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Abstract

Purpose: To study tumor growth delay resulting from partial irradiation in preclinical mouse 

models.

Methods and Materials: We investigated 67NR murine orthotopic breast tumors in both 

immunocompetent and nude mice. Treatment was delivered to 50% or 100% of the tumor using a 

2×2 cm collimator on a micro-irradiator. Radiation response was modulated by treating with anti-

CD8 and anti-ICAM antibodies. Similar experiments were performed using the less immunogenic 

Lewis Lung Carcinoma (LLC) mouse model. Tumor growth delay and gγH2AX phosphorylation 

were measured and immune response was assessed by immunofluorescence and flow cytometry at 

1 and 7 days post-radiotherapy (RT). Tumor expression of cellular adhesion molecules was also 

measured at different times post-RT.

Results: Partial irradiation led to tumor responses similar to fully exposed tumors in 

immunocompetent mice, but not in nude mice. After a single dose of 10Gy, infiltration of CD8+ T 

cells was observed, along with increased expression of ICAM. The response to 10Gy in hemi-
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irradiated tumors was abrogated by treatment with either anti-CD8 or anti-ICAM antibodies. 

Similar responses were obtained in the less immunogenic LLC mouse model delivering 15Gy to 

half the tumor volume. Treatment with FTY720, a compound that inhibits T cell egress from 

lymph nodes, did not affect tumor response at the time of CD8+ T cells infiltration in the non-

irradiated area of the tumor, indicating that the most likely source of these cells is the irradiated 

portion of the hemi-irradiated tumors. In addition, a significant abscopal effect was observed after 

partial irradiation with a single dose of 10Gy in the 67NR model.

Conclusions: In these models, radiation controls tumor growth both directly through cell killing 

and indirectly through immune activation. This raises the possibility that this effect could be 

induced in the clinic.
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INTRODUCTION

Clinical radiation therapy aims to deliver an ablative dose of RT to the tumor while 

minimizing damage to adjacent normal tissue. To ensure full coverage of the tumor, 

treatment plans contain added margins to account for patient set-up uncertainties. While 

modern image guided radiation therapy (IGRT) allows for stereotactic delivery of high doses 

to the tumor (1,2), it is also associated with increased and sometimes devastating acute 

toxicities to adjacent tissues (3,4). To circumvent these risks, treatment plans are often more 

conservative at the interface between tumor and critical normal tissue, with the consequence 

that some of the tumor volume receives less than the prescription dose. It has been argued 

that these lower dose regions are possible sites of treatment failure.

According to classical radiobiology, tumor response is due to direct cell kill, caused by 

radiation-induced DNA damage produced within the primary radiation field. However, there 

is a growing amount of evidence that radiation also affects the tumor microenvironment and 

alters the balance of inflammatory signals in the tumor (5–11). The impact of host immune 

capability on RT response is well established in immunogenic murine tumor models (12). 

These effects have also been observed in distant tissues outside of the radiation field 

following hypofractionated or single high dose radiotherapy (SDRT), particularly when 

combined with systemic immune modulation therapies (7,13,14). Furthermore, previous 

studies by our group and others have shown that SDRT can invoke a biological mechanism 

of tumor lethality involving the tumor vasculature (15,16). In our previous work, we 

demonstrated that 15Gy induced rapid collapse of the tumor microvasculature due to surface 

translocation of acid sphingomyelinase (ASMase), and ceramide generation (15) in 

endothelial cells, leading to ischemia/reperfusion injury. The vasculature is a recognized 

target in cancer therapy and emerging data suggest that T cell-mediated effects on the tumor 

and stroma might be similarly linked to effects on the vessels, in part through the production 

of cytokines (17). It has been previously shown that the efficacy of the infiltrating CD8+ T 

cells depends on their interaction with the tumor stroma (11,18–21).
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Radiation oncologists carefully ensure that treatment plans provide full coverage of the 

tumor volume adding a margin, to account for set-up error and patient motion, in the belief 

that any part of the tumor missed by the radiation beams will lead to treatment failure. 

