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ARTICLE INFO ABSTRACT

Keywords: Objectives: EGFR-targeted tyrosine kinase inhibitors (TKIs) have been the standard treatment for non-small cell
Lung cancer lung cancer patients with EGFR mutations. However, most patients eventually develop resistance. With the
EGFR-TKI development of immune checkpoint inhibitors targeting the programmed cell death receptor/ligand 1 (PD-1/PD-
Egjlﬂnonitis L1), there is a growing interest in developing combination strategies. However, there are concerns that the

combination of a PD-(L)1 inhibitor and EGFR-TKI may be associated with an increased risk of pneumonitis.
Therefore, we utilized an established EGFR-driven tumor-bearing mouse model to investigate whether the
combination would induce pneumonitis in mouse lung tissue.

Materials and Methods: Mice were treated with monotherapy or combined therapy of PD-L1 antibody and EGFR-
TKIs including first-generation gefitinib and third-generation osimertinib. Bronchoalveolar lavage fluids (BALFs)
and lung tissues were collected for analysis at the end of treatment.

Results and Conclusion: The osimertinib and anti-PD-L1 combined treatment group had the highest inflammation
scores in pathologic grades of H&E staining of lung tissue and had the highest percentages of myeloperoxidase
positive cells. However, combining gefitinib and anti-PD-L1 treatment appeared to not increase the level of
pneumonitis in mice. Total cell counts, neutrophil counts and total protein concentration in BALFs were also
significantly increased in the osimertinib and anti-PD-L1 combined treatment group. We next evaluated
proinflammatory factors in BALFs. The levels of IFN-y, IL-2, IL-5, TNF-a and IL-12p70 were increased in osi-
mertinib and anti-PD-L1 combined treatment group. Comparison of different sequences of drug administration
demonstrated that mice treated with osimertinib followed by PD-L1 antibody did not show evident lung in-
flammation. Our findings indicate that osimertinib, rather than gefitinib combined with anti-PD-L1 treatment
could lead to lung injury in an EGFR mutated tumor-bearing mouse model. The sequence and timing of com-
bining EGFR-TKI and PD-L1 antibody may influence the severity of pneumonitis.

1. Introduction The EGFR secondary T790M mutation appears to be one of the most

common resistance mechanisms, accounting for 50-60% of resistance

The development of EGFR tyrosine kinase inhibitors (TKIs) in ad-
vanced non-small cell lung cancer (NSCLC) patients with EGFR muta-
tions represents one of the most significant advances in lung cancer
management over the last several decades [1]. For years, first-genera-
tion EGFR-TKIs like gefitinib and erlotinib have been recommended as
first-line therapy for patients with NSCLC harboring an EGFR mutation
[2,3]. However, almost all patients will eventually develop resistance.

[4]. Osimertinib is a third-generation, irreversible EGFR-TKI that se-
lectively inhibits both sensitizing EGFR mutation and EGFR T790M
resistance mutation [5]. It has been approved for the treatment of pa-
tients with T790M-positive NSCLC who have acquired resistance to
prior-line EGFR-TKIs, and also as first-line therapy for patients with
activating EGFR mutations [6,7]. In spite of the superior efficacy and
prolonged PFS of osimertinib, progression inevitably occurs, and thus
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novel therapeutic strategies are required.

Another achievement in the management of advanced NSCLC has
been the development of immune checkpoint inhibitors targeting pro-
grammed death receptor/ligand 1 (PD-1/PD-L1) [8]. Previously, stu-
dies have reported that the activation of oncogenic EGFR pathway
signaling induces PD-L1 expression, which may lead to a PD-L1 medi-
ated tumor immune escape [9,10]. Moreover, in a preclinical study, the
PD-1 antibody showed a significant anti-tumor effect in murine models
harboring an EGFR mutation [9]. Based on these findings, there is a
growing interest in exploring the possibility of combining PD-(L)1
blockade with EGFR-TKIs in clinic. Several clinical studies have been
conducted regarding this combination therapy in EGFR-TKI naive or
pre-treated NSCLC patients with EGFR mutation [11-13].Although
there seemed to be potential for enhanced activity, the combination of
PD-(L)1 antibody and EGFR-TKI was reported as causing an unexpected
high incidence of adverse events, resulting in the limitation of further
investigation [14].

