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ABSTRACT Intra-abdominal candidiasis (IAC) is one of the most common yet under-
appreciated forms of invasive candidiasis. IAC is difficult to treat, and therapeutic fail-
ure and drug-resistant breakthrough infections are common in some institutions de-
spite the use of echinocandins as first-line agents. Fosmanogepix (FMGX, formerly
APX001) is a first-in-class antifungal prodrug that can be administered both intrave-
nously and orally. FMGX is currently in phase 2 clinical development for the treat-
ment of life-threatening invasive fungal infections. To explore the pharmacological
properties and therapeutic potential of FMGX for IAC, we evaluated both drug pene-
tration and efficacy of the active moiety manogepix (MGX, formerly APX001A) in liver
tissues in a clinically relevant IAC mouse model infected with Candida albicans. Matrix-
assisted laser desorption ionization–mass spectrometry imaging (MALDI-MSI) and laser
capture microdissection (LCM)-directed absolute drug quantitation were employed to
evaluate drug penetration into liver abscess lesions both spatially and quantitatively.
The partitioning of MGX into lesions occurred slowly after a single dose; however,
robust accumulation in the lesion was achieved after 3 days of repeated dosing.
Associated with this drug penetration pattern, reduction in fungal burden and clear-
ance in the liver were observed in mice receiving the multiday FMGX regimen. In
comparison, administration of micafungin resulted in marginal reduction in fungal bur-
den at the end of 4 days of treatment. These results suggest that FMGX is a promising
candidate for the treatment of IAC.
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Invasive candidiasis (IC), encompassing bloodstream Candida infections (candidemia),
intra-abdominal candidiasis (IAC), and other deep-seated candidiasis, is the most

common fungal disease in U.S. hospitals (1, 2). The global incidence of IC has been esti-
mated at 750,000 cases annually (3), with an associated crude mortality rate in excess
of 40% and an associated expenditure of ;$46,000 per case (4). Despite candidemia
being the focus in most studies involving IC, IAC poses huge threats to both immuno-
competent and immunocompromised patient populations (5, 6). Studies have shown
that factors associated with successful outcomes in IAC patients are prompt source
control and appropriate antifungal therapy (7), in which the echinocandin antifungals
are the recommended first-line agents (8). However, the clinical effectiveness of echi-
nocandins in treating IAC is highly variable (9–12), and in some institutions, treatment

Citation Lee A, Wang N, Carter CL,
Zimmerman M, Dartois V, Shaw KJ, Perlin DS,
Zhao Y. 2021. Therapeutic potential of
fosmanogepix (APX001) for intra-abdominal
candidiasis: from lesion penetration to efficacy
in a mouse model. Antimicrob Agents
Chemother 65:e02476-20. https://doi.org/10
.1128/AAC.02476-20.

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Yanan Zhao,
Yanan.zhao@hmh-cdi.org.

Received 25 November 2020
Returned for modification 29 December
2020
Accepted 7 January 2021

Accepted manuscript posted online
19 January 2021
Published 18 March 2021

April 2021 Volume 65 Issue 4 e02476-20 Antimicrobial Agents and Chemotherapy aac.asm.org 1

PHARMACOLOGY

https://orcid.org/0000-0001-9470-5009
https://orcid.org/0000-0002-2664-2795
https://doi.org/10.1128/AAC.02476-20
https://doi.org/10.1128/AAC.02476-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:Yanan.zhao@hmh-cdi.org
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02476-20&domain=pdf&date_stamp=2021-1-19


failures and drug-resistant breakthrough infections can occur in half of the cases inves-
tigated (10). This may be due in part to the poor penetration of approved echinocan-
din drugs into the lesion tissue. Undoubtedly, there is an urgent need to develop new
therapeutic strategies to meet this clinical challenge.

