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Background: Mipsagargin (G-202; (8-O-(12-aminododecanoyl)-8-O-debutanoyl thapsigargin)-Asp-y-Glu-p-Glu-y-GluGluOH)) is a
novel thapsigargin-based targeted prodrug that is activated by PSMA-mediated cleavage of an inert masking peptide. The active
moiety is an inhibitor of the sarcoplasmic/endoplasmic reticulum calcium adenosine triphosphatase (SERCA) pump protein that is
necessary for cellular viability. We evaluated the safety of mipsagargin in patients with advanced solid tumours and established a
recommended phase |l dosing (RP2D) regimen.

Methods: Patients with advanced solid tumours received mipsagargin by intravenous infusion on days 1, 2 and 3 of 28-day cycles and
were allowed to continue participation in the absence of disease progression or unacceptable toxicity. The dosing began at
1.2mgm~? and was escalated using a modified Fibonacci schema to determine maximally tolerated dose (MTD) with an expansion
cohort at the RP2D. Plasma was analysed for mipsagargin pharmacokinetics and response was assessed using RECIST criteria.

Results: A total of 44 patients were treated at doses ranging from 1.2 to 88 mgm ~ 2, including 28 patients in the dose escalation phase
and 16 patients in an expansion cohort. One dose-limiting toxicity (DLT; Grade 3 rash) was observed in the dose escalation portion of
the study. At 88 mgm ~2 observations of Grade 2 infusion-related reaction (IRR, 2 patients) and Grade 2 creatinine elevation (1 patient)
led to declaration of 66.8 mg m ™2 as the recommended phase Il dose (RP2D). Across the study, the most common treatment-related
adverse events (AEs) were fatigue, rash, nausea, pyrexia and IRR. Two patients developed treatment-related Grade 3 acute renal failure
that was reversible during the treatment-free portion of the cycle. To help ameliorate the IRR and creatinine elevations, a RP2D of
40mgm 2 on day 1 and 66.8mgm 2 on days 2 and 3 with prophylactic premedications and hydration on each day of infusion was
established. Clinical response was not observed, but prolonged disease stabilisation was observed in a subset of patients.

Conclusions: Mipsagargin demonstrated an acceptable tolerability and favourable pharmacokinetic profile in patients with solid
tumours.
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Proper function of the sarcoplasmic/endoplasmic reticulum
calcium adenosine triphosphatase (SERCA) pump protein, which
transfers Ca’* from the cytosolic compartment of the cell to the
lumen of the sarcoplasmic and endoplasmic reticulum, is necessary
for normal cellular viability (Furuya et al, 1994, 1996; Lin et al,
1997; Denmeade et al, 1999; Tombal et al, 2000, 2002; Denmeade
and Isaacs, 2005). The natural product thapsigargin (TG) binds
tightly to the transmembrane portion of the SERCA pump
(Toyoshima et al, 2003; Sehoel et al, 2006; Winther et al, 2010),
inhibits its function Rasmussen et al, 1978; Thastrup et al, 1990)
and induces cell death in both normal and malignant cell types
(Denmeade et al, 2003). Sustained TG-driven inhibition of the
SERCA pump depletes endoplasmic reticulum calcium stores,
triggering the opening of plasma membrane calcium channels and
the resulting rapid elevation in cytoplasmic calcium (Thastrup
et al, 1990; Randriamampita and Tsien, 1993; Tombal et al, 1999;
Deniaud et al, 2008; Winther et al, 2010). This elevation triggers
the endoplasmic reticulum stress/unfolded protein response,
caspase activation, release of apoptotic factors from the mitochon-
dria and direct activation of calcium-dependent endonucleases that
cleave cellular DNA resulting in cell death (Rao et al, 2002;
Breckenridge et al, 2003; Deniaud et al, 2008; Tabas and Ron,
2011). Unfortunately, despite the known cytotoxic effects of TGs,
the clinical application of TG has been hindered by its
nonspecificity in harming nonproliferating cells.

To direct the cytotoxic activity of TG to tumour tissue and spare
normal tissue, we have developed a protease-activated prodrug
strategy in which a highly potent primary amine-containing TG
analogue is coupled to a protease-specific peptide carrier
(Denmeade and Isaacs, 1998; Denmeade et al, 2003) (Figure 1).
The TG analogue, 8-O-(12-aminododecanoyl)-8-O-debutanoyl
thapsigargin (12ADT), retains the capacity to bind the SERCA
pump and maintains TG cytotoxic potency (Jakobsen et al, 2001;
Singh et al, 2005). To target 12ADT to the SERCA pump
specifically to tumour cells, we focussed on the unique carbox-
ypeptidase activity and restricted expression of the prostate-specific
membrane antigen (PSMA; folate hydrolase 1, glutamate carbox-
ypeptidase II), a type II membrane protein first characterised in
prostate cancer but subsequently shown to be expressed in the
endothelial cells (ECs) of a variety of solid tumours types (Liu et al,
1997; Chang et al, 1999a, b; Haffner et al, 2009; Samplaski et al,
2011). The only normal tissue known to express significant levels
of PSMA is prostatic epithelium, with some evidence of expression
in duodenal mucosa and a subset of proximal renal tubules (Silver
et al, 1997). Our previous analysis of 340 human tumour samples
and 32 control tissues from commercially available microarrays
showed that nearly 95% of hepatocellular and renal cancers, ~75%
of ovarian and breast cancers, 57% of melanoma samples and 43%
of bladder cancer specimens stained positive for PSMA; in contrast,
we and others have shown a lack of expression in normal vascular
endothelium (Liu et al, 1997; Silver et al, 1997; Chang et al, 1999a,
b; Denmeade et al, 2012).

