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Abstract

Purpose: Persistent immunosuppression in the tumor micro-environment is a major limitation to
boosting the abscopal effect, whereby radiotherapy at one site can lead to regression of tumors

at distant sites. Here, we investigate the use of radiation and immunogenic biomaterials (IBM)
targeting only the gross tumor sub-volume for boosting the abscopal effect in immunologically
cold tumors.

Methods: To evaluate the abscopal effect, two syngeneic contralateral tumors were implanted
in each mouse, where only one tumor was treated. IBM was administered to the treated tumor
with one fraction of radiation and results were compared, including as a function of different
radiotherapy field sizes. The IBM was designed similar to fiducial markers using immunogenic
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polymer components loaded with anti-CD40 agonist. Tumor volumes of both treated and untreated
tumors were measured over time, along with survival and corresponding immune cell responses.

Results: Results showed that radiation with IBM administered to the gross tumor sub-volume
can effectively boost abscopal responses in both pancreatic and prostate cancers, significantly
increasing survival (P<0.0001 and p<0.001, respectively). Results also showed equal or superior
abscopal responses when using field sizes smaller than the gross tumor volume compared to
irradiating the whole tumor volume. These results were buttressed by observation of higher
infiltration of cytotoxic CD8+T-lymphocytes in the treated tumors (p<0.0001) and untreated
tumors (p<0.0001) for prostate cancer. Significantly higher infiltration was also observed in treated
tumors (p<0.0001) and untreated tumors p<0.01) for pancreatic cancer. Moreover, the immune
responses were accompanied by a positive shift of pro-inflammatory cytokines in both prostate
and pancreatic tumors.

Conclusions: The approach targeting gross tumor sub-volumes with radiation and IBM offers
opportunity for boosting the abscopal effect, while significantly minimizing healthy tissue toxicity.
This approach proffers a radio-immunotherapy dose-painting strategy that can be developed for
overcoming current barriers of immunosuppression especially for immunologically cold tumors.
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Introduction

Cancer is a leading cause of death world-wide, with over 18.1 million new cases a year,
and 9.6 million deaths.! Radiotherapy (RT) is one of the main modalities for cancer
treatment designed to selectively kill local tumor cells within the irradiation field. Recent
developments on the abscopal effect? proffer a promising frontier in extending the use of
RT to treatment of both localized and metastatic disease. The abscopal effect describes
response to treatment by cancer cells located outside the radiation field or distant from the
irradiated local tumor.3~4 Work by Formenti, Demaria, and co-workers has connected the
abscopal effect to mechanisms involving the immune system.5° Over the years there has
been increasing evidence that abscopal response rates are low due to widespread presence
of immunosuppression at tumor sites, with only a minority of patients currently showing
such responses.10:11 These low responses are characterized by low infiltration and action
of immune cells like antigen presenting cells (APCs) and CD8* T cells, especially for
immunologically “cold’ tumors like prostate and pancreatic cancers.1? The development of
more effective approaches to boost abscopal response rates is needed in order to effectively
leverage this approach in treatment of both local and metastatic disease.

Here we investigate an approach that employs one fraction of RT with immunogenic
biomaterials (IBM), which can make the tumor microenvironment more immunogenic, with
significant infiltration of immune cell populations needed for effective abscopal responses.
Recent research in the vaccine and immunotherapy fields has revealed that some polymeric
biomaterials may be designed to program and control the infiltration of a variety of immune
cells.12-14 These studies reveal this activity is influenced by the physicochemical properties
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of the material and that the choice of polymer weight and degradation of the polymeric
components are important factors in determining this activity.14-17 Here we employ IBM
with immunogenic polymer components PLGA (poly-lactic-co-glycolic acid) and alginate,
which have been shown to significantly enhance immunogenicity2-14 and infiltration or
maturation of APCs,15-17 which are crucial for boosting the abscopal effect.>8 The IBM
further strategically incorporates a component of agonistic anti-CD40 whose sustained
presence®18.19 within the tumor microenvironment can serve as a local base for sustainably
supporting the activity of infiltrating CD40+APCs in boosting tumor specific cytotoxic

