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Abstract

Carbon ion therapy (CIT) offers several potential advantages for treating cancers compared with 

X-ray and proton radiotherapy including increased biological efficacy and more conformal 

dosimetry. However, CIT potency has not been characterized in primary tumor animal models. 

Here, we calculate the relative biological effectiveness (RBE) of carbon ions compared to X-rays 

in an autochthonous mouse model of soft tissue sarcoma. We used Cre/loxP technology to 

generate primary sarcomas in KrasLSL-G12D/+; p53fl/fl mice. Primary tumors were irradiated with a 

single fraction of carbon ions (10 Gy), X-rays (20 Gy, 25 Gy, or 30 Gy), or observed as controls. 

The RBE was calculated by determining the dose of X-rays that resulted in similar time to post-

treatment tumor volume quintupling and exponential growth rate as 10 Gy carbon ions. The 

median tumor volume quintupling time and exponential growth rate of sarcomas treated with 10 

Gy carbon ions and 30 Gy X-rays were similar: 27.3 days and 28.1 days, and 0.060 mm3/day and 

0.059 mm3/day, respectively. Tumors treated with lower doses of X-rays had faster regrowth. 

Thus, the RBE of carbon ions in this primary tumor model is 3. When isoeffective treatments of 

carbon ions and X-rays were compared, we observed significant differences in tumor growth 

kinetics, proliferative indices, and immune infiltrates. We found that carbon ions were three times 

as potent as X-rays in this aggressive tumor model and identified unanticipated differences in 

radiation response that may have clinical implications.
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Introduction

Nearly four in ten Americans will develop cancer during their lifetimes, and approximately 

half of those afflicted will undergo radiation therapy (1). Currently, most radiation 

treatments are delivered using linear accelerators to generate and collimate high-energy X-

ray photons (2). Charged particle radiation, which is created by accelerating protons, carbon 

ions or other atomic nuclei, can have a dosimetric advantage over X-ray based treatments 

(3). Because X-rays enter the patient in front of the target and then exit the patient behind 

the target, multiple X-ray fields that overlap within the target volume are often required to 

safely deliver an adequate dose to the tumor, which can expose large volumes of normal 

tissue to low doses of radiation (4). Unlike photons, charged particles traversing matter slow 

down and eventually halt, releasing a narrow burst of energy, known as a Bragg Peak, just 

prior to stopping (3). Because minimal energy is deposited beyond the Bragg Peak, charged 

particle radiation deposits a much lower dose distal to the target, resulting in a smaller 

volume of non-target tissue exposed to radiation (5). Thus, proton radiotherapy may have 

advantages over photons in the treatment of some pediatric brain tumors and other tumor 

types where minimizing low dose exposure to adjacent tissues is critical (6). Carbon ions 

have similar dosimetric advantages as protons, but they are more biologically potent than 

either protons or photons (7). There is thus growing interest in carbon ion therapy (CIT) in 

the treatment of biologically aggressive cancers (8,9).

Within the Bragg peak, heavy ions such as carbon have a high linear energy transfer (LET) 

because they deposit more energy (keV) per unit distance (μm) than low LET protons and 

photons (7). Carbon ions create denser ionization tracks, which cause more clustered DNA 

damage. Such damage is often irreparable and more likely to result in mitotic cell death, 

even in otherwise radioresistant cells (10). When photons and protons damage DNA, 

molecular oxygen (if present) significantly potentiates cell kill by reacting with damaged 

loci, making DNA breaks difficult to repair. Since carbon ions create complex genetic 

injuries even in the absence of oxygen, hypoxic tumors are comparatively less resistant (11). 

Additionally, in vitro data and experiments with transplanted tumor models suggest that 

carbon ions better activate the immune system (12) and decrease tumor metastatic potential 

(13). Therefore, CIT may treat cancer more effectively and consistently than treatment with 

either photons or protons.

The relative biological effectiveness (RBE) is a ratio that quantifies the relative efficiency 

with which radiation of two different qualities causes a specific effect, such as tissue damage 

or tumor growth delay. For example, the RBE of CIT can be calculated by dividing the dose 

of 250 keV X-rays by the particle’s isoeffective dose, which is the quantity of particle 

radiation required to cause the same biological effect as the X-ray treatment (13). Under 
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clinical conditions, the RBE of carbon in normal tissues and tumor cells can vary but 

generally ranges between 2 and 3 (10,14–17), with some studies demonstrating lower or 

higher values. Many factors impact RBE including the physical characteristics of the 

radiation (i.e. LET, fraction size) (18,19) and the biological characteristics of the treated 

volume (i.e. intrinsic radiosensitivity, tissue oxygen tension) (8,14,20).

