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ABSTRACT: We have previously demonstrated potent antitumor effects of PARP targeted alpha-therapy with astatine-211-MM4
([211At]MM4) in neuroblastoma preclinical models, although differential sensitivity suggests it is unlikely to be curative as a single-
agent in all tumor types. Alpha-particle induced DNA damage can elicit an immune response that results in T-cell activation against
tumor cells; however, tumor cells can evade immune surveillance through expression of programmed death ligand 1 (PD-L1).
Therefore, we investigated the effects of α particle therapy in combination with immune-checkpoint blockade using astatine-211-
MM4 and anti-programmed death receptor 1 (anti-PD-1) immunotherapy in a syngeneic mouse model of glioblastoma. We
characterized the sensitivity of four human glioblastoma cell lines to [211At]MM4 in vitro. To evaluate [211At]MM4 treatment effects
on hematological tissues, complete blood counts were performed after a single dose at 12, 24, or 36 MBq/kg. In vivo efficacy was
evaluated in a syngeneic mouse model of glioblastoma using GL26 glioblastoma cells in CB57BL/6J mice treated with either 36
MBq/kg [211At]MM4, anti-PD-1 antibody, or a combination of the two. Following a single dose of [211At]MM4, lymphocytes are
significantly decreased compared to control at both 72 h and 1 week following treatment followed by recovery of counts by 2 weeks.
However, neutrophils showed an increase with all dose levels of [211At]MM4 exhibiting higher levels than control. The average best
tumor responses for combination, anti-PD-1, and [211At]MM4 were 100%, 83.6%, and 58.2% decrease in tumor volume, respectively.
Average progression free intervals for combination, anti-PD-1, [211At]MM4, and control groups was 65, 36.4, 23.2, and 3 days,
respectively. The percentages of disease-free mice at the end of the study for combination and anti-PD-1 were 100% and 60%, while
[211At]MM4 and control groups were both 0%. In summary, combination therapy was more effective than either single agent in all
response categories analyzed, highlighting the potential for PARP targeted alpha-therapy to enhance PD-1 immune-checkpoint
blockade.
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Alpha-particles can induce numerous double strand DNA
breaks when traversing cell nuclei and are restricted to

short ranges in tissue of <70 μm as a result of high-linear
energy transfer properties.1 Poly(ADP-ribose) polymerase 1
(PARP1) is abundantly expressed in cancer cell nuclei and can
be used as a surrogate DNA target for alpha-particle therapy by
conjugating astatine-211, a highly promising alpha-emitter, to
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small molecule PARP inhibitors like astatine-211-MM4
([211At]MM4) reported herein.2,3 This approach enables the
pharmacological delivery of astatine-211 directly to cancer cell
nuclei. Although PARP inhibitors are used clinically for the
treatment of DNA repair deficient cancers and work through
pharmacological inhibition or trapping of PARP1 on DNA
which results in DNA damage, the mechanism of action of
[211At]MM4 is fundamentally different because DNA damage
is induced by alpha-particle radiation independent of
pharmacological mechanisms.2 In addition, the biophysical
properties of alpha-particles enable cellular lethality at
concentrations over 1 billion times lower compared to
chemical PARP inhibitors.2 Furthermore, the DNA damage
caused by PARP inhibitors is cell-cycle dependent only
working in the s-phase during DNA replication, while alpha-
particles induce DNA double strand breaks at all phases of the
cell cycle, albeit with differential cellular lethality.4−6 The
enhanced lethality of alpha-particles to cells that progress
through mitosis suggests that mitotic error is the primary
mechanism of action for cellular lethality. Ionizing radiation
has been shown to cause micronuclei formation which
activates pattern recognition pathways to elicit an antitumor
response.7 This commonality between alpha-particle lethality
to cells that progress through mitosis and the established role
for micronuclei-pattern recognition led us to explore the
immunogenicity of alpha-particles.
Immune-checkpoint blockade of inhibitory proteins ex-

