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Abstract

Background: Anti-angiogenic therapy is known to induce a greater degree of hypoxia, including in glioblastoma
(GBM). Evofosfamide (Evo) is a hypoxia-activated prodrug which is reduced, leading to the release of the alkylating
agent bromo-isophosphoramide mustard. We assessed the safety, tolerability, preliminary efficacy, and biomark-
ers of Evo plus bevacizumab (Bev) in Bev-refractory GBM.

Methods: Twenty-eight patients with Bev-refractory GBM were enrolled in a dose escalation study receiving from
240 mg/m? (cohort 1) to 670 mg/m? (cohort 4) of Evo every 2 weeks in combination with Bev. Patients deemed surgi-
cal candidates underwent a single dose of Evo or placebo with pimonidazole immediately prior to surgery for bio-
marker evaluation, followed by dose escalation upon recovery. Assessments included adverse events, response,
and survival.

Results: Evo plus Bev was well tolerated up to and including the maximum dose of 670 mg/m?, which was deter-
mined to be the recommended phase Il dose. Overall response rate was 17.4%, with disease control (complete
response, partial response, and stable disease) observed in 14 (60.9%) of the 23 patients. The ratio of enhancement
to non-enhancement was significant on log-rank analysis with time to progression (P = 0.023), with patients hav-
ing a ratio of less than 0.37 showing a median progression-free survival of 98 days versus 56 days for those with
more enhancement.

Conclusions: Evo plus Bev was well tolerated in patients with Bev-refractory GBM, with preliminary evidence of
activity that merits further investigation.
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Glioblastoma (GBM; grade IV astrocytoma) is the most
common and most aggressive of the primary malignant
brain tumors in adults. Approximately 13000 cases of
GBM will be diagnosed each year, and it remains incurable,
with a median survival below 2 years.'Two drugs (temozo-
lomide? and bevacizumab?®) and one device have been FDA
approved in the last 2 decades for treatment of patients
with GBM, resulting in only incremental improvement in

survival without enduring benefit. Additional treatment
options are needed.

Tumor growth requires the presence of a local vascular net-
work supplying both oxygen and nutrients to the tumor cells.
A highly proliferative tumor mass, such as GBM, grows faster
than the vasculature, leading to an environmental deficiency
of oxygen. Increased hypoxia ultimately leads to the forma-
tion of necrotic areas, which is one of the pathognomonic
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Importance of the study

Survival of patients after failing bevacizumab remains
dismal even if treated on a second bevacizumab-
containing regimen, and new therapeutic options are
needed. Hypoxia, which is exacerbated by anti-angio-
genic therapy, is known to drive resistance and a more
infiltrative phenotype. Evofosfamide is a hypoxia-acti-
vated prodrug, and this is the first study describing its
use in combination with bevacizumab or in GBM. This
study shows that Evo can be safely given at 670 mg/

histologic features of GBM.* Based on measurements of tis-
sue hypoxia using the 2-nitroimidazole agent EF5, the major-
ity of GBMs show severe hypoxia (pO, < 0.1%).% Similarly,
more definitive assessment by Rampling et al® using polaro-
graphic electrodes directly in tumors from 10 patients with
GBM revealed a median 39.5% of pO, measurements at mul-
tiple sites with values <2.5 mm Hg. In comparison, models of
other vascular tumor types such as renal cell carcinoma and
melanoma show levels of oxygen tension at 38 and 25 mm
Hg, respectively.” By assessing hypoxia non-invasively with
['8F]fluoromisonidazole PET, Spence et al showed that the
volume and intensity of hypoxia in GBM before radiother
apy are strongly associated with a shorter time to progres-
sion (TTP) and poorer survival.8Thus, whether by imaging or
immunohistochemical markers, tumor hypoxia is present in
GBM and portends poor survival.

