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Introduction

Outcomes for patients with inoperable locally advanced 
non-small cell lung cancer (LA-NSCLC) are poor, with a 
median survival of about 2 years (1) and a 5-year survival 
of about 10–15% following diagnosis, even among patients 
with good performance status at presentation (2). Despite 
these poor outcomes, conventional radiation therapy 
(RT) with chemotherapy remains the standard of care. 
Immunotherapy strategies with anti-PD-1 and other 
immune checkpoint inhibitors have shown impressive gains 
compared with conventional chemotherapy for patients with 
metastatic NSCLC (3-6). As an immune stimulator, RT can 
enhance the diversity of the T-cell receptor repertoire to 
augment T-cell response (7). RT has also shown synergistic 
anti-tumor responses in mice (8,9). Immune checkpoint 
blockade in conjunction with RT may offer an opportunity 
to improve outcomes for patients with LA-NSCLC.

Because patients with LA-NSCLC often present 
with significant comorbid illness, treatment toxicity 
can mitigate potential therapeutic gains associated with 
combined modality therapy. Pneumonitis is a potentially 
life-threatening toxicity associated with both RT and 
immunotherapy. Among patients receiving RT for LA-
NSCLC, the risk of pneumonitis is associated with the 
volume of normal lung within the RT field (10-14). Patients 
who receive a mean lung dose >20 Gy or in whom the 
volume of lung receiving >20 Gy exceeds 30–35% have 

greater than 20% risk of pneumonitis when radiation 
is combined with conventional chemotherapy (15). In 
the most recently published phase III study evaluating 
concurrent RT and chemotherapy, the median mean lung 
dose was almost 20 Gy and the median bilateral lung 
volume receiving 20 Gy was about 30% (1). Therefore, even 
with current standard treatment, the risk of pneumonitis in 
this population is significant.

Even in the absence of RT, pneumonitis has been 
associated with immune checkpoint inhibition (16). In 
a phase I trial of nivolumab anti-PD-1 therapy, 3/296 
patients died from drug-related causes associated with 
pneumonitis (17-19). In patients with previously treated 
metastatic NSCLC who received nivolumab, approximately 
7% developed reportable pulmonary toxicity, with 3/129 
patients experiencing grade 3–4 pneumonitis (4). In a 
similar study, 6/129 patients with metastatic NSCLC 
developed pneumonitis with nivolumab alone (3).

Here, we utilized a well-established preclinical model 
of radiation pneumonitis (20,21) (CBA wild-type mice) to 
evaluate RT delivered in concurrently with immunotherapy. 
The CBA mouse model was chosen based on its closely 
related clinical pathogenesis to radiation-induced lung 
injury in humans (20,21). Combining RT and anti-
PD-1 immunotherapy as an in situ vaccine has generated 
enthusiasm as a possible therapeutic to improve outcomes 
for metastatic lung cancer patients. However, data are scarce 
regarding the safety of this concurrent combination.
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Methods

Animals

Age-matched CBA wild-type mice (purchased at  
9–10 weeks old from Charles River Laboratories) had body 
weights between 20 and 30 g at time of irradiation. Animal 
experiments were approved by our Institutional Animal 
Care and Use Committee (IACUC). Animal husbandry 
details are described in the Supplementary materials.

Whole thorax lung irradiation

At 5–10 minutes before irradiation, mice were anesthetized 
with 80–100 mg/kg ketamine and 5–10 mg/kg xylazine 
dissolved in sterile saline. RT dose was selected based on 
previous studies assessing mouse strains and pneumonitis 
and fibrosis (20,22). RT was delivered to the thorax of prone 
mice through adjustable apertures with 8-mm lead shielding 
of the head, forelimbs, and abdomen (Figure 1). A single 
uniform dose of 13.5-Gy whole thorax RT was delivered 
to anesthetized mice using the XRAD 320 Precision X-ray 
system (North Branford, CT). Calibration details are 
described in the Supplementary materials.

Immunotherapy

Mice received either anti-PD-1 alone or in combination 
with RT. Drug treatments of anti-PD-1 or isotype control 
were administered intraperitoneally every 3 days ×4 doses 
(Figure 2). Anti-PD-1 was injected intraperitoneally at  
3 mg/kg (BioXCell, clone RMP1-14), with dose based on 
previous clinical trial studies of nivolumab targeting both 
NSCLC and small cell lung cancer (4,23). Control groups 
received isotype antibody intraperitoneally at 3 mg/kg 
(BioXCell, Rat IgG2a; anti Trinitrophenol, clone 2A3). 