T cell’s action.>19-21 A particular focus here is investigating such action for poorly
immunogenic tumors22-24, including prostate tumors, which do not express CD40.23.24
The customizable IBM further allows for incorporation of theranostic nanoparticles which
can provide contrast for image-guided RT,19 with potential to replace biomaterials like
fiducial markers2® currently used during radiotherapy, at no additional inconvenience to
patients.20: 21

While RT itself can be a pro-immunogenic modifier of the tumor microenvironment,2: 26-28
we investigate the use of one RT fraction as a strategy to minimize immunosuppressive
effects of RT, especially on infiltrating immune-cell populations such as peripheral APCs
or CD8+ cytotoxic T cells post RT. These immune cells are particularly radiosensitive?®
and so repeated fractions of RT are likely to suppress their action needed to generate a
robust abscopal effect.2%30 Also, studies have shown that RT with large field sizes can

be immunosuppressive, which would hamper the generation of a robust immune-mediated
abscopal responses.2%:30 In this respect, we carried out further studies with varying field
sizes,31 including field sizes smaller than the gross tumor volume sub-volume (GTV/SV).

Materials and methods

Cell lines and cell culture materials

To generate prostate tumors, C57BL/6 background TRAMP-C1 cancer cells were purchased
from American Type Culture Collection (ATCC, Manassas, VA). In addition to generate
castration-resistant prostate cancer cells, androgen deprived TRAMP-C1 (AD-TRAMP-C1)
cells were generated by culturing TRAMP-C1 cells for 14 days in androgen-deprived
medium (Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO) with10 nM flutamide
and 10% dextran-coated charcoal-treated FBS) and maintained in the same culture media as
shown in previous studies.32 For pancreatic cancer, C57BL/6 background Panc-02 cells
were obtained from the National Cancer Institute. The cells were cultured in DMEM
(GIBCO) with 10% FBS (Sigma) and 1% penicillin/streptomycin (Invitrogen). All cells
were grown in a humified incubator at 37 °C under 5% CO» atmosphere. All experiments
were performed using cells passage number less than 30 and all injected cells were tested to
be mycobacterium-free to avoid any potential adjuvant effect.

Immunogenic Biomaterials (IBM)

IBM were developed with biocompatible polymer components that have been shown
to enhance immunogenicity including PLGA (poly-lactic-co-glycolic acid) (M.W.:50-50
kDa) and sodium alginate (ALG) nanoparticle components which were obtained with
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acetone from Sigma-Aldrich. Twenty pg of monoclonal anti-mouse CD40 (FGK4.5/FGK45)
antibody (BioXcell) was used as immunoadjuvant for each payload. Three hundred mg

of polymer components was added to 3.5 mL of acetone and mixed into a homogenous
solution. The Harvard apparatus (Harvard Bioscience, Holliston, MA, USA), was used to
infuse the solution into the silicon tubing (ID:1/32”) (Saint-Gobain Performance Plastics
Laboratory Division, USA) at a constant flow for shaping the IBM. The colloid was cured
under 50°C for 48 hours. After curing, the silicon tubing was cut into fiducial marker lengths
3-5 mm as appropriate and extracted and loaded with 20 ug of immunoadjuvant payload.
Brachytherapy 18 gauze needles (1Z1 Medical Products) were used to administered IBM
intratumorally as performed clinically for fiducials using one IBM insertion per tumor under
isoflurane anesthesia.

Eight- to twelve-weeks-old healthy C57BL/6 background wild (W*/*) male and female mice
were purchased from Taconic mice (C57BL/6NTac), Hudson, New York, USA and Jackson
lab (C57BL/6J), Bar Harbor, Main, USA and maintained under pathogen-free conditions

in the animal facility at Dana Farber Cancer Institute (DFCI) Boston,Massachusetts, USA.
Mice were held in groups of five in standard cages under a 12 hours light/dark cycle,

with access to food and water ad libitum. All animal procedures were conducted according
to the protocols approved by Institutional Animal Care and Use Committee (IACUC) in
compliance to the guidelines and regulations for the proper use and care of laboratory
rodents (DFCI IACUC-15-040 and -17-010).

