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Abstract
Effective treatment of some types of cancer can be achieved by modulating cell lineage-specific rather than tumor-specific
targets. We conducted a systematic search for novel agents selectively toxic to cells of hematopoietic origin. Chemical
library screenings followed by hit-to-lead optimization identified OT-82, a small molecule with strong efficacy against
hematopoietic malignancies including acute myeloblastic and lymphoblastic adult and pediatric leukemias, erythroleukemia,
multiple myeloma, and Burkitt’s lymphoma in vitro and in mouse xenograft models. OT-82 was also more toxic towards
patients-derived leukemic cells versus healthy bone marrow-derived hematopoietic precursors. OT-82 was shown to induce
cell death by inhibiting nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme in the salvage pathway
of NAD synthesis. In mice, optimization of OT-82 dosing and dietary niacin further expanded the compound’s therapeutic
index. In toxicological studies conducted in mice and nonhuman primates, OT-82 showed no cardiac, neurological or retinal
toxicities observed with other NAMPT inhibitors and had no effect on mouse aging or longevity. Hematopoietic and
lymphoid organs were identified as the primary targets for dose limiting toxicity of OT-82 in both species. These results
reveal strong dependence of neoplastic cells of hematopoietic origin on NAMPT and introduce OT-82 as a promising
candidate for the treatment of hematological malignancies.

Introduction

In the United States alone, nearly 60,000 people die from
hematopoietic (HP) malignancies such as leukemia, lym-
phoma, and myeloma annually [1]. Despite some advance-
ments, treatments for many HP malignancies remain

insufficiently efficacious and associated with high toxicity. In
addition to acute toxicities, genotoxic treatments have long-
term negative effects on health and quality of life, including
an increased risk for development of secondary cancers [2].
Therefore, new therapies with improved efficacy and safety
are urgently needed.

Some effective anticancer agents are directed against
tissue-specific targets rather than cancer-specific targets. For
example, L-asparaginase- and CD20-targeting drugs [3, 4] are
widely used in hematological oncology and are considered
“anti-tissue/lineage” agents since they do not distinguish
between normal and transformed cells and act against lineage-
specific metabolic deficiency or lineage-specific surface anti-
gen, respectively. To identify new potential drugs of this type,
we screened chemical libraries using a cell-based phenotypic
assay for HP tissue-specific cytotoxic agents. A small mole-
cule identified in this screen was found to be an inhibitor of
the ubiquitous metabolic enzyme nicotinamide phosphor-
ibosyltransferase (NAMPT).
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NAMPT is the rate-limiting enzyme in the salvage path-
way by which nicotinamide adenine dinucleotide (NAD) is
synthesized from nicotinamide. NAD can also be synthesized
de novo from tryptophan or via an alternative salvage path-
way from nicotinic acid (NA) or NA riboside. Since the
NAMPT-dependent salvage pathway is the major pathway
used in mammalian cells, NAMPT inhibition results in the
depletion of NAD, which is essential for energy metabolism,
oxidation–reduction reactions, and signaling pathways that
regulate gene expression, DNA repair, and calcium home-
ostasis [5–7]. In general, NAMPT is overexpressed in cancer
cells compared with corresponding normal cells, presumably
reflecting their heightened metabolic and signaling require-
ments. In addition, higher NAMPT expression is associated
with tumor aggressiveness and poor prognosis [8]. Thus,
NAMPT has been defined as an attractive target for anticancer
therapy.

Multiple previously identified NAMPT inhibitors have
shown efficacy in cancer models, including ovarian, color-
ectal, HP, prostatic, pancreatic and non-small cell
lung carcinomas, neuroblastoma and fibrosarcoma [9–15]
(reviewed in [16]). The NAMPT inhibitors FK866, GMX1778
(CHS828) and GMX1778’s prodrug, GMX1777, were eval-
uated in clinical trials in patients with advanced solid tumors,
but these did not go beyond Phase II due to serious toxicities,
including thrombocytopenia [17, 18]. Nevertheless, targeting
of NAMPT remains an attractive strategy that is being
explored by multiple drug development teams [16]. Here we
describe OT-82, a new NAMPT inhibitor with marked effi-
cacy against HP malignancies, a favorable pharmacological
profile and a high therapeutic index.

Methods

Cell culture and reagents

Cell lines were obtained from ATCC (Manassas, VA, USA)
or Sigma Aldrich (St Louis, MO, USA) and were periodically
tested for the lack of mycoplasma contamination. Cells were
maintained in RPMI 1640 or DMEM with phenol red sup-
plemented with 10% fetal bovine serum, 100 units/mL peni-
cillin, 100 μg/mL streptomycin, and 2mM L-glutamine in a
humidified atmosphere containing 5% CO2 at 37 °C. Normal
human bone marrow mononuclear cells (BM-MNC) were
obtained from ALLCELLS, LLC (Almeda CA, USA).
Patients’ BM-MNC were procured at the Hematologic Bank
of RPCCC and NAMPT monoclonal antibody (clone OMNI
379) was obtained from Cayman Chemicals (Ann Arbor, MI,
USA). FK866 was purchased from Selleckchem (Houston,
TX, USA). OT-82 has been custom synthesized by Nanosyn
Inc (Santa Rosa, CA, USA).

