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Abstract

Purpose—Our goal was to determine whether tumor radiosensitivity is associated with activation
of the immune system across all tumor types as measured by two gene expression signatures
(GES).

Methods—We identified 10,240 genomically profiled distinct solid primary tumors with gene
expression analysis available from an institutional de-identified database. Two separate GES were
included in the analysis, the radiosensitivity index (RSI) GES (a 10-gene GES as a measure of
radiosensitivity), and the 12-chemokine (12-CK) signature (a 12-gene GES as a measure of
immune activation). We tested whether the RSI and 12-CK were associated with each other across
all tumor samples, and in an exploratory analysis, their prognostic significance in predicting
distant metastasis-free survival (DMFS) among a well-characterized, independent cohort of 282
early-stage breast cancer cases treated with surgery and post-operative radiation alone without
systemic therapy. The lower the RSI score, the higher the tumor radiosensitivity; whereas, the
higher the 12-CK score the higher the immune activation.

Results—Using an RSI cut-point of <0.3745, RSI-low tumors (n=4,291, 41.9%) had a
significantly higher median 12-CK GES value (0.54 [range —0.136,1.095]) compared with RSI-
high tumors (-0.17 [-0.82,0.42]; p<0.001) across all tumor samples, indicating that
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radiosensitivity is associated with immune activation. In an exploratory analysis of early stage
breast cancer cases, a multivariable model with patient age, RSI and 12-CK provided a strong
composite model for DMFS (p=0.02), with RSI (HR 0.63 [95%CI 0.36,1.09]) and 12-CK (HR
0.66 [0.41,1.04]) each providing comparable contributions.

Conclusions—Tumor radiosensitivity is associated with immune activation as measured by two
GES.

Keywords
immune; cancer; radiation; radiosensitivity; survival

Introduction

Over the past few decades, it has been well established that specific cancers are exquisitely
radiosensitive, resulting in high locoregional control rates following treatment. HPV-positive
oropharyngeal squamous cell carcinoma is a radiosensitive tumor, which exhibits a high cure
rate following radiotherapy with or without concurrent chemotherapy.(1,2) Using daily or
weekly 3D image guidance, HPV-positive oropharyngeal tumors often demonstrate a
complete radiologic response shortly after completing definitive radiation therapy.(3)
However, the pre-treatment identification of radiosensitive tumors and host factors
associated with radiosensitivity remains a fragmented story for other tumor types.

The tumor microenvironment, including the immune system and function of the host, has
been shown to play an important role in mediating both tumor growth and responses to
radiation therapy.(4) Tumors frequently down-regulate the host’s adaptive immune system to
avoid cell-mediated death and, in response, immune modulators have become a promising
tool to combat this effect. Radiation therapy has been shown to have both enhancing and
inhibitory effects on host immune function depending largely on the radiation dose and
target.(5) A large radiation field targeting multiple vertebral bodies as palliative therapy for
spinal metastases, for instances, can reduce a patient’s white blood cell count and potentially
act as an immunosuppressive agent.(5,6) However, when radiation is highly conformal, with
the use of modern treatment planning and delivery, and when it is delivered in higher doses
per fraction, radiation has the potential to act as an immune stimulatory agent.(5)

