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Chemical-induced lung tumor in Tg-rasH2 mice: a novel mouse 
tumor model to assess immune checkpoint inhibitors combined with 
a chemotherapy drug
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Abstract: In subcutaneous tumor models, changes in the tumor microenvironment can lead to differences in therapeutic treatment 
responses between the subcutaneous and parent tumors. Accordingly, we generated a lung carcinogenesis model that combines geneti-
cally modified mice (Tg-rasH2 mice) with two-stage chemical carcinogenesis as an alternative to the subcutaneous tumor model. In 
this model, Tg-rasH2 mice were treated with 1-ethyl-1-nitrosourea, followed by butylhydroxytoluene. Mice developed lung adeno-
mas five weeks after treatment initiation. Subsequently, anti-mouse PD-1 antibody (α-mPD-1) or isotype control was administered 
intraperitoneally twice a week for 4 weeks. Tumor growth was examined by measuring the relative tumor area in serially sliced lung 
histopathological specimens. No statistically significant differences were observed in the relative lung tumor areas between treated and 
control groups. A second experiment then examined the antitumor efficacy of α-mPD-1 combined with gemcitabine in a mouse model. 
Mice were treated identically as in Experiment 1, except that the treated group received once-weekly intraperitoneal injections of 10 
mg/kg gemcitabine. In contrast to Experiment 1, the combined treatment significantly reduced the relative tumor areas in the lungs. 
This result also resembles that of a phase III clinical trial (ORIENT-12), showing that patients with non-small-cell lung carcinoma 
benefited from combination treatment with gemcitabine and the anti-human PD-1 antibody sintilimab. Thus, this mouse model could 
be a feasible means to preclinically evaluate the antitumor efficacy of different immunotherapy and chemotherapy drug combinations. 
(DOI: 10.1293/tox.2022-0040; J Toxicol Pathol 2022; 35: 321–331)
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Introduction

Lung cancer is a leading cause of cancer-related deaths 
worldwide in both male and female patients1. Treatment out-
comes are generally poor, with 5-year survival rates ranging 
from 4 to 17%, depending on the disease stage and region2. 
Immune checkpoint inhibitor (ICI) monotherapy for lung 
cancer has improved patient outcomes; however, the re-
sponse rate remains low at approximately 20%3. Therefore, 
various combination therapies using existing chemotherapy 
drugs, both marketed or under development, and ICIs are 
under preclinical and clinical investigation. However, given 
the lack of suitable animal models for examining ICI-medi-
ated antitumor effects, the success rate of drug discovery is 

poor. Therefore, specific preclinical models that can extrap-
olate preclinical antitumor efficacy to humans are required.

Mouse models for testing preclinical antitumor efficacy 
include xenograft models using cell lines or patient-derived 
tumor tissues (PDX), syngeneic tumor models, chemical 
carcinogenesis models, and genetically engineered mouse 
models. Each model has advantages and disadvantages, 
considering clinical predictive power and study duration. 
For example, xenograft models utilize human cancer cells or 
tumor tissues; therefore, responses to treatment are consid-
ered to reflect those of human tumors to the test treatment. 
However, these models have two major disadvantages. 
When mice are subcutaneously engrafted with human can-
cer cells or tumor tissue, the primary tumor microenviron-
ment is dramatically altered, resulting in distinct therapeutic 
drug responses between the primary tumor and xenograft4. 
The second disadvantage of the xenograft model is the need 
for immunocompromised mice, leading to differences in 
therapeutic drug responses mediated by the primary tu-
mor, thereby hindering the evaluation of immunotherapy 
agents5. Syngeneic tumor models utilize tumor tissues de-
rived from the same genetic background as the tester mouse 
strain. Consequently, mice with intact immune systems are 
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employed; however, this model also uses mouse tumor cells 
and tissues. Furthermore, syngeneic tumor models involve 
subcutaneous implantation, resulting in a dramatically al-
tered microenvironment from that in which the primary 
tumor develops, leading to differences in therapeutic drug 
responses between primary and syngeneic tumors6. In ge-
netically engineered mouse models, tumorigenic driver mu-
tations can be introduced, although simulating the complex 
genetic landscape of human tumors has not been achieved7. 
Considering the advantages of chemical carcinogenesis 
models, it is well accepted that chemicals that cause cancer 
in rodents are potential human carcinogens, suggesting that 
chemical carcinogenesis models in mice may reliably reflect 
tumorigenesis in humans. Chemicals that directly or indi-
rectly induce mutations in mice can potentially cause muta-
tions in humans. As tumorigenesis is initiated and driven by 
mutations, chemicals that cause mutations and are carcino-
genic in mice are potential human carcinogens. However, 
specific genetic changes that lead to cancer development 
vary considerably between mice and humans. Deficien-
cies in the above-listed mouse models have resulted in most 
cancer treatments and drugs being successful in preclinical 
testing but failing in clinical trials7, 8.

