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ABSTRACT: Vizantin, 6,6'-bis-O-(3-nonyldodecanoyl)-a,a'-trehalose, was developed as a safe immunostimulator on the basis
of a structure—activity relationship (SAR) study with trehalose 6,6’-dicorynomycolate (TDCM). It was possible to synthesize
vizantin on a large scale more easily than in the case of TDCM, and the compound exhibited more potent prophylactic effect on
experimental lung metastasis of B16—F0 melanoma cells. Because vizantin stimulated human macrophages, it is a promising

candidate for clinical application.

B INTRODUCTION

Trehalose 6,6'-dimycolates (TDMs) (formerly called cord
factor) are well-known structural components of the outer
surface membrane of Mycobacterium tuberculosis.' > TDMs
trigger innate immune responses through Toll-like receptor 2
(TLR2)* and show a variety of significant properties such as
potent antitumor act1v1ty against in vivo models of several
murine tumor cells,””® enhancement of nonspecific host
resistance to mlcroorgamsms,g’lo and a number of others.'™*°
In recent years, bacterial components, including TDMs, have
attracted considerable attention as lead compounds for
adjuvant development.'®”>* However, a primary concern over
the use of these compounds is that they can overactivate
immune responses, leading to clinical symptoms of septic
shock. Therefore, it is an imperative for the design of safe
immunostimulants that detailed knowledge of structure—
activity relationships (SARs) is gathered in order to harness
the beneficial effects without causing toxicity.

Chart 1. TDMs, TDCM, and Vizantin
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It was hypothesized that a shorter carbon chain analogue of
TDM, trehalose 6,6’-dicorynomycolate (TDCM), might be
useful in the development of a safer adjuvant because its lethal
toxicity to mice is known to be much lower than that of
TDMs.** Thus, we have synthesized a variety of TDCM
analogues in order to identify potential candidates that display
increased immunological activity with minimal associated
toxicity. In this report, we describe the relationship between
the immunological activity and structure of these molecules,
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focusing on the fatty acid residue. We also investigated in detail
the most promising candidate (which is designated vizantin) for
clinical application using several assay systems.

In 1994, our project started with a study involving the
synthesis of TDCM previously isolated from Corynebacterium
spp->>~>” During this initial stage, the stereochemistry of the
fatty acid residues of TDCM was established to be 2R,3R.*>*’
Furthermore, it was found that the lethal toxicity in mice
displayed by TDM was no longer observed using synthetic
TDCM.** Twenty-five different TDCM analogues with a
variety of chain lengths were then prepared, with
2R,3R2'R,3'R- (hereafter abbreviated RRRR-), SSSS-, and
RRSS-stereochemistry and monoesters with RR- and SS-
stereochemistry, in order to study their SARs.>® As a result, it
was found that the chain length of the fatty acid residue
significantly affected the immunostimulating activity while the
stereochemistry had little impact. We subsequently focused on
the contribution of the intramolecular hydrogen bond between
the C3-hydroxyl group and the carbonyl group in the fatty acid
residue on the immune response. The formation of hydrogen
bond locked the conformation of the mycolic motif (a-
substituted f-hydroxyester) in the fatty acid residue.*' ~>* Thus,
the presence of a hydroxyl group, which favorably interacted
with the carbonyl moiety, was considered to be an essential
factor for eliciting a variety of biological responses. To evaluate
the effect of the hydrogen bond, we designed methyl ether
analogue 8, which masked the hydroxyl group and had two

successive chiral centers in 2R,3R configurations.