High-throughput screening

High-throughput screening was performed using >200,000
compounds from libraries of synthetic small molecules from
Chembridge Corporation (San Diego, CA, USA) and
Maybridge Corporation (Altrincham, UK) as described in
Supplementary Methods.

Cytotoxicity assay and characterization of cell death

The effect of compounds on cell viability was assessed by
resazurin assay (see Supplementary Methods). Caspase-3
activity was determined using the Caspase Fluorometric
(AMC) Substrate/Inhibitor QuantiPak BML-AK005 kit
(Enzo Life Sciences, Farmingdale, NY, USA) following
the manufacturer’s instructions. Two-Step Cell Cycle
analysis and Mitochondrial Membrane Potential Assay
were performed using a NC-3000 cytometer following the
manufacturer’s instructions (Chemometec, Gydevang,
Denmark; Application note 3001) as described in Sup-
plementary Methods.

Identification and validation of the molecular target
of OT-82

NAMPT was identified as the protein target of OT-82
by affinity chromatography followed by mass spectro-
scopy (see Supplementary Methods). NAMPT activity
was measured using the Cyclex NAMPT Colorimetric
Assay Kit (MBL International, Woburn, MA, USA).
NAD was measured using Enzyfluo NAD/NADH assay
kit (BioAssays Systems, Hayward, CA, USA). ATP
was measured using ATPlite Luminescence ATP detec-
tion kit (Perkin Elmer, Waltham, MA, USA). All assays
were performed following the kit manufacturer’s
instructions.

Animal studies

Efficacy studies in mouse models were performed
according to protocols approved by the Roswell Park
Cancer Institute (RPCI) Institutional Animal Care and Use
Committee (IACUC) and the Animal Care and Ethics
Committee of the University of New South Wales.
Toxicity studies performed in mice and nonhuman pri-
mates (Macaca fascicularis) were conducted by Phar-
maron (Beijing, China) in accordance with Pharmaron’s
IACUC policies and procedures.

Studies in mouse subcutaneous and systemic xenograft
models are described in the Supplementary Methods. Phy-
siological Frailty Index (PFI) was measured in mice as
previously described [19].
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Statistical analysis

Data are reported as mean values ± standard error. For
animal studies, mean tumor volume and mean body (or
organ) weights were compared between groups using two-
sided unpaired Student’s t-test (GraphPad Prism5). In
patient-derived xenograft models, event-free survival (EFS)
curves were compared between groups by Gehan–Wilcoxon
test (R statistical software). p values ≤0.05 were considered
significant.

Results

Isolation and optimization of small molecules with
specific toxicity towards hematopoietic cancer cells

To identify the compounds with selective toxicity against HP
cancer cells, we performed a cell-based high-throughput

screening of more than 200,000 small molecules (Fig. 1a and
Supplementary Methods). The three most active compounds
(with IC50 values <1000 nM) were further characterized
using a panel of 12 HP and 17 non-HP cell lines. Compound
OT-1901 showed the best combination of activity (IC50=
26.3 ± 5.6 nM) and selectivity (on average, 7.3-fold less toxic
to non-HP vs HP cells). A series of 179 proprietary structural
analogs of OT-1901 were synthesized and tested for activity
and selectivity against HP cancer cells, as well as improved
physico-chemical properties. From these, we selected OT-82
(Fig. 1a) as our lead drug candidate.

The spectrum of OT-82 cytotoxicity was determined
in vitro using 12 HP cancer and 17 non-HP (breast, prostate,
pancreatic, cervical, ovarian, colon and lung carcinomas,
melanoma and glioblastoma) human cancer-derived cell lines
(Table 1, Fig. 1a, b). The average IC50 for OT-82 was sig-
nificantly higher in non-HP cancer cells compared with HP
cancer cells (13.03 ± 2.94 nM vs 2.89 ± 0.47 nM; p < 0.008)
(Table 1; Fig. 1b).
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Fig. 1 Identification and characterization of OT-82. a Scheme of
OT-82 discovery through a high-throughput, cell-based, phenotypic
small molecule screen, followed by hit validation and structure opti-
mization. OT-82 dose dependence of cytotoxicity in HP cell lines
(MV4–11, U937, RS4;11, HEL92.1.7, PER485, dashed circle), non-
HP cell lines (MCF-7, U87, HT29, H1299, dotted circle) and normal
fibroblast cells (WI-39, HFFF2, solid circle). Viability was determined
by resazurin staining after 72 h OT-82 treatment. b Comparison of the
IC50 for OT-82 in cytotoxicity assays performed as in a for multiple

HP and non-HP cancer cell lines. c IC50 for OT-82 in cytotoxicity
assays using human total bone marrow cells freshly isolated from adult
healthy volunteers (n= 5) and AML (n= 12), and ALL (n= 10)
patients. Viability was measured by resazurin staining after 72 h
treatment. p < 0.0001 for AML patients versus normal and p= 0.0007
for ALL patients versus normal. b, c The middle horizontal line
indicates the mean value with flanking lines indicating one
standard error.
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While OT-82 was cytotoxic towards all types of neo-
plastic cells tested, the drug had a cytostatic effect on nor-
mal diploid fibroblasts (WI-38 and HFFF2 strains), even at
concentrations as high as 30 μM (Fig. 1a). In addition, BM-
MNC from healthy donors were significantly less sensitive
to OT-82 than BM-MNC from leukemia patients (IC50=
62.69 ± 18.20 nM for healthy donors vs 3.31 ± 0.85 nM for
AML and 7.10 ± 1.47 nM for ALL, p < 0.001 for both;
Fig. 1c). Thus, in vitro, OT-82 demonstrated tissue-selective

(HP vs non-HP) as well as cancer-selective (tumor vs nor-
mal) cytotoxicity.