pressed in the tumor microenvironment, such as programmed
death ligand 1 (PD-L1), programmed death receptor 1 (PD-
1), or cytotoxic T-lymphocyte protein 4 (CTLA-4), can
unleash the immune system on tumor cells by blocking
inhibitory signals. Interestingly, it has been shown that
immune-checkpoint protein expression on host cells, specifi-
cally PD-L1, is required for maximum antitumor activity of
anti-PD-1 or anti-PD-L1 therapy.8 Immune-checkpoint block-
ade is one of the most promising strategies for cancer therapy;
however, solid tumors remain largely unresponsive.9 Current
strategies focus on combinatorial therapy with DNA damaging
agents that upregulate expression of immune-checkpoint
proteins and prime the tumor by creating a proinflammatory
state which is activatable by immune-checkpoint blockade.9

The results from the MEDIOLA trial investigating anti-PDL1
therapy in combination with the DNA damaging agent
olaparib showed promising antitumor activity with the
combination in some patients; however, no difference was
detected in progression free survival with olaparib mono-
therapy.10 Previous work by our group showed that
[211At]MM4 has potent antitumor activity in preclinical
models of neuroblastoma; however, other cancer types showed
decreased sensitivity in vitro.2 In addition, alpha-particles are
highly cytotoxic to normal tissues, so exploring innovative
approaches for harnessing the minimum effective dose through
combinatorial therapy is highly desired. Therefore, in this
study we explored utilizing [211At]MM4 as an immunogenic
stimulator in combination with an immune-checkpoint block-
ade anti-PD-1 inhibitor. By combining [211At]MM4 with
immune-checkpoint blockade we can selectively induce DNA
damage and cell death in tumors to promote inflammation and
enhance immunosurveillance in the tumor microenvironment.
We evaluated the in vitro cytotoxicity of [211At]MM4 in
glioblastoma cell lines and performed preclinical studies
investigating [211At]MM4 and anti-PD-1 combination therapy
in the GL26 syngeneic mouse model of glioblastoma. We used

GL26 as a model system that can be broadly applied across
multiple cancer types to test whether [211At]MM4 can enhance
the antitumor efficacy of immune-checkpoint blockade for
“proof of concept”.

■ MATERIALS AND METHODS
Cell Culture. Human glioblastoma (GBM) cell lines,

U87MG, U87MG-IDH1 mutant, U118MG, and LN18, were
cultured in RPMI growth media with 10% fetal bovine serum
and 1% penicillin streptomycin. Cell lines were tested for
mycoplasma at University of Pennsylvania Cell Center. Mouse
GBM cell line GL26 was cultured in identical growth media as
used for human GBM cell lines. All cell lines were purchased
from ATCC except GL26 which was a kind gift from the Fan
Lab at the University of Pennsylvania Department of Radiation
Oncology.

[211At]MM4 Synthesis. Astatine-211 was produced at the
University of Pennsylvania Cyclotron Facility, and
[211At]MM4 was prepared through electrophilic aromatic
destannylation of a tin precursor as previously described.11

The final product was measured on a Capintec (Florham Park,
NJ) dose calibrator and diluted to the desired concentration
with saline.

In Vitro Cytotoxicity. Cytotoxicity of [211At]MM4 GBM
cell lines was evaluated as previously described.2 Briefly, cells
were seeded at a density of 5000 cells/well in 96-well format
24 h before treatment with either [211At]MM4 or nontargeted
control [211At]sodium astatide ([211At]NaAt). Cells were
treated with activities ranging from 1 kBq/mL to 1 MBq/
mL, and cell viability was assessed 72 h post-treatment by
using CellTiter Glo (Promega, Madison WI). The chem-
iluminescent signal was quantified on a Perkin-Elmer Enspire
multimode plate reader (Waltham MA). Survival fraction was
determined by normalizing the number of viable cells in
vehicle control wells to the number of viable cells in treatment
wells. Dose−response curves were generated using Prism
GraphPad nonsigmoidal curve fitting, and the effective
concentration for 50% reduction in viability (EC50) was
calculated. Experiments were performed in triplicate for each
concentration and were repeated three times. PARP-1
expression was obtained from the Cancer Cell Line
Encyclopedia at https://portals.broadinstitute.org/ccle/
about#contact and analyzed to compare relative PARP1
mRNA expression between cell lines.