The Tg-rasH2 (hereafter referred to as rasH2) mouse, a 
genetically engineered mouse containing multiple copies of 
the human c-Ha-ras gene (HRAS), is considered a standard 
animal for short-term carcinogenicity studies, with a test 
period of approximately 6 months when compared with 2 
years for the conventional method9. To induce a lung cancer 
model in this genetically engineered mouse, we performed 
a two-step chemical carcinogenesis protocol: initiation 
with 1-ethyl-1-nitrosourea (ENU) and promotion with bu-
tylhydroxytoluene (BHT). ENU, also known as N-ethyl-N-
nitrosourea, ethylnitrosourea, and N-nitroso-N-ethylurea, 
is a well-known genotoxic carcinogen that induces tumor 
formation in experimental animals at several different tis-
sue sites and via several different exposure routes10, 11. BHT 
promotes the proliferation of type II alveolar epithelial cells 
and has been shown to promote carcinogenesis initiated by 
several genotoxic compounds12, 13; however, both mice and 
rats were negative in a 2-year study examining the carci-
nogenicity of BHT14. As previously reported, initiation of 
ENU and promotion with BHT in rasH2 mice can result in a 
high incidence of lung tumors at 9 weeks13.

Gemcitabine (GEM) is typically administered weekly 
at 1,000 or 1,250 mg/m2 via a 30-min intravenous infusion 
for 2 or 3 weeks, followed by a 1-week rest period. As of 
2009, the combination of GEM and cisplatin is the first-
choice therapy for patients with advanced non-small-cell 
lung carcinoma (NSCLC). Moreover, pharmacoeconomic 
data revealed that this combination was the most cost-ef-
fective regimen among combination therapies with plati-
num and third-generation cytotoxic drugs15. A large body 
of evidence supports the close association between myeloid-
derived suppressor cell (MDSC) accumulation and clinical 
outcomes in patients with lung cancer16. MDSCs accumu-
late in the spleen and tumor bed during tumor growth. In 

vivo, compared with oxaliplatin, a cisplatin analogue, GEM 
showed significant selective cytotoxicity against tumor and 
spleen MDSCs17. The combination of GEM and ICI outper-
formed immunotherapy alone with regard to tumor control 
and survival in a preclinical mesothelioma model18. There-
fore, given the mechanism of action of anti-PD-1 antibodies 
(ICIs), the current study investigated the antitumor effect 
based on the hypothesis that the combined administration 
of anti-PD-1 antibodies and GEM could afford a synergistic 
effect in a lung chemical carcinogenesis model.

Materials and Methods

Chemicals and reagents
ENU was purchased from Sigma-Aldrich (St Louis, 

MO, USA), and BHT and GEM were purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). Anti-mouse 
PD-1 (CD279) antibody (α-mPD-1) (clone: RMP1-14) and rat 
IgG2a (clone:2A3), used as isotype controls, were purchased 
from Bio X Cell (Lebanon, NH, USA).