Efficacy of OT-82 in preclinical models of
hematologic malignancies

Next, we tested the therapeutic effect of OT-82 in vivo,
using subcutaneous (SC) and systemic mouse xenograft
models of HP malignancies. Oral (PO) administration of
OT-82 (25 or 50 mg/kg) for 6 consecutive days per week for
3 weeks caused dose-dependent suppression of SC growth
of human AML-derived MV4–11 cells (Fig. 2a). The 25
mg/kg dose led to a threefold reduction in mean tumor
volume by day 17 of treatment (385 mm2 vs. 1135 mm2, p
= 0.0001), while the higher dose resulted in complete era-
dication of tumors within 10 days of treatment initiation
with no relapses during 43 days after the discontinuation of
treatment. Tumors that grew in the 25 mg/kg OT-82-treated
group grew more slowly than those in the vehicle-treated
group and remained sensitive to higher doses of the com-
pound, undergoing near complete regression by day 17 after
mice were switched to the 50 mg/kg dose (Fig. 2a). A
similar OT-82 regimen was also effective in a SC xenograft
model of human erythroleukemia (HEL92.1.7, Fig. 2b),
with 50 mg/kg dosing reducing mean tumor volume from
961 mm2 (control) to 219 mm2 (p= 0.0003) by the end of
treatment.

OT-82 was also efficacious in systemic leukemia models
generated by intravenous (IV) infusion of MV4-11 and
HEL92.1.7 cells, with PO administration 6 days/week for
10 weeks significantly prolonging mouse survival (Fig. 2c).
In the AML model (MV4-11), 25 and 40 mg/kg OT-82
dosing increased median survival by 83 days (161%) and
87 days (168%), respectively (P < 0.0001 vs control for
both), with 30 and 40% of mice remaining leukemia-free
(vs 0% in vehicle-treated group). For the erythroleukemia
model (HEL92.1.7), median survival following 40 mg/kg
OT-82 treatment was extended by 80 days (233%; P <
0.0001).

OT-82 was also highly effective in a patient-derived
xenograft model of high-risk pediatric ALL [20–24]. Mice
systemically engrafted (IV infusion) with cells from an
infant MLL-rearranged ALL patient were treated with
50 mg/kg OT-82 PO 3 days/week for 6 weeks. OT-82 sig-
nificantly prolonged EFS of treated mice with a median
leukemia growth delay (LGD=median EFStreated minus
median EFScontrol) of more than 57 days (p < 0.0001;
Fig. 2c). According to clinical response criteria (Supple-
mentary Table S1), OT-82 induced a complete response
(Supplementary Table S2).

To optimize OT-82 treatment, we varied the duration of
consecutive administration and the interval lengths between
treatments. Since in vitro studies showed that at least 24–48 h

Table 1 Cytotoxicity of OT-82 towards human cell lines derived from
HP and non-HP cancers.

Name of cell line Origin IC50, nM

Hematological malignancies

MV4–11 AML 2.11 ± 0.29

THP1 AML 1.01 ± 0.35

PER485 ALL 1.36 ± 0.01

RS4;11 ALL 1.05 ± 0.16

CCRF-HSB2 ALL 2.41 ± 0.27

CCRF-CEM ALL 3.61 ± 0.55

JURKAT ALL 4.68 ± 1.27

K652 CML 2.82 ± 0.05

HEL92.1.7 Erythroleukemia 1.86 ± 0.42

U937 Histiocytic lymphoma 2.70 ± 0.59

Raji Burkitt's lymphoma 5.64 ± 1.86

Ramos Burkitt's lymphoma 5.43 ± 0.20

Average 2.89

Non-hematological malignancies

Mel-7 Melanoma 5.50 ± 0.50

A375 Melanoma 4.15 ± 0.35

A549 Lung carcinoma 3.03 ± 0.29

H1299 Lung carcinoma 7.95 ± 0.59

MCF-7 Breast carcinoma 37.92 ± 4.85

MDA-MB-231 Breast carcinoma 8.78 ± 2.22

22Rv1 Prostate carcinoma 37.46 ± 0.09

C4–2 Prostate carcinoma 21.17 ± 3.39

PC3 Prostate carcinoma 13.13 ± 2.48

Du145 Prostate carcinoma 6.48 ± 0.18

PANC-1 Pancreatic cancer 3.53 ± 0.90

U87 Glioblastoma 29.52 ± 3.98

HT29 Colon carcinoma 15.67 ± 8.13

HCT116 Colon carcinoma 1.49 ± 0.04

A2780 Ovarian cancer 1.49 ± 0.20

HeLa Cervical cancer 4.94 ± 1.15

HepG2 Hepatoma 19.27 ± 1.26

Average 13.03

Cell viability was determined by resazurin staining after 72 h of OT-82
treatment. The data shown are mean ± SE from 2–10 independent
experiments per cell line

AML acute myeloid leukemia, ALL acute lymphoid leukemia, CML
chronic myeloid leukemia
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of constant incubation with the compound are necessary to
detect >90% in NAD and ATP depletion (see below), we
used 2 days as the minimal period of consecutive treatment.
We compared the following regimens applied as three cycles
of days of treatment (t)/days of rest (r): 3t/4r; 2t/5r; 3t/7r; and
2t/8r in SCID mice bearing MV4–11 subcutaneous xenografts
(Fig. 3a). All four regimens resulted in the elimination of
tumors after three treatment cycles. The 3t/4r regimen was
identified as optimal based on the proportion of mice
experiencing relapse within 60 days after treatment dis-
continuation (5% and 20% in 80 and 60mg/kg treatment
groups, respectively, vs higher proportions for all other
regimens).