Carbon ions have an energy-dependent range and only deposit high LET radiation within 

their narrow Bragg peak (7). Therefore, covering the full breadth of a target requires a poly-

energetic beam, which produces many Bragg peaks that sum to form a spread-out Bragg 

peak (SOBP) (10). The requisite spectrum of energies can be attained from a monoenergetic 

beam by attenuating it through an oscillating/rotating variable-depth compensator using a 

technique known as passive spreading. Alternatively, active scanning systems can “paint” 

dose onto each successive layer of the target by incrementally modulating the primary beam 

energy. These delivery techniques are currently employed to treat human cancers at a few 

CIT facilities throughout Europe and Asia (7).

The UC Lawrence Berkeley Research Laboratory pioneered the use of charged ion 

radiotherapy, utilizing protons and helium ions in the 1950s to treat pituitary adenomas and 

subsequently incorporating heavier ions in the 1970s (8). Since the closure of this hadron 

research program in 1993, the clinical use of carbon ion radiotherapy is now only employed 

outside the United States (9). Although results from two ongoing randomized controlled 

trials comparing CIT with other forms of radiation therapy are not available, a recent review 

of the outcomes of patients treated with CIT in Chiba, Japan compared favorably with 

historical controls. For example, historical data show the two-year survival rate for locally 

advanced pancreatic adenocarcinoma is 20% for patients treated with definitive X-ray 

chemoradiation (21), but a retrospective series of 47 patients treated with CIT in Chiba, 

Japan showed a two-year survival rate of 48% (22). In another retrospective series, 51% of 

patients with recurrent rectal cancer treated with carbon ions remained alive at 5 years, 

surpassing the 25% 5-year survival observed in patients treated with X-ray radiation (23). 

While these non-randomized retrospective comparisons should be interpreted with caution, 

the encouraging treatment outcomes of CIT in certain radioresistant tumors certainly warrant 

further investigation.

Much of our understanding of how carbon ions affect human cancer is based on 

extrapolation from their impact on tumor cell lines and transplanted tumor models (20,24–

29). While informative, these systems often lack the heterogeneity of human malignancies 

and poorly approximate a natural stromal/immune response. Thus, to better investigate the 

impact of CIT on naturally occurring malignant tumors, we explored its effects in a 

radioresistant autochthonous mouse model of soft tissue sarcoma (30). Tumor-bearing mice 

were treated with either CIT or X-ray radiotherapy, and treatment efficacy was quantified by 

measuring tumor growth delay. We demonstrate that the RBE of carbon ions in this primary 

genetically engineered mouse model of sarcoma is approximately 3, and we observe 

differences in both tumor response and recurrence following CIT.
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Materials and Methods

Mouse experiments

The goal of this study was to quantify the RBE of carbon ion radiotherapy relative to X-ray 

radiotherapy in an autochthonous genetically engineered mouse model of soft tissue sarcoma 

(31). Sarcomas in tumor-bearing mice ranging in size from 40-120 mm3 were treated with 

either a single fraction of 10 Gy carbon ion radiation therapy or 20 Gy, 25 Gy, or 30 Gy X-

rays. After treatment, tumor volumes were tracked with serial caliper measurements three 

times weekly. The experimental schema is outlined in Figure 1a.

Tumor Model

All animal studies were approved by the IACUC from both Duke and Brookhaven National 

Laboratory. Mixed-background, mixed-gender LSL-KrasG12D;p53FL/FL (KP) mice with 

conditional mutations in oncogenic K-ras and both alleles of p53 (Figure 1b) were injected 

into the gastrocnemius muscle with an adenovirus expressing Cre recombinase as previously 

described (31). At the time of injection, mice were 6-12 weeks old (median 8 weeks). At 

8-12 weeks after injection, mice developed sarcomas that share histological and gene 

expression features with human undifferentiated pleomorphic sarcoma (32)

Radiation Techniques

Carbon ion radiation therapy was delivered at the NASA Space Radiation Laboratory at 

Brookhaven National Laboratory, Upton NY. A 109.5 MeV/12C beam was modulated 

through a spinning 30-spoke custom 3D-printed acrylonitrile butadiene styrene compensator 

wheel (0.97g/cc). Spoke thickness varied incrementally between 0-2.9 cm. Spoke arc lengths 

were optimized to yield a 3 cm SOBP with a constant physical dose delivered throughout the 

treatment volume. The carbon ion beam was shaped by a copper collimator, yielding a 

circular treatment field with a 15 mm diameter (Figure 1c–d).

At the beginning of each treatment day, quality assurance testing included dose rate 

measurements and verification that the peak-to-plateau ratio throughout the SOBP was 

consistent with predictions. Prior to irradiation, mice were anesthetized with intraperitoneal 

ketamine/xylazine (80/8 mg/kg) and were immobilized with their sarcomas centered in the 

collimator portal. The single fraction 10 Gy treatment was administered at a dose rate of 2.4 

Gy/minute.

X-ray radiation therapy was delivered at Duke University, Durham NC. The X-RAD 225Cx 

small animal irradiator (Precision X-Ray) was utilized for image-guided radiotherapy (33). 

