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Abstract

Background: The PI3K/AKT/mTOR (PAM) pathway is a key regulator of tumor therapy resistance. We investigated
M2698, an oral p70S6K/AKT dual inhibitor, in patients with advanced cancer who failed standard therapies.

Methods: M2698 was administered as monotherapy (escalation, 15-380 mg daily; food effect cohort, 240-320 mg
daily) and combined with trastuzumab or tamoxifen.

Results: Overall, 101 patients were treated (M2698, n=62; M2698/trastuzumab, n = 13; M2698/tamoxifen, n = 26).
Patients were predominantly aged <65 years, were female, had performance status 1 and were heavily pretreated.
There was a dose- and concentration-dependent inhibition of pSé levels in peripheral blood mononuclear cells and
tumor tissue. M2698 was well tolerated; the most common treatment-emergent adverse events were gastrointestinal,
abnormal dreams and fatigue (serious, attributed to M2698: monotherapy, 8.1%; M2698/trastuzumab, 7.7%; M2698/
tamoxifen, 11.5% of patients). The recommended phase 2 doses of M2698 were 240 mg QD (monotherapy), 160 mg
QD (M2698/trastuzumab) and 160 mg QD/240 mg intermittent regimen (M2698/tamoxifen). In the monotherapy
cohort, 27.4% of patients had stable disease at 12 weeks; no objective response was noted. The median progression-
free survival (PFS) durations in patients with PAM pathway alterations with and without confounding markers (KRAS,
EGFR, AKT2) were 1.4 months and 2.8 months, respectively. Two patients with breast cancer (M2698/trastuzumab,
n=1; M2698/tamoxifen, n= 1) had partial response; their PFS durations were 31 months and 2.7 months, respectively.

Conclusions: M2698 was well tolerated. Combined with trastuzumab or tamoxifen, M2698 demonstrated antitumor
activity in patients with advanced breast cancer resistant to multiple standard therapies, suggesting that it could
overcome treatment resistance.

Trial registration ClinicalTrials.gov, NCTO1971515. Registered October 23, 2013.
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Background
The phosphatidylinositol-3-kinase (PI3K)/AKT/mam-
malian target of rapamycin (mTOR) (PAM) pathway

*Correspondence: atsimber@mdanderson.org
! Department of Investigational Cancer Therapeutics, The University

of Texas MD Anderson Cancer Center, Unit 455, 1515 Holcombe is an important regulator of cell growth, proliferation,
Boulevard, Houston, TX 77030, USA metabolism and other cellular functions [1]. PAM path-
Full list of author information is available at the end of the article . . . . o .

Iy o way alterations are identified in up to 30% of solid tumors
Remigiusz Kaleta and Hui Tian are former employees of EMD Serono . o X
Research & Development Institute, Inc,, Billerica, Massachusetts, USA (a [2], drlvmg tumor growth [3] The PAM pathway 18 lmpll—
business of Merck KGaA, Darmstadt, Germany) cated in primary and acquired resistance to anticancer

Wenyuan Xiong is a former employee of Merck Serono SA, Lausanne,
Switzerland (an affiliate of Merck KGaA, Darmstadt, Germany)

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

therapies, including chemotherapy, endocrine therapy,
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tyrosine kinase inhibitors and immunotherapy, as a result
of genetic alterations [4] and signaling activation [5].

PAM pathway inhibitors targeting mTOR (e.g., tem-
sirolimus and everolimus) and PI3K (e.g., idelalisib and
alpelisib) have limited efficacy owing to incomplete inhi-
bition or reactivation of the PAM pathway, or activation
of alternative prosurvival pathways [6, 7]. Inhibition of a
single node in the PAM pathway (e.g., mTOR) can lead
to compensatory activation, usually of AKT, via release of
a negative feedback loop [7]. Compensatory prosurvival
programs can be activated by PAM pathway signaling
modulation or concurrent alterations in other pathways
(e.g., RAS) that stimulate parallel tumor signaling path-
ways, leading to PAM pathway inhibitor resistance [8, 9].
Implementation of tumor molecular profiling and treat-
ment with matched targeted treatments are associated
with higher rates of response and progression-free and
overall survival compared to non-matched therapies in
patients with advanced cancer [10-13].