Mipsagargin (G-202) was developed as a PSMA-targeted TG-
based prodrug. Specifically, we coupled a PSMA-specific peptide
substrate to 12ADT to produce a PSMA prodrug that upon PSMA-
mediated proteolytic cleavage of the peptide selectively kills PSMA-
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Thapsigargin analogue -12ADT

expressing cells in vitro and produces marked regression of a
variety of human tumour xenografts in mice (Denmeade et al,
2012). These preclinical studies further reveal that 3 days of
treatment was superior to 1 or 2 days of treatment in inducing
tumour regression in animal models, but extended treatment
periods, including 5- and 10-day treatment regimens, were not
more effective. In addition, studies in animals suggested that a 3-
day regimen was effective and tolerated at higher doses without
evidence of acquired resistance or sensitivity in several animal
models of human tumours (Denmeade et al, 2012).

We hypothesised that mipsagargin would selectively target
PSMA-expressing tumours and/or tumour neovasculature ECs
resulting in clinical efficacy and, given the lack of expression of
PSMA in normal cells, have a good safety profile in humans. A
phase I trial was initiated to evaluate the safety, tolerability and
pharmacokinetic profile of intravenous administration of mipsa-
gargin in patients with locally advanced or metastatic solid
tumours, refractory to standard therapy, or for whom no standard
therapy was available.

MATERIALS AND METHODS

Study design and dose escalation schema. This was a multi-
centre, open-label phase I study of escalating doses of mipsagargin
administered to cohorts of 3-6 patients with advanced solid
tumours at three sites in the United States. Mipsagargin was
administered by intravenous infusion over 1 h on three consecutive
days (days 1, 2 and 3) of each 28-day cycle. The protocol was
reviewed and approved by the Institutional Review Board (IRB) at
each institution before initiation and described on the clinical-
trials.gov registry (NCT01056029). In the absence of prohibitive
toxicity, patients were allowed to continue treatment until
development of progressive disease. The primary objectives of
the study were to determine the maximum tolerated dose (MTD)
and dose-limiting toxicities (DLTs), establish the recommended
phase II dose and determine the pharmacokinetics of G-202
administered under this schedule. Secondary objectives were to
investigate the safety profile of G-202 and document any evidence
of antitumour activity in patients with advanced solid tumours.
As described in Table 1, the study initially followed a modified
Fibonacci dose escalation to minimise the number of patients
treated with potentially subtherapeutic doses. At each dose level
during stage 1, 3-patient cohorts were treated, with 100% dose
escalation between cohorts. Dosing increments were reduced and
stage 2 escalation was implemented when a patient experienced
two equivalent >Grade 2 drug-related adverse events (AEs) or
DLT. Dose escalation was allowed to continue until the MTD
was established. The MTD was defined as the highest dose at which
no more than one of six patients experienced a DLT. If two or
more patients experienced a DLT, a total of six patients were
treated at the previous dose level. The following drug-related AEs
(National Cancer Institute Common Terminology Criteria for
Adverse Events; NCI CTCAE version 4.03) occurring during the
first cycle of treatment were prospectively defined as DLTs:
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Figure 1. Structure of mipsagargin. Sequential PSMA-mediated hydrolysis of mipsagargin ((8-O-(12-aminododecanoyl)-8-O-debutanoyl
thapsigargin)-Asp-y-Glu-y-Glu-y-GluGluOH) yields the cytotoxic thapsigargin analogue 12ADT-Asp.
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Grade 4 neutropenia lasting >5 days, Grade 3 or higher febrile
neutropenia, Grade 4 thrombocytopenia or Grade 3 or 4
thrombocytopenia with bleeding, Grade 3 or higher nausea,
vomiting or diarrhoea despite optimal management and Grade 3
nonhaematologic toxicities lasting >5 days or any Grade 4 or
higher nonhaematologic toxicities. Treatment was held for patients
who experienced a DLT, but could be resumed at the prior dose
level if the AE recovered to < Grade 2 within 1 week; only one dose
reduction was allowed per patient. Dose reduction was also made
for patients who had a delay in treatment for > 1 week because of
lack of recovery of any toxicity. Subsequent retreatment of such
patient was allowed at the investigator’s decision and after full
consideration of potential benefit and risk. Intrapatient dose
escalation was not allowed. Once the MTD was identified, the
RP2D regimen was established and explored in an expansion
cohort, planned to include up to 18 patients, with the goal of
gaining further experience at the RP2D and/or in particular patient
or tumour types.

