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Figure 3: TTL-315 blocks the growth of MATB-III mammary carcinoma and cooperates with cisplatin to trigger
regression of bulky established tumors. Tumor volumes comparing control and experimental cohorts relative to the starting day
of treatment is shown on the Y-axis in all panels. A. Prevention design. MATB-III tumor-bearing F344 rats with palpable tumors were
administered 40 mg/kg TTL-315 or vehicle only (0.1 ml) by tail vein injection on the days indicated. Mean tumor volume at the start of
treatment was 139+4 mm?® for mice in the control cohort (n = 5) and 127+12 mm? for mice in the experimental cohort (n = 5). B. Treatment
design. Rats with bulky tumors >2000 mm? were treated as before on the days indicated. Mean tumor volume at the start of treatment was
2837+204 mm? for mice in the control cohort (n = 5) and 2848+538 mm® for mice in the experimental cohort (n = 5). C. Cooperation with
cisplatin. Rats with bulky tumors were subjected to the treatment design protocol as before except for the addition of cisplatin (2 mg/kg)
which was administered at the times indicated to both cohorts. Mean tumor volume at the start of treatment was 2948+180 mm? for mice
in the control cohort (cisplatin only) (n=5) and was 2402+218 mm? for mice in the experimental cohort (cisplatin + TTL-315) (n=5). Data
was evaluated by Student’s T test.
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Figure 4: TTL-315 blocks the growth of MMTV-neu mammary carcinoma and cooperates with cisplatin to promote
regression of established tumors. Tumor volumes comparing control and experimental cohorts relative to the starting day of treatment
is shown on a logarithmic scale on the Y-axis. Each dot represents a subject on trial (n). Horizontal bars in each dataset shows the mean of
the data. Statistical significance was analyzed by ANOVA. MMT V-neu mice with spontaneously arising palpable mammary tumors (500-
1000 mm?) were recruited longitudinally to a trial in which TTL-315 (100 mg/kg), cisplatin (1 mg/kg) or vehicle only (0.1 ml volume) was
administered by i.p. injection on days 1, 3, 5 of a two-week response trial.
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tumor development. MMTV-neu mice were enrolled
randomly into control and experimental treatment groups
when tumors reached ~500-1000 mm?®. Mice in different
cohorts received vehicle only, TTL-315 (100 mg/kg),
cisplatin (1 mg/kg) or both drugs on days 1,3,5 of a two-
week tumor response assay, a design described in detail
in this model for other drug trials elsewhere [16-18]. Two
weeks following initiation of the treatment, mice were
euthanized for measurement of the final tumor sizes. A
comparison of each subject in the cohorts relative to the
starting day of treatment confirmed the antitumor activity
of TTL-315 and its ability to leverage the efficacy of
cisplatin in this model (Figure 4). In this model, TTL-315
was quite potent with 3/10 subjects receiving this agent
showed either no tumor growth or frank tumor regression.
In combination with cisplatin, which produced no
regressions by itself, TTL-315 elicited tumor regressions
in 7/11 subjects.

We further explored the antitumor properties
of TTL-315 in the established Lewis lung carcinoma
model (LLC1), where the potential for cooperation with
radiotherapy was of interest based on studies of HEDS as
a radiosensitizer [3-5, 19, 20]. In pilot trials, we obtained
results from tests of TTL-315 (100 mg/kg) administered
i.p. in the LLC1 lung tumor model that were similar to
those reported above (Suppl. Figure 2A). LLCI1 tumors
did not respond to low doses of ionizing radiation tested
(2 or 4 Gy), but at 8 Gy which slowed tumor growth
the administration of TTL-315 on the same dose and
schedule cooperated modestly to attenuate growth further
(Suppl. Figure 2B). Overall, the results obtained in
three established preclinical models of breast and lung
carcinoma that are known for their aggressive properties
supported the conclusion that TTL-315 could inhibit tumor
growth, enhance the efficacy of DNA damaging therapies

and trigger tumor regressions.

TTL-315 activity does not rely on host
immunocompetence or evident systemic toxicity

Given emerging evidence of the importance
of glucose metabolism on tumor immunity [21, 22],
we asked whether the antitumor properties of TTL-
315 might be seated in immune alterations. For this
direction, we employed B16 murine melanoma based
on the importance of immune modulation in melanoma
growth and therapeutic response. In this model system,
i.p. administration of TTL-315 (40 mg/kg) on a similar
schedule at 7, 10, and 13 days after palpable tumor-bearing
mice were enrolled yielded tumor growth inhibitions in
both immune-competent syngeneic C57BL6 hosts as well
as in immune-incompetent nude mouse hosts (Figure
5). While tumor growth differed subtly in each host, no
significant differences in the growth inhibition elicted by
TTL-315 were apparent. While combinations were not
explored in this model, at a first level of investigation it did
not appear as though TTL-315 relied upon T cell immunity
for its in vivo activity, given the similar antitumor effects
in these host animals. In a similar vein, we did not obtain
evidence of systemic toxicity associated with TTL-315
treatment as a conduit of its antitumor properties, based
on observations from exploratory 7 and 28 day toxicity
studies in mice (Suppl. Figure 3) and rats (data not shown)
or comparisons of the weights of mice treated with TTL-
315 at doses of 40-100 mg/kg (single or multiple dosing).
These data reinforced the conclusion that TTL-315 is
safely tolerated in preclinical models without evidence of
gross toxicity on its own or as bioreductively cleared to the
monomeric form 2-mercaptopropionyl glycine (tiopronin).

