory at 8 weeks of age and
infected 1 week after arrival.

Infections and treatment. Standard BSL3 precautions were followed for all in vivo work. Mice were
infected intranasally as previously described and housed in cages inside a HEPA-filtered glove box that
was contained inside a biological safety hood (38). Briefly, the animals were anesthetized with a mixture
of ketamine and xylazine, and then �200 spores (arthroconidia), suspended in 20 �l of sterile saline, were
slowly dropped into their nares. After the mice recovered from the anesthesia, they were placed three
or four per cage in a HEPA-filtered glove box inside our BSL3 facility and allowed free access to food and
water. Treatment by oral gavage while the mice were inside the biological safety hood was initiated
7 days postinfection and continued for 5 days. Fluconazole was administered orally as an aqueous
solution at a dose of 25 mg/kg twice daily, and APX001 was diluted in 5% glucose and dosed orally at
50 mg/kg twice a day for 10 days in the first experiment. Mice were sacrificed 1 day after the last dose.
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In all subsequent experiments, treatment was initiated 7 days of infection using a regimen of 50 mg/kg
of ABT by oral gavage, followed 2 h later by oral gavage with 26 mg/kg of an APX prodrug. Treatments
continued for 5 days with control mice receiving 50 mg/kg ABT, followed by buffer. One day after
treatment ended (day 13 postinfection) mice were sacrificed for quantitative culture of lungs and
spleens, as previously described (38). The infection and quantitation of CFU with APX001 was repeated
three times, with some minor variations in dosing but similar outcomes. Fluconazole was only tested
once, but the results were consistent with previously published findings (39).

Histology. On the last day of treatment, mouse lungs were removed en bloc and then inflated
through the trachea with glutaraldehyde. The lungs were then fixed overnight in glutaraldehyde and
stained with periodic acid-Schiff (PAS) stain according to standard methods. PAS stains polysaccharides.

Statistics. Colony counts were log10 transformed and geometric mean CFU/organ � the standard
errors of the mean (SEM) were calculated; two groups were compared using an unpaired t test (Prism,
v7.01; GraphPad, San Diego, CA). If there were greater than two groups, the differences in the means of
the treated and control groups were compared using Dunnett’s analysis of variance (ANOVA) test.
Kaplan-Meier survival curves were compared by log rank testing (Prism, v7.01). A P value of �0.05 was
considered statistically significant.
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