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Abstract

Background—Malignant infarction is characterized by the formation of cerebral edema, and
medical treatment is limited. Preclinical data suggest that glyburide, an inhibitor of SUR1-
TRPM4, is effective in preventing edema. We previously reported feasibility of the GAMES-Pilot
study, a two-center prospective, open label, phase lla trial of 10 subjects at high risk for malignant
infarction based on diffusion weighted imaging (DWI) threshold of 82 cm3 treated with RP-1127
(glyburide for injection). In this secondary analysis, we tested the hypothesis that RP-1127 may be
efficacious in preventing poor outcome when compared to controls.

Methods—Controls suffering large hemispheric infarction were obtained from the EPITHET and
MMI-MRI studies. We first screened subjects for controls with the same DWI threshold used for
enrollment into GAMES-Pilot, 82 cm3. Next, to address imbalances, we applied a weighted
Euclidean matching. Ninety day mRS 0-4, rate of decompressive craniectomy, and mortality were
the primary clinical outcomes of interest.

Results—The mean age of the GAMES cohort was 51 years and initial DWI volume was 102 +
23 cm3. After Euclidean matching, GAMES subjects showed similar NIHSS, higher DWI volume,
younger age and had mRS 0-4—90 % versus 50 % in controls p = 0.049; with a similar trend in
mRS 0-3 (40 vs. 25 %; p = 0.43) and trend toward lower mortality (10 vs. 35 %; p = 0.21).

Conclusions—In this pilot study, RP-1127-treated subjects showed better clinical outcomes
when compared to historical controls. An adequately powered and randomized phase |1 trial of
patients at risk for malignant infarction is needed to evaluate the potential efficacy of RP-1127.

Keywords

Malignant edema; Stroke; Cerebral edema; Brain swelling; Hemorrhage; Hemorrhagic
transformation; Clinical trial; Decompressive craniectomy
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Introduction

Methods

The sulfonylurea receptor 1 (SUR1) and transient receptor potential melastatin 4 (SUR1-
TRPM4) [1] channel is a potential target for early treatment in stroke. The channel is
upregulated in neurons, astrocytes, and capillary endothelium in the setting of ATP
depletion [2]. Channel opening leads to cell and tissue swelling and is associated with
hemorrhagic transformation [3].

Preclinical studies in rodent models of malignant cerebral edema have shown that
pharmacological blockade using a low dose of the selective SUR1 inhibitor, glyburide,
decreases infarct volume, reduces mortality, and improved neurological function, both with
and without co-treatment with recombinant tissue plasminogen activator (rt-PA) [2, 4-7].
Treatment with glyburide is effective up to 10 h after onset of ischemia in these studies [6].
In support of the preclinical data, retrospective studies of diabetic patients taking
sulfonylurea drugs and presenting with stroke have shown significantly improved clinical
outcomes [8], with a reduced incidence of symptomatic hemorrhagic transformation [9].

Patients suffering a large stroke, especially those with delayed recanalization, are at high
risk for progressive edema and hemorrhagic transformation, which independently contribute
to increased mortality [10]. In addition, in patients with large infarction, IV rt-PA [11] may
be futile [12-14] or even potentially harmful by some analyses [10]. Currently, there is no
proven pharmacotherapy for preventing brain swelling in patients suffering a large
hemispheric stroke.

We recently reported the feasibility and safety results of an open-label, prospective, phase
Ila study of patients with severe ischemic stroke who were at high risk for developing
clinically significant brain swelling (Glyburide Advantage in Malignant Edema and Stroke-
Pilot; Clini-calTrials.gov identifier: NCT01268683) [15]. We have also shown that
intravenous glyburide has a salutary effect on several biomarkers of cerebral edema
compared to matched controls [16]. GAMES-Pilot was designed to test the safety and
feasibility of RP-1127 administration in patients at high risk for malignant infarction. Here,
we report the results of a post hoc exploratory efficacy analysis of RP-1127 (Glyburide for
injection) administration in GAMES-Pilot subjects compared to control stroke patients who
suffered a large infarction, derived from similar patient populations. A concurrent placebo
group was not employed in the GAMES-Pilot study in order to facilitate the rapid clinical
experience of RP-1127 in the target patient population. The motivation for this analysis was
to compare clinical outcomes from treated patients in a single arm study to similar patients
suffering from a large stroke to obtain preliminary information regarding potential efficacy.

