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Glioblastoma, the most common aggressive cancer, has a poor prognosis. Among

the current standard treatment strategies, radiation therapy is the most commonly

recommended. However, it is often unsuccessful at completely eliminating the cancer

from the brain. A combination of radiation with other treatment methods should

therefore be considered. It has been reported that radiotherapy in combination with

immunotherapy might show a synergistic effect; however, this still needs to be

investigated. In the current study, a “branched multipeptide and peptide adjuvants [such

as pan DR epitope (PADRE) and polyinosinic-polycytidylic acid—stabilized with polylysine

and carboxymethylcellulose—(poly-ICLC)],” namely vaccine and anti-PD1, were used as

components of immunotherapy to assist in the anti-tumor effects of radiotherapy against

glioblastomas. With regard to experimental design, immunological characterization of

GL261 cells was performed and the effects of radiation on this cell line were also

evaluated. An intracranial GL261 mouse glioma model was established, and therapeutic

effects were observed based on tumor size and survival time. The distribution of effector

immune cells in the spleen, based on cytotoxic T lymphocyte (CTL) and natural killer

(NK) cell function, was determined. The pro-inflammatory and anti-inflammatory cytokine

production from re-stimulated splenocytes and single tumor cells were also evaluated. As

GL261 cells demonstrated both immunological characteristics and radiation sensitivity,

they were found to be promising candidates for testing this combination treatment.

Combinatorial treatment with radiation, vaccine, and anti-PD1 prolonged mouse survival

by delaying tumor growth. Although this combination treatment led to an increase

in the functional activity of both CTLs and NK cells, as evidenced by the increased

percentage of these cells in the spleen, there was a greater shift toward CTL rather

than NK cell activity. Moreover, the released cytokines from re-stimulated splenocytes
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and single tumor cells also showed a shift toward the pro-inflammatory response. This

study suggests that immunotherapy comprising a branched multipeptide plus PADRE,

poly-ICLC, and anti-PD1 could potentially enhance the anti-tumor effects of radiotherapy

in a glioblastoma mouse model.

Keywords: radiation, branched multipeptide, PADRE, poly-ICLC, anti-PD1, glioblastoma

INTRODUCTION

Glioblastoma (GBM) is the most malignant tumor of the central
nervous system and is associated with poor prognosis and
low survival. The survival rates of GBM patients have not
demonstrated notable improvements over the last few decades
(1). Therefore, a combination of several treatment methods is
essential to overcome this type of cancer. Radiation therapy (RT)

is commonly used to treat GBM; ∼60% of patients with solid
tumors are administered radiation as part of their treatment (2).
RT involves the breakdown of double-stranded DNA, thereby
affecting cancer cell survival and proliferation. It also enhances
immunological aspects, such as tumor antigen presentation and
immunomodulation, by exposing tumor antigens and making
them visible to the immune surveillance machinery (3, 4).
Preclinical evidence suggests that RT can prime the immune
system to enhance the efficiency of immunotherapy and that a
combination of RT with immunotherapy is more effective than
monotherapy (5).

Developments in the field of immunotherapy have recently
provided new options for the treatment of GBM. Although
the brain is an immunologically distinct organ, the immune
microenvironment offers sufficient opportunities to promote
immune cell responses and modify the “cold” tumor status

of GBM (6). Although vaccination appears to be a promising
treatment strategy for improving the clinical outcomes of GBM
patients, no successful result has been reported in phase III
clinical trials of vaccines against GBM to date; moreover, vaccine
therapy facesmany challenges. Combinations of different therapy
methods, such as various vaccination strategies, vaccinations
with immune checkpoint inhibitors, or surgical resection with
chemotherapy, radiotherapy, and immunotherapy, are potential
future directions for GBM treatment (7, 8).

To enhance the function of vaccines, immune adjuvants

have also been developed. Immune adjuvants are defined as
compounds that act to accelerate, prolong, and enhance the
antigen-specific immune response, thereby allowing the use of
smaller antigen doses and fewer immunizations (9). Among the
available peptide vaccine adjuvants, pan DR epitope (PADRE)

is a synthetic epitope-based vaccine adjuvant that is used as a
T-helper peptide that induces Th1 cell polarization. PADRE is
derived from HLA-DR epitopes and a tetanus toxin fragment.
The PADRE peptide can bind to many different types of
MHC-II alleles to boost immune responses, leading to the
enhanced anti-tumor efficacy of vaccines (10, 11). Previous
clinical trials reported that a polyinosinic-polycytidylic acid—
stabilized with polylysine and carboxymethylcellulose—(poly-
ICLC)-combined tumor antigen-specific vaccine is effective at

achieving a higher therapeutic index (12). Poly-ICLC stimulates
the Th1-polarizing dendritic cells and microglia-expressed toll-
like receptor 3 (TLR3), resulting in the anti-tumor immune
response. In addition, poly-ICLC serves as a simple and low-cost
pathogen-associated molecular pattern (PAMP) that can trigger
the immune response against solid cancers. Phase II clinical trials
have been initiated for poly-ICLC (13).

Although anti-PD1 has been approved for the treatment of
multiple cancer types, the effects of anti-PD1 monotherapy are
still uncommon and unpredictable in GBM treatment. Only a
small subset of patients have shown beneficial effects in response
to anti-PD1 monotherapy; therefore, this requires further
evaluation (14). However, the efficacy of immune checkpoint
blockade has been demonstrated in combination with RT and
a peptide-based vaccine. In particular, the combination of anti-
PD1 and localized RT was shown to result in long-term survival
in orthotopic GBMmouse models (15). Moreover, combinatorial
treatment with peptide-based vaccines and immune checkpoint
inhibitors was demonstrated to prolong the survival of tumor-
bearing mice via enhanced vaccine-induced immune responses
and tumor-infiltrating CD8+ T cell counts, leading to delayed
tumor growth (16).

Therefore, in this study, we aimed to determine the role
of immunotherapy in modulating the anti-tumor effects of
RT against GBM. For immunotherapy, branched multipeptide
constructs based on the epidermal growth factor receptor 2
(ErbB2) and Wilms tumor gene 1 (WT1) peptides were used
to stimulate antigen-specific cytotoxic T lymphocytes (CTLs).
A combination of this branched multipeptide with peptide
adjuvants, such as PADRE and poly-ICLC, was considered a
component of the vaccine. We found that this vaccine, in
combination with or without anti-PD1, modulated the anti-
tumor effects of RT in a mouse GBMmodel.

MATERIALS AND METHODS

Animals and Cell Lines
Six- to eight- week-old female C57BL/6 mice (H2b, IAb)
were purchased from Orient Bio (Iksan, Republic of Korea).
Mice were raised under specific-pathogen-free conditions. All
animal care, experiments, and euthanasia were performed after
obtaining approval from the Chonnam National University
Animal Research Committee.

Mouse glioblastoma cell lines (GL261: H2b and IAb, Gibco-
BRL, Gaithersburg, MD, USA), and mouse lymphoma cell
lines (YAC-1, ATCC, Rockville, MD, USA), sensitive to the
cytotoxic activity of natural killer (NK) cells in mice, were used
for cell culture. GL261 cells were maintained in Dulbecco’s

Frontiers in Immunology | www.frontiersin.org 2 June 2020 | Volume 11 | Article 11656

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Tran et al. Modulate Anti-tumor Effects of Radiation

Modified Eagle’s Medium (DMEM) and YAC-1 cells were grown
in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (P/S) at 37◦C in an atmosphere of
5% CO2.

Peptide Synthesis and Antibodies
All peptides were commercially synthesized by the Peptron
Company (Daejeon, Republic of Korea) with a purity
>95% as assessed by reverse phase high-performance liquid
chromatography. The branched multipeptide was synthesized
by incorporating two single peptides, mouse modified 9-mer
WT1 peptide (H2b-restricted WT1235−243: CYTWNQMNL)
and the mouse 9-mer epidermal growth factor receptor 2
peptide (H2b-restricted ErbB263−71: TYLPANASL) (predicted
binding scores from SYFPEITHI: http://www.syfpeithi.de).
Mini-polyethylene glycol (mini-PEG) spacers were used to
synthesize the corresponding branched multipeptide, which
was designated as CYTWNQMNL-miniPEG2-K (TYLPANASL-
miniPEG2) shown in Figure S1. A pan HLA-DR binding epitope
(IAb-restricted PADRE, ak-Cha-VAAWTLKAAa-Z-C) was
also synthesized (17). All peptides were dissolved in dimethyl
sulfoxide (DMSO) and diluted with phosphate buffered saline
(PBS). Mouse anti-PD1 (clone J43) was used for flow cytometry
and mouse anti-PD1 (clone RMP1-14) was used for in vivo
blockade. All antibodies were purchased from BioXcell (West
Lebanon, NH, USA).

Western Blotting
The expression of ErbB2, WT1, and programmed death ligand
1 (PDL1) in the GL261 cells before and after radiation was
confirmed by western blotting. In general, the cells were exposed
to 2, 4, or 6Gy of radiation and cultured. The cells were
harvested after the indicated time periods (0 and 24 h) for
western blot analysis. The bicinchoninic acid (BCA) Protein
Assay Kit (Thermo Scientific, USA) was used to measure protein
concentration. Thereafter, SDS-PAGE was used to separate
the proteins of interest, which were then transferred to a
polyvinylidene difluoride (PVDF) membrane and soaked in a
blocking solution [5% non-fat dry milk in TBST (tris-buffered
saline, Tween 20)] for 1 h. The membrane was probed overnight
with primary antibodies against WT1 (Abcam, Cambridge,
UK), ErbB2 (Cell Signaling, Danvers, MA, USA), PDL1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and β-Actin
(Santa Cruz Biotechnology) at 4◦C, and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or anti-
mouse polyclonal IgG secondary antibodies (Ab Frontier, Seoul,
Republic of Korea). Chemiluminescent detection was performed
using Immobilon Western Chemiluminescent HRP Substrate
(Millipore Corporation, Billerica, MA, USA). β-Actin was used
as an internal control. The expression of WT1, ErbB2, and PDL1
was determined using Amersham Imager 600 (GE Healthcare,
Marlborough, MA, USA).

Clonogenic Long-Term Survival Assay
Stable GL261 cells were harvested and irradiated at different
doses (2, 4, and 6Gy). Thereafter, GL261 cells (5× 102 cells/well)

were reseeded in 6-well culture dishes and incubated at 37◦C
in an atmosphere of 5% CO2 for 14 d. The cells were fixed
in methanol for 5min and stained with toluidine blue (0.1%,
Sigma, St. Louis, MO, USA) for 15min. Dishes were washed with
distilled water and dried at room temperature. Colony counting
was performed on the following day. Colonies containing at
least 50 cells were counted. The number of colonies in the
irradiated wells was compared to the corresponding number
in the non-irradiated wells. Plating efficiency was calculated as
plating efficiency = [number of colonies counted/number of
cells plated] × 100. Finally, the percentage survival fraction was
calculated as survival fraction = [plating efficiency of treated
sample/plating efficiency of control]× 100.

MTT Assay
The effects of radiation on the proliferation of GL261 cells was
estimated using the MTT assay. Briefly, after radiation with
2, 4, or 6Gy, the cells (2.5 × 103 cells/well) were seeded in
96-well plates and cultured with DMEM media supplemented
with 10% FBS and 1% P/S at 37◦C in an atmosphere of
5% CO2. Subsequently, the cells were stained every 24 h
incubation until day 5 with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma). For staining, the
plates were washed with PBS, and MTT (0.5 mg/mL) was added
to each well. The MTT solution was removed from each well
after 4 h of incubation. MTT formazan was then solubilized
using isopropanol (Merck, Darmstadt, Germany), and the optical
density was read at 570 nm.

Intracranial Glioma Mouse Model and
Treatment Schedule
To establish the mouse intracranial model, we stereotactically
injected 1 × 105 GL261 cells in 5 µL PBS into the right striatum
of the mice at a rate of 1 µL/min. Injection sites were estimated
using the following coordinates: 2mm anterior, 2mm lateral
from bregma, and 4mm deep from the cortical surface (18).
The mice was randomly allocated to the treatment arms. For
treatment, the mice was divided into the following four treatment
groups: (1) control; (2) RT only; (3) RT plus vaccine; and (4) RT
plus vaccine and anti-PD1. On day 13 after injection, the mice
were irradiated (6Gy). Thereafter, branched multipeptide (150
µg/injection) and PADRE (50µg/injection) were subcutaneously
administrated on days 14 and 18. Poly-ICLC (Hiltonol, Oncovir
Inc.) (50 µg/injection) was intramuscularly injected on the
same day with peptide treatment (12, 19). The mice were also
administered intraperitoneal injections of in vivo MAb anti-
mouse PD1 (200 µg/injection) every other day (day 14, 16, and
18). Overall survival was quantified. The mice was euthanized on
day 20 after injection to assess tumor size and immunological
parameters in the spleen and tumor.

Hematoxylin and Eosin (H&E) Staining of
the Brain
Mouse brains were collected and fixed in formaldehyde.
Thereafter, brains were sectioned into 4-mm thick slices at the
injection site. Brain slices were stored in 5% paraformaldehyde,
embedded in paraffin, and sectioned into 4-µm coronal sections
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using a microtome. For tumor size confirmation, H&E staining
was performed. Briefly, hematoxylin was used to completely
cover the tissue section in 5min. After rinsing twice with distilled
water to remove any excess stain, a bluing reagent was applied
to the tissue for 1min. Thereafter, slides were washed with
distilled water and dipped in absolute alcohol. Finally, slides
were incubated in eosin solution for 3min, rinsed in distilled
water, and dehydrated with absolute alcohol. Slides were then
cleared and mounted using Histomount (National Diagnostics,
USA). Tumor slides were scanned using the Aperio Scan Scope
System (Aperio, Technology; Vista, CA, USA), and cross-section
areas (mm2) of different treatment groups were confirmed using
Aperio ImageScope software (Aperio). Data were summarized
using bar charts.

Isolation of Splenocytes and Single Tumor
Cells
Splenocytes and single tumor cells were isolated directly from the
spleen and tumor of non-vaccinated and vaccinatedmice. For the
isolation of splenocytes, the spleen was collected and washed with
DMEM media supplemented with 10% FBS and 1% P/S. Then, a
1-mL syringe plunger was used to gently press the spleen through
a 100-µm cell strainer (BD Falcon, Becton Dickinson, NJ, USA)
while continuously adding media. After filtering through a 40-
µm cell strainer (Falcon), erythrocytes were removed using
0.83% (w/v) NH4Cl (Sigma) (red blood cell lysis buffer). Cells
were collected and washed with media. For the isolation of single
tumor cells, the tumor was collected and washed with DMEM
media supplemented with 10% FBS and 1% P/S. Subsequently,
the tumor was minced into 3 to 4-mm pieces using a sterile
scalpel. Tumor pieces were incubated with collagenase type IV
(0.25%; Gibco-BRL) at 37◦C in an atmosphere of 5% CO2 for
2 h. Samples were observed and suspended at 15-min intervals.
Cells were filtered using 100- and 40-µm cell strainers (Falcon),
and single tumor cells were collected. Erythrocytes were removed
using the red blood cell lysis buffer.

Flow Cytometry
For in vitro experiments, the expression of MHC I and PDL1
on GL261 cells before and after radiation was confirmed by flow
cytometry. The cells were exposed to 2, 4, or 6Gy radiation
and cultured for the indicated time periods for flow cytometric
analysis. Generally, the cells were stained with FITC-conjugated
H-2Kb (BD Biosciences, San Jose, CA, USA) or PE-conjugated
PDL1 (BD Biosciences) at the 0 and 24 h time points. Data were
acquired on a BD FACS Calibur.

For the in vivo experiments, splenocytes, re-stimulated
splenocytes, and tumor single cells were stained to confirm
the immune cells. For cell surface staining, the cells (1 ×

106 cells) were stained with Pacific blue-conjugated CD45,
PE-conjugated CD4 and CD8, PE-cy7-conjugated CD8, APC-
conjugated CD44, APC-cy7-conjugated CD44, FITC-conjugated
CD62L, FITC-conjugated CD69, PE-conjugated CD49b, FITC-
conjugated CD279 (PD1), or PE-conjugated CD274 (PDL1) for
30min at 4◦C. For intracellular staining, the cells (1 × 106 cells)
were stained with PE-conjugated CD4, PE-cy7-conjugated CD8,
or FITC-conjugated CD25 for 30min at 4◦C. The cells were

then washed and permeabilized with FACSTM Permeabilizing
Solution 2 (BD Biosciences) for 30min at room temperature.
After washing twice with permeabilization buffer, the cells were
stained with Alexa Fluor-conjugated Foxp3 or FITC-conjugated
IFN-γ for 30min at 4◦C. For IFN-γ intracellular staining, the
Protein Transport Inhibitor containing Brefeldin A (BD Golgi
PlugTM) at 1 µL/1 × 106 cell/well was added at the final 5
h of re-stimulation time. All antibodies were purchased from
BD Biosciences. All samples were processed on a BD FACs
Canto II (Becton Dickinson, Mountain View, CA, USA). Cell
debris was eliminated by forward and side-scatter gating. All
data were analyzed using FlowJo v10 software (TreeStar, San
Carlos, CA, USA). Mean fluorescence intensity (MFI) ratio was
calculated by dividing the median fluorescence intensity (MFI) of
the positive cells (stained cell population) by that of the negative
cells (unstained cell population).

Splenocyte Re-stimulation and Single
Tumor Cell Culture ex vivo
Splenocytes were re-stimulated according to the manufacturer’s
protocol. Splenocytes isolated from non-vaccinated and
vaccinated mice after the final immunization (day 20) were
cultured in 24-well plates (1 × 106 cells/well) and re-stimulated
with branched multipeptide (20µg/mL) and PADRE (3µg/mL)
for 5 d in RPMI-1640 (Gibco-BRL) prepared in 10% FBS
with 1% P/S supplementation and recombinant mouse (rm)
IL-2 (20 ng/mL) (R&D systems). Anti-PD1 (10µg/mL) was
added during incubation. After re-stimulation, the supernatant
and cells were collected and used for checking immune cell
function. For IFN-γ intracellular staining, the splenocytes were
re-stimulated and IFN-γ intracellular staining was performed or
IFN-γ in the supernatant was estimated after 24-h incubation.

Single tumor cells from tumor were cultured in 6-well plates
(1× 106 cells/well) for 24 h in 37◦C in an atmosphere of 5% CO2,
and the supernatant was collected for pro-inflammatory and
anti-inflammatory cytokine determination by enzyme-linked
immunosorbent assay (ELISA).

IFN-γ Release Enzyme-Linked
Immunospot (ELISPOT) Assay
The IFN-γ secreted by re-stimulated splenocytes against target
cancer cells was examined using an IFN-γ ELISPOT assay kit (BD
Biosciences). Ninety-six well PVDF membrane ELISPOT plates
(Millipore, USA) were coated with the capture-purified anti-
mouse IFN-γ antibody overnight at 4◦C. Then, RPMI medium
supplemented with 10% FBS was added to saturate the treated
antibody. The re-stimulated splenocytes from the immunized
mice were co-cultured with the target cells (GL261 and YAC-
1 cell line) at a 10:1 ratio. Co-cultured cells were incubated
in 10% FBS-RPMI medium for 24 h at 37◦C in an atmosphere
of 5% CO2. Subsequently, the plates were incubated for 2 h
with the biotinylated detection anti-mouse IFN-γ antibody and
then for 1 h with streptavidin-HRP. After washing, spots were
revealed using an AEC substrate reagent set (BD Bioscience) and
measured on an automatic CTL Immunospot Analyzer (Cellular
Technology Ltd., Shaker Heights, OH, USA).
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Lactate Dehydrogenase (LDH) Release
Cytotoxicity Assay
CytoTox 96 non-radioactive cytotoxicity assay (CytoTox 96,
Promega, Madison, WI, USA) was performed to analyze the
killing effects of the re-stimulated splenocyte effector cells against
target cancer cells according to the manufacturer’s instructions.
GL261 and YAC-1 cell lines (2 × 105 cells/well) were used as the
target cells. The re-stimulated splenocytes were co-cultured with
the target cells at a 10:1 ratio in Costar 96-well plates (Corning,
Inc., Corning, NY, USA) for 4 h in 37◦C and an atmosphere of
5% CO2. Then, supernatants were collected for determining the
LDH concentration. The mean percentage of specific lysis was
calculated as follows:

%Cyotoxicity =
(Experimental− Effector Spontaneous− Target Spontaneous)

(Target Maximum− Target Spontaneous)
× 100

Enzyme-Linked Immunosorbent Assay
(ELISA)
ELISA was performed to measure the levels of pro-inflammatory
and anti-inflammatory cytokines released into the culture
media of re-stimulated splenocytes or single tumor cells
from non-vaccinated and vaccinated mice using the OptEIA
ELISA set (BD Bioscience) following the manufacturer’s
instructions. Culture media from re-stimulated splenocytes
isolated from vaccinated mice were analyzed for changes
in the levels of the pro-inflammatory (IL-12p70 and IFN-
γ) and anti-inflammatory (IL-10) cytokines, whereas the
culture media of single tumor cells were analyzed for changes
in the levels of the pro-inflammatory (IFN-γ) and anti-
inflammatory [transforming growth factor-beta (TGF-β) and
IL-10] cytokines.

Statistical Analysis
All statistical analyses were performed using SPSS 20.0 for
Windows (SPSS Inc., Chicago, IL, USA). One-way analysis of
variance (ANOVA) was performed for analyses across multiple
groups. The log-rank test was performed on survival data, and
p < 0.05 was considered statistically significant. The results are
represented as the means± SD.

RESULTS

Immunological Characteristics and Effects
of Radiation on the GL261 Cell Line
To determine whether the tumor-associated antigens that were
used for the synthesis of the branched multipeptide were indeed
present on GL261 cells, we estimated the expression of the two
tumor-associated antigens (ErbB2 and WT1) on GL261 cells.
Our data indicated that GL261 cells have strong expression of
both ErbB2 and WT1, and it is thus feasible to construct a
branched multipeptide based on these antigens. Moreover, the
high expression of MHC I and PDL1 on GL261 cells was also
verified to confirm the efficiency of the treatment. Overall, GL261
cells showed immunological characteristics for immunotherapy.

The short-term effects of radiation on GL261 cells were
also determined. As shown in Figures 1A,B, the levels of
ErbB2, WT1 expression were enhanced after treatment with
the different radiation doses at 0 h and were reduced after
24 h. However, no differences were observed, except with regard
to the expression of ErbB2. In particular, ErbB2 expression
was reduced in all radiation groups treated with 2Gy (p =

0.029), 4 Gy (p = 0.032), and 6Gy (p = 0.013) compared
with that in the no-radiation control group. Additionally,
the effects of radiation on MHC I and PDL1 expression on
GL261 cells was also confirmed at 0 and 24 h. The expression
of MHC I and PDL1 on GL261 cells after irradiation (2,
4, and 6Gy) is shown in Figures 1C–E; most GL261 cells

showed strong surface expression of MHC I and PDL1 with
no differences before and after radiation at 0 and 24 h, which
paralleled the total PDL1 protein expression on GL261 cells.
These results showed that the effects of radiation on GL261
cells after a short-term 24-h period only altered the expression
of ErbB-2.

To investigate the long-term effects of radiation, we evaluated
the viability and proliferation of GL261 cells after radiation with
different doses (2, 4, and 6Gy). The percentage survival fraction
of GL261 cells after radiation was determined based on the
results of the clonogenic assay. As shown in Figure 1F, GL261
cells showed reduced survival upon irradiation. Particularly,
the survival fraction of GL261 cells was reduced to 58.17%
with 2Gy (p < 0.001), 92.37% with 4Gy (p < 0.001), and
98.69% with 6Gy (p < 0.001), compared with that of the no-
radiation control. Moreover, the survival fraction of GL261
cells exposed to 4 and 6Gy was also reduced compared with
that of 2Gy (34.2 and 40.5%, respectively, both p < 0.001).
The effects of radiation on GL261 cell proliferation were also
estimated. As shown in Figure 1G, irradiated GL261 cells
showed a delayed proliferation as evidenced by the lower
OD values in the MTT assay compared with that in the no-
radiation control from day 3 after treatment. In particular,
GL261 cells treated with 4 and 6Gy radiation showed delayed
proliferation compared with the no-radiation GL261 cells (p =

0.037 and p = 0.047, respectively) at day 3. Similarly, GL261
cells treated with 4 and 6Gy radiation showed more delayed
proliferation than the no-radiation GL261 cells (p = 0.000
and p = 0.000, respectively) on day 4. On day 5, GL261
cells treated with 2, 4, and 6Gy radiation showed delayed
proliferation compared with the no-radiation GL261 cells (p
= 0.000, p = 0.000, and p = 0.000, respectively). Moreover,
GL261 cells treated with 4Gy radiation also had delayed
proliferation compared with the 2 Gy-treated GL261 cells (p =

0.001), and GL261 cells treated with 6Gy radiation had delayed
proliferation compared with the 2 and 4 Gy-treated GL261
cells (p = 0.000 and p = 0.007, respectively). Overall, radiation
affected the long-term survival and proliferation of GL261 cells
in vitro.
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FIGURE 1 | Immunological characterization of the GL261 cell line, and the effects of radiation. The expression of two tumor-associated antigens (ErbB2 and WT1) on

GL261 cells and the short-term effects of radiation on the expression of these proteins were confirmed by western blot analysis (A). Fold changes in protein signals

are summarized by bar charts (B). The expression of MHC I on GL261 cells and the short-term effects of radiation on this expression were also confirmed by flow

cytometry (C). The surface expression and total protein expression of PDL1 on GL261 was estimated by flow cytometry and western blot (D,E). Moreover, the effects

of radiation (2, 4, and 6Gy) on the viability and proliferation of GL261 cells were also clarified by clonogenic assay and MTT assay (F,G). Data is summarized by bar

charts as the mean ± standard deviation (SD). All data are represented as the mean of two independent experiments. β-Actin was used as an internal control, and the

figure is composed of multiple gel images. Full-length blots are presented in Figure S2. GL261, mouse glioblastoma cell line; H-2Kb, MHC class I expression in mice.

*p < 0.05; **p < 0.01; and ***p < 0.001; n.s., no significant difference.
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Therapeutic Effects of Radiation Combined
With Vaccine and Anti-PD1 on the GBM
Mouse Model
The treatment schedule described in Figure 2A was followed.
First, the radiation dose was screened in the mouse GBM model,
and the optimal dose was selected for the subsequent in vivo
experiments. On day 13, after transplantation, the mice were
irradiated at different doses (4, 5, and 6Gy). Thereafter, the
mice were euthanized on day 20 to determine the tumor size;
additionally, the tumor was also subjected to H&E staining.
Tumor cross-sections at different radiation doses (4, 5, and
6Gy) were studied (Figure 2B). In the 4 Gy-treated mice, no
significant difference was noted in the cross-sectioned areas of the
tumor compared to the control. However, the 5 and 6 Gy-treated
mice showed smaller cross-sectioned areas than the no-radiation
control (p = 0.001 and p = 0.000, respectively). Furthermore, 5
and 6 Gy-treated mice exhibited lower tumor sizes than the 4 Gy-
treated mice (p = 0.014 and p = 0.000, respectively). Between
5 and 6 Gy-treated mice, the latter showed a greater effect on
tumor proliferation that resulted in delayed tumor growth (p
= 0.022). Radiation with 6Gy on day 13 was chosen for the
subsequent experiments.

After treatment with radiation plus vaccine and anti-PD1,
the size of the brain tumor on day 20 and survival were
investigated in the different treatment groups. The size of the
brain tumor at the injection site before and after treatment
was confirmed by H&E staining (Figure 2C). The tumor size
before treatment was confirmed on day 13. On day 20, the
tumor size was also compared between the control and treatment
groups. A significant difference was noted in the cross-sectioned
areas between the treatment groups and the control group. In
particular, the control group showed larger cross-sectioned areas
than in RT (p = 0.000), RT plus vaccine (p = 0.000), and
RT plus vaccine and anti-PD1 (p = 0.000) groups. Although
there was no significant difference between RT and RT plus
vaccine or RT plus vaccine and RT plus vaccine and anti-PD1,
RT plus vaccine and anti-PD1 showed smaller cross-sectioned
areas than the RT group (p = 0.043). These data correspond
with the results of mouse survival (Figure 2D). Mice exhibited
prolonged survival following radiation treatment. In particular,
RT enhanced survival from ∼25.8 ± 2.2 days in the control
to 31.5 ± 5.7 days in the RT group (p = 0.003), 38.3 ± 6.2
days in the RT plus vaccine (p < 0.001), and 40 ± 6.5 days in
the RT plus vaccine and anti-PD1 group (p < 0.001). Although
the RT plus vaccine and anti-PD1 group showed no significant
difference from the RT plus vaccine group, the former exhibited
prolonger survival than the RT only group (p= 0.022). Therefore,
RT combined vaccine and anti-PD1 showed a prolonged mouse
survival according to delay in tumor growth in GBMmodel.

The Expression of PD1 on T Lymphocytes
and That of PDL1 on Single Tumor Cells
After Treatment
The expression of the PD1 receptor on CD8+ and CD4+ T cells
in the splenocytes and single tumor cells was confirmed by flow
cytometry. The percentages of CD8+PD1+ cells and CD4+PD1+

cells in the splenocytes are shown in Figures 3A,B; RT only
enhanced the expression of PD1 on CD8+ T cells, whereas RT
plus vaccine enhanced the expression of PD1 on both CD8+ and
CD4+ T cells. Notably, the percentage of CD8+PD1+ T cells was
higher in the RT group (4.8%; p = 0.005) and in the RT plus
vaccine group (5.7%; p = 0.003) than in the control group. The
percentage of CD4+PD1+ T cells in the RT plus vaccine group
was higher (by 6.08%) than that in the control group (p= 0.038).
Moreover, the percentages of tumor-infiltrating CD8+PD1+ T
cells on the single tumor cells were also confirmed. Although
the RT plus vaccine group showed a slightly lower percentage of
tumor-infiltrating CD8+PD1+ T cells than the control or RT only
group, there was no difference between the RT plus vaccine group
compared to RT only group or control group with regard to the
single tumor cells (Figures 3C,D).

The expression of PDL1 on the single tumor cells was also
estimated. As shown in Figures 3E,F, there was no significant
difference between the control, RT only, and RT plus vaccine
group. However, the addition of anti-PD1 to the RT plus vaccine
group led greater PDL1 expression in the single tumor cells than
in the control group (p = 0.049). Therefore, anti-PD1 may lead
to an increase in the expression of PDL1 in the tumor.

The Distribution of Immune Cells in the
Splenocytes and Single Tumor Cells
In the splenocytes, both activated CD8+ and CD4+ T cells were
enhanced in response to the combination treatment. Although
the number of CD8+CD44+ T cells was not significantly different
between the control and treatment groups, CD8+CD44high T
cells were increased in the RT plus vaccine and anti-PD1 group
(Figures 4A–C). In particular, the RT plus vaccine and anti-PD1
group exhibited a higher percentage of CD8+CD44high T cells
compared with that in the control (5.2%, p = 0.025) and the RT
only group (4.37%, p = 0.043). Similarly, CD4+CD44+ T cells
showed a reduction in response to the RT plus vaccine or RT
plus vaccine and anti-PD1 treatments, whereas CD4+CD44high

T cells showed an increase in response to these treatments
(Figures 4D–F). In particular, RT plus vaccine reduced the
percentage of CD4+CD44+ T cells compared with that in the
control (4.85%, p = 0.012) and the RT only group (5.65%, p
= 0.007). Moreover, RT plus vaccine and anti-PD1 reduced
CD4+CD44+ T cells compared with that in the control (8.35%,
p = 0.002), the RT only (9.15%, p = 0.001), and the RT plus
vaccine group (3.5%, p = 0.034). However, RT plus vaccine
enhanced CD4+CD44high T cells compared with that in the
control group (2.1%, p = 0.011) and the RT only group (1.63%,
p = 0.017). In addition, RT plus vaccine and anti-PD1 enhanced
CD4+CD44high T cells compared with that in the control group
(2.98%, p= 0.003) and the RT only group (2.52%, p= 0.004).

Moreover, RT plus vaccine or RT plus vaccine and anti-
PD1 also enhanced the effector memory T cell counts in the
splenocytes (Figures 4G,H). In particular, the RT plus vaccine
group has a higher percentages of CD44highCD62L− T cells
than the control group (2.17%; p = 0.021), whereas the RT
plus vaccine and anti-PD1 group had a higher percentage of
CD44highCD62L− T cells than the control group (3.66%; p =
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FIGURE 2 | Experimental treatment schedule, and therapeutic effects of combination treatment. Schema outlining treatments used in the experiments (A). Brain

tumor size with and without radiation relative to the different radiation dose treatment (4, 5, and 6Gy) was estimated with H&E staining (B). The brain tumor sizes

before (day 13) and after treatment (day 20) with different combinations, such as RT, RT plus vaccine, and RT plus vaccine and anti-PD1, were confirmed by H&E

staining (C). The Kaplan-Meier survival curves used to estimate the survival of the mouse tumor model according to the different treatment combinations in GL261

glioma-bearing mice, such as RT (n = 8), RT plus vaccine (n = 8), and RT plus vaccine and anti-PD1 (n = 8), compared with the untreated control (n = 20) (D). Data

are summarized by bar charts as the mean ± standard deviation (SD). All data are represented as the mean of two independent experiments. Control: no treatment

group; RT, radiation therapy; vaccine, branched multipeptide plus PADRE and poly-ICLC; *p < 0.05; **p < 0.01; and ***p < 0.001.

0.003) and the RT only group (2.52%; p = 0.013). Similarly,
the percentages of activated NK cells (CD49b+CD69+) in the
splenocytes also showed an increase in the RT plus vaccine
or RT plus vaccine and anti-PD1 groups (Figures 4I,J). In
particular, the RT plus vaccine group had higher percentages
of CD69+CD49b+ NK cells compared with that in the control
(3.02%; p = 0.018) and the RT only group (2.72%; p = 0.026).
Moreover, RT plus vaccine and anti-PD1 group had higher
percentages of CD69+CD49b+ NK cell levels than the control
(2.89%; p= 0.021) and the RT only group (2.6%; p= 0.03).

The treatment groups showed increased percentages of
not only activated T cells and NK cells but also regulatory
T cells (Tregs) in the splenocytes. The addition of anti-
PD1 to the RT plus vaccine group resulted in an increased
percentage of CD4+CD25+Foxp3+ Tregs (Figures 4K,L).
Notably, RT plus vaccine and anti-PD1 treatment lead to higher
CD4+CD25+Foxp3+ Treg cell counts than the control group
(7.32%; p= 0.02) and the RT only group (6.26%; p= 0.033).

The percentages of tumor-infiltrating CD8+CD44+ T
cells were also confirmed by flow cytometry. As shown in
Figures 4M,N, there was a small amount of tumor-infiltrating
CD45+CD3+ cells were detected and no significant difference
between the tumor-infiltrating CD8+CD44+ cells gated from
CD45+CD3+ cells in all the treatment groups compared with the
control group. Moreover, tumor-infiltrating CD4+CD44+ cells

gated from CD45+CD3+ cells were not detected in our study
(data not shown).

Pro-inflammatory and Anti-inflammatory
Cytokine Production From Re-stimulated
Splenocytes
For pro-inflammatory cytokines, IL-12p70 and IFN-γ were
investigated. There was an increase in the IL-12p70 levels in
response to the treatments; however, there was no significant
difference between the treatments, except for the RT plus vaccine
and anti-PD1 group (Figure 5A). In particular, the RT plus
vaccine and anti-PD1 group showed a significant difference in
the IL-12p70 levels compared with the control group (p= 0.044).
With regard to IFN-γ, only the RT group showed no significant
difference compared with the control; the RT plus vaccine or
RT plus vaccine and anti-PD1 groups showed increase compared
with the control and RT group (Figure 5B). In particular, RT plus
vaccine group exhibited higher IFN-γ levels than the control (p
< 0.001) and RT groups (p< 0.001), whereas the RT plus vaccine
and anti-PD1 group showed the highest levels compared with the
control (p < 0.001), RT (p < 0.001), and RT plus vaccine groups
(p < 0.001). The anti-inflammatory cytokine IL-10 levels were
enhanced in response to treatment (Figure 5C). Although RT
alone showed no significant difference compared with the control
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FIGURE 3 | The expression of PD1 on T lymphocytes in the spleen and tumor and that of PDL1 on the tumor were estimated by flow cytometry. The expression of

PD1 on the T lymphocyte population was estimated, and percentages of CD8+PD1+ T cells or CD4+PD1+ T cells in the spleen and CD8+PD1+ T cells in the tumor

were determined (A–D). The expression of PDL1 in the tumor was also clarified (E,F). Data are summarized by bar charts as the mean ± standard deviation (SD). All

data are represented as the mean of two independent experiments. Control, no treatment group; RT, radiation therapy; vaccine, branched multipeptide plus PADRE

and poly-ICLC; *p < 0.05; **p < 0.01; and n.s., no significant difference.
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FIGURE 4 | Continued
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FIGURE 4 | The distribution of immune cells in the spleen and tumor was confirmed by flow cytometry. The presentation of activated CD8+CD44+ T cells and high

activated CD8+CD44high effector T cells (A–C), activated CD4+CD44+ T cells and high activated CD4+CD44high effector T cells (D–F), high activated

CD44highCD62L− effector memory T cells (G,H), CD49b+CD69+ natural killer (NK) effector cells (I,J), and CD4+CD25+Foxp3+ regulatory T cells (K,L) in the

splenocytes of non-vaccinated and vaccinated mice was estimated. Moreover, the presentation of activated CD8+CD44+ T cells in the tumor was also confirmed

(M,N). Data are summarized by bar charts as the mean ± standard deviation (SD). All data are represented as the mean of two independent experiments. Control, no

treatment group; RT, radiation therapy; vaccine, branched multipeptide plus PADRE and poly-ICLC; *p < 0.05; **p < 0.01; and ***p < 0.001; n.s., no significant

difference.
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group in terms of IL-10 levels, the RT plus vaccine or RT plus
vaccine and anti-PD1 groups showed higher IL-10 levels than the
control and RT groups. In particular, the RT plus vaccine group
showed higher IL-10 levels than the control (p < 0.001) and RT
only groups (p < 0.001). Moreover, the RT plus vaccine and anti-
PD1 group had higher IL-10 production than the control (p <

0.001) and RT only groups (p < 0.001).
The expression of IFN-γ on CD8+ and CD4+ T cells was

also clarified. As shown in Figures 5D–F, the percentages of
CD8+IFN-γ+ cells were higher in the RT plus vaccine or RT
plus vaccine and anti-PD1 groups than in the control and RT
only groups. Particularly, RT plus vaccine enhanced compared
with the control group (4.39%, p = 0.004) and the RT only
group (3.34%, p = 0.012). Similarly, RT plus vaccine and anti-
PD1 increased compared the control group (4.6%, p = 0.004)
and the RT only group (3.55%, p = 0.009). There was no
difference between the RT only and control or RT plus vaccine
and RT plus vaccine and anti-PD1 groups. In contrast, although
there was a slightly higher percentage of CD4+IFN-γ+ cells
in the RT plus vaccine with or without anti-PD1 groups than
in the RT only or control groups, there was no significant
difference between all the treatment groups was found. The
IFN-γ released in the supernatant after blocking for IFN-γ
intracellular staining was also examined; IFN-γ in supernatant
showed low levels, and no significant differences between the
treatment groups were detected after blocking before intracellular
staining (Figure S3). Our data showed that the RT plus vaccine
and anti-PD1 group exhibited the pro-inflammatory cytokine
IFN-γ mainly secreted by CD8+ cells in the re-stimulated
splenocytes, which play an important role in stimulating the
immune response.

CTL and NK Cell Function of the
Re-stimulated Splenocytes
The CTL- and NK cell-mediated immune responses of the re-
stimulated splenocytes from non-vaccinated and vaccinatedmice
were elucidated. IFN-γ secretion by the re-stimulated splenocytes
after co-culture with target cancer cells was investigated for the
anti-tumor effect of combination treatment in a murine GBM
model. Re-stimulated splenocytes from non-treated and treated
mice were prepared for IFN-γ ELISPOT assays. GL261 and YAC-
1 cells were used as target cancer cells for investigating the CTL
and NK cell activity, respectively. As shown in Figures 6A,B,
mice treated with RT only showed an enhanced level of IFN-
γ-secreting splenocytes against GL261 target cells whereas the
RT plus vaccine- or RT plus vaccine and anti-PD1-treated
mice showed an increase in the IFN-γ-secreting splenocytes
against both GL261 and YAC-1 target cells. In particular, the
RT plus vaccine group showed a higher level of IFN-γ-secreting
splenocytes against GL261 and YAC-1 cells than the control
(p < 0.001 and p = 0.003, respectively). Moreover, the RT
plus vaccine and anti-PD1 group showed a higher level of
IFN-γ-secreting splenocytes against GL261 and YAC-1 target
cells than the control, RT only, and RT plus vaccine (all p <

0.001). However, there was no significant difference between the

RT only and the RT plus vaccine groups with regard to the
IFN-γ-secreting splenocytes.

The specific lysis of the re-stimulated splenocytes against
target cancer cells was also confirmed. As shown in Figures 6C,D,
RT plus vaccine and anti-PD1 enhanced the specific lysis of the
re-stimulated splenocytes against both GL261 and YAC-1 cells.
Particularly, with GL261 target cells, the RT plus vaccine and
anti-PD1 group showed higher specific lysis than the control
group (29%, p = 0.001), the RT only group (18.28%, p = 0.013),
and the RT plus vaccine group (16.31%, p = 0.023). Similarly,
with YAC-1 target cells, the RT plus vaccine and anti-PD1 group
showed higher specific lysis than the control group (15.68%, p
= 0.003), the RT only group (9.84%, p = 0.038), and the RT
plus vaccine group (11.2%, p = 0.021). There was no significant
difference in the percentages of specific lysis between the RT
only or RT plus vaccine groups compared with the control group
against GL261 and YAC-1 cells.

Although there was a higher number of IFN-γ-secreting
splenocytes in the RT only, RT plus vaccine, or RT plus vaccine
and anti-PD1 groups than in the control group, only the RT
plus vaccine and anti-PD1 group showed highest percentages
of specific lysis against GL261 and YAC-1 target cells than
the control group. Moreover, these data showed an enhanced
function in both CTL and NK cell activity. However, CTL activity
in the re-stimulated splenocytes showed a greater shift than
NK activity (Figures S4A,B). In particular, with IFN-γ-secreting
splenocytes, the CTL activity was higher than the NK activity in
the RT group (p= 0.029), RT plus vaccine group (p= 0.000), and
RT plus vaccine and anti-PD1 group (p = 0.002). Similarly, the
percentage of specific lysis of re-stimulated splenocytes against
GL261 cells was also higher than that against YAC-1 cells in the
RT plus vaccine and anti-PD1 group (p= 0.003).

Pro-inflammatory and Anti-inflammatory
Cytokines From the Single Tumor Cells
IL-10 and TFG-β have been identified as key factors that mediate
inhibitory action, whereas IFN-γ has been shown to be a pro-
inflammatory cytokine in tumors. Culture media from single
tumor cells during 24-h incubation were used to estimate the
levels of the cytokines IFN-γ, IL-10, and TFG-β. As shown in
Figure 7A, although single tumor cells present low levels of IFN-
γ, these levels were higher in all the treatment groups than in the
control. In particular, the RT only group had higher levels than
the control (p< 0.001). Moreover, the RT plus vaccine group had
higher IFN-γ levels than the control (p < 0.001) and RT only (p
= 0.002) groups. Although RT plus vaccine and anti-PD1 showed
higher IFN-γ levels than the control (p < 0.001) and RT plus
vaccine (p < 0.001) groups, there was no difference between the
RT plus vaccine and RT plus vaccine and anti-PD1 groups.

While TGF-β levels showed no difference between all
treatment groups and the control, IL-10 showed different
cytokine levels according to the various treatments administered.
In particular, although TGF-β was increased in the RT plus
vaccine and anti-PD1 group, there was no significant difference
between the RT plus vaccine and anti-PD1 group compared with
other groups (Figure 7B). In Figure 7C, whereas the IL-10 level
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FIGURE 5 | The pro-inflammatory (IL-12p70 and IFN-γ) and anti-inflammatory (IL-10) cytokine levels in the re-stimulated splenocytes were determined using ELISA

(A–C). The percentages of CD8+ IFN-γ+ cells and CD4+ IFN-γ+ cells in the re-stimulated splenocytes were also confirmed (D–F). Data are summarized by bar charts

as the mean ± standard deviation (SD). All data are represented as the mean of two independent experiments with total 5 mouse per group. Control, no treatment

group; RT, radiation therapy; vaccine, branched multipeptide plus PADRE and poly-ICLC; *p < 0.05; **p < 0.01; and ***p < 0.001.
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FIGURE 6 | The cytotoxic T lymphocyte (CTL)- and natural killer (NK) cell-mediated immune response of re-stimulated splenocytes from vaccinated mice. The IFN-γ

secreted by re-stimulated splenocytes when co-cultured with target cancer cells was measured using the IFN-γ ELISPOT assay (A,B). The specific killing effects of

re-stimulated splenocytes against target cancer cells was confirmed using the LDH assay (C,D). The GL261 and YAC-1 cell lines were used as target cells for CTL

and NK cell sensitivity, respectively. All data are represented as the mean of two independent experiments. GL261, mouse glioblastoma cell line; YAC-1, mouse

lymphoma cell lines sensitive to the cytotoxic activity of naturally occurring killer cells in mice; Control, no treatment group; RT, radiation therapy; vaccine, branched

multipeptide plus PADRE and poly-ICLC; *p < 0.05; **p < 0.01; and ***p < 0.001.

was higher in the RT only group than in the control group (p <

0.001); the RT plus vaccine group showed lower levels of IL-10
than the control (p < 0.001) and RT only (p < 0.001) groups.
Moreover, adding anti-PD1 to the RT plus vaccine group led
to the recovery of the IL-10 levels in the single tumor cells.
However, this IL-10 level was lower than that observed with RT
only (p < 0.001). Therefore, combination treatment with RT
along with the vaccine and anti-PD1 showed potential to produce
pro-inflammatory response in the tumor.

DISCUSSION

ErbB2 and WT1 are not only tumor associated antigens for
immunological targeting (20, 21) but also biomarkers of cancer
cell proliferation and survival, especially GBM (22–25). In
this study, a branched multipeptide was synthesized on the
basis of the high expression of tumor-associated antigens on
GL261 cells. Moreover, RT also showed short- and long-term
effects on the GL261 cell line in vitro. In particular, radiation
affects GL261 cells by reducing ErbB2 expression after a short
(24 h) period as evidenced by the decrease in the long-term
survival and proliferation of GL261 cells in vitro. These data
showed that GL261 cells have both immunological characteristics
and radiosensitive activity. Moreover, radiation also resulted in
delayed tumor growth in the mouse model. This was expected,

since themain therapeutic function is from radiation during early
treatment stages. After a 24-h period, radiation starts to cause
a delay in tumor proliferation and tumor cell death, resulting
in the release of tumor-associated antigens for further immune
response stimulation. The combination of RT with vaccines may
bring about optimal results to further enhance the immune
response in later treatment stages, when cancer cells recover and
function normally.

The effectiveness of immune checkpoint blockade is
hypothesized to require the expression of PDL1 on tumor cells
and PD1 on peritumoral CTLs (26). In the present study, the
expression of PD1 on T cell populations from splenocytes and
single tumor cells and that of PDL1 on glioblastoma target cells
and single tumor cells were confirmed to verify the efficiency of
anti-PD1 treatment. Previous studies showed that the presence
of the cytokine IFN-γ leads to enhanced PDL1 expression on
tumors as a mechanism by which cancer cells protect themselves
from T cell-mediated destruction (27–29). In the present study,
anti-PD1 combined with RT plus vaccine also enhanced the
levels of IFN-γ, which led to enhanced PDL1 expression in
single tumor cells. Although our data showed enhanced IFN-γ
levels in single tumor cells, this level was quite low; we are
yet to clarify the source of the IFN-γ released by the tumor-
infiltrating immune cells. The percentages of tumor-infiltrating
CD45+CD3+ cells as well as tumor-infiltrating CD8+CD44+ T
cells gated from CD45+CD3+ cells were quite low in this study.
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FIGURE 7 | Pro-inflammatory and anti-inflammatory cytokine production in the culture media of single tumor cells was confirmed using ELISA. Pro-inflammatory

cytokines such as IFN-γ (A) and anti-inflammatory cytokines such as IL-10 and TGF-β (B,C) were identified. While IFN-γ showed an increase, TGF-β was stable in all

the treatment groups, and IL-10 showed different levels according to the different treatments. Data are summarized by bar charts as the mean ± standard deviation

(SD). All data are represented as the mean of two independent experiments. Control, no treatment group; RT, radiation; vaccine, branched multipeptide plus PADRE

and poly-ICLC; **p < 0.01; and ***p < 0.001; n.s., no significant difference.

There was no difference in the percentages of tumor-infiltrating
CD8+CD44+ T cells observed between the different treatment
groups, and no tumor-infiltrating CD4+CD44+ T cells gated
from CD45+CD3+ cells were detected in our study (data not
shown). The distribution of lymphoid lineage cells in lymph
nodes and myeloid lineage cells was not clarified in this study.
Therefore, these immune cells should be investigated in greater
detail in future studies.

While PD1 blockade enhanced the cytotoxic efficacy of CD8+

CTLs, it also enhanced the proliferation and immunosuppressive
activity of Tregs in humans and mice (30, 31). Similarly, in
our study, the addition of anti-PD1 into the RT plus vaccine
group also led to an increase in both the activated effector cells
(CD8+ T cells, CD4+ T cells, NK cells, and memory T cells) and
suppressor immune cells (Tregs) in the splenocytes. Although
the percentages of Tregs were also enhanced by the addition
of anti-PD1 in the RT plus vaccine group, RT plus vaccine
and anti-PD1 therapy still showed a shift to effector immune
cell function. In particular, the RT plus vaccine and anti-PD1
group showed the highest CTL and NK cell-mediated tumor cell-
targeting immune response following prolonged mouse survival
compared with the other treatment groups. In contrast, dendritic

cells were responsible for the uptake of tumor-associated antigens
from the treated peptide vaccine or dying tumor cells induced
by radiation. This led to DC maturation, which stimulated
both the innate and adaptive immune systems. Mature DCs
not only activate CTLs to target tumors but are also capable
of activating NK cells by enhancing their cytotoxicity, IFN-γ
production, and the crosstalk of NK cells; DCs also play an
important role in the induction of the tumor-specific immune
response against cancer (32, 33). Although our data showed an
increase in both CTL and NK cell function targeting tumor cells,
our results mainly support a shift in CTL activity rather than
NK activity.

Cytokines play an important role in mediating and regulating
the immune response. Examining both pro-inflammatory and
anti-inflammatory cytokine levels is important while verifying
cancer treatment effects (34, 35). In our data, although there
were high levels of pro-inflammatory cytokines in the re-
stimulated splenocytes (IL-12p70 and IFN-γ) and single tumor
cells (IFN-γ), the levels of anti-inflammatory cytokines (IL-10)
in the re-stimulated splenocytes and single tumor cells were also
increased. We found that the IFN-γ released in the re-stimulated
splenocytes mainly originated from CD8+ T cells. Particularly,
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the increase in IL-10 paralleled the increased percentage of
Tregs in the re-stimulated splenocytes. Both TGF-β and IL-
10 cytokines are known to be suppressive cytokines mainly
released by Tregs, which may directly suppress effector T cells
in the tumor microenvironment (36). While no difference in
TGF-β was observed between all the treatment groups, IL-
10 showed an increased level in single tumor cells. Similar
patterns may occur in single tumor cells, whereby enhanced IL-
10 increases the percentage of Tregs. However, Tregs in single
tumor cells were not examined in our study. This supports
the notion that enhanced Tregs may be related to enhanced
IL-10, which subsequently resulted in no significant difference
between RT plus vaccine and RT plus vaccine and anti-PD1.
However, more experiments should be conducted to clarify
this issue.

It is well-known that GBM has an unfavorable prognosis,
mainly owing to its high propensity for tumor recurrence: more
than 90% of patients show recurrence at the original tumor
location and 5% develop multiple lesions after treatment (37).
Enhanced effector memory T cell with RT plus vaccine and
anti-PD1 have the potential to prevent GBM recurrence after
treatment. RT plus vaccine and anti-PD1 is preferable in GBM
treatment. However, the results of our study did not fully
elucidate the exact manner in which this combination affected
glioblastoma recurrence.

CONCLUSION

In this study, a branched multipeptide and adjuvants, such as
PADRE and poly-ICLC, were used as components of a vaccine.
Our study suggests that immunotherapy using this vaccine
combined with anti-PD1 could be helpful for improving RT
effects in a GBMmouse model.
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Figure S1 | Construction of the branched multipeptide. The branched

multipeptide was designed by combining two single peptides (ErbB2aa63−71 and

WT1aa235−243) that were restricted to H-2b. Mini-polyethylene glycol (mini-PEGs)

spacers were used to create the corresponding branched multipeptide by

incorporating two single MHC I peptides. These were designated as

CYTWNQMNL-miniPEG2-K (TYLPANASL-miniPEG2) for the in vivo experiment.

Figure S2 | Specific antibodies against ErbB2, WT1, and PDL1 in the mouse

GL261 cell line. Protein marker molecular weights are given in kDa. Full gel

expression of ErbB2, WT1, and PDL1 against mouse GL261 cells was confirmed

by western blot analysis (A–D). Changes in the expression of these proteins

before and after radiation with 2, 4, and 6Gy was confirmed at 0 and 24 h. The

estimated band was cut and presented (E,F). β-Actin was used as an internal

control in all the western blot experiments. GL261, mouse glioblastoma cell line.

Figure S3 | IFN-γ in the supernatant after membrane blocking for IFN-γ

intracellular staining was confirmed using ELISA. Data are summarized by bar

charts as the mean ± standard deviation (SD). All data are represented as the

mean of two independent experiments. Control: no treatment group; RT: radiation;

vaccine: branched multipeptide plus PADRE and poly-ICLC; n.s., no significant

difference.

Figure S4 | The cytotoxic T lymphocyte (CTL)- and natural killer (NK) cell-mediated

immune response of re-stimulated splenocytes from vaccinated mice. The IFN-γ

secreted by re-stimulated splenocytes when co-cultured with target cancer cells

was measured using the IFN-γ ELISPOT assay (A), and the specific killing effects

of re-stimulated splenocytes against target cells was estimated by the LDH assay

(B). The GL261 and YAC-1 cell lines were used as target cells for CTL and NK cell

sensitivity, respectively. All data are represented as the mean of two independent

experiments. Control, no treatment group; GL261, mouse glioblastoma cell line;

YAC-1, mouse lymphoma cell lines sensitive to the cytotoxic activity of naturally

occurring killer cells in mice; RT, radiation therapy; vaccine, branched multipeptide

plus PADRE and poly-ICLC; ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
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Purpose: Metastatic nasopharyngeal carcinoma (mNPC) remains incurable. This

prospective study aimed to investigate whether adding cetuximab to cisplatin-based

induction therapy could improve efficacy and survival for chemotherapy-naïve

mNPC patients.

Patients and Methods: Eligible chemotherapy-naïve mNPC patients were enrolled,

including those initially diagnosedwithmNPC (IM) and those with first-relapsemetastases

after radiotherapy (RM). Patients all received induction chemotherapy (IC) including

docetaxel and cisplatin plus cetuximab. Those who obtained objective remission after

IC would continue to receive radiotherapy concurrent with cetuximab and cisplatin,

and further capecitabine as maintenance. Contemporaneous patients who received

conventional therapy served as controls.

Results: Forty-three patients were enrolled, including 17 IM and 26 RM patients.

Thirty-nine (90.7%) patients had WHO III subtype. The overall response and complete

response (CR) rates were, respectively, 79.1 and 34.9% after induction therapy

and 76.7 and 46.5% after chemoradiotherapy. The 5-year overall survival (OS)

and progression-free survival (PFS) rates reached 34.9 and 30%, respectively.

Subgroup analysis showed that compared with RM patients, IM patients had a

higher 5-year OS (58.8 vs. 19.2%) and PFS (52.9 vs. 19.2%). The IM group had

a higher CR rate of induction treatment than the RM group (52.9 vs. 23.1%). No

treatment-related death was observed. Twelve patients (27.9%) remained alive with

disease-free survival times from 60+ to 135+ months. Control patients showed a

substantially lower survival rate (5-year OS, 10.9%) and few long-term survivors.
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Conclusions: This regimen resulted in significantly improved efficacy and survival, which

indicates a potentially curative role for chemotherapy-naïve mNPC, especially in newly

diagnosed patients. A phase III clinical trial (NCT02633176) is ongoing for confirmation.

Keywords: survival, chemotherapy, metastatic nasopharyngeal carcinoma, cetuximab, induction therapy

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is epidemic in southern
China and Southeast Asia (1). Additionally, ∼25–30% of NPC
patients exhibit metastatic disease (2), and 15% of all NPC
patients present with distant metastases at primary diagnosis
(3). The outcomes of patients with metastatic NPC (mNPC) are
heterogeneous, and long-term survival is possible in very few
patients (4). On the basis of high-level evidence, patients with
recurrent or primary mNPC generally have very poor survival,
with a median overall survival of 11.5–15 months reported 10
years ago (5, 6) and a median survival of 29.1 months reported in
2016 (7). Generally, mNPC is recognized as an incurable disease,
as few patients survive beyond 5 years.

Platinum-containing doublet regimens or concurrent
chemoradiotherapy (CCRT) alone or induction chemotherapy
followed by chemoradiotherapy continue to be regarded as
standard first-line treatments for patients with recurrent or
metastatic NPC. Gemcitabine, capecitabine, paclitaxel, and
docetaxel have also been combined with cisplatin and yield
similar survival (8, 9). However, no randomized trials have
defined the optimum regimens.

Cetuximab is an IgG1 monoclonal antibody that inhibits
ligand binding to the epidermal growth factor receptor (EGFR)
(10). EGFR expression is reported in more than 85% of
undifferentiated NPCs and is associated with a poor clinical
outcome (11). Radiotherapy and platinum-based chemotherapy
plus cetuximab have enhanced activity against head and neck
cancer, with improved overall survival (OS) (12, 13). Although
distinct differences exist between NPC and other head and neck
cancers, despite originating from a similar cell or tissue lineage,
we speculated that adding an EGFR inhibitor to platinum-
based chemotherapy and CCRT could be beneficial for mNPC.
Moreover, a phase 2 study of cetuximab in combination with a
cytotoxic agent showed clinical activity and an acceptable safety
profile in heavily pretreated patients with mNPC (14).

A meta-analysis of 11 randomized trials showed that longer
first-line chemotherapy is associated with longer OS (15).
However, prolongation of docetaxel or cisplatin exposure until
disease progression is unrealistic because of cumulative toxic
effects. Therefore, switching to a more tolerable chemotherapy,
such as capecitabine, as a maintenance regimen might be a more
effective treatment strategy.

We therefore conducted this single-center, prospective study
of an epidermal growth factor receptor antibody (cetuximab)-
containing induction therapy and chemoradiotherapy regimen
to investigate whether it would significantly improve survival
outcomes while maintaining tolerability in mNPC patients

without prior systemic therapy and would alter the therapeutic
modality from conventional palliative to curative treatment.

METHODS

Study Design and Patients
We performed an investigator-initiated, open-label, single arm,
single center, phase 2 trial at Sun Yat-sen University Cancer
Center, Guangzhou, China. Eligible participants were 18 to
65 years of age and had histologically confirmed mNPC,
including initial diagnosed NPC with metastases (IM) and
first-relapse metastases after curative radiotherapy without
neoadjuvant or adjuvant chemotherapy (RM). Pretreatment
staging and metastases were confirmed via positron emission
tomography/computerized tomography scans (PET/CT). Eligible
patients had a type II or III histological subtype according to
the WHO classification. Other eligibility criteria were as follows:
patients had not received any previous systemic chemotherapy
for recurrent or metastatic disease; had an Eastern Cooperative
Oncology Group (ECOG) performance status of 0 or 1;
had not received previous treatment with any investigational
drug, surgery, irradiation or other anticancer therapies within
the prior 4 weeks; had no known brain metastases; had
adequate organ function as defined by adequate bone marrow
function (hemoglobin≥90 g/L, WBC count≥3 × 109/L, platelet
count≥100 × 109/L), renal function (serum creatinine≤140
µmol/L or calculated creatinine clearance≥40 mL/min), and
liver function (ALT or AST≤3× the upper limit of normal,
bilirubin≤2× the upper limit of normal); had no uncontrolled
cardiac or other disease with life expectancy of 3 months or
more; provided written informed consent; and was amenable for
regular follow-up. The study protocol was approved by the ethics
committee of Sun Yat-sen University Cancer Center.

Procedures
The induction chemotherapy regimen was repeated every 3
weeks and comprised the following: intravenous docetaxel 75
mg/m2 day 1; cisplatin at 25 mg/m2 on days 1, 2, and 3; and
cetuximab at 250 mg/m2 on days 0, 7, and 14 with an initial
dose of 400 mg/m2. This induction regimen was followed by
CCRT consisting of intensity-modulated radiotherapy (IMRT)
plus concomitant cetuximab (250 mg/m2/week for 6 cycles) and
cisplatin (75 mg/m2/3 weeks for 2 cycles). IMRT was given at 68–
70Gy over 30 daily fractions over 6 weeks to the planning target
volume of the existing primary tumor in IM patients, or 64–
66Gy in RM patients with previous radiotherapy, with additional
radiotherapy of 62–66Gy over 30 fractions to metastatic regional
neck nodes if indicated. After CCRT, capecitabine was continued
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as maintenance therapy (cycles were repeated every 21 days with
1,000 mg/m2 twice daily, days 1 through 14).

Patients received this induction therapy regimen for a
maximum of six cycles or until disease progression, death,
intolerable toxicities, or patient request to stop. Furthermore,
only patients who obtained complete or partial responses
(CR or PR) after induction therapy could receive CCRT. For
patients with locoregional metastatic bone lesions, additional
radiotherapy with 30–40Gy in 10–20 fractions to these sites of
lesions was performed. Patients with other residual metastatic
foci in lung, liver, and non-cervical lymph nodes after induction
therapy that was amenable to local therapy were offered
surgery or radiofrequency ablation before CCRT. For patients
who exhibited a CR after CCRT, maintenance therapy was
continued for up to 3 years or until unacceptable toxicity, disease
progression, or death.

Treatment-emergent adverse events (AEs) were assessed with
the Common Terminology Criteria for Adverse Events version

TABLE 1 | Demographic and clinical characteristics.

Characteristics NO. (%)

NO. 43

Gender

Female 7 (16.3)

Male 36 (83.7)

Age, years*

Median 43

Range 23-63

ECOG performance status

0 14 (32.6)

1 29 (67.4)

Histology

WHO type 2 4 (9.3)

WHO type 3 39 (90.7)

EBV-DNA status

Positive* 32 (74.4)

Negative 11 (25.6)

Number of metastatic organs

1 27 (62.8)

2 8 (18.6)

≥3 8 (18.6)

Sites of disease at registration

Distant lymph node 7 (16.3)

Bone 32 (74.4)

Liver 14 (32.6)

Lung 11 (25.6)

Others 6 (14.0)

Prior radiotherapy

Yes 26 (60.5)

No 17 (39.5)

Data are presented as a number (percentage) unless otherwise indicated. *Positive: EBV-

DNA copies ≥103 copies/mL.

3.0 and were noted separately for the induction, CCRT, and
maintenance treatment. The indications for cetuximab dose
adjustment or interruption were described previously (14). The
chemotherapy was continued independent of any temporary
interruption of cetuximab. Cetuximab was not withheld for
chemotherapy-related toxicities, unless the patient developed
a concomitant illness that, in the opinion of the investigator,
mandated interruption of therapy.

Tumor response was assessed by CT imaging according to
RECIST version 1.1 by the independent image committee every
two cycles during induction therapy and every 3 weeks during
CCRT. CR and PR were defined, respectively, as 100% or at
least 30% decrease in the sum of the longest diameters of target
lesions compared with baseline. Follow-up was performed at the
outpatient clinic every 1–3 months for the first year, every 3
months for the second year, every 6 months for the third to fifth
years, and annually thereafter.

Outcomes
The primary objective was to determine progression-free survival
(PFS), which was defined as the time from treatment initiation

TABLE 2 | Antitumor efficacy.

Variable IM (n = 17) RM (n = 26) Overall

(n = 43)

Response after induction

chemotherapy, n (%)

Complete response 9 (52.9) 6 (23.1) 15 (34.9)

Partial response 7 (41.2) 12 (46.2) 19 (44.2)

Stable disease 0 (0) 6 (23.1) 6 (14.0)

Progressive disease 1 (5.9) 2 (7.7) 3 (7.0)

Overall response, % [95%

CI])

94.1

[82.9–100]

69.2

[51.5–87]

79.1

[66.9–91.2]

Disease control 94.1

[82.9–100]

92.3

[82.1–100]

93 [85.4–100]

Response after

chemoradiotherapy,

n (%)

Complete response 12 (70.6) 8 (30.8) 20 (46.5)

Partial response 4 (23.5) 9 (34.6) 13 (30.2)

Stable disease 0 (0) 6 (23.1) 6 (14.0)

Progressive disease 1 (5.9) 3 (11.5) 4 (9.3)

Overall survival

Median, months [95% CI] Unreached* 20.3

[13.3–37.6]

32.9

[18.2–47.5]

2-year rate, % 88.2 42.3 60.5

5-year rate, % 58.8 19.2 34.9

Progression-free survival

Median, months [95% CI] Unreached* 12.5

[7.9–17.1]

18.3

[10.6–26.0]

2-year rate, % 58.8 30.8 41.9

5-year rate, % 52.9 19.2 30.0

*Indicates that the IM subgroup significantly differed from RM subgroup; CI,

confidence interval.
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to disease progression or death from any cause, whichever came
first. Secondary endpoints included the proportion of patients
who had a confirmed overall response (OR) (defined as CR or
PR lasting at least 4 weeks according to the RECIST 1.1), OS
(defined as the time from treatment initiation to the date of death
or last follow-up), and AEs. Patients were considered long-term
survivors if they were disease-free for a period of more than
60 months without any treatment except maintenance treatment
after a CR.

Statistical Analyses
The asymptotic distribution, provided in Lachin [(16), p. 409–
411] was used to calculate the sample size for this single arm trial.
The justification for the sample size is explained below. The two-
sides Type I error rate was set at 5%, and the type II error rate set
at 20%, giving 80% power. The accrual period was set at 1 year,
and the total study period was set at 2 years. The OS rate at 1
year, based upon a previous study (17), is as high as 60% among

patients treated with platinum-based therapy. Among patients
receiving the novel regimen, the 1-year OS rate was expected to
increase to 80%. This difference of 20% equates to a hazard ratio
of 0.44. The sample size calculation, given the above information,
estimates that 12 events were needed. Finally, it was estimated
that 25 patients were required to achieve this number of events
allowing for a 10% loss to follow-up/non-adherence rate.

PFS and OS were estimated using the Kaplan-Meier method.

Hazard ratios were calculated by the use of the Cox proportional-
hazards model. The response rate and its 95% CI (using the

method of Pearson and Clopper) were calculated. We performed
subgroup analyses among subgroups between mNPC patients
with IM and RM for OS and PFS and response rate. We
performed post-hoc subgroup analyses for OS and PFS, focusing
on CR after induction therapy. We calculated the median follow-
up time as the median of all enrolled patients, irrespective of
whether the patients had died (18). Descriptive statistics were
used for safety evaluations. All statistical testing was two-sided

FIGURE 1 | Kaplan-Meier estimates of the overall OS (A) and PFS (B) in patients treated with the novel regimen.
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at the nominal 5% significance level. All analyses were performed
with SPSS 13.0.

RESULTS

Between July 2006 and December 2014, we enrolled 43 patients,
17 (39.5%) with initial diagnosis of NPC with metastases (IM)
and 26 (60.5%) with first-relapse metastases (RM). All patients
had evidence of EGFR-positive NPC. Table 1 summarizes the
baseline characteristics of all 43 enrolled patients.

After the completion of induction chemotherapy, median
cycles given to patients were 5 cycles (IQR 4–6). The OR rate was
79.1%, and 15 of 43 patients (34.9%) had a CR at all disease sites.
Cetuximab was interrupted in 5 patients (11.6%) due to grade
3 acneiform skin rash. Six (13.9%) required a dose reduction of
cisplatin or docetaxel during induction therapy due to serious
myelosuppressive toxicity. Thirty-four patients obtained a CR
or PR after induction chemotherapy, including 16 IM patients
and 18 RM patients, and went on to receive CCRT; the OR
and CR rates after CCRT were 76.7 and 46.5%, respectively
(Table 2). Due to drug-related toxicity or patient refusal, only 15
patients received capecitabine as maintenance following CR after
CCRT, among which 5 patients had disease progression during
this period.

The cutoff date for survival analysis was July 30, 2018. The
median follow-up time for survival was 89 months (range, 32–
135). During follow-up, 31 patients had disease progression
and finally died. After documented SD or PD during treatment
or follow-up period, patients received second-line or third-line
chemotherapy or palliative radiotherapy or did not receive any
antitumor therapy. The median OS was 32.9 months (95% CI,
18.2–47.5). Kaplan-Meier estimated OS rates at 6 months, 1, 2,
3, and 5 years were 100, 86, 60.5, 46.4, and 34.9% respectively
(Figure 1A). The median PFS was 18.3 months (95% CI, 10.6–26
months). The PFS at 6 months, 1, 2, 3, and 5 years was 86, 67.4,

41.9, 34.9, and 30% respectively (Figure 1B). Contemporaneous
patients in the same hospital received conventional regimen
showed poorer survival: for OS, median OS, 21 mo, 95%
CI, 17.8–24.0, HR = 2.1, 95% CI, 1.3–3.3; for PFS, median
PFS, 8 mo, 95% CI, 6.4–9.6 mo, HR = 3.3, 95% CI, 2.1–5.3
(Supplement Figure 1). The baseline data of the two groups were
comparable which were showed in the Supplement Table 1.

With regard to the cutoff date, there were 15 long-term
survivors who were disease-free for more than 60 months
without treatment after obtaining a CR during the novel
treatment. Among these 15 patients, 12 patients were still alive
with no evidence of disease after treatment with a disease-free
survival time from 60+ to 135+months, as shown inTable 3 and
Figure 2; two patients died of disease progression while in CR at
64 and 72 months after treatment; and one patient died of acute
leukemia at 64 months after treatment.

AEs are shown in Table 4. During induction therapy, the
most common AEs≥ grade 3 were leucopenia (39.5%), acne-like
rash (11.6%), febrile neutropenia (14%), and thrombocytopenia
(9.3%). Frequent grade 3/4 toxicities exceeded 10% of patients
during CCRT, including oral mucositis (39.1%), dermatitis (in-
field) (26.1%), leukopenia (17.4%), acne-like rash (13%), and
thrombocytopenia (13%). Severe (i.e., grade 3/4) toxicities during
maintenance treatment were rare, including hand-foot skin
reactions in one patient and hyperbilirubinemia in one patient,
and these 2 patients discontinued treatment because of the toxic
effects. No patients died during treatment or within 30 days of
completion of CCRT. Except for some acne-like rash in patients
with the novel regimen but not in patients with conventional
regimens, the novel regimen did not result in increased AEs
according to the toxicities grade classification.

The median OS was unreached (95% CI undefined; eight
events) in patients with IM and was 20.3 months (95% CI, 13.8–
26.8; 23 events) in patients with RM (HR, 3.4; 95% CI, 1.6–6.6, p
= 0.0013; Figure 3A). In patients with IM, the median PFS was
more than 44 months (eight events; [51.5% of deaths were in 44

TABLE 3 | Characters and survival outcome of long-term disease-free survivors.

Patient Gender Age Group Metastatic sites EBV status Response of

introduction

treatment

Disease-free survival

time (months)

1 Male 63 IM Bone Negative CR 102

2 Female 48 IM Bone, liver, lung Positive CR 120

3 Female 43 IM Lung Negative CR 61

4 Female 63 IM Bone, distant lymph node, pelvic Positive CR 70

5 Female 46 IM Bone Negative CR 69

6 Male 46 IM Bone Positive CR 67

7 Male 43 IM Bone Negative CR 60

8 Male 45 IM Bone Negative PR 74

9 Male 23 RM Bone, lung Positive CR 128

10 Male 36 RM Bone, lung, pleura Negative CR 101

11 Male 43 RM Lung Negative CR 97

12 Male 40 IM Liver, lung Negative CR 135
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FIGURE 2 | PET/CT images for a long-term disease-free patient before and after the novel regimen. The female patient, 48 years of age, with an initial diagnosis of

nasopharyngeal carcinoma with bone and liver metastases, EBV+, survived without disease for more than 120 months. (A) The systemic lesions, (B) the primary

nasopharyngeal tumors, (C) the bone metastases, and (D) the liver metastases disappeared or decreased after treatment compared with before treatment.

mo]) vs. 12.5 months (95% CI, 11.2–17.0; 23 events) in patients
with RM (HR, 2.7, 95% CI, 1.3–5.2; p= 0.009; Figure 3B).

Post-hoc analysis showed that the IM group had a higher CR
rate (9/17, 52.9%; 95% CI, 29.2–76.7%) compared with 23.1%
(6/26; 95% CI, 6.9–39.3%) in RM patients (p = 0.045). Indeed,
the 15 patients with a CR had a significant longer OS than these
patients without a CR after induction chemotherapy (median
OS, undefined vs. 20.3 months [95% CI, 15–25.6], p < 0.001),
with a better OS at 2 years (93.3 vs. 42.9%) and 5 years (82.2
vs. 7.1%) and a lower risk of death (HR, 8.3, 95% CI, 3.5–
14.5, p < 0.000; Figure 4A). Correspondingly, these patients also
exhibited a better PFS (median PFS, undefined vs. 14.1 months

[95% CI 11.8–16.4], HR 7.1, 95% CI, 2.7–10.9, p < 0.0001) and
a higher 2-year PFS (80 vs. 21.4%) and 5-year PFS (80 vs. 7.1%)
(Figure 4B).

DISCUSSION

Despite advances in radiotherapy and effective systemic agents
during the past decade, the long-term survival of patients
with mNPC remains poor. The standard first-line treatment of
platinum-containing doublet regimens for mNPC is essentially
palliative therapy. This new therapeutic strategy in our study
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TABLE 4 | Adverse events during different periods of treatment in the study group.

Induction (N = 43) CCRT (N = 34) Maintenance (N = 15)

Toxicity Any grade Grade ≥ 3 Any grade Grade ≥ 3 Any grade Grade ≥ 3

Leukopenia 31 (72.1) 17 (39.5) 16 (47.1) 6 (17.6) 1 (6.0) 0

Acne-like rash 19 (44.2) 5 (11.6) 10 (29.4) 4 (11.8) 2 (13.3) 0

Dermatitis (in-field) 0 0 20 (58.8) 8 (23.5) 0 0

Nausea 18 (41.9) 0 6 (17.6) 3 (8.8) 2 (13.3) 0

Vomiting 6 (14.0) 0 3 (8.8) 2 (5.9) 1 (6.0) 0

Oral mucositis 8 (18.6) 0 22 (64.7) 13 (38.2) 2 (13.3) 0

Febrile neutropenia 6 (14.0) 6 (14.0) 4 (11.8) 3 (8.8) 0 0

Hyperbilirubinemia 3(7.0) 0 2(5.9) 0 2(13.3) 1(6.0)

Infusion reaction 3(7.0) 0 0 0 0 0

Infection 2 (4.7) 0 6 (17.6) 2(5.9) 0 0

Diarrhea 4 (9.3) 0 3 (8.8) 0 1 (6.0) 0

Premature heartbeat 1 (2.3) 0 1 (2.9) 0 0 0

Alopecia 10 (23.3) 0 5 (14.7) 1 (2.9) 0 0

Thrombocytopenia 5 (11.6) 4 (9.3) 6 (17.6) 4 (11.8) 0 0

Transaminitis 2 (4.7) 0 4 (11.8) 0 1 (6.0) 0

Anemia 3(7.0) 1 (2.3) 6 (17.6) 3 (8.8) 0 0

Hypokalemia 2 (4.7) 0 2 (5.9) 1 (2.9) 1 (6.0) 0

Peripheral neuropathy 0 0 17 (50.0) 1 (2.9) 1(6.0) 0

Hand-foot skin reaction 0 0 0 0 4 (26.7) 1 (6.0)

Dysphagia 0 0 12 (35.3%) 7 (20.6)

yielded significantly long durations of OS and PFS (5-year
OS, 33.2%; 5-year PFS, 29%). Moreover, further subgroup
analyses suggested that patients who were not pretreated
with radiotherapy achieved better outcomes than radiotherapy-
pretreated patients. The 5-year OS and PFS were 54.4 and 51.5%
in initially diagnosed mNPC patients, respectively. This finding
may be associated with the history of radiotherapy. Previous
ionizing radiation may increase chemotherapy resistance, as
confirmed in prostate cancer and chronic myeloid leukemia
(19, 20). A low survival rate in the contemporaneous controls
was observed in our center (5-year OS, 10.9%; 5-year PFS, 0%),
which was in accordance with previous reports. The favorable
outcome of the novel regimen indicates the possible opportunity
to completely cure chemotherapy-naïve mNPC, especially in
patients with IM.

A long survival time is particularly prominent for patients
who achieve a CR or PR of metastatic lesions after systemic
chemotherapy (21). One study analyzed these different treatment
combinations (induction, concurrent, and maintenance
chemotherapy) and found that only induction-based
chemotherapy was associated with significantly improved
survival (22). In our study, the OR and CR rates after induction
chemotherapy were 79.1 and 34.9%, respectively. Furthermore,
94% of patients with IMs achieved objective remission, and more
than half of them exhibited CR after induction chemotherapy.
Induction therapy consisting of cetuximab plus cisplatin and
docetaxel in the regimen conferred a significant improvement in
the response rate, especially the CR rate, vs. historic controls (OR
rate, 60–74%; CR rate, 3–7%) (9) and contemporaneous controls

(OR rate, 47%; CR rate, 3%) in our center. These results imply
that adding cetuximab to induction chemotherapy improved
chemotherapy outcomes. In fact, anti-EGFR monoclonal
antibody therapy can improve the effect of chemotherapy
or reverse resistance to the chemotherapy agent. Cetuximab
was shown in a previous study to circumvent irinotecan
resistance in irinotecan-refractory colorectal cancer (23). In
metastatic/recurrent head and neck squamous-cell carcinoma
(HNSCC) or squamous-cell lung cancer, the addition of these
molecular-targeted agents, such as cetuximab, nimotuzumab,
panitumumab, necitumumab, to platinum-based chemotherapy
also improves the response rate and survival (13, 24–27). Chan
et al. found a dose-dependent additive enhanced antitumor
activity when cetuximab was combined with cisplatin or taxanes
in NPC cell lines (28) and then confirmed its clinical activity in
combination with carboplatin in heavily pretreated patients with
mNPC (14).

Several studies have shown that radiotherapy to the primary
tumor site combined with active systematic therapy can improve
the survival of patients with stage IVc NPC (29, 30). Anti-
EGFR-targeted agents have been demonstrated to improve the
effect of chemoradiotherapy or to reverse radiotherapy resistance
(12, 31, 32). The multicenter ENCORE study (33) and a
phase 2 study (31) in Hong Kong Prince of Wales Hospital
both showed prolonged 2-year PFS beyond 85% compared
with historic data in patients with locoregional advanced NPC
who received cetuximab-added chemoradiotherapy. During our
study, among 34 patients who attained an objective response
after induction therapy and continued to receive CCRT, 33
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FIGURE 3 | Kaplan-Meier estimates of OS (A) and PFS (B) among patients initially diagnosed with mNPC (IM) or NPC patients with first-relapse metastases after

radiotherapy (RM).

achieved further remission, and one case exhibited PD. Another
anti-EGFR humanized antibody, nimotuzumab, also provided
survival benefit when used concurrently with chemoradiotherapy
in HNSCC (34, 35). Nevertheless, the addition of panitumumab
to CCRT did not confer any benefit in HNSCC (36). The
role of these EGFR antagonists in mNPC needs to be assessed
in the future. The investigations in the studies above have
demonstrated the safety and tolerability of cetuximab in patients
with locoregionally advanced or recurrent and/or metastatic
NPC. However, our study is the first to explore the addition
of cetuximab to two processes of one regimen, i.e., induction
and chemoradiation. There were few grade 3 skin reactions and
no treatment-related mortalities or discontinuations of therapy
reported during the entire treatment period. Importantly, in
the last years local therapy of oligometastatic disease shows
improvement of overall survival in several types of cancer. In

our study patients also underwent local therapy of metastatic
disease whenever possible. Therefore, not only systemic therapy
but also local therapy may improve the overall survival. However,
it required a further study to confirm the function of local therapy
for residual metastatic foci after induction therapy.

In the present study we selected capecitabine but not
cetuximab as maintenance therapy based on the following
reasons: first, at present, fluorouracil or capecitabine plus
cisplatin is one of the widely used regimens in patients
with recurrent or metastatic NPC. Moreover, single-agent
capecitabine as a maintenance treatment has already shown
a favorable safety profile in other metastatic cancers (37, 38).
Second, based on our clinical trial initiated by investigator
rather than a company-sponsored study, it is difficult for
most patients to afford the high cost of cetuximab for a long
maintenance therapy. Last, capecitabine is more convenient for
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FIGURE 4 | Kaplan-Meier estimates of the OS (A) and PFS (B) by CR after induction chemotherapy.

oral administration, which does not require weekly intravenous
injection like cetuximab. However, our data showed that one-
third of patients had PD during the oral administration of
capecitabine as maintenance treatment, suggesting the need for
further exploration of the role of this strategy. In addition,
anti-PD-1 antibodies (39, 40) have shown promising antitumor
activity (OR rate>20%) for multiply pretreated mNPC, which
may be considered as another choice for maintenance therapy.

Our regimen was derived from this above evidence and
showed good outcomes. Metastatic NPC appears to be incurable
from the current literature. Few studies have reported the 5-year
OS for mNPC, while patients with mNPC at initial diagnosis
obtained a 54.4% 5-year OS rate in our study. Although few long-
term survivors after various aggressive treatments were presented
in a retrospective study (4), currently, no prospective study has
reported a definite regimen that could result in a considerable
long-term survival rate for mNPC. In our study, 15 patients
(34.9%) who achieved long-term survival (>60 months), among

whom, 12 were still alive with no evidence of disease at the 60
to 135-month follow-ups. Our data suggest a potential curative
role for chemotherapy-naïve mNPC when the novel regimen is
applied. To the best of our knowledge, this study is the first
report of a series of long-term survivors with mNPC. Although
this study was a non-randomized and single-armed phase II
study trial, we have to realize that the novel study regime at the
time of 2006 is a very bold, new and high-intensity scheme with
the attempt to achieve an expected long survival. Considering
this limitation, we have currently initiated a randomized multi-
center phase 3 trial (NCT02633176) in 2015 to further investigate
this topic.
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Chemoradiation, either alone or in combination with surgery or induction chemotherapy,

is the current standard of care for most locally advanced solid tumors. Though

chemoradiation is usually performed at the maximum tolerated doses of both

chemotherapy and radiation, current cure rates are not satisfactory for many tumor

entities, since tumor heterogeneity and plasticity result in chemo- and radioresistance.

Advances in the understanding of tumor biology, a rapidly growing number of molecular

targeting agents and novel technologies enabling the in-depth characterization of

individual tumors, have fuelled the hope of entering an era of precision oncology, where

each tumor will be treated according to its individual characteristics and weaknesses.

At present though, molecular targeting approaches in combination with radiotherapy

or chemoradiation have not yet proven to be beneficial over standard chemoradiation

treatment in the clinical setting. A promising approach to improve efficacy is the combined

usage of two targeting agents in order to inhibit backup pathways or achieve a more

complete pathway inhibition. Here we review preclinical attempts to utilize such dual

targeting strategies for future tumor radiosensitization.

Keywords: radiotherapy, radioresistance, radiosensitization, combined molecular targeting, dual inhibition

INTRODUCTION

Chemoradiation is a current standard of care for the curative treatment of most locally advanced
solid malignancies. Both modalities are generally administered at the maximum-tolerated doses to
achieve best possible cure rates, which for many entities such as lung, brain, colorectal, bladder, or
human Papillomavirus (HPV)-negative head and neck cancer, are still far from satisfactory. Due to
the intense treatment regimes a considerable fraction of patients suffer from severe acute as well
as late and partly irreversible side effects that can seriously impact quality of life. For example in
head and neck squamous cell carcinoma (HNSCC) the addition of platin-based chemotherapy to
radiotherapy increases 5-year overall survival by about 10% (1, 2) at the cost of increases in the rate
of severe adverse events, such as grade 3 mucositis, anemia and nephro- and ototoxicity, which can
result in lifetime renal insufficiency and hearing loss (3).
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Combining radiotherapy with molecular targeting agents may
offer an alternative to chemoradiation with potentially less severe
side effects, provided the tumor cells are more dependent on the
specific target than normal tissue. To be effective, the targeting
agent needs to be directly toxic for the tumor and/or has to
induce a meaningful radiosensitization. Despite a plethora of
promising preclinical data, the results achieved in the clinic are
so far exceedingly disappointing. The only currently approved
molecular targeting agent for the combination with radiotherapy
is the anti-epidermal growth factor receptor (EGFR)-antibody
cetuximab in HNSCC. The combination was approved on the
basis of the IMC 9815 phase III clinical trial, which demonstrated
superiority over radiation alone in a range similar to the addition
of cisplatin to radiotherapy (4). However, after a considerable
number of subsequent publications it has to be seriously called
into question whether the addition of cetuximab to radiotherapy
is a viable alternative for cisplatin (5–7) and cetuximab also failed
to enhance survival when added to chemoradiation (8). Recently,
cetuximab-radiation was directly shown to be inferior to
cisplatin-based chemoradiation in HPV-positive oropharyngeal
cancer in two prospective phase III trials (9, 10) although this
entity had shown the greatest benefit from cetuximab in the IMC
9815 trial (11).

A general limitation for the effective use of molecular targeted
agents is the current lack of biomarkers that could predict a
possible oncogenic addiction to a given druggable target or a
possible role of the target in radiation resistance. Also in the
case of cetuximab in HNSCC, no predictive biomarker has been
established. In order to fully exploit the potential of precision
medicine, such biomarkers are mandatory to select the best
agents for a given tumor. Sequencing individual tumors for
druggable driver mutations is one way forward. However, to what
extent the targeting of such potential oncogenic driver proteins
will also result in an enhanced sensitivity toward radiotherapy is
currently unknown.

FIGURE 1 | Screening process for preclinical publications utilizing combined molecular targeting approaches for tumor radiosensitization.

Another important concern is therapy resistance due to
backup pathways or incomplete inhibition. In such cases,
combined molecular targeting approaches may be an effective
way to increase efficacy. Combined targeting often follows three
main strategies: (1) blocking of potential alternative pathways, (2)
dual targeting of the same pathway to achieve a more complete
inhibition or (3) targeting of two distinct pathways whose
dual inhibition will result in synthetic lethality or synergistic
radiosensitization (12).

Here we review preclinical attempts to utilize such dual
targeting strategies for future tumor radiosensitization.

METHODS

A PubMed search based on the key words “agent∗, radiosensiti∗,
radiotherapy, molecular targeted therapy, combined molecular
targeting” was conducted and the results were screened for use
of combined molecular targeting for radiosensitization in the
preclinical setting. In addition, because titles and abstracts do
not follow any regular pattern, references from identified articles
were further screened for suitable publications and PubMed
was additionally screened for publications from the last/senior
authors of identified articles (Figure 1).

Publications dealing with immunotherapy, e.g., using immune
checkpoint inhibitors were not included, since they do not
represent radiosensitization in the narrow sense. Publications
of combined usage of molecular targeting and chemotherapy
to achieve radiosensitization were also not included. Further, it
was not always possible to discriminate between the intentional
combined inhibition of two definedmolecular targets and the less
well-defined usage of somewhat unspecific agents with two or
more targets. The latter were considered when reflecting the basic
idea of the combined targeting approaches for radiosensitization,
i.e., the intended selection of two targets whose inhibition should
achieve at least additive or even synergistic effects.
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Regarding clinical trials with published results, we performed
a PubMed search with the respective targeting agents found in
preclinical studies plus the terms “radiation” or “radiotherapy.”
Since the focus of this review is on preclinical approaches, we only
present a selection of the most important clinical trials.

RESULTS

The vast majority of publications reporting experimental dual
targeting approaches in combination with ionizing radiation
fall into four categories: (1) growth factor receptor signaling,
(2) DNA damage response and cell cycle checkpoints, (3) cell
adhesion molecules, and (4) the heat shock response. From these
categories targeting growth factor receptor signaling currently
represents the by far most extensively studied dual targeting
approach. In some of the identified papers inhibitors belonging
to two of these categories were combined. These papers will only
be presented in one section. Studies using a single substance with
dual specificity were considered when its use was based on a
rational selection of targets whose inhibition should achieve at
least an additive or a synergistic effect.

Targeting Growth Factor Receptor
Signaling
The most frequently used approach of radiosensitization
through dual molecular targeting is the inhibition of growth
factor receptor tyrosine kinases and their related signaling
pathways. Growth factor receptor signaling can contribute
to radioresistance, because it stimulates proliferation, inhibits
apoptosis and has been described to increase the repair of
radiation-induced DNA-damage, which makes it an attractive
molecular target for radiosensitization (13, 14). Combined
targeting approaches were further fuelled by the approval of
the anti-EGFR monoclonal antibody (mAb) cetuximab in the
curative treatment of HNSCC and by the desire to increase
efficacy and repress by-pass signaling and resistance, which pose a
potential risk to all signaling inhibition approaches (15). Figure 2
provides an overview of the inhibited signaling pathways and
proteins described in this section.

The HER Family
The HER sub-family of receptor tyrosine kinases (RTK) includes
the members EGFR (also termed HER1 or ErbB1), Her2 (ErbB2),

FIGURE 2 | Targeting of signal transduction pathways. Depicted are the inhibitors utilized for combined molecular targeting approaches for tumor radiosensitization

and their respective target proteins. Reported inhibitor combinations for radiosensitization are described in the text and are listed in Table 1. RTK, receptor tyrosine

kinase.
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HER3 (ErbB3), and HER4 (ErbB4). These transmembrane
receptors are located at the cell surface, harbor an intrinsic
protein kinase domain and regulate proliferation, migration,
cell fate determination and apoptosis via diverse downstream
signaling pathways such as MAPK and AKT signaling (16).
EGFR is expressed in normal epithelial cells of the skin, hair
follicles or the gastro intestinal tract, but it is also detected in
many tumor entities. Furthermore, EGFR gene amplifications or
mutations are found in e.g., HNSCC, lung cancer or glioblastoma
(GBM), driving carcinogenesis and tumor progression (17,
18). Consequently, targeting EGFR with mAbs or tyrosine
kinase inhibitors (TKI) has been established in cancer therapy
in e.g. NSCLC, colorectal cancer, head and neck cancer, or
pancreatic cancer but therapy resistance occurs frequently and
compromises outcome (19). Usually, ligand-binding leads to
ErbB receptor homodimerization but can also result in the
formation of heterodimers consisting of different sub-family
members. Due to these interactions and possible functional
redundancies co-targeting of different sub-family members has
been investigated in several pre-clinical studies.

HER/HER targeting
Combined inhibition of different members of the HER
sub-family indeed showed promising results in terms of
radiosensitization. For example in first studies Fukutome
et al. combined the EGFR inhibitor gefitinib (TKI) and
the anti-HER2 antibody trastuzumab. Both inhibitors
induced radiosensitization on their own and their
combination resulted in a synergistic sensitization in
vulvar squamous cell carcinoma cells expressing EGFR and
HER2 (20).

Also EGFR/HER-2 inhibition by the dual inhibitor lapatinib
resulted in enhanced radiosensitivity in cancer cells of various
entities, such as bladder cancer, peripheral nerve sheath tumors,
pancreatic or breast cancer. This sensitization was shown to
be partly dependent on the expression of the specific targets
(HER2, EGFR) and to be inhibited through the constitutive
activation of downstream signaling factors, such as Ras & Raf
mutations (21–27).

To inhibit EGFR and HER3 Huang et al. used the dual
inhibitor MEHD7945A. They demonstrated that MEHD7945A
inhibits growth in cetuximab (EGFR mAb) and erlotinib (EGFR
TKI) resistant cells with a significant PI3K and MAPK pathway
inhibition. In a xenograft model, MEHD7945A reduced the
growth of tumors resistant to mono-EGFR-targeting, and, in
contrast to cetuximab, the combination with radiation resulted
in a more pronounced growth inhibition than either modality
alone. EGFR and HER3 are both activated upon radiation and
the blockade of one receptor may be compensated by the
other. Treatment with MEHD7945A but not with cetuximab
reduced survival signaling and DNA repair (28). The same
group could substantiate the evidence for a radiosensitizing
effect of MEHD7945A using human lung and head and
neck cancer cells as well as xenografts further supporting the
clinical implementation of this EGFR/HER3 combined targeting
approach (29).

HER/IGF-1R targeting
In addition to the formation of heterodimers within the HER-
family there is also a cross talk between EGFR and other receptor
tyrosine kinases such as the insulin like growth factor 1 receptor
(IGF-1R), which is also involved in tumor development and
progression (30). In this context Matsumoto et al. compared
individual and dual targeting of EGFR and IGF-1R in an
HNSCC xenograft model using the mAbs ganitumab (anti-
IGF-1R) and panitumumab (anti-EGFR). They observed the
strongest growth arrest and significantly fewer recurrences
upon combined inhibition plus radiation (31). Wang et al.
also showed a radiosensitizing effect of combined inhibition of
EGFR through erlotinib and the IGF-1R inhibitor AG1024 in
prostate cancer cells, suggesting a suppression of homologous
recombination repair as a possible underlying mechanism
(32). Using two breast cancer cell lines with similarly high
expression of IGF-1R but differential expression of EGFR, Li
et al. observed radiosensitization through IGF-1R-inhibition
(AG1024) in both strains. The EGFR inhibitor AG1478, however,
only radiosensitized the cell line with high EGFR-expression both
alone and when added to IGF-1R-inhibition. Radiosensitization
through combined targeting was further validated in a xenograft
model (33).

HER/downstream targeting
The HER receptors transduce their signals through several
downstream pathways including the Ras-Raf-MAPK, the PI3K-
Akt and the JAK/STAT pathway (19, 34). Alterations within
these pathways might affect the efficacy of HER inhibition as
demonstrated by the importance of the Ras mutation status in
colorectal cancer where patients carrying such mutations do not
benefit from cetuximab treatment (35, 36). Therefore, another
strategy to increase efficacy is to combine the inhibition of the
receptors and relevant downstream targets.

In this context Bonner et al. assessed the effect of combined
treatment of head and neck cancer cells with cetuximab and the
JAK inhibitor JAK1i. STAT3 is a downstream protein activated by
JAK (among others) protecting cells from apoptosis. The authors
observed enhanced anti-proliferative and apoptotic effects upon
dual inhibition plus radiation. Dual inhibition was accompanied
by a more complete inhibition of STAT3-phosphorylation and,
in contrast to single inhibition, resulted in radiosensitization in
colony formation assays (37).

Eke et al. identified the activation of c-Jun N-terminal kinase
2 (JNK2) via the scaffold protein JNK-interacting protein 4
(JIP-4) as a possible signaling bypass after EGFR targeting. The
authors knocked down JIP4 or JNK2 via siRNA and used the
JNK2 inhibitor SP600125 in addition to cetuximab treatment and
achieved enhanced tumor cell radiosensitization in an additive
manner as compared to single inhibition (38).

Activation of the PI3K/Akt/mTORpathwaywas demonstrated
by Zhuang et al. in lung adenocarcinoma cells as another
resistance mechanism against EGFR targeting. They could
demonstrate that mTOR inhibition with everolimus enhanced
radiation sensitivity when added to erlotinib in vitro and in a
xenograft model (39).
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HER/VEGF(R) targeting
The family of vascular endothelial growth factors (VEGFs)
and their specific receptors (VEGFRs) are frequently targeted
in cancer therapy, e.g., in lung, breast, kidney, ovarian and
cervix cancer. A fundamental difference in this therapeutic
strategy is that, although the inhibition of tumor cell signaling
is also of relevance, the main target of VEGF(R)-inhibition
is tumor angiogenesis. VEGFs and VEGFRs are critical
factors in the formation and maintenance of new vasculature
in both normal tissues and solid tumors (40, 41). Their
inhibition can indeed follow two contrary intentions: (1) a
complete inhibition resulting in depletion of tumor nutrient
and oxygen supply, or (2) a partial inhibition that results in
normalization of tumor vasculature, enhances oxygenation
and decreases hypoxia-based radiation resistance. Some
rationales have been described for combining VEGF and
EGFR inhibition. Amongst others, EGFR is also involved in
angiogenesis and it has been described that EGFR inhibitor
resistance may be associated with VEGF up-regulation and
angiogenesis (42, 43).

In this context Bozec et al. demonstrated promising results
using the VEGFR inhibitor cediranib (AZD2171) (targeting
VEGFR1/2/3) concurrent with the EGFR inhibitor gefitinib
and radiotherapy in a VEGF secreting HNSCC xenograft
model. Combined treatment plus radiation clearly inhibited
tumor growth more effectively than dual or single inhibition
or radiotherapy alone. Dual inhibition was associated with
decreased vessel density and dual inhibition plus irradiation
showed the highest decrease in proliferation as assessed by Ki67
staining (44). The group could confirm the radiosensitizing
effects in further studies when treating the same VEGF-secreting
HNSCC model as orthotopic xenografts using alternative,
but functionally equivalent agents, namely the anti-VEGF
monoclonal antibody bevacizumab combined with the EGFR
TKI erlotinib or using the combination of the VEGFR TKI
sunitinib and the EGFR mAb cetuximab (45, 46). Due to
an observed tumor re-growth associated with AKT/mTOR
signaling activation, they further investigated the triple-targeting
approach of cetuximab, bevacizumab, and the mTOR inhibitor
temsirolimus in combination with irradiation. Adding the third
inhibitor they indeed achieved the most sustained growth
inhibition (47). In previous studies the same group had combined
ZD6126, an antivascular tubulin-binding agent, with the EGFR
TKI inhibitor gefitinib and irradiation. In contrast to the results
described above, and although the combined targeting was
moderately more effective than single targeting, the addition of
radiation to dual targeting did not result in a further reduction of
tumor growth (48).

Radiosensitiziation could also be induced in a lung cancer
model by vandetanib, an inhibitor of VEGFR2 and EGFR but
also of RET and other receptors. In human lung adenocarcinoma
vandetanib treatment added to radiotherapy resulted in a dose
enhancement ratio of 1.32 and markedly inhibited sublethal
damage repair as assessed by a split dose recovery assay. In
vivo the combination with irradiation showed enhanced tumor
growth inhibition as compared to single treatment (49). Oehler
et al. tested the effect of AEE788, an inhibitor of EGFR, HER2

and VEGFR, plus irradiation in a spontaneously growing murine
mammary carcinoma model and in tumor allografts derived
from murine mammary carcinoma cells. AEE788 alone as well
as in combination with radiation improved tumor oxygenation
in both models and the combined treatment resulted in an
at least additive tumor response. Using specific inhibitors,
the improvement of oxygenation could be assigned to the
EGFR/HER2 inhibition (50).

In U87 GBM cell lines with or without ectopic EGFR
expression vandetanib as well as cediranib failed to induce
radiosensitization in clonogenic assays indicating no effect
on DNA repair. In the respective xenograft models only the
combination of vandetanib plus irradiation reduced tumor
growth more strongly than irradiation alone, and only in the
EGFR expressing substrain. In line with reduced tumor growth
in this model system, vandetanib but not cediranib suppressed
the expression levels of pAkt, survivin, and Ki67 as well as VEGF
secretion (51).

The PI3K-AKT-mTOR Pathway
The stimulation of various growth factor receptors leads to the
activation of the PI3K-AKT-mTOR signaling pathway, which
can cause resistance to apoptosis and radiation. Elevated activity
of the PI3K-AKT-mTOR pathway is observed in a broad
range of tumor entities and associated with poor outcome,
which makes this pathway a promising target for inhibitory
strategies (52–55).

mTORC1/mTORC2
Inhibition of the PI3K-AKT-mTOR pathway is usually achieved
by mTOR inhibitors, such as rapamycin or everolimus. However,
these inhibitors block the mTOR Complex1 (mTORC1), which
often results in the up-regulation of the mTOR Complex 2.
Therefore, combined inhibition of mTOR Complex 1 and 2
has been studied using dual inhibitors. Sapanisertib is an
ATP-competitive mTORC1 and mTORC2 inhibitor. Miyahara
et al. demonstrated an enhanced inhibition of proliferation and
induction of apoptosis when combining the dual inhibitor and
radiation in diffuse intrinsic pontine glioma cells (56). Liu et al.
also showed a radiosensitizing effect of sapanisertib in breast
cancer cells, which was associated with G2/M cell-cycle arrest and
an inhibition of DNA double-strand break (DSB) repair (57).

Hayman et al. compared the radiosensitization through the
mTORC1-inhibitor rapamycin and the dual mTORC1/mTORC2
inhibitor PP242 in breast cancer cell lines and only observed
a radiosensitizing effect using the dual inhibitor. As a normal
tissue cell control, lung fibroblasts were not radiosensitized
through PP242 treatment. In vivo PP242 alone had no
impact on tumor growth but enhanced the radiation-induced
growth reduction (58). The same group also tested an
alternative mTORC1/mTORC2 inhibitor, AZD2014, which
induced radiosensitization in glioblastoma stem-like cells in vitro
and in vivo. A delay in the dispersal of radiation-induced γH2AX
foci suggests that this effect involves the inhibition of DNA
repair (59).
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PI3K/mTOR targeting
In addition to dual targeting of mTORC1 and mTORC2 the
combination of inhibitors targeting different players of the PI3K-
AKT-mTOR pathway are under highly intensive investigation. In
this context Yu et al. examined the effect of the dual PI3K/mTOR
inhibitor dactolisib (NVP-BEZ235) in patient-derived and in
radioresistant oral squamous cell carcinoma cells in vitro and
in an in vivo tumor model. They observed radiosensitization in
vitro, associated with G1 phase arrest by the downregulation of
cyclin D1/CDK4 complex as a consequence of the PI3K/mTOR
signaling inhibition. Tumor shrinkage was more pronounced
upon the combination of dactolisib and radiation as compared
to radiation alone (60). Dactolisib was further shown to reduce
the activity of the central DNA repair factors DNA-PKcs and
ATM and, as a consequence, to efficiently block the repair of
IR-induced DSBs. Consequently, an effective radiosensitization
could be demonstrated in glioblastoma cells in vitro and in vivo
(61, 62).

Aberrant activation of the PI3K/AKT/mTOR pathway by Ras
mutations is an important factor in Ras-driven tumorigenesis
(63). Using dactolisib, Konstantinidou et al. could demonstrate
a more effective radiosensitization of K-ras mutant NSCLC cells
as compared to the single inhibition of PI3K (LY294002) or
mTOR (rapamycin). In vivo dactolisib alone had little effect on
tumor growth but profoundly enhanced the effect of irradiation
(64). Substantiating this data, Chen et al. also targeted PI3K
and mTOR with dactolisib using K-ras mutant and wild type
colorectal cancer cells. Dactolisib had a radiosensitizing effect
in both cases. They further demonstrated the same effect in a
xenograft tumor model and suggested inefficient DNA repair,
possibly due to impaired activation of ATM and DNAPKcs
upon dactolisib treatment (65). In glioblastoma cell lines the
radiosensitizing effect of dactolisib was shown to be dependent
on the scheduling of drug and radiation. A 24 h preincubation
period and wash out of the drug right before irradiation and
seeding failed to sensitize the cells, while the addition of the drug
shortly (1 h) before radiation with subsequent incubation for
24 h before seeding was highly effective. In line with the colony
formation data, only the latter schedule showed reduced levels of
P-AKT and P-mTOR without and 30min after irradiation (66).
Potiron et al. used dactolisib in vitro and in vivo in prostate
cancer cell lines under normoxic and hypoxic conditions. They
found a radiosensitizing effect in all cases and observed a
reduction in DSB repair associated with an enhanced G2 cell
cycle arrest (67). Comparable results in prostate cancer cell lines
were reported in two further studies, supporting the theory
of an impaired DNA repair capacity (68, 69). Schötz et al.
observed radiosensitization in HNSCC cell lines, regardless of
HPV-status. A DNA-repair defect was more apparent in the
G1 than G2 phase and reporter gene assays pointed toward
inhibition of non-homologous endjoining (NHEJ), but not
homologous recombination (HR) (70). Chang et al. also tested
an alternative dual PI3K/mTOR inhibitor, PI-103, which caused
radiosensitization comparable to dactolisib. They suggested a
novel mechanism of radiosensitization based on a reduced
expression of NHEJ (Ku70/80), as well as HR (BRCA1/2, Rad51)
factors upon PI3K/mTOR inhibition and radiation (69). Along

the same line Jang et al. reported a severely reduced BRCA1
expression upon PI-103 treatment and a radiosensitzation
that could be further augmented by PARP-inhibition through
olaparib. PI-103 failed to induce radiosensitization after a
preceeding siRNA-mediated knockdown of BRCA1 suggesting
that BRCA1/HR is the most relevant target in this regard (71).
PI-103 was also shown to radiosensitize colon cancer cells with
activated AKT through inhibition of DSB repair (72).

Leiker et al. analyzed a third ATP-competitive dual PI3K-
mTOR inhibitor, PF-05212384. Using HNSCC cells they
demonstrated delayed γH2AX foci resolution and a significant
radiosensitization in vivo and in vitro. Since the effect was
more pronounced in tumor cells compared to normal fibroblasts
the results indicate some degree of tumor specificity (73). A
differential response in two HNSCC cell lines toward the PI3K-
mTOR inhibitor, PF-04691502 was described by Tonlaar et al.
While one strain was sensitized, the other failed to respond, in
line with an increased constitutive activity of PI3K, AKT, and
mTOR and an inability to inhibit key phosphorylation events
upon treatment (74).

Following a concept of PI3K/mTOR inhibition different
from the ones described above, Fokas et al. used dactolisib
as an alternative to VEGFR-inhibition in order to induce
vascular normalization and improved oxygen supply. In vivo
they observed a reduction in tumor hypoxia and an increase
in perfusion. Using different schedules of drug treatment
and irradiation that did or did not provide adequate time
for vascular remodeling, they observed differences in tumor
growth delay and concluded that dactolisib is capable of both,
radiosensitization through vasculature normalization and in a
direct manner (75). The same group further characterized this
direct effect in a panel of different tumor and endothelial
cells using dactolisib and another dual PI3K/mTOR inhibitor,
NVP-BGT226. They observed PI3K pathway inhibition and
enhanced residual γH2AX foci and G2-arrest after irradiation.
Human endothelial and dermal microvascular cells were also
sensitized, which suggests possible effects on tumor vasculature
but may also indicate sensitization of normal tissue cells, which
urges caution, when progressing to clinical trials (76).

AKT/mTOR
Another possibility for highly effective targeting of the PI3K-
AKT-mTOR pathway is the combined inhibition of AKT and
mTOR. Upon treatment with the mTOR-inhibitor rapamycin,
Holler et al. observed an activation of Akt in cell lines that
showed no or little radiosensitization. Since this activation was
not present in responsive cells, they combined rapamycin with
the Akt-inhibitor MK2206 and observed radiosensitization and
an enhanced number of residual DSBs (77).

Combined inhibition of the PI3K/AKT/mTOR and

Ras/Raf/Mek/MAPK pathways
Since there is crosstalk between the PI3K/AKT/mTOR pathway
and the Ras/Raf/MAPK pathway with compensatory potential,
dual targeting of these two pathways is also an option. Williams
et al. investigated the inhibition of both pathways in K-ras
mutated pancreatic cancer cells and xenografts. While sole MEK
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inhibition by PD0325901 already resulted in radiosensitization
and apoptosis, both effects were further enhanced by a dose
of the Akt-inhibitor API-2 that was not effective on its own.
Dual inhibition plus radiation also showed the most pronounced
growth inhibition in a corresponding xenograft model (78).
Toulany et al. demonstrated radiosensitization in K-ras mutated
NSCLC cells upon PI-103 treatment but prolonged inhibition
resulted in K-ras/Raf/MAPK-dependent Akt activation and loss
of radiosensitization. Combining PI3K/mTOR inhibition with
the MEK inhibitor PD98059 prevented the reactivation of K-
ras/Raf/MAPK-dependent Akt signaling upon long-term PI-
103 incubation and resulted in inhibition of DSB repair and
radiosensitization (79). Using the MEK inhibitor AZD6244,
Kuger et al. investigated whether additional inhibition of
the MAPK pathway further enhances the radiosensitization
induced by dactolisib treatment. They consistently found a
radiosensitizing effect through PI3K/mTOR inhibition in lung
and glioblastoma cancer cells that, however, was not increased
through additional MEK inhibiton (80). Lastly, Blas et al.
combined the PI3K family inhibitor buparlisib with the MEK1/2
inhibitor binimetinib in HNSCC cells. In vitro, both inhibitors
showed a dose dependent inhibition of proliferation/viability
without additional effects upon combination. None of the
inhibitors, nor the combination induced radiosensitization,
partly even induced radioprotection in UT-SCC-15 cells. In
vivo, combining both inhibitors did not show any benefit in
combination with irradiation and in UT-SCC-15 cells even
diminished the growth delay compared to radiotherapy with
either agent alone (81).

TABLE 1 | Combined targeting of growth factor receptor signaling.

Targets Inhibitor(s) Entity References

EGFR/HER2 Gefitinib**,***

Trastuzumab**,***

Vulvar

squamous cell

carcinoma

(20)

EGFR/HER2 Lapatinib**,*** Breast cancer (21, 22, 24)

Breast cancer

(HER2+)

(25)

K- pancreatic

cancer (K-ras

wt)

(23)

NF2 associated

peripheral nerve

sheath tumor

(26)

Bladder cancer (27)

EGFR/HER3 MEHD7945A* NSCLC,

HNSCC

(28, 29)

EGFR/IGF-1R Panitumumab**,***

Ganitumab*

HNSCC (31)

Erlotinib**,***

AG1024 exp

Prostate cancer (32)

AG1478exp

AG1024 exp

Breast cancer (33)

EGFR/JAK/

STAT-3

Cetuximab**,***

JAK1i exp
HNSCC (37)

EGFR/JNK2/

JIP-4

Cetuximab**,***

SP600125 exp

HNSCC/VSCC (38)

(Continued)

TABLE 1 | Continued

Targets Inhibitor(s) Entity References

EGFR/mTOR Erlotinib**,***

Everolimus**,***

NSCLC? (39)

EGFR/VEGFR Gefitinib**,***

ZD6126* (sus)

HNSCC (48)

Gefitinib**,***

AZD2171 (Cediranib)**

HNSCC (44)

Erlotinib**,***

Bevacizumab**,***

HNSCC (45)

Cetuximab**,***

Sunitinib**,***

HNSCC (46)

Cetuximab**,***

Bevacizumab**,***

Temsirolimus**,***

HNSCC (47)

Vandetanib**,*** NSCLC (49)

Vandetanib**,*** GBM (51)

EGFR/VEGFR/

HER2

AEE788*(disc) Mammary

carcinoma

(murine)

(50)

mTOR1C/mTOR2C Sapanisertib* Pontine Glioma (56)

Breast Cancer (57)

PP242exp Breast Cancer (58)

AZD2014

(Vistusertib)*

Glioblastoma (59)

PI3K/mTOR

[(ATM/DNAPKCS)]

Dactolisib* Oral SCC (60)

HNSCC (70)

Glioblastoma (61, 62, 66)

NSCLC (64)

Colorectal

cancer

(65)

Prostate cancer (67, 68)

Fibrosarcoma,

HNSCC

(75)

Dactolisib*

NVP-

BGT226 *(disc)

HNSCC,

bladder cancer,

endothelial cells

(76)

Dactolisib*

PI-103 exp

Prostate cancer (69)

PI3K/mTOR PI-103exp Colon cancer (72)

PF-

05212384 (Gedatolisib)*

HNSCC (73)

PF-

04691502* (disc)

HNSCC (74)

PI3K/mTOR/PARP PI-103exp

Olaparib**,***

TNBC (71)

mTOR/Akt Rapamycin**,***

MK2206*

NSCLC, breast

cancer

(77)

MEK/Akt PD0325901*

API-

2 (=Triciribine)*

Pancreatic

cancer (K-ras

mut.)

