
Frontiers in Oncology | www.frontiersin.org

Edited by:
Turid Hellevik,

University Hospital of North Norway,
Norway

Reviewed by:
Jiamei Fu,

Shanghai Pulmonary Hospital, China
Qing Guo,

Jiangsu Taizhou People’s Hospital,
China

*Correspondence:
Sayeda Yasmin-Karim

syasmin-karim@bwh.harvard.edu

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 17 May 2021
Accepted: 27 September 2021

Published: 26 October 2021

Citation:
Yasmin-Karim S, Wood J, Wirtz J,

Moreau M, Bih N, Swanson W,
Muflam A, Ainsworth V, Ziberi B and

Ngwa W (2021) Optimizing In Situ
Vaccination During Radiotherapy.

Front. Oncol. 11:711078.
doi: 10.3389/fonc.2021.711078

ORIGINAL RESEARCH
published: 26 October 2021

doi: 10.3389/fonc.2021.711078
Optimizing In Situ Vaccination
During Radiotherapy
Sayeda Yasmin-Karim1,2,3*, Jana Wood1,2,3,4, Johanna Wirtz1,2,3,5, Michele Moreau1,2,3,6,7,
Noella Bih1,2,3, William Swanson1,2,3,6, Ashley Muflam8, Victoria Ainsworth1,2,3,6,
Bashkim Ziberi1,2,3,9 and Wilfred Ngwa1,2,3,7

1 Department of Radiation Oncology, Dana Farber Cancer Institute, Boston, MA, United States, 2 Department of Radiation
Oncology, Brigham and Women’s Hospital, Boston, MA, United States, 3 Department of Radiation Oncology, Harvard
Medical School, Boston, MA, United States, 4 Department of Immunology and Microbiology, University of Veternary Medicine
and Pharmacy in Kosice, Kosice, Slovakia, 5 Medical Faculty, University of Ulm, Ulm, Germany, 6 Department of Physics and
Applied Physics, University of Massachusetts Lowell, Lowell, MA, United States, 7 Department of Radiation Oncology and
Molecular Radiation Sciences, Johns Hopkins University, Baltimore, MD, United States, 8 Department of Library and
Information Science, Rutgers University New Brunswick, New Brunswick, NJ, United States, 9 Department of Physics,
University of Tetova, Tetova, North Macedonia

Effective in situ cancer vaccines require both a means of tumor cell death and a source of
adjuvant to activate local dendritic cells. Studies have shown that the use of radiotherapy
(RT) to induce tumor cell death and anti-CD40 to activate dendritic cells can result in in situ
vaccination in animal models. Here, investigations are carried out on potential strategies to
enhance such in situ vaccination. Strategies investigated include the use of smart
immunogenic biomaterials (IBM) loaded with anti-CD40 in different tumor types
including immunologically cold tumors like pancreatic and prostate tumors. The use of
downstream checkpoint inhibitors to further boost such in situ vaccination is also
examined. Results indicate that the use of IBM to deliver the anti-CD40 significantly
enhances the effectiveness of in situ vaccination with anti-CD40 compared with direct
injection in pancreatic and prostate cancers (p < 0.001 and p < 0.0001, respectively). This
finding is consistent with significant increase in infiltration of antigen-presenting cells in the
treated tumor, and significant increase in the infiltration of CD8+ cytotoxic T lymphocyte
into distant untreated tumors. Moreover, in situ vaccination with IBM is consistently
observed across different tumor types. Meanwhile, the addition of downstream immune
checkpoint inhibitors further enhances overall survival when using the IBM approach.
Overall, the findings highlight potential avenues for enhancing in situ vaccination when
combining radiotherapy with anti-CD40.

Keywords: radiotherapy, immunogenic biomaterials, abscopal effect, immunotherapy, cancer vaccine, dose-
painting, prostate cancer, pancreatic cancer
INTRODUCTION

Themetastasis of cancer cells to distant organs is dominantly responsible for the primary cause of cancer
morbidity andmortality (1). Approximately 60% of cancer patients receive radiation treatment (RT) as a
part of the treatment process (2).Apart fromthe combinationof traditional cytotoxic chemotherapywith
radiotherapy, limited progress has been made in the synergies of radiotherapy and other targeted
therapies to cure metastatic cancers (2). In situ vaccination approaches that combine RT with
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immunoadjuvants have major potential for curative treatment of
patients with cancer metastasis (3–5). One promising approach
involves using RT with the immunoadjuvant (IA) anti-CD40 (3, 6,
7). CD40 is a TNF family member expressed on antigen-presenting
cells (APCs) like dendritic cells, macrophages, and B cells and some
cancer cells. When engaged with CD40L or with an agonistic
antibody (anti-CD40), CD40 signaling leads to upregulation of
NF-kB and production of IL-12 and other related cytokines (6, 7).
Hence, anti-CD40 monoclonal antibody can be employed to
increase activation of APCs, which play an important role in
generating an effective anticancer immune responses (3, 6). Recent
animal studies have demonstrated promise when combining RT
with locally delivered anti-CD40 even for immunologically cold
tumors likepancreatic cancer (8, 9).Theapproachhaspotential tobe
effective across different tumor types, since the neoantigens
generated in vivo by RT are tumor/patient specific, and the anti-
CD40 can act on APCs present in the tumor microenvironment
without the need for the tumor to express CD40 as with invasive
prostate cancer (3, 10, 11).