Fosmanogepix (FMGX, formerly APX001) is a first-in-class antifungal prodrug that is
currently in phase 2 clinical development for the treatment of life-threatening invasive
fungal infections caused by Candida spp. (ClinicalTrials registration no. NCT03604705
and NCT04148287), as well as Aspergillus spp. and rare molds (ClinicalTrials registration
no. NCT04240886). FMGX is the N-phosphonooxymethyl prodrug of the active moiety
manogepix (MGX, formerly APX001A). After intravenous (i.v.) or oral administration,
FMGX is rapidly converted to MGX by systemic phosphatases. MGX has a novel mecha-
nism of action and exerts antifungal activity against a wide spectrum of clinically rele-
vant fungal pathogens. MGX inhibits the conserved fungal enzyme inositol acyltrans-
ferase Gwt1 in the glycosylphosphatidylinositol (GPI) anchor biosynthesis pathway,
thereby disrupting the trafficking and anchoring of mannoproteins to the fungal cell
wall (13, 14). Previous studies have demonstrated broad and potent in vitro activity of
MGX against most Candida spp., with the exception of Candida krusei (14–18). Animal
studies have also shown that FMGX is effective in vivo in treating disseminated candi-
diasis caused by major Candida pathogens, including Candida albicans, Candida glab-
rata, Candida auris, and Candida tropicalis (16, 19–23), but its effectiveness in the treat-
ment of IAC is unknown. Of note, the major histopathological presentation of intra-
abdominal abscesses with IAC is different from the homogeneous tissue invasion of
disseminated candidiasis stemming from candidemia, making it difficult to predict the
efficacy of FMGX in IAC from the candidemia animal model.

The objective of this study is to investigate the efficacy and the pharmacological
properties of FMGX for the treatment of IAC, which may be instructional to the clinical
application of this novel agent. The main histopathological manifestation of IAC is
intra-abdominal abscesses. Therefore, we evaluated both drug penetration into liver
abscesses and the standard assessment of fungal burden within the infected liver tis-
sues in a clinically relevant IAC mouse model due to C. albicans. Matrix-assisted laser
desorption ionization2mass spectrometry imaging (MALDI-MSI) and laser capture
microdissection (LCM)-directed high-pressure liquid chromatography-tandem mass
spectrometry (LC-MS/MS) were employed to evaluate drug penetration into liver ab-
scess lesions both spatially and quantitatively. Liver burden reduction was measured
as an efficacy index at multiple time points during the FMGX course of therapy and
compared with the representative standard of care micafungin (MCF).

RESULTS
In vitro susceptibility. C. albicans strain SC5314 was used to establish the intra-ab-

dominal infections in our study. The MIC against this strain was 0.016mg/ml for both
manogepix and micafungin.

Plasma pharmacokinetics (PK) in IAC mice. Given that MGX is metabolized con-
siderably faster in mice than in humans (21, 24, 25), we employed an established
mouse FMGX-dosing regimen involving administration of the nonspecific cytochrome
P450 (CYP) inhibitor, 1-aminobenzotriazole (ABT) 2 h prior to FMGX dosing. ABT has no
antifungal effect against multiple species either in vitro or in vivo and is not synergistic
with antifungal agents (23, 26). This regimen has been proven to be nontoxic and
effective at improving systemic exposure of MGX in several mouse models (23, 26–29).
We examined the plasma drug concentrations of MGX in IAC mice following a single
oral dose of FMGX at 78mg/kg in conjunction with the pretreatment of ABT orally
administered at 50mg/kg on day 3 postinfection (day 1 dosing). This dosing regimen
was previously shown in mice to achieve clinically relevant human drug exposures (24,
25). As shown in Fig. 1, the peak plasma drug concentration (Cmax) appeared at 3 h
postdose, with a mean value of 16.15mg/ml. The area under the concentration-time
curve from time zero to 24 h postdose (AUC0224) was measured as 265.1mg · h/ml, and
the elimination half-life was 15.08 h at the given dosage. This exposure in mice is
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similar to the safe and well-tolerated exposures achieved in healthy human volunteers
in phase 1 clinical trials (24, 25).

