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Background

Immune checkpoint inhibitors (ICIs) are being investigated for their role as an adjunct in the multimodal treatment of esophageal adenocarcinoma (EAC). The most effective time to incorporate ICIs remains unknown. Our study profiles systemic anti-tumor immunity perioperatively to help inform the optimal timing of ICIs into current standards of care for EAC patients.



Methods

Systemic immunity in 11 EAC patients was phenotyped immediately prior to esophagectomy (POD-0) and post-operatively (POD)-1, 3, 7 and week 6. Longitudinal serological profiling was conducted by ELISA. The frequency of circulating lymphocytes, activation status, immune checkpoint expression and damage-associated molecular patterns was assessed by flow cytometry.



Results

The frequency of naïve T-cells significantly increased in circulation post-esophagectomy from POD-0 to POD-7 (p<0.01) with a significant decrease in effector memory T-cells by POD7 followed by a subsequent increase by week 6 (p<0.05). A significant increase in activated circulating CD27+ T-cells was observed from POD-0 to POD-7 (p<0.05). The percentage of PD-1+ and CTLA-4+ T-cells peaked on POD-1 and was significantly decreased by week 6 (p<0.01). There was a significant increase in soluble PD-1, PD-L2, TIGIT and LAG-3 from POD-3 to week 6 (p<0.01). Increased checkpoint expression correlated with those who developed metastatic disease early in their postoperative course. Th1 cytokines and co-stimulatory factors decreased significantly in the immediate post-operative setting, with a reduction in IFN-γ, IL-12p40, IL-1RA, CD28, CD40L and TNF-α. A simultaneous increase was observed in Th2 cytokines in the immediate post-operative setting, with a significant increase in IL-4, IL-10, IL-16 and MCP-1 before returning to preoperative levels at week 6.



Conclusion

Our study highlights the prevailing Th2-like immunophenotype post-surgery. Therefore, shifting the balance in favour of a Th1-like phenotype would offer a potent therapeutic approach to promote cancer regression and prevent recurrence in the adjuvant setting and could potentially propagate anti-tumour immune responses perioperatively if administered in the immediate neoadjuvant setting. Consequently, this body of work paves the way for further studies and appropriate trial design is needed to further interrogate and validate the use of ICI in the multimodal treatment of locally advanced disease in the neoadjuvant and adjuvant setting.
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Introduction

The integral pillar in the multimodal treatment of locally advanced esophageal adenocarcinoma remains surgery in combination with chemotherapy alone or chemoradiotherapy, as established by the FLOT-4 trial and CROSS randomised control trials respectively (1, 2). Despite advances in treatment, the 5 year overall survival remains below 20% and is significantly impacted upon by tumor biology and nodal involvement (3–5). In addition, tumor response to neoadjuvant treatment can predict overall survival (OS), with a major pathologic response associated with a significant improvement in OS compared to no response or minor pathologic changes after neoadjuvant therapy in gastro-esophageal cancers (6). Unfortunately, only 1 in 4 of adenocarcinoma patients will achieve a complete pathological response to neoadjuvant therapies and recurrence rates remain high, with one study of 1147 patients with resected esophageal adenocarcinoma or squamous cell carcinoma demonstrating recurrences in 38% of patients, with 83% of these within the first 2 years (7). The factors responsible for this include genomic and epigenomic instability, immune evasion, angiogenesis and micro-metastatic dissemination.

Surgery, as the crucial therapeutic approach for esophageal cancer may disrupt the tumor microenvironment and may be permissive of tumor-cell shedding and production of pro-angiogenic and growth factors (8). This perioperative timeframe is postulated to be pivotal in determining long-term cancer outcomes, disproportionally with its short duration (days to weeks). It may enhance the risk of progression of pre-existing micrometastases and the initiation of new metastases - the main cause of cancer-related mortality, while simultaneously compromising immune control over residual malignant cells (9).

In the current era of surgical oncology emphasizing personalized therapy, immune checkpoint blockade (ICB) can unleash cells of the immune system that recognize and are poised to attack cancer cells. This will enhance systemic anti-tumor immunity of cells which are ordinarily held in check by molecular and cellular pathways that suppress their activation and effector functions. This potentiates anti-tumor immunity and mediates durable cancer regression for a cohort of patients, exposing a panoply of new antigens for potential immune recognition. The seminal observation that blocking the prototypical immune checkpoint receptor cytotoxic T-lymphocyte antigen-4 (CTLA-4) could mediate tumor regression in murine models (10) led to the clinical development and approval of anti-CTLA-4 as a treatment for patients with advanced melanoma (11).

The CheckMate 577 trial provides compelling evidence for adjuvant anti-PD-1 therapy (nivolumab) in patients with residual disease after multimodal therapy, with a doubling of disease-free survival compared with placebo (12). However, despite these promising results, the optimal timing for delivery of immunotherapies in the neoadjuvant and adjuvant setting to achieve a synergy between both immunostimulation and anti-metastatic effects is yet to be elucidated (13). At this time, it is also unclear whether immunotherapy has therapeutic benefit during the potentially immunosuppressive perioperative period (14). In theory however, harnessing the peri-operative period provides a therapeutic window to potentially arrest metastatic growth, enhance immune cell mediated immunity, immunological perturbations and achieve metabolic reprograming of the tumor microenvironment (TME) already initiated by neoadjuvant therapies, potentially improving long-term survival rates in patients with cancer (15, 16).

The complex biology of immune checkpoint pathways still contains many mysteries, and the full activity spectrum of checkpoint blocking drugs, and the study of the interaction of (chemo)radiation, surgery and relevant immune pathways may help fine-tune and standardize adjuvant therapy protocols for incorporating immunotherapies (8, 17). In the context of esophageal cancer, studies/trials should also extend to patients with no residual disease as they have a 30-40% risk of relapse, hence adjuvant anti-PD-1 therapy may clearly have a role in this cohort.

The purpose of this body of work is to immunophenotype the perioperative period in esophagogastric cancer patients to elucidate the potential immunostimulatory and/or immunosuppressive effects of surgery with the goal of identifying potential therapeutic windows and targets in the adjuvant setting to reduce recurrence rates and prolong survival for these patients.



Methods


Ethical Approval

Ethical approval was granted from the St. James’s Hospital Ethics Committee. All samples were collected with prior informed written consent for sample and data acquisition from patients attending St. James’s Hospital or from healthy donors. This study was carried out in accordance with the World Medical Association’s Declaration of Helsinki guidelines on medical research involving human subjects. Patient samples were pseudonymised to protect the privacy rights of the patients.



Patient Cohort

Patients were recruited at the National Esophageal and Gastric Centre at St. James’s Hospital, Dublin, Ireland, which is a high-volume esophageal academic medical center. The neoadjuvant treatments for patients with locally advanced esophageal cancer are four cycles bi-weekly FLOT regimen chemotherapy and CROSS chemoradiotherapies. Prospective databases containing detailed clinical, demographic, staging, treatment, pathologic and follow-up information for all patients were maintained. This study included patients treated with curative intent only. Bloods were collected immediately pre-operatively (POD 0), days 1, 3, 7 and week 6 post-operatively.