However, when the tumor location is close to a dose limiting tissue, the possibility of 

marginal misses arises. The radiobiological consequences of irradiation geometries that do 

not provide full tumor coverage has not been carefully studied, perhaps because it has 

always been assumed that such treatments would be wholly ineffectual. To replicate 

marginal miss geometry in a pre-clinical animal tumor model would be difficult due to the 

uncertainties in animal set-up in a microirradiator. Therefore, we decided to deliberately 

exaggerate the portion of unirradiated tumor and selected an irradiation geometry in which 

one half of the volume was blocked from the primary radiation field (Scheme 1). To ensure 

that the viable tumor was not preferentially located in the superior /inferior aspect of the 

tumor mass, the experiment was repeated to ensure no location bias. We examined the effect 

of hemi-tumor irradiation on tumor growth delay and on the microvascular and immune 

response within the irradiated and non-irradiated areas of the tumor. We studied the 67NR 

murine tumor model, previously demonstrated to be immunogenic (7) and the Lewis lung 

carcinoma model (LLC), which is considered to be less immunogenic and more 

radioresistant.

MATERIALS AND METHODS

Ethical statement

All animal experiments were performed according to the ethical guidelines, following a 

protocol approved by the Institutional Animal Care and Use Committee (IACUC). Animals 

were housed at the Research Animal Resource Center (RARC) of Memorial Sloan-Kettering 

Cancer Center (MSKCC). The facility is approved by the American Association for 

Accreditation of Laboratory Animal Care and is maintained in accordance with the 

regulations and standards of the United States Department of Agriculture and the 

Department of Health and Human Services, NIH.

Cell culture

67NR murine breast carcinoma cells, generously given by Dr. Ronald Blasberg (MSKCC), 

and Lewis Lung carcinoma cells (ATCC) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100U/ml 

penicillin, 100 μg/ml streptomycin and 0.25 μg/ml amphotericin B. Cells were kept in a 

humidified incubator at 37°C, in 5% CO2.

Tumor inoculation

Balb/c, C57BL/6 or athymic nude mice were purchased from Jackson Laboratory (Bar 

Harbor, ME), and used at 12 weeks of age, in order to allow the immune system to mature. 

67NR cells were orthotopically injected into the mammary fat pad at position 4 in the right 

side. For the bilateral tumors experiment, cells were injected at position 4 in both left and 

right sides. LLC cells were injected subcutaneously (s.c.) in the flank. 1.5×106 cells were 

injected in 50% Matrigel in PBS for both cell lines.
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Irradiation procedure

Tumors (mean volume of 250mm3) were irradiated with either 100% or 50% coverage using 

an XRAD 225C (Precision X-Ray, North Branford CT), with a 2×2cm collimator, at 225kV, 

13mA, dose rate of approximately 3.5Gy/minute. The irradiation field was defined using 

GAF chromic film, and the mouse was positioned so that either all or half of the tumor was 

in the field (Scheme 1). The part of the tumor that was outside of the irradiation field (OF) 

received a dose of less than 5% of the primary in-field (IF) dose. After irradiation, mice 

were either observed for tumor response or euthanized at the time points stated to collect the 

tumors.

Antibody and drug treatment

Anti-CD8-alpha antibody (Mab/hybridoma 53–6.72) was obtained from the Antibody and 

Bioresource Core Facility at MSKCC. Antibody was injected intraperitoneally (i.p.) every 3 

days, starting 3 days before irradiation and up to 6 days after irradiation, at 200 μg/animal/

injection.

In vivo MAb anti-mouse CD54 (ICAM-1) and anti-mouse CD62E (E-selectin) (clones 

YN1/1.7.4 and 9A9, respectively) were obtained from Bioxcell (NH, USA). Antibody was 

injected i.p. 2, 16 and 48 hours after irradiation with 10Gy, at 300 μg/injection for ICAM-1 

and 150 μg/injection for E-selectin.

FTY720, a compound that inhibits T cell egress from lymph nodes (22), was purchased from 

Sigma Aldrich (St Louis, MO, cat #SML0700) and administered i.p. once a day, at −2, −1 

and on the day of irradiation, at 1.5 mg/kg.

Immunofluorescent staining

Staining was performed by MSKCC Molecular Cytology Core Facility using a Discovery 

XT processor (Ventana Medical Systems). Tumors were fixed with 10% formalin, embedded 

in paraffin and sectioned at 5μm thickness. Tissue sections were deparaffinized with EZPrep 

buffer followed by antigen retrieval with CC1 buffer (both Ventana Medical Systems). 