Tissue PK and lesion penetration of MGX. In the IAC model, lesion formation is
observed most consistently in the liver among all of the intra-abdominal organs.
Therefore, liver was selected as the target tissue for the pharmacokinetic and fungal
tissue burden analyses. Tissue distribution and lesion penetration of MGX were ana-
lyzed in both single-dose and multidose studies. In the single-dose study, infected liv-
ers were collected at 1, 3, 6, and 24 h after dosing. Lesion (aggregate of necrotic core
and inflammatory rim) and nonlesion (uninvolved healthy liver) tissues were dissected
by LCM, then subjected to LC-MS/MS for MGX level quantitation. A rapid and signifi-
cant partitioning of MGX to the liver was observed after a single dose of FMGX. The
drug distribution kinetics (Fig. 2A) in the nonlesion liver tissues were similar to the
plasma PK, but exceeded plasma drug concentrations at all four time points within
the 24 h postdose course (mean MGX values of 18.9, 24.8, 23.1, and 9.6mg/g for 1, 3, 6,
and 24 h, respectively). In comparison, partitioning of MGX into the liver lesions
occurred at a much slower rate, with the mean concentrations measured sequentially
at 1.3, 4.6, 7.4, and 5.8mg/g in lesions from 1 h to 24 h. The AUC0224 was 143.8mg · h/ml
and 419.7mg · h/ml in the lesion and nonlesion areas of the liver, respectively. To enable
the comparison of MGX penetration into the lesion/nonlesion areas of the liver, lesion
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FIG 2 MGX penetration into infected livers is shown as (A) absolute quantitation of MGX in lesion and nonlesion compartments and (B) lesion/nonlesion
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FIG 1 Plasma pharmacokinetics after a single oral dose of 78mg/kg FMGX plus ABT.
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MGX levels were normalized to those in matched nonlesion liver tissues for each individ-
ual animal. The lesion/nonlesion MGX ratios demonstrated a significant (P= 0.003) time-
dependent drug penetration of MGX into the abscess lesions (Fig. 2B).

Given the observed slow lesion partitioning of MGX after a single dose, we next
asked whether a multidose regimen would further increase MGX lesion penetration. In
the multidose study, once daily (QD) 78mg/kg FMGX plus ABT treatment was adminis-
tered to IAC mice starting on day 3 postinfection and continuing through days 4 and 5.
At 24 h after the 2nd or 3rd dose (days 5 and 6), livers were collected and analyzed for
drug exposure within and outside lesions, analogously to the single-dose study. As
shown in Fig. 3, the mean values of MGX concentration in nonlesion liver tissues versus
those in lesions were 5.5 versus 2.5mg/g and 1.8 versus 2.9mg/g after 2- and 3-day
dosing of FMGX, respectively. When normalized to nonlesion tissues, lesion penetra-
tion of MGX after 2 doses was similar to that observed at 24 h after the single dose.
However, a significant increase in MGX partitioning in lesions with a mean lesion/non-
lesion MGX ratio of 1.92 (P = 0.0011) was observed in mice that received 3 doses of
FMGX, suggesting accumulation.

Spatial distribution of MGX in infected liver. One limitation of the aforemen-
tioned lesion dissection by LCM was that the very small and shallow presentation of
most lesions precluded us from separating two distinct subcompartments (necrotic
core and inflammatory rim) within lesions, as doing so we would fail to procure
enough material required for drug quantification. To gain a better understanding of
the spatial distribution of MGX with details at higher resolution, MGX-specific ion maps
(Fig. 4) were constructed for representative liver tissue sections using MALDI-MSI. For
both the MGX and the deuterated MGX (d4-MGX) internal standard, the [M1H]1 ion of
the reduced open ring structure of the isoxazole moiety in the MGX molecule was
detected with greater sensitivity than the protonated MGX ion. For this reason, the
reduced ion at m/z 361.166 was used to display the spatial distribution of MGX within
infected tissue sections. For the single-dose imaging series, MGX distribution in nonle-
sion livers was generally homogeneous, and ion intensities in 3-h and 6-h samples
were markedly higher relative to those in 1-h and 24-h tissues. Within lesions, MGX sig-
nals appeared at or after 3 h postdose, with varied intensity and spatial distribution.
Close-up examination of the individual lesions and overlays of ion maps and hematox-
ylin and eosin (H&E)-stained images (Fig. 5) clearly demonstrated a gradual process of
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drug penetration and accumulation. MGX signals in lesions changed from barely visible
at 1 h to slowly migrating to the outer rim of the abscess and increasing intensity from
3 to 6 h, reaching a therapeutic amount of drug and approaching the necrotic center
by 24 h. Although MGX penetration into healthy liver tissue was faster than that into
liver abscesses, the 24-h ion map showed that MGX was highly concentrated in the ne-
crotic core, in which the main body of the fungal network (displayed by Grocott me-
thenamine silver [GMS] staining in Fig. 5) resides. Moreover, the high intensity of the
ion map from the liver lesion collected 24 h after 3 doses of FMGX reflects enhanced
MGX drug penetration into the liver lesion over time (Fig. 6).

