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This paper describes a fifteen year journey from concept to clinical discovery and development of the first in

class caspofungin acetate (CANCIDAS®) a parenteral antifungal agent. Caspofungin is a semisynthetic

derivative of pneumocandin B0, a naturally occurring, lipophilic cyclic peptide isolated from the fungus,

Glarea lozoyensis. While the echinocandins had been previously studied for antifungal activity by several

organizations, the class was dropped for a variety of reasons. Merck subsequently initiated a research

program leading to the discovery and development of caspofungin. The multitude of challenges that

ensued during the discovery and development process and which were successfully resolved by multi-

disciplinary teams constitute the content of this article. The article consists of five sections that describe

the discovery and development of caspofungin in chronological order: (i) discovery of the natural

product pneumocandin B0 from fungal fermentations, (ii) fermentation development to improve the titer

of pneumocandin B0 to make it commercially viable, (iii) semisynthetic modification by medicinal

chemistry to successfully improve the properties of pneumocandin B0 leading to the discovery of

caspofungin, (iv) development of commercial semisynthesis and purification and formulation

development to improve stability and (v) clinical development and approval of CANCIDAS® as an

antifungal drug which subsequently saved thousands of lives.
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1 Introduction

Opportunistic fungi of the genera Candida spp, Aspergillus spp,
and Cryptococcus spp cause life-threatening infections, partic-
ularly in patient populations that are immunocompromised. In
1985, when Merck initiated this project there were two major
treatment options for systemic fungal infections, amphotericin
B and ketoconazole.1 Amphotericin B exerts its fungicidal action
by binding to ergosterol and compromising the fungal
Nat. Prod. Rep., 2014, 31, 15–34 | 15
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membrane. Ketoconazole is a fungistatic agent which works by
inhibiting sterol biosynthesis.

Amphotericin B is an effective antifungal agent but has a very
narrow therapeutic window. It was known alternately as
“Amphoterrible” or “Shake and Bake” due to side effects related
to its non-selective mode-of-action oen leading to chills and
high fevers, while ketoconazole’s fungistatic mode-of-action
had potential for developing a high rate of resistance. In addi-
tion, the azole class of drugs interact with cytochrome P450
enzymes leading to signicant drug-drug interactions which
can cause signicant issues with seriously ill patients who oen
undergo polypharmacy. Clearly neither agent was optimal.

An ideal antifungal agent should be fungicidal and should
have a fungal specic target. In other words it should target/
interact with a protein that has no homologs in mammalian
cells. Since mammalian cells do not have a cell wall the most
obvious target is the fungal cell wall. Cell wall targets in bacteria
have been incredibly successful in delivering highly useful and
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powerful antibacterial agents such as penicillins, cephalospo-
rins, carbapenems and vancomycin.
1.1 Discovery of natural product cyclic lipopeptide lead
pneumocandin B0

Echinocandin B (1a, Fig. 1) was one of the rst cyclic lip-
opeptides of this class reported in 1974 by Sandoz. It was the
lead for medicinal chemistry efforts at Sandoz (now Novartis)
and subsequently at Eli Lilly. Merck’s natural product screening
efforts led to the discovery of the pneumocandin series which
had two major structural differences compared to the echino-
candins. The natural product pneumocandin B0 (2a, Fig. 1)
eventually became the starting material for the synthesis of
caspofungin acetate (CANCIDAS®). The discovery of pneumo-
candin B0 began in 1985 at CIBE, a subsidiary of Merck located
in Madrid, Spain (Table 1) when Glarea lozoyensis (originally
named as Zalerion arboricola)2 was isolated, fermented, and
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Fig. 1 Structures of echinocandin B, cilofungin and pneumocandins
A0, B0 and C0.
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extracted by an organic solvent and determined to produce a
potential cell-wall active antifungal agent.3,4

By March 1987 pneumocandin A0 (2b, Fig. 1) had been iso-
lated, the structure determined and the biological character-
ization completed.5,6 It was shown to exert its antifungal activity
by inhibiting synthesis of the fungal cell wall, probably via
inhibition of 1,3-b-glucan synthase, the established target of the
previously discovered, and structurally related echinocandins.7

In October of 1987 pneumocandin B0 was isolated and charac-
terized as the desmethyl congener of pneumocandin A0.
However, the actual structure had not been completed due to a
lack of material and the fact that the pneumocandin A0 lead had
just been discontinued owing to a lack of antifungal spectrum,
poor oral bioavailability and water solubility, and structural
similarity to echinocandin B (1a) and its semisynthetic analog,
cilofungin (1b, Fig. 1).8

Two major events that were consequential to the project
occurred in 1988. Firstly, the clinical trial for cilofungin was
halted because of the toxicity of a co-solvent used for oral
administration. Secondly, due to the DNA sequence of the
ribosomal RNA gene9,10 and thymidylate synthase enzyme
studies,11 it was suggested that Pneumocystis was a fungus rather
than a protozoan (the infectious organisms in rats and humans
are P. carinii and P. jiroveci, respectively). In addition, it was
reported that the wall of the cyst form of P. carinii contained
high levels of 1,3-b-glucan.12 With this information in hand,
pneumocandin A0 was tested in an immunosuppressed rat
model of Pneumocystis carinii pneumonia (PCP). It was shown to
be superior to the existing therapy of trimethoprim/sulfame-
thoxazole.13 These events and data were sufficient to rein-
vigorate the program and pneumocandin B0 was chosen as the
lead compound for a medicinal chemistry program to improve
upon its properties to make a successful drug.
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Table 1 Timeline of pneumocandin B0 discovery, development and approval

Date Discovery Organization/Sponsor Reference

1974 Echinocandin B discovered Sandoz (Novartis) 8
1984 Inhibition of 1,3-b-glucan synthase is the mode-of-action of

echinocandins antifungal activity
Univ. Cambridge 7

1985 Glarea lozoyensis isolated by CIBE in Spain Merck
1987 Pneumocandin A0 isolated and structure determined; Pneumocandin

A0 discontinued; Pneumocandin B0 discovered
Merck 5

1988 Cilofungin clinical trial halted Eli Lilly 24
1988 PCP activity of pneumocandin A0 demonstrated Merck 13
1989 Pneumocandin program reinvigorated based on PCP; Pneumocandin

B0 chosen as natural product lead
Merck

1990 Structure of pneumocandin B0 rigorously determined;
First development candidate identied;

Merck 14, 29

1991 Potency and antifungal spectrum breakthroughs achieved Merck
1992 Pneumocandin B0 crystallized and absolute stereochemistry of the

nucleus determined Silica gel chromatography developed
Merck 15

1992 L-743,872 (MK-0991, caspofungin) rst synthesized Merck
1993 MK-0991 approved for development Merck
1995 SD/MD Phase I trial Merck
1996 Phase II trials in Candida esophagitis Merck
1998 Open label aspergillosis, Phase III Candida esophagitis and invasive

candidiasis trials initiated
Merck

2000 Invasive aspergillosis NDA led, Empiric therapy trial initiated Merck
2001 Cancidas® approved for Invasive aspergillosis by US FDA Merck
2002 Approved for Esophageal candidiasis by US FDA Merck
2003 Approved for Invasive candidiasis by US FDA Merck
2004 Approved for empirical therapy by US FDA Merck
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1.1.1 Pneumocandin B0 structure determination. The rst
issue that had to be resolved was the complete identication of
the structure of pneumocandin B0. The primary structure of
pneumocandin B0 was rapidly solved as the des-methyl-proline
version of pneumocandin A0 (Fig. 1) when sufficient material
became available.14 This was accomplished by a combination of
NMR and MS analysis in comparison to pneumocandin A0.

The relative stereochemistry was deduced by X-ray crystal-
lography of crystalline pneumocandin B0, in which a large
portion of the fatty side chain was disordered making the
acquisition of the dataset not only extremely slow but also
preventing the determination of the relative stereochemistry of
the two methyl groups in the side chain (Fig. 2).
Fig. 2 Single crystal X-ray structure analysis of pneumocandin B0 depic
atoms are omitted in the ball and stick drawing on the left.

