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Abstract The antitumor agent, paclitaxel (Taxol®), mimics the
actions of lipopolysaccharide (LPS) on murine macrophages
(M¢). Various synthetic analogs of paclitaxel were examined for
their potencies to induce nitric oxide (NO) and tumor necrosis
factor (TNF) production by murine peritoneal M¢, and by
human peripheral blood cells. The benzoyl group at C-2, the
hydroxy group at C-7 and the acetyl group at C-10 were found to
be critically important sites to activate murine M¢. Nor-seco-
taxoid analogs lacking the A ring of the taxane core of paclitaxel
were inactive, but inhibit paclitaxel- or LPS-induced NO
production. All the compounds tested did not induce TNF
production by human blood cells. © 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction

Paclitaxel (Taxol®), a complex diterpene isolated from
the stem bark of Taxus brevifolia, has antiproliferative activity
against various cultured cells, antitumor activity in vivo [1-4],
and is currently used as a leading drug for cancer chemother-
apy. The activity is related to its ability to bind B-tubulin, to
promote microtubule assembly, and to stabilize microtubules
by bundle formation [5]. Paclitaxel can mimic certain effects
of bacterial lipopolysaccharide (LPS) on murine peritoneal
macrophages (M¢) [6] although it has no chemical structural
similarity to LPS. M¢ stimulated with LPS produce various
active mediators, including nitric oxide (NO) and tumor ne-
crosis factor (TNF), and they cause endotoxic shock [7,8].
Peritoneal M¢ derived from LPS-responsive C3H/HeN mice
secrete the mediators when stimulated with paclitaxel or LPS,
whereas the LPS-hyporesponsive C3H/HeJ M¢ [9,10] cannot
secrete these mediators in response to either LPS or paclitaxel
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Abbreviations: TFNy, interferon y; iNOS, inducible nitric oxide syn-
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[6,9-13]. Genetic analysis of recombinant inbred mice re-
vealed a close linkage between the mutant LPSY allele and
the M¢ inability in response to paclitaxel as well as LPS [6].
These data have provided strong evidence that paclitaxel
shares an intracellular signal transduction pathway with
LPS.

We [14,15] and Burkhart et al. [16] have recently reported
structure—activity relationships of a set of synthetic paclitaxel
analogs (taxoids) for their potencies to induce NO and TNF
production by murine C3H/HeN and C3H/HeJ M¢ and to
inhibit the growth of M¢-like cells. The data indicate that
some parts of the structure in taxoids are related with their
abilities to activate M¢, and the presence of an aromatic
group in the N-acylamino group at the C-3’ position is the
most important structure to activate C3H/HeN M¢ [15]. In
addition, we also found that the p-position of the aromatic
group at the C-3’ position has a significant effect on the ac-
tivity [14]. In the present study, synthetic analogs of paclitaxel
modification at C-2, C-7 and C-10 positions and synthetic
analogs of nor-seco-taxoids lacking the A ring of the taxane
core of paclitaxel were examined for their potencies to induce
NO and TNF production by peritoneal M¢ of LPS-responsive
C3H/HeN and -hyporesponsive C3H/HeJ mice, and by hu-
man peripheral blood cells.

2. Materials and methods

2.1. Paclitaxel and taxoids

Paclitaxel was obtained from Sigma Chemical Co.; St. Louis, MO,
USA. Taxoids (1-23) and nor-seco-taxoids (24 and 25) were synthe-
sized by means of the B-Lactam Synthon Method [17-20]. The ana-
logs tested and their structures are given in Table 1A,B. Paclitaxel and
taxoids were stored as a 10 mM stock solution in dimethylsulfoxide
(DMSO), and dissolved as reported previously [15].

2.2. Reagents

The Re-chemotype LPS from Salmonella minnesota R595 LPS
was kindly provided by Dr. K. Hisatsune, Josai University, Sakado,
Saitama, Japan. The Ra-chemotype LPS from S. minnesota R60 LPS
was purchased from Sigma Chemical Co., and it was used only in
the experiments using C3H/HeJ M¢, because C3H/HeJ] M¢ could
hardly respond to Re-chemotype LPS [21]. Murine recombinant in-
terferon y (IFNYy) was donated from Shionogi Pharmaceutical Co.,
Osaka, Japan.