The treatment beam employed 13 mA 225 kV X-rays attenuated through a 0.3 mm copper 

treatment filter; imaging employed 2.5 mA 40 kV X-rays. The X-ray beam was shaped by a 

copper collimator, yielding a 40 × 40 mm square field at isocenter. Prior to irradiation, mice 

were anesthetized with isoflurane and immobilized on the treatment stage with continuous 

isoflurane administered via nose cone. To assess for interaction between radiation and 

anesthesia, a cohort of tumor-bearing mice allocated to 20 Gy X-rays was anesthetized with 

ketamine/xylazine (as above) and was compared to similarly treated mice anesthetized with 

isoflurane. The isocenter was aligned under fluoroscopic image guidance. Radiotherapy was 
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delivered with equally weighted AP/PA fields which encompassed the tumor-bearing leg 

while sparing the remainder of the mouse (Figure 1e). A single fraction of either 20 Gy, 25 

Gy, or 30 Gy was administered at a dose rate of 3 Gy/minute.

To assess for the potential impact of differences in handling and environment between 

Brookhaven National Laboratory and Duke University Medical Center, littermates of mice 

treated at both locations were followed as untreated controls. Serial tumor measurements 

were collected from untreated controls once their sarcomas met size eligibility for treatment 

(40-120 mm3).

Histological Analysis

All immunohistochemistry, immunofluorescence, and hematoxylin and eosin staining was 

performed on paraffin-embedded tumor sections (30). Tissue specimens were fixed in 10% 

neutralized formalin for 24-48 hours and preserved in 70% ethanol until paraffin embedding. 

Four micron sections were de-waxed with xylene and rehydrated with a graded series of 

ethanol and water washes prior to staining. For Ki-67 immunohistochemistry, the primary 

antibody utilized was mouse anti-Ki-67 IgG (1:200, BD Pharmingen, #550609), and the 

secondary antibody utilized was biotinylated horse anti-mouse IgG (1:200, Vector 

Laboratories, #BA-2000). For phospho-histone H3 immunofluorescence, the primary 

antibody utilized was rabbit polyclonal antibody to H3 (phospho S10) (1:200, Abcam, 

#ab5176), and the secondary antibody utilized was Alexa Fluor 555 goat anti-rabbit IgG 

(1:200, Invitrogen, #A-21429). Nuclear staining was performed using DAPI (Thermo Fisher 

Scientific, #P36962). For CD3 staining, the primary antibody was rabbit monoclonal IgG 

antibody to CD3 (1:100 Thermo Fisher Scientific #9107-S) and the secondary antibody was 

polymer-HRP anti-rabbit DAKO Envision+ kit as per manufacturer instructions (Agilent, 

#K4011). TUNEL staining was performed with the Click-IT Plus TUNEL Assay Alexa 

Fluor 594 as per manufacturer’s instructions (Thermo Fisher Scientific). Pictures were 

acquired with a Leica DFC340 FX fluorescence microscope (Leica Microsystems) with a 

200x objective using Leica Suite software (Leica Microsystems). Quantification was 

performed using ImageJ (NIH).

Dose Distribution/LET Calculations

The dose distribution and dose-weighted LET densities were calculated utilizing Monte 

Carlo simulations based on the Hadrontherapy Code included in Geant4 (34). Specifically, 

the wheel modulation was simulated according to a recent extension of the code (35). We 

assumed a 15 mm circular beam with a 109.5 MeV/12C beam energy (0.5 MeV initial 

energy spread) and scored the physical dose and LET in a homogenous water-density target. 

Dose calculations were obtained by using 0.1 mm edge length cubic voxels and integrating 

over a central 10 mm corridor in the water phantom. Due to the long computational time, the 

information on LET along the SOBP was obtained with a voxel size of 0.5 mm, integrating 

over a single-voxel central corridor.
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Measurements and Statistics

A caliper was used to measure bi-dimensional tumor diameter three times per week. 

Volumes were approximated from bi-dimensional measurements using the following 

equation (Eq 1).

V = π
6 ∗ d1

2 ∗ d2, Eq 1

where V = volume, d1 = smaller diameter; d2 = larger diameter. Published in vitro and in 
vivo studies have generally reported an RBE for carbon ions between 2-3 (10,14,16,17). 

Therefore, to calculate RBE in the autochthonous sarcoma model, we sought to determine 

which of the three single doses of X-ray treatments (20 Gy, 25 Gy, and 30 Gy) induced a 

similar growth delay as a single fraction of 10 Gy carbon ion radiotherapy. Multiple tests 

were employed to determine which X-ray dose best approximated the effects of 10 Gy 

carbon ions. Treatment response was quantified using both time-to-tumor-quintupling and 

exponential growth rate following radiotherapy. The Mann Whitney U test was used to 

compare median time-to-tumor quintupling and the exponential growth rate and the Kruskal-

Wallis test was used to compare initial volumes between groups.

