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ABSTRACT Candida albicans causes debilitating, often azole-resistant, infections in
patients with chronic mucocutaneous candidiasis (CMC). Amphotericin B (AMB) resist-
ance is rare, but AMB use is limited by parenteral administration and nephrotoxicity.
In this study, we evaluated cochleated AMB (CAMB), a new oral AMB formulation, in
mouse models of oropharyngeal candidiasis (OPC) and vulvovaginal candidiasis (VVC)
and in patients with azole-resistant CMC. OPC and VVC were modeled in Act12/2

mice, and mucosal tissue fungal burden was assessed after once-daily treatment with
CAMB, vehicle, or AMB-deoxycholate (AMB-d). Four patients with azole-resistant CMC
enrolled in a phase 2 CAMB dose-escalation study. The primary endpoint was clinical
improvement at 2 weeks followed by optional extension for long-term CMC suppres-
sion to assess safety and efficacy. CAMB-treated mice had significantly reduced tongue
and vaginal fungal burdens compared to vehicle-treated mice and exhibited compara-
ble fungal burden reduction relative to AMB-d-treated mice. All CAMB-treated patients
reached clinical efficacy by 2 weeks, three at 400 mg twice daily and one at 200 mg
twice-daily dosing. All patients continued to the extension phase, with three having
sustained clinical improvement of OPC and esophageal candidiasis (EC) for up to
60 months. One patient had a relapse of esophageal symptoms at week 24 and was
withdrawn from further study. Clinical responses were not seen for onychomycosis or
VVC. CAMB was safe and well-tolerated, without any evidence of nephrotoxicity. In sum-
mary, oral CAMB reduced tongue and vaginal fungal burdens during murine candidiasis.
A proof-of-concept clinical trial in human CMC showed efficacy with good tolerability and
safety. This study has been registered at ClinicalTrials.gov under identifier NCT02629419.

KEYWORDS amphotericin B, chronic mucocutaneous candidiasis, cochleated, mouse
model, mucosal candidiasis, phase 2 trial

Chronic antifungal drug administration is often required as prophylaxis and/or treat-
ment in patients who suffer from chronic mucocutaneous candidiasis (CMC) caused

by HIV/AIDS or various inborn errors of immunity, such as Hyper-IgE syndrome caused
by dominant negative STAT3 mutations (STAT3 DN; Job’s syndrome), autoimmune poly-
endocrinopathy–candidiasis–ectodermal dystrophy (APECED) syndrome caused by AIRE
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mutations, STAT1 gain-of-function (GOF), and other monogenic disorders with impaired
interleukin-17 (IL-17) receptor signaling (1–6). The long-term management of CMC is fre-
quently associated with the acquisition of antifungal resistance, primarily against triazole
antifungal agents (7–12).

In patients infected with azole-resistant Candida strains, amphotericin B (AMB)
derivatives can be used given their fungicidal activity and the rarity of acquired AMB
resistance (12). However, AMB use requires parenteral administration and causes signif-
icant side effects such as nephrotoxicity, which worsens with longer durations of ther-
apy (13). Cochleated AMB (CAMB, currently known as MAT2203) is a lipid-nanocrystal
formulation designed for targeted oral delivery of AMB. CAMB is a spiral-shaped phos-
pholipid-cation precipitate that primarily consists of phosphatidylserine and calcium.
The lipid bilayer of cochleates is rolled into a spiral, with no internal aqueous space.
This structure provides protection against degradation in the gastrointestinal tract,
while allowing for systemic and targeted delivery of CAMB and intracellular AMB accu-
mulation within macrophages (14–18). Animal studies of CAMB administration have
demonstrated systemic absorption of AMB with comparable clinical efficacy to that of
AMB deoxycholate (AMB-d) against invasive candidiasis, aspergillosis, sporotrichosis,
and cryptococcosis, but with greatly reduced toxicity (19–23). A recent phase 1 ascend-
ing-dose trial of CAMB administered at 1 to 2 g per day in 4 to 6 divided doses for up
to 7 days demonstrated that CAMB was well-tolerated with only mild gastrointestinal
symptoms, without renal toxicity or other severe laboratory abnormalities (24). An
ongoing phase 2 clinical trial (EnACT) is aiming to evaluate the safety, tolerability, and effi-
cacy of CAMB in HIV-infected patients with cryptococcal meningitis (https://clinicaltrials.gov/,
NCT04031833).