The use of PAM pathway inhibitors has been associated
with toxicities including rash, hepatotoxicity, mucositis,
hyperglycemia [14—17], and hyperlipidemia [18], which
lead to treatment discontinuation [19, 20]. Thus, a PAM
pathway inhibitor that does not induce the compensa-
tory feedback loop activation and has improved tolerabil-
ity would be clinically useful. M2698 is a potent, orally
bioavailable, selective inhibitor of p70S6K, AKT1 and
AKTS3. In preclinical studies, it has demonstrated antitu-
mor activity, the ability to inhibit proliferation of tumor
cell lines harboring PAM alterations, and the capac-
ity to cross the blood—brain barrier [21]. M2698 has the
potential to block the AKT compensatory feedback loop
while avoiding the adverse effects of pan-AKT inhibition,
including those associated with AKT2 inhibition (e.g.,
hyperglycemia) [22-25].

We report the results of a phase 1 first-in-human trial
of M2698 in patients with advanced metastatic cancer,
refractory to standard therapies. We assessed the safety
and efficacy of M2698 monotherapy and in combination
with trastuzumab and tamoxifen.

Methods

Eligibility criteria

Eligible patients were>18 years of age with advanced
metastatic cancer, whose tumors had confirmed or poten-
tially present alterations in the PAM pathway (PAM +:
e.g., PTEN, PIK3CA, AKT1, AKT3, mTOR, TSC1, or
TSC2), who had exhausted all standard acceptable treat-
ment options, with measurable disease by Response Eval-
uation Criteria in Solid Tumors (RECIST) criteria and
tumor accessible to biopsy. Patients with asymptomatic
brain metastases stable for >4 weeks after treatment were
eligible. All patients underwent cardiac function tests for
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eligibility (see Additional file 1). Patients with confound-
ing EGFR, KRAS and AKT2 alterations were excluded
from monotherapy cohorts>160 mg and both combina-
tion cohorts.

Patients eligible for the M2698/trastuzumab cohort
had HER2 + refractory/recurrent metastatic breast can-
cer after receiving HER2-targeted therapy (trastuzumab,
pertuzumab, and/or trastuzumab emtansine; PAM + not
required). Patients with HER2 4, hormone-receptor-pos-
itive (HR+; i.e., estrogen- and/or progesterone-recep-
tor-positive [ER+/PgR+]) triple-positive disease had to
receive adequate hormone treatment through the study
duration.

Patients eligible for the M2698/tamoxifen cohort had
HR+, HER2-negative breast cancer and prior expo-
sure to tamoxifen and/or an aromatase inhibitor with or
without palbociclib (prior neoadjuvant tamoxifen was
allowed if discontinued for > 1 year before enrollment on
the study).

Patients were enrolled in 15 centers in the USA and
provided written, informed consent before any study
procedures were performed. The study was conducted
in accordance with ethical principles of the International
Council for Harmonization guideline for Good Clinical
Practice, the Declaration of Helsinki, and applicable local
regulations, and was registered in www.clinicaltrials.gov
(NCT01971515).

Study design and dosing schedule

In this phase 1 study, dose escalation was followed by
expansion cohorts of once-daily, oral M2698 in continu-
ous 21-day cycles. Primary objectives were to determine
the maximum tolerated dose (MTD), dose-limiting tox-
icities (DLTs), and recommended phase 2 dose (RP2D).
Secondary objectives were to assess safety and toler-
ability, pharmacokinetics (PK, including food effect)
and antitumor activity. Pharmacodynamic biomarker
assessments were exploratory. Treatment was discontin-
ued if there was disease progression, toxicity or consent
withdrawal.

In Part 1, M2698 monotherapy was investigated in
a dose escalation with a food effect cohort. In Part
2, M2698 was investigated as monotherapy (expan-
sion cohort) to further characterize safety, toler-
ability and pharmacokinetics, and assess antitumor
activity in PAM + patients without confounding markers
(exploratory).

