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Cryptococcus neoformans and Cryptococcus gattii are World Health Organization critical and medium priority
pathogens, respectively. These mainly impact people with human immunodeficiency virus residing in low-
and middle-income countries, but other patient groups and settings are also affected. The high global
morbidity and mortality and the limitations of current treatments provided an impetus for the development
of a target product profile (TPP) for new anti-cryptococcal agents. Key attributes of the TPP include im-
proved safety, superior (or at least comparable) activity to current treatments against all syndromes across
the full disease spectrum (cryptococcal meningitis, cryptococcal pneumonia, etc.), relevance for C. neofor-
mans and C. gattii, suitability for all age groups, oral and intravenous formulations, an acceptable treatment
regimen, minimal/manageable drug-drug interactions, thermostability, and a barrier to resistance at least as
high as current options. The aim of this TPP, along with the suggested discovery and development paths, is
to assist all stakeholders in the development of novel cryptococcal disease treatments.

© 2025 Glaxo Group Limited. Published by Elsevier Ltd on behalf of British Infection Association. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Cryptococcus spp. are encapsulated yeasts that are typically found
in decaying organic matter and soil, particularly that containing bird
and animal droppings.' Cryptococcal infection typically results from
the inhalation of fungal spores or desiccated small yeasts.” During
initial pulmonary infection, clinical manifestations range from
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asymptomatic to pneumonia to acute respiratory distress syn-
drome.® Cryptococcus spp. can survive and replicate within macro-
phages, with subsequent haematogenous dissemination throughout
the host.

Cryptococcus spp. are neurotropic, and invasion of the central
nervous system (CNS) results in cryptococcal meningitis (CM) and
encephalitis. The term “cryptococcal meningoencephalitis” is an all-
encompassing term that reflects the fact that multiple CNS sub-
compartments are involved.® Clinical manifestations of CM are
variable and include fever, headache, lethargy, seizures, altered
mental status, memory loss, raised intracranial pressure, and in se-
vere cases, coma.”® CM has been associated with an all-cause mor-
tality rate of approximately 25-55% at 10 weeks in various
studies,” depending on the treatment regimen and clinical context.
However, prognosis (morbidity and mortality) among apparently
immunocompetent people without classical risk factors tends to be
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poorer due to delayed diagnosis and frequent development of post-
infectious inflammatory response syndromes.”'%!

Cryptococcus neoformans is responsible for the vast majority of
cryptococcal disease globally.” It currently tops the World Health
Organization (WHO) fungal priority pathogens list based on mor-
tality, incidence, global distribution, 10-year trends, inpatient care,
complications and sequelae, antifungal resistance, preventability,
access to diagnostic tests, and evidence-based treatments.'? Cryp-
tococcus gattii is less common, but has been associated with cryp-
tococcal disease in apparently immunocompetent individuals'® as
well as autoantibodies to the cytokine granulocyte-macrophage
colony stimulating factor in 76% of immunocompetent patients.'* C.
gattii is medium priority in the WHO fungal priority pathogens list.'”

Herein, we discuss the global burden of cryptococcal disease, the
limitations of currently available treatments, the development of a
target product profile (TPP) for much-needed novel cryptococcal
disease treatments, the minimal and preferred attributes of these
novel treatments, and potential drug discovery and development
pathways.

Global burden

Cryptococcal disease most often occurs in people with impaired
cellular immunity, especially in people with human im-
munodeficiency virus (HIV) who have advanced HIV disease (defined
as cluster of differentiation 4 (CD4) count < 200 cells/mm?)'° or
present with acquired immunodeficiency syndrome (AIDS).>>1°
Others at increased risk of cryptococcal disease include solid organ
transplant recipients and people with cancer, diabetes mellitus,
autoimmune diseases, and those on long-term corticosteroids.”'®"”
However, some people with cryptococcal disease have no identifi-
able predisposing conditions.'®"”

Before the HIV epidemic in the 1980s, cryptococcal disease was
rare, but cases then increased rapidly.® Following the introduction of
antiretroviral therapy (ART) in the mid-1990s, there was a decline in
cryptococcal disease in high-income countries.'® However, in low-
and middle-income countries (LMICs), cryptococcal disease con-
tinues to be a considerable problem despite ART roll-out due to ART
non-adherence and failure."”

A review'® of three studies that estimated the global burden of
CM among people with HIV in 2007, 2014,>° and 2020'° high-
lighted a downward trend in estimated CM cases and cryptococcal
deaths, likely due to improvements and expanded access to
ART.">'829 However, CM was still estimated to account for 19% of
AIDS-related deaths in 2020, with more than 80% of CM cases and
deaths occurring in Africa and Asia & the Pacific.">'® In addition to
the estimated 152,000 CM cases among people with HIV in 2020,
there were also an estimated 41,000 CM cases among people
without HIV (approximately half of which were among those with
no known underlying disease), for a total global estimate of over
190,000 cases that year.”!