Sections were blocked for 30 minutes with Background Buster solution (Innovex).

Tumors that were 50% irradiated were cut with a scalpel along the edge of the irradiation 

field (marked on the skin of the mouse) prior to excision of the tumor and the irradiated and 

non-irradiated halves were processed separately.

Sections were incubated with primary antibodies (anti-CD8: eBiosciences, anti-CD4: R&D 

Systems, anti-Meca-32: DSHB, anti-ICAM1: R&D Systems, anti-VCAM-1: R&D 

Systems, anti-E-Selectin: R&D Systems, anti-P-Selectin: LSBio, anti-γH2AX: Millipore), 

followed by 60 minutes incubation with the appropriate biotinylated secondary antibody 

(goat anti-rat IgG (Vector labs), horse anti-goat IgG (Vector labs), goat anti-chicken IgY 

(Vector labs), goat anti-rabbit IgG (Vector labs), horse anti-mouse IgG (Vector labs). The 

detection was performed with Streptavidin-HRP D (part of DABMap kit, Ventana Medical 

Systems), followed by incubation with Tyramide Alexa Fluor 488 (Invitrogen) prepared 
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according to manufacturer instruction. After staining slides were counterstained with DAPI 

(Sigma Aldrich) for 10 minutes and coverslipped with Mowiol mounting media.

Imaging and analysis

Slides were imaged on a Pannoramic 250 slide scanner (3DHISTECH) at 40x resolution. 

Entire tissue sections were used for analysis. Threshold was adjusted to exclude background 

and stained regions were quantified using ImageJ.

Evaluation of infiltrating immune cells by flow cytometry

Tumors and tumor draining lymph nodes were excised 1 and 7 days post-RT and 

mechanically dissociated into single cell suspensions using 4μm cell strainers (Falcon). Cell 

suspensions were incubated in Fc block (anti-CD16 and anti-CD32 antibodies;; BD 

Biosciences) for 20 minutes on ice in FACS buffer (0.5% BSA and 2 mM EDTA in PBS), 

then incubated with fluorophore-conjugated antibodies against CD45, CD4, CD8 and PD-1 

for 20 to 30 minutes on ice and washed three times with FACS buffer. For intracellular 

staining of Foxp3 and granzyme B, cells were fixed and permeabilized using the Foxp3 

Staining Kit (eBioscience). Dead cells were excluded using the Fixable Viability Dye eFluor 

506 (eBioscience). Samples were acquired on a 12-color LSR II flow cytometer, and data 

were analyzed with FlowJo software (Tree Star).

Statistical analysis

All statistical analysis was performed by the Biostatistics facility at MSKCC using SAS 9.4 

(SAS Institute, Inc., Cary, NC, USA). For Fig. 1A, 1B, 2D, 3D, 4A, 5A, 5B, 5C and 6, the 

slope of the tumor growth curve for each animal was estimated using simple linear 

regression on all available data. Wilcoxon rank-sum tests were used to compare slopes or 

raw measurements (for figures 1D, 2A, 3B and 3D) between two treatment groups. 

Specifically, we implemented Monte Carlo estimation with 10,000 simulated data sets in the 

SAS NPar1Way Procedure to estimate two-sided exact Wilcoxon rank-sum P-values. The 

statistical significance level was set at alpha=0.05 (i.e., P<0.05) despite the multiple 

comparisons, in order not to inflate the Type II (false-negative) error rate in this exploratory 

study. Information on the number of repeats and number of mice in each experiment can be 

found in the figure legends. Error bars in the figures represent one standard error of the mean 

(SEM). P-values inside the figures are represented using asterisks as follows: * P<0.05, ** 

P<0.005, *** P<0.001.

RESULTS

Full or partial irradiation effects on tumor growth

The effect of hemi vs. full tumor irradiation was examined on an orthotopic murine 67NR 

breast cancer model, implanted in the mammary fat pad of immunocompetent Balb/c mice. 

Tumors were subjected to 10, 15 or 20Gy. Tumor responses were measured for non-

irradiated, hemi-irradiated, and fully-irradiated tumors.

