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HER2 exon 20 insertions in non-small-cell lung cancer
are sensitive to the irreversible pan-HER receptor
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Background: Effective targeted therapy for non-small-cell lung cancer (NSCLC) patients with human epidermal growth factor
receptor 2 (HER2) mutations remains an unmet need. This study investigated the antitumor effect of an irreversible pan-HER
receptor tyrosine kinase inhibitor, pyrotinib.

Patients and methods: Using patient-derived organoids and xenografts established from an HER2-A775_G776YVMA-inserted
advanced lung adenocarcinoma patient sample, we investigated the antitumor activity of pyrotinib. Preliminary safety and
efficacy of pyrotinib in 15 HER2-mutant NSCLC patients in a phase Il clinical trial are also presented.

Results: Pyrotinib showed significant growth inhibition of organoids relative to afatinib in vitro (P =0.0038). In the PDX model,
pyrotinib showed a superior antitumor effect than afatinib (P =0.0471) and T-DM1 (P =0.0138). Mice treated with pyrotinib
displayed significant tumor burden reduction (mean tumor volume, —52.2%). In contrast, afatinib (25.4%) and T-DM1 (10.9%)
showed no obvious reduction. Moreover, pyrotinib showed a robust ability to inhibit pHER2, pERK and pAkt. In the phase Il
cohort of 15 patients with HER2-mutant NSCLC, pyrotinib 400 mg resulted in a objective response rate of 53.3% and a median
progression-free survival of 6.4 months.

Conclusion: Pyrotinib showed activity against NSCLC with HER2 exon 20 mutations in both patient-derived organoids and a
PDX model. In the clinical trial, pyrotinib showed promising efficacy.

Clinical trial registration: NCT02535507.
Key words: non-small-cell lung cancer, HER2 mutations, pyrotinib, patient-derived organoids, clinical trial

Introduction pair in-frame insertion YVMA (p.A775_G776insYVMA) in exon
Mutations in the human epidermal growth factor receptor 2 20, leading to downstream activation of the PI3’K-AKT and RAS-
(HER2, ERBB2) have been identified as oncogenic drivers and MAPK pathways [1, 4]. Historically, patients with HER2-mutant
occur in 2%-3% of non-small-cell lung cancer (NSCLC) [1-6], NSCLC have a median overall survival (OS) of 1.6-1.9 years from
and as high as 6.7% in EGFR/ALK/ROS1 triple-negative the time of stage IV diagnosis [5, 6]. Several patient reports
NSCLC [7]. HER2 mutations most commonly consist of a 12 bases  and series reporting on HER2-targeted agents in patients with
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HER2-mutant NSCLC, including afatinib, dacomitinib, neratinib
and trastuzumab, have shown limited clinical activity [6, 8-12].
Thus, chemotherapy remains the main strategy for this patient
population [13]. However, our previous study demonstrated that
HER2-mutant lung cancers treated with first-line pemetrexed-
based chemotherapy had an inferior outcome compared with lung
cancers with an ALK or ROSI rearrangement [ 14]. Therefore, there
is an urgent need for effective HER2-targeted drugs to improve the
long-term outcome in this subset of patients.

Pyrotinib is an oral, irreversible pan-HER receptor tyrosine
kinase inhibitor (TKI) with activity against epidermal growth fac-
tor receptor (EGFR)/HER1 and HER2. Preclinical data together
with phase I clinical data suggest that pyrotinib can irreversibly
inhibit multiple HER receptors and effectively inhibit the prolif-
eration of HER2-overexpressing cells in vitro and in vivo [15, 16].
In this study, we utilized a patient-derived organoid and a patient-
derived xenografts (PDX) model to test the antitumor effect of
pyrotinib in the preclinical setting. We then validated those
preclinical findings in patients enrolled in a phase II clinical trial.

Methods

Patient-derived tumor organoid culture

The primary organoids were established using previously described cul-
ture methods [17]. Briefly, eligible biopsy pieces were minced with scis-
sors and digested in 5 ml of 5 mg/ml collagenase type II (Invitrogen) in
Advanced DMEM/F12 (ADMEM/F12) and digested for 2-3h at 37°C
with gentle shaking. Dissociated cells were washed and then seeded in
growth factor-reduced Matrigel (BD biosciences). Organoids were pas-
saged at a 1 : 3 dilution every week either via trituration with a glass
Pasteur pipet or dissociation with TrypLE (Sigma-Aldrich) for 5 min at
37°C.