2.3. Mice

C3H/HeN and C3H/HeJ mice were bred and maintained in the
Animal Facility of the Jichi Medical School. Female mice were used
at 10-15 weeks of age.
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2.4. M¢ stimulation

Thioglycolate-elicited murine peritoneal Mo, a murine M¢-like cell
line, J774.1, and its mutant cell line, J7.DEF.3 [22] were plated in 96-
well plates and stimulated with taxoids or LPS as reported previously
[15]. The J7.DEF.3 cell line is defective in expression of CD14 antigen
[23], a receptor for the complex of LPS and LPS-binding proteins
(reviewed in [8]). In some experiments, M¢ were preincubated with
taxoids for 2 h, and then stimulated with LPS or paclitaxel. The

Table 1A
Chemical structures of paclitaxel and taxoids

compound R! R? R?
paclitaxel - Co—@ H Ac
1 Ac H Ac
2 —COCH2CH(CH3)2 H Ac
3 —COCH=C(CH:3)2 H Ac
) o< " A
5 Lo< . x
6 —c(rO H Ac

7 -c0(cnl)2-© H Ac
8 —COCH:CH—O H Ac
9 -co@ Ac Ac

10 -CO-O - CO(CH2)3CH3 Ac
1 -Co@ ~COCH2CH(CHs)2 Ac
12 ’ -co—@ ~COCH=C(CH3)2 Ac

13 —CO—@ -COCH:CH-@ Ac

14 -co—@ H —COCH:CH3
15 -co-@ H —CO(CH2)2CH3
16 -CO-O H —CO(CH2)¢«CH3

— CO(CHz2)10CH3

17 —CO-O H

18 - o—@ H — CO(CH2)12CH3
i o) . o)
20 - CO-@ H —COCH=CHCH3
21 - COO H - CO'@
22 —co—@ H ~CON(CH3)2
23 - CO-O H - CO'CO
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Table 1B
Chemical structures of nor-seco-taxoids

compound R

24 — CO(CH3)3

25 _Q

culture supernatants were obtained 4 h (for TNF assay) and 48 h
(for NO assay) after the incubation.

2.5. Stimulation of human peripheral blood samples

Fresh heparinized blood samples were obtained from healthy vol-
unteers and were diluted four-fold with serum-free RPMI 1640 me-
dium, plated and then taxoids or LPS were added as described pre-
viously [14]. In some experiments, the diluted samples were incubated
with paclitaxel for 2 h, and then stimulated with 1 ng/ml of LPS. The
culture supernatants were collected for TNF assay.

2.6. TNF and NO assays and detection of inducible NO synthase
(iNOS) in M¢

TNF activity was determined by a functional cytotoxic assay using
actinomycin D-treated 1929, as described previously [13]. NO forma-
tion was measured as the stable end product nitrite (NO53) in culture
supernatants using the Griess reagent [13]. iNOS in the M¢ was de-
tected by Western blot with anti-INOS antibody as described previ-
ously [15].

2.7. Cell growth inhibition assay

The growth of J774.1 cells or J7.DEF.3 cells were monitored by a
quantitative calorimetric staining assay using a tetrazolium salt
(MTT) as described previously [15].