The expectation is that a hemi-irradiated tumor would undergo no more than 50% cell 

killing, and as a result its regrowth delay should not exceed one volume doubling time. This 
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is what was observed (0 of 15 67NR tumor cures) when the hemi-irradiation procedure was 

applied to tumors in nude mice (Fig.1A). It was further confirmed in a second MDA-

MB-231 breast tumor model (0 of 16 mice hemi-irradiated tumors survived - data not 

shown). Surprisingly, when these experiments were conducted on the same tumor grown in 

immunocompetent Balb/c mice, hemi-irradiation resulted in several (5 of 15) tumor cures 

(Fig. 1B and supp. fig. S2). These cures cannot be explained by the therapeutic effects of the 

radiation alone.

There are two statistical issues with this result. First issue is the difference between what 

was observed between hemi-irradiated tumors and the expected response. As stated above, 

hemi-irradiated tumors should exhibit minimal growth delay and cures should be impossible. 

Nonetheless, we observed 5 of 15 tumor cures in 3 groups of hemi-irradiated mice. 

Secondly, there is the question of whether the hemi- and fully irradiated tumors display 

comparable tumor growth delays. Pooling the data for 3 repeat experiments (18 mice per 

group), we did not find a statistically significant difference between the hemi-irradiated 

(50%) and the fully (100%) irradiated tumors (see Fig S2B in the supplementary data). 

These data provide compelling support for an immunostimulatory component of radiation 

monotherapy.

A further difference was found in the dose response relationship for the fully (100%) 

irradiated tumors. In the nude mouse model, tumor growth delay increased with increasing 

dose, whereas in the Balb/c model the response was seemingly independent of dose, i.e. the 

10 and 20Gy doses resulted in equivalent tumor growth delay. These data suggest that the 

anti-tumor effects of radiation are in part due to the involvement of functional T cells.

DNA damage response

Tumors were evaluated 1 hour after RT for γH2AX foci, a marker of DNA double strand 

breaks. A dose-dependent increase in γH2AX foci was observed in the irradiated parts of 

the tumor. The non-irradiated half of tumors had γH2AX foci levels similar to the controls 

(Fig. 1C and 1D). These results serve to confirm that the experimental setup was arranged 

correctly, and the tumor cells in the non-irradiated half did not receive a significant partial 

dose due to scatter.

Mice did not develop tumors upon rechallenge

Balb/c mice from previous experiments, that were tumor free for at least 90 days following 

10Gy hemi-irradiation, were inoculated again with 67NR cells (n=6). None of these mice 

developed tumors up to 90 days after the second inoculation. These data support the 

involvement of the adaptive immune system and indicate that the mice developed a memory 

response to these tumors.

RT induces cytotoxic T cell infiltration

Infiltration of CD8+ cytotoxic T cells into both the irradiated and non-irradiated parts of the 

tumor was examined 24 hours after 10Gy RT. Immune-fluorescent staining revealed a 3-fold 

amplification of CD8+ T cells in the non-irradiated half of the tumor (Fig. 2A and 2B). This 

Markovsky et al. Page 6

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



finding was confirmed by flow cytometry (Fig. 2C). No significant infiltration of CD4+ cells 

was observed in the non-irradiated half of the tumor (supp. fig. S3).

In the next set of experiments, using flow cytometry, we determined the T cell activation 

markers Granzyme B and PD-1 at different time points post-RT (supp. fig. S4). PD-1 is an 

early activation marker for T-cells (as well as an exhaustion marker in later stages). It can be 

used to identify antigen experienced T cells and exhausted T cells that have been 

reinvigorated after immunotherapies (23–25). Granzyme B is a cytolytic enzyme that is 

expressed by cytotoxic CD8+ T cells. This molecule is essential for CD8+ T cells to kill their 

target and is upregulated on activated T cells (26). In addition to the increase in CD8+ T cells 

at 24 hours, there was a trending increase in CD8+ T cells in both the irradiated and non-

irradiated parts of tumor 7 days post-RT (supp. fig. S4). At 7 days, the CD8+ T cells 

appeared to be more activated and displayed increased expression of Granzyme B and PD-1 

in both the tumor and the draining LNs. This data suggests that T cells were efficiently 

primed in response to radiation in the hemi-irradiated tumors. Of note, we observed a 

decrease in the numbers of CD8+ T cells in the nearest draining LNs in the fully-irradiated 

tumors (supp. fig. S4). Furthermore, we did not observe sufficient activation of CD8+ T cells 

in these LNs 24 hours or 7 days post RT. No significant changes were observed within the 

myeloid cells in the non-irradiated half of tumor (supp. fig. S5).