Two additional cohorts investigated M2698 combined
with trastuzumab (M2698/trastuzumab) and tamox-
ifen (M2698/tamoxifen), and M2698 was escalated from
80 mg daily until the RP2D was reached. In the M2698/
trastuzumab cohort, M2698 was given after trastuzumab
(weekly 30—90-min intravenous infusion; doses: initial,
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4 mg/kg; maintenance, 2 mg/kg). In the M2698/tamox-
ifen cohort, M2698 was administered concurrently with
oral tamoxifen (20 mg daily) in continuous 21-day cycles
except for the 240 mg dose that was given as an intermit-
tent regimen (2 weeks on, 1 week off) (Additional file 1:
Figure S1).

Pharmacokinetics and pharmacodynamic biomarker
analyses
M2698 concentration was analyzed in blood samples
taken on cycle 1, days 1 and 15 at predose, 1, 2, 3, 4, 5, 6,
8,10 and 24 h, and at predose on cycles > 2, days 1, 8, and
15. Plasma PK parameters on days 1 and 15 were calcu-
lated using non-compartmental methods.
Pharmacodynamic biomarker analysis consisted of
measuring levels of phospho-S6 (pS6) by flow cytometry
in peripheral blood mononuclear cells (PBMCs) collected
on cycle 1, days 1 and 15 at predose, 2, 4, and 8 h, and at
predose on cycles > 2, days 1, 8 and 15; and by immuno-
histochemistry in tumor biopsies obtained at baseline
and on treatment (cycle 2, day 1; from the same tumor
when possible). Tumor genomic analysis was performed
by Foundation Medicine.

Statistical analysis

Dose escalation analysis included all patients who expe-
rienced a DLT and those who received >80% of planned
M2698 doses in cycle 1 without experiencing a DLT.
Safety analysis included all patients who received>1
dose of M2698. PK analysis included all patients who
received > 1 dose of M2698 and had measurable plasma
concentrations. Dose proportionality was tested using
the power model (linear regression approach on the log
-transformed scale).

Tumor response was assessed using RECIST 1.1. As for
drugs with cytostatic antitumor activity, disease control
rate was defined as the sum of stable disease (SD) and
objective response rates; SD was considered clinically
beneficial [26, 27]. Progression-free survival (PFS) was
measured from treatment initiation until disease pro-
gression or death and was estimated using the Kaplan—
Meier method.

Results

Patient demographics

From 2013 to 2018, 62 patients received M2698 mono-
therapy (dose escalation, #=40; expansion cohort,
n=10; food effect cohort, n=12); 13 received M2698/
trastuzumab (M2698: 80 mg, n=4; 160 mg, n=9); and
26 received M2698/tamoxifen (M2698: 80 mg, n=4;
160 mg, n=9; 200 mg, n=6; and 240 mg intermittent
regimen, n=7).
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Patients were predominantly aged<65 years, were
female, had Eastern Cooperative Oncology Group
(ECOG) performance status 1 and were heavily pre-
treated (>3 prior therapies: monotherapy cohort,
50%;>5 prior therapies: M2698/trastuzumab 69.2%,
M2698/tamoxifen 73.1%; Table 1). Overall, 87.1%
(54/62) patients who received M2698 monotherapy were
PAM+ and 11.3% (7/62) were PAM + with confounding
alterations.

Safety

The median duration of M2698 treatment was 7.4, 6.9
and 8.4 weeks in the M2698 monotherapy, M2698/tras-
tuzumab, and M2698/tamoxifen cohorts, respectively.

In the monotherapy dose escalation, two DLTs were
observed, at 60 mg (n=1; grade 3 lipase increase that
resolved following treatment interruption) and 160 mg
(n=1; grade 3 increase in gamma-glutamyltransferase
which decreased in severity following treatment inter-
ruption). The highest dose tested was 380 mg; patients
with prolonged exposure to M2698>320 mg experi-
enced grade 2-3 gastrointestinal adverse events requir-
ing dose reduction (monotherapy: 19.4%, M2698/
trastuzumab 23.1%; M2698/tamoxifen, 15.4%). All except
one of 62 patients had>1 TEAE; 34 (54.8%) patients
had M2698-related TEAEs, eight (12.9%) of which were
grade>3 (Table 2). The TEAEs of the monotherapy
cohort by dose level are summarized in Additional file 1:
Table S1. M2698-related TEAEs included gastrointes-
tinal disorders (nausea, n=12 [19.4%]; diarrhea, n=7
[11.3%]), abnormal dreams (n=6 [9.7%]), fatigue and
tremor (n=4 [6.5% each]) (Additional file 1: Table S2).
One patient treated with 320 mg developed grade 3 psy-
chosis at cycle 2, which was attributed to M2698; he was
treated successfully with risperidone and M2698 was
de-escalated to 200 mg. Frequently reported TEAEs are
listed in Additional file 1: Table S3. Although no formal
MTD was determined, the Safety Monitoring Committee
determined the M2698 monotherapy RP2D as 240 mg.

