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Abstract

Brain metastases develop in over 60% of advanced melanoma patients and negatively impact
quality of life and prognosis. In a murine melanoma model, we previously showed that an /n situ
vaccination (ISV) regimen, combining radiation treatment and intratumoral (IT) injection of
immunocytokine (IC: anti-GD2 antibody fused to 1L2), along with the immune checkpoint
inhibitor + anti-CTLA-4, robustly eliminates peripheral flank tumors but only has modest effects
on co-occurring intracranial tumors. In this study, we investigated the ability of low-dose radiation
to the brain to potentiate anti-tumor immunity against a brain tumor when combined with ISV +
anti-CTLA-4. B78 (GD2*, immunologically “cold”) melanoma tumor cells were implanted into
the flank and the right striatum of the brain in C57BL/6 mice. Flank tumors (50-150 mm3) were
treated following a previously optimized ISV regimen [radiation (12 Gy x 1, treatment day 1), IT-
IC (50 Ig daily, treatment days 6-10), and + anti-CTLA-4 (100 lg, treatment days 3, 6, 9)]. Mice
that additionally received whole-brain radiation treatment (WBRT, 4 Gy x 1) on day 15
demonstrated significantly increased survival compared to animals that received ISV + anti-
CTLA-4 alone, WBRT alone or no treatment (control) (P< 0.001, log-rank test). Timing of WBRT
was critical, as WBRT administration on day 1 did not significantly enhance survival compared to
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ISV + anti-CTLA-4, suggesting that the effect of WBRT on survival might be mediated through
immune modulation and not just direct tumor cell cytotoxicity. Modest increases in T cells (CD8*
and CD4*) and monocytes/macrophages (F4/80*) but no changes in FOXP3* regulatory T cells
(Tregs), were observed in brain melanoma tumors with addition of WBRT (on day 15) to ISV +
anti-CTLA-4. Cytokine multiplex immunoassay revealed distinct changes in both intracranial
melanoma and contralateral normal brain with addition of WBRT (day 15) to ISV + anti-CTLA-4,
with notable significant changes in pro-inflammatory (e.g., IFNy, TNFa and LIX/CXCL5) and
suppressive (e.g., IL10, 1L13) cytokines as well as chemokines (e.g., IP-10/CXCL10 and MIG/
CXCL9). We tested the ability of the alkylphosphocholine analog, NM600, to deliver
immunomodulatory radiation to melanoma brain tumors as a targeted radionuclide therapy (TRT).
Yttrium-86 (86Y) chelated to NM600 was delivered intravenously by tail vein to mice harboring
flank and brain melanoma tumors, and PET imaging demonstrated specific accumulation up to 72
h at each tumor site (~12:1 brain tumor/brain and ~8:1 flank tumor/muscle). When NM600 was
chelated to therapeutic -particle-emitting %0Y and administered on treatment day 13, T-cell
infiltration and cytokine profiles were altered in melanoma brain tumor, like that observed for
WBRT. Overall, our results demonstrate that addition of low-dose radiation, timed appropriately
with ISV administration to tumors outside the brain, significantly increases survival in animals co-
harboring melanoma brain tumors. This observation has potentially important translational
implications as a treatment strategy for increasing the response of tumors in the brain to
systemically administered immunotherapies.

INTRODUCTION

In situtumor vaccination (ISV) is a cancer treatment strategy with the aim of converting a
patient’s own tumor into a nidus for presentation of tumor antigens to activate and expand an
anti-tumor T-cell response (1). Preclinical and clinical studies have demonstrated that
hypofractionated, moderate-dose external beam radiation treatment targeting a single tumor
site can elicit an ISV effect and thereby improve the anti-tumor immune response to immune
checkpoint inhibitors such as anti-PD-1 or anti-CTLA-4 (2-8). This reflects the capability of
moderate-dose radiation to enhance tumor antigen presentation, resulting in greater diversity
of antigen recognition by the anti-tumor T-cell response (7, 8). While clinical studies
indicate safety for combinations of external beam radiation therapy and immune checkpoint
inhibitors (9), they have not yet conclusively demonstrated that focal radiation alone can
enhance the systemic anti-tumor response to checkpoint blockade (10, 11).

We previously reported that the ISV effect of radiation therapy can be augmented in
preclinical studies by combination with local injection of tumor-specific antibody and the
immune-stimulatory cytokine 1L2 (12, 13). This combined-modality ISV regimen rendered
immunologically “cold” tumors responsive to immune checkpoint blockade; and, when
combined with anti-CTLA-4 therapy, this regimen resulted in much more effective tumor
clearance and activation of tumor-specific immune memory than radiation alone (12). We
are now evaluating this treatment approach in patients with metastatic melanoma in a phase
I/11 trial (NCT03958383). Although this ISV regimen consistently results in a potent
systemic anti-tumor immune response in mice leading to complete response at distant tumor
sites that are not directly treated with radiation or intratumoral injection (12), we recently
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reported that this treatment is much less effective in controlling tumor that is present in the
brain at time of treatment (13). This is consistent with prior studies demonstrating the
restrictive effects of the brain tumor microenvironment on anti-tumor immunity (14-19).

Brain metastases commonly develop in patients with advanced cancers and frequently carry
a poor prognosis along with detrimental effects on quality of life (20). Some cancers such as
melanoma have a strong proclivity for spread to the brain. Immune checkpoint inhibition
with anti-PD-1 and/or anti-CTLA-4 is standardly used to treat patients with metastatic
melanoma (21). Recently published studies demonstrate that, in approximately one half of
patients with small, asymptomatic melanoma brain metastases, immune checkpoint blockade
can elicit a response (22—24). The remainder of patients with larger, symptomatic or non-
responsive melanoma brain metastases typically require brain-directed treatment including
surgical resection and/or high-dose radiotherapy. When individual tumor sites cannot be
targeted with focal therapy due to excessive burden of disease, then whole-brain radiation
therapy (WBRT) is commonly employed (25). Unfortunately, in the latter circumstance, the
dose of radiation provided is often too low to confer durable or complete control of brain
metastases and yet high enough to confer considerable risk for neurocognitive toxicities that
negatively affect patient quality of life (25).

While moderate- to high-dose (8—12 Gy/fraction) hypofractionated radiation may be optimal
for priming an ISV effect (26), we have been investigating the potential capability of low-to-
moderate-dose radiation (2—4 Gy) to enhance the propagation of such an effect. Although
ISV may prime a more effective T-cell response, when these effector T cells circulate to
nonirradiated tumors, particularly those in immune-restrictive locations like the brain, they
encounter a suppressive tumor microenvironment and poorly susceptible tumor cells (13,
27). In mice with multiple extracranial tumors, we recently observed that delivery of
radiation to the secondary melanoma tumor sites enhances the efficacy of ISV or ISV + anti-
CTLA-4 directed at a single tumor site (27). Prior preclinical studies from other groups have
demonstrated that 4 Gy WBRT can enhance the response of a primary glioma brain tumor
model to a peripheral /n situ vaccination (28). Based on those observations, we hypothesize
that low-to-moderate-dose radiation could be safely delivered to metastatic tumor sites in the
brain using WBRT or targeted radionuclide therapy and that in doing so we might render
these sites more permissive to the propagation of anti-tumor immunity from an ISV.

MATERIALS AND METHODS

Cell Lines

B78-D14 (B78) melanoma was derived from B16 melanoma, as described elsewhere (29)
and was obtained from Ralph Reisfeld (Scripps Research Institute, La Jolla, CA) in 2002.
All cancer cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 2
mmol/l L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin, as described
elsewhere (12). Cell authentication was performed per ATCC guidelines using morphology,
growth curves, and mycoplasma testing within 6 months of use and routinely thereafter.
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Murine Tumor Models

Therapeutic

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Wisconsin-Madison (Madison, WI). Female mice (C57BL/6)
were purchased at 6-to-8 weeks of age from Taconic Biosciences, Inc. (East Greenbush, NY)
and used for all experiments. Mouse experiments were repeated in two or more independent
trials with at least 4 animals per treatment group in each trial; aggregate number of animals
(n) is indicated. C57BL/6-Tg (Foxp3 DTR/EGFP) 23.2 Spar/Mmjax “DEREG” mice were
purchased from the Jackson Laboratory (MMRRC; Bar Harbor, ME). Treg depletion with
diphtheria toxin was achieved following a prior methodology, as reported elsewhere (13, 27,
30) by daily intraperitoneal (i.p.) injection of 1 pg diphtheria toxin (MilliporeSigma, St.
Louis, MO) diluted in PBS for 2 days at day 14 and 15 postirradiation, to ensure presence of
melanoma brain tumor prior to Treg depletion. We have previously demonstrated Treg
depletion >40% knockdown by day 3 (1 day after completion of two DT injections of 1 ig)
(13), with previously reported studies indicating >90% depletion by day 7 (31). At
euthanasia, mice were dissected and grossly examined for brain tumor to verify no
confounding effect of Treg depletion on autoimmunity and subsequent mortality (31).

