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ABSTRACT
◥

Purpose: Patients with HER2-positive (HER2þ) metastatic
breast cancer (MBC) have poor prognoses. Pyrotinib has shown
promising antitumor activity in MBC to improve progression-free
survival (PFS). However, findings based on real-world data to
analyze whether pyrotinib affects overall survival (OS) remain
scarce.

Experimental Design: This real-world study is an exploratory
analysis of brain metastasis (BM) and the final update of our
preceding study of 168 patients with HER2þMBC. PFS, OS, tumor
mutation burden (TMB), clinical benefit rate (CBR), and overall
response rate (ORR) were analyzed.

Results: Pyrotinib treatment led to a median PFS time of
8.00 months and a median OS of 19.07 months in the 168 parti-
cipants. High TMB was associated with poor OS (P ¼ 0.0072) and

PFS (P ¼ 0.0028). In the 39 patients with BM, the median PFS and
OSwere 8.67 and 13.93 months, respectively. The surgery/radiation
(S/R) group of patients with BM had prolonged survival (PFS:
9.97 vs. 7.73monthsP¼ 0.19; OS: 20.67 vs. 12.43monthsP¼ 0.021)
compared with the no surgery/no radiation group (NS/NR). The
CBRwas 58.6% (S/R) vs. 41.4% (NS/NR), while the ORR was 24.1%
(S/R) vs. 31.0% (NS/NR).

Conclusions: Pyrotinib shows promise as a novel pan-HER2
tyrosine kinase inhibitor (TKI) for the treatment of BM and
should be evaluated further. Surgical or radiotherapy in combi-
nation with pyrotinib was found to statistically improve OS in
our cohort. TMB could be an exploratory biomarker for pre-
dicting PFS and OS, but its clinical application still needs further
verification.
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Introduction
Human epidermal growth factor receptor 2 (HER2) (also referred to

as ERBB2) is amplified and/or overexpressed in approximately 15% to
20% of primary breast cancers (1). Patients with HER2-positive
(HER2þ) breast cancer have a poor prognosis and tend to develop
metastatic disease in the central nervous system (CNS), and these
patients have an especially high risk of brainmetastasis (BM; refs. 2, 3).
CNS metastases have been reported in 15%–25% of patients with
breast cancer (4), and BM occurs in 30%–55% of patients with
metastatic breast cancer (MBC; ref. 5), highlighting the need for safe
and effective BM-targeted treatments. Moreover, the survival of these
patients is generally poor, and the median overall survival (OS) after
the initial diagnosis of CNS metastases is 13.0 months (6). Although
anti-HER2 therapeutic options have steadily enhanced the effect of
systemic therapy on patients with HER2þ MBC, there is an increased
awareness that clinical strategies targeting BM are needed for this
subtype of breast cancer (7).

The novel oral pan-ErbB receptor tyrosine kinase inhibitor (TKI)
pyrotinib has the advantages of stability, safety, and good tolerance,
with encouraging antitumor effects observed in patients with HER2þ

MBC (8–14). In August 2018, pyrotinib received its first global
conditional approval in China for use in combination with capecita-
bine for the treatment of patients with HER2þ MBC who had
previously received anthracycline or taxane chemotherapy (9). In a
phase II study, pyrotinib plus capecitabine yielded a significantly
higher overall response rate (ORR; 78.5% vs. 57.1%, P ¼ 0.01) and
longer progression-free survival (PFS; 18.1 months vs. 7.0 months,
P < 0.001) than lapatinib plus capecitabine (12). The PHENIX study
showed that pyrotinib combined with capecitabine increased the
median PFS by 7.0 months (11.1 months vs. 4.1 months, P < 0.001)
and increased the ORR (68.6% vs. 16.0%, P < 0.001) compared with
capecitabinemonotherapy in womenwithHER2þMBC. Patients with
BM also achieved a longer PFS (6.9 months vs. 4.2 months, P¼ 0.011;
ref. 13). The PHOEBE study revealed that pyrotinib combined with
capecitabine increased themedian PFS by 5.7months (12.5months vs.
6.8 months, P < 0.0001) compared with lapatinib plus capecitabine in
patients with HER2þ MBC who had been previously treated with
trastuzumab and taxane and/or anthracycline (15). Although the
promising effects on PFS have demonstrated the significant therapeu-
tic value of pyrotinib, OS data from HER2þ patients with BM are still
lacking (14, 16, 17).

