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Abstract—Polyunsaturated fatty acids such as docosahexaenoic acid (DHA), linolenic acid, and linoleic acid were linked to the C-2’
position of the second-generation taxoids that could overcome MDR caused by overexpressed ABC transporters. The new conju-
gates, tested in vivo, exhibited strong activity against drug-resistant colon cancer and drug-sensitive ovarian cancer xenografts in
mice. Two of the new conjugates, DHA-SB-T-1214 and DHA-SB-T-1213, were found to achieve the total regression of drug-resis-
tant and drug-sensitive tumors, respectively, in the animal models with substantially reduced systemic toxicity.

© 2005 Elsevier Ltd. All rights reserved.

It is well known that the lack of tumor-specificity in con-
ventional chemotherapeutic drugs treating cancer pa-
tients is a serious drawback, causing undesirable side
effects. In order to solve this problem, considerable ef-
forts have been made to find unique properties in tumor
biochemistry that can be exploited for drugs to specifi-
cally target tumor cells. A promising approach along
this line is the development of ‘tumor-targeting pro-
drugs’, based on a conjugate of a cytotoxic drug to a
tumor-specific molecule. The basic premise of the ‘tu-
mor-targeting prodrugs’ is that the drug is inactive until
it is delivered to the target tumor cells by the tumor-spe-
cific molecule. At the target tumor cell the drug is inter-
nalized and released from the carrier to restore its
original activity. “Tumor-targeting prodrugs’ can be clas-
sified into several groups based on the type of tumor-spe-
cific molecules, such as monoclonal antibodies (mAb),
folic acids, hyaluronic acids (HA), and oligopeptides.'-?
Some of these conjugates received increasing attention
due to promising results in preclinical studies.>'° How-
ever, only limited successes have been achieved to date
in clinical trials due to the inherent pitfalls of the tu-
mor-specific molecules and other reasons.!!"!3
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Polyunsaturated fatty acids (PUFAs) are ideal candi-
dates as tumor-specific molecules. Representative natu-
rally occurring PUFAs possess 18, 20, and 22 carbons,
and 2-6 unconjugated cis-double bonds separated by
one methylene, such as linolenic acid (LNA), linoleic
acid (LA), arachidonic acid (AA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA).!*!° These
PUFAs are included in vegetable oils, cold-water fish,
and meat. DHA is classified as a nutritional additive
by the FDA in the US. Thus, DHA and its metabolites
are considered to be safe to humans.!”-?%-2! Perfusion
studies of tissue isolated hepatomas with a single arterial
inflow and a single venous outflow demonstrated that
some PUFAs are taken up more rapidly by tumor cells
than by normal cells, presumably for use as biochemical
precursors and energy sources.?> 2>

Bradley et al.?® applied this strategy and developed
DHA-paclitaxel (Taxoprexin®) linking DHA to the C-
2" position of paclitaxel. Compared with paclitaxel,
DHA-—paclitaxel is stable in plasma and high concentra-
tions are maintained in animal plasma for a long time,
slowly releasing paclitaxel.?® When tested at the opti-
mum dose (20 mg/kg), paclitaxel caused neither com-
plete nor partial regression in any of 10 mice in a
Madison 109 sc lung tumor model, while DHA—paclit-
axel achieved complete regression in 4 of 10 mice at
60 mg/kg.?®
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One of the drawbacks of paclitaxel is its lack of efficacy
against drug-resistant tumors such as colon, pancreatic,
melanoma, and renal cancers. Those tumor cells overex-
press P-glycoprotein (Pgp), an ATP-binding cassette
(ABC) transporter, effluxing out hydrophobic antican-
cer agents including paclitaxel and docetaxel. Although
DHA-paclitaxel does not seem to be a good substrate
for Pgp, paclitaxel, even when released slowly, will be
caught by the efflux pump and eliminated from the can-
cer cells. In contrast, the second-generation taxoids
developed in our laboratories exhibit 2-3 orders of mag-
nitude higher cytotoxicity than paclitaxel against drug-
resistant cancer cells expressing MDR phenotypes.?’
We hypothesized that the PUFA conjugates of the sec-
ond-generation taxoids would be efficacious against
drug-resistant tumors for which DHA-paclitaxel is not
effective. Thus, in this study, the conjugates of DHA,
LNA, and LA with the second-generation taxoids were
synthesized and their efficacy assayed in vivo against
ovarian and colon tumor xenografts.

Among the second-generation taxoids, SB-T-1213, SB-
T-1214, SB-T-1216, and SB-T-1217 exhibit highly po-
tent cytotoxicity (Table 1), 2 orders of magnitude better
than paclitaxel and docetaxel against resistant breast
cancer cells overexpressing the Pgp efflux pump. Those
taxoids as well as SB-T-1103 and SB-T-1104 were select-
ed for conjugation to PUFAs.