Agents

hul4.18-IL2 was provided by Apeiron Biologics (Vienna, Austria) (32). The hul4.18
antibody component of this immunocytokine (IC) targets GD2, which is expressed in many
human melanomas (33). The B78 melanoma line is derived from B16 melanoma and
engineered to express GD2 (29). anti-CTLA-4 (clone 9D9) was provided by Bristol Myers
Squibbe (New York, NY). For targeted radionuclide therapy (TRT), the positron emitter 86Y
was produced as described elsewhere (34, 35). Briefly, 86Y was produced in a PETrace
cyclotron (GE Healthcare, Chicago, IL) via proton (15.2 MeV) bombardment of enriched
[86Sr]SrCO5 (96.4 + 0.1%) solid targets. Irradiated targets were dissolved in 6 N
hydrochloric acid (HCI) and 86 was isolated from solution with DGA extraction resin in
~600 pl of 0.1 MHCI. Clinical-grade %Y Cl3 was purchased from PerkinElmer®, Inc.
(Waltham, MA) and 2-(trimethylammonio)ethyl(18-(4-(2-(4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetamido)-phenyl)octadecyl)
phosphate (NM600) was kindly provided by Archeus Technologies (Madison, WI).

External Beam Irradiation

External beam irradiation was delivered to /7 vivotumors using an X-RAD 320 (Precision
X-Ray Inc., North Branford, CT), as described elsewhere (12, 13). Mice were immobilized
using custom lead jigs that exposed the dorsal right flank, or the whole head for WBRT. For
the in vivo ISV + anti-CTLA-4 regimen, flank tumors received a single dose of 12 Gy. For
WBRT, mice were briefly anesthetized with isoflurane prior to immobilization in the lead jig
and delivery of a single 4 Gy dose of radiation to the whole head.

In Situ Vaccination

An ISV + anti-CTLA-4 regimen previously reported by our group was used to treat
melanoma in the flank (Fig. 1A). This immunotherapeutic regimen induces long-term
regression of flank melanomas (12, 27), but only minimal survival benefit for mice co-
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harboring intracranial melanoma metastases (13). Briefly, B78 (GD2") “primary” tumors
were engrafted by intradermal right flank injection of 2x108 cells. Tumor size was
determined using calipers and volume approximated as (width? x length)/2. Mice were
randomized immediately prior to treatment. Treatment began when primary tumors were
well established (50-150 mm3 tumor volume). Radiation (12 Gy, single fraction)
administration was defined as “day 1” of treatment. Intratumoral (IT) IC injections were
performed by a single percutaneous needle puncture followed by injection of 50 g of
hul4.18-1L2 in 100 pl volume with needle redirection to distribute injected material around
the tumor. IT-1C was administered daily on treatment days 6-10. Together, radiation + IT-1C
constitute the ISV approach. Finally, the + anti-CTLA-4 antibody was administered by 100
g i.p. injections on treatment days 3, 6 and 9.

Low-dose WBRT (4 Gy, single fraction) was administered on either day 1 immediately after
flank irradiation or day 15 to examine timing differences. We have previously demonstrated
day 15 as approximately peak T-cell response time for our ISV regimen (12, 27).

Mice were monitored for survival and euthanized upon signs of neurological impairment,
moribund status or humane end points as per IACUC guidelines. At euthanasia, mice were
dissected and grossly examined to verify brain tumor. Therapeutic “complete response” was
defined as mice having no remaining visible tumor or neurological symptoms at treatment
day 60. We have previously demonstrated that this memory response is T-cell dependent (12,
13).

Orthotopic Brain Injection

Intracranial implantation of cancer cells was performed as described elsewhere (13, 36).
Briefly, B78 (2 x 10° cells) were injected intracranially ~24 h prior to irradiation of a pre-
existing flank tumor at coordinates referenced from bregma: 0 mm antero-posterior, +2.5
mm medio-lateral and —3.5 mm dorso-ventral. At specific time points or at onset of
neurological symptoms, tumor-bearing mice were euthanized, and brains excised, grossly
examined for presence of tumor and processed for further analyses.

Radiochemistry for NM600

As described elsewhere (37), NM600 was radiolabeled with 86Y Cl5 as no-carrier-added
formulation to obtain [86Y]Y-DOTA-NMG600 (hereafter simplified to 86Y-NM600) for
positron emission tomography (PET) imaging and dosimetry; for therapeutic treatments,
NM600 was radiolabeled with 90YClj3 to obtain °0Y-DOTA-NM600 (hereafter simplified to
90Y-NM600). Radiolabeling of NM600 with 86/%0Y was performed by mixing 185-370 MBq
(5 =10 mCi) of 86/90Y and 54-81nmol/GBq (10-15 nmol/mCi) of NM600 in 0.1 A/ NaOAc
(pH = 5.5) buffer. After incubation at 90°C for 30 min under constant shaking (500 rpm),
86/90Y_NM600 was purified by solid phase extraction using an HLB cartridge (Waters™
Corp., Milford, MA). For in vivo use, 8/90Y-NM600 was formulated in vehicle consisting of
normal saline containing 0.4% v/v Tween™ 20 and sodium ascorbate (0.5% w/v). Yields and
radiochemical purity were consistently >95%, and a similar apparent molar activity of 18
GBg/umol was obtained for both 86Y-NM600 and 90Y-NM600. Additionally, radiotracer
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stability /n vivo has been demonstrated from mouse serum samples up to 48 h, with no
significant radio peaks corresponding to metabolites observed (37).

Targeted Radionuclide Therapy (TRT) Imaging and Dosimetry

B78 cells were injected into the mouse brain (2 x 10°) and flank (2 x 10°) and allowed to
grow for 18 days (13). B78 brain tumor growth was then verified with magnetic resonance
imaging (MRI) using T1-weighted images with gadolinium enhancement, as described
elsewhere (36). Longitudinal PET scanning was then performed to quantify 86Y-NM600
tumor uptake and biodistribution and estimate tumor dosimetry of 90Y-NM600, as described
elsewhere (37). Mice bearing MRI-verified B78 intracranial and flank tumors (n = 4) were
injected intravenously (i.v., lateral tail vein) with 11.77-12.03 MBq of 86Y-NM600 and
sequential CT (80 kVp; 1,000 mAs; 220 angles) and static PET scans consisting of 80
million coincidence events (time window: 3.432 ns; energy window: 350-650 keV) were
acquired in an Inveon microPET/microCT scanner (Siemens Medical Solutions, Knoxville,
TN) at 2, 24, 48 and 72 h after injection of the radiotracer. Prior to each scan, pairs of mice
were anesthetized with isoflurane (4% induction; 2% maintenance) and placed on the
scanner bed in the prone position. List-mode PET scans were reconstructed using a three-
dimensional (3D) ordered subset expectation maximization/maximum posteriori (OSEM3D/
MAP) algorithm (MAP subsets: 16, MAP iterations: 18; OSEM3D iterations in MAP
reconstruction: 2, without scatter), and the resulting images were fused with the CT images
for attenuation correction and anatomical referencing. Region-of-interest (ROI) analysis of
the PET images was performed to determine the magnitude and kinetics of 86Y-NM600
uptake in the tumor and normal tissues of interest. Quantitative data were expressed as
percentage injected dose per gram of tissue (%1D/g; mean + SE). Ex vivo biodistribution
was performed after the final imaging time point at 72 h after injection of 86Y-NM600 to
corroborate the accuracy of the image-derived quantification. After PET/CT scan, mice were
sacrificed by CO, asphyxiation, B78 tumors (flank and brain) and several normal tissues
were collected, wet-weighed, counted in an automated gamma-counter (Wizard?™,
PerkinElmer), and the %ID/g (mean + SE) corresponding to each tissue was calculated.

