Investigational New Drugs (2022) 40:1001-1010
https://doi.org/10.1007/510637-022-01277-9

RESEARCH q

Check for
updates

First-in-human study of IM156, a novel potent biguanide oxidative
phosphorylation (OXPHOS) inhibitor, in patients with advanced solid
tumors

Filip Janku’ - Seung-Hoon Beom?3 . Yong Wha Moon* - Tae Won Kim® - Young G. Shin® - Dong-Seok Yim? -
Gun Min Kim?3 . Hyo Song Kim?3 . Sun Young Kim?’ - Jae-Ho Cheong?3 - Young Woo Lee® - Barb Geiger® -
Sanghee Yoo? - Archie Thurston® - Dean Welsch® - Marc S. Rudoltz® - Sun Young Rha*3

Received: 20 April 2022 / Accepted: 23 June 2022 / Published online: 8 July 2022
©The Author(s) 2022

Abstract

Preclinical models suggest anticancer activity of IM156, a novel biguanide mitochondrial protein complex 1 inhibitor of
oxidative phosphorylation (OXPHOS). This first-in-human dose-escalation study enrolled patients with refractory advanced
solid tumors to determine the maximum tolerated dose (MTD) or recommended phase 2 dose (RP2D). Eligible patients
received oral IM156 every other day (QOD) or daily (QD) and were assessed for safety, dose-limiting toxicities (DLTs),
pharmacokinetics, and preliminary signals of efficacy. 22 patients with advanced cancers (gastric, n=S8; colorectal, n=3;
ovarian, n = 3; other, n=28) received IM156 100 to 1,200 mg either QOD or QD. There were no DLTs. However, 1,200 mg
QD was not well tolerated due to nausea; 800 mg QD was determined as the RP2D. The most frequent treatment-related
AEs (TRAESs) were nausea (n=15; 68%), diarrhea (n=10; 46%), emesis (n=9; 41%), fatigue (n=4; 18%) and abdominal
pain, constipation, and blood lactate increased (n =2 each; 9%). Grade 3 nausea (n=3; 14%) was the only grade >3 TRAE.
Plasma exposures increased dose proportionally; mean Day 27 area under the curve (AUC, ,,) values were higher following
QD administration compared to the respective QOD regimen. Stable disease (SD), observed in 7 (32%) patients (confirmed
in 2 [9%]), was the best response. To our knowledge, this is the first phase 1 study of an OXPHOS inhibitor that established
a RP2D for further clinical development in cancer. Observed AEs of IM156 were manageable and SD was the best response.
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Introduction therapies [1]. Oxidative phosphorylation can be targeted

by inhibition of mitochondrial protein complex 1 (PC1), a
Oxidative phosphorylation (OXPHOS) is an important  critical component and the first step in the electron transport
source of energy and metabolic precursors for tumor cells  chain that binds and oxidizes nicotinamide adenine dinu-
and offers an attractive target for development of anticancer  cleotide hydride (NADH) before the subsequent transfer of
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electrons resulting in formation of adenosine triphosphate
(ATP) [2]. Preclinical experiments in cancer demonstrated
that biguanides such as metformin, commonly used to treat
Type 2 diabetes mellitus (DM), and phenformin, also used to
treat Type 2 DM but withdrawn from the market due to the
risk for lactic acidosis, can inhibit OXPHOS via inhibition
of PC1 [3]. Despite most cancers having increased rates of
glycolysis, they also require OXPHOS [1]. Therefore, ener-
getic stress in cancer cells due to inhibition of OXPHOS by
biguanides may result in cancer cell death [4-6]. Metformin
demonstrated anticancer activity in preclinical in vitro and
in vivo models; however, an important caveat was that many
in vitro models with anticancer activity used metformin
concentrations higher than those which can be achieved
in the plasma of patients treated with conventional doses
[7, 8]. Indeed, most clinical studies and randomized trials
with metformin failed to show meaningful anticancer activ-
ity in patients with advanced cancers [9, 10]. Nevertheless,
since many in vivo cancer models demonstrated remarkable
antineoplastic activity of biguanides, the development of
novel biguanides with improved pharmacokinetic (PK) and
toxicity profiles would potentially be of clinical benefit [4,
11-13].