Cytotoxic T cell depletion abrogates the hemi-irradiated tumor response

To confirm the role of CD8+ T cells in the response to partial irradiation, Balb/c mice 

implanted with 67NR tumors were treated with a CD8 depleting antibody in combination 

with 10Gy RT. Depletion of CD8+ T cells led to a faster tumor growth in all three groups 

treated with the antibody. Depletion of CD8+ T cells strongly reduced tumor response to RT 

in the hemi-irradiated tumors and, to a lesser degree, in the fully-irradiated tumors (Fig. 2D), 

confirming the role of these cells in the anti-tumor response to RT. The tumor growth delay 

of hemi-irradiated tumors in mice treated with CD8 depleting antibody was comparable to 

the one observed in hemi-irradiated tumors in nude mice (Fig. 1A).

RT induces increase in endothelial adhesion molecules in the non-irradiated half of tumor

We further examined the levels of several molecules that are critical for endothelial-

leukocyte interaction and thus T cell infiltration. There was a significant increase in ICAM 

expression after irradiation with 10Gy, which was most prominent in the non-irradiated part 

of the tumor (Fig. 3A, 3B). No significant changes were observed in other adhesion 

molecules (VCAM, E-selectin and P-selectin) in the non-irradiated parts of the tumor (supp. 

fig. S6 A, B and C).

Anti-ICAM treatment leads to an abrogation of the hemi-irradiated tumor response

The increased ICAM expression suggests an important role for ICAM in mediating CD8+ T-

cell infiltration to the non-irradiated part of the tumor. To further examine this mechanism, 

we injected Balb/c mice with an ICAM blocking antibody, 2, 16 and 48 hours following 

10Gy RT. Treating mice with anti-ICAM led to a decreased anti-tumor response in hemi-

irradiated tumors compared to the fully-irradiated tumors (Fig. 3C). Blocking E-selectin did 

not affect the response of the 50% irradiated tumors relative to the 100% irradiated tumors 
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(supp. fig. S6D). Anti-ICAM treatment lead to a corresponding reduction in the number of 

infiltrating CD8+ T cells in the non-irradiated half of hemi-irradiated tumors 24 hours post 

RT, but did not affect their infiltration to the irradiated half (Fig. 3D).

Origin of the early infiltrating CD8+ cells is not the draining LNs

There is significant CD8+ T cells infiltration in the non-irradiated tumor volume following 

hemi-irradiation. To establish whether these T cells are coming from the draining LNs, we 

treated the mice with FTY720, a compound that inhibits the egress of T cells from LNs and 

reduces peripheral blood lymphocyte counts via inhibition of sphingosine-1-phosphate (22). 

Treatment with FTY720 had no effect on tumor response up to 7 days (Fig. 4A) while 

inducing a dramatic decrease of CD8+ T cells in the blood, confirming that the FTY720 

treatment was effective (Fig 4B). These results suggest that the origin of the early infiltrating 

CD8+ T cells in the non-irradiated part of the tumor is the tumor periphery and/or the 

irradiated portion of the tumor but not the LNs or the circulation.

Approximately a week after RT, both hemi- and fully-irradiated tumors in the FTY720 

treated groups began growing rapidly while in the non-treated groups, tumors remained 

small (Fig. 4A). This suggests that T cell egress from the LNs appears to be necessary for 

maintaining tumor control over the long term.

Given the inclusion of draining lymphatics in the 100% RT field and not the 50% RT field, it 

was important to assess whether the beneficial effect of additional RT coverage in the 100% 

group may be counteracted to some extent by negative effects on local immune response. We 

performed an experiment where the irradiation field was on the upper part of the hemi-

irradiated tumor and therefore included the draining LN. Similar results were obtained as in 

the original experiments;; the hemi-irradiated and fully irradiated tumors had a similar 

response to 10Gy RT (supp. fig. S7).

