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Abstract

Background and purpose—Proton radiotherapy (PRT) offers potential benefits over other 

radiation modalities, including photon and electron radiotherapy. Increasing the rate at which 

radiation is delivered may provide a therapeutic advantage. Here, we compared the efficacy of 

conventional proton therapy (CONVpr) to ultrahigh dose-rate proton therapy, FLASHpr, in a 

mouse model of non-small cell lung cancers (NSCLC).

Materials and methods—Mice bearing orthotopic lung tumors received thoracic radiation 

therapy using CONVpr (<0.05 Gy/s) and FLASHpr (>60 Gy/s) dose rates.

Results—Compared to CONVpr, FLASHpr was more effective in reducing tumor burden and 

decreasing tumor cell proliferation. Furthermore, FLASHpr was more efficient in increasing the 

infiltration of cytotoxic CD8+ T-lymphocytes inside the tumor while simultaneously reducing 

the percentage of immunosuppressive regulatory T-cells (Tregs) among T-lymphocytes. Also, 

compared to CONVpr, FLASHpr was more effective in decreasing pro-tumorigenic M2-like 

macrophages in lung tumors, while increasing infiltration of anti-tumor M1-like macrophages. 

Finally, FLASHpr treatment reduced expression of checkpoint inhibitors in lung tumors, indicating 

reduced immune tolerance.
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Conclusions—Our results suggest that FLASH dose-rate proton delivery modulates the immune 

system to improve tumor control and might thus be a promising new alternative to conventional 

dose rates for NSCLC treatment.

Introduction

The goal of radiation therapy (RT) is to reduce or eliminate tumor burden while sparing 

normal tissues from long-term injury 1. The recent developments in imaging technologies, 

treatment planning and delivery techniques have allowed highly conformal treatments to 

target the tumor at the highest possible dose of radiation while sparing normal tissue as 

much as possible. Although, these approaches significantly reduce the volume of normal 

tissue irradiated with high doses, the volume of normal tissue receiving low doses are 

increased. With the longer cancer-free survival in radiation-treated patients, the need to 

prevent the long-term complications resulting from normal tissue injury is still one of the 

main priorities in the field. Another important unmet clinical need is the development of 

tumor radiation resistance. Since some of solid tumors can be resistant to conventional 

radiotherapy, a different radiotherapeutic strategy is required for these patients.

Radiation therapy can be classified according to the types of radiation particles or waves 

that are used to deliver the treatment, such as photons, electrons, or protons. Photons 

and electrons are the most used radiations, based mainly on broader availability and 

more affordable technologies to generate photon and electron beams compared to protons. 

However, there are some limitations to these approaches. Photons deposit their radiation 

doses close to their entrance into the body, and they also have the exit dose downstream 

from the tumor, which increases the exposed normal surrounding tissue area and causes later 

complications. Electrons release most of their energy near the surface of the skin and are 

often used to treat superficial tumors, such as skin cancers and some lymph nodes. The 

electron radiation does not penetrate the skin far, preventing injury of the deeper normal 

tissues. However, electron radiotherapy cannot be used to treat the deeper tumors.

For patients who present with inoperable, locally advanced non-small lung cancers 

(NSCLC), photon-based RT remains the standard of care 2. However, since lung 

tissue is highly sensitive to radiation, thoracic radiation using photon beams presents 

a unique challenge. The NSCLC treatments, including intensity-modulated radiation 

therapy (IMRT) and stereotactic body radiation therapy (SBRT), are still limited by 

toxicity to normal tissues, including acute esophagitis and subacute presentations of other 

pulmonary complications such as pneumonitis and pulmonary fibrosis 3-8. In addition, 

most chemotherapeutic agents used in conjunction with photon radiotherapy increase the 

risk of damage to normal tissue. These dose-limiting toxicities of photon radiation have 

increased clinical interest in the emerging use of proton radiotherapy. Due to the unique dose 

absorption profile in tissue, known as the Bragg peak, proton beams deposit most of the 

destructive energy within the tumor target 9-11. The release of proton energy can be precisely 

controlled, which minimizes the damage to the surrounding normal tissue in front and back 

of the tumor. In patients with non-small cell lung cancer (NSCLC), proton-beam therapy 

may enable safe dose escalation while sparing chest organs at risk and simultaneously 

maintaining adequate target coverage 12,13.
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Other efforts to reduce radiation-induced normal tissue toxicity and to maximize therapeutic 

efficacy of radiotherapy have been focusing on the dose rates at which radiation is delivered. 

