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The combination of radiotherapy (RT) with immunotherapy represents a promising treatment modality for non-small cell lung cancer (NSCLC) patients. As only a minority of patients shows a persistent response today, a spacious optimization window remains to be explored. Previously we showed that fractionated RT can induce a local immunosuppressive profile. Based on the evolving concept of an immunomodulatory role for vagal nerve stimulation (VNS), we tested its therapeutic and immunological effects alone and in combination with fractionated RT in a preclinical-translational study. Lewis lung carcinoma-bearing C57Bl/6 mice were treated with VNS, fractionated RT or the combination while a patient cohort with locally advanced NSCLC receiving concurrent radiochemotherapy (ccRTCT) was enrolled in a clinical trial to receive either sham or effective VNS daily during their 6 weeks of ccRTCT treatment. Preclinically, VNS alone or with RT showed no therapeutic effect yet VNS alone significantly enhanced the activation profile of intratumoral CD8+ T cells by upregulating their IFN-γ and CD137 expression. In the periphery, VNS reduced the RT-mediated rise of splenic, but not blood-derived, regulatory T cells (Treg) and monocytes. In accordance, the serological levels of protumoral CXCL5 next to two Treg-attracting chemokines CCL1 and CCL22 were reduced upon VNS monotherapy. In line with our preclinical findings on the lack of immunological changes in blood circulating immune cells upon VNS, immune monitoring of the peripheral blood of VNS treated NSCLC patients (n=7) did not show any significant changes compared to ccRTCT alone. As our preclinical data do suggest that VNS intensifies the stimulatory profile of the tumor infiltrated CD8+ T cells, this favors further research into non-invasive VNS to optimize current response rates to RT-immunotherapy in lung cancer patients.
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Introduction

Radiotherapy (RT) has an important and established role in the treatment of patients with non-small cell lung cancer (NSCLC). However, for patients with inoperable stage III disease, outcomes after conventional RT (typically 1.8-2.0 Gy per day for a total dose of 60-70 Gy) are modest with a 5-year survival of less than 15% (1). In the past decade, exponential developments in the field of immunotherapy have profoundly improved the prognostic algorithm. Today, advanced NSCLC patients can cherish the hope that they remain progression-free for several years after diagnosis upon treatment with immune checkpoint inhibitors (ICI) that target Programmed Death-1 (PD-1) or its ligand (PD-L1). Yet, this is only the case for 20-25% of patients (2, 3). These sobering numbers suggest that additional immunomodulatory pathways need to be explored to harness at maximum the effects of radio(chemo)therapy and ICI, alone or in combination.

Immunotherapy barged into the treatment arsenal for cancer because cancer progression has been found to be profoundly shaped by the host innate and adaptive immune system. The so-called cancer immune-editing process results in a tumor-immune battlefield with three phases: tumor elimination, equilibrium and escape (4, 5). During the tumor elimination phase, the innate immunity arm exploits myeloid and lymphoid effector cells like macrophages and natural killer (NK) cells respectively (6). In addition, mutations can result in expression of tumor associated antigens (TAAs) that enable the adaptive immune system to distinguish healthy from malignant self. Specifically, immature dendritic cells (DCs) can capture TAAs that are released from dying cancer cells (7, 8), which are subsequently processed and presented via major histocompatibility complex (MHC) molecules to naïve T cells. This can trigger a protective T-cell mediated response composed of TAA-specific CD4+ helper and CD8+ cytotoxic T lymphocytes (CTL). Hence, both tumor mutational burden and tumor infiltrating lymphocytes have been shown to correlate with a better overall and progression-free survival in patients with NSCLC (9, 10). However, tumor cells can escape this elimination phase via numerous ingenious mechanisms, often characterized by the installation of an immunosuppressive tumor microenvironment (TME) (11). In progressing lung cancers, this TME has been characterized by the exclusion of cytolytic NK cells next to an enrichment for non-functional (granzyme B-) T cells and Foxp3+ regulatory T cells (Tregs). The latter can further suppress the cytolytic effector functions of CTLs and NK cells by producing immunosuppressive cytokines (e.g. IL-10 and TGF-β), expressing immune suppressive checkpoints (e.g. PD-1 and PD-L1) and consuming IL-2, critical for maintaining CTL function (7, 11, 12). The myeloid compartment is mainly represented by CD1c+ conventional type 2 DCs, M2-like tumor associated macrophages (TAMs), suppressive monocytes and granulocytes (collectively termed MDSCs) (13), that can further mold the TME into a CTL-hostile milieu (7, 11, 14–16). Importantly, the frequency of MDSCs has been negatively correlated to therapeutic efficacy of RT, chemotherapy and ICIs (17–19).

While tumor irradiation can activate anti-tumor immunity through the induction of immunogenic cell death, the latter can also be counteracted by the accumulation of radioresistant immunosuppressive cells, including TAMs, MDSCs and Tregs (20, 21). We previously confirmed that systemic and especially local immunosuppression predominates in a murine orthotopic NSCLC model when treated with clinically relevant, low-dose fractionated RT (22). In addition to reduced numbers of CTLs and mature CD86+ DCs, the fractions of TAMs, Tregs, monocytes and neutrophils increased upon RT treatment. These findings suggest that therapeutic strategies combining RT with ICI may benefit from combination strategies that curtail the immunosuppressive myeloid compartment and reinforce T-cell immunosurveillance.

A newly identified mechanism of immunosuppression is sympathetic adrenergic signaling with repercussions for the development, differentiation, activation and function of various immune cell types (23–26). Several studies in mice and humans reinforce growing recognition of a negative role of the sympathetic nervous system (SNS) response in cancer progression, metastasis and treatment resistance (27–32). Parasympathetic/vagal activity generally antagonizes the effects of the SNS (33) and research in the last decade revealed that the vagal nerve (VN) is an immunomodulator (34). Moreover, in several experimental models of inflammatory disease, VN stimulation (VNS) is shown to attenuate the production of pro-inflammatory cytokines and inhibit inflammatory processes through the so-called ‘cholinergic anti-inflammatory pathway’ (35–37). Moreover, experimental murine studies demonstrated that the vagal pathway withholds widespread epigenetic and immunologic influence with presumptive anti-tumoral effects (38–42). Surgical or pharmaceutical removal of VN activity (vagotomy) has been shown to increase lung, liver and kidney metastasis of breast cancer cells in mice (43, 44) whereas VNS reduced distant metastasis of breast cancer cells (45). Also, epidemiological studies showed that high vagal activity, indexed by heart-rate variability, predicted longer survival in colon cancer, prostate cancer, breast cancer and NSCLC (46–48). Hence, the aim of the present preclinical-translational study was to investigate the hypothesis that transcutaneous VNS can reduce RT-mediated provocation of an immunosuppressive lung TME. Our data support a potentially immunostimulatory effect of VNS and the possibility that VNS could help overcome RT-induced immunosuppression.



Materials and Methods


Experimental Mouse Model


Cells

Lewis lung carcinoma, positive for Firefly luciferase (LLC-Fluc), were previously generated using a Fluc-encoding lentiviral vector (transfer plasmid pDUAL_SFFV-Fluc_Ub-puroR) as described (22, 49). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Harlan), 100 units/ml penicillin, 100 µg/ml streptomycin and 2 mM L-Glutamine (Sigma-Aldrich) at 37°C, 5% CO2, 21% O2 and humidity level of 95%. Prior to their intravenous (i.v.) injection, LLC-Fluc cells were subjected to one round of puromycin selection (1μg/ml for 3 days) to enrich the Fluc positive fraction.