In vivo efficacy. To test the therapeutic potential of MGX for IAC, we carried out an
in vivo efficacy study in which mice infected with C. albicans were treated for 4
consecutive days with either the once-daily FMGX (78mg/kg QD) plus ABT regimen,
MCF at a dose in mice which results in exposures similar to what is clinically observed
(5mg/kg QD), or vehicle control. Liver fungal burdens were evaluated and compared
among all dosing groups at predose and 24 h after each dosing (Fig. 7). Although a sin-
gle dose of FMGX was not potent enough to decrease liver fungal burden, additional
dosing significantly enhanced FMGX antifungal efficacy. Compared to mice given vehi-
cle control, mice treated with FMGX for 2 days or 3 days had mean liver fungal burden
reductions of 1.33 log10 CFU/g (P = 0.0034) and 1.53 log10 CFU/g (P = 0.0016), respec-
tively. Fungal clearance (defined by repeated zero-CFU count in undiluted liver homog-
enate) was observed in 2 of 6 mice (33.3%) in the 3-day FMGX treatment arm. Most
strikingly, fungal clearance was observed in all mice in the 4-day FMGX treatment arm.
In comparison, liver burdens relative to vehicle control were not significantly reduced
by MCF after 1 day of dosing (0.45 log10 CFU/g after a single dose; P= 0.4989); however,
a 1.35 log10 CFU/g reduction (P = 0.0137) was observed after 2 days of MCF treatment.
Continued administration of MCF beyond 2 days of dosing did not result in further stat-
istically significant reductions in fungal burden, although liver burdens in these mice
(4.28 and 4.84 log10 CFU/g for 3-day and 4-day MCF arms, respectively) were still
numerically lower than that in vehicle control mice (4.78 and 5.08 log10 CFU/g for 3-
and 4-day vehicle groups, respectively) and 1 mouse in the 4-day MCF group did clear
the liver burden.

FIG 4 Spatial distribution of MGX in infected livers after single FMGX dose. Matrix-assisted laser
desorption ionization–mass spectrometry (MALDI MS) ion maps of MGX in representative liver tissues
collected 1, 3, 6, and 24 h after a single oral dose of FMGX are displayed in the top panel. The
hematoxylin and eosin (H&E) stains of the sections utilized for mass spectrometry imaging (MSI) are
shown in the middle panel and Grocott methenamine silver (GMS) stains of adjacent sections are
displayed in the bottom panel. Bar, 6mm.
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Histopathological examination of livers harvested from mice who received a 4-day
treatment with FMGX showed that lesions had not detectable fungi (Fig. 8A) or had
small numbers of rounded fungal cells or largely distorted hyphal elements in necrosis
(Fig. 8B). The viability of these morphologically damaged fungal cells was unknown. In
contrast, a dense and highly entangled fungal network composed of long branching
filaments in the center of the lesion was observed in mice treated with 4 days of MCF
(Fig. 8C). These findings are consistent with the fungal burden assessment results.

DISCUSSION

The antifungal pipeline has progressed at a very slow pace for the past 2 decades,
with very few new chemical entities discovered and no new drug classes added to the

FIG 5 Enlarged view of individual lesions at 1, 3, 6, and 24 h after single dosing of FMGX. Yellow
outlines highlight the lesion area on each tissue section. MALDI MS ion maps of MGX are displayed
in the top panel. The H&E stains of the sections utilized for MSI are shown in the second panel. A
merged image of the H&E and MSI ion map of MGX is shown in the third panel. GMS staining of
adjacent sections are displayed in the bottom panel. Bar, 2mm.