Study Design and Patient Enroliment

The study design for GAMES-Pilot has been previously reported [15]. Briefly, we enrolled
ten subjects from the University of Maryland and the Massachusetts General Hospital in an
open-label, phase Ila study to study the safety and feasibility of RP-1127 in patients who
suffered a large stroke. The major inclusion criteria were as follows: baseline diffusion
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weighted image (DWI) lesion between 82 and 210 cm3, age 18-80 years, and time from
symptom onset to start of study drug infusion of <10 h [6]. Subjects were eligible with or
without 1V rt-PA up to 4.5 h per established criteria [17]. DWI volume of =82 cm3 was
selected for enrollment because it is specific for malignant infarction and has been
independently prospectively validated [18]. Exclusion criteria included the use of
endovascular treatment, commitment to decompressive craniectomy (DC) prior to
enrollment, clinical signs of herniation prior to RP-1127 administration, inability to undergo
MRI evaluation, severe renal or liver disease, admission blood glucose <55 mg/dL, and
known sulfonylurea treatment in the prior 30 days. Patients were screened as potential study
candidates if they presented with National Institutes of Health Stroke Scale (NIHSS) scores
210 less than 8 h after time last known at baseline. DWI infarct volume assessment was
made at local sites in real time using the ABC/2 method [19].

Procedures for Selecting Controls

Treatment

Patients with incomplete data from the EPITHET + MMI comparison group were excluded.
Comparisons were made between GAMES-Pilot subjects and subjects from two other
studies where subjects who suffered from large infarction and underwent early MRI were
enrolled. EPITHET was a phase 1l randomized controlled trial of ischemic stroke patients
who were treated with IV rt-PA or placebo between 3 and 6 h [20] and who underwent MRI
at baseline and at 3-5 days [21]. MMI-MRI was a prospective observational study of
ischemic stroke patients with MCA occlusion who underwent MRI within 6 h of symptom
onset [18]; the study objective was to identify early those patients at high risk for developing
malignant MCA infarction. Functional outcomes, using modified Rankin Scale scores, were
evaluated in GAMES-Pilot, EPITHET, and MMI studies at 90 days.

All subjects enrolled in GAMES-Pilot received a 0.13 mg IV bolus of RP-1127 over 2 min,
followed by IV drug infusion for 72 h. Blood glucose measurements were performed every
15 min for the first hour, hourly for the first 24 h, every 2 h for the subsequent 48 h of drug
infusion, and every 4 h up to 16 h after completion of drug infusion. A pre-specified
protocol required that any blood glucose level <70 mg/dL be treated with a bolus of D50W.
Insulin therapy for hyperglycemia was permitted for critically ill subjects; however, insulin
therapy was not permitted for glucose levels <120 mg/dL. Pre-specified stopping rules were:
(i) the RP-1127 dose would be reduced by 30 % for glucose less than 55 mg/dL or three
consecutive values less than 70 mg/dL and (ii) a second episode of hypoglycemia would
result in cessation of study drug. Osmotherapy and DC were instituted only in the setting of
pre-defined criteria for neurological deterioration [22, 23] with the major criterion being a
diminished level of arousal attributed to progressive swelling, as determined by the treating
physician [22, 23]. These guidelines are consistent with criteria used for DC in the pooled
analysis of randomized DC trials [24].