IM156 is a novel biguanide that inhibits PC1 [3]. Met-
formin is relatively hydrophilic and thus requires active
transport (e.g., through OCT1) to enter cells. IM156, on the
other hand, is more hydrophobic than metformin and thus
potentially more bioavailable to cancer cells. In addition, at
equal concentrations IM156 was more potent at decreasing
the oxygen consumption rate (OCR) of tumor cells compared
to phenformin and metformin, and in reducing cellular ATP
production versus phenformin without an increase in the
extracellular acidification rate (ECAR) (Immunomet — Data
on File). In addition, IM156 inhibits mTOR through AMPK
activation resulting in inhibition of cancer cell growth and
proliferation (Immunomet — Data on File). Furthermore, pre-
clinical in vivo models demonstrated anticancer activity of
IM156 in glioblastoma, gastric cancer and EGFR-mutated
lung cancer [14]. Therefore, we designed a first-in-human
dose-escalation study to determine the maximum tolerated
dose (MTD) or recommended phase 2 dose (RP2D) and
to evaluate the safety, tolerability, pharmacokinetics (PK),
exploratory pharmacodynamic (PD) markers, and early sig-
nals of efficacy of IM156 in patients with advanced solid
tumors refractory to standard therapies.

Methods
Study design

This multicenter first-in-human dose-escalation phase 1
study (clinicaltrials.gov identifier: NCT03272256) was
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designed to determine the MTD or RP2D and to evaluate
the safety and tolerability of IM156. Secondary endpoints
included PK characteristics, efficacy assessment (objective
response rate [ORR], disease control rate [DCR], duration
of response [DoR] and progression-free survival [PFS]).
Furthermore, exploratory objectives included identification
and profiling of IM156 metabolites, evaluations of explora-
tory PD markers of IM156, and evaluations of any potential
relationship between putative biomarkers and safety/efficacy
parameters of IM156. The study was conducted in accord-
ance with Good Clinical Practice, the International Council
for Harmonisation, and guidelines governing clinical study
conduct and the ethical principles originating from the Dec-
laration of Helsinki. The study was approved by each Institu-
tional Review Board and patients provided written informed
consent. Patients were enrolled at three sites in South Korea.

The initial dose and schedule of IM156 was chosen based
on animal toxicology studies. A dog model suggested the
possibility for drug accumulation; to ensure patient safety,
the initial schedule was every other day (QOD; Table 1) and
the starting dose of IM156 was 100 mg orally (PO). After
enrollment of cohort 5 (1,200 mg QOD), the safety and PK
data supported a switch to daily (QD) dosing (Table 1).
IM156 was administered in the fasted state, with no food
for at least 2 h before and 1 h after dosing. As administration
of radiographic iodinated contrast media may cause acute
renal failure leading to the accumulation of IM156 and a
potential risk of lactic acidosis, administration of IM156 was
interrupted at least 48 h prior to each computed tomogra-
phy (CT) scan and resumed after confirmation of the serum
creatinine level within the normal range (or baseline) 48 h
after the CT scan.

The planned sample size for this dose-escalation study
was based on the observed incidence of dose-limiting tox-
icities (DLTs) in cohorts of 3—6 patients per dose level uti-
lizing a 3+ 3 design, which prohibited dose escalation if
DLT frequencies exceeded 33%. Patients evaluable for DLT
assessment must have received at least 70% (QOD schedule)

Table 1 Dose-levels and dose-limiting toxicities of oral IM156

Dose level IM156 dose IM156 schedule Number Dose-
of limiting
patients  toxicity

1 100 mg QOD 3 0

2 200 mg QOD 3 0

3 400 mg QOD 3 0

4 800 mg QOD 3 0

5 1,200 mg QOD 3 0

6 800 mg QD 3 0

7 1,200 mg QD 4 0

QOD once every other day, QD once daily
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or 75% (QD schedule) of the planned IM156 doses during
cycle 1 (first 28 days), had sufficient safety evaluations, or
experienced a DLT.

