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Abstract

Background. The chemotherapeutic standard of care for patients with glioblastoma (GB) is radiation therapy
(RT) combined with temozolomide (TMZ). However, during the twenty years since its introduction, this so-called
Stupp protocol has revealed major drawbacks, because nearly half of all GBs harbor intrinsic treatment resist-
ance mechanisms. Prime among these are the increased expression of the DNA repair protein O6-guanine-DNA
methyltransferase (MGMT) and cellular deficiency in DNA mismatch repair (MMR). Patients with such tumors
receive very little, if any, benefit from TMZ. We are developing a novel molecule, NEO212 (TMZ conjugated to
NEO100), that harbors the potential to overcome these limitations.

Methods. We used mouse models that were orthotopically implanted with GB cell lines or primary, radioresistant
human GB stem cells, representing different treatment resistance mechanisms. Animals received NEO212 (orTMZ
for comparison) without or with RT. Overall survival was recorded, and histology studies quantified DNA damage,
apoptosis, microvessel density, and impact on bone marrow.

Results. In all tumor models, replacing TMZ with NEO212 in a schedule designed to mimic the Stupp protocol
achieved a strikingly superior extension of survival, especially in TMZ-resistant and RT-resistant models. While
NEO212 displayed pronounced radiation-sensitizing, DNA-damaging, pro-apoptotic, and anti-angiogenic effects in
tumor tissue, it did not cause bone marrow toxicity.

Conclusions. NEO212 is a candidate drug to potentially replace TMZ within the standard Stupp protocol. It has
the potential to become the first chemotherapeutic agent to significantly extend overall survival in TMZ-resistant
patients when combined with radiation.

Key Points
e NEO212 overcomes multiple mechanisms of resistance in animal models of glioma.
e The survival gains with NEO212 do not come at the expense of additional toxicities.

e NEO212 chemoradiation has the potential to extend the survival of glioma patients.

Glioblastoma (GB) is the most common malignant primary  administered concurrently with a daily dose of TMZ over 6
brain tumor. The current standard of care consists of surr  weeks, which is followed by monthly cycles of adjuvant TMZ
gery, followed by chemoradiation with temozolomide (TMZ)."  in the absence of further RT. While the therapeutic benefits of
This latter component—commonly referred to as the Stupp  this protocol have been well established over the years,?® a
protocol—consists of fractionated radiation therapy (RT) number of limitations have emerged as well.
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Importance of the Study

Glioblastoma (GB) remains very challenging to control in
the clinic with 5-year survival rates still in single digits.
The intrinsic radioresistance of gliomas and the minimal
radiosensitization activity of temozolomide (TMZ) in tu-
mors that express 06-guanine-DNA methyltransferase
(MGMT) or are deficient in mismatch repair (MMR)
proteins are two main contributors to the inability of
Stupp protocol to control the progression of GB. The
radiosensitization performance of TMZ is particu-
larly blunted by the poor intratumoral concentrations

As was initially observed in the landmark EORTC-NCIC
trial, the average survival benefit of adding TMZ to RT
was a mere 2.5 months over RT alone; ie, the inclusion of
TMZ extended median overall survival (mOS) from 12.1
months (RT alone) to 14.6 months.” However, further
analysis revealed that this seemingly small treatment re-
sponse was greatly influenced by the expression level of
06-methylguanine-DNA methyltransferase (MGMT) pro-
tein in the patient’s tumor tissues.* MGMT is a DNA repair
protein that is able to remove the toxic O6-methylguanine
(06-m@G) lesions that are imposed onto DNA through the
alkylating function of TMZ. As a consequence, the cyto-
toxic impact of TMZ can be neutralized quite effectively
when MGMT is present.®® It was therefore not entirely sur-
prising to find that those patients with epigenetic MGMT
gene silencing in their tumor tissues received a substan-
tially greater benefit (mOS =21.7 months) in response
to treatment with the Stupp protocol than patients with
an active (unmethylated) MGMT promoter (mOS =12.7
months). These comparisons were expanded to yield the
critical finding that the latter 12.7 months in response to
combination therapy were not statistically different from
the 11.8 months observed in the group receiving only
RT,%78 raising the first concerns that TMZ does not appear
to unfold significant benefit in patients with active MGMT
expression.?10

There are further limitations to using TMZ for the treat-
ment of GB. Beyond MGMT, it has been recognized that a
deficiency in DNA mismatch repair (MMR) provides pro-
found TMZ resistance.”'> Somewhat counter-intuitive, a
cell’'s competence to repair DNA mismatches is critical for
the generation of DNA strand breaks in response to the
06-mG lesions set by TMZ. In MMR-proficient cells, the
TMZ-generated O6-mG is mispaired with thymine instead
of the usual cytosine, which triggers repair attempts by the
MMR system. However, MMR is unable to resolve this type
of mismatch; eventually, its continuing, but futile attempts
cause apoptosis. In contrast, in the absence of MMR, the
cell is able to tolerate these mismatches by introducing
mutations into the DNA strand.>'3 In the context of clinical
practice, it has not been well established whether a signifi-
cant fraction of newly diagnosed GB patients present with
MMR deficiency in their tumors. However, a small number

achieved by this alkylating agent at standard dosages.
Inthis study, we evaluated the radiosensitization activity
of NEO212—a novel TMZ derivative with superior tumor
bioavailability—in animal models of GB. We show that
NEO212 has the potential to overcome multiple mech-
anisms of TMZ resistance and thus better synergize
with radiotherapy. We envision that NEO212 will be par-
ticularly beneficial for MGMT promoter unmethylated
(MGMT expressing) and MMR-deficient gliomas, which
are currently not responding to TMZ treatment.

of studies provided evidence that recurrent GB more fre-
quently shows MMR deficiency, which could explain why
these patients stopped responding to treatment.’#1°