Derivation of starting dose. The starting dose was derived from
repeat-dose GLP toxicology studies conducted in Cynomolgus
monkeys and Sprague-Dawley rats. In monkeys, intravenous
infusions of 1, 5 or 10mgkg ~ ' over a 1-h period on 3 consecutive
days and repeated following a 4-week treatment-free interval were
associated with nephrotoxicity. At the 1mgkg ' dose, signs of
nephrotoxicity (elevations in blood urea nitrogen, creatinine and
albumin) were minimal to mild and showed clear reversibility by
the end of the treatment-free period. Based on these observations,
the dose of 1.2mgm ~* given by intravenous infusion on days 1,
2 and 3 of a 28-day cycle was selected as the starting dose for the
phase I clinical trial.

Eligibility. All patients were at least 18 years of age, and had
histologically confirmed malignancy that was metastatic or
unresectable and for which standard curative measures did not
exist or were no longer effective; the malignancy was measurable or
nonmeasurable according to Response Evaluation Criteria in Solid
Tumours (RECIST) 1.1 criteria. Patients had Eastern Cooperative
Oncology Group performance status (ECOG PS) of <2 and life
expectancy estimated to be at least 3 months. Women of child-
bearing potential had documentation of a negative pregnancy test.
Mipsagargin treatment did not begin until >4 weeks after the
patient’s last therapy or major surgical procedure. Acceptable
hepatic, renal, haematologic and coagulation profile status, as well
as urinalysis with no evidence of + 2 or higher proteinuria, was
required of all patients. Patients with prostate cancer were to
continue androgen deprivation therapy with LHRH agonists,
unless such therapy was discontinued 6 months before first dosing
with mipsagargin. Exclusion criteria included known and untreated
CNS metastases, a prolonged QTc interval (>450ms) or any
medication known to prolong the QT interval, active uncontrolled
infection, history of hepatitis B or C in the absence of

Table 1. Two-stage dose escalation schema

Dose level Mipsagargin dose (mgm ~2) (days 1, 2, 3)

Stage 1 dose escalation

1 1.2
2 2.5
3 5
4 10

Continue 100% dose increase in subsequent cohorts until initiation
of stage 2 dose escalation

Stage 2 dose escalation

1 Last stage 1 dose x 1.67
2 Last dose x 1.5

3 Last dose x 1.33

4 Last dose x 1.33

hepatocellular carcinoma, requirement for anticoagulants, pre-
existing cardiac conditions, pregnancy or lactation or other
conditions that would contraindicate investigational drug use in
the opinion of the investigator.

Data collection. In the first 28-day cycle, patients underwent
weekly physical examinations, along with monitoring of vital signs,
ECOG PS, haematology, serum chemistry and urinalysis. In
subsequent cycles, safety assessments were performed after week
1 of each cycle and before initiation of each new cycle. Data
concerning AEs were collected for up to 30 days after the last study
treatment for all patients who received any amount of mipsagargin.
Per protocol, any deaths reported within 30 days of discontinua-
tion of study drug treatment were to be reported as AEs, including
deaths because of disease progression. For patients with measur-
able disease, tumour assessment was performed at baseline, after 8
weeks (2 cycles) of treatment and every 8 weeks thereafter using
the RECIST (version 1.1) to determine stable disease, progressive
disease and best overall response. A complete or partial response
required confirmation after 4 weeks. Tumour response was
evaluated by computed tomography (CT), spiral CT, magnetic
resonance imaging (MRI), bone scans and/or other techniques
considered clinically appropriate for the patient’s specific disease
type using the RECIST criteria.

Pharmacokinetics. Plasma samples were collected from patients
in parts 1 and 2 during the first week of cycle 1 (before cycle 1 day
1 (C1D1) dosing, after beginning C1D1 infusion (30, 60, 75, 90 and
120 min), 2, 4, 8 and 10-12h after completion of C1D1 infusion,
before cycle 1 day 2, before cycle 1 day 3 and at the end of cycle 1
to assess mipsagargin metabolism, inter-to-individual variability
and possible correlation between clinical signs and mipsagargin
exposure levels. The pharmacokinetic parameters included
peak plasma concentration (Cp,,), area under the plasma
concentration-time curve (AUC), half-life (t;,,), clearance (CL)
and volume of distribution in steady state (Vss). These PK
parameters were determined in each subject by standard
model independent method (WinNonlin Phoenix Version 6.2.1
(WinNonlin, 2011)). Plasma levels of mipsagargin were
determined by liquid chromatography.

Statistical considerations. As this was a phase I study with
primary objectives of establishing MTD, DLT, recommend phase II
dose and evaluating pharmacokinetics, analysis of data was
descriptive in nature. Data from all patients who received at least
1 infusion of G-202 were included in the safety analyses and
determination of MTD and DLT. Descriptive analysis of
antitumour activity, including rate of response (CR or PR) and
disease control (CR or PR or SD), was summarised for those
patients who received at least one cycle of G-202 and had at least
one post-baseline disease assessment. Any patient with objective
disease progression before the end of cycle 1 was included in the
analysis of antitumour activity. Any evidence of CR required
confirmation after a minimum 4-week interval.