3. Results

3.1. NO and TNF production by murine peritoneal M@
stimulated with paclitaxel analogs

Twenty six compounds including paclitaxel (Table 1A,B)
were examined for their ability to induce NO and TNF pro-
duction by the C3H/HeN and C3H/Hel peritoneal M¢, and
the results for C3H/HeN M¢ are summarized in Table 2. The
dose-responses by C3H/HeN M¢ to some of the active com-
pounds are shown in Fig. 1A,B. Taxoids 1-3, 6-8, 10-13, 19
and 22-25 with the range of 1-30 uM did not show any ability
to induce NO and TNF production by these M¢. Taxoids 5,
18 and 20 induced weak TNF production by C3H/HeN M¢,
however, it did not induce any detectable NO production. The
other eight compounds (paclitaxel and taxoids 4, 9, 14-17 and
21) definitely induced both NO and TNF production by C3H/
HeN Mo¢. Among them, paclitaxel and taxoids 9, 16, 17 and
21 showed strong activity in inducing NO and TNF produc-
tion. Especially, taxoid 17 was more active than paclitaxel, i.e.
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the minimal inducing dose of paclitaxel was 1.9 uM, whereas
that of taxoid 17 was 0.9 uM (Fig. 1). The dose-response
curves for taxoid 17 shifted to about two-fold lower concen-
tration in comparison with those for paclitaxel. The results
suggest that NO and TNF inducibility by these compounds
are fundamentally correlated. LPS-hyporesponsive C3H/HeJ
Mo could not produce any detectable NO and TNF in re-
sponse to the active taxoids, even in the presence of IFNy
(2 U/ml) except for taxoid 5. Taxoid 5 showed a unique ability
to induce TNF production by both C3H/HeN M¢ (Fig. 1)
and C3H/He]J M¢ (Fig. 2) supplemented with IFNy, albeit
with weak ability. However, taxoid 5 could not induce NO
production at all.

3.2. Structural requirement of active compounds to induce
NOITNF production by M¢
Some special components or groups at the C-2, C-7 and
C-10 positions in taxoids are required for the induction of
NO/TNF production by C3H/HeN Mo. The benzoyl group
at the C-2 position is an important structure to induce NO/
TNF production by the M¢, i.e. replacement of the benzoyl

Table 2
Cell-growth inhibition and macrophage activation by taxoids

Compounds Mouse macrophage Growth inhibition
activation C3H/HeN (ICsp, nM)P
TNF NO J774.1 J7.DEF.3

paclitaxel +++++2 ++++ 33 30
1 — — > 1000 > 1000
2 - - > 1000 > 1000
3 - - 394 393
4 + + 509 508
5 + — 508 512
6 — — 339 448
7 - — > 1000 > 1000
8 - - > 1000 > 1000
9 +++++ ++++ 39 42
10 - - > 1000 > 1000
11 - - 34 35
12 — — 44 45
13 — — > 1000 > 1000
14 +++ ++ 39 37
15 ++ + 43 36
16 ++++++ +++4+ 35 32
17 ++++++ +++++ 622 443
18 + — > 1000 > 1000
19 - - 41 35
20 +++ - 15 28
21 +++++ +++ 26 32
22 — — 27 30
23 - - 41 45
24 - - > 1000 > 1000
25 — — > 1000 > 1000

4Symbols, ++++++ to ++, indicate the minimal concentration of a
taxoid to induce significant amounts of NO (>4 uM) or TNF
(>20 U/ml); ++++++ <09 uM, +++++ <1.9 uM, ++++ <3.8
uM, +++ <7.5 uM, ++ <15 uM; + indicates the concentration
of a taxoid to induce them was more than 30 uM or 1-4 uM NO
or 10-20 U/ml TNF was induced; — indicates that no significant
NO (<1 uM) or TNF (<10 U/ml) was induced. The data on NO
and TNF production were induced from three and two independent
experiments, respectively. Data for paclitaxel are shown for compar-
ison.

®The concentration of a taxoid which inhibited 50% (ICsy) of the
growth of J774.1 cells and J7.DEF.3 cells, after 72 h incubation
with the taxoid. The data represent the mean values of the three in-
dependent experiments. Data for paclitaxel are shown for compari-
son.
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Fig. 1. Taxoid-induced NO and TNF production by C3H/HeN M¢.
C3H/HeN M¢ were incubated with various doses of paclitaxel and
taxoids 5 and 17 for 48 h for the NO assay or 4 h for the TNF as-
say. A: NO production was determined by measuring nitrite accu-
mulation in the supernatants in triplicate with Griess reagent. Each
point represents the mean + standard error of the mean of three or
four experiments. B: TNF activity in the supernatants was deter-
mined by the cytotoxic assay in triplicate using L929 cells. The data
are from one of the two experiments with similar results.