FIG 6 (A) Drug distribution in infected liver tissue after 3 doses of FMGX. (B) Higher-magnification
images of the lesion. Outlines highlight the lesion area.
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antifungal armamentarium. Currently, only four classes of drugs are approved to treat
systemic fungal infections (30, 31). For certain diseases, current antifungal therapies
are suboptimal, and thus therapeutic failure and resistance development are increas-
ingly encountered in clinical settings (32). This has been problematic for the manage-
ment of IAC patients utilizing echinocandins as first-line agents, and some clinicians
have raised concerns about whether echinocandins penetrate sufficiently into the
infected tissue sites (10). Our previous studies found that even though MCF penetrated
into intra-abdominal abscesses after multiple doses, it failed to reach the pharmacody-
namic target (PD)-associated drug exposure within this infected tissue compartment
(33, 34). These results provide a rationale for the limited efficacy of MCF in IAC mouse
studies (33, 34), as well as for the clinical observations in patients (10). Clearly, sufficient
lesion penetration is a premise of successful antifungal effect in the treatment of IAC.
Therefore, in the present study, we investigated the efficacy and pharmacological
properties of FMGX for the treatment of IAC, which may inform the clinical develop-
ment of this novel agent.

Compared to currently available antifungal drugs, FMGX is both structurally and
mechanistically unique. Despite the lack of in vitro activity against C. krusei, MGX has
demonstrated favorable antifungal profiles, both in vitro and in vivo, against diverse
yeast and mold pathogens, including emerging multidrug-resistant and difficult-to-
treat fungal species (14–23, 26, 28, 35, 36). Of note, all previous in vivo studies involving
Candida species were carried out in disseminated candidiasis models, and the efficacy
of FMGX to treat IAC had not been investigated until the present study. Given the clini-
cal significance of IAC and the imperfect scenario of using the first-line echinocandins
to treat IAC patients, it is important to explore different therapeutic strategies with
clinical drug candidates such as FMGX. It is worth noting that, after FMGX dosing, MGX
is metabolized rapidly in mice, with a half-life of ;1.4 to 2.75 h (21), whereas the half-
life in humans (;2 to 2.5 days) is much longer (24, 25). To counter this rapid metabo-
lism in mice, previous studies utilized frequent dosing, including twice a day (BID),
three times a day (TID), or once every 6 h (q6h), to achieve exposures similar to those
observed in humans (16, 21, 22). Recently, we found that pretreatment of mice with
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ABT, a nonselective CYP inhibitor, 2 h prior to once-daily FMGX dosing can effectively
slow down the metabolic process of MGX in mice, resulting in plasma exposures com-
parable to those in humans (23). Subsequently, several mouse efficacy studies have
used once-daily 78mg/kg FMGX plus ABT as the standard regimen, since this dosing
regimen results in a MGX exposure similar to that observed in humans (24, 25).
Improved efficacy as a result of enhanced PK was consistently observed (26–28, 37).
Therefore, we have adopted the same strategy in our current study, and the 78mg/kg
of FMGX plus ABT dose (29) was used for all experiments.

MGX was found to be rapidly and extensively distributed to nonlesion liver tissues,
with drug levels mirroring day one plasma PK, albeit with higher liver drug concentra-
tions across the measured time points. This observation was consistent with a previous

FIG 8 GMS-stained liver samples collected at 24 h after 4 days of treatment with FMGX or MCF. FMGX-treated
liver had either (A) lesion with no detectable fungal cells or (B) lesion containing a small amount of
morphologically disrupted fungal cells in necrosis. (C) A dense and well-organized fungal network residing in the
lesion core was observed for the MCF-treated sample. Yellow arrows in the enlarged views (right; magnification,
�40) of black boxed areas (left; magnification, �5) indicate fungal cells.
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report about tissue distribution of MGX in rats and monkeys using whole-body autora-
diography (QWBA) (38), in which the highest-radioactivity Cmax values in rats were
found in bile and fat tissues, followed by liver. However, this rapid partitioning of MGX
was not observed in the lesion compartment. The average lesion/nonlesion drug ratios
were only about 0.07 at 1 h after a single dose, and gradually increased over time to
about 0.58 at 24 h postdose, suggesting that MGX accumulation into the abscess
occurs over time. This is likely due to the fact that abscess core is nonvascularized, and
hence the drug can only diffuse passively through this matrix. Passive drug diffusion
into a necrotic lesion can be a slow process, and the diffusion efficiency inversely corre-
lates with hydrophobicity and tissue protein binding of the compound, as well as with
the size of the necrotic core (39). Nonetheless, enhanced lesion penetration was
observed with continued dosing. The drug concentration gradient between lesion and
nonlesion compartments was reversed after 3 doses of FMGX, and drug levels in
lesions were 1.92-fold higher than those in nonlesion liver tissues. It was noticed that
absolute MGX concentrations in nonlesion compartments were lower in mice that
received 3 doses of FMGX compared to concentrations in those that received 2 doses,
and the mean systemic drug exposure was also lower in mice treated for 3 days
(5.5mg/ml at 24 h after 3 days versus 3.6mg/ml at 24 h after 2 days of FMGX treatment).
This finding was unexpected, and it may be a stochastic result of the small group sam-
ple size and relatively large individual variations. It is also possible that repeated ABT
dosing may have inversely affected the CYP inhibition effect, reflected by the
decreased systemic MGX level in multiday-treated mice compared to single-dosed
mice. However, whether this projection stands true, and the underlying mechanism,
warrant further investigation.