A Monte Carlo-based dosimetry assessment platform, RAPID, was used to estimate pre-
clinical dose distributions in mouse-specific anatomy (35, 38, 39). CT and the PET images
were used in the Monte Carlo simulation to define the geometry and the source distribution,
respectively. Each PET volume was imported into the Monte Carlo framework (Geant4
version 9.6) and used to define source terms in the simulation. To generate the simulation
geometry, CT volume data consisting of Hounsfield units (HU) were transformed into mass
densities by applying the HU-to-density CT scanner-specific calibration curve. Using
libraries from the Evaluated Nuclear Structure Data File (ENDSF) database (Brookhaven
National Laboratory, Upton, NY), which includes all beta and gamma radiation emitted per
decay, each source decay was sampled uniformly throughout each voxel and the energy
deposition was tracked to create 3D dose-rate distributions. Cumulative absorbed dose was
then calculated by integrating the mean dose rate in each ROI.

CT-based contours of the tumor and normal organs of interest were used to quantify the /n
vivo concentration of NM600 over time (pharmacokinetics) and describe the spatial
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distribution of the absorbed dose imparted by 90Y-NM600 (dosimetry). This subject-specific
dosimetry platform has been implemented clinically as well to estimate the dosimetry of
radio-iodinated APCs (40-42).

A novel segmentation methodology was performed to estimate dosimetry in the brain tumor.
First, thresholding of the T1-weighted, gadolinium enhancement MRI images was used to
delineate the brain tumor. Next, a region-specific rigid image registration algorithm was
performed to align the MRI and CT images of the mouse brain. Then, the MRI-based brain
tumor contour was propagated onto the CT image volume to create a CT contour.

TRT Therapeutic Analyses

For 90Y-NM600 therapeutic studies, mice were injected with B78 melanoma cells in the
flank and allowed to grow tumors as for the ISV + anti-CTLA-4 regimen. B78 melanoma
cells (200,000) were injected intracranially on day —8. Day 1 was defined as start of ISV +
anti-CTLA-4 regimen, and 90Y-NM600 was administered on day 13. Taken together, 90Y-
NM600 was administered 21 days after B78 cell intracranial injection. This timing was
selected so that 90Y-NM600 delivery would be made at a time when melanoma brain tumor
burden matched that from dosimetry studies performed with 86Y-NM600 imaging. A single
dose of 3.7 MBq was i.v. injected via tail vein. The timing of ISV + anti-CTLA-4
administration for cohorts receiving that regimen was kept constant with other experiments
and delivered between treatment days 1-10. Mice were then monitored for survival as
described above. Upon survival end point of moribund status due to tumor burden, mice
were euthanized, and brains excised, grossly examined for presence of tumor, and fixed in
10% formalin. The radioisotope within the tissue was allowed time to reduce to background
(10 half-lives), at which time brains were processed for further analyses.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-fixed paraffin-embedded (FFPE)
samples. Antibodies used were: CD4 (mAb Rat 1gG1, kappa; clone 4SM95; eBioscience™
Inc., San Diego, CA, 1:500), CD8a (mAb Rat 1gG2a, lambda; clone 4SM15; eBioscience,
1:250), FOXP3 (mAb Rat 1gG2a, kappa; clone FIK-16S; eBioscience, 1:500), F4/80 (mAb
Rabbit 1gG; clone D2S9R; Cell Signaling Technology® Inc., Danvers, MA, 1:200). Standard
IHC methods were performed as described elsewhere (12, 43). All labeling was performed
with no primary antibody negative controls. A minimum of three random high-power fields
per tumor sample were quantified for positive labeling by a blinded observer, with serial
slides of H&E used to determine viable tumor areas. For F4/80 immunolabeling, individual
labeled cells were difficult to distinguish and therefore, percentage labeled area was
calculated using multiple color-balanced 20x fields and ImageJ “Color Deconvolution (H
DAB)” (National Institutes of Health, Bethesda, MD), followed by thresholding of the
deconvoluted DAB image (13). The multiple high-power fields were averaged for each
individual tumor sample (i.e., mouse) to achieve a single “n” for statistical purposes; results
were charted as mean + SE with data points representing individual mice (“n”).
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Flow Cytometry

qRT-PCR

Flow cytometry was used to analyze immune cell populations (12, 13, 44) in a minimum of
three samples in two independent animal studies. Dissected intracranial melanoma tumors
were physically dissociated and filtered through a 70-um cell filter. Single cells were labeled
with primary antibody. Cells without primary antibody labeling were used as unlabeled
negative controls; fluorescent beads (UltraComp eBeads'", Invitrogen™, Carlsbad, CA) were
used as positive/calibration controls and to determine compensation between fluorescent
channels. Forward- and side-scatter gating identified single cells and viable cell (Ghost
Dye™ Red 780 Viability Dye, 1:100; Tonbo Biosciences, San Diego, CA) exclusion
identified live cells. Fluorescence minus one (FMO) methodology was used to determine
gating. Flow cytometry was performed on an Attune NxT Flow Cytometer (Thermo Fisher
Scientific™ Inc., Waltham, MA), and compensation matrix computed and data analyzed
using FlowJo version 9 software (Ashland, OR) following published flow cytometry
guidelines (45).

Antibodies used were: CD4 (BV510, 1:400, clone RM4-5), CD8 (PerCP-cy5.5, 1:200, clone
53-6.7), FOXP3 (BV421, 1:100, clone MF-14), all acquired from BioLegend® Inc. (San
Diego, CA); and CD45 (PE-cy7, 1:200, clone 30-F11), CD3 (FITC, 1:200, clone 17A2),
both acquired from Tonbo Biosciences.

For analysis of tumor tissue, tumor samples were homogenized using a Bead Mill
Homogenizer (Bead Ruptor Elite; Omni International, Kennesaw, GA). Total RNA was
extracted after sample homogenization using RNeasy Mini Kit (QIAGEN®, Valencia, CA)
according to the manufacturer’s instructions. Extracted RNA was subjected to
complementary cDNA synthesis using QuantiTect Reverse Transcription Kit (QIAGEN)
according to the manufacturer’s instructions. TagMan® probes and TagMan Fast Advanced
Master Mix were purchased from Thermo Fisher Scientific and quantitative reverse
transcription polymerase chain reaction (QRT-PCR) performed according to manufacturer
protocol. The reaction (5 pl total volume) was prepared using Labcyte Echo® 550 and
Formulatrix® TEMPEST® liquid handling systems. Thermal cycling conditions
(QuantStudio™ 6, Applied Biosystems®, Carlsbad, CA) included the UNG incubation stage
at 50°C for 2 min, followed by polymerase activation stage at 95°C for 2 min followed by 40
cycles of each PCR step: (denaturation) 95°C for 1 s and (annealing/extension) 60°C for 20
s. For data analysis, the Ct values were exported to an Excel file and fold-change was
calculated using the DDCt method. Hprtwas used as endogenous control. The following
TagMan probes were used: MxZ (MmO00487796_m1), /fnb1 (Mm00439552_s1), Mhc-1/H2-
k1/H2-d1 (Mm04208017_mH), Pad-11/Ca274 (Mm03048248_m1), Nos2
(MmO00440502_m1) and ArgZ (Mm00475988_m1).