Subcutaneous tumors

To generate subcutaneous (SQ) prostate tumors, TRAMP-C1 cells (1x10° cells/tumor) were
injected subcutaneously in the contralateral flanks of the male mice. For SQ model of
castration resistant prostate cancers androgen deprived, AD-TRAMP-C1, cells (5x10° cells/
tumor) were injected subcutaneously in contralateral flanks of the male mice (the term AD-
Prostate cancer has been used throughout the manuscript). For pancreatic cancers, Panc-02
cells (1.5x10° cells/tumor) were injected SQ in both flanks of the male or female mice. In
all cases, cancer cells were suspended in PBS and insulin syringes with 18 to 22-gauge size
needle were used for tumor cell injection. Animals were observed minimum two times a
week after cell implantation to monitor tumor growth. All mice were maintained, and the
study was conducted following the IACUC-approved protocol (DFCI IACUC-15-040).

Orthotopic tumors

Orthotopic /in-vivo syngeneic prostate mouse tumors were also generated in male mice
(Taconic mice) by injecting 2.5x10° cells suspended in matrigel with high concentration
(HC) of growth factors (Corning) in a 1:1 ratio to the right anterior prostate following
standard protocol-33 After closing the abdominal wall, one SQ tumor was implanted

on the opposite flank in all of these mice under the same anesthesia. Survival assays
were performed to monitor the post-treatment length of survival duration. All mice were
maintained in the DFCI Animal Core Facility following intuitional IACUC approved
protocol (DFCI IACUC-17-010). Details in supplementary section.
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Experimental design

Mice which developed two tumors around 14 days post-implant were selected to be included
in the study. When the tumor reached 3-5 mm in diameter, treatable mice were randomized
and divided into groups according to each study design. Each study was matched with
gender and age. Mice were also observed at least twice weekly to assess their physical
conditions. In all studies, tumor measurements and body weight were measured at least
twice a week and mice survival was monitored, to observe the efficacy of the treatments.
The sizes of both treated and untreated tumors on each animal were monitored and the tumor
growth plotted over time. Tumor diameters were monitored manually by a digital Vernier
caliper. The volume was calculated using the formula: Tumor Volume = [1/2 *L*(W?2)]
where L and W are the length and width of the tumor, respectively. The length was measured
along the imaginary longitude of the leg and the width was measured in the direction of

the latitude. For orthotopic tumors, treatments were given directly to one of the SQ tumor
and survival study was performed to monitor the outcome of the treatment. All animal
experiments were conducted in compliance with the guidelines and regulations set by the
institutional IACUC.

Small animal image-guided radiotherapy and CT imaging

A small animal radiation research platform (SARRP, Xtrahl, Inc., Suwanee, GA, USA) at
the DFCI animal facility was used for image-guided radiotherapy using 220 kVp, 13 mA,
and 0.15 mm copper (Cu) filter at 2-10 Gy. CT image of the animals were performed

with 65 kVp and 0.8 mA. The CT images were used for a single fraction image-guided
radiotherapy to one of the implanted SQ tumor (treated). For studies comparing different
field sizes, 10x10 or 5x5 mm? collimators were used for irradiations of the volumes larger
than the gross tumor volume, as the planning treatment volume (PTV) and clinical treatment
volume (CTV) referred to this manuscript as PTV/CTV. Meanwhile, 3x3 mm? collimator
was used for irradiating only a sub-volume (SV) of a gross tumor volume (GTV), referred
to here as the GTV/SV. Mice were anesthetized with isoflurane during CT imaging and
radiation.

Statistical Analysis

Statistical analysis results are presented as mean + SEM. Statistical analysis were carried out
using GraphPad Prism 8.0 statistical software (GraphPad Software Inc.). Survival data were
plotted using GraphPad Prism 8.0. Log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon
tests were employed to determine the significance of the Kaplan—Meier survival analysis.

A p-value <0.05 was considered significant with 95% or higher level of confidence interval
(*p<0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001).

(Methods and materials section is continued in the supplementary file.)