Whole Blood Staining for Flow Cytometric Analysis

The following fluorochrome-conjugated antibodies were added to 100µl blood at pre-optimized concentrations and incubated for 15 min at room temperature in the dark: PD-L1-PE, TIM-3-Viobright FITC, CD8-BV421 (BD Biosciences, USA), CD3-APC (Miltenyi, USA), TIGIT-PE/Cy7 and PD-1-APC/Cy7 (Biolegend, USA) and CD4-PerCpCy5.5 (eBiosciences, USA), calreticulin-AF488 (Bio-techne, USA), HMGB-1-PE, MIC-A/B-APC, (Biolegend, USA), CD45RA-PE/Cy7, CD3-PerCP, CD4-BV510, CD4-APC (Biolegend, USA), CD69-PE, CD62L-FITC, and CD27-APEeFluor780 (eBioscience, USA). Without washing red blood cells were immediately lysed using 1X red blood cell lysing solution (Biolegend, USA), according to manufacturer’s recommendations and cells were washed twice with phosphate buffered saline (PBS, Gibco, USA). Cells were resuspended in 100 µl of PBS and stained with 1 µl of zombie NIR/violet viability dye for 20 mins at room temperature in the dark which had been first diluted 1 in 10 using PBS (BioLegend, USA). Cells were washed with FACs buffer (PBS, 0.05% sodium azide (Sigma, USA) and 2% fetal bovine serum (Gibco, USA)). Cells were fixed for 15 min with 500 µl of 1% paraformaldehyde solution (Santa Cruz Biotechnology, USA) in the dark and washed with FACs buffer. Cells were resuspended in 100 µl of FACs buffer and were stored at 4°C until acquisition using the BD FACs CANTO II (BD Biosciences) using Diva software v10 and analysed using FlowJo v10 software (TreeStar Inc.).



Collection of Serum

Whole blood was collected using vacutainer tubes suitable for collecting serum (BD Biosciences, USA). Tubes were centrifuged at 3,000 RPM for 10 minutes at room temperature and the upper serum layer was collected and stored at -80°C to be used later for experimentation.



Quantification of Serum Immune Proteins

Serum samples were processed according to MSD (Meso Scale Discovery) multiplex protocol. To assess angiogenic, vascular injury, pro-inflammatory, cytokine, chemokine and immune checkpoint secretions a custom 54 V-plex ELISA kit and U-PLEX ELISA kit separated across 10 discrete assays was used (Meso Scale Diagnostics, USA). The multiplex kit was used to quantify the secretions of 59 analytes including CD27, CD276, CD28, CD40L, CRP, CTLA-4, Eotaxin, Eotaxin-3, FGF(basic), Flt-1, GITR, GITRL, GM-CSF, IFN-γ, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A,IL-17A/F, IL-17B, IL-1RA, IL-1α, IL-1β, IL-2, IL-21, IL-22, IL-23, IL-27, IL-31, IL-4, IL-6, IL-8, IL-9, IP-10, LAG3, MCP-1,MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, OX40, PD1, PD-L1, PD-L2, PIGF, TARC, Tie-2, TIGIT, TIM-3, TNF-α, TNF-β, TSLP, VEGF-A, VEGF-C, VEGF-D. All assays were run as per manufacturer’s recommendation, an overnight supernatant incubation protocol was used for all assays except Angiogenesis Panel 1 and Vascular Injury Panel 2 which were run according to the same day protocol. Analyte concentrations were calculated using Discovery Workbench software (version 4.0). Values outside the kits limit of detection were not reported.



Statistical Analysis

Data were analysed using GraphPad Prism 9 (GraphPad Prism, San Diego, CA, USA). To compare differences between paired treatments of patient samples, a Wilcoxon signed rank test was conducted. For the MSD data One-Way Repeated Measure Analysis of Variance with post-hoc Tukey was performed. Statistical significance was determined as p ≤ 0.05. Corrplots were devised by Spearman correlations and attributed as positive and negative correlations and significance based on the following values - 0.4-0.59 moderate, 0.6-0.79 strong and 0.8-1 very strong.




Results


Patient Demographics

A total of 11 adenocarcinoma patients for all time points were included for analysis. 73% (n=8) were male and the median age was 66.72 (SD 10.26). There was one R1 resection, 73% of tumors were poorly differentiated and 91% of patients had at least one adverse feature of tumor biology (3). 10 patients underwent neoadjuvant therapy with 7 patients receiving FLOT chemotherapy, of which 6 patients tolerated all pre-operative cycles. One patient had FOLFOX and 2 patients has CROSS chemoradiotherapy (Table 1). Four patients in the cohort have had recurrence thus far with two local and two systemic. 80% of patients had a tumor regression grade (TRG) of 3 or greater as defined by Mandard. In terms of final histology, 63% were T3, and 45% were node positive. For complications, 5 patients had Grade III or greater as defined by Clavien Dindo. There were no post-operative deaths.


Table 1 | Treatment modalities, cycles tolerated, tumor recurrence.



The majority of the patients who experienced complications while Grade III or greater required technical intervention. Four patients required interventional radiology, two for pleural effusions two for drainage of a chylothorax and one return to theatre for a chyle leak. Two of these patients had severe sepsis and these two patients had recurrence. They also had the highest levels of VEGF-A and VEGF-C.



Alterations in the Circulating T Cells in the Post-Op Setting

There was a decrease in total lymphocytes in the immediate post-operative phase at day 1 (p<0.05) and week 1 (p<0.01), with a decrease in the CD3 compartment at day 1 (p<0.05) when compared to basal levels. There was an increase in CD8 cytotoxic lymphocytes at week 6 (p<0.05) when compared to basal levels (Figure 1).




Figure 1 | Circulating levels of lymphocytes decrease with a concomitant increase in circulating CTLs post-operatively. The percentage of circulating lymphocytes (A, E), T cells (B, F), CD4 T helper cells (C, G) and CTLs (D, H) were determined by flow cytometry in OAC patients on the day of tumor resection prior to surgery (Day 0) and on post-operative days 1, day 3, day 7 and week 6 (n=11). (A–D) displays the frequency of cell types and (E–H) depicts the cell counts for each cell type in peripheral circulation at each longitudinal time point. Paired, non-parametric t-test *p<0.05 and **p<0.01.



There was a significant decrease in expression of CD62L on CD3+CD8+ cells from pre-operative levels to POD 3 (p<0.01), a significant decrease in CD69 on CD3+CD4+ cells from POD 0 to post operative week 6 (p<0.05) and from POD 1 to post op week 6 (p<0.05), and a significant increase in CD27 on CD3+, CD3+CD4+, and CD3+CD8+ cells from pre-operative levels to POD 7 (P<0.01), POD 1 to POD 7 (P<0.01) and from POD 3 to POD 7 (P<0.05) (Figure 2). There was a significant decrease in CD45RA on CD3+CD4+ cells from POD 0 to POD 1 (p<0.05) and week 6 post-operatively (p<0.05) and a significant decrease in CD45RA on CD3+CD8+ cells on day 3 post-operatively (p<0.01) compared to pre-operative levels and also from POD 1 to POD 3 (P<0.05) (Figure 2).




Figure 2 | Frequencies of circulating CD27+ T cells increase sequentially in the immediate post-operative period. Expression of the following T cell activation markers CD62L (A–C), CD69 (D–F), CD27 (G–I) and CD45RA (J–L) were assessed on circulating CD3+, CD3+CD4+ and CD3+CD8+ cells by flow cytometry in OAC patients on POD 0, 1, 3, 7 and 6 weeks post-surgery 6 (n=11). Paired, non-parametric t-test *p<0.05 and **p<0.01.