Tumor Cytokine Multiplex Immunoassay

Tumor weight was recorded and 5 pl/mg of Cell Lysis Buffer with PMSF (Cell Signaling
Technology) and Halt™ Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) were
added to the tumor. Tumors were homogenized in bead beater tubes, and the lysates were
stored at —80°C until use. A multiplex immunoassay was used to determine the
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concentration of 32 cytokines and chemokines in the tumor lysates (MILLIPLEX® MAP
Mouse Cytokine/Chemokine Magnetic Bead Panel, MilliporeSigma) following the
manufacturer’s instructions. The multiplex was read on the MAGPIX System
(MilliporeSigma), and the protein concentrations were interpolated from curves constructed
from the protein standards and their respective median fluorescence intensity (MFI) readings
(MILLIPLEX Analyst, MilliporeSigma). Log and Z-transformation of the data was
performed using SPSS® (IBM® Corp., Armonk, NY) and followed by unbiased hierarchical
clustering (clustering only cytokines or both animals and cytokines) using an on-line tool
[Next Generation Clustered Heat Maps (NG-CHM), MD Anderson Cancer Center,
University of Texas (Houston, TX), http://www.ngchm.net/; Euclidean distance metric and
Ward agglomeration] (46). The same experimental group, ISV + anti-CTLA-4, was used for
both multiplex immunoassay experiments.

Statistical Analyses

RESULTS

All results are displayed as mean + standard error (SE) of the mean, unless otherwise noted.
Survival curves were estimated using the Kaplan-Meier method; a log-rank pairwise
comparison test with Benjamini-Hochberg adjustment for 2 values was used to assess
multiple comparisons of overall survival between treatment groups. For the WBRT survival
experiment, a Cox proportional hazards regression model was fitted with ISV (0-no-ISV and
1-yes-ISV), WBRT (non-WBRT, WBRT-D1, WBRT-D15) and their interactions as fixed
effects. Time was calculated from date of treatment until death. Mice that were alive at a
predetermined time point were censored. Student’s #test was used for two-sample
comparisons in TRT experiment comparing brain versus flank tumor/normal tissue ratios.
Two-way ANOVA and Bonferroni’s method for P value adjustments were used for 2x 2
factorial designs to assess the multiple comparison among groups. < 0.05 was considered
significant and is indicated in the figures as: ***P < 0.001; **P< 0.01; *P< 0.05; NS: non-
significant (P= 0.05). Two-sample and multiple comparison analyses were performed using
IBM SPSS version 25 or GraphPad Prism version 8 software (La Jolla, CA); Cox regression
and survival analyses were performed using R version 4.0.2. All statistical tests were two-
sided.

Low-Dose Whole-Brain Irradiation Enhances ISV Effect against Brain Tumor Sites

To begin testing the hypothesis that the anti-tumor efficacy at a brain tumor site could be
enhanced by adding low-to-moderate-dose brain radiation to an ISV + anti-CTLA-4 regimen
when the ISV, which includes RT + IT-IC, was administered to an extracranial flank tumor,
we established a model of melanoma with brain metastases by engrafting “primary” B78
tumors on the right flank and 3—4 weeks later stereotactically injecting B78 tumor cells into
the right striatum of the brain to model micro-metastatic tumor. Mice received irradiation
(12 Gy, day 1), IC (hul14.18-1L2, 50 ug IT injected daily, days 6-10), and + anti-CTLA-4
(100 pg i.p. injected, days 3, 6 and 9) (12, 13). WBRT was administered as a single 4 Gy
fraction either on day 1 immediately after flank irradiation or on day 15 (Fig. 1A). Mice
were then monitored for survival. The 4 Gy radiation dose was selected because of its
expected safety and feasibility, given that this is a dose routinely delivered as a part of a
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standard clinical regimen of WBRT (4 Gy x 5 fractions) (25) and because this single-
fraction dose has previously been observed to enhance the propagation of an immune
response from a peripheral vaccination against a primary glioma tumor model (28). Non-
tumor-bearing mice receiving 4 Gy WBRT did not display significant differences in weight
or body condition score (47) up to 28 days, compared to untreated controls, suggesting no
acute toxicity of 4 Gy WBRT (Supplementary Fig. S1; https://doi.org/10.1667/
RADE-20-00237.1.S1).

Addition of 4 Gy WBRT significantly extended survival of mice receiving ISV + anti-
CTLA-4 compared to untreated, WBRT alone or ISV + anti-CTLA-4 only groups (n = 10, P
< 0.001; Fig. 1B). A 2-factorial Cox regression additionally confirmed that WBRT at day 15
conferred a significant effect when added to ISV + anti-CTLA-4 (Supplementary Table S1;
https://doi.org/10.1667/RADE-20-00237.1.S1). Monitoring of mice after day 60
demonstrated long-term cure of 1 of 10 mice receiving ISV + anti-CTLA-4 + day 15 WBRT,
with all other mice eventually dying from brain disease as confirmed by gross dissection at
euthanasia. The long-term surviving mouse also did not display any apparent toxicities or
gross behavioral changes, suggesting no significant long-term radiation toxicities from 4 Gy
WBRT. Importantly, the timing of WBRT administration was critical for efficacy.
Administration on day 1 (immediately after flank irradiation) showed no significant increase
in survival compared to when WBRT was delivered on day 15. Day 15 of ISV + anti-
CTLA-4 regimen approximates T-cell peak response (12, 27). This difference in timing of
WBRT efficacy implicates an immunotherapeutic mechanism and not direct tumor cell
killing because the latter effect would be expected to be more pronounced at an earlier time
point when WBRT was delivered to a considerably lower tumor burden. Notably, 4 Gy
WBRT alone delivered either day 1 or day 15 had minimal effect on survival when
compared to untreated mice and WBRT alone on day 1 trended towards greater effect
compared to WBRT alone on day 15. These observations support our hypothesis and suggest
that WBRT on day 15 enhanced response to ISV + anti-CTLA-4 by improving the
propagation of anti-tumor immunity to the brain tumor site.

Brain Tumor-Infiltrating Immune Cell Analyses after Addition of WBRT to ISV with + anti-

CTLA-4

To begin investigating immunologic mechanisms whereby WBRT might improve survival
when added on day 15 to our ISV + anti-CTLA-4 regimen, we analyzed T-cell responses to
WBRT with or without ISV + anti-CTLA-4 treatment using immunohistochemistry. We
have previously demonstrated a major role for T cells in extracranial as well as intracranial
melanoma response to ISV + anti-CTLA-4 (12, 13). Mice were injected with flank and
intracranial B78 tumors as above, received ISV + anti-CTLA-4 regimen and WBRT on day
15, and T-cell responses were then analyzed via immunohistochemistry at day 20 (5 days
after WBRT) (Fig. 2A). Increased numbers of cytotoxic CD8* T cells were seen with the
addition of WBRT to ISV + anti-CTLA-4 compared to all other groups [P< 0.05; n=9;
mean + SE CD8: Untreated: 39 £ 5.6 cells per 20x field; WBRT (day 15, 4 Gy): 42 £ 4.8;
ISV + anti-CTLA-4: 71 £ 13; WBRT + ISV + anti-CTLA-4: 88 + 13], but interestingly, no
effect was seen on FOXP3* regulatory T cells (Treg) (n = 9; mean + SE FOXP3: Untreated:
51 + 8.0 cells per 20x field; WBRT (day 15, 4 Gy): 44 + 6.4; ISV + anti-CTLA-4: 54 + 6.7;
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WBRT ISV + anti-CTLA-4: 48 + 8.4). Importantly, the ratio of CD8*+:FOXP3* T cells is a
powerful prognostic marker in clinical and preclinical studies of melanoma and other tumor
types, corresponding with the strength of adaptive anti-tumor immune response (8, 48-50).
We observed a significant increase in the CD8:FOXP3 ratio at the brain tumor site in mice
that received WBRT + ISV + anti-CTLA-4 compared to all other treatment groups [P < 0.05;
n=9; mean = SE; CD8/FOXP3 ratio: Untreated: 0.83 + 0.092; WBRT (day 15, 4 Gy): 1.0 =
0.11; ISV + anti-CTLA-4: 1.4 £ 0.18; WBRT + ISV + anti-CTLA-4: 1.90 + 0.10]. The
number of CD4* T cells was also increased with ISV + anti-CTLA-4 compared to untreated
and WBRT alone + groups, but remained similar with and without WBRT addition to ISV +
anti-CTLA-4 [n 2 9; mean = SE; CD4: Untreated: 51 + 7.3 cells per 20x field; WBRT (day
15,4 Gy): 63 £9.7; ISV + anti-CTLA-4: 110 6 17; WBRT ISV + anti-CTLA-4: 110 + 16].
Similar trends of increased CD8" T cells and CD8:FOXP3 ratio were found using flow
cytometry with and without WBRT added to the ISV + anti-CTLA-4 regimen
(Supplementary Fig. S2; https://doi.org/10.1667/RADE-20-00237.1.S1).