Hemi-irradiation of Lewis lung tumor model

To test whether the initial RT-induced mechanism of tumor response was unique to the 

67NR model, we examined the effect of hemi-irradiation on LLC implanted s.c. in the flank 

of C57BL/6 mice. In this model 15Gy was required to achieve adequate tumor response (Fig. 

5A), and again both fully and hemi-irradiated tumors responded equally. Surprisingly, when 

the dose was increased to 20Gy, the hemi-irradiation effect disappeared. We would speculate 

that vascular damage in the tumor may interfere with the ability of the immune system to 

access unirradiated tissues.

Consistent with our 67NR data, depleting the CD8+ T cell population both abolished the 

hemi-irradiation effect and reduced the response of the tumor to 100% exposure, thus 

demonstrating the role of the immune system in amplifying radiation effects and to some 

extent in the non-irradiated tumors. When an anti-ICAM antibody was given, there was a 

reduced anti-tumor response in the hemi-irradiated tumors, though blocking ICAM did not 

affect the response in fully irradiated tumors. These results indicate that ICAM expression 

and CD8+ T cells are necessary to the hemi-irradiated response in the LLC model as well.
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Response to RT in a contralateral tumor

After full or hemi-irradiation of orthotopic 67NR tumors with 10Gy, we examined the effect 

of RT on a contralateral non-irradiated tumor. 10Gy RT induced a significant tumor growth 

delay in the contralateral tumors, whether the treated tumor was fully or hemi-irradiated, but 

no tumor cures like in the primary tumor (Fig. 6).

DISCUSSION

Our data indicate that hemi-irradiation of the mouse tumor volume was sufficient for tumor 

control via a putative immuno-stimulatory mechanism. The immune response appeared 

mainly CD8+ T cell-mediated, given that when the same experiment was performed in 

athymic mice, or in immunocompetent mice treated with CD8-depleting antibody, the hemi-

irradiated tumors showed minimal tumor growth delay. There was a significant increase in 

CD8+ T cells in the non-irradiated portion of the hemi-irradiated tumors 24 hours post-RT 

and this increase was shown to be ICAM-dependent. Complete depletion of CD8+ T cells 

resulted in reduced tumor response immediately after RT (Fig. 2D) while blocking T cell 

egress from the LN only affected long-term response in the hemi-irradiated tumors (Fig. 

4A). Hemi-irradiation of the tumor generated a significant abscopal effect in the collateral 

tumor (Fig. 6).

The immunomodulatory effects of radiation have been described in preclinical studies and 

anecdotally in clinical reports. Radiation has been shown to affect either directly or 

indirectly all key components that are critical for the development of a potent anti-tumor 

immune response. These include upregulation of tumor antigen release and its presentation 

in MHC I/II molecules (11,20), activation of T cells (12), activation of immunogenic cell 

death via upregulation of damage associated molecular patterns including calreticulin, ATP 

and HMGB1 (27–29), and chemokine and cytokine secretion within the tumor and draining 

lymph nodes promoting a pro-inflammatory infiltrate (6).

Immuno-stimulatory responses are usually described as abscopal effects (from the Latin ab 
scopus, away from target), potentially impacting not only unexposed portions of the 

irradiated tumors but also metastatic lesions distant from the irradiation site. The 

mechanisms behind this phenomenon are still the subject of investigation (7,8,30–36). An 

exciting recent study in patients showed that a combination of pembrolizumab with either 

partial or full irradiation resulted in a similar degree of tumor control (37,38), which the 

authors termed ADscopal (close to target) effect. These data are consistent with our work 

which show that partial irradiation could be immuno-stimulatory improving therapeutic 

outcome. Furthermore, our results showed that hemi-irradiation of a tumor on one flank 

induced a significant tumor response in a contralateral non-irradiated tumor as well. 

However, the response was less in the contralateral from the hemi-irradiated primary, 

demonstrating that the “ADscopal” response is stronger than the “abscopal” response. 