In our previous multicenter real-world study, pyrotinib was found
to be effective againstHER2þMBCwith tolerable side effects. A total of
168 patients were enrolled, and the median PFS time was 8.07 months
[95% confidence interval (CI), 7.041–9.099 months] in the entire
cohort (17). For patients with BM (n ¼ 39, 23.21%) at baseline the
median PFS time was 8.80 months (17). After ongoing follow-up for
1 more year, 99 patients reached OS events. Here, we report the final
analysis results from all cohorts, with a focus on the results from
patients with baseline BM.

Materials and Methods
Data collection and study design

This real-world study is an exploratory analysis of BM and the final
update of our preceding study (17), with an extended follow-up
through December 2020. Between June 2018 and August 2019, 168
patients with HER2þMBC treated with pyrotinib were enrolled in our
real-world analysis. The enrollment inclusion criteria were as follows:
(i) confirmed pathologic diagnosis of HER2þMBC (IHC category 3þ
or positive results of FISH; ref. 18); (ii) a measurable lesion as defined
by the revised Response Evaluation Criteria in Solid Tumors 1.1
(ref. 19; RECIST 1.1); and (iii) adequate hematologic, hepatic, and
renal functions. The enrollment exclusion criteria were as follows: (i)
discontinued pyrotinib treatment; (ii) pyrotinib medication use as
neoadjuvant therapy; (iii) severe adverse side effects could not be
controlled by dose reductions according to drug instructions; and (iv)
loss to follow-up for other unknown reasons.

Most enrolled patients received 400mg pyrotinib at baseline, and 15
patients (15/168, 8.9%) had a dose reduction to 320-mg pyrotinib once
daily in a 21-day meditation cycle because of grade 3 and 4 diarrhea.
Informed consent was obtained for clinical information collection and
follow-up examination from all patients. Clinical follow-up was
scheduled every 2 to 3 weeks during treatment. Imaging follow-up
was scheduled every one to two drug cycles (21 days per cycle),
according to the standard clinical guidelines. The study was reviewed
and approved by the Research Ethics Committee of the Second
Xiangya Hospital of Central South University and conducted in
accordance with the ethical guidelines of the Declaration of Helsinki.

Assessment of tumor mutation burden
Twenty-eight out of 168 patients consented to receive next-

generation sequencing (NGS) assays [OncoMD/OncoMD-Plus
(http://www.geneplus.org.cn), comprising a customized panel of
1,021 genes] using peripheral blood samples collected before pyrotinib
treatment. Circulating tumor DNA (ctDNA) sequencing was used to
calculate genetic mutation and tumor mutation burden (TMB). The
TMBwas calculated as the number of somatic nonsynonymous single-
nucleotide variants (SNVs) and small insertions/deletions per mega-
base in the coding region [mutations per megabase (mut/Mb) with
≥ 0.005 for ctDNA] and by integrated mutation profiling testing of
actionable cancer targets within the same gene panel in the samples
from the Geneplus database (20–22). The categorization of TMB-high
and TMB-low was explained in the preceding article (17).

Statistical analysis
Pearson x2 test or Fisher exact test was used to compare categorical

variables in different groups of patients. Progression-free survival
(PFS) and overall survival (OS) were estimated using Kaplan-Meier
curves. OS and PFS were defined as the time from the beginning of
treatment with pyrotinib until disease progression (PFS) or death from
any cause (OS). Log-rank tests and survival curve plotting were carried

Translational Relevance

Patients with HER2-positive (HER2þ) metastatic breast cancer
(MBC) have a poor prognosis and tend to develop brainmetastases
(BMs). Pyrotinib, a pan-HER2 receptor tyrosine kinase inhibitor
(TKI), has encouraging antitumor effects on progression-free
survival (PFS) in patients with HER2þ MBC. However, overall
survival (OS) data fromHER2þ patients with BM remain scarce. In
this multicenter real-world study, pyrotinib shows promise as a
novel pan-HER2 TKI for the treatment of BM. Surgical or radio-
therapy in combinationwith pyrotinib was found to improveOS in
our BM cohort statistically. Our results could be a crucial com-
plement to current clinical trials. This work also demonstrates
tumormutation burden (TMB) could be an exploratory biomarker
for predicting PFS andOS in patients treated with pyrotinib, which
warrants further prospective clinical studies.
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out using the survival and survminer R packages. Median survival time
and 95% confidence intervals (CIs) were calculated, and all reported
P values (significant cutoff as < 0.05) were two-sided. All statistical
calculations and visualizations were executed by R (version 4.0.3,
https://www.r-project.org/).

