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Abstract
BACKGROUND
In the contemporary era of cancer immunotherapy, an abundance of clinical and translational studies have reported radiotherapy (RT) and immunotherapies as a viable option for immunomodulation of many cancer subtypes, with many related clinical trials ongoing. In locally advanced disease, chemotherapy or chemoradiotherapy followed by surgical excision of the tumour remain the principal treatment strategy in oesophageal adenocarcinoma (OAC), however, the use of the host immune system to improve anti-tumour immunity is rapidly garnering increased support in the curative setting.

AIM
To immunophenotype OAC patients’ immune checkpoint (IC) expression with and without radiation and evaluate the effects of checkpoint blockade on cell viability.

METHODS
In the contemporary era of cancer immunotherapy, an abundance of studies have demonstrated that combination RT and IC inhibitors (ICIs) are effective in the immunomodulation of many cancer subtypes, with many related clinical trials ongoing. Although surgical excision and elimination of tumour cells by chemotherapy or chemoradiotherapy remains the gold standard approach in OAC, the propagation of anti-tumour immune responses is rapidly garnering increased support in the curative setting. The aim of this body of work was to immunophenotype OAC patients’ IC expression with and without radiation and to establish the impact of checkpoint blockade on cell viability. This study was a hybrid combination of in vitro and ex vivo models. Quantification of serum immune proteins was performed by enzyme-linked immunosorbent assay. Flow cytometry staining was performed to evaluate IC expression for in vitro OAC cell lines and ex vivo OAC biopsies. Cell viability in the presence of radiation with and without IC blockade was assessed by a cell counting kit-8 assay.

RESULTS
We identified that conventional dosing and hypofractionated approaches resulted in increased IC expression (PD-1, PD-L1, TIM3, TIGIT) in vitro and ex vivo in OAC. There were two distinct subcohorts with one demonstrating significant upregulation of ICs and the contrary in the other cohort. Increasing IC expression post RT was associated with a more aggressive tumour phenotype and adverse features of tumour biology. The use of anti-PD-1 and anti-PD-L1 immunotherapies in combination with radiation resulted in a significant and synergistic reduction in viability of both radiosensitive and radioresistant OAC cells in vitro. Interleukin-21 (IL-21) and IL-31 significantly increased, with a concomitant reduction in IL-23 as a consequence of 4 Gray radiation. Similarly, radiation induced an anti-angiogenic tumour milieu with reduced expression of vascular endothelial growth factor-A, basic fibroblast growth factor, Flt-1 and placental growth factor.

CONCLUSION
The findings of the current study demonstrate synergistic potential for the use of ICIs and ionising radiation to potentiate established anti-tumour responses in the neoadjuvant setting and is of particular interest in those with advanced disease, adverse features of tumour biology and poor treatment responses to conventional therapies.
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Core Tip: This body of work evaluates the impact of radiotherapy on the immune profile in oesophageal adenocarcinoma with an added caveat of immunotherapy effects on tumour cell killing.


INTRODUCTION
Oesophageal adenocarcinoma (OAC) is rapidly increasing in incidence in the western world, and five year survival rates rarely exceed 40%[1]. Multimodal therapy alongside surgical resection has become standard of care for locally advanced cancer of the oesophagus or the oesophagogastric junction[2]. One option is the CROSS regimen, which includes preoperative administration of carboplatin and paclitaxel with concomitant radiotherapy (RT)[3]. In Europe, radiation is delivered in 23 fractions of 1.8 Gray (Gy), giving a total dose of 41.4 Gy but this varies worldwide, with North American centres delivering up to 50.0-51.4 Gy[4], while Asian regimens can feature cumulative doses of 60 Gy[5].
Hypofractionated RT is where radiation is delivered in fewer fractions of 2.4 Gy to 5.0 Gy, but often the same cumulative dose[6]. This has the potential to reduce costs, increase patient comfort, and could be more effective compared to conventional treatment[7]. Randomised trials in breast and prostate cancer have found that both high- (≥ 5 Gy per fraction) and moderately (2.4-3.4 Gy per fraction) hypo-fractionated RT is non-inferior to traditional regimens[7-10]. As RT is a mainstay of treatment, and oesophageal malignancies are associated with considerable morbidity, there is interest in evaluating whether this paradigm can be applied in the upper gastrointestinal context.
Disappointingly, a pathologic complete response to treatment is observed in less than 30% of patients with oesophageal cancer undergoing chemoradiotherapy[11], and it is this small subgroup that benefits most in terms of survival[12]. More effective strategies are therefore required. One emerging approach is combining chemoradiotherapy with immune checkpoint blockade (ICB). The most widely used ICB involves blocking the interaction of PD-1 expressed on T cells and it’s ligand, PD-L1 expressed on tumour cells[13], and seeks to re-invigorate anti-tumour cytotoxic T cells[14]. Phase III trials of single agent ICB have delivered mixed results in chemorefractory advanced oesophagogastric cancer[15], but some recent encouraging results have been reported in earlier stage disease[16,17].
Radiation can sensitise tumours to immunotherapy through three main mechanisms[18]. First, radiation can increase neoantigen expression and induce immunogenic cell death, whereby release of damage associated molecular patterns (DAMPs) results in more efficient tumour antigen presentation and immune stimulation[19]. Second, radiation induced DNA damage can activate the GMP-AMP stimulator of interferon genes (cGAS-STING) cytosolic DNA sensor, resulting in type I interferon production[20,21]. Finally, RT can result in remodeling of the tumour microenvironment (TME), promoting infiltration of immune cells[22]. The latter effect is particularly affected by radiation dosage and some limited preclinical evidence suggests that hypofractionated RT can have more immunostimulatory effects than conventional fractionation[18]. However, the majority of studies in the literature to date have focused on more inherently immunogenic tumour models like melanoma or non-small cell lung cancer, or common malignancies like breast or colon cancer. There are a number of clinical studies evaluating hypofractionation in the context of squamous cell cancer of the oesophagus, however, data is lacking for OAC. In addition, there are no translational studies characterising immune response in OAC in the context of immunotherapy and thus was the premise for this study.
This study assessed the effects of hypofractionated RT on IC expression in oesophageal cancer cells in vitro and ex vivo and correlated this with clinical outcomes. We also assessed the synergistic effects of ICB and radiation on OAC cell lines. Through this, we aimed to enhance our understanding of the interplay between immunotherapy, radiation and the TME in oesophageal cancer, with the goal of identifying the most effective radiation dosing strategy to combine with immunotherapy.

