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ENHANCED PRODUCTION OF TAXOL AND TAXANES BY CELL

CULTURES OF TAXUS SPECIES

BACKGROUND OF THE INVENTION
A. FIELD OF THE INVENTION

This invention is directed to methods for the enhanced production and recovery

of taxol and taxanes by cell cultures of Taxus species.

B. RELATED ART
-~ The Taxol Suppily Problem and Poessible Solutions

Taxol is a diterpenoid alkaloid originally isolated from the bark of the pacific

yew, Tazus brevifolic (Wani et al. 1971).

 Interest in taxol began when the National Cancer Institute (NCI), in a large-
scale screening program, found that crude bark extracts exhibited anti-tumor
activities. Since then, clinical trials have confirmed that taxol is extremeiy effective
agﬁnstrsﬁ'wmywaﬁmmmdagﬁmtbtmtmdothercmm Taxol has
bezn pronounced as a breakthrough in chemotherapy because of its fundamentally
different mechanism of cytotoxicity, i.e., by inhibiting depolymerization of

microtubules (see Rowinsky et al. 1990).

The most daunting variable in the taxol equation so far is supply. It takes
three to six 100 year old Padﬁcyeﬁstomatonepationtbmunwyiéldsof
taxol are low - ca. 0.01% of dry bark and needlés (Witherup et al. 1990). To prod}we the
amount of taxol that is needed for treatment and teating wouid require the
destruction of tens of thousands of yews. Thus far, all of the world's supply has come

from harvesting these squat, slow growing conifers that populate the

ancient forests

of the Pacific Northwest. Unfortunately, the yew has been rendered nearly extinct by
8 been rendered nearly extin
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activifies. Since the, clinical trials have confirned that taxol is
extrenely affective against refractory ovarian cancers, and against breast
and ot her cancers Taxol has been pronounced as a breakthrough—+A——

cherot herapy because of its fundanent ally different mschanl

cytotoxicity,i.a by inhibiting depolymerization of m crotubu BeenRe laced
Row naky et al. 1990). The nobst daunting variable in the taxol
far - is supply. It takes three to six 100 year old Pacific ye

pati ent because average yields of taxol are low - ca. 0.01% of dry bar
needles (Wtherup at al. 1990). To produce the amobunt of taxol that is

needed for treatnent and testing would require the destruction of tens of
t housands of yews. Thus far, all of the world's supply has cone -from
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nearly exti jfde, Rhich grows in the ancient forest that are refuge to the endangered Northern
spotted owl and other wildlife. As the number of Pacific yews dwindles, medical
research is pinning its hopes for future taxol on new, alternative sources of supply.
Three sources that have been considered are chemical synthesis, semi-synthesis and
plant cell cuiture.

Taxol is a large, structurally complex chemical molecule that has thus far
eluded total chemical synthesis. Therefors, large-scale synthesis from simple
available chemicais is not likely to be a feasible option for the next few years.

A possible option for large-scale production is semi-synthesis, i.e., chemical
attachment of a side chain to the agricuiturally produced tlxol precursor, baccatin.
Significant progress has been made on the synthesis of the side chain (Denis et al.
1991). Methods have also been developed to couple the side chain to baccatin (Denis et
al. 1990, U. S. Patent 4,924,011; Holton 1991, U.S. Patent 5,015,744). However, the
agricuitural supply of baccatin from needles of Taxus plantations is by no means
trivial; and is currently being re-evaluated in light of the fact that earlier reports
(Denis et al., 1988, 0.1% by weight) were more cptimistic about baccatin content than
recent ones (Witherup et al 1990, 0.03 % dry weight). In summary, the ability of
chemical synthesis and semi-synthesis to supply taxol for world-wide |
chemoth&apeutic use is not' assured. 'I'hcro are strong reasons for exploring and
developing alternative means of production.

This invention is related to the development of a plant cell culture-buod
process for the supply of taxol and other taxanes.

Tissue Cultures as a Source of Plant-Derived Chemicais

The ability of plant ceils to divide, grow, and produce secondary metabolites
under a variety of different cuiturai reginies has been amply demonstrated by a
number of groups. At presént, two compounds, shikonin (a red dye and anti-
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2 |l oggi g. Conservationi sts are successfully opposing any | arge scal e
.sacrificing of the tree, which grown in the ancient forest that are refuge

to thge endangered Nort-hern—spoetted ow and other wildlife. As the nunber of

Paci fic yens dwi ndl es, nedical research is pinning its hopes for future

t axol on newJhigp. eplaset ces of supply. Three sources that have been
consi dered ar T hesis, sem--synthesis and plant cell culture.
Taxol is a lar | y conpl ex chem cal nolecule that has thus far
el uded total chem cal synthesis. Therefor |arge-scale synthesis fromsinple
avai l abl e chemicals is not likely to be a feasible option for the next few
years. A possible option for |arge-sale production is sem -synthesis, i.e.,
chemi cal _ :

inflammatory) and ginsengoside (a tonic in orientai medicine) are produced by
tissue-culture processes in Japaxi. Many other processes are reportedly close to
commercialization, including vinillin, berberine and rosmarinic acid (see Payne et
al. 1991). .

The advantages of a plant cell culture process for taxol are many: (i) A ceil
culture process ensures a limitless, continuous and uniform supply of product, and
is not subject to pests, disasters and seasonal fluctuations, (ii) cell cultures can be
cultivated in large bioreactors, and can be induced to overproduce taxol by
manipulating environmental conditions, (iii) ceil culturu produce a simpiler
spectrum of compounds compared to bark ar needles, considerably simplifying
separation and purification, (iv) a cell culture process can adapt quickly to rapid
changes in demand better than agriculture-based processes, (v) besides supplying
taxol, aeaucultureproceileouldalsoprodueetaxmopmssuchubaecatin
that could be converted semi-synthetically into taxol and other active derivatives.

Since aseptic, large-scale, plant cell cultivation is inherently expensive, a cell
culture process becomes commercially relevant only when these costs are offset by
rapid cell growth and high metabolite productivity. Every plant species and target
metabolite is different, and different approaches are necessary for every particular
system. This invention focuses on creative and skilled approaches for cbtaining
rapidly growing and highly productive plant cell cuitures for taxol and taxane
production.

Problems with Tissue Cultures of Woody Plants and Conifers

A historical survey of the literature suggests that whereas herbaceous plants
have been relatively easily manipulated in culture, cultures of woody plants and
conifers have been achieved only with difficuity.

The growth of secondary metabolite producing gymnosperm- and conifer-
cuitures have been generally low. For example, Berlin and Witte (1988) found that
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attachngnt of a side chain to the agri Culturally produced taxol precursor,
‘baccatin. Significant progress has been made on the synthesis of the side

chain (Denis et al 1991). Methods have al so been devel oped‘ﬁj‘cucrm—e-%he\
side thain to baccatin (Denis et al. 1990, U S. Patent 4,9 HoIton
1991, US Patent 5,015, 744). However the agricul tural suppl y o] laced
from needl es of Taxus plantations is by no neans trivial; and ﬁ
being re-evaluated in light of the fact that earlier reports

1988, 0.1% by weight) were nore optimstic about baccatin content than

recent ones (Wtharup et al 1990, 0.03 %dry weight). In sunmary the

ability of chem cal synthesis and sem -synthesis to supply taxol for

wor | d-wi de chenot herapeutic use is not assured. There are strong reasons

| nventon | 5 PAREPESE DUOFRBAURLE Rakiabld JRF Sotan by Rl s o 1118 aaye
process for tvgh Gdapet/alo{1980)1epartadia bidnfiss ikkeide of 20-50% in 21 days for
| suspensions of Callitris drummondii. Westgate et al. (1991) reported a doubling
time of ca. 10 days for suspensions of the gymnosperm, Cephalotazus harringtonia.
As summarized by Bornman (1983), a tremendous amount of effort has been directed
towards medium development for spruce suspensions (Picea abies). This collective
work demonstrates that gymnosperm suspensions are indeed capable of rapid
growth, but that no generalities can be applied, and that media formulations for
different cell lines must be optimized independently.
A survey of secondary metabolite productivity among gymnosperm cultures
‘also points to the difficulty of inducing rapid biosynthesis compared to herbaceous
species. For example, cultures of Cephalotaxus harringtonia produced terpene
alkaloids at a level of only 1% to 3% of that found in the parent plant (Delfel and
Rothfus 1977). Even upon successful elicitation, Heinstein (1985) was only able to
approach the levels produced in the parent plant (ca. 0.04% dry weight total
alkaioids). Van Uden et al (1990) were able to induce suspension cultures of the
conifer Callitris drummondii to produce podophyilotaxin, but only at levels one tenth
of that produced by the needles. The ability of TAuja occidentalis to produce
significant levels of monoterpenes (10-20 mg/L) and the diterpenocid
dehydroferruginol (2-8 mg/L) has been convincingly demonstrated by Barlin et al.
(1988). However, these resuits were obtained with a slow-growing (30 % biomass
increase in 18 days) and low cell density (5 to 7 grams dry weight per liter) culture.

Cell Culture for Taxol Production: Previous Efforts -
The difficulties in achieving rapid growth and high productivity encountered

in gymnosperm-suspensions have been reflected in the three reports so far on taxol

production. Jaziri et al. (1991) recently initiated callus cultures of Taxus baccata,
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Ti ssuegCul tures as a Source of Plant-Derived Chem cals The ability of plant
cells to divide, grow, and produce secondary mnetabolites under a variety of
different cultural reginmes has been anply denonstrated by a nunber of

grou‘ps At present, two compounds, shikonin (a red dye and anti -
i nflammat ory) and ginsengsde (a tonic in oriental nedici né‘)nsalr

ti ssue-culture processes in Japan. Many other processes ar
cl ose to comercialization, including vanillin, berberlne ﬂl
acid (see Payne et al. 1991) The advant ages of a pl ant cel

process for taxol are many: (i) A cel

but were unable to detect any taxol using their immunosorbent assay.
Wickremesinhe and Arteca (1991) reported the presence of 0.009% dry weight taxol in
callus cultures of Tarus media (cv. hicksii), but details on the doubling times, cell
densities, and the time-scale over which the reported taxol was produced, were not
indicated.

U.S. Patent No. 5,019,504 (Christen et al. 1991) describes the production and
recovery of taxane and taxane-like compounds by cell cultures of Tazus brevifolia.
These workers reported taxol production at a level of 1 to 8 mg/L in a two- to four-
week time frame. They also reported a cell mass increase of "5-10 times in 3-4
weeks", which corresponds to doubling times of ca. 7 to 12 days.

Increases in growth rates, taxol bicsynthesis rates, and volumetric
productivities are clearly necessary befors a tissue cuiture pioeul for taxol
production can supply the projected annual demand of tens to hundreds of kilograms
of taxol per year.

SUMMARY OF THE INVENTION

The inventors have discovered that taxol and taxol-like compounds, or taxanes,
can be produced in very high yield from all known Taxus species, i.e., brevifolia,
canadensis, cuspidata, baccata, globosa, floridana, wallichiana, media and
chinensis. In particular, the inventors found that the species, Taxus chinensis, is
capable of rapid growth and of producing extremely high levels of taxol and taxanes
within a short period of time. '

Improving upon the invention described in Christen et al. (1991), the inventors
herein have discovered that cell cultures from different Taxus species can be rapidly
and efficiently initiated, and successfully grown on artificial nutrient medis and that
the same chemotherapeuticaily active taxane alkaloids are produced in the cell



culturg process ensure a limtless, continuous and uniform supply of
product, and is not subject to pests, disasters and seasonal fluctuations,
(ii) cell cultures can be cultivated in |arge bioreactors, and can be

i ndudced to overproduce taxol by nanipul ati ng envitonmental conditions,

(iii) cell cultures produce a sinpler spectrum of -garpAlRds aLgd to
bark or needl es, considerably sinplifying separatio i ron, (iv)
a cell culture process can adapt qlickly to rapid c mﬂgmmmﬂ:j better
than aricul ture-based processes, (v) besides supply el |

culture process could al so produce taxane precursors such as baccatin that

coul d be converted sem -synthetically into taxol and other active
derivatives. Since aseptic, large-scale, plant cell cultivation:-is

i nherent |y gXjpGiSas'i® the istdkt pladt.t Ure process becones commercially rel evant
only when these costs are of?set by rapid cell growh and high netabolite

productivity. Eviturgther, hythemethods ofithis invention itds pdssible to obtaisi thkelrin atmucnd
O et e time foame than previodsly Teporied. With the species Tasus chinensis, the
inventors have been able to manipulate ceils bﬁddtud in amounts far in excess of
the amounts obtained from tissue cuitures of the other Taxus species. Moreover, the
- growth rate of the Taxus chinensis cell cultures is significantly higher, 3 to 6 foid,
than for Taxus brevifolia described in Christen et al. (1991).

The objects of this invention include the rapid and efficient initiation of cell
cultures from various species of Taxus.

The objects of this invention Mude the formulation of special environmental
conditions to foster rapid growth, high cell densities, and high cell viabilities. The
growth characteristics reported in this study surpass previous results by a
significant factor.

The objects of this invention inciude the ability to induce high and prolonged
rates of taxol and taxane biosynthesis and aecrenon by: (a) careful manipulation of
nutrient concentrations ('produciion medium formulation’), (b) use of light, (¢) use
of periodic medium exchange protocols, (d) use of elicitors.

The objects of this invention include the ability to manipulate the profile of
taxanes produced by altering media formulations and environmental conditions. In
particular, cells were coaxed to produce taxoi as the predominant taxane product. In
addition, the production of the by-product cephalomannine was suppressed, thereby
providing an elegant biological solution to an expensive and important downstream
separation and purification problem.

The objects of this invention include the ability to produce various taxanes
other than taxol that might themselves show pharmacological activity, or may be
modified and converted to compounds with pharmacological activity.

The objects of this in@ﬁon include the ability to induce cell cultures of Tazus
chinensis to produce taxol (0.32% dry weight) at levels far exceeding those produced
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system his invention focumon creative and skilled approaches for
obt ai ning rapidly growi ng and highly productive plant cell cultures for

t axol ,and taxane production. Probles with Tissue Plants Cultures of Wody
Plants and Conifers A historical survey of the literature suggests that
wher eas herbaceous plants have been relatively easily manipulated in
culture, cultures of woody plants and conifers have been achieved only with
difficulty. The growth of secondary netabolite prodUcing gymosperm and

conifer- cultures have been generally low For exanple, Berlin and Wtte
(1988) found that cul tures of Thuja occidentalis i ncreasedhlgmurﬂapgm

b only S0 18 Gt T

in wild plants (0.008 to 0.03% dry weight, Xu and Liu 1991).

- " DESCRIPTION OF THE FIGURES

- Figure 1, Biomass increase in a Taxus chinensis suspension cuiture line K-1 over
a typical batch growth cycle in Medium A. Error bars represent the standard
deviation measured from duplicate flasks.

Figure 2. Effect of medium exchange on days 9 & 12 on taxol (A) and total taxane (B)
productivity in a 15-day experiment. The numbers in each box represent the time
interval (days) over which the product was produced. The darkened portion of the
intraceﬂularboxumprmtsthetuolmtotdtumuthatw&oprmntintheceu
inoculum at the start of the experiment. All treatments were performed in duplicate.
Taxus chinensis suspension cell line K-1 was used with Medium A as elaborated in
Table 2.

Figare 3. Spectral characteristics of a Standard Gro-Lux lamp (GTE Syivania,
Danvers, MA) used in Example 7.8.

Figure 4. Taxane production in Tazus chinensis cell suspension K-1. The portion
of the chromatogram from 10 to 40 minutes is shown. Diode array scans of selected
taxane peaks show a characteristic taxane UV absorption spectrum, with a peak at
227nm. _ -

Figure 5. Taxol and taxane production after prolonged cultivation in Medium C by
Taxus chinensis cell line K-1. The upper panel tabulates the data for the known and
unknown taxanes, whereas the lower panel shows incremental taxol and taxane

7



Van Uderyr et al. (1990) reported abi omass increase of 20-50%in 21 days for
suspensions of Callitris drumondii. Westgate et al. (1991) reported a
doubling time of ca. 10 days for suspensions of t he gymosperm

Oephaf’ot axus harringtonia. As sunmarized by Bornman (1983), a trenendous
anount of effort has been directed towards nedi um devel opnent for spruce
suspensions (Picaa abies). This collective work denonstrates that
gymospr eam suspensi ons are i ndeed capable of rapid growh, but that no
generalities can be applied, and that nedia fornulations Tor different cell
i nes nmust be optim zed i ndependently. A survey of sec Yer ROk dnlaEed
productivity anmong gymosperm cul tures al so-points to

i nduci ng rapid biosythasis conpared to herbaceous speC| e {Jﬂm HmmL
cul tures of dyced terpene al

of only l%t%&{%;l ?oungﬂ% parent pl ant (DeIfeI and Rot hf us
1977). Even upon successful elicitation, Heinstein (1988 was only able to .

Figure 8. MS/MS confirmation of taxol in cell cuiture supernatant. Panel A shows
the ion spray APCI mass spectrum of.authentic taxol and panel B shows the
daughter ion spectrum of the parent peak (m/z 871 = taxol+NH,*). Panel C
represents the ion spray APCI spectrum from a crude ceil culture extract and shows
m/z 854 and 871 characteristic of taxol. Panel D shows the corresponding daughter
spectrum of m/z 871 and provides unequivocal evidance for the presence of taxol in
cell culture supernatant.

DETAILED DESCRIPTION OF THE INVENTION

Plants have long provided important sources of pharmaceuticals and specialty
chemicais. These products have typicaily been obtained through extraction of the
harvested plant materials or by chemical synthesis. Taxol has become one of the
most important potential anticancer agents to recently emerge from the screening of
natural products.

As used herein, the terms taxol and taxol-like compounds, or taxanes, are used
interchangeably to describe a compound with a taxane ring. These compounds may
themsaelves possess antineoplastic activity, or may be modified to yield bioactive
compounds. |

As used hersin, the term "callus” is used to describe & mass of cultured plant
cells that is structurally undifferentiated, and is cuitivated on solidified medium. As
used herein, the term "suspension cuiture” is used to describe structurally
undifferentiated cells that are dispersed in a liquid nutrient medium. It is
understood that suspension cuitures comprise cells in various stages of aggregation.
A range of aggregate sizes are encountered in the suspensions deacribed in this
invention, with sizes ranging from tens of microns in diameter (single cells or few-



approachr the levels produced in the parent plant (ca. 0.04%dry wei ght
total al kaloids). Van Uden et al (1990) were able to induce suspension
cultures of the conifer Callitris drrmondii to produce podophyl | otaxin, but
only at levels one tenth of that produced by the needl es. The ability of
Thja occidentalis to produce significant |evels of nonoterpenes (10-20ng/L)
and the diterpenoid dehydroferrugiol (248 ng/L) has been mmhéwaisrmhykeﬂlaced

denmonstrated by Berlin et al. (1988). However, these resul ed
with a slowgrowing (30 % bi omass i ncrease in 18 days) and ity
(5 to 7 grans dry weight per liter) culture. Cell Culture tor

Production: Previous Efforts The difficulties in achieving rapid growh and
hi gh productivity encountered i n gynmosper m suspensi ons have been reflected

e R e g SR 8 Lol
: thousands of cells. _

The plant material useful in this invention was obtained from all known
Taxus species, i.e., brevifolia, canadensis, cuspidata, baccata, globosa, floridana,
wallichiana, media and chinensis. In particular, the inventors have identified the
species Taxus chinensis as capable of producing significant quantities of taxol and
taxanes in & short period of culture time, with desired compounds being secreted
continuously into the medium.

It has been found by the inventors that specific taxol content varies with plant
species, mdwithinplmtspodu&oﬁtimommdspedﬁctrm. Selecting a
high yielding source for taxol production is an important first step towards providing
sufficient quantities of taxol for therapeutic use. |

Initiation of Taxus Cell Lines

Taxus plant material may be collected from all over North America as well as

' from other continents. The culture is initiated by selecting appropriate T'axus tissue

for growth. Tissue from any part of the plant, including the bark, cambium, needles,
stems, seeds, cones, and roots, may be selected for inducing cailus. However, for -
optimum yield of taxol, needles and meristematic regions of plant parts are
preferred. Most preferred are new growth needles (e.g., one to three months old),
which can generally be identified by a lighter green color. The tarm "new growth" is
broadly intended to mean plant needle production within that year's growing season.

To prevent contamination of the culture, the tissue should be surface-sterilized
prior to introducing it to the culture medium. Any conventional sterilization
technique, such as "Chlorox” (a trademark owned by the Chlorax Company for
bleach) treatment would be effective. In addition, antimicrobial agents such as
cefoxitin, beniate, cloxacillin, ampicillin, gentamycin suifate, and phosphomycin
may be used for surface sterilization of plant material.



5 but were unable to detect any taxol using their inmmunosorbent assay.

W ckrenmesi nhe and Arteca (1991) reported the presence of 0.009% dry wei ght
taxol in callus cultures of Taxus nmedia (cv. hickaii), but details on the
douldling tines, cell densities, and the tine-scale over which the reported
taxol was produced, were not indicated. U S. Patent No. 5,019,504 (Christen
et al 1991) describes the production and recovery of taxane and taxane-like
conmpounds by cell cultures of Taxus brevifolia. These workers reported

taxol production at a level of 1 t—e%—ncgJ—L—Fn—a—t—we-—to four- week tine

franme. They also reported a cell man |ncrease of 5 10 tinmes in 3-4 weeks"

whi ch corresponds to doubling ti med! f m’"TV] ays
Callus Growth

Cultures will typically exhibit variability in growth morphology, productivity,
product profiles, and other characteristics. Since individual cell lines vary in their
preferences for growth medium constituents, many different growth media may be
used for induction and proliferation of the callus.

The appropriate medium composition varies with the species being cultured.
The preferred media for the different species are listed in Table 3. For example,
although others may be used, the two priferred growth nutrient media for Tazus
chinensis are A & D. These media preferably contain the ingredients listed in Table
2. For example, when A medium is used, growth hormones or reguiators
incorporated into the medium in an amount between 1 ppb to 10 ppm, and preferably
at 2 ppb to 1 ppm. When medium D is used, the growth hormones or regulators are
incorporated at levels ranging from 1 ppb to 10 ppm, and preferably at 2 ppb to 2 ppm.
The amounts of other medium ingredients can be incorporated at levels ranging
from 1/10th concentration to three times the concentrations indicated in Table 2, but
are preferably incorporated at the levels shown in Table 2.

Suspension Growth

Taxus suspension cultures are capabl_e of rapid growth rates and high cell
densities like other plant cell cultures. However, optimai conditions vary from one
cell line to another, and accordingly, methods leading towards rapid optimization for
any given cell line must be considered.

The initial cultures of various Tazus species are subcultured by transfer into
the media listed in Table 3, containing macro and micronutrients, organic salts and
growth hormones. The amounts are generally with the following ranges: starting
with 1/10th concentration to three ﬁmes the concentration of each medium

10



I ncreases in gromh rates, taxol biosynthesis rate, and volunetric
productivities are clearly necessary before a tissue culture process for
taxql production can supply the projected annual demand of tens to hundreds
of Kilograns of taxol per year. SUMMARY OF THE | NVENTI ON The inventors have
di scovered that taxol and taxol-like conpounds, or taxanes, can be produced

in very high yiglGhde Qi rBQMN Taxus species, i..e., brevifolia,
canadensi s, cusp , gl obesa, floridana walliahiana, nedia and
chinensis. In pal)!w Iuﬂmlm i nventors found that the spesies, Taxus
chinensis, is ca grow h and of producing extrenely high

| evel s of taxol and taxanes within a short period of tinme. I|nproving upon

the invention described in Christen et al. (1991), the inventors herein
have di scovaigeedibiveshawel in Tablé 2r The preferred levelsane tien listed;in Jable Lan be

rapidly The liquid cultures are exposed to air and preferably shaken or otherwise
 gently moved to introduce air into the medium, o air may be introduced through
tubing into the culture vessels. The cultures are maintained under appropriate
growth conditions at a temperature between 20° to 26°C. The pH may be from about 3
to 7 and preferably between 4 to 6. The cuiture may be grown under light conditions
ranging from total darkness to total light (narrow band and/or broad spectrum) for
various periods of time. Because total taxol production is highest in cultures exposed
to light, this is preferred. Typical light intensity conditions range between about 100
to about 3000 foot candle power. ' '

The suspension cultures are maintained for 1 to 8 weeks from the time of
subcuituring, after which culture growth declines. The cuitures are harvested by
removal of the growth medium, as by filtration. The harvested culture is weighed
and dried, as by lyophylization, ground to a fine powder, and the taxol may be
extracted by use of conventional solvent extraction techniques.

Doubling times have been measured by monitaring time-dependent biomass
increase, as well as by simply monitoring the growth index during routine
subculture. Maximum dry weight densities of 15-24 grams per liter have been
achieved. The growth characteristics of various Taxus species suspensions are
elaborated in Example 4.

Analytical Methods
L&uhmdlﬁrthaannmhonandvuwmuwatnuﬂandtuuumuﬁmuuuﬂsandthe
medium follow conventional techniques and are described in detail in Example 5.
The immuno-assay (ELISA) technique largely followed the protocols supplied by
Hawaii Biotechnology in the commercially available kit. High performance liquid
chnnnauupaphynmnhodsvnuesﬁghﬂyinuﬁﬁsdfhnnezhﬁng;mdwuﬂsas
elaborated in Example 5. Under the conditions used in this invention, clear

n



and efficiently initiated, and successfully grow on artificial nutrient

medi a and that the sanme chenotherapeutically active taxane al kal oids are
produced in the cell 6 culture as in the intact plant. Further, by the

met hods of this invention it is possible to obtain taxol in a nmuch shorter

time franme than previously reported. Wth the speci es Taxus cthinensiss—the

I nventors have been able to manipulate cells to yield taxol iT[ﬂ's unts far
i n excess of the anpbunts obtained fromtissue cultues of the oﬁ‘ Replaced
[

species. Mreover, the growh rate of the Taxus chinensis cell tlmlm"

significantly higher, 3 to 6 fold, than for Taxus brevifolia

Christen et al. (1991).
resolution of taxane peaks was achieved, resulting in accurate .detection and
quantitation. Because of the possibility of co-eluting non-taxane components, the
spectral purity of every putative taxane peak was checked by diode array before
integration of peak areas. Retention times of taxane standards are listed in Example
5, and a sample chromatogram is included in Figure 4.

Production Medium Conditions
As used herein, the term "nutrient medium” is used to describe a medium

that is suitable for the cultivation ot‘phnt cell callus and suspension cultures.
The term "nutrient medium" is general and encompasses both "growth medium"
and "production medium”. The term "growth medium" is used to describe an
nutrient medium that favors rapid growth of cultured cells. The term "production
medium" refers to an nutrient medium that favors taxol and taxane biosynthesis in
cultured cells. 1t is understood that growth can occur in a production medium, and
that production can take place in a growth medium; and that both optimum growth
and production can take place in a single nutrient medium.