18 | Nat. Prod. Rep., 2014, 31, 15–34
The absolute stereochemistry of the threonine was deter-
mined from acid hydrolysis, followed by derivatization with a-
methylbenzyl isothiocyanate, HPLC analysis and comparison to
an authentic standard. When combined with the relative
stereochemistry determined by X-ray, this established the
absolute stereochemistry of the nucleus.15

The absolute conguration of the fatty acid side chain (10R,
12S-dimethyl myristic acid) was determined by comparison of
the side chain fatty acid obtained from methanolysis of pneu-
mocandin B0 with that of the acid synthesized by asymmetric
synthesis.16

1.1.2 Pneumocandin B0 purication. The second major
challenge was the purication of pneumocandin B0. The
ting stereo chemical assignment. Most of the side chain and hydrogen

This journal is © The Royal Society of Chemistry 2014



Fig. 4 Flowchart of mutant selection and isolation process.
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purication was extremely problematic due to the structural
similarity between pneumocandin A0 and B0, not to mention
pneumocandin C0 (Fig. 1) which was identied as a regioisomer
of pneumocandin B0.15 The key to the successful purication
method was a silica gel thin layer chromatography system that
can be used to model counter current chromatography. A
solvent system using a combination of dichloromethane,
methanol and water showed a marked improvement over the
corresponding solvent system without water, and any reverse
phase or other high performance separation methods. This
discovery translated into development of a preparative open
column silica gel chromatographic system leading to purica-
tion of pneumocandin B0 (Fig. 3).15 With some key modica-
tions, this method was eventually adopted as the normal phase
silica-gel based HPLC method which is being used for the
commercial scale purication of pneumocandin B0 for
production of caspofungin.17,18
1.2 Fermentation development of pneumocandin B0

Oen, the levels of a bioactive natural product produced by a
microorganism isolated from nature are miniscule and the
purity is very low. The pneumocandin B0 story was no different.
The levels of pneumocandins produced in the fermentation
were of the order of few mg per liter and pneumocandin A0, the
rst pneumocandin discovered, was the dominant product.
Structures of pneumocandin A0 and pneumocandin B0 are
shown in Fig. 1. Both contain, starting at the 12 O’clock
position, (4R, 5R)-dihydroxyornithine, (2S, 3R)-threonine, (4R)-
hydroxy-proline, (3S, 4S)-dihydroxy-homotyrosine, (3R)-hydroxy-
glutamine and another (3S)-hydroxy-proline. Pneumocandins
also contain a (10R, 12S)-dimethyl myristic acid side chain. All
Fig. 3 Thin layer chromatography and preparative chromatography of
pneumocandin A0 and B0 on silica gel.

This journal is © The Royal Society of Chemistry 2014
these structural characteristics are shared by both compounds;
however, they differ by the presence of a methyl group in the
(3S)-hydroxy-proline at the ten O’clock position which is
missing in pneumocandin B0.14–16

1.2.1 Titer improvement. The goals of the fermentation
development project were set: Firstly to selectively reduce the
production of pneumocandin A0, which in turn would assist
purication and improve the purity of the desired product,
pneumocandin B0. Secondly, reduce or eliminate the produc-
tion of as many as ten different members of the pneumocandin
family that were identied in the broth that produced pneu-
mocandin B0. This action would serve the dual purpose of
improving the purity and at the same time increasing produc-
tion by diverting the ow of substrates/intermediates to the
desired product and would help in the nal goal of increasing
the production of B0.

Since at that time not much was known about the biosyn-
thesis of these compounds, only an empirical approach was
possible. We decided to tackle it by two approaches, environ-
mental and genetic.19 The environment of a microbial process is
dened by the operating conditions such as the medium
composition, temperature, pH, oxygen transfer characteristics
and carbon dioxide concentration. Although all these affect the
outcome, more oen the medium composition has a profound
effect.

1.2.2 Mutation, selection and screening. Since the
compound supply was rate limiting for downstream work, we
also initiated genetic modications of the producer, G. loz-
oyensis, simultaneous to media optimization. Due to the lack of
knowledge of the biosynthetic pathway at that time, we selected
a random mutagenesis approach for making genetic changes.
As the term indicates we did not predetermine the target for
mutagenesis but depended on screening to look for the desired
mutants.

For successful mutagenesis it is important to have a single
nucleus as a target. In the case of a lamentous fungus such as
G. lozoyensis it is important to obtain single spores, which are
propagules. That is, they develop into colonies. We were fortu-
nate that this was the case for this fungus. The rst step was to
prepare spore suspensions. This was accomplished by growing
the fungus on an agar medium long enough to allow the culture
to sporulate and collect spores. Centrifugation or ltration was
Nat. Prod. Rep., 2014, 31, 15–34 | 19



Fig. 5 Production of pneumocandin by the parent and the new
mutant. Exemplified by a silica gel TLC plate showing the separation of
pneumocandins. The plate was developed in methyelene chloride/
methanol/water: 65/35/10. Lanes 1–8 represent clones of the parent
and lanes 12–19 represent clones of the new mutant. Lanes 9–11
represent standards. This dramatically showed the reduction in the
production of C0.

Table 2 Effect of L-proline on the pneumocandin production

L-Proline
(g L�1)

Pneumocandins B0 +
A0 (mg liter�1) Pneumocandin C0 (%)

0 145 9
2 199 8
4 219 7
8 224 3
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used to remove larger mycelial pieces and other debris. This
spore suspension was then exposed to chemical mutagens at
concentration, and under conditions, predetermined in
preliminary experiments. Aer the treatment, the mutagen was
removed by washing the treated spore suspension with either
buffer or saline. The resulting cleaned spore suspension was
diluted and plated for isolated colonies and allowed to grow.
The colonies were then screened following fermentations and
analysis of the produced products. This approach was used to
isolate the desired mutants (Fig. 4).

As mentioned earlier, the main product of G. lozoyensis was
pneumocandin A0 and the rst goal was to isolate mutants
which produced pneumocandin B0 as the main product. Aer
several rounds of screening, the rst mutant that produced B0

as the main product was isolated. The HPLC comparison
showed that the mutant not only produced higher amounts of
pneumocandin B0 it showed lower production of pneumo-
candin A0. Since the mutant still produced A0, which interfered
with the purication of B0, further work continued.

Aer a few additional rounds of mutation and screening a
mutant was identied, which met the requirements for facile
isolation. ATCC 20957 was our rst mutant which produced
pneumocandin B0 as a major product. It produced 285 mg
pneumocandin B0/liter with the ratio of pneumocandin B0/A0 of
10. Great progress had been already made with this rst mutant
where not only the overall titer of pneumocandin B0 had been
improved but also the ratio of pneumocandin A0/B0 was
reversed, particularly when compared with the original ratio of
pneumocandin A0/B0 of 7 (a 70-fold improvement in ratio for
pneumocandin B0 over A0). However, the second mutant was
even better. Its yields of pneumocandin B0 were comparable to
the rst mutant but the ratio of pneumocandin B0/A0 was much
better, i.e., 80.

At this point the program appeared viable and ready to
deliver the required material to medicinal chemistry. However,
just about this time, the Natural Product chemistry team
discovered the regioisomeric pneumocandin C0 which contains
a 4a-hydroxyproline instead of the 3a-hydroxyproline found in
pneumocandin B0 (Fig. 1) at the ten O’clock position.

This discovery complicated the matter since the reversed
phase HPLC system which was being used for mutant screening
did not separate pneumocandin B0 and C0. As a matter of fact
their retention times were identical. As described earlier, it was
possible to separate them with the normal phase silica gel
chromatography, so a low throughput normal phase TLC was
substituted for the screening efforts. Aer additional rounds of
mutagenesis and screening, a mutant was isolated which
produced higher levels of pneumocandin B0 and lower levels of
C0 (Fig. 5).