Patient-derived xenografts studies

Mice were treated in accordance with Good Animal Practices and carried
out with the approval of the Animal Ethics Committee at Tongji
University School of Medicine. For the xenografts, tumor fragments
15-30 mm” in size were subcutaneously implanted into the right flanks of
BALB/c Nude mice. When the tumors reached 150-250 mm?>, tumor-
bearing mice were randomly divided into 6 groups (12 in the control
group and 6 in each treatment group, including the 5mg/kg pyrotinib,
20 mg/kg pyrotinib, 80 mg/kg pyrotinib, 15 mg/kg afatinib and 10 mg/kg
T-DMI1 groups, respectively; supplementary Table S1, available at Annals
of Oncology online). Tumor volumes and body weight were measured
every 3—4days. Treatment was discontinued when tumor volume
exceeded 2000 mm°, body weight loss was >20%, or the mouse were
moribund and had poor oral intake. Mice euthanized for events unre-
lated to tumor burden were excluded from the final analysis.
Comparison of treatment arms for the in vivo mouse xenograft studies
was carried out using one-way ANOVA in GraphPad Software.

In vivo pharmacokinetic study

Samples of BALB/c nude mice utilized for pharmacokinetic study were
collected after a single dose of pyrotinib (supplementary Table S1, avail-
able at Annals of Oncology online). Drug concentrations in the blood and
tumor tissue were analyzed by liquid chromatograph-mass spectrometer/
mass spectrometer (LC-MS/MS), as described previously [15].
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Cell viability, proliferation assay, IHC, IF and
western blot

See the supplementary materials, available at Annals of Oncology online
for details.

Clinical trial

We initiated a phase II clinical study to evaluate the safety and efficacy of
pyrotinib in patients with advanced HER2-mutant NSCLC without
standard therapy options (ClinicalTrial.gov: NCT02535507). Eligible
patients included adults (aged >18 and <80 years) with histologically
confirmed advanced HER2-mutant NSCLC and progression through at
least one standard regimen of therapy. Patients were required to have an
Eastern Cooperative Oncology Group performance status of 0-2 and at
least one measurable lesion by Response Evaluation Criteria in Solid
Tumors (RECIST 1.1). Prior HER2-targeted therapy was allowed. Only
adequately locally treated and asymptomatic brain metastases were
allowed. HER2 mutation was tested using ADx HER2 Mutation
Detection Kit (Amoy Diagnostics, Xiamen, China) or NGS, and con-
firmed by DNA direct sequencing if needed. Eligible HER2 variations
included HER2 mutations in exon 20 and exon 19 (tyrosine kinase do-
main). This study was approved by the Ethics Committee of Shanghai
Pulmonary Hospital, and a written informed consent was obtained from
each participant before initiation of any study-related procedure. The
study is sponsored by Hengrui Pharmaceuticals (Shanghai, China), and
conducted in accordance with the Declaration of Helsinki and Good
Clinical Practices.

Estimated enrollment of 13 of the first stage was determined by opti-
mal two-stage design and finally 15 eligible patients were enrolled. All the
patients were Chinese diagnosed in Shanghai Pulmonary Hospital.
Enrolled patients received recommended doses of pyrotinib (400 mg,
p.o.) daily according to the recommended phase II dose (RP2D) from
phase I clinical trial [16], until intolerable toxicity, disease progression,
death or withdrawal of consent. Treatment continuation beyond disease
progression was allowed based on the fact that a number of patients with
radiologic gradual progression via RECIST can still benefit from therapy
continuation. Tumor response was evaluated 4 weeks after the initiation
of pyrotinib treatment and then every 6-8 weeks afterwards according to
RECIST 1.1. Complete response (CR) or partial response (PR) had to be
confirmed at least 4weeks after initial response. The duration of
responses was measured from the time of the first documentation of re-
sponse to the date of disease progression.

The primary end point of this study was objective response rate
(ORR). Secondary end points included progression-free survival (PFS),
0§, safety and tolerability of pyrotinib. PES was defined as the time inter-
val from the date of treatment initiation to documented disease progres-
sion or death of any cause. OS was defined as the time from treatment
initiation of pyrotinib to death of any cause. All adverse events were
assessed and classified by grade according to the national cancer institute
common terminology criteria for adverse events (version 4.0).