Three DLT-evaluable patients were enrolled at each dose
level. If there were no DLTs or other prohibitive adverse
events (AEs), the Safety Committee was allowed to recom-
mend escalation to the next highest dose level. If 1 DLT
occurred in the first 3 DLT-evaluable patients, enrollment in
that cohort was expanded to an additional 3 DLT-evaluable
patients; if >2 DLTs were reported in a cohort, that dose was
considered above the MTD. If there were no further DLTs
reported, the Safety Committee was allowed to recommend
further dose escalation unless lower grade AEs that did not
meet the protocol definition of DLTs were considered to be
potentially dose-limiting.

Patients

Patients with advanced solid tumors refractory to standard
therapies were enrolled in this study; investigators were
encouraged to enroll patients with tumors predicted to be
dependent on OXPHOS based on preclinical studies, such
as gastric cancer, colorectal cancer, breast cancer, and glio-
blastoma multiforme. Patients were eligible for study enroll-
ment if they were > 18 years of age, had a life expectancy of
more than 12 weeks, Eastern Cooperative Oncology Group
(ECOG) performance status <2, adequate organ function
and measurable or evaluable lesions according to Response
Evaluation Criteria in Solid Tumors (RECIST) v1.1 or
Response Assessment in Neuro-Oncology (RANO) for
tumors of the central nervous system [15, 16]. Patients with
any of the following were excluded: major surgery <4 weeks
prior to treatment with IM156; radiotherapy < 3 weeks prior
to treatment with IM156; had not discontinued all previous
systemic cancer therapies at least 3 weeks for chemotherapy
(6 weeks for nitrosourea compounds), or > 5 half-lives or
3 weeks (whichever is shorter) for biologic agents prior to
treatment; had not fully recovered from acute toxicities of
therapy. Additional detailed informations can be found in the
study protocol (Supplementary File 1).

Assessments

Safety was assessed through vital signs, weight, laboratory
assessments, physical examinations, electrocardiogram, and
reporting of AEs as graded by the National Cancer Institute’s
Common Terminology Criteria for Adverse Events v4.03
(NCI-CTCAE).

DLTs were defined as the following AEs if they were
attributed as related to IM156: asymptomatic grade 4 neu-
tropenia lasting for > 5 days; febrile neutropenia, regardless
of grade; grade 4 thrombocytopenia or grade 3 thrombocy-
topenia with bleeding; any grade >3 non-hematologic AE

(except grade 3 hypertension and grade 3 nausea, vomit-
ing or diarrhea for which proper measures for prevention
and treatment were not implemented, and alopecia); blood
lactate levels >5 mmol; grade >2 AE prohibiting dosing
of IM156 for >21 continuous days except for alterations
in serum calcium or phosphorus levels. The safety analysis
includes all patients who received at least one dose of study
drug.

Blood samples for PK assessments were obtained on
Cycle 1 Day 1 (C1D1) and Cycle 1 Day 27 (C1D27; QOD
schedule) or Cycle 2 Day 1 (C2D1; QD schedule) immedi-
ately prior to dosing and at 0.5, 1, 2, 4, 8, 12, and 24 h after
dose administration; the 24-h sample was obtained just prior
to administration of the next dose of IM156. PK samples
were also obtained on Cycle 1 Day 15 immediately prior to
dosing and 2 h after dosing. Urine samples for PK analysis
were obtained immediately prior to dosing and continuously
for pooled samples from 0—4, 4—12, 12-24 h after dosing on
C1D1 and C1D27/C2D1.

Blood samples for assessment of exploratory PD mark-
ers in peripheral blood mononuclear cells (PBMCs) were
to be obtained at 0, 2, and 4 h on C1D1 and at O and 2 h on
C1D15.

A preliminary evaluation of efficacy was based on serial
CT or magnetic resonance imaging (MRI). Response criteria
were as defined by RECIST 1.1 or RANO. The following
endpoints were to be assessed: overall response rate (ORR:
complete response [CR] plus partial response [PR]), disease
control rate (DCR: CR + PR + stable disease [SD]), DoR,
and PFS.