RESULTS

Patient population. From January 2010 through May 2013, 44
patients were enrolled and treated in this study. All patients had
locally advanced or metastatic solid tumours, including 14 (32%)
with colorectal, 9 (20%) with prostate and 6 (14%) with
hepatocellular carcinoma (Table 2A). Overall, the median age of
the treated patients was 64.5 years (range 48-83). The female/male
ratio was 9:35 (20%:80%). The majority of patients were white
(93%). At baseline, 25% of patients had ECOG PS of 0 and 75%
had ECOG PS of 1. All patients had received prior surgery (64%),
radiotherapy (52%) and/or systemic therapy (100%).
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Dose escalation, MTD and RP2D. A total of 8 mipsagargin dose
levels were evaluated in the dose escalation portion of the study
(Table 2B). In this portion of the study, the same dose level
was administered on days 1, 2 and 3 of each 28-day cycle.
A protocol-defined MTD was not reached, but observations of
Grade 2 infusion-related reaction (IRR; 2 patients) and Grade 2
creatinine elevation (1 patient) at 88 mgm ~ > led to declaration
of 66.8mgm * as RP2D. One plausible explanation for the
observations of IRR relates to the thapsigargin-induced inhibition
of the SERCA pump that elevates cytosolic calcium levels in mast
cells, resulting in degranulation and histamine release (Putney and
Bird, 1993; Huber et al, 2000). Two protocol modifications were
implemented in an effort to reduce the incidence of IRRs: the
mipsagargin dose administered on day 1 was reduced to
40mgm ~ 2, with the RP2D of 66.8 mgm ~ > administered on days
2 and 3, and a general premedication regimen with steroid, anti-
histamine, anti-nausea, anti-pyretic and H2 blocker in accordance
with institutional guidelines was recommended. In an effort to
prevent elevations in serum creatinine, guidelines for prophylactic
hydration by intravenous infusion of saline on each day of
mipsagargin administration were provided. Thus, the RP2D was
established as mipsagargin at 40mgm ~ > on day 1, followed by
treatment at the RP2D (66.8 mgm ~ ) on days 2 and 3 of each 28-
day cycle with routine premedications and prophylactic hydration
on each day of infusion.

Safety. Mipsagargin was generally well tolerated in the population
of patients with locally advanced or metastatic solid tumours. The
most frequently reported AEs (occurring in >10% of patients)
were nausea, fatigue and rash (Table 3A). The most common
treatment-related AEs occurring in at least 5 (> 10%) patients were
fatigue, rash, nausea, IRR and pyrexia (Table 3B).

Table 2A. Baseline demographics and patient characteristics
(n=44)

Age, years

Median 64.5
Range 48-83
Sex, n (%)

Male 35 (79.5)
Female 9 (20.5)
Race or ethnic background, n (%)

White 41 (93.2)
Black 2 (4.5)
Other® 12.3
ECOG score, n (%)

0 11 (25)

1 33 (75)
Tumour type, n (%)

Colorectal 14 (32)
Prostate 9 (20)
Hepatocellular 6 (14)
Bladder 2 (4.5)
Lung 2 (4.9)
Pancreas 2 (4.5)
Unknown primary 2 (4.5)
Other® 7(16)
Previous therapies, n (%)

Surgery© 28 (63.6)
Radiotherapy 23 (52.3)
Systemic therapyd 44 (100)
Abbreviation: ECOG = Eastern Cooperative Oncology Group.
®Eastern European.

POther tumour types included one each of adenocarcinoma, cholangiocarcinoma,
endometrial, esophagus, head and neck, renal cell and urothelial.
“Surgery excludes biopsy, aspiration and paracentesis.

dSystem therapy included hormonal, biologic, chemotherapy and other systemic therapy.

Overall, 29 (65.9%) patients experienced 83 (18.7%) Grade 3 or
4 AEs. The only AE of Grade >3 occurring in at least 10% of
patients was GGT elevation, experienced by 5 (11.4%) patients;
however, only 1 occurrence of Grade 3 GGT elevation was judged
as related to mipsagargin administration. All other AEs, including
those related and unrelated to mipsagargin administration, of
Grade >3 occurred in >10% of patients.

All Grade 3 or Grade 4 AEs occurring in at least 3 (6%) patients,
including those judged as related to mipsagargin administration
and those judged as unrelated, are presented in Table 3C. Grade 3
or Grade 4 AEs judged as related to mipsagargin administration
and occurring in at least 3 (6%) patients were thrombocytopenia
and AST elevation, noted in Table 3D.

Among the 44 patients treated on the study and across the
duration of the study, 17 (38.6%) experienced 34 serious adverse
events (SAEs). The most frequent SAE was IRR that occurred in 4
(9.1%) patients and was typically observed on day 1 of the
treatment cycle. With prophylactic premedications and a reduced
dose level on day 1, as outlined above, only 1 of the 16 patients
enrolled in the dose expansion cohort experienced an IRR, and it
was Grade 1 in severity.