~ Certain classes of additives in the nutrient medium are referred to by special
names in this invention, and are defined here. As used herein, the term "anti-
browning agents” refer to components that are added to the nutrient medium to
prevent the formation of pigments during cell cultivation. These pigments include
phenolics and related compounds that are generally observed to have a deleterious
effoct on cell growth, visbility, and product formation. As used herein, the term
"biosynthetic precursors” are used to describe compounds added to the nutrient
medium that are metabolized and incorporated by the cells into taxol and taxanes.
As used herein, the term "metabolic inhibitors” are used to describe compounds
added to the nutrient medium that interfere with specific biosynthetic pathways. For
example, a metabolic inhibitor may be used to enhance taxol biosynthesis by blocking
a different pathway that competes with taxol for an eariy biosynthetic precursor. As
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The objects of this invention include the rapid and efficient initiation of
cell cultures fromvarious species of Taxus. The objects of this invention

include the fornulation of special environmental conditions to foster rapid
growm h, high cell densities, and high cell viabilities. The growh

characteristics reported in this study surpass—prewious results by a

significant factor. The objects of this inv n include the ability to
i nduce hi gh and prol onged rates of taxol angﬂlﬁ kabedsi s and

secretion by. (a) careful manipul ation of nut atlos

(' production mediumformulation'), (b) use of e of periodic
medi um exchange protocols, (d) use of ‘elicitors. The Obj ects of this
invention include the ability to nanipulate the profile of taxanes produced
by altering nmedia formnmulations and environtal conditions. In particular,
cell's were camndtetein,thedens stimuldtomer Wummmmdmaddedm

the nutrient medium that stimulate or activate specific biosynthetic pathways, for
example those leading to taxol biosynthesis. It is understood that the mechanism of
action of the additives described herein may not be completely understood.

If secondary metabolite formation in a suspension cuiture takes place
concurrently with growth, the metabolite is termed growth-associated, and a single
medium formulation may be sufficient to achieve good growth and high level
production. In many other systems, it has been found that rapid growth and high
product formation do not take place concurrently. In such cases, growth and
production phases are separated and a medium for each phase is developed

" independently (reviewed in Payne et al. 1991). In the case of taxol and taxane
production in Taxus chinensis, growth and rapid product formation have been
separated, and independent media have been developed for each. However, it is
understood that a single growth/production medium may be formulated for this
culture. The production media developed here not only increase total taxol and
taxane formation, but also direct cellular biosynthesis towards taxol production. In
addition, production of interfering by- products such as cephalomannine is minimal
compared to bark tissue. The production media developed here also promote
prolonged cell viability and bicsynthesis, and in addition, cause significant levels of
product to be secreted into the extracellular medium. These characteristics are
extremely important in the operation of an efficient commercial scale process for

. taxol production. _

Although others may be used, the preferred production media for the various
species are listed in Table 5. For example, although others may be used, the -
preferred production media for Taxus chinensis are B & C. These media preferably
contain the ingredients listed in Table 2. These media preferably contain major and
minor inorganic salts, organics and growth hormones or growth regulators. The
amounts are generally with the following ranges starting with the 1/10th to three
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additign, the production of the by-product cephal omanni ne suppressed,
t hereby providing an el egant biol ogical solution to an expensive and
i mportant downstream separation and purification problem The objects of
this®*invention include the ability to produce various taxane other than

taxol that m ght themselves—show pharmacol ogical activity, or may be

nodi fied and converted to c ag%nds w t h pharnacol ogi cal activity. The
obj ects of thisTh e the ability to induce cell cultures of
Taxus chinensis t | (0.32%dry weight) at |evels far exceding

t hose produced nts (0.003 to 0.03%dry weight, Xu and Liu
1991). o

times the concentration of each medium ingredient indicated in Table 2. However,
the preferred levels are those listed in Table 2. '

Where medium B is used, the growth regulators are incorporated into the
medium in an amount between 0.1 ppm to 20 ppm, and preferably between 1 ppm to
10 ppm. When Medium C is used, the growth regulatars are incarparated preferably
at levels ranging from 0.1 ppm to 5 ppm.

It is understood that modifications may be made in this medium such as
substitution of other conventional salt compositions (such as organics, vitamins,
anﬁmoadds.punununl.unhmMrsaqdinhﬂﬁuulLlddﬂmmaarddhﬁnncfvmﬁmus
components, growth regulatars cr alteration of proportions.

In addition to non-volatile dissolved nutrients, gaseous components, primarily
axygen, carbon dicxide, and ethylene (a plant harmone), play critical roles in growth
and product formation. Two parameters are important. The dissolved gas
amuumnuhmsﬁumﬁnggnwnhandtnnﬂﬁnnnﬁmnannﬂnkmﬂyhnynﬂumshmo
they dictate reactor operating conditions. In addition, the rates of consumption or
pmmhnsﬁuxnsedtobninwmsnnﬂudinu:nuwurqhuhpu:othatﬁheopﬁnnunspuﬁﬁed
concentrations can be maintained.

Bosides its importance in respiration, oxygen can aiso dramatically affoct the
rate of secondary biosynthesis. A high saturation constant for an oxygen-requiring
mnponaluwm&uybknnRMnk;mﬂwnwnugnumhvcdhtobomﬂmnudtohmh

.oxnyuihwdhinthnrcunun Thninunruum-ofCOhsupphuuumnﬁnnin:nlhnahﬁng
high growth rates has been documented. Ethylene, a plant hormone, plays
pleiotropic roles in all aspects of plant growth and development, including secondary
unnabaﬁmn(aggsonPaynoctaL;IQQIL

Elicitors |
Inonhrtohmpnwotheyﬁﬁdofﬂum&andouurt!hundtuuuunincDHCuhunu.

the inventors have undertaken a number of approaches. One of the approaches that
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DESCRI PEI ON OF THE FI GURES Figue 1. Biomass increase in a Tsxus chinensis
suspension culture line K-1 over a typical batch growh cycle in Mdium A
Error bars represent the standard deviati on nmeasured from duplicate flasks
Fgure® 2. Effect of medi um exchange on days 9 & 12 on taxol (A) and total
texane (B) productivity in a 15-day experinent. The nunbers in each box
represent the tinme interval (days) over which the product was pro

dar kened portion of the intracellular boxes represents therysanh gBeeno&e ced

taxames that were present in the cell inoculumat the start
experinment. Al treatnents were performed in duplicate. Tax mﬂ mu m

suspension cell line K-1 was used with Medium A a el aborate
Figure 3. Spectral characterlstlcs of a Standard Go-Lux |anmp (GIE
| vani a, - Danvers, use | n Exa
Sy has been used to e proc{mtmtyuthouuoﬁo-allodeham As used

herein, the term elicitors is used for compounds of biological and non-biological
origin that cause an increase in secondary metabolite production when applied to
plants or plant-cell cultures (Eilert 1987; Ebel 1984; and Darvill et al. 1984). Many
different compounds can act as elicitors, depending upon their nature of origin and
their mode of action with cell metabolism. In these studies, the inventors have used
two major kinds of elicitors: 1) Biotic elicitors which usually comprise cell wall
extracts or filtrates from a selected group of fungi, bacteria and yeasts, and also their
purified fractions. 2) Abiotic elicitors which have included chemical stress agents as
well as some compounds of biclogical origin (see elicitors listed in Table 1).

Christen et al.(1991) report the use of fungal elicitors and selected compounds
for production of taxol by suspensions of Taxus brevifolia; however, the increases in
the level of taxol accumulation due to elicitor treatments have not been specified.

In general, both kinds of elicitors were effective, although the extent to which
elicitation (taxane accumulation in cell cultures as well as their secretion into the
mediym) occurred differed from elicitor to elicitor and from species to species. The
highest production increase was attained with chitosan glutamate, lichenan, ferulic
acid and benzoic acid. Chitosan and lichenan are complex polysaccharides derived
from microbial cell wails. Chitosan when used alone is insoluble in medium, and is
toxic and causes permanent cell damage. Chitosan glutamats, on the other hand, is
readily soluble in medium and does not affect cell viability. Ferulic and benzoic acids
are synthesized chemicais of biological origin, and are generally used as anti- .
oxidants in biological systems. '

Elicitors interact with dissolved gases in many ways. Oxygen requirements
may change upon elicitation. Increases in respiration rates as a wound response is
commonly observed in plant cell cultures. Importantly, elicitors may mediate their
action via ethylene. In such cases, it may be desirable to substitute a microbial
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Fi gure 4.% Taxane production in Taxus chinensis cell suspension K-1. The
portion of the chromatogramfrom 10 to 40 m nutes is shown. D ode array
scans of selected taxane peaks show a characteristic taxane UV absorption

spectrum with _a peak at 227nm Figure 5. Taxol and tazane production after

prol onged cultivation in Medium C by Tanus chinensis cell line K-1. The
upper panel tamm astBaen agedf or t he known and unknown taxanes, whereas
t he | ower panel ht al taxol and taxane. 8 production in the
25 to 42 dayt| re 6. M5/ MS confirmation of taxol in call
cul ture supernat ant anel shows _

elicitor preparation with ethylene, and perhaps prevent toxicity associated with other
microbial components in the elicitor preparation.

Elicitors and metabolic stress agents may be utilized according to this
invention to maximize taxol production and secretion in tissue culture by assessing
elicitor specificity and concentration, timing, and duration, as a function of culture
age and media composition.

Rapid Medium Exchange for Productivity Enhancement

As documented in Example 7.3., the removal of spent medium and
replenishment of fresh medium every 3 days contributed to significant enhancement
of total taxane and taxol production, as well as to an increase in the amounts of
extracellular product.

The stimulatory effects of medium exchange may have been due to removal of

' product in situ, which would prevent feedback inhibition and product degradation.
Such positive effects of in situ product removal on secondary metabolite production
and secretion in suspension cuitures have been documented by, among others,
Robins and Rhodes (1986) and Asada and Shuler (1989). The periodic removal of
spent medium incorporates the above advantages, and additionaily, may serve to de-
repress secondary biosynthesis by removing other, non-taxane, inhibitory
components (such as phenolic compounds) from the medium.

The replenishment of fresh medium to cells undergoing sctive biosynthesis
may also enhance production by providing essential nutrients that have been
depleted. For example, Miyasaka et al. (1986) were able to stimulate stationary phase
cells of Salvia miltiorhiza to produce the diterpene metabolites, cryptotanshinone
and ferruginol simply by adding sucrose to the medium. Presumably, biosynthesis
had ceased due to carbon limitation in the stationary phase. The periodic-medi
exchange protocol used in the present work could have been beneficial as a result of
any of the above factors. |
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the ion &pray APCI nmass spectrum of authentic taxol and panel B show. the
daughter ion spectrumof the parent peak (mz 871 = taxol +NH4+). Panel C
represents the ion spray APCI spectrumfroma crude cell culture extract

and shows mz 854 and 871 characteristic of taxol. Panel D shows the

correspondi ng daughter spectrumof m'z 871 and provi des—unequivocal——

evidence for the presence of taxol in cell culture supernatant. DETAI LED

DESCRI PTI ON OF THE 1 NVENTI ON Pl ants have | ong provided i dof
pharmaceuticals and specialty chem cals. These products r
been obtai ned through extraction of the harvested plant

chem cal synthesis. Taxol has becone one of the nost inportant potentlal

anti cancer agents to recently emerge fromthe screening of natural

products. An used erel ; It h?tﬁ&r@etgxo tgf'me&i%n?l EI ke fghn}) unds or

t axanes, are used Itis
exchange, and the composition of the medium being replenished may be varied.

The ability to stimulate biosynthesis and secretion by periodic medium
exchange has important implications for the design and operation of an efficient

commercial process in the continuous, semi-continuous or fed-batch mode.

Light

For higher plants, light is a potent factor in secondary metabolism both in
intact plant as well as in cell cultures. Both the intensity and wavelength of light are
important (Seibert and Kadkade 1980). For example, flavancid and anthocyanin
bioeynthesis are usually favored by high intensity continuous light, while dark-
cultivated cultures may be preferable for other metabolites. Increase in greening or
photosynthetic capacity of cultured cells may also increase product formation or
product spectrum. The inventors' studies involved the use of broad-band and well as
specific narrow-band light sources. As shown in Example 7.3., light exposure can
bring about increased taxol accumulation as well as secretion into the medium. The
stimulatory effect of light on taxol production suggests the existence of unique control
mechanisms for biosynthesis of taxanes. The nature of the photoreceptor and
biochemicai characteristics of light-induced stimulation are not yet clear.

Modes of Process Operation

The operating mode for a plant cell cuiture process refers to the way that
nutrients, cells and products are added or removed with respect to time (Payne et al.
1991). When all the nutrients are supplied initiaily, and the culture contents
comprising cells and product are harvested at the end of the culture period, the
operating mode is termed a "one-stage batch process”. ‘When a batch process is
divided into two sequentml phases, a growth and a production phase, with the
medium being exchanged in between the two phases, the operating mode is termed a

17



I nt erchangeably to describe a conmpound with a taxane ring. These conpounds
may t hensel ves possess antineoplastic activity, or may be nodified to yield
bi oactive conpounds. As used herein, the term"callus" is used to describe
a mass of cultured plant cells that is structurally undifferentiated, and
Is cultivated on solidified nmedium As used herein, the term "supension
culture" is used to describe structurm cells that are
dispersed in a liquid nutrient nedium MsSh&tH&%Eﬁeﬁ g4t hat suspension

cultures conprise cells in various stagegmuﬂmﬂ n. A range of
aggregate sizes are encountered in the s mw cribed in this
I nvention, wth sizes ranging fromtons di aneter (single
cells or few _
"two-stage batch process’. ]
. In a "fed-batch" operation, particular medium additives and nutrients are
" supplied either periodically or continuously through the course of a one-stage or a
two-stage batch culture. |
When a substantial pomon. but not all, of the contents of a batch culture is
harvested, with addition of fresh medium for continued cell growth and production,
the process resembies a "repeated draw and fill" operation, and is termed a "semi-
continuous process”. | |
When fresh medium is continuously supplied, and effluent medium is
continuously removed, the process utonnod "continuous”. If cells are retained
within the reactor, the process is termed a "perfiusion mode" If cells are
continuously removed with the effluent modmm, the continuous process is termed a
"chemostat”.
It is understood that theu various modes of process opcrmon are compatible
with the taxol-production system described herein.

EXAMPLES

The following exampies ﬁxrth_or describe the Materiais and Methods used in
carrying out the invention. The examples are intended to be illustrative and are not
intended to limit the invention in any manner.

Example 1:
Callus Initiation

Samples of Taxus plant material were collected from a number of wild and
cultivated plants. Samples were processed upon arrival at the laboratory or stored at
4°C until they could be used.

The material was first washed in dilute soap solution, rinsed in water, and the
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9 agregated cells) to aggregates many mllineters in dianmeter, consisting
of many thousands of cells. The plant material useful in this invention was

obtained fromall known Taxus species, i.e., brevifolia canadensis,
cuspt dat a baccat a, gl obosa, fl ori dana, vval | i chiana, media and chinensis. In
particular, the inventors have identified the species Taxus chinansis -as

capabl e of producing si gnflcant qu ntgﬁges of taxol and tazanes in a short

period of culture tineThi npounds bei ng secreted continuously
into th.medium It has b
content varies with pl an

he inventors that specific taxol
wi thin plant species fromtissue
source and specific trees Sel ectl ng a high yielding source for taxol
production is an inportant first step towards providing sufficient
quantities Oiur}fn);osltufxl?zr t&qgﬁ% s%lulixsog (1% hypochlorite, pH 7) for 10 minutes.
Under sterile conditions the material was then rinsed 3 times with sterile water.
Needles were then cut in a 1% polyvinylpyrrolidone (PVP) solution with 100 mg/l
ascorbic acid. Needles were placed with the cut end in Medium E (see Table 2).
Thirty to forty explants were cultured per plate of medium. Plates containing
explants were incubated at 24:+1°C in the dark. Plates were monitored daily for the
appearance- of eontuninatingmiéro-orgmim and where they were present,
uncontaminated needles were removed and placed in a fresh plate of Medium E.
Substantial callus formation was cbserved and the callus was separated from the
explant by 20 days and placed on the various callus proliferation media listed in Table
3. For example, calli of Taxus chinensis were transferred to _MediumD (see Table 2).
This initiation procedure was very efficient, resulting in low contamination rate and
high frequency of callus induction of over 90 % of explants initiated. The same
procedure was successfully used to initiate cultures of Tazus brevifolia, Taxus
canadensis, Taxus cuspidata, Taxus baccata, Taxus globosa, Taxus floridana,
Taxus wallichiana, Taxus media, and Taxus chinensis.

Example 2:
Callus Proliferation

Once calli were removed from the expiant, they are cuitivated at 24+1°C in the
dark. Healthy parts of the callus were transferred to fresh medium every 10 days,
and this frequency of transfer was found to be extremely important for prevention of
browning and for prolonged callus maintenance. The preferred growth and

maintenance media for calli of various species are summarized in Table 3.

Example 3:
Suspension Initiation
1 g fresh weight of cailus material was aseptically inoculated into a 125 ml
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Initiagion of Taxus Cell Lines Taxus plant material nmay be collected from
all over North America as well as from other .continents. The culture is
initiated by seleting appropriate Taxus tissue for growmh. Tissue from any
part® of the plant, including the bark, canbium needles, stens, seeds,
cones, and roots, may be selected for inducing callus. However, for optinmm
‘yield of taxol, needles and neristenmatic regions of plant parts are
preferred. Most preferred ar® new growt h needles (e.g, one to three nonths
ol d), which can generally be identified by a |ighter green color. The term

"new gr owt hg 4 |\ I &%}g %Fﬁf‘ﬂ’% ; -Q%u&t' Lk Bl
that year' sEﬁireg"\‘/’mgﬁg?ggékson. _ ofﬁgrztesvent é‘ﬁ?gﬁédﬂgt&le%grﬁg&t e céua?? l?p%&&t Ekeee
ti ssue shouirgdhiacs)s Forexafipts, MediGth Diway uded for a9 6hingnsis. The'flsekGwdd ure
medi um Any conventional sterilization technique, such as "Chloraox" (a

t radenar k ovevetedwithhe silicones feanCeap@Belicéd,NdHnshplayed orca gyeatoryshaker lag 120
effective. In addition, antimcrobial agents such as ) :
rpm at 24 = 1°C in darkness. Suspension cultures were formed in approximately 3 to
10 days. Initially, medium was exchanged by suction filtering the flask contents
through a buchner funnel containing a miracloth filter (Calbiochem), and
resuspending all the biomass in fresh medium. Upon cell growth, 1-2 g (fresh
weight) of cells were generally transferred into a new 125 ml flask containing 25 mL

of fresh medium and were thereafter subcultured weekly.

Example 4;
Growth of Suspended Cells

The typical growth rates and cell densities achieved in suspension cultures of
representative species are listed in Table 4.

As a detailed example, the increase in biomass (fresh and dry weight) with
time for Taxus chinensis line K-1 is shown in Figure 1. The maximum growth rate
was measured by taking the slope at points of most rapid biomass increase on the
growth Mes. Cell cultures of Taxus chinensis grew at a maximum doubling time
of 2.5 days. This growth rate is significantly higher than that reported previously for
Taxus species suspension cultures. For example, Christen et al. (1991) reported a 5-
to 10-fold increase in biomass after 3 to 4 weeks of culture, which translates to an
average doubling time for Taxus brevifolia suspensions of 7 to 12 days.

The ability to cultivate cells at a high density is important in maximizing the
volumetric productivity of a cell culture process. Whereas cultures of Taxus
brevifolia reached a ogll density of léss than 1 g dry weight per liter (calculated from
data presented in Christen et al. (1991)), suspensions of Taxus chinensis were able to

reach densities of up to 8 to 20 g dry weight per liter after 18 days of growth. The
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cefoxitinm, benlate, cloxacillin, anpicillin, gentanycin sulfate, and
phosphonycin may be used for surface sterilization of plant material. 10
Callus; Gowth Cultures will typically exhibit variability in growh

nor phol ory, productivity, product profiles, and other characteristics.

Since individual—cell lines vary in their preferences for growth nedium
constituents, many di fferent rowth medi a may. be used for induction and

proliferati oﬁ“‘ lac he appropriate nedi um conposition varies with
t he speci es be The preferred nmedia for the different species

are listed in xarrple

viability of cells was determined by staining ceils with a 0.05% solution of flucrescein
diacetate in acetone (Widholm, 1972), and by counting the number of green
fluorescing cells upon excitation with blu§ light in an inverted fluorescence
microscope (Olympus IMT-2, Japan). Cell viability was higher than 90% throughout
the growth phase. |

The ability to cultivate cells under rapid gruwth conditions to high cell
densities while retaining high viability is an important pre-requisite to the economic
operation of a plant cell culture process for producing taxol and taxol-like

compounds.

Example §:
Analysis of Taxol and Tazanes

5.1. ELISA Methods

ELISA analysis for taxol (Hawaii Biotech) was used for large scale screening
of cell lines. This method provides high sensitivity (0.1 ng/mL), however, because a
polycional antibody is used, cross-reactivity with other taxanes is observed.
Preparative (analytical scale) HPLC with fraction collection showed cross-reactivity
with 10-deacetyltaxol, 7 xylosyl-10-deacetyitaxol, cephalomannine, 10-deacetyl-7-
epitaxol, 7 epitaxol, as weil as other unidentified taxanes. Despite such cross-
reactivity this method was found to be extremely useful for detection of taxane
production and allowed large numbers of cell lines to be screened quickly. Cell
extracts showing significant production of taxanes were then analyzed in detail
using the HPLC procedure outlined below.

52. Extraction of Taxol and Related Taxanes
Extractionofhnnesfromsupermtsmporformodbymmm,
depending on the concentrations present in the media. When sufficient amounts of
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al t hough others may be used, the two preferred growth nutrient nedia for
Taxus chinensis are A & D. These nedi a preferably contain the ingredients
listed in Table 2. For exanple, when A nmediumis used, growth hornones or
regulators incorporated into the mediumin an anount bet ween 1 ppb to 10

ppm and preferably at 2 ppb to 1 ppm Wen nediumD is us row h
hornones or regul ators are incorporated at |evels ranging from1 ppb to 10
ppm and preferably at 2 ppb to 2 ppm The anmounts of other lldasBeenRe laced
i ngredi ents can be incorported at levels ranging from 1/10th

to three times the concentrations indicated in Table 2, but

incorporated at the levels shown in Table 2. Suspension Gowh Taxus
suspensi on cultures are capabl e of rapl d grovvth rates and high cell

densities | IF&FB Rfe presétt i Qlquid Hekid, #gﬂﬂl’“% hpd's vary
from one cel ne to anot her duémd accor |ngl Y, thod eggﬁﬁ! t owar ds

rapi d optinmi effitiently/ Media (2 mL) were dried completely (in vacuo) and a measured amount of
methanol (0.5-2.0 mL) was added. This mixture was agitated ultrasonicaily until
complete dissolution or dispersion of the sample was accomplished. Solids were
removed by centrifugation prior to HPLC analysis. Quantitative recoveries have been
obtained at 1 mg/L levels with dstection levels weil below 0.1 mg/L.

When concentration of taxanes in the cuiture supernatants were low, the
medium was extracted three times with an equal volume of & mixture of methylene
chloride and isopropyl alcohol (IPA) (9:1 by vol.). The organic layer was reduced to
dryness and reconstituted in 8 measured volume of methanol (50-250 mL). Multiple
extraction typically recovered 90-95% of the taxol, caphdomnmno, and baceatin 11
at 0.6 mg/L levels.

Cell materials were extracted by freezing freshly harvested cells (-5° C),
followed by vacuum drying, and methanol saxhleting for 50 cycles. 70 to 80% of the
taxanes were generally recovered with 10-15% measurable decomposition. The
extraction of solid media and cailus was accomplished identicaily to that of ceils,
however, methylene chloride/IPA va. water partitioning of the final methanol extract
was always performed.

5.3. High Performance Liquid Chromatography Methods

Analytical high performance liquid chromatography (HPLC) was performed
on a high-carbon loaded diphenyl column (Supelco, 5§ mM, 4.6 mm X 25 cm) with an
LDC Analytical binary gradient high pressure mixing system consisting of
CM3500/CM3200 pumps, a CM4100 variable volume autosampler and an SM3000
photo diode array detector interfaced to a Total Peripherals 486 personal computer.
Column temperature was regulated at 35° C with an Eldex CH150 column oven.
Quantitative HPLC analysis of taxanes was accomplished using a binary gradient '

elution scheme as follows:



any given cell line nust be considered. The initial cultures of various
Taxus species are subcultured by transfer into the nedia listed in Table 3,
containing macro and m cronutrients, organic salts and growh hornones. The
anmounts are generally with the follow ng ranges starting with 1/10th
concentration to three tinmes the concentration of each medi um 11

i ngredi ent shown in Table 2. The preferred levels are-thosetisted in Table
2. The liquid cultures are exposed to air and preferably shaken or

ot herwi se gently noved to introduce air intoThi laced 1 may be
i ntroduced through tubing into the culture ves ures are
mai nt ai ned under appropriate

Time % Eluant A % Elyant B
0 75 25

ImL/min

40 35 65 "
42 25 75 "
47 2% 75 S
50 75 25 "

ElmtAcOOlmmzPO‘bmlhtprSSmthmmaad
Eluant B = acetonitrile

The chromatographic methods used resemble several published methods
(Witherup et al. 1989) with the exceptions that a phosphate buffer containing
trifluoroacetic acid has been used and that a longer gradient is empioyed. These
differences significantly improve the resolution of taxol and other taxanes from the
mixture. The relative retention times observed for taxanes are shown below. Taxol
elutes between 31 and 33 minutes depending on the column and hardware used.

Relative Retention Time
?ggnmndlbmﬁn I 0.38
g k tml lg-ducatyltaxol C %
10-doacetyltaxol C om
cophalomannine - 094
10-deleatyl-7-ep1tuol C 01.&‘)
7-opxtaxol 112

The retention times of taxol, cephalomannine and baccatin III were
determined using authentic samples obtained from the National Cancer Institute.
The retention times of the other taxanes listed above were compared to analytical
standards provided by Hauser Chemical (Boulder CO). Identification of known
taxanes was based ox-x retention time and ultraviolet spectral comparisons.
Quantitation of taxol, cephalomannine and baccatin [II was based on response
factors determined from authenﬁc materials. Quantitation of 10-deacetyibaccatin III
was performed using the response factor determined for baccatin III. Quantitation

of the remaining taxol derivatives was based conservatively on the response factor
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grow h eonditions at a tenperature between 20[err] to 26[err]C. The pH may
be fromabout 3 to 7 and preferably between 4 to 6. The culture nay be
grown, under light conditions ranging fromtotal darkness to total Iight
(narrow band and/or broad spectrun) for various periods of time. Because
total taxol production is highest in cultures exposed to light, this is

preferred. Typical light intensity conditions—rangebetween—about 100 to
about 3000 foot candl e power. The suspension 'ﬁﬁ’sl urtiﬁﬂare mai ntai ned for 1

to 8 weeks fromthe tine of subculturing, afte grow h
declines. The cultures are harvested by renova h nmedium as by
filtration. The harvested culture is weighed a _ _ ' _
| yophylization, ground to a fine powder, and the taxol nay be extracted by
use of convenjjeakidred For taxel. extraction techni ques. Doubling tinmes have been

measured by nonitoring tinme-dependent biomasa increase, as well as by
si nply noni tori ng Edeh of thestandarde X10imi) was typitallydnjected (initially then after 3 or 4

samples) and areas for each of the three components were integrated. Response
factors for each of the components was cbtained by linear least-squares analysis of
the data. 10 mL of each sample was injected and the amount per injection was
calculated based on the standard data regression. These results were converted to
amount per liter or percent dry weight. Figure 4 illustrates a typical chromatogram
of a supernatant sample.