However, whether CAMB protects against CMC has not been examined thus far. Here,
we determined the in vivo efficacy of CAMB in mouse models of OPC and VVC in IL-17 re-
ceptor signaling-deficient Act12/2 mice. In addition, we performed a proof-of-concept
phase 2 open-label dose-escalation study in patients with CMC infections that were intoler-
ant or resistant to azole antifungal drugs to assess the safety, tolerability, and efficacy of
CAMB.

RESULTS
CAMB exhibits comparable efficacy with AMB-d in mouse models of OPC and

VVC. CAMB has been previously reported to protect mice from mortality in the mouse
model of invasive candidiasis, as does AMB-d (20, 22). To verify these findings, we
assessed the efficacy of CAMB in the mouse model of invasive candidiasis and found
that it exhibited comparable protection from mortality relative to AMB-d in WT mice
infected systemically with C. albicans (Fig. 1b). Moreover, CAMB administration in
Act12/2 mice infected orally with C. albicans resulted in significantly reduced tongue
tissue fungal burden at day 5 postinfection. Notably, AMB-d demonstrated comparable
reduction in tongue tissue fungal burden relative to CAMB during OPC (Fig. 1c).
Similarly, CAMB treatment of Act12/2 mice with VVC resulted in a significant decrease
in vaginal tissue fungal burden at day 5 postinfection compared to vehicle treatment
and comparable efficacy with AMB-d (Fig. 1c). Of note, CAMB or AMB-d treatment did
not affect fungal burden in the vaginal fluid (Fig. S1 in the supplemental material).
Taken together, these mouse studies demonstrate that CAMB exhibits similar in vivo ef-
ficacy to AMB-d in mouse models of invasive candidiasis, OPC, and VVC.

Patient characteristics. Four patients with CMC were enrolled in the phase 2 clini-
cal study (Table 1). All four were women ranging in age from 42 to 47 years. Three had
STAT3 DN and manifested classic clinical features, including eczema, recurrent sinopul-
monary infections, CMC, and connective tissue and skeletal abnormalities. All three
had been on long-standing triazole therapy with posaconazole and had persistent
thrush with azole-resistant Candida strains, with C. albicans in all three patients, and
one patient with Candida glabrata as well (Table 2). Two patients also had a history of
onychomycosis involving multiple nails, one patient had a history of concurrent C. albi-
cans chronic VVC, and one patient had a history of concurrent C. albicans esophagitis.
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The other patient (Patient 3) did not have a known genetic etiology of CMC but had
persistent azole-resistant C. albicans esophagitis which necessitated prolonged courses
of echinocandin therapy due to treatment failures with fluconazole, itraconazole, and
posaconazole (Table 2).

CAMB clinical efficacy. Dose escalation was well tolerated by all patients. Patient
2 met the clinical response criteria to stop escalation at 200 mg twice-daily CAMB
dosing. Patients 1, 3, and 4 reached clinical response criteria at the maximum CAMB
dose of 400 mg twice daily (Fig. 2). Patient 1 primarily had OPC and met clinical
response criteria with a 57% decrease in clinical severity score at 2 weeks of 400 mg
twice-daily dosing. In contrast, this patient’s VVC did not meet the clinical severity
score endpoint at 2 weeks (Fig. 2). Patient 2 primarily had OPC which met clinical
response criteria with a 57% decrease in clinical severity score at 2 weeks of 200 mg
twice-daily dosing. In Patient 3, the esophagus was the primary infection site, as
documented by an upper endoscopy which revealed diffuse Candida esophagitis at
baseline. This patient met clinical response criteria at 2 weeks of 200 mg twice-daily
dosing, with amelioration of Candida esophagitis symptoms and a 71% decrease in
clinical severity score (Fig. 2). A repeat upper endoscopy after 3.5 weeks of maxi-
mum-dose CAMB therapy showed fewer white plaques with some plaques remaining
only in the lower esophagus. Patient 4 primarily had OPC and met clinical response
criteria with a 50% decrease in clinical severity score at 2 weeks of 400 mg twice-daily
dosing. None of the patients achieved complete remission from symptoms during
the initial phase of the study.

