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Abstract

Background. Glioblastoma (GBM) is an incurable disease with few approved therapeutic interventions. Radiation
therapy (RT) and temozolomide (TMZ) remain the standards of care.The efficacy and optimal deployment schedule
of the orally bioavailable small-molecule tumor checkpoint controller lisavanbulin alone, and in combination with,
standards of care were assessed using a panel of IDH-wildtype GBM patient-derived xenografts.

Methods. Mice bearing intracranial tumors received lisavanbulin +/-RT +/-TMZ and followed for survival.
Lisavanbulin concentrations in plasma and brain were determined by liquid chromatography with tandem mass
spectrometry, while flow cytometry was used for cell cycle analysis.

Results. Lisavanbulin monotherapy showed significant benefit (P < .01) in 9 of 14 PDXs tested (median survival
extension 9%-84%) and brain-to-plasma ratios of 1.3 and 1.6 at 2- and 6-hours postdose, respectively, validating
previous data suggesting significant exposure in the brain. Prolonged lisavanbulin dosing from RT start until
moribund was required for maximal benefit (GBM®6: median survival lisavanbulin/RT 90 vs. RT alone 69 days,
P =.0001; GBM150: lisavanbulin/RT 143 days vs. RT alone 73 days, P = .06). Similar observations were seen with
RT/TMZ combinations (GBM39: RT/TMZ/lisavanbulin 502 days vs. RT/TMZ 249 days, P = .0001; GBM26: RT/TMZ/
lisavanbulin 172 days vs. RT/TMZ 121 days, P=.04). Inmunohistochemical analyses showed a significant increase
in phospho-histone H3 with lisavanbulin treatment (P =.01).

Conclusions. Lisavanbulin demonstrated excellent brain penetration, significant extension of survival alone or in
RT or RT/TMZ combinations, and was associated with mitotic arrest. These data provide a strong clinical rationale
for testing lisavanbulin in combination with RT or RT/TMZ in GBM patients.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com


https://doi.org/10.1093/neuonc/noab162
https://orcid.org/0000-0003-2757-6782
https://orcid.org/0000-0002-7478-3429
mailto:sarkaria.jann@mayo.edu?subject=

Burgenske et al. Preclinical PDX modeling for LIS development

1. Lisavanbulin demonstrates benefit in GBM PDX models alone and in standards of

care combinations.

2. Dosing schedule and duration are critical factors for optimal lisavanbulin efficacy.

Importance of the Study

IDH-wildtype glioblastoma (GBM) represents one of the
most aggressive cancer types with the vast majority of
patients succumbing to the disease within 5 years of
diagnosis. This partly reflects the limited efficacy of
frontline therapies that include radiation therapy (RT)
and the alkylating chemotherapeutic temozolomide
(TMZ). The development of investigational agents
and subsequent testing in clinically relevant disease
models is required to identify agents likely to provide
meaningful treatment benefits. The Mayo collection

I
Introduction

Microtubules are highly dynamic cytoskeletal fibers
composed of tubulin subunits that are involved in a di-
verse range of cellular functions including cell shape
maintenance, intracellular transport, and the execu-
tion of mitosis.?* Cells with elevated mitotic rates, such
as those found in human tumors, are highly sensitive to
microtubule-targeting strategies, since dysregulation of
microtubule dynamics can trigger cell cycle arrest and ap-
optosis induction.>® Consistent with a critical role in tumor
cell biology, microtubule-targeting agents (MTAs) continue
to be one of the most successful cancer targets more than
60 years after their discovery.

MTAs are typically classified into two main groups (mi-
crotubule stabilizers and destabilizers) based on their ability
to affect polymer mass. Destabilizing agents, such as the
vinca alkaloids, prevent microtubule polymerization, while
stabilizing agents, including taxanes, enhance polymeriza-
tion.”®These changes in polymer mass disrupt microtubule
dynamics, and in proliferating cells, can trigger mitotic ar-
rest. This mechanism of action may confer MTAs with the
ability to elicit radiosensitizing effects if used in conjunction
with radiation therapy (RT), since cells arrested in mitosis
are highly sensitive to radiation-induced DNA damage.
Unfortunately, inherent toxicities to the nervous system
and bone marrow, in conjunction with poor distribution
across the blood-brain barrier (BBB) and the emergence
of resistance mechanisms, have limited the utility of FDA-
approved MTAs for the treatment of brain tumors.24%"