MATERIALS AND METHODS
Ethics statement
We secured ethical approval for this study from the Tallaght/St James’s Hospital Ethics Committee. All patients provided formal written consent for all sample and variable data collection. During the course of all steps of sample and data collection good clinical practice was maintained and ethical standards upheld. We also pseudonymised patient data to protect privacy.

Specimen collection
We secured tissue from those patients who consented to participate from 2018-2021. Tumour biopsies were obtained from patients with OAC prior to treatment at the National Centre for Oesophageal and Gastric Cancer at St James’s Hospital, Dublin. A total of 17 biopsies were used for analysis with all patient samples being treatment naïve prior to having neoadjuvant therapies to ensure clinical relevance of the study population. A total of 12 men and 5 women with a mean age of 64.23 years (SD11.5) in the study. All patients had locally advanced disease and were T3Nany.

Generation of tumour conditioned media
Tumour treatment naïve tissue samples were added to L-15 (Leibovitz) LonzaTM BioWhittakerTM X-vivo media for in a 12 well plate and subsequently cultured for a period of 24 h at 37 °C, 5% CO2. After the 24 h period expired, the tissue conditioned media was collected for storage at -80 °C.

Quantification of serum immune proteins
Tumour conditioned media (TCM) was collected based on a standard operating procedure designed as per MSD United States instructions (Meso Scale Diagnostics, United States). To assess markers of angiogenesis, vascular injury, pro-inflammatory, cytokines, chemokine as well as soluble checkpoints from TCM, a 54-plex enzyme-linked immunosorbent assay (ELISA) kit was used (Meso Scale Diagnostics, United States). The ELISA was utilized to determine the level of secretions of the following markers: C-reactive protein (CRP), Eotaxin, Eotaxin-3, FGF (basic), Flt-1, GM-CSF, ICAM-1, IFN-γ, interleukin-10 (IL-10), IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-7, IL-8, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, PlGF, SAA, TARC, Tie-2, TNF-α, TNF-β, TSLP, VCAM-1, vascular endothelial growth factor (VEGF)-A, VEGF-C and VEGF-D and ICs TIM-3, TIGIT, PD-1, PD-L1, CD276 and CD80 from TCM. These assays were processed according to a standard operating procedure following consultation of the manufacturer’s guidelines. The derived data with respect to all markers were normalised to protein content as determined using a Pierce bicinchoninic acid assay.

Neoplastic tissue sample digestion
In preparation for flow cytometry, the tissue samples were digested to enable phenotyping of the cancer cells. The tissue was resected using a surgical blade and added to collagenase solution (2 mg/mL of collagenase type IV (Sigma) in Hanks Balanced Salt Solution (GE healthcare) supplemented with 4% (v/v) foetal bovine serum) at 37 °C and 1500 rpm on an orbital shaker. The cancer cells were stained with flow cytometry antibodies for subsequent analysis.

Cell culture of OAC cell lines
Human OAC cell lines OE33 were purchased from The European Collection of Authenticated Cell Cultures (ECACC), established from a poorly differentiated stage IIA adenocarcinoma of the lower oesophagus of a 73-year old female patient. An in-house isogenic radioresistant model was generated[23].

Cell viability cholecystokinin octapeptide assay
A cell counting kit-8 (CCK-8) viability assay was used to determine the impact of ionising radiation on the viability of OE33P and passage matched OE33R cells. The impact of anti-PD-1, and anti PD-L1 therapies in isolation, and dual ICB with and without radiation, at both hypofractionation and bolus dosing of clinically relevant doses on the viability of OE33P and R cells was also assessed using a CCK-8 assay. OAC cells (5 × 103) were adhered in a 96 well plate at 37 °C, 5% CO2 overnight. Cells were treated with bolus dosing or three consecutive fractionated doses of radiation with an interval of 24 h using the X-Strahl RS225 irradiator. In addition to this, the cancer cells were treated with and without radiation in the absence or presence of pembrolizumab (10 μg/mL), atezolizumab (10 μg/mL), nivolumab (10 μg/mL) or combination atezolizumab (10 μg/mL) and nivolumab (10 μg/mL), or dual atezolizumab (10 μg/mL) and pembrolizumab (10 μg/mL). All of the data were analysed from three independent experiments (Supplementary material).

Flow cytometry staining for in vitro OAC cell lines and ex vivo OAC biopsies
OE33 cells were trypsinised and stained with zombie aqua viability (Biolegend, United States) dye. Antibodies used for OAC cell lines included: PD-L1-FITC, PD-L2-PE, TIGIT-PE/Cy7, PD-1-APC/Cy7 (Biolegend, United States), OE33P and OE33R cells were fixed with 1% paraformaldehyde solution and acquired using BD FACs CANTO II (BD Biosciences) using Diva software and analysed using FlowJo v10 software (TreeStar Inc.). Tumour tissue biopsies were stained with zombie aqua viability dye (Biolegend, United States) as per manufacturer’s recommendations.

Statistical analysis
GraphPad Prism 9 was utilized to analyze the results. In order to determine statistical differences between treatments in cell lines, a paired parametric statistical t-test was utilized. In order to determine the differences between the OE33P and OE33R cell lines an unpaired parametric t-test was performed. To evaluate any differences between paired treatments of patient samples, Wilcoxon signed rank test was performed. Statistical significance was pre-determined as P ≤ 0.05.