Further studies are necessary to investigate if the effect of RT on blood vessels that results in 

overexpression of ICAM and early infiltration of CD8+ T cells is unique to the hemi-

irradiated tumors.
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One novel aspect of our work was that the immune response was produced without addition 

of checkpoint inhibitors to the protocol. Demaria et al. demonstrated that a single dose of 

8Gy in combination with checkpoint inhibitor immunotherapy was able to shrink both 

irradiated and non-irradiated bilateral 67NR tumors, via cytotoxic T cells (7). Numerous 

preclinical studies and several clinical trials have been reported demonstrating the potential 

synergy of immune checkpoint inhibitors and radiation (39–42).

It is important to note that the off-target effects and immune stimulation we observed were 

without any exogenous immune stimulation apart from irradiation. While recent studies have 

focused on demonstrating and understanding the synergy between immunotherapy and RT 

(40), understanding the mechanisms of the immuno-stimulatory properties of radiation alone 

are critical before optimizing synergy with other therapeutics. Leukocyte recruitment is a 

multistep process consisting of leukocyte rolling, adhesion and transmigration (43). 

Endothelial cell activation and ICAM surface expression is essential for leukocyte 

recruitment to sites of inflammation (44). Radiation has previously been implicated in the 

upregulation of endothelial adhesion molecules (45). We observed a higher level of ICAM in 

the non-irradiated half of the hemi-irradiated tumor. Blocking of ICAM led to decreased 

response in hemi-irradiated tumors, but not in fully irradiated tumors, confirming the 

important role of ICAM in this mechanism. A decreased response in hemi-irradiated tumors 

was also observed after using an anti-CD8 antibody to suppress CD8+ T-cell activity. This 

decreased response was observed, even after administering anti-CD8 antibody to the 100% 

tumor irradiated cohort, implicating a contribution of the immune system to the treatment 

response of fully irradiated tumors “. Taken together, our data shows that elevated ICAM 

expression is critical to recruit CD8+ T cells to the shielded tumor region and is necessary to 

achieve durable responses.

Our experiments with a second model, LLC, confirm that the findings are not unique to 

67NR breast cancer or otherwise highly immunogenic tumors, and therefore may be 

applicable to a wide range of tumors. The hemi-irradiation responses in this model were 

likewise abrogated by anti-CD8 treatment.

The expected response of a hemi-irradiated tumor is that the tumor growth delay would 

resemble an unirradiated tumor differing by one tumor doubling time (~2–3 days). This 

expected result was observed when our experiments were performed in a nude mouse model. 

However, the exact same tumor cells grown in immunocompetent mice had a completely 

different outcome. The hemi-irradiated tumor response curves resembled more closely the 

100% irradiated tumor than the unirradiated control animals with several tumor cures. 

Subsequent experiments demonstrated that this was an immune dependent response and that 

it is reproducible in more than one tumor model. This response is dependent on vascular 

adhesion molecules that mediate infiltration of cytotoxic T-cells, arriving from the irradiated 

part of the tumor or tumor periphery. Furthermore, hemi-irradiation of the primary tumor 

elicited a significant abscopal effect in the contralateral tumor.

The results raise the possibility that this effect could be induced in some human tumors. In 

fact, we have observed several instances in the clinic where partial irradiation of the tumor 
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both combined with immune checkpoint blockade or alone have resulted in complete 

responses in the tumor despite limited dose to parts of the tumor (38,46,47).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 –. 
(A) Athymic nude mice bearing orthotopic 67NR breast carcinoma tumors were irradiated 

with 10, 15 or 20Gy on either half (50%) or all (100%) of the tumor area. Experiment was 

done once, with 5 mice per group. In addition, an experiment on nude mice bearing MDA-

MB-231 tumors was performed twice, with a total of 16 mice per group, with similar results. 