Another limitation of TMZ-based therapy is this drug’s
sub-optimal penetration of the blood-brain barrier (BBB).
AlthoughTMZ is considered to be brain penetrant, its brain-
blood ratio is only about 0.2, meaning that the majority of
TMZ present in the systemic circulation does not enter the
brain parenchyma.'”'8This less-than-desirable brain distri-
bution could be among the key aspects contributing to the
above-described drawbacks, such as its lack of overcoming
MGMT or MMR-based resistance, and absence of clear
radiosensitizing potential.’® Regrettably, endeavoring to
ameliorate these weaknesses through increased dosing of
TMZ would not be possible, due to the drug’s dose-limiting
myelosuppressive toxicity.?-22

In view of the above, one could conjecture that the treat-
ment success of the Stupp protocol could be much im-
proved if its radiation component was combined with a
drug that can achieve a high brain-blood ratio, overcome
MGMT and MMR-based resistance, and at the same time
was well tolerated without severe myelosuppression. With
these goals in mind, we are developing a novel chemical
compound, NEO212 (NeOnc Technologies, Inc.), that has
shown promise to fill this urgent medical need. NEO212
emerged from our in silico-based search for TMZ deriva-
tives with predicted increased BBB penetration ability,?
where subsequent experiments established that its
brain:plasma ratio is about 3-fold higher than that of TMZ.24

NEO212 is the first new chemical entity derived from a
bioconjugate platform that conjugates suitable agents to
proprietary NEO100 (NeOnc Technologies, Inc.), which is
a highly pure version of perillyl alcohol synthesized under
current good manufacturing practices (cGMP).?> Extensive
preclinical studies have characterized NEO212's remark-
able anticancer activity, while at the same time establishing
its low toxicity.26-%0 In the current study, we investigated
the activity of NEO212 in combination with RT in different
mouse GB models representing resistance mechanisms
that may be encountered in GB patients. We attempted to
mimic the concurrent phase of the Stupp protocol, and we
performed all experiments alongside TMZ as the standard
of care.
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Materials and Methods
Reagents

NEO212 was obtained from Axon Medchem (Groningen,
The Netherlands). TMZ was purchased from TCl America
(Portland, OR). All other reagents were purchased from
Millipore Sigma (Burlington, MA). All antibodies used in
the study are listed in Supplementary File.

Cells

The LN229,T98G, and U251 human GB lines were obtained
from ATCC (Manassas, VA). The LN229TR2 is a TMZ-
resistant, MMR-deficient variant of LN229 generated after
exposing parent cells to increasing concentrations of
TMZ.?2” The TMZ-resistant variant of U251 cells (ie,. U251M)
was generated by infecting the parent cells with a lentiviral
construct that expresses human MGMT and 2 reporter
genes (firefly luciferase (Luc) and enhanced green fluores-
cent protein). The primary glioma stem cells USC02 (mes-
enchymal phenotype) and USCO04 (pro-neural phenotype)
were originally isolated and characterized by our group.?®
The preparation of USC02 MGMT knockdown cells is de-
scribed in the supplementary file.

Analysis of MGMT and MMR Status

MGMT status was investigated by Western blot as de-
scribed previously.3' MMR status was analyzed by 2 ap-
proaches: (1) Western blot analysis of MSH2 and MSHS6,
which are proteins essential for the execution of MMR, and
(2) microsatellite instability (MSI) analysis with a DNA am-
plification kit for multiallelic microsatellite regions. The kit
was purchased from Promega (Madison, WI) and was able
to screen 8 alleles in total.

Efficacy Studies in Tumor-Bearing Animals

All studies were conducted under animal protocol #21163,
which was approved by the Institutional Animal Care and
Use Committee of the University of Southern California.
Tumor xenografts were established by implanting GB
cells into the right hemisphere (coordinates: A/P-1.00 mm,
M/L + 1.00 mm, and D/V-2.50 mm) of athymic mice on a
stereotaxic frame (Kopf Instruments, Tujunga, CA). Tumors
were allowed to grow for 14 days before treatments were
initiated. When applicable, the tumor growth was moni-
tored on an IVIS Spectrum optical imaging system (Perkin
Elmer, Shelton, CT). In all animal models, the treatments
were administered for 10 days in total (5-days on/2-days
off/5-days on). NEO212 and TMZ were dosed at 25 mg/kg/
day by oral gavage after being first dissolved in DMSO
and then mixed in an OraPlus suspending vehicle. Whole
brain RT (WBRT) was administered in an X-RAD320 irra-
diator (Precision X-Ray, North Branford, CT) and dosed at
2 Gy/day using the following irradiator settings: 250 kV,

16.0 mA, source-to-surface distance 50 cm, and F1 filter
(2 mm Al). A radiosensitization factor (RF) was calculated
for each treatment modality based on median survival data
for each group and using the following formula: survival
gains from combination therapy (days)/survival gains from
monotherapy 1 (days) + survival gains from monotherapy
2 (days). A ratio of < 1 was considered antagonistic, equal
to 1 additive, and > 1 synergistic.

Histological Analyses of Tissues

Brain and bone marrow slides were prepared from animals
with USC02 xenografts and stained with a yH2AX antibody
(detecting DNA damage), CD31 antibody (detecting endo-
thelial cells) or were subjected to TUNEL (detecting apop-
tosis). Bone marrow slides were also stained with a CD45
antibody to visualize the effects of the treatments on the
lympho-myeloid cellular compartment. The methods for
preparing and analyzing the brain and bone marrow slides
are described in the supplementary file.

Statistical Analysis

Statistical significance was analyzed in Prism v.10.2.1
(GraphPad Software) and assessed by one-way analysis of
variance (ANOVA) with a significant overall F-test followed
by Tukey or Bonferroni post-hoc multiple comparison tests
of treatment groups relative to control. Kaplan—-Meier sur-
vival curves were also generated in Prism and the log-rank
(Mantel-Cox) test was used for comparisons between sur-
vival curves. Two-tailed P < .05 was considered significant.