There was a significant increase in naïve T cells in the peripheral circulation in the CD3 compartment from pre-operative levels to POD 7 (P<0.001), POD 1 to POD 7 (P<0.01) and POD 3 to POD 7 (P<0.01) (Figure 3). There was also a significant increase in CD3+CD4+ naïve T cells from POD 1 to POD 7 (P<0.05) and from POD 3 to POD 7 (P<0.05) (Figure 3). Finally, there was a significant increase in CD3+CD8+ naïve T cells at POD 7 compared to preoperative levels (p<0.05), from POD 1 to POD 7 (P<0.01), and from POD 3 to POD 7 (P<0.01) (Figure 3). In contrast, there was a significant decrease in CD3+CD4+ effector memory T cells from POD 1 to POD 3 (P<0.05) and also a significant decrease in CD3+CD8+ effector memory T cells from pre-operative levels to POD 7 (P<0.05), from POD 1 to POD 7 (P<0.01), and again from POD 1 to POD 7 (P<0.05) (Figure 3). There was a significant decrease in CD3+ and CD3+CD4+ central memory T cells from pre-operative levels to POD 7 (P<0.01) and from POD 1 to POD 7 (P<0.05), and CD3+CD8+ central memory T cells from POD 1 to POD 3 (P<0.01) and from POD 1 to POD 7 (P<0.05) (Figure 3).




Figure 3 | Frequencies of central memory T cells decrease and naïve T cells increase in circulation in the immediate post-operative period. The percentage of peripheral blood naïve [CD45RA+CD27+ (A–C)], effector memory [CD45RA-CD27- (D–F)] terminally differentiated effector memory [CD45RA-CD27+ (G–I)] and central memory [CD45RA+CD27- (J–L)] CD3+ cells, CD3+CD4+ and CD3+CD8+ cells in OAC patients was determined on POD 0, 1, 3, 7 and 6 weeks post-surgery by flow cytometry (n=11). Paired, non-parametric t-test *p<0.05, **p<0.01 and ***p<0.001.



There was an overall decrease in immune checkpoint expression globally, with a significantly reduced expression of CD3+CD4+PD-1+ from POD-7 to week 6 (p<0.05). There was a significant decrease in expression of TIM-3 in the CD3+CD8+ compartment from preoperative to post-op week six (p<0.01), from POD 3 to POD 7 (P<0.05) and from POD 7 to post op week 6 (p<0.01). There was a significant decrease in LAG-3 expression across all three T cell compartments post operatively with a decrease from POD 0 to POD 3 (P<0.01), POD 1 to POD 3 (P<0.05), and from POD 1 to POD 7 (P<0.05) in the CD3+ compartment. There was a significant decrease in CD3+CD4+LAG-3+ from preoperative levels to POD 3 (P<0.01), POD 7 (P<0.01) and week 6 (p<0.05), with a decrease from POD 1 to POD 7 (P<0.05) and week six (p<0.05). Similarly, there was a significant decrease in CD3+CD8+LAG-3+ from POD 0 to POD 3 (P<0.01) and from POD 1 to POD 3 (P<0.05). For PD-L1, there was a significant reduction in expression on CD3+ cells from pre-operative levels to week 6 (p<0.05) and CD3+CD4+ cells from pre-operative levels to post-operative week 6 (p<0.05) and from POD 1 to post-operative week 6 (p<0.05), whereas there was a significant reduction in PD-L2 expression in the cytotoxic T cell compartment from pre-operative levels to POD 3 (P<0.05) and from POD 3 to post-operative week 6 (p<0.01). There was significantly less CTLA-4 expression by CD3+CD4+ from POD 7 to post op week 6 (p<0.05) and CD3+CD8+ cells from preoperative levels to post op week 6 (p<0.05) (Figure 4).




Figure 4 | Expression of circulating CD4+CTLA-4+ cells decrease 6 weeks post-operatively. Expression of inhibitory immune checkpoints PD-1 (A), TIGIT (B), TIM-3 (C), LAG-3 (D) CTLA-4 (E), PD-L1 (F) and PD-L2 (G) and DAMPs HMGB1 (H) and Calreticulin (I) were assessed on the surface of circulating CD3+, CD3+CD4+ and CD3+CD8+ cells in OAC patients on POD 0, 1, 3, 7 and 6 weeks post-surgery by flow cytometry (n=11). Paired, non-parametric t-test *p<0.05 and **p<0.01.



There was a significant decrease in the expression of DAMPS (Calreticulin and HMGB1) across all three compartments from preoperative basal levels. There was a decrease in CD3+ Calreticulin from preoperative levels to POD 3 (P<0.05), and POD 7 (P<0.05), with a decrease in CD3+CD4+ Calreticulin from pre-operative levels to POD 7 (P<0.01) and again similarly in CD3+CD4+CD8+ from preoperative levels to POD 3 (P<0.05). In terms of HMGB1 there was a significant decrease in CD3+, CD3+CD4+ and CD3+CD8+ positivity from pre-operative levels to POD 3 (P<0.01) and POD 7 (P<0.05). Similarly, there was a significant decrease in Calreticulin from pre-operative levels to POD 7 (Figure 4).



Multiplex Dataset

There were a total of 59 analytes n the ELISA dataset across the study timepoints with variability in trends across the data in terms of expression and this is represented in Table 2.


Table 2 | Multiplex ELISA data, with trends in mean overall expression (green is increasing, red is decreasing and white is no change compared with POD 0) for cytokines, chemokines, soluble checkpoints, inflammatory and angiogenic markers for the entire cohort.



There was a significant decrease in the Th1 mediators IFN-γ, IL-12p40, and an increase in IL-1RA, which acts as an immunosuppressive mediator (Figure 5). There was a significant decrease in IFN-γ and IL-12p40, IP-10 and IL-1RA at POD 1 (p<0.05), POD 3 (P<0.01) and POD 7 (P<0.05), with an increase in IFN-γ at post op week 6 compared to POD 1 (P<0.001) (Figure 5). The co-stimulatory immune checkpoints GITR, CD276, CD28 and CD40L decrease in the immediate post-operative period before returning to pre-operative levels. The levels of GITR, CD276 and CD28 decrease at POD 1 (P<0.05) and POD 3 (P<0.01) compared to pre-operative levels with a significant increase in expression of these markers at week 6 compared to POD 3 (P<0.001).

On the contrary there was an increase in the Th2 mediators IL-4, IL-6, IL-27, soluble chemokine ligands and pro-inflammatory mediators responsible for promoting pro-tumor immune cells; MCP-1, and IL-16 (Figure 5). There was a significantly higher expression of IL-4 on POD 1 compared to post op week 6 (p<0.01), and POD 3 compared to POD 7 (P<0.05) and week 6 (p<0.001). There was a significantly higher expression of IL-6 on POD 1 compared to pre-operative levels (p<0.001), POD 7 (P<0.05) and week 6 (p<0.001). There was a significantly higher expression of IL-6 at POD 3 (p<0.001) compared to week 6 and pre-operative levels (p<0.001) and POD 7 compared to basal levels (p<0.01) and week 6 (p<0.05). There was also a significantly higher expression of IL-27 at POD 1 (P<0.01), POD 3 (P<0.001) and POD 7 (P<0.001) compared to basal levels. There was a significantly higher expression of MCP-1 at POD 3 compared to POD 7 (P<0.01), week 6 (p<0.05) and POD 0 (p<0.05). with a higher expression of IL-16 at POD 1 (P<0.01) and POD 3 (P<0.01) compared to basal levels with a significant reduction at week 6 compared to POD 1 (P<0.01) and POD 3 (P<0.01).