Mice

Six- to eight-week-old female C57BL/6 mice were purchased from Charles River (L’Abresle, France) and maintained in our animal facility under pathogen-free conditions. All animal protocols were in accordance with the European guidelines for animal experimentation and authorized by the Ethical Committee for Laboratory Animals of the Vrije Universiteit Brussel (ethical dossier numbers: 18-281-8 and 20-214-14). To obtain lung tumor bearing mice (n=46), 5 x 105 LLC-Fluc cells dissolved in 200µL phosphate buffered saline (PBS, Sigma-Aldrich), were injected i.v.




Patient Population

Patients diagnosed with locally advanced NSCLC receiving standard-of-care radiation therapy with concurrent chemotherapy (ccRTCT) were eligible for enrollment in the study. Patients were excluded if they had any of the following contraindications: recent (<6 months) stroke or myocardial infarction, severe heart failure (class III or IV), patients with an active implanted medical device (pacemaker, defibrillator or hearing aid implant), recurrent vasovagal syncope, unilateral or bilateral vagotomy, sick sinus syndrome (without a pacemaker), 2nd or 3rd-degree atrioventricular block and pregnancy or nursing. There were no differences between the two treatment groups in regards to age, tumor size, BMI and smoking history. The clinical study was approved by the local medical ethical committee (2018/016) and registered on ClinicalTrials.gov (identifier: NCT03553485). All patients signed informed consent before inclusion in the study.



Lung Tumor Treatment Regimens


Mice

One week after LLC-Fluc injection, in vivo bioluminescence imaging (BLI) was used to visualize tumor burden (50) and randomize mice with similar photon counts to one of four different treatment groups: VNS only, RT+sham, RT+VNS or sham (control). Radiation treatment was performed from day 11 in 4 consecutive daily fractions of 3,2 Gy as previously described (22). In brief, Ketamine (Ketamidor®, UK, 100mg kg -1)/Xylazine (Rompun®, Germany, 10 mg kg -1) anesthetized mice were positioned in a 3D-printed mold (Ultimaker Extended 2+ using PLA filaments) and irradiated with the indicated doses using the Truebeam STx system (Varian, Palo Alto, CA, USA; BrainLAB AG, Feldkirchen, Germany). VNS treatment was performed from day 11 until day 14 using the non-invasive stimulator ‘gammaCore’ (electroCore, LLC, Basking Ridge, NJ, USA) developed for mice. Prior to stimulation, a conducting gel (Signa gel, Parker Laboratories, Fairfield NJ) was applied to surfaces of the disc electrodes which were then placed on the shaved neck of the mouse lateral to the trachea and over the left cervical vagus nerve. Electrical stimulation (1 msec duration, 5 kHz, 12 V sine waves repeated at 25 Hz; impedance: 350 ohm) was delivered twice per day in the form of 3 successive 2-minute trains.



Patients

All patients received cisplatin plus docetaxel weekly and concomitant standard RT for a total of 67,2 Gy at 2,24 Gy/fraction/day 5 times weekly for 6 weeks. VNS treatment consisted of two separate, 30-minute sessions of active or sham VNS daily during their course of ccRTCT. Stimulation was provided using a transcutaneous vagal nerve stimulation (tVNS) device, consisting of a pulse generator and electrode targeting the auricular branch of the vagal nerve via the external ear (Parasym device, Parasym Ltd, London, UK). The tVNS device was attached to the ear tragus and set at a pulse width of 200μs and pulse frequency of 25 Hz in the active group. The stimulation amplitude was individualized to 1mA below the discomfort threshold. Sham treatment did not deliver stimulation as electrical wiring in the electrode was removed. The choice of the VNS stimulation parameters applied was based on previous reports using the GammaCore and Parasym VNS devices. It is important to note, however, that as a proof-of-concept study, the present work was not designed to evaluate different stimulation parameters.




Preparation of Single Cell Suspensions From Murine Blood, Lung, and Spleen

All mice underwent submandibular blood sampling prior to (D7), during (D13) and after completion (D20) of their treatments. Blood (200μl) was collected in heparin-coated tubes (Sarstedt, Germany), centrifuged for 10 minutes at 2000g to separate blood cell pellets from plasma. While cell pellets were immediately analyzed, plasma samples were stored at -20°C for further analysis. At day 20 after tumor injection, mice were sacrificed by cervical dislocation and single cell suspensions from lung and spleen were prepared. Lungs were first perfused with 5ml PBS and transferred to 1ml Roswell Park Memorial Institute-1640 medium (RPMI-1640, Sigma-Aldrich) containing 300U/ml collagenase-I (Sigma-Aldrich). Tissues were cut to small pieces using scissors, incubated at 37°C for 45 minutes, and finally mechanically reduced using an 18G syringe until single cell suspensions could be passed through a 40μm strainer. Spleens were transferred to 1ml PBS, stamped with the plunger of a 3cc syringe and passed through a 40μm strainer. Cell pellets from blood, lung and spleen, were resuspended in 1ml red blood cell lysis buffer, incubated for 5 minutes, followed by a centrifugation and wash step with PBS before further analysis.



Murine Ex Vivo T Cell Restimulation Assay

Cell suspensions from murine lung tissue were cultured at 3 x 105 cells/100µl complete RPMI medium with 30ng/ml recombinant IL-2 (Peprotech) in the presence of 3 x 104 LLC cells. After 24 hours, supernatants were collected for evaluation of IFN-γ secretion via a mouse IFN-γ ELISA kit (Invitrogen, in accordance with the manufacturer’s guidelines). Cells were treated for an additional 4 hours with the protein transport inhibitor Golgi-stop (Monensin, BD Biosciences) prior to surface and intracellular staining for CD137, IL-2 and IFN-γ within the CD8+ T lymphocytes.



Isolation and Storage of Human Plasma and PBMCs

Peripheral blood (8ml) was collected in EDTA-coated tubes before (D0), during (D21) and at the end (D42) of the RT regimen. To isolate the peripheral blood mononuclear cells (PBMCs), samples were centrifuged at 2200 rpm for 10 minutes. While plasma was immediately stored at -80°C for further analysis, PBMCs were purified using LeucoSep tubes according to the manufacturers’ instructions (Greiner Bio-One). In brief, cell pellets were diluted with equal volumes of PBS before transfer to LeucoSep tubes and centrifugation at room temperature for 15 min at 800 rcf without brake. Next, the PBMCs were collected, washed twice in PBS and aliquoted before cryopreservation in liquid nitrogen.



Immunological Evaluation of Murine and Human Plasma

Concentrations of cytokines, chemokines and growth factors were evaluated on 12,5μl of murine plasma sample via cytokine bead array technology (BIO-RAD, Bio-Plex 200 System). More specifically the Bio-Plex Pro Mouse Chemokine Panel, 31-plex (BIO-RAD) and a Mouse TGF-β1 ELISA kit (Thermo Fisher Scientific) were used.

Concentrations of human TGF-β1, I-309/CCL1, ENA-78/CXCL5 and MDC/ADAM11 were measured using the respective human ELISA kits (Thermo Fisher Scientific) in accordance with the manufacturer’s instructions.



Histology

The large left lobe of each murine lung was fixed in buffered 4% formaldehyde and paraffin embedded. Tissue sections of 4μm were deparaffinized, hydrated and stained with haematoxylin, eosin and saffron (HES). The tissue sections were then dehydrated and mounted to allow histological evaluation. Immunohistochemistry images were acquired using a Leica DM 4000 microscope at 20x magnification.