Results
Baseline characteristics

Among the 168 participants, 39 patients were diagnosed with BM,
while 129 did not have BM before being treated with pyrotinib. The
baseline characteristics of the patients in the study and the P values for
comparisons between the group of patients with BM and the group of
patients without BM are presented inTable 1. The 39 enrolled patients
with BM were divided into two groups according to whether they
received local therapy (surgery/radiation). The surgery/radiation (S/R)
group included 43.59% of patients (17/39) who were treated with
surgery (4/39) or radiotherapy (15/39) combined with pyrotinib; the
no surgery/no radiation group (NS/NR) consisted of 56.41% (22/39)
patients with BM. In the other 129 patients who had BM involvement,
nine patients were found to have developed BM during pyrotinib
treatment. The baseline characteristics of patients with BM are pre-
sented in Supplementary Table S1. There was no statistical difference
in the baseline data between groups.

Treatment outcomes of all patients
Themedian follow-up time was 18.50 months. The numbers of PFS

and OS events were 141 (83.9%) and 99 (58.9%), respectively. The
median PFS time in the entire cohort was 8.00 (7.3–10.53) months

(Fig. 1A). TheOS timewas 19.07 (15.13–22.87)months (Fig. 1B). The
log-rank test results indicated that there was no significant difference
between the patients with BM and those without in terms of PFS (8.67;
95% CI, 6.43–11.87 vs. 8.00; 95% CI, 7.07–12.2, P ¼ 0.16; Fig. 1C),
while a significant difference was detected for OS (13.93; 95% CI,
10.53–20.67 months vs. 20.93; 95% CI, 17.13–25.13 months, P¼ 0.01;
Fig. 1D).

The OS of patients who received pyrotinib as second-line treatment
was 19.63 months (95% CI, 13.13–NA), and that of patients who
received third or higher line treatment was 18.67 months (95% CI,
14.97–24.47; P ¼ 0.94; Supplementary Fig. S1A). The OS of patients
with hormone receptor (HR) positivity was 22.33 months (95% CI,
19.53–NA),while that of patients withHRnegativitywas 14.52months
(95% CI, 12.57–20.67; P ¼ 0.0075; Supplementary Fig. S1B).

Treatment outcomes of patients with BM
A total of 39 patients with BMwere included in the survival analysis.

Seventeen patients (43.59%, 17/39) underwent surgery/radiation,
and 22 patients (56.41%, 22/39) did not. The S/R group achieved a
longer PFS trend (9.97 months) than the NS/NR group (7.73 months;
P ¼ 0.19; Fig. 2A). In addition, S/R group had significantly improved
OS compared with the NS/NR group (20.67 months vs. 12.43 months,
P ¼ 0.021; Fig. 2B).

Focusing on theCNS response to pyrotinib, we evaluated the rates of
stable disease (SD), partial response (PR), complete response (CR), and
progressive disease (PD) between the S/R and NS/NR groups. Some
patients with brain metastasis in the NS/NR group reached the OS
endpoint quickly and without enough MRI data to classify their
response status to pyrotinib, so they were excluded from analysis.
The CBR was 58.6% (S/R) versus 41.4% (NS/NR), while the ORR was
24.1% (S/R) versus 31.0% (NS/NR).

In patients with BM, the median PFS and OS were not affected by
the number of prior lines of therapy (P ¼ 0.73, P ¼ 0.053), HR status
(P ¼ 0.95, P ¼ 0.62), liver metastasis (P ¼ 0.11, P ¼ 0.51), lung
metastasis (P¼ 0.75,P¼ 0.13), or bonemetastasis (P¼ 0.82,P¼ 0.33).
These survival curves are shown in Supplementary Fig. S1C–S1L.

High TMB is associated with poor PFS and OS
We compared the survival analyses between the TMB-high group

and TMB-low group. There was a significant difference in PFS
observed in the 28-patient cohort according to the log-rank test
[13.44 (7.37–22.9) months vs. TMB-high 4.9 (4.33–NA) months,
P ¼ 0.0072; Fig. 3A].

OS also showed a significant difference in the survival analysis
(TMB-low, 22.87; 95%CI, 17.47–NAmonths vs. 8.2; 95%CI, 4.83–NA
months; P¼ 0.0028; Fig. 3B). These results reveal that high TMBmay
be a prognostic marker for poor PFS and OS in patients treated with
pyrotinib. In the patients with BM, high TMB was negatively associ-
atedwith PFS (P¼ 0.075) andOS (P¼ 0.032). Kaplan-Meier curves are
shown in Fig. 3C and D. Nonetheless, further verification of these
findings is needed in the future due to the small sample size of this
study and its nature.