Ultra-high dose-rate delivery of radiation, called FLASH radiotherapy, is garnering interest 

to improve the therapeutic ratio of radiation and to decrease normal tissue toxicity 14-16. 

FLASH radiotherapy involves radiation delivery at a dose rate of ≥40 Gy/s, over thousand 

times higher than conventional RT used for clinical treatment, typically delivered at <0.05 

Gy/s 15,17. FLASH radiotherapy effects have been shown using electron beams delivered 

by experimental linear accelerators (LINACs) specifically constructed to deliver pulsed 

electron beam irradiation at ultra-high dose rates 14,18. Electron FLASH (FLASHe) radiation 

has been reported to reduce normal tissue toxicity both in vitro and in vivo compared to 

equivalent doses of conventional dose-rate radiation 17, suggesting that FLASH RT could 

be employed to facilitate dose escalation and reduce the incidence of radiation-mediated 

toxicities 17. While FLASHe has shown promise to decrease the normal tissue toxicity 

and improve efficacy of tumor eradication 19, the efficacy of proton FLASH (FLASHpr) 

radiotherapy for anti-cancer therapy has been under investigated. The goal of the present 

study is to assess the efficacy of FLASHpr on tumor control using a syngeneic orthotopic 

mouse model of NSCLC. To achieve this goal, FLASHpr (dose rate 60 Gy/s) and CONVpr 

(dose rate 1 Gy/s) were delivered to lung tumors using the clinical pencil beam scanning 

proton system. Our current study demonstrated that FLASHpr is more effective than 

conventional proton therapy (CONVpr) in decreasing the number of proliferating tumor cells 

and increasing recruitment of anti-tumor immune cells.

Materials and Methods

Orthotopic Lewis Lung Carcinoma (LLC) tumor model.

C57BL/6 mice (8-9 weeks old) were purchased from Jackson Lab (Bar Harbor, Maine). 

LLC-mCherry tumor cells (20,000 cells) were injected into the left lung lobe of C57BL/6 

mice as described20. Tissues were harvested on day 20 and day 23 post tumor inoculation. 

Lung tumor sizes were measured using callipers. For calliper measurements, the tumor 

volume was calculated using the formula: V= ½*L*W2 (L=Length, W=Width of the tumor). 

Equations were derived as previously described21.

Pencil beam spot scanning delivery system and Proton radiation.

The proton therapy system includes a cyclotron with a maximum energy of 250MeV, a beam 

transport system, and rotating 360-degree gantry with a beam delivery nozzle equipped 

with a pencil beam scanning (PBS) system. The absolute dose was calibrated using an 

Advanced Markus ionization chamber (PTW Dosimetry, Germany) and Dose 1 electrometer 

(IBA Dosimetry, Germany). Both the ion chamber and electrometer were calibrated by 

National Institute of Standards and Technology (NIST) traceable absolute dose laboratory. 

The absolute dose was calculated using the IAEA TRS398 dose-to-water formulism (http://

www-naweb.iaea.org/nahu/dmrp/documents/cop_v12_2006-06-05.pdf). This methodology 

has been independently validated for conventional and FLASH dose and dose rates 22,23. 

The irradiation conditions were single energy, transmission proton fields. The conventional 

dose rate, defined as 1 Gy/s, was a 244MeV single layer transmission beam. The FLASH 

dose rate field, defined at 60 Gy/s, was a 250MeV single layer transmission beam. Both the 
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conventional and FLASH fields were calibrated, using the above methodology, to give 18 Gy 

of physical proton dose. The field sizes were custom designed to cover both mouse lungs 

and spare the normal tissues. No collimators were used. Treatment plans were generated in 

the EclipseTM treatment planning system (Varian Medical Systems, Palo Alto, CA) using 

in-house software and scripting. On day 15 post LLC tumor inoculation, the mice were 

anesthetized using room air/isoflurane anesthesia and immobilized on an in-house designed 

small animal platform and holder. While under anesthesia, the bi-lateral lungs of the tumor 

bearing mice were irradiated according to the above dose schemas. As a real-time quality 

assurance constancy check, the dose distal to the mouse was measured. For the conventional 

fields, the average dose and dose rate are 17.8Gy +/−0.07Gy and 0.9Gy/s +/−0.1Gy/s. For 

the FLASH fields, the average dose and dose rate are 18.1Gy +/−0.05Gy and 61.9Gy/s 

+/−2.0Gy/s. The acceptable dose tolerance of 3% and dose rate tolerance of 5% were all 

met.