FIG 1 Cochleated amphotericin B (CAMB) exhibits comparable efficacy with AMB deoxycholate (AMB-d) in mouse models of invasive (IC), oropharyngeal
(OPC), and vulvovaginal candidiasis (VVC). (a) Mice were treated daily with CAMB via oral gavage, AMB-d intraperitoneally, or the vehicle control starting at
day 1 postinfection. (b) C. albicans was injected intravenously in C57BL/6 mice and survival was monitored (n = 5 per group). (c) Act12/2 mice were
infected with C. albicans in models of OPC (n = 4 to 11 per group) and VVC (n = 4 to 8 per group). At day 5 postinfection, the mice were euthanized and
tongue (for OPC) or vaginal tissue (for VVC) was harvested to quantify fungal burden. *, P , 0.05; **, P , 0.01 as determined using a log-rank test (b), one-
way ANOVA with Tukey’s multiple-comparison test (panel c, OPC), or Kruskal-Wallis test with Dunn’s multiple-comparison test (panel c, VVC). Data are
summary of one (b) or two independent experiments (c).
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All four patients enrolled in the extension phase of the study. Three of them continued
up to 60 months with sustained clinical improvement, despite persistent mild thrush upon
examination for Patients 1 and 4, and persistent VVC for Patient 1. Patients 2 and 4 achieved
complete resolution of signs and symptoms of OPC at 5 and 9.5 months, respectively, but
the complete response was transient, with some symptoms returning while therapy was
ongoing. There was no clinical response in onychomycosis throughout the study and exten-
sion phases for Patients 1 and 4. Patient 3 had a relapse of esophageal symptoms at week
24 of CAMB treatment, with Candida plaques visualized on an endoscopy. C. albicans and C.
glabrata were confirmed with culture and consistent pathology, leading to the patient’s
withdrawal from the study to allow a change in antifungal therapy. Patient 2 discontinued
CAMB therapy after 3.5 years due to a new C. albicans skin infection on her feet and
Candida haemulonii onychomycosis, leading to a change in antifungal therapy. Patient 4
discontinued CAMB therapy after 2.5 years due to a change in therapy for worsening thrush
and fungal skin infections after increasing needs for broad-spectrum antibiotics and cortico-
steroids. Patient 1 discontinued CAMB after 5 years due to persistent thrush and study non-
adherence, leading to study closure. None of the patients developed increased MICs of the
mucosal Candida strains, which would be suggestive of AMB resistance (Table 2), further
attesting to the known low likelihood of acquired AMB resistance by Candida.

Fungal cultures during CAMB treatment. All four patients had moderate Candida
growth on semiquantitative fungal cultures at the primary infection sites at study ini-
tiation. After 2 weeks of maximum-dose CAMB therapy, only Patient 3 exhibited a
decrease in semiquantitative culture growth, and after 4 weeks of maximum dose ther-
apy, three patients showed decreased culture growth. Decreases in culture growth did

FIG 2 Clinical efficacy of CAMB in patients with azole-resistant chronic mucocutaneous candidiasis (CMC). (a)
Shown are the clinical severity scores for corresponding manifestations of CMC at baseline and during CAMB
treatment, at the primary endpoint evaluation. (b) Evolution of clinical score over time following initiation of CAMB
treatment.
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not appear to be sustained; at 6 months of CAMB therapy, three patients had moder-
ate growth despite improved clinical symptoms. Of the four patients, only Patient 1
presented with VVC. During CAMB treatment, we observed no decline in Patient 1’s
vaginal Candida culture growth.

CAMB pharmacokinetic studies. Following the first single dose of 100 mg on day
1, the median peak AMB plasma concentration (maximum concentration of drug in se-
rum [Cmax]) was 28.4 ng/mL (27.02 to 52.06 ng/mL) occurring at a median Tmax (time to
maximum concentration of drug in serum) of 16 h (4 to 16 h) (Fig. 3a). Median AMB ex-
posure (area under the curve over 24 hours [AUC0–24]) was 507 ng � hr/mL (371.92 to
773.14 ng � hr/mL). Elimination showed similar variability to the other parameters, with
a median clearance and elimination half-life of 201.67 L/hr (129.34 to 268.88) and
17.15 h (8.83 to 23.37), respectively.