Additionally, when combined with immune modulators, pre-clinical studies and case reports
have shown a potential synergy between the radiation and immunotherapy via the abscopal
effect. (7—9) How often the abscopal effect occurs and whether it can be triggered by a pre-
defined strategy via combining radiotherapy and immunotherapy remains a critical clinical
question.(9) Radiation has been shown to have a mixed response on PD-L1 expression on
the surface of tumor cells, by upregulating, or even down-regulating PD-L1
expression(10,11), with differing responses possibly driven by tumor site, histology, and/or
radiation dose per fraction.(5) Thus the identification of biomarker-based approaches is
central to the development of clinical strategies to combine radiation therapy and
immunotherapy.
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To address this, our group recently developed two gene-expression signatures (GES) of
radiosensitivity and immune-activation. The radiosensitivity index (RSI) is a 10-gene based
signature developed as a marker of cellular radiosensitivity that has been independently
validated as pan-tissue biomarker of radiosensitivity in multiple disease sites.(12-16) The
12-Chemokine (12-CK) GES is based on 12 chemokine genes (CCL2, CCL3, CCL4, CCLS5,
CCLS8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and CXCL13) chosen from a
metagene grouping of immune-related and inflammation-related genes.(17) The 12-CK GES
has been shown to be associated with the presence of tumor localized ectopic lymph node
like structures (TL-ELNS) in both colorectal cancer and metastatic melanoma patients and
was associated with improved survival outcomes in both patient populations.(17-19)

In the present study, we hypothesize that RSI and 12-CK are associated and, when
combined, will provide an improved prognostic tool for patient outcomes. Combining RSI
and 12-CK also serves as a possible clinical strategy to explore the relationship between
tumor radiosensitivity and patient immune activation across many unique tumor types.

Gene Profile Analysis of Archived Tumors -Total Cancer Care (TCC) Database

We identified 10,240 genomically profiled distinct solid, primary, non-metastatic tumors
from the TCC database, a prospective IRB-approved tissue collection protocol active at the
Moffitt Cancer Center and 17 other institutions since 2006.(20) Tumors from patients
enrolled in the TCC protocol were arrayed on Affymetrix Hu-RSTA-2a520709 Gene Chips
(Affymetrix, Santa Clara, CA). The chip contains roughly 60,000 probesets representing
20,155 unique genes. Iterative Rank-Ordered Normalization (IRON) was used to normalize
all samples and log2 values were calculated.(21). A RNA quality batch effect was removed
using Partial Least Squares. Both the normalized and de-batched expression values for
10,240 tumor samples from the ten RSI genes and 12 chemokine genes were extracted from
the TCC database.

Radiosensitivity Index (RSI) GES

RSI was previously trained in 48 cancer cell lines to predict cellular radiosensitivity as
determined by survival fraction at 2 Gy (SF2). Each of ten genes in the algorithm was
ranked based on gene expression (highest expressed gene is ranked at 10 and lowest at 1) as
previously described by Eschrich et al.(12). To make RSI comparisons across the entire
dataset of 10,240 tumors across 62 disease sites, we used RSI=0.3745 as the cut-point, as it
represents the value for the local minimum in the bimodal RSI density function (Figure 1).
RSI-low tumors (i.e. more sensitive) were defined as having an RSI GES <0.3745 and RSI-
high tumors (i.e. less sensitive) as having an RSI GES =0.3745.

12-Chemokine (12-CK) GES

The 12-CK GES was defined as the first principal component (PC1) from a PCA model
using all 12 genes in all 10,240 samples. The sample scores from the PCA model were
scaled to have a variance of 1.
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Erasmus Breast Cancer Cohort

The Erasmus Cancer Cohort has been previously described.(13) It includes 282 lymph node
negative breast cancer patients treated with loco-regional therapy (surgery and RT) and no
adjuvant systemic therapy (i.e. chemotherapy or hormonal therapy).(22) Patient exclusion
characteristics and tumor RNA preparation and gene expression profiling were previously
described.(22-24) Raw gene expression data from this cohort are publicly available in GEO
(Erasmus — GSE2034, GSE5327). A robust multi-array (RMA) normalization method was
previously applied to the Affymetrix U133A CEL files.(25-27) The study was approved by
the Medical Ethics Committee of the Erasmus Medical Center. Radiation dose to the tumor
cavity in the cohort ranged from 40-74 Gy delivered in standard fractionation (1.8-2 Gy per
fraction). The endpoint defined by the Erasmus investigators was distant metastasis free
survival, defined as an early distant recurrence in the first five years following completion of
primary treatment, or death. RSI was previously generated for this cohort and RSI-low and
RSI-high were previously defined and specific to this dataset.(13) The RSI cut point
previously used with the ERASMUS dataset (13) and in the present analysis was 0.34; this is
similar to the RSI cut point of 0.3745 for the overall analysis although the normalization
methods were different making it difficult to directly compare with the two RSI cut points.
We explored five alternative cut-points for dichotomization of the 12-CK GES, including 12-
CK-high (immune-active) vs. 12-CK low (immune-inactive) in the Erasmus cohort. The cut-
point used for testing outcomes was the top 75% of 12-CK patients (12-CK-high, 212
patients) vs. the bottom 25% (12-CK-low, 70 patients). This was the optimal cut-point of the
five tested on univariate analysis for DMFS (p=0.08).