Animals, animal husbandry, and establishment of the 
lung tumor model

The present study was approved by the Animal Experi-
mental Committee at the DIMS Institute of Medical Sci-
ence, Inc. on a protocol basis (Control No. 19558, 20530) 
and conducted in accordance with the “Law for the Humane 
Treatment and Management of Animals” (Law No. 39, June 
2019), “Standards Relating to the Care and Management of 
Laboratory Animals and Relief of Pain” (Notice No. 84 of 
the Ministry of the Environment, September 2013), “Guide-
lines for Proper Conduct of Animal Experiments” (Science 
Council of Japan, June 2006), and “Standards for Care and 
Use of Laboratory Animals of DIMS Institute of Medical 
Science, Inc.” (1 October 2019).

Herein, we used six-week-old female CByB6F1-
Tg(HRAS)2Jic mice, hereafter referred to as rasH2 mice, 
purchased from CLEA Japan, Inc. (Tokyo, Japan), owing to 
the efficient and early development of lung tumors in these 
mice13. The animals were housed in a barrier-system animal 
room maintained under controlled conditions (temperature, 
22 ± 3°C; humidity, 55 ± 15%; 12-h light-dark cycle) and 
provided a pellet diet MF (Oriental Yeast Co., Tokyo, Japan) 
and water ad libitum.

The lung tumor model was established as previously 
described12, 13. Briefly, after a one-week quarantine and ac-
climatization period, seven-week-old rasH2 mice were ad-
ministered a single intraperitoneal (i.p.) injection (10 mL/
kg) of a saline solution of 12 mg/mL ENU to initiate tumori-
genesis in the lung. One week later, a corn oil suspension of 
40 mg/mL BHT was orally administered to mice (10 mL/kg) 
once weekly for five weeks to promote lung tumorigenesis, 
as shown in Fig. 1A. The animals were randomized by body 
weight and assigned to groups one day before initiating ex-
perimental treatments.
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Treatment of lung carcinogenesis model mice with 
α-mPD-1 (Experiment 1) and α-mPD-1 and GEM 
combination (Experiment 2)

In Experiment 1, 22 lung tumor model mice, generated 
by treatment with ENU and BHT as described above, were 
randomized and allocated into three groups consisting of 10 
mice in control and treated groups (Group 1: G1 and Group 
2: G2, respectively) and two mice in the untreated group 
(Satellite group 1: S1) to confirm tumor expression at week 5 
(the fifth week after carcinogen administration). After con-
firming nodular mass formation, mice in Groups 1 and 2 
received i.p. injections of isotype control and α-mPD-1 (200 
μg/mouse), respectively, twice a week for 4 weeks (Fig. 1A). 
The administration conditions of α-mPD-1, including dose 
and interval, were as previously reported19–23.

In Experiment 2, a total of 28 lung tumor model mice 
were randomized and allocated into three groups consist-
ing of 8 mice in control and treated groups (Groups 3: G3 
and Group 4: G4, respectively) and 12 mice in the untreated 
group (Satellite Group 2: S2); mice in S2 group were sub-
jected to gross pathology at the week 5 interim necropsy 
to confirm nodular mass formation in the lung. After con-
firming nodular mass formation, mice in Groups 3 and 4 
received i.p. injections of isotype control and α-mPD-1 (200 
μg/mice), respectively, twice a week for 4 weeks. In addi-
tion, mice in group 4 received concomitant i.p. injections of 
a saline solution of GEM (10 mg/kg) once weekly (Fig. 1B). 
The GEM administration conditions, including dose and in-
terval, followed those previously reported18, 24.

Fig. 1. Experimental designs. Groups and treatment schedules in Experiment 1 are shown in Panel A. Tumorigenesis was initiated by adminis-
tering an intraperitoneal (i.p.) injection of ENU and promoted by oral administering BHT. After confirming the development of nodular 
masses in the lung of S1 mice, mice in G1 and G2 were treated with i.p. injections of isotype control or α-mPD-1, respectively. Groups and 
treatment schedules in Experiment 2 are shown in Panel B. Tumorigenesis was initiated by administering an i.p. injection of ENU and 
promoted by orally administering BHT, as in Experiment 1. After confirming the development of nodular masses in the lung of S2 mice, 
mice in G3 and G4 were treated with i.p. injections of isotype control or α-mPD-1, respectively. Mice in G4 were also treated with i.p. 
injections of GEM. α-mPD-1, anti-mouse PD-1 antibody; BHT, butylhydroxytoluene; ENU, 1-ethyl-1-nitrosourea; GEM, gemcitabine.
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Examinations
The animals were observed for clinical signs, includ-

ing general behaviour and symptoms, twice daily through-
out the experimental period. Animals were weighed on the 
day of ENU administration and subsequently twice weekly.

