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Foreword

The ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

THE ANTICANCER TAXANES PACLITAXEL AND DOCETAXEL are the
most promising new chemotherapeutic agents developed for cancer treat-
ment in the past decade. Early concerns about paclitaxel’s lack of activity
against certain leukemia models, limited availability, and problems with its
formulation almost prevented its development as a clinical agent. But
then, clinical trials conducted in the late 1980s and early 1990s demon-
strated impressive clinical activities against advanced ovarian and breast
cancer. The U.S. Food and Drug Adminstration has approved the clinical
use of paclitaxel for these two types of cancer. Recent clinical trials have
shown that paclitaxel and docetaxel may also be useful agents for the
treatment of non-small-cell lung cancer, head and neck cancer, and other
types of cancers.

The promising clinical activities of the anticancer taxanes combined
with potential problems due to limited supply generated a multitude of
programs worldwide, such as broader clinical trials and in-depth clinical
evaluation of anticancer taxanes, efforts to provide an adequate supply of
paclitaxel for clinical trials and for cancer patients, development of better
drug formulations, biochemical studies to elucidate the precise mechanism
of action, chemical studies to obtain structure—activity information,
development of second-generation paclitaxel analogues, elaboration of
semisynthetic methods for the large-scale production of the anticancer
taxanes, and efforts directed at the total synthesis of paclitaxel.

Chemistry plays a pivotal role in many of these endeavors, and so the
American Chemical Society held its first symposium on paclitaxel in 1992.
Because of continued excitement about the anticancer taxanes, three divi-
sions of the ACS held a series of symposia on taxane research in 1994.
The Division of Chemical Health and Safety asked Thomas T. Chen to
organize their symposium entitled “Symposium on the Cellular Mechan-
ism of Action and Toxicity of Taxol.” He is grateful for the support of
this symposium from Glaxo, SmithKline Beecham, TPL Phytogen, the
University of Tennessee Physicians’ Medical Education and Research
Foundation and the Graduate School. For the Division of Medicinal
Chemistry, Gunda 1. Georg and Dolatrai (Dinesh) M. Vyas organized a
symposium entitled “Advances in the Medicinal Chemistry of Taxol and
Taxoids.” They acknowledge the financial contributions from Bristol-
Myers Squibb to make the symposium possible. Iwao Ojima organized

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.
Docetaxel is the generic name for Taxotere, which is also a registered trademark.

ix
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the symposium “Advances in the Chemistry of Taxane and Taxoid Anti-
cancer Agents,” for the Division of Organic Chemistry. He gratefully
acknowledges support from Bristol-Myers Squibb, Rhone-Poulenc Rorer,
Indena, and Abbott for this symposium.

The publication of the symposium contributions provides comprehen-
sive coverage of the newest research results in a timely fashion to
interested chemists, biochemists, biologists, clinicians, and other scientists
in the United States and abroad. This book contains 24 chapters, ranging
in content from recent clinical results, paclitaxel formulation problems,
metabolism studies, taxane biosynthesis, tubulin biochemistry to medicinal
chemistry, semisynthesis, and total synthesis of anticancer taxanes. It is
the first multi-author, comprehensive overview of important areas of tax-
ane research, containing a multitude of previously unpublished research
results. With the publication of this book, the authors hope to further
stimulate the interest and the ongoing research activites in the exciting
area of anticancer taxanes.

We dedicate this book to people who live with cancer.

GUNDA 1. GEORG

Department of Medicinal Chemistry
University of Kansas

Lawrence, KS 66045-2506

THOMAS T. CHEN
Departments of Zoology and
Obstetrics and Gynecology
University of Tennessee

Knoxville, TN 37996

IWAO OJIMA

Department of Chemistry

State University of New York at Stony Brook
Stony Brook, NY 11794-3400

DOLATRAI (DINESH) M. VYAS
Bristol-Myers Squibb PRI

5 Research Parkway
Wallingford, CT 06492—7660

September 29, 1994
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Brief History of the Discovery
and Development of Taxane
Anticancer Agents (1-3)

1962 Collection of Taxus brevifolia in the Gifford Pinchot National Forest in the
State of Washington by USDA botanist Arthur Barkley as a result of a
collaborate effort between the USDA and the NCI Plant Program under
the direction of Jonathan Hartwell.

1964 Cytotoxicity of bark extracts to KB cells established. Shipment of 30 Ibs.
of bark to Monroe Wall at the Research Triangle Institute (RTI).

1966 Isolation of taxol (K172) and cytotoxic activity of the pure compound
against KB cells by the Wall group.

1967 Disclosure of taxol isolation at the American Chemical Society National
Meeting in Miami Beach in Florida by the Wall group.

1971 Publication of the structure and biological activity of taxol in the Journal
of the American Chemical Society by M. Wall with M. Wani and H.
Taylor (RTI) and A. McPhail and P. Coggon (Duke University).

1974 Activity in the in vivo B16 (ip, ip) melanoma model (NCI).

1977 Championed by Matthew Suffness, taxol becomes an NCI development
candidate.

1978 Activity against the NCI LX-1 lung xenograft, MX-1 breast xenograft
and CX-1 colon xenograft.

1978 Publication by D. A. Fuchs and R. K. Johnson on the anti-mitotic activity
of taxol (Cancer Treat. Repts.).

1979 Susan Horwitz with P. Schiff and J. Fan disclose that taxol is a promoter
of microtubule assembly (Nature).

1979 Pierre Potier's laboratory (Institut des Chimie des Substances Naturelles
(ICSN), CNRS) in France begins bioassay-guided purification of the
European yew (Taxus baccata).

1980 At NCI, Cremophor formulation selected and route and schedule
dependency studies completed. Toxicology studies with taxol begin.

1980 10-Deacetylbaccatin I1I, isolated from Taxus baccata, identified as readily
accessible starting material for the semisynthesis of anticancer taxanes by
the Potier group (CNRS).

In Taxane Anticancer Agents, Georg, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.
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1981

1982

1983
1984

1984

1985
1986

1986

1987
1988

1989

1989

1989

1989

1990
1991

1991

1991

Rhone-Poulenc and CNRS sign a research agreement concerning
anticancer taxanes.

Toxicologie studies completed. Taxol approved by NCI for
Investigational New Drug Application (INDA) filing.

INDA filed for taxol with the Food and Drug Administration (FDA).
INDA approved by FDA. Phase I clinical trials begin.

Taxotere synthesized by Francoise Gueritte-Voegelein and Daniel
Guenard (ICSN-CNRS).

NCI approves taxol for phase II clinical trials.
In vitro assays demonstrate cytotoxicity of taxotere.

The first semisynthesis of taxol via the oxamination process ICSN-CNRS
and Rhone-Poulenc patent).

First asymmetric synthesis of the C-13 phenylisoserine side chain of
taxol by the Green group (J. Org. Chem.).

Rhone-Poulenc selects taxotere for clinical development.

J. Am. Chem. Soc. publication of the semisynthesis of taxol published via
direct esterification of 10-deacetylbaccatin III by the groups of Potier and
Greene. CNRS - Rhone-Poulenc patent on the semisynthesis of taxol and
taxotere.

Johns Hopkins group publish on the activity of taxol in advanced ovarian
cancer (Ann. Intern. Med.).

NCI issues a request for applications for a Cooperative Research and
Development Agreement (CRADA) and selects Bristol-Myers Squibb as
the CRADA partner.

Semisynthesis of taxol by Holton via N-acyl beta-lactams. Patent on the
semisynthesis of taxol.

Asymmetric synthesis of beta-lactams as phenylisoserine precursors by the
Georg group and the Ojima group.

Phase I clinical trials of taxotere begin in Europe and the US.

M. D. Anderson group publishes finding of activity of taxol in metastatic
breast cancer (J. Natl. Cancer Inst.).

J. Org. Chem. publication by the Ojima group and the Georg group on the
asymmetric synthesis of phenylisoserine and beta-lactam intermediates.

J. Org. Chem. publication by the Green group on the semisynthesis of
taxol and taxotere from phenylglycine and 10-deacetylbaccatin II1.

xii
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1992 New Drug Application (NDA) for taxol filed by Bristol-Myers Squibb.

1992 6 Month after filing, the FDA approves taxol for the treatment of
refractory ovarian cancer.

1992 Phase II clinical trials for taxotere begin worldwide.

1992 Semisynthesis of taxol and taxotere via the oxazolidinone route by
Commercon and collaborators at Rhone-Poulenc Rorer (Tetrahedron Lett.)

1992 Semisynthesis of taxol and taxotere through coupling of metalated
baccatin ITI with p-lactam intermediates by the Holton group (patent) and
the Qjima group (Tetrahedron).

1993 Taxol is marketed by Bristol-Myers Squibb Co.

1993 SNDA (Supplemental NDA) for the semisynthesis of taxol from 10-
deacetylbaccatin III filed by Bristol-Myers Squibb Co.

1994 Supplemental FDA approval of taxol for the treatment of metastatic breast
cancer.

1994 NDA and MAA (Manufacture Approval Authorization) for the use of
taxotere in the treatment of breast and lung cancers filed.

1994 J. Am. Chem. Soc. publication by the Holton group and Nature publication
by the Nicolaou group on total syntheses of taxol.

References and Notes:

(1) Many other individuals, not listed in this short history, have made very significant
contributions to the development of taxol and to our current understanding of the
biology and chemistry of the anticancer taxanes. Most of their names and
contributions can be found in the chapters and references of this book.

(2) For a detailed account of the history of the development of taxol see: Suffness, M.
Wall, M. In Taxol: Science and Applications; Suffness, M., Ed.; CRC: Boca Raton, FL,
1994 (in press).

(3) Taxol® is a registered trademark of Bristol-Myers Squibb Company. The generic

name is paclitaxel. Taxotere® is a registered trademark of Rhone-Poulenc. Its
generic name is docetaxel.

xiii
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Chapter 1

Overview of Paclitaxel Research
Progress on Many Fronts

Matthew Suffness

Grants and Contracts Operations Branch, Developmental Therapeutics
Program, Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD 20892

Great progress has been made in research on taxol production and on
future generation taxol drugs since the report of important activity in
human ovarian cancer in 1989. Recent results have established that:
there is strong long term potential in plantations of either Taxus baccata
or several ornamental Taxus cultivars, for either direct production of
taxol or production of its precursor, 10-desacetylbaccatin III (10-DAB);
plant cell culture, especially utilizing advances in biosynthetic
understanding and genetic engineering, is a likely future drug source;
semisynthesis of taxol from 10-DAB is well established through major
advances in side chain synthesis and coupling reactions; the binding
site  on microtubules involves both the a- and pB-subunits
of tubulin, with the N-terminal 31 amino acids of the pB-
subunit being critical; effects of single substitutions
of substituents at nearly all positions on the taxol molecule
have been established; and there is a strong opportunity
for new generations of taxol-like drugs through
peptidomimetic approaches.

For the first 28 years of knowledge of taxol, from the first paper in
1971 (I) until the first report of the activity in Phase II clinical trials in refractory ovarian
cancer in 1989, (2) taxol progressed at a rather slow pace and its development was
fraught with many obstacles (3, 4) including solubility, supply, and toxicities (5). There
were many candidate compounds being developed at the National Cancer Institute (NCI)
and taxol was a particularly difficult and expensive one. The clinical activity in ovarian
cancer was a great stimulus to research, and the purpose of this article is to provide
a perspective of where research on taxol was in 1989, where it is today, and how it
got there. The activity inrefractory ovarian cancer brought to the fore two main classes
of problems, the supply of the drug both short term and long term, and the possibilities
to improve on taxol through understanding its properties well enough to design better

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.

This chapter not subject to U.S. copyright
Published 1995 American Chemical Society
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delivery systems and analogues with better potency, solubility, and specificity.

The immediate problem of supply was beyond the scope of the NCI’s resources
as the yield of drug was only about 100 mg per kg of dried bark of Taxus brevifolia
(Western or Pacific yew), and the only pilot plant facility contracted to the NCI,
Polysciences, Inc., could only handle about 5,000 kg of Taxus bark per year to produce
about 500 g of pure taxol (6). It was apparent that a massive program was needed
for collection, extraction, and purification of taxol and that a commercial partner was
needed for taxol development. A request for proposals for enter into a Cooperative
Research and Development Agreement (CRADA) was issued by the NCI in August,
1989 and after careful review of proposals, Bristol-Myers (soon to become Bristol-Myers
Squibb; BMS) was selected in November, 1989. The final CRADA was signed in
January, 1991. Surveys of abundance of Pacific yew were conducted by the United
States Department of Agriculture, (USDA) and by the Bureau of Land Management
(BLM) on public lands, and while it rapidly became apparent that there was a lot more
yew available than had been expected, it was also clear that due to the slow growth
of the trees and the killing of the trees by harvesting bark, Pacific yew bark was not
asustainable resource for taxol production. Alternate sources or alternative compounds
were needed for the near future (4-8 years) and for the long term (greater than 8-10
years). The agreement between the NCI and BMS was that BMS would take responsibility
for short term production of taxol and would sponsor such studies as might be expected
to rapidly effect taxol supply, while the NCI would sponsor the basic research which
would deal with the long term goals.

The NCI in 1989 had a very small portfolio of grants related to taxol research
and it was felt essential to stimulate research in the area. This involved a two faceted
approach, the stimulation of collaborations through a workshop, the National Cancer
Institute Workshop on Taxol and Taxus, held in Bethesda in June, 1990, and the setting

Table I. Understudied areas in Preclinical Taxol and Taxus research, 1990

Production:
Biological Studies Chemical Studies
- biosynthesis - total synthesis
- genetics - improved semisynthesis
- tissue culture - improved assays
- agronomics

- genetic engineering
- strain selection

- strain improvement
- chemical ecology

Future generation drugs:
Biological studies
- taxol binding site
Chemical studies
- synthesis of analogues
- structure-activity relationships

In Taxane Anticancer Agents, Georg, G., et al.;
ACS Symposium Series; American Chemical Society: Washmgton DC, 1994,
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aside of funds for grants in taxol research, which took the form of a Request for
Applications (RFA) issued in July, 1990 with a set aside of one million dollars per
year for up to five years. Through use of additional funding sources, 16 research grants
with first year costs of approximately two million dollars were funded from applications
received in response to this RFA and most of the work reviewed in this paper was
supported through NCI research grants. The summary of 1990 preclinical research needs
in the taxol area is found in Table I, which is reproduced from a slide presented at
the workshop. This paper looks briefly at the areas of production and future generation
drugs as they were then and where they are now in order to demonstrate: 1) the progress
that has been made; 2) the new directions that have opened; 3) research directions which
are now less important; and 4) areas where increased efforts are needed.

PRODUCTION OF TAXOL - BIOLOGICAL STUDIES

Biosynthesis and Genetic Engineering. Understanding of the biosynthetic pathway
for taxol in Taxus has many implications for drug production. These include: 1) increased
yields through feeding of precursors present in limiting quantities; 2) increased yields
through manipulation of the genes coding for the enzymes involved in biosynthesis,
through activation of gene transcription, increase in copy number of genes, introduction
of promoter sequences to enhance expression, or ultimately transfer of the whole
biosynthetic pathway to a rapidly growing bacterium such as E. coli; 3) enhancement
of production in plant cell culture; and 4) the use of mutational programs to alter key
genes and enhance the efficiency of their derived enzymes. The results most needed
for taxol production are to define the rate limiting steps in the biosynthetic pathway
and apply genetic technologies to enhance rates.

Prior studies of biosynthesis of terpenoids show complex pathways of many steps, nearly
every one catalyzed by a separate enzyme, and the elucidation of such a pathway is
a truly daunting task, made even more difficult in the case of taxol by the very low
yield of the compound, and hence the putative intermediates, in the source plant and
the possibility that discrete subsets of the pathway might be taking place in different
tissues (compartmentalization). On the positive side there was the initial presumption
based on structures of previously isolated taxanes that biosynthesis of the side chain
and nucleus of taxol were separate so that if the side chain was limiting, the problem
was much simpler. Equally important is the conceptual placement in biosynthesis of
the key C-20 precursor for all diterpenes, geranylgeranyl pyrophosphate, which can
lead to diterpenes or tetraterpenes and which arises from the centrally placed mevalonate
pathway. Since mevalonate is a precursor for an extremely wide set of terpenoids,
sterols, and prenylated compounds, and is readily produced, the availability of
geranylgeranyl pyrophosphate is unlikely to be rate limiting. Studies in biosynthesis
of other diterpenoids indicate that the initial folding and cyclization which gives rise
to the specific diterpenoid nucleus is often a slow step for the whole pathway leading
to a diterpenoid family. Thus if the diterpenoid cyclase enzyme in the taxol pathway
could be isolated, characterized, and cloned it could be manipulated to resuit in
enhancement of the entire pathway.

Progress in taxol biosynthesis has been quite remarkable. The entire pathway for the
side chain has been elucidated (7,8), the incorporation of both mevalonate and acetate

In Taxane Anticancer Agents; Georg, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.
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has been reported in 7. canadensis (9) and in bark of T brevifolia (10) and very recently
Croteau and collaborators have isolated an enzyme which appears to be taxadiene cyclase
(R. Croteau, Wash. State U. unpublished).

Genetics. Genetic variation among Taxus species and Taxus populations within a species
may not only relate directly to biosynthesis of taxol but also to growth rates, nutrient
utilization, disease resistance, and many other factors that would influence cultivation
of Taxus for either taxol or precursors such as 10-desacetylbaccatin (10-DAB). The
current production method for both taxol and taxotere of isolation of 10-DAB and
conversion by semisynthesis relies mainly on wild Taxus or Taxus which has been
cultivated for ornamental purposes. The yields of 10-DAB from such material is obviously
not optimized and future needs are expected to be met from plantations of Taxus
specifically selected for high yield of taxol or precursors. The time frame of tree genetics
studies precludes results at this time but important studies have been set up by the
Weyerhaeuser Company taking diverse genetic populations, cultivating them under
identical conditions in one location, and performing taxane analyses to correlate genetic
markers with taxane production.

Tissue Culture (Plant Cell Culture). The NCI had sponsored contracts for plant
cell culture production of antitumor agents including taxol in the late 1970s with no
success, but significant advances in plant cell culture in the 1980s enabled new work
including the results of Christen (/1,12). Much success has been achieved in the last
four years and taxol is now apparently being produced with reasonable titers by several
organizations including Phyton Catalytic and ESCAgenetics in the US. There are at
least 30 and perhaps as many as 50 laboratories worldwide working on production
of taxol or other taxanes by plant cell culture. While the yields are closely held
commercial data, it can be surmised from the expansion into large fermentation equipment
that the data are quite positive. Culture manipulation to promote secretion of taxol
as an extracellular product offers the possibility of semi-continuous or continuous
fermentation and recent results from the biosynthetic studies cited above may enable
further yield enhancements through precursor feeding. Plant cell culture would be
the logical place to exploit advances in biosynthesis and genetic engineering and for
example, the introduction of an activated gene for taxadiene cyclase could have dramatic
effects on yield by funneling nutrients down the mevalonate pathway into taxanes.
There is no doubt that taxol can be produced by cell culture; the only question is whether
the cost will be competitive with semisynthesis.

Another important opportunity with plant cell culture is the production of analogues
by directed fermentation, i.e. the feeding of unnatural substrates to produce new analogues.
It has recently been established that Taxus cell cultures produce taxanes which have
not previously been identified from plant extracts (/3).

Agronomics. Taking a plant from the wild and cultivating it as a crop may not seem
like a great feat until one thinks about crops like corn, wheat, and rice that have been
under cultivation for thousands of years and are still undergoing improvement. Questions
that must be answered for a medicinal plant include: what conditions of soil, water,
light, temperature, climate, and altitude are best for growth; are these the same conditions
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that are optimal for metabolite production; can populations be expanded by clonal
propagation or from seed; how does pollination occur and is it controllable for breeding
purposes; what conditions are needed for seed germination; what traits are environmental
and which are inherited; what populations exist and what is the extent of genetic variation
among them? With regard to the Pacific yew (7. brevifolia) the information was very
limited as this small, spindly, slow growing, tree had almost no commercial value,
and there had been no reason to conduct studies to answer these many questions. The
NCI had previously initiated discussion with the Weyerhaeuser Company but until
the confirmed clinical activity in refractory ovarian cancer was reported in 1989, it
was not possible to generate significant commercial interest. On the other hand, there
were a large number of yews being cultivated for ornamental purposes; their hardiness
to heat and cold, shade tolerance, disease resistance, and relatively slow growth made
them ideal for foundation plantings and yews are the most popular evergreen for this
purpose in the northern and central US. The main species cultivated as ornamentals
are the Japanese yew (7. cuspidata), the European yew (7. baccata), and the cross
of these two T’ x media which includes about 40 currently cultivated varieties (cultivars)
of which about a dozen are common in nurseries. A survey in 1991 (/4) found seven
T. x media cultivars ’Densiformis’, "Hicksii’, "Brownii’, ’Dark Green Spreader’, ’Runyan’,
*Wardii’, and *Tauntonii’) and one T. cuspidata cultivar (’Capitata’) each with more
than one million plants in the field in nurseries in the US, mainly in Michigan, Ohio,
Pennsylvania, and Rhode Island. This was a tremendous blessing because the nurseries
engaged in the production of these ornamental yews had developed an extremely valuable
knowledge base in how to germinate, propagate, transplant, fertilize, and cultivate them.

However, before 1990 there had been no systematic effort to analyze the ornamental
yews for content of taxol and other taxanes. A major problem for all natural products
work involving taxol was the lack of accurate and reliable assays that could detect
specific taxanes in crude extracts. This is discussed in more detail below in the chemistry
section but the two main points are that taxol is present in very low concentrations
in complex mixtures, and the only significant chromophoric groups present are the
benzene rings which are common to many natural products. Both chemical and
immunological assays are now well developed and there are numerous reports (15-20)
of analysis of both natural and cultivated Taxus for taxol content as well as content
of other taxanes.

A very critical and as yet unresolved question in selection of which Taxus to grow
isthe issue of whether it is more desirable to select for high taxol content or high content
of 10-DAB. Production for taxol has the obvious advantage of directly producing the
final marketed compound, but there are three significant disadvantages, purity, flexibility,
and cost. The purity issue is one of reproducibility of minor compounds that are co-eluted
with taxol, i.e. the impurity profile. This profile can differ with climatic changes, location
of plantations, time of harvest, etc. This would not be an issue if the end product of
cultivation was 10-DAB and the last several steps in taxol production were synthetic
steps with more defined and reproducible chemical byproducts. The question of how
long taxol will remain on the market before it is displaced by newer analogues is a
critical one and the more flexible approach is to cultivate for 10-DAB which can act
as an intermediate for a wide variety of compounds altered in the C-13 side chain,
including taxotere. At present, cost analysis seems to favor production of 10-DAB
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since the literature yields cited are from 200 to 1,000 milligrams per kg of fresh leaves
of T. baccata (21-23) while the yields cited for taxol from T. brevifolia bark are 50
to 200 milligram per kg of dried bark (7,17, 20, 24). Taxol yields from select ornamental
Taxus cultivars have been cited as high as 800 mg per kg for T. x media ’nigra’ (25).
Examination of cultivars has shown wide differences in content of both taxol and 10-DAB
with good consistency within a cultivar but wide variations in different cultivars of
the same species (17,25,26).

Another agronomic issue is whether it is better to grow Taxus as a hedge crop
taking clippings two or three times a year, or to periodically harvest whole plants and
maintain a constant flow of plantings. Studies of variation of content by season have
shown that Spring collections of bark had considerably higher taxol content than Autumn
collections (27), and that shade-grown trees had higher taxol content than sun-exposed
trees (20). Finally, there have been quite important results on the stability of taxol
content in leaves of Taxus. The genesis of this question goes back to the early studies
conducted in 1969 by the NCI and USDA on the best sources of taxol (28) in which
it was found that the order of taxol content in plant parts of Pacific yew was bark >
roots > leaves >> wood, but that there was a large variability in taxol content of leaves
compared to other plant parts. Recent studies of both Pacific yew and ornamental yews
found substantial variation in taxol content in leaves that could not be attributed to
the analytical methods used; the strong inference is that taxol is unstable in leaves
and begins to degrade on harvest and much of the variation in analytical results observed
is a function of harvest conditions and post-harvest treatment (drying, freezing, etc.),
and the time from harvest to assay (20). Taxol yield from processing 100,000 pounds
of leaves of T. x media "Hicksii’ could be maintained at an acceptable level through
use of a suitable drying protocol (29,30).

Strain Selection and Improvement. This is a general problem which can directly
have major effects on yields and production costs whether one is considering growing
Taxus in plantations, or in cell cultures. While the most obvious parameter of interest
is yield of taxol or 10-DAB, selection for rapid growth, resistance to infectious organisms,
and suppression of other metabolites which are either toxic, or which are difficult to
separate from the desired end product also should be considered. Hardiness in terms
of resistance to heat, cold, and drought are important in plantations, while for cell cultures,
selection for excretion into media, rapidity of production after growth phase, and stability
of the end products in the media are key parameters. By 1990, extensive work on
strain selection had been carried out on ornamental Taxus by nurseries to select for
hardiness, disease resistance, and growth forms (height, foliage color, spreading, shape)
but there was no work reported on selection for content of taxol or other taxanes.
Much progress has been made in the last four years, with reports of selection of plant
cell cultures for taxol content from several laboratories (13, 31-34). As described above,
many analyses of both wild and ornamental Taxus for various taxanes have been
completed, and higher yielding strains have been identified but most of this work has
been on biomass combined from multiple plants of individual species or cultivars.
It is now necessary to examine individual plants of the highest yielding populations,
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to grow them under optimal conditions, and to clone the best of these using tissue culture
methodology as starting stock for plantations. Studies are needed to be certain that
the desired traits are stable and hereditable.

Chemical Ecology. The chemical ecology of Pacific yew refers specifically to interactions
with the organisms in its environment, and the chemicals that produce those interactions.
For Pacific yew, this would include deer, moose, and elk which use it as browse,
microorganisms, particularly fungi, which can infect the tree, insects which want to
use yew as food, and other higher plants that can compete by blocking seed germination,
pollination or otherwise interfere with the survival and expansion of yew in its ecological
niche. The most critical question in 1990 was whether there was any evidence for
taxol being a stress metabolite, because if so, application of the proper physical or
chemical conditions that induce a particular type of stress in Taxus might markedly
enhance production. Since taxol is present at low concentrations, is not highly potent,
is largely destroyed when administered orally, and from its mechanism as a tubulin
interactive agent should not be toxic to procaryotic organisms, it seemed unlikely that
it was a stress metabolite and there has been no evidence brought forth to the contrary.
Taxol content in Pacific yew has been shown to vary several fold with the time of
year, the population studied, light versus shade conditions, the age of the plant, etc.
(20,27), and this data may be important for plantations of other Taxus species.
One of the most fascinating developments in taxol research in the last several years
has been the finding that a new genus of fungus isolated from the inner bark of Taxus,
Taxomyces, can produce taxol, albeit at very low levels (35,36). There is no obvious
answer to why both a plant and an associated microorganism would produce the same
complex secondary metabolite, especially given the complex biosynthesis proposed
for taxol; possible hypotheses would include co-evolution or gene transfer from the
plant to the fungus. Perhaps once key enzymes of the biosynthetic pathway for taxol
in Taxus have been isolated, the probes can also be used to isolate corresponding enzymes
from Taxomyces for comparison of sequence homologies to shed light on this question.

The recent biological developments in production of taxol can be summarized by stating
that the original source of taxol, the Pacific Yew (T. brevifolia), does not appear to
be a promising source for the long term and indeed is already being replaced by
semisynthesis using 10-DAB produced from leaves of T. baccata and its close ally
T. wallichiana (considered by some authorities as a sub-species of . baccata). Further
studies on Pacific yew are likely to have limited impact on future production. Plantations
of either 7. baccata or one or more of the ornamental cultivars, selected for high 10-DAB
content should give maximum flexibility and yield for future production. The potential
contribution of plant cell culture is significant, particularly in combination with likely
future developments in biosynthesis and cloning of genes of the biosynthetic pathway.
Finally, the discovery of taxol production in the fungus Taxomyces offers interesting
possibilities if titers can be markedly enhanced, although given the relatively advanced
state of progress in plant cell culture of Taxus species, Taxomyces may not have much
impact on production.
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PRODUCTION OF TAXOL - CHEMICAL STUDIES

Total Synthesis. The total synthesis of taxol has been a challenging goal to organic
chemists since the publication of its structure in 1971 (/) and many investigations have
been reviewed (37-40). The most dramatic development in synthesis in recent years
has been the almost simultaneous completion of the total synthesis by both the Nicolaou
and Holton groups (41-43). Both of these syntheses appear too long to have commercial
value. The most attractive approach thus far reported appears to be Wender pinene
pathway (44) but this approach has not yet been elaborated to the final product. With
major advances in semisynthesis and greater availability of taxol via 10-DAB, total
synthesis is less likely to be important. The development of the critical chemistry for
the elaboration of the taxane skeleton and introduction of functional groups is nonetheless
likely to have great value in subsequent synthesis of simpler analogues, and in making
congeners which are not accessible from natural materials.

Semisynthesis. The production of taxol and related compounds through semisynthesis
from 10-DAB is now well established, starting with early work in Europe to show
the feasibility of side chain coupling to protected 10-DAB (23) and with subsequent
work from many laboratories to improve the coupling reaction by use of condensed
side chain equivalents including oxazolines or B-lactams to reduce steric bulk (45-48).
The final major improvement in semisynthesis has been the specific activation of the
C-13 hydroxyl by metals to create an anion which enhances reactivity and attack on
the condensed side chain equivalent (49). This combination of new methodologies
yields a highly efficient conversion of 10-DAB to taxol and little fundamental research
remains to be done in the semisynthesis area; further utility of this process is dependent
on improving 10-DAB yield through better biological sources as discussed above.