While angiogenesis inhibitors have become a standard
part of therapy for multiple malignancies, they generally
do not prolong survival of cancer patients for more than
months, and survival benefit in patients with GBM has not
been demonstrated despite multiple randomized studies.
Increasing evidence points to the root cause of angiogen-
esis, hypoxia, as a driving force for resistance to anti-angi-
ogenics.® This can be exemplified by the phase Il study of
bevacizumab (Bev) and irinotecan,’ during which biomark-
ers were assessed with the finding of hypoxia-induced car-
bonic anhydrase 9 (CAIX) as the most significant negative
predictor of both response to therapy and overall survival
(0S) (P = 0.020, ¥; hazard ratio, 2.72; 95% Cl = 1.17-6.36),
followed by hypoxia-inducible factor 2a (HIF-2a). Hypoxia
as measured by CAIX and HIF-1o0 has also been found
increased at the time of progression for patients who initially
responded to Bev," supporting its role in acquired resist-
ance. Batchelor et al have shown in a prospective clinical
study of the pan—vascular endothelial growth factor receptor
(VEGFR) inhibitor cediranib for GBM'? that the most predict-
ive blood biomarker of tumor progression is stromal derived
factor 1a (SDF1a, P = 0.058). As SDF1a is strongly induced
by HIF-1a under conditions of hypoxia,'® this suggests that
the correlation seen between progression on cediranib and
SDF1a may be driven by hypoxia. Metabolomic profiling
of animals treated with Bev results in an accumulation of
metabolic products, including lactate, choline, and creatine,
a combination that is associated with increased hypoxia in
human brain tumor spectra on magnetic resonance spec-
troscopy (MRS), HIF-1a, and an invasive phenotype.'#

Evofosfamide (Evo), previously known as
TH-302, is a nitroimidazole prodrug of the cytotoxin

m? in combination with Bev 10 mg/kg following Bev
failure, and provides preliminary evidence of activity.
Importantly, given that Bev failure is not homogeneous
and can include both de novo and acquired resistance
patterns, preliminary biomarker data are provided
which may assist in defining subgroups that benefit.
These findings additionally extend existing knowledge
on radiographic and cellular features of bevacizumab-
refractory glioblastoma.

bromo-isophosphoramide  mustard (BrIPM). When
exposed to hypoxic conditions, Evo is reduced at the nitroi-
madazole site of the prodrug by intracellular reductases,
leading to the release of the alkylating agent Br-IPM, which
can then act as a DNA crosslinking agent. It may also dif-
fuse to adjacent cells in normoxic regions and thus act as
a cytotoxic agent outside of the hypoxic activation zone.
In vitro cytotoxicity and clonogenic assays indicate that
Evo has little activity under normoxic conditions but is
highly cytotoxic under hypoxic conditions. Correlation has
been found between antitumor activity and tumor hypoxic
fraction across the 12 xenograft models profiled. Tumor-
bearing animals breathing 95% O, during dosing periods
exhibited attenuated Evo efficacy, while those breathing
10% O, exhibited enhanced Evo efficacy, both compared
with normoxic breathing (21% O,,. Evo treatment results
in a reduction in the volume of the hypoxic fraction 48 h
after dosing and a corresponding increase in the nec-
rotic fraction. Evo-induced DNA damage as measured by
including phosphorylation of the histone variant yH2AX
was initially only present in the hypoxic regions and then
radiated to the entire tumor in a time-dependent manner.
Given the known hypoxia associated with GBM, these
data suggest Evo as a potential therapeutic agent to tar
get and reduce the hypoxia-induced resistant population in
Bev-refractory GBM.

The safety and preliminary efficacy of Evo has been
evaluated as monotherapy' as well as in combination
with multiple conventional agents.'®2" In the phase | trial
by Weiss et al, the most common adverse events due to
Evo when used as monotherapy were nausea, skin rash,
fatigue, and vomiting, and severity was dose dependent. "’
Hematologic toxicity was usually mild and not dose limit-
ing. Grade 3 skin and mucosal toxicities were dose limiting
at 670 mg/m2. The safety of Evo in patients with GBM or in
combination with Bev had not previously been evaluated;
therefore, we embarked upon an investigator-initiated
study of Evo with Bev in patients with GBM, with a surgical
component to allow for tissue analysis.

Methods
Study Design

Patients were eligible if they had previously failed prior
conventional therapy, with the most recent being Bev, and
if they were reasonable candidates for surgical debulking.