Statistical methods

The safety population was defined as all patients who
received at least one dose of IM156. The PK population
was not defined in the protocol but included all patients with
sufficient PK data to perform adequate PK modeling. The
efficacy population included all patients who underwent at
least one tumor imaging assessment while receiving IM156.
Safety was assessed using descriptive statistics (e.g., DLTs,
AEs, laboratory tests, physical examination, 12-lead ECG).
The incidence and number of events were reported for the
DLTs observed in Cycle 1 per dose group. For treatment
emergent adverse events (TEAEs; AEs that did not exist
prior to but occurred after, or were exacerbated by, IM156
administration), the numbers and incidences of TEAEs and
treatment-related adverse events (TRAEs) were reported by
dose group. Two-sided 95% Confidence Intervals (ClIs) were
also provided. Adverse events and TRAEs were standardized
with the System Organ Class and the Preferred Term using
the Medical Dictionary for Regulatory Activities v23.0. In
addition, TEAEs, serious adverse events (SAEs), TEAE
severity, and TEAEs leading to withdrawal were presented
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by dose group. Efficacy data were to be presented by Water-
fall and Swim Lane plots. Time to event endpoints (e.g.,
DoR, PFS) were determined using Kaplan—Meier estima-
tions with the median value for each endpoint summarized.

Results
Baseline characteristics

Between October 2017 and July 2020, a total of 22 patients
were enrolled in the study. All patients were Asian/Korean,
12 (55%) were female, and their ages ranged from 25 to
81 years of age (median: 57). Demographics of these
patients can be found in Table 2. The most common malig-
nancies were gastric cancer (n="7, 32%), colorectal cancer
(n=3, 14%), ovarian cancer (n=3, 14%), endometrial can-
cer (n=2, 9%) and soft tissue sarcoma (n=2, 9%).

Safety

In cohorts 1 through 5, IM156 was administered QOD at
daily doses of 100 mg — 1,200 mg. In cohorts 6 and 7, IM156
was administered QD at daily doses of 800 mg and 1,200 mg,
respectively (Table 1). The switch from QOD to QD dosing
was based on the safety profile and PK data. There were no
DLTs reported at any of the dose levels. TEAEs are sum-
marized in (Supplementary Table 1); a total of 146 TEAEs

were reported, with at least one TEAE reported in all 22
(100%) patients.

The median duration of IM156 treatment was 51 days
(range 18-406). A total of 7 (32%) patients experienced a
TEAE leading to dose interruption; the median number of
days of interruption due to a TEAE was 3 (range 2-11).
Only one patient required more than one dose interruption,
a patient in the 800 mg QD cohort whose dose was initially
interrupted for a Grade 1 toothache in Cycle 3 that did not
recur after re-challenge at 800 mg QD. He subsequently had
a Grade 1 asparate aminotransferase increase in Cycle 13 for
which IM156 was interrupted and that did not recur after
a second re-challenge at 800 mg QD. One patient in the
1,200 mg QD cohort required a dose reduction to 800 mg
QD due to Grade 3 nausea and subsequently discontinued
the study due to progressive disease.

TRAEs were reported in 19 (86%) patients, more spe-
cifically all patients except those administered IM156 in the
100 mg QOD group (Table 3). The most common TRAEs
were gastrointestinal (GI), occurring in 18 (82%) patients.
Nausea was reported in 15 (68%) patients, diarrhea in 10
(46%) patients, emesis in 9 (41%) patients, and abdomi-
nal pain and constipation in 2 (9%) patients, respectively.
Nausea and emesis required anti-emetic medications in 14
(64%) patients, the most common class being 5-HT3 recep-
tor antagonists (ramosetron or ondansetron for 11 [50%]
patients. Other TRAESs of note included fatigue in 4 (18%)
of patients and blood lactic acid increased in 2 (9%) patients.

Table 2 Patients’ characteristics

Characteristic Number Percentage (%)
All 22 100
Gender
Male 10 45
Female 12 55
Ethnicity
Asian 22 100
Median age, years (range) 57 (25-81)
Cancer type
Gastric cancer 7 32
Colorectal cancer 3 14
Ovarian cancer 3 14
Endometrial cancer 2 9
Soft tissue sarcoma 2 9
Other cancers (breast cancer, gastric neuroendocrine 5 23
carcinoma, glioblastoma, prostate cancer, renal cancer)
Median number or prior therapies (range) 4 (1-11)
ECOG PS
0 14 64
1 8 36

ECOG Eastern Cooperative Oncology Group Performance Status
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Table 3 Treatment-related adverse events in at least 2 patients
Adverse event IM156 orally QOD IM156 QD Total
N=22