Results

GB Cells Harbor Different Treatment Resistance
Mechanisms

For this study, we used 4 GB cell lines harboring different
mechanisms of TMZ resistance and varying degrees of
radiosensitivity, as follows. USC02 and USCO04 represent
primary patient-derived GB stem cells that differ in their
MGMT protein expression levels (Figure 1A) and in their
sensitivity to ionizing radiation (see below). U251M cells
are derived from the widely used U251 cell line by infec-
tion with a lentivirus construct harboring MGMT cDNA,
and consequently, these cells express high levels of exog-
enous MGMT (Figure 1A). LN229TR2 cells were selected
from their parental LN229 cell line through long-term treat-
ment with TMZ; these cells have lost their MMR function,
as indicated by low expression of MMR proteins MSH2 and
MSH6 (Figure 1B), along with the emergence of microsat-
ellite instability (Figure 1C), a characteristic marker of MMR
deficiency. The in vitro sensitivity of these 4 cell lines to-
wards TMZ has been characterized in our prior studies
and shown to closely align with expectations; ie, MGMT-
expressing cells (USC02 and U251M) and MMR-deficient
cells (LN229TR2) are robustly TMZ-resistant, whereas
USCO04 cells are TMZ sensitive.?831
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Figure 1. The GB cell models used in this study display different mechanisms of resistance to TMZ. (A) Cell lysates were analyzed by Western

blot to determine MGMT protein expression in the various cell models used in this study. T98G cells were included as a positive control and LN229
cells as a negative control; actin was used as the loading control. (B) MSH2 and MSH6 are proteins necessary for MMR function. Western blot
comparison of parental LN229 and derived LN229TR2 cells reveals very low MSH2 levels, and near absence of MSH6 protein, indicating MMR de-
ficiency. (C) Analysis of microsatellite instability (MSI) shows evidence of instability in LN229TR2 cells, with novel alleles displayed in 2/8 markers

(NR-21 and BAT60), which is yet another indication of MMR deficiency.

NEO212 Outperforms TMZ in Treatment Success
of Preclinical GB Models

In a prior in vitro study, we had obtained evidence that
NEO212 might act as a radiosensitizer, and that this function
was significantly stronger than that of TMZ.3" In view of the
relevance of this issue with regard to the current standard
of care for GB patients, we designed in vivo experiments
mimicking the concurrent phase of the Stupp protocol.
The above-described GB cell types were orthotopically
implanted into mice, and tumor development was moni-
tored via bioluminescent imaging (Supplementary Figures
S1, S2, and S3). After tumor take had been confirmed in
each animal, the mice were subjected to daily treatment
with 25 mg/kg NEO212 or 25 mg/kg TMZ, with or without
concurrent WBRT over 10 days. Treatment efficacy was
monitored through imaging at regular intervals, along with
recording of the survival of each animal.

The treatment outcomes and overall animal survival are
summarized in Figure 2. The USC04 stem cell model rep-
resented the “baseline” model, due to its lack of obvious
treatment resistance mechanisms. As presented in Figure
2A, this model was responsive to all treatment modalities.
When applied in a monotherapy fashion, both NEO212 and
TMZ clearly extended survival, although NEO212 had a sig-
nificantly greater beneficial effect. In combination with RT,
both drugs revealed radiosensitizing features and further
prolonged survival, although, once again, the beneficial im-
pact of NEO212 was far greater than that of TMZ.The median

survival of the group of mice treated with NEO212 + RT was
nearly 2 times longer (284 days) than that of mice treated
withTMZ + RT (144 days). In essence, while this tumor model
responded to TMZ and radiation in a manner that would be
expected from a treatment-sensitive patient successfully sub-
jected to the Stupp protocol, NEO212 in comparison still sig-
nificantly (P=.0198) outperformed TMZ in this setting.

We next applied the chemoradiation protocol to the
U251M (MGMT overexpressing) model. As shown in
Figure 2B, this model did not respond to either drug in
monotherapy fashion. In combination with RT, TMZ slightly
extended median survival to 84 days, as compared to 80
days achieved by RT alone, although this effect was not
statistically significant. In comparison, NEO212 was able
to extend median survival to 137 days, which was 57 days
longer than what was achieved with RT alone (P=.006).
This benefit of NEO212 was more impressive because
NEO212 alone had no significant effect; rather, it reflected
its potent radiosensitizing activity (which did not become
apparent fromTMZ in this model).

Another clinically relevant model, illustrating the role
of mismatch repair, was represented by MMR-deficient
LN229TR2 cells. Treatment of mice harboring such tumors
withTMZ or NEO212 showed a small benefit and extended
median overall survival from 35 to 49 days in both cases
(Figure 2C). On the other hand, the striking radiosensitizing
potential of NEO212 once again emerged in the RT combi-
nation setting. While TMZ had a small additive effect and
extended median survival to 87 days as compared to the
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Figure 2. NEO212 synergizes with radiation therapy and prolongs survival of multiple GB models. Kaplan—Meier survival plots were generated
to display animal survival in response to various treatments. Groups of 5 mice were treated with NE0212 (25 mg/kg/day) or TMZ (25 mg/kg/day)
alone or in combination with radiation therapy (2 Gy/day). Control groups of mice received vehicle only. (A) The USC04 primary GB stem cell model
represents the “baseline” model, as it lacks obvious treatment resistance mechanisms. (B) The U251M model expresses high levels of exogenous
MGMT and therefore represents a TMZ-resistant model. (C) The LN229TR model represents a model where TMZ resistance is hased on MMR de-
ficiency. (D) The USCO02 primary GB stem cell model represents a strongly treatment-resistant model, based on expression of endogenous MGMT,
along with relative radioresistance. The log-rank (Mantel-Cox) test was used for statistical comparisons. ns: not significant. Some graphical

elements used for this figure were imported from BioRender.com.