Several patients experienced renal observations during the
study. Three (8.8%) patients experienced an AE with the preferred
term of renal injury, including two of Grade 2 in severity that were
attributed to study medication and one that was Grade 3 in severity
and attributed to the combination of study medication and
underlying disease. There were two SAEs with the preferred term
of acute renal failure judged by the investigator as possibly or
probably related to study drug. In each of these cases, the renal
observations were represented as increased serum creatinine levels
without other significant renal observations, such as acidosis, loss
of urine output or need for haemodialysis. The renal changes
generally were transient and reversed before the end of the 28-day
treatment cycle; no patient with a renal change required
haemodialysis or other long-term care for the AE.

One patient in the 66.8mgm > dose group in part 1
experienced Grade 3 morbilliform rash, Grade 3 thrombocytopenia
and Grade 2 renal injury and was discontinued from the study. The
Grade 3 rash lasted for >5 days, constituted a DLT and led to a
total of 6 patients enrolled in the 66.8 mgm ~ 2 cohort. There were
no additional observations of Grade 3 rash or other DLTs. Among
the 16 patients in the expansion group treated at the RP2D
(40 mgm ™ *on day 1 and 66.8 mgm ~ > on days 2 and 3), 1 patient
experienced Grade 3 renal injury that resulted in discontinuation
of study drug. No other patients experience SAEs or AEs that
resulted in discontinuation of study drug.

Serum chemistry, haematology and urinalysis laboratory values
largely showed no notable changes over the study; notable changes

Table 2B. Mipsagargin dose levels evaluated

‘ Dose escalation (n=28) ‘

Mipsagargin dose (mgm 2 Number of

(days 1, 2 and 3) patients

1.2 3

2.5 3

5 3

10 3

20 3

40 4

66.8 6

88 3
Dose expansion (n=16)

Mipsagargin dose (mgm~2) Number of

(day 1/day 2/day 3) patients

40/66.8/66.8 16
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in individual patients were reported as AEs. There were no notable
changes in vital signs or ECG data over the study. There were no
Grade 5 AEs and no deaths because of AEs.

Pharmacokinetics. Mipsagargin was measured in blood collected
before C1D1 dosing, after beginning C1D1 infusion (30, 60, 75, 90
and 120min), 2, 4, 8 and 10-12h after completion of CI1D1
infusion, before C1D2 and before C1D3. Preclinical studies in
mice, rats and monkeys demonstrated that levels of the cleavage
product 12ADT-Asp were undetectable in plasma at any time after
dosing; thus, levels of the cleavage product were not assessed in this
clinical study. Results of pharmacokinetic analysis of the parent
molecule mipsagargin are presented in Figure 2 and suggest a
biexponential model with time-invariant kinetics. A biexponential
function (without weighting) was considered to best represent the

Geometric mean systemic clearance (CL) of mipsagargin was
199 mlh ™" m ™2 and this is > 1% of hepatic blood flow of patients
(i.e., clearance was very low relative to hepatic blood flow).

The geometric mean apparent volume of distribution at steady
state (Vss) of mipsagargin was 4995mlm ™% not appreciably
different from blood volume, suggesting that mipsagargin was
largely confined to plasma and did not undergo extensive tissue
distribution. In general, CL and Vss were reliably estimated at all
dose levels, and the interpatient variability of systemic exposure to
mipsagargin, characterised by CL and Vss, was low, with CVs of
45.4 and 39.2%, respectively.

Table 3B. Treatment-related adverse events occurring in at
least 3 (>10%) patients