Lisavanbulin (BAL101553) is a novel orally bioavailable,
small-molecule tumor checkpoint controller, that is the sol-
uble prodrug of the active moiety avanbulin (BAL27862).
Avanbulin binds tubulin at a site not targeted by other ap-
proved MTAs, and has demonstrated broad in vitro activity

of GBM PDX models recapitulates the genetic diver-
sity of GBM and fills an existing unmet need in the re-
search community.’ This study describes how this PDX
panel was used to define how a promising anticancer
agent (lisavanbulin) could be optimally deployed in
conjunction with standard-of-care therapy for GBM.
Establishing experimental frameworks such as this may
better position future studies to accurately reflect the
clinical promise of a novel agent.

across a number of models refractory to standard MTAs.3'2
In addition, avanbulin has shown good brain penetration
achieving therapeutically relevant concentrations in the
brain. Lisavanbulin is currently under clinical investigation
in glioblastoma (GBM).To determine how best to maximize
the clinical benefit for lisavanbulin therapy, the Mayo Clinic
panel of GBM patient-derived xenograft (PDX) models was
used to define the spectrum of sensitivity of lisavanbulin
alone and in combination with current standards of care in-
cluding RT and temozolomide (TMZ) chemotherapy. These
studies provide the foundation for ongoing and planned
clinical trials, which include evaluation of the efficacy of
RT/lisavanbulin combinations in newly diagnosed, IDH-
wildtype GBM.

I
Materials and Methods

Animal Studies

All animal studies were conducted in accordance with
Mayo Clinic Institutional Animal Care and Use Committee
policies. Female athymic nude mice (strain code 553, aged
6-7 weeks from Charles River, Wilmington, MA) were used
for all studies. PDX maintenance and intracranial injec-
tions were performed as previously described.’ Mice with
established orthotopic tumors were dosed as indicated,
observed daily, and euthanized at moribund. A complete
summary of study arms is included in Supplementary
Table S1.

In Vitro Cell Cycle Analysis

Media were formulated and short-term explant cultures
maintained as previously described.'® Cells were plated at
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a density of 1-3 million cells per 10 cm dish in DMEM or
StemPro (GBM12 only) media. Cells were treated as indi-
cated and harvested at 72 h for flow cytometry.

Drugs and Radiation

Lisavanbulin (BAL101553, Basilea Pharmaceutica
International Ltd, Basel, Switzerland) was formulated in
0.9% sodium chloride (NaCl) in 10% water for injection
and pH adjusted to 5.0 using sodium acetate. Avanbulin
(BAL27862, Basilea Pharmaceutica International Ltd, Basel,
Switzerland) was prepared for in vitro use in 100% DMSO.
TMZ (Developmental Therapeutics Program, NCI, Bethesda,
MD) was suspended in Ora-Plus. Radiation was delivered
to the entire head of unanesthetized mice, immobilized in a
plastic restraint, through a single right lateral beam from a
87Cs source. The remainder of the body was shielded with
a lead block. Radiation dose and schedule varied by study
and can be found in SupplementaryTable S1.

Pharmacokinetics of Avanbulin

A single dose of 30 mg/kg lisavanbulin was administered
in 10 mL/kg volume by oral gavage as a solution to FVB
wild-type and triple knockout (TKO; Mdr1a/b~-Bcrp1-/-)
mice. Conversely, 8 mg/kg was delivered in 4 mL/kg
volume intravenously to athymic nude mice bearing
SW480 subcutaneous tumors. TKO mice were euthanized
in a CO, chamber at 2- and 6-hours postdose (N = 4 per
timepoint) while athymic nude mice were euthanized at
5 min, 15 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 4 h, 6 h,
and 24 h postdose (N = 3 per timepoint). Blood was col-
lected via cardiac puncture in heparinized (TKO) or EDTA
(nude) tubes. Brains were surgically collected and placed
in preweighed tubes. Plasma was separated by centrif-
ugation at 3500 rpm at 4°C for 15 min. Both plasma and
brain samples were stored at —20/-80°C until LC-MS/MS
analysis.

LC-MS/MS Analysis

Brain and plasma concentrations of avanbulin were de-
termined using an LC-MS/MS assay similar to those pre-
viously published.' Briefly, all samples were spiked with
5 ng palbociclib as internal standard. After extraction using
1 volume of pH 11 buffer and 5 volumes of ice-cold ethyl
acetate, organic supernatant was dried under nitrogen,
reconstituted in the mobile phase (70:30 distilled water
with 0.1% formic acid:acetonitrile with 0.1% formic acid),
and injected onto a Phenomenex Synergi Polar-RP column
(75 x 2 mm, 4 um). The m/z transitions were 388.18 >
276.96 for avanbulin and 448.24 > 380.04 for palbociclib
(positive-ionization mode).