Flow Cytometry Analysis

Staining of surface markers was performed for 30 minutes at 4°C in cold PBS containing 1% bovine serum albumin (BSA, Sigma-Aldrich) and 0.02% sodium azide (FACS buffer; Sigma-Aldrich). The respective fluorescently labeled antibodies are listed in Supplementary Tables 1 and 2 (Supplementary Material). To avoid non‐specific antibody binding, Fc receptors were first blocked by incubating all samples with CD16/32 antibody (BD Biosciences). For intracellular staining, cells were subsequently fixed and permeabilized using Cytofix/Cytoperm™ kit (BD Biosciences). Therefore, cells were washed using Perm/Wash buffer, resuspended in Fixation/Permeabilization solution for 20 minutes at 4°C. Next, samples were washed twice using the Perm/Wash buffer prior to staining with the anti-arginase-1-PE antibody (R&D systems, Abingdon, United Kingdom), diluted in Perm/Wash buffer for 30 minutes at 4°C. The stained cells were evaluated on an LSRFortessa flow cytometer (Beckton Dickinson) while analysis was performed with the FlowJo 10.5.3 software (Tree Star Inc., Ashland, OR, USA).



Statistical Methods

Two-tailed unpaired t-tests were used to determine the significance of differences. A P value ≤ 0.05 was used as cut-off value for significance. Aggregated data are presented in figures using mean values to represent the central tendency and standard error of the mean (SEM) to represent variability. All statistical analysis was computed using GraphPad Prism v 7.0.




Results


VNS Monotherapy Promotes a Local and Peripheral Anti-Tumor Immune Profile

The delicate balance between immune stimulatory effector cells and pro-tumoral suppressive immunocytes represents a critical determinant for lung cancer patient prognosis. Therefore, we first investigated the impact of VNS monotherapy on this balance within the lung TME and periphery (blood and spleen) of lung-tumor-bearing mice. More specifically, 11 days after C57BL/6 mice were challenged i.v. with LLC-Fluc cells, VNS (25Hz) or sham treatment was executed twice daily, for 4 consecutive days (Figure 1A). Blood samples were collected at D7 (baseline), 3 days after the first (D13) and 6 days after the last (D20) treatment, prior to euthanization. Aside from blood at D20, perfused lungs and spleens were also collected to evaluate the following immune fractions in flow cytometry: CD8+ CTLs, CD4+ T cells, CD19+ B cells, CD56+ NK cells, CD11c+ DCs, SiglecF+ alveolar macrophages (AMs), F4/80+ TAMs, CD25+/CD127- Tregs, Ly6G+ neutrophils and Ly6C+ monocytes. Gating strategies of lymphoid and myeloid cell populations are provided as Supplementary Material (Figure S1).




Figure 1 | Schematic representation of preclinical experimental setup and evaluation of immune cell populations in lung tumor bearing mice treated with VNS. (A) C57BL/6 mice were i.v. injected with 5x105 Fluc expressing LLC tumor cells. Seven days later in vivo BLI was performed to randomize mice with similar photon counts to the VNS treated, RT treated, RT+VNS treated or sham treated control group. Mice were daily treated with VNS (25Hz) and/or RT (3,2 Gy) for four consecutive days starting at day eleven after tumor injection. Blood samples were collected at day 7 (baseline), day 13 and day 20. On day 20 after tumor injection, mice were euthanized to collect perfused lungs and spleens. (B–E, H) Flow cytometric analysis of (B) CD8+ T cells, (C) CD4+ T cells, (D) CD56+ NK cells, (E) CD4+CD25+CD127- Tregs with on the right a representative dot plot from splenic CD4+CD25+CD127- Tregs from a sham or VNS treated animal and (H) CD11b+Ly6C+ monocytes in blood, spleen and lung TME. (F, G) Cell suspensions derived from murine lung tissue were co-cultured with LLC cells at a 10:1 ratio for 24 hours. Next, expression of IL-2, IFN-γ, CD137 (4-1BB) and PD-1 was assessed on the CD8+ T cells specifically using flow cytometry (F) and IFN-γ secretion was evaluated via a mouse IFN-γ ELISA kit (G). (I, J) Data obtained from a 31-plex cytokine array on plasma samples obtained from VNS or sham treated mice. (I) Heatmap of the 31 different cytokines, in which the meanfold change of each cytokine concentration compared to baseline is visually represented with red, white, and blue to indicate high, median, and low, respectively. (J) Box plots show the significant fold changes of ENA-78 (CXCL5), I-309 (CCL1), MDC (CCL22) next to the non-significant decrease of TGF-β in the same plasma samples. Data represent three pooled experiments six days after the last treatment. Data are shown as mean ± SD of n>9 (VNS) and n>6 (sham). *P < 0,0332; ****0,0001 by two-tailed unpaired t-tests. ns, non significant.



No marked lymphoid differences were observed for the fractions of CD8+ CTLs (Figure 1B), CD4+ helper T cells (Figure 1C) between sham and VNS treated animals. Interestingly, VNS did result in a non-significant trend towards more NK cells in the lung TME (Figure 1D) and a significantly reduced percentage of splenic CD4+/CD25+/CD127- Tregs (Figure 1E). To investigate the functional impact of VNS monotherapy on the tumor infiltrated CD8+ lymphocytes, we co-cultured lung tumor derived cells from sham and VNS treated animals with LLC cells at ratio 10:1 in vitro. Twenty-four hours later, expression of the following functional markers on the CD8+ TILs was assessed via flow cytometry: CD137 (4-1BB), IL-2, IFN-γ and PD-1. We observed a significant increase of IFN-γ and CD137 in the CTLs derived from VNS treated mice (Figure 1F). Moreover, within the supernatants a confirmative -yet not significant- trend for enhanced IFN-γ secretion upon VNS was shown by ELISA (Figure 1G), suggesting that VNS treatment ameliorated the cytotoxic profile of lung tumor infiltrated CTLs.

When we assessed changes in the myeloid compartment of blood, spleen and lung, VNS treatment did not seem to result in any significant changes in the abundance of DCs, AMs, TAMs nor neutrophils (data not shown) except for a non-significant trend towards more monocytes in the lung TME (Figure 1H). To further decipher the systemic immunomodulatory effects of VNS, we analyzed plasma levels of 32 cytokines and chemokines (Figures 1I, J). As depicted in Figure 1J, VNS treatment resulted in a significant reduction of I-309/CCL1 and MDC/CCL22, which is in line with peripheral reduction of Tregs, since both have been described to regulate Treg recruitment in murine cancer models (51–55). Although we did not see any changes in the neutrophilic fraction, multiplex analysis did show a significant reduction in the plasma levels of the neutrophil-attracting chemokine ENA-78/CXCL5 (Figure 1J). In addition, there was a non-significant trend towards reduced plasma levels of TGF-β, renowned for its negative effect on anti-tumor immunity by suppressing immune effector cell functions of, amongst others, CTLs, CD4+ T cells and NK cells while promoting the generation and recruitment of Tregs (56–61).



VNS Specifically Enhances RT-Mediated Immune Stimulation of Lung Infiltrated CTLs

Using a similar experimental setup and lung tumor model as depicted in Figure 1A, we previously observed that fractionated RT results in significant reduction of lung tumor growth (22). However, we and others showed that fractionated RT results in a reduction of the tumor infiltrated CD8+ CTL fraction, while the abundance of immunosuppressive myeloid cells increased. To investigate the impact of VNS on these fluctuations, LLC-Fluc bearing mice were treated with RT in combination with sham (four consecutive daily fractions of 3.2 Gy) or in combination with VNS (25Hz) 2 times daily (Figure 1A). Flow cytometric analysis of blood, spleen and the lung TME showed that VNS had no impact on the RT-induced reduction of CD8+ T cells (Figure 2A) nor on the RT-mediated rise in tumor infiltrated CD4+ T cells (Figure 2B). In addition, no significant changes were found for the numbers of NK cells nor Tregs between mice treated with RT + sham and RT + VNS (Figures 2C, D). Notably, VNS did ameliorate the RT-induced increase of IFN-γ+ TILs and VNS of RT treated animals further resulted in a significantly reduced expression of PD-1 in the lung TME-residing CTLs (Figure 2E). While for the myeloid subsets evaluated in the periphery and lung TME, no significant changes were found, the levels of splenic CD11b+ Ly6G- Ly6Chi monocytes did reduce significantly upon RT + VNS compared to RT + sham (Figure 2F). Finally, no significant changes in any of the 32 different chemo- and cytokines were found in the plasma of mice treated with RT + sham and RT + VNS (data not shown). To evaluate the therapeutic impact of VNS alone or on RT treatment, orthotopic lung tumor growth was assessed via BLI (Figures 3A, B) and immunohistochemistry (Figures 3C, D). VNS monotherapy as well as in combination with RT did not result in tumor growth reduction compared to sham alone or RT + sham respectively (Figures 3B, D).