Increased efficacy of OT-82 applied using the optimized
3t/4r regimen was confirmed in the systemic model of AML
(MV4-11). With this regimen, 100% and 56% of mice
treated for 3 weeks with 40 or 20 mg/kg OT-82 survived
90 days after treatment discontinuation, respectively
(Fig. 3b), as compared with 40% survival in groups given
40 mg/kg OT-82 6 days per week (6t/1r) for 10 weeks

(Fig. 2c). Notably, improved survival was observed with the
optimized regimen even though the total drug exposure was
dramatically reduced (360 mg/kg for 3 weeks of 3t/4r
40 mg/kg dosing vs. 2,400 mg/kg for 10 weeks of 6t/1r
40 mg/kg dosing).

The optimized OT-82 3t/4r regimen also potently
inhibited tumor growth in SC xenograft models of Bur-
kitt’s lymphoma (Fig. 3c) and multiple myeloma (Fig. 3d)
and was highly effective in a systemic PDX model of
pediatric Philadelphia chromosome-positive (Ph+) ALL
(Fig. 3e) [20, 22]. In the latter model, OT-82 (40 mg/kg,
3t/4r) was more effective (achieved Maintained Complete
Response, Supplementary Tables 1 and 2) than a 3-drug
standard induction therapy for ALL (vincristine/dex-
amethasone/L-asparaginase; VXL), which failed to induce
a therapeutic response (Objective Response Measure=
Progressive Disease 2). Neither of the above-described
regimens caused detectable weight loss in treated animals
as evident from the graphs presented in Supplementary
Fig. S1.
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Fig. 2 Efficacy of OT-82 in different xenograft models of hema-
topoietic malignancies. a OT-82 efficacy in SC xenograft model of
MLL-rearranged AML. Mice (SCID) were inoculated SC with 2 × 106

MV4–11 cells on day 0. Starting on day 14, mice were treated PO with
vehicle (30% HPBCD) or OT-82 (25 or 50 mg/kg) on 6 consecutive
days per week for 3 weeks (“1st treatment”, days 14–33; n= 13–15
mice/group). For secondary treatment, mice treated with 25 mg/kg on
days 14–33 were divided into two groups (n= 9–13 mice/group) and
treated with vehicle or 50 mg/kg OT-82 according to the same sche-
dule on days 35–54. Mean tumor volume ± SE is shown and was
compared between groups using Students’ t-test. b OT-82 efficacy in
SC xenograft model of erythroleukemia. Mice (SCID) were inoculated
SC with 1 × 106 HEL92.1.7 cells on day 0. Starting on day 13, mice

were treated PO with vehicle (30% HPBCD) or OT-82 (10, 25, or 50
mg/kg) on 6 consecutive days per week for 3 weeks. Mean tumor
volume ± SE is shown (n= 14–20 tumors/group). Differences from the
vehicle-treated group were statistically significant (p < 0.05, Students’
t-test) for the 50 mg/kg group from day 20 to 34 (end of the study). c
OT-82 efficacy in systemic xenograft models of MLL-rearranged
AML (MV4–11), erythroleukemia (HEL92.1.7) and infant MLL-
rearranged ALL (MLL-2) [24]. Mice were inoculated IV with 107, 5 ×
106 and 2.5 × 106 cells, respectively, and treated with the indicated
doses of OT-82 PO 6 days per week during the indicated time periods.
Treatment was started on day 5 (MV4–11) or day 4 (HEL92.1.7) post
inoculation or when the median percentage of huCD45+ cells in the
peripheral blood of the cohort reached >1% (MLL-2).
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Molecular target and mechanism of cytotoxicity of
OT-82

The molecular target of OT-82 was identified as NAMPT
by affinity chromatography of MV4-11 cellular extracts
exposed to immobilized active OT-82 and an inactive
structural analog followed by mass spectrometry and wes-
tern blotting with anti-NAMPT antibody (Fig. 4a). Func-
tional NAMPT inhibition by OT-82 was confirmed in an
in vitro assay using recombinant human NAMPT (Fig. 4a).
This showed the IC50 of OT-82 to be similar to that of the
well-described NAMPT inhibitor FK866 (41 and 39 nM,
respectively) [11].

Further confirmation of NAMPT as the target of OT-82
was provided by utilization of the alternative salvage
pathway to synthesize NAD from NA to protect against the
toxic effects of NAMPT inhibition: both leukemia cell lines

tested were completely protected from OT-82-induced cell
death (up to 10 mM OT-82) by addition of 10 μM NA to the
culture medium (Fig. 4a).