o
o

group with an acetyl (1), isovaleryl (2), 3-methyl-2-butenoyl
(3), cyclohexanecarbonyl (6), 3-phenylpropionyl (7), or cinna-
moyl (8) group resulted in the substantial loss of activity and
those with 3,3-dimethyl-4-pentenoyl (4) and 3,3-dimethylpen-
tanoyl (5) groups resulted in a diminished activity. A hydroxy
(paclitaxel) or acetyl group (9) at the C-7 position is required
for the induction of NO/TNF, i.e. the introduction of a va-
leryl (10), isovarelyl (11), 3-methyl-2-butenoyl (12), or cinna-
moyl (13) group to this position resulted in loss of the activity.
The substitution of the acetyl group at the C-10 position
especially affected the activity. The introduction of a dodeca-
noyl group (17) to the C-10 position resulted in a distinct gain
of activity. The substitution of a hexanoyl (16) or benzoyl
group (21) virtually did not affect the activity, whereas the
substitution of a propanoyl (14), butanoyl (15), tetradecanoyl
(18), cyclohexanecarbonyl (19), 2-butenoyl (20), dimetylcarba-
moyl (22) or 4-morpholinecarbonyl (23) group resulted in the
decrease or substantial loss of the activity. The A ring of the
taxane core of paclitaxel is an important structure to induce
NO/TNF production by the Mo, i.e. nor-seco-taxoids lacking
the A ring of the taxane core (24 and 25) were completely
inactive.
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Fig. 2. LPS- or taxoids-induced TNF production by C3H/HeJ M¢.
Mo from C3H/Hel were incubated with 10 ng/ml LPS (open circle)
or taxoid 5 (closed circle) for 4 h. TNF activity in the supernatants
was determined by the cytotoxic assay in triplicate using 1929 cells.
The data shown are from one of the three experiments with similar
results.

3.3. TNF production by human peripheral blood cells
stimulated by LPS and paclitaxel analogs

To confirm the effect on human cells, we assessed TNF
production by human peripheral blood cell cultures in re-
sponse to LPS and taxoids. As previously reported [13],
LPS induced significant TNF production by human peripheral
blood cells with optimum response at 18 h, and the response
was dose-dependent with a minimal inducing dose of 0.1 ng/ml.
However, neither taxoids nor nor-seco-taxoids tested with the
range of 1-30 uM did show any ability to induce NO/TNF
production (data not shown).

3.4. Effects of pretreatment with taxoids on TNFINO
production by murine peritoneal M ¢ and human blood cells
in response to paclitaxel or LPS

To determine whether the taxoids modulate the LPS-
or paclitaxel-induced TNF production, C3H/HeN M¢ and
human blood samples were preincubated with the taxoids

(15 or 30 uM) for 2 h, and then stimulated with 15 uM

paclitaxel or 1 ng/ml LPS. Taxoids 1-3, 6-8, 10-13, 19, 22

and 23, which were inactive to the Mo, did not affect or barely

suppressed paclitaxel- or LPS-induced TNF/NO production

(data not shown). The same treatment with inactive nor-

seco-taxoids 24 and 25 did not affect paclitaxel- or LPS-in-

duced TNF production (data not shown), but effectively in-

A: paclitaxel 15 yM B: LPS 1 ng/ml
15
e, 30| o
S0 s
2 Elzo-
2 2
5 5 % 104
0 T T 0 T T
0 5 10 50 0 5 10 50
Dose (uM) Dose (uM)

