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Abstract

Purpose: Most metastatic melanoma patients show variable responses to radiotherapy and do not
benefit from immune checkpoint inhibitors (ICIs). Improved strategies for combination therapy
that leverage potential benefits from radiotherapy and ICI are critical.

Methods and Materials: We analyzed metastatic melanoma tumors in the TCGA cohort for
expression of genes coding for subunits of Type-A y-aminobutyric acid (GABA) receptor
(GABAAR), a chloride ion channel and major inhibitory neurotransmitter receptor.
Electrophysiology was used to determine if melanoma cells possess intrinsic GABAAR activity.
Melanoma cell viability studies were conducted to test if enhancing GABAAR mediated chloride
transport using a benzodiazepine impaired viability. While a syngeneic melanoma mouse model
was used to assay the effect of benzodiazepine on tumor volume and its ability to potentiate
radiation and/or immunotherapy. Treated tumors were analyzed for changes in gene expression by
RNA sequencing and presence of tumor infilitrating lymphocytes by flow cytometry.

Results: Genes coding for subunits of GABAARS express functional GABAARS in melanoma
cells. By enhancing GABAAR mediated anion transport, benzodiazepines depolarize melanoma
cells and impair their viability. /n vivo, benzodiazepine alone reduces tumor growth and
potentiates radiotherapy and a.-PD-L1 anti-tumor activity. Combination of benzodiazepine,
radiotherapy, and a-PD-L1 results in near complete regression of treated tumors and a potent
abscopal effect, mediated by increased infiltration of polyfunctional CD8+ T cells. Treated tumors
show expression of cytokine:cytokine receptor interactions and overrepresentation of p53
signaling.

Conclusions: This study identifies an anti-tumor strategy combining radiation and/or immune
checkpoint inhibitor with modulation of GABAARs in melanoma using a benzodiazepine.

Introduction

Incidence of melanoma continues to rise and advanced disease confers a poor prognosis.
Approximately 50% of melanomas harbor somatic B-raf (BRAF) mutations? 3, which
sensitizes them to treatment with BRAF or BRAF/MEK inhibitor combinations. First
generation of a clinically active BRAF-inhibitor produced high systemic objective response
rates.* Subsequent development of next-generation combination therapies with BRAF/
MEK-inhibitors, further improved progression-free survival.>~" However, the majority of
patients acquire resistance to these therapies.—11 More recently, a combination of immune
checkpoint inhibitors targeting programmed cell death-1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) produced an overall response rate of ~60% and
durable responses in a portion of patients, including those with melanoma brain metastases.
12-16 However, the majority of metastatic melanoma patients do not experience durable
responses.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krummel et al.

Page 3

While significant progress has been made, novel therapeutic strategies to treat BRAF/MEK
inhibitor or ICI resistant disease are desperately needed. Furthermore, there are unique
clinical challenges, such as presence of melanoma brain metastases, which are associated
with significant morbidity and mortality, and the brain may represent a therapeutic sanctuary
site because of the blood-brain barrier.

Gene expression analysis by The Cancer Genome Atlas (TCGA) of melanoma patient
tumors revealed that GABR genes, which code for subunits of the Type-A y-aminobutyric
acid (GABA) neurotransmitter receptor (GABAAR), are amongst those most highly
expressed.1” We conducted a more extensive analysis of GABR expression in metastatic
melanoma tumors as well as characterization of melanoma cells for intrinsic GABAAR
activity. We find that melanoma patient expression of GABR genes varied with the
molecular subgroups of melanoma defined by TCGA, including MITF-low and Keratin
groups, and that melanoma cells express functional GABAaRSs. Furthermore, enhanced
GABAAR mediated membrane permeability to anions with GABAAR subtype-preferring
benzodiazepines, results in depolarized mitochondria in melanoma cells and impaired cell
viability. In a syngeneic melanoma mouse model, benzodiazepine alone reduces tumor
growth and when combined with radiation and/or a-PD-L1, potentiated effectiveness.
Benzodiazepine with radiation promotes both ipsilateral and an abscopal anti-tumor activity
associated with increased tumor infiltration with antigen-specific polyfunctional CD8 T-
cells. Our study identifies a potential novel anti-tumor strategy combining radiation and/or
immune checkpoint inhibitor with modulation of GABAARS in melanoma using a
benzodiazepine.

Methods and Materials

Cell lines.

Cell lines were purchased from American Type Culture Collection (ATCC). B16F10 was
transduced with lentiviral vector expressing Lymphocytic choriomeningitis Glycoprotein
(GP).

Electrophysiology.