Animal observation/criterial for euthanasia

Animals were observed daily over 6 months to monitor 
morbidity and mortality, with body weight assessed 
before irradiation and twice weekly after treatment over  
6 months. After death by CO2 inhalation through a 
regulated gas cylinder to the cage, animals underwent 
secondary thoracotomy. Criteria to assess individual 
animals included hunched/inactive posture, fur loss/
piloerection, dermatitis, lethargy, and percent body weight 
loss. Our predetermined criteria for euthanasia outlined 
in the IACUC protocol included 15–25% body weight 

Figure 1 Whole thorax lung irradiation (WTLI) set up. (A) Positioning of mice before radiation therapy; (B) irradiation delivery; (C) 
Gafchromic film imaging example of whole thorax irradiation targeted to mouse lung region.
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loss combined with evidence of distress, such as hunched/
inactive posture or severe lethargy. Mice were assigned to 1-, 
3-, and 6-month treatment cohorts to assess inflammatory 
pneumonitis and lung fibrosis.

Morphology and histopathology

After thoracotomy, wet lungs were first weighed (in grams), 
inflated through the bronchus with sterile PBS, and then 
processed for histologic analysis. Hematoxylin and eosin 
(H&E)-stained slides were evaluated and scored by a board-
certified pathologist on a scale of 1 to 5 (1= minimal, 2= 
mild, 3= moderate, 4= marked, 5= severe) for accumulation 
of alveolar macrophages, alveolar septal thickening (AST), 
and peribronchiolar/perivascular edema. Percent area of 

“severe” involvement (little airspace) and the presence of 
lymphoid aggregates were also recorded. The pathologist 
was blinded regarding identity of cohorts during scoring.

Statistical analyses

Statistical plots were generated using GraphPad Prism 7.00 
for Windows (GraphPad Software, La Jolla, CA, USA; 
www.graphpad.com). Specifically, unpaired, 2-tailed t-tests 
were performed for AST, edema, and lung weight analyses 
for the respective 1-, 3-, and 6-month cohorts. To compare 
edema and lung weights for the respective cohorts, we 
performed 2-tailed correlation analyses.

Results

In 93 total mice (Figure 2), 5 were found dead in cages, with 
3 discovered as part of daily animal inspection (2 had been 
treated with combined RT and isotype control drugs and 1 
had been concurrently treated with combined RT and anti-
PD-1). These mice showed no signs of weight loss and did 
not meet euthanasia criteria before discovery. In addition, 
5 mice were euthanized before the specified endpoint, with 
2 euthanized according to the clinical endpoint protocol 
(1 mouse that received RT plus anti-PD-1 had >20% body 
weight loss and 1 mouse that received RT plus isotype 
control had >20% body weight loss, rapid breathing, and 
severe alopecia). Little behavioral and physical differences 
were shown for most mice across all cohorts; however, 
discoloration and hair loss at the thorax region were noted 
approximately 1.5–2 months in groups receiving a single 
dose of 13.5-Gy RT.

Figure 3 shows recorded wet lung weights in mice after 
death for all time points. Although no significant differences 
in lung weights were shown at the 1-month time point 
(Table 1), weights were significantly increased in mice with 
versus without RT at 3 months (P=0.0065, Table 1) and 
significantly decreased in mice with versus without RT at  
6 months (P=0.0243, Table 1).

Figure 4 shows histopathological evaluation of alveolar 
macrophage accumulation, AST, percent area of “severe” 
involvement (little airspace), and peribronchiolar/
perivascular edema. No significant differences were 
shown between treatment groups for most of these 
histopathological features (data not shown), with the 
exception of AST, edema, and lung weights. Mice that 
received RT showed significantly increased AST scores at 
1 (P=0.0372) and 3 months (P=0.0541) but not at 6 months 

Figure 2 Experimental design. (A) CBA mice were grouped into 
treatment group (concurrent radiation + αPD-1; (B) or 1 of 3 control 
groups (radiation + isotype control, α-PD-1 alone, or isotype drug 
alone; cohorts were selected for 1-, 3-, 6-month satellite groups.
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Figure 3 For alveolar septal thickening (AST) and edema, mice were scored from H&E-stained slides. Wet lung weights were recorded in 
grams. P = not significant (NS). Lung weights at 1, 3, and 6 months.

(a larger evaluable cohort) compared with mice that did not 
receive RT (Table 1). In irradiated versus the non-irradiated 
groups, edema score was significantly increased at 3 months 
(P=0.0001; Table 1) but significantly decreased at 6 months 
(P=0.0259, Table 1).