Fig. 3. Effects of pretreatment with nor-seco-taxoids 24 and 25
on LPS- or paclitaxel-induced NO production by C3H/HeN Mé¢.
C3H/HeN M¢ were preincubated with various doses (indicated on
the abscissa) of 24 (open circle) and 25 (open square) or with
DMSO (closed circle) equivalent to its concentration contained in
these nor-seco-taxoid solutions for 2 h, and then cultured in the
presence of 15 pM paclitaxel (A) or 1 ng/ml LPS (B) for 48 h. NO
production was determined by measuring nitrite accumulation in the
supernatants with Griess reagent in triplicate. Each point represents
the mean standard error of the mean of three or four experiments.
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Fig. 4. Nor-seco-taxoids inhibit iNOS production. C3H/He M¢ were
preincubated with 4, 8 and 15 uM of 24 and 25 or with DMSO
equivalent to its concentration contained in these nor-seco-taxoid
solutions for 2 h, and then stimulated with 15 uM paclitaxel (lower
panel) or 1 ng/ml LPS (upper panel) for 16 h. Expression of iNOS
protein in M¢ was detected by Western blot analysis with rabbit
anti-iNOS antibody. The iNOS protein expression was quantified by
Quantity One (Huntington Station, NY, USA). The data are from
one of the four experiments with similar results.

hibited NO production induced either by paclitaxel or by LPS
in a dose-dependent manner (Fig. 3). Pretreatment of human
blood cells with all 25 compounds tested including nor-seco-
taxoids following paclitaxel- or LPS-stimulation did not in-
duce any detectable TNF production (data not shown).

3.5. Effects of pretreatment with nor-seco-taxoid on induction
of iNOS expression in murine peritoneal M ¢ in response to
paclitaxel or LPS

Since the pretreatment of C3H/HeN M¢ with nor-seco-tax-
oid compound 24 or 25 suppressed paclitaxel- or LPS-induced

NO production, we examined whether or not the suppression

was seen on iNOS expression level. As Fig. 4 shows, the

suppression was indeed seen at the level of iNOS expression.

3.6. Growth inhibitory effect of taxoids on murine M¢-like cell
lines
Cell growth inhibitory potencies of the taxoids were exam-
ined against murine M¢-like CD14-positive J774.1 cells and
CD14-negative J7.DEF.3 mutant cells, and the results are
summarized in Table 2. Paclitaxel and taxoids 9, 11, 12, 14—
16 and 19-23 inhibited the growth of both cell lines effectively.
Taxoids 3-6 and 17 showed lower activity. Taxoids 1, 2, 7, 8,
10, 13 and 18 as well as nor-seco-taxoids 24 and 25 were
inactive.

3.7. No correlation between the cell growth inhibitory activity
and NOITNF inducibility

As shown in Table 2, any correlation is hardly seen between
anti-proliferative activities of paclitaxel and taxoids against
murine M¢-like J774.1 as well as J7.DEF.3 cells and their
ability to induce NO and TNF production by the C3H/HeN
Mo. Paclitaxel and taxoids 9, 16 and 21 showed strong po-
tencies to induce NO/TNF production and to inhibit the cell
growth. On the contrary, taxoids 11, 12, 19, 22 and 23 did not
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show any meaningful activity in inducing NO/TNF produc-
tion, but retained the ability to inhibit the cell growth. Where-
as taxoid 17 showed strong potency to induce NO/TNF pro-
duction, it showed no potency to inhibit cell growth. These
findings indicate that the potency of taxoids to induce NO
and TNF production by the murine M¢ is not correlated to
their growth-inhibitory effect on the murine cells.

4. Discussion

We examined the effects of paclitaxel, its 23 analogs with
modification of the benzoyl groups at the C-2 position, the
hydroxy group at the C-7 position and the acetyl group at the
C-10 position (R!', R? and R? in Table 1A, B, respectively),
and two nor-seco-taxoids on the in vitro inducibility of NO
and TNF production by LPS-responsive C3H/HeN and LPS-
hyporesponsive C3H/HeJ Mo as well as NO production by
the human blood cells. None of compounds except taxoid 5
induced the TNF production by C3H/He]J M¢ (Fig. 2), even
when the M¢ were primed with IFNy. On the other hand,
C3H/HeN M¢ produced both NO and TNF in response to
some of the taxoids (Table 2), indicating that the LPS-mim-
icking activity, like paclitaxel that can activate C3H/HeN M¢
but not C3H/HeJ Mo, is retained in these compounds. Also it
is clearly demonstrated that the pretreatment of the M¢ with
nor-seco-taxoids (24 and 25), which are inactive to induce
TNF and NO production (Table 2), can inhibit NO produc-
tion (Fig. 3) but not TNF production induced by paclitaxel or
LPS (data not shown).