Intracellular saline solution contained: 145 mM CsCl, 2 mM CaCl,, 2 mM MgCl,, 10 mM
EGTA, 10 mM HEPES. Extracellular saline solution contained: 140 mM NaCl, 5 mM KClI,
2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 10 mM D-glucose. Both were adjusted to pH
7.4 (320-330 mOsm) and 0.2 um filter sterilized. A375 and B16F10-GP cells were
dissociated with detachin (Genlantis), suspended in extracellular saline (2.5 x 10° cells/mL),
and agitated prior to loading into 384-well fluxion ensemble plates. Cells were patched
using an lonflux Mercury microfluidic automated patch clamp system (Fluxion
Biosciences). Up to 1,280 cells were patched at =60 mV using an automated suction
protocol, followed by superfusion with ligand and drug combinations. Current data was
recorded (10 kHz) for offline analysis with bespoke MatLab scripts.
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Cell viability.

Benzodiazepines, synthesized as described!?, were suspended in dimethyl sulfoxide
(DMSO; 0.125%) and added to plated cells. After 24 or 48 hour incubation of
benzodiazepine or DMSO vehicle control (37°C, 5% CO5), 20 uL CellTiter 96® AQueous
One Solution (Promega) was added per well, plate incubated 1 hour (37°C), and absorbance
(490 nm) measured. To calculate % cell viability, media control (average reading of wells
containing only media) was subtracted from DMSO control and drug-treated values. Drug-
treated values were normalized by dividing by mean DMSO absorbance values and
converting to percent. ICsq values were obtained using GraphPad Prism7 (GraphPad).

Mouse experiments.

B16F10-GP cells (5 x 10°) were implanted in matrigel (25%) on right/left-flanks of 6-8
week old female C57BL/6 mice (Jackson Laboratories). Palpable tumors (10 days) were
irradiated right-side with a Superflab bolus (0.5 cm tissue equivalent material) placed over
tumor and thereafter tumor measurements taken as indicated. The Superflab bolus allows for
a maximum surface to the tumor and reduces penetration of the rays to the internal body
organs Irradiation was done using an X-RAD 320 irradiation unit, a self-contained X-ray
system for delivering a precise radiation dosage. The shielded cabinet includes an
Adjustable Specimen Shelf, Sample Viewing Window and Beam Hardening Filter Holder.
The 320-kV/10mA X-ray tube provides a high output with a uniform vertical beam and
maximum output of 4000 W permitting delivery of up to 15 Gy/min at 50-cm source to
surface distance. The actual dose and rate and amount of energy produced depends on other
factors, including beam filtration and other exposure settings. To avoid scatter, a light beam
of 3 mm? was focused on the tumor (right flank only) and mice were irradiated (5 or 10 Gy)
while under anesthesia. Tumor diameters were measured using calipers and volume
calculated using the formula for an ellipse (i.e. 4/3w.(l.w.h), where |, w, h are three radii of
the tumor taken perpendicullar to each other). Mice were used in accordance with
Institutional Animal Care and Use Committee.

Tumor infilitrating lymphocytes (TILs) isolation and flow cytometry.

Tumors were harvested, minced, digested with collagenase 1V (150 U/mL) and DNAse (20
pg/mL), centrifuged, and suspended in 5% RPMI. Suspension was layered on top of
histopaque (Sigma), TILs collected at the interface, stained, run on LSRII (BD) or BD
FACSCanto, and analyzed (FlowJo software). For intracellular cytokine analysis, TILs were
isolated from tumor and stimulated (6 hours) in presence of brefeldin and myostatin with
LCMV specific glycoprotein peptide GP33-41, stained with antibodies of interest, and
analyzed by flow.

RNA-seq and data analysis.

RNA extracted from tumors met the following requirements: >750 ng RNA, a preferred
concentration 10 ng/uL, DV200>0.3 (where DC200 is fraction of RNA fragments whose
length is >200 nucleotides). RNA was processed and sequenced at the Broad Institute by the
Transcriptome Capture method using Illumina HiSeg2500. Sequence reads were aligned to
reference mouse genome (mm10) using STAR aligner2? and reads aligning to each known
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gene were counted using featureCounts.2! Differential expression analysis between different
samples was performed based on the negative-binomial statistical model of read counts as
implemented in the edgeR Bioconductor package?? and p-values adjusted using False
Discovery Rates.23 Enrichment KEGG pathways?4, transcription factor targets2®, and
ImmuneSigDB gene sets26 were identified using gene set enrichment analysis2’ as
implemented in the FGSEA R package?® with 100,000 random permutations. Results were
visualized using the ComplexHeatmap package.2°

GABAAR subunit expression in metastatic melanoma patient tumors.