70 days observed with RT alone, NEO212 + RT achieved
a median survival of 349 days (P=.0018 compared to RT
alone). Calculation of NEO212’s RF yielded a very strongly
synergistic 6.40, yet again emphasizing this agent’s striking
radiosensitization potential.

Finally, we applied our in vivo Stupp protocol to USC02
cells, which are MGMT-expressing GB stem cells, and as such
potentially the most difficult to eradicate by therapy. Results
in Figure 2D show that these cells also harbor inherent
radioresistance: RT in this model extended median survival
by a mere 11 days over untreated controls. In comparison,
the other 3 models used in our study showed an RT benefit
from 35 to 40 days over untreated controls (Figure 2A-C).
Treatment with TMZ or NEO212 as monotherapy modestly

extended the survival of the USC02 model by a few days,
although for TMZ this effect was not statistically significant.
In combination with RT, TMZ did not add any survival ben-
efit, which was consistent with expectations derived from
the clinical experience with this tumor phenotype. In con-
trast, NEO212 + RT once again demonstrated its synergistic
potency and significantly extended survival by 35 days over
RT alone (P=.01). NEO212’s RF was calculated at a strongly
synergistic 2.55, further validating this agent’s exquisite sen-
sitizing potential.

The above-described survival gains were consistent with
the bioluminescent imaging of tumor growth that was per-
formed at regular intervals (Supplementary Figures S1, S2,
and S3). This monitoring by imaging also confirmed that the
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cause of death of individual mice was cancer-related, rather
than due to extraneous circumstances, and it further demon-
strated that treatment with NEO212 + RT suppressed the bi-
oluminescent signal—which is indicative of the presence of
tumor tissue—far longer than the other treatment regimens.

An additional effort was aimed at understanding whether
the presence of MGMT possibly contributed to the rela-
tive radioresistance of the USC02 model. This question
arose based on an observation in the original EORTC-NCIC
trial, noting that overall survival of GB patients with MGMT-
overexpressing tumors was shorter in response to RT alone
(11.8 months) than survival of RT-only treated patients with
tumors not expressing MGMT (15.3 months).* To investi-
gate this issue, we established USC02 cells harboring ef-
fectively silenced MGMT (Supplementary Figure S4) and
subjected them to the same chemoradiation protocol as
above. However, the median survival of the different treat-
ment groups was not substantially different (Supplementary
Figure S5) from that observed in the parental, MGMT-
expressing USCO2 cells shown in Figure 2D. Although this re-
sult further validated the superior radiosensitizing potency of
NEO212 overTMZ, it did not establish a connection between
MGMT status and radiosensitivity in this model.

Chemoradiation With NEO212 Causes Extensive
DNA Damage and Apoptosis in Tumor Cells

The DNA-damaging and apoptosis-inducing effects of all
treatments were assessed on brain sections from animals
harboring USC02 tumors. To investigate DNA damage, we
stained with a fluorescently labeled antibody recognizing
yYH2AX protein, whose persistent focal presence is a marker
for DNA double-strand breaks (DSBs). Representative
brain tumor sections are presented in Figure 3A, and av-
erages from all sections are quantitatively summarized
in Figure 3B. These data show an increase in persistent
DSBs after RT, and this effect was exacerbated by the inclu-
sion of TMZ or NEO212. Consistent with the survival out-
comes of these treatment regimens, chemoradiation with
NEO212 caused by far the most DNA damage in the tumor
tissue. However, when tissue sections from the contralat-
eral normal brain were analyzed, DNA damage caused by
chemoradiation with NEO212 was not elevated as com-
pared to the minor effect that was seen with RT alone
(Figure 3B), demonstrating that the addition of NEO212 to
RT does not trigger increased neurotoxicity.

The extent of apoptosis within tumor tissue was inves-
tigated with the standard TUNEL assay. Here as well, RT
caused an increase in tumor cell apoptosis, and this effect
was exacerbated by inclusion of TMZ or NEO212, with the
latter clearly showing the most extensive chemoradiation-
induced cell death (Figure 3C, D). This once again superior
contribution of NEO212 mirrored its DNA-damaging activity
and suggested that tumor cell death resulted from the exten-
sive DNA damage caused by chemoradiation with NEO212.

Chemoradiation With NEO212 Exerts Anti-
angiogenic Effects

Extensive neo-vascularization of GB is a characteristic of
this tumor type and supports its aggressive growth. We

therefore investigated whether our different treatments
had an effect on this process by analyzing the microvessel
density (MVD) of USC02 tumor sections. We used a
fluorescently labeled antibody recognizing CD31, a cell
surface marker of endothelial cells that plays a role in neo-
angiogenesis. Representative images from tissue staining
are shown in Figure 4A and quantitative analysis is sum-
marized in Figure 4B.These data reveal pronounced ectasia
in the treatment groups that received RT, consistent with
what is known about the effects of RT on blood vessels.3?
The addition of TMZ to RT does not appear to contribute
an additional effect, whereas the addition of NEO212 to RT
dramatically changes the morphology of the tumor vascu-
lature further, showing a pronounced loss of endothelial
cells that is not observed under any other treatment con-
ditions. In all, tumor tissue from animals receiving NEO212
chemoradiation presents with a strikingly lower MVD,
along with more disorganized and likely nonfunctional
blood vessels. While we did not investigate whether this
dramatic effect resulted from inhibition of endothelial cell
proliferation or tubule formation, the generally increased
apoptotic index within the tumor tissue (Figure 3C, D) sug-
gests that the killing of tumor endothelial cells could play
a role. Of note, as chemoradiation with TMZ does not re-
sult in this dramatic morphological change, the effects of
chemoradiation with NEO212 not only represent a quan-
titative difference to TMZ, but a qualitative distinction as
well.