Current CM treatment options and their limitations

The WHO currently recommends three phases for the treatment
of CM in people with HIV: induction, consolidation, and main-
tenance.”” Based on the AMBIsome Therapy Induction OptimisatioN
(AMBITION) trial,” the preferred induction regimen is one dose of
liposomal amphotericin B (L-AmB) followed by 14 days of flucyto-
sine and fluconazole (Table 1).>? Alternative induction regimens
include amphotericin B deoxycholate (D-AmB) + flucytosine + flu-
conazole OR fluconazole + (flucytosine or L-AmB or D-AmB), de-
pending on availability (Table 1).?> The WHO also recommends pre-
emptive fluconazole for screened individuals who test positive for
cryptococcal antigen (i.e. asymptomatic antigenaemia), and
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Table 1
2022 WHO guidelines for the treatment of CM in people with HIV.*

Preferred induction phase regimen
® One high dose of L-AmB (10 mg/kg) and
® 14 days of flucytosine (100 mg/kg/day”) and fluconazole (1200 mg/day for
adults®)
Alternative induction phase regimens
If L-AmB is not available:
® 7 days of D-AmB (1 mg/kg/day) and flucytosine (100 mg/kg/day”) then
® 7 days of fluconazole (1200 mg/day for adults®)
If L-AmB and D-AmB are not available:
® 14 days of flucytosine (100 mg/kg/day”) and fluconazole (1200 mg/day for
adults”)
If flucytosine is not available:
® 14 days of L-AmB (3-4 mg/kg/day) and fluconazole (1200 mg/day for adults")
If L-AmB and flucytosine are not available:
® 14 days of D-AmB (1 mg/kg/day) and fluconazole (1200 mg/day for adults”)
Consolidation phase
® Fluconazole (800 mg/day for adults®) for 8 weeks following induction
Maintenance phase
® Fluconazole (200 mg/day for adults?) until immune reconstitution (CD4 >
200 cells/mm?) and suppression of viral loads on ART

Abbreviations: ART, antiretroviral therapy; CD4, cluster of differentiation 4; CM,
cryptococcal meningitis; D-AmB, amphotericin B deoxycholate; HIV, human im-
munodeficiency virus; L-AmB, liposomal amphotericin B; WHO, World Health
Organization.

¢ Divided into four doses per day.

b 12 mg/kg/day for children and adolescents up to a maximum of 800 mg/day.

¢ 6-12 mg/kg/day for children and adolescents up to a maximum of 800 mg/day.

4 6 mg/kg/day for adolescents and children.

fluconazole prophylaxis for people with HIV with CD4 count < 100
cells/mm? if screening is not available.??

D-AmB, which was discovered in 1955,%° is used to treat various
invasive fungal infections.”* As D-AmB is associated with acute and
chronic toxicity (e.g. nephrotoxicity, anaemia, and hypokalaemia),
this needs to be prevented, monitored, and managed.”” This need
can be reduced, though not removed, with the use of a formulation
in which the amphotericin molecule is incorporated within the lipid
bilayer of liposomes (L-AmB).?> L-AmB is preferred as it has an im-
proved therapeutic index (i.e. better safety) and similar effi-
cacy.”?>?° Other lipid complex formulations are available, but are
not currently recommended by the WHO due to a lack of clinical
evidence and because the lipid formulations are not interchange-
able.?” Flucytosine is a pyrimidine analogue that was identified in
the 1950s and fluconazole is a triazole that was patented in the
1980s.2® Before administering flucytosine, electrolytes, haematologic
status, and renal status should be determined, and flucytosine
should be used with extreme caution in patients with impaired renal
function (including dose adjustments and monitoring).”® Flucona-
zole has rarely been associated with serious hepatic toxicity, ana-
phylaxis, exfoliative skin disorders, and QT interval prolongation.”’

One disadvantage of most of the current treatment regimens is
the requirement for intravenous administration of AmB, which can
be challenging in resource-limited and rural settings. Fluconazole +
flucytosine for 14 days is the only oral regimen, but 10-week mor-
tality with this combination was higher in the Advancing
Cryptococcal Meningitis Treatment for Africa (ACTA) trial than for D-
AmB + flucytosine for 7 days (35% vs 24%).° Additionally, flucytosine
availability may be limited in LMICs, and WHO guidelines do not
recommend the use of high-dose fluconazole monotherapy due to
limited supportive evidence.*

Another disadvantage is the need for patient monitoring. For D-
AmB (or standard-dose L-AmB plus fluconazole), potassium and
creatinine (every other day) and haemoglobin (every week) mon-
itoring is recommended for the duration of therapy, as is pre-hy-
dration and electrolyte replacement before D-AmB infusions,’”
which can be challenging in some settings. Patients on a single high
dose of L-AmB should have their potassium and creatinine levels
monitored on days 1 and 3 and haemoglobin tested on day 1 (and
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day 7 if they are still in hospital).” Patients on flucytosine are re-
commended to have their full blood counts monitored.?? Therefore,
there remains a need for safer and more tolerable treatments.