Discussion
Over the past decades, substantial improvements in the diagnosis

and treatment of patients with breast cancer have been achieved, but
brain metastasis is still associated with poor outcomes, and these
patients lack a sufficiently effective treatment (6, 23, 24). Pyrotinib, as a
novel anti-HER2 TKI, shown a potential effectiveness in patients with
BM (13). This is the first study to report theOS data in pyrotinib-based

Table 1. Demographic characteristics of patientswith andwithout
brain metastasis.

Non-BM BM
No. (%) No. (%) P

Age
<50 63 (48.8) 19 (48.7) 0.487 1.000
≥50 66 (51.2) 20 (51.3) 0.513

ECOG scale
0–1 120 (93.0) 35 (89.7) 0.897 0.742
≥2 9 (7.0) 4 (10.3) 0.103

Menopausal status
Postmenopausal 53 (41.1) 22 (56.4) 0.564 0.133
Premenopausal 76 (58.9) 17 (43.6) 0.436

HR status
Positive 69 (53.5) 23 (59.0) 0.590 0.675
Negative 60 (46.5) 16 (41.0) 0.410

Treatment stage
First-line 7 (5.4) 2 (5.1) 0.051 0.064
Second-line 56 (43.4) 9 (23.1) 0.231
Third- or higher-line 66 (51.2) 28 (71.8) 0.718

Treatment type
Pyrotinib þ capecitabine 89 (69.0) 25 (64.1) 0.641 0.953
Pyrotinib þ abraxane 14 (10.9) 5 (12.8) 0.128
Pyrotinib þ trastuzumab 9 (7.0) 3 (7.7) 0.077
Pyrotinib þ others 17 (13.2) 6 (15.4) 0.154

Prior trastuzumab treatment
No prior trastuzumab 34 (26.4) 7 (17.9) 0.179 0.507
Previously used trastuzumab 95 (73.6) 32 (82.1) 0.821

Total 129 39

Abbreviations: ECOG, Eastern Cooperative Oncology Group; HR, hormone
receptor.
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treatment, especially in a BM cohort, which could be a crucial
complement to current clinical trials.

With the development of HER2-targeted drugs, patients with BM
have more options for treatment. The results based on the
EMILIA (25) trial confirmed the advantage of T-DM1 for the PFS
and OS of HER2þ MBC, but the KAMILLA study indicated that
T-DM1 can only bring about a median PFS of approximately
5.5 months for patients with BM (26). Compared with monoclonal
antibodies, the physical features of small-molecule TKIs play an
important role in allowing them to cross the blood-brain barrier
(BBB), thereby improving drug concentrations in the brain (27, 28).
This suggests that TKIs could be a rational therapeutic approach to
treat CNS metastases (28). Neratinib (29) or lapatinib combined
with capecitabine both achieved a median PFS of 5.5 months in the

BM group (7). In the HER2CLIMB study, the median PFS was
9.9 months, and the median OS was 18.1 months with tucatinib in
combination with trastuzumab and capecitabine compared to pla-
cebo plus trastuzumab and capecitabine (PFS, 4.2 months; OS,
12.0 months) among patients with BM (30). However, pyrotinib
plus capecitabine reached a median PFS of 6.9 months (13). Mean-
while an 8.67-month PFS and 13.93-month OS were reported in our
study, and the number of patients with brain metastases, local
treatment of the brain, or third- or higher-line treatment accounted
for a higher proportion in this study than in the PHENIX study.
Although selection bias may exist in our cohorts, the results of this
study provide evidence to support additional clinical trials and
indicate that pyrotinib can elicit a good therapeutic effect in HER2þ

patients with BM.

Figure 1.

PFS andOS in patientswith andwithout BMat baseline.A,PFS of all patients.B,OSof all patients.C,PFS of patientswith andwithout BMat baseline.D,OSof patients
with and without BM at baseline.
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Our study showed that 6.98% (9/129) of patients with HER2þ

MBC without BM developed brain metastases while receiving
pyrotinib treatment. In the KAMILLA study, 9.6% (154/1604) of
patients without baseline BM developed brain lesions during
T-DM1 treatment (26). The NEfERT-T trial (31) reported that
8.3% of BM recurrence occurred in the neratinib þ paclitaxel
group. The incidence of CNS metastases as the first site of relapse
was 3% (8/251) for lapatinib þ capecitabine, as shown in the
CEREBEL trial (32). Thus, pyrotinib may have an advantage in
preventing brain metastases, and further high-quality trials are
expected.