Pneumonitis is one of the most serious clinical problems during the
treatment of immune checkpoint inhibitors [15]. A recent analysis de-
monstrated an increased risk of pneumonitis when patients received
nivolumab in combination with EGFR-TKI compared with treatment
with either drug alone [16].Moreover, a phase Ib clinical trial of con-
current durvalumab plus osimertinib (TATTON) was terminated due to
high rates of interstitial lung disease(ILD) [17]. However, important
uncertainties remain to be explained. The association between the in-
cidence of pneumonitis and the sequence and timing of anti-PD-(L)1
antibody and EGFR-TKI has not been well accessed. A recent study
demonstrated that sequential PD-(L)1 blockade followed later by osi-
mertinib was related to a higher incidence of adverse events [18].
Meanwhile, the underlying mechanism associated with the high in-
cidence of ILD remains uncertain. Despite unrelated mechanisms of
action, both targeted therapy and immune checkpoint inhibitors can
lead to changes in the immune environment [19,20]. Therefore, the
interaction between EGFR-TKIs, immune checkpoint inhibitors and the
immune system need to be explained. In this study, we utilized a ge-
netically-engineered EGFR-driven mouse model to explore the effects of
combined PD-L1 antibody and EGFR-TKI treatment in mouse lung tis-
sues, aiming to provide implications to minimize the pulmonary toxi-
city of this combination.

2. Materials and methods
2.1. Animal model

All animal experiments were approved by the Institutional Animal
Care and Use Committees at Shanghai Pulmonary Hospital. A doxycy-
cline-inducible transgenic EGFR***®® mouse model was provided as a
gift from Dr. Liang Chen of the National Institute of Biological Sciences.
Orthotopic lung tumors were induced as previously described [21].
Briefly, activation of the mutant EGFR transgene was accomplished by
feeding mice with doxycycline at a concentration of 0.5 g/L in 2% su-
crose drinking water throughout the study. Age- and sex-matched
transgenic mice were used in the experiments. FVB background mice
without doxycycline induction of lung tumor were used as control (no
tumor-bearing) mice.

2.2. Treatment

Osimertinib and gefitinib were purchased from Selleck and dis-
solved at a concentration of 5mg/kg and 6.5 mg/kg in 1% DMSO, re-
spectively, for in vivo use. Osimertinib or gefitinib was administered
once daily by oral gavage. Anti-mouse PD-L1 mAb (InvivoMab anti-
mousePD-L1, clone: 10 F.9G2, BioXcell) was given by intraperitoneal
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injection at 200ug/dose every three days. The vehicle (control) group
was given 1% DMSO by oral gavage and/or isotype control IgG by in-
traperitoneal injection.

Schemes for the administration schedule are shown in Fig. 1B and
Fig. 4A. Briefly, in the first cohort, mice were randomized into six
groups with six mice per group: (a) vehicle control; (b) anti-PD-L1; (c)
osimertinib; (d) osimertinib plus anti-PD-L1; (e) gefitinib; and (f) gefi-
tinib plus anti-PD-L1. In the second cohort, mice were randomized into
four groups with six mice per group: (a) osimertinib; (b) osimertinib
followed by anti-PD-L1 one day later; (c) anti-PD-L1 followed by osi-
mertinib one day later; and (d) concurrent osimertinib plus anti-PD-L1.

2.3. Bronchoalveolar lavage and cytokine measurement

To obtain bronchoalveolar lavage fluids (BALFs), 1 mL of PBS was
injected into the trachea to inflate the lungs and later aspirated. Cell
numbers in BALFs were automatically counted by using a Countess II FL
Automated Cell Counter (Invitrogen, Thermo Fisher Scientific). Cells
were then adhered to slides using a cytospin and stained with Diff-
Quick stain (Yesean Biotech) for classification. BALF supernatants were
separated by centrifugation and then stored at —80 °C until use. Total
protein concentrations were determined by using the BCA Protein Assay
Kit (Solarbio Life Science) before cytokine measurement. Levels of IFN-
y, IL-2, IL-5, TNF-a, GRO/KC and IL-12p70 in BALFs were measured
using U-plex Biomarker Group Assays from Meso Scale Discovery ac-
cording to the manufacturer’s instructions. All samples were measured
in duplicate.