lasma concentration-time profiles of mipsagargin following 3
P . . . P psagarg 8 Adverse event Number (%) of patients
daily intravenous 1h infusions. In general, the model adequately :
e . . . Fatigue 16 (36.4)
fitted the individual plasma concentration-time profiles of
mipsagargin at each dose level and adequately predicted plasma | Rash 13 29.5)
concentrations of mipsagargin at 24h after the second daily | Nausea 12 (27.3)
infusion, consistent with time-invariant kinetics of mipsagargin | pyrexia 8(18.2)
(i.e., plasma concentrations of mipsagargin fiﬂel‘ repeated dosing |7~ 8(182)
appear to be predictable based on linear kinetic theory). The model :
also indicated that approximate steady state would be reached after | Chils 7(159)
the third infusion. Decreased appetite 7 (15.9)
Other calculated PK parameters are presented in Table 4. Blood creatinine increased 6 (13.6)
The geometric mean terminal (elimination) half—lllfe (t /zﬁ) was Dyspepsia 6 (13.6)
21.0h (range 4.3-69.3). Greater than 90% of mipsagargin was —
eliminated during the secondary phase (i.e., associated with #;,,). Pruritis 6(13.6)
AST increased 5(11.4)
Vomiting 5(11.4)
4 H O,
Table 3A. Adverse events occurring in at least 10% of Thrombocytopenia 49.1)
patients
| ‘ Renal injury 3(6.8)
Grade of adverse Constipation 3(6.8)
event
Hyperkalaemia 3 (6.8)
Total number (%) )
Hypotension 3 (6.8
Adverse event 1 2,3 |4 of patients® P — ©8
Nausea 14 [ 220 18 (40.9) Proteinuria 368
Fatigue 12 5 1 0 18 (40.9) Abbreviation: AST = aspartate aminotransferase.
Rash 10 3 1 0 14 (31.8)
Pyrexia 12107160 11250 Table 3C. Grade 3 or higher adverse events in at least 3 (6%)
Chills 9 | 0 |1 0 10 (22.7) patients
Decreased appetite 8 | 2|00 10 (22.7) Adverse event Number (%) of patients
Vomiting 8 2 0 0 10 (22.7) GGT increased 5(11.4)
Anaemia 1 4 4 0 9 (20.5) AST increased 4 (9.1)
Infusion-related reaction 2 4 2 0 8(18.2) Anaemia 4(9.1)
Dyspnoea 3 3|0 |1 7 (15.9) Hyperkalaemia 49.1)
Constipation 7 0 0 0 7 (15.9) Renal failure acute 3 (6.8)
Abdominal pain 4 0 3 0 7 (15.9) Thrombocytopenia 3(6.8)
Dyspepsia 5 2 0 0 7 (15.9) Abdominal pain 3(6.8)
GGT increased 0 1 5 0 6 (13.6) Ascites 3(6.8)
Urinary tract infection 2 2 2 0 6(13.6) Abbreviations: AST = aspartate aminotransferase; GGT =y-glutamyl transferase. Includes
both treatment-related and treatment-unrelated adverse events.
Blood creatinine increased 1 5 0 0 6(13.6)
Pruritus 5 1 0 0 6 (13.6)
AST increased 0 |1 4 |0 5(11.4) Table 3D. Grade 3 or higher adverse events judged as related
Hyperglycaemia o 3 5 0 5(11.4) to mipsagargin administration and occurring in at least 3 (6%)
patients
Arthralgia 2 3 0 0 5(11.4) .
Adverse event Number (%) of patients
Cough S 0 0 0 514 AST increased 4(9.1)
Abbreviations: AST = aspartate aminotransferase; GGT = y-glutamyl transferase. T b N 368
®Number and percentage of patients experiencing at least one event during the course of rombocytopenia ©.8)
the study are reported at the highest grade experienced. Abbreviation: AST = aspartate aminotransferase.
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Systemic exposure (AUC) to mipsagargin increased approxi-
mately dose proportionally; for a doubling in dose, AUC was
predicted to increase, on average, 2.02-fold (95% CL: 1.86-2.19).
The unadjusted confidence interval included unity, suggesting no
statistical evidence for nonlinear kinetics of mipsagargin.

Response to treatment. Among the 42 patients considered to be
evaluable for efficacy, there were no observations of objective
response. However, 12 (28.6%) of patients had disease stabilisation.
Overall, PFS was a median of 52.0 days (n=42; censored 8; Ql1,
Q3: 50.0, 112.0). However, among the 12 patients with SD as best
response, progression-free survival (PFS) was considerably higher:
129 days with 8 patients censored at the date of last study visit
(Table 5A). Among the 16 efficacy-evaluable patients enrolled in
part 2, 5 patients presented to the study with a diagnosis of
hepatocellular carcinoma and had progressed on or were intolerant
of sorafenib. In these 5 patients, prolonged disease stabilisation
with an average PFS of 166 days (6 months) was observed
(Table 5B); in patients with HCC who received more than 2 cycles
of treatment, the PFS was 209 days, approaching 7.5 months.

DISCUSSION

The goal of this phase 1 first-in-man study was to evaluate the
safety of mipsagargin and validate the TG prodrug strategy across a
wide range of advanced solid tumours and identify specific tumour
type(s) in which this strategic targeting of TG cytotoxicity would
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Figure 2. Pharmacokinetics of mipsagargin in plasma after single and
multiple intravenous infusions. Samples were collected at multiple
timepoints after the first infusion of mipsagargin, 24 h after the second
infusion of mipsagargin and 25 days after the third infusion of
mipsagargin. The 66.8 mgm ~2 dose is presented as 67 mgm 2 and
the part 2 dosing regimen, 40mgm ~2 on day 1 and 66.8mgm 2 on
days 2 and 3, is presented as 40mgm ~ 2 with the dotted line.

Table 4. Calculated pharmacokinetic (PK) parameters of
mipsagargin

PK parameters
Half-life, ty,0
Half-life, ti2f

2.05h (range 0.118-5.88 h)
21h (range 4.28-69.3h)

199mlh~"m~2
4995 ml m~?

Systemic clearance (CL)

Volume of distribution at
steady state (Vss)

Distribution Mipsagargin largely confined to plasma

without extensive tissue distribution

most likely provide clinical benefit. Prodrug therapy that targets a
molecule critical for cellular homeostasis but only in PSMA-
expressing cells, particularly the tumour vasculature, represents a
new class of cancer therapeutics and a novel strategy that warrants
clinical investigation.