After induction, consolidation is with fluconazole for 8 weeks
followed by maintenance with lower-dose fluconazole until immune
reconstitution (defined as CD4 count > 200 cells/mm?) and viral load
suppression on ART (Table 1).?2%¢ Other triazoles (i.e. itraconazole,
voriconazole, posaconazole, isavuconazole) are not recommended in
the WHO guidelines®” due to their different bioavailability, variable
cerebrospinal fluid (CSF) penetration, cost, drug interactions, and
lack of robust trials.®> Routine use of adjunctive systemic corticos-
teroids is not recommended in the WHO guidelines,”” based on the
CryptoDex trial.”®

ART-naive people with HIV and CM can develop cryptococcal
immune reconstitution inflammatory syndrome (IRIS) after in-
itiating ART.>°~>? While immune recovery is essential for managing
CM, some trials have shown superior outcomes with delayed versus
early initiation of ART,**~*? although a recent trial does not.>* Cur-
rently, WHO guidelines recommend that ART should be delayed until
4-6 weeks after initiation of anti-cryptococcal therapy.””

The WHO guidelines only cover the treatment of CM in people
with HIV, while other guidelines from around the world cover HIV-
negative populations with CM, including transplant recipients and
patients with cancer.”®>*% Of note, some of these do include itra-
conazole, voriconazole, posaconazole, and isavuconazole, but gen-
erally only if fluconazole is unavailable or contraindicated.?®3%%%

Development of the TPP

While recommended treatment regimens for cryptococcal dis-
ease have evolved over the last decade, we continue to use drugs
that were developed in the last century. Considering that 10-week
mortality in the AMBITION trial was almost 25% among people with
HIV and CM,” development of new drugs that could further reduce
mortality and improve efficacy, feasibility, access, safety, and drug-
drug interactions is a priority. We therefore developed a TPP to es-
tablish key features and performance specifications of new crypto-
coccal disease treatments. A TPP is a prerequisite to ensure that new
products are developed to meet pre-specified health-related goals.*®

Our TPP was the result of an initial workshop involving industry
and academic drug developers, clinicians, and non-governmental
organisations, with further refinement following review by other
key stakeholders.

Initial drafting phase

The initial drafting phase included a review of the advantages
and challenges of current treatment regimens, including efficacy,
adverse event profiles, and routes of administration. We also re-
viewed the epidemiology of cryptococcal disease to understand
patient populations, geographical locations, and the spectrum of
disease. After consideration of whether different TPPs would be re-
quired for different populations (e.g. HIV, non-HIV im-
munocompromised, and apparently immunocompetent), it was
suggested that one TPP could be used for all populations. However,
we note that these may have different drug-drug interactions and
comorbidity considerations. Initially, LKT (an infectious disease
physician), MK (an HIV clinical scientist), PM-L (a drug discovery
scientist), and TJM (an infectious disease drug discovery leader)
drafted and refined the TPP.

Initial consultative phase
The draft TPP was reviewed by experts from ViiV Healthcare, the

University of Dundee, and the Drugs for Neglected Diseases initiative
(DNDi). This included expertise on drug discovery and development,
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clinical management of HIV and opportunistic infections, and gen-
eral infectious diseases in resource-limited settings. The draft TPP
was adjusted to include “minimal” and “preferred” TPPs and the
preference for one TPP for HIV and non-HIV populations was con-
firmed.

Expert consultative phase and finalisation of the TPP

A virtual workshop was held (AL, DBM, IR, LT, MDR, MK, PM-L,
TJM, WH) to review all aspects of the TPP. The panel included experts
in antifungal pharmacodynamics (PD) and therapeutics, infectious
diseases drug development, clinical, laboratory research, and man-
agement of cryptococcal disease. The objectives were to review the
draft TPP and understand the strengths and areas for further de-
velopment. Each area of the TPP was discussed and debated during
the workshop, with off-line follow-up to review the outputs of the
workshop and further develop and refine the TPP.

In October 2023, the TPP was presented to the End AIDS Action
Group (www.endaidsaction.group), which includes a broad range of
participants including world-leading specialists in antifungal de-
velopment, clinical research, and management of cryptococcal dis-
ease. Their feedback was incorporated into the TPP. The group was
subsequently expanded to include PRW, who has expertise in
managing non-HIV immunocompromised patients.

After consideration of the input from all the experts and groups
consulted, the TPP was further refined. However, we acknowledge
that the proposed TPP may require revision in the future as new
scientific evidence emerges and following user engagement activ-
ities.

Proposed minimal and preferred TPPs

The proposed minimal and preferred TPPs are detailed below and
summarised in Table 2, while Fig. 1 provides an overview in an easy-
to-understand format that can be shared with end users.

Indications for use

Any new treatment for cryptococcal disease, whether mono-
therapy or a combination of drugs, should be suitable for treating all
disease severities, which can range from asymptomatic cryptococcal
antigenaemia (i.e. cryptococcal antigen-positive [CrAg+]) to sub-
clinical CM and overt/clinical CM.*°

Any new treatment regimen should ideally be active against all
cryptococcal species (particularly C. neoformans, but also C. gattii)
and would be suitable for use as prophylaxis in individuals receiving
a range of immunosuppressive modalities or regimens. As is
common practice in anti-infective drug development, the inclusion
of clinical strains of C. neoformans that are representative of different
geographical areas early in the drug discovery process would be
critical to ensure a robust therapeutic value of any novel antifungal.
If any new cryptococcal drug were also active against other fungal
species, this could be an additional benefit and increase the size of
the population that would potentially use the drug.