Following isoflurane inhalation anesthesia and exsan-
guination from the abdominal aorta, gross pathology of all 
organs and tissues was examined at necropsy. The lung and 
other gross lesions were preserved in a 10% buffered forma-
lin solution.

For histopathology, all lung lobes, including the bron-
chus, were sliced into 5 mm-thick serial sections embedded 
in paraffin and processed for hematoxylin and eosin (H&E) 
staining and histopathological examination. To verify the 
potential tumor responsiveness to α-mPD-1, lung tissue sec-
tions of mice were stained with anti-PD-L1 (programmed 
death-ligand 1) antibody (clone: D5V3B, #64988; Cell Sig-
naling Technology Inc., Danvers, MA, USA) and visualized 
using the polymer method (Envision™Single Reagents, En-
vision™+/HRP, RUO).

Image analysis was conducted using H&E-stained se-
rial sections from each lung lobe (approximately 22 sections 
per mouse) with a digital microscope, VHX-5000 (Keyence 
Corporation, Osaka, Japan). The relative tumor area per cm2 
lung tissue was then calculated.

Statistical analysis
To determine significant differences in the relative tu-

mor area between the isotype control and ICI-treated groups 

(α-mPD-1 monotherapy or α-mPD-1 plus GEM combination 
therapy), the homogeneity of the variance among groups was 
tested using the F-test. The Student’s t-test was used when 
the variance was homogenous; for heterogeneous variance, 
the Aspin–Welch’s t-test was used. P was set at p<0.05.

Results

Treatment of lung carcinogenesis model mice with 
α-mPD-1 alone (Experiment 1)

At interim necropsy performed at week 5, we con-
firmed the presence of macroscopic lung nodular masses 
in the two S2 Tg-rasH2 mice treated with ENU and BHT. 
Histopathological examination of H&E-stained sections re-
vealed adenomas in the lungs of the two untreated mice (S1) 
at week 5 (Table 1). No mortality was reported during the 
study period. Moreover, no notable clinical signs and body 
weight changes were documented between the isotype con-
trol and α-mPD-1 groups (Table 2). At the study endpoint 
(week 9), the tumor area was reduced in mice treated with 
α-mPD-1 when compared with isotype control mice; how-
ever, the difference was not statistically significant (3.15 and 
2.54 mm2/cm2 in isotype control and α-mPD-1 treated mice, 
respectively) (Fig. 2, Table 3).

Treatment of lung carcinogenesis model mice with a 
combination of α-mPD-1 and GEM (Experiment 2)

No mortality was documented during the study period. 
In addition, no notable clinical signs and body weight chang-

Table 2. Body Weight Change during Experiments 1 and 2

Expt. Groups Treatment No. of 
mice

Lung tumor induction period; 
ENU/BHT administration Treatment period

Week 0 Week 5 Weight gain 
(Week 0 to 5) Week 9 Weight gain 

(Week 5 to 9)
1 S1 -  2 19.8 ± 0.1a 22.0 ± 2.7 2.2 ± 2.2 - -

G1 Isotype control  9 19.6 ± 0.7 20.7 ± 1.5 1.0 ± 1.6 21.8 ± 0.9 1.1 ± 1.0
G2 α-mPD-1 10 19.1 ± 0.8 20.5 ± 0.9 2.8 ± 1.2 21.9 ± 1.1 1.4 ± 0.9

2 S2 - 12 18.2 ± 0.9 19.8 ± 0.6 1.6 ± 0.8 - -
G3 Isotype control  8 17.8 ± 0.8 19.5 ± 0.6 1.7 ± 0.8 21.6 ± 1.0 2.1 ± 0.6
G4 α-mPD-1 + GEM  8 17.5 ± 1.1 19.6 ± 0.8 2.2 ± 0.9 21.6 ± 1.4 1.9 ± 1.0

a: Mean ± SD (g).