In situ drug delivery is also particularly attractive as it bypasses
intravenous drug delivery barriers limiting drug penetration into
tumors while also significantly reducing systemic toxicities which
are currently a critical barrier to use of anti-CD40 and other IA (12,
13). Contemporaneous developments in smart in situ drug delivery
technology such as smart radiotherapy biomaterials (11) have
highlighted the potential for smart delivery of anti-CD40 and
other IA to boost cancer treatment outcomes (14). Such smart
radiotherapy biomaterials include immunogenic biomaterials
(IBM), which possess the ability to provide image guidance
during image-guided radiotherapy (IGRT) while sustainably
delivering IAs to the tumor microenvironment (15, 16). In situ
delivery with IBM also bypasses untoward systemic toxicities and
affords sustained release due to gradual degradation of the
biomaterial, thereby increasing the bioavailability of the IA for
activating local APCs (3, 14, 17). Also immunogenic biomaterials
which degrade to release the IA may make the immunosuppressive
tumor microenvironment more immunogenic and could further
enhance in situ vaccination compared with direct intratumoral
delivery of IA (16–18). The use of IBM may further offer a viable
pathway to clinical translation as they could simply replace
currently used inert RT biomaterials (e.g., fiducials, beacons) (3,
14, 15) at no additional inconvenience to many cancer patients.
Here, the IBM approach is examined in comparison with direct in
situ delivery. For additional perspective, the IBM approach is
investigated for multiple immunosuppressive cancer models
which include, pancreatic adenocarcinoma, castration-resistant
prostate cancer, and cervical cancer. Furthermore, the approach
with IBM is investigated in combination with downstream
checkpoint inhibitors, anti-PD1 and anti-CTLA4 (19).
MATERIALS AND METHODS

Cell Lines and Cell Culture Materials
and Antibodies
C57/BL6 background murine pancreatic ductal adenocarcinoma
(PDAC) origin cell line Panc-O2 was obtained from the National
Frontiers in Oncology | www.frontiersin.org 2
Cancer Institute. Murine transgenic C57/BL6 background
prostate adenocarcinoma TRAMP-C1 cell line was purchased
from ATCC. Both cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Waltham, MA, USA) with
10% fetal bovine serum (FBS) (Sigma, ST. Louis, MO, USA) and
1% penicillin/streptomycin (Invitrogen, Waltham, MA, USA).
To generate aggressive castration-resistant prostate tumors,
TRAMP-C1 cells were grown in androgen-deprived medium
(DMEM with 10 nM flutamide with 10% dextran-coated
charcoal-treated FBS) for 2 weeks following a standard
protocol (20). These androgen-deprived TRAMP-C1 (AD-
TRAMP-C1) cells were used to generate castration-resistant
prostate tumors for this study. Mouse cervical cancer cell line
TC-1, expressing HPV16 E6/E7 with C57BL/6 background, was
kindly provided by Dr. T.C. Wu (Johns Hopkins Medical
Institutions, Baltimore, MD, USA). TC-1 cells were cultured in
RPMI-1640 media supplemented with 10% FBS, 1% penicillin/
streptomycin, 1% sodium pyruvate, 1% nonessential amino
acids, and 10 mmol/L HEPES. All cells were grown in a
humified incubator at 37°C under 5% CO2 atmosphere. All
experiments were performed using cells with passage numbers
less than 30, and all injected cells were tested to be
mycobacterium free to avoid any potential adjuvant effect.
Monoclonal agonistic anti-CD40 (clone FGK4.5/FGK45,
BioXell, Lebanon, NH, USA) was used for either direct
injection or in IBM production in this study. Mouse anti-
CD11b (dendritic cells), anti-CD4 (helper T cell), and anti-
CD8 (cytotoxic T cell) were purchased from Abcam.

Computed Tomography Imaging and
Image-Guided Radiotherapy
A small animal radiation research platform (SARRP, Xstrahl,
Inc., Suwanee GA, USA) was used for computed tomography
(CT) imaging and IGRT. Mice were anesthetized with isoflurane
vapor. CT images were taken first at 65 kVP energies. The CT
images were used for a single-fraction IGRT with field size to
encompass one of the implanted SQ tumor (planning treatment
volume (PTV)) using 220 kVp, 13 mA, and 0.15 mm copper (Cu)
filter. A dose of 5 Gy with single fraction was given for prostate
and pancreatic cancers and single fraction of 6 Gy was given for
cervical cancer.