Results

Activity of pyrotinib in HER2-mutant patient-
derived organoids

We successfully established patient-derived lung cancer organo-
ids (Figure 1A and supplementary Figure S1, available at Annals
of Oncology online) from a 42years old female with HER2-
A775_G776YVMA-inserted advanced lung adenocarcinoma.
H&E, IHC and immunofluorescence staining results of the orga-
noid confirmed its epithelial origin (Figure 1A and B), and direct
sequencing of a representative organoid confirmed HER2
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A775_G776YVMA insertion (Figure 1C), suggesting that genom-
ic characterization of the organoids was identical to the parental
tumor from which they were derived.

To demonstrate the activity of pyrotinib in lung cancer cells
with HER2 A775_G776YVMA insertion, we carried out cell via-
bility and proliferation assays using the established organoids.
The organoids converted to 2D cells were challenged with drug
for 72 h, and drug responses were determined by quantifying cell
viability measured by CellTiter-Glo (Promega) Luminescent Cell
Viability Assay. Drug response curves of the organoids treated
with two dual EGFR/HER2 inhibitors, afatinib and pyrotinib
showed that the IC5, of pyrotinib was similar to that of afatinib
(112.5 and 89.1 nM; P> 0.05) (Figure 1D). However, when the
organoids were treated with afatinib and pyrotinib at plasma
concentrations of 29nM [(C,pinip: 21.1 ng/ml)/ (MW igatiniv:
718.08 g/mol)x 1000] and 180nM [(Cpyrotinib: 147 ng/ml)/
(MW, rotinib: 815.22 g/mol) x1000], respectively, adopted from
the in vivo plasma concentrations of the two drugs in previous
phase I clinical studies [16, 18], pyrotinib showed significantly
higher inhibition of cell growth than afatinib (P=0.0038;
Figure 1E). The 3D organoids treated with vehicle (DMSO), afa-
tinib (29nM) and pyrotinib (180nM) showed similar results.
Compared with afatinib, pyrotinib at the recommended plasma
concentration of human level inhibited the cell growth more sig-
nificantly (Figure 1F).

In vivo activity of pyrotinib in a PDX model

We next determined whether pyrotinib could significantly inhibit
tumor growth in vivo. Five groups of mice were treated with
HER2 inhibitors, and one group received vehicle for 24 days.
Three groups of mice were treated with pyrotinib orally daily at 5,
20 and 80 mg/kg, respectively. Dose-dependent tumor inhibition
was observed (Figure 2A and supplementary Figure S2A, avail-
able at Annals of Oncology online). Residual tumor volume of
the mice treated with pyrotinib at 80 mg/kg was minimal
(Figure 2A). Waterfall plots show that pyrotinib treatment
(80 mg/kg) significantly shrank tumors by 24 days in the HER2
exon 20 insertion PDX models (Figure 2B), and no significant de-
crease in body weight was seen (Figure 2C), indicating pyrotinib
was safe and effective in inhibiting tumor growth in vivo.

The remaining two mouse cohorts were treated with afatinib at
15 mg/kg orally daily and T-DM1 at 10 mg/kg intravenously on
day 0, 7, 14 and 21. We found that when pyrotinib was adminis-
tered at a dose of 80 mg/kg, it resulted in more profound tumor
regression than afatinib (P=0.0471) and T-DM1 (P=0.0138)
(Figure 2D and supplementary Figure S2B, available at Annals of
Oncology online). As shown in Figure 2E, pyrotinib-treated mice
displayed significant reduction of tumor burden (mean % tumor
volume change, —52.2%). In contrast, mice receiving afatinib
(mean % tumor volume change, +25.4%) or T-DM1 (mean of %
tumor volume change, +10.9%) showed no significant reduction
of tumor burden, although they both inhibited tumor growth
compared with the vehicle control (Figure 2E). Meanwhile, the
weight of mice receiving afatinib at 15mg/kg significantly
decreased compared with mice receiving either vehicle control or
pyrotinib of 80 mg/kg (P < 0.0001) (Figure 2F).