(78)

PI3K/mTOR/MEK PI-103exp

PD98059 exp

K-ras mut.

NSCLC

(79)

Dactolisib*

AZD6244

(Selumentinib)**,***

Lung cancer,

Glioblastoma

(80)

PI3K/MEK Buparlisib**

Binimetinib**,***

HNSCC (81)

*Tested in clinical trials.

**Tested in clinical trials in combination with radiotherapy.

***Approved (any clinical setting).

exp, experimental; disc, discontinued; sus, suspended.
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FIGURE 3 | Targeting approaches other than signal transduction pathways. Depicted are the inhibitors utilized for combined molecular targeting of the DNA damage

response, integrin signaling, the heat shock response or apoptosis for tumor radiosensitization and the respective target proteins. Reported inhibitor combinations are

described in the text and are listed in Tables 2, 3, 4. ECM, extracellular matrix; ER, endoplasmatic reticulum.

Apart from the inhibition of signal transduction pathways
a number of other strategies have been developed for tumor
radiosensitization through combined molecular targeting. These
include the targeting of the DNA damage response, cell adhesion
molecules, the heat shock response or apoptosis, as detailed below
and outlined in Figure 3.

Targeting the DNA Damage Response
Ionizing radiation causes DNA lesions, such as base damages,
single-strand breaks, and double-strand breaks with the latter
being largely responsible for cell inactivation (82). Therefore,
the most obvious approach for radiosensitization is the direct
targeting of the DNA damage response (DDR) and DSB repair.
An integral part of the DDR are the damage induced cell
cycle checkpoints in the G1, S or G2 phase, which allow
additional time for DNA repair before the critical passage
through mitosis where mis- or unrepaired DSBs can result in
cell death due to failure in chromosome segregation (83). One of
the most frequent transforming events in human cancerogenesis
is the inactivation of p53. p53 mutations, the overactivation of
the MDM2-controlled regulatory pathway or p53 degradation
through viral oncoproteins represent the underlyingmechanisms
(84, 85). As p53 is essential for G1 checkpoint activation its
deficiency renders affected tumor cells more dependent on S/G2

cell cycle checkpoint activation (83). Upon DNA damage these
checkpoints are activated through checkpoint kinase 1 (Chk1),
which is further involved in DNA repair through HR and
has an impact on the stabilization of stalled replication forks
and other responses to genotoxic stress during the S-phase
(86). Upon activation through phosphorylation it inactivates
members of the Cdc25 phosphatase family which leads to the
inactivation of the cyclin-dependent kinases (CDKs) 1/2 and
arrests cells in the G2 phase in response to DNA damage (87).
Another kinase necessary for S and G2 checkpoint activation
as well as for normal cell cycle progression is Wee1. As the
direct counterpart of CDC25 phosphatases it constitutively
inactivates CDK1/2 through phosphorylation and is also involved
in homologous recombination (88, 89). Targeting the S- and
G2-checkpoints through the inhibition of Chk1 and partly
of Wee1 has been a frequently used approach for preclinical
radio- or chemosensitization and was recently combined with
PARP-inhibitors. The rationale is that the inhibition of PARP
causes additional DNA damage especially in the S- and G2-phase
through the inhibition of single-strand break (SSB) repair and
PARP trapping on damaged DNA and through the subsequent
collision of single strand lesions with replication forks (90–
92). PARP-inhibition further impairs the alternative end-joining
pathway which is also preferentially active in S- and G2 (93).
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These mechanisms additionally enhance the dependence on
the S- and G2-checkpoints and the well described synthetic
lethality of PARP-inhibition and HR deficiency (94) may further
increase radiosensitization.

Chk1/Wee1
Focusing on cell-cycle checkpoint inhibition, Busch et al.
tested the combined targeting of Chk1 (LY2603618) and
Wee1 (adavosertib; AZD1775) in HPV-positive HNSCC cells
because they had observed an activation of Chk1 upon
Wee1 inhibition that may in part counteract the effects of
sole Wee1 targeting. Analyzing proliferation, inhibition of G2
arrest and radiosensitization, they found dual targeting to be
effective at profoundly reduced concentrations as compared to
single agent usage. Additionally, they observed only minimal
radiosensitization in p53 proficient normal human fibroblasts,
thus demonstrating tumor specificity (95).

PARP1/Chk1
Vance et al. combined the inhibition of PARP1 through olaparib
and Chk1 through AZD7762 in p53 mutant pancreatic cancer
cells and observed an additive radiosensitization. The authors
observed G2 checkpoint abrogation, inhibition of HR and
a persistent γH2AX signal after combined inhibition of the
two targets. There was no significant radiosensitization in G1-
checkpoint-proficient intestinal epithelial cells, backing up the
hypothesis that tumor cells harboring aberrations in p53 or
other DNA damage response pathways are more selectively
sensitized (96). In line with these data, Güster et al. demonstrated
radiosensitization of p53 deficient HPV-positive HNSCC cells
through olaparib and the Chk1-inhibitor PF-0047736, with
the extent of sensitization being highest upon combined
inhibition (97).

PARP/Wee1
Karnak et al. investigated the radiosensitizing effect of the
combined inhibition of PARP1 and Wee1 through olaparib and
adavosertib in pancreatic cancer cells. This dual-targeted
approach is highly similar to combined PARP/Chk1-
inhibition and was also associated with G2 checkpoint
abrogation, inhibition of HR and persistent DNA damage.
In vitro the combination of both inhibitors caused enhanced
radiosensitization as compared to single inhibition. In vivo,
there was no radiosensitization with olaparib alone and a
moderate effect of adavosertib. Combined targeting, however,
demonstrated highly significant radiosensitization (98). The
same group further assessed this dual-targeting approach in
hepatocellular carcinoma cells and K-ras mutant NSCLC cells,
also showing an increased radiosensitization in vitro and in
vivo compared to either agent alone. The authors suggested that
trapping of PARP to chromatin by olaparib as well as replication
stress induced through this inhibitor combination contribute
to radiosensitization (99, 100). Molkentine et al. compared
PARP-inhibition through niraparib plus either Wee1-inhibition
through adavosertib or Chk1-inhibition through MK-8776 in an
HPV-positive and an HPV-negative cell line. While both ways
of S/G2-checkpoint-inhibition enhanced the radiosensitization

through sole PARP-inhibition, the addition of Chk1-inhibition
was more effective in the HPV-positive and of Wee1-inhibition
in the HPV-negative strain. Whether these differences are
generally valid for the two subentities remains to be shown in
future studies (101).

PARP/ATR
Carruthers et al. had reported that glioblastoma stem-like
cells are characterized by intrinsic replication stress, which
activates the DDR and leads to radiation resistance. Ataxia
telangiectasia and Rad3-related protein (ATR) is a key DDR
kinase acting directly upstream of Chk1. Through Chk1
activation but also partly independent from Chk1, ATR
is critically involved in replication processes, such as the
stabilization of stalled replication forks, and in DSB repair
pathways (102, 103). Targeting the replication stress response
by a combination of olaparib and the ATR inhibitor VE821
resulted in cytotoxicity and synergistic radiosensitization,
completely abolishing radioresistance (104). These data confirm
results from a previous report by the same group, where
the same combination resulted in greater radiosensitization
than ATM inhibition in primary glioblastoma cell cultures.
Radiosensitization was higher when the cells were cultured under
conditions enriching the fraction of stem-like cells as compared
to conditions favoring their depletion and a more differentiated
state (105).

PARP/Rad51
Olaparib was further combined with the Rad51 inhibitor B02
and X- as well as proton-irradiation with the intention to
induce HR deficiency that would synergize with PARP inhibition.
Lung and pancreatic cancer cell lines were radiosensitized by
the inhibitors, with the strongest effect for dual inhibition,
similarly for both types of irradiation. Radiosensitization was
found to be dependent on the proliferation rate, as serum
deprivation reduced the effectiveness of dual targeting and in
slowly proliferating PANC1 cells the combination was even less
effective than sole PARP-inhibition (106).

Chk1/2/EGFR
The addition of the Chk1/2 inhibitor prexasertib to cetuximab
and irradiation was investigated by Zeng et al. in HPV-positive
and HPV-negative HNSCC cell lines. Prexasertib caused an
accumulation of cells in the S-phase, the triple combination partly
resulted in decreased proliferation and increased apoptosis as
compared to single or double treatment (107).

ATR/DNA-PK
DNA-dependent protein kinase, catalytic subunit (DNA-PKcs)
is well known as an essential component of the classical
NHEJ pathway but is further associated with genomic stability,
hypoxia, inflammatory responses, metabolism and regulation of
transcription (108, 109). Hafsi et al. used combined ATR and
DNA-PKcs inhibition (AZD6738, KU0060648) to radiosensitize
HNSCC cells and observed an at least additive effect. A key
element in this approach is that ATR inhibition interferes with
cell cycle arrest and HR, whereas DNA-PKcs inhibition inhibits
NHEJ. This combination therefore leaves few options for the cells
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to repair the radiation-induced damage in any cell cycle phase
and curbs the development of resistance mechanisms. It may,
however, come at the cost of tumor specificity (110).

Targeting Cell Adhesion Molecules
Cell matrix interaction by integrins was shown to be a modulator
of tumor progression, invasion, metastasis and response to
therapy. β1-integrin, a member of the integrin family of cell
adhesion molecules is significantly involved in tumor survival
and proliferation and is associated with radio- or chemotherapy
resistance (111). β1-integrin overexpression was shown in many
tumor entities and its molecular targeting was found to be an
effective means of radiosensitization. Integrins recruit signaling
molecules to their cytoplasmic domain, mainly focal adhesion
kinase (FAK) but also components of the EGFR signaling
pathway, such as Erk and Akt (112). FAK is involved in
proliferation, cell motility and radiation response and was found
to be overexpressed or hyperphosphorylated in e.g., liver, head,
and neck or breast cancer cells.

β1 Integrin or FAK/EGFR
Eke et al. investigated the effect of concurrent β1 integrin
and EGFR targeting using the monoclonal inhibitory antibodies
AIIB2 and cetuximab, respectively in head and neck cancer
cells. They observed enhanced cytotoxicity and radiosensitization
upon combined inhibition in 8 out of 10 cell lines and, in line

TABLE 2 | Dual targeting of DNA damage response factors.

Targets Inhibitor(s) Entity References

Chk1/Wee1 LY2603618

(Rabusertib) *(disc)

Adavosertib**

HNSCC (HPV+) (95)

PARP1/ Chk1 Olaparib**,***

AZD7762* (disc)

Pancreatic cancer

(p53 mut)

(96)

Olaparib**,***

PF-0047736* (disc)

HNSCC (HPV+) (97)

HNSCC (101)

PARP1/Wee1 Olaparib**,***

Adavosertib**

Pancreatic cancer (98)

Hepatocellular

carcinoma

(99)

NSCLC (K-ras mut) (100)

HNSCC (101)

PARP1/ATR Olaparib**,***

VE821 exp

GBM (104, 105)

PARP1/RAD51 Olaparib*,***

B02 exp

NSCLC, Pancreatic

cancer

(106)

Chk1/2/EGFR Prexasertib**

Cetuximab**,***

HNSCC (107)

ATR/DNA-PK AZD6738

(Ceralasertib)*

KU0060648 exp

HNSCC, Colon

cancer

(110)

*Tested in clinical trials.

**Tested in clinical trials in combination with radiotherapy.

***Approved (any clinical setting).

exp, experimental; disc, discontinued.

with that, enhanced survival in a xenograft model of a responder
cell line (113). FAK was shown to mediate the effects of β1
integrin targeting in line with previous reports of the same group
that had shown dual inhibition of EGFR (cetuximab, siRNA)
and FAK (TAE226, siRNA) to achieve a stronger radiosensitizing
effect in HNSCCs than either inhibitor alone (114). Zscheppang
et al. further investigated single and dual β1-integrin/EGFR
targeting using AIIB2 & cetuximab in sphere-forming HNSCC
cells based on the concept that tumor initiating cells are enriched
in spheres. Sphere-forming cells were found to be resistant to this
targeting approach and future work is warranted to understand
the mechanisms and relevance of this finding (115). In another
report, the same dual β1-integrin/EGFR inhibition approach, as
well as KRAS or BRAF depletion and 5-FU-treatment failed to
modulate the radiosensitivity of colorectal carcinoma cells (116).

Recently, a screen for predictive biomarkers for the dual β1-
integrin/EGFR targeting approach showed different mutational
profiles of responding and non-responding cells and suggested
some proteins as potential resistance factors. Using an RNAi
screen and pharmacological inhibition (ML334, everolimus)
Kelch like ECH associated protein 1 (KEAP1) and mTOR
were identified as druggable targets for radiosensitization in
combination with β1-integrin/EGFR targeting (117).

β1-Integrin/c-Abl
C-Abl is a tyrosine kinase found to be hyperphosphorylated upon
β1-integrin inhibition. Therefore, dual β1-integrin (AIIB2) and
c-Abl (imatinib) targeting was tested in a panel of tumor cell lines
from various entities, where a cell line dependent cytotoxicity
and enhancement or induction of radiosensitivity was observed
as compared to single treatment in a subgroup of the panel.
Radiosensitization was accompanied by altered expression of
DSB repair proteins KU70 and NBS1 and was associated with
reduced DSB repair (118).

TABLE 3 | Combined targeting approaches involving cell adhesion molecules.

Targets Inhibitor(s) Entity References

β1-integrin/

EGFR

AIIB2exp

Cetuximab**,***

HNSCC

HNSCC

(113)

(115)

Colorectal Cancer (116)

β1-integrin/

EGFR/KEAP1/

mTOR

AIIB2exp

Cetuximab**,***

Everolimus**,***

ML334 exp

HNSCC (117)

FAK/EGFR TAE226exp

Cetuximab**,***

HNSCC (114)

β1-integrin/

c-Abl

AIIB2exp

Imatinib***

various (118)

β1-integrin/

JNK

AIIB2exp

SP600125 exp

Glioblastoma (119)

**Tested in clinical trials in combination with radiotherapy.

***Approved (any clinical setting).

exp, experimental.

Frontiers in Oncology | www.frontiersin.org 10 August 2020 | Volume 10 | Article 126042

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


Hintelmann et al. Radiosensitization Through Combined Molecular Targeting

β1-Integrin/JNK
Vehlow et al. identified the c-Jun N-terminal kinase (JNK),
a known stress mediator, to mediate bypass signaling after
β1-integrin-inhibition in established glioblastoma cell lines,
as well as stem-like and patient-derived glioblastoma cells.
Dual β1-integrin/JNK inhibition through AIIB2 and the JNK
inhibitor SP600125 in vitro and in vivo resulted in a superior
effect when combined with radiation as compared to single
inhibition, i.e., increasing the median survival of orthotopic,
radiochemotherapy-treated GBM mice. In vitro the authors
observed defects in DNA repair associated with chromatin
changes, enhanced ATM phosphorylation, and prolonged
G2/M cell cycle arrest as the underlying mechanism of
radiosensitization (119).

Targeting the Heat-Shock Response
Heat shock proteins (HSPs) are a group of proteins with
enhanced expression in response to various kinds of stresses,
such as hyperthermia, infections, heavy metals, or oxidative
stress (120). As molecular chaperones they assist their substrate
proteins, termed clients, in acquiring or recovering their
functional three dimensional fold, a process especially important
under stressed conditions. Furthermore they assist the binding
of ligands to their targets and the assembly of multiprotein
complexes and they are potent inhibitors of apoptosis (121, 122).
HSP70 and HSP90 proteins represent two important, druggable
HSP families with actually hundreds of client proteins making
their molecular targeting a biologically complex approach
with numerous possible subsequent effects. The inhibition of
both HSP70 and HSP90 are being tested for cancer therapy
because of their especially high expression levels in tumors.
Enhanced expression is believed to be necessary because in
tumor cells proteostasis is permanently challenged by tumor cell
metabolism, oxidative stress, dysregulated protein expression and
the expression of mutant (onco) proteins, which may be less
stable and requiremore assistance from the chaperonemachinery
(123). A prominent example for the latter is the stabilization of
mutant, gain of function p53 variants through HSP90 (124).

HSP90/HSP70
It was shown that the inhibition of Hsp90 compromises DNA
repair after irradiation and enhances tumor cell radiosensitivity
(125, 126). However, HSP90 inhibition also leads to the activation
of the transcription factor Heat Shock Factor 1 (HSF 1). HSF-1
is inactivated when bound by HSPs and becomes active upon
release, e.g., upon HSP-inhibition or under stressed conditions,
in order to adjust the HSP-expression level to the chaperone
demand of the cell (120). Therefore, targeting HSP90 can
enhance the expression of Hsp70, which may partly antagonize
the effects of HSP90-inhibition. This led to the dual targeting
approach of Schilling et al. in which HSP70 inhibition through
the peptide aptamer A17 failed to significantly radiosensitize
lung and breast cancer cells on its own but augmented the
radiosensitizing effect of the Hsp90 inhibitor NVP-AUY922. The
authors suggested that increased levels of DNA double-strand
breaks and enhanced G2/M arrest are involved in cell death after
combined treatment and radiation (127). In a previous work the

same group had already shown similar results in which addition
of NVP-AUY922 allowed for a reduction in the concentration of
the HSP70 inhibitor NZ28 to 1/10 to 1/20 to still achieve the same
radiosensitization (128).

HSP90/PI3K/mTOR
Following the same concept as dual HSP70/90-inhibition the
PI3K/mTOR inhibitor PI-103, which had previously been shown
to suppress the up-regulation of Hsp70 (129), was combined
with Hsp90-inhibition through NVP-AUY922. Adding both
inhibitors 3 h prior to irradiation followed by 24 h of culture
moderately enhanced the radiosensitizing effect. The authors
supposed a down regulation of PI3K and ERK pathways,
increased DNA damage, and a pronounced G2/M arrest as
possible causative factors. Interestingly, using another treatment
schedule, adding the inhibitor 24 h before irradiation slightly
reduces the radiosensitizing effect of the HSP90 inhibitor. They
considered a reactivation of the PI3K/MAPK pro-survival
pathway and an increased G1 arrest at the moment of irradiation
and better DNA repair to cause these controversial observations.
These findings underline the importance of IR-drug
scheduling (130).

In human glioma cells Wachsberger et al. combined the
PI3K inhibitor Buparlisib (BKM120) with the HSP90 inhibitor
HSP990, which resulted in downregulation of the AKT pathway
and induction of apoptosis. In vitro from a panel of four cell lines
only U373MG showed a profound radiosensitization after dual
targeting as compared to single inhibition. Still, in vivo, U87MG
showed a more pronounced tumor growth delay compared
to single inhibition with and without the combination with
irradiation (131).

HSP90/PARP1
Also targeting human glioma cells Dungey et al. combined
the inhibition of PARP through olaparib with the Hsp90
inhibitor 17-AAG. The rationale behind is that Hsp90-inhibition

TABLE 4 | Combined targeting approaches involving the heat shock response.

Targets Inhibitor(s) Entity References

HSP90/HSP70 NVP-AUY922

(Luminespib)exp

NZ28 exp

Lung and breast

cancer

(128)

NVP-AUY922exp

A17 (peptide

aptamer) exp

Lung and breast

cancer

(127)

HSP90/PI3K/mTOR NVP-AUY922exp

PI-103 exp

Glioblastoma,

colon cancer

(130)

HSP90/PI3K HSP990*(disc)

Buparlisib**

Glioma (131)

HSP90/PARP 17-AAG

(Tanespimycin)*(disc)

Olaparib**,***

Glioma (132)

*Tested in clinical trials.

**Tested in clinical trials in combination with radiotherapy.

***Approved (any clinical setting).

exp, experimental; disc, discontinued.
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decreases HR, which is needed to repair replication-associated
DSB generated through PARP inhibition. They observed a
downregulation of Rad51 and BRCA2 protein levels and
inhibition of HR upon HSP90 inhibition. Combined treatment
resulted in additive radiosensitization in proliferating cells.
Since the authors did not observe radiosensitization through
HSP90 inhibition in non-tumor control cells and had previously
described olaparib-mediated radiosensitization to be replication-
dependent, they expect an enhancement of the therapeutic ratio
by taking advantage of the non-dividing state of normal brain
tissue (132).

Other Approaches
MEK/Cyclin Dependent Kinases (CDKs)
Tao et al. observed that in Kras-mutant NSCLC cells, the
inhibition of MEK through trametinib resulted in p16 expression
and reduced phosphorylation and therefore activation of
the tumorsuppressor RB in the cell line most sensitive
toward both sole MEK-inhibition and MEK-inhibition induced
radiosensitization. Likewise, activation of RB through CDK4/6-
inhibition through palbociclib sensitized the more resistant
cells to MEK-inhibition and resulted in enhanced radiation
sensitivity as compared to single treatment. Dual targeting
plus irradiation was also most effective in a xenograft
model (133).

Targeting Histone Deacetylases/HER Family

Receptors
Histone deacetylase inhibitors are a heterogeneous group of
epigenetic therapeutics, which a.o. interfere with DNA damage
signaling and repair (134). Moertl et al. have compared the
radiosensitization of pancreatic cancer cells through the HDAC
inhibitor SAHA and the multi target inhibitor CUDC-101,
which, besides HDAC, also targets EGFR and HER2 (135).
They observed reduced proliferation and clonogenic survival and
increased apoptosis with reduced expression of the antiapoptotic
proteins XIAP and survivin with both inhibitors. While the
multi target inhibitor was identified as the more potent
radiosensitizer, no clues can presently be drawn regarding a
synergistic mechanism of HDAC and EGFR/HER2 targeting
since no combined treatment of SAHA and HER family receptor
inhibition was performed.

Targeting Anti-apoptotic Proteins
We further identified two studies, which followed a strategy of
inhibiting two anti-apoptotic proteins. In the first study, Bcl-
2 and Bcl-XL, two members of the anti-apoptotic fraction of
the Bcl-2 family of mitochondrial membrane proteins, were
inhibited using the dual inhibitor S44563. Upon targeting plus
irradiation the authors observed an enhanced sub-G1 fraction
and caspase 3 cleavage as compared to single treatment. In
clonogenic assays they further observed radiosensitization and
a slight growth delay in xenograft models upon inhibition
plus radiation. Interestingly, treatment was most effective
when the inhibitor was added after completion of fractionated
radiation, highlighting the importance of the optimal sequence
of modalities (136). Another approach utilized a novel antagonist

of the E3 ubiquitin ligases cIAP and XIAP (cellular inhibitor
of apoptosis protein, X-linked inhibitor of apoptosis protein),
ASTX660. In vitro, the inhibitor sensitized subsets of HPV-
negative and HPV-positive HNSCC cell lines to TNF family
death ligands TNFα and TRAIL, which involved a reactivation of
p53 in the HPV-positive strains. In HPV-positive and -negative
human HNSCC xenografts the authors observed significantly
delayed growth when the dual inhibitor was combined with
radiation, which was attenuated by anti-TNFα pretreatment
blockade (137).

TABLE 5 | Various combined targeting approaches.

Targets Inhibitor(s) Entity References

MEK/CDK4/6 Trametinib**,***

Palbociclib**,***

NSCLC (K-ras mut.) (133)

HDAC/EGFR/

HER2

CUDC-101* Pancreatic Cancer (135)

Bcl-2/Bcl-XL S44563exp SCLC (136)

cIAP

(BIRC2)/XIAP

ASTX660** HNSCC (137)

*Tested in clinical trials.

**Tested in clinical trials.

***Approved (any clinical setting).

CLINICAL TRIALS

Despite a plethora of positive preclinical data, molecular
targeting for tumor radiosensitization is not yet a valid treatment
option in the clinic, but a considerable number of clinical
trials is testing targeting approaches in combination with
(chemo)radiation. However, when searching for trials with
combined molecular targeting for radiosensitization in the
narrow sense, we only found two running studies combining two
inhibitors with sole radiotherapy, both in HNSCC. One trial is
testing the combination of cetuximab and the CDK4/6 inhibitor
palbociclib, a combination, for which we did not find a preceding
preclinical evaluation but only a similar approach combining
MEK-inhibition plus palbociclib (133) (NCT03024489). The
other trial compares the dual targeting of EGFR and Chk1
through cetuximab and prexasertib vs. the combination of
cisplatin and prexasertib (NCT02555644). Since this design does
not include single inhibition or standard treatment but uses the
non-approved inhibitor prexasertib in both arms, it may become
difficult to finally estimate to what extent this dual targeting
approach may increase radiation sensitivity.

In the following we present a selection of relevant publications
reporting results from clinical trials using combined molecular
targeting and (mostly chemo-)radiation. A common approach
is the combination of chemoradiation, inhibition of signal
transduction pathways and VEGFR-inhibition. However,
while these combined inhibitor approaches clearly cover
anticipated effectiveness through dual targeting, the purpose
of radiosensitization is less in focus than the idea of achieving
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additive effects through repression of angiogenesis. Especially
the combination of chemoradiation, EGFR-inhibition and
the anti-VEGF antibody bevacizumab has been tested in
different entities but efficacy so far appears limited: In HNSCC,
the addition of bevacizumab to radiation, cetuximab and
pemetrexed was reported to increase toxicity without an apparent
improvement in efficacy (138). Similarly, the combination of
(chemo)radiation, bevacizumab and erlotinib did not result
in a survival benefit but demonstrated targeted-agent specific
toxicity in esophageal cancer (139). Along the same line, adding
erlotinib to chemoradiation and bevacizumab did not show
efficacy but induced esophageal toxicity in NSCLC (140) and
the addition of the EGFR/VEGFR inhibitor vandetanib did not
prolong survival in a phase II study of glioblastoma (141). In
contrast to these clearly negative results, encouraging responses
have been reported for the addition of erlotinib to neoadjuvant
chemoradiation plus bevacizumab in phase I trials of rectal
cancer, which warrant further investigation in larger studies
(142, 143). Clinical results have also been reported for the
inhibition of EGFR and HER2 in HNSCC through lapatinib.
Addition to primary chemoradiation plus lapatinib maintenance
resulted in increased 6-month complete response rates and
progression-free survival as compared to placebo in a phase
II study (144). However, in a similar design in the setting of
adjuvant chemoradiation after surgery, lapatinib did not result
in any efficacy benefits but additional toxicity in a large phase III
trial of 688 patients (145).

At present, molecular targeting is often added to current
chemoradiation regimes to increase efficacy and trials are mostly
in early clinical development. It is therefore not surprising that
combined targeting approaches are still quite rare and often based
on dual specific inhibitors, which may be easier to implement
than inhibitor combinations for which toxicity data may still be
lacking, even without radiotherapy.

DISCUSSION

Molecular targeting approaches for tumor radiosensitization
have been investigated for two decades (146–149), but their
implementation into the clinic has proven extremely difficult.
As outlined above, the only molecular targeting agent that
is approved in the curative setting in combination with
radiotherapy is the anti-EGFR-antibody cetuximab in HNSCC,
and considerable doubts exist regarding its efficacy (150).
The various approaches described in this review aimed to
achieve a meaningful radiosensitization through combined
inhibition of two or more targets, mostly with the aim
of a more complete pathway inhibition or the suppression
of compensatory mechanisms, partly with similarities to the
concept of synthetic lethality (Supplementary Figure 1). The
diversity of the approaches reflects the heterogeneity of
radiosensitization strategies although some additional emerging
concepts, such as interference with NAD+-, glucose- or
mitochondrial metabolism (151, 152) or the eradication of cancer
stem cells (153, 154) were not identified in our search for
combined targeting approaches. While molecular targeting is

also increasingly being considered as a strategy to enhance
the efficacy of particle irradiation (155), we only identified
one such publication, which reported the effect of PARP
and Rad51 inhibition when added to proton (and photon)
irradiation (106).

With 49 identified publications, the combined targeting of
classical kinase dependent signal transduction pathways, such
as EGFR, MAPK, or PI3K/AKT/mTOR signaling is the most
exhaustively studied approach. The underlying rationale is that
tumor cells often rely on the hyperactivation of these kinases
to drive key mechanisms such as proliferation, survival and, to
some extent, DNA repair (“oncogene addiction”). This should
make them more sensitive to kinase inhibitors than normal
tissue, providing some tumor specificity. What remains a major
challenge is the choice of pathway inhibition for individual
tumors, which requires reliable biomarkers. Unfortunately, the
commonly analyzed kinase expression level is a poor surrogate
for actual kinase activity, as we have recently demonstrated
for EGFR activation in HNSCC (156). Keeping this in mind,
it will be crucial to establish robust markers of aberrantly
high activity, e.g., the detection of activating mutations, protein
phosphorylation levels, or functional measurements. Given the
identification of an overactive pathway, dual inhibition may
be an appropriate way to achieve highly effective inhibition or
to avoid bypass signaling through compensatory pathways or
mutations of downstream pathway members. To what extent
and in which setting a more effective inhibition of signal
transduction pathways will subsequently also translate into a
clinically meaningful radiosensitization and finally enhanced
patient survival remains to be shown.

A major advantage for the targeting of DDR components
is their direct involvement in radiation-induced DNA repair.
On one hand, this makes it likely that a majority of tumors
will be affected. On the other hand, specificity can be a major
issue, as normal cells utilize the same pathways for DNA
damage recognition, processing and repair. Nine of the 13
studies identified in this field combined PARP- and S/G2 phase
checkpoint-inhibition. This approach is partly based on the
model of synthetic lethality (see Supplementary Figure 1), which
has been described for PARP inhibition and HR deficiency (157),
as the inhibition of Chk1, Wee1, and ATR was reported to
compromise HR (89, 158–160). The same concept applies to the
direct targeting of the central HR factor Rad51 combined with
PARP inhibition (106) and in part HSP90 inhibition plus PARP
inhibition (132). As HR is only active in the S/G2 phase, some
degree of tumor specificity can be expected because normal tissue
cells mostly do not proliferate and, in contrast to the majority of
tumor cells, are p53 proficient and therefore able to arrest in the
G1 phase after irradiation. Additional S/G2 phase-derived DNA
damage through PARP inhibition is likely to further increase the
dependence on S/G2 arrest, which may further be fostered by
oncogenic replication stress.

Similar characteristics, i.e., high pathway activity and
tumor cells‘ reliance also motivate the targeting of adhesion
molecules [e.g., high expression of focal adhesion signaling
receptors (112)] or the heat shock response [e.g., proteostatic
control of instable mutants (123)] in order to achieve
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tumor specificity. Again, the additional inhibition of
compensatory factors provides a main rationale for dual
targeting approaches.

The tailored use of molecular targeting agents based on
individual tumor characteristics is referred to as precision
oncology. Apart from enhancing efficacy and thereby cure rates,
molecular targeting is also expected to reduce toxicity, in case
it can replace chemotherapy. It has to be noted, however,
that the use of targeting agents can result in considerable side
effects, which can of course be more severe and difficult to
predict when agents are combined and added to (chemo-)
radiotherapy. For example, EGFR inhibition frequently causes
skin rash and diarrhea (161), which can be especially severe
in the radiation field, when the effects add up with (chemo-)
radiation induced erythema/mucositis (162). In a phase 3
study for HNSCC the addition of cetuximab to cisplatin-
based chemoradiation resulted in considerably more grade 3/4
mucositis and rash and hence higher rates of interruptions in
radiation therapy without achieving any clinical benefit (8). As
further examples, combining bevacizumab with concomitant
radiotherapy can lead to decreased wound healing (163,
164) and, in patients with lung cancer, to fistula formation
(165), and the Chk1 inhibitors LY2603618 and ADZ7762
increased the risk of severe thromboembolic events (166)
and cardiac side effects (167), respectively, in part when
combined with chemotherapy. At present, preclinical data on
tumor radiosensitization hardly ever contain thorough in vivo
analyses of side effects other than weight loss and inspection
of the skin/mucosa in the radiation field. Future approaches
should therefore not only focus on the identification of the
most efficacious radiosensitization but also more deeply on
the safety of a possible clinical translation. Detailed in vivo
studies on systemic as well as in-field toxicity may help
design the most promising clinical trials and achieve better
clinical outcomes.

In conclusion, dual targeting for tumor radiosensitization
has shown promising results in pre-clinical studies. The way
to proceed toward a substantial future clinical benefit requires
convincing in vitro mechanistic studies that should ideally
include predictive biomarkers, with the results substantiated
in a relevant number of adequate model systems, such as cell
lines and (patient derived) xenografts, but possibly also tumor
stem cell cultures as well as ex vivo cultured tumor tissues.
The most promising combined targeting approaches should be
thoroughly inspected for treatment efficacy and safety based
on normal tissue toxicity in vivo. Such a concept should lead
to the identification of effective targeting strategies for subsets
of tumors, based on reliable predictive biomarkers to provide
the best possible preclinical rationale to allow clinicians to
implement the most appropriate combined targeting strategies in
well-designed clinical trials.
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Gabriele Zuchtriegel2,3, Bernd Uhl2,3, Christoph A. Reichel2,3, Benjamin Frey4,
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Radiotherapy is an essential part of multi-modal cancer therapy. Nevertheless, for certain
cancer entities such as colorectal cancer (CRC) the indications of radiotherapy are
limited due to anatomical peculiarities and high radiosensitivity of the surrounding normal
tissue. The development of molecularly targeted, combined modality approaches may
help to overcome these limitations. Preferably, such strategies should not only enhance
radiation-induced tumor cell killing and the abrogation of tumor cell clonogenicity, but
should also support the stimulation of anti-tumor immune mechanisms – a phenomenon
which moved into the center of interest of preclinical and clinical research in radiation
oncology within the last decade. The present study focuses on inhibition of heat shock
protein 90 (HSP90) whose combination with radiotherapy has previously been reported
to exhibit convincing therapeutic synergism in different preclinical cancer models. By
employing in vitro and in vivo analyses, we examined if this therapeutic synergism also
applies to the priming of anti-tumor immune mechanisms in model systems of CRC. Our
results indicate that the combination of HSP90 inhibitor treatment and ionizing irradiation
induced apoptosis in colorectal cancer cells with accelerated transit into secondary
necrosis in a hyperactive Kras-dependent manner. During secondary necrosis, dying
cancer cells released different classes of damage-associated molecular patterns
(DAMPs) that stimulated migration and recruitment of monocytic cells in vitro and in vivo.
Additionally, these dying cancer cell-derived DAMPs enforced the differentiation of a
monocyte-derived antigen presenting cell (APC) phenotype which potently triggered the
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priming of allogeneic T cell responses in vitro. In summary, HSP90 inhibition – apart
from its radiosensitizing potential – obviously enables and supports the initial steps of
anti-tumor immune priming upon radiotherapy and thus represents a promising partner
for combined modality approaches. The therapeutic performance of such strategies
requires further in-depth analyses, especially for but not only limited to CRC.

Keywords: HSP90 inhibition, radiotherapy, anti-tumor immunity, immune priming, colorectal cancer, cancer
immunology, DAMPs, secondary necrosis

INTRODUCTION

Radiotherapy is a cornerstone of multi-modal cancer treatment.
Its therapeutic efficacy is primarily considered to derive from
direct tumor cell killing and the abrogation of tumor cell
clonogenicity (1, 2). Additionally, there is growing evidence for
a relevant contribution of the immune system to local as well
as distant tumor control, and the concept of cancer in situ
vaccination by radiotherapy is receiving increasing acceptance
(3, 4). In this regard, the mode of cancer cell death induced
by radiotherapy appears to be of fundamental importance. The
priming of anti-tumor immune mechanisms has predominantly
been observed in the context of necrotic forms of cell death
due to the release of damage-associated molecular patterns
(DAMPs) paralleled by the stimulation of an intra-tumoral type I
interferon response (5, 6). Yet, the mode of irradiation-induced
cell death varies considerably and depends on several factors,
including the origin and genetic repertoire of the irradiated
cell, the irradiation quality, the fractionation regimen, and the
overall dose (4). With photon irradiation, higher single doses or
strongly hypofractionated protocols, such as 3 × 8 Gy, seem
to be beneficial for the stimulation of systemic anti-tumor
immune mechanisms (7–10). We and others have shown that
DAMPs released from irradiated, dying tumor cells stimulate
the activation of endothelial cells and the recruitment of antigen
presenting cells (APCs) which then crossprime CD8+ T cells in a
type I interferon-dependent manner involving the cGAS/STING
axis (8, 9, 11–14).

Despite its broad relevance for the treatment of other
solid cancer entities, indications of radiotherapy in colorectal
cancer (CRC) remain largely confined to malignancies of the
rectum (15–17). The increased mobility of the colon and the
resulting challenges of treatment volume definition and dose
administration, as well as the high degree of radiosensitivity of the
surrounding normal tissue limit the application of radiotherapy
in colon cancer to high-risk cases receiving adjuvant fractionated
(1.8–2 Gy per fraction) or neoadjuvant hypofractionated (5 Gy
per fraction) radiotherapy alone or in combination with systemic

Abbreviations: 7-AAD, 7-amino actinomycin D; APC, antigen presenting cell;
AS, autologous serum; Bax, Bcl-2-associated X protein; CFSE, carboxyfluorescein
diacetate succinimidyl ester; DAMP, damage-associated molecular pattern; DC,
dendritic cell; DMSO, dimethyl sulfoxide; FCS, fetal calf serum; FMI, forward
migration index; GM-CSF, granulocyte-macrophage colony-stimulating factor;
HMGB1, high mobility group box1; HSP, heat shock protein; HSP90i, HSP90
inhibitor; i.p., intraperitoneal; i.s., intrascrotal; IFN, interferon; IL, interleukin;
Kras, Kirsten Rat Sarcoma virus protein; MLR, mixed leukocyte reaction; PI,
propidium iodide; PS, penicillin/streptomycin; SDF-1α, stromal cell-derived factor
1α; TLR, toll-like receptor; TNF, tumor necrosis factor; zVAD-fmk, carbobenzoxy-
valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone.

chemotherapy, respectively (16, 17). Particularly for these
high-risk cases it would be of relevant clinical interest to
therapeutically exploit not only the induction of tumor cell
death and abrogation of clonogenicity but also the radiotherapy-
induced priming of anti-tumor immune mechanisms. To this
end, various combined modality approaches with molecularly
targeted agents are currently being explored, including inhibition
of heat shock protein 90 (HSP90) (18). The chaperone HSP90
is frequently overexpressed in tumors due to high protein
turnover and constitutively increased levels of proteotoxic stress
(19). It contributes to maintaining the integrity, correct folding,
and stability of diverse oncogene products (20, 21). Within
the large substrate spectrum, many HSP90 client proteins
belong to oncogenic signaling pathways and thus orchestrate
the malignant phenotype (22, 23). Hence, interference with
HSP90 function appears to be a promising strategy to target
cancer cells via multiple axes, and several HSP90 inhibitors
(HSP90i) showed encouraging preclinical results (24, 25). In
contrast however, most clinical trials with HSP90i monotherapy
failed due to poor therapeutic efficacy and an unfavorable
spectrum of side effects, particularly in terms of hepatotoxicity
(26). Nevertheless, since key regulators of the DNA damage
response have been reported to be specifically sensitive to HSP90i
treatment, even at low inhibitor concentrations, combinations
of HSP90i with radio- and/or chemotherapy recently moved
into focus. The superordinate aim of these approaches is to
improve the therapeutic performance and at the same time
reduce the required HSP90i doses and concurrent adverse effects
(27–33). For preclinical models of CRC, the radiosensitizing
potential of HSP90i treatment has already been demonstrated
(34, 35). We have previously shown that the second generation
HSP90i NW457 exhibits reduced hepatotoxicity and potently
sensitizes CRC cells toward ionizing irradiation in vitro and
in vivo by interfering with the DNA damage response (36–
38). The underlying mechanisms of radiation-induced cell death
in the presence of HSP90i are currently being dissected (39).
However, the immunological potential of HSP90i-mediated
radiosensitization has not yet been examined, although seminal
data suggest that HSP90i may augment the stimulation of anti-
tumor immune mechanisms (19). Accordingly, the present study
was designed to elucidate the immunological aspects of HSP90
inhibition in combination with ionizing irradiation in model
systems of CRC. We show that the combination of radiotherapy
and HSP90i treatment induced apoptosis and accelerated transit
into secondary necrosis in CRC cells with concomitant release
of DAMPs. These DAMPs mediated migration and recruitment
of monocytic cells in vitro and in vivo and enhanced the
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differentiation of a monocyte-derived APC phenotype which
potently activated proliferation of allogeneic CD4+ and CD8+ T
cells in vitro.

MATERIALS AND METHODS

Cells, Animals, and Reagents
The human CRC cell lines HCT116 Kras+/G13D Bax+/+ and
HCT116 Kras+/G13D Bax−/− were kindly provided by B.
Vogelstein (Baltimore, MD, United States) (40), and HCT116
Kras+/− Bax+/+ cells (Hke3) were a generous gift from S.
Shirasawa and T. Sasazuki (Fukuoka University, Japan) (41). Cells
were cultured in McCoy’s full medium (McCoy’s 5A medium
supplemented with 10% heat-inactivated fetal calf serum (FCS)
[both from Thermo Fisher Scientific, Dreieich, Germany), 100
units/ml penicillin, and 0.1 mg/ml streptomycin (PS) (Lonza,
Cologne, Germany)] at 37◦C and 7.5% CO2. HCT8, HT29, and
SW480 CRC cells and monocytic THP-1 cells were obtained
from ATCC or DSMZ (Braunschweig, Germany) and were
cultivated in DMEM full medium (DMEM (Thermo Fisher
Scientific) supplemented with 10% FCS, 100 units/ml penicillin,
and 0.1 mg/ml streptomycin (PS) for HCT8 and HT29 cells)
at 37◦C and 7.5% CO2 or RPMI 1640 full medium [RPMI
1640 medium (Thermo Fisher Scientific) supplemented with 10%
FCS, 100 units/ml penicillin, 0.1 mg/ml streptomycin (PS), and
1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
Lonza) for SW480 and THP-1 cells] at 37◦C and 5% CO2,
respectively. Cell line authenticity was confirmed by short
tandem repeat typing (service provided by the DSMZ), and
absence of mycoplasma contamination was ensured by regular
testing (MycoAlert Mycoplasma Detection Kit, Lonza).

Experiments with primary blood cells from healthy volunteers
were approved by the ethics committee of the medical
faculty of the LMU Munich and were performed upon
written informed consent. Primary human monocytes were
prepared from heparinized blood from healthy donors as
described before (42) and cultured in X-Vivo full medium (X-
Vivo 15 medium (Lonza) supplemented with 10% autologous
serum (AS) and PS) at 37◦C and 5% CO2. Monocytes were
differentiated to dendritic cells with 20 ng/ml GM-CSF and
40 ng/ml IL-4 for up to 5 days (all cytokines from R&D
Systems, Wiesbaden, Germany). Naïve T cells were isolated
by Biocoll density gradient centrifugation (density 1.077 g/ml,
Biochrom AG, Berlin, Germany) from heparinized blood of
healthy donors followed by anti-CD3 magnetic bead separation
(Miltenyi, Bergisch Gladbach, Germany) according to the
manufacturer’s recommendations.

All in vivo analyses were performed in accordance with the
Federation of European Laboratory Animal Science Associations
(FELASA) guidelines and with the approval of local government
authorities (Regierung von Oberbayern). Male C57BL/6 or Balb/c
mice were purchased from Charles River (Sulzfeld, Germany).
CX3CR-1GFP/+ C57BL/6 mice were generated as described
previously and backcrossed for 6 to 10 generations to the
C57BL/6 background (43). Mice used in the experiments were

10 to 13 weeks old and housed under standard conditions with
access to food and water ad libitum.

The pochoxime-derived HSP90 inhibitor (HSP90i) NW457
(epi-pochoxime F; HSP90i) was described previously (44–46).
A 10 mM stock solution was prepared in dimethyl sulfoxide
(DMSO) and stored at -20◦C as described (37, 38). Calcein-AM
was purchased from Merck Millipore (Darmstadt, Germany),
carboxyfluorescein diacetate succinimidyl ester (CFSE) from
Thermo Fisher Scientific, uridine 5′-diphoshoglucose (UDP-
glucose) from Abcam (Cambridge, United Kingdom), and
IL-4, GM-CSF, TNF, SDF-1α, and WKYMVm (agonist of
formyl-peptide receptors 1, 2, and 3) from R&D Systems. All
other reagents were obtained from Sigma-Aldrich (Taufkirchen,
Germany), if not stated otherwise.

Radiation Treatment and Preparation of
Cell-Free, Conditioned HCT116 Cell
Culture Supernatants
Cells (0.9 × 106 cells/well in a 6-well plate) were γ-irradiated
with an RS225 X-ray cabinet (Xstrahl Ltd., Camberley,
United Kingdom; 200 kV, 10 mA, Thoraeus filter, 1 Gy in
63 s) or with a Mueller RT-250 x-ray tube (200 kV, 10 mA,
Thoraeus filter, 1 Gy in 1 min 52 s). Subsequently, full medium
was replaced by serum-free medium supplemented with the
indicated HSP90i concentrations. Cell-free supernatants were
collected by centrifugation (10,000 × g, 5 min, 4◦C) at the
indicated time points after irradiation and stored at −80◦C
until further use.

Analysis of DAMPs in HCT116 Cell
Culture Supernatants
HSP70, high mobility group box 1 (HMGB1) and UTP levels
in cell-free supernatants were measured by ELISA (HSP70,
R&D Systems; HMGB1, IBL International, Hamburg, Germany;
UTP, USCN, Wuhan, China). ATP levels were analyzed
by luciferase tests (ATP Determination Kit, Thermo Fisher
Scientific, Waltham, MA, United States) on a Synergy MX plate
reader (BioTek, Bad Friedrichshall, Germany).

Transwell Migration Assay
Transwell migration of calcein-labeled THP-1 cells toward cell-
free supernatants or positive controls was allowed for 90 min with
96-well Multiscreen-MIC transwell chambers with 5 µm pore
size (Merck Millipore, Darmstadt, Germany) as described before
(42). Transmigrated THP-1 cells were collected by centrifugation,
and transmigration was calculated from the calcein-fluorescence
signal measured upon lysis on a Synergy MX plate reader
(BioTek, Bad Friedrichshall, Germany) as percentage of total
THP-1 cells applied.

For the biochemical characterization of monocyte attraction
signals, cell-free supernatants harvested 48 h post treatment and
ultracentrifuged at 42,000 × g (143 min, 4◦C) were employed.
Supernatants were subjected to heat-treatment at 90◦C for
40 min, ultrafiltration with VivaSpin2 tubes with an MW cut-off
of 10 kDa (Sartorius Stedim Biotech, Göttingen, Germany), or
enzymatic digestion with active or heat-inactivated proteinase K
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(3 U/ml) or apyrase (50 mU/ml) at 30◦C for 30 min (both from
New England Biolabs, Frankfurt, Germany), respectively. Culture
medium supplemented with either ATP (200 nM) or SDF-1α

(200 ng/ml) served as control and was treated analogously to
the cell culture supernatants. Migration stimulating capacity of
the processed supernatants was assessed in THP-1 cell transwell
migration assays and normalized to non-treated supernatants.

Chemotaxis/Chemokinesis Assays
Chemotaxis and chemokinesis of primary human monocytes
toward conditioned supernatants or apyrase digested-
supernatants were analyzed with IBIDI µ-slide 2D-chemotaxis
chambers (IBIDI, Munich, Germany) by live cell tracking for
3 h as described previously (42). Time-lapse video microscopy
was performed on an AxioObserver Z1 inverted microscope
with a heat stage (37◦C, 5% CO2) at 5 × magnification. Cell
tracking was performed with ImageJ (National Institutes of
Health, Bethesda, MD, United States), and cell tracks (2.5 h
time frame) were analyzed with the IBIDI chemotaxis and
migration tool to determine accumulated distance, Euclidean
distance (linear distance between the start and end position),
and forward migration index (FMI, defined as the distance
from start to endpoint in gradient direction divided by the total
accumulated distance).

Flow Cytometric Analyses of Apoptotic
DNA Fragmentation, Plasma Membrane
Integrity, and APC Surface Marker
Expression
Flow cytometric measurements were performed on an
LSRII cytometer (BD Biosciences, Heidelberg, Germany),
and data were analyzed with FACSDiva (BD Biosciences)
or FlowJo 7.6.5 Software (Tree Star Inc., Ashland, OR,
United States), respectively.

Cells (4–8 × 104 cells/well in 24-well plate) were irradiated
with 0–5 Gy in the presence of 0–625 nM HSP90i. Cells
without treatment were used as controls. Time course analyses
of apoptosis and necrosis induction were analyzed by flow
cytometry as described previously (38). For analyses of
secondary necrosis and necroptosis, the poly-caspase inhibitor
zVAD-fmk (50 µM; Bachem, Bubendorf, Switzerland) or the
necroptosis inhibitor necrostatin-1 (50 µM; Enzo Life Sciences,
Loerrach, Germany) were used in addition to irradiation and
HSP90i treatment.

For APC surface marker expression analyses, primary human
monocytes (0.8–2× 105 cells/well in 24-well plate) were cultured
for 5 days in the presence of conditioned HCT116 culture
supernatants (1 + 1 in X-Vivo full medium) with or without
addition of GM-CSF (20 ng/ml) and IL-4 (40 ng/ml). 100
ng/ml TNF served as positive control. After 5 days, APCs were
harvested, and stained for 20 min on ice with the following
monoclonal antibodies in FACS stain buffer (BD Biosciences):
anti-HLA-DR-Per-CP-Cy5.5, anti-CD86-A700, anti-CD80-PE,
anti-CD40-PE-Cy5 or corresponding isotypes (all from BD
Biosciences). Following two washing steps, cells were examined
by flow cytometry. Expression levels of cell surface markers

were calculated as median fluorescence intensities subtracted
by corresponding isotype controls and are displayed as x-fold
expression values compared to values obtained with HCT116
control supernatants.

Phagocytosis Assays
Phagocytosis experiments were performed as described
previously (11). In brief, PKH67-labeled primary human
monocytes (105 cells/well in a 24-well plate) were differentiated
for 4 days into DCs by addition of GM-CSF (20 ng/ml) and
IL-4 (40 ng/ml) and were then added to Hoechst-labeled
HCT116 cells (ratio 1:2). Adherence was allowed for 4 h, and
co-cultures were irradiated with 0 or 5 Gy plus 0–625 nM HSP90i
treatment. After 48 h, cells were harvested by trypsinization,
stained with 7-amino actinomycin D (7-AAD, BD Biosciences)
for exclusion of non-viable phagocytes, and analyzed by flow
cytometry. Phagocytosis was determined as percentage of 7-AAD
negative, double-positive (PKH67, Hoechst) phagocytes. In
order to confirm active prey cell engulfment, labeled DCs were
pre-incubated with 10 µM cytochalasin D for 1 h before addition
of the prey cells.

Allogeneic Mixed Leukocyte Reaction
Allogeneic mixed leukocyte reactions (MLRs) were carried out
as described previously (11). Briefly, naïve CFSE-stained T cells
(positively selected on anti-CD3 magnetic beads) were added
in a ratio of 10:1 to allogeneic human monocyte-derived DCs
(1 × 104 cells/well in 96-well plates) that had been differentiated
in the presence of conditioned HCT116 culture supernatants
in X-Vivo full medium. After 5 days, cells were collected, T
cells were stained with anti-CD3-PE-Cy7, anti-CD4-PE, and anti-
CD8-APC (all from BD Biosciences), and T cell proliferation
was determined by flow cytometry based on the decline in T
cell CFSE fluorescence intensity. Results are displayed as x-fold
proliferation values normalized on the values obtained with
HCT116 control supernatants.

Purinergic P2Y Receptor RT-PCR
Purinergic P2Y receptor (P2RY) expression levels were
determined by RT-PCR. Total RNA was isolated from THP-1
cells and primary human monocytes with the NucleoSpin RNA
II Kit according to the manufacturer’s instructions, and reverse
transcription was performed as described before (11). 10 ng
of corresponding cDNA were subjected to amplification by
PCR [10 min 95◦C, 33x (15 s 95◦C, 1 s 60◦C)] with distinct
primer pairs for each P2RY subtype (Supplementary Table 1).
Human genomic DNA was used as positive and H2O as negative
control. Amplification products were analyzed by agarose gel
electrophoresis (3% agarose gel).

Peritonitis Assays
In vivo recruitment of myeloid cells by culture supernatants of
treated HCT116 cells was determined in peritonitis assays as
described previously with minor variations (47–49). In brief,
conditioned supernatants were injected intraperitoneally (i.p.)
into C57BL/6 mice, and peritoneal lavages were collected from
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sacrificed mice after 6 h (n = 4 per group) or after 6, 12, and
24 h (n = 2 per group) for time course analyses, respectively. Total
numbers of leukocytes were determined by using a Coulter A C T
counter (Beckman Coulter, Krefeld, Germany). Cells were stained
on ice for 30 min with the following monoclonal antibodies: anti-
CD45-APC-Cy7 (from BD Biosciences), anti-CD11b-FITC, anti-
Gr-1-PE, anti-F4/80-eFluor450 (from eBiosciences, San Diego,
CA, United States). FACS analyses were performed upon lysis
of erythrocytes (Gallios, Beckman Coulter). Monocytic cells
and granulocytes were distinguished and quantified within
the CD45+/CD11b+ myeloid cell population by cell surface
expression levels of Gr-1 and F4/80.

M. cremaster Assay and Intravital
Microscopy
The single steps of leukocyte trafficking were examined in
the Musculus cremaster assay by intravital microscopy as
described before with minor modifications (48–51). Briefly,
two groups of randomly assigned CX3CR1GFP/+ mice were
injected intrascrotally (i.s.) and stimulated with conditioned
supernatants for 6 h (n = 6 per group). After surgical
preparation of the cremaster muscle, intravital microscopy
was performed at an AxioTech-Vario 100 Microscope (Zeiss
MicroImaging, Göttingen, Germany) equipped with a Colibiri
LED light source (Zeiss MicroImaging) for fluorescence epi-
illumination. Images were taken with an AxioCam Hsm
digital camera with a 20 × water immersion lens (0.5 NA,
Zeiss MicroImaging) and were processed with AxioVision 4.6
software (Zeiss MicroImaging). The region of interest (ROI)
was analyzed with ImageJ (National Institutes of Health) for
rolling, firm adhesion, and extravasation of leukocytes or
CX3CR1GFP/+ monocytes, including classical (GFPlow) and non-
classical monocytes (GFPhigh), respectively. CX3CR1-expressing
DCs were excluded from analyses on the basis of their
characteristic stellate morphology.

Statistical Analyses
Statistical analyses were performed using OriginPro 9.1 software
(OriginLab Ltd., Northampton, MA, United States). 2-sided exact
Wilcoxon Rank tests, or two-way ANOVAs were employed where
indicated, and post hoc Bonferroni-Holm correction was applied
where appropriate. Synergism was analyzed on the basis of
combination indices (CIs) according to the Chou-Talalay Method
(52). CIs indicate synergism (CI < 1), additivity (CI = 1), or
antagonism (CI > 1).

RESULTS

HSP90i Treatment Augments
Radiation-Induced Death of Colorectal
Cancer Cells and the Release of
Monocyte Attracting DAMPs
An initial and essential step in the induction of anti-tumor
immune responses is the attraction of monocytic cells and APC
precursors by dying tumor cells (53, 54). For detailed analyses of

the dynamics of cell death induction and monocyte attraction,
HCT116 CRC cells were irradiated at doses of 0–5 Gy in the
presence of 0–625 nM HSP90i. Monocyte attraction by cell-
free supernatants was measured 24–72 h after irradiation via
transwell migration assays with the monocytic cell line THP-1. In
parallel, induction of apoptosis (determined as the percentage of
cells with subG1 DNA content) and necrosis (determined as the
percentage of cells with permeable plasma membrane) in treated
HCT116 cells was examined by flow cytometry. HSP90i strongly
increased irradiation-induced apoptosis and accelerated the
transit into necrosis in a dose-dependent manner (Figure 1A).
Supernatants of dying HCT116 cells stimulated a time- and dose-
dependent migratory response in THP-1 cells with a maximum
approximately 48 h after treatment. Comprehensive time course
analyses confirmed that monocyte attraction was strongest with
supernatants harvested 48 h upon treatment with 625 nM
HSP90i and 5 Gy irradiation (Figure 1B). Therefore, 625 nM
HSP90i + 5 Gy was chosen as standard combination treatment
for further experiments. Notably, combination indices calculated
according to Chou and Talalay (52) revealed a synergistic mode
of action for HSP90i and irradiation (CI < 1) regarding the
attraction of monocytic cells.

The release of DAMPs is a vital trigger for the attraction of
monocytic cells by dying tumor cells (11, 42, 53, 54). Therefore,
we measured the concentrations of several established DAMPs,
including HMGB1, HSP70, and ATP, in culture supernatants
of HCT116 cells upon treatment. The levels of HMGB1 and
HSP70 increased over time especially in response to HSP90i and
combined treatment with irradiation (Figure 1C). Interestingly,
the release of ATP into the culture supernatants revealed
similar kinetics as the migratory monocyte response in the
transwell assays peaking 48 h after treatment with HSP90i plus
irradiation (Figure 1B) and exhibited also the synergistic mode
of action between HSP90i and irradiation. Taken together, in
comparison to the monoagent settings, combination of HSP90i
and irradiation results in synergistically enhanced DAMP release
and monocyte attraction by dying tumor cells.

DAMP Release and Monocyte Attraction
Occur During Secondary Necrosis Upon
Irradiation in Combination With HSP90i
Treatment
The mode of cell death is of central importance for the
stimulation of immune responses. Particularly necrotic forms
of cell death – primary as well as secondary, post-apoptotic
necrosis – are known to be associated with the exposure
of potent immunostimulating signals (5, 6, 55). In order to
assess if necrosis induction and DAMP release are a common
response of CRC cells to the combined treatment of HSP90i
and irradiation, we made use of three additional CRC cell lines:
HCT8, SW480, and HT29 cells. Whereas HCT8 cells showed
a similar response pattern as HCT116 cells, yet with elevated
amplitude, neither necrosis induction nor DAMP release were
observed in HT29 cells (Supplementary Figure 1). SW480 cells
revealed an intermediate response pattern. Despite the common
colorectal origin, these cell lines differ in their mutational Kras
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FIGURE 1 | HSP90i treatment augments radiation-induced death of colorectal cancer cells and the release of monocyte attracting DAMPs. (A) Transwell migration
of THP-1 cells toward cell-free supernatants of HCT116 cells (left row, blue), and induction of apoptosis and necrosis in HCT116 cells (middle row, green; right row,
red). HCT116 cells were irradiated with 0–5 Gy in the presence of 0–625 nM HSP90i. Cell-free supernatants of HCT116 cells were harvested at the indicated time
points and subjected to transwell migration assays with monocytic THP-1 cells. Induction of apoptosis and necrosis were measured by flow cytometry of subG1
nuclei (apoptotic HCT116 cells) and propidium iodide (PI) exclusion assay (necrotic HCT116 cells). Means of n = 3 independent experiments are shown. (B) Time
course of migratory stimulus release, HCT116 cell apoptosis, and necrosis induction. HCT116 cells were irradiated at 5 Gy ± 625 nM HSP90i. Untreated HCT116
cells served as controls. Transwell migration assays and detection of apoptosis and necrosis were performed as in panel (A). Combination indices (CIs) are depicted.
CI values <1 indicate synergism between HSP90i and irradiation. Data points of n = 3 independent experiments (transwell migration) or means ± SD of triplicates of
one representative experiment (apoptosis and necrosis) are shown. (C) Time course of DAMP release. HCT116 cells were treated as in panel (B). Untreated HCT116
cells served as controls. Levels of HMGB1 (left panel), HSP70 (middle panel), and ATP (right panel) were quantified in cell-free supernatants 12–72 h after treatment
by ELISA (HMGB1, HSP70) or luciferase assay (ATP), respectively. Means ± SD of triplicates of one representative experiment are shown, and CIs were calculated
as in panel (B).

status. While HCT116 and HCT8 cells are heterozygous for
hyperactive KrasG13D, HT29 cells harbor two wildtype Kras
alleles, and SW480 are homozygous for KrasG12V which has
been shown to be associated with moderate Kras activation
(56, 57). Thus, our results point toward an involvement of
hyperactive KrasG13D in necrosis induction and DAMP release
upon irradiation plus HSP90i treatment. However, since there are
further molecular differences between these cell lines, we utilized
isogenic subclones of HCT116 cells with genetically manipulated
Kras status in order to characterize the mode(s) of cell death
responsible for the observed release of monocyte attracting
DAMPs in further detail. We also included HCT116 cells
with manipulated Bax status to distinguish between apoptosis,
primary, and secondary necrosis. So, apart from the established
parental cell line HCT116 which is heterozygous for the activating
Kras mutation G13D and has functional Bax, we employed
HCT116 Kras+/G13D Bax−/− cells with hyperactive Kras lacking
functional Bax (40) and HCT116 Kras+/− Bax+/+ cells with
both normal Bax and normal Kras function (41). All cell lines

were treated with the combination therapy, and induction of
apoptosis as well as necrosis, monocyte transwell migration,
and DAMP release were monitored 0–72 h after treatment. In
HCT116 parental cells, the combined treatment strongly induced
apoptosis with subsequent transit into secondary necrosis,
paralleled by robust monocyte attraction and release of HSP70
and ATP (Figure 2A, upper panel). HCT116 Kras+/G13DBax−/−

cells, lacking the proapoptotic regulator Bax showed considerably
reduced levels of apoptosis induction (Figure 2A, middle panel),
supporting the common notion that ionizing irradiation and
HSP90 inhibition stimulate apoptosis mainly via the intrinsic
apoptosis pathway (37, 58, 59). Without preceding apoptosis,
virtually no necrosis was observed in HCT116 Bax−/− cells,
indicating that the necrotic phenotype seen in treated parental
HCT116 cells was in fact of the secondary, post-apoptotic
kind. Cell-free supernatants of treated HCT116 Bax−/− cells
failed to attract monocytic cells, and only background levels
of HSP70 and ATP were detected. In contrast to HCT116
Bax−/− cells, HCT116 Kras+/− Bax+/+ cells showed a strong
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FIGURE 2 | DAMP release and monocyte attraction occur during secondary necrosis upon irradiation in combination with HSP90i treatment. (A) Induction of cell
death, THP-1 cell attraction, and DAMP release in HCT116 subclones with or without functional Bax and/or hyperactive KrasG13D. Parental HCT116 Kras+/G13D

Bax+/+ cells (upper row), HCT116 Kras+/G13D Bax−/− cells (middle row), and HCT116 Kras+/− Bax+/+ cells (lower panel) were treated with 5 Gy plus 625 nM
HSP90i or left untreated. At the indicated time points, induction of apoptosis (first column) and necrosis (second column), THP-1 cell transwell migration (third
column), and release of HSP70 (fourth column) and ATP (last column) were measured as in Figure 1. Data points of n = 3–5 independent experiments (apoptosis,
necrosis, transwell migration, ATP release) or means ± SD of triplicates of one representative experiment (HSP70 release) are shown. (B) Impact of different cell
death inhibitors on apoptosis and necrosis induction, THP-1 cell attraction, and DAMP release in HCT116 cells upon treatment with radiotherapy and HSP90i.
HCT116 cells were treated with 5 Gy plus 625 nM HSP90i in the presence of the poly-caspase inhibitor zVAD-fmk or the necroptosis inhibitor necrostatin-1,
respectively (upper panel). Untreated cells served as controls (lower panel). Induction of apoptosis (first column) and necrosis (second column), THP-1 cell transwell
migration (third column), and release of HSP70 (fourth column) and ATP (last column) were measured as in Figure 1. Data points of n = 3–5 independent
experiments (apoptosis, necrosis, transwell migration) or means ± SD of triplicates of one representative experiment (release of HSP70 and ATP) are shown.
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induction of apoptosis upon treatment, comparable to the
parental cells (Figure 2A, lower panel). However, apoptotic
HCT116 Kras+/− Bax+/+ cells did not transit into secondary
necrosis, and neither monocyte attraction nor DAMP release
were observed. These results clearly suggest that DAMP release
and attraction of monocytic cells after combined treatment with
HSP90i and irradiation occur in the phase of post-apoptotic,
secondary necrosis.

In order to further prove the causal link between monocyte
attraction, DAMP release, and secondary necrosis, we employed
the poly-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone (zVAD-fmk) which interferes
with apoptosis induction and necrostatin-1, an inhibitor of
receptor-interacting serine/threonine-protein kinase 1 (RIPK1),
which blocks necroptosis induction via RIPK1 (Figure 2B).
Addition of zVAD-fmk clearly decreased apoptosis induction
in parental HCT116 cells upon treatment, subsequently also
preventing transit into secondary necrosis. Consequently, neither
monocyte attraction nor DAMP release were observed. In
contrast, treatment with necrostatin-1 did not impair but
even increased necrosis induction, eventually resulting in
elevated monocyte transwell migration and HSP70 release. In
summary, these data underline the essential role of secondary
necrosis for the release of monocyte attracting DAMPs by
dying HCT116 cells upon combined treatment with HSP90i
and irradiation. Analogous results obtained with HCT8 and
SW480 cells further confirmed the post-apoptotic nature
of necrosis induced by irradiation plus HSP90i treatment
(Supplementary Figure 2).

Monocyte Migration Inducing DAMPs
Released Upon Irradiation Plus HSP90i
Treatment Are Apyrase-Sensitive
Nucleotides and Stimulate Chemokinesis
in vitro
Necrotic cells release several DAMPs that have been reported
to contribute to monocyte recruitment, including low molecular
weight compounds such as nucleotides and high molecular
weight compounds such as HSP70 and HMGB1 (5, 11, 42,
60). As shown in Figures 1, 2, the kinetics of ATP release
upon treatment of HCT116 cells with HSP90i and irradiation
closely paralleled the kinetics of monocyte transwell migration,
thus pointing toward a crucial contribution of nucleotides
to monocyte attraction in our model system. Nevertheless,
other well-known DAMPs, such as HSP70 and HMGB1, were
released at high concentrations as well. In order to dissect
the involvement of different molecular classes of DAMPs, the
monocyte attracting signals in supernatants of treated HCT116
cells were subjected to biochemical characterization experiments.
As such, heat-treatment (90◦C, 40 min), ultrafiltration (molecular
weight cut-off≤10 kDa), and enzymatic degradation (nucleoside
triphosphate degrading apyrase or protein degrading proteinase
K) were applied to culture supernatants of treated HCT116
cells before THP-1 cell transwell migration was analyzed
(Figure 3A). ATP (MW = 507 Da) and the CXC chemokine
stromal cell-derived factor 1 α (SDF-1α) (MW = 11 kDa)

served as controls. In summary, the migration stimulating
activity in culture supernatants of HCT116 cells treated with
HSP90i and irradiation was observed to be largely heat stable
with an apparent molecular weight ≤10 kDa, and sensitive
to apyrase treatment. These results indicate that nucleotides
released from secondary necrotic HCT116 cells are the key
players in this scenario.

Nucleotides have been reported to induce undirected forms
of migration (i.e., chemokinesis) and to act as auto- and
paracrine amplifiers of other chemotactic stimuli rather than
stimulating directed migratory responses in monocytic cells
(i.e., chemotaxis) (42, 61, 62). We therefore characterized the
mode of migration of primary human monocytes stimulated
by supernatants of treated HCT116 cells by live cell imaging
in 2D-migration chambers in greater detail (Figure 3B).
The chemotaxis inducing formyl peptide receptor agonist
WKYMVm and chemokinesis inducing ATP were used for
comparison. In response to supernatants of HCT116 cells
treated with HSP90i plus irradiation, monocyte migration
was clearly increased but revealed an undirected pattern as
indicated by the trajectory plots and quantified by significantly
increased accumulated distance while Euclidean distance
and forward migration index remained not significantly
different from the controls. Notably, apyrase treatment of the
culture supernatants completely abrogated the chemokinetic
migration of monocytic cells, thus confirming the crucial
role of nucleotides in our model (Figure 3C). Since apyrase
hydrolyzes various nucleoside triphosphates to diphosphates and
monophosphates (63), a more in-depth characterization of the
monocyte attracting nucleotides released from treated HCT116
cells was performed.

Migration of monocytes in response to nucleotides is mediated
by the family of P2Y receptors (P2RYs) (64). RT-PCR analyses
of P2RY family members showed that THP-1 cells mainly
express P2RY2 and P2RY6, whereas the spectrum in primary
human monocytes was broader and included P2RY2, P2RY6,
P2RY12, P2RY13, and P2RY14 (Figure 3D). The cognate ligands
of these receptors were tested for their monocyte attracting
potential. Only ATP and UTP, both ligands of P2RY2, were able
to stimulate transwell migration of THP-1 cells and induced
chemokinesis in primary human monocytes (Figures 3E,H).
However, whereas the concentrations of purified nucleotides
needed to induce THP-1 cell migration at comparable levels to
supernatants of dying HCT116 cells ranged from 125 to 1000 nM
for ATP and 30–250 nM for UTP, the measured concentrations
of both nucleotides in the supernatants were only in the low
nanomolar range (Figures 1, 2, 3F). To characterize potential
interactions between ATP and UTP, monocyte attraction was
examined in checkerboard titration experiments with different
concentrations of both nucleotides. The combined effects of ATP
and UTP on THP-1 cell migration showed additive behavior,
without obvious synergism (CI ≈ 1). Still, with mixtures of ATP
and UTP in concentrations analogous to the ones measured
in the supernatants of treated HCT116 cells (ATP 20–40 nM
and UTP 20 nM) THP-1 cell migration reached comparable
levels (Figure 3G). Accordingly, we conclude that HSP90i plus
irradiation stimulates the release of the P2RY2 ligands ATP
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FIGURE 3 | Monocyte migration inducing DAMPs released upon irradiation plus HSP90i treatment are apyrase-sensitive nucleotides and stimulate chemokinesis
in vitro. (A) Biochemical characterization of monocyte attraction signals. HCT116 cells were treated with 5 Gy plus 625 nM HSP90i. 48 h after treatment, cell- and
apoptotic body-free supernatants were subjected to heat-treatment (left panel), ultrafiltration (MW cut-off 10 kDa, middle panel), or enzymatic digestion with
proteinase K or apyrase, respectively (right panel). The processed supernatants were subjected to THP-1 cell transwell migration assays. Culture media
supplemented with ATP (200 nM) and SDF-1α (200 ng/ml) severed as controls. THP-1 transmigration results were normalized to the values of the non-treated
supernatants. Data points of n = 3 independent experiments (ultrafiltration) or means ± SD of quadruplicates of one representative experiment (heat treatment,
enzymatic digestion) are shown. (B) Monocyte chemotaxis/chemokinesis. HCT116 cells were treated with 5 Gy irradiation in the absence or presence of 625 nM
HSP90i. Cell-free supernatants were subjected to 2D-chemotaxis analysis, and the migratory performance of primary human monocytes was monitored by live cell
tracking for 3 h (analysis window 10–160 min). Cell-free supernatants from untreated HCT116 cells, ATP (1 µM), and WKYMVm (1 µg/ml) served as controls.
Trajectory plots of 40 randomly picked primary human monocytes and their corresponding centers of mass (filled blue circles) are displayed. Accumulated distance,
Euclidean distance, and forward migration index (FMI) were calculated. Bars indicate mean values of 40 cells. p-values were calculated by 2-sided exact Wilcoxon
Rank test with post hoc Bonferroni-Holm correction. (C) Biochemical characterization of monocyte chemokinesis inducing signals. Cell-free supernatants of treated
HCT116 (5 Gy + 625 nM HSP90i) were digested with apyrase as in panel (A). Inactivated apyrase served as control. Chemokinesis of primary human monocytes
induced by processed supernatants was analyzed as in panel (B). (D) Expression of purinergic P2Y receptors (P2RY) in THP-1 cells and primary human monocytes.
P2RY subtypes were amplified from THP-1 and primary human monocyte mRNA by RT-PCR, and PCR products were separated by agarose gel electrophoresis.
Human genomic DNA was used as positive and ddH2O as negative control. (E) THP-1 cell transwell migration in response to different P2RY ligands. Transwell
migration of THP-1 cells toward ATP, ADP, UTP, UDP, and UDP-glucose was measured in n = 3 independent experiments as in Figure 1A. (F) Release of UTP from
HCT116 cells. HCT116 cells were irradiated with 5 Gy in the presence or absence of 625 nM HSP90i. 48 h after treatment, UTP levels were measured in cell-free
supernatants by ELISA. Data points of n = 3 independent experiments are shown. (G) THP-1 cell transwell migration toward combinations of UTP and ATP. UTP (left
panel) and ATP (right panel) were titrated at the indicated concentrations and THP-1 cell transwell migration was measured as in Figure 1A. Means ± SD of
quadruplicates are displayed. (H) Induction of chemokinesis in primary human monocytes toward culture media supplemented with ATP (1 µM) and UTP (1 µM) was
analyzed as in panel (B). Non-supplemented culture medium served as control.
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and UTP by HCT116 cells which trigger monocyte transwell
migration in a chemokinetic way in vitro.

DAMPs Released Upon Irradiation Plus
HSP90i Treatment Stimulate Myeloid Cell
Recruitment in vivo
In vitro, supernatants of HCT116 cells treated with HSP90i
and irradiation stimulated undirected monocyte chemokinesis.
However, for the priming of anti-tumor immune mechanisms
directed recruitment of APCs and their precursors, such
as monocytes, is crucial (65). To examine myeloid cell
recruitment by dying tumor cell-derived DAMPs in vivo,
we used the experimental peritonitis model, one of the
standard model systems to assess leukocyte trafficking
in vivo. Culture supernatants of HCT116 cells (treated
with irradiation plus HSP90i or left untreated) were
injected intraperitoneally into C57BL/6 mice, and after 6 h,
recruited myeloid cell populations (CD45+CD11b+) were
characterized by FACS analyses of the peritoneal lavage.
In comparison to the untreated controls, supernatants of
treated HCT116 cells stimulated significantly enhanced
infiltration of different myeloid cell subsets. This applied
to classical monocytes (Gr-1hiF4/80hi and Gr-1hiF4/80int),

macrophages (Gr-1lowF4/80hi), and granulocytes (Gr-
1hiF4/80low) (Figure 4A). Time course experiments also
suggested that recruited classical monocytes subsequently start
to differentiate into more macrophagocytic and/or APC-like
phenotypes by downregulation of Gr-1 and upregulation of
F4/80 (Figure 4B).

To further dissect the individual steps of myeloid cell
recruitment, we made use of the M. cremaster model, a
standard microcirculatory observation technique (66). Culture
supernatants of HCT116 cells (treated with irradiation plus
HSP90i or left untreated) were injected intrascrotally into
CX3CR-1GFP/+ reporter mice. After 6 hours of stimulation,
the trafficking of leukocytes and GFP-positive monocytic
cells from postcapillary venules into the parenchyma of the
M. cremaster tissue was monitored by intravital microscopy.
Whereas no significant differences in the initial step of
leukocyte rolling were observed, firm adhesion and extravasation
were significantly increased in response to supernatants of
HSP90i-treated and irradiated HCT116 cells as compared
to the controls. These data indicate that the myeloid cell
attracting potential of DAMPs released by dying HCT116 as
observed in vitro also translates into increased transendothelial
recruitment and tissue extravasation of different myeloid subsets
in vivo.

FIGURE 4 | DAMPs released upon irradiation plus HSP90i treatment stimulate myeloid cell recruitment in vivo. (A) Recruitment of myeloid leukocyte subsets in the
peritonitis model. Cell-free supernatants of treated HCT116 cells (5 Gy + 625 nM HSP90i) were harvested after 48 h and injected intraperitoneally (i.p.) into C57BL/6
mice. Supernatants from untreated HCT116 cells served as controls. 6 h after injection, the peritoneal lavage was collected, and myeloid leukocyte subsets were
analyzed by flow cytometry. Representative density plots of peritoneal myeloid leukocytes (Gr-1 vs. F4/80 gated on CD45+CD11b+ cells) are shown. Quantification
of peritoneal recruitment is depicted for classical monocytes (Gr-1hiF4/80hi , Gr-1hiF4/80int ), macrophage-like cells (Gr-1lowF4/80hi , Gr-1lowF4/80int, Gr-1lowF4/80low ),
and neutrophils (Gr-1hiF4/80low ). Bars indicate median values of n = 4 mice per group. p-values were calculated by two-sided exact Wilcoxon Rank test. (B) Time
course of myeloid cell recruitment. Recruitment of myeloid leukocyte subsets was analyzed 6, 12, and 24 h after supernatant injection as in panel (A). Representative
density plots of n = 2 animals are shown. Gray arrow indicates the shift in Gr-1 expression. (C) Extravasation of leukocytes in the M. cremaster model. Cell-free
HCT116 cell supernatants were generated as in panel (A) and intrascrotally (i.s.) injected into CX3CR1GFP/+ mice. Leukocyte and CX3CR1GFP/+ monocyte
trafficking in cremasteric venules were monitored by intravital microscopy 6 hours after injection. In representative images CX3CR1GFP/+ monocytes are depicted in
green. Intravascular rolling, firm adherence, and extravasation was quantified for total leukocytes and CX3CR1GFP/+ monocytes. Bars indicate mean values of n = 6
mice per group. p-values were calculated by two-sided exact Wilcoxon Rank test.
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FIGURE 5 | Differentiation and effector functions of antigen presenting cells are enhanced upon contact with DAMPs released from irradiated and HSP90i-treated
cancer cells. (A) Differentiation of antigen presenting cells from primary human monocytes. HCT116 cells were treated with 5 Gy irradiation ± 625 nM HSP90i.
Cell-free supernatants were harvested 48 h after treatment, and primary human monocytes were stimulated with the supernatants (1 + 1 in X-Vivo full medium) for
5 days. Surface expression of HLA-DR, CD80, CD86, and CD40 on monocytes were analyzed by flow cytometry. Supernatants from untreated HCT116 cells and
TNF served as controls. Bars indicate mean values of n = 7 independent experiments. p-values were calculated by two-sided exact Wilcoxon Rank test with
post hoc Bonferroni-Holm correction. (B) Differentiation of monocyte-derived dendritic cells. Primary human monocytes were differentiated in the presence of
GM-CSF (20 ng/ml), IL-4 (40 ng/ml), and HCT116 supernatants (1 + 1 in X-Vivo full medium), and surface marker expression was analyzed as in panel (A). Bars
indicate mean values of n = 7 independent experiments. p-values were calculated by two-sided exact Wilcoxon Rank test with Bonferroni-Holm correction.
(C) Phagocytosis of HCT116 cells by DCs. Co-cultures of PKH67-labeled DCs [differentiated for 4 days in the presence of GM-CSF (20 ng/ml) and IL-4 (40 ng/ml)]
with Hoechst-labeled dying HCT116 cells (ratio 1:2) were treated with 0 or 5 Gy + 0–625 nM HSP90i. After 48 h, phagocytosis was determined by flow cytometry as
the percentage of double-positive phagocytes (left panel). Datapoints for n = 3 independent experiments are shown. p-values were calculated by two-way ANOVA.
Treatment with 10 µM cytochalasin D was used to confirm prey cell internalization (right panel). (D) T cell proliferation in allogeneic mixed leukocyte reactions (MLRs).
Monocyte-derived DCs differentiated as in panel (B) were co-cultured with CFSE-labeled allogeneic CD3+ human blood T cells (ratio 1:10) for 5 days. The
percentage of proliferating T cells was calculated as the percentage of CD3+CFSElowCD4+ or CD3+CFSElowCD8+ on the basis of all CD3+CD4+ or CD3+CD8+

cells, respectively. Bars indicate mean values of n = 6 independent experiments. p-values were calculated by two-sided exact Wilcoxon Rank test with
Bonferroni-Holm correction.
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Differentiation and Effector Functions of
Antigen Presenting Cells Are Enhanced
Upon Contact With DAMPs Released
From Irradiated and HSP90i-Treated
Cancer Cells
Upon recruitment of monocytic cells, their differentiation
into potent APCs is necessary in order to achieve T cell
(cross-)priming for the stimulation of systemic, adaptive
anti-tumor immune responses (4, 53). Along these lines,
we next exposed primary human monocytes to cell-
free supernatants of treated HCT116 cells and analyzed
characteristic APC surface markers of the immunological
synapse by flow cytometry after 5 days without any further
differentiation stimulus. As such, the MHC class II molecule
HLA-DR and the co-stimulatory ligands CD80 and CD86
as well as the co-activation marker CD40 were strongly
upregulated, particularly upon exposure to supernatants of
HCT116 cells treated with HSP90i and irradiation, indicating
differentiation into an APC phenotype (Figure 5A). The
most robust effects were observed for CD80 and HLA-DR,
and similar findings were also obtained when IL-4 and GM-
CSF were additionally supplemented in order to further
support APC maturation (Figure 5B). For successful T cell
(cross-)priming, tumor antigens need to be engulfed and
processed by APCs. However, in contrast to APC surface
marker expression, the engulfment of treated HCT116 cells
by monocyte-derived dendritic cells was not affected by
irradiation and only depended on the HSP90i concentration
(Figure 5C). Finally, we analyzed the functional relevance
of enhanced APC surface marker expression for their T
cell (cross-)priming capacity by allogeneic MLR with CFSE-
labeled primary T cells. Priming of both, CD4+ and CD8+
T cell proliferation was significantly enhanced by APCs
differentiated in the presence of supernatants of HSP90i-
treated and irradiated HCT116 cells. Collectively, our results
indicate that DAMPs released by dying HCT116 cells upon
irradiation plus HSP90i treatment support the recruitment,
differentiation, and T cell (cross-)priming functions of APCs,
and thus should favor the stimulation of systemic anti-tumor
immune responses.

DISCUSSION

Despite its central role in the medical attendance of various
cancer entities, indications of radiotherapy in CRC currently
remain limited to malignancies of the rectum and high-risk
cases of colon cancer receiving adjuvant fractionated (1.8–
2 Gy per fraction) or neoadjuvant hypofractionated (5 Gy
per fraction) radiotherapy alone or in combination with
systemic chemotherapy, respectively (16, 17, 67). Due to the
high mobility of the colon and the relevant radiosensitivity
of the surrounding normal tissue, treatment planning,
target volume delineation, and dose administration remain
challenging, and supporting biological approaches for specific
radiosensitization of the tumor appear highly attractive. In

this regard, inhibition of HSP90 has been reported to be a
promising strategy. Tumor cells show a strong dependence
on HSP90 chaperoning function due to their high basal
protein turnover and proteotoxic stress, and crucial regulators
of the DNA damage response have been identified to be
particularly susceptible to HSP90 inhibition (18, 19, 22, 27).
Furthermore, HSP90 in tumor cells is largely organized in
multi-chaperone complexes which exhibit higher affinity for
HSP90i than “normal” HSP90 complexes in non-malignant
cells, thus ensuring a relevant degree of tumor specificity
for HSP90i-based targeted radiosensitization (68). In this
context, we and others have previously shown the synergistic
therapeutic efficacy of HSP90 inhibition in combination
with radiotherapy in different models of CRC in vitro and
in vivo (34, 37, 39).

Apart from targeted radiosensitization, HSP90 inhibition may
also enhance the priming of anti-tumor immune mechanisms
that has been observed upon radiotherapy but appears to be
restricted to higher single doses and strongly hypofractionated
protocols (3× 8 Gy) (7–11, 42). Improved priming of anti-tumor
immune mechanisms would be particularly desirable for patients
with high-risk CRC whose tumors are prone to local failure
as well as metastasis formation, and who receive radiotherapy
in fractions of ≤ 5 Gy – for instance in combination with
immunotherapeutic protocols (69–71). Therefore, the primary
motivation for our present study was to examine how HSP90
inhibition enhances radiotherapy-induced immune cell priming
with the clinical perspective to develop improved treatment
options for high-risk cases of colon cancer. Here, we show that
HSP90 inhibition in combination with radiotherapy induced
apoptosis already at radiation doses ≤ 5 Gy in a Bax-dependent
manner and accelerated transit into secondary necrosis via
mechanisms involving hyperactive Kras in CRC cells. During
secondary necrosis, dying tumor cells released different classes
of DAMPs which stimulated migration and recruitment of
monocytic cells in vitro and in vivo and induced differentiation
of APCs with potent antigen presenting capacity. Thus, HSP90
inhibition obviously enables and supports the initial steps of
anti-tumor immune priming upon radiotherapy at radiation
doses ≤5 Gy.

Mechanistically, our results together with prior reports
reveal that HSP90i-mediated apoptosis induction upon
ionizing irradiation derives from targeted disintegration of
crucial DNA damage response regulators and is executed
via the intrinsic apoptosis pathway as indicated by its
clear dependence on functional Bax (37, 39). The observed
accelerated transit into secondary necrosis interestingly was
dependent on hyperactive Kras. Whether this observation
stems from the previously reported involvement of Kras
in cytoskeletal rearrangements and cell softening (72), in
mechanisms of autophagy (73, 74), in metabolic rewiring
(75), or so far unknown functions of hyperactive Kras,
respectively, requires further investigation. Nevertheless,
since a relevant number of CRC cases exhibit oncogenic
Kras mutations (16), the combination of HSP90 inhibition
with radiotherapy seems particularly interesting for this
subgroup of patients.
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In the course of secondary necrosis, dying CRC cells released
different classes of DAMPs – proteins, such as HMGB1 and
HSP70, as well as nucleotides, including ATP and UTP. Whereas
ATP and UTP increased the chemokinetic mobility of monocytic
cells in a concerted way of action as similarly described
in previous studies (11, 42, 61, 62), directed recruitment of
myeloid cells in vivo may rather rely on protein DAMPs
that activate endothelial cells and stimulate the upregulation
of adhesion molecules and chemokines (11, 42). Along these
lines, our detailed analyses of the recruitment process in
postcapillary venules in the M. cremaster model revealed
that predominantly the steps of firm leukocyte adherence
and extravasation were facilitated by DAMPs released from
dying CRC cells, whereas the preceding phase of leukocyte
rolling remained largely unaffected (76). This kind of activation
of vascular endothelial cells allowing improved immune cell
recruitment has already been described for HSP90i monotherapy
settings (77).

Among the populations of myeloid cells recruited by
dying CRC cell-derived DAMPs in our in vivo experiments,
classical monocytic cells (GR-1hiF4/80int−hi) appear to be
of specific interest for the priming of anti-tumor immune
mechanisms since they have been shown to prime tumor-
specific CD8+ T cell responses per se or after intra-tumoral
differentiation into potent APCs, respectively (78–80).
The time-dependent decline in Gr-1 surface expression as
observed in the experimental peritonitis model insinuated the
differentiation into APCs (81) and was further confirmed
in our in vitro differentiation experiments. Indeed, the
upregulation of the MHC class II receptor HLA-DR, the
co-stimulatory molecules CD80 as well as CD86, and the
co-activating receptor CD40 upon stimulation of monocytes
with supernatants of treated CRC cells indicates the emergence
of a potent APC phenotype which was most pronounced
upon exposure to supernatants of CRC cells treated with
HSP90i plus radiotherapy. Functionally, this translated
into significantly improved activation of allogeneic CD4+
as well as CD8+ T cells. Similar findings were obtained
with supernatants of other human CRC cell lines upon
irradiation with different fractionation protocols which
stimulated activation of in vitro differentiated dendritic
cells (82).

In our study, we focused on the initial steps of anti-tumor
immune priming with particular interest in the release of dying
cell-derived DAMPs upon radiotherapy and HSP90i treatment.
Nevertheless, it should be noted that HSP90 inhibition has
been described to enhance tumor immunogenicity on multiple
other levels. As such, HSP90i treatment reportedly increases the
expression of MHC class I and MHC class I-related molecules
on tumor cells, enlarges the intracellular antigen pool, and
improves the recognition of tumor cells by CD8+ T cells
(83, 84). Further studies observed improved T cell-dependent
killing of poorly immunogenic tumor cells by HSP90 inhibition
via additional mechanisms involving inactivation of HER2/neu,
EphA2, or TCLA1, respectively (85–87). Eventually also immune
checkpoint inhibition has been reported to benefit from
additional HSP90 inhibition (88). However, also contradictory

results describing immunosuppressive effects of HSP90i have
been published (89, 90). If the HSP90i-mediated immunological
effects can add to the immunogenic reconditioning of the tumor
microenvironment and the stimulation of anti-tumor immunity
in vivo which have been observed in the context of radiotherapy
(91) – ideally in a synergistic manner – requires more in-depth
analyses. Apparently, the therapeutic success of such approaches
in the clinical situation will depend on sequence and dose of both
HSP90i and radiation (4, 19, 92).

In conclusion, our study shows that the therapeutic synergism
between radiotherapy and HSP90 inhibition for the treatment
of CRC is not only limited to the radiosensitizing effects of
HSP90 inhibition but extends also to facilitated priming of anti-
tumor immune mechanisms – specifically in case of Kras-driven
tumors and at clinically relevant irradiation doses ≤ 5 Gy.
However, further studies are needed in order to optimize
treatment sequence and dose, and additional immune checkpoint
inhibition might be considered with the aim of achieving the best
therapeutic outcome for CRC patients.
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Background: Local ablative treatments improve survival in patients with oligometastatic
disease in addition to chemotherapy. The application of immune checkpoint inhibitors
prolonged patients’ survival in different tumor entities. This raises the question if patients
still benefit from intensified local treatments in combination with a more efficient systemic
treatment with immune checkpoint inhibitors.

Methods: The prospective non-interventional ST-ICI trial investigates treatment with PD-
1/PD-L1 (Programmed cell death protein 1/Programmed cell death 1 ligand 1) immune
checkpoint inhibitors and radiotherapy in different tumor entities. Patients who started
radiotherapy and immunotherapy concomitantly were included in this interim analysis. In
this cohort patients with all-lesion radiotherapy (all tumor lesions irradiated, al-RT) were
compared to patients with radiotherapy to only a single of their tumor lesions (single-lesion
radiotherapy, sl-RT). Endpoints of the interim analysis were progression-free survival
(PFS), overall survival (OS) and time to progression (TTP).

Results: A total of 104 patients were registered between April 2017 and August 2019.
Fifty patients started immune checkpoint inhibitor treatment and radiotherapy
concomitantly and were included. Most frequent tumor entities were non-small cell lung
cancer (62%) followed by head and neck squamous cell cancer (26%). Most frequent
location of radiotherapy was lung (34%) and central nervous system (20%). Median
duration of follow-up was 8.6 months beginning with first administration of the immune-
checkpoint-inhibitor. Median PFS was 9.2 months (95% CI, 5.8 – 12.6) in the al-RT group
and 3.0 months (95% CI, 2.5 – 3.5) in the sl-RT group (p<0.001). Median OS was 11.6
months (95%CI, 8.1 - 15.1) in the al-RT group and 4.2 months (95%CI, 3.0 - 5.4) in the sl-
RT group (p=0.007). Median TTP was not reached in the al-RT group compared to 4.6
months (95% CI, 1.1–8.0) in the sl-RT group (p=0.028). Univariate Cox regression
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analyses computed tumor entity, histology, central nervous system metastases,
immunotherapy drug and al-RT as predictors of OS (with an effect p-value of ≤ 0.1). In
the multivariable analysis only tumor entity and al-RT remained prognostic factors for OS.

Conclusion: Patients with PD-1/PD-L1 immune checkpoint inhibitor therapy benefit
from local radiotherapy to all known lesions compared to single-lesion radiotherapy
regarding PFS and OS.
Keywords: radiotherapy, immunotherapy, immune checkpoint inhibitors, oligometastatic, single-lesion, all-lesion
INTRODUCTION

Multi-disciplinary treatment strategies combining local ablative
treatments and systemic therapy in patients with limited number
of distant metastases, i.e. oligometastatic disease, improved
survival in different tumor entities (1, 2). Especially in lung
cancer, the combination of local ablative therapy in addition to
chemotherapy improved survival (3). During the last years
immune checkpoint inhibitors have improved survival
compared to classical chemotherapy in several types of
metastatic cancer and became first-line treatment (4, 5).
However, most data about local ablative treatments in
oligometastatic patients origin from the pre-immunotherapy
era. Consequently, there is lack of evidence, whether patients
still benefit from local treatments if more effective systemic
treatment with immune checkpoint inhibitors is available (1, 6).

However, the combination of immune checkpoint inhibitors
with radiotherapy might even be more efficient due to local
immune-modulatory effects of radiotherapy (7). The expression
of PD-L1 increases on the patients’ tumor cells after
radiotherapy, which is the most important predictive
parameter for anti-PD(L)1 inhibitors (8, 9). In preclinical
models local radiotherapy in combination with immune
checkpoint inhibitors also enhanced immunological effects
distant to the irradiated area (10, 11). These systemic immune-
modulating effects of local radiotherapy were also found in
several clinical retrospective analyses (12–14).

The ST-ICI study was originally conducted to determine the
effect of radiotherapy in combination with programmed cell
death 1 (PD-1) or PD-L1 immune checkpoint inhibitors. In the
current analysis, patients in an oligometastatic situation
receiving radiotherapy to all known lesions (al-RT group) were
compared to patients with radiotherapy to a fraction of known
metastases (sl-RT group) in order to improve current
treatment strategies.
MATERIAL AND METHODS

Trial Design and Treatments
ST-ICI is a prospective non-interventional, non-randomized,
single-center trial investigating interactions of radiotherapy
and immune checkpoint inhibitors. Patients with metastatic
non-melanoma solid tumors of several entities and clinical
indication for PD-L1/CTLA-4 therapy along with planed
269
palliative radiotherapy according to clinical standard were
included in the study. Patients that are known for substance
abuse, not willing to take contraceptive measures, deemed
uncooperative, not speaking German language and patients
under legal care were not included in the trial. The current
exploratory interim analysis focuses on patients with
radiotherapy to all present metastases(al-RT) compared to
patients receiving radiotherapy only to single of their
metastases (single-lesion radiotherapy, sl-RT). The treatment
decision was made by treating physicians based on clinical
standards and national guidelines. Patients were allocated to
the al-RT group, when local radiotherapy to all tumor lesions was
possible according to the treating physician. Patients with single
symptomatic metastases beyond other metastases received
radiotherapy within the sl-RT group. Treatment with any
EMA-approved inhibitor PD-1 or PD-L1 was allowed. Dosing
and treatment indication of the immune checkpoint inhibitors
was according to the European Medicines Agency (EMA)
marketing authorizations. Radiotherapy was administered as
stereotactic radiosurgery (SRS), stereotactic body radiotherapy
(SBRT) or volumetric modulated arc radiotherapy (VMAT). The
described total dose as well as dose per fraction was prescribed
according local guidelines derived from national and
international recommendations.

Patients
Patients were eligible for this interim analysis if they were treated
with immune checkpoint inhibitors and radiotherapy.
Radiotherapy had to be delivered within a timeframe of ±30
days from the first administration of the immune checkpoint
inhibitor. There was no limitation regarding tumor entity. As the
trial should represent unselected patients, there were no
limitations regarding baseline Eastern Cooperative Oncology
Group (ECOG) performance status, pre-existing diseases,
tumor entity or baseline blood parameters.

Endpoint and Assessment
The objective in this exploratory interim analysis was to evaluate
the efficacy of immune checkpoint inhibitors combined with al-
RT compared to sl-RT. The endpoints of this interim analysis
were overall survival (OS), progression-free survival (PFS) and
time to progression (TTP). Survival analyses were defined from
the date of first administration of immune checkpoint inhibitor,
to the date of last follow-up, tumor progression or death. Data
was collected from patients’ electronic health records (EHR) as
October 2020 | Volume 10 | Article 576643
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well as the radiotherapy planning software (Pinnacle, Philips,
USA). Survival data was provided by the Comprehensive Cancer
Center Erlangen-EMN (CCC, Friedrich-Alexander University
Erlangen-Nuremberg, Erlangen, Germany). Tumor staging was
performed with computed tomography (CT) and/or magnetic
resonance (MRI) imaging according to clinical standards.

Trial Oversight
The ST-ICI trial was registered with ClinicalTrials.gov (identifier:
NCT03453892). The institutional review board at the Friedrich-
Alexander-Universität Erlangen-Nürnberg approved the study
(number: 2_17 B). The study was performed in accordance with
the Declaration of Helsinki. All patients gave written informed
consent that comprised a data privacy clause for data collection
and analysis for research purpose.

Statistical Analysis
All statistical tests were performed using IBM SPSS Statistics
Version 25. Associations between clinical baseline characteristics
were evaluated using the Fisher’s exact chi- test. Kaplan-Meier
method was used to analyze OS and PFS. The log-rank test was
used to compare Kaplan-Meier survival curves. A p-value <0.05
was considered to be statistically significant. Cox proportional
hazard methods were used to study the association between
different baseline factors and OS. During the selection process, all
explanatory factors with an effect p-value of <0.1 in the
univariate Cox regression analysis were included in the
multivariate analysis. A backward selection procedure was
applied. Only the parameters with a p-value <0.05 in the
backward selection procedure remained in the final model.
RESULTS

Patient Characteristics
A total of 104 patients were registered for the ST-ICI trial
between April 2017 and August 2019. Out of these, 50 patients
received radiotherapy within a timeframe of ±30 days from the
first administration of the immune checkpoint inhibitor and
were included in this interim analysis. Baseline characteristics are
presented in Table 1. Median age was 60 years (range, 37–87
years), 29 patients were male (58%). Radiotherapy of all
metastases (al-RT) was performed in 27 (54%) patients, 23
(46%) patients received radiotherapy of only a single metastasis
besides others (sl-RT). The mean number of metastases was 1.63
(95% CI, 1.34 – 1.92) in the al-RT group and 6.30 (95% CI, 4.72 –
7.89) in the sl-RT group (p < 0.001). Fourteen patients with one
metastases were included in the al-RT group, whereas none in
the sl-RT group (not possible). Most frequent tumor entity was
non-small cell lung cancer (NSCLC) with 31 patients (62%),
head and neck squamous cell cancer (HNSCC) in 13 patients
(26%). Additional 3 patients with urothelial cancer (5%), one
patient with esophageal cancer, one patient with mixed
adenoneuroendocrine carcinoma in the gastric region and one
patient with sinonasal-undifferentiated carcinoma were included
Frontiers in Oncology | www.frontiersin.org 370
in the analysis. PD-L1 expression was <1% in 15 patients (30%)
and ≥1% in 33 patients (66). The majority of patients received
prior local treatment. Previous treatment consisted of surgery of
the primary tumor in 17 patients (34%) and radiotherapy in 39
patients (78%). In the recurrent or metastatic situation 35
patients (70%) received 1 to 2 lines of previous chemotherapy
whereas 7 patients have received even more lines of
chemotherapy. First line chemotherapy was platinum based in
36 patients (72%).

There were no statistically significant differences of baseline
characteristics in the al-RT and sl-RT cohort except the number
of metastases.

Treatment
Treatment characteristics are displayed in Table 2. The most
frequent fractionation of radiotherapy was normal fractionation
(single doses between 1.8 and 2.2 Gy) in 25 (50%) patients,
followed by 22 (44%) patients receiving hypo-fractionation
(single doses between 3 Gy and 6 Gy), three patients (6%)
received radiosurgery (18 – 20 Gy). Radiotherapy was
delivered to a single lesion in 14 patients (51%) of the al-RT
group and 15 patients (65%) of the sl-RT group (p= 0.134). The
location of radiotherapy differed significantly in both groups
with the most frequent location being lung (51%) in the al-RT
group and brain (39%) in the sl-RT group (p<0.001).
Conventional fractionation was used more frequently in the al-
RT group than in the sl-RT group (60% vs. 40%, p=0.023). The
mean total administered dose was higher in the al-RT group than
in the sl-RT group (55.3 Gy versus 43.4 Gy, p=0.004). In both
cohorts the most frequently used immune checkpoint inhibitor
was nivolumab (50%) followed by pembrolizumab (32%).
Concomitant chemotherapy was administered in four patients
(8%), whereas three were in the al-RT group and one in the sl-
RT group

Safety
A total of 15 patients developed immune-related averse events
(irAE). The rate of irAE seems increased in the al-RT group (al-
RT n=11; s l-RT n=4). The predominant irAE was
hypothyroidism (n=6), followed by skin reaction, hepatitis,
diarrhea and pneumonitis that appeared in two patients each.
The majority of these patients experienced CTCAE grade one or
two toxicity (n=13), grade three was observed in two patients.
The development of an irAE in a specific organ was not
associated with the location of radiotherapy. No relevant
radiation toxicity was reported within the follow-up time.
Especially in patients with radiotherapy to brain metastases, no
case of radionecrosis was reported until the most recent MRI.

Efficacy
The median follow-up of the entire cohort was 8.2 months (95%
CI, 0.7–21.8) beginning with initiation of ICI. The median OS in
the al-RT group was 11.6 months (95% CI, 8.1–15.1) and
significantly longer than 4.2 months (95% CI, 3.0–5.4,
p=0.007) in the sl-RT group (Figure 1A). After one-year OS
was 30% in the al-RT group compared to 13% in the sl-RT group.
October 2020 | Volume 10 | Article 576643

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


Schubert et al. All-Lesion Radio-Immunotherapy
The median PFS was 9.2 months (95% CI, 5.8 - 12.6) in the al-RT
group and also significantly longer than 3.0 months (CI 95%,
2.5–3.5, p<0.001) in the sl-RT group (Figure 1B). The median
TTP was not reached in the al-RT group compared to 4.6 months
(95% CI, 1.1–8.0, p=0.028) in the sl-RT group (Figure 1C).

As the al-RT group contained patients with only one metastasis,
which is not possible in the sl-RT group, additional Kaplan-Meier
analyses were performed. In the al-RT group both OS and PFS were
similar in patients with onemetastasis of moremetastases in the ST-
ICI cohort The same accounts for Kaplan_Meier analyses within the
sl-RT group (Supplementary Figure 1).
Frontiers in Oncology | www.frontiersin.org 471
A univariate cox regression analysis was performed to study
potentially prognostic factors for OS (Table 3). Tumor entity
NSCLC, adenocarcinoma histology, absence of brain
metastases, immunotherapy drug and treatment group al-RT
were associated with lower mortality risk with an effect p-value
of ≤ 0.1. These factors were included in the multivariable
analysis. Age, sex, PD-L1 and number of previous treatments
were not associated at a p-level of ≤ 0.1. In the multivariable
analysis only tumor entity (NSCLC compared to HNSCC, HR
1.19, 95% CI, 0.46 – 3.10, p=0.028; other compared to HNSCC,
HR 7.25, 95% CI, 1.49–35.28, p=0.028) and al-RT (HR 0.32,
TABLE 1 | Baseline Characteristics.

No. (%) Patients

Characteristic Total (n = 50) al-RT (n = 27) sl-RT (n = 23) p-value

Age, years 1.0
Mean +/- SD 60.9 ± 11.3 59.0 ± 10.5 63.3 ± 11.9
Sex 0.398
Male 29 (58) 14 (51) 15 (65)
Female 21 (42) 13 (49) 8 (35)
Tumor entity 0.454
HNSCC 13 (26) 5 (18) 8 (34)
NSCLC 31 (62) 18 (66) 13 (56)
Urothelial cancer 3 (6) 2 (8) 1 (5)
Others* 3 (6) 2 (8) 1 (5
No. of Metastasis <0.001
1 14 (28) 14 (52) 0
2–5 25 (50) 13 (48) 12 (52)
6–10 6 (12) 0 6 (26)
>10 5 (10) 0 5 (22)
CNS Metastases 0.136
No 34 (68) 21 (77) 13 (55)
Yes 16 (32) 6 (23) 10 (45)
No. Previous Chemotherapies in the recurrent/metastatic situation 1.0
0 12 (24) 6 (22) 6 (26)
1–2 35 (70) 20 (74) 15 (65)
>2 3 (8) 1 (4) 2 (9)
No. of previous radiotherapies 0.367
0 4 (8) 3 (11) 1 (4)
1–2 39 (78) 22 (81) 17 (74)
>2 7 (14) 2 (8) 5 (22)
1st line Platin CT 0.251
Yes 36 (72) 21 (77) 15 (65)
No 14 (28) 6 (23) 8 (35)
Prior Surgery 0.239
Yes 17 (34) 7 (26) 10 (44)
No 33 (66) 20 (74) 13 (56)
PD-L1 Expression Tumor 0.215
<1% 15 (30) 6 (22) 9 (39)
1–49% 12 (24) 9 (33) 3 (13)
≥50% 21 (42) 11 (41) 10 (43)
unknown 2 (4) 1(4) 1(5)
Histology 0.167
Squamous Cell 19 (38) 9 (34) 10 (43)
Adeno 20 (40) 14 (51) 6 (27)
NSCLC NOS 5 (10) 1 (4) 4 (17)
Urothelial 3 (6) 2 (7) 1 (5)
Others** 3 (6) 1 (4) 2 (8)
October 2020 | Volume 10 | Article
al-RT, all-lesion radiotherapy; sl-RT, single-lesion radiotherapy; SD, standard deviation; HNSCC, Head and Neck squamous cell carcinoma; NSCLC, non-small cell lung carcinoma; CNS,
central nervous system; PD-L1, programmed cell death ligand 1.
*others include one case of esophageal cancer, on case of sinonasal undifferentiated cancer and one mixed adenoneuroendocrine carcinoma.
**Others include one case of mixed-neuroendocrine carcinoma (MANEC), one case of undifferentiated carcinoma (SNUC) and one case of acinic-cell-carcinoma.
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TABLE 2 | Treatment characteristics.

No. (%) Patients

Treatment Total (n = 50) al-RT (n = 27) sl-RT (n = 23) p-value

Fractionation of radiotherapy 0.023
Normofract. 25 (50) 16 (60) 9 (40)
Hypofract. 22 (44) 10 (37) 12 (52)
SRS 3 (6) 1 (3) 2 (8)
Total Dose
Mean (SD) 49.8 ± 17.1 Gy 55.3 ± 16.6 Gy 43.4 ± 15.7 Gy 0.004
Median (range) 48 Gy (16–72) 60 Gy (18–72) 40 Gy (16–72)
No. of irradiated lesions 0.134
1 29 (58) 14 (51) 15 (65)
2 15 (30) 9 (34) 6 (26)
>3* 6 (12) 4 (15) 2 (9)

Location of radiotherapy <0.001
Lung 17 (34) 14 (51) 3 (13)
CNS 10 (20) 1 (5) 9 (39)
Bone 5 (10) 0 5 (21)
Other 18 (36) 12 (44) 6 (27)
Drug 0.038
Nivolumab 25 (50) 11 (40) 14 (60)
Pembrolizumab 16 (32) 9 (33) 7 (30)
Other 9 (28) 7 (27) 2 (10)
Concomitant Chemotherapy 0.614
Yes 4 (8) 3 (10) 1 (5)
No 46 (92) 24 (90) 22 (95)
irAE 0.121
any grade 15 (30) 11 (40) 4 (18)
Grade 1–2 13 (26) 10 (37) 3 (13)
Grade 3 2 (4) 1 (3) 1 (4)
Frontiers in Oncology | www.frontiersin.org
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al-RT, all-lesion radiotherapy; sl-RT, single-lesion radiotherapy; SD, standard deviation; CNS, central nervous system; irAE, immune-related adverse event.
*1 patient irradiated on a total of 8 cerebral lesions.
A B

C

FIGURE 1 | The cohorts with all-lesion radiotherapy (al-RT) and single-lesion radiotherapy (sl-RT) are compared regarding (A) overall survival (OS), (B) progression-
free survival (PFS) and (C) time to progression (TTP).
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95% CI, 0.14 – 0.75, p = 0.007) remained prognostic factors for
overall survival.
DISCUSSION

Local ablative treatments in an oligometastatic situation gained
importance during the past years (1). Particularly in
oligometastatic lung cancer the addition of local therapy of all
tumor lesions in patients responding to systemic chemotherapy
improved OS (3). Recent studies investigated especially the role
of stereotactic radiotherapy as local ablative treatment method
and found a clinical benefit (15). Furthermore, in a phase II trial
a survival benefit for local consolidative radiotherapy of
the primary tumor in metastatic NSCLC was also found
(11). These studies justify the addition of local treatments
to all lesions to classical chemotherapy in patients with
oligometastatic cancer.

During the past years, immune checkpoint inhibitors
suppressing the PD-1/PD-L1 pathway improved prognosis in
different tumor entities significantly and became first line
treatment in metastatic melanoma, NSCLC, HNSCC, renal and
bladder cancer (4, 5, 16–18). In this new first line treatment
setting, the efficacy of treatment to all known metastatic sites has
not been studied so far.

In this regard, the ST-ICI study investigates the effects of
radiotherapy in combination with PD-1/PD-L1 immune
checkpoint inhibitors. The presented analysis shows that
patients with oligo-metastatic disease treated with al-RT had
Frontiers in Oncology | www.frontiersin.org 673
superior OS, PFS and TTP compared to patients with sl-RT. This
advocates a benefit of local therapy to all tumor lesions also in the
era of immune checkpoint inhibitors. In general, the
combination of radiotherapy and immunotherapy in the ST-
ICI trial seems not increase the frequency or severity of irAEs as
they were similar to reports on SCLC and HSNCC treated with
anti-PD-1 monotherapy (4, 5). However, the frequency of irAE
seems increased in the al-RT compared to the sl-RT cohort.
Previous analyses of concomitant radiotherapy and immunotherapy
indicated increased toxicity (19). The increased rate of irAE may
be partially explained by immune modulating effects of
radiotherapy resulting in the activation of tumor-surrounding
immune cells (20).

Limitations of the study are based on the inevitable
shortcomings due to the missing randomization. Thus, the
results of the study need to be interpreted in view of the
different tumor entities, number of metastases and minor
differences in the PD-L1 status. These partially differing
baseline characteristics may have influenced the results of this
analysis. A major limitation is the differing number of metastases
in both treatment groups. Due to this imbalance additional
Kaplan-Meier analyses were performed. Both in the al-RT and
sl-RT group the number of metastases did not influence PFS or
OS. Regarding radiotherapy treatment the location, dose and
fractionation of the two groups differed. Especially the more
frequent irradiation of brain metastases in the sl-RT group and
lung metastases in the al-RT group may be a bias for survival.
However, al-RT was the most important predictor of OS in the
multivariate model, which consolidates the findings of this trial.
TABLE 3 | Univariate and multivariate Cox proportional hazard models to investigate the association between patient characteristics and overall survival.

Explanatory factors (N = 50) Univariate Multivariate#

N Death HR 95% CI p-value HR 95% CI p-value

Age* ≤60 years 16 11 1 0.748
>60 years 34 21 1.12 0.53–2.37

Sex* Male 29 21 1 0.833
Female 21 11 1.08 0.50–2.334

Tumor entity HNSCC 13 10 1 0.064 1 0.028
NSCLC 31 17 0.42 0.18–0.97 1.19 0.46 - 3.10
other 6 5 1.13 0.38–3.31 7.25 1.49 - 35.28

Histology SC 19 14 1 0.011
Adeno 20 9 0.27 0.10–0.70
other 11 9 0.81 0.34–1.92

PD-L1 tumor cells* <1% 15 13 1 0.491
1–49% 12 6 0.67 0.24–1.82
≥50% 21 12 0.62 0.28–1.39

Brain metastases no 16 13 1 0.089
yes 34 19 1.89 0.92–3.89

Number of previous treatments* 0–1 32 16 1 0.265
≥2 18 16 1.5 0.74–3.05

Immunotherapy drug Nivo 25 21 1 0.064
Pembro 16 8 0.49 0.22–1.14
other 9 3 0.32 0.09–1.09

Lesions irradiated al-RT 27 13 1 0.005 1 0.007
sl-RT 23 19 0.36 0.17–0.74 0.32 0.14 - 0.75
Oct
ober 2020 |
 Volume 10 | Article
HR, hazard ratio; CI, confidence interval; HNSCC, head and neck squamous cell cancer; NSCLC, non-small cell lung cancer; SC, squamous cell; Nivo, nivolumab; Pembro,
pembrolizumab; al-RT, all-lesion radiotherapy; sl-RT, single-lesion radiotherapy.
*Within the selection process, only explanatory factors with an effect p-value of < 0.1 in the univariate Cox regression analysis were considered (*).
#Final Cox regression model after backward selection. Only factors with p < 0.05 remained in the final model.
576643

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


Schubert et al. All-Lesion Radio-Immunotherapy
Especially brain metastases remained no prognostic parameter in
the multivariate model. The main advantage of the ST-ICI trial is
its prospective design compared to existing analyses.

Prospective data about the combination of radiotherapy and
immunotherapy in oligometastatic situations are limited. In a
recent single-arm phase two trial patients with oligometastatic
NSCLC (up to four metastases) were treated with local ablative
treatment (radiotherapy or surgery) followed by pembrolizumab.
There was no limitation regarding PD-L1 status. This strategy
achieved an impressive median PFS of 19.1 months (21). One
analysis studied treatment continuation with pembrolizumab
beyond progression in NSCLC patients with PDL1>50% with
the addition of local therapy in nine of 18 patients and found a
one-year OS of 71% (22).