Statistical Analysis

The GAMES-Pilot patients were first compared with the subgroup of patients in EPITHET
and MMI-MRI having DWI greater than 82 cm3 (Fig. 1a, control cohort A). Because of
resulting imbalances, as a second approach, we applied a weighted Euclidean matching
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methodology optimized for small sample size (pPAIRS® [9, 25, 26]) to the combined
EPITHET and MMI-MRI cohorts to identify historical controls that were best matched to
the GAMES-Pilot subjects based on several baseline characteristics (Fig. 1b, control cohort
B). Patients from the combined EPITHET and MMI-MRI group were matched to the
GAMES-Pilot group on dichotomous factors of hemispheric side of lesion (right/left),
gender (male/female), use of rt-PA (yes/no), and continuous factors including baseline
NIHSS, age, baseline glucose, and size of DWI lesion at baseline.

Matching was performed by PM and TAK without knowledge of the clinical outcomes. The
K-nn [27] algorithm was used to find the nearest neighbor in terms of a four-dimensional
weighted distance. The K-nn algorithm makes no assumptions regarding the distribution of
the data and is guaranteed to find the nearest neighbor in up to 12 dimensions [27, 28] The
4D distance was defined here as

+(wt_ A * (Age. GA—Age_ EM))?
+ (wt_ g *(Glucose_ GA—Glucose. EM))?
+(wt_ d * (DWI. GA—DWI_ EM))? \/ (wt_ N % (NIHSS. GA—NIHSS_ EM))?>  +(wt_ A% (Age. GA—Age_ EM))*  +(w

Distance= \/(Wt_ N % (NTHSS. GA—NIHSS_ EM))?  +(wt_ A * (Age. GA—Age_ EM))?>  +(wt_ g * (Glucose_ GA-

Since glucose and DWI lesion volume have larger ranges compared to NIHSS and age,
weighted Euclidean matching was adopted.

Subjects from the control group did not enter the matching process if 90 day outcome data
or baseline glucose was missing (Fig. 1b). Further, since there are no rt-PA-treated males
with left sided lesions in the GAMES group this particular group was eliminated from the
control group (n = 39) before matching. Due to an excess of patients in the control group
after the first round of dichotomous matching for hemispheric side of lesion, gender, and use
of rt-PA, (10:110::GAMES:EPI-THET + MMI), 1:2 matching ratio was used to increase the
control group sample size [9]).

Baseline characteristics of the RP-1127-treated group and matched control group were
compared with two-sample t tests or Wilcoxon rank-sum test (for NIHSS). The proportions
of dichotomous functional measures (MRS 0-4), mortality, and symptomatic hemorrhages
were compared between the RP-1127-treated group and the matched control group using
Clopper Pearson. The treated group and the cohort B 1:2 matched group functional measures
were compared using MacNemar’s test of discordant pairs.

Results

GAMES-Pilot Subjects

Subjects in GAMES-Pilot were often younger than age 60, and IV rt-PA was more
commonly used [15] than in historical subjects. As reported in the primary results, ten
subjects were enrolled between February 2011 and May 2012 [15]. There were no episodes
of hypoglycemia, no instances of dose reduction, and serious adverse events are reported
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here in Table 1. In Fig. 2, we demonstrate the major sources of screen failures. Other than
two subjects who underwent DC in GAMES-Pilot, there were no additional instances of
endotracheal intubation.

GAMES-Pilot Subjects Versus Untreated Historical Controls Defined by Initial DWI Lesion

Volume

We compared baseline characteristics, clinical outcomes, and neuroimaging metrics of
cerebral edema [21] for GAMES-Pilot subjects to those of patients from EPITHET [20] and
MMI-MRI [18] with baseline DWI lesion volume >82 cm? (control cohort A in Fig. 1)
(Table 2). GAMES-Pilot subjects were younger and more commonly received rt-PA, while
initial DWI lesion volumes were larger in the historical controls (when controls were
defined by DWI volume). A 90 day mRS of 0-4 was observed significantly more frequently
in GAMES-Pilot patients (90 %) compared to 33 % in EPITHET [20] and 33 % in the MMI-
MRI [18] subsets (two-sided p = 0.012, Fisher’s exact test comparing GAMES-Pilot vs.
each control group). This trend was consistent across mRS cutoffs of 0-3 (not significant)
and the composite outcome of mRS 0—4 without DC, the original pre-specified functional
outcome measure (two-sided p = 0.015, Fisher’s exact test comparing GAMES-Pilot vs.
each control group). Although not statistically significantly different, GAMES-Pilot subjects
had lower mortality.