2.4. Histology and immunohistochemistry

Lungs were inflated with 10% formalin and embedded in paraffin.
Subsequently, 5-um sections were cut for hematoxylin/eosin staining
and immunohistochemistry. Pathologic scoring on H&E staining was
performed by two independent investigators. To evaluate the degree of
inflammation, the following criteria were used: 0 = no lung abnorm-
ality; 1 = presence of inflammation involving 25% of the lung par-
enchyma; 2 = lesions involving 25-50% of the lung; and 3 = lesions
involving 50% of the lung. The sections were stained with anti-mye-
loperoxidase (MPO) antibody (Abcam, #ab9535) for IHC analysis.
Quantification of MPO positive cells was examined in at least five
random fields from each section.

2.5. Statistical analysis

Numerical results are presented as means = SEM. Statistical ana-
lyses between two groups were performed using the unpaired student ¢
test. One-way ANOVA was used for the multiple comparison among
treatment groups. p < 0.05 was considered statistically significant. All
data analyses were performed using GraphPad Prism (version 5.0,
GraphPad Software, Inc.).

3. Results

3.1. Effects of concurrent EGFR-TKI and anti-PD-L1 treatment on lung
inflammation

Tumor and normal lung tissue were distinguished by H&E stain
(Fig. 1A). Tumor bearing mice were treated with EGFR-TKI or PD-L1
antibody alone or in combination as shown in Fig.1B. On day 9, mice
were sacrificed and lungs were harvested for histological analysis to
evaluate inflammatory degree. Compared with osimertinib alone, con-
current treatment of osimertinib plus PD-L1 antibody had significantly
higher score for inflammation. However, combined treatment of
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Fig. 1. Effects of concurrent EGFR-TKIs and anti-PD-L1 treatment on lung inflammation. A: Representative H&E staining of lung tumor and normal lung tissue (scale
bars, upper 100 um, lower 50 um). B: Experimental scheme detailing the administration of gefitinib or osimertinib and PD-L1 antibody. C: Representative images of H
&E stained of lung tissue from mice treated with different regimens (scale bars, 50 pm). (b): The pathologic grade of inflammation was quantified. P values were
calculated using a one-way ANOVA. D:(a) BALFs harvested on day 9 were analyzed for total cell counts, neutrophil counts and protein concentrations. To compare
differences between single-agent TKI and TKI plus anti-PD-1, unpaired student t test was used. Results were presented as mean + SEM. N = 5-6 per group.
*P < 0.05, **P < 0.01, ***P < 0.001, P value > 0.05 was indicated as no significance (NS).
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Fig. 2. A: Representative images of IHC staining for MPO in lung tissues of mice from different treatment groups (scale bars, 50 um). B: Percentages of MPO-positive

cells were quantified. Results were presented as mean *+
***P < 0.001, P value > 0.05 was indicated as no significance (NS).

gefitinib and PD-L1 antibody did not seem to exacerbate lung injury
compared with gefitinib alone (Fig. 1C). We next measured total cell
counts, neutrophil counts and protein concentrations in bronch-
oalveolar lavage fluids. Similarly, the combined administration of osi-
mertinib and PD-L1 antibody increased total cell counts, total number
of neutrophils and protein concentrations in the BALFs, compared with
single-agent osimertinib treatment. Meanwhile, changes were not ob-
served for total cell counts, neutrophil counts and protein concentra-
tions between gefitinib plus anti-PD-L1 and gefitinib alone (Fig. 1D).

Myeloperoxidase (MPO) is abundantly expressed in neutrophils and
secreted during their activation, which has been considered as an im-
portant marker for inflammatory response [22]. Therefore, we further
evaluated the expression of MPO in lung tissue to confirm the degree of
pneumonitis. As expected, the percentages of MPO positive cells in the
osimertinib and anti-PD-L1 combined treatment group were the highest
among all groups (Fig. 2).

We next performed the same experiments on control mice which
were FVB background mice without doxycycline induction of lung
tumor. Mice were treated with osimertinib, gefitinib, PD-L1 antibody,
osimertinib plus PD-L1 antibody, gefitinib plus PD-L1 antibody, or
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SEM. N = 5-6 per group. P values were calculated using a one-way ANOVA. *P < 0.05, **P < 0.01,

vehicle. Lungs were harvested for H&E and MPO staining on day 9.
Combining gefitinib or osimertinib with anti-PD-L1 treatment appeared
not to increase the level of pathologic grade of H&E staining (supple-
mentary Fig. 1) and the percentage of MPO positive cells (supplemen-
tary Fig. 2) in mice without tumors.