Results and discussion

The modus operandi for the IBM approach to boost abscopal response rates is illustrated
in Fig.1A. RT inflicts damage to tumor cells, generating tumor associated neoantigens
which can be taken up by antigen presenting cells (APCs). The IBM administered into the
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treated tumor enables sustained recruitment and activation of the APCs as the immunogenic
polymer components of the IBM biodegrade to boost /n-situ vaccination. The APCs can
then travel to the lymph nodes to induce T-cell activation, and ultimate clonal expansion

of CD8™ cytotoxic T cells recognizing the tumor-specific antigens. Activated cytotoxic
T-cells directed against the tumor-specific antigens then infiltrate the treated tumor as well
as untreated tumors. The infiltrating cytotoxic T-cells then kill tumor-cells, resulting in
additional tumor-associated antigens being released and ensuing expansion of effector T
cell clones against additional antigenic targets, effectively establishing the cancer immunity
cycle.24-26

Figure 1 demonstrates the overall strategy of this research work. C57BL/6 background
syngeneic animal models of prostate and pancreatic cancers were implanted with two
contralateral tumors in each mouse (details in the method section), Mice which developed
two tumors were randomized and treated with IBM and/or one fraction of image-guided
radiotherapy (IGRT) to one of the implanted SQ tumors. IGRT was performed using SARRP
(Fig. 1B), where different sized collimators were used to deliver IGRT in different target
volumes (Fig. 1C-D).

To investigate the potential to spare normal healthy tissue, IGRT of different field sizes

was performed (Fig. 2 A-B, and Supplementary Fig 1A-B) to compare the surrounding
tissue damage. Results for larger field sizes, that encompass the planning or clinical target
volume (PTV/CTV), versus smaller field sizes targeting a sub-volume of the gross tumor
volume (GTV/SV) were analyzed for yH2AX to observe double strand DNA breakage.
Results quantifying yH2Ax corroborate the potential for substantial reduction of radiation
toxicity in normal tissue surrounding the tumor. A significantly smaller area of damaged
tissue was identified by immunofluorescence staining of the DNA damage response repair
histone yH2Ax when using 3x3 mm? radiotherapy field size which is smaller than the tumor
size (>4x4 mm?) (Fig. 2C-D and supplementary Fig. 2A and B).

Starting with prostate cancer model, animals with tumors generated from TRAMP-C1
(Prostate cancer) and AD-TRAMP-C1 (castration resistant prostate cancer/AD-prostate
cancer) cells were investigated. Fig. 3A illustrates the IBM and the treatment design used
for this purpose. Based on the prior research in pancreatic cancer,26 5Gy of RT (°CYRT)
was administered to one of the implanted two SQ tumor with or without the treatment of
IBM in the prostate cancer model (TRAMP-C1). The highest reduction of tumor volume
was observed with the combination treatment of 5Gy+IBM (°CYRT+IBM) in both treated
(p<0.001) and untreated (abscopal, p<0.01) tumors compare to the RT cohort (Fig. 3B and
Supplementary Fig. 3A). Additionally, a survival study in the same tumor type showed
significant increase in survival percent and survival duration with this combination treatment
(°SYRT+IBM, p<0.001) compared to RT (Fig. 3C). In both cases 5 Gy of RT was given

as a single dose. Further analysis was performed in castration resistant prostate cancer
model (AD-prostate cancer) using this combination treatment (RT +IBM), where RT dose
was titrated from 2 to 10 Gy. Here, 5 Gy of RT+IBM (°CYRT+IBM) also resulted in

most significant abscopal response rate (p<0.01) compared to other RT doses (Fig. 3D),
without any significant change in the body weight and body score of the treated mice
(Supplementary Fig. 3B). Additional results showed a significant increase in survival rate
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(p< 0.0001) with SGYRT+IBM and consistently resulted in long term survivors (Fig. 3E)

in this aggressive AD-prostate cancer model. The highest infiltration of APCs (dendritic
cells) on day 7 post treatment was also observed for SSYRT+IBM treatment cohorts for the
treated AD-prostate cancers (p<0.001) (Fig. 3F) corresponding to the results for the highest
abscopal response. These results suggest that higher RT doses are not necessarily more
effective in achieving an abscopal effect with IBM.