For PK assessments in tumor bearing athymic nude
mice, samples were homogenized with equivalents of
water (brain—nine, tumor—variable) prior to analysis.
Individual dilutions were used for the back calcula-
tion of analyte concentrations in sample homogenates.
50 pL mouse K3-EDTA plasma, brain homogenate, or
tumor homogenate were mixed with 150 pL methanol

containing 0.5 pg/mL avanbulin-D5 and lisavanbulin-D4
as internal standards. Samples were vortexed and cen-
trifuged and 20 pL of the supernatant was injected into
the HPLC. For quantification of each analyte, a standard
curve was prepared with a range from 5 to 10 000 ng/
mL, 10 to 10 000 ng/mL respectively, in mouse K3-EDTA
plasma, brain/water homogenate, and tumor/water ho-
mogenate. The different matrices were spiked (5 pL
DMSO solution in 500 pL plasma, brain/water homoge-
nate, and tumor/water homogenate) and prepared like
the study samples.

Genomic Analyses

Whole exome sequencing was conducted as previously
described.’

Pharmacodynamic Studies

Mice bearing orthotopic GBM39 tumors were dosed
orally with 30 mg/kg lisavanbulin for 8 days and sacri-
ficed 2 h after the final dose. Brains were harvested and
fixed in formalin for paraffin embedding. Mitotic events
and proliferation were assessed by phospho-histone H3
and Ki67 immunohistochemistry, respectively. Apoptosis
was detected by TUNEL staining using the ApopTag
In Situ Apoptosis kit (EMD Millipore, Burlington, MA).
Quantification of Ki67 IHC was performed using Aperio
ImageScope, while other stains were quantified manually
by a board-certified neuropathologist.

Statistical Analysis

In vitro experiments were analyzed by two-sample t-tests.
Survival was defined as the time from tumor implantation
to reach a moribund state. Differences in survival across
groups were assessed using the log-rank test. Two-sided
P values of less than .05 were considered statistically sig-
nificant. Animals euthanized for reasons other than tumor
burden were censored.

Results

Avanbulin Distribution Across the
Blood-Brain Barrier

Distribution of avanbulin across the blood-brain bar-
rier was evaluated in FVB wild-type (WT) and Mdri1a/
b~ Berp1~/~ (TKO) mice dosed once orally with 30 mg/kg
lisavanbulin prodrug and sacrificed 2 and 6 h later. Plasma
and whole brains were harvested, and concentrations of
the avanbulin active metabolite were measured by LC-MS/
MS (Supplementary Table S2, Figure 1A). Consistent with
previous data in CD1 Nu/Nu female mice, which showed
an avanbulin brain/plasma ratio of around 1.0 and a brain/
flank tumor or brain/normal tissue ratio of >0.8, similar
avanbulin concentrations were detected in the brain (B)
and plasma (P) of WT mice at 2 h (540.0 vs. 452.5 ng/mL,
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respectively; B:P ratio = 1.29) and 6 h (190.9 vs. 118.6 ng/
mL, respectively; B:P ratio = 1.64)."™ Higher avanbulin
levels in the brain were also observed in TKO mice at
both 2 h (1047.3 ng/mL, B:P ratio = 3.30) and 6 h (455.1,
B:P ratio = 2.78). Similar observations were observed in
an independent experiment using athymic nude mice
bearing subcutaneous SW480 xenografts (B:P ratio = 0.98).
Importantly, this experiment also revealed a brain-to-
tumor ratio of 0.8 (AUC 38.8 brain vs. 45.5 tumor). These
observations suggest that, while avanbulin is subject to
drug efflux, sufficient concentrations of avanbulin were ob-
served in the brain for several hours to support the use of
lisavanbulin for intracranial models.

Lisavanbulin Monotherapy in Orthotopic IDH-
wildtype GBM PDXs

The efficacy of lisavanbulin monotherapy was studied in
14 IDH-wildtype GBM PDX lines established as orthotopic
xenografts. For each experiment, mice were randomized
to therapy with vehicle or 30 mg/kg lisavanbulin daily. In
initial studies with GBM12 (Figure 1B) and GBM6 (Figure
1C), mice were dosed orally with 30 mg/kg lisavanbulin
once daily (Monday through Sunday). Significant exten-
sions in survival were observed relative to vehicle controls
(GBM12: median lisavanbulin 31 days vs. vehicle 23 days,
P < .01; GBM®6: median lisavanbulin 60 days vs. vehicle
48 days, P < .01). Additional studies were performed
with lisavanbulin dosing limited to 5 days per week with
(GBM26, GBM39, and GBM150) exhibiting biologically sig-
nificant enhancement in survival (Figure 1D-F). Across all
14 PDXs tested, nine demonstrated significant prolonga-
tion in survival (P < .05) with a range in median survival
extension of 9%-84% (Table 1). Five of these PDX models
(GBM6, GBM12, GBM26, GBM39, GBM150) were selected
for further evaluation.