Despite the advanced stage of disease in the heavily pretreated
patients enrolled onto the study, a protocol-defined MTD was not
reached. The phase II dosing regimen was derived on the basis of
IRRs and creatinine elevations observed in the dose escalation
portion of the study. The IRR to mipsagargin may be multi-
factorial. One possible explanation relates to thapsigargin-mediated
inhibition of the SERCA pump and resultant elevation of cytosolic
calcium levels in mast cells, resulting in degranulation and
histamine release (Putney and Bird, 1993; Huber et al, 2000).
Another plausible explanation is related to the excipients used for
preparation of mipsagargin for infusion, polysorbate and propylene
glycol. An association between polysorbate and incidence of IRRs,
including in the oncology and vaccine setting, has been noted in
the literature (Coors et al, 2005). The IRR, when present, generally
occurred on day 1 of infusion and was not apparent on days 2 and
3. In an effort to reduce the occurrence and severity of IRRs, the
mipsagargin dosing regimen was modified in the expansion cohort,
so that a lower dose, 40 mgm ~ 2, was administered on day 1 and
the recommended phase II dose of 66.8 mg m > on days 2 and 3
of each 28-day cycle, along with standard premedications at the
investigator’s discretion (steroid, anti-histamine, anti-nausea,
anti-pyretic, H2 blocker). The specific choice of medication
(dexamethasone or prednisone, for example) and dose of each
premedication was at the investigator’s discretion and was allowed
to be in accordance with each institution’s standard premedication
guidelines. This modification appeared quite effective, with only
one observation of IRR in the expansion cohort; this was a Grade 1
event that resolved and did not recur in subsequent cycles.

The elevation in creatinine was not unexpected based on
evidence suggesting that cells of the proximal tubules in benign
kidney express PSMA (Chang et al, 1999a). During the course of
the study, it was observed anecdotally that among patients
receiving prophylactic hydration as a component of their routine
care, the incidence of creatinine elevation was infrequent. Thus,
prophylactic hydration by intravenous infusion of 250-500 ml of
saline on each day of mipsagargin infusion was incorporated into
the treatment regimen. Thereafter, the incidence of creatinine
elevation in patients receiving prophylactic hydration was greatly
minimised, with only one observation of Grade 2 creatinine
elevation noted: this single event was observed in one patient in the
eleventh cycle of treatment; the creatine elevation resolved within
24h and did not recur in cycle 12.

With the safety data are considered together, mipsagargin was
manageable and with an acceptable safety profile in this population
of patients with advanced disease. The MTD is 66.8mgm >
administered intravenously as a 1-h infusion on days 1, 2 and 3
every 4 weeks; a lower dose level, 40 mgm ~ 2, is recommended for
day 1, with standard premedications and prophylactic hydration.

Although no objective responses were observed in this study,
some heavily pretreated patients demonstrated prolonged disease
stabilisation. Despite the heterogeneity of the population enrolled
into this study, a proportion of patients achieved a median PFS of
129 days, suggesting that a sub-group of patients or particular
tumour types may preferentially derive benefit greater from
PSMA-targeting approaches. This hypothesis is substantiated by
observations in the expansion cohort, wherein whereby 5 patients
with advanced HCC, refractory to sorafenib therapy, had
prolonged disease stabilisation with an average PES of 166 days.
Given the typical median PFS of ~2-3 months in the subgroup of
patients with HCC who have progressed on prior sorafenib (Finn
et al, 2012; Yau et al, 2012; Llovet et al, 2012), the suggested clinical
benefit and the minimal AEs reported in this patient group are
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Table 5A. Progression-free survival in patients with SD as
best response

Dose level
Patient (mgm~2) Progression-free
number Tumour type (day 1/2/3) survival (days)
01-002 Prostate 1.2 112
01-006 Cholangiocarcinoma 2.5 89
01-010 Colorectal 5 112
01-012 Non-small cell lung 10 522
01-017 Pancreas 40 572
01-022 Adenocarcinoma 66.8 637
03-029 Prostate 88 119
03-031 Endometrial 40/66.8/66.8 772
03-036 Hepatocellular 40/66.8/66.8 336
03-037 Prostate 40/66.8/66.8 1212
03-043 Hepatocellular 40/66.8/66.8 133
03-044 Hepatocellular 40/66.8/66.8 2772
Abbreviation: SD =stable disease.
*Censored observation.

Table 5B. Progression-free survival in patients with

hepatocellular carcinoma enrolled in part 2 and treated
at the RP2D

Patient number Progression-free survival, days
03-036 336
03-039 34
03-041 52
03-043 133
03-044 2777

Abbreviation: RP2D =recommended phase Il dose.
#Censored observation.

encouraging, although these data should be interpreted with
caution because of the limited patient numbers and the
nonrandomised study design. Given that the vascularity of HCC
is frequently increased (Llovet et al, 2008; Yang and Poon, 2008)
and PSMA expression is elevated in the vasculature of HCC
(Furuya et al, 1996; Chang et al, 1999b; Haffner et al, 2009), it is
feasible that mipsagargin, a PSMA-activated thapsigargin-based
prodrug, might provide particular clinical benefit in this indication.