B RESULTS AND DISCUSSION

The synthetic route to 8 is illustrated in Scheme 1. (2R,3R)-
Hydroxyester 2 was prepared from commercially available 1 in
three steps according to the synthetic procedure for TDCM.*
The optical purity of 2 was estimated to be over 98% ee based
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Scheme 1. Synthesis of C3-Methoxy Derivative 8
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“Reagents and conditions: (a) NaH, n-BuLi, n-C,,H,,I, THF, 0 °C,
0.5 h, 78%; (b) (R)-BINAPRuCl,, H, (70 atm), MeOH, rt, 72 h, 94%,
>98% ee; (c) LDA, HMPA, C,,H,,l, —48 °C, 6 h, 55%; (d) MeOTH,
DTBP, CH,Cl,, rt, 30 h, 80%; (¢) TMSOTf, CH,Cl,, 0 °C tort, 1 h,
85%; (f) EDCI, DMAP, MS 4A powder, CH,Cl,, reflux, 4 h, 90%; (g)
Pd(OH),, CHCl;/MeOH (2:1), tt, 3 h, 87%.

on the "’F NMR of the MTPA derivative. The hydroxyl group
on 2 was converted to methyl ether using excess MeOTf and
DTBP in CH,Cl, at room temperature for 30 h. In addition,
this methylation was sensitive to reaction temperature as
transesterification took place under reflux, giving S as the major
product. The cleavage of the fert-butyl ester was carried out
using TMSOTY, and the resulting carboxyhc acid 4 was
condensed with hexabenzyl trehalose 6** using EDCI and
DMAP to afford 7. Finally, hydrogenolysis over 20 mol % of
Pd(OH), resulted in the deprotection of all benzyl ethers to
provide the desired 8.

To examine the immunological properties of the hydroxy-
masking analogue 8, mouse macrophages (5.0 X 10° cells) were
stimulated using 8 (S0 M) in the presence of fluorescent
microspheres (Fluoresbrite carboxylate microspheres, 1.75 um
in diameter, Polysciences).> After 2 h, phagocytic activity was
determined by measuring fluorescence intensity in the cells. As
can be seen in Figure 1A, 8 had comparable potency to TDCM,
although the LAU value (efficacy) of 8 was slightly lower. The
supernatant was also harvested and investigated for the
presence of macrophage-produced cytokines such as IL-6 and
MIP-18 using commercial capture ELISAs,*® with both
exhibiting similar trends in potency and efficacy as were
observed for the response of phagocytosis (Figure 1B,C).
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Figure 1. Immunological properties of TDCM and 8. Mouse
macrophages were incubated at 37 °C for 2 h. Phagocytic activity
was determined by measuring the uptake of fluorescent microspheres
as described in the Experimental Section. IL-6 and MIP-1f in culture
supernatants were determined by ELISA kit. Values represent mean +
SD (n = S). *P < 0.01, compared with vehicle (DMSO).
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The observation that hydroxy-masking analogue 8 showed a
significantly high level of macrophage activation suggested that
the presence of the hydroxyl group might not be necessary for
the induction of an immune response. Thus, dehydroxy
derivative 11j was designed in addition to its mimetic analogues
with achiral fatty acid chains such as a-branched 11k—s, j-
branched 16t—z, and y-branched 20t and 20u in order to
eliminate the effect of the chiral centers (Scheme 2).

Scheme 2. Preparations of Dehydroxy Derivative 11j and the
Mimetic Analogues”
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“Reagents and conditions: (a) NaH, LDA, R,, THF, 0 °C to rt; (b) 6,
EDCI, DMAP, MS 4A powder, CH,Cl,, reflux; (c) Pd(OH),, CHCL,/
MeOH (2:1), rt; (d) NaH, (EtO),POCH,CO,Et, THF, reflux; (e)
PtO,, H, (1 atm), CHCl;/MeOH (5:1), rt; (f) KOH, n-BuOH/H,0
(2:1), 100 °C; (g) LiAlH,, THF, rt; (h) TsCl, Et;N, DMAP, CH,Cl,,
1t; (i) KCN, DMF, 80 °C; (j) KOH, n-BuOH, 100 °C.