Paclitaxel mimics LPS for its certain effects, including its
inducibility of NO and TNF production by M¢ of LPS-re-
sponsive mouse strain, but not M¢ of genetically LPS-hypo-
responsive strain [6,13,24,25]. Some taxoids (4, 9, 14-18, 20
and 21) can also mimic the LPS effects on genetic basis, i.e.
those compounds activate LPS-responsive C3H/HeN M¢ (Ta-
ble 2), but not LPS-hyporesponsive C3H/HeJ M¢. Taxoid 17
which has a dodecanoyl group at the C-10 position among the
taxoids tested shows the strongest ability to induce NO/TNF
production by C3H/HeN Mo (Table 2 and Fig. 1). Taxoid 16
with a hexanoyl group at the C-10 position also shows strong
activity. However, taxoids 14 and 15, which have propionyl
and butyryl groups at the same position, respectively, possess
weak activity. Furthermore, taxoid 18 with a tetradecanoyl
group at the same position almost lost activity. These findings
suggest that the acyl substituent at the C-10 position is very
important for the activity and the length of the acyl chain
seems to determine the strength of the activity. It is well
documented that, in the lipid A portion of LPS, an adequate
length of acyl chain is essential to provoke the endotoxic
activity [8]. Accordingly, it is possible to assume that the
acyl group at the C-10 position of paclitaxel plays a role
similar to that of the acyl group of lipid A.

LPS as well as paclitaxel bind to microtubules [26,27]. Mi-
crotubules are known to associate with many cell functions
such as regulation of TNFa receptor expression on murine
Mo [6,28], activation of membrane-bound GTPase [29], asso-
ciation with mitogen-activated protein kinases [30,31], LPS-
induced interleukin-1 production by human monocytes [30]
and LPS and paclitaxel-induced NO synthesis [22]. These
functions of microtubules may be influenced by the binding
of LPS or paclitaxel, and presumably of active taxoids. It has
been shown that paclitaxel and its analogs inhibit the cell
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growth by stabilizing microtubules [20]. However, microtu-
bules themselves do not seem to act as the common receptors
for LPS and paclitaxel. In fact, our previous study [13] dem-
onstrated that microtubules did not serve as functional recep-
tors for either LPS or paclitaxel to induce TNF and NO
production by murine M¢ since LPS did not inhibit the bind-
ing and biological action of isotopically labeled paclitaxel to
Mo and vice versa. Inhibition of cell growth by paclitaxel is
thought to be due to its binding to microtubules [32]. Among
these active taxoids, no correlation was observed between
TNF/NO production and cell growth inhibition (Table 2).
These findings may suggest a possibility that the receptors
on M¢ initiating TNF/NO-induction are different from those
triggering cell growth inhibition. A recent study demonstrated
that the mutation of C3H/HeJ mice was located in the t/r4
gene coding toll-like receptor (TLR) 4, indicating that TLR 4
was a functional receptor for LPS [33]. TLR 4 may serve as
the receptor of murine M¢ for paclitaxel as well as its active
analogs. It was reported that in human cells TLR 2 seemed to
be more important than TLR 4 in response to LPS [34]. Pre-
sumably taxoids may not use TLR 2 on human peripheral
blood cells since the cells do not respond to taxoids [14].

It is worth mentioning that taxoid 5, an analog having a
3,3-dimethylpentanoyl group at the C-2 position, is active in
both C3H/HeN and C3H/HeJ M¢ (Figs. 1B and 2). We re-
cently suggested that LPS from oral black-pigmented bacteria
induces TNF production by C3H/HeJ] M¢ as well as C3H/
HeN M¢ in a manner different from that of Salmonella LPS
[21]. Oral black-pigmented bacterial LPS and taxoid 5 may
use other functional receptor(s) different from TLR 4, such as
other TLR families [35].