One line of prior Bev therapy was allowed. Study allowed
patients with an Eastern Cooperative Oncology Group
(ECOG) performance status of 0-2 to be enrolled. A 4-week
wash-out period from Bev was required prior to surgi-
cal intervention. MRI demonstrating progression prior to
study consideration was defined by Response Assessment
in Neuro-Oncology (RANO) criteria. Study schema is
detailed in Fig. 1. At surgical day -1, patients received a
single dose of Evo (575 mg/m?) or placebo, followed by
pimonidazole hydrochloride 500 mg/m2. An exogenous
hypoxia marker, pimonidazole is a 2-nitroimidazole com-
pound which forms protein adducts in the presence of
reductases that can be detected via immunohistochemis-
try and provide a reliable estimate of biologically relevant
hypoxia.???3 Excised tumor tissue and serum were col-
lected for further analysis. Tissue was collected intraopera-
tively, and following a brief agitated saline rinse, separate
specimens were flash frozen and formalin fixed within 5
minutes of provision at the bedside. Direct level of drug
penetration could not be analyzed from the tumor samples
due to the rapid formation of adducts once exposed to tis-
sue. Rather, a blinded comparison in the levels of hypoxia
markers (pimonidazole, CAIX) and Evo-induced DNA dam-
age as measured by YH2AX between patients treated with
Evo and placebo preoperatively was made at the time of
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tissue analysis. Following a 4-week period of postsurgical
recovery, patients were started on combination therapy of
Bev at the standard presurgical dose of 10 mg/kg with Evo
every 2 weeks. A classic 3+3 dose escalation design was
used, with the initial dose of Evo at 240 mg/m? and escal-
ation continuing to 340 mg/m?, 480 mg/m?, and 670 mg/m?2.
In the final cohort of 670 mg/m?, the surgical requirement
was eliminated and patients were allowed to go directly to
combination therapy with Bev.The protocol was approved
by our institutional review board, and all patients provided
informed consent.

Dose Modifications and Toxicity Management

Dose modifications for toxicity, particularly hematologic
and skin toxicity, were independently assessed at each visit.
Dose reductions were not required for toxicity less than
grade 3, with the exception of grade 2 skin toxicity, which
required a dose reduction of 25% upon resolution to grade
1. For nonhematologic toxicity of grade 3 (other than ala-
nine aminotransferase/aspartate aminotransferase elevation
or nausea/vomiting), a 25% dose reduction was required.
Treatment was discontinued for any nonhematologic grade
4 adverse event. Reduced absolute neutrophil count (ANC)

Enrolled Into Trial
N = 28 Patients (Pts)

14 Pts Randomized 2:1 to evofosfamide (Evo)
Single Dose (575 mg/m?) or Placebo
Administered Pre-Operatively

Surgery + Sampling

2 Pts Withdrew Consent After Surgery

3 Pts Did Not Recover Sufficiently

9 Pts Went on to Combination Therapy:
Bev (10 mg/kg) Every 2 Weeks and Evo
Dose (240-480 mg/m?) Every 2 Weeks
(4 Week Cycle) Until Disease Progression

Cohort 1 Cohort 2 Cohort 3
240 mg/m? 340 mg/m? 480 mg/m?
N=3 N=3 N=3

Amendment: Following the First 5 Pts in
Cohort 3, the Surgical Requirement and
Presurgical Dosing were Eliminated to Allow Pts
to Proceed Directly to Combination Therapy

14 Pts Proceeded Directly
to Combination Therapy

No Surgery or Sampling

A Cohort 4
488 or: ) 470 mg/m?
ng1m N = 3 in Dose-Escalation

N = 10 in Dose-Expansion

N = 23 Pts Treated with the Combination Evo + Bev Included in Safety and Efficacy Analysis

Fig.1 Study schema indicating patient allotment and procedures.
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of 1000-1499, and platelet counts of 50000-75000 were
managed with a 25% dose reduction. Lower ANC or plate-
lets required doses to be held until recovery to 1500 and
100000, respectively. Hemoglobin was required to be >9 g/
dL at cycle 1/day 1 and >8 g/dL for all subsequent doses. All
patients were advised to use pramoxine/phenylephrine/gly-
cerin/petrolatum (Preparation H cream) immediately prior
to infusions to prevent perineal rash and anal mucositis. If
rash or anal mucositis reached grade 1, Silvadene 1% cream
and triamcinolone 0.1% cream both applied twice daily were
added to the skin care regimen. Patients were provided skin
care medications and instruction prior to starting treatment.