Assays. The ability to detect and quantitate taxol and other taxanes is the crux of a
great deal of the work done in the last five years. Every biological approach to taxol
research and production as discussed above including isolation, agronomics, tissue culture,
strain selection, and ecological studies is dependent on sensitive assays with good
throughput. Assays for taxol as a pure chemical or in pharmaceutical formulations
were satisfactory, but a truly major problem in the 1980s was detection and quantitation
of taxol and other taxanes in complex biological matrices such as crude extracts of
plant samples or cell cultures, or in patient samples. The difficulty was three-fold:
the lack of a distinctive chromophore (only phenyl groups which are present in many
natural products); the low concentration of taxol in its plant sources; and the inability
to achieve clean separation from the hundreds of other components present in plant
extracts. Evaluation of taxol content of plant samples thus required several preliminary
extraction, solvent partition and in some cases preliminary chromatography steps before
the samples could be analyzed on an hplc column, severely limiting the number of
assays that could be performed and also requiring large starting samples. Due to the
complexity of the chemistry of taxol, it was not possible to cleanly enhance sensitivity
by either pre-column or post-column derivitization. Since 1989 improved physico-
chemical methods including tlc, hplc, new columns, more selective extractions, super-
critical fluid chromatography, mass spectrometry, and ms-ms have been published (16,
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17, 34, 50-59) but most of these remain marginally adequate for rapid evaluation of
large numbers of samples, particularly of crude extracts or fractions which have low
taxane content. Nonetheless these improved assays have had a lot of impact on assays
of purer fractions, formulations, and final products, and some of the solvent partition
and chromatography methods developed for analytical purposes have been applied to
enhancement of bulk isolation procedures for taxol and 10-DAB resulting in higher
yields of purer materials and sparing trees. One method that deserves particular mention
is supercritical fluid extraction (SFCE) and chromatography (52,60); this is still at
a pilot stage for taxol isolation but the use of recyclable gasses in place of organic
solvents tremendously minimizes organic solvent waste and it is likely that SFCE will
become the major industrial method for bulk processing of most types of natural products
in future years.

The key that opened the door to large numbers of assays of crude natural products
for content of various taxanes was immunoassays. The first paper in this area was
from Jaziri and co-workers in 1991 (61) but the work that had the most impact was
the development of assays by Raybold and Grothaus at Hawaii Biotechnology, Inc.,
supported under an NIH Small Business Innovation Research (SBIR) grant. These
workers were able to make three important taxane antibodies, one with high specificity
for taxol, one with high specificity for baccatin III, and one which recognizes most
compounds having the taxane skeleton (/8). These antibodies have been used to develop
competitive inhibition enzyme immunoassays (CIEIAs) which have been made available
in kits for easy use by many investigators. More recently, the Erlanger group has devel-
oped assays based on taxol antibodies which have been shown useful in analysis of
plant extracts and plasma samples (19,62). At this point, fully adequate analytical methods
are available for taxol and other taxanes, and development of new assays is not a high
priority area for future research. ﬁ

FUTURE GENERATION DRUGS - BIOLOGICAL STUDIES

Taxol Binding Site. It has been pointed out many times in this volume and elsewhere
that taxol is unique in its mechanism as an antimitotic agent, in that it shifts the
equilibrium between soluble tubulin dimers and polymerized microtubule structures
through stabilization of microtubules and suppression of depolymerization. All other
antimitotic drugs including vincristine, colchicine, podophyllotoxin, maytansine, and
rhizoxin bind to various sites on tubulin and inhibit polymerization, essentially the
opposite reaction. Given the efficacy of taxol in treatment of human cancer, the unique
binding site for taxol on microtubules is an attractive target for drug discovery and
improvements on the taxol motif. Current thinking in drug design is that the most
promising leads will come from examination of ligand-receptor complexes in conjunction
with studies on receptor and ligand alone so that changes in conformation on binding
can be taken into account in drug design. Taxol is a black box in this regard. Details
of the solution conformation of taxol are known as is the high resolution crystal structure
of the closely related taxotere (63-66) but in 1989 virtually nothing was known about
the taxol binding site on microtubules. Tubulin is a soluble dimeric protein with non-
equivalent a.- and B-subunits, each of molecular weight about 50 kd. To date no high
resolution structure of tubulin has been established and clearly the high resolution structure
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of the microtubule polymer derived from tubulin is beyond current technology. There
are a few assumptions that can be made about the taxol binding site based on available
data; first, the site must involve a highly conserved sequence of tubulin since taxol
is active in many species across many phyla. (67) but this is only modestly helpful
since numerous sequences in both the a.- and B- subunits are highly conserved; second,
the site might be near the ends of one of the chains or overlapping the joining of o-
and - subunits on microtubules since the binding site is not present in soluble tubulin.
The most available approach to trying to define the binding site in 1989 was through
photolabelling experiments. The idea was to attach photolabile groups to taxol at positions
not involved in the binding to microtubules, or at positions which were involved in
binding but with labels that didn’t cause much loss of tubulin binding; then to allow
the modified taxol to bind to its microtubule receptor site and then to photolyze to
give highly reactive functional groups that would form covalent bonds to tubulin. The
tubulin could then be partially digested and the locations of covalently modified amino
acids determined, since the sequences of human, bovine and porcine tubulins are well
known. By introducing such labels at various positions around the taxol nucleus and
on the side chain, it would be possible to develop a picture of which amino acids in
the receptor bound to which parts of the taxol molecule and to get a useful model of
the receptor. There are several reports of syntheses of photolabelled taxol derivatives
(68-71).There are experimental difficulties with this approach, including obtaining good
binding of the modified taxols to the receptor, getting a good yield of the photolysis
product, selectively photolyzing the bound taxol derivative without affecting uninvolved
portions of tubulin, and being able to sequence the modified tubulin without loss or
migration of labelled amino acids. Direct labelling experiments by the Horwitz group
showed that when taxol was allowed to bind to microtubules and was then photolyzed,
and the microtubules depolymerized, the covalently bound taxol was localized exclusively
to the beta chain (72). Subsequent studies using a p-azido label on the 3’-benzamido
moiety in the taxol side chain showed localization of the label to the N-terminal 31
amino acid units of B-tubulin (73). Future work by this group will involve analysis
of peptide fragments of the 31 N-terminal amino acids of B-tubulin to determine the
smallest binding sequence. Another very recent study utilized an [(azidophenyl) ureido]
taxoid derivative where the label was located on what would be the 3 position on taxol.
Photolysis of this analogue resulted in incorporation of radiolabel into both the - and
o-tubulin subunits in a ratio of 2.5:1 (74). These data indicate that the taxol binding
site is at the interface of the o- and B-subunits and either subunit can be labelled
depending on the precise position of the photolabel on the analogue, and the particular
orientation at the moment of photolysis.

A second approach to the taxol binding site is to screen for molecules of diverse
structure which have taxol-like properties in stabilization of microtubules with the idea
of finding molecules that bind at the same site and which will then give key information
about the binding site based on modelling the commonalities. Several pharmaceutical
companies are currently screening for taxol-like activity searching broadly through
libraries of natural products and synthetic compounds.

A more direct approach which is quite imaginative and elegant is the anti-idiotype
antibody strategy used by the Erlanger group. The concept of defining a binding site
in this way is that an antibody to taxol has a binding site complementary to taxol and
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expressed in a sequence of amino acids representing a portion of the F,, (antigen-binding
fragment) of the antibody. If one can then make an antibody to the portion of the
F,p representing the taxol binding site, this anti-idiotype antibody will represent a
double inversion of the taxol structure, and thus a mimic of taxol, but now in a peptide
sequence. Erlanger’s laboratory has produced just such an anti-idiotype antibody named
82H which is able to stoichiometrically polymerize tubulin into microtubules, shows
competitive kinetics with taxol binding on microtubules, and stabilizes microtubules
to calcium chloride and to cold, hallmarks of taxol activity. Partial cleavage of the
82H antibody shows that the F,; portion retains the activity of the full antibody and
sequencing of the F,; has revealed a peptide sequence with taxol activity (75). Several
smaller peptides have been found which retain activity and further work is in progress
to get an optimal small peptide
sequence. These peptides can
be modelled against taxol to look
for similarities in shape, charge, SEHEMATIC OF TAXOL ANTI-IDIOTYPE ANTIBODY
functionality, etc., which should

provide a significant contribution J Jrosrog
to our understanding of the X

binding site.
While the peptides discov- /‘ ANTIBOOY G2 H

ered through the anti-idiotype

approach are unlikely to become wou <J

drugs themselves due to the typi- /\ f

cal problems of peptides in trans- | “°FREAE P Tareenone
port and in stability to peptidases _—s
and proteases, they can be used b .

as starting materials for
peptidomimetic agents. This is
likely to lead to a whole new area of analogues which have the same biological function
as taxol but completely unrelated chemical structures. The anti-idiotype work thus
opens a major opportunity for new cancer therapeutics mechanistically related to taxol.

FUTURE GENERATION DRUGS - CHEMICAL STUDIES

Synthesis of Analogues. There are four types of analogues that may be considered:
type 1) close chemical analogues prepared from naturally occurring taxanes; type 2)
close chemical analogues with substituents not accessible from natural taxanes; type
3) markedly simplified analogues prepared by total synthesis and retaining only critical
shapes, groups, and electronics; and type 4) biological analogues binding at the same
site on microtubules but with fundamentally different chemical structures. Thus far
the great majority of analogues prepared have been of type 1, starting from 10-DAB,
baccatin III (76-79), 14-hydroxy taxoids (80), and A-nor-taxols (81). There are a few
reports of type 2 analogues including work of Blechert and Nicolaou (82,83) but the
biological data on these is inadequate to draw firm conclusions about the utility of
these compounds. There is not enough data on SAR as yet to enable design of type
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3 analogues and this may need another few years. Type 4 analogues are likely to arise
from the work on anti-idiotype antibodies and work on defining the binding site which
is giving rise to peptide sequences with taxol-like activity.

Structure Activity Relationships (SAR). The state of the art in 1989 was that the
C-13 side chain of taxol was recognized as critical to activity but details of what changes
could be made were incomplete. Extensive studies in several laboratories have almost
totally clarified the substitution patterns and structural requirements of the side chain.
(47,79,84-86). The effects of substituents at positions 2,4,5,7,9,10, and 14 have all
been reported (87-95) and are discussed in other papers in this symposium as well as
in earlier reviews (3,86,96) and the data is far too extensive to review in detail here.
A broad summary of the SAR to date is shown in the figure, and can be stated as follows:
1) SIDE CHAIN: the presence of the C-13 side chain is an absolute requirement for
activity and the length, hydroxyl substituent at C-2' and the phenyl group at C-3' are
all needed for activity. Variation of substituents on the nitrogen at C-3' is tolerated
including aromatic or aliphatic groups as amides or carbamates. The natural taxol
steroechemistry of 2'R, 3'S is markedly more active than the other possibilities. Minor
changes in the side chain can have profound effects on activity and the side chain therefore
is a key recognition element; 2) POSITIONS 7,8,9, AND 10: variations in these positions
across the top of the molecule can be made without destroying activity and even fairly
large substituents are tolerated. Modest enhancements of activity have been achieved
by modification at these positions, and the 7- and 10- positions have been used as handles
to attach polar groups in attempts to enhance solubility. These positions do not appear
to be critical to receptor binding; 3) POSITIONS 2,4,5: removal of either the 2-benzoate
or the 4-acetate causes dramatic loss of activity and these positions appear necessary

STRUCTURE - ACTIVITY RELATIONSHIPS OF TAXOL

madifications acceptable,
substituents not essential

broad variations on
3' nitrogen active

oxetane
required

2'-0OH, 3'-phenyl, 2R-3S

2-benzoate, 4-OAc ]
ired f .
stereochemistry required required for binding
for good binding
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for interaction with the binding site; the presence of the 4,5-oxetane is necessary for
activity but it is not clear whether it is involved in binding or serves as a "conformational
lock" on the preferred binding conformation. Most of the many compounds prepared
for analysis of structure activity relationships were deliberately modified at a single
position to obtain baseline data and the next step will be to combine multiple favorable
changes to create more advanced analogues.

While the above structural changes have been very important in SAR, modelling studies
have an equally important role in our current understanding. The taxol molecule is
shaped like a cup and in either organic or polar solutions of taxol, there is clustering
of the side chain with the 2-benzoate and the 4-acetate (47,63,65,79,86). However,
in polar solutions there is a further hydrophobic clustering of these substituents resulting
in significant conformational change from organic solution to polar solutions (64) which
is likely quite important to activity of taxol analogues. It will be fascinating to see
these results compared with results of modelling of active peptides derived from the
anti-idiotype antibody work.
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Chapter 2
Paclitaxel: From Discovery to Clinic

Monroe E. Wall and Mansukh C. Wani

Research Triangle Institute, P.O. Box 12194,
Research Triangle Park, NC 27709-2194

Taxol, a potent antitumor agent, was isolated from a tree, Taxus
brevifolia, by procedures guided by bioactivity. Final isolation in pure
form was accomplished using repeated Craig Countercurrent
Distribution. Taxol is a diterpene ester with unique structural features
and many asymmetric centers. The compound displayed considerable
cytotoxic and antitumor activity, particularly toward B-16 melanoma.
Taxol binds strongly to tubulin by a unique mechanism. Early clinical
trials with patients with ovarian cancer showed remarkable efficacy
resulting in complete and partial remissions. Taxol has received much
chemical study, particularly in regard to structure/activity relationship
(SAR), semi- and total synthesis. It is currently regarded as one of the
best new anticancer agents.

Natural products chemists and phytochemists have always been impressed by the
fact that compounds found in nature display an almost unbelievable range of
diversity in terms of their structures and physical and biological properties. Most of
these compounds are secondary metabolites whose functions in plants, fungi, and
marine organisms are still not widely understood. Currently, it is believed that many
of these compounds act in defense against the harmful effects of toxins, carcinogens,
or mutagens found in the plant (Z,2) or attack by external predators (3).

Some secondary metabolites may have excellent therapeutic potential.
Examples are camptothecin (4) and taxol (5), found in low concentrations, respec-
tively, in the bark of Camptotheca acuminata and Taxus brevifolia. This chapter
will describe in detail the events and research leading to the discovery of taxol (cf.
Figure 1). A brief summary will be given of subsequent developments culminating in
the clinical trial and the general availability of the drug for treatment of patients with
ovarian, breast, and other solid tumors.

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.

0097—6156/95/0583—0018$08.00/0
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Discovery of taxol

Since 1988, the remarkable clinical efficacy of taxol (Figure 1), resulting in
numerous observations of partial and complete remission of advanced ovarian can-
cer in women, and, more recently, reports of the drug's efficacy in breast, lung, and
prostate cancer, have aroused great interest in this antitumor compound which was
discovered at the Research Triangle Institute (RTI) many years ago (5,6). Like so
many other investigations of this type, a combination of serendipity followed by
much hard work led to the discovery of this very active antitumor agent.

Initial Procurement

A screening program for antitumor agents in the plant kingdom was initiated in 1960
under Dr. Jonathan L. Hartwell. In this program, plant samples collected at random
were supplied by the U.S. Department of Agriculture under an interagency
agreement with The National Cancer Institute (NCI). In August 1962, USDA
botanist, Arthur S. Barclay, and three college student field assistants collected 650
plant samples in California, Washington, and Oregon, including bark, twigs, leaves
and fruit of Taxus brevifolia in Washington state (7).

T. brevifolia is a slow growing tree which is found primarily localized in the
coastal areas of the above-mentioned West Coast states. It had never received any
chemical investigation until it was assigned to RTI by Dr. Hartwell. The assignment
of the plant was not entirely serendipitous. Some of these samples had been shown
to have cytotoxicity against 9KB cell culture derived from a human cancer of the
nasopharynx. We had noted an excellent correlation in our camptothecin studies
between L1210 (lymphoid leukemia in mice) in vivo activity and the 9KB cytotoxic-
ity. Accordingly, we had requested Dr. Hartwell to assign to us as many 9KB
actives as possible. From this arose the assignment to RTI of T. brevifolia. A num-
ber of other plants also highly active in 9KB were also assigned to our group, and
several highly active novel compounds were found in these cases also, including
colubrinol, a maytansine analog (8), carminomycin, related to daunomycin (9), and
an active quassinoid (10).

Extraction and Isolation

Initial samples of T. brevifolia arrived at RTI by 1964. By 1966, at least a year prior
to our isolating the pure material, in a letter dated April 15, 1966 to Jonathan
Hartwell, we requested that the extracts we had sent "receive a special priority with
the biological screeners” as we regarded it as one of the most important samples we
had seen in a long time. By May 1966, in RTI Progress Report #18 (The Screening
of Fractionated Plants for Antitumor Inhibitory Substances), we stated "At present,
a major effort by our group is being placed on this plant (Taxus brevifolia)." By
November 1966 (RTI Progress Report #20) we were able to report the isolation of
a purified fraction and presented some physical constants. The actual isolation was
completed by June 1967. The method finally adopted after several unsuccessful trials
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Figure 1. Structure of Taxol

Stem Bark - 12 kilos, air dried

Extract 95% Ethanol

Concentrate
Partition between H20 and
chloroform-methanol (4:1)
Aquf:ous layer Chloroform (146 g solids)
(discard) Activity SWM,*

T/C** = 31% at 100 mg/kg

*SWM is a solid tumor known as Walker-256 intramuscular rat
carcinosarcoma.
**T/C = mean tumor weight of treated animals<-mean tumor weight
of control animals x 100

Chart 1. Fractionation of Taxus brevifolia
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is shown in Charts 1 and 2. Extraction was carried out by our standard procedure—
ethanol extraction and partition of the ethanolic residue between water and
chloroform. Purification and isolation utilized a large number of Craig
countercurrent distribution treatments, the last of which involved a 400-tube Craig
countercurrent distribution. In this manner, approximately 0.5 g of taxol was
isolated starting with 12 kg of air dried stem and bark from T. brevifolia. The yield
was about 0.004%. All the various steps were monitored by an in vivo bioassay
which, at that time, involved the inhibition of the solid tumor known as Walker-256
intramuscular rat carcinosarcoma (SWM). As is shown in Chart 2, increased
purification was accompanied by increased antitumor activity at lower doses. The
isolation steps were laborious, but because of the mild countercurrent distribution
methodology, losses or alterations of the active constituent were avoided. Much
simpler procedures have been subsequently developed both at RTI and elsewhere.
Thus by 1966 we were able to compare the activity of crude chloroform extracts
from various samples of T. brevifolia collected in Alaska, California, Washington,
Idaho, Oregon, and Montana and present the data on their cytotoxicity and SWM
inhibition. In 1967 we presented the first report on taxol to the American Chemical
Society (6).

The Structural Determination of Taxol

As soon as we had isolated taxol in pure form, the structure of the compound was
investigated using available spectroscopic methods. Although methods for ultravio-
let, infrared, and mass spectrometry were at a reasonably advanced stage in the late
1960s, NMR was relatively primitive compared to the sophisticated instrumentation
and procedures now available. Some of the physical and chemical properties of taxol
are shown in Table L.

Table I. Physical and Chemical Properties of Taxol
Needles from 50% aqueous methanol or ether.
M.P. 213-216°C (with previous shrinking around 204°C)

[03% -49.6° (MeOH)

Unstable towards mineral acid and base

Forms mono and diacetate

Analysis Calcd. for C47Hs51NOy4: C, 66.11; H, 6.20, N, 1.64.
Found: C, 65.98; H, 6.10; N, 1.57. Required m/z 853. Found
m/z 853

7. UVAMEOH 327 nm (¢ 29,800)

s W b

It was evident by this time that taxol probably contained the taxane skeleton.
A number of taxane derivatives had been reported in previous literature (11-13). It
was evident that taxol was more complex than previously reported taxanes since its
molecular weight from high resolution mass spectrometry was C,,HgNO,,, cor-
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Chloroform (146 g solids)

11 Tube Craig CCD
System: hexane, acetone, t-butanol, water (5:4:4:2)

Tubes'6, 7, 8
41 g solids, activity SWM™*
T/C* 30% at 45 mg/kg

30 Tube Craig CCD
System: methanol, water, CCly, CHCL (8:2:7:3)

Tubes 8-18
14 g solids
T/C 30% at 23 mg/kg

400 Tube Craig CCD
System: methanol, water, CCly, CHCl; (8:2:7:3)

Tubes 170-189
2.4 g solids, T/C 16% at 15 mg/kg

Trituration with benzene
0.5 g Taxol, T/C 16% at 10 mg/kg

24% at 5 mg/kg
Yield circa 0.004%

*T/C in SWM. For definitions of SWM and T/C,
see footnotes of Chart 1.

Chart 2. Purification of Crude Extract of T. Brevifolia by Craig Countercurrent
Distribution (CCD) and Isolation of Taxol

RCOOR! RCOOMe R'(OH)x

Taxol MeOH ~ MethylEster +  Hydroxy Compound + CH;COOCH,
C4HsNO,, NaOMe,0°C Methyl Acetate
47Hs)NO 4 Cy7H7NO, CaoHs6010 ethyl Ace
Major Components Not Isolated

Figure 2. Methanolysis of Taxol
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responding to a molecular weight of 853. The evidence then indicated that taxol was
comprised of a taxane nucleus to which an ester was attached, as preliminary
experiments indicated that an ester moiety was easily cleaved from the rest of the
molecule. Attempts were made to prepare crystalline halogenated derivatives of
taxol. However, none had properties suitable for x-ray analysis. Taxol was therefore
subjected to a mild base catalyzed methanolysis at 0°C, which yielded a nitrogen
containing o-hydroxy methyl ester, C,,H;;NO,, a tetraol, C,;H,,0,,, and methyl
acetate (Figure 2). Full details are presented in our paper dealing with the structure
of taxol (5). The methyl ester thus obtained by the mild methanolysis procedure was
converted to a parabromobenzoate ester and characterized by the x-ray analysis as
C,4H,oBrNO; with the structure shown in Figure 3. The ester may be regarded as an
N-benzoyl derivative of (2R,3S)-3-phenylisoserine. The tetraol formed by the
methanolysis of taxol was converted to a bisiodoacetate, C;3H,30,,1,, which again
received x-ray analysis (5). The structure is shown in Figure 4.

Since the ester could have originally been joined to hydroxyl groups at either
C;, C,o or C,; (Figure 4), it was necessary to establish at which of these hydroxyl
moieties the ester had originally been located. When taxol was oxidized with MnO,
under neutral conditions, no reaction occurred. However, MnO, oxidation of taxol
under alkaline conditions smoothly yielded a reaction product with the structure
shown in Figure 5. It is evident that MnO, oxidation of taxol under neutral
conditions did not effect the hydroxyl groups available for oxidation at C; and C,.
Under alkaline conditions, the C,, ester and C,, acetate of taxol can be hydrolyzed
yielding a tetraol with structure I, Figure 4. When taxol was oxidized with alkaline
MnO,, an analog of Baccatin III with a conjugated carbonyl moiety as shown in
Figure 5 was obtained (5). It is evident that under the alkaline conditions that both
the 10-acetyl moiety and the ester were hydrolyzed yielding the tetraol (Figure 4, I).
It is well known that MnO, oxidation of allylic hydroxyl groups under alkaline
conditions smoothly forms the corresponding conjugated ketone. This reaction in
conjunction with the x-ray structure determination of the structures of the ester and
taxane moieties established the structure of taxol.

Prior to the isolation of taxol, no natural taxane derivative was reported to
have antitumor activity. There are many interesting features of the molecule, par-
ticularly the 4-membered oxide ring at C, and C,, which is not found in any of the
other natural taxanes. The ester moiety itself is of interest, containing two phenyl
groups, one of which is attached as part of an amide function.

For antitumor activity, it is essential that the ester moiety at C,, be present.
We have shown that the ester and the tetraol formed by low temperature cleavage of
taxol are each essentially inactive (5).

Biological Activity of Crude And Purified Taxol

We assigned the name "taxol" to this compound before we really knew its complete
structure, but it was evident that it did contain some hydroxyl groups, and the name
had a nice ring to it. Apart from the actual isolation of the pure material, the crude
extracts were subjected to a number of assays in rodent leukemias and solid tumors.
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Figure 4. Structures of Tetraol (I) and Tetraol Bis-Iodoacetate (II)
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In early work we found that the crude extracts were active not only in the Walker
tumor inhibition assay, but also had shown modest activity in L1210 leukemia and
particularly high activity in the 1534 (P4) leukemia assay. The latter assay was a life
prolongation assay in mice, and it had been used previously by scientists at Eli Lilly
during the isolation of the vinca alkaloids which showed high activity in life
prolongation in this system. The same was noted by us for taxol with T/C values in
the P4 system in excess of 300, even with crude extracts. The activity of pure taxol
in a number of in vivo rodent assays is shown in Table II. Particularly high activity
was shown in the B-16 melanoma assay. Years later it was one criteria by which
taxol was moved to clinical trial (14).

Table II. Cytotoxic and Antitumor Activity of Taxol
Cytotoxic Activity
KB (human carcinoma of the nasopharynx):
EDs, =3.5 x 10-° ug/mL
(ED, = conc. required for 50% inhibition of growth)

Antitumor Activity
System Tested Administration Activity (% T/C)

i.p. P388 Leukemia i.p. +(164)

i.p. B16 Melanoma i.p. ++(283)

i.p. L1210 Leukemia ip. +(139)
S.R.C.* CX-1 Colon Xenograft S.C. ++(3)

S.R.C. LX-1 Lung Xenograft s.C. +(8)

S.R.C. MX-1 Mammary Xenograft S.C. ++(-77)

*Sub-renal capsule

Subsequent Developments 1971-1974

Publication Date: December 7, 1994 | doi: 10.1021/bk-1995-0583.ch002

During the period 1971-1974, we made repeated efforts to interest the NCI admin-
istrators, who were at that time involved in the procurement of new antitumor
agents, in obtaining larger quantities of taxol from 7. brevifolia. The response was
that since the compound was present in the bark in low concentration, extraction
and isolation on a large scale would be difficult and expensive. Moreover, the
activity of taxol against L1210 leukemia or other rodent leukemia and solid tumors
was modest. Hence for some years taxol remained literally "on the shelf" in the NCI
repository.

Downloaded by NORTH CAROLINA STATE UNIV on October 25, 2012 | http://pubs.acs.org

Discovery of Activity in B-16 Melanoma

It became apparent in the early 1970s that the most intensively studied models, such
as L1210 leukemia, while valuable in discovering clinical agents for human leukemia
and lymphomas, were less useful for prediction of activity against solid tumors. By
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Figure 5. Selective Hydrolysis and Oxidation of Taxol
(Reproduced with permission from reference 5. Copyright 1971.)
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1974, taxol was found to have good activity against this animal model (Table IT). By
1977, because of its activity against B16, taxol was finally selected as a development
candidate. Thus taxol was finally removed from the NCI storage shelves. A recent
review presents a detailed account of this development (14).

Tubulin Binding

For some time there had been some interest in the mechanism of action of taxol.
Was the unique structure accompanied by an unusual mechanism of action? The
initial studies by Fuchs and Johnson (15) indicated that taxol inhibited proliferation
at the G2-M phase in the cell cycle and blocked mitosis. Thus it appeared to be one
in a series of naturally occurring spindle poisons such as vincristine and vinblastine,
colchicine, podophyllotoxin, maytansine, and others. The finding that taxol was a
spindle poison was not necessarily encouraging. Shortly thereafter a more detailed
investigation by the Horwitz group (16) established that, while taxol was a mitotic
inhibitor, the mechanism was unique in that it stabilized microtubules and inhibited
depolymerization back to tubulin; this was the opposite effect of the other
antimitotic agents cited above, which all bind to soluble tubulin and inhibit the
polymerization of tubulin to form microtubules (I7-19). This information was
important in making the argument that by virtue of uniqueness of both structure and
mechanism, taxol was a worthy candidate for development.

Our early observations that taxol extracts and pure taxol were highly active
in leukemia P1534 (P-4) assay now became explicable. Tubulin is a protein involved
in the process of mitosis. The vinca alkaloids were noteworthy for their activity
against P-4 leukemia. Taxol is also highly active against P-4. Both compounds bind
to tubulin but, as described above, by completely different mechanisms.

Era of Rapid Progress 1982-1994

Rapid progress both in chemical synthesis of taxol and in clinical developments
occurred in the decade 1982-1994 (Table III). The events in this decade have been
covered in detail by a number of reviews (14, 19, 20). Hence this section will pre-
sent only a brief outline of the tremendous progress and extensive research con-
ducted during this period.

Animal toxicology and formulation were in place by 1982-1984 (14). Clini-
cal Phase I and Phase II trials were conducted over the period 1983 to 1986. Great
interest was generated in taxol, both in scientific circles and by the general public, by
the announcement of the remarkable efficacy of taxol against ovarian cancer
(21,22). Subsequently, taxol and an analog, Taxotere, have been studied for appli-
cation in many solid tumors (breast, lung) (14, 19, 20).

In an effort to obtain adequate supplies of taxol, the National Cancer
Institute issued a Cooperative Research and Development Award (CRADA) which
was open to competition. The award was then issued to Bristol-Myers Squibb in
1991. The company moved rapidly to obtain FDA approval for the marketing. An
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NDA was filed in July 1992 and approved in December 1992. The initial shortage of
taxol for general clinical use has been at this time (May 1994) greatly alleviated.

Table III. Chronology of Taxol Development

¢ Isolation and Structure/P388 and L1210 Activity 1971

¢ Activity in A Panel of Tumor Systems 1975-1976

e Preclinical Development 1977

e Mechanism of Action 1979

¢ Animal Toxicology 1982

o Phase I Clinical Trials 1983-1984

o Phase II Clinical Trials/Activity in Ovarian Cancer 1985-1986

« Synthesis of Taxol Side Chain 1986

+ Semisynthesis of Taxol 1988

o Improved Syntheses of Taxol Side Chain 1990-1993

o Bristol-Myers Squibb Receives CRADA from NCI January 1991

« NDA Filed with FDA December 1992

o Total Synthesis of Taxol/Holton-Nicolaou 1994
Chemical Developments

Structure Activity. There has been great interest in carrying out various chemical
transformations, both with taxol and taxotere, an analog. Such studies have been
reviewed in detail by Kingston (23), in whose laboratory extensive SAR studies on
taxol have been conducted. Recently, Kingston and colleagues have reported the
discovery of a very active analog with considerably greater potency than taxol. This
analog is formed by removing the 2-benzoate group of taxol and subsequently
reacylating with certain meta-substituted benzoic acids (24).

Synthesis of the Taxol Sidechain. During the period 1990-1994, extensive pro-
gress has been made on the synthesis of the ester moiety of taxol (and these
researchers have been reviewed in detail) (19, 20). Moreover, the side-chain has
been synthesized in a manner which permits facile esterification of the taxane portion
of taxol (Figure 4) so that there is now a practical semisynthesis of taxol available.
As a consequence, Bristol-Myers Squibb has been quoted as stating that in the rela-
tively near future, taxol will not be produced from the bark of Taxus brevifolia, but
from baccatin III or 10-deacetylbaccatin III which occur in other Taxus species in
much greater quantity. Moreover, these are smaller shrub-like plants such as Taxus
baccata, a European yew. This plant is a renewable source. The component used in
the semisynthesis is found in the needles (19). As a consequence, the availability of
taxol in a continuing supply is now assured.