All four participants demonstrated accumulation following 14 days of continuous
dosing at 100 mg twice daily. Median steady-state peak concentrations (Cmax,ss) had
risen to 71.92 ng/mL (62.15 to 177.66 ng/mL), while exposure had increased more than
2.5-fold to a median AUC0–24,ss of 1,357.05 (1,168.05 to 3,914.31 ng � hr/mL) (Fig. 3b).
Three study participants escalated their doses to 400 mg twice daily, while patient two
stayed at 200 mg twice daily, resulting in marginal increases in exposures and sus-
tained plasma concentrations in the 50 to 100 ng/mL range by day 27 (Fig. 3c). Two
study participants had urine and fecal pharmacokinetic sampling conducted on days 2,
28, and 40. The fraction of drug excreted in the urine and feces was markedly low
(,1.25%). The biodistribution and mass balance of AMB in humans is complex. For
example, liposomal AMB significantly alters the excretion and mass balance of AMB.
The ability of liposomes to sequester drugs in circulating liposomes and within deep
tissue compartments may account for these differences (25).

CAMB safety. CAMB was well tolerated by all four patients. No signs of renal, hepatic,
or hematologic toxicity were noted throughout the study period, including throughout
the extension phase of up to 60 months (Fig. 4). Self-limited diarrhea was noted by
patient 1 during resumption of 400 mg twice-daily dosing following a brief treatment
interruption. No serious adverse events related to the study drug were observed.

DISCUSSION

In this murine study, we initially evaluated the preclinical efficacy of CAMB against
the two most common clinical manifestations of mucosal candidiasis in the setting of
IL-17 receptor signaling deficiency in Act12/2 mice. We found that oral administration
of CAMB significantly reduced the mucosal tissue fungal burden relative to vehicle

FIG 3 Pharmacokinetic data of CAMB administration in patients with CMC. (a and b) Plasma
concentrations of amphotericin B (in ng/mL) measured over serial time points, as indicated, (a) at day 1
after initiation at 100 mg, (b) at day 14 after continuation at 200 mg/day, and at day 27 after the first
dose of the 400 mg twice-daily CAMB dosing for Patients 1, 3, and 4 or after continuation of 200 mg
twice daily for Patient 2.
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treatment during OPC and VVC, at levels comparable to those achieved with parenteral
administration of AMB-d. These data extend the previously reported comparable in
vivo efficacy of CAMB and AMB-d in a mouse model of invasive candidiasis (20, 22),
which we confirmed in our study. Future studies will be needed to determine whether
CAMB also protects against OPC and VVC caused by Candida strains other than
SC5314, including azole- and echinocandin-resistant strains and clinical strains har-
vested from the mucosal surfaces of patients, which are associated with more efficient
long-term mucosal colonization (26–28). Furthermore, studies aimed at assessing lon-
ger treatment durations for CAMB and comparing its efficacy more broadly with other
antifungal agents, such as echinocandins, will be useful.

We also assessed the safety, tolerability, and efficacy of CAMB in a phase 2 open-
label dose-escalation study in four patients with CMC infections that were intolerant or
resistant to azole antifungal drugs. Patients with inborn errors of immunity that mani-
fest with CMC often develop azole-resistant mucosal candidiasis, and when that occurs,
the oral treatment options available are very limited. Although AMB resistance is rare
in Candida, the administration of parenteral formulations of AMB is hindered by the
adverse effects of long-term use, particularly nephrotoxicity. Therefore, long-term
administration of an oral formulation of CAMB as a treatment and/or primary or

FIG 4 Long-term administration of CAMB in patients with CMC does not cause renal impairment or anemia. (a)
Serum levels of creatinine and potassium (left panel) and hemoglobin (right panel) over time after initiation of
CAMB treatment. Horizontal dashed lines depict the normal range of creatinine values, and horizontal dotted
lines depict the normal range of potassium (left panel) and hemoglobin (right panel) values. (b) Serum levels
of erythropoietin after initiation of CAMB treatment in patient 1 (day 1,214 from CAMB initiation), patient 2
(days 148, 203, and 574 from CAMB initiation), and patient 4 (days 28, 88, 220, 674, and 796 from CAMB
initiation). Horizontal dotted lines depict the normal range of erythropoietin.
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secondary prophylaxis without the associated renal toxic effects is particularly attrac-
tive for these patients.