Figure 2 | Evaluation of immune cell populations in lung tumor bearing mice treated with RT+VNS. Flow cytometric analysis of lymphoid (A) CD8+ T cells, (B) CD4+ T cells, (C) CD56+ NK cells, (D) CD4+CD25+CD127- Tregs in blood spleen and lung TME. (E) Cell suspensions from murine lung tissue were co-cultured with LLC cells at ratio 10:1 in vitro. After 24 hours, CD8+ TIL expression of the function markers IL-2, IFN-γ, CD137 (4-1BB) and PD-1 was assessed via flow cytometry. (F) Flow cytometric analysis of myeloid CD11b+Ly6C+ monocytes in blood spleen and lung TME. Of note, the sham group in this figure represents the same group as in . Data represent three pooled experiments six days after the last treatment. Data are shown as mean ± SD of n=13 (RT) and n=14 (VNS+RT). *P < 0,0332; **0,0021; ***0,0002; ****0,0001 by two-tailed unpaired t-tests. ns, non significant.






Figure 3 | Therapeutic impact of VNS mono- or combitreatment with RT. (A, B) On day 7 and 19, lung tumors were evaluated using in vivo BLI. Images of two animals from 4 different treatment groups on (A) day 7 and (B) day 19 with the integrated light signal of 7 minutes at peak activity and photon counts as a measure of tumor size according to ROI. (C) Lung histopathology of formalin-fixed, paraffin-embedded lung tissue stained with HES. (D) Histology measured nodule volume shown as percentage (%) of total lung volume. Data are shown as mean ± SD of n=4 (sham), n=5 (VNS), n=5 (RT) and n=5 (VNS+RT). *P < 0,0332 by two-tailed unpaired t-tests. ns, non significant.





VNS of RT Treated NSCLC Patients Slightly Improves the Serological Immune Balance

To gain more insights into the potential immunomodulatory effect of VNS on RT treated NSCLC patients, we performed a pilot clinical study. Here we analyzed the effect of VNS on the composition of PBMCs in patients with locally advanced NSCLC receiving ccRTCT. We collected blood samples from 7 patients (n=3 standard ccRTCT, n=4 standard ccRTCT + VNS) before (D1), during (D21) and at the end of their treatment (D42) (Figure 4A) to analyze cellular and molecular changes. Patients’ and tumor characteristics are summarized in Table 1.




Figure 4 | Schematic representation of the clinical trial and impact on lymphoid and myeloid cell populations in NSCLC patients. (A) Subjects’ visit schedule. Bloods were drawn before the first VNS treatment was performed (baseline), after 3 weeks of ccRTCT (D21) and at the end of ccRTCT (D42). Flow cytometric analysis comparing the levels of (B) CD8+ T cells, (C) CD4+ T cells, (D) CD25+CD127- Tregs, (E) NK cells, (F) DC, (G) CD14+CD15−HLA-DRlo/– monocytes and (H) CD11b+CD14−CD15+ neutrophils in both cohorts. Adjusted serum levels (normalized against baseline levels) of the prognostic markers (I) CEA and (J) NLR. ns, non significant.




Table 1 | Patients characteristics at baseline.



To determine the numbers of circulating T lymphocytes, DCs, NK cells, monocytes (CD14+CD15−HLA-DRlo/–) and neutrophils (CD11b+CD14−CD15+), we performed flow cytometry on freshly isolated blood samples. The gating strategies of the different lymphoid and myeloid cell populations are provided as Supplementary material (Figure S2). In line with our preclinical murine findings, the proportions of CD8+ and CD4+ T cells did not differ between the standard ccRTCT group and the investigational ccRTCT + VNS group (Figures 4B, C). While we did find a reduction in splenic Tregs upon VNS treatment of tumor bearing animals, no changes in murine blood Tregs were found, again in line with the lack of changes in blood Tregs upon VNS treatment of NSCLC patients (Figure 4D). To test the functionality of CD8+ T cells, we determined the expression of CD107a, IFN-γ, Granzyme-B and PD-1, showing no substantial differences between the two treatment groups (data not shown). The number of anti-tumoral NK cells and DCs within the fraction of blood mononuclear cells remained stable during the 6 weeks of ccRTCT while these populations slightly increased in the ccRTCT + VNS group (Figures 4E, F). Whereas VNS had systemic immunomodulatory effects on the following 3 murine chemokines, I-309/CCL1, MDC/CCL22 and ENA-78/CXCL5, we found no indication for an effect on their human isoform (data not shown) nor any changes in the fraction of monocytes (Figure 4G). Comparing levels of neutrophils, we found a more pronounced increase of neutrophils in the standard treatment group compared to the investigational group (Figure 4H). In advanced NSCLC, peripheral blood biomarkers including the tumor marker carcinoembryonic antigen (CEA) and the neutrophil over lymphocyte ratio (NLR) have been proposed as prognostic biomarkers useful for treatment monitoring (62). In particular, higher CEA and NLR have shown a significant association with worse outcomes (15, 62, 63). When serum levels of CEA were extracted from the electronic patient record system, no differences in the frequency between NSCLC patients receiving the conventional treatment compared to the experimental combination treatment were found (Figure 4I). While ccRTCT treated patients showed a slight increase in NLR, this level decreased in the ccRTCT + VNS group, suggestive for a trend towards VNS-installed reduction of the NLR (Figure 4J).




Discussion

In this study, we explored the possible therapeutic value of the vagal nerve as an adjuvant treatment for RT. Precisely, we assessed whether transcutaneous VNS alters RT-induced immunosuppression in favor of more functional antitumor effector cells.

In mice we observed VNS-induced alterations in the immune response, such as the significant decrease in the splenic Treg population. Tregs are a subpopulation of CD4+ T helper cells capable of suppressing cytotoxic T cell responses (64). In many malignant diseases, immunosuppression by Tregs is known to play a central role in tumor immune escape and high Treg/CD8+ T cell ratios are correlated with a poor clinical outcome for NSCLC patients (65). Moreover, the induction of intratumoral Tregs is, in part, responsible for the development of resistance to anti-PD-1 therapy and PD-1hi CD8+ T cells (66). Our results further show that both CCL1 and CCL22 are downregulated following VNS. In the murine LLC model, CCL22 has been identified as a chemokine involved in the recruitment of Tregs (67), while CCL1 was recently found to play a role in intratumoral accumulation of Tregs by driving the conversion of Tregs and enhancing their expressive function (55). In addition, CCL1 has been shown to stimulate the chemotaxis of neutrophils and as such possesses angiogenic properties, implicated in tumor growth, migration and invasion in NSCLC (68). In addition, VNS treatment improved the functional orientation of tumor infiltrated CD8+ T cells as evidenced by increased expression of IFN-γ and CD137. As several studies have shown the importance of CD137+ TILs and IFN-γ-producing cytotoxic CD8+ T cells for effective antitumor immunity (69, 70), the VNS-mediated stimulation of these CTLs could, next to the Treg decrease, also be responsible in part for the modest reduction in tumor burden upon VNS monotherapy.