Total Synthesis. Because of the enormous interest in taxol, a number of groups,
particularly those of Wender at Stanford, Holton at Florida State, and Nicolau at
Scripps Institute, have made intensive efforts to synthesize taxol. Recently, both the
Holton and Nicolau groups have announced the total synthesis of taxol (25, 26),
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truly an epochal event. Although this will not be a practical supply source, the
availability of synthetic methodology may lead to important new information.

Concluding Remarks

The authors have been delighted that their initial discovery more than twenty-five
years ago of a novel natural product with excellent activity in a number of animal
models has presently reached the stage where taxol is now available in adequate
quantity for therapeutic use. Undoubtedly, there are other highly-active natural
products from plant, marine, and fungal sources as yet unknown which, when dis-
covered, will have therapeutic utility. Cancer is not one, but several hundred dis-
eases and will require many different types of agents.
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Chapter 3

Current Status of Clinical Trials
with Paclitaxel and Docetaxel
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The unique mechanism of action of the antimicrotubule agent paclitaxel
suggested that it would be a potent antineoplastic agent. However, even
after multiple preclinical problems with paclitaxel were surmounted,
anumber of unique clinical problems still required resolution. Despite
the existence of over 50 active antineoplastic agents, drug resistance
and patient tolerance limit the number of effective agents in specific
tumor types. Paclitaxel has shown antitumor activity in multiple clinical
trials in cancers of the ovary, breast, head and neck, lung, and
gastrointestinal tract. In many of these trials, paclitaxel was active despite
evidence of the tumors' resistance to other important drugs. Paclitaxel
may be the first of a series or family of drugs: in preliminary trials,
an analogue, docetaxel, has also shown significant antineoplastic activity.
However, many issues regarding the optimal use of both of these drugs
remain unresolved.

Overview: Paclitaxel and Chemotherapy

Schiff and Horowitz's description of paclitaxel's unique mechanism of action was the
catalyst for paclitaxel's clinical development (7). The difficulties in translating paclitaxel
from the forest to the pharmacy were described in chapters 1 and 2. Additional difficul-
ties awaited clinicians who began using paclitaxel in clinical trials. This chapter will
address those clinical problems and the results of therapeutic trials in patients with
tumors of the ovaries, breast, head and neck, lungs, or gastrointestinal tract. The trials
in ovarian and breast cancers confirmed that paclitaxel has major clinical activity,
leading to its approval by the Food and Drug Administration (FDA) for commercial
use. The clinical results of trials of a semisynthetic taxane (taxoid), docetaxel (Taxotere),
will be also discussed here.
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The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard,
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Qlinical Problems Unique to Paclitaxel. The early clinical trials of paclitaxel faced
three specific problems.

Hypersensitivity Reactions. The purpose of the first series of trials of a new
drug in humans (phase I trials) is to determine the maximum tolerated dose by treating
consecutive cohorts of patients with escalating doses of the drug. The maximum tolerated
dose is defined by the occurrence of toxic effects, called dose-limiting toxicity, whose
severity or permanence limit further dose escalation. In addition to the expected
problems of myelosuppression (low white blood cell counts) and neuropathy encountered
in the initial phase I trials of paclitaxel, an acute allergic reaction occurred that was
fatal in one patient (2). This reaction was similar to the severe reactions experienced
by some patients who receive iodinated intravenous contrast medium for radiographic
procedures. The unpredictability of this reaction terminated clinical trials until it was
discovered that it was rapid infusion of the diluent, Cremophor EL, that caused the
reaction. To prevent this, the National Cancer Institute (NCI) recommended infusing
paclitaxel over 24 hours and premedication with corticosteroids and antihistamines
(3). These strategies have reduced the incidence of serious hypersensitivity reactions
to 1% or less. Since both the premedication regimen and the slow infusion duration
were developed simultaneously, it was initially unclear which was more important.
Further studies have shown that each is effective independently.

Cardiac Toxic Effects. When clinical trials were resumed, all patients were
treated in an intensive care unit with cardiac monitoring. Nearly 30% of patients were
observed to have an abnormal but generally benign slowing of the cardiac rhythm
(sinus bradycardia) while receiving paclitaxel. In a few cases, however, this thythm
was so slow that a pacemaker was required to continue treatment. A few patients
with severe but undiagnosed coronary artery occlusions died of myocardial infarctions
(heart attacks) or had life-threatening rhythm abnormalities (4). Cardiac monitoring
was required in all clinical trials and extensive data were collected. Analysis of 3400
patients revealed that the incidence of life-threatening events was less than 0.5%.
Review of trials conducted before these heart problems were observed and of historical
data from other drug development studies revealed that multiple benign rhythm
abnormalities are common in patients receiving chemotherapy. It was recommended
that patients who had known disease of or took drugs affecting the conduction system
be given paclitaxel only with cardiac monitoring.

Drug Supply. After phase I trials have determined an effective and safe dose,
most active new drugs are tested simultaneously in several trials in specific tumor
types (phase IT) and at different research centers, with exploration of different infusion
durations and retreatment intervals (administration schedules). The early scarcity of
paclitaxel meant that the results of each trial had to be carefully evaluated before planning
the subsequent trial, that the numbers of patients treated would be limited, that the
duration of treatment would be curtailed, that only limited types of tumors would be
tested, and that the time frame for the start of these trials was delayed. To determine
the level of activity with narrow confidence levels, the usual numbers of patients treated
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in a trial of a drug with such high activity would be 35-50 patients. In the early trials
in breast cancer, for example, only 25 patients could be treated. Similarly, in a drug
with such a high level of activity, most patients would be given at least six treatments
before their tumor was judged unresponsive. In the lung cancer studies, patients whose
tumors did not evince a 50% or greater shrinkage in the perpendicular diameters of
bidimensionally measurable lesions (i.e., an objective response), were removed from
study even though clinical information, such as shortness of breath or pain control,
suggested they were having clinical benefit. The initial phase II trials were limited
to only three tumor types; renal (kidney), melanoma, and ovarian. Of these, only ovarian
cancer is fairly common. Finally, although trials in breast cancer were planned in
1985, sufficient supplies of the drug did not become available until 1990. As noted
above, improved extraction methods and formulation of a semisynthetic drug have
alleviated the supply problem.

Clinical Problems of Chemotherapy. Inherent limitations in the current practice of
clinical oncology make paclitaxel a needed addition to the therapeutic armamentarium.

Drug Resistance. Although there are nearly 50 different antineoplastic drugs
in use, only a dozen or fewer are effective in the treatment of each specific tumor
type because of intrinsic or primary resistance. The initial and subsequent regimens
of chemotherapy allow development of secondary or acquired resistance by selecting
cells that survive. Ultimately, by a variety of mechanisms, a multiply drug-resistant
tumor evolves, and further chemotherapy induces only toxic effects without tumor
kill (5). Tumors are classed by their degree of chemosensitivity. Breast and ovarian
cancers are moderately sensitive. However, when the tumor becomes resistant to
doxorubicin (breast) or cisplatin (ovarian), few other drugs are effective.

Patient Tolerance. Asthe tumor grows, the patient becomes increasingly debilitat-
ed by the accumulation of secondary effects from the tumor (cachexia, pain) or previous
treatments (bone marrow or heart muscle failure from irradiation or prior chemotherapy
or both) as well as primary effects, which depend on the site of involvement (shortness
of breath, liver failure, bone fractures). Thus, with the exception of those with very
indolent tumors, most patients have the physical reserve to endure only a limited number
of aggressive chemotherapy regimens.

Ovarian Cancer

Background. Ovarian cancer is the leading cause of death among
gynecologic malignancies in the USA, surpassing the mortality from cervical and
endometrial cancer combined. Approximately one woman in 70 will develop ovarian
cancer. In American women it is the sixth most common cancer and the fourth most
common cause of death (6). In 1994, 24,000 cases and 13,600 deaths are attributed
to ovarian cancer (7). The peak incidence is in the seventh decade; it is uncommon
below 50 years of age (8). The incidence is high in North America and Northern Europe,
and low in Japan (9).

The cause of ovarian cancer is unknown, but it is associated with consumption
of animal fat, and is more common in patients with a history of breast cancer (6).
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Only about 5% of cases are hereditary. Childbearing and use of birth control pills
reduce the risk of developing ovarian cancer by 30-60%, but use of replacement estrogen
has no effect on the incidence (10).

The two most important features of the disease which determine outcome are
the extent of the disease (stage) and the aggressiveness of the tumor as determined
by microscopic evaluation (histologic grade). Unfortunately, 75-85% of patients are
diagnosed with advanced disease which has metastasized from the ovaries in the pelvic
cavity to the abdominal cavity, because symptoms are often absent until the disease
involves other organs in the abdominal cavity. These patients are rarely cured (11-14),
but treatment with chemotherapy may reduce symptoms and prolong life.

Standard therapy consists of cyclophosphamide with either cisplatin or its newer
analogue, carboplatin. This causes tumor regression in 60-80% of patients of which
30-50% are complete responses (CR). The median duration of survival is 18 to 24
months, and 5- and 10-year survival for ovarian cancer metastatic to the abdominal
cavity and elsewhere is 5-20%, and 0-10%, respectively. Carboplatin has less neurologic,
kidney, and auditory toxic effects than cisplatin, causes less nausea and vomiting, and
provides a better quality of life than cisplatin. However, it is more expensive and
causes more depression of the white blood cell and platelet counts (myelosuppression
and thrombocytopenia) (15). Hormonal therapies are transiently effective in 10-20%
of patients.

Patients whose tumors previously responded to chemotherapy and who have
a treatment-free interval of at least six months are defined as potentially "platinum-"
or "platin-sensitive," as 30-50% of these patients will have tumor regression if retreated
with either carboplatin or cisplatin (16,17). Patients with tumors that are platin-resistant,
defined as worsening disease during treatment, persistent disease after four to six
treatments, or recurrent disease within 6 months after completing therapy (18,19),
have a median survival of 12 months or less, and no currently available drugs have
been shown to prolong these patients' life span. It is in this group of patients that
new drug treatments are urgently needed and in whom they are first tested.

Paclitaxel Trials in Ovarian Cancer

The initial clinical trials of paclitaxel in humans treated patients with multiple tumor
types that had failed all standard therapies. The intent of these trials was to determine
the safest and most effective dose (maximum tolerated dose, MTD) and infusion duration
(schedule). Evidence of tumor regression is uncommon in such trials. However,
unexpectedly, tumor regression was seen in patients with platin-resistant ovarian cancer

(20).

Single-agent trials. These above results were the basis for a series of trials
in patients with ovarian cancer designed to evaluate antineoplastic activity (phase II
trials) of paclitaxel. A total of 111 patients were treated with doses of 100-250 mg/m*
infused over 24 hours every three weeks (21-24). Overall, 20-37% of patients had tumor
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regression, and in seven patients it was complete. Analysis by platin-sensitivity revealed
responses in 40-50% of patients with potentially platin-sensitive tumors, and in 24-30%
of patients with platin-resistant tumors, with at least two of the patients achieving a
CR. The median duration of response was 6 months (range, 2-30). The overall median
survival was 11 months. It was 17 months for patients with potentially platin-sensitive
tumors and 9 months for those with platin-resistant tumors (24). The major toxic effect
in these studies was granulocytopenia (lowered granulocyte count, a subset of the
white blood cells responsible for preventing bacterial infection) which necessitated
dose-reduction to prevent infection. These studies showed the potential range of
antineoplastic activity but did not define whether the response rate was a function of
dose.

High-Dose Trials. To determine whether antineoplastic activity was higher
at higher doses, the National Cancer Institute (NCI) and M. D. Anderson each tested
paclitaxel in a single-arm study at 250 mg/m? over 24 hours in patients with platin-
resistant ovarian cancer. Granulocyte-colony stimulating factor (G-CSF), abiosynthetic
form of the endogenous chemical that stimulates production and maturation of
granulocytes, was given to prevent severe granulocytopenia (25-28). More than 50%
tumor regression (a partial response) was seen in 48% of patients in each study. The
duration of response was 6 months, and the median survival was 12 months.

Trials in Patients with Multiple Prior Therapies. Although paclitaxel was still
not approved by the FDA and thus not widely available, this striking evidence of
antineoplastic activity suggested that many patients could potentially benefit from
paclitaxel. Therefore, the NCI supplied paclitaxel to approved cancer centers for
compassionate use (Treatment Referral Center, TRC, mechanism) for patients whose
tumor had progressed despite three or more prior chemotherapy regimens. The dose
was lower, 135 mg/m? over 24 hours, because of the extensive previous treatment.
The overall response rate was 22%; the median survival was 9 months (29).

Dose- and Schedule-Comparison Trial. In a European-Canadian (NCI-Canada)
study of paclitaxel in patients who failed one or two platin regimens, 60% had platin-
resistant disease, and all had measurable or evaluable disease (30). The study was
performed to answer two questions. First, is the response rate dependent on dose?
Two dose levels were tested, 175 mg/m? and 135 mg/m?. Second, is the 3-hour infusion
schedule as safe and effective as the standard, but more cumbersome, 24-hour infusion?
Thus, there were four treatment arms, because the high- and the low-dose arms were
each given by 3- or 24-hour infusion. Responses were more frequent with the larger
dose (20% versus 15%, respectively) and with the longer infusion schedule (19% versus
16%, respectively). However; neither of these differences achieved statistical significance.
The response rate for platin-resistant patients was 13%, but the survival was not reported
for this subgroup (30).
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TABLE L Studies of Paclitaxel in Advanced and Refractory Ovarian Cancer

Institution No. of Dose, mg/m? Overall CR %  Median
(Reference) Patients Response  (No)  Survivdl,
mo.
Single Agent
JHOC (21) 40 135 (110-170) 30% 2.5(1) 8.2
GOG (23) 41 170 ( i«) 37% 12 (5) 15.9
Einstein (22) 30 180-250 20% 3(1) 6.5
NCI-TRC (29) 619 135 22% 3 9
European- 195 135 15% 1) 11.0
Canadian (30) 187 175 20% 24 115
High Dose  (With G-CSF)
NCI (24,25) 44 250 48% 14 11.5
MD Anderson 48 250 48% 4 12
(27, 28)

Conclusions. Single-agent paclitaxel infused over 24 hours produces antineoplastic
responses of 10-22% and 48-50%, respectively, for doses of 135 mg/m* and 250 mg/m?,
suggesting a benefit to higher doses. However, two additional points are necessary
to interpret these data correctly. First, only a concurrent, randomized trial comparing
the 135 mg/m? and 250 mg/m? doses can prove this hypothesis. Second, even though
more patients responded at the higher dose, the median survival was comparable in
both trials. The apparent lack of benefit in terms of increased survival for the high-
dose group, with its attendant increase in incidence of toxic effects and cost (owing
to both the paclitaxel and the G-CSF), suggests to us that the higher doses may be
most useful in alleviating the severe cancer-induced symptoms of some patients with
advanced platin-resistant ovarian carcinoma. The dose and schedule approved by the
FDA is 135 mg/m’ over 24 hours given every 21 days.

Combination Trials. The next obvious step to optimize paclitaxel's antineoplastic activity
was to combine it with platin and to treat patients who had not previously received
chemotherapy. A trial comparing the standard combination of cisplatin with
cyclophosphamide to the same dose of cisplatin with paclitaxel 135 mg/m® was initiated.
Only preliminary data has been reported (24). Patients on the paclitaxel experienced
significantly more numbness, hair loss, allergic reactions, and episodes of fever during
periods of granulocytopenia. The overall response rate was 64% for the standard arm
and 77% for the paclitaxel-containing arm, a statistically significant difference with
p =0.02 (24). Still unreported is information on survival or comparison of the patients’
quality of life or cost of treatment. For all of these reasons, the use of paclitaxel
combinations in previously untreated ovarian cancer patients should be considered
investigational and not a standard of care. A number of other combination trials with
other agents are ongoing, but the data are too preliminary for conclusions.
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Breast Cancer

Background. In 1994, 182,000 patients will be diagnosed with breast cancer; 1%
of these will be men. Of the 46,000 patients who will die of this disease, most will
have been diagnosed previously (7). Breast cancer is the most common malignancy
affecting women. For unexplained reasons, the incidence of breast cancer has stabilized
recently. Exposure to pesticides at a young age has recently been implicated in breast
cancer because of the estrogen-like effect of DDT (31). The current trend for delayed
or deferred childbearing may cause the incidence of breast cancer to increase (32),
but even if the rate of breast cancer does not increase, the absolute numbers of patients
will rise with the "graying" of America.

The most important variable determining a patient's outcome is the extent of
disease, or stage (33). Tumors that are confined to the locoregional area comprising
the breast and draining lymph nodes in the axilla (armpit), stagesI - I1I, are potentially
curable with local therapy (total mastectomy or lumpectomy and axillary lymph node
dissection followed by irradiation of the remaining breast tissue) with or without systemic
therapy, that is, chemotherapy or hormones or both (adjuvant or prophylactic therapy
for micrometastases). Tumors that have metastasized beyond the locoregional area
(stage IV) are incurable. However, even in patients with incurable tumors, palliative
therapy with chemotherapy, hormones, and/or radiation may prolong good quality of
life. Before the use of chemotherapy, the average life expectancy after the diagnosis
of stage IV (metastatic) breast cancer was 9 months (34). With chemotherapy, the
median life expectancy is 2 to 3 years. The first chemotherapy regimen is generally
effective at reducing tumor size by at least half in 50-70% of patients, and this effect
lasts for a median of 9 to 12 months. Subsequent treatments are effective in about
25-40% of patients for 3 to 6 months. The most effective antineoplastic drug available
for breast cancer is doxorubicin. Tumors that develop resistance to doxorubicin usually
have only very brief responses to other agents. It is in these patients, who have stage
IV disease and who have received a variety of previous treatments, that new chemotherapy
agents are first tested. With the increased awareness of the multiple mechanisms of
drug resistance, however, many new drugs are tested in patients who have received
only one or fewer prior therapies in order to prevent false-negative results from tumors
that are resistant to all drugs.

In contrast to some other tumors, in breast cancer the histologic type, with few
exceptions, has little impact on outcome. The degree of differentiation of the tumor,
or grade, as determined by a variety of methods, is more important. Poorly differentiated,
or anaplastic, tumors grow rapidly and develop early resistance to therapy. In stage
IV disease, the extent and sites of metastases correlate with outcome. Patients with
metastases to visceral organs generally have a more rapidly fatal outcome. A unique
feature of breast cancer is its responsiveness to hormonal treatments in a subset of
patients. Eventually, however, all hormone-sensitive tumors become insensitive.

Paclitaxel Trials in Breast Cancer Patients. The initial investigative trials tested paclitaxel
alone in patients who had received various numbers of prior chemotherapy regimens.

Later trials investigated paclitaxel in combination with other standard antineoplastic
drugs.
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Single-Agent Trials in Patients with Limited Prior Chemotherapy. The initial
trial of the antineoplastic activity of paclitaxel in breast cancer was at M. D. Anderson
in patients with stage IV breast cancer who had received one prior regimen of
chemotherapy (35). Paclitaxel was given at a dose of 250 mg/m? over 24 hours to
25 patients of whom 66% had visceral disease. In 56% of these patients, tumors shrank
50% or more, and this objective response lasted for a median of 9 months (range, 5-27).
In three patients, tumor regressed completely. The treatments were generally well
tolerated; the median number of treatments per patient was 13 courses (range, 2-21).
The toxic effects were those expected: low blood counts in 88% of patients (but
complications of that in only 6% of the 297 courses), total hair loss, and muscle aches
which were severe in only a minority. Long-term effects included a sensory neuropathy
manifested primarily by impairment of fine motor functions such as buttoning, sewing,
fastening jewelry, etc. However, no patient experienced an allergic reaction. This
unexpected result was confirmed by review of all x-rays and patient charts at the NCL.

A trial at the Memorial Sloan-Kettering Cancer Center in New York confirmed
these results in a similar group of patients except that only 16 had received prior
chemotherapy (36). The dose and duration of infusion were similar, except that G-CSF
was administered to prevent the severe drop in white blood cell counts, with the hope
of decreasing the incidence of infection. Of 26 patients, 62% had a decrease in tumor
size of 50% or more. The use of G-CSF reduced the incidence of infectious
complications by half.

Finally, when more paclitaxel became available, a large trial commenced in
Europe and Canada (Canadian-European Taxol Study Group, CETSG) which focused
on women who had received only one prior chemotherapy treatment for metastatic
disease regardless of whether they had received preventive therapy (adjuvant) after
mastectomy (37). The objectives of the trial were two: to determine the efficacy in
breast cancer of the 3-hour schedule, which had been developed for ovarian cancer,
and to compare doses of 175 mg/m® and 135 mg/m® A total of 471 women were
treated. Nearly a third had received adjuvant treatment, another third had received
treatment for metastatic disease, and the remaining third had received both adjuvant
and metastatic treatment. The response rates, 29% for the high dose and 22% for the
low dose, were not significantly different. Although these response rates were not
as high as in the previous two trials, the doses used were lower and the infusion schedule
was shorter. Both of these changes diminished the effective given dose. One measure
of this is the determination of the incidence of granulocyte counts below 500 cells/mm’
(grade 4 granulocytopenia). In the original M. D. Anderson study, 100% of patients
(88% of courses) experienced grade 4 granulocytopenia. In the Memorial Sloan-Kettering
study, which used G-CSF to prevent or diminish this effect, 66% of courses had grade
4 granulocytopenia. In the European- Canadian study, only 27% and 21% of courses,
respectively, had grade 4 granulocytopenia. The data from this trial were the basis
for approval of paclitaxel as "salvage" therapy for metastatic breast cancer which
worsened despite doxorubicin treatment in December 1993. The approved dose and
schedule is 175 mg/m? by 3-hour infusion given every 21 days.
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Single-Agent Trials in Patients with Multiple Prior Therapies. Both M. D.
Anderson and Memorial Sloan-Kettering tested the 24-hour infusion schedule in patients
who had received two or more prior treatment regimens. The Memorial Sloan-Kettering
trial used G-CSF which allowed treatment at higher doses. The planned dose level
in the Memorial Sloan-Kettering study was 200 mg/m?(38). In patients who had received
two or three or more prior regimens, respectively, response rates were 31% and 20%.
AtM. D. Anderson, doses of 175 mg/m? and 150 mg/m?, respectively, without G-CSF,
were used for patients with two or three or more prior regimens (39). Responses were
seen in 23% and 20% of patients, respectively. Approximately 35 patients were treated
in each of the four trials. Nearly 15% of patients on each trial had received high doses
of chemotherapy on a regimen that required transplant of bone marrow or stem cells.

Using data from cell cultures, which showed that prolonged infusion of drugs
retards the development of drug resistance, investigators at NCI tested paclitaxel by
96-hour infusion in patients who had received two or more prior chemotherapy regimens
and were resistant to doxorubicin, a group of patients with a dismal prognosis (40).
Objective responses were seen in 48% of patients.

TABLE II. Phase II Trials of Paclitaxel in Metastatic Breast Cancer

Institution No. of No. Prior  Dose/infusion Response
(Reference) Patients Chemorx. schedule (hr)
MD Anderson (35) 25 1 200-250/24 56%
Memorial (36) 26 0-32%pts 200-250/24 62%
1-68%pts + G-CSF
CETSG (37) 471 1-69% randomized
2-31% 135/3 22%
175/3 29%
Memorial (38) 22 2 200/24 36%
+ G-CSF
Memorial (38) 24 23 200/24 21%
+ G-CSF
MD Anderson (39) 33 2 175/24 20%
MD Anderson (39) 35 >3 150/24 18%
NCI-96 (40) 33 2 140/96 48%

Abbreviations: No., number; Chemorx., chemotherapy treatments

Combination Trials with Doxorubicin. Because doxorubicin is the most effective
drug for breast cancer, it was the logical choice for a combination trial. The scarcity
of paclitaxel limited trials to two centers, M. D. Anderson and the NCI. The centers
used different schedules, but both used G-CSF to diminish effects on the white blood
cell counts. Based on the cell culture data with prolonged drug infusions, the NCI
gave each drug by 72 hours concurrently (41). M. D. Anderson used a sequential
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approach, giving paclitaxel first over 24 hours followed by doxorubicin over 48 hours
(39). The purpose of these phase I trials was to determine the maximum tolerated
dose. Since the trials were conducted simultaneously, data on the incidence and type
of side effects associated with various dose levels were shared by the investigative
teams. The sequential combination with paclitaxel preceding doxorubicin (paclitaxel-
doxorubicin) produced much more severe mucous membrane toxicity (mucositis) which
precluded intake of solid food at paclitaxel doses which were 30% lower than those
in the simultaneous combination. This suggested that paclitaxel potentiated the effects
of doxorubicin. For this reason, the reverse sequence (doxorubicin-paclitaxel) was
then studied at M. D. Anderson (42). With this sequence, the maximum tolerated
doses of paclitaxel and doxorubicin were very similar to those reached in the NCI
concurrent infusion schedule. To further define the nature of this drug interaction,
pharmacokinetic studies were performed in a third group of patients to evaluate
doxorubicin levels in patients who had received either sequential regimen. In the first
cohort of patients doxorubicin preceded paclitaxel for course 1 and was reversed in
course 2. In the second cohort of patients the sequences were reversed for courses
1 and 2. The results showed that when paclitaxel preceded doxorubicin, the peak
doxorubicin concentration at the end of infusion as well as the area under the
concentration x time curve (AUC) was 30% higher. Conversely, doxorubicin clearance
was decreased by 70% when paclitaxel preceded it. The pharmacodynamic effects
were similarly striking: the median granulocyte count, in the sequence paclitaxel-
doxorubicin, was 0.2 granulocytes/mm® versus 1.3 in the reverse sequence. Also, the
incidence and severity of mucositis was greater when paclitaxel preceded doxorubicin.
The conclusion was that if paclitaxel by 24-hour infusion is to be given in sequence
with doxorubicin, doxorubicin should be given first.

Although phase I studies are not designed to determine response rates with
a narrow confidence interval, response data are evaluated. Independent of schedule,
the combination of doxorubicin with paclitaxel by 24-hour or longer infusion resulted
in 70% objective responses. Only 10% of these responses were complete, a condition
necessary for development of a curative regimen. This is similar to standard aggressive
combinations of doxorubicin with 5-fluorouracil and cyclophosphamide ("CAF" or
"FAC"). Additionally, the NCI trial produced an unusual toxic effect, typhlitis,
inflammation of the intestines (43). This is uncommon in patients with solid tumors
and may be lethal.

Another phase I trial also tested this combination but gave doxorubicin by a
rapid intravenous injection ("bolus"), which is the more common method of administration
in most physicians' offices. Cognizant of the M. D. Anderson sequence data, Sledge
et al. interposed a 4-hour delay between the drugs (44). Their trial evaluated the questions
of sequence and dose. The sequence of drug administration was alternated both between
and across patients. Two dose levels were tested: paclitaxel 150 mg/m? with doxorubicin
50 mg/m? and paclitaxel 160 mg/m? with doxorubicin 60 mg/m®. This trial also confirmed
that the sequence of paclitaxel-doxorubicin produced more severe mucositis; not
unexpectedly, the higher dose produced more granulocytopenia. Response data have
still not been reported in final form.

Preliminary data have only recently been reported by investigators in Milan
who treated a similar patient population but used the bolus infusion of doxorubicin
with the 3-hour schedule for paclitaxel (45). These investigators did not observe any
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sequence effect. Moreover, the response rate was over 90%, with nearly 40% complete
responses. These encouraging early data must be verified, but do suggest a potentially
synergistic schedule for this combination.

Other Combination Trials. As the supply of paclitaxel increased due to more
efficient extraction procedures and its approval for use in patients with ovarian cancer
made it commercially available, a host of other combination trials have begun. One
trial tested the combination of paclitaxel with cisplatin but used lower than standard
doses of each drug to allow retreatment of patients every 14 days instead of the more
standard 21-day interval (46). Responses were seen in almost 75% of patients, nearly
all of whom had received doxorubicin as an adjuvant therapy. Two trials combined
paclitaxel with cyclophosphamide, arguably the second most effective drug for breast
cancer. Both Johns Hopkins Oncology Center (JHOC) (47) and the NCI tested various
schedules and found the combination active. Hopkins also evaluated the sequence
question and found more severe granulocytopenia when paclitaxel preceded
cyclophosphamide. However, pharmacokinetic studies have not shown any difference
in the standard pharmacokinetic parameters, so the nature of this interaction is
unexplained.

Novel Approaches. Three important trials representing a new direction in research
are ongoing. At Memorial Sloan-Kettering, paclitaxel is administered in combination
with monoclonal antibodies directed to growth factors located on the cell surface (48).
Preliminary data from studies of anti-epidermal growth factor receptor in combination
with low doses of paclitaxel are positive. Another trial involves gene therapy for patients
who will undergo high-dose chemotherapy with bone marrow transplantation and takes
advantage of one of the mechanisms of resistance used by tumor cells, the p-glycoprotein
multidrug resistance pump, which actively pumps any number of structurally unrelated
but naturally occurring compounds out of the tumor cell (49). This gene will be inserted
into the transplanted white blood cell precursors of patients who will later receive high
doses of paclitaxel and will allow these cells to, in effect, eject the paclitaxel before
it impairs cell function and, importantly, proliferation. The third approach uses paclitaxel
in the adjuvant setting (50).

Unresolved issues. The most effective schedule for paclitaxel in breast cancer has
not been defined. An ongoing North American trial is comparing the 3- and 96-hour
infusions. Synergistic combinations are being developed. The trials already described
have shown that the sequence of any combination must be carefully studied to minimize
toxic effects (42). Paclitaxel is excreted primarily by the liver. Use of paclitaxel in
patients whose liver function has been impaired because of tumor has exacerbated
all the standard toxic effects and been lethal in some. A safe but effective dose-schedule
for these patients must be established. Finally, a better understanding of the mechanisms
of resistance and methods to circumvent it is needed.

Lung Cancer

Lung cancer is the leading cause of cancer death in the United States in both
men and women: more than 170,000 cases are diagnosed each year, and more than
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140,000 people die of the disease in the same period (51). Lung cancer is divided
into two major biological and clinical subtypes: non-small cell lung cancer, which
is relatively insensitive to chemotherapy, and small cell lung cancer, which is very
sensitive to chemotherapy (52).

Non-Small Cell Lung Cancer. Non-small cell lung cancer accounts for more than
three quarters of all lung cancer cases. Early stage non-small cell lung cancer is
frequently curable with surgical resection, but three quarters of patients present with
either locally advanced disease, which is only infrequently curable with surgery, or
distant metastasis, which is almost always fatal. The treatment for individuals with
metastatic disease consists of chemotherapy; however, the best available single agents,
such as cisplatin, ifosfamide and mitomycin C, induce major responses in only 20-30%
of patients. Furthermore, the duration of these responses is frequently only a few months,
and almost all patients will relapse. Combinations of active agents may yield higher
response rates, but the overall outcome remains dismal. Large randomized trials have
shown that chemotherapy may prolong survival in patients with metastatic non-small
cell lung cancer, but the benefit in overall survival duration is still measured in months.
Therefore, it is obvious that new agents are needed for the treatment of non-small cell
lung cancer (52).