Immunogenic Biomaterials
IBMs were developed with polymer components that have been
shown to enhance immunogenicity (14, 15): including poly
(lactic-co-glycolic) acid (PLGA) (MW: 50–50 kDa), sodium
alginate (ALG) powder, and acetone from Sigma-Aldrich.
Another IBM component is monoclonal antimouse CD40
antibody (BioXcell, Lebanon, NH, USA). The Harvard
apparatus (Harvard Bioscience, Holliston, MA, USA) and
silicone tubing (ID 1/32″, Saint-Gobain Performance Plastics
Laboratory Division, Williamsburg, MI, USA) were used for
shaping the PLGA IBM. PLGA IBM were fabricated by mixing
PLGA and acetone (100 mg:2 ml, respectively) to get a
homogenous mix. A Harvard apparatus (Harvard Bioscience)
was used to infuse a prepared mixture at a constant flow rate into
the silicon tubing (Saint-Gobain Performance Plastics
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Laboratory Division) with an internal diameter (ID 1/32″)
similar to that of currently used fiducials. The loaded silicon
tubing was dried at 50°C for 48 hours and then cut into lengths of
3 mm as needed. The monoclonal antibody payload (20 µg) was
added to the core and both ends were sealed with additional gel.
For the cervical cancer study, IBM with ALG gel was used. The
ALG powder (Sigma-Aldrich) was dissolved in phosphate-
buffered saline (PBS, Gibco) by rigorous vertexing at room
temperature at a final a concentration of 5 mg/ml and then
mouse monoclonal antibody to CD40 (20 µg) was added and
mixed thoroughly. Prior to administration, the mixture was
filtered through 0.22-µm syringe filter. IBM was administered
intratumorally as performed clinically for fiducials using clinical
brachytherapy 18-gauge needles (IZI Medical Products, Owings
Mills, MD, USA) with one injection per tumor under
isoflurane anesthesia.

Mouse and Tumor Models
C57BL/6NTac background 8–12-week-old wild (W+/+) male and
female mice were purchased from Taconic mice. The animals were
contained in groups of five in standard cages with free access to
food and water and a 12-h light/dark cycle. All mice were adjusted
to the animal facility for at least 1 week before experimentation.
All possible parameters that may cause social stress, like group
size, among the experimental animals were carefully checked and
evaded. Animals were observed three times a week after cell
implantation for any physical abnormalities. For subcutaneous
tumor models, Panc-02 (2 × 105 cells/tumor) suspended in PBS
were implanted to create syngeneic pancreatic subcutaneous (SQ)
tumor both mouse model. Generated castration-resistant
TRAMP-C1 cells (1 × 106 cells/tumor) suspended 1:1 in PBS:
HC (high concentrated Matrigel) were injected subcutaneously in
both flanks of the same backgroundmale mice to generate prostate
tumors. For cervical cancer, TC-1 cell line (1 × 105 cells/tumor)
was injected subcutaneously in both flanks of the same
background female mice. In all cases, an insulin syringe with 22-
gauge size needle was used for subcutaneous tumor cell injection.
All mice were maintained following IACUC-approved protocol
(protocol number 15-040). All animal experiments were
conducted in compliance with the guidelines and regulations set
by the Institutional Animal Care and Use Committee (IACUC).

Research Design
In murine cancer models, two SQ tumors were implanted in two
flanks of one mouse where only one was treated. Following the
treatment parameters established in previous study (16), a low
dose, 5 Gy, of IGRT and/or an IA were directly injected
intratumorally (20 µg of dAntiCD40) to one of the two
implanted tumors. The treated tumor was designated as
primary tumor, and the untreated tumor was designated as
secondary/abscopal/metastatic tumor. Growth of both tumors
(treated and untreated) was analyzed. Furthermore, metastatic
spreading of the implanted tumors was observed by analyzing ex
vivo lung tissue macroscopically and microscopically 8 weeks
postimplant. Next, IA IBM was used intratumorally for sustained
release of anti-CD40 as well as to increase the immunogenicity of
the tumor tissue. Multiple cancer models were tested for IBM+RT.
Frontiers in Oncology | www.frontiersin.org 3
To further observe the immune response, check point inhibitors
were added to the IBM+RT treatment regimen. In all cases,
treatment outcome was analyzed by observing tumor growth
and survival rate.

Tumor growth was supervised regularly per approved animal
protocol. A digital Vernier caliper was used to measure the
tumor length and width to calculate the volume. The length
was measured along the imaginary longitude of the leg; the width
was measured in the direction of the latitude. The tumor volume
was calculated using the formula: Tumor volume = [1/2 * L *
(W2)] where L and W is the length and width of the tumor,
respectively. When tumor volume reached to approximately 25–
35 mm3, mice were then randomized into different cohorts for
treatment. All treatments were given directly to one tumor either
by direct intratumoral injection or by intratumoral implantation
of IBM with or without RT. Intratumoral IBM was administered
in one IBM/tumor using clinical brachytherapy needles as
described above. A SARRP was used for IGRT. Tumor
volumes were calculated for both tumors, on the day of
treatment (day 0) and 2 times/week posttreatment by
measuring the length and width of the tumor. A survival study
was also performed. Mice were euthanized when either tumor
exceeded 20 mm in diameter collectively and/or when any of the
tumors became ulcerated or ruptured. A control cohort was
created with no treatment (PBS only) and another cohort was
created to administered IBM loaded with same amount of PBS
only. The tumor volume was plotted against time. Animal study
was performed following IACUC-approved protocol, which was
predetermined based on published evidence justifying such a
study design.

