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ABSTRACT

Background The antitumor effects of external beam
radiation therapy (EBRT) are mediated, in part, by an
immune response. We have reported that a single fraction
of 12 Gy EBRT combined with intratumoral anti-GD2
hu14.18-IL2 immunocytokine (IC) generates an effective
in situ vaccine (ISV) against GD2-positive murine tumors.
This ISV is effective in eradicating single tumors with
sustained immune memory; however, it does not generate
an adequate abscopal response against macroscopic
distant tumors. Given the immune-stimulatory capacity of
radiation therapy (RT), we hypothesized that delivering RT
to all sites of disease would augment systemic antitumor
responses to ISV.

Methods We used a syngeneic B78 murine melanoma
model consisting of a ‘primary’ flank tumor and a
contralateral smaller ‘secondary’ flank tumor, treated with
12 Gy EBRT and intratumoral IC immunotherapy to the
primary and additional EBRT to the secondary tumor. As a
means of delivering RT to all sites of disease, both known
and occult, we also used a novel alkylphosphocholine
analog, NM600, conjugated to *°Y as a targeted
radionuclide therapy (TRT). Tumor growth, overall survival,
and cause of death were measured. Flow cytometry was
used to evaluate immune population changes in both
tumors.

Results Abscopal effects of local ISV were amplified by
delivering as little as 2—6 Gy of EBRT to the secondary
tumor. When the primary tumor ISV regimen was delivered
in mice receiving 12 Gy EBRT to the secondary tumor, we
observed improved overall survival and more disease-free
mice with immune memory compared with either ISV

or 12 Gy EBRT alone. Similarly, TRT combined with ISV
resulted in improved overall survival and a trend towards
reduced tumor growth rates when compared with either
treatment alone. Using flow cytometry, we identified an
influx of CD8* T cells with a less exhausted phenotype in
both the ISV-targeted primary and the distant secondary
tumor following the combination of secondary tumor EBRT
or TRT with primary tumor ISV.

Conclusions We report a novel use for low-dose RT, not
as a direct antitumor modality but as an immunomodulator
capable of driving and expanding antitumor immunity
against metastatic tumor sites following ISV.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Radiation therapy (RT), including targeted radionu-
clide therapy (TRT), is capable of altering the tumor
immune microenvironment and in preclinical stud-
ies this improves responses to systemically admin-
istered immunotherapies like immune checkpoint
inhibition. Whether and how RT may improve sys-
temic propagation of antitumor immunity following a
locally directed (eg, intratumoral) immunotherapy in
the setting of metastatic disease is unknown.

WHAT THIS STUDY ADDS

= External beam radiation doses as low as 2 Gy deliv-
ered to distant macroscopic tumors and TRT doses
as low as 4-6 Gy enhance the propagation of anti-
tumor immunity when combined with an in situ vac-
cination regimen that targets a single-tumor site in
murine models of metastatic melanoma. This results
in improved survival and enhanced effector immune
cell infiltrate at distant tumors not directly targeted
by in situ vaccination.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study supports growing evidence that tumor
sites in settings of metastatic disease have the ca-
pacity to influence the immune response at other
tumor sites and demonstrates that delivering low-
dose radiation to this collective tumor immune
microenvironment is an effective strategy for en-
hancing the propagation of antitumor effects that
arise following a locally directed in situ vaccine reg-
imen at one tumor site.

INTRODUCTION

In situ vaccination (ISV) is a therapeutic
strategy that aims to turn a tumor into a focus
for stimulation of an adaptive antitumor
immune response, turning that patient’s
own tumor into a personalized anticancer
vaccine.! Radiation therapy (RT), including
external beam radiation therapy (EBRT),
has been shown to drive an ISV effect,Q_4 and

BM)

Carlson PM, et al. J Immunother Cancer 2023;11:6005463. doi:10.1136/jitc-2022-005463 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0003-1908-7233
http://orcid.org/0000-0002-8328-746X
http://orcid.org/0000-0003-1175-4062
http://orcid.org/0000-0001-5288-8214
http://orcid.org/0000-0002-9349-4534
http://orcid.org/0000-0002-2686-9500
http://orcid.org/0000-0002-0981-8875
http://orcid.org/0000-0001-5558-3547
http://dx.doi.org/10.1136/jitc-2022-005463
http://dx.doi.org/10.1136/jitc-2022-005463
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2022-005463&domain=pdf&date_stamp=2023-01-13

this may be augmented when combined with additional
immunotherapies.” This may be accomplished through
elimination of suppressive immune cell lineages, upreg-
ulating major histocompatibility complex type 1 and
natural killer (NK) group 2D ligand expression, elic-
iting type I interferon (IFN) responses through cyclic
GMP-AMP synthase (cGAS) stimulator of interferon
genes (STING) pathway activation, and stimulating
local cytokine release and endothelial cell changes that
enhance tumor infiltration by immune cells.” '*'* These
mechanisms have been shown in preclinical and clinical
studies to result in enhanced neoantigen recognition
and T-cell diversification, consistent with an ISV effect.®
EBRT can enhance efficacy of a variety of immunother-
apies including immune checkpoint blockade, toll-like
receptor agonists, oncolytic viruses, and cytokine thera-
pies.””” Immunostimulatory EBRT in doses of 8-12 Gy
may be particularly beneficial in poorly immunogenic
tumors characterized by low tumor mutational burden,
low T-cell infiltrate, and limited response to standard
immunotherapies.'’