Target patient populations

A new drug or combination of drugs should be suitable for the
treatment of immunocompromised and apparently im-
munocompetent adults (preferably also children). While there are
some differences in the clinical presentation between im-
munocompromised and apparently immunocompetent individuals,
there should be minimal differences in activity of the drugs de-
pending on immune status. Ideally, new treatments would be sui-
table for use during pregnancy and lactation, which are not usually
investigated early during drug development.


http://www.endaidsaction.group
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Table 2

TPP for cryptococcal disease including CM.
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Attribute

Minimal TPP

Preferred TPP

Indication(s) for use

Target patient
populations

Clinical efficacy

Safety/tolerability

Formulation/
presentation

Dose regimen

Drug-drug interactions

Product stability and
storage
Product registration path

Patient and payor value
proposition

® Tx of symptomatic and subclinical CM

Tx of symptomatic systemic cryptococcal disease (i.e.
pulmonary, skin, lymph node, and bone)

® Tx of asymptomatic people who are CrAg+

Activity against all species

® Apparently immunocompetent and immunocompromised
adults and adolescents with symptomatic CM

® Apparently immunocompetent and immunocompromised
adults and adolescents with symptomatic systemic cryptococcal
disease (i.e. pulmonary, skin, lymph node, and bone)

® Apparently immunocompetent and immunocompromised
CrAg+ adults and children

® Non-inferior to SoC" with activity against all causative species

® Improved safety and tolerability profile compared to
current SoC”

® Oral (+ nasogastric) and intravenous injection

® Twice daily

Part of combination therapy

Induction: 1 week; consolidation: 4-6 weeks; (maintenance:

until immune reconstitution®)

® Minimal/manageable drug interactions with concomitant
medications (i.e. ART, transplant-conditioning agents,
antimalarials, antituberculosis, cotrimoxazole, antifungals,
anticonvulsants, corticosteroids, etc.)

® Heat stable, 3-year shelf-life in hot tropic/humid climate
(simulated with 30°C and 65% relative humidity)

® WHO-listed authority approval followed by WHO pre-
qualification

Novel, effective, and safe

Suitable for full spectrum of affected populations®

No requirement for hospitalisation specifically to administer or
monitor treatment

® Reduction in required monitoring for adverse events
® Contraindication: pregnancy/lactation

® Minimal/manageable drug interactions

® Potential for use as part of combination regimen

L]

L

[ ]

CNS penetrant®
Increased access to treatment
Affordable target cost informed by cost-effectiveness analysis

Tx of symptomatic and subclinical CM

Tx of symptomatic systemic cryptococcal disease (i.e. pulmonary,
skin, lymph node, and bone)

Tx of asymptomatic people who are CrAg+

Activity against all species

Prophylaxis against cryptococcal disease

Apparently immunocompetent and immunocompromised
adults and children with CM

Apparently immunocompetent and immunocompromised adults
and children with symptomatic systemic cryptococcal disease (i.e.
pulmonary, skin, lymph node, and bone)

Apparently immunocompetent and immunocompromised CrAg+
adults and children

Asymptomatic CrAg+ adults and children

Including use during pregnancy and lactation

Superior to SoC* with activity against all causative species

High barrier to resistance

Improved safety and tolerability profile compared to

current SoC”

Minimal or no requirement for monitoring (current therapy
requires renal, hepatic, and anaemia monitoring)

Good tolerability in children

Non-teratogenic and improved safety during breastfeeding
Easier administration

Oral (+ nasogastric) and intravenous, intramuscular, and
subcutaneous injections

Good palatability and swallowability in adults with swallowing
difficulties and children

Once or twice daily

Single drug

Total duration: 2-4 weeks (sterilising - no requirement for
induction/consolidation/maintenance)

No drug interactions with concomitant medications (i.e. ART,
antimalarials, antituberculosis, cotrimoxazole, antifungals,
anticonvulsants, corticosteroids, etc.)

Heat stable, 3-year shelf-life in hot tropic/humid climate
(simulated with 30°C and 65% relative humidity)

Stability of formulated suspension/intravenous formulations for
multiple days without requirement for refrigeration
WHO-listed authority approval followed by WHO pre-
qualification

Novel, effective, and safe

Suitable for full spectrum of affected populations®

No requirement for hospitalisation specifically to administer or
monitor treatment

No adverse events requiring close monitoring

No contraindications/interactions (suitable for use in combination)
Reduction in incidence of IRIS

Improved compliance due to shorter duration of therapy

CNS penetrant®

Increased access to treatment

Affordable target cost informed by cost-effectiveness analysis

Abbreviations: ART, antiretroviral therapy; BBB, blood-brain barrier; CM, cryptococcal meningitis; CNS, central nervous system; CrAg+, cryptococcal antigen positive; CYP2C9,
Cytochrome P450 family 2 subfamily C member 9; CYP3A4, Cytochrome P450 family 3 subfamily A member 4; D-AmB, amphotericin B deoxycholate; HIV, human im-
munodeficiency virus; IRIS, immune reconstitution inflammatory syndrome; L-AmB, liposomal amphotericin B; QT, length of time between the start of the Q-wave and the end of
the T-wave; SoC, standard of care; TPP, target product profile; Tx, treatment; WHO, World Health Organization.