RESULTS
IC expression by an isogenic model of radioresistance following bolus and hypofractionated RT dosing
In order to ascertain if different expression levels of IC proteins were detectable on a radiosensitive (OE33P) and a radioresistant (OE33R) OAC cell line at baseline and following variable fractions of radiation, cells were stained with antibodies for a range of IC proteins and assessed by flow cytometry 24 h after the last dose. The administration of fractionated dosing resulted in significantly higher expression of PD-1, PD-L1, PD-L2 and TIGIT (P < 0.05) in both parental and resistant cell lines when compared to bolus dosing (Figure 1). There was a significantly higher expression of checkpoints and their ligands in the parental cell line compared to the passage matched radioresistant cell line. There was also a significantly higher expression of PD-1 and its ligands PD-L1 and PD-L2 with bolus dosing 10 Gy and 20 Gy in OE33P cell lines compared to the radioresistant passage matched cell line (P < 0.05). Globally there was a higher expression of PD-1, PD-L1 and PD-L2 on the parental cell line with fractionated dosing regimens of 3X1 Gy, 3X2 Gy and 3X8 Gy compared to the radioresistant cell line (P < 0.05). In the case of TIGIT, there was a significantly higher upregulation in the OE33P cell line compared to the radioresistant cell line following fractionated dosing of 3X4 Gy and 3X8 Gy (P < 0.05) (Figure 1).

Cell viability in the context of radiation and IC blockade
IC blockade alone reduced the viability of both OE33P and OE33R cell lines, for both anti-PD-1 and anti-PD-L1 therapies. Multimodal use of both anti-PD-1 and anti-PD-L1 therapies with ionising radiation resulted in a synergistic reduction in viability in both cell lines (Figure 2).
In the OE33P cell line, 2 Gy radiation alone reduced viability to 78.49% (± 2.05, P < 0.01) and 4 Gy to 35.48% (± 2.08, P < 0.01) compared with unirradiated cells and there was a significant reduction in viability when comparing 2 Gy to 4 Gy (P < 0.05). In the OE33R cell line, 4 Gy reduced viability to 63.33% (± 2.67, P < 0.05). Both 2 Gy and 4 Gy radiation resulted in a significantly greater reduction in viability in the OE33P cell line compared to the OE33R (P < 0.05) (Figure 2).
Compared with untreated cells, when the OE33P cells were treated with Atezolizumab alone, viability was reduced to 91.3% (± 0.30, P < 0.01) and with the addition of 2 Gy radiation viability reduced to 66.57% (± 2.40, P < 0.01) and to 48.92% (± 5.76, P < 0.01) with 4 Gy radiation. Compared with untreated OE33R cells, viability of OE33R cells treated with Atezolizumab alone was reduced to 88% (± 2.65,P < 0.05), with the addition of 2 Gy radiation viability was reduced to 75.67% (± 2.33, P < 0.01) and 38% (± 3.06, P < 0.01) with 4 Gy radiation (Figure 2B).
In the OE33P cells, Pembrolizumab treatment alone non-significantly reduced viability to 91.54% (± 2.67) compared with the untreated cells, however with the addition of 2 Gy radiation viability reduced to 65.36% (± 2.81, P < 0.01) and 48.18% (± 3.20, P < 0.01) with 4 Gy radiation when compared to untreated OE33P cells. When the OE33R cells were treated with Pembrolizumab, viability was non-significantly reduced to 92% (± 2.52), but the addition of 2 Gy radiation reduced viability to 75.33% (± 2.33, P < 0.01) and 36.33% (± 1.67, P < 0.001) with 4 Gy radiation. Four Gy radiation with Pembrolizumab resulted in a significantly greater reduction in viability in the radioresistant OE33R cell line compared to the radiosensitive OE33P cell line (P < 0.05) (Figure 2C).
In the OE33P cells Nivolumab reduced viability to 77.94% (± 4.79, P < 0.05) and with the addition of 2 Gy radiation viability reduced to 63.21% (± 3.41, P < 0.01) and 52.98% (± 1.82, P < 0.01) with 4 Gy radiation compared with untreated OE33P cells. When the OE33R cells were treated with Nivolumab, viability was reduced to 72% (± 2.62, P < 0.01) and with the addition of 2 Gy radiation viability reduced to 59.67% (± 1.86, P < 0.01) and 30% (± 1.73, P < 0.001) with 4 Gy radiation compared with untreated OE33R cells. Treatment with 4 Gy radiation and Nivolumab resulted in a significantly greater reduction in viability in the OE33R cell line compared to the radiosensitive cell line (P < 0.001) (Figure 2D).
In the OE33P cells, combination Atezolizumab and Pembrolizumab non-significantly reduced viability to 85.94% (± 3.79) but the addition of 2 Gy radiation significantly reduced viability to 61.10% (± 3.44, P < 0.01) and 51.07% (± 2.27, P < 0.01) with 4 Gy radiation compared with untreated OE33P cells. When the OE33R cells were treated with combination Atezolizumab and Pembrolizumab, viability was significantly reduced to 74.67% (± 1.33, P < 0.01), and with the addition of 2 Gy radiation viability was reduced to 67.33% (± 2.73, P < 0.01) and 30% (± 2.52, P < 0.01) with 4 Gy radiation. Four Gy radiation with combination Atezolizumab and Pembrolizumab resulted in a significantly greater reduction in viability in the OE33R cell line compared to the radiosensitive cell line (P < 0.01) (Figure 2E).
In the OE33P cells combination Atezolizumab and Nivolumab reduced viability to 80.18% (± 3.48, P < 0.05) and with the addition of 2 Gy radiation reduced viability further to 57.48% (± 1.64, P < 0.01) and 47.63% (± 3.11, P < 0.01) with 4 Gy radiation, compared with untreated OE33P cells. When the OE33R cells were treated with combination Atezolizumab and Nivolumab, viability was reduced to 71% (± 2.08, P < 0.01) and with the addition of 2 Gy radiation viability reduced to 54.67% (± 2.40, P < 0.01) and 31% (± 1.03, P < 0.001) with 4 Gy radiation compared with untreated OE33R cells. Treatment with 4 Gy radiation and combination Atezolizumab and Nivolumab resulted in a significantly greater reduction in viability in the OE33R cell line compared to the OE33P cell line (P < 0.01) (Figure 2F).