In previously published studies we demonstrated that Tregs can play a crucial role in
limiting the propagation of ISV at extracranial tumor sites and that transient depletion of
Tregs after ISV could lead to greater response at both ISV-targeted and distant extracranial
melanoma sites (27). Therefore, we tested whether depletion of Tregs would augment
response to ISV at a brain melanoma tumor site using the C57BL/6 “DEREG” mouse model
in which the diphtheria toxin (DT) receptor is expressed in FOXP3-expressing cells. This
model enables depletion of Tregs upon treatment with DT (13, 31). After DT injections on
days 1 and 2, on day 3 we observed ~50% knockdown of FOXP3* Tregs in spleen (***P <
0.001 by Student’s ¢test, n = 3 mice in a single animal experiment; mean + SE; untreated:
190 + 10 per 20x field, DT: 94 £ 24), consistent with our previously published work (13). In
contrast with our prior observations in B78 melanoma tumors outside the brain, but
consistent with our IHC and flow cytometry results above showing no effect of WBRT on
brain tumor-infiltrating Tregs despite improved anti-tumor response, we observed no
significant difference in survival among DEREG mice bearing both a flank and a brain
melanoma tumor when treated with DT alone, ISV (to the flank tumor) + anti-CTLA-4, or
DT + ISV + anti-CTLA-4 (Supplementary Fig. S2; https://doi.org/10.1667/
RADE-20-00237.1.S1). A slight increase in survival was observed with the addition of
WBRT compared to other treatment groups. Gross examination at euthanasia verified brain
tumor in all mice, suggesting no confounding effect of Treg depletion on autoimmunity and
subsequent mortality.

After cellular immune cell analyses using IHC and Treg depletion, molecular changes to
tumor cell expression of markers of susceptibility to immune response in standard mice were
tested using gRT-PCR. Increased activation of type 1 IFN response in WBRT with ISV +
anti-CTLA-4 regimen was detected through increased MxZ gene expression, as well as
increases in Mhc-1and Pd-/1, compared to untreated controls (Fig. 2B). The type 1 IFN
response gene /fnb1 was also increased in WBRT with ISV + anti-CTLA-4 regimen but did
not achieve significance (Supplementary Fig. S2; https://doi.org/10.1667/
RADE-20-00237.1.S1). Previously published work by us as well as others has demonstrated
that activation of a type 1 IFN response via the stimulator of interferon genes (STING)
pathway by radiation is critical to enhancing anti-tumor immune response (26, 51).
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Tumor-infiltrating monocytes/macrophages have been shown to be prognostic in melanoma
patients treated with immunotherapies (52, 53) and radiation is known to stimulate tumor
infiltration by monocyte and myeloid lineages (54-57). To begin evaluating the effect of
WBRT on tumor-infiltrating monocytes/macrophages in brain melanoma tumors of mice
treated with ISV + anti-CTLA-4, we performed immunohistochemistry for the monocyte/
macrophage marker F4/80 on brains from mice euthanized at day 20 after treatment
initiation. F4/80* cells were evident in the melanoma brain tumor for all treatment groups
(Fig. 3A). Significantly increased F4/80 cell immunolabeling was observed in melanoma
brain metastases for mice that received ISV + anti-CTLA-4 and WBRT + ISV + anti-
CTLA-4, compared to untreated and WBRT only controls [Fig. 3B, < 0.05; n = 9; mean +
SE; percentage area of 20x field labeling: Untreated: 25 + 2.6%; WBRT (day 15, 4 Gy): 33
+1.9; ISV + anti-CTLA-4: 39 + 3.1; WBRT + ISV + anti-CTLA-4: 45 + 3.4]. We then
analyzed the expression of immune-stimulatory Aos2and suppressive ArgZ in the tumor
microenvironment using gRT-PCR. Each was significantly upregulated in the WBRT + ISV
+ anti-CTLA-4 treatment group compared to the untreated and WBRT alone groups and
Arglwas also upregulated compared to the ISV + anti-CTLA-4 treatment group (Fig. 3C).
Notably, Nos2 +expression is associated with “M1” phenotype anti-tumor macrophages/
microglia while ArgZ is associated with the “M2” immune-suppressive phenotype (14).
These observations demonstrate that combining low-dose radiation with ISV + anti-CTLA-4
increases the infiltration of macrophages into a melanoma tumor in the brain and suggest
that this effect may be manifest among both M1 and M2 macrophages.

Cytokine/Chemokine Profiling of Melanoma Brain Tumor after WBRT with ISV and anti-

CTLA-4

Using tumor fragments from mice euthanized at day 20 after treatment initiation, we
analyzed the production of cytokines and chemokines in the microenvironment of brain
tumors treated with ISV + anti-CTLA-4 with or without WBRT, and controls. A multiplex
cytokine immunoassay was performed, and unbiased hierarchal clustering used to sort
tumors based on detected levels of cytokines/chemokines. Within melanoma brain
metastases, all four treatment groups clustered, with strong distinctions observed between
mice receiving WBRT and those not receiving WBRT as well as between those receiving
ISV + anti-CTLA-4 and those not receiving ISV + anti-CTLA-4 (Fig. 4A). Significant
changes were noted in pro-inflammatory (e.g., IFN-y, TNFa, LIX/CXCLS5) and suppressive
(e.g., IL10, IL13) cytokines as well as chemokines (e.g., IP-10/CXCL10, and MIG/CXCL9)
(Fig. 4C). Intriguingly, despite very limited efficacy in prolonging survival or delaying
intracranial tumor progression, ISV + anti-CTLA-4 resulted in potent inflammatory changes
within the melanoma brain tumor microenvironment, providing evidence that the systemic
immune response to this regimen was in fact propagated to the brain tumor site but was
rendered ineffective in this location. In contrast, in normal brain from the contralateral
striatum cytokine profiles of untreated and ISV + anti-CTLA-4-treated mice did not
consistently separate in clustering analysis (Fig. 4B). This is consistent with the
development of a tumor-specific response to ISV + anti-CTLA-4.

Within the brain tumor microenvironment, the expression of most cytokines/chemokines,
both proinflammatory and suppressive alike, were reduced 5 days after the addition of
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WBRT to ISV + anti-CTLA-4 (i.e., z-score < 0) (Fig. 4A). This contrasts with the pro-
inflammatory effects that are more commonly observed after irradiation of melanoma or
other tumor types in extracranial locations (58). One notable exception to this observation
was CXCLS5 (Fig. 4C), which was consistently upregulated in melanoma brain tumors after
WBRT and extracranial delivery of ISV + anti-CTLA-4. This may suggest a critical role of
CXCLS5 in the metastatic melanoma brain tumor microenvironment. In addition, compared
to ISV + anti-CTLA-4, the combination of WBRT + ISV + anti-CTLA-4 significantly
reduced the expression of pro-inflammatory IFNy and TNFa, chemokines IP-10/CXCL10
and MIG/CXCLD9, as well as immune-suppressive IL13 in melanoma brain metastases (Fig.
4C). These observations demonstrate clear immunomodulatory effects of 4 Gy WBRT in
modifying the intracranial immune response to ISV + anti-CTLA-4 and correlate with
enhanced tumor control and survival with this combined treatment regimen.

A distinct pattern of chemokine/cytokine expression was also observed for samples taken
from contralateral normal brain between those receiving WBRT (WBRT only, WBRT + ISV
+ anti-CTLA-4) and those not receiving WBRT (untreated, ISV + anti-CTLA-4) (Fig. 4B).
Significant differences were observed in the concentrations of several immune-stimulatory
cytokines in normal brain with addition of WBRT such as changes in pro-inflammatory
IFN-y, TNFa and IL2, immune-suppressive 1L10 and IL13, and chemokines IP-10/CXCL10
and MIG/CXCL9 (Fig. 4B and D). These observations illustrate the distinct effects of
WBRT in the brain tumor microenvironment and the normal brain and point to the potential
for toxicity to be modified by unintended immune-mediated effects of WBRT when
delivered in combination with immunotherapy.