a

L-AmB + flucytosine + fluconazole followed by fluconazole for people with HIV (see Table 1) or other gold standard treatment in other populations.

b p-AmB/L-AmB - anaphylaxis, gastrointestinal adverse events, rigors, fever, hypertension or hypotension, hypoxia, nephrotoxicity; flucytosine - gastrointestinal adverse events,
hepatic adverse events, bone-marrow suppression, teratogenicity; fluconazole - gastrointestinal adverse events, hepatic adverse events, rash, QT prolongation, CYP2C9 and
CYP3A4 inhibition; teratogenicity.

¢ Only for people with HIV.

4 From CrAg+, asymptomatic individuals to obtunded patients requiring hospitalisation, including patients with renal impairment, anaemia, and/or neutropenia, and safe in
pregnancy or whilst breastfeeding.
€ BBB integrity is uncertain in patients with subclinical CM, but in patients with CM, increased permeability could allow non-CNS permeable compounds.

Clinical efficacy

Any new treatment regimen would ideally be clinically and sta-
tistically superior to the gold standard of care, but, as this may be
difficult to demonstrate, at a minimum it should have non-inferior
efficacy and be superior in terms of other clinically relevant end-
points (e.g. tolerability and adverse event profile). A commonly used

endpoint is 10-week mortality,”® while early fungicidal activity (i.e.
rate of fungal clearance) is a potential surrogate endpoint that can

reduce trial sample size, although this is still being validate
Currently, we recommend all-cause mortality as the primary end-
point, as it incorporates outcomes from drug efficacy as well as drug
toxicity and drug interactions, but this could change if other end-
points are validated and approved by regulatory authorities.

d 41,42
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What is the[Ints 1
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4 Cryptococcus neoformans and Cryptococcus gattii are fungi that can cause a
range of cryptococcal diseases including meningitis and pneumonia.

4 These fungi have been identified by the World Health Organization as needing
research, development, and public health action.

4 Cryptococcal disease is most common in people who have human
immunodeficiency virus (HIV) or acquired immunodeficiency syndrome
(AIDS), particularly in countries with limited access to healthcare (eg, Sub-
Saharan Africa), and can be fatal.

4 Current treatment options include drugs that were developed in the 1950s to
treat other fungal infections, and that should be taken for months or even

years.

What is the[[T a1

A4

We developed a “target product profile” that defines the key attributes that

new treatments for cryptococcal disease should have.

4 Any new drugs should be active against all cryptococcal diseases, be
deliverable orally and by injection, not interact with other drugs, be stable in
tropical environments, be suitable for all ages, and be affordable.

4 Compared to current treatments, any new drugs should have less side effects,
a shorter and easier treatment regimen, and ideally, be more effective.

We also provide information on how a new cryptococcal disease drug might

be discovered and developed.

The "target product profile” can be used by the community to help develop
much-needed novel treatments for cryptococcal disease.

Fig. 1. Plain language summary.

Cryptococcal species are intrinsically resistant to the echino-
candin class of antifungals and can also develop resistance to azoles
and other antifungal drugs (as discussed below). It would be pre-
ferable if resistance were not a problem for any new cryptococcal
disease treatment regimen, particularly considering the “One
Health” approach focused on the interplay between human, animal,
and environmental health and the use of antifungals within this
ecosystem. It would, therefore, be useful to understand the re-
sistance mechanisms and liabilities of any new medications.

Safety/tolerability

Any new cryptococcal disease medication should have an im-
proved safety and tolerability profile compared to the gold standard
of care. Ideally, minimal clinical monitoring/supportive care would
be required, as current therapy requires renal, electrolyte, hepatic,
neutrophil, and haemoglobin monitoring, which is burdensome to
both user and healthcare providers, particularly in resource-limited
settings. As a preference, any new drugs should have good toler-
ability in children, who should not be precluded from novel treat-
ments despite accounting for a small proportion of the disease
burden.”® Ideally, any new drug would be non-teratogenic and be
safe during breastfeeding to maximise its applicability.

Formulation/presentation

Any new drug should ideally be easier to prepare and administer
than current options. Given the high cost of intravenous adminis-
tration (including the requirement for skilled workforce and mon-
itoring) of drugs in hospital settings, oral agents are generally
preferable for LMICs, with the option for nasogastric tube adminis-
tration in those with CM and low levels of consciousness.
Consideration should be given for alternative oral options for adults
who cannot swallow tablets and children, e.g. oral or dispersible
tablets or syrups, although these would need to be palatable. Other
dosage forms should preferably be available for very severe disease
(i.e. intravenous, intramuscular, or subcutaneous), although this may
prove challenging for drug development, as different physicochem-
ical properties are preferred for different dosage forms.