Profiling IC expression in fresh patient tissue samples
The in vitro data revealed an increase in IC expression on OAC cells post irradiation. To determine if this held true in ex vivo OAC tumour tissue, we profiled IC expression post irradiation with 2 Gy and 4 Gy. Subcohorts of patients demonstrated an upregulation and others a downregulation in checkpoint expression upon exposure to conventional radiation doses and hypofractionation for CD3+, CD3+CD4+, CD3+CD8+ tumour-infiltrating T cells. There was a significant increase in the frequency of CD3+PD-1+ and CD3+CD8+PD-1+ T cells in tumour tissue when irradiated with 2 Gy (26.76 ± 8.80 vs 16.62 ± 5.40 at 0 Gy, and 14.8 ± 4.1 vs 7.70 ± 2.01 at 0 Gy, respectively, P < 0.05). There was a significant increase in the frequency of CD3+CD4+ PD-L1+ cells with 4 Gy radiation (19.4 ± 2.9 vs 6.27 ± 1.02 at 0 Gy, P < 0.05). There was an significant increase in CD3+TIGIT+ and CD3+CD4+TIGIT+ expression with both 2 Gy (55.6 ± 8.6 vs 40.12 ± 5.40, and 61.29 ± 8.20 vs 52.17 ± 7.70, respectively, P < 0.05) and 4 Gy radiation dosing regimens (48.06 ± 3.10 vs 40.12 ± 5.40, and 65.16 ± 6.90 vs 52.17 ± 7.90, respectively, P < 0.05) when compared with unirradiated cells, and an increase in CD3+CD8+ TIGIT+ expression following 4 Gy irradiation (49.55 ± 4.90 vs 31.07 ± 7.70, P < 0.05). Of interest, this population was significantly associated with advanced disease at initial presentation, poorer treatment responses, and adverse features of tumour biology, notably, lymphovascular invasion and perineural invasion.
In the cohort of patients which displayed a reduction in IC protein expression following radiation, there was a significant decrease in expression of PD-1 by CD3+, CD3+CD4+ and CD3+CD8+ cells in tumour tissue when irradiated with 2 Gy vs 0 Gy (18.44 ± 5.90 vs 26.48 ± 7.50, P < 0.05; 10.33 ± 3.40 vs 14.46 ± 3.90, P < 0.01; 12.96 ± 5.10 vs 17.77 ± 8.20, P < 0.05; respectively) and PD-1 expression by CD3+ and CD3+CD4+ when irradiated with 4 Gy vs 0 Gy (21.06 ± 6.90 vs 26.48 ± 7.50, and 10.04 ± 4.20 vs 14.46 ± 3.90, respectively, P < 0.05). There was also a significant decrease CD3+, CD3+CD4+ and CD3+CD8+ cells expressing PD-L1 (15.6 ± 4.2 vs 20.6 ± 5.5, P < 0.01; 18.73 ± 11.50 vs 25.1 ± 13.1, P < 0.05; and 4.13 ± 0.90 vs 11.17 ± 2.80, P < 0.05; respectively) , TIGIT (48.61 ± 5.60 vs 60.13 ± 6.20, 59.88 ± 4.50 vs 69.57 ± 4.10, and 21.67 ± 6.40 vs 30.76 ± 4.50, respectively, P < 0.05) and TIM-3 (3.24 ± 0.90 vs 6.86 ± 2.50, 4.07 ± 1.30 vs 10.91 ± 3.30, and 3.37 ± 119.00 vs 9.13 ± 3.10, respectively, P < 0.01) with 2 Gy radiation. Similar findings were identified with 4 Gy irradiation compared to basal expression by CD3+CD8+ for PD-L1 (3.51 ± 0.60 vs 11.17 ± 2.80, P < 0.05) and TIM-3 (2.93 ± 0.70 vs 9.13 ± 3.10, P < 0.05) (Figure 3).

Clinical correlations
In order to understand potential clinical implications of these cohorts with increased and decreased IC expression post radiation, clinicopathological correlations were made based on patient tumour stage, adverse features of tumour biology, radiation and IC positivity (Table 1). There was a positive correlation basally with PD-1+CD3+ cells and lymphovascular invasion (P = 0.04). In terms of tumour staging, clinically there was a positive association of increasing tumour stage and PD-L1+CD3+ (P = 0.02) basally, PD-L1+CD3+, TIM-3+CD3+ and TIM-3+CD4+ at 2 Gy, and TIM3+CD8+ at 4 Gy (P < 0.05). There was a negative association between PD-1+CD8+ at 2 Gy (P = 0.01). In terms of clinical nodal status, there was a positive association with nodal positivity and PD-L1+CD4+ basally (P < 0.001) and PD-1+CD4+, TIM-3+CD4+, TIM-3+CD8+ at 4 Gy (P < 0.05). Pathologically, advancing tumour stage was negatively associated with TIGIT+CD3+ at 2 and 4 Gy (P < 0.01). Pathological nodal positivity was associated with PD-L1+CD4+ basally at 0 Gy, and TIGIT+CD3+ at 4 Gy (P < 0.05). It was negatively associated with PD-L1+CD8+ cells and TIGIT+CD3+ cells at 2 Gy (P < 0.05).