Type A y-aminobutyric acid (GABA) receptors (GABAaRS) form pentameric chloride
channels, composed most commonly of two a, two 8, and -y subunits encoded by GABR
genes GABRA (1-6), GABRB (1-3), and GABRG (1-3), respectively3%: 31 (Fig. 1a). We
conducted a differential expression analysis of normal human melanocytes and metastatic
melanoma patient-derived lines (Fig. E1). This analysis highlights a difference in expression
between melanocytes and melanoma cells. Specifically, there is a significantly enhanced
expression in the melanoma lines, relative to primary melanocyte lines, of GABRAS3,
GABRA5 and GABRAG6 (FDR<0.1). We also conducted a comprehensive analysis of GABR
expression in stage I11/IV melanoma patients in the TCGA dataset of cutaneous melanomal’
(Fig. 1b). This analysis reveals that in the ‘MITF-low’ subgroup patients, there is notable
expression of GABRAS3, GABRBI1, and GABRGZ. In contrast, ‘Keratin” subgroup patients
exhibit a greater enhanced expression of GABRAS5, GABRB3, and GABRGS3. ‘Immune’
subgroup patients similarly exhibit GABR expression, but not of a clear subset of GABR
genes. A pairwise correlation analysis of the GABR expression patient data in the three
TCGA proposed melanoma subgroups suggests there is correlated expression in MITF-low
and Keratin subgroups that may yield GABAARSs composed of a3p1y2 and a5p37y3,
respectively (Fig. E2).

To confirm expression of GABR genes in melanoma cells, we performed RT-PCR analysis
for GABR expression in patient derived melanoma cell lines (A375, RPMI-7951,
SKMEL-24, SKMEL-28). All lines express to a varying degree GABRAS3, while
SKMEL-24 and SKMEL-28 have uniquely high GABRAZand GABRAS5 expression,
respectively (Fig. E3a and E3b). There is significantly less expression of GABRBI1-3and
GABRGI1-3in these lines, compared to GABRAI-6 levels. Western blotting of human
melanoma line A375 and murine line B16F10-GP for subunits a2, a3 and a5 protein
abundance is concordant with RT-PCR results (Fig. E3c).

Melanoma cells possess functional GABAjRS.

GABARR is a chloride channel that changes the transmembrane potential of cells, either
depolarizing or hyperpolarizing depending upon the activity of other membrane transport
proteins.3%: 31 To validate that expression of GABAAR subunits in melanoma cell lines leads
to assembly of a functional receptor, we patch-clamped human (A375) and murine (B16F10-
GP) melanoma lines to detect electrophysiological currents. Both lines exhibit a response to
the neurotransmitter GABA, the GABAAR endogenous ligand (Fig. 2a; Table E1).
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Compared to A375, B16F10-GP cells exhibited a larger maximal response to and a greater
affinity for GABA.

Benzodiazepines bind at the a-y interface of a GABAAR (Fig. 1a). A functional
benzodiazepine binding site requires assembly of a GABAAR with a canonical apafy
subunit stoichiometry.32: 33 Benzodiazepine binding increases the probability of the channel
opening in the presence of GABA, thus increasing the flow of anions crossing the
membrane. Since benzodiazepines interact with the GABAAR at a site different than GABA,
we tested the effect of benzodiazepines on the current of A375 and B16F10-GP cells. We
tested two benzodiazepines (QH-11-066 and KRM-11-08) to observe if an enhanced current
was elicited. QH-11-066 and KRM-11-08 possess the privileged structure of diazepam, but
with less sedative and ataxic effects than diazepam (valium) and chlordiazepoxide (librium).
19 This was achieved by a subtle alteration of their chemical structure (Fig. 1a) that
increased preference for specific GABAAR subtypes, as opposed to diazepam. We find that
QH-11-066 and KRM-11-08 enhance the effect of GABA (membrane anion permeability) in a
dose-dependent manner in A375 and B16F10-GP cells (Fig. 2c and 2d; Table E1).

Benzodiazepine depolarizes melanoma cell membrane potential and impairs viability.

In our studies of the effect of benzodiazepine on medulloblastoma cells we showed that
changes that followed the benzodiazepine mediated increase in membrane anion
permeability included, depolarization of the mitochondrial transmembrane potential8,
ultimately resulting in apoptosis via the intrinsic mitochondria-mediated pathway. Thus, we
tested if benzodiazepine elicited a similar response in A375 and B16F10-GP cells. To test if
the melanoma cell membrane potential was changed, we used the cationic stain
tetramethylrhodamine ethyl ether (TMRE) and fluorescence microscopy imaging of live
cells. TMRE is taken-up by functioning mitochondria and exhibits reduced staining if the
mitochondrial transmembrane is depolarized. At 10 minutes after exposure to QH-11-066,
mitochondrial membranes of A375 and B16F10-GP cells are depolarized (Fig. E4),
consistent with a flow of chloride anions out of the melanoma cell.