1.2.3 Modication of media and amino acid substitution.
It is well known that modication of the medium can play a
signicant role in titer improvement. The carbon and nitrogen
sources as well as the trace elements have a substantial impact
on the yield and the purity of the products. Furthermore, the
precursor components also have a profound effect on the
production and ratio of products. Accordingly, varying amounts
of L-proline, one of the amino acids of the cyclic peptide, were
20 | Nat. Prod. Rep., 2014, 31, 15–34
added to the growth medium. It had a signicant effect on the
biosynthesis of these compounds. In the absence of the added L-
proline the overall yield of pneumocandins was lower and the
proportion of C0 was higher. With increased concentration of
proline signicantly increased production of pneumocandin B0

and concomitantly reduced production of C0 was observed
(Table 2). Thus, the addition of L-proline made it possible to
isolate pneumocandin B0 of high purity and yield.

Our efforts continued until we had developed the
manufacturing process. In this process, pneumocandin A0 is
undetectable and pneumocandin C0 is less than 5%. The
production of pneumocandin B0 has been improved to the g
liter�1 range from initial lowmg liter�1 range. Thus, the goals of
the project of delivering pneumocandin B0 of high purity and in
good yields had been realized which made the project
commercially viable.
1.3 Semisynthetic optimization of pneumocandin B0 and
selection of the preclinical candidate

In the previous sections, the discovery, isolation and fermen-
tation optimization of the pneumocandins were detailed. While
pneumocandin B0 possessed potent fungicidal activity, the
physicochemical and pharmacological properties were less than
desirable and thus required optimization. Several points
needed to be addressed: solubility, stability, antifungal
This journal is © The Royal Society of Chemistry 2014
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spectrum and pharmacokinetic properties. This section of the
article describes the medicinal chemical optimization of the
lipopeptide natural product, pneumocandin B0, leading to the
selection of caspofungin as the preclinical candidate.

The medicinal chemistry program around the pneumo-
candins began at the Merck Research Laboratories in Rahway,
NJ, in early 1989 and consisted of a small exploratory effort
initially focused on improving the water solubility and/or
stability of the lipopeptide. Several related natural products and
derivatives had been described in the literature in the early
1970’s.8,20–24 Echinocandin B was the subject of considerable
investigation at several laboratories but it was Eli Lilly
researchers who derived the rst clinical agent cilofungin (LY-
121019).25 Unlike echinocandin B, cilofungin proved non-lytic
to red blood cells (RBCs) at microbiologically relevant concen-
trations. Lilly scientists achieved this by enzymatic deacylation
of the linoleoyl side chain and reacylation of the echinocandin B
nucleus with a 4-octyloxybenzoyl group. Little improvement in
the solubility of the compound was achieved and the I.V.
formulation required 26% polyethylene glycol as a co-solvent.
The co-solvent led to metabolic acidosis and renal insufficiency
and thus halting development of the candidate. A comprehen-
sive effort by the Lilly team over several years led to a rm
understanding of the side chain structure–activity require-
ments26 and a successful clinical candidate (LY303366) which
ultimately became known as anidulafungin.27

The key structural differences between the pneumocandins
and the echinocandins are the presence of a 3R-hydroxyglut-
amine in place of a threonine and a 10R,12S-dimethylmyristoyl
side chain versus linoleoyl, respectively (Fig. 1). These differ-
ences render the pneumocandins non-lytic to RBCs at concen-
trations well above their MICs.28 Due to this inherent advantage
and the competition around side chain derivatives, Merck
medicinal chemistry efforts focused on modications of the
cyclopeptide core of the natural product.

Other considerations that guided the work were the
following. The echinocandins and pneumocandins possess an
acid and base labile N-acyl hemiaminal group. While the group
had sufficient chemical stability, the metabolic stability was
unknown. The natural products and cilofungin displayed
potent activity against relatively few clinically important
Candida spp. and lacked useful activity against Aspergillus
spp.29,30 Finally, cilofungin required several daily infusions to
achieve the desired plasma levels31–34 and displayed non-linear
kinetics at high doses.35

A key foundation of the work described below was the
availability of robust biological assays and rodent efficacy
models. In addition to the 1,3-b-D-glucan synthase inhibition
and standardizedminimum inhibitory/fungicidal concentration
(MIC/MFC) assays,36–38 mouse disseminated candidiasis (TOKA
for Target Organ Kidney Assay) and disseminated aspergillosis
(ASP) models were developed.39 The former measured fungal
burden in kidneys (and other tissues) aer inoculation of mice
with C. albicans and twice daily dosing over four days with a test
compound. The latter model measured 28 day survival aer
infection with A. fumigatus and ve days of twice daily dosing of
test compound. Both models had considerable throughput
This journal is © The Royal Society of Chemistry 2014
allowing the evaluation of at least ten compounds per week with
low mass requirements for compounds. Importantly, SAR was
being driven by the performance of compounds in the in vivo
models. Additionally, a rat pneumocystis pneumonia (PCP)
model was available for evaluation of compounds13 against
P. carinii but will not be discussed in this section. Despite the
fact that the discovery of PCP activity in addition to C. albicans
activity was what had ignited the initial program, the P. carinii
activity played only a secondary role in the selection of potential
development candidates.

1.3.1 Enhancing solubility and stability of pneumocandin
B0. An initial goal of the project was to develop a derivative with
improved aqueous solubility which would facilitate the devel-
opment of an intravenous formulation. Prodrugs of pneumo-
candin B0 possessing charged groups displayed greatly
improved water solubility.28 The initial development candidate,
a stable phosphate ester derivative of the homotyrosine, had
excellent water solubility of at least 50mgmL�1 (pneumocandin
B0 was <0.1 mg mL�1) and efficacy equivalent to the starting
natural product due to rapid in vivo enzymatic hydrolysis of the
phosphate group.

At pHs outside a range of approximately 5 to 8, pneumo-
candin B0 undergoes accelerated ionization or ring opening at
the hemiaminal (Fig. 6).40 The resultant electrophile, either an
N-acylimine (acidic pH) or aldehyde (alkaline pH), undergoes
addition of the amide nitrogen of the side chain to produce a
ve-membered ring product (Fig. 6). Under sufficiently acidic
conditions, both the hemiaminal and benzylic hydroxyl groups
are ionized and delivery of hydride (i.e., reduction) provided an
analog with a similar microbiological prole but with greatly
improved acid and base stability.36,41 This chemistry was key to
the later discovery of analogs substituted by nitrogen at the
C5-ornithine position that were the basis for the discovery of
caspofungin.

1.3.2 Derivatization of the hemiaminal group. Under acidic
conditions in the presence of alcohols or thiols, pneumocandin
B0 undergoes exchange of the hemiaminal hydroxyl group to
produce ethers or thioethers, respectively.42 One of the rst
analogs from this series with surprising activity was the
methoxy ether (see Table 3). While this compound had reduced
in vitro and in vivo activity against Candida spp., there was a
signicant improvement in efficacy in the mouse disseminated
aspergillosis model. This was an exciting result since it
demonstrated that derivatives with expanded spectrum could
be obtained from this natural product class. Increasing the
lipophilicity of the ether further eroded Candida activity but
introduction of a polar substituent reversed that trend. Finally,
employment of a cationic aminoethyl ether group gave
compound 3, a derivative with greatly enhanced activity against
both Candida and Aspergillus spp. Compound 3 proved excep-
tionally potent in the TOKA and ASP models as well.42 While
pneumocandin B0 had an ED99 of 3 mg kg�1 in the TOKA and an
ED50 of >20 mg kg�1 in ASP, 3’s potency was 0.3 mg kg�1 and
0.06 mg kg�1, respectively. Many cationic derivatives of the
hemiaminal were prepared and evaluated but none surpassed
the activity and simplicity of compound 3. Interestingly, the
length of the linker between the cyclopeptide core and
Nat. Prod. Rep., 2014, 31, 15–34 | 21