The current systemic treatment of BM is not very effective (33)
because monoclonal antibody treatments cannot be transported
well across the BBB. Other HER2-targeting agents, including
lapatinib (34), afatinib (35), neratinib (29) and tucatinib (30), have
also been reported to have synergistic effects with radiotherapy.
Several studies have implicated neurosurgery (34) or radiation (35)
in changing the permeability of the blood-brain barrier. These
agents in combination with neurosurgery and/or radiotherapy
could partially improve survival outcomes in patients with oligo-
metastasis (36). Similarly, our study showed that there was a
statistically significant OS benefit in the S/R group of patients
with BM treated with pyrotinib compared with the NS/NR group
with BM. Thus, it suggested a combination therapy option for
HER2þ patients with BM, but the specific role and underlying
mechanism of pyrotinib in sensitizing HER2þ BC to radiation/
surgery needs to be further elucidated in a prospective trial (37). It
is undeniable that selection bias may exist among the patients who
underwent local interventions.

TMB is an emerging biomarker of the immunotherapeutic
response of solid tumors (38) and is defined as the total number
of somatic mutations in a defined region of a tumor genome, but the
precise definition varies with the sequenced region size and local-
ization and the nature of the mutations included (39). A phase I
study of 18 patients with HER2þ MBC suggested that PIK3CA and
TP53 mutations in ctDNA (P ¼ 0.013) rather than in tumor tissues
(P ¼ 0.474) may predict the efficacy of monotherapy with pyr-

otinib (10). However, no single genetic alteration was found to show
any predictive value for pyrotinib in combination with capecita-
bine (11). Research conducted by Conlon revealed that BRCA2
mutations were correlated with responses to neratinib and tucati-
nib (40). A study of 21 patients with ERþHER2þ breast cancer
treated with neoadjuvant letrozole and lapatinib showed that TP53
and PIK3CA were associated with unfavorable clinical out-
comes (41). Another study indicated that low PTEN and PIK3CA
mutations were associated with resistance to neoadjuvant treatment
with lapatinib and trastuzumab (42). We also explored some of the
most frequently mutated genes (TP53, ERBB2, and PIK3CA) in our
cohort, but we did not observe any significant results between these
genes and the treatment outcomes of pyrotinib in combination with
chemotherapy (data not shown). We considered that whether
single-gene tumor mutations may not be good prognostic markers,
so we chose TMB to serve as a biomarker to predict PFS and OS. In
our previous study, we presented that high TMB was associated
with poor PFS under pyrotinib-based treatment (17). In this final
analysis of our exploratory study, high TMB was considered a
prognostic marker for poor OS in patients with HER2þ MBC. To
our knowledge, this result provides the first evidence of the asso-
ciation between ctDNA TMB and PFS and OS in patients receiving
pyrotinib therapy. TMB might predict and monitor therapeutic
response as an exploratory biomarker in the clinical treatment of
MBC. Nevertheless, this finding is based on a small subset of
patients. There is an urgent need for prospective biomarker-
driven trials to identify targeted drugs for HER2þ MBC.

Several limitations exist in the current study. First, this was a
retrospective analysis, not a prospective study, so selection bias was
present. Second, the sample size of biomarker analysis was also
relatively small. Third, few patients received pertuzumab or T-DM1
prior to pyrotinib because its approval in China almost occurred after
our enrollment deadline. Further high-quality clinical trials should be
conducted to verify our findings.

In conclusion, pyrotinib shows promise as a novel pan-HER2 TKI
for the treatment of BM and should be evaluated further. Surgical or
radiotherapy in combination with pyrotinib was found to statistically

Figure 2.

Survival curve in patients with BM at baseline. A, PFS curves of patients with BM (surgery/radiation group and no surgery/no radiation group). B, Overall survival
curves of patients with BM (surgery/radiation group and no surgery/no radiation group).
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improveOS in our cohort. TMB could be an exploratory biomarker for
predicting PFS and OS, but its clinical application still needs further
verification.

Authors’ Disclosures
W. Yi reports grants from The National Natural Science Foundation of China

during the conduct of the study. No disclosures were reported by the other authors.

Authors’ Contributions
M. Anwar: Data curation, investigation, methodology, writing–original draft.