Dehydroxy fatty acid 10j was prepared by the alkylation of
commercially available stearic acid (9a) with 1-iodotetradecane
using NaH and then LDA. The a-branched fatty acids 10k—s
were synthesized by the same procedure. Preparations of f-
branched 15t—z were achieved from ketones 12t—z. The HWE
reaction with (EtO),POCH,COOEt was carried out under
reflux conditions, giving the conjugated esters 13t—z in good
yields. Hydrogenation of the double bond using a catalytic
amount of PtO, proceeded smoothly, and the resulting 14t—z
were hydrolyzed to afford 15t—z. Synthetic intermediates 14t
and 14u were utilized for producing y-branched 19t and 19u.
Reductions of 14t and 14u with LiAlH, followed by cyanations
of tosylate 17t and 17u gave 18t and 18u, which were
hydrolyzed with excess KOH to yield 19t and 19u, respectively.
Condensations of trehalose derivative 6 with the prepared fatty
acids were performed using EDCI and DMAP to give the
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corresponding diesters. Finally deprotection of the benzyl
ethers using Pd(OH), afforded the desired trehalolipids 11j—s,
16t—z, 20t, and 20u.

The synthesized trehalolipids were evaluated for their
phagocytosis inducing activities (Figure 2). In this assay,

DLD-1 cell. TDCM and compound 11m did not show such
specificity (data not shown). Among a variety of cytokines,
TNF-a has significant high proinflammatory activity, which
may lead to serious complications such as a cytokine storm.>”
Interestingly, 16u did not induce TNF-a (Figure 4B);
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Figure 2. Phagocytic activities of TDCM, 11j—s, and 16t—z. Mouse
macrophages (5.0 X 10° cells) were stimulated using 50 uM TDCM
and analogues in the presence of fluorescent microspheres at 37 °C for
2 h. Phagocytic activities were determined by measuring the uptake of
fluorescent microspheres as described in the Experimental Section.
Values represent mean + SD (n = 5). *P < 0.01, compared with the
vehicle group (DMSO).

dehydroxy derivative 11j showed comparable activity to that of
TDCM. Among the synthesized compounds, the S-branched
type derivative with C-9 side chains, compound 16u, showed
the highest activity followed by the a-branched 11m with C-10
side chains. y-Branched analogues 20t, 20u, and linear chain
analogue with dodecanoic acid residue 9d were practically
inactive (data not shown). From these findings, it was
concluded that the presence of a hydroxyl group on the fatty
acid chain is not required for phagocytosis inducing activity.
Although the exact role of the fatty acid chain is unclear, it is
apparent that an a- or a fB-branched structure is essential for
inducing the activity and that the optimal chain length for the
carbon atom of the ester moiety is C-12. IL-6 and MIP-1/
inductions also showed analogous results (see Supporting
Information (SI)).

The effect on human-derived immune cells was subsequently
investigated with the aim of developing a new immune
activating drug for humans. As seen in Figure 3A, release of
MIP-1/ from human monocyte macrophage cells (THP-1) was
dramatically increased on treatment with 16u, but very little
release was observed for other human cell lines A59S cell and
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Figure 3. MIP-15 and TNF-a released from human cells treated with
TDCM and 16u. The THP-1, A549, and DLD-1 (5.0 X 10° cells) were
incubated with 100 kM TDCM or 16u at 37 °C for 3 h. MIP-1§ and
TNF-a in culture supernatants were determined using ELISA kits. In
(B), Escherichia coli LPS (0.5 ug) was employed as a positive control
that caused the release of 830 + 34 pg/mL of TNF-a from THP-1.
Values represent mean + SD (n = S). *P < 0.01, compared with the
vehicle group (DMSO).
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Figure 4. Prophylactic effect of vizantin (16u) on experimental lung
metastasis. Left picture is a lung treated with 16u and right is the
vehicle control (saline including 1.1% Tween 80, 5.6% mannitol, and
10% soy oil). The lung metastasis was evaluated at 21 days after tumor
inoculation.

therefore, it is conceivable that 16u would not induce a
cytokine storm, a factor which contributes to its very low
toxicity. The lethal toxicity of 16u in mice was found to be
incredibly low. All mice (n = S) survived until day 20 even
when doses of S0 mg of 16u were injected (corresponding to
2500 mg/kg) intraperitoneally at 7-day intervals (see SI).
Moreover, an Ames test demonstrated that 16u is totally free
from mutagenesis®® (see SI). Owing to these results, 16u was
selected as the most suitable candidate for clinical application,
and it was named vizantin after the symbolic hill Bizan of
Tokushima city.