Statistical analysis

The primary endpoint of the study was to assess the association of RSI GES with 12-CK
GES among 10,240 solid primary tumors in the TCC de-identified database. A secondary
endpoint was to test whether the RSI and 12-CK GES could be prognostically important for
distant metastasis free survival outcomes, using the Erasmus cohort of 282 breast cancer
patients treated with breast conservation therapy as the validation dataset.

Statistical analysis was performed using SPSS® version 22.0 (IBM®, Chicago, IL) and R.
For the TCC analysis of 10,240 solid tumors, differences in 12-CK values by RSI group
were assessed using the Wilcoxon rank-sum test among all patients, and between individual
tumor types with =210 samples in both RSI groups (n=17 tumor types compared). The
associations between RSI and 12-CK GES were assessed using the non-parametric
Spearman correlation coefficients in the full TCC cohort and within individual tumor types
with =10 samples (n=42 tumor types included).

For the Erasmus dataset analysis, clinicopathologic differences between the RSI-low
(radiosensitive)/RSI-high (less-radiosensitive) and 12-CK-high/12-CK-low patient
populations were compared using the Wilcoxon rank-sum test and Pearson’s Chi-square test
for continuous and discrete variables, respectively. Distant metastasis free survival rates
were then calculated using the Kaplan-Meier method and compared using the log-rank test.
Cox regression main-effects models for DMFS were performed to assess the prognostic
significance of RSI, and the 12-CK score individually and together adjusted for age.
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Association between tumor radiosensitivity and immune-activation

Table 1 and figure 2 show the association between tumor radiosensitivity and immune
activation across the TCC cohort (n=10,240). Among 10,240 unique non-metastatic human
tumors, RSI-low tumor samples (more radiosensitive) had a significantly higher median 12-
CK GES (0.537 [range —0.136, 1.095]) compared with RSI-high tumors (-0.167 [range
-0.816, 0.415]; p<0.001) across all tumor samples. This suggests that tumors with increased
radiosensitivity also have increased immune activation and visa-versa. This observation was
confirmed for the majority of unique tumor types on subset analysis (Table 1).

The 12-CK and RSI GES were then tested by Spearman correlation (Supplemental figure 1
and Supplemental Table 1). Across all tumors types, there was a negative correlation
between RSI and 12-CK GES (R=-0.355, p<0.001), indicating that tumors with a high
relative radiosensitivity also often have a high level of immune activation, while
radioresistant tumors tend to have a lower level of immune activation. When assessed by
unique tumor site and histology, this negative correlation was consistent across the majority
of tumors. The degree of the negative correlation varied between tumor types.

An exploratory combined model including both RSI and 12-CK phenotype predicts clinical
outcome in the Erasmus Dataset

The prognostic value of the RSI and 12-CK GES were then explored in an independent
dataset of 282 breast cancer patients treated with breast conservation therapy. No differences
were observed in the RSI score when compared between patient clinicopathologic and tumor
characteristics (Supplemental Table 2). Patients with a high 12-CK score (immune activated)
were significantly younger (median 51 vs. 57 years, respectively; p=0.002), more often pre-
menopausal (60.8% vs. 42.9%, respectively; p=0.008) and more frequently had ER-/PR-
tumors (34.3% vs. 9.1%, respectively; p<0.001) compared to patients whose tumors had low
12 CK scores. Similar to the TCC analysis, the dichotomized RSI and 12-CK GES in the
Erasmus dataset were associated with each other (p=0.002, data not shown).