Clinical data indicate that the abscopal effects of RT
alone are weak and rarely manifest as systemic antitumor
responses.'® Abscopal effects may be observed more
frequently when EBRT is combined with immune check-
point blockade, but clinical results have been mixed."
Most patients require additional intervention beyond
EBRT to one site alone to mount an effective systemic
immune-mediated antitumor response.'” *> Our group
has developed an enhanced RT-based ISV approach
consisting of local EBRT combined with an intratumoral
injection of the hul4.18IL2 immunocytokine (IC).’
This IC consists of the hul4.18 antibody targeting the
GD2 disialoganglioside (expressed on neuroectoderm-
derived tumors such as melanoma, neuroblastoma, and
small cell lung cancer) fused at the FC domain with
interleukin-2.* Though intratumoral immunocytokine
(IT-IC) was shown to be more effective than intravenous
IC in clearing small (<50 mm?®) tumors,? the combina-
tion of 12 Gy EBRT followed by IT-IC (RT/IC) improved
survival in mice bearing larger, poorly immunogenic,
syngeneic B78 melanoma tumors and rendered ~70%
of mice disease-free with immune memory.9 However,
when delivered to one tumor in a mouse bearing two
macroscopically detectable B78 tumors, RT/IC ISV was
only capable of clearing ~10% of the distant tumors via
a suppressive mechanism at least partially mediated by T
regulatory (T ) cells.”” These results suggest that while
EBRT does augment I'T-IC in a mouse with a single tumor,
these effects do not propagate sufficiently into a systemic
response against distant macroscopic tumor sites. This
may be due to insufficient generation of effector anti-
tumor immune cells, immune editing for resistant clones,
or recruitment of immune suppressors that can circulate
systemically from an immunosuppressive tumor-immune
microenvironment (TME).?* % RT/IC ISV clearly alters
the targeted tumor, but the degree to which other estab-
lished TMEs must be altered to enable propagation of

effective antitumor immunity and whether this can be
achieved by RT is unknown.

We hypothesized that it might be necessary to irradiate
all tumor sites, altering the collective TME to effectively
propagate systemic antitumor responses resulting from
local ISV in models of established metastatic disease. Clin-
ically, oligometastatic cancer is increasingly treated with
EBRT to all sites of disease based on demonstrated survival
benefit.”® In some patients receiving combination EBRT
and immunotherapy, low-dose radiation to other tumor
sites is associated with improved radiographic response.?’
Herrera and colleagues have also demonstrated that low-
dose (2Gy) EBRT can synergize with a combination of
immune checkpoint blockade, CD40 agonism, and cyclo-
phosphamide in metastatic murine models in an IFN-
dependent manner.”® In patients with widely metastatic
disease, ablative EBRT could be associated with substan-
tial toxicity including lymphopenia and immune suppres-
sion. In this setting, intravenously delivered targeted
radionuclide therapies (TRTs) with selective uptake and
retention within tumor tissue may provide an attractive
solution to deliver RT to all sites of metastases.

Our group has been exploring the use of alkylphospho-
choline analogs as a vector for targeting the delivery of
radionuclides to tumors. We have previously demonstrated
selective uptake and prolonged retention of NM600, an
alkylphosphocholine analog, in nearly all tumor types
and locations, including in human, canine, and murine
tumors.?? % Using 90Y—NMGOO, we have demonstrated that
selective delivery of low-dose radiation to all tumor sites in
murine models of metastatic disease results in favorable
immunomodulatory effects on the TME and enhanced
response to immune checkpoint blockade.” ** Here, we
report findings testing our hypothesis that intravenous
injection of “"YANM600, delivered prior to local RT/IC
ISV, would permit greater systemic control of established
distant tumors compared with RT/IC ISV alone. To our
knowledge, this is the first time that low-dose TRT has
been tested for its capacity to enhance the propagation of
antitumor immunity following local ISV (or any vaccine-
based) immunotherapy strategy.

METHODS

Syngeneic tumor cell line

The B78-D14 (B78) murine melanoma cell line, derived
from B16-F10 melanoma,” ** was provided by Ralph Reis-
feld (Scripps Research Institute). Panc02 murine pancre-
atic adenocarcinoma cells were obtained from the NCI.
B78 and Panc02 cells were cultured in RPMI 1640 (Medi-
atech, Manassas, Virginia, USA) supplemented with 10%
fetal bovine serum, 100U/mL penicillin, 100pg/mL
streptomycin, and 2mM L-glutamine.

Animals and tumor models

Animals were housed and cared for using an approved
protocol (M005670) reviewed by the University of
Wisconsin-Madison Institutional Animal Care and Use
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Committee. Tumors were engrafted in female C57BL/6
mice 6-8weeks old (Taconic Biosciences, Rensselaer,
New York, USA) by injecting 2x10° cells (either B78
or Panc02) in 100pL intradermally in the right flank.
Secondary tumors were injected similarly 10-14 days
after the primary tumor in the contralateral (left) flank.
Mobile status of the tumor was used to confirm intra-
dermal tumor placement.35 For all studies, mice without
palpable secondary tumors were excluded. Mice were
evaluated two times per week using calipers to measure
tumor volume estimated as (width2xlength) /2. Survival
endpoints were tumor dimension of >20mm or veteri-
nary recommendation of euthanasia. Disease-free mice
were rechallenged by injecting 2x10° B78 cells intrader-
mally to the left shoulder 30 days after confirmation of
disease-free status. Animals rejecting B78 rechallenge
were injected with 2x10° Panc02 murine pancreatic
adenocarcinoma cells intradermally in the right shoulder.

Tumor radiation treatments

EBRT was delivered using an X-RAD 320 system (Preci-
sion X-Ray, North Branford, Connecticut, USA). Mice
were immobilized using custom lead jigs that expose both
flanks and were irradiated with additional lead shields to
protect the secondary tumor as previously described.” **
To deliver EBRT to the secondary tumor on the left flank,
flank shields were removed during irradiation. Once the
scheduled dose (2, 6, or 12Gy) was delivered to both
tumors, the left flank was reshielded so that the remaining
dose could be delivered to the primary tumor.