5.4. MS/MS Confirmation of Taxol

The identity of taxol in cell culture supernatant has been confirmed using an
MS/MS method (as shown in Figure 6) which couples flow injection with ion spray -
atmospheric pressure chemical ionization. Details of the procedures used for
acquiring the data presented in Figure 6 were as follows: Mass Specirometer; Sciex
API 3 triple quadrupole with an atmospheric pressure ionization source. Nitrogen
wasuséduthecurtainguandargonmundutheeollisionguforthecm
spectra. Interface: Ion Spray interface producing ions by Ion Evaporation Ionization
(Electrospray). Zero air was used as the nebulizer gas. LC Pump: ABI 140B dual
syringe pump operating at 5 uL/minute. Solvents: 50/50 acetonitrile/H20 2mM
NH40Ac + 0.1% formic acid. [njection Volume: 5 uL, ail spectra taken by flow
injection analysis. This method provided unequivocal confirmation for the presence
of taxol in cell culture samples, and also provided quantitation with exceilent
agreement to HPLC results.

Taxol production by various species
" The taxol produced by cell cultures of various Taxus species is summarized in
Table 5. Callus was cultivated for 20 days in the dark on the indicated solidified
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subcul ture. Maxi mum dry wei ght densities of 15-24 grans per liter have been
achi eved. The growth characteristics of various Taxus species suspensions
are el aborated in Exanple 4. Analytical Mthods Methods for the extraction
and recovery of taxol and taxanes fromcells and the medium fol | ow
conventional techniques and are—desc—%n—be%n—n—de{all i n Exanple 5. The

| muno- assay (ELI SO techni que.]a oI I ovved t-he protocols supplied by
Hawai i Bi ot echnol ogy in the cg ' bI e kit. H gh perfornace
| i qui d chromat ography net hods d| fied fromexisting

protocols a el aborated in Exa e conditions used in this
I nvention, clear

medium for each species. The cells and medium were dried and methanol-extracted
together, and assayed by either ELISA or HPLC as indicated. The resuits obtained
with Taxzus chinensis cultures are _el:bmted further in Examples 7 and 8.

Example 7:
7.1 Production in growth medium

The production of taxol and related taxanes commenced within the first 2 days
of transfer into growth Medium A . The maximum taxol observed was on day 185, at
S.BIWMWhO.“MmM Of this, 46.1% was present in
the extracellular medium. On day 185, the total taxane concentration was
72.87ug/flask, or 3.6 mg/liter, of which 58.6% was present in the extracellular
medium. The viability of cells was always greater than 90% as measured by
fluorescence staining (Example 4), suggesting that the presence of extraceilular taxol
and taxanes was due to secretion rather than due to cell lysis. The ability of cells to
secret taxol and taxanes will be an important aspect of continuous operation.

72 Medium exchange for productivity enhancement

_ Significant improvements in taxol and total taxane productivity were obtained
by aseptically suctioning off growth Medium A on day 9, replacing with fresh
medi_umundreputingthoproadunonday 12. Thooxpéimmtwutominahdon
day 15, and the results are shown in Figure 2. The important increases in
productivity due to medium exchange are summarized in Table 6. The total amounts
of taxol and taxanes produced were ca. 4.6-fold higher with medium exchange

. compared to controls without treatment. Importantly, ca. 4.9-fold higher taxol, and
ca. 5.9-fold higher total taxanes were recovered in the extracellular medium
compared to controis without medium exchange treatment.
The ability to markedly enhance taxol and total taxane productivities, and



12 resal ution of taxane peaks was achieved, resulting in accurate detection
and quantitation. Because of the possibility of co-eluting non-taxane
components the spectral purity of every putative taxane peak was checked by
di ode array before integration of peak areas. Retention tines of taxane
standards are listed in Exanple 5, and a sanple chromat ogram—r—sr—n—ﬁei—uded—hn—

Figure 4. Production Medium Conditions As used herein, tegh 'n r| }
medi um' is used to describe a nmediumthat is suitable for t aced
of plant cell callus and suspension cultures. The term" nutr

general and enconpasses both "growth nmedi uni’ and "productio

term"growth nmediunmt is used to describe an nutrient nedi umthat favors

rapid growh of cultured cells. The term "production nmedium refers to an

nutrient nmedimbFedver) tof cluse axtraceliuled prothvetaiecuhulativa if @fipértart for operation of
an efficient, continuous process with_ biomass reuse and simplified downstream

purification.

7.3. Effect of Light on taxane production in growth medium

Light is known to play an important role not only in photosynthesis, but aiso in
various aspects of secondary metabolism in plant cell cultures (Seibert and Kadkade
1980). Whereas the experiments described in Examples 4, 7.1, and 7.2 were conducted
in darkness, the response of Taxus chinensis cultures to light is described here.

One gram fresh weight of 7-day old cells of Taxus chinensis line
K-1 were inocuiated in 25 ml of growth Medium A (see Table 2) in 125 ml Erjenmeyer
flasks and incubated at 24 3 1 °C on a gyratory shaker at 120 rpm. Duplicate flasks
were placed in the dark and under a Standard GroLux lamp at a distance of 3 feet.
Spectral characteristics of the lamp are shown in Figure 3. Results are shown in
Table 7.

Exposure of cultures to light did not affect total taxane leveis or the extent of
extraceilular accumuiation. However, taxane profiles were significantly altered in
the two treatments. For example, cells cultivated in the light produced 2.8 fold higher
taxol than did cells in the dark. The proportion of extracellular taxol was also
significantly higher than in the dark treatment (76% vs 56%). The use of light
treatment, especially of specific spectral quality, would thus be extremely useful in a
cell culture process for taxol production.

Example §:

Elicitors | ,

The term elicitors is used for compounds of biological (or biotic) and non-
biological (or abiotic) origin f.hat cause an increase in secondary metabolism when
added to plant cell cultures..



cultured cells. It is understood that growth can occur in a production

medi um ‘and that production can take place in a growth nmedium and that
both opti mum growth and production can take place in-a single nutrient

medi um Certain classes of additives in the nutrient mediumare referred to
by special names in this invention, andare UCIlncd her. As used herein,

the term"anti- browning agents” ref r loonents that are added to the
nutrient nediumto prevent the forrra during cell
cultivation. These pignents include p H | at ed compounds t hat

are general |y observed to have a del et on cell growth,
viability, and product formation. As used here| n, the term "biosynthetic
precursors” are used to describe conpounds added to the nut ri ent nedi um

that are netabol W@eiﬁwwmﬂfﬂam?mﬁfd t axanes.

As used herein, the term"netabolic 1 nhibitors” ere use to descri be

conpounds adﬂadm&ﬂhmﬁbmdmbﬂhmmwmdﬁnhom&ml c

bi osynt hetic pat hvvays For
glutamate. While chitosan has been previously tried as an elicitor in some plant cell
culture systems, the accompanying toxic reactions such as browning and loss of
vigbility have made its use impractical (Beaumont and Knorr 1987). Indeed such
toxic side reactions are a common drawback of many elicitors reported in the

literature. The use of chemically modified chitosans such as chitosan glutamate to

~ specifically induce taxol and taxane biosynthesis while circumventing toxic side-
effects is a novel approach.

Sulponnonsomeschxmmth-l gmwanodmmeor7 to 8 days
were suction filtered aseptically using a sterile Buchner funnel fitted with a
miracioth (Calbiochem) filter. 2 g fresh weight cells were aseptically transferred to
25 ml of medium C (see Table 2) in a 125-mL Erlenmeyer flask. A solution of 0.05%
chitosan glutamate was prepared freshly and filter-sterilized through a 0.22 micron
cartridge filter. 825nLofthissolutionmaddodtotheﬂukatthestartofthe
experiment, corresponding to a level of 165 mg elicitor per gram dry weight cells.
The flasks were incubated at 2421° C on a gyratory shaker at 110 rpm in the dark.
The flasks were destructively sampled on day 15, and cbservations on growth, color of
the cells and medium and cell viability were recorded. Freeze-dried samples were
methanol-extracted for taxol and taxanes as described in Example 5, and were
analyzed by HPLC. The results of this experiment are shown in Table 8.

Elicitor treatment resuited in a modest improvement in the per-cell total
taxane production (0.53% vs. 0.42% dry weight taxanes) over non-treated controls.
The non-toxic nature of the elicitor is evident from the high viabilities (75-80%)
observed in both treatments. In fact, an increased dry weight in elicitor treatment
compared to controls has been reproducibly observed (14.2 g/l vs. 10.1 g/l dry weight).
The higher cell densities resuited in an 1.8-fold greatar titer of total taxanes in the

- elicitor treatment, i.e., 75.8 mglL versus 42.4 mg/L for the control.
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exanpl e a netabolic inhibitor may be used to enhance taxol biosynthesis by
bl ocking a different pathway that conpetes with taxol for an early

bi osyntheic precursor. As 13 used herein, the termstinulator or
activator is used to describe conpounds added to the nutrient medi umt hat
stinul ate or activatespecific biosynthetic pathways, for exanple those

| eadi ng to taxol '. NACBLleR Repldced S UNder stood that the mechani sm of
action of the addi ‘F% “ﬁﬁ herein may not be conpl etely understood

| f secondary netab in a suspension culture takes place
concurrently mnth abolite is termed grow h-associ ated, and a
singl e nedlunlfornulatlon may be sufficient to achieve good gromﬂh and hi gh
| evel _

The elicitor treatment ruulted in increased taxol biosynthesis, both on a per-
cell basis (0.098% vs. 0.054% dry weight taxol, a 1.8-fold increase) and in a titer
comparison (13.9 mg/L versus 5.4 mg/L, a 2.6-fold increase). The extent of secretion
was higher for the elicitor treatment compared to the control (85% versus 72%
extracelluiar product).

The elicitor treatment described herein results in increased taxol production, a
more favorable product profile, enhanced product secretion and retention of high ceil
viability. These production characteristics represent a significant improvement for a
cell culture process for taxol production.

Exampile
Production medium development

In an effort to increase taxol productivities over the levels described in exampie
8, nutrient levels were manipulated to formulate special ‘production media’. 7 to 8
day old suspensions of Taxus chinensis line K-1 grown in Medium D were suction
filtered aseptically using a sterile Buchner funnel fitted with a miracioth
(Calbiochem) filter. 500 mg fresh weight cells were aseptically transferred to 5 ml of
production Media B and C (see Table 2). The vessels were incubated for varying time
periods of 18, 25, and 42 days at 24+1° C on a gyratory shaker at 110 rpm in the dark.
Treatments were destructively sampled, and observations on growth, colar of the cells
and medium, and cell viability were recorded. Freeze-dried samples were methanoi-
mmdfortuolnhdmuducn'bedinﬁnmploﬁ, and were analyzed by
HPLC.

9.1. Resuits of 18-day Cultivation

Tazus chinensis cell cultures responded to the altered medium compositions
by producing significant leveis of taxanes and taxol. These data are summarized in
Tabie 9, and a sample chroinatognm is shown in Figure 4. In medium B, 99.8
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productkon. In many other systens, it has been found that rapid growth and
hi gh product formation do not take place concurrently. In such cases,
growth and production phases are separated and a nedium for each phase is
devel oped i ndependently (reviewed in Payne et al. 1991). In the case of
taxol and taxane production in Taxus chinensis, growmh and rapid product

formation-have been separated, and-ihdependent—nedi-a—have been devel oped

for each. However, it is understood that a n1ng|e gr owt h/ producti on nmedi um
may be formulated for this culture. di a devel oped here not
only increase total taxol and taxan “ t al so direct cellular

bi osynt hesi s towards taxol productlo production of
interfering by- products such as cephalonannlne is mniml conpared to bark

ti ssue. The production nedia devel oped here also pronote prolonged cel
viability and biosynthesis, and in addition, cause, si nlflcant Ievels of

product to Hes/btesclietal taxapes yereproduced; with 1240k i Medium cs

are. C, 110 mg/liter of total taxanes were produced, with 21.3 mg/liter oftuol. On adry
weight basis, cells produced 0.18% dry weight taxol on medium B, and 0.065 % dry
weight taxol on medium C. |

92. Prolonged Cultivation

Taxol and taxane production after prolonged cuitivation of Taxus chinensis
cells (line K-1) for 25 and 42 days was studied in medium C, the results for which are
summarized in Figure 5. Thoﬁﬂhﬂﬁngsumﬂhantobauvnﬁn;scmnbo
summarized:
@ iﬁuncsqunﬁunenhmmlaquapdﬂoafpnﬂndnglhnﬂhnnthmdsofnud
and other taxanes. Highest accumulation occurred at 42 days, with 0.32% dry weight
taxol, and 0.62% dry weight total taxanes; corresponding to titers of 153 mg/L taxol
and 295 mg/L total taxanes based on final medium volume. The analysis of this
snnuﬁehwtandnn:nuunspuunnnuuycnnﬁnnndihapnunnuaofﬂumdasshawnin
Figure 6. Quantitation by MS/MS showed excellent agresment with HPLC.
(ii) Theqnnofhnmibhqnnhnﬂlhuhwnmxhws251nd42wnaltuL7jhnguumlyu
liter per day assuming linear production in the 17-day period. Thisrateis
significantly higher than the rate of production in the first 25 days. The rate of total
taxane biosynthesis between days 25 and 42 was 12.3 mg per liter per day.
(iii) - Production medium formulations can induce up to 45-fold increases in specific
taxol content compared to rapid growth conditions such as those described in
Exampie 7.
(iv) The product spectrum can be manipulated so as to funnel biosynthesis towards
the desired end-product taxol, while minimizing production of undesirable taxanes.
For example, on day 25, taxol constituted 28% of the total taxanes and on day 42, taxol
constituted 52% of the total taxanes in contrast to growth medium (see Example 7.1),
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extreneky inportant in the operation of an efficient comrercial scale
process for taxol production. Although others may be used, the preferred
production nedia for the various species are listed in Table 5. For
exanpl e, al though other may be used, the preferred production nmedia for
Taxus chinensis are B & C. These nedia preferably contain the ingredients
listed in Table 2. These nedia preferably contain major and m nor inorganic
salts, organics and grothinshkerH¥B&E Replaced OWM h regul ators. The anounts are

generally with the foll ow rting wwth the 1/10th to three 14
times the concentration i ngredient indicated in Table 2.

However

in which taxol constituted only 12.2% of the total taxanes. This ability to manipuiate
product profiles will have important repercussions for downstream purification and
for product purity-related regulatary issues. For example, the ability to suppress
production of the taxane by-product, cephalomannine could greatly simplify
downstream purification compared to purification of taxol from bark tissue.

()  Tazus cell cultures have been induced to secrete significant amounts of taxol
(87% on day 42) and other taxanes. That the presence of extraceilular taxol and
taxanes is due to secretion rather than due to cell lysis is corroborated by several
independent observations: (a) continued biosynthesis occurred between days 25 and
42, suggesting that cells were viable and active. Independent cbservations have
shown that >70% viability have been observed after 18 days in production medium, (b)
different percentages of different taxanes were secreted. If cells had lysed, the
percentage in the medium might have been expected to be similar for the different
taxanes.

(vi) ‘The ability of this Tazus cell line to thrive and produce taxol at high rates in
an extracellular environment so rich in product is particularly worth noting.

(vii) The Tazus cell line with which these results were obtained is aiso capable of
rapid growth to high cell densities, and expressed the reported productivities after 20
generations under rspid-groﬁth conditions, attesting to its stability and commercial
potential.

The levels of taxol and taxanes produced by cell lines of Taxus chinensis
under the conditions described herein are higher than previously reported results by
2 factor of 35- to 150-fold. For example, Christen et al. (1991) reported the production
of 1 to 3 mglliter of taxol by suspension cultures of Tazus brevifolia after 2 to 4 weeks
of cultivation. Wickeramesinhe and Artecs (1991) reported the production of taxol at
0.009% dry weight in cell cultures of Tazus media. |

In summary, our dat.i show that with careful initiation and selection of

K Y



the preferred levels are those listed in Table 2. Were nediumB is used,
the gromh regulators are incorporated into the nmediumin an anount between
0.1 ppmto 20 ppm and preferably between 1 ppmto 10 ppm Wen MediumCis
used,” the growth regul ators are incorporated preferably at |evels ranging
fromO.1 ppmto 5 ppm It is understood that nodifications nay be made in
this nmedi um such as substitution of other conventional salt conpositions
(such as organics, vitam ns, am no acids, precursors, activators and

i nhibitors), addition or deletion of various conponents, growth regulators
or alteration of proportions In addition to non-vol atil e dissol ved
nutrients, gaseous conponents, primarily oxygen, carbon di oxi de, and

et hyl ene (a plant hornone), play critical roles in growth and product
formation. TRaxysachinerisis eultures, and withcspecially fortiulatad\grawtin medivment r at i ons

favorin rowth and taxol fornmti are obviousl i nportant since
99 hong:gﬁs ngiungtognnrnuu yﬂaﬂ&h densities. When these

cells are transferred to production medium conditions, cells are able to biosynthesize
and secrete significant levels of taxol and other taxanes for prolonged periods while
maintaining high viabilities. The incorparation of periodic medium exchange, light
and elicitors with production medium results in further synergistic productivity

" enhancements. These properties are critical prerequisites for an efficient
commercial process for taxol and taxane production using tissue culture technology.
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they dictate reactor operating conditions. In addition, the rates of

consunption or production need to be incorporated into reactor design,so

that the optimm specified concentrations can be mai ntained. Besides its

i npoftance in respiration, oxygen can also dramatically affect the rate of

secondary bi osynthesis. A high saturation constant for_an oxgen-requiring

stop on a secondary biosynthetic pathway may requre cells to be subjec

to high oxygen levels in the reactor. The inportance OfThSSh&f fds Been Replaced

suppl ementation in maintaining high growth rates has beeg '

Et hyl e, a plant hornone, plays pleiotropic roles in all M mlﬂgiﬂnt

grow h and devel opnent, including secondary netabolism (€4, , et

al, 1991). In omﬁmﬂ' ve the yield of taxol and other rel ated taxanes

in cell cultures, the |n€g§ors have undertaken a nunber of approaches. One

of the approachd4. Akada and M.L. Shuler. 1989. Stimulation of Ajmalicine Production and
Excretion from Catharanthus roseus: Effects of adsorption in situ, Elicitors,
and Alginate Immobilization. Appl. Microbiol. Biotechnol., 30, 475-481.
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15 has .been used to enhance productivity is the use of so-called elicitors.
As used herein, the termelicitors is used for conpounds of biological and
non- bi ol ogical origin that cause an increase in secondary netabolite
production when applied to plants or plant-cell cultures (Eilert 1987; Ebel
1984; and Darvill et al 1984). Many different conpounds can act as
elicitors, depending upon their nature of origin and their node of action
with cell metabolism In these studies, the inventors have used two ngjor
kinds of elicitors: 1) Biotic elicitors which usually conprise cell wall
extracts or filtrates froma selected group of fungi, bacteria and yeasts,
and also their purified fractions. 2) Abiotic elicitors which have included

chemi cal stressHaOMiphsalds MENasw T. Yuiarfi6toD ¥l Efdo ahd K. Yoiedan1986) Hegulsing
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Christen at al.(1991) report the use of fungal elicitors and sel ected
conpounds for production of taxol by suspension of Taxus brevifolia;
however, the increases in the level of taxol accumulation due to elicitor
treatments have not been specified. In general, both kinds of elicitors
were effective, although the extent to which eliicitation (taxane

accunmul ation in cell cultures as well as their secretion into the nedlun)
occurred differed fromelicitor to elicitor and from species to species.
The hi ghest production increase was attained with chitosan gl utanmate,

| i chenan, ferulic acid and benzoic acid. Chitosan and |ichenan are conpl ex
pol yeacchari des derived frommcrobial cell walls. Chitosan when used al one
is insoluble in medium and is toxic and causes pernmanent cell damage.

Chitosan glutamats, on the other hand, is readily soluble in nmedi um and
nthe5|zed

does not affect | | enzoi g, aci ds
cheni cal s of bio&@@? aﬂ¥+§fﬁh gﬂa%kFé’ﬁgﬁ§¥§99?° éEPaﬁfu ‘Qﬁﬁﬂhnts in
bi ol ogi cal systefns Biotic Elicit (mi ganisms)

Botrytis cinerea

Fusarium oxvsporum f. sp. conglutinans
Fusarium oxvsporum f. sp. lycopersici
Fusarium oxvsporum f. sp. pisi
Gibberella zeae )
Gunmnnmnammia var. tritici

. : Q Ic .i l ’I n ) l
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Elicitors interact wth dissol ved gases in many ways. Oxygen rquirenents
may change upon elicitation. Increases in respiration rates as a wound
response is commonly observed in plant cell cultures.. Inportantly,
elicitors may nediate their action via ethylene. In such cases, it may be
desirable to substitute a nicrobial 16 elicitor preparation with

et hyl ene, and perhaps prevent toxicity associated with other m crobial
conponents in the elicitor preparation. Elicitors and netabolic stress
agents may be utilized according to this invention to nmaxim ze taxol
production and secretion in tissue culture by assessing elicitor
specificity and concentration, timng, and duration, as a fuction of

culture :

Trametes versicolor Table 1.a. (continued)
Ustilago mavdis '
Venturis inequalis _

I1. Biotic Elicitors (Microbial fractions or products)

¢ Chitosan e Cellulysin

* Lichenan *  Muiltifect XL

¢ Glucomannan *  Multifect CL

* Pleuran * Resinase

* Glucan * Pulpxyme

¢ Carboxymethylgiucan ¢ SP431

¢ Hydroxymethylglucan ¢ Pectinol

* Sulfoethylgiucan * Rapidase

e Mannan * Klerzyme

* Xylan _* Chitinase

e Mannobiose

* Mannotriose

* Mannopentaose _

¢ Mannotetraose - -

I11. Abjotic Elicitors (Chemical Stress Agents as well as some naturally

occurring biochemicals)

Arachidonic acid
Elaidic acid

Cyclic AMP

Dibutyr] Cyclic AMP
Methyl Jasmone

Cis - Jasmone
Miconazol

Ferulic acid
AMO-1618 -

Triton X-100

Benzoic acid
Salicylic acid

Propyi gallate
Sesamol
Chlorocholine chloride
38,4-dichlorophenoxy tnethyl .
(amine)
Chloroethylphosphonic acxd
Diethyldithiocarbamic acid
Nordihydroguairetic acid
Dithiothreitol

Sodium metabisulfite
Potassium metabisuifite
d-amino-DL-Phenylalanine

Vanadyl sulfate
Uniconazol
Paclobutrazol
Spermine
Spermidine
Putrescine
Cadavarine
Protamine Sulfate
SKF-7997

MER 29
Ancymidol
Triadimefon
Phosphon D
Thiourea

Dextran Sulfate
Hydroquinone
Chitosan glutamate

Fenpropemorph
Prochioraz
Naptifine

EDU

HTA

MPTA
Glutathione
EGTA
Gibberellins
Abscisic Acid
1,3-Diphenyl urea
Diazolidenyl urea
Phloroglucinol
Sodium alginate
Carragenan
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age and nedi a conposition. Rapid Medi um Exchange for Productivity
Enhancenent As docunented in Exanple 73,the renoval of spent nedi um and
repl eni shment of fresh mediumevery 3 days contributed to significant
enhancenent of total taxane and taxol production, as well as to an increase
in the anmounts of extracellular product. The stimulatory effects of nmedi um
exchange may have been due to renoval of product in situ, which would
prevent feedback inhibition and product degradation. Such positive effects
of in situ product renoval on secondary netabolite production and secretion
I n suspension cultures have been docunented by, anong others, Robins and
Rhodes (1986) and Asada and Shuler (1989). The periodic renoval of spent
medi um i ncor porate the above advantages, and addition, nay serve.to de-
repress secondary biosnthesis by renoving other, non-taxane, inhibitory

Table 1.b. List of Precursors, Inhibitors & Stimulants or Activators Used in
Regulation of Biosynthesis of Taxol & Taxanes in T. spp. cell cultures.

P Iohibit Stimulant acti
Phenylalanine Chlorocholine chloride Cyclic AMP

Lysine Uniconazol Dibutyri Cyclic AMP
Tyrosine : Paclobutrazoi Methyl Jasmone
Tryptophane SKF-7997 Cis-Jasmone
Methionine MER 29 Chloroethylphosphonic acid
Tyramine Ancymidol Spermine
Sodium acetate Triadimefon Spermidine
Potassium acetate Phosphon D Putrescine
Ammonium acetate Fenpropemorph Cadavarine
Mevalonic acid Prochloraz MPTA
Farneayl acetate Naptifine DCPTA
Geranyl acstate Miconazol DIPTA
Geranyigeraniol acetate Silver Nitrate ACC
Tryptamine Norbornadiene HTA
Menthol AMO 1618 Brassinosteroids
a-Pinene Alar BHA
Trans-cinnamic acid 4-amino-8-Hexynoic acid BHT
Cambrene A Phenylethanolamine OTA
Verticillene Phenethylamine
E?HW?POI gggszzagm Jenol

amphor oeucaleno
Quercstin Methionine Sulfoxide
Levulinic acid B-hydroxyphenthylanine
Abietic acid §-Methyl-DL-Tryptophane
Borneol a-Fluorophenylalanine

5-2 Aminoethyl-L-cysteine hydrochloride
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used in the present

nutrients that have been depl eted. For
as a result of any of the above factors.