Hematoxylin and Eosin Staining
Lung tissue in applicable cases were extracted and fixed in 10%
formalin for 24 h. Paraffin-embedded tissues were sliced into 4-
µm-thick sections with a microtome, air-dried, fixed with
acetone, and stained accordingly following standard protocol.
To observe lung metastasis, sections were stained with
hematoxylin and eosin (H&E), and whole slide scanning (×40)
was performed on an EasyScan infinity (Motic, Wetzlar,
Germany). High-magnification images were collected using
Case Viewer software.

Immunofluorescence Assay
Sections stained with immunofluorescence were incubated
overnight in a cold room with the antimouse primary antibody
(as required), rabbit anti-CD11b (1:500, Abcam), rabbit anti-
CD4/80 (1:500, Abcam), anti-CD4 (1:500, Abcam), or rabbit
anti-CD8 (1:200, Cell Signaling Technology, Danvers, MA,
USA). The sections were subsequently immunohistochemically
stained with specific fluorophore-conjugated goat anti-rabbit (F-
2765, 1:500, Invitrogen). Fluorophore FITC (488 nm excitation
wavelength), CY3 (555 nm excitation wavelength), or CY5 (670
nm excitation wavelength) antibody. Sections were then
incubated with DAPI, and the slides were scanned (×40) using
a Panoramic Midi Scanner (3DHISTECH, Budapest, Hungary).
High-magnification images were obtained using Case Viewer
software, and intensity of fluorescence was measured using Fiji/
October 2021 | Volume 11 | Article 711078
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ImageJ software following standard protocol. Corrected total
fluorescence (CTF) was analyzed following the standard formula
[CTF = Integrated density − (Area of selected cell × Mean
fluorescence of background readings)], and average intensity
was calculated.

Statistical Analysis
Survival data were plotted, and statistical analyses were
performed using GraphPad prism v7.0. The Kaplan-Meier
statistics (Madsen 1986, Statistical Concepts, Prentice Hall,
Englewood Cliffs, NJ, USA) was utilized. A log-rank test was
employed to determine the p-value for the Kaplan-Meier curves.
Further analysis of the mice survival was performed in RStudio
(RStudio, Inc., Boston, MA, USA) using a competing-risk
regression. For the hazard ratios, survival differences among
the treatment groups were adjusted to the initial tumor volumes
in a Cox regression model. The p-values for the hazard ratios
were corrected using the Bonferroni method. Statistical analyses
for tumor volume were achieved using two-way ANOVA: two
factors with replication tool and standard Student’s two-tailed t-
test. p-values <0.05 were considered significant. *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 were considered
statistically significant.
RESULTS

Figure 1A illustrates the treatment design with C57BL/6
syngeneic immune-competent mouse model. Two tumors of
pancreatic adenocarcinoma (Panc-02 cell line) were implanted
contralaterally in two flanks, as done in a previous study (16),
where only one tumor was selected for the treatment as the
primary tumor, and the distant untreated tumor was selected as a
secondary metastasis for monitoring in situ vaccination. In the
first study, the primary tumors were treated with one fraction of
5 Gy of IGRT (n = 8) or dAntiCD40 (20 µg) (n = 8), or the
combination (RT+dAntiCD40) (n = 9). A cohort of mice with no
treatment was selected as the control (n = 8). CT image-guided
radiation treatment was provided to a single tumor using the
SARRP for 5 Gy of RT dose. All tumors were resected 6 weeks
posttreatment (8 weeks postimplant) to measure the weight. Ex
vivo weight of the combination-treated tumors showed the
highest reduction for both treated (primary) (p < 0.001) and
the untreated secondary (metastatic) tumors (p < 0.05) compared
with single treatments (Figure 1B), confirming the in
situ vaccination.