The antitumor activity of vizantin (16u) was examined with
respect to its prophylactic effect on distant metastasis of tumor
cells (B16—F0 melanoma cells) in accordance with the protocol
reported by Azuma and co-workers.”* When 100 ug (4.0 mg/
kg) of 16u was administered intravenously in mice (CS7BL/6
mice, 6 week old, male) at 7-day intervals over 14 days before
tumor inoculation (5 X 10° cells), vizantin showed strong
inhibition of lung metastasis, with an inhibition ratio of more
than 98% (Figure 4).

Furthermore, it was found that oral administration of 16u
exhibited a significant inhibition of lung metastasis without the
loss of body weight and death in mice. As shown in Table 1,
multiple (6 times) administrations of 16u at 7-day intervals
from 14 days before tumor inoculation inhibited spontaneous

Table 1. Dose Dependency of Prophylactic Inhibition by
Oral Administration of Vizantin (16u)®

no. of lung metastases”

treatment mean + SD (% inhibition) range
control (vehicle)® 1975 +§ 92267
16u 100 ug 85.5 + 3 (57)*4 1-234
16u 500 pg 75.5 + 6 (62)*7 6—138
16u 1000 pg 68.0 + 4 (66)*¢ 17—-130
TDCM 1000 ug 117 + 4 (41)*4 32-187

“Groups of CS7BL/6 mice (n = 8) intravenously inoculated with
B16—F0 melanoma cells (5 X 10° cells) and orally administered with
the indicated doses of 16u and TDCM from 14 days before tumor
inoculation. “The lung metastasis was evaluated at 28 days after tumor
inoculation. “Saline containing 1.1% Tween 80, 5.6% glucose, and 10%
soy oil. “P < 0.01, compared with the vehicle group.
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lung metastasis of B16—F0 melanoma cells, with a clear dose
response and higher observed potency than TDCM. Because
16u was not detected in blood sera even when using
supercritical HPLC, orally administered 16u may act upon
gut immunity (e.g, Peyer’s patches®*°) and induce antitumor
activity without being absorbed. However, more detailed
investigation is required for full elucidation of the effect.

B CONCLUSION

On the basis of the knowledge on SAR of the C3-methoxy
derivative 8 and dehydro derivative 11j, we developed vizantin
(16u) as a novel immunostimulating compound. Because 16u
showed potent antitumor activity and stimulated mouse
macrophages, it was considered to be a nonspecific
immunostimulant. In addition, 16u also stimulated human
immune cells such as THP-1 cells, whereas TDCM had no
effect. These findings demonstrate that 16u may be a clinically
useful agent for the prevention and/or treatment of cancer. To
explore its practical use, its detailed action mechanism and
other adjuvant properties are now under investigation.