Animal Studies. All animal studies were performed under
protocols approved by the University of Pennsylvania Institu-
tional Animal Care and Use Committee (Philadelphia, PA).

In Vivo Hematological Toxicity. Blood cells, predom-
inately lymphocytes, are known to express high levels of
PARP1; therefore, to assess hematological toxicities of
[211At]MM4, we performed complete blood count analysis at
the time of euthanasia using a HEMAVET 950 FS blood
analyzer (The Americas Drew Scientific Inc., Oxford CT).
Female and male CB57BL/6J mice were treated with 12, 24, or
36 MBq/kg [211At]MM4 and were euthanized at 4 weeks. In
addition, we analyzed time-dependent effects at the 36 MBq/
kg dose level and mice were euthanized at 72 h, 1 week, 2
week, and 4 week time points (n = 4 mice/treatment group
except control and 36 MBq/kg n = 8 mice). At time of
euthanasia, mice were anesthetized with mixed inhalation
isoflurane/oxygen under a nose cone. Then terminal cardiac
puncture was performed, and peripheral blood was transferred
to K2EDTA BD Microtainer tubes (BD, San Antonio, TX).

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://dx.doi.org/10.1021/acsptsci.0c00206
ACS Pharmacol. Transl. Sci. 2021, 4, 344−351

345

https://portals.broadinstitute.org/ccle/about#contact
https://portals.broadinstitute.org/ccle/about#contact
pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.0c00206?ref=pdf


The sample volume injected on the HEMAVET 950 FS blood
analyzer was 20 μL and was prespecified using the mouse
protocol on the instrument. Lymphocyte and neutrophil blood
counts were measured.
In Vivo Efficacy. To evaluate therapeutic efficacy of alpha-

particle therapy combined with immune checkpoint blockade,
we used a syngeneic model of glioblastoma that was previously
reported to show characteristic signs of immune evasion.12,13

GL26 tumors were produced by subcutaneous injection of 1
million cells into the right flank in CB57BL/6J mice on day 0.
Tumors were measured with a caliper, and tumor volume was
calculated with the equation ((x/2)(y/2)(y/2))(4/3), where x
is the largest dimension. There were four treatment arms
(including saline control). Mice were treated with intra-
peritoneal injections of saline, 200 μg anti-PD1, 36 MBq/kg
[211At]MM4, or anti-PD1 in combination with [211At]MM4 (n
= 5/arm). Tumor bearing mice were enrolled once tumors
were approximately 200 mm3 into either a treatment group or
control group on day 8, where day 0 is the day of tumor
injections. Anti-PD1 was administered on days 8, 11, and 14.
[211At]MM4 was administered on day 11. Primary end points
for efficacy were assessed by best tumor response (greatest
reduction in tumor volume) and progression free interval (PFI
is defined as the time from best response to a 25% increase in
tumor volume). Secondary end points include complete
response (no tumor regrowth after best response) and tumor
growth rate modeled by nonlinear exponential growth. Mouse
subject censorship was performed at the time of tumor
progression or tumor stasis, to account for spontaneous

remission of GL26 tumors as recommended by previous
studies.8

Immunohistochemistry. After euthanasia, mouse tumors
(n = 1/treatment group except [211At]MM4 treatment group n
= 2) were removed and fixed in 4% paraformaldehyde in PBS
(Santa Cruz Biotechnology, Dallas, TX) for 24 h, transferred to
PBS, paraffin-embedded, sectioned at 10 μm, and stained
directly with HE (hematoxylin and eosin) as well as
immunohistochemically using antibodies against PARP-1
[Clone 46C11], CD4 (Thermo 14-9766, 4SM95 clone),
CD8 (mCD8a Dianova DIA-808, Clone GHH8), and F4/80
(Cell Signaling 70076, clone D259R) according to manufac-
turer protocols. Immunohistochemical staining was performed
at the Children’s Hospital of Philadelphia Pathology Core
Laboratory. PARP-1 was used as a nonspecific tumor marker to
assess [211At]MM4 drug target expression. CD4 is a marker of
helper T-cells and T-regulatory cells. We used CD4 as a
biomarker to assess immunosurveillance in the tumor micro-
environment. CD8 is a specific marker for cytotoxic T-cells
(adaptive immune response), and F4/80 is a specific marker
for macrophages (innate immune response). Tissue sections
were analyzed by QuPath as previously described, and
compared against control using percent difference in H-score
and the number of positive cells detected categorized by
intensity.13