Furthermore, this combination treatment curbed the
formation of distant metastasis in the lungs. In analysis of the ex
vivo lungs, 8 weeks after implantation of the tumors, no
macroscopic was observed in the combination-treated mice.
Additional histopathological analysis of the ex vivo lung tissue
demonstrated absence of metastatic progression in 89% (p <
0.001) of cases compared with 100% of the control mice which
developedmetastasis. This compares with about 75% (p < 0.01) for
RT only group and 50% (p < 0.01) for anti-CD40-only treatment
groups, which developed lung metastasis (Figure 1C). Additional
Frontiers in Oncology | www.frontiersin.org 4
analysis shows that 89% of the mice which did not develop lung
metastasis in the combination treatment group correspond with
mice that showed robust in situ vaccination. Meanwhile, the other
11% which did not respond well developed lung metastasis
(Figure 1D). In additional studies, Kaplan-Meier survival assay
revealed that late onset of treatment is not as effective as early
onset of the treatment (Figures 1E, F), as would be expected.
When the same combination treatment was given to a group in
later stage, survival duration was significantly decreased compared
with early onset of treatment (p < 0.001). This justifies
investigations into further approaches to enhance in situ
vaccination when using a single fraction of low dose RT with
anti-CD40.

In a further study, the potential of using IBM to sustainably
deliver anti-CD40 in priming in situ vaccination was investigated
as a possibility to enhance the effect of in situ vaccination. IBM
are designed similar to fiducial markers (14, 16, 21), which are
currently used during image-guided radiotherapy to ensure
precision targeting of RT (Figure 2A). This can be directly
administered into the tumor by 18-gauge brachytherapy needle
(Figure 2B) for slow and sustained release of anti-CD40 (15, 16).
In further investigation for tumor microenvironment,
immunofluorescence staining for dendritic cell marker
(CD11b) was performed on 7 days posttreated tumor tissue. A
significant increase of CD11b+ dendritic cell (APC) infiltration
was observed in the tumors treated with IBM compared with
direct intratumor injection (dAntiCD40) (Figure 2C). This
highlights the potential of IBM to make the tumor more
immunogenic. Such infiltration and presence of APCs to pick
up exposed antigens initiated by RT is critical for effective in
situ vaccination.

Adding a single fraction of RT with IBM (Figure 2D), in situ
vaccination was also observed for different tumor types including
prostate (Figure 2E), pancreatic (Figure 2F), and cervical
cancers (Figure 2G). Here, a single treatment with RT or IBM
was compared with the combination treatment of RT+IBM
where a low dose of IGRT was given in following doses:
prostate (5 Gy), pancreatic (5 Gy), and cervical cancer (6 Gy).
Twenty micrograms of anti-CD40 agonist was used in IBM. The
control group received no treatment. The treatments were
administered to only one of the bilaterally implanted flank
tumors. All treatments were given to the tumors after reaching
a volume of around 25–35 mm3, about 2 weeks after
implantation. Remarkably, in prostate cancer, where tumor
cells do not express CD40 (22) and capable of escaping the
immune system by downregulating the class I APCs, like
dendritic cell and macrophages (23), a combination treatment
of 5 Gy of RT+IBM demonstrates major reduction of tumor
volumes in androgen-deprived prostate cancers created by AD-
TRAMP-C1 cells. Similar outcomes were also observed in
pancreatic adenocarcinoma, and cervical cancer models
confirming the combination treatment with RT+IBM may be a
viable therapeutic strategy, across different cancer types, causing
regression of the treated as well as the untreated distant
metastatic tumors. In all cases, a single fraction of low-dose
radiation was enough to generate the vaccine effect.
October 2021 | Volume 11 | Article 711078
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Additional analysis of study data focused on enhancing the
effectiveness of in situ vaccination with anti-CD40 compared
with results when anti-CD40 is delivered via IBM. Results
focused on this are highlighted in Figure 3. The data show the
use of IBM to deliver the anti-CD40 significantly enhances the
effectiveness of in situ vaccination with anti-CD40 compared
with direct injection (Figure 3A) in pancreatic (Figures 3A, B,
Frontiers in Oncology | www.frontiersin.org 5
p < 0.001) and prostate cancers (Figure 3C, p < 0.0001) with
increase survival with p < 0.01 and p < 0.001, respectively
(Figure 3D). The presence of T cells in RT+IBM-untreated
group was also significantly higher compared with RT
+dAntiCD40-untreated group (Figure 3E).

Despite becoming a standard of care for treatment of several
cancers like melanoma, single-agent or dual checkpoint inhibitor
A B