Histology and Immunostaining.

Frozen sections (8-10 μm) of tumor bearing lungs were used for histology and 

immunohistochemical staining. Immunofluorescence staining was performed as described 

before24,25. Sections were blocked in 4% donkey serum and incubated with primary 

antibodies at 4°C overnight. Antibodies used: Goat polyclonal anti-Discosoma tdTomato 

(LSBio, CAT#C340696, dilution 1:100), Rabbit monoclonal anti-γH2A.X (Cell Signaling, 

CAT#9718, dilution 1:300), Rabbit monoclonal anti-Ki67 (Invitrogen, CAT#MA5-14520, 

dilution 1:200), Rat monoclonal anti-CD45 (BD Biosciences, CAT#553076 dilution 1:50), 

Goat polyclonal anti-CD3 (Santa Cruz, CAT#SC-1127, dilution 1:200), Rat monoclonal 

anti-CD4 (Invitrogen, CAT#4SM95, dilution 1:100), Rabbit polyclonal anti-CD8 alpha 

(Invitrogen, CAT#PA5-81344, dilution 1:200), Rabbit polyclonal anti-FOXP3 (Novus 

Biologicals, CAT#NB100-39002, dilution 1:200), Rat monoclonal anti-F4/80 (Biolegend, 

CAT#122602, dilution 1:100), Rabbit monoclonal anti-CD163 (Abcam, CAT#ab182422, 

dilution 1:100), Rabbit monoclonal anti-iNOS (Abcam, CAT#ab178945, dilution 1:100), 

Rabbit monoclonal PD-1 (Abcam, CAT#ab214421, dilution 1:100) and Rabbit polyclonal 

PD-L1 (Invitrogen, CAT#PA5-20343, dilution 1:100). After incubation with primary 

antibody, slides were washed and incubated at room temperature with appropriate 

fluorophore-conjugated secondary antibodies, and counterstained with DAPI. Images were 

obtained using a Zeiss AxioPlan 2 microscope or Nikon NiE widefield microscope as 

described26.

Image analysis.—Images were quantified using either NIS Elements version 4.5 or 

particle analyser plugin of ImageJ as described27,28. Briefly, for ImageJ quantification, 

images were exported as high-resolution files. Further, ImageJ Particle Analyzer plugin was 

used for counting positive cells after colour thresholding of single-color images from each 

group, counting all positive cells in 1-5 different fields (one single field of view represented 

the whole tumor in smaller tumors) from tumors of 3–8 mice/group, and calculating the 

average number of staining-positive cells. For NIS Elements image analyses, images were 

colour thresholded for each channel and then combined channels were used for quantifying 

staining-positive cells in the images. Data in graphs are presented as mean ± SEM.
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Statistics: Statistical analysis was performed using GraphPad Prism software v9 package 

(GraphPad Software, Inc., San Diego, CA, USA). Unpaired T-test with Welch’s correction, 

Mann-Whitney log rank T test, and log-rank test corrected for multiple comparisons were 

used when and where appropriate. P<0.05 was considered significant and all tests were 

two-sided. Correlation analyses (r) were performed by calculating Pearson correlation 

coefficients with 95% confidence intervals.

Animal Study Approval.—All animal studies were approved by Cincinnati Children’s 

Research Foundation Institutional Animal Care and Use Committee and covered under 

our animal protocol (IACUC2022-0041). The Cincinnati Children’s Research Foundation 

Institutional Animal Care and Use Committee is an AAALAC and NIH accredited 

institution (NIH Insurance #8310801). All mice were kept under SPF (specific-pathogen 

free) conditions in 12/12 light/dark cycle, 18–23 oC and 40–60% humidity. Both males and 

females were used for studies.