(1986) were able to stinulate stationary phase
sinply by addi ng sucrose to the nedi um

et al.
bi osynt hesi s had ceased due to carbon |imtation in the
The pei odi c- medi um exchange prot ocol

of fresh nmediumto cells undergoing active biosynthesis may al so enhance
M yasaka,

production by providing essential

conpongnts (such as phenolic conpounds) fromthe nedium Th repleni shment
exanpl e,

cells of Salvia mltiorhiza to produce the diterpene netabolites,

crypt ot anshi none and ferrugi nol

Presumabl vy,
wor k coul d have been benefi ci al

stationary phase.
17

Table 2: Components (mg/l) of Phyton Catalytic media used for cultivation of Taxus cultures.
A 8 L o D E F Q

- mo/L me/L mg/L mg/L meil moll. moll
Ammonium Nivate . S - - - 400.0 $00
Ammonium Sulfate 1340 - 338 134.0 87.0 - 1340
Boric Acid : 30 15  0.78 3.0 1.8 0.78 82
Calcium Chioride (snhydrous) 13.2¢4 - 2.3 113.24 58.62 725 113.24
Calcium Chioride - 200 $0.0 - . . .
Calciumn Nitrate N . 2004 . . - 3880 -
Cobalt Chioride 6H 0.02% - 0.008 0.023 0.0128 . 0.025
Cupric Sulfate SH 0.023 0.01 0.008 0.028 0.0128 0.2 0.025
Ney EDTA2H,0 7.3 - .32 ar.3 10.68 37.3 X
Fertic Sulfate . 25 . . . . .
Fetrous Sulfate 7TH,O 279 . 8.03 210 139 78 a8
Magnesium Sulies anhydrate 122.00 388.2 305 122.09 01.04 180.7 122,00
Manganese Sulfate H,0 10.0 23.708 228 100 3.0 22.3 10.0
Molybdenum Tricdde . 0.001 . . . - .
Molybdic Acid (sodium Sal) 2H;0 0.2s - 0.082 0.28 0.128 0.25 0.25
Potassium Chioride - 83.0 - - - . .
Potessium lodide 0.73 0.7 0.173 0.75 0.373 - 0.73
Potassium Nivate 2500.0 00.0 6230 2500.0 1250.0 . 2500.0
Potassium Phosphate (monobasic) - - 10.0 - . 170.0 -
M&_.!. Phosphate {monobasic anhydrous) .. 1 ; 1 . 7000 1
30.5 168 32.62 130.8 85.2% . 130.8
Zinc Sultete TH,0 2 30 ; 2 3 e 2
.0 30 0.8 2.0 1.0 (X ] 20
Myo-inositol 100.0 100.0 1250 100.0 $0.0 100.0 100.0
Nicotinic Acid 10 . . 0.78 1.0 08 1.0 1.0
- Pyridoxine HO) : 1.0 . 0.2% 1.0 08 1.0 1.0
u!l.ll HO 10.0 *s50 s 10.0 8.0 100 100
: “.ucl.._:- 292.0 1484 - 2028 202.9 17568 .
H.!ill!o .0 . ) . . -
Lysine .Be ) . :
*Sodium Acetate 10.0 100 . . .
Sucrose 10000.0 S0000.0  40000.0 10000.0 10000.0 100000  20000.0
Ng Bonzyladenine 0.002 20 20 0.002 0.002 .
m ?ii.lo:o-oo‘a Acd 0.931 10.0 - - . - 1.062
Ascorble Acid $0.0 100.0 $0.0 100.0 100.0 100.0 100.0
Picloram . - - 1.2 24 1.2 .
oieT Y M hydrolysate . $00.0 - . - 1000.0
Dimethylallylamino)Purine - - - - . .
Kinetin : . . . . . W.S
pH : se se 5.8 se S8 se se

II Illiced
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It is understood that the anount of medi um exchanged, the frequency of
exchange, and the conposition of the nedi um bei ng repl eni shed may be
varied. The ability to stinulate biosynthesis and secretion by periodic
medi Um exchange has inportant inplications for the design and operation of
an efficient comercial proce in the continuous, sem -continuous or
fed-batch node. Light For higher plants, light in a potent factor in
secondary netabolismboth in intact plant as well as in cell cultures. Both
the intensity and wavel ength of light are inportant (Seibert and Kadkade
1980). For exanple, flavanoid and ant hocyain bi osynthesis are usually
favored by high intensity continuous light, while dark- cultivated cul tures
may be preferable for other netabolites. Increase in greening or -

phot osynt het i c Reabpe8.i Pyefefred conditions for ichllumproliferstiomfor yasiousp Taxkectpecies. The
formation or plingredientditrihe bisdlmedis weelisted in Thbldi2es i nvol ved the use of

br oad- band and wel |l as

Growth Regulators®
Species Basal Medium Auxin Cvtokinin
(Table 2) ~ Iwme Conc(M) Iype Conc (M)

T. brevifolia F P 5x106 24P 107
: D P 5x 106 BA 108
T. canadensis H P 5x108 K. 107
D P 5x 106 BA 108
T. chinensis D P  5x108 BA 108
A N §x 108 BA 108
T. globosa D P 5x106 BA 108
T. floridana D P 5x 108 BA 108
T. baccata D P 5x 108 BA 108
T. cuspidata D - P 5x 108 BA 108
T. media D P 5x 1086 BA 108
T. wallichiana D P §x1086 BA 108

*Abbreviations: Picloram (P), Naphthalene acetic acid (N), Bensyladenine (BA), Dimethyl
allylamino purine (2iP), Kinetin (K)

J
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specifie
exposure
into the
‘suggest s
t axanes.

narrow band |ight sources. As shown in Exanple 7.3., light

can bring about increased taxol accunul ation as well as secretion
medium The stinulatory effect of light on taxol production

t he existence of unique control mechani snms for biosynthesis of

The nature of the photoreceptor and bi ochem cal characteristics of

| i ght-induced stinmulation are not yet clear. Mdel of Process Operation The
operating node for a plant cell culture process refers to the way that

nutrients,

(Payne et
culture c

cells and products are added or renoved with respect to tine
al. 1991). When all the nutrients are supplied initially, and the
ontents conprising cells and product are harvested at the end of

the culture period, the operating node is ternmed a "one-stags batch

process".

When a batch process is divided into two sequential phases, a

growth and a production phase, with the nedi um bei ng exchanged i n between
the two phases, the operating node is terned a.

- Table 4. Typical growth characteristics of Taxus sp. suspension cultures

Dry Weight Fresh Weight Dry Wt. Fresh Wt.
Specjes Doubling Time Doubling Time Density Density
T. brevifolia 2.0 days 3.5 days 20gL 400 gl
T. baccata 20 a0 15 22
T. chinensis 25 45 p. 4] 285

" T. canadensis nd* 85 13 260

*not yet determined

————————————

Has Been Reflaced

"



18 "twa-stage batch process” In a "fed-batch" operation, particular nmedi um
additive-and nutrients are supplied either periodically or continuously
t hr ough the course of a one-stage or a two-stage batch culture. Wen a

subsfantial portion, but not all, of the contents of a batch culture is
harvested, w th addition of fresh mediumfor continued cell and producti on,
the process resenbles a "repeated draw and fill" operation, and is ternmed a

"sem - continuous process". Wen fresh nediumis continuously supplied, and
efluent nmediumis -

Table 5. Taxol production in various Taxus species.

Species Taxol content Medium | Analysis
(% dry weight) (See Tables 2&3)

T. brevifolia 0.006 F ELISA
T. canadensis 0.004 H ELISA
T. baccata 0.0014 D HPLC
T. globosa 0.0008 G ELISA
T. cuspidata 0.0025 G HPLC
T. floridana 0.001 -G ELISA
T. media ‘ 0.02 F ELISA
T. chinensis 0.18 B HPLC
"Nl




continuously renoved the process is terned "continuous”. If cells are
retained within the reactor, the process is terned a "perfusion node" |f
cells are continuously renmoved with the effluent nedium the continuous
process is terned a "chenpstat”. It is understood that these various nodes
of process operation are conpatible with the taxol-production system
descri bed herein. EXAMPLES The fol |l owm ng exanpl es further describe the
Material s and Methods used in carrying out the invention. The exanples are
intended to be illustrative and are not intended to limt the invention in
any manner. Exanple 1: Callus Intiation Sanples of Taxus plant materi al
were collected froma nunber of wld and

Table 6. Improvements in productivity due to medium exchange treatment. _
Numbers are expressed as X-fold improvement over levels achieved in a 15-day batch
interval. Taxus chinensis cell line K-1 was cultivated in Medium A in the dark.

Taxol 4.6 4.89
Total taxanes 4.55. 5.94

*Total levels in cells and medium combined
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cultivated plants. Sanples were processed upon arrival at the |aboratory or
stored at 4[err]C until they could be used. The material was first washed
in dilute soap solution, rinsed in water, and the 19 surface sterilized
in a Chlorox solution (1% hypochlorite, pH 7) for 10 m nute Under sterile
conditions the material was then rinsed 3 times_with sterile water. Needles
were then cut in a 1% pol yvi nyl pyrrol i done (PVP) solution with 100 ny/|
ascorbic acid. Needles were placed with the cut end in MediumE (see Table
2). Thirty to forty explants were cultured per plate of nmedium Pl ates
contai ning explants were incubated at 241[err]Cin the dark. Plates were
nonitored daily for the

Table 7. Effect of Standard GroLux light treatment on taxol and taxane content in
10-day old cultures of Taxus chinensis line K-1 cultivated in Medium A.
Amounts shown are expressed as ug exiracted from 20 mi of suspension. Cell
growth was identical in both treatments (164 mg dry weight per flask).

Light Dark
Total taxol: cells and medium: 8.8 ug 3.13ug
Extracellular taxol: 76.40% 56.20%
Total taxanes cells and medium: 61.55ug éZJ?ug

Extracellular taxanes: 89% 84%
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appear ance of contamting mcro-organi sme and where they were present,
uncont am nat ed needl e were renoved and placed in a fresh plate of MediumE
Substantial callus formati on was observed and the callus was separated from
the explant by 20 days and placed on the various callus proliferation nedia
listed in Table 3. For exanple, calli of Taxus chinensis were transferred
to Medium D (see Table 2). This initiation procedure was very efficient,
resulting in |ow contam nation rate and hi gh frequency of callus induction
of over 90 % of axplants initiated. The same procedure was successfully
used to initiate cultures of Taxus brevifolia, Taxus canadensis, Taxus
cuspi data, Taxus baccata, Taxus gl obosa, Taxus floridana, Taxus
wal | i chi ana, Taxus nedi a, and Taxus chinansis. Exanple 2: Callus.
Proliferation Once calli were renoved fromthe explant, they are cultivated
at 24t1ferr]Cin the '
Table 8. Comparison of chitosan-glutamate treated to non-elicited

suspensions of Taxus chinensis line K-1 after 15 day cuitivation

in medium C. Taxane levels reported are from cells and medium

combined. % extra refers to the percentage of extracellular

product.
CONTROL | ELICITOR

Cell density  10.1 g/ 1&!1 demsity 14.2¢L

Cell visbility 70-80% viable Cell visbility 75-80% viable
‘Taxanes Sdrywt  mg/L % Extra | Sdrywt wmgllL % Extra
Taxol 0.054 5.4 72.0 0.098 13.9 85.0
Baccatin 11l 0057 |. S8 69.9 0.055 7.8 76.6
7-Xylosyl-10-deacetyltaxn{  0.040 40 63.0 0.048 6.9 770
10-deacetyltaxol 0.004 0.4 71.1 0.0 1.0 75.3
Cephalomannine :
10-descetyibeccatin [l .
10-deacetyl-7-epitaxoi 0.054 54 74.2 0.076 108 - 85.7
7-Epitaxol 0.009 0.9 74.6 0.009 13 86.2
Unknown Taxanes 0.203 20.5 9.7 0.240 4.1 90.2
Total Taxanes: 0.421 42.4 0.833 788

/
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dark. Healthy parts of the callus were transferred to fresh nmedi umevery 10
days, and this frequency of transfer was found to be extrenely inportant
for prevention of browning and for prolonged callus naintenance. The

preferred grow h and mai ntenance nmedia for calli of various species are
sumari zed in Table 3 Exanple 3: Suspension Initation 1 g fresh weight of
callus material was aseptically inoculated into a 125 i 20 Erl enneyer

flask containing 25 m of |iquid nmedium appropriate to each species (see
Tabl e 3). For exanple, Medium D was used for Taxus chinensis. The flask was

Table 9. Nutrient medium manipulation for enhanced taxane and taxol
biosynthesis in Taxus chinensis suspension line K-1. 500 mg
fresh weight cells were inoculated per 5§ mL of medium and
incubated in the dark for 18 days. The total taxanes produced (in
the cells and medium combined) is reported. The ingredients in
media B & C are listed in Table 2.

- Medium B Medium C
Taxane Level (mg/L) (mg/L)
Baccatin III 43 39
7-xylosyl 10-deacetyl taxol a3 129
Cephalomannine 11 trace
10-deacetyl 7-epi taxol 46 54
taxol 241 213
7-epi taxol 13 28
other unidentified taxanes® 56.1 63.7
Total taxanes 99.8 mg/l 110 mg1
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‘covered with a silicone foan1cap (Bell co, NJ) and placed on a gyratory
shaker "at 120 rpmat 24 + 1[err]C in darkness. Suspension cultures were

formed in approximately 3 to 10 days. Initially, nediumwas exchanged by

suction filtering the flask contents through a buchner funnel

mracloth filter (Calbi ochen) and resukpendi ng al | the’I'lhnS(meEIQSB
medi um Upon cell growh, 1-2 g (fresh-weight) of cells
transferred into a new 125 ni flask contai ning 25 nL of

were thereafter subcultured weekly. Exanple 4: G owth of Suspended Ce

: es and cell densities achieved in suspension cultures
of representative species are |isted |n Table 4. As a detail ed exanpl e,

rereese [0 b ogmss (el 2 gy SeLabLl. UL 8" Laieo U s

The typi cal

10

15

. 20

25

30

gro

yields from cell cultures of a Taxus species comprising:

cultivating in one or more nutrient media cells derived
from callus and/or suspension cultures of a Taxus species
under growth and product formation conditions wherein
said taxol and taxkanes are recovered from said cells

and/or said medium of said cell culture.

2. A process for the efficient initiation and
maintenance of callus and suspension cultures of Taxus
species comprising:

contalnlng a

t he

(a) selecting the appropriate plant parts for -

callus initiation, and the appropriate callus cell lines

for suspension cultures;

(b) providing efficient sterilisation, incubation
and transfer procedures for maintaining vigor of
explants, calli, and suspensions;

(c) providing effective anti-browning agents and
protocols for continued rapid growth of calli and cell

suspension cultures;

(d) - providing effective induction, proliferation
and maintenance nutrient media, and appropriate

environmental conditions for rapid growth, high cell

" density, and high'cell viability.

3. A method of enhancing total taxol and taxane Yields

and recoveries in cell cultures comprising:

AR



was measured by taking the slope at points of nost rapid bi omass increase
on the growth curves. Cell cultures of Taxus Chinensis grew at a naxi num
doubling tinme of 2.5 days. This growh rate is jOihbd Heo8EA Repticner t han
that* reported previously for Taxus species suspenfH| I For
exanpl e, Christen et al. (1991) reportedéa 5tolgmmﬂuﬂﬁﬂ Ese I n
bi omass after 3 to 4 weeks of culture, which tra ver age-
doubling tinme for Taxus breuifolia suspensions of 7 to 12 days. The ability
to cultivate cells at a high density is ingportant in maxim zing the
vol unetric productivi {3 of CALEEYREERY Ged L§r slesived\Erels @l ks eandfor
Taxus .brevifol i asugpeheion ealltutenasidfy &f Theas, dgeviek Jifll vneeight moee
liter (calculated fron1data§Presen ed in qgrisggn et al. é%Q%%%%, a
suspensi ons of TAXUETRF n8IFG e WBPESAhIE o FRAERTGerETRY pP¥398ct o
20 g dry wei ght Permatien edpditidnsdays pfoduoet baxdheand taxanes;

5

(b) stimulating taxol and taxane biosynthesis,
thereby promoting intracellular accumulation and/or
product secretion into the extracellular medium;

i0 - (c) recovering the produced taxol and taxanes from
said cells and/or said medium.

4. A method of manipulating the,productioh of taxol, or
another desired taxane, relative to the amounts of other
15 undesired taxanes, in a cell culture process comprising:

(a) cultivating cells derived from callus and/or
suspension cultures of a Taxus species in one or more
nutrient media under cell culture growth and product

20 formation conditioné;

(b) stimulating taxol and taxane biosynthesis,
thereby promoting inﬁraéellular accumulation and product
secretion into the extracellular medium;

25 _ ' _

(¢) recovering taxol and other taxanes from said

cells and/or said medium; '

(d) evaluating the level of taxol and other taxanes

30 produced from said cells and said medium; and

(e) selecting the one or more nutrient medium that
exhibits preferential production of taxol or another
desired taxane, and concomitant suppression of other

-
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21 'viability_of cells was determined by staining cells with a 0.05%
solution of fluorescain diacetate in acetone (Wdholm 1972), and by
counting the ruishdet idds @epladed uor esci ng cell upon excitation with blue
light in a inve nce mcroscope (A ynmpus | M-2, Japan). Cal
viability was h I ot hroughou#7t he grow h phase. The ability to
cultivate cells under rapird growh conditions to high cell densities while
retaining high viability is an inportant pre-requisite to the economnic
operation of a.plant cell culture process for produchgﬁtoxol and

taxol -1i ke conpybAgsiredafaranss AGMrINGs the Preducki@nTRhgecovery of

taxol and taxanes.

5.- The-process of any of claims 1-4, wherein said Taxus
5 species is selected from the group consistiﬁg of Taxus
brevifolia, Taxus canadensis, Taxus cuspidata, Taxus
baccata, Taxus globosa, Taxus floridana, Taxus

wallichiana, Taxus media and Taxus chinensis.

10 6. The process of any of claims 1-5, further comprising
altering and evaluating environmental conditions for
their effects on cell growth and on taxol and taxane

production.
15 7. The process of any of claims 1-6, wherein said
cultures are cultivated in continuous or intermittent

broadband or narrowband light.

8. The process of any of claims 1-7, wherein said
20 nutrient media includes one or more of the following:

(a) carbohydrates and/or other carbon sources;

(b) inorganic and/or organic nitrogen sources;

25
(c) macro and micro salts, rare trace elements,
and/or vitamins and other organic supplements; .
_ (d) plant hormones, hormone substitutes and
30 derivatives, and/or synthetic growth regulators;

(e) biotic or abiotic elicitors;

(f) biosynthetic precursors, metabolic and'-

/
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5. T. EZIKSA Met hods ELI SA anal ysis for taxol (Hawaii BFO%ECh}—V%ﬁ%1ﬁﬁﬁ+4fﬁ :

| af ge scal e screening of cell lines. This method provi des h| senS|t|V|ty
(0.1 ng/m), however, because a polycional antibody is u Has eﬂ”“““md
cross-reactivity with other taxanes is observed. Pr epar at|i Imm ’m
scale) HPLC with fraction collection sh8ed cross-reacti
10.deacstyltazoL -7 xyl osyl - 10-deacetyl tazol, cephal omannin,. 10-decetyl -
epi taxol, 7 epitaxoL as well -as ot her uni dentified taxanes. Despite such
cross- reactivity this_nethod was found to be extrenel eful for
det ection of taReREesAMAS onlBRIPALPERed |37 ﬁunﬁﬁ%- %' | AR Yo be
screened qui ckl yet9Rlaltope;adds showi ng signi fi cant productlon of t axanes
were then anal yzed in det ai | usi ng the HPLC procedure outlined bel ow

5.2. Extraction of Taxol and Rel ated Taxanes Extraction of taxane from
supernatants were per(gdr mechtbi/- bwmowrei hgds, agents, anti-oxidants,

s stabilizers, enhancers, -radical scavengers, and/or

reducing agents.

9. The process of any of claims 1-8, wherein said
nutrient media are the same for cell culture growth and
10 for taxol and taxane production.

10. The brocess' of any of claims 1-8, _wherein said
nutrient media are not the same for cell culture growth
and for taxol and taxane production.

15 _ | .
11. The process of any of claims 1;10, further
comprising periodic nutrient medium exchange.

12. The process of any of claims 1-11, further

20 comprising periodic taxol and taxane removal.

13. The process of any of claims 1-12, wherein growth -
and product formation are achieved using a one-stage or
two-stage batch process, or a fed-batch process, oOr a
25 semi-céntinuous process, or a continuous process, or

variations thereof.

14. A purified cell culture containing Taxus brevifolia,
' Taxus canadensis, Taxus cuspidata, Taxus baccata, Taxus
30 globosa, Taxus floridana, Taxus wallichiana; Taxus media
or Taxus chinensis capable of produc1ng taxol and taxane
in hlgh ylelds

-
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dependi Rg on the concentrations present in the nedia. Wen sufficient
anount s of 22 taxanes are present in liquid nmedia, sanple were prepared
very gapidly and efficiently. Media (2 nmL) were dried conpletely (in vacuo)
and a nmeasured anount of nethanol (0.5-2.0 nlL) was added. This m xture was
agitated ultrasonically until conplete dissolution or dispersion of the
sanpl e was acconplished. Solids were renoved by centrifugation prior to
HPLC anal ysis. Quantitative recoveries hav been obtained at 1 ng/L |evels
with detection |evels well below 0.1 ng/L Wen concentration of taxanes in
the culture supernatants were | ow, -t he ABSTRMPMas extracted three tines
with an equal volune of a mxture of nethylene

NCED PRODUCTION OF OL._ TAXANES BY CELL
- ' OF SPECT.

This invention is directed to methods for the

enhanced production of taxol and taxanes by cell

cultures of taxus species. |

Fig. 1

This Sheet Has Been Relilaced




chl ori de-and i sopropyl alcohol (I1PA) (9:1 by vol.). The organic |ayer was
reduced to dryness and reconstituted in a neasured vol unme of nethanol
(50-250 nmL). Multiple exraction typically recovered 90-95% of the taxol,
cephamanni ne, and baccatin Il at 0.6 nq/L | evels. Cell materials were
extracted by freezing freshly harvested €él | s (-5[err]C), followed by
vacuum dryi ng and net hanol soxhleting for 50 cycles 70 to 80% of the
taxanes were generally recovered with 10-15% neasur abl e deconposition. The
extraction of solid nedia and callus were acconplished identically to that
of cells, however, nethylene chloride/lPA vs. water partitioning of the
final nmethanol extract was always perfornmed. 5.3. Hi gh Performance Lquid
Chr omat ogr phy Met hods Anal ytical high performance |iquid chromatography
(HPLC) was performed on a hi gh-carbon | oaded di phenyl colum (Supelco, 5

mM 4.6 nm X 25 cm) with an

4000 —r 160
160
3000 + i
- 140
® g
E 2000 - 120 3 -—.—ll;resh
) i =~ = Ury
g . 32
§: L 100 E{
o |
g 1991 <
< L a0
I
0- : - @
0 10 20
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LDC Anal yticat binary gradient high pressure m xing system consi sting of
CMB500f CMB200 punps a CMA100 vari abl e vol ume aut osanpl er and an SMB000
photo di ode array detector interfaced to a Total Peripherals 486 personal
conputer. Columm tenperature was regulated at 35[err]C with an El dex CH150
col um oven. Quantitative HPLC anal ysiZ/6éof taxanes was acconplished using a

bi nary gradient elution schene as foll ows: 23 0 75
25 Im/ mn 40 35 65 42 25
75 ' '
1.0 1 ' l
A. |
taxol r 12-15
mg/L 0.5
| . 0-15
0-15 ! 9-12
011 - 0-15 1 0-9
ceils medium cells medium
control treatment
100 -
B.
12-15
total taxanes i
mgl 501t ' 9-12.
b . M-
10 - 0-15 [ .
control treatment



47 25 75 50 75 25 Elumat A =

0.01amM KH err]PgJ err] bought to pH 3.5 with trifluroacetic acid El uant
B=acetonitrile The chromat ogaphi c nmet hods used resenbl e several published
methods (Wtherup et al. 1989) with the exceptions that a phosphate buffer
containing trifluoracetic acid has been used and that a | onger gradient is
enpl oyed. These differences signific%zgly | nprove the resolution of taxol
and ot her taxanes fromthe m xture. e relative retention times observed
for taxanes are shown bel ow. Taxol elutes between 31 and 33 m nutes

dependi ng on the colum and hardwere used. 10-deacetyl baccatin |1
0.38 baccatin |1l -

0. 56
7-xyl osyl - 10- deacetf®@ i taxol C . 0. 80

Watts Per 10 Nanameter Band

0 L

IO TR 2R

[ o A [waaus |anne L13701A I An
s0uIn’) WINADAS SPIM XN°)
*achaieT) WIN INNIS BRI XNT0!
vopnqunQg Abisug (& 190dg 8y g JO Uospsding)

‘PONI-102 |0 JUNOWY S0180:0) YL Bugmoysg

ABsugyp
puy xn

xN}-0ID”
-01() PISPUEIS B4) O S8AIND

[aau uva




70- deacat yt axol C 0. 87 cephal onmanni n

0. 94 10- deacet yl -7-epitaxol C 0.98 taxol C

1. 00 _7- epi t axol 1.12 The retention timnmes of
taxol', cephal omanni ne and baccatin |11 were determi ned using authentic
sanpl es obtained fromthe National Cancgr Institute. The retention tinmes of
the other taxanes |isted above were com:{;r ed to anal ytical standards

provi ded by Hauser Chem cal (Boul der . ldentification of known taxanes
was based on retention tinme and ul traviel et spectral conparisons. b3
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of the remaining taxol derivatives was based conservatively on the response
factor 24 neasured for taxol Each of the standards (10 nmL) was typically
injected (initially then after 3 or 4 sanples) and areas for each of the
three conponents were integrated. Response factors for each of the
conponent s was obtained by |inear |east54quares analysis of the data. 10 niL
of each sanple was injected and the anmount per injection was cal cul ated
based on the standard data regression. These results were converted to
anount per liter or percent dry weight. Figure 4 illustrates a typi cal

chromat ogram of a supernatant sanpl e.

I E DAY2S T _ [ “DAY&Z [
COMPOUND. %D W) mgl | % Extraceiluler § % D.W. mgl. | % Exiraceiluler }
10-Descetylbeccatin 11l __§ 0.0000 0.00 - 0.0000 0.00
tin 111 f ooise | 1043 1057 00420 19.83 1472
-Xylosyi-10-descetyhaxol} 0.0127 7.19 462 Imm 1338 45.81
10-deacetyitazol 00122 6.95 1737 | o027 5.99 0.00
lomannine 0.0000 0.00 |__oo1e 5.60 86.02
10-deacetyl-7-epitaxol 00U81 461 | 62.42 {00275 12.99 T259
azol 0.0427 U428 7098 0.3244 18334 $1.52
-Epitaxol 00122 692 8451 00154 726 8528
TOTAL - Usknown 00452 |  23.67 0.1625 6.8
OTA L Tazanes 0.1518 86.04 A 6248 295.23

300.00 —
250.00
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5.4. M5/ M5 Confirmation of Taxol The identity of taxol in cell culture
super nat ant has been confirned using an MS/ M5 nethod (as shown in Figure 6)
whi ch couples flowinjection with ion spray atnospheric pressure chem cal

i oni Zation. Details of the procedures gaed for acquiring the data presented
in Figure 6 were as follows: Mass Spectroneter Sciex APl 3 triple quadrupol e
with an atnospheric pressure ionization source. Nitrogen was used as the
curtain gas and argod was. used as the collision gas for the CID spectra.
Interface lon Spray interface producing ions by lon Evaporation |onization
(Electrospray). Zero air was used as the nebulizer gas. LC Punp: ABI 140B
dual syringe Punp operating at 5 uL/m nute. Solvents:50/50 acetonitrile/H20
2mM NHAOAc + 0. 1% formc acid.Injection Volune 5 [err]L, all spectra taken
by flow injection analysis. This nethod provided unequi vocal confirmation
for the presence of taxol in cell culture sanples, and al so provided
quantitation with excellent '
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: agreerrent to HPLC results. Exanpl e 6- Taxol production by various species
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i. The taxol

produced by cell cultures of various Taxus species is sumarized

g|n Table 5. Callus was cultivated for 20 days in the dark on the |nd| cated
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ENHANCED pnonuc'nbn_'or TAXOL AND TAXANES BY CELL
CULTURES OF TAXUS SPECIES

BACEGROUND OF THE INVENTION
A. FIELD OF THE INVENTION

This invention is directed to methods for the enhanced production and recovery
of taxol and taxanes by cell cultures cf Taxus species.

B. RELATED ART
The Tazol Supply Problem and Possible Solutions
Taxolisa diterpenoid alkaloid originally isolated from the bark of the pacific

- yew, Taxus brevifolia (Wani et al. 1971).