We found that CAMB dose escalation was well-tolerated in all four evaluated
patients and led to systemic absorption of AMB, with sustained plasma levels between
50 and 200 ng/mL depending on the patient. Administration of CAMB resulted in clini-
cal efficacy in both OPC and EC by 2 weeks of treatment with 200 or 400 mg twice-
daily dosing. No clinical efficacy was seen with 100 mg twice-daily dosing. The VVC
response was less apparent initially compared to the OPC response. In addition, no
clinical response was observed for onychomycosis throughout the study period for the
two affected patients. Two patients had emergence of new Candida infection sites
while on CAMB therapy. Patient 2 had a fingernail nail infection with an AMB-resistant
(minimum inhibitory concentration [MIC], 4.0 mg/mL) C. haemulonii strain after trauma
from a dog bite as well as an AMB-susceptible (MIC, 0.25 mg/mL) C. albicans infection
in the toenails and surrounding skin. Patient 4 had emergence of tinea corporis-like
lesions, with skin scrapings positive for hyphae and culture positive for an AMB-susceptible
(MIC, 0.5 mg/mL) C. albicans strain. The improved efficacy of CAMB for treating OPC and EC
compared to skin, nail, and VVC lesions raises the possibility of a topical antifungal effect
versus decreased penetration into the nail bed, skin, and vaginal secretions, at least with the
dosing that was used in this study.

All patients continued onto the extension phase of the CAMB clinical trial and
received the drug for up to 60 months with sustained clinical improvement of OPC
and EC, although a relapse of esophageal symptoms was noted in one patient who dis-
continued treatment. Importantly, long-term administration of CAMB was safe with no
development of renal toxicity, hypokalemia, or anemia, which are well-established
adverse effects with AMB-d and liposomal formulations of AMB (13, 29). In keeping
with the lack of nephrotoxicity, no significant urine secretion of AMB was noted in our
patients. Moreover, renal injury underlies AMB-induced anemia, which is caused by
impaired erythropoietin production (29). Notably, serum erythropoietin levels were not
decreased in our CAMB-treated patients. Taken together, our proof-of-concept clinical
study shows promising clinical efficacy of CAMB in azole-resistant mucosal candidiasis
and indicates that long-term administration can be well tolerated in humans. The
ongoing EnACT clinical trial will help shed further light on the pharmacokinetics (PK)
and efficacy of CAMB in humans in the setting of HIV-associated cryptococcal meningi-
tis. Future studies will also be needed to determine the preclinical and clinical efficacy
of CAMB compared to that of AMB-d and/or lipid formulations of AMB (liposomal AMB)
and/or echinocandins in candidiasis and other life-threatening invasive fungal infec-
tions in which AMB plays a significant therapeutic role, such as mucormycosis, fusario-
sis, disseminated forms of histoplasmosis, coccidioidomycosis, blastomycosis, and
leishmaniasis. Because CAMB was well tolerated, investigation into increased doses for
CMC should be considered, as in the ongoing EnACT clinical trial, which may improve
the clinical efficacy for VVC, skin, and nail candidal disease.

MATERIALS ANDMETHODS
Mice. The 8 to 12-week-old female mice were maintained under specific pathogen-free conditions

in ventilated cages. The mouse studies were performed following the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health, under the auspices of proto-
col LCIM-14E, approved by the Animal Care and Use Committee of the National Institute of Allergy and
Infectious Diseases (NIAID). Wild-type (WT) C57BL/6 mice were purchased from Taconic Biosciences.
Act12/2 (also known as Ciks2/2 or Traf3ip22/2) mice, which lack IL-17 receptor signaling and are highly
susceptible to OPC (30, 31), were obtained from Ulrich Siebenlist, NIAID.