The alkylphosphocholine molecule used for
molecular targeted radionuclide therapy (TRT),
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,
Wisconsin, USA). 9OYC13 was purchased from PerkinElmer
(Waltham, Massachusetts, USA). The radiolabeling and
characterization of 90Y—NM6OO, aswell as its PET-detectible
counterpart “YANM600, have been described else-
where.* ¥ Mice receiving RT were radiated on treatment
day 1, and mice receiving TRT were injected with 100 pCi
of “’Y"NM600 preparation by tail vein injection on treat-
ment day 1. An injected activity of 100mCi, which corre-
sponds to a dose of approximately 4 Gy at the secondary
tumor, was chosen as it was previously demonstrated not
to limit (via immunosuppression) efficacy of RT/IC ISV
in a one-tumor B78 model (data not shown).

IC treatments

Lyophilized hul4.18-IL2 IC (4mg/vial) was provided by
Apeiron Biologics (Vienna, Austria) and reconstituted
with 8 mL of sterile phosphate buffered saline (PBS). For
mice treated with RT/IC, 100pL of 0.5mg/mL IC solu-
tion was injected intratumorally using a 30 G needle daily
on treatment days 6-10, for a total dose of 250pg per
mouse.

Flow cytometry

At the time of harvest, mice were euthanized by CO,
asphyxiation. Tumors were harvested and dissociated
as previously described.” Sample dissociate was filtered
through a 70 pm cell strainer, washed with 10mL of cold
PBS, and stained according to two antibody panels; the anti-
bodies for each are detailed in online supplemental table
4. After all surface staining, cells were fixed and permea-
bilized using the eBioscience fix/perm kit (00-5523-00),
internally stained, and then cryopreserved at -80°C in a
solution of 10% dimethyl sulfoxide (DMSO)/90% heat-
inactivated fetal bovine serum.” Samples were stored
at —80°C behind radioactive shielding until 30 days past
treatment injection to ensure *’Y decay to background
level.

Samples were acquired on an Attune NxT flow cytom-
eter (Thermo Fisher, Waltham, Massachusetts, USA) with
manufacturer-provided acquisition software. All flow
cytometry experiments included Fluorescence Minus
One controls used for setting gates. Data were analyzed
using FCS Express 7 (De Novo Software, Pasadena, Cali-
fornia, USA) platform.

Statistical analysis

All experiments were repeated, generally in triplicate,
to confirm validity of results. All data presenting repli-
cates include the individual values as well as mean+SEM
except where otherwise noted. Differences in tumor
growth rates were assessed using linear mixed-effects
models. Growth rates were estimated from the model as
a ratio of change every 21 days. Models predicted tumor
volume based on treatment group, days since treatment
started, an interaction between treatment and time, and
a random intercept per mouse. The statistics of interest
were the interaction between treatment and time, which
represented the ratio between one treatment’s estimated
21-day growth rate (expressed as an estimated average
fold change in volume every 21 days, applied across the
entire growth curve) and the average rate corresponding
to another treatment. These estimates, along with 95%
CIs and Kenward-Rogers p values, were calculated and
are presented in online supplemental table 1-3. Tumor
volumes for some analyses were transformed with the
natural log function to correct patterns in residuals
and to account for the exponential growth of tumors.
Zero-valued measurements were imputed as 4mm” (the
smallest recordable tumor volume using calipers) in
order to be defined under the transformation. Statistical
analysis was conducted using R V.4.0.2; the Ime4 package
was used for fitting mixed models and Kenward-Rogers p
values were estimated from the ImerTest package. Signifi-
cance was assessed at the alpha=0.05 level, and no correc-
tions were made to account for inflated type 1 error rate
of multiple hypotheses.

Survival analyses were conducted using the Kaplan-
Meier method, with comparisons using the log-rank
test. Comparisons in immune cell populations measured
by flow cytometry were conducted using a one-way
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analysis of variance, with Tukey’s method for conducting
multiple comparisons. Comparisons of proportions were
conducted using the % test or Fisher’s exact test if there
were zero values.

RESULTS

EBRT delivered to an established secondary tumor combined
with ISV to primary tumor improves overall survival

To test the effect of secondary tumor EBRT combined
with primary tumor ISV on overall survival and anti-
tumor efficacy, C57BL/6 mice with ~150mm® primary
and ~50mm’ secondary B78 melanoma tumors were
treated with either PBS, 12Gy EBRT to both tumors,
RT/IC ISV to the primary tumor, or ISV to the primary
plus 12 Gy EBRT (RT/IC+12Gy) to the secondary tumor
(figure 1A). Results demonstrated that the RT/IC+12 Gy
group had improved survival compared with RT/IC alone
(p=0.0025) or to 12Gy EBRT to both tumors (p=0.0052,
figure 1B and online supplemental table 1). This effect is
also reflected in slower tumor growth rates as calculated
by mixed effects modeling. Comparing these average
rates, we estimated that both primary and secondary
tumors on average in the RT/IC+12 Gy group grew slower
than primary and secondary tumors in mice treated with
ISV alone, or 12 Gy EBRT to both tumors (online supple-
mental table 1). All three interventions (RT only, RT/IC
only, or RT/IC+12Gy EBRT) extended overall survival
and slowed tumor growth compared with the PBS control
(p<0.001, online supplemental table 1). Importantly, the
data suggest a cooperative effect at both the primary and
secondary tumors when ISV to the primary is combined
with 12 Gy EBRT to the secondary.