Figure 5 | A switch from Th1 to Th2 immunity is observed in systemic circulation in OAC patients in the immediate post-operative setting. Preoperatively, POD 1, 3 and 7 and week 6 serums from OAC patients (n=11) were screened for a panel of soluble Th1 mediators (IFN-γ, IL-12 p40, IL-1RA and IP-10) and soluble co-stimulatory molecules (GITR, CD276, CD28), and Th2 mediators (IL-4, IL-6, IL-27) and soluble chemokine ligands and pro-inflammatory mediators responsible for promoting pro-tumor immune cells (MCP-1 and IL-16) by ELISA. *p<0.05, **p<0.01, ***p<0.001.



There were contrasting trends in the soluble checkpoints with an increase in PD-L1, CTLA-4 and TIM-3 immediately post operatively, whereas PD-1, PD-L2, TIGIT and LAG-3 all reduced significantly in the immediate post-operative setting (Figure 6). There was a significant increase in PD-L1 (p<0.01), CTLA-4 (p<0.05), and TIM-3 (p<0.05) at POD 7 compared to pre-operative levels. There was an increase in PD-L1 at POD 3 compared to pre-operative levels (p<0.01). There was a significant increase in TIM-3 levels at POD 7 (P<0.01) and week 6 (P<0.01) compared to POD 1. There was a significant decrease in expression of PD-1 (p<0.01), PD-L2 (p<0.01), and TIGIT (p<0.05) at POD 1, POD 3 and POD 7 compared to pre-operative levels with a significant increase in expression of these markers from POD 1 to post op week six (p<0.01). There was a significant increase in PD-1, PD-L2, TIGIT and LAG-3 from POD 3 to week 6 (p<0.01).




Figure 6 | Circulating levels of pro-angiogenic and pro-metastatic factors increase in the immediate post-operative setting. POD 0, 1, 3 and 7 and week 6 serums from OAC patients (n=11) were screened for a panel of soluble inhibitory immune checkpoints PD-1, CTLA-4, TIM-3, TIGIT, LAG-3, PD-L1 and PD-L2 and a panel of soluble pro-angiogenic and pro-metastatic mediators VEGF-A, VEGF-C, PIGF, FLT-1, VEGF-D and Tie-2 by ELISA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



There was a significant increase in circulating levels of pro-angiogenic and pro-metastatic markers VEGF-A, VEGF-C, PIGF and Flt-1, with a decrease in VEGF-D and Tie-2, with a return to pre-operative levels at week 6 (Figure 6). There was a significantly higher expression of VEGF-A and VEGF-C at POD 3 (P<0.05) and POD 7 (P<0.001) compared to pre-operative levels and a significantly lower expression of VEGF-A at week 6 compared to POD 7 (P<0.01). PIGF was significantly higher at POD 7 compared to preoperative levels. (p<0.05), with FLT-1 significantly higher at POD 1 (P<0.001) and POD 3 (P<0.01) compared to basal levels. VEGF-D was significantly lower at POD 1 (P<0.001) and POD 3 (P<0.01) compared to basal levels. It was however, significantly higher at week six compared to POD 3 (P<0.01) and POD 1 (P<0.001). Tie 2 was significantly lower at POD 3 (P<0.001) and POD 7 (P<0.01) compared to preoperative levels.




Discussion

This seminal study is the first of its kind to longitudinally profile systemic anti-tumor immunity and circulating pro-metastatic mediators in esophageal adenocarcinoma patients perioperatively. A number of issues remain with the current multimodal treatment for these patients, namely, poor treatment responses to the current gold standards, upstaging after neoadjuvant treatment, tolerance and toxicities. In addition to this, poor uptake in the adjuvant setting secondary to the significant morbidity of the surgical deconditioning of the patient and also an understandable reluctance to use therapies post operatively which have had such poor regression results neoadjuvantly (18).

The decrease in circulating lymphocytes in the immediate post-operative phase followed by the increase in cytotoxic lymphocytes at week 6 is intriguing in the context of the checkmate-577 trial data, as they found that the timing of adjuvant nivolumab after surgery has an impact on treatment efficacy, specifically >10 wk compared with < 10 wk, with Hazards ratios (HR) (95% CI) of [0.66 (0.52-0.84)] and [0.84(0.57-1.22)], respectively. Although a better physical recovery as the authors suggest may be key, a direct immunologic explanation such as increased circulating CD8+ cells 6 weeks post-surgery from our study may be plausible, allowing more time for recovery of the patient’s immune system post-chemo(radio)therapy treatment. However, the increased frequency of circulating CTLs 6 weeks post-surgery, might also reflect a build-up of CTLs in circulation in parallel with reduced homing of CTLs to the site of tumor excision, due to the removal of tumour-derived chemotactic signalling. This highlights a possible double-edged sword of surgery that not only removes immunosuppressive mediators but also anti-tumor factors which might contribute to immune escape of residual pro-metastatic tumor cells and chemo(radio) resistant tumor cells that remain post-treatment and resection.

Within the present study, a significant decrease in CD3+CD4+CD69+ cells was observed at week six, potentially due to the removal of the immunosuppressive tumour. In addition to this, TRM cells express inhibitory checkpoint molecules and may serve as potential targets for cancer immunotherapy (19). It has also been demonstrated that an increase the early memory T cells including naïve T cells and effector cells is essential for efficient tumor killing especially for adoptive cancer immunotherapy (20, 21). Furthermore, T cells with a naïve phenotype from TCR transgenic mice demonstrated enhanced anti-tumor activity following adoptive cell transfer compared with their mature T cell counterparts (22). In the current study, there was an increase in naïve T cells and a decrease in effector memory and central memory T cells in the immediate perioperative period and may reflect the adaptation of the host immune system to overcome the immunosuppressive milieu or indeed that the immunosuppressive environment has been removed.

The expression of the inhibitory immune checkpoint PD-1 on circulating T cells was highest in the immediate post-operative setting and significantly decreased by week 6 and this is important in the context that programmed death-1 (PD-1) upon interaction with its ligand PD-L1, plays cardinal roles for induction of immune evasion in cancer cells (23). Similar trends were found for surface expression of CTLA-4, TIM-3, LAG-3, PD-L1 and PD-L2 on T cells with no significant change in TIGIT expression on the surface of T cells and suggests ICB as a target in the perioperative period.