Mouse models of invasive candidiasis, OPC, and VVC. The C. albicans strain SC5314 was used in
the mouse experiments (MIC for AMB, 0.25 mg/mL) and was prepared as previously described (6). For
invasive candidiasis experiments, WT C57BL/6 mice were infected by a lateral tail vein injection of 106

Candida blastospores, as described previously (32). For OPC and VVC experiments, Act12/2 mice were
inoculated sublingually or vaginally, and mucosal tissue fungal burdens were determined as previously
described (6, 33). CAMB was administered via oral gavage at 25 mg/kg/day in mice with invasive candi-
diasis and OPC and has previously been shown to be effective in a mouse model of cryptococcosis (21).
CAMB was administered via oral gavage at 25 or 83.5 mg/kg/day in mice with VVC, and the two doses
displayed similar efficacy. AMB-d was administered intraperitoneally at 2 mg/kg/day in mice with
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invasive candidiasis and at 25 mg/kg/day in mice with OPC or VVC. The first dose of CAMB or AMB-d was
administered 24 h after inoculation of mice with C. albicans (Fig. 1a), a time point when mucosal infec-
tion is already well established, as shown previously (34–36). For OPC and VVC experiments, mice were
treated daily for 4 days, and the fungal burden was determined at day 5 postinfection, which is an estab-
lished time point for assessing mucosal fungal burden in these models (33–36). For invasive candidiasis,
mice were treated for the entire experimental duration of 14 days, as shown in Fig. 1a.

Preparation of CAMB and vehicle control formulations. The lipid nanocrystal used for AMB drug
delivery was formulated following the method previously described by Santangelo et al. (22). Briefly, a
basic solution of AMB (22.75 g; Sigma-Aldrich, St. Louis, MO) in 0.1 N NaOH (707 mL) was added, drop-
wise while stirring, to an aqueous suspension of liposomes (106 g lipoid PS P50X in 3.533 liters of 50 mM
phosphate buffer [pH 7.4]), followed by the addition, dropwise while stirring, of calcium chloride (1.0 M,
194.8 mL) to form the CAMB suspension containing 1.8 mg AMB/mL. The final formulation step involved
removal of the supernatant followed by the addition of methylcellulose (0.3%) as a suspending agent,
with adjustment to a final concentration of 5 mg AMB/mL. During the course of this study, the CAMB
formulation was improved by the addition of sweeteners and flavor enhancers. Additionally, the AMB/
mL concentration was increased to 20 mg/mL by spray-drying the original suspension and resuspend-
ing, thereby reducing the dosing volume. Preparation of CAMB for the clinical trial followed a similar
protocol but involved larger CAMB volumes.

Clinical study design and participants. The clinical study was designed as an open-label trial with
dose-titration to assess the efficacy, safety, tolerability, and pharmacokinetics of CAMB in patients with
mucocutaneous candidiasis who were refractory or intolerant to standard non-parenteral antifungal
treatment. Dose escalation was followed by an extension phase for continued assessment of safety and
efficacy. Patients were recruited who had at least 5 days of persistent OPC, EC, and/or VVC with an
infecting Candida strain with documented azole resistance within the preceding 6 months of CAMB
administration, and/or were intolerant to standard non-parenteral antifungal drugs or had a lack of
improvement or worsening of OPC after treatment with appropriately dosed oral azole therapy.

Patients aged 18 to 75 years old were recruited largely from cohorts followed on NIAID protocols with
inborn errors of immunity predisposing them to CMC, including STAT3 DN, STAT1 GOF, APECED, and
others. Patients were enrolled on a NIH institutional review board-approved protocol (Clinicaltrials.gov,
NCT02629419) and provided written informed consent in accordance with the Declaration of Helsinki.
Patients were excluded if they exhibited underlying organ dysfunction, including renal and hepatic dys-
function, or hypokalemia (see Inclusion and Exclusion Criteria in Supplementary File 1). The dose escalation
included 14-day clinical evaluation periods with two potential dose escalations. Dosages included 100 mg
twice-daily, 200 mg twice-daily, and 400 mg twice-daily (Fig. 5). Dose selection was based on the results of
a previous phase 1 clinical study (CAM-102) which demonstrated that CAMB was well tolerated with only
mild gastrointestinal adverse events after a single dose of either 200 or 400 mg. Because increased gastro-
intestinal events were seen in the 800-mg single-dose group in that phase 1 study, twice-daily dosing of
400 mg for a total daily dose of 800 mg was selected for the current phase 2a study to improve tolerability
and maximize treatment effect. On the first day of each dose, the patients received a single dose and a PK
analysis of blood was performed 24 h later. Starting on day 2, dosing was twice-daily and clinical response
and safety laboratory assessments were performed on days 4, 7, and 14. At the end of each dosing period,
the clinical investigator made a determination, based on clinical response and tolerability, to either con-
tinue dosing the patient for an additional 14 days at the same dosage or to escalate the dosage up to two
times for an additional 14 days each time (Fig. 5). A long-term, progressive extension phase of study treat-
ment was offered to patients who responded clinically to therapy and had no safety or tolerability
concerns.