Figure 5: Antitumor properties of TTL-315 do not vary with host immunocompetency. C57BL6/J syngeneic hosts (BL6) or
immunodeficient nude mice (nu/nu) were injected s.c. with 1 x 10° B16F10 cells (day 0) and enrolled randomly in control or experimental
cohorts (n = 10 all cohorts). On days 7, 10, 13 mice were administered by i.p. injection vehicle only or 40 mg/kg TTL-315 (0.1 ml total
volume). Tumor volumes based on calculations from caliper measurements were determined with an endpoint of 24 days in the experiment.

Data was evaluated by Student’s T test.
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DISCUSSION

The results presented in this study offer an
initial preclinical proof of concept for TTL-315 as an
antimetabolite with potent antitumor activity. TTL-315
is a disulfide, a thiol dimer, of the approved generic
drug tiopronin (aka thiola) which has been used in
clinic for many years to treat the disease cystinuria [23,
24]. Bioreduction of TTL-315 yields two monomers of
tiopronin, the pharmacology and toxicology for which
has been well established clinically. Consistent with the
results of preliminary exploratory toxicology conducted
in rats and mice, the reduced form of TTL-315, tiopronin,
is known to be safe. Therefore, one would expect the
safety risks for TTL-315 development to be mitigated to
a significant extent. Under normal conditions in healthy
tissues, which are provided with sufficient nutrients, TTL-
315 is reduced relatively quickly to tiopronin. In contrast,
accumulation of TTL-315 in the glucose-deprived
microenvironment of a solid tumor, where it is not reduced
quickly to tiopronin, would intensify competition for the
precious glucose/OPPC/NADPH-dependent thiol-reducing
activity which is critical to sustain cancer cell survival
in the hostile tumor microenvironment. By stressing a
system that is already strained in solid tumors, TTL-315
impairs many local thiol redox-dependent functions,
including DNA repair functions. Figure 6 presents a
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model which illustrates its tumor-selective antimetabolic
effects, which are based on glucose insufficiency in solid
tumor tissue. The strain imposed by TTL-315 in solid
tumors is extended still further by the co-administration
of DNA damaging therapies which tax the same thiol
redox-dependent functions, suggesting a basis to
explain the antitumor cooperativity that was observed in
multiple preclinical models of cancer. In summary, our
observations are consistent with the interpretation that
TTL-315 attacks a metabolic weakness in solid tumors,
one which is associated with limited safety risks based on
the established safety and pharmacotoxicogical profile of
its bioreductant monomer, tiopronin.

NADPH is critically needed to sustain the relatively
fragile state of thiol homeostasis in solid tumors. Thus,
it is intriguing to consider whether this need may help
explain the widespread activation of glycolysis in cancer
cells, insofar as the OPPC pathway generating NADPH
relies on glucose-6-phosphate synthesized as the first
step in glycolysis. As noted above, hypoxic regions of
tumors that are notoriously resistant to radiotherapy or
chemotherapy are also glucose deprived [8]. Additionally,
studies of tissue ischemia indicate that tissue damage
occurs as much a result of glucose deprivation as hypoxia
[25]. A connection between tissue ischemia, glucose
deprivation, and cell death can be understood because
under hypoxic conditions NADPH production through
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Figure 6: TTL-315 response model. TTL-315 is proposed to interfere with thiol redox homeostasis and elicit cell death in glucose-
deprived cells where its detoxification is inefficient. A detailed discussion of the bioreductive/detoxification pathways involved have been
discussed elsewhere [10]. In the solid tumor microenvironment, the high glucose metabolism combined with a poor blood vasculature
leads to glucose deprivation, low OPPC activity and reduced NADPH generation. This situation strains the levels of glutathione needed
to preserve thiol homeostasis, which as a result becomes vulnerable to the additional stress created by dithiols that would be reduced by
glutathione-dependent redox processes. By intensifying the competition for these processes, thiol redox control of critical cell proteins
including DNA repair proteins is compromised. DNA-damaging chemotherapy and radiotherapy provide further strains that cooperate to
heighten cellular demise. In attacking this weak point, TTL-315 as a dithiol stressor in glucose-deprived solid tumors may offer additional
benefits to cancer management through production of its bioreductive product 2-mercaptopropionyl glycine (tiopronin), as discussed in the

text.
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