There was a significant effect of surgery on the levels of circulating soluble immune checkpoints with a significant decrease in circulating levels of soluble PD-1 and LAG-3, in immediate post op setting, which return to baseline 6 weeks post operatively, with similar findings for PD-L2, TIGIT, and TIM-3 and this may reflect removal of their source of production through tumor excision and tumor-infiltrating immune cells. Soluble immune checkpoints may be a good or poor prognostic indicator depending on the soluble immune checkpoint in question, however, little is known about their function in particular for soluble TIGIT and PD-L2 (24). In this study soluble levels of PD-L1, CTLA-4 and TIM-3 increased in the immediate post-operative setting returning to baseline by week 6. Studies have implicated immunosuppressive roles for these three soluble immune checkpoints sPD-L1, sCTLA-4 and sTIM-3, suggesting that in this context their increase in the immediate post-operative setting may be a reflection of the pleiotropic immunosuppressive effects of surgery.

Soluble PD-L1 decreases IFN-γ secretion by T cells and induces T cell apoptosis (25). Regulatory T cells are a prominent source of soluble CTLA-4, which has potent inhibitory properties suppressing IFN-γ-mediated Th1 immune responses (26). The biological effects of sTIM-3 are unknown however, a study by Ge et al., demonstrated that osteosarcoma patients with higher levels of circulating soluble Tim-3 had relatively lower survival suggesting that the surgery-induced decrease in circulating soluble TIM-3 in this study may be a beneficial effect for patients and highlights the immunostimulatory effects of surgical removal of the tumour (27).

Soluble PD-1 was identified as a good prognostic indicator in EGFR-mutated non-small cell lung cancer patients which may suggest that the surgery-induced decrease in circulating levels of PD-1 in post-operative patients in this study may be detrimental to anti-tumour immunity highlighting the immunosuppressive nature of surgery in the immediate post-operative period (28). Circulating soluble LAG-3 was a good prognostic marker in gastric cancer and positively correlated with CD8+ T cell frequency and secretion of IL-12 and IFN-γ in peripheral blood (29). Moreover, a study by Fougeray et al., identified soluble LAG-3 protein as an immunopotentiator for therapeutic vaccines (30). Soluble LAG-3 binds to MHC class II inducing maturation of monocyte-derived dendritic cells in vitro and is used as a vaccine adjuvant to induce CD4 Th1 and CD8 T cell responses in vivo (30). Collectively this suggests that the surgery-induced downregulation of circulating levels of soluble LAG-3 may be a reflection of surgery-induced immunosuppression. Interestingly, in this study patients with higher levels of circulating soluble LAG-3 in the post-operative setting (POD 3) had a better response to neoadjuvant treatment determined by the Mandard pathological scoring system (TRG) (Supplementary Figure 1).

Chemotherapy and radiation therapy (RT) are standard therapeutic modalities for patients with esophageal cancers and can induce forms of immunogenic cell death (31). In the current study, intriguingly there is an increase in both DAMPS, calreticulin and HMGB1 in all three compartments in the immediate post-operative period, which would suggest an anti-tumour response however, paradoxically in a study on patients undergoing cytoreductive surgery, increased plasma levels of DAMPs were associated with immune suppression and postoperative infections in patients undergoing cytoreductive surgery (32, 33). Therefore, the concomitant increase in soluble checkpoints and DAMPS may represent the perfect timing for administration of immune checkpoint blockade to offset the prevailing immunosuppressive milieu.

This current study suggests an immunosuppressive milieu perioperatively with reduced Th1 cytokines in the immediate post-operative setting compared to pre-operative levels, upsetting the equilibrium through surgical stress and excision of the tumour burden with a reduction in IFN-γ, IL-12p40, CD28, CD40L and TNF-α. In addition, IP-10 (CXCL-10) which is an important chemokine ligand in recruiting anti-tumor Th1 cells and polarising the immune response to a Th1 phenotype, is significantly reduced perioperatively. There is a simultaneous increase in Th2 pro-tumor cytokines in the immediate post-operative setting, with a significant increase in IL-4, IL-10, IL-16, IL-1RA and MCP-1 before returning to preoperative levels at week 6. Immunosuppressive IL-10 inhibits the differentiation and activation of DCs, which are key activators of anti-tumor effector cells of the adaptive immune system, including cytotoxic CD8+ T cells (34). Notably, this switch from a Th1 tumor-suppressive phenotype, which aids cytotoxic CD8+ T cells in tumor rejection, to a Th2 tumor-promoting “regulatory” phenotype, which blocks CD8+ T-cell activity, is a characteristic outcome in the inflammatory, immune-suppressive tumor microenvironment (35). Myeloid-derived suppressor cells and macrophages recruited to the tumor microenvironment from the bone marrow by tumor cells and Tregs are also potent suppressors of anti-tumor immunity, when they are converted to an immunosuppressive phenotype by cytokines such as IL-10, which was found to increase perioperatively in our study and TGF-β (36) which are secreted by tumor tissue as well as other immune and stromal cells to promote recruitment and suppression of many immune cell types (37).

Interestingly, in parallel to the switch in Th1 to Th2 immunity observed in systemic circulation we also observed a concomitant increase in the levels of circulating soluble PD-L1 and significant decrease in circulating levels of PD-L2. PD-L1 plays an important role in dampening Th1 immune responses whereas PD-L2 is has been shown to play a specific role in dampening Th2 responses (38). Collectively, these findings suggest that soluble PD-L1 and PD-L2 might play an important role in regulating the wound healing responses triggered by surgical excision, which is often characterised by a switch from pro-inflammatory immune responses to an anti-inflammatory immune response (14).

Specific chemokine ligands MIP-1α and MIP-1β, which recruit pro-inflammatory tumour-promoting myeloid immune cells (39), increased in the immediate post-op setting returning to baseline by week 6 and may represent a systemic pro-tumorigenic niche in the immediate post-operative period. In addition to this, high levels of MIP1-α on day 3 correlated with lymphatic invasion (Supplementary Figure 1). MIP1-α has been implicated in promoting tumour metastasis to lymph nodes in oral squamous cell carcinoma (40). In addition, MIP1-α induced migration of MCF-7 breast cancer cells in vitro (41). Considering the findings of this study in the context of the existing literature MIP1-α may play an important role in promoting metastasis to lymph nodes in the immediate post-operative setting in OAC patients.

Metastatic disease is the leading cause of death among cancer patients and involves a complex and inefficient process, with a high rate of recurrence in oesophageal cancer, especially in the first 18 months (7, 42). Every step of the metastatic process can be rate limiting and is influenced by non-malignant host cells interacting with the tumor cell. Over a century ago, experiments first indicated a link between the immune system and metastasis (43). There is a significant increase in CD276, an immune checkpoint molecule post operatively with its peak at week six. CD276 is aberrantly overexpressed in many types of cancer, and such upregulation is generally associated with a poor clinical prognosis. There is also evidence to indicate an intricate role for CD276 (B7H3) in promoting carcinogenesis and metastasis (44, 45). VEGF-A and PIGF, which are major pro-angiogenic factors associated with cancer angiogenesis and are pro-tumorigenic and Flt-1, also known as vascular endothelial growth factor receptor 1 (VEGFR-1), is a high-affinity tyrosine kinase receptor for VEGF involved in tumor growth and metastasis (46). PIGF/Flt-1 signalling is integral in colorectal cancer progression through increasing the phosphorylation of p38 MAPK, thereby upregulating MMP9 expression; resulting in increasing cellular migration/invasion (47). There is an initial increase in these markers in the immediate post-operative setting which may represent a systemic pro-metastatic niche, which might be priming distal organs for metastatic dissemination and/or promoting the growth of micrometastatic deposits into overt secondary tumors. This is particularly telling in the fact that four of the cohort have already developed metastatic disease. VEGF-A circulating levels positively correlated with lymphatic invasion on day 3, with levels of circulating FLT-1 on day 1 positively correlating with a poor TRG. Importantly, three of those patients who developed metastatic disease had the highest expression of soluble PD-1, PD-L1 and TIM-3 perioperatively with a peak on day 7 and 2 of this cohort had significant increases in angiogenic markers at day 3 and day 7 post operatively.