3.2. EGFR-TKIs and anti-PD-L1 combined treatment changed cytokine
levels in BALFs

Given that total cell counts, neutrophil counts and protein con-
centrations of BALFs were significantly increased in the osimertinib and
PD-L1 antibody combined treated group, we next measured if proin-
flammatory cytokine (IFN-y, IL-2, IL-5, TNF-a, GRO/KC and IL-12p70)
production in BALFs was changed by combination treatment. The
concentrations of IFN-y, IL-2, IL-5, TNF-a and IL-12p70 were sig-
nificantly higher in the osimertinib plus anti-PD-L1 treatment group
compared with the single osimertinib treatment group. Similarly, the
addition of PD-L1 antibody to gefitinib did not lead to changes of
proinflammatory cytokines in BALFs (Fig. 3).
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Fig. 3. EGFR-TKIs and anti-PD-L1 combined treatment changed cytokine levels in BALFs. The levels of IFN-y, IL-2, IL-5, TNF-a, GRO/KC and IL-12p70 concentration
in BALFs from different treatment groups were measured by MSD assays. Results were presented as mean + SEM. N = 5-6 per group. To compare differences
between single-agent TKI and TKI plus anti-PD-L1, unpaired student t test was used. *P < 0.05, **P < 0.01, ***P < 0.001, P value > 0.05 was indicated as no

significance (NS).

3.3. Sequence of administration affected the occurrence of pneumonitis

To explore if there was potential association between pneumonitis
and the sequence of drug use, tumor-bearing mice were treated with
osimertinib alone, osimertinib concurrently, or sequentially combined
with PD-L1 antibody as shown in Fig. 4A. Pathologic grades of H&E
staining showed a more severe level of pneumonitis in the concurrent
treatment group and in anti-PD-L1 followed by the osimertinib treat-
ment group (Fig. 4B). Total cell counts, neutrophil counts and protein
concentrations in BALFs were also increased in only these two groups
only (Fig. 4C). We further used MPO immunohistochemical analysis to
confirm the pneumonitis evaluation. As expected, the percentages of
MPO positive cells were increased in both the concurrent use group and
anti-PD-L1 followed by the osimertinib group. And treatment with
osimertinib followed by anti-PD-L1 did not seem to exacerbate lung
inflammation (Fig. 5).

We also evaluated whether the production of proinflammatory cy-
tokines (IFN-y, IL-2, IL-5, TNF-a, GRO/KC and IL-12p70) in BALFs was
correlated with the sequence of drug administration. The concentra-
tions of IFN-y, IL-2, IL-5, TNF-a, and IL-12p70 in BALFs were elevated
in the concurrent treatment group and in sequential anti-PD-L1 fol-
lowed by the osimertinib group. Additionally, there was no significant
changes of proinflammatory cytokines in mice treated with osimertinib
followed by PD-L1 antibody compared with osimertinib alone (Fig. 6).

4. Discussion

With the increasing interest in developing EGFR-TKIs and PD-(L)1
antibody combined strategy for advanced NSCLCs with mutated EGFR,
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the elevated risk of adverse effects with the use of this combination is a
significant concern that needs to be addressed. In this study, we de-
monstrated that the combined use of EGFR-TKI and PD-L1 antibody is
associated with increased inflammation in the lung tissue of EGFR-
driven tumor-bearing mice. More importantly, the occurrence of
pneumonitis appears to be drug-specific, and also dependent on the
sequence of combined treatment. Although this study is a pre-clinical
study, our results provide implications to minimize pulmonary toxicity
and to determine an optimal sequence for combinational strategies in
advanced lung cancer patients with EGFR mutations.