Dose regimen

The current WHO-recommended treatment regimen for people
with HIV is long (2-week induction, 8-week consolidation, and
maintenance until immune reconstitution),>” as are regimens for
other populations.”®*4% Any new drugs should shorten this bur-
densome regimen. If possible, new treatments would have suffi-
ciently long half-life, potency, and fungicidal activity so that a single
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agent could be administered once or twice daily for 2-4 weeks.
Failing this, a twice-daily combination therapy with a 1-week in-
duction, 4-6-week consolidation, and maintenance until immune
reconstitution could be considered.

Drug-drug interactions

Ideally, there would be few (or at least manageable) drug-drug
interactions with common medications in appropriate populations,
including ART for people with HIV, transplant-conditioning agents
(e.g. sirolimus), antimalarials, antituberculosis agents, cotrimox-
azole, and antifungals, considering the common comorbidities (e.g.
HIV, cancer, diabetes). Additionally, due to the neurological locali-
sation of CM, use of concomitant anticonvulsants may be necessary
and hence a lack of interaction with all anticonvulsant therapies
would be preferred. Lastly, although corticosteroids are not routinely
recommended in the WHO guidelines for the treatment of CM in
people with HIV,?? these may be necessary in other populations®>**
and patients on corticosteroids are at increased risk of CM,>'” so any
new treatments should not interact with these. Although minimal
drug-drug interactions would make any new treatments suitable for
a wider range of patients, we acknowledge that some interactions
may preclude certain populations.

Product stability and storage

The product should be heat stable, with a 3-year shelf life in hot/
humid climates. A shelf-life of 3 years in hot/humid conditions is
considered the minimum acceptable to allow distribution and ad-
ministration of the product to the target patient population. If pos-
sible, it would have no requirement for refrigeration, considering the
likely use in settings with limited resources to support cold chain
maintenance.

Product registration path

Although any new cryptococcal drugs will primarily be used in
LMICs, by first intent, the data package from any clinical trials should
support approval by a WHO Listed Authority.*> These can then be
used to help with registration in countries with the highest burden
of disease and WHO pre-qualification to enable access to the drug in
these countries.

Patient and payor value proposition

Overall, any new products should be novel, effective, safe, and
suitable for the full spectrum of cryptococcal disease. It should not
require hospitalisation for administration or monitoring and should
not (or minimally) require monitoring for adverse events. Also, it
should have no (or limited) contraindications, no (or minimal/
manageable) interactions, and be suitable for combination use.
Preferably, it should also have a reduced risk of inducing IRIS, have
improved compliance (due to reduced toxicity, shorter duration, less
frequent dosing, etc.), be CNS-penetrant (although this depends on
blood-brain barrier [BBB] permeability as discussed below), and
enable increased access to treatment. Although cryptococcal IRIS is
due to an interplay of host immunological factors and pathogen
factors, there is evidence to suggest that one of the factors associated
with the risk of IRIS is fungal load pre-ART initiation.*°~*® We thus
hypothesise that if a cryptococcal sterilising cure could be success-
fully developed, or at least a treatment that significantly reduces the
fungal burden rapidly, this has the potential to decrease the risk of
cryptococcal IRIS, although this would need to be proven in clinical
studies.

Cost is also an important factor, given that most cases occur in
Africa.”” Preferably, it would be affordable and supported by robust
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cost-effectiveness analysis taking into consideration the cost of
manufacture of the product (cost of goods) and also any cost savings
to the health service due to improved efficacy and safety.

Discovery and development path

Antifungal development is challenging because fungal pathogens
have various biological processes in common with humans.* Ac-
tivity against fungal pathogens is therefore likely to result in toxicity
to humans.*® Drug discovery efforts for CM are limited, with the
furthest developed series being new formulations or repurposed
from other antifungal drug discovery efforts. These include an oral
lipid nanocrystal formulation of AmB (MAT2203),°° azoles (quilse-
conazole [VT-1129]°' oteseconazole [VT-1161],°? VT-1598,°> and
opelconazole [PC945]°%), glycosylphosphatidylinositol anchor bio-
synthesis inhibitors (fosmanogepix [APX001]°> and APX2039°°°°), a
diamidine (ATI-2307 [T-2307]),°” an acetyl coenzyme A ligase in-
hibitor (AR-12 [0SU-03012]),°® and a next-generation polyene drug
(SF001).°° Limited earlier-stage efforts are also ongoing.®°~°® Further
details can be found in a recently published review of antifungals
that are in development.®* Cryptococcus spp. are unique pathogens,
evolutionarily divergent from most other human fungal pathogens
such as Aspergillus spp. and Candida spp. In addition to the current
repurposing efforts from other antifungal programmes, there is a
need to develop fit-for-purpose Cryptococcus-specific drug discovery
approaches.