The synthesis of PUFA conjugates of the second-genera-
tion taxoids is straightforward. A free taxoid is coupled to
a PUFA at the C-2' hydroxyl group (Scheme 1) in the
presence of DIC and DMAP, to afford the corresponding
conjugates. Eight second-generation taxoids were synthe-

Table 1. Cytotoxicity of selected second-generation taxoids against
human breast carcinoma cell lines®

Taxane 1C5 (nM)b
MCF7-S MCF7-R

Paclitaxel 1.7 550
Docetaxel 1.0 723
SB-T-1103 0.35 5.1
SB-T-1104 0.51 7.9
SB-T-1213 0.18 4.0
SB-T-1214 0.20 39
SB-T-1216 0.13 7.4
SB-T-1217 0.14 9.7

“Human mammary tumor cell lines MCF7-S (Pgp—), MCF7-R
(Pgpt), MDA-435-LCC6-WT (Pgp—), MDA-435-LCC6-MDR
(mdrl transfected line).

® Concentration of drug which inhibits cell growth by 50% (72 h
continuous exposure).

R“COOH
DIC, DMAP, CHCly

Scheme 1. Synthesis of PUFA-taxoid conjugates.

sized following protocols previously published?’2° start-

ing from 10-deacetylbaccatin III (DAB) and conjugated
to fatty acids. As shown in Table 2, the second-generation
taxoids bear different substituents at the C-2, C-10, and
C-3' positions.

The PUFA-taxoid conjugates thus obtained were
assayed for their efficacy against a drug-sensitive human
ovarian tumor xenograft (Pgp—) A121 and a drug-resis-
tant human colon tumor xenograft (Pgp+) DLD-1 in
SCID mice (Tables 3 and 4).

As we anticipated, paclitaxel and DHA-paclitaxel were
totally ineffective against the drug-resistant (Pgp+)
DLD-1 tumor xenograft (Fig. 1). In contrast, DHA-
SB-T-1214 achieved complete regression of the DLD-1
tumor in five of five mice at 80 mg/kg dose administered
on days 5, 8, and 11 (total dose 240 mg/kg; tumor
growth delay >187 days). This is a very promising result
which promotes this compound as a lead candidate for
further preclinical studies.

In the case of the drug-sensitive tumor A121 xenograft,

the efficacy of DHA-paclitaxel reported by Bradley
et al.?® was confirmed by our results. DHA—paclitaxel

Table 2. PUFA-taxoid conjugates

Conjugate R! R? R? R*

DHA—paclitaxel Ac C(,HS C(,Hs C2 1 H31
DHA-docetaxel OH CgHs t-Boc  C,Hjz;
DHA-SB-T-1213  EtCO Isobutenyl #-Boc  C,;Hj
DHA-SB-T-1103  EtCO Isobutyl t-Boc  C,Hjy
DHA-SB-T-1214  ¢-PrCO Isobutenyl  7-Boc  Cy;Hj;
DHA-SB-T-1104  ¢-PrCO Isobutyl t-Boc  C,Hj,
DHA-SB-T-1216 Me,NCO  Isobutenyl #-Boc  C,Hj;
DHA-SB-T-1217 MeOCO Isobutenyl #-Boc  C, Hj;

LA-SB-T-1213 EtCO
LNA-SB-T-1213  EtCO

Isobutenyl  #-Boc  C;;Hg3;
Isobutenyl  #-Boc  Ci7Hyo

Table 3. Antitumor effect of DHA-taxoid conjugates delivered iv to
SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-1

Treatment® (iv)  Total dose Growth Toxicity® Cured mice® /

(mg/kg) delay group
(days)
Control 0 — 0 0/7
Vehicle-Crem 0 — 0 0/3
Vehicle-Tween 0 — 0 0/3
Paclitaxel 60 8 0 0/3
DHA-paclitaxel 240 4 0 0/5
DHA-SB-T-1213 75 54 0 0/5
DHA-SB-T-1103 75 4 0 0/5
DHA-SB-T-1214 240 >187 0 515
DHA-SB-T-1104 240 4 0 0/5
DHA-docetaxel 75 17 0 0/4
DHA-docetaxel 150 34 0 0/4

#Treatment given iv to SCID mice on days 5, 8, and 11 tumor implant,
paclitaxel and DHA-paclitaxel formulated in Cremophor/EtOH;
DHA-taxoid conjugates formulated in Tween/EtOH.

® Number of animals that either died or lost greater than 20% body
weight.

©SCID mice with tumors less than 600 mm? after 201 days.
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Table 4. Antitumor effect of DHA-taxoid conjugates delivered iv to
SCID mice bearing a human ovarian tumor xenograft, A121

Treatment® (iv)  Total dose Growth Toxicity® Cured mice®/

(mg/kg) delay group
(days)
Control 0 — 0 0/10
Vehicle-Crem 0 3 0 0/5
Vehicle-Tween 0 3 0 0/5
Paclitaxel 60 83 0 0/5
DHA-paclitaxel 240 >186 0 2/5
DHA-SB-T-1216 90 >186 4 1/5
DHA-SB-T-1213 90 >186 1 4/5
DHA-SB-T-1104 240 115 0 0/5

#Treatment given iv to SCID mice on days 5, 8, and 11 after tumor
implant. Paclitaxel and DHA-paclitaxel formulated in Cremophor/
EtOH; DHA-taxoid conjugates formulated in Tween/EtOH.