We examined if these benzodiazepines as well as diazepam impacted the viability of
melanoma cells by treating A375 and B16F10-GP cells with QH-11-066, KRM-11-08, or
diazepam over 48 hours. We observed a dose-dependent reduction in cell viability in both
lines with QH-11-066 or KRM-11-08 (Fig. 2e and 2f). In contrast, diazepam had no effect on
the viability of either A375 or B16F10-GP cells (Fig. E5a). Similar ICgq values were
obtained for additional human metastatic melanoma lines treated with QH-11-066 and KRM-
11-08 (Table E2). Cell lines which appeared to show no response to the benzodiazepines
were those where 7P53was mutated, which is consistent with a role of p53 signaling in the
response of cells to the benzodiazepines, as noted in our medulloblastoma studies.18: 34, 35

To determine whether the effect on cell survival was benzodiazepine-specific, we tested the
effect of allopregnanolone on cell viability. Allopregnanolone is also a positive allosteric
modulator of GABAAR like benzodiazepines, but a non-benzodiazepine neurosteroid that
does not bind at the canonical high affinity benzodiazepine binding site located at the a.-y
interface. Allopregnanolone does not impair the viability of A375 or B16F10-GP lines (Fig.
E5b), suggesting that the effect on melanoma cell survival is benzodiazepine-specific or at
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least specific to the more selective benzodiazepine-derivatives tested (QH-11-066 and KRM-
11-088). In addition, we tested the effect of QH-11-066 on viability of a primary human
melanocyte cell line (Fig. E6). At a concentration above the QH-11-066 1C5q for the human
melanoma lines tested, there is no difference in melanocyte morphology as compared to the
control indicating that QH-11-066 does not grossly impact normal, noncancerous
melanocytes.

Benzodiazepine alone reduces tumor growth.

Since we observed that melanoma cell viability /n vitro was impaired by benzodiazepines
QH-11-066 and KRM-11-08 (albeit with a modest ICsg), we investigated if benzodiazepine
had anti-tumor activity in the B16F10-GP syngeneic melanoma murine model. We used QH-
11-066 for /n vivotesting given that this compound has previously been tested in primates as
an anxiolytic without any adverse effects or toxicity36, while KRM-11-08 has not been
similarly tested. In addition, QH-11-066 is more soluble, making it more experimentally
tractable. We observed a dose-dependent reduction in B16F10-GP tumor growth at three
QH-11-066 dosage points (10, 25, 50 mg/kg) (Fig. E7). There is negligible difference
between doses 25 and 50 mg/kg, indicating that a lower dose of the benzodiazepine is
sufficient for anti-tumor activity in an otherwise aggressive melanoma model. At the
conclusion of the experiment we recorded the weight of mice to assess toxicity. The weights
between mice were not significantly different (Fig. E8).

Benzodiazepine anti-tumor activity is potentiated in combination with either radiotherapy

or a-PD-L1.

In our earlier study on medulloblastoma, we found that a benzodiazepine was capable of
sensitizing cells in culture to radiation. We similarly evaluated the survival and proliferation
of B16F10-GP cells following treatment with QH-11-066 + radiation in culture using a
clonogenic assay (Fig. E9). We find that QH-11-066 potentiates radiation and the combined
treatment (QH-11-066+radiation) impacts survival and proliferation of B16F10-GP cells
more significantly than either QH-11-066 or radiation alone. Based on the clonogenic assay
result, we reasoned that a benzodiazepine might be beneficial in potentiating radiation in an
in vivo model and that this should be explored in a model that is immunocompetent, given
that varied immune cells may also possess GABAaRS and contribute in some manner to
increase effectiveness of QH-11-066. We used the established B16F10-GP syngeneic
melanoma murine model to assess whether QH-11-066 potentiates radiation to control both
ipsilateral and contralateral tumor volume. Further, we chose to use a dose of 10 mg/kg QH-
11-066, which by itself had little direct anti-tumor activity relative to the higher doses tested.
Using this dose our objective was to clearly assess the impact of QH-11-066 in combination
with radiation.

We implanted B16F10-GP melanoma cells in both right and left-flanks of C57BL/6 mice
(Fig. 3a). A single dose of radiation (either 10 or 5 Gy) was delivered to the right-flank only
on Day 10 after tumor implantation, when tumors are palpable. We find that combination of
radiation plus QH-11-066 resulted in significantly reduced ipsilateral and contralateral tumor
volume, when compared to either monotherapy (benzodiazepine or radiation alone) or the
control (Fig. 3a; Fig. E10). A statistical analysis of tumor growth delay indicated by fraction

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krummel et al.

Page 8

of tumors that doubled over time, shows a significant change in combination treatment
groups (Fig. E11). These results indicated a possible synergistic anti-tumor response of
benzodiazepine plus radiation and a potent out of field abscopal effect of this combination in
an otherwise highly treatment resistant tumor model. The mice weights did not indicate any
toxicity concerns due to radiation and or combination of the drug and radiation (Fig. E8).