Statistical Analysis. Prism 6 (GraphPad, La Jolla, CA) was
used for all statistical analyses and data modeling. Dose−
response curves were modeled using a nonlinear sigmoidal
dose response to calculate the effective concentration for 50%
cell survival (EC50). Tumor growth curves were modeled using

Figure 1. In vitro evaluation of [211At]MM4 cytotoxicity in human glioblastoma (GBM) cell lines (experiments were performed in triplicate for
each concentration and repeated three times). (A) Dose−response curves for each cell line or isogenic cell line pair treated with [211At]MM4 or
free astatine-211. (B) Bar graph of effective concentrations for 50% reduction in cell survival (EC50) of treated GBM cell lines. (C) PARP1 mRNA
expression in (GBM) cell lines obtained from the Cancer Cell Encyclopedia (https://portals.broadinstitute.org/ccle/about#contact)
([211At]NaAt: [211At] sodium astatide).
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a nonlinear exponential growth or decay to determine tumor
growth rates. Hematological toxicity was evaluated by one-way
ANOVA analysis with all treatment groups compared to
control. Unless otherwise noted, all statistical testing was
performed with significance denoted for p-values < 0.05 as
tested by nonparametric unpaired t tests.

■ RESULTS

In Vitro Cytotoxicity. [211At]MM4 was more potent than
unconjugated free astatine-211 in all cell lines evaluated
(Figure 1A). Isogenic cell lines U87MG and U87MG-IDH1
mutant showed similar sensitivity, although the IDH1 mutant
was more sensitive to both [211At]MM4 and unconjugated free
astatine-211. From dose−response curves, the effective dose
for 50% reduction in survival was calculated and showed that
the LN18 cell line is 10 times more sensitive than the U87MG
cell line (Figure 1B). PARP1 mRNA expression obtained from
the Cancer Cell Line Encyclopedia at https://portals.
broadinstitute.org/ccle/about#contact was analyzed to assess
if drug target expression was different between the cell lines,
and we found that, despite LN18 showing over 10 times
increased sensitivity, PARP1 mRNA was relatively equal
(Figure 1C).
In Vivo Hematological Toxicity. CBC analysis of CB57/

Bl6 mice treated with escalating doses of [211At]MM4 at the 4
week time point showed an increase in neutrophils in the 36
MBq/kg treatment group (p-value < 0.05 at 36 MBq/kg)
(Figure 2A). A single dose of [211At]MM4 at 36 MBq/kg
caused a rapid decrease in lymphocytes at 3 and 7 day time
points (one-way ANOVA analysis; p-value < 0.05) and partial

recovery by 14 days, which showed reduced lymphocytes
compared to control but differences were not statistically
significant (Figure 2B). In contrast, neutrophils were elevated
at the 4 week time points (one-way ANOVA analysis; p-value
< 0.05), although mean differences were increased from
control for all time points (Figure 2B). Data from 36 MBq/kg
treatment and control group at 4 week time points were used
in both analyses.