GAMES-Pilot Subjects Versus Matched Controls

The baseline imbalances observed in the above comparison, in particular the larger baseline
DWI lesion volume in controls, could have favored better outcomes by comparison in
GAMES-Pilot subjects. We performed weighted Euclidean matching to better match
baseline characteristics (control cohort B in Fig. 1). The 10 GAMES-Pilot patients were
matched with 20 control group patients (Table 3; Fig. 1b). Comparison of baseline variables
of the GAMES-Pilot subjects and EPITHET-MMI subjects and outcomes are shown in
Table 3. Matching on baseline NIHSS and glucose was excellent. Following matching,
GAMES-Pilot subjects were younger with large DWI1 lesion volumes compared to the post-
match control group (Table 3; p < 0.05).

Outcome comparison in the two groups showed that despite higher baseline DWI lesion
volume (Table 3), GAMES-Pilot subjects had a higher proportion of 90 day mRS of 0-4
(two-sided p = 0.049, Fisher’s exact test). Mortality, symptomatic hemorrhage, and the need
for DC were equivalent in both groups. Restricting the matching to patients who received rt-
PA (control cohort B_1 in Fig. 1b) confirmed that the pre-specified efficacy measure of
mRS 0-4 was improved in GAMES-treated subjects (Table 4; p = 0.013). Mortality in the
GAMES rt-PA group demonstrated a trend toward increased survival (p = 0.059). In both
cases, similar trends, although not significant, were seen with respect to a higher percentage
achieving mRS 0-3, and notably, treatment did not increase the number of subjects with
mRS 5 compared to matched controls.
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Discussion

Having previously reported the primary safety data with respect to intravenous glyburide in
a prior report of the GAMES-Pilot trial [15], this analysis explored a potential benefit. Our
exploratory analysis comparing GAMES-Pilot study outcomes to relevant untreated controls
suggests that RP-1127 may improve outcome. Because inevitable imbalances may affect
small sample size cohorts disproportionately, we pursued this question with different cohort
populations and applied a cohort matching strategy. The first comparison, RP-1127 group
compared against a subset of EPITHET-MMI subjects with baseline DWI lesions >82 cm3,
without consideration of other baseline variables led to imbalances that favored better
outcomes in the treatment group. A separate comparison was then made between the
RP-1127-treated group against the combined EPITHET-MMI group matched in the 4D
Euclidean space of NIHSS, age, glucose, and DW!I lesion volume. This finding led to
improved balancing of several baseline factors and confirmed improved outcome in treated
subjects.

Weighted Euclidean matching is well suited for studies with small sample sizes where
comparison groups have non-overlapping distribution of baseline factors. The K-nn
algorithm used here guarantees in identifying the nearest-neighbor matches considering all
variables simultaneously [27, 28] and has been demonstrated to provide good matching in
relatively small samples [29]. Weighting minimizes the influence of factors that are scaled
across wide ranges. Other matching methods such as propensity score generally require very
large and overlapping distributions. Matching by hand is difficult when multiple factors are
considered. However, use of historical controls does not substitute for a prospective study of
subjects treated under more similar circumstances and these findings need to be confirmed.

Patients with large hemispheric stroke and swelling face high case fatality rates [30, 31],
with no effective medical treatments available. Our findings in GAMES-Pilot are limited to
patients with severe stroke and with criteria similar to those who are at the highest risk of
malignant edema, hemorrhagic transformation, and poor outcome. The SUR1-TRPM4
channel is implicated in the pathogenesis of cerebral edema formation [2]. Channel blockade
with a constant infusion of low-dose glyburide significantly reduces cerebral edema in
several clinically relevant rodent models of stroke [2, 4-7]. SUR1-TRPM4 channels also
have been identified in human stroke patients, including those with malignant infarction
[32]. Furthermore, glyburide’s penetration of the blood-brain barrier after infarction has
been demonstrated in rodent models [2], providing evidence that the agent reaches and
engages the target. The molecular mechanism responsible for transcriptional upregulation of
SUR1-TRPM4 in the neurovascular unit involves a two-step sequential gene activation
process [33], suggesting that an extended time interval will elapse before the channel is in
place and available for inhibition.