Lisavanbulin Administration During Radiation

Mice bearing GBM6 and GBM150 intracranial tumors
were randomized and treated with vehicle, 2 weeks of ra-
diation, or 2 weeks of radiation (2 Gy x 10 fractions) with
daily lisavanbulin limited to RT treatment time (Figure
2A and B). In both PDXs, concurrent lisavanbulin did not
significantly improve survival compared to radiation
only (GBM®6: median survival RT+ lisavanbulin 58 days
vs. RT 54 days, P = .16; GBM150: median survival RT+
lisavanbulin 101 days vs. RT 86 days, P = .21). However,
prolonged lisavanbulin dosing from the initiation of radia-
tion until reaching a moribund state significantly improved
survival across two different radiation schedules (Figures 2
and 3). In a GBMS6 intracranial experiment, 2 weeks of radi-
ation (2 Gy x 10) conferred median survival of 69 days; the
addition of long-term lisavanbulin dosing extended me-
dian survival to 90 days (P=.0001, Figure 2C). Moreover, a
doubling in survival was observed in GBM150 and GBM39
intracranial studies (GBM150: median RT+ lisavanbulin
143 days vs. RT 73 days, P= .06, Figure 2D; GBM39: median
RT+ lisavanbulin 95 days vs. RT 48 days, P= .17, Figure 2E).
Lisavanbulin deployment during this two-week radiation

schedule appears critical for optimal survival benefit as
lisavanbulin treatment following radiation demonstrated
shorter survival (Figure 2F). Overall, lisavanbulin dosing
was well tolerated.

The radiation schedule used in these initial studies was
limited to 5 days a week for 2 weeks because of the tox-
icity associated with whole head irradiation in mice. To
evaluate a schedule more reminiscent of a typical 6-week
clinical regimen, we also tested lisavanbulin in combi-
nation with radiation given 3 days a week for 6 weeks
(2 Gy x 18 fractions) (Figure 3). The difference in overall
treatment duration is significant in the context that
tumor cells can continue to proliferate and repopulate
the tumor during a six-week course of radiation, and if
lisavanbulin significantly suppresses tumor repopula-
tion, then we might anticipate a greater benefit for con-
current lisavanbulin when combined in this protracted
RT dosing regimen. Consistent with this concept, when
limited to the duration of RT, only lisavanbulin combined
with the six-week RT regimen provided significant sur-
vival extension in GBM®6 (78 days vs. 61 days, P<.0001),
as compared to a two-week regimen (58 days vs. 54 days,
P = .16). Similarly in GBM39 and GBM150, concurrent
lisavanbulin and RT for 6 weeks significantly extended
survival more than RT alone (P < .0001 and P = .0006,
respectively), and provided a survival benefit that ap-
proximated the two-week RT schedule with extended
lisavanbulin dosing (Figure 3B and C). These data sup-
port the concept that RT/lisavanbulin combinations can
provide significant therapeutic benefit.

Lisavanbulin Addition to Chemoradiation and
Adjuvant TMZ Regimens

GBM6 and GBM12 were treated with a two-week regimen
of RT/TMZ alone or RT/TMZ with extended lisavanbulin
dosing to test the potential value of lisavanbulin use
in chemoradiation regimens (Supplementary Figure
S1). GBM6 had the longest median survival (vehicle
46 days) and the RT/TMZ/lisavanbulin combination sig-
nificantly extended survival over RT/TMZ alone (median
101 days vs. 66 days, P < .0001, Supplementary Figure
S1a). Single agent lisavanbulin and RT/TMZ achieved
intermediate rates of survival (lisavanbulin median
63 days vs. RT/TMZ median 66 days, P = .61). The RT/
TMZ/lisavanbulin combination was not significantly dif-
ferent from RT/TMZ in the more aggressive GBM12 PDX
(P = .56, Supplementary Figure S1b). Lisavanbulin alone
extended survival 8 days over vehicle alone (P < .0001).
This GBM12 study also contained two arms that evalu-
ated continuous lisavanbulin combined with intermittent
TMZ dosing on Days 1-5 of a 28-day cycle, which is similar
to how patients are treated following the completion of
combined RT/TMZ. In this regimen of ‘adjuvant’ TMZ, no
significant difference in survival was observed between
TMZ alone and TMZ+lisavanbulin (median TMZ 84 days
vs. median adj TMZ+ lisavanbulin 98 days respectively,
P =.79, Supplementary Figure S2).Thus, at least in these
two PDXs, combination of lisavanbulin with RT/TMZ pro-
vides variable benefit in extending survival.
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Lisavanbulin monotherapy significantly extends survival in orthotopic PDX models. (A) FVB wild-type and triple knockout mice were given