We sequenced transcriptomes of the treated tumors. In comparison to the control, we
identified: 42 differentially expressed (FDR<0.1) genes in QH-11-066 treated tumors; 1564
differentially expressed genes in the radiation treated tumors; and 587 differentially
expressed genes in QH-11-066 plus radiation treated tumors. Enrichment analyses of gene
expression for all Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and
transcription factor targets revealed statistically significant up-regulation in all three
treatment groups in comparison to control, of genes with roles in the cytokine:cytokine
receptor interaction pathway, whereas target genes of p63, a member of the p53 family of
transcription factors, were up-regulated in the radiation and QH-11-066 plus radiation treated
tumors (Fig. 4; Fig. E12). Increased expression of 7P63 has been associated with the
genotoxic treatment of melanoma cell lines3’, and in our results the enrichment of p63
targets was corroborated by the increased expression of 7P63in the radiation and QH-11-066
plus radiation treated tumors (>100-fold increase, FDR<0.0002 in both comparisons), but
not in the QH-11-066 alone treated tumors (FDR>0.7). We also conducted an enrichment
analysis of the ImmuneSigDB compendium of transcriptional immune signatures. This
analysis identified enhanced expression of genes associated with overexpression of
microRNA mir-17, whose expression has also been shown to be enhanced by p63.38

Having observed that QH-11-066 could sensitize a melanoma tumor to radiation and that
expression of genes with roles in the cytokine:cytokine receptor interaction pathway was
enhanced, we examined if potentiation could be extended to an immune checkpoint
inhibitor. Immune checkpoint inhibitors have shown some degree of success in treatment of
metastatic melanoma, but most patients with advanced disease exhibit poor and variable
response to immunotherapy.12-16 We examined if QH-11-066 potentiated the anti-tumor
response of programmed death ligand 1 immune checkpoint inhibitor (a-PD-L1) in B16F10-
GP mice. Monotherapy treatment with QH-11-066 or a-PD-L1 resulted in comparable
reductions in tumor volume. The most significant reduction in tumor volume is observed
with QH-11-066 plus a-PD-L1 (Fig. 5; Fig. E11). Similar to what was observed for radiation,
QH-11-066 and a-PD-L1 have a synergistic anti-tumor response.

Combined benzodiazepine, a-PD-L1, and radiotherapy results in significant tumor

regression.

We reasoned that having observed potentiation of radiation and a-PD-L1 by QH-11-066
individually, there might be a more significant tumor response if a ‘combo’ consisting of
radiation (5 Gy), a-PD-L1, plus QH-11-066 were administered.

Dual treatments of benzodiazepine plus radiation or benzodiazepine plus a-PD-L1 were
better than radiation or a-PD-L1 alone (Fig. 6a), as reported above. Further, right-flank
tumors which received radiation exhibited greater reduction in tumor growth in treatments
including radiation, as expected based on above. There is again a pronounced abscopal effect
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for non-irradiated left-flank tumors, as noted above. But clearly, the most significant
ipsilateral and abscopal effect is seen in the combo treatment group, complete tumor
regression in some animals (Fig. 6a). A similar observation is noted when tumor growth
delay was calculated (Fig. E11). QH-11-066 plus radiation plus a-PD-L1 has a significant
impact on tumor doubling time.

Immunophenotyping treated tumors.

To determine whether the apparent synergistic effect of benzodiazepine QH-11-066 plus
radiation (10 or 5 Gy) and/or a-PD-L1 were mediated by an enhanced immune response, we
performed immunophenotyping of bilateral tumors (Fig. 3b and 3c; Fig. 6b and 6c; Figs.
E13-E15).

Compared to the control, QH-11-066 and radiation (5 or 10 Gy) monotherapies resulted in
significantly increased numbers of tumor-infiltrating lymphocytes (TILs) in both ipsilateral
and contralateral tumors. The dual therapy of QH-11-066 and radiation (5 or 10 Gy) results
in a particularly pronounced increase in numbers of TILs in contralateral tumors, as
compared to either radiation or QH-11-066 monotherapies. This effect appears most
pronounced at the lower radiation dose (5 Gy) administered. Compared to the control,
monotherapy and dual therapy, the combo therapy resulted in significantly increased
numbers of TILs in both ipsilateral and contralateral tumors.

The total number of CD8+ T cells increased with radiation (10 or 5 Gy) in the ipsilateral
tumor, as compared to the contralateral tumor (Fig. 3b; Fig. E13-15). When QH-11-066 is
combined with radiation, there is a comparable increase in total number of CD8+ T cells in
ipsilateral and contralateral tumors. While the number of CD8+ T cells increases in number
in this treatment group, the overall portion of lymphocytes that are CD8+ T cells does not
show a significant increase, indicating that QH-11-066 may elicit an infiltration of other
immune cells into the tumor. While the total number of CD8+ T cells increased with
radiation (10 or 5 Gy) alone and the dual combination of QH-11-066 plus radiation or a.-PD-
L1 in the ipsilateral tumor, GP33-antigen specific CD8+ cells significantly increased in both
ipsilateral and contralateral tumors only in the dual or combo therapy groups, indicating a
potent tumor-specific immune response.