Recent clinical reports substantiate the logic of therapeutic
approaches based on targeting PSMA-expressing tumours, namely
castrate-resistant advanced prostate cancers. MLN2704 is an
immunoconjugate designed to deliver the anti-microtubule agent
maytansinoid-1 directly to prostate-specific membrane antigen-
expressing cells via the PSMA-targeted monoclonal antibody
MLN59. Clinical efficacy was observed, with two (22%) of the
nine patients treated at 264 or 343mgm~* having a >50%
decrease in PSA after treatment, accompanied by measurable
tumour regression (Galsky et al, 2008). Similarly, in a clinical study
of a single infusion of radiolabelled anti-PSMA monoclonal
antibody J591 (lutetium-177; (177)Lu), 10.6% of patients experi-
enced >50% decline in PSA, 36.2% experienced >30% decline
and 59.6% experienced any PSA decline following a single infusion
(Tagawa et al, 2013). The treatment was found to be well tolerated,
with reversible myelosuppression as the most common AE. Finally,
a PSMA antibody drug conjugate (ADC) consisting of a fully
humanised anti-PSMA IgG1l monoclonal antibody conjugated to
monomethyl auristatin E (MMAE), a microtubule-disrupting
agent, via a protease-cleavable linker has entered clinical studies
(Ma et al, 2006; Doronina et al, 2003). In a phase I clinical study

with this PSMA ADC, antitumour activity was observed in
approximately half of the patients treated with doses of
1.8 mgkg ™! or higher (Petrylak et al, 2013). In a phase II study
in patients refractory to abiraterone and docetaxel therapies,
treatment with 2.3mgkg~ ' PSMA ADC resulted in >50%
reductions in the number of circulating tumour cells in 74% of
patients and >30% reductions in serum PSA levels in 36% of
patients (Petrylak et al, 2014). It is important to recognise that
mipsagargin differs from these other PSMA-targeted approaches in
two main ways. First, mipsagargin is designed to take advantage of
the enzymatic activity of PSMA and is designed as a targeted
therapy to deliver many more cytotoxic molecules to the tumour
per single antigen (amplification). Secondly, the cytotoxic moiety
of mipsagargin is expected to be released extracellularly and able to
be taken up by cells within a limited diffusion radius (bystander
effect). This may aid in destruction of tumours with heterogeneous
expression of PSMA in different cells. Taken altogether, these early
clinical studies are encouraging, and support the notion that a
subset of cancer patients are likely to be more sensitive to PSMA-
targeting agents. It is clear that additional studies will be required
to better understand tumour responsiveness; these studies will
likely include evaluation of the correlation between levels of
intratumoural PSMA expression and clinical activity, as well as
activity in other tumour types.

Mipsagargin exhibited a favourable PK profile in this study, and
exposure appeared to be linear through all doses. Reversible renal
toxicities were observed at doses of 66.8mgm~' that had
an associated C,,, of ~28000 ngml_1 and an AUC of
~410000ngh ™ 'ml~'. These pharmacokinetic parameters are
comparable to the Cy., of ~20500ng ml~! and AUC of
~218000ngh™'ml~"' observed in monkeys administered a
I mgkg ' dose where mild, reversible renal toxicities were also
observed. These AUC levels are similar to the AUC of
~470000ngh ™~ 'ml~" associated with a 5.6mgkg ™' dose in
nude mice under conditions where antitumour efficacy was
observed. Preclinical studies in mice, rats and monkeys demon-
strated that virtually undetectable levels of the ultimate PSMA
cleavage product 12ADT-Asp were detectable in plasma at any
time after dosing, and hence levels of this cleavage product were
not assessed in this clinical study. These data suggest that
preclinical models of efficacy and toxicity are supportive that
target plasma levels were achieved in this study.

In conclusion, mipsagargin is a TG-based prodrug that is
designed to be activated in PSMA-expressing epithelial cells, as well
as tumour vasculature ECs. There are two particularly novel
aspects of mipsagargin that distinguish it from other targeted
anticancer agents in development. The first is incorporation of a
synthetic masking peptide that is hydrolyzed by PSMA, allowing
the cytotoxic analogue of TG, 12ADT, to be targeted specifically to
tumours and the surrounding tumour vasculature. The second
aspect that differentiates mipsagargin from other targeted agents is
that the target, the SERCA pump, is a cellular molecule that is
required for homeostasis. This is in contrast to many other targeted
agents whose target is a cancer cell-specific molecule, allowing
development of resistance by selection of cancer cells with
increased, decreased or absent expression of the target or
expression of an aberrant or alternate form of the target.

Mipsagargin is a novel agent with a distinct mechanism of
action, acceptable tolerability and a favourable PK profile.
Observations of disease stabilisation in patients with advanced
disease suggest antitumour activity and support further exploration
in the phase II setting. Observations of disease stabilisation in
patients with hepatocellular carcinoma, in particular, suggest that
mipsagargin may represent a therapeutic option for this patient
population, and a phase II clinical trial is underway to evaluate
the effect of mipsagargin on time to progression in patients
with advanced, sorafenib-refractory hepatocellular carcinoma.

992

www.bjcancer.com|DOI:10.1038/bjc.2016.72


http://www.bjcancer.com

Mipsagargin, a novel thapsigargin-based PSMA-activated prodrug

BRITISH JOURNAL OF CANCER

Furthermore, results from this phase I study suggest the
opportunity to explore PSMA-targeting prodrug therapies in a
subset of tumours that have increased tumour vascularity and/or
PSMA expression.
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