Consistent with the role of NAMPT as a rate-limiting
enzyme in the major NAD biosynthesis pathway and the
requirement of NAD for ATP production, OT-82 treatment
of MV4-11 cells caused dose-dependent reductions in cel-
lular NAD and ATP concentrations (with expected delay)
that were consistent with OT-82’s IC50 for cell viability
(Fig. 4b, Table 1).

In examining the mechanism of OT-82-induced cell
death, we found that in vitro treatment of MV4-11 cells with
OT-82 for 48 h resulted in activation of caspase-3, an
increase in the proportion of cells with sub-G1 DNA con-
tent, and depolarization of the mitochondrial membrane, all
hallmarks of apoptotic cell death (Fig. 4b). The OT-82
concentration producing a 50% relative effect was
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Fig. 3 Optimization of OT-82 treatment regimen in xenograft
tumor models. a SCID mice carrying SC MV4–11 tumor xenografts
were treated PO with OT-82 (60 or 80 mg/kg) when tumors reached
100 mm2 as follows: 3 days treatment/4 days rest (3t/4r), 2t/5r, 3t/7r or
2t/8r regimens. 2t/8r regimen was done only with the dose 80 mg/kg.
After three treatment cycles of either regimen, all tumors had dis-
appeared. Treatment was then discontinued, and mice were monitored
for relapse for 60 days (n= 10 mice/group). b OT-82 optimized
regimen efficacy in systemic AML model. Groups of 9–10 SCID mice
were inoculated IV with 107 MV4–11 cells on Day 0 and treated PO
with vehicle or OT-82 (20 or 40 mg/kg) on Days 4–20 following the
3t/4r regimen for 3 weeks. Mouse survival was monitored for 90 days
after treatment discontinuation. c Effect of OT-82 optimized regimen
on tumor growth in SC xenograft model of Burkitt's lymphoma. Mice
(SCID) were inoculated with 106 Ramos cells and treated PO with
vehicle or OT-82 (60 or 80 mg/kg) 3t/4r for 3 weeks (starting 18 days

post inoculation). Mean tumor volume ± SE is shown (n= 16–20
tumors/group). p < 0.05 from Day 22 onwards for both OT-82 treat-
ment groups (Students’ t-test). d OT-82 optimized regimen efficacy in
SC xenograft model of multiple myeloma. Mice (SCID) were inocu-
lated SC with 107 RPMI8226 cells and treated PO with vehicle or OT-
82 (30 or 60 mg/kg) 3t/4r for 3 weeks starting 29 days post inocula-
tion. Mean tumor volume ± SE is shown in relative units (RU) com-
pared with initial tumor volume (n= 12–16 tumors/group). p < 0.05
from Day 31 onwards for 60 mg/kg OT-82 versus vehicle and from
Day 34 onwards for 30 mg/kg OT-82 versus vehicle (Students’ t-test).
e OT-82 optimized regimen efficacy in a systemic PDX model of high-
risk ALL (ALL-4) [21]. Mice (SCID-NOD) were inoculated IV with
2.5 × 106 PDX cells. PO treatment (3t/4r regimen for 3 weeks)
with vehicle or OT-82 (40 mg/kg) was initiated when the median
percentage of huCD45+ cells in the peripheral blood of the cohort
reached 1%.
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essentially the same in these three assays and was similar to
the IC50 for cell viability. Together, these observations
indicate that OT-82 induces apoptotic cell death via
NAMPT inhibition leading to NAD and ATP depletion.

Effect of dietary niacin on the therapeutic index of
OT-82

Niacin in the form of NA is the substrate for an alternative
(NAMPT-independent) salvage pathway for NAD bio-
synthesis. Given the redundancy of NAD synthesis path-
ways and the ability of NA to protect leukemia cells from
OT-82-induced cell death in vitro (Fig. 4d), we hypothe-
sized that reduced dietary niacin might increase OT-82
efficacy in vivo. To test this, we evaluated OT-82 efficacy
in mice fed custom purified Teklad diets (Harlan) contain-
ing different percentages (100, 45, or 15%) of the recom-
mended daily amount of niacin (30 mg/kg [25]) or the
regular diet used at RPCI (2018S, Harlan), which contains

115 mg/kg niacin (380% of the recommended level) (Sup-
plementary Table S3). To determine the ED50 of OT-82 for
each diet, SCID mice bearing SC MV4-11 xenografts were
treated PO with vehicle or OT-82 (2–40 mg/kg, 3t/4r for
3 weeks) and tumor growth was monitored as described in
the Supplementary Methods. In parallel, the 50% lethal
dose (LD50) was determined by monitoring survival of
nontumor bearing SCID mice in the four diet groups treated
with OT-82 (25–200 mg/kg, 3t/4r for 3 weeks). Both the
ED50 (indicating efficacy) and the LD50 (indicating toxi-
city) of OT-82 decreased as dietary niacin was reduced.
However, diet-dependent reductions in ED50 were greater
than those in LD50, resulting in an overall increase in
therapeutic index (calculated as LD50/ED50). Consistent
with this, 82% of mice on the regular Harlan diet treated
with 40 mg/kg OT-82 relapsed with tumors within 60 days
post treatment, while none or only 17% of mice in reduced-
niacin diet groups relapsed (Supplementary Table S3). The
inverse relationship between dietary niacin (NA, vitamin
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Fig. 4 Identification of NAMPT as a target of OT-82 and the
mechanism of OT-82-induced cell death. a Identification of NAMPT
as the protein target of OT-82 by affinity chromatography followed by
functional confirmation. MV4–11 cell extract (3 mg protein/reaction)
was incubated for 1 h at 40 °C with Affi-Gel 10 coupled with “active”
compound (OT-82), “inactive” compound (a non-cytotoxic OT-
82 structural analog), or a combination of the two (“competition”).
Eluted proteins were subjected to gel electrophoresis and silver
staining (top) or transferred to nitrocellulose membrane for western
blotting with NAMPT antisera (bottom). Comparison of inhibitory
effects of OT-82 and FK866 on the in vitro activity of recombinant
NAMPT indicates close similarity of dose dependence of OT-82 with
a bona fide NAMPT inhibitor. Presence of 10 μM of nicotinic acid
(NA) protects human leukemia-derived cell lines from OT-82-induced