Besides these clinical findings, there is a strong biological
rationale to combine radiotherapy with immune checkpoint
inhibitors. Radiotherapy not only kills tumor cells, but also has
different immune-modulating effects (7). Locally induced
immune-modulating effects of radiotherapy can also enhance
tumor directed systemic immune response distant from the
irradiated area (10). Mechanisms behind these effects are
increase in T-cell infiltration in locally treated tumors and
further enhanced T-cell responses out of field (23). These
systemic immune responses to local radiotherapy, also called
“abscopal effects”, have been observed in patients with combined
radiotherapy and immune checkpoint inhibitors in numerous
case reports (24). Additional retrospective analyses indicated the
presence of abscopal effects in up to 25% of melanoma patients
treated with PD-1 inhibitors and radiotherapy (25). However, in
a prospective single arm trial the combination of Nivolumab
with stereotactic body radiation therapy of a single tumor lesion
did not increase the response rate in melanoma patients
compared to historical controls (26). A trial in metastatic head
and neck cancer that combined nivolumab with single lesion
stereotactic radiotherapy did also not increase the response rate
in non-irradiated lesions (27). The only partially promising
prospective trial was in metastatic NSCLC. In this trial
stereotactic radiotherapy increased the response rate in non-
irradiated lesions from 18% to 36%, whereas this did not reach
statistical significance (28). In contrast to these trials, our trial
compared the efficacy of single lesion radiotherapy in patients
with multiple metastases to radiotherapy of all tumor lesions.
Furthermore, we used fractionated radiotherapy compared to
stereotactic ablative approaches in the other trials. In our study
radiotherapy of all tumor lesions significantly prolonged overall
survival. Recently, also a correlation of tumor burden and
reduced immune competence was demonstrated (29).
Therefore, a maximal reduction of tumor load appears to be
beneficial for the effect of immunotherapy. Our findings are in
line with another prospective single-arm trial in metastatic
NSCLC of stereotactic radiotherapy to all tumor lesions
followed by Pembrolizumab maintenance therapy that
achieved a median overall survival of 41.6 months (21). The
results of these first prospective trials on abscopal effects should
induce a discussion on more elaborate treatment concepts (30).
In this discussion, our finding of a superiority of radiotherapy to
Frontiers in Oncology | www.frontiersin.org 774
all lesions compared to a single lesion should be addressed.
Furthermore, the fractionation of radiotherapy with either
conventionally fractionated low doses or high ablative doses
has to be discussed. In addition, the treatment sequence of
concomitant versus sequential administration of PD-1
inhibitors should be further investigated. And finally, also a
biomarker-based patient selection should be an essential point in
future trials on combined radio-immunotherapy.
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Cancer immunotherapy (CIT) with antibodies targeting the programmed cell death 1
protein (PD-1)/programmed cell death 1 ligand 1 (PD-L1) axis have changed the standard
of care in multiple cancers. However, durable antitumor responses have been observed in
only a minority of patients, indicating the presence of other inhibitory mechanisms that act
to restrain anticancer immunity. Therefore, new therapeutic strategies targeted against
other immune suppressive mechanisms are needed to enhance anticancer immunity and
maximize the clinical benefit of CIT in patients who are resistant to immune checkpoint
inhibition. Preclinical and clinical studies have identified abnormalities in the tumor
microenvironment (TME) that can negatively impact the efficacy of PD-1/PD-L1
blockade. Angiogenic factors such as vascular endothelial growth factor (VEGF) drive
immunosuppression in the TME by inducing vascular abnormalities, suppressing antigen
presentation and immune effector cells, or augmenting the immune suppressive activity of
regulatory T cells, myeloid-derived suppressor cells, and tumor-associated macrophages.
In turn, immunosuppressive cells can drive angiogenesis, thereby creating a vicious cycle
of suppressed antitumor immunity. VEGF-mediated immune suppression in the TME and
its negative impact on the efficacy of CIT provide a therapeutic rationale to combine PD-1/
PD-L1 antibodies with anti-VEGF drugs in order to normalize the TME. A multitude of
clinical trials have been initiated to evaluate combinations of a PD-1/PD-L1 antibody with
an anti-VEGF in a variety of cancers. Recently, the positive results from five Phase III
studies in non-small cell lung cancer (adenocarcinoma), renal cell carcinoma, and
hepatocellular carcinoma have shown that combinations of PD-1/PD-L1 antibodies and
anti-VEGF agents significantly improved clinical outcomes compared with respective
standards of care. Such combinations have been approved by health authorities and are
now standard treatment options for renal cell carcinoma, non-small cell lung cancer, and
hepatocellular carcinoma. A plethora of other randomized studies of similar combinations
are currently ongoing. Here, we discuss the principle mechanisms of VEGF-mediated
immunosuppression studied in preclinical models or as part of translational clinical
org November 2020 | Volume 11 | Article 598877177
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studies. We also discuss data from recently reported randomized clinical trials. Finally, we
discuss how these concepts and approaches can be further incorporated into clinical
practice to improve immunotherapy outcomes for patients with cancer.
Keywords: programmed death ligand 1 (PD-L1), vascular endothelial growth factor (VEGF), angiogenesis,
checkpoint inhibitor, tumor microenvironment, programmed death-1 (PD-1)
INTRODUCTION

Over the past decade, cancer immunotherapy (CIT) has
dramatically changed the treatment landscape of cancer. This
major therapeutic advance was made possible in large part by
pioneering preclinical and clinical research focused on immune
modulation using antibodies that block immune regulatory
checkpoints (1–5).

Immune checkpoints such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programed cell death protein 1
(PD-1), and programed cell death 1 ligand 1 (PD-L1) act to
negatively regulate T-cell–mediated immune responses that play
a critical role in allowing cancer cells to evade the immune
destruction. Immune checkpoint inhibitors (ICIs) are
monoclonal antibodies directed against either the PD-1/PD-L1
axis or CTLA-4. ICIs attenuate inhibitory T-cell activation
signals, thereby permitting tumor-reactive T cells to overcome
regulatory mechanisms in order to mount an effective antitumor
response (6). At the time of writing, a total of 10 PD-1/PD-L1
monoclonal antibodies are approved by regulatory authorities
either as monotherapy or in combination across different lines of
treatment for 19 different types of cancer, including a tissue-
agnostic indication (Supplemental Table 1). As of September
2019, approximately 3,000 trials involving drugs targeting the
PD-1/PD-L1 axis are ongoing across a range of tumors types,
with 76% of them evaluating combination regimens (7). Given
this rapid pace of clinical development, it is anticipated that more
PD-1/PD-L1–based treatments will change the standard of care
in many more cancer types.

A hallmark of drugs that inhibit the PD-1/PD-L1 axis is the
induction of deep and durable antitumor responses that can
atezolizumab plus bevacizumab plus
tor tyrosine kinase; BCP, bevacizumab
ancer-immunity cycle; CIT, cancer
rs; CTLA-4, cytotoxic T-lymphocyte-
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translate into a survival benefit in patients with a variety of tumor
histologies. Anti–PD-1 treatment has resulted in marked
improvements in 5-year survival for patients with advanced
melanoma, lung cancer, and renal cancer over previous
standards of care (8). However, long-term responses are
restricted to a minority of patients and an estimated 87% of
patients’ cancers for which PD-1/PD-L1 are indicated will fail to
respond (9). Most patients experiencing resistance to PD-1/PD-
L1 inhibition either never respond to treatment (primary
resistance) or relapse after a period of response (acquired
resistance). Furthermore, some tumor types such as
pancreatic, microsatellite stable (MSS) colorectal, biliary tract,
and prostate cancers appear intrinsically resistant to PD-1/PD-
L1 axis blockade (10). A major reason accounting for both
primary or acquired resistance is the ability of tumors to
exploit alternate immune-suppressive mechanisms, thereby
circumventing checkpoint blockade (11). Collectively, the
tumor microenvironment (TME), tumor immunogenicity,
antigen presentation, as well as oncologic signal transduction
pathways all play important roles in response and resistance to
immune checkpoint blockade (10).

As the molecular mechanisms underlying resistance to ICI are
unearthed, actionable therapeutic strategies to prevent or
abrogate them are being developed to improve clinical
outcomes for patients. Tumor mutation burden (TMB)—which
reflects the abundance of immunogenic neoantigens that are
identified as foreign by cytotoxic T cells—and expression of
inhibitory immune checkpoints such as PD-L1 have been widely
studied as biomarkers of response to checkpoint inhibitors
(CPIs). However, neither of these markers can fully explain the
lack of response to checkpoint blockade observed in the majority
of patients (10, 12–16). It is therefore likely that other
immunosuppressive mechanisms act to restrain anticancer
immunity. Abnormalities within the TME are strongly
associated with repressed anticancer immunity, which
profoundly impacts the effectiveness of immunotherapy (11,
17–19). Thus, therapeutic reprogramming of specific immune
components of the TME with combination treatments, such as
immunosuppressive cell types, may overcome TME-induced
resistance to checkpoint blockade, thereby enhancing or
reinvigorating anticancer immunity (17, 20). ICIs in
combination with treatment modalities such as chemotherapy,
targeted agents and CTLA-4 antibodies have been successfully
developed and further studies are ongoing to evaluate other
combination approaches including radiation and immune
modulators [recently reviewed by Murciano-Goroff et al. (21)].
Each of these combination partners is thought to modulate
anticancer immunity via direct and indirect mechanisms (21,
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22). PD-1 inhibitors along with anti-CTLA-4 antibodies have
received FDA approvals for a range of cancers and trials involving
other inhibitory checkpoints, such as LAG-3 and TIM-3 are
ongoing (23–25). Conventional cytotoxic chemotherapies
promote anticancer immunity through the release of tumor-
associated antigens and/or depletion of immunosuppressive cells
(26, 27). Chemotherapy regimens in tandem with ICIs have been
extensively studied andhave become treatment options forNSCLC,
triple-negative breast cancer and urothelial carcinoma (28–31).
Similar to chemotherapy, radiation treatment can augment the
anticancer immune response through the release of tumor antigens
andmodulation of the TME (21, 32). Studies of ICIs with radiation
are ongoing in a variety of cancers (21, 33). ICIs combined agents
targeting components of the MAP-kinase pathway have also been
evaluated (21, 34–36). Within the TME, vascular endothelial
growth factor (VEGF)–driven angiogenesis is a key driver of
tumor-associated immunosuppression. VEGF-mediated
immunosuppression has been extensively studied in a variety of
preclinical and clinical studies, which collectively have highlighted
the mechanisms underpinning combined immune checkpoint
blockade and VEGF inhibition in patients with cancer.

In this comprehensive review, we focus on the mechanisms
underpinning VEGF-mediated immunosuppression and how
these can be therapeutically abrogated by combined VEGF and
PD-(L)1 blockade in patients with cancer to augment antitumor
immunity. These mechanistic concepts and clinical approaches
are very relevant and timely given that combinations of PD-(L)1
inhibitors and antiangiogenic agents are either currently approved
or are close to approval for the treatment of a variety of
malignancies. We also highlight the opportunities and challenges
associated with dual targeting of VEGF and PD-(L)1 pathways.
INTERSECTION BETWEEN ANTICANCER
IMMUNITY AND ANGIOGENESIS

Angiogenesis and immune evasion are interdependent processes
that often occur in parallel and are considered hallmarks of
cancer (37, 38). Both are physiological mechanisms that can be
hijacked in cancer, facilitating tumor development and
progression (38) (Figure 1).

The Cancer-Immunity Cycle
Cancer immunity was characterized by Chen and Mellman as a
seven-step, self-propagating, cyclical, multistep process, referred
to as the cancer-immunity cycle (CIC) (39). In order for effective
antitumor immunity to occur, a series of stepwise events that
enable T-cell–mediated tumor cell killing is necessary. The seven
steps of the CIC can be grouped into 3 distinct phases (40):

1. Recruitment and activation of immune effector cells (steps 1–3);
2. Trafficking and infiltration of T cells into tumors (steps 4 and 5);
3. Recognition and killing of cancer cells (steps 6 and 7).

In steps 1 through 3 of the CIC, tumor antigens (including
neoantigens) liberated from tumor cells are taken up and
processed by dendritic cells (DCs) and are then presented to T
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cells that results in the priming and activation of T-cells. In step
4, activated effector T cells enter the circulation, are trafficked to
the tumor and then infiltrate the tumor bed (step 5), where they
attach to and destroy cancer cells (steps 6 and 7). The killing of
malignant cells leads to the additional release of tumor-derived
antigens and the restarting of the CIC. Tumors are able to co-opt
mechanisms to evade immune surveillance by obstructing one or
more steps in the CIC, thus rendering tumors safe from
immune destruction.

Knowledge of the mechanisms underpinning anticancer
immunity has led to the development of classification systems
characterizing the TME that help identify patients who are more
likely to respond to immunotherapy and also serves as a
framework to inform rational combination treatments (12, 41,
42). Current classifications are primarily defined according to the
composition of the immune infiltrate and the character of the
inflammatory response (43). Histologically, tumors can be
broadly categorized as either inflamed (“hot”) or noninflamed
(“cold”) (42). Most data support the idea that patients with hot or
inflamed tumors, which harbor markers of preexisting functional
antitumor T-cell immunity [e.g., interferon (IFN)-g signaling,
high PD-L1 expression, high prevalence of tumor-infiltrating
lymphocytes (TILs), or genomic instability], tend to respond
relatively well to PD-1/PD-L1 inhibition (12, 41, 42). Other
tumor immune phenotypes with deficits in antitumoral
immunity such as those with immune-excluded (immune cells
present only in the periphery) and immune-desert (with limited
or no infiltration of immune cells in to the tumor)—are not as
likely to respond to CPIs, suggesting the existence of other vital
immune-suppressive mechanisms in either the tumor or the
TME (12, 42). The immune phenotypes described above can be
present to varying degrees within a given tumor type and among
different cancers (12).

VEGF Immunomodulation
Angiogenesis, defined as new blood vessel formation from the
preexisting vasculature, is a complex, multistep process that
under physiological conditions is tightly regulated by a
plethora of proangiogenic and antiangiogenic factors (44).
However, in malignant settings, proliferating tumors tend to
activate angiogenesis by shifting the balance of proangiogenic
and antiangiogenic mediators toward a proangiogenic outcome
(referred to as the “angiogenic switch”).

Of all the molecules known to regulate angiogenesis, VEGF
and its receptors (VEGFRs) have received the most attention due
to VEGF’s key role in regulating physiological and pathological
angiogenesis (45). VEGF belongs to a family of growth factors
that includes VEGFs A to D and placental growth factor. VEGF
(VEGF-A) binds to both R1 and R2 VEGFR subtypes as well as
the neuropilin 1 receptors (46) (Figure 1). The binding of VEGF
to VEGFR2 is the primary signaling event in blood endothelial
cells triggering angiogenesis (46). VEGF binding to VEGFR
initiates various intracellular signaling pathways that regulate
processes such as vascular permeability and endothelial cell
survival, migration, and proliferation (47). The role played by
VEGFR1 is unclear. VEGFR1 binds VEGF-A with a higher
affinity than VEGFR2 (approximately 10 times) but possesses
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weak kinase activity; it is hypothesized that VEGFR1 may act to
sequester VEGF-A away from VEGFR2 (48).

Antiangiogenic drugs can be classified according to three
mechanisms of action: monoclonal antibodies that bind and
deplete the VEGF ligand, monoclonal antibodies that bind to the
VEGFR, and tyrosine kinase inhibitors (TKIs) that block the
intracellular domain of the VEGFR. The role of VEGF in
oncogenesis and signaling mechanisms and the development of
anti-VEGF therapeutics have been reviewed in detail elsewhere
(47, 49). A summary of US Food and Drug Administration
(FDA)-approved anti-VEGF agents and their indications is
provided in Supplemental Table 2.

In addition to vascular regulation, emerging and evolving
data have implicated VEGF as an important mediator of
immunosuppression within the TME (13). VEGF is able to
drive a range of immunosuppressive mechanisms impacting
the ability to mount an effective anticancer immune response
(38, 39) (Figure 2).

Overproduction of VEGF in the TME can drive suppress
antitumor immunity either directly or indirectly via four
principle mechanisms (13, 38, 50):

1. Inhibition of DC maturation and antigen presentation;
2. Inhibition of cytotoxic T-cell proliferation, trafficking, and

infiltration;
3. Promotion of an aberrant tumor vasculature;
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4. Recruitment and proliferation of immunosuppressive cell
types, e.g., MDSCs, regulatory T cells (Tregs), and pro-
tumor M2-like tumor-associated macrophages.

Here, we describe the mechanistic interplay between VEGF
and the CIC (51). Key preclinical studies are summarized in
Table 1.

Dendritic Cell Maturation (CIC Steps 1, 2, and 3)
Steps 1 through 3 of the CIC refer to the activation and
recruitment of immune cells (39, 40). Step 1 encompasses the
release and capture of tumor neoantigens by DCs. DCs are
antigen-presenting cells that play a critical role in T-cell
priming and the activation of anticancer T cells (steps 2 and 3
of the CIC).

T-cell priming and activation of cytotoxic T cells is reliant
upon the ability of mature DCs to capture and present tumor
antigens to T cells in the lymph nodes (39, 60). However, tumor-
associated DCs exist in an immature state and are often unable to
properly contribute to initiating a functional anticancer immune
response. The ability to inhibit DC maturation, which can result
in deficient tumor-antigen presentation and thus in potential
immune evasion by tumors, was one of the first-described
immunosuppressive functions of VEGF (61). Mature DCs are
characterized by increased expression of MHC I and II and other
costimulatory molecules on the cell surface that are required for
FIGURE 1 | VEGF and PD-1/PD-L1 signaling axes. (A) VEGF ligands include VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PlGF, which interact with a combination of
various VEGFRs. Canonical VEGF signaling through VEGF-R1/R2 (with R2 being the dominant signaling receptor) regulates the activities of several kinases and ultimately
guides cell proliferation, migration, survival, and vascular permeability during vasculogenesis and angiogenesis. Multiple inhibitors block VEGFA-induced signaling.
Bevacizumab and ranibizumab bind VEGFA. The soluble chimeric receptor aflibercept binds VEGFA, PlGF, and VEGFB. The VEGFR2-specific monoclonal antibody
ramucirumab prevents VEGFR2-dependent signaling. Numerous small molecule TKIs block VEGFR signaling. (B) Activated T cells express PD-1, which engages with its
specific ligand (PD-L1 or PD-L2) to dampen activation. PD-1 axis blockade through the administration of an anti–PD-1 or anti–PD-L1 antibody prevents this inhibitory
interaction and unleashes antitumoral T lymphocyte activity by promoting increased T-cell activation and proliferation, by enhancing their effector functions. APC, antigen-
presenting cells; CTL, cytotoxic T lymphocytes; DC, dendritic cell; iDCs, immature dendritic cells; IL, interleukin; iMC, immature myeloid cells; M1, classical macrophages;
M2, alternative macrophages; matDCs, mature dendritic cells; MDSC, myeloid-derived suppressor cell; PD-1, programmed cell death 1 protein; PD-L1, programed cell
death ligand 1; PlGF, placental growth factor; TAM, tumor associated macrophages; TFG-b, transforming growth factor b; TKI, tyrosine kinase inhibitor; Treg, tumor-
associated macrophages; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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T-cell activation, all of which are under the regulation of the
nuclear factor-kB pathway (51). However, in cancers harboring
elevated VEGF levels, DC maturation can be impeded through
nuclear factor-kB pathway inhibition as a result of VEGF-
VEGFR1 binding on DCs. This lack of DC maturation can
prevent the upregulation of MHC and other molecules,
ultimately resulting in impaired T-cell activation. VEGF, acting
through VEGFR2, has also been shown to inhibit the ability of
mature DCs to stimulate T cells (62). VEGFR1 and VEGFRs may
have differential roles in regulating DC differentiation where
VEGFR1 is the principle mediator of VEGF-induced inhibition
of DC maturation (63). Neuropilin 1 has also been implicated in
VEGF-mediated inhibition of DC maturation (64). Furthermore,
by upregulating PD-L1 on DCs, VEGF can further suppress DC
function, resulting in suppressed T-cell function and/or
expansion (65). High levels of VEGF expression in human
cancers have been linked with defective DC function and a
reduction in mature DCs, especially in advanced-stage tumors
(38, 50).

Data from in vitro studies show that VEGF was able to inhibit
the differentiation of monocytes into DCs which could be
restored with treatment with bevacizumab or sorafenib, a
multi–tyrosine kinase VEGFR2 inhibitor (66). Relatedly,
bevacizumab treatment has been shown to increase the
Frontiers in Immunology | www.frontiersin.org 581
number of mature DCs in peripheral blood of cancer
patients (67).

A recent study reported that DCs are regulated by PD-L1, and
through blocking PD-L1, T-cell priming was augmented by the
activation of the PD-L1/B7.1 signaling axis (68). In the same
study, patients with either renal cell carcinoma (RCC) or non-
small cell lung cancer (NSCLC) harboring a high DC signature
before treatment were more prone to respond to PD-L1
inhibition with atezolizumab.

In summary, studies show that DCs are regulated by both the
PD-L1 and VEGF signaling axes. Multiple studies demonstrate
that VEGF can drive immunosuppression partly through
inhibition of DC maturation and can facilitate immune evasion
as a result of attenuated T-cell activation and priming which.
Taken together, these findings suggest that combined inhibition
of PD-1/PD-L1 and VEGF could result in enhanced activation
and recruitment of T cells via regulation of DC function
and maturation.

T-Cell Proliferation, Trafficking, and
Infiltration (CIC Steps 4 and 5)
The trafficking of primed and activated T cells from the lymph
node to the tumor bed are highlighted in Steps 4 and 5 of the
CIC. Anticancer immunity is imparted by both tumor-
FIGURE 2 | Mechanisms of VEGF-mediated immunosuppression in the TME. Beyond its ability to mediate immune suppression via an abnormal tumor vasculature,
increased VEGF levels can lead to immune suppression via inhibition of DC maturation, reduction of T-cell tumor infiltration, and promotion of inhibitory cell types in
the TME. APC, antigen-presenting cells; CTLA, cytotoxic T lymphocyte associated; DC, dendritic cell; MHC, major histocompatibility complex; PD-1, programmed
cell death 1 protein; PD-L1, programed cell death ligand 1; PlGF, placental growth factor; TME, tumor microenvironment; TCR, T-cell receptor; VEGF, vascular
endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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infiltrating immune cells residing in tissue as well as in the blood
(13). Successful blockade of PD-1/PD-L1 is reliant on effective
trafficking of tumor-targeted T cells from lymph nodes, through
the blood stream, and into the tumor (69). As a result, resistance
to PD-1/PD-L1 inhibition is often linked with inadequate T-cell
infiltration into the tumor prior to treatment (12, 41, 42). To
effectively infiltrate the tumor and integrate into the TME,
immune cells must be able to enter the tumor vasculature,
attach to the endothelium, and then migrate across the vessel
wall (39). The trafficking of primed and activated T cells from the
lymph node into circulation and then to the tumor is dependent
on a series of steps that includes T-cell rolling and adhesion to
the vascular endothelium (69, 70).

VEGF plays a critical role in this process by stimulating
abnormal vasculature formation in the tumor, which can
negatively impact T-cell migration from lymph nodes into the
tumor bed (40, 45, 51). VEGF, as well as other immunosuppressive
factors, can attenuate the expression of adhesion molecules (e.g.,
Frontiers in Immunology | www.frontiersin.org 682
intracellular adhesion molecule 1, vascular adhesion molecule 1,
CD34) on the vascular endothelium of the tumor. Reduced
expression of adhesion molecules acts to impair the ability of
immune cells to adhere to and migrate across the vessel wall,
thereby preventing their entry into the tumor (71). Other studies
have suggested that VEGF exposure can lead to the abnormal
clustering of adhesion molecules on endothelial cells, resulting in
reduced T-cell adhesion (72).

Endothelial cells can express a range of molecules that serve to
create an impermeable barrier to certain immune cells (13). One
such molecule is FAS antigen ligand. In combination with
prostaglandin E2 and IL-10, FAS antigen ligand acquired the
ability to induce apoptosis of CD8+ T cells but not Tregs (73).
Pharmacologic blockade of VEGF-A induced a marked increase
in the influx of tumor-rejecting CD8+ T cells over Tregs that was
dependent on attenuation of FAS antigen ligand expression and
led to CD8-dependent tumor growth suppression (73). Studies in
cancer patients have shown links between tumor angiogenesis,
TABLE 1 | Selected preclinical studies.

Checkpoint
Inhibitor

Antiangiogenic Therapy Tumor Model Key Resultsa Reference

Anti–PD-1 mAb
(clone RMP-014)

DC101 (anti-VEGFR2 mAb) Hepatocellular
carcinoma

* Anticancer activity ↑
* Animal survival ↑
* CD8+ T-cell infiltration and activation ↑
* CD4+-mediated vessel normalization
* PD-1/PD-L1 expression ↑ with anti-VEGFR2 block
(mediated by IFN-g)
* M2 ! M1 shift in TAMs
* Treg and CCR2+ infiltration ↓

Shigeta et al. (52)

Anti–PD-1 mAb;
(clone RMP1-14)

Lenvatinib (TKI targeting VEGFR 1-3,
FGFR 1-4, PDGFRa, KIT, and RET)

Hepatocellular
carcinoma

* Anticancer activity ↑
* Response rate ↑
* CD8+ T cells ↑
* Macrophages and monocytes ↓

Kimura et al. (53)

Anti–PD-1 mAb
(clone RMP-014)

DC101 (anti-VEGFR2 mAb) Colon cancer * Anticancer activity ↑
* Animal survival ↑
* TOX-dependent T-cell exhaustion induced by VEGF-A
* Reinvigoration of exhausted T cells

Kim et al. (54)

Anti–PD-L1 mAb
(clone 6E11)

Anti-VEGF mAb (B20-4.1.1) SCLC * Animal PFS and OS ↑
* Rescue of exhausted T-cell phenotype

Meder et al. (55)

Anti–PD-1 mAb
(clone RMPI-14)

DC101 Colon cancer * Angiogenesis ↓
* T-cell infiltration ↑
* Cytokine expression ↑

Yasuda et al. (56)

Anti–PD-1 mAb
(clone RMP1-14)

Sunitinib (VEGFR TKI) Colon cancer * PD-1+CD8+ T cells ↓
* Anticancer activity ↑

Voron et al. (57)

Anti–PD-L1 mAb
(clone 10F.9G2)

DC101 * Pancreatic cancer
* Breast cancer
* Glioblastoma

* IFNg-expressing CD8+ and IFNg-expressing CD4+ T cells ↑
* Anti–PD-L1 enhanced antiangiogenic efficacy in pNET and
BC, but not GBM
* PD-L1 expression on relapsing tumor cells ↑
* Vessel normalization ↑ by PD-L1 blockade and formation of
HEVs ↑ via LTbR

Allen et al. (58)

Anti–PD-1 mAb
(clone 29F.1A12

Axitinib * Lung
* Colon

* Mast cells ↓
* TAMs ↓
* T-cell depletion ↓ axitinib antitumor activity and survival
* Axitinib induced ↓ checkpoint expression on CD8+ T cells
* Axitinib + anti–PD-1 ↑ animal survival

Läubli et al. (59)
November 2020 | Volume
↑ indicates increased cell numbers or an improvement in outcome compared with those observed with control treatments. ↓ indicates decreased cell numbers or a decrease in the
outcome measured compared with control treatments.
CCR2+, chemokine (C-C motif) receptor 2–positive monocyte; HEVs, high endothelial venules; LTbR, lymphotoxin-b receptor; mAb, monoclonal antibody; MDSCs, myeloid-derived
suppressor cells; NA, not applicable; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; sVEGFR, soluble VEGF receptor; TAMs, tumor-associated
macrophages; TOX, thymocyte selection-associated high mobility group box protein; TKI, tyrosine kinase inhibitor; Treg, regulatory T cell; VEGFR, VEGF receptor.
aComparisons are between combined therapy and monotherapy or control treatments (see references for details).
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tumor vascular dysfunction, or elevated VEGF-A levels and
diminished tumor T-cell infiltration (74).

T-cell exhaustion, characterized by the expression of negative
immune checkpoints such as PD-1 receptors that result in a
progressive loss of function, is an important mechanism of
anticancer immune evasion. Studies in mouse models have
shown that increased VEGF-A in the TME can enhance the
expression of PD-1—as well as other receptors involved in T-cell
exhaustion—on CD8+ T cells, which could be prevented by anti
VEGF treatment (57).

In summary, many of the immunosuppressive effects of
VEGF are mediated by abnormalities in the tumor vasculature
that are driven by VEGF, which can subsequently prevent
effective T-cell infiltration and promote tumor immune
evasion. Further, pharmacologic blockade of VEGF promotes
the infiltration of cytotoxic T cells into tumors.

Vascular Normalization
Aberrant angiogenesis as well as physical compression leads to
abnormal vessels and impaired blood perfusion in tumors (45).
Abnormal vessels mediate immune escape and can reduce the
efficacy of immunotherapy by hampering the delivery of drugs,
oxygen, and effector T cells. Abnormal tumor blood vessels are
prone to hypoxia and acidosis within the TME, which mediates
suppressed anticancer immunity through several mechanisms
(13, 45). As a result, alleviating vascular dysfunction—a process
referred to as “vascular normalization”—could both improve the
delivery and efficacy of anticancer treatments and overcome
TME immunosuppression (75). Studies in mice have
demonstrated that modulation or normalization of tumor
vasculature can result in increased T-cell recruitment and
infiltration into tumors (76, 77). In turn, vascular function can
also be regulated by immune cells, as shown by a recent study in
experimental breast tumors models in which effector CD4+ T
cells, introduced by either adoptive transfer or dual PD-1/CTLA4
blockade, were found to both normalize blood vessels and
attenuate hypoxia (78). Relatedly, in breast and colon tumor
models, anti-PD-1 or anti-CTLA-4 treatment boosted vessel
perfusion through the promotion of CD8+ T-cell accumulation
and IFN-g production, suggesting that improved vessel perfusion
was contingent on upregulated T-cell immunity induced by
checkpoint blockade (79). These data indicate that both
vascular and T-cell function are mutually regulated processes
in cancer.

Recruitment and Proliferation of Immunosuppressive
Cells (CIC Steps 6 and 7)
Steps 6 and 7 of the CIC rely on a permissive TME in which the
balance of effector T cells and immune suppressive cells permits the
recognition and killing of tumor cells (51). VEGF-mediated
immunosuppression is caused by both negative effects on
immune effectors and the augmentation of immune suppressive
cells such as Tregs, MDSCs, and TAMs with pro-tumor phenotypes
(17, 80). In addition to downregulating anticancer immunity,
suppressive cells can also drive angiogenesis, thereby creating a
vicious cycle of immunosuppression (80). Reprogramming of the
TME from immune suppressive to immune permissive may be
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possible by blocking VEGF-induced expansion of MDSCs, Tregs
and other immune suppressive cells which would lead to activation
of antitumor immunity (17, 39).
Myeloid Cells
Myeloid cells include macrophages, neutrophils, and MDSCs.
MDSCs play a critical role in regulating anticancer immunity in
the TME as well as resistance to PD-1/PD-L1 antibodies. MDSCs
are a diverse population of myeloid cells existing in various states
of differentiation that display potent immune suppressive
functions (81, 82). MDSCs also potentiate angiogenesis via
different mechanisms (83).

MDSCs facilitate tumor progression via two principle
mechanisms: (1) immune suppression by perturbation of
immune effector function (T cells and natural killer cells) and
the induction of Tregs; (2) promotion of angiogenesis (77).
MDSCs in the TME are able to suppress the proliferation of
tumor-specific T cells and promote Treg development or
differentiation, leading to suppressed T-cell immunity. The
binding of VEGF to VEGFR on MDSCs activates signaling via
signal transducer and activator of transcription 3, resulting in
their expansion (83). Although the pro-tumoral effects of
MSDCs have been ascribed to immune-related parameters,
non-immune mechanisms such as promotion of angiogenesis
also foster cancer progression and metastasis (84). A recent study
reported that PD-1 signaling regulates the lineage fate and
functionality of myeloid cells in mice. Specifically, selective
PD-1 ablation in myeloid cells was found to be more effective
at inhibiting tumor growth than global PD-1 deletion in T cells
(85, 86). In addition, targeted ablation of PD-1 on myeloid cells
was shown to induce an increase of T-effector memory cells with
improved functionality which allowed for effective antitumor
protection despite functional PD-1 expression in T cells.

In a RCC mouse model, bevacizumab was shown to reduce
the number of MDSCs (87). Sunitinib (a VEGFR TKI) increases
TILs and reduced MDSCs in human RCC (88). In a murine
model of RCC, sunitinib markedly reduced the infiltration of
MDSCs into tumors, as well as reduced MDSCs in the peripheral
blood of patients with RCC (89). MDSCs are also implicated in
resistance to VEGF blockade in both mouse models as well as
patients with cancer (89–91). In a syngeneic murine model of
hepatocellular carcinoma (HCC), antibody targeting of tumor-
infiltrating MDSCs improved the anticancer activity of
sorafenib (90).

Collectively, these data indicate that myeloid cell function is
orchestrated by both VEGF and PD-1 pathways, highlighting the
rationale for therapeutic PD-1/PD-L1 plus VEGF inhibition in
cancers in which myeloid-driven immunosuppression blunts an
effective anticancer immune response.

Regulatory T-Cells
Regulatory T-cells (Tregs) are potent mediators of TME
immunosuppression (92) and are regulated by several tumor-
secreted factors, including VEGF (93, 94). VEGF has been shown
to trigger Treg recruitment and proliferation (93). For example,
VEGF blockade can lead to decreased numbers of Tregs in the TME
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both in CRC mouse models and patients with CRC treated with
combination of bevacizumab and chemotherapy (95). Further, the
hypoxic conditions that result from VEGF-mediated abnormalities
in the tumor vasculature can also induce secretion of chemokine
CCL28 from tumor cells that leads to Treg recruitment, and
accumulation of immunosuppressive M2 tumor-associated
macrophages. Through these actions, excessive VEGF creates an
immune suppressive TME that downregulates tumor-specific T-cell
function, thereby facilitating tumor immune evasion (13, 17). Anti-
VEGF treatment has been shown to reduce tumor-related Tregs in
patients with RCC (96).

Other Immunosuppressive Cell Types
MDSCs and Tregs act in concert with other immunosuppressive
cell types in the TME that are regulated by VEGF and contribute
suppressed antitumor immunity (17). For example, in a murine
HCC model dual anti–PD-1/VEGFR2 treatment significantly
inhibited primary tumor growth and (52) and successfully
reprogrammed the TME through increased CD8+ T-cell
infiltration and activation, shifting the M1:M2 ratio of TAMs,
and reducing Treg and chemokine receptor 2 infiltration in HCC
tissue. In addition, combination treatment induced durable
vessel fortification. Similar immunomodulatory effects have
been reported with lenvatinib, an anti-VEGFR TKI, combined
with an anti–PD-1 antibody in murine HCC models (53, 97).

Data From Clinical Biomarker Studies
Accumulating clinical biomarker data from studies in RCC and
HCC have offered mechanistic insights into how VEGF blockade
can overcome ICI resistance.

The combination of atezolizumab and bevacizumab was
evaluated in two clinical studies of patients with advanced
RCC in which immune markers were correlated with clinical
efficacy to investigate the mechanisms underpinning PD-L1/
VEGF inhibition (98, 99).

In Phase I study, 10 patients with RCCwere treated initially with
bevacizumab to evaluate the effects of bevacizumab on the TME,
followed by combination therapy with atezolizumab (98). Serial
biopsies and blood draws were performed at baseline, following
bevacizumab, and 4 to 6 weeks after commencing combination
treatment. Treatment with bevacizumab alone resulted in
upregulation of MHC I staining by immunohistochemistry
(IHC). Interestingly, this response was coupled with other
favorable effects in the TME such as increased CD8+ T-cell and
macrophage infiltration, as well as increased gene signature
expression related to T-helper and CD8+ T-effector cells, natural
killer cells, and chemokines.

In addition to favorable immune-related changes,
bevacizumab alone or bevacizumab plus atezolizumab also
induced changes in vascular parameters such as decreases in
expression of neovasculature-related genes, staining of vessel-
lining endothelial cell marker CD31 in the tumor, and
microvascular density (98). Reduced microvascular density was
associated with enhanced CD8+ T-cell tumor staining by IHC,
suggesting increased T-cell infiltration. Of note, patients treated
with atezolizumab and bevacizumab had more CD8+ T-cell
tumor infiltration than those treated with bevacizumab alone.
Frontiers in Immunology | www.frontiersin.org 884
Subsequently, a randomized Phase II trial was undertaken to
evaluate the efficacy of atezolizumab with or without bevacizumab
compared with sunitinib as a first-line treatment of clear-cell RCC
(99). This study included biomarker analysis (high vs. low) to study
three biological axes: angiogenesis, preexisting immunity, and
myeloid immune suppression. The combination of atezolizumab
plus bevacizumab had a marked PFS benefit over sunitinib or
atezolizumab monotherapy in patients with tumors harboring
elevated expression of a myeloid inflammation signature and
T-effector signature, whereas sunitinib had greater efficacy than
the combination in patients with tumors with high levels of
angiogenesis (99). These exploratory data suggest that myeloid-
induced immune suppression might act to restrain antitumor
immune responses induced by atezolizumab and that the
addition of bevacizumab could act to circumvent this restraint (50).

More recently, a genomic correlative study from a
randomized Phase Ib cohort evaluating atezolizumab alone or
in combination with bevacizumab in unresectable HCC was
presented (100). Similar to the RCC analysis described above (99),
this study evaluated immunological biomarker subpopulations
defined according to gene signatures (characterized as high vs.
low relative to the median). The progression-free survival (PFS)
benefit of combination treatment compared with atezolizumab
alone was particularly marked in patients with HCC who had
high expression of the following biomarkers: VEGFR2 gene
(KDR), myeloid, Tregs, and triggering receptor expressed on
myeloid cells-1 (TREM-1) (Table 2). These observations are
consistent with mechanisms implicated in preclinical studies in
murine HCC models, as well as data showing that VEGF/
VEGFR2 blockade can inhibit Treg and MDSC accumulation
tumors or blood in human cancers (52, 63, 95, 101). Although
these findings require validation, they provide direct evidence
that myeloid- and/or Treg-mediated immunosuppression play
an important role in mediating resistance to PD-L1 blockade and
that these mechanisms can be therapeutically abrogated with
anti-VEGF therapy.

It remains to be seen whether the therapeutically relevant
immune suppressive mechanisms described in this section are
broadly applicable across cancer types or vary depending on
tumor histology and tissue-specific immune regulation (102).
TABLE 2 | PFS benefit with atezolizumab plus bevacizumab compared vs.
atezolizumab alone in subpopulations of patients by HCC exploratory
biomarkers.

Biomarker
Subpopulation

Atezolizumab + Bevacizumab vs.
Atezolizumab PFS, HR (95% CI)

N per Group
(combo, mono)

VEGFR2 VEGFR2high 0.36 (0.16–0.81) 21, 25
VEGFR2low 0.88 (0.4–1.9) 23, 22

Tregs Treghigh 0.35 (0.15–0.82) 21, 25
Treglow 0.82 (0.39–1.7) 23, 22

Myeloid Myeloidhigh 0.43 (0.19–0.95) 22, 24
Myeloidlow 0.80 (0.37–1.7) 22, 23

TREM TREMhigh 0.43 (0.10–0.94) 24, 22
TREMlow 0.77 (0.36–1.6) 20, 25
November 2020 | Volume 11
HCC, hepatocellular carcinoma; PFS, progression-free survival; Treg, regulatory T cells;
TREM, triggering receptor expressed on myeloid cells-1.
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ANTI-VEGF AS IMMUNOTHERAPY:
EVIDENCE FROM CLINICAL TRIALS

The intriguing preclinical and translational clinical studies
highlighting the immunomodulatory effects of VEGF blockade
described in the previous section have resulted in a myriad of
clinical trials testing the combination of PD-1/PD-L1 antibodies
with anti-VEGF drugs (Tables 3 and 4) (7). Positive Phase III
studies have led to recent approvals by the FDA for dual PD-1/
PD-L1 and anti-VEGF combinations in RCC (pembrolizumab
plus axitinib, and avelumab plus axitinib), endometrial
carcinoma (pembrolizumab plus lenvatinib), non-squamous
NSCLC (atezolizumab, bevacizumab and chemotherapy), and
HCC, suggesting a potential broad clinical utility of this
combination strategy (104, 105, 107, 109–111). Given the
number of clinical studies, the following section focuses
primarily on randomized trials for which results are available.
Renal Cell Carcinoma
Clear-cell RCCs, which make up approximately 70% of RCC
cases, are associated with a hyperangiogenic state that is brought
on by VEGF overproduction resulting from inactivation of the
von Hippel–Lindau tumor-suppressor gene (112). As a result,
multiple VEGF-directed therapies are approved for the
treatment of RCC (Supplemental Table 2).

As well as being highly angiogenic, RCC is also immunogenic, as
evidenced by responsiveness to PD-1/PD-L1 axis blockade (99,
113). These clinical findings, coupled with emerging data regarding
the immunomodulatory actions of anti-VEGF drugs, led to
multiple studies combining anti-VEGF agents with PD-1/PD-L1
antibodies (114). The combination of ICIs and antiangiogenics has
been tested most extensively in patients with advanced RCC.

Early clinical studies in patients with RCC demonstrated
encouraging antitumor activity of these combination regimens
along with a manageable safety profile (94, 115, 116). However,
some combinations involving VEGF TKIs were associated with
excessive toxicity that precluded further development and
highlighted the need for careful selection of the antiangiogenic
agent (117). To date, five Phase III studies have been initiated to
evaluate various combinations of VEGF or VEGFR inhibitors plus
either PD‐1 or PD‐L1 antibodies in patients with advanced RCC, of
which three have been published (103, 105, 109). Based on the
results of JAVELIN 101 and KEYNOTE-426, combination
treatment with either pembrolizumab or avelumab plus axitinib is
now considered a standard of care in frontline advanced RCC
(118, 119).

IMmotion151
IMmotion151 was a randomized Phase III study comparing
atezolizumab plus bevacizumab vs. sunitinib in patients with
advanced RCC (103). Co-primary endpoints were investigator-
assessed PFS in the PD-L1+ population and overall survival (OS)
in the intention-to-treat (ITT) population. A total of 915 patients
were randomized to receive either atezolizumab plus
bevacizumab or sunitinib. Bevacizumab plus atezolizumab
significantly improved PFS compared with sunitinib in patients
Frontiers in Immunology | www.frontiersin.org 985
with PD‐L1+ tumors (HR, 0.74; P = .02) and in the ITT
population (HR, 0.83). In the ITT population, OS did not cross
the significance boundary at the interim analysis (HR, 0.93).

Javelin 101
Javelin 101 was a randomized Phase III study comparing
avelumab plus axitinib vs. sunitinib in patients with advanced
RCC (105). A total of 886 patients were randomized to either
avelumab plus axitinib or sunitinib. The combination of axitinib
plus avelumab significantly improved PFS compared with
sunitinib in patients with PD‐L1+ tumors (HR, 0.61; P <.001)
and in the ITT population (HR, 0.69; P <.001). PD‐L1+ patients
had objective response rates (ORRs) of 55.2% vs. 25.5% in favor
of axitinib plus avelumab. OS was immature at the time of data
cutoff. In the ITT population, axitinib plus avelumab treatment
resulted in an ORR of 51% compared with 26% with sunitinib.

KEYNOTE-426
KEYNOTE-426 was a randomized Phase III study comparing
pembrolizumab plus axitinib to sunitinib in patients with
advanced clear-cell RCC (109). A total of 861 patients were
randomized to receive either pembrolizumab plus axitinib or
sunitinib. The combination of axitinib plus pembrolizumab
significantly improved both OS (HR, 0.53; P < 0.0001) and PFS
(HR, 0.69; P < 0.001) compared with sunitinib in the ITT
population. Notably, KEYNOTE‐426 was the first of the
combination studies to demonstrate an OS benefit over
sunitinib in RCC. ORR, a secondary endpoint, was also
significantly improved with axitinib plus pembrolizumab
compared with sunitinib (59.3% vs. 35.7%; P < 0.0001).

Colorectal Cancer
The clinical benefit of ICIs in metastatic colorectal cancer
(mCRC) is confined to the 4% to 5% of patients with tumors
with deficient DNA mismatch repair pathways (dMMR) or high
microsatellite instability (MSI-H) (120, 121). Conversely, PD-(L)
1 inhibitors do not show clinically relevant activity in proficient
DNA mismatch repair pathways (pMMR) or MSS mCRC (120,
122). The marked response to anti–PD-1 therapy in dMMR/
MSI-H mCRC can be explained by high levels of tumor mutation
burden (123–125). However, mutation burden alone cannot
explain the lack of response to anti–PD-1 treatment in MSS/
pMMR mCRC (15, 126). Factors other than mutational burden
might therefore account for the lack of response to checkpoint
blockade in MSS/pMMR mCRC.

The differential response to CPI in dMMR/MSI-H and MSS/
pMMRmCRC is likely due in part to differences in the TME that
impact the tumor’s ability to mount an effective anticancer
immune response (127). VEGF is believed to play a
fundamental role in shaping the immune-suppressive TME in
MSS CRC. Recent data from a series of in vitro, in vivo, and ex
vivo studies demonstrated that severe T-cell exhaustion driven by
VEGF-A was highly prominent in MSS CRC tumors compared
with MSI-H CRC tumors (54). T-cell exhaustion in MSS CRC
tumors was characterized by diminished CD8+ T-cell infiltration
at the invasive margin and tumor body, upregulated expression
of exhaustion markers such as PD-L1, and reduced IFN-g release.
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TABLE 3 | Ongoing randomized Phase II or Phase III studies of PD-1/PD-L1 antibodies combined with VEGF inhibitors.

Anti-VEGF PD-1/PD-L1 Other Drugs/Interventions Tumor Type Study
Phase

n Primary
Endpoint(s)

NCT ID (study name)

Bevacizumab Atezolizumab Paclitaxel + carboplatin Recurrent OC,
FTC, or PPC

III 1300 PFS/OS NCT03038100
(IMagyn050)

Bevacizumab Atezolizumab Paclitaxel or pegylated liposomal
doxorubicin

Recurrent OC III 664 PFS/OS NCT03353831

Bevacizumab Atezolizumab Carboplatin + gemcitabine,
carboplatin + paclitaxel or
carboplatin + pegylated
liposomal doxorubicin

OC III 600 PFS NCT02891824
(ATALANTE/ENGOT

OV29)

Bevacizumab Atezolizumab Pegylated liposomal doxorubicin
hydrochloride

Recurrent OC,
FTC, or PPC

II/III 488 PFS/OS NCT02839707

Bevacizumab Atezolizumab Aspirin Recurrent platinum-resistant OC,
FTC or PPC

II 160 PFS at 6
months

NCT02659384
(EORTC-1508)

Bevacizumab Durvalumab Carbo/tax
Olaparib

1L OC III 1056 PFS in BRCA
non-mut

NCT03737643
(DUO-O)

Bevacizumab Atezolizumab FOLFOX 1L dMMR mCRC III 347 PFS NCT02997228
(COMMIT)

Bevacizumab Atezolizumab FOLFOXIRI 1L mCRC II 201 PFS NCT03721653
(AtezoTRIBE)

Bevacizumab Nivolumab N/A Recurrent GBM II 90 OS at 12
months

NCT03452579

Bevacizumab Nivolumab FOLFOX 1L mCRC II/III 180 PFS NCT03414983
(CheckMate 9X8)

Bevacizumab Atezolizumab carboplatin and pemetrexed 1L NSCLC (non-squamous) II 117 PFS NCT03786692
Bevacizumab Nivolumab Carboplatin/paclitaxel 1L NSCLC (non-squamous) III 530 PFS NCT03117049

(TASUKI-52)
Bevacizumab Pembrolizumab Chemotherapy 1L cervical cancer III 600 PFS/OS NCT03635567

(KEYNOTE-826)
Bevacizumab Atezolizumab Chemotherapy 1L cervical cancer III 404 OS NCT03556839

(BEATcc)
Bevacizumab Atezolizumab Carboplatin/pemetrexed 1L pleural mesothelioma III 320 PFS/OS NCT03762018

(BEAT-meso)
Bevacizumab Atezolizumab N/A Adjuvant HCC III 662 RFS NCT04102098

(IMbrave 050)
Bevacizumab Durvalumab N/A Adjuvant HCC III 888 RFS NCT03847428

(EMERALD-2)
Bevacizumab Durvalumab TACE Intermediate-stage HCC III 600 PFS NCT03778957

(EMERALD-1)
Bevacizumab Durvalumab N/A 1L HCC II 433 Safety NCT02519348
Cabozantinib Atezolizumab N/A 1L HCC III 740 PFS/OS NCT03755791

(COSMIC-312)
Apatinib SHR-1210 N/A IL HCC III 510 PFS/OS NCT03764293
Lenvatinib Pembrolizumab N/A Recurrent endometrial cancer III 780 PFS/OS NCT03517449

(KEYNOTE-775)
Lenvatinib Pembrolizumab N/A 1L advanced endometrial cancer III 720 PFS/OS NCT03884101

(LEAP-001)
Lenvatinib Pembrolizumab N/A 1L HCC III 750 PFS/OS NCT03713593

(LEAP 002)
Lenvatinib Pembrolizumab N/A 1L RCC III 1069 PFS NCT02811861

(CLEAR)
Cabozantinib Nivolumab N/A 1L RCC III 638 PFS NCT03141177

(CheckMate 9ER)
Cabozantinib Nivolumab Ipilimumab 1L RCC III 1046 OS NCT03793166

(PDIGREE)
Cabozantinib Nivolumab Ipilimumab 1L RCC III 676 PFS NCT03937219

(COSMIC-313)
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CRC, colorectal carcinoma; dMMR, mismatch repair deficient; ER, estrogen receptor; FTC, fallopian tube cancer; GBM, glioblastoma; HCC, hepatocellular carcinoma; HER2, human
epidermal growth factor receptor 2; m, metastatic; MSS, microsatellite stable; N/A, not applicable; NSCLC, non-small cell lung cancer; OC, ovarian cancer; OS, overall survival; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; PFS, progression-free survival; pMMR, mismatch repair proficient; PPC, primary peritoneal cancer; RCC, renal
cell carcinoma; TACE, transarterial chemoembolization; UC, urothelial carcinoma.
Studies included in Table 1 are not included.
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TABLE 4 | Completed randomized studies of PD-1/PD-L1 antibodies combined with VEGF inhibitors in solid tumors.

PFS ORR (vs. control) NCT ID (study
name)

Reference

PD-L1
HR, 0.74
(95% CI,
0.57–0.96),
P = 0.02
ITT
HR, 0.83
(95% CI: 0.70–0.97)

PD-L1+
43% vs. 35%
ITT
37% vs. 33%

NCT02420821
(IMmotion151)

Rini (103),. Lancet 393,
2404–2415.

ITT-WT
HR, 0.62
(95% CI, 0.52–0.74;
P < 0.001)

ITT-WT
ORR: 64% vs.
48%

NCT02366143
(IMpower150)

Socinski et al. N Engl J Med,
(104)

ITT
HR, 1.00
(95% CI, 0.69–1.45)
PD-L1+
HR, 0.64
(95% CI, 0.38–1.08)

ITT
32% vs. 29%
PD-L1+
46% vs. 27%

NCT01984242
(IMmotion150)

McDermott et al. Nat Med
(99)

HR: 0.69; (95% CI,
0.57–0.84; P = 0.0001)

59% vs. 36%;
P < 0.0001)

NCT02853331
(Keynote 426)

Motzer, (105). N Engl J Med
380, 1103–1115.

0.61 (95% CI, 0.47– 0.79;
P < 0.001)

ORR: 55% vs.
26%

NCT02684006
(Javelin RENAL)

Motzer et al. (105). N Engl J
Med 380, 1103–1115.

PFS HR: 0.55; (80% CI,
0.40–0.74; P = 0.011)

ORR: 20% vs.
17%

NCT01633970 Lee et al. (106) Lancet Oncol
21, 808–820

PFS HR: 0.59; (95% CI,
0.47– 0.76; P < 0.001)

ORR: 27% vs.
12% (P < 0.001)

NCT03434379
(IMbrave150)

Finn et al. (107). N Engl J
Med 382, 1894–1905.

HR 0.73 (95% CI,
0.49–1.07; P = 0.051)

ORR: 9% vs. 4% NCT02873195
(BACCI)

Mettu et al. (108) (ESMO)

linicalTrials.gov identifier; NR, not yet reached; NSCLC, non-small cell lung cancer; OS, overall survival; PD-L1,
CXCL9, and interferon-g); WT, wild-type.
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Experimental Arm(s) Control Arm Tumor Phase Primary
Endpoint(s)

OS

Bevacizumab +
Atezolizumab

Sunitinib 1L RCC III PFS
(PD-L1+);
OS (ITT)

ITT Population
OS HR: 0.93; (0.76–
1.14; P = 0.4751)a

Bevacizumab +
Atezolizumab + chemo

Chemo +
bevacizumab

1L NSCLC III PFS in ITT-
WT;
PFS in Teff-
high WT;
OS in ITT-
WT

ITT-WT
HR, 0.78
(95% CI, 0.64–0.96; P =
0.02)

Bevacizumab +
Atezolizumab

Sunitinib 1L RCC II PFS in ITT
and PD-L1+

NR

Axitinib + Pembrolizumab Sunitinib 1L RCC III PFS/OS HR 0.53; (95% CI,
0.38–0.74; P < 0.0001)

Axitinib + Avelumab Sunitinib 1L RCC III PFS/OS (PD-
L1+)

0.82 (95% CI, 0.53–
1.28; P = 0.38)

Bevacizumab +
Atezolizumab

Atezolizumab 1L HCC Ib PFS (Arm F) NR

Bevacizumab +
Atezolizumab

Sorafenib 1L HCC III PFS/OS OS HR: 0.58 (0.42–
0.79; P < 0.001)

Bevacizumab +
Atezolizumab +
capecitabine

Capecitabine +
bevacizumab

Chemo
refractory
mCRC

II PFS HR 0.94 (0.56–1.56; P
= 0.398)

HCC, hepatocellular carcinoma; HR, hazard ratio; INV, investigator-assessed; ITT, intention-to-treat; NA, not available; NCT ID, C
programmed death-ligand 1; PFS, progression-free survival; RCC, renal cell carcinoma; Teff, T-effector gene signature (PD-L1,
aResults did not cross the prespecified significance boundary of a = 0.0009 at the first interim analysis.
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The frequency of a wound-healing gene signature characterized
by the elevated expression of angiogenic genes was found in 81%
of MSS CRC tumors compared with 40% of MSI-H tumors.
Furthermore, VEGF expression was markedly higher in MSS vs.
MSI-H CRC tumors and VEGF was found to drive T-cell
exhaustion as well as reduced T-cell functionality in MSS
tumors. Together, these data give mechanistic insights into the
role of VEGF-mediated suppression of T-cell immunity in CRC
tumors and provide a rational framework to clinically evaluate
co-targeting VEGF and PD-1/PD-L1 pathways.

dMMR/MSI-H Colorectal Cancer
MSI‐H/dMMR status is a biomarker associated with poor
prognosis in mCRC and is predictive for response to immune
CPIs (128). Phase II studies demonstrated durable responses of
MSI‐H/dMMR tumors to PD-1 inhibitors (120, 128, 129).
Pembrolizumab was recently shown in a Phase III study to
significantly improve PFS vs. chemotherapy as first-line therapy
for patients with MSI-H/dMMR mCRC (130).

Despite high levels of response to PD-1 blockade, not all
patients with dMMR/MSI-H disease respond or subsequently
develop resistance, potentially as a result of mechanisms similar
to those observed in other cancers, including VEGF (129). The
combination of atezolizumab and bevacizumab was studied in a
cohort of 10 patients with heavily pretreated MSI-H mCRC and
resulted in an ORR of 30% and a disease control rate of 90% (131).

The immunomodulatory role of VEGF in colon cancer was
retrospectively studied in the NSABP C-08 study of adjuvant
FOLFOX plus bevacizumab in stage II/III colon cancer (132). In
the overall study population, bevacizumab did not significantly
improve disease-free survival (HR, 0.89). However, in a post hoc
analysis of patients harboring either dMMR or pMMR,
bevacizumab was associated with improved survival compared
with FOLFOX alone in the dMMR subgroup (133). By contrast,
no survival benefit was seen in the pMMR subgroup. This result
suggests that inhibition of VEGF alone, at least in some groups of
patients with CRC and preexisting anticancer immunity,
provides an immunostimulatory effect sufficient to augment
the anticancer immune response and provides a rationale to
combine bevacizumab with a CPI to amplify immunity (38). A
Phase III study is ongoing to evaluate the combination of
FOLFOX and bevacizumab with or without atezolizumab in
first-line mCRC with dMMR (134).

MSS Colorectal Cancer
Unlike dMMR/MSI-H mCRC, patients with MSS mCRC (who
account for around 95% of patients) anti–PD-(L)1 therapy has
demonstrated limited or no clinical benefit (124, 135–138).

Treatment with chemotherapy and bevacizumab has been
shown to induce positive immunological changes (e.g., increase
in total lymphocytes, increase in CD4 and CD8 T cells) in the
peripheral blood of patients with mCRC (139). However, these
favorable changes were largely transient and had dissipated by
cycle 6 of treatment. This suggests that amplifying these
chemotherapy/anti-VEGF-induced immunomodulatory effects
with a CPI could be beneficial.
Frontiers in Immunology | www.frontiersin.org 1288
In a Phase I study of 14 patients with refractory MSS CRC
treated with atezolizumab plus bevacizumab, 1 patient (7%) had
an objective response and 9 patients (64%) had stable disease
(140). In a cohort of 23 patients with first-line mCRC, an ORR of
52% was reported, along with a median PFS of 14.1 months (95%
CI, 8.7–17.1) and a median duration of response of 11.4 months
(141). Interestingly, a single patient experienced a durable
complete radiological response in a liver lesion.

These preliminary Phase I data prompted the initiation of a
number of randomized studies evaluating the combination of PD-
(L)1 antibodies and anti-VEGF drugs in mCRC. The BACCI
study, a placebo-controlled randomized Phase II study, evaluated
the addition of atezolizumab to bevacizumab and capecitabine in
refractory mCRC (108). Approximately, 86% of randomized
patients had MSS mCRC. In the overall study population (n =
133), atezolizumab plus capecitabine/bevacizumab significantly
improved PFS compared with capecitabine/bevacizumab (median
PFS, 3.3 vs. 4.4 months; HR, 0.73; P = 0.051). In patients withMSS
tumors, the PFS benefit was more pronounced (HR 0.67).
Response rate and OS were not significantly increased (108).
Maintenance therapy with atezolizumab following induction
treatment with FOLFOX plus bevacizumab in first-line mCRC
was evaluated in the MODUL study (142). A total of 696 patients
without B-Raf proto-oncogene, serine/threonine kinase (BRAF)
mutations were randomized to either fluorouracil (5-FU)–
bevacizumab plus atezolizumab or 5-FU–bevacizumab (143).
The study did not meet its primary PFS endpoint (HR, 0.92; P
= 0.48). In an updated analysis, the PFS outcome was unchanged
and survival was not significantly increased (HR, 0.86; P = 0.28).

In an effort to improve the immune recognition of colorectal
tumors, atezolizumab was combined with cobimetinib [a
mitogen-activated protein kinase kinase (MEK) inhibitor] and
bevacizumab in patients with previously treated mCRC in a
Phase I trial (144). The rationale for pairing a PD-L1 antibody
with a MEK inhibitor was the results of a preclinical study that
showed that MEK pathway blockade augmented the antitumor
activity of CPIs by increased T-cell infiltration into tumors and
increased MHC-1 and PD-L1 expression (145, 146). The
combination of atezolizumab, bevacizumab, and cobimetinib
had an ORR of 8% in both patients with second-line mCRC
and those with refractory mCRC; 92% of patients hadMSS disease
and 8% had unknown MSI status (144). PFS and OS appeared to
be enhanced in patients harboring RAS mutations. Notably,
atezolizumab combined with cobimetinib did not improve
survival in refractory mCRC compared with standard-of-care
regorafenib in a Phase III study (35). Because of the equivocal
clinical benefit of the atezolizumab-bevacizumab-cobimetinib
combination, further clinical development was halted (144).

The combination of regorafenib and nivolumab was studied
in a Phase Ib trial in Japanese patients with refractory CRC or
gastric cancer, 98% of whom had MSS disease (147). In 25
patients with heavily pretreated MSS CRC, ORR was 33%. Unlike
in the GC cohort, in the limited number of patients with CRC no
clear relationship between PD-L1 or TMB and efficacy outcomes
was observed, and therefore, additional analysis is necessary to
clarify the optimal patient population for this combination.
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Taken together, the efficacy of combined PD-(L)1 antibodies
plus anti-VEGF in MSS mCRC is inconclusive and may suggest
that the combination could be efficacious in as-yet unidentified
subgroups of patients. The data also point to the highly
immunosuppressed nature of MSS colorectal tumors and the
need for novel strategies to circumvent inherent immune
resistance. A Phase II/III trial (CheckMate 9X8) is currently
ongoing to evaluate nivolumab in combination with
bevacizumab and FOLFOX (Table 3).

Lung Cancer
NSCLC accounts for 80% to 85% of lung cancers, and
adenocarcinoma and squamous cell carcinoma are the most
common NSCLC histologic subtypes (148). CPIs have
revolutionized the treatment of NSCLC, and most patients
with newly diagnosed advanced NSCLC are indicated for
treatment with PD-1 or PD-L1 antibodies, either as
monotherapy or in combination (149, 150).

The IMpower150 study was designed to evaluate the clinical
benefit of PD-L1 blockade with the immunomodulatory effects of
chemotherapy and anti-VEGF (17, 28, 151–153). IMpower150
was a Phase III randomized trial comparing atezolizumab plus
bevacizumab and chemotherapy (carboplatin and paclitaxel) to
standard-of-care chemotherapy plus bevacizumab in patients
with stage IV non-squamous NSCLC (104). A total of 1,202
patients were randomized to one of three arms to receive either:

• atezolizumab plus carboplatin-paclitaxel (ACP group)
• atezolizumab plus bevacizumab plus carboplatin-paclitaxel

(ABCP group)
• bevacizumab plus carboplatin-paclitaxel (BCP group).

Patients treated with ABCP had improved PFS vs. patients
receiving BCP therapy (HR, 0.62; P < .001) as well as improved
OS (HR 0.78; P = .02). In addition, ORR (a secondary endpoint)
was also increased in patients who received ABCP vs. BCP (64%
vs. 48%, respectively). The clinical benefit of ABCP compared
with BCP extended across key patient subgroups irrespective of
PD-L1 expression levels, presence of baseline liver metastases
(unstratified PFS HR, 0.42; unstratified OS HR, 0.54), and EGFR/
ALK genetic alterations (unstratified PFS HR, 0.59; unstratified
OS HR, 0.54).

In contrast to the OS benefit observed in patients treated with
ABCP vs. BCP (HR, 0.76), no survival benefit (HR 0·85) was seen
in those receiving ACP compared with the standard-of-care BCP
regimen in the ITT population (154). Furthermore, whereas
treatment with ABCP markedly improved PFS and OS relative
to BCP in patients with activating EGFR mutations or liver
metastases, the ACP regimen (without bevacizumab) did not
show improved PFS or survival compared with BCP in these
important clinical subgroups (154) (Figure 3). Relatedly, the lack
of efficacy seen with the ACP regimen in IMpower150 in patients
with EGFR mutations or baseline liver metastases was also
observed in IMpower130, which evaluated atezolizumab in
combination with carboplatin plus nab-paclitaxel chemotherapy
(29).Together, these data indicate that bevacizumab, via restraint of
angiogenesis and reversal of VEGF-driven immunosuppression in
Frontiers in Immunology | www.frontiersin.org 1389
the TME, is needed in addition to atezolizumab and chemotherapy
to unleash clinically effective anticancer immunity in patients with
NSCLCharboring anEGFRmutation or livermetastases (50). Liver
metastases are discussed further in a subsequent section.

On the basis of these data, carboplatin-paclitaxel in
combination with bevacizumab plus atezolizumab is
considered a standard-of-care first-line treatment for patients
with non-squamous metastatic NSCLC (155). Additional
randomized trials evaluating PD-(L)1–VEGF-chemotherapy
combinations are currently ongoing in patients with NSCLC
(Table 3).

Gynecological Cancers
Gynecologic malignancies are among the most prevalent cancers
affecting women worldwide. With the exception endometrial
cancer, in advanced gynecologic cancers CPIs have demonstrated
only limited antitumor activity, highlighting the need for
combination strategies to bolster anticancer immunity in these
tumors (156).

Endometrial Cancer
Up to 30% of endometrial cancers are MSI-H/dMMR and
respond well to anti–PD-(L)1 inhibitors. However, response to
PD-(L)1 blockade in MSS/pMMR endometrial tumors is modest,
highlighting an unmet need for combination CIT regimens to
augment anticancer immunity (157). Dual PD-1 and VEGF
inhibition is one such combination that has been evaluated in
advanced endometrial cancer.

The combination of pembrolizumab and lenvatinib in
advanced primary or recurrent endometrial cancer,
independent of MMR status, was studied in a single arm Phase
II study (110, 111). In the final efficacy analysis, the ORR (by
irRECIST) in 108 previo15usly treated patients was 38% at week
24 per investigator review, with a median PFS of 7.5 months
(111). ORR was 64% in patients with MSI-H tumors (n = 11) and
36% in patients with MSS tumors (n = 94) (158). These
encouraging preliminary data led to accelerated FDA approval
of the combination of lenvatinib with pembrolizumab for the
treatment of advanced endometrial cancer that is not MSI-H/
dMMR and has progressed following prior therapy (157). The
combination of lenvatinib and pembrolizumab is now under
study in two ongoing Phase III trials (Table 3): lenvatinib with
pembrolizumab vs. doxorubicin or weekly paclitaxel in advanced
recurrent endometrial cancer (NCT03517449) and frontline
lenvatinib with pembrolizumab vs. carboplatin and paclitaxel
chemotherapy in advanced endometrial cancer (NCT03884101).
There is also an ongoing Phase II single-group study evaluating
bevacizumab and atezolizumab in recurrent endometrial
cancer (NCT03526432).

Cervical Cancer
The standard treatment for recurrent or metastatic cervical
cancer is a combination of chemotherapy and bevacizumab
(159–162), but treatment options for recurrent disease are
limited. Almost all cervical cancers are mediated by human
papillomavirus infection which, when considered alongside
relatively high mutation burden and expression of PD-L1,
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FIGURE 3 | PFS, OS, and ORR in patients with NSCLC with or without baseline liver metastases. Kaplan-Meier estimates of PFS and OS in patients with or without
liver metastases at baseline in the intention-to-treat population for the ABCP vs. BCP treatment comparison and the ACP vs. BCP treatment comparison. Adapted
from Reck et al. (154). ABCP, atezolizumab plus bevacizumab plus carboplatin plus paclitaxel; ACP, atezolizumab plus carboplatin plus paclitaxel; BCP,
bevacizumab plus carboplatin plus paclitaxel; CI, confidence interval; HR, hazard ratio; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall
survival; PFS, progression-free survival.
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makes immunotherapy a potentially attractive treatment strategy
(163, 164).

Despite having favorable immune biology, patients with
cervical cancer have seen modest activity with single-agent
CPIs (164, 165). The Phase II nonrandomized KEYNOTE-158
study evaluated pembrolizumab in 98 patients with recurrent or
metastatic cervical cancer who had progressed on or were
intolerant to at least one line of standard therapy and reported
an ORR of 12% (166); all responses occurred in PD-L1–positive
tumors. On the basis of these data, the FDA granted accelerated
approval of pembrolizumab for patients with advanced PD-L1–
positive cervical cancer whose disease progressed following first-
line chemotherapy.

The modest activity of single-agent CPIs in patients with
cervical cancer led to studies evaluating multiple combinations,
including of PD-1 and VEGF (156). KEYNOTE-826 and the
BEATcc studies are ongoing Phase III studies evaluating the
combination of PD-(L)1 and VEGF antibodies on a
chemotherapy backbone (167, 168).

Ovarian Cancer
Epithelial ovarian cancer (EOC) accounts for over 95% of cases
of ovarian cancer (169). Chemotherapy combined with
bevacizumab is a standard of care for patients with newly
diagnosed or recurrent disease (170). Despite EOC having
favorable immune characteristics (high levels of TILs,
neoantigens, and PD-L1 expression), the activity of PD-1/PD-
L1 antibodies in EOC is modest, indicating the need for
combination approaches to enhance antitumor immunity (171).

Given the pathogenic role of angiogenesis and the clinical
utility of bevacizumab in EOC, a rationale exists for combined
PD-(L)1–VEGF blockade. Atezolizumab plus bevacizumab was
studied in a single-arm Phase II trial of 38 women with relapsed
EOC: 18 with platinum-resistant and 20 with platinum-sensitive
disease (172). The overall confirmed ORR was 29%; ORR was
40% and 17% in platinum-sensitive and platinum-resistant
patients, respectively. A single-arm Phase II trial reported a
response rate of 40% in platinum-resistant patients with
recurrent EOC with the combination of bevacizumab,
pembrolizumab, and metronomic oral cyclophosphamide (173).

Phase III studies in patients with advanced EOC are ongoing.
The ATALANTE trial is comparing the combinations of
chemotherapy with bevacizumab and atezolizumab vs.
chemotherapy and bevacizumab alone in platinum-sensitive
relapsed disease, while IMagyn050 is exploring this strategy in
first-line treatment of newly diagnosed disease (Table 3).
Alternative combinations that build on CPI/VEGF blockade
are also under study. The emergence of poly (ADP-ribose)
polymerase (PARP) inhibition as a treatment for EOC has
provided justification to explore triplet therapy with a CPI,
anti-VEGF, and PARP inhibitor (174). A Phase III study of
durvalumab, bevacizumab, and olaparib is ongoing (175).

Hepatocellular Carcinoma
HCC is highly angiogenic, as evidenced by hypervascularity,
marked vascular abnormalities, and frequent overexpression of
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angiogenic factors such as VEGF (176, 177). Reflecting this
vascular biology, most treatments currently approved for
advanced HCC are either oral agents that inhibit angiogenic
kinases or monoclonal antibodies against VEGFR (176, 178,
179). Despite initially appearing to offer a marked therapeutic
advance, antiangiogenic drugs have shown modest survival
improvements and low response rates, resulting in limited
clinical benefit (176).

HCC is associated with inflammation and a suppressed
immune environment, making CIT approaches a rational
therapeutic approach (180–183). Encouraging early clinical data
from two single-arm trials of pembrolizumab and nivolumab in
advanced HCC formed the basis for the accelerated approval by
the FDA (184, 185). In patients previously treated with sorafenib,
response rates with nivolumab and pembrolizumab were 20% and
17%, respectively (184, 185). Despite these encouraging
preliminary data, randomized Phase III trials of anti–PD-1
monotherapy in either first-line (nivolumab vs. sorafenib) or
second-line (pembrolizumab vs. placebo) settings did not
demonstrate statistically significant improvements in OS (186,
187). CheckMate 459, a Phase III study evaluating nivolumab vs.
sorafenib as a first-line treatment in patients with unresectable
HCC, did not achieve significance for its primary endpoint of OS
(HR, 0.85; P = 0.075). Likewise, KEYNOTE-240, a Phase III trial
evaluating pembrolizumab in patients who had previously
received systemic therapy, did not achieve the prespecified OS
boundary for statistical significance (HR, 0.781; P = 0.0238). These
data likely highlight the strongly immunosuppressive nature of
HCC and indicate the critical need for combination strategies to
address additional immune defects beyond PD-(L)1.

Co-targeting the PD-(L)1 and VEGF signaling axes is the
most extensively studied combination approach for advanced
HCC (188, 189). Results from single-arm studies showed that
combinations of VEGF and PD-(L)1 inhibitors were associated
with a manageable safety profile and promising antitumor
activity, with ORRs of 11% to 50% (190–195).

Of these combinations, atezolizumab and bevacizumab has
been the most widely studied to date in HCC. A confirmed ORR
of 36%—including a complete response rate of 12%—was
reported in patients with unresectable HCC treated with
atezolizumab and bevacizumab (106). Subsequently, combined
atezolizumab and bevacizumab was evaluated in patients with
unresectable HCC in two randomized studies, the results of
which have been recently reported (106, 107, 196). These studies
were designed to determine: (1) does bevacizumab augment the
efficacy of atezolizumab treatment; and (2) is atezolizumab in
combination with bevacizumab more effective than sorafenib for
unresectable HCC?

In Arm F of study GO30140, 119 patients with unresectable
HCC were randomly assigned 1:1 to receive either atezolizumab
alone or atezolizumab plus bevacizumab (106). The primary
endpoint was PFS assessed by an independent review facility. A
statistically and clinically significant improvement in PFS was
observed with the combination vs. atezolizumab monotherapy
(HR, 0.55; P = 0.0108), with a median of 5.6 months vs. 3.4
months, respectively. Surprisingly, ORR was not markedly
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higher in the combination arm than in the atezolizumab arm
(20% vs. 17%); however, the disease control rate was improved in
favor of the combination (67% vs. 49%) (106). These data
indicate that anti-VEGF treatment significantly enhances the
efficacy of PD-L1 inhibition and a combination of PD-L1 and
VEGF blockade is likely required to augment anticancer
immunity in patients with unresectable HCC.

These encouraging findings led to the several randomized
Phase III trials comparing these combination regimens with
current standards of care (Tables 3 and 4).

IMbrave150 was a randomized Phase III study in which 501
patients with unresectable HCC were randomly assigned, in a 2:1
ratio, to receive either atezolizumab plus bevacizumab or
sorafenib (a standard first-line anti-VEGF treatment). Co-
primary endpoints were PFS (by blinded independent review)
and OS. The results of IMbrave150 showed that atezolizumab
plus bevacizumab resulted in a significant improvement in both
PFS (HR, 0.59; P < 0.0001) and OS (HR, 0.58; P = 0.0006)
compared with sorafenib (107). Further emphasizing the
superior clinical benefit of combination therapy, ORR by
central assessment more than doubled with atezolizumab plus
bevacizumab compared with sorafenib alone (27% vs. 12%, P <
0.0001). Importantly, analysis of patient-reported outcomes
showed significant and consistent benefits in quality of life,
functioning, and key symptoms with atezolizumab plus
bevacizumab compared to sorafenib, further supporting the
overall clinical benefit of this combination (197). Based on the
results of IMbrave150, the combination of atezolizumab and
bevacizumab was recently approved by the FDA for the
treatment of unresectable HCC, and it is expected that this
combination will become a new standard of care (198, 199).

The clinical benefit of combined anti-VEGFR TKIs and CPIs
in HCC remains to be validated in randomized studies. Several
Phase III studies are currently ongoing assessing the
combination of PD-(L)1 antibodies and VEGFR TKIs,
including pembrolizumab combined with lenvatinib,
atezolizumab plus cabozantinib, and camrelizumab (SHR-
1210) with apatinib in advanced HCC, the results of which will
clarify the utility of antiangiogenic TKIs as immunomodulators
in conjunction with CPIs (Table 3) (190).

Liver Metastases
The liver is a common metastatic site for most gastrointestinal (GI)
cancers as well as for some non-GI tumors, such as lung cancer,
renal cancer, breast cancer, and melanoma (200, 201). The presence
of liver metastases is a negative prognostic factor in patients with
lung and other cancers treated with CPIs (8, 202–204).

Differential organ responses in the liver vs. other anatomic
sites have been recently reported in subgroup analyses from
Phase III trials and retrospective series. Studies of CPIs have
shown minimal therapeutic benefit as single agents or in
combination with chemotherapy in patients with NSCLC and
baseline liver metastases (29, 203, 205). In a subgroup of patients
with metastatic melanoma treated with pembrolizumab as part
of the KEYNOTE-001 trial, lung metastases were found to have
the highest rate of complete response (42%), followed by
peritoneal (37%) and liver (24%) metastatic lesions (206). In
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90 patients with advanced malignancies (mostly melanoma and
GI tumors) treated with CPIs in Phase I trials, the presence of
liver metastasis was significantly associated with shorter OS, PFS,
and lower rate of clinical benefit (204). In a retrospective review
of 75 patients with advanced HCC, ORRs in the liver, lung,
lymph node, and other intra-abdominal metastases were 22%,
41%, 26%, and 39%, respectively (207). Together, these clinical
data suggest that hepatic metastases may be less responsive to
CPIs than extrahepatic lesions.

One possible explanation for these clinical findings could be
that secondary liver tumors harbor a more suppressive TME
than primary anatomic sites. Consistent with this idea, results of
a longitudinal analysis of metastases from a single patient with
advanced ovarian cancer showed that each tumor deposit
harbored divergent tumor genetics and distinct TMEs that
evolved over time (208). Interestingly, progressing metastases
were characterized by an immune cell excluded phenotype,
whereas shrinking and stable metastases were well infiltrated
by effector T cells and exhibited oligoclonal expansion of specific
T-cell subsets (208). The presence of liver metastases from CPI-
treated patients with NSCLC or melanoma was associated with
abrogated CD8+ T-cell infiltration (202). Differential hepatic CPI
responses also conceptually align with the idea of organ-specific
immunoregulation—or “immunostat”—which hypothesizes that
tissue-specific factors within the liver can modulate the
sensitivity of metastatic deposits derived from other sites to
CPIs (102). This may, in part, be due to the unique immune
biology of the liver which acts to promote tolerance and an
immunosuppressive TME (183, 209, 210).

Recent clinical data from randomized trials support the
notion that CPIs combined with anti-VEGF agents could
augment response to CPI treatment in patients with secondary
liver tumors. In a pre-specified analysis from IMpower150,
atezolizumab combined with bevacizumab and chemotherapy
significantly improved OS and PFS in a subgroup of NSCLC
patients with liver metastases (Figure 3). Conversely, neither
atezolizumab plus chemotherapy or bevacizumab combined with
chemotherapy did not prolong survival or PFS in patients with
liver metastases (154). This indicates that the dual targeting of
PD-L1 and VEGF may be needed to induce clinically meaningful
antitumor immunity in NSCLC patients with liver metastases.
Collectively, these clinical data suggest that the combination of
bevacizumab and atezolizumab in patients with primary or
secondary liver cancers may thwart the induction of
immunosuppressive immune cell types (e.g., MDSCs, Tregs,
and TAMs) that are induced by tumor hypoxia, VEGF
overexpression, or increased hepatic angiogenesis (50).
CHALLENGES AND FUTURE
OPPORTUNITIES: WHERE DO WE
GO FROM HERE?

A wealth of preclinical and clinical data supports the critical role
that angiogenesis plays in modulating immunity in the TME.
Randomized phase III studies have now shown that treatment
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combining antiangiogenics with a PD-(L)1 antibody significantly
increased survival compared to standard-of-care treatment in
RCC, NSCLC, and HCC. Results from ongoing randomized
studies will further clarify the clinical benefit of this treatment
approach in other types of cancer.

So far, anti-VEGF plus CPI combinations appear particularly
effective in tumors for which antiangiogenesis and PD-(L)1
blockade are effective as individual monotherapies. It therefore
remains to be seen whether CPI/VEGF combinations are
efficacious in diseases such as ovarian cancer and MSS
colorectal cancer that are angiogenic but often lack markers of
preexisting immunity and respond poorly to PD-(L)1 antibody
monotherapy. If randomized studies of CPI/VEGF-inhibitor
combinations in poorly immunogenic cancers are positive, we
will have compelling clinical evidence that switching or
reprograming a cold TME to one that is immunogenic is a
realistic clinical proposition.

Combinations of antiangiogenic agents in combination with
CPIs have been studied with either anti-VEGF antibodies or
TKIs; however, it is not clear whether the efficacy of these two
approaches with respect to augmenting antitumor immunity are
comparable. A key question is, how important is the choice of
antiangiogenic when it is combined with a CPI? Antiangiogenic
TKIs inhibit a broad spectrum of tyrosine kinases and do not
only inhibit proangiogenic signaling pathways, whereas
antibodies are directed against either VEGF-A or VEGFR2.
The contribution of non-VEGF angiogenic kinases or other
oncogenic pathways to TME immunomodulation remains to
be delineated. Relatedly, antiangiogenic TKIs with different
target inhibi t ion profi l es may possess di ffe rent ia l
immunomodulatory capacities. On one hand, TKIs may
leverage additional immune-promoting mechanisms via a
broader biological activity against angiogenesis; on the other
hand, differences between TKIs and VEGF antibodies in safety
profile and toxicity burden may be important determinants of
clinical benefit, treatment duration, or combinability with other
treatments. Identification of the optimal dose of antiangiogenic
agents for immune modulation is critical for success in the clinic.
A recent systematic review of the immune effects of
antiangiogenic TKI drugs in preclinical models concluded that
low doses were immunostimulatory, whereas higher doses were
immunosuppressive (211). This aligns with other preclinical data
in tumor models that suggest that antiangiogenic therapies that
are high dose, long term, or both can cause excessive vessel
pruning and increased immunosuppression (13). The clinical
significance of anti-VEGF dose (higher vs. lower) remains to be
determined. Notably, data from completed Phase III studies in
RCC, NSCLC, and HCC all used standard FDA-approved doses
of antiangiogenic agents. The optimal duration of treatment and
sequencing of drugs is also an important consideration that will
require evaluation in well-controlled clinical studies.

In addition to the choice of anti-VEGF agent, the choice of
CPI may also be relevant. No direct head-to-head clinical studies
contrasting PD-1 and PD-L1 antibodies are available. Indirect
data from systematic reviews or meta-analyses, mostly in
NSCLC, are inconsistent with those from some studies
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showing no difference in efficacy between PD-1 or PD-L1
antibodies and from others indicating improved survival in
favor of PD-1 inhibitors (212–214). Differential clinical efficacy
of receptor- vs. ligand-based PD-1 blockade may be partially a
function the tumor type being treated (214). Recent in vitro
studies suggest that differences between receptor- vs. ligand-
based antagonism may exist and have implications for
combination treatments. In a study using a functional T-cell in
vitro assay, PD-L1 antibodies were found to be more effective
than PD-1 antibodies in inhibiting PD-1 signaling (215). A study
using in vivomurine breast and colon cancer models showed that
anti–PD-L1 (but not anti–PD-1) monotherapy was able to
deplete CD80 ligand expression on tumor-infiltrating antigen-
presenting cells, thereby inhibiting CTLA-4 axis through a Treg-
dependent mechanism (216). The role of Tregs in this model is
intriguing when considering anti–PD-(L1)/VEGF combinations
given the role that Tregs play in VEGF-mediated
immunosuppression. The clinical implications of these basic
research data remain to be seen, and the results of ongoing
trials with different combinations of PD-1/PD-L1 antibodies and
anti-VEGF agents will be informative.

The encouraging results from Phase III trials of CPIs
combined with anti-VEGF agents and their adoption as
standards of care for patients with advanced disease motivates
consideration of this approach in earlier, potentially curative,
treatment settings. Anti–PD-(L)1 antibodies are currently
approved as adjuvant treatment following resection in
melanoma and following chemoradiation in NSCLC (217–
219). Two Phase III studies are currently ongoing to evaluate
anti–PD-L1 antibodies combined with bevacizumab in patients
with HCC at high risk of tumor recurrence following potentially
curative liver resection or tumor ablation (220, 221). These
adjuvant studies are predicated on the hypothesis that dual
PD-L1/VEGF blockade may reduce HCC recurrence by
creating a more immune-favorable TME (221). PD-L1/VEGF
blockade is also under study in a Phase III trial in combination
with transarterial chemoembolization in patients with
unresectable liver-confined HCC. This combination is based
on the potential to amplify antitumor immune mechanisms
induced by locoregional treatment (222).

Antiangiogenics combined with PD-1/PD-L1 antibodies are
now standard-of-care frontline treatments for NSCLC, RCC,
endometrial cancer, and HCC. These successes may represent
the tip of the iceberg in efficacious combinations of CPIs and
TME-modulating agents. At present, 76% of the almost 3000
PD-1/PD-L1 antibody clinical trials are testing combination
regimens (7). This will likely result in continued rapid
evolution of cancer treatment algorithms, potentially adding
complexity to the processes of personalization and determining
the right treatment approach for a patient’s specific disease.
In the era of combination CIT and modulation of specific facets
of the TME, biomarker development is challenging. Unlike
molecularly targeted drugs for which diagnostic biomarkers are
typically a specific genetic aberration defined as a binary (yes or
no) assay, CIT biomarkers are often continuous variables that
have a gradation of association with clinical endpoints (12). Data
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so far suggest that established CIT biomarkers such as PD-L1
expression or TMB have limited utility for dual CPI/VEGF
blockade. Molecular profiling of the TME may represent a
useful approach to identify patients with TME immune defects
mediated by VEGF (223). For example, exploratory data from
randomized studies in patients with RCC or HCC harboring a
myeloid gene signature suggest that the use of bevacizumab with
atezolizumab may be beneficial. Further translational studies that
include either paired serial biopsies or neoadjuvant approaches
will be needed to identify mechanisms of response and resistance
to CIT treatment. The learnings from these types of trials will
enable the rational development of next-generation
combinations in which drugs targeting specific immune
suppressive mechanisms in the TME are added to a PD-(L1)/
VEGF backbone. The search for predictive biomarkers in order
to better select patients for CIT treatment is ongoing, but as yet
no biomarkers have been validated for use in clinical practice.
CONCLUSION

Combined blockade of PD-(L)1 and VEGF pathways represents
a significant therapeutic advance in cancer treatment. The
immunomodulatory role of VEGF, now well described by data
from preclinical and translational studies as well as randomized
clinical trials, provides a compelling reason to continue the study
of anti-VEGF and immune checkpoint therapies across the
cancer spectrum. Ongoing trials will continue to discern the
immunological mechanisms underpinning this treatment
Frontiers in Immunology | www.frontiersin.org 1894
approach and will further delineate the clinical benefit of this
approach for the treatment of cancer.
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Purpose: Chemotherapy (CT) and radiochemotherapy (RCT) are currently the standard
postoperative treatments for resected gastric cancer (GC). However, owing to a lack of
predictive biomarkers, their efficacy is currently suboptimal. As tumor microenvironment
(TME) has the potential to determine treatment response, we investigated the association
of TME status with the efficacy of fluoropyrimidine (FU)-based postoperative CT/RCT in
resected GC.

Methods: Patientswith transcriptomedatawere screened and selected in three independent
cohorts. Favorable (fTME) and poor TME (pTME) were defined by a transcriptome-based TME
qualification method. Immune infiltration and hypoxia were assessed.

Results: A total of 535 patients were eligible. fTME, indicating the presence of immune
activation, was characterized by NK cell rather than CD8+ T cell infiltration. However,
postoperative CT/RCT improved overall survival and disease-free survival time more
evidently in patients with pTME GC than those with fTME GC. Stratified by stage in fTME
GC, stage III patients benefited from postoperative CT/RCT while stage Ib/II patients did
not. In comparison, patients with pTME GC benefited from postoperative CT/RCT,
regardless of stage. Furthermore, fTME was more hypoxic than pTME, accompanied
by a stronger expression of thymidylate synthase (TS)—the target of FU. Stage Ib/II fTME
GC was the most hypoxic and had the strongest TS expression across all the subgroups
stratified by TME status and stage.
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Conclusions: We found that fTME, with the enrichment of NK cells, may predict the lack
of postoperative CT/RCT efficacy in stage Ib/II GC, which may be associated with hypoxia
and TS expression. Further validations and mechanism researches are needed.
Keywords: tumor microenvironment, chemotherapy, radiochemotherapy, immune infiltration, hypoxia,
gastric cancer
INTRODUCTION

Gastric cancer (GC) is characterized by high relapse rates even
after curative surgery. Two different postoperative therapeutic
strategies—fluoropyrimidine (FU)-based chemotherapy (CT)
and radiochemotherapy (RCT)—have been verified for use in
improving the curative and survival rates in patients with
resected GC (1). Both CT and RCT exert equivalent effects in
improving patients’ overall survival (OS), while RCT yields
superior local control than CT, correlating to better disease-
free survival (DFS), especially in stage III GC (2–4). However,
regardless of the treatment type, many patients still experience
relapse after surgery, independently of the disease stage,
suggesting the presence of molecular heterogeneity, in terms of
therapy response, among patients.

Currently, there are no validated prognostic or predictive
biomarkers for GC patients who receive postoperative CT/RCT.
However, recent findings on the molecular mechanisms of GC,
obtained using high-throughput methods, may allow for the
identification of novel biomarkers. The Cancer Genome Atlas
(TCGA) and Asian Cancer Research Group (ACRG) projects—
landmarks in the molecular characterization of GC—provide
invaluable resources for the development of more comprehensive
methods to interpret and combat GC (5, 6).

A large body of evidence, based on the TCGA and ACRG
datasets and other Next Generation Sequencing (NGS) data, has
recently been obtained. However, few distinct biological targets
are found on the tumor cell alone. An increasing amount of
attention is now being directed to the tumor microenvironment
(TME), considering the significance of tumor-related structures
as well as the interaction between tumor cells and other cells in
the TME. The clinical relevance of TME-associated biomarkers,
which reveal changes in the compositions of resident cell types
within the TME during cancer evolution, has been reported for
various malignancies (7, 8).

In the current era of widespread immunotherapy use, CT and
RCT are still the current cornerstones of GC treatment,
especially in the postoperative setting. Gaining further insights
into TME may help improve the efficacy of not only
immunotherapy but also CT/RCT. A previous study found that
cancer-associated fibroblasts, among the immunosuppressive cell
types in the TME, can promote irradiated cancer cell recovery
and cause radioresistance (9). Another study reported that
intratumoral interleukin-17-producing cell infiltration
improved the response to CT in GC (10). However, there is
still a lack of qualification method for a comprehensive
evaluation of the TME status to aid in the prediction of CT/
RCT efficacy in GC.
org 2102
Recently, based on a comprehensive landscape of the TME-
associated transcriptome characteristics in ACRG, a
methodology for the quantification of TME status—the
TMEscore—was established specifically for GC. The TMEscore
has been validated as a robust prognostic biomarker in GC (11).
However, the association between TMEscore and immune
infiltration needs further experimental validation and it
remains unknown whether TMEscore is predictive for
postoperative CT/RCT efficacy of GC.

Accordingly, in this study we aimed to use the novel
TMEscore to investigate the association between TME status
and postoperative CT/RCT efficacy in resected GC.
MATERIALS AND METHODS

Patients
This study included three independent cohorts. Patients
who were retrospectively screened from GC cases received
gastrectomy at the Affiliated Hospital of Jiangsu University
(AHJU) composed the AHJU cohort. Informed consent was
obtained from all patients and the research protocol was
approved by the hospital ethics committee (Grant No: 201750).
GC cohorts from the ACRG and TCGA were also analyzed. The
enrollment criteria for all patients included: 1) a prior history of
gastrectomy; 2) histologically confirmed stages IB–III (≥T2 and/
or node-positive and M0) adenocarcinoma of the stomach; 3)
available gene expression data for TME status estimation; and 4)
a definite treatment history of surgery plus FU-based
postoperative CT/RCT or surgery alone. American Joint
Committee on Cancer criteria were used for clinical and
clinicopathologic classification and staging.

Transcriptome Data
We used the dataset—EGAD00001004164—from the European
Genome-phenome Archive, including 34 consecutive patients
who underwent GC surgery in 2016 at the AHJU. In brief, total
RNA from fresh samples was extracted using Trizol (Invitrogen,
USA). Ribosomal RNA was depleted using RNase H followed by
library preparation using KAPA Stranded RNA-seq Kit with
RiboErase (KAPA Biosystems, USA). The library concentration
was determined using KAPA Library Quantification Kit (KAPA
Biosystems, USA), and library quality was assessed by the
Agilent High Sensitivity DNA kit on Bioanalyzer 2100
(Agilent Technologies, USA), which was then sequenced on
Illumina HiSeq4000 NGS platforms (Illumina, USA). Base
calling was performed on bcl2fastq v2.16.0.10 (Illumina, USA)
for the generation of sequence reads in the FASTQ format
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(Illumina 1.8+ encoding). Quality control was performed with
Trimmomatic (version 0.33). STAR (version 2.5.3a) was used for
transcriptome mapping followed by isoform and gene level
quantification, as performed using RSEM (version 1.3.0).
ACRG and TCGA GC RNA abundance data were downloaded
from the NCBI Gene Expression Omnibus (GSE62254) and
University of California Santa Cruz (UCSC) Xena platform
(https://xenabrowser.net/datapages/), respectively.

Tumor Microenvironment Assessment
The TMEscore was estimated using principal component analysis
(PCA) based on transcriptome data of genes associated with
different TME phenotypes and prognoses in GC, as previously
described (11), using the R package available in GitHub (https://
github.com/DongqiangZeng0808/TMEscore). In brief, the
TMEscore construction included: 1) the TME phenotype
was determined by transcriptome-based cell abundance
deconvolution, unsupervised clustering and consensus clustering;
2) differentially expressed genes associated with TME phenotypes
were identified and TME gene signatures were generated after
dimension reduction; 3) principal component 1 from PCA was
extracted to serve as the score ofTMEgene signatures; 4) TMEscore
was calculated using the signature score whose Cox coefficient for
prognosis was positive to subtract the signature score whose Cox
coefficient for prognosis was negative. We defined favorable TME
(fTME) and poor TME (pTME) based on the contrast immune
infiltration status, using the median TMEscore value as a cut-off.

Microsatellite Instability Assay
GenomicDNAwas extracted fromGCandnormal tissues, following
which single fluorescent multiplex polymerase chain reaction was
performed for the detection of five well-known mononucleotide
repeats. Further details on MSI and microsatellite stability (MSS)
assay as well as their definitions have been provided elsewhere (6).

RNA-Based Immune Infiltration
Quantification and Hypoxia Scoring
Cell, an RNA-based silico tool (12), was used for the
quantification of the proportions of the pertinent phenotypes
of human immune cells in GC samples. Parametric Gene Set
Enrichment Analysis (13), which determines the misregulation
of defined gene signatures, was used for the quantification of the
degree of tumor hypoxia, based on well-established signatures
(14–19).

Immunohistochemistry
Programmed death ligand-1 (PD-L1) staining using Dako PD-L1
IHC 22C3 pharmDx kit (Agilent Technologies) was performed
on a Dako Autostainer Link 48 system (Agilent Technologies),
and the specimen was then counterstained with hematoxylin and
coverslipped, according to the manufacturer’s instructions. The
PD-L1 expression level was determined using the combined
positive score (CPS), which is the percentage of PD-L1-positive
cells (tumor cells, lymphocytes, and macrophages) relative to all
the viable tumor cells present in the sample, multiplied by 100.
PD-L1-positivity was confirmed at a CPS ≥1 (20). Anti-
thymidylate synthetase (TS, ab108995, Abcam, UK) and
Frontiers in Immunology | www.frontiersin.org 3103
anti-ERO1A (ab177156) antibodies were used in a two-step
IHC protocol. The presence of nuclear and/or cytoplasm
tumor cell staining was considered as positive TS expression,
irrespective of the proportion or intensity (21). An IHC score ≥8
(median value) was used to define positive ERO1A expression.

Multiplexed Immunohistochemistry
and Multispectral Imaging
Immune cell subsets in the TME were identified by mIHC and
multispectral imaging.Multiplex immunofluorescence stainingwas
performed using PANO 7-plex IHC kit (Panovue, Beijing, China),
according to themanufacturer’s instructions. T cells were identified
using the CD8 marker. NK cells were identified using the CD56
marker and were divided into two categories according to the
intensity of membrane staining for the CD56 protein: CD56dim
(weak staining) and CD56bright (strong staining). TAMs were
identified by CD68 and HLA-DR and were divided into two
categories: type M1 (CD68+ and HLA-DR+) and type M2
(CD68+ and HLA-DR−). Different primary antibodies were
sequentially applied, including anti-CD8 (CST70306, Cell
Signaling Technology, USA), anti-CD56 (CST3576), anti-panCK
(CST4545), anti-CD68 (BX50031, Biolynx, China), anti-HLA-DR
(ab92511), and anti-S100 (ab52642). S100 staining was used to
define the invasive margin and tumor parenchyma (22). The
Mantra System (PerkinElmer, Waltham, Massachusetts, US) was
used to scan the stained slides and subsequently build a single stack
image. The inForm image analysis software (PerkinElmer,
Waltham, Massachusetts, US) was used for the reconstruction of
images of sections with autofluorescence removal, based on a
spectral library for multispectral unmixing.

Statistical Analysis
First, we used multiple imputation to generate complete datasets
for the subsequent analyses in the ACRG, TCGA, and pooled
cohorts that included all patients (Supplementary Data),
according to the multiple imputation guideline (23). Chi-square
tests, Fisher’s exact probability tests, Student’s t tests, Wilcoxon
tests, and Mann–Whitney U tests were used for between-group
comparisons, as needed. Spearman’s correlationwas used for pairs
of continuous variables. Survival analyses were performed using
Kaplan–Meier plots and log-rank tests. Cox proportional hazards
regression analysiswasused for theevaluationofprognostic factors
and calculation of hazard ratios (HRs) along with their 95%
confidence intervals (CIs). The HR for each imputed dataset was
estimated, and all the estimated HRs were then combined
according to Rubin’s rules (24). The imputed dataset with the
closest HR to the combined HR was selected for survival curve
plotting. We used 5% as the significance level for all tests. SPSS
(version 19.0, Chicago, IL), R (version 3.6.1), and R Bioconductor
packages were used for all the above-mentioned analyses.
RESULTS

Patient Characteristics
A total of 34, 271, and 230 eligible patients were enrolled from
the AHJU, ACRG, and TCGA cohorts, respectively (Table 1).
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MSI GC was more frequently associated with fTME than MSS
GC, while about 40% of the MSS cases also showed fTME in each
cohort. In terms of the associations between TME status and the
other characteristics, differing results were observed across the
cohorts, indicating the presence of heterogeneity.

Tumor Microenvironment Status
and Immune Infiltration Characteristics
At first, we investigated TMEscore-associated immune
infiltration characteristics which need further validation. It is
well-known that Th1 cells activate antitumor immunity while
fibroblasts suppress it (25, 26). Through transcriptome-based cell
type enrichment analysis, we found that the TMEscore positively
correlated with the abundance of Th1 cells but negatively
correlated with the abundance of fibroblasts in all the cohorts
(Figure 1A). Moreover, the TMEscore positively correlated with
the abundance of NK cells and macrophages M1 in all the
cohorts, but negatively correlated with the abundance of CD8+
T cells in the AHJU and ACRG cohorts (Figure 1A).

mIHC staining was used to validate the infiltration of selected
cells in eight of the AHJU cohort patients that had a sufficient
amount of tissue (Figure 1B). Compared to pTME GC, fTME
GC was associated with higher densities of CD56bright/dim NK
cells and macrophages M1 but lower densities of CD8+ T cells
and macrophages M2 inside the tumors, despite the significance
of these differences were limited by the small sample size (Figure
1C). As the mobilization of immune cells from the stromal
tumor edge into the tumor parenchyma is crucial for antitumor
immunity (22), we next applied the effective infiltration degree
(EID: the number of immune cells in tumor parenchyma divided
by the total number of immune cells at the stromal tumor edge
and in the tumor parenchyma, multiplied by 100%) for the
Frontiers in Immunology | www.frontiersin.org 4104
evaluation of antitumor immunity dynamism. We found that
TMEscore positively correlated with the EID of CD56bright/dim
NK cells (Spearman r = 0.88, P = 0.007) but negatively correlated
with the EID of CD8+ T cells (Spearman r = -0.90, P = 0.005;
Figure 1D). These results confirmed our transcriptome-
based findings.

PD-L1 staining (Figure 1E) showed that the only one PD-L1-
positive tumor (CPS = 2) from the eight samples had the lowest
TMEscore but the highest densities of CD8+ T cells and
immunosuppressive macrophages M2 inside the tumors
(Figure 1F), indicating that the CD8+ T cells inside tumors
may be deactivated by PD-L1 signaling and that the TMEscore is
a strong indicator of antitumor immunity dynamism.

Tumor Microenvironment Status
and Postoperative Chemotherapy/
Radiochemotherapy Efficacy
First, we confirmed that postoperative CT/RCT improved the OS
and DFS of patients with resected GC compared to surgery alone,
across all the cohorts (Figure S1). Then, we showed that the
benefit of postoperative CT/RCT was more pronounced in cases
with pTME, in terms of both OS (Figure 2A) and DFS (Figure
2B). In comparison, these benefits were reduced or even
disappeared in cases with fTME (Figures 2A, B). These
findings were further confirmed in the combined cohort with
all patients (Figure 2C). Moreover, after univariate selection for
the prognostic significance of variables, multivariate models were
created. Because a requirement of large sample size, this analysis
was conducted in the combined cohort. We showed that
postoperative CT/RCT was an independent predictor of both
OS (HR = 0.32, 0.21–0.48, P < 0.001) and DFS (HR = 0.31, 0.21–
0.47, P < 0.001) in pTME GC (Table 2).
TABLE 1 | Patient characteristics according to tumor microenvironment status.

Characteristic* AHJU cohort (%) ACRG cohort (%) TCGA cohort (%)

pTME fTME P value pTME fTME P value pTME fTME P value

Age (years)
<65 9 (69.2) 4 (30.8) 0.078 76 (52.4) 69 (47.6) 0.359 49 (51.0) 47 (49.0) 0.789
≥65 8 (38.1) 13 (61.9) 59 (46.8) 67 (53.2) 66 (49.3) 68 (50.7)
Sex
Female 9 (69.2) 4 (30.8) 0.078 44 (41.1) 42 (58.9) 0.762 41 (45.1) 50 (54.9) 0.225
Male 8 (38.1) 13 (61.9) 91 (49.2) 94 (50.8) 74 (53.2) 65 (46.8)
Tumor location
Non-antrum 11 (47.8) 12 (52.2) 0.714 69 (54.3) 58 (45.7) 0.180 58 (43.0) 77 (57.0) 0.011
Antrum 6 (54.5) 5 (45.5) 66 (46.2) 77 (53.8) 57 (60.0) 38 (40.0)
Histology grade
I/II 8 (53.3) 7 (46.7) 0.730 47 (38.5) 75 (61.5) 0.001 41 (45.6) 49 (54.4) 0.280
III 9 (47.4) 10 (52.6) 88 (59.1) 61 (40.9) 74 (52.9) 66 (47.1)
TNM stage
IB/II 8 (44.4) 10 (55.6) 0.492 45 (35.7) 81 (64.3) <0.001 64 (48.1) 69 (51.9) 0.504
III 9 (56.2) 7 (43.8) 90 (62.1) 55 (37.9) 51 (52.6) 46 (47.4)
MSI status
MSS 15 (53.6) 13 (46.4) 0.368 126 (61.5) 79 (38.5) <0.001 103 (57.5) 76 (42.5) <0.001
MSI 2 (33.3) 4 (66.7) 9 (13.6) 57 (86.4) 12 (23.5) 39 (76.5)
Postoperative chemotherapy or radiochemotherapy
Untreated 5 (31.2) 11 (68.8) 0.039 55 (49.5) 56 (50.5) 0.942 77 (53.5) 67 (46.5) 0.173
Treated 12 (66.7) 6 (33.3) 80 (50.0) 80 (50.0) 38 (44.2) 48 (55.8)
J
anuary 2021 | Vo
lume 11 | Article
*Unimputed data were shown.
AHJU, Affiliated Hospital of Jiangsu University; TCGA, The Cancer Genome Atlas; ACRG, Asian Cancer Research Group; MSS, microsatellite stability; MSI, microsatellite instability.
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Tumor Microenvironment Status
and Postoperative Chemotherapy/
Radiochemotherapy Efficacy by Stages
As patient selection for postoperative CT/RCT is currently based
predominantly on pathological staging, we performed stratified
analyses using TNM staging. We found that the OS and DFS
benefits of postoperative CT/RCT in fTME GC were limited to
Frontiers in Immunology | www.frontiersin.org 5105
patients with stage III disease; these benefits in pTME GC were
pronounced in both stage Ib/II and III disease (Figure 3),
indicating that fTME may predict a lack of postoperative CT/
RCT efficacy in stage Ib/II GC. Besides, patients with pTME GC
benefited more evidently from postoperative CT/RCT than
patients with fTME GC, even in cases with stage III disease
(Figure 3).
A

B

D

E

F

C

FIGURE 1 | Tumor microenvironment (TME) status and immune infiltration characteristics. (A): Correlation between TMEscore and immune cell abundance based on
transcriptome. (B): Typical micrographs of multiplexed IHC and multispectral imaging, at 200× magnification; 1: CD8+; 2: CD56+; 3: CD68+ (green) and HLA-DR
(red); 4. Reconstructed image after autofluorescence removal. (C) Cell density inside tumor by TME status. (D): The correlation between TMEscore and the effective
infiltration degree of varied immune cells. (E): Typical micrographs of programmed death ligand-1 (PD-L1)-positive (1) and negative (2) tumors, at 200× magnification.
(F): TMEscore and densities of CD8+ T cells and macrophages M2 inside tumors by PD-L1 expression. AHJU: Affiliated Hospital of Jiangsu University; ACRG, Asian
Cancer Research Group; TCGA, The Cancer Genome Atlas; fTME or pTME, favorable or poor TME.
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FIGURE 2 | Tumor microenvironment (TME) status and the efficacy of postoperative chemotherapy (CT) or radiochemotherapy (RCT). (A) Overall survival (OS)
in each cohort; (B) disease-free survival (DFS) in each cohort; (C) OS and DFS in the pooled cohort. AHJU, Affiliated Hospital of Jiangsu University; ACRG,
Asian Cancer Research Group; TCGA, The Cancer Genome Atlas; HR, hazard ratio; CI, confidence interval; fTME or pTME, favorable or poor TME.
TABLE 2 | Univariate and multivariate analyses of variables associated with overall survival and disease-free survival in patients with resected gastric cancer who had
poor tumor microenvironment status in the pooled cohort.

Variable Univariate analysis Multivariate analysis*

Overall survival Disease-free survival Overall survival Disease-free survival

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Age (≥65 vs <65 years) 1.92 (1.33–2.76) <0.001 1.58 (1.12–2.23) 0.010 1.76 (1.19–2.60) 0.005 1.22 (0.85–1.77) 0.279
Sex (Male vs female) 0.93 (0.64–1.35) 0.700 1.04 (0.72–1.49) 0.846 – –

Tumor location (Antrum vs non-antrum) 0.76 (0.53–1.09) 0.131 0.94 (0.67–1.33) 0.737 0.65 (0.45–0.96) 0.031 –

Histology grade (III vs I/II) 1.51 (1.02–2.23) 0.038 1.45 (0.99–2.13) 0.053 1.52 (1.00–2.30) 0.050 1.30 (0.88–1.93) 0.188
TNM stage (III vs IB/II) 1.89 (1.28–2.79) 0.001 1.62 (1.13–2.33) 0.009 2.06 (1.37–3.10) <0.001 1.84 (1.26–2.69) 0.002
MSI status (MSI vs MSS) 1.24 (0.68–2.25) 0.481 1.02 (0.55–1.90) 0.944 – –

Postoperative CT/RCT (Treated vs untreated) 0.32 (0.22–0.47) <0.001 0.33 (0.23–0.47) <0.001 0.32 (0.21–0.48) <0.001 0.31 (0.21–0.47) <0.001
Frontiers in Immunology | www.frontiersin.org
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*Variables were adopted for their prognostic significance (P < 0.15) by univariate analysis.
HR, hazard ratio; CI, confidence interval; MSI, microsatellite instability; MSS, microsatellite stability; CT, chemotherapy; RCT, radiochemotherapy.
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Tumor Microenvironment Status
and Hypoxia
As tumor hypoxia induces CT and RCT resistance (27), its
association with TME status was analyzed. Surprisingly,
TMEscore was positively correlated with the hypoxia scores
(Figure 4A), suggesting that fTME is related to a greater
degree of hypoxia than pTME. On the contrary, the TMEscore
was negatively correlated with an RCT response score in
association with hypoxia (19) (Figure 4A). Moreover, stage Ib/
II fTME GC showed the highest mean hypoxia score and lowest
RCT response score across all the subgroups in the pooled cohort
(Figure 4B).

We further validated our findings through a novel
endogenous hypoxia marker—ERO1A (28) and observed that
the TMEscore was positively correlated with the mRNA
expression of ERO1A in all the cohorts (Figure 4C). Similar
results were found for the mRNA expression of TS (Figure
4C)—the target of FU and an indicator of poor CT outcomes—
potentially in association with upregulation by hypoxia (21, 29).
In addition, stage Ib/II fTME GC was associated with the
Frontiers in Immunology | www.frontiersin.org 7107
strongest ERO1A and TS mRNA expressions across all the
subgroups in the pooled cohort (Figure 4D).

Further validations were performed using IHC analysis in the
AHJU cohort (Figure 4E). We found that the positive rates of
ERO1A (12/17 vs 8/17; P = 0.163) and TS (14/17 vs 7/17; P =
0.013) were higher in fTME than pTME. Besides, stage Ib/II
fTME GC showed the highest positivity rate for both ERO1A and
TS proteins across all the subgroups (Figure 4F).

DISCUSSION

The treatment for GC has long been suboptimal, owing to a lack
of validated prognostic or predictive biomarkers for therapy
strategy optimization. The potential application of immune-
associated biomarkers in resected cancers has recently been
highlighted. Of them, tumor mutation burden (TMB) is a
predictor of response to immune checkpoint inhibitors (30). A
retrospective study on resected non-small-cell lung cancer found
that a high TMB is correlated with favorable prognoses; however,
a pronounced benefit from adjuvant CT was observed with a low
A

B

FIGURE 3 | Tumor microenvironment (TME) status and the efficacy of postoperative chemotherapy (CT) or radiochemotherapy (RCT), stratified by stages in the
pooled cohort. (A) fTME subset; (B) pTME subset. HR: hazard ratio; CI: confidence interval; fTME or pTME: favorable or poor TME.
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TMB (31). In resected GC, MSI and PD-L1 expression, two other
major predictors of immunotherapy efficacy, were found to be
independent predictors of favorable prognoses; however, patients
with MSI or stromal PD-L1-positive GC did not benefit from
adjuvant CT (32). Recently, we also reported that MSI may
predict poor response to postoperative RCT in patients with
stage Ib/II GC (13). Based on these findings, we sought to
investigate the association between TME status and the efficacy
of postoperative CT/RCT in resected GC.
Frontiers in Immunology | www.frontiersin.org 8108
This study revealed that patients with pTME GC may benefit
to a greater degree from postoperative CT/RCT than those with
fTME GC. Specifically, the postoperative CT/RCT benefit was
observed regardless of the disease stage in patients with pTME
GC, but was limited in stage III fTME GC. These findings
indicated that GC patients who are considered for postoperative
CT/RCT should have the tumor TME status assessed to inform the
likelihood of therapy benefit, which may help improve the
outcome of postoperative CT/RCT.
A

B D

E F

C

FIGURE 4 | Tumor microenvironment (TME) status and hypoxia. (A): Correlation between TMEscore and hypoxia scores (Authors who develop hypoxia signatures
are shown); (B): Average hypoxia score and RCT response score developed by Yang, stratified by TME status and stage. (C): Correlations between TMEscore and
ERO1A and thymidylate synthase (TS) mRNA expression. (D): ERO1A and TS mRNA expression, stratified by TME status and stage; (E): Typical micrographs for
immunohistochemistry staining of ERO1A and TS proteins, at 200× magnification; (F): Protein expressions of ERO1A and TS, by TME status and stage. AHJU,
Affiliated Hospital of Jiangsu University; ACRG, Asian Cancer Research Group; TCGA, The Cancer Genome Atlas; fTME or pTME, favorable or poor TME.
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Immune-associated biomarkers are reflective of tumor-host
immune interactions (33, 34), partly explaining their clinical
relevance in resected tumors. In this study, we validated the
positive correlation between TME status and antitumor immunity
using bothmRNA-based bioinformatics and IHC-based assessment.
Specifically, we found that fTMEGCwas associated with a high level
ofNKcell infiltration, consistentwith the increasingbodyof evidence
on the interaction between TME and NK cells (35, 36). However,
fTMEGCwas related to a lack of CD8+T cell infiltration. This result
may be unsurprising considering the positive correlation between
CD8+T cell infiltration and the key immunosuppressive indicator—
PD-L1-positive expression, as previously reported (37, 38) and also
indicated in our study. These findings suggest that TME status, as
evaluated by the TMEscore, is a specific biomarker of
immune activation.

Previously, we reported that stage Ib/II MSI GC was the only
subgroup that did not experience the benefits of postoperative
RCT (13). In this study, a similar result was found for stage Ib/II
fTME GC. Because MSI also correlated with more inflamed
tumors, these findings indicate that dynamic immune infiltration
may impair CT/RCT response. Similarly, in bladder cancer, a
study found that immunotypes characterized by low rather than
high levels of immune infiltration derive benefits from adjuvant
CT (39).