In a previous paper [36], we reported that a pretreatment of
C3H/HeN M¢ with inactive nor-seco-taxoid 25 did not sup-
press subsequent paclitaxel- or LPS-induced TNF production,
but suppressed NO production, indicating that taxoid 25 has
the capability of conditioning Mo, albeit that it does not have
ability to induce TNF/NO production. In the present study,
we have found that the majority of non-active taxoids show
little conditioning effect on paclitaxel- or LPS-induced TNF/
NO production. However, the conditioning of C3H/HeN Mo
with nor-seco-taxoids 24 and 25 apparently affects the pro-
duction of NO, but not TNF, by a stimulation with either
paclitaxel or LPS (Fig. 3). This result suggests that these com-
pounds are not inactive, but have some priming effect. This
effect can be ascribed to the hindrance of iNOS expression
after the stimulation (Fig. 4). Further study is needed to clar-
ify how the conditioning of murine M¢ with nor-seco-taxoids
suppresses paclitaxel- or LPS-induced NO production and
why the same pretreatment of human blood cells does not
affect it.

Acknowledgements. This work was supported by Grants from the Na-
tional Institutes of Health (GM427980 to 1.0.) and from the Ministry
of Education, Science and Culture (11670270 to T.K.). Generous sup-
port from Indena, SpA (to 1.0.) is also gratefully acknowledged.

References

[1] Georg, G.I., Chen, T.T., Ojima, I. and Vyas, D.M. (1995) Tax-
ane Anticancer Agents: Basic Science and Current Status, Amer-
ican Chemical Society, Washington DC.

[2] Suffness, M. (1995) Taxol: Science and Applications, CRC Press,
New York.



226

[3] Rowinsky, E.K., Onetto, N., Canetta, R.M. and Arbuck, S.G.
(1992) Semin. Oncol. 19, 646-662.

[4] Rowinsky, E.K. (1997) Annu. Rev. Med. 48, 353-374.

[5] Schiff, P.B. and Horwitz, S.B. (1980) Proc. Natl. Acad. Sci. USA
77, 1561-1565.

[6] Ding, A.H., Porteu, F., Sanchez, E. and Nathan, C.F. (1990)
Science 248, 370-372.

[7] Morrison, D.C. and Ryan, J.L. (1987) Annu. Rev. Med. 38, 417—
432.

[8] Rietschel, E.T., Kirikae, T., Schade, F.U., Mamat, U., Schmidt,
G., Loppnow, H., Ulmer, A.J., Zhringer, U., Seydel, U., di Pa-
dova, F., Schreier, M. and Brade, H. (1994) FASEB J. 8, 217-
225.

[9] Nakano, M., Shinomiya, H. (1992) in: Bacterial Endotoxic Lipo-
polysaccharides (Morrison, D.C. and Ryan, J.L., Eds.), Molec-
ular Biochemistry and Cellular Biology, vol. 1, pp. 311-328,
CRC Press, Boca Raton, FL.

[10] Sultzer, B.M. (1968) Nature 219, 1253-1254.

[11] Manthey, C.L., Qureshi, N., Stutz, P.L. and Vogel, S.N. (1993)
J. Exp. Med. 178, 695-702.

[12] Bogdan, C. and Ding, A. (1992) J. Leukocyte Biol. 52, 119-121.
[13] Kirikae, F., Kirikae, T., Qureshi, N., Takayama, K., Morrison,
D.C. and Nakano, M. (1995) Infect. Immun. 63, 486-497.

[14] Kirikae, T., Ojima, 1., Ma, Z., Kirikae, F., Hirai, Y. and Naka-
no, M. (1998) Biochem. Biophys. Res. Commun. 245, 698-704.

[15] Kirikae, T., Ojima, 1., Kirikae, F., Ma, Z., Kuduk, S.D., Slater,
J.C., Takeuchi, C.S., Bounaud, P.-Y. and Nakano, M. (1996)
Biochem. Biophys. Res. Commun. 227, 227-235.