In accordance with the foregoing preclinical data, we enrolled patients in GAMES-Pilot that
were at high risk for brain swelling after ischemia. Patients with a large stroke are most
likely to suffer clinically significant swelling. The DWI cutpoint of 82 cm3 has been
prospectively validated in an independent cohort [18]. As demonstrated by Thomalla et al.
[18], early DWI volume is superior to NIHSS and vessel occlusion for predicting malignant
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edema. Of note, GAMES-Pilot subjects had median NIHSS of 18 and all had a large vessel
occlusion.

Using hemisphere volume as a measure of total brain injury and swelling [21], we found that
subjects treated with RP-1127 had mean increases in hemisphere volumes over 3 days of
22.0 cm3. Prior work in hematoma expansion [34] and MRI-based changes in stroke after
administration of mannitol [35] suggests that, to be effective, a treatment must reduce
volume growth by 8-13 cm?3. The smaller growth of infarcts and of hemisphere volumes
mirror changes observed in preclinical studies [4-6].

There were no PH1/PH2 class hemorrhages in GAMES-Pilot subjects, despite 90 % of
subjects presenting with high NIHSS scores and receiving IV rt-PA [15]. In DEFUSE and
EPITHET patients with a large perfusion deficit, PH1/PH2 rates were 30 % [10]. The
absence of PH1/PH2 hemorrhage in GAMES-Pilot coincides with our finding that GAMES-
Pilot patients had decreased MMP-9 level and attenuated markers of vasogenic edema,
compared to matched controls [16]. If confirmed, the decreased hemorrhage rates in
GAMES-Pilot would be concordant with a prior retrospective analysis of diabetic stroke
patients treated with oral sulfonylureas after the onset of ischemia [9]. These clinical
observations also mirror decreased the hemorrhage rates observed in preclinical models of
ischemia accompanied by co-treatment with rt-PA and glyburide [6]. In addition, glyburide
is reported to be associated with reduced MMP-9 activity [16], as is seen in hemorrhagic
transformation [36]. An association between decreased hemorrhagic transformation and
improved outcome after human stroke has been reported previously [8, 9].

Managing patients with a large stroke requires neuro-intensive care for mechanical
ventilation, osmotherapy, and DC in the event of herniation [37]. RP-1127-treated subjects
had low rates of intubation and osmotherapy, despite uniformly large infarct volumes, in
contrast to prior observations in patients with a large stroke [38—40]. Whether or not the
incidence of critical care interventions is lower in RP-1127-treated patients must be
evaluated in future studies since those already committed to DC were excluded.

RP-1127 administration was safe and feasible in GAMES-Pilot. We did not identify any
intervention-specific serious adverse events, including hypoglycemia. In addition, we
achieved study milestones for subject enrollment. Future studies will need to identify centers
where early MRI is readily incorporated into acute stroke evaluation.

In the cohorts selected by Euclidian matching, more favorable outcome was observed in the
GAMES-Pilot subjects despite nearly 50 % larger baseline DWI volumes. GAMES-Pilot
subjects were younger than pooled control subjects reflected the overall older age of the
pooled control subjects and lack of availability for matching of younger subjects. While
younger age may have resulted in lower than expected mortality, it may also have
predisposed to adverse consequences of edema such as increased intracranial pressure, seen
preferentially in younger patients with severe infarction [41].