In addition to survival and tumor growth rate, the cause
of death was evaluated for each mouse (figure 1C). Eleven
out of 16 mice (68.8%) in the PBS group died from
their primary tumor, as did 12/16 mice (75%) treated
with 12 Gy EBRT only to both tumors. By contrast, 5/26
(19.2%, p=0.0027 compared with PBS) mice treated with
RT/IC ISV died from their primary tumor, and 17/26
(65.4%) died from their secondary tumor. Four out of
26 mice (15.4%, p=0.1429 compared with PBS) treated
with RT/IC were disease-free. In mice treated with RT/
IC+12Gy, 11/26 (42.3%, p=0.032 compared with RT/
IC) mice were disease-free, 9/26 (34.6%) mice died
from primary tumor burden, and 6,/26 (23.1%, p=0.002
compared with RT/IC) mice died from secondary tumor
burden. Three of the disease-free mice were euthanized
due to ulceration/inflammation at the tumor site. These
data suggest that the addition of IC to RT at the primary
tumor site can control the primary disease, yet untreated
secondary tumors continue to grow. Complete control
of both sites of disease is improved with RT/IC ISV to
one tumor and additional 12Gy EBRT delivered to the
secondary tumor.

In mice rendered disease-free by treatment, tumor-
specific memory was tested with a rechallenge of B78
tumor cells. 100% (8/8, p=0.002 compared with control)

of disease-free mice in the RT/IC+12 Gy group rejected
tumor rechallenge. The three disease-free mice with
ulceration/inflammation were euthanized prior to
memory testing. In the RT/IC group, 75% (3/4) of
disease-free mice rejected tumor rechallenge. However,
in the EBRT only group, the one disease-free mouse
did not reject rechallenge. Four out of four (100%)
age-matched, tumor-naive mice implanted with B78 at
the same time each developed tumors. To confirm this
rejection was tumor-specific, the 11 remaining disease-
free mice developed palpable Panc02 tumors after they
were subsequently challenged with an unrelated Panc02
pancreatic cancer cell line. In total, these data suggest
EBRT delivered to all sites of disease improves the anti-
tumor immune response (with tumor-specific memory)
not only at the ISV-treated primary but also at the distant
secondary tumor, beyond the effect of either ISV or RT
alone.

EBRT improves ISV response at primary and secondary
tumors in a dose-dependent fashion

To determine the relationship between radiation dose to
the secondary tumor and its additive effect with primary
tumor ISV, a dose titration experiment was conducted.
C57BL/6 mice with~150mm® primary and~50 mm®
secondary tumors were established as described in
figure 2A. Mice were then randomized to receive either
PBS (no treatment control), 12Gy EBRT to both tumors
(12Gy/12Gy RT only control), or ISV (RT/IC) at the
primary tumor combined with 0, 2, 6, or 12Gy EBRT to
the secondary tumor. We hypothesized that additional
RT to the secondary tumor, combined with ISV to the
primary tumor, would slow tumor growth beyond either
treatment alone in a dose-dependent fashion.

Results demonstrated that at the primary tumor, all
four treatment groups treated with the ISV (regardless of
EBRT dose to the secondary tumor) had slower tumor
growth rates compared with PBS or EBRT alone (figure 2
and online supplemental table 2). EBRT alone slightly
reduced tumor growth rate compared with PBS alone.
Importantly, the primary tumors in mice treated with
RT/IC+12 Gy EBRT to the secondary tumor had a trend
towards slower growth than mice treated with RT/IC
alone (p=0.051). This is consistent with the same ‘recip-
rocal effect’ observed at the primary tumor described in
figure 1.