Table 1. Incidence and Multiplicity of Lung Hyperplasia and Adenoma

Expt. Group Treatment No. of 
mice

No. of Lung 
section 

examined

Necropsy 
at week

Hyperplasia Adenoma
Incidence 

(%) No. of foci Incidence 
(%) No. of foci

1 S1 -  2 -a 5 -a -a  2 (100)  -a

G1 Isotype control  9 21.6 ± 0.7b 9  4 (44) 0.89 ± 1.62b  9 (100)  8.22 ± 3.15b

G2 α-mPD-1 10 21.8 ± 0.4 9  4 (40) 0.80 ± 1.03 10 (100)  9.20 ± 3.33
2 S2 - 12 22.0 ± 0.4 5 10 (83) 2.08 ± 1.68 12 (100)  6.25 ± 2.42

G3 Isotype control  8 21.6 ± 0.9 9  3 (38) 0.38 ± 0.52  8 (100) 14.50 ± 2.73
G4 α-mPD-1 + GEM  8 22.1 ± 0.4 9   8 (100) 2.00 ± 1.31  8 (100)  11.13 ± 2.80*

a: Only tumor expression was confirmed, b: Mean ± SD. *p<0.05 compared to Group 3 with Student’s t-test.
All mice were administered ENU+BHT as initiation/promotion protocol.
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es were noted between the isotype control and α-mPD-1 and 
GEM combination groups (Table 2). The body weights of 
all animals were within the range of the facility background 
data for this model. Based on the results, treatment with 
α-mPD-1 in combination with GEM did not impact the body 
weight. There were no gross pathological findings, except 
for nodular lung masses (Fig. 3).

As in Experiment 1, at the 5-week interim necropsy, 
we confirmed the presence of macroscopic nodular masses 
(Fig. 3) in the lungs of S2 mice treated with ENU and BHT. 
These masses were observed in all 12 mice and were con-
firmed to be adenomas by microscopic examination of lung 
tissue sections (Fig. 4). At week 9, the number and size of 
the lung masses increased in mice treated with the isotype 
control antibody and in those treated with α-mPD-1 in com-
bination with GEM when compared with the number and 
size of lung masses observed in S2 mice at week 5 (Fig. 3).

As shown in Table 2, histopathological analysis with 
H&E-stained sections revealed the presence of adenomas 
in the lungs of all untreated mice (S2) at week 5, all mice 
treated with isotype control (G3) at week 9, and all mice 
treated with α-mPD-1 combined with GEM (G4) at week 9. 

Fig. 2. Relative tumor areas in the lungs of the mice treated with the 
isotype control antibody (Group 1) and α-mPD-1 (Group 2). 
Data are expressed as the mean (bars) ± standard deviation 
(S.D.) (error bars) for each group. Dots represent individual 
animal values. The difference in tumor area between the two 
groups is not statistically significant. α-mPD-1, anti-mouse 
PD-1 antibody.

Table 3. Relative Lung Tumor Area Measured by Image Analysis in Experiments 1 and 2

Expt. Group Treatment No. of 
mice

No. of lung 
section 

examined

Necropsy 
at   week

Lung area 
(mm2)

Tumor area 
(mm2)

Tumor area/ 
Lung area 
(mm2/cm2)

1 S1 -  2 -a 5 -a -a -a

G1 Isotype control  9 21.6 ± 0.7b 9 93.91 ± 6.29b 2.96 ± 0.58b 3.15 ± 0.59b

G2 α-mPD-1 10 21.8 ± 0.4 9 99.91 ± 7.39 2.50 ± 1.04 2.54 ± 1.11
2 S2 - 12 22.0 ± 0.4 5 86.21 ± 8.97 0.78 ± 0.48 0.94 ± 0.68

G3 Isotype control  8 21.6 ± 0.9 9 98.60 ± 7.34 6.22 ± 3.01 6.22 ± 2.64
G4 α-mPD-1 + GEM  8 22.1 ± 0.4 9 103.98 ± 7.30 3.68 ± 1.52* 3.52 ± 1.35*

a: Only tumor expression was confirmed, b: Mean ± SD. *p<0.05 compared to Group 3 with Student’s t-test.
All mice were administered ENU+BHT as initiation/promotion protocol.