Chemoradiation With NEO212 Does Not Cause
Bone Marrow Toxicity

Bone marrow toxicity represents the main concerning side
effect that can arise in GB patients treated with TMZ-based
chemoradiation.?0-22 We therefore investigated this issue
in our mouse models. Bone marrow sections prepared
from USCO02 tumor-bearing mice and exposed to the same
treatment sequences as used in the above survival estima-
tions were assessed for DNA damage (yH2AX staining) and
for their morphology and cellularity. In addition, periph-
eral blood cell counts were performed for white and red
blood cells (WBC and RBC). Representative bone marrow
sections are shown in Figure 5A, and related qualitative
data are summarized in Figure 5B-E. Combined, these
data show that none of the treatment conditions revealed
a significant toxic impact on the bone marrow. Thus, while
chemoradiation with NEO212 was shown to exert strikingly
effective therapeutic activity that was significantly greater
than chemoradiation with TMZ, NEO212’s superiority was
not achieved at the cost of greater toxicity.

Discussion

Chemoradiation therapy, where RT is combined withTMZ,
represents the standard of care for newly diagnosed GB
patients. While GB is not considered to be inherently re-
sistant to RT, cancer stem cells often are more resistant
than the bulk of the tumor cells and more prone to with-
stand and survive therapeutic intervention.333* It there-
fore has been investigated whether TMZ might be able to
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boring USC02 tumors were subjected to the same treatment regimen as described in the legend in Figure 2. At the end of the 10-day treatment
period, brains were collected and separated into the ipsilateral hemisphere (containing the tumor) and contralateral (tumor-free) hemisphere.
Brains were sectioned and analyzed. (A) Sections were stained with AF647-labeled yH2AX antibody to detect DNA damage, and counterstained
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contribute any highly desirable radiosensitizing properties
to the Stupp protocol. However, experimental analysis of
this aspect generated mixed results,®*%8 and TMZ is not
generally accepted as a potent radiosensitizer (see detailed
discussion in ref.1937),

Results from our preclinical study provide support
for the view that the novel compound NEO212 might
hold the potential to significantly improve the success of
chemoradiation therapy of GB patients by overcoming sev-
eral of the limitations of the Stupp protocol that are deter-
mined by inclusion of TMZ. Based on these results, NEO212
displays at least 2 key advantages over TMZ: (i) it is active
against tumor cells harboring common TMZ-resistance
mechanisms, and (ii) it is able to strongly sensitize tumor
cells (including cancer stem cells) to radiation. Gratifyingly,
the increased activity of NEO212 does not come at the
expense of greater toxicity; based on a number of obser-
vations, myelosuppression in response to treatment of an-
imals appears no greater than what is observed withTMZ,
and other side effects have not become apparent.

For newly diagnosed GB patients, MGMT protein ex-
pression in their tumor tissue worsens their prognosis, be-
cause they are not likely to receive the full benefit of TMZ
in their chemoradiation protocol.*#”8 A large number of pre-
clinical and clinical studies have established MGMT as a
highly effective reversal mechanism against the toxic im-
pact of TMZ,57 and its use as a predictive biomarker has
been widely accepted.®® In fact, it represents an ongoing
discussion whether TMZ should even be given to patients
when MGMT protein is present in their tumor tissue, as it
might unnecessarily and unproductively increase the risk
of side effects.%'? These issues surrounding MGMT were
faithfully recapitulated in our mouse tumor models. While
our “baseline” USC04 model (tumor cells lacking MGMT) is
shown to respond to a singleTMZ treatment and also bene-
fits from adding TMZ to RT, the 2 MGMT-overexpressing
models demonstrate no benefit. In contrast, NEO212 exerts
clear benefit in all models, primarily through its ability to
provide pronounced radiosensitizing activity, even when a
certain degree of radioresistance is present.
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Figure 5. Chemoradiation with NEO212 does not cause bone marrow toxicity. Mice harboring USC02 tumors were subjected to the same treatment
regimen as described in the legend in Figure 2. At the end of the 10-day treatment period, bone marrow and blood were collected and analyzed for
signs of toxicity. (A) Bone marrow was subjected to H&E staining (to show general cellularity), along with immunohistological analysis with AF647-
conjugated yH2AX antibody (to reveal DNA damage) and AF555-conjugated CD45 antibody (to identify hematopoietic cells). DAPI was used as the
counterstain. Scale bars are 50 pm for the inmunostains and 100 pm for the H&E stains. (B) Quantitative analysis of yH2AX staining. (C) Quantitative
analysis of CD45* cell counts. (D) Number of white blood cells (WBC) in the peripheral blood. (E) Number of red blood cells (RBC). ns: not significant.




Minea et al.: NEO212 exerts superior therapeutic activity

Unlike MGMT status, MMR status is not consistently de-
termined in newly diagnosed GB tumors and therefore is
not generally available to inform the treatment strategy.
However, several studies have indicated that MMR defi-
ciency—which potently protects tumor cells against TMZ
irrespective of their MGMT status"-'2—can emerge in re-
sponse to treatment with the Stupp protocol and presents
with some frequency in recurrent tumors.' It is there-
fore relevant for clinical decision-making and would seem
to exclude the further use of TMZ. In our MMR-deficient
LN229TR2 model, NEO212 provided a much greater,
strikingly synergistic benefit when added to RT. In fact,
radiosensitization by NEO212 showed by far the greatest
synergy in this particular model.