Phase II Trials. Paclitaxel was studied in two phase II trials in patients with
non-small cell lung cancer based on its activity in preclinical models. In one trial
at M. D. Anderson, 27 patients with non-small cell lung cancer who had not received
prior chemotherapy were treated with paclitaxel 200 mg/m? as a 24-hour infusion (53).
Six of the 25 evaluable patients (24%) had major responses, one of which was a complete
remission. The median response duration was 27 weeks, and the median survival of
all patients enrolled on the study was 40 weeks.

Another phase II study reported by the Eastern Cooperative Oncology Group
(ECOG) treated patients with metastatic non-small cell lung cancer with paclitaxel
250 mg/m? as a 24-hour infusion (54). Five of 24 evaluable patients (21%) had major
responses, and the median survival was 24.1 weeks; however, 42% of the patients
were alive at one year, which is higher than is usually reported in phase II studies
in lung cancer. The authors commented that this result made paclitaxel the most active
single agent for non-small cell lung cancer evaluated in the past ten years of phase
I studies by the ECOG.

While the overall response rates in these two studies may not appear impressive,
they clearly demonstrate that paclitaxel is among the most active agents for non-small
cell lung cancer identified to date. Furthermore, in additional trials non-small cell
lung cancer patients who had not responded to prior cisplatin-based therapy had partial
responses to paclitaxel, which is unusual with any other agent (55,56).

Investigational Approaches: Combination Studies and Locally Advanced Disease.
Some high-profile investigations on the use of paclitaxel in the treatment of non-small
cell lung cancer involve 1) combination with other agents and radiotherapy and 2)
treatment for patients with tumors that are not resectable but are limited to the lung
only (locally advanced disease).

Data from cell lines and animal models suggest that paclitaxel may have synergy
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with cisplatin, one of the most active single agents in the treatment of non-small cell
lung cancer (57). A large randomized cooperative trial is now underway evaluating
the efficacy of this combination in patients with metastatic non-small cell lung cancer.

For patients with stage III non-small cell lung cancer, which is not resectable
but has no documented evidence of distant metastasis, paclitaxel may have a major
impact on survival. This group comprises 25-30% of all patients with non-small cell
lung cancer; therefore, a therapeutic impact in this population, even if relatively small,
may prolong the survival of thousands of patients. Surgery and/or radiotherapy have
usually been used in this patient population, but the majority of patients so treated
develop either distant metastasis or local recurrence. Recent data indicate that
chemotherapy prior to radiotherapy prolongs survival in this population of patients
(58); the development of combinations with greater activity may lead to even greater
improvements in survival.

Concurrent use of chemotherapy and radiotherapy may provide an additional
benefit in patients with locally advanced disease by avoiding delay of either modality
and exploiting the radiosensitizing capacity of some agents. Paclitaxel is an ideal
candidate for this strategy because it is among the most active agents for metastatic
non-small cell lung cancer and it is a potential radiosensitizer (59,60). Clinical trials
are now exploring the combination of paclitaxel with radiotherapy in the treatment
of locally advanced non-small cell lung cancer (61).

Small Cell Lung Cancer. Although the role of chemotherapy in the management of
patients with non-small cell lung cancer remains unclear, chemotherapy is essential
in the treatment of patients with small cell lung cancer (62). Numerous agents have
been found to be active in small cell lung cancer, and combination therapy can yield
response rates of more than 80%. However, responses are frequently incomplete, and
the duration is short in the majority of patients. Therefore, the development of new
agents is essential in order to prolong overall survival of these patients.

Phase IT Trials. The first paclitaxel trial produced major responses in 34%
of patients with previously untreated small cell lung cancer (63). This was probably
an underestimate of the true response rate, however, as patients were allowed only
two cycles of treatment unless they had at least a partial response. The activity of
paclitaxel in small cell lung cancer was confirmed in a second phase II study which
identified a response rate of 68% (64). Current studies are exploring the combination
of paclitaxel with other agents with known activity in small cell lung cancer.

Head and Neck Cancer

Background. Head and neck cancer comprises a broad range of tumors of the oral
cavity, pharynx, and larynx, and accounts for more than 40,000 cases of cancer in
the United States each year. The vast majority of these cancers are squamous cell
histologic type, and early stage lesions can be cured with surgery and/or radiotherapy.
Unfortunately, patients frequently present with disease that has either invaded adjacent
local structures or metastasized to local lymph nodes. Either of these markedly shortens
survival to a median of 6 months; death is usually due to local-regional or distant
metastasis.
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The most active chemotherapeutic agents in this setting include cisplatin,
carboplatin, methotrexate, and ifosfamide. However, these agents rarely produce complete
responses, and none have been found to have a significant impact on overall survival
in this population. Combinations of agents such as cisplatin and 5-fluorouracil yield
higher response rates than single agents but have no significant impact on survival

(65).

Phase II Trials. A recent phase II study found that paclitaxel may be among the most
active agents in the management of squamous cell carcinoma of the head and neck:
47% of patients had responses following paclitaxel alone, 11% complete responses
(66). Another phase II study has reported a similar high response rate in patients with
recurrent disease (67). A large trial is currently underway in Europe under the auspices
of the EORTC to confirm the efficacy of paclitaxel. The study is comparing two
paclitaxel schedules, 175 mg/m? over 24 hours versus a standard arm with methotrexate
40 mg/m?*/week. A second large trial is ongoing in the Eastern Cooperative Oncology
group evaluating the efficacy of paclitaxel 250 mg/m? over 24 hours with G-CSF versus
135 mg/m?, both in combination with cisplatin. Current trials will define the role of
paclitaxel in combination with other standard active agents.

Gastrointestinal Tract Cancers

Background. The gastrointestinal system is the most frequent site of malignant diseases
in the U.S. population. Colon and rectal carcinomas are the most frequent gastrointestinal
malignancies, and nearly 50% of patients with these diseases are cured by surgical
excision of the primary tumor. Although the incidence of carcinomas of the pancreas,
stomach, and esophagus is much less than that of colorectal carcinoma, these malignancies
are generally not curable by surgery. Nearly 100,000 patients are diagnosed with
incurable gastrointestinal malignancies each year in the U.S. (68). We must develop
new chemotherapeutic and biological agents to improve response rate, quality of life,
and survival duration.

Carcinomas of the esophagus and gastroesophageal junction account for
approximately 1% of all malignancies in the U.S. (68). Approximately 11,000 new
cases and 10,400 deaths are expected in 1994 (68). For reasons yet to be explained,
the incidence of adenocarcinoma of the esophagus and proximal stomach has increased
dramatically in the past 15 years, particularly in the U.S. (69). An increase in
adenocarcinoma of the upper gastrointestinal tract has also been reported in Europe
(70-72). The median survival duration of patients with advanced disease is 4 to 8
months.

Phase II Trial in Carcinoma of the Esophagus. A phase II NCI-sponsored study of
paclitaxel by a 24-hour infusion was conducted in previously untreated patients with
unresectable local-regional or metastatic carcinoma of the esophagus. The protocol,
whose purpose was to evaluate response rate, duration of response, and toxicity, accrued
patients simultaneously at M. D. Anderson and Memorial Sloan-Kettering (73). Patients
with histologic proof of esophageal carcinoma and good performance status were premedi-
cated and received paclitaxel at a starting dose of 250 mg/m? infused intravenously
over 24 hours; this was repeated every 3 weeks. Patients also received G-CSF. Fifty-three
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patients were enrolled, 33 with adenocarcinoma and 20 with squamous cell carcinoma.
Fifty-one patients were evaluable, and 16 (32%) achieved a complete or partial response.
Complete response of liver metastases and local recurrence was observed in a patient
with adenocarcinoma. Eleven patients achieved a minor response, 15 had no change
in their disease, and 19 had progressive disease while receiving paclitaxel. The median
duration of partial response was 17 weeks (range, 7 to 58+ weeks). Among the 33
patients with adenocarcinoma, 12 (36%) achieved either a complete (one patient) or
partial response (11 patients) and six had a minor response. Four (22%) of 18 patients
with squamous cell carcinoma had a partial response and 4 (22%) had a minor response.

Toxic Effects. The combination of paclitaxel followed by G-CSF was well
tolerated. No treatment-related deaths occurred in this group of patients. There were
no unexpected toxic effects. No grade 4 (life-threatening) toxic effects were observed
in any patient. Three patients developed grade 3 (severe) neuropathy (nerve injury
which causes numbness), but the severity was reduced in two patients as of this writing.
Grade 3 or 4 granulocytopenia occurred in 107 (66%) courses. There were 11
hospitalizations in 9 (18%) patients for the management of fever during granulocytopenia.

Phase II Trial in Carcinoma of the Pancreas. Carcinoma of the pancreas afflicts nearly

25,000 people each year in the U.S. The prognosis of patients with this disease is

extremely poor. Most patients develop widely metastatic disease shortly after the
 establishment of diagnosis. There is no effective palliative chemotherapy.

Paclitaxel has been studied at the starting dose of 250 mg/m? infused over 24
hours with G-CSF (74). Among 44 patients registered, 30 were evaluable for response,
but only two achieved a partial response. The duration of response was brief. There
were no unexpected toxic effects. Overall, paclitaxel was considered ineffective in
patients with carcinoma of the pancreas. This agent has not been pursued in this group
of patients.

Paclitaxel seems to have definite activity in patients with adenocarcinoma or
squamous cell carcinoma of the esophagus. A trial combining paclitaxel with 5-
fluorouracil and cisplatin is now underway. However, paclitaxel appears to be ineffective
in patients with carcinoma of the pancreas. Studies of paclitaxel in patients with colorectal
carcinoma, biliary carcinoma, and gastric carcinoma are underway.

Docetaxel (Taxotere)

Background. Docetaxel is a new taxoid with a broad and promising antitumor profile.
This semisynthetic compound was developed by French researchers from the Institut
de Chimie des Substances Naturelles and Rhéne-Poulenc in 1981 (75). Docetaxel
is prepared from a noncytotoxic precursor, 10-deacetyl baccatin ITI. The lateral chain
at C-13, which is responsible for its cytotoxic effect, is added chemically. Docetaxel
differs structurally from paclitaxel at the 10-position on the baccatin ring and at the
3'-position on the lateral chain. Docetaxel has a molecular weight of 807.9 grams,
is practically insoluble in water but freely soluble in alcohol, and is currently formulated
in polysorbate 80 (20,75).

The mechanism of action and the effects of docetaxel on the cell cycle are
unique. Docetaxel promotes the polymerization of tubulin into stable microtubules
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as the other taxoid paclitaxel does, but it does not alter the number of protofilaments
in normal microtubules. It also appears to alter the structure of tubulin polymers in
other classes of microtubules, including those that are Tau dependent. On the basis
of an in vitro tubulin assay, docetaxel is twice as potent an inhibitor of microtubule
depolymerization as paclitaxel. Docetaxel thus acts as a mitotic spindle poison and
induces a mitotic block (20,76).

The in vitro cytotoxicity of docetaxel in murine and human tumor cell lines
and its in vivo preclinical antitumor activity in murine and human xenografts were
very impressive (20,76-79). Docetaxel showed higher cytotoxic activity than other
antineoplastic agents such as paclitaxel, cisplatin, cyclophosphamide, and doxorubicin
against the same tumor models (20). The higher cytotoxic potency relative to paclitaxel
may result from docetaxel's high affinity for microtubules, high intracellular
concentrations, and slow cellular efflux. Synergistic antitumor effects have been seen
with cyclophosphamide, fluorouracil, etoposide, and vinorelbine but not with cisplatin
or doxorubicin (20,80). Incomplete cross-resistance between docetaxel and paclitaxel
has been seen in human cell lines in vitro (20). Docetaxel is inactive against the
doxorubicin-resistant P388 cell line, but it is active in other cell lines expressing the
multidrug resistance phenotype (20). Some preliminary data suggest that docetaxel
could be a radiation sensitizer (20). The preclinical toxicologic studies in mice and
dogs found that docetaxel exerted its toxicity in tissues with high cell turnover. The
toxic effects were greater with a 5-day schedule than with a single-dose schedule and
were dose dependent (20).

Phase I Trials. Six phase I trials of docetaxel at different schedules, comprising a
total of 238 patients, were conducted throughout the world starting in 1990 (81). The
highest maximum tolerated dose and highest dose intensity were obtained using a short
1-hour infusion every 3 weeks. The dose-limiting toxic effect was grade 4
granulocytopenia, which was schedule independent, noncumulative, and dose dependent.
Its duration was brief (less than 7 days), and it was rarely associated with significant
morbidity. There was no significant anemia or thrombocytopenia. Mucositis was
schedule dependent, being more frequent and severe with longer or repeated infusions
(6-hour, 24-hour, or 5 consecutive-day schedules). Other toxic effects included alopecia
(>50% of patients); mild nausea, vomiting, and diarrhea (<30% of patients); reversible
paresthesias (<20% of patients); and hypersensitivity reactions (20% of patients; 4%
severe). Other minor side effects were conjunctivitis, asthenia, and myalgias. The
short infusion schedules were unexpectedly associated with skin toxic effects. An
unusual fluid retention was noted in association with cumulative dosing in some patients
who responded to the drug. Premedication was not administered in these trials. Major
clinical activity was documented in 17 patients: eight objective responses were seen
in breast cancer, two in ovarian cancer, three in lung cancer, and two in carcinoma
of unknown origin (81).

Clinical Pharmacology. Clinical pharmacology studies of docetaxel showed
linear pharmacokinetics and no schedule-dependent disposition (20). Docetaxel is
significantly bound to plasma proteins (>90%). It is metabolized in the liver, with
more than 90% of the drug being eliminated in the feces during the first 7 days (mainly
in the first 2 days); renal excretion is minimal (5%). Mean pharmacokinetic values
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following dosing of 100 mg/m? as a 1-hour infusion are: peak concentration, 3.6 pg/ml;
alpha, beta, and terminal gamma half-lives: 0.1, 0.6, and 12.2 hours (triphasic model);
plasma clearance, 21.2 1/h/m?® The dose recommended for phase II trials was 100
mg/m? infused over 1 hour every 21 days (81).

Phase IL Phase II studies have been conducted in Europe, Japan, and North America.
Preliminary results are shown in Tables III-V.

Metastatic Breast Cancer. In the first three trials, conducted by the European
trials group (EORTC-ECTG), NCI-Canada, and Memorial Sloan-Kettering (82-84),
patients without prior chemotherapy for metastatic disease received 100 mg/m? Ninety-
five patients were assessed for drug efficacy. The preliminary data show an overall
objective response rate of 60%, with 9% complete responses. The response rate was
similar whether or not patients had received prior adjuvant chemotherapy. The results
from four other trials that used lower drug doses showed a lower rate of objective
response. The response rate was 48% in 46 patients treated with 75 mg/m? and 44%
in 155 patients treated with 60 mg/m? (85,86).

The EORTC-ECTG then treated 32 patients who had received one prior
chemotherapy regimen, 23 for metastatic disease and 9 for adjuvant, or preventive,
therapy after mastectomy, with a dose of 100 mg/m?® (87). The overall objective response
was 53%, with 6% complete responses.

Two studies have been performed in patients whose disease had worsened during
treatment with an anthracycline (e.g., doxorubicin) or anthracenedione (88,89). As
noted earlier, once a tumor develops resistance to doxorubicin, it progresses rapidly
and patients die. Fifty-nine patients were evaluable for response. The median number
of prior chemotherapeutic regimens was two. The preliminary overall response rate
was 55%, with 4% complete responses.

TABLE III.  Phase II Studies of Docetaxel (100 mg/m’ every 3 weeks) in Patients
With Metastatic Breast Cancer Without Prior Chemotherapy

Institution No. Total Complete
(Reference) Patients  Responses  Responses
EORTC-CSG (82) 32 73% 6 (16%)
NCI-Canada (83) 34 65% 3 (9%)
Memorial Sloan- 29 76% 2 (7%)
Kettering (84)

EORTC-ECTG' (87) 32 53% 2 (6%)
MD Anderson' (88) 33 55% 0 (0%)
UT San Antonio' (89) 26 60% 3 (11%)

"Patients in these trials had prior chemotherapy.
Abbreviations: No., number
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Lung Cancer, Non-Small Cell. Docetaxel 100 mg/m? (91-93) was given to
130 patients in the U.S. and Europe; in Japan 185 patients received 60 mg/m? as initial
chemotherapy (86,94). The preliminary overall objective response rates were 30%
and 22%, respectively. Docetaxel was also tested as second or "salvage” chemotherapy
in 69 patients treated with 100 mg/m? (91,95). The preliminary overall objective response
rate was 26%.

TABLE IV.  Phase II Studies of Docetaxel (100 mg/m’ every 3 weeks) in Metastatic
Non-Small Cell Lung Cancer without Prior Chemotherapy

Institution No. of Responses
Patients
Memorial Sloan-Kettering 29 38%
EORTC 32 31 %
MD Anderson 39 33 %
UT San Antonio 30 30 %
MD Anderson' 39 27 %
UT San Antonio' 30 23 %

"Patients 1n these trials had received prior chemotherapy.
Abbreviations: No., number

Lung Cancer, Small Cell. Twenty-eight patients were treated, and the preliminary
overall response rate was 25% (96).

Ovarian Cancer. Several studies have been conducted in which docetaxel was
used as salvage therapy in a total of 271 platinum-exposed patients (97-100). The
preliminary overall objective response rate was 26%. The granulocytopenia is comparable
in severity to that induced by paclitaxel 200 mg/m? infused over 24 hours. The depth,
duration, and associated complications have been markedly reduced by the use of
prophylactic G-CSF in our institution. At this time paclitaxel and docetaxel seem
to be therapeutically equivalent in platinum-refractory of ovarian cancer. The toxicity
profile and cost may differentiate the two. However, arandomized trial will be required
to confirm this.

Gastrointestinal Cancers. Docetaxel was evaluated in 33 patients with gastric
cancer (101) and 18 patients with pancreatic cancer (102). The preliminary overall
objective response rates were 24% and 28%, respectively. However, only one objective
response was documented in 64 patients with colorectal cancer (103-105). The
preliminary activity in pancreatic cancer is very encouraging. A confirmatory phase
II study is under way in our institution in untreated patients with pancreatic cancer.
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TABLE V. Phase II Studies of Docetaxel in Other Tumor Types

Tumor Institutions Prior No. of  Responses

Type (Reference) Therapy Patients

Small Cell ECTG (96) Pretreated 28 25%

Lung

Ovarian ECTG, CSG, Pretreated 271 26 %
MD Anderson
(97-100)

Gastric ECTG (101) Untreated 33 24 %

Pancreatic  Institut Gustave Untreated 18 28 %
Roussy (102)

Melanoma ECTG (106) Untreated 44 17 %
MD Anderson (107)

Head/Neck EORTC (108) Pre/untreated 37 32%

Sarcoma EORTC (109) Pretreated 29 17 %

Other Cancers. Objective responses were documented when docetaxel
was used as initial chemotherapy for melanoma (17%) (106,107) and head and neck
cancer (32%) (108) and in second- or third-line therapy for sarcomas (17%) (109).
There were no responses in patients with renal cell cancer (110).

Docetaxel is one of the most active antineoplastic drugs in patients with metastatic
breast, ovarian, or lung cancers, whether untreated or previously treated. Patients whose
tumors were resistant to anthracyclines or cisplatin responded to docetaxel. The dose
of 100 mg/m? produced higher rates of objective responses than lower doses such as
60 mg/m? or 75 mg/m* Duration of response and overall survival data are still not
available for most studies.

Safety Profile. Many of the side effects of docetaxel are similar to those of paclitaxel.
However, docetaxel has its own unique toxic effects.

Hematologic (Blood) Toxic Effects. Anemia has been mild in patients receiving
docetaxel, with fewer than 20% of the courses associated with grade 2 or greater.
Thrombocytopenia was infrequent (<5% of patients). Moderate to severe granulocytopenia
was seen across all studies. The median nadir granulocyte count was approximately
0.3/mm’. The granulocytopenia usually occurs early, between days 6 and 15 with
a median starting day of 7 or 8. The median duration of granulocytopenia has been
approximately 7 to 8 days. In patients with breast cancer, EORTC-CSG reported no
episodes of neutropenic fever/infection in 168 courses in patients given docetaxel as
initial chemotherapy for metastatic disease, but this was seen in 9% of 437 courses
in patients at M. D. Anderson and in San Antonio. However, these latter patients had
more aggressive disease which was resistant to doxorubicin.
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Nonhematologic Toxic Effects. Hypersensitivity reactions were seen in the
early clinical trials when no premedication was given. These reactions are usually
manifested as rash, urticaria, dyspnea, or back pain. Patients experiencing severe
hypersensitivity reactions may rarely develop bronchospasm or angioedema (swelling
which can be lethal if the main air passage becomes occluded), sometimes with lowering
of the blood pressure. Mild or moderate hypersensitivity reactions were noted in
approximately 20% of patients and 10% of courses, but this varied significantly among
studies (111-113). Premedication with an antihistamine and a corticosteroid has nearly
abolished this complication. The incidence decreased from 50% to 5% of patients in
the M. D. Anderson trial (114).

Other side effects of docetaxel are common to many other chemotherapy agents.
Hair loss has been total and nearly universal. Gastrointestinal effects, including mild
to severe nausea, vomiting, diarrhea, and mucositis, occurred in 10-25% of the courses;
in most, however, these have been of moderate severity. Peripheral neuropathy was
documented but was uncommon, mild, and mainly sensory. Fatigue and asthenia (a
generalized sense of debility) of moderate to high severity (grades 2-4) were seen in
30-60%; the incidence of myalgia (muscle aches) varied greatly among studies, ranging
from <5% to 20-40% of the courses.

Two unique toxic effects were also noted. Skin reactions were documented
in 25-60% of the patients and in 20-35% of the courses prior to the administration
of premedication. The skin manifestations included: 1) scattered maculopapular eruptions
with desquamation (peeling and flaking of skin), usually localized to the extremities;
2) fingernail and toenail changes, including thinning, subungual (below the nail) erythema
(redness), ridging of the nail plates, shedding of the nail either from above or below,
and subungual hemorrhage; 3) hand-foot syndrome (redness, swelling, and tenderness
of the hands and feet); 4) photodermatitis (skin redness and thickening in response
to light, an enhanced sensitivity to sunlight); 5) reactive dermatitis; and 6) inflammation
of the hair follicles (20). In some patients the lesions appeared in areas of prior injury
or areas of pressure. The use of corticosteroids has significantly decreased the cutaneous
reactions, including the hand-foot syndrome (88,113). Biopsies showed nonspecific
collections of lymphocytes around blood vessels in the skin (20).

The second unique toxic effect was fluid retention. This initially presented
as aprogressive increase in weight. Later, patients developed edema (swelling), mainly
in the lower extremities; pleural effusions (fluid collections in spaces between the lungs
and the chest wall); pericardial effusion (fluid in the space around the heart); and ascites
(accumulation of fluid in the abdominal cavity) were also manifestations of this fluid
retention. Without premedication, fluid retention was associated with a cumulative
dose of more than 300 mg/m? (111-113). The incidence of fluid retention was greater
than 80% in long-term responders. It is not associated with abnormal function of the
kidneys, heart, liver, lungs, or thyroid or adrenal glands. Vascular (blood vessel)
permeability has been shown to increase in patients taking docetaxel (114).

Two approaches have been taken to overcome these effects in a small number
of patients. First, the dose of docetaxel was decreased to 75 mg/m?, but this produced
no definite evidence of improvement (86,111). When doses were lowered to 60 mg/m?,
however, as in the Japanese studies, the incidence of these effects was under 10%.
Second, premedication with steroids was used. This appeared to have an impact on
the onset of fluid retention in the preliminary data of some studies (113,115). The
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NCI-Canada used a short-term premedication regimen similar to the one used for
paclitaxel without any change in the severity or frequency of these effects (111); however,
multiple-day administration of steroids appeared to delay the onset and the severity
of significant fluid retention in the M. D. Anderson trial. The median number of courses
the patient could receive before the onset of moderate fluid retention increased from
three to eight after steroids were routinely used, but the numbers of patients in these
trials were small. The EORTC-ECTG reported a decrease in fluid retention from 36%
to 8% when a short course of methylprednisolone, cetirizine, and ketotifen was
administered (115). Other studies showed a shift in the median onset of fluid retention
to a cumulative dose of 500 mg/m?.

Future Issues. Three areas are under extensive laboratory and clinical research in the
development of docetaxel. First, synergistic combinations with other active antineoplastic
agents such as cisplatin, anthracyclines, cyclophosphamide, 5-fluorouracil, and vinorelbine
are being developed. Randomized studies to compare docetaxel with standard first-
or second-line therapies in lung and breast cancer are ongoing or planned. Studies
to assess the pattern of cross-resistance between docetaxel and paclitaxel must be done
(a pilot trial of docetaxel in paclitaxel-resistant metastatic advanced breast cancer is
under way). Second, more comprehensive studies in other tumor types for which
docetaxel has demonstrated preliminary antitumor activity, including head and neck,
pancreatic carcinoma, and sarcomas, are needed. Third, efforts to understand the
pathophysiology of the skin reactions and fluid retention, as well as the development
of effective preventive and therapeutic measures to enhance the safety profile, are needed.
Several ongoing pilot studies and a major randomized trial with a different premedication
regimen will address this issue.

Conclusions

After surmounting multiple preclinical and clinical problems, paclitaxel has demonstrated
potent antineoplastic activity in ovarian, breast, lung, head and neck, and esophageal
cancers. Paclitaxel is currently approved for the treatment of ovarian and breast cancer.
Side effects have been acceptable. However, many issues regarding the optimal use
of paclitaxel are unresolved: determination of the most effective and least toxic infusion
duration; development of guidelines for use in patients whose liver function is
compromised from tumor invasion or prior therapy; understanding of how tumors develop
resistance to paclitaxel and how to prevent or reverse this; and development of synergistic
combinations. Unlike many currently available drugs, development of synergistic
combinations will require attention to the sequence in which the drugs are given as
well as the infusion duration. The sequence and infusion duration of paclitaxel in
combination with other drugs affect the type and severity of side effects. An analogue,
docetaxel, appears to have even greater antineoplastic activity and may be safely and
effectively given by a convenient 1-hour infusion. However, significant fluid retention
occurs in most patients who have received five or more courses. Paclitaxel and docetaxel
may be the first of a new family of potent antineoplastic drugs, and they are fertile
areas of ongoing clinical and basic research.
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Chapter 4

The Pacific Yew Environmental Impact
Statement

S. J. Campbell and S. A. Whitney

Natural Resources Group, Pacific Northwest Region, U.S. Department
of Agriculture Forest Service, Portland, OR 97208

Pacific yew, an evergreen tree found in the forests of the Pacific
Northwest, contains the cancer-fighting drug taxol. The need to harvest
Pacific yew from federal lands to obtain taxol for research and
commercial sale precipitated a number of federal actions in the early
1990's. These included passage of a law protecting Pacific yew, a
three-state inventory of the species, cooperative agreements between
three federal agencies and a major pharmaceutical company, and an
analysis of the impacts of Pacific yew harvest on the environment. The
analysis is documented in an environmental impact statement,
published in September of 1993.

Pacific yew, Taxus brevifolia, is native to western North America. It ranges from
southeast Alaska to northern California and from the Pacific coast to interior Idaho
and Montana (Figure 1). A rather inconspicuous member of the forest, it usually
grows slowly beneath the forest canopy. In the drier, more easterly portions of its
range it grows in the open as a shrub, rarely reaching more than five feet in height.
Pacific yew is a member of the Taxaceae family, distinguished by evergreen foliage
and seed enclosed in arils (red, fleshy, berry-like structures) rather than cones. The
bark of Pacific yew is scaly, reddish-brown to purple, and extremely thin (2 to 6 mm
in thickness). Most parts of the Pacific yew plant - the bark, wood, and needles -
contain the compound taxol. Taxol is now a registered trademark name. However, due
to greater familiarity with the word taxol, we use it in this article in lieu of
"paclitaxel".

The ecological role of Pacific yew in the forest is not well understood,
especially in comparison to our knowledge of many other tree species. We know,
though, that Pacific yew is utilized as food or habitat by many other forest species,
ranging from insects to spotted owls (Figure 2). Traditional and contemporary uses
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Figure 1. Geographical Range of Pacific Yew, Taxus brevifolia. Reproduced from
Pacific Yew Environmental Impact Statement, 1993, USDA Forest Service.

In Taxane Anticancer Agents, Georg, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by UNIV OF GUELPH LIBRARY on October 25, 2012 | http://pubs.acs.org

Publication Date: December 7, 1994 | doi: 10.1021/bk-1995-0583.ch004

60

Figure 2. Ecological Roles of Pacific Yew. Reproduced from Pacific Yew
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by humans are numerous as well: Native Americans valued and used the extremely
hard and decay-resistant wood for tools, weapons, and ceremonial and decorative
items. Foliage, fruits, and bark were used medicinally. Today, bow-makers and
various other craftsmen seek out Pacific yew for its beauty and the same practical
qualities that earlier peoples did.

But apart from firewood, fence wood, and wood for craftsmen, Pacific yew
historically has not been used by the forest industry. It has not been harvested for pulp
or lumber; it was not normally inventoried along with the other major tree species on
federal or private forest land; and it often was piled and burned along with the logging
slash and other vegetation remaining after timber harvest.

Forest Service and BLM Participation in the Taxol Program

In 1962, the National Cancer Institute (NCI) collected Pacific yew bark while
collecting new plant material to screen for cancer fighting properties. Extracts from
the bark showed in vitro activity against cancer cells. Isolation of the active principle,
determination of the structure and mechanism of action, and toxicology studies were
carried out through the 1960's and 70's. Clinical trials started in 1983 and, in 1989,
NCI began working with the two major federal land management agencies in the west
- the Forest Service and the Bureau of Land Management (BLM) - to obtain a supply
of yew bark for expanded clinical trials.

Following the selection of Bristol-Myers Squibb Company by NCI in January
of 1991 to develop taxol for commercialization, a Memorandum of Understanding
was signed in June of the same year by the Secretaries of Health and Human Services
(the parent agency for NCI), Department of Agriculture (parent agency for the Forest
Service), and the Department of the Interior (parent agency for the BLM) to formalize
the working partnership between the three Departments. Separate cooperative
agreements between Bristol-Myers Squibb and each land management agency were
developed to facilitate the transfer of Pacific yew bark to Bristol-Myers Squibb.