Q.Chen: Software, formal analysis, supervision, visualization, methodology, writing–
review and editing. D. Ouyang: Investigation, methodology, writing–review and
editing. S. Wang: Conceptualization, resources, supervision, project administration.
N. Xie: Resources, data curation.Q. Ouyang: Resources, funding acquisition. P. Fan:

Resources. L. Qian: Resources, data curation. G. Chen: Resources, data curation.
E. Zhou: Resources, data curation. L. Guo: Resources, data curation. X. Gu:
Resources, data curation. B. Ding: Resources, data curation. X. Yang: Resources,
data curation. L. Liu: Resources, data curation. C. Deng: Resources, data curation.
Z.Xiao:Resources, data curation. J. Li:Resources, data curation.Y.Wang:Resources,
data curation. S. Zeng: Resources, data curation. J. Hu: Resources, data curation.
W. Zhou: Resources, data curation. B. Qiu: Resources, data curation. Z. Wang:
Resources, data curation. J. Weng: Resources, data curation. M. Liu: Resources,
data curation. Y. Li: Resources, data curation. T. Tang: Resources, data curation.
J. Wang: Resources, data curation. H. Zhang: Resources, data curation. B. Dai:
Resources, data curation. W. Tang: Resources, data curation. T. Wu: Resources,
data curation. M. Xiao: Resources, data curation. X. Li: Resources, data curation.
H. Liu: Resources, data curation. L. Li: Resources, data curation. W. Yi:
Conceptualization, resources, supervision, funding acquisition, project administration,
writing–review and editing.

Figure 3.

Kaplan–Meier curves for PFS and OS according to tumor mutation burden (TMB) status. A, Kaplan–Meier curves for PFS according to the TMB status of all patients.
B,Kaplan–Meier curves for OS according to the TMB status of all patients.C,Kaplan–Meier curves for PFS according to the TMB status of patientswith BM.D,Kaplan–
Meier curves for OS according to the TMB status of patients with BM.

Pyrotinib in HER2-positive Metastatic Breast Cancer

AACRJournals.org Clin Cancer Res; 27(16) August 15, 2021 4639



Acknowledgments
The National Natural Science Foundation of China approved the funding of this

study (grant to W. Yi, No. 81873640).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked

advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received February 5, 2021; revised April 3, 2021; accepted June 8, 2021;
published first June 10, 2021.

References
1. Wolff AC, Hammond MEH, Hicks DG, Dowsett M, McShane LM, Allison KH,

et al. Recommendations for human epidermal growth factor receptor 2 testing in
breast cancer: American Society of Clinical Oncology/College of American
Pathologists clinical practice guideline update. Arch Pathol Lab Med 2014;
138:241–56.

2. Slamon D, Clark G, Wong S, Levin W, Ullrich A, McGuire W. Human breast
cancer: correlation of relapse and survival with amplification of the HER-2/neu
oncogene. Science 1987;235:177–82.

3. Pestalozzi BC, Zahrieh D, Price KN, Holmberg SB, Lindtner J, Collins J, et al.
Identifying breast cancer patients at risk for Central Nervous System (CNS)
metastases in trials of the International Breast Cancer Study Group (IBCSG).
Ann Oncol 2006;17:935–44.

4. Cust�odio-Santos T, VideiraM, BritoMA. Brain metastasization of breast cancer.
Biochimica et Biophysica Acta Rev Cancer 2017;1868:132–47.

5. Lin NU, Amiri-Kordestani L, Palmieri D, Liewehr DJ, Steeg PS. CNS
metastases in breast cancer: old challenge, new frontiers. Clin Cancer Res
2013;;19:6404–18.

6. Brufsky AM, Mayer M, Rugo HS, Kaufman PA, Tan-Chiu E, Tripathy D, et al.
Central nervous system metastases in patients with HER2-positive metastatic
breast cancer: incidence, treatment, and survival in patients from registHER.
Clin Cancer Res 2011;17:4834–43.

7. Zimmer AS, Van Swearingen AED, Anders CK. HER2-positive breast
cancer brain metastasis: a new and exciting landscape. Cancer Rep 2020;
e1274.

8. Li X, Yang C, Wan H, Zhang G, Feng J, Zhang L, et al. Discovery and
development of pyrotinib: A novel irreversible EGFR/HER2 dual tyrosine kinase
inhibitor with favorable safety profiles for the treatment of breast cancer. Eur J
Pharm Sci 2017;110:51–61.

9. Blair HA. Pyrotinib: First Global Approval. Drugs 2018;78:1751–5.
10. Ma F, Li Q, Chen S, Zhu W, Fan Y, Wang J, et al. Phase I Study and biomarker

analysis of pyrotinib, a novel irreversible pan-ErbB receptor tyrosine kinase
inhibitor, in patients with human epidermal growth factor receptor 2-positive
metastatic breast cancer. J Clin Oncol 2017;35:3105–12.