As shown in Figure 2G and H, the average plasma drug concen-
tration of the mice treated with pyrotinib was 2316.7 ng/ml,

which was significantly higher than that of mice treated with afa-
tinib (76.9 ng/ml; P < 0.0001). The pyrotinib concentration in
the tumor of the 80 mg/kg group was not available due to a low
volume of tumor tissue after 24 days of pyrotinib treatment. In
IHC, pyrotinib inhibited phosphorylation of HER2 and its down-
stream proteins. The tumors that had been treated with pyrotinib
for 24 days showed definite reduction of pHER2, pERK and pAkt
when compared with the vehicle (Figure 2I). Afatinib and T-
DMI also showed the ability to block the same HER2 down-
stream signaling pathways (supplementary Figures S2C and S3,
available at Annals of Oncology online). IHC staining of VEGFR2
was also carried out on tumors in pyrotinib treatment group but
no significant reduction of VEGFR2 phosphorylation was
observed (supplementary Figure S4, available at Annals of
Oncology online).

PK/PD correlation of pyrotinib in PDX model

To assess pharmacokinetics/pharmacodynamics (PK/PD) correl-
ation of pyrotinib, we carried out drug concentration measure-
ment and IHC on tumors harvested from mice exposed to
pyrotinib (80 mg/kg) for 2, 6 and 24 h. Pharmacokinetic parame-
ters of pyrotinib in mice were shown in supplementary Table S3,
available at Annals of Oncology online. Pyrotinib plasma concen-
tration peaked at 2h after dosing (3433 ng/ml). Furthermore,
concentration of pyrotinib in tumors reached maximum at 6h
after dosing, and at the same time, pHER2 was maximally inhib-
ited (Figure 3A and B). IHC and western blot were used to detect
expression of HER2 and its downstream proteins, including ERK
and Akt. The results showed that phosphorylation of these pro-
teins was significantly inhibited at 6 h after dosing (Figure 3C-F).

HER2-mutant lung cancer patients response
to pyrotinib

Efficacy of pyrotinib in patients with advanced HER2-mutant
lung cancer was evaluated in a phase II clinical study. HER2
mutations were detected by ARMS or NGS. The 15 patients
enrolled from July 2015 to September 2016 received pyrotinib
treatment (400 mg). Among them, one patient received a dose of
320 mg due to his age of 78 years and renal insufficiency. The clin-
ical characteristics and previous anticancer therapies are sum-
marized in supplementary Tables S4, S5 and Figure S5, available
at Annals of Oncology online. Ten of them had HER2
A775_G776insYVMA insertion. None of the subjects received
pyrotinib as their first-line therapy, and the median number of
previous treatment lines was 2.

Among 15 patients amenable for response evaluation, eight
(53.3%) of them had a partial response and three (20.0%) had
stable disease (Figure 4A). The median time to response was
1.0 months and median duration of response was 7.2 months
(range 2.1-20.0 months). The median PES time was 6.4 months
(95% CI 1.60-11.20). The ORR and PFES of the 10 patients with
HER2 A775_G776insYVMA (Figure 4B and C) were 50% and
4.1 months (95% CI 1.42-6.10), respectively. The range of PFS
was 1.7-23.4 months with 3 patients remaining on therapy for
>1 year. Patients with HER2 G776C, G776>VC, or L755P, also
responded to pyrotinib. PFS of one patient with
P780_Y781insGSP exceeded 1 year. But the patient with
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Figure 1. Activity of pyrotinib in HER2-mutant patient-derived organoids. (A, B) 3D organoids in bright field (10 x 10), and H&E and IHC
results of representative organoids suggested epithelial origin. (C) Sequencing results of representative organoids showed HER2
A775_G776insYVMA, indicating that the genomic characterization of this patient-derived in vitro models was identical to the parental tumor.
(D) Drug response curves of the organoids treated with the dual EGFR/HER2 inhibitors (afatinib and pyrotinib, respectively) showed that the
ICso of afatinib and pyrotinib were 89.1 and 112.5 nM. Cell viability was measured by a CellTiter-Glo (Promega) Luminescent Cell Viability
Assay after 72 h of treatment. (E) Cell growth curves of the organoids treated with vehicle (DMSO), afatinib (29 nM*) and pyrotinib (180 nM")
showed that compared with afatinib, pyrotinib at plasma concentration inhibited the cell growth more significantly (*P = 0.0038). “The con-
centrations were adopted from the in vivo plasma concentrations of the 2 drugs in previous phase | clinical studies, .9. (Catatinib: 21.1 ng/ml)/
(MW statinib: 718.08 g/mol) x 1000 = 29 nM; (Coyrotinib: 147 NG/MD/(MW pyrotinin: 815.22 g/mol)x 1000 = 180 nM. (F) Representative images (three

repeated well) of the 3D organoids treated with vehicle (DMSO), afatinib (29 nM) and pyrotinib (180 nM) on day 16 after dosing.