Bark Harvest on Federal Lands. In 1989, approximately 60,000 pounds of dry bark
were collected from federal lands and sent to NCI. In 1990, 74,000 pounds were
harvested. In 1991, the year the MOU was signed, almost 850,000 pounds were
harvested. Demand for bark from national forests and BLM lands was projected to be
at least 750,000 pounds per year until other sources of taxol were developed by
Bristol-Myers Squibb. Private landowners were also harvesting bark for Bristol-
Myers Squibb.

Federal yew bark harvest occurred primarily in areas where timber harvest (of
other commercial tree species) had already taken place or was scheduled to occur
later. Harvest usually consisted of cutting the yew tree down, peeling the bark off the
trunk and larger limbs with the aid of chisels or hatchets, and then bagging the bark.
Once all the large yew in an area were peeled, the bagged bark was taken to one of
several processing plants in the northwest, chipped and dried, and then sent on for
further processing for taxol extraction.
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Events Leading to an Environmental Impact Statement

While bark peelers were harvesting yew from northwest forests for the purpose of
producing taxol, many questions remained unanswered about the impacts of the
harvest on forest ecosystems. The public spoke out. Some people believed the Forest
Service and BLM were proceeding with yew harvest without adequately assessing the
impacts and without complying with the law (National Environmental Policy Act);
others thought yew bark was being wasted due to less than thorough peeling of each
yew tree or because some yew trees in timber sale areas were left unpeeled. Poachers
cut and peeled yew trees or even stripped the bark from living trees in federal and
private woodlands, public parks, and citizens' yards and many people viewed bark
stealing as an issue the agencies nmeeded to control quickly. Some groups and
individuals feared that Bristol-Myers Squibb would monopolize the collection,
production, and sale of taxol. Many concerns surfaced about yew harvest, the impacts
on the environment, and the production of taxol for research and cancer treatment.
Information and guidelines were needed.

Interim Guide Team. Before the 1991 season of yew bark collection, the Forest
Service and BLM established an interageny team of scientists (Forest Service, BLM,
State of Washington, and Oregon State University) to assess the impacts of yew
harvest and develop guidelines for the conservation of the species. This team
produced "The Interim Guide to the Conservation and Management of Pacific Yew"
(1), a 72-page book that outlines Pacific yew harvest and management on a long-term
basis while ensuring the survival of the species. It was based on the known biological
and ecological information that existed for Pacific yew as well as on general
ecological and genetic principles. The Guide was completed in 1992; it governed the
1992 yew harvest season.

The Yew Act, 1992. Concurrent with the preparation of the Pacific Yew EIS,
Congress, responding to public concern about the need for taxol and the waste of yew
trees, drafted the Yew Act, H.R. 3836. This Act ensures that federal lands will be
managed to provide for the sustainable harvest and long-term conservation of the
Pacific yew. While the Act ensures yew and ecosystem protection, it also ensures that
Bristol-Myers Squibb or other qualified companies could obtain the yew. The
purpose of the Act is: to provide for the efficient collection and utilization of those
parts of the Pacific yew that can be used to manufacture taxol for the treatment of
cancer; to provide for the sale of Pacific yew from federal lands and the subsequent
sale of taxol at a reasonable cost to cancer patients; ensure the long-term conservation
of Pacific yew; and prevent the wasting of Pacific yew while successful and
affordable alternative methods of manufacturing taxol are being developed.

NEPA. The National Environmental Policy Act of 1969 (as amended), the basic
national charter for protection of the environment, requires preparation of an
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environmental impact statement (EIS) whenever a major project or action that might
affect the environment is proposed for federal lands. An environmental impact
statement serves to ensure policies and goals of the National Environmental Policy
Act are infused into the programs and actions of the federal government. It provides
full and fair disclosure of significant environmental impacts and provides reasonable
proposals for the decision-maker and the public that avoid or minimize adverse
impacts to the environment or enhance the quality of the human environment.

Because yew harvest could potentially impact the environment, Forest Service
officials, in 1991, named a team to analyze the possible impacts and prepare the
environmental impact statement. The Pacific Yew EIS was a cooperative effort
between three federal agencies: the two land management agencies (Forest Service
and BLM) and the Food and Drug Administration (FDA). The Forest Service and the
BLM used the results of the EIS analysis to decide how to harvest yew on federal
lands; the decision was documented in a joint Record of Decision. The FDA used the
draft EIS to aid in the decision to approve the New Drug Application (submitted by
Bristol-Myers Squibb) for sale and use of taxol from Pacific yew bark in treating
patients with refractory ovarian cancer.

The Environmental Impact Statement

Environmental impact statements follow a format recommended in Forest Service and
BLM implementing regulations. Four major chapters contain the heart of the
environmental analysis: Chapter 1, the proposed action and the purpose and need for
it; Chapter 2, the issues and alternatives; Chapter 3, the affected environment; and
Chapter 4, the environmental consequences.

Proposed Action and Need. Harvest of Pacific yew (Taxus brevifolia) for taxol
from public lands administered by the Forest Service and the Bureau of Land
Management (BLM) is the proposed federal action addressed in the Pacific Yew
Environmental Impact Statement (EIS) (2).

The need for harvest of federal yew was driven by the need for taxol for
cancer research and treatment. Federal lands were thought to contain most of the yew
population in the Pacific Northwest. And, at the time, only taxol from Pacific yew
bark had FDA approval for use in clinical trials in the United States and the only
FDA-approved process for taxol production was extraction of taxol from the bark of
Pacific yew.

Use of Pacific yew bark for taxol production was viewed as a transition source
by both FDA and Bristol-Myers Squibb. Other methods of taxol production were
being developed at a rapid pace: semi-synthesis using Taxus needles, nursery
production of Taxus spp, cell-culture, and full synthesis. The expectation was that one
or more of these alternate sources would be developed and operational within five
years. As these alternate sources "scaled up," harvest of Pacific yew would "scale
down". Pacific yew taxol was considered a temporary, but vital, link in the
development of taxol from sustainable sources.
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Issues. The EIS process begins with public involvement to determine the issues and
culminates in a decision based primarily on the results of the analysis and public
input. Three main issues were distilled from comments from the general public,
members of interest groups, and government employees who participated in early
public involvement ("scoping"): provide material from the Pacific yew for taxol;
protect the ecosystem; and protect the Pacific yew and maintain its genetic diversity.
The main items commentors wanted the team to consider included: establish a
sustainable level of collection -- analyze a range of minimum to maximum levels;
establish areas of collection; utilize the yew completely -- all bark, twigs, needles, and
wood; establish collection methods; regenerate yew -- plant and manage for natural
regeneration; stop theft and illegal harvest; protect the Pacific yew gene pool --
establish reserve areas; protect the ecosystem -- riparian areas, wildlife, other plants,
soil, fire cycles, old growth forests; develop other sources of taxol as soon as possible;
consider the economic impacts of yew collection on timber production, local
employment, sustained forest ecology to ensure the future supplies of taxol and other
possible drugs, and monopolistic agreements for taxol production. Many people
expressed a desire to see some level of yew harvest as long as it did not harm the
ecosystem and did not decimate the population of Pacific yew. These issues and
comments helped form the alternatives and raise questions for analysis.

Alternatives. Seven alternate programs of yew harvest were proposed and analyzed in
the EIS. All except the "No action" alternative respond to the need for Pacific yew for
taxol. The alternatives range from no yew harvest, to yew harvest in timber sale units
only, to varying degrees of harvest outside timber sales, including spotted ow] habitat.
The main differences between alternatives are the amount of yew that would be
harvested, where it would be harvested, and the amount of protection it would be
given. The alternatives are graphically displayed in Figure 3.

Analysis. Determining the impacts of each alternative on the environment depended
on two vital pieces of information: "The Interim Guide to the Conservation and
Management of Pacific Yew" (7) and the Pacific yew inventory.

The Guide was completed shortly after the Pacific Yew EIS was begun and
provided the EIS team with state-of-the-art information about Pacific yew. Many of
the conclusions about the impacts of the alternatives on various aspects of the
environment and on Pacific yew itself are based on the Guide. In summary, it stated:
harvest no yew if sites of 20 to 100 acres within local management areas of about
20,000 acres do not contain at least 500 mature yew trees; establish genetic reserve
areas of 20 to 100 acres for every 2,000 foot elevation band in the management area;
harvest no yew within 75 feet of perennial streams; incorporate current Port-Orford
cedar management guidelines where Port-Orford cedar is present; incorporate current
owl management guidelines within 1/4 mile of northern spotted owl nests; follow
guidelines for moose winter range; leave a 12 inch stump with bark on it to ensure
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resprouting; regenerate yew with seedlings, cuttings, layering, or sprouting; leave
either 50 percent of the yew per acre or five yew trees, whichever is greater.

The Pacific yew inventory was the other piece of information necessary to
determine the effects of each alternative. Until the inventory was completed, there was
little data telling the Forest Service and BLM how much Pacific yew was present in
the forest, where it was located, and how big it was. Yew was not consistently
inventoried in the past because it was not a valuable commercial species. With the
increasing demand for Pacific yew for taxol, it became imperative that the scope of
the yew resource be known - both for the sake of conserving the yew species and for
determining the amount of taxol that this source could provide. An inventory method
was designed specifically to measure Pacific yew and field work on six national
forests began in the fall of 1991. A year later, a total of eight national forests and
several BLM districts in Oregon, Washington, and Idaho had been inventoried for
Pacific yew. The information obtained from the inventory allowed the EIS team to
estimate the number of yew trees and the amount of bark and needles potentially
available under each alternative. It also gave the team an idea of the relative
abundance, distribution, and habitat of the species.

The analysis focused on the impacts of each alternative on the Pacific yew, the
ecosystem, and on people and their need for taxol. The results of the analysis are
summarized in Table 1.

Preferred Alternatives. The National Environmental Policy Act allows a preferred
alternative to be identified in the draft EIS, based on the results of the analysis.
Preferred alternatives are recommendations by the EIS team; the final decision rests
with the responsible official(s). Following public comments on the draft, the preferred
alternative may be changed to another alternative, be modified, or remain the same.

In the case of the Pacific Yew EIS, Alternative D was identified as the
preferred alternative in the draft EIS; it attempts to strike a balance between the
demand for yew bark for taxol and the need to protect and conserve the species and
the ecosystem. Prior to completion of the final EIS, Bristol-Myers Squibb announced
it would no longer need Pacific yew bark due to its success in developing an alternate
source of taxol. In keeping with these new developments and public comments,
Alternative B was identified as the preferred alternative in the final EIS. Alternative B
would maximize yew and ecosystem protection while providing a small quantity of
yew products for taxol research and development efforts if needed.

Record of Decision and EIS Implementation. The Pacific Yew EIS Record of
Decision was signed by the Forest Service Regional Forester for the Pacific Northwest
Region and the BLM Director for the State of Oregon, the responsible officials for
this EIS. It documents their decision for Pacific yew harvest for taxol on lands
administered by the Forest Service and BLM. Both selected the preferred alternative,
Alternative B, identified in the final EIS.

Alternative B has never been implemented. By the time the final EIS was
published (September of 1993), Bristol-Myers Squibb had made significant progress
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Figure 3. Graphic Representation of the Pacific Yew Harvest Alternatives.
Adapted from Pacific Yew Environmental Impact Statement, 1993, USDA Forest
Service.
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in the development of alternate approaches to taxol production and was working with
FDA to obtain approval of production of taxol from sources other than bark. The
summer of 1993 was the last time that yew bark was collected from federal lands for
Bristol-Myers Squibb. Pacific yew on federal lands was then available to other
qualifying companies or individuals.

The Future of Yew and Taxol

Alternate Sources of Taxol. The Bristol-Myers Squibb Company found alternative
sources of taxol-supplying material well within the predicted five years. According to
the cooperative agreement with NCI, Bristol-Myers Squibb was required to
investigate and develop other sources; by 1993 several of the research and
development programs were showing positive signs of producing enough taxol to
meet their needs.

Several alternate sources other than wild Pacific yew trees from federal lands
could provide material for taxol: semi-synthesis using Taxus needles, nursery
production of Taxus spp, cell-culture, and full laboratory synthesis. Bristol-Myers
Squibb found its supply of taxol producing material could be met by yew bark from
private lands and from other yew sources abroad. One of the most promising sources
appeared to be semi-synthesis of taxol from Taxus needles harvested in Europe and
Asia. The process of semi-synthesis begins with extraction of the taxol precursor,
baccatin-III, from needles of a number of Taxus species; the remainder of the taxol
molecule is attached synthetically to form the complete taxol molecule. This process
is similar to that used by Rhone-Poulenc Rorer, a French pharmaceutical firm that
developed Taxotere, a taxol analog.

Other alternatives included a contract with the Weyerhaueser Company to
propagate millions of yew seedlings in Oregon and Washington nurseries; Phyton
Catalytic Inc. of Ithaca, New York and ESCA Genetics of San Carlos, California's cell
culture production of taxol and taxol-like compounds from yew cells grown in culture;
and total synthesis of the complex taxol molecule, which has proven difficult.

Following the development of alternate sources, Bristol-Myers Squibb
Company filed a supplement to the New Drug Application (NDA) with the FDA,
applying for approval to market taxol derived from needles of other Taxus species.

Lessons. Although wild Pacific yew was unheralded for years and was treated more as
a weed than a valuable resource, its brief stardom changed it status. The Forest
Service and BLM, in the process of harvesting the bark and preparing the Guide and
the EIS, gathered what information existed and then added substantially to it.
Information was gained through the inventory, compilation of scattered reports and
data, and through various observations and research projects. Ecologists, botanists,
wildlife biologists, geneticists, pathologists, and entomologists investigated various
aspects of Pacific yew biology, genetics, and ecological relationships.
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In addition, the Pacific yew EIS gave several federal agencies an opportunity
to collaborate on an analysis of a major federal action (yew harvest) that crossed
agency boundaries and included a non-natural resource agency, the FDA.

Further, the need for large quantities of wild Pacific yew bark for taxol gave
the Forest Service and BLM a unique opportunity to provide to the public a medicinal
product rather than a traditional forest product such as lumber. The need appeared at a
time when both agencies were changing from a timber production orientation to an
emphasis on stewardship and ecosystem conservation. The problem was how to both
use Pacific yew and conserve it; how to be stewards of the ecosystems where yew was
a component and, at the same time, provide human beings with a cancer-fighting drug.

Pacific yew, after its short fame, will most likely never be ignored again by
forest land managers. Knowledge of its medicinal properties and its ecological niche
has given it the status that it, and all forest species, deserve for their unique roles in
forest ecosystems and human communities.
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Chapter 5

Paclitaxel Biosynthesis
The Early Steps

Rodney Croteau, Mehri Hezari, Jerry Hefner, Alfred Koepp,
and Norman G. Lewis

Institute of Biological Chemistry, Washington State University,
Pullman, WA 99164—6340

The biosynthesis of taxol and related taxoids in yew (Taxus) species is
thought to involve the cyclization of the common isoprenoid
intermediate geranylgeranyl diphosphate to a taxadiene followed by
extensive, largely oxidative, modification of this diterpene olefin
precursor. This sequence of reactions leading to taxol likely requires
in excess of a dozen distinct enzymatic steps, exclusive of the
construction of the N-benzoyl phenylisoserine side chain moiety,
which has been shown by H.G. Floss and his colleagues to originate
from phenylalanine and to involve esterification at C13 of the very
advanced intermediate baccatin III. No early steps of the pathway
have been defined and none of the enzymes involved in taxol
biosynthesis have been described until quite recently. A cell-free
extract of yew saplings was shown to catalyze the conversion of [1-
3H] geranylgeranyl diphosphate to a cyclic diterpene olefin that was
identified as taxadiene by spectroscopic means and was demonstrated
to serve as a precursor of taxoids in vivo. The cyclization enzyme that
catalyzes this first committed step of taxol biosynthesis is described, as
are preliminary studies on the initial oxygenation of taxadiene catalyzed
by a presumptive cytochrome P450 hydroxylase. Demonstration of
the first two specific enzymatic steps of taxol biosynthesis suggests
that the complete pathway can be defined by a systematic, stepwise
approach at the cell-free enzyme level.

Although the total synthesis of taxol has been achieved (I-3), this approach to
supplying the drug is not now commercially viable (4). For the foreseeable future,
taxol will continue to be produced by biological means, including isolation from the
renewable foliage and other tissues of Taxus brevifolia (Pacific yew) and related
Taxus species, semi-synthesis of the product and its analogs from baccatin III (see
Scheme 1) and similar, late-stage taxoid (taxane diterpenoid) metabolites that are more
readily available, and, potentially, by generation of the drug in Taxus cell cultures (5).
Therefore, it is important to elucidate the biosynthesis of taxol, particularly the slow
steps of the pathway, the manipulation of which may be expected to lead to increased

yield and to the production of the drug in large quantities at reasonable cost (6,7).

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.

0097—6156/95/0583—0072$08.00/0
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The structure of taxol (8) is quite complex; the metabolite possesses the
unusual taxane diterpene carbon skeleton (pentamethyl tricyclo[9.3.1.0.3.8]
pentadecane) that bears eight oxofunctional groups and an assortment of side-chains
(including the novel N-benzoyl phenylisoserine) for a total of eleven stereocenters.
The pathway to taxol from the universal diterpenoid precursor geranylgeranyl
diphosphate (9) must involve well over a dozen discrete enzymatic steps. Deciphering
the origin of this metabolite thus represents a formidable biosynthetic challenge.
Although the biogenesis of taxol has been the subject of considerable speculation (10-
14), very little is known about the origin of taxol and related taxoids with the
exception of very preliminary in vivo studies with basic precursors such as acetate,
mevalonate and phenylalanine (15,16), and the detailed feeding studies by Floss and
colleagues with advanced metabolites that have demonstrated the origin and timing of
assembly of the N-benzoyl phenylisoserine ester (/7,18). Thus, baccatin III was
shown to be a specific precursor of taxol with the side chain added most likely as
phenylisoserine (via phenylalanine) followed by N-benzoylation as the last step in
taxol formation (Scheme 1); this same sequence with ultimate N-tigloylation would
afford cephalomannine. A description of this work and an excellent overview of
previous speculations on the biogenetic pathway(s) leading to taxol have been
provided by Floss and Mocek (19). No information on the enzymology of taxol
biosynthesis was available until quite recently. In this chapter, we describe these new
studies, carried out at the cell-free enzyme level, that are focused on the very early,
slow steps of the pathway, including the first committed step of taxol biosynthesis.

The Olefin Precursor of Taxol

The biosynthesis of taxol has been suggested (10,13,14) to involve cyclization of
geranylgeranyl diphosphate to taxa-4(20),11-diene (Scheme 2), since taxoids bearing
the 4(20)- and 11(12)-double bond pair are very common (20), and the reaction can
be readily formulated based on accepted mechanisms for the construction of related
terpenoids (21). Such a cyclization to establish the taxane skeleton could then be
followed by oxidative elaboration of this, as yet unknown, diterpene olefin progenitor
(13) by enzymatic processes similar to those responsible for the formation of other
oxygenated terpenoid natural products (21).

To examine the putative cyclization step, T. brevifolia saplings were chosen as
an experimental system because the taxoid content of immature tissue is relatively high
and because sapling stems contain a high proportion of phloem parenchyma cells in
which taxol is thought to be produced (22,23). Additionally, by raising yew saplings
in the greenhouse, the effects of environmental and developmental variation on taxoid
content (24,25) can be minimized. Rigorous pulverization of frozen stem sections,
and extraction of the resulting tissue powder under conditions designed to minimize
the deleterious effects of endogenous phenolics and resinous materials (26), yielded
an operationally soluble enzyme preparation that catalyzed the Mg2+-dependent
conversion of [1-3H]geranylgeranyl diphosphate to a labeled hydrocarbon fraction
isolated by column chromatography. Radio-GLC analysis of this material indicated
the presence of essentially a single product (~ 1% yield) with chromatographic
properties consistent with that of a polycyclic diterpene olefin.

To determine if the presumptive diterpene olefin could serve as a precursor of
taxol and related taxoids, preparative enzyme incubations were carried out to generate
several UCi of the chromatographically purified olefin that was suspended in buffer
and vacuum-infiltrated into T. brevifolia stem discs. Following incubation for a
week, the labeled products were extracted and separated by combination of normal
and reversed-phase column chromatography into a taxoid fraction containing
metabolites more polar than (+)-taxusin (the tetraacetate of taxa-4(20),11(12)-dien-
5,9,10,13-tetraol). This material, representing about 10% incorporation of the labeled
olefin, was fractionated by reversed-phase HPLC to reveal at least a dozen labeled
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taxoids of polarity between 10-deacetylbaccatin III and taxol, including the major bark
taxoids baccatin III, cephalomannine and taxol, and their 10-deacetyl derivatives (25).
The coincidental migration of radioactivity with the principal taxoids was also
demonstrated by normal phase TLC, and several of these metabolites were crystallized
to constant specific activity to confirm that the diterpene olefin product of the cell-free
system could serve as a precursor of taxol and closely related taxoids of yew stem.
These results suggested that the cyclization product of geranylgeranyl diphosphate
was a taxadiene.

To identify the biosynthetic diterpene olefin product, it was necessary to
obtain a sufficient amount of this material for spectroscopic analysis. An extract of
750 kg of dried T. brevifolia bark powder was therefore diluted with the tritium-
labeled biosynthetic material and the natural product was isolated by combination of
normal phase, argentation and reversed-phase chromatography, while monitoring the
fractionation by aliquot counting and capillary GLC/GLC-MS, to yield about 1 mg of
radiochemically pure olefin. The trace levels of this olefin in bark clearly indicate that
this intermediate does not significantly accumulate and, thus, that the cyclization of
geranylgeranyl diphosphate to the taxoid precursor is a very slow step of the reaction
sequence relative to subsequent oxygenations. The mass spectrum of the product was
consistent with a cyclic diterpene olefin of molecular weight CyoH3; and the structure
was determined to be taxa-4(5),11(12)-diene (Scheme 3) by 1D and 2D 1H- and 13C-
NMR spectrometry. The structure of the biosynthetic product, obtained by
preparative-scale enzyme incubations, was subsequently confirmed directly by GLC-
MS analysis, and the authentic standard was recently prepared in low yield from (+)-
taxusin obtained from yew wood.

The cyclization of geranylgeranyl diphosphate to taxa-4(5),11(12)-diene, as
the first dedicated step in the biosynthesis of taxol and related metabolites, is
consistent with earlier suggestions that the pathway involves preliminary formation of
a parent taxane olefin followed by oxidative modification (13). However, the
identification of taxa-4(5),11(12)-diene as the precursor of taxoids, rather than taxa-
4(20),11(12)-diene as originally proposed on the basis of metabolite co-occurrence
(10,13,14), was unexpected. Nevertheless, the cyclization (Scheme 3) can be readily
formulated as involving ionization of the geranylgeranyl diphosphate ester with
closure of the A-ring and deprotonation to afford 1S-verticillene. Protonation at C7
can then initiate transannular cyclization to provide the taxenyl cation, which upon
deprotonation at C5 yields the endocyclic double bond of the taxadiene product.
Although verticillene is proposed as an intermediate in the cyclization (Scheme 3), no
direct evidence for this, or any other free intermediate in the reaction, has thus far
been obtained (see below).

Geranyl Diphosphate: Taxadiene Cyclase

Of a range of tissues examined, young green shoots of T. brevifolia provided the
highest levels of extractable cyclase, and the activity was localized in preparations
from peeled bark containing adhering cambium cells; little activity was associated with
the woody internal tissue. The enzyme was operationally soluble following rigorous
tissue disruption, and negligible cyclase activity was associated with membranous
fractions.

The enzyme has been purified greater than 300-fold by combination of ion-
exchange, hydrophobic interaction, hydroxylapatite and gel permeation
chromatography, and it appears to be a monomeric protein of about 75 kDa. The
enzyme requires Mg2+ as the only cofactor and resembles in general properties the
abietadiene synthase from grand fir, the only other diterpene cyclase from a
gymnosperm to be examined in any detail (26). The partially purified cyclase yields
taxadiene as the only detectable product. Therefore, the proposed 1S-verticillene
intermediate must be very short-lived and/or tightly bound to the enzyme surface.
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Precedent for such enzyme-bound olefinic intermediates exists in the case of several
sesquiterpene cyclases (27). Floss and Mocek (19) have suggested that a cyclization
of this type could involve intramolecular proton transfer from C11 of the verticillyl
intermediate (to generate the 11,12-double bond) to C7 (to promote B/C-ring closure
of the taxane skeleton), but this possibility has not yet been examined experimentally.

Taxadiene Oxygenase and Subsequent Reactions

The next step of the pathway on route to taxol is presumed to be oxygenation of
taxadiene (10,13,19). Since most reactions of this type are catalyzed by membranous
P450 cytochromes (21,28,29), microsomal preparations from T. brevifolia stem
extracts were examined for their ability to transform biosynthetically prepared [2-
3H]taxadiene to more polar products. Such microsomal preparations were shown to
catalyze the O,- and NADPH-dependent conversion of taxadiene to a product with
chromatographic properties indicative of a diterpene monool. The enzymatic reaction
is strongly inhibited by CO, consistent with the involvement of a cytochrome P450
hydroxylase, but blue light reversal of inhibition (28,29) has been difficult to
demonstrate, thus far, due to photochemical interference by pigments present in the
crude microsomal preparation. Radiochemically-assisted metabolite isolation is under
way to provide a sufficient amount of the diterpenoid product for structural
identification. Little guidance to the possible identity of the initial oxidation product is
provided by defined Taxus metabolites, since the least functionalized naturally
occurring taxoid thus far described is at the level of a tetraol (e.g., taxusin).
However, the observations that no oxygenated taxoids bearing the 4(5)-double bond
have yet been reported, whereas taxoids with the exo-methylene at the 4(20)-position
and that also bear an oxygen function at CS are exceedingly common (20), suggest
that hydroxylation at C5 of taxa-4(5),11(12)-diene, with migration of the double
bond, must occur as an early, if not the first, oxygenation step of the pathway
(Scheme 4).

The transformation of taxa-4(5),11(12)-diene to taxa-4(20),11(12)-dien-5-ol
would also set the stage for the elaboration of the unusual oxetane moiety, appended
to the C-ring of taxol and related taxoids, which is generally considered (19) to arise
by conversion of the a-hydroxy-4(20)-methylene to the corresponding epoxide
function followed by ring expansion (Scheme 4). This biogenetic supposition is
supported by the occurrence of the three major structural classes of taxoids (Scheme
4; a,b,c) in decreasing order of abundance (20). Formation of the oxetane is thought
to be a relatively late-stage transformation and, while several mechanisms for the
expansion of the 4(20)-epoxide to the oxetane have been proposed (I 1-13), all remain
untested biochemically.

Following conversion of taxadiene to the rearranged, allylic taxadien-5-ol, or
other taxadienol, a succession of subsequent oxygenations and acylations is presumed
to occur. The order of oxygenation of the taxane nucleus is at present quite
speculative, since no taxoids bearing only one, two or three oxygen functional groups
have yet been identified, and the tissue concentrations of such metabolites are
apparently low. Based on comparison of the structures of over 100 naturally-
occurring taxanes (20), it can be surmised from relative abundances (19) that oxygens
at C5 and C10 are introduced first, followed by oxygenation at C2 and C9, then at
C13. Thus, the tetraol corresponding to (+)-taxusin (taxa-4(20),11(12)-dien-
5,9,10,13-tetraol) is unlikely to be on the pathway to taxol, and this compound was
not detectably incorporated into taxol in T. brevifolia bark pieces (19). Oxygenations
at C7 and C1 of the taxane nucleus are considered to be very late introductions,
possibly occurring after oxetane ring formation; however, epoxidation and oxetane
formation seemingly must precede acylation at C13 and oxidation of the C9 hydroxyl
to a carbonyl (/9).
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With the exception of the C13 side chain esterification, which occurs very late
in the sequence (Scheme 1), the order and possible function of the acylation steps in
the taxol pathway are also uncertain. It is possible that acylation of the various
hydroxyl functions plays a role in promoting substrate recognition for the following
enzymatic reaction, or in modifying solubility for trafficking of metabolites between
organelles or cell cytosol. In either case, repetitive acylation/deacylation of a given
hydroxy group may be involved as intermediates progress through the pathway and
thereby confuse any attempt to deduce a biogenetic sequence based on metabolite co-
occurrence. The challenge of proposing such a pathway is further magnified by the
fact that over 100 highly functionalized taxoids have now been described (20) with
little basis for distinguishing those which may be on the main pathway to taxol from
those which may represent metabolic side products, dead ends, or even taxol
catabolites (24). The number of chemically plausible biogenetic sequences leading
from taxadiene to taxol is daunting. Thus, the most viable approach to deciphering
the direct order of oxygenation and acylation steps in taxol formation is likely the
systematic evaluation of the progression from simple to more complex metabolites in
cell-free biosynthetic systems in which precursor and cofactor levels can be
controlled, compartmentation barriers can be eliminated, and both intermediates and
competing reactions can be most easily monitored.

Prospect

In contrast to the considerable experimental attention devoted to the biological effects
of taxol and to the total and semi-synthesis of this compound, the biosynthesis of
taxol has, until recently, received relatively little attention. In spite of the structural
complexity of the target metabolite, and the experimental difficulties in working with
gymnosperms, this seeming neglect is nevertheless surprising since the supply of
taxol will rely on biological methods of production for some time to come. It will be
difficult to improve yield in a directed fashion without first defining the slow steps of
the reaction sequence and the controls on flux through the pathway. The successful
demonstration that operationally soluble and membranous enzyme systems catalyzing
the early steps can be isolated from Taxus, partially purified and characterized holds
promise that full pathway definition will yield to a stepwise, systematic approach.
While the demonstration of the key cyclization reaction and of a cytochrome P450
taxadiene oxygenase is encouraging, very much remains to be done to determine the
subsequent order of oxygenation steps, the sequence and role of acylation processes,
and the precise timing and mechanisms of oxirane and oxetane ring formation.
Continued study of the enzymology of taxol biosynthesis may be expected to lead to
the isolation of antibodies directed against, and cDNAs coding for, important catalysts
of the pathway. These experimental tools should open additional avenues of research
on regulatory mechanisms and can provide the strategies and the means for
manipulating pathway flux.
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Chapter 6

Bioactive Metabolites of the Endophytic Fungi
of Pacific Yew, Taxus brevifolia

Paclitaxel, Taxanes, and Other Bioactive Compounds
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The endophytic microbes associated with the Pacific yew tree, Taxus
brevifolia, were examined as potential alternative sources of the
anticancer drug taxol, a secondary metabolite of the host organism. A
novel fungus, Taxomyces andreanae, isolated from the inner bark of
a yew tree growing in northwestern Montana, appears to produce taxol
and other taxanes, in de novo fashion when grown in semi-synthetic
liquid media. The presence of taxol in the fungal extract was confirmed
by mass spectrometry, comparative chromatographic behavior with
yew taxol, reactivity with taxol-specific monoclonal antibodies, and
9KB cytotoxicity studies. Both acetate-1-'“C and phenylalanine UL-
14C served as precursors of taxol-"*C in fungal culture labeling studies,
confirming the de novo synthesis of taxol by the fungus. Immunoassay
techniques are currently being used to screen extracts of Taxomyces
andreanae for new taxanes, and to determine if other endophytic fungi
are taxol producers. Fungal endophytes used in this study are further
screened for additional biological activity following taxol/taxane
analysis.