11. Li Q, Guan X, Chen S, Yi Z, Lan B, Xing P, et al. Safety, efficacy, and biomarker
analysis of pyrotinib in combination with capecitabine in HER2-positive met-
astatic breast cancer patients: A Phase I clinical trial. Clin Cancer Res 2019;25:
5212–20.

12. Ma F, Ouyang Q, Li W, Jiang Z, Tong Z, Liu Y, et al. Pyrotinib or lapatinib
combined with capecitabine in HER2-positive metastatic breast cancer with
prior taxanes, anthracyclines, and/or Trastuzumab: A Randomized, Phase II
Study. J Clin Oncol 2019;37:2610–9.

13. Jiang Z, YanM,HuX, ZhangQ,OuyangQ, Feng J, et al. Pyrotinib combinedwith
capecitabine in women with HER2þmetastatic breast cancer previously treated
with trastuzumab and taxanes: A randomized phase III study. J Clin Oncol 2019;
37, (suupl. abstr. 1001).

14. Lin Y, Lin M, Zhang J, Wang B, Tao Z, Du Y, et al. Real-world data of pyrotinib-
based therapy in metastatic HER2-Positive breast cancer: promising efficacy in
lapatinib-treated patients and in brain metastasis. Cancer Res Treat 2020;52:
1059–66.

15. Xu B, Yan M, Ma F, Hu X, Feng J, Ouyang Q, et al. Pyrotinib plus capecitabine
versus lapatinib plus capecitabine for the treatment of HER2-positive metastatic
breast cancer (PHOEBE): a multicentre, open-label, randomised, controlled,
phase 3 trial. Lancet Oncol 2021;22:351–60.

16. Song GH, Li HP, DI LJ, Yan Y, Jiang HF, Xu L, et al. [Efficacy and safety of oral
pyrotinib in HER2 positive metastatic breast cancer: real-world practice].
Beijing Da Xue Xue Bao Yi Xue Ban 2020;52:254–60.

17. Chen Q, Ouyang D, Anwar M, Xie N, Wang S, Fan P, et al. Effectiveness and
safety of pyrotinib, and Association of biomarker with progression-free survival
in patients with HER2-positive metastatic breast cancer: A real-world, multi-
centre analysis. Front Oncol 2020;10:811.

18. Wolff AC, et al. Human epidermal growth factor receptor 2 testing in breast
cancer: American Society of Clinical Oncology/College of American Pathologists
clinical practice guideline focused update. Arch Pathol Lab Med 2018;142:
1364–82.

19. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur J Cancer 2009;45:228–47.

20. Wang Y, Zhao C, Chang L, Jia R, Liu R, Zhang Y, et al. Circulating tumor
DNA analyses predict progressive disease and indicate trastuzumab-
resistant mechanism in advanced gastric cancer. EBioMedicine 2019;43:
261–9.

21. Sun S, Liu Y, Eisfeld A-K, Zhen F, Jin S, Gao W, et al. Identification of germline
mismatch repair gene mutations in lung cancer patients with paired tumor-
normal next generation sequencing: A Retrospective Study. Front Oncol 2019;
9:550–.

22. Ai X, Cui J, Zhang J, Chen R, Lin W, Xie C, et al. Clonal architecture of EGFR
mutation predicts the efficacy of EGFR-tyrosine kinase inhibitors in advanced
NSCLC: A Prospective Multicenter Study (NCT03059641). Clin Cancer Res
2021;27:704–12.

23. Patil A, Sherbet GV. Therapeutic approach to themanagement ofHER2-positive
breast cancer metastatic to the brain. Cancer Lett 2015;358:93–99.

24. Ording AG, et al. Site of metastasis and breast cancer mortality: a Danish
nationwide registry-based cohort study. Clin Exp Metastasis 2017;34:
93–101.

25. Di�eras V,Miles D, Verma S, PegramM,WelslauM, Baselga J, et al. Trastuzumab
emtansine versus capecitabine plus lapatinib in patients with previously treated
HER2-positive advanced breast cancer (EMILIA): a descriptive analysis of final
overall survival results from a randomised, open-label, phase 3 trial. Lancet
Oncol 2017;18:732–42.

26. Montemurro F, Delaloge S, Barrios CH, Wuerstlein R, Anton A, Brain E, et al.
Trastuzumab emtansine (T-DM1) in patients with HER2-positive metastatic
breast cancer and brain metastases: exploratory final analysis of cohort 1
from KAMILLA, a single-arm phase IIIb clinical trial(). Ann Oncol 2020;31:
1350–8.