Hypoxia candetermineCT/RCTresponse (27).Correspondingly,
we further revealed that fTME was more hypoxic than pTME.
Specifically, stage Ib/II fTME GC showed the highest level of
hypoxia, accompanied by the highest TS expression. Interestingly,
active immune infiltration in fTME seemed to increase hypoxia level.
Recently, elevated hypoxia was also found to be associated with
increased TMB across cancer types including GC (40). Because high
TMB promotes immune infiltration by producing more novel
peptide epitopes or neoantigens (41), this finding indicated again
the association between immune infiltration and hypoxia. More
studies need to investigate this association.

This study has some limitations. First, we retrieved the patient
data from public databases; some important information,
including that on the CT/RCT regimens, criteria for CT/RCT
decisions, surgical style, and margin status was incomplete and
even missing, impacting our results. Second, the patients were
not randomly selected in this retrospective study, highlighting
the need for randomized prospective validations. Moreover,
heterogeneity existed among the study populations in terms of
the patients’ characteristics, NGS methods, and data processing
methods, among others. However, we obtained consistent results
among the three independent cohorts, indicating the robustness
of our findings.

In conclusion, our results indicate that TME status is correlated
with the efficacy of postoperative CT/RCT in resected GC and that
fTMEmaypredict a lackofpostoperativeCT/RCTresponse instage
Ib/II GC. Therefore, TME evaluation, especially in the setting of
stage Ib/II GC, should be considered a clinically useful marker to
identify patients who may fail in postoperative CT/RCT, and
represents an additional step in individualized GC therapy.
Further validations of our findings especially in randomized
prospective studies are necessary.
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Glioblastoma is the most common and lethal primary brain malignancy. Despite major
investments in research into glioblastoma biology and drug development, treatment
remains limited and survival has not substantially improved beyond 1–2 years. Cancer
stem cells (CSC) or glioma stem cells (GSC) refer to a population of tumor originating cells
capable of self-renewal and differentiation. While controversial and challenging to study,
evidence suggests that GCSs may result in glioblastoma tumor recurrence and resistance
to treatment. Multiple treatment strategies have been suggested at targeting GCSs,
including immunotherapy, posttranscriptional regulation, modulation of the tumor
microenvironment, and epigenetic modulation. In this review, we discuss recent
advances in glioblastoma treatment specifically focused on targeting of GCSs as well
as their potential integration into current clinical pathways and trials.

Keywords: glioblastoma stem cells, glioblastoma, cancer vaccination, radioresistance, tumor recurrence, cancer
stem cell, brain tumors, immunotherapy
INTRODUCTION

Glioblastoma (GBM), a World Health Organization grade IV astrocytoma, is the most common
primary brain malignancy with an incidence of 3.22:100,000 annually in the U.S (1). Despite
standard of care treatment with maximal surgical resection, radiotherapy, adjuvant temozolomide
(TMZ) chemotherapy, and tumor-treating-fields, median survival is still only 14.6 months (2), and
nearly all patients succumb to fatal tumor recurrence and progression, with a <5% 5-year overall
survival (OS).

The lack of improvement in GBM outcomes may be attributed, in part, to current therapies’
inability to target glioma stem cells (GSCs), a small subpopulation of cells that are implicated in
tumor invasiveness, recurrence, and chemo(radio)resistance. The GSC population remains
challenging both to define empirically and treat. GSCs are described by their ability to self-renew
and differentiate to reform the heterogeneity of GBM (3). Multiple strategies to target GSC are
currently under investigation with varying levels of preclinical and clinical development (4). In this
review, we discuss the evidence supporting GBM’s common stem cell origin and outline the
limitations of standard of care treatment for GBM. We then explore immunotherapeutic targeting
of GSCs and highlight ongoing clinical trials.
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GLIOBLASTOMA AND THE CANCER
STEM CELL MODEL

GBM development originally was defined by two divergent but
interconnected models, namely, the stochastic model and CSC
model. The stochastic or clonal evolution model suggests that all
cells have the equal capacity for undergoing transformation
based on accumulated mutations and/or epigenetic changes
that confer a survival benefit (5). The CSC or hierarchical
model suggests that a limited number of stem-like cells with
few tumorigenic driver mutations have the capacity to divide
symmetrically into identical daughter cells and differentiated
progeny resulting in self-renewal and heterogeneous tumor
progression (6–9). Bonnet and Dick’s seminal discovery of
CSCs in leukemia, and subsequent discoveries of CSCs in most
hematologic and solid tumor malignancies, including breast,
colon, and some skin cancers greatly promoted the acceptance
of the model (10–18). While CSCs mirror many of the features of
normal stem cells, such as lineage determinization, resistance to
apoptosis, neoangiogenesis, and self-renewal, they are distinct
entities capable of tumorigenesis defined by few genetic
mutations and altered epigenetic regulation (19–21). In the
convergence of the stochastic and CSC models (22),
differentiated cells can be transformed (23) and subsequently
acquire a stem-like state (24), although some cell types such as
neurons and their immediate precursors appear to be resistant to
such mutations (25).

While the CSC hypothesis provides a compelling model for
many cancers, attempts to define CSCs based on a set of genetic
Frontiers in Oncology | www.frontiersin.org 2113
markers, epigenetic makeup, or cell state (e.g., quiescent or
proliferative) have not reproducibly supported the isolation of
fully competent CSCs. Three functional tests that are considered
the gold standard for validating CSCs are: 1) self-renewal, 2)
tumor initiation upon transplantation, and 3) differentiation into
distinct progeny that can recapitulate the initial tumor’s
heterogeneity upon serial transplantation (3). Regulation of the
CSC population in vitro has depended on multiple molecular
mechanisms, genetics, epigenetics, cellular states, intrinsic cell
stimuli, microenvironmental influences, and other factors (7, 11–
13). These mechanisms potentially allow the CSC population to
transition between CSC and non-CSC states.

GSCs were first studied in 2002 (26), and were found to
localize to a vascular niche (27). They are thought to arise from
cells of the subventricular zone (SVZ) or differentiated glioma
cells (28). Several markers of GSCs, namely, CD133, CD44, and
CD15, help to define and enrich these population of cells but are
not specific (3) (Figure 1). Recent single-cell sequencing studies
have revealed that astrocyte-like neural stem cells with driver
mutations migrate from the SVZ and lead to the development of
high-grade gliomas in distant brain regions (28). This has
provided precedent for radiotherapy targeted at high doses at the
SVZ (National Clinical Trial [NCT] 02177578, NCT03956706).
Another recent study demonstrated, via a xenotransplant model,
the potential for slow-cycling cells to form rapidly cycling
progenitor cells capable of self-maintenance and generation of
non-proliferating progeny (29). These results are consistent with
the CSC model suggesting that GBM tumor heterogeneity may
result from a mono- or polyclonal tumor origin (30–32).
FIGURE 1 | Characterization of glioma stem cells Various required functional characteristics of cancer stem cells (CSCs) and glioma stem cells (GCSs) are shown
including self-renewal, proliferation, and initiation. Common characteristics include low frequency within a tumor, stem cell marker expression, and potential for
differentiation. Reprinted with permission from Lathia et al. (3).
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CONTROVERSY

While there is evidence that supports GSCs involvement in GBM’s
genesis, progression, and recurrence, there are several roadblocks
to studying this cell population. First, stem cells are regulated in a
multitude of ways, including genetic and epigenetic modifications,
metabolic changes, cell responses to the immune system,
microenvironment, and niche factors (3, 4, 33). These regulatory
mechanisms result in a highly dynamic pool of cells which are
therefore difficult to define and target. Additionally, the stem-like
phenotype is mutable and in-vitro techniques may induce
differentiation of the cells making them increasingly difficult to
study. For the studies that have investigated, there are not
consistent methods to define and isolate the physical
characteristics of GSCs, so it is difficult to find consensus in the
scientific community with regards to their role in GBM. Finally,
CSCs in general are rare within the tumor mass (34), casting doubt
upon the role they might play in tumor genesis, progression,
and recurrence.

Despite the challenges of studying GSCs, there is hope that
more advanced techniques, such as single cell sequencing, are
elucidating some of the mysteries of these cells. One study by
Patel et al. (2014) utilized single cell sequencing technology to
investigate 430 cells in each of 5 GBM tumors, and elucidated a
stem-like population of cells which existed within a stemness
gradient (35). Further, a recent study by Couturier et al. (2020)
used single cell RNA sequencing and discovered that in 16
IDHwt glioblastomas there was a GSC cell type with a distinct
transcriptomic signature (36). While GSCs have historically been
difficult to define, emerging technologies and findings are
furthering the hypothesis that GSCs may be a worthy target in
researching GBM therapeutics.
LIMITATIONS OF CURRENT
GLIOBLASTOMA TREATMENTS

Current therapeutic treatment remains limited for GBM and
multiple resistance mechanisms for GCS may partially account
for this. Subclonal populations of cells left behind after gross total
resection result in tumor recurrence and resistance (31). GSCs
have the potential to maintain a quiescent cell cycle phenotype,
rendering many chemotherapeutic agents ineffective. GSCs
primarily reside within perivascular niches, where components
of the extracellular matrix (ECM) modulate GSC survival and
function. Several components within the ECM, like hyaluronic
acid and the dystrophin–glycoprotein complex (DGC), have
been shown to contribute to resistance and promote invasion
(37–39). In addition, CSCs overexpress ATP-binding cassette
(ABC) transporters that pump foreign toxins out of the cell,
conferring multidrug resistance (40). Cells that express CD133, a
cell surface marker highly associated with GSCs, have been
shown to express O6-methylguanine-DNA methyltransferase
(MGMT) at levels 32–56 times those of CD133(−) cells (41).
The high activity of MGMT in these cells helps explain TMZ’s
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relative ineffectiveness against GSCs (42). By inducing expression
of hypoxia-inducible factors, such as HIF1a and HIF2a—itself
associated with poor prognosis for glioma patients (42)—TMZ
may induce stemness in differentiated glioma cells (43).
Resistance to radiation is also seen in GCSs, where a high ratio
of GSCs to differentiated tumor cells correlates with increased
tumor radioresistance (44), and CD133(+) cells have been
reported to be resistant to apoptosis induced by in vitro
radiotherapy (45). Hypoxic microenvironments preferentially
contribute to GCS growth, which can reduce oxidative-stress
produced by radiation (46). GSC radioresistance is also conferred
by both the hypoxia-mediated activation of DNA damage
checkpoint response enzymes Chk 1/2 (47) as well as by
induction of autophagy to process and eliminate constituent
parts of cells damaged by radiation (48).
TARGETED THERAPY OF GSCS

Scientists have attempted to target GSCs through a multitude of
avenues (Figure 2). Small molecules which activate or inhibit
common, upregulated pathways in this cell population associated
with their resilience. Targeted pathways are those that, when
disrupted, result in chemo- and radiosensitization, tumor growth
inhibition, induction of differentiation, inhibition of multidrug
resistance, and promotion of apoptosis. Some of these pathways
include STAT3 (49), Notch (50), PI3K/Akt/mTOR (51, 52), and
Hedgehog (53). There are many pathways that contribute to the
resilience and tumorigenicity of GSCs, and the dominant driver
pathways vary from patient to patient. Because of this, finding a “one
size fits all” small molecule solution is unlikely. Difficulties associated
with chemotherapeutic approaches to treat GBM highlight the need
for a new generation of cancer therapy, and immunotherapy
presents an alternative that addresses these shortcomings.
IMMUNOTHERAPY: THE FUTURE OF
GSC TREATMENT?

The body prevents neoplastic proliferation primarily via the immune
system. However, GBMs are known to exert immunosuppressive
effects systemically and in the tumor microenvironment through a
combination of decreased immunogenicity and active suppression of
T cells that exceeds the immunosuppressive capacity of non-stem
glioma cells (54, 55). Immunotherapy is a highly specific GBM
treatment modality that may overcome the immunosuppressive
effects of GBM generally, and GSCs in particular, through the
introduction of monoclonal antibodies (mAb) or stimulation of
the patient’s own immune response. These approaches may induce
fewer side effects than other oncolytic methods which are less precise
in their action.

Cancer immunotherapy approaches can be primarily
categorized as passive, active, or adoptive (Figure 3). Passive
immunotherapy uses antibodies to target tumor specific antigens
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and often doesn’t require a host immune response to initiate
cancer cell death. Active immunotherapy activates the host’s
immune system against tumor specific antigens, most often
utilizing dendritic cells as antigen presenters. In adoptive
immunotherapy, immune cells are removed from the patient,
selected or genetically engineered for their reactivity against a
target of interest, and reintroduced. Finally, many consider
virotherapy a form of immunotherapy due to the activation of
the immune system. Virotherapy makes use of genetically
engineered oncolytic viruses to train the body’s immune
system against remnant cancer particles following virus-
mediated killing.

Radiation therapy used as a complement with immunotherapy
is an exciting and promising avenue to explore in the management
of GBM. For example, radiation has been shown to cause
immunogenic tumor cell death (ICD). ICD induces the
translocation of calreticulin to the surface of the tumor cells
surface, causing APCs to phagocytose tumor cells. ICD also
promotes the release of HMGB1, encouraging dendritic cell
maturation and tumor antigen presentation (56). Radiation can
also enhance the permeability of the blood-brain barrier, which
may allow T-cells to invade the tumor. Furthermore, radiation has
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been shown to drastically increase the presence of MHC on the
tumor cell surface providing greater density of T-cell targets (57–
60). The various potential benefits presented by the combination
of radiation and immunotherapy have spurred immense interest
in the field.

In this section, we will discuss immunotherapy clinical trials
which target GSC-specific and GSC-overexpressed targets with a
focus on ongoing clinical trials (Table 1).
Passive Immunotherapy
Passive immunotherapy utilizes antibodies to bind to
oncomodulatory signaling molecules or target proteins on
cancer cells and disrupt cellular function without producing a
memory immune response in the patient. The most significant
improvement in standard of care treatment in the United States
recently has been the addition of the monoclonal antibody
bevacizumab, or Avastin, which was granted accelerated
approval by the FDA in 2009 (61). Bevacizumab targets
vascular endothelial growth factor (VEGF), a signaling
molecule that promotes angiogenesis and is secreted in high
quantities by GBM cells. While bevacizumab has improved the
FIGURE 2 | Methods of targeting glioma stem cells. Methods of targeting glioma stem cells (GSCs) can be divided into treatments targeting epigenetic regulation,
metabolic pathways, microenvironment, post-transcriptional regulation, and immunotherapy. Within immunotherapy, strategies can include immunomodulatory drugs,
oncolytic viral targeting, as well as passive, active, and adoptive immunotherapy approaches. Reprinted with permission from Gimple et al. (4).
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progression free survival (PFS) of patients with GBM, it has
failed to improve OS. GSCs are notoriously resistant to hypoxia
and may therefore persist despite the additional therapeutic,
contributing to inevitable recurrence (62).

Epidermal growth factor receptor (EGFR) is molecular target
overexpressed in GSCs which confers chemo- and radioresistance
in GBM tumors, resulting in poorer outcomes among GBM
patients (63). The EGFR-targeting mAbs nimotuzumab and
cetuximab have been shown to reduce the total number of
radioresistant CD133(+) cancer stem cells in a murine glioma
model (64). Nimotuzumab alone demonstrates antiangiogenic and
antiproliferative activity while cetuximab inhibits downstream
EGFR signaling, resulting in tumor radiosensitization. The co-
administration of these drugs delayed tumor growth, decreased
brain tumor sizes, inhibited invasion, and promoted tumor cell
apoptosis. The synergistic effects of these monoclonal antibodies
makes the case for further investigation of combination therapies,
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especially given the well-documented resistance developed by GBM
tumors to individual anti-EGFR mAbs which are frequently
rendered ineffective by extracellular EGFR mutations (65, 66).
This limitation has been evidenced in clinical trials when, used in
combination with standard of care treatment, nimotuzumab failed
to demonstrate significantly improved PFS or OS in 142 patients
with newly diagnosed GBM (NCT00753246) (66). Cetuximab is
now being assessed in a phase I/II clinical trial in combination with
bevacizumab (NCT01884740). There are currently nearly two
dozen trials testing the efficacy of bevacizumab in combination
with another treatment against GBM (67).

EGFR variant III (EGFRvIII) is a constitutively active mutated
form of EGFR that is highly expressed in many GBM tumors
(68). Though not specific to GSCs, it is significantly co-expressed
with CD133 (69) and promotes a stem-like phenotype in GBM
cells. It has been targeted for antibody therapy in combination
with radiation and chemotherapy. Although the anti-EGFRvIII
FIGURE 3 | Basic schema of the main immunotherapeutic modalities for targeting malignancies. In passive immunotherapy (A), antibodies are developed which
bind specific tumor antigens and induce cellular-mediated phagocytosis or complement membrane attack complex-mediated cell death. In active immunotherapy
(B), mononuclear cells are isolated from the patient’s blood then incubated with synthetic or biopsy-derived tumor antigens and activated before being transfused
back into the patient in order to facilitate an anti-tumor T cell immune response. In adoptive immunotherapy (C), either tumor-infiltrating T cells are isolated from
tumor biopsy, selected for their reactivity, and then transfused into a lymphodepleted patient, or T cells are isolated from blood, virally transduced to express a
chimeric antigen receptor (CAR), and then transfused into a lymphodepleted patient.
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antibody rindopepimut showed promising results in phases I and
II (70, 71), its large international phase III trial, ACT IV, was
discontinued after interim analysis did not demonstrate survival
benefit (72).

While monotherapies have stumbled in clinical studies,
bispecific antibodies (bsAb) and novel technologies have
shown promise in bolstering the anti-GSC effects of passive
immunotherapies. A bispecific antibody against CD133 and
EGFRvIII was demonstrated to be highly cytotoxic against
GSCs (but not NSCs) and significantly more effective in
prolonging OS in mice as compared to CD133 or EGFRvIII
mAbs alone (69). Though it has yet to be validated in human
studies, these bispecific antibodies’ increased specificity may
confer greater anti-GSC effects and decreased toxicity than
monotherapies (73, 74). Near-infrared photoimmunotherapy
(NIR-PIT) is another novel technology that has the potential
to improve the anti-GSC effect of monoclonal antibodies. NIR-
PIT involves administration of monoclonal antibodies tagged
with photoactive molecules (commonly IR700 dye) followed by
near-infrared irradiation. Photoactivation of these antibodies
results in specific and robust cell death via cellular membrane
damage. Jing et al. demonstrated that CD133-targeted NIR-PIT
induced rapid cell death of CD133(+) GSCs in vitro and in
orthotopic GSC tumor mouse models (75). Importantly, the
ability to administer this non-harmful irradiation through the
skull suggests that NIR-PIT may present a safe treatment method
in humans.

While research into GSC-specific passive immunotherapy is
sorely lacking, additional research is warranted given their
demonstrated superiority to bulk tumor-targeting mAbs in
preclinical applications. New antibodies which can eliminate
chemo(radio)resistant GSC populations, such as one against anti-
apoptotic protein CD47, are being developed constantly and warrant
optimism (74). Given their ability to target a variety of pathways, and
their general tolerability in humans, GSC-specific passive
immunotherapies may be utilized as safe and effective adjuncts to
more aggressive chemo- or immunotherapeutic approaches.
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Active Immunotherapy
Both dendritic cell (DC) vaccines and antibody-mediated T cell
immunotherapies rely on the activation of host immunity in order
to target specific cancer cells. These approaches have demonstrated
safety and efficacy for treatment of GBM in both preclinical and
clinical trials (76). Given the success of these trials, researchers are
utilizing active immunotherapeutic approaches to eliminate chemo
(radio)resistant GSC subpopulations. These GSC specific therapies
work via two primary mechanisms: 1) promotion of a broad
immunity against GSCs by GSC lysate-pulsed DCs and 2)
activation of immunity against specific GSC antigens by synthetic
peptide/RNA/mRNA-pulsed DCs.

Promoting immunity against GSC lysate trains the immune
system against any antigens associated with GSCs. Murine
models which utilize this technique have highlighted the
potential for anti-GSC DC vaccines and have served as the
basis for multiple clinical trials. Dendritic cells pulsed with
GSC tumor lysate have shown to be highly effective at
preventing viability of murine GBM tumors grown as both
neurospheres (which preferences GSC growth) (77), and have
elicited specific T cell responses against GSCs and improved OS
in xenografted mice (78). Allogenic GSC lysate-loaded DCs are
now being tested in multiple clinical trials (NCT02010606
and NCT01567202).

Other groups are utilizing patients’ surgical specimens to
culture tumor-initiating GSCs and train autologously derived
dendritic cells (NCT03400917). Along with GSC lysate, it is also
possible to extract mRNA from patient derived GSCs and produce
personalized vaccines. One phase I trial, NCT00846456,
demonstrated the safety of this approach as well as a nearly
three-times longer PFS compared to matched controls (78).

Much effort has been taken over the past three decades to
define GSC specific peptides in order to decrease the risk for off-
target effects, and numerous clinical studies are now assessing the
effectiveness of DC vaccines which target peptides that are highly
expressed in GSCs. One phase III clinical trial, NCT02546102,
which was suspended in 2017 for inadequate funding showed
TABLE 1 | Ongoing immunotherapy clinical trials targeting glioma stem cells (GSCs).

Trial name Therapy type Target Combination Phase
(O-III)

ClinicalTrials.gov
Identifier

AVeRT DC vaccine pp65 Nivolumab I NCT02529072
DENDR-STEM DC vaccine Autologous GSCs I NCT02820584
IL13R⍺2 CAR T cell therapy CAR T cell IL13R⍺2 Ipilimumab,

nivolumab
I NCT04003649

Allogeneic GSC lysate DC
vaccine

DC vaccine Allogeneic GSC lysate SOC I NCT02010606

HERT-GBM CAR T cell HER2, pp65 I NCT01109095
Autologous GSC lysate DC
vaccine

DC vaccine Autologous GSC lysate SOC II NCT01567202

SurVaxM Antibody mediated T cell
therapy

Survivin TMZ, GM-CSF II NCT02455557

ELEVATE DC vaccine pp65 Td, basiliximab,
TMZ

II NCT02366728

ATTAC-II DC vaccine pp65 TMZ II NCT02465268
AV-GBM-1 DC vaccine Autologous tumor-initiating cellular

antigens
II NCT03400917

DEN-STEM DC vaccine GSC antigens, hTERT, survivin II/III NCT03548571
Febr
uary 2021 | V
GM-CSF, granulocyte-macrophage colony-stimulating factor; GSC, glioma stem cell; SOC, standard of care; TMZ, temozolomide; Td, tetrodotoxin.
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significant promise in early phases. DC vaccines were pulsed
with 6 synthetic peptides overexpressed in GSCs: HER2, TRP-2,
gp100, MAGE-1, IL13R⍺2, and AIM-2 and this therapy was
given in conjunction with standard of care chemo(radio)therapy.
Results from phase I of the trial suggested a powerful therapeutic
effect: median PFS in newly diagnosed patients treated with the
vaccine was 16.9 months and OS was 38.4 months, noticeably
exceeding historical standards (79). Five patients who underwent
a second tumor resection also demonstrated a decrease or absence
of CD133 expression in tumor tissue, suggesting the therapy may
have exerted GSC-selective cell death. Another phase I trial
(NCT02049489) demonstrated that a DC vaccine against
CD133 was well tolerated in a pilot group of 20 patients (80).

The phosphoprotein pp65, a product of human cytomegalovirus
(HCMV), is an interesting DC vaccine target. A large fraction of
clinically isolated CD133(+) cells are found to be positive for pp65,
and infection of GBM cells with HCMV in vitro causes an
upregulation of CD133, Notch1, Sox2, Oct4, and Nestin, and
promotes the growth of GBM neurospheres, suggesting that pp65
may play a role in stemness (81). The presence of HCMV in GBM is
a controversial topic, having been confirmed and denied by various
labs (82). Regardless, targeting HCMV products may show promise
in clinical trials.

Researchers at Duke University have a number of ongoing
clinical trials investigating the effectiveness of a pp65 RNA-
pulsed DC vaccine in combination with various other
treatments. One addition being tested is that of anti-IL-2R⍺
antibodies which researchers hope will decrease Treg function
and improve the penetration of DC vaccinations. Early research
demonstrated that TMZ-induced lymphopenia enhances vaccine
responses but dramatically upregulates T-reg function. IL-2R⍺
therefore diminishes the T-reg response allowing for a more
robust anti-tumor effect (83). Interestingly, administration of IL-
2R⍺ antibodies depleted vaccine-induced immune responses in
mice without lymphopenia, but acted synergistically with TMZ
in mice experiencing TMZ-induced lymphopenia. These results
were confirmed in a pilot study with six patients and draw focus
to the importance of combination therapies which utilize tumor
debulking therapies like TMZ along with targeted therapies like
IL-2R⍺ antibodies and DC vaccines.

In a phase I trial (NCT00626483), the group combined a pp65
DC vaccine with basiliximab, another anti-IL-2R⍺ antibody (84).
Initial results from phase I of the trial demonstrated high
tolerability of the combination therapy but survival benefit was
not extrapolated at the time of data collection. After
demonstrating that pp65 RNA-pulsed DC vaccines with tetanus/
diphtheria (Td) toxoid pre-conditioning significantly increased
patient PFS and OS in a small pilot study (85), the group is
comparing the effectiveness of pp65 vaccine alone, with Td toxoid
pre-conditioning, and with both Td toxoid pre-conditioning and
basiliximab against newly diagnosed GBM after standard of care
treatment (ELEVATE; phase II; NCT02366728). The most
promising of the group’s trials combines the pp65 DC vaccine
with dose-intensified TMZ cycles (ATTAC; NCT00639639).
Preliminary results demonstrated more than double the OS and
triple the PFS as compared to historical controls (85). Notably,
Frontiers in Oncology | www.frontiersin.org 7118
four patients remained progression-free at 59 to 64 months. Phase
II of this trial (NCT02465268) is currently underway. Finally, an
ongoing phase I trial (NCT02529072) is evaluating the
effectiveness of the pp65 vaccine in combination with the
programmed cell death 1 (PD-1) blocking antibody nivolumab.
In a fashion similar to anti-IL-2R antibodies, the inclusion of this
checkpoint inhibitor will hopefully antagonize GBM’s
immunosuppressive effects.

Another promising ongoing clinical trial is that of a trivalent
GSC-targeting DC vaccine which is now in stage II/III
(NCT03548571). Researchers at Oslo University Hospital are
targeting GSCs by administering DC vaccines transfected with
GSC mRNA along with the anti-apoptotic peptide survivin and
human telomerase reverse transcriptase (hTERT). Both survivin
and hTERT have been found to increase stemness in GBM and
are expressed in high levels in GSCs (86, 87). In a small
preliminary study of this therapy, median PFS was nearly three
times longer as compared to those receiving standard of care.

Monoclonal and bispecific antibodies are also being
investigated for their ability to activate T cell immune responses
against GSCs, and once again survivin is a promising target.
SurVaxM, a survivin vaccine, is being tested in combination
with TMZ and granulocyte-macrophage colony-stimulating
factor in a phase II clinical trial (NCT02455557). Initial results
warrant optimism: of 55 patients with newly diagnosed GBM
treated with the SurVaxM vaccine concomitant with standard of
care therapy, 96%were progression free at 6 months and 93%were
alive at 12 months, a substantial improvement over historical
controls of 43 and 41%, respectively (88). Survivin has also been
utilized along with peptides IL13R⍺2 and Ephrin-A2, a target
highly expressed in GSCs and responsible for self-renewal and
tumorigenicity (89). This trivalent vaccine was tested in a phase I/
II trial (NCT02078648) against recurrent GBM with or without
bevacizumab but demonstrated poor results, with median OS
around 11 months in both groups (90).

The recombinant bispecific antibody AC133CD3 targets T
cells and the CD133 epitope AC133, redirecting human
polyclonal T cells to patient derived AC133(+) GSCs, inducing
GSC lysis, and preventing the growth of subcutaneous GBM
xenografts (91). In tandem with CD8(+) T cell infusion, this
treatment has been demonstrated effective as both a prophylactic
and therapeutic treatment for orthotopic GSC-derived brain
tumors, while AC133(+) hematopoietic stem cells were
virtually unaffected by the therapy.

The successes of endogenous and virus-associated GSC
antigen-targeted therapies indicate that GSC antigens may
represent promising targets for various therapy modalities.
Caution must be taken, however, when considering early
clinical victories, particularly with antibody-mediated T cell
therapies. Some trials which demonstrated promise in phase I
and II have failed in phase III as they could not demonstrate
survival benefit. In the context of their established success in
recurrent GBM treatment, DC vaccines are a promising GBM
immunotherapy approach and preclinical and clinical results of
GSC antigen-specific and GSC lysate DC vaccine approaches
should motivate further investigation.
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Adoptive Immunotherapy
Adoptive immunotherapy utilizes a patient’s own immune cells
—whether selected or genetically modified for antitumor activity
—to combat the growth and spread of neoplasia. Both T cell and
natural killer (NK) cell therapies are of growing interest for
various cancers and are being utilized to target GSCs. Cytotoxic
T lymphocytes (CTL) can be used to target tumor-associated
antigens by being drawn from the patient, selected for their
existing antitumor specificity, and expanded ex vivo before
autologous reintroduction. CTL-mediated GSC targeting has
demonstrated promise in preclinical applications and small
human cohorts, but has yet to be put to test in a large clinical
trial. Chimeric antigen receptor (CAR) T cells, in contrast, are
genetically engineered to exert their cytotoxic effects against
specific antigens and have been extensively studied in the
context of targeting tumor-associated antigens in various types
of cancer. Though CAR T cell therapies have been successful
treating blood cancers—two different therapies were approved by
the FDA in 2017 for treatment of acute lymphoblastic leukemia
(92) and diffuse large B cell lymphoma (93)—they have shown
mixed results in targeting solid cancers. NK cell therapies are less
common and represent a promising, but largely theoretical,
avenue for targeting GSCs. NK cells broadly recognize
transformed cells, do not require activation by particular
tumor-bound antigens, and generally leave healthy cells
unharmed. Finally, CAR NK cells, like CAR T cells, are
genetically modified NK cells which target cancer-specific
antigens. Researchers hope to harness these technologies to
eliminate chemo(radio)resistant GSC populations while relying
on standard of care therapy to debulk tumors.

CAR T cells have been developed to target several GSC-
specific antigens. In a preclinical application of CAR T cell
therapies targeting GSCs, therapies have been developed
against the CD133 epitope AC133 (94). These AC133-specific
CAR T cells recognized and eradicated patient-derived AC133
(+) glioma stem cells in vitro and in mouse models and improved
OS in treated mice.

Non-GSC-specific peptides, which are also upregulated in
GSCs, have demonstrated some efficacy in killing GSC
populations. IL13Ra2 (95, 96), EGFRvIII (97, 98), and
chlorotoxin-based therapies (99) have all been shown to
eliminate both GSCs and bulk tumor cells in preclinical
experiments. An IL13Ra2 CAR T cell therapy is currently
being investigated in a phase I clinical trial alone and in
combination with two checkpoint inhibitors (NCT04003649).

Adoptive immunotherapies cannot always be easily
subcategorized. Some groups of researchers are investigating
technologies which utilize both genetic modification (i.e., CAR)
as well as selection of T cells based on reactivity to particular
antigens (i.e., CTL). A group at Baylor has an ongoing clinical trial
(NCT01109095) aiming to improve the efficacy of a human
epidermal growth factor receptor 2 (HER2) CAR T cell therapy
by selecting for cytotoxic T cells which recognize the human
cytomegalovirus (HCMV) protein pp65. The group has previously
demonstrated the efficacy of the HER2-targeted CAR T cells in
eliminating GBM cells irrespective of CD133 expression (100).
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Their inclusion of the pp65 target in this clinical trial is predicated
on the theory that anti-HCMV antibodies are present in most
human adults and thus this HCMV protein will cause persistent
activation of the CAR T cells. In addition to broadly activating the
CAR T cells, it is possible that this treatment preferentially targets
GSCs. As previously mentioned, HCMV has been shown to
increase stemness of GBM cells, and pp65 is preferentially
expressed in GSCs among infected tumors (81). Initial results
from the phase I study demonstrate that the approach is safe and
potentially effective (101). Eight out of the 16 patients enrolled
demonstrated objective response to the treatment. Three of the
patients demonstrated stable disease and were still alive 24 to 30
months, and longer, after T cell infusion.

Some groups also are investigating the HCMV protein pp65
as a target for CTL-mediated oncolysis. In one study, HCMV
pp65-specific CTLs were comparably cytotoxic against both
GSCs and differentiated cells both in vitro and in a mouse
model (102). Here, all GSC populations were eliminated in
vivo in an antigen-specific manner, indicating a potentially safe
method of attacking GBM. Two phase I/II clinical trials
(NCT01205334 and NCT00990496) which utilized pp65-
trained CTLs in patients with GBM were stopped due to poor
subject recruitment, though other groups are pursuing this
approach with promising preliminary results. The Duke group
pursuing multiple pp65 DC vaccination trials has also
demonstrated that training T cells with pp65-pulsed DCs
increases the polyfunctionality of CTLs in a cohort of 11
patients (NCT00693095), increasing OS (103). Another group
at MD Anderson is investigating autologous pp65-specific CTLs
following lymphodepleting doses of TMZ and found that the
therapy was well tolerated in a pilot trial of 12 patients (104).
Unfortunately, the group recently released results of their phase
I/II trial which demonstrated attenuated T cell functionality and
poor PFS (NCT02661282) (105).

Another peptide which is being utilized for CTL-mediated
cytolysis is that of SOX6, an immunogenic peptide is involved in
inhibition of neuronal cell differentiation and neuronal stem cell
maintenance (106, 107). It has been demonstrated that, due to
SOX6’s immunogenicity and upregulation in GSCs, human
leukocyte antigen (HLA)-A2, and -A24 restricted SOX6
derivatives are effective and safe targets for glioma CTL-
mediated cytolysis in mouse model (107). This target has yet
to be tested in a clinical setting but represents another avenue for
CTL therapies targeting GSCs.

Most adoptive GBM immunotherapy research has been
devoted to CAR T cell and CTL therapies as early research
suggested NK cells were ineffective against GBM (108–110).
However, in 2009, Castriconi et al. showed that allogeneic and
autologous IL-2 and IL-5-activated NK cells were effective in
killing human-derived GSCs (111), opening the door to further
investigations into lymphokine-activated NK cell therapy. Recent
research supports this finding and suggests that NK cell therapies
might be even more effective against GSCs than differentiated
cells, as GSCs were significantly more susceptible to NK cell-
mediated cytolysis than were cells grown in differentiation-
inducing media (112).
February 2021 | Volume 11 | Article 615704

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


Piper et al. Glioma Stem Cell Immunotherapy Review
Finally, CAR-NK cells have also been explored for their ability
to selectively target and eradicate GSCs. In 2015, a group from
The Ohio State University demonstrated that CAR-NK cells
targeting both EGFR and EGFRvIII effectively killed patient-
derived GSCs in vitro (113). They also demonstrated that EGFR
targeting CAR-NK cells significantly suppressed growth of
xenografted human-GSC tumors in mice and yielded double
the median lifespan compared to controls. Of note, the EGFR
targeting CAR-NK cells were more effective than non-modified
NK cells.

Preclinical insights for NK and CTL therapies warrant some
optimism, and clinical evidence that utilizing DCs to train CTLs
increases the treatment modality’s effectiveness supports further
research into this strategy. However, in the absence of clinical
evidence which demonstrates an improvement in OS or PFS,
hope for approaching advancements in adoptive GSC therapies
lies primarily with CAR T cells. Even these advancements,
though, will take patience. None of the three ongoing CAR T
cell clinical trials which target GSCs have yet to reach phase III,
and therefore clinical adoption is unlikely for a number of years.

Virus-Mediated Immunotherapy
A broad range of viruses have been explored for treating high
grade glioma (114), and the list continues to grow (115). These
viruses have demonstrated tropism for tumor cells resulting in
tumor cell lysis, recruitment of the immune system, and finally a
T cell mediated antiviral and antitumor response. This leads
to systemic immunity against the tumor and its recurrence
(116). Because of the interaction with the immune system,
some have classified the use of oncolytic viral therapies as an
immunotherapeutic approach. Clinical trials involving viral
immunotherapies against GBM have recently been reviewed
(117), and those which target GSCs in addition to bulk tumor
cells are listed in Table 2. Researchers have focused efforts on fine
tuning genetic modifications in viruses to specifically target
tumor cells and introduce cytotoxic transgenes. Transgenes
generally function by enhancing prodrug activation, inducing
apoptosis and immune activation, and in the case of GBM,
inhibiting angiogenesis. Investigators have utilized these features
to deliver short interfering (si)RNA and short hairpin (sh)RNA in
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order to downregulate cancer cell gene expression, or directly kill
GSCs. Lentivirus-mediated shRNA inhibition of Chk1/2, the stem
cell gene SirT1, and STAT3 have all been found to sensitize GSCs to
radiotherapy (45, 47, 118, 119). Clinical trials have had varying
success, and likemost therapies for GBM, clinical adaptation is slow.
To date, there are only two governmentally approved oncolytic
virus-mediated immunotherapies on the market, both of which
utilize herpes simplex virus vectors (120, 121).
DISCUSSION

The growing body of knowledge regarding GSCs’ role in
oncogenesis and tumor recurrence necessitates reevaluation of
conventional cancer assessment and treatment methods, as
lasting remission will likely remain elusive for many GBM
patients without the means of reliably detecting and extinguishing
GSC populations. Methods of targeting GSCs vary widely, both in
terms of the vector used to exert cytolytic effects on this cell
population as well as the antigen or cellular pathway targeted by
such vectors. Over the past several years, immunotherapy has
emerged as a promising method of culling GSC populations in
GBM tumors and has increased survival in GBM patients.
Nevertheless, immunotherapies targeting malignancies of the
immune-privileged central nervous system present a host of
unique challenges.

Due to the relative inability of many immunotherapies to
penetrate the blood-brain barrier and subsequently localize to
GBM, modalities which show promise in vitro may stumble in
in vivo and clinical application. Direct introduction of
immunotherapeutic agents into the tumor resection cavity
effectively bypasses the blood-brain barrier but runs the risk of
causing inflammation in the brain due to a productive immune
response. The paradoxical need for a robust immune response with
limited inflammatory changes to kill GBM while preserving the
patient highlights just one of the complexities of immunotherapy in
the context of intracranial neoplasia. Dexamethasone, the current
standard of care agent to treat GBM-associated edema, exerts
global immunosuppression and may thereby limit the efficacy of
some immunotherapies (122). This underscores the importance of
TABLE 2 | Ongoing virotherapy clinical trials targeting glioma stem cells (GSCs).

Virus family Therapy type Viral strain Combination Phase
(O-III)

ClinicalTrials.gov
Identifier

ADV NSC vector oncolytic
virus

BM-hMSC-DNX-2401 I NCT03896568

Reovirus Oncolytic virus Wild-type reovirus
(reolysin)

Sargamostim (rGM-
CSF)

I NCT02444546

Vaccinia
virus

Oncolytic virus TG6002 5-FC I NCT03294486

ADV Oncolytic virus DNX-2440 I NCT03714334
HSV Oncolytic virus HSV G207 Low dose radiation I NCT03911388
HSV Oncolytic virus C134-HSV-1 I NCT03657576
ADV Viral vector gene therapy ADV/HSK-tk Valacyclovir, SOC I NCT03596086
ADV Viral vector gene therapy ADV/HSK-tk Valacyclovir, SOC I NCT03603405
ADV Oncolytic virus DNX-2401 Pembrolizumab II NCT02798406
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developing safe anti-inflammatory medications to be administered
concomitantly with immunotherapy that do not limit the
effectiveness of these agents.

Another hurdle for future immunotherapies to clear is the
necessity that therapies be highly specific for glioma stem cells,
avoiding antigens shared by healthy neural stem cells or other
normal stem cell populations throughout the body, in order to
mitigate the risk of adversely affecting somatic stem cell function.
Even with highly targeted therapies, however, GBM tumors’ innate
immunosuppressive effects can dampen the benefit of
immunotherapies. Although aberrant cell growth results in
immune recruitment through production of chemotactic factors,
GBMs antagonize this process by secreting other chemokines which
recruit T regulatory cells and suppress immune effector cells (123).
In GBM, systemic decrease in T cell responsiveness and
immunoglobulin levels, as well as an increase in Treg circulation,
limits the effectiveness of those immunotherapies which rely on the
body’s endogenous immune system. Further, immunosuppression
in the tumor microenvironment can render ineffective both
endogenous and exogenous immunotherapies. Finally, autologous
vaccination strategies are both costly and time consuming. Given
the rapid progression of GBM and the association between
minimal tumor burden and immunotherapy success (124), efforts
to expedite vaccine preparation are imperative to the success of this
treatment modality.

Though many immunotherapeutic approaches are currently
being investigated, some have shown greater promise in clinical
application than others. The use of static monotherapies such as
single-target antibodies have been repeatedly demonstrated to be
ineffective in the long term due to cellular adaptation by GSCs and,
in some cases, even differentiated tumor cells. However, the
success of bevacizumab in slowing GBM progression and
improving quality of life indicates that passive immunotherapies
might be viable adjuncts to more aggressive chemo- or
immunotherapeutic approaches.

Further, research into the interaction between GSCs and the
tumor microenvironment has shown us that stem cell phenotypes
Frontiers in Oncology | www.frontiersin.org 10121
vary significantly throughout the tumor and that subpopulations
of GSCs may be differentially susceptible to immunotherapeutic
approaches (125). These studies provide a basis for pursuing
multiple immunotherapeutic modalities based on the relative
permissiveness of GSC populations. Currently, the most
thoroughly investigated and perhaps most promising form of
immunotherapy against GBM is that of DC vaccination. Nearly
three dozen clinical trials are currently assessing DC vaccines
against high grade gliomas (126). DC vaccines’ ability to train
cytotoxic T cells to target GSCs without harmful off-target effects
is well documented in both preclinical and clinical applications.
However, none of these vaccines have yet attained FDA approval.
The number of avenues being pursued to target GSCs warrants
optimism, but for now agents trained to eliminate this cancer-
driving cell population remain inaccessible to many.
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Radiotherapy and surgery are curative treatment options for localized prostate cancer
(PCa) with a 5-year survival rate of nearly 100%. Once PCa cells spread into distant
organs, such as bone, the overall survival rate of patients drops dramatically. The
metastatic cascade and organotropism of PCa cells are regulated by different cellular
subtypes, organ microenvironment, and their interactions. This cross-talk leads to pre-
metastatic niche formation that releases chemo-attractive factors enforcing the formation
of distant metastasis. Biological characteristics of PCa metastasis impacting on
metastatic sites, burden, and latency is of clinical relevance. Therefore, the
implementation of modern hybrid imaging technologies into clinical routine increased
the sensitivity to detect metastases at earlier stages. This enlarged the number of PCa
patients diagnosed with a limited number of metastases, summarized as oligometastatic
disease. These patients can be treated with androgen deprivation in combination with
local-ablative radiotherapy or radiopharmaceuticals directed to metastatic sites.
Unfortunately, the number of patients with disease recurrence is high due to the
enormous heterogeneity within the oligometastatic patient population and the lack of
available biomarkers with predictive potential for metastasis-directed radiotherapy.
Another, so far unmet clinical need is the diagnosis of minimal residual disease before
onset of clinical manifestation and/or early relapse after initial therapy. Here, monitoring of
circulating and disseminating tumor cells in PCa patients during the course of radiotherapy
may give us novel insight into how metastatic spread is influenced by radiotherapy and
vice versa. In summary, this review critically compares current clinical concepts for
metastatic PCa patients and discuss the implementation of recent preclinical findings
improving our understanding of metastatic dissemination and radiotherapy resistance into
standard of care.
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INTRODUCTION

Standard of care for metastatic prostate cancer (PCa) patients is
systemic therapy, e.g. androgen deprivation therapy (ADT) or
docetaxel-based chemotherapy. First-line therapy for non-
metastatic, castration resistant prostate cancer (CRPC) patients is
systemic ADT based on second-generation nonsteroidal
antiandrogens enzalutamide or apalutamide with a significant
benefit in metastasis free survival. At prostate-specific antigen
(PSA) recurrence after definitive local therapy, e.g. radical
prostatectomy, radiotherapy, or both, prostate-specific membrane
antigen-based imaging can identify local recurrence or oligo-
metastases (1). This increases the number of diagnosed patients
with asymptomatic metastasis and rising PSA level. High-dose
external beam radiotherapy can successfully control those lesions
in hormone-naïve and even in metastatic CRPC patients (2–4).
However, up to 70% of these patients will experience further
disease progression. Established methods for stratification of PCa
patients into prognostic subgroups are solely based on PSA kinetics
(e.g. PSA velocity, PSAdoubling time), but not on biological, disease-
related differences.Whether the observed differences in response are
related to specificbiologicalphenotypes isoftenhypothesized, butnot
clinically proven yet. Therefore, the characterization of cellular
signatures for radiotherapy response coming from the primary
tumor or distant metastasis, e.g. based on liquid biopsy analysis,
has the potential to detect underlying resistance and metastasis-
initiating mechanisms. Despite the increasing understanding of the
cellular and molecular processes underlying the metastatic cascade,
there are still key questions to answer: How do metastases differ
molecularly and phenotypically from the primary tumor? Is it
possible to predict metastatic spread from signatures within the
primary tumor? Can the cellular composition and degree of
heterogeneity in the metastases be used as signature for patient
stratification? How efficient can metastasis-directed therapy be
implemented into clinical routine and do PCa patients benefit? To
answer the raised questions, this review summarizes the current
knowledge about the metastatic cascade in PCa, introduces state-of-
the-art imaging modalities to visualize microscopic metastatic
lesions, and discusses novel developments in the field of metastasis-
directed therapies.Moreover, we introduce the concept of circulating
and disseminating tumor cells and discuss their prognostic potential
for patient stratification and therapy monitoring.
CHARACTERISTICS OF METASTATIC
SITES IN PROSTATE CANCER

Routes of Metastasis in Prostate Cancer
The invasion of tumor cells into the surrounding tissue and the
seeding of metastases remains a challenging issue, as it represents
the main cause of increased mortality among patients (5, 6).
During metastasis formation, tumor cells undergo a complex
multi-stage intra- and intercellular remodeling process. The
metastatic cascade can be described by five major steps:
1) invasion throughout the basement membrane and migration
Frontiers in Oncology | www.frontiersin.org 2126
into the surrounding tissue; 2) intravasation into the vasculature
or lymphatic system; 3) survival within the circulation;
4) extravasation from the vasculature into the tissue; and
5) colonization and formation of metastatic lesions at
secondary sites (Figure 1) (5, 7). Each stage represents
enormous environmental pressure and energetically demanding
conditions for the cancer cells. The whole process is thought to be
extremely inefficient and less than 0.1% of the cancer cells that
detach from the primary tumor survive within 24 h (8, 9).
Moreover, different tumor entities display a different metastatic
pattern depending on cell-intrinsic and extrinsic regulatory
mechanisms. The so-called pre-metastatic niches support the
adaptation of cancer cells to their new environment and
increase the rate of metastases. Despite the circulation of tumor
cells is a random process, the metastasis formation follows
specific routes. This was already proposed within the seed-and-
soil theory by Sir Stephen Paget in 1889 who stated that distant
organs provide a specific environment as soil for cancer cells to
seed secondary tumors (10). The concept of metastatic
organotropism defines tumor entity-specific target organs.
Organotropism is regulated by circulation pattern, tumor cell-
intrinsic signaling, organ-specific niches, and the communication
between tumor cells and the host microenvironment (11). PCa
cells preferentially metastasize into bone and lung as secondary
site. Within a large autopsy study of 19,000 cancer patients
including 1,600 PCa patients, the bone was with 90% the most
frequent metastatic site in PCa (12). This was followed by
metastasis to the lungs (46%), liver (25%), pleura (21%), and
adrenals (13%). Within the bone, metastases were mostly detected
at the spine (90%), whereas ribs (18%), long bones (15%), and
skull (8%) were less frequently affected. Within the spine, the
lumbar spine is affected most (90%), followed by the thoracic
(66%) and cervical spine (38%), suggesting that PCa cells follow a
venous spread from the prostate to the spine. Besides the
hematogenic spread through the blood stream, cancer cells can
enter the lymphatic system. As such, PCa cells favor settlement
into the paraaortic, pelvic, and mediastinal lymph nodes (12). Of
note, there is a strong association between lymphatic and
hematogenous spread. Over 84% of the tumors with paraaortic
and pelvic lymphatic metastasis also displayed hematogenous
metastasis, whereas when paraaortic and pelvic metastasis were
absent, only 16% showed hematogenous spread. Finally, the nodal
status correlates strongly with the occurrence of distant
metastases, and both of them are associated with advanced
histological grade and tumor growth, highlighting the
importance of the detection of metastasis as a major prognostic
factor in PCa. The occurrence of lymph node metastasis in
patients with PCa indicates a poor prognosis (13–17) and it is
frequently associated with a poor response to radical
prostatectomy and radiation therapy. Thus, it is critical to
understand the mechanisms underlying lymph node metastasis
to improve the care of patients with PCa.

Characteristics of Lymph Node Metastasis
Lymph node metastasis positive PCa patients are at high risk for
further disease progression (13–17) and a poor response to
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radical prostatectomy and radiation therapy. However, data from
randomized clinical studies demonstrated that local therapy in
combination with ADT can result in long-term disease control
(18, 19). Thus, it is critical to understand the mechanisms
underlying lymph node metastasis to improve the care of
patients with PCa. PCa cells form a pre-metastatic niche in
lymph nodes as tumor-adjacent lymph nodes display changes in
the architecture and immune function even before tumor cell
dissemination and lymph node colonization. The decreased
immune function is reflected by the reduced density of
paracortical antigen-presenting dendritic cells and T cells (20,
21), but also by the attraction of immune-suppressive cell types
such as myeloid-derived suppressor cells or tumor-associated
macrophages (22). This is a critical step to escape recognition
and elimination by immune cells in the lymph nodes. Several
means of bi-directional pre-metastatic niche communication have
been proposed, e.g. that the lymphatics produce factors that attract
PCa cells, but also that PCa cells or other cells present in the tumor
microenvironment, such as cancer-associated fibroblasts (CAFs),
produce growth factors and cytokines that promote lymph-
angiogenesis. Recently, the CC-chemokine ligand 21-CC
chemokine receptor 7 (CCL21-CCR7) axis has been implicated
in PCa migration into the lymph nodes (23). High expression of
CCL21 was detected in lymph node metastasis of PCa patients.
The tumor necrosis factor a (TNF-a) has been shown to induce
CCR7, the receptor for CCL21, and migration of PCa cells.
Moreover, the epithelial membrane protein 1 (EMP1) was
identified to be induced in PCa cells after contact with stroma
cells subsequently promoting cancer progression and metastasis
formation in the lymph nodes and lung via a Rac1-dependent
mechanism (24). These tumor-stroma interactions are facilitated
Frontiers in Oncology | www.frontiersin.org 3127
by the glycoprotein podoplanin and the extracellular matrix
protein tenascin-C expressed by CAFs. A high podoplanin and
tenascin-C expression in the stroma of PCa biopsies strongly
correlates with tumor stage, lymph node metastasis, and poor
prognosis (25, 26). Lymph-angiogenesis studies identified the
vascular endothelial growth factor receptor 3 (VEGFR3) and its
ligands vascular endothelial growth factor (VEGF) -C and -D as
critical determinants of lymphatic endothelial cell proliferation
and sprouting of lymphatic vessels. In PCa, expression of VEGF-C
and VEGFR3 is highly correlated with regional lymph node
metastasis and associated with a poor prognosis (27–29). A
recent study showed that blocking VEGF-C or VEGFR3 with
antibodies or RNA interference reduced lymph node and distant
metastasis, while not interfering with the growth of the primary
tumor (30). This is in contrast to VEGFR2, whose inhibition
reduced metastasis mainly due to the reduction of primary tumor
growth by suppressed angiogenesis. Recently, phase I/II clinical
trials have been completed to test the safety of VEGFR3 or
VEGFR2 inhibition in patients with advanced solid tumors.
Despite good tolerability, VEGFR3 or VEGFR2 inhibition
showed no benefit in suppressing tumor growth or lymph node
metastasis. However, these studies show that VEFGR inhibition is
safe paving the way for potential combination therapies (31, 32)
(Figure 2A).

Taken together, the concept of the pre-metastatic niche also
holds true in prostate cancer lymph node metastasis. Identifying
key pathways of niche communication may have significant
implications for prognostic and therapeutic purposes in
prostate cancer, such as targeting the VEGR3-VEGF-C axis to
halt the progression of lymph node metastasis and improve the
patient´s prognosis.
FIGURE 1 | The metastatic cascade in prostate cancer and molecular effects of radiotherapy. During tumor invasion throughout the basement membrane and
further migration into surrounding normal tissue, prostate cancer (PCa) cells use epithelial-to-mesenchymal-transition (EMT) as biological program. Intravasation
allows tumor cells to enter the circulation including the lymphatic and/or vascular system. To extravasate into distant tissue prostate circulating tumor cells (CTCs)
have to attach to the inner vessel wall before leaving the blood system. Once the cells left the circulation they may settle down and colonize secondary organs e.g.
within bones as the main metastatic site for PCa patients.
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Characteristics of Bone Metastasis
The propensity of PCa cells to metastasize to the skeleton, and
further progression to other organs, is a principal cause of
morbidity and mortality among the male population. Although
bone metastases can be initially asymptomatic, their consequences
are often detrimental due to the occurrence of skeletal-related
events such as fractures, bone pain, and spinal cord compression
that markedly reduce the quality of life. While most of the solid
tumors, such as breast cancer and melanoma, tend to cause
osteolytic lesions with excessive bone resorption, bone lesions
resulting from PCa are primarily osteoblastic and associated with
uncontrolled low-quality bone formation (33).

Similar to lymph node metastasis, one of the crucial steps in
the establishment of bone metastases is the formation of the
metastatic niche (34). This process relies on the interactions
between prostate cancer cells and bone resident cells to create a
pro-tumorigenic environment in an otherwise non-permissive
site. During the initial phase of bone metastasis, prostate cancer
cells target the endosteal niches and compete with hematopoietic
stem cells in order to survive and thrive (35). Once in the niche,
disseminated prostate cancer cells invade the surrounding tissue
by acquiring a bone-like phenotype, also known as osteo-
mimicry. In fact, tumor cells modify their molecular signature
by releasing factors originally involved in bone formation and
maintenance, such as osteocalcin, alkaline phosphatase, and
bone morphogenetic proteins (36, 37). This leads to the
disruption of physiological bone remodeling and the onset of
pathological lesions.

Among all the molecules that actively participate in PCa
metastasis, bone-derived-chemokines have been shown to be
crucial for a successful colonization of the skeleton. One of the
most studied chemokines secreted by bone marrow stromal cells
and mature osteoblasts is the C-X-C motif chemokine ligand 12
(CXCL12). Experimental evidence revealed that secretion of
osteoblastic CXCL12 triggers dissemination of tumor cells
from the bloodstream to the target site by binding the receptor
C-X-C chemokine receptor type 4 (CXCR4) located on the
tumor cells (38, 39). Inhibition of CXCL12/CXCR4 axis using
a CXCR4 antagonist compromised tumor growth by altering the
interaction of cancer cells with osteoblast niches (40, 41).
However, this treatment failed to reduce already established
metastasis (41, 42), suggesting that CXCL12/CXCR4 axis is
relevant during the initial colonization phase, but not at the
late stage of the disease. In addition, it has been shown that the
binding of CXCL12 to its receptor enhances the expression of a5
and b3 integrins in PCa cells, two major glycoproteins involved
in tumor progression (43).

Other factors involved in tumor retention within the bone
marrow are the adhesion proteins. Huang et al. demonstrated
that the expression of cadherin-11 in PCa cells enhances the
metastatic spread to bone by providing a physical link to the
osteoblastic component (44). In accordance with that, clinical
specimens confirmed higher levels of cadherin-11 in metastasis
compared to the primary site (45). In addition, gene expression
analyses showed that cadherin-11 facilitates PCa migration and
invasion through upregulation of invasive-related genes, such as
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metalloproteinases (MMP) -7 and -15 (44). Results from studies
investigating the role of bone cells for prostate carcinogenesis
further revealed that osteoblasts redirect PCa cells toward the
endosteal niche by expressing annexin 2, an adhesion molecule
involved in osteoclast activation and mineralization (46, 47).
Interaction of tumor cells with osteoblasts activates gap junction
signaling with a subsequent impairment of the bone matrix
structure (48). For example, high expression of the gap
junction subunit connexin 43 has been reported to alter
osteoblast cytoskeletal organization and enhance migration of
tumor cells (49) (Figure 2B).

After colonization to the bone, PCa cells adapt to the foreign
microenvironment and escape immune surveillance by entering a
quiescent phase, also known as dormancy. Dormant tumor cells
exhibit a reversible cell cycle arrest in G0-G1 phase, in which they
remain viable but do not proliferate. Thus, quiescent cancer cells
represent a clinical challenge since they are commonly chemo-
resistant. Stroma-derived growth arrest-specific protein 6 (Gas6)
has been shown to induce dormancy in PCa cells by binding to the
receptor tyrosine kinases family member Tyro3, Axl, and Mer
(TAM) and downstream activation of multiple signaling
pathways, including MAPK and phosphoinositide 3-kinase
(PI3K)-Akt (50). The engagement of annexin 2 on PCa cells
stimulate Axl, which contributes to a dormant state and drug
resistance in metastatic cells (51). While Axl levels are significantly
high in quiescent cells, Tyro3 has been associated with rapid
tumor growth, suggesting that a balance between the expression of
Axl and Tyro3 might influence the switch of PCa cells from a
dormant to proliferative state and vice versa (52). Moreover, Kim
et al. found that the binding of PCa cells to osteoblasts in the
endosteal niche induces the expression of TANK-binding kinase 1
(TBK1) in tumor cells, which in turn inhibits mTOR signaling
pathway and induces cell cycle arrest (53). Finally, recent studies
showed that two members of the transforming growth factor beta
(TGF-b) superfamily, TGF-b2, and BMP-7, play a crucial role in
metastatic dormancy. Specifically, osteoblast-derived TGF-b2
activates TGF-bRIII signaling in PCa cells with a subsequent
phosphorylation of p38MAPK and interruption of the cell-cycle
in G1-phase through the increase of the cell cycle inhibitor
p27 (54). Similarly, stroma-derived BMP-7 suppresses the
proliferation of prostate cancer cells through an increased
expression of the mitotic inhibitors p21 and p27 (Figure 2C).
Even though dormancy ensures tumor cell survival within the
bone, the formation of detectable metastasis requires the exit of
PCa cells from the quiescent state. Reactivation can be achieved by
endosteal niche remodeling due to activation of osteoclastogenesis,
meaning the differentiation of bone-resorbing osteoclasts from
myeloid precursor cells (55). For instance, in vivo experiments
have shown that induced by castration bone resorption leads to
increased bone metastasis, a process that can be prevented using
osteoclastic inhibitors, such as bisphosphonates or receptor
activator of nuclear factor kappa-B ligand (RANKL) inhibitors
(56). Uncontrolled activation of osteoclasts promotes a vicious
cycle of growth factor signaling between bone resident cells
and cancer cells leading to a final outgrowth of the tumor.
From a clinical perspective, several trials have investigated the
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FIGURE 2 | Prostate metastases within lymph nodes and bone. (A) Prostate cancer cells form a pre-metastatic niche in lymph nodes prior dissemination and
colonization to the lymph nodes. The decreased immune function is reflected by the reduced density of dendritic cells and T cells but also by the attraction of myeloid-
derived suppressor cells (MDSCs) or tumor-associated macrophages. PCa cells and surrounded cancer-associated fibroblasts release soluble factors such as tumor
necrosis factor a (TNF-a), CC-chemokine ligand 21 (CCL21), and interleukin-8 (IL-8) involved in pre-metastatic niche formation within lymph nodes. CCL21 induces
chemokine receptor 7 (CCR7) on PCa cells. Epithelial membrane protein 1 (EMP1) is induced in PCa cells after contact with prostate stromal cells and likely promotes
metastasis into the lymph nodes via a Rac1-dependent mechanism. Lymph-angiogenesis involves the outgrowth and remodeling of lymphatic vessels and is induced by
vascular endothelial growth factor C (VEGF-C) secreted from PCa cells and vascular endothelial growth factor receptor 3 (VEGFR3) on lymphatic vessels. (B) Beside
lymph nodes, the bone is a major metastatic site for PCa. The C-X-C motif chemokine ligand 12 C-X-C chemokine receptor type 4 (CXCL12-CXCR4) signaling guides
disseminating PCa cells into the bone where they colonize within already formed pre-metastatic endosteal niche close to osteoblasts. CXCL12/CXCR4 binding enhances
the expression of a5 and b3 integrins in PCa cells and reinforces their adhesion to the extracellular matrix (ECM). Prostate disseminated tumor cells (DTCs) target the
endosteal niches and compete with hematopoietic stem cells (HSCs) in order to survive. In the niche, DTCs release factors originally involved in bone formation and
maintenance, such as osteocalcin, alkaline phosphatase, and bone morphogenetic proteins (BMP). DTCs support osteoblastic activity through the release of fibroblast
growth factors (FGFs), insulin-like growth factors (IGFs), VEGFs, endothelin 1 (ET-1), Wnt pathway-related factors, and BMPs. Moreover, adhesion proteins facilitate the
metastatic spread to the bone, including cadherin-11 (Cdh11) upregulating metalloproteinases MMP-7 and MMP-15. Osteoblasts redirect prostate cancer cells toward
the endosteal niche by expressing Annexin2 (Anx2). PCa cells and other cells within the bone microenvironment subsequently are co-regulated throughout a vicious cycle
e.g., via receptor activator of nuclear factor kappa-B ligand (RANKL). (C) Tumor cells within a quiescent phase, also known as dormancy, exhibit a reversible cell cycle
arrest in G0 phase. Stroma-derived growth arrest-specific protein 6 (GAS-6) induces dormancy by binding the Tyro3, Axl, and Mer receptor tyrosine kinases. Dormancy is
also regulated by the expression of TANK-binding kinase 1 (TBK1) induced by osteoblast and PCa cell interactions inhibit mTOR signaling and induce G0 phase. Stroma-
derived BMP-7 suppress the proliferation of PCa cells through increased expression of the mitotic inhibitors p21 and p27. Additional regulators of dormancy are GDF10
and TGF-b which phosphorylates p38MAPK.
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efficacy of osteoprotective drugs in advanced PCa (57).
Administration of bisphosphonates, e.g., zoledronic acid, has
consistently shown protection against bone loss in patients
receiving endocrine therapy compared with placebo (58, 59).
Despite promising results obtained using animal models (56),
there is no clear evidence of survival improvement in humans (60,
61). Besides zoledronic acid, denosumab, a RANKL inhibitor has
been validated as an effective antiresorptive agent in the treatment
of bone metastasis in PCa patients. In a randomized phase III
study, denosumab significantly reduced skeletal-related events and
improved pain control compared to bisphosphonates (62).
However, more long-term follow-up studies are needed to
identify potential complications and define the time point for
treatment initiation (63, 64).

In summary, despite significant progress into mechanisms of
PCa, further analyses need to be addressed in order to unravel
the molecular basis of bone metastasis at both early and late
stages. This will help to reduce the rate of metastasis formation
and eventually develop new molecular targeting strategies for
PCa management.

Molecular Characteristics of Metastasis in
Comparison to Primary Tumor
The complex metastatic cascade is accompanied by a multitude of
molecular and phenotypic changes within tumor cells to enable
metastasis formation. When cancer cells leave the primary tumor,
cell-autonomous characteristics that promote survival in the
circulation and within target organs are extremely important (7).
Genetic and epigenetic alterations within the primary tumor and
acquired at the metastatic site contribute to phenotypic changes
and corresponding host interactions (65). A genetic relationship
between the primary tumor and the metastases is rather seen as
linear progression whereas genetic divergence is interpreted as
parallel development (66). Within a published study in 2009, Li
et al. examined copy number variations (CNVs) of multiple
metastases within 24 patients and found that a majority of
samples had the same CNVs in primary tumor and metastases
pointing to a linear progression model with monoclonal origin for
metastatic PCa (66, 67). A 17-year longitudinal sampling of lethal
PCa cases with subsequent comprehensive genomic and
pathologic analysis supported this finding. Haffner et al. traced
the lethal metastatic clone back to the specific lesion of origin (68).
Surprisingly, the lethal clone, defined by the presence of
phosphatase and tensin homolog (PTEN), tumor protein P53
(TP53), and speckle-type POZ protein (SPOP) mutations arose
from a tumor region with pathological characteristics of a low-risk
area and low Gleason score (68, 69). Primary PCa displays an
enormous heterogeneity, which is reflected by distinct molecular
subtypes and a wide variety of clinical outcomes (70). A
comprehensive molecular analysis of 333 primary PCa samples
from The Cancer Genome Atlas (TCGA) defined seven subtypes
based on erythroblast transformation specific transcription factors
(ETS) fusions or mutations in SPOP, forkhead box A1 (FOXA1),
and isocitrate dehydrogenase 1 (IDH1), but demonstrated a
substantial epigenetic heterogeneity within the subgroups (70).
When comparing sequencing data from primary PCa and
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metastatic CRPC, it becomes clear that metastases carry
significantly more mutations and copy number alterations than
primary tumors (65, 71). In particular, metastases show frequent
alterations of the androgen receptor (AR), TP53, retinoblastoma-
associated protein (RB1), lysine N-methyltransferase KMT2C and
KMT2D, DNA repair genes, andmembers of the phosphoinositide
3-kinases (PI3K) signaling pathway (71). A hallmark of PCa is the
dependency on AR signaling pathways for tumor progression
illustrated by the increased abundance of AR amplification.
Prospective AR diagnostics impact on the clinical choice for
AR-specific targeting therapies (71). In a multicenter study, a
significantly higher incidence of germline mutations was found in
metastatic PCa patients (11.8%) compared to 4.6% in men with
localized PCa (72). Mutations were found in 16 genes, including
key regulators of DNA-repair such as BRCA2, ATM, CHEK2,
BRCA1, RAD51D, and PALB2. These defects in DNA repair may
contribute to a further increase of mutational burden. Moreover,
they can be accounted as metastasis driver mutations impacting
clonal expansion while passenger mutations have no effect on the
cancer cell (73). Within the primary tumor, specific genes are
selectively mutated at early or later stages during tumor
progression enforcing clonal evolution (74).

Clonal Evolution During
Metastatic Cascade
Major determinants for metastasis formation are tumor cell
adaptability and plasticity to its changing microenvironment
during disease progression and therapeutic intervention (75).
Early metastatic features are already selected within the primary
tumor under immune pressure, within hypoxic areas or at the
invasive front (7). In PCa, it appears that individual clones within
the primary tumor acquired pro-metastatic properties and the
most potent clones are responsible for metastasis formation or
re-seeding of the primary tumor-bed e.g., after surgical removal
(7, 76). Therefore, PCa cells undergo an epithelial-to-
mesenchymal transition (EMT) in response to TGF-b secreted
by surrounding stromal cells. EMT is a reversible phenotypic
switch where epithelial cancer cells lose their intercellular
adhesion and polarization in order to gain motility and
invasiveness (77).

Clonal evolution analysis in metastatic PCa patients based on
a deep sequencing technique revealed a branching phylogenetic
architecture from primary tumor to distant metastasis with
stage-specific mutational signatures (76). Interestingly, Hong
et al. detected clones from various tumor stages within the
blood implying multiple, temporally separated waves of tumor
cell dissemination from the primary tumor. This parallel model
of prostate metastasis assumes that metastasis-initiating clones
may occur already before clinical diagnosis of the primary tumor
(65). Another study found that an initial hormone-naïve
metastasis clone contained two sub-populations after
treatment. One subclone derived from the original clone and
the other origined from distant sacral metastasis. This points to
the requirement of specific genetic alterations for metastatic
colonization that may evolve outside of the primary tumor and
describes, for the first time, a pre-requisite for the parallel
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progression model (65, 76). For example, the acquisition of TP53
missense mutations in low-frequency sub-clones inside the
primary tumor and their subsequent accumulation in
metastasis samples may indicate that TP53 mutations increase
the metastatic potential of tumor clones and are key drivers for
PCa metastasis (74, 76). In ten patients with metastatic CRPC,
Gundem et al. found evidence for the existence of polyclonal
seeding at distant sites. They found that metastases frequently
spread from metastasis to metastasis, either by de-novo
monoclonal seeding of daughter metastases or through the
transfer of multiple tumor clones (5/10 patients, 50%). Within
those lesions, they found mutations in tumor suppressor genes
occurring as a single event in distinct clones, whereas mutations
in AR signaling were detected simultaneously in multiple
metastatic clones (78). Additional studies validated this
polyclonal seeding based on the genomics analysis (65, 78),
which indicates that subclones may cooperate or compete at all
steps during metastatic cascade (78). Another study published by
Gundem et al. investigated the polyclonal seeding under
therapeutical pressure and identified oncogenic alterations
associated with ADT resistance such as MYC amplification or
CTNNB1 mutation. The authors hypothesize that polyclonal
expansion may be driven by distinct resistance mechanisms
(78, 79). They also found that multiple metastases were more
closely related to each other than to the primary tumor.
Phylogenetic trees illustrate the acquisition of mutations in
PCa metastases either linear, parallel, or branched (78). It
seems that metastatic PCa cells share a common genetic
fingerprint and thus may share a common heritage.

To sum up the molecular part, ETS fusion and mutations in
FOXA1, FLI1, SPOP, and IDH1 are tumorigenic drivers and the
basis for PCa heterogeneity (70). Missense mutations of TP53
and PTEN occur before or at early stages during metastatic
cascade (68, 76) determining them as metastasis drivers. One
interesting finding is that AR expression, which is altered in
>60% of metastatic prostate cancer (80), changes after the
occurrence of metastases. Currently, it is unclear whether rare
subclones originate from the primary tumor or early metastases
harbor AR alterations and promote ADT resistance. It may be
also possible that such alterations occur after metastasis
formation and ADT (81). Finally, it has been demonstrated
that metastatic spread is not unidirectional and metastatic
clones may re-seed the original tumor bed (76, 78). This
impacts the clinical characteristics of metastatic PCa and
therapeutic options.
DIAGNOSTIC IMAGING OF PROSTATE
CANCER PATIENTS WITH
DISSEMINATED DISEASE

Imaging of Metastasis Status in Prostate
Cancer Patients
The screening for PSA level in the serum of patients was
introduced in the late 1980s (82) and enabled a dramatic
Frontiers in Oncology | www.frontiersin.org
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increase in early PCa detection (83). On the other hand, PSA is
not solely a PCa-specific biomarker and, as such, leads to
overdiagnosis and overtreatment of clinically insignificant
cases, representing a significant burden for patients (84).
Moreover, absolute PSA level does not always correlate with
prognosis (85). Therefore, more specific and sensitive PSA-based
values like PSA density (PSAD) (86), PSA velocity (PSAV) (87),
free-to-total PSA (F/T PSA) (88), and PSA doubling time
(PSADT) (89) are seen as options with stronger predictive
value. For example, PSADT is defined as the length of time for
two-fold PSA level increase. A PSADT <6 months is strongly
associated with metastatic disease, increased PCa mortality (90),
and relapse (91). Nonetheless, the reported benefit of PSADT in
PCa management did not enter clinical routine and some studies
even reported discrepant results indicating that further studies
are required to determine the reliability of PSADT and other
available biomarkers (92–94).

Recommended diagnostics for men at risk of extra-prostatic
cancer spread include computer tomography (CT), skeletal
scintigraphy and positron emission tomography (PET) as well as
combined imaging modalities like single photon emission
computed tomography (SPECT)/CT, PET/CT, and PET/
magnetic resonance imaging (MRI). The most promising
strategy is represented by radiotracer-based PET imaging which
mainly employs changed metabolic activity or specifically
overexpressed receptors (95). The choice of a respective
radiotracer has to be considered carefully as one single
radiotracer is usually not suitable to visualize all clinical stages
of PCa. Moreover, its utilization is strongly dependent on the level
of malignant tissue, tumor heterogeneity (96), and previously
applied treatments (97). The 2-deoxy-2-18F-fluoro-D-glucose
(18F-FDG) is the most commonly used radiotracer in clinical
PET imaging worldwide. It is seen as limited with rather low
overall sensitivity for PCa compared to other malignancies with
a higher glycolytic rate (98). In contrast, patients with discordant
18F-FDG-avid metastatic CRPC are usually identified with a poor
prognosis and short overall survival (99). Thus, 18F-FDG-PET
imaging represents a relevant prognostic indicator correlating with
enhanced glucose transporter 1 expression in high-risk PCa
patients (100). The androgen receptor (AR) represents a key
molecular target for AR-binding 16b-18F-fluoro-5a-
dihydrotestosterone (18F-FDHT). 18F-FDHT-PET enables
detection of metastatic CRPC with overexpressed AR and
indicates a low pharmacological efficacy of ADT (101). Another
commonly applied strategy is represented by the utilization of
multiple radiolabeled choline derivatives such as 11C-methyl-
choline and 18F-fluorocholine (102). Choline is phosphorylated
by the choline kinase overexpressed in PCa and necessary for
malignant transformation (103). 11C- and 18F-choline-PET
demonstrated clinical benefit for the detection of bone and
lymph node metastases. However, in the latter case, the
sensitivity is strongly dependent on PSA level as demonstrated
by detection rates of less than 50% for PCa patients with serum
PSA level <2 ng/ml (104). Moreover, anti-1-amino-3-18F-
fluorocyclobutane-1-carboxylic acid (18F-FACBC, Axumin®,
Blue Earth Diagnostics) was proven to be superior to 11C-
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methyl-choline in PET imaging for PCa patients with biochemical
relapse after radical prostatectomy (105). Finally, 18F-sodium
fluoride (Na18F) is a hydroxyapatite-affine bone-seeker which is
incorporated at sites of active bone remodeling adjacent to
metastatic foci analogically to 99m-technetium medronic acid
(99mTc-MDP) used for skeletal scintigraphy (106). However,
18F-NaF-PET was shown to have a higher sensitivity and
specificity for the detection of osseous metastatic disease
compared to scintigraphy (107).

Radiopharmaceutical Options
Among all previously mentioned radiotracers for PCa imaging,
particular attention is given to radiotracers targeting the
peptidase prostate-specific membrane antigen (PSMA) (108).
PSMA expression reflects the progression of the disease, with
the highest expression level in the late stage of metastatic CRPC,
and enables monitoring of disease recurrence (109). Diverse
PSMA-directed antibodies, antibody-derivatives, peptides,
peptidomimetics, small molecules, and nanoparticles have been
designed as capable diagnostic, therapeutic, and/or theranostic
constructs for the management of PCa (110–113). As reported by
Zippel et al., more than 100 clinical trials utilize PSMA-specific
diagnostics or therapeutics currently (114). Until now, it has
been shown that 68Ga-PSMA-PET outperforms all standard-of-
care imaging within sensitivity and specificity for PCa detection
(115). In the randomized proPSMA trial for primary staging of
localized high risk prostate cancer, PSMA-based PET imaging
showed superior sensitivity and specificity over conventional
imaging for accurate diagnosis of nodal and distant metastases
{27% (95% CI 23–31) vs. 65% [60–69]; p<0·0001}. Further, 18F-
PSMA-PET has a significant impact on PCa patient management
as shown by a prospective clinical study (116). The most
prominent diagnostic radioligand for the imaging of PSMA-
positive PCa is 68Ga-PSMA-11 (117). Comprehensive meta-
analysis by Perera et al. demonstrated high PCa detection rates
for 68Ga-PSMA-PET with 59% for patients with low PSA levels
of 0.5–0.99 ng/ml, 75% for 1–1.99 ng/ml and 95% for PSA values
>2 ng/ml (118). In parallel, 18F-labeled PSMA ligands like 18F-
DCFPyL (119) and 18F-PSMA-1007 (120) may gain even more
clinical importance. For example, 18F-PSMA-PET/CT was able
to visualize metastatic lesions in >70% of CRPC patients that
were not previously detected (121) and in >67% patients with
biochemical recurrence whose conventional imaging has also
failed (122). On the other hand, 5%–10% of patients with
primary PCa are PSMA-negative and PSMA-targeted diagnosis
is not applicable in those patients (123). Additionally, patients
who receive long-term ADT demonstrate a significant reduction
in PSMA expression (97). In this scenario, other targets such as
gastrin-releasing peptide receptor (124), fibroblast activation
protein (125), and somatostatin receptor (126) demonstrated
clinical potential (Table 1).
Imaging and Theranostic of
Skeletal Metastasis
The skeletal compartment is the most frequent site of metastases
in PCa patients (127). Bone metastases occupy a nutrient-rich
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niche that enhances the treatment-resistance of disseminated
PCa (128). Approved agents for palliative therapy of PCa
patients with bone metastasis include beta-emitting particles
such as strontium chloride (89Sr-chloride) (129) and
samarium-153-ethylene-diamine-tetra-methylene-phosphonate
(153Sm-EDTMP) (130). However, both options did not improve
overall survival and demonstrated limited tolerability due to side
effects on the bone marrow and hematopoietic system. On the
other hand, alpha-emitting particles including agents such as
radium-223 dichloride (223RaCl2, Xofigo®, Bayer Healthcare)
revealed overall survival benefit and reduced symptomatic
skeletal events (131). The ALSYMPCA trial reported that the
application of 223RaCl2 increases median overall survival from
11.3 to 14.9 months and time to develop skeletal-related events
from 9.8 to 15.6 months (132).

The novel concept of theranostic approaches combines
diagnostics with therapy. Due to the increased availability of
potent PSMA-directed agents, several PSMA-labelled
radiopharmaceuticals are used in the late stage of PCa.
Meanwhile, beta-particle-emitting 177Lu-PSMA-617 (133–136)
and alpha-particle-emitting 225Ac-PSMA-617 (137–139) became
the main candidates for PSMA-targeted radioligand therapy of
patients with metastatic CRPC. A retrospective multicenter phase
I study with 145 patients demonstrated safety and efficacy of
177Lu-PSMA-617. The clinical benefit exceeded those of other
third-line systemic therapies and prolonged the overall survival in
patients without any other treatment option (134, 140–142). A
prospective single center phase II trial validated the high response
rate, low toxicity, and improved quality-of-life in additional 50
patients for the 177Lu-PSMA-617-based theranostic (143). The
long-term follow-up of this study including re-treatment upon
progression demonstrated higher response rates than other third-
line therapies, as far as such comparison between different studies
is valid (144). A systematic review from von Eyben et al. concluded
that 177Lu-PSMA-targeted radioligand therapy decreased PSA
level in patients twice as often as chemotherapy (145). Another
agent, the 225Ac-PSMA-617, revealed an even higher radiological
and biochemical response rate in patients with poor prognosis.
However, those patients experienced an increased rate of severe
side-effects like irreversible xerostomia (139). The current focus is
given to the prospective international multicenter phase-III trial
called VISION (NCT03511664) which evaluates 177Lu-PSMA-617
for the treatment of 750 patients with progressive PSMA-positive
metastatic CRPC (146). The outcome of this clinical trial might
clarify the role and clinical potential of 177Lu-PSMA-targeted
radioligand therapy for the management of metastatic CRPC as
second-line therapy in the future.
RADIOTHERAPY FOR PATIENTS WITH
METASTATIC PROSTATE CANCER

Clinical Potential of Radiotherapy for
Metastatic Prostate Cancer Patients
The current standard-of-care for patients with metastatic PCa
includes systemic androgen-deprivation therapy with or without
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TABLE 1 | Clinical trials applying radiopharmaceutical in PCa patients, including patient characteristics, therapeutics, outcome, study ID.

Compound Characteristics
& number of
participants

Patient characteristics Primary outcome measures Completion
date

Study ID &
short name

[68Ga]Ga-PSMA-11
compared to
histopathology

Diagnostic
Phase I/II

173

Patients with newly diagnosed PCa and a
high risk for metastasis, scheduled for
radical prostatectomy (RP) with extended
pelvic lymph node dissection (EPLND).

True positive fraction (TPF) and false
positive fraction (FPF) of identified tumor
tissue in soft tissue, analyzed separately for
prostate gland and pelvic lymph nodes,
using histopathology as standard of truth.
Frequency of occurrence and severity of
abnormal findings in safety investigations.

Jul 2020 NCT03362359

[68Ga]Ga-PSMA-11
compared with pathology
reports and/or routine
imaging

Diagnostic
Phase n.d.

1574

Subjects with high risk PCa at initial
presentation, with biochemical persistence
of PCa following radical prostatectomy,
with biochemical recurrence of PCa
following initial curative treatment with
radical prostatectomy or radiation therapy,
with biochemical recurrence of PCa
following radical prostatectomy

Sensitivity of [68Ga]Ga-PSMA-11 PET/CT
imaging in the assessment of high risk and
recurrent PCa. Determination of sensitivity
when compared with pathology reports (if
available) and routine imaging (CT, MRI,
bone scan) if available.

Sep 2028 NCT04484701

[18F]DCFPyL
compared to
histopathology

Diagnostic
Phase II/III

385

Patients with at least high risk PCa who
are planned for radical prostatectomy with
lymphadenectomy (Cohort A) or patients
with locally recurrent or metastatic disease
willing to undergo biopsy (Cohort B).

Sensitivity and specificity of [18F]DCFPyL
PET/CT imaging to detect metastatic PCa
within the pelvic lymph nodes relative to
histopathology.

Jul 2018 NCT02981368
“OSPREY”

[18F]DCFPyL
followed by biopsy/
surgery, conventional
imaging or locoregional
RT

Diagnostic
Phase III
208

Patients with suspected recurrence of PCa
who have negative or equivocal findings on
conventional imaging.

Correct localization rate, defined as % of
subjects with a one-to-one
correspondence between localization of at
least one lesion identified on [18F]DCFPyL
PET/CT imaging and the composite truth
standard.

Aug 2019 NCT03739684
“CONDOR”

[18F]PSMA-1007
vs. [18F]fluorocholine

Diagnostic
Phase III
200

Patients with suspected biochemical
recurrence of PCa after previous definitive
treatment for localized PCa.

Comparison of detection rate of metastatic
PCa lesions for [18F]PSMA-1007 versus
[18F]fluorocholine.

Sep 2020 NCT04102553

[177Lu]Lu-PSMA-617
vs. cabazitaxel

Therapy
Phase II
201

Patients with mCRPC who have
progressed despite hormonal therapy and
chemotherapy.

PSA RR defined as the proportion of
participants in each group with a PSA
reduction of ≥50% from baseline.

Jan 2021 NCT03392428
“TheraP”

[177Lu]Lu-PSMA-617
vs. best supportive/
standard care

Therapy
Phase III
750

Patients with progressive PSMA-positive
mCRPC who received at least one novel
androgen axis drug and were previously
treated with one to two taxane regimens.

OS in patients with progressive PSMA-
positive mCRPC who receive [177Lu]Lu-
PSMA-617 in addition to best supportive
and/or standard of care.

Sep 2021 NCT03511664
“VISION”

[177Lu]Lu-PSMA I&T
vs. standard care

Therapy
Phase II

58

Patients with hormone-sensitive oligo-
metastatic PCa.

To compare the fraction of patients that
have disease progression and meet EOT 1
criteria in a group of patients that are
treated with [177Lu]Lu-PSMA I&T and a
control group.

Jan 2024 NCT04443062
“Bullseye”

[225Ac]Ac-PSMA-617
pilot trial for therapy

Therapy
Early phase I

20

Patients with mCRPC who were incapable
of 2nd ADT or chemotherapy.

Serum PSA level. Dec 2021 NCT04225910

[225Ac]Ac-J591
dose escalation

Therapy
Phase I

42

Patients with documented progressive
mCRPC.

Change in the number of subjects with
dose limiting toxicities. Estimation of
maximum tolerated dose.

Jul 2024 NCT03276572

[225Ac]Ac-J591
dose escalation

Therapy
Phase I/II

105

Patients with progressive mCRPC. Change in the number of subjects with
dose limiting toxicities. Estimation of
cumulative maximum tolerated dose.
Assessing the recommended phase II dose
(RP2D) of [225Ac]Ac-J591 in fractionated
dose and multiple dose regimens (phase I).

Jun 2027 NCT04506567

[131I]-MIP-1095
with or without
enzalutamide

Therapy
Phase II
175

Patients PSMA-avid mCRPC who have
progressed on abiraterone and are
planned for treatment with enzalutamide.
Patients must be chemotherapy-naive and
must be ineligible or refuse to receive
taxane-based chemotherapy at time of
study entry.

The proportion of patients with PSA
response according to PCWG3 criteria
defined as the first occurrence of a 50% or
more decline in PSA from baseline,
confirmed by a second measurement at
least 3 weeks later.

Dec 2022 NCT03939689
“ARROW”
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docetaxel-based chemotherapy. The effects of local radiotherapy for
men with metastatic PCa as well as the optimal combination with
systemic therapies are currently under debate. In particular, the
heterogeneity within PCa patients in terms of tumor volume,
metastatic distribution, tumor properties, and clinical symptoms
impact tumor progression and therapeutic outcome and need to be
further investigated. Several ongoing prospective randomized trials
aim to clarify the impact of local radiotherapy in patients with
metastatic PCa (NCT01957436, NCT03678025, NCT01751438).
The randomized phase 3 trial STAMPEDE compared standard-of-
care with external-beam radiotherapy to the prostate in metastatic
patients and showed no improved overall survival in the whole
cohort (HR 0.92, 0.80–1.06; p=0.266). However, in a pre-specified
subgroup analysis of patients with low metastatic burden, the trial
demonstrated an improved 3-year overall survival in patients with
low metastatic burden (819 of 2061 randomized patients)
compared with standard-of- care (81% vs. 73%; HR 0.68, 95% CI
0.52–0.90; p=0.007) (147). Within this study, high-volume
metastatic disease was defined as presence of visceral metastases
and/or more than four bone metastases with at least one outside of
the vertebral column and pelvis. These results are in line with the
data obtained within the HORRAD trial, the only published
randomized-controlled trial so far that has found a survival
benefit in men with low metastatic burden applying local
radiotherapy in combination with androgen-deprivation therapy
for PCa patients with primary bone metastasis (148). This indicates
that patients with few metastases could potentially benefit from
local prostate radiotherapy. In both trials, only conventional
staging such as bone scan or CT was used. As modern PSMA-
PET would be able to detect even smaller metastatic lesions, the
method has the potential to precisely define low-volume disease.
Furthermore, more patients would be staged as high-volume
disease. Therefore, the definition of high-volume disease and the
question which of those patients would benefit from local
radiotherapy has to be addressed in randomized controlled trials
in the future. However, there is an urgent need to clarify the benefit
of local radiotherapy on metastatic spread not only from the
clinical point of view but also from a better understanding of the
underlying molecular and cellular mechanisms.

Clinical Features of Oligometastatic
Prostate Cancer Patients
The term oligometastatic cancer refers to a wide range of patients
with a low number of metastatic lesions. The occurrence of one
to five metastases in those patients leads to a distinct clinical
prognosis compared to patients with widespread metastatic
disease (149, 150). Oligometastatic patients benefit from local
ablative treatment to all visible lesions in terms of a significant
clinical benefit for overall survival, time to initiation of systemic
therapy, or time to progression (151–156). In general, the
prognosis of patients differs when addressing the timepoint of
metastatic onset e.g. in patients with oligo-recurrence after initial
local therapy, appearance of metastases after local therapy
without a local recurrence, or detection of additional metastatic
lesions in patients with metastatic disease. It is hypothesized that
those differences may be due to primary location and histology,
previous treatments, metastasis activity (synchronous metastases
Frontiers in Oncology | www.frontiersin.org 10134
vs. metachronous metastases), and metastasis status (lymph
node vs. other sites) at first diagnosis (157). Until now, no
clinical data are available evaluating the prognostic differences in
PCa patients with oligometastatic disease, underlining an urgent
clinical need for the development of biomarkers to stratify this
heterogeneous group of oligometastatic PCa patients. Another
assumption currently under discussion is whether treating all
metastatic lesions with ablative intent using e.g. high dose
radiotherapy, surgery, thermal ablation or laser resection may
lead to complete tumor response, high cure rates, or long-term
disease control in a subgroup of oligometastatic PCa patients. This
is supported by clinical trials showing a significant benefit in
prolonging time to initiation of androgen-deprivation therapy (13
vs. 21 months) or tumor progression after metastasis-directed
therapy (MDT) in comparison to standard of care (158).

Due to the development of novel imaging techniques for PCa
patients, as already introduced previously, the detection of
metastases is possible even at low PSA serum levels (1–2 ng/
ml) (159). PSMA-PET-based staging entered successfully the
clinical routine for primary diagnosis in high-risk PCa patients
and influenced significantly the choice of treatment (160).
Moreover, it is applied for staging of patients with biochemical
recurrence after prostatectomy or progression after radiotherapy
(161). Detected metastases are typically small and asymptomatic
in the lymph node or bone. High precision conformal
radiotherapy techniques such as stereotactic body radiotherapy
is able to control those lesions without significant normal tissue
toxicity (162).

PCa with recurrent disease is usually not accompanied by fast
progression into symptomatic stages. Patients with recurrence
develop symptomatic metastases within a median time of 8
years and a mean overall survival rate of 5 years upon onset.
Only a small subgroup of patients characterized with an initial
Gleason score of 8 to 10, biochemical recurrence within 2 years,
and a PSA doubling time <10 months show a faster metastatic
progression (163). In summary, the prognosis of oligometastatic
PCa is heterogeneous as those lesions appear at different disease
stages at primary diagnosis and upon different pre-treatment
regimens. Stratifying those heterogeneous patient population
into several subgroups solely based on PSA level is currently
under investigation. Unfortunately, no prognostic biomarker for
those patients is available so far. Moreover, the development of
predictive biomarkers for metastasis-directed therapy would help
to answer the clinical questions, if PCa patients would benefit in all
stages of the disease (164).

Metastasis-Directed Radiotherapy
In incurable disease stages, palliative radiotherapy in few fractions
is frequently applied to alleviated symptoms including pain,
bleeding, or urinary tract problems. The gained improvement of
these clinical symptoms, however, does not affect overall survival
and metastatic progression at other sites (165). Novel imaging
techniques enable the detection of single or few PCa metastases
even in patients with low PSA-level and the treatment of those
lesions with local ablative radiotherapy (162). Therefore, a growing
number of patients are treated with the so-called metastases-
directed therapy, including all forms of local treatments (e.g.,
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lymph node dissection, thermal ablation, surgery, or high-dose
radiotherapy) with the aim of long-term tumor control. Improved
radiotherapy planning systems and precise delivery techniques
allow metastasis-directed, local ablative radiotherapy with a few
high-conformal fractions as stereotactic body radiation therapy
(SBRT). Due to the non-invasive nature of SBRT, the treatment
can be done without serious side effects. Most retrospective case
series [summary in (150)] focus on a local control and disease
progression and demonstrated clinical benefit with local control
rates of >90% within the first year. However, further biochemical
or metastatic progression after 1 year is observed in ~50% of the
treated patients. All published data are not comparable, because
those cohorts differ within risk group stratification, primary
treatment, concurrent medication, diagnostics, and fractionation
scheme. To date, only two randomized trials, the STOMP, and
ORIOLE study investigated the clinical benefit of metastasis-
directed radiotherapy in comparison to observation as standard-
of-care in castration-sensitive PCa patients. Within the STOMP
study, 5 out of 31 patients received pelvic lymph node resection
and showed a significant improvement of androgen deprivation
therapy-free survival (21 vs. 13 months). Within the ORIOLE
study, SBRT was applied with a fractionation schedule depending
on the metastatic site and included 3 to 5 fractions with a total
dose of 19.5–48 Gy. The primary clinical endpoint was
progression at 6 months from randomization and proofed safety
and efficacy of SBRT to all metastases. The results demonstrated in
19% vs. 61% of the patients a metastatic progression favoring the
SBRT arm. However, in both trials, a high number of patients
showed biochemical or metastatic progression within 2 years upon
locally applied metastasis-directed therapy (166, 167). Due to the
rapid progression in the majority of the analyzed patients, the
impact of other clinically relevant endpoints, e.g., overall survival,
time to castration-resistance, or time to symptomatic progression,
remains unclear (168, 169) and should be evaluated in future trials.
Moreover, there are still several open clinical questions regarding
the treatment of patients with hormone-sensitive, metastatic PCa:

1. What is the optimal radiotherapy volume, as retrospective
data indicate fewer nodal recurrences with larger pelvic
irradiation fields compared to small node fields (170)?

2. What is the clinical effect and duration of concurrent
androgen-deprivation therapy since retrospective data
demonstrate a benefit in terms of time to biochemical
progression (171)?

3. Can “omics” (e.g., based on tissue or imaging) or other
biomarkers guide individualized treatment decisions?

Up to now, the clinical utility of metastasis-directed radiotherapy
in patients with oligometastatic CRPC was only demonstrated in
retrospective studies. These promising results illustrate that PSMA-
based imaging can identify oligometastatic disease in up to 75% of
patients when applied at low PSA values (172). Moreover, it was
shown that local radiotherapy is able to control or induce regression
of the detected metastatic lesions (173–176). The clinical aims of
metastasis-directed radiotherapy in terms of long-term curation,
regression, or time prolongation of symptomatic disease are
currently a matter of debate. However, prospective and
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randomized clinical data are necessary to demonstrate the clinical
benefit of metastasis-directed radiotherapy including clinical
endpoints such as velocity of progression, progression of
asymptomatic to symptomatic metastases, and overall survival.
Nonetheless, the sensitivity and clinical applicability of novel
imaging modalities are limited and combination with molecular
diagnostics would be necessary in the future for therapy monitoring
and early detection of metastatic spread.
CIRCULATING TUMOR CELLS IN
PROSTATE CANCER

Biology of Circulating Tumor Cells
Circulating tumor cells (CTCs) are malignant epithelial cells
within the blood of cancer patients and origin either from the
primary tumor or from distant metastasis (177, 178). They were
first described in 1869 by the Australian physician Thomas
Ashworth (179). The initiation of tumor cell dissemination
from the primary tumor is promoted either actively or
passively due to tumor cell shedding into surrounding blood
vessels during biopsy, surgery, or brachytherapy. Active
dissemination is induced through TGF-b, Wnt, or IL-6
stimulation leading to induction of a partial EMT phenotype
(180, 181). Upon leaving the primary tumor, migratory cancer
cells can intravasate into the blood stream passively through
disorganized and leaky vessels in fast growing tumors, which are
formed rapidly upon VEGF-induced neovascularization (182–
184). In addition, trans-endothelial migration along a
chemoattractant gradient consisting of VEGF-C, VEGF-D, and
CCL21 regulates active intravasation. In addition, upon adhesion
of cancer cells to endothelial cells they secrete cytokines and
growth factors, such as VEGF, angiopoietin 2 (Angpt2), and
angiopoietin-like 4 (Angptl4), leading to hyperpermeability of
the endothelial wall (185). In prostate CTCs, the G-protein
coupled receptor CD97 was identified as key promotor for
trans-endothelial migration through platelet activation, ATP
release, and lysophosphatidic acid signaling (186). Moreover,
these platelet coating shields the major histocompatibility
complex class I (MHC I) signal and protects CTCs from T and
NK cell-mediated immunity. Other groups could demonstrate
that CTCs express programmed death-ligand 1 (PD-L1), a
member of the B7/CD28 co-stimulatory receptor family, that
mediate immune tolerance upon binding to PD-1 on T cells
(187). Even nuclear PD-L1 expression in prostate CTCs was
found to be associated with poor overall survival of patients (7).
Within the circulation, CTCs travel either alone, as cluster, or
covered with platelets, megakaryocytes, or neutrophils. In breast
cancer, it was shown that CTCs form clusters through the cell
junction component plakoglobin or the glycoprotein CD44. Such
oligoclonal CTC clusters are better protected from reactive
oxygen species (ROS) and exhibit a significantly increased
metastatic potential (188). Most of the CTCs entering the
circulation die within 24 h either via anoikis or immune attack
(8). The mean CTC frequency is assumed to be approximately
1 CTC per 1 billion red blood cells with a determined half-life of
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2.5 h for breast CTCs (189). The ExPeCT (Exercise, Prostate
Cancer, and Circulating Tumor Cells, NCT02453139) trial
analyzed the impact of a structured exercise on metastasis
progression in PCa patients including analysis of CTCs, CTC
clusters, and platelet-CTC cloaking. So far, there are no study
results published, but preliminary analysis demonstrated no
relationship between physical exercise and CTC count.
However, first indications point to a significant influence of
immune crosstalk on metastasis cascade (190). In breast cancer
patients, Szczerba et al. analyzed CTC-associated white blood
cells and found a connection with neutrophils. CTCs within
cluster, together with neutrophils, display differently regulated
genes involved in cell cycle progression, cell-cell junction, and
cytokine receptor expression, survive better in the blood stream,
and exhibit elevated metastatic potential compared to single
CTCs (191). Active CTC extravasation is induced by rolling of
CTCs along the endothelium mediated by interaction with CD44
and integrin avb3 (192). In addition, hemodynamic forces
facilitate adhesion of CTCs to the blood vessel wall and induce
endothelial remodeling (193). Upon stabilization of CTC-
endothelium interaction, CTCs induce extravasation through
binding of sialofucosylated proteins, such as podocalyxin or
glycosphingolipids with C-type lectin binding, e.g., E-selectin
(CD62E), on endothelial cells (194). Besides the above described,
TGF-b induced hematogenous dissemination and lymphatic
spreading was described for several tumor entities including
colorectal cancer (180, 195) (Figure 3A). A recently published
study demonstrated protective metabolic priming of melanoma
cells within the lymph node and increased metastatic potential.
The metabolic rewiring is mediated by oleic acid within the
lymph node and reduces oxidative stress, lipid oxidation, and
ferroptosis when the cancer cells travel through the blood stream
(196). It is not known whether this protective metabolic
mechanism is also involved during lymphatic spread of PCa.

Within local PCa tumor heterogeneity and cellular plasticity
are key regulators for progression, therapy resistance, and
metastatic spread (197–199). A population with a high degree
of heterogeneity has a higher chance to survive evolutionarily
(200, 201). Recent findings indicate that the prostate CTC
population is heterogeneous in terms of their genomic
alterations, gene expression profile, and cell surface marker
expression (202–204). Lack of datasets correlating the impact
of CTC heterogeneity and plasticity for metastatic spread and
therapy response in PCa patients is a consequence of low CTC
number and limited availability of molecular approaches with
high sensitivity and specificity (205). This obstacle was tackled by
the group of Johann de Bono which isolated prostate CTCs from
patients with lethal disease based on apheresis technique.
Therapeutic apheresis removes patient’s blood followed by the
separation of cells-of-interest from other blood cells, e.g., in the
mentioned study of EpCAM+ CTCs, and reinfusion of the blood.
With the application of this method, the group was able to isolate
app. 12,500 CTCs per patient within 59.5 ml blood. 185 single
CTCs from 14 patients underwent genomic analysis via array-
based comparative genomic hybridization upon whole genome
amplification. The individual copy number alteration
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demonstrated complex intra- and interpatient heterogeneity
(202). However, all published results analyzing prostate CTCs
are not experimentally homogenized according to the isolation
procedure and biomarker analysis (206). Therefore, the
European cancerID consortium (2014–2019) was aiming to
establish clinical utility of liquid biopsy analysis (207, 208).
The study by Massard et al. impressively demonstrated how
isolation methods affect CTC count and characterization. This
group compared two CTC isolation techniques, CellSearch with
isolation by size of epithelial tumor cells (ISET) filtration, and
found that the CellSearch system is biased to identify CTCs with
epithelial phenotype while missing mesenchymal CTCs and CTC
cluster. However, detection rate of AR amplification based on
downstream fluorescence in situ hybridization analysis was
higher in CellSearch enriched CTCs compared to ISET (209).
Another study published by Scher et al. investigated the
heterogeneity of prostate CTCs in 179 patients with metastatic
disease and how the degree of CTC heterogeneity can be
clinically applied to support decision making either for AR
inhibitor-based therapy or taxane-based chemotherapy. They
hypothesized that the degree of pre-therapeutic CTC
heterogeneity inversely correlates with overall survival upon
ADT but not with chemotherapy. Therefore, they analyzed
cells within the blood upon red blood cell lysis using
automated immunofluorescent analysis for nuclear DAPI,
leukocyte marker CD45, epithelial marker cytokeratin (CK),
and prostate-specific AR. Upon digital pathology, the Shannon
diversity index describes the occurrence of individual CTC
clones within the whole CTC population defined as
DAPI+CD45-. Heterogeneity was evaluated based on
densitometric, morphometric, and texture patterns of nuclear
DAPI, CK, and AR signal. The results validated the relationship
between the degree of CTC heterogeneity and overall survival for
ADT, but not for taxanes. In addition, genomic profiling of 10
CTCs in 17 patients identified unique driver subclones for ADT
resistance (210). Further studies validated the clinical utility of
molecular CTC features for clinical decisions. For example, the
expression of the AR splice variant 7 (ARv7) status in CTCs of
metastatic CRPC patients is able to predict the efficacy of ADT
(211–213). So far, no published study correlated CTC
heterogeneity and dynamics with predictive value for
radiotherapy response and metastatic progression in
PCa patients.

Clonal Evolution and Dynamics Within
Prostate Circulating Tumor Cells
That tumors follow the Darwin’s theory of evolution was already
proposed by Peter Nowell in 1976. This can be seen in slow
growing PCa which is characterized by extensive intra-tumoral
heterogeneity and sub-clonal diversity (74, 214). This clonal
diversity has a significant impact on therapy response. For
example, Beltran et al. analyzed 114 biopsies from 81 patients
with metastatic CRPC including specimens with adenocarcinoma
(Adeno) or neuroendocrine (NE) features. The differentiation into
neuroendocrine morphology includes the downregulation of AR
and explains the ADT escape. The genome-wide expression and
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DNA methylation data of this study demonstrated a high level of
clonality, but overall similarity of genomic alterations while
epigenetic adaptations were able to distinguish CRPC-Adeno
from CRPC-NE subset. Key mechanisms important for the
induction and maintenance of the ADT-resistant state base on
cell-cell adhesion, EMT and histone methyltransferase EZH2
signaling. These findings support the independent emergence of
an AR-insensitive cell state through clonal evolution as major
ADT resistance mechanism (214). Several studies demonstrated
that this clonal heterogeneity and genomic alteration known from
stepwise prostate tumorigenesis could be recapitulated within the
CTC population including the detection of tumor suppressor gene
loss, e.g. PTEN, RB1, and TP53 (215, 216) (Figure 3B). Moreover,
Mahili et al. determined copy-number alteration in 257 isolated
CTCs from 47 patients with aggressive PCa treated with
cabazitaxel- and carboplatin-based chemotherapy and found
a higher frequency of detectable chromosomal alteration in
CTCs compared to match-paired cell-free tumor DNA (73.7%
vs. 42.1%). The observed genomic instability in CTCs is
independent of the CTC count and associated with
chromosomal gains in regions containing the PTK2, MYC, and
NCOA2 gene increased AR expression, and BRCA2 loss (217).
This opens new preclinical and clinical questions:

1. Does molecular analysis of CTCs have the potential to predict
sites and degree of metastatic spread?
Frontiers in Oncology | www.frontiersin.org 13137
2. How does the genetic profile of CTCs overlap with metastases
and are CTCs the origin of polyclonal metastatic lesions?

3. Do CTC-based analysis outcompete routine diagnostics such
as PSA plasma level, Gleason score or imaging modalities to
predict and monitor therapy response in PCa patients, in
particular for local or systemic metastasis-directed therapies?

To demonstrate the clinical importance of CTCs for the
diagnosis of metastasis, Faugeroux et al. performed whole-
exome sequencing analysis from 179 isolated CTCs and
matched metastasis biopsies from 11 PCa patients. They found
that app. 30%–50% of the mutations are shared between the
metastasis and epithelial CTCs. In addition, a CTC exclusive
mutation pattern was found in epithelial and non-epithelial
CTCs containing known cancer-driver genes and genes
involved in cytoskeleton and DNA repair. Based on these data,
the group hypothesized that the phenotypically distinct CTC
populations found in the patient’s blood resemble a phylogenetic
relationship rather than offspring from different precursors
(218). Another study was able to distinguish three
morphologically distinct CTC populations based on nuclear
size measurements. Upon analysis of 148 blood samples from
57 PCa patients, they were able to identify patients with visceral
metastasis based on the amount of very small nuclear CTCs
(219). However, further experimental studies and prospective
clinical trials are needed to prove clinical utility of CTC
A

B

FIGURE 3 | Circulating tumor cells in prostate cancer patients. (A) Early metastatic features within PCa cells can be induced under stress conditions e.g. hypoxia,
immune attack, or therapeutic pressure. In response to TGF-b, Wnt or IL-6 PCa cells undergo EMT to gain motility and invasiveness. PCa cells intravasate into blood
vessels either passively throughout leaky vessel walls or actively via trans-endothelial migration. (B) Prostate CTCs circulate either as single cells, CTC cluster, or coated
with platelets, neutrophils or macrophages shielding immune attack and reducing shear stress. CD45-EpCAM+ CTCs are a heterogeneous population differing in, e.g. the
expression of androgen receptor splice variants, TMPRSS2-ERG status or loss of tumor suppressors PTEN, RB1, and TP53 recapitulating local tumor heterogeneity,
influencing metastatic capacity and indicating therapy response.
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diagnostics and answer upcoming clinical questions e.g. in terms
of decision-making for metastasis-directed therapy, in particular
for oligometastatic PCa patients with ablative radiotherapy. Cell-
extrinsic pressures, such as environmental forces, immune
attack, or lack of nutrients are key drivers for clonal evolution
and cellular plasticity influencing the degree of tumor
heterogeneity. Therapeutic pressure is another driver for clonal
selection and induction of cellular escape mechanisms
influencing geno- and phenotype of CTCs. Novel findings
indicate that different CTC populations may have different
metastatic potential in terms of frequency and site-specificity.

Clinical Application of Circulating Tumor
Cell-Based Diagnostics
The detection of ≥5 CTCs per 7.5 ml blood in PCa patients with
metastatic disease has a relevant prognostic value and correlates
significantly with reduced progression-free survival and overall
survival compared to patients with <5 CTCs (220–222). This
data led to the approval of CTC-based diagnostics via CellSearch
system by the United States Food and Drug Administration
(FDA) in 2008 and the implementation into recommendations
by international trial groups like Prostate Cancer Working
Group (PCWG), Southwest Oncology Group (SWOG by
National Cancer Institute) and European Organization for
Research and Treatment of Cancer (EORTC). Most of the
published studies applied the CellSearch system with
a phenotypic definition for prostate CTCs as leukocyte marker
CD45-negative and epithelial cell adhesion molecule (EpCAM)-
positive. Despite the presence of CTCs in PCa patients can be
correlated with prognosis and metastatic status, the predictive
value is still under debate. Lowes et al. assessed the presence of
prostate CTCs at baseline and several time points after
radiotherapy (6, 12, and 24 months) (31). They found no
correlation between PSA-level and CTC count. However, the
presence of extracapsular extension or seminal vesicle invasion
combined with CTC-positive status at baseline was predictive for
poor response to radiotherapy. Therefore, determining the
number of CTCs during radiotherapy may have the potential
to stratify patients that need additional systemic therapy from
those with high therapeutic efficacy from local radiotherapy
alone. Moreover, neither of the standard parameters such as
time to biochemical recurrence, PSA doubling time, and
pathological features (e.g. Gleason score or margin status) nor
available imaging technologies can provide information about
the precise location of upcoming recurrences (223). First clinical
indications point to the potential of CTCs to predict metastatic
spread even upon therapy and the ability to discriminate
different sites of metastasis. Besides promising results for CTC-
based diagnostics in PCa patients with metastatic disease (222,
224), the prognostic value of CTC count in localized stages is
currently not clear due to low detection rates. Most studies
analyzing CTCs in locally-advanced PCa patients applied
a reduced cut-off value from five to one CTC per 7.5 ml blood
or increased analyzed blood volume. However, the data are
controversial and the prognostic values of CTC count within
this PCa patient group could not be demonstrated yet (225).
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A recently published study analyzed CTCs in treatment-naïve
patients with locally advanced high-risk PCa (NCT01800058,
n=66) (226). The authors found that the baseline CTC count was
associated with conversion into stage T3 and N1, but not with
overall survival. Initially, CTC-negative patients became CTC-
positive directly upon androgen-deprivation therapy or
radiotherapy followed by a consecutive drop in CTC count
within 6–12 months. The authors hypothesize that passive
mechanisms due to tumor destruction are responsible for the
observed increase in CTC count directly upon therapy. Another,
still recruiting, phase III trial (SABR-COMET 10, NCT03721341,
n=159) aimed to analyze the clinical benefit of stereotactic
ablative radiotherapy for oligometastatic PCa patients (227).
Besides the primary endpoint analyzing overall survival, it is
planned to evaluate translational endpoints, such as CTC count
or immune cell composition (228). All in all, these data
demonstrate that CTC count can be applied as prognostic
marker in metastatic PCa patients, but it is still controversial
whether it is an independent predictor for overall survival. In
combination with other prognostic markers such as albumin,
alkaline phosphatase, hemoglobin, lactate dehydrogenase (LDH),
and PSA the CTC count was able to discriminate PCa patients
independent ly on the ir t reatment (NCT00638690 ;
NCT01193244) (229). These findings were validated in another
study that analyzed CTC count in combination with LDH
measurements. Based on both parameters PCa patients could
be stratified into a low-risk (<5 CTCs, LDH independent),
intermediate (≥5 CTCs, LDH ≤ 250U/L), and high-risk group
(≥5 CTCs, LDH>250U/L) (230).

While EpCAM-based CTC enumeration methods may miss
CTC subpopulation with low EpCAM expression, there are
attempts to apply additional markers for CTC detection to
increase sensitivity and specificity or apply label-free methods
such as microfiltration, density gradient centrifugation or
dielectrophoretic techniques (231, 232). Putative prostate CTC
markers include e.g. EMT phenotype (NCT02025413), the
tyrosine kinase cMET (NCT02080650), the immune checkpoint
marker PD-L1 (NCT02456571), telomerase activity (SWOG Trial
S042) (233, 234) and the TMPRSS2-ERG translocation
(NCT00485303, NCT00474383) (235). The applicable additional
marker would enable the monitoring of therapy resistance in real-
time and may recapitulate tumor heterogeneity within the blood.
Another putative prostate CTC marker is the human epidermal
growth factor receptor 2 (HER-2/neu), but detection level was
demonstrated to be higher inmetastatic patients compared to local
disease (236). Promising results were also obtained with the
cytological ISET test in combination with prostate-specific
marker PSA and prostein (P501S). Within this observational
study, 20 men with diagnosed PCa were analyzed with a mean
CTC count of 6.5 CTCs per 7.5 ml blood (237). Interestingly, in
patients without previously diagnosed PCa ISET-CTC-based
screening demonstrated a predictive value of 99% compared to
25% with the standard PSA-based test method within patients
receiving PSMA-PET-imaging later on.