Background

Cancer is the second leading cause of death in the United States, and the incidence of
cancer continues to climb annually (/). Chemotherapeutic agents are instrumental in
the fight against this dreaded disease, and effective anticancer agents, particularly those
that affect refractory tumors, are critical objectives in western medicine. Taxol (1) is
a new anticancer drug with particular efficacy against refractory breast and ovarian
cancers (2, 3). Although initially isolated and characterized in 1971, taxol did not
achieve notoriety until 1977, when its strong activity against human tumor xenograph

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.
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systems and murine B16 melanoma cells prompted its development towards clinical
trials (4). Interest in taxol intensified when its unique mode of antimicrotubule
cytotoxicity was published in 1979 (5, 6). Microtubules are among the most strategic
of the subcellular chemotherapeutic targets. Antimicrotubule agents are extremely
potent, requiring only a few molecules to disrupt the microtubular structure of cancer
cells (2). These compounds, which include the vinca alkaloids, are among the most
important anticancer drugs currently employed (2).

TAXOL (1)

Taxol: the Supply Dilemma. But there is a problem with taxol. This highly

functionalized diterpene is isolated primarily from the inner bark of the relatively rare

and slow growing Pacific yew tree, Taxus brevifolia, and a few related species, in

extremely small yields (< .02% dry weight) (7). The emergence of taxol as an

effective anticancer agent created a dilemma: how to insure an adequate supply of a

compound of non-microbial origin. Athough the pharmaceutical potential of taxol

elevated the status of the yew tree from a nuisance weed to a precious commodity and

natural resource, it did not alter the underlying dilemma - there were simply not enough
yew trees to supply the growing demands for taxol (). Advanced preclinical and phase
I clinical development of taxol required several collections ranging in size from 5,000

to 15,000 pounds of dry bark. A mature Pacific yew (100 years old) yields

approximately 10 1b. of dry bark, so each collection required the sacrifice of 500 to

1500 trees (4). As the efficacy of the compound became more apparent, the demand
for additional taxol increased (4).

In 1987-1988 a 60,000 Ib bark collection was undertaken with little controversy.
The need for a second 60,000 Ib bark collection in 1989, however, sparked concern
about the impact such collection sizes may have on the continued existence of the yew
tree. Although no accurate inventories of the tree have ever been undertaken, the Fish
and Wildlife Service of the U.S. Department of the Interior states that "Much of the
range of the yew has not been subject to statistical inventories, especially the northern
portion (i.e., Alaska and British Columbia). Nonetheless, based on stand information,
together with satellite imagery, the U.S. Forest Service estimates that 130 million yew
trees occur on 1,778,000 acres of National Forest in the Washington and Oregon
Cascades, and Oregon Coast Range" (4).

Even with this estimate, however, it is clear that additional sources of taxol must
be found. A single course of clinical treatment is 125-300 mg of taxol, and typical
treatments may extend for 10 or more courses. Treatment of the 12,000 women who
die annually of ovarian cancer alone would consume as much as 36 kg of the drug (4).
With current isolation methodologies, 1 kg of taxol is isolated from 25,000 b of dried
bark, or the bark of 2500 yew trees. Therefore, simply treating ovarian cancer over a
one year period would consume 90,000 mature yew trees (4). The recent approval of
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taxol for treatment of breast cancer will triple the projected demand. Should taxol
prove as effective against other refractory cancers, including head and neck and non-
small cell lung cancers as clinical trials have indicated (8, 9,), it is not unreasonable to
assume that the demand for taxol may exceed 300 kg, or 750,000 trees per year (4).
This represents an enormous demand on a limited resource. There are simply not
enough yew trees growing in North America to satisfy projected needs of this drug over
the next twenty years (4).

Several research groups have labored to alleviate the supply problem using a
variety of strategies. Total syntheses from simple precurors were published virtually
simultaneously by Robert Holton (10) and K.C. Nicolaou (/1), and Paul Wender's
elegant approach to total synthesis will probably be realized before this symposium is
published (12). Although these synthetic efforts are chemical masterpieces, they will
not answer the supply question. Semisynthetic methods using taxoid starting materials
have proven successful, however, and will facilitate taxol availability. Most of these
syntheses begin with either baccatin III or 10-deacetylbaccatin III which can be isolated
from the needles of the European yew Taxus baccata. Yew needles are a renewable
resource and should provide an adequate supply of the necessary starting materials.
Several semisynthetic methods have been proposed (13, 14), but the most promising
utilize the strategies devised by Holton (15), Georg (16) and Ojima (/6). Plant tissue
culture also shows promise, and some research groups are reporting yields
commensurate with commercialization (17).

HO' )

HO :OBz OAc

BACCATIN III R=Ac
10-DEACETYLBACCATINIII R,=H

Microbial Source for Taxol

Our own attempt at easing the supply dilemma focused on the discovery of a new
biological source of the drug: an endophytic microbe colonizing the yew tree. Over the
last two years we have isolated over 300 fungi from the bark and needles of yew trees
in Montana, Washington, Idaho, and Oregon. Promising taxol producers have been
studied using a variety of different techniques, including chromatography, mass
spectrometry and antibody based immunoassays. Immunoassay is proving an effective
tool not only in assessing the presence of taxol and taxanes in crude extracts, but also
in providing an efficient fractionation guide.

We were painfully aware from project inception that our chances of success
were pretty minimal. In an effort to justify the tremendous time expenditure of this
venture we broadened our research goals. Microbial extracts were evaluated not only
for evidence of taxoids but also for other bioactive components. Particular attention
was paid to compounds with either antifungal or anticancer potential. Fungi already
provide a number of important antibiotics, including the penicillins and cephalosporins
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(18). Endophytic fungi, however, particularly those isolated from conifers, are an
untapped reservoir of compounds with pharmaceutical potential. Fungi associated with
medicinal plants might prove a good source of novel bioactive compounds, and a taxol-
producing fungus would be a noteworthy beginning.

Advantages of Microbial Source. From a practical viewpoint, microbial fermentation
as a means of producing bioactive substances has several advantages (19).

1. Industrial production of a bioactive substance like taxol requires
reproducible, dependable productivity. If a microbe is the source organism, it can be
grown in tank fermentors as needed, producing a virtually inexhaustible supply of taxol
(9.

2. Microorganisms typically respond favorably to routine culture techniques.
Cultivation of macroorganisms (tissue culture) is considerably more challenging,
requiring either specialized techniques or months of growth before harvesting is
feasible (19).

3. Productivity amplification is relatively easy in microorganisms. In the
case of penicillin, improved culture conditions and genetic manipulation of producing
strains of Penicillium increased drug yield from a few micrograms per milliliter to
thousands of micrograms per milliliter (/9, 20). With macroorganisms, larger
collection sizes are the most reasonable option for improved productivity. In the case
of taxol, larger collection sizes will lead to the eradication of the source organism
within a few years if all of the demands for it are to be met.

4.  Different bioactive compounds can be produced by altering culture
conditions. The antibiotic aplasmomycins were produced by Streptomyces griseus SS-
20 only after NaCl was added to the medium (27). Directed changes in culture
conditions can be explored indefinitely as a method of optimizing various biosynthetic
pathways, that may lead to even more effective derivatives of taxol (19).

What all of this means is that a microbial source of taxol could provide an
inexhaustible supply of taxol and novel taxanes.

The Gibberellins: Precedence for Taxol-Producing Microbe? The search
for a taxol producing fungus was prompted by the advantages inherent in a microbial
drug source. The real motivation for this search, however, was a discovery made forty
years earlier by Yabuta, in his study of "foolish rice seedling disease". He determined
that the gibberellins, also highly functionalized diterpenes, were responsible for the
disease symptoms induced by the phytopathogenic fungus Gibberella fujikuroi (22).
It has since been established that the gibberellins are ubiquitous phytohormones
produced by most higher plants. The pathways of gibberellin biosynthesis in the
fungus and the higher plant are identical up to gibberellic acid-12 (23). This suggests
the possibility of intergeneric-genetic exchange between higher plant and fungus. This
type of exchange would probably require an intimate association between the cells of
the tree and its microbial associates. Therefore, a search for a taxol producing
microorganism should (and did) commence in the tissues of Taxus spp., particularly in
the portions of the tree in which taxol is isolated (7).
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Search for a Taxol-Producing Microorganism

Yew bark, needle, and root samples were collected in several national forests
throughout Washington, Oregon, Idaho and Montana. Samples were taken from both
healthy and diseased specimens. Each sample was placed on water agar, and
developing microbial colonies were transferred to mycological agar as they appeared.
Microbes were established in pure culture using standard methodology. Each microbe
was grown in liquid medium (100 mL) following purification. Fungi were grown in
mycological broth to which 2% yew needle broth was added. Bacteria were grown in
tryptic soy broth with the same amendment. Endophytic microbes often cease
production of secondary metabolites when removed from the host organism. Yew
needle broth may serve either as a critical precursor reservoir or as a genetic promoter
for the biosynthetic mechanism of taxol production. It must be noted, however, that
yew needle broth is added only in the first fermentation. Subsequent fermentations
of promising microbes use strictly defined synthetic or semi-synthetic media: all yew
products are excluded.

Chemical Analysis of Fungal Extract. All microbial extracts were subjected to first-
order examination, which, in the initial phase of this study, consisted of chemical
extraction, thin layer chromatography, and nuclear magnetic resonance spectroscopy.
Monoclonal antibody immunoassay analysis with taxol and taxane specific antibodies
is now included in first-order examination. Following this initial examination,
promising microbial extracts were grown in 1L cultures without the addition of yew
broth. These cultures were processed as before, and then subjected to second order
examination, which consists of a chromatographic step followed by mass spectrometry.
Third order examination involves purification of the potential taxol fraction followed
by both intramural and extramural mass spectral analysis, further monoclonal antibody
immunoassay, and 9KB cytotoxicity determinations.

Twenty-one day cultures were filtered through cheesecloth. The residue
(mycelia) was macerated and extracted thoroughly with methylene chloride-methanol
(1:1). The filtrate was extracted with methylene chloride. The two organic extracts
were examined by thin-layer chromatography on Whatman silica gel plates (0.5 mm,
5x10cm) with yew taxol as the standard, using four different solvent systems (24).
The plates were visualized both by ultraviolet light and by sulfuric acid-vanillin spray
reagent. Extracts with TLC spots reminiscent of taxol were prepared for second order
analysis by flash silica gel chromatography using acetonitrile as the solvent, followed
by high performance liquid chromatography in 3:1 hexane-isopropanol (Rainin
Dynamax-60A 8um Cyano, 4.6x250mm). The appropriate fraction was analyzed by
electron impact mass spectrometry. EIMS does not give a prominent molecular ion but
it does yield the important fragment peaks at m/z 509 and 569 amu.

Taxomyces andreanae, a Fungal Source of Taxol
Throughout our investigation we have examined microorganisms isolated from more

than twenty-five trees from more than twenty locations. Of the three hundred microbes
screened to date, one fungus has progressed to third-order analysis with consistent
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evidence of taxol synthesis. This previously undescribed fungus, which we named
Taxomyces andreanae, has demonstrated the ability to produce taxol (25). It was
isolated from the bark of a single yew tree in a unique location in an old growth cedar
forest in northern Montana. Despite extensive searches, T. andreanae has not been
found in any other yew tree examined to date.

Confirmation of Taxol Production by 7. andreanae. The complete third order
analysis of T. andreanae combined several different protocols, each of which was
critical to confirmation. We will outline the analytical process to provide evidence of
the ability of T. andreanae to produce taxol, although a detailed description of these
processes has been previously published (26, 27).

Fermentation Procedure. In the initial investigation, 7. andreanae was
established in pure culture via hyphal tip transfer from water agar, on which the bark
pieces had been placed, to mycological agar (DIFCO). The growing mycelium was
then serially transferred three to six times, to fresh mycological agar. This eliminated
the possibility that fungal hyphae carried a taxol or taxane "contaminant" from the
source yew tree. Since the conidia of 7. andreanae do not germinate in our hands,
pieces of agar block (5x5mm) impregnated with mycelia were used as an inoculum
source for broth cultures. Liquid cultures were grown primarily in modified
mycological broth (28), 21 day still culture, 25°C, with a surface: volume ratio of 1.3:1
(cm*mL).

Fungal Taxol Isolation Protocol. After 21 days, the culture was filtered
through 8 layers of cheesecloth. The filtrate was extracted thoroughly with methylene
chloride. The aqueous phase was lyophilized and extracted with methylene chloride-
methanol (1:1). The mycelium was macerated and thoroughly extracted with
methylene chloride-methanol (1:1). The solvent was removed from the organic extracts
by rotary evaporation at 30 to 35°C. Thin layer chromatography of all three organic
extracts in four solvent systems (24) indicated that the taxol-like metabolite was
concentrated in the methylene chloride extract of the filtrate.

This organic extract was dissolved in 2 mL of chloroform and chromatographed
on a silica gel column (1x5 cm, 60-200 mesh) prewashed with chloroform, and eluted
with 20 mL of acetonitrile. The resulting fraction was dried and the residual oil was
chromatographed by preparative TLC (Merck silica gel plate, 0.5 mm) and developed
in chloroform-acetonitrile, 7:3 v/v. The silica gel at the R; of taxol-baccatin at ca. 0.17
- 0.30 was removed from the plate by scraping, and extracted with acetonitrile.

The acetonitrile soluble extract was analyzed by HPLC (silica gel 1.5 x 25 cm
column) using chloroform-acetonitrile, 7:3 v/v in an isocratic mode. The peak eluting
with the same retention time as taxol (5 min.) was collected, dried and subjected to the
final preparative TLC on a prewashed Merck silica gel plate (0.25 mm) in ethyl acetate-
isopropanol 95:5 v/v. The area with the identical R; to taxol was eluted with
acetonitrile and dried. Various modifications of this extraction and purification method
were also successful in yielding fungal taxol.

The compound isolated from 7. andreanae had identical Ry values as yew-
derived taxol in four different TLC solvent systems (24). It reacted positively with
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vanillin-sulfuric acid spray reagent, yielding a blue spot which turned brown after 12-
24 hr (29). Fungal taxol has the same retention time (5 min.) on HPLC as yew taxol
on a 1.5 x 2.5 cm silica column using chloroform-acetonitrile, 7:3 v/v as the solvent
system. It has the same retention time using analytical cyanopropyl bonded-phase
HPLC with different solvent systems (26, 27). In addition, the UV spectrum of fungal
taxol is superimposable on that of authentic taxol, with maxima at 273 nm and 235

nm (7).

Mass Spectral Analysis of Fungal Taxol. Fungal taxol was examined by
several mass spectral techniques. Electron impact mass spectrometry exhibited strong
fragment peaks at m/z 509 and 569, but the molecular ion at m/z 854 was not apparent
(26, 27). EIMS of authentic taxol exhibited a virtually identical fragmentation
pattern. Electrospray mass spectrometry of the fungal taxol fraction primarily yielded
peaks at m/z 854 and 876.5 (26, 27). These masses represent the M* + H of taxol and
the M* + Na of its sodiated adduct, respectively. Authentic taxol yielded the identical
spectrum as fungal taxol following sodiation. In addition, the fast atom bombardment
(FAB) spectrum of fungal taxol yielded the M* + H of taxol (854.3) with peaks
characteristic of taxol at 509 and 569 when compared to authentic taxol (26, 30). These
data have been corroborated at least 5 times on different fungal preparations. Evidence
was also obtained by liquid chromatography-mass spectrometry for the presence of
baccatin IIl in T. andreanae: the parent peak at m/z 604 is consistent with M* + NH,
of this compound.

Immunoassay Techniques as a Screening Tool. The selection and monitoring
of fungal strains like Taxomyces andreanae for secondary metabolite production can
be expedited if sensitive, specific, rapid screening methods are available for compounds
of interest. Antibody based immunoassays can either complement or provide an
alternative to chromatographic or spectroscopic techniques, and often provMe the
advantages of greater sensitivity, simpler sample preparation and high sample
throughput (3/). Because the sensitivity and specificity of an immunoassay reflects the
binding properties of the antibodies utilized, production of high affinity antibodies to
the target analyte is a critical step in assay development. Most organic compounds
smaller than 2500 amu, which includes taxol and its congeners, will not stimulate the
antibody response in animals. It is necessary to covalently link such small molecules
(haptens) to an immunogenic macromolecule, usually a protein. Serum taken from an
animal immunized with hapten-conjugates will contain polyclonal antibodies with a
wide range of specificity and affinity for the different components of the immunogen,
including the hapten, the carrier protein, and the hapten-carrier complex (32). Immortal
cell lines producing homogeneous monoclonal antibodies (mAbs) can be derived from
individual antibody-producing lymphocytes by the hybridoma technique. Both
monoclonal and polyclonal antibodies can be used for developing immunoassays as
long as high affinity antibodies with reactivity to unconjugated hapten are present.

Development of Monoclonal Antibodies Specific to Taxol and its
Congeners. A hybridoma cell line derived from a mouse immunized with keyhole
limpet hemocyanin-7-succinyltaxol conjugate produces a high affinity mAb to taxol
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and its C-7 derivatives (27, 33). This mAb, 3C6, is twenty-fold less reactive with
cephalomannine and is virtually unreactive with baccatin III. MAb 8A10 was derived
from a mouse immunized with 7-succinylbaccatin III: it cross reacts with taxol,
cephalomannine, baccatin III, and 10-deacetylbaccatin III. It did not react, however,
with an analog lacking the C-20 oxetane ring, 20-acetoxy-4-deacetyl-5-epi-20,0-
secotaxol (34). Thus mAb 8A10 appears to bind a determinant common to the intact
tetracyclic diterpenoid ring structure common to many natural taxanes.

QAc O  OCOCH,CH,COOH
Ph)i/lgi/ﬁ\
HO™" i 1N Ph Y o

H H H H __~

H : OH 0Bz OH
HO OBz OAc “ OAc
7-SUCCINYLBACCATIN III 20-ACETOXY-4-DEACETYL-5-pi-20,0-SECOTAXOL

Indirect Competitive Inhibition Enzyme Immunoassay (CIEIA).
Competitive inhibition enzyme immunoassays have been developed utilizing mAb 3C6
and mAb 8A10 to quantitate the amount of taxol vs. total taxanes in crude sample
extracts according to the method shown in Figure 1. The assay is performed in 10%
methanol to facilitate dissolution and processing. The CIEIA is conducted in 96-well
microtiter plates coated with 100 uL of a bovine serum albumin (BSA) conjugate of the
hapten, either 7-succinyltaxol for mAb 3C6 or 7-succinylbaccatin III for mAb 8A10.
Additional BSA (200 pL) is then added to prevent non-specific antibody binding to the
solid phase. To generate standard curves, analytical standards are serially diluted
between 0.5 and 300 nM in phosphate buffered saline containing 0.25% BSA, 0.05%
Tween-20 and 20% methanol: 50 pL is combined with an equal volume of optimally
diluted antibody in phosphate buffered saline containing 0.25% BSA and 0.05%
Tween-20. Dried extracts of fungal cultures are suspended in 0.2 mL MeOH, and
diluted 1:4 with phosphate buffered saline containing 0.25% BSA and 0.05% Tween-
20. The suspended extract is serially diluted in phosphate buffered saline containing
0.25% BSA, 0.05% Tween-20, and 20% MeOH, and combined with antibody as
described for analytical standards. Analyte present in standard or test wells
competitively inhibits antibody binding to the solid-phase BSA-hapten conjugate. The
bound antibody is detected indirectly using an anti-mouse immunoglobulin enzyme-
conjugate and appropriate chromogenic substrate, to generate a colorimetric assay
endpoint which is inversely proportional to the analyte concentration (Figure 2).

CIEIA methods using these antibodies confirmed the presence of taxol in
partially and totally purified preparations of fungal taxol. Extracts from twenty
different fermentations of 7. andreanae have been tested by CIEIA with consistent
levels of taxol and taxane in each test. Furthermore, a quantitative comparison between
the CIEIA's using monoclonal antibodies specific to taxol with a CIEIA using
monoclonal antibodies class specific to taxanes in general revealed that taxol comprises
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Coat plate with
hapten-BSA conjugate
1 hr, 25°C
wash 3x
Block plate with BSA
1 hr, 25°C
wash 3x
Add analyte and antibody
1 hr, 25°C
wash 3x
Add anti-immunoglobulin-
enzyme conjugate
1 hr, 25°C
wash 3x

Figure 1. Schematic representation of the

CIEIA method.
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Figure 2. Standard curves for taxol (3C6) and taxane
CIEIA's. B/B, values for each dilution were calculated
by dividing the mean OD of a given set of replicates
containing taxane inhibitor (B) by the mean OD of all
the wells containing no inhibitor. Unknown taxane
concentrations in test samples were calculated from
the B/B, of the sample dilutions that fell within the
log-linear portion of the standard curve.
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only 15-20% of the total taxanes present in the semi-purified fungal extract (1st TLC
step in purification) (27).

Fungal taxol was isolated from 3 week old culture fluids of this fungus and
identified by mass spectrometry, immunochemistry and chromatographic methods.
Although T. andreanae also makes baccatin III and other taxanes, cephalomannine has
never been detected in the fungal extracts. In all yew tree bark extracts, however, taxol
and cephalomannine are isolated together, and are difficult to separate using silica gel
HPLC. The fungus and the tree may exploit biosynthetic pathways that differ to some
degree, which may account for the absence of cephalomannine. An important corollary
to this premise is the potential of the fungus to produce unique taxanes. Taxol is not
the perfect drug. Its poor water solubility poses delivery problems that have not been
adequately resolved (35). T. andreanae may produce related, more polar compounds
with activity approaching that of taxol. We have already discovered taxanes with
unique mass spectral profiles. These findings open the possibility for an unlimited
source of taxol via fermentation technology.

Radioisotopic Labeling Studies. To demonstrate that the taxol found in T.
andreanae is truly produced de novo by this fungus, we performed radiolabeling
experiments with sodium acetate-1-'“C, phenylalanine-UL-!“C, sodium benzoate-7-C,
and leucine-UL-“C. Each precursor was added to a 20 day old T. andreanae
liquid culture and then incubated for 4 days at 25°C. Taxol and baccatin III were
isolated by repeated preparative TLC. Confirmation of the identity of *C-taxol in the
fungal preparations was done by 2 dimensional thin layer co-chromatography with
yew-derived taxol (27). The data are all normalized on the basis of 100 pCi
administered per 2 g dry weight of fungal mycelium. Phenylalanine-UL-C was the
best precursor for both “C-taxol (1241 + 40 dpm) and *C-baccatin III (268 + 25 dpm).
Sodium acetate-1-¥C also yielded '“C-taxol (261 + 32 dpm) and "*C-baccatin III (128
+20 dpm). Neither sodium benzoate-7-'“C, nor leucine-UL-'*C yielded any *C-taxol
or baccatin III in this experiment, although leucine is a very effective taxol precursor
in Taxus brevifolia (36). The size, shape, and location of the vanillin/sulfuric acid and
UV absorbing spot on the TLC plate was identical to the exposed single-spot on the x-
ray film. As a control, ethanol (60%) killed mycelium was incubated with acetate-1-*C
and the culture medium processed in the identical manner (27). No radioactivity
appeared in the area coincident with taxol.

Controlled Experiments. Several control tests were run to eliminate the
possibility that the detected taxol was either a carry over from the tree or an accidental
contaminant of our fungal cultures. A 5L liquid culture inoculated with agar blocks of
fungal mycelium yielded no detectable taxol at time zero. Likewise, it was impossible
to detect taxol in the agar blocks of mycelium used as inoculum. The presence of 1
mg/liter of chlorocholinechloride in the medium completely abolished taxol production.
This compound is also an effective inhibitor of gibberellin production in G. fujikuroi
(22, 23), although it stimulates petasol (sesquiterpenoid) production in Drechslera
gigantea (37). We can reasonably conclude that the taxol isolated from cultures of T.
andreanae is actually a product of the metabolism of this organism.
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Taxol Yield as a Result of Media Amendments. The amounts of taxoids
produced by T. andreanae are disappointingly low. Estimates made by 2 different
methods, electrospray mass spectrometry and the quantitative monoclonal antibody
technique (CIEIA), indicate that 24-50 ng of taxol are produced per liter. We have
observed, however, that many plant associated fungi require one or more plant
metabolites to activate pathways critical to secondary product formation (38). Plant
pathogenic fungi often produce mycotoxins at higher yields if the aqueous extract of
the host plant is included in the medium (38). This appears to be true of fungal
synthesis of taxol. Preliminary experiments showed an increase in taxol production if
the water soluble components of yew needles and shoot tips were added to broth
cultures of T. andreanae (27). Of course, because the initial purpose of this
investigation was to prove de novo taxol synthesis by T. andreanae, no plant extracts
were included in any growth media used to this end. However, such water extracts may
indeed augment taxol production and may be an important component of yield
enhancement.

Using CIEIA to monitor taxol titers, we have attempted to enhance taxol
production. The complete experimental results will be presented at a later date, but we
will outline briefly in this section several of our enhancement experiments. Initial
experiments showed an increase in taxol titer if yew needle extract were added to the
medium. In repeated experiments, the aqueous extract of yew needles, prepared by
steeping 5 gm of needles in 1L boiling water for 5 minutes, was added to mycological
broth to make a 1% solution. This amendment results in a hundred-fold increase in
taxol production. Taxol monoclonal antibody analysis of this 1% yew medium (sterile)
shows a taxol titer of between 95 and 200 ng/L. T. andreanae grown in this medium
for 21 days consistently yields 2000-3000 ng/L taxol, with as much as 80% of the
antibody active material sequestered in the mycelia. When the fungus is grown in
unadulterated mycological broth it consistently yields 40-90 ng/L taxol.

Other amendments added to mycological broth have also augmented taxol titers.
These include different sugars added at different points in the fermentation cycle, and
compounds associated with the acetate biosynthetic pathway. We have compared still
cultures to shaker cultures. Rapid shaking (>200rpm) results in poor growth and poor
yield, but moderate shaking (100 rpm) results in a tenfold increase in mycelial mat.
The filtrate of these cultures yields similar taxol titers to control (still) cultures of T.
andreanae, but the mycelial mat, after grinding and extracting, yields several hundred
additional ng/L taxol. Mycelial extracts of still cultures tend to be quite "wispy" and
yield little taxol.

Several other experiments have been run, including a repetition of the original
chlorocholinechloride experiment. CCC, a known blocking agent of gibberellin
biosynthesis in Gibberella fujikuroi (22, 23) was added to T. andreanae in varying
amounts. As CCC content increased, taxol titer decreased, to the point of total
suppression. The addition of N(dimethylamino)succinic acid (alar), another known
plant growth regulator, increased taxol production at certain concentrations. Other
plant growth regulators, particularly those used to increase gibberellin production in G.
fujikuroi, are currently being studied for their effect on taxol production in T.
andreanae. Such improvements would not be unlike the course taken for virtually all
microbes that have been fermented for industrial microbiological purposes (20).
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Improved culturing techniques, the addition of "activators", and the application of
genetic engineering methods may ultimately permit the commercialization of
T.andreanae for taxane production.

Potential Microbial Sources of Taxol

Several other fungi have shown consistent cross-reactivity with the monoclonal
antibodies for taxol and/or taxane. These organisms are currently being subjected to
second and third order examinations to determine if the observed antibody reactivity
is actually attributable to the presence of taxoids. The following tables indicate typical
taxol and taxane titers observed for fungi grown in synthetic, yew-free media to
examine "uninduced" potential of microbes to produce taxol/taxanes (Table I) and in
media with 2% yew broth added (Table II). Titers are determined as taxoid/Liter.

Table I. Taxol and taxane titers of endophytic fungi

CH,Cl, total taxol/ taxol/ taxane/ taxane/

sample wt. sample Liter sample ug Liter ug/L
CC45BD 0.0045g 0.0266g 0.0031ug 0.018ug 0.4112ug 2.43
CC50NA1 0.0071 0.0137 0.173 0.669 0.279 1.077
CC53NC  0.0046 0.0254  0.0046  0.025 0.0184 0.102
CC54BE  0.0051 0.0655  0.0032  0.041 0.0074 0.095
CC57BC2 0.0057 0.1658  0.0064  0.186 0.0078 0.227
CC64BB  0.0046 0.0699  0.0035  0.053 0.0089 0.135
H10BA2 0.0171 0.0366  0.0135  0.058 0.276 1.189
CC50NA22 0.0046 0.0146  0.0592  0.376 0.282 1.790
CCS53NA1 0.0093 0.0193  0.0327 0.135 0.241 1.003
4BA 0.0083 0.0198 0.0576 0.274 0.377 1.798
Media 0.0085 0.0085 0 0

Table II. Taxol and taxane titers of endophytic fungi grown in yew broth media

CH,Cl, ext. taxol/ taxol/ taxane/ taxane/
fraction liter (ug/L) fraction(ug) liter (ug/L)
CC45BD  0.0027 0.408 4.08 1.67 10.67
CCS0NA1 0.0045 0.462 4.62 522 522
CC50NA2 0.0022 0.880 8.80 8.96 89.6
CC52NC  0.0024 0.758 7.58 7.96 79.6
CC53NA  0.0012 0.622 6.22 7.27 72.7
CCS53NC  0.0020 0.614 6.14 5.65 56.5
CC54BA  0.0074 (1/2) 0.304 6.08 420 84.0
CCS54BE  0.0056 (1/2) 0.174 3.48 1.82 36.4
CC57BC2 0.0065 (1/2) 0.192 3.84 3.59 71.8
CC64BB  0.0060 0.264 2.64 1.87 374
blank(1L) 0.0057 0.95 0.95 6.61 6.6
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The Search for Unrelated Bioactive Compounds from this Fungal Collection.