While the superior anticancer and radiosensitizing activity
of NEO212 bodes well for its clinical application, an impor-
tant question arose as to whether these striking activities
perhaps came at the expense of greater toxicity. Our current
results, in combination with earlier observations,?-30 seem
to indicate otherwise. In several of our prior studies in mice,
we showed that treatment with NEO212 in monotherapy
fashion, even after extended cycles and elevated dosages,
did not negatively impact the number of white blood cells
(WBC), as determined by complete blood counts (CBC with
differential), nor did it reveal any signs of liver or kidney
damage. In a rat model, we applied greatly increased dos-
ages of NEO212—in parallel to equal dosages of TMZ for
comparison purposes—in an attempt to force the appear-
ance of toxic signs.®® In these experiments, 100 mg/kg TMZ
administered daily over 5 days caused a significant reduc-
tion in WBC counts, and increasing the dose to 200 mg/kg
TMZ killed all 3 rats in this group. In comparison, none of the
corresponding 2 treatment groups of rats administered with
NEO212 revealed a significant reduction in WBC count, and
all rats continued to thrive.** When combined with radiation,
NEO212 did not reveal any significant detrimental impact on
the bone marrow or peripheral blood cell counts, further re-
inforcing our previous observations.

Several prior studies have confirmed that NEO212 main-
tains the alkylating function of its TMZ moiety.?42640 |t was
therefore surprising to find that this compound appeared
to be better tolerated than TMZ yet exerted superior thera-
peutic benefit. While not yet entirely clarified, we surmise
that at least part of NEO212's superiority arises from its ability
to better penetrate biological barriers, including the plasma
membrane and the BBB. Experiments in mice confirmed
what had been predicted from in silico analysis,?® namely that
NEO212 is able to effectively cross the BBB; its brain:plasma
ratio was found to be about 3-fold greater than that of TMZ®'
and it exerted stronger anticancer activity in mouse models
of GB and brain-metastatic breast cancer.?628 Taken to-
gether, these studies propose a model where NEO212 is
able to reach higher concentrations in the brain without con-
currently causing increased exposure of the bone marrow.
Because cell death resulting from DNA methylation caused
by NEO212 (and TMZ) is dependent on cells undergoing ac-
tive proliferation, one might reasonably expect that elevated
drug concentrations in the brain would not cause neurotox-
icity. At least in our mouse model, the addition of NEO212 to
RT did not show signs of increased DNA damage in normal
brain tissue. Nonetheless, this issue will require careful atten-
tion once NEO212 moves into the clinic.

Mechanistically, we expect the superior tumor accumu-
lation of NEO212, when administered at the standard dos-
ages, to translate into a more favorable on-target alkylation
differential.This could conceivably overpower the repair ca-
pacity of the base-excision repair (BER) system in tumoral
tissue, which, in turn, might allow for better synergisms to
take place between unrepaired DNA methyl adducts and
RT, irrespective of the MGMT presence or MMR status of
the tumor. While TMZ preferentially kills via O6-MeG ad-
ducts,®'941 its ability to generate toxic N-alkylation events
at standard dosages—which are primarily repaired by
the BER system—is rather modest.>*2 Therefore, we ex-
pect the additional N-methylpurine adducts inflicted by
NEO212 (eg, N7-methylguanine, N3-methyladenine, and
N3-methylguanine) to be further exploited by RT and, thus,
more efficiently, converted into lethal DSBs.3" However,
rigorous comparative measurements of alkylation events
by both NEO212 andTMZ, and specifically of the BER inter-
mediates generated by these drugs during Nn-methylpurine
alkylation events,*® are further warranted to prove this hy-
pothesis. We believe an alkylation differential that favors
NEO212 at standard dosages over TMZ is the most likely
explanation for the observed differences in outcomes
with these drugs in our animal models. Counterintuitively,
NEO212’s requirement for RT to unfold its full DNA dam-
aging effects also provides a plausible explanation for the
absence of additional bone marrow toxicities observed
with this drug.

Towards the clinical application of our promising findings,
a Phase | trial is currently in progress for recurrent primary
malignant gliomas and brain-metastatic cancer. Once a
maximal tolerated dose is determined for Phase |, a Phase
lla study is planned for patients with recurrent, MGMT pro-
moter unmethylated (ie, MGMT expressing) GB who have
failed the Stupp protocol. A second Phase lla study will be
performed in newly diagnosed GB patients that are also
MGMT unmethylated, where NEO212 will be combined
with standard RT, along the principles of the Stupp protocol.
It is expected that these 2 trials will provide answers as to
whether NEO212 is clinically active in MGMT unmethylated
tumors (both newly diagnosed and recurrent), and whether
itis an effective, clinically useful radiation sensitizer.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Advances (https://academic.oup.com/noa).

Keywords

chemoradiation | mismatch repair deficiency | O6-guanine-
DNA methyltransferase | radiosensitization | temozolomide

Funding

National Institutes of Health (R41CA246902 to R.0.M and T.C.C),
and by generous support from NeOnc Technologies, Inc. (Los


https://academic.oup.com/noa

Minea et al.: NEO212 exerts superior therapeutic activity

Angeles, CA). The funding sources had no role in the design of
the study and collection, analysis, and interpretation of data, nor
in the writing of the manuscript.

Acknowledgments

We thank Bernadette Masinsin from the Flow Cytometry
Core at USC for technical assistance and expert help with
FACS analyses, lvetta Vorobyova from the Molecular Imaging
Center at USC for optical imaging analyses on the IVIS system,
and Alondra Miramontes from the Clinical Pathology Core at
USC for tissue sectioning and slide preparation for histology
studies.

Conflict of Interest Statement

T.C.C. is founder and stakeholder of NeOnc Technologies, Los
Angeles, California, USA. All other authors declare no conflict
of interest.

Authorship Statement

R.0.M., AH.S., and T.C.C. conceived this study and designed
experiments; R.0.M., T.ZT, and Z.Y. performed the experiments
and analyzed the data; M.C. and PM.W. conducted microsatel-
lite instability analyses; R.0.M. wrote the first draft of the manu-
script. All authors reviewed the final version of the manuscript
and agreed to its submission.