Interest in taxol began when the Natzonal Cancer Institute (NCI), in a large-
scale screening program, found that crude bark extracts exhibited anti-tumor
activities. Since then, clirical trials have confirmed that taxol is extremely effective
against refractory ovarian cancers, and against breast and other cancers. ‘Taxol has
been pronounced as a breakthrough in chemotherapy because of its fundamentally
'different mechanism of cytotoxicity, i.e., by inhibiting depolymmzatx_on of
microtubules (ses Rowinaky et al. 1990). |

The most daunting varisble in the taxol equation 8o far is supply. It takes
three to six 100 year old Pacific ym to treat one patient because average yields of
taxol are low - ca. 0.01% of dry bark and needles (Wiiherup'et Il 1990). To produce the
amount of taxol that is ﬁeeded for trestment and testing would require the
destruction of tens of thousands of yews. Thus far, ail of the world's supply has come
from harvesting these squat, slow growing conifers that populate the anc_ient forests
of the Pacific Northwest. Unfortunately, the yew has been rendered nearly extinct by
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7.1 Production in growth nmedi um The production of taxol and rel ated
taxanes comenced within the first 2 days -of transfer into growt h Medium A
- The nmaxi num taxol observed was on day 15, at 8.81 [err]g/flask, which
corresponds to 0.4 ng/liter taxol. O this, 46.1% was present in the
extracellular medium On day 15, the total texane concentration was
72.87[err]g/flask or 3.6 ng/liter, of mﬁ#eh 58. 6% was present in the
extracel lular nmedium The viability of cells was al ways greater than 90% as
measured by fl uorescence st ai ni ng (Exanpl e 4), suggesting that the presence
of extracellular taxol and taxanes was due to secretion rather than due to
cell lysis. The ability of cells to secret taxol and taxane will be an

| nportant aspect of continuous operation. Medi um exchange for

product|V|ty enhancgnent nifi ofaal

bt oduct | vi  yIoRERE SHFRRFARo Meiﬂpﬂa%%s%%ﬁ sy B oI MnG,

day 9, repl aﬁw,gw%ﬁWﬁf'_the ancient forest that are refuge to the endangered Northern
spotted owl and other wildlife. As the number of Pacific yews dwindles, medical
research is pinning its hopes for future taxol on new, alternative sources of supply.

LR

Three sources that have been considered are chemical synthesis, semi-synthesis and
plant cell culture. |

Taxol is a large, structurally complex chemical molecule that has thus far
eluded total chemical synthesis. Therefors, large-scalé synthesis from simple
available chemicals is not likely to be a feasible option for the next few years. .

A possible option for large-scaie production is semi-synthesis, i.e., chemical
attachment of a side chain to the agriculturally produced taxol precursor, baccatin.
Significant progress has been made on the synthesis of the side chain (Denis et al.
1991). Methods have also been developed to couple the side chain to baccatin (Denis et
al. 1990, U. S. Patent 4,924,011; Holtan 1991, USS. Patent 5,015,744). However, the
agncultural supply of baccatin from needles of Taxus pllntations'is.by no means
trivial; and is currently being re-evaluated in light of the fact that eariier reports
(Denis et al., 1988, 0.1% by weight) were more optimistic about baccatin content than
recent ones (Witherup et al 1990, 0.03 % dry weight). In summary, the sbility of
chenncd synthesis and semi-synthesis to supply taxol for world-wide
chemothmpeut:c use is not assured. There are strong reasons for exploring and
developing alternative means of productmn.

This invention is related to the development of a plant cell culturo-baud

i process for the supply of taxol and other taxanes.

'Tissue Cultures as a Source of Plant-Derived Chemicals

The abnhty of plant cells to divide, grow, and produce ueondnry metabolites
under a vmety of different cultural regimes has boon amply demonstrated by a

number of groups. At present, two _eompound:, ahxkomn (a red dyo u_:d anti-
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medi um and repeati ng the procedure on day 12. The experi ment was terninat ed
;j.aon day 15, and the results are shown in Figure 2. The inportant increases

-
A e

¥in productivity due to medi um exchange are summarized in Table 6. The tota
i amounts of taxol and taxanes produced were ca. 4.6-fold higher with medium
§ exchange conpared to controls without treatnent. Inportantly, ca. 4.9-fold
¢ higher taxol, and ca. 5.9-fold higher t-gtal "t axanes were recovered in the
: extracel lul ar nedi um conpared to controls without nedi um exchange
. treatnent. The ability to markedly enhance taxol and total taxane
productivities, and 26 noreover, to cause axtracellular product
accunmul ation is inportant for operation of :

inflammatory) and ginsengoside (a tonic in oriental medicine) are produced by
tissue-culture processes in Japan. Many other processes are reportedly close to

. commercialization, including vanillin, berberine and rosmarinic acid (see Payne et
al. 1991). _ '

" The advantages of a plant cell culture process for taxol are many: (i) A cell
culture process ensures a limitiess, continuous and uniform supply of product, and
ismtmbjecttopuh.diustmmdpemndﬂuchutionl.(ﬁ)aﬂaﬂmcanbe
cultivated in large bioreactors, and can be induced to overproduce taxol by
mdnipulitingpnvironmentnl conditions, (iii) cell cultures produce a simpler
spectrum of eompounds compared to bark or needles, considerably simplifying |
separation and purification, (iv) a cell culture process can adapt quickly to ripid
changes in demand better than agriculture-based processes, (v) besides supplying
taxol, a cell culture process could also produce taxane precursors such as baccatin

* that could be converted semi-synthetically into taxol and other active derivatives.
" Since aseptic, large-scale, plant cell cultivation is inherently expensive, a cell
culture process becomes commercially relevant only when these costs are offset by
rapid cell growth and high metabolite productivity. Every plant species and target
metabolite is different, and different approaches are necessary for every particular
‘system. This invention focuses on t_:rea'tivo.and skilled appmchu for obtaining
rapidly growing and highly productive plant cell cultures for taxol and taxane
production. o S

Problems with Tissue Cultures of Woody Plants and Conifers
| A historical survey of the literature suggests that whereas herbaceous plants
have been relatively easily manipulated in culture, cultures of woody plants and
 conifers have been achieved only with difficulty.
 The growth of secondary metabolite producing gymnosperm- and conifer-
. cultures have been generally low. For example, Berlin and Witte (1988) found that
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an efficient, continuous process wth bionmass reuse and sinplified
i.downstream purification. 7.2 Ef fect of Light on taxane production in
igrowth nmediumLight is-known to play an inportant role not only in

! photosynthesis, but also in various aspects of secondary net-abolismin

: plant cell cultures (Seibert and Kadkade 1980). Wiereas the experinents

- described in Exanples 4, 7.1, and 7.2 wgte conducted in darkness, the

- response of Taxus chinensis cultures to li'ght is described here. One gram
- fresh wei ght. of 7-day old cells of Taxus chinensis tine K-1 were inocul ated
.in 25 mM of growh Medium A (see Table 2) in 125 m Erl enneyer flasks and
“incubated at 24 1C on a gyratory shaker at 120 rpm Duplicate flasks were

. placed in the dark and under a Standard GroLux |anp at a distance.of 3
feet. Spectral characteristics of the lamp are shown in Figure 3. Results
are shown incummgoiThwcocadmtdummandtheubmmmbyonlyca.SO%m18daya.

~ Van Uden et al. (1990) reported a biomass increase ofzooso'i in 21 days for
suspensions of Callitris drummondii. Westgate et al. (1991) reparted a doubling
time of ca. 10 days for suspensions of the gymnosperm, Cephalotazus harringtonia.
As summarized by Bornman (1983), a tremendous amount of effort has been directed
towards medium development for spruce suspensions (Picea abies). This collective
work demonstrates that gymnosperm suspensions are indeed upible of rapid
growth, but that no generalities can be applied, and that media formulations for
different cell lines must be optimized independently. -
_ A survey of secondary metabolite productivity among gymnosperm cultures
ﬂw points to the difficulty of inducing rapid biosynthesis compared to herbaceous
spocies. For example, cultures of Cephalotazus harringtonia produced terpene
alkaloids at a level of only 1% to 3% of that found in the parent plant (Delfel and
Rothfus 1977). Even upon successful elicitation, Heinstein (1985) was only able to
approuchthelmhproducedmthepmtplmt(a.OM%dqwmghttoul N
alkaloids). Van Udon et al (1990) were ablo to induce suspension cultures of the
conifer Callitris drummondii to produce podophyllotoxin, but only at levels one tenth
of that producdd by the needles. The ability of Thuja occidentalis to produce
_sxgmﬁcant levels of monotorpenu (10-20 mgfL) and the dxtorponold
dohydrofmgmol (2-8 mg/L) has boen convincingly demonstrated by Berlin et al.
(1988). However, these resuits were obtained with a slow-growing (30 % biomass |
increase in 18 days) and low cell density (5 to 7 grams dry weight per liter) culture.

Cell Cuilture for Taxol Production: Previous Efforts |
The difficulties in achieving rapid growth and high productivity encountered
in gymnosperm-suspensions have been reflected in the three reports so far on taxol
production. Jazxn et al. (1991) reeently initisted callus cultures of Tazus baccata, |
This is the replacement sheet
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Exposure of cultures to light did not affect total taxane levels or the

4. extent of extracellular accumul ation.” However, taxane profiles were

“SI gnificantly altered in the two treatnents. For exanpl e, cell s_cultlvated

‘ in the |ight produced 2.8 fold higher taxol than did cells irn the dark. The
! proportion of extracellular taxol was io significantly higher than in the

j dark treatment (76%vs 56% . The use of-#ight treatment, especially of

;. specific spectral quality, would thus be extrenely usef ul in a cell culture

i process for taxol production. Exanple 8: Elicitors The termelicitors is

i used for conpounds of biological (or biotic) and non- biological (or

i abiotic) origin that cause an increase in secondary netabolismwhen added

j to plant cell cultures.

but were unable to detect any taxol using their immunosarbent assay.
Wickremesinhe andArteet(lQQI) rcportdd the presence of 0.008% dry weight taxol in
callus cultures of Tazus media (cv. hicksii), but details on the doubling times, cell
densities, and the time-scale over which the reported taxol was produced, were not
indicated. | :

U.S. Patent No. 5,019,504 (Christen et al. 1991) describes the production and
recovery of taxane and taxane-like compounds by cell cultures of Taxus drevifolia.
These workers reported taxol production at a level of 1 to 8 mg/L in & two- to four-
week time frame. Theydnrcpdmd'iaumuinmd's-IOﬁmuinu
weeks”, whicheorrupondstodoublihgtimud‘ca.?tolzdsyo

Increases in growth ratu, taxol bxolynthm rates, and volumetric
| productivities are clurly neeuury before a tissue culture process for taxol

production can supply the projected annual domnnd of tens to hundreds of kilograms
.of taxol per year.

. SUMMARY OF THE INVENTION

The inventars have discoversd that taxol and taxol-like compounds, or taxanes,
can be produced in very high yield from all known Taxus species, i.e., brevifolia,
canadensis, cuspidata, baccata, globesa, floridana, wallichiana, media and
chinensis. In particular, the inventors found that the species, Taxus chinensis, is
capable of rapid growth and of producing extremely hxgh levels ot' taxol and taxanes
within a short period of time. '

lmprovxng upon the invention described in Christen et al. (1991). the mvent.orn
‘herein have dueuvere_d that cell cultures from different Taxus species can be rapidly
and eﬁi'cientij initiated, and aueeoufuﬂy grown on artificial nutrient media and that
* the same chemotherspeutically active taxane alkaloids are produeod in the cell

This is the replacement sheet
'Date:. | -I - 1 OCT 19%

s bt e



-
-~
-

oS

o 2 m e e

27 Wi le a nunber of elicitor have been found useful, a representative

£ 1llustrative exanple is described here in detail, nanely, the use of

chitosan glutamate. Wiile chitosan has been previously tried as an elicitor
in some plant cell culture systens, the acconpaying  toxic reactions such as
browni ng and loss of viability have madegits use inpractical (Beaunont and

% Knorr 1987). Indeed such toxic side reactions are a common drawback of many
Z elicitors reported in the literature. The use of chemcally nodified

i chitosans such as chitosan glutamate to specifically induce taxol and

i taxane biosynthesis while circunventing.toxic side- effects is a novel

i approach. Suspensions of Taxus chlnenS|s line K-1 grown |n Medi um D for 7

i to 8 days

culture as m the intact plant. .

: Further,'i:y'the methods of this i_xivention it is possible to obtain taxol in a much
shorter time frame than previously reported. With the species Tazus chinensis, the
inventors have been able to manipulate cells to yield taxol in amounts far in excess of
the amounts obtained from tissue cultures of the other Tazus species. MM«, th§
growth rate of the Taxus chinensis cell cultures is significantly higher, 3 to 6 fold,
than for Taxus brevifolia described in Christen et al. (1991).

The objects of this invention inchude the rapid and efficient initiation of cell
cultures from vmou- species of Taxus.

. The objects of this invention xncludo the formulation of special environmental

- conditions to foster rapxd growth, high cell densities, and high cell viabilitivs. The
growth characteristics reported in this study surpase previous results by &
significant factor.

The objects of this invention include thc abihty to mduco high and prolonged
rms of taxol and taxane biosynthesis and secretion by: (a) careful mnmpulntlon of
nutrient concentrations (‘production medium formulation’), (b) use of light, (c) use
of penodxc medium exchange protocols, (d) use of elicitars.

The objects of this invention xncludo the ability to manipulate the proﬁlo of
taxanes produced by altering media formulations and environmental conditions. In
part%culir, cells were coaxed to produce taxol as the predominant taxane product. In
addition, the production of the by-product cephalomannine was suppressed, thereby
providing an elegant biological solution to an expensive and important downstream
separation and purification problem. _ | | | |

The objects of this invention include the ability to produce various taxanes
other than taxol that might themselves show pharmacological activity, or may be
modified and converted to compounds with pharmacological activity.

The objects of this invention include the ability to induce cell é;ltum of Taxus

chinensis to produce taxol (0.32% dry we:ght) at levels far exceeding thoee produced
Tris is the replacement sheet
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were suction filtered aseptically using a sterile Buchner funnel fitted

W th a mracloth (Cal biochem filter. 2 g fresh weight cells were
jaseptlcally transfarred to 25 m of nmedium C (see Table 2) in a 125-nL
“Erlenneyer flask A solution of 0.05% chitosan gl utanmate was prepared
<freshly and filter-strilized through a 0,22 nmicron cartridge filter. 825
“lerr]L of this solution was added to the—ftask at the start of the
‘experiment, corresponding to a |level of 165 ng elicitor per gramdry weight
icells. The flasks were incubated at 241[err]C on a gyratory shaker at 110
srpmin the dark. The flasks were destructively sanpled on day 15, and
iobservations growh, color of the cells and nmediumand cell viability were
‘recorded. Freeze-dried sanples were nethanol-extrated for taxol and toxanes
:as described in Exanple 5, and were anal yzed by HPLC. The results of this

- experi nent ainewild plants (0.008tod.08%-trycweight, Xusmdriiutl9Bsul t ed in a nodest
~inprovenment in the per-cell total taxane production. (0. 53@6vs 0.42%dry
~wei ght taxanes) over non-treated controls -

nEscmrIqN OF THE FIGURES * -

Figare 1. Biomass increase in a Tazx.ﬁ chinensis suspension culture line K-1 over
a typical batch growth cycle in Medium A. Error bars represent the standard
deviation measured from duplicate flazks. '

Figure 2. Effect of medium exchange on days 9 & 12 on taxol (A) and total taxane (B) |
productivity in a 15-day experiment. The numbers in each box represent the time
interval (days) over which the product was produced. The darkened portion of the
intracellular boxes represents the taxol or total taxanes that were present in the cell
inoculum at the start of the experiment. All treatments were performed in duplicate.
Tazus chinensis suspension cell line K-1 was used with Medium A as elaborated in
Table 2.

Figure 3. Spectnl characteristics of L Stnnd:.rd Gro-Lux lamp (GTE Sylvania,
Danvers,MA)uudenmplo?S '

Figure 4. Taxane productxon in Taxus chinensis cell suspension K-i. The portion
of the chromatogram from 10 to 40 minutes is shown. Diode array scans of selected
taxane peaks show a characteristic taxane UV absorption spectrum, with a peak at
227nm. | | ' |

Figare 5. Taxol and taxane production after prolonged cultivation in Medium C by

Taxus chinensis cell line K-1. The upper panel tabulates the data for the known and

unknown taxanes, whereas the lower panel shows incremental taxol and taxane
This is the replacement sheet )
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The non-toxic nature of the elicitor is.evident fromthe high viabilities
- (75-80% observed in both treatnments. In fact, an increased dry weight in
*-eI|C|tor treatnent conpared to controls has been repr oduci bl y observed

< (14.2 g/l vs. 10.1 g/l dry weight). The. hi gher cell densities resulted in
“an 1.8-fold greater titer of total taxanes in the elicitor treatnent, i.e
" 73.8 ng/L versus 42.4 ng/L for the contfel . 28 The elicitor treatnent
. resulted in increased taxol biosynthesis both on a per- cell basis (0.098%
“vs. 0.054%dry weight taxol, a 1.8-fold increase) and in a titer comnparison
© (13.9 ng/L versus 5.4 nmg/L, a 2.6-fold increase). The extent of secretion

% was higher for the elicitor treatnent canpared to the control (85% versus

. 12%

production in the 25 to 42 day time period.

Figure 6. MS/MS confirmation of taxol in cell culture supernatant. Panel A shows
the ion spray APCI mass spectrum of authentic taxol and panel B shows the
daughter ion spectrum of the parent peak (m/z 871 = taxol+NH,*). PanelC
represents the ion spray APCI spectrum from a crude cell culture extract and shows
m/z 854 and 871 characteristic of taxol. Panel D shows the corresponding daughter
spectrum of m/z 871 and provides unequivocal evidence for the presence of taxol in
cell culture supernatant.

DETAILED DESCRIPTION OF THE INVENTION

Plants have long provided unportanf. sources of pharmaceuticals and specialty
chemicals. These products have typically been obtained through extraction of the
‘harvested plant matarials or by chemical synthesis. Taxol has become one of the

most important pohhtinl anticancer agents to recently m-ﬁ-mn the screening of
natural products. ' _

As used herein, the terms taxol and taxol-like compounds, or taxanes, are used
interchangeably to describe a compound with a taxane ring. These compounds may

themselves possess antineoplastic actiﬁfty, or may be modified to yield bicactive
‘compounds.

Asuaodherun. the term "callus” is used to describe a mass of cuitured plant
cells that is ltructurally undxﬂ'orentxatad. and is cultivated on solidified medium. As
used herein, the term "suspension culture” is used to describe stmcturnllly

 undifferentiated cells that are dispersed in a liquid nutrient medium. It is
understood that suspension cultures é'ompriao cells in VIl"iOt!l stages of aggregation.
A range of aggregate, sizes are encountered in the suspensions described in this

invention, with sizes ranging from tena of microns in diameter (single cells or few-
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~extracel lular product); The elicitor treatnent described herein result in
i,lncreased taxol production, a nore favorable product profile, enhanced
*product secretion and retention of high cell viability. These production
ﬁcharacterlstlcs represent a significant inprovenent for a cell culture
i procéss for taxol production. Exanple 9:_Production nmedi um devel oprent I'n
tan effort to increase taxol prOdUCtIVItP%S over the levels descrlbed in

. exanple 6, nutrient levels were mani puled tq fornul ate special 'production
:media'. 7 to 8 day ol d suspensions of Taxus chinensis line K-1 grown in

i Medium D were suction filtered aseptically using a sterile Buchner funnel

{ fitted with a mracloth (Cal biochem) filter. 500 ng fresh weight cells were
! aseptically transferred to 5 m of production Media B and C (see Table 2).
{ The vessel s were incubated for varying tine

aggregated cells) to aggregates many millimeters in diameter, consisting of many

thousands of cells.

~ The plant material useful in this invention was obtained from all known
Tazxus species, i.e., brevifolia, canadensis, cuspidata, baccata, globosa, floridana,
wallichiana, media and chinensis. In particular, the inventors have identified the
species Tazus chinensis as capable of producing significant quantities of taxol and
taxanes in a short period of culture time, with desired compoundl being secreted
continuously into the medium.

It has been found by the inventors that specific taxol content varies with plant
species, mdmthmphntlpoau&omhmommmdmﬁctrm. Selecting a
high yielding source for taxol production is an important first step towards providing
sufficient quantitiu of taxol for therapeutic use.

Initiation of Taxus Cell Lines
‘Tazus plant material may be collected from ail over North America as well as
from other continents. The culture is initiated by selecting appropriate Tazus tissue
for growth. Tissue from any part of the plant, including the bark, cambium, needles,
Qfams, seeds, cones, and roots, may be selected for inducing cailus. .'Howcver. for |
optimum yiiald of taxol, needlies and meristematic regions of plint parts are
preferred. Most preferred are new growth needles (e.g., one to three montha-old),
which can generally be identified by a lighter green color. The term "new growth” is
broadly intended to mean piant needle production within that year's growing season.
To prevent contamination of the culture, the tissue should be surface-sterilized
prior to introducing it to the culture medium. -Any conventional sterilization
technique, such as "Chlorox” (a trademark owned by the Chlorox Company for
" bleach) t.reu.t.meht would be effective. In addition, antimicrobial agents such as
cefoxitin, benlate, cloxacillin, ampicillin, gentamycin su_lfnte, and phosphomycin -
may be used for surface sterilization of plant material.
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pariods of 18, 25,and 42 day at 24+IJerr]C on a gyratory shaker at 110 rpm

;. in the dark. Treatnments were destructively sanpled, and observations on

isgrowt h, color of the cells and nmedium and cell viability were recorded.

i Freeze-dried.sanpl es were nethanol - extracted for taxol and-taxane as :

i. described in Exanple 5, and were analyzq% by HPLC. 9.1. Results of 18-day

. Cutivation. Taxus chnensis cell cultures—+esponded to the altered medi um

. conposi tions by producing significant |evels of taxanes and taxol. These

¢ data are sunmmarized in Table 9, and a sanple chromatogramis shown in
Figure 4. In nmediumB, 99.8 29

Callus Growth _

Cultures will typically exhibit variability in growth morphology, productivity,
product profiles, and other characteristics. Since individual cell lines vary in their
preferences for growth medium constituents, many different growth media may be
used for induction and proliferation of the callus.

The appropriate medium composition varies with the species being cultured.
The preferred media for the different species are listed in Table 3. For example,
although others may be used, the two preferred growth nutrient media for Taxus
chinensis are A & D. These media preferably contain the ingredients listed in Table
2. For example, when A medium is used, growth hormones or regulators
incorporatad into the medium in an amount between 1 ppb to 10 ppm; and preferably

‘at 2 ppb to 1 ppm. When medium D is used, the growth hormones or regulators are

. incarporated at levels ranging from 1 ppb to 10 ppm, and preferably at 2 ppb to 2 ppm.
The amounts of other medium ingredients can be incorporated at levels ranging
from 1/10th concentration to three times the concentrations indicated in Table 2, but
are preferably incorporated at the levels shown .in Table 2.

- Suspension Growth
Taxus suspension cultures are capable of rapid growth rates and high ceil
densities like other piant cell e_u!turoi. However, optimal conditidnl vary from one
cell line to another, and accordingly, methods leading towards rapid optimization for
any given cell line must be eonsidefed_. o
The initial cultures of various Tazus species are subcultured by transfer into
the media listed in Table 3, containing macro and micronutrients, organic salts and
growth hormones. The amounts are generally with the following ranges: starting
_‘with 1/10th concentration to three times the concentration of each medium
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ng/liter of total taxanes were produced, with 24.1 ng/liter of pure taxol.
In Medium C, 110 ng/liter of total taxanes were produced, wth 21.3
ng/liter of taxol. On a dry weight basis, cells produced 0.18%dry wei ght
taxol on nmedium B, and:0.065 % dry wei ght -taxol on nmedium C- 9.2. Prol onged

rCultivation Taxol and taxane production ff_\flter prol onged cul tivation of

“ Taxus chinensis cells ¢line K-1) for 25 -and 42 days was studied in medi um
. C, the results for which are summarized in Figure 8. The follow ng
. significant observations can be summarized: (1) Taxus suspension cultures -
‘are capabl e of producing significant |evels of taxol and other taxanes.
" Hi ghest accunul ation occurred at 42 days, with 0.32%dry wei ght taxol, and
. 0.62%dry weight total taxanes; corresponding to titers of 153 ng/L taxol
~and 295 ng/L total tazanes ill;sed Qﬂxfi nal nedi Lim vol une, The anal ysi s of
le 2. The p

this ingredient shown in

erred levels are those listed in Table 2.

The liquid cultures are exposed to air and preferably shaken or otherwise
gently moved to introduce air into the medium, or air may be introduced through
tubing into the culture vessels. The cultures are maintained under appropriate
growth conditions at a temperature between 20° to 26°C. The pH may be from about 3
to 7 and preferably between 4 to 6. The culture may be grown under light conditions
ranging from total darkness to total light (narrow band and/or broad spectrum) for
various ponoda of time. Because total taxol production is highest m cultures exposed
to light, this is preferred. Typical light intensity conditions range between about 100
to shout 3000 foot candle power. ' | '

Thcmzpomionaﬂmrummnintnimdforltoswuh&omthqtimoof
subculturing, after which culture growth declines. The cultures are harvested by
removal of the growth medium, as by filtration. The harvested culture is weighed

~ and dried, as by lyophylization, ground to a fine powder, and the taxol may be
. extracted by use of conventional solvent extraction techniques. .

Doubling times have been measured by monitaring time-dependent biomass
increase, as well as by simply monitoring the growth index during routine
subculture. Maximum dry weight densities of 15-24 grams per liter have been
achieved. The growth characteristics of various Tazus species suspensions are
elaborated in Example 4.

Analytical Methods

" Methods for the extraction and recovery of taxol and taxanes from cells and the
medium follow conventional techniques and are described in detail in Example 5.
The immuno-assay (ELISA) technique largely followed the protocols mpiﬂi_od by
Hawaii Biotechnology in the commercially available kit. High performance liquid
chromatography methods were slightly modified from existing protocols as
elaborated in Example 5. Under the .éonditions used in this xnvontlon. clear .

' Tnis. is the repiscement sheet
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~sanpl e by tandem nass spectronmetry confirmed the presence of taxol as shown
in Figure 6. Quantitation by MS/ M5 showed excellent agreement with HPLC
“¥ii) The rate of taxol biosynthesis between days 25 and 42 was at ca. 7.6
hﬁng taxol per liter per day assuming linear production in the 17-day peri od.
+This rate is significantly higher than tq%'rate of production in the first
25 days. The rate of total taxane biosynttesis between days 25 and 42 was
412.3 ng per liter per day. (iii) Production nediumfornulation can induce
“up to 45-fold increases in specific taxol content conpared to rapid growth
< conditions such as those described in Exanple 7. (iv) The product spectrum
. can be mani pul ated so as to funnel biosynthesis towards the desired

. end-product taxol, while mninzing production of undesirable taxanes. For
rexanpl e, on day 25, taxol constituted 28% of the total taxanes and on day

?géet Eﬁglrmlcg 9 il)ix?ihﬁ%f%fw wadls2hieved, YeRdting iff ABirdtd détletfiirPihd Medi um
- quantitation. Because of the possibility of co-eluting non-taxane components, the
spectral purity of every putative takane peak was checked by diode array before
integration of peak areas. Retention times of taxane standards are listed in Example
5, and a sample chromatogram is included in Figure 4. .