Results

To compare anti-tumor effects of FLASHpr and CONVpr therapies, we used a previously 

established orthotopic mouse model of NSCLC in which mCherry-labelled Lewis Lung 

Carcinoma (LLC-mCherry) cells were injected into the left lung lobe. Two weeks after 

tumor cell inoculation, mice were randomly divided into groups and treated with a single 

fraction of 18 Gy proton radiation delivered to the bilateral thorax using 2 different 

modalities: (1) conventional dose rate delivering 1 Gy/s and (2) FLASH dose rate delivering 

60 Gy/s. Mice were sacrificed and lungs were harvested day 5 and day 8 post radiation 

(Fig. 1A). Both CONVpr and FLASHpr treatments significantly reduced lung tumor volume 

compared to tumor volume in control mice at day 5 and day 8. No significant differences 

were observed between the volumes of CONVpr- and FLASHpr-treated tumors (Fig. 1B-D 

and Supplemental Fig. 1A-D). However, immunofluorescence staining of tumor sections 

showed significantly reduced number of mCherry-labelled tumor cells in FLASHpr-treated 

tumors at both time points (Fig. 1E-F and Supplemental Fig. 2). These results demonstrate 

that FLASHpr improves eradication of NSCLC tumor cells compared to CONVpr treatment.

The observed reduction in the number of mCherry-labelled tumor cells within FLASHpr-

treated tumors led us to perform further histopathological analyses of radiated lung tumors. 

Proliferation of mCherry-labelled LLC tumor cells were assessed by Ki-67 staining. Both 

types of proton therapies effectively inhibited proliferation of tumor cells at both day 5 and 

day 8 post radiation compared to untreated control (Fig. 2A-B). At day 8, tumors from 

FLASHpr group had significantly lower numbers of Ki67-positive tumor cells compared to 

the CONVpr group (Fig. 2A-B). FLASHpr group had also significantly higher percentage 

of apoptotic tumor cells compared to the CONVpr group at both days 5 and 8 after proton 

irradiation treatment (Supplemental Fig. 3A-B). Since formation of γH2A.X foci is a direct 

indicator of radiation damage to tumor cells, we performed γH2A.X staining in the LLC 

tumors. The FLASHpr-irradiated tumors had higher percentage of γH2A.X positive tumor 

cells compared to CONVpr-irradiated tumors at both day 5 and day 8 post radiation (Fig. 

2C-D). To identify what other cell types contributed to the tumor volume, we performed 

immunostaining with CD45 antibody. We showed that the tumor mass in FLASHpr-treated 

Shukla et al. Page 5

Radiother Oncol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



group comprised mostly of CD45+ immune cells (Fig. 2E). The ratio of immune cells 

to tumor cells was higher in FLASHpr-treated tumors compared to control and CONVpr-

irradiated tumors at day 5 and day 8 (Fig. 2E-F). Altogether, FLASHpr treatment decreased 

proliferation of tumor cells, increased DNA damage of lung tumor cells and increased 

recruitment of CD45+ immune cells compared to CONVpr treatment.

Previous studies demonstrated that T-cell infiltration into the tumor core is a positive 

predictor of response to radiation therapy 29-31. Therefore, we examined the distribution of 

T-cells within the tumor using immunostaining for CD3, a marker of T-lymphocytes. In our 

mouse model of lung adenocarcinoma, in the untreated tumors, T-cells preferentially located 

around the tumor edge, with the tumor themselves being devoid of T-cells, an attribute of 

“immune-excluded’ tumors (Figure 3A and 3C, top left panels). In response to CONVpr 

and FLASHpr treatments, the number of T-cells within the tumor was increased at both 

timepoints, with higher infiltration of CD3+ T-cells in FLASHpr-treated tumors (Fig. 3A and 

3C). As a result, the number of T-lymphocytes FLASHpr-treated tumors was dramatically 

increased compared to CONVpr and untreated groups (Fig. 3B and D).

Since we observed an increased number of infiltrated CD3+ T-cells within the proton-

irradiated lung tumors (Fig. 3), we next explored which subtype of T-cells accounts for 

this increase. We used cell surface markers CD8 to identify cytotoxic T-cells, CD4 to 

identify T helper cells and FOXP3 to identify Tregs among CD3+ lymphocytes at day 5 

and day 8 after radiation treatment (Fig. 4A, Fig. 4E and Supplemental Fig. 3A). FLASHpr 

treatment increased the proportion of CD8+ T-cells but decreased the proportion of CD4+ 

cells among total CD3+ T-cells compared to untreated control or CONVpr treated tumors 

at day 5 after treatment (Fig. 4B-C). At day 8 after irradiation, the FLASHpr-treated 

tumors continued to have increased ratio of CD8+ T-cells and decreased ratio of CD4+ 