B EXPERIMENTAL SECTION

According to Scheme 2B, vizantin, 6,6'-bis-O-(3-nonyldodecanoyl)-
a,a’-trehalose (16u) was synthesized in five steps with a 59% overall
yield. This section describes experimental procedure for the synthesis
of 16 from 15u.
6,6'-Bis-O-(3-nonyldodecanoyl)-a,a’-trehalose (16u). The
mixture of 15u (462 mg, 1.41 mmol), 2,3,4,2",3'4'-hexabenzyl-a,a’-
trehalose 6 (500 mg, 0.566 mmol), EDCI (434 mg, 2.27 mmol),
DMAP (69 mg, 0.566 mmol), and MS 4A powder (500 mg) in
CH,Cl, (S mL) was stirred for 6 h under reflux. The resulting mixture
was filtered using Celite S3SRVS, and the filtrate was washed with
brine. The separated organic layer was dried over anhydrous MgSO,
and concentrated under reduced pressure. The residue was purified by
flash chromatography (silica gel, hexane:EtOAc, 20:1) to give 6,6'-bis-
O-(3-nonyldodecanoyl)-2,3,4,2',3',4'-hexabenzyl-a,a’-trehalose (724
mg, 85%) as a colorless syrup. [a]p* +65.3° (¢ 1.0 CHCL). FT IR
(neat) 3088, 3063, 3031, 2925, 2853, 1944, 1871, 1806, 1739 cm™". 'H
NMR (300 MHz in CDCl,) § 0.87 (12H, t, ] = 5.1 Hz), 1.20 (64H,
m), 1.81 (2H, m), 2.20 (4H, d, ] = 6.9 Hz), 3.54 (2H, t, J = 9.3 Hz),
3.56 (2H, m), 4.04 (2H, t, ] = 9.3 Hz), 4.09 (4H, m), 423 (2H, m),
4.51 (2H, d, J = 10.5 Hz), 4.67 (2H, d, J = 12.0 Hz), 472 (2H, d, ] =
12.0 Hz), 4.86 (4H, d, J = 10.5 Hz), 5.00 (2H, d, J = 10.5 Hz), 5.17
(2H, d, J = 3.6 Hz), 7.23—7.37 (30H, m). *C NMR (75 MHz in
CDCly) 6 14.13, 22.68, 26.51, 29.33, 29.56, 29.64, 29.92, 31.89, 33.65,
33.76, 34.89, 39.08, 62.35, 69.12, 72.94, 75.30, 75.70, 77.60, 79.38,
81.56, 94.02, 127.44, 127.63, 127.78, 127.92, 128.09, 128.41, 128.47,
137.78, 137.84, 138.60, 173.24. HRMS (FAB*) m/z calcd for
CosH,350,5Na (M* + Na) 1522.0036, found 1522.0020.

To a solution (10 mL) of 6,6'-bis-(3-nonyldodecanoyl)-
2,3,4,2',3',4'-hexabenzyl trehalose (724 mg, 0.483 mmol) in CHCly
and MeOH (2:1) was added Pd(OH),/C (145 mg, 20 w/w%). The
mixture was stirred vigorously for 8 h at room temperature under H,
(1 atm), filtered, and the concentrated residue purified by flash
chromatography (silica gel, CH,ClL,:MeOH, 20:1) to give 16u (356
mg, 77%) as a colorless syrup. [a]p* +62.8° (¢ 0.7 CHCL). FT IR
(neat) 3316, 2926, 2854, 1743 cm™". 'H NMR (300 MHz in C;D;N)
50.86 (12H, t, ] = 6.3 Hz), 1.24 (64H, m), 2.03 (2H, m), 2.37 (4H, d,
] = 6.6 Hz), 4.19 (2H, t, ] = 9.3 Hz), 4.31 (2H, dd, ] = 9.3, 3.9 Hz),
474 (2H, t, ] = 9.3 Hz), 4.85 (2H, dd, ] = 11.7, 5.1 Hz), 5.01 (2H, dd,
J =117, 1.8 Hz), 5.10 (2H, m), 5.89 (2H, d, ] = 3.9 Hz). 3*C NMR
(75 MHz in C,DN) & 14.29, 22.94, 29.84, 29.62, 29.91, 29.94, 30.22,
32.12, 34.10, 35.23, 39.33, 64.26, 71.48, 71.96, 73.35, 74.82, 95.82,
173.51. HRMS (FAB*) m/z caled for CgH;(,013Na (M* + Na)
981.7218, found 981.7198.

Assay of Phagocytosis. Mouse macrophages (80% confluent in
48-well plates) were stimulated with 50 uM concentration of
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compound in the presence of 5.0 X 10° fluorescent microspheres/
mL. After 2 h incubation, cells were washed and the fluorescence
intensity in the cells was determined using a fluorescent imaging
analyzer (FLA-1000, Fujifilm, Japan).

Statistics. Results were expressed as the mean + SD, with n
representing the sample size. Statistical comparisons were performed
using an unpaired t test or one-way analysis of variance (ANOVA)
with Bonferroni correction. P values of less than 0.05 were considered
statistically signification.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures concerning the synthesis, spectral
characterization data (*H and *C NMR) of 16u, and a
description of biological tests. This material is available free of
charge via the Internet at http://pubs.acs.org.
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