The study drug was supplied as an oral suspension and was mixed prior to administration. The
patients were asked to swish the suspension in their mouths before swallowing if OPC was present, and
then to refrain from eating or drinking for 30 min following the dose. The drug volumes were 20 mL for
100-mg dosing, 40 mL for 200-mg dosing, and 80 mL for 400-mg dosing, administered twice daily. A
change in concentration was made to the CAMB formulation 4 years into the study from 5 mg/mL to
20 mg/mL which affected patients 1, 2, and 4, resulting in a reduction in the administered volume to ei-
ther 10 mL (400 mg dose) or 20 mL (800 mg dose) twice daily.

Study definitions. Dose escalation decisions were based on the clinical response status and toler-
ability of CAMB. A clinical responder was defined as a patient who achieved complete clinical cure or
clinical improvement. For OPC, complete clinical cure was defined as an absence of thrush plaques and
absent or minimal symptoms. Clinical improvement was defined as a partial resolution ($50%) of pre-
treatment (baseline) signs and symptoms on the clinical severity score (see Supplementary File 1). For
EC, patients were encouraged to undergo an upper endoscopy at the end of therapy or within 4 weeks
of clinical improvement, and clinical cure was defined as an absence of plaques on endoscopy and
absent or minimal symptoms, whereas clinical improvement was defined as a partial resolution ($50%)

FIG 5 Schematic representation of the CAMB dose escalation in the phase 2 clinical study.
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of pretreatment (baseline) symptoms or signs on the clinical severity score. Clinical cure of VVC was
defined as an absence of signs and symptoms of vaginitis, and clinical improvement was defined as a
$50% reduction of the clinical severity score from the baseline (see Supplementary File 1).

Study outcomes. The primary objective was a clinical response to CAMB treatment of OPC, EV, or VVC
after 14 days with the highest titrated dosage. This time point, although early for evaluating a sustained
clinical response, can effectively assess an initial response to antifungal therapy and can have a significant
impact on improving overall quality of life, as has been shown previously, where partial and complete clin-
ical responses to voriconazole were evaluated in HIV/AIDS patients with fluconazole-resistant OPC/EC at
days 7 and 14 (37). For patients with more than infection site (such as OPC and VVC), the score for the site
marked as primary made the determination, although both sites were scored for clinical response.
Secondary objectives included assessment of the safety and tolerability of CAMB, the response in semi-
quantitative fungal cultures after completion of 14 days at the maximum dosage (i.e., no growth, one col-
ony, scant, light, moderate, or heavy growth), and assessment of plasma PK after a single dose and after
14 and 27 days of the starting dosage and subsequent dose titrations. An exploratory objective was the
assessment of long-term safety and efficacy for those patients who continued on to the extension phase
of the study.

Adverse events were graded and recorded according to the NIAID Division of Microbiology and
Infectious Diseases Adult Toxicity Table. Specific endpoints included the rate of treatment-limiting toxic-
ity, the incidence of nephrotoxicity (increase of more than 100% of baseline serum creatinine), and the
incidence of hypokalemia (#3 mmol/L) during or within the 3 weeks of completion of CAMB.

Statistical analyses. Ordinary one-way analysis of variance or Kruskal-Wallis tests with Tukey’s or
Dunn’s multiple-comparison tests were used, where appropriate, to compare mucosal tissue fungal bur-
dens in mouse models of OPC and VVC among the treatment groups. The log-rank (Mantel-Cox) test
was used to compare mouse survival following invasive candidiasis among the treatment groups.
GraphPad Prism v8 was used for statistical analyses. A P value of ,0.05 was considered statistically
significant.

SUPPLEMENTAL MATERIAL
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