Production Medium Conditions

As used herein, the term "nutrient medium" is used to describe a medium
that is suitable for the cultivation of plint cell callus and suspension cultures.
_The'term "nutrient medium® is general aﬁd encompasses both "growth medium"
and "production medium"”. The term "growth medium” is used to describe an
nutrient medium that favors rapid growth of cultured cells. The term "production
medium” refers to an nutrient medium that favars taxol and taxane biosynthesis in

. cultured cells. It is understood that growth can occur in a produétion medium, and
that produ;:tit.m can take place in a growth medium; and that both optimum growth
and production can take place in a single nutrient medium. -
 Certain classes of additives in the nutrient medium are referred to by special
names in this invention, and are defined here. As used herein, the term "anti-

- browning agents” refer to components that are added to the nutrient medium to
prevent the formation of pigments during cell cultivation. These pigments include
phunmkaandndmudcmnunundnﬂunlungnmnmnyohunwodtohtwnaddanknm
effect on cell growth, viability, and product formation. As used herein, the terin
"biosynthetic precursors” are used to describe compounds added to the nutrient
medium that are metabolized and incorporated by the cells into taxol and taxanes.
As used herein, the term "metabolic inhibitors” are used to describe compounds
added to the nutrient medium that interfers with specific biosynthetic pathways. For
example, & metabolic inhibitor may be used to enhance taxol biosynthesis by blocking
a different pathway that competes with taxol for an early biosynthetic precursor. As

| | This s e repiacement sheat

= § 0CT 199%

Date:



o« ®

i n‘which taxol constituted only 12.2% of the total taxanes. This abi lity to

., mani pul ate product profiles wll have inportant repercussions for

is» downstream purification and for product purity-related regul atory issues.
&+ For ‘exanple, the ability to suppres production of the taxane by-product,

¢ caphal oamanni a could greatly sinplify dow@strean1pur|f|cat|on conpared to
i purification of taxol frombark tissue. €v)" . Taxus cell cultures have been-:
L induced to secrete significant anounts of taxol (87% on day 42) and other
i taxanes. That the presence of extracellular taxol and taxanes is due to

i secretion rather than due to cell lysis is corrobarated by severa

: 1 ndependent observations: (a) continued biosynthesis occurred between days

. 25 and 42, suggesting that cells were viable and active.|ndependent
t observatlons have

wudluueuuthotcnnsunnﬂmwruradmnnmru1undtodnu:ﬂncnnuwnndundd«iu:
thetnnruunInsdnunﬁhatlunnﬂnunoracuwaullpunﬁcbunwnﬂnnu:paﬂwwum,ﬁu
example those leading to taxol biosynthesis. It is understood that the mechanism of
action of the additives described herein may not be completely understood.
If secondary metabolite formation in a suspension culture takes place
"concurrently with growth, the metabolite is termed growth-associated, and a single
medium formulation may be sufficient to achieve good growth and high level
production. In many other systems, it has been found that rapid growth and high
pnthtﬁunnnhnxdqxuutak&phwnenmanrunhn hxiud:euup.gnmmﬂxand
;uahmﬁnnphauntuoaqnwﬂnd;ndixmuﬂmnﬁmuunhphunildunmnnd
independently (reviewed in Payne et al. 1991). In the case of taxol and taxane
production in Taxus chinensis, growth and rapid product formation have been
separated, and indep'ondent media have been dévolopod for each. However, it is
understood that a single growth/production medium may be formulated for this
'mﬂnku.Tﬁepnthﬁnntmaﬁadmnmundlﬁmonnhmﬂyhnmmubtmunt:nﬂand
taxane formation, but also direct cellular biosynthesis towards taxol production. In
iddhhn;;umdncﬁqnofhnndhﬁnghw¥pnxhuzlsudzascnphahmuunﬁneisnﬁnhmﬂ
compared to bark tissue. The production media developed here also promote
prolonged cell viability and bicsynthesis, and in addmon, cause significant levels of
pro:iuct to be ncrotod into the extracellular medium. These characteristics are
annundb1nuxwﬂuﬂ1nthoopun&nnofancﬁﬁanntemmnurunlauﬂe;nbunsﬁn
taxol production.
Ahhmudhoﬂmum:nqybouuutthopnﬁuruipndhwhannuﬁu;ﬁwthevnnons
speanunnahsuulh:ThbhpS.Fhrcxanuﬂn.ahhoughoﬂmnnanyboum«tthe
preferrad production media for Taxm chinensis are B & C. These media preferably
~ contain the mgredmnt.a listed in Tahle 2. These media preferably contain major and
nunmruuwgnucsah&tnznnmaamdgnwnm1uununmmorgnnnhrugunuws The
amounts are generally with the following ranges startmg with the 1/10th to three
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shown that >70% viability have been observed after 18 days in production
.- nmedium (b) different percentages of different taxanes were secreted. |f
+ cells had |ysed, the percentage in the nmedi um m ght have been expected to -
be simlar for the different taxanes. (vi) The ability of this Taxus cel
line to thrive and produce taxol at highgates in an extracellular
environment so rich in product is partictrarly worth noting. (vii) The
Taxus cell line with which these results were obtained is al so capabl e of
rapid growth to high cell densities, and expressed the reported
productivities after 20 generati ons under rapid-growth conditions,
attesting to its stability and commerci‘al potential. The |evels of taxol
and taxanes produced by cell lines of Taxus chi nensis under the conditions
descri bed herein are higher than previously reported results by a factor of
35- to 150- ftiines thecomuntration oﬁuhandimwmgﬁdbhdﬂn Tabie 2.nHowever,

ProAUCtTON 1o prefarred lovels are those isted in Table 2 | |
| Where medium B is used, the growth regulators are incorporated into the
medium in an amount between 0.1 ppm to 20 ppm, and preferably between 1 ppm to
10 ppm. When Medium C is used, the growth regulators are incorporated preferably
at levels ranging from 0.1 ppm to 5 ppm. _

It is understood that modifications may be mads in this medium such as
substitution of other conventional salt compositions (such as organics, vitamins,
amino acids, precursors, activators and inhibitors), addition or deletion of various
components, growth regulators or alteration of proportions.

In addition to non-volatile dissolved nutrients, gaseous components, primarily
oxygen, carbon dicxide, and ethylene (a plant hormone), play critical roles in growth
and product formation. Two parameters are important. The dissolved gas
concentrations favoring growth and taxol formation are obkualy important since
they dictate reactor opornnng conditions. In addition, the rates of consumption or
production need to be incorporated into m design, so that the optimum specified
concentrations can be maintained. -

m«iummummpmﬁmmmmwunymm
rate of secondary biosynthesis. A high saturation constant for an oxygen-requiring
step on a secondary biosynthetic pathway may require cells to be subjected to high
oxygen leveis in the reactar. The importance of CO2 supplementation in maintaining
high growth rates has been documented. Ethylene, a plant hormone, plays
pleiotropic roles in all upocts of plant growth and development, including secondary
metabolism (e.g., see Payne et al., 1991). '

Elicitors | . 3 .

" In order to improve the yield of taxol and other related taxanes in ceil cultures,

the inventors have undertaken a number of approaches. One of the approaches that .
-This is the replacement sheet -
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~of 1 to 3 ng/liter of taxol by suspension cultures of Taxas brevifolia

L after 2 to 4 weeks of cuitivation. Wckeranesinhe and Arteca (1991)
greported t he production of taxol at 0.009% dry weight in cell cultures of
ﬁ Taxus nedia. In summary, our data show that with careful inftiation and

¢ sel ection of 31 Toxus chinensis cul tuc and with specially fornul ated
. growth nedi um conditions, cells can be |ﬂ§uced to growrapidly to high cell
. densities. \Wen these cells are transferred to production nmedi um :

.o conditions, cells are able to biosynthesize and secrete significant |evels
4 of taxol and other t.axanes for prolonged periods while maintaining high

; viabilities. The incorporation of periodic mediumexchange, |ight

has been used to enhance productivity is the use of so-called elicitars. As used
herein, the term elicitors is used for compounds of biological and non-biological
origin that cause an increase in secondary metabolite production when applied to
plants or plant-cell cultures (Eilert 1987; Ebel 1984; and Darvill et al. 1984). Many
dﬂﬁuentunnpmhuh¢mn|mtaseﬁdnn1;dqpuuﬁngupunthﬁrnanunofoﬁghxand
their mode of action with cell metabolism. In these studies, the inventors have used
two major kinds of elicitors: 1) Biotic elicitors which usually comprise cell wall
extracts or filtrates from a selected group of fungi, bacteria and yeasts, and also their
purified fractions. 2) Abiotic elicitors which have included chemical stress agonts as
: well as some compounds of biological origin (see elicitors listed in Table 1).

Christen et al.(1991) report the use of fungal elicitors and selected compounds
for production of taxol by suspensions of Taxus brevifolia; however, the increases in
the level of taxol accumulation due to elicitor treatments have not been specified.

" In general, both kinds of elicitors were effective, although the extent to which
elicitation (taxane accumulation in cell cultures as well as their secretion into the
medium) occurred differed from elicitor to elicitor and from species to species. The
highest production increase was attained with chitosan glutamate, lichenan, ferulic
acid and benzoic acid. Chitosan and lichonan are complex polysaccharides derived
from microbial cell walls. Chitosan when used alone is insoluble in medium, and is
toxic and causes permanent cell damage. Chitosan giutamate, on the other hand, is
readily soluble in medium and does not affect cell vubxhty Ferulic and benzoic acids
aneqnnhpmuzdchunmlhcfbuﬂqpuﬂ<nupn,amdanngunuuﬁytuudusnnﬂ-
oxidants in biological systems.

Elicitors interact with dissoived gases in many ways. Oxygen requirements
may change upon elicitation. Increases in respiration rates as a wound response is

" commonly observed in plant ceil cultures. Importantly, elicitors may mediate their
action via ethylene. In such cases, it may be desirable to substitute a microbial
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and elicitors with production nediizumresults in further synergistic
,product i vity enhancements. These properties are critical prerequisites for
#*an ef fcient commerci al process for taxol. and taxane production using tlssue :
_'_'E;cul ture technol ogy. 32 REFERENCES M Asada and M L. Shul er. 1989.
*Stinmulation.of A malicine Production and Fxcret i on from Cat har ant hus
‘roseus: Effects of adsorption in situ, El+Trtors, and Al gi nate
| robi |'i zation. Appl M crobiol. Biot echnol . 30, 475-481. M D. Beaunont
and D. Knorr. 1987. Effects of inmmobili zi ng agents and Procedures on
- Viability of Cultured Celery (Apium graveol ene) Cells.

elicitor prepmtion with ethylene, and perhaps prevent toxicity auoci.atod with other
~ microbial eomponentl in the elicitor preparation.

Elicitors and metabolic stress agents may be utilized aecordmg to this
invention to maximize taxol production and secretion in tissue culture by assessing
elicitor spocxﬁcxt:y and concentration, timing, and duration, as a functxon of culture
age and media composition.

Rapid Medium Exchange for Productivity Enhancement |

As documenu:; in Example 7.3.,.the removal of spent medium and
replenishment of fresh medium every 3 days contributed to .ligniﬂcant enhancement
of total taxane and taxol production, as weil as to an increase in the amounts of
extracellular produi:t. _

The stimulatory effects of mediurn exchange may have been due to removal of

 product in situ, which would prevent feedback inhibition and product degradation.
Such positive effects of in situ product removnl on secondary metabolite production
and secretion in mlponnonculturuhavobnndocnmnudby. among others,
Robins and Rhodes (1986) and Asada and Shuler (1989). The periodic removal of
spent medium incorporates the above advantages, lnd'additidnally, may serve to de-
repress secondary biosynthesis by remcmng other, non-taxane, inhibitory
components (such as phenolic eompotindb) from the medium.

The repienishment of fresh modiinn to cells undergoing active biosynthesis
may also enhance production by prmdmg essential nutrients that have been
depleted. For example, Miyasaka et al. (1986) were able to stimulate stationary phase
cells of Salvia miltiorhiza to produce the diterpene metabolites, cryptotanshinone
and ferruginol simply by adding sucrose to the medium. Presumably, biosynthesis
had ceased due to carbon limitation in the stationary phase. The periodic-medium-
exchange protocol used in the present work could have boon bonoﬁcul as a result of
any of the above factors.
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Bi otechnol . Lett. 9,377-382 J. Berlin and L Wtte. 1988. Fornmation of Mno-
;and Diterpenoids by Cultured Cells of Thuja Cccidentalis Phytochemistry.
_"’27 127-132. C.H. Bornman. 1983. PosSibilities and Constraints in the
E*Regeneratlon of Trees from Cotyl edonary needl es of Picea abies in vitro.
iPhyS| ol Plant 57, 5-16. A. A Christen, D, G bson and J. Bland. 1991.
?Productlon of Taxol or Taxol - Li ke Corrpounds—l n Cell Culture. U S. Patent

%5019504. A.G Darvill and P. Al bersheim 1984. Phyt oal exi ns and their
jEI i citors-A Defense Against Mcrobial Infection in Plants Ann. Rev. Plant
*Phy5|ol 35,243-275. N.E. Delfel and J.A Rothfus. 1977. Antitunor
A kaloids in Callus Cultures of Cephal otaxus harringtonia. Phytochemstry.
'16 1595-1598 J.N. Denis,, A Correa and A .E. Greene. 1991. Direct Hi ghly

iEfficient Synthesis from S- Dextro Phenyl gl yci ne of the Taxol and Taxotere

_SI de Chains. J. Citgis understood that the amount of medium exchanged, the frequency of

exchange, _and the composition of the medium being replenished may be varied.
The ability to stimulate bicsynthesis and secretion by periodic medium
exchange has important implications for the design and operation of an efficient

commercial process in the continuous, semi-continuous or fed-batch mode.

Light
For higher plants, light is a potent factor in secondary metabolism both in
intact pllntnmlluincellc\ﬂmm Both the intensity and wavelength of light are
. important (Seibert and Kadkade 1980). For example, flavanoid and anthocyanin
bxosynthuu are usually favored by high intensity continuous light, while dark-
cultivated cultures may be preferable for octher metabolites. Increase in greening or
photosynthetic capacity of cultured cells may also increase product formation of
_product spectrum. The inventors' studies invoived the use of broad-band and well as
specific narrow-band light sources. As shown in Example 7.3., light exposure can
bring about inereased taxol ascumulation as well as secretion into the medium. The
stimulatory effect of light on taxol production suggests the existence of unique control
mechanisms for biosynthesis of taxanes. The nature of the photoreceptor and
biochemical characteristics of light-induced stimulation are not yet clear.

Modes of Process Operation
The operating mode for a plant cell culture process refers to the waythgt
nutrients, cells and products are added or removed with respect to time (Payne et al.
1991). When all the nutrients are supplied initially, and the culture contents
comprising cells and product are harvested at the end of the culture period, the
operating mode is termed a 'one-stagé batch process”. When a batch process is
divided into two sequential phases, a growth and a production phase, with the
medium bemg exchanged in between the two phases, the operatmg mode is termed a -
 This.is the replacement sheét
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Chem 56,6939-6942. J. Denis, A E. Geene, D Qenard and F.

Queritte-Voegel ein. 1990. Process for Preparing Taxol. US. Patent 4924011.
+J.N. Denis, A E. Geene, D. Guenard, F,” Gueritte-Voegelein, L. Mangatal and
P. Potier. 1988. Highly Efficient Practlcal Approach to Natura Taxol J. Am - .
'f;.-Chem Soc., 110, 5917-5919. J. Ebel. 1984 | nducti on of Phytoal exin

- Synt hesi s i n Plants Foll ow ng M crobi al ‘r‘rﬁ'ect lon or Treatnent with
Elicitors. Bioregulators: Chem stry and Uses. 257- 271. U Eilert. 1987.
Elicitation: Methodol ogy and Aspects of Application. In "Cell Culture and
Somatic Cenetics of Plants,” Vol. 4, F. Constabel and |I.K Vasil (eds.)
Academ c Press, New York, pp. 153-196. P.F. Heinstein. 1985. Future
Approaches to the Formation of Secondary Natural : :

"two-stage batch process”. ,

Ina 'fedobateh' operation, particular medium additives and nutrients are
supplied eith& periodically or eontinuMy through the course of a one-stage or a
two-stage batch culture. o .

When a substantial portion, but not all, of the contents of a batch culture is
harvested, with addition of fresh medium for continued cell growth and production,
the process resembies a "repeated draw and fill" operation, and is termed a "semi-
continuous process”.

When fresh medium is eontumoully supplied, and effluent medium is
contmuouslyromoved, the process is termed "continuous®. If cells are retained
mthmtharenctor.thoproeuluurmoda *perfusion mode" If cells are
continuously removed with the effluent medium, the continuous process is termed a
"chemostat”.

. 1t is understood that these various modes of process operation are compatible
with the taxol-production system described herein.

EXAMPLES

The following examples further describe the Materials and Methods used in
carrying out the invention. The examples are intended to be illustrative and are not
intended to limit the invention in any manner. '

Example 1.
Callus Initiation :

Samples of Tazus plant material were collected from a number of wild and
cultivated plu:zt.l.' Samples were processed upon arrival at the laboratary or stored at
4°C until they could be used.

The material was first washed in dilute soap solution, rinsed in water, and the -
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Products in Plant Cell Suspension Cultures. Journal of Natural Products.
48,1- R A Holton. 1991. Method for Preparation of Taxol Using an Oxazi none.
s+ U. S, Paten 5015744. M Jaziri, B.M Dallo, MH Vanhaelen, RJ.

ffif,; Vanhael en-Fastre, A Zhiri, A G Becu and J. Homes. 1991 Enzyne- | i nked

I munosorbent Assay for the Detection and the Sem -Quantitative

Det er mi nati on of Taxane Diterpenoi ds Rel.di%ed to Taxol in Taxus sp. and
Tissue Cultures. J. Pharm Beig., 46, 93-99. .33 H Myasaka, M Nasu,

T. Yamanot o, Y. Endo and K Yoneda 1986. Regul atlon of Ferrugi nol and

Crypt ot anshi none Bi osynthesis in Cell Suspension Cul tures of

surface sterilized in a Chlorox solution (1% hypochlorite, pH 7) for 10 minutes.
Under sterile conditions the material .v_flu then rinsed 3 times with sterile water.
Needles were then cut in a 1% polyvinylpyrrolidone (PVP) solution with 100 mg/
ascorbic acid. Needles were placed with the cut end in Medium E (see Table 2).
Thirty to forty explants were cultured per plate of medium. Plﬁm containing
explants were incubated at 24+1°C in the dark. Plates were monitored daily for the
~ appearance of contaminating micro-organisms, and where they were present,

 uncontaminated needles ware removed and placed in a fresh plate of Mediura E.
Substantial callus formation was observed and the callus was separated from the
explant by 20 days and placed on the various callus proliferation media listed in Table

‘3. For example, calli of Tazus chinensis were transferred to Medium D (see Table 2).
This initiation procedure was very efficient, resuiting in low eoﬁuminntion rate and
high frequency of callus induction of over 90 % of explants initiated. The same
procedufe was successfully used to initiate cultures of Taxus brevifolia, Taxus
.cénadcmis, Taxus cuspidata, Taxus baccata, Taxus globosa, Tazus floridana,
Taxus wallichiana, Taxus media, and Tazus chinensis.

Exampie 2: |
Callus Prolifentlon

Once calli were romond from tho cxplant, they are cultivated at 2441°C in the
dark. Heaithy parts of the callus were transferred to fresh medium every 10 days,
and this frequency of transfer was found to be extremsly important for prevention of
‘browning and for prolonged callus maintenance. ‘The preferred growth and

maintenance media for calli of various species are summarized in Table 3.
Example 3:
Suspension Initiation

1 g fresh welght of callus mtenal was aseptxcallv inoculated into a 125 mi
Th $ W he repiscement sheet
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Salvia MItiorrhiza. Phytochem stry. 25,637-640. G F. Payne, V. Bringi, C
. Prince and ML. Shuler. 1991. Plant Cell and Tissue Culture in Liquid
+ Sytens, Hanser Pubishers, Minich. R J. Robins and MJ.C Rhodes. 1986. The
= Stinmulation of Anthraqui none Production by G nchona | edgeriana Cul tures '
with Polyneric Adsorbents. Appi. Mcrobi b Bi otechnol ., 24, 35-41. E K
. Rowi nsky, LA Cazenave and R C. Donehow -1990. Taxol: A Novel
- I nvestigational Atimcrotabule Agent. J. Nat|. Cancer Inst. , 82, 1247-1259.
- M Seibert and P. G Kadkade. 1980. Light. In 'Plant Tissue Culture as a
- 'Source of Biochemcais'. E.J. Staba (ed), CRC Press Boca Raton, Florida,
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t he Coni f er Tablé B).r For eéxamplen Mediuml D wasGeded foieffazis cf&n?ﬁs?s.Z TBe flask was
covered with a silicone foa;n cap (Bellco, NJ) and placed on a gyratory shaker at 120 |
rpm at 24 + 1°C in darkness. Suspension cultures were formed in approximately 3 to
10 days. Initially, medium was exchanged by suction filtering the flask contents
through a buchner funnel containing a miracloth filter (Calbiochem), and -
resuspending all the b_ioma.ss in fresh medium. Upon cell growth, 1-2 g (fresh
weight) of cells were generally transferred into a new 125 ml flask containing 25 mL

of fresh medium and were thereafter subcultured weekly.

Example 4;
Growth of Suspended Cells |

The typical growth rates and cell densities achieved in suspension cuitures of
representative species are listed in Table 4.

As a detailed example, the increase in biomass (fresh and dry weight) with
time for Taxus .chinensis line K-1 is shown in Figure 1. The maximum growth rate .
was measured by takmg the slope at points of most rapid biomass increase on the
growth curves. Cell cultures of Taxus chinensis grew at a maximum doubling time
of 2.5 days. This growth rate is significantly higher than thaf reported previously for
Taxuvs species suspension cultures. For example, Christen et al. (1991) reported a 5-
to ld-fold increase in biomass after 3 to 4 weeks of culiure, which translates to an-
average doubling time for Taxus brevifolia suspensions of 7 to 12 days.

The ability to cultivate cells at a high density is importﬁnt in maximizing the
volumetric productivity of a cell cultixrg process. Whereas cultures of Taxus
brevifolia reached a cell density of less than 1 g dry weight per liter (calculated from
data presented in Christen et al. (1991)), suspensions of Taxus chinensis were able to

reach densities c;f up' to 8 to 20 g dry weight per liter after 18 days of growth. The
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MC Wani, HL Taylor, ME. Wall, P. Coggon and MT. MPhail. 1971. Pl ant
-Antitunor Agents. VI. Isolation and Structure of Taxol, a Novel
*Anti.l eukeni ¢ and Antit unor Agent from Taxus brevifolia. J. Am Chem Soc.
- 93, 2325-2327. P.J. Westgate, A H Enery, P.M Hasegawa and P.F. Heinstei n
- 1991. Gowth of Cephal otazus harringtoni a,fl ant Cell Cultures. Appl.
M crobi al Biotechnol. 34,798-803 E.R M .¥ eramesi nhe -and R N. Arteca.
1991. Habituated Callus Cultures of Taxus nedia cultivar H cksii as a
Source fo Taxol (Abstract). Plant Physiol-., 96, (Supplenment) p. 97. J. M-
W dhol m 1972. The Use of Fluorescein Diacetate and Phenosafranine for
Determning Viability of Cultured Plant Cells. Stain . Technol., 47,189-194.
K. M Wtherup, S.A Look, MW Stasko, T.G MCoud, HJ. Issaqg and G M

Muschi k 1989%%:9?%%@“ 8%1;3 ‘%R;e‘hgt e&l .Oar& ilutx &n& Taxus,
diaeetate in acetone (Widholm, 1972), and by counting the number of grnu |
fluorescing cells upon excitation with blue light in an ihvertﬁd fluorescence
microscope (Olympus IMT-2, Japan). Cell viability was higher than 90% throughout
the growth phase.

The ability to cultivate cells under rapid growth conditions to high call
densities while retaining high viability is an important pre-requisite to the economic
operation of a plant cell culture process for producing taxol and taxol-like

compounds.

Analysis of Taxol and Taxanes

8.1. ELISA Methodl

ELISA annlysu for taxol (Hawaii Biotech) was used for largc -enlo screening
of cell lines. This method provxdu high sensitivity (0.1 ng/mL), hovuvq, because a
polycional antibody is used, cross-reactivity with other taxanes is observed.
Preparative (analytical scale) HPLC with fraction colloction showed cross-reactivity
with 10-deacstyltaxol, 7 xylosyl-10-deacetyitaxol, cephalomannine, 10-deacetyl-7-
epitaxol, 7 epitaxol, as well as other unidentified taxanes. Dupttomchcrou-
ructmtythumthodmfoundtobeutremolyuuﬁxlfordmchonofmmo '
production andallmd large numbers of cell lines to be screened quickly. Cell
extracts showing significant production of taxanes were then analyzed in detail
using the HPLC procedure outlined below.

8.2, Extraet!onol‘ramland Rohtod Tmnu
Extracnonofnxmoﬁ'omsuperwmtsmpuformodbytmmthodl.
depending on the concentrations preg_ent in the media. When sufficient amounts of
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brevifolia J.Lig.. Chrom, 12,2117-2132. KM Wtherup, S. A Look, MW
., Stasko, T.J. Ghiorzi, G M Mschik. 1990.. Taxus app. Needl es Contain
45 Amounts of Taxol Conparable to the Bark.of Taxus brevifolia: Analysis and
% Isolation. Journal of Natural Product. 53, 1249-1255. L.X. Xu and AR Liu.
1991. Determination of Taxol in Taxus chipensis by HPLC Method. Acta
- Pharmeceutica Sinica, 26, 537-540. 3 ble 1.a. List of Elicitors Used
in Elicitation of Taxus spp. Cell Cultures |I. Biotic Elicitors
(m crooganisns) * Botrytis cineres :

‘taxanes are present in liquid medis, sunplea wero prepared very rapidly and
efficiently. Media (2 mL) were dried completely (in vacuo) and a measured amount of
methanol (0.5-2.0 mL) was added. This mixture was agitated ultrasonically until
complete dissolution or dispersion of the sample was accomplished. Solids were

_removed by centrifugation prior to HPLC analysis. Quantitative recoveries hav're been
obtained at 1 mg/L levels with detection levels well below 0.1 mg/L. .

When concentration of taxanes xn the culture supernatants were low, the
medium was extracted three times mth an equal volume of a mixture of methylene
chloride and isopropyl alcohol (IPA) (9:1 by vol.). The organic layer was reduced to
dryness and reconstituted in a measured volume of methanol (50-250 mL). Multiple
extraction typically recovered 90-95% of the taxol, oophllomnino. and baceatin III
at 0.6 mg/L levels.