G776>IC failed to response to pyrotinib (Figure 4B). Two
patients (2/15, 13%) had brain metastases before enrollment.
One of them discontinued pyrotinib 4 weeks later due to the pro-
gression of the lung lesion and the other achieved stable disease
after pyrotinib treatment. Of 13 patients without brain metastasis
at baseline, three (3/13, 23%) had intracranial progression. Only
one patient had received HER2-targeted therapy (afatinib 40 mg
daily) before enrollment and he responded to pyrotinib after dis-
ease progression on afatinib.

At the last follow-up date of December 2017, four patients
were still on pyrotinib treatment (Figure 4D). PES of two of
them did not reach (more than 23.4 months and more than
8.5months) and two others continued to take pyrotinib after
gradual progression or isolated brain metastasis assessed by their
doctors (postprogressive treatment was not calculated in PFS).
Five patients (33%) remained on pyrotinib for more than 1 year
and two patients (13%) for more than 18 months. Six patients
(40%) were still alive at the last follow-up, and the median overall
survival (OS) was 12.9 months (95% CI 2.05-23.75) (Figure 4D).

Pyrotinib related adverse events of any grade were observed in
nine patients (60%). No one had received prophylactic antidiar-
rheal treatment but four patients (27%) did suffer grade 1-2
diarrhea. Other adverse events included decreased hemoglobin
(27%), hypocalcemia (27%), fatigue (14%), rash (14%),
increased AST (14%), paronychia (7%), nausea (7%), increased
ALT (7%), dyspnea (7%), vomiting (7%), hyperbilirubinemia
(7%) and leukopenia (7%). They all were grade 1-2 and no dose
reduction or dose discontinuation occurred due to adverse events
(supplementary Table S6, available at Annals of Oncology online).

Figure 4E and F are two representative cases showing
response to pyrotinib. The first patient was a 78-year-old
Chinese male diagnosed with stage IV lung adenocarcinoma
with Dbilateral intrapulmonary metastases in Shanghai
Pulmonary Hospital in 2015. He received two cycles of
chemotherapy, then developed disease progression. He was
found to have an HER2 exon 20 A775_G776insYVMA muta-
tion, then enrolled into this clinical trial and received a lower
dose of pyrotinib 320 mg oral daily due to his age and renal
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Figure 2. In vivo activity of pyrotinib in PDX models. (A) Tumor volume curves of the PDX models treated with vehicle, and different doses
of pyrotinib. (B) Tumor volume changes among mice treated with vehicle, and different doses of pyrotinib by 24 days. (C) Body weight
changes among mice treated with vehicle, and different doses of pyrotinib. (D) Tumor volume curves of the PDX models treated with ve-
hicle, pyrotinib, afatinib and T-DM1. (E) Tumor volume changes among mice treated with vehicle, and pyrotinib, afatinib and T-DM1 by
24 days. (F) Body weight changes among mice treated with vehicle, pyrotinib, afatinib and T-DM1. (G) Concentrations in plasma and in tumor
in different doses of pyrotinib treatment groups were detected on day 24 after administration. The pyrotinib concentration in the tumor of
the 80 mg/kg group was not available due to a low volume of tumor tissue after 24 days of pyrotinib treatment. (H) Concentrations in plasma
and in tumor of pyrotinib and afatinib treatment groups were detected on day 24 after administration. (I) IHC staining of HER2 and its down-
stream proteins including ERK and Akt, in vehicle and pyrotinib treatment groups. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

insufficiency. CT scan showed sustained tumor shrinkage
after 1, 6 and 12 months of therapy (Figure 4E). The second
patient was a 53-year-old Chinese male who was diagnosed
with T4N2M1la stage IV lung adenocarcinoma with pleural
and pericardial metastases. Direct sequencing revealed
A775_G776insYVMA in exon 20 of HER2. He initially
received carboplatin and pemetrexed chemotherapy followed
by afatinib (40 mg once daily), but eventually progressed on
both lines of treatment. Therefore, he enrolled in this pyroti-
nib trial and had a partial response to pyrotinib 400 mg oral
daily (Figure 4F).