a single oral dose of lisavanbulin (LIS). Animals were sacrificed postdose for brain and plasma collection. Brain and plasma levels were com-
pared to that of athymic nude mice bearing SW480 subcutaneous xenografts dosed IV with LIS and collected 5 min later. Pharmacokinetic profiles
of the active moiety BAL27862 were established by LC-MS/MS analysis. (B-F) Mice with the indicated orthotopic PDX tumors were randomized
and treated with vehicle or 30 mg/kg LIS once daily until moribund. Time to reach a moribund state from tumor implantation is plotted.

Lisavanbulin Combined with a Complete
Chemo-radiotherapy Regimen

A combination of 6 weeks of RT (2 Gy x 30 fractions) and
concurrentTMZ followed by 6 cycles of adjuvantTMZ (Days
1-5 every 28 days) is the standard of care for the treatment
of newly diagnosed IDH-wildtype GBM. To approximate
this regimen and test the potential additional benefit of

lisavanbulin, mice were treated with 2 Gy x 10 fractions RT
with concurrentTMZ followed by three cycles of TMZ (Days
1-5 every 28 days; RT/TMZ-TMZ), with or without contin-
uous lisavanbulin therapy. Mice bearing GBM39, GBM150,
and GBM26 intracranial tumors were treated with vehicle,
lisavanbulin, RT/TMZ-TMZ, or lisavanbulin + RT/TMZ-
TMZ (Figure 4). While lisavanbulin alone did not signifi-
cantly extend survival in GBM39 (median vehicle 28 days
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Table 1

Lisavanbulin Monotherapy in Orthotopic PDX Models. Fourteen Orthotopic PDXs were Orally Dosed with Vehicle or 30 mg/kg Lisavanbulin

(LIS) Once Daily Until Moribund. Bold italics rows were selected for Follow-up Studies

MGMT Promoter Status

N per Group

GBM6 Unmethylated 10
GBM8 Methylated 102
GBM10 Unmethylated 10
GBM12 Methylated 10°
GBM15 Methylated 10
GBM22TMZ Methylated 10
GBM26 Unmethylated 10
GBM39 Methylated 10
GBM59 Methylated 10
GBM84 Methylated 10
GBM108 Unmethylated 10
GBM115 Unmethylated 102
GBM122 Unmethylated 102
GBM150 Unmethylated 10

\/ehicle group contained n=9.

vs. lisavanbulin 37 days, P = .54), lisavanbulin combined
with RT/TMZ-TMZ doubled median survival rates (median
RT/TMZ-TMZ 249 days vs. RT/TMZ-TMZ +lisavanbulin
502 days, P = .0001, Figure 4A). Of note, some varia-
bility in monotherapy performance was observed across
GBM39 experiments which may be attributed to differ-
ences in dosing start time and number of cells implanted
intracranially. In the TMZ resistant GBM150 PDX, no sig-
nificant survival differences were observed between
lisavanbulin monotherapy and RT/TMZ-TMZ treatment
(median lisavanbulin 118 days vs. median RT/TMZ-TMZ
123 days, P = .49, Figure 4B), and lisavanbulin combined
with RT/TMZ-TMZ did not significantly extend survival
(median 98 days, P=.97). While these lisavanbulin dosing
strategies were well tolerated in GBM39 and GBM150,
substantial toxicity was observed in GBM26 (Figure
4C). In the latter model, single agent lisavanbulin ex-
tended survival from 53 days (median vehicle) to 80 days
(P=.0001) with no documented toxicity. However, combi-
nation with RT alone or RT/TMZ resulted in dose-limiting
toxicity that required treatment interruption and a 50%
lisavanbulin dose-reduction in combinations with RT/TMZ
(Supplementary Figure S3A). Despite treatment interrup-
tions during RT/TMZ, the combination of lisavanbulin
with RT/TMZ-TMZ resulted in significant survival gains
compared to RT/TMZ-TMZ (median survival 172 days vs.
121 days, respectively; P =.003). Review of H&E slides at
the study endpoint confirmed that both RT/TMZ-TMZ and
lisavanbulin + RT/TMZ-TMZ treated animals succumbed
to tumor burden (Supplementary Figure S3). These data
demonstrate the potential for significant enhancement in
survival in some GBM PDX models with the combination
of lisavanbulin and concurrent RT/TMZ-TMZ.