T-cells among CD3+ T-cells compared to untreated control (Fig. 4D-F). Also, FLASHpr 

irradiation increased the infiltration distance of CD8+ T-cells compared to CONVpr, 

indicating increased CD8+ T-cell motility from the invasive edge into the tumor core at 

both day 5 and day 8 (Supplemental Fig. 4A). Furthermore, FLASHpr radiation but not 

CONVpr radiation decreased the percentage of Tregs among tumor-associated CD3+ T-cells 

at both time points after treatment (Fig. 4G-I). Altogether, FLASHpr treatment was more 

effective than CONVpr irradiation in recruiting cytotoxic CD8+ T-cell into the tumors and 

decreasing the recruitment of immunosuppressive Treg cells.

Since it has been shown that macrophages can regulate infiltration of CD8+ cytotoxic T-cells 

into lung tumors 32, we next focused on macrophages. We demonstrated that both CONVpr 

and FLASHpr treatments significantly reduced the number of F4/80+ macrophages in lung 

tumors (Fig. 5A-B and Supplemental Fig. 4B-C). Moreover, FLASHpr-treatment increased 

the ratio of CD8+ T-cells to F4/80+ macrophages within the tumor compared to untreated or 

CONVpr- treated tumors at day 8 (Fig. 5C-D and Supplemental Fig. 4D-E).

Previous studies have shown that tumor-associated macrophages are heterogeneous, with 

pro-tumor M2-like macrophages expressing cell surface marker CD163 33,34,35, whereas 

antitumor M1-like macrophages expressing inducible nitric oxide synthase (iNOS) 36,37. 

In our model, the immunostaining with anti-CD163 antibodies was decreased in both 
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proton-treated groups (Supplemental Fig. 5A). The reduction in CD163+ macrophages was 

positively correlated with the decreased number of mCherry+ tumor cells (Supplemental 

Fig. 5A-B). Conversely, immunostaining with anti-iNOS antibody was increased in both 

irradiated groups (Supplemental Fig. 5C). The increase in the number of iNOS-positive 

cells was inversely correlated with the number of mCherry+ tumor cells (Supplemental Fig. 

5C-D).

Since the crosstalk between macrophages and T-cells were shown to be important for tumor 

progression 32,38, we next assessed the connection between the distribution of macrophages 

and CD3+ T-cells. Differential count of T-cells and macrophages within control and 

proton-irradiated tumors demonstrated that the number of tumor-associated CD3+ T-cells 

negatively correlated with the number of CD163+ M2-like macrophages (Fig. 5E-F and 

Supplemental Fig. 6A) and positively correlated with iNOS+ M1-like macrophages (Fig. 5G-

H and Supplemental Fig. 6B). Thus, macrophage polarization towards M1-like phenotype is 

conducive in increasing lymphocyte infiltration in lung tumors.

The activation of PD-1/PD-L1 pathway is a tumor adaptive immune resistance mechanism. 

PD-L1 is mainly expressed on tumor cells and its binding to PD-1 receptors on T-cells 

leads to the inactivation of cytotoxic activity of T-cells. FLASHpr treatment decreased the 

percentage of PD1-positive CD3+ T-lymphocytes at day 8 compared to untreated group (Fig. 

6A-B and Supplemental Fig. 7A-B). Further, we observed significant reduction in PD-L1 

expression on tumor cells in both CONVpr and FLASHpr groups with significantly higher 

PD-L1 reduction in FLASHpr groups at both day 5 and day 8 (Fig. 6C-D and Supplemental 

Fig. 7C-D). These results indicate that FLASHpr not only increases the cytotoxic T-cell 

infiltration to the tumor core, but also reverses their immunosuppressive phenotype.

Discussion

NSCLC remains a deadly disease with treatment options that often fail to prevent 

disease progression. In both early stage and locally advanced disease, radiation therapy 

is a mainstay treatment that improves overall survival for NSCLC patients2,39,40. 

Given the immunosuppressive microenvironment of the lung tumors, there has been 

considerable interest in finding ways to render these tumors sensitive to anti-tumor immune 

response. The current standard of care for non-resectable stage-III NSCLC tumors is 

concurrent chemoradiotherapy followed by neoadjuvant and adjuvant therapy. Immune 

checkpoint inhibitors, including pembrolizumab, atezolizumab, combination of nivolumab 

and ipilimumab, have demonstrated survival benefits in clinical trials of lung cancer. 