Discussion

HER?2 exon 20 mutations represent 2%—3% of NSCLC patients,
and currently chemotherapy remains to be the main therapeutic
strategy [9, 13]. Here, we generated an HER2'Y™M* insertion
patient-derived organoid model and a PDX model. We found
that when compared with afatinib, T-DM1 or lower dose

pyrotinib, higher dose pyrotinib inhibited the growth of HER2-
mutant cancer in both the HER2YY™M* insertion patient-derived
organoid and PDX models. Finally, we provided clinical evidence
of the activity of pyrotinib (400 mg, p.o. once daily) in 15 patients
with HER2-mutant NSCLC with an ORR of 53.3% and a median
PFS of 6.4 months in our phase II study.

Insertions in exon 20 of HER2 consists of multiple variants,
ranging from 3 to 12 bp long [4, 5], and a previous study found
that the clinical and biochemical heterogeneity among HER2
mutations affected sensitivity to anti-HER2 TKIs [19]. Thus,
using patient-derived tumors to generate cell lines and animal
models is essential to test the potential of novel compounds for
future therapeutic interventions [20]. Our study generated a
patient-derived organoids model that harbored the most fre-
quent HER2-mutant variant, A775_G776insYVMA, and found
that the drug response observed in the organoids was highly con-
sistent with that of HER2"Y™* PDX model. In line with our
results, several groups have demonstrated the applicability of
organoid models to study patient populations with rare muta-
tions [17, 20, 21]. Vlachogiannis et al. [22] compared responses
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Figure 3. PK/PD correlation of pyrotinib in PDX model. (A) Concentrations of pyrotinib in plasma and in tumor were detected at 0, 2, 6, 24 h
after dosing. Pyrotinib plasma concentrations peaked at ~2 h after dosing. Concentration of pyrotinib in tumor reached a relative maximum
at 6h, and at the same time, pHER2 was maximally inhibited. (B) Representative images of pHER2 in tumor tissues at 0, 2, 6, 24 h after pyroti-
nib treatment. (C, D) Western blot analyzed the proteins of HER2 and its downstream proteins including ERK and Akt in mice treated with
pyrotinib (80 mg/kg) at 0, 2, 6 h after dosing. Phosphorylation of these proteins was significantly inhibited 6 h after dosing. (E, F) IHC analyzed
the proteins of HER2 and its downstream proteins including ERK and Akt in mice treated with pyrotinib (80 mg/kg) at O, 2, 6 h after dosing.
Phosphorylation of these proteins was significantly inhibited 6 h after dosing. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

with anticancer agents in organoids with the response of the
patients in clinical trials, and their results suggested that patient-
derived organoids can recapitulate patient responses.

Our observations indicate that all three anti-HER2 drugs, afati-
nib, T-DM1 and pyrotinib can block HER2 downstream signal-
ing pathways. Among them, pyrotinib was the most potent at
inhibiting tumor growth in vitro and in vivo using clinically rele-
vant concentration. Furthermore, in our HER2 PDX model, high
dose of pyrotinib (80 mg/kg, once daily) resulted in 52.2% tumor
burden reduction in 24 days, whereas lower doses of pyrotinib
did not lead to consistent tumor shrinkage, suggesting that the
anticancer effect of pyrotinib is dose dependent. This is reminis-
cent of an earlier study using afatinib, which showed that pulse
afatinib resulted in better responses in patients with HER2 exon
20 insertion mutated lung adenocarcinoma [23]. We also
observed a strong inhibition of pHER?2 after 6 h of treatment with
high dose pyrotinib. Taken together, these data indicate that high
dose pyrotinib demonstrated a robust anticancer effect both

in vitro and in vivo. Although pyrotinib dose of 80 mg/kg in the
PDX model looks high, it is in fact corresponding to the recom-
mended phase II dose (RP2D) in human [16] [(RP2Dyotinib:
400 mg/kg)/60 kgx 12.3 = 82mg/kg, 60 kg was taken as the aver-
age body weight and 12.3 was the correction factor (Km)] based
on the FDA guidelines for the conversion of drug dose between
human and animals[24], which is reflected by its faster metabol-
ism in mice (1, = 5.37; supplementary Table S3, available at
Annals of Oncology online).