Our study highlights the prevailing immunophenotype and responses to surgery with a switch in balance towards a Th2 phenotype and consequently, an immunosuppressive milieu. Therefore, shifting the balance in favour of a Th1 phenotype would offer a potent therapeutic approach for reducing tumorigenesis and promoting cancer regression, including potentially radiotherapy and anti-PD-L1/PD-1 strategies. These immunologic consequences of radiotherapy and therapeutic reprogramming of immune responses in tumors, along with how it regulates efficacy and durability to radiotherapy must be explored (48). Consequently, this body of work paves the way for further studies and appropriate trial design are needed to interrogate the use of ICB as a trimodal approach with chemoradiotherapy and chemotherapy alone for locally advanced disease in the neoadjuvant and adjuvant setting to determine the optimal timing and subset of patients for their use in the era of precision targeted therapies.
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Supplementary Figure 2 | Expression of activation markers on CD4 T helper cells (A) and CTLs (B) in circulation categorised by treatment type. Frequency of CD4 T helper (C) and CTL (D) differentiation states in circulation categorised by treatment received. Green diamond: no neoadjuvant treatment received (n=1), blue circle: FLOT (n=7), red square: CROSS (n=2) and orange triangle: FOLFOX (n=1).

Supplementary Figure 3 | Frequency of circulating cell types categorised by treatment type. (A). Expression of ICs on the surface of circulating CD4 T helper cells (B) and CTLs (C) as well as expression of DAMPs on CD4 T helper cells (D) and CTLs (E) categorised by treatment received. Green diamond: no neoadjuvant treatment received (n=1), blue circle: FLOT (n=7), red square: CROSS (n=2) and orange triangle: FOLFOX (n=1).

Supplementary Figure 4 | Levels of circulating immunomodulatory and pro-angiogenic mediators categorised by treatment type. Soluble levels of circulating immunostimulatory mediators (A) and pro-angiogenic factors (B) categorised by treatment received. Green diamond: no neoadjuvant treatment received (n=1), blue circle: FLOT (n=7), red square: CROSS (n=2) and orange triangle: FOLFOX (n=1).



References

1. Al-Batran, SE, Homann, N, Pauligk, C, Goetze, TO, Meiler, J, Kasper, S, et al. Perioperative Chemotherapy With Fluorouracil Plus Leucovorin, Oxaliplatin, and Docetaxel Versus Fluorouracil or Capecitabine Plus Cisplatin and Epirubicin for Locally Advanced, Resectable Gastric or Gastro-Oesophageal Junction Adenocarcinoma (FLOT4): A Randomised, Phase 2/3 Trial. Lancet (2019) 393(10184):1948–57. doi: 10.1016/S0140-6736(18)32557-1

2. van Hagen, P, Hulshof, MC, van Lanschot, JJ, Steyerberg, EW, van Berge Henegouwen, MI, Wijnhoven, BP, et al. Preoperative Chemoradiotherapy for Esophageal or Junctional Cancer. N Engl J Med (2012) 366(22):2074–84. doi: 10.1056/NEJMoa1112088

3. Donlon, NE, Elliott, JA, Donohoe, CL, Murphy, CF, Nugent, T, Moran, B, et al. Adverse Biology in Adenocarcinoma of the Esophagus and Esophagogastric Junction Impacts Survival and Response to Neoadjuvant Therapy Independent of Anatomic Subtype. Ann Surg (2020) 272(5):814–9. doi: 10.1097/SLA.0000000000004184

4. Donlon, NE, Sheppard, A, Davern, M, O’Connell, F, Phelan, JJ, Power, R, et al. Linking Circulating Serum Proteins With Clinical Outcomes in Esophageal Adenocarcinoma-An Emerging Role for Chemokines. Cancers (Basel) (2020) 12(11):3356. doi: 10.3390/cancers12113356

5. Donlon, NE, Davern, M, Sheppard, A, Power, R, O’Connell, F, Heeran, AB, et al. The Prognostic Value of the Lymph Node in Oesophageal Adenocarcinoma; Incorporating Clinicopathological and Immunological Profiling. Cancers (Basel) (2021) 13(16):4005. doi: 10.3390/cancers13164005

6. Tomasello, G, Petrelli, F, Ghidini, M, Pezzica, E, Passalacqua, R, Steccanella, F, et al. Tumor Regression Grade and Survival After Neoadjuvant Treatment in Gastro-Esophageal Cancer: A Meta-Analysis of 17 Published Studies. Eur J Surg Oncol (2017) 43(9):1607–16. doi: 10.1016/j.ejso.2017.03.001

7. Lou, F, Sima, CS, Adusumilli, PS, Bains, MS, Sarkaria, IS, Rusch, VW, et al. Esophageal Cancer Recurrence Patterns and Implications for Surveillance. J Thorac Oncol (2013) 8(12):1558–62. doi: 10.1097/01.JTO.0000437420.38972.fb

8. Matzner, P, Sandbank, E, Neeman, E, Zmora, O, Gottumukkala, V, and Ben-Eliyahu, S. Harnessing Cancer Immunotherapy During the Unexploited Immediate Perioperative Period. Nat Rev Clin Oncol (2020) 17(5):313–26. doi: 10.1038/s41571-019-0319-9

9. Benish, M, and Ben-Eliyahu, S. Surgery as a Double-Edged Sword: A Clinically Feasible Approach to Overcome the Metastasis-Promoting Effects of Surgery by Blunting Stress and Prostaglandin Responses. Cancers (Basel) (2010) 2(4):1929–51. doi: 10.3390/cancers2041929

10. Leach, DR, Krummel, MF, and Allison, JP. Enhancement of Antitumor Immunity by CTLA-4 Blockade. Science (1996) 271(5256):1734–6. doi: 10.1126/science.271.5256.1734

11. Hodi, FS, O’Day, SJ, McDermott, DF, Weber, RW, Sosman, JA, Haanen, JB, et al. Improved Survival With Ipilimumab in Patients With Metastatic Melanoma. N Engl J Med (2010) 363(8):711–23. doi: 10.1056/NEJMoa1003466

12. Kelly, RJ, Ajani, JA, Kuzdzal, J, Zander, T, Van Cutsem, E, Piessen, G, et al. Adjuvant Nivolumab in Resected Esophageal or Gastroesophageal Junction Cancer. N Engl J Med (2021) 384(13):1191–203. doi: 10.1056/NEJMoa2032125

13. Aliru, ML, Schoenhals, JE, Venkatesulu, BP, Anderson, CC, Barsoumian, HB, Younes, AI, et al. Radiation Therapy and Immunotherapy: What is the Optimal Timing or Sequencing? Immunotherapy (2018) 10(4):299–316. doi: 10.2217/imt-2017-0082