In the M2698/trastuzumab cohort, one of 13 patients
experienced a DLT (grade 3 cardiac failure) on 80 mg
M2698 which resolved after treatment discontinuation;
this patient was previously treated with multiple thera-
pies, including trastuzumab, pertuzumab and lapatinib.
All patients reported>1 TEAE; 10 (76.9%) patients had
M2698-related TEAEs, three (23.1%) of which were
grade>3 (Table 2). The most common M2698-related
TEAEs were diarrhea, fatigue (n=4; 30.8% each), nau-
sea, tremor, and abnormal dreams (n=1; 7.7% each)
(Additional file 1: Table S2). The study was prematurely
terminated due to slow enrollment and so no MTD was
determined based on the doses tested.
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Table 1 Baseline characteristics
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M2698 monotherapy (N=62)

M2698/trastuzumab (N=13)

M2698/tamoxifen (N=26)

Age (years)

<65 45 (72.6)

65-74 12(19.4)

75-84 5(@.1)

Male/female 21/41 (33.9/66.1)

ECOG PS: 0/1 20/42 (32.3/67.7)

No. of prior lines of antican- 57/47/31/21/16 (91.9/75.8/50.0/33.9/25.8)

cer therapy: 1/2/3/4/>5

Prior therapies

Chemotherapy 55 (

Antibody therapy 6 (

Kinase inhibitor 4

Hormonal 10 (

Other 8 (

Primary tumor

Colon

Rectum

Breast?

Pancreas

Lung

Endometrium

Salivary gland

Other

Tumor molecular alterations®

AKT1 3

AKT2 2

AKT3 2

PTEN 13

PIK3CA 32
3
4
3
3
0

- O U1 AN O — WU

w

EGFR
KRAS
ER+
PR+
HER 14/24-/34 1/2/

9(69.2) 18(69.2)

3(23.0) 4(15.4)
1(7.7) 4(154)

0/13 (0/100) 0/26 (0/100)

3/10(23.1/76.9)

13/12/12/11/9 (100/92.3/92.3/84.6/69.2)

13/13 (50/50)

25/22/23/19/19
(96.2/84.6/88.5/73.1/73.1)

13 (100) 22 (84.6)

3(23.0) 3(11.5)
7.7) 7(26.9)

5(38.5) 19(73.1)

2(154) 5(19.2)

0 0

0 0

13 (100) 24(92.3)

0 0

0 0

0 0

0 0

0 2(7.7)

0 6(23.1)

0 0

0 1(3.8)

0 3(11.5)

8(61.5) 15(57.7)

0 1(38)

0 0

9(69.2) 21(80.8)

9(69.2) 20 (76.9)

2/3/7 (15.4/23.1/53.8)

5/3/1(19.2/11.5/3.8)

ECOG PS Eastern Cooperative Oncology Group Performance Status, Nnumber of patients

Data show the number of patients (percent)
2 Patients with triple-negative breast cancer were included in the study
b Tumor molecular profiles were not available for all patients

In the M2698/tamoxifen cohort, one DLT was
observed with 200 mg M2698 (grade 3 prolonged QT
interval) which resolved after treatment discontinu-
ation. All except one of the 26 patients in the cohort
had>1 TEAE; 22 (84.6%) patients had M2698-related
TEAEs; and five (19.2%) of these were grade>3
(Table 2). The most common M2698-related TEAEs
were diarrhea (50%), nausea (50%), fatigue (15.4%) and
abnormal dreams (15.4%) (Additional file 1: Table S2).

The MTD was 200 mg M2698 daily, while 240 mg inter-
mittent dosing was well tolerated.