Radiation oncologists continue to find better approaches to deliver the best tumoricidal 

radiation doses to tumors while minimizing the radiation doses to adjacent normal tissues 

and organs. Proton therapy offers unique physical and biological advantages leading to 

reduced toxicity and equal or improved efficacy over other radiotherapeutic modalities41. 

The increasing clinical usage of proton radiotherapy is representative of efforts to mitigate 

radiation-related adverse events, which currently present a major barrier to effective 

treatment of NSCLC using X-rays 42. Based on the studies using both X-ray and 

electron radiation treatments, the FLASH modality of radiation delivery is a promising 

approach to reduce the toxicity of normal tissues and to increase or maintain the efficacy 
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of treatment compared with conventional electron radiotherapy17,42-45. It was shown 

that electron FLASH irradiation decreased the incidents of radiation-induced pulmonary 

fibrosis by preserving the lung progenitor cells and decreasing senescence of normal lung 

tissue19. Recent research has shown that proton radiation increases immune infiltration 

of tumors in subcutaneous CT26 colon tumor model 46 and hepatocellular carcinoma 

model47. FLASHpr RT spared memory impairment produced by CONVpr therapy and 

induced comparable T lymphocyte recruitment in orthotopic glioma rat model 48. We 

have also previously reported higher immune infiltration of NSCLC tumors post FLASH 

proton radiation under oxygen anaesthesia49. Here, we report that thoracic irradiation of 

mice with orthotopic, syngeneic lung tumors using FLASH proton radiotherapy results in 

improved tumor control and increased immune cell infiltration. We observed higher immune 

infiltration of cytotoxic T lymphocytes with reduced immunosuppression in FLASHpr-

radiated tumors compared to the CONVpr-radiated lung tumors. This FLASH-mediated 

amelioration of immunosuppression in lung tumor microenvironment contributes to the 

improved therapeutic response by FLASHpr at isodoses with CONVpr.

We found that tumor-bearing mice treated with CONVpr and FLASHpr treatments had 

lower tumor burden than untreated control tumor bearing mice. Reduction in tumor burden 

after radiotherapy has been shown to be a prognostic factor for NSCLC patients, showing 

a positive association between tumor volume shrinkage and overall survival 50. In our 

study, FLASHpr RT also induced an enlarged, rounded morphology in tumor cells, which 

is common for cells that have become senescent 51. We further observed reduction in 

tumor cell proliferation after FLASHpr treatment. Senescence is a well-established barrier to 

cancer progression as this phenomenon prevents tumor cells from proliferating and secreting 

pro-tumorigenic growth factors 52,53. While the molecular mechanisms by which FLASHpr 

inhibits tumor cell proliferation remain unclear, DNA-damage agents can cause senescence 

in tumor cells 54-56. FLASHpr-mediated higher DNA damage could be the reason of reduced 

cell proliferation in FLASHpr-treated tumors.

The role of immune cells in modulating innate tumor progression or regression in response 

to therapy has been widely examined. The most striking developments were made in the 

field of immunotherapies to reactivate the immune systems of patients with a variety 

of cancer types, including NSCLC. The immune checkpoint inhibitors are emerging 

immunotherapies, but only elicit responses in a subset of patients. This has been attributed 

at least in part to the inability of T-cells to be effectively recruited to the tumor core 57-59. 

Radiotherapy has been investigated in combination with immune checkpoint inhibitors in 

both preclinical experiments and multiple clinical trials, showing convincing evidence of 

synergistic effects from concurrent administration of immunotherapy and radiotherapy 60-62. 

An important contribution of the present study is that delivery of protons with FLASH dose 

rates is more efficient in augmenting CD8+ cytotoxic T-cell accumulation in the tumor core 

than conventional mode of RT delivery. We also show that the FLASH modes of proton RT 

decrease in the number of M2-like macrophages at the tumor edge. Since it was previously 

demonstrated that in squamous-cell carcinomas macrophages impede CD8+ T-cells from 

reaching tumor cells 56, we can speculate that FLASH increases CD8+ T-cell trafficking 

into the tumor, probably due to the decrease in the number of M2-like macrophages at 

the tumor edge. In a recent study, single high-dose abdomino-pelvic FLASHe irradiation 
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was shown to maintain tumor control in a preclinical mouse model of ovarian cancer by 

enhancing the efficacy of PD-1 therapy and higher recruitment of cytotoxic CD8+ T cells 

into the tumor 63. It is possible that FLASH proton therapy can improve the efficacy of 

immune checkpoint inhibitors in NSCLC patients by increasing the recruitment of T-cells 

into tumors. Interestingly, we also observed downregulation of checkpoint inhibitory PD-1/

PD-L1 signaling by FLASHpr treatment.