Histologic data points were calculated by taking the average of either the percent positivity 

or absolute number of positive cells in six randomly chosen 200x fields per tumor. The 

Mann Whitney U test was utilized to compare groups (JMP 13, SAS institute).

Tumor Growth Model

As expected from a primary mouse tumor model treated with radiation therapy, the sarcomas 

in this experiment exhibited variable growth patterns following treatment. For example, 

many tumors initially ceased growing, and only resumed their exponential expansion after a 

static period of days to months. We thus created a novel piecewise exponential tumor growth 

model to further characterize subtle differences in growth kinetics following isoeffective 

treatments. We employed a piecewise linear regression (Eq 2) to the log-transformation of 

tumor volume where parameters c and B1 describe the period of initial growth arrest and the 

final exponential growth rate, respectively. Parameters were determined using Marquardt 

iterative methods, and the Mann Whitney U test was utilized to compare parameters between 

isoeffective groups (SAS 9.4, R 3.2.2).

Ln Volume  =
B0 i f  x ≤ c

B0 + B1 ∗ x − c i f  x > c Eq 2

This piecewise exponential model describes the natural logarithm tumor volume as a 

function of time. Ln of tumor volume remains at B0 until time c when it begins to grow 

linearly with a slope of B1, where B0, B1, and c are parameters of the model.
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Results

Treatment Delivery

To deliver carbon ions to autochthonous sarcomas in mice, we built a spinning compensator 

wheel at the NASA Space Radiation Laboratory in Brookhaven National Laboratory (BNL) 

to produce a 3 cm constant physical-dose SOBP, comprised of many individual Bragg peaks 

(Figure 2a). Measurements were taken on each treatment day, and Monte Carlo simulations 

confirmed a constant physical dose distribution throughout the tumor volume (Figure 2b) 

and a median tumor dose-weighted LET of 59 keV/μm (interquartile range or IQR 57-61 

keV/μm) (Figure 2c), which is within the clinically relevant range for CIT (36).

At BNL, 24 primary sarcomas were treated with a single fraction of 10 Gy CIT and 28 

untreated sarcomas were followed as untreated controls. At Duke, 44 sarcomas within a 

comparable size range were treated with X-ray radiotherapy and 10 untreated sarcomas 

served as untreated controls (Table 1). Initial tumor volume did not differ significantly 

between treatment groups (p=0.10), and initial tumor volume did not correlate with tumor 

quintupling time (Pearson R2=0.01, p=0.43).

Of the twelve mice treated with 20 Gy X-rays, eight were anesthetized with ketamine/

xylazine similar to the carbon ion treated mice, and the remaining four mice were 

anesthetized with isoflurane. As median quintupling times (MQT) with both anesthetics 

were similar (MQT 13 vs. 15 days; p=0.76) (Supplementary Figure 1a), the remaining mice 

that underwent X-ray treatment were anesthetized with isoflurane. Untreated mice housed at 

BNL had a MQT of 9.0 days, which was similar to 9.3 days for untreated mice at Duke 

(p=0.67) (Supplementary Figure 1b). Therefore, we concluded that differences between 

Duke and BNL did not significantly impact tumor growth. The absolute volume 

measurements for individual mice in this study are shown in Supplementary Table 1.

Calculating RBE

Following treatment, a dose response relationship was observed in which tumors receiving 

CIT or higher dose X-rays exhibited slower regrowth than those treated with lower doses of 

X-ray radiation (Figure 3a). The MQT for tumors treated with 10 Gy carbon was 27.3 days 

(range 22-138 days). Tumors treated with 30 Gy X-rays had a similar MQT of 28.1 days 

(range 21-40 days) (p=0.93). However, tumors treated with lower X-ray doses of 25 Gy and 

20 Gy quintupled significantly faster: 18.2 days (p<0.05) and 13.5 (p<0.001), respectively 

(Figure 3b). An exponential regression of tumor growth following carbon treatment revealed 

an exponential growth rate of 0.060 mm3/day, which was similar to 30 Gy X-rays (0.059 

mm3/day; p=0.97). The exponential growth rate was significantly higher for tumors treated 

with 25 Gy X-rays and 20 Gy X-rays (0.099 mm3/day; p<0.05, and 0.111 mm3/day; p<0.01, 

respectively) (Figure 3c). In this mouse model of soft tissue sarcoma, treatment with 30 Gy 

of X-rays was isoeffective to treatment with 10 Gy carbon ions with respect to exponential 

tumor growth and quintupling time. For these tumor growth endpoints in this primary soft 

tissue sarcoma model, we thus conclude that the RBE of carbon ions is 3 (Figure 3d).
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Modeling Tumor Growth Kinetics

To determine whether isoeffective treatments had similar patterns of tumor growth delay and 

regrowth kinetics, we employed a linear regression based on a novel piecewise tumor growth 

model (Eq 2; Figure 4a). We observed that this piecewise approach better characterized the 

dynamics of KP tumor growth following radiation treatment than did a simple exponential 

model (Figure 4b). Figure 4c and 4d demonstrate the piecewise growth model applied to 

individual mice treated with carbon ions and X-rays, respectively. Sarcomas treated with 10 

Gy carbon had an estimated median growth delay of 13.5 days (IQR 12-20 days), which was 

not significantly longer than 12.1 days (IQR 8-17 days) in sarcomas treated with 30 Gy X-

rays (p=0.33). However, once tumors recurred, those treated with 10 Gy carbon enlarged 

more rapidly with a significantly higher exponential growth rate compared to 30 Gy X-rays, 

median 0.11 mm3/day vs. 0.08 mm3/day, respectively (p<0.01).