27. Wang W, He H, Marín-Ramos NI, Zeng S, Swenson SD, Cho H-Y, et al.
Enhanced brain delivery and therapeutic activity of trastuzumab after blood-
brain barrier opening by NEO100 in mouse models of brain-metastatic breast
cancer. Neuro Oncol 2021:noab041.

28. Chien AJ, Rugo HS. Tyrosine kinase inhibitors for human epidermal growth
factor receptor 2-positive metastatic breast cancer: Is personalizing therapy
within reach? J Clin Oncol 2017;35:3089–91.

29. Freedman RA, Gelman RS, Anders CK, Melisko ME, Parsons HA, Cropp AM,
et al. TBCRC 022: A phase II trial of neratinib and capecitabine for patients with
human epidermal growth factor receptor 2-positive breast cancer and brain
metastases. J Clin Oncol 2019;37:1081–9.

30. Lin NU, Borges V, Anders C, Murthy RK, Paplomata E, Hamilton E, et al.
Intracranial efficacy and survival with tucatinib plus trastuzumab and capeci-
tabine for previously treated HER2-positive breast cancer with brain metastases
in the HER2CLIMB trial. J Clin Oncol 2020;38:2610–9.

31. Awada A, Colomer R, Inoue K, Bondarenko I, Badwe RA, Demetriou G, et al.
Neratinib plus paclitaxel vs trastuzumab plus paclitaxel in previously untreated
metastatic ERBB2-positive breast cancer: the NEfERT-T randomized clinical
trial. JAMA Oncol 2016;2:1557–64.

32. Pivot X, Manikhas A, _Zurawski B, Chmielowska E, Karaszewska B, Allerton R,
et al. CEREBEL (EGF111438): a phase III, randomized, open-label study of
lapatinib plus capecitabine versus trastuzumab plus capecitabine in patients with
human epidermal growth factor receptor 2–positive metastatic breast cancer.
J Clin Oncol 2015;33:1564–73.

33. Arvanitis CD, Ferraro GB, Jain RK. The blood–brain barrier and blood–tumour
barrier in brain tumours and metastases. Nat Rev Cancer 2020;20:26–41.

Clin Cancer Res; 27(16) August 15, 2021 CLINICAL CANCER RESEARCH4640

Anwar et al.



34. Khokhlov AP, Fetisova IG, Chekhonin VP,MalakhovskyVK. The changes in the
permeability of the blood-brain barrier when under neurosurgical intervention.
Mol Chem Neuropathol 1993;20:197–202.

35. Bouchet A, Potez M, Coquery N, Rome C, Lemasson B, Br€auer-Krisch E, et al.
Permeability of brain tumor vessels induced by uniform or spatially micro-
fractionated synchrotron radiation therapies. Int J Radiat Oncol Biol Phys 2017;
98:1174–82.

36. Witzel I, Oliveira-Ferrer L, M€uller V. Brain metastasis in breast cancer patients-
need for improvement. Cancers 2020;12:3190.

37. Huang T, Luo X, Wu B, Peng P, Dai Y, Hu G, et al. Pyrotinib enhances the
radiosensitivity of HER2overexpressing gastric and breast cancer cells.
Oncol Rep, 2020;, 44:2634–44.

38. Sun X, Xue A, Qi T, Chen D, Shi D, Wu Y, et al. Tumor mutational burden is
polygenic and genetically associatedwith complex traits and diseases. Cancer Res
2021;81:1230–9.

39. B€uttner R, Longshore JW, L�opez-Ríos F, Merkelbach-Bruse S, Normanno N,
Rouleau E, et al. Implementing TMB measurement in clinical practice: con-
siderations on assay requirements. ESMO Open 2019;4:e000442.

40. Conlon NT, Kooijman JJ, van Gerwen SJC, Mulder WR, Zaman GJR, Diala I,
et al. Comparative analysis of drug response and gene profiling ofHER2-targeted
tyrosine kinase inhibitors. Br J Cancer, 2021;, 124:1249–59.

41. Park JH, Ahn J-H, Kim JE, Jung KH, Gong G, Lee HJ, et al. Predictive
role of TP53, PIK3CA and MLL2 in ERþ HER2þ breast bancer: bio-
marker analysis of Neo-ALL-IN [NCT 01275859]. Anticancer Res 2020;
40:5883–93.

42. Rimawi MF, De Angelis C, Contreras A, Pareja F, Geyer FC, Burke KA,
et