Cenmatmdsma&aaedby&eumg&uhlyhmodealh (-5° C),
followed by vacuum drying, and meth_anol mhloting for 50 ¢ycla. 70 to 80% of the
taxanes were generally recovered thh iO—lS% measurable decomposition. The
extraction of solid media and callus was accomplished identically to that of cells,

" however, methylene chlaride/IPA vs. water partitioning of the final methanol extract
was always performed. | o

5.3. High Performance quuid Chmmtomphy Methods

Analytical high perfomanu hqmd chromntography (HPLC) was performed
on a high-carbon loaded diphenyl column (Supeico, 5 mM, 4.6 mm X 25 cm) with an
LDC Analytical binary gradient high pressure mixing system consisting of
CM3500/CM3200 pumpe, a CM4100 variable volume autosampler and an SM5000
photo diode u'ray detector interfaced toa Total Peripherals 486 personal computer.

" Column temperature was regulated at 35° C with an Eldex CH150 column oven.
Quantitative HPLC analysns of t.annes was accomplished using a bxnary gradlent
elution scheme as follows: _ :
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*  Phyt opht hora rregasperrra' * Pinellas stripticum®* O igosporus sp. *

. Pythium mam al | atum * Pyt hi um syl vaticum* Vertici'lliumdahliae * .
s Verticilliumsp. * Pennicilliummnioluteum* Phytophthors lateralis *

¢ Cytospors cincta * Cyt ospors | eucostons * Al ternaria brassicicols *

: Alternaria sol ani o 23

0 75 25 ImL/min
40 a5 65 . .
42 25 75 , "
47 25 75 .
50 7 25 "

Eluant A = 0.018mM lCHzPO‘bmght to pH 3.5 with trifluoroscetic acid
Eluant B = acetonitrile

The chromatographic methods used resemble several publilhod methods
(Witherup et al. 1989) with the exceptions that a phosphate buffer containing
tnt_luoroaeetxc acid has been used and that a longer gradient is employed. These
differences significantly improve the resolution of taxol and other taxanes from the
mixture. The relative retention times observed for taxanes are shown Bolow. Taxol
elutes between 31 and 33 minutes de-ponding on the column and hardware used.

Compound

1 ibaceatin III
baccatia HI

7-xyl 1-10-dnautyltuol C
10-dueatyltuo
cephalomannine
10-domtyl-7~epxtaxolc

7-¢pxtaxol

| Eﬁﬁﬁgﬁﬁﬁg '

* The retention times of taxol, cephalomannine and baccatin III were
detcrniinod ‘using authentic samples obtained 'from the Nationnl Cancer Institute.
The retention times of the other taxanes listed above were compared to analytical
standards provided by Hauser Chemical (Boulder CO). Identification of known
taxanes was based on retention tnne and ultraviolet spectral companaons.
Quantxtanon of taxol, cephalomannine and baccatin III was based on response
factors determined from authentic mataerials. Quantitation of 10-d‘ueetylbnccatm m
was performed using the response factor determined for baccatin III. Quantitation
of the remaining taxol derivatives was based conservatively on tho response factor
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* Al ternaria cucunerina * Botrytis squanoss * Cochl i oboi us .
E ‘het er ost r ophus % Colletotrichumtrifolii * Col I etotrichum orbi cul um *
’CblIetotrlchun1gran1n|cols * Col | etotri chum gl oeospori oi des *
+ Cylindrocladium fl ori danum * Fusarium'cr ookwel | ense * Fusari um
" heterosporium* Fusari um oxysporum f. sp; congl uti nans * Fusari um
© oxysporum f. sp.lycopersici * FusariunLB&yaporun1f.sp.pisi

measured for taxol. i
Each ofthe standards (10 mL) wutypxcally injected (initially then after 3 or 4
samples) and areas for mh of the three components were integrated. Response
factors for each of the eomponenta was obtamod by linear leut -squares analysu of
~ the data. 10 mL of each sample was uuecud and the amount per injection was
calculated based on the ltandard data ropemon. These results were converted to
amount per liter or poreent dry woxght Figure 4 lllultntu a typxcal chromatogram

of a supornatant sample.

5.4. MSIMS Conﬂmatlon ot ‘qupl o _ .
| The xdontxtyoftaxolmcoﬂc\ﬂtunmpomatlnthubnneonﬁrmodusmgm
MS/MS method (as lhown in Figure 6) which couples flow injection with ion spray
atmosphenc preuure chemical ionization. Details of the procedures used for |
_acqumngthedutaprmntedmﬁguresm as follows: Mu.ﬁmm Scxex
API 38 triple quadrupole with an atmosphene pressure ionization source. Nitrogen
was used as the curtnn gas andargon was used as the collision gas for the CID
spectra. [nterface: Ion Spray interface producing ions by Ion Evaporatibn Ionization
(Electrospray). Zero air was used as the nebulizer gas.’ I.&_Enm. ABI 140B dual
.synngnpumpopentmgatsnl..lmmute Solvents: SOIGOMmtnlellﬂOZmM
NH4OAc + 0.1% formic acid. Injection Volume: 5 ul, all spectra taken by flow
-iniect.ion‘am.lyais. This method provided unequivocal confirmation for the presence
of taxol in cell culture samples, and also provided qulntztatxon with excellent
agreement to HPLC results. '
Taxzol produc‘ﬁon by varlous!lpodu .
The taxol produced by cell cultures of various Taxus species is summanzed in
Table 5. Callus was cultxvated for 20 days xn t.he dark on the indicated solidified
| ' This is the replacement sheet
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* G bberella zese * Gaeunmannomyces gramnis var.tritici *. Geotrichu
_sp ¥ Lept osphaerl atorrae * Nectri a heanat ococca MPVI *
+ Mycosphaerel | a 'pi nodes * Ophi ostoma ulm * Phoma |ingam * Phorma

pi nodel | a * Phyt opht hora infestans *  Pythium aristosporum*  Pythium

gram nicola * Pyt hi um ul ti num 25" .

medmm for uch species. The cells and medium were dried and methanol-extracted
together, and assayed by either ELISA or HPLC as indicated. The resuits obtained
with T'azus chinensis cultures are elaborated further in Examples 7 and 8.

Example 7;
7.1 Production in growth Mm

The production of taxol and related tnanu comm.neod within the first 2 days
of transfer into growth Medium A . The maximum taxol observed was on day 15, at
8.81 pg/flask, which corresponds to 0.44 mgliter tuol Of this, 46.1% was present in
the extracellular medium. On day 15, the total taxane concentration was |
72.87ug/flask, or 3.6 mg/liter, of which 58.6% was present in the extracellular
medium. Theﬁlbiﬁt?ofunlmdmnmmmm as measured by
ﬂt_xofescenea staining (Example 4), suggesting that the preunco of extraceliular taxol
and taxanes was due to secretion rather than due to cell lysis. The ability of cells to |
secret taxol andtannu will boan unportant aspect of continuous operation.

72 Medium exchange for productivity enhancement

Significant improvements in taxol and total taxane productivity were obtained
by aseptically suctioning off growth Medium A on day 9, replacing with fresh
medium and repeating the procedure on day 12. The experiment was terminated on °
day 18, mdthomultsmuhmm!‘igunz Theunpornntmcnuum
productivity due to modxm uchango are summarized in Table 6. The total amounts -
of taxol and taxanes produced were ca. 4.6-fold higher with medium exchange
comparod to controls without treatment. Importantly, ca. 4.9-fold higher taxol -and

ca. 5.9-fold higher total tnnnu were recovered in the extraceilular medium .

compared to controls without medium exchanga trestment.

The ability to um‘kodly enhance taxol and total taxane productivities, and
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* Rhi zoctoni a sol ani * Scl eroti ni | Sp.' * S. nodor um D- 45 35 *

; Tranmet es versi col or : . Table 1.a (continued) *
3 Ust|lago maydis * Venturia inegualis Il:Z " Biotic Elicitors (M crobial
+ fractions or products) * Chi tosan * Cellulysin * Lichenan

* Mul tifect XL 26

moroover. to cause extrmllulu- product accumulation is important for operation of
‘an eﬁ'xcxent contmuous process with biomass reuse and simplified downstream

purification.

73. Eﬂectolﬂghtonhnmpmducﬂonlnmwthmodlm
Lxghtxsknowntoplayanxmporuntmlonotonlymphomynthumbutalaom
various aspects of secondary metabolism in plant cell cuitures (Seibert and Kadkade
1980). Whereas the experiments described in Examples 4, 7.1, and 7.2 were conducted
in darkness, the response of Taxus chinensis cultures to light is described here.
One gram fresh weight of 7-day old cells of Taxus chinensis line |
K-1 were inoculatad in 25 ml of growth Medium A (ses Table 2) in 125 ml Erlenmeyer
flasks and incubated at 24 £ 1°C on a gyratory shaker at 120 rpm. Duplicate flasks
were placed in the dark a_ndtin&ar a"sltandnrd GroLux lunp at a distance of 3 feet.
‘Spectral characteristics of the lamp are shown in Figure 3. Results are shown in.
Table 7. | |
_ Expuunofculmmwhghtdxdnotuﬂmwulmlmhorthcmntof
extraealluhr accumulation. However, taxane profiles were significantly altered in -
the two treatments. For cumplc, cells cultivated in the hght produced 2.8 fold higher
taxol thandxdeallsmthodlrk. Thoproporuonofextraeallulartuolmalso
ugmﬁe-ntly lnghor than in the dark ttat.mont. (76% vs 56%). Thouu of light =
tre:tmont.upoudlyofspocxﬁcspoc&dquahty, wouldthusboctromolyuuﬁxlma
~ cell culture process for taxol production.

'Elcitors Ly
The term ehcztors u uud for eomponnds of bxologlal (or bwtxc) and non-
biological (or abiotic) origin that cause an increase in aoeondary motabohm when
added to plant cell cultu;es.. - :
o E This is the replacement sheet
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* d ucomannan * Multifect CL * Pleuran *

- Resinase * d ucan ' * Pul pxyrre *  Car boxymet hyl gI ucan *

gy SP431 *  Hydroxynet hyl gl ucan * Pect i nol” * Sul f oet hyl gl ucan : *

Rap| dase * Mannan : Kl erzyme * Xyl an : *

_Chitinase * Mannobi ose * Mannotriose * Manpppent asoe * Mannot etraose |11.
Abiotic Elicitors (Chemcal Stress Agents:&s—well as sone naturally

‘While & number of elicitars have been found useful; & repressntative
illustrative exﬁ:ipio is described here in detail, namely, the use of chitosan
glutamate. While chitosan has been previously tried as an el_iéitnr in somé. plant cell

" culture systems, the accompanying toxic reactions such as browning and loss of
‘viability have made its use impractical (Besumont and Knorr 1987). Indeed such
toxic side reactions are a common dnwback ofmany oliaton reported in the
literature. 'l'he use of chemically modxﬁod chitosans such as dntonn glutamate to
specifically induce taxol and taxane bnosyntheou while circumventing toxic side-
'eﬁectsunnmlapprouh. ' o '

Susponnonsomec chinensis th-l zrownngodmmeor? tosdnys '
wmsuctxonﬁlterod lnphcaﬂyunngalmﬂoBuubncﬁmnolﬁMmtha _
miracloth (Calbiochem) ﬁltnr 2g fresh wdlt cells were aseptically transferred to
25 ml of medium C (see T:blo 2)ina 125-mL Erlenmoyer flask. A solution of 0.05%
c!ntoun glutamato was prepared &ahly and filter-sterilized through a 0.22 micron
‘cartridge filter:. 825|:.Lofthnlolutxonwuaddedtothoﬂukutthouurtofthe '
experiment, corresponding to a level oflssmgehmpcmdrywughteollu
Theﬂuhwmmcubatodat%l’Conamﬂmylhlhrlt 110rpm1nthodlrk.
The {lasks were dutructxvcly nmplod on day 15, and observations on growth, color of
thecellsandmodmmandeollvmbxhtymreeordod. Freeze-dried samples were
methancl-extracted for taxol and taxanes as described in Example 5, and were
analyzed by HPLC. The results of this experiment are shown in Table 8.

Enuwmmmudin.mimpmtmmwauw '
taxane production (0.53% vs. 0.42% dry vmght taxanes) over non-truhd controls.

The non-toxic nature of the elicitor is evident from the high vxabxlmu (75-80%)
observed in both treatments. In fact, an increased dry weight in elicitor traf.ment
compared to controls has been reproducxbly obuﬁnd (14.2 g vs. 10.1 g/l dry weight).
The higher cell densities resuited in an 1.8-foid greater titer of total taxanes in the
ehcztor treatment, i.e., 75.8 mg/L versus 42.4 mglL for the eontrol.
This is the replacement sheet
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occurri ng. bi-ochem cals) * Arachi dom c aci d * Vanadyl sulfate *

5 Fenpr openor ph *. EI aidic acid - * Uni conazol * Prochloraz *
+ Cyclic AMP - *  Pacl obut razol * Naptifine * D butyrl Cyclic
* Sperm ne * EDU * Met hyl Jasnone "* Sperm di ne

C s - Jasnpbne * Putresgi ne * MPTA * M conazol

* Cadavari ne * @utathione * FerulTc acid * Protam ne
Sul fate * EGTA *» AMD 1618 - * SKF-7997 * G bberellins
TritonX-100. * VER29 : . * Abscisic Acid * Benzoic
. acid - * Ancym dol - * 1,3-D phenyl ‘urea * Salicylic acid
~* Triadi mef on *  Diazoli d'enyl urea’ """ R

- The elicitor troatmont ruulud m mcreuod taxol biosyntheasis, both on a per-
cell bms (0. 098% vs 0. 054% dry woxd:t taxol. a 1.8-fold increase) and in a titer

“comparison (13.9 mgIL versus 5.4 mg/L. a 2.6-fold increase). The extent of secretion

was higher for the ehcxtor trutment eomplred to the control (85% versus 72%
extracellular product). :

The elicitor treatment described herein resuits in increased gxox'proaucziou, 2
more favorable product profile, enluneod product secretion and retention of high cell
viability. These production chunctmstxc: ‘represent a dgmﬁcant improvement for a

cell culture process for taxol productxon.

;Prodnction modlnm dmlopmnt

Inan eﬂ‘ort to increase taxol productmtiu over. tho lmls ducnbod in example

6, nutrient levels were mlmpulatod to formuhto special productaon media’. 7to 8

day old suspennons of Taxus clunem hno K-1 grown in Medium D were suction
filtered uoptxcally unng a sterile Buchncr funnel fitted with a miracioth
(Calbiochem) filter. 500 mg fresh wghtaﬂnwmuuptxuﬂymfmdto 5 mi of
production Media B and C (see Table 2) The vessels were incubated for varying time

;penodsoflS.25.mdﬂdnylatzhl’ConngnwryshnkcatnOrpmmtheduh

Truunontl were destructively umpled. and observations on growth, color of the cells
and m-dmm., and cell viability were roeordod. szo-dnod samples were methanol-

_emmdformolmdtmudombedemplo&mdmmﬂyzodby

HPLC.

9.1. Results of ls-dny Cultivntion

 Taxus chuumu coll culturu raponded to tho altered medium compositions |
by producing significant levels of taxanes and taxol. These data are summarized in
Table 9, and a aample chromatogram is shown in Figure 4. In medium B, 99.8
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* Propyl gallate * Phosphon D *  Phl oroglucinol * Sesanol
{. * Thiourea ,.,.  .* . Sodiumalginate *. Chl orochol i ne chl ori de *

% Dextran Sul fate * Carragenan * 3, 4-di.chorophenoxy triethyl *

% Hydroqui none (anine) * Chitosan glutamate * -

- Chl oroet hyl phosphoni ¢ acid * Diethyl dithi 9 arbamc acid *

" Nordi hydroguairetic acid * Dithiothreitol Sodi um net abi sul fite *

. Potassium netabisulfite * d-am no-DL-Phenyl al ani ne

mg/liter of total taxanes were produced, with 24.1 mg/liter of pure taxol. In Medium
C, 110 mg/liter of total taxanes were produced, with 21.3 mg/liter of taxol. On a dry
weight basis, cells produced 0.18% dry weight taxol on medium B, and 0.065 % dry
weight taxol on medium C. | | |

9.2 Prolon;od Oulﬂvatlon

" Taxol and taxane production M ‘prolonged cultivation of Taxus chinensis

cells (line K-1) forzsmdizdmwustudmd in medium C, thoromltsforwhxchm
‘summarized in Fxgurc 8. The following axgmﬂant oburvmonl can bo

summarized:

(i) . Tazus suspension cultures are upablo of producing significant levels of taxol
and other taxanes. nghutucumulatxonoecurredatﬂdays. thh032%dryvmght
taxol, and062%drywexghttotnlunna-cmpmdmgtom¢nof153mdbtuol
and295mglLtotdtumubmdonﬁmlmodmmvolum. The analysis of this

sampie by tandem mass apoctrometxy eonﬁrmed the presence of taxol as shown in
Figure 6. Quanntatxon by MS/MS uhawcd oxenllont ‘agreement with HPLC

(ii) Thermofuxolbxuynthnubotwaondayn%mdﬂmatc& 7.6 mg taxol per
liter per day assuming linear production in the 17-day period. This rate is
smxﬁuntlyhxghnrthmtho rmofprodncnon in the first 25 days. The ratooftotal
taxane biosynthesis between days 25 and42wu 12.3 mg per liter per day.

(iii) Productxon medium formulations can induce up to 45-fold increases in spoc:ﬁc
taxol content compm.d to rapid growth eox_xdmonl such as thocp described in
Example 7. | | |
(iv) The product spoctrum can be mmpulatod so as to funnel blosynthem towards
the desired end-product tuol whxle :mmmmng productxon of undesirable taxanes.

For enmpln, on day 28, tuol eomtxtuted 28% of the total taxanes and on day 42, taxol

' conatxt.uted 52% of the t.otal taxanea in contrast to growth medium (see Example 7.1), o
Th:s is the replacement shéeet
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.36 Table 1.b. List of -Precursors, Inhibitors & Stinulants or Activators

#iUsed in Regul ation of Biosynthesis of Taxol & Taxanes in T. app. cell

fculture. Preursors | nhi bitors Stinulants or
““Acti-vators Phenyl al ani n Chl orochol i ne chloride Cyclic AWP Lysine
=.Uni conazol Di butyri Cyclic AI\/B@'yrom ne

“tPaci obut r azol Met hyl Jasnone Trypt ophane SKF- 7997

;G s- Jasnone Met hi oni ne MER29 -

'.‘-..Chl or oet hyl phosphoni ¢ acid Tyram ne Ancym dol _

FYANIE .

Sper m ne Sodi um acet ate Tri adi mef on Sper m di ne

in whiich taxol constituted only 12.2% of the total taxanes. This ability to manipulate
product profiles will have important reporcumom for downstream purification and
for product purity-related regulatory msuu. For example, the ability to suppress
production of the taxane by-product, csphalomnmno couild greatly lunplify
downstream punﬁcatxon compared to pnnﬁeatxon of taxol from bark tissue.

(v)  Taxus cell cultures have been induced to secrete significant amounts of taxol
(87% on day 42) and other taxanes. That the presence of extracellular taxol and
-tumnhdmtbmﬁonrﬁhuthﬁduohaﬂlyﬁnhmutdbym
independent observations: (a) continued bicsynthesis occurred betwsen days 25 and
42, suggesting that cells were viable and active. Independent observations have
shown that >70% visbility have been cbaerved after 18 days in production medium, (b)
different percentages of different taxanes were secrsted. If cells had lysed, the

ntagamthemedmmmghthaveboonupochdtoboumﬂnrforthodxﬂ'mnt

taxanes.

(vi) The bility of this Tazus cell liné to thrive and produce taxol at high rates in
an extracellular environment so rich i xn product is particularly worth noting.

(vii) The Taxus cell line with which thm rnultl were obtained is also capable of
rapid growth to high edl densities, and expressed the roportcd productivities after 20
generations under rapid-growth conditions, attesting to it stability and commercial

. - ceatial

The levels of taxol and taxanes produced by cell lines of Taxus chinensis
under the conditions described herein are higher than previously reported results by
a factor of 35- to 150+fold. For example, Christen et al. (1991) reported the production
of 1 to 3 mg/liter of taxol by suspension cultures of Tazus brevifolia after 2 to 4 weeks
of cultxvatxon. Wickeramesinhe and Arteca (1991) ‘reported the productxon of taxol at
10.009% dry wexght in cell cultures of T'axus media.

In suminary, our datc show thnt with careful initiation and selection of
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Pot assi um acet at e Phosphon D Put resci ne Ammoni um acet ate
Fenpr openor ph Cadavari ne Meval-onic acid Prochl oraz
MPTA Farnesyl acetate Napti f.i ne : DCPTA Geranyl acetate
M conazol -DI PTA Geranyl ger ani ol acetate Silvei N trate

ACC Typt am ne . Nor bor nadi ene HTA Ment hol

AMO 1618 "~ Brassinosteroids eé-—H nene Al ar

BHA Trans-ci nnam c acid 4- am no- 5- Hexynoi ¢ acid BHT Canbrene A

"* Phenyl et hanol ami ne "~ OTA Verticillene ' Phenet hyl amin Verticillol
- d yphosphat e : )

Taxus chinensis cultures, and with lpocully formglatod growth medium
conditions, eells can be induced to grow i‘;pidly to high cell densities. When these
cells are transferred to production medmm conditions, cells are able to biosynthesize
and secrete significant levels of taxol and other taxanes for prolonged periods while
nmntaxmng high viabilities. The incorporation of periodic medium exchange, light
' and elicitars with production medium results in further synergistic productivity
enhancements. These properties are critical prerequisites for an efficient
commercial process for taxol and taxane production using tissue culture technology.

Tris i§ the repiscement shee
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Canphor Di hydr ocycl osucal enol Quercetin Met hi oni ne
. Sul foxi de Levulinic acid B- hydrozyphent hyl ani ne Abietic acid
“» 5- Met hyl - DL-Tr ypt’ ophane Bor neol a- Fl uor ophenyl aI ani ne 5-2

. Ami noet hyl - L- cyst ei ne hydrochl ori de 37 [err]
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38 Table 3. Preferred conditions for callus proliferation for various Taxus
species. The ingredients in the basal nedia are listed in Table 2. G owh

- Regul ators* "Species -*  Basal Mediun Auxin Cytokinin (Table 2)

-~ Conc (M - Conc (M T. brevifolia ' F : P

- 5x10[err] 2i P -10[err] D 33 P 5x10[ err] BA
10[err] T. canadensis H R = 5x10[ err] K
ioferr] D . - .. . P 5x10[err] ‘BA 10[err] T. chinensis .
D P 5x10[ err] BA - 10[err] A N

- 5x10[err] ~BA - . -10[err]
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P ’ 5x10[ err] BA | 10[ err]

T. gl obosa D _
= T. floridana D ‘P . 5x10[err] BA 10[ err]
“"T. baccata. . < D P Bx10[err] BA 10[err] -
- T. cuspidata "D P 5x10[ err] BA - 10[ err]
T. media D P 34. 5x10[ err] BA . 10[err]
T. wal lichiana D P ———5x10[ err] BA 10[ err]

Abbrevi ations: Picloram (P). Napkthal ene acetic acid (N), Benzyl adeni-ne
(BA). Di-methyl allylam no purins (2i P) Kinetin (K) 39 Table 4. Typical
growt h characteristics of Taxus sp. suspension cultures

b} . . P . c.

- Table 1.a. List of Elicitors Used in Elicitation of Taxus spp. Cell Cultures
1. Biotic Elicitors (microorganisms)

Eummmmmm f. sp. conglutinans
Fusarium oxysperum f. sp. lycopersici
Fusarium oxveporum f. sp. pisi

AL

This is the roplacement sheet
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Dry Wi ght Fresh Wi ght Dry W. Fresh W. Doublind Tine

+ Doubling Tinme Density Density T. brevifolia 2.0 days 3.5
‘v days - 20 g/L 400 g/L T. baccata 2.0 6.0
15 220 T. chinensis 25 - 45 - 20
%285 T. canadensis  nd* 8.5 5 13 260 *not yet
+; det erm ned 40 Table 5. Taxol production=rm various Taxus speC| es.
i1 Speci es : - Taxol content I\/Edl um Anal ysi s
.Trametes versicolor _ Table 1.a. (continued)
Ustilago mavdia :
Venturia inequalis _
I1. Biotic Elicitors (Microbial fractions or products)
* Chitosan * Cellulysin
e Lichenan * Multifect XL
e Glucomannan * Multifect CL
* Pleuran * . Resinase
* Glucan ¢ Pulpxyme
. Carboxymathylglucan e SP431
* Hydroxymethylglucan ¢ Pectinol
¢ Sulfoethylglucan * Rapidase
e Mannan ¢ Klerzyme
 Xylan _* "Chitinase
e Mannobiose '
¢ Mannotriose
¢ Mannopentaose
* Mannotetraose

I11. Abjotic Elicitors (Chemical Stress Agents as well as some naturally
occurring biochemicals)

. Arachidonic acid e Vanadyl suifate *  Fenpropemorph
¢ Elaidic acid ¢ Uniconazol * Prochloraz
¢ Cyclic AMP. : « Paclobutrazol * Naptifine
* Dibutyrl Cyclic AMP * Spermine + EDU
* Methyl Jasmone * Spermidine * HTA
e Cis - Jasmone * Putrescine  MPTA
e Miconazol _* Cadavarine "+ Glutathione
* Ferulic acid * Protamine Sulfate = EGTA
« AMO-1618 o SKF-7997 » QGibberellins
* Triton X-100.  MER29 » Abscisic Acid
* Benzoic acid * Ancymidol * 1,3-Diphenyl urea
e Salicylic acid * Triadimefon * Diazolidenyl urea
¢ Propyl gallate ¢ Phosphon D ¢ Phloroglucinol
e Sesamol ¢ Thiourea ¢ Sodium alginate
¢ Chlorocholine chloride ¢ Dextran Sulfate ¢ Carragenan
e 3,4-dichlorophenoxy tnethyl * Hydroquinone
(amine) Chitosan glutamate
e Chloroethylphosphonic acxd '
¢ Diethyldithiocarbamic acid
* Nordihydroguairetic acid
* Dithiothreitol
‘¢« Sodium metabisulfite
¢ Potassium metabisuifite

d-amino-DL-Phenylalanine
| This is the replacement sheet
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| (% dry weight) (See Tabl es 2&3) T.. breV|foI|a 0. 006
F

ELI SA T. canadensi s 0. 004 H :

- ELI SA T. baccata 0.0014 : D HPLC T..
gl obosa 0. 0003 G ELI SA T. cuspi data
0. 0025 . G - HPLG T. $4oridana ' 0. 001
G ELISA T. nedia ~— 0.02 F
ELI SA T. chinensis -°0.18 B HPLC

;41

Table 1b. List of Precursors, Inhibitors & Stimulants or Activators Used in
Regulation of Biosynthesis of Taxol & Taxanes in T. spp. cell cultures.

E recursors . Inhihitnn sn'mnlnnt! or Amm .