Discussion

We found that anti-PD-1 therapy did not significantly 
increase the risk of pneumonitis in our CBA mouse model, 
with only 3% of mice dying from concurrent anti-PD-1 
plus whole thorax lung RT during our 7 month study 
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period. No significant differences were observed in animals 
treated with concurrent RT plus anti-PD-1 versus other 
treatment groups when analyzing criteria associated with 
RT-induced lung injury and fibrosis toxicity. Furthermore, 
changes in pathology were not significantly different in 
mice treated with and without anti-PD-1 therapy at 1, 3, 
and 6 months (Figures 2 and 3). Not surprisingly, increased 
AST, edema, and lung weights were observed in mice that 
received RT versus those that did not at 1 and 3 months. 
The significantly reduced edema and lung weights in the 
irradiated cohorts at 6 months may be related to increased 
fibrosis and reduced pulmonary congestion. 

Our study was significantly limited by the lower than 
expected mouse deaths due to pneumonitis and by the 
inherent limitations of pre-clinical models with respect to 
applicability to human cancer patients. Previous studies 
have shown differences in RT-induced lung injury based on 
the mouse strain being studied (20). It is also possible that 
we should have completed the experiments with a higher 
RT dose, as our study only tested a single RT and anti-
PD-1 dose combination. Additional studies to evaluate 
other RT doses may be required to demonstrate safety with 
anti-PD-1 therapy. 

A secondary study conducted based on the Keynote-001 
human clinical trial demonstrated no significant increases 
in pulmonary or other toxicities among patients given RT 
before pembrolizumab (24). These data provide an early 
safety signal related to our combination; however, unlike our 
mouse study, RT was not given concurrently with the anti-
PD-1 therapy. In the PACIFIC trial, anti-PD-L1 therapy 
delivered after definitive thoracic RT and chemotherapy 
demonstrated promising efficacy improvements with 
respect to progression-free survival (25). Although grade 

Figure 4 Radiation-induced lung injury and fibrosis criteria across 
cohorts. H&E-stained slides at ×4 magnification (inset at ×20). (A) 
Alveolar septal thickening (AST). (B) edema.

Table 1 Statistics

Group comparison
Alveolar septal thickening Edema Lung weight

1 month 3 months 6 months 1 month 3 months 6 months 1 month 3 months 6 months

XRT + isotype vs. XRT +  
anti-PD-1, P values

NS NS NS NS NS NS NS NS NS

XRT vs. no XRT, P values 0.0372,  
↑ 03

0.0541,  
↑ 05

NS NS 0.0001,  
↑ 00

0.0259,  
↑ 0 XRT

NS 0.0065,  
↑ 00

0.0243,  
↑ 0 XRT

Anti-PD-1 alone vs. isotype alone NS NS NS NS NS NS NS NS NS

NS, not significant; XRT, irradiation.
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1/2 pneumonitis was increased among patients receiving 
anti-PD-L1 therapy, rate of grade 3 pneumonitis remained 
low (~3%) in both arms. Similar to Keynote-001, 
immunotherapy was also delivered sequentially, at least 
2 weeks after RT and chemotherapy. Another recently 
published human study demonstrated the safety of 
combined concurrent ablative RT with anti-CTLA4 
treatment (26). Although the safety results regarding adding 
anti-PD-1 inhibitors with RT are encouraging in these and 
our study, results in humans are awaited regarding the safety 
of concurrent anti-PD-1 therapy plus large-volume, high-
dose thoracic RT. 
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Supplementary

Animal husbandry

Animals were housed five per cage in a vivarium barrier 
facility that included an irradiator room, necropsy suite, and 
observation rooms that were within proximity to the animal 
holding room. Animals were handled outside their cages in 
sterile laminar flow hood workstations one cage at a time. 

Calibration of the irradiator

The irradiator (320 kVp, HVL 3.7 mm Cu, added filtration 
1.5 mm Al + 0.25 mm Al + 0.75 mm Sn) was calibrated 
using a published protocol for low-energy therapeutic 
X-ray beams (23), which had been further adapted for mice 
irradiation conditions (24). The unit was first calibrated 
in terms of dose to small mass of water in air under the 

following reference conditions: 10×10 cm2 field at 50 cm 
source to point distance (Figure 1). A PTW Farmer chamber 
(model N30013, PTW, Freiburg, Germany) calibrated at 
the accredited laboratory in a beam of similar quality was 
used. Next, a reading with the same chamber was obtained 
with a 20×20 cm2 field in a 4×8×2.4 cm3 polystyrene 
phantom, approximating a mouse and positioned on the 
mice platform. Absolute dose to water in mice-irradiating 
geometry was calculated from the reference dose using the 
appropriate correction factors and mass energy-absorption 
coefficient ratios tabulated in the American Association of 
Physicists in Medicine protocol (23). The irradiator was 
further characterized in terms of the timer end effects (23), 
lead strip spacing output dependence, and beam flatness and 
symmetry (3% and 1%, respectively) (24).