Fig. 3. Lung images from lung carcinogenesis model mice in Experiment 2. Gross pathology shows nodular masses in the lungs (arrowhead) 
of untreated mice at week 5 (Panel A), mice treated with isotype control at week 9 (Panel B), and those treated with α-mPD-1 in com-
bination with GEM at week 9 (Panel C). Bar=5 mm. α-mPD-1, anti-mouse PD-1 antibody; GEM, gemcitabine.
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The typical histopathology of adenomas in the lungs of each 
group is shown in Fig. 4. Immunostaining with anti-PD-L1 
antibody (Fig. 5) indicated the presence of programmed 
death-ligand 1 (PD-L1; also known as CD274 and B7-H1) 
in adenomas and/or immune cells, suggesting that these 
adenomas are potentially responsive to α-mPD-1 treat-
ment25, 26. Individual differences in tumor PD-L1 expression 
were noted, and even within the same individual animals 
that expressed PD-L1, differences in tumor expression could 
be observed.

At the end of week 9, the tumor area was significantly 
smaller in mice treated with the combination of α-mPD-1 
and GEM than in isotype control mice (p<0.05; 6.22 and 
3.52 mm2/cm2 in isotype control mice and mice treated with 
α-mPD-1 and GEM, respectively) (Fig. 6 and Table 3).

Discussion

It has been reported that lung adenomas can be de-
tected at week 9 in the rasH2/BHT model used to detect 
genotoxic lung carcinogens, including ENU13. In the present 
study, bronchioloalveolar adenomas were identified at week 
5 in all rasH2 mice treated with ENU and BHT. Following 
immunohistochemical analysis, we noted PD-L1 expression 
in adenomas or immune cells, indicating that these tumors 
are potentially responsive to α-mPD-125, 26. However, treat-
ment with α-mPD-1 for 4 weeks failed to demonstrate sta-
tistically significant antitumor efficacy in this model. Con-
versely, mice treated with a combination of α-mPD-1 and 
GEM exhibited a statistically significant antitumor effect. 
Importantly, all mice treated with combined α-mPD-1 and 
GEM presented smaller relative tumor areas than the mean 
values of the control group, supporting the hypothesis that 
combination therapy could inhibit tumor growth.

The NOAEL (no-observed-adverse-effect level) of 
therapeutic drugs used in the present study was 200 mg/kg/
week for αPD-1 (5 times, i.v., cynomolgus monkeys)27 and 
40 mg/kg/week for GEM (3 months, i.p. B6C3F1 mouse)28. 

The doses employed in our model were approximately one-
tenth (α-mPD-1) and one-quarter (GEM) of the NOAEL 
dose, with no documented signs of toxicity.

The absence or presence and degree of PD-L1 expres-
sion in tumors were heterogeneous, suggesting that the 
drug efficacy of α-mPD-1, a PD-L1 antagonist, did not sig-
nificantly differ when administered as a single agent: it was 
likely more effective in tumors expressing higher levels of 
PD-L1 and less effective in tumors expressing lower lev-
els of PD-L1. In combination therapy, low concentrations 
of GEM could decrease immunosuppressive cells, such as 
Treg cells (Tregs) and MDSCs in the tumor microenviron-
ment17, 29, 30, thereby increasing tumor immunogenicity31. 
Consequently, tumor-infiltrating lymphocytes (TILs) are 
elevated, and TIL-secreted cytokines, such as interferon 
(IFN)-γ, act on the tumor and enhance PD-L1 expression32. 
PD-1 activation is associated with exhaustion of cytotoxic 
T lymphocytes33–35. Anti-PD-1 antibodies act as follows: 
antibody blockade of the PD-L1-PD-1 pathway reverses 
cytotoxic T cell exhaustion, with combination therapy with 
GEM and α-PD-1 potentially inducing a synergistic effect.