Phenylalanine Chlorocholine chloride Cyclic AMP .
Lysine Uniconazol Dibutyrl Cyclic AMP
Tyrosine : Paclobutrazol Methyl Jasmone
Tryptophane SKF-7997 Cis-Jasmone
Methionine MER 29 : Chloroothylphoophomc acxd,
Tyramine . Ancymidol Spermine
Sodium acetate Triadimefon Spermidine -
Potassium acetate Phosphon D : ~ Putrescine
Ammonium acetate Fenpropemorph Cadavarine
Mevalonic acid Prochloraz MPTA
Farnesyl acetate Naptifine DCPTA
Geranyl acetate Miconazol DIPTA
Geranylgeraniol acetate Silver Nitrate ACC
Tryptamine Norbornadiene HTA
Menthol AMO 1618 Brassinosteroids
a-Pinene Alar BHA
Trans-cinnamic acid 4-amino-5-Hexynoic acid BHT
Cambrene A ‘Phenylethanolamine OTA
Verticillene Phenethylamine
Verticillol ' Glyphosphate
Camphor Dihydrocycloeucalenol
Quercetin Methionine Sulfoxide
Levulinic acid B8-hydroxyphenthylanine
Abietic acid , S-Methyl-DL-Tryptophane
Borneol a-Fluorophenylalanine

: 5-2 Aminoethyl-L-cysteine hydrochlorxdo

_ This is the replacement shee
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| nprovenents in productivity due to medi um exchange treat nent.

Tabl e 6.

-

| evel s achieved in a
line K-1 was cultivated in

Extracel | ul ar

Nunmbers are expressed as X-fold inprovenent. over

15-day batch interval

4.55

42 Table 7. Effect of.

and taxane content

| evel s Taxol
of Taxus chinensis line K-1 cultivated in Medium A

t axangp

| evels in cells and nedi um ¢onbi ned
Standard GroLux light treatnent on taxol

cul ture.

| evel §*

Taxus chi nensi s cel
4.89 Total

Medium A in the dark. Total

4.6

]
¢ AT R SN

5.94 *Tot al

in 10-day old

3

Table 2: Components (mg/l) of Phyton Catalytic media used for cultivation of Taxus cultures.

Casein
ﬁ%?gﬁﬁ:

‘H

. * Fimr-aterilized into sutociaved medium

A
meil.

134.0
20

0.02%
0.02%
3713

a8
12.00

1324

B
mall

208.4
0.01

as
3882
23.788
0.001
680
0.73
00.0

188
200.0
100.0
*s0
148.4

0.0
20

10.0
50000.0

20
- 10.0

C
me/l

28
0.73
28.3%
50.0
0.008
0.008
.32
6.5
308
228

‘0.178

10.0

D
mgiL

134.0

do
1M3.24

0.028
0.025
a3 -

27.8
122.09
100

0.78
2500.0

130.8
2.0
100.0
1.0
1.0
10.0
202.0

10000.0
0.002

100.0
1.2

E
mell

8r.0
1.8
58.62

0.0123
0.0123
10.88
139
81.04
5.0 -

F
mgll,

0.7
728
388.0
0.28
73
7.0

180.7
223

0.2%

170.0
990.0
ee
100.0
1.0
10
10.0
17500

10000.0
100.0
1.2
0.02
se

<]
moll.

134.0
6.2
1324

0.025
0.025
373

218
122.00
10.0

moil
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’ Amount s shown are expressed as [er}]g extracted from20 m of suspension.
. Cell growth was identical in both treatnents (164 ng dry wei ght per flank).

5= Li ght . Dark Total taxol: cells and medium 8 8[err]g

5; 3.13 [err]g ‘Extracel | ul ar taxol : - 76. 40% 56. 20%
Total taxanes cells and nedi um 61. 55 [%r] g 62.17 [err]g
Extracel | ul ar taxanes: 89% L 84% 43 Tabl e 8.

Conparison of chitosan-glutamate treated to non-elicited suspensions- of
Taxue chinensis line K-1 after 15 day cultivation

Table 3. Preferred conditions for callus proliferation for various Taxus species. The
ingredients in the basal media are listed in Table 2.

_ Growth Regulators*
Species - Basal Medium . Auxin Cytokinin
(Table2) Iype Conc(M Ivpe Conc(M
T. brevifolia P P 5x108 2P 107
D P ‘5x108 BA 108
T. canadensis H P 5x 106 K. 107
D P 5x 106 BA 108
T. chinensis D P . 5x108 BA: 108
| A N - 5x108 - BA: 108
T. globosa D P 5x108 BA 108
T. floridana D P 5x106  BA 108
T. baccata D P §x 108 .BA 108
T. cuspidata D P 5x 108 BA 108
T. media D . P 5x108 BA 108
T. wallichiana D P 5x108 . BA .. 108

*Abbreviations: Picloram (P), Naphthalene acetic acid (N), Bensyladenine (BA). Dumthyl
nllyhmnopunu(!i?).&notin(m e _

* This is the replacement sheet
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i n medium C. Taxane |evels reported are fromcells and nedi um conbi ned. %
extra refers to the percentage of extracellular product. CONTROL

ﬁ’ELICITCR Cel | density 10.1g/| : Cell density 14.2 g/L Cell
% viabilily 70-80% viabl e Cell viability 75-80% vi abl e Taxanes
S %dry wt mg/ L %Extra %ry wt. 39 no/lL % Extra Taxol
0. 054 5.4 72.0 0. 098 — 13.9 85.0 Bacratia Il
0. 057 5.8 : 69. 9 0.055 7.8 76.6 7- Xyl osyl
10- deacet yl i axo 0. 040 4.0 63.0 - 0.048 6.9 77.0
10- deacel yl t axol 0.004 0.4 71.1 0.0 1.0

75. 3 Cephal omannine 10. deacet yl-baccati n“l 1 k¥

Table 4. Typical growth characteristics of Taxus sp. susp§h3i0n cultures

. - Dry Weight . Fresh Weight Dry Wt. Fresh Wt.
Species Doubling Time Deubling Time Density Density
T. brevifolia 2.0 days " 85days 2 20gL 400 g/L
T. baccata 20 a0 15 220
T. chinensis 25 . 45 2 , 285
T. canadensis - nd* a5 13 260
*not yet determined : : :
ST I H IR N
S T L EPE TG i the replacement sheet
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10- deacet yl - 7- epi | axol 0. 054 5.4 . 74.2 0.076

10.8 85.7 7-Epitaxol - 0.009 0.9 74. 6
» 0. 009 - 13- - ~86. 2 UnKnown Taxanes 0. 203 - 20.5
79.7 0. 240 34.1 90. 2 Total Taxanes: - 0.421
42. 4 0. 533 75.8 44 Tabl e 90 Nut ri ent nmedi um mani pul ation

. for enhanced taxane and taxol biosynthesis in: Taxus chi nensi s suspension

. line K-1. 500 ng fresh weight cells were inoculated per 5 nL of nedi um and

- incubated in the dark for 18 days. The-total taxanes produced (in the cells - .=
and nedi um conbi ned) i.s reported. The ingredients in B

L AN
i

Table.5“.. Taxol p_rod"ud:-ioﬁ in various Tazus species.

Species | " Taxol content Medium Analysis
(% dry weight) (See Tables 2&3) :

- ELISA

T. brevifolia 0.006 F
T. canadensis - 0.004 H ELISA
T. baccata 0.0014 D HPLC
T. globosa . 0.0003 G ELISA
T. cuspidata 0.0025 -G HPLC
T. floridana 0.001 G ELISA
T. media _ 002 . ELISA
B HPLC

T. chinensis : T ¢

This 6 the repisesment sheet
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media B & C are listed in Table 2. Médium B . Medi um C Taxane

Level _ (mg/ L) ~ (ng/L) Baccatin Il

4.3 B % 3.9 7-xyl osyl 10-deacetyl taxol 83

129 Cephal omanni ne 1.1 _ trace 10-deacetyl
7-epi taxol 46 . 41 5.4 taxol '
24.1 21.3 7-epi taxol — . . ' 1.3

2.8 other unidentified tazanes* 56.1 o 63. 7 Tot al

t axanes S 99.8 ny/| -+ 110 ny/l

o

- Table 6. . Improvements in productivity due to medium exchange treatment.
Numbers are expressed as X-fold improvement over leveis achieved in a 15-day batch
interval. Taxus chinensis cell line K-1 was cultivated in Medium A in the dark.

Taxol 46 4.89

Total taxanes 4.55 5.94

. *Total levels in cells and medium combined.

“ This is/the replacement sheet
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45 The clainms defining the invention are as follows: 1. A process for
recovering taxol and taxanes in high yields fromcell cultures of a Taxus
i#~ speci es conprising: cultivating in suspension culture, in one or nore
“nutrient media under growth and product formation conditions, cells of a
Taxus species derived from call us and/ or % spension cul tures, and
recovering said taxol and taxanes from sard-cells and/or said nmedi um of,
said cell culture, said conditions selected from the group consisting of
continuous or intermttent illumnation with broadband or narrowband |ight,
periodic renoval of taxol and taxanes fromthe culture, use of distinct
nutrient .media for growth and production phases of the culture, presence in
the one or nore nutrient nedia ofat-feast one of an organi ¢ ' nitrogen
source, a biosynthetic precursor of taxol, a plant hornone, a plant growth
‘regul ator, an elicitor; .an activator, a metabolic or non-netabolic
inhibitor, or an anti-browning agent. '

Table 7. Effect of Standard GroLux light treatment on taxol and taxane content in
10-day old cultures of Taxus chinensis line K-1 cultivated in Medium A.

Amounts shown are expressed as pug extracted from 20 ml of suspension. Cell
growth was identical in both treatments (164 mg dry weight per flask).

| o Light Ll Dark:
Total taxol: cells and medium: 88ug ) - 313ug
Extracellular taxol: - 76.40% 56.20% -
Total taxanes cells and medmm. 61.55ug : 62.17 ng
Extraceliular taxanes: : 89% _ T 84%

£oreys . T :‘.. Py A ‘ . This isthe replacement She@t
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2. The process of claim1, wherein the Taxus species is selected from
the group consisting of 7: canadensis, T. chinensis, T.cuspidata, 7. °
baccata, T.globosa; T: floridana, T. wallichiana, and T.nedia 3. The -

iprocess of claiml or claim 2, wherein'said cultures are cultivated in

f' continuous or internmittent broadband or nggrowband light. 4. The
‘process of any one of 'clains 1-3, whereimSaid nutrient media include

organi ¢ nitrogen sources. 46 5. The procees of any one of clainms 1-4,
wherein said nutrient nedia include plant hornones, synthetic growh
regul ators, biotic or abiotic elicitors.

u

It ¢

Table 8. Comparison of chitosan-glutamate treated to non-elicited
suspensions of Taxus chinensis line K-1 after 15 day cultivation
in medium C. Taxane levels reported are from cells and medium
combined. % extra refers to the percentage of extracellular

product.
Gl - " CONTROL -~ “'l'i ~  "ELICITOR .
Cell demsity 10.1g/L Cell demsity 14.2g/L
. Cell viabilily 70-80% visble 1Cell viability 75-80% viable

‘Taxanes . ' % dry wt mg/l, % Extra | % drywt mg/L % Extra

Taxol 0.054 54 720 0.098 13.9 85.0
- {Bsccatin Il : 0.057 . 58 6.9 0.05S 78 76.6

7-Xylosyl-10-deacetyltaxol  0.040 4.0 6340 0.048 6.9 77.0

10-deacetylaxol 044 0.4 1.1 0.4 1.0 783

Cepbalomannine

10-deacetylbaccatin IlI :

10-descetyl-7-epitaxol 0.054. 5.4 74.2 0.076 10.3 85.7

7-Epitaxol 0.009 0.9 74.6 0.009 1.3 86.2

Unknown Taxanes 0.203 20.5 79.7 0.240 '34.1 90.2

Total Taxawes: . 0.421 42.4 0.533 758

This i6 the repimcement sheet

pDete: = 4 OCT W9GB



3

" 6. The process of any one of clains 1-5, wherein said nutrient nmedia

- includes picloram 7. The process of- any one of clains 1-6, wherein
s chitosan glutamate is present in at.least one nutrient nediumas an
f:elicitor. 8. The process of any one af claims 1-7, wherein said nutrient
-“medi a include biosynthetic precursors, or zget:abolic or nonnetabolic
‘inhibitors. 9. The process of claim 8, “wherein phenyl al anine i s present
~in at least one nutrient medium as a netaboli¢ precursor and/or inhibitor.
10. - The process of any one of clainms 1-9, wherein said nutrient nmedia
contain anti - ‘browni ng agents, anti-oxidants, stabilizers, enhancers,
“radi cal scavengers, and/or reduci mgiagentis.-w11. "-2Theér pt-ocess of "any 6ne of

clains 1-10, wherein said nutrient nedla are the sane for ceII culture

growth and for T&Qfécg ﬁ&%&ﬁf&%ﬁ%ﬁm&m for enhanced taxane and taxol
biosynthesis in Taxus chinensis suspension line K-1. 500 mg
fresh weight cells were inoculated per 5 mL of medium and
incubated in the dark for 18 days. The total taxanes produced (in
the cells and medium combined) is reported. The ingredients in
media B & C are listed in Table 2.

Taxane Level (mg/L) (mg/L)
Baccatin III | .48 _ - 39
7-xylosyl 10-deacetyl taxol .. 88 . 129
Cephalomannine .11 - ... trace
10-deacetyl 7-epi taxol : 46 3 . 54

taxol 241 213

‘7-epi taxol - 13 28

other unidentified taxanes* - 581 - er
Total taxanes 110 mgl

g

" This is the replacement sheet
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47 12. - The process of any one of clains 1-10, wherein said nutrient nedia
are not the sane for cell culture growth and for taxol ard—taxare———
“production. 13. The process of any one of clains 1-12,. further c%nprisiqg
periodi ¢ nutrient medi um exchange. 14, The process of aﬂﬁ“ e
1-13, further conprising periodic tax4B_and taxane reanaIJJ

process of any one of clainms 1-14, wherein growh and prod

achi eved using one-stage or two-stage batch process, or a fed-batch
process, or a. Yl -, continuous process, Or a continuous process, or
vari ations thgiégbg :

re

1. A process for recovering taxol and taxanes in high
yields from cell cultures of a Taxus species comprising:
5 cultivating in one or more nutrient media cells derived
from callus and/or suspension cultures of a Taxus species
under growth and product formation conditions wherein
_said taxol and taxanes are recovered from said cells
and/or said medium of said cell culture. -
10 -
2. A process for the efficient initiation and
maintenance of callus and suspension cultures of Taxus
- species comprising:

15 " (a) selecting the appropriate plant parts for
callus initiation, and the appropriate callus cell lines
for suspension cultures; :

(b) providing efficient sterilisation, incubation
20 and transfer procedures for maintaining vigor of
explants, calli, and suspensions;

(c) providing effective anti-browning agents and
protocols for continued rapid growth of calli and cell
25 suspension cultures;

(d) providing effective induction, proliferation
and maintenance nutrient media, and appropriate
environmental conditions for rapid growth, high cell

30 density, and high cell viability.

3. A method of enhancing total taxol and taxane yields
and recoveries in cell_cultures comprising:

RTIE s i e ropincament sheet
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16. A process for .recovering taxol and taxanes in hi ' rom ce

. cultures of wirus chinesis conprising: cultivating, in. suspen ;ﬂﬂwEEQEMQ@
:in one or nore nutrient nedia, cells derived from callus gl on
cultures of T.chinesis, and recovering-said taxol and tax l |

cel I's. and/ or said. nmediumof said cell @@ture. 17. The
16, wherein taxol is produced in an amount at” | east 10-fold greater than
t hat produced by native T chinensis. "18. The process of any one of clains

16-17, wherein said tures: are cultiv n .continuous or_intermzttent

br oadband or narrom/og?l ﬁ‘gi’fl"aﬁamr cﬁﬁéﬁ‘u ‘ieﬁﬂ’? géXkO¥p Fakkus angdgorg,

The process of suspemsioh cuiiturrebs-dfS, aWranxrish Sedchiewit fherindesi amorel ude
nutrient media under cell culture growth and product

formation .conditions to- produce taxol and taxanes;

(b) stimulating taxol and taxane biosynthesis,
thereby promoting intracellular accumulation and/or
product secretion into the extracellular medium;

10 . (c) recovering the produced taxol and taxan_es from
~ said cells and/or said medium.

4. A method of manlpulatlng the productlon of taxol, or
another des1red taxane, relative to the amounts of other
15 -undesired taxanes, in a cell. cu_lture process comprising:

(a) cultivating cells derived from callus and/or
suspension: cultures of a Taxus species in one or more
nutrient media under 'ce€ll culture gtowth and 'product

20 “formation conditions;

"(b) stimulating taxol and 't:ai;cape biosynthesis,
thereby promoting intracellular accumulat'ion‘and product
secretion into the extracellular medium:; | |

(c) . recoverlng taxol and other taxanes from sald
cells and/or said medium; ' '

(d) evaluating the level of taxol and other taxanes
30 produced from said cells and said medium; and

(e) selecting the one or more nutrient medium that
exhibits preferential production of taxol or another
desired taxane, and concomitant suppression of other

This is ths repiscement sheet
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plént hor nones;—syntthetic growtitTegul ators, biotic or abiotc elicitors.

glutanate is pre t ong nutrient mediumas an elicitor. 22.
The process of a 16-21,4%herein said nutrient media include
bi osynthetic precursors, metabolic and nonmetabolic inhibitors, and/ or
stimul ants and/or activators. 23. The process of claim 22, wherein

phenyl al ani ne i LN | east Qne nutrient. medi um as, a netabolic
precursor and/ Oﬁnﬁ%ﬁ?%??o}:gx%{es, %I‘fé-lﬁ’rgoé: s PEPAR e 3B aﬁeﬁ%ﬁe%%
wherei n sai d nutakeht andditaxanest.ai ns ant.i - br owni ng agents, anti-oxidants,
stabilizers, enhancers, radical scavengers, and/or reducing agents.

20. The process f_ﬁﬁy ong of clains 16-19, wherein said nutrient nedia
: i ncl udes picl Or@;héllﬂitﬂa ?m epliced ess of claim 16-20, wherein chitosan

5. The process of any of claims 1-4, wherein said Taxus
5 species is selected from the group consisting of Taxus
brevifolia, Taxus 'ééhédensis} Taxus cuspidata, Taxus
baccata, Taxus globosa, Taxus floridana, Taxus
wallichiana, Taxus media and Taxus chinensis.

a
L

10 6. The process of any of claims 1-5, further comprising
altering and evaluating environmental conditions for
their effects on cell growth and on'taxol-and taxane
production.

1s 7. The process of any_ .of claims 1-6, wherein said
' cultures are cultivated 'in continuous or intermittent

f_b;oadband oxr narrowband light.

8. The process of any of claims 1-7, wherein said
20 ° 'nutrient media incliides one ' or more of the following:

(a) carBohydrates and/or other carbon sources;

(b) inorganic and/or organic nitrogen sources;

25
(c) ‘macro and micro salts, rare trace elements,
and/or vitamins and othef 'organic supplements;"
(d) plant hormones, hormone ° substitutes and

30 derivatives, and/or synthetic growth regulators;
(e) Dbiotic or abiotic elicitors;

(f£) Dbiosynthetic - précutsbrs,. metabolic and

This is the replacement sheet
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25. The process of any one—of clains 16-24, wherein said nutrient nedia
are the sanme for ceII culture gromﬂh and for taxol and taxane producti on.

= 49 26. TheTpsﬁsé the of clains 16-24, wherein said nutrient
medi a are not
producti on.

eII culture growth and for taxol and taxane
s of any o f claims 16-26, further

conpri si ng perlodlc nut ri ent nedlun1exchange "28. " The process of any one

of clainms 16-27, further conprising periodic taxol and taxane renoval. 29.

The process of any ong of ; gl a'{%j.lﬁlt?grs%-era‘?i&/cgrr O"\'ts@l?n% Re¥Uhna/or

formati on

activators; or

¢ .

(g) anti-browning agents, anti-oxidants,
5 stabilizers, enhancers, ‘radical scavengers, and/or
reducing agents.

9. The process of any of claims 1-8, - wherein said
nutrient media are the same for cell culture growth -and
10 for taxol and taxane production.

10. The process of any' of claims 1-8, wherein said
nutrient ‘media are not the same for cell culture growth
and for taxol and taxane production.

15 e o
11. The process of any of claims .1-10 further
compr1s1ng periodic’ nutrient medium exchange. '

12. The process of any of claims 1-11, further
20 comprising periodic taxol -and taxane removal.

13. The process of any of claims 1-12, wherein growth
and product formation are achieved using a one-stage or
two-stage batch process, or a fed-batch process, qr'a

25 semi-continuous process; . or a contihuous. process, or
variations thereof.

14. A purified cell culture containing Taxus brevifolia,
Taxus canadensis,liaxus cuspidata, Taxus baccata; Taxus

30 .globosa,; Taxus floridana, Taxns wallichiana, Taxus media
or Taxus chinensis capahie of producing taxol and- taxane
in high yields. ST e ' '

=] O O e s e '6"‘?58?’;;;?*‘“
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i

are achi eved using one-stage or two-stage batch process, or a fed-batch -
2process, or -a sem - continuous process,.. .0r.a.continuous process, or

‘vari ations thereof 30. A taxane and/or taxol ‘wherever recovered fromthe
process of any one of clains 1 to 33. 31. .. A process for the efficient
initiation and mai ntenance of callus and suspension cultures of Taxus
chinensis, substantially as herein described with reference to the

Exanpl es. 32. A process of enhancing togal taxol and taxane yields and
recoveries in cell cultures, substantially as herein described with
refference to the Exanples.: 50 33. aBsmRApEess of mani pul ating the
production of taxol,  or another desired taxane,
RODUCTION O 0  TAXANES BY
) o PECIE

This invention is directed to methods for the
enhanced production of taxol and taxanes by cell
cultures of taxus species. | | )
Figure 1
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jsubstantially as herein described with refere"_nce to the Exanpl @ggudsdtans A
process for recovering taxol and taxanes in high yields fromcell cultures
of a Taxus chinensis, substantially as herein described with reference to
t he Exanpl es. 45

The claims defining the invention are as follows:

1. A process for recovering taxol and taxanes in high yxelds from cell cultures of a
Taxus species comprising: cultwatmg, in suspension culture, in one or more nutrient media under
growth and product formation conditions, cells of a Taxus species derived from callus and/or

suspension cultures, and recovering said taxol and taxanes from said cells and/or said medium of,

“said cell culture, said conditions selected from the group consisting of continuodus or

intermittent illumination with broadband or narrowband light, periodic removal of taxol and

taxanes from the culture, use of distinct nutrient media for growth and production phases of the

culture, presence in the one or more nutrient media of at least one of an organic nitrogen

source, a biosynthetic precursor of taxol, a plant hormone, a plant growth regulator, an elicitor,

an activator, a metabolic or non-metabolic inhibitor, or an anti-browning agent.

2. The process of claim 1, wherein the Taxus species is selected from the group

consisting of 7" canadensis, T. chinensis, T.cuspidata, T.baccata, T.globosa, T. Sloridana, T.

wallichiana, and T.media

3. The process of claim 1 or claim 2, wherein said cultures are cultivated in

continuous or intermittent broadband or narrowband light.

4, The process of any one of claims 1-3, wherein said nutrient media include

organic nitrogen sources.

o o
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5. The proCé§§ of ang one of claims 1-4, wheréin said nutrient media include plant

hormones, synthetic growth regulators, biotic or abiotic elicitors.

6. The process of any one of claims 1-5, wherein said nutrient media_includes
picloram.
7. The process of any one of claims 1-6, wherein chitosan glutamate is present in at

least one nutrient medium as an elicitor.

8. The process ‘of any one of claims ]-7, wherein said nutrient media include

- biosynthetic precursors, or metabolic or nonmetabolic inhibitors.

9. The process of claim 8, wherein phenylalanine is present in at least one nutrient

medium as a metabolic precursor and/or inhibitor.

10.  The process of any one of claims 1-9, wherein said nutrient media contain anti-

browning agents, anti-oxidants, stabilizers, enhancers, radical scavengers, and/or reducing

agents.

11.  The process of any one of claims 1-10, wherein said nutrient media are the same

for cell culture growth and for taxol and taxane production.

— This is the replacement sheet -
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12, The process of any one of claims 1-10, whéféiii said nutrient media are not the

same for cell culture growth and for taxol and taxane production.

13.  The process of any one of claims 1-12, further comprising periodic nutrient

medium exchange.

14.  The process of any one of claims 1-13, further comprising periodic taxol and

taxane removal.

15.  The process of any one of claims 1-14, wherein growth and product formation

are achieved using one-stage or two-stage batch process, or a fed-batch process, or a semi-

continuous process, Or a continuous process, or variations thereof.

16, A process for recovering taxol and taxanes in high yields from cell cultures of

Taxus chinesis comprising: cultivating, in.suspension culture in one or more nutrient media,

cells-derived from callus and/or suspension cultures of 7.chinesis, and recovering said taxol and

. taxanes from said cells and/or said medium of said ce_ll culture.

17. ~ The procéss of claim 16, wherein taxol is produced in an amount at least 10-fold

greater than that produced by native .7 .chinensis.

18.  The process of any one of claims 16-17, wherein said cultures are cultivated in

continuous or intermittent broadband or narrowband light, and/or organic nitrogen sources.

[
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19.  The process of any one of claims 16-18, wherein said nutrient media include

plant hormones, sjrnthetic growth regulators, biotic or abiotc elicitors.

20.  The process of any one of claims 16-19, wherein said nutrient media includes.

'
!

~ picloram. ' _ ‘

21.  The process of claim 16-20, wherein chitosan glutamate is present in at least one

nutrient medium as an elicitor.

22.  The process of any one of claims 16-21, wherein said nutrient media include

biosynthetic precursors, metabolic_and nonmetabolic inhibitors, and/or stimulants and/or

activators.

23.  The process of claim 22, wherein phenylalanine is present in at least one nutrient

medium as a metabolic precursor and/or inhibit_or.

24, - The process of any one of claims 16-23, wherein said nutrient medium contains

_ anti-browning agents, anti-oxidants, stabilizers, enhancers, radical scavengers, and/or reducing

agents.

25.  The process of any one of claims 16-24, wherein said nutrient media are the

same for cell culture growth and for taxol and taxane production.
— This is the replscement shest
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26.  The process of any one of claims 16-24, wherein said nutrient media are not the

same for cell culture growth and for taxol and taxane production.

27.  The process of any one of claims 16-26, further comprising periodic nutrient

medium exchange. ' !

28.  The process of any one of claims 16-27, further comprising periodic taxol and-

taxane removal.

29.  The process of any one of claims 16-28, wherein growth and product' formation

are achieved using one-stage or two-stage batch process, or a fed-batch process, or a semi-

continuous process, or a continuous process, or variations thereof.

30. A taxane and/or taxol wherever recovered from the process of any one of claims

1to 33.

31. A process for the efficient initiation and maintenance of callus and suspension

cultures of Taxus chinensis, substantially as herein described with reference to the Examples.

32. A process of enhancing total taxol and taxane yields and recoveries in cell

cultures, substantially as herein described with reference to the Examples.

. — ' This-is the repla_c.eme'nt-s.ﬁeet
| YO AR
* [ L ] S *

Date: - 1 g JAN 1998



50°

33. A process of manipulating the production of féixol, or another desired taxane,

substantially as herein described with reference to the Examples.

34. A process for recovering taxol and taxanes in high yieldé from cell cultures of a

Taxus chinensis, substantially as herein described with reference to the Examples. '
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