Examination of the polyfunctionality of the CD8+ T cells reveals that the frequency of
interferon-y (IFN-y) and IFN-y/tumor necrosis factor-a (IFN-y/TNF-a) producing CD8+ T
cells were most significantly increased in both ipsilateral and contralateral tumors treated
with dual and combo therapies (Fig. 3c; Fig. 6¢), indicating an increase in antigen-specific,
polyfunctional effector T cells. QH-11-066 has a significant effect on the numbers and
frequency of IFN-y and IFN-y/TNF-a producing CD8+ T cells on contralateral tumors
treated with radiation (5 or 10 Gy). The analysis of splenic CD8 T cells indicated that due to
lack of antigen, the CD8 T cells develop memory phenotype and show enhanced IFN-y and
TNF-a production (Fig. E16).

Together, these results indicate that QH-11-066 has direct anti-tumor activity, while a dual or
triple combination with QH-11-066 may synergize with ipsilateral and abscopal anti-tumor
activity mediated by increase in antigen-specific effector CD8+ T cells.
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Discussion

We show that melanoma lines express GABAaRS whose activity is activated by its ligand/
agonist GABA and enhanced by specific benzodiazepines. This is consistent with the
GABAAR forming a hetero-pentameric structure with a canonical apafy subunit
stoichiometry. We show that benzodiazepine QH-11-066 is capable of directly impairing
melanoma cell viability, while reducing tumor volume in a syngeneic melanoma model,
even at a benzodiazepine dose comparable to that administered for adult patients for a wide
range of clinical conditions, including anxiety. We also find that QH-11-066 potentiates
radiation, even at a sub-optimal dose, and a-PD-L1 to enhance both ipsilateral and distant
abscopal anti-tumor responses. The response is associated with enhanced tumor infiltration
of CD8+ T cells that produce IFN-y and TNF-a.. There is also enhanced expression of genes
with roles in cytokine:cytokine receptor activity, transcription factors in the p53 pathway
(notably p63), and genes concordant with microRNA mir-17 overexpression.

In a “direct’ contribution to tumor control, benzodiazepine appears to enhance membrane
anion permeability in tumor cells, which depolarizes their mitochondria, as we observe in
cell culture experiments, and thereby elicits an apoptotic response. As noted, perturbation in
ion homeostasis may also underly the enhanced expression of genes involved in p53
pathway signaling and cytokine:cytokine receptor activity and signaling, which we find in
the treated tumors. In particular, we find enhanced expression of p63 target genes in all
treatment groups in comparison to the control. Increased p63 expression after genotoxic
treatment of melanoma cells has been observed and shown to interfere with p53 mediated
apoptosis by the mechanism that involves mitochondrial translocation.3” The increase of p63
expression was comparable in both radiation and combined QH-11-066 plus radiation treated
samples, but it is plausible that depolarization of mitochondria by QH-11-066 interferes with
the anti-apoptotic function of the p63 protein. Interestingly, breast cancer tumors exhibit
enriched IFN-vy signaling that is associated with enhanced p63 expression®9, highlighting an
important connection between p63 and immune signaling. Further, p63 has been reported to
suppress both tumorigenesis and metastatic spread in a murine model by mediating down-
regulation of the microRNA processing enzyme Dicer as well as the ‘oncomiRNA’
miR-130b.41 Our observation that there is enhanced expression of genes associated with
overexpression of the microRNA mir-17 is intriguing, as M/R17expression has also been
shown to be enhanced by p63.38 It may be that p63 enhanced expression in melanoma cells
regresses the tumors in part by controlling Dicer and miRNA activity.

In an ‘indirect” mechanism to tumor control, benzodiazepine QH-11-066 may enhance CD8+
T cell infiltrate into the melanoma tumor milieu to contribute to potentiating the response to
radiation and immune checkpoint inhibition. As noted, QH-11-066 has a small effect on cell
viability /n vitro, as assessed by its micromolar 1Csq, while /n vivo when administered in
combination with radiation and/or an immune checkpoint inhibitor, or even on its own at a
higher dose, regresses the tumors. Perhaps QH-11-066 is modulating GABAAR receptors on
CD8+ T cells.*2 Indeed, GABAARS have been reported to be expressed in CD8+ T cells (as
well as in neutrophils, monocytes, CD3+ and CD4+ T cells) and GABAergic signaling has
been observed to contribute to responses to intracellular pathogens*? and autoimmune
diseases.4