When each GES was assessed separately with patient outcomes, both an RSI-low (more
radiosensitive tumor) status (Figure 3, Table 2; HR 0.58 [95% CI 0.34, 1.00]; p=0.05) and a
12-CK-high immune-active status (HR 0.61 [95% CI 0.39, 0.96]; p=0.03) were
independently associated with improved distant metastasis-free survival. In addition, a
composite model including all three variables (p=0.02) outperformed both age-adjusted
individual models for RSI and 12-CK (AIC for composite model one unit lower than the best
individual model).

Discussion

We demonstrate a clear association between tumor radiosensitivity and immune activation
among a large cohort of patients using two separate microarray GES. Each signature was
designed for a unique purpose and previously studied in different patient populations. RSI
was designed to detect intrinsic tumor radiosensitivity using 10 genes that play a role in
DNA damage response, histone deacetylation, cell-cycle regulation, apoptosis, and
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proliferation.(12,28,29) RSI has been shown to predict outcomes among patients treated
with radiation therapy with breast cancer(13,30), head and neck cancer, rectal cancer,
esophageal cancer(12) pancreatic cancer,(15), glioblastoma(16), and metastatic colorectal
cancer(14). In contrast, 12-CK was designed using 12 immune-related and inflammation-
related genes with the purpose of detecting intra-tumoral lymphoid cell aggregates as a
marker of immune activation.(17,19) Twelve CK was previously found to be associated with
the presence of TL-ELNSs and was able to predict patient outcomes among patients with both
colorectal cancer(17) and metastatic melanoma.(18,19) By combining the two gene
signatures, we provide evidence for the presence of a clinical interplay between
radiosensitivity and immune activation across a wide-variety of tumor types that has not
previously been shown in the clinical setting.

There are clinical implications to the observed association between radiosensitivity and
immune-activation in solid tumors. We hypothesize that this association could have clinical
implications. In one scenario it is possible that the immune system primes the tumor for
improved response to radiation. Conversely it could be that radiation therapy primes the
tumor for increased immune activation, or potentially both processes take place in a
synergistic manner. Understanding the clinical impact of this association is critical given the
emerging immunotherapy options that could be utilized in combination with RT.

In the absence of radiation therapy, it is now well-established that tumors have a variety of
innate mechanisms by which they can suppress the body’s natural immune response directed
towards them.(31) Fortunately, many of these mechanisms provide therapeutic targets for
immune modulation.(32) Two more recently studied targets of tumor-directed immune
modulation include the CTLA4 axis, which causes immune tolerization, and the PD1-PDL1
axis, which causes T-cell exhaustion.(4) Immune modulators including the anti-CTLA4
antibody Ipilimumab (Yervoy, Bristol-Myers Squibb), and the anti-PD1 antibodies
Nivolumab (Opdivo, Bristol-Myers Squibb) and Pembrolizumab (Keytruda, Merck),
effectively remove the tumor brake-pedal, increasing the tumor-directed immune activation.
These targeted immunotherapies have been shown to positively affect tumor response and
survival initially among melanoma patients(33-39), and subsequently among many other
tumors including squamous cell and non-squamous non-small-cell carcinoma of the lung,
renal cell carcinoma, and lymphoma.(40-43) Interestingly, cutaneous melanoma (r=—0.56),
lung adenocarcinoma (r=—0.50) and renal cell carcinoma (r=—0.56) each had a relatively
high degree of correlation between immune activation and radiosensitivity in the current
study (Supplemental Table 1), suggesting that combined immunotherapy and radiation
therapy treatment might also be beneficial for these tumors. Results from immunotherapy
trials thus far have been compelling and exciting, yet there remains a lack of biomarkers to
more appropriately select patients for immunotherapy trials(44). Additionally, it remains
unclear as to whether immunotherapy-specific biomarkers, if successfully developed and
implemented, would also predict for response to combined modality treatment if radiation is
added as an immune-stimulatory mechanism. (45)