At the secondary tumor, growth rates were reduced in
a dose-dependent fashion proportional to radiation dose
at the secondary tumor. At the highest tested dose, 12 Gy
EBRT to the secondary combined with ISV to the primary
had slower secondary tumor growth rates compared
with ISV alone, 12Gy EBRT alone, and ISV+6 Gy to the
secondary (figure 2B and online supplemental table 2).
Treatment with 6Gy to the secondary plus ISV to the
primary resulted in slower secondary tumor growth than
delivering a greater RT dose (12 Gy) alone to both tumors.
This potentiation effect, combined with the aforemen-
tioned observations, suggest that RT delivered at doses
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Figure 1 12 Gy EBRT to both primary and secondary tumor allows for better tumor control induced by subsequent IT-IC
immunotherapy. (A) Schema of mouse multiple tumor model and subsequent in situ vaccination approach. C57BL/6 mice were
engrafted intradermally with 2x10® B78 syngeneic melanoma cells. On the right flank, engraftment was performed to initiate
primary tumors approximately 4 weeks prior to start of treatment. On the left flank, tumor cells were engrafted 2 weeks later to
initiate the secondary tumor, approximately 2 weeks prior to the start of treatment. Mice were treated with EBRT to either the
primary only or the primary and secondary tumors on treatment day 0 and given IT-IC immunotherapy on treatment days 5-9.
(B) Pooled assessment of overall survival of animals from three separate replicate experiments following the indicated treatment.
Animals either died from their tumor burden or reached a predetermined size of tumor to require euthanasia. Statistical
comparisons by log-rank test are indicated. (C) Breakdown of the cause of death for all animals treated over the course of the
three individual experiments. Mice that were sacrificed due to either primary tumor burden (blue), secondary tumor burden (red),
or due to inflammation or dermatitis (yellow) are indicated. Mice that were still alive at the conclusion of the experiment were
labeled as disease-free if no palpable tumor was detectable (green). Mice that were still alive with tumors were considered, for
this analysis, as dying from either the primary or secondary tumor, depending on which tumor was larger at the conclusion of
the experiment. (D) Average +SEM tumor volume from a representative experiment. primary tumors are on the right side, and
secondary tumors are on the left. Average growth curves terminate on the day post treatment where the first member of that
treatment cohort died. See online supplemental figure 1 for individual tumor growth curves corresponding to this experiment.
See online supplemental table 2 for evaluation of linear mixed-effects modeling of tumor growth rates and survival analyses.
Comparisons in (D) represent Kenward-Rogers p values for the ratio of estimated growth rates between the indicated groups.
*P<0.05, **P<0.01, **P<0.001, ***P<0.0001. Groups being compared are indicated by brackets connecting the comparison
groups. Heavy bolded brackets indicate pairwise comparisons between the group outside of the bolded brackets and each
group within the bolded bracket. Each of the comparisons described by the heavy bolded brackets has a p value consistent
with the range indicated by asterisks. For example, the first bolded bracket from the left (D) indicates that the p values for the
comparisons of PBS to RT/IC, PBS to 12 Gy+12 Gy, as well as PBS to RT/IC+12 Gy are each <0.001. EBRT, external beam
radiation; IC, immunocytokine; IT-IC, intratumoral immunocytokine; RT, radiation therapy.
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Figure 2 Titration of EBRT dose to secondary tumor combined with RT/IC immunotherapy to primary tumor. Female C57BL/6
mice were implanted intradermally with 2x10° B78 syngeneic melanoma cells approximately 4 weeks prior to treatment at
the right flank and approximately 2 weeks prior to treatment on the left flank. Primary tumors were on average ~150mm?,
while secondary tumors were on average ~50mm?. (A) On day 0 (when EBRT was given), mice were treated with PBS control
(orange), 12 Gy EBRT to both primary and secondary (black), and 12 Gy EBRT+IT-IC to the primary with either 0 Gy (blue), 2 Gy
(green), 6 Gy (red), or 12 Gy (purple) of EBRT to the secondary tumor. IT-IC was given at the primary tumor on treatment days
5-9 as described in the Methods section. Treatment group nomenclature in the legends is indicated as treatment to primary
tumor/treatment to secondary tumor. tumor volumes were measured two times per week. Mice with no palpable secondary
tumor on treatment day 0 were excluded from the analysis. (B) Average +SEM tumor volume for both primary (right side)
and secondary (left side) tumors. Statistical comparisons in the legend indicate Kenward-Rogers p values for comparison of
estimated growth rate (as determined by linear mixed-effects modeling on log-transformed data) for the primary tumor (right
side) and secondary tumor (left side). See online supplemental table 2 for additional statistical comparisons. (C—H) Individual
tumor growth curves for each of the mice in the treatment groups as described. Data presented here are representative of
two independently conducted experiments. *P<0.05, **P<0.01, ***P<0.001. Groups being compared are indicated by brackets
connecting the comparison groups. Heavy bolded brackets indicate pairwise comparisons between the group outside of the
bolded brackets and each group within the bolded bracket. Each of the comparisons described by the heavy bolded brackets
has a p value consistent with the range indicated by asterisks. For example, the first bolded bracket from the left (B) indicates
that the p values for the comparisons of secondary tumors of 12Gy 1°/0Gy 2° to 12 Gy+IC 1°/6 Gy 2°, as well as 12Gy 1°/0Gy
2° to 12Gy+IC 1°/12Gy 2° are each <0.001. EBRT, external beam radiation therapy; IC, immunocytokine; IT-IC, intratumoral
immunocytokine; RT, radiation therapy.

80 60 40 20
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less than 12Gy to a secondary tumor can combine with
ISV to slow the growth of the secondary tumor.

TRT combined with ISV improves overall survival

To determine if we could apply the same findings from
combination ISV and EBRT to combination ISV and TRT,
we used the beta particle-emitting TRT agent “’Y-NM600.
Dosimetry studies using **Y-NM600 demonstrate that this
TRT agent is selectively taken up and retained in a wide
variety of tumor types and locations® and that absorbed
dose over time (as a function of injected activity) is similar
between ‘large’ (>200mm?®) and ‘small’ (<70mm?®) B78
tumors, regardless of the number of tumors (online
supplemental figure 2).

To determine if systemically administered “Y-NM600
can provide benefit in controlling multiple tumors when
combined with local RT/IC ISV, C57BL/6 mice with
~150mm?® primary and ~50mm® secondary B78 tumors
were randomized to either PBS control, 100 pCi of TRT
only, RT/IC to the primary tumor, or RT/IC+100 pCi
TRT (figure 3A). Results demonstrated that the combi-
nation of RT/IC+TRT had significantly increased overall
survival compared with RT/IC ISV alone (median 112
vs 85 days, p=0.025; figure 3B) or TRT alone (112 days
vs 60 days, p<0.0001; online supplemental table 3). In
addition, mixed-effects modeling of log-transformed
growth curves demonstrated that primary tumors treated
with RT/IC+TRT grew slower than those treated with
either RT/IC or TRT alone. Secondary tumors in mice
treated with RT/CI+TRT grew slower than those in mice
receiving TRT alone; however, secondary tumor growth
rate in mice receiving RT/IC+TRT was not significantly
slower than in mice receiving RT/IC alone (figure 3D
and online supplemental figure 3 and table 3).

Analysis of cause of death revealed that 14/16
(87.5%) mice in the TRT-only group died from primary
tumor burden, compared with 6/25 (24%, p<0.0001
compared with TRT only) mice in the RT/IC+TRT
group (figure 3C). Four out of 25 (16%) mice in the RT/
IC+TRT group became disease-free. All these four disease-
free mice rejected subsequent subcutaneous engraftment
with an additional B78 tumor inoculum but developed
tumors following similar injection of unrelated, synge-
neic Panc02 tumor cells. This demonstration of improved
overall survival, and induction of tumor-specific memory
suggests that addition of TRT supported propagation of
systemic antitumor immune responses following RT/IC
ISV, similar to the effect observed with EBRT.