DL1 DL2 DL3 DL4 DLS DL6 DL7 ¢ )

100 mg 200 mg 400 mg 800 mg 1,200 mg 800 mg 1,200 mg

(N=3) (N=3) (N=3) (N=3) (N=3) (N=3) N=4)

Al >G3 All >G3 Al >G3 All >G3 All >G3 All >G3 All >G3 All >G3*
Nausea 0 0 1 0 3 0 3 0 2 1 2 0 4 2 15 3
Diarrhoea 0 0 1 0 0 0 3 0 2 0 3 0 1 0 10 0
Vomiting 0 0 2 0 1 0 0 0 2 0 1 0 3 0 9 0
Fatigue 0 0 0 0 0 0 1 0 0 0 0 0 3 0 4 0
Abdominal Pain 0 0 0 0 0 0 1 0 0 0 0 0 1 0 2 0
Constipation 0 0 0 0 0 0 0 0 0 0 1 0 1 0 2 0
Blood Lactic Acid increased 0 0 0 0 0 0 0 0 0 0 1 0 1 0 2 0
Decreased appetite 0 0 1 0 0 0 0 0 1 0 0 0 1 0 2 0
Insomnia 0 0 1 0 1 0 0 0 0 0 0 0 0 0 2 0

QOD once every other day, OD once every day, DL dose level, G grade

*There were no treatment related grade 4 adverse events

TRAE:s grade 3 or higher were infrequent and included only
3 (14%) patients with grade 3 nausea at 1,200 mg QOD
(n=1) and 1,200 mg QD (n=2) (Table 3).

Of 28 laboratory AEs, most (26, 93%) were considered
not related to IM156. Only Grade 1 increases in blood lac-
tate in 2 (9%) patients were attributed as possibly related to
IM156, one in the 800 mg QD cohort and the other in the
1,200 mg QD cohort in whom the elevated blood lactate
decreased while the patient remained on study drug. There
was no trend toward increased blood lactate levels with dose
or exposure.

Nine SAEs were reported in § patients, only 1 of which
(grade 3 nausea at 1,200 mg QOD that required a dose inter-
ruption) was attributed to IM156 (Supplementary Table 2).

Although no DLTs were reported, IM156 was not well
tolerated at 1,200 mg QD. All 4 patients developed nausea
attributed to IM 156, 2 of which were Grade 3; 3 of these
patients also developed IM156-related Grade 1 vomiting.
Grade 3 nausea resolved to Grade 1 or 2 with anti-emetic
medications and therefore did not meet criteria for a DLT;
however, one of these patients had a dose reduction to
800 mg QD and the other a dose interruption. Although per
protocol the MTD was not reached, the poor tolerability of
IM156 at 1,200 mg QD, supported by PK data demonstrat-
ing exposures in the predicted efficacious range at 800 mg
QD in preclinical animal models, led to 800 mg QD being
declared the RP2D.

Pharmacokinetics and pharmacodynamics
Following oral administration of IM156, mean T, ,, values

appeared to be independent of dose and ranged from 2.3 h —
6.7hon Day 1 and 1.2 — 4.0 h on Day 27. On Day 1, using

data summarized combining both dosing regimens over the
full dose range evaluated, AUC ,, values increased in a dose
proportional manner at doses >200 mg (Table 4). Data for
the QOD regimens on Day 27 similarly showed exposure
increased in a dose proportional manner when the 100 mg
QOD dose cohort was excluded. Dose proportionality was
difficult to assess following QD administration as only two
dose cohorts of IM156 were administered with this dosing
schedule; however, mean Day 27 AUC,, exposure values
were higher following QD versus QOD administration of
IM156 at the respective dose levels.

The mean plasma half-life (t;,,) values ranged from
12—17 h post dose administration (Fig. 1), and additional
PK parameters are listed Table 4. Analysis of urine samples
indicated that on Day 1, in the dose range of 200—1200 mg
QOD, approximately 8-10% of IM156 is excreted in the
urine (Supplementary Table 3). On day 27 the amount
excreted, in the same dose range, increased to 16—18%.
Although the number of patients is small, when QOD dos-
ing is compared to QD, for a given dose, whether on day 1
or day 27, the percent of IM156 excretion did not change
appreciably (Supplementary Table 3).