To increase the spatial resolution of our analysis and to gain a holistic view of drug
distribution at the infected tissue site, we captured MSI snapshots of representative
liver sections from both single-dose and 3-day treatment courses. Interestingly, highly
heterogenous intralesion MGX distribution was visualized across the single-dosed tis-
sue sections. MGX ion intensity at 6 h after single dosing was observed to be high in
the inflammatory rim, where immune cells (neutrophils, lymphocytes, and macro-
phages) aggregate, but low in the necrotic core. However, the 24-h snapshot showed
that the necrotic core was the hot spot of MGX deposition, whereas MGX signal in the
inflammatory rim was much less abundant. This changing pattern is a function of the
kinetics of drug binding and passive diffusion of the free fraction of MGX. Acquisition
of ion maps on tissue sections collected after 3 days dosing further provided convinc-
ing evidence for sustained accumulation of MGX into necrotic core, consistent with the
LCM data.

In the in vivo efficacy evaluation experiments, an increased antifungal effect was
observed over time in mice receiving FMGX therapy. With each additional daily dose of
FMGX, a greater reduction in liver fungal burden and/or tissue sterilization was
observed (Fig. 7). This temporal pattern of antifungal efficacy is likely associated with
the accumulation over time of MGX within the liver lesion, which is the location for the
main body of the fungal population (33). Within the local environment of the liver
lesion, drug pressure may be low and tolerable for the large fungal mass in the begin-
ning of the FMGX therapy, explaining the lack of fungal burden reduction on day 1.
However, after multiple doses and the accumulation of MGX within the lesions, the
antifungal efficacy was clearly observed. In the current study, 4 days of FMGX treat-
ment eliminated any measurable fungal burden in the infected livers (Fig. 7). In con-
trast, the standard-of-care representative MCF therapy was only initially effective after
therapy started, but the activity was not sufficient in overcoming persistent fungal
growth when the therapy course was extended to 4 days. Histopathological evaluation
of two extra mice after the 4-day treatment further confirmed the in vivo antifungal ef-
ficacy difference between these two drugs (Fig. 8).

Previous PK/PD studies have defined MGX as an AUC/MIC-driven drug, and the 24-h
total drug AUC (tAUC)/MIC values resulting in kidney burden stasis ranged from 6,678
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to 12,952 for three C. albicans strains with MGX MICs of 0.002 to 0.008mg/ml (21). In
our study, the tAUC/MIC was 8,988 in lesion tissue, 26,228 in nonlesion tissue, and
19,162 in plasma, using parameters obtained after a single dose of FMGX. There are
a few important differences between the previous study and ours which must be
noted, including different animal models (neutropenic IC versus immunocompetent
IAC), different C. albicans strains, different dosing regimens (FMGX q6h versus
FMGX1ABT QD), different drug exposure measurement (plasma versus plasma,
lesion, and nonlesion tissue), and different efficacy endpoints (kidney burden ver-
sus liver burden). In our study, the lesion tAUC/MIC fell within the range of the pre-
viously defined preclinical PK/PD target and was associated with a high degree of
in vivo fungicidal activity, as evident by marked liver burden clearance in all mice
after 4 days of treatment.