Further investigation was performed in castration resistant/AD-prostate cancers to evaluate
the response for this combination treatment, 6YRT+IBM, comparing variation of the field
sizes for treatment volume, PTV/CTV vs. GTV/SV (Fig. 4A). Both the field sizes showed
significant increase in abscopal response rates (p<0.01 for PTV/CTV and p<0.001 for
GTV/SV) in a SQ model with no significant difference between the field sizes (Fig.4B and
Supplementary Fig. 4A). Increase in survival rate was also observed for treatment in both
field sizes (p<0.001 for GTV/SV to p<0.01 for PTV/CTV) in an orthotopic model with
higher survival duration with the group treated with the smaller field size (GTV/SV) (Fig.
4C). Furthermore, the treated (SQ) tumors also showed significant intratumor infiltration of
APCs (p<0.0001 and p<0.0001 for PTV/CTV and GTV/SV) (Fig. 4D and Supplementary
Fig. 4B) when analyzed on day 7 post-treatment. Meanwhile a corresponding increase

in T cells infiltration was also observed in both treated (SQ) and untreated (orthotopic)
AD-Prostate tumors with no significant difference for the combination treatment with
different field sizes (Fig. 4E and supplementary Fig. 4C). Altogether, the data suggests

that radiotherapy with IBM, even for field sizes smaller than the tumor sub-volume, can still
significantly boost abscopal response rates in prostate cancer treatment.

To obtain additional insights in the abscopal response, an ELISA analysis was performed
for inflammatory cytokines on collected serum on post treated day 12 from AD-Prostate
cancer orthotopic model. Increased of CD8" T-cells and anti-tumor activity of APCs induces
higher pro-inflammatory cytokines to perform the tumoricidal effect33:34, Pro-inflammatory
cytokines, including I1L-2,34 1L-12,33-35 have been well characterized as associated with
anti-tumor responses. An overall significant shift towards anti-tumor/pro-inflammatory
cytokines including 1L-2 and IL-12 was observed with the 5GYRT+ IBM treatment with

no significant difference for field sizes, PTV/CTV (p<0.01) and GTV/SV (p<0.01) (Fig. 4F
and Supplementary Tablel), which is consistent with the observations in figures 4A-E.

For pancreatic cancer model where contralateral SQ tumors were generated from Panc-02
cells, combination treatment (°GYRT+IBM) also showed a major boost in abscopal responses
(p<0.0001 and p<0.0001 compared with RT and IBM, respectively) similar to observations
made with both type of prostate tumors (Fig. 5A-B). Furthermore, S6YRT+IBM showed

no significant difference in combination treatment with field size variation (p<0.001 and
p<0.001 for PTV/CTV and GTV/SV field sizes, respectively) (Fig. 5C and Supplementary
Fig. 5A). Significant increase in survival rate was also observed for both field sizes (p<0.01,
PTVICTV and p<0.001, GTV/SV), albeit higher survival duration for the smaller field

size (Fig. 5D). Ex-vivo analysis of the tumor tissue on day-7 post-treatment consistently
showed significant enhancement of the CD8* cytotoxic T cell infiltration in both treated
(Supplementary Fig. 5B) and untreated (Fig. 5E and) tumors with S6YRT+IBM treatment,
PTV/CTV (p<0.001) and GTV/SV (p<0.01) compared to control. No significant difference
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was shown for different field sizes. Similar to prostate cancers, serum collected from ex-
vivo pancreatic cancer animals also showed a significant high anti-tumor/pro-inflammatory
cytokine surge in the combination treatment cohorts with no significant difference when
different field sizes were investigated (Fig. 5F, and Supplementary Tablel).