Table 3 Antifungal activity of hemiaminal derivatives of pneumocandin B0

C. albicans
GS (IC50, nM)

C. albicans
MFC (mg mL�1)

TOKA (ED99,
mg kg�1)

ASP (ED50,
mg kg�1)

OH 70 0.25 3 >20
OCH3 100 2 >6 1.8
OCH2CH3 800 4 — —
OCH2CH2OH 400 2 — —
OCH2CH2NH2 (3) 10 0.125 0.0.3 0.06

Fig. 6 Acid and base degradation pathways of pneumocandin B0.
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the cationic group did not affect enzyme potency once
compensation for the lipophilicity of the linker was made.
These along with other data suggest that the cationic groupmay
be ion pairing with the negatively charged phosphate group of
the phospholipid increasing the concentration of the lip-
opeptide in the plasma membrane where the glucan synthase
target resides. In addition to the enhanced potency of these
analogs, they were highly water soluble and considerably more
stable than the natural product due to the absence of the C5-
ornithine hydroxyl (hemiaminal) functionality.

1.3.3 Chemical modication of the 3-hydroxyglutamine.
While derivatization at the 3-hydroxyglutamine provided a
number of important compounds,43,44 highest priority was given
to reduction of the carboxyamide to produce a 3-hydrox-
yornithine. The 3-hydroxyglutamine moiety of pneumocandin
22 | Nat. Prod. Rep., 2014, 31, 15–34
B0 is the only primary carboxyamide in the molecule and the
team took advantage of this unique handle by effecting a double
dehydration to provide a nitrile analog. The secondary and
tertiary amide (peptide) bonds are incapable of undergoing
such a transformation. The nitrile analog was reduced to the
primary amine using cobalt boride generated in situ.45 This
analog, 4, provided greater potency than 3 against Candida spp.
but lacked sufficient activity against A. fumigatus (Table 4).42 The
ED99 of 4 in the TOKA was 0.2 mg kg�1 but it was inactive in ASP
up to 20 mg kg�1. Derivatives of 4 that possessed cationic
functionality also proved to have potent activity in a way similar
to that described above for the hemiaminal analogs. Once again
this suggests that a favorable interaction with the phospholipid
bilayer was responsible for the improved activity. Ablation of the
cationic nature of 4 through acetylation of the amine rendered
This journal is © The Royal Society of Chemistry 2014



Review NPR
an analog with similar activity to pneumocandin B0. All cationic
derivatives had greatly enhanced water solubility.

1.3.4 Analog with a combined hemiaminal and 3-hydrox-
yglutamine modication. The question of whether multiple
cationic groups on the pneumocandin platform would provide
additive potency was readily addressed with the synthesis of
diamino compound 5 (Fig. 7).42 Compound 5 possessed the
aminoethyl ether of compound 3 and the 3-hydroxyornithine of
compound 4. The effect of these changes was additive and 5 was
the most potent analog that had been prepared at that juncture
(Table 5). This was an exciting compound not only because of
its potent and broad spectrum antifungal prole but also due
to its stability, increased water solubility and superior
Fig. 7 Synthesis of key semisynthetic pneumocandin derivatives (3–5).

Table 4 Antifungal activity of 3-hydroxyglutamine derivatives of pneum

C. albicans
GS (IC50, nM

CONH2 70
CH2NH2 (4) 10
CH2N(CH3)3

+ 9
CH2NHCOCH2NH2 15
CH2NH-ornithine 3
CH2NHCOCH3 300

This journal is © The Royal Society of Chemistry 2014
pharmacokinetic prole. This relatively simple derivative ful-
lled all the goals of the program and was considered a possible
development candidate.

Compared to pneumocandin B0, diamino compound 5 had a
70-fold improvement in its glucan synthase IC50, an improve-
ment in MFCs against Candida spp. including activity against
the intrinsically more resistant C. parapsilosis, and a lower MEC
against A. fumigatus (Table 5).46 An in vivo dose as low as 0.09 mg
kg�1 gave over a four log10 reduction in CFUs per gram of kidney
with microbiological (MB) cure in 80% of mice. In the asper-
gillosis model, the ED50 was 0.03 mg kg�1 and 90–100% survival
could be obtained at higher doses.39 A pharmacodynamic
analysis of the TOKA results suggested that full efficacy could be
ocandin B0

)
C. albicans
MFC (mg mL�1)

TOKA (ED99,
mg kg�1)

0.25 3
<0.06 0.2
0.5 0.2
0.5 0.3
<0.06 0.2
4 10
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Table 5 Comparative activity of Key pneumocandin derivatives (3–5)

Cmpd #
C. albicans
GS (IC50, nM)

C. albicans
MFC (mg mL�1)

C. parapsilosis
MFC (mg mL�1)

A. fumigatus
MEC (mg mL�1)

TOKA ED99.9,
(mg kg�1, % MB cure)

ASP (ED50,
mg kg�1)

2a 70 0.25 4 1 6 (20%) >20
3 10 0.125 1 0.015 0.75 (80%) 0.06
4 10 0.125 0.125 2 0.375 (70%) >20
5 1 <0.06 0.125 0.015 0.09 (80%) 0.03
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achieved by sustaining plasma levels of 5 above the MFC for the
pathogen for at least two-thirds of the dosing interval. When
considering plasma levels in themouse, rat and rhesus monkey,
this suggested that a 1 mg kg�1 I.V. daily dose would cover most
Candida pathogens.47 Initial data suggested that 5 was non-toxic
at clinically relevant doses and so a nal evaluation was planned
to qualify the compound as a pre-clinical candidate. Chim-
panzee pharmacokinetics was considered a good predictor of
human PK and the compound was administered to a single ape
at 1 mg kg�1. The plasma levels obtained from this experiment
were disappointingly low due to rapid early phase clearance
(Fig. 8). Although the half-life was similar to that obtained in
rodents and monkeys, the rapid distribution phase would
necessitate a much higher or more frequent dosing regimen. In
addition, it was noted that the chimpanzee was lethargic with a
poor appetite and serum biochemistry showed that ALT and
AST were signicantly elevated suggesting hepatic injury.

These results were devastating to the program. However,
aer several months while trying to establish in vitro and in vivo
rodent models of hepatic dysfunction, an examination of the
chimpanzee that had received 5 was undertaken. Ketamine was
the anesthetic used during the PK experiments. There were
some reports in the literature that ketamine could cause
abnormal liver function tests in humans48 thus ketamine alone
was dosed to the chimpanzee that received compound 5 in the
rst experiment. The ALT levels effectively matched the levels
from the rst experiment and it was concluded that ketamine
was responsible for the liver abnormalities. This result was a
signicant breakthrough for the program but the utility of 5 as a
viable clinical agent remained in question. Identication of a
Fig. 8 Pharmacokinetics of 5 in four species.
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new candidate with similar potency and properties and an
acceptable toxicological prole was therefore necessary.

1.3.5 Semisynthetic aza analogs. As noted above, acid
treatment of pneumocandin B0 ionizes the C5-ornithine and
benzylic hydroxyl groups. In the presence of a nucleophile such
as hydrazoic acid, both positions were expected to undergo
substitution and it was predicted that the resultant C5-orni-
thine azido group would hydrolyze upon aqueous workup to
regenerate the hemiaminal hydroxyl group. A stable bis-azide
was obtained (Fig. 9).49 This compound was a single isomer at
the hemiaminal position and a mixture at the benzylic position
of the homotyrosine. Separation of the isomers and hydroge-
nation yielded a diamino analog of pneumocandin B0. To effect
substitution selectively at the hemiaminal position, diiodina-
tion of the homotyrosine provided a more electronegative
aromatic group that destabilized carbocation formation at the
benzylic position. Treatment of this compound under identical
conditions gave a single, mono-azide product which aer
hydrogenation yielded 5-amino-ornithine pneumocandin B0.
Despite the weak basicity of this amine, the compound was
water soluble and had a GS IC50 of 25 nM. Next, the analog
corresponding to 5 was sought.