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 August 03.
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Future experimental effort will need to address whether QH-11-066 acts in synergy with
radiation and/or immune checkpoint inhibitor or if its effect is additive. In addition, it
remains open how QH-11-066 potentiates radiation, whether its potentiation of radiation is
the same as how it might potentiate immune checkpoint inhibitor, and whether the effect of
QH-11-066 is related to creating significant oxidative stress in the melanoma cells. The
results of this study suggest that use of benzodiazepine to modulate GABAAR as a
‘sensitizer’ of melanoma tumors to radiation and/or an immune checkpoint inhibitor is a
future avenue to explore clinically. Repurposing of a benzodiazepine in such therapeutic

co
co

Supplement

mbinations has the potential to improve outcomes for patients in a rapidly translatable and
st-effective manner.4

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GABA receptor expression in metastatic melanoma.
(A) Type-A GABA receptors (GABAARS) are composed most commonly of two a., two p,

and -y subunits encoded by GABR genes GABRA (1-6), GABRB (1-3), and GABRG (1-3),
respectively. GABAAR consists of five subunit transmembrane segments which create the
chloride (CI7) conduction pore. Inter-subunit binding sites for GABA (yellow hexagon) and
benzodiazepine (red hexagon) are shown, recognizing the apafy subunit stoichiometry.
Benzodiazepines have a common core structure. Shown are sites frequently modified (R1,
R2, R2’, R7), which may impart a GABAAR subtype-preference. GABAAR subtype-
preferring benzodiazepines (BZDs) KRM-I1-08 and QH-11-066 differ from diazepam by
having an R7 acetylene group. (B) Normalized expression data for GABR genes from stage
I11/1V melanoma specimens. Samples were classified into three melanoma molecular
subgroups. Heatmap for analysis of expression across subgroups was generated using
Morpheus (https://software.broadinstitute.org/morpheus).
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Figure 2. Characterization of melanoma GABA receptors.
Representative electrophysiology recordings of transmembrane anion flow in human

melanoma line A375 (A) and mouse melanoma line B16F10-GP (B) in response to GABA
(1, 3, 10, 30 uM). Horizontal calibration bars, 2 seconds; vertical bars, 500 pA; sweeps are
ensemble recordings from 8 electrodes. Potentiation of GABA responses in A375 (C) and
B16F10-GP (D) cells in response to benzodiazepines (QH-11-066 and KRM-11-08 at 0, 0.3,
1, 3, 10 pM). GABA concentration was 1 pM. /n vitro MTS assay of A375 (E) and B16F10-

GP (F) cells in response to QH-11-066.
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Figure 3. Benzodiazepine potentiates radiation.
(A) Top, Schematic showing therapeutic strategy. Mice were implanted in left (L) and right

(R) flanks with B16F10-GP tumor cells. Mice received either: (4) vehicle alone control; (/)
radiation alone (5 Gy, right-flank only); (//i) QH-11-066 beginning Day 10; (/V) radiation (5
Gy, right-flank only) on Day 10 (morning), followed by QH-11-066 (evening). Bottom,

Effect of combination of QH-11-066 and 5 Gy on tumor growth kinetics. Tumor
measurements are combination of two experiments; where, vehicle alone control, n=8; 5 Gy,
n=9; QH-11-066, n=8; QH-11-066+5 Gy, n=9. In groups receiving QH-11-066, 10 mg/kg was
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injected i.p. daily for 7 days. (B) Percent CD8 of total lymphocytes and number of CD8 T
cells per gram of tumor. TILs were isolated at day 7-8 after radiation. Error bars are
representation of SEM. (C) Top, Representative flow showing percent IFN-y and TNF-a in
total CD8+ T cells after TILs were stimulated with peptide. Middle, Graph showing percent
IFN-y+CD8+ of total CD8+ T cells and number of IFN-y+CD8 T+ cells per gram of tumor.
Bottom, Graph showing percent TNF-a +CD8+ of total CD8+ T cells and number of TNF-
a +CD8 T+ cells per gram of tumor. (*p<0.05; **p<0.01; ***p<0.001; ****<0.0001).
Abbreviation:. i.p., intraperitoneal; TILs, Tumor infiltrating lymphocytes; IFN--y, interferon
gamma cytokine; TNF-a, Tumor necrosis factor alpha cytokine.
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Figure 4. Differential gene expression in treated mouse tumors.
Expression levels of differentially expressed genes in enriched immunity-related KEGG