Overall, the results from the different investigations in different tumor types consistently
indicate that radiotherapy with IBM, even with tumor sub-volume field sizes can be an
effective therapeutic strategy for boosting the abscopal effect. This radio-immunotherapy
approach has a number of potential advantages. First, it has the potential for major sparing
of healthy tissue when targeting the gross tumor sub-volume with smaller field sizes and
IBM to create an immunogenic hub. The addition of margins during RT treatment planning
is a time-consuming and error-prone step, often resulting in the irradiation of more normal
tissue. The development of such an approach, which can afford the killing of tumor cells
outside the radiation field via the abscopal effect, would make the addition of margins

like the clinical target volume (CTV) obsolete for this type of tumors, with major sparing
of normal healthy tissue. This would be particularly important for subjects who may not
otherwise qualify for radiotherapy because they have reached their normal tissue toxicity
limits during prior treatment.38

Another important aspect of this approach is the use of just one fraction of radiotherapy in
generating neoantigens and exposing tumor associated antigens. This may further reduce
the surrounding tissue toxicity38:3% and immunosuppressive effect of radiotherapy.®10

This is valuable, since the infiltrating immune cell populations that are crucial for

boosting the abscopal effect (such as APCs or CD8™ cytotoxic T cells) are particularly
radiosensitive.1%: 38 High radiation dose or repeated fractions of RT are likely to suppress or
stifle their action needed to generate a robust abscopal effect.38

The “positive’ shift of the cytokines towards pro-inflammatory/anti-cancer mode3* observed
in this study support overall effectiveness of the treatment strategy. IL-2, which has been
one of the most researched cytokine for enhancing potent antitumor activity against many
cancers,34:35 showed an increase in both prostate and pancreatic tumor micro-environments.
This cytokine has been shown to play a critical role in differentiation of CD4+ T cells into

a variety of subsets, and promotion of CD8+ T-cell and other cytotoxic activity.34-36 1L-12,
is another well characterized potent inducer of antitumor immunity, mainly produced by
pro-inflammatory APCs, like dendritic cells, monocytes, and B cells.36:37 Here, we observed
increased infiltration of APCs in the tumor microenvironments treated with 6YRT+IBM,
consistent with increase in IL-12 secretion (Fig. 4F, 5F and Supplementary Tablel), which
supports promotion of antitumor activity. Altogether, the increased infiltration of immune
cells like APCs and CD8" T-cells, as well as the induction of anti-tumor cytokines like

IL-2 and IL12 reflect the same anti-tumor immune surge towords the abscopal effect. These
findings provide the basis for additional research towards further optimizing the treatment
parameters of this approach to substantially boost the abscopal response rates with increased
sparing of healthy tissue.

The approach investigated here is promising in that it can be developed to boost high
abscopal response rates particularly for immunologically cold tumors like pancreatic
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cancer, which is often diagnosed at metastatic stage, as well as metastatic castration
resistant prostate cancers. For these cancers, current curative treatment options are
limited and prognosis is extremely poor.23-2% The use of IBM to make the tumor
microenvironment more immunogenic, provides opportunities for administering the IBM
to immunosuppressive tumor sub-volumes e.g. hypoxic volumes. Such volumes can be
identified via functional imaging using magnetic resonance imaging (MRI).

Conclusion

Altogether, the approach targeting tumor sub-volumes with RT and IBM offers an
opportunity for boosting the abscopal effect, while significantly minimizing normal tissue
toxicity. The results provide significant impetus for further studies to develop this approach
and optimize treatment parameters including for other tumor types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

ASproach to boost abscopal response rates using immunogenic biomaterials (IBM) with
sub-volume radiotherapy (RT). (A) Schematic illustration of the approach to boost abscopal
response rates by targeting the tumor sub-volume with image-guided radiotherapy and
immunogenic biomaterials (IBM) leveraging the abscopal effect. The IBM enhances
infiltration and activation of antigen presenting cells (APCs). APCs in the tumor take-up
these antigens created by RT induced tumor cell damage, and travel to the lymph nodes

for cross-presentation to generate tumor specific CD8* cytotoxic T lymphocytes (CTLs)
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to induce anti-tumor effect.?23 This immune-mediated action results in high abscopal
responses with regression of both treated (local), and untreated cancers, representing
metastasis. (B) Targeted irradiation of one of the two implanted tumors, using SARRP.