In vitro assays

Successful drug discovery relies on appropriate cell-based
models that are predictive of clinical efficacy.’” In infectious dis-
eases, this frequently requires testing compounds in multiple cell-
based models that reflect the complexity of the pathogen and its
interactions with the host.°® Despite being unicellular, C. neoformans
displays remarkable heterogeneity in human infections,” with var-
ious degrees of encapsulation, melanisation, and Titan cell formation
as well as infection of macrophages and microglia. Assessing the
value of preclinical compound screening assays that cover this het-
erogeneity is a key aspect of developing the critical path for the
discovery and development of new cryptococcosis drugs, with the
relevant assays potentially differing by indication (e.g. CM vs sys-
temic disease). Capsule size, for example, could be a key factor in
drug discovery as the capsule may limit compound permeability,
which is particularly relevant as cryptococci isolated from the CSF of
people with HIV show a range of capsule sizes, with capsule size
associated with virulence.®” Backtranslation experiments, testing
reference treatments, and new lead compounds in a range of pre-
clinical cell-based models will be essential in this respect. Further
triaging of hits should consider chemical tractability, potential to
cross the BBB, and mode of action (avoiding compounds with the
same mode of action as clinically used drugs).

In vivo models

Laboratory animal models of CM are well characterised and
highly predictive of therapeutic outcomes.”®°®%° These experi-
mental tools have been pivotal in understanding the PD of antifungal
agents including the emergence of resistance (e.g. to fluconazole),”’
defining the optimal duration of induction therapies (e.g. D-AmB, L-
AmB),**”! defining the optimal combinations of antifungal agents,”*
and defining the PD of new antifungal agents (e.g. APX2039 and ATI-
2307).°°7? There are two model systems (murine and rabbits) that
have strengths and limitations and yield complementary informa-
tion.°” Data from both are often required to achieve a detailed un-
derstanding of dose-effect-response relationships. Both models offer
the opportunity to describe the temporal change in fungal burden
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from unrestrained growth or drug-induced killing. Increased use of
organoids has recently been proposed to minimise the use of animal
models in drug development, including that stated in the Food and
Drug Administration Modernization Act 2.0 in the U.S. However,
more work will be needed to optimise these model systems for ef-
fective drug development generally and antifungal drug develop-
ment specifically.”?

Murine model

Mice are inherently susceptible to cryptococcal infection and do
not require systemic immunosuppression to enable infection to be
established. Intravenous inoculation results in disseminated infec-
tion with highly reproducible encephalitis. The endpoint for the
estimation of the PD of antifungal agents is fungal burden in the
brain.®® The mouse is too small to enable drug partitioning and PD in
sub-compartments of the CNS. Rather, the cerebrum is considered a
single and fully homogenous compartment.

Advantages of murine studies are that they are relatively
straightforward to conduct, result in a highly reproducible en-
cephalitis, and are highly predictive of clinical outcomes for different
antifungal agents and classes.”* One key disadvantage is the inability
to examine the CSF®® (which is the most relevant compartment for
clinical disease and clinical studies). Uncertainty about effect site
pharmacokinetics (PK) (i.e. concentrations in the cerebrum) means
that PK-PD relationships are generally quantified in terms of plasma
concentrations. This requires an assumption that tracking of drug
from plasma to the site of infection is the same in mice as in humans.
The use of PK to predict tissue concentrations can also be proble-
matic, especially for lipid formulations that may have very different
patterns of tissue partitioning.

Rabbit model

The rabbit model of CM requires intracisternal inoculation of
Cryptococcus, which results in a reproducible meningoencephalitis.””
The model enables serial quantification of fungal burden in the CSF,
which mimics clinical therapeutics. The rate of decline of fungal
burden can be used for regimen identification and estimation of PD
relationships.

Advantages of rabbit studies are that they closely mimic clinical
disease and therapeutics, and effect site drug partitioning studies are
relatively straightforward. Disadvantages are that they are resource
intensive and significant technical expertise is required for in-
tracisternal inoculation and serial CSF sampling, including advanced
expertise in anaesthesia.

Compound properties

Defining the appropriate compound properties for a new CM
drug is important to guide drug discovery efforts but is not
straightforward. Compounds need to penetrate the capsule and cell
wall, a challenge exacerbated by their increased size and density in
Titan cells.”” The physicochemical properties required to penetrate
the Cryptococcus capsule and cell wall remain poorly understood. In
addition, the complex pathophysiology of CM poses a challenge for
establishing the required compound distribution properties. Cryp-
tococcus is typically present in the meninges but can also be found in
the brain parenchyma, usually in cryptococcomas.’® Increased BBB
permeability in patients with CM’’ allows non-brain penetrant
compounds to reach the yeast cells and BBB permeability is thus not
a prerequisite for efficacy. However, whether the BBB is always
compromised, particularly in patients with subclinical CM, remains
to be understood. As compounds progress, detailed CNS partitioning
studies in both uninfected laboratory animal models and disease
models are advised and should be considered in conjunction with
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pharmacodynamic data when deciding to advance compounds. From
a safety perspective, it must be considered that for non-BBB pene-
trant compounds, standard preclinical toxicology and Phase 1 clin-
ical trials may not identify CNS toxicities that could manifest in CM
patients with a compromised BBB. Of note, early assessment of po-
tential toxicity liabilities is paramount. Amphotericin B, developed in
the 1950s, when regulatory requirements were less stringent, dis-
plays excellent efficacy, but its safety profile limits widespread use.”*
In current drug discovery practice, safety is integrated right from the
start, and new treatments are only developed if they combine effi-
cacy with a suitable therapeutic index. Finally, compounds should
ideally be orally available and stable in tropical zones.