In summary, we have investigated the therapeutic potential of FMGX for the treat-
ment of IAC. After dosing FMGX in conjunction with ABT, the resulting MGX exposures
in mice were similar to clinically seen exposures. At these exposures, MGX demon-
strated marked in vivo potency in clearing liver burden after multiple doses. In compar-
ison, the first-line echinocandin drug MCF was initially effective, but liver burdens were
only marginally reduced at the end of a 4-day treatment. Importantly, we have also
characterized drug penetration of MGX into intra-abdominal abscess lesions. MGX
demonstrated time-dependent accumulation in the liver lesion compartment upon
repeat dosing, in line with the observed in vivo efficacy. Overall, our results suggest
that FMGX is a promising therapeutic option for the treatment of IAC patients.

MATERIALS ANDMETHODS
Antifungal agents. Fosmanogepix, manogepix, manogepix-d4 (Amplyx Pharmaceuticals, Inc., San

Diego, CA), and micafungin (Astellas Pharma Inc., Tokyo, Japan) were obtained as standard powders
from their manufacturers. Antifungal drug formulation was performed according to the manufacturer’s
instructions as previously described (23). ABT was purchased from Sigma and was dissolved in sterile
water at 10mg/ml prior to use.

Strain. Candida albicans strain SC5314 was grown in yeast extract-peptone-dextrose (YPD) broth at
37°C with shaking overnight. Cells were washed, counted, and prepared in a sterile stool matrix contain-
ing a final concentration of 1� 108 CFU/ml for infection as previously described (33). MICs for MGX and
MCF were determined using the broth microdilution method following Clinical and Laboratory
Standards Institute (CLSI) protocol M27-A3 (40).

Animals. Female 20- to 22-g CD1 mice (Charles River, Wilmington, MA) were housed in the animal
biosafety level 2 Research Animal Facility at Center for Discovery and Innovation, Hackensack Meridian
Health (HMH). All experimental procedures were performed in accordance with National Research
Council guidelines and approved by the HMH Institutional Animal Care and Use Committee (IACUC).

Mouse model of intra-abdominal candidiasis, PK, and efficacy evaluation. A well-established,
immunocompetent IAC mouse model was used for this study (41). Mice were infected intraperitoneally
(i.p.) with 100ml cell suspension prepared in sterile stool matrix containing of 1� 107 CFU of C. albicans
SC5314, as previously described (33). All drug treatment was initiated on day 3 postinfection. For the sin-
gle-dose PK study, mice received a single oral (p.o.) treatment of 78mg/kg FMGX and sacrificed at 1, 3,
6, and 24 h posttreatment (4 mice per time point). ABT was administered at 50mg/kg via oral gavage
2 h prior to FMGX dosing. Livers were explored for abscesses, dissected, placed on a cryohistology tray,
snap-frozen in liquid nitrogen, and stored at 280°C for MALDI-MSI and LCM-directed drug quantifica-
tion. Blood was also collected at 0, 0.5, 1, 3, 6, and 24 h posttreatment for plasma drug concentration
measurement. For multidose PK, mice received 2 or 3 doses of once-daily treatment of oral FMGX at
78mg/kg. ABT at 50mg/kg was orally administered 2 h prior to each FMGX dose. Livers and blood were
collected for drug exposure evaluation (5 mice per time point) at 24 h after completion of each regimen.
The 4-day efficacy study included three treatment arms, FMGX (78mg/kg p.o. QD) (plus ABT), MCF
(5mg/kg i.p. QD), or phosphate-buffered saline (PBS) (p.o. QD). Liver fungal burden was assessed pre-
dose (n= 3), 24 h after single dose, and at 2 days, 3 days, and 4 days treatment (n= 6 mice per regimen
per time point).

Tissue sectioning. Using an CM 1860 UV cryostat (Leica, Buffalo Grove, IL), 10-mm thick tissue sec-
tions were cut and mounted onto positively charged slides for MALDI-MSI analysis and GMS and H&E
staining. Adjacent 25-mm thick tissue sections were mounted onto a thin polymer membrane slide
(polyethylene terephthalate [PET]) for laser capture microdissection. All slides were air dried for 10 min,
sealed in a small airtight sealable bag, and transferred to 280°C storage until analysis.