C D

E FF

FIGURE 1 | Anti-CD40+RT generates effective in situ vaccination (abscopal effect) and can prevent distant lung metastasis. (A) Cartoon showing mouse treatment
model with two pancreatic tumors in two flanks where only one tumor was treated and experimental schedule of the study observed for 6 weeks posttreatment of 5 Gy
of IGRT or dAntiCD40 (20 µg), or the combination (RT+dAntiCD40), along with a control. (B) Showing ex vivo tumor weight of treated and untreated secondary/abscopal
tumors, 6 weeks posttreatment. Inset, pictures of the representative tumors. Here, the developed palpable sized one of the subcutaneous tumors was given 5 Gy of
IGRT (n = 8) or dAntiCD40 (n = 8), or RT+dAntiCD40 (n = 9). Antimouse CD40 antibody was injected intratumorally with of 20 µg in PBS for a single time. The control
group (n = 8) was injected with same volume of PBS. (C). Macroscopic view (top) and hematoxylin and eosin-stained microscopic/histological view (bottom) of ex vivo
lungs of the same group of mice, which were harvested 8 weeks postimplant (6 weeks posttreatment) and fixed in 10% formalin. Twenty-four-hour formalin-treated
tumors were imaged for macroscopic pictures. For histological analysis, samples were imbedded in paraffin for tissue processing and generated 0.5-mm-thick slides.
Scale bar represents 100 µm. A bar graph showing number of mice in each treatment group with microscopic lung metastases 8 weeks after tumor implantation. (D) Bar
graph showing tumor weight of the abscopal response (untreated) tumors of the combination treated (RT+dAntiCD40) group corelating with presence of lung metastasis
shown in histological analysis. (E) study design for the treatment timing showing early (2 weeks post implant) and late (3 weeks post implant) treatment onset with the
combination treatment group (RT+dAntiCD40). (F). Kaplan Meier survival graph for early and late treatment onset of combination treatment with RT+dAntiCD40 in
pancreatic adenocarcinoma mouse model (n = 5). *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars are SD. ***p < 0.001.
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therapy is not effective in cold cancers like prostate tumor (8, 9,
19). Such checkpoint inhibitors act downstream in the cancer
immunity cycle to prevent tumor cells from blocking T-cell
action following upstream priming action by APCs. There is
strong rationale for combining the IBM approach with such
immunotherapies to enhance in situ vaccination (19). Therefore,
the potential for enhancing the IBM treatment approach with
Frontiers in Oncology | www.frontiersin.org 6
downstream checkpoint inhibitors, anti-PD1 and anti-CTLA4
was investigated (Figure 4A). Results from randomly treated
tumors showed that for animals with high tumor burden, adding
systemic (intraperitoneally (IP)) doses of anti-PD1, anti-CTLA4,
and both together, respectively, improve the overall survival
(Figure 4B) with no significant reduction of tumor volumes
(Figure 4C), including body weight (Figure 4D) and body score
A B

C
D

E

F G

FIGURE 2 | Anti-CD40 agonist-loaded immune-biomaterial (IBM) may provide imaging contrast and induces higher immunogenicity in treated tumor
microenvironment. (A) Schematic diagram of IBM made of immunogenic polymer with antibody core (red), which releases as it biodegrades. (B) CT image showing
IBM in tumor (blue color) highlighted using Imalytics software (left) and gradually fading CT images of IBM from days 1 to 6, as polymer biodegrades (right).
(C) Fluorescent images and representative bar graph of the average fluorescent intensity of immunofluorescence-stained prostate cancer tissue treated with mouse
CD11b+ antibody at posttreatment day 7. Corresponding immunofluorescence (merged) pictures showing infiltration of CD11+ dendritic cells (red) in tumor tissue.
Cancer cell nucleus (blue, DAPI) when IBM or dAntiCD40 was given intratumorally (n = 3). Scale bar is 2,000 µm. (D) Treatment design and (E) prostate tumors
generated from TRAMP-C1-derived castration-resistant prostate cancer cells treated with IGRT (5 Gy) and/or IBM, representing CT images (Imalytics software
analyzed) of animals from different treatment cohorts with treated tumors (blue) and untreated tumors (pink). Bar graph represents treated and untreated tumor
volumes on day 10 posttreatment (n = 5). (F, G) The tumor volumes of pancreatic (n = 5, IGRT 5 Gy16) and cervical cancer (n = 5, IGRT 6 Gy29), respectively 10
days after the same treatment regimen. Data represent the mean ± SD. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001.
October 2021 | Volume 11 | Article 711078

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yasmin-Karim et al. Optimization of Cancer Vaccination
(Figure 4E). For a more precise comparison, survival rates were
adjusted to the initial pretreatment tumor size. The adjusted
hazard ratios (HR) for each treatment group compared with
control can be found in Table 1. For all tested treatment
regimens, the chance to reach one of the previously stated
endpoints was significantly lower than for the control group
(HR <1, Bonferroni adjusted p-value <0.05), hence again all
tested treatments were shown to prolong the survival period.

The lowest HR and therefore the greatest survival
prolongation was achieved by adding both anti-PD1 and anti-
CTLA4 to the IBM approach (HR: 0.0027, Bonferroni adjusted p-
value <0.05). The next lowest HR was attained by adding anti-
PD1 (HR: 0.0030, Bonferroni adjusted p-value <0.05). Adding
Frontiers in Oncology | www.frontiersin.org 7
anti-CTLA4 lowered the HR to 0.0061 compared with an HR of
0.0096 for the RT+IBM only group, which, nevertheless, still
poses a significant prolongation of the survival (all Bonferroni
adjusted p-values <0.05). These results show that adding
systemic checkpoint inhibitors, like anti-PD1 and anti-CTLA4,
along with IBM may facilitate the IBM-mediated enhancement
of abscopal effects to further prolong the survival duration.
DISCUSSION