Clinical trials

The European Medicines Agency published guidelines on the
clinical development of antifungals for treating invasive fungal dis-
ease in 2010.”® This includes guidance on the collection of preclinical
data, including PK/PD and resistance considerations. Also, study
design considerations for clinical trials, including disease categories,
end users (including children), treatment types, biomarkers, and
outcomes (including safety).”® Adaptive designs’® may be useful for
assessing monotherapies, while combinations could be compared to
one part of the combination or an approved monotherapy.’® Ideally,
the comparator regimen for HIV-associated CM should consist of the
preferred induction regimen recommended by WHO guidelines and
the WHO-listed regulatory authorities at the time of the trial. For
example, the WHO 2022 guidelines (see Table 1)** are based on the
results of the AMBITION study.” This allows any medicine developed
to be compared to the best available regimen.

Of note, there is a marked paucity of data on the use of antifungal
CM regimens in non-HIV patients, especially in apparently im-
munocompetent individuals. The optimal duration of therapy at all
stages (induction, consolidation, and maintenance) in this group is
unclear and adequate evidence is necessary. Studies have been
hampered by the lower number of cases’! and differences in treat-
ment centres from those caring for people with HIV, leading to
difficulty in conducting appropriately powered studies. Potential
solutions could be to create patient post-approval registries or on-
going cohorts of patients such as the Cryptococcus Infection Net-
work in non-HIV Cohort (CINCH),% layering on adaptive designs that
might explore multiple treatments, doses, durations, or combina-
tions with options to ‘drop losers’ or ‘select winners’ early.”® Another
challenge related to non-HIV patients is the frequency of post-in-
fectious inflammatory sequelae that may require adjunctive immune
modulation to optimise clinical efficacy.**®' Treatment guidelines
based on expert consensus have been published and the re-
commended regimens could serve as possible control regimens in
studies.”®34-%7

One way to decrease the required sample size of randomised
controlled trials in CM could be to use early fungicidal activity as a
surrogate endpoint for all-cause mortality.*” Such an approach may
also be useful to select candidate interventions in phase 2 studies.*’
In a study that investigated predictors of clinical outcome in people
hospitalised with CM in a hospital in Brazil, higher CSF yeast count
was found to predict in-hospital mortality and severity.*> However,
such tests are invasive and have an associated cost, and given the
acute nature of CM, all-cause mortality remains a suitable end-
point.*?

Resistance

While resistance to AmB is limited,”* in vitro resistance to flu-
cytosine monotherapy emerges rapidly,®® and resistance to fluco-
nazole is increasing.**®> Human-to-human transmission of
Cryptococcus is uncommon,'® but has been reported in transplant
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recipients.®® Most resistance is, therefore, either pre-existing in the
natural population or emerges during patient treatment. Two re-
sistance mechanisms are common in fungi, namely heritable and
transient.®” Heritable resistance refers to stable point mutations or
gene duplications, whereas transient resistance or heteroresistance
is usually due to unstable aneuploidy. Of note, heteroresistance may
be transient, but not all transient resistance is heteroresistance.

Resistance to flucytosine could result from mutations in the en-
zymes involved in flucytosine uptake and metabolism, or upregu-
lation of pyrimidine synthesis.®® For fluconazole, both mutations in
its target gene (ERG11) and heteroresistance have been observed.®*#®
Heteroresistance is intrinsic in Cryptococcus (i.e. is found prior to
treatment) and is driven by transient aneuploidy in a sub-population
of cells.”%®° The generation of heteroresistance in Cryptococcus is
facilitated by their unique Titan cells, which produce large numbers
of aneuploid progeny.®” To overcome the resistance challenge,
combination treatments can be used, as well as the development of
drugs with novel modes of action.”

Conclusions

C. neoformans was highlighted as critical in the 2022 WHO fungal
priority pathogens list'” due to its public health importance and
unmet research and development needs. As current drugs have
important limitations, a new, affordable, oral therapy that enables
safe and effective treatment in the community for cryptococcal
disease could lead to increased access and the avoidance of costs
associated with hospitalisation for parenteral dosing and the need
for adverse event monitoring. Ideally, a new oral therapy would be
adaptable for intravenous/intramuscular/subcutaneous use in the
most severe cases and be suitable for treating immunocompromised
and apparently immunocompetent individuals. A novel mode of
action also opens up the possibility for its use as part of combination
treatment to shorten treatment durations and minimise the poten-
tial for resistance. If possible, a new therapy should have superior
safety and efficacy, a less cumbersome treatment regimen, and have
no - or at least manageable - drug interactions.

Drug discovery efforts for CM are limited, with most being re-
purposed from other drugs. Given the unique nature of Cryptococcus,
there is a need to develop targeted approaches.

This TPP provides a foundation for the development of a novel
cryptococcal disease treatment to allow academic drug developers,
pharmaceutical companies, and key stakeholders to understand the
required characteristics. Given the advancement in the drug devel-
opment arena, we believe we can be optimistic for the community to
develop new drugs that can approach our idealistic TPP. As new
scientific evidence is generated, together with input from patient
engagement on the TPP for CM, this TPP may require further review
and revision.
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