14. Bakos, O, Lawson, C, Rouleau, S, and Tai, LH. Combining Surgery and Immunotherapy: Turning an Immunosuppressive Effect Into a Therapeutic Opportunity. J Immunother Cancer (2018) 6(1):86. doi: 10.1186/s40425-018-0398-7

15. Sukumar, M, Kishton, RJ, and Restifo, NP. Metabolic Reprograming of Anti-Tumor Immunity. Curr Opin Immunol (2017) 46:14–22. doi: 10.1016/j.coi.2017.03.011

16. Horowitz, M, Neeman, E, Sharon, E, and Ben-Eliyahu, S. Exploiting the Critical Perioperative Period to Improve Long-Term Cancer Outcomes. Nat Rev Clin Oncol (2015) 12(4):213–26. doi: 10.1038/nrclinonc.2014.224

17. Smyth, E, Knödler, M, Giraut, A, Mauer, M, Nilsson, M, Van Grieken, N, et al. VESTIGE: Adjuvant Immunotherapy in Patients With Resected Esophageal, Gastroesophageal Junction and Gastric Cancer Following Preoperative Chemotherapy With High Risk for Recurrence (N+ and/or R1): An Open Label Randomized Controlled Phase-2-Study. Front Oncol (2019) 9:1320. doi: 10.3389/fonc.2019.01320

18. Donlon, NE, Kammili, A, Roopnarinesingh, R, Davern, M, Power, R, King, S, et al. FLOT-Regimen Chemotherapy and Transthoracic En Bloc Resection for Esophageal and Junctional Adenocarcinoma. Ann Surg (2021) 274(5):814–20. doi: 10.1097/SLA.0000000000005097

19. Liu, Q, Sun, Z, and Chen, L. Memory T Cells: Strategies for Optimizing Tumor Immunotherapy. Protein Cell (2020) 11(8):549–64. doi: 10.1007/s13238-020-00707-9

20. Ando, M, Ito, M, Srirat, T, Kondo, T, and Yoshimura, A. Memory T Cell, Exhaustion, and Tumor Immunity. Immunol Med (2020) 43(1):1–9. doi: 10.1080/25785826.2019.1698261

21. Berger, C, Jensen, MC, Lansdorp, PM, Gough, M, Elliott, C, and Riddell, SR. Adoptive Transfer of Effector CD8+ T Cells Derived From Central Memory Cells Establishes Persistent T Cell Memory in Primates. J Clin Invest (2008) 118(1):294–305. doi: 10.1172/JCI32103

22. Hinrichs, CS, Borman, ZA, Cassard, L, Gattinoni, L, Spolski, R, Yu, Z, et al. Adoptively Transferred Effector Cells Derived From Naive Rather Than Central Memory CD8+ T Cells Mediate Superior Antitumor Immunity. Proc Natl Acad Sci USA (2009) 106(41):17469–74. doi: 10.1073/pnas.0907448106

23. Najafi, M, Hashemi Goradel, N, Farhood, B, Salehi, E, Nashtaei, MS, Khanlarkhani, N, et al. Macrophage Polarity in Cancer: A Review. J Cell Biochem (2019) 120(3):2756–65. doi: 10.1002/jcb.27646

24. Gu, D, Ao, X, Yang, Y, Chen, Z, and Xu, X. Soluble Immune Checkpoints in Cancer: Production, Function and Biological Significance. J Immunother Cancer (2018) 6(1):132. doi: 10.1186/s40425-018-0449-0

25. Frigola, X, Inman, BA, Krco, CJ, Liu, X, Harrington, SM, Bulur, PA, et al. Soluble B7-H1: Differences in Production Between Dendritic Cells and T Cells. Immunol Lett (2012) 142(1-2):78–82. doi: 10.1016/j.imlet.2011.11.001

26. Ward, FJ, Dahal, LN, Wijesekera, SK, Abdul-Jawad, SK, Kaewarpai, T, Xu, H, et al. The Soluble Isoform of CTLA-4 as a Regulator of T-Cell Responses. Eur J Immunol (2013) 43(5):1274–85. doi: 10.1002/eji.201242529

27. Ge, W, Li, J, Fan, W, Xu, D, and Sun, S. Tim-3 as a Diagnostic and Prognostic Biomarker of Osteosarcoma. Tumour Biol (2017) 39(7):1010428317715643. doi: 10.1177/1010428317715643

28. Sorensen, SF, Demuth, C, Weber, B, Sorensen, BS, and Meldgaard, P. Increase in Soluble PD-1 Is Associated With Prolonged Survival in Patients With Advanced EGFR-Mutated Non-Small Cell Lung Cancer Treated With Erlotinib. Lung Cancer (2016) 100:77–84. doi: 10.1016/j.lungcan.2016.08.001

29. Li, N, Jilisihan, B, Wang, W, Tang, Y, and Keyoumu, S. Soluble LAG3 Acts as a Potential Prognostic Marker of Gastric Cancer and Its Positive Correlation With CD8+T Cell Frequency and Secretion of IL-12 and INF-γ in Peripheral Blood. Cancer Biomark (2018) 23(3):341–51. doi: 10.3233/CBM-181278

30. Fougeray, S, Brignone, C, and Triebel, F. A Soluble LAG-3 Protein as an Immunopotentiator for Therapeutic Vaccines: Preclinical Evaluation of IMP321. Vaccine (2006) 24(26):5426–33. doi: 10.1016/j.vaccine.2006.03.050

31. Vanmeerbeek, I, Sprooten, J, De Ruysscher, D, Tejpar, S, Vandenberghe, P, Fucikova, J, et al. Trial Watch: Chemotherapy-Induced Immunogenic Cell Death in Immuno-Oncology. Oncoimmunology (2020) 9(1):1703449. doi: 10.1080/2162402X.2019.1703449

32. Leijte, GP, Custers, H, Gerretsen, J, Heijne, A, Roth, J, Vogl, T, et al. Increased Plasma Levels of Danger-Associated Molecular Patterns Are Associated With Immune Suppression and Postoperative Infections in Patients Undergoing Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy. Front Immunol (2018) 9:663. doi: 10.3389/fimmu.2018.00663

33. Tang, F, Tie, Y, Tu, C, and Wei, X. Surgical Trauma-Induced Immunosuppression in Cancer: Recent Advances and the Potential Therapies. Clin Transl Med (2020) 10(1):199–223. doi: 10.1002/ctm2.24

34. Rabinovich, GA, Gabrilovich, D, and Sotomayor, EM. Immunosuppressive Strategies That Are Mediated by Tumor Cells. Annu Rev Immunol (2007) 25:267–96. doi: 10.1146/annurev.immunol.25.022106.141609

35. Nakayamada, S, Takahashi, H, Kanno, Y, and O’Shea, JJ. Helper T Cell Diversity and Plasticity. Curr Opin Immunol (2012) 24(3):297–302. doi: 10.1016/j.coi.2012.01.014

36. Kumar, V, Patel, S, Tcyganov, E, and Gabrilovich, DI. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol (2016) 37(3):208–20. doi: 10.1016/j.it.2016.01.004

37. Mantovani, A, Allavena, P, Sica, A, and Balkwill, F. Cancer-Related Inflammation. Nature (2008) 454(7203):436–44. doi: 10.1038/nature07205