As noted above, we used one-quarter of the NOAEL 
dose of GEM. However, the toxicity of GEM must be moni-
tored. GEM-mediated toxicity includes leukopenia and sup-
pression of weight gain28. Concomitant administration of 90 
mg/kg GEM, which is close to the maximal tolerable dose36, 
reduces cytotoxic T lymphocytes owing to its toxicity31, 
abolishing the synergistic effect of combination treatment 
with GEM and anti-PD-1 antibody. However, with proper 
management, combination therapy with GEM and anti-PD-1 
antibody can be effective. Herein, combination therapy with 
GEM significantly impacted anti-PD-1 antibody antitumor 
activity, such that an antitumor effect was detectable in 
most, or all, treated mice.

In a mesothelioma preclinical model using subcutane-
ous implantation of RN5 tumors in syngeneic mice, GEM 
plus anti-CTLA4 plus anti-PD1 outperformed GEM alone 
and anti-CTLA-4 plus anti-PD1 alone. Two patients who 

Fig. 4. Hematoxylin-eosin-stained lung tissue specimens of untreated mice at week 5 (Panel A), mice treated with isotype control antibodies 
at week 9 (Panel B), and mice treated with a combination of α-mPD-1 and GEM at week 9 (Panel C) showing that typical adenomas 
developed in the lungs of these animals. α-mPD-1, anti-mouse PD-1 antibody; GEM, gemcitabine.
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Fig. 5. PD-L1 immunostaining of lung tissue specimens of untreated 
mice at week 5 (panel A), mice treated with isotype control 
antibodies at week 9 (panel B), and mice treated with α-mPD-1 
combined with GEM at week 9 (panel C) exhibit positive site 
in lung adenomas or immune cells in these animals. (magnifi-
cations: 100× and inset 200×, respectively.)

 Individual differences can be observed in tumor PD-L1 ex-
pression, and even in individual animals, differences can be 
observed in PD-L1 expression between tumors. α-mPD-1, 
anti-mouse PD-1 antibody; GEM, gemcitabine; PD-L1, pro-
grammed death-ligand 1.

Fig. 6. Relative tumor area in lungs of mice treated with isotype control antibody (Group 3: G3) and a combination of α-mPD-1 with GEM 
(Group 4: G4) and untreated mice (Satellite group 2: S2). Data are expressed as the mean (bars) ± standard deviation (S.D.) (error bars) 
for each group. Dots represent individual animal values. *p<0.05, compared to Group 3 using Student’s t-test. α-mPD-1, anti-mouse PD-1 
antibody; GEM, gemcitabine.
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failed to respond to pembrolizumab (anti-PD-1) or GEM 
monotherapy were treated with a combination of GEM and 
anti-PD-1, and both exhibited a positive clinical response 
to combination therapy. However, disease progression was 
detected in one patient and treatment was discontinued; the 
second patient continued therapy18. The ORIENT-12 phase 
III clinical trial also concluded that combining sintilimab 
(anti-PD-1) with GEM and a platinum-based chemotherapy 
drug as first-line treatment for locally advanced or meta-
static squamous cell lung carcinoma is a feasible therapeu-
tic option37, 38. The results of lung tumor treatment in our 
mouse model were analogous to those in human patients. 
In an orthotopic lung cancer model using the murine Lewis 
lung carcinoma cell line and C57BL/6 mice, a significant 
decrease in CD8 + and CD4 + T cells was noted as MD-
SCs increased along with lung tumor volume. Administra-
tion of GEM in this model suppressed the number of MD-
SCs and significantly prolonged survival39. Compared with 
healthy donors, a significantly increased frequency of cir-
culating monocytic (M)-MDSCs was observed in patients 
with NSCLC. Furthermore, the frequency of M-MDSCs 
and polymorphonuclear (PMN)-MDSCs was higher in the 
tumor than in the peripheral blood of the same patients40. 
In a meta-analysis of studies assessing patients with vari-
ous solid tumors (e.g., colon, liver, and stomach cancers), 
MDSCs were significantly associated with overall survival 
and progression-free survival (PFS). MDSCs appear to play 
an important role in tumor growth and contribute to limit-
ing the efficacy of anticancer therapy41. Patients with oral 
squamous cell carcinoma exhibit significantly higher levels 
of PMN-MDSCs than healthy controls. In the co-culture as-
say, the addition of PMN-MDSCs inhibited T cell prolifera-
tion and IFN-γ production42. Circulating S100A9+ MDSCs 
can predict shorter PFS in patients with epidermal growth 
factor receptor (EGFR)-mutated lung adenocarcinoma43. 
Positivity for PD-L1, the ligand for anti-PD-1 antibodies 
in patients with lung adenocarcinoma and lung squamous 
cell carcinoma, is reportedly higher in patients with lung 
adenocarcinoma44. Thus, regardless of the histopathologic 
morphology of NSCLC, squamous cell lung carcinoma, or 
lung adenocarcinoma, GEM reduces MDSCs that inhibit T 
cell function and may contribute to the synergistic effect of 
anticancer therapy when administered in combination with 
an anti-PD-1 antibody.