The use of smart radiotherapy biomaterials (14–17) was recently
proposed as a novel approach to overcome immunosuppresion
B

A

B

A

C

E

D

FIGURE 3 | IBM enhances higher abscopal effect when compared with direct intratumor injection of anti-CD40 agonist (dAntiCD40). (A) Study design. (B) Line
graphs showing dynamics of tumor volume change of pancreatic cancer for both treated (solid line) and the other untreated cancer (dashed line, in situ vaccination
effect) where IGRT of 5 Gy was given either as direct intratumoral injection of anti-CD40 (dAntiCD40) or IBM along with 5 Gy of radiation. (C) In prostate cancer
model, line graphs showing dynamics of tumor volume change in prostate cancers of both treated (left) and the other untreated/metastatic cancer (right in situ
vaccination effect) where image-guided radiotherapy (IGRT) at 5 Gy was administered either in combination with direct intratumoral injection of anti-CD40
(dAntiCD40) or IBM. (D) Corresponding Kaplan-Meier survival graph. (E) Representative images and bar graph showing IF staining of untreated pancreatic cancer
tissue stained with CD4+ and CD8+ antimouse antibody, showing intratumoral infiltration of CD4+ (green) and CD8+ (red) T lymphocytes, comparing the abscopal
effect of tumors treated with RT+dAntiCD40 (n = 3) and RT+IBM (n = 3). In all cases, nucleus is stained with DAPI (blue). Scale bar represents 200 µm. The
corresponding bar graph showing average fluorescence intensity of infiltrating helper CD4+ and cytotoxic CD8+ T lymphocytes in untreated tumor tissue on the
opposite flank (abscopal tumors) 14 days following the treatment. Data represent the mean ± SD. *p < 0.5, **p < 0.01, ***p < 0.001.
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and toxicity limitations of the abscopal effect (3, 9). Here, we
used IBM as an immunoadjuvant to enhance the abscopal effect
in different cancer models where a low dose of IGRT was used for
the radiation therapy. The results in this study provide
experimental evidence corroborating the theraputic benefit of
this approach across different tumor types including
immunologically cold tumors (8) especialy in pancreatic and
Frontiers in Oncology | www.frontiersin.org 8
prostate cancers. Even though differences between the
therapeutic effects existed among different cancer models and
between primary and abscopal tumors, the results show that this
treatment approach consistently boosts abscopal response rates
across different tumor types.

The results in this study provide experimental evidence
corroborating the theraputic benefit of this approach across
TABLE 1 | Hazard ratios for each treatment using RT+IBM and additional checkpoint inhibitors compared with control adjusted to the initial pretreatment tumor size.

Treatment given Hazard ratio 95% Confidence Interval p-value adjusted

RT SGy+IT IBM 0.0096 [0.0006; 0.1641] 0.0094
RT SGy+IT IBM+IP anti-PD-1 0.0030 [0.0001; 0.0667] 0.0017
RT SGy+IT IBM+IP anti-CTLA-4 0.0061 [0.0003; 0.1102] 0.0038
RT SGy+IT IBM+IP anti-PD-1+IP anti-CTLA-4 0.0027 [0.0001;.0583] 0.0012
October 2021 | Volume 1
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FIGURE 4 | IBM further enhance the survival duration in combination with anti-PD1 and anti-CTLA4. (A) Research design to treat prostate cancers adding anti-PD1
and anti-CTLA4 antibody (IP) with the RT+IBM treatment. One treatment of IBM was given intratumorally (IT) in one out of two implanted tumors following 5 Gy IGRT
in the same cancer on day 0. Anti-PD1and/or anti-CTLA4 was given intraperitoneally (IP) on days 0, 3, and 6. (B) Kaplan-Meier survival curve and (C) line graphs of
dynamics of tumor volume change of both treated (left) and the other untreated/metastatic cancers (right) of this study with 5 Gy of IGRT+IT IBM followed by IP
injection of anti-PDL-1 and/or CTLA4. (D, E) representing graph showing body score and body weight of the same cohort groups. All statistical significance was
compared with controls. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant.
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different tumor types including the immunologically cold tumors
of pancreatic and prostate cancers. Prostate cancer is one of the
most diagnosed malignancies among men worldwide and
remains the second leading cause of cancer-related death in the
USA (24). For patients with localized prostate cancer, treatment
options include surgery or radiotherapy, with concomitant or
subsequent use of androgen deprivation therapy (ADT).
Generally, PSA level should be <0.5 ng ml−1 after radiotherapy
and <0.2 ng ml−1 after a radical prostatectomy (24), and
occurrence of two consecutive PSA level elevations is often
considered biochemical recurrence or progression. Biochemical
recurrence develops in about 10% of low-risk and up to 60% of
high-risk prostate cancer patients after external beam
radiotherapy and in 20%–30% of patients after radical
prostatectomy, despite use of ADT (24–26). For patients who
present with advanced (metastatic) prostate cancer, ADT is the
mainstay treatment (26). Despite initial responses, almost all
patients progress to androgen-resistant metastatic disease, like
metastatic castration-resistant prostate cancer (MCRPC), which
is the main cause of death (26). Recently, there are increasing
calls for innovation (26) in developing new therapy options or
strategies for patients with MCRPC, whose treatment options are
limited and prognosis poor. During external beam prostate
radiotherapy, inert radiotherapy biomaterials: fiducial markers
or beacons are administered to provide image guidance during
treatment. The results in this study motivate further clinical
translation studies where such inert biomaterials can simply be
replaced with IBM. In this study, we also demonstrate how
adding checkpoint inhibitors to the IBM approach once again
may improve the IBM-mediated enhancement of abscopal effects
and survival durations. The treatment with RT and the local
administration of anti-CD40 via IBM with or without additional
checkpoint inhibitors has great potential for the therapy of
patients with MCRPC.