Proliferation and Stromal Response

Mice were sacrificed when tumor size approached 2000 mm3 or when they appeared 

moribund. Using samples harvested at this defined endpoint, we performed Ki-67 staining 

on tumors treated with 10 Gy carbon, 30 Gy X-rays, and untreated controls (Figure 5a). X-

ray treated tumors had significantly fewer Ki-67 positive cells than either carbon treated 

tumors (p<0.01) or untreated controls (p<0.01) (Figure 5b). No difference in proliferation, as 

measured by Ki-67 staining, was detected between the carbon treated and the untreated 

controls. Phospho-histone H3 staining at tumor endpoint (Figure 5c–d) similarly revealed a 

higher mitotic fraction in tumors treated with 10 Gy carbon compared to 30 Gy X-rays 

(p<0.01). Furthermore, carbon treated tumors had a significantly higher mitotic index than 

untreated tumors (p<0.05) (Figure 5d). In contrast to the increased proliferation and mitotic 

fraction in carbon ion treated tumors at study endpoint, histologic examination 24-48 hours 

after treatment showed significantly less staining with phospho-histone H3 in tumors treated 

with 10 Gy carbon compared to 30 Gy X-rays. We observed a similar trend with Ki-67 

staining, but differences did not reach statistical significance (Figure 5e–f, Supplementary 

Figure 2). Therefore, 10 Gy CIT initially caused tumor cells to divide more slowly than 30 

Gy X-rays, however as tumors began to regrow, proliferation in carbon-treated tumors 

accelerated, and outpaced X-ray treated tumors at the study endpoint. These findings are 

concordant with tumor growth modeling, which similarly showed faster growth in carbon 

treated sarcomas as tumors became large (Figure 4).

Because CIT may improve activation of the immune system following treatment (12), we 

also stained tumors for CD3 to quantify tumor-associated T-cells. Remarkably, 24 to 48 

hours after radiation, sarcomas treated with carbon ions had increased numbers of CD3+ T-

cells compared to sarcomas treated with isoeffective X-rays (Figure 5g–h). However, 

TUNEL staining at 24-48 hours was similar between treatment groups (Supplementary 

Figure 3). Thus, while isoeffective treatments resulted in similar tumor cell death at 1-2 

days, their effect on the tumor stroma at this time differed with CIT eliciting larger T-cell 

infiltrate.
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Discussion

Much of our understanding regarding how high LET radiation impacts tumor growth in vivo 
is based on xenograft (24,25,27,28) and syngeneic allograft animal models (20,26,29). 

While these transplant models are helpful tools that facilitate investigating the treatment 

response of cancers with a wide range of oncogenic mutations, they do not recapitulate a 

native tumor-stromal interaction. Primary tumor models differ from transplant models in this 

regard. Rather than cancer cells being implanted, the neoplastic transformation is induced in 

a physiologically relevant orthotopic location, allowing the tumor to coevolve with the host’s 

intact immune system, much like human cancer (37). To our knowledge, the response of 

cancers to high LET radiation has never before been studied in a primary tumor model. We 

sought to address this critical need by characterizing the effects of CIT in a clinically 

relevant autochthonous mouse model of soft tissue sarcoma.

With access to the accelerator complex at Brookhaven National Laboratory and an on-site 

animal research facility, the NASA Space Radiation Laboratory (NSRL) is currently the only 

US center capable of heavy ion research on animals. The primary focus of NSRL is to model 

the health risks faced by astronauts during space travel due to high energy particle exposure 

(38–40). Although the NSRL had not previously used high LET radiation with a SOBP to 

treat tumors in vivo, Held and colleagues recently advocated for this application (41). With 

minimal institutional precedent, the on-site particle physics team successfully optimized a 

mono-energetic carbon ion beam for therapeutic use and built a custom device for 

immobilization to facilitate treatment. Indeed, ion chamber measurements and Monte Carlo 

simulations confirmed a homogenous 3 cm SOBP with clinically relevant LET deposited 

throughout the target. These results demonstrate that US researchers need not travel oversees 

to study hadron therapy in animal tumor models.