In Vivo Efficacy. Combination therapy with [211At]MM4
and anti-PD-1 was more effective than either single agent alone
in nearly all efficacy measures analyzed. Individual tumor
growth curves showed that single agent [211At]MM4 was able
to reduce tumor burden; however, all tumors eventually
progressed following treatment (Figure 3A). Both anti-PD-1
and combination groups showed significant reduction in tumor
burden (Figure 3A). The combination group showed the
longest progression free interval (PFI) of 65 days (t test; p-
value < 0.05) (Figure 3B) and best tumor response (t test; p-
value < 0.05, except anti-PD-1 p-value = 0.0658) compared to
all other groups (Figure 3C). Anti-PD-1 treated groups
showed a longer PFI and greater tumor response compared
to [211At]MM4 (t test; p-value < 0.05). Despite longer PFI for
the combination treated group, nonsignificant findings of best
tumor response between combination and anti-PD1 treated
groups were supported in favor of combination therapy by
analyzing the percentage of complete responses in each group
(Figure 3D). In addition, the rate of tumor growth was slowest,
which equaled a faster tumor response, in the combination
group compared to [211At]MM4 (t test; p-value < 0.05). No
significant differences in tumor growth rates were found
between combination and anti-PD-1 or [211At]MM4 and anti-
PD-1 treatment groups (Figure 3E). All tumors were relatively
similar in size at the start of the study (Figure 3F). Together
these data provide evidence to support that combination
treatment with [211At]MM4 and anti-PD-1 is more effective
than treatment with either agent alone.

Immunohistochemistry. No tumors from combination
groups were available for histopathology analyses. The control
GL26 tumor showed a relatively healthy tumor microenviron-
ments with large tumor cell burden (n = 1). Remarkable host
immune cell and tumor interactions can be noted in the HE
staining of anti-PD-1 treated tumor (n = 1) (Figure 4A). Clear
images of immune cells entering the tumor microenvironment
creating nodules with PARP1 positive tumor cells undergoing
apoptosis can be seen. The anti-PD-1 treated tumor showed
enhanced tumor infiltration of CD4+ T-cells and CD8+

cytotoxic T-cells (Figure 4A), while the tumor from a good
responder from the [211At]MM4 treatment group showed a
stark difference in number of tumor-associated macrophages
compared to all other groups and increased CD4+ T-cells
compared to control (n = 1) (Figure 4A). In comparison, a
poor responder from the [211At]MM4 treatment group showed
few CD4+ T-cells and fewer macrophages, similar to control
(Figure 4A). Quantification of tumor sections for cell number
and intensity/area showed [211At]MM4 (good responder only)
had increased macrophages and CD4+ T-cells, but decreased
CD8+ T-cells compared to control (Figure 4B). The anti-PD-1
showed increases in CD4+/CD8+ and macrophages compared
to control. Both the [211At]MM4 good responder and anti-PD-
1 treated tumors showed decreased PARP1 positive cells which
indicates decreasing tumor burden. However, a higher number
of +3 intensity for PARP1 staining was observed in the
[211At]MM4 good responder tumor section (Figure 4C). In

Figure 2. In vivo complete blood counts after treatment with (A)
escalating doses of [211At]MM4 4 weeks post-administration and (B)
single dose of [211At]MM4 at 36 MBq/kg evaluated at 3, 7, 14, and 28
day time points displayed as violin plots for white blood cell
subpopulations, lymphocytes and neutrophils (n = 4/group except n =
8/group control and 36MBq/kg dose level; asterisk (*) denotes
statistical significance by one-way ANOVA analysis; p-value < 0.05).
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general, the largest differences in the number of positive cells
compared to control were observed at the + 3 staining
intensity for all biomarkers.

■ DISCUSSION

The use of immune-checkpoint blockade has transformed how
we treat cancer, and it is now widely recognized that even
chemotherapy likely has a proinflammatory role for eliciting a
response.9 DNA damage has been shown to activate the
immune response in glioblastoma GL261 orthotopic tumor
models through stimulator of interferon genes (STING)
mediated pathways that activate phagocytic activity of
macrophages and initiate the innate to adaptive transfer of
immunity.14 The authors demonstrated that anti-CD47
therapy is not sufficient to promote phagocytic activity of
macrophages; however, when combined with DNA alkylating
agent temozolomide or DNA cross-linking agent cisplatin,
phagocytic activity was enhanced and resulted in antitumor
effects.14 Interestingly, this antitumor response by the innate
immune system was shown to activate the immune checkpoint,
and sequential anti-PD-1 therapy increased antitumor
responses, producing complete responses in 40% of treated
mice.14 As a cytosolic sensor, STING recognizes cytoplasmic
DNA, viral, or bacterial molecules and then releases
biochemical signals to alert nearby cells or neighboring tissue
of an active infection which mediates the recruitment of