Another important clinical question is the predictive potential
of CTCs and the possibility to monitor acquired therapy resistance
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in real-time. As already mentioned above, clinical data for
radiotherapy are limited so far. However, the expression of the
androgen receptor splice variant 7 (ARv7) in CTCs of patients
with metastatic CRPC is able to predict the therapeutic potential of
ADT (213, 238, 239). In addition, the predictive value of other AR
splice variant transcripts, e.g., AR-V1, AR-V3, AR-V7, and AR-V9,
was investigated in comparison to the canonical full-length version
in CTCs of metastatic CRPC patients under cabazitaxel treatment
(n=118) (CABARESC trial). Although all AR variants were
similarly co-expressed at baseline and post-treatment, patients
carrying AR-V9-positive CTCs display decreased CTC counts
below the threshold. In turn, AR-V1-positive CTCs after
cabazitaxel treatment, but not at baseline, was an independent
prognostic factor for reduced overall survival (240). The
TAXYNERGY trial found an association of AR-V7- and AR-
V567-negativity in metastatic CRPC patients before taxane
therapy with PSA response and progression-free survival.
Within those analyses, the authors compared the sensitivity of
digital droplet PCR (ddPCR) in comparison to quantitative PCR-
based method and found an increased detection rate of AR-V7
variant with ddPCR (19% to 55%) (241). This method was also
applied for prostate CTC detection by Miyamoto et al. and
demonstrated that CTC-specific HOXB13 gene expression may
identify patients with altered AR-signaling and disease progression
under abiraterone therapy (n=27) in patients with localized PCa
(n=34) (242). Approximately 50 ongoing clinical studies (20
terminated, 13 with results) worldwide aim to validate the
clinical utility of CTC count for PCa patients undergoing radical
prostatectomy (16 studies), androgen-deprivation therapy (16
studies) or radiotherapy (28 studies) and implemented CTC-
based diagnostics as secondary endpoint (Table 2, www.
clinicaltrial.gov). In the upcoming years, the results from the
running clinical trials may prove the potential of CTC-based
diagnostics for patient stratification and therapeutical decision
making. Furthermore, CTCs may help to identify patients with
a high risk to develop metastasis even at the early stage of the
disease and maybe predict the site of metastases occurrence before
they are detectable with imaging.
DISSEMINATING TUMOR CELLS AND
MINIMAL RESIDUAL DISEASE IN
PROSTATE CANCER

Early Prostate Cancer Cell Dissemination
and Dormancy
Approximately 35% of PCa patients with local disease will
develop a recurrence within 10 years and around 10% of those
patients present already bone involvement at the time of
diagnosis (127, 243–245). This clinical observation indicates
that tumor cell dissemination happens at early phases during
tumorigenesis without clinical symptoms for decades. However,
it is unknown how often and to what extent early dissemination
happens upon cellular transformation and tumor initiation. The
vast majority of malignant cells leaving the primary tumor are
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eliminated within the surrounding tissue, the blood stream, or
the lymph vessels by immune cells (246, 247). It is hypothesized
that <0.01% of metastasis-initiating cells survive in the blood
stream with inherent properties to initiate distant metastasis.
Therefore, disseminated tumor cells (DTCs) have to switch their
phenotype and function from mesenchymal state back to
epithelial features, the so-called mesenchymal-to-epithelial
transition. In addition, they require a supportive niche
including activated stroma and immune suppressive
environment (4). The phenotype of prostate DTC is not fully
identified yet and might be different within different patient
subgroups and upon therapeutic pressure. DTC detection
methods apply negative markers to exclude immune cells (e.g.,
CD45, CD34, CD61) and positive selection for the epithelial cell
adhesion molecule (EpCAM). Despite the DTC frequency is low
and in most of the analyzed patients below detection level, the
prognostic value of prostate DTC is of high clinical relevance to
identify patients with increased risk for bone progression and the
need for therapeutic adaptation. To address this, Morgen et al.
analyzed bone marrow aspirates of 569 PCa patient’s prior
radical prostatectomy and compared the DTC count with
biochemical recurrence. Therefore, 10 ml bone marrow from
the iliac crest was separated using Ficoll-Isopaque-based density
gradient centrifugation followed by exclusion of immune cells via
CD45/CD61-dependent magnetic-associated cell separation and
EpCAM-based evaluation with immunofluorescence microscopy.
The threshold for DTC positivity was set to ≥1 CD45-CD61-

EpCAM+ cell. In 72% of the analyzed patients DTCs were detected
already prior to surgery, but without correlation to pathological
stage, Gleason score, or PSA level. However, in 98 patients with no
evidence of disease after radical prostatectomy, DTC occurrence
had a significant predictive value for biochemical recurrence
indicating the importance of dynamic diagnostic sampling (248).
For independent validation of the clinical findings, it would be
critical to develop uniform and standardized prostate DTC
detection methods and nomenclature. Besides the established
phenotype combining negative markers to exclude
hematopoietic lineages and positive marker for epithelial cells,
several studies applied also prostate-specific markers to increase
specificity and sensitivity. For example, Chalfin et al. analyzed
bone marrow aspirates from 208 PCa patients with local disease
and compared different DTC detection methods, including
antibody-based enrichment with epithelial (e.g., EpCAM) and
prostate-specific (e.g. NKX3.1, AR, PSA) markers and found
that epithelial markers are not applicable due to unspecific
binding (249). A recently published study analyzed the
transcriptome of single EpCAM+CD45- bone DTCs from
prostate cancer patients (77 cells in 10 patients) and
distinguished DTCs according to their gene signatures into no
evidence of disease (NED) and advanced disease origin. Prostate
specificity was validated by prostate-specific markers including
AR, CD63, FOLH1, HOXB13, ID1, NKX3-1, RELB, and XAGE1A
and the exclusion of erythroid lineage marker. Unsupervised
cluster analysis identified p38 stress response pathway regulating
dormancy in NED-associated DTCs, which was not found in
DTCs of patients with advanced disease. In addition, the authors
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validated the upregulation of dormancy genes in NED DTCs
including ABI1, CDC25B, CDK7, CELF1, and COX7B2 (250).
Another study published by Cackowski et al. used fluorescence-
activated cell sorting to isolated CD45-CD235a-AP-CD34-

EpCAM+ DTCs and found in 17% of PCa patients (10 out of
58) with local and in 50% with metastatic disease (4 out of 8) >5
DTCs per 106 bone cells. Whole exome sequencing, RNA
sequencing, and gene expression analysis identified characteristic
single nucleotide polymorphism and gene variants for PCa, but
found also a B-lineage-like signature in prostate DTCs indicative
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of niche adaptations (251). Several previously published studies
demonstrated already that prostate DTCs hijack the hematopoietic
stem cell niche within the bone marrow to survive quiescence over
decades (252). This was elegantly shown by the group of Russel
Taichman using an experimental model based on subcutaneous
transplantation of human PCa cell lines PC3 and C4-2B in
CD45.1-expressing immunocompromised NOD/SCID mice.
Upon surgical removal of the subcutaneous xenograft tumor,
transplantation of bone marrow cells origin from CD45.2 mice
was performed. The authors found that hematopoietic stem cell
TABLE 2 | Summary of completed clinical trials applying enumeration of circulating tumor cells (CTCs) in PCa patients either as primary or secondary endpoint.

Treatment CTC detection
method

Study type &
number of
participants

Patient characteristics CTC-specific endpoint Completion
date

Study ID &
short name

Cryosurgery with or
without dendritic cells
and cytokine-induced
killers

Flow cytometry,
RT-PCR

Observational
(n=60)

PCa patients with stages II, III, IV CTC count within 6 months Dec 2015 NCT02450435

– Filtration system Observational
(n=14

Breast cancer, PCa, colorectal
cancer patients and healthy

volunteers

CTC count Jan 2014 NCT01943500

ADT, RT CellSearch Observational
(n=68)

High-risk PCa CTC count (before treatment, post
ADT, 1–3 months post-RT, 6–12

months post-RT)

Dec 2018 NCT01800058

Sipuleucel-T
(Provenge), ADT

CellSearch Observational
(n=38)

mCRPC patients with visceral or
high-risk disease, metastatic

castration sensitive PCa patients
with high tumor volume

Expression of immune checkpoint
marker PD-L1, PD-L2, B7-H3, and
CTLA-4 on CTCs (baseline, 12

weeks, 14 months)

Jun 2019 NCT02456571

– Ferrofluid EMT-
Based Capture
Method
(CTC-EMT)

Interventional
(n=46)

mCRPC, neuroendocrine prostate
cancer (NEPC), metastatic breast

cancer

CTC detection using mesenchymal-
marker N-cadherin or O-cadherin

Dec 2015 NCT02025413

– Ferrofluid c-
MET-Based
Capture Method
(CTC-MET)

Interventional
(n=62)

Progressive metastatic cancer
patients

CTC detection using mesenchymal-
marker c-MET

Jul 2016 NCT02080650

Docetaxel/
Cabazitaxel with
prednisone

GEDI
ddPCR

Interventional
Phase II
(n=63)

mCRPC Reduction of nuclear AR from
baseline

Aug 2015 NCT01718353
“TAXYNERGY”

Docetaxel,
Prednisone
Atrasentan

*Parylene-C slot
microfilter,
qPCR-TRAP

Observational,
Phase III
(n=263)

mCRPC Telomerase expression in CTCs Jan 2010 SWOG Trial
S0421

Abiraterone acetate,
prednisone

CellSearch Interventional
Phase III
(n=1195)

Docetaxel-refractory mCRPC CTC count in combination with
albumin, LDH PSA, hemoglobin, ALK

Oct 2012 NCT00638690

Orteronel, prednisone CellSearch Interventional
Phase III
(n=1560)

Progressive, therapy-naive mCRPC CTC count in combination with
albumin, LDH PSA, hemoglobin, ALK

Apr 2016 NCT01193244

Cabazitaxel, ADT Gene
expression

Interventional
Phase II
(n=140)

Docetaxel refractory PCa patients
without SCPC or NEPC

CTC count 9–12 weeks after start of
treatment

Sep 2019 NCT03050866

Doxorubicin-GnRH
agonist conjugate
AEZS-108

IF Interventional
Phase I/II

108

PCa patients AEZS-108 internalization and LHRH
expression

Feb 2017 NCT01240629

Cabazitaxel,
Prednisone,
Ciprofloxacin, G-CSF

unknown Interventional
Phase IV
(n=45)

Docetaxel-refractory CRPC grade IV CTC count (days 42, 84, 126, and
post-treatment)

Jan 2014 NCT01649635
“PROSPECTA”

Cabazitaxel,
budesonide

CellSearch,
RT-PCR

Interventional
Phase II
(n=118)

mCRPC Predictive value of AR-V3 and AR-V7
vs. AR-FL expression in CTCs

(baseline, post-treatment)

Oct 2015 2011-003346-
40

“CABARESC”
March 2021
 | Volume 10 |
ADT, androgen deprivation therapy; ddPCR, digital droplet PCR; GEDI, geometrically enhanced differential immunocapture; G-CSF, granulocyte colony-stimulating factor; IF,
immunofluorescence; nd, non-defined; NEPC, neuroendocrine prostate cancer; NSCLC, non- small cell lung cancer; RT, radiotherapy; RT-PCR, reverse transcriptase polymerase
chain reaction; SCPC, small cell prostate cancer; TRAP, Telomeric repeat amplification protocol.
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engraftment was decreased in tumor-bearing mice compared to
control and that PCa cells occupy the endosteal niche close to
Runx2-expressing osteoblasts (253). Once within the niche, tumor
cell dormancy is dictated by the environmental niche factors as
well as by tumor cell intrinsic features. For example, Yu-Lee et al.
demonstrated cellular quiescence of bone-tropic PCa cell line C4-
2B upon culture with conditioned media originated from
differentiated and undifferentiated osteoblast cultures. Moreover,
Axelrod et al. validated in AXL-null and overexpressing prostate
cancer cell lines dormancy induction in vivo (254, 255). However,
they did not find AXL expression in primary or metastatic prostate
tissue and it is questionable if AXL is expressed in DTCs. Beside
this described cell-extrinsic cues, cell‐intrinsic features may impact
the dormant state of PCa cells. Within a recently published study,
Owen et al. demonstrate that type I interferon (IFN) signaling
regulates PCa dormancy and metastatic outgrowth in the bone.
Therefore, they injected intracardially murine PCa cell line RM1
labeled with the red‐fluorescent dye PKH26 into C57BL/6 mice
and isolated red-labeled cells from the bones using fluorescence
activated cell sorting. They found that cell intrinsic expression of
type I IFN was dynamically regulated on the epigenetic level via
a histone deacetylase-dependent mechanism. Moreover, they
speculate that the observed loss of IFN signaling within the
tumor and the suppressed tumor immunogenicity in bone
metastases may be an explanation of why current
immunotherapeutic strategies fail in patients with metastatic
PCa (256). However, certain studies postulate that bone niche
and dormancy signaling may be putative therapeutic targets to
prevent bone metastasis in PCa patients. These agents include
bone homeostasis targeting compounds affecting osteoclast-
osteoblast equilibrium e.g., bisphosphonates, the anti-RANKL
antibody denosumab, or radiopharmaceuticals such as radium-
223. Inhibition of signals within the microenvironment, e.g. via
ET1 receptor inhibitor, SCR inhibitor (e.g. dasatinib), thalidomide,
cabozantinib, or androgen-directed agents demonstrated already
clinical benefit in patients with metastatic PCa. However,
androgen-deprivation therapy is often associated with bone loss
and has a negative impact on the incidence of bone metastases
(257). Another possibility to turn dormant DTCs sensitive to
chemotherapeutics and to reduce late recurrences would be the re-
activation and induction of proliferation. Several studies
investigated the underlying molecular mechanisms as putative
therapeutic targets. For example, Decker et al. found that the
sympathetic nervous system and the neurotransmitter
norepinephrine stimulated PCa cell proliferation in the bone
niche via b2-adrenergic receptors and decreased the secretion of
growth arrest specific-6 (Gas6) by osteoblasts (258). However, this
strategy is critically discussed due to the risk of further metastasis
initiation. Another newly discovered process that might foster
tumor growth and metastasis is the so-called tumor self-seeding,
a phenomenon where CTCs or re-activated DTCs return to the
site of tumor of origin (259, 260). For example, it has been shown
that self-seeding CTCs in human osteosarcoma was mediated by
interleukin 8-CXCR1/2 axis, resulting in an increased metastatic
potential (261). In metastatic PCa, translational and retrospective
studies indicate that local treatment to the primary tumor affects
Frontiers in Oncology | www.frontiersin.org 17141
metastatic spread and patient outcome. However, the data are
controversial, and supportive prospective trials are needed before
the implementation of this concept into clinical routine
recommendations (262). Data from the STAMPEDE trial shows
that radiotherapy to the primary tumors in M1 disease stage
improves overall survival of low burden PCa patients by 8% after
3 years [hazard ratio: 0.68, p-value 0.007 (armH)] (263). However,
biomarker research is urgently needed to discriminate metastatic
PCa patients profiting from those local therapies. In parallel,
experimental and translational studies are necessary to improve
our understanding of the underlying molecular and cellular
mechanisms regulating early dissemination, metastatic spread,
and colonization.

Liquid Biopsy-Based Methods for
Detection of Minimal Residual Disease
Besides early dissemination, another clinical obstacle is the
monitoring and treatment of PCa patients with minimal residual
disease (MRD). This concept describes remaining tumor cells after
initial therapy and complete remission. These few malignant cells
and/or micro-metastasis cannot be detected by routine diagnostics,
e.g. plasma PSA level or PET imaging. It is hypothesized that they
persist locally as cancer stem cells (CSC), in the circulation as CTCs,
or at distant organs such as the bone marrow as DTCs. The
National Cancer Institute defines MDR as one cancer cell among
one million normal tissue cells. First evidence for MDR in PCa was
published by Murray et al. as prospective data analysis of 321
patients 10 years after initial radical prostatectomy including CTC
and DTC count 1 month after therapy. Based on CTC and DTC
positivity, the patients could be stratified into 4 subgroups with
significant differences in overall survival. The authors found that
CTC positivity correlates with early relapse while DTC positivity is
associated with late failure. Therefore, they propose the existence of
two forms of MRD representing different clinical characteristics
(264, 265). This leads to the hypothesis that the dynamics of MRD
determines therapy response and patient outcome. MRD can be
analyzed through detection of tumor-specific antigens, genetic and
epigenetic changes in bone marrow aspirates and/or peripheral
blood with highly sensitive multiparameter flow cytometry, digital
droplet PCR, or next generation sequencing (NGS)-based methods.
Despite the sensitivity and specificity of molecular genetic methods
to detect prostate specific gene fusions, transcript variants, or point
mutations in cell-free tumor DNA (cfDNA) is higher (1 cell in 106

cells) compared to antibody-based detection methods determining
DTC/CTC count (1 cell in 104 cells), it is cost-intensive and
therefore only available for a small subset of patients. Moreover,
the mutational load in PCa is compared to other tumor entities
relatively low with a somatic mutation rate between 1x10-6 and
2x10-6. For example, in primary PCa app. 50% of the patients
harbor a TMPRSS2-ERG gene fusion (70, 266, 267). In metastatic
CRPC the mutational burden is app. 3.8-fold higher compared to
the earlier disease stages including an increased frequency of driver
mutations such as AR (5%–30%), TP53 (3%–47%), and/or PTEN
(20%–60%) (268). Wyatt et al. compared the mutational pattern of
cfDNA with the primary tumor in 45 patients with metastatic PCa
and found 88.9% concordance. 75% of the tested patients showed
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a fraction of circulating tumor DNA (ctDNA) >2% of the total
cfDNA. In 64.7% of those patients an AR amplification and in 8.8%
a SPOPmutations were detected (269). Based on these findings, the
authors propose that cfDNA assays are sufficient to identify all
driver mutations and may guide clinical decision making for
metastatic CRPC in the future. Currently, there is no approved
clinically test for prostate MRD available. However, the prognostic
potential of those assays is demonstrated by the FDA approval of
the NGS-based method cloneSEQ to detect MDR in multiple
myeloma, B-cell acute lymphoblastic leukemia and chronic
lymphocytic leukemia in 2018. Within the same year, the FDA
approved the Oncotype DX AR-V7 Nucleus Detect® test for the
detection of the splice variant of the androgen receptor AR-V7 in
CTCs for late-stage mCRPC to predict responsiveness to androgen
deprivation. On the other hand, the immunophenotype-based
detection methods for CTCs and DTCs still need clinical
standardization before they may become broadly available. The
disadvantage of this method is the dependency on the detection of
pre-defined markers e.g., epithelial markers such as EpCAM which
are dynamically regulated during tumorigenesis, clonal evolution,
metastatic spread and under therapeutic pressure. Therefore, highly
sensitive, label-free approaches based on microfluidic devices to
discriminate different cell populations based on cell size or cell
viscosity are currently under development and in clinical testing,
e.g., the Parsortix® system (ANGLE plc.), the DEPArray™ System
(Menarini Silicon Biosystems), the ClearCell® FX System or real-
time deformability cytometry (270–273). Additionally, non-invasive
tests to monitor tumor progression and therapy response in urinary
samples of PCa patients, for example, gene expression analysis of
urine exosome with the ExoDx (IntelliScore) test (274). If these
approaches can be applied for DTC analysis in the bone has to be
tested. Moreover, sensitivity, and specificity, as well as clinical
applicability, are necessary before proposing MRD positivity to
guide treatment planning and individual decision making for
metastatic PCa patients. Moreover, at present, there is no
experimental or clinical study published investigating DTC counts
and MRD upon radiotherapy. Future prospective clinical trials for
MRD detection methods may consider novel clinical endpoints
such as metastasis-free survival for non-metastatic CRPC (275).
However, given the high degree of heterogeneity within PCa and the
dormant cell state of DTCs the applicability of MRD diagnostics in
PCa might be limited.

Impact of the Immune System on
Metastatic Spread
Metastasis-initiating PCa cells use the homing factor CXCL12,
which is under physiological conditions a chemoattractant
secreted by stromal cells and involved in the regulation of
bone marrow homing, retention, and mobilization of
hematopoietic stem cells (HSC) (253, 276). Despite PCa cells
hijack the HSC homing route and bone niche, upon arrival they
often enter a dormancy state induced by GAS6 or DKK1
signaling and thus evade immune attack (277). The connection
of cancer progression and chronic inflammation was already
described in 1863 by Rudolf Virchow who recognized an
increased leukocyte count in tumors (278). Today we
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distinguish ‘hot’ tumors with an inflammatory hallmark based
on a high number of infiltrating T cells such as melanoma or lung
cancer from ‘cold’ entities. These tumors are genetically unstable,
with high mutational burden and increased production of T cell
recognized neoantigens. However, PCa is classified as ‘cold’
tumor with a low rate of immune infiltration. At the primary
site, tumor cells generate an immune suppressive environment
through recruitment of myeloid cells and macrophages to escape
from CD8+ T cell- and NK cell-mediated cell killing (279). In
particular, tumor-associated macrophages (TAMs) are able to
switch their phenotype from tumor-suppressive (M1) to tumor
promoting (M2) function. M2 TAMs promote migration and
environmental adaptations at the metastatic site (280). The
interaction of CD163+ M2 macrophages and FoxP3+CD4+

regulatory T cell (Treg) was investigated by Erlandsson et al. in
PCa biopsies from 1367 patients with localized tumors. Within
this study, they separated patients with tumor progression and
development of metastatic PCa (n=225) from patients with
indolent disease (n=367) based on 10-year follow-up data. The
authors found that the amount of M2 macrophages and Tregs
correlate to each other and that patients with high macrophage
numbers (>25 cells within the core) had a 2.05-fold higher risk to
progress into lethal disease (281). They conclude that Treg and
M2 macrophages have a dominating role to turn the local
prostate tumor microenvironment into an immunosuppressive
and tumor promoting milieu. Another study published
by Di Mitri et al. investigated the same in an experimental
PTEN-null prostate-specific conditional (pc−/−) mouse model
and identified the CXCL1/CXCL2/CXCL5-CXCR2 signaling as
major driver to polarize TAMs into CD45+CD11b+LY6G−F4/80+

macrophages with M2 phenotype. Moreover, they found that
CXCR2 blockade leads to TAM re-education into M1, tumor
regression, increased T cell response, and decreased vessel size.
The TAM reprogramming was associated with increased TNFa
secretion and induction of senescence in PCa (282).
Macrophages within the bone, so-called osteal macrophages,
are located adjacent to osteoclasts and regulate bone formation
and skeletal homeostasis under physiological conditions.
Metastasis-associated macrophages (MAMs) within metastatic
PCa lesions are actively recruited via IL-6 secreted by PCa cells
and promote bone metastasis formation (283). Another immune
regulator responsible for DTC immune evasion is the high TGF-
b concentration within bone metastasis that is released either
through bone matrix remodeling or secreted by osteoblasts.
TGF-b induces polarization of CD4+ T helper into Th17 and
Treg lineage and restrains Th1 cells (284). Jiao et al. hypothesize
that this mechanism is the key factor that explains the lack of
clinical efficiency of immunotherapies in metastatic
CRPC patients and indicates the potential of immune
checkpoint therapy in combination with TGF-b inhibitors
(285, 286). A recently published study demonstrated that the
immunosuppressive microenvironment within PCa bone
metastasis can be targeted via the CCL20-CCR6 axis.
Treatment of mice with syngeneic prostate bone metastases
with a CCL20-blocking antibody led to T cell exhaustion and
significantly prolonged survival (287). However, further studies
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are needed to understand the role of immune cell induced and/or
regulated DTC dormancy to prevent rapid interruption, re-
activation, mobilization and further metastatic progression of
novel targeting agents. Another highly interesting research focus
with therapeutic potential are investigations of immune signals
from the primary tumor to form a pre-metastatic, “primed”
niche at a distant site.
CONCLUSION

Elucidation of the molecular and cellular mechanisms that drive
tumor cell dissemination and regulate cellular response to
radiotherapy is essential for developing novel diagnostic
criteria and individualized therapeutic strategies. Today,
systemic therapy remains standard of care, even in patients
with no or up to three visible metastases. However, PCa
patients may benefit from metastasis-directed therapy, e.g.,
based on stereotactic ablative radiotherapy, in combination
with immediate androgen deprivation or extension of systemic
therapy. Moreover, PCa patients with oligo-metastatic disease
Frontiers in Oncology | www.frontiersin.org 19143
are a heterogeneous subgroup of patients and urgently need
a better stratification system to improve standard of care. Blood-
based biomarkers such as circulating tumor cells (CTCs) are
a unique non-invasive method with enormous clinical utility for
patient stratification and monitoring in particular for patients
with metastatic disease.
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110. Kopka K, Benesǒvá M, Barǐnka C, Haberkorn U, Babich J. Glu-Ureido-Based
Inhibitors of Prostate-Specific Membrane Antigen: Lessons Learned During
the Development of a Novel Class of Low-Molecular-Weight Theranostic
Radiotracers. J Nucl Med (2017) 58:17S–26S. doi: 10.2967/jnumed.116.
186775

111. Pandit-Taskar N, O’Donoghue JA, Beylergil V, Lyashchenko S, Ruan S,
Solomon SB, et al. 89Zr-huJ591 immuno-PET imaging in patients with
advanced metastatic prostate cancer. Eur J Nucl Med Mol Imaging (2014)
41:2093–105. doi: 10.1007/s00259-014-2830-7

112. Pandit-Taskar N, O’Donoghue JA, Ruan S, Lyashchenko SK, Carrasquillo
JA, Heller G, et al. First-in-Human Imaging with 89Zr-Df-IAB2M Anti-
PSMA Minibody in Patients with Metastatic Prostate Cancer:
Pharmacokinetics, Biodistribution, Dosimetry, and Lesion Uptake. J Nucl
Med (2016) 57:1858–64. doi: 10.2967/jnumed.116.176206

113. Mangadlao JD, Wang X, McCleese C, Escamilla M, Ramamurthy G, Wang Z,
et al. Prostate-Specific Membrane Antigen Targeted Gold Nanoparticles for
Theranostics of Prostate Cancer. ACS Nano (2018) 12:3714–25. doi: 10.1021/
acsnano.8b00940

114. Zippel C, Ronski SC, Bohnet-Joschko S, Giesel FL, Kopka K. Current Status
of PSMA-Radiotracers for Prostate Cancer: Data Analysis of Prospective
Trials Listed on ClinicalTrials.gov. Pharm (Basel) (2020) 13(1):12.
doi: 10.3390/ph13010012

115. Fendler WP, Calais J, Eiber M, Flavell RR, Mishoe A, Feng FY, et al.
Assessment of 68Ga-PSMA-11 PET Accuracy in Localizing Recurrent
Prostate Cancer: A Prospective Single-Arm Clinical Trial. JAMA Oncol
(2019) 5:856–63. doi: 10.1001/jamaoncol.2019.0096
Frontiers in Oncology | www.frontiersin.org 22146
116. Rousseau E, Wilson D, Lacroix-Poisson F, Krauze A, Chi K, Gleave M, et al.
A Prospective Study on 18F-DCFPyL PSMA PET/CT Imaging in
Biochemical Recurrence of Prostate Cancer. J Nucl Med (2019) 60:1587–
93. doi: 10.2967/jnumed.119.226381

117. Afshar-Oromieh A, Holland-Letz T, Giesel FL, Kratochwil C, Mier W, Haufe
S, et al. Diagnostic performance of 68Ga-PSMA-11 (HBED-CC) PET/CT in
patients with recurrent prostate cancer: evaluation in 1007 patients. Eur J
Nucl Med Mol Imaging (2017) 44:1258–68. doi: 10.1007/s00259-017-3711-7

118. Perera M, Papa N, Roberts M, Williams M, Udovicich C, Vela I, et al.
Gallium-68 Prostate-specific Membrane Antigen Positron Emission
Tomography in Advanced Prostate Cancer-Updated Diagnostic Utility,
Sensitivity, Specificity, and Distribution of Prostate-specific Membrane
Antigen-avid Lesions: A Systematic Review and Meta-analysis. Eur Urol
(2020) 77:403–17. doi: 10.1016/j.eururo.2019.01.049

119. Wondergem M, Jansen BHE, van der Zant FM, van der Sluis TM, Knol RJJ,
van Kalmthout LWM, et al. Early lesion detection with 18F-DCFPyL PET/
CT in 248 patients with biochemically recurrent prostate cancer. Eur J Nucl
Med Mol Imaging (2019) 46:1911–8. doi: 10.1007/s00259-019-04385-6

120. Giesel FL, Knorr K, Spohn F, Will L, Maurer T, Flechsig P, et al. Detection
Efficacy of 18F-PSMA-1007 PET/CT in 251 Patients with Biochemical
Recurrence of Prostate Cancer After Radical Prostatectomy. J Nucl Med
(2019) 60:362–8. doi: 10.2967/jnumed.118.212233

121. Rowe SP, Macura KJ, Mena E, Blackford AL, Nadal R, Antonarakis ES, et al.
PSMA-Based [(18)F]DCFPyL PET/CT Is Superior to Conventional Imaging
for Lesion Detection in Patients with Metastatic Prostate Cancer. Mol
Imaging Biol (2016) 18:411–9. doi: 10.1007/s11307-016-0957-6

122. Rowe SP, Campbell SP, Mana-Ay M, Szabo Z, Allaf ME, Pienta KJ, et al.
Prospective Evaluation of PSMA-Targeted 18F-DCFPyL PET/CT in Men
with Biochemical Failure after Radical Prostatectomy for Prostate Cancer.
J Nucl Med (2019) 61(1):58–61. doi: 10.2967/jnumed.119.226514. jnumed.
119.226514.

123. Ferraro DA, Rüschoff JH, Muehlematter UJ, Kranzbühler B, Müller J,
Messerli M, et al. Immunohistochemical PSMA expression patterns of
primary prostate cancer tissue are associated with the detection rate of
biochemical recurrence with 68Ga-PSMA-11-PET. Theranostics (2020)
10:6082–94. doi: 10.7150/thno.44584

124. Cornelio DB, Roesler R, Schwartsmann G. Gastrin-releasing peptide receptor
as a molecular target in experimental anticancer therapy. Ann Oncol (2007)
18:1457–66. doi: 10.1093/annonc/mdm058

125. Liu R, Li H, Liu L, Yu J, Ren X. Fibroblast activation protein. Cancer Biol Ther
(2012) 13:123–9. doi: 10.4161/cbt.13.3.18696

126. Barbieri F, Bajetto A, Pattarozzi A, Gatti M, Würth R, Thellung S, et al.
Peptide Receptor Targeting in Cancer: The Somatostatin Paradigm. Int J
Peptides (2013) 2013:e926295. doi: 10.1155/2013/926295

127. Bubendorf L, Schöpfer A, Wagner U, Sauter G, Moch H, Willi N, et al.
Metastatic patterns of prostate cancer: an autopsy study of 1,589 patients.
Hum Pathol (2000) 31:578–83. doi: 10.1053/hp.2000.6698

128. Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a fatal attraction.
Nat Rev Cancer (2011) 11:411–25. doi: 10.1038/nrc3055

129. Furubayashi N, Negishi T, Ura S, Hirai Y, Nakamura M. Palliative effects and
adverse events of strontium-89 for prostate cancer patients with bone
metastasis. Mol Clin Oncol (2015) 3:257–63. doi: 10.3892/mco.2014.449

130. Wilky BA, Loeb DM. Beyond Palliation: Therapeutic Applications of
153Samarium-EDTMP. Clin Exp Pharmacol (2013) 3(3):1000131.
doi: 10.4172/2161-1459.1000131

131. Deshayes E, Roumiguie M, Thibault C, Beuzeboc P, Cachin F, Hennequin C,
et al. Radium 223 dichloride for prostate cancer treatment. Drug Des Devel
Ther (2017) 11:2643–51. doi: 10.2147/DDDT.S122417

132. Hoskin P, Sartor O, O’Sullivan JM, Johannessen DC, Helle SI, Logue J, et al.
Efficacy and safety of radium-223 dichloride in patients with castration-
resistant prostate cancer and symptomatic bone metastases, with or without
previous docetaxel use: a prespecified subgroup analysis from the
randomised, double-blind, phase 3 ALSYMPCA trial. Lancet Oncol (2014)
15:1397–406. doi: 10.1016/S1470-2045(14)70474-7

133. Yadav MP, Ballal S, Tripathi M, Damle NA, Sahoo RK, Seth A, et al. 177Lu-
DKFZ-PSMA-617 therapy in metastatic castration resistant prostate cancer:
safety, efficacy, and quality of life assessment. Eur J Nucl Med Mol Imaging
(2017) 44:81–91. doi: 10.1007/s00259-016-3481-7
March 2021 | Volume 10 | Article 627379

https://doi.org/10.1038/s41391-019-0174-x
https://doi.org/10.1038/s41391-019-0174-x
https://doi.org/10.1038/s41391-020-0202-x
https://doi.org/10.1007/s00259-005-1764-5
https://doi.org/10.1007/s00259-005-1764-5
https://doi.org/10.2967/jnumed.115.169748
https://doi.org/10.2967/jnumed.115.169748
https://doi.org/10.1016/S0021-9258(19)50785-2
https://doi.org/10.1007/s00259-007-0581-4
https://doi.org/10.1007/s00259-007-0581-4
https://doi.org/10.1007/s00259-016-3329-1
https://doi.org/10.1053/j.semnuclmed.2014.07.008
https://doi.org/10.1053/j.semnuclmed.2014.07.008
https://doi.org/10.2967/jnumed.115.162610
https://doi.org/10.2967/jnumed.115.162610
https://doi.org/10.1038/s41598-018-22594-1
https://doi.org/10.2967/jnumed.116.186775
https://doi.org/10.2967/jnumed.116.186775
https://doi.org/10.1007/s00259-014-2830-7
https://doi.org/10.2967/jnumed.116.176206
https://doi.org/10.1021/acsnano.8b00940
https://doi.org/10.1021/acsnano.8b00940
https://doi.org/10.3390/ph13010012
https://doi.org/10.1001/jamaoncol.2019.0096
https://doi.org/10.2967/jnumed.119.226381
https://doi.org/10.1007/s00259-017-3711-7
https://doi.org/10.1016/j.eururo.2019.01.049
https://doi.org/10.1007/s00259-019-04385-6
https://doi.org/10.2967/jnumed.118.212233
https://doi.org/10.1007/s11307-016-0957-6
https://doi.org/10.2967/jnumed.119.226514
https://doi.org/10.7150/thno.44584
https://doi.org/10.1093/annonc/mdm058
https://doi.org/10.4161/cbt.13.3.18696
https://doi.org/10.1155/2013/926295
https://doi.org/10.1053/hp.2000.6698
https://doi.org/10.1038/nrc3055
https://doi.org/10.3892/mco.2014.449
https://doi.org/10.4172/2161-1459.1000131
https://doi.org/10.2147/DDDT.S122417
https://doi.org/10.1016/S1470-2045(14)70474-7
https://doi.org/10.1007/s00259-016-3481-7
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Klusa et al. Radioresponse of Metastatic Prostate Cancer
134. Rahbar K, Ahmadzadehfar H, Kratochwil C, Haberkorn U, Schäfers M,
Essler M, et al. German Multicenter Study Investigating 177Lu-PSMA-617
Radioligand Therapy in Advanced Prostate Cancer Patients. J Nucl Med
(2017) 58:85–90. doi: 10.2967/jnumed.116.183194

135. von Eyben FE, Roviello G, Kiljunen T, Uprimny C, Virgolini I, Kairemo K,
et al. Third-line treatment and 177Lu-PSMA radioligand therapy of
metastatic castration-resistant prostate cancer: a systematic review. Eur J
Nucl Med Mol Imaging (2018) 45:496–508. doi: 10.1007/s00259-017-3895-x

136. Bräuer A, Grubert LS, Roll W, Schrader AJ, Schäfers M, Bögemann M, et al.
177Lu-PSMA-617 radioligand therapy and outcome in patients with
metastasized castration-resistant prostate cancer. Eur J Nucl Med Mol
Imaging (2017) 44:1663–70. doi: 10.1007/s00259-017-3751-z

137. Kratochwil C, Bruchertseifer F, Rathke H, Hohenfellner M, Giesel FL,
Haberkorn U, et al. Targeted a-Therapy of Metastatic Castration-Resistant
Prostate Cancer with 225Ac-PSMA-617: Swimmer-Plot Analysis Suggests
Efficacy Regarding Duration of Tumor Control. J Nucl Med (2018) 59:795–
802. doi: 10.2967/jnumed.117.203539

138. Sathekge M, Bruchertseifer F, Vorster M, Lawal IO, Knoesen O, Mahapane J,
et al. Predictors of Overall and Disease-Free Survival in Metastatic
Castration-Resistant Prostate Cancer Patients Receiving 225Ac-PSMA-617
Radioligand Therapy. J Nucl Med (2020) 61:62–9. doi: 10.2967/
jnumed.119.229229

139. Kratochwil C, Bruchertseifer F, Giesel FL, Weis M, Verburg FA, Mottaghy F,
et al. 225Ac-PSMA-617 for PSMA-Targeted a-Radiation Therapy of
Metastatic Castration-Resistant Prostate Cancer. J Nucl Med (2016)
57:1941–4. doi: 10.2967/jnumed.116.178673

140. Yordanova A, Becker A, Eppard E, Kürpig S, Fisang C, Feldmann G, et al.
The impact of repeated cycles of radioligand therapy using [177Lu]Lu-
PSMA-617 on renal function in patients with hormone refractory metastatic
prostate cancer. Eur J Nucl Med Mol Imaging (2017) 44:1473–9. doi: 10.1007/
s00259-017-3681-9

141. von Eyben FE, Singh A, Zhang J, Nipsch K, Meyrick D, Lenzo N, et al. 177Lu-
PSMA radioligand therapy of predominant lymph node metastatic prostate
cancer. Oncotarget (2019) 10:2451–61. doi: 10.18632/oncotarget.26789

142. Ahmadzadehfar H, Wegen S, Yordanova A, Fimmers R, Kürpig S, Eppard E,
et al. Overall survival and response pattern of castration-resistant metastatic
prostate cancer to multiple cycles of radioligand therapy using [177Lu]Lu-
PSMA-617. Eur J Nucl Med Mol Imaging (2017) 44:1448–54. doi: 10.1007/
s00259-017-3716-2

143. Hofman MS, Violet J, Hicks RJ, Ferdinandus J, Thang SP, Akhurst T, et al.
[177Lu]-PSMA-617 radionuclide treatment in patients with metastatic
castration-resistant prostate cancer (LuPSMA trial): a single-centre, single-
arm, phase 2 study. Lancet Oncol (2018) 19:825–33. doi: 10.1016/S1470-2045
(18)30198-0

144. Violet J, Sandhu S, Iravani A, Ferdinandus J, Thang S-P, Kong G, et al. Long-
Term Follow-up and Outcomes of Retreatment in an Expanded 50-Patient
Single-Center Phase II Prospective Trial of 177Lu-PSMA-617 Theranostics
in Metastatic Castration-Resistant Prostate Cancer. J Nucl Med (2020)
61:857–65. doi: 10.2967/jnumed.119.236414

145. von Eyben FE, Roviello G, Kiljunen T, Uprimny C, Virgolini I, Kairemo K,
et al. Third-line treatment and 177Lu-PSMA radioligand therapy of
metastatic castration-resistant prostate cancer: a systematic review. Eur J
Nucl Med Mol Imaging (2018) 45:496–508. doi: 10.1007/s00259-017-3895-x

146. Rahbar K, Bodei L, Morris MJ. Is the Vision of Radioligand Therapy for
Prostate Cancer Becoming a Reality? An Overview of the Phase III VISION
Trial and Its Importance for the Future of Theranostics. J Nucl Med (2019)
60:1504–6. doi: 10.2967/jnumed.119.234054

147. Boeri L, Sharma V, Karnes RJ. Radiotherapy for newly diagnosed
oligometastatic prostate cancer. Lancet (2018) 392:2327–8. doi: 10.1016/
S0140-6736(18)32598-4
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The combination of immune therapy with radiation offers an exciting and promising
treatment modality in cancer therapy. It has been hypothesized that radiation induces
damage signals within the tumor, making it more detectable for the immune system. In
combination with inhibiting immune checkpoints an effective anti-tumor immune response
may be established. This inversion from tumor immune evasion raises numerous
questions to be solved to support an effective clinical implementation: These include
the optimum immune drug and radiation dose time courses, the amount of damage and
associated doses required to stimulate an immune response, and the impact of
lymphocyte status and dynamics. Biophysical modeling can offer unique insights,
providing quantitative information addressing these factors and highlighting
mechanisms of action. In this work we review the existing modeling approaches of
combined ‘radioimmune’ response, as well as associated fields of study. We propose
modeling attempts that appear relevant for an effective and predictive model. We
emphasize the importance of the time course of drug and dose delivery in view to
the time course of the triggered biological processes. Special attention is also paid to
the dose distribution to circulating blood lymphocytes and the effect this has on
immune competence.

Keywords: radiation immunity, immunotherapy, radiation therapy, modeling, radiation effect
INTRODUCTION

Supporting immune therapy with radiotherapy is a promising approach in particular to tackle non
immunogenic tumors, where formation of distant metastases is one of the main reason for failure of
curative therapy (1–3). An important variant of immune therapy focuses on immune checkpoint
inhibitors, through appropriate antibodies, to reverse immune evasion within tumors. Radiation can
enhance this process if delivered in combination. We shall term such combination therapy
“radioimmunotherapy” (RIT) throughout this review article. The underlying paradigm is that the
radiation induced damage gives rise to the expression of immune stimulating damage markers such
as calreticulin, HMGB1 or ATP, or causes a release of interferon by pathways such as cGAS/STING
(4). These processes allow tumor cells to be recognized by their specific antigens and leads to
attraction of antigen presenting cells that initiate the activation of effector cells that can eventually
inactivate the tumor. The particular role of radiation is therefore thought to restore the visibility of
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the tumor to the immune system, while the immune therapy
antibodies efficiently attack the (now visible) tumor, as well as
metastases throughout the body. Indeed, an abscopal effect, i.e.
the shrinking or definite cure of metastatic lesions has been
observed in situations where immune therapy or radiation
therapy alone is likely to fail (5, 6).

The interplay of radiation with the immune system is
remarkably versatile and has been readily acknowledged as one
of the key aspects of radiation therapy (7): In RIT, radiation
offers a systemic therapeutic potential, while classical
radiotherapy acts targeted and restricted to the tumor region
only. The interaction of radiation induced damage with the
immune system is even visible when radiation alone is given:
On the one hand, even when given alone radiation at high doses
can act immunostimulating by supporting the activation of
antigen presenting cells (8) and by increasing T-cell infiltration
and the expression of MHC class 1 exploited for antigen
presentation (9). However, at the same time the radiation
action can suppress the immune system, e.g. by irradiation of
draining lymph nodes, inhibiting effector cell activation (10–12).
This eventually results in lymphopenia, which is known as a
common side effect of radiation therapy (13–17) and associated
with a worse prognosis. Likewise, radiation may cause
upregulation of immune checkpoints, paving the way for a
durable escape of the tumor from immune surveillance (18).
Hence, from a mechanistic point of view, it is not clear under
which circumstances radiation can really be supportive for
immune therapy, and quantification of processes and effects
are needed to approach this challenge.

Currently, RIT is used in several hundred clinical studies, and
more than 50 of those are already in phase 3 (9). The
investigations mostly focus on melanoma, non small cell lung
cancer, head and neck squamous cell carcinoma and breast
cancer. There are a number of FDA approved drugs that focus
on inhibiting the immune checkpoints relevant for the
lymphocyte activation (CTLA-4) and lymphocyte effects to the
tumor (PD-1 or PD-L1). Current clinical strategy is to convert
non-immunogenic ‘cold’ tumors into immunogenic, ‘hot’ ones,
which allow the infiltration and action of immune effector cells,
mostly CD8+ T-lymphocytes. Also here, the question for the
optimal therapeutic setting arises, and a quantification of the
optimum doses and schedules as well as of success rates are
urgently needed.

This challenge is approached by radiobiological modeling,
and the aim of the present work is to briefly review modeling
approaches associated with aspects of RIT as well as to show
potential future developments of this field of research. We
thereby also update recent review articles (19, 20) that are
partially concerned with the state of the art in modeling RIT
as well.
MODEL APPROACHES

In the context of RIT some modeling approaches have been
developed that either aim at simulating the outcome of such
therapy, or to model specific underlying processes that impose a
Frontiers in Oncology | www.frontiersin.org 2153
rationale for RIT. In particular, five major model approaches
describe RIT using checkpoint blockers. Other models focus on
the immunomodulatory effect of either radiation or checkpoint
blockers alone, without considering their combination. A further
class of model simulates in detail pathway related aspects on the
way to establish the radioimmune response.

Models for Radioimmunotherapy
At present (February 2021) to the knowledge of the authors there
are only five consistent model approaches that attempt to
simulate the full course of RIT published in peer reviewed
journals. Typically, the models consist of a number of coupled
differential or difference equations, each of which describes the
dynamics of a key quantity such as the amount of lymphocytes or
tumor cells. They differ in mathematical structure, level of detail,
type of checkpoint blocker(s), and type of dose and
concentration response function. Table 1 gives an overview of
the present models.

To describe the effects of RIT, Serre et al published the first
encompassing model framework (21). In this pioneering work
the authors modeled the immune system by the amount of
effector cells, whose amount is determined by the expression
level of tumor antigens. While radiation causes the expression of
such antigens, aPD-1 is giving clearance for the effector cells to
shrink the tumor mass. The authors attributed the role of
aCTLA4 to the long term immune response, i.e. the memory
effect, while neglecting its role in fostering effector cell activation
even at early times after irradiation. Serre et al. formulated their
model as a set of coupled time dependent difference equations.
The dose of checkpoint blockers results in quite specifically
chosen nonlinear relationships into tumor cell removal, while
radiation is assumed to lead to tumor cell inactivation according
to the well accepted linear quadratic formalism. The synergism
between radiation and checkpoint blockers establishes via the
radiation stimulated antigen expression that promotes the
immune response, if checkpoints are blocked. Serre et al.
solved their set of equations numerically and could describe
nicely tumor growth curves of a preclinical experiment. In a later
publication (26) they added more dynamical information by
allowing time for the antigen release and immune response to
establish. As those time scales may interfere with radiation
TABLE 1 | Models for RIT and general properties.

Publication Blocked checkpoint(s) Number of interacting
quantities

Serre (21) PD-1, CTLA-4 3
Chakwizira (22) IDO (in context of

glioblastoma therapy)
3

Poleszczuk (23) Not specified, but applied
to CTLA-4

4

Kosinsky (24) PD-1 5
Byun (25) PD-1, PD-L1 4
March 2021 | Vo
The models address different checkpoint blockers, as given in the second column. They
establish the interactions of tumor cells, immune cells, and eventually signals such as
antigens via coupled dynamic equations, and the third column indicates the number of
these quantities and equations. As PD-1 and PD-L1 form an axis, models applicable to
PD-1 blocking are applicable to PD-L1 blocking as well.
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fractionation schemes they introduced the concept of
immunologically effective dose (IED), which is the counterpart
of the biologically effective dose (BED). BED and IED are the
total radiation doses that would be delivered in infinitely many
fractions to result in the same targeted and abscopal effect,
respectively, as for a regimen with a given fractionation scheme.

Chakwizira et al. (22) simplified Serre’s original model to
explain the immune response of radiation in combination with a
checkpoint blocker targeting IDO, which is used in the context of
treating glioblastoma. They only considered the short time
immune response and replaced the complicated response after
PD-1 checkpoint blocking in Serre’s model by a simplified dose
response to IDO blockers. They succeeded to reproduce with
their model experimentally determined survival times of rats
with glioblastoma for different radiation doses alone or in
combination with immune therapy. Using the model
prospectively they predicted that hypofractionation without
unusual long gaps (> 1d) maximizes the synergy between
radiation and immune therapy.

Poleszczuk et al. (23) developed a model approach including
simple, linear interaction terms reflecting immune cells affecting
the tumor. They also include a continuously time delayed
removal of tumor cells that are committed to death, and
distinguish between immunogenic or radiation induced death.
To simulate abscopal effects, they rely on their prior work for
effector cell motion, explaining variations in transport to distant
metastatic sites. Accelerated primary tumor growth appears in
favor of abscopal effects due to detraction of immune cells.
Interestingly, in that framework they predict a worse prognosis
for treating a primary tumor in case an abscopal tumor is
present, as the latter one would attract effector cells as well and
thus stands in competition with the primary one.

In the model presented by Kosinsky et al. (24) a logistic tumor
growth is modified by radiation essentially following the LQ
formalism and by the presence of T cells. Here, the latter is
amplified, triggered by cell death via an enhancement of the
immune activation rate that depends on the PD-1 checkpoint
blocker. While being similar to Serre’s model, this approach is
more versatile as both undifferentiated and differentiated T cell
compartments in the tumor microenvironment are simulated,
and there is an explicit dynamic formulation for the removal of
dying cells. However, this is established at the expense of
numerous parameters, which makes the model harder to
validate. Nevertheless, the authors managed to mostly reproduce
experimental findings in giving aPD-1 concomitantly or
subsequently to radiation therapy.

The model of Byun et al. (25) provides an explicit simulation
of both the PD-1 and the PD-L1 concentration, which mainly
determine the interaction between tumor cells and T cells. They
assume a decaying action strength of both radiation and
administered drugs, and consider the binding kinetics of
immune checkpoints, modified by checkpoint blocking
antibodies. Their model is benchmarked at hand of one rich
data set. The model properties are also investigated by a
sensitivity analysis and by systematically inspecting model
predictions depending on input parameters.
Frontiers in Oncology | www.frontiersin.org 3154
Models for the Immune Response After
Either Irradiation or Checkpoint Blocking
Alone
In the literature also a number of models can be found that
consider the immunomodulatory action of radiation or of
checkpoint blockers alone, without considering their combined
action. Such a rather isolated consideration may be useful to
inspect the individual agent based effects before considering their
combination, which is expected to be more complicated due to
additional synergistic mechanisms. A selection of models is
compiled in Table 2 and summarized below.

Alfonso et al. (27) suggested a model for the immune
modulatory effect of fractionated radiation. It starts off from a
quite detailed model of tumor growth dynamics, accounting for
hypoxic avascular and potentially necrotic regions inside the
tumor. The level of available effector cells in the tumor
microenvironment is promoted by radiation, which is modeled
via a reaction kinetics approach. The degree of effector cell
infiltration is modeled empirically as well, and they account for
a delayed shrinking of the tumor mass after irradiation. Their
model suggests that the level of functional vascularization is an
important determinant for therapy design rather than tumor
size alone.

The work of Valentinuzzi (28) implemented Gompertzian
tumor growth model and explicitly simulated modes of
inhibition of the PD-1 – PD-L1 axis. They furthermore
distinguish between unaffected tumor cells and tumor cells that
are continuously being removed after immune cell attack.

Lai and Frieman (29) modeled the interaction of a tumor,
several types of immune cells, DAMP release and PD-1
checkpoint blockers on a quite detailed level, including active
transport and/or diffusion of these quantities. They also modeled
vaccinations with drugs promoting tumor infiltration of T cells,
and their model supports the belief that infiltration is a necessary
precondition for successful immunotherapy.

Milberg et al . (30) used a physiological ly based
pharmacokinetic model for deriving the impact of checkpoint
inhibition. They follow a quantitative systems pharmacology
approach, describing the dynamics of many involved
factors explicitly.

In the model of Radunskaya et al. (31) the authors
investigated the immune cell dynamics within the spleen, the
blood and the tumor. Modeling interaction between those
TABLE 2 | Selected models for immune response after radiation or immune
therapy with checkpoint blockers alone.

Publication Considered agent

Alfonso (27) radiation
Valentinuzzi (28) aPD-1, aPD-L1
Lai and Frieman (29) aPD-1
Milberg (30) aPD-1 and a-CTLA-4
Radunskaya (31) aPD-L1
Nikolopoulu (32) aPD-1
Butner (33) Any checkpoint blocker
Wilkie (34) Unspecified
March 2021 | Volu
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compartments, their model allows to calculate the impact
on tumor growth, and blocking of PD-L1 modifies
these interactions.

The work of Nikolopoulo et al. (32) considers in particular
the dynamics of PD-1. They present a stability analysis
of the underlying equations in the case of no therapy, where
they find an equilibrium between T cells and cancer cells.
Including checkpoint blocking antibodies they present also a
sensitivity analysis.

Butner et al. (33) presented a model approach that intends to
describe the clinical outcome of immune therapy. Remarkably,
they applied their model to clinical data and demonstrated its
capability for discriminating between therapy responders and
non-responders based on early assessments of tumor growth.
The model uses methods of statistical physics, where the
transport of drugs and cytokines are described by diffusion.
They finally derive an approximate, but fairly simple formula,
which is used for further evaluations.

Wilkie et al. (34) instead employed a logistic tumor growth
model, which is modified by a predation mechanism reflecting
immune cells, that themselves are promoted by the presence of
tumor cells. They used their model to explain the phenomenon
of transient tumor dormancy. Although the authors did not
employ a specific mechanism for checkpoint blocking, the
interaction function has been set up quite generally and can be
easily gauged to contain such immune suppressing factors.

Models at the Level of Underlying
Pathways
Modeling of immune responses at the pathway scale becomes
rather difficult due to the complexity of the underlying protein
networks, which are usually not completely known.
Understanding at the pathway scale is, however, desirable for a
number of reasons, for instance to identify mechanistic steps that
can be targeted through intervention. Although the mechanisms
are often understood qualitatively, the quantitative data required
for model construction tends to be missing, mostly due to a lack
of experimental accessibility. However, some models at this scale
do exist, despite lack of data and resultant uncertainties, albeit
primarily focused on modeling the immune response alone,
discarding interactions with radiation.

Gregg et al. introduced a systems biology approach model of
DNA sensing and interferon production (35), later expanding
the model to describe the cGAS-STING pathway (36). The model
describes the dynamics of the pathway through a series of
“states”, with ordinary differential equations determining
transitions between states and enzyme reactions described
through Michaelis Menten kinetics. In total the model uses 13
states giving rise to 34 model parameters; 13 describing cGAS, 11
describing JAK/STAT, and 10 describing degradation rate
parameters (e.g. DNA degradation by TREX1). The model
parameters are fit to experimental data where possible and
unknown parameters are optimized (25 unknown in total, with
all cGAS related parameters assumed to be unknown). The
model calculates molecule concentrations within the cytosol as
a function of time; including cGAS, STING, DNA, IFNb, and
Frontiers in Oncology | www.frontiersin.org 4155
TREX1. The authors are able to reproduce findings such as drug
inhibition of cGAS described through mass action kinetics. The
detailed modeling approach allows for investigation of more
potent drugs through the variation of association constant. The
authors also performed a sensitivity analysis of their model and
showed that IFNb activity is highly robust to perturbations in
TREX1 feedback, making the model less dependent on the
particular choice of the corresponding input parameters. In the
same way, the insensitivity of IFNb production on TREX1
activity also provides a testable hypothesis. Whilst the model
presented by Gregg et al. (36) was not specifically designed for
the combined radiation action it is not difficult to foresee
modifications that would accommodate this; for example,
modifying the initial amount of cytosolic DNA as a function of
radiation quality and dose.

The extent, and success, of an anti-tumor immune response is
dependent on immune cell activation and signaling. To that end
a number of mathematical models have been designed to probe
these mechanisms. For example, Mesecke et al. (37) developed a
mathematical model of natural killer (NK) cell activating/
inhibitory signal receptors at the molecular level. The model is
designed with “optional” modules to investigate mechanisms,
giving rise to 72 individual models of NK activation and
inhibition. Similarly, a number of mechanistic models have
been developed to describe T-cell activation (38, 39).

Immune response modeling spans many scales, from the
molecular level up to the patient level (40). Palsson et al. (41)
developed a framework to integrate published subset models into
a single multiscale model through parameterization, known as
the Fully-integrated Immune Response Model (FIRM). In FIRM
connectivity matrices are built between subset models to describe
the global network structure. The model specifies antigen
exposure over time and calculates antibody levels and cell
concentrations. Although initially designed to simulate the
immune response to tuberculosis infection FIRM is also
capable of simulating the cellular response to tumor challenge.

Beyond these models, a number of tools are available to
simplify and increase the accessibility of immune process
modeling. Such tools as BioNetGen (42), Cell studio
(43), NetLogo (44), and Simmune (45) may be helpful in
simulating various aspects in a pathway oriented modeling of
radioimmune response.
STATE OF THE ART IN MODELING
RADIOIMMUNOTHERAPY

To summarize, there are numerous model approaches that cover
aspects of RIT. These approaches can be distinguished, as used to
structure the present review, by their level of applicability: Some
models focus on specific pathways or on the general interaction
between a tumor and the immune system, other approaches
model the immunologic response to checkpoint blockers or
radiation alone, and a few models even attempt to model RIT.
On all these levels, models are found with different levels
of detail.
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As RIT approaches a standard treatment for some cancer
types, such modeling is needed to interpret clinical outcome in a
quantitative way. However, there are various gaps in our
knowledge on biologic aspects of the immune response, and
therefore these models accumulate open parameters.
Furthermore, due to a lack of clinical experience a validation
and benchmarking can only occur with preclinical experiments,
where usually growth dynamics of implanted synthetic tumors
has been investigated.

Comparing the five models for RIT summarized in Table 1,
one finds a number of similarities. All models describe the
dynamics of cancer cells, immune cells and eventually of
signals leading to recruiting activated T cells (DAMPs,
antigens, IFN release, e.g.) via rate equations, i.e. coupled
differential or difference equations. They all include that dying
cancer cells finally provoke lymphocyte presence, which is why
radiation can trigger this process. Checkpoint blocking is
included in all models as a key to admit lymphocyte action. It
is worth to note that the complicated network of a variety of
different immune cell types and multiple underlying processes
like different modes of immune mediated cell inactivation is not
reflected by any model. Models are rather kept simplified,
working with effective quantities e.g. by ignoring different types
of lymphocytes. For instance, most models do not distinguish
between helper and cytotoxic T cells, because finally the amount
of effector cells of whatever type are of interest, while other cell
types may support their presence as mediators and are simulated
implicitly, i.e. without explicitly appearing in equations. This
level of abstraction is for a good reason: A corresponding model
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to such detail would require a plethora of model parameters,
thereby ruling out robust predictions.

The underlying paradigm including aCTLA-4 and aPD-1 as
checkpoint blockers are visualized in Figure 1 in a modeler’s
perspective, identifying three key quantities and three agents.
The sequence of processes reflects the immunity cycle as
suggested by Chen and Mellmann (46), where here radiation is
the primary cause of cell death of tumor cells, which at the same
time triggers a systemic antitumor response. With some
modifications, a similar circle of dependencies could be
established for the IDO checkpoint instead of the PD-1 and
CTLA-4 checkpoints. Notably, there are many more molecules
involved in the immune checkpoints than the ones the
checkpoints are named after, and the expression of these
molecules is a dynamic process that may be modified also by
other agents than radiation, e.g. heat (47). Again, models tend
here to simplify the situation and model effectively the onset of
immune activation triggered by radiation induced cell death.

As a further similarity, all models follow the general idea of
simulating the dynamics of T cells at the tumor site(s), eventually
capable to predate tumor cells. This is performed by first defining
initial conditions and then following tumor growth and its
possible turnover into shrinkage by the synergism of radiation
exposure and immunotherapy, as indicated in Figure 2.

The models, however, differ in many aspects as well: They use
various tumor growth models without considering radiation or
immune effects, which might be reasoned partially in the
experimental data used for benchmarking. They differ further
in the particular choice of interaction terms between immune
FIGURE 1 | General paradigm underlying RIT using immune checkpoint blockers from a modeler’s perspective: The abundance of tumor cells, lymphocyte
attracting signals and activated lymphocytes are three quantities that depend on each other, but are also impacted by external agents such as radiation and immune
checkpoint blockers. The synergy of coupling radiation and immune therapy emerges, as radiation amplifies signals that are exploited for tumor cell recognition,
which in combination with aCTLA-4 lead to an effective lymphocyte activation, resulting in a tumor cell predation driven by cytotoxic lymphocytes.
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effector cells and tumor cells. They also vary in the selection of
subclasses of tumor cells (hypoxic, inactivated but not yet
removed…) and immune cells (CD4+, CD8+, dendritic
cells, …) employed. Needless to say, as they are complex models
they differ in the number of open parameters (i.e. degrees of
freedom of the model), the knowledge about experimentally
inspired fixed model parameters, and the associated numerical
values. Model limitations are directly connected to the
particular choice of modeled cell types, interaction processes
and functional dependences and need to be investigated for
each model separately.

As the models are established from authors with somewhat
different background and perspective, they all use a different
terminology and a different notation, making comparisons in
view of their complexity quite tedious. Finally, they are validated
against experimental data to different levels, while a
comprehensive validation across multiple data sets has not
been demonstrated so far at all. Nevertheless, all models
managed to recover the experimentally observed amplification
of immune response by radiation and allow investigation of
impacting factors such as dosage, fractionation scheme and the
drug administration schedule.
FUTURE PERSPECTIVES

Rather than only considering fully integrated models for
predicting the outcome of RIT, the approaches at a lower level
of applicability may be important to test and maybe reject
underlying assumptions in comparison with experimental data.
We would like to stress that also model approaches that attempt
to model general functionality of the immune system or the
interaction of a growing tumor with the immune system
provoked many model based investigations (48–53), that may
help to optimize model strategies.
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Several differences between the models have been pointed out
above. Although these may seem technical and a matter of
proper implementation at the first glance, they may have a
strong impact on the simulation outcome. These include the
choice of the tumor growth model as well as the functional
relationship expressed by the interaction terms. Here various
assumptions need to be tested against available data, e.g., there is
no unique answer on how many activated cytotoxic T-cells are
needed to effectively remove a single tumor cell, and how tumor
cells can be accessed by T cells due to space limitations.

Besides overcoming such open questions in current models,
the following key questions appear to be most promising to be
addressed by the following future model approaches, which shall
be briefly discussed below:

• What does the therapy response to radiation and checkpoint
blockers look like, and how can underlying response times be
used to optimize scheduling?

• How do primary tumor and abscopal sites differ in availability
and accessibility of T cells?

• What is the role of radiation induced lymphocyte inactivation
in cases where the radiation field covers a large portion of
vascularized tissue or lymph nodes?

• What is the potential role of high LET radiation in regard of
the previous aspects?

Response times: A very important aspect that is rarely
discussed is the time delay between involved biological steps.
For instance, cells killed by radiation are not killed immediately.
Rather cell death is a process, and therefore also DAMP signals
will be elicited with some delay after irradiation. Likewise, the
removal of cells will take place later, and T cell activation and
recruitment also takes time. In some approaches tumor cells that
are inactivated will be removed according to an ordinary decay
differential equation, leading to an exponential removal.
However, it would be much more plausible to introduce
FIGURE 2 | Logic underlying the simulation of combined radiation and immunotherapy effects: In a first step, initial conditions are defined which characterize tumor
growth and the immune system’s capability (e.g., represented by the number of lymphocytes effectively taking part in tumor cell eradication) without therapy. In a
second step the targeted radiation effects as well as checkpoint blocking is simulated, leading to a synergistic immune response. Finally, this results in an
enhancement of cytotoxic T lymphocytes (CTL) in the tumor microenvironment (TME) of the irradiated and—if applicable—of an abscopal site. The T cells may
eradicate tumor cells, which eventually leads to tumor control. If the therapy design is successful, typically within the therapy block or shortly after the tumor growth
will turn into shrinkage as indicated by the color scale in the time arrow (green, no tumor; red, large tumor mass).
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peaked distribution functions with a support on a finite time
interval (i.e. with a maximum value) for such delay times.

Availability and accessibility of T cells: Concerning the
attempt to model the immune response in an abscopal tumor
that is not irradiated at all, the crucial question is, what amount
of radiation amplified T cells will migrate to this tumor site. It is
unclear to what extent other draining lymph nodes except the
one corresponding to the irradiation site contribute to the pool of
activated lymphocytes. While models at the moment can only
use assumptions, future dedicated experimental studies could
provide more insight. Such studies might help to decide whether
activated T cells in the microenvironment of the primary tumor,
the abscopal tumor and in the blood need to be modeled
separately, eventually including spatial aspects, or can be
simply related, thereby reducing the number of degrees
of freedom.

Lymphocyte inactivation: Another aspect not sufficiently
included in models so far is suppression of the lymphocyte
status by radiation. While models account for such suppression
eventually in the tumor region, the lymphocyte pool can be
largely inactivated, or, if lymph nodes are in the radiation field,
the number of naïve T cells can be reduced so that a
replenishment is strongly inhibited. This idea demonstrates
that radiation has both an immune stimulating and
immunosuppressive effect, and modeling could help to
determine optimum doses, investigating the impact of dose
rate and treatment modality etc. Indeed it is evident that
patients with lymphopenia have a worse therapy prognosis
(12–17). Experimental studies indicate that (i) lymph node
irradiation is a crucial factor that should be avoided, if possible
(10, 11), and that lymphocytes in general are quite radiosensitive
and hence the blood pool is vulnerable by radiation (54–60).
There are only few studies on the dose response of radiation
induced lymphopenia (61–63), considering the dose distribution
within the blood pool. Again, general models of lymphocyte
dynamics (64) may contribute to further model developments.

High LET radiation: The role of proton and carbon ion
therapy in the context of RIT is at the moment rather
unexplored but appears to be quite promising (65, 66): With
protons and carbon ions a very conformal irradiation of the
target is achieved. In particular, for carbon ions, additional
biological advantages result in an enhanced effect in the target
region and allow for hypofractionated regimens (67, 68). In the
context of RIT this promises at least a twofold advantage: First,
sparing normal tissue allows for a tremendous reduction of
effective field sizes and allows for less reduction of the
lymphocyte pool. With an appropriate field design, lymph
nodes could even be spared as well (66). If however lymph
nodes are affected by metastases, they may be specifically treated
by elective node irradiation using small treatment fields,
although the benefit of such treatment remains debated in
conventional therapy (69–71). With sufficiently conformal
fields, surrounding organs at risk, but also circulatory
lymphocytes and unaffected nodes can be spared. The precise
conformal irradiation can be realized using ion beams (72, 73).
Second, with carbon ions large doses as frequently applied in RIT
can be generically realized with comparably tolerable side effects
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to the normal tissue. This is ultimately reasoned in the high LET
effects to cells and tissues, i.e. providing a large relative biological
effectiveness and overcoming the resistance of cells in S/G2
phases or of hypoxic cells in the target region. One may
conjecture that the damage complexity inflicted by high LET
radiation gives rise to a third advantage: Overcoming the
radioresistance of hypoxic cells and in general locally clustered
DNA damage could lead to a larger level of immune stimulation.
One may suspect about a more efficient activation of the cGAS/
STING pathway or an enhanced release of DAMPs (74, 75).
Considering the temporal pattern of the immune response, the
time scales between irradiation and radiation effects are expected
to be modified after high LET radiation, accounting for the more
severe inflicted damage (76, 77). A faster manifestation of cell
inactivation as compared to low-LET radiation suggests a more
rapid immune activation and T cell recruitment, while at the
same time providing a stronger delay in tumor growth. On the
other hand, the immunosuppressive effects of radiation as PD-L1
upregulation may be modified and eventually amplified by the
enormous energy concentration within high LET ion tracks. Also
at the moment it is not clear whether or not high LET radiation
will enhance the infiltration capability of T cells in the tumor
microenvironment, or whether the latter will be modified in
other aspects. First experimental results (78–80) do not show a
clear picture yet, while the tissue sparing effect of particle
irradiation indeed seems to be beneficial regarding lymphocyte
deprivation (81). Thus the multiple perspectives and open
questions associated with the use of high LET RIT warrant
further preclinical experiments, which are able to answer the
speculative and encouraging expectations presented above.

From the considerations regarding high LET radiation one
might also expect that hypofractionated irradiation of small
fields would be most suitable for RIT. For SBRT regimens, e.g.
enough cells would be inactivated in the target area to set on the
immune stimulating effect, while in the small entrance channels
only a smaller fraction of lymphocytes in the blood stream would
be affected (82). Indeed, early clinical experience using SBRT in
combination with checkpoint blockers indicates therapeutic
benefits (83).

The four radiobiological questions that have been identified
and discussed above can be addressed both experimentally and
theoretically. For theoretic model formulation it is an important
aspect that the considered experimental data are comprehensive,
i.e. self-consistent data sets where multiple observables (e.g.
CD 8+ cell count, DAMP release and tumor masses) are
simultaneously analyzed for various (many) treatment
conditions. Such data sets are most profitable, as they can be
directly used for comprehensive model gauging. This approach is
complementary to applying models to multiple, independent
data sets which is a rather convenient strategy for model testing,
thereby supporting or falsifying the underlying mechanistic
assumptions. More comprehensive data sets will therefore
potentially allow to better assess distinct model approaches.
For simplistic models the task is then to choose the most
important key quantities that determine tumor mass dynamics,
and for very detailed models following an ab-initio approach
implementing OMICS data in immune response models (84)
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may help to keep model uncertainties comparably low despite a
high number of degrees of freedom.

Generally, to support the models’ validity and to test their
assumptions a broader benchmarking against experimental data is
desirable. A fruitful strategy would be to apply one model with
fixed model constants (except those characterizing a particular
experiments) to multiple independent data sets. At the moment
there exist quite a number of thoroughly analyzed experimental
data sets (mainly tumor growth dynamics) of primary and
abscopal tumors with various doses and fractionation schemes
etc., e.g. (4, 10, 85–89). In that line, theoretic models may come up
with specific predictions, to interpolate between the results, and
identify interesting treatment scenarios to be investigated.
Experiments will be able to answer these questions, thereby
making our current understanding of the combined action of
radiation and immunotherapy more precise. We would like to
stress here, that there is still a lack of apparently basic experiments
such as investigating interferon release in dependence of radiation
quality and dose. Such systematic quantification experiments,
although not directly related to current ‘hot topics’, would be
very valuable to establish a consistent mechanistic understanding
of interactions between radiation and the immune system. Also,
experiments are not available where both radiation dose and
checkpoint blocker drug concentration are varied systematically.
Such experiments would be very valuable to quantify the expected
synergism of radiation and checkpoint blocking. Generally, a
dialogue of modelers, immunologists and oncologists will be
needed to decide about the necessities and options to go for,
aiming for a quantification of radio immune response.

Concerning the use in the clinics, the pivotal role of RIT
modeling is to indicate factors to account for in treatment
planning. This includes, for instance, the need to consider the
entire vascular system and the blood pool as an organ at risk for
lymphopenia (90). Degrees of freedom that need to be optimized
are the radiation dose, the fractionation schedule, radiation type,
geometry of the irradiation field(s), irradiation angles, antibody
type, drug concentration and drug delivery schedule. This also
includes exhibiting the role of emerging radiation therapy
modalities such as FLASH or spatial fractionation, which may
also spare the blood pool efficiently, but for which the interaction
with the immune system is unclear at the moment (91).
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Within therapy, the adaptive change or adjustment of initial
treatment strategies may be aided or reasoned by model
approaches. The advantage of mathematical models as
compared to general perceptions is that they are quantitative
in nature. At this moment models are quite successful in
describing preclinical experiments. In near future, an emerging
task will be to develop corresponding model description tailored
to clinical situations. For integrated modeling in clinical practice,
eventually involved in treatment planning, the step from
preclinical experiments towards application in therapy of
patients has to be thoroughly validated. In this regard,
experience of RIT in patients will be of particular importance,
and existing models may be supportive in finding interpretations
that help to improve schedules and dosage, and in the same way
eventually experience gradual validation.

Thus, benchmark data for such models will be generated
within ongoing clinical studies, and hopefully models will
acquire predictive power that finally can be used in decision
making and treatment planning.
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Cancer is one of the most common causes of death worldwide. Although the existing

therapies have made great progress and significantly improved the prognosis of patients,

it is undeniable that these treatment measures still cause some serious side effects. In

this context, a new treatment method is needed to address these shortcomings. In

recent years, the magnetic fields have been proposed as a novel treatment method

with the advantages of less side effects, high efficiency, wide applications, and low

costs without forming scars. Previous studies reported that static magnetic fields (SMFs)

and low-frequency magnetic fields (LF-MFs, frequency below 300Hz) exert anti-tumor

function, independent of thermal effects. Magnetic fields (MFs) could inhibit cell growth

and proliferation; induce cell cycle arrest, apoptosis, autophagy, and differentiation;

regulate the immune system; and suppress angiogenesis and metastasis via various

signaling pathways. In addition, they are effective in combination therapies: MFs not only

promote the absorption of chemotherapy drugs by producing small holes on the surface

of cell membrane but also enhance the inhibitory effects by regulating apoptosis and

cell cycle related proteins. At present, MFs can be used as drug delivery systems to

target magnetic nanoparticles (MNPs) to tumors. This review aims to summarize and

analyze the current knowledge of the pre-clinical studies of anti-tumor effects and their

underlying mechanisms and discuss the prospects of the application of MF therapy in

cancer prevention and treatment.

Keywords: magnetic fields, anti-tumor, molecular mechanism, static magnetic fields, low-frequency magnetic

fields

INTRODUCTION

Cancer is a serious threat to human health and one of the leading causes of death worldwide.
According to estimates with regard to morbidity and mortality for 36 kinds of cancers in 185
countries, about 18.1 million new cancer cases plus 9.6 million cancer-associated deaths happened
in 2018 (1). Among these cancers, the highest incidence types are lung (11.6%), breast (11.6%),
prostate (7.1%), and colorectal (6.1%) cancers. At present, the primary options for advanced cancer
treatments, namely chemotherapy and radiotherapy, always have some limitations such as severe
side effects and drug resistance (2–4). It is necessary to develop new therapies to address these
disadvantages. In this context, more attention was paid for alternative treatments involving some
non-invasive approaches like light, heat, electrical field, magnetic field (MFs), and ultrasound
therapies (5–9), which are of high efficiency and incur low costs without inducing infections or
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forming scars. Among them, the MF therapy has been studied
a lot in recent years, as early as 1971, when Weber et al. (10)
validated the inhibitory effects of MFs on tumor-bearing mice.
Over the next few decades, many researchers have explored
this phenomenon and put forward more evidence about the
relevant mechanisms (11–13); at the same time, clinical trials
demonstrated its advantage in relieving clinical symptoms, and
improving the quality of life of patients with recurrent and
rapidly progressing tumors (Table 1) (17). Early studies have
shown that in the field of cancer treatment, MFs have potential
application prospects with few side effects and wide applications.
MFs could non-invasively induce the death of cancer cells,
whereas lymphocytes showed little necrosis in vitro (18, 19).
In other medical studies, the MF therapy has been reported
to have beneficial results in peripheral nerve regeneration (20),
osteo-necrosis (21), and injury-induced osteoporosis (22). MFs
at frequencies above 100 kHz predominately show thermal
effects; otherwise, they would exert non-thermal effects (23).
Recently, non-thermal biological effects of MFs have been
reported in many aspects, among which are studies on tumor
treatment. The inhibitory effects of static magnetic fields (SMFs)
and low-frequency magnetic fields (LF-MFs, with frequency
below 300Hz) have been studied against a wide variety of
human cancer cell lines, such as leukemia (24–31), fibrosarcoma
(32), colon carcinoma (32–34), and breast cancer (35–40).
Furthermore, MFs suppress the growth of Lewis lung carcinoma
(LLC) (41) and Ehrlich ascites carcinoma (42, 43) in vivo,
and even prolong survival and improve the general symptoms
of 21 patients with advanced gastric cancer (44). MFs have
shown to exert anti-tumor action through various pathways
and multiple molecular mechanisms, such as the inhibition of
cell growth and proliferation; the induction of apoptosis, cell
cycle arrest, and autophagy; participation in immune regulation
as well as depression of angiogenesis, and metastasis; and
promotion of differentiation. Of interest, they are effective
in combination therapies with chemotherapeutic agents and
magnetic nanoparticles (MNPs).

AIM AND SEARCHING CRITERIA

Thermal Effects and Non-thermal Effects
by (MF) Therapy
Two conditions of the molecular mechanism, namely thermal
effects and non-thermal effects, are involved in MF-induced
biological effects (23). According to IEEE C95.1-2019, thermal
effects are defined as “changes associated with heating of
the whole body or an affected region sufficient to induce a
biological effect.” Electro-stimulation is the dominant effect
at low frequencies and thermal effects dominate above radio
frequencies. The International Commission on Non-Ionizing
Radiation Protection (ICNIRP) gives a more detailed description
of electro-magnetic fields at radio frequency (100 kHz−300
GHz), which could penetrate the body and cause a vibration of
charged or polar molecules inside, resulting in friction and heat.
Thermal effects lead to an increase in bulk temperature, which
would thermally induce membrane depolarization, excitation,

TABLE 1 | Early research foundation of magnetic fields (MFs) in

tumor suppression.

Year Some important breakthroughs Reference

1961 Mulay et al. discovered tumor cells exposed to

MFs showed complete degeneration.

(14)

1971 Weber et al. confirmed that the

non-homogeneous MF consistently prolonged

the life spans and slowed down the growth of

tumors in mice.

(10)

1971–1975 Mizushima and Degen et al. reported the

anti-inflammatory effects of MFs.

(11, 15)

1999 Chakkalakal et al. found that the MFs had the

potential to promote the effects of

chemotherapeutic drugs and reduced the

dosage and side effects.

(16)

2001 Tofani et al. demonstrated that static plus

low-frequency magnetic fields (LF_MFs)

induced the apoptosis of tumor cells.

(13)

Douglas et. al. described the inhibitory effects

of MFs on angiogenesis during tumor growth.

(12)

2010 Vasishta found MFs alleviated the clinical

symptoms and improved the quality of the life

of patients with anaplastic astrocytoma.

(17)

and breakdown and show a distinct side effect on the
organisms (45). Non-thermal effects could be described as
direct interactions of MF with biological cells that are not
associated with any heating but are associated mainly with
electro-stimulation (23, 46). Based on the physical mechanisms,
extremely LF-MFs (<300Hz) are regarded as non-thermal
effects (47).

Aim and Scope
Magnetic fields are generally generated by permanent magnets or
electric currents, and there are several classification methods for
MFs. According to the mechanism of the generation of MFs, they
are divided into permanent magnetic fields and electromagnetic
fields. While the variation rate of the intensity of the MF with
spatial displacement is equal to 0, it is a uniformMF; otherwise, it
is a gradient magnetic field (GMF). Moreover, if the distribution
of the MF changes with time, they are classified as SMFs and
non-SMFs, such as alternating magnetic fields (AMFs), pulsed
magnetic fields (PMFs), and rotating magnetic fields (RMFs). In
consideration of their working frequency, theMF is classified into
low frequency (LF) (<300 kHz), medium frequency (MF) (300
kHz−3MHz), and high frequency (HF) (>3MHz). According to
the Regulations (2012) of the International Telecommunication
Union (ITU), LF-MFs are further divided into tremendously
LF(<3Hz), extremely LF (3–30Hz), super LF (30–300Hz), ultra
LF (300–3000Hz), very LF (3–30 kHz), and LF (30–300 kHz)
(48). Many studies have shown that SMFs and LF-MFs (f <

300Hz) exerted anti-tumor effects, in which the temperature
was maintained at around 37◦C for cell culture in vitro and
excluded thermal effects (30, 49, 50). To comprehend the non-
thermal effects of the MF therapy on cancers, we focus on the
abovementioned MF types in this review, aiming at describing
the state of the art of MF therapy, discussing the current
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understanding of the underlying anti-cancer mechanisms, and
outlining future therapeutic perspectives in oncology. Common
setups, types, exposure direction, and duration of the action are
summarized in Table 2.

In this review, we focus on the non-thermal effects of SMFs
and LF-MFs (<300Hz) on cancer cells and their applications in
cancer treatment. The review aims to highlight the critical areas
regarding the uses of MF therapy, which are not fully understood
and need to be investigated further.

Searching Criteria
The literature search was carried out with Scopus, Google
Scholar, PubMed, Web of Sciences (ISI Web of Knowledge),
Medline, and Wiley Online Library databases. Available
publications (in English) in peer-reviewed journals on the
biological effects of SMFs and LF-MFs between 2008 and
2019 were selected for analysis. We focus on SMF- and LF-
MF-induced anti-tumor effects in in vivo and in vitro studies.
The studies on the influence of SMFs and LF-MFs on other
organs and systems were excluded from the literature. The
keywords used for the literature research were “apoptosis,”
“cell cycle arrest,” “autophagy,” “angiogenesis,” “immune,”
“inflammation,” “differentiation” (as a combination with “low
frequency electromagnetic fields” or “static magnetic fields,” and
“tumor” or “cancer” or “oncology”).

THE EFFECTS OF MFS ON CELL
PROLIFERATION, CELL CYCLE ARREST,
CELL APOPTOSIS, AND AUTOPHAGY

Magnetic fields exert their function through various pathways
and multiple targets. A large number of recent studies
have shown that MFs have anti-tumor effects by inhibiting
cell proliferation and inducing cell cycle arrest, apoptosis,
and autophagy.

Cell Cycle Arrest
The cell cycle, which consists of the G1, S, G2, and M phases, is
a very complex and delicate regulation process closely related to
cell differentiation, growth, and death. Abnormal expressions of
some cell cycle proteins could cause uncontrolled replication of
cancer cells; so it is a promising therapy to target cyclins (58).

DNA integrity is critical to cells; common radiotherapy and
most of the chemotherapies exert their function by damaging
the cancer cells of DNA, which would inhibit proliferation at
cell cycle checkpoints and lead to cell death (59). SMFs (8.8 mT,
12 h) enhanced the killing potency of cisplatin, adriamycin, and
paclitaxel by triggering DNAdamage, inducing cell ultrastructure
alteration, and arresting K562 cells at the G2/M phase (27–29).
RMFs (0.4 T, 7.5Hz, 2 h/day) inhibited the growth of B16-F10 in
vitro, elevated the survival rate, and inhibited the proliferation
in the lung metastasis model mice, where an increase in the
G2/M phase was detected (52). CDK1-cyclin B, also known as
cell division control protein kinase 2-cyclin B (cdc2-cyclin B)
functions at the G2/M phase of the cell cycle, to accelerate cell
mitosis (60). SMFs (200 ± 60 mT, 48 ± 4 h) induced human

malignant glioblastomata, such as U87 and U251, to arrest the
G2/M phase by downregulating the expressions of cyclin B1
and CDK1 (61). The p53 protein is a critical participant in the
signal transduction pathway which mediated apoptosis and G1
cell cycle arrest in mammalian cells (62). LF-MFs significantly
inhibited tumor growth, induced cell senescence, inhibited iron
metabolism of the LLC murine model, and the in vitro induced
G0/G1 phase arrest of A549 lung cancer cells via stabilizing p53
protein and activation of the P53-miR-34a-E2F1/E2F3 pathway
(41). In addition, earlier experiments with high risk BE(2)-C
neuroblastomas continuously exposed in 50Hz, 1mT LF-MF for
72 h led to an enhanced cell response to ATRA, along with an
increase in the levels of p21, Cdk-5, and G0/G1 population (63).
A 24-h exposure of 50Hz, 100 uT LF-MF exposure slowed down
the progression of the cell cycle, which is associated with the
regulation of p21 in early response (64). These data indicate that
MFs are found to arrest cells at different stages, thus leading
to anti-proliferation effects on cells by modulating cell cycle
regulatory proteins, as summarized in Figure 1.

Apoptosis
Apoptosis, which is a form of programmed cell death as well as a
target for anti-tumor therapies, plays an important role in cancer
treatment (65). There are two main apoptosis pathways: one
occurs through the mitochondrial pathway (intrinsic pathway)
and another through the cell death receptor pathway (extrinsic
pathway). The intracellular mitochondrial pathway is mainly
regulated by B-cell lymphoma-2 family, which could promote
the formation of channels in the extracellular membrane of
mitochondria to change the permeability, release a variety
of apoptosis-related proteins to activate caspase, and induce
apoptosis (66, 67). Targeting some pro-apoptosis proteins, anti-
apoptosis proteins, and mitochondrial membrane permeability
are attractive for cancer therapy, by contributing to the
occurrence of the intrinsic apoptosis pathway (68, 69).

Magnetic fields have been shown to induce apoptosis in
human tumor cells studied in vitro. A 50-Hz LF-MF (5.1
mT, 2 h/day) inhibited proliferation of nephroblastoma and
neuroblastoma cells, induced apoptosis in vitro, and promoted
the efficacy of cisplatin in vivo (49). Reactive oxygen species
(ROS) and mitochondria play an important role in the induction
of apoptosis (70), and an increase in ROS levels can lead to
cytochrome c release and mitochondrial apoptosis (54). The
MF treatment has been shown to promote the generation
of ROS in many studies (31, 71, 72), with exposure within
a 60Hz sinusoidal MF for 48 h in induced human prostate
cancer for DU145, PC3, and LNCaP apoptoses, associated with
the accumulation of ROS in an intensity-dependent manner
(73). Generally, apoptosis provoked by genotoxins is largely
due to DNA damage (74), while DNA double-strand breaks
(DSBs) are one of the most severe types of DNA lesions
(75). Repetitive exposure to LF-MFs induced DNA damage
and accumulation of DSBs and triggered apoptosis in Hela
and MCF7 cell lines (35, 76). As p53 is a tumor suppressor
gene that plays a pivotal role in apoptosis, PMFs could trigger
apoptosis cell death by upregulating the p53 level and through the
mitochondrial-dependent pathway (57). LF-MFs (300 mT, 6Hz,
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TABLE 2 | Common setups, types, exposure direction, and duration of the action of MFs used in anti-tumor studies.

Characteristics Terminology Graphic

representation

Description Reference

Common MF

setups

Permanent

magnet

One permanent

magnet

(51)

Permanent

magnets

Two permanent

magnets aligned in

the same direction

(52)

Solenoid coils B = u0 × (N/L) × I

N - turn ratio of

coils;

L - solenoid length

(27, 53)

Uniform

(Helmholtz

geometry)

B(x, y, z) ≈ const

grad B ≈ 0

(54)

MF types Static magnetic

fields (SMFs)

B = B0= const (24, 51)

Alternating

magnetic fields

(AMFs)

B = B0×sin (2πft)

f - field

change frequency;

(39)

Pulsed-magnetic

fields (PMFs)

te- field action

duration

tp- pause duration

(35)

Gradient magnetic

fields (GMFs)

B is proportional

to 1/d2

d - the distance

away from the

magnets

(55)

(Continued)
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TABLE 2 | Continued

Characteristics Terminology Graphic

representation

Description Reference

Orientational Parallel B parallel to r

r - the plane of cell

culture dish

(26)

Vertical B perpendicular to

r

(33)

Rotating B = const

ϕ = ω t

(52)

Random B ∼ variable

ϕ ∼ variable

(40, 56)

Exposure Continuous tON = te

tON - field action

duration;

te-exposure

duration

(57)

Intermittent tON- pause

duration
∑

tON<te

(35)

24 h) also induced apoptosis by suppressing protein kinase B
(Akt) signaling, activating p38 mitogen-activated protein kinase
(MAPK) signaling, and caspase-9, which is the executor of the
mitochondrial apoptosis pathway (77).

The findings of these studies have shown that MFs affect
apoptosis in the cancer cell lines of various origins. However,
at present, there are few studies in this area, and further studies
are required for detailed mechanisms. The proposed mechanism
involved in the effects of MFs on tumor cell apoptosis is
shown in Figure 1.

Autophagy
Autophagy is thought to have a therapeutic potential to prevent
cancer development, but whether to enhancing or inhibiting it

will achieve the desired anti-tumor effects remains questionable
(78). Autophagy could be ascertained by detecting LC3-II,
a marker of autophagic vesicle accumulation (79). To date,
miRNAs were proved to involve in the modulation of a
wide range of biological processes, including apoptosis and
autophagy (80). The expression of the autophagy marker,
LC3-II, detected by Western blotting and GFP-LC3 puncta-
formation assay examined by confocal microscopy, showed
that RMFs (0.4T, 7.5Hz, 4 h/day) induced autophagic cell
death and suppressed cancer growth in vitro and in vivo. The
main mechanism involved the upregulation of the expression
level of miR-486, which was targeting BCAP, the inhibition
of Akt/mechanistic target of rapamycin kinase (mTOR), and
the induction of autophagy by RMF (81). These findings
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FIGURE 1 | The effect of MFs on different signaling pathways and their molecular targets. MF, magnetic field; cdc, cell division control protein kinase; ERK,

extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; Akt, protein kinase B; Pi3k, phosphatidylinositol 3-kinase; mTOR, mechanistic target of

rapamycin kinase; eEF2K, eukaryotic elongation factor 2 kinase; NF-κB, nuclear factor kappa B; IL, interleukin; TNF, tumor necrosis factor; VEGFR, vascular

endothelial growth factor receptor.

showed the potential of MF in triggering the autophagic
cell death.

THE EFFECTS OF MFS ON THE IMMUNE
SYSTEM

The immune function in an organism exerts an essential
role in the occurrence and metastasis of tumors. The RMF
(0.4T, 7.5Hz, 2 h/day) has the capacity to elevate the survival
rate of tumor-bearing by modulating the immune response
and functions of innate immune cells and adaptive immune
cells, such as regulating cytokine production in mice serum,
promoting T-cell polarization in the spleen, preventing the
differentiation of the regulatory cells (Tregs), and increasing
the expression of CD40 in dendritic cells (52). Furthermore,
analogous results were discovered in mouse H22 hepatocellular
carcinoma, with an enhanced anti-tumor immune response; the

inhibition of tumor growth; and the suppression of interleukin-
6 (IL-6), granulocyte colony-stimulating factor (G-CSF), and
keratinocyte-derived chemokine (KC). Meanwhile, the MF
exposure was associated with the activation of macrophages
and dendritic cells, enhancement of the profiles of CD4+T
and CD8+T lymphocytes, the balance of Th17/Treg, and the
reduction of the inhibitory function of Treg cells in vivo (82).
A combination of SMF with AMF stimulated the production of
tumor necrosis factor-α (TNF-α), interferon-gamma, IL-2, and
IL-3 in healthy mouse cells, inhibited solid tumor growth, and
enhanced the average lifespan, after daily exposure for 2 h within
14 days (83).

Inflammation is a key factor in the immune response to injury
and infection; some studies have shown that the progression of
various cancers may be closely related to chronic inflammation
(84, 85). Exposure to PMF with an intensity of 40 Gauss and
frequency below 30Hz for 48 h decreased the production of the
inflammationmarker TNF-α and the transcription factor nuclear
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factor kappa B (NF-κB). In RAW 264.7 macrophage-like cells,
induced by LPS, this regulation process could be appropriately
applied to patients with sepsis (86). The upregulation of A2A
and A3ARs adenosine receptor mRNA levels by the PMF (1.5
± 0.2 mT, 75Hz, 24 h) mediated the anti-inflammation effect,
induced the decrease of NF-κB expression, upregulated p53, and
induced apoptosis in tumor cells (57). The GMF (6.39–513.69
mT, 24 h) significantly inhibited the release of pro-inflammatory
cytokines, IL-6, IL-8, and TNF-α, frommacrophages and assisted
the production of anti-inflammatory cytokine, IL-10, when treate
alone for 24 h and then combined with LPS (87). A similar
response was induced by the PMF in N9 microglial cells (88).
An in vitro study found that SMF (0.4 T, 6 h) could attenuate
LPS-induced neuro-inflammatory responses in BV-2 cells, and
this effect was associated with increased microglial membrane
rigidity and downregulation of IL-6 release (89). MFs have the
ability to enhance the immune response of the body to tumors
by modulating the functions of immune cells and inhibiting
chronic inflammation (Figure 1); while the regulation of the
immune system is complex, further research is needed to explain
the relationship.

THE EFFECTS OF MFS ON
ANGIOGENESIS, METASTASIS, AND
DIFFERENTIATION

Angiogenesis
Angiogenesis is a critical physiological and pathological process
in embryo development, tumor development, and metastasis.
The formation of new blood vessels gradually has become
an essential therapeutic target in cancer treatment, ischemic
diseases, and chronic inflammation (90). Vascular endothelial
cell migration is an important part of the angiogenesis process
of tumors, and vascular endothelial growth factor (VEGF-A,
VEGF) and its receptor-2 (VEGFR-2) play an important role
in tumor angiogenesis, which gradually becomes a target in
anti-tumor therapy (91). The SMF (600 mT, 10 days) has been
shown to inhibit angiogenesis by reducing vessel diameters, the
functional vessel density (FVD), and red blood cell velocity
to retard vessel maturation by in vivo tests (92). After 24-h
exposure in the GMF (0.2–0.4 T, 2.09 T/m), the proliferation
ability of human umbilical vein endothelial cells (HUVECs)
was significantly inhibited. In the chick embryo chorioallantoic
membrane (CAM) model, vascular numbers of continuously
exposure treatment group (7–11 days) are fewer than those in
the control group, which is consistent with the results in matrigel
plugs models (55). Sinusoidal MF (1 mT, 50Hz,72 h) inhibited
the formation of tubule-like structures and downregulated the
process and migration of HUVECs by reducing the expression
and activation levels of VEGFR2 (93). A combination therapy
of MF (0.04 T,50Hz, 1 h) and saffron had synergic effects on
VEGFR2 gene expression; they reduced the VEGFR-2 level by
36%, while MF alone only induced a 20% decline in human
breast cancer cells (37). A therapeutic MF device, which could
generate a defined 120Hz semi sine wave signal with variable
intensity (10–20 mT), was tested for the optimal intensity and

treatment period of MF therapy for breast cancer. Exposure
to 20 mT for 10min two times a day within 12 days was the
most effective tumor suppressor; the MF treatment reduced
the vascular (CD31 immuno-histochemically positive) volume
fraction (94). These studies indicate that the MF theraphy is a
promising therapy that may target tumor angiogenesis through
the pathways showed in Figure 1.

Metastasis
Tumor metastasis is the leading cause for death in patients with
cancer, and up to 90% of cancer deaths occur due to metastasis.
After intermittent treatment for several weeks, a therapeutic
electromagnetic field (15 mT, 10 min/day) has proved to inhibit
the metastatic spread in the nude mice injected with breast
cancer cells, which might be associated with the decrease in
volume density of blood vessels (95). Furthermore, the RMF
(0.4 T, 7.5Hz, 2 h) significantly suppressed the metastasis of
melanoma and survival time of the mice injected with B16-
F19 cells (52). Actin cytoskeleton plays a major role in the
process of driving cellular protrusions, such as lamellipodia and
filopodia, at the leading edge of the cell, which is necessary
for cell migration (96). In the absence of the geomagnetic
field, also known as hypomagnetic field environment, the
SH-SY5Y neuroblastoma cell adhesion and migration ability
were diminished. Geomagnetic field shielding decreased the
irregularity and eccentricity of the cell shape; cells maintain a
weakened adhesive morphology, thicker, smaller, and rounder,
which may be associated with its negative regulation of actin
assembly (97).

Differentiation
Moreover, the growth rate of tumors is closely related to the
degree of tumor differentiation, which is an important reference
index in cancer diagnosis and treatment. The LF-MF (5 mT,
50Hz) was proved to cause an increase in 20% differentiation
of hemin-induced K562 cells with a daily exposure of 1 h for 4
days (30). Another study found that the LF-MF (2 mT, 50Hz,
96 h) exposure decreased the cellular proliferation potential and
contributed to the ATRA-treated acute promyelocytic leukemia
NB4 cell differentiation that varies with dose, where ROS and
extracellular signal-regulated kinase (ERK) signaling pathways
may be involved (31). These data suggested that MFs play
promising roles as an assistant therapy in combination with
other drugs to induce differentiation of leukemia cells. However,
only a few studies have focused on the effects of MFs on the
differentiation of cancer cells, and themechanism involvedmight
need a more detailed research.

MFS IN COMBINATION THERAPIES

In Combination With Chemotherapy and
Other Therapies
Chemotherapy always meets with increased toxicity and side
effects caused by high dosage and drug resistance triggered by
prolonged treatment, while combination therapy has obvious
advantages by avoiding these. The co-treatment of SMF and
cisplatin (10 ug/ml) for 12 h substantially suppressed the growth
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FIGURE 2 | The effect of MF in combination therapy. The MFs not only increased the intake by producing small holes on the surface of the cell membrane and

decreased the efflux of chemotherapeutic drugs by inhibiting ABC transporters but also affected ROS generation, DNA integrity, and apoptosis-related pathways to

trigger apoptosis. P-gp, P-glycoprotein; MF, magnetic field; ROS, reactive oxygen species.

of K562 cells and augmented the chemosensitivity to cisplatin.
This effect was correlated with the enhanced level of DNA
damage and the arrest of the S-phase (27). Exposure to SMF
with the intensity of 10 mT for 48 h led to a marked decrease
in the viability percentage of cisplatin-treated HeLa cells through
ROS accumulation (72). Appropriate SMF therapy increased the
sensitivity of ovarian cancer cells, such as A2780 and A2780-
CP, to cisplatin depending upon dose and exposure time, via
producing small holes and large verrucous structures on the
surface of the cell membrane (27, 98). The expression of P-
glycoprotein is associated with multidrug resistance (MDR) in
cancer cells, which is one of the main mechanisms of drug
resistance in cancer cells (99). A combination with the SMF
(8.8m T, 12 h) decreased the expression of P-glycoprotein (P-gp)
in K562 cancer cells, while adriamycin itself induced an increase
(28). PMF (2 mT, 75Hz, 1 h/day) coupled with temozolomide

could slow down the proliferation of chemo- and radio-resistant
T98G glioblastoma cell line by epigenetically affecting the
regulation of oncogenes and tumor suppressors (100). The LF-
MF (10 mT, 100Hz, 144 h) promoted the sensitization of human
glioblastomata, namely U87 and T98G, to temozolomide, which
led to an increased apoptosis rate, with the evidence of increasing
the expression of p53 and Bax and decreasing the expression
of Bcl-2 and cyclin D1 (54). Capsaicin is the major pungent
ingredient of the hot chili peppers, which could bind to distinct
cell surface receptors including transient receptor potential
vanilloid 1 (TRPV1) ion channel to exert anti-tumor function. An
increased apoptosis rate was realized through the mitochondria-
dependent apoptosis pathway, and the conformational change
of TRPV1 triggered by the SMF (0.5 T, 72 h) might be the
reason for this enhancement effect (101). Pre-exposure to 50Hz
LF-MF for 12 h and treatement with 5-fluorouracil (5-FU) for
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FIGURE 3 | Schematic diagram of the combination of MFs with MNPs for cancer treatment in vitro (A) and in vivo (B). MF, magnetic field; MNPs,

magnetic nanoparticles.

24 h significantly inhibited the proliferation of MCF7 cells. This
phenomenon was explained by increased DNA synthesis and
upregulated cyclin E and cyclin D1 by the the MF to accumulate
cancer cells at the S phase, which was more sensitive to 5-FU
(102). The MF also showed a potential to retard tumor growth,
elevate survival improvement, and reduce side effects when
combined with radiotherapy and bacteriolytic therapy (43, 103).
Therefore, the results of these studies support the fact that the
MFs can be used as an adjunctive treatment to enhance the effects
of chemotherapeutic drugs by increasing the DNA damage, cell
apoptosis, and arresting the cell cycle, as summarized in Figure 2.

Acting as a Drug Delivery System
Drug delivery systems (DDSs) were developed for targeting
active biomolecules at the specific site of infection when
treating patients with cancer, to improve the selectivity of the
action sites of drugs, eliminate the side effects, and improve
treatment efficiency. The MF targeting systems are always
applied in combination with magnetic materials and anticancer
drugs. Under the function of 100Hz, 0.7 mT AMF, folic acid-
modified magnetic nanoparticles (FA-MNPs) and alpha fetal
protein monoclonal antibody-loadedMNPs (ATP-loadedMNPs)
selectively induced the apoptosis of cancer cells and elevated the

cellular iron uptake in a dose-dependent manner but had slight
toxic effects on healthy cells (104, 105). The growth-inhibitory
effects induced by SMFs and RMFs were enhanced by pretreating
the cells with MNPs, while regulating the type and parameters
of MFs could affect anti-tumor effects (106). The SMF along
with low-intensity pulsed ultrasound (LIPUS) plus methotrexate
(MT) prevented the growth of cancer cells better than bare drugs
and single DDS, without any inhibition on the healthy cells
(107). The detailed in vitro experiment results were subsequently
validated via in vivo experiments, and the LIPUS+SMF DDS
therapy improved at least 40% of the treatment efficacy, therapy
reducing the natural activities of the cancer cells by changing
the permeability, the potential of the cell membrane, and ROS
generation (108). These results indicate that theMF could act as a
DDS to target solid tumors in combination with MNPs to inhibit
proliferation (Figure 3).

CONCLUSION AND FUTURE
PERSPECTIVE

Numerous studies have shown that a wide range of types of
MFs could affect the tumor cells at different degrees, while the
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dominant effects were associated with thermal or non-thermal
mechanisms. The focus of this review is non-thermal effects,
which were produced directly by the applied MFs themselves,
instead of being produced indirectly as a result of heating.
We summarized the performance, namely inhibiting cancer cell
proliferation and inducing cell death in in vitro and in vivo
models, of SMFs and LF-MFs in anti-tumor treatments. Also,
co-treating with chemotherapy would achieve better therapeutic
effects; meanwhile, the MF could serve as a DDS, targetingMNPs
to the tumor, and the side effects are within the controllable
range. Although various potential mechanisms of MFs against
different cancer cell lines have been reported and discussed,
few studies were performed on in vivo models. At present,
most of these studies are confined to in vitro studies. Also,
relevant clinical trials to test the safety and efficacy of MFs
are not available. The limitations in these clinical studies might
be due to their controversial roles in in vitro and in vivo
studies, which are affected by some experimental variables such
as the frequencies, intensities, or exposure duration of the
MFs. Before clinical applications, there is still a demand for
systematically exploring. Future studies should aim at finding
optimum parameters at which these types of MFs will be most
effective. Epidemiological studies have suggested that MFs at
50/60Hz were also related to the development of depressive state

anxiety, metabolic disturbance, poor sleep quality, and locomotor
activity. However, according to ICNIRP, there is no sufficient
scientific evidence for the association between MF exposure and
these effects. Therefore, the most effective MF therapy should be
tested further to guarantee its possible investigation in human. As
for the MF devices, in consideration of the increasingly available
clinical applications, the expectations should be portable and
affordable. Future studies are expected to further determine the
potential of the MF therapy in oncology.
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Radiotherapy is an essential component of multi-modality treatment of glioblastoma (GBM).
However, treatment failure and recurrence are frequent and give rise to the dismal prognosis
of this aggressive type of primary brain tumor. A high level of inherent treatment resistance is
considered to be the major underlying reason, stemming from constantly activated DNA
damage response (DDR) mechanisms as a consequence of oncogene overexpression,
persistent replicative stress, and other so far unknown reasons. The molecular chaperone
heat shock protein 90 (HSP90) plays an important role in the establishment and
maintenance of treatment resistance, since it crucially assists the folding and stabilization
of various DDR regulators. Accordingly, inhibition of HSP90 represents a multi-target
strategy to interfere with DDR function and to sensitize cancer cells to radiotherapy.
Using NW457, a pochoxime-based HSP90 inhibitor with favorable brain pharmacokinetic
profile, we show here that HSP90 inhibition at low concentrations with per se limited
cytotoxicity leads to downregulation of various DNA damage response factors on the
protein level, distinct transcriptomic alterations, impaired DNA damage repair, and reduced
clonogenic survival in response to ionizing irradiation in glioblastoma cells in vitro. In vivo,
HSP90 inhibition by NW457 improved the therapeutic outcome of fractionated CBCT-
based irradiation in an orthotopic, syngeneic GBM mouse model, both in terms of tumor
progression and survival. Nevertheless, in view of the promising in vitro results the in vivo
efficacy was not as strong as expected, although apart from the radiosensitizing effects
HSP90 inhibition also reduced irradiation-induced GBM cell migration and tumor
invasiveness. Hence, our findings identify the combination of HSP90 inhibition and
radiotherapy in principle as a promising strategy for GBM treatment whose performance
needs to be further optimized by improved inhibitor substances, better formulations and/or
administration routes, and fine-tuned treatment sequences.
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INTRODUCTION

Glioblastoma (GBM) is the most aggressive type of primary brain
tumor with a highly dismal prognosis and a 5-year overall survival
of less than 5% (1). Standard treatment involves maximal safe
resection—if possible—followed by radio(chemo)therapy, and
maintenance chemotherapy according to the EORTC/NCIC
protocol (2–5). However, treatment failure and recurrence are
frequent, and the major underlying reason appears to be the high
level of inherent resistance against both chemo- and radiotherapy
which represents a central hallmark of this cancer entity (6–9).
Moreover, recent data indicate that the degree of radioresistance
further increases during therapy—particularly when radiotherapy
is applied in classically fractionated regimens (10, 11). Adaptive
processes and an overt upregulation of the DNA damage response
(DDR) have been reported to be crucial driving forces in this
scenario (12–16). Since alternative fractionation regimens of
radiotherapy have not shown relevant improvements (17–19),
and recurrence frequently occurs within the irradiated volume
(20), the question arises if biological targeting of the DDR can
contribute to break GBM radiation resistance. Intriguingly, the
DDR relies on high molecular weight proteins and multi-protein
complexes which essentially require folding assistance and
stabilization by chaperones, such as heat shock protein 90
(HSP90) (21–23). Thus, HSP90 actively contributes to radio-
and chemoresistance of GBM and other cancer cells and
represents an attractive target for biologically targeted
radiosensitization, because HSP90 inhibition (HSP90i) —at least
in principle—can affect multiple DDR pathways simultaneously
(24–26). This was the focus of the present study for which we
made use of the pochoxime-based, second generation HSP90
inhibitor NW457 with documented radiosensitizing potential in
other cancer entities (27–32). We observed that diverse DDR
regulators are overexpressed in human GBM cells and that their
protein levels decrease upon HSP90i at low nanomolar doses
which per se exhibited only limited cytotoxicity. In HSP90i-treated
GBM cells, DNA damage repair was clearly impaired translating
into significantly reduced clonogenic survival upon irradiation in
vitro. In vivo, HSP90i augmented the therapeutic efficacy of
fractionated, conebeam CT (CBCT)-based irradiation in an
orthotopic GBM mouse model, although less potently than
expected. Interestingly, the invasive morphology of radiotherapy-
treated tumors was reverted by additional HSP90i, and in vitro
migration analyses confirmed that HSP90i does reduce irradiation-
induced GBM hypermigration.
MATERIALS AND METHODS

Cell Lines and Reagents
The human GBM cell lines LN229 and T98G were obtained from
ATCC (Manassas, VA, USA) and were cultured in Dulbecco’s
Modified Eagle medium (DMEM), supplemented with 10% heat-
inactivated fetal calf serum, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (all from ThermoScientific, Schwerte, Germany) at
37°C and 7.5% CO2. The murine GBM cell line GL261 was
obtained from the National Cancer Institute (NCI, Bethesda, MD,
Frontiers in Oncology | www.frontiersin.org 2177
U.S.A.) and was cultured under same conditions. All cell lines were
screened to be free from mycoplasma infection, and identity of
human cell lines was confirmed by short tandem repeat (STR)
typing (service provided by DSMZ, Braunschweig, Germany).

The HSP90 inhibitor NW457 (epi-pochoxime F) was
previously described (27–31). For in vitro experiments, a 10
mM stock solution was prepared in DMSO (Sigma-Aldrich,
Taufkirchen, Germany) and was further diluted to 100 µM
with DMSO before final concentrations were adjusted in cell
culture medium. Respective amounts of DMSO served as
controls. For in vivo purposes, NW457 was dissolved at 100
mg/ml in DMSO and was further diluted in 0.9% NaCl (37°C),
supplemented with 5% Tween-20 (all from Sigma-Aldrich). The
vehicle formulation was used as control.

X-Ray Treatment In Vitro
Irradiation of cells was done with an RS225 X-ray tube (200 kV
and 10 mA, Thoreaus filter, 1 Gy in 63 s, Xstrahl, Camberley,
Great Britain) as described (30).

Quantitative Real-Time PCR (qRT-PCR)
Profiling of mRNA expression levels was performed by
quantitative realtime RT-PCR as described (32). Briefly, total
RNA was extracted from cells by NucleoSpin RNA II extraction
kit (Macherey & Nagel, Dueren, Germany). 500 ng of isolated
RNAwere mixed with 5 µM random hexamers, 5 µMOligo(dT)18,
500 µM dNTPs, 1 U/µl Ribolock RNase inhibitor, and 10 units/µl
RevertAid transcriptase (all from ThermoScientific) and subjected
to reverse transcription. Twenty nanograms of cDNA were
employed for Realtime PCR runs with 300 nM primers in 1x
Maxima SYBR Green qPCR Mastermix (ThermoScientific) on an
LC480 qPCR platform (Roche Applied Science, Penzberg,
Germany). Primer sequences are listed in Supplementary Table 1.
Relative quantification was performed by the ddCT method. Results
were normalized to a matrix of reference genes comprising 18S
rRNA, d-Aminolaevulinate-synthase (ALAS), and b2-Microglobulin
(B2M) and calibrated to the relative expression levels measured in
primary human astrocytes (BioCat, Heidelberg, Germany). Three
replicates were analyzed per cell line, and heatmaps were generated
using the matrix visualization software Morpheus (https://software.
broadinstitute.org/morpheus).

Clonogenic Survival Assay
Clonogenic survival was assessed by colony formation assays as
described before (30, 33). In brief, cells were detached by Trypsin/
EDTA (ThermoScientific), counted with a Neubauer counting
chamber, and seeded as single cell suspensions at defined numbers
anticipating 20–100 colonies per well depending on the different
irradiation doses into 6-well plates. Adherence was allowed for
4 h. LN229 and T98G cells were treated with 10 nM NW457 or
DMSO for 24 h, irradiated, and incubated in the presence of
10 nM NW457 for 13 d. GL261 cells were treated in a similar
fashion, except that NW457 was removed by medium exchange
after the 24 h of pre-incubation. Colonies were stained with
methylene blue (dissolved at 0.3% in 80% ethanol, both from
Merck, Darmstadt, Germany), and all colonies containing more
than 50 cells were counted under a Stemi 305 stereomicroscope
March 2021 | Volume 11 | Article 612354
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(Carl Zeiss, Oberkochen, Germany). The percentages of surviving
cells were determined and calibrated to the corresponding plating
efficiencies. Regression was performed according to the linear-
quadratic model.

Viability Assay
Viability was determined by Alamar Blue assays (BioRad,
Puchheim, Germany) as described (30). Briefly, 5,000 cells
were seeded into 96-well plates, adherence was allowed for 4 h,
and cells were treated with NW457 at the indicated doses. Upon
incubation for 24–96 h, medium was replaced by fresh medium
supplemented with 1/10 volume of Alamar Blue reagent, and
Resazurin conversion was allowed at 37°C and 7.5% CO2 for 2–6
h. Resorufin fluorescence was measured on a Synergy Mx
microplate reader platform (BioTek, Bad Friedrichshall,
Germany), and results were calibrated to untreated controls.

Quantitative Fluorescence Microscopy
DNA damage repair was examined by immunofluorescence
staining of phosphorylated histone variant H2AX (gH2AX)
and p53-binding protein 1 (53BP1), followed by quantitative
fluorescence microscopy as described (32). Cells were seeded into
24-well plates supplemented with coverslips, allowed to adhere
overnight, and treated with 10 nM NW457 or DMSO for 24 h
before being irradiated at 2 Gy. At the indicated time points, cells
were fixed with 3.7% isotonic paraformaldehyde (Merck),
containing 0.1% Triton X-100 (v/v Sigma-Aldrich) for 10 min
before being permeabilized with 0.5% isotonic Triton X-100 for
5 min. Unspecific binding sites were blocked with 3% isotonic
bovine serum albumin (w/v, Sigma-Aldrich) and 0.1% Triton X-
100 at 4°C overnight. Cells were stained with monoclonal mouse
anti-gH2AX (Merck Millipore) and polyclonal rabbit anti-53BP1
(Bio-Techne, Wiesbaden, Germany) antibodies diluted in 3%
isotonic bovine serum albumin and 0.1% Triton X-100 for 2 h at
room temperature. After extensive washing with PBS plus 0.1%
Triton X-100, cells were stained with Alexa488-coupled goat-
anti-mouse IgG and Alexa568-coupled goat-anti-rabbit IgG
(both from ThermoScientific) for 1 h. DNA was stained with 2
µg/ml Hoechst 33342 (Sigma Aldrich) for 10 min. Upon several
washing steps with PBS plus 0.1% Triton X-100, coverslips were
mounted with 4 µl mounting medium (Sigma-Aldrich) onto
object slides. Microscopic analysis was performed with a Zeiss
AxioObserver Z1 inverted microscope, equipped with an LCI
Plan-Neofluar 63x/1.3 glycerol objective, an AxioCam MR Rev3
camera, and ZEN 2.3 software (all from Carl Zeiss). For image
acquisition, 31 z-stacks with 250 nm interstack distance were
captured, and deconvolution was performed with ZEN 2.3
software. For quantification of DNA damage repair, gH2AX/
53BP1 double-positive foci were used. At least 20 nuclei of non-
deformed morphology were selected for each condition, and foci
were counted by hand. Results are depicted as individual data
points with superimposed means and 95% confidence intervals.

Live-Cell Microscopy of Cell Death
Morphology
For live-cell imaging, a Zeiss AxioObserver Z1 inverted
microscope, equipped with an AxioCam MR Rev3 camera, an
Frontiers in Oncology | www.frontiersin.org 3178
XL multi S1 incubation chamber, and a PS1 compact heating
unit (both from Pecon, Erbach, Germany) was used. Briefly, cells
were seeded into Ibidi µ-slides (Ibidi GmbH, Martinsried,
Germany) and allowed to adhere for 4 h before treatment with
10 nM NW457 or DMSO for 24 h and irradiation at 4 Gy. Live-
cell imaging was initiated 1 h after irradiation and performed
over 12 d. Images were captured in 12 min intervals, and movies
were processed with Fiji software.

Wound Healing Assay
Migration of GBM cells was assessed by wound healing assays.
Cells were seeded into Ibidi µ-slides supplemented with culture
inserts (both from Ibidi) and allowed to adhere overnight. Cells
were treated with 30 nMNW457 or DMSO for 24 h, irradiated at
3 Gy, and live-cell imaging was performed for 12 h. Images were
captured in intervals of 3 min, and cell migration was analyzed
using the manual tracking plugin tool (ImageJ) as previously
described (31, 34). Migration was quantified in form of colonized
area (four regions of interest per condition in three independent
experiments) and accumulated distance per cell over time (at
least 25 randomly picked cells per condition).