Release of angiogenic markers, cytokines, co-stimulatory molecules and soluble checkpoints post irradiation
Given the complex interplay in the tumour microenvironment between immunosuppressive factors and anti-tumour immunity, we investigated the expression of cytokines, ICs, co-stimulatory molecules, markers of angiogenesis and vascular injury with and without radiation. The administration of 4 Gy radiation was effective in significantly reducing angiogenic markers over that of untreated 0 Gy tissue; basic fibroblast growth factor (bFGF, 57.7 ± 24.5 vs 197.5 ± 76.2, P < 0.05), Flt-1 (113.5 ± 47.7 vs 364.7 ± 145.8, P < 0.05), placental growth factor (PIGF, 18.7 ± 12.1 vs 32.8 ± 17.8, P < 0.05). Whereas, a significant reduction was observed in VEGF-A following 4 Gy radiation over that of 2 Gy (522.8 ± 144.2 vs 583.7 ± 86.2, P < 0.05) (Figure 4).
There was a significant increase in the level of IL-21 (1.98 ± 0.30 vs 1.3 ± 0.3, P < 0.01) and IL-31 (0.24 ± 0.04 vs 0.18 ± 0.02, P < 0.01) with the administration of 4 Gy radiation compared to 0 Gy with a significant decrease in IL-23 (3.53 ± 1.40 vs 5.24 ± 1.90, P < 0.05) following 4 Gy radiation compared with 2 Gy. CRP, a marker of vascular injury increased significantly with 2 Gy radiation dosing compared to untreated 0 Gy tissue (7568 ± 5750 vs 5425 ± 2925, P < 0.05) but was reduced with 4 Gy compared to non-irradiated tissue (Figure 5).
In terms of IC receptor and ligand expression, there was a significant reduction in levels of soluble PD-1 (6.44 ± 2.40 vs 15.72 ± 6.20, P < 0.05), PD-L1 (3.76 ± 0.70 vs 8.12 ± 1.70, P < 0.05), TIM-3 (24.11 ± 6.20 vs 76.02 ± 23.50, P < 0.05), TIGIT (4.26 ± 1.50 vs 39.0 ± 3.6, P < 0.05) and CD276 (58.81 ± 12.80 vs 164.30 ± 61.02, P < 0.05) in the TCM following 4 Gy radiation compared with 0 Gy. In addition, 4 Gy radiation also induced a significant decrease in the release of the soluble co-stimulatory molecules CD28 (82.18 ± 27.70 vs 163.2 ± 56.3, P < 0.05), glucocorticoid-induced TNF receptor (GITR, 5.27 ± 4.10 vs 5.7 ± 3.8, P < 0.05) and OX-40 (6.7 ± 2.1 vs 11.9 ± 2.9, P < 0.05) compared to untreated tissue 0 Gy (Figure 6).