No patient died due to a TEAE; the most common
cause of death was disease progression in all cohorts.
Psychiatric disorders were observed in both the M2698/
trastuzumab (30.8%; 4/13) and M2698/tamoxifen (38.5%;
10/26) cohorts, were mostly mild or moderate in inten-
sity, and were manageable with dose reduction. The most
common psychiatric TEAEs were anxiety, depression and
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Table 2 Overview of duration of treatment and TEAE profile across cohorts

M2698 monotherapy M2698/trastuzumab M2698/

(N=62) (N=13) tamoxifen

(N=26)

Duration of M2698 therapy
<6 weeks 41.9) 6 (46.2) 10 (38.5)
>6-12 weeks 16 (25.8) 1(7.7) 5(19.2)
> 12 weeks 20(32.3) 6 (46.2) 11(423)
Median, weeks (range) 74 (0.86-72.0) 6.9 (2.0-35.9) 8.4 (0.1-105.1)
TEAEs 61 (98.4%) 13 (100.0) 25(96.2)
TEAEs, grade >3 36 (58.1%) 9(69.2) 15(57.7)
TEAE related to M2698 34 (54.8%) 10 (76.9) 22 (84.6)
TEAE related to M2698, grade >3 12.9%) 3(23.1) 5(19.2)
TEAE I/t permanent discontinuation of any trial treatment 9.7%) 3(23.1) 9 (34.6)
TEAE I/t temporary discontinuation of M2698 29 (46.8%) 6(46.2) 11(42.3)
Serious TEAEs 26 (41.9) 5(38.5) 13 (50.0)
Serious TEAE related to M2698 8.1) 1(7.7) 3(11.5)
TEAE leading to death?® 9.7) 2(154) 3(11.5)

Data are presented as number of patients (percent) unless otherwise stated
I/t leading to, TEAE = treatment-emergent adverse event

2 No deaths were considered to be related to M2698, trastuzumab or tamoxifen. Primary causes of death included disease progression, TEAEs not related to study drug

or procedures, unknown reasons and disease related

insomnia (15.4% each; n=2) in the M2698/trastuzumab
cohort; and anxiety (23.1%; n=6), and abnormal dreams
(15.4%; n=4) in the M2698/tamoxifen cohort.

Pharmacokinetics/pharmacodynamics

In the monotherapy cohort, M2698 exposure increased
proportionally with dose after single and multiple admin-
istrations (Table 3, Additional file 1: Table S4, Figure S2).
M2698 absorption was relatively slow (median time to
maximum plasma concentration [¢,,.], 3.08-6.28 h),
the terminal half-life was long (~30 h) and the appar-
ent oral clearance (CL/f) was low (~6 L/h). Repeated
doses of M2698 resulted in a 2.12-3.38-fold accumula-
tion on day 15, when the area under the curve for M2698
was > 30,000 ng h/mL at the highest doses of 240—-380 mg
(Table 3). There was no apparent food effect on the expo-
sure of M2698 (Additional file 1: Table S4). Investigat-
ing the association between PK and safety, no clinically
relevant changes in mean electrocardiogram data were
observed across all cohorts; the population mean AQTcF
at C,,,, on Day 15 with 380 mg (Additional file 1: Figure
S3) was below the clinically significant threshold, and
there was no correlation between exposure and fasting
glucose levels (Additional file 1: Figure S4).

A monotherapy population PK model was devel-
oped, consisting of a two-compartment model with
four absorption transit compartments and first-order
elimination (Additional file 1: Table S5). Pharmacoki-
netic/pharmacodynamic modeling showed a dose- and

concentration-dependent inhibition of pS6 levels in
PBMCs (Additional file 1: Figure S5A) and tumor tis-
sue (paired biopsies, 28 patients) (Fig. 1, Additional
file 1: Figure S5B). A direct link of maximum drug effect
(Erpa) model described the influence of drug concen-
tration on pS6 levels in PBMCs over time (Additional
file 1: Table S6), suggesting 50% inhibition at a plasma
concentration of 1643 ng/mL. Log-linear regression and
E, .. models best-described the treatment effect on pS6
inhibition in tumor tissue (Additional file 1: Table S7)
and suggested 70% and 80% inhibition at doses of ~ 160
and 240 mg, or AUC of 15,174 and 32,087 h.ng/mL,
respectively.