The microorganisms isolated in this study were examined for evidence of a broad
spectrum of biological activities unrelated to the presence or absence of taxol. Standard
disk bioassays were utilized to determine activity against both fungi and Gram(+) and
Gram(-) bacteria, with special attention paid to microbes whose organic extracts
showed promising antifungal activity. Compounds with potential anticancer or
antitumor activity were also desirable, although intramural screening of large numbers
of extracts for these activities can be problematic. Simple in-house assays have been
devised and perfected by a number of scientists to facilitate such activity assessments.
Galsky and Ferrigni have promoted two assays, the crown gall tumor assay on potato
discs and brine shrimp assay that can model the traditional 9KB and P388 in vivo
mouse leukemic systems (39-41) and easily facilitate bioassay guided fractionation.
All pure compounds with activity in our in-house screens will be sent to the National
Cancer Institute for rigorous testing.

Our preliminary investigations show promise. We have found the endophytic
fungi isolated from Taxus brevifolia to be a rich source of biologically active
components. Fungi with significant antifungal activity or cytotoxicity are grown in
large volume cultures and the bioactive components are currently being isolated and
characterized.

Fungal Culture and Chemical Analysis. Bioactive fungi were grown and extracted
in the manner described for T. andreanae. Both aqueous and organic extracts were
tested to confirm desired activity, and subjected to bioassay guided fractionation.
Bioassays include antimicrobial standard disc assays, brine shrimp toxicity assay, an
effective method for predicting cytotoxicity (4/), and crown gall potato disc assay (39,
40). Extracts will also be sent to our pharmaceutical collaborators for additional
testing. Preliminary work on the endophytic fungi associated with the yew has yielded
over 300 isolated fungi. Of the fungi tested, 21% are active against Bacillus subtilis
and Staphylococcus aureus, 9% are active against Escherichia coli, and 4% are active
against Candida albicans. We have isolated some of the compounds responsible for
the biological activity observed in the various fungal extracts (Table III).

Table III. Compounds isolated from endophytic fungi of Taxus brevifolia

Fungal# Isolated compounds  In-house Lit.

CCS50NB gliovictin af af (42)

CC44BC-1  griseofulvin B. subtilis, af af (43, 44)
dechlorogriseofulvin  B. subtilis af (45)
kojic acid af, ab (46)
compactin

CCS7BC-2  mycophenolicacid  C.albicans, S.aureus af, ab (47)
EM1BD mycophenolic acid  C.albicans, S.aureus antiviral (48)

pebrolides
ergosterol peroxides C.albicans
G29NE 6-pentyl-a-pyrone C.albicans, B.subtilis
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Table III, cont'd. Compounds isolated from endophytic fungi of Taxus brevifolia
Fungal# Isolated compounds  In-house Lit.
H10BA2 Penitrem A
Penitrem B
dihydroisocoumarin
dihydroisocoumarin
HI1RE phomopsolide B B.subtilis
ergosterol peroxide
dimethylhydroxy- C.albicans, E.coli
phthalide
H27RD propeny! furanone
ergosterol peroxides
phomopsolide B
phomopsolide A
BC4BA ramulosin
6-hydroxyramulosin
MSH1BA fusaric acid C.albicans, E.coli, B.subtilis
WIC65NC  Penicillic acid C.albicans, B.subtilis, av, at, ab (49-50)

af- antifungal, ab- antibacterial, av- antiviral, at- antitumor

Significance

These research efforts are significant for both practical and philosophical reasons.
First, they could have a profound effect on the supply issues concerning the important
anticancer compound taxol. Taxol is currently isolated from the bark of the yew tree
which represents a finite drug source at best. A fungus or bacterium capable of
producing taxol at a rate of 50 mg/L would represent an inexhaustible source of the
drug. From both an ecological and an economic viewpoint, a microbial source would
supplant reliance on the yew tree. We would no longer be confronted with the choice
of saving lives or saving yew trees. If any of the microbial sources isolated can provide
reasonable, reliable quantities of taxol, more drug would be available for both studies
and treatment regimen, at a lower cost to patients, and no rast to the environment.

Our results to date have raised some fundamental issues concerning the
relationship between endophytes and their hosts. The discovery of two closely
associated but taxonomically diverse organisms producing the same complex natural
product is the most compelling. Although not the first discovery of this kind (the
production of gibberellins by both higher plants and Gibberella fujikuroi predated our
discovery by 40 years) this coincident taxol production suggests that some mechanism
for genetic exchange between tree and fungus might exist. If taxol production is indeed
coded by a transposable element, then it might be possible to amplify this element and
insert it into a fast-growing procaryote, resulting in improved yields and shorter
production time. Microbial production will also facilitate examination of the
biosynthetic pathway of taxol and taxoids via feeding studies.

Our results also suggest that the endophytes of medicinal plants are a good
source of compounds with biological activity. Endophytes represent a virtually
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untapped reservoir of potentially novel, effective drugs. They may operate in a
mutualistic sense, protecting their hosts from infectious diseases, while being afforded
a stable environment in return. Microbial defenses are probably chemical in nature, and
could be exploited for our own purposes. These early results suggest that this area of
endeavor will prove a worthy arena for study for years to come.
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Chapter 7
Metabolism of Taxoid Drugs
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Abstract : The metabolism of the two most promising anti-cancer taxoid
drugs - docetaxel (Taxotere) and paclitaxel (Taxol) - is fully reported.
Complete in-vitro and in-vivo results in animals and humans are
described while structures of the observed metabolites are identified.
The chemical synthesis of the major metabolites of docetaxel as well as
their biological activities are reported. Furthermore, in accordance with
the chemical reactivity observed for some of the synthetic intermediates,
a metabolic pathway is proposed.

Despite extensive drug research efforts over the past 20 years, cancer remains the
second cause of death in the industrialized countries (/).
A new series of drugs, the taxoids paclitaxel (Taxol), originally extracted from the
bark of the Pacific yew (2), and docetaxel (Taxotere), the first semisynthetic
compound, have generated wide interest due to their unique mechanism of action on
the microtubule-tubulin system in eukaryotic cells (3,4).

P : paclitaxel (Taxol)
R, = C¢Hs
R2 =COCH3

D : docetaxel (Taxotere)
Rl = 0-t-Bu
R2 =H

Both compounds have demonstrated impressive in vivo activities (5,6) and are now
considered among the most promising new agents in cancer therapy. Research into

0097—6156/95/0583—0098$08.00/0
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this compound class has given rise to a large number of publications ranging from
clinical studies (7) to total syntheses (8-9).

Pharmacokinetic results

Concerning the metabolism and pharmacokinetics of paclitaxel and docetaxel two
recent reviews have been published (10,11). Pharmacokinetics have been studied in
several phase I studies with various administration schedules. With sensitive
analytical methods a triphasic elimination process can be observed for both
compounds at sufficiently high doses (/2,13,14,15,16).

Paclitaxel has been administered to patients at a dose of 135 or 175 mg/m? by
24 hour infusion or, more recently, by 3 hour infusion. Distribution of paclitaxel has
been shown to be very rapid, with a first half-life of about ten minutes. In one study
(135 mg/m?, 3 h) elimination half-life was about 14 hours and systemic clearance
18 Vh/m? (13). At the shorter infusion time, paclitaxel pharmacokinetics are dose-
dependent, with relatively higher AUC values at higher dose. One possible
explanation is saturation of hepatic extraction and metabolism at higher plasma
concentrations, which may reach 12.9 uM at 300 mg/m? (12). Another interesting
observation was a decrease in plasma clearance and a higher toxicity when paclitaxel
was administered after cisplatin treatment in a combination study. No modification
occurred with the inverse sequence. An effect of cisplatin on paclitaxel metabolism
was considered as a possible explanation for this finding. The importance of hepato-
biliary extraction in paclitaxel elimination was further demonstrated by lower
clearance in patients with abnormal liver function, while renal function had little
effect (11).

Docetaxel has generally been administered in phase II studies as a one-hour
intravenous infusion at a 100 mg/m? dose. Phase I studies showed that docetaxel
pharmacokinetics were best described by a three-compartment model with a very
rapid initial phase (t;;, 5 min) and an elimination phase half-life of 12 hours. Systemic
clearance of docetaxel was 21 /h/m?. The AUC of docetaxel increased in a linear
manner with the dose from 20 to 115 mg/m? with no evidence for saturation of
elimination. Maximum plasma levels of docetaxel were about 5 pM (75,16).
Distribution studies in tumor-bearing mice confirmed very rapid tissue uptake.
Tumor exposure was higher than plasma exposure (respectively 84 ug/g. hr and
17 pg/ml.hr). Elimination from tumor tissue (t;; 22 h) was much slower than from
plasma or from other tissues (t,, 1-4 h) (/7). No studies on the effect of individual
factors on docetaxel pharmacokinetics have been published. However, an important
population pharmacokinetic study, including over 600 patients, is being conducted in
phase II studies. This should lead to valuable information on the effects of, for
instance, pathophysiological status and co-medication on docetaxel elimination (£0).

Preclinical studies : in vitro results

Studying drug metabolism in humans in-vivo is technically difficult, particularly the
recovery of biliary excretion, and also because of generally low plasma levels of
metabolites. However the use of microsomes is known to lead to reliable
biotransformation results. Therefore both docetaxel and paclitaxel have been
screened in these in vitro systems.
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Recently [*H] paclitaxel metabolism assays were conducted in freshly isolated rat
hepatocytes and metabolite identification was carried out using HPLC and Tandem
Mass Spectrometry (LSIMS) (/8). Two major metabolites, P, and P;_identical to
those previously observed in the intact rat were formed. Inhibition studies suggested
that the hydroxylation of paclitaxel was mediated by cytochrome P450 3A enzymes.
The same authors (/9) expanded these studies to human liver microsomes showing
the formation of one major human metabolite. They provided evidence for the
involvement of CYP 3A isoenzymes. The structures of the paclitaxel metabolites are
reported in figure 1 while those of docetaxel are reported in schemes 1 and 2.
Monsarrat et al. (11,20) reported that when using human microsomes, the
cytochromes P450 of the 2C family were responsible for the formation of Ps while
the cytochromes P450 of the 3A family led to P,. The formation of Ps was confirmed
using hepatic microsomes and liver slices (2/). Futhermore, two minor metabolites
(unidentified) resulted from biotransformation by cytochrome P450 3A4 since
antibodies raised against this enzyme inhibited their formation.

Docetaxel metabolism has also been extensively studied using these in vitro systems.
Assays in mouse, rat, dog and human liver microsomes led to the conclusion that
metabolic profiles were similar in these species and to those obtained in vivo
(Sanderink G. ; unpublished results). Three to five metabolites were detected, while
the inter-individual variability in terms of biotransformation rates in human liver
microsomes (29 subjects) was reported to be high (22).

Inhibition studies have shown that the main enzymes responsible for
biotransformation are from the cytochrome P450 3A family. However, other
enzymes might also be involved (23,24).

Preclinical studies : in vivo metabolism in animals

The first studies on paclitaxel metabolism in vivo were conducted in the rat by
Monsarrat et al. with unlabelled compound (25). From the bile of 20 treated animals,
the formation of 9 metabolites was observed. After HPLC purification, metabolites
P, and P; were identified using Mass Spectrometry (FAB and D/CI) and 400 MHz
NMR experiments. The structures of other minor compounds showing an excess
mass of + 16 and + 32 a.m.u., with respect to the molecular weight of paclitaxel,
remain unknown.

In these earlier observations, the authors provided evidence for a significant hepatic
metabolism of paclitaxel. Indeed, more than 40 % of the administered dose
(L.V. 10 mg/kg) was recovered in the bile. On the other hand, less than 10 % of the
dose was found in urine over a period of 24 hours. This preliminary work was
followed by other evaluations confirming the prior results (26,27,28). Finally, the
distribution of the main metabolites in bile was found to be : unchanged paclitaxel
P : 12 % ; major metabolites : P,: 13 % and P; : 5 %, while minor compounds,
including baccatin III and P,, accounted for less than 10 %.

Very recently [*C] labelled paclitaxel was used in rat studies (29). More than 95 %
of the radioactivity was recovered in feces during the 6 days following
administration. This result confirmed the essentially complete elimination of
paclitaxel, with biliary excretion as the main clearance route.

Docetaxel metabolism has largely been studied in different animal species - mouse,
rat, rabbit and dog - using ['*C] labelled drug (30,31,32). Fecal extracts have been
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Figure 1 : Structures of paclitaxel metabolites
(Structural modifications are indicated by arrows)
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analyzed for all the species. The results demonstrate that docetaxel excretion, as with
paclitaxel, occurs mainly via the biliary route. The excretion balance shows that
between 48 to 81 % of the administered radioactivity is recovered in the first
48 hours. This was further confirmed in bile-cannulated rats (31,32). The results thus
obtained in feces are summarized in table I. Only small amounts of labelled
compounds were found in urine (from 2.5 to 6.5 %).

Table I : 0-48 hours excretion balance in different species
expressed as % of administered ['*C] docetaxel.

Dose (1.V.) Urine % Feces %
mouse 37 mg/kg 6.5 81
rat 5 mg/kg 4.0 69
rabbit 0.5 mg/kg 43 48
dog 0.72 mg/kg 25 68
human 100 mg/m? 2.5 61

Concerning docetaxel metabolite distribution, Dy , Dvi , Dvy , Dxvi and D as parent
drug are the major identified compounds. Minor metabolites account for 3 to 5 % of
the administered dose (table II). Recently studies with bile obtained in-vivo or with
the isolated perfused rat liver were conducted. Docetaxel : D was then found to be
10 and 9 %, Dy : 3 and 4 %, Dy; : 15 and 7 %, Dyy; : 9 and 4 % respectively (32).

Table II : Metabolites isolated from 0-48 hours feces of
different species as % of the administered [**C] docetaxel
DV DV] Dvu va] other D

mouse 15 10 225 11.5 5 1.5
rat 5 17 6.5 5 3 9.5
rabbit 1.5 13 25 1 3.5 93
dog 2.5 29 4.5 2.6 5 13.2

human 7.5 6.5 7.7 23.3 nr. 3
n.r. : not reported

Clinical trials : phase I and phase II human metabolites

In a one-patient single-experiment study approximately 20 % of the administered
dose of paclitaxel was recovered in human bile while renal excretion accounted for 5
to 10 % (11). Five to seven metabolites were detected (11, 25, 28) with the
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following distribution : parent compound, P : 3 %, ; major metabolites : Ps : 12 % ;
P, : 2 %, while minor metabolites - including P, - accounted for less than 3 %
(table III).

Table III : Paclitaxel metabolite distribution in human and rat bile
as % of the total administered dose
P, P, P, P, Ps P baccatin IIT

human minor 2 nr. nr 12 3 nr.

rat n.r. 13 5 minor nr. 12 minor
n.r. : not reported

In this experiment no metabolite was found in urine or in plasma. However this last
observation has to be tempered by the fact that Beijnen reported the possible
presence of metabolites in plasma of patients at the end of infusion (/3).
Furthermore an additional HPLC peak (of unknown composition) eluting before
paclitaxel has previously been observed in human plasma (33). This leads to the
conclusion that some paclitaxel derivatives or metabolites could be present even at
low quantities in these biological fluids (/7).

[*4C] docetaxel excretion and metabolism have been studied in cancer patients after a
one-hour infusion of 100 mg/m? (34). Excretion occured almost exclusively in the
feces (61 %) via the biliary route during the first 48 hours after drug administration.
Urinary excretion was very low. Four main metabolites were detected in feces
(31,35) with the following distribution : parent drug D : 3 % ; major metabolites :
Dy :75%;Dyv;:6.5% ; Dy : 7.7 % and Dxyy : 23.3 % (Table II). These results
confirm those reported for studies in rats (32). Furthermore, a small amount (less
than 2 %) of 7-epi docetaxel (isomer at C-7 of the diterpene moiety) was identified.
This result is in good agreement with previous observations. It was reported that
paclitaxel is also converted into its 7-epi isomer either in cell culture medium or in
normal saline solution (36,37). This facile epimerization - presumably via a
retroaldol/aldol mechanism (38) - generally occurs under basic conditions. As a
consequence, a small amount of 7-epi docetaxel is also found in plasma extracts
(pH=7.4) (Vuilhorgne M.,Gaillard C.; unpublished results).

Structural determinations, synthesis, metabolic pathway

Given the small amount of purified material usually available (often sub pico-molar
quantities) structural identification of taxoid metabolites were mainly conducted
using Mass Spectrometry (18,25,28,31,32).

Paclitaxel and docetaxel show D/CI, FAB (LSIMS) and electrospray pseudo
molecular ions at respectively : MH', MNa* and MNH,". Furthermore the main
fragmentation pattern - i.e. the loss of the phenyl isoserine side chain - generally
allows one to determine which part of the molecule is biotransformed (side chain,
diterpene, or both moieties) (39,40,41). MS-MS experiments either in parent or
daughter ion modes (42) and direct HPLC/MS-MS coupling experiment have been
performed in order to obtain a better selectivity (/8,35).
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As a consequence of HPLC/MS-MS results, the structure of an unstable human
metabolite of docetaxel was postulated to be Dyy.

Despite careful interpretation of mass spectra, the structures of some minor
metabolites of paclitaxel found in the rat bile remain unresolved (25). It has been
reported that these compounds possess respectively a pseudo molecular ion showing
:-6,+ 16, + 32 and + 38 a.m.u. in respect to the parent drug molecular weight.
When the amount of isolated metabolites exceeded a few pg, high field NMR
spectroscopy greatly assisted the structural determinations (25,35,43). For instance
600 MHz NMR experiments conducted on 3 minor docetaxel metabolites found in
mouse, rabbit, rat and dog showed that they were 7-epi isomers of Dy , Dy; and Dy.
Furthermore, in rabbit feces, the recovery of a very small amount of the side chain
moiety, identified as a carboxylic acid derivative, confirmed that the loss of the side
chain at C-13 had occured (Gaillard C., Vuilhorgne M. ; unpublished results). This
cleavage has been previously reported in paclitaxel studies (25).

Synthetic efforts were undertaken to provide material for assessing their biological
and toxicological effects. The four major human metabolites of docetaxel (Dy , Dvi,
Dvy and Dxv;) were prepared (Commergon A. et al. ; Tetrahedron, in press) from
the previously described C-3' free amino C-10 deacetyl baccatin III derivative 1 (44)
using the mixed carbonates 2, 3 , 4 , as acylation reagents (scheme 1). The
semisynthetic compounds obtained through synthesis have the same physicochemical
properties (NMR, IR, MS) as the docetaxel metabolites, thus confirming the prior
postulated structures.

The results demonstrate that, despite similarity in their chemical structures, docetaxel
and paclitaxel show large differences in their metabolism. The metabolites of
paclitaxel, i.e. P, ; Py and P, in rat ; P, ; P, and Ps in man, are mono and
dihydroxylated species. These biomodifications take place either on the phenyl group
of the side chain or on the diterpene taxoid ring itself and are caused by different
P450 enzymes. The "replacement" at the C-3' amido function of a phenyl (in
paclitaxel) by a O-t-Butyl group (in docetaxel) leads to a different metabolic
pathway as docetaxel biomodifications only occur on this side chain.

From chemical reactivity observations obtained during semisynthetic work, i.e. the
very rapid conversion of the aldehyde and carboxylic acid derivatives into the
expected metabolites, the following metabolic pathway can be proposed. First the
parent compound docetaxel D is oxidized into the primary alcohol Dy; leading then
to a putative aldehyde derivative which gives the two hydroxy oxazolidinone Dy and
Dyy after prompt cyclisation. A further oxidative step leads to the unstable
carboxylic derivative Dyy giving the cyclic oxazolidinedione Dxv; (scheme 2). The
three oxidative steps : D — Dy; — [aldehyde] — Dyy result from the involvement of
cytochrome P450 enzymes (see the in-vitro results section) and may be applicable to
all studied species (31,32). As expected, some significant interspecies differences are
observed in the proportions of metabolites for a given parent drug. It should be
noted that there is also a large interspecies variability concerning the chemical
structures of paclitaxel metabolites.

Apparently the only metabolic pathway shared by paclitaxel and docetaxel leads to
Dy (minor in rat bile) and P, (major in rat bile). The two resulting metabolites
present the same chemical transformation, a para hydroxylation of the C-13 side
chain C-3' phenyl group. Finally, almost no glucurono-conjugated or sulphated
metabolites have been reported in any species (/8,25,28).
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3 steps
l+ 2 >

i, i, iii

i : pyridine, CH20I2, rt,7h
ii : DDQ, CHyCly, HyO, 1t

iii : Zn, AcOH, MeOH, 60°C, 15 min.

3 steps
1+ 3 >

i, ii, il

i : pyridine, CH,Cl, rt, 7 h
i : HCOOH, Hy0, AcOEt, rt. 24 h Dy and py,, 0COC,H,

iii : Zn, AcOH, MeOH, 60°C, 15 min. overall yield 20 %

2 steps
1+ 4 P .

iii

i:aq. KoCOg3 (5M), THF, rt., 24 h
ii : Zn, AcOH, MeOH, 60°C, 15 min. Dxvi OCOCH,

overall yield 40 %

Scheme 1 : Synthesis of docetaxel metabolites
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Scheme 2 : Postulated metabolic pathway for docetaxel
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Biological activities of taxoid drug metabolites

Isolated metabolites of paclitaxel and docetaxel have been biologically studied using
an in-vitro tubulin disassembly test (6,45,46) and L1210 or P388 leukemia cell
growth assays (6,47). The metabolites P, and P; of paclitaxel found in rat bile, were
as active as the parent drug in stabilizing microtubules against disassembly in cell -
free tubulin assays (25). However, they were much less active than paclitaxel
(respectively from 10 to 40-fold) against L1210 leukemia cells. Baccatin III isolated
from rat bile is known to be inactive (48). The human bile metabolite Ps was
reported to be 30-fold less active in MOLT-4 and U-937cell line growth assays (43).
Docetaxel metabolites : Dy , Dy, Dyy; and Dxy; were also evaluated in vivo. Indeed,
and due to semisynthetic work, the amount of available material was sufficient for
experiments with sub-cutaneous B16 advanced tumor-bearing in mice (6,49). These

Logcellkill:a=15;b=3.4

>

S

8

S

é% metabolites showed poor in vitro cytotoxicity (except Dyy) and were inactive against

Sa in-vivo B16 melanoma (31, Bissery M.C. ef al. ; manuscript in preparation). Table

=8 IV summarizes these biological results.

98

&9

5 = Table IV : Biological activities of docetaxel metabolites

88 Compound Tubulin P388 ICs, B16 Melanoma

oS test pg/ml mg/kg/day % T/C

=T

[elye}

% § P paclitaxel T 0.075 31 272
(2]

oz Ddocetaxel 07T 0015 20 ob

5

o B Dy 22T >10 17 >> 42

3o

5 Dvi 0.65T 0.34 71 >>42

>0

= C

52 Dvn 45T >10 32 >> 42

> 0O

o =

B3 Dxvi 100 T > 10 32 >> 42

g

[=

g

a

Conclusion

Despite minor structural differences between paclitaxel and docetaxel they display
major differences in their metabolic pathways. For both drugs clearance occurs via
the biliary route while biotransformations are apparently effected by cytochrome
P450 enzymes. Five major hydroxylated metabolites have been isolated in paclitaxel
studies. Depending on the species, structural modifications take place either on the
side chain and/or on the diterpene skeleton. In the case of docetaxel the
"replacement” of the side chain C-3' phenyl by the tert-butyloxy group leads to
different metabolic pathways. In this case, oxidized side chain products were the
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major metabolites observed while small amounts of epimerized compounds (7-epi
derivatives) were also characterized. Since the same metabolites occur in mouse, rat,
dog, rabbit and man, this leads to the conclusion that there is a principal and
probably identical metabolic pathway for all studied species. All metabolites
described herein are significantly less active in vivo than parent compounds.
Essentially no circulating taxoid derivatives (except the parent drug) were reported
in plasma.

Finally the search for a second generation of potent taxoid drugs with improved
solubility characteristics and enhanced ability to escape or overcome resistance
phenomena will actively continue (50,51,52).

Moreover, studies of synergistic effects of taxoids with other drugs are required to
refine multidrug treatment during cancer therapy. These efforts will most likely also
require further extensive work on metabolism and pharmacokinetics.
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Chapter 8

Pharmacology and Antitumor Effect
of Novel Paclitaxel Formulations

R. M. Straubinger, A. Sharma, U. S. Sharma,
and S. V. Balasubramanian

Department of Pharmaceutics, State University of New York—Buffalo,
Ambherst, NY 14260—1200

Taxol (paclitaxel) is a highly-promising but poorly water-soluble
anticancer agent for which the development of safe and effective
formulations has been a challenge. Clinical experience with the drug
has shown vehicle-dependent toxicity, and experiments in animal
models have shown a relationship between formulation and antitumor
effect. Therefore, formulation of taxol in better-tolerated vehicles was
undertaken. Taxol was encapsulated in liposomes (phospholipid
vesicles) composed of phosphatidylglycerol and phosphatidylcholine
and tested for activity and toxicity against (a) subcutaneous C-26, a
taxol-resistant murine model for colon carcinoma, and (b)
intraperitoneal P388 leukemia. Antitumor potency of taxol was
retained or slightly enhanced in liposome-based formulations, while
adverse effects were reduced considerably. Physical studies were
initiated to identify aspects of taxol-taxol and taxol-lipid interaction
that determine stability and efficacy of these liposome-based
formulations.

Taxol is a novel antineoplastic agent isolated from the Western Yew Taxus
brevifolia (1) that is active clinically against advanced ovarian and breast cancer (2,3),
and which is undergoing clinical trial for efficacy against a variety of other cancers.
Taxol has been approved for use in the U.S. for treatment of advanced and refractory
ovarian cancer, a point that is noteworthy given the few treatment alternatives that
exist for that disease.

A number of problems have been encountered in the pharmaceutical development
of taxol (4,5), including scarcity of the drug (owing to low abundance in Yew tissue),
lack of alternative sources (owing to the lack of economically-feasible routes of com-
plete or partial synthesis), and extremely low aqueous solubility. Problems in drug
supply largely have been alleviated, not only as a result of more efficient collection
and extraction of plant material (6), but also because of the progress in complete and
semi-synthesis that has yielded both taxol and a wealth of new taxane derivatives
(reviewed elsewhere in this volume). Efforts to solve the problem of taxol aqueous
solubility include synthesis of taxol analogs and taxol prodrugs, as well as intensive
efforts to devise safe and bio-compatible formulations. To date, no prodrugs have
shown the stability, solubility, or activity necessary for clinical development (7-12),

NOTE: Paclitaxel is the generic name for Taxol, which is now a registered trademark.
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although more recently-described prodrugs appear to offer some promise for further
development (/3). A semisynthetic taxane, Taxotére (docetaxel), has somewhat
greater solubility and potency than taxol (14,15), and has entered human trial (/6-18).
In addition, new taxanes (reviewed elsewhere in this volume) offer the hope of both
activity and acceptable solubility. Efforts to develop safe and efficacious
formulations of taxol and other poorly-soluble taxanes will be discussed here.

Taxol as a Formulation
Problem

Taxol is a complex diterpenoid
natural product (Figure 1) '
consisting of a bulky, fused HN” 3
ring system and an extended
side chain (at C13) that is
required for activity. Although
the molecule has relatively
hydrophilic domains (in the
vicinity of C7-C10 and
C1'-Cc2", hydrophobic
domains of the taxane
backbone and side chain
(19,20) contribute to the overall
poor aqueous solubility of the
drug. In order to administer human doses in a reasonable volume, taxol currently is
formulated for clinical use in an organic co-solvent system (described below) at a
concentration of 6 mg/mL (7 mM). The aqueous solubility of taxol is considerably
lower, underscoring the need for vehicles or carriers as an aid to administration.
Estimates of taxol aqueous solubility vary widely, depending in part on whether the
measurement is made under equilibrium or non-equilibrium conditions (5). Estimates

range from ~35 uM (~30 pg/mL) (14,21) and ~7 uM (~6 pg/mL) (22) to < 0.77 uM

(~0.7 ug/mL). (9) A solubility of approximately 0.4 pM was determined in this
laboratory (23). In the approach to equilibrium conditions, Taxol appears to undergo
a time-dependent 10-100-fold decrease in solubility (5,23,24). Because taxol
precipitates from aqueous media in a time-dependent manner, extended intravenous
infusions must be performed using an in-line filter to protect patients from the
potentially life-threatening infusion of solids (25).

Figure 1: Structure of taxol. Figure shows the
taxane backbone, side chain, and principal
functional groups, as well as the numbering scheme
used in the text.

Taxol Solubility in Co-Solvents and Non-aqueous Media. Because of insufficient
aqueous solubility, an intensive effort was devoted to the development of vehicles for
parenteral administration of taxol (4,5). Figure 2 shows data on taxol solubility in a
number of solvent systems. Taxol can be prepared at millimolar concentrations in a
variety of waxes, oils, polymers, and alcohols (4,5,26), as well as in
dimethylsulfoxide (DMSO). Although some of these materials are sufficiently low in
toxicity to permit parenteral use, and high concentrations of taxol can be prepared in
them, a general problem with cosolvent systems is precipitation upon dilution.
Figure 2 also illustrates a general pharmaceutical problem that is observed commonly,
which arises from the fact that drug solubility may decrease exponentially upon
dilution, but drug concentration decreases in a linear fashion. During the dilution that
occurs upon i.v. infusion, intermediate concentrations of drug and vehicle may be
achieved in which the drug concentration exceeds the solubility afforded by the
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Taxol Solubility in Mixed Solvent Systems

1000 T T T r —— ;
100 ’ A Triacetin
= O Ethanol
E 1 m PEG-400
? @ Isopropanol
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Figure 2: Taxol solubility in cosolvents. Figure shows estimates of taxol solubility
in a variety of vehicles, as indicated in the inset. Data is taken from (5). A best-fit
line shows the relationship between taxol solubility and concentration of
polyethylene glycol (PEG-400) (filled squares), emphasizing the exponential change
in solubility with cosolvent concentration. Also shown (dotted and dashed lines
labeled I, II, and III) is the concentration of drug resulting from dilution of three
different starting concentrations of drug to the concentration of cosolvent indicated.
Over the range indicated, drug concentration changes linearly as the cosolvent
mixture is diluted. In contrast, solubility may decrease exponentially. In regions of
the graph where the drug concentration lies above and to the left of a data point for
maximal taxol solubility in a given cosolvent, the solution would be supersaturated
and prone to precipitation Adapted from (27).

diluted cosolvent, and precipitation from the super-saturated solution may occur
(27,28).