One of the limitations of our study is that we have not tested several tumor cell lines with 

different immunogenic properties in FLASH radiation treatments. Such experiments can 

provide valuable information regarding the molecular mechanisms through which FLASH 

activates anti-tumor immune responses. Another limitation of our study is that some tumor 

cells after proton irradiation can lose the mCherry expression, making their identification by 

IF analysis difficult.

In summary, FLASH mode of proton RT demonstrates an efficient control of NSCLC 

tumors through immunomodulation. Compared to conventional dose-rate-delivered protons, 

FLASH proton radiotherapy reduces tumor burden, changes macrophage polarization 

towards the M1-like phenotype, increase CD8+ T-cell infiltration into the tumor core and 

alters the tumor microenvironment towards a less immunotolerant one. The FLASH proton 

therapies represent promising new alternatives to conventional proton treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• FLASHpr radiation is more efficient to eliminate tumor cells compared to 

conventional proton radiation.

• FLASHpr radiation increases infiltration of cytotoxic CD8+ T lymphocytes 

and decreases number of immunosuppressive Tregs compared to conventional 

radiation.

• FLASHpr radiation decreases expression of PD1/PD-L1 markers in lung 

tumors.
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Figure 1. FLASHpr has better efficacy in reducing lung tumor burden compared to CONVpr.
(A) Experimental schematic for LLC orthotopic model of lung cancer, and timeline of 

irradiation and tissue harvest. (B) Mice treated with FLASHpr and CONVpr radiation have 

decreased lung tumor diameters compared to control tumor bearing mice. Tumors were 

measured using calipers at day 5 (3 mice per group) and day 8 (8 mice per group). (C) 
Representative images of tumor-bearing left lung lobe from each group at day 5 and day 8 

post radiation. (D) Representative images after H&E staining of lung tumors at day 5 and 

day 8. (Scale bar 100 μm). (E-F) Immunofluorescence staining for mCherry-labelled tumor 

cells shows significant reduction of tumor burden at day 5 and day 8 in FLASHpr group 

compared to control and CONVpr. (Scale bar 500 μm). *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 2. FLASH decreases the number of proliferating tumor cells compared to conventional 
dose-rate proton treatment.
(A-B) Number of Ki67 positive tumor cells is decreased in lung tumors treated with 

FLASHpr compared to CONVpr. Number of mCherry and Ki67 double positive cells 

per field was counted for each tumor and presented as average ± SEM (Scale bar 

100 μm). Each dot represents one biological replicate. (C-D) FLASHpr increases the 

percentage of mCherry/γH2A.X-double positive tumor cells compared to CONVpr. Nuclei 

are counterstained with DAPI. Percentage of double positive cells were calculated for each 

tumor and presented as mean percentage ± SEM (Scale bar 100 μm). Each dot represents 

one biological replicate. (E-F) FLASHpr increases the CD45+ immune cells to mCherry+ 

tumor cell ratio in lung tumors. Number of mCherry+ tumor cells and CD45+ immune cells 

were counted for each tumor and presented as the mean ratio of immune cells to tumor cells 

± SEM (Scale bar 100 μm). Each dot represents one biological replicate. N = 3-8 mice per 

group; *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 3. FLASH proton irradiation increase infiltration of CD3+ T-cells into tumors.
(A-B) Immunostaining with anti-CD3 antibody shows increased ratio between the number 

of T-lymphocytes and tumor cells in FLASHpr-treated mice compared to CONVpr at day 

5 post radiation. The lower panel shows corresponding mCherry-positive tumor. Each dot 

represents the number of CD3+ T-cells/field for one biological replicate and data is presented 

as group mean ± SEM. N=3 mice per group (Scale bar 500 μm). (C-D) FLASHpr increases 

the ratio of T-cells to tumor cells at day 8 after irradiation. Each dot represents the ratio of 

CD3+ T-cells to tumor cells for one biological replicate and data is presented as group mean 

± SEM. (Scale bar 500 μm). N=8 mice per group. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 4. FLASHpr increases infiltration of CD8+ cytotoxic T-cell into the tumor and reduces the 
number of Tregs.
(A-C) Co-localization studies show the distribution of CD3+ T-cells (white), CD4+ helper 