38. Loke, P, and Allison, JP. PD-L1 and PD-L2 Are Differentially Regulated by Th1 and Th2 Cells. Proc Natl Acad Sci USA (2003) 100(9):5336–41. doi: 10.1073/pnas.0931259100

39. Maurer, M, and von Stebut, E. Macrophage Inflammatory Protein-1. Int J Biochem Cell Biol (2004) 36(10):1882–6. doi: 10.1016/j.biocel.2003.10.019

40. Silva, TA, Ribeiro, FL, Oliveira-Neto, HH, Watanabe, S, Alencar Rde, C, Fukada, SY, et al. Dual Role of CCL3/CCR1 in Oral Squamous Cell Carcinoma: Implications in Tumor Metastasis and Local Host Defense. Oncol Rep (2007) 18(5):1107–13. doi: 10.3892/or.18.5.1107

41. Youngs, SJ, Ali, SA, Taub, DD, and Rees, RC. Chemokines Induce Migrational Responses in Human Breast Carcinoma Cell Lines. Int J Cancer (1997) 71(2):257–66. doi: 10.1002/(SICI)1097-0215(19970410)71:2<257::AID-IJC22>3.0.CO;2-D

42. Nobel, TB, Livschitz, J, Xing, XX, Barbetta, A, Hsu, M, Tan, KS, et al. Surveillance Implications of Recurrence Patterns in Early Node-Negative Esophageal Adenocarcinoma. Ann Thorac Surg (2019) 108(6):1640–7. doi: 10.1016/j.athoracsur.2019.05.066

43. Gonzalez, H, Hagerling, C, and Werb, Z. Roles of the Immune System in Cancer: From Tumor Initiation to Metastatic Progression. Genes Dev (2018) 32(19-20):1267–84. doi: 10.1101/gad.314617.118

44. Dong, P, Xiong, Y, Yue, J, Hanley, SJB, and Watari, H. B7H3 As a Promoter of Metastasis and Promising Therapeutic Target. Front Oncol (2018) 8:264. doi: 10.3389/fonc.2018.00264

45. Janssen, LME, Ramsay, EE, Logsdon, CD, and Overwijk, WW. The Immune System in Cancer Metastasis: Friend or Foe? J Immunother Cancer (2017) 5(1):79. doi: 10.1186/s40425-017-0283-9

46. Qian, BZ, Zhang, H, Li, J, He, T, Yeo, EJ, Soong, DY, et al. FLT1 Signaling in Metastasis-Associated Macrophages Activates an Inflammatory Signature That Promotes Breast Cancer Metastasis. J Exp Med (2015) 212(9):1433–48. doi: 10.1084/jem.20141555

47. Macarulla, T, Montagut, C, Sánchez-Martin, FJ, Granja, M, Verdaguer, H, Sastre, J, et al. The Role of PIGF Blockade in the Treatment of Colorectal Cancer: Overcoming the Pitfalls. Expert Opin Biol Ther (2020) 20(1):15–22. doi: 10.1080/14712598.2020.1677603

48. Kaur, P, and Asea, A. Radiation-Induced Effects and the Immune System in Cancer. Front Oncol (2012) 2:191. doi: 10.3389/fonc.2012.00191




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Donlon, Davern, Sheppard, O’Connell, Dunne, Hayes, Mylod, Ramjit, Temperley, Mac Lean, Cotter, Bhardwaj, Butler, Conroy, O’Sullivan, Ravi, Donohoe, Reynolds and Lysaght. 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.


OEBPS/Images/fimmu-13-823225-i007.jpg
15 14

Key

Neoadjuvant setting
1321109 8 7 6 5 4

Adjuvant setting
7

G

s

9

0

12131408

Tumour ecurence

Current status

NED at 24 weeks
NED 0t 33 weeks
AWD 2134 weeks
NED at 35 weeks
AWD a1 35 weeks
NED at 30 weeks
NED at 23 weeks
AWD 2129 weeks
NED at 30 weeks
AWD 2127 weeks

NED ot 31 weeks





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Impact of Esophageal Oncological Surgery on Perioperative Immune Function; Implications for Adjuvant Immune Checkpoint Inhibition

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Ethical Approval

          



          		

            Patient Cohort

          



          		

            Whole Blood Staining for Flow Cytometric Analysis

          



          		

            Collection of Serum

          



          		

            Quantification of Serum Immune Proteins

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Patient Demographics

          



          		

            Alterations in the Circulating T Cells in the Post-Op Setting

          



          		

            Multiplex Dataset

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-823225-g005.jpg
ILARA

P10

Lot ad

bl

s

cozs

o276

oR

s

L6






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-823225-g001.jpg
[ —

F e . ons

Teas D heporcots






OEBPS/Images/table2.jpg





OEBPS/Images/fimmu-13-823225-g003.jpg
A CD3” cells

Naive T cells

8
4
3
8

Frs (,d:\..*"

D Effector memory T cells

&0

Saff oy *
g Dow s
v
£ 2 ¥
S X AT | SR
o
Tom T
RN
G

Terminally differentiated effector
memory T cells

% CD45RACD27"

B CD3°CD4” cells

Naive T cells

% CD4sRA'CD27"

% CDASRA'CDB2T

Terminally differentiated effector
memory T cells

C  CD37CD8" cells

Naive T cells

I

% CDasRA*CD2T"
2

S —
& =
8 oo ———
3

HEFE
|

I

Terminally differentiated effector
memory T cells

0 50
w 4 . b
Seo s . ] ..
: ol
H g
8 40 8
=7[% B ®10

P s

S o@,

L

K Central memory T cells
&

4.

2 .

% CD4SRA*CD2T

100

% CDASRA'CD2T






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-823225-g006.jpg
eI

R

D4

PiGF

vera

VEGF.D






OEBPS/Images/fimmu-13-823225-i008.jpg
w0

S
o

Increased expression
compared to Day 0

Decreased expression
compared to Day 0





OEBPS/Images/fimmu-13-823225-g004.jpg
c s

S A A

I S P

R AR AR

raes AR S AR

s AR IS

A S SR






OEBPS/Images/table1.jpg
Neoadjuvant seting Adjuvant setting

45431201109 8 7 65 4 3 29 012345678900 REUIs

PRI oo | roroe T oo Prororose Jcios

W S o e A e wit Hoaaas

A oo ssnce

Current status

NED ot 24 ks
NED 813 weeks
awoa
NEDat 35 weeks

wecks

AWD at 35 weeks
NED 8130 weeks
NED 8123 weeks
WO 3129 weeks
NED 8t 30 weeks
AWD 0127 weeks
NED 8131 weeks





OEBPS/Images/fimmu.2022.823225_cover.jpg
’ frontiers
in Immunology

The Impact of Esophageal
Oncological Surgery on
Perioperative Immune Function;
Implications for Adjuvant Immune
Checkpoint Inhibition





OEBPS/Images/fimmu-13-823225-g002.jpg
‘% expression

‘5 expression

‘% expression

% expression
&

100-

100

100

CD3” cells

cDe2L.

150

% expression

% expression

100

% expression

% expression

CD3°CD4” cells

cpe2L

c

% expression

CD37CD8" cells

cpe2L

S
2

i

o o o
F CD69

% expression

100-

% expression

100:

80

60

0

% expression

20