Immunohistochemistry

Representative sections were subjected to immunohis-
tochemistry for CAIX and pimonidazole, as previously
described.?* Prior to image processing, representative
areas of tumor which was devoid of treatment or surgical
artifact were identified by a neuropathologist blinded to
presurgical randomization. Morphometric analysis utilizing
ImagePro Plus software was performed with inclusion of
only the representative areas identified by the neuropath-
ologist. The hypoxic fraction was calculated as the ratio of
area of the region of interest (ROI) identified with morpho-
metric analysis to total area of the representative area ana-
lyzed. Statistical analysis was used in all instances with P
< 0.05 considered significant. Correlation was calculated by
linear regression using GraphPad Prism 4 software.

Radiographic Imaging, Response, and Volumetric
Assessment

MRI was performed within 3 days of surgery, first post-
surgical treatment in those undergoing surgery, or first
cycle in those not receiving surgery. Imaging was repeated
within 5 days of beginning odd cycles thereafter. For
those patients undergoing surgery, only the postsurgi-
cal MRl was used as baseline for determining response.
Assessment of response was done using RANO criteria
by the treating investigator. Volumetric assessment was
performed using OsiriX open source software with the
IB Neuro plugin (Imaging Biometrics). The co-registered
T1 pre- and postcontrast images were standardized and
a delta T1 map was obtained by subtraction. An empiric-
ally determined threshold of 3500 was applied to the delta
T1 maps to obtain an enhancing tumor ROI using the IB
Neuro plugin. Standardization was applied to fluid attenu-
ated inversion recovery (FLAIR) images and an empiric-
ally determined threshold of 2000 was used to obtain the
non-enhancing tumor volume. All ROIs were manually
reviewed by at least 2 investigators for accuracy. Noisy
T1 voxels around the skull and eye areas were manually
removed, as were nonspecific T2 FLAIR regions. Volume
ratio was determined asT1 ROl divided by T2 ROl volume.

Metabolomic Profiling

The serum metabolic profile of 11 patients was analyzed
before (for all 11 patients) and at progression, several
months after treatment administration (for 4 patients) using

high-resolution MRS. Samples were prepared as previously
described.?® Briefly, the blood serum samples were filtered
on Nanosep Omega centrifugal devices (3 kDa cutoff; Pall
Life Biosciences).The sera filtrate (polar fraction) was mixed
with phosphate buffer (100 mM final concentration, pH
7.0 + 0.1) containing sodium 3-(trimethylsilyl)propionate-
2,2,3,3-d4 (TMSP; Cambridge Isotope Laboratories; 0.5 mM
final concentration) as internal reference and with D,0 (10%
v/v final). Acquisition of 1-dimensional '"H MRS metabolic
profiles was performed using Bruker Avance 700 MHz MR
spectrometers. Metabolite identification/quantification was
performed using Chenomx 8.2, our public database of MR
spectra,?® and other public databases.?” Unsupervised multi-
variate statistical data analysis (principal components ana-
lysis [PCA]) was performed using PLS Toolbox (Eigenvector
Research). The Euclidean distance between samples in the
scores plots were calculated based on the scores along the
first and second principal components (PC1 and PC2).

Results
Patient Characteristics

A total of 28 patients were enrolled; 23 of 28 initiated com-
bination therapy, with 3 patients each in the first 2 cohorts,
4 in the third cohort, and 13 in the final cohort (Fig. 1).
Of the 23 patients, the median age was 56, and 14 (61%)
were male. ECOG performance status was 0 or 1 in 87% of
patients; patients had received a median of 3 prior thera-
pies, and the medianTTP on the initial chemoradiation was
7.8 months (Table 1). In addition, the median TTP on Bev
was only 3.9 months. The median time from Bev progres-
sion to first dose of combination Evo/Bev was 73 days in the
surgical group and 25 days in the nonsurgical group. Given
that Evo activity is not dependent on O%-methylguanine-
DNA methyltransferase, MGMT status was not required
and was available on only a subset of patients.

Safety

Evo was well tolerated overall, with no grade 4 drug-
associated adverse events. Three grade 3 adverse events
occurred, including oral mucositis in the first cycle, skin
ulceration at the site of infusion in a patient with plegia in
the same arm during the second cycle, and thrombocyto-
penia in the third cycle (Table 2). Patients were instructed
to use prophylactic pramoxine/phenylephrine/glycerin/
petrolatum cream to prevent skin complications. The most
common toxicity was rash, which occurred in 11 patients.
Anal inflammation and proctitis was common and dose
escalation was not continued beyond 670 mg/m?, as the
mucositis was felt to be limiting at 670 mg/m? for long-term
tolerance. Four patients experienced grade 2 anorectal
mucositis and 1 patient developed grade 3 oral mucositis,
all within the 670 mg/m? cohort.