In the TATTON study, the frequency of interstitial lung disease was
38% and 64% in patients with EGFR-mutant NSCLC who progressed
during prior line EGFR-TKI treatment and patients with EGFR-TKI naive
respectively, which was much higher than patients that received single
agent osimertinib (2.9%) or durvalumab (2%) [17,23]. Considering
that the ILD issue has not been reported from combination studies of
other EGFR-TKIs like gefitinib or erlotinib plus immune checkpoint
inhibitors, osimertinib might be considered as responsible for a high
incidence of ILD when combined with immune checkpoint inhibitors
[11-13]. In a study performed on a naphthalene-induced acute pneu-
monitis mouse model, combined administration of second-generation
EGFR-TKI afatinib and PD-1 antibody also showed no additional effect
on the pathologic grade of lung tissue [24].0ur study also showed that
the group receiving osimertinib and anti-PD-L1 combined treatment
had the highest lung pathologic score and also an increased in-
flammatory level in BALFs compared with the single agent treatment
groups. However, combining gefitinib and anti-PD-L1 treatment did not
seem to cause lung injury or increase the cell number and protein
concentration in BALFs. Myeloperoxidase is mainly released by
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Representative images of H&E stained of lung tissue from mice treated with different regimens showed in Fig. 4. A (scale bars, 50 um). (b): The pathologic grade of
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significance (NS) compared with osimertinib single-agent treatment group.
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neutrophils and was reported to be used as an important marker to
reflect the severity of lung injury [25]. Therefore, in this study we used
the proportion of MPO positive cells to validate the level of pneumo-
nitis, and the differences among groups were in accordance with the
changes in lung inflammation score. Levels of proinflammatory cyto-
kines, including IFN-y, IL-2, IL-5, TNF-a and IL-12p70 were also higher
in the combined treatment group than the osimertinib single-agent
treatment group, indicating that the combined therapy promoted the
release of inflammatory factors and exacerbate damage to normal lung
tissues. However, the mechanisms underlying the synergistic toxicity of
osimertinib and anti-PD(L)1 therapy is still unclear. We could infer
from our results that unlike other EGFR-TKIs, osimertinib may have
unexpected immunomodulatory effects. Future investigation is war-
ranted to validate our theory.

Previous small-sample clinical studies showed that the incidence of
ILD is much higher in EGFR-TKI naive patients than patients who were
previously treated with an EGFR-TKI [17,26], which suggested that
there might be an association between the risk of ILD and line of
therapy. Recently, a retrospective study showed that NSCLC patients
harboring an EGFR mutation receiving an initial PD-(L)1 blockade
followed by osimertinib treatment are associated with the most fre-
quent immune-related adverse events [18]. Our study also compared
the effects of different timing of therapy on lung tissue. Indeed, we did
observe more severe lung inflammation in the osimertinib and PD-L1
antibody concurrent treatment group and also in the PD-L1 antibody
followed by osimertinib group. Meanwhile we did not observe any signs
of increased lung injury in mice treated with osimertinib followed by
anti-PD-L1 therapy. The present results indicated that the specific se-
quence of therapy is an important determinant for the occurrence of
pneumonitis. This may be due to the durable immune response of the
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PD-(L)1 antibody [27,28]. In contrast, EGFR-TKIs like osimertinib take
effect in a short period of time [29]. Our previous study in tumor-
bearing mouse models also demonstrated that the immunomodulatory
effects of EGFR-TKIs appeared early, but some were temporary and
disappeared as treatment went on [21]. Hence it is possible that initial
osimertinib followed by anti-PD-L1 treatment would not cause an
overlapping influence on the immune system.

In this study, we investigated the effect of EGFR-TKI combined with
PD-L1 antibody in an EGFR-driven mouse model. There are several
limitations regarding this work. The mechanisms of pneumonitis caused
by combining osimertinib and anti-PD-L1 therapy still require further
study. Our study explored only two kinds of EGFR-TKIs combined with
a PD-L1 inhibitor, thus evaluations applying other EGFR-TKIs and also
PD-1 inhibitors are needed to validate our findings. Finally, our con-
clusion was drawn based on a pre-clinical study using an animal model,
and further validation in a clinical setting is warranted.

In conclusion, research relating to the combinational use of EGFR-
TKIs and immune checkpoint inhibitors in the treatment of NSCLC with
EGFR mutations is still at an early stage. Careful evaluation is required
due to the potential for overlapping toxicities resulting from combina-
tion therapy. Our study may provide implications to minimize pul-
monary side effects. Further efforts in a clinical setting are needed to
assess different drugs, dosages and timing of administration associated
with toxicities from this combination therapy.
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