Dose-limiting toxicity of afatinib results in insufficient clinical-
ly available doses of afatinib and low plasma concentrations that
barely achieve preclinical model inhibition. A retrospective co-
hort study failed to repeat the response rate [11] despite encour-
aging results of several reports [8, 25]. Further investigation
found that, in an HER2 exon 20 insertion mutated lung cancer
cell line, afatinib exhibited a 50% higher inhibitory concentration
than was achieved by afatinib 40 mg daily, the licensed dose for
patients with NSCLC [23]. A phase I clinical study of pyrotinib
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Figure 4. HER2-mutant lung cancer patients response to pyrotinib. (A, B) Percent best change from baseline of target lesions and progres-
sion-free survival (PFS) plots corresponding to each type of HER2 mutations. *The target lesions of this patient increased by <20% while the
nontarget lesions progressed, so we evaluated this as progressive disease. (C) Distribution of HER2 mutations observed in the cohort of 15
patients. (D) Treatment time of 15 patients in this study. Prior treatment: Time from diagnosis of advanced NSCLC or relapse. ¥, this patient
had received one cycle of albumin bound-paclitaxel (100 mg iv.gtt, D1) during postprogressive pyrotinib treatment. (E) Computed tomog-
raphy (CT) scan of a 78-year-old patient with HER2-A775_G776YVMA-inserted advanced lung cancer. His lung lesions were significantly
reduced after pyrotinib treatment and CT scan showed sustained tumor shrinkage. (F) CT scan of a 53-year-old patient with HER2-
A775_G776YVMA-inserted advanced lung cancer. He responded to pyrotinib after disease progression on afatinib.

demonstrated that a 400 mg daily dose was tolerable and achieved
a plasma concentration of 147ng/ml and a AUC; 4, of
1860 ng h/ml [16], significantly higher than the plasma concen-
trations reported for afatinib (21.1 ng/ml, 662ng h/ml)[18],
dacomitinib (25.9 ng/ml, 421ng h/ml) [26] and neratinib
(75.9 ng/ml, 823 ng h/ml) [27] in other phase I clinical trials
(supplementary Table S7, available at Annals of Oncology online).
Pyrotinib also has a higher log P (oil-water partition coefficient)
of 4.475 than afatinib (3.101), dacomitinib (3.970) and neratinib
(3.866), suggesting that pyrotinib is more lipophilic, which could
result in better passive absorption and less gastrointestinal ad-
verse effects such as diarrhea (supplementary Table S8, available
at Annals of Oncology online). Consistent with these findings, we

found that the average plasma drug concentration of mice treated
with 80 mg/kg-pyrotinib (2316.7 ng/ml) was significantly higher
than that of mice in afatinib group (76.9 ng/ml). Despite this
high blood concentration, the administrated mice experienced
no significant decrease in body weight. And high dose pyrotinib
showed better tolerability when compared with afatinib. Again,
this 80 mg/kg dose in mice matches the 400 mg daily dose in
human based on human—animal dose conversion per FDA guide-
line [24], and is therefore clinically relevant.

These findings suggest that patients with HER2 exon 20 muta-
tions may receive great clinical benefit from pyrotinib treatment.
This hypothesis is supported by a respectable efficacy signal
(ORR 53.3% and median PFS of 6.4months) and good
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tolerability (no grade 3 or 4 adverse events) in the 15 patients
enrolled in the phase II trial of pyrotinib 400 mg a day. These
results demonstrate that pyrotinib has potent antitumor activity
against HER2 exon 20 mutant NSCLC, and support further clin-
ical testing of pyrotinib in NSCLC patients with HER2 exon 20
mutations to determine its impact on the overall survival, re-
sponse rate, duration of response, as well as safety and toxicity.
We initiated a multi-center phase II trial (NCT02834936) after-
wards, currently in progress. Recently, it was released that pozio-
tinib and TAK-788 (AP32788) also showed promising results in
preclinical model together with early clinical setting [28, 29], des-
pite only one PR in HER2 mutation cohort in TAK-788 dose-es-
calation phase [30]. Jang et al. [31] also reported a new HER2
Ex20Ins mutant inhibitor that was highly potent in vitro. Patients
with HER2 exon 20 mutations might enter into the era of targeted
therapy in the near future.

In conclusion, compared with licensed drugs with anti-HER2
activity (i.e. afatinib and T-DM1), pyrotinib showed greater po-
tential to inhibit growth of lung cancers with HER2 exon 20
mutations in an organoid model and a PDX model. In patients,
pyrotinib is well-tolerated and showed promising effect in a phase
II clinical study at a dose of 400 mg once daily. Pyrotinib’s
encouraging antitumor activity in patients with HER2 exon 20
mutant lung cancers warrants further evaluation in an ongoing
multi-center phase II trial.
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