Median Survival PValue % Change

(Days)

Vehicle
48 60 <.01 25%
47 64 <.01 36%
35 38 .04 9%
23 31 <.01 35%
71 87 41 22%
27 26 .55 -4%
51 66 <.01 29%
31 57 <.01 84%
45 56 .02 24%
56 73 <.01 30%
40 43 1 8%

139 183 .07 32%
80 84 .28 5%
52 69 <.01 33%

Lisavanbulin Mechanism of Action

Cell cycle and annexin V analyses were performed on
GBM10, GBM12, GBM39, and GBM108 short-term explant
cultures using the active metabolite, avanbulin, to under-
stand potential mechanisms underpinning the antitumor
effects of lisavanbulin. Cells were exposed to 30 nM
avanbulin for 72 h and harvested for analysis (Figure 5A).
Collectively, increased G2/M arrest with LIS treatment
was observed when compared to vehicle-treated controls
(average 42.4% vs. 11.7%, P = .016). In parallel, increased
apoptosis was also observed under these conditions (av-
erage 5.5% vehicle vs. 14.3% LIS, P = .001). These results
are consistent with lisavanbulin effects on disrupting mi-
crotubule function and increased apoptosis.

A subsequent pharmacodynamic experiment was con-
ducted in orthotopic GBM39 xenografts to quantify mitotic
events, apoptosis, and proliferation following lisavanbulin
treatment (Figure 5B). H&E sections revealed hyper-
condensed chromatin in a subset of cells. These cells
were positive for the mitotic marker phospho-histone H3
(pH-H3) and quantification demonstrated a significantly
higher percentage of pH-H3 positive (+) cells relative to
vehicle-treated controls (P = .009). Follow-up TUNEL stain
was largely negative in these pH-H3+ areas and was not
significantly different across groups (P = .08). As no sig-
nificant difference in Ki67 positivity was observed with
lisavanbulin treatment (P = .15), these results are con-
sistent with lisavanbulin-induced mitotic arrest as a pre-
dominant mechanism of antitumor effect. Whole exome
sequencing data from these same cell lines grown as in-
tracranial tumors was analyzed for alterations in apop-
tosis, cell cycle, DNA repair, and p53 signaling pathways.
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Fig.2 Prolonged lisavanbulin dosing is required to maximize survival gains in combination with two-week radiation course. (A-B) Mice with the
indicated orthotopic PDXs were randomized and treated 13 days (GBM6) or 32 days (6BM150) after tumor implantation. Mice were dosed with
vehicle, 2 Gy radiation (RT), or 2 Gy RT + once daily lisavanbulin (LIS) Monday through Friday for 2 weeks at which point treatment was ended, and
mice were followed until moribund. (C-F) Mice with the indicated orthotopic PDXs were randomized and treated 14 days after tumor implantation.
Mice were dosed with vehicle, single agent LIS, radiation (RT), or RT + LIS combination. Radiation was given in 2 Gy fractions Monday through
Friday for 2 weeks while LIS dosing was continued until moribund. An additional GBM6 experiment highlighted the importance of LIS timing during

RT schedules.

No features consistently associated with lisavanbulin re-
sponse (SupplementaryTable S3).

Discussion

The prognosis for GBM remains grim despite decades of
intensive basic, translational, and clinical research efforts.

Unlike most other solid malignancies, there have been
no new FDA-approved drugs for GBM treatment in over a
decade. While the reasons for this failure are multifactorial,
the limited availability and utilization of clinically relevant,
patient-derived, orthotopic tumor models may contribute to
the lack of progress in developing curative therapies for this
devastating disease. To address this limitation, the Mayo
Clinic has developed a large panel of GBM PDX models that
maintain the genomic and phenotypic characteristics of the
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Fig.3 Lisavanbulin combined with six-week radiation regimens significantly improves overall survival (A-C). Mice with the indicated orthotopic
PDXs were randomized and treated 14 days after tumor implantation. Mice were dosed with vehicle, RT, or RT + lisavanbulin (LIS). RT was given in
2 Gy fractions either Monday through Friday for 2 weeks or Monday, Wednesday, and Friday for 6 weeks. LIS dosing was limited to the RT window.