DISCUSSION
The visceral appeal of modulating the host immune system is one of simplicity in an effort to harness a profound anti-tumour response and is a principle that has existed since the development of the field of cellular immunology as an entity. Quintessentially, skewing the hosts innate immune system to boost anti-tumour immunity consists of two processes compliant to exploitation: These being the stimulant as well as the reaction. The most logical way to perturb the tumour and its microenvironment is through promoting tumouricidal effects, through systemic chemotherapy or the radiation therapy delivered. Increasing and propagating the anti-tumour responses thereby facilitating immune activation with optimal kinetics may achieve a synergistic anti-tumour response, producing a more profoundly durable effect on the immune system than chemo (radio) therapy alone. In this context, the landmark Checkmate-577 trial has demonstrated significantly improved disease free survival in the adjuvant setting of resectable gastroesophageal cancer[16]. The findings of increased IC expression in vitro and ex vivo through the use of radiation in the current body of work provides promising translational therapeutic rationale for their use in the multimodal paradigm. RT propagates the priming and effector phases of the anti-tumour immune response rendering it an appropriate combination with IC inhibitors (ICIs)[24]. However, inherently radioresistant tumours may pose a particular therapeutic dilemma, as they may not have a similar synergism with ICB as radiosensitive tumours. Ionising radiation is currently under investigation in metastatic oesophageal cancer with pembrolizumab (NCT02642809) and is currently under investigation in the curative setting with neoadjuvant trimodal therapy of Pembrolizumab and chemoradiotherapy in oesophageal squamous cell carcinoma (NCT03792347), with a similar trial investigating durvalumab and chemoradiotherapy in squamous cell carcinoma (SCC) and OAC (NCT02735239). The SKY-SKRAPER-07 trial is currently evaluating anti-PD-L1 Atezolizumab with anti-TIGIT therapy following chemoradiotherapy in advanced oesophageal cancer (NCT04543617). Of note, in a study by Zhao et al[25], they reported that with PD-1 positivity correlated with TIM-3 expression, and CD8+ tumour infiltrating lymphocyte density as a risk factor for recurrence free and overall survival (OS) in oesophageal SCC. The increasing expression in OAC cells and a cohort of patients following RT in this study represents promising therapeutic targets in OAC.
The clinically important observation in this study that half of the patients assessed displayed a reduction in IC expression post RT is an interesting caveat, one which suggests very different susceptibility to ICB in combination with RT and therefore, the stratification of patients into potential responders and non-responders should be addressed. In the same vein, the activation of cGAS-STING signaling, which has been recognized to potentiate systemic anti-tumour immunity and subsequent tumour rejection by dual RT and checkpoint blockade administration is promising even in those with checkpoint downregulation. A study by Vanpouille-Box et al[26], highlighting the importance of the cGAS-STING pathway in response to combination RT and immunotherapy, reported the knockdown of cGAS in murine cancer cells abrogated the priming of CD8+ T cells in tumour-draining lymph nodes and spleen, and prevented the infiltration of abscopal tumours by CD8+ T cells. Importantly, the synergistic and significant reduction in viability of radioresistant OAC cancer cells which we observed in this study following the dual administration of ICIs and ionising radiation is very promising.
With respect to the use of hypofractionation in the curative setting for oesophageal cancer, there is an increasing volume of evidence demonstrating the safety and efficacy of this approach[27]. There are studies demonstrating a survival benefit of this approach particularly in the context of metastatic nodal disease. In one such study, hypofractionated radiotherapy (HFR) administered with taxane based chemotherapy in the management of post-surgery tracheoesophageal groove lymph node (TGLN) metastasis demonstrated improved OS in the HFR group compared with that of the conventional dosing treatment arm [24.1 mo (95%CI, 16.2-32.1 mo) vs 11.9 mo (95%CI, 9.2-14.4 mo), P = 0.024)[28]. Importantly, the study did not find a significant difference in pulmonary complications such as radiation pneumonitis (grades 3-4, 16.0% vs 7.1%; P = 0.314)[28].
Radiation induced lymphopenia is a frequent complication of multimodal cancer therapy and poorer outcomes are directly linked to the severity of lymphopenia[29]. Furthermore, it has been demonstrated that circulating lymphocyte count during neoadjuvant chemoradiation (CRT) in oesophageal cancer patients can predict pathological complete response (pCR) rates and low absolute circulating lymphocytes are associated with poorer outcomes[30]. The widespread adoption of immunotherapy has garnered new support and focus on the preservation of a pool of lymphocytes that are functional in enhancing immune function in the circulation and a study in pancreatic adenocarcinoma demonstrated hypofractionated CRT of 10 Gy in 3 doses over one week resulted in a decrease in the loss of T cells systemically compared to 28 daily doses of 1.8 Gy equating to 50.4 Gy[31,32].
The literature to date is concentrated primarily on evaluation of adverse events and of RT or immunotherapy in isolation. With improvements in targeted radiation delivery modalities, and technological advances, hypofractionated RT is now utilised without evidence of increased toxicities in a number of malignancies[33,34]. The Hypofractionated RT used in this instance was safe, well tolerated and provided robust survival results in those who could not receive chemoradiotherapy[35]. Furthermore, there is data in lung that conventional radiation dosing and immunotherapy is safe and feasible with no increases in adverse events[36-38].
The ATTRACTION 3 trial demonstrated a 50% reduction in serious adverse events in those treated with nivolumab vs conventional chemotherapy in Esophageal Squamous cell carcinoma[39]. In a study evaluating and immunotherapy in renal cell cancer, melanoma and lung, fatigue and pneumonitis were the most common adverse event. They found that toxicity did not correlate with hypofractionation or tumour type. Hypofractionated RT of pulmonary lesions was found to induce a complete response more consistently than in other sites. This study found that combining body Hypofractionated RT with immunotherapy is safe and viable, however, level I evidence is needed[40].
VEGF is a mitogen essential for angiogenesis and Ramucirumab is approved for use in advanced gastroesophageal cancer patients. The use of anti-VEGF agents have shown promise in promoting improved survival when used in combination with chemoradiotherapy in colon cancer, however treatment resistance is a common problem[41]. This can be due compensatory mechanisms resulting in resistance, namely hypoxia- induced increases of other angiogenic promoters such as PIGF[42]. VEGF, bFGF and PIGF are crucial angiogenic promoters linked with tumourigenesis and Flt-1, is involved in tumour growth and metastatic dissemination, most likely via stimulation of macrophage-lineage cells[43]. PIGF/Flt-1 signaling can contribute to colorectal cancer progression through increasing the phosphorylation of p38 mitogen-activated protein kinase (MAPK), thereby upregulating MMP9 expression; resulting in increasing cellular migration/invasion. Therefore inhibition of PIGF/Flt-1 signalling will have therapeutic potential in lower gastrointestinal cancers[44]. In the current study radiation therapy was demonstrated to reduce the expression of these promoters of angiogenesis, which is crucial in the mitigating the risk of metastatic disease for upper gastrointestinal cancers.
The subset of cytokines expressed post radiation and immunotherapy treatment play a key role in determining the subsequent immune response elicited. In this study the OAC tumour tissue released significantly more anti-tumour IL-21 and IL-31 in response to radiation. IL-21 is produced by numerous T helper cells, such as Th1 and Th17 cells, activated Natural Killer T cells[45]. It promotes B cell differentiation into plasma cells, regulates immunoglobulin production, reshaping the tumour microenvironment and influencing the proliferation and/or effector function of both CD4+ and CD8+ T cells, while limiting the differentiation of Tregs[46]. IL-21 has distinct anti-tumour properties as a consequence of its ability to increase the availability of CD8+ T cells through the induction of an early differentiation phenotype and Natural Killer cells[33]. IL-31 has immunoregulatory properties, with a study demonstrating that mice infused with IL-31 had tumour growth disruption and a decreased metastatic burden, supporting the use of IL-31 to offset the risk for metastatic disease development[47]. Similarly, in a breast cancer murine model, the tumouricidal effects of T cells are increased, and myeloid derived suppressor cells and tumour-associated macrophages are reduced in tumours with high expression of IL-31, with an immunophenotype supporting antitumour immunity[48]. While both IL-21 and IL-31 were significantly increased in the TCM, the expression of IL-23, which has been documented to promote tumour metastases was decreased. IL-23 has metastases promoting properties via suppressing the anti-tumour properties of T cells and the anti-metastatic function of NK cells[49]. In addition to this, IL-23 was found to be overexpressed in many human cancers including colorectal and gastric cancer, and was found to be a negative prognostic indicator[50]. Of note CRP, an acute phase protein and marker of vascular injury was found to increase with 2 Gy radiation in our study. There have been epidemiologic studies to suggest that elevated CRP levels in circulation are linked with poorer outcomes in those with solid cancers, whereas elevated levels in apparently healthy subjects, is a potential independent risk factor for future risk of developing cancer of any type including lung, colorectal and gastric cancers due to chronic low inflammatory states, which is of particular relevance in OAC[51]. Therefore, the exact role of CRP in response to RT and immunotherapy requires further study.
Co-stimulatory and IC molecules can have both immunostimulatory and immunosuppressive effects. In this study a range of soluble ICIs and ligands were significantly downregulated following 4 Gy radiation treatment of OAC tumour explants. The role of soluble receptors however, and its effects on immune function remain yet to be elucidated and therefore its potential use as an oncological treatment remain unclear. Through this body of work, we observed a significant down regulation of PD-1, PD-L1, TIM-3 and TIGIT and this was paralleled by a concomitant increase in OAC cell line surface expression and a cohort of OAC tumour explants, which may go some way to explain the decrease in the soluble forms of these IC proteins post irradiation. B7-H3 (also known as CD276) is an IC molecule, with many cancers exhibiting aberrant overexpression and such upregulation is associated with aggressiveness and a poor clinical prognosis[52]. Furthermore, there are studies demonstrating a vital role for B7-H3 in promoting tumourigenesis and metastatic dissemination, proliferation, invasion and migration[52-54]. CD276 promotes tumour proliferation and invasion[55]. In addition, soluble CD276 was found to stimulate the invasion and metastatic dissemination of pancreatic adenocarcinoma cells via the Toll like Receptor 4/nuclear factor kappa-light-chain-enhancer of activated B cells pathway (50). Overall, additional studies are required in gastroesophageal cancers to determine the true function of soluble IC proteins and how they pertain to treatment response and immune regulation.
CD28 which is a co-stimulatory molecule is essential in the augmentation of T cell activation and metabolism, driving tumour-infiltrating T cell glycolysis. It is antagonized by CTLA-4 and PD-1[56]. In the current study, soluble CD28 is reduced with radiation, which may be immunosuppressive. Soluble CD80-Fc has been found to maintain IFN-γ release by PD-1+ specific activated T cells even with PD-L1+ tumour cells[57]. Soluble GITR, which was reduced in this study, represents a potential immunotherapeutic target and is found to be expressed at high levels on Tregs[58,59]. A number of phase 1 trials have identified anti-GITR antibodies to have safe pharmacological profiles, with phase II trials ongoing evaluating its combination with RT and anti-PD-1 therapy (NCT04225039). New promising approaches are focusing on the activation of co-stimulatory pathways to enhance antitumour immune responses. GITR activation can result in the inhibition of T-cell (Treg) function and promote effector T-cell function[58], and may also provide theoretical basis for the clinical application of combinations with monoclonal antibody therapy such as bFGF in molecular targeted therapies[60].
Lastly, OX40 has been demonstrated to have a crucial part to play in maintaining the immune responses in the immediate term and ongoing responses through enhancing T cell expansion, differentiation, and survival[61]. OX40 activation can have a significant impact T cell receptor (TCR) signaling through the PI3-K/PKB pathway, influencing T cell division, survival and cytokine production. This can directly increase calcium influx, and lead to IL-2, IL-4, IL-5, and IFN-γ secretion[62]. OX40 triggering regressed Treg cells, thus this allows Dendritic cells to reach the lymph nodes draining the tumour and in doing so prime the tumour-specific CD8 lymphocytes response [63]. However, in the current study radiation induces a downregulation of OX40 in TCM which may indeed be an immunosuppressive consequence of radiation therapy and one which requires further investigation. Again, more robust studies will be helpful to determine the functions of soluble co-stimulatory molecules as they may have alternate functions compared with their cell membrane bound counterparts in the tumour microenvironment.