The ability of radiation therapy to influence tumor-directed immune responses in the pre-
clinical setting has been supported by many disease site-specific studies.(5) Radiation has
been shown to stimulate the immune system by upregulating MHC class | molecules(46),
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enhancing FAS surface expression(47), activating dendritic cells(48), and by increasing the
concentration of tumor infiltrating lymphocytes(49). Radiation also modulates the
expression of immune checkpoint molecules in both favorable and unfavorable ways(5),
which are less predictable and less well understood. Additionally, radiation has been shown
to increase the concentration of regulatory T-cells in tumors(50-52), which acts to suppress
the benefits of tumor-directed immune activation. Because of the multifactorial influences of
radiation therapy on the immune system, an abundance of clinical trials are underway in an
attempt to harness the potential synergy of immunomodulators and radiation therapy of
various disease sites.(4,53,54) In support of the combined radiation and immunotherapy
trials, Twyman-Saint Victor et al(55) demonstrated in a preclinical model that radiation
therapy and immune checkpoint blockade activated non-redundant immune mechanisms in
cancer. However, there remains a dearth of pre-treatment and tumor-specific biomarkers to
identify patients who might, and more importantly might not, benefit from combined
immunotherapy and radiation therapy. Since the composite model outperforms both
individual RSI and 12-CK models, we hypothesize that these signatures may serve as
biomarkers to identify patients that may benefit from combined RT and immunotherapy.

Moving forward, we hypothesize that the combined 12-CK/RSI phenotype could provide a
pre-treatment biomarker to identify patients who will have increased response and outcomes
to combined immunotherapy and radiation therapy treatment. For instance, patients with
immune active/radiosensitive tumors could be selected for combined immunotherapy and
radiation therapy trials, while those with immune inactive/less radiosensitive tumors could
either be treated without radiation therapy, or selected for dose-escalated radiation trials with
or without immunotherapy. Recently, we have developed the genomic-adjusted radiation
dose (GARD) a genomic-based model that provides for the first time the opportunity to
adjust the dose of radiation to match the individual radiosensitivity of the tumor. It is
possible that the immune active/radiosensitive GES phenotype from the present study could
be used to more accurately identify patients who experience the seemingly elusive abscopal
effect.(9) To date, the abscopal effect remains a clinically rare and relatively unpredictable
event(56,57), where radiation of a single metastatic site causes systemic regression of
unirradiated distant metastases. When the abscopal effect does take place, it can render
patients with a high metastatic disease burden, free of disease.(9) If a GES could improve
the identification of these patients, even by a few percent, it would likely be deemed a
success and as such, we believe that this is worth pursuing. A likely first-step to evaluate this
would be to assess the 12-CK/RSI phenotype among a cohort of patients treated with
combined modality treatment.

In conclusion, tumor radiosensitivity is associated with immune activation across solid
tumors as measured by two unique gene expression signatures. Radiosensitive tumors are
more frequently present in patients with a phenotype of immune-activation and the
combined RSI and 12-CK GES has the potential to improve the prognostic ability of patients
undergoing combined radiation therapy and immunotherapy.

Supplementary Material

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

Histogram demonstrating RSI values across 10,240 solid tumors.
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Kaplan Meier plots demonstrating distant metastasis free survival among 282 patients with
breast cancer treated with radiotherapy compared by (a) radiosensitive (bottom 25% RSI)
and less radiosensitive (upper 75% RSI) gene expression profiles, (b) 12-chemokine (12-
CK) high and low gene expression profiles, and (c) by combined RSI and 12-CK expression

profiles.
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