To append an ethylenediamine moiety onto 4, the chemistry
shown in Fig. 10 was developed. The aminoethyl-thioether
derivative was prepared by acid catalyzed exchange of the
hemiaminal with cysteamine. Oxidation to the sulfone
produced an analog that could easily be displaced at the C5-
ornithine position by nucleophiles under neutral conditions.
Treatment with ethylenediamine effected rapid displacement of
the sulfone group. Interestingly, when the b-sulfone was used, a
1 : 1 mixture of a:b aminoethyl amines was obtained while use
of the a-sulfone gave a 9 : 1 mixture of the desired a- to unde-
sired b-isomer. This suggests that substitution of the a- and b-
sulfones occur by a mixed mechanism or through different
intermediates which could include direct substitution,
geometric isomers of the N-acylimine or neighboring group
participation of the 4-hydroxyl group of the ring ornithine
residue.

The potency of aza analog 6, was similar to oxa analog 5
(Table 6). The glucan synthase IC50 was 0.6 nM with potent
Candida MFCs and Aspergillus MECs.50 Compound 6 proved
approximately twice as potent in the TOKA and about half as
potent in the ASP models compared to 5.51 The acute toxicity in
mice was 50 mg kg�1, well above the efficacious dose with a far
more favorable toxicity prole compared to amphotericin B.
Importantly, compound 6 had consistent pharmacokinetics
with sustained plasma levels in four species (Fig. 11)52 and
This journal is © The Royal Society of Chemistry 2014



Fig. 9 Nitrogen substituted analogs of pneumocandin B0.
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supported a once daily I.V. dosing regimen of 0.5 to 1mg kg�1 to
cover 90% of Candida spp. and Aspergillus spp. Disseminated
candidiasis and aspergillosis infection models in rodents
rendered pancytopenic with cyclophosphamide showing that 6
had potency similar to amphotericin B.53 Additional microbi-
ology, short term toxicology, pharmacology and drug metabo-
lism studies supported 6 (later named MK-0991 and
subsequently caspofungin) as a viable pre-clinical candidate. It
was approved for development in December 1993 approximately
one year aer its initial synthesis and four years aer the
medicinal chemistry program had begun.
1.4 Development formulation and manufacturing process
for caspofungin acetate (CANCIDAS®)

Previous sections have outlined the discovery of pneumocandin
B0 as a lead antifungal candidate, the optimization of its
fermentation, and the medicinal chemistry that culminated in
the discovery of the drug candidate, caspofungin acetate. This
section covers the development of the manufacturing process
from the isolation of pneumocandin B0 from the fermentation
broth, through the preparation of the API, to the development of
a sterile IV formulation.

1.4.1 Isolation and purication of pneumocandin B0. The
fermentation broth contains pneumocandin B0 at a concentra-
tion of about 2 g L�1. The isolation involved a series of extrac-
tions to remove polar and non-polar impurities from the
This journal is © The Royal Society of Chemistry 2014
fermentation followed by a normal phase silica gel HPLC step to
remove closely related analogs. The puried material is
obtained by precipitation affording pneumocandin B0 of about
90% purity.

During development, the bioprocess engineers worked
closely with the process chemists and engineers to identify
and control impurity levels in pneumocandin B0, especially
those the chemists had determined to be difficult to remove
during the subsequent synthetic steps and isolations. Thus,
the HPLC purication was continually modied during
development to control critical impurities while maximizing
yield. As might be imagined, the analytical chemistry effort
associated with the development of analytical assays to sepa-
rate analogs was particularly challenging and was critical for
development of the entire process, but is outside the scope of
this article.

The isolation began with a series of novel extractions of the
fermentation broth that separated the pneumocandins from
most non-analog materials (Fig. 12).54 First, iso-butanol was
added to the fermentation broth, resulting in a two-phase
mixture with product partitioning into the alcohol layer. Aer
concentration to reduce volume, heptane and methanol were
added, resulting in a two-phase system in which the desired
product now partitioned into the aqueous phase, removing non-
polar impurities such as fatty acids which partitioned into the
organic phase. The aqueous phase is then concentrated and
Nat. Prod. Rep., 2014, 31, 15–34 | 25



Fig. 11 Pharmacokinetics of 6 in four species.

Fig. 10 Medicinal chemistry synthesis of caspofungin (6).

Table 6 Comparative activities of semisynthetic pneumocandins 5, 6 and amphotericin B (AmB)

Cmpd #
C. albicans
GS (IC50, nM)

C. albicans
MFC (mg mL�1)

A. fumigatus
MEC (mg mL�1)

TOKA (ED99,
mg kg�1)

ASP (ED50,
mg kg�1)

Acute tox (mg
kg�1)

5 1 <0.06 0.015 0.045 0.03 30
6 0.60 0.125 0.008 0.027 0.05 50
Amb NA 0.25 1 0.013 0.06 4
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additional iso-butanol was added, forming a two-phase system
with the product now moved in the organic phase. The aqueous
phase was discarded, removing polar impurities such as amino
acids. The iso-butanol layer was concentrated, resulting in
partial precipitation, which was improved aer addition of
acetonitrile to provide crude solid product with 63% purity.54

The purication of this crude material involved a silica gel
based chromatography to remove analogs, with a mobile phase
consisting of ethyl acetate, MeOH, and water (Fig. 12).17,18 The
purication productivity was originally low due to the poor
solubility of pneumocandin B0 in the mobile phase and the
limited separation of several pneumocandin analogs. The
observation that some runs were providing improved separa-
tion led to a detailed investigation that revealed that low levels
of amino acids, present at varying levels in the HPLC feed, could
greatly improve separation of several analogs. This discovery led
This journal is © The Royal Society of Chemistry 2014



Fig. 12 Isolation of pneumocandin B0.
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to greatly improved performance by the deliberate addition of
amino acids such as L-proline to the eluent.55,56 The rich cuts
from the HPLC were concentrated, resulting in precipitation of
the product with about 90% purity. This material became the
starting point for the synthetic steps described below.

1.4.2 Conversion of pneumocandin B0 to caspofungin
acetate. The synthesis of caspofungin required modications of
two sites of the peptide core of pneumocandin B0, a reduction of
the primary amide of 3-hydroxyglutamine to an amine, and
condensation of the hemiaminal moiety with ethylenediamine.
These two transformations presented signicant synthetic
challenges owing to the need to control the chemo-, regio- and
stereoselectivity during modication of the peptide core on an
industrial scale. The starting material, pneumocandin B0, while
puried to 90%, still contains more than 20 closely related
analogs that were difficult to remove. In addition, the detergent-
like physical properties of the compound, with a polar peptide
core and a lipophilic side chain, make standard workups
impossible, requiring non-conventional workup and purica-
tion processes. Finally, the compound was unstable with no
crystalline intermediates or nal product available at the time
the compound entered development.

As outlined in the previous section, the medicinal chemistry
effort focused on modifying the peptide core to nd an analog
with improved potency, water solubility, and half-life, under-
standably without much concern for the route of preparation.
Once the lead candidate was identied, the process chemistry
group focused on the development of a practical and scalable
process with the ultimate goal of dening a route that was
robust, green, and economically viable. The starting point for
the synthesis as the compound moved into development was a
This journal is © The Royal Society of Chemistry 2014
5-step route with a 6–8% overall yield with poor a:b selectivity at
the hemiaminal center.