Efficacy

In the monotherapy cohort, 25 (40.3%) patients had SD
(Additional file 1: Table S8). Of the 54 PAM + patients
treated with M2698 monotherapy, 22 (40.7%) had
SD; no objective responses were noted. The median
PFS was 2.3 months overall (Fig. 2) and 2.4 months in
PAM + patients.

The presence of confounding tumor alterations
appeared to impact both response and PFS. SD was
observed more frequently in PAM+ patients with-
out confounding alterations (6 weeks: 21/47 [44.7%];
12 weeks: 14/47 [29.8%]) than in PAM + patients
with confounding alterations (6 weeks: 1/7 [14.3%];
12 weeks: 1/7 [14.3%]). Additionally, the median PFS of
PAM + patients without confounding alterations was
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Table 3 Pharmacokinetic parameters of M2698 in the monotherapy and combination cohorts on day 15

Dose, mg n Cnax N9/ML GeoMean  t,.., hours median (range) AUC,_,, ng-h/mL Geo Accumulation ratio
(GeoCV%) mean (GeoCV%) (Cnax) Geo mean
(GeoCV%)
M2698 monotherapy
15 3 36 (16.8) 3.00 (2.97-7.50) 2540 (6.0) 257 (73.6)
30 3 279( 4.5) 4.30(1.93-6.02) 5410(17.8) 3.19(41.2)
60 5 566 (48.5) 5.07 (3.03-7.62) 10,000 (47.7) 3.03 (60.4)
75 4 533 (47.5) 4.05 (4.03-5.12) 9440 (39.6) 3.02(3.2)
110 3 831 (433) 6.05 (3.00-6.07) 15,500 (46.8) 3.38(55.6)
160 5 1300 (45.1) 4.08 (1.93-6.00) 23,700 (43.7) 240 (36 8)
200 3 1520 (100.8) 3.77 (3.50-4.05) 28,400 (91.6) 1(63.5)
240 7 1920 (48.5) 4.00(2.95-6.10) 31,300 (55.8) 251(77.8)
320 6 2110(39.6) 548 (3.57-6.08) 39,700 (52.3) 2(67.9)
380 2 2490 (9.4) 2.50(2.00-3.00) 41,400 (34.5) 220(97.9)
Combination with tamoxifen
80 2 819 (50.9) .5 (4.00-5.00) 16,000 (44.7) 2.31(20.6)
160 5 1270 (48.3) 333(295-5.58) 22,000 (42.9) 98 (26.6)
200 6 1380 (31.3) 3.98 (3.07-10.0) 27,000 (29.3) 347 (65.7)
240 4 1110(39.9) 3.15 (2.13-4.00) 20,600 (41.7) .7 (409)
Combination with trastuzumab
80 3 405 (23.7) 3.07 (2.03-5.58) 7400 (34.3) 2.00 (26.1)
160 7 2560 (52.8) 5.88 (3.05-8.08) 47,200 (49.3) 2.73(31.5)

AUC,_, area under the plasma concentration-time curve within one dosing interval, C,,,, maximum plasma concentration, GeoCV% geometric coefficient of variation

percent, GeoMean geometric mean, t,,,, time to maximum plasma concentration

2.8 months (n=47) and 1.4 months in PAM + patients
with confounding alterations (n=7) (Additional file 1:

40

—40 1

Relative change in pS6 levels in tumor (% change in H-score)

1530 6075 110 160 200 320 380
Dose (mg)
Fig. 1 Pharmacodynamic effects of M2698 on pS6 in tumor tissue.
Observed versus predicted relative change from baseline in pSé levels
in tumor tissue by dose (log-linear model). Observed data (n=28) are
represented by black dots and predicted data by a blue line and grey

shaded area (95% confidence interval)

Table S8). Notably, all five patients with PFS > 6 months
(7.1-16.4 months) were PAM+without confounding
alterations, and two patients remained on treatment
for > 1 year.

In the combination cohorts, two patients had a partial
response (PR). The first was a 66-year-old woman with
triple-positive breast cancer, previously treated with four
lines of therapy including letrozole, trastuzumab and
lapatinib. Pretreatment tumor molecular profiling identi-
fied multiple alterations including ERBB2 amplification
and PIK3CA H1047R mutation. She was treated with
160 mg M2698 combined with trastuzumab and tamox-
ifen (20 mg daily) (per protocol for triple-positive dis-
ease). The duration of PFS was 31 months (see Additional
file 1). She tolerated the treatment well except for fatigue
and discontinued treatment upon disease progression.