Increased immune cell infiltrate and activation following ISV
combined with radiation to all tumor sites

To characterize immune changes in the TME following
each of the treatments described in figure 1, we used
flow cytometry to evaluate mice bearing two B78 tumors
(figure 4 and online supplemental tables 4 and 5).
Tumors treated with RT/IC and RT/IC+12Gy EBRT
exhibited an influx of CD45" immune cells at both the
primary and secondary tumors compared with PBS. At

the secondary tumor, mice treated with RT/IC+12Gy
had more CD45" immune cells, CD3'CD8" T cells, and
NK cells compared with either RT/IC or 12 Gy/12 Gy RT
alone. In mice receiving EBRT only, a significant increase
in CD4'CD25'Foxp3™ T, _ cells was noted in both tumors.
This increase was not observed in the primary tumors of
mice treated with RT/IC or RT/IC+12 Gy but was noted in
the secondary tumors of mice treated with RT/IC+12 Gy
(figure 4C). This resulted in an increased (compared
with PBS-treated mice) CD8:T,  ratio in primary tumors
of both RT/IC and RT/IC+12 Gy mice, but this ratio was
increased only in secondary tumors of the RT/IC group
(not the RT/IC+12Gy group) (figure 4D). Among the
CDS8" T cells, PD1 expression (a marker of activation and
exhaustion) was substantially reduced in the primary
and secondary tumors of mice treated with both RT/IC
and RT/IC+12 Gy, though secondary tumors in the RT/
IC+12 Gy group had CD8" T cells with higher PD1 expres-
sion compared with the secondary tumors in the RT/IC
alone group (figure 4G). There was also a greater propor-
tion of CD11b'Ly6G" granulocytes (often considered
neutrophils and/or myeloid-derived suppressor cells
(MDSGCs)) in primary tumors of both RT/IC and RT/
IC+12 Gy-treated mice compared with PBS-treated mice,
but at the secondary tumor, they were only increased in
mice treated with RT/IC alone.

Using a similar methodology, we evaluated changes to
the TME in mice following treatment with ISV and TRT
corresponding to figure 3 (figure 5 and online supple-
mental tables 4 and 5). As was the case with EBRT, an influx
of CD45" immune cells was detected in both primary and
secondary tumors for mice treated with RT/IC or RT/
IC+TRT compared with PBS (figure 5A). A similarincrease
was seen for CD8" T cells and NK cells (figure 5B,E) in
both primary and secondary tumors of mice treated with
RT/IC+TRT compared with PBS treatment. No changes
were detected in T, ~proportions among all measured
tumors. The CD8.T,  ratio was again increased in the
primary tumors of mice treated with RT/IC plus TRT
compared PBS but was not significantly different at the
secondary tumor. Again, PD1 expression on CD8" cells
was reduced in primary and secondary tumors of mice
treated with RT/IC or RT/IC+TRT compared with PBS
(figure 5G). Under these conditions, an increase (over the
PBS control) in CD11b'Ly6G" neutrophils (or MDSCs)
was noted among RT/IC-treated primary tumors, as well
as for RT/IC+TRT-treated secondary tumors (figure 5F).
In total, these two sets of flow observations (figures 4 and
5) document an influx of effector immune cells and an
alteration in the effector-to-suppressor ratio among both
primary and distant tumors treated with a combination of
primary-tumor directed ISV and RT targeting the distant
tumor(s) using either EBRT or TRT.

DISCUSSION
We have previously demonstrated the utility of adding
EBRT to IT-IC as a potent antitumor ISV in preclinical
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Figure 3 Systemically delivered *®Y-NM600 combined with local RT/IC in situ vaccination improves overall survival and may
allow for better tumor control compared with in situ vaccination alone. C57BL/6 mice were implanted intradermally with primary
B78 syngeneic murine melanoma tumors in the right flank, followed by secondary tumors in the left flank 14 days later. Mice
were randomized to receive either PBS control, 100 uCi of 90Y_NM600 TRT, RT/IC in situ vaccine to the primary tumor, or the
combination of RT/IC+TRT. Of note, the PBS and RT/IC groups were shared with the experiments depicted in figure 2. (A)
Schema of the multiple tumor model set-up and subsequent in situ vaccination and radiation approach. (B) Overall survival

of animals pooled over three separate experiments. Animals either died from their tumor burden or reached a predetermined
size of tumor to require euthanasia. (C) Mice that were sacrificed due to either primary tumor burden, secondary tumor burden,
or inflammation or dermatitis are indicated. Mice that were still alive at the conclusion of the experiment were labeled as
disease-free if no palpable tumor was detectable. Mice that were still alive with tumors were considered as dying from either
the primary or secondary tumor, depending on which tumor was larger at the conclusion of the experiment. (D) Average +SEM
tumor volume from a representative experiment. Primary tumors are on the right side, and secondary tumors are on the left.
Average growth curves terminate on the day post treatment, where the first member of that treatment cohort died. See online
supplemental figure 3 for individual tumor growth curves corresponding to this experiment. see online supplemental table