Laser capture microdissection. Distinct subcompartments of infected liver tissue (e.g., abscesses
and surrounding uninvolved tissue) totaling 1 million to 3 million mm2 were carefully dissected from
between 4 and 6 serial liver tissue sections using an LMD 6 (CC7000) system (Leica) (42). Lesion areas
were identified optically from the bright field image scan and by comparison to the adjacent sectioned
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GMS- and H&E-stained tissue. The dissected tissues were collected into 0.25-ml standard PCR tubes and
immediately stored in the 280°C freezer unless analyzed immediately.

Drug quantitation by LC-MS/MS. Prior to analysis, the PCR tubes containing LCM samples were
thawed at room temperature. A 50-ml of extraction solution (1:1 acetonitrile-methanol [ACN-MeOH] con-
taining 10 ng/ml verapamil internal standard), 10ml of 1:1 ACN-H2O solution, and 2ml of PBS buffer were
added, then tubes were sonicated for 10min and centrifuged at 4,000 rpm for 5min at room tempera-
ture. Standard curve and quality control tubes were created by combining 50ml of extraction solution,
10ml of serial diluted manogepix or MCF in ACN-H2O, and 2ml of liver homogenate from untreated ani-
mals (42), followed by sonication and centrifugation as described above. Aliquots (50 ml) of supernatant
were transferred from both study samples and standards for LC-MS/MS analysis and diluted with an
additional 50ml of deionized water into a 96-well deep-well plate.

LC-MS analysis was performed on an AB Sciex Qtrap 65001 instrument (ON, Canada) coupled to a
Shimadzu high-performance liquid chromatography (HPLC) system. Chromatography was performed
with an Agilent SB-C8 column (2.1 mm� 30mm; particle size, 3.5mm) using a reverse phase gradient.
Mobile phase A was 0.1% formic acid in 100% water and mobile phase B was 0.1% formic acid in 100%
ACN. Drug quantitation in tissue was conducted using the transition m/z 359.10/264.10 for MGX and
455.40/165.20 for verapamil, which was used as internal standard.

MALDI MSI sample preparation. Upon analysis, slides were removed from the 280°C freezer and
desiccated for 20 min prior to matrix deposition. DHB at 20mg/ml (50% MeOH and 0.1% trifluoroacetic
acid [TFA]) containing 5pmol/ml d4-MGX (internal standard) was deposited onto the tissue sections
using an M5 sprayer (HTX Imaging, Chapel Hill, NC). The spraying parameters were as follows: 60ml/min
flow rate, 1,200mm/min nozzle velocity, 60°C nozzle temperature, 3-mm track spacing, 10 lb/in2 N2 gas,
30 spray cycles, and a crisscross spray pattern.

MALDI-MSI. A solariX 7T MALDI Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrome-
ter (Bruker Daltonics, Billerica, MA) equipped with a SmartBeam II Nd:YAG (355-nm) laser was employed
to perform the MALDI imaging experiments. The instrument was operated in the positive ion mode in
the mass range of m/z 150 to 3,000, with a transient length of 0.7340 s, resulting in an estimated resolv-
ing power of 99,000 at m/z 400. The continuous accumulation of selected ions (CASI) function was
applied with the quadrupole (Q1) mass of m/z= 350 and an isolation window of 200.0 m/z. The laser
power was set at 17%, accumulating 300 laser shots/pixel. Data were acquired at a spatial resolution of
50mm. After data acquisition, the slides were washed with 70% ethanol and stained with hematoxylin
and eosin (H&E) following the manufacturer’s protocol. Slides were then scanned in using the
Pannoramic DESK II DW scanner (3DHistech, Budapest, Hungary).

All MSI data were processed using the SCiLS Lab MVS 2020a Pro software (Bruker Daltonics). Single-
dosed samples along with their stained sections were incorporated into one data set for signal intensity
comparison across the time points postdose. MSI images were directly merged with their H&E sections
to demonstrate MGX distribution within each section. Ion maps of MGX were visualized using the rain-
bow scale color scheme and the weak denoising function. The same data processing steps were applied
to the repeatedly dosed data.

Statistical analysis. Absolute drug concentrations were graphed and statistically analyzed in Prism
9.0.0 (GraphPad Software, Inc., San Diego, CA). Drug levels in different tissue compartments and liver
burden counts at various time points were compared by one-way analysis of variance (ANOVA), and
Dunn’s multiple comparison was used for the post hoc analyses. Statistical significance was defined as a
P value of,0.05.
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