T-cells (red) and CD8+ cytotoxic T-cells (green) inside lung tumors of different treatment 

groups at day 5 post radiation. Average numbers of CD4+, CD8+ and CD3+ T-lymphocytes 

in the lung tumors of different treatment groups were calculated for each biological 

replicate and presented as mean ratio ± SEM (Scale bar 100 μm). N=3 per group. (D-
F) Co-localization studies show the distribution of CD4+ helper T-cells (red) and CD8+ 

cytotoxic T-cells (green) inside lung tumors of different treatment groups at day 8 post 

radiation. Average numbers of CD4+, CD8+ and CD3+ T-lymphocytes in the lung tumors 

of different treatment groups were calculated for each biological replicate and presented as 

mean ratio ± SEM (Scale bar 100 μm). N=8 per group. (G-I) Co-localization studies show 

the distribution of FOXP3+ Tregs (red) among CD3+ T-lymphocytes (green) inside lung 

tumors of different proton-irradiated groups at day 5 and day 8 (Scale bar 50 μm). Graph 

shows the percentage of FOXP3+ Tregs among total tumor associated CD3+ T-lymphocytes. 

Percentage of FOXP3+ Tregs for each biological replicate was counted and presented as 

mean ± SEM. N=3-8 per group. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 5. FLASHpr reduces the number of macrophages and increases the infiltration of T cells 
in tumors.
(A-B) Representative images show distribution of F4/80+ macrophages (white) in proton-

treated and untreated lung tumors at day 8. LLC tumor cells are shown in red and nuclei 

are counterstained with DAPI (Scale bar 200 μm). Number of mCherry+ tumor cells and 

F4/80+ macrophages were counted for each biological replicate and presented as the ratio 

of macrophages to tumor cells per field ± SEM. (C-D) Co-localization studies show the 

distribution of CD8+ cytotoxic T-cells (green) and F4/80+ tumor-associated macrophages 

(white) among the mCherry-labelled tumor cells (red) in lung tumors of different treatment 

groups at day 8 (Scale bar 200 μm). Inserts are 20X images showing CD8+ cytotoxic T cells 

(green) and F4/80+ tumor-associated macrophages (white). Graphs show the ratio of CD8+ 

T-lymphocytes to F4/80+ macrophages per tumor. Data is representative of complete tumor 

fields and presented as mean ratio ± SEM. N= 8 per group. *, P<0.05; **, P<0.01; ***, 

P<0.001. (E-F) Co-localization studies demonstrate the decrease in the number of CD163+ 

cells (red) and the increase in the number of CD3+ T-lymphocytes (green) in the irradiated 

lung tumors compared to untreated tumors. Representative images of CD3+ T-cells and 

CD163+ cells at day 8 (Scale bar 100 μm). Graph shows correlation between the numbers 

of CD3+ T-cells and CD163+ M2-like macrophages in lung tumors. (G-H) Co-localization 

studies demonstrate the increase in the number of iNOS+ cells (red) and the increase in the 

number of CD3+ T-lymphocytes (green) in the radiation-treated lung tumors compared to 

untreated tumors. Representative images of CD3+ T-cells and iNOS+ cells distribution at day 
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8 (Scale bar 100 μm). Graph shows correlation between the number of CD3+ T-cells and 

iNOS+ M1-like macrophages in the lung tumors.
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Figure 6. FLASHpr inhibits expression of checkpoint inhibitors PD-1 and PD-L1.
(A-B) Co-localization studies show the expression of PD-1 (red) among CD3+ T-

lymphocytes (green) in lung tumors of different treatment groups at day 8 (Scale bar 50 

μm). Nuclei were counterstained with DAPI. At least five tumors per group were used to 

calculate percentage of PD-1+ T-lymphocytes and presented as mean ratio ± SEM. N=5-7 

per group. *, P<0.05; **, P<0.01; ***, P<0.001. (C-D) Co-localization studies show the 

expression of PD-L1 (green) among lung tumor cells (red) in different treatment groups at 

day 8 (Scale bar 50 μm). Nuclei were counterstained with DAPI. At least five tumors per 

group were used to calculate percentage of PD-1+ T-lymphocytes and presented as mean 

ratio ± SEM. *, P<0.05; **, P<0.01; ***, P<0.001.
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