The highlights of the 3-step manufacturing synthesis,
providing CANCIDAS® in 45% overall yield, are outlined below
(Fig. 13).57

1.4.3 Stereoselective formation of the phenylthioaminal.
The rst lead for a more selective thiolation of the hemiaminal
center came from Regina Black from the Medicinal Chemistry
team, where it was found that using neat TFA afforded excellent
selectivity for reaction of thiols at the hemiaminal center.
However, the benzylic center of the homo-tyrosine moiety also
reacted to give the bis-sulde as the major product. Following
up on this lead, process chemists (Kevin Belyk and Bill Leonard)
reasoned that the two centers might be distinguishable by
attenuating the acidity of TFA. This hypothesis was proven
correct as they found a 10% solution of TFA in acetonitrile
afforded the desired phenyl sulde in 84% yield with only 8% of
the bis-phenyl sulde and 3% of the b-isomer. To further
improve yield and simplify isolation, the nal manufacturing
route used phenylboronate protection of the benzylic position,
further minimizing formation of the bis-sulde. Using fewer
equivalents of a stronger acid, triuoromethylsulfonic acid,
provided improved selectivity as the reaction could be carried
out at a lower temperature (�15 �C) and allowed for direct
crystallization of the product by simply neutralizing the acid
with aq. NaOAc, affording the sulde product in 92% yield with
0.5% b-isomer and negligible bis-sulde.

1.4.4 Chemoselective borane reduction of the primary
amide. A key discovery early in process development was the
nding that borane-dimethyl sulde could selectively reduce
the primary amide of the 3-hydroxyglutamine moiety in the
presence of the other 7 tertiary amides in the peptide core. The
b-hydroxyl group is thought to play a key role in this selectivity,
since the reaction is zero-order in borane and the rate is unaf-
fected by concentration. While the borane reaction is clean, the
reaction becomes a gel and always stalls at nearly exactly 50%
conversion. All attempts, such as solvent, concentration,
temperature, surfactants, silylation, sonication, Lewis acids,
and use of dummy amines, frustratingly failed to move the
conversion past the halfway point. Finally, Bill Leonard came up
with the idea of using in situ boronate ester formation to protect
the vicinal hydroxyl groups of the homotyrosine group in hopes
of improving the solubility properties. Gratifyingly, the
conversion increased to 70% and was still a clean reaction.
Further work established that boronate formation and partial
silylation with BSTFA (3 equivalents) could increase conversion
to 85%. Unreacted amide is readily removed by a resin column,
but since a decision was made to use HPLC for the next step, the
same equipment and a C18 resin is used to purify the amine
product for this step. The rich cuts are concentrated using
membrane-based technology, then dialtered into methanol,
which is the solvent for the next step.

1.4.5 Stereospecic incorporation of ethylenediamine.
Displacement of the phenylthio group with ethylenediamine
can be accomplished without oxidation of the sulde to the
sulfone. Instead, we discovered that direct displacement can be
realized using ethylenediamine neat or as a concentrated
Nat. Prod. Rep., 2014, 31, 15–34 | 27



Fig. 13 Manufacturing route to caspofungin acetate (CANCIDAS®).
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solution. The nal manufacturing process simply treats the
methanol solution of the previous step with an equal volume of
ethylenediamine at room temperature, providing a 93 : 7 ratio
of a : b isomers. The ratio could not be further improved by
changes in solvent or temperature. The reaction is reverse-
quenched into aqueous acetic acid, keeping the pH between 5.0
and 5.5 to minimize decomposition. The reaction is then
extracted with heptane to remove thiophenol.

1.4.6 Final purication/crystallization. The b-isomer
formed in the previous step could be removed by selective
hydrolysis since it is at least 10-times more hydrolytically labile
than the desired a-isomer. However, a decision was made to
purify the nal product by reverse phase HPLC, which was
accomplished using a C18 adsorbent using isocratic elution with
22/78 acetonitrile/aqueous acetic acid, in order to reduce the
28 | Nat. Prod. Rep., 2014, 31, 15–34
levels of process impurities and several analogs that were
present from the pneumocandin B0 natural product starting
material.

A critical breakthrough early in development was the crys-
tallization of the bis-acetate salt of caspofungin. This crystalli-
zation only provided modest purity upgrade, but more
importantly, provided much improved stability versus the
amorphous solid. The nal crystallization process was devel-
oped as crystallization from ethanol/ethyl acetate/water. The
rich cuts containing acetonitrile/aqueous acetic acid were dia-
ltered to 9 : 1 ethanol/water and ethyl acetate was added to
crystallize the diacetate salt of caspofungin. Overall yield across
the nal chemical step and purication is typically 70%.

1.4.7 CANCIDAS® formulation development. An IV
formulation suitable for commercialization of CANCIDAS®
This journal is © The Royal Society of Chemistry 2014
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required stability at room temperature or refrigerated condi-
tions to support a 2-year shelf life. This posed signicant chal-
lenges for the pharmaceutical scientists given the instability of
caspofungin acetate, which decomposes by oxidation, hydroly-
sis even at neutral pH, and dimerization.

Three formulation options were initially pursued: (1) sterile
solution, (2) sterile crystalline powder for reconstitution, and (3)
lyophilized powder for reconstitution. The sterile solution was
quickly ruled out since caspofungin acetate does not have
adequate solution stability at any pH at refrigerated conditions.
The sterile crystalline diacetate salt was also ruled out since this
material must be stored at �70 �C for adequate stability over 2
years. This le the lyophilized powder as the only viable route
for commercialization.

Early work on the lyophilized powder indicated improved
stability vs. the crystalline diacetate salt, with several options
such as buffers and excipients available to improve stability
further. Aer signicant screening and optimization efforts, a
formulation was developed that had 2-year stability at 2–8 �C.
This formulation consisted of the bulking agent’s mannitol and
sucrose which 1) serve to sequester water and reduce hydrolysis,
2) act as a diluent to minimize dimerization, and 3) form an
elegant cake upon lyophilization. Finally, the vials (Fig. 13) were
sealed under argon to avoid any oxidation during storage.58
1.5 Clinical development of caspofungin acetate
(CANCIDAS®, MK-0991, L-743, 872)

It took close to a decade between the start of the discovery
program and the entrance of caspofungin into clinical devel-
opment in 1995, when HIV was pandemic. Opportunistic
infections were prevalent with signicant associated morbidity
and mortality. Protease inhibitors were just becoming available
and resulted in signicant changes in the approach to anti-
retroviral therapy. The new combination treatments were
accompanied by concerns about drug–drug interactions
among anti-retroviral therapies and also with the other treat-
ments required for concurrent infections and conditions. In
parallel, the eld of oncology was advancing rapidly with
increasingly more aggressive chemotherapy, and bone marrow
and stem cell transplantations performed for a wider range of
diseases. These advances in cancer care were associated with
an increase in the number of immunocompromised patients
and a parallel rise in the frequency of opportunistic fungal
infections.59–61 Candida infections were the most common
invasive fungal infection (IFI), responsible for �85% of all
infections, followed by invasive aspergillosis causing 6% of
IFI.59 Systemic antifungal therapeutic options were limited;
amphotericin B formulations had a broad spectrum of activity
but were available only intravenously (IV) and were associated
with oen dose limiting nephrotoxicity and infusion related
reactions. Fluconazole had been introduced in the early 1990’s
and had the advantage of an oral and IV formulation and a
more favorable safety and tolerability prole, but had a more
limited spectrum of activity, specically Candida spp. and
some other fungi but no clinically relevant activity against
Aspergillus spp.
This journal is © The Royal Society of Chemistry 2014
Initial evaluation of caspofungin in animal models and in
healthy subjects in phase 1 study demonstrated that caspo-
fungin acetate had poor oral bioavailability so could therefore
be administered only by IV infusion. The plasma half-life of 9 to
11 h in phase 1 studies supported once daily dosing. Caspo-
fungin is highly protein bound (�97%) and plasma pharma-
cokinetics is controlled primarily by distribution. Tissue uptake
is thought to be mediated through active transport. Caspo-
fungin undergoes non-oxidative metabolism and the inactive
metabolites formed are products of chemical degradation,
hydrolysis, and N-acetylation. Approximately half the metabo-
lites are excreted in urine and the remainder excreted via the
biliary system. As caspofungin is not a substrate for, nor an
inhibitor of the cytochrome P-450 system, few clinically signif-
icant drug–drug interactions are expected.