86Y-NM600 Imaging/Dosimetry and 90Y-NM600 Therapy to Immunomodulate Tumor in Brain

To reduce radiation effects in normal brain while still enabling immunomodulation of
metastatic brain tumor microenvironments including sites that are radiographically occult
and not individually targetable by external beam radiation, we tested the capacity of a
targeted radionuclide therapeutic (TRT), NM600, to specifically accumulate in a melanoma
tumor in the brain and deliver therapeutic radiation. NM600 is an alkylphosphocholine metal
chelate which features the DOTA chelator that is selectively taken up and retained in a
variety of murine and human tumor types (35, 37, 59). For imaging and dosimetry,
86yttrium (Y) was first radiochemically chelated to NM600 as described elsewhere (35, 59)
and then injected into mice harboring both flank and brain melanoma (brain metastasis)
tumors, verified visually or by MRI, respectively. Serial PET/CT imaging at 2, 24, 48 and 72
h after 86Y-NM600 injection was then used to evaluate longitudinal uptake and retention in
the brain and flank melanoma tumors. PET imaging showed specific uptake and continued
retention of NM600 in melanoma (Fig. 5A and B). Increased NM600 signal was observed in
melanoma brain tumors compared to normal brain at all tested time points (Fig. 5B). Tumor
and normal tissue were collected at 72 h and analyzed via gamma counting. High tumor-to-
normal tissue (brain for brain tumor and muscle for flank tumor) ratios were measured at
both melanoma sites (Fig. 5C, n = 4, mean + SE; intracranial: 12 + 5.5; extracranial: 8.1 +
1.7). On the basis of serial 8Y-NM600 PET/CT imaging, we performed Monte Carlo
dosimetry calculations (35) to determine the dose of radiation delivered to brain tumor, flank
tumor and normal brain as injected dose of activity per tissue mass in grams (%ID/g, Fig.
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5B). Calculated total absorbed doses for melanoma tumors in brain were near 2-fold
increased over normal brain and ~75% of the dose concurrently delivered to a comparable
melanoma flank tumor (Fig. 5D).

In a proof-of-principle study, we tested the potential of 29Y-NM600 to modify the
propagation of an anti-tumor response at intracranial tumor sites when combined with an
ISV + anti-CTLA-4 regimen against a flank tumor. For these experiments, mice bearing B78
melanoma brain and flank tumors were injected with an activity of ®0Y-NM600 that was
determined from our dosimetry studies (Fig. 5A-D) to deliver 4 Gy to the melanoma brain
tumor. 99Y-NM600 was injected on treatment day 13 to mimic the timing of radiation
delivery relative to that above with WBRT on treatment day 15, accounting for the more
prolonged delivery of radiation from a TRT source. Immunohistochemical analysis of
melanoma brain tumors demonstrated increases in CD8* T-cell infiltration and CD8:FOXP3
ratio with the addition of 90Y-NM600 to ISV + anti-CTLA-4, with similar trends to those
observed after addition of WBRT to ISV + anti-CTLA-4 (Fig. 5E). To determine whether
TRT could immunomodulate a tumor microenvironment in the brain, we again analyzed
cytokine levels in B78 melanoma brain tumors using a multiplex cytokine immunoassay
(Fig. 5F). Cytokine profiles in melanoma brain tumors treated with TRT in combination with
ISV + anti-CTLA-4 were notable for a broad reduction in the levels of nearly all evaluated
peptides compared to brain tumors from ISV + anti-CTLA-4-treated mice (Fig. 5F), similar
to the effects we observed at this location with the addition of WBRT to this immunotherapy
regimen (Fig. 4A). When cytokine concentrations were plotted relative to ISV + anti-
CTLA-4 treated mice, addition of either TRT or WBRT similarly affected IFN-y, TNFa.,
LIX/CXCLS5, IL2, IP-10/CXCL10, MIG/CXCLSY, IL10 and 1L13 (Fig. 5F). Analyzing
contralateral normal brain, mice receiving TRT with and without ISV + anti-CTLA-4 did not
cluster closely and IFN-y was significantly reduced compared to WBRT + ISV + anti-
CTLA-4 (Supplementary Fig. S3; https://doi.org/10.1667/RADE-20-00237.1.S1). Overall,
these findings support our hypothesis that using TRT, as compared to WBRT, could reduce
off-target immunologic effects in normal brain parenchyma, while still achieving
immunomodulation of tumor microenvironments in the brain.

DISCUSSION

In this study, we tested whether the addition of low-to-moderate-dose radiation (4 Gy x 1
fraction) could potentiate the propagation of anti-tumor immunity against melanoma tumors
in the brain after an ISV + anti-CTLA-4 treatment regimen in which ISV targeted a
melanoma tumor outside the brain. For this, we used an immunologically “cold” B78 murine
model of melanoma that does not respond to immune checkpoint blockade alone (12). Using
this same tumor model, we have previously observed that our ISV + anti-CTLA-4 regimen,
which effectively eliminates primary flank tumors and extracranial secondary tumors (12),
has minimal efficacy against melanoma tumors in the brain (13). We report here that low-
dose WBRT significantly extended survival of mice harboring intracranial melanoma when
combined with ISV + anti-CTLA-4, compared to ISV + anti-CTLA-4 alone or WBRT alone.

Intriguingly, the timing of WBRT administration was critical to this therapeutic interaction.
Radiation delivered to brain concurrent with flank irradiation on day 1 of the ISV + anti-
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CTLA-4 regimen resulted in no additional survival benefit, whereas WBRT delivered on
treatment day 15 significantly extended survival compared to ISV + anti-CTLA-4 (Fig. 1B).
As WBRT on day 1 did not significantly extend survival in mice harboring intracranial
melanoma, it is unlikely that cytotoxic anti-tumor effects of radiation played a major role in
survival extension because these effects would be expected to have greater impact against a
smaller burden of disease on treatment day 1 compared to treatment day 15. Day 15 WBRT
corresponds to 5 days after completion of the ISV + anti-CTLA-4 regimen, a time at which
we have previously observed the approximate peak day of T-cell response at the ISV-
targeted tumor (12, 27). These survival data suggest a beneficial immune-modulatory role of
4 Gy WBRT that is not directly attributed to a cytotoxic tumor cell killing effect but rather to
an immunomodulatory effect that modifies the propagation of an ISV effect against tumor
sites in the brain.

In future studies it will be valuable to further explore these time-dependent effects of
radiation on the propagation of anti-tumor immune response in the brain. In previously
reported studies developing our ISV regimen, we similarly 006Fbserved a critical link
between anti-tumor immune response and the timing of immunotherapy with a delayed
interval between irradiation and immunotherapy more effective than concurrent treatment in
that setting as well (12). These observations attest to the importance of temporal studies
evaluating the time course of immunologic effects of radiation, as these appear to be critical
to optimizing the integration of radiation therapies with immunotherapies. For example, we
and others have previously reported time-dependent effects of radiation on the expression of
tumor cell MHC1 and other immune-susceptibility markers and on infiltration of an
irradiated tumor by Tregs (27, 51). In pilot studies, where WBRT was administered on
treatment day 7 (data not shown), the effect of WBRT on survival in mice treated with ISV +
anti-CTLA-4 appeared to be intermediate between that observed with WBRT on treatment
day 1 and day 15. Follow-up studies may more precisely determine the optimal timing of
WBRT after an extracranial ISV.