In patients treated with combined anti-PD-1 and GEM, 
the dose of GEM was higher (up to 27 mg/kg)18, 37, 38, 45 than 
that used in the present study. The sensitivity of our mouse 
model to relatively low doses of GEM is consistent with 
the fact that this low GEM dose was sufficiently high to re-
duce immunosuppressive Tregs and MDSC tumor infiltra-
tion17, 29. Combining a GEM dose that can inhibit tumor in-
filtration and subsequent immunosuppression by Treg cells 
and MDSCs, which partly act via the PD-1 pathway, coupled 
with direct suppression by α-mPD-1 of PD-1, could afford 
an additive effect on the suppression of PD-1-mediated im-
mune evasion mechanisms; this effect is further enhanced 
by reversal of cytotoxic T cell exhaustion. The results of the 

present study support the importance of combination thera-
pies for treating patients with lung cancer using ICIs.

As noted above, adenoma development in this model 
varies and leads to individual variations in response to the 
tested therapies, which is the expected therapeutic outcome 
in humans. It is likely that treatment with α-mPD-1 exhib-
ited an antitumor effect in some mice but not in others; this 
is also the human response to α-mPD-1 and other ICI thera-
pies. The superior antitumor effect mediated by combination 
therapy over α-mPD-1 monotherapy, likely to occur in most 
patients, suggests that this model has the potential for pre-
clinical testing of optimal doses and combinations of vari-
ous anticancer agents.

Herein, we employed transgenic mice carrying the c-
Ha-ras gene, a human proto-oncogene; therefore, it is ex-
pected that the lung tumors in our model will carry human 
H-ras mutations. However, the incidence of K-ras mutations 
in human lung adenocarcinomas is reportedly 25%46, sug-
gesting that adenomas developed in the present study may 
not precisely mimic those in humans. Nevertheless, in the 
often-used xenograft model, the drug efficacy of PD-1 
monotherapy remains inconsistent19–23, 26, 47, 48 owing to dif-
ferences in PD-L1 expression of transplanted tumor cell 
lines49–51 and the tumor microenvironment of the transplan-
tation site4, 52–54. Compared with the results of the xenograft 
model, the rasH2/ENU/BHT model could potentially pre-
dict clinical outcomes with much greater confidence, given 
that the lung tumor microenvironment is autologous and 
spontaneous in origin, the host has an intact immune system 
response maintained by organ-specific tumorigenesis, and 
PD-L1 expression in lung tumors varies between individu-
als and even within the same individual, with differences in 
expression distribution resembling that reported in clinical 
practice44, 55–58.

In conclusion, we showed that the response of a newly 
constructed chemical carcinogenesis model in transgenic 
mice to α-mPD-1 monotherapy and α-mPD-1 with GEM 
combination therapy strongly resembles results documented 
in human subjects. This model has the potential for preclini-
cal testing of optimal doses and combinations of various 
anticancer agents.
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