Previously we showed that RT has several immune-suppressive consequences within the lung TME such as reduced numbers of matured antigen presenting cells and CTLs next to increased numbers of Tregs and MDSCs (22). While VNS in combination with RT did not significantly reduce any of these immunosuppressive alterations, it did result in a trend towards increased fractions of IFN-γ TILs. In accordance, we did not observe any significant changes in the serological levels of chemokines and cytokines between the RT + sham and RT + VNS treated groups. Notably, we further found that effector TILs of mice treated with RT + VNS expressed significant lower levels of PD-1 and thus are likely less susceptible to PD-L1-mediated immune suppression. Findings that are consistent with a study showing that sympathetic nerve denervation of tumors did not alter the number of CD4+ or CD8+ TILs but suppressed the expression of PD-1 on CD8+ TILs (71). In addition, VNS did significantly reduce the percentage of RT-induced splenic CD11b+ Ly6G- Ly6Chi monocytes. Of note, the addition of VNS to untreated (sham only) or RT treated mice, did not reduce tumor progression yet VNS did significantly augment the fraction of IFN-γ+ CD8+ T cells within the lung TME. Hence, VNS might be valuable to aid in tipping the balance from an overall suppressive to a more tumoricidal immune response especially in patients who qualify for RT in combination with immunotherapy. Yet more research will need to be performed to clarify the optimal doses and combination strategies. Taken together, our preclinical data do not support a slowed tumor growth upon VNS but a immunostimulatory effect on the intratumoral CD8+ T cells of RT treated lung tumor bearing mice.

Importantly, our murine results revealed that the impact of VNS treatment was limited to immune subsets in spleen and lung TME whereas no effects were observed in peripheral blood.

Using longitudinally collected blood samples from NSCLC patients, we identified several insignificant trends in immune cell shifts following VNS. Next to the elevation of NK cells and DCs, both linked to anti-tumor immunity, combinatorial ccRTCT + VNS resulted in lower levels of neutrophils compared to standard ccRTCT treated patients. In advanced NSCLC, a higher NLR has been shown to be a strong prognostic marker associated with an adverse prognosis (72), suggesting that our results are consistent with a potentially immunostimulatory effect of VNS.

So far, we were unable to identify significant differences in the human cohort. Apart from the lack of a large sample size, this might be linked to the large interpatient variation of our cohort regarding e.g tumor stage and histological subtype. Moreover, we want to stress that we were unable to show any significant changes in the evaluated blood samples derived from the NSCLC patient cohort as well as the VNS treated tumor-bearing mice. As we did observe significant immunological changes in the spleen and lung TME of VNS treated tumor-bearing mice, VNS seems more likely to affect the immune composition in spleen and lung TME than blood samples. An observation that is in line with a recent plea for more focus on patient-derived tissue than blood evaluation to unravel the immunological riddles that are at play during tumor progression and treatment (73). Hence, our study shows that future clinical evaluation of VNS should use a larger sample size, classify patients into different groups and aim to assess molecular and cellular changes at the tumor site.



Conclusions

Our clinical and preclinical data suggest that VNS withholds potential to ameliorate local antitumor immunity as monotherapy as well as in combination with RT. Hence, we believe that assessing possible synergy between VNS and immunotherapies like ICIs and vaccination is the next step towards more VNS applications for cancer therapy. Yet, our data also reveal that larger clinical trials are indispensable to disclose the most optimal VNS stimulation parameters for its use as cancer monotherapy or as an adjuvant regimen. Altogether, our clinical data confirm that daily non-invasive transcutaneous VNS over period of 6 weeks in combination with (chemo)radiotherapy is feasible and well-tolerate by NSCLC patients, paving the way for more translation VNS studies in the immune-oncology field.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Commissie Medische Ethiek UZ Brussel. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Ethics Committee of the Vrije Universiteit Brussel.



Author Contributions

Conception and design, ER, CG, and YG. Development of methodology, ER and CG. Acquisition of data, ER and CG. Analysis and interpretation of data, ER, KD, and CG. Writing, review, and/or revision of the manuscript, ER, SD, HV, KD, TG, ED, LB, CC, LD, MDC, DL, JD, MDR, YG, and CG. Administrative, technical, or material support, ER, SD, HV, KD, TG, ED, and CG. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by research grants from Kom op Tegen Kanker (Stand up to Cancer), Fonds Wetenschappelijk Onderzoek Vlaanderen (FWO-V – grant number: 1515718N), Wetenschappelijk Fonds Willy Gepts and the Vrije Universiteit Brussel under the strategic research program scheme (grant SRP48).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.772555/full#supplementary-material



References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer Statistics, 2021. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

2. Memmott, RM, Wolfe, AR, Carbone, DP, and Williams, TM. Predictors of Response, Progression-Free Survival, and Overall Survival in Patients With Lung Cancer Treated With Immune Checkpoint Inhibitors. J Thorac Oncol (2021) 16:1086–98. doi: 10.1016/j.jtho.2021.03.017

3. Liu, L, Bai, H, Wang, C, Seery, S, Wang, Z, Duan, J, et al. Efficacy and Safety of First-Line Immunotherapy Combinations for Advanced NSCLC: A Systematic Review and Network Meta-Analysis. J Thorac Oncol (2021) 16(7):1099–117. doi: 10.1016/j.jtho.2021.03.016

4. Hanahan, D, and Weinberg, RA. Hallmarks of Cancer: The Next Generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

5. Mittal, D, Gubin, MM, Schreiber, RD, and Smyth, MJ. New Insights Into Cancer Immunoediting and Its Three Component Phases-Elimination, Equilibrium and Escape. Curr Opin Immunol (2014) 27:16–25. doi: 10.1016/j.coi.2014.01.004

6. Liu, Y, and Zeng, G. Cancer and Innate Immune System Interactions: Translational Potentials for Cancer Immunotherapy. J Immunother (2012) 35(4):299–308. doi: 10.1097/CJI.0b013e3182518e83

7. Mellman, I, Coukos, G, and Dranoff, G. Cancer Immunotherapy Comes of Age. Nature (2011) 480(7378):480–9. doi: 10.1038/nature10673

8. Palucka, K, and Banchereau, J. Cancer Immunotherapy via Dendritic Cells. Nat Rev Cancer. (2012) 12(4):265–77. doi: 10.1007/978-3-7091-1300-4_4

9. Yan, D, and Chen, Y. Tumor Mutation Burden (TMB)-Associated Signature Constructed to Predict Survival of Lung Squamous Cell Carcinoma Patients. Sci Rep (2021) 11(1):9020. doi: 10.1038/s41598-021-88694-7

10. Chen, B, Li, H, Liu, C, Xiang, X, Wang, S, Wu, A, et al. Prognostic Value of the Common Tumour-Infiltrating Lymphocyte Subtypes for Patients With Non-Small Cell Lung Cancer: A Meta-Analysis. PloS One (2020) 15(11 November):1–19. doi: 10.1371/journal.pone.0242173

11. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer Immunoediting: Integrating Immunity’s Roles in Cancer Suppression and Promotion. Science (2011) 331(6024):1565–70. doi: 10.1126/science.1203486

12. Lavin, Y, Kobayashi, S, Leader, A, Amir E ad, D, Elefant, N, Bigenwald, C, et al. Innate Immune Landscape in Early Lung Adenocarcinoma by Paired Single-Cell Analyses. Cell (2017) 169(4):750–65.e17. doi: 10.1016/j.cell.2017.04.014

13. Lambrechts, D, Wauters, E, Boeckx, B, Aibar, S, Nittner, D, Burton, O, et al. Phenotype Molding of Stromal Cells in the Lung Tumor Microenvironment. Nat Med 24(8):1277–89. doi: 10.1038/s41591-018-0096-5

14. Balkwill, F, and Mantovani, A. Inflammation and Cancer: Back to Virchow? Lancet (2001) 357:539–45. doi: 10.1016/S0140-6736(00)04046-0