(C) A cartoon showing different tumor volumes that can be targeted with different field sizes
using different sized collimators of the SARRP (left). Pictures of different sized collimators
for different treatment volumes (right). (D) Representative field profiles for RT are shown
for 10x10, 5x5, and 3x3 mm? sized collimators (SSD is 34 cm). SSD: source to surface
distance.
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Fig. 2.

Agproach to reduce normal tissue toxicity by using RT field sizes smaller than the gross
tumor volume (GTV/SV). (A-B) Dose map and histogram showing irradiated regions with
10x10 mm? field size with direct treated area (red), adjacent tissue receiving radiation
(blue), and untreated tumor receiving no radiation (green). (C) IF images and corresponding
bar graphs for the DNA damage repair histone yH>Ax (CY3, red, excitation wavelength 555
nm) and nuclei (DEPI, blue) 4 hours after IGRT to the planning target volume (PTV) with
10x10 mm? sized field, representing DNA damage in the center as well as in the peripheral

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.
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section of the AD-prostate tumor. (D) Similar IF image and bar graph representing DNA
damage in the center (RT treated area) and relatively no damage at the peripheral section
of the tumor for RT with 3x3 mm? sized field where only a GTV/SV of the AD-prostate
tumor was irradiated. Data represents the mean +/— SD. **** p< 0.0001. NS: no statistical
significance.
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Fig. 3.

Radiation with 5 Gy of RT shows the highest abscopal response for RT+IBM. (A) Schematic
diagram of IBM and study design for prostate cancer model where two tumors were
implanted in contralateral flanks (SQ) and only one was treated. (B) The dynamics of the
tumor volume change showing in line graphs for treated (solid line) and untreated (dashed
line) prostate cancers (SQ tumors generated from TRAMP-C1 cells) where one of the two
implanted SQ tumors treated with IBM, 5 Gy of RT, and in combination of 5¢YRT+IBM
along with a control (n=5 for each cohort). (C) Kaplan-Meier survival curve of an additional

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yasmin-Karim et al.

Page 17

study showing percent survival of mice treated with 5 Gy (n=6) of radiotherapy versus 5

Gy of RT+IBM (n=6) for prostate cancers. (D) Line graphs showing dynamics of the tumor
volume change for both treated (solid line) and untreated (dash line) tumors in AD-prostate
cancer model (SQ tumors generated from AD-TRAMP-C1 cells) where a control cohort was
compared with the combination treatment (RT+IBM) with variating the RT doses for 2, 5,

8, or 10 Gy (n=5). (E) Kaplan-Meier survival curve showing percent survival for the same
treatment cohorts comparing with control (n=5). (F) Bar graph and representative images
showing the infiltration of APCs like dendritic cells (CD11b+) to the treated tumors on day
7 post treatment for the same cohorts (comparing with control). Ex-vivo treated tumors were
resected. Paraffin embedded 4 mm thin sections were treated with CD11b+ antibody for

IF analysis. Bar graph represents the average integrated fluorescent intensity for different
cohorts (n=3). CY3 (red) represents infiltrated CD11b+ dendritic cells and DAPI is for
nucleus staining. Scale bar is 2,000 um. RT was given using 10x10 mm? sized collimator.
Data represents the mean +/- SD. ** p< 0.01, *** p< 0.001, **** p< 0.0001.
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Fig. 4.

Tr?eatment with different field sizes in a castration resistant prostate cancer/AD-prostate
cancer model. (A) Treatment design. (B) Comparing tumor volume change in both treated
(p<0.001, p<0.0001) and untreated (p<0.0001, 0.0001) AD-prostate cancers in SQ model,
where 5 Gy of IGRT with IBM (°GYRT+IBM) was given in one of the implanted

tumors compared with control cohorts. IGRT was delivered using 10x10 mm? collimators
(cohort SGYRTPTVICTV4|BM, n=5), or 3x3 mm? collimators (cohort S6YRTCTV/SV+|BM,
n=5 for each cohort); Here AD-TRAMP-C1 cells were implanted subcutaneously in two
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contralateral flanks. (C) A Kaplan-Meier survival curve for AD-prostate cancer orthotopic
model, n=9 (p <0.01 for 10x10 mm?2 and p<0.001 in 3x3 mm? field sizes for RT).