Meanwhile, for pancreatic cancer, with a dismal 5-year
survival rate of 8% (27, 28), the potential of leveraging in situ
vaccination to treat metastasis is crucial, given that most
pancreatic cancer patients are diagnosed already with
metastatic disease, with limited treatment options. The results
using RT+IBM justify further studies here. An advantage of the
IBM here is the ability to use small amounts of immunoadjuvant
payload which provides a minimal toxicity advantage,
which have hampered immunotherapy efforts for pancreatic
cancer (14).

Currently, inert biomaterials (fiducials/spacers) are
routinely implanted in the clinic to ensure spatial accuracy
during radiotherapy and reduce the margins for the planning
target volume (21). The use of IBM in place of fiducial markers
as proposed with the IBM approach provides a viable pathway
to clinical translation at no additional inconvenience to cancer
patients. Besides this, the use of IBM for sustained in situ
delivery of payloads (29) is a relatively more convenient way to
deliver the immunoadjuvants for patients compared with
repeated injections even if done intratumorally. The potential
of using fewer or even single fractions of RT would also be a
major convenience for cancer patients who often need to come
Frontiers in Oncology | www.frontiersin.org 9
in many times for treatment. Such hypofractionation would
help reduce healthcare costs, increase access to treatment, and
reduce disparities in the USA and around the world, as
highlighted in our recent work (30). The IBM employed in
this study also have the potential for CT imaging contrast (16,
17). Inclusion of high-Z nanoparticles can enhance image
contrast and provide both CT and MRI imaging (15, 17).
Despite recent data indicating that prostate cancer incidence
is declining, the overall prostate cancer-related mortality
continues to rise among African-American men (30).
African-American men are more often diagnosed with
metastatic prostate cancer compared with any other racial/
ethnic groups (30, 31). Also, cervical cancer is a dominant cause
of cancer-related death in low- and middle-income countries
(29). Such reality provides impetus for further studies on
approaches such as the RT+IBM approach.

CD40 expression is found in the tumor microenvironment, in
APCs including dendritic cells, B cells, macrophages, and
monocytes and in some solid tumor cells including lung,
breast , kidney, and bladder (9, 10, 32 , 33) . Some
immunologically cold tumors like prostate and pancreatic
cancers show very low expression of CD40 in their
microenvironment (10) and foreseeably, very rarely respond to
the checkpoint inhibitors (9, 10, 34, 35). A key goal of
immunomodulatory approaches for cold tumors is to establish
inflammation in the tumor microenvironment (9). Ionizing
radiation can have important immune-modulatory effects at
the right dose and schedule. Radiotherapy can induce DNA
damage response and immunogenic cell death, stimulating an
antitumor inflammatory microenvironment to generate in situ
vaccination (9, 10). Ionizing radiation can also be synergistic
with immunotherapy. For example, radiotherapy increases the
local secretion of interferons like IFN-g, resulting in the
upregulation of MHC-I in APCs, rendering them more
susceptible to T-cell attack (5, 35). Fortifying the tumor
microenvironment with CD40-ligand/anti-CD40 agonist may
further enhance the antitumorigenic effect of checkpoint
inhibitors. This phenomenon was observed in this study by
further increasing the survival duration of the combination-
treated mice with added anti-PD1 or with both anti-PD1 and
anti-CTLA4. Moreover, it is always possible that the anti-CD40
ends up in other locations, and further pharmacokinetics and
pharmacodynamics studies are needed to clearly established this.
An extensive investigation in the molecular level may reveal
details about the underlying mechanism of this treatment
regimen for future clinical trials.

Overall, in this study, we demonstrate that the use of IBM
with IA-like anti-CD40 can significantly enhance in situ
vaccination during radiotherapy across different cancer models.
The findings also highlight potential for enhancing such in situ
vaccination with downstream checkpoint inhibitors. The results
provide impetus for further studies towards clinical translation of
this approach. This treatment approach with use of single or few
radiotherapy fractions could lead to significant reduction in
treatment time and costs, which also can have impact in
reducing global health disparities (36).
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