A circulating major metabolite of IM156 was identified
in pooled human samples collected following oral QOD
administration of 400 mg of IM156 using LC-MS/MS and
UV detection methods. The structure of this metabolite was
determined and confirmed by comparison to synthetic stand-
ard. This metabolite resulted from oxidation of the pyrro-
lidine ring to the corresponding carboxylic acid derivative.
The metabolite was found to have no effect on cell viability
or oxygen consumption rate up to concentrations of at least
50 pM in A549 human lung cancer cells (Supplementary
Fig. 1).
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Fig. 1 Steady-state (Day 27) plasma concentration profile of IM156

The maximum plasma exposure achieved in this study
was ~6 pM in patients who received IM156 at daily doses
of 800 mg. This concentration of IM156 provided very little
inhibition of OXPHOS when tested in whole blood ex vivo,
consistent with in vitro cell assays and protein binding meas-
urements. As such, measurements of target inhibition were
not informative using PBMCs-based assays.

Efficacy

Response data was available for 16 of the 22 patients. Of the
6 patients in whom response assessment was not possible,
2 withdrew consent prior to the first imaging timepoint, 3
did not have evaluable disease, and 1 was a protocol viola-
tion (received cytotoxic chemotherapy within 21 days of the
first dose of IM156). No objective responses (CRs or PRs)
were observed while SD was observed in 7 patients resulting
in a DCR of 32%. One (1) patient with gastric neuroendo-
crine carcinoma and 1 with gastric adenocarcinoma, had a
best response of prolonged SD for 444 days and 169 days,
respectively (Fig. 2). The median PFS was 54 days (95% CI
47-71 days, Supplementary Fig. 2). Because the efficacy
was perceived insufficient for further monotherapy develop-
ment in an unselected population, initially planned expan-
sion cohorts at the RP2D was not opened.

Discussion

To our knowledge, this first-in-human study of IM156 is the
first successfully completed phase 1 study of a PC1 inhibitor
in patients with cancer with a RP2D determined for further
clinical development. Other PC1 inhibitors, such as BAY
87-2243 [17], ASP4132 [18], and IACS-010759 [19], have
all discontinued clinical development for oncology indications
due to poor tolerability, primarily fatigue and AEs of the GI
and nervous systems. By contrast, IM156 appears to have a
favorable safety and tolerability profile, with treatment-related

Grade >3 AEs occurring infrequently (14% of patients). The
toxicity profile of IM156 is primarily gastrointestinal AEs,
including nausea and vomiting in 68% and 41% of patients,
respectively. Despite these AEs being primarily low-grade,
their frequency, persistence, and limited resolution with anti-
emetic drugs such as 5-hydroxytryptamine (SHT3) recep-
tor antagonists ultimately precluded further dose escala-
tion. Though no DLTs were reported, the RP2D of IM156
for patients with cancer is 800 mg orally daily, a dose that
resulted in exposure above the therapeutic target predicted
from preclinical cancer models.

Gastrointestinal AEs have also been observed with other
biguanides and drugs targeting PC1 [9, 19, 20]. For instance,
in a Phase 1 study of 21 patients of a selective non-biguanide
inhibitor of PC1, IACS-010759, nausea and vomiting of any
grade were reported in 67% and 29% of patients, respec-
tively. Although diarrhea of any grade was more common
in patients treated with IM156 versus IACS-010759 (50%
vs. 10%), Grade >3 AEs were more frequent with IACS-
010759 compared to IM156 (43% vs 14%). Additionally,
IACS-010759 led to debilitating AEs not observed with
IM156, such as Grade > 3 visual impairment and peripheral
neuropathy, and elevations of blood lactate (71% vs. 9%).
The latter may be a result of a differences in the drugs’ bind-
ing to PC1 and degree of target inhibition, with a steeper
dose—effect relationship of IACS-10759 than for IM156.

Two patients, 1 each at 800 and 1,200 mg QD, had Grade
1 asymptomatic elevation in blood lactate. Increased blood
lactate is potentially an on-target effect of IM156; one could
hypothesize that inhibition of mitochondrial OXPHOS
would increase the rate of glycolysis with a subsequent
rise in lactate production; however, lactate elevation is
nonspecific.