3 for evaluation of linear mixed-effects modeling of tumor growth rates and survival analyses. Comparisons (D) represent
Kenward-Rogers p values for the ratio of estimated growth rates between the indicated groups. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. IC, immunocytokine; IT-IC, intratumoral immunocytokine; RT, radiation therapy; TRT, targeted radionuclide
therapy.
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Figure 4 Flow cytometry analysis of primary and secondary tumors in mice treated with in situ vaccine combined with
radiation to distant tumors. Female C57BL/6 mice were implanted intradermally with B78 tumors on the right and left flanks
simultaneously. After 4 weeks, mice were treated with either PBS (black), 12 Gy EBRT to both primary and secondary tumors
(red), 12 Gy EBRT and IT-IC to the primary tumor only (blue), or RT/IC to the primary tumor and 12 Gy EBRT to the secondary
tumor (purple). RT was given on treatment day 0, and IC was given on treatment days 5-9 as described in figure 2A. On
treatment day 14, tumors were harvested and dissociated as described in the Methods section. Aliquots of tumors were stained
using the adaptive and innate antibody panels outlined in online supplemental table 4, fixed, and cryopreserved as described in
the Methods section for 30 days. Cells were gated according to the expression of the markers outlined in online supplemental
table 5. Immune populations are expressed as a percentage of all live, single cells, except where otherwise noted. In each
population pair of graphs depicted (A-G), results corresponding to the right flank primary tumor are on the right, and results
corresponding to the left flank secondary tumor are on the left. Representative plots from two independent experiments are
presented. Statistical analyses were conducted using one-way analysis of variance, with multiple comparisons using Tukey’s
method. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001. EBRT, external beam radiation therapy; IC, immunocytokine; IT-IC,
intratumoral immunocytokine; ns, not significant; RT, radiation therapy.
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Figure 5 Flow cytometry analysis of primary and secondary tumors in mice treated with in situ vaccine combined with Y-
NM600 TRT female C57BL/6 mice implanted intradermally with B78 tumors on the right and left flanks simultaneously. After

4 weeks, mice were treated with either PBS (black), 100 uCi of *°Y-NM600 TRT by tail vein injection (green), 12 Gy EBRT and
IT-IC to the primary tumor only (RT/IC, blue), or RT/IC to the primary tumor and 100 uCi of *®Y-NM600 (orange). EBRT and

TRT was given on treatment day 0, and IC was given on treatment days 5-9. On treatment day 14, tumors were harvested

and dissociated as described in the Methods section. Aliquots of tumors were stained using the adaptive and innate antibody
panels outlined in online supplemental table 4, fixed, and cryopreserved as described in the Methods section for 30 days. Cells
were gated according to expression of the markers outlined in online supplemental table 5. Immune populations are expressed
as a percentage of all live, single cells, except where otherwise noted. In each population pair of graphs depicted, results
corresponding to the right flank primary tumor are on the right, and results corresponding to the left flank secondary tumor are
on the left. Representative plots from two independent experiments are presented. Statistical analyses were conducted using
one-way analysis of variance, with multiple comparisons using Tukey’s method. Note that these data were collected as part

of the same experiment outlined in figure 4 and share common PBS and RT/IC groups, which are presented again here. IC,
immunocytokine; IT-IC, intratumoral immunocytokine; RT, radiation therapy; TRT, targeted radionuclide therapy.

10 Carlson PM, et al. J Immunother Cancer 2023;11:2005463. doi:10.1136/jitc-2022-005463


https://dx.doi.org/10.1136/jitc-2022-005463
https://dx.doi.org/10.1136/jitc-2022-005463

poorly immunogenic tumors.” While this therapy effec-
tively eradicated single tumors, it was much less effica-
cious in treating animals with a concurrent distant tumor.
Therefore, in this study, we sought to test our hypoth-
esis that RT delivered to distant sites of disease would
enhance tumor complete response rates to local ISV. We
first tested the use of 12Gy EBRT to a secondary tumor
combined with ISV to the primary tumor and found
this combination significantly improved survival and
reduced average tumor growth rate at both the primary
and secondary tumors compared with either EBRT or
ISV alone (figure 1). We then demonstrated that even
lower doses of EBRT (as low as 2Gy) could be used at
the secondary tumor, combined with RT/IC ISV to the
primary, to enable propagation of antitumor immu-
nity from the ISV resulting in reduction of primary and
secondary tumor growth rates beyond that achieved with
ISV or EBRT alone (figure 2). In substituting for EBRT
with approximately 4-6 Gy equivalent of “Y-NM600 TRT,
we again demonstrated improved survival and reduced
tumor growth rates when combined with RT/IC ISV
(figure 3). Analysis of the immune populations within
the TME demonstrated an influx of effector immune
cells and favorable alterations of effector-to-suppressor
ratio in tumors treated with combination of local ISV and
systemic tumor-directed EBRT or TRT (figures 4 and 5).
In total, our findings support the hypothesis that low-dose
RT delivered to all established sites of disease alters the
collective immune TME such that a local in situ vaccine
can generate a stronger systemic antitumor immune
response.

Generation of an abscopal response, or a systemic
antitumor response following local therapy, has been
a goal of cancer immunologists and radiation oncolo-
gists for several decades. Our data show that although it
does not result in complete tumor clearance in the B78
model, RT/IC ISV alone at the primary tumor can result
in improved survival and reduced primary and secondary
tumor growths, with increased immune infiltrate in both
tumors. This suggests that there is a systemic antitumor
immune response induced by local ISV, although insuf-
ficient to overcome immune suppressive effects at the
secondary tumor. Previous studies show that radiation
doses as low as 2 Gy can modulate an immune response in
part through activation of a cGAS/STING-mediated type
I IFN response.'”*®*' % Our studies not only demonstrate
antitumor effects at the secondary tumor by delivering
low-dose RT to the secondary tumor combined with ISV
to the primary but also show that the antitumor effect
at the primary tumor is greater following delivery of RT
to the secondary tumor. Even though the primary tumor
is treated with the same ISV, RT to distant sites permits
a stronger local response at the primary tumor. This
finding is similar to previous observations in the setting of
two-tumor mice® and demonstrates a reciprocal abscopal
response: treatment of a primary tumor site with an
ISV that includes moderate dose RT induces some anti-
tumor response at a secondary tumor, while simultaneous

treatment of that secondary tumor site with low-dose RT
improves antitumor response at the primary tumor. This
benefit of immunomodulatory radiation to distant tumor
sites may have immediate clinical applicability. These
findings might also suggest that other ISV approaches
using IT injection of oncolytic viruses, TLR agonists, or
cytokines could be combined with low-dose RT to all sites
of metastatic disease to achieve stronger propagation of
antitumor immunity and improved clinical efficacy.*