We have investigated the mechanisms whereby WBRT enhances survival in mice bearing
brain melanoma tumors and treated with ISV + anti-CTLA-4. Tumor infiltration by T cells
as well as monocytes/macrophages and myeloid cell lineages were quantified, and we
observed an effect of ISV + anti-CTLA-4 with and without WBRT in enhancing the ratio of
tumor-infiltrating CD8*:FOXP3* T cells. However, no significant changes were detected
when comparing WBRT + ISV + anti-CTLA-4 to the ISV + anti-CTLA-4 regimen alone. To
evaluate the necessity of tumor-infiltrating Tregs to the limited response of B78 melanoma
tumors in the brain to the ISV + anti-CTLA-4 regimen, we used the “DEREG” mouse model
to deplete Tregs by repeated DT injections (13, 31). Surprisingly, in mice harboring
intracranial melanoma, Treg depletion exhibited no survival benefit (Supplementary Fig. S2;
https://doi.org/10.1667/RADE-20-00237.1.S1). This contrasts with previously published
studies in extracranial murine melanoma models, which demonstrated a marked effect of
Treg depletion on the propagation of anti-tumor immune response (27). Our results here
suggest that Tregs are not a dominant suppressive mechanism in the B78 melanoma brain
tumor model and that additional radiation-sensitive, Treg-independent suppressive factors in
this melanoma brain tumor microenvironment limit propagation of ISV to intracranial sites.
Overall, our evaluation of T-cell tumor infiltration in this study underscores the differences
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in immunotherapeutic responses seen in intracranial and extracranial melanoma tumors and
suggests that the effect of WBRT on the CD8:Treg ratio is a marker but not a driver of
enhanced response at brain tumor locations.

We also quantified macrophage infiltration into melanoma brain tumors and found increases
among mice treated with ISV + anti-CTLA-4 with and without WBRT (Fig. 3). The
increased macrophage numbers were not surprising, as we have previously shown that ISV +
anti-CTLA-4 administered to a melanoma tumor outside the brain can increase F4/80*
macrophages in brain metastases (13), and brain irradiation is known to recruit peripheral
macrophages as well (60). However, the role these macrophages played in anti-tumor
efficacy of ISV + anti-CTLA-4 and WBRT remains to be determined. PCR analyses
demonstrated increased expression in the melanoma brain tumor microenvironment of both
the anti-tumor M1 macrophage marker AosZ and the immune-suppressive M2 macrophage
marker Argl. Similarly, cytokines driving an “M1” phenotype such as TNFa and IFN-y were
reduced with addition of WBRT to ISV + anti-CTLA-4 as well as cytokines driving an “M2”
phenotype such as IL13. Therefore, it will be critical in future studies to elucidate whether
and how tumor-infiltrating macrophages in this and other brain tumor models are
contributing to anti-tumor immune response or to local immune suppression. These studies
will be aided by new biomarkers that enable delineation of endogenous brain microglia and
tumor-infiltrating macrophages as recently published studies suggest diverging roles for
these related cell populations (60). In such future studies it will be valuable to also evaluate
the roles of CD8 T cells and myeloid-derived suppressor cells (MDSCs) in eliciting and
modulating anti-tumor immune response against tumors in the brain.

Examination of cytokines in the B78 melanoma brain tumor microenvironment revealed
differences after treatment with ISV + anti-CTLA-4 with and without WBRT (Fig. 4). The
single cytokine increased in the B78 brain melanoma tumor microenvironment with addition
of WBRT was LIX/CXCL5. CXCLS5 has been shown to exert various effects on tumor
growth, microenvironment and metastases, some of which include recruitment of CD8 T
cells to tumor site (61). However, in other cancers, recruitment of MDSCs by CXCLS5 has
mainly pro-tumor effects through inducing angiogenesis and promoting tumor cell growth
(62). Further studies are now warranted to investigate the relevance of CXCL5 in the
melanoma brain metastatic environment and to evaluate its effects on anti-tumor immunity
in this context. Surprisingly, 30 of 32 cytokines exhibited decreased expression in the B78
melanoma brain tumor with the addition of WBRT to ISV + anti-CTLA-4. These included
pro-inflammatory cytokines such as IFNvy (although not significantly different) (14, 63) and
IL12, suppressive cytokines such as IL10 (64), and CD8 T-cell recruitment chemokines such
as IP-10/CXCL10 and MIG/CXCL9 (62). General cytokine reduction via low-dose WBRT,
when combined with ISV + anti-CTLA-4 or other immunotherapies, could affect the
potential for tumor response by modifying the inflammatory response produced by
immunotherapies at tumors in the brain (65-68).

Cytokine production in contralateral normal brain tissue was also altered by WBRT with and
without ISV + anti-CTLA-4. Notable among these were pro-inflammatory cytokines (IFN-y
and TNFa), myeloid lineage cell chemo-attractants (GM-CSF, non-significant trend towards
an increase), and modifiers of immune cell activation and macrophage polarization (e.g.,
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RANTES/CCL5 and MIP-1b) (14, 69-72). These results raise the possibility that immune
modulation by WBRT may be mediated in part through effects in the non-tumor surrounding
tissue, which could implicate resident brain cells such as reactive astrocytes and microglia
(14, 63). In preclinical glioma models, radiation was used to repolarize macrophages against
tumor cells resulting in increased survival (73). In this study, we have not identified which
specific cells are producing specific cytokines; however, in future studies single-cell RNA
sequencing or single-cell proteomic profiling could be used to clarify the source of these
complex immunologic changes in the brain tissue and brain tumor microenvironment.

Our results are consistent with previously published studies showing that radiation to the
whole brain, even at low doses, can induce inflammatory responses (66—68). It is possible
that activation of such mechanisms in settings where immunotherapy is also being employed
may modify not only tumor response but also the risks for toxicity in normal brain. We did
not observe any evidence of treatment-related toxicity in this study, although further studies
will be needed to evaluate potential late effects, which could occur months or years after
treatment. Toxicities of WBRT have been well described in many preclinical models (74) as
well as in humans clinically (25). However, the single fraction of 4 Gy WBRT delivered in
this study is generally well tolerated by cancer patients and is below the threshold for many
radiation-induced acute and late toxicities.

To limit the potential risk from even low-dose radiation, we tested the delivery of radiation
to brain melanoma tumor sites using a TRT. The alkylphosphocholine analog, NM600, has
shown tumor-specific uptake, long-term retention and therapeutic potential in a multitude of
cancer types (35, 37, 59, 75). Using 86Y-NM®600 for PET/CT imaging, we demonstrated
specific accumulation in intracranial B78 melanoma tumors with very low accumulation in
normal brain (Fig. 5). Using radiotherapeutic %0Y-NM600, we demonstrated that TRT can
modulate T-cell infiltration and cytokine production within brain melanoma tumors (Fig. 5E
and F). Interestingly, TRT in addition to ISV + anti-CTLA-4 decreased macrophages in the
melanoma brain tumor environment compared to ISV + anti-CTLA-4 alone, in contrast to
WBRT + ISV + anti-CTLA-4 (Figs. 3B and 5E). The effects of this difference in
macrophage recruitment between TRT and WBRT will need to be elucidated in future
studies. As expected from the tumor-selective delivery of radiation by NM600, cytokine
production in contralateral normal brain tissue was less affected by TRT compared to WBRT
(Supplementary Fig. S3; https://doi.org/10.1667/RADE-20-00237.1.S1). This is exemplified
by the pro-inflammatory IFN-y, which was elevated in normal brain tissue with the addition
of WBRT to ISV + anti-CTLA-4 but unaffected or slightly decreased when TRT was added
to ISV + anti-CTLA-4.

We present the use of 90Y-NM600 TRT for brain tumor immunomodulation here as a proof-
of-concept. Additional studies will be needed to optimize this therapeutic approach. For
example, the dose, half-life, range and linear energy transfer of radiation emitted from TRT
sources may each impact the immune-modulatory effects of these agents. Here we
demonstrate an effect of TRT on the functional immunogenicity of a tumor
microenvironment through T-cell infiltration and tumor cytokine profiling. In future studies,
it will be valuable to evaluate the capacity of TRT agents to augment the propagation of anti-
tumor immune response at tumors in the brain and to improve survival in models and
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clinical settings of brain tumors. It will be intriguing to perform comparative studies using
distinct radionuclides and TRT vectors to develop a more fundamental mechanistic
understanding of the interaction between TRT and the brain tumor immune
microenvironment. As these approaches are tested in clinical contexts, we expect that the
therapeutic window for TRT will be greater than that in mice, as the spatial distribution of
dose from TRT sources to tumor and normal brain should be favorably influenced by the
differences in size scale between mice and humans.