A crucial part of planning for our experiment was to ensure that the LET was clinically 

relevant. Like other charged particles, the LET of carbon ions is highest at the end of range 

within their Bragg peak (17,26). The RBE is unity at 13 keV/μm (42) and increases with 

increasing LET, peaking at approximately 100 keV/μm (17,18). Tumors in this experiment 

were treated with an LET between 57-61 keV/μm, which is comparable to the range used in 

clinical treatment centers utilizing CIT (36).

The relationship between RBE of carbon ions and fraction size is complex and depends on 

how fractionation changes the effectiveness of cell killing by X-rays. X-rays delivered in a 

single large fraction exert more damage than if the same dose is divided into multiple 

fractions (43). The effects of high LET radiation on cell killing are less dependent on 

fractionation. Thus, the RBE for carbon ions decreases with increasing fraction size (19). 

Suzuki et al. treated cell lines with CIT and X-rays, and noted an RBE of 2-3.01 at carbon 

ion fractional doses of 1.4-3.86 Gy (15) with others reporting similar results (17). However, 

in studies where carbon was prescribed in larger doses per fraction like those we employed 

here, the RBE is lower, ranging between 1.5-2.7 (16,20,26,29,44). For example, Koike et al. 

treated a radioresistant murine fibrosarcoma with CIT and calculated RBE with a growth 

delay endpoint. With an LET of 77 keV/μm, the RBE decreased from 2.9 to 2.7 as fraction 

size increased from 6 Gy to 14 Gy; and at an LET of 44 keV/μm the RBE was considerably 
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lower, decreasing from 2.2 to 2.1 with the same doses (16). We delivered 10 Gy of CIT to 

primary sarcomas in mice with a median LET of 59 keV/μm and calculated an RBE of 3, 

which was higher than anticipated.

The relatively high potency of CIT we observed here may be multifactorial, relating to both 

the aggressive nature of this primary sarcoma model as well as host-tumor interactions. 

Because the destructive impacts of carbon ions are less affected by intrinsic tumor 

radioresistance (45) and less dependent on the presence of oxygen (18), the RBE for CIT 

may be increased in poorly differentiated, poorly perfused tumors where X-rays may have 

less efficacy. In a study comparing syngeneic mouse models of prostate cancer, Glowa et al. 

noted a significantly higher RBE in an anaplastic cell line that formed necrotic tumors as 

compared with a lower grade cell line (20). As the sarcomas that we studied are rapidly 

growing and radioresistant tumors with regions of dysfunctional vasculature and hypoxia 

(46), CIT may be relatively more effective than X-rays in these high-grade neoplasms.

Anti-tumor immunity may have also contributed to the improved relative efficacy of CIT in 

this primary model. We observed a more pronounced T-cell infiltrate at early time points in 

tumors treated with 10 Gy carbon as compared to those treated with isoeffective 30 Gy X-

rays. While there are limited data regarding how carbon ion therapy affects host-tumor 

immunity or what role the immune system plays in tumor response to CIT, the available 

preclinical models suggest that CIT may better synergize with the immune system to fight 

cancer (47). In a murine squamous cell carcinoma transplant model, Ando et al. noted that 

injected activated dendritic cells (ADCs) combined with CIT suppressed pulmonary 

metastases more effectively than ADCs combined with an isoeffective photon treatment 

(12). Our results showing increased T-cell infiltration following carbon ions compared to an 

isoeffective dose of X-rays is consistent with the notion that CIT may preferentially activate 

the immune system. Recently, two groups reported that micronuclei, which form after 

irradiated cells proceed through mitosis with damaged DNA, stimulate the innate immune 

system via interferon-stimulated gene expression (48,49). Therefore, it is possible that CIT 

increases the number of micronuclei that form following radiation, which preferentially 

activate the immune system. In the future, it will be important to test this hypothesis using 

primary tumor models where a tumor co-evolves with the immune system, as well as the 

clinically important question of whether CIT synergizes with immunotherapy (e.g. immune 

checkpoint blockade) to a greater extent than X-ray therapy.

Untreated sarcomas in this mouse model grow exponentially with a constant growth rate 

until they reach a large volume. However, irradiation causes an initial period of stasis before 

exponential growth resumes. In carbon treated tumors, the effect appears to be more 

profound with a longer growth arrest compared to X-ray treated tumors, and quicker tumor 

expansion occurs once regrowth begins. We created a piecewise exponential model to 

quantify these effects and determine if there were differences in the kinetics of regrowth 

between the isoeffective carbon ion and X-ray treatments. Compared to tumors treated with 

X-rays, our piecewise exponential model demonstrated significantly faster regrowth in 

carbon treated tumors. Histological analysis of carbon treated tumors at endpoint 

concordantly demonstrated a higher phospho-histone H3 mitotic index and Ki-67 index as 

compared to those treated with X-rays. We also observed a trend toward longer growth arrest 
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with carbon and similarly noted a significantly lower phospho-histone H3 mitotic index at 

24-48 hours following radiation. Given the high mitotic rate in recurrent KP tumor cells 

following carbon ion radiation, it is possible that adjuvant treatment with M-phase-specific 

cytotoxic chemotherapy may be even more efficacious with CIT than X-rays.