CONCLUSION
The introduction of ICIs has resulted in enhanced survival in melanoma and non-small cell lung cancer treatment and has evolved to involve the spectrum of solid gastrointestinal malignancies with positive results of the landmark Checkmate 577 trial in the adjuvant setting most notable to date. However, there remains many issues to be interrogated including an appropriate RT regimen in conjunction with immunotherapies. There is considerable translational, preclinical and clinical data in favour of fractionated RT, and timing of RT delivery and target delineation, there remains disparity and no universal approach applicable to the clinical setting. In the current study, IC blockade in combination with radiation synergistically reduces viability in radioresistant cells and Nivolumab appears most efficacious. There remains a need to delineate the effects of RT on host anti-tumour immunity. Additionally, lymphopenia induced by RT delivery may negate the effects of immunotherapy on offsetting T cell exhaustion, thus protocols that can minimize lymphopenia need careful design for maximal therapeutic potential. Finally, more concentrated and robust studies to determine and validate potential biomarkers to predict those who will be suitable for these treatment modalities are urgently required with profiling next-generation sequencing of tumour mutation burden based profiling, immune signatures, gene profiling signatures and the repertoire of T-cell receptors potential avenues to elucidate this.

ARTICLE HIGHLIGHTS
Research background
Oesophageal cancer is represents a difficult treatment dilemma with poor 5 year overall survival due to presentation at advanced stages due to its indolent nature as well as poor treatment responses to conventional therapies.

Research motivation
The advent of immunotherapy represents a shift in the multimodal treatment paradigm for esophageal cancer and has had mixed results in many solid tumours to date. The Checkmate 577 trial is a landmark study and is sure to revolutionize immune checkpoint blockade as the treatment modality of choice in the adjuvant setting.

Research objectives
To determine the impact of radiotherapy (RT) on immune checkpoint expression, and to determine the prevailing immune milieu in terms of markers of angiogenesis, cytokines and metastatic markers.

Research methods
This hybrid in vitro and ex vivo study is a mixture of flow cytometry, enzyme-linked immunosorbent assay kit work and cell viability by a cell counting kit-8 assay.

Research results
Radiation results in a decrease in angiogenic and metastatic markers with an increase in anti-tumour cytokines. There were two distinct subpopulations, with one cohort of patients demonstrating increased checkpoint expression as a consequence of radiation and a separate cohort demonstrating the opposite effects. The cohort with increased checkpoint expression had poorer treatment responses and were associated with adverse tumour biology.

Research conclusions
Oesophageal cancer represents an immune active tumour and is a viable target in both the neoadjuvant and adjuvant setting and should be combined with RT to exert maximum synergistic effects.