Several limitations and caveats should be noted in the current study. Only a single fraction of
WBRT (4 Gy x 1) and a single dose and type of TRT were studied because our objective
was to determine whether immunomodulatory effects of radiation could be observed in a
brain tumor and to begin comparing effects of equal-dose WBRT and TRT in this setting.
Performing dosimetry on small tumors such as these mouse brain tumors is challenging
because of partial-volume effects, and uncertainty exists in dose calculations. Nevertheless,
toward estimating uncertainty, injected dose per gram at 72 h calculated using PET (2.62 +
0.77 %ID/g) agreed relatively well with ex vivotissue analysis (1.94 + 0.93 %ID/g). In
addition, because of our desire to evaluate immunologic effects, these studies were
performed exclusively in a syngeneic murine tumor model. Further validation of our
findings in human metastatic and primary brain tumors will require clinical studies. Because
the radiosensitivity of murine and human cells can vary and because cross-species variations
in the immunologic effects of radiation have not been clarified for either external beam
radiation or TRT, it is possible that differences will be observed between our preclinical
studies in mice and future clinical studies combining TRT and immunotherapies for
treatment of brain metastases. In our evaluation of the immunologic effects of radiation on
the melanoma brain tumor microenvironment, we used only a single time point. This timing
was selected based on our past studies in which this time point corresponded with maximal
T-cell infiltration at the extracranial tumor targeted by our ISV regimen (12, 27). However,
the timing of immune response at an intracranial tumor site may not directly correspond
with that at a flank tumor targeted by ISV. Indeed, results described here and elsewhere (13)
underscore the differences between the adaptive anti-tumor response at extracranial and
brain melanoma tumors. In future studies, it will be valuable to further interrogate the time
course of changes in tumor cell immune susceptibility, tumor infiltration by immune cells,
and the secretion of inflammatory and suppressive cytokines/chemokines in the metastatic
brain tumor microenvironment after radiation therapy.

CONCLUSIONS

Our results indicated that low-to-moderate-dose whole-brain radiation treatment or targeted
radionuclide therapy can potentiate immunotherapeutic response in a melanoma tumor in the
brain when combined with immune checkpoint blockade and an ISV regimen delivered to a
tumor outside the brain. These data suggest possible ways to utilize low-dose radiotherapy to
enhance response to immunotherapies in brain metastases and potentially for primary brain
tumors. Further optimization of radiotherapeutic dose and delivery will be required, along
with the investigation of additional treatment combinations, to achieve our goal of
developing a treatment approach that consistently enables curative response for metastatic
immunologically “cold” tumors at any location.
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FIG. 1.

Panel A: Experimental timeline for addition of low-to-moderate-dose whole-brain radiation
treatment (WBRT) to /n situ vaccination (ISV) + anti-CTLA-4 (a-CTLA-4) regimen. The
ISV approach includes radiation and IT-IC. Panel B: Survival curve for mice receiving
WBRT in addition to ISV + anti-CTLA-4 regimen, and treatment controls (**£< 0.01, ***P
< 0.001, Kaplan-Meier, n = 10, at least two independent animal experiments).
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FIG. 2.
Panel A: Immunohistochemistry for T-cell markers 5 days after WBRT [4 Gy x 1,

administered on day 20 of /n situvaccine (ISV) + anti-CTLA-4 (a-CTLA-4) regimen]
compared to those of untreated and single-treatment controls (brown = positive
immunolabeling), and quantified [***/P< 0.001, **~< 0.01, *P< 0.05, mean * SE with
marker representing each individual mouse (i.e., average of 3 high-powered fields), ANOVA
with post hoc Bonferroni, n = 9 in at least 2 independent animal experiments]. Panel B: gRT-
PCR analysis for expression of tumor immune-susceptibility genes MxI, Mhc and Pd-/1in
melanoma brain tumors of standard mice at 5 days after WBRT + ISV + anti-CTLA-4,
compared to those of single-treatment and untreated controls (**P< 0.01, *£< 0.05, shown
as fold-change increase from untreated controls, mean £ SE, ANOVA with post hoc
Bonferroni, n = 8 in at least two independent animal experiments).
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FIG. 3.
Panel A: Whole brain and photomicrographs for monocyte/macrophage marker F4/80 at 5

days after WBRT (4 Gy x 1, administered on day 20 of ISV + anti-CTLA-4 regimen)
compared to untreated and single-treatment controls (dotted line = tumor area determined by
serial H&E slides; brown = positive immunolabeling), and (panel B) quantified [***P <
0.001, *P< 0.05, mean £ SE with marker representing each individual mouse (i.e., average
of 3 high-powered fields), ANOVA with post hoc Bonferroni, n > 9, at least two independent
animal experiments]. Panel C: qRT-PCR analysis for expression of immune-stimulatory
Nos2and -suppressive Arg in melanoma brain tumors at 5 days after WBRT + ISV + anti-
CTLA-4, compared to single-treatment and untreated controls (**~< 0.01, *P< 0.05,
shown as fold-change increase from untreated controls, mean + SE, ANOVA with post hoc
Bonferroni, n = 8 in at least two independent animal experiments).
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FIG. 4.

a-CTLA-4 +0-CTLA-4

a-CTLA-4 +a-CTLA-4

Panel A: Heatmap of cytokines/chemokines analyzed via multiplex immunoassay
hierarchically clustered by treatment for both melanoma brain tumors and contralateral
normal brain, respectively, in mice that received WBRT + ISV + anti-CTLA-4 regimen and
treatment controls (z-scores; n =5 mice in a single animal experiment). Panels C and D:
Concentrations of individual cytokines/chemokines for both melanoma brain tumors and
contralateral normal brain, respectively, in mice receiving WBRT ISV + anti-CTLA-4
regimen and treatment controls (***P< 0.001, **P< 0.01, *~< 0.05, mean + SE, ANOVA
with post hoc Bonferroni, n=5 in a single animal experiment).
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FIG. 5.
Panel A: MRI (T1 with gadolinium contrast) was used to verify presence of melanoma brain

metastasis (arrow). 86Y-NM600 was then injected and imaged longitudinally using PET/CT
imaging, and at 49 h after injection, demonstrated selective uptake into both brain metastasis
and flank melanoma tumors (%ID/g = percentage injected dose per gram; arrow indicates
tumor; secondary signal in flank is likely hepatobiliary/fecal). Panel B: 86Y-NM600 uptake
and retention up to 72 h demonstrated increased drug uptake in melanoma brain metastasis
and flank tumors compared to normal brain (mean + SE, n = 4 in a single animal
experiment). Panel C: Ex vivo gamma counts of tissue at 72 h showed similar tumor/normal
ratios comparing melanoma brain metastasis to flank tumors (mean £ SE, n = 4 in a single
animal experiment). Panel D: Monte Carlo dosimetry calculations were performed to
determine the dose of radiation (Gy/MBq) delivered to melanoma brain metastasis and flank
tumor, and normal brain (mean * SE, with each dot representing an individual mouse, *P <
0.05, ANOVA with post hoc Bonferroni, n = 4 in a single animal experiment). Panel E:
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Quantified immunohistochemistry for T-cell markers after administration of targeted
radionuclide therapy (TRT) 90Y-NM600 with and without ISV + anti-CTLA-4 regimen, with
samples taken at euthanasia for survival end point and compared to untreated controls [** P
<0.01, *P<0.05, mean £ SE with marker representing each individual mouse (i.e., average
of 3 high-powered fields), ANOVA with post hoc Bonferroni, n = 4 in a single animal
experiment]. Panel F: Heatmap of cytokines/chemokines analyzed via multiplex
immunoassay for melanoma brain metastases in mice treated with TRT 90Y-NM600 with
and without ISV+ anti-CTLA-4 regimen (z-scores; n = 5 mice in a single animal
experiment). Concentrations of cytokines/chemokines in mice treated with TRT 9Y-NM600
or WBRT with ISV+ anti-CTLA-4 regimen, plotted relative to ISV + anti-CTLA-4 regimen
alone (**P<0.01, *P<0.05, mean + SE, ANOVA with post hoc Bonferroni,n=5in a
single animal experiment).
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