original patient tumor samples." Here, we used a subset of
these models to investigate the novel highly brain penetrant
small-molecule tumor checkpoint controller, lisavanbulin,
which binds to microtubules and promotes tumor cell
death by activation of the spindle assembly checkpoint.
With a focus on translating these studies into an optimal
clinical therapeutic regimen, the studies evaluating the in-
tegration of lisavanbulin with conventional chemotherapy
and fractionated radiation therapy were performed exclu-
sively using orthotopic PDX tumors and dosing regimens
that closely approximate those commonly used in patients.
While the benefit of lisavanbulin monotherapy in most
PDXs was relatively modest (average survival extension
29% in sensitive models), the combination of lisavanbulin
with radiation alone or radio-chemotherapy resulted in
more profound survival benefits in several models. The
concept of multi-agent chemotherapy for solid tumors is
based on the idea that each drug may preferentially kill a
different sub-population of tumor clones to prevent or
delay emergence of therapy resistance. We hypothesize

that models which derive greater benefit from these com-
binatorial regimens have distinct sub-populations of tumor
clones, one which is sensitive to LIS and another which is
sensitive to RT/TMZ. Conversely, models less impacted by
these combinations may be composed of tumor clone sub-
populations with sensitivity to either LIS or RT/TMZ but not
both. Not only does this study provide a strong rationale
to pursue development of novel lisavanbulin combination
therapies for GBM, but also provides an example of how
orthotopic PDX models can be leveraged to clearly inform
optimal clinical development of novel therapeutic strategies
for GBM.

MTAs have been a foundation for cancer chemo-
therapy for over 60 years. Taxanes (paclitaxel, docetaxel,
cabazitaxel) are one of the most commonly prescribed
MTAs and function by stabilizing microtubules to prevent
depolymerization. In contrast, vinca alkaloids, such as vin-
cristine, and lisavanbulin bind to and block tubulin polym-
erization to prevent microtubule assembly. By deregulating
microtubule dynamics, MTAs disrupt mitotic spindle
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Fig.4 Lisavanbulin addition to RT/TMZ-TMZ significantly extends survival in responsive PDX model (A-C). Mice with the indicated orthotopic
PDXs were randomized and treated approximately 14 days after tumor implantation. Mice were dosed with vehicle, lisavanbulin (LIS), RT/TMZ-
TMZ, or RT/TMZ-TMZ + LIS. RT was given in 2 Gy fractions Monday through Friday for 2 weeks concurrently with 20 mg/kg TMZ. Adjuvant TMZ
(50 mg/kg) was given days 1-5 every 28 days for three cycles while LIS dosing was continued Monday through Sunday until moribund.

assembly, which can result in mitotic arrest and subse-
quent cell death by apoptosis. Consistent with this mech-
anism of action, lisavanbulin's anticancer activity has
previously been shown to be dependent on the activation
of the spindle assembly checkpoint.'® Additionally, we have
shown that lisavanbulin treatment of orthotopic GBM39 tu-
mors resulted in a doubling in the number of cells arrested
in mitosis and a trend towards increased apoptosis with
drug treatment. These results are similar to studies with
vincristine in GBM.'”'® Collectively, these data are all con-
sistent with microtubule destabilization as an important
mechanism of lisavanbulin action in GBM tumors.

Mitotic cells are exceptionally sensitive to radiation
therapy, and the induction of a mitotic arrest likely is an
important mechanism of radiosensitization for MTAs.
The highly compact chromatin structure of mitotic

chromosomes precludes access of DNA repair machinery
to repair DNA double-strand breaks, and in classic cell syn-
chronization studies, mitotic cells are 2- to 3-fold more sen-
sitive to radiation-induced killing than cells in any other
phase of the cell cycle.” Although the fraction of cells ar-
rested in mitosis at any point in time may be limited (see
Figure 5B), the greater benefit of lisavanbulin combined
with a six-week course of radiation (18 radiation fractions),
as compared to a two-week regimen (10 fractions), could
be related to the additional opportunities for a radiation-
induced killing of arrested mitotic cells. Moreover, the
48-hour intervals between radiation during the 6-week
course of radiation could have allowed time for a greater
proportion of cycling cells to arrest in mitosis prior to the
next radiation dose. This ‘reassortment’ following radi-
ation exposure of surviving cells from radio-resistant to
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Fig. 5 Lisavanbulin mechanism of action. (A) GBM10, GBM12, GBM39, and GBM108 cells were treated with 30 nM avanbulin (BAL27862) for
72 h at which point cells were collected and analyzed for G2/M arrest (FACS) and apoptosis (annexin V). Comparisons were made across lines
using two-sample t-tests. (B) Mice with orthotopic GBM39 tumors were dosed with 30 mg/kg lisavanbulin (LIS) for 8 days before being sacrificed
2 h after the final dose. Brains were harvested and fixed in formalin for paraffin embedding. Mitotic events (phospho-S10 H3 IHC) and apoptosis
(TUNEL IHC) were quantified by our neuropathologist. Automated proliferation (Ki67 IHC) quantification was performed using Aperio ImageScope.
Arrows in the H&E insets highlight the appearance of mitotic figures in vehicle and LIS-treated animals. Scale bars indicate 50 um.

radio-sensitive phases of the cell cycle is a well-known
phenomenon that governs response of tumors to radi-
ation.” Although combined treatment limited to just 2
weeks of lisavanbulin and radiation alone did not sig-
nificantly enhance survival, the inclusion of concurrent
lisavanbulin with RT/TMZ was significantly more effective
than if lisavanbulin treatment was delayed until concurrent
RT/TMZ treatment was completed. Collectively, these data
strongly support the integration of lisavanbulin with con-
current RT/TMZ in clinical testing in GBM.