15. Ren, F, Zhao, T, Liu, B, and Pan, L. Neutrophil-Lymphocyte Ratio (NLR) Predicted Prognosis for Advanced Non-Small-Cell Lung Cancer (NSCLC) Patients Who Received Immune Checkpoint Blockade (ICB). Onco Targets Ther (2019) 12:4235–44. doi: 10.2147/OTT.S199176

16. Weber, R, Fleming, V, Hu, X, Nagibin, V, Groth, C, Altevogt, P, et al. Myeloid-Derived Suppressor Cells Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front Immunol (2018) 9:1310. doi: 10.3389/fimmu.2018.01310

17. Huang, A, Zhang, B, Wang, B, Zhang, F, Fan, KX, and Guo, YJ. Increased CD14+HLA-DR-/Low Myeloid-Derived Suppressor Cells Correlate With Extrathoracic Metastasis and Poor Response to Chemotherapy in Non-Small Cell Lung Cancer Patients. Cancer Immunol Immunother (2013) 62(9):1439–51. doi: 10.1007/s00262-013-1450-6

18. Chen, HM, Ma, G, Gildener-Leapman, N, Eisenstein, S, Coakley, BA, Ozao, J, et al. Myeloid-Derived Suppressor Cells as an Immune Parameter in Patients With Concurrent Sunitinib and Stereotactic Body Radiotherapy. Clin Cancer Res (2015) 21(18):4073–85. doi: 10.1158/1078-0432.CCR-14-2742

19. Mengos, AE, Gastineau, DA, and Gustafson, MP. The CD14+HLA-DrlO/NEG Monocyte: An Immunosuppressive Phenotype That Restrains Responses to Cancer Immunotherapy. Front Immunol (2019) 10:1147. doi: 10.3389/fimmu.2019.01147

20. Gaipl, US, Rödel, F, Pockley, AG, Demaria, S, Wennerberg, E, Lhuillier, C, et al. Article 229 1 and Demaria S (2017) Barriers to Radiation-Induced In Situ Tumor Vaccination. Front Immunol (2017) 8:229. doi: 10.3389/fimmu.2017.00229

21. Ngwa, W, Credit Irabor, O, Schoenfeld, JD, Hesser, J, Demaria, S, and Formenti, SC. Using Immunotherapy to Boost the Abscopal Effect. (2018) 18(5):313–22. doi: 10.1038/nrc.2018.6

22. Reijmen, E, De Mey, S, De Mey, W, Gevaert, T, De Ridder, K, Locy, H, et al. Fractionated Radiation Severely Reduces the Number of CD8+ T Cells and Mature Antigen Presenting Cells Within Lung Tumors. Int J Radiat Oncol (2021) 111(1):272–83. doi: 10.1016/j.ijrobp.2021.04.009

23. Antoni, MH, Lutgendorf, SK, Cole, SW, Dhabhar, FS, Sephton, SE, McDonald, PG, et al. The Influence of Bio-Behavioural Factors on Tumour Biology: Pathways and Mechanisms. Nat Rev Cancer. (2006) 6(3):240–8. doi: 10.1038/nrc1820

24. Nance, DM, and Sanders, VM. Autonomic Innervation and Regulation of the Immune System (1987-2007). Brain Behav Immunity (2007) 21(6):736–45. doi: 10.1016/j.bbi.2007.03.008

25. Marino, F, and Cosentino, M. Adrenergic Modulation of Immune Cells: An Update. Amino Acids (2013) 45(1):55–71. doi: 10.1007/s00726-011-1186-6

26. Cole, SW, and Sood, AK. Molecular Pathways: Beta-Adrenergic Signaling in Cancer. Clin Cancer Res (2012) 18(5):1201–6. doi: 10.1158/1078-0432.CCR-11-0641

27. Eng, JWL, Kokolus, KM, Reed, CB, Hylander, BL, Ma, WW, and Repasky, EA. A Nervous Tumor Microenvironment: The Impact of Adrenergic Stress on Cancer Cells, Immunosuppression, and Immunotherapeutic Response. Cancer Immunol Immunother (2014) 63(11):1115–28. doi: 10.1007/s00262-014-1617-9

28. Qiao, G, Chen, M, Bucsek, MJ, Repasky, EA, and Hylande, BL. Adrenergic Signaling: A Targetable Checkpoint Limiting Development of the Antitumor Immune Response. Front Immunol (2018) 9:164. doi: 10.3389/fimmu.2018.00164

29. Eng, JWL, Reed, CB, Kokolus, KM, Pitoniak, R, Utley, A, Bucsek, MJ, et al. Housing Temperature-Induced Stress Drives Therapeutic Resistance in Murine Tumour Models Through β2-Adrenergic Receptor Activation. Nat Commun (2015) 6:6426. doi: 10.1158/2326-6074.TUMIMM14-B72

30. Magnon, C, Hall, SJ, Lin, J, Xue, X, Gerber, L, Freedland, SJ, et al. Autonomic Nerve Development Contributes to Prostate Cancer Progression. Science (80-) (2013) 341(6142):1236361. doi: 10.1126/science.1236361

31. Cole, SW, Nagaraja, AS, Lutgendorf, SK, Green, PA, and Sood, AK. Sympathetic Nervous System Regulation of the Tumour Microenvironment. Nat Rev Cancer (2015) 15(9):563–72. doi: 10.1038/nrc3978

32. Sloan, EK, Priceman, SJ, Cox, BF, Yu, S, Pimentel, MA, Tangkanangnukul, V, et al. The Sympathetic Nervous System Induces a Metastatic Switch in Primary Breast Cancer. Cancer Res (2010) 70(18):7042–52. doi: 10.1158/0008-5472.CAN-10-0522

33. Sherwood, L. Human Physiology: From Cells to Systems. In: Cengage Learning, 9th revised. Belmont, CA: The Neuroscientist (2019).

34. Andersson, U, and Tracey, KJ. Reflex Principles of Immunological Homeostasis. Annu Rev Immunol (2012) 30:313–35. doi: 10.1146/annurev-immunol-020711-075015

35. Rosas-Ballina, M, Ochani, M, Parrish, WR, Ochani, K, Harris, YT, Huston, JM, et al. Splenic Nerve Is Required for Cholinergic Antiinflammatory Pathway Control of TNF in Endotoxemia. Proc Natl Acad Sci USA (2008) 105(31):11008–13. doi: 10.1073/pnas.0803237105

36. Rosas-Ballina, M, Olofsson, PS, Ochani, M, Valdés-Ferrer, SI, Levine, YA, Reardon, C, et al. Acetylcholine-Synthesizing T Cells Relay Neural Signals in a Vagus Nerve Circuit. Sci (80-) (2011) 334(6052):98–101. doi: 10.1126/science.1209985

37. Tracey, KJ. Reflexes in Immunity. Cell (2016) 164(3):343–4. doi: 10.1016/j.cell.2016.01.018

38. Sanders, TH, Weiss, J, Hogewood, L, Chen, L, Paton, C, McMahan, RL, et al. Cognition-Enhancing Vagus Nerve Stimulation Alters the Epigenetic Landscape. J Neurosci (2019) 39(18):3454–69. doi: 10.1523/JNEUROSCI.2407-18.2019

39. Reijmen, E, Vannucci, L, De Couck, M, De Grève, J, and Gidron, Y. Therapeutic Potential of the Vagus Nerve in Cancer. Immunol Lett (2018) 202:38–43. doi: 10.1016/j.imlet.2018.07.006

40. Dubeykovskaya, Z, Si, Y, Chen, X, Worthley, DL, Renz, BW, Urbanska, AM, et al. Neural Innervation Stimulates Splenic TFF2 to Arrest Myeloid Cell Expansion and Cancer. Nat Commun (2016) 7:10517. doi: 10.1038/ncomms10517

41. Mohammadpour, H, MacDonald, CR, Qiao, G, Chen, M, Dong, B, Hylander, BL, et al. B2 Adrenergic Receptor-Mediated Signaling Regulates the Immunosuppressive Potential of Myeloid-Derived Suppressor Cells. J Clin Invest (2019) 129(12):5537–52. doi: 10.1158/1538-7445.SABCS19-P3-01-02

42. Erin, N. Role of Sensory Neurons, Neuroimmune Pathways, and Transient Receptor Potential Vanilloid 1 (TRPV1) Channels in a Murine Model of Breast Cancer Metastasis. Cancer Immunol Immunother (2020) 69(2):307–14. doi: 10.1007/s00262-019-02463-0

43. Erin, N, Boyer, PJ, Bonneau, RH, Clawson, GA, and Welch, DR. Capsaicin-Mediated Denervation of Sensory Neurons Promotes Mammary Tumor Metastasis to Lung and Heart. Anticancer Res (2004) 24(2B):1003–9.