SDS-PAGE and Western Blot
Reducing gradient SDS-PAGE and western blot analyses of
whole cell lysates (20–400 µg total protein per lane) were
performed as described before (30, 35). Briefly, cells were lysed
in lysis buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1%
Triton X-100 (v/v) (all from Sigma Aldrich), 1 x EDTA-free
protease inhibitor cocktail (Roche)), protein concentrations were
measured by Bradford assay (BioRad, Feldkirchen, Germany),
and 20 - or 400 µg of total protein were subjected to gradient (4–
15% or 6–15%) SDS-PAGE. Proteins were transferred onto
PVDF Immobilon FL membranes (Merck Millipore),
membranes were blocked with 5% low-fat milk powder (Carl
Roth, Karlsruhe, Germany), dissolved in TBST buffer ((13 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.02% Triton X-100 (v/v)), and
incubated with primary antibodies at 4°C overnight. Primary
antibodies used for western blot analyses were: Rabbit-anti-
ATM, rabbit anti-ATR, rabbit-anti-FANCA, mouse-anti-
RAD51 (Merck Millipore), mouse-anti-CHK1, mouse-anti-
Vinculin, mouse-anti-a-tubulin (Sigma-Aldrich), rabbit-anti-KU70,
rabbit-anti-XRCC3, rabbit-anti-MGMT (Biozol, Eching, Germany),
mouse-anti-CHK2, mouse-anti-B-Raf (BD Transduction
Laboratories, Heidelberg, Germany), rabbit-anti-RPA1, rabbit-anti-
RBBP8 (Biomol, Hamburg, Germany), rabbit-anti-KU80, rabbit-
anti-DNA2 (Thermo Scientific), rabbit-anti-p53 (Cell Signaling,
Leiden, Netherlands), rabbit-anti-DNA-PKcs (Abcam, Berlin,
Germany), mouse-anti-NHEJ1 (Santa Cruz, Heidelberg,
Germany), rabbit-anti-LIG4 (Origene, Herford, Germany), and
mouse-anti-HSP70 (BD Biosciences). Upon washing with TBST,
membranes were incubated with IRDye800-conjugated secondary
antibodies (LI-COR Biosciences, Bad Homburg, Germany) for 1 h
at room temperature. Measurements and quantifications of IR800
dye fluorescence were performed with an ODYSSEY scanner (LI-
COR Biosciences, Bad Homburg, Germany). Relative signal
intensities were normalized to a matrix of vinculin and a-
tubulin, calibrated to the untreated controls, and heatmaps were
March 2021 | Volume 11 | Article 612354
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visualized using the matrix visualization software Morpheus
(https://software.broadinstitute.org/morpheus).

Transcriptome Analysis Via RNA
Sequencing
Transcriptome profiling was performed by 3’-RNA sequencing.
Prior to sequencing, RNA integrity was assessed using the Agilent
Bioanalyzer RNA 6000 Nano Kit (Agilent Technologies,
Waldbronn, Germany) by calculating the percentage of
fragments > 200 nucleotides (DV200). Sequencing libraries were
prepared with 100 ng total RNA using the QuantSeq 3’-RNA-Seq
Library Prep Kit FWD for Illumina (Lexogen GmbH, Vienna,
Austria) according to the manufacturer’s instructions for single-
indexing and good RNA quality. For library amplification, PCR
cycles were determined using the PCR Add-on Kit for Illumina
(Lexogen), and the individual libraries were amplified with 17
PCR cycles. Quantity and quality of sequencing libraries were
assessed using the Quanti-iT PicoGreen dsDNA Assay Kit
(ThermoScientific) and the Bioanalyzer High Sensitivity DNA
Analysis Kit (Agilent Technologies). Libraries were sequenced in
150 bp paired-end mode on a HiSeq4000 sequencer (Illumina,
Berlin, Germany). The pool of individually barcoded libraries was
distributed across the lanes of the same flow-cell aiming for
approximately ten million paired-end reads per sample.

For sequence data processing, adapter sequences were
removed using BBDUk (https://jgi.doe.gov/data-and-tools/
bbtools). Human fastq-files including forward-reads were
subjected to alignment against the human genome reference
genome (GRCh38) using STAR (36). Aligned reads were
quantified via htseq-count employing appropriate transcriptome
gtf-files (37). FastQC was utilized for analyzing quality of
unaligned and aligned reads (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) followed by summarization via
multiQC (https://multiqc.info). Genes with a raw read count (for
the whole dataset) smaller than five times the total number of
samples were excluded. Correlation heatmaps were employed to
analyze data consistency and technical outlier detection, and
shrinked (apeglm) log2 expression values were determined (38).
Calculation of differentially expressed genes and geneset
enrichment analyses (GSEAs) were performed on the basis of
log2 expression values (39). Reactome functional interaction (FI)
networks were constructed and analyzed in Cytoscape (40, 41).
iRegulon was employed to identify potential transcriptional
regulators (42).

Orthotopic Mouse Glioblastoma Model
and Contrast-Enhanced, Conebeam
CT-Based, Fractionated Radiotherapy
All animal experiments were performed in accordance with the
FELASA guidelines and upon ethical approval by the Regierung
von Oberbayern. Female C57BL/6 mice were obtained from
Charles River (Sulzfeld, Germany), and housed in groups of
maximally four animals in individually ventilated cages (GM500,
Tecniplast, Hohenpeißenberg, Germany) in a specified,
pathogen-free animal facility with a 12 h day/night cycle.
Standard rodent feed (from Ssniff, Soest, Germany) and water
were provided ad libitum. Animals were inspected on a daily
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basis and sacrificed when reaching pre-defined health scores.
Criteria for immediate sacrifice comprised the following:
Strongly altered hygiene behavior, flattened breathing, body
weight loss of ≥ 20%, ulcerating wounds, epileptic seizures or
spasms, paralysis of extremities, bloody diarrhea, apathy,
hunchbacked posture, self-mutilation, isolation from the group.
In milder occurrence of these criteria, mice were sacrificed within
48 h. Intracranial implantation of GL261 cells was performed as
described recently (43). Briefly, mice were medicated with 200
µg/g metamizol (WDT, Garbsen, Germany) and anesthetized by
intraperitoneal injection of 100 µg/g ketamine and 10 µg/g
xylazine (both from WDT). Mouse heads were mounted onto
a stereotaxic frame (David Instruments, Tujanga, CA, USA),
skulls were exposed by longitudinal skin incision, and a hole was
drilled 1.5 mm laterally (right) and 1 mm anteriorly to the bregma
using a pair of 23G and 21G microlances (BD Biosciences). Then,
90,000 GL261 cells (in 1 µl PBS) were slowly injected into the right
striatum, using a stereotactically guided syringe (Hamilton,
Bonaduz, Switzerland). Once the syringe was withdrawn, skin
was closed with Ethibond Excel 5-0 suture material (Ethicon,
Norderstedt, Germany), and mice were monitored until regaining
consciousness. Starting at d7 after implantation, tumor growth
was monitored by contrast-enhanced, conebeam computed
tomography (CBCT) scans twice weekly using the small animal
radiation research platform (SARRP, X-Strahl, Camberley, Great
Britain) (44). For acquisition of CBCT scans, 360 projection
images were captured (1° per image, x-ray tube settings: 60 kV,
0.8 mA, 1.0 mm aluminium filter). To enhance the contrast of soft
tissue, 300 ml Imeron-300 (Bracco, Konstanz, Germany) were
administered intravenously before CBCT scanning. Irradiation
was performed at a weekdaily fractionation regimen of 2 Gy (2×
5× 2 Gy in total) with two contralateral beams (gantry positions −
90° and 90°) and 3× 9 mm2 collimation (fixed nozzle, x-ray tube
settings: 220 kV, 13mA, 0.15mm copper filter) on d7-11 and d14–
18. Isocenters were aligned to the centers of contrast enriching
volumes, and treatment planning was executed with Muriplan
software (X-Strahl). NW457 was administered intraperitoneally at
10 µg/g or 50 µg/g 24 h before irradiation. Tumor volumes were
determined by Lx Wx H measurements of the 3 longest
orthogonal axes as described (43), and 3D reconstructions were
generated in 3D-Slicer (www.slicer.org/).

Histological Analyses
For histological analyses, mice were anesthetized by intraperitoneal
injection of 50 µg/g pentobarbital (WDT), followed by cardial
perfusion with 3.5% paraformaldehyde (Sigma-Aldrich) as
described (43). Then, brains were explanted and fixed with 3.5%
paraformaldehyde for 48 h at 4°C. Brains were dehydrated for 48 h
in 30% sucrose (Sigma-Aldrich), embedded in NEG-50 frozen
section medium (ThermoScientific) and stored until analysis at
−80°C. Slices of 40 µm thickness were prepared with a Microm
HM355S microtom (ThermoScientific), stored in cryopreserving
solution (200 mMNa2HPO4, 200 mMKH2PO4, 25% ethylenglycol
(v/v), 25% glycerol (v/v) (all from Sigma Aldrich)) at −20°C, before
being stained with Mayer’s hematoxylin and eosin (both from
Merck) for 1 min each. After dehydration in 70, 96, and 100%
ethanol, and xylene, slices were mounted onto microscope slides
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using Entellan (Merck). Microscopic analysis was performed on an
AxioLab A.1 microscope, equipped with an AxioCam Erc5s
camera and AxioVision 4.9 software (all from Carl Zeiss).

Statistical Analyses
Statistical analyses were performed using OriginPro 9.1 software
(OriginLab Ltd., Northhampton, MA, USA). Results are shown as
individual data points of all replicates, means ± s.d., or means ± 95%
confidence intervals as indicated. For group comparisons, two-sided
Student’s t-tests or ANOVAs (one-way or two-way) were employed
as indicated. Survival analyses were performed according to
Kaplan-Meier with log-rank testing.
RESULTS

HSP90 Inhibition by NW457 Leads to
Downregulation of DNA Damage Response
Factors on the Protein Level, Impaired DNA
Damage Repair, and Reduced Clonogenic
Survival in Response to Ionizing Irradiation
in Glioblastoma Cells
A high degree of inherent radioresistance belongs to the
signature hallmarks of GBM (6, 8). On the molecular level,
GBM radioresistance is considered to derive from constantly
activated DNA damage response (DDR) mechanisms driven by
the overexpression of oncogenes, persistent replicative stress, and
other so far unknown reasons (45, 46). Previous studies have
shown that HSP90 plays an important role in DDR function via
its crucial involvement in folding and stabilizing DDR proteins
and/or multi-protein complexes (21, 22). Accordingly, the
present study was designed to examine whether HSP90
inhibition (HSP90i) can efficiently sensitize experimental
model systems of GBM to ionizing irradiation in vitro and in
vivo as a multi-target approach of pharmacological interference
with the DDR (26, 47, 48). For our study, we made use of two
human and one mouse GBM cell line with distinct alterations in
the loci of TP53, MGMT, CDKN2A, PTEN, and IDH1/2 as
described for primary GBM (Table 1) (51, 52). Initial qRT-PCR
profiling confirmed that the human GBM cell lines LN229 and
T98G show a broad-range upregulation of diverse DDR
regulators as compared to normal human astrocytes suggesting
that DDR activity is indeed increased—irrespective of the O6-
methylguanine-DNA-methyltransferase (MGMT) status (Figure
1A and Supplementary Figure 1A) (53). The highest levels of
overexpression were detected for the replication and DDR-
associated nucleases FEN1 and EXO1, members of the DNA
double-strand break (DSB) detecting MRN complex (MRE11
and NBN), the DNA helicases BLM and PALB2, the single-
strand binding protein RPA1, and members of the XRCC family
which are involved in non-homologous end joining (XRCC4 and
XRCC6) and alternative non-homologous end joining (XRCC1).

We then tested whether HSP90i can interfere with DDR
overexpression and treated the cells with NW457, a pochoxime-
derived HSP90 inhibitor with documented radiosensitizing
potential and improved pharmacokinetic profile (27–30, 32).
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Time course westernblot analyses of diverse DDR proteins
revealed different clusters of responses in LN229 and T98G cells
with several common motifs (Figure 1B). Whereas the protein
levels of few individual DDR regulators, such as NBN and RBBP8,
increased upon HSP90i by NW457, clearly more candidates were
downregulated, including a core cluster of CHK1, RAD51, and
DNA2 with a particularly strong decrease in protein levels. Other
downregulated DDR proteins comprised NHEJ1, KU80, XRCC3,
ATR, CHK2, LIG4, and RPA1, and for some candidates mixed
responses were observed. Our findings confirm and complement
previous reports showing the critical dependence of certain DDR
regulators on HSP90 chaperoning function (54–56). However, our
data disclose also several DDR factors with so far unknownHSP90
dependence, including DNA2, an end resecting DNase with
important functions in replication and DSB repair (57–60), and
NHEJ1, a scaffold protein that binds to and assists DNA ligase 4
(LIG4) in DSB repair (61). Overall, HSP90i affected proteins of
various DDR pathways – at least in the GBM cell lines used in our
study – thereby providing a strong rationale for combinedmodality
approaches of HSP90i and radiotherapy. Importantly,
downregulation of DDR proteins occurred already at very low
concentrations of NW457 (10 nM) which per se exhibited only
marginal cytotoxicity even during prolonged treatment—a
characteristic which is of special interest for potential future
clinical translation (Supplementary Figure 1B). These findings
confirm the notion thatDDR regulators, compared to otherHSP90
client proteins, are particularly sensitive towards HSP90i (22).

In order to examine the consequences of HSP90i on DDR
function, LN229 and T98G cells were pre-treated with NW457 for
24 h, irradiated at 2 Gy, and subjected to immunofluorescence
staining for phosphorylated histone H2AX (gH2AX) and 53BP1.
The kinetics of DNA damage foci formation and clearance was
quantitatively analyzed (Figures 1C, D). HSP90i by NW457
resulted in significantly delayed clearance of gH2AX/53BP1
double-positive foci, indicating that DNA repair was obviously
impaired. HSP90i also increased the overall numbers of foci as
compared to the controls. This could either be due to false repair of
irradiation-induced DNA damages, or irradiation-independent
formation of damage sites. So far, our data show that HSP90i by
TABLE 1 | Characteristics of the GBM cell lines used in the present study.

Cell Line LN229 T98G GL261

Species Human Human Mouse
Sex Female Male No Y

chromosome
detectable

Age 60 years 61 years –

MGMT status Promoter
methylated, mRNA
not detectable

Promoter not
methylated, mRNA
detectable

mRNA weakly
detectable

IDH1/2 status Wildtype Wildtype Wildtype
TP53 status P98L mutation

Function unclear
M237I mutation
Dominant negative

R153P mutation
Dominant
negative

CDKN2A status Null Null Null
PTEN status Wildtype L42R Wildtype
Ma
rch 2021 | Volume 1
Data were compiled from Ishii et al. (49), Cellosaurus (50), ATCC, and own unpublished data.
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low concentrations of NW457 leads to destabilization of DDR
regulators in various pathways and reduced DNA damage repair
capacity. In consequence, the question arises whether this also
translates into reduced clonogenic survival of GBM cells upon
irradiation. To this end, LN229 and T98G cells were pre-treated
with NW457 for 24 h, irradiated at 0–8 Gy, and clonogenic survival
Frontiers in Oncology | www.frontiersin.org 6181
was analyzed after 13 d incubation in the presence of NW457. As
suggested by its marginal cytotoxicity (Supplementary Figure 1B),
the effect of HSP90i monotherapy on clonogenic survival was
modest in LN229 cells. In T98G cells it was clearly stronger, and
for both cell lines this was statistically significant (Supplementary
Figure 1C). Importantly, HSP90i by NW457 significantly reduced
A C

B

D

E

FIGURE 1 | HSP90i by NW457 leads to downregulation of DNA damage response factors, impaired DNA damage repair, and reduced clonogenic survival in
response to ionizing irradiation in human glioblastoma cells. (A) Transcriptomic profiling of regulators of the DNA damage response (DDR) in LN229 and T98G cells.
mRNA expression levels were determined by qRT-PCR, normalized to a matrix of 3 reference genes (18S rRNA, d-amino-laevulinate-synthase, and b2-
microglobulin), and calibrated to the results of untransformed human astrocytes. For both cell lines, three replicates were analyzed and are displayed as x-fold log2-
values. (B) Time course analysis of DDR regulator protein expression in LN229 and T98G cells upon HSP90i by 10 nM NW457. Arrowheads indicate the bands that
were used for quantification. Protein levels were normalized to a matrix comprising vinculin and a-tubulin and are depicted as x-fold log2-values compared to the 0 h
controls. (C) Immunofluorescence microscopy of gH2AX and 53BP1 DNA damage repair foci in LN229 and T98G cells upon irradiation at 2 Gy ± HSP90i by
NW457. Cells were treated with NW457 (10 nM) or DMSO for 24 h, irradiated, and fixed at the indicated times. Cells were stained for gH2AX, 53BP1, and DNA and
subjected to deconvolution immunofluorescence microscopy. Scale bar depicts 10 µm. (D) Quantification of DNA damage repair kinetics from (C). gH2AX and
53BP1 double-positive foci in at least 20 randomly picked nuclei were counted by hand. Individual data points with superimposed means ± 95% confidence intervals
are displayed, and overall curve comparison was performed by two-way ANOVA. (E) Clonogenic survival of LN229 and T98G cells upon irradiation at 0–8 Gy ±
HSP90i by NW457. Cells were pre-treated with 10 nM NW457 or DMSO for 24 h followed by irradiation at the indicated doses, and colony formation was allowed
for 13 d ± continuous NW457 treatment. Individual data points of 4 independent experiments are shown, linear-quadratic regression lines are superimposed, and
overall curve comparison was performed by two-way ANOVA.
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the clonogenic survival upon irradiation in both cell lines (Figure 1E),
confirming our hypothesis that multi-target interference with DDR
function by HSP90i at per se non-toxic doses suffices to sensitize
resistant GBM cells to irradiation. Similar findings were very recently
reported for other cancer entities (62, 63). Morphologically, the mode
of cell death underlying reduced clonogenic survival upon HSP90i
plus radiation was a highly disruptive, necrotic one which occurred
after several rounds of aberrant mitosis and intermediate states of
highly aneuploid cells with multiple and/or giant nuclei
(Supplementary Movie File 1) (64).
HSP90 Inhibition by NW457 Stimulates
a Compensatory Transcriptional
Upregulation of Genes Involved in Protein
Production Accompanied by
Downregulation of Genes Engaged in
Survival Signaling, Cell Stemness, and
Integrin Signaling
Our results suggest—at first sight—that sensitization to
radiotherapy upon HSP90i by NW457 derives from the
downregulation of crucial DDR mediators on the protein level.
Certainly, the immediate consequences of HSP90i affect the post-
translational level where abortive chaperoning leads to proteasomal
degradation of HSP90 client proteins (65). Nevertheless, it is feasible
to assume that this broad-range protein catabolytic remodeling can
also stimulate complex responses on the transcriptome level which
may contribute to radiosensitization as well. In order to address this
question, we performed RNA sequencing analyses upon HSP90i by
NW457 (10 nM) in LN229 and T98G cells. Differential gene
expression analysis revealed an overt transcriptomic response in
LN229 cells, and an attenuated but still detectable response in T98G
cells (Supplementary Figure 2A). The overlap in up- or
downregulated genes was rather small (Supplementary Figure
2B), possibly pointing towards a regulatory involvement of p53
(T98G have dominant negative p53M237I, LN229 carry p53P98L with
unclear functionality but intact DNA binding domain, see Table 1
and Supplementary Table 2). Construction of a functional
interaction (FI) network of the upregulated intersect genes
revealed a clear activation of the heat shock response, comprising
many chaperones and members of the heat shock protein family
(Supplementary Figure 2C). This FI network appeared to be
predominantly controlled by heat shock factor 1 (HSF1) as
suggested by iRegulon analysis (Supplementary Figure 2D). For
the common downregulated genes shared by LN229 and T98G
cells, a smaller FI network was constructed, basically comprising
elements of DNA repair, mitosis regulation, NOTCH signaling,
and protein folding (Supplementary Figure 2E). iRegulon
analysis suggested a rather heterogenous pattern of transcriptional
regulators, including EP300, JUND, BCL3, and others (Supplementary
Figure 2F).

Further geneset enrichment analysis (GSEA) of the
transcriptomic alterations in LN229 cells upon HSP90i revealed
positive enrichment of distinct MSigDB hallmark genesets
comprising targets of MYC and E2F, as well as regulators of the
G2/M cell cycle checkpoint (Supplementary Figure 3A). The FI
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network of the compiled leading edge genes allowed the conclusion
that this was in principle a compensatory response to HSP90i
treatment, because interaction clusters representing basic functions
of RNA polymerase II transcription, mRNA processing and
splicing, RNA transport, translation initiation, protein folding,
rRNA processing, and ribosome biogenesis were identified.
Moreover, clusters involved in cell cycle regulation (G2/M
transition, G1/S transition, and mitosis) and DNA repair were
observed among the leading edge genes. Without prior GSEA, the
FI network of all significantly upregulated genes showed additional
interaction clusters of transcription factor activation (AP1, GR, and
p53), focal adhesion and organization of the extracellular matrix
(ECM), the heat shock response, and signaling by small GTPases
(RAS, RAP1, and RHO) (Supplementary Table 2).

In terms of transcriptional downregulation upon HSP90i, no
significantly enriched MSigDB hallmark genesets (FDR < 0.1) were
observed in LN229 cells. However, on the level of significantly
downregulated individual genes FI network construction revealed
several interaction clusters whose decreased expression may
contribute to radiosensitization by HPS90i. As such, clusters
involved in survival signaling (EGFR and IGF1 signaling, PI3K/
AKT/mTOR signaling) and maintenance of cell stemness
(NOTCH signaling) represent potential candidates, as well as
clusters orchestrating integrin signaling, ECM receptor
interaction, and ECM organization (Supplementary Table 3).

HSP90 Inhibition by NW457 Improves the
Efficacy of Fractionated Radiotherapy
in an Orthotopic, Syngeneic GBM
Mouse Model
In the next step, we examined the performance of HSP90i plus
radiotherapy in vivo. We made use of a syngeneic orthotopic
mouse GBM transplantationmodel with i.p. injection of an in vivo
NW457 formulation and contrast-enhanced, conebeam (CB)CT-
based, fractionated radiotherapy (43) (Figure 2). Importantly, we
first recapitulated the basic in vitro experiments with GL261 cells,
the murine cell line that was used for transplantation. This cell line
showed a particularly strong downregulation of DDR proteins
upon HSP90i (Supplementary Figures 4A, B) and did not
tolerate permanent NW457 incubation in colony formation
assays so that NW457 needed to be removed after the 24 h pre-
incubation time (Supplementary Figures 4C, D). Nevertheless,
this treatment was already sufficient to facilitate radiosensitization
of GL261 cells which have been described to exhibit particularly
high levels of intrinsic treatment resistance (66).

Upon transplantation of GL261 cells into the right hemispheres
of C57BL/6 mice, tumor progression was monitored by contrast-
enhanced CBCT scans over time (Figure 2A). Starting at d7 after
implantation, mice were subjected to CBCT-guided, fractionated
radiotherapy with 2× 5× 2 Gy using two contralateral beams at
3× 9 mm2 collimation (Figure 2B), and NW457 (or the vehicle
control) was administered 24 h before each radiation treatment (10
or 50 µg/g i.p.). Tumor growth follow-up was accomplished by
serial contrast-enhanced CBCT scans, and animals were sacrificed
when reaching the pre-defined humane endpoints. Of note, d7
CBCT scans confirmed that tumor volumes were statistically not
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significantly different across different treatment groups at the start
of therapy (Supplementary Figure 5A).

Overall, the treatment was tolerated well, and no significant
differences in body weight in response to the treatment were
observed (Supplementary Figure 5B). Tumors of vehicle-treated
animals grew exponentially, and monotherapy with HSP90i
delayed tumor growth only marginally (Figure 2C).
Fractionated radiotherapy exerted strong inhibitory effects on
tumor growth, but responses were rather heterogeneous among
the animals in this group. Additional HSP90i delayed tumor
growth even further—yet compared to the effects observed in
vitro, the in vivo performance was not as strong as expected.
These findings basically mirrored the Kaplan-Meier survival
analyses (Figure 2D). HSP90i in mono-agent settings had only
minor impact on animal survival, although this reached
statistical significance compared to the vehicle controls at
50 µg/g NW457. Upon radiotherapy alone, animals revealed
clearly prolonged survival, albeit again with heterogenous
responses. Survival times were further increased by additional
HSP90i, although to a rather limited, yet statistically significant
extent in case of 50 µg/g NW457. Interestingly, two animals of
Frontiers in Oncology | www.frontiersin.org 8183
the combined modality group (radiotherapy + 50 µ/g NW457)
showed full tumor remission translating into persistent survival
until the end of the experiment (Supplementary Figure 5C). In
summary, these data indicate that HSP90i by NW457 can
complement and improve the efficacy of fractionated
radiotherapy in the used GBM in vivo model. Nevertheless,
since the effects observed in vitro clearly outcompete the
performance in vivo, further optimization of HSP90 inhibitor
substances and/or treatment sequences would be needed.
HSP90i by NW457 Attenuates Irradiation-
Induced Hypermigration and Invasiveness
of GBM Cells In Vitro and In Vivo
Several previous studies have shown that non-lethal irradiation
results in accelerated GBM cell migration—a phenomenon with
implications for relapse and treatment failure (67, 68). We
therefore examined, whether HSP90i by low-dose NW457
treatment does interfere with GBM cell migration. LN229 cells
were treated with NW457 for 24 h, irradiated at 3 Gy, and their
migratory behavior was analyzed in wound healing setups by
A

B

C D

FIGURE 2 | HSP90i by NW457 improves the efficacy of fractionated radiotherapy in an orthotopic, syngeneic GBM mouse model. In vivo performance of NW457-
mediated HSP90i in combination with fractionated radiotherapy in orthotopically transplanted GL261 tumors. (A) Tumor localization and growth monitoring of
orthotopically implanted GL261 cells in C57BL/6 mice were performed by contrast-enhanced CBCT scans and manual contouring. (B) Treatment plan and dose
volume histogram. Two contralateral beams with 3× 9 mm2 collimation were used to administer 2× 5× 2 Gy. (C) Treatment schedule and tumor growth curves. Six
days after orthotopic transplantation, mice were randomized into 6 groups (vehicle, 10 mg/g NW457, 50 mg/g NW457, 2× 5× 2 Gy + vehicle, 2× 5× 2 Gy + 10 mg/g
NW457, 2× 5× 2 Gy + 50 mg/g NW457), and treatment was administered according to the indicated schedule. (D) Kaplan-Meier survival analysis of all treatment
groups. Tumor-specific death was scored when mice showed pre-defined symptoms. p-values were obtained by log-rank test.
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live-cell imaging (Figure 3A and Supplementary Movies File 2).
Migration was quantitated by the colonized area and the
accumulated distance per cell over time as determined by
tracking of at least 25 randomly picked cells per condition
(Figures 3B–D). With both approaches, the basal migratory
activity of LN229 cells was observed to be significantly increased
by radiation at 3 Gy, and this was almost completely reversed by
pre-treatment with NW457. Thus, HSP90i, in addition to its
radiosensitizing potential, does also efficiently counteract
irradiation-induced hypermigration of GBM cells. In order to
test whether this also holds true in vivo, we characterized the
morphology of the tumors from our in vivo experiments. The
aspect ratios of L axes (cranial-caudal, 90° to beam axes) and W
axes (left-right, 0° to beam axes) were determined in contrast-
Frontiers in Oncology | www.frontiersin.org 9184
enhanced CBCT scans of all mice at the day of sacrifice, and
exemplary 3D reconstructions were generated (Figures 4A–C).
Tumors of mice from the radiotherapy-only group showed
significantly distorted aspect ratios and caudal-cranially
stretched 3D reconstructions, implying tumor progress
orthogonally to the irradiation field. This effect was fully
reversed by additional NW457 treatment. Histologically,
tumors from irradiated mice revealed clearly more invasive
borders than tumors from vehicle or NW457-only-treated
mice, and also more and larger areas of hemorrhage (Figure
4D). Intriguingly, this morphotype was also fully reversed upon
co-treatment with NW457, indicating that HSP90i does not only
improve the therapeutic efficacy of radiotherapy but also
counteracts GBM cell migration and tumor invasiveness in
A

B

C D

FIGURE 3 | HSP90i by NW457 counteracts GBM cell hypermigration in response to irradiation in vitro. (A) Live-cell imaging of the migratory behavior of GBM cells in wound
healing assays. LN229 cells were seeded into Ibidi µ-slides with silicon “wound” inserts, pre-treated with 30 nM NW457 or DMSO for 24 h, irradiated at 3 Gy where indicated,
and analyzed by live-cell microscopy for 12 h. “Wound” edges at the beginning and the end of the experiment are delineated by white dotted lines, and scale bar depicts 200
µm. (B) Trajectory plots showing the migratory paths of at least 25 randomly picked and manually tracked cells from (A). (C) Relative quantification of the colonized area
(depicted as x-fold values of controls) is shown as means ± s.d. of 3 independent experiments. Group comparisons were performed by Student’s t-tests. (D) Relative
quantification of accumulated distances per cell. Means ± s.d. of at least 25 randomly picked cells are shown. Group comparisons were performed by Student’s t-tests.
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response to radiotherapy. These findings clearly strengthen the
attractiveness of HSP90i as a partner for radiotherapy in
combined modality settings.
DISCUSSION

Radiotherapy is a fundamental part of the standard of care for
the treatment of glioblastoma (GBM) (69). However, treatment
failure and (in-field) recurrence are frequent and form the basis
for the dismal prognosis of this devastating disease (1).
Significant advances in radiotherapy treatment and image-
guidance technology as well as the addition of temozolomide
(TMZ), a DNA alkylating chemotherapeutic drug, have led to
modestly improved outcomes (2, 3), yet continued development
remains urgently needed. GBM is characterized by a high level of
inherent radioresistance which is considered to derive from
overexpression of DNA damage response (DDR) genes and
basally increased DDR activity (6, 8, 9, 45, 46). In this context,
the molecular chaperone HSP90 is of particular interest and
represents a promising target for radiosensitization approaches,
since several key regulators of the DDR are known to crucially
depend on HSP90 folding assistance (70–75). However, in single-
agent settings administration of HSP90 inhibitors was frequently
associated with side effects of relevant severity, including
Frontiers in Oncology | www.frontiersin.org 10185
gastrointestinal toxicity and hepatoxicity, because the
concentrations needed to achieve anti-tumor effects—despite
the relative selectivity for cancer versus normal cells—were
rather high, and the employed substances exhibited suboptimal
toxicity profiles and poor pharmacokinetic features (76).
Intriguingly, quantitative mass spectrometric analyses revealed
that pathways of the DDR are among the most sensitive ones in
cancer cells that are perturbed by HSP90i already at very low
inhibitor concentrations (22). Furthermore, a recent study
showed that administration of very low, non-toxic doses of an
HSP90 inhibitor of the third generation results in DDR protein
disintegration in HNSCC and pancreatic cancer cells, while this
was not observed in non-transformed, normal cells (62). This
would allow targeting DNA damage repair mechanisms in
cancer cells while not affecting the normal tissue and—in
combination with radiotherapy—would imply a kind of
biologically driven increase in radiation dose selectively at the
tumor. Given that treatment-associated radionecrosis represents
a major dose limiting factor in GBM radiotherapy, targeted
radiosensitization of the tumor by HSP90i appears specifically
attractive for this cancer entity, ideally in combination with
modern high precision, image-guided radiotherapy (69).

In the present study, we report that treatment with very low
concentrations of the pochoxime-derived HSP90 inhibitor
NW457 which per se exhibit only limited cytotoxicity leads to
A B
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FIGURE 4 | HSP90i by NW457 attenuates GBM invasiveness in response to irradiation in vivo. Analysis of tumor morphology upon treatment at the time of animal
sacrifice. (A) Contrast-enhanced CBCT scans of mice from different treatment groups. Tumor dimensions (width, length) are depicted by yellow bars in the coronal
section (upper panels). (B) 3D reconstruction of tumors (red) and brains (grey) in mice from each treatment group as generated in 3D-Slicer. (C) Quantitative aspect
ratio analysis of tumor length/width from each treatment group. p-value was calculated by one-way ANOVA (RTX vs. all other groups). (D) Hematoxylin/eosin (HE)
stainings of tumors from all treatment groups. Tumor borders are highlighted by a dotted white line, and scale bar depicts 500 µm.
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DDR protein disintegration in GBM cells. We observed several
key regulators of the DDR to be affected by HSP90i, previously
published HSP90 client proteins as well as DDR regulators with
so far unknown HSP90 dependence (32, 54–56, 62). The cluster
with the strongest decrease in protein levels upon HSP90i
treatment in human and mouse GBM cell lines comprised
CHK1, RAD51, DNA2, and NHEJ1. Accordingly, HSP90i
represents a multi-target approach and affects various DDR
pathways, including upstream checkpoint signaling (CHK1),
double-strand break (DSB) repair by homologous recombination
(RAD51), and non-homologous end-joining (NHEJ1), as well as
crosslink repair and DNA replication (DNA2). This may explain
why HSP90i is such a potent means of radiosensitization compared
to mono-target approaches, for instance PARP inhibition (26, 77).
Nevertheless, due to the correlative nature of our observations we
cannot exclude that other mechanisms, such as the HSP90i-
triggered proteasomal degradation of non-DDR proteins or the
observed transcriptional downregulation of various genes, for
instance genes involved in survival and/or integrin signaling,
contribute to radiosensitization (78–81).

Functionally, degradation of DDR regulators upon HSP90i was
accompanied by delayed DNA damage repair kinetics and
significantly impaired clonogenic survival upon irradiation. In
vivo, HSP90i by NW457 augmented the efficacy of fractionated
radiotherapy in an orthotopic, syngeneic GBMmouse model, both
in terms of tumor progression and survival. However, the
observed effects were not as strong as expected from the
convincing in vitro results. This may be due to limited GBM
penetration by the inhibitor in vivo, although the family of
pochoxime-derived HSP90 inhibitors has been shown to exhibit
favorable brain pharmacokinetic profiles (82). Nevertheless, a very
recent study with an orthotopic patient-derived GBM model
reported similar therapeutic efficacy of a related pochoxime-
derived HSP90 inhibitor in combination with whole brain
irradiation (83). So, inhibitor substances with improved brain
pharmacokinetic profiles, optimized formulations and/or
administration routes, and/or fine-tuned treatment sequences
may help to fully develop the synergistic potential of HSP90i
and radiotherapy for the treatment of GBM.

In addition to its radiosensitizing effects, we observed that
HSP90i by NW457 did reverse irradiation-induced GBM cell
hypermigration in vitro and GBM invasiveness in vivo. This is of
relevant interest, since GBM cells which survive radiotherapy and
evade the target volume of radiotherapy may drive tumor relapse
and dissemination. Our findings are in line with other reports
showing thatHSP90i efficientlydecreasesmigrationand invasionof
humanGBM cell lines (84–86). Although the detailedmechanisms
of action remain elusive, we assume that the downregulation of
migration regulating proteins is of importance in this scenario. On
the protein level, mediators of protein (tyrosine) kinases have been
reported to be particularly sensitive toHSP90i, and these are crucial
regulators of migration-relevant signaling cascades (22).
Additionally, our study shows that HSP90i stimulated the
transcriptional downregulation of several interaction clusters
involved in migratory processes, including integrin signaling,
ECM receptor interaction, and signaling by small and large
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GTPases. HSP90i may thus offer a means to interfere with the
highly infiltrative GBM phenotype which worsens with
radiotherapy and represents another hallmark of this cancer
entity contributing to its poor prognosis.

It should be noted, that HSP90i has also been shown to
synergize with TMZ treatment in orthotopic models of GBM
(87). This raises the question whether a triple combination of
HSP90i and the current clinical standard of TMZ-based
radiochemotherapy may improve the therapeutic outcome
even further.

In conclusion, our study shows that HSP90i by low doses of
NW457 potently interferes with the DDR in GBM cells leading to
significant sensitization towards radiotherapy in vitro. The in
vivo performance of this combined modality approach was less
convincing than expected, although tumor growth was clearly
delayed, survival was significantly prolonged, and radiation-
induced invasive tumor morphology was reverted. Hence, our
data reveal that the combination of HSP90i and radiotherapy is a
promising strategy for GBM treatment whose performance needs
to be further optimized by improved inhibitor substances, better
formulations and/or administration routes, and fine-tuned
treatment sequences.
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GLOSSARY

53BP1 p53-binding protein 1
ATM ataxia telangiectasia mutated
ATR ataxia telangiectasia and Rad3 related
BLM Bloom syndrome helicase
BRCA1 breast cancer gene 1
BRCA2 breast cancer gene 2
BRIP1 BRCA1-interacting protein 1
CBCT conebeam computed tomography
CDKN1A cyclin dependent kinase inhibitor 1A
CHK1 checkpoint kinase 1 (gene symbol CHEK1)
CHK2 checkpoint kinase 2 (gene symbol CHEK2)
DCLR1C DNA cross-link repair protein 1C
DNA2 DNA replication ATP-dependent nuclease 2
DNA-
PKcs

catalytic subunit of DNA-dependent protein kinase (gene symbol
PRKDC)

DDR DNA damage response
DMSO dimethyl sulfoxide
DSB double-strand break
EORTC European Organization for Research and Treatment of Cancer
EXO1 exonuclease 1
FANCA Fanconi anemia complementation group A
FEN1 Flap endonuclease 1
FCS fetal calf serum
GBM glioblastoma
gH2AX phosphorylated histone variant 2AX (pS139)
HE hematoxylin and eosin
HSP70 heat shock protein 70
HSP90 heat shock protein 90
HSP90i heat shock protein 90 inhibition
KU70 ATP-dependent DNA helicase subunit KU70 (gene symbol XRCC6)
KU80 ATP-dependent DNA helicase subunit KU80 (gene symbol XRCC5)
LIG4 DNA-ligase 4
MGMT O6-methylguanine-DNA-methyltransferase
MRE11 meiotic recombination protein 11
MRN MRE11-RAD50-NBN
NBN Nibrin
NCIC national cancer information center
NHEJ1 non-homologous end joining protein 1
p21 cyclin-dependent kinase inhibitor p21 (gene symbol CDKN1A)
p53 tumor suppressing protein p53 (gene symbol TP53)
PALB2 partner and localizer of BRCA2
PARP1 poly(ADP-ribose)-polymerase 1
PARP2 poly(ADP-ribose)-polymerase 2
PS pencillin/streptomycin
RAD50 DNA repair protein RAD50
RAD51 DNA repair protein RAD51
RAD52 DNA repair protein RAD52
RAD54 DNA repair protein RAD54
RBBP8 Retinoblastoma-binding protein 8
RPA1 replication protein A1
qRT-PCR quantitative realtime reverse transcription polymerase chain reaction
RTX radiotherapy
STR short tandem repeat
TMZ temozolomide
XRCC1-5 x-ray repair cross-complementing protein 1-5
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Background: Immunotherapy for GBM is an emerging field which is increasingly being
investigated in combination with standard of care treatment options with variable reported
success rates.

Objective: To perform a systematic review of the available data to evaluate the safety and
efficacy of combining immunotherapy with standard of care chemo-radiotherapy following
surgical resection for the treatment of newly diagnosed GBM.

Methods: A literature search was performed for published clinical trials evaluating
immunotherapy for GBM from January 1, 2000, to October 1, 2020, in PubMed and
Cochrane using PICOS/PRISMA/MOOSE guidelines. Only clinical trials with two arms
(combined therapy vs. control therapy) were included. Outcomes were then pooled using
weighted random effects model for meta-analysis and compared using the Wald-type
test. Primary outcomes included 1-year overall survival (OS) and progression-free survival
(PFS), secondary outcomes included severe adverse events (SAE) grade 3 or higher.

Results: Nine randomized phase II and/or III clinical trials were included in the analysis,
totaling 1,239 patients. The meta-analysis revealed no statistically significant differences in
group’s 1-year OS [80.6% (95% CI: 68.6%–90.2%) vs. 72.6% (95% CI: 65.7%–78.9%), p =
0.15] or in 1-year PFS [37% (95% CI: 26.4%–48.2%) vs. 30.4% (95% CI: 25.4%–35.6%) p =
0.17] when the immunotherapy in combination with the standard of care group (combined
therapy) was compared to the standard of care group alone (control). Severe adverse events
grade 3 to 5 were more common in the immunotherapy and standard of care group than in
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the standard of care group (47.3%, 95% CI: 20.8–74.6%, vs 43.8%, 95% CI: 8.7–83.1, p =
0.81), but this effect also failed to reach statistical significance.

Conclusion: Our results suggests that immunotherapy can be safely combined with
standard of care chemo-radiotherapy without significant increase in grade 3 to 5 SAE;
however, there is no statistically significant increase in overall survival or progression free
survival with the combination therapy.
Keywords: newly diagnosed glioblastoma, immunotherapy, vaccine, chemo-radiotherapy, high-grade
glioma, glioma
INTRODUCTION

Glioblastoma (GBM) is the most common primary and dismal
brain cancer in adults, this carries a poor prognosis and median
overall survival (OS) (1). It is a highly aggressive and heterogeneous
entity that survives even the most eradicative treatments (2–4).
Current standard of care for GBM includes safe maximal tumor
resection, followed by temozolomide (TMZ) chemotherapy (75
mg/m2/day for 6 weeks) and concomitant radiation (60 Gy in 30
fractions). TMZ is then followed by six continued maintenance
cycles (150–200 mg/m2/day for the first 5 days of a 28-day cycle);
accompanied by the antimitotic device tumor treating fields (TTF)
(Optune, Novocure Inc) (4–6), which is continued once TMZ is
completed. This standard of care with TTF included, achieves a
median overall survival of 20.9 months, that is in contrast with the
16 months median survival obtained with surgery and chemo-
radiotherapy alone (7). However, tumor recurrence happens in the
majority of the patients despite the aggressive treatment regimen
(8), highlighting a major treatment gap in GBM that has yet to be
addressed (9–14). Multiple strategies are being developed with the
goal of effectively treatingGBM,however, one such strategy that has
provenviable inothercancerdomains and is currentlybeingheavily
investigated is immunotherapy (6, 15).

Immunotherapy, is an evolving field of medicine that
enhances the activity of select cells in the immune system to
recognize, attack, and kill cancer cells via targeted anti-tumor-
cytotoxicity without harming the normal tissue (16, 17). The
main promise of immunotherapy is not only to combat tumor
growth by eliminating cancer cells, but to keep an army of
memory cells to avoid tumor recurrence, a facet of treatment
that will be crucial for GBM (18). The discovery of specific tumor
associated peptides presented by major histocompatibility
complexes (MHC) (19, 20); and inhibition of immune
checkpoint molecules (cytotoxic T lymphocyte antigen 4
(CTLA4) and programmed cell death 1 (PD1) that regulate T
cell activation; opened new doors for the treatment of cancer, by
augmenting the natural functions of the immune system (17, 21–
23). Biological options of immune-based therapies that have
been developed include checkpoint inhibitors, cellular therapies,
vaccines, engineered T cells, small peptide inhibitors of specific
pathways, monoclonal antibodies, and cytokine therapy (24–26).

Currently there are no Food and Drug Administration (FDA)
approved immunotherapy regimens for the treatment of GBM
2192
(16). Although there are several immune-based therapies
currently being tested for GBM, the majority evaluate mainly
tolerance and toxicity (16). Even while some immunotherapies
have shown promising clinical results when evaluated as a
monotherapy, their true impact when combined with, or given
alongside of, standard of care is unknown (27). Moreover, only a
few of these modalities have progressed to the phase II or III
clinical trial setting to systematically test their impact on overall
survival, progression of the disease, and severe adverse events
when administered in combination with current standard of care
(28). Because of this, little is known about the true clinical
benefits and toxicity profile of immunotherapy given in
combination with chemo-radiotherapy. Ongoing (unpublished)
phase II or III clinical trials of immune checkpoint
inhibitors used in combination with standard of care for newly
diagnosed GBM failed to meet survival expectancy and PFS in
MGMT methylated (CheckMate 548, NCT02667587) (29, 30) or
un-methylated (CheckMate 498, NCT02617589) (31, 32)
GBM patients. The randomized trial phase II/III NRG-
BN007 evaluating ipilimumab and nivolumab versus
temozolomide to radiotherapy in un-methylated GBM patients
is also ongoing, and the results are awaited with high
expectations (33). Unfortunately, most of the results with
different immunotherapies in GBM have disappointed the
medical community in regards of improving survival for these
patients. However, these studies are essential to understand
the benefits and the associated risks of immunotherapies
in gliomas.

This gap in the knowledge could be masking the full potential
of immunotherapy when used as an adjuvant treatment in GBM
and can be limiting our ability to make fully informed decisions
in regard to adding immunotherapy to the current standard of
care for GBM. To address the knowledge gap in this area and to
provide a scientific rationale about the possible synergistic effect
that chemo-radiation and immunotherapy may have when used
together, we performed a systematic review and meta-analysis.
We analyzed and compared 1-year overall survival (OS), 1-year
progression free survival (PFS) and grade 3 to 5 adverse events,
in the immunotherapy plus chemo-radiotherapy regimen
(defined as immunotherapy and standard of care or combined
group), versus chemo-radiotherapy alone regimen (defined as
standard of care or control group), in patients with newly
diagnosed GBM.
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MATERIALS AND METHODS

Study Selection Criteria
A search strategy was developed using the Population,
Intervention, Comparison, Outcome, Study type (PICOS)
question format: In newly-diagnosed glioblastoma patients
(Population) that receive standard of care with or without
immunotherapy (Intervention and Comparison), what are
the overall survival, progression free survival and severe
adverse events grades 3 to 5 (Study Type) based on results
from phase II and III c l in ical tr ia ls (Study type)
(Supplementary Table 1).

A literature search in PUBMED and Cochrane was performed
by three independent reviewers according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (Figure 1 and Supplementary Table 2) (34) and
Meta-Analyses and Systematic Reviews of Observational Studies
(MOOSE) (35) (Supplementary Table 3) guidelines. Our search
included phase II and/or III clinical trials, published from
January 1st 2000 to October 1st 2020. The terms used for
literature search included “glioblastoma,” OR “newly diagnosed
glioblastoma,” OR “malignant glioma,” AND “radiation” AND
“chemotherapy ” OR “ rad io -chemotherapy , ” AND
“immunotherapy”. These terms were specifically used as
follows in batch searches across both databases: glioblastoma
and radio chemotherapy and immunotherapy, newly diagnosed
glioblastoma and radio chemotherapy and immunotherapy,
newly diagnosed glioblastoma and radio chemotherapy, newly
diagnosed glioblastoma and immunotherapy, glioblastoma and
immunotherapy, newly diagnosed glioblastoma and
radiotherapy, newly diagnosed glioblastoma and chemotherapy
and malignant glioma and radio chemotherapy and
immunotherapy. Any disagreement was discussed and resolved
by the reviewers and senior author. All the articles resulting from
our initial search were analyzed for our inclusion and exclusion
criteria (Table 1) and only articles that satisfied all our inclusion
and exclusion criteria were selected for the final analysis.

Data Extraction
All data were extracted from the main manuscript and
supplementary text, tables, and figures of the included articles.
Our primary outcome of interest was clinical efficacy of
combined therapy compared with control therapy in patients
with newly diagnosed GBM; (as reflected by median and 1-year
survival and PFS). Estimation of survival and PFS at 1 year was
done by using the software Plot Digitizer® v.2.6.8 in those articles
that did not report these parameters as such. OS and PFS were
calculated from the data based on date of surgery until event
(death or recurrence). The secondary outcome was toxicity,
measure as the number and proportion of incidental grades 3
to 5 adverse events by the end of the study in the standard of care
and immunotherapy group as compared with the standard of
care group alone. Two independent investigators extracted
the data (M.L.V and K.M.B), and confirmation of extracted
data was done by two other independent reviewers (H.R.G
and J.M.S).
Frontiers in Oncology | www.frontiersin.org 3193
Statistical Analysis
R Studio (36), Version 1.1.383 (Boston, MA) was used to
perform the statistical analyses. Generation of random-effects
meta-analyses, assessments of heterogeneity and publication
bias, and generation of forest plots were conducted as
previously described by Lehrer et al. (37) Study arms were
compared using the Wald-type test, where the null-hypothesis
was rejected for p<0.05.

Quality Evaluation of Clinical Trials
Publications accepted in the study were methodologically
evaluated according to the revised Cochrane risk-of-bias tool
for randomized trials (38). This system categorizes the studies in
low, unclear or high risk of bias, according to the following
parameters: random sequence generation, allocation
concealment, blinding of participants and personnel, blinding
of outcome assessment (self-reported outcomes and objective
measures), incomplete outcome data, selective reporting and
other bias. Buchroithner, Cho, Kong, Ursu, and Wakabayashi
trials had unclear to high risk of bias in at least three different
parameters evaluated, Wheeler and Sampson had high risk of
bias in five parameters. Weller and Wen trials had unclear
risk of bias in only one parameter, making them the trials
with lower risk of bias in the entire study (Supplementary
Figure 1).

We also evaluated the quality of the included trials with the
Grading of Recommendations, Assessment, Development, and
Evaluation (GRADE) system (GRADEpro). For the evaluated
outcomes, 1-year OS and PFS were rated with moderate quality,
whereas SAEs grades 3 to 5 were rated as low quality
(Supplementary Tables 4 and 5).
RESULTS

Study Characteristics
Our initial search resulted in 1901 publications (1809 from
PUBMED and 92 from Cochrane). Due to duplicity 213
articles were eliminated, while 1631 were eliminated after the
title/abstract was screened based on our inclusion and
exclusion criteria. A total of 57 papers met our initial
screening of the eligibility criteria. The full text of those
articles was analyzed and a total of nine articles met all our
inclusion and exclusion criteria and were included for final
analysis. Of the nine studies included, seven were phase II
clinical trials (77.7%) and two were phase III (22.2%) (Figure 1
and Table 2). Three studies were conducted in North America
(39–41), two in Europe (42–44), three in Asia (45–47), and one
in Europe and North America (48). Combining all the studies,
a total of 1239 patients were included. There were 583 (47%)
patients in the immunotherapy and standard of care group,
and 656 (52.9%) in the standard of care group. Of the seven
articles that described gender information of the included
patients (40, 42–50), 619 (60.5%) were male and 403 (39.4%)
were female; two articles did not include this information (39,
41). Average age of the patients ranged from 27 years to 72.2
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years. Regarding the immunotherapy approach, four studies
used cellular vaccines, two used peptide vaccines, one used
immunostimulating oligodeoxynucleotides, one interferon b, and
one gene-mediated cytotoxic immunotherapy. All trials combined
one of these regimens in combination with chemoradiotherapy,
Frontiers in Oncology | www.frontiersin.org 4194
while a chemoradiotherapy regimen alone group was used as
control in all of them. Four immune based approaches were
administered intravenously (44.4%), one cranially (11.1%), three
intradermally (33.3%), andone intracranially, intravenously and/or
orally (11.1%) (Supplementary Table 6).
FIGURE 1 | PRISMA diagram describing study design and selection (34).
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Finally, we analyzed the clinical trials that used the same
immunotherapy strategy. The cellular vaccines subgroup was the
only category with enough studies to perform a statistical
analysis (four studies total: Buchroithner, Wen, Cho, and
Kong) (40, 42, 45, 46).

Clinical Outcomes
Combined Therapy Was Not Associated With
Significant Improvement in Overall Survival
The 1-year OS was 72.6% (95% CI: 65.7%–78.9%, I2: 71%) versus
80.6% (95% CI: 68.6%–90.2%, I2: 75%) for the control and
combined therapy groups, respectively (p = 0.15). Publication
bias was absent with p-values of 0.89 and 0.72, respectively.
These results are shown in Figure 2. Median OS was 16.9 months
in control group vs. 20.1 months in the combined therapy group
(Supplementary Table 7).

In the cellular vaccine subgroup analysis, 1-year OS was
71.2% (95% CI: 62%.1–79.4%, I2 = 0%) versus 76.5% (95% CI:
66.8%–85%, I2 = 4%) for the standard of care and
immunotherapy groups, respectively (p = 0.21). There was no
publication bias with p-values of 0.82 and 0.36, respectively.
These results are shown in Figure 3.

Combined Therapy Was Not Associated With
Significant Improvement in Progression Free Survival
The estimated 1-year PFS was 37% (95% CI: 26.4–48.2, I2 = 60%)
versus 30.4% (95% CI: 25.4–35.6; I2 = 0%) for the combined
therapy and control groups, respectively (p = 0.17). Publication bias
was absentwith p-values of 0.13 and 0.63, respectively (Figure 4). Two
clinical trials were not included in this analysis since they did not
describe PFS information properly for GBMpatients (35, 44).Median
PFS were 8.5 months and 7.7 months in the combined therapy
group and control group, respectively (Supplementary Table 7).

In the cellular vaccine subgroup analysis, 1-year PFS was 35%
(95%CI: 18.2–53.9, I2 = 62%) versus 26.2% (95%CI: 19.8–33.3, I2 =
0%) in the combine therapy group and control group, respectively
(p=0.19).Nopublicationbiaswas present in neither of both groups
(p = 0.73 and p = 0.27, respectively) as described in Figure 5.

Combined Therapy Was Not Associated With
Significant Increase in Incidence of Grade 3-5
Severe Adverse Events
Toxicity analysis was performed with data from four clinical
trials that described SAE grades 3 to 5 appropriately (40, 42, 46,
Frontiers in Oncology | www.frontiersin.org 5195
48). SAE was 47.3% (95% CI: 20.8–74.6, I2 = 95%) versus 43.8%
(95% CI: 8.7–83.1, I2 = 94%) in the combined therapy group and
control group, respectively (p = 0.81). There were not bias
associated with publication in these studies (p = 0.22 and p =
0.37, respectively). These results are depicted in Figure 6. Of the
1110 pooled patients included in this analysis, 184 (16.5%) in the
control group versus 201 (18.1%) patients in combined therapy
group had a SAE (Supplementary Table 8).

In the cellular vaccine subgroup analysis, one trial did not
include a full description of SAE (45); thus, subgroup analysis
was performed with the other three studies (40, 42, 46). SAEs
analysis revealed higher occurrence in the vaccine and standard
of care group (57.3%, 95% CI: 51.1–63.4, I2 = 0%) when
compared to standard of care group (49.6%, 95% CI: 0.2–99.8,
I2 = 94%), p = 0.68. Publication bias was absent with p-values
of 0.19 and 0.78, respectively. These results are shown
in Figure 7.
DISCUSSION

In this systematic review and meta-analysis, we objectively
analyzed the survival, progression free survival, and toxicity
profile of immunotherapy in combination with chemo-
radiation versus chemo-radiotherapy alone in newly diagnosed
GBM. In regard to overall survival and progression free survival
we found that immunotherapy marginally prolonged both;
however, this effect was not statistically significant. We also
found that immunotherapy with standard of care does not
increase grade 3 to 5 SAE in a statistically significant manner
when compared to standard of care alone (Table 3).

As inherent in the nature of ameta-analysis, our overall analysis
is limited by the individual limitations of each of the studies
included in the analysis. The number of patients treated in each
trial varied widely, from 34 patients (45) to 405 patients (48),
between trials thus weighing differently on the overall analysis.

The immunotherapy was administered in different ways
[intravenous, intradermal, oral (39, 40, 42, 45–48) and
intracerebral (41, 44)] possibly limiting therapeutic distribution
as well as immune cell recruitment and diminished effector
function. Furthermore, the targeted dose, as well as the
number of doses administered, varied among trials. Although
most of the studies administered the immunotherapy agent at
minimum two to five times, the total number of doses was
patient specific and was dependent on clinical progression or
death. There was also a variability in the follow-up period
between trials, making the comparison between trials
heterogeneous. The timing of when the immunotherapy was
initiated varied between trials which could influence the overall
toxicity profile of the combined strategy and finally determined the
reported SAEs in the trials. Most of the trials used an early start of
immunotherapy including: 1 to 2 weeks after chemoradiation (42,
48), at the same time as chemoradiation (46), preoperatively (41,
44), on alternate days during radiation (47), and between
radiotherapy and at the beginning of temozolomide (40). While
two studies showed a mid-late start of immunotherapy: within 6
TABLE 1 | Inclusion and exclusion criteria.

Inclusion Exclusion

(1) patients with newly diagnosed GBM
confirmed by pathology

(1) patients with recurrent GBM

(2) with no other neurological diseases (2) with other neurological diseases
(3) study specifically described as clinical
phase II or III

(3) study not specified as clinical
phase II or III

(4) with two arm groups: control and
combined

(4) with one arm group only

(5) published only in English (5) published in other language
different than English

(6) limited to human subjects (6) not limited to human subjects
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TABLE 2 | Overall characteristics of the studies.

n Ursu Wakabayashi Weller Wen Wheeler Total Median

2017 2018 2017 2019 2016
II II III II II

France Japan Switzerland/
USA

USA USA

42 22 51 22 32 27
78 75 64 81 72 72.2
81 122 405 124 182 1239

39 59 195 81 48 583

43 48.14814815 48.36065574 48.14814815 65.32258065 26.37362637 47

42 63 210 43 134 656
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First Author Buchroithner Cho Kong Sampso

Year 2018 2011 2017 2010
Trial Phase II II III II
Country of
Publication

Austria China Korea USA

Age (low limit) 19 14 19 29
Age (high limit) 70 70 69 71
Patients
Included (n)

76 34 180 35

Immunoteraphy
group (n)

34 18 91 18

Immunotherapy
group (%)

44.73684211 52.94117647 50.55555556 51.428571

Control group
(n)

42 16 89 17

Control group
(%)

55.26315789 47.05882353 49.44444444 48.571428

Immunotherapy
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PEPvIII vaccine (1
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Male (n) 51 16 102 NA
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weeks of completing radiation (39), and 1 to 2 months
postoperatively (45).

There was significant variation among concomitant and
maintenance therapy regiments that can directly influence OS
and PFS of the individual studies. While most of the studies (6/
10) used the standardized dose of TMZ and radiation during
concomitant treatment (radiation at a dose of 60 Gy and TMZ at
a dose of 75 mg/m2), two studies did not report doses (41, 44), and
one study (45) used a higher TMZ dose (100 mg/m2). During the
maintenance phase, TMZ was the most used drug, with some
variabilities in dosage (100 mg/m2 to 200 mg/m2) and treatment
length. Other agents used as maintenance treatment were:
bevacizumab, nitrosoureas, irinotecan, tumor-treating fields,
other chemotherapy (not defined), investigational drugs, tyrosine
kinase inhibitors and check-point inhibitors (42, 44). In addition,
there is significant variation in the radiation therapy practices for
GBM around the word in terms of radiation dose and treatment
field (51–53). Since the clinical trials included in our analysis
originated in several different countries this variability is built into
Frontiers in Oncology | www.frontiersin.org 7197
our model and is likely playing a critical role in the overall
heterogeneity of the studies and overall outcome parameters
being assessed.

Another known factor that significantly impacts patient’s
overall survival and PFS is the extent of resection (54, 55),
which varied widely amongst the studies included in this meta-
analysis. The variability in the total volume of tumor resected
between studies is a limiting factor in evaluating the true
response rate of immunotherapy. Patients were categorized
under gross, subtotal, partial, and large resection, and in
residual or non-residual disease. To make our analysis as
consistent as possible, our calculations in the studies that
considered those variables, were based on OS and PFS of total
number of patients included without making distinctions in the
surgical outcome. However, this almost certainly introduced
some variability and noise into our data that could have
been accounted for with a more consistently designed set of
trials. Also, PFS assessment variability between studies has
to be considered, since pseudo-progression is still a
A B

C D

FIGURE 2 | Meta-analysis of 1-year OS in patients from all trials receiving standard of care or immunotherapy plus standard of care therapy. (A, B) 1-year OS forest
and funnel plots of patients who received standard of care treatment [72.6% (95% CI: 65.7%–78.9%, I2: 71%)]. (C, D) 1-year OS forest and funnel plots of patients
who received standard of care and immunotherapy treatment [80.6% (95% CI: 68.6%–90.2%, I2: 75%)] (p = 0.15). Funnel plots showing no significant publication
bias found in the present meta-analysis in both groups with p-values of 0.89 and 0.72, in standard of care and immunotherapy treatment group respectively. In
forest plots size of each square is proportional to its corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The diamond gives
the overall odds ratio for the combined results of all trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
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controversial topic (56) that need to be addressed to ensure clear
accountability of this parameter in response to immunotherapy.
Although the Macdonald criteria for tumor response assessment
was used by the majority of the studies, this classification has
multiple limitations such as the presence of necrosis or residual
changes secondary to tumor resection. As a result, a more
comprehensive imaging criteria was defined for assessing
response/progression by the Response Assessment in Neuro-
Oncology (RANO) (57) and the immunotherapy response
assessment for Neuro-oncology (iRANO). The RANO criteria
is widely used in clinical trials in oncology for an accurate
assessment of pseudo progression in response to temozolomide
and radiotherapy in malignant gliomas during concomitant or
maintenance regimens (58). RANO criteria does not suit
properly the needs for response evaluation in patients treated
with immune based therapies. Thus, the iRANO criteria was
defined to assess clinical outcomes and tumor regression despite
progression of the disease in the context of immunotherapy (59).
It accounts for the differential mechanistic and imaging findings
Frontiers in Oncology | www.frontiersin.org 8198
elicited by immunotherapy to the ones by chemoradiation; such
as enhancing lesions outside the main radiation field and delayed
therapeutic efficacy, that with other criteria would be classified as
disease progression (60). iRANO defines disease progression
when tumor persistence is registered in a specific period of
time, after an initial radiographical evidence of tumor
progression in response to immunotherapy (60).

Finally, although for the purposes of this analysis, we
combined the included studies into the broad umbrella
of “immunotherapy” it is useful to examine the specific
therapies in more detail to clearly understand the clinical
immunotherapy landscape.
Cellular Vaccines
Our analysis included three phase II clinical trials (Buchroithner
et al. with 76 patients, Cho et al. with 34 patients and Wen et al.
with 124 patients), that used dendritic cells, and one phase III
trial (Kong et al. with 180 patients) that used cytokine-induced
A B

C D

FIGURE 3 | Meta-analysis of 1-year OS in patients from trials receiving standard of care or cellular vaccine therapy plus standard of care therapy. (A, B) 1-year OS
forest and funnel plots of patients who received standard of care treatment [71.2% (95% CI: 62.1–79.4, I2 = 0%)]. (C, D) 1-year OS forest and funnel plots of
patients who received standard of care and cellular vaccine treatment [76.5% (95% CI: 66.8%–85%, I2 = 4%) (p = 0.21)]. Funnel plots showing no significant
publication bias found in the present meta-analysis in both groups with p-values of 0.82 and 0.36, in standard of care and immunotherapy treatment group
respectively. In forest plots size of each square is proportional to its corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The
diamond gives the overall odds ratio for the combined results of all trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
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killer (CIK) cells with standard of care. Of these, the trial by Cho
et al. showed the highest improvement in median and 1-year
survival expectancy (median OS:15 vs 31.9 months, and 1-year
OS: 75% vs 88.9%, in control versus combined therapy,
respectively). This can be attributed primarily to two distinct
features of the trial: 1) the strategy of using personalized DCs
vaccines, where a diverse group of individualized highly
immunogenic peptides educating the DCs, could potentially
elicit a better tumor clearance by the immune system and 2)
the adjuvant treatment strategy used upon tumor recurrence,
defined by tumor size increase >20%, which included repeated
surgical-intervention, chemotherapy or boost gamma knife
radiosurgery. In addition, a reinforced dose of vaccination
(made from recurrent tumor tissue) was given to patients that
underwent a second surgery (6 of 18 patients).

Of the four trials in this category the trial by Kong et al. was a
phase III trial that showed very modest effect with an extension
of 5.6 months in median OS and 3% improvement at 1-year
survival. The limited response in survival in this study could be
mainly due to biodistribution of the cytokine induced
lymphocytes and their ability to selectively home into the
tumor microenvironment. Additionally, there was some
Frontiers in Oncology | www.frontiersin.org 9199
variability in the timing of the administration of the cells
which most likely influenced the overall outcome of the trial.

Peptide Vaccines
EGFR (epidermal growth factor receptor) overexpression is one
of the most prevalent mutations in GBM (60%) (61). 20% to 30%
of these tumors, present a deletion of exons 2 to 7 in the
EGFRvIII receptor (type III EGFR) (62). Sampson et al, phase
II trial included 35 patients using EGFRvIII-targeted peptide
vaccine and chemo-radiotherapy, showed an extension of
approximately 9 months in median OS and PFS, extension of
almost 30% at 1-year survival and 40.1% at 1-year PFS. However,
in the phase III clinical trial that included 405 patients using this
strategy, Weller et al, found no benefits in overall survival or PFS.
(Median OS of ˜ 20 months in both groups, 1-year survival
decreased by 4% with immunotherapy, improvement of 0.6
months in median PFS and 1% decrease at 1-year PFS, with
combined treatment). Benefits in the trial by Sampson et al.
could be due to an enhanced humoral and cellular immune
response rate produced by the vaccine elicited with dose
intensified TMZ regiment (100 mg/m2 for first 21 days of 28
days cycle) in comparison with standard dosing (200 mg/m2 for
A B
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FIGURE 4 | Meta-analysis of 1-year PFS in patients from all trials receiving standard of care or immunotherapy plus standard of care therapy. (A, B) 1-year PFS
forest and funnel plots of patients who received standard of care treatment [30.4% (95% CI: 25.4–35.6; I2 = 0%)]. (C, D) 1-year PFS forest and funnel plots of
patients who received standard of care and immunotherapy treatment [37% (95% CI: 26.4–48.2, I2 = 60%) (p = 0.17)]. Funnel plots showing no significant
publication bias found in the present meta-analysis in both groups with p-values of 0.63 and 0.13 in standard of care and immunotherapy treatment group
respectively. In forest plots size of each square is proportional to its corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The
diamond gives the overall odds ratio for the combined results of all trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
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first 5 days of 28 days cycle), that was significant despite
chemotherapy-induced lymphopenia. In comparison the phase
III trial by Weller et al. used only the standard TMZ protocol and
did not have the dose intensified arm. It is well described that the
patient selection criteria and overall health status of the patients
enrolled heavily weighs on the overall outcome of the patients in
clinical trial (63). The majority of the patients included in the
Sampson et al. trial had KPS score of 100 whereas majority of the
patients in the Weller et al. trial had RPA class IV or higher,
which most likely influenced the overall outcome. Most
importantly the trial by Sampson et al. used historical control
group which might not truly capture the complexity of the trial
group and hence does not represent a true control arm.

Other Immune-Based Therapies
Other forms of immunotherapy clinical trials included: a)
intracerebral administration of CpG ODN (44), b) intravenous
IFNb (47) and c) gene-mediated cytotoxic immunotherapy
(aglatimagene besadenovec (AdV-tk), an adenoviral vector
containing the herpes simplex virus thymidine kinase gene,
followed by an antiherpetic prodrug such as valacyclovir) (41).
Frontiers in Oncology | www.frontiersin.org 10200
The phase II trial by Ursu et al. included 81 patients, showed
no improvement in median and 1-year survival or median PFS
with intracerebral administration of CpG ODN and chemo-
radiation. (median OS ˜ 18 months and median PFS ˜ 9 months
in both groups, and 1-year survival decreased by 10%). The
results of this trial again highlight the difficulties surrounding the
issue of drug delivery and penetration in the context of GBM. In
this trial CpG ODN was injected by needles in the resection
cavity which restricted the amount of drug that penetrated
beyond a small perimeter. Most local drug delivery studies
report reliable penetration only few millimeters from the site
of injection (50), whereas studies with convention enhanced
delivery have reported a diffusion in centimeters (64, 65), still any
tumor cells beyond that margin will not be affected by this
treatment strategy.

The phase II clinical trial by Wakabayashi et al. included 122
patients and evaluated IFNb in combination with standard of
care for newly diagnosed GBMs and found an extended median
OS of almost 4 months (1-year survival rate improved by 11%)
with combination therapy but a decrease in PFS by 1.6 months
(1-year PFS decreased by 2.5%). IFNb was used as a
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FIGURE 5 | Meta-analysis of 1-year PFS in patients from trials receiving standard of care or cellular vaccine therapy plus standard of care. (A, B) 1-year PFS forest
and funnel plots of patients who received standard of care treatment [26.2% (95% CI: 19.8–33.3, I2 = 0%)]. (C, D) 1-year PFS forest and funnel plots of patients
who received standard of care and cellular vaccine treatment [35% (95% CI: 18.2–53.9, I2 = 62%) (p = 0.19)]. Funnel plots showing no significant publication bias
found in the present meta-analysis in both groups p = 0.27 and p = 0.73, in standard of care and immunotherapy treatment group respectively. In forest plots size of
each square is proportional to its corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The diamond gives the overall odds
ratio for the combined results of all trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
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chemosensitizer that enhances the toxicity of chemotherapeutic
agents such as TMZ. Thus, it is not surprising that the
combination therapy arm had significantly higher rate of
hematological as well as non-hematological toxicities. Higher
toxicity also negatively impacted treatment compliance to the
point that a high number of patients terminated the treatment
protocol prematurely, which most likely played a role in the poor
overall survival.

The Wheeler et al. phase II trial included 182 patients total
and tested gene-mediated cytotoxic (GMC) immunotherapy in
combination with standard of care. This trial did not yield
survival benefits either, GBM data sub analysis showed 3-
month prolonged median OS and 1-year survival rate
improved by 5% that were not statistically significant. Efficacy
and biodistribution of the virus delivery by local injection in the
resection cavity is limited by the previously outlined constrains
of drug or biological agents penetration issues in the CNS
microenvironment. In addition, virus particles induce prompt
and effective anti-virus immune response which accelerates the
Frontiers in Oncology | www.frontiersin.org 11201
clearance of virus further limiting its penetration in the tumor
microenvironment (66). If the issue of immune mediated virus
clearance is not weighted in properly into the timing of
administration of the activating pro-drug there will be no
effective immune response. Extent of resection is also
important when assessing the likelihood of overall success of
immunotherapy since immunosuppressive features such as
expression of PD-L1, presence of regulatory cells etc. in the
residual tumors decreases the overall efficacy of the
immunotherapy (67).

In summary, upon closer evaluation of the individual
immunotherapies across the trials analyzed in this study, it
becomes clear that there is a large amount of variability in
patient response within the trials and across the trials. This
highlights the often-seen tail phenomenon of GBM patients in
immunotherapy trials where there are small groups of patients
who do respond and do while even if the majority of patients in
cohort may not benefit resulting in an overall negative trial (16).
This data points toward the need for better design of
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FIGURE 6 | Meta-analysis of SAEs grade 3 to 5 in patients from trials receiving standard of care or immunotherapy plus standard of care therapy. (A, B) SAEs
forest and funnel plots of patients who received standard of care treatment [43.8% (95% CI: 8.7–83.1, I2 = 94%)]. (C, D) SAEs forest and funnel plots of patients
who received standard of care and immunotherapy treatment [47.3% (95% CI: 20.8–74.6, I2 = 95%) (p = 0.81)]. Funnel plots showing no significant publication bias
found in the present meta-analysis in both groups p = 0.37 and p = 0.22, in standard of care and immunotherapy treatment group respectively. In forest plots size of
each square is proportional to its corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The diamond gives the overall odds
ratio for the combined results of all trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
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immunotherapy clinical trials that include potential responders
using synergistic combination therapy that boosts the overall
function of the immune system in addition to tumor specific
immune response.
Frontiers in Oncology | www.frontiersin.org 12202
Severe Adverse Events in Immunotherapy
SAEs in clinical trials are considered as complications/toxicity,
morbidity or mortality as a result of a tested treatment (68). They
can be symptomatic (reported by the patient) or asymptomatic
(detected during a physical examination, laboratory results or
imaging reports) (69). Grade 1 and 2 events are mild or
moderate, or even asymptomatic symptoms that can be
managed with outpatient medication. Grade 3 events are
severe non-immediately-life threatening symptoms that can be
controlled usually during inpatient treatment or prolonged
hospitalization (parental administration of drugs or surgical
intervention). Grade 4 events put the life of the person at risk,
and can result in disabilities and organ dysfunctions, whereas
grade 5 events are deadly (69, 70).

There was significant heterogeneity in the SAE reporting
criteria used by each of the clinical trials included in this meta-
analysis. Criteria used for the grading and defining grade 3 to 5
SAEs in the studies included in this analysis were the National
Cancer Institute (NCI) Common Terminology Criteria for
Adverse Events (CTCAE) version 3.0 by Wheeler et al,
Wakabayashi et al, and by Kong et al, and version 4.0 by
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FIGURE 7 | Meta-analysis of SAEs grade 3 to 5 in patients from trials receiving standard of care or cellular vaccine therapy plus standard of care. (A, B) SAEs forest
and funnel plots of patients who received standard of care treatment [49.6% (95% CI: 0.2–99.8, I2 = 94%)]. (C, D) SAEs forest and funnel plots of patients who
received standard of care plus cellular vaccine treatment [57.3% (95% CI: 51.1–63.4, I2 = 0%) (p = 0.68)]. Funnel plots showing no significant publication bias in both
groups with p-values of 0.78 and 0.19 in standard of care and immunotherapy treatment group respectively. In forest plots size of each square is proportional to its
corresponding study’s total sample size. The ends of the horizontal bars denote a 95% CI. The diamond gives the overall odds ratio for the combined results of all
trials. The center denotes the odds ratio, and the extremities denote the 95% CI.
TABLE 3 | Summarized results for 1-year OS and PFS, and SAEs in standard of
care and standard of care and immunotherapy groups, and for trials that used
cellular vaccines only.

Group Outcome Wald Test Peter’s Test

Control 1y OS Ref 0.89
Combined 1y OS 0.15 0.72
Control (Vaccine Only) 1y OS Ref 0.82
Combined (Vaccine Only) 1y OS 0.21 0.36
Control 1y PFS Ref 0.63
Combined 1y PFS 0.17 0.13
Control (Vaccine Only) 1y PFS Ref 0.27
Combined (Vaccine Only) 1y PFS 0.19 0.73
Control SAE Ref 0.37
Combined SAE 0.81 0.22
Control (Vaccine Only) SAE Ref 0.78
Combined (Vaccine Only) SAE 0.68 0.19
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Weller et al. The precursor of this classification, the NCI
Common Toxicity Criteria (CTC) version 2.0 was used by
Sampson et al, version 3.0 by Ursu, version 4.0 by
Buchroithner, and 4.03 by Wen. Cho’s trial did not specify the
classification used. Analysis of SAEs grade 3 to 5 in Cho,
Sampson, Ursu, Wakabayashi and Wheeler’s trials were not
possible due to the presentation of the data. (ie, grades 2 and 3
events reported combined, events non-separated by grade, and
events reported separately during concomitant and/or
maintenance treatment).

We only used four out of the nine studies for the grade 3 to 5
SAE analysis (40, 42, 46, 48). Our analysis showed an increased
occurrence of grade 3 to 5 SAEs associated with immunotherapy
in combination with chemo-radiation compared to chemo and
radiation but the effect failed to reach statistical significance.
Although some of these events may be expected due to the
immune nature of the therapies and the known effects of
chemoradiation, the majority of these were severe non-
immediately-life threatening SAEs controlled with inpatient
medication or hospitalization. The only two deadly events
found with our analysis was with the immunotherapy CpG in
the study by Ursu et al. (secondary to reactivation of hepatitis B
infection) and the peptide vaccine in Sampson’s trial (due to
pulmonary embolism). Among immunotherapy approaches, the
most common SAEs were: headache, nausea, vomiting, seizures,
constipation, diarrhea, weakness, anorexia, pyrexia, increase
transaminases, increase lipases, increase intracranial pressure,
and rash/allergic reactions. Hematological toxicities frequently
seen after immunotherapy and standard of care were:
lymphopenia, thrombocytopenia and neutropenia (For grading
criteria of the most common grade 3 to 5 SAEs found among
trials go to Supplementary Table 9).

Pneumonia andacute-renal failurewere specifically described in
one trial using cellular vaccines (46). Peptide vaccines were
specifically linked with brain edema, and one deadly event due to
pulmonary thromboembolism (48). CpG ODN and chemo-
radiation was related with post-surgical hematoma, seizures
(probably secondary to the intracerebral administration of the
agent), and with one death related with reactivation of hepatitis B
infection (although a full analysis of SAEs was not possible due to
the format used for data presentation). Gene-mediated cytotoxicity
therapy was related with hemiparesis (motor neuropathy), speech
impairment, insomnia, and wound complication (specific analysis
of SAEs 3 to 5 was not possible due to how the data was presented).

Taken together, this evidence demonstrates that although
adverse events grade 3 to 5 are more frequent in the
immunotherapy and chemo-radiation treatment when
compared with chemo-radiation only, they are mostly non-
deadly toxicities that can be managed during an inpatient
encounter or hospitalization. Importantly, our findings are in
accordance with the data described in the retrospective study of
22 trials done by Magee and colleagues in 2020, where the risk of
an adverse event grade 3 or higher was increased in the
immunotherapy arm compared with the chemotherapy arm
alone for solid tumors (71). Nonetheless, our data show that
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this trend in increased toxicity in immunotherapy was not
statistically significant.
STRENGTHS AND LIMITATIONS

The strength of our study lies in the strict inclusion and exclusion
criteria used for article selection. We used a clearly defined list
formed by several characteristics allowing us to compare control
versus combined therapy in newly diagnosed GBM patients. This
eliminated the potential of patients having received prior
treatment. Additionally, we included phase II and III clinical
trials that evaluated survival benefits (OS and PFS), as well as
toxicity (SAEs) secondary to treatment. By doing so, we were able
to perform a more reliable comparison of the results in the
control and combined groups for each study. Moreover, we
attempted to reduce heterogeneity by excluding trials that were
not specifically described as phase II or III, even if they described
OS, PFS, or adverse events related with immunotherapy.

Our study also has significant limitations, with inherent
variabilities between studies, such as sample size and different
statistical methods (HR, CIs) as well as variable modalities of
immunotherapies, radiation and chemotherapy doses. Also, in
GBM the response to chemo-radiotherapy is significantly
affected by the genetic makeup of the tumor (72) and through
analysis of biological confounding variables, such as IDH
mutations, 1p19q co-deletion, MGMT status etc, could not be
done since many trials did not include this information.
Importantly, the lack of similarity in treatment modalities and
schemes used in these studies limits a truly fair comparison of the
possible benefit of immunotherapy. Another limitation in our
study is the selection of clinical trials phase II and III, that might
bias the results due to the often benefit seen in clinical studies
phase II, that do not demonstrate benefits when tested in
multiple centers in larger cohorts during phase III trials. Our
intention is not to overestimate (or vice versa) the effect of
immunotherapy in GBM, but to demonstrate that more clinical
trials accounting for dependent and independent-patient
variables are needed to truly understand the full potential of
immunotherapy in combination with current standard of care.
CONCLUSION

In summary, our results demonstrated that the combination of
immunotherapy with standard of care chemotherapy and
radiation produced no significant survival benefit in patients.
Furthermore, the combination was not significantly associated
with an increased incidence of grade 3 to 5 SAEs, despite the
observed trend. Most of these SAEs were successfully managed
clinically, which allow us to conclude that the integration of
immunotherapy into the standard of care for GBM is relatively
safe. We believe, standardization of clinical trials in regard to
immunotherapy and chemo-radiation treatment schemes for
GBM treatment is necessary for a more accurate comparison
May 2021 | Volume 11 | Article 662302
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and analysis of these combined treatments and is warranted to
fully explore the potential benefits of this therapeutic combination.
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Inadequate sustained immune activation and tumor recurrence are major limitations of
radiotherapy (RT), sustained and targeted activation of the tumor microenvironment can
overcome this obstacle. Here, by two models of a primary rat breast cancer and cell co-
culture, we demonstrated that valproic acid (VPA) and its derivative (HPTA) are effective
immune activators for RT to inhibit tumor growth by inducing myeloid-derived
macrophages and polarizing them toward the M1 phenotype, thus elevate the
expression of cytokines such as IL-12, IL-6, IFN-g and TNF-a during the early stage of
the combination treatment. Meanwhile, activated CD8+ T cells increased, angiogenesis of
tumors is inhibited, and the vasculature becomes sparse. Furthermore, it was suggested
that VPA/HPTA can enhance the effects of RT via macrophage-mediated and
macrophage-CD8+ T cell-mediated anti-tumor immunity. The combination of VPA/
HPTA and RT treatment slowed the growth of tumors and prolong the anti-tumor effect
by continuously maintaining the activated immune response. These are promising findings
for the development of new effective, low-cost concurrent cancer therapy.

Keywords: VPA-like compounds, radiotherapy, breast cancer, TAMs, M1-like macrophages, CD8+ T, vasculature
Abbreviations: VPA, valproic acid; HPTA, 2-hexyl-4-pentynoic acid; DAB, 3,3'-diaminobenzidine; DMBA, 7,12-
dimethylbenz[a]anthracene; FBS, fetal bovine serum; HDACi, histone deacetylase inhibitor; BrdU, 5-Bromo-2′-
deoxyuridine; HE, hematoxylin and eosin; IHC, immunohistochemistry; SD, Sprague–Dawley; TBS, Tris-Buffered Saline;
TAMs, tumor-associated macrophages; CTLs, cytotoxic T lymphocytes; PD1, programmed cell death protein 1; EMT,
Epithelial–mesenchymal transition; PBMCs, Peripheral blood mononuclear cells; MDSCs, Myeloid-derived suppressor cells;
Tregs, Regulatory cells; CTLA-4, Cytotoxic T-lymphocyte-associated protein 4.

org May 2021 | Volume 12 | Article 6463841207

https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:fengzhihui@sdu.edu.cn
https://doi.org/10.3389/fimmu.2021.646384
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.646384
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.646384&domain=pdf&date_stamp=2021-05-12


Cai et al. Enhance and Prolong Radiotherapy Effect
INTRODUCTION

Breast cancer is one of the most common types of tumors in
women, and radiotherapy (RT) is a mainstay of oncology
treatment. In addition to the direct cytoreductive effect of RT
in breast cancer, emerging evidence suggests that the generation
of an anti-tumor immune response also plays an important role
in the effectiveness of this treatment modality (1, 2).

A variety of different cell types within tumors have been
described to undergo apoptosis after local irradiation, these
include T cells, stromal cells, and vascular endothelial cells,
which limited the therapeutic effect to some extent and
increased the possibility of immune escape (2). At the same
time, RT paradoxically promotes metastasis and invasion of
cancer cells by inducing the epithelial–mesenchymal transition
(EMT), and can even cause tumor recurrence (3), which are the
main obstacles to the successful treatment of cancer, and remains
the important cause of mortality in patients receiving RT (4).
New therapeutic strategies, such as combining immunotherapy
with RT are being trialed (5).

Breast cancer has a complex microenvironment consisting of
malignant cells, resident histiocytes such as adipocytes and
recruited cell types, which play an important role in the
progression of breast cancer to malignancy and resistance to
treatments (6). Among them, macrophages play a pivotal role.
Tumor-associated macrophages (TAMs), one of the main types
of immunosuppressive cells in the tumor microenvironment, are
key players in tumor immune escape, a major obstacle to cancer
immunotherapy (7, 8). In the overwhelming majority of tumors,
TAMs stimulate tumor cell migration, invasion, intravasation as
well as the angiogenic response required for tumor growth (9–
11). Clinicopathological studies have suggested that TAMs
accumulation in tumors is correlated with a poorer clinical
outcome (12). In human breast carcinomas, high TAMs
density is correlated with poorer prognosis (13). Depending on
the microenvironmental presence, macrophages are polarized
into two distinct phenotypes, the classically activated (M1) or the
alternative activated (M2) macrophages. TAMs closely resemble
the M2-polarized phenotype (14). Recent studies have shown
that polarizing TAMs toward M1 phenotype can effectively treat
tumors (15–19). This suggests that macrophages have plasticity,
which can restore the anti-tumor properties of TAMs for the
treatment of tumors (20). Therefore, TAMs are considered as
one of the important therapeutic targets to improve the efficacy
of immunotherapy, and the search for novel drugs that can
modulate the TAMs phenotype holds promise for safer and more
effective oncology treatment.

On the other hand, activation and recruitment of cytotoxic
lymphocytes (CTLs) have been recognized as key to effective
immunotherapy for solid tumors. Among them, CD8+ T cells are
essential to inhibit the occurrence and development of solid
tumors, because once these cells exert full cytotoxicity, they can
eliminate tumor cells (21). Most solid tumors include a variety of
immune cells, such as regulatory T cells and TAMs, which can
inhibit CTLs function (22, 23). It was reported that the depletion
of TAMs enhances CD8+ T cell-mediated anti-tumor immunity
in a mouse model of breast cancer (24). Therefore, therapies
Frontiers in Immunology | www.frontiersin.org 2208
targeting the immune system hold great promise for the
treatment of cancer (25, 26).

In recent years, some scholars have reported that a histone
deacetylase inhibitor (HDACi), TMP195 can switch the major
macrophage type in tumors from TAMs to the high phagocytic
macrophages in mice mammary tumors (27). In this model,
TMP195 activates immune pathways, and synergistic anti-PD1
antibodies and chemotherapy significantly inhibited tumor
development. This HDACi, which has a stable and effective
regulatory effect on the immune system, hold great potential as
it targets specifically immune cells, resistance to treatment is rare
as compared with those agents which directly act on the tumor
cells (28, 29). The other HDACi, valproic acid (VPA), a well-
tolerated anti-epileptic agent used since the 1970s, has also
received attention recently as a possible concurrent therapy to
RT. Many researchers have demonstrated that VPA-like
compounds can kill a variety of tumor cells, including glioma
(30), breast cancer (31), prostate cancer (32), while sensitizing
tumor cells to RT or chemotherapy through its effect on DNA
repair (33–35). It was not clear whether VPA and VPA-like
compounds reported sensitization of tumor cells to RT or
chemotherapy was associated with the regulation of
immune function.

Therefore, in our study, we used a well-established animal
model of breast cancer that does not affect tumor immune
function (36) to explore whether VPA and VPA-like
compounds may also have the ability to activate immune
pathways, and when co-administered with RT can better
inhibit the development of tumors.
METHODS AND MATERIALS

Establishment of a Breast Cancer Model
Detailed steps are reported in our previous article (35). In brief,
female Sprague–Dawley (SD) rats were purchased from Peng
Yue Laboratory Animal Co. Ltd., Jinan, China. The studies of
animal tissue were performed in accordance with the
requirements of the Shandong University Human and Animal
Ethics Research Committee (project identification code
81472800, approved 3 March 2014). A single dose of 1 ml
7,12-dimethylbenz[a]anthracene (DMBA) oil was administered
to 50-day-old SD rats through intragastric gavage (37, 38). At
40–60 days after gavage, primary tumors could be detected
through palpation around the breast. The tumor size, location
and appearance were recorded weekly and measured with
Vernier Caliper. Tumor volume was calculated according to
the clinical standard formula “Volume (V; mm3) = Length
(L) ∗ Width (W)2 ∗ 0.5”.

Drug Treatment and Radiotherapy in Rats
The tumor-bearing rats were given an intraperitoneal injection of
saline, VPA (BP452, Sigma) or HPTA (H0964, TCI) twice a day
for 6 consecutive days. RT was applied to rats by using X-ray
Irradiator (X-RAD225 OptiMAX, Pxi) as shown in Figure S1.
Four fractionated doses of 2 Gy were utilized in our study. The
specific methods are as follows: When irradiating, we fixed the
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rat and placed it on the round plate. And the hollow cylinder
indicated by the red arrow is used for the precise irradiation of
the tumor. The inside diameter of the hollow cylinder is 2 cm,
and the tumor was exposed to radiation here (as indicated by the
red arrow). And the X-ray aperture was selected to match the
diameter of the tumor. The cylinder is made of solid copper,
allowing full protection of the rest of the body.

BrdU Incorporation and HE Staining
5-Bromo-2′-deoxyuridine (BrdU) (B5002, Sigma) was injected
intraperitoneally at a dose of 100 mg/kg 24 h before tissue
harvest. Tumor tissues and normal breast were fixed overnight
in 4% paraformaldehyde solution, embedded in paraffin and
serially sectioned 5 mm thick for hematoxylin and eosin (HE)
staining according to the manufacture’s procedures guideline.

Immunohistochemistry (IHC)
The avidin–biotin immunoperoxidase method was used for
deparaffinized zinc formalin-fixed, paraffin-embedded sections.
Specific methods are detailed in our previous article (27). The
primary antibodies including CD11b (1:5,000, ab133357,
Abcam), F4/80 (1:200, 123101, BioLegend), CD68 (1:500,
GB11067, Servicebio), Cleaved caspase-3 (1:300, 9661, Cell
Signaling), BrdU (1:50, B44, BD), Ki67 (1:400, 12202, Cell
Signaling), CD8 (1:500, GB11068, Servicebio), granzyme-B
(1:200, sc-8002, Santa Cruz), followed by incubation with
secondary antibodies: biotinylated goat anti-mouse IgG (1:300,
BA-9200, Vector), biotinylated goat anti-rat IgG (1:300, BA-
9400, Vector) and biotinylated goat anti-rabbit IgG (1:300,
BA-1000, Vector). Images were taken through a light
microscope (Olympus).

Immunofluorescence
Specific methods are detailed elsewhere (33, 39). The primary
antibodies including CD11b (1:1,000, ab133357, Abcam), F4/80
(1:200, 123101, BioLegend), EpCAM (1:200, sc-66020, Santa
Cruz), CD31 (1:200, GB12063, Servicebio), followed by
staining with Alexa Fluor® 594 goat anti-mouse IgG(H+L)
(1:300; A11032, Molecular probes), Alexa Fluor® 488 chicken
anti-rabbit IgG(H+L) (1:300; A21441, Molecular probes). Images
were taken using Zeiss 880 Confocal Microscope and analyzed
on Leica Microsystems imaging software. Composite images and
pseudo-colored images were generated using Fiji software and
images were captured using a laser confocal microscope.

Real-Time Quantitative Reverse
Transcriptase PCR (qRT-PCR)
The tumors were rapidly extracted after the tissues were
harvested, snap-frozen in liquid nitrogen, and stored at −80°C
before being used for qRT-PCR analysis. The RNA was extracted
from whole tumor tissue according to the RNA prep Pure Tissue
Kit (Tiangen) protocol. For the cellular experiment, we extracted
RNA according to the FastPure Cell/Tissue Total RNA Isolation
Kit (vazyme) and the isolated RNA was quantified by NanoDrop
ND-2000 spectrophotometer (Nadro Drop Technologies,
Wilmington, DE, USA). cDNA synthesis was performed using
the ReverAid First Strand cDNA Synthesis Kit (Thermo). Finally,
Frontiers in Immunology | www.frontiersin.org 3209
specific primers and Maxima SYBR Green (Thermo) were used,
and qRT-PCR analysis was performed on Light Cycler® 480II
(Roche Applied Science, Indianapolis, IN, USA) using 1 mL of
each primer and 1 mL of cDNA. The levels of the relative genes
and the internal reference gene (GAPDH) expressed were
measured, and the Ct values (threshold cycle number) of the
target gene and the reference gene were calculated according to
the Light Cycler® 480 Software release 1.5.0 SP4 software, use
2−DD Ct method. Sample from the DMBA-induced breast cancer
was used as control sample, and the expression of the target gene
of each group was compared. DDCt = experimental group DCt −
control group DCt, DCt = (average Ct of the target gene of the
control sample - average Ct of the control sample GAPDH) (40,
41). The primer sequences used in this study are listed in
Table S1.

Cell Culture
MCF7 and RAW264.7 cell lines were purchased from American
Type Culture Collection (ATCC) and maintained in DMEM
(12100046, Gibco) medium with 10% Fetal Bovine Serum
(10270106, Gibco) and 1% Penicillin-Streptomycin (V900929,
Sigma). All cells were confirmed to be mycoplasma-free, and
maintained at 37°C and 5% CO2.

Cytokine Detection in Macrophage Lysate
MCF7 cells were seeded in P60 dishes followed by 500mM VPA,
15mMHPTA and 100 ng/ml LPS (L8880, Solarbio) treatment for
24 h. The culture was centrifuged to collect the medium
supernatant, which is subsequently added to the P35 dishes
seeded with RAW264.7 cells. After 24hrs, RAW264.7 cells were
lysed by repeated freeze-thawing in PBS, and lysates were
collected. Cytokines detection (IL-12, IL-10, TNF-a, IFN-g)
were performed using ELISA kits (1211232, 1211002, 1217202,
1210002, DAKEWE, China).

Primary Culture and Stimulation of
Human Peripheral Blood Mononuclear
Cells (PBMCs)
Whole blood samples were collected from healthy donors after
obtaining informed consent in accordance with the National
Regulations on the Administration of Human Genetic Resources,
China. The ethics for this part of the study was approved by the
Shandong University Human and Animal Ethics Research
Committee’s requirements (project identification code
81472800, approved on 3 March 2014). PBMCs were isolated
from whole blood using Lymphocyte Isolate (LTS1007-1,
TBDScience, China) density gradient centrifugation. The
PBMCs were maintained in RPMI 1640 (12633012, Gibco)
medium with 10% Fetal Bovine Serum (10270106, Gibco) and
1% Penicillin–Streptomycin (V900929, Sigma).

PBMCs were isolated, and cells were seeded at 5 × 105 in 24-
well plate coated with CD3 (5 mg/ml) (B287689, BioLegend) at
4°C overnight, 500 ml/well, and added to CD28 (1 mg/ml)
(B281555, BioLegend) with IL-2 (10 ng/ml) (031612,
PEPROTECH) and maintained at 37°C and 5% CO2 for 3
days. Subsequent experiments were performed after sufficient
cells were reached.
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Flow Cytometry
Lysates were extracted following the macrophage factor detection
step and added to the already activated PBMC cells at a 1:3 of
medium volume ratio for 5 days in culture. Then PBMCs were
collected, washed three times with PBS, incubated with the CD3
(B278047, BioLegend), CD4 (B310677, BioLegend) and CD8
(B311544, BioLegend), and centrifuged to collect cells. Cells
were washed three more times with PBS and resuspended as a
single cell suspension for flow cytometry.

Co-Culture of Tumor Cells With PBMCs
Lysates were extracted following the macrophage factor detection
step and added to the already activated PBMC cells at a 1:3 of
medium volume ratio for 5 days in culture. 4 × 105 MCF7 cells
were seeded on the lower chamber of the transwell (Corning
#3412, 24 mm Transwell® with 0.4 µm Pore Polycarbonate
Membrane Insert), and 2 Gy irradiation treatment was
administered after the cells had fully adherent growth. At the
end of irradiation, 2 × 105 PBMC cells cultured for 5 days were
transferred to the upper chamber of the transwell for co-cultured
for 24 h. The tumor cells in the lower chamber were subjected to
MTT to detect the number of viable cells.

MTT
MCF7 cells were seeded in lower chamber of a 6-well transwell at
a density of 4 × 105 cells per well. Following treatments, MTT
solution (5 mg/ml, Sigma) was added to the treated cells and
incubated for 4 h at 37°C. Then the medium was replaced with
dimethyl sulfoxide. After mixing, 120 ml was added to each well
in a 96-well plate. The absorbance of the solution was measured
using an enzyme immunoassay analyzer at 540 nm.

To determinate the effect of IR on the growth of macrophage,
RAW264.7 were seeded at a density of 2 × 103 cells per well in 96-
well plate, and treated with 4 and 8 Gy after the cells had attached,
and the growth of the cells observed by MTT assay after 72 h.

Statistical Analysis
All statistical analyses were performed with Student’s t-test on
SPSS Statistics for Windows, version 23.0 (Armonk, NY: IBM
Corp; licensed to Shandong University) and represented as mean ±
SD. The P values were designated as: *, P <0.05; **, P <0.01,
indicating a statistically significant difference.
RESULTS

VPA/HPTA Enhanced Radiotherapy Effect
to Inhibit Tumor Growth in Rats With
Breast Cancer
To study whether VPA/HPTA can enhance the effect of
radiotherapy in vivo, we used the primary breast cancer model
in rats induced by the environmental carcinogen DMBA, which
was previously described and employed in related studies (33, 35,
36). In brief, around 40 days after DMBA gavage to female SD
rats, lumps in the breast sites were found. The shape of lumps
in the location of mammary glands was irregular (Figure 1A).
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By HE staining, when compared with the normal breast tissue,
a monotonous population of cells, poorly circumscribed,
infiltrating the surrounding soft and adipose tissues, cords and
nodules of atypical epithelial cells, with some duct or gland
formation, indicating that breast cancer in rats was successfully
induced. Next, the dose of VPA/HPTA and radiotherapy
were determined for the tumor treatment in this animal
model. Reported studies of VPA on glioblastoma utilized
intraperitoneal injection of VPA in the range from 150 to 600
mg/kg (42), here, we choose 200 mg/kg as the treatment dose of
VPA, which was the same as that used to treat the cells (0.5 mM)
in our working system (33, 35). 20 mg/kg HPTA was adopted as
this is closest to the 200 mg/kg VPA previously utilized in cell
culture (0.015 mM) (34). Four fractionated doses of 2 Gy, based
on previous studies, were utilized (43, 44). The workflow of our
experimental design is detailed in Figure 1B upper.

During the early observation, the growth of tumors in VPA/
HPTA-treated rats was inhibited (P <0.05). Compared with the
RT-alone group, the reduction of breast cancer volume in the
VPA/HTPA treatment groups was significantly more (P <0.01).
On the 10th day post-treatment, the morphological structure of
tumors was observed by HE staining (Figure 1C). The VPA/
HPTA treatment led to vacuole structures formation in the breast
cancer tissue as compared with the untreated control group; there
were more vacuoles structures and number of necrotic cells after
the RT, and larger necrotic areas and cells were seen in the tissues
in the combination treatment groups. The morphological results
are consistent with the above findings. The results demonstrated
that 200 mg/kg VPA or 20 mg/kg HPTA can effectively enhance
RT for breast cancer in our rat working model.

We next tested the cell proliferation ability in the tumor using
both BrdU and Ki67 markers. BrdU IHC staining results showed
that VPA/HPTA treatment significantly reduced the proliferation
of tumor cells, the reduction was significantly greater in the
combination treatment groups (P <0.01, Figure 1D). Similar
results were noted with the Ki67 proliferation marker (P <0.01,
Figure S1A). The IHC findings were consistent with the gross
observation and measurement. In conclusion, we highlight that
the combination of both treatment modalities is superior to each
treatment modality alone.

VPA/HPTA Activates the Macrophages
and Reprograms TAMs Polarization
Towards M1 Phenotype in Irradiated
Breast Tumor at the Early Stage
of the Treatment
Other scholars had reported that TMP195 has a macrophage-
mediated immune effect (27), so we next studied the
macrophages in the tumor microenvironment to investigate
whether VPA and VPA-like compound (HPTA) may have a
similar effect during RT treatment in our working model.

We used the macrophage marker F4/80 for IHC staining
(Figure 2A) and found that after VPA/HPTA treatment, the
macrophages increased significantly in the tumor, while in the
combination treatment groups, there were a further substantial
increased (P <0.01). Similar results were observed for the other
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macrophage marker, CD68 (P <0.01, Figure S2). The data
indicate that the immune system is activated by VPA/HPTA in
response to RT.

TAMs, being a M2 macrophage, play a key role in cancer
immune escape. We next investigate whether VPA/HPTA
treatment may be able to switch the polarization of
macrophages to the pro-inflammatory M1 phenotype. As shown
in Figure 2B, VPA/HPTA treatment alone significantly promoted
an increase in the cell population expressing M1 marker (CD86;
P <0.01) and M1 function markers (IL-12, IL-6, MHC-II, IFN-g
and TNF-a; P <0.01) at the transcriptional level in the tumor. The
M2 macrophage marker (CD209 and CD163) and the function
marker (IL-10) also had no significant change. For the RT-alone
group, M2 macrophages, but not M1 macrophages, were
significantly increased compared with the untreated control
group. Meanwhile, in the combination treatment groups, the
increase in M1 marker and function markers and decrease in
M2marker (CD209 and CD163) and function marker (IL-10) was
Frontiers in Immunology | www.frontiersin.org 5211
further amplified (P <0.01). The data suggest that VPA/HPTA can
reverse and further activate the RT-induced immune pathway at
the early stage after the RT treatment.

VPA/HPTA Regulates Myeloid-Derived
Macrophages to Enhance Radiotherapy
Effect in Breast Cancer at the Early Stage
of Treatment In Vivo
We next explore the origin of the macrophages which were
recruited into the tumor microenvironment by VPA/HPTA.
Some scholars have reported that CD11b, a marker of
myeloid-derived differentiated cells, can promote bone marrow
cells to develop into macrophages and then inhibit tumor growth
(45). Therefore, we performed IHC analysis of tumor tissues in
each group with CD11b, the results showed that CD11b+ cells
were significantly increased after VPA/HPTA treatment (1.76 ±
0.24/2.11 ± 0.31) (P <0.01, Figure 3A), there was a small increase
after RT-alone (0.95 ± 0.15, P <0.05). We noticed a substantial
A

B

D

C

FIGURE 1 | VPA/HPTA enhanced radiotherapy effect to inhibit tumor growth in rats with breast cancer (A) Normal breast and DMBA-induced breast cancer of rats
under gross observation. HE staining for the morphology of normal tissue and DMBA-induced breast cancer. (B) The tumor-bearing rats were given intraperitoneal
injection of saline, 200 mg/kg of VPA or 20 mg/kg of HPTA twice a day for 6 consecutive days in combination with 2Gy of radiotherapy once a day for 4 consecutive
days. The change in tumor volumes in different groups after treatment, which was normalized by untreated group. (C) HE staining for the morphology of tumors in
different groups. (D) IHC was performed on tumor sections with BrdU, a marker of proliferation. Quantitation as a percentage of total tissue is shown to the right of
representative images. Each data point in the graphs was from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05,
**P < 0.01).
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increase in CD11b+ cells with the combination treatment (4.42 ±
0.94/4.14 ± 0.91) (P <0.01). The data demonstrate that VPA/
HPTA can induce an increase in CD11b+ cells in the tumor.

Next, to verify the source of VPA/HPTA-induced
macrophages, we employed co-localization staining of CD11b
and F4/80 markers. As shown in Figure 3B, all F4/80+ cells co-
localized with CD11b, and the proportion of the cells (CD11b+,
F4/80+) increased significantly after VPA/HPTA treatment
(29.4%/27.5%) (P <0.01, Figures 3C and S3A). This proportion
was further increased in the combination treatment groups
(52.2%/49.4%) (P <0.01), but not in the RT-alone group
(P >0.05). The data demonstrate that the increased macrophages
in the tumormay be of myeloid origin, which can be recruited into
the tumor microenvironment by VPA/HPTA.

To distinguish whether the increased macrophage population
were the resident macrophages in the tumor, the ability of
Frontiers in Immunology | www.frontiersin.org 6212
RAW264.7 macrophages was tested after IR and VPA/HPTA
combination treatment by MTT assay in vitro. We found that the
ability of the macrophages irradiated with 4 and 8Gy was
significantly decreased (Figure S3B, P <0.01); however, VPA/
HPTA treatment did not cause a further decrease in the cell
ability (P >0.05). We concluded that the previously observed
increased macrophage population is likely from non-tumor
resident macrophages, the myeloid-derived macrophages may
be recruited from other tissues.

VPA/HPTA-Activated Macrophages Are
Highly Phagocytic in Breast Tumors at the
Early Stage of Treatment In Vivo
To determine the effect of VPA/HPTA-activated macrophages
on tumors, we found that the proportion of apoptotic cells
(Cleaved caspase-3+) was increased after VPA/HPTA
A

B

FIGURE 2 | VPA/HPTA activates the macrophages and reprograms TAMs polarization towards M1 phenotype in irradiated breast tumor at the early stage of the
treatment (A) IHC was performed on tumor sections with the macrophage-specific marker F4/80 to assess infiltration of macrophages, and representative
quantitation and images are shown. (B) The mRNA expression levels of CD86, CD209, CD163, MHC-II, IL-10, TNF-a, IFN-g, IL-6 and IL-12 in DMBA-induced breast
tumors in rats were determined by real-time PCR. Data were normalized to untreated group. Each data point in the graphs was from three independent experiments
(mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
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treatment and RT-alone treatment, this was further increased
after the combined treatment (2.03 ± 0.43/1.90 ± 0.41, P <0.01,
Figure 4A), suggesting that the combination treatment
promoted the apoptosis of tumor cells.

Phagocytosis of breast tumor cells was quantified as the
proportion of F4/80+ macrophages that contain intracellular
EpCAM, a marker of breast tumor cells. By co-localization
staining with F4/80 and EpCAM markers (Figure 4B), we
found that the proportion was increased significantly both in
the VPA/HPTA-alone and the combination treatment groups
(89.61%/87.73%) (P <0.01, Figures 4C and S4). Thus, the
macrophages induced by VPA/HPTA are highly phagocytic,
which we concluded is helpful to enhance the RT effect in
eliminating tumor cells.

VPA/HPTA Reinforces the Anti-Tumor
Effect of Radiotherapy by Activating CD8+

T Cell-Dependent Anti-Tumor Response
and Inducing Vascular Normalization In
Vivo at the Early Stage of the Treatment
TAMs can target CD8+ T cells and inhibit immune rejection of
tumor cells through various mechanisms (46), while IL-12
secreted by M1 cells can activate CD8+ T cells to stimulate an
anti-tumor response in solid tumor models (47, 48). CD8+ T cells
mediate the most important anti-tumor immune response in vivo,
and most cancer immunotherapy approaches aim to evoke,
Frontiers in Immunology | www.frontiersin.org 7213
promote and enhance the specific anti-tumor activity of CD8+ T
cells (49). Since we found that VPA/HPTA promoted pro-
inflammatory M1 phenotype and increased IL-12 expression in
our study, we next examined whether VPA/HPTA can activate
CD8+ T cells to be involved in the anti-tumor response. The results
in Figure 5A showed that VPA/HPTA treatment induced an
increase in CD8+ T cells population (P <0.01), which was also
modestly increased in the RT-alone treatment group (P <0.05).
The combination treatment further significantly increased the
CD8+ T cells population (19.85 ± 5.61/20.00 ± 5.43) (P <0.01).
Granzyme-B, the functional marker of CD8+ T cells, was also
increased in the combination treatment groups (Figure 5B),
indicating that VPA/HPTA activated the CD8+ T cells and thus
enhanced the RT effect in the tumor, whichmay be associated with
IL-12 secreted by anti-tumor M1-type macrophages.

The tumor-promoting TAMs contribute to abnormalities in
tumor vasculature (9, 50–52), while anti-tumor M1 macrophages
are associated with anti-angiogenic effects including vascular
pruning and normalization (53). Studies have shown that IFN-g
can interfere with the integrity of blood vessels and affect the
progression of tumors (27, 39). Since we discovered that VPA/
HPTA increased mRNA level of IFN-g of M1 function markers in
our study, we next examine whether VPA/HPTA can influence
angiogenesis in the tumor. The results of CD31, the markers of
endothelial blood vessel, demonstrated that VPA/HPTA
treatment, as well as the RT-alone treatment, reduced the size,
A

B C

FIGURE 3 | VPA/HPTA regulates myeloid-derived macrophages to enhance radiotherapy effect in breast cancer at the early stage of treatment in vivo (A) IHC was
performed on tumor sections with the myeloid marker CD11b to assess infiltration, representative quantitation and images are shown. Immunofluorescence co-
staining of myeloid derived cells (CD11b+: green) and macrophages (F4/80+: red), and representative images (B) and quantitation (C) are shown. Each data point in
the graphs was from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
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density and aberrantly branches of the vasculature, and the effect
was augmented in the combination treatment groups (Figure 5C).
These findings suggest that VPA/HPTA combined with
radiotherapy can inhibit tumor neovascularization, such action
is associated with IFN-g secreted by anti-tumor M1 macrophages
exhibiting anti-angiogenic properties.

VPA/HPTA Prolong the Radiotherapy
Effect of Breast Cancer via Maintaining the
Durability of Anti-Tumor Immune
Response In Vivo
Our results on the tumor growth revealed an interesting
phenomenon. As shown in Figure 1B, the tumor volume
significantly decreased in the first week after the RT-alone
treatment, and then started to increase after that. At the end of
the observation period (70 days), the tumor volume elevated to
about 2.5 times than that before RT treatment. Surprisingly, for
the combination treatment groups, the tumor volume grew
slowly after an initial decrease in the first week, and
subsequently the tumor volume was increased about 0.5 times
than that before the treatment at the end of the observation
period, indicating that both VPA and HPTA could significantly
prolong the RT effect in inhibiting tumor growth. We speculated
that this effect may be associated with anti-tumor immune
response activated at the early stage of the treatment, so we
Frontiers in Immunology | www.frontiersin.org 8214
further analyzed the immune state in the tumor at 70 days
after treatment.

Firstly, HE staining showed that there were still large necrotic
areas and cells in the combination treatment groups (Figure S5A).
The results of BrdU showed that the cells in the untreated group
were still high-proliferative, the proliferative capacity in the RT-
alone group was the same as in the VPA/HPTA-alone groups,
which was consistent with the tumor growth (Figure 1B), but was
lower than that in the untreated control group (P <0.01). While,
the combination treatment groups still showed much lower
proliferative capacity (P <0.01, Figures 5B and 6A). Similar
findings were noted with Ki67 (P <0.01, Figure S5C). The data
indicate that the tumor growth was inhibited in the combination
treatment at the later stage of RT treatment.

Subsequently, F4/80 IHC results suggested that macrophages
were still active in the combination treatment group (P <0.01,
Figures 6B and S5D), although not as evident as in the early stage,
as can be seen largely by the CD68 staining (P <0.01, Figure S5E).
We further analyzed the macrophage phenotype and its function.
The increase of CD86+ M1-type population (P <0.01) and mRNA
level of M1 function markers (IL-12, IL-6, MHC-II, IFN-g and
TNF-a; P <0.01) and the decrease of CD209+/CD163+ M2-type
population (P <0.05) and mRNA level of M2 function marker
(IL-10; P <0.01) were also observed in the combination treatment
groups but not in RT-alone group (Figure 6C). Such effects are not
A

B C

FIGURE 4 | VPA/HPTA-activated macrophages are highly phagocytic in breast tumors at the early stage of treatment in vivo (A) IHC was performed using the
cleaved caspase-3 to identify apoptotic bodies within macrophages, representative images and quantitation are shown. Phagocytosis of breast tumor cells was
quantified as the proportion of F4/80+ macrophages (red) that contain intracellular EpCAM+ (green), a marker of breast tumor cells by immunofluorescence,
representative images (B) and quantitation (C) are shown. Data were normalized to untreated group. Each data point in the graphs was from three independent
experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
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as strong as in the early stage of the treatment (Figure 2B). The
increased of CD8+ T cell population (Figure 6D) with higher
expression of granzyme-B (Figure 6E) and a reduction in vascular
(Figure 6F), under the combination treatment were also observed,
supporting the hypothesis that VPA/HPTA prolonged the RT
effect by maintaining anti-tumor immune response through the
later stage of treatment.

VPA/HPTA Can Directly Promote M1
Polarization of Macrophages to Activate
Anti-Tumor Response of CD8+ T Cells
In Vitro
To verify VPA-like compounds can directly reprogram M1
polarization and activate anti-tumor response, the conditional
Frontiers in Immunology | www.frontiersin.org 9215
medium experiment was employed for this study. Firstly, to
manipulate the environment for tumor cell growth, the
conditional medium, which was from the culturing breast
cancer cell line MCF7, was used to incubate the macrophage
cells, RAW264.7, thus to investigate the effect of VPA/HPTA on
RAW264.7 polarization. The experiment design was shown in
Figure 7A. As a negative control, regular medium was used.
Both the qRT-PCR and ELISA experiments demonstrated a
significant decreased in the level of the M1 marker CD86 and
its secreted cytokines (IL-12, IFN-g, and TNF-a), and a
significant increase in M2 secreted cytokine IL-10 were
observed after VPA/HPTA treatment (P <0.01), although the
significant changes in the level of the M2marker CD209 were not
observed (Figures 7B, C). The results indicate that VPA/HPTA
A
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C

FIGURE 5 | VPA/HPTA reinforces the anti-tumor effect of radiotherapy by activating CD8+ T cell-dependent anti-tumor response and inducing vascular
normalization in vivo at an early stage of the treatment. (A) IHC was performed on tumor sections for the marker CD8. Quantitation as a percentage of total tissue is
shown to the right of representative images. (B) IHC was performed on tumor sections with the marker granzyme-B. Quantitation as a percentage of total tissue is
shown to the right of representative images. (C) Immunofluorescence staining of tumor vessels (CD31+: green) and representative images are shown. Each data
point in the graphs was from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
May 2021 | Volume 12 | Article 646384

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


Cai et al. Enhance and Prolong Radiotherapy Effect
can induce M2 polarization of macrophages under a normal
culture environment.