[16] Burkhart, C.A., Berman, J.W., Swindell, C.S. and Horwitz, S.B.
(1994) Cancer Res. 54, 5779-5782.

[17] Ojima, I. (1995) Acc. Chem. Res. 28, 383-389.

[18] Ojima, I., Sun, C.M., Zucco, M., Park, Y.H., Duclos, O. and
Kuduk, S.D. (1993) Tetrahedron Lett. 34, 4149-4152.

[19] Ojima, 1., Slater, J.C., Kuduk, S.D., Takeuchi, C.S., Gimi, R.H.,
Sun, C.M., Park, Y.H., Pera, P., Veith, J.M. and Bernacki, R.J.
(1997) J. Med. Chem. 40, 267-278.

[20] Ojima, I., Kuduk, S.D. and Chakravarty, S. (1998) in: Advance

T. Kirikae et al.[FEBS Letters 478 (2000) 221-226

in Medicinal Chemistry (Maryanoff, B.E. and Reitz, A.B., Eds.),
vol. 4, pp. 69-124, JAI Press, Greenwich.

[21] Kirikae, T., Nitta, T., Kirikae, F., Suda, Y., Kusumoto, S., Qur-
eshi, N. and Nakano, M. (1999) Infect. Immun. 67, 1736-1742.

[22] Kirikae, T., Schade, F.U., Kirikae, F., Rietchel, E.T. and Mor-
rison, D.C. (1993) J. Immunol. 151, 2742-2752.

[23] Saito, S., Matsuura, M., Tominaga, K. and Nakano, M. (2000)
Eur. J. Biochem. 267, 37-45.

[24] Ding, A., Sanchez, E. and Nathan, C. (1993) J. Immunol. 151,
5596-5602.

[25] Manthey, C.L. and Vogel, S.N. (1996) J. Endotoxin Res. 1, 189-
198.

[26] Ding, A., Sanchez, E., Tancinco, M. and Nathan, C. (1992)
J. Immunol. 148, 2853-2858.

[27] Risco, C., Dominguez, J.E., Bosch, M.A. and Carrascosa, J.L.
(1993) Mol. Cell. Biochem. 121, 67-74.

[28] Ding, A.H., Porteu, F., Sanchez, E. and Nathan, C.F. (1990)
J. Exp. Med. 171, 715-727.

[29] Ravindra, R. and Aronstam, R.S. (1991) FASEB J. 5, A1498.

[30] Marie, S., Ashmid-Alliana, A., Kubar, J., Ferrua, B. and Rossi,
B. (1993) J. Biol. Chem. 268, 13675-13681.

[31] Ding, A., Chen, B., Fuortes, M. and Blum, E. (1996) J. Exp.
Med. 183, 1899-1904.

[32] Schiff, P.B., Fant, J. and Horwit, S.B. (1979) Nature 277, 665—
667.

[33] Poltrak, A., Xiaolong, H., Smirnova, I., Liu, M.-Y., Van Huffel,
C., Du, X., Birdwell, D., Alejos, E., Silva, M., Galanos, C.,
Freudenberg, M., Ricciardi-Castagnoli, P., Layton, B. and Beut-
ler, B. (1998) Science 282, 2085-2088.

[34] Yang, R.B., Mark, M.R., Gray, A., Huang, A., Xie, M.H.,
Zhang, M., Goddard, A., Wood, W.I., Gurney, A.L. and God-
owski, P.J. (1998) Nature 395, 284-288.

[35] Rock, F.L., Hardiman, G., Timans, J.C., Kastelein, R.A. and
Bazan, J.F. (1998) Proc. Natl. Acad. Sci. USA 95, 588-593.

[36] Nakano, M., Tominaga, K., Saito, S., Kirikae, F., Lin, S., Fu-
mero, C.L., Ojima, I. and Kirikae, T. (1999) J. Endotoxin Res. 5,
102-106.