44. Erin, N, Akdas Barkan, G, Harms, JF, and Clawson, GA. Vagotomy Enhances Experimental Metastases of 4thmpc Breast Cancer Cells and Alters Substance P Level. Regul Pept (2008) 151(1-3):35–42. doi: 10.1016/j.regpep.2008.03.012

45. Erin, N, Duymuş, Ö, Öztürk, S, and Demir, N. Activation of Vagus Nerve by Semapimod Alters Substance P Levels and Decreases Breast Cancer Metastasis. Regul Pept (2012) 179(1-3):101–8. doi: 10.1016/j.regpep.2012.08.001

46. Mouton, C, Ronson, A, Razavi, D, Delhaye, F, Kupper, N, Paesmans, M, et al. The Relationship Between Heart Rate Variability and Time-Course of Carcinoembryonic Antigen in Colorectal Cancer. Auton Neurosci Basic Clin (2012) 166(1-2):96–9. doi: 10.1016/j.autneu.2011.10.002

47. Gidron, Y, De Couck, M, Schallier, D, De Greve, J, Van Laethem, JL, and Maréchal, R. The Relationship Between a New Biomarker of Vagal Neuroimmunomodulation and Survival in Two Fatal Cancers. J Immunol Res (2018) 2018:4874193. doi: 10.1155/2018/4874193

48. Giese-Davis, J, Wilhelm, FH, Tamagawa, R, Palesh, O, Neri, E, Taylor, CB, et al. Higher Vagal Activity as Related to Survival in Patients With Advanced Breast Cancer: An Analysis of Autonomic Dysregulation. Psychosom Med (2015) 77(4):346–55. doi: 10.1097/PSY.0000000000000167

49. Hastir, J-F, Delbauve, S, Larbanoix, L, Germanova, D, Goyvaerts, C, Allard, J, et al. Hepatocarcinoma Induces a Tumor Necrosis Factor-Dependent Kupffer Cell Death Pathway That Favors Its Proliferation Upon Partial Hepatectomy. Front Oncol (2020) 10:547013. doi: 10.3389/fonc.2020.547013

50. Keyaerts, M, Verschueren, J, Bos, TJ, Tchouate-Gainkam, LO, Peleman, C, Breckpot, K, et al. Dynamic Bioluminescence Imaging for Quantitative Tumour Burden Assessment Using IV or IP Administration of D: -Luciferin: Effect on Intensity, Time Kinetics and Repeatability of Photon Emission. Eur J Nucl Med Mol Imaging (2008) 35:999–1007. doi: 10.1007/s00259-007-0664-2

51. Mailloux, AW, and Young, MRI. NK-Dependent Increases in CCL22 Secretion Selectively Recruits Regulatory T Cells to the Tumor Microenvironment. J Immunol (2009) 182(5):2753–65. doi: 10.4049/jimmunol.0801124

52. Maruyama, T, Kono, K, Izawa, S, Mizukami, Y, Kawaguchi, Y, Mimura, K, et al. CCL17 and CCL22 Chemokines Within Tumor Microenvironment Are Related to Infiltration of Regulatory T Cells in Esophageal Squamous Cell Carcinoma. Dis Esophagus (2010) 23(5):422–9. doi: 10.1111/j.1442-2050.2009.01029.x

53. Barsheshet, Y, Wildbaum, G, Levy, E, Vitenshtein, A, Akinseye, C, Griggs, J, et al. CCR8+FOXp3+ Treg Cells as Master Drivers of Immune Regulation. Proc Natl Acad Sci USA (2017) 114(23):6086–91. doi: 10.1073/pnas.1621280114

54. Xu, Y, Dong, X, Qi, P, Ye, Y, Shen, W, Leng, L, et al. Sox2 Communicates With Tregs Through CCL1 to Promote the Stemness Property of Breast Cancer Cells. Stem Cells (2017) 35(12):2351–65. doi: 10.1002/stem.2720

55. Hoelzinger, DB, Smith, SE, Mirza, N, Dominguez, AL, Manrique, SZ, and Lustgarten, J. Blockade of CCL1 Inhibits T Regulatory Cell Suppressive Function Enhancing Tumor Immunity Without Affecting T Effector Responses. J Immunol (2010) 184(12):6833–42. doi: 10.4049/jimmunol.0904084

56. Yang, L, Pang, Y, and Moses, HL. TGF-β and Immune Cells: An Important Regulatory Axis in the Tumor Microenvironment and Progression. Trends Immunol (2010) 31(6):220–7. doi: 10.1016/j.it.2010.04.002

57. Caja, F, and Vannucci, L. Tgfβ: A Player on Multiple Fronts in the Tumor Microenvironment. J Immunotoxicol (2015) 12(3):300–7. doi: 10.3109/1547691X.2014.945667

58. Park, H-Y, Wakefield, LM, and Mamura, M. Regulation of Tumor Immune Surveillance and Tumor Immune Subversion by TGF-β. Immune Netw (2009) 9(4):122–6. doi: 10.4110/in.2009.9.4.122

59. Sanjabi, S, Oh, SA, and Li, MO. Regulation of the Immune Response by TGF-β: From Conception to Autoimmunity and Infection. Cold Spring Harb Perspect Biol (2017) 9(6):a022236. doi: 10.1101/cshperspect.a022236

60. Winkler, I, Wilczynska, B, Bojarska-Junak, A, Gogacz, M, Adamiak, A, Postawski, K, et al. Regulatory T Lymphocytes and Transforming Growth Factor Beta in Epithelial Ovarian Tumors-Prognostic Significance. J Ovarian Res (2015) 8:39. doi: 10.1186/s13048-015-0164-0

61. Wu, M, Chen, X, Lou, J, Zhang, S, Zhang, X, Huang, L, et al. TGF-β1 Contributes to CD8+ Treg Induction Through P38 MAPK Signaling in Ovarian Cancer Microenvironment. Oncotarget (2016) 7(28):44534–44. doi: 10.18632/oncotarget.10003

62. Wang, J, Zhang, N, Li, B, Wang, Z, Sun, H, Yi, Y, et al. Decline of Serum CYFRA21-1 During Chemoradiotherapy of NSCLC: A Probable Predictive Factor for Tumor Response. Tumour Biol (2011) 32(4):689–95. doi: 10.1007/s13277-011-0169-2

63. Diem, S, Schmid, S, Krapf, M, Flatz, L, Born, D, Jochum, W, et al. Neutrophil-To-Lymphocyte Ratio (NLR) and Platelet-To-Lymphocyte Ratio (PLR) as Prognostic Markers in Patients With Non-Small Cell Lung Cancer (NSCLC) Treated With Nivolumab. Lung Cancer (2017) 111:176–81. doi: 10.1016/j.lungcan.2017.07.024