The second patient was a 48-year-old woman with
ER+, PgR+, HER2-negative breast cancer, previously
treated with adjuvant cyclophosphamide and tamoxifen,
taselisib and letrozole, adriamycin, and palliative radia-
tion therapy to the lumbar spine. Pretreatment tumor
molecular profiling demonstrated an AKT1 E17K muta-
tion. She received 240 mg M2698 combined with tamox-
ifen and had a PR; her PFS duration was 2.7 months
(liver metastases disappeared; lung, pancreatic and bone
metastases: stable; new brain metastases).
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1.04 Monotherapy Trastuxumab  Tamoxifen
o 0.9 No. of events 49 8 16
g 08 Median 23 2.8 2.7
= [95% ClI] [1.5,3.0] [1.4, ND] [1.5, 5.6]
o 0.7
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©
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0.1
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0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (months)
At risk
Monotherapy 62 18 5 2 2 2 0 0
Trastuzumab 13 4 1 0 0 0 0 0
Tamoxifen 26 8 5 3 1 1 1 1
Cohort Monotherapy Trastuzumab Tamoxifen
Fig. 2 Kaplan-Meier plot of progression-free survival

In the M2698/trastuzumab and M2698/tamoxifen
cohorts, the highest clinical benefit rate and longest PFS
(median PFS 3.8 and 5.5 months, respectively; n=09, for
each) were observed with 160 mg M2698 daily (Addi-
tional file 1: Table S9).

Discussion

The PAM pathway is a key oncogenic mechanism and
regulator of tumor resistance to existing therapies. In this
phase 1 study, treatment with M2698, a dual inhibitor of
p70S6K and AKT, was associated with antitumor activity
in selected patients with advanced malignancies that pro-
gressed after standard-of-care therapy.

M2698 was overall well tolerated. Monotherapy dose
escalation stopped at 380 mg due to the occurrence of
gastrointestinal TEAEs; no MTD was reached.

Although PAM inhibitors are generally characterized
by poor tolerability and narrow therapeutic index [28],
commonly observed class toxicities (rash, hepatotoxic-
ity, mucositis, hyperglycemia) [22-24] were not noted
with M2698, suggesting a more favorable safety profile.
Anxiety and abnormal dreams were reported and were
manageable with dose reduction; one patient developed
psychosis. M2698 has been shown to cross the blood—
brain barrier [21], and other PAM inhibitors, such as
buparlisib, have been associated with psychiatric adverse
events [19]. Aberrant signaling of PI3K and AKT is impli-
cated in the pathogenesis of some mental illnesses; there-
fore, pharmacological inhibition of the pathway may
produce similar effects [29]. Several strategies should
be implemented to mitigate the risk associated with the
development of treatment-emergent psychiatric AEs.
First, neuropsychological testing should be implemented

in all patients prior to treatment to determine their
vulnerability to develop these AEs, and during their
treatment period to monitor for these events. Second,
patients with preexisting psychiatric conditions should
have their psychiatric medications optimized prior to ini-
tiating treatment with PAM pathway inhibitors, and they
should be carefully monitored during the course of treat-
ment. Third, novel biomarkers that predispose patients to
psychiatric events should be discovered, and methods to
monitor the AKT pathway activity in the brain should be
developed and implemented.

Safety in combination cohorts was consistent with that
of monotherapy. Dose reduction and intermittent treat-
ment in the M2698/tamoxifen cohort were sufficient to
minimize TEAEs. However, a relatively higher incidence
of some TEAEs was noted in the combination cohorts,
including dizziness, fatigue and gastrointestinal symp-
toms. Given the known toxicity profile of trastuzumab
and tamoxifen, these AEs were attributed to the combi-
nation drugs.