Successfully using CIT in the clinic depends on the ability to safely deliver the radiation to 

the tumor without causing unacceptable acute and late toxicity. For the same total radiation 

dose, late radiation effects are often more likely after high dose per fraction 

(hypofractionated) X-rays. Therefore, the RBE of carbon for late normal tissue toxicity is 

lower at high doses per fraction compared to smaller doses per fraction. The RBE for 66 

keV/μm carbon ions for rat spinal cord myelopathy was 1.94 with a TD50 of 17.7 Gy 

delivered in two fractions (14), and the RBE for late skin fibrosis in another experiment was 

1.5 (44). Given that as fraction size increases, the RBE decreases more in late responding 

tissues than in tumors, some have speculated that hypofractionation would improve 

therapeutic gain for CIT (50). Our results in a primary sarcoma model support the concept 

that hypofractionated carbon ions will provide therapeutic gain at 10 Gy if the RBE for 

critical structures is less than 3 and treatment can be delivered within normal tissue 

constraints.

Execution of this study was challenging because primary sarcoma development is stochastic, 

which makes the exact timing of tumor development difficult to predict (31). Our carbon ion 

beam-time was limited to 3 weekly sessions of 2-3 hours and was scheduled several months 

in advance. Due to costs and logistics, it was only feasible to irradiate 24 tumor-bearing 

mice at the NSRL, thus we calculated the RBE using a single dose of CIT with a growth 

delay endpoint. Evaluating the RBE with a tumor control endpoint utilizing numerous doses 

of CIT may yield additional important information about the effects of carbon ions in 

primary tumor models.

In conclusion, we evaluated carbon ion radiotherapy in a primary tumor mouse model of 

sarcoma. For a tumor growth delay endpoint, we calculated an RBE of 3, which was higher 

than expected based on in vitro data and in vivo transplant models. Although tumors 

irradiated with 10 Gy CIT and 30 Gy X-rays were isoeffective with respect to tumor 

quintupling time, there were important differences in both the tumor and stromal responses 

that have not been previously described. Having demonstrated the feasibility of completing 

preclinical experiments of carbon ion therapy in a primary tumor model in the US, we have 

established a platform where investigators can study the effects of carbon ions on cancers to 

gain new mechanistic insights and test novel treatment strategies that may be exploited to 

improve therapeutic gain.
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Figure 1. Schematic of the experimental design and radiation therapy treatments
(a) Schematic of the experimental design. Mice with conditional mutations in oncogenic 

Kras and p53 (LSL-KrasG12D;p53fl/fl or KP) were inoculated with adenovirus expressing 

Cre recombinase via direct injection into muscle of the hind-limb, thus generating primary 

sarcomas. Mice were either treated with X-rays at Duke or were transported to Brookhaven 

National Laboratory for Carbon Ion Therapy (b) Cre recombinase recombines LoxP sites 

(blue triangles) in LSL-KrasG12D; p53fl/fl (KP) mice, selectively deleting p53 and activating 

the expression of mutant Kras by deleting the transcription stop cassette. (c) Schematic of 

carbon ion radiation delivery. A mono-energetic carbon ion beam passes through a spinning 

variable-depth compensator wheel and is shaped by a copper collimator. The resulting poly-

energetic beam produces many Bragg peaks that span the breadth of the target (colored 

lines) and effectively sum to create a spread-out Bragg peak (SOBP) (black line). (d) Carbon 

ion experimental setup at NSRL. The compensator wheel and collimator are arranged within 

the beamline. (e) Image-guided X-ray radiotherapy. Pre-treatment fluoroscopic imaging 

depicts a 40 × 40 mm square field encompassing the sarcoma-bearing leg and excludes the 

remainder of the mouse. Tick marks = 2 mm.
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Figure 2. Carbon ion Spread out Bragg peak, predictions and measurements
(a) The spinning acrylonitrile butadiene styrene compensator wheel was expected to produce 

a poly-energetic carbon beam with a 3-cm constant physical dose SOBP (magenta) 

comprised of 30 individual Bragg peaks (black lines). Dose rate is represented as a function 

of depth and is normalized to entrance dose rate of mono-energetic 109.5 MeV/12C beam = 

1. (b) Monte Carol simulations (blue) and ion chamber dose rate measurements (black-

dashed) of the SOBP confirmed a constant physical dose distribution within the target in the 

proximal SOBP. (c) Monte Carlo simulated dose-weighted LET (orange) is 59-63 keV/μm 

throughout the proximal SOBP (blue).
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Figure 3. Response of primary sarcomas to carbon ions and X-rays and Relative Biological 
Effectiveness
(a) Mean relative tumor volumes as a function of days after treatment in untreated controls 