(B) Balb/c mice bearing orthotopic 67NR breast carcinoma tumors were irradiated with 10 

15 or 20Gy on either half (50%) or all (100%) of the tumor area. A representative 

experiment is shown, with 5 mice per group. Experiment was done three times, with a total 

of 18 mice per group. (C) Representative γH2AX stained images with DAPI stained blue 
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nuclei for the unirradiated controls, 100% tumor coverage with 10 and 20Gy (row 1), in-

field hemi-irradiated tumors (row 2 and out-of-field hemi-irradiated tumors (row 3). (D) 

Quantification of the γH2AX foci/nucleus from a representative experiment with 5 mice per 

treatment group. Experiment was done twice, with a total of 10 mice per treatment group.
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Figure 2 –. 
Quantification (A) and example images (B) of the immunofluorescence staining of CD8+ 

cells from the in-field and out-of-field hemi-irradiated tumors at 24 hours after irradiation 

with 10Gy RT (blue: DAPI, green: CD8). An average of 3 separate experiments is shown, 

with 21 mice per treatment group. (C) Quantification of CD8+ cells from: unirradiated 

controls, 100% irradiated and from the in-field and out-of-field halves of the hemi-irradiated 

tumors. A representative experiment is shown, with 5 mice per group. Experiment was 

performed 3 times, with a total of 15 mice per group. (D) The effects of CD8+ T cells 

depletion on 67NT tumor response to RT. CD8+ T cells were depleted by four IP injections 

of anti-CD8 antibody, at a dose of 200μg/injection, starting 3 days before RT and 0, +3, +6 

days after RT. Experiment was done once, with 5 mice per treatment group.
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Figure 3 –. 
(A) Representative images of ICAM expressed on blood vessels in the tumor (red: Meca-32, 

green: ICAM). An increase in ICAM expression was observed 24 hours post 10Gy RT in the 

out-of-field half of the tumor. (B) Quantitation of ICAM staining in tumors. An average of 3 

separate experiments is shown, with a total of 15 mice per group. (C) The effects of blocking 

ICAM on 67NR tumor response to RT. IP injections of ICAM-blocking antibody were 

administered at a dose of 300μg/injection 2, 16 and 48 hours after RT. Experiment was done 

once, with 5 mice per group. (D) Effect of blocking ICAM on CD8+ T cell infiltration 

following 10Gy hemi- or total irradiation and treatment with anti-ICAM antibody. IP 

injections of ICAM-blocking antibody were administered at a dose of 300μg/injection, 2 and 

16 hours after RT. After 24 hours tumors were collected and CD8+ cells were visualized 

using immunofluorescence. Experiment was done once, with 5 mice per group.
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Figure 4 –. 
(A) Effect of FTY720 treatment on tumor response. A representative experiment is shown, 

with 8 mice per group. Experiment was performed 3 times, with a total of 18 mice per 

group. (B) Effect of FTY720 treatment on CD8+ T cells levels in the blood following 10Gy 

hemi- or total irradiation. A representative experiment is shown, with 3 mice per group. 

Experiment was performed 2 times, with a total of 6 mice per group. Measurement of the 

level of CD8+ T cells in the blood confirmed FTY720 activity.
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Figure 5 –. 
(A) Tumor growth delay curves for C57BL/6 mice bearing flank subcutaneous LLC lung 

tumors after receiving hemi- or total irradiation with 15 or 20Gy. A representative 

experiment is shown, with 5 mice per treatment group. Experiment was performed 3 times, 

with 15 mice per treatment group. (B) Same as (A) but showing the effects of CD8+ T cells 

depletion on LLC tumor response to RT. CD8+ T cells were depleted by four IP injections of 

anti-CD8 antibody, at a dose of 200 μg/injection, starting 3 days before RT and 0, +3, +6 

days after RT. Experiment was done once, with 5 mice per group. (C) Same as (A) but 

showing the effects of blocking ICAM on LLC tumor response to RT. IP injections of 
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ICAM-blocking antibody were administered at a dose of 300μg/injection 2, 16 and 48 hours 

after RT. Experiment was done once, with 5 mice per group.
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Figure 6 –. 
(A) Tumor growth delay curves for bilateral orthotopic 67NR breast carcinoma tumors. 

Tumors were grown in each side of Balc/c mice and only the tumors on the right side 

received hemi- or total irradiation to either 10 or 20Gy. The tumor on the contralateral side 

of the animal, was completely outside of the field of the primary radiation beam. A 

representative experiment is shown, with 8 mice in the no RT group, 10 mice in 50% RT 

group and 5 mice in 100% RT group. Experiment was done 3 times, with a total of 17 mice 

per group in No RT and 50% groups and 10 mice in 100% group.
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