Overall Survival, Time to Progression, and Tumor
Response

Objective best response (complete response plus par-
tial response as per RANO criteria) was observed in 4



Table 1 Patient characteristics by cohort and overall
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Evofosfamide Dose (mg/m2)

Age, median (range) 56 a7 50 61 56

(43-70) (44-51) (35-58) (42-74) (35-74)
Male, n 2 (67%) 1(33%) 1(25%) 10 (77%) 14 (61%)
ECOG status
0 0 1(25%) 3(23%) 4 (17%)
1 3(100%) 3(100%) 3(75%) 7 (54%) 16 (70%)
2 0 0 3 (23%) 3(13%)
Prior therapies, median 2 3 3 2 3
Months to progression on 1.3 9 15.6 4.5 6.6
chemo/radiation, median (range)

(2.7-14) (7.8-14) (4.5-20) (1.8-14) (1.8-20)
Months to progression on prior 3.5 14 2.3 4.1 3.7
Bev, median (range)

(2.5-6.5) (1.1-4.9) (1.3-5.5) (1.0-9.0) (1.0-9.0)
Median months from progression on Bev to first dose Evo 1.2 3.3 1.2 0.6 0.8
Steroids at study entry 1(33%) 2 (67%) 0(0%) 9 (69%) 12 (52%)

Table2 Adverse events* for patients treated with Evo/Bev

Adverse Event Total Grade 3/4
Rash 11 (47.8%) 1(4.3%)
Anal inflammation 4 (17.4%) 2 (8.7%)
Fatigue 4 (17.4%) 2 (8.7%)
Proctitis 4 (17.4%) 2 (8.7%)
Nausea 4 (17.4%) 1(4.3%)
Stomatitis 4 (17.4%) 0 (0.0%)
Thrombocytopenia 3(13.0%) 1(4.3%)

*By Common Terminology Criteria for Adverse Events 4.0.

(17.4%) of 23 patients treated overall with Evo. Disease
control (complete response, partial response, and stable
disease) was observed in 14 (60.9%) of the 23 patients
(Fig. 2). Subgroup analysis showed that disease con-
trol was achieved in all 3 patients treated in both cohorts
with 240 mg/m? and 340 mg/m?2. There was one complete
response (670 mg/m? cohort). Objective best response
rate in the largest cohort treated at a dose of 670 mg/
m? was 15.4% (2 of 13 patients) and disease control rate
was 53.8% (7 of 13 patients; Fig. 3). Median duration of
those who responded was 4.41 months. Time to progres-
sion was 2.2 months when all groups were combined.The
longest TTP was 46.0 months in 1 patient in the 340 mg/
m?2 cohort. In 39% (9 of 23) of patients the TTP for the Evo/
Bev combination was longer than the TTP for the same
patients preceding Bev regimen (Fig. 4). Median OS was
4.6 months in all groups.

Baseline Tumor Hypoxia and Volumetric Features

Volumetric imaging data were available at baseline for
25 of 27 subjects. The median volume of enhancement
and FLAIR signal for the entire cohort was 35 cc and 101
cc, respectively. When volumes were separated into high
or low about the median, neither volume of T1 enhance-
ment (P = 0.69) nor the volume of T2 FLAIR signal (P=0.49)
was associated with theTTP on log-rank analysis, while the
ratio of enhancing to non-enhancing disease was associ-
ated with it (P = 0.023). Patients with a ratio of enhance-
ment less than 0.37 did best with a progression-free
survival (PFS) of 98 days versus 56 days for those with
more enhancement. Interestingly, a greater non-enhancing
volume was the only statistically significant radiographic
factor for survival, with the patients having T2 FLAIR vol-
ume greater than 104.2 cc having a median OS of 199 days
versus 105 days for those having less (P = 0.004). The vol-
ume of enhancement was not correlative with OS.