cell death: MV4–11 and U937 cells were incubated with the indicated
concentrations of OT-82 in the absence or presence of 10 μM NA for
72 h. Viability was measured by resazurin assay. b Characterization of
events preceding cell death from OT-82 treatment. Effect of different
doses of OT-82 on NAD and ATP concentrations was measured after
the indicated time points in MV4–11 cells following OT-82 treatment
using Enzyfluo and ATPlite 1 luminescence kits, respectively. Data are
shown as relative effect (%) compared with untreated cells (mean ±
SE; n= 2–3). The right panel indicates the impact of OT-82 dose on
viability and apoptosis markers (activation of caspase-3, depolarization
of the mitochondrial membrane, and the proportion of cells with sub-
G1 DNA content) in MV4–11 cells following 48 h of incubation with
different concentrations of OT-82. See Supplementary Methods for
details.
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B3) and anticancer efficacy of OT-82 shown here supports
adherence to diets with no more than 100% of the recom-
mended daily amount of niacin for optimal OT-82 efficacy.

Pharmacological and toxicological profile of OT-82

To advance OT-82 towards clinical development, we
assessed pharmacological and toxicological characteristics
of this drug candidate in mice and nonhuman primates
(NHPs, Cynomolgus Monkeys) selected as having similar
to human metabolic profiles of OT-82 (see Supplementary
Methods and Supplementary Table S4). Recombinant
mouse and human NAMPTs in biochemical assays in vitro
showed similar their sensitivity to the inhibitory action of
OT-82 (Supplementary Fig. S2). Cells derived from both
species selected for the toxicological studies showed
roughly similar sensitivity to NAMPT inhibitors (Supple-
mentary Fig. S3). The pharmacokinetics and biodistribution
of OT-82 after oral administration were evaluated using LC/
MS-MS. The maximum plasma concentrations of OT-82 in
mice (dose 10 mg/kg) and NHP (50 mg/kg) were 525 and
1049 ng/ml respectively and were observed at 1 and 3.33 h
respectively with a half-life (T1/2) of about 1.75 h for both
species (Supplementary Table 4). Biodistribution analysis
in mice indicated broad bioavailability of OT-82 with
substantial accumulation of OT-82 in all major organs
except the brain presumably indicative of inability of the
drug to penetrate the blood brain barrier (Supplementary
Fig. S4).

Toxicological characteristics of OT-82 in rodents and
NHPs were obtained according to Good Laboratory Practice
requirements using the projected clinical regimen of
administration. Overall, these studies demonstrated good
tolerability of OT-82. At a dose 55 mg/kg, which corre-
sponds to the therapeutic dose in multiple mouse models
used, no toxicity of the drug has been documented. At the
highest doses used (90 mg/kg for mice and 30 mg/kg for
NHP) damage in HP and lymphoid organs (bone marrow,
spleen, and lymph nodes) with signs of hepatotoxicity were
registered in both species. All toxicological effects were
reversible, and the measured parameters returned to normal
levels within 2 weeks after treatment completion (Supple-
mentary Tables S5 and S6; Supplementary Fig. S5).

Since potential retinal and cardiac toxicities were repor-
ted for NAMPT inhibitors GNE-617 and GMX1778
[16, 26, 27] and NAMPT-mediated NAD+ biosynthesis
was found to be essential for vision in mice [28], we
compared ophthalmological and cardiological effects in
C57BL/6 mice of physiologically similar sublethal doses of
OT-82 (100 mg/kg) or GMX1778 (125 mg/kg) given PO for
5 consecutive days. While both compounds caused similar
body and spleen weight decreases (Fig. 5a, b), only
GMX1778-treated animals demonstrated morphological

signs of retinal toxicity (reduced thickness of the outer
nuclear and outer plexiform layers of the retina, roughness
of the external limiting membrane, and numerous pale
spaces in the rods and cones layer indicative of cell loss).
Consistently, no indications of retinal damage were
observed by in-life ophthalmological examination or his-
topathological assessment of eye tissues in experiments
with chronic administration of OT-82 in mice and NHPs.