With the conditional medium, through both qRT-PCR and
ELISA, a significant elevation of the level of CD86 and the
cytokines (IL-12, IFN-g, and TNF-a) (P <0.01) and a
significant decrease of the level of CD209 and IL-10 were found
after VPA/HPTA treatment (P <0.01). The results indicate that
VPA/HPTA can directly promote M1 polarization under tumor
cell growth environment (Figures 7B, C).

We also used LPS as a positive control for this study. The
results indicated that LPS can induce M1 polarization of
macrophages under regular medium and conditional medium
(Figures 7B, C), consistent with other reports (54, 55),
suggesting that our experimental design was reliable.

Cell lysate from the macrophages was further used to incubate
MCF7 cells to test for cell viability (Figure 7D). We found that
the relative survival fraction of VPA/HPTA-alone was
comparable to RT-alone treatment. The combination treatment
resulted in further inhibited cell growth (P <0.01).

We concluded from the above results that VPA/HPTA can
directly induce macrophage M1 polarization in the tumor
Frontiers in Immunology | www.frontiersin.org 10216
environment, and activate macrophage-mediated anti-tumor
immunity for enhancing the effects of radiotherapy to tumor.

Since VPA/HPTA can directly induce M1 polarization and
result in the increase of IL-12 level, we next test the effect of VPA/
HPTA-induced M1 polarization on CD8+ T cells in vitro. The cell
lysate from the VPA/HPTA-treated macrophage RAW264.7 was
used to treat isolated mononuclear cells extracted from venous
blood from healthy donors, at the same time the isolated
mononuclear cells were activated with anti-CD3/CD28. The
experimental design was shown in Figure 7E. After treatment
for 5 days, the mononuclear cells were labeled with the antibodies
of CD3 and CD8 for isolating CD8+ T cells by flow analysis. The
results showed that VPA/HPTA significantly increased the number
of CD3+CD8+ T lymphocytes (Figure 7F, P <0.05), indicating that
VPA/HPTA-induced M1 polarization can promote the
proliferation of CD8+ T cells. Next, to further illustrate the effect
of activated CD8+ T cells on the growth of tumor cell MCF7
(Figure 7G), the PBMCs treated by VPA/HPTA-treated
macrophage lysate were co-cultured with MCF7 cells for 48 h.
We found the viability of MCF7 cells was inhibited by VPA/
HPTA-alone and RT-alone treatment (P <0.05), this was further
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FIGURE 6 | VPA/HPTA prolong the radiotherapy effect of breast cancer via maintaining the durability of anti-tumor immune response in vivo Tumor tissues were
analyzed 70 days after treatment. Quantitative analysis of BrdU (A) and F4/80 (B) immunohistochemistry. (C) The mRNA expression levels of CD86, CD209, CD163,
MHC-II, IL-10, TNF-a, IFN-g, IL-6 and IL-12 in DMBA-induced breast tumors in rats were determined by real-time PCR. Data were normalized to the untreated
group. (D) IHC was performed on tumor sections for the marker CD8. Quantitation as a percentage of total tissue is shown to the right of representative images.
(E) IHC was performed on tumor sections for the marker granzyme-B. Quantitation as a percentage of total tissue is shown to the right of representative images.
(F) Immunofluorescence staining of tumor vessels (CD31+: green) and representative images are shown. Each data point in the graphs was from three independent
experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
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reduced in the combination treatment groups (P <0.01). The
results suggested that VPA/HPTA not only can activate
macrophage-mediated anti-tumor immunity but also can activate
macrophage-CD8+ T cell-mediated anti-tumor immunity to
enhance the effects of RT to tumor, thus supported the earlier
in vivo results.
DISCUSSION

In this study, we demonstrate that VPA/HPTA evokes immune
activation by mobilizing myeloid-derived macrophages and
triggering M1 polarization in a DMBA-induced rat breast
cancer model. These reprogrammed macrophages led to
subsequent T cell recruitment and activation, vascular
normalization, and tumor suppression (Figure 8). Our findings
support the proposition of VPA/HPTA as an adjuvant therapy to
low-dose radiotherapy in breast cancer; VPA/HPTA enhances
and prolongs the RT effect on breast cancer by activating and
maintaining the anti-tumor immune function.
Frontiers in Immunology | www.frontiersin.org 11217
Persistent Immune Activation Is the Key to
Prevent Tumor Recurrence
RT has been the mainstay of oncological treatment of breast cancer
since the 1900s; today, about 50–60% of cancer patients continue to
receive this treatment modality. However, the resistance of tumor
cells to RT and high cancer recurrence rate has been reported (56).
Understanding the mechanism of radiation resistance in breast
cancer is of clinical importance. The tumor microenvironment has
been known to influence the response to RT, specifically
lymphocytes, monocytes and macrophages are particularly
radiosensitive. Furthermore, ionizing radiation has an effect on
the vascular endothelium and affects the recruitment of anti-tumor
T cells into the tumor site, as well as initiating adaptive and innate
immune responses that can result in systemic anti-tumorigenic
effects both inside and outside of the irradiation field.

Studies have shown that cancer immunotherapy achieves a
durable clinical response in patients with advanced cancer, who
are refractory to conventional treatment (57). While RT can also
activate the immune system to some extent (58), it is limited by
the dose and frequency of RT. Such RT-induced immune
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FIGURE 7 | VPA/HPTA can directly promote M1 polarization of macrophages to activate anti-tumor response of CD8+ T cells in vitro (A) Protocol for MCF7
conditional medium and macrophage polarization experiment. (B) qRT-PCR analysis of markers (CD86 and CD209) of reprogrammed RAW264.7 macrophages
under different treatment conditions. (C) qRT-PCR and ELISA analysis of cytokines (TNF-a, IFN-g, IL-10 and IL-12) of reprogrammed RAW264.7 macrophages under
different treatment conditions. (D) The survival of MCF7 cells treated with macrophage lysate was detected by MTT assay. (E) Protocol for extraction and activation
of PBMCs and the co-culture with MCF7 cells. (F) Flow cytometric analysis of the effect of macrophage lysates on CD8+ T lymphocytes. (G) MTT results of survival
of MCF7 cells after co-culture. Each data point in the graphs was from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test
(*P < 0.05, **P < 0.01).
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activation is short-lived and tumors are prone to recurrence.
Therefore, safer and more effective immune activators are
needed to supplement and complement RT.

VPA-Like Compounds Are Ideal Immune
Activators, Which Can Activate the Anti-
Tumor Response of CD8+ T Cells and
Enhance and Prolong the Curative Effect
of Radiotherapy
The microenvironment plays an important role in the progress of
breast cancer and its resistance to treatment (36). Most solid
tumor microenvironments tend to have a certain amount of
TAMs and are associated with tumor invasion and poor
prognosis (17–19, 59). TAMs were found to enhance
malignancy by stimulating angiogenesis, inducing tumor cell
migration, invasion and infiltration, and inhibiting anti-tumor
immunity in mouse models (60). In our working model, VPA/
HPTA induces an increase in myeloid-derived macrophages and
activates polarization toward a M1 phenotype that is pro-
inflammatory and has phagocytic capacity.

Analysis of breast cancer patients indicates that a low ratio of
macrophages to CD8+ T cells is associated with poorer survival,
suggesting that macrophages may play a major role in suppressing
T cell activity against tumors (61). CD8+ T cells play a key role in
anti-tumor immunity, but their activity is inhibited in the tumor
microenvironment, therefore tumors can escape immune attack
by various mechanisms of immunosuppression (62–65). The
Frontiers in Immunology | www.frontiersin.org 12218
cytotoxicity of reactivated CD8+ T cells has important clinical
significance in cancer immunotherapy. Here, we explored a novel
combination treatment modality that activates the anti-tumor
CD8+ T ce l l s t h rough r e gu l a t i on o f t h e tumor
microenvironment to enhance the efficacy of RT. We
demonstrate that VPA/HPTA can reprogram macrophages in
tumors, activate CD8+ T cell-mediated anti-tumor immune
response, and enhance radiotherapy efficacy.

Additional Implementation of Immune
Checkpoint Inhibitors May Have a Further
Positive Impact on the Treatment Efficacy
in Our Model
Immune checkpoints are immunosuppressive pathways that
maintain self-tolerance and protect surrounding tissues by
modulating immune responses, a property that tumor cells
exploit to evade attack by immune cells. Currently, two of the
most extensively studied immune checkpoint targets in tumors
are Cytotoxic T lymphocyte associated antigen 4 (CTLA-4) and
the PD-1 receptor. Immune checkpoint inhibitors release the
“immune brakes” in the tumor microenvironment, reactivate the
immune response effect of T cells on tumors, thereby achieving
anti-tumor effects. It is also of interest whether immune
checkpoint inhibition and other immunotherapies can be
combined to better exert anti-tumor effects.

Studies have reported that the triple combination of anti-
CTLA-4, anti-PD-1, and G47D-mIL12 was able to cure most
FIGURE 8 | The model of VPA/HPTA to enhance and prolong the radiotherapy effect by activating and maintaining anti-tumor immune response. Breast tumors in
rats induced by DMBA contain abundant vasculature and pro-tumor macrophages (TAMs) that suppress the function of CD8+ T cells (left). Myeloid-derived cells are
recruited to tumor sites, differentiate into macrophages, and further polarize toward M1 phenotype, thus promote inflammatory response. CD8+ T cells are activated,
granzyme-B is secreted possibly through the IL-12 pathway, thereby killing tumors. The vasculature of tumors becomes sparse, possibly due to stimulation by IFN-g.
At the same time, the combination treatment not only effectively improve the effect of radiotherapy during the immediate exposure, the concurrent therapy also delay
the growth of tumors and prolong the anti-tumor effect by continuously activating the immune response to compensate for recurrence after radiotherapy.
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mice of glioma (66, 67). This treatment was associated with
macrophage influx and M1-like polarization, along with increased
T effector to T regulatory cell ratios. Among them, G47D-mIL12
induces M1-like polarization in TAMs. This synergy may permit
low dose of the immune checkpoint inhibitors to reduce potential
adverse effects (67). In our study, VPA/HPTA seems to act similarly
to G47D-mIL12 by mobilizing macrophages to recruit and trigger
M1 polarization, suggesting that administration of immune
checkpoint inhibition (anti-CTLA-4, anti-PD-1) in our model
may potentially achieve better therapeutic outcomes.
Furthermore, VPA has been used clinically for decades and is a
low-cost alternative to the currently available immune checkpoint
inhibitor such as ipilimumab, pembrolizumab and nivolumab,
especially so for resource-constraint countries.

It was previously shown that the combination of RT, anti-
CTLA4, and anti-PD-L1 promotes immunity through distinct
mechanisms. Anti-CTLA4 predominantly inhibits T regulatory
cells (Tregs) to increase the CD8 T cell to Treg (CD8/Treg) ratio.
RT enhances the diversity of the T cell receptor (TCR) repertoire
of intratumoral T cells. Together, anti-CTLA4 promotes
expansion of T cells, while RT shapes the TCR repertoire of
the expanded peripheral clones. PD-L1 blockade reverses T cell
exhaustion and attenuates the decrease in the CD8/Treg ratio,
further encourages oligo-clonal T cell expansion (68). This
suggests that the combination of RT with immune checkpoint
inhibitor can improve tumor immunotherapy efficacy. Thus, we
speculate that the addition of immune checkpoint inhibitor to
existing treatment modalities may have a further positive impact
on treatment efficacy.

The Specific Immune Activation
Mechanism and More Reasonable
Strategies of VPA-Like Substances Need
to Be Further Explored
We found that CD11b+ cells infiltrate tumors, but did not determine
which stimuli and receptors were involved in this recruitment. There
are several possibilities for the exact source of recruitment of
CD11b+ cells and we cannot completely exclude the presence of
CD11b+ MDSCs (Myeloid-derived suppressor cells). However,
MDSCs, as immunosuppressive cells, induce the generation of
Tregs (Regulatory cells) (69), promote the transformation of
macrophages from M1 to M2 phenotype (70), thus leading to
increased TAMs differentiation and vascular endothelial cells (71)
as well as inhibiting the killing of tumor cells by T cells (72) to
achieve anti-tumor immunosuppression. In our study, TAMs were
polarized from M2 phenotype to M1 with VPA/HPTA-alone
treatment as well as in combination with RT. Meanwhile, CD8+ T
cells were induced to secrete granzyme B to restrain tumor, and
CD31 immunofluorescence staining also indicated that the tumor
vessels became sparse. These findings all confirmed that the
recruited CD11b+ cells were not MDSCs; if any, minimal. Study
has reported additional roles for CD11b (45): CD11b activation
promotes pro-inflammatory macrophage polarization by
stimulating the expression of microRNA Let7a. In contrast,
inhibition of CD11b prevents Let7a expression and induces cMyc
expression, leading to immune suppressive macrophage
Frontiers in Immunology | www.frontiersin.org 13219
polarization, vascular maturation, and accelerated tumor growth.
This suggests that CD11b may serve as a positive regulator of
immune activation and a target for cancer immunotherapy.

At the same time, we also found that although the growth of
tumor volume was inhibited after the combination treatment as
compared with radiotherapy alone, the tumor nonetheless
continued to grow abide at a much slower growth rate,
suggesting that rebound effect may nonetheless occur after
stopping combination treatment (73). If we are to extend the
duration of VPA/HPTA treatment, the stability of reprogramming
phenotype and toxicology would warrant further exploration.

The strikingly different effects of VPA/HPTA on macrophage
polarization demonstrated in the cell model in vitro, with and
without the tumor cell medium environment, allow us to make
bold speculation that in the animal model, in addition to
promoting M1 polarization of macrophages to activate anti-
tumor response of CD8+ T cells, VPA/HPTA may also exhibit
protection against the injury of distant normal tissues induced by
RT, as it is possible to mediate anti-inflammatory effects via
macrophage M2 type polarization.

As for how CD8+ T cells may kill the tumor cells, the perforin/
granzyme-B apoptosis pathway is a likely candidate (74), but
there are also reports that T cell-promoted tumor ferroptosis is
an anti-tumor mechanism (75), which needs further exploration.

Regardless of these hitherto untested possibilities, VPA/
HPTA interventions are safe and effective options for the
treatment of breast cancer: persistent immune activation and
intensive radiotherapy. Our study may provide a more rational
and long-term strategy for breast cancer treatment in clinic.
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Besides cytotoxic DNA damage irradiation of tumor cells triggers multiple intra- and
intercellular signaling processes, that are part of a multilayered, treatment-induced stress
response at the unicellular and tumor pathophysiological level. These processes are
intertwined with intrinsic and acquired resistance mechanisms to the toxic effects of
ionizing radiation and thereby co-determine the tumor response to radiotherapy.
Proteolysis of structural elements and bioactive signaling moieties represents a major
class of posttranslational modifications regulating intra- and intercellular communication.
Plasma membrane-located and secreted metalloproteinases comprise a family of metal-,
usually zinc-, dependent endopeptidases and sheddases with a broad variety of
substrates including components of the extracellular matrix, cyto- and chemokines,
growth and pro-angiogenic factors. Thereby, metalloproteinases play an important role
in matrix remodeling and auto- and paracrine intercellular communication regulating tumor
growth, angiogenesis, immune cell infiltration, tumor cell dissemination, and subsequently
the response to cancer treatment. While metalloproteinases have long been identified as
promising target structures for anti-cancer agents, previous pharmaceutical approaches
mostly failed due to unwanted side effects related to the structural similarities among the
multiple family members. Nevertheless, targeting of metalloproteinases still represents an
interesting rationale alone and in combination with other treatment modalities. Here,
we will give an overview on the role of metalloproteinases in the irradiated tumor
microenvironment and discuss the therapeutic potential of using more specific
metalloproteinase inhibitors in combination with radiotherapy.

Keywords: ionizing radiation (IR), metalloproteinases, combined treatment modalit ies, tumor
microenvironment, radiotherapy
INTRODUCTION

History of medicine assigns the first oncologic treatment with ionizing radiation to Emil H. Grubbe
exposing the mammary carcinoma of Mrs. Rose Lee to X-rays in January 1896. Thereby the first
milestone for a radiation-based treatment strategy was defined, which is indispensable nowadays for
cancer therapy (1). Starting from low energy treatments of superficial melanomas towards high
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energy X-ray beams for the treatment of deeply located tumors
in the early 20th century, the therapeutic use of radiotherapy
(RT) has rapidly improved (2–4). Today, up to 50% of all cancer
patients receive radiotherapy either alone, or in combination
with surgery or systematic therapies (5, 6). The main rationale of
radiotherapy is to achieve local tumor control by delivering a
high dose of ionizing radiation to the tumor, while sparing
the surrounding tissue and keeping the adjacent organs
functionally intact.

Advances in intensity-modulated radiation therapy (IMRT)
and image-guided radiation therapy (IGRT) paved the way
towards better treatment planning and enhanced therapeutic
efficacy (7). Despite being a highly localized treatment regimen
with the ability to diminish tumors on a microscopic level,
radiotherapy alone still fails to achieve tumor control for
multiple tumor entities with many patients suffering from high
tumor recurrence rates. Although overlooked for a long time,
early studies already showed that tumor cells could exhibit
intrinsic or acquired resistance mechanisms to ionizing
radiation (IR), which are either due to the mutational status of
the tumor or due to cellular and tumor pathophysiological
processes induced by irradiation itself (8, 9). Tumors do not
only consist of one malignant cancer cell population, but of a
variety of different cell types and their sub-populations, which
constitute the tumor microenvironment (TME). Only the deeper
understanding of the heterogeneous architecture of the TME and
its tight interplay with the tumor cells will lead us to the
identification of related resistance mechanisms and novel
treatment targets for a combined treatment strategy of
radiotherapy with pharmacological agents (10).

In addition to DNA damage, IR also affects intra- and
intercellular processes that trigger a multilayered stress
response and co-determine the tumor response to RT. In this
context, various signal transduction pathways are hijacked by the
tumor for its cellular protection and are even further upregulated
in response to irradiation. Among others, the MAPK axis
represents one of the main signaling pathways controlling the
majority of hallmarks of cancer, such as proliferative signaling,
angiogenesis, inflammation and cell death evasion (11–13).
Hence, upregulated kinase activity along those cascades leads
to a proliferative advantage and cell survival upon IR. The basal
phosphorylation status of a substrate is tightly regulated by the
dynamic interplay between phosphatases and kinases. This
interplay can be disturbed by reactive oxygen species (ROS)
induced by IR. ROS oxidize critical cysteine residues in the
conserved catalytic centers of phosphatases, thus impairing
their function and shifting the balance towards a more
phosphorylated and active state of the substrate (14, 15).
Besides this ligand-independent activation of intracellular
signal transduction cascades, ionizing radiation induces the
secretion of growth factors and cytokines, thereby mediating
intercellular communication via auto- and paracrine signaling
through a wide range of soluble signaling molecules.
Consequently, irradiation-induced secretion of pro-survival
factors into the tumor environment also co-determines
radiation resistance, as reported for multiple tumor entities
including non-small cell lung cancer (NSCLC) and breast
Frontiers in Oncology | www.frontiersin.org 2224
cancer (16, 17). In this review we will discuss the interplay
between ionizing radiation and Zn-metalloproteinases, which
represent the major class of proteases responsible for the
processing of these secreted factors.

Biochemistry of Metalloproteinases
Metalloproteinases are metal-, usually zinc-, dependent
endopeptidases (metzincins) that play versatile roles in
intercellular signaling pathways and tissue remodeling. The
human superfamily comprises three subfamilies: matrixins
(MMPs), astacins and adamalysins (18). Based on functional
and structural properties, adamalysins can be further subdivided
into a disintegrin and metalloproteinase (ADAM) and ADAM
with thrombospondin motif (ADAMTS) (18).

Structurally the metzincins superfamily was defined by Bode
et al. based on two properties which appear to be almost identical
among all the members (19, 20). They reported an extended Zn2+

binding motif HEXXHXXGXXH in the catalytic site for the
ligation of three zinc ions as well as a conserved methionine
containing segment downstream of the third Zn2+-binding
histidine, that supports the formation of a b-turn and therefore
participates in the structural integrity of the catalytic domain (the
Met-turn) (19, 21).

Besides those common features, the core structures among
the subgroups are varying, depending on their function. While
MMPs and ADAMTS are mainly involved in the remodeling of
the extracellular matrix (ECM), most of the members of the
ADAM family are actively associated with the process of
proteolytic ‘shedding’ of membrane-bound proteins, hence the
rapid modulation of key signals in the TME (22). Thus, MMPs
and ADAMTS are mainly present as secreted enzymes within the
ECM, while ADAMs typically remain membrane-associated
(Figure 1).

In order to prevent dispensable protein degradation, most
proteinases, hence also metalloproteinases, are synthesized as
latent zymogens. The autoinhibitory propeptide harbors a seven
amino acid long motif (PRCGXPD), with the thiol of the cysteine
chelating with the active Zn2+ site of the catalytic domain of the
protein, keeping it inactivated (23). Crucial for the activation of the
latent proenzymes is the “cysteine switch”, a process describing the
disruption of the thiol–zinc interaction (with or without cleavage
of the propeptide) (24). This can be induced by the cleavage
through other (metallo-) proteinases and allosteric disruption, or
most commonly for the membrane-bound members of the
metzincins, via proteolysis by the proprotein convertase furin (25).

Tissue Inhibitors of Metalloproteinases
(TIMP)
Keeping the balance between an active and a latent state of
metalloproteinases, four endogenous TIMPs (tissue inhibitors of
metalloproteinases 1–4) are known to inhibit the active enzymes
in mammalian tissue. Structurally, the small inhibitory molecules
are highly conserved enabling them to inhibit all members of the
metzincin family, but with different affinities and increased
preference towards ADAMs and ADAMTS (26). TIMPs consist
of two functional domains (stabilized via six disulfide bridges),
that act independently from each other, pointing towards separate
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evolution (27). Most of the inhibitory capacity lies within the large
amino terminus, whereas the role of the smaller carboxy tail is not
well understood. Inhibition of the target takes place at the very
end of the N-terminus (Cys1-Pro5) of mature TIMPs. This short
peptide sequence forms five intermolecular hydrogen bonds
within the active-site cleft, binding to the metalloproteinase in
an almost substrate-like manner (28). The only known function of
the carboxy-terminus is the formation of a non-covalent 1:1
complex with the hemopexin domain of proMMP-2/-9.
Secreted as such, the complex remains stable and protected
from degradation, while the amino terminus can still exhibit its
inhibitory function on other MMPs (29).
MATRIX METALLOPROTEINASES
IN THE IRRADIATED TUMOR
MICROENVIRONMENT

Already during the identification of the first matrix
metalloproteinases a clear association with tumor progression
Frontiers in Oncology | www.frontiersin.org 3225
was drawn, as various MMPs were found to be upregulated in
human tumors (30). MMPs are mainly acting on the processing
of extracellular matrix components, such as collagen,
glycoproteins, and proteoglycans, and are highly distributed
among different cell types and tissues. In terms of cancer
progression, the increased abundance of active MMPs results
in the disruption of the matrix barrier, enabling tumor cells to
invade into the surrounding tissues and blood vessels. MMPs
are therefore mainly discussed in the context of tumor
dissemination. However, recent studies revisited the role of
different MMPs, differentiating their mode of action into ECM
processing versus non-matrix acting, leading to an increased
focus on the MMP-regulated intercellular communication via
the secretion of cyto- and chemokines, growth and pro-
angiogenic factors (30, 31). The fine-tuned balance between
MMP and TIMP activation controls this proteolytic shedding,
which can be deregulated during cancer progression and in
response to exogenous stress, such as ionizing irradiation.
MMP maturation is a tightly regulated process in which RT
can interfere on many levels. Besides direct cell killing, RT
induces cellular and molecular changes within the TME that
FIGURE 1 | Classification of the metzincins based on their structure and function. Typical for metzincins is their signal peptide, the prodomain, the catalytic domain
containing the zinc motif, followed by the linker (hinge) region. Membrane-associated metalloproteinases typically harbor a transmembrane and cytosolic domain,
lacking in the secreted family members. Depending on their mode of activation, several metalloproteinases have a furin recognition sequence. Distinctive for many
MMPs is the hemopexin (PEX) domain, which facilitates substrate specificity and TIMP interaction.
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can activate MMPs. Overlooked for decades, immunologists have
started to understand the immense ability of RT to induce a pro-
inflammatory environment, susceptible for immune cell
infiltration. No less important, the release of growth factors,
chemo- and cytokines also has a direct impact on tumor
stimulating MMP gene expression (32, 33). At the same time
RT also increases furin gene expression, which results in
increased furin-mediated posttranslational conversion of the
proform and subsequent activation of many MMPs and all
ADAMs/ADAMTS in response to irradiation (16, 25, 34).
Furthermore, irradiation generates cellular reactive oxygen
species, which also directly interact with biomolecules such as
metalloproteinases. Metalloproteinase zymogens are regulated
by the interaction of a cysteine amino acid residue in their
prodomain and the Zn2+ site in the catalytic region. IR-induced
oxidation of these critical cysteine sites leads to disruption of the
inhibitory conformation and subsequent activation of the
metalloproteinases (35, 36).

The diverse mechanisms by which irradiation influences the
status of MMP activity in the irradiated TME renders this class of
enzymes into an important family for the design of novel
treatment strategies.

Role of MMP-2 and MMP-9 for the
Radiation Response
MMP-2 and -9 play crucial roles in ECM remodeling and
cleavage of membrane substrates and have therefore been
associated with several hallmarks of cancer such as
angiogenesis, tumor invasion, and metastasis (37–41). Clinical
studies identified MMP-9 as a potential prognostic biomarker for
various tumor entities such as NSCLC (42), cervical cancer (43,
44), pancreatic cancer (45), and osteosarcoma (46). In many
cases, elevated MMP-9 levels were associated with poor
prognosis and decreased overall survival. In 2014, Yousef et al.
also detected differential expression of MMP-9 in the different
molecular subtypes of breast cancer. Importantly, MMP-9
overexpression was found to be an important endpoint for the
more aggressive subtypes, triple-negative and HER2-positive
breast cancers (41, 47).

Several studies reported irradiation-induced upregulation of
MMP-9, which highly correlates with enhanced metastasis and
cell invasiveness in vitro and in vivo and influences treatment
outcome (48–51). Confirming increased MMP-9 levels upon
sublethal irradiation of Lewis lung carcinoma, Chou et al.
observed enhanced cell invasion in vivo that resulted in RT-
induced acceleration of pulmonary metastases in their C57BL/6
mouse model. This effect could be inhibited by pre-treatment
with zoledronic acid, a prototypical MMP-9 inhibitor.
Interestingly, high-dose treatment (30 Gy) of the primary
tumor decreased MMP-9 serum levels, improved tumor
control and eliminated the amount of disseminating cells (48).
In NSCLC cells (49) and hepatocellular carcinoma (50),
irradiation enhanced MMP-9 expression via the PI3K/AKT/
NF-kB and the PI3K/AKT/MAPK pathway, respectively,
leading to enhanced tumor cell invasiveness. Investigating
drivers of radioresistance, Ko et al. observed increased MMP-9
Frontiers in Oncology | www.frontiersin.org 4226
activity and elevated EMT protein levels in their RT-resistant
breast cancer cell line (51). Thus, MMP-9 activity should be
carefully probed as biomarker for putative irradiation-induced
cell dissemination.

Interestingly, the relevance for potent MMP-9 inhibition as part
of a combined treatment modality with RT has also been
demonstrated on the systemic level. MMP-9 activity from bone
marrow-derived CD11b-positive myelomonocytic cells was most
relevant for the process of tumor vasculogenesis. Ahn et al.
demonstrated that not endothelial progenitor cells but primarily
tumor-site infiltrating CD11b+ myelomonocytic cells are involved
in remodeling of the extracellular matrix in the irradiated tumor
bed, in promoting vasculogenesis (instead of angiogenesis). They
thereby represent a risk for local recurrences (52). Of note, genetic
depletion of the respective metalloproteinase activity prevented
tumor growth in these pre-irradiated areas. Eventually, these
insights resulted in the promising development of anti-
vasculogenesis strategies in combination with radiotherapy
(53, 54).

In terms of clinical relevance, MMP-9 has been proposed as a
predictive marker for the efficacy of radiotherapy in NSCLC.
Serum of patients with intermediate and advanced stages of
NSCLC were tested prior and after treatment [prescribed dose of
planning target volume (50–66 Gy)] which was given in fractions
of 1.8–2.0 Gy/day. Only in responders, the MMP-9 serum levels
were significantly reduced at 1–5 weeks after treatment, whereas
for patients with stable disease (SD) and progressive disease (PD)
stage no changes in serum MMP-9 could be detected (55). An
additional study on rectal cancer identified alterations in MMP-9
levels at different stages of treatment. Circulating MMP-9 levels
were significantly reduced after induction neoadjuvant
chemotherapy (NACT), gradually increased after sequential
radiochemotherapy (RCT) and almost recovered to baseline 4
weeks after treatment. Notably, progression free survival (PFS)
correlated with the initial drop of MMP-9 levels after NACT and
RCT (56). One clinical study focused on the impact of
radiotherapy-induced MMP-9 activation in the healthy tissue
surrounding the targeted tumor. After neoadjuvant RCT of
esophageal cancer patients MMP-9 levels increased in the
proximal and even distal healthy esophageal tissue, which
could be associated with post-operative complications such as
anastomotic leakage, and could potentially be avoided by MMP-
9 inhibition (57).

Due to their structural and functional similarities, it is not
surprising that multiple studies report co-upregulation of MMP-9
and MMP-2 upon irradiation, leading to increased tumor cell
invasiveness, metastasis, and angiogenesis. MMP-2, which belongs
to the same gelatinase family as MMP-9, is also highly associated
with various tumor entities such as prostate cancer (58),
gastrointestinal carcinomas (59, 60), and cervical cancer (44, 61).
Similar to MMP-9, IR also induces upregulation of MMP-2
resulting in enhanced tumor growth and cell invasiveness.
Moreover, MMP-2 activity is required for the angiogenic switch
during tumor development and has, together with MMP-9, been
implicated in the regulation of expression and release of vascular
endothelial growth factor (VEGF) (62–65). Combining RT with
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inhibition of MMP-2 activity impaired cancer cell invasion, reduced
VEGF secretion and hindered radiation-induced capillary tube
formation in vivo, expanding its role to an important regulator of
angiogenesis (63, 64).

Bidirectional activation between MMP-2 and the pro-survival
transcription factor FoxM1 influenced cell cycle progression and
thereby impacted the treatment outcome of DNA damaging
agents. Inhibition of MMP-2 abrogated IR-induced FoxM1
expression to overcome G2/M cell cycle arrest, thereby driving
cells into apoptosis (66).

Genotyping of patients with advanced stages of NSCLC after
RT revealed that carriers of selected functional MMP-2
polymorphism had significantly reduced PFS, proposing
MMP-2 as prognostic marker (67). In glioma cells, RT-induced
secretion of MMP-2/-9 enhanced tumor cell migration in vitro
and dissemination in vivo. Conversely, TIMP-2 protein
expression, which antagonizes MMP activation, was strongly
reduced (68). In breast cancer and rectal cancer specimen, MMP-
2/-9 activation was observed to be enhanced in the tumor site in
comparison to the adjacent healthy tissue, and correlated with
dissemination, cancer progression and treatment outcome (69–
71). After radiotherapy, MMP-2/-9 levels increased drastically
within the rectal adenocarcinoma indicating a role of MMP-2/-9
for radioresistance (71). Taken together, serum and even urine
levels of circulating MMP-2/-9 can be used as good clinical
markers for tumor incidence, cancer stages, and treatment
prognosis or success (70, 72–74). At the same time, specific
MMP-2/-9 inhibitors could be promising radiosensitizers in
cancer therapy.
Versatile Roles of Other MMP
Family Members
Even though MMP-2 and MMP-9 represent the most
investigated MMPs in the context of radiotherapy, also other
family members have been associated with the remodeling of the
irradiated tumor microenvironment. Indeed, one of the first in
vivo studies combining MMP inhibition with radiotherapy was
conducted in 1992, with Sotomayor et al., detecting increased
tumor growth control upon treatment with the collagenase
(MMP-1) inhibitor minocycline in combination with RT (75).
In addition to enhanced rates of cancer cell intravasation and
dissemination, RT-induced MMP-activation (MMP-1/-2/-3/-9/-
14) and subsequent degradation of the TME and the mucosal
tissue adjacent to the irradiated tumor site, can induce strong
normal tissue toxicities (76, 77). Elevated levels of secreted MMP-
1/-2/-9 in the mucosa of rectal cancer patients after RT resulted in
gut tissue toxicity increasing the risk for post-operative
morbidity, wound infections as well as metastasis formation
(78, 79). Interestingly, several studies also demonstrated an
increase in MMP-7 gene expression after surgery and pre-
operative high-dose RT in colorectal carcinoma cells but not in
the adjacent mucosal tissue (80–82). Furthermore RT affected
MMP-7 expression in a dose dependent way indicating that
MMP-7 levels are very sensitive to different types of trauma,
which can define treatment outcome and resistance (82). Hence,
Frontiers in Oncology | www.frontiersin.org 5227
different MMPs are responding in a differential way to
radiotherapy and combining radiotherapy with specific MMP
inhibitors could not only decrease the risk of local tumor
recurrence but could also protect the healthy mucosa.

In oral squamous cell carcinoma patients, theMMP-13 expression
levels highly correlated with different clinicopathological parameters,
such as staging and grading of the tumor. Additionally, patients
harboring less MMP-13 transcripts showed a better treatment
response to radiotherapy in comparison to patients overexpressing
MMP-13 (83). Similar results were obtained in a glioma patient study
indicating its potential use as a predictive biomarker for RT, while
another study determined MMP-13 as prognostic marker for tumor
aggressiveness and recurrence in head and neck cancer patients
(84, 85).

Among the six known membrane anchored matrix
metalloproteinases, membrane type I matrix metalloproteinase
MT1-MMP (MMP-14) is highly associated with cancer
progression, angiogenesis, and immune response (86–89).
Besides its original role as collagenase and MMP-2 activator,
proteomics analysis of human melanoma cells revealed a broad
influence of MT1-MMP on the tumor microenvironment, based
on the shedding of a variety of adhesion molecules, receptor and
transporter proteins (90). MT1-MMP accumulates on the
migratory front of cells and facilitates the degradation of
collagen, fibronectin and CD44. Disruption of the ECM barrier
enables cell motility, and therefore MT1-MMP was considered as
important protease for (tumor) cell migration and invasion (87,
91). Thus, MT1-MMP is an interesting target in combination
with RT to mitigate cell migration and metastasis formation. In
breast cancer models inhibition of MT1-MMP synergized with
ionizing radiation and reduced cell migration (92–94).
Investigating the invasiveness of triple-negative (TN) breast
cancer cells after RT, MT1-MMP downregulation reduced the
number of circulating tumor cells and lung metastases (93).
Besides its pro-migratory effect, MT1-MMP has also been
identified as an activator of the immune-suppressive cytokine
transforming growth factor (TGF) b (95). Consistent with the
decrease of TGF-b secretion, blockade of MT1-MMP with the
antibody DX2400 polarized tumor-associated M2-like
macrophages towards the anti-tumor M1-like population,
contributing to tumor growth delay and reduced necrosis (94).
In addition, MT1-MMP inhibition improved vessel perfusion
and oxygenation of the tumor. Overcoming tumor hypoxia is
one of the main challenges in the field of RT as hypoxic cells are
radioresistant and negatively influence treatment outcome (96).
Thus, MT1-MMP represents an interesting target in particular
for the combined treatment of hypoxic tumors.

Moreover, an interesting study on intracellular signaling
extended the effect of MT1-MMP beyond the tumor
microenvironment and proposed its involvement in the DNA
damage response along the MT1-MMP-integrinb1 pathway (97).
Inhibition of MT1-MMP reduced integrinb1 signaling and
sensitized TN breast cancer cells to radio-and chemotherapy
by collapsing the replication machinery. Thus, combining RT
with MT1-MMP inhibition could not only prevent cell
dissemination but also enhance direct DNA damage.
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Our own studies on increased MMP activities and
invasiveness of irradiated tumor cells exemplify the complex
network and regulation of metalloproteinase activities in
response to stress. The IR-enhanced invasive capacity of
fibrosarcoma and glioblastoma cells could mechanistically be
linked to increased MMP activities, though irradiation only
partially increased expression of MMP-2/-9/-14. On the other
hand, irradiation specifically induced the secretion of TIMP-1/-2.
Depending on the ratio of TIMPs and MMPs, TIMPs can not
only inhibit but also activate MMPs, with TIMP-2 being relevant
for processing of pro-MMP-2 (98). Interestingly, downregulation
of TIMP-1/-2 not only reduced respective MMP-activities but
also specifically blocked IR-induced invasiveness of these
irradiated tumor cells. Cell invasion induced by low radiation
doses (1.5–2.0 Gy) is of particular importance in the context of
fractionated radiation schedules and sub-lethal irradiation of
peripheral tumor cells of the radiotherapy treatment volume.
Thus, a combined treatment modality reducing IR-upregulated
MMP might reduce the potential risk for IR-induced (glioma)
cell migration and dissemination.
ADAM-INDUCED SECRETOME IN
THE IRRADIATED TUMOR
MICROENVIRONMENT

In the past decades, the importance of the ADAM family
members has shifted from embryonic development to versatile
roles in disease including neurodegeneration, inflammation, and
cancer in particular. ADAMs are recognized as important players
in the ErbB1 (EGFR) signaling axis as ADAMs shed a large
variety of (mitogenic) growth factors, growth factor receptors
and cyto- and chemokines. The ErbB1 pathway is associated with
cancer growth and progression and represents an attractive
target for cancer therapy. However, targeting the pathway
directly with tyrosine kinase inhibitors such as gefitinib has
been challenging due to acquired pro-resistance mutations
(99). The combination of RT with the ErbB1-directed
monoclonal antibody cetuximab improved locoregional control
and survival of patients suffering of advanced squamous-cell
carcinoma of the head and neck, whereas the trimodal treatment
with chemoradiotherapy and cetuximab showed no additive
beneficial effect in stage III NSCLC patients (100, 101).
Therefore, it could be of interest to inhibit not only ErbB1- but
multiple ErbB (ErbB1–4), and other related receptor tyrosine
kinases and signal transduction cascades, via inhibition of
upstream sheddases such as ADAMs. ADAMs are upregulated
in many cancer entities and have been associated with promotion
of cell growth, survival, migration, and invasion (102). Similar to
MMPs, ADAMs are activated in multiple ways, including gene
expression, translocation to the cell membrane, posttranslational
modifications on the cytoplasmic tail, zymogen activation via
furin or their interplay with TIMPs (102, 103).

Among all ADAMs, ADAM10 and ADAM17 share the most
structural and functional properties, being best known for their
Frontiers in Oncology | www.frontiersin.org 6228
role in Notch signaling and the clinicopathology of Alzheimer’s
disease. ADAM17 represents the most intensively studied
member of the ADAMs family and gained attention especially
in the context of inflammatory disease due to its processing of
TNF-a. Thus, ADAM17 is also known as TNF-alpha converting
enzyme (TACE). As part of our own TME-oriented research we
investigated how RT-induced secretion of para- and autocrine
stress-response factors modulates cellular radiosensitivity, drives
acquired rescue mechanisms and determines the overall
radiation sensitivity of a tumor. We performed exhaustive
large-scale secretome analysis using antibody arrays for a wide
range of secretory factors (16). Secretion kinetics of selected
factors were determined across different established tumor cells
and in murine blood serum, derived from irradiated tumor
xenograft-carrying mice. RT-induced expression and tumor
cell secretion included top hits, such as amphiregulin, TGF-a
and ALCAM. All these factors were secreted in a similar RT-
induced time- and dose-dependent manner from several NSCLC
cell lines (and other tumor entities), indicative of a common
upstream mechanism without changes at the transcriptional
level, pointing towards ADAM17. Interestingly, irradiation
induced a dose-dependent increase in cleavage of the proform
of ADAM17 by furin, which resulted in enhanced ADAM17
activity and correlated with subsequent substrate shedding.
Pharmacological inhibition of ADAM17 with the small
molecular inhibitor TMI-005 or siRNA-based targeting of
ADAM17 suppressed RT-induced shedding of these factors,
downregulated ErbB1-signaling in target cells and enhanced
RT-induced cytotoxicity in vitro and in vivo (tumor xenograft
model) even in tumors resistant to ErbB-targeting cancer
therapeutics. Ex vivo substrate analysis of murine blood serum
derived from irradiated tumor xenograft-carrying mice
correlated with our in vitro results. Not surprisingly the supra-
additive response to the combined treatment modality of RT and
inhibition of ADAM17 on the in vivo level point towards
multiple mechanisms of action, including tumor cell- and
TME-oriented ionizing radiation-sensitive processes.

Cancer stem cell are often characterized by increased
radiation resistance (104). Investigating the radioresistant and
migratory phenotype of CD133+ liver cancer stem cell (CSC)
Hong et al. observed next to increased MMP-9 and -2 expression
also IR-enhanced ADAM17 activity in the CD133+ enriched cell
population of hepatocellular carcinoma (HCC) (105). Of note
inhibition of ADAM17 sensitized these CSCs to IR and disrupted
their IR-induced metastatic potential. Overall, ADAM17 is
gaining recognition in the field of combined treatment
modalities with RT, in particular for aggressive tumor entities
with high recurrence rates.

Even though ADAM10 and respective inhibitors are highly
discussed as novel targets for cancer treatment, ADAM10 has not
been very much investigated in combination with radiotherapy.
As depicted by Sharma et al., while ADAM17 activity increased
in an IR-dose-dependent manner, irradiation of NSCLC cells did
not upregulate ADAM10 activity in these cells (16). However,
IR-induced upregulation of these ADAM-isoforms might be
tumor entity dependent. In a very recent report, Mueller et al.
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demonstrated IR-increased ADAM10 expression in pancreatic
tumor cells, which correlated with RT-induced fibrosis, tumor
cell migration, and invasion. Targeting of ADAM10 sensitized
orthotopic tumors to IR and prolonged mouse survival (106).
Furthermore, a putative risk for cardiovascular damage exists as
exposure of endothelial cells to irradiation increased the levels of
active ADAM10 in those cells (107, 108). Subsequently
ADAM10-mediated degradation of the endothelial specific
adherens junction VE-Cadherin resulted in increased vascular
permeability. Weakening the endothelial barriers facilitates
transendothelial tumor cell migration and dissemination but
also ischemic disease after RT. Thus, it is important to
appreciate the vascular system as an organ of risk when
irradiating solid tumors.

Most studies investigating the response of ADAMs to IR in
cancer and adjacent endothelial tissues observed an upregulation
of the metalloproteinases on the expression, total protein and/or
activity level. However, studying radiation-induced renal
dysfunction and tissue toxicity in healthy renal epithelial cells
revealed the opposite effect. IR induced a downregulation of
ADAM9/10/17 in vitro (mIMCD-3 cell line) as well as in kidney
tissue derived from BALB/c mice. This phenotype directly
correlated with decreased levels of the soluble anti-aging
suppressor Klotho, a substrate of ADAM9/10/17. The clinical
consequences are premature cellular senescence, nephropathy
and even kidney failure as severe side effects after RT (109).

The reduction of the oxygen partial pressure below a critical
physiological level represents a major radioresistance mechanism
in tumors, due to the altered physico-chemical conditions but
also due to biological adaptations. Tumor hypoxia renders tumor
cells up to threefold more radioresistant than their normoxic
counterparts. The hypoxia-inducible factor (HIF)-1a is
stabilized under hypoxic conditions, accumulates and
transactivates a large variety genes involved in the adaptive
response of the tumor cells to hypoxia, including genes
involved in metabolism, angiogenesis, cell proliferation, and
also different metalloproteinases (110–112). Direct (through
binding to the respective promotor region) and indirect
mechanist ic l inks were ident ified between HIF-1a
accumulation and increased gene expression of MMP-1/-9/-
13/-14 as well as ADAM10/17 (111–117) and correlated in
most cancer cell types with increased aggressiveness and
invasiveness (111–113). To ensure energy sustainability,
hypoxic cancer cells shift their metabolism towards the
glycolysis pathway (118), which generates high amounts of
acidic end products. One important part of the pH-regulatory
machinery plays the tumor-associated zinc-metalloenzyme
carbonic anhydrase IX (CAIX) (118). Induced by HIF-1a, high
levels of membrane-bound CAIX have been associated with
cancer cell invasiveness and therapeutic resistance.
Interestingly, hypoxia-stabilized HIF-1a also promotes
increased ADAM17 expression (117), which recognizes CAIX
on the cell surface as a substrate and releases the enzymatically
active ectodomain of CAIX (119). However, the consequences of
this specific altered extracellular proteome for the exact pro- and
anti-tumorigenic responses have yet to be investigated (120).
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Next to the release of immunosuppressive factors, a hypoxic
tumor microenvironment also impairs anti-cancer immunity
through HIF-1a-mediated upregulation of ADAM10.
ADAM10 is required for shedding of MHC class I chain-
related molecule A (MICA), which activates natural killer (NK)
cell effector function and cell lysis. Decreased levels of MICA
under hypoxic conditions subsequently lead to immune escape
and tumor cell resistance to the cytolytic action of innate
immune effectors (116). Due to their wide range of substrates,
their importance for Notch signaling pathways and as attributes
of almost every cell type of the immune system, ADAM10 and 17
have gained particular attention in recent years in immunology
research (121). Furthermore, ADAM17 is considered the main
protease to cleave the Fcg receptor CD16A (FcgRIIIA) on NK
cells, which is involved in antibody-dependent cell-mediated
cytotoxicity (ADCC) (122, 123). Human NK cells exclusively
recognize tumor-targeting therapeutic monoclonal antibodies
via intact CD16A. Engagement with the target cell induces NK
cell degranulation, followed by the release of cytolytic granules
(124). Complementary to this, ADAM17 also cleaves CD62L (L-
Selectin), an adhesion molecule that facilitates mobility and
homing of lymphocytes , including NK cel ls (122).
Furthermore, NKG2D ligands are also substrates of ADAM17,
and as such ADAM17 plays a major role in the regulation of the
innate immune system through direct cell killing (natural
cytotoxity) (125, 126). Hence, inhibition of ADAM17 on
tumor cells and NK cells could strongly enhance anti-tumor
immunity alone and as part of combined treatment modalities
with different targeting agents and immunogenic cell death
inducers. Moreover, ADAM17-mediated shedding has also
been investigated in CD8+ T-cells towards activation of
proliferation but also as inducer of apoptosis (127, 128).
CD62L shedding positively affected early clonal expansion of
cytotoxic T-cells in virus-transfected mice suggesting ADAM17
as an important regulator of T-cell activation (127). Recent
studies also identified the programmed death ligand 1 (PD-L1)
as a novel substrate of ADAM17 (128, 129). Taken together,
novel immunotherapeutic approaches should carefully consider
the role of ADAMs as additional immune regulatory target and
resistance mechanism to immune checkpoint inhibition, also
when combined with radiotherapy.

The plethora of molecular interdependencies between tumor
hypoxia, the immune system and radiotherapy is not within the
scope of this review and is summarized elsewhere (130–133).
TARGETING METALLOPROTEINASES FOR
CANCER TREATMENT

In addition to the use of metalloproteinases as diagnostic
markers for tumor prognosis and treatment prediction, many
efforts towards the development of potent MMP/ADAM
inhibitors were pursued - unfortunately only with minimal
success, which is primarily due to the lack of high specificity.
Nevertheless, we will summarize the major developments on the
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Waller and Pruschy Targeting Metalloproteinases Combined With Radiotherapy
preclinical and clinical level and point towards combined
treatment modalities with radiotherapy.

Small Molecular Inhibitors
The first generation of small molecular inhibitors comprised two
functional groups: hydroxamic acid motifs that target the
catalytic site of the MMPs by chelating the active zinc ion and
a peptide derivate mimicking the collagen binding motif
(Figure 2) (134). Binding to those peptidomimetics changes
the conformation of the catalytic domain of metalloproteinases
and disrupts the integrity of the enzyme. Batimastat (BB-94) was
the first MMP-inhibitor to enter clinical trials (135). However, it
could not be orally administered, thus, clinical testing was
discontinued (136). The structurally related and orally
bioavailable Marimastat (BB-2516) achieved promising results
in early clinical trials (Table 1) (31). Nonetheless, in phase III
clinical trials for different cancer entities Marimastat did not
show added survival benefit and many treated patients suffered
severe musculoskeletal side effects (31, 137). This high tissue
toxicity is most probably due to the low selectivity of these broad-
spectrum inhibitors towards different zinc-dependent proteases
(137). Lessons from those early therapeutic efforts resulted in
compounds targeting unique structural properties of MMPs.
One structural characteristic that next generation of MMP
inhibitors took advantage of was the variable S1’ pocket of
metalloproteinases. This pocket lies in close proximity to the
Zn2+ binding site in the catalytic domain and defines binding and
substrate specificity (134). Based on amino acid variation on this
primed enzyme site MMPs can be classified into “deep pocket”
and “shallow pocket” enzymes (134, 138). The majority of MMPs
harbor a leucine that forms their S1’pocket, resulting in an open
conformation, whereas the small pocket for MMP-1/-7/-11 is
partially or entirely occluded by larger amino acid residues
Frontiers in Oncology | www.frontiersin.org 8230
(arginine, tyrosine, and glutamine, respectively) (134). The
design of the nonpeptidic collagen-mimicking inhibitor
Prinomastat (AG3340) was based on this rationale resulting in
enhanced specificity for “deep pocket” MMP-2/-3/-9/-13.
However, in phase III trials of advanced lung or prostate
cancer Prinomastat did not improve clinical outcome when
combined with chemotherapy, and further clinical studies were
halted (31, 139).

TMI-005 (Apratastat), which shares structural similarities
with Prinomastat, was originally designed for the treatment of
rheumatoid arthritis due to its inhibitory potential of TNF-a
release (140, 141). In contrast to previous clinical investigations
with other small molecular inhibitors, TMI-005 showed very low
tissue toxicity but the program with TMI-005 and other closely
related derivatives was stopped due to lack of efficacy, related to
constitutive activation of the TNF receptor on immunological
cells, but not due to toxicity reasons (140). Based on its low
toxicity profile and target relevance independent of TNF-a,
TMI-005 and other new classes of ADAM17 inhibitors thus
have a strong rationale for repurposing as drug in cancer therapy.
After identifying ADAM17 as an important player for radiation
resistance in NSCLC cells, our own studies demonstrated that
pretreatment with TMI-005 sensitized NSCLC cell lines to RT
and reduced secretion of ADAM17-specific substrates (16).
Determining its efficacy in NSCLC cell-derived xenografts
revealed supra-additive tumor control in combination with RT
and defines its potential in cancer therapy.

Several other small molecular inhibitors have been designed
to target members of the ADAM family with increased affinity
towards ADAM10 and ADAM17. These two sheddases act
upstream of multiple ErbB pathways, and interestingly their
inhibition also synergized with therapeutics agents directly
targeting the ErbB (1–3) pathways. Combining INCB3619,
A

B

FIGURE 2 | Structural formulas of small molecular inhibitors discussed in this review, divided into (A) MMP-directed and (B) ADAM-directed inhibitors.
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a dual inhibitor against ADAM10/17, with gefinitib or paclitaxel
strongly downregulated proliferation of NSCLC cells, whereas
other cell lines, which proliferate independently of ErbB-
signaling, remained unaffected (142). Also in breast cancer
models, selected sheddase inhibition mitigated the release of
ErbB family ligands and enhanced the effect of ErbB-directed
therapies in vivo (143, 144).The structurally related but
pharmacokinetically improved inhibitor INCB7839 underwent
clinical trials for the treatment of HER2 (ErbB2)-positive breast
cancer patients with an interesting rationale to overcome
trastuzumab-resistance. HER2 is a substrate of ADAM10 and
the ADAM10 inhibitor INCB7839 reduced cleavage and release
of the extracellular domain, thereby overcoming resistance to
HER2-directed trastuzumab (145, 146). Indeed, administration
of INCB7839 was well tolerated, decreased the plasma level of the
extracellular domain of HER2. Future trials will show whether
the promising combined treatment strategy will improve clinical
outcome. HER2-mediated resistance mechanisms to other
pharmacological therapies also exist in colorectal cancer cells
and could also be related to upregulated ADAM10/17 (147, 148).
As such treatment of colorectal cancer cells with the dual
ADAM10/17 inhibitor GW280264X sensitized cells to
chemotherapy (5-FU) (148).

Investigating the involvement of ADAM10/17 in the
immunogenicity of glioblastoma-initiating cells, Wolpert et al.
determined their role in regulating the NKG2D receptor-ligand
system (among others MICA, MICB, ULBP2) (149). Inhibition
of ADAM10/17 with GW280264X and the more specific
ADAM10-directed compound GI254023X, increased cell
surface abundance of ULBP2, which directly resulted in an
increased immune response and susceptibility for NK cell
mediated lysis. Studying the effect of ADAM10/17 inhibition
on irradiation-induced cell permeability of endothelial cells,
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GI254023X revealed the strong involvement of ADAM10 in
VE-cadherin regulation and transendothelial migration (108).
Overall, these mechanisms point towards the versatile function
that ADAM10/17 exert in the tumor microenvironment.

Shortly after identifying shark cartilage as the first tissue with
anti-angiogenic (anti-MMP-2/-9/-13) properties, the functionally
active, naturally occurring compounds were extracted and
developed as Neovastat (AE-941) (150). In vivo, treatment with
Neovastat alone showed inhibited neovascularization and
metastasis formation in a Lewis lung carcinoma model.
Combination with cisplatin increased the therapeutic index
showing strong anti-metastatic effects while protecting against
cisplatin-induced myelosuppression (151). Being introduced to
phase I/II trials, Neovastat was well tolerated and demonstrated
increased median survival in patients with solid tumors, including
renal, prostate and lung carcinoma (150). However, in patients
with unresecetable stage III NSCLC, the treatment with Neovastat
to did not improve efficacy of chemoradiotherapy and has not
been recommended for further treatment of lung cancer (152).

Apart from their conventional role as antibiotics, tetracyclines
are effective inhibitors of metalloproteinases in the treatment of
malignant disease. Early studies suggested non-antimicrobial
functions of synthetic tetracyclines as inhibitors of collagenase
and gelatinase activity in periodontitis and anti-proliferative and
anti-migratory effects migration in cancer cells (153–156). This
new, promising function led to a wave in synthesis of improved
chemically modified tetracyclines (CMT) with deletion of the
anti-microbial functional group but enhancing their MMP-
directed inhibitory potencies (157). The main mode of action
is chelation of Zn2+ and Ca2+ ions, but also other mechanisms
including regulation of gene expression and degradation of
MMPs have been proposed (158). One of the most potent and
promising compounds is Metastat (Col-3, Incyclinide) which
TABLE 1 | Summary of discussed metalloproteinase inhibitors in cancer-related clinical trials.

Name Target Tumor entity Identifier

Marimastat
(BB-2516)

Broad spectrum SCLC NCT00003011
NSCLC NCT00002911
Breast cancer NCT00003010

Prinomastat
(AG3340)

MMP-2/-3/-9/-13 NSCLC NCT00004199
Brain and Central Nervous System Tumors plus RT NCT00004200
Prostate cancer NCT00003343

Neovastat (AE-941) MMP-2/-9/-12 NSCLC plus RT NCT00005838
Multiple Myeloma NCT00022282
Kidney cancer NCT00005995

Metastat
(Col-3, Incyclinide)

MMP-2, MMP-9 AIDS-Related Kaposi’s Sarcoma NCT00020683
Advanced Solid Malignancies NCT00003721
Refractory metastatic cancer NCT00001683
Brain and Central Nervous System Tumors NCT00004147

INCB7839 (Aderbasib) ADAM10, ADAM17 Gliomas NCT04295759
Diffuse Large B Cell Non-Hodgkin Lymphoma NCT02141451
HER2+ metastatic Breast Cancer NCT01254136

NCT00864175
Solid Tumors NCT00820560

Andecaliximab
(GS-5745)

MMP-9 Gastric or Gastroesophageal Junction Adenocarcinoma NCT02864381
NCT02545504
NCT02862535

Advanced solid tumors NCT01803282
Glioblastoma NCT03631836
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inhibited the expression and the activity of MMP-2 and reduced
tumor growth and metastasis formation in pre-clinical tumor
models (159). Interestingly, Metastat only minimally reduced
tumor growth in the B16 melanoma model. However, the
combined treatment modality with RT led to strong tumor
growth delay and reduced angiogenesis (64). Four phase I/II
clinical trials and pharmacokinetic studies were completed with
Metastat in the treatment of patients with advanced solid
malignancies, AIDS-related Kaposi’s sarcoma, refractory
metastatic cancer, and recurrent high-grade glioma (160–163).
Metastat was well tolerated, but due to weak responses, no
further clinical trials have been initiated. Notably Metastat was
tested on the clinical level only as single treatment modality and
not in combination with radio-/chemotherapy.

Interestingly, many other MMP inhibitors entered clinical
trials with promising pre-clinical results to fail dramatically
beyond Phase II (137, 158). Approved in 2001 for the
treatment of chronic periodontitis, the doxycycline hyclate
Periostat targeting collagenase activity in the gingival tissue
represents the only FDA approved MMP inhibitor (153, 164,
165). Besides this sole success, decades of research have led us to
reason that metalloproteinases do not represent suitable targets
for cancer treatment (31, 137, 166, 167). Among many others,
the major therapeutic challenge lies in the complexity of the
protease network “protease web” as MMPs do not only act alone
or in linear pathways, but are part of complex and dynamic
amplification cascades or inter-regulatory circuits (166). Disease
but also non-specific drugs perturb the order, adding higher
spatio-temporal complexity to the network.

Therapeutic Antibodies
Targeting the catalytic domain of enzymes appears as an
attractive therapeutic approach. However, these domains are
highly conserved amongst different MMPs, leading to off-target
effects and tissue toxicity. As MMPs act extracellularly they
represent excellent targets for highly specific inhibitory
monoclonal antibodies (mAb). Due to their versatile
involvement in modulating the tumor microenvironment,
inhibitory antibodies against MMP-9, MT1-MMP, and
ADAM17 have recently been developed (168–175).

The strong influence of MT1-MMP on the tumor
microenvironment renders it an attractive target for
therapeutic strategies (90). Therefore, a range of antibodies
have been designed that selectively block MT1-MMP, resulting
in reduced tumor growth, angiogenesis, and dissemination in
ovarian, breast, and melanoma tumor models (169, 172, 176–
178). Discovered using phage display technology, DX-2400
blocked MT1-MMP with high potency and reduced tumor
burden by inhibit ing MMP-2 activation (94, 176).
Subsequently, antibody treatment resulted in improved tissue
perfusion leading to re-oxygenation of the tumor. This effect
could be exploited by combined treatment with radiotherapy
leading to additive tumor control in a murine mammary tumor
model (94).

The challenge of selectively targeting MMP-9 lies in its
structural similarity to MMP-2. The mAb REGA-3G12 solely
binds to the catalytic domain of MMP-9, however and despite its
Frontiers in Oncology | www.frontiersin.org 10232
strong binding affinity, REGA-3G12 only displays weak
inhibitory activity (179, 180). Combining its target specificity
with a small molecular MMP inhibitor, gave rise to an antibody-
drug conjugate (ADC) consisting of REGA-3G12 and the broad
spectrum inhibitor CGS27023A (181). In vitro, this ADC could
bind to its target with high selectivity, while strongly inhibiting
MMP-9 activity. It will be of interest to observe future validation
and applications of this elegant approach of combining mAb
with a small molecular inhibitor, alone and in combination with
systemic chemotherapeutics and radiotherapy.

Selective inhibition of MMP-9 with the two monoclonal
antibodies AB0041 and AB0046 reduced symptoms of DSS-
induced ulcerative colitis and colorectal tumor burden in
murine orthotopic tumor models (168). Given these
encouraging results, AB0041 was humanized (GS-5745)
towards clinic trials. This makes GS-5745/Andecaliximab the
first anti-MMP antibody to currently undergo clinical
investigation as monotherapy and as part of a combined
treatment modality with chemotherapy (182–184).

Only in the last decade the first promising anti-human
ADAM17 antibody D1(A12) was developed (171) .
Characteristic for this cross-domain antibody is its simultaneous
recognition of catalytic as well as noncatalytic regions, acting as
steric hindrance and allosteric inhibitor at the same time (171). D1
(A12) was shown to bind to ADAM17 in a subnanomolar range
(KD of 0.46 nM), reduced cleavage of ADAM17-specific substrates
in vitro and in vivo, mitigated cell migration, and inhibited tumor
growth with suitable pharmacokinetics (185–187). Two other
antibodies, A9(B8) and MEDI3622, are currently undergoing
pre-clinical investigation and demonstrate anti-tumor effects by
inhibiting EGFR-dependent and -independent pathways (170,
174). Characteristic for MEDI3266 is its high site-specificity and
target-sensitivity as it recognizes the surface loop sIVa-sIVb b-
hairpin on the M-domain, unique for ADAM17 (188). MEDI3266
was shown to inhibit tumor growth of different tumor models.
Combined treatment with EGFR-directed cetuximab led to
complete tumor regression in the OE21 esophageal xenograft
model and others (174). Furthermore, ADAM17-inhibition by
MEDI3266 blocked CD16A cleavage from activated NK-cells (see
above) and resulted in increased production of IFNg in the
presence of antibody-opsonized tumor cells (189). Several
studies have investigated the consequences of CD16A blocking
for antibody-dependent cellular cytotoxicity (ADCC), though
with contradictory results (124). Hence, the precise ways on
how ADAM17-inhibition leads to tumor reduction and the
involvement of ADCC remains to determined. Nevertheless,
based on their specificity, these ADAM17-directed antibodies
represent ideal candidates for a combined treatment modality
with RT.
DISCUSSION

Modern image-guided radiotherapy has reached a level of
technical conformity that nowadays requires biological means
to further increase the therapeutic window towards improved
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treatment outcome e.g. as part of combined treatment modalities
with highly potent pharmacological agents specifically
sensitizing the tumor compartment to ionizing radiation.
While radiotherapy combined with classic chemotherapeutic
agents e.g. cisplatin for head and neck squamous cell
carcinoma became standard clinical practice within the last
twenty years, combined treatment with small molecular agents
or inhibitory antibodies targeting specific signaling moieties are
still considered exceptional. This might be due to the continuous
development of new radiotherapeutic treatment regimens, from
classic fractionated low dose to hypofractionated and stereotactic
single high dose treatment regimens. Indeed, different
radiotherapy regimens induce differential biological processes
and thus require adaptations, also in the choice of a combined
treatment modality. On the other hand, major resistance factors
for successful radiotherapy, such as tumor hypoxia, cannot
be linked to a specific signal transduction cascade or
a defined genetic background, rendering personalized
radiochemotherapeutic approaches very difficult. With the
exception of immune checkpoint inhibitors targeting specific
intercellular signaling moieties and their rapid integration into
clinical radioimmunotherapy protocols within the last five years,
the combined treatment modality of radiotherapy with
molecularly defined targeting agents did not reach maturity.

Thus, the slow progress towards a clinically relevant
combined treatment modality of ionizing radiation with
inhibitors of metalloproteinases is not an exception and
includes additional hurdles. The development of small
molecular compounds targeting selected metalloproteinases
with sufficient specificity has not been successful so far without
inducing limiting toxicities on the clinical level. This might be
further restricted by existing redundancies in between different
metalloproteinases for relevant substrates and represents an
intrinsic challenge even for therapeutic antibodies targeting
Frontiers in Oncology | www.frontiersin.org 11233
individual metalloproteinases with highest specificity. On the
other hand, such inhibitory antibodies might be accompanied by
reduced normal tissue toxicities. Recent advances e.g. with
ADAM17-targeting antibodies demonstrate promising results
on the preclinical level (see above) and are currently also
probed in combination with radiotherapy.

Individual metalloproteinases have a plethora of different
substrates thereby co-regulating multiple biological processes,
hallmarks of cancer and thus putative intrinsic treatment-
induced resistance mechanisms at the same time. Thereby
inhibition of individual metalloproteinases might affect at the
same time not only the composition of the extracellular matrix
but also tumor growth, tumor angiogenesis and immune cell
infiltration via reduced shedding of respective bioactive
substrates, such as tumor growth and pro-angiogenic factors,
chemo- and cytokines. Insofar our knowledge on the role and the
complexity of metalloproteinases for tumorigenesis, tumor
growth and dissemination is steadily increasing.

Interestingly, many of the aforementioned processes are also
triggered by radiotherapy. The insult on the level of DNA is most
important for the cytotoxicity of radiotherapy. However,
ionizing radiation also affects multiple intra- and inter-cellular
processes thereby determining the tumor response to
radiotherapy and eventually treatment outcome. Irradiated
tumor, stromal and endothelial cells release auto- and
paracrine factors in response to radiotherapy-induced DNA
damage and radiotherapy-activated intracellular stress-
responses, which subsequently modulate the tumor
microenvironment and the radiosensitivity of the respective
target cells. We currently recognize that these intercellular
processes are often mediated via basal and even more so
ionizing radiation-induced metalloproteinase activities
rendering metalloproteinases to become interesting targets in
this context (Figure 3). Furthermore, the intratumoral bystander
A

B

FIGURE 3 | Combining RT with metalloproteinase inhibitors for improved tumor control. (A) Next to cell killing and tumor shrinkage, RT activates metalloproteinases
that release pro-survival factors (indicated in blue, red, and yellow) into the TME, resulting in tumor cell proliferation, enhanced tumor angiogenesis and pro-
tumorigenic immune responses. At the same metalloproteinases disrupt the ECM barrier (gray), enabling tumor cell dissemination. (B) Combining RT with inhibition of
metalloproteinases mitigates pro-survival signaling and results in more effective tumor cell killing.
May 2021 | Volume 11 | Article 676583

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


Waller and Pruschy Targeting Metalloproteinases Combined With Radiotherapy
effect induced by inhibition of extracellularly located
metalloproteinase activities will conceptually also take
advantage of and synergize with locoregionally applied ionizing
radiation reaching each individual tumor cell. As such,
targeting of specific metalloproteinases in combination with
radiotherapy represents a highly promising treatment
strategy; however, we still need to identify the best needle in
the haystack.
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167. Overall CM, López-Otıń C. Strategies for MMP Inhibition in Cancer:
Innovations for the Post-Trial Era. Nat Rev Cancer (2002) 2:657–72.
doi: 10.1038/nrc884

168. Marshall DC, Lyman SK, McCauley S, Kovalenko M, Spangler R, Liu C, et al.
Selective Allosteric Inhibition of MMP9 is Efficacious in Preclinical Models
of Ulcerative Colitis and Colorectal Cancer. PloS One (2015) 10:e0127063.
doi: 10.1371/journal.pone.0127063

169. Botkjaer KA, Kwok HF, Terp MG, Karatt-Vellatt A, Santamaria S,
McCafferty J, et al. Development of a Specific Affinity-Matured Exosite
Inhibitor to MT1-MMP That Efficiently Inhibits Tumor Cell Invasion In
Vitro and Metastasis In Vivo. Oncotarget (2016) 7:16773–92. doi: 10.18632/
oncotarget.7780

170. Yang Z, Chan KI, Kwok HF, Tam KY. Novel Therapeutic Anti-ADAM17
Antibody A9(B8) Enhances EGFR-TKI–Mediated Anticancer Activity
in NSCLC. Trans l Oncol (2019) 12 :1516–24. doi : 10 .1016/
j.tranon.2019.08.003

171. Tape CJ, Willems SH, Dombernowsky SL, Stanley PL, Fogarasi M,
Ouwehand W, et al. Cross-Domain Inhibition of TACE Ectodomain. Proc
Natl Acad Sci (2011) 108:5578–83. doi: 10.1073/pnas.1017067108

172. Lopez T, Nam DH, Kaihara E, Mustafa Z, Ge X. Identification of Highly
Selective MMP-14 Inhibitory Fabs by Deep Sequencing: Protease Inhibitory
mAbs Discovered by Deep Sequencing. Biotechnol Bioeng (2017) 114:1140–
50. doi: 10.1002/bit.26248

173. Nam DH, Fang K, Rodriguez C, Lopez T, Ge X. Generation of Inhibitory
Monoclonal Antibodies Targeting Matrix metalloproteinase-14 by Motif
Grafting and CDR Optimization. Protein Eng Des Sel (2017) 30:113–8.
doi: 10.1093/protein/gzw070

174. Rios-Doria J, Sabol D, Chesebrough J, Stewart D, Xu L, Tammali R, et al. A
Monoclonal Antibody to ADAM17 Inhibits Tumor Growth by Inhibiting
EGFR and Non–EGFR-Mediated Pathways. Mol Cancer Ther (2015)
14:1637–49. doi: 10.1158/1535-7163.MCT-14-1040

175. Fischer T, Riedl R. Inhibitory Antibodies Designed for Matrix
Metalloproteinase Modulation. Molecules (2019) 24:2265. doi: 10.3390/
molecules24122265

176. Devy L, Huang L, Naa L, Yanamandra N, Pieters H, Frans N, et al. Selective
Inhibition of Matrix Metalloproteinase-14 Blocks Tumor Growth, Invasion,
and Angiogenesis. Cancer Res (2009) 69:1517–26. doi: 10.1158/0008-
5472.CAN-08-3255

177. Remacle AG, Cieplak P, Nam DH, Shiryaev SA, Ge X, Strongin AY. Selective
Function-Blocking Monoclonal Human Antibody Highlights the Important
May 2021 | Volume 11 | Article 676583

https://doi.org/10.1155/2017/9673537
https://doi.org/10.1016/j.ccr.2006.05.024
https://doi.org/10.1016/j.ccr.2006.05.024
https://doi.org/10.1158/1078-0432.CCR-06-2116
https://doi.org/10.1158/1078-0432.CCR-06-2116
https://doi.org/10.1158/0008-5472.CAN-08-0739
https://doi.org/10.1200/jco.2010.28.15_suppl.3025
https://doi.org/10.18632/oncotarget.1955
https://doi.org/10.18632/oncotarget.1955
https://doi.org/10.1158/1078-0432.CCR-05-0328
https://doi.org/10.1158/1078-0432.CCR-05-0328
https://doi.org/10.1158/1078-0432.CCR-10-0014
https://doi.org/10.1093/neuonc/not232
https://doi.org/10.1093/neuonc/not232
https://doi.org/10.1097/00001813-200302000-00001
https://doi.org/10.1023/a:1014546909573
https://doi.org/10.1093/jnci/djq179
https://doi.org/10.1111/j.1600-0765.1990.tb00923.x
https://doi.org/10.1111/j.1600-0765.1990.tb00923.x
https://doi.org/10.1016/S0022-2143(97)90130-X
https://doi.org/10.1016/0885-4505(92)90003-H
https://doi.org/10.1093/jnci/93.3.178
https://doi.org/10.1016/j.drup.2004.04.002
https://doi.org/10.1158/1078-0432.CCR-04-0804
https://doi.org/10.1200/JCO.2002.20.1.153
https://doi.org/10.1200/JCO.2001.19.2.584
https://doi.org/10.1007/s11060-011-0602-9
https://doi.org/10.1007/s11060-011-0602-9
https://doi.org/10.1111/j.1600-051x.1995.tb00120.x
https://doi.org/10.1038/sj.bdj.4813235
https://doi.org/10.1038/sj.bdj.4813235
https://doi.org/10.1038/nrc1821
https://doi.org/10.1038/nrc884
https://doi.org/10.1371/journal.pone.0127063
https://doi.org/10.18632/oncotarget.7780
https://doi.org/10.18632/oncotarget.7780
https://doi.org/10.1016/j.tranon.2019.08.003
https://doi.org/10.1016/j.tranon.2019.08.003
https://doi.org/10.1073/pnas.1017067108
https://doi.org/10.1002/bit.26248
https://doi.org/10.1093/protein/gzw070
https://doi.org/10.1158/1535-7163.MCT-14-1040
https://doi.org/10.3390/molecules24122265
https://doi.org/10.3390/molecules24122265
https://doi.org/10.1158/0008-5472.CAN-08-3255
https://doi.org/10.1158/0008-5472.CAN-08-3255
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Waller and Pruschy Targeting Metalloproteinases Combined With Radiotherapy
Role of Membrane Type-1 Matrix Metalloproteinase (MT1-MMP) in
Metastasis. Oncotarget (2017) 8:2781–99. doi: 10.18632/oncotarget.13157

178. Kaimal R, Aljumaily R, Tressel SL, Pradhan RV, Covic L, Kuliopulos A, et al.
Selective Blockade of Matrix Metalloprotease-14 With a Monoclonal
Antibody Abrogates Invasion, Angiogenesis, and Tumor Growth in Ovarian
Cancer. Cancer Res (2013) 73:2457–67. doi: 10.1158/0008-5472.CAN-12-1426

179. Paemen L, Martens E, Masure S, Opdenakker G. Monoclonal Antibodies Specific
for Natural Human Neutrophil Gelatinase B Used for Affinity Purification,
Quantitation by Two-Site ELISA and Inhibition of Enzymatic Activity. Eur J
Biochem (1995) 234:759–65. doi: 10.1111/j.1432-1033.1995.759_a.x

180. Martens E, Leyssen A, Van Aelst I, Fiten P, Piccard H, Hu J, et al. A
Monoclonal Antibody Inhibits Gelatinase B/MMP-9 by Selective Binding to
Part of the Catalytic Domain and Not to the Fibronectin or Zinc Binding
Domains. Biochim Biophys Acta BBA - Gen Subj (2007) 1770:178–86.
doi: 10.1016/j.bbagen.2006.10.012

181. Love EA, Sattikar A, Cook H, Gillen K, Large JM, Patel S, et al. Developing an
Antibody–Drug Conjugate Approach to Selective Inhibition of an
Extracellular Protein. ChemBioChem (2019) 20:754–8. doi: 10.1002/
cbic.201800623

182. Shah MA, Metges J-P, Cunningham D, Shiu K-K, Wyrwicz L, Thai D, et al. A
Phase II, Open-Label, Randomized Study to Evaluate the Efficacy and Safety
of Andecaliximab Combined With Nivolumab Versus Nivolumab Alone in
Subjects With Unresectable or Recurrent Gastric or Gastroesophageal
Junction Adenocarcinoma. J Clin Oncol (2019) 37:75–5. doi: 10.1200/
JCO.2019.37.4_suppl.75

183. Bendell JC, Starodub A, Huang X, Maltzman JD, Wainberg ZA, Shah MA. A
Phase 3 Randomized, Double-Blind, Placebo-Controlled Study to Evaluate
the Efficacy and Safety of GS-5745 Combined With mFOLFOX6 as First-
Line Treatment in Patients With Advanced Gastric or Gastroesophageal
Junction Adenocarcinoma. J Clin Oncol (2017) 35:TPS4139–TPS4139.
doi: 10.1200/JCO.2017.35.15_suppl.TPS4139

184. Shah MA, Starodub A, Sharma S, Berlin J, Patel M, Wainberg ZA, et al.
Andecaliximab/GS-5745 Alone and Combined With mFOLFOX6 in
Frontiers in Oncology | www.frontiersin.org 17239
Advanced Gastric and Gastroesophageal Junction Adenocarcinoma:
Results From a Phase I Study. Clin Cancer Res (2018) 24:3829–37.
doi: 10.1158/1078-0432.CCR-17-2469

185. Richards FM, Tape CJ, Jodrell DI, Murphy G. Anti-Tumour Effects of a
Specific Anti-ADAM17 Antibody in an Ovarian Cancer Model In Vivo. PloS
One (2012) 7:e40597. doi: 10.1371/journal.pone.0040597

186. Caiazza F, McGowan PM, Mullooly M, Murray A, Synnott N, O’Donovan N,
et al. Targeting ADAM-17 With an Inhibitory Monoclonal Antibody has
Antitumour Effects in Triple-Negative Breast Cancer Cells. Br J Cancer
(2015) 112:1895–903. doi: 10.1038/bjc.2015.163

187. Huang Y, Benaich N, Tape C, Kwok HF, Murphy G. Targeting the Sheddase
Activity of ADAM17 by an Anti-ADAM17 Antibody D1(A12) Inhibits Head
and Neck Squamous Cell Carcinoma Cell Proliferation and Motility Via
Blockage of Bradykinin Induced HERs Transactivation. Int J Biol Sci (2014)
10:702–14. doi: 10.7150/ijbs.9326

188. Peng L, Cook K, Xu L, Cheng L, Damschroder M, Gao C, et al. Molecular
Basis for the Mechanism of Action of an anti-TACE Antibody. mAbs (2016)
8:1598–605. doi: 10.1080/19420862.2016.1226716

189. Mishra HK, Pore N, Michelotti EF, Walcheck B. Anti-ADAM17 Monoclonal
Antibody MEDI3622 Increases IFNg Production by Human NK Cells in the
Presence of Antibody-Bound Tumor Cells. Cancer Immunol Immunother
(2018) 67:1407–16. doi: 10.1007/s00262-018-2193-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021Waller and Pruschy. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2021 | Volume 11 | Article 676583

https://doi.org/10.18632/oncotarget.13157
https://doi.org/10.1158/0008-5472.CAN-12-1426
https://doi.org/10.1111/j.1432-1033.1995.759_a.x
https://doi.org/10.1016/j.bbagen.2006.10.012
https://doi.org/10.1002/cbic.201800623
https://doi.org/10.1002/cbic.201800623
https://doi.org/10.1200/JCO.2019.37.4_suppl.75
https://doi.org/10.1200/JCO.2019.37.4_suppl.75
https://doi.org/10.1200/JCO.2017.35.15_suppl.TPS4139
https://doi.org/10.1158/1078-0432.CCR-17-2469
https://doi.org/10.1371/journal.pone.0040597
https://doi.org/10.1038/bjc.2015.163
https://doi.org/10.7150/ijbs.9326
https://doi.org/10.1080/19420862.2016.1226716
https://doi.org/10.1007/s00262-018-2193-1
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Iris Eke,

Stanford University, United States

Reviewed by:
Saravanan Andalur Nandagopal,

Stanford University, United States
Defne Bayik,

Cleveland Clinic, United States
Liang Wang,

University of Texas MD Anderson
Cancer Center, United States

*Correspondence:
Claire Vanpouille-Box

clv2002@med.cornell.edu

Specialty section:
This article was submitted to

Cancer Molecular Targets
and Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 22 February 2021
Accepted: 13 April 2021
Published: 20 May 2021

Citation:
De Martino M, Padilla O,

Daviaud C, Wu C-C, Gartrell RD and
Vanpouille-Box C (2021) Exploiting

Radiation Therapy to Restore Immune
Reactivity of Glioblastoma.
Front. Oncol. 11:671044.

doi: 10.3389/fonc.2021.671044

MINI REVIEW
published: 20 May 2021

doi: 10.3389/fonc.2021.671044
Exploiting Radiation Therapy
to Restore Immune Reactivity
of Glioblastoma
Mara De Martino1, Oscar Padilla2, Camille Daviaud1, Cheng-Chia Wu2,3, Robyn D. Gartrell4

and Claire Vanpouille-Box1,5*

1 Department of Radiation Oncology, Weill Cornell Medicine, New York, NY, United States, 2 Department of Radiation Oncology,
Columbia University Irving Medical Center, New York, NY, United States, 3 Herbert Irving Comprehensive Cancer Center, New York,
NY, United States, 4 Department of Pediatrics, Pediatric Hematology/Oncology/SCT, Columbia University Irving Medical Center,
New York, NY, United States, 5 Sandra and Edward Meyer Cancer Center, New York, NY, United States

Glioblastoma (GBM) is among the most aggressive of brain tumors and confers a dismal
prognosis despite advances in surgical technique, radiation delivery methods,
chemotherapy, and tumor-treating fields. While immunotherapy (IT) has improved the
care of several adult cancers with previously dismal prognoses, monotherapy with IT in
GBM has shown minimal response in first recurrence. Recent discoveries in lymphatics
and evaluation of blood brain barrier offer insight to improve the use of ITs and determine
the best combinations of therapies, including radiation. We highlight important features of
the tumor immune microenvironment in GBM and potential for combining radiation and
immunotherapy to improve prognosis in this devastating disease.

Keywords: glioblastoma, radiotherapy, immunotherapy, antigenicity, adjuvanticity, immunosuppression
INTRODUCTION

Glioblastoma (GBM), a high-grade glial tumor, is the most frequent malignant primary brain tumor
in adults (1). GBM prognosis remains dismal with a low 5-year survival rate of only 5.6% (1) and a
median overall survival (OS) of approximately 18 months (2).

Immunotherapies (ITs) have long been overlooked for the treatment of central nervous system
(CNS) malignancies presumably due to the long-held view of the brain as an immune-privileged
compartment. However, the discovery of a dural lymphatic system (3, 4), the ability of some CNS-
tissue resident cells to present antigen (5–9) and the functional characterization of the dural sinuses
as an immune interface of the CNS (10) have introduced a paradigm shift whereby the brain
possesses an immune-distinct tumor microenvironment (TME) that is still accessible for ITs (11–
13). Since then, efforts have spurred in clinic to evaluate the efficacy of ITs in GBM (13), but the
paucity of pre-existing T cells at diagnosis prevented the reactivation of anti-tumor immune
responses (14–16). Notably, monotherapy with ITs have shown poor response rate in first GBM
recurrence (17). In evaluation of responders to anti-PD1 monotherapy at first recurrence, patients
are more likely to be Phosphatase and TENsin homolog (PTEN) wild type and have increased
immune infiltration post anti-PD1 monotherapy compared to non-responders who are PTEN
mutant and have low immune infiltrate both before and after IT (18). Consequently, it is critical to
develop IT-based combinatorial approaches that both recruit and activate tumor-infiltrating
lymphocytes (TILs).
May 2021 | Volume 11 | Article 6710441240

https://www.frontiersin.org/articles/10.3389/fonc.2021.671044/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.671044/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.671044/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:clv2002@med.cornell.edu
https://doi.org/10.3389/fonc.2021.671044
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.671044
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.671044&domain=pdf&date_stamp=2021-05-20


De Martino et al. Radiation-Induced Anti-Tumor Immunity for Glioblastoma
Radiation therapy (RT) increases antigenicity and
adjuvanticity of malignant cells (19), thus suggesting that RT
could be used to coax T cells into GBM. Supporting this notion,
several groups have reported synergism between RT and IT in
preclinical models of GBM which have motivated the assessment
of RT-based combinatorial approaches in Clinic (Table 1).

Here will we discuss the unique immune system of the central
nervous system (CNS), the immunosuppressive TME of GBM
and how RT can restore the sensitivity of GBM to modern IT by
modulating systemic and local anti-tumor immunity.
THE UNIQUE IMMUNE SYSTEM OF THE
CENTRAL NERVOUS SYSTEM

The traditional dogma of the brain as an immune-privileged
organ was initiated by pioneer work from Murphy in the 1920s,
demonstrating successful growth of mouse sarcoma after their
implantation into the brain while rejection of these tumors was
observed when transplanted in the periphery (20). Later on, these
findings were confirmed with seminal work from Medawar, in
the 1940s, which similarly demonstrate a high propensity of
tumor engraftment in the brain parenchyma as opposed to
tumor transplant in peripheral organs (21). Of notice, when
first transplanted in peripheral organs before their implantation
into the brain, these tumors were successfully rejected, thus
suggesting that the activation of the immune system in the
periphery can generate tumor rejection into the brain (21).
Consequently, the fact that brains were unable to elicit anti-
tumor immune responses by itself led to the concept of the
immune privilege of the CNS.

Since then, studies have revealed that the immune privilege
status of the CNS is overstated. Notably, the description of the
afferent mechanism for CNS engagement in regional lymphatic
(22–24) together with the discovery of the glymphatic (glial-
lymphatic) system that links the parenchyma and the
interstitium to the cerebrospinal fluid (CSF) spaces, started to
challenge the concept of the brain as immunologically silenced.

Another breakthrough in the field of brain immunology was
the identification of a functional meningeal lymphatic network
that enables the drainage of immune cells, macromolecules and
fluids from the CNS to the deep cervical lymph nodes (dcLN) (4,
25). This dural lymphatic system provides a physical connection
for CSF-derived antigens to gain access to dcLN for priming and
activation of T cells. Consequently, meningeal lymphatic vessels
are critical regulators of drainage and immune surveillance, a
notion that has been demonstrated in the context of GBM (26,
27). More recently, the dural sinuses were identified as a neuro-
immune hub where circulating T cells can assess the brain and
CSF-derived antigens to enable immune surveillance (10).

Given the complex lymphatic circuitry and the unique sites of
neuro-interface of the CNS, the brain can no longer be perceived
as an immune-privileged organ, but rather as an immune-
distinct and highly immunosuppressive environment.

This concept is reinforced by the ongoing challenge of the
efferent arm of CNS immunity. Indeed, the blood brain barrier
Frontiers in Oncology | www.frontiersin.org 2241
(BBB), a structure composed of capillary tight junctions and
astrocyte cell projections (aka astrocytic feet or “glia limitans”)
(28, 29), is thought to serve as a filter of the transit of molecules
and immune cells between the brain and the systemic circulation.
Some strategies to overcome the BBB have been explored,
including the usage of nanoparticles, convection enhanced
delivery, and non-invasive focused ultrasound and have
achieved promising results in preclinical models (30–34).
However, the recent demonstration of T cells infiltration and
immune surveillance of the brain challenge the long-held view of
BBB as an hermetic barrier to immune cell trafficking and
suggest that the CNS is accessible to immune cells (35–37).

Aside distinct afferent and efferent circuits of CNS immunity,
tissue-resident myeloid cells are another unique feature of brain
immunity (38). This population is mainly composed of microglia
(or tissue-resident macrophages) that originate from the yolk sac
and migrate into the brain during embryonic development (39).
The function of microglia is to assess the brain parenchyma and
to maintain immunological homeostasis by responding to signals
consistent with tissue damage, inflammation, or the presence of
pathogens (40, 41). Such activation of the microglia leads to an
increase capacity of antigen presenting functions as well as its
phagocytic properties, suggesting that microglia serves as the
resident antigen-presenting cells of the CNS (5, 9).

Thus, the unique features of the brain from its drainage to its
tissue resident microglial cells (Figure 1) suggest that immune
responses in the CNS are possible. However, the immune
singularity of the brain calls for a better understanding of CNS
immunity to optimally generate anti-tumor immunity against
brain malignancies.
THE IMMUNE SUPPRESSIVE
MICROENVIRONMENT OF
GLIOBLASTOMA

A major obstacle to anti-tumor immune responses against GBM
is its highly immunosuppressive TME (Figure 1).

Among key contributors to GBM immunosuppression, tumor-
associated macrophages cells (TAMs) account for 30% to 50% of
the tumor mass (42, 43). TAMs are usually pro-tumorigenic, and
their accumulation correlate with tumor grade and poor prognosis
(44–46). The recruitment and function of TAMs is modulated by
GBM-secreted factors, such as the chemo-attractants stromal cell-
derived factor 1 (SDF1) (47, 48), C–C motif chemokine ligand 2
(CCL2) (49, 50) and the colony-stimulation factor 1 (CSF1) (51).
TAMs promote immunosuppression by the production of
arginase, transforming growth factor-beta (TGFb), interleukin
(IL)-10 and IL-6, among others which collectively inhibit both
the innate and adaptive immune systems with suppression of NK
activity and T cell activation and proliferation (52–55).

Another mechanism responsible for immunosuppression and
ultimately the lack of response of IT strategies in GBM patient is
the low representation of T cells in the tumor. Studies have
demonstrated that T cells influx in GBM is offset as a result of (1)
reduced T cells production subsequent to thymic involution (56),
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TABLE 1 | Combination of immunotherapy with radiation therapy in clinical development for glioblastoma.

Target Agent New or
Recurrent

Phase Clinical Trial
ID

Radiation
regimen

Status Notes

PD-1 Nivolumab Newly
diagnosed

III NCT02617589 Standard
fractionation

Active, not
recruiting

Unmethylated MGMT; comparison anti-PD-1
versus TMZ each in combination with RT

PD-1 Nivolumab Newly
diagnosed

III NCT02667587 Standard
fractionation

Active, not
recruiting

Methylated MGMT; TMZ plus RT combined with
anti-PD-1

PD-1 Nivolumab Newly
diagnosed

I NCT03576612 Standard
fractionation

Recruiting Neoadjuvant onclolytic adenovirus (GMCI) + TMZ

PD-1 Nivolumab Recurrent II NCT03743662 Hypofractionated Recruiting Re-irradiation (6Gy x 5) +/- anti-PD-1 +/-
Bevacizumab

PD-1 Nivolumab Newly
diagnosed

II NCT04195139 Standard
fractionation

Recruiting Elderly patients; comparison RT+anti-PD-1 +
TMZ versus standard treatment (RT+TMZ)

PD-1 Pembrolizumab Newly
diagnosed

II NCT03018288 Standard
fractionation

Recruiting TMZ +/- heat shock protein (HSPPC-96)

PD-1 Pembrolizumab Newly
diagnosed

II NCT03197506 Standard
fractionation

Recruiting Standard therapy (RT+TMZ) +/- anti-PD-1

PD-1 Pembrolizumab Recurrent I NCT02313272 Standard
fractionation

Active, not
recruiting

Bevacizumab and RT (6Gy x 5) +/- anti-PD-1

PD-1 Pembrolizumab Newly
diagnosed

II NCT03899857 Standard
fractionation

Recruiting standard treatment (RT+TMZ) + anti-PD-1

PD-1 Pembrolizumab Newly
diagnosed

I NCT02287428 Standard
fractionation

Recruiting Unmethylated MGMT; RT+anti-PD-1+NeoAntigen
Vaccine

PD-1 Pembrolizumab Newly
diagnosed

I NCT03426891 Standard
fractionation

Recruiting Standard therapy (RT+TMZ) +/- HDAC inhibitor
(Vorinostat) +/- anti-PD-1

PD-1 Pembrolizumab Recurrent II NCT03661723 Hypofractionated Recruiting Re-irradiation (7Gy x 5) per week for 2 weeks +/-
Bevacizumab

PD-1 and CTLA-4 Nivolumab and
Ipilimumab

Newly
diagnosed

II NCT03367715 Hypofractionated Recruiting Unmethylated MGMT; RT (6Gy x 5) + anti-PD-1 +
anti-CTLA4

PD-1 and CTLA-4 Nivolumab and
Ipilimumab

Newly
diagnosed

II/III NCT04396860 Standard
fractionation

Recruiting Unmethylated MGMT; comparison standard
treatment (RT+TMZ) versus RT+anti-PD-1+anti-

CTLA-4
PD-1 and IDO Nivolumab and

BMS-986205
Newly

diagnosed
I NCT04047706 Standard

fractionation
Recruiting Standard treatment (RT+TMZ) +/- anti-PD-1 +/-

IDO inhibitor
PD-L1 Durvalumab Newly

diagnosed and
recurrent

II NCT02336165 Standard
fractionation

Active, not
recruiting

Bevacizumab

PD-L1 Durvalumab Recurrent I/II NCT02866747 Hypofractionated Recruiting RT (8Gy x 3)
PD-L1 Atezolizumab Newly

diagnosed
I/II NCT03174197 Standard

fractionation
Active, not
recruiting

Standard treatment (RT+TMZ) +/− anti-PD-L1

PD-L1 Avelumab Newly
diagnosed

II NCT02968940 Hypofractionated Completed IDH mutant; RT (6Gy x 5)

PD-L1 Avelumab Newly
diagnosed

II NCT03047473 Standard
fractionation

Active, not
recruiting

Standard treatment (RT+TMZ) +/− anti-PD-L1

PD-L1 Avelumab Recurrent II NCT03291314 Standard
fractionation

Completed Standard treatment (RT+TMZ) + anti-PD-L1 +
tyrosine kinase inhibitor (axitinib)

GM-CSF Sargranostim Newly
diagnosed

II NCT02663440 Hypofractionated Unknown RT (regimen not specified) + TMZ + GM-CSF

GM-CSF and poly I:C Sargranostim
and Hiltonol

Recurrent I NCT03392545 Not specified Recruiting RT + GM-CSF and poly I:C

GM-CSF and
tetanus-diphtheria
toxoid (Td)

GM-CSF and
Td

Newly
diagnosed

II NCT03927222 Standard
fractionation

Recruiting Unmethylated MGMT; Standard treatment
(RT+TMZ) + Td + GM-CSF

TGF-b Galunisertib Newly
diagnosed

I/II NCT01220271 Standard
fractionation

Completed Standard treatment (RT+TMZ) +/− anti-TGF-b

IDO Indoximod Newly
diagnosed

I/II NCT02052648 Hypofractionated Completed TMZ +/− bevacizumab +/− IDO inhibitor +/− RT
(5.5 × 5 Gy)

CXCR4 Plexirafor Newly
diagnosed

I/II NCT01977677 Standard
fractionation

Completed Standard treatment (RT+TMZ) +/− CXCR4
inhibitor

CSF1R Pexidartinib Newly
diagnosed

I/II NCT01790503 Standard
fractionation

Completed Standard treatment (RT+TMZ) +/− CSF1R
inhibitor

IGF-1R IGV-001 Newly
diagnosed

Iib NCT04485949 Standard
fractionation

Not yet
recruiting

Standard treatment (RT+TMZ) +/− IGV-001 cell
immunotherapy

PD-L1 Atezolizumab Recurrent II NCT04729959 Hypofractionated Not yet
recruiting

IDH1 wild type; PD-L1 inhibitor; tocilizumab; RT
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(2) increased expression of the programmed death ligand-1 (PD-
L1) (57), (3) loss of surface spingosine-1-phosphate receptor 1
(S1P1) in brain tumors to sequester T cells in the bone marrow
(58) and (4) CD68+ microglia lose MHC-II (i.e. heterogeneity
human leukocyte antigen (HLA)-DR isotype; HLA-DR)
expression in a PTEN dependent fashion (18).

Despite these major obstacles, some T cells can successfully
infiltrate intracranial tumors and have been shown post IT in
patients who respond (18). However, infiltrating T cells are more
likely to be dysfunctional and express markers of exhaustion like
programmed cell death (PD-1), lymphocyte-activation gene 3
(LAG3) and T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3) (59–61). Importantly, a large proportion of
T cells infiltrating GBM are regulatory T cells (Tregs) that co-
expressed checkpoint inhibitors including cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and PD-1 (62). Treg is a subset of
Frontiers in Oncology | www.frontiersin.org 4243
CD4 T cells that express the transcription factor forkhead box
protein3 (Foxp3) (63, 64). These cells suppress CD8 T cells
activation by the secretion of immunosuppressive cytokines,
namely TGFb and IL-10 (65, 66). GBM attract Tregs from the
periphery to the local TME by soluble factors, such as GBM-derived
CCL22, CCL2, and TGFb, to promote immunosuppression
(66–69).

Overall, these findings underscore that not only do intracranial
tumors display high infiltration of immunosuppressive cells but
they also secrete factors that limit T cell responses against GBM.

The Cancer Genome Atlas (TCGA) has identified four
subtypes of GBM (i.e. proneural, neural, classical, and
mesenchymal), based on mutations that drive proliferation and
survival of GBM (70). Consequently, the genetic heterogeneity of
GBM predicts for a great mutational load, one of the favorable
biomarkers for successful IT. However, GBM are characterized
FIGURE 1 | The unique immune response in GBM and its modulation by RT. For many years, the central nervous system (CNS) was thought to be excluded from
immune surveillance. However, it is now known that the CNS is not isolated from activated T cells and that CNS antigens can be presented locally or peripherally in
the draining cervical lymph nodes or the dural sinuses. Diverse types of antigen presenting cells (APCs) exist within glioblastoma (GBM), including microglia,
macrophages, astrocytes and classic APCs such as dendritic cells (DCs). APCs that have captured tumor antigens can present to naïve T cells, leading to their
activation and expansion. Activated T cells migrate into the brain through a disrupted blood brain barrier (BBB), but once in the tumor microenvironment (TME) they
differentiate into exhausted T cells. Within the TME, there are immunosuppressive regulatory T cells (Tregs), myeloid derived suppressor cells (MDSC), reactive
astrocytes and pro-tumoral macrophages and microglia. Radiotherapy (RT), the standard of care for GBM, induces the exposure of tumor neoantigens and increases
the T cell receptor (TCR) repertoire. Moreover, tumor irradiation promotes the release of danger associated molecular patterns (DAMPs) and type I interferon (IFN-I), which
stimulate APCs cross-priming of T cells. All of these suggest that RT can be used to overcome GBM immunosuppression to optimally prime anti-tumor immunity.
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by a relatively low mutational burden (71, 72), suggesting that
GBM display limited somatic mutations for the T cells to target
and ultimately lead to a restricted efficacy of IT when used
as monotherapy.

Defects in the antigen presentation machinery, such as
downregulation or loss of HLA class I, have also been reported
in GBM patients (73). More specifically, microglia antigen-
presenting cells (9, 74) present a downregulation of the major
histocompatibility class I (MHC-I) due to immunosuppressive
cytokines (e.g. TGFb and IL-10) that emanate from the TME (75).

Therefore, low presence of antigens combined with defective
presentation, represent an additional challenge to mount
effective T cell responses against GBM.

Metabolic alterations of GBM is an emerging immune
resistance mechanism (76). Notably, a recent study comparing
the metabolic reprogramming of GBM patient samples with low-
grade astrocytoma identified that variations in tryptophan,
arginine, prostaglandin, and adenosine pathways might be
responsible for the accumulation of Tregs and pro-tumorigenic
TAMs in GBM (77). Moreover, activation of the mammalian
target of rapamycin (mTOR) pathway in microglia promoted
tumor growth and immune evasion in murine GBM (78).
Therefore, targeting metabolic liabilities of intracranial tumors
represents a promising strategy to overcome immunosuppression.
RADIOTHERAPY TO RESTORE THE
SENSITIVITY OF GLIOBLASTOMA TO
IMMUNOTHERAPY

The complexity of brain immunity combined with the
immunosuppression exerted by the TME in brain tumors call
for innovative approaches to break immune tolerance of
brain malignancy.

One appealing strategy is to exploit the immuno-stimulatory
properties of RT to generate an in situ tumor vaccine and the
subsequent recruitment of effector T cells into GBM; a vital
component for the efficacy of modern IT (Figure 1).

RT has been acknowledged as a potent immune adjuvant over
the past two decades with major preclinical data demonstrating
that RT promotes tumor specific T cell responses (79, 80).
However, the concept of RT as an immune response modifier
(IRM) was initiated forty years ago by Stone who demonstrated
that responses to RT were impaired in the absence of T cells (81).
While these findings were ignored for a long time, the
breakthrough of ITs restimulated interest in exploiting the
immunogenic properties of RT to expand the fraction of
cancer patients that can benefit from IT. Since then, studies
from experimental models have provided mechanistic insight
pertaining to the ability of RT to stimulate the immune system.
Notably, two main processes were found essential (but not
mutually exclusive) to convey immunogenicity of an irradiated
tumor: (1) the engagement of an immunogenic cell death (ICD)
(82–85) and (2) the induction of type I interferon (IFN-I) (86–
88). ICD is identified by the spatial and temporal occurrence of
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three damage-associated molecular pattern (DAMPs) molecules,
namely the pre-apoptotic exposure of calreticulin (CRT) on the
cell surface (89), the active secretion of ATP (82, 83, 89–92) and
the release of the non-histone nuclear protein High Mobolity
Group Box 1 (HMGB1) (82).

Activation of IFN-I response is essential for T cell priming and
is a consequence of the recognition of cytosolic double stranded
(ds) DNA by the nucleic acid sensor (NAS) CGAS (i.e. cyclic
GMP-AMP synthase) to engage stimulator of the interferon genes
(STING) pathway in irradiated cells as well as in dendritic cells
(DC) (87, 88, 93–98). The source of cytosolic DNA is currently
being debated with reports indicating that micronuclei formed by
mitotic defects (99–101) and/or the autophagy-dependent release
of mitochondrial dsDNA (86).

Nevertheless, RT-induced IFN-I response is not restricted to
cytoplasmic dsDNA sensing. Notably, recent studies have
demonstrated that cytoplasmic recognition of dsRNA by the
retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) led to
IFN-I post RT (102, 103). Cytosolic dsRNA sensing involves
three RLR sensors, namely RIG-I, melanoma differentiation-
associated gene 5 (MDA5), and laboratory of physiology and
genetics 2 (LGP2 or DExH-box helicase 58; DHX58) (104, 105).
A recent preclinical study, reported that host LGP2 was essential
for optimal anti-tumor control of irradiated murine colorectal
tumors (103). Consequently, the activation of RT-induced IFN-I
is the result of DNA recognition by the CGAS-STING pathway
but is also subsequent to RNA sensing by the RLR family.
Whether these mechanisms are initiated in irradiated GBM
remains unknown, but current data suggests that activation
CGAS-STING in myeloid cells is important for anti-tumor
immunity against this tumor type (106, 107).

Other major immunogenic features of RT is to shape the T
cell receptor (TCR) repertoire of TILs (108–112) and to expose
immunogenic mutations to the immune system (113). A detailed
discussion describing the mechanisms responsible for the
increase of antigenicity in irradiated tumors can be found
elsewhere (114).

While the capacity of RT to generate similar mechanisms in
the brain remains to be investigated, evidence of MHC-I
upregulation and increase of antigen presentation from brain
irradiation was described (115). More importantly, it was
reported that personalized neoantigen vaccine generates
intratumoral T cell responses in GBM patients, suggesting that
RT-induced immunogenic mutation exposure is a promising
strategy to treat intracranial tumors (116).

The impact of the isocitrate dehydrogenase 1 (IDH1) mutation
together with the methylation status of O6-methylguanine-DNA
methyltransferase (MGMT) on RT-induced anti-tumor immunity
against GBM is unclear. However, the fact that neoantigen derived
from mutant IDH1 can promote anti-tumor CD4+ T-cells and
antibody responses in glioma together with the ability of RT to
expose neoantigens, suggest that IDH1 mutated GBM patients
might better respond to the RT-IT combinations as opposed to
patients with wild-type IDH1 tumors (117).

Altogether, mechanistic insights pertaining to the
immunogenic role and function of ionizing radiation elevated
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the use of RT as a partner to IT in multiple cancer including
GBM. Some RT-IT combination are already assessed in
preclinical models of GBM as well as in clinic (Table 1). For
instance, focal irradiation improved the survival of GBM-tumor
bearing mice treated with anti-PD-1 (118, 119), anti-CTLA-4 +
4-1BB activation (120), dual TIM-3 and PD-1 blockade (121)
and anti-GITR (glucocorticoid-induced TNFR family related
gene) (122). Underscoring the potential of RT to promote
GBM-targeted T cells responses, all of these studies reported
an increase in T cell infiltration and some even documented
long-lasting immune memory responses against GBM.

Importantly myeloid cells expressing the colony-stimulating
factor-1 receptor (CSF-1R) (or TAM-CSF-1R+ cells) were
recently found altered during the time-course of anti-GBM
therapy. Notably, RT was described to promote recurrence-
specific phenotypes in microglia and monocyte-derived
macrophages (123). GBM tumor bearing mice treated with the
combination of anti-CSF-1R with focal RT experienced increase
in survival, thus indicating that CSF-1R targeting is a promising
strategy for irradiated GBM (123).

Along similar lines, targeting PD-L1 expressing tumor
associated myeloid cells in combination with dinaciclib, a
cyclin-dependent kinase inhibitor, extended survival of mice
bearing irradiated GBM tumors (124).
CLINICAL TRANSLATION AND CHALLENGES

A widespread interest of RT-based immuno-oncology
combinations has spurred in Clinic due to the mounting
evidence highlighting the role RT as an immune adjuvant.
However, the clinic translation of experimental models turn
out to be more challenging than anticipated due to several of
host-responses to RT. Notably, mounting evidence highlight the
critical aspect of the choice of radiation fractionation and
regimen to elicit anti-tumor immunity. Consequently, the
impact of RT planning and delivery must be considered
including: absolute dose, dose-per-fraction, low dose spread,
path of radiation delivery, and the effects of radiation cell kill.
Radiation dose fractionation and dose per fraction has shown to
differentially affect immune cells and the TME. For instance,
radiation dose-dependent responses can be elicited on T-effector
cells versus Tregs, macrophages, and TME regulation through
TREX1-STING-IFN signaling (87, 125–128). The optimal
radiation dose and regimen together with the best sequencing
between IT and RT remains elusive (19, 129, 130).

Nevertheless, ongoing clinical trials assessing the combination
of IT with either standard fractionation or hypofractionation
regimen in CNS diseases (Table 1) may provide some indication
on the optimal radiation regimen and sequencing of IT to
generate GBM-targeted anti-tumor immune responses.

Another major limitation to RT-induced anti-tumor immunity
is the activation of latent TGFb that stem for the TME. TGFb
activation by RT promotes immunosuppression (131) and
therefore represents a major challenge for the translation of RT-
IT combinations. Nevertheless, cooperative effects of TGFb
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blockade with focal RT has shown some promises in patients
with metastatic breast cancer (132, 133), which underscore that
blocking TGFb in the context of RT might be required to elicit
potent anti-tumor immunity.

There are many emerging ionizing radiation technologies that
may further add to the immune modulatory effects including
ultras-fast dose-rate radiotherapy (FLASH-RT) and particle
therapy (proton and carbon ion therapy) (134). While
preclinical studies hold great promises to generates anti-tumor
immunity against FLASH-irradiated GBM (135), additional
investigations are required to define the immunogenic
properties of FLASH radiation, especially in the context of
brain malignancies.

Overall, to achieve clinical translation for patient care, increase
knowledge of the interplay between radiation responses of the host
and immunosuppression must be investigated.
CONCLUSION

Although to date, the clinical trials assessing the efficacy of IT
have been disappointing, the results from preclinical studies are
very encouraging for the success of RT-IT combinations in
treating GBM. Different strategies adapted from experimental
models are currently being investigated to harness the immense
potential of combining RT with IT (Table 1). As a scientific
community, we strongly await the data from these ongoing
clinical trials. Further efforts to understand the effect of RT in
TME of GBM may uncover novel avenues to optimally combine
RT with IT to generate an in situ vaccination against GBM.
However, given the complexity of the brain immunity, together
with the immunosuppression of GBM, it is likely that multiple
targets will be required to eliminate irradiated GBM.
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Introduction: Consolidation radiotherapy in intermediate stage Hodgkin´s lymphoma (HL)
has been the standard of care for many years as involved field radiotherapy (IFRT) after
chemotherapy. It included initially involved region(s). Based on randomized studies,
radiation volumes could be reduced and involved site radiation therapy (ISRT) became
the new standard. ISRT includes the initially affected lymph nodes. In young adults
suffering from HL, infertility and hypogonadism are major concerns. With regard to these
questions, we analyzed the influence of modern radiotherapy concepts such as
consolidating ISRT in infradiaphragmatic involvement of HL after polychemotherapy.

Patients and Methods: Five hundred twelve patients treated within German Hodgkin
Study Group (GHSG) HD14 and HD17 trials were evaluated. We analyzed log-adjusted
follicle-stimulating-hormone (FSH)- and luteinizing-hormone (LH)-levels of HD14-patients
with infradiaphragmatic radiotherapy (IDRT) in comparison with HD14-patients, who had a
supradiaphragmatic radiotherapy (SDRT). In a second step, we compared IFRT with ISRT
of female HD17 patients regarding the effects on ovarian function and premature
menopause.

Results: We analyzed FSH- and LH-levels of 258 female and 241 male patients, all
treated with IFRT. Of these 499 patients, 478 patients had SDRT and 21 patients had
IDRT. In a multiple regression model, we could show that log-adjusted FSH (p=0.0006)
and LH values (p=0.0127) were significantly higher after IDRT than after SDRT. The effect
of IDRT on gonadal function was comparable to two cycles of escalated bleomycin,
etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone
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(BEACOPPesc). We compared the effect of IFRT with ISRT in thirteen female HD17
patients with infradiaphragmatic (ID) involvement. The mean ovarian dose after ISRT was
significantly lower than after IFRT. The calculated proportion of surviving non-growing
follicles (NGFs) increased significantly from 11.87% to 24.48% in ISRT compared to IFRT,
resulting in a significantly longer calculated time to menopause. The younger the age at
therapy, the greater the absolute time gain until menopause.

Conclusion: Infradiaphragmatic IFRT impairs gonadal function to a similar extent as two
cycles of BEACOPPesc. In comparison, the use of ISRT target volume definition
significantly reduced radiation dose to the ovaries and significantly extends the time
interval from treatment to premature menopause.
Keywords: Hodgkin lymphoma, involved site radiotherapy, involved field radiotherapy, chemotherapy, fertility,
premature menopause, infradiaphragmatic
INTRODUCTION

Nowadays Hodgkin´s Lymphoma (HL) is a very well curable
disease. Due to improved overall survival of more than 90% after
5 years for early stage HL (1–4) and even advanced stages (5, 6),
reduction of long-term side effects became more and more
important. Therefore, recent studies focused on de-escalation
of both treatment modalities- radiotherapy (RT) and
chemotherapy (1, 3). In the young adult population suffering
from HL, infertility and hypogonadism are major concerns,
which affect quality of life as well as life planning, desire to
have children, and parenthood. Several studies have investigated
the effects of chemotherapy and RT on infertility and
hypogonadism in HL patients. However, whereas there are
studies on current chemotherapy regimens (7–9), the studies
on RT date back to the extended field radiotherapy (EFRT) era
(10–13).

For the last two decades, consolidating RT in intermediate
stage HL was performed as involved field radiotherapy (IFRT)
and no longer as EFRT as part of the combined modality
treatment (14). It included one or more initially involved
regions after completion of polychemotherapy with two
cycles of escalated bleomycin, etoposide, doxorubicin,
cyclophosphamide, vincristine, procarbazine, and prednisone
(BEACOPPesc) and two cycles of doxorubicin, vinblastine,
dacarbazine, and bleomycin (ABVD) (2). Based on the ILROG
(international Lymphoma Radiation Oncology Group)
guidelines for target volume definition in HL involved site
radiotherapy (ISRT) has been established since 2014 as new
standard (4, 15, 16). Instead of irradiating the initially affected
areas, only the initially affected lymph nodes with a margin
dependent on the uncertainty in contouring are included in
the ISRT target volume (15), which reduces the planning target
volume by about half - at least in the case of supradiaphragmatic
radiotherapy (SDRT) (17).

The observation of cancer childhood survivors showed that
the testis (18) and the ovaries are very sensitive to RT (19–21).
The high radiation sensitivity of the gonads has also been
detected in adult cancer survivors (10–13, 22, 23). In case of
2251
irradiation of the ovaries, a certain percentage of follicles will
survive depending on the applied dose, so that the time until the
onset of ovarian insufficiency depends not only on the applied
dose but also on the pre-existing ovarian reserve of the patient
(24). Wallace et al. developed a model to calculate the survival
fraction of non-growing follicles (NGF) as a function of dose. He
showed that the median lethal dose (LD50), which destroys 50%
of the NGF, is < 2Gy (25). Ovarian failure causes not only
infertility but also premature menopause. This in turn can lead to
increased cardiovascular risk (26, 27), osteoporosis (28) with a
risk of bone fracture (29), and reduced quality of life (30).

In this study, we investigate the effects of radiotherapy on
Infertility and Hypogonadisms in HL patients and the chance of
reducing this impact by using ISRT.
PATIENTS AND METHODS

To evaluate the effects of infradiaphragmatic involved-field
radiotherapy (IDRT), we analyzed hormone levels of German
Hodgkin Study Group (GHSG) HD14-patients (Figure 1). In a
second step, we compared IFRT and ISRT of female HD17-
patients with regard to premature menopause.

Hormone Levels
In the HD-14 trial 1,528 patients with early unfavorable HL were
included. The treatment consisted of either 4xABVD or
2xBEACOPPesc + 2xABVD (2 + 2-regime) followed by 30 Gy
IFRT (2). Behringer et al. determined FSH, LH and AMH/
Inhibin B-values of 1,323 patients, who had participated in the
HD13-15-trials and had finished chemotherapy at least one year
before. They included female patients who were younger than 40
years at the time of diagnosis and male patients who were
younger than 50 years at the time of diagnosis but were still in
remission and receiving no therapy other than the study
medication (7).

To evaluate the effects of RT on gonadal function we
compared FSH and LH values of HD-14 patients from this
collective who received IDRT with the values of the patients
May 2021 | Volume 11 | Article 658358
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radiated with SDRT. Patients from whom the information on
irradiation, FSH and LH levels were available were considered.

Hormone Levels - Statistics
To achieve a normalized distribution of FSH and LH we took the
natural logarithm of the hormone levels. We analyzed the effects
of IDRT versus SDRT on log-transformed FSH value. For the
analysis, we used a multiple regression model with adjustment
for age, gender and chemotherapy (ABVD versus 2 + 2-regime)
and computed best linear unbiased estimates to account
additionally for the interaction between age and gender. We
set the level of significance to 0.05, computed two-sided p values
and used SAS 9.4 for the statistical analysis of hormones.