The caspofungin development program was designed to
demonstrate the safety, tolerability and efficacy of caspofungin
in well-documented fungal infections due to Candida and
Aspergillus spp. in comparison to standard of care. Ideally,
caspofungin would be at least as effective as amphotericin B
and uconazole in the treatment of patients with Candida
infections and have a favorable safety and tolerability prole
with few drug related adverse events and few important drug
interactions. A number of important factors had to be taken
into consideration in the initial efficacy evaluation of caspo-
fungin. Diagnosis of infection and evaluation of outcomes is
difficult, oen requiring biopsy and culture or histopathology of
infected organs. Caspofungin is active against fungal pathogens
that cause invasive fungal infections (IFI). IFIs typically occur in
immunocompromised patients such as those with HIV infec-
tion or malignancies and are associated with considerable
morbidity and mortality.59–61 These invasive procedures pose
increased risk in immunocompromised patients and the chal-
lenge of making a denitive diagnosis results in infections
being classied as “probable” or “possible” in addition to
“proven”.62 Although in clinical practice treatment is oen
empirical, in clinical trials it is necessary to identify the specic
causative pathogen and antifungal susceptibility pattern to
provide compelling evidence that a new agent is an appropriate
treatment for a proposed infection. An additional challenge was
that there was no denitive information about the pharmaco-
kinetic/pharmacodynamics relationship for pneumocandins,
making dose selection less certain. The rst clinical efficacy
study had to balance the severity of the infection being studied,
including the risk of morbidity and mortality if the drug was
ineffective, the need to conduct dose ranging, and the need to
study an infection where intravenous treatment was appro-
priate. The ability to conrm the diagnosis and assess the
adequacy of treatment was also critical.

While in some cases a phase 1b study can provide some
efficacy information, the rst study of caspofungin for the
treatment of a fungal infection was a Phase 2 study in esopha-
geal candidiasis.63 In 1996 when the study was initiated,
esophageal candidiasis was among the most common oppor-
tunistic infections in patients with advanced HIV infection64

and was responsible for signicant morbidity. Infections typi-
cally responded to treatment, but tended to recur as long as the
Nat. Prod. Rep., 2014, 31, 15–34 | 29
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underlying immune compromise persisted.65 Amphotericin B,
despite its numerous toxicities, was generally regarded as the
treatment of choice for symptomatic patients requiring IV
therapy or having failed treatment with azoles such as uco-
nazole.66 The presence of esophageal candidiasis could be
readily diagnosed and outcome assessed by endoscopy with
culture and/or biopsy. A number of variables that could poten-
tially inuence the outcome of treatment had to be considered
in the design and analysis plans for the study, including:
Candida spp., underlying disease, degree of immunosuppres-
sion, severity of infection, in vitro susceptibility to caspofungin
and amphotericin B, the duration of treatment, and the de-
nition of response.

The study was conducted at seven sites in Latin America.
Patients were randomized to receive caspofungin at 50 or 70 mg
day�1 or amphotericin B at 0.5 mg kg�1 daily for 14 days. The
doses of caspofungin were selected based on a conservative
target of maintaining plasma concentrations above$1 mg mL�1

throughout the 24 h dosing interval. In vitro susceptibility data
demonstrated that the MIC90 for Candida spp. was #1 mg ml�1

and multiple daily doses of 50 mg resulted in a C24 h $ 1 mg
mL�1 in 95% of patients, indicating 50 mg was a reasonable
target dose. Patients were prospectively stratied at entry based
on the severity of esophageal lesions on endoscopy based on a
four grade scales (0 normal to 4 most severe). The primary
outcomemeasure for efficacy was pre-specied as the combined
clinical and endoscopic response assessed 14 days aer
completion of treatment. Patient responses were classied as
“favorable” only if they had both complete resolution of all
esophageal symptoms and either total clearing of esophageal
lesions (grade 0) or a reduction in endoscopy score by at least 2
grade levels. A favorable microbiological response was a
secondary endpoint and required eradication of the pathogen(s)
as supported by negative post-treatment stains and/or cultures
for Candida. Strict denitions of response were considered
important to better delineate dose response and ensure that
adequate dose(s) of caspofungin were selected for study of
other, more serious infections.

The study included 128 adult patients of whom 103 had HIV
infections. Baseline characteristics were comparable across
treatment groups. Candida spp. were recovered from 120
patients; 101 specimens (84%) yielded pure cultures of Candida
albicans, with caspofunginMICs ranging from 0.06 to 2 mgmL�1

as determined by the standard National Committee for Clinical
Laboratory Standards protocol (M27-A). The remaining infec-
tions were caused by a variety of other Candida pathogens or
were mixed infections with multiple Candida spp. isolated.

All 3 treatment regimens were highly effective in achieving
favorable combined symptom and endoscopy responses
(Table 7); numerically the response rate was highest for those
receiving caspofungin at 70 mg and lowest for the amphotericin
B group at both time points. The mean differences in response
rates for caspofungin versus amphotericin B were 11% (95% CI,
�9% to 32%) and 26% (95% CI, 4%–50%) for those receiving 50
and 70 mg, respectively, at the primary end point 2 weeks aer
completion of therapy. More than half the patients in each
treatment arm had resolution of all symptoms by day 4 of
30 | Nat. Prod. Rep., 2014, 31, 15–34
therapy. Symptoms persisted in 3 of 46 (7%), 0 of 28 (0%), and 7
of 54 (13%) patients at the end of therapy in the groups
receiving caspofungin at 50 mg, caspofungin at 70 mg, and
amphotericin B, respectively. The proportion of patients with
endoscopic improvement was slightly higher in the caspofungin
than amphotericin B groups. At the 14-day follow-up time point,
34 of 46 (74%) patients receiving caspofungin at 50 mg, 25 of 28
(89%) patients receiving caspofungin at 70 mg, and 34 of 54
(63%) patients receiving amphotericin B had a marked reduc-
tion in endoscopic grade. Illustrative examples of patients with
a favorable response to caspofungin therapy are in Fig. 14.

Patients receiving amphotericin B had a signicantly higher
incidence of drug-related clinical adverse events (93%) than did
patients receiving caspofungin at 50mg (61%) or 70mg (68%) (P
< .01 for each caspofungin arm vs. the amphotericin B group).
Themost frequently reported drug related clinical adverse events
in the caspofungin groups were fever, phlebitis, headache, and
rash (Table 8). Signicantly fewer patients in the study arm
receiving caspofungin at 50mg compared with the amphotericin
B group experienced drug-related fever (P < .01), chills (P < .01),
or nausea (P < .05); signicantly fewer patients in the study
arm receiving caspofungin at 70 mg compared with the
amphotericin B group developed fever (P < .05) or chills (P < .01).
Serum creatinine concentrations increased in 16 patients (30%)
in the amphotericin B group but in only one caspofungin patient
(P < .01 for comparisons vs. amphotericin B).

In this rst study evaluating the pneumocandin/echino-
candin antifungal in the treatment of human fungal infections,
caspofungin at 50 mg or 70 mg day�1 appeared to be at least as
effective as amphotericin B at 0.5 mg kg�1 day�1 in the treat-
ment of Candida esophagitis, as assessed by the response of
symptoms and/or esophageal lesions. Caspofungin was gener-
ally well tolerated, and the side effects typically associated with
amphotericin B occurred signicantly less oen with caspo-
fungin. This study demonstrated proof of concept for the class
of pneumocandins/echinocandins and provided the rst char-
acterization of the clinical prole of caspofungin.