Potential cardiac toxicity of OT-82 in comparison with
GMX1778 was evaluated by histological analysis of H&E-
stained sections of heart tissue collected 3 h after the last
drug treatment. Compared with vehicle-treated controls,
GMX1778-treated mice showed degenerative changes to
the myocardium indicated by local myofibrils degeneration.
In contrast, hearts from OT-82-treated mice did not show
any type of morphological damage. In NHP studies using
implanted telemetry, there were no signs of cardiac toxicity
at 10 or 30 mg/kg OT-82 daily (3 days), with 60 mg/kg/day
resulting in transient QT prolongation, registered between 2
and 6 h post the third dosing, with ECG parameters reversed
to normal by 8 h. This dose exceeds more than 2 times the
dose equivalent planned as the maximal dose for a pro-
spective human phase I study. Thus, unlike previously
studied NAMPT inhibitors, OT-82 does not cause retinal or
cardiac toxicity within a clinically relevant range of doses.

Effect of OT-82 treatment on frailty index and
longevity of mice

NAD levels have been shown to decline in aging tissues and
this decline has been linked to age-related pathologies
stemming from malfunctioning of NAD-dependent factors
involved in cellular homeostasis (e.g., sirtuins and PARP)
[29–31]. Moreover, pharmacological elevation of NAD by
increasing dietary niacin was reported to reverse aging
biomarkers in mice [32]. This raises a concern that NAMPT
inhibitors might accelerate aging and increase the risk of
age-related diseases. To address this, we assessed the effect
of OT-82 treatment on mouse longevity (natural lifespan)
and biological age. Objective quantitative determination of
the biological age of animals is possible through a recently
developed cumulative health assessment parameter, PFI
[19]. As evident from Fig. 6, treatment of aged (87 weeks
old) C57BL/6 male and female mice with five courses of
OT-82 mimicking the established optimal regimen did not
affect longevity or PFI, thus providing additional support
for the overall safety of OT-82.

Discussion

Molecular targets for effective anticancer treatment are
typically regulators of proliferation (e.g., RAS or MYC
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family members, growth factor receptors, etc.) or cell via-
bility (e.g., BCL2 family members, NF-κB pathway reg-
ulators, etc.) that are aberrantly expressed in tumors due
to structural mutations, amplifications or other types of
deregulation and are essential for tumor cell growth or
viability [33–35]. Antagonists of such factors can distin-
guish between normal and transformed cells and thus may
have potential as anticancer drugs. However, there are also
examples of effective anticancer drugs that do not distin-
guish between normal and cancer cells, but rather act
against tissue-specific targets. Obviously, such drugs can
only be directed against tumors originating from tissues that
are either not essential for organism viability (e.g., gender-
specific tissues) or can be regenerated from intrinsic or
transplanted progenitors. The clinical success of this class of
“anti-tissue” drugs reflects the failure of tumors to deviate
from their epigenetic origin, remaining dependent on tissue-
specific factors. Antagonists of androgen and estrogen
receptors (e.g., enzalutamide [36, 37] and tamoxifen [38],
respectively) used for treatment of prostate and breast
cancers, respectively, belong to this category.

Tissue-specific drugs are broadly used in hematologic
oncology. These include agents targeting lineage-specific
antigens (e.g., anti-CD20 monoclonal antibody rituximab
[4] and CD19-targeting CAR T-cell therapies tisagenle-
cleucel and axicabtagene [39]) or exploiting lineage-specific
metabolic deficiencies (e.g., L-asparaginase, which blocks
supply of the essential amino acid asparagine to myeloid
cells deficient in its production [3, 40]). Genotoxic pre-
conditioning by total body irradiation, melphalan, or
busulfan (conventionally used in preparation for bone
marrow transplantation) is another tissue-specific form of
treatment for HP malignancies, capitalizing on the sensi-
tivity of HP cells to DNA damage-mediated apoptosis [41].

NAMPT has been extensively studied as an anticancer
target, but without specific focus on HP malignancies [16]
except for a recently published demonstration of high sen-
sitivity of MLL-translocated leukemias to NAMPT inhibi-
tion [9], an observation that is consistent with our data.
NAMPT is not unique in being a tissue-specific target with
ubiquitous expression. For example, androgen receptor is
expressed in multiple tissues, but its blockade is essentially
cytotoxic only for prostate epithelial cells [42]. Hence,
tissue-specificity is determined by a target’s function rather
than its expression. However, there is an important dis-
tinction between NAMPT and other tissue-specific targets:
in addition to being more critical for the viability of HP
versus other cell types, NAMPT inhibition is also more
toxic towards malignant versus normal cells of the same HP
origin. Thus, NAMPT uniquely combines properties of both
tissue specificity and cancer specificity.