Comparison IFRT and ISRT
In the subsequent HD17-trial for early unfavorable HL, patients
receive 2xBEACOPPesc + 2xABVD. After a post-chemotherapy
PET-CT, patients were treated with IFRT in the standard am
regardless of the PET-CT result. In the experimental arm, INRT
was performed if the patient was PET-CT positive. If the PET-CT
was negative, radiotherapy was omitted.
Frontiers in Oncology | www.frontiersin.org 3252
For our analysis, we chose female patients, who had provided
us with both initial CT-Scans, pre-radiotherapy-CT-Scans, and
who had no oophorectomy. For each patient we contoured an
IFRT Planning Target Volume (PTV) in accordance with the
definition of the GHSG and an ISRT-PTV according to the
ILROG. We chose ISRT and not INRT due to the higher clinical
relevance after the implementation of ISRT in several guidelines
(15). We calculated for both PTVs a Volumetric Arc Therapy
(VMAT)- plan with VARIAN Eclipse 13.6 and analyzed ovaries,
uterus, small bowl, rectum, bladder, spinal cord and femoral
heads as organs at risk (OAR).
Comparison IFRT and ISRT – Influence on
Premature Menopause
Using Wallace’s surviving percentage function (24) log10 (g(z)) =
2–0.15z, we calculated for each patient the percentage of NGF
surviving the IFRT and ISRT (g = surviving NGF in %; z dose in
Gray). For this, the dose-volume histograms (DVHs) of both
ovaries together were analyzed with an interval width of 0.1 Gray
and Wallace’s survival function was applied to the resulting data:
FIGURE 1 | Consort Diagram: hormone analysis.
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g = o
dmax

i=1
102−0:15 ∗

1
2= ∗ di+di+1ð Þð Þ ∗ vi

vboth   ovaries

� �

Based on a theoretical age at the beginning of therapy of 18 to
48 years in two-year steps, we calculated the expected time to
menopause for each age and each resulting percentage of NGF.
For this, we used Hansen’s model (31) log10 (n) = (–0.00019)*
(age in years)2.452 + 5.717 to calculate an initial value for NGF for
each age between 18 and 48 years. For each patient, we multiplied
this baseline with the calculated percentage of surviving follicles
after IFRT and ISRT to calculate the reproductive age using the
Hansen model. According to Wallace (24), the time of
menopause was determined by subtracting reproductive age of
50.4 years.

Comparison IRT and ISRT - Statistics
We compared the mean dose of the OARs, the mean of surviving
NGFs and the mean of the time to menopause. Since the mean
values of the examined parameters were not normally distributed
and not symmetrically distributed, we used a sign test.
RESULTS

Hormone Levels
We analyzed FSH and LH levels of 258 female and 241 male HD-
14 patients. Of 258 female patients, six women were treated
with IDRT and 252 women with SDRT. Of 241 male patients,
15 men had been radiated with IDRT and 226 men with SDRT
(Table 1).

Hormone levels were taken in mean at 41.4 months (Standard
deviation 19.2 months) after RT was performed. Tables 2A and
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2B show FSH and LH values stratified by irradiation type
and age.

Using a multiple regression model we found that the
adjusted log values of FSH (FSH p= 0.0006) and LH
(p= 0.0127) were significantly higher after IDRT than after
SDRT. Apart from radiotherapy, type of chemotherapy, age
and interaction of age and gender influenced hormone levels
significantly (Table 3).

As the consequences of the multiple regression model in
Table 3 and especially the observed interaction effect are difficult
to understand, we used the R package visreg (https://cran.r-
project.org/web/packages/visreg/visreg.pdf) to visualize the
consequences of the model for FSH levels (Figure 2). As
shown in Figure 2, increased FSH values were present after
IDRT and especially women were negatively affected. As the
effects of infradiaphragmatic RT versus supradiaphragmatic RT
and 2 + 2 versus ABVD were statistically coded in the same way,
the similar regression coefficients (0.634 and 0.598) in Table 3
correspond to comparable effect sizes. The combination of
infradiaphragmatic RT and 2 + 2 causes significantly increased
FSH values even in younger women. At the other side, males and
their FSH levels are clearly less affected, even if heavily treated
with 2 + 2, IDRT and in higher age.
TABLE 2B | Hormone statistics in HD14 according to SDRT vs. IDRT; Standard deviation (Std Dev).

Original units, U/l Log Transformed

SDRT IDRT SDRT IDRT

Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

FSH fem 11.9 19.3 17.3 10.0 1.7 1.4 2.5 1.1
FSH male 7.9 8.0 14.3 8.6 1.7 0.8 2.4 0.7
LH fem 8.9 11.9 11.9 8.4 1.4 1.6 2.2 0.9
LH male 5.2 3.4 7.1 3.2 1.5 0.6 1.9 0.5
May 2021 |
 Volume 11 | Articl
TABLE 1 | Frequency of IDRT/SDRT.

Female Male Total

N % N % N %

IDRT 6 2.3 15 6.2 21 4.2
SDRT 252 97.7 226 93.8 478 95.8
Total 258 100.0 241 100.0 499 100.0
e 6
TABLE 2A | Hormone statistics in HD14 according to age group; Standard deviation (Std Dev).

Original units, U/l Log Transformed

Age < 30 years Age ≥ 30 years Age < 30 years Age ≥ 30 years

Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

FSH fem 6.0 4.6 16.1 23.7 1.3 1.2 1.9 1.5
FSH male 7.1 8.0 8.7 8.1 1.6 0.8 1.9 0.8
LH fem 6.0 7.9 11.1 13.5 1.0 1.6 1.6 1.6
LH male 5.3 3.0 5.4 3.5 1.5 0.5 1.5 0.6
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Comparison IFRT and ISRT
The imaging required for analysis was available for 13 HD17-
patients, so that we were able to include these patients
in the plan comparison. The initial involvement of the
patients is shown in Table 4. We could show that in
comparison with IFRT the use of ISRT significantly reduced
the mean ovarian dose from 15.13 Gy to 7.44 Gy (Table 5).
Frontiers in Oncology | www.frontiersin.org 5254
The mean dose exposure in uterus decreased significantly
from 14.51 Gy to 8.94 Gy. The mean dose in all other risk
organs studied was also significantly lower with ISRT than
with IFRT.

The proportion of surviving NGF increased significantly from
11,87% after IFRT to 24,48% using ISRT. Up to an age of 44
years, the calculated premature menopause occurs significantly
TABLE 3 | Multiple regression model of log. FSH and log. LH (weighted least squares, 258 females and 241 males, best linear unbiased estimators).

Log FSH Log LH

regression coefficient p-value regression coefficient p-value

Intercept 2.069 <.0001 1.624 <.0001
Age(z) 0.039 <.0001 0.033 <.0001
Sex(z) 0.101 0.0816 -0.036 0.7455
Age*Sex(z) -0.040 0.0027 -0.056 0.0002
ABVD (vs. 2 + 2) -0.634 <.0001 -0.243 0.0002
Infra- diaphragmatic RT fields (vs. upper fields) 0.598 0.0006 0.349 0.0127
May 2021 | Volume 11 | Article
FIGURE 2 | FSH by RT-Field, chemotherapy, gender, and age as estimated in the multiple regression model of Table 3.
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later after ISRT than after IFRT (Table 6 and Figure 3). After 44
years this difference is no longer significant.
DISCUSSION

By intensifying chemotherapy over the years, the HL specific
mortality decreased. Current therapeutic strategies lead to 5-
years OS-rates above 90-95% for early-stage favorable and
unfavorable HL (1–4). Considering this, the toxicity of the
combined modality treatment plays a crucial role and
researcher are trying to reducing these long-term effects. An
important step in the reduction of side effects in the context of
radiotherapy, was the change from EFRT to IFRT and finally to
ISRT. This gradual reduction of the RT fields led to a consecutive
reduction of the irradiated volume and a lower exposure of the
organs at risk. Especially in young HL-patients, hypogonadism
and infertility are particularly important issues, which can be
caused by chemotherapy or radiotherapy. The use of ISRT could
help to reduce this particularly relevant toxicity.

We could show that log-adjusted FSH and LH values were
significantly higher after infradiaphragmatic IFRT than after
supradiaphragmatic IFRT. The negative effect of infra-
diaphragmatic IFRT on gonadal function was comparable to
the effect of two cycles of BEACOPPesc. Our comparison
between IFRT and ISRT indicated that the mean ovarian dose
was significantly lower and the calculated time to menopause was
significantly longer after infradiaphragmatic ISRT than after
Frontiers in Oncology | www.frontiersin.org 6255
infradiaphragmatic IFRT. The younger the age at therapy, the
greater the absolute time gain until menopause.

Our evaluation of the hormone levels of infradiaphragmatic
IFRT treated HD14 patients confirms that women in particular
have a high risk of premature onset of hypogonadism and the
effect is comparable to the effect of 2 cycles of BEACOPPesc.
These results correspond with the outcome of other groups. Van
der Kaaij analyzed 460 female HL-survivors. Forty-one percent
(11/27) of the patients treated with iliacal RT suffered from
premature ovarian failure. However, all of them had also been
treated with alkylating chemotherapy (10). De Bruin et al.
calculated the cumulative risk for menopause at the age of 40
years by examining a collective of 549 women after HL-Therapy.
Thirty-one women had been treated with RT only, which
included the ovaries. Thirteen of these 31 patients developed a
menopause before they had reached the age of 40 years (12).
Moreover, our results fit well with the model designed by
Wallace, in which the ovarian reserve after RT depends on two
independent factors: dose and age (24).

A weakness of our analysis is the small number of patients
who were irradiated infradiaphragmatic. On the other hand, the
studies described in the literature are also based on very few
patients, so that they were not statistically analyzed (10–13).
Since we examined a well-defined collective of a clinical study, we
were able to demonstrate a highly significant difference
independent of the chemotherapy used, despite the small
number of patients. Furthermore, our study is - to our
knowledge - the first to investigate the effect of infra-
diaphragmatic IFRT on gonodal function in post EFRT era.

Due to the proven high gonadal toxicity of infra-
diaphragmatic IFRT, it is important to find ways to reduce it.
Planning studies show that with supradiaphragmatic INRT/ISRT
(17, 32, 33) and infradiaphragmatic ISRT (33) second
malignancy risk is significantly lower than with IFRT. To date,
however, no studies have investigated the effect of infra-
diaphragmatic ISRT/INRT on fertility. Knowing the high
gonadal toxicity of infradiaphragmatic IFRT in women, the
evaluation of ISRT is of high importance.

To our knowledge, our study is the first, which investigated
the opportunity of reducing gonadal toxicity by using ISRT
for infradiaphragmatic HL involvement. Our results show
that the mean dose in the ovaries is significantly lower
TABLE 4 | Initial nodal involvement.

Nodal involvement N %

Iliacal right 4 30.8
Inguinal right 4 30.8
Iliacal left 11 84.6
Inguinal left 10 76.9
paraaortic 9 69.2
Celiac 2 15.4
Mesenteric 4 30.8
Liver 0 0.0
Hepatic hilum 1 7.7
Spleen 0 0.0
Splenic hilum 0 0.0
TABLE 5 | Organs at risk.

Involved Field Involved Site p-value

Mean Standard deviation Mean Standard deviation

Small bowel (Dmean in Gy) 13,29 1,52 7,88 2,65 <0.001
Bladder (Dmean in Gy) 11,67 3,56 8,74 3,36 0.003
Femoral head left (Dmean in Gy) 17,51 4,10 14,47 4,89 0.022
Femoral head right (Dmean in Gy) 9,40 7,23 5,02 5,13 <0.001
Rectum (Dmean in Gy) 10,03 4,01 6,44 3,48 <0.001
Spinal cord (Dmax in Gy) 18.88 1.43 15.06 2.85 <0.001
Uterus (Dmean in Gy) 14,51 5,41 8,94 4,43 <0.001
Ovaries (Dmean in Gy) 15,13 6,34 7,44 5,64 <0.001
Surviving NGF (in %) 11,87 13,01 24,48 12,69 <0.001
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with ISRT than with IFRT and furthermore, the predicted
percentage of surviving NGFs is significantly higher after
ISRT. This is reflected in the clinically relevant time to
premature menopause after RT. Using Wallace’s survival
model for NGFs (24) and Hansen’s NGF model for age (31)
we could demonstrate that the time to menopause is significantly
longer after ISRT than after IFRT. This is particularly evident in
younger women.

A limitation of our analysis is that we performed a plan
comparison in only 13 patients. However, small numbers of
patients are common in planning studies. Furthermore, we were
able to demonstrate an advantage for ISRT in every single
patient. A hormonal analysis of patients with IFRT versus
Frontiers in Oncology | www.frontiersin.org
 7256
ISRT in a prospective study would certainly be preferable.
However, since ISRT has meanwhile replaced IFRT as the
standard, this would be difficult to realize.

A further weakness of our analyzed patient cohort was that
patients had not received ovarian transposition prior to
radiotherapy. Some studies have shown that oophoropexy can
preserve ovarian function despite large-volume IDRT (34–36).
However, in other publications, premature menopause could not
be prevented by ovarian transposition (37, 38). One reason for
this was possibly the scattered radiation, which in the case of
paraaortic RT probably resulted in a relevant dose exposure to
the ovaries despite oophoropexy. This is especially true for
modern irradiation techniques such as VMAT, as the
irradiation is not strictly appa oriented. This results in
optimized dose coverage of the target volume, but at the cost
of some low-dose exposure in the area of the organs at risk, and
in this case, the ovaries. Therefore, the combination of ISRT and
oophoropexy may lead to the necessary reduction of the
ovarian dose.

Furthermore, the use of ISRT reduced significantly the mean
dose of the uterus. Studies of childhood cancer survivors have
reported that radiation of the uterus in childhood can lead to
severe dysfunction (39, 40). In adults, pregnancies following
pelvic radiation are very rare and only few case of successful
pregnancies after RT have been reported (41). Accordingly, a
premenopausal irradiated uterus presents on MRI imaging
similar to a postmenopausal uterus (42). Overall, it is assumed
that irradiation of the uterus can lead to infertility, miscarriages,
premature births, and low birth weight even in adult women
(43). This is caused by damage to the endometrium, which
impedes implantation of the ovum, damage to the uterine
vessels and fibrosis of the myometrium, which cause growth
retardation and thus early abortion (43). Besides the low ovarian
dose, the significant reduction of the uterine dose makes
pregnancy more likely after ISRT compared to IFRT.
TABLE 6 | Time to menopause.

Age, years Involved Field Radiotherapy – time to
menopause

Involved Site Radiotherapy – time to
menopause

Time-Difference of Involved Field and
Involved Site radiotherapy

p-value

Mean, years Standard deviation, years Mean, years Standard deviation, years Mean, years Standard deviation, years

18 12.86 6.82 19.16 3.49 6.30 5.35 <0.001
20 12.13 6.56 18.19 3.33 6.06 5.18 <0.001
22 11.34 6.21 17.13 3.18 5.79 4.91 <0.001
24 10.49 5.82 15.97 3.03 5.48 4.57 <0.001
26 9.57 5.40 14.73 2.88 5.16 4.21 <0.001
28 8.59 4.96 13.42 2.73 4.83 3.84 <0.001
30 7.55 4.51 12.04 2.59 4.49 3.44 <0.001
32 6.45 4.06 10.60 2.46 4.15 3.05 <0.001
34 5.31 3.61 9.11 2.33 3.80 2.66 <0.001
36 4.12 3.18 7.57 2.21 3.45 2.30 <0.001
38 2.89 2.79 5.99 2.10 3.10 2.00 <0.001
40 1.72 2.38 4.37 2.00 2.65 1.68 <0.001
42 0.95 1.75 2.81 1.71 1.87 1.23 0.001
44 0.46 1.14 1.37 1.27 0.90 0.71 0.001
46 0.19 0.47 0.33 0.71 0.15 0.27 0.125
48 0.00 0.00 0.02 0.06 0.02 0.06 1.000
May 2021 | Volume 11 | Article
FIGURE 3 | Time to menopause by age and RT-Field; Boxplot (minimum,
first quartile, median, third quartile, and maximum; Dots represent outliers
greater or less than the 1.5 x interquartile range).
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Therefore, we assume that the positive effect of oophoropexy on
fertility can be further enhanced by ISRT.

In summary, the use of ISRT prolongs the time to early
menopause. Since premature menopause can lead to increased
cardiovascular risk (26, 27) and osteoporosis (28, 29), it can be
supposed that these effects can be reduced by the use of ISRT.
Furthermore, due to the less reduced ovarian reserve and the
lower uterine dose, it can be assumed that the probability of
pregnancy after infradiaphragmatic ISRT is clinically relevant
higher than after infradiaphragmatic IFRT.

Another point to be discussed is the early onset of menopause
in many women after chemotherapy. This could be an indication
that the sparing of the ovaries during radiation may not seem to
be so relevant. However, Behringer et al. reported that compared
to 6-8 cycles of BEACOPPesc after the 2 + 2-regime and
especially after ABVD, there are fewer limitations of gonadal
function (7). In another analysis by Behringer et al, the 2 + 2
regimen and ABVD did not differ in terms of pregnancies,
offspring, amenorrhea, and menopausal symptoms. After
adjustment for age, there was no difference between the
patients analyzed and the general German population in terms
of motherhood rates (8). Nevertheless, we could show that
especially the combination of the 2 + 2 regimen and
infradiaphragmatic IFRT leads to a significant reduction of
ovarian reserve even in young women. Therefore, especially in
the early favorable and early unfavorable stage, ovarian sparing
should be aimed at.

In conclusion, we demonstrated that the long-term effects of
infradiaphragmatic IFRT on ovarian function are comparable to
the effects of BEACOPPesc in the 2 + 2 regimen and the
combination of both causes early menopause even in young
women. Therefore, optimal sparing of the ovaries should always
be performed in the combined modality treatment. In addition,
we have been able to report how large the effect of an optimized
target volume definition is. By using ISRT, a significant reduction
of the radiotherapy volume can be achieved, which plays a crucial
role with regard to the improved sparing of the ovaries and the
Frontiers in Oncology | www.frontiersin.org 8257
consecutive ovarian function. It is assumed that in the future
immunotherapy will play a greater role in the primary therapy
of HL and this will lead to reduced toxicity of systemic therapy
while maintaining the prognosis in early and intermediate
stages of HL. Therefore, in the future, even more attention
should be paid to the protection of the ovaries during
consolidative radiotherapy.
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Radiotherapy and chemotherapy are the standard interventions for cancer patients,
although cancer cells often develop radio- and/or chemoresistance. Hyperthermia
reduces tumor resistance and induces immune responses resulting in a better
prognosis. We have previously described a method to induce tumor cell death by local
hyperthermia employing pegylated reduced graphene oxide nanosheets and near infrared
light (graphene-induced hyperthermia, GIHT). The spatiotemporal exposure/release of
heat shock proteins (HSP), high group mobility box 1 protein (HMGB1), and adenosine
triphosphate (ATP) are reported key inducers of immunogenic cell death (ICD). We
hypothesize that GIHT decisively contributes to induce ICD in irradiated melanoma
B16F10 cells, especially in combination with radiotherapy. Therefore, we investigated
the immunogenicity of GIHT alone or in combination with radiotherapy in melanoma
B16F10 cells. Tumor cell death in vitro revealed features of apoptosis that is progressing
fast into secondary necrosis. Both HSP70 and HMGB1/DNA complexes were detected
18 hours post GIHT treatment, whereas the simultaneous release of ATP and HMGB1/
DNA was observed only 24 hours post combined treatment. We further confirmed the
adjuvant potential of these released DAMPs by immunization/challenge experiments. The
inoculation of supernatants of cells exposed to sole GIHT resulted in tumor growth at the
site of inoculation. The immunization with cells exposed to sole radiotherapy rather
fostered the growth of secondary tumors in vivo. Contrarily, a discreet reduction of
secondary tumor volumes was observed in mice immunized with a single dose of cells and
supernatants treated with the combination of GIHT and irradiation. We propose the
simultaneous release of several DAMPs as a potential mechanism fostering anti-tumor
immunity against previously irradiated cancer cells.
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INTRODUCTION

Every anti-tumor therapy aims to induce immunogenic cell
death (ICD), which favors the development of specific anti-
tumor responses. The spatiotemporal exposure of calreticulin on
the outer leaflet of the plasma membrane (1, 2), the secretion of
ATP (3, 4), and the release of DAMPs such as HMGB1 (4–6),
heat shock protein 70 (HSP70) (7, 8) and HSP90 (4, 9) are
essential organic adjuvants required to induce ICD. These signals
are recognized by various pattern recognition receptors on
antigen presenting cells facilitating their activation and
migration to draining lymph nodes followed by induction of
potent adaptive immune response (10). The presence of one of
the organic adjuvants is not sufficient to induce proper immune
reactions and must be accompanied by additional signals. We
have postulated that the release from dead cells of both ‘find-me’
(ATP) and danger signals (HMGB1 and HSP90) is enough to
support robust immune responses, whereas when only one of the
adjuvants concurs, anti-tumor immunity fails (4). Some
mediators released by dying cells, such as Prostaglandin E2 or
adenosine, show immunosuppressive features contributing to the
tolerance (11, 12) and growth of tumor cells (13).

Besides sensitizing tumor cells to radio- and chemotherapy
(14), hyperthermia has been demonstrated to have a direct cell
killing effect (apoptosis or necrosis) in both in vitro and in vivo
conditions (15–17). This is achieved by the denaturation and
aggregation of intracellular proteins that are not seen in the case of
radio- or chemotherapies (18–22). Temperatures above 44°C
cause extensive cell damage due to sudden protein aggregation
and result in necrosis, whereas apoptosis is usually elicited in the
case of moderate hyperthermia (i.e., 41.5°C) (23, 24). There are
hints that the mode of action inducing the heat has a decisive effect
on the cell death (25). Nuclear proteins and components of the
Mre11-Rad50-Nbs1 complex orchestrating the repair of double
strand breaks in DNA are the most prone to heat-induced
degradation (26–29). Hence, the energy dose (temperature) and
time jointly orchestrate the systemic outcome. This means that the
generation and control of the heat are essential parameters to be
modulated. With the lack of instruments assuring homogenous
heat dispersion, profound damage can be induced to the
surrounding tissues. The prevention of the latter and targeting
invisible metastasis are the main challenges of this field and are
still under development. Although shrinking tumors, sole
hyperthermia cannot substitute any actual therapy (30).
Nevertheless, hyperthermia is undoubtedly sensitizing tumor
cells for further treatments (25, 31–33).

Gamma irradiation induces irreversible double-strand DNA
breaks leading to apoptotic cell death. Dying tumor cells in vivo
are sensed by the immune system propagating predominantly
tolerogenic messages (34–36). Whether hyperthermia
complementing radiotherapy results in ICD has not been
investigated in-depth yet. We have recently shown that PEGylated
reduced graphene oxide nanosheets (rGO-PEG) are biocompatible,
non-toxic, and can be used for intravenous application to induce
fine-tuned localized hyperthermia by application of near infrared
radiation (37). We demonstrate herein that tumor cells killed by the
combination of gamma irradiation and hyperthermia release several
Frontiers in Oncology | www.frontiersin.org 2261
DAMPs in a fashion that renders dead B16F10 melanoma
cells immunogenic.
MATERIALS AND METHODS

Gamma Irradiation (X rays)
B16F10 melanoma cells derived from the C57BL/6 mouse
(ATCC, #CRL-6475) were exposed to ionizing irradiation (20
Gy, 120 kV, 22.7 mA; GE Inspection Technologies, Germany).

Graphene-Induced Hyperthermia (GIHT)
B16F10 melanoma cells were exposed to GIHT as described
before (37). The cells were seeded in 24-well flat-bottom culture
plates (2 × 105 cells/well). Next, graphene nanosheets (50 µg/ml)
were placed in transwell inserts (0.4 µm pores) in close proximity
to the cells, and plates were exposed to near-infrared irradiation
(NIR, 960 nm, 1 hour, 2 W/cm2) applied by Hydrosun®750
(Hydrosun Medizintechnik, Müllheim, Germany). The lower
compartment’s temperature was registered every 10 s with a
Voltcraft K204 Thermometer (Voltcraft, Wollerau, Switzerland)
and a high sensitive “in-well” temperature probe.

Flow Cytometric Analysis of Cell Death
The supernatants (SNs) containing detached B16F10 melanoma
cells treatedwithX-ray irradiation, GIHT, or a combination of both
were collected 24 hours post treatment into polypropylene tubes.
Remaining adherent cells were exposed to trypsin-EDTA solution
for 5min at room temperature (RT), and detached cells were added
to their corresponding SN fractions. Cells kept at 37°C and 5%CO2

served as control of cell death and normal cell turnover. Harvested
cells were centrifuged at 300×g for 5 min, and a morpho-
physiological characterization of cell death by flow cytometry
measurement was performed as described before (38). Briefly, the
cellswere resuspended ina four-color staining solutioncontaining1
µg/ml of Annexin A5 (AxA5)-FITC (ImmunoTools, Friesoythe,
Germany), 100 ng/ml of PI (Sigma-Aldrich, Taufkirchen,
Germany), 10 nM 1,1′,3,3,3′,3′-hexamethylindodicarbo - cyanine
iodide (DiIc1(5), EnzoLife Sciences, Lörrach,Germany), 1mg/ml of
Hoechst 33342 (Thermo Fisher Scientific Inc., Waltham, USA) in
Ringer’s solution for 30 min at RT followed by acquisition on
Gallios flow cytometer and analysis with the software Kaluza 2.1.

Detection of Danger Signals
Plates containing treated B16F10 melanoma cells and specified
controls were centrifuged at 300xg for 5 min at the indicated time
points, and the SNs were collected. The release of ATP from B16F10
melanoma cells was detected with the ‘Luminescent ATP Detection
Assay Kit’ (Abcam, Cambridge, UK). ATP degradation was
prevented by the provided lysis buffer. Luminescence
measurements were performed on a Centro LB960 luminometer.
HMGB1 and HSP70 were detected with the HMGB1 ELISA Kit II
(IBL International, Hamburg, Germany) and DuoSet IC Kit (R&D
Systems (Minneapolis, USA), respectively, according to the
manufacturer’s instructions. For the measurement of absorbance,
an ELISA Microplate Reader and the software Magellan 7.1 SP1
were used.
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Splenocytes Isolation and Staining
Briefly, Balb/c mice were sacrificed, and dissected spleens were
pressed through a 70 µm cell strainer washed with ice-cold PBS.
Collected cells were centrifuged at 300xg for 5 min at 4°C.
Erythrocytes were lysed with erythrocytes lysis buffer for
2 min, followed by centrifugation at 300xg for 5 min at 4°C.
Splenocytes proliferation was detected with the CellTrace™

CFSE Cell Proliferation Kit (Thermo Fisher Scientific, Rockford,
USA) employed according to the manufacturer’s instructions. In
brief, splenocytes (10e6 cells/ml) were incubated in 5 µM staining
solution for 20 min at RT. Excessive dye was removed by adding
the medium with 10% serum for 5 min at RT. Next, labeled cells
were centrifuged at 300xg for 5 min and were employed in
further experiments.

Dendritic Cell Generation and Activation
Femora and tibia bones from sacrificed C57BL/6 mice were
sterilized in 70% ethanol. Next, bone marrow was washed out
with a needle (0.4 mm x 19 mm) into ice-cold medium. Collected
cells were filtered through a 70 µm cell strainer and centrifuged at
300xg for 5 min at 4°C. Bone marrow-derived cells were
differentiated with a complete cell culture medium containing
4 ng/ml of GM-CSF (ImmunoTools, Friesoythe, Germany) and
10 ng/ml IL-4 (ImmunoTools, Friesoythe, Germany) for 7 days.
On days 3 and 5, a fresh DCs medium was added. DC cultures
were treated with 100 µl of SNs from B16F10 melanoma cells
treated with X-ray irradiation, GIHT, or a combination of both for
24 hours at 37°C and 5% CO2. The expression of co-stimulatory
molecules on DCs was confirmed after the conditioning treatment
by flow cytometry using the following antibodies anti-mouseMHC
II (1:600, Biolegend, San Diego, USA), anti-mouse CD11c (1:800,
Biolegend, San Diego, USA), CD40 (1:800, Biolegend, San Diego,
USA), CD86 (1:400, Biolegend, San Diego, USA).

T Cell Activation and Proliferation
Conditioned DCs were irradiated (20 Gy) and co-incubated with
CFSE-stained splenocytes for four days, at 37°C and 5% CO2. After
4 days splenocytes were stained with anti-mouse CD3 (1:400,
Thermo Fisher Scientific, Rockford, USA), anti-mouse CD4
(1:600, Biolegend, San Diego, USA), and anti-mouse CD8 (1:800,
Biolegend, San Diego, USA) antibodies added for 30 min at RT in
the dark and analyzed withGallios flow cytometer and the software
Kaluza 2.1. The mean fluorescence intensity (MFI) of T cells
exposed to unprimed DCs was used as the maximal signal to
calculate the dilution of the dye induced by proliferation. The
average number of divisions (division index) was obtained by
dividing the maximal MFI signal by the signal obtained from T
cells exposed to DCs pre-incubated with the indicated conditions.

Mice
All mice experiments were conducted in full agreement with
institutional guidelines on animal welfare and with the approval of
the local Animal Care and Use Committees of the University
Erlangen-Nürnberg and the ‘Regierung von Unterfranken’
[Allowance numbers TS-12/2015 (bone marrow cells and
splenocytes); 55.2 DMS-2532-2-103 (airpouch model); 54-2532.1-
6/12 (tumor growth)].
Frontiers in Oncology | www.frontiersin.org 3262
Air-Pouch Model
Briefly, 5 mL of sterile air was injected subcutaneously in the
back of previously anesthetized mice (isofluorane). The air
formed a cavity between the skin and the fascia of the back of
the thorax. This cavity was stabilized with 3 ml of sterile air after
three days. After five days the cellular membrane formed allows
the study and quantification of infiltrating leukocytes. On day
five, 5 mL of supernatants collected 24 hours post-treatment
from B16F10 melanoma cells treated with X-ray irradiation,
GIHT, or a combination of both were injected into airpouches.
After 24 hours, the mice were sacrificed, and the lavage of
pouches was collected. Lavages were centrifuged for 5 min at
300x g and stained for 30 min at room temperature in the dark
with the following antibodies: a-ms CD45 (Biolegend, San
Diego, USA), a-ms CCR3 (Biolegend, San Diego, USA), a-ms
CD11b (Thermo Fisher Scientific, Rockford, USA), a-ms Ly-6C
(Biolegend, San Diego, USA), a-ms Ly-6G (Biolegend, San
Diego, USA), a-ms CD170 (Siglec-F) (Biolegend, San Diego,
USA), a-ms CD115 (Biolegend, San Diego, USA), a-ms F4/80
(Biolegend, San Diego, USA). Fluorescence was measured on a
Gallios cytofluorometer, and data analysis was performed with
the software Kaluza 2.1 Following populations were
distinguished: inflammatory monocytes (CD45pos CD11bpos
Ly6Chigh Ly6Gneg CCR3neg SiglecFneg), anti-inflammatory
monocytes (CD45pos CD11bpos Ly6Clow Ly6Gneg CCR3neg
SiglecFneg), macrophages (CD45pos CD11bpos CD115pos F4/
80pos), neutrophils (CD45pos CD11bpos Ly6Cpos Ly6Gpos
CCR3neg SiglecFneg).

Evaluation of the Efficiency of the
Killing Method
In order to determine whether supernatants of treated cells
contained surviving cells that might preclude their use as
immunization agent, supernatants containing detached dead
and dying cells were transferred to a new culture flask
containing fresh DMEM supplemented with 10% (v/v) FBS
and penicillin–streptomycin and cultured at 37°C in a 5% CO2

atmosphere. Cell survival and ability to form colonies were
investigated 7 days post-transfer. Microphotographs were
taken on Microscope Axiovert 25 by a Nikon D700 reflex
camera. Images were processed using Adobe Photoshop CS5.
Also C57BL/6 mice were injected intraperitoneally (i.p.) with
supernatants of treated cells. Mice were sacrificed once tumor
growth in the peritoneal cavity was detected by simple inspection
and palpation. The experiment ended at 32 days, and surviving
mice were sacrificed. Results are presented as Kaplan-Meier
survival curves (Figure 2).

Anti-Tumor Immunization
A syngeneic anti-tumor immunization model was used. Mice
(C57BL/6, MHC haplotype H2b) were immunized i.p. with
supernatants containing detached dead and dying cells
harvested 24 hours post-treatment from B16F10 melanoma
cells (carriers of the MHC haplotype H2b). SNs from cells
treated with gamma irradiation or the combination of GIHT
and gamma irradiation were used in this experiment. GIHT
alone was not used as immunization since the inoculum
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contained surviving cells and was not suitable as an
immunization agent (Figure 2). After 14 days, the mice were
challenged subcutaneously (s.c.) in the back with viable B16F10
melanoma cells (1 × 106). The width, height, and depth of
subcutaneous tumors were measured with a caliper and
recorded for a maximum 16 days.

Statistics
Statistical analysis was performed by GraphPad Prism (version
7.0) software. As statistically significant, the p-values ≤ 0.05
were considered.
RESULTS

GIHT Triggers Apoptosis Rapidly Followed
by Secondary Necrosis
Anti-tumor therapies induce various types of cell death that
might result either in the activation or in the inhibition of specific
anti-tumor immune responses. For example, the survival of
cancer patients has been negatively correlated with tolerogenic
apoptosis (39), and primary necrosis was shown to lack of
immunogenicity (4). Therefore, we first evaluated the type of
cell death induced by GIHT, gamma irradiation and its
combination in vitro employing a flow cytometry-based six-
parameter classification protocol (Supplementary Figures 1, 2)
(38). Untreated cells display a high proportion of viable cells
(Figure 1). The exposure of B16F10 melanoma cells to gamma
irradiation alone results mainly in primary necrosis
independently of GIHT (Figure 1). NIR exposure caused
hyperthermia and rapid progression to secondary necrosis
when rGO or rGO-PEG were present (GIHT, Supplementary
Figure 2) (37). This phenotype persisted after the combined
action of gamma-irradiation and GIHT (Figure 1).

Surviving Cells Are Present in
Supernatants of Dead and Dying Cells
The stimulation of proliferation of few surviving cells by
bystander dead cells has been confirmed for melanoma cells,
fibroblasts, and primary synoviocytes (13) and it might contribute
considerably to relapses after radio- or chemotherapy (40–42). In
order to determine the suitability of dying tumor cells supernatants
as immunization adjuvants, we further cultured supernatants
containing detached dead and dying cells in culture flasks and in
the peritoneal cavity of C57Bl/6mice. The supernatants of untreated
cells and those treated with GIHT contained surviving cells that
generated colonies after 7 days of cultures in vitro and tumors in the
peritoneal cavity of mice, respectively (Figure 2). Contrarily,
supernatants of cells treated with gamma irradiation and with the
combination of irradiation and GIHT did not generate colonies in
vitro or peritoneal tumors in vivo (Figure 2). This indicates that
killing of B16F10 melanoma cells by hyperthermia alone might
cause the release of growth and survival factors that support the
growth of tumors at the site of injection of supernatants. This
precludes the use of cells treated with hyperthermia alone in
immunization protocols.
Frontiers in Oncology | www.frontiersin.org 4263
Dying Cells Killed by GIHT Combined With
Gamma Irradiation Induce Inflammatory
Cell Infiltration in the Site of Injection
Employing the in vivo airpouch model, we investigated the pro-
inflammatory potential of mediators released by dead cells
induced by GIHT alone or in the combination with gamma
irradiation (Figure 3). Supernatants of dead and dying cells were
injected into established sterile airpouches. We observed a
significant increase in the infiltration of inflammatory
FIGURE 1 | Frequencies of subpopulations of dead and dying cells.
B16F10 melanoma cells exposed to gamma irradiation (20 Gy), graphene
induced hyperthermia (GITH) or the combination were classified by flow
cytometry employing multiparametric cell staining after 24 hours. Viable
cells, green, negative for PI and AxA5. Primary necrotic cells, red, positive
for PI and AxA5 with high DNA content (Hoechst). Secondary necrotic cells,
blue, positive for PI and AxA5 with low DNA content (Hoechst). NIR, near
infrared irradiation; Gy, Gray; PI, propidium iodide; AxA5, annexin A5.
*p < 0.05; **p < 0.01.
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neutrophils into airpouches supernatants induced by the
combination of therapies accompanied by a significantly
decreased proportion of anti-inflammatory monocytes and
macrophages. Supernatants of irradiated cells caused a
moderate elevation of inflammatory monocytes (Figure 3).
Frontiers in Oncology | www.frontiersin.org 5264
GIHT Combined With Gamma Irradiation
Elicits the Release of Organic Adjuvants
With a Specific Spatiotemporal Pattern
We further analyzed the presence of organic adjuvants released
by dead and dying B16F10 melanoma cells after GIHT (37)
FIGURE 2 | Efficiency of cell killing. B16F10 melanoma cells exposed to gamma irradiation (20 Gy), GIHT or the combination. Supernatants containing detached
dead and viable cells were collected 24 hours post-treatment and cultured for further 7 days adding fresh medium twice. Representative bright field pictures of
cultures show growth of colonies after 7 days of treatment. Supernatants were also injected in the peritoneal cavity of C57Bl/6 mice. Mice were observed during 32
days or euthanized before if the growing tumor compromised their wellbeing. Kaplan-Meier survival analysis of mice (n=4 or 5) treated with the indicated
supernatants. Scale bar, 25 µm. Gy, Gray; GIHT, graphene induced hyperthermia; i.p. intraperitoneal.
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(Figure 4). We observed an early (t0) and late (t24) release of
ATP in the case of GIHT applied alone or in combination with
gamma irradiation (Figure 4A). Also, both treatments induced
late release of HSP-70 (Figure 4B). However, only the
combination of GIHT and 20 Gy was associated with a late
secretion of HMGB-1 (Figure 4C), suggesting the release of
nucleosome-bound HMGB-1 as reported for secondary necrotic
cells (43).

Dying Cells Treated With GIHT and
X-Rays Induce the Proliferation of
Naive T Cells In Vitro
After confirming the presence of released organic adjuvants and
testing its inflammatory potential, we aimed to investigate
whether these adjuvants contribute to the activation of DCs.
The supernatants of all treatments caused a significant
upregulation of the activation markers CD80, CD86, MHC-II
and CD40 on bone marrow derived DCs (Supplementary
Figure 3). These conditionally activated DCs were used in a
modified mixed lymphocyte reaction (MLR) to activate naive
allogeneic T cells to proliferate (Figures 5A, B). The allogeneic
Frontiers in Oncology | www.frontiersin.org 6265
major histocompatibility complex (MHC) molecules induced so-
called background stimulation of T cells proliferation
(Figures 5A, B, UNT). We observed that the proliferation of
CD4+ T cells but not CD8+ T cells were significantly increased in
response to SN from tumor cells exposed to GIHT alone or in
combination with gamma irradiation (Figures 5A, B).

Dying Cells Killed by GIHT Combined With
Gamma Irradiation Elicit Specific Anti-
Tumor Immune Responses In Vivo
Once we observed that innate and adaptive immune activation
was induced by the SN from tumor cells killed by the
combination of hyperthermia and gamma irradiation, we
sought to determine whether these SN are able to support
specific anti-tumor responses if inoculated together with dead
tumor cells in an immunization/challenge experiment. For this
experiment we used the SN from untreated (containing no viable
tumor cells), gamma irradiated alone (containing dead tumor
cells) and in combination with GITH (containing dead tumor
cells) as a single immunization dose. Mice were challenged with
viable tumor cells after 14 days, and tumor growth was
FIGURE 3 | Inflammatory cell infiltration to the site of cell death. SNs of dying B16F10 melanoma cells (24h) were injected into air pouches of mice and the infiltrating
cells were quantified by flow cytometry. The infiltration caused by supernatants of untreated cells was used as a baseline. The main four myeloid populations are
shown. One-way analysis of variances of five mice with Tukey’s multiple comparison test is shown. Values of p < 0.05 considered as significant are underlined.
UNT, untreated; Gy, Gray; GIHT, graphene-induced hyperthermia.
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monitored for 32 days. The SN of cells exposed to the single
treatment modality of gamma irradiation fostered the growth of
secondary tumors while the combination of gamma irradiation
and GITH resulted in a discreet reduction of the tumor volume of
secondary tumors (Figures 5C–F and Supplementary Table 1).
DISCUSSION

Radiotherapy is an essential treatment option for the majority
of patients bearing tumors (44). However, radioresistance of
some cancer cells results in the failure of this therapy (45).
Hyperthermia was demonstrated to radiosensitize tumor cells
(46, 47). The effect of GIHT administered before radiation on the
progression of cell death of the poorly immunogenic B16F10
melanoma cells was investigated. Twenty Gy resemble the two
weeks cumulative dose of X-rays that patients receive when
undergo radiotherapy (31).

We have observed that rGO and rGO-PEG exhibit the best
photothermal conversion efficacy (37). The hyperthermia (42-
43°C) induced by rGO and rGO-PEG alone or in combination
with gamma irradiation led to significantly increased cell death.
When GIHT was administered alone or in combination with
gamma irradiation, melanoma cells mainly followed apoptotic
cell death patterns with fast progression to secondary necrosis.
The decision taken by the dying cell is orchestrated by multiple
factors, such as the severity of the damage, energy availability, the
presence/absence of ligands of cell death/dependent receptors, or
inhibitors of specific pathways. The outcome has profound
effects on the subsequent immune response (48). Necrotic cell
death does not always induce robust immune responses (4), and
the activation of apoptosis might result as a double edge sword
with features of immunogenic (4, 49, 50) or tolerogenic (36) (40)
cellular demise. Necroptotic cells, for example, although
releasing ‘find me’ signals, may be engulfed without activating
the immune system (51). Therefore, determining the precise
Frontiers in Oncology | www.frontiersin.org 7266
death pathway and delineating its immunological consequences
results of major importance while designing novel anti-
cancer therapies.

When apoptotic cells are not cleared in an efficient and timely
manner, they become secondary necrotic (52). In vivo, the
complete apoptotic program’s execution is usually interfered
by rapid phagocytosis (53). However, in the case of large
amounts of cell demise that challenges the capacity of
phagocytes to efficiently clear cellular debris (54) or when the
clearance capacity is itself reduced (35, 55), apoptotic cells lose
their plasma membrane integrity and release immune
stimulators (56, 57). Secondary necrosis in vivo is linked to
multiple inflammatory and autoimmune disorders (35, 58, 59).
Based on our observations, we suggest that when GIHT is
applied in combination with gamma irradiation, a large
number of apoptotically modified tumor-derived antigens
along with an appropriate cocktail of mediators are released
and can stimulate DCs. This is possible due to the high frequency of
secondarily necrotic cells observed with the multimodal therapy.

The efficiency of anti-cancer therapies rely on many factors.
One of them is the microenvironment resulting directly after
therapy. Massive cell death of solid tumors changes dramatically
the tumor microenvironment and triggers biological reactions in
the host and tumor. Inosine released by dead and dying cells
mediates proliferation of surviving cells via purinergic receptors
(13) and this might support the appearance of relapses (40, 42).
The treatment with GITH alone was inefficient and fostered the
rapid proliferation of surviving cells in our in vitro and in
vivo settings.

It was demonstrated that the spatiotemporal appearance of
organic adjuvants such as ATP (3, 4), HMGB1 (4–6), HSP70 (7,
8, 60, 61) and HSP90 (4, 9) decides about the consequences of
cell demise. In line with this, we previously proposed that the sole
presence of ATP leads to the silent removal of dead cells, whereas
the presence of ATP together with HMGB1 or HSP90 induces
the robust anti-tumor immune responses (4).
A B C

FIGURE 4 | Organic adjuvants released from GIHT treated B16F10 melanoma cells. (A) Time kinetic of the levels of ATP, (B) HSP70, and (C) HMGB-1 detected in
supernatants after the application of the treatment. Supernatants from untreated cells (UNT) represent basal concentrations of DAMPs. The two-way analyses of
variance with Bonferonni posttest was employed. Values of p < 0.05 were considered as significant. Means with the standard error of the mean (SEM) are shown.
GIHT, graphene induced hyperthermia; UNT, untreated; ATP, adenosine triphosphate; HSP70, heat shock protein 70; HMGB1, high mobility group box 1 protein.
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We detected significantly increased ATP release levels
into the extracellular space mostly due to a temporal heat-
induced permeability of membranes (62, 63), including
mitochondrial envelopes. Notably, the recovery of plasma
membranes occurs in the latest 40 minutes after the
treatment since most of the cells are PI negative by this time
Frontiers in Oncology | www.frontiersin.org 8267
point. The progression towards secondary necrosis was then
responsible for the releases of further intracellular contents
later on (24 hours).

We detected significantly increased secretion of HSP70 at
24 and 12 hours post administration of GIHT alone or
combined with gamma irradiation, respectively. Exposure to
A B

C D

E F

FIGURE 5 | Induction of specific anti-tumor immune responses. T cells proliferation induced by conditioned DCs. DCs were co-incubated for 24 hours with SN
collected from B16F10 melanoma cells exposed to indicated treatments. CSFE-labelled T cells were co-cultured with DCs for 4 days. To show bottom-line
proliferation, DCs were conditioned with fresh medium. Division index of CD4 positive T cells (A) and CD8 positive T cells (B) is shown. Kruskal-Wallis test with
Dunn’s multiple comparison test was employed. Values of p < 0.05 were considered as significant. (C) Tumor growth after challenge of immunized mice.
Immunization was performed with a single i.p. dosis of detached B16F10 melanoma cells including their supernantants. Fourteen days after the immunization, mice
were challenged with viable B16F10 melanoma cells injected subcutaneously in the back. Two-way ANOVA was used to compare the means at each time point.
Values of p < 0.05 after Tukey’s multiple comparison test were considered as significant and depicted. (D) Tumor volume of immunized mice at day16 after the
challenge with viable B16F10 melanoma cells. One way ANOVA was applied to evaluate the means at day 16 after challenge. (E, F) Tumor growth of single mice of
the experiment shown in (C). P values of Fisher´s least significant differences are depicted. Gy, Gray; GIHT, graphene-induced hyperthermia.
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elevated temperatures leads to the increased expression of
intracellular HSP. Colorectal adenocarcinoma cells exposed
to 41.5°C for 1-hour show significantly decreased cell death
orchestrated probably by the Thermo protection effect of HSP
(64). In terms of ICD, when HSP proteins are presented on the
plasma membrane’s outer leaflet or are released in the
extracellular milieu, they gain immune stimulatory
properties (7, 8, 60, 61). In other studies, hyperthermia
(41.5°C, 1 hour) administered alone or in combination with
radiation (2 Gy) was demonstrated to trigger the release of
both proteins HSP70 and HMGB1 by dead and dying B16F10
melanoma cells (65). HSP70 secreted after the treatment elicits
the maturation of DC and promotes the release of pro-
inflammatory cytokines (64).

Chronic persistent inflammation is linked to tumorigenesis,
and extracellular HMGB1 is perceived as a pro-inflammatory
cytokine inducing the expression of other inflammatory factors
(66–68). Besides that, HMGB1 leads to the secretion of other
pro-inflammatory cytokines (i.e., TNF, IL-1, or IL-6) by
resident or migrated leukocytes (69). In this manner, HMGB1
further fosters a vicious cycle of inflammation and
manipulation of the immune system. The plethora of actions
of HMGB1 can be explained by its redox status, the type of
affected cell, and available receptors (70), as well as by its
interaction with DNA. Free reduced HMGB1 protein was
shown to be passively released by primary necrotic cells,
whereas the oxidized form, which is additionally bound to
the nucleosome, was observed in secondary necrotic cells (43,
71). It was reported that during apoptosis, cysteine residues of
HMGB1 are oxidized by mitochondrial ROS produced in a
caspase-dependent manner. This fosters immunological
tolerance. Immunogenicity was then recovered by blocking its
oxidation (72). Furthermore, apoptotic cell death accompanied
by elevated intracellular levels of ROS exhibited higher
immunogenicity in vivo when compared to the death
developing in the absence of ROS (71).

In the death induced by GIHT alone, the release of danger
signals was significantly increased at the earlier time points
(HMGB1/DNA, 12 hours) when ATP was still absent. In the
case of the combined treatments, we detected significant
concentrations of extracellular DAMPs, HSP70, and HMGB1/
DNA, 18 hours post treatment. The combinational therapy was
then characterized by the simultaneous increase of ATP and
HMGB1/DNA released 24 hours post treatment. We have
previously observed that dying cells are less potent
stimulators when ATP is released without other DAMPs (4).
The presence of only one of the organic adjuvants is not enough
to provide sufficient stimulation of the immune system.
Werthmöller et al. reported that the simultaneous presence of
HSP70 and HMGB1 was linked to the increased immunogenic
potential of cellular demise (65). This suggests that the DAMPs
detected 18 hours post combinational treatment can stimulate
the immune system. The additional presence of ATP further
fosters the activation.

At the site of inoculation of supernatants, we observed
significant infiltration of neutrophils and significantly
Frontiers in Oncology | www.frontiersin.org 9268
decreased levels of anti-inflammatory monocytes in response
to cells treated with GIHT combined with gamma irradiation.
Single treatments affected less the composition of early infiltrates.
It was demonstrated that dying cancer cells secrete specific
chemokines to recruit cells of the immune system (11, 73). IL-
1a and IL-1b were reported to attract neutrophils (initial phase)
and macrophages (late phase) during sterile inflammation,
respectively (74). Additionally, IL-1a was shown to sustain
chronic infiltration of neutrophils (75). After migration to the
site of inflammation, exposure of neutrophils to ‘eat me’ signals,
such as PS and calreticulin, results in the polarization to pro-
inflammatory phenotype and, consequently, to cytotoxicity
towards remaining cancer cells that survived the therapy (11).
Therefore, we speculate that the observed infiltration of
neutrophils might further support our multimodal therapy’s
anti-tumor potential.

Finally, we demonstrated that cell death induced by GIHT
alone or in combination with gamma irradiation resulted in the
activation of DCs, which stimulated the proliferation of CD4+ T
cells in vitro. This suggests that released ATP and HMGB1-DNA
complexes are potent supporters of T cell activation. Employing
dead and dying cells in an immunization/challenge experiment,
we observed a decreased tumor volume in the group of mice
immunized with the combined treatment. Contrarily, gamma
irradiation alone fails to induce protection against tumor
growth. We suggest that the significant release of several
DAMPs significantly contributes to increased immunogenicity
of B16F10 melanoma cells. Therefore, GIHT could be
implemented in multimodal therapies since it may take
advantage of radio sensitization of tumor cells by inducing the
timely release of ATP and HMGB1-DNA complexes during the
progress of cell death.

The melanoma B16F10 clone implanted in immunocompetent
syngeneic mice al lows the study of tumor growth
preserving the interactions between cancer cells and the
microenvironment (76–78). However, this clone has the
disadvantage to have a high proliferative and metastasizing
capability (79) that precludes the use of viable cells for
immunization. Therefore, the antigenic load at the
immunization site might be insufficient to trigger immune
responses that resulted in tumor free mice after the challenge.
Nevertheless, our observations are significant enough to
propose the study of the principle of radiosensitation using
nanosheets-targeted hyperthermia in other solid tumors
models in future research. When biocompatible rGO-PEG
nanosheets are applied intravenously, they become enriched
in well-vascularized tumors by the enhanced permeability and
retention effect. These nanosheets can be then stimulated with
deep penetrating NIR irradiation to achieve fine-tuned
localized hyperthermia (GITH) in solid tumors.
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Long-term survival in oesophageal squamous cell carcinoma (ESCC) is related with
pathological response after neoadjuvant chemoradiotherapy (NCRT) followed by
surgery. However, effective biomarkers to predict the pathologic response are still
lacking. Therefore, a systematic analysis focusing on genes associated with the efficacy
of chemoradiotherapy in ESCC will provide valuable insights into the regulation of
molecular processes. By screening publications deposited in PubMed, we collected
genes associated with the efficacy of chemoradiotherapy. A specific subnetwork was
constructed using the Steiner minimum tree algorithm. Survival analysis in Kaplan-Meier
Plotter online resources was performed to explore the relationship between gene mRNA
expression and the prognosis of patients with ESCC. Quantitative real-time polymerase
chain reaction (qRT-PCR), Western blotting, and immunohistochemical staining (IHC)
were used to evaluate the expression of key genes in cell lines and human samples. The
areas under the receiver operating characteristic (ROC) curves (AUCs) were used to
describe performance and accuracy. Transwell assays assessed cell migration, and cell
viability was detected using the Cytotoxicity Assay. Finally, we identified 101 genes
associated with efficacy of chemoradiotherapy. Additionally, specific molecular networks
included some potential related genes, such as CUL3, MUC13, MMS22L, MME, UBC,
VAPA, CYP1B1, and UGDH. The MMS22L mRNA expression level showed the most
significant association with the ESCC patient outcome (p < 0.01). Furthermore, MMS22L
was downregulated at both the mRNA (p < 0.001) and protein levels in tumour tissues
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compared with that in normal tissues. Lymph node metastasis was significantly
associated with low MMS22L expression (p < 0.01). MMS22L levels were inversely
correlated with the NCRT response in ESCC (p < 0.01). The resulting area under the ROC
curve was 0.847 (95% CI: 0.7232 to 0.9703; p < 0.01). In conclusion, low expression of
MMS22L is associated with poor response to NCRT, worse survival, lymph node
metastasis, and enhanced migration of tumour cells in ESCC.
Keywords: oesophageal squamous cell carcinoma, MMS22L, bioinformatics analysis, neoadjuvant
chemoradiotherapy, lymph node metastasis, migration
INTRODUCTION

According to the 2018 Global Cancer Statistics report, oesophageal
cancer is among the 10 most frequent carcinomas globally (1).
Squamous cell carcinoma (SCC) and adenocarcinoma are the
major histologic types of oesophageal carcinoma, and SCC is the
main histological type in China (1, 2). Despite advances in surgery,
radiotherapy, and chemotherapy, the 5-year survival rate for
patients with oesophageal squamous cell carcinoma (ESCC)
remains markedly poor because of an advanced stage at
diagnosis, the presence of tumour heterogeneity, and insufficient
tumour prognostic factors (3, 4). Regarding ESCC at moderate-to-
advanced stages, both effective preoperative chemotherapy and
chemoradiotherapy have been widely used to shrink tumour size,
repress tumour growth or metastasis, increase the R0 resection
rate, and reduce the local recurrence rate of ESCC, to improve
overall survival compared with surgery alone (5–8). No significant
benefits were found in patients who did not respond to the
conventional therapy because of toxicity from neoadjuvant
chemoradiation therapy (NCRT); they might miss the best
timing of treatment and obtain worse prognosis (9–11).

Tumour heterogeneity presents a challenge to successfully treat
cancer using chemoradiotherapy, and it is a major factor in
chemoradiotherapy failure (12, 13). To enable individualised
treatment, screening out response cases and avoiding
overtreatment of patients who would not benefit from the
inclusion of chemotherapy with sensitive biomarkers are critical.
In recent years, although some studies have attempted to reveal the
biomarkers that predict responses to chemoradiotherapy, no
reliable biomarkers have been identified to assess the efficacy of
NCRT in ESCC. Therefore, large amount of studies are needed to
further refine the biomarkers for easy use and validate them as
biomarkers for future clinical trials.

Identifying new biomarkers is warranted to assist in screening
patientswhocanbenefit fromchemotherapyandchemoradiotherapy
based on bioinformatics analysis, offering consolidated validation for
the individual candidate genes. In this study, we collected genes
potentially associated with efficacy of chemoradiotherapy to infer
specific molecular networks associated with the efficacy of
chemoradiotherapy, and some potential related genes were
identified. Additionally, the primary aim of the study was to
measure potential related gene expression levels in ESCC tissues
and evaluate their value as potential predictive biomarkers for the
NCRT response in ESCC.
2273
MATERIALS AND METHODS

Candidate Gene Set Approach
As reported previously (4), the efficacy of chemoradiotherapy in
patients with ESCC is associated with multiple genes. In the
present study, all the genes were obtained by systematic analysis
of the human genetic association studies deposited in PubMed
(https://www.ncbi.nlm.nih.gov/pubmed). Briefly, with reference
to published studies, the search terms were: “(chemotherapy
OR radiotherapy OR chemoradiotherapy) AND (cancer OR
carcinoma OR neoplasm OR tumour) AND (esophagus OR
gastroesophageal) AND (genetic polymorphism OR genes)”,
and the date of the last search was September 15, 2019. In
total, 217 abstracts were identified by the final electronic searches
in PubMed. We included abstracts with sufficient evaluation
data, including the methodology, the definition of outcomes, and
an appropriate evaluation matrix. Studies without any kind of
validation (external validation or internal validation) were
excluded. We excluded reviews, editorials, nonhuman studies,
and letters without sufficient data. In total, 138 studies were
excluded because they failed to meet the above criteria, and 79
articles met the prespecified inclusion criteria. The publications
used and the discarded publications can be found in the
supplementary documentation (Supplementary Table S1).
Two reviewers (QL and MT) independently screened the full
text and extracted the following information from each study:
patient race, number of positive cases, interventions, histological
type, the origin of specimens, and genes. Finally, we assembled the
purpose genes associated with the response to chemoradiotherapy
in ESCC histological type or cell lines.

Functional Enrichment Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional enrichment analyses were
performed using the R package “cluster Profiler” (14). For the
GO and pathway enrichment analysis results, the p-value and q-
values were calculated using Fisher’s exact test and the R package
(p-value <0.05 and q-value <0.05).

Construction of the Protein Subnetwork
In the context of a human protein-protein interaction (PPI) data
set obtained from Protein Interaction Network Analysis platform
(PINA) (15), we applied the Steiner minimum tree algorithm
implemented in our software framework GenRev to construct
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aspecific subnetwork by using the candidate gene set as seeds
(16). A PPI network was built using the Search Tool for the
Retrieval of Interacting Genes (STRING) database (version 11.0;
https://string-db.org/) (17) and visualised by Cytoscape (an
open-source software platform) (18).

Survival Analysis of New Genes Based
on mRNA Expression
The prognostic value of the expression of new gene mRNAs was
evaluated using publicly available miRNA expression datasets
(Pan-cancer RNA-seq) in Kaplan-Meier plotter (http://kmplot.
com/analysis/), an online database including gene expression
data and clinical data (19, 20). To assess the prognostic value of a
specific gene, the patient samples were divided into two cohorts
(high and low expression groups) according to the median
mRNA expression of the gene. We analysed the overall
survival (OS) of ESCC patients by using a Kaplan-Meier
survival plot. Briefly, eight genes (CUL3, MUC13, MMS22L,
MME, UBC, VAPA, CYP1B1, and UGDH) were uploaded into
the database respectively to obtain the Kaplan-Meier survival
plots, in which the number-at-risk is shown below the main plot.
Log rank p-value and hazard ratio (HR) with 95% confidence
intervals were calculated and displayed on the picture. A p-value
<0.05 was considered statistically significant.

Patients and Tumour Samples
Sixty-one ESCC tissues were obtained from the Department of
Thoracic Surgery of Sichuan Cancer Hospital (Chengdu, China)
from Jan 2018 to Sept 2019 in this study, and all the samples were
histologically confirmed to be ESCC tissues by a postoperative
pathologist. Twenty-three paired human ESCC cancer tissues
and matched adjacent normal tissues (located at least 5 cm from
the tumour border, Supplementary Figure S1) from 23 patients
with surgery alone were snap frozen after they were taken from
surgery and then stored in liquid nitrogen for quantitative real-
time PCR and Western blotting. Another 38 ESCC biopsy
specimens from the gastroscopies were paraffin embedded for
immunohistochemical staining analysis before patients received
NCRT. The samples used in the study were approved by the
Ethical Committee of the Sichuan Cancer Hospital (No.
SCCHEC-02-2017-043), and the patients provided written
informed consent to participants.

Cell Culture
The human ESCC cell lines TE-1, Kyse150, and Eca109 and the
human normal oesophageal cell line HEEC were provided by the
Shanghai Institute of Cell Biology, Chinese Academy of Sciences.
All the cell lines were maintained in RPMI-1640 (HyClone, USA)
supplemented with 100 U/ml of penicillin-streptomycin
(HyClone, USA) and 10% foetal bovine serum (FBS; Gibco,
USA) at 37°C with 5% CO2 in a humidified atmosphere.

Quantitative Real-Time PCR
The mRNA expression of MMS22L was measured by
quantitative real-time polymerase chain reaction (qRT-PCR).
The above cell clines and 23 paired human ESCC cancer tissues
and matched adjacent normal tissues were individually
Frontiers in Oncology | www.frontiersin.org 3274
homogenised in liquid nitrogen, and total RNA was extracted
from cells and tissues using TRIzol reagent (Invitrogen,
Waltham, MA, USA). The total RNA products were
immediately transcribed into cDNA using a cDNA synthesis
kit (Takara, Kyoto, Japan) following the manufacturer’s
instructions. Complementary DNA was amplified using TB
Green™ Advantage® qPCR Premix (Takara, Kyoto, Japan) on
the CFX-Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The MMS22L primers were as follows:
forward 5′-CAGAGAATGTCACAGGTAGTGCC-3′; reverse 5′-
TCTGATGGAGCTGTGCTTGGCA-3′. The conditions for
qRT-PCR were as follows: initial denaturation at 95°C for 2
min, followed by 40 cycles of 95°C for 5 s and 55°C–57°C for 30 s,
and melting curves were generated by heating from 55°C to 95°C
with 0.5°C increments each cycle. The results were normalised to
b-actin using the 2−DDCt method (21), the forward primer: 5′-
CTTAGTTGCGTTACACCCTTTCTTG-3′ and reverse primer
3′-ACTGCTGTCACCTTCACCGTTC-5′. All the experiments
were performed in triplicate.

Western Blotting
The Total proteins of tissues and cells were extracted using RIPA
buffer with protease inhibitors (Biyuntian, China). The protein
concentrations were measured using the bicinchoninic acid
(BCA) Protein Assay Kit (Beijing Suolabao Biotech, China).
The MMS22L protein levels in cancer tissue and adjacent
tissue were evaluated by Western blotting (WB). Briefly, equal
amounts of total protein extract were first separated in an 8%
SDS-PAGE gel and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). Next, the membranes were
blocked for 2 h with PBST and 5% milk at room temperature,
incubated with primary antibody overnight at 4°C and then with
secondary antibody for 2 h at room temperature. Protein
expression was detected using an anti-MMS22L (C6orf167)
antibody (ab181047, 1:1,000, Abcam, Cambridge, MA, USA)
and a b-actin polyclonal antibody (1:1,000 CST, Danvers, MA,
USA). Protein bands were detected using an Immobilon®

Western system (Millipore; #WBKLS0100) and imaged on the
Minichemi machine (Sage Creation, Beijing, China).

Immunohistochemical Staining
and Image Analysis
Tissues from paraffin-embedded blocks were sectioned at 5-mm
thickness. Immunohistochemical staining (IHC) was performed
using DAB kit (Zhongshan Golden Bridge, Beijing, China)
following the manufacturer’s protocol. The anti-MMS22L
antibody (bs17689R) used for IHC was purchased from Bioss
(Beijing, China). To quantify MMS22L staining, five randomly
chosen fields per section were evaluated at ×200 magnification for
each sample. Image-Pro Plus 6.0 was used to determine integrated
optical density (IOD) values, and the IOD per unit area (mean
density) represented the relative MMS22L expression level.

Cell Transfection
Two target small hairpin RNA (shRNA) lentiviruses of the
MMS22L gene, sh147 and sh148 and a negative control shRNA
lentivirus con077 were designed and synthesised by Shanghai Ji
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Kai Gene Technology Co., Ltd. (Shanghai, China). TE-1 cells
were infected with lentivirus at an MOI of 10 PFU per cell. Stable
transformants were selected with 2 mg/ml of puromycin. The
knockdown efficiency was detected by qRT-PCR and
Western blotting.

Transwell Assay
Transwell migration assays were performed using plates
(Corning, Corning, NY, USA) with 8‐mm‐pore size
membranes. Briefly, 2 × 104 cells were suspended in 200 ml of
FBS‐free RPMI‐1640 medium and added to the upper chambers
of Transwell plates. RPMI‐1640 medium (500 ml) supplemented
with 5% FBS was seeded into the lower chamber. After a 24‐h
incubation period at 37°C and 5% CO2, the migrated cells were
fixed with 4% paraformaldehyde (in 1 × PBS) for 20 min at room
temperature and then were stained with crystal violet.

Cytotoxicity Assay
Cytotoxicity was assayed using cell counting kit (CCK8;
Hanheng, Shanghai, China) following the manufacturer’s
instructions. Briefly, cells were seeded on 96-well plates at a
density of 2.0 × 103 per well. After cells were treated with 5-FU
(Selleck, Houston, TX, USA) at concentrations of 0, 0.1, 1, 5, 10,
and 100 mM for 72 h, the medium containing 5-FU was
exchanged for 100 ml of RPMI-1640, and 10 ml of CCK8
reagent was added. Two hours later, absorbance at 450 nm was
measured using a microplate reader. Each group had three
repeats, and the experiment was repeated three times.

Statistical Analysis
All the data were obtained from at least three independent
measurements and were shown as means ± SEM. Student’s t-
test, Mann-Whitney tests, and receiver and IC50 operating
characteristic (ROC) curves were performed using GraphPad
Prism 7 software (GraphPad Software Inc., San Diego, CA, USA).
One-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test was used for data analysis among three or more
groups. Statistical analysis was conducted, and statistical
significance was set at p < 0.05.
RESULTS

Candidate Gene Sets and Functional
Enrichment
As described in theMaterials and Methods section, 101 candidate
genes associated with the efficacy of chemoradiotherapy in
patients with ESCC were assembled after removing duplicates.
The GO annotations were classified as biological process, cellular
component, and molecular function (p < 0.05), and the top 10 GO
terms are shown in Figures 1A–C, respectively. The top biological
process GO enrichment terms were cotranslational protein
targeting the membrane, targeting the ER, and establishment of
protein localisation to endoplasmic reticulum. Ribosome
component was the most enriched cellular component GO term.
Additionally, we found several enriched molecular functions such
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as structural constituent of ribosome, damaged DNA binding,
antigen binding, single-stranded DNA binding, and ubiquitin
protein ligase binding. Furthermore, the KEGG pathways in
which 101 candidate genes were mostly enriched were ribosome,
followed by human T-cell leukaemia virus 1 infection, platinum
drug resistance, human cytomegalovirus infection, proteoglycans
in cancer, etc. (Figure 1D).

Construction of the Protein Subnetwork
The protein subnetwork comprised 105 nodes and 379 edges
(interactions), and 97 of 101 candidate genes were included in
the subnetwork, accounting for 92.38% of 105 genes in the
network and 96% of 101 candidate genes, and demonstrating a
high coverage of the candidate genes set in the subnetwork
(Figure 2). Additionally, eight genes in the subnetwork outside
of the candidate gene set were obtained (Table 1).

Prognostic Value of mRNA Expression
of Eight New Genes in ESCC
Using the Kaplan-Meier plotter database, the prognostic value
of the eight novel genes was evaluated in ESCC patients. We
found that higher and lower expression of five biomarkers was
significantly associated with overall survival. ESCC patients with
higher mRNA levels of MMS22L (HR = 0.33; CI: 0.14−0.75;
logrank p = 0.0052) and MUC13 (HR = 0.37; CI: 0.14−0.96;
logrank p = 0.033) had higher OS (Figures 3A, B), and ESCC
patients with lower mRNA levels of VAPA (HR = 2.32; CI: 1.04
−5.17; logrank p = 0.035), CYP1B1 (HR = 2.67; CI: 1.02−6.97;
logrank p = 0.039), and UBC (HR = 2.26; CI: 1.03−4.96; logrank
p = 0.038) had higher OS (Figures 3C–E), while the mRNA
expression of UGDH, MME and CUL13 were not associated with
ESCC patient survival (Figures 3F–H).

Expression of the MMS22L Genes in
Cancer and Adjacent Normal Tissues
MMS22L is not a well-studied protein, and information about
this gene product is very limited. As described above, the
expression of MMS22L had the most significant association
with ESCC patient outcome. Cellular components associated
with the function of MMS22L were significantly enriched, such
as damaged DNA binding and ubiquitin protein ligase binding.
Therefore, we further detected the expression level of the
MMS22L gene in ESCC tissues and adjacent normal tissues
using quantitative real-time PCR and WB. MMS22L mRNA
expression was significantly decreased in ESCC tissue compared
with that in adjacent normal tissues (p < 0.05) (Figure 4A), and
WB results were consistent with the RT-qPCR (Figure 4B).
MMS22L protein expression was significantly reduced in seven
tumour tissues compared with that in normal adjacent tissues.

Predictive Value of MMS22L for NCRT
Efficacy in Patients With ESCC
According to the RECIST 1.1 criteria (22), the response to NCRT
was defined as complete response (CR), partial response (PR),
stable disease, (SD), and progressive disease (PD), and the 38
patients receiving NCRT were divided into the responding group
September 2021 | Volume 11 | Article 711642
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(CR plus PR, 29 patients) and nonresponding group (SD, nine
patients) according to the response to NCRT in this study.
MMS22L IHC in representative tumour tissues are shown in
Figure 5A. The MMS22L protein in the responding group was
significantly higher than that in the nonresponding groups (p <
0.01, Figure 5B). This result indicated that the MMS22L
expression significantly predicted a response to NACRT. ROC
curve analyses revealed that MMS22L was a valuable biomarker
for differentiating responding from nonresponding for NCRT.
MMS22L yielded an AUC of 0.847 (95% CI: 0.7232 to 0.9703; p <
0.01; Figure 5C) with 100% sensitivity and 65.52% specificity in
predicting the efficacy of NCRT in ESCC. Additionally, among
the various clinicopathological characteristics evaluated, no
significant associations were found between the MMS22L
expression level and age, sex, differentiation, location, depth of
invasion, or TNM clinical stage, but a low expression level of
MMS22L was markedly associated with lymph node metastasis
(p < 0.01; Table 2).

MMS22L Inhibits Migration and Modulates
5-FU Sensitivity in TE-1 Cells
To assessMMS22L expression in human ESCC cells, we detected
the mRNA and protein expression of MMS22L in HEEC cells
and three human ESCC cell lines (TE-1, Kyse150, and Eca109)
by qRT-PCR and WB, respectively. The expression of MMS22L
was lower in TE-1, Kyse150, and Eca109 cells than in HEEC cells
(Figure 6A). TE-1 cells showed the highest MMS22L expression
in three human ESCC cell lines. Thus, TE-1 cells were selected
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for subsequent assays. After targeting MMS22L with two
different shRNAs, the knockdown efficiency was detected
(Figure 6B). We performed Transwell migration assays to
analyse whether MMS22L inhibits the migration ability of
TE-1 cells. MMS22L inhibited the migration of TE-1 cells
(Figure 6C). Different TE-1 cells were determined by CCK8
assays with different doses of 5-FU to calculate the IC50 and were
performed in triplicate. The IC50 value decreased significantly
afterMMS22L knockout (Figure 6D). These results from in vitro
experiments indicated that the knockdown of MMS22L in the
TE-1 cell line is associated with enhanced migration and
resistance to 5-FU.
DISCUSSION

According to published statistics, approximately 572,034 new
oesophageal cancer cases (3.2%) and an estimated 508,585 related
deaths (5.3%) occurred (1). With the development of comprehensive
treatment strategies, patients with ESCC benefit from NCRT (5).
However, the postoperative pathological complete response rate was
only 43.2% according to a phase III, multicentre, randomised open-
label clinical trial (NEOCRTEC5010) (23). Therefore, further
understanding of NCRT resistance-related genes as novel
prognostic biomarkers in ESCC is necessary. Recently, an
increasing number of potential genes have been found to be
associated with chemoradiotherapy efficacy and prognosis in
patients with cancer. However, a few of these predicted genes have
A B

C D

FIGURE 1 | GO and KEGG enrichment of related genes. (A–C) The top 10 GO terms in biological process, cellular component, and molecular function, respectively.
(D) KEGG pathways were analysed, and the top 10 pathways are shown. The x-axis shows the GeneRatio, whereby a higher value indicates more genes enriched in
the pathway; the y-axis shows the enriched pathways, and the redder the dot is, the more significant is the pathway.
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been identified in ESCC, and a few biomarkers are available for
clinical monitoring.

In our study, we applied the Steiner minimum tree algorithm
to explore novel biomarkers in the context of a human PPI
Frontiers in Oncology | www.frontiersin.org 6277
background. First, a list of 101 candidate genes associated with
the efficacy of chemoradiotherapy in patients with ESCC was
assembled in 79 relevant articles. Simultaneously, to better
understand the function of these genes in ESCC, we performed
FIGURE 2 | A specific protein network associated with NCRT efficacy is built using the Steiner minimal tree algorithm, including 105 nodes and 379 edges.
Additionally, eight new genes are labelled in blue.
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GO and KEGG analyses. Notably, KEGG analysis revealed that
the pathways in which these genes are mainly enriched are
ribosome, human T-cell leukaemia virus 1 infection, platinum
drug resistance, human cytomegalovirus infection, and
proteoglycans in cancer. Second, we obtained eight novel
genes associated with linking genes potentially related to
chemoradiotherapy efficacy in ESCC outside the candidate gene
set. Referring to published studies, the findings of our study validate
previous reported outcomes because different functions of these
genes have been identified to be associated with ESCC.MUC13 is a
potential biomarker to predict the efficacy of neoadjuvant
chemotherapy in ESCC patients (24, 25). Moghadam et al.
suggest a relationship between the CYP1B1-rs1056836 genetic
TABLE 1 | Identification of eight potentially related genes associated with
chemoradiotherapy efficacy: UGDH, VAPA, MME, CUL3, UBC, CYP1B1,
MUC13, and MMS22L.

Gene
symbol

Gene
ID

Map
location

Description

UGDH 7358 4p14 UDP-glucose 6-dehydrogenase
MME 4311 3q25.2 Membrane metalloendopeptidase
VAPA 9218 18p11.22 VAMP-associated protein A
CUL3 8452 2q36.2 Cullin 3
UBC 7316 12q24.31 Ubiquitin C
CYP1B1 1545 2p22.2 Cytochrome P450 family 1 subfamily

B member 1
MUC13 56667 3q21.2 Mucin 13, cell surface associated
MMS22L 253714 6q16.1 MMS22 like, DNA repair protein
A B C

E FD

HG

FIGURE 3 | Prognostic value of mRNA expression of eight genes in patients with ESCC. (A–H) Overall Survival curves of MMS22L (A), MUC13 (B), VAPA (C),
CYP1B1 (D), UBC (E), UGDH (F), MME (G), and CUL13 (H) were plotted in Kaplan-Meier plotter. “Probability” on the y-axis represents the survival rates, the red line
represents the patients with mRNA expression above the median, and the black line represents the patients with mRNA expression below the median. ESCC,
Oesophageal squamous cell carcinoma; HR, hazard ratio.
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A

B

FIGURE 4 | The MMS22L mRNA and protein levels are significantly lower in cancerous tissues than in normal adjacent tissues. (A) MMS22L mRNA was detected
by qRT-PCR, and relative quantification analysis was normalised to b-actin mRNA (***p < 0.001). (B) MMS22L protein expression was detected in randomly selected
seven ESCC tissues and adjacent normal tissues using Western blotting. T, tumour tissues; N, normal adjacent tissues.
A

B C

FIGURE 5 | Predictive value of MMS22L for different responses to NCRT in patients with ESCC. (A) MMS22L IHC in representative tumour tissues. (B) The mean
density of the responding group and nonresponding group from all 38 cases who received NCRT is summarised in the table below. (C) ROC curve for evaluating the
predictive value of MMS22L for ESCC patients with NCRT. The AUC was 0.847, the sensitivity was 100%, the specificity was 65.52%, and the cutoff value was
0.03495 (**p < 0.01). NCRT, neoadjuvant chemoradiotherapy; AUC, area under the ROC curve; ROC, receiver operating characteristic.
Frontiers in Oncology | www.frontiersin.org September 2021 | Volume 11 | Article 7116428279

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


Luo et al. MMS22L Predict Efficacy in ESCC

Frontiers in Oncology | www.frontiersin.org 9280
polymorphism and clinical features of ESCC (26). Therefore, the
results of the present study are considered to be reliable.

To further identify effective biomarkers with diagnostic and
prognostic value, we evaluated the effects of the eight novel genes
on the survival of ESCC patients using the online Kaplan-Meier
plotter. ESCC patients with higher mRNA levels of MMS22L and
MUC13 had higher OS. Additionally, ESCC patients with lower
mRNA levels of VAPA, CYP1B1, and UBC had higher OS. As
shown in the Kaplan-Meier plotter, MMS22L expression was the
most likely candidate gene among many novel genes. The
MMS22L gene is mapped to chromosome 6 open-reading frame
167, also known as C6orf167. In our study,MMS22L expression in
23 ESCC tissues was notably lower than that in their para-
carcinoma tissues, and this trend was consistently observed
across the ESCC cell lines and the human normal oesophageal
cell line. Thus, MMS22L may be a tumour suppressor gene in
ESCC. In contrast to our findings, a previous study found that
MMS22L expression was upregulated in lung and oesophageal
cancer tissues compared with that in adjacent normal lung and
oesophageal tissues, and MMS22L was identified as an oncogene
(27). This discrepancy may arise from the inadequate sample size
and unknown oesophageal cancer histologic type in their study.
Many genes play both tumour suppressor or oncogenic roles in
different tissues, tumour types, or cellular contexts (28).
TABLE 2 | Association of MMS22L expression in the biopsy specimens with
clinicopathological parameters.

Variable N Mean density ± SEM p-Value

Age (year)
≥60 24 0.03872 ± 0.003568 0.9366
<60 14 0.03698 ± 0.003682

Sex
Male 33 0.03859 ± 0.002842 0.7376
Female 5 0.03618 ± 0.008554

Differentiation
G1/Gx 24 0.04380 ± 0.003507 0.2028
G2 6 0.04526 ± 0.01146
G3 8 0.02946 ± 0.004677

Location
Upper 8 0.03477 ± 0.005017 0.8406
Moderate 19 0.03978 ± 0.004123
Lower 11 0.03901 ± 0.005607

Depth of invasion
cT1-T2 13 0.04069 ± 0.003240 0.2587
cT3-T4 25 0.03790 ± 0.003948

Lymph node metastasis
cN0 27 0.04188 ± 0.002912 0.0095
cN+ 11 0.02942 ± 0.005090

Stage
cI-II 13 0.03962 ± 0.003136 0.3449
cIII-IV 25 0.03757 ± 0.003753
The mean density represents the relative MMS22L expression level.
A B

C

D

FIGURE 6 | Lower expression of MMS22L increases the migration capabilities and the 5-FU resistance of TE-1 cells. (A) MMS22L expression in a human normal
oesophageal cell line (HEEC) and human ESCC cell lines. (B) The transfection efficiency was measured after 48 h. (C) In the shRNA groups, the migration capabilities
increased and the number of migrating cells increased compared with those in the con077 group. (D) IC50 values of TE-1 cells to 5-FU were detected via the CCK8
assay after transfection (**p < 0.01; ***p < 0.001). CCK8, cell counting kit; IC50, half-maximal inhibitory concentration; 5-FU, 5-fluorouracil.
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Previous studies have shown thatMMS22L plays critical roles in
the DNA damage response and repair, affecting the response of
tumour cells to DNA-damaging agents, such as camptothecin
(CPT), ionising radiation (IR), hydroxyurea (HU), and methyl
methanesulfonate (MMS) (29–32). According to previous reports,
knocking down MMS22L promoted apoptosis by activating
caspase-3 and downregulating Bcl-XL (29), an inhibitor of
apoptosis. Importantly, Duro et al. found that tumour cells
lacking MMS22L were resistant to HU, cisplatin, and IR.
However, this finding is inconsistent with that reported by
O’Connell et al. who found that Hela cells lacking MMS22L were
sensitive to IR, CPT, and MMS (30). Additionally, downregulation
of MMS22L is associated the bone metastasis in breast cancer (33).
Previous controversial results have generated considerable interest
regarding the function of MMS22L in ESCC. In the present study,
we found that low MMS22L expression, immunohistochemically
stained and analysed semiquantitatively in ESCC samples, was a
useful predictor of worse responses to NCRT and lymph node
metastasis, and enhanced migration and resistance to 5-FU in the
TE-1 cell line. These findings were corroborated by in vitro studies
showing that the knockdown of MMS22L in the TE-1 cell line was
associated with enhanced migration and resistance to 5-FU.

Proteins associated with each other in the String Protein-
Protein Interaction Network have related functions, and FBXW7
is most closely related to MMS22L. FBXW7 is an F-box protein
that binds to key regulators of cell division and growth, including
cyclin E,MYC, JUN, and Notch (34). FBXW7 is a critical tumour
suppressor involved in the ubiquitin-proteasome system in
human cancer, and loss of FBXW7 function leads to
chromosomal instability (34, 35). FBXW7 expression is
downregulated in ESCC tissues and correlates with the TNM
stage, the degree of differentiation, the invasion depth, the lymph
node metastasis, and a worse prognosis in ESCC (36, 37).
Mutations in FBXW7 are associated with metastasis and
correlates with increased expression of T-cell proliferation and
antigen presentation functions (38). These results may suggest
that an indirect or direct regulatory function between MMS22L
and FBXW7 will contribute to tumour progression and
metastasis through immunological effects or the tumour
microenvironment. However, this interpretation of these data
remains speculative at this point and will require further cell
biological studies.

In conclusion, network analysis based on molecular aspects
associated with the efficacy of chemoradiotherapy in ESCC may
facilitate identification of novel biomarkers and a deeper
understanding of the mechanisms. Our approach presents
interesting approaches for future studies. Additionally, our
data indicate that low MMS22L expression status in biopsy
specimens is a predictive factor for the unfavourable efficacy of
Frontiers in Oncology | www.frontiersin.org 10281
NACRT in ESCC. Therefore, patients with ESCC receiving
NCRT are likely to fail when MMS22L downregulation is
observed on a biopsy specimen. However, a larger sample size
will be needed to validate and possibly extend these findings.
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Introduction: Several kinase inhibitors (KI) bear the potential to act as radiosensitizers.
Little is known of the radiosensitizing effects of a wide range of other KI like palbociclib,
which is approved in ER+/HER2- metastatic breast cancer.

Method: In our study, we used healthy donor fibroblasts and breast cancer and skin
cancer cells to investigate the influence of a concomitant KI + radiation therapy. Cell death
and cell cycle distribution were studied by flow cytometry after Annexin-V/7-AAD and
Hoechst staining. Cellular growth arrest was studied in colony-forming assays.
Furthermore, we used C12-FDG staining (senescence) and mRNA expression analysis
(qPCR) to clarify cellular mechanisms.

Results: The CDK4/6 inhibitor palbociclib induced a cell cycle arrest in the G0/G1 phase.
Cellular toxicity (cell death) was only slightly increased by palbociclib and not enhanced by
additional radiotherapy. As the main outcome of the colony formation assays, we found
that cellular growth arrest was induced by palbociclib and improved by radiotherapy in an
additive manner. Noticeably, palbociclib treatment clearly induced senescence not only in
breast cancer and partly in melanoma cells, but also in healthy fibroblasts. According to
these findings, the downregulation of senescence-related FOXM1 might be an involved
mechanism of the senescence-induction potential of palbociclib.

Conclusion: The effect on cellular growth arrest of palbociclib and radiotherapy is
additive. Palbociclib induces permanent G0/G1 cell cycle arrest by inducing
senescence in fibroblasts, breast cancer, and melanoma cells. Direct cell death
induction is only a minor secondary mechanism of action. Concomitant KI and
radiotherapy is a strategy worth studying in clinical trials.

Keywords: senescence, kinase inhibitor, radiotherapy, palbociclib, breast cancer, melanoma
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INTRODUCTION

Female breast cancer is the most commonly diagnosed cancer.
Citing the European Cancer Information System (ECIS), over
355,000 women in the EU-27 are estimated to be diagnosed with
breast cancer in 2020 (1). This represents 13.3% of all cancer
diagnoses. Between 2015 and 2017, approximately 13% of all
female patients were treated with palbociclib (2). Palbociclib is a
kinase inhibitor (KI) that blocks the cell cycle by inhibiting the
phosphorylation of the Rb protein and was approved by the
European Medicines Agency (EMA) in 2016 for ER+ and HER2-
metastatic breast cancer (3). In essence, kinase inhibitors targeting
different proteins in important cellular pathways are gaining more
and more attention in the treatment of cancer patients. Moreover,
the question of combining different therapy options like
concomitant radiotherapy (RT) with focus on radiosensitization
arises (4), especially in the metastatic situation, since metastases are
commonly treated with irradiation (5).

Previous studies showed that kinase inhibitors are able to act as a
radiosensitizer and therefore can enhance tumor control (6, 7), but
have side effects on healthy tissue too. Radiosensitizing potential was
found for BRaf V600E inhibitors vemurafenib and dabrafenib (8, 9).
Consequently, a hold of KI treatment more than 3 days before and
Abbreviations: 7-AAD, 7-amino-actinomycin D; APC, Allophycocyanin; AUC,
Area under curve; BSA, Bovine serum albumin; CDK, Cyclin-dependent kinase;
CNS, Central nervous system; Co, Control; DAPI, 4′,6-Diamidin-2-phenylindol;
DMSO, Dimethyl sulfoxide; DNA, Deoxyribonucleic acid; EMA, European
Medicines Agency; ER, Estrogen receptor; FACS, Fluorescence-associated cell
sorting; FBS, Fetal bovine serum; FDA, Food and Drug Administration; KI, Kinase
inhibitor; IF, Immune fluorescence; IR, Irradiation; NEA, Non-essential amino
acid; PBS, Phosphate-buffered saline; PR, Progesterone receptor; qPCR,
Quantitative Polymerase chain reaction; Rb, Retinoblastoma protein; SD,
Standard deviation; sf, Survival fraction; TBS, Tris-buffered saline; TNBC,
Triple-negative breast cancer.
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after fractionated RT and hold of more than 1 day pre- and post-
stereotactic radio surgery (SRS) are recommended by the Eastern
Cooperative Oncology Group (ECOG) (10). Nevertheless, current
data indicate an enhancement of local tumor control when KI
therapy is combined with intracranial stereotactic RT without an
increase of radionecrosis (11).

To enhance the treatment of cancer patients, a combination
of KI and IR could be beneficial. However, the possible
radiosensitizing effects of the cyclin-dependent kinase 4
(CDK4) and cyclin-dependent kinase 6 (CDK6) inhibitor
palbociclib are not limited to tumor cells alone, but can also
affect healthy cells. Additionally, healthy tissue like the skin is
always affected during irradiation. Keeping these mechanisms of
action in mind, our study focused on cellular response of tumor
and healthy donor cells regarding cell death, cell cycle regulation,
and senescence. Just few is known on the ability of palbociclib to
trigger senescence. Nevertheless, this type of replicative G1-arrest
is a main cellular outcome of radiation, since a fraction of the
induced highly complex DNA damage cannot be repaired (12).
Remarkably, the dependency of CDK4/6 in not limited to breast
cancer alone, but to a wide range of entities like hepatocellular
carcinoma, bronchial carcinoma, and head and neck squamous
cell carcinoma (13–15). Increased CDK4 activity was also found
in melanomas (16). This supports our intention of studying the
effects of concomitant kinase inhibitor and RT not only in breast
cancer cells, but also in skin cancer cells.
MATERIALS AND METHODS

Cell Lines and Kinase Inhibitor
Human skin fibroblasts SBLF7 and SBLF9 derived from different
healthy donors; melanoma cells LIWE, HV18MK, ICNI, RERO,
October 2021 | Volume 11 | Article 740002
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ARPA, and ANST derived from different malign melanoma
patients; and breast cancer cell lines MDA-MB-231 (TNBC)
and MCF-7 (ER+, PR+) were used. MDA-MB-231 and MCF-7
were purchased by CLS cell lines service (Eppelheim, Germany).
Primary human melanoma cells (from primary tumors) were
collected in the Department of Dermatology of the
Universitätsklinikum Erlangen following approval by the
institutional review board (Ethic approval no. 204 17 BC).
Single-cell suspensions were generated by digesting tissue
samples with collagenase (Sigma Aldrich, München, Germany),
hyaluronidase (Sigma Aldrich, München, Germany), and DNase
(Roche, Mannheim, Germany) (17). The primary human
fibroblasts SBLF7 and SBLF9 were isolated via skin biopsy of
the cutis and subcutis after local anesthesia as described
previously (18). Briefly, each biopsy was dissected in small
pieces, placed in tissue culture flasks, and each covered with a
drop of F-12 medium (Gibco, Waltham, USA) supplemented
with 40% fetal bovine serum (FBS) (Merck, Darmstadt,
Germany). After the skin pieces had attached to the culture
flasks and the first fibroblasts had grown out, they were covered
with F-12 medium supplemented with 12% FBS, 2% non-
essential amino acids (NEA) (Merck, Darmstadt, Germany),
and 1% penicillin/streptomycin (Gibco, Waltham, USA). When
the primary cells were approximately 80% confluent, they were
detached with 0.5% Trypsin (Gibco, Waltham, USA) and further
cultured in the medium mentioned above. For continuous cell
culture, fibroblasts were cultured in F-12 medium, supplemented
with 15% FBS, 2% NEA, and 1% penicillin/streptomycin.
Melanoma cells were cultured in RPMI-1640 (Sigma Aldrich,
München, Germany), supplemented with 20% FBS (Merck,
Darmstadt, Germany), 1% NEA (Merck, Darmstadt,
Germany), 1% Pyruvate solution (Gibco, Waltham, USA), 1%
L-Glutamine (Merck, Darmstadt, Germany), 1% HEPES (Merck,
Darmstadt, Germany), and 0.05% Gentamicin (Merck,
Darmstadt, Germany). Breast cancer cell lines were cultured in
DMEM (PAN biotech, Aidenbach, Germany), supplemented
with 10% FBS and 1% penicillin/streptomycin. All cells were
incubated at 37°C in a humidified 5% CO2 atmosphere. Cells
were cultured 50 passages maximum. Palbociclib isethionate
(MW 573.7 g/mol) (Selleck Chemicals LLC, Huston, USA) was
prepared as stock solution in aqua bidest and stored at −80°C
with a concentration of 1 mmol/L. The drug was diluted for
experiments in dimethyl sulfoxide (DMSO) (Roth, Karlsruhe,
Germany). Required aliquots were thawed freshly prior to
each experiment.

Cell Death Analysis—FACS
Cells were washed with PBS (Sigma Aldrich, St. Louis, USA) and
incubated with Trypsin/EDTA (Gibco, Waltham, USA) to
detach the cells from cell culture flask to prepare a single-cell
suspension. To reach a confluence of 50% up to 80% in 24 h up to
72 h, cells were seeded in an appropriate concentration. To
reduce analytical interference and avoid an artificial increase of
possible effects of our treatment through stimulation of cell
proliferation (19–21), medium was exchanged for the
experiments by serum-reduced cell culture medium (2% FBS)
including 10 µl of various palbociclib concentrations. Previously,
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we checked if serum starvation influences our cell death analysis
(data shown in Supplementary Figure S1). We diluted
palbociclib in a certain manner so that we always had to add
10 µl of dilution per 1 µM and 2 µM and 10 µl of pure DMSO
(Roth, Karlsruhe, Germany) to the control. Finally, we had a
DMSO concentration of less than or equal to 1%. We compared
this DMSO concentration with controls and found no effect
(data shown in Supplementary Figure S2), which is similar to
other findings (22).

Cells were incubated in the presence of the inhibitor for 48 h
at 37°C. Additionally, half of the cells were irradiated with 2 Gy
ionizing radiation (IR) by an ISOVOLT Titan X-ray generator
(GE, Ahrensburg, Germany) 3 h after addition of inhibitor.
Supernatant was collated and treated cells were harvested by
trypsination. After washing, cells were resuspended in 200 µl of
Ringer solution and stained with Annexin V-APC (BD,
Heidelberg, Germany) and 7-amino-actinomycin D (BD,
Heidelberg, Germany) for 30 min on ice. To analyze apoptotic
and necrotic cells using flow cytometry (Cytoflex, Beckman
Coulter, Brea, USA), cell suspension was transferred to 96-well
plates. Excitation at 660/10 nm (Annexin V-APC) and 546 nm
(7-AAD) was used to measure stained cells. Double-negative
(Ann-7AAD-) cells were defined as alive, Ann+7AAD- cells as
apoptotic, and Ann+7AAD+ cells as necrotic.

Cell Cycle Analysis—FACS
After harvesting, cells were fixed in 10 ml of 70% ethanol (Roth,
Karlsruhe, Germany) and 1 ml of serum-reduced cell culture
medium for a minimum of 12 h at + 4°C and then stained with
Hoechst 33342 (Invitrogen, Eugene, USA) for 60 min on ice.
Because Hoechst 33342 is highly DNA-specific (preferentially
binds to A-T base pairs), no RNA-digest is needed (Technical
data sheet, BD Pharmingen). Cells were analyzed in the Cytoflex
flow cytometer. In general, cells need approximately 24 h to go
through cell cycle (Cooper, The cell—a molecular approach, 2nd
Edition, 2000). To clearly identify any changes in cell cycle
distribution, like G0/G1 or G2/M arrest, treatment of 48 h
could be advisable. To test whether 24 h or 48 h of treatment
should be done, we tested three cell lines previously (data shown
in Supplementary Figure S3) and performed all experiments
later on with 48 h of treatment.

Colony-Forming Assay
Cells were seeded in six-well plates with a density of 100–2,000
cells per well. Cells were treated with different concentrations of
inhibitor and irradiated after 3 h with a 0- or 2-Gy dose. After
another incubation phase of 24 h, medium was exchanged by
fresh standard medium without any drug and the inhibitor was
washed out. Plates were incubated for 10 to 14 days until colonies
of minimum 50 cells were developed. Colonies were stained with
methylene blue (Sigma Aldrich, München, Germany) for 30 min
at room temperature and counted when dry.

C12-FDG Staining—Senescence
To investigate evolving senescence during KI or irradiation
treatment, we seeded cells at low confluence in cell culture
flasks. After 24 h of settlement, cells were treated with either
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kinase inhibitor, irradiation, or combination of both. As a
control, cells were treated with DMSO only. On day 6 after
treatment, medium was exchanged including DMSO or kinase
inhibitor again. After 10 days of treatment, cells were collected
and stained as previously published (23). Briefly, cells were
treated with 100 nM Bafilomycin A1 (Merck, Darmstadt,
Germany) for 30 min (37°C). Afterwards, Hoechst dye was
added for another 30 min (37°C) and finally cells were treated
with C12-FDG for 60 min (37°C). After centrifugation cells were
resuspended in Ringer solution and stained with Annexin V-
APC and 7-AAD (BD, Heidelberg, Germany) for 30 min on ice.
Finally, C12-FDG positive cells were measured using flow
cytometry (Cytoflex S, Beckman Coulter, Brea, CA, USA).
Quantitative PCR—mRNA
Expression Analysis
For analysis of mRNA expression after KI treatment, irradiation
or the combination of both qRT-PCR was used as described
previously (24). Briefly, cells were seeded in six-well-plates,
treated with 2 µM palbociclib, 2 Gy dose, or the combination
of both (2 µM + 2 Gy) and harvested 48 h after treatment. Cells
were harvested by lysis with Trizol (peqlab, Darmstadt,
Germany) and frozen (−80°C) immediately. RNA isolation was
done with phenol-chloroform extraction and isolated RNA was
frozen again. Genomic DNA was digested with DNase I Kit
(Thermo Fisher Scientific, Waltham, USA) at 37°C for 30 min
(Thermocycler, BIO-RAD, Hercules, CA, USA). RNA was
transferred into cDNA via High-capacity RT kit (Thermo
Fisher Scientific, Waltham, USA) and cDNA was diluted with
water and Yellow dye (Thermo Fisher Scientific, Waltham, MA,
USA). qRT-PCR was run using DyNAmo ColorFlash SYBR
Green qPCR Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Bio-Rad primers (Tables 1, 2, Bio-Rad Laboratories,
Inc., Hercules, CA, USA) were used according to the
manufacturer’s instructions. Two technical replicates (duplicate
wells) from one RNA/cDNA preparation (one biological sample)
were measured.
Statistical Analysis
GraphPad prism 9 software (San Diego, CA, USA) was used to
perform statistical analysis. Non-parametric, unpaired one-tailed
Mann–Whitney U test was used to analyze data, based on the
minimum number of n = 3 experiments. p-value ≤ 0.05 was
determined as significant. Graphs were also generated using
GraphPad Prism 9 software.
Ethics Approval and Consent
to Participate
Ethical approval was obtained in the Department of
Dermatology, Universitätsklinikum Erlangen following
approval by the institutional review board (Ethik-Kommission
der Friedrich-Alexander-Universität Erlangen-Nürnberg,
approval No. 204_17 Bc). The patients provided written
informed consent.
Frontiers in Oncology | www.frontiersin.org 4287
RESULTS

Cell Death Is a Minor Way of Action in
Palbociclib Treatment
To analyze the influence of kinase inhibitor palbociclib on RT,
we investigated two fibroblast cell lines, as healthy controls, and
two breast cancer and six skin cancer cell lines. First of all, cell
death was measured by Annexin-7AAD staining using flow
cytometry (Figure 1). The first dose escalation study
(Figure 1A) showed IC50 values of 8 µM for the skin cancer
cell line ICNI and 10 µM for the healthy fibroblasts SBLF7.
Concerning the pharmacokinetics of palbociclib, we proceeded
with physiologically achievable concentrations of 1 µM and 2 µM
(25). Annexin-7AAD- cells were defined as “alive” ,
Annexin+7AAD- cells as “apoptotic”, and Annexin+7AAD+
cells as “necrotic” (Figure 1B).

Regarding our clinical context of the radiation oncology, we
compared irradiation (IR) to the combination therapy (KI + IR),
since KI can act as radiosensitizer and enhance the effect of IR in
healthy tissue (side effects) and in tumor tissue leading to
improve tumor control. The clinically most frequently used
single dose of 2 Gy was chosen. Healthy fibroblasts did not
show significant changes in apoptosis and necrosis (Figure 1C).
Breast cancer cell line MCF-7 showed significant increase of
apoptosis and total cell death after combination therapy with 2
µM and 2 Gy IR respectively (p = 0.05). The group of our tested
skin cancer cell lines seemed to show diverse behavior, regarding
strong tendencies, but not significant response in ARPA, and
slight treatment-related response in RERO. HV18MK, ICNI, and
LIWE did not respond in a treatment-related manner.
TABLE 1 | Primer for target genes.

Gene Primer Unique Assay ID Application

cyclin D1 CCND1 qHsaCID0013833 Inhibits
autophagy

forkhead box M1 FOXM1 qHsaCED0004022 Inhibits
senescence

myristoylated alanine-rich
protein kinase C substrate

MARCKKS qHsaCED0045667 Promotes
migration,
invasion

p16 (Cyclin-dependent kinase
inhibitor 2A)

CDKN2A qHsaCED0056722 CKD4 inhibitor

regulatory associated protein
of MTOR, complex 1

RPTOR qHsaCID0016865 Promotes
autophagy

RPTOR independent
companion of MTOR,
complex 2

RICTOR qHsaCID0007506 Promotes
autophagy

SMAD family member 3 SMAD3 qHsaCID0008503 Inhibits G1/S-
progression

v-myc myelocytomatosis viral
oncogene homolog (avian)

MYC qHsaCID0012921 Inhibits
apoptosis
October
 2021 | Volume 11
TABLE 2 | Primer for housekeeper genes.

Gene Primer Unique Assay ID Application

hydroxymethylbilane synthase HMBS qHsaCID0038839 Housekeeper
ribosomal protein L30 RPL30 qHsaCED0038096 Housekeeper
ubiquitin C UBC qHsaCED0023867 Housekeeper
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Interestingly, in the skin cancer cell line ANST, necrosis was
significantly reduced in combination of KI and IR (p = 0.05).

Palbociclib and IR Influence Clonogenicity
and Cell Survival in an Additive Manner
As a gold standard in radiation biology, colony-forming assays
were used to investigate the interaction of palbociclib and
irradiation within healthy and cancer cells (Figure 2). Both
healthy fibroblasts decreased clonogenicity in a significant
manner comparing combinatory therapy to irradiation alone
(p = 0.05) in an additive manner. SBLF7 cells showed the most
dramatic fall of survival in total. Breast cancer cell lines and three
of six skin cancer cell lines decreased their colony-forming ability
significantly (p = 0.05) in an additive manner. Additionally, we
normalized our data to get a better understanding of
antagonistic, additive, or synergistic effects. No significance
could be detected in all tested cell lines.

Palbociclib Induces Senescence
Beside a wide range of effects like clonogenicity, survival, and cell
death, colony-forming assay can also act as an indicator for
senescence. We analyzed our malign and non-malign cell lines
more deeply using a C12-FDG staining. Since senescence is a
time-dependent process, we observed C12-FDG positivity
initially of one healthy and one cancer cell line on days 3, 6,
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and 10 (Supplementary Figure S4). The effect was best
detectable on day 10. Subsequently, all cell lines were tested at
day 10 after treatment (Figure 3). Healthy fibroblasts did not
increase C12-FDG positive cells significantly after combination
treatment, but SBLF9 with monotherapy palbociclib (p = 0.05).
One breast cancer and two out of six skin cancer cell lines raised
the amount of C12-FDG positive cells at day 10 after
concomitant KI + IR therapy. Noticeably, palbociclib treatment
alone already raises C12-FDG positive proportion of cells in five
out of eight cancer cell lines (p = 0.05).

Additionally, as a first step of deeper analysis of interactions and
outcomes of kinase inhibitors and concomitant irradiation, we
analyzed cells after 48 h of treatment. We investigated mRNA
expression levels of Cyclin D1, RPTOR, Myc, SMAD3, MARCKS,
RICTOR, p16, and FOXM1, which are related to CDK4/6 as, e.g.,
cellular inhibitor, binding partner, or central proteins of
downstream pathways in our 10 cell lines including healthy
fibroblasts, breast cancer, and skin cancer cells. Expression was
normalized to housekeeping genes HMBS, RPL30, and UBC.
Additionally, expression of treated samples was normalized to the
corresponding untreated control to verify down- or upregulation
plotted in the heatmaps (Supplementary Figures S5A–H).

Noticeable, relevant downregulation of senescence-inhibiting
FOXM1 was found after combination therapy in all cell lines and
in almost all sample of single therapy treatment (Supplementary
A B

C

FIGURE 1 | Cell death analysis of different non-malign and malign cell lines. (A) Dose escalation study of the kinase inhibitor palbociclib in healthy fibroblasts and
skin cancer cells [dose–response curve fitting by non-linear regression of log(agonist) vs. response based on Graph Pad Prism]. (B) Gating strategy of the Annexin-
7AAD (cell death) staining of skin cancer cells RERO after KI treatment, irradiation, and combi therapy. (C) Necrotic and apoptotic populations in 10 different cell lines
(healthy fibroblast SBLF7 and SBLF9, breast cancer MDA-MB-231 and MCF-7, and skin cancer ANST, ARPA, HV18MK, LIWE, RERO, and ICNI cells) after 48 h of
treatment. Each value represents mean ± SD (n = 3). Significance was determined by one-tailed Mann–Whitney U test Ο/D/* p ≤ 0.05.
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FIGURE 2 | Survival fractions of healthy fibroblasts and breast cancer and skin cancer cells. Clonogenicity of two healthy fibroblasts and two breast cancer and six
skin cancer cell lines. Cells were treated with 1 µM palbociclib w/o 2 Gy. Values were normalized to the irradiated control fraction (blue dashed line). Each value
represents mean ± SD (n = 3). Significance was determined by one-tailed Mann–Whitney U test *p ≤ 0.05.
FIGURE 3 | C12-FDG staining as indicator of cellular senescence. Proportion of C12-FDG-positive cells after 10 days of incubation in 10 different cell lines (healthy
fibroblast SBLF7 and SBLF9, breast cancer MDA-MB-231 and MCF-7, and skin cancer ANST, ARPA, HV18MK, LIWE, RERO, and ICNI cells). Cells were treated for
24 h and irradiated with a single dose of 2 Gy. Each value represents mean ± SD (n = 3). Significance was determined by one-tailed Mann–Whitney U test *p ≤ 0.05.
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Figure S5H). Furthermore, downregulation of p16 mRNA was
found after IR in seven of eight and after combination therapy in
five out of eight cancer cell lines (Supplementary Figure S5G).
Interestingly, skin cancer cell line ANST showed overall diverse
behavior, regarding downregulation of Cyclin D1, Myc, and
SMAD3 as well as upregulation of MARCKS and RICTOR,
compared to all other tested cell lines. Another special case
seems to be skin cancer cell line LIWE, which showed
downregulation after monotherapy (KI or IR) of Cyclin D1,
RPTOR, and Myc in obvious contrast to the upregulation after
combination of KI and IR. Overall, our mRNA expression data
showed slight regulations in healthy fibroblasts compared to the
wide-ranging behavior of the tested malign cancer cells.
Nonetheless, these preliminary data should be held as first
screening of mRNA expression and will lead to further analysis
of the most interesting regulated genes of interest (GOI)
in depth.

Palbociclib Induces a Cell Cycle Block
In general, palbociclib binds to CDK4 and 6, which are central
proteins involved in controlling progression through the G1
Frontiers in Oncology | www.frontiersin.org 7290
phase of the cell cycle (Figures 4A, B) (26). Furthermore, the cell
cycle status of cancer cells is relevant for irradiation therapy since
the G2 phase is known to be more prone to IR (27). In healthy
fibroblasts, no changes were detectable treating cells with
palbociclib and irradiation (Figure 4C). In one of both breast
cancer cell lines and four out of six skin cancer cell lines, the cell
population in the G2/M phase decreased significantly after
combination treatment compared to IR alone (ANST, RERO:
p = 0.05; HV18MK, ARPA: p = 0.01), whereas the G0/G1 phase
increased. Unexpectedly, we found in the skin cancer cell line
LIWE an increase of cells in the G2/M phase of cell cycle (p =
0.01). To study if this cell cycle block is transient or durable, the
effect on markers of cellular senescence was studied.
DISCUSSION

Flow cytometric analysis of cell death in cancer and healthy
tissue cell lines indicated tendencies regarding that palbociclib
influences apoptosis and necrosis in a cell line-specific manner
but rarely significant. Healthy cells seem to be less affected than
A B

C

FIGURE 4 | Influence of palbociclib on cell cycle of different cell lines. (A) Palbociclib arrest cells in the G1 phase of cell cycle by blocking the S/G1 phase
checkpoint. (B) Representative histograms depicting the gating strategy of Hoechst staining (DNA) in breast cancer cell line MCF-7 after treatment (Co/2 µM/2 Gy/2
µM + 2 Gy). (C) Population of cells in the G0/G1 or G2/M phase, respectively. Cells were treated with 2 µM palbociclib, 2 Gy dose irradiation, or a combination of
both. Each value represents mean ± SD (n = 4). Significance was determined by one-tailed Mann–Whitney U test *p ≤ 0.05, **p = 0.01.
October 2021 | Volume 11 | Article 740002
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tumor cells, but we assume that cell death is not the main
mechanism of action of the CKD4/6 inhibitor palbociclib. The
obvious intercellular differences might be explained by a
heterogeneous mutation profile of our different cell lines.
According to the distribution of cancer patients into different
entities and subtypes (e.g., breast and lung cancer), it is known
that every patient shows different mutations in depth. Our
patient-derived skin cancer cell lines, which are harboring a
more primary character, are used to represent a wider range of
patient-specific mutations. Additionally, there is evidence that
status of p53 and DNA damage repair proteins like ATM
influences the outcome of palbociclib treatment in the context
of irradiation (14).

Palbociclib plays an important role in cell cycle regulation as
inhibitor of CDK4 and CDK6. Since the distribution of cell cycle
phases is of relevant matter in radiation biology, we investigated
the distribution of cell in the G0/G1 and G2/M phase. The G2
phase is known to be more sensitive to radiation (27). Healthy
fibroblasts, representing normal tissue, were not affected by
palbociclib significantly. Cancer cells responded controversially,
as four out of six cell lines decreased G2/M populations.
Interestingly, we also found one cell line that increased
population of cells in the G2/M phase. This might be beneficial
for radiosensitivity regarding improved local tumor control.
However, our data suggest that blocking the cell cycle
permanently could lead to senescence as the main mechanism
of palbociclib treatment.

Regarding the results of our colony-forming assays, clear
evidence is found for the higher effect of palbociclib on
clonogenicity, survival, and senescence, since palbociclib blocks
the cell cycle, but does not lead to cell death (28). Senescence can
be triggered by, e.g., cellular stress like DNA damage or aging
processes and could lead to irreversible growth arrest called stress-
induced or replicative senescence, respectively (29). A senescent
phenotype is also relevant in cancer and overexpression of
senescence markers can be found in malign cells and tissues (30).
Noticeable, colony forming was strongest decreased in healthy
control cell line SBLF7. Nevertheless, all malign cell lines showed
clear trends to lower cell survival rates after combination therapy
compared to irradiation alone. Since irradiation is known to induce
senescence as well, the combination therapy was assumed to
increase this non-proliferating phenotype more efficiently (31).
Additionally, effective combination of palbociclib and IR was
previously described in glioblastoma multiforme intracranial
xenografts (32). In our setting, we did not detect synergistic effects
of simultaneous KI and IR therapy on senescence. However, this
study leads us to the assumption that tumor control can be
improved by combination therapy in an additive manner. To
study the ability of palbociclib to induce senescence, further
analysis of C12-FDG status was performed. Palbociclib clearly
induced senescence in breast cancer cells. The melanoma cell
lines responded very diversely. This probably indicates the inter-
individual differences between every single cancer patient, according
to our cell death analysis.

The preliminary analysis of mRNA expression under kinase
inhibitor, irradiation, or combination therapy showed again a
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wide range of effects in different cancer cell lines. Eight CDK4/6
related targets were chosen to verify different ways of action of
CDK4/6 blocking including, e.g., autophagy, apoptosis,
migration, and senescence (33). FOXM1 was downregulated in
all cell lines after combination therapy. Strong downregulation
correlated with a significant increase of C12-FDG positive cells
after combination therapy in, e.g., ARPA and ICNI cells.
Unfortunately, for the unexpected behavior regarding
upregulation of FOXM1 after palbociclib compared to
significant enhancement of C12-FDG in HV18MK and RERO,
we lack an appropriate explanation. Further analysis of the
mutational profile of our patient-derived cell lines could help
to overcome this point. Palbociclib does not lead to cell death
itself, but induces senescence while blocking the cell cycle in G0/
G1. As FOXM1 is known to inhibit senescence (33, 34) and,
more importantly, is known to be reduced throughout
palbociclib treatment (35), the decreased expression supports
this idea. Unexpectedly, even after IR, downregulation of
FOXM1 could be detected, an effect Li et al. (2019) published
as a mechanism of pulmonary fibrosis (36). Additionally, the
expression of p16, which is known as intracellular CDK4 and
CDK6 inhibitor, was downregulated in five out of eight cancer
cell lines after combination treatment, but might be triggered
mainly by IR. Blocking the cell cycle with palbociclib may lead to
less CKD4/6 and less p16 expression as a feedback loop (37).
Overall, treatment with palbociclib or a combination with
irradiation seems to induce senescence, but not cell death.
Cellular processes like migration or autophagy may be
involved, but further analyses will be necessary to understand
how palbociclib influences these pathways.

Taken together, our data give evidence of inducing senescence as
a main mechanism of palbociclib. However, there are some
limitations, which should be considered for further research.
Using patient-derived cell lines enables us to more real-life
models than commercially available cell lines, which are long-
term adapted to flasks and incubators. Characterization of the
mutation profile of standard tumor suppressor and oncogenes
might be a future strategy to explain the diverse response.
Particularly, the p53 status should always be analyzed in future
analyses focusing on cellular mechanisms of palbociclib. Melanoma
show a high frequency of mutations in the CDK4 pathway and
CDK4/6 inhibitors have been beneficial in breaking resistance (38).
Thus, CDK4/6 inhibitors are potential candidates for therapy of
melanoma especially as our data show in combination with RT.
CONCLUSION

Palbociclib induces cellular senescence in healthy skin
fibroblasts, breast cancer, and melanoma cells. Cell death is
only a secondary mechanism of action of palbociclib
treatment. Concomitant RT leads to an increased cellular
growth arrest in an additive manner. Since CDK4/6 is known
to promote cancer progression in many entities (13–16),
palbociclib has been approved for therapy of breast cancer. Its
efficacy should also be studied in combination with RT.
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