64. Sakaguchi, S, Yamaguchi, T, Nomura, T, and Ono, M. Regulatory T Cells and Immune Tolerance. Cell (2008) 133(5):775–87. doi: 10.1016/j.cell.2008.05.009

65. Kotsakis, A, Koinis, F, Katsarou, A, Gioulbasani, M, Aggouraki, D, Kentepozidis, N, et al. Prognostic Value of Circulating Regulatory T Cell Subsets in Untreated Non-Small Cell Lung Cancer Patients. Sci Rep (2016) 6:39247. doi: 10.1038/srep39247

66. Ngiow, SF, Young, A, Jacquelot, N, Yamazaki, T, Enot, D, Zitvogel, L, et al. A Threshold Level of Intratumor CD8+ T-Cell PD1 Expression Dictates Therapeutic Response to Anti-PD1. Cancer Res (2015) 75(18):3800–11. doi: 10.1158/0008-5472.CAN-15-1082

67. Zhou, J, Xiang, Y, Yoshimura, T, Chen, K, Gong, W, Huang, J, et al. The Role of Chemoattractant Receptors in Shaping the Tumor Microenvironment. Biomed Res Int (2014) 2014:751392. doi: 10.1155/2014/751392

68. Arenberg, DA, Keane, MP, DiGiovine, B, Kunkel, SL, Morris, SB, Xue, YY, et al. Epithelial-Neutrophil Activating Peptide (ENA-78) Is an Important Angiogenic Factor in Non-Small Cell Lung Cancer. J Clin Invest (1998) 102(3):465–72. doi: 10.1172/JCI3145

69. Ye, Q, Song, DG, Poussin, M, Yamamoto, T, Best, A, Li, C, et al. CD137 Accurately Identifies and Enriches for Naturally Occurring Tumor-Reactive T Cells in Tumor. Clin Cancer Res (2014) 20(1):44–55. doi: 10.1158/1078-0432.CCR-13-0945

70. Higgs, BW, Morehouse, CA, Streicher, K, Brohawn, PZ, Pilataxi, F, Gupta, A, et al. Interferon Gamma Messenger RNA Signature in Tumor Biopsies Predicts Outcomes in Patients With Non–Small Cell Lung Carcinoma or Urothelial Cancer Treated With Durvalumab. Clin Cancer Res (2018) 24(16):3857–66. doi: 10.1158/1078-0432.CCR-17-3451

71. Kamiya, A, Hayama, Y, Kato, S, Shimomura, A, Shimomura, T, Irie, K, et al. Genetic Manipulation of Autonomic Nerve Fiber Innervation and Activity and Its Effect on Breast Cancer Progression. Nat Neurosci (2019) 22(8):1289–305. doi: 10.1038/s41593-019-0430-3

72. Zhang, H, Zhang, L, Zhu, K, Shi, B, Yin, Y, Zhu, J, et al. Prognostic Significance of Combination of Preoperative Platelet Count and Neutrophil-Lymphocyte Ratio (COP-NLR) in Patients With Non-Small Cell Lung Cancer: Based on a Large Cohort Study. PloS One (2015) 10(5):e0126496. doi: 10.1371/journal.pone.0126496

73. Farber, DL. Tissues, Not Blood, Are Where Immune Cells Function. Nature (2021) 593:506–9. doi: 10.1038/d41586-021-01396-y




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 © 2021 Reijmen, De Mey, Van Damme, De Ridder, Gevaert, De Blay, Bouwens, Collen, Decoster, De Couck, Laoui, De Grève, De Ridder, Gidron and Goyvaerts. 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-12-772555-g002.jpg
O Sham
m  RT+sham

RT + VNS
o CD8" Tcells 8 €D4" Tcells &
& " .
sef T =
e~ @ leks go= 2
Bof®ix LT UER
§ LTI 8" ¢ ®
3 ] 3 H
e Blood ‘Spleen. Lung. Bicod ‘Spleen. Lung Lung.
CD8" T cell activation o Monocytes
5000y .L 0- =y
3 oo wi
§ oit =
o] ot
H §, gt
L) £ . 3

Wy corsr P8





OEBPS/Images/fimmu-12-772555-g003.jpg
R+ sham AT+ s

i

i
h

o
Notrestment s Hes

/s N
,'A & \‘ }\ /

Rssham RTvns

oA

umor volume oftoal kg (%)
preed
.
@

Shm VNS RTahamRTAVNS

5 &





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcutaneous Vagal Nerve Stimulation Alone or in Combination With Radiotherapy Stimulates Lung Tumor Infiltrating Lymphocytes But Fails to Suppress Tumor Growth

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experimental Mouse Model

          

            		

              Cells

            



            		

              Mice

            



          



          



          		

            Patient Population

          



          		

            Lung Tumor Treatment Regimens

          

            		

              Mice

            



            		

              Patients

            



          



          



          		

            Preparation of Single Cell Suspensions From Murine Blood, Lung, and Spleen

          



          		

            Murine Ex Vivo T Cell Restimulation Assay

          



          		

            Isolation and Storage of Human Plasma and PBMCs

          



          		

            Immunological Evaluation of Murine and Human Plasma

          



          		

            Histology

          



          		

            Flow Cytometry Analysis

          



          		

            Statistical Methods

          



        



        



        		

          Results

        

          		

            VNS Monotherapy Promotes a Local and Peripheral Anti-Tumor Immune Profile

          



          		

            VNS Specifically Enhances RT-Mediated Immune Stimulation of Lung Infiltrated CTLs

          



          		

            VNS of RT Treated NSCLC Patients Slightly Improves the Serological Immune Balance

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.772555_cover.jpg
’ frontiers
in Immunology

Transcutaneous Vagal Nerve
Stimulation Alone or in Combination
With Radiotherapy Stimulates Lung
Tumor Infiltrating Lymphocytes But

Fails to Suppress Tumor Growth





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-772555-g001.jpg
ol

et

- o o0 oo
ettt w o “

® CDB* Teells

go oy

-8 " aw

o ® B

i7® s B

:
EoR

E o conrTs

H° @y -

.. 7%

BE






OEBPS/Images/fimmu-12-772555-g004.jpg
-+~ RT+sham

[N g ~o- RT+VNS
TREATMENT
g o
CD8" Tcells CD4* Tcells €D25* CD127 Tregs
L] L3 5.
22 4 T . . Fad
itel | i 2] 53 1
i — 24 JEBE— L4
28 | §§ Es: 1
8% »| H e
] i g
= Ty far e g =y
. NK v oc Monocytes
P e o
1 g ! I
] 3 w o 8 A"
B E—=——1 { : R
2 ! = &
| —s 3
T o~ [ T Ty} b~
J Neutrophils ! cEA NIR
o ns T gy |
8 ¥ .
woc !
g i . § o]
2 i
y - -

Sdor Dwng  Ateend

Betore_Dutig At






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1.jpg
RT + sham
Patient 1 2 3
Age 71 58 50
Gender M F F
Tumor Size 54 33 41
(mm)
Smoking 75 60 30
History (pys)
TNM stage T3NOMO T4N2MO TANOMO
Histo-logical Adeno-  Squamous cell  Adeno-
tumor type carcinoma carcinoma carcinoma
BMI 31 36 23

Mean + SEM

60+ 6.1

42.7 + 6.1

55 +13.2

30+38

RT + VNS Mean + SEM

1 2 3 4

68 56 64 68 64+28

M F M M

29 37 40 24 408 + 4.1

30 43 50 40 40.75 + 4.2
TIN2MO T4N2MO T3NOM1b  TIN2MO

Large cell neuro- Squamous cell  Adeno- Adeno-
endocrine carcinoma carcinoma  carcinoma carcinoma
35 25 37 26 30.8 + 3.1

P-
value

0.51

0.80

0.29

0.88