immune cells. The antiviral response can also be activated by
host cell DNA that enters the cytoplasm as a result of mitotic
error-micronuclei formation.7 Since we know alpha-particles
cause immense levels of double strand DNA breaks and are
most lethal to cells in mitosis, we propose that alpha-particles
likely have the ability to stimulate pattern recognition
pathways. Although this was not confirmed in our study, it
has been shown in GL261 tumor models which are a clonal
relative to the GL26 tumor model reported here. The purpose
of the present study was to investigate whether PARP targeted
alpha-particles can enhance the immunogenicity of tumors to
improve the efficacy of checkpoint-blockade inhibitors.
In vitro, we observed direct cytotoxic effects of PARP

targeted alpha particles by comparing [211At]MM4 to
unconjugated free astatine-211. Due to the short-range of
alpha-particles in biological mediums like water, the uncon-
jugated free astatine-211 has a lower probability of decaying
within the 70 μm range required to hit target cells with alpha-
particles. With the pharmacological delivery of astatine-211
directly to cancer chromatin, via [211At]MM4 binding to
PARP1, there is a higher probability of alpha-particles
traversing the nucleus and this is likely the reason why
[211At]MM4 is 50−100 times more cytotoxic than free
astatine-211. These data further support [211At]MM4 as
having direct toxicity though DNA damage as previously
reported.2

Figure 3. In vivo efficacy analysis of single-agent or combination therapy using [211At]MM4 and/or anti-PD-1 (n = 5/group). Mouse weights are
shown below for each treatment arm (dotted lines represent standard error bands). (A) Individual tumor growth curves for control, single-agent,
and combination treated groups. Red lines signify mouse subjects that progressed after best response. (B) Swimmer plot of average progression free
interval of each group. (C) Waterfall plot of best tumor response after treatment. (D) Bar graph showing percentage of complete responses for each
treatment group. (E,F) Violin plots for (E) tumor growth rate (k) modeled for each treatment group and (F) tumor size at initiation of study.
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By assessing the in vivo hematological toxicity of [211At]-
MM4, we gained further insight into how this treatment may
affect the tumor microenvironment, particularly immune cells.
PARP1 expression is highest in lymphocytes > macrophages >
neutrophils. In agreement, we showed [211At]MM4 is cytotoxic
to normal mouse lymphocytes at 36 MBq/kg, although
lymphocyte counts recover by 2 weeks. No toxicity was
observed to neutrophils; instead treated mice exhibited dose
dependent increases which resemble the clinical sign of
infection or inflammation. The fact that the [211At]MM4
treated tumor from a good responder resulted in strong
macrophage recruitment and that this was not seen in poor
responders that had fast progressing tumors after the time of
best response, suggests that [211At]MM4 triggers tumor
inflammation but may also kill important tumor associated-
lymphocytes that are required for the innate-to-adaptive
immunity transfer. This proposed mechanism of [211At]MM4
depletion of T-cells is confounded by the recovery of
circulating lymphocytes by 2 weeks post-treatment, an event
that precedes the time for tumor progression. Instead, the
more likely scenario is that after the inflammatory effects of

[211At]MM4 subside, tumor associated macrophages become
polarized to anti-inflammatory phenotypes. This is an
established property of tumor associated macrophages which
express immune-checkpoint proteins including PD-L1 and PD-
1.15−17 This concept is further supported by previous work
that showed PD-1 expression increases after DNA damage in
GL261 tumors, especially in the poor responders.14 We did not
test for PD-1 expression in tumors; however, our data showed
that addition of anti-PD-1 therapy to [211At]MM4 produced
100% response rates in GL26 tumors which strengthens this
conclusion.
A recent study demonstrated that PD-1 binding on T-cells

to PD-L1 on tumor-associated macrophages inhibits T-cell
activation and was negatively correlated with response to
immune-checkpoint blockade.13 Interestingly, tumor associ-
ated macrophages with high PD-L1 expression showed
reduced phagocytic properties and anti-PD-L1 treatment did
not restore antitumor phagocytosis.13 In the present study, we
saw direct evidence of macrophage phagocytic activity in a
[211At]MM4 treated tumor assessed by histopathology, which
suggested proinflammatory signaling mediated by [211At]MM4