Sensitivity of cells to OT-82 did not depend on their
proliferation rate (Supplementary Fig. S6) indicating that
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Fig. 5 Comparison of retinal toxicity induced by NAMPT inhibi-
tors GMX1778 and OT-82. C57BL/6 mice were treated PO with
vehicle (control), GMX1778 (125 mg/kg), or OT-82 at (100 mg/kg) for
5 consecutive days. Mice were weighed on each treatment day and
organs were collected 3 h after the last treatment. a Changes in body
weight are shown as % change from baseline weight on the first day of
treatment prior to dosing (mean ± SE; n= 3 mice/group). b Spleen
weight after treatment (mean ± SE; n= 3 mice/group). Asterisks
indicate p value <0.01. c Cell density in the outer nuclear layer of the
retina. Cells in the outer nuclear layer were counted in histological
sections (3–5 slides for the left eye and 2–5 slides for the right eye of
each mouse; three mice/group). Triplicate counts of nuclei in
3–5 separate 30 μm × 30 μm squares were made for each slide. Mean ±
SE counts were: 69.7 ± 0.4 (n= 147) for vehicle; 52.8 ± 0.4 (n= 102)
for GMX1778 and 70.0 ± 0.5 (n= 90) for OT-82. P < 0.0001 for
GMX1778 compared with either vehicle or OT-82. P= 0.54 for OT-
82 compared with vehicle.
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other mechanisms determine selective toxicity of NAMPT
inhibition to cancer cells and particularly HP malignancies
presumably involving cell type-specific metabolic depen-
dency. Being generally less energy efficient than normal
cells [43], tumor cells are expected to be more sensitive to
ATP depletion, which unavoidably follows NAMPT sup-
pression. However, OT-82-mediated cytotoxicity showed
dependence on the NAD rather than ATP concentration
(Fig. 4b) favoring alternative explanations. For example,
NAD deficiency affects the function of sirtuins, a class of
histone deacetylases [44, 45], and PARP family members
that also use NAD as a co-factor [46, 47]. Thus, in addition
to causing energy depletion, NAMPT inhibitors combine
the activities of two classes of proven anticancer agents—
histone deacetylases and PARP inhibitors [45, 47].

Greatly increased sensitivity to NAMPT inhibitors was
observed in tumor cells with IDH1/2 mutations known to
be associated with reduced baseline levels of NAD) compared
with IDH1/2-wild type cells [48]. Thus, mutation of IDH1/2
may represent a predictor of tumor sensitivity to NAMPT
inhibitors (IDH1 and IDH2 mutations have been reported
in 10–33% of AMLs, >80% of gliomas, >50% chon-
drosarcomas, and >10% cholangiocarcinomas [49–51]).

IDH1/2-mutant AML is an especially attractive target due to
the higher dependency of HP malignant cells on NAD status.
While increased sensitivity of cells with IDH1/2 mutations to
NAMPT inhibitors has a plausible explanation, the higher
susceptibility of HP cells, and particularly transformed HP
cells, to NAMPT depletion remains to be explained.

Despite several attempts, no NAMPT inhibitors have
been approved as anticancer drugs [18]. Dose limiting
toxicities revealed in phase I trials predominantly involved
the HP system, which is consistent with the tissue-specific
elevated NAMPT dependence described in this study.
Clinical trials of previously identified NAMPT inhibitors
were mostly conducted in patients with solid tumors [18].
The hematological complications observed in these trials
would likely have been more easily handled in patients with
HP malignancies in whom these symptoms are common and
expected. Furthermore, the treatment schedules used in
most published trials are substantially different from the
optimal regimen determined in our work (e.g., APO866 was
administered by 96 h intravenous infusion every 4 weeks
[17]; CHS828 was administered orally 1×/week for 4 weeks
[18]). By focusing on HP malignancies and optimized
regimens, it is highly possible that NAMPT inhibitors could

Fig. 6 Treatment with OT-82 does not affect longevity or biolo-
gical age of mice. a Kaplan–Meier survival curves for male (left panel,
n= 19) and female (right panel, n= 19) NIH Swiss mice treated at the
indicated times with four cycles of OT-82 or vehicle. Each cycle
consisted of 2 consecutive weeks of treatment (3 days of daily PO
administration of 30 mg/kg OT-82 or vehicle followed by 4 days with
no treatment); cycles were separated by 2 weeks with no treatment.
The first treatment cycle was started when mice were 87 weeks old.

Physiological Frailty Index (PFI) was measured 1 week after the last
treatment (at 102 weeks chronological age). b Average Physiological
Frailty Index values in the groups of mice described in a as determined
1 week after the last treatment; p values are shown for comparison of
vehicle- and OT-82-treated groups of each gender (two-tailored Stu-
dent’s t test). Error bars indicate SEM. c Comparison of projected
“biological ages” of mice from OT-82-treated and vehicle-treated
groups calculated based on their PFIs.
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show sufficient safety and efficacy to advance in clinical
development. Additional opportunities to improve the effi-
cacy of this class of agents include modulation of diet and
selection of patients based on tumor IDH1/2 status. Finally,
OT-82 represents a structurally new class of NAMPT
inhibitors that may avoid some of the pitfalls of its pre-
decessors, as illustrated by the reduced retinal toxicity of
OT-82 observed in our experiments, which is likely to
reflect lesser ability of OT-82 to penetrate blood–retinal
barrier [52] rather than differences in its mechanisms of
action from other NAMPT inhibitors. In fact, A2780 cells
selected for the resistance to OT-82 were equally resistant to
FK866 and vice versa (Supplementary Fig. S7) suggesting
similarity in molecular mechanisms of NAMPT inhibition
by these otherwise structurally very different compounds.

Overall, our work provides renewed support for the
feasibility of pharmacological NAMPT inhibition as an
anticancer treatment approach by: (i) describing a new
inhibitor with a superior set of properties; (ii) directing
clinical development of NAMPT inhibitors specifically
towards HP malignancies; (iii) suggesting an effective
treatment regimen; and (iv) reducing fears of possible sys-
temic toxicity of NAMPT inhibitors stemming from data
showing the importance of NAD levels in aging [53, 54]. In
particular, our results indicate the strong clinical potential of
OT-82 for safe and effective treatment of hematological
malignancies further highlighted in the accompanying
manuscript [55].
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