® Number of animals that either died or lost greater than 20% body
weight.

¢SCID mice with no palpable tumor after 197 days.

1200 4 Total Dose (mg/kg)
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- —O0— DHA-SB-T-1213, 75
g 600 4 —v— DHA-SB-T-1103, 75
S —&— DHA-SB-T-1214, 240
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=
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Figure 1. Effect of DHA-taxoid conjugates on human colon tumor
xenograft (Pgp+) DLD-1.

(80 mg/kg x 3 injections, total dose 240 mg/kg) exhibited
greater than a twofold increase in tumor growth delay as
compared with paclitaxel. One of the new DHA-taxoids
exhibited even better activity, i.e., DHA-SB-T-1213
(30 mg/kg x 3) delayed the tumor growth for more than
186 days and caused complete regression of tumor in all
surviving mice (four of five) even at the non-optimized
dose (Fig. 2). DHA-SB-T-1213 and DHA-SB-T-1216
delayed the growth of the tumor xenograft for >186
days. DHA-paclitaxel also brought about a cure to
two of five mice, but the tumor recurred after 150 days
in three of five mice. (Note. The evaluation of DHA-
SB-T-1214 for its efficacy against A121 and several
tumor xenografts other than DLD-1 will be performed
shortly and reported elsewhere.)

The impressive results obtained with DHA-taxoids
prompted us to investigate the use of different PUFAs
and their efficacy. The results are shown in Table 5 and
Figure 3. We synthesized the conjugates of SB-T-1213
with DHA, LNA, and LA, and examined their efficacy
against DLD-1 colon tumor xenograft (Pgp+). As
Table 5 and Figure 3 show, LA-SB-T-1213 and
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Figure 2. Effect of DHA-taxoid conjugates on human ovarian tumor
xenograft (Pgp—) Al121.

Table 5. Antitumor effect of PUFA-taxoid conjugates delivered iv to
SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-1

Treatment® (iv)  Total dose Growth Toxicity® Cured mice®/

(mg/kg) delay group
(days)
Control 0 — 0 0/7
Vehicle-Crem 0 — 0 0/4
Vehicle-Tween 0 — 0 0/4
Paclitaxel 75 9 0 1/5
DHA-SB-T-1213 75 54 0 0/5
LNA-SB-T-1213 75 >109 2 2/5
LA-SB-T-1213 75 21 1 0/5

# Treatment given iv to SCID mice on days 5, 8, and 11 after DLD-1
human colon tumor implant. Paclitaxel formulated in Cremophor/
EtOH; DHA-taxoid conjugate, LNA-taxoid conjugate, and LA-
taxoid conjugate formulated in Tween/EtOH.

® Number of animals that either died or lost greater than 20% body
weight.

¢SCID mice with no palpable tumor on day 120, end of experiment.

1400 A
—e— Control
— —w— Vehicle- Cremophor
ME 1200 + —@— Vehicle- Tween
£ —O— Paclitaxel
o 1000 - —O— DHA-SB-T-1213
IS —A— LNA-SB-T-1213
= —&— LA-SB-T-1213
o ]
2 800
<}
E 600
=]
'_
j
S 400 -
=
)
=
200 A
0 4
T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Days After DLD-1 Tumor Implant

Figure 3. Antitumor effect of PUFA-taxoid conjugates delivered iv to
SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-1.

LNA-SB-T-1213 exhibited strong antitumor activity,
while paclitaxel is ineffective. LNA-SB-T-1213 exhibit-
ed the complete regression in two of five mice tested
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against drug-resistant human colon tumor xenografts
(Pgp+) DLD-1 (tumor growth delay >109 days).
Although the toxicity of LNA-SB-T-1213 to the ani-
mals was higher than that of DHA-SB-T-1213,
LNA-SB-T-1213 exhibited better overall activity than
DHA-SB-T-1213 at the dose examined, which was
not optimized. LA-SB-T-1213 did not show meaningful
efficacy in the same assay, which revealed the marked
difference between n-3 PUFA (LNA, DHA) and »-6
PUFA (LA). These results suggest that DHA is not
the only PUFA that can be used for the PUFA-taxoid
conjugates.

It should be noted that in these preliminary studies, the
doses of the PUFA-taxoid conjugates were based on
our experience dealing with paclitaxel and second-gener-
ation taxoids in animal models in the past, and thus the
results shown above are not at their optimal doses,
except for DHA-paclitaxel that was used as the
standard at its known optimal dose for comparison
purposes. Further investigations are actively underway
in these laboratories to determine the optimal doses
for those PUFA-taxoid conjugates.

The exceptional efficacy of PUFA-taxoid conjugates
against drug-resistant and drug-sensitive human tumor
xenografts provides bright prospects for further investi-
gations for the applications of those conjugates in can-
cer chemotherapy.
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