Figure 4. (A) Tumor tissue histology of control (n = 1), [211At]MM4 poor responder (n = 1), [211At]MM4 good responder (n = 1), and anti-PD-1
treated tumors stained by hematoxylin and eosin (HE) for gross pathology, PARP1, CD4, CD8, and F4/80 biomarkers. Scale bars = 50 μm. (B)
Quantification of biomarkers using percent difference in H-score from control and (C) number of cells detected classified by intensity for tumor
sections from control (n = 1), [211At]MM4 good responder (n = 1), and anti-PD-1 treated tumors (n = 1).
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activated macrophages. Furthermore, we found enhanced
immunosurveillance in this tumor displayed by exceedingly
high levels of CD4+ T-cells. The presence of CD4+ T-cells was
highest in the anti-PD-1 treated tumor. Although CD4+ T-cells
can have direct antitumor activity, they can also become T-
regulatory cells that allow immune escape. In our study, we
observed a higher number of CD4+ T-cells in tumors that were
responsive to therapy which suggests antitumor activity,
although this response was not sufficient to completely
eradicate the tumor burden.
A limitation of the present study includes the lack of

biochemical analyses to further validate mechanisms by which
alpha-particles stimulate tumor associated inflammation. In
particular, we did not perform histopathological analysis on
tumors from the combination treatment group due to the
unavailability of tumors as a result from complete responses.
Future studies are being designed to account for these factors
and will be directed to analyzing the effects on the tumor
microenvironment. One difficulty with interpreting the results
from syngeneic tumor models is the high propensity for tumors
to spontaneously resolve due to antitumor immunity.8 To
account for this, we employed multiple measures of efficacy
and censored mice at early signs of progression. Immunohis-
tochemical staining showed anti-PD-1 treated tumors did have
tumor cell burden remaining at the time of censorship,
although there was a direct sign of antitumor immunity
including the CD8+ T-cells and macrophage infiltration. This
confounding result however is balanced by the expedient
complete remissions observed in the combination group,
suggesting there is direct efficacy enhancement of immune
checkpoint-blockade with [211At]MM4.
We propose that [211At]MM4 stimulates tumor inflamma-

tion through direct DNA damage to tumor cells which
activates the innate immune response. We know astatine-211 is
not equally toxic to different cell types (tumor or host) and
toxicity is dependent on microscopic distribution relative to
cell nuclei. PARP1 IHC showed that tumor cells were more
positive than stromal or immune cells, which highlights that
delivered alpha-particles are selectively irradiating tumor cells.
This proposed mechanism is supported by the increase in
circulating neutrophils as a nonspecific inflammatory marker
that is often a hallmark sign of the antiviral innate immune
response. These data are not sufficient to confirm STING
pattern recognition pathway activation in the tumor micro-
environment, although other reports have robustly demon-
strated this and support pattern recognition as a plausible
explanation for [211At]MM4 mediated inflammation. The
enhanced recruitment of macrophages to tumors treated with
[211At]MM4 further supports the proposed mechanism,
although the exact role of macrophages for mediating
antitumor immunity is unclear. Nevertheless, it is a sign of
tumor inflammation. These observations combined with more
rapid complete responses observed in the combination treated
group compared to the anti-PD-1 treated group suggest there
is a beneficial role of macrophage recruitment. In summary,
these data show that PARP targeted alpha-particles from
[211At]MM4 can recruit immune cells which may provide a
rationale for the observed improvement in antitumor efficacy
when combined with anti-PD-1 checkpoint blockade.
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