(red, n=38), and mice treated with single fractions of 20 Gy X-ray (purple, n=12), 25 Gy X-

ray (orange, n=8), 30 Gy X-ray (green, n=8), and 10 Gy Carbon (blue, n=16). Volumes are 

normalized to volume on day of treatment in irradiated mice and the first measured volume 

> 40 mm3 for untreated controls. (b) Data from panel (a) represented as number of days for 

tumor volume quintupling from the initial day of treatment. (c) Data from panel (a) 

represented as the exponential growth rate for sarcomas in each treatment group. (d) RBE is 

defined as the dose of X-rays divided by the dose of particle radiation required to produce 

the same biological result. Because 30 Gy X-rays and 10 Gy carbon ions have similar time 

to tumor quintupling and exponential growth rates, the RBE of carbon ions for these 

endpoints in primary sarcomas is 3. Median values (thick black lines) and interquartile range 

(IQR) (thin black error bars) shown; statistical significance evaluated with Mann Whitney U 

test. * p< 0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 4. Comparison of relative growth after 10 Gy carbon ions and 30 Gy X-rays using 
piecewise exponential and simple exponential regression models
(a) Log relative volume as a function of time following treatment for individual tumors after 

10 Gy carbon (blue) or 30 Gy X-rays (green) with a graphical representation of a piecewise 

exponential model (black dashed line). (b) Volume data described in (a) with a graphical 

representation of a simple exponential model (red dashed lined). Note that the piecewise 

model characterizes the period of post-treatment stasis and the rate of regrowth better than 

the simple exponential model. (c) Example of an individual sarcoma evaluated with the 

piecewise exponential model after 10 Gy carbon ion radiation therapy. (d) Example of an 

individual sarcoma evaluated with the piecewise exponential model after 30 Gy X-rays 

radiation therapy. For details of the piecewise exponential model, please refer to equation 2.
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Figure 5. Assessment of tumor cell proliferation and T-cell infiltration after carbon ion or X-ray 
radiotherapy
(a) Evaluation of proliferation by Ki-67 immunohistochemistry in sarcomas treated with 10 

Gy carbon ions, 30 Gy X-rays, and untreated sarcomas when tumor volume approached the 

limit of the IACUC protocol. (b) Quantification of Ki-67 staining for sarcomas that reached 

the experimental endpoint in each treatment group. (c) Evaluation tumor cells in G2 and 

mitosis by immunofluorescence of phospho-histone H3 in sarcomas treated with 10 Gy 

carbon ions, 30 Gy X-rays and untreated sarcomas when tumor volume approached the limit 

of the IACUC protocol. (d) Quantification of phospho-histone H3 staining for sarcomas that 

reached the experimental endpoint in each treatment group. (e) Quantification of Ki-67 

staining for sarcomas at 24 or 48 hours after 10 Gy carbon ions and 30 Gy X-raysΔ. (f) 
Quantification of phospho-histone H3 staining for sarcomas at 24 or 48 hours after 10 Gy 

carbon ions and 30 Gy X-raysΔ. (g) Evaluation of T-cell infiltration in sarcomas proliferation 

by CD3 immunohistochemistry at 24 or 48 hours after 10 Gy carbon ions and 30 Gy X-rays. 

(h) Quantification of infiltrating T-cells in sarcomas at 24 or 48 hours after 10 Gy carbon 

ions and 30 Gy X-raysΔ. Median values (thick black lines) and IQR (thin black error bars) 
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shown; statistical significance evaluated with Mann Whitney U test. *p< 0.05, **p<0.01. Δ 

refer to Supplementary Figure 2 for breakdown of 24 and 48 hours. Scale bar = 100 microns.
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Table 1

Number of tumor-bearing KP mice assigned to each experimental group

Brookhaven National Laboratory, Upton NY Duke University, Durham NC

Untreated controls† 28 Untreated controls† 10

Received 10 Gy CIT∫* 24 Received 20 Gy X-rays† 12

 • Followed for growth delay† 16     • Anesthetized with ketamine∫ˆ 8

 • Harvested for tissue analysis‡ 7     • Anesthetized with isofluraneƒ 4

  ◦ 4-hours post-treatment 1 Received 25 Gy X-raysƒ† 8

  ◦ 24-hours post-treatment 3 Received 30 Gy X-raysƒ 17

  ◦ 48-hours post-treatment 3     • Followed for growth delay† 8

    • Harvested for tissue analysis‡ 9

        ◦ 24-hours post-treatment 4

        ◦ 48-hours post-treatment 5

Total 52 Total 47

†
followed for growth delay;

‡
harvested for tissue analysis;

∫
anesthetized with intraperitoneal ketamine and xylazine;

ƒ
anesthetized with isoflurane;

*
one mouse moved out of treatment portal during CIT and was thus omitted all analyses;

ˆ
two mice treated with 20 Gy X-rays succumbed prior to tumor quintupling and were thus omitted from the quintupling time analysis
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