Pharmacokinetic profiles for M2698 monotherapy and
combined with tamoxifen were similar. M2698 exposure
was relatively higher in combination with trastuzumab;
it is unclear whether the effect was synergistic or supra-
additive, and a dedicated pharmacologic study with more
patients would be required to elucidate the mechanism
of interaction. Preclinical pharmacodynamic and efficacy
profiling demonstrated that M2698 dose-dependently
inhibits pS6 in tumor tissue [21] and that>70-80% inhi-
bition is associated with tumor control in human breast
cancer cell line-derived mouse xenograft models [30].
The clinical pharmacokinetics/pharmacodynamics model
supports these findings and indicates that 70 and 80%
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inhibition of tumor pS6 could be achieved with doses of
around 160 and 240 mg M2698, respectively. After review
of all available data, including safety, clinical outcomes
and the pharmacokinetic/pharmacodynamic relation-
ship, the RP2D for M2698 was 240 mg daily as monother-
apy, 160 mg daily with M2698/trastuzumab, and 160 mg
daily or 240 mg intermittent regimen (2 weeks on, 1 week
off) with M2698/tamoxifen.

In patients with heavily pretreated advanced cancer, the
overall clinical benefit rate at 12 weeks was 27.4% with
M2698 monotherapy, 38.5% with M2698/trastuzumab
and 30.8% with M2698/tamoxifen. In PAM + patients
treated with M2698 monotherapy, the clinical benefit rate
was 40.7%, suggesting cytostatic activity of M2698, which
is in line with the tumor growth inhibition observed pre-
clinically with monotherapy treatment [21].

The two objective responses (both PRs) in the combi-
nation cohorts are noteworthy because advanced meta-
static triple-positive breast cancer is associated with
treatment resistance [31], and AKTI tumor alterations
are associated with resistance to tamoxifen [32]. There-
fore, there is an unmet need for effective treatments in
these populations, and further investigation of these
combinations is warranted.

M2698 monotherapy did not induce objective
responses despite selection of tumors driven by PAM
pathway defects, which may be explained by intrinsic
resistance, additional molecular/compensatory path-
ways involved in carcinogenesis or other mechanisms.
We observed that patients with PAM 4 tumors with-
out confounding alterations in KRAS, EGFR and/or
AKT2 had disease stabilization with M2698 treatment,
whereas PAM + patients with these markers had rapid
disease progression. Alterations in KRAS and EGFR lead
to activation of parallel pathways which perpetuate pro-
liferation and prosurvival programs, which may confer
resistance to PAM pathway inhibition [8, 9], while AKT2
alterations would be M2698-specific as M2698 does not
target AKT2. Future studies should endeavor to eluci-
date additional mechanisms of resistance to PAM inhibi-
tors to optimize patient selection and develop effective
therapies.

Numerous PAM inhibitors have been investigated in
over 1150 clinical trials as of April 2021. Of these, the
following molecules have been approved by the Food
and Drug Administration at this time: the mTOR inhib-
itors everolimus [33] and temsirolimus [34]; the pan-
PI3K inhibitor copanlisib [35]; the PI3Kd inhibitors
idelalisib [36] and duvelisib [37]; and the PI3Ka inhibi-
tor alpelisib for second-line treatment of HR + meta-
static breast cancer combined with fulvestrant [38, 39].
Two important characteristics may differentiate M2698
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from other PAM inhibitors. First, pan-AKT and PI3K
inhibitors are known to induce hyperglycemia, which is
attributed to AKT2 inhibition; by sparing inhibition of
AKT2, M2698 may have a more favorable and manage-
able safety profile. Second, the brain penetrant prop-
erties of M2698 may allow for treatment of patients
with breast cancer and brain metastases, an important
and currently underserved population. As this study
excluded patients with known symptomatic brain
lesions, this would merit further investigation in such
patients.

Conclusions

In conclusion, M2698 treatment was well tolerated
as monotherapy and combined with trastuzumab or
tamoxifen. The combination of M2698 may restore
tumor sensitivity to endocrine therapy and to trastu-
zumab in patients with HR 4+ and HER2 + breast can-
cer, respectively. Patients with PAM + tumors without
confounding alterations appeared to benefit most from
M2698 monotherapy treatment. Overall, the efficacy of
M2698 monotherapy was modest, as expected based on
the hypothesized cytostatic mechanism of action and
advanced stage of disease in this patient population,
but the observed objective responses provide encour-
aging results with early signs of activity and outline a
potential precision oncology-based approach toward
personalized treatments.
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