(D) Representative images showing the infiltration of APCs like dendritic cells, DCs,
(CD11b™*) to the treated tumors (SQ) on day 7 post treatment comparing different field
sizes for treatment. Ex-vivo treated tumors were resected. Paraffin embedded 4 mm thin
sections were treated with CD11b+ antibody for IF analysis. Bar graph is the quantified
representation of both DCs (p<0001) and macrophages (p<0.0001) infiltration in treated
tumor microenvironment. The y-axis showing the average integrated fluorescent intensity
change for different cohorts (n=3). (E) Seven-day post-treatment comparison of CD4*
(p<0.001) and CD8™" (p<0.0001) T-cell infiltration into untreated tumors (orthotopic) shown
in representative images and in a bar graph. In all cases, green color represents FITC
(excitation wavelength 480 nm) for CD4* and red color represents CY3 for CD8* T
lymphocyte infiltration. DAPI (blue) represents for nucleus staining of the tumor tissue.
Data represents the mean +/— SD. (F) Research design and a heatmap showing the OD
values (at 490 nm) of serum pro- and anti-inflammatory cytokines. Mouse Cytokine ELISA
assay was performed on serum collected from mice treated with combination of RT+IBM
where 5 Gy of RT was delivered in one fraction for 10x10 mm? or 3x3 mm? sized fields
(CCYRTPTVICTV1IBM vs. SGYRTCTV/SV+IBM respectively) to one of the tumors (treated
tumor), (n=5). Day twelve post-treatment serum cytokine was analyzed using an ELISA kit
pretreated with antibody against the analyzed cytokines (Signosis, Inc.). ** p< 0.01, *** p<
0.001, **** p< 0.0001. NS abbreviates not significant.
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Fig. 5.

Tr%atment with different field sizes in pancreatic cancer. (A) Study design for pancreatic
cancer model where two SQ tumors were implanted in two flanks and only one was treated
with RT and/or IBM. (B) Line graphs showing real time tumor volume progression in
treated (solid line) and untreated (dashed line) tumors where one of the two implanted SQ
pancreatic cancers was treated with S6YRT, or IBM, or S6YRT+IBM. Control cohort was
treated with PBS, (n=5, for each cohort). (C) Comparing tumor volume change with control
group for both treated and untreated pancreatic cancers, where 5 Gy of IGRT and IBM
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were given in one of the implanted tumors and compared with varying the field sizes for
PTVI/CTV (CSYRTPTVICTV4|BM, n=5, p<0.01 and p<0.01 for both treated and untreated
cohorts respectively), or GTV/SV (6YRTCTV/SV+|BM, n=5, p<0.01 and p<0.01 for both
treated and untreated cohorts respectively). (D) A representative Kaplan-Meier curve with
p values of <0.01 and <0.0001 for PTV/CTV and GTV/SV field sizes, respectively.

(E) Representative images of untreated pancreatic cancer tissue of 7-day post-treatment
showing IF staining for intra-tumoral infiltration of CD4* (FITC) and CD8+ (CY5) T
lymphocytes, where the tumors were treated with IBM and radiotherapy in varying field
sizes (SCYRTPTVICTV4|BM), and SCYRTCTVISV4+IBM). Ex-vivo tumors were resected and
analyzed as Fig. 4. Bar graph represents the average integrated fluorescent intensity for
different cohorts (n=3). FITC for infiltrated CD4" and CY5 (excitation wavelength 570 nm)
represents infiltrated CD8* T cells. DAPI (blue) is for nucleus staining. Control tumors
were treated with PBS. The corresponding bar graph for the fluorescence intensity change
is shown in right. Data represents the mean +/- SD. (F) Heatmap for serum pro- and anti-
inflammatory cytokines with control (no treatment) and in combination treatment groups
with different radiation fields (n=5) for pancreatic cancers (n=5). For both cases serum was
collected 12 das post treatment. ** p< 0.01, **** p< 0.0001, NS abbreviates not significant.
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