Pharmacokinetic data demonstrated dose proportional-
ity for both C .. and exposure at doses >200 mg. IM156
exposures following QD dosing were predicted from mod-
eling of the data obtained with QOD dosing, supporting
the switch to QD administration. Plasma exposures of
IM156 at 800 mg QD demonstrated modest accumula-
tion at steady-state (Day 1 C,,, 829+260 ng/mL, AUC,,
7,520 + 3,820 h*ng/mL; Day 27 C,,, 1,870 +485 ng/mL;
AUC,, ,, 33,600+9,780 h*ng/mL) (Table 4). These values
are in the range of those expected to demonstrate response
based on robust efficacy in preclinical in vivo mouse models
dosed at 15 — 30 mg/kg (Immunomet, Data on file); the AUC
0-24 1n single-dose oral PK studies in mice administered a
30 mg/kg dose was approximately 3.0 — 3.5 h*ng/mL. Our
recent publication reported that IM156 is highly distrib-
uted to major metabolic organs such as lung, liver, kidney,
etc. and that tissue concentrations of IM156 are 30-80 fold
higher compared to plasma [21]. As such, measurements
of the concentrations and activities of IM156 in plasma are
not informative and significantly underestimate target tissue
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exposures and associated activity. In short, measurement of
circulating plasma IM156 levels is a poor surrogate for tar-
get tissue exposures. A recently completed Phase 1 study in
healthy volunteers using appropriate tissue-based biomark-
ers was designed to further explore and confirm the PK and
target engagement of IM156 (Immunomet, Data on file).

IM156 metabolic profiling was completed for human
samples following oral QOD administration of 400 mg of
IM156 to cancer patients. One major metabolite detected in
the pooled human plasma samples. Similarly, this metabolite
was identified as a major circulating metabolite in rat and
dog following oral administration of a single- or multiple-
dose of IM156 in preclinical toxicity studies. This metabo-
lite was negative in an in silico computational prediction of
genetic toxicity, and no inhibition were greater compared to
IM156 against off-target inhibition safety pharmacology pro-
filing panel. Finally, this metabolite did not inhibit OXPHOS
with no effect on cell viability up to concentration of 50 pM.
These data demonstrate that this metabolite showed limited
biological activity in mechanism of action and safety profile.

No clinical responses were observed but 32% of patients
had SD as the best response, including 1 with gastric neu-
roendocrine carcinoma and 1 patient with gastric adeno-
carcinoma who remained on IM156 for 444 and 169 days,
respectively. In an unselected population of patients whose
cancer has not demonstrated dependence on OXPHOS,
this level of anticancer activity is not supportive for further
development as a monotherapy. However, IM156’s favorable
safety profile suggests the potential for further development
in rationally designed combinations with other anticancer
agents, and as monotherapy for selected patients whose
tumors have molecular profiles demonstrate a therapeutic
vulnerability to OXPHOS inhibition [22].

Similar to IM156, the efficacy results of IACS-010759
showed one (5%) PR in a patient with prostate cancer and
8 (38%) patients with SD [19]. A switch to glycolysis has
been speculated as a plausible mechanism for insufficient
single-agent activity of other small molecule inhibitors of
PC1. An adaptive switch to glycolysis in a chronic lympho-
cytic leukemia mouse model treated with IACS-010759 sug-
gested that simultaneous use of a glycolysis inhibitor may
be required to demonstrate efficacy [23], a combination that,
due to the essential nature of the OXPHOS, may plausibly
lead to significant toxicity.

In summary, our study demonstrated that IM156 is toler-
able at RP2D of 800 mg QD. These data suggest that clinical
development of PC1 inhibitors may be feasible. However,
IM156 demonstrated rather limited single agent clinical
activity in the unselected population, and we did not identify
any biomarker associated with therapeutic response. There-
fore, the study did not advance into monotherapy expan-
sion cohorts at the RP2D. Further development in oncology
will focus on rational combinations with other anticancer

agents such as targeted therapies or chemotherapy and on
continuing efforts to identify molecular markers predicting
anticancer activity of IM156.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10637-022-01277-9.
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