Research perspectives
This seminal study is the first of its kind and is a truly clinical and translational evaluation of the immune landscape of esophageal cancer.
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Figure Legends
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Figure 1 OE33P and R cell lines were screened for the surface expression of immune checkpoints by flow cytometry. Inhibitory immune checkpoints are expressed at a higher level on parental cell lines than the passage matched radioresistant cell line (n = 3). A: PD-1; B: PD-L1; C: PD-L2; D: TIGIT. Graph shows % expression (± SE). aP < 0.05; bP < 0.01; cP < 0.001 by unpaired parametric t-test.
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Figure 2 Viability (± SE) of OE33P and OE33R cells were assessed using a cell counting kit-8 assay with or without radiation (n = 3). Ionising radiation with immune checkpoint blockade results in a greater reduction in cell viability when compared to either modality alone. Graph shows % expression (± SE). A: Treatment with radiation dosing only; B: Treatment with radiation and single agent immunotherapy Atezolizumab; C: Treatment with radiation and single agent immunotherapy Pembrolizumab; D: Treatment with radiation and single agent immunotherapy Nivolumab; E: Treatment with radiation and dual immunotherapy agents Atezolizumab & Pembrolizumab; F: Treatment with radiation and dual immunotherapy agents Atezolizumab & Nivolumab. aP < 0.05, bP < 0.01, cP < 0.001 paired t-test; dP < 0.05, eP < 0.01, fP < 0.001 unpaired t-test.
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Figure 3 Oesophageal adenocarcinoma patients were screened for the surface expression of immune checkpoints ex vivo by flow cytometric analysis. Subcohorts where ionising radiation induced upregulation and downregulation of immune checkpoints (ICs). Inhibitory ICs are expressed at a higher level with conventional and hypofractionated dosing regimens in one cohort (n = 8). Inhibitory ICs are expressed at a lower level with conventional and hypofractionated dosing regimens in a separate cohort (n = 9). A and B: Increasing and decreasing cohort of PD-1; C and D: Increasing and decreasing cohort of PD-L1; E and F: Increasing and decreasing cohort of TIGIT; G and H: Increasing and decreasing cohort of TIM-3. aP < 0.05; bP < 0.01 by Wilcoxon signed rank test.
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Figure 4 Conditioned media generated using oesophageal adenocarcinoma patient tumour was screened for markers by multiplex immunosorbent assay kit. Angiogenic markers Flt-1, basic fibroblast growth factor (bFGF), placental growth factor (PIGF) and vascular endothelial growth factor (VEGF)-A and vascular injury marker C-reactive protein (CRP) decrease significantly with 4 Gy radiation (n = 9). A: Flt-1; B: GITH; C: bFGF; D: CRP; E: PIGF; F: VEGF-A. aP < 0.05 by Wilcoxon signed rank test.
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[bookmark: _GoBack]Figure 5 Oesophageal adenocarcinoma patients tumour conditioned media were screened by multiplex immunosorbent assay kit (n = 9). The cytokines interleukin (IL)-21 and IL-31 increase with ionising radiation while IL-23 and OX-40 decrease. A: IL-21; B: IL-31; C: IL-23; D: OX-40. aP < 0.05; bP < 0.01. Wilcoxon signed rank test to compare expression between basal levels and dosing regimens.
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Figure 6 Oesophageal adenocarcinoma patient’s tumour conditioned media were screened by multiplex immunosorbent assay kit. The inhibitory checkpoints PD-1 and its ligand PD-L1, TIGT, TIM3, immunosuppressive molecule and checkpoint CD276 (B7-H3) and costimulatory molecule CD28 significantly decrease with fractionated radiotherapy (n = 8). A: PD-1; B: PD-L1; C: TIM-3; D: TIGIT; E: CD276; F: CD28. aP < 0.05 by Wilcoxon signed rank test.

Table 1 Clinicopathological characteristics of the study population illustrating the correlation for the percentage of CD3+, CD3+CD4+ and CD3+CD8+ cells expressing immune checkpoints present in oesophageal adenocarcinoma tumour tissue
	Clinical factor
	IC expression
	Radiation dose
	Spearman r
	P value (two-tailed)

	Lymphovascular invasion
	PD-1 CD3+
	0 Gy
	0.6396022
	0.046435

	Clinical T stage
	PD-L1 CD3+
	0 Gy
	0.6411189
	0.024659

	
	PD-1 CD8+
	2 Gy
	-0.7000000
	0.016471

	
	PD-L1 CD3+
	2 Gy
	0.7768986
	0.004908

	
	TIM-3 CD3+
	2 Gy
	0.7171372
	0.012993

	
	TIM-3 CD4+
	2 Gy
	0.7171372
	0.012993

	
	TIM-3 CD8+
	4 Gy
	0.6963106
	0.025293

	Clinical N stage
	PD-L1 CD4+
	0 Gy
	0.8568931
	0.000370

	
	PD-1 CD4+
	4 Gy
	0.7311262
	0.016282

	
	TIM-3 CD4+
	4 Gy
	0.6614951
	0.037241

	
	TIM-3 CD8+
	4 Gy
	0.6614951
	0.037241

	Pathological T stage
	TIGIT CD3+
	2 Gy
	-0.7395740
	0.014492

	
	TIGIT CD3+
	4 Gy
	-0.8964215
	0.006267

	Pathological N stage
	PD-L1 CD4+
	0 Gy
	0.6510135
	0.041473

	
	PD-L1 CD8+
	2 Gy
	-0.6443043
	0.044345

	
	TIGIT CD3+
	2 Gy
	-0.7471188
	0.013014

	
	TIGIT CD4+
	4 Gy
	0.8981774
	0.006011


Positive values indicate positive correlation, negative values indicate negative correlation. Spearman correlation. Only significant data shown. Spearman r = 0.40-0.59 moderate, 0.60-0.79 strong and 0.80-1.00 very strong. IC: Immune checkpoint.
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