Aer the successful completion of this study, caspofungin
was evaluated in other comparative studies in esophageal
candidiasis as well as in a Phase 3 trial of invasive candidi-
asis.67,68 A study in invasive aspergillosis (IA) was initiated as
data accumulated to indicate that caspofungin was effective in
treating Candida infections and that it had a favorable safety
prole. There was a high unmet need for new therapies for
invasive aspergillosis as mortality in the most severely immu-
nocompromised patients approached 90% despite treat-
ment.69,70 Amphotericin B and the lipid formulations of
amphotericin were the only reliable drugs available in the late
1990’s for the treatment of IA. Studies indicated that the
response rate to treatment with amphotericin B was <40% and
as low as 10%–15% among patients undergoing allogeneic stem
cell transplantation for cancer.71,72 The lipid formulations of
amphotericin B were associated with less toxicity at higher
dosages; however, their overall efficacy at therapeutic doses
appeared similar to that of standard amphotericin B in the
primary treatment of IA. At the time, oral itraconazole was
indicated for IA, but its use was limited by the fact that it was
This journal is © The Royal Society of Chemistry 2014



Table 8 Drug related clinical and laboratory adverse events in Phase 2
Candida esophagitis study

Caspofungin
50mg N ¼
46 (% of
patient)

Caspofungin
70mg N ¼
28 (% of
patient)

Amphotericin B
0.5mg kg�1 N ¼
54 (% of patient)

Chills 2 0 72
Fever 28 39 69
Phlebitis 15 25 28
Nausea 2 4 15
Vomiting 2 4 7
Anemia 7 0 13
ALT increased 13 14 22
AST increased 15 11 20
BUN increased 0 0 15
Creatinine increased 0 4 30
Potassium decreased 4 11 28
Hemoglobin decreased 17 0 43

Table 7 Proportion of patients with favorable combined clinical and endoscopic responses by baseline endoscopic stratum in modified
intention-to-treat analysis of caspofungin versus amphotericin B for treatment of Candida esophagitis

Caspofungin 50 mg Caspofungin 70 mg Amphotericin B
No. (%) 95% CI No. (%) 95% CI No. (%) 95% CI

14-day post-therapy follow-up, both strata 34 (74) 59–86 25 (89) 72–98 34 (63) 49–76
Stratum I 22 (76) 57–90 11 (85) 55–98 19 (66) 46–82
Stratum II 12 (71) 44–90 14 (93) 68–100 15 (60) 39–79

Fig. 14 Examples of patients with a favorable response to caspofungin
treatment for esophageal candidiasis.
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fungistatic not fungicidal, lacked an IV formulation, and had
unreliable absorption. It was also associated with drug-related
hepatotoxicity and signicant drug interactions. The available
in vitro and animal model data indicated that caspofungin had
activity against Aspergillus spp., but was not fungicidal. With no
clinical data to support the utility of caspofungin in aspergil-
losis, this initial trial of an echinocandin/pneumocandin in IA
focused on only those patients that were either refractory to or
This journal is © The Royal Society of Chemistry 2014
intolerant of standard therapy. The multi-center study was non-
comparative and open-label.73 Patients who met the entry
criteria of having documented, proven or probable pulmonary
invasive aspergillosis and who were refractory to or intolerant of
standard therapy, received caspofungin at 50 mg daily
(following 70 mg loading dose on Day 1).

In this study, “refractory” was dened as of progression of
disease or failure to improve clinically despite receiving at least
7 days of standard therapy. Intolerance referred to the devel-
opment of nephrotoxicity, pre-existing renal impairment, or any
other signicant intolerance to prior therapy. Duration of
therapy was based on the severity of underlying disease,
recovery from immunosuppression, and clinical response. In
general, patients were treated for a minimum of 28 days and for
at least 7 days aer resolution of symptoms. Patients with
neutropenia were treated for at least 14 days aer resolution of
neutropenia. Favorable response was dened as Complete or
Partial Response. “Complete response” required resolution of
all signs and symptoms attributable to IA and complete reso-
lution of radiographic or bronchoscopic abnormalities. The
term “partial response” was dened as clinically meaningful
improvement of signs and symptoms and at least 50%
improvement of radiographic or bronchoscopic abnormalities.
Patients who did not meet the criteria above were considered to
have an unfavorable response.

Because of the complexities involved in establishing a diag-
nosis of IA and assessing outcome aer treatment, an inde-
pendent panel of 3 experts in medical mycology was established
to independently evaluate the diagnosis of IA, whether patients
were refractory to or intolerant of standard therapy, and the
response to caspofungin therapy. The expert assessment was
the basis for efficacy analysis. The primary efficacy analysis was
the modied intention to treat (MITT) analysis and included all
patients who had protocol dened IA and had received at least 1
dose of caspofungin and had sufficient data on which to base an
assessment. A second analysis was performed for patients who
received at least 7 days of caspofungin therapy (evaluable
patients analysis) and corroborated the results in the primary
analysis.

Fiy eight patients were reviewed by the Expert Panel of
whom y four were included in the primary efficacy assess-
ment. As expected, most (71.4%) patients had pulmonary
aspergillosis while 18.2% had disseminated disease. Eighty two
percent were refractory to standard therapy, including 33% who
had received multiple prior therapies. The overall response rate
in the MITT population was 40.7% with favorable responses
seen in patients who were refractory to prior therapy (34.1%) as
Nat. Prod. Rep., 2014, 31, 15–34 | 31
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well as those intolerant to standard treatment (70%) (Table 9).
Illustrative examples of some patients who responded to cas-
pofungin therapy are shown in Fig. 15. Due to the compelling
results seen in this salvage invasive aspergillosis study in
patients with limited therapeutic options, aer discussions with
the US FDA, a New Drug Application (NDA) was submitted to the
FDA in July 2000. Caspofungin was approved for the treatment
of invasive aspergillosis in patients who were refractory to or
intolerant of standard antifungal therapies in January 2001.

Although the initial results of the clinical studies of caspo-
fungin were promising, clinical development continued to
better characterize the prole of caspofungin and dene its
utility across a broad range of indications. Subsequently cas-
pofungin was approved in over 80 countries making it the rst
pneumocandin/echinocandin to be marketed worldwide.

It has been approved in the US for the following indications:
–Invasive aspergillosis in patients who are refractory to or

intolerant of standard antifungal therapies (January 2001)
–Esophageal Candidiasis (April 2002)
–Candidemia and other Candida infections: peritonitis,

intra-abdominal abscess, and pleural space infections (January
2003)

–Empirical therapy for presumed fungal infections in febrile,
neutropenic patients (September 2004)

Drug discovery and development is an arduous and complex
process starting with selection of disease area to study, biolog-
ical target selection, lead nding, and lead optimization and
Table 9 Expert panel efficacy results in the caspofungin invasive
aspergillosis study

Caspofungin 70 mg X1,
then 50 mg day�1 n/m (%)

MITT analysis 22/54 (40.7%)
Evaluable patients analysis
(>7days caspofungin)

22/45 (48.9%)

Subsets of MITT analysis
Refractory to prior therapy 15/44 (34.1%)
Intolerant of prior therapy 7/10 (70%)

Fig. 15 Illustrative examples of patients with invasive aspergillosis who
responded to caspofungin therapy.
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drug development. Each of the drug discovery and development
areas requires the commitment of numerous highly talented
scientists with variety of expertise, patience, perseverance, and
problem solving skills. Each drug also has one or more cham-
pions who are willing to tackle the numerous road blocks that
arise during the complex development process. The nancial
commitment for discovery, development and successful launch
of a drug is substantial. However, in the uncommon circum-
stance of success, it is a very rewarding experience for all
involved as exemplied by the successful approval of CAN-
CIDAS®. By 2006, CANCIDAS® had become the number one
intravenous antifungal drug worldwide and has saved the lives
of tens of thousands of patients. It is this type of success that
makes the years of trial and failure in the pharmaceutical
industry worthwhile.
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