Our open label study of ten patients was not designed to establish efficacy. Nevertheless,
comparison with control cohorts is of heuristic value. The proportion of subjects with mRS
<4 in GAMES-Pilot was 90 %, compared to 24 % (at 12 months) in control patients from a
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pooled analysis of DC trials [24], and 19 % (at 90 days) in DEFUSE 2 patients with the
malignant profile [13]. The clinical efficacy measure of the proportion of subjects with mRS
0-4 used in GAMES-Pilot is appropriate in clinical trials with high baseline NIHSS [24] and
where the natural history has a high mortality as in large hemispheric stroke. It was,
however, reassuring that it was a similar trend for a higher percentage of GAMES-Pilot
subjects achieving an mRS 0-3 without an increase in the severely affected group at mRS 5
or that died. While there may be some controversy with respect to benefit of increasing the
number of patients at MRS 0-4, one advantage of using mRS 0-4 is that we have shown it to
contribute the smallest error to the outcome measurements and hence does not require an
increase in sample size to make up for these errors as is needed when using other
intermediate mRS score ranges [42].

Note also that the earlier reports suggest that as many as 40 % of large disabling stroke
patient who present with a MRS of 4 will recover to MRS <3 and as many as 17 % who
present with MRS of 5 will recover to an MRS <3 [43]. Motivated by these observations,
while the primary endpoint in the ongoing phase 11 blinded randomized trial of RP-1127 in
large stroke, GAMES-RP, includes modified Rankin assessment at 90 days, follow up will
occur up to 12 months.

Preclinical work suggests that the prevention of cerebral swelling is preferable to
decompressing the already swollen brain [5]. This is the first study that has examined a
novel treatment strategy for preventing cerebral edema in patients with a large stroke at high
risk for malignant swelling. The approach here aims to shift current practice from unproven,
and largely reactive, drug interventions (e.g., mannitol, hypertonic saline) for the treatment
of malignant infarction to a preventative treatment paradigm. The findings reported here
support a larger prospective test of this strategy.
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Table 1

Frequency of severe adverse events

Event Frequency (%) Relationship
Herniation 20 Unrelated
Ischemic stroke 10 Unrelated
Respiratory failure 10 Unrelated
Hypotension 10 Unrelated
Myocardial infarction 10 Unrelated
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GAMES-Pilot subjects matched 1:2 against EPITHET and MMI-MRI. Outcomes presented as proportions

GAMES EPITHET-MM p

NIHSS (median) 18.0 19.0 0.531
NIHSS (mean + SD) 17.8+5.92 18.4+3.66 0.734
Age (mean + SD) 50.5+153 69.5+14.1 0.002
Glucose (mean + SD) 126 £31.00 119 +30.05 0.554
DWI (mean + SD) 102 £22.57 63 %32.05 0.003
Number 10 20

mRS 0-1 0.000 0.050 1.000

mRS 0-2 0.100 0.100 1.000

mRS 0-3 0.400 0.250 0.431

mRS 0-4 0.900 0.500 0.049

mRS 0-5 0.900 0.650 0.213

Mortality 0.100 0.350 0.210
Symptomatic hemorrhage  0.000 0.250 0.140
Decompression 0.100 0.050 1.00
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Table 4
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GAMES-Pilot subjects matched 1:2 against EPITHET and MMI-MRI. Outcomes presented as proportions

GAMES EPITHET-MM p

NIHSS (median) 19.0 19.0 0.772
NIHSS (mean + SD) 18.6+5.75 18.4+3.28 0.949
Age (mean + SD) 51.6+158 69.8+142 0.006
Glucose (mean + SD) 128 +32.22 122 +29.89 0.646
DWI (mean + SD) 102 £24.13 58 +30.12 0.002
Number 9 18

mRS 0-1 0.000 0.056 1.000

mRS 0-2 0.111 0.111 1.000

mRS 0-3 0.444 0.278 0.423

mRS 0-4 1.000 0.500 0.013

mRS 0-5 1.000 0.611 0.065

Mortality 0.000 0.389 0.059
Symptomatic hemorrhage  0.000 0.278 0.136
Decompression 0.111 0.000 0.333

Matching limited to rt-PA-treated subjects
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