Data Availability

The original data from the study will be made available to all in-
quiring parties upon reasonable request. The data will be depos-
ited in a public repository to which the authors will provide the
means of access upon inquiry and whenever possible.

Affiliations

Department of Neurological Surgery, Keck School of Medicine
(KSOM), University of Southern California (USC), Los Angeles,
California, USA (R.0.M., TZ.T,, T.C.C.); Department of Molecular
Microbiology and Immunology, KSOM, USC, Los Angeles,
California, USA (Z.Y., A.H.S.); USC Clinical Laboratories, KSOM,
USC, Los Angeles, California, USA (M.C.); Department of
Pathology, KSOM, USC, Los Angeles, California, USA (PM.W.,
T.C.C.); Norris Comprehensive Cancer Center, KSOM, USC, Los
Angeles, California, USA (R.0.M., T.C.C.); NeOnc Technologies,
Inc., Los Angeles, California, USA (T.C.C.)

10.

1.

12.

13.

14.

15.

16.

17.

References

Stupp R, Mason WP, van den Bent MJ, et al; European Organisation
for Research and Treatment of Cancer Brain Tumor and Radiotherapy
Groups. Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N Engl J Med. 2005;352(10):987—996.

Adegboyega G, Kanmounye US, Petrinic T, et al; InciSion UK
Collaborative. Global landscape of glioblastoma Multiforme manage-
ment in the Stupp protocol era: Systematic review protocol. /nt J Surg
Protoc. 2021;25(1):108-113.

McMahon DJ, Gleeson JP, Q'Reilly S, Bambury RM. Management of
newly diagnosed glioblastoma multiforme: Current state of the art and
emerging therapeutic approaches. Med Oncol. 2022;39(9):129.

Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing
and benefit from temozolomide in glioblastoma. N Engl J Med.
2005;352(10):997-1003.

Kaina B. Temozolomide, Procarbazine and Nitrosoureas in the therapy of
malignant gliomas: Update of mechanisms, drug resistance and thera-
peutic implications. J Clin Med. 2023;12(23):7442.

Kaina B, Christmann M, Naumann S, Roos WP. MGMT: Key node in the
battle against genotoxicity, carcinogenicity and apoptosis induced by
alkylating agents. DNA Repair (Amst). 2007,6(8):1079—1099.

Hegi ME, Liu L, Herman JG, et al. Correlation of 06-methylguanine
methyltransferase (MGMT) promoter methylation with clinical out-
comes in glioblastoma and clinical strategies to modulate MGMT ac-
tivity. J Clin Oncol. 2008;26(25):4189-4199.

Stupp R, Hegi ME, Mason WP, et al; European Organisation for Research
and Treatment of Cancer Brain Tumour and Radiation Oncology Groups.
Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised
phase Ill study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol.
2009;10(5):459-466.

Chamberlain MC. Temozolomide: Therapeutic limitations in the treatment of
adult high-grade gliomas. Expert Rev Neurother. 2010;10(10):1537—1544.
Park CK, Lee SH, Kim TM, et al. The value of temozolomide in combina-
tion with radiotherapy during standard treatment for newly diagnosed
glioblastoma. J Neurooncol. 2013;112(2):277-283.

Cahill DP, Levine KK, Betensky RA, et al. Loss of the mismatch repair pro-
tein MSH6 in human glioblastomas is associated with tumor progression
during temozolomide treatment. Clin Cancer Res. 2007;13(7):2038—2045.
Singh N, Miner A, Hennis L, Mittal S. Mechanisms of temozolomide re-
sistance in glioblastoma - a comprehensive review. Cancer Drug Resist.
2021;4(1):17-43.

Head RJ, Fay MF, Cosgrove L, et al. Persistence of DNA adducts, hyper-
mutation and acquisition of cellular resistance to alkylating agents in
glioblastoma. Cancer Biol Ther. 2017;18(12):917-926.

Yip S, Miao J, Cahill DP, et al. MSH6 mutations arise in glioblastomas
during temozolomide therapy and mediate temozolomide resistance.
Clin Cancer Res. 2009;15(14):4622—-4629.

Agarwal S, Suri V, Sharma MC, Sarkar C. Therapy and progression--
induced 06-methylguanine-DNA methyltransferase and mismatch re-
pair alterations in recurrent glioblastoma multiforme. Indian J Cancer.
2015;52(4):568-573.

Ostermann S, Csajka C, Buclin T, et al. Plasma and cerebrospinal fluid
population pharmacokinetics of temozolomide in malignant glioma pa-
tients. Clin Cancer Res. 2004;10(11):3728-3736.

Appel EA, Rowland MJ, Loh XJ, et al. Enhanced stability and activity of
temozolomide in primary glioblastoma multiforme cells with cucurbit[n]
uril. Chem Commun (Camb). 2012;48(79):9843-9845.




Minea et al.: NEO212 exerts superior therapeutic activity

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Meer L, Janzer RC, Kleihues P, Kolar GF. In vivo metabolism and reaction
with DNA of the cytostatic agent, 5-(3,3-dimethyl-1-triazeno)imidazole-
4-carboxamide (DTIC). Biochem Pharmacol. 1986;35(19):3243-3247.
Kaina B, Beltzig L, Strik H. Temozolomide - Just a Radiosensitizer? Front
Oncol. 2022;12:912821.

Gerber DE, Grossman SA, Zeltzman M, Parisi MA, Kleinberg L. The
impact of thrombocytopenia from temozolomide and radiation in
newly diagnosed adults with high-grade gliomas. Neuro Oncol.
2007;9(1):47-52.

Newlands ES, Blackledge GR, Slack JA, et al. Phase | trial of
temozolomide (CCRG 81045: M&B 39831: NSC 362856). Br J Cancer.
1992;65(2):287-291.