All GBM have regions of tumor protected by a relatively
intact BBB, and consequently, distribution of drugs across
the BBB is an important factor that can influence the efficacy
of a given therapeutic strategy.?’ Continuous tight junctions
between brain capillary endothelial cells and activity of drug

efflux pumps within the luminal membrane of these cells
present both physical and biochemical barriers to drug dis-
tribution across the BBB. Most MTAs, including taxanes and
vinca alkaloids, are subject to efflux at the BBB that limits
their accumulation within the normal brain.

Taxanes, like paclitaxel and docetaxel, are substrates for
both P-gp and MRP-1, two dominant efflux transporters
within the BBB, and achievable levels of paclitaxel and
docetaxel into normal mouse brain are 50% and 29% of
plasma levels with 11 fold and 6.2 fold increased brain pen-
etration respectively in P-gp knockout mice indicating lim-
ited delivery to the brain resulting from P-gp efflux.2'-23 In
addition, both these drugs are highly bound to plasma pro-
teins (~98% bound for both paclitaxel and docetaxel) and
have an even higher binding in the brain (>99.5% for both
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paclitaxel and docetaxel) indicating an extremely low free
brain partitioning.?4?6 Consistent with poor distribution
across the BBB, these drugs have limited clinical activity in
GBM.?28 Vincristine also is an efflux substrate of P-gp and
MRP-1 with restricted brain distribution having brain parti-
tion coefficients in P-gp and MRP-1 knockout mice greater
than the wild-type mice by 1.3- to 3.6-fold. In addition to
poor brain penetration, vincristine also has a plasma pro-
tein binding of 60.6% and displays dose-limiting toxicities
such as peripheral neuropathies.?%3"

While this drug has limited activity in GBM, vincris-
tine is a component of the standard ‘PCV’ (procarbazine,
CCNU, vincristine) chemotherapy regimen used for pa-
tients with relatively more indolent oligodendrogliomas,
although the contribution of vincristine to PCV efficacy is
controversial.3%3 |In comparison to these FDA-approved
MTAs, lisavanbulin has far superior brain distribution, with
a brain-to-plasma ratio of 1.29 in wild-type mice and 0.98
in athymic nude mice bearing subcutaneous xenografts,
and a relatively limited difference in brain distribution in
mice lacking BCRP and P-gp. Interestingly, the initial Phase
| clinical trial with lisavanbulin, two patients with recurrent
GBM have had a sustained partial response to therapy.3®
Coupled with the moderate to robust single agent activity
of lisavanbulin across the majority of orthotopic PDXs
tested, these data suggest that lisavanbulin, or other next
generation, brain penetrant MTAs, may provide significant
therapeutic benefits for a subset of patients with GBM.

Several salient results from these studies may di-
rectly inform the design of planned future clinical trials
for lisavanbulin in brain tumors. First, in a subset of
GBM models, the combination of lisavanbulin with ei-
ther RT or RT/TMZ provided significantly greater benefit
than lisavanbulin monotherapy and the extent of ben-
efit was greatest with extended lisavanbulin dosing be-
yond the end of RT. Second, significant survival benefit
was observed in PDXs with or without MGMT promoter
hypermethylation (Table 1), which is a key prognostic bi-
omarker in GBM related to tumor sensitivity to TMZ che-
motherapy. Third, the triple combination of lisavanbulin,
RT, and TMZ generally was well tolerated in most PDX, ex-
cept in GBM26. In this PDX, excessive weight loss required
treatment interruptions for both RT/TMZ and lisavanbulin,
but despite the loss in treatment intensity, there was a
substantial survival extension associated with combina-
tion therapy. The ongoing Adult Brain Tumor Consortium
Phase | clinical trial is testing lisavanbulin in combi-
nation with RT only in newly diagnosed GBM lacking
MGMT hypermethylation (ClinicalTrials.gov identifier:
NCT03250299). Building on this trial, our data supports the
concept of dosing lisavanbulin during and after RT/TMZ
and adjuvantTMZ in all patients, regardless of MGMT pro-
moter methylation status. Additional translational studies
are necessary to define precision predictive biomarkers
that can identify those GBM patients who are most likely
to respond to lisavanbulin combination therapy.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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