Tissue hypoxia by both CAIX (endogenous hypoxia
marker) and pimonidazole (Pimo, exogenous hypoxia
marker) was available for 11 subjects, with serum CAIX
available for 28 subjects. A high level of concordance was
seen between CAIX and pimonidazole (2= 0.70, P=0.001),
suggesting that both are suitable for quantification of hyp-
oxic fraction. Samples tended to cluster into low or high
hypoxic fraction with a median value of 10% (mean 10%,
range 0.7%-23.1%).Tissue hypoxia showed a trend toward
correlation with PFS (r? = 0.42, P = 0.06) and OS (r? = 0.29,
P=0.13), with patients having higher tumoral hypoxia tend-
ing to remain on study longer and living longer. Imaging
characteristics at baseline were also correlated with tissue
markers of hypoxia. In particular, tissue hypoxic burden
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Fig.2 Bestresponse for target lesions by patient, based on maximal percentage of tumor reduction using RANO criteria.

Fig. 3 T1 MRI following administration of gadolinium enhancement in a responder. (A) Day -61 imaging showing tumor features while on
Avastin. (B) Progression on Avastin at day -3 with extension within the frontal lobe (thin arrow) and corpus collosum (thick arrow). (C) Response
with decreased enhancement at day 43 (right). Patient had no interruption in Bev therapy prior to initiating Evo.

by CAIX showed a good fit with FLAIR volume (2 = 0.7,
P =0.005), while the enhancing volume (r? = 0.06, P = 0.5)
and proportion of enhancement within the tumor (r? = 0.2,
P = 0.2) did not. Soluble CAIX from serum, as well as cir-
culating angiogenic factors (VEGFR1, VEGFR2, SDF1a, and
endostatin) were also assessed, but were not significant.
The serum metabolomic profiles in patients before treat-
ment and after progression were analyzed using "H MRS. In
order to determine if the serum metabolic profile is affected
by the brain hypoxic fraction and the extent of the serum
metabolic changes in patients before Evo treatment and at

progression following treatment, the MR spectra were ana-
lyzed using PCA. Although the number of patients used for
the unsupervised multivariate statistical analysis is limited,
the separation observed in the scores plot between sera
from patients with low versus high (Fig. 5, light and dark
blue circles, respectively) brain tissue hypoxic fraction sug-
gests that the patient serum metabolic profiles can help to
discriminate patients who have low levels of brain tissue
hypoxia from those with higher levels. In addition, in order
to inspect the extent of the differences between the meta-
bolic profile in serum before treatment and at progression,
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Fig. 4 Time to progression for Evo/Bev compared with prior regimens by patient. Black = external beam radiotherapy/temozolomide; dark

gray = Bev; light gray = Evo/Bev.

we calculated the distance between the pre- and posttreat-
ment samples (Fig. 4, blue and red circles, respectively)
from the same patient in the scores plot. In the 3 patients
with high tissue hypoxia levels (18.7%, 23.1%, and 11.9%
hypoxic fraction), the distance was found to be larger
(240%, 182%, and 129%, respectively) compared with the
patient with low (7% tissue hypoxic fraction) tissue hypoxia
levels. Moreover, in all patients starting with a high tissue
hypoxic fraction, the profile at progression appears to clus-
ter closer to the low level tissue hypoxia group relative to
the starting profile before treatment.

Discussion

We report the results from a first-in-human study combin-
ing Bev with the hypoxia-activated prodrug evofosfamide
in 23 patients with Bev-refractory GBM. These findings
show that Bev and Evo can be safely administered at the
full single agent recommended phase Il dose of 670 mg/
m? with Bev at 10 mg/kg, both administered every 2 weeks
intravenously. Despite the morbidity experienced from
disease in the GBM patient population, toxicity was quite
manageable when close attention was paid to the skin and
patients were instructed on prophylactic use of pramoxine/
phenylephrine/glycerin/petrolatum cream.The toxicity pro-
file of Evo and Bev compares favorably to common combi-
nation regimens typically used for GBM such as Bev with
irinotecan® or lomustine.?® Evo plus Bev adverse events did
not lead to treatment discontinuation in any of our patients
and only 3 patients experienced grade 3 adverse events.