Neyns B, Tosoni A, Hwu WJ, Reardon DA. Dose-dense temozolomide
regimens: Antitumor activity, toxicity, and immunomodulatory effects.
Cancer. 2010;116(12):2868-2877.

Chen TC, Da Fonseca CO, Schénthal AH. Perillyl alcohol and its drug-
conjugated derivatives as potential novel methods of treating brain me-
tastases. IntJ Mol Sci. 2016;17(9):1463.

Cho HY, Swenson S, Thein TZ, et al. Pharmacokinetic properties of the
temozolomide perillyl alcohol conjugate (NEO212) in mice. Neurooncol
Adv. 2020;2(1):vdaa160.

Schonthal AH, Peereboom DM, Wagle N, et al. Phase | trial of intranasal
NEO100, highly purified perillyl alcohol, in adult patients with recurrent
glioblastoma. Neurooncol Adv. 2021;3(1):vdab005.

Chen TC, Cho HY, Wang W, et al. A novel temozolomide-perillyl alcohol
conjugate exhibits superior activity against breast cancer cells in vitro
and intracranial triple-negative tumor growth in vivo. Mol Cancer Ther.
2014;13(5):1181-1193.

Cho HY, Wang W, Jhaveri N, et al. NEO212, temozolomide conju-
gated to perillyl alcohol, is a novel drug for effective treatment of a
broad range of temozolomide-resistant gliomas. Mol Cancer Ther.
2014;13(8):2004-2017.

Jhaveri N, Agasse F Armstrong D, et al. A novel drug conjugate,
NEO212, targeting proneural and mesenchymal subtypes of patient-
derived glioma cancer stem cells. Cancer Lett. 2016;371(2):240-250.
Marin-Ramos NI, Thein TZ, Cho HY, et al. NEQ212 inhibits migration and
invasion of glioma stem cells. Mol Cancer Ther. 2018;17(3):625-637.
Chen TC, Minea RO, Swenson S, et al. NEQ212, a Perillyl alcohol-
temozolomide conjugate, triggers macrophage differentiation of acute

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

myeloid leukemia cells and blocks their tumorigenicity. Cancers (Basel).
2022;14(24):6065.

Minea RO, Duc TC, Swenson SD, et al. Developing a clinically rele-
vant radiosensitizer for temozolomide-resistant gliomas. PLoS One.
2020;15(9):e0238238.

Seo YS, Ko 10, Park H, et al. Radiation-induced changes in tumor vessels
and microenvironment contribute to therapeutic resistance in glioblas-
toma. Front Oncol. 2019;9:1259.

Bao S, Wu Q, MclLendon RE, et al. Glioma stem cells promote
radioresistance by preferential activation of the DNA damage response.
Nature. 2006;444(7120):756—-760.

Jamal M, Rath BH, Tsang PS, Camphausen K, Tofilon PJ. The brain mi-
croenvironment preferentially enhances the radioresistance of CD133(+)
glioblastoma stem-like cells. Neoplasia. 2012;14(2):150—-158.

Bobola MS, Kolstoe DD, Blank A, Silber JR. Minimally cytotoxic doses
of temozolomide produce radiosensitization in human glioblastoma cells
regardless of MGMT expression. Mo/ Cancer Ther. 2010;9(5):1208—1218.
Corso CD, Bindra RS, Mehta MP. The role of radiation in treating glio-
blastoma: Here to stay. J Neurooncol. 2017;134(3):479-485.

. vanNifterik KA, vanden Berg J, Stalpers LJ, etal. Differential radiosensitizing

potential of temozolomide in MGMT promoater methylated glioblastoma
multiforme cell lines. Int J Radiat Oncol Biol Phys. 2007;69(4):1246-1253.
Carlson BL, Grogan PT, Mladek AC, et al. Radiosensitizing effects of
temozolomide observed in vivo only in a subset of 06-methylguanine-
DNA methyltransferase methylated glioblastoma multiforme xeno-
grafts. Int J Radiat Oncol Biol Phys. 2009;75(1):212-219.

Butler M, Pongor L, Su YT, et al. MGMT status as a clinical biomarker in
glioblastoma. Trends Cancer. 2020;6(5):380-391.

Chen TC, Cho HY, Wang W, et al. A novel temozolomide analog, NE0212,
with enhanced activity against MGMT-positive melanoma in vitro and in
vivo. Cancer Lett. 2015;358(2):144-151.

Gerson SL. MGMT: Its role in cancer aetiology and cancer therapeutics.
Nat Rev Cancer. 2004;4(4):296-307.

Wyatt MD, Pittman DL. Methylating agents and DNA repair responses:
Methylated bases and sources of strand breaks. Chem Res Toxicol.
2006;19(12):1580—-1594.

Strom CE, Johansson F, Uhlen M, et al. Poly (ADP-ribose) polymerase
(PARP) is not involved in base excision repair but PARP inhibition traps a
single-strand intermediate. Nucleic Acids Res. 2011;39(8):3166—3175.



	NEO212, temozolomide conjugated to NEO100, exerts superior therapeutic activity over temozolomide in preclinical chemoradiation models of glioblastoma  
	Materials and Methods
	Reagents
	Cells
	Analysis of MGMT and MMR Status
	Efficacy Studies in Tumor-Bearing Animals
	Histological Analyses of Tissues
	Statistical Analysis

	Results
	GB Cells Harbor Different Treatment Resistance Mechanisms
	NEO212 Outperforms TMZ in Treatment Success of Preclinical GB Models
	Chemoradiation With NEO212 Causes Extensive DNA Damage and Apoptosis in Tumor Cells
	Chemoradiation With NEO212 Exerts Anti-angiogenic Effects
	Chemoradiation With NEO212 Does Not Cause Bone Marrow Toxicity

	Discussion
	Supplementary Material
	Acknowledgments
	References