The Current Clinical Formulation of Taxol. A search for a safe and efficacious
parenteral form of taxol was undertaken to devise a formulation that would allow
administration at > 5 mg/mL (5.85 mM) by the intravenous route and have stability
for > 24 hours when diluted in common intravenous solutions such as 5% dextrose
(D5W) or 0.9% saline (4). The formulation actually developed, which is used
currently in the clinic, consists of taxol solubilized at a concentration of 6 mg/mL
(7 mM) in a 1:1 (vol:vol) mixture of anhydrous ethanol and polyethoxylated castor oil
(Cremophor EL), a clear, oily, viscous, yellow surfactant. Shelf-life studies
(reviewed in (5)) suggest that the formulation is stable in unopened vials for 5 years at
40C. The Cremophor solution is diluted before use with saline or D5W to a taxol
concentration of 0.3-1.2 mg/mL (0.35-1.4 mM). Published and unpublished studies
suggest that the diluted material is physically and chemically stable for 227 h (5).
However, dilution to certain concentrations (cf. Figure 2) may produce a supersatura-
ted solution (5) that could be prone to precipitation if used outside of established
guidelines (25). An in-line filter is required during administration as a safeguard
against the infusion of particulates, and it is recommended that diluted taxol solutions
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be used within 24 h of preparation (25). Hazing of solutions has been observed,
particularly in taxol solutions in contact with certain plastics. The hazing was
attributed to extraction of plasticizers from the infusion bags and tubing, rather than
from taxol precipitation (29). The potential dose of plasticizer to the patient may be
considerable if care is not taken in the selection of materials contacted by diluted
taxol solutions (5,29). The development process and properties of the current
formulation are reviewed in greater detail elsewhere (5).

Limitations of the Current Formulation. Beyond the potential problems of
physical instability mentioned above, the most significant problem with the current
clinical taxol formulation is that the Cremophor EL vehicle possesses
pharmacological activity. A variety of drugs are administered in Cremophor EL, such
as cyclosporine (30) and teniposide. (31) However, the dose of Cremophor EL that
accompanies a dose of taxol is the highest for any marketed drug (32). Cremophor
has been observed to cause serious or fatal hypersensitivity episodes (33), and vehicle
toxicity may be largely responsible for fatal or life-threatening anaphylactoid
reactions observed upon rapid infusion of taxol into animals or humans (2,34,35).

Mechanisms of Toxicity. Histaminergic mechanisms were implicated as the basis
of the physiological reaction to Cremophor EL infusion (34), and adverse reactions
appeared to be associated with rapid infusion rates (35,36). Therefore, patients
receiving taxol are supported with prophylactic administration of antihistamines and
corticosteroids, and infusion times are extended. Three, 6-24, and 96 h infusions are
common in the literature (32,36,37). The rationale for the prophylaxis regimen (35, 35)
apparently derives from earlier experience with hypersensitivity reactions to
radiocontrast media (38). Premedication and prolonged infusion has reduced the
incidence of serious hypersensitivity reactions (39), although milder reactions appear
in about 30% of patients (35,40).

In addition to the well-documented hypersensitivity effects of the Cremophor EL
vehicle, the picture of taxol activity in vivo is complicated further by reports that
Cremophor EL can enhance the cytostatic effect of taxol, putatively through
inhibition of the Multidrug Resistance (MDR) transporter (4/-43). MDR is a
mechanism, mediated by cell-membrane glycoproteins, by which tumor cells can
acquire resistance to taxol (44,45) and a variety of structurally-unrelated compounds
(46,47). The importance of Cremophor-mediated alteration of MDR is unknown with
respect to the clinical activity of taxol.

Although premedication and prolonged infusion has made it possible to institute
clinical testing of taxol in a wide range of clinical trials, the current formulation
cannot be considered optimal. In a general sense, multi-drug pharmacological
intervention is less desirable than a safer, better-tolerated formulation. With the
administration of multiple agents, there is the potential for pharmacological,
pharmacokinetic, or metabolic interactions that may alter taxol antitumor effect or
toxicity. Such interactions are under investigation (48-52), and no clear problem has
yet emerged. However, considerably more investigation is required before
concluding that no interactions exist that have clinical impact on taxol therapy.

Formulation Alternatives

Efforts to develop safe, convenient, and efficacious taxol formulations continue to the
present, perhaps somewhat remarkable given the advanced clinical status of the drug.
In addition to co-solvent systems (mentioned above), other approaches for taxol
formulation include emulsions, micellar systems, liposomes, and implants. More
detailed reviews are given elsewhere (5,24); the present chapter will focus on results
with a liposome-based formulation developed recently (53-56).
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Liposome-based formulations. Liposomes are microscopic particulate carriers
consisting of an internal aqueous space enclosed within one or more delimiting lipid
bilayer membranes. Liposomes are prepared most commonly from synthetic or
naturally-occurring phospholipids and neutral lipids such as cholesterol.
Encapsulation of a drug in liposomes often results in distinct changes in
pharmacokinetic and pharmacodynamic properties of the agent, in some cases causing
a marked decrease in toxicity or an increase in potency (57). A more detailed
explanation of the rationale for choosing liposomes as a first-line approach to taxol
formulation is given elsewhere (53). Compared to other experimental drug delivery
systems, liposomes are a relatively mature technology. Several comprehensive works
examine both the applications and the methodology for production of liposomes
(58,59). Given the novelty of the approaches in the drug carrier field in general, and
with liposomes specifically, there have been many basic and applied pharmaceutical
concerns to overcome in the clinical development of liposome carriers (57,60-63).
Nonetheless, liposomes have advanced to human testing in a number of trials (57).

Liposomes may be produced from a wide variety of phospholipids, and other
lipids and amphipathic molecules may be included; the variety of possible
constituents provides the opportunity to control a broad range of liposome physical
properties, such as diameter, membrane fluidity, electrostatic charge, and surface
properties (64). Such liposome physical properties can exert major effects on
liposome behavior in vivo and in vitro (eg. during preparation, storage, and use).
Although simple liposome-based formulations of many drugs have been prepared,
liposome constituents in some cases must be chosen carefully, and optimization of
formulation properties can be somewhat complex owing to the many parameters that
may be varied in order to achieve the goals set. Such was the experience during the
formulation of taxol in liposomes, in which over 300 sets of formulations were
examined, representing a systematic variation of liposome properties including
diameter, charge, membrane fluidity, length of lipid acyl chain, surface hydration, and
inclusion of specific dopants (53,55).

In Vitro Activity of Prototype Liposomes. A family of related taxol-liposome
formulations were developed that had properties suitable for further evaluation (54).
One example of a promising formulation consisted of taxol and phospholipid in a
1:33 mole ratio, and was prepared from phosphatidylglycerol (PG) and
phosphatidylcholine (PC) in a 1:9 mole ratio. Formulations were prepared and stored
as a lyophilized powder of drug and lipid, which simply requires reconstitution in
saline before use (54,55). In order to determine whether the cytostatic potency of
taxol was retained when encapsulated in liposomes, formulations were tested for
activity against a panel of cultured cell lines, including several lines used as tumor
models in mice. Different cell lines varied considerably in their sensitivity to taxol
(Figure 3); Colon-26, the murine colon tumor line selected for subsequent therapeutic
experiments in vivo, was the most taxol-resistant. On several cell lines, taxol lipo-
somes appeared to be significantly less potent than free taxol. However, it was found
that 0.5% dimethylsulfoxide (DMSO), used to solubilize unencapsulated taxol prior
to addition to cells, enhanced the potency of taxol. If taxol was dissolved directly in
serum-containing medium and added to cells without DMSO, free taxol potency was
nearly identical to that of liposome-encapsulated taxol, in most cases.

In Vivo Activity of Taxol Liposomes. The toxicity and antitumor activity of taxol-
containing liposomes has been reported for several formulations and tumor model
systems (53,54,65-67). Although not all of the reported experiments are comparable,
some generalizations may be possible regarding the efficacy of liposome-
encapsulated taxol. Such formulations appear to show consistently lower toxicity
than the conventional Cremophor-based formulation, not only upon rapid bolus
administration, but also in delayed (non-anaphylactoid) toxicity. Stability under the
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conditions of use is not
described for all
formulations in the
literature, and
precipitation of taxol
after injection could, in
some cases, reduce
toxicity by reducing
bioavailability. Selected
findings on the efficacy
of liposome-associated
taxol are described
below.

Activity Against

Colon-26 EES

B16 BEEEEE
W Free Taxol (DMSO)
B Free Taxol (medium)
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Cell Lines
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Intraperitoneal P388
Leukemia. Liposomes
containing

approximately 2% taxol
in liposomes composed
of soybean PC were
administered by i.p.
injection to animals

inoculated with
intraperitoneal P388
(65), a taxol-sensitive
leukemia. For

comparison, free taxol
was given in 5%
DMSO/5% Cremophor

Figure 3: Activity of taxol formulations in vitro: Cells

were plated at a density of 2 x 104/mL in multiwell plates
and allowed to adhere overnight. Triplicate wells were
exposed to various concentrations of taxol, either added as
PG:PC liposomes (see text for details) (solid bar), as a
200x concentrated stock in DMSO (stippled bar), or
absorbed to serum proteins (hatched bar) in the absence of
organic solvent. Cells were enumerated after 72 h, and the
ICso (50% growth inhibition) value for each
concentration-effect curve was calculated graphically.
Cell lines: Colon-26: murine colon carcinoma; B16,
BI6FI0: murine melanoma; wild type and highly-
metastatic variants, respectively; L1210: murine leukemia;
9L: rat gliosarcoma; AI21a, HEY-1b, A90: human ovarian

in saline. Treatment|tumor lines. Adapted from (24)
consisted of 4 consecu-

tive daily taxol treatments with 12.5 mg/kg/day, initiated 24 h after tumor inoculation.
Lifespan was increased 66% and 68% for the free- and liposome-encapsulated taxol
groups, respectively, compared to untreated controls. Toxicity appeared to be similar
for the two forms of taxol, judging from animal body weight changes during treat-
ment. Compared to controls which received the DMSO/Cremophor vehicle without
drug, the mean body weight of both free- and liposome-taxol -treated animals was
decreased 10.5% at the nadir. (65)

Recently this laboratory has initiated similar testing of taxol-liposome activity
against P388 leukemia (Figure 4). The primary rationale is that taxol displays
unusual pharmacokinetic behavior following i.p. infusion into human cancer patients,
showing a prolonged retention in peritoneal fluids. Thus i.p. administration offers the
potential for sustained exposure of i.p. malignancies to taxol, with reduced side
effects to critical normal tissues (50,68). An important limitation to i.p. taxol is
severe pain (69), and it is our goal to investigate whether this side effect can be
ameliorated by encapsulation of taxol in liposomes. As a prelude to such
experiments, we investigated the activity of i.p. taxol against i.p. P388 leukemia, a
fast-growing tumor that we have used as a probe for retention of formulation activity
in the schedule of administration chosen (70). Preliminary results from these
experiments are presented in Figure 4. It appears that both free- (conventional) and
liposome-encapsulated taxol have essentially equal antitumor potency. However, the
liposome-based formulation shows lower dose-dependent toxicity. In the experiment
shown, the optimal dose appears to be lower than the lowest cumulative dose tested,
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Figure 4: Effect of Taxol and Taxol Liposomes on Survival of Murine P338
Leukemia (70). Groups of 10 mice were treated with taxol in
Cremophor:ethanol (squares) or in multilamellar liposomes (PG:PC:taxol 1:9:0.3)
(circles). Treatment was started on Day 1 after initiation of the i.p. tumor and
continued for 3 days. The figure shows the median extension of lifespan for
treated animals, compared to vehicle-treated animals that received no taxol.
Vehicle control animals had a median survival of 22 days, defined as 100% in
this figure; the horizontal dashed line is drawn to aid the comparison of survival in
treated animals.

perhaps consistent with previous results using a different formulation and treatment
schedule (65).

Activity Against Subcutaneous C-26 Murine Colon Tumor. Liposomes of
diverse physical characteristics were tested for activity against Colon-26 (C-26)
murine colon tumor by intravenous administration (Figure 5) (53,54). Colon-26 is
highly taxol-resistant in vitro (c¢f. Figure 3), and has been used in previous
investigations of taxane activity (15,26). Colon-26 was chosen for several reasons:
first, a lethal end-stage complication of cancer chemotherapy is the emergence of
drug-resistant tumor; activity of formulations against highly taxol-sensitive tumor
targets (eg. the A121a human ovarian carcinoma, Figure 3) may be of interest, but
may not reflect the apparent trend of dosing at or near the maximum tolerated dose
(MTD) for "salvage" therapy in treatment-resistant disease (¢f. (7I)). Second,
previous experiments investigating the relationship between formulation and activity
(26) have underscored the importance of investigating activity of formulations against
distal sites (eg. intravenous administration against subcutaneous tumors), given the
observation that some formulations have only local activity when applied directly to
the tu;nor—containing compartment (eg. intraperitoneal taxol against intraperitoneal
tumor).

Single and multiple dosing schemes were tested for activity against C-26, and
liposome properties were varied to investigate the role of liposome size and lipid
composition on antitumor effect (54). It was observed in general that liposomes were
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Figure 5: Activity of Free- and Liposome-Encapsulated Taxol Against Taxol-
Resistant C-26 Tumors. Subcutaneous Colon-26 tumors were initiated in Balb/C
mice by inoculation with 106 tumor cells. Eight days after initiation, the tumors
were measurable, and treatment was carried out with the indicated doses of free- or
liposome-encapsulated taxol. Liposomes were composed of PG:PC 1:9. Free
taxol was given in Cremophor EL/ethanol, and liposomes were administered in
buffered saline. The amount of drug given in each injection is indicated in the
figure inset. Control animals were given saline or the volume of Cremophor
EL/ethanol equivalent to that required to administer free taxol. Treatment was
given thrice weekly, as indicated by filled circles along the abscissa, for 3 weeks.
Data shows mean tumor volume for groups of 10 mice, and vertical bars indicate
the standard deviation for the group. Error bars are representative, and some are
omitted for clarity. Adapted from (54).

equipotent to or slightly more potent than free taxol given in the clinically used
vehicle of Cremophor EL and ethanol. However, the Maximum Tolerated Dose was
2- to 7-fold greater for the liposome-based formulations, compared to free taxol. The
acute, vehicle-mediated toxicity was abolished by encapsulation of taxol in
liposomes, and the delayed, taxol-mediated toxicity likewise was reduced by
encapsulation. No dose of free taxol exerted a significant effect on the progression of
C-26 tumors (Figure 5). Drug was injected up to the maximum acutely-tolerated
dose; by using repetitive dosing schemes, it was possible to reach high cumulative
doses of taxol. Even at a dose of free taxol that showed delayed uniform lethality (30
mg/kg/injection x 6 injections) no effect on tumor progression was observed. In
contrast, taxol liposomes maintained tumor at a reduced volume throughout the
period of dosing, and the antitumor effect was observed at a dose level that was
approximately 30% higher than the dose that would have been uniformly lethal if
given as the free drug.

Pharmaceutical Properties of Taxol-Containing Liposomes. Initial success in
small-scale formulation of taxol in liposomes was followed by difficulties in scale-up
to the quantities required for animal antitumor experiments (53,55). As a result, a
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systematic approach was initiated both to develop formulations and production
processes resulting in suitable material for antitumor testing (55), and to understand
taxol-taxol (19) and taxol-lipid (56) interactions in sufficient molecular detail to guide
further formulation development.

Empirical Development of Taxol Liposomes. Early studies suggested that the
phospholipid composition of liposomes modulated the amount of taxol that could be
accommodated; because PC membranes appeared to incorporate the greatest mole
fraction of taxol (72), that lipid was chosen as the primary constituent. Subsequent
detailed work revealed extensive aggregation of taxol:PC liposomes, and that the
conferral of electrostatic charge on the liposomes, in the form of PG,
phosphatidylinositol (PI), or synthetic anionic amphipaths, abolished aggregation
(54,55). However, the increase in mole fraction of non-PC lipid was observed to
decrease stability, and 10-30 mole% negatively-charged lipid was observed to be a
reasonable tradeoff between reduction in aggregation and physical stability (55).

Stability as Function of Taxol:Lipid Ratio
120

{l 21
2 mole% Taxol

100

80

60

40
4.5 mole% Taxol

20

% Drug Retained in Liposome

8.3 mole% Taxol

0 1'0 20 30 40 SIO 6.0 70 80
Days of Storage (4°C)

Figure 6: Physical Stability of Taxol-Containing Liposomes. Small (sonicated)
liposomes were prepared from PG:PC (3:7) and contained the indicated mole%
taxol. Formulations were stored at 49C in buffered saline. At various intervals
indicated along the abscissa, differential centrifugation was used to separate
liposomes from precipitated taxol, and the taxol and lipid concentrations were
analyzed by (73) and (74), respectively. Symbols represent preparations stored at
phospholipid concentrations of 50 mM (open symbols), 100 mM (crossed
symbols), and 150 mM (filled symbols). Adapted from (55).

The taxol content of liposomes also modulated physical stability (55). Figure 6
shows that liposomes of PG:PC (3:7) and containing ~2 mole% taxol were stable for
months in solution at 40C. Increasing the taxol content decreased stability to days or
hours, depending on the taxol content and lipid composition. It must be emphasized
that the stability for some of the "unstable” formulations actually may exceed the
stability of the taxol-Cremophor EL formulation currently used clinically. Thus
although efforts to increase the taxol content of liposomes are underway, it is possible

0
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to increase the taxol content of liposomes already developed, if stability criteria are
selected that resemble those accepted for the current clinical taxol formulation.

Molecular Basis of Formulation Stability. Because the liposome membrane pro-
vides a hydrophobic environment for the accommodation of taxol, and because one
objective of our current developmental work is to increase the taxol:lipid ratio of for-
mulations, we investigated environment- and concentration-dependent interactions of
taxol (19). Although a number of previous studies have investigated taxol conforma-
tion in different solvents and concentrations, we focused on conditions that would be
anticipated to occur upon interaction of taxol with membrane bilayers. NMR,
Circular Dichroism, and fluorescence spectroscopy were used to build a model of
taxol monomer conformation consistent with previous studies (75-79). Further stud-
ies yielded support for a concentration-dependent aggregation of taxol (Figure 7), in
which hydrogen bonding between adjacent taxol molecules, promoted in non-aqueous
environments such as the membrane bilayer interior, stabilizes taxol into a stacked
structure that may be propagated along both faces (19).

Such concentration-dependent stacking of taxol occurs in the mM concentration
range. Physical studies with model membranes suggests that as the taxol:lipid ratio
increases, taxol submerges into the phospholipid bilayer and undergoes concentration-
dependent aggre gation into structures that may be similar to those observed to occur
in solution (56). Such aggregation may represent the initiation of crystal nucleation,
and our operant hypothesis is that this event precedes and foretells formulation
instability. Broader studies on taxol-lipid interaction are underway, and suggest that
modulation of liposome composition may be one approach to enhancing the stability
of taxol formulations by providing the appropriate molecular environment for taxol.

Concentration- and Environment-Dependent Aggregation of Taxol

Figure 7: Proposed Model of Taxol-Taxol Interactions. Dashed lines indicate
intermolecular hydrogen bonds inferred from NMR spectroscopy. The stacked
structure may be propagated from both faces and thus grow indefinitely. Taxol
aggregates form in a concentration-dependent manner in solvents which do not
compete with the intermolecular hydrogen bonds. Adapted from (19).

Conclusions

Formulation of taxol has posed difficulties that have had impact on drug devel-
opment from the initial stages of testing and continuing to the present clinical use.
Safe, efficacious, and pharmaceutically acceptable formulations may improve not
only the therapeutic benefits of taxol, but also would aid in the development of taxol
and taxanes, by providing a means for accurate testing of biological or antitumor ac-
tivity. Liposomal formulations of taxol show promise, given the observed reduction
in both acute- and delayed taxol toxicity and the maintenance of antitumor potency.
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Other taxanes may be formulated in liposomes as well, suggesting the additional ben-
eficial role as a simple, reliable vehicle for testing and administration of new com-

pounds.
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Chapter 9
Phosphatase-Activated Prodrugs of Paclitaxel

D. M. Vyas!, Y. Uedal, H. Wong!, J. D. Matiskella!, S. Hauck!,
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1Bristol-Myers Squibb Pharmaceutical Research Institute,
S Research Parkway, P.O. Box 5100, Wallingford, CT 06492—7660
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P.O. Box 4000, Princeton, NJ 08540

In an effort to supplant the Cremophore EL® based intravenous
formulation of paclitaxel, a program on synthesis and evaluation of
water-soluble, phosphatase activated prodrugs was initiated.
Prototype, water-soluble prodrugs of paclitaxel namely, C-2' and C-7
phosphate derivatives were found to be unsuitable as prodrugs of
paclitaxel in-vivo. This was attributed to the steric congestion about
the C-2' and C-7 phosphate moieties of these derivatives resulting in
them being poor substrates for phosphatase enzymes in-vivo. To
surmount this steric hurdle, synthesis of novel phosphates as pro-
prodrugs of paclitaxel was undertaken. The successful pro-prodrugs
incorporated a self-immolative linker carrying a phosphate group
which served as a solubilizing group and a 'phosphatase trigger'
required to unravel paclitaxel after activation by phosphatase
enzymes in-vivo.

The natural diterpene Taxol® (1, paclitaxel) (/) and its close semisynthetic
analog Taxotere® (2, docetaxel) (2) have emerged as promising anticancer agents

AcO

)

OH tBuOCOng\l o

P Y Oun

0
1 OBz OAc 2

efficaceous against a variety of human solid tumors such as ovary, breast, head &
neck and lung cancers (3). Paclitaxel is currently an FDA approved agent in the
USA for the treatment of ¢is-platinum refractory ovarian cancer and refractory
metastatic breast cancer. Several expanded clinical trials are currently in progress

(4) to fully exploit the utility of this novel tubulin interacting agent. Taxotere®, is
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also on the verge of being registered in Europe and Japan for the treatment of
metastatic breast cancer.

Inspite of their great promise in treatment of refractory and untreatable human
neoplasms, both agents are afflicted with formulation and systemic administration
problems. These problems stem from their extreme low solubility in water; with
paclitaxel's aqueous solubility at 0.25 ug/ml (5) and docetaxel's at 6-7 ug/ml
(Agharkar, S., BMS, personal communication, 1993). Consequently, special
formulations requiring excipients such as Cremophor EL® for paclitaxel (6) and
Tween 80 for docetaxel (7) have been necessitated for intravenous (iv)
administration. In the case of paclitaxel the amount of Cremophor EL® required to
administer the therapeutic dose (135-200 mg/m2) represents the highest amount ever
to be used with any drug. Exposure to this large amounts of Cremophor EL® has
produced major hypersensitivity reactions (HRs) in patients (8). Itis perceived that
such adverse effects are vehicle related, since it is well documented that Cremophor
EL® alone causes hypotension and histamine release in dogs (9). The high
incidences and severity of HRs to paclitaxel almost led to termination of some
earlier Phase I clinical trials. However, prolonged infusions(/0) and prophylactic
medications(/ /) with antihistamines and corticosteroids have avoided the adverse
episodes and allowed continuation of clinical use of Cremophore EL® formulation.

Water-Soluble Paclitaxel Prodrugs.

In face of the pharmaceutical liabilities of Cremophore EL® in the current
intravenous formulation of paclitaxel, various alternatives to replace this excipient
have been evaluated; one being delivery of liposome encapsulated (/2) paclitaxel.
However, the majority of approaches involve synthesis and evaluation of water-
soluble prodrugs of paclitaxel. In this vein a number of C-2' and C-7 ester
derivatives carrying water-solubilizing functionalities have been synthesized and
evaluated for their antitumor activity in-vivo (13, 14, 15).

Paclitaxel C-2' Esters. The C-2' hydroxyl of paclitaxel provides an ideal chemical
handle for the synthesis of esterase cleavable prodrugs. It has been well established
from earlier structure activity studies that for paclitxel to impart its tubulin
polymerization activity and cytotoxicity, the C-2' hydroxyl has to be free. Masking
of the C-2' hydroxyl with stable functionality or its replacement has led to inactive
analogs (/6). The plethora of C-2' derivatives synthesized and evaluated for their
suitability as water-soluble prodrugs of paclitaxel include succinate and glutarate
derivatives (e.g. 3, 4); sulfonic acid derivatives (e.g. 5, 6) and amino acid derivatives

(eg. 7,8).

Though, several of these derivatives (e.g. 3 and 4) possess adequate solubility (up to
1%) for an iv formulation, they were found less suitable as prodrugs of paclitaxel.
The main reason for this inadequacy was their instability in aqueous solution at
neutral pH; a property deemed unacceptable for intravenous administration of a
highly insoluble agent such as paclitaxel. To date, amongst this class of prodrugs,
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derivative 8 appears to be best suited for prodrug delivery of paclitaxel since it has
acceptable solution stability at physiological pH and is active in-vivo against murine
tumor models.

AcO R = COCHCH2COO(HOCHCHp)aNH*
) 2LH2 2LH2)3
PhCOHT%l 2 R = COCH,CH,CHoCOO Na*
Ph" Y O R = COCH,CH,SO3 Na*

R = COCH2CH,NH2.HCOOH

3
4
5
6 R = COCH2CH2CONHCH2CH2SO3 Na*
7
8 R = COCH,CH,NEt.CH3SO3H

o=< HO 3
R

< -0
OBz OAc

Paclitaxel C-7 Esters. In the context of prodrugs it is noteworthy that, unlike C-2'
derivatives several of the C-7 derivatives have been shown to promote microtubule
assembly and consequently possess bioactivity (/7). Thus, C-7 derivatives,
especially esters have the potential to be either prodrugs or analogs of paclitaxel
depending upon the stability of these derivative in-vivo. In general, the C-7 esters
have found little utility as prodrugs of paclitaxel. This has been attributed to the
stability of these derivatives in-vivo towards esterase cleavage. Intrestingly, the
cationic water soluble C-7 ester conterpart of 8(/5) reported by Stella and coworkers
was shown to promote microtubule assembly as effectively as paclitaxel, but was
poorly bioactive in whole cell assays. This was attributed to its poor cell
permeability properties.

Protaxols.

Very recently, K. C. Nicolaou's group (/8) disclosed the synthesis and in-vitro
biological evaluation of a novel class of prodrugs classified as 'protaxols'. These are
claimed to possess greater aqueous solubility than paclitaxel and a novel mechanism
of bioconversion to active drug in-vivo. Protaxols, chemically fall into two classes
namely, C-2' carbonates (e.g. 9, 10) and C-2' monoesters (e.g. 11-14). The authors
postulate, that C-2' carbonates

AcQ
(¢} 9 R = COOCH,CH2SO2Ph
PhCOH'?\l 9 10 R = COOCH,CH2SO2pNO2Ph
11 R = COCH,OCH,COOH
12 R = COCH,SCH2,COOH
13 R = COCH,SOCH,COOH
14 R = COCH,SO,CH,COOH

in-vivo could generate paclitaxel through a base-induced beta-elimination in the
basic microenvironment of certain tumors. In contrast, the monoesters 11-14 are
concieved to release paclitaxel in-vivo via an intramolecular hydrolysis mechanism.
There are no in-vivo antitumor results on these class of prodrugs to support their
hypothesis. In the design of above protaxols, the main reason for the introduction of
hetero atom in esters 11-14 was to impart water solubility; ~Img/ml solubility is
reported for derivatives 11, 12 and 14. It should be noted that for this class of
prodrugs the toxicity of the promoieties is unknown.
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Phosphatase Cleavable Prodrugs of Paclitaxel

In face of the above prior art, we have elected, for reasons of novelty, to focus on
synthesis and evaluation of water-soluble phosphatase cleavable prodrugs of
paclitaxel. The rationale behind this strategy is the ubiquitous nature of phosphatase
enzymes in the mammalian systems (/9). Also, there are several documented
reports claiming that certain tumors express high levels of alkaline phosphatases
(20). More importantly, currently, there are several examples of successful delivery
of clinically useful drugs such as etoposide (2/) and dexamethasone (22) via their
respective phosphates as phosphatase cleavable prodrugs.

C-2' and C-7 Paclitaxel Phosphates. In our prodrug program, the initial prototype
targets synthesized were the C-2' phosphate (15) and the C-7 phosphate (16). Their
synthesis from paclitaxel has been previously reported by us (23).

AcO
PhCOHN O ‘N o
H Ro
"\ on 15 Ry = OPO(OH),, Ry = OH
R 16 Ry = OH, Ry = OPO(OH
HO : Xo 6 Ri=0OH, Rz (OH)2
OBz OAc

Although, the sodium salts of 15 and 16 were endowed with adequate water
solubility (~10 mg/ml), their in-vitro and in-vivo performance indicated that they
were poor prodrugs of paclitaxel. Neither of them upon treatment with isolated
bovine intestinal alkaline phosphatase in-vitro generated paclitaxel; this was further
corroborated by their extreme stability and failure to generate paclitaxel in rat
plasma. Also both were inactive in promoting microtubule assembly in-vitro. In-
vivo evaluation of 15 and 16 against the intraperitoneal (ip) Madison (M) 109
murine lung tumor model (2+4) and in a head to head comparison with paclitaxel
demonstrated that they possessed marginal antitumor activity at best.

The lack of in-vitro enzymatic cleavage and inferior in-vivo activity of 15 and 16
was rationalized as due to them being poor substrates for the phosphatase enzymes
in-vivo. Sterically, both the C-2' phosphate and the C-7 phosphate moieties in 15
and 16 are too close to the congested taxane core. Consequently, there is good
possibility the enzymes are not able to process these derivatives efficiently in-vivo
to generate paclitaxel.

Pro-Prodrug Strategies.

To surmount the steric hurdle encountered in 15 and 16 towards phosphatase
cleavage in-vivo, a decision was made to pursue the synthesis of pro-prodrugs of
paclitaxel that can be activated by phosphatase enzymes in-vivo. The two most
widely employed strategies in medicinal chemistry to design pro-prodrugs include
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the exploitation of the fragmentation cascade approach (25) and the masked lactone
approach (26).

Fragmentation Cascade Approach. Several examples of fragmentation cascade
approaches are documented in the classical antibiotics and non-steroidal
antiinflammatory drug discovery literature (27). In this vein, most recently Stella
and his group reported (28) the synthesis of phosphoryloxymethyl carbamate 17 and
carbonate 18 derivatives as water-soluble pro-prodrugs of hindered amines and
alcohols respectively.

o
R x/”\ 17 X=NH
A 07 N0-POr 15 x-0

l Phosphatase

o)
R\xJ\o/\OH — > RXH + CO, +CH0

In the pro-prodrugs 17 and 18 the phosphate moiety provides both the 'phosphatase
trigger' and the water-solubilizing functionality. The release of active drug in-vivo
will be initiated by a fragmentation cascade only after the dephosphorylation step by
phosphatases is accomplished. T