pathway (cyt:cyt Receptor is abbreviation for cytokine:cytokine receptor), p63 target genes,
and enhanced expression of genes associated with overexpression of microRNA mir-17,
identified by enrichment analysis of the ImmuneSigDB compendium of transcriptional
immune signatures.26: 48. 49 Genes in the enriched gene sets were considered to be
differentially expressed if edgeR FDR<0.05 in any one of the 3 comparisons. L eft, heatmap
indicates membership of each gene (rows) in the enriched gene sets (columns). Middle,
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heatmap displays expression levels of genes in individual samples (columns) in terms of
log2 counts per million (LCPM).50 Each LCPM has been normalized by subtracting the
gene-specific average LCPM of the untreated samples. Right, heatmap displays statistical
significance and the direction of the change in each of the comparisons made (5 Gy vs
Control; 5 Gy+QH-11-066 vs Control; QH-11-066 vs Control) (columns), each vs control.
The statistical significance is expressed in log10(p-value) when expression ratio was less
than 1 (down-regulation) and -log10(p-value) when expression ratio was greater than 1 (up-
regulation) resulting in negative numbers for downregulation and positive for upregulation.
Abbreviation. FDR, false discovery rate.
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Figure 5. Benzodiazepine potentiatesimmune checkpoint inhibitor.
Top, Schematic showing therapeutic strategy. Mice were implanted in left (L) and right (R)

flanks with B16F10-GP cells (Day 0). Day 10, mice received either: (/) vehicle alone
control; (/) QH-11-066; (/i) a-PD-L1; (V) QH-11-066+a-PD-L1. Bottom, Effect of
combination of QH-11-066 and a-PD-L1 on tumor growth kinetics. In groups receiving QH-
11-066, 10 mg/kg was injected i.p. daily for 7 days. In group receiving a-PD-L1, 200 pg was
injected i.p. every 3 days through end of the experiment. Tumor measurements were taken
with 7-8 mice per group with a tumor on each flank; where, vehicle alone control, n=7; a-
PD-L1, n=8; QH-11-066, n=7; QH-11-066+ a-PD-L1, n=7. (*p<0.05; **p<0.01; ***p<0.001;
**x*n<0.0001). Abbreviation. PD-L1 = programmed death-ligand 1; i.p., intraperitoneal.
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Figure 6. Effectiveness of polytherapy.

-
o
r S

A ¥
Day 0 Day 10 Day 17 Day 25
L R~ Radiation Dbl g
QH-11-066 N
"l
Right 20 Left
= =171 &7 Key:
g - ~ 945l Control
@ . o
E _‘ J § -® QH-11-066+5 G
S i PPN ° 1.0 y
> Wil 2 @ QH-11-066+a-PD-L1
] S 0.5
: - 2
2 - F 0.0 @ Combo
10 15 20 25
Days Post Inoculation Days Post Inoculation
B  Right .  Left Right — ——
_ 100 = _ 100 ——
28 s 38 w 310 e
8%, 85 35 T
=g =g e CE E
é'é_ 40 é'é_ 40 ;3 10% +2
[o] [e]
[a o
:\g 5,20 :\g > 20 9 o
0 0. 1054
C Control QH&"E;Of G QOE'IIE)QE?*-
18.8
2 ]
14
b=
[
|
S 107 S
2 K} + 8 +0
382 >3 25 1 a5
Z- Z- Qo Qo
=510 =3 >0 . >0
°\Q G\Q Zo 10 Zo
o o Lo Lo
- -

(A) Top, Schematic showing the therapeutic strategy. Mice were implanted in left (L) and
right (R) flanks with B16F10-GP cells (Day 0). Day 10, mice received either: (/) vehicle
alone control; (/7) QH-11-066; (/i/) radiation (5 Gy, right-flank only) on Day 10 (morning),
followed by QH-11-066 (evening); (/v) QH-11-066+a-PD-L1, beginning on day 10; radiation
(5 Gy, right-flank only) on Day 10 (morning), followed by a-PD-L1 (in the evening). In
groups receiving QH-11-066, 10 mg/kg was injected i.p. daily for 7 days. In group receiving
a-PD-L1, 200 ug was injected i.p. every 3 days through the end of experiment or maximum
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5 injections. Bottom, Effect of combination of dual and triple therapy on tumor growth
kinetics. Tumor measurements were taken with 10 mice per each group. For Kinetics of
tumor volume, tumors were measured at Indicated time points and experiment was done
twice. The data is combination of both experiments. (*p<0.05; **p<0.01; ***p<0.001;
****n<0.0001). (B) Percent CD8 of total lymphocytes and number of CD8 T cells per gram
of tumor in right and left tumors. TILs were isolated at day 7-8 after radiation and stained
with indicated antibodies. Error bars are representation of SEM. (C) Top and Middle,
Representative flow showing percent IFN-y and TNF-a in total CD8+ T cells after TILs
were stimulated with peptide, as described in materials and methods. IFN-y and TNF-a
were stained with appropriate antibodies by intracellular staining. Bottom, Graph
summarizing the percent IFN-y+CD8+ of total CD8+ T cells and number of IFN-y+CD8 T
+ cells per gram of tumor. Abbreviation. PD-L1 = programmed death-ligand 1; TILs, Tumor
infiltrating lymphocytes; IFN-vy, interferon gamma cytokine; TNF-a, Tumor necrosis factor
alpha cytokine.
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