There is growing interest in radiating all known sites of
disease in cases of certain oligometastatic (five or fewer
metastases) cancers. The results of a randomized phase
IT trial of stereotactic ablative radiotherapy to all disease
sites versus standard of care in 99 patients with oligomet-
astatic disease demonstrated improvement in median
survival (41 vs 28 months) among patients undergoing
RT to all tumors.”® Yet, delivering ablative RT to all sites
of disease in patients with widely metastatic disease would
be limited by toxicity and systemic myelosuppression.
Moreover, this approach would likely leave undetect-
able micrometastases unirradiated. An approach which
combines immunotherapy with low-to moderate-dose
radiation (via EBRT or TRT) targeting all sites of disease
for the purpose of immunomodulation may help over-
come local immunosuppression in established tumors
while also taking advantage of a systemic antitumor
immune response from ISV to eradicate sites of meta-
static disease. There is also potential to further potentiate
the systemic antitumor effect of ISV with other immu-
notherapies including checkpoint blockade, adoptive
cell transfer, and other antibody-directed therapies.*' **
Notably, we reported cooperative therapeutic efficacy for
anti-PD-1 and anti-CTLA-4 immune checkpoint blockade
and “"Y"NM600 in murine tumor models.”"

Addition of 12Gy EBRT or 100pCi TRT to a distant
site with primary tumor RT/IC increased CD45" immune
cells and CD8" cytotoxic T cells in primary and secondary
tumors, and increased NK cells in secondary tumors
compared with single or no treatment controls (figures 4
and b). These alterations in the TME are consistent with
prior studies conducted in this B78 model.”" * We also
observed significantly decreased MDSCs in the secondary
tumors of mice treated with 12 Gy and RT/IC compared
with those getting RT/IC alone. This effect was not seen
in secondary tumors treated with 100pCi of TRT and
may suggest a dose-rate effect or that higher biologi-
cally effective doses of radiation may help in overcoming
distant tumor immunosuppression mediated by myeloid
cells such as MDSCs or M2 macrophages. Unirradiated
secondary tumors in mice treated with RT/IC had signifi-
cantly lower effector immune cell infiltrate than irradi-
ated secondary tumors in mice treated with RT/IC+12 Gy.
However, the secondary tumors in mice treated with RT/
IC did demonstrate significantly increased effector cell
and T, populations compared with PBS controls. These
findings support our prior observation that local RT/IC
does indeed result in a systemic immune response that
can be observed at distant sites of disease, which may be
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augmented and/or unmasked to achieve a clinical effect.
Future studies will explore the use of other immunomod-
ulatory agents that synergize with TRT, namely, immune
checkpoint blockade antibodies, combined with ISV, to
further overcome the suppressive collective TME.”!

While we did not directly compare the two modes
of radiation (EBRT and TRT), our findings suggested
greater secondary tumor response with 12Gy of RT vs
100 pCi of TRT when combined with RT/IC. This may be
due in part to differences in the radiobiological efficacy of
absorbed dose, as 100 pCi is equivalent to 4-6 Gy of radia-
tion delivered over 25 days compared with 12 Gy delivered
over 2-3min. Interestingly, we did find that addition of
TRT to RT/IC significantly slowed estimated growth rates
at the primary tumor, suggesting that a higher dose of
radiation to a primary tumor may enhance local control
of our RT/IC regimen, or that TRT-mediated systemic
immunomodulation improves local ISV response, as is
the case observed with 12 Gy of EBRT. Additional studies
comparing these RT modalities are currently underway.

Our study does have several limitations. Our findings
were demonstrated in a single syngeneic transplantable
tumor model, which is expected to exhibit TME differ-
ences compared with spontaneously arising heteroge-
neous human tumors. Additionally, our flow cytometric
analyses were performed at a single time point (day 14
after RT) based on previous understanding of peak
immune activation kinetics from a robust endogenous
immune response, as opposed to a non-specific stimula-
tion from the therapy itself. Nevertheless, the immune
TME is dynamic, and additional studies are under way
to evaluate the kinetics of immune activation following
ISV treatment. While antigen-specific adaptive antitumor
immunity is generated by RT+ITIC when combined with
radiation to distant tumor sites, the identity of recognized
tumor antigens is not known. This limits our ability to
determine whether the effects of RT on distant tumor
are selective to tumor-specific immune cells. Notably,
we previously demonstrated that T cells were required
for the ISV effect of RT+ITIC, but NK cells were not.’ In
future studies, we will evaluate the role of these and other
immune populations in the immunomodulatory effects
of RT. Finally, while our findings establish that immuno-
modulatory RT to distant sites of disease can enhance
the systemic ISV effects of local RT/IC, tumor progres-
sion and immune escape do occur in some treated mice.
Studies examining differences between responding, non-
responding, and late progressing mice are under way and
will be helpful in making further improvements to this
treatment paradigm.
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