Survival of patients after failing Bev remains dismal,
even if treated on a second Bev-containing regimen at
approximately 3 months?® to about 5 months based on ret-
rospective data. Radiographic responses are rare. In our
study, the overall response rate of 17% was higher than
any reported in the literature to date for Bev-refractory
disease'?%-3% and suggests that further study of Evo in
this setting is warranted. While patients were allowed to
undergo surgery prior to receiving combined modality
therapy, only the postsurgical MRl was used as baseline
for response assessment, and prior studies have shown
that the PFS and OS results for patients with and without
surgical intervention at the TTP are similar, allowing data
from these patients to be combined in assessing the ben-
efit of new treatments without the need for stratification
or other statistical adjustment.3* Considering this, as well
as the number of patients who showed rapid progression
on prior regimens included in this study, the OS of patients
receiving Evo/Bev was favorable at 4.6 months and higher
than the survival of approximately 3 months reported for
patients receiving a second Bev-containing regimen after
Bev failure.?®3" Given the limited patient population and
phase | design, one should not overinterpret these clinical
outcomes, which will need validation.

Importantly, subgroup analysis within our study sug-
gests some biomarkers may be able to identify a subpopu-
lation of Bev-refractory patients with increased benefit.
Radiographically, patients with primarily non-enhancing
disease had the best PFS and OS on study, with PFS
being associated only with a low degree of enhance-
ment and not the volume of disease. Patients with a ratio
of enhancement of 0.37 or less showed a PFS of 98 days,
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Fig.5 PCA of serum metabolomics profiles from patients before
and after Evo treatment. MR spectra acquired on serum samples
from 11 patients were analyzed using unsupervised multivari-
ate statistics (PCA). In the PCA scores plot, samples are color-
coded as follows: the 11 pretreatment patients are shown as
blue circles; 6 patients with high tissue hypoxic fraction (>10%)
are shown as dark blue solid circles, 5 with low hypoxic frac-
tion (<10%) as light blue solid circles; posttreatment samples (at
relapse, several months after treatment), available for 4 patients,
are shown as red circles. All samples in the scores plot are
labeled with the patient number; for patients with data pre- and
posttreatment, samples are labeled as “a” and “b,” respectively.
The dashed lines indicate the outline of patients in the same sub-
group, based on hypoxic fractions, for pretreatment samples. The
arrows indicate the direction and extent of the metabolic change
in the PC1-PC2 space for data pre- and posttreatment. The PCA
scores plot indicates good grouping and separation between the
low (light blue circles) and high (dark blue circles) tissue hyp-
oxic fraction before treatment subgroups, mostly along the PC1.
The distance between the pre- (“a” samples in light or dark blue
circles) and the corresponding posttreatment (“b” in red circles)
samples is larger for samples with high tissue hypoxic fraction,
indicating more extensive metabolic changes.

which is approximately 3-fold what has been seen in Bev-
refractory patients receiving a second Bev-containing
regimen. Additionally, tissue hypoxia by CAIX showed a
trend toward positive correlation with PFS and was highly
correlative with the volume of non-enhancing tumor but
not enhancing tumor volume. Of course, this raises the
question of whether these biomarkers simply predict the
biology or behavior of the tumor rather than response to
therapy, since there is some retrospective data suggesting
that non-enhancing tumor progresses radiographically at
a slower rate than enhancing tumor after treatment with
Bev.® Others have shown that the radiographic pattern
of progression on Bev correlates with molecular profiles
as well, with the enhancing Bev-resistant GBMs closely
resembling their matched tumor before Bev, while those
that are primarily non-enhancing have a shift in their
profile with an increase in hypoxia biomarkers, less vas-
cularity, unchanged proliferation, and higher invasive-
ness.®® This suggests that the enhancing tumors are de
novo resistant, whereas the non-enhancing tumors have

acquired resistance with the ability to adapt to the hypoxia
induced by loss of vascularity from Bev. Given the mech-
anism of action of Evo, it follows that the latter group of
Bev-refractory tumors would be more responsive and have
a longer PFS. Additionally, the impact of hypoxia on out-
comes in GBM has been looked at by a number of groups,
and consistently has shown reduced survival®’ and more
rapid progression® in those patients with higher tumoral
hypoxia. Therefore, our finding of improved PFS and OS
in patients with non-enhancing tumors, a trend toward
improved PFS and OS in patients with higher tumor tissue
hypoxia, and the strong correlation between non-enhanc-
ing volume and tissue hypoxia suggests that this popula-
tion, which should do worse from higher tumoral hypoxia,
does better with Evo and it is the therapeutic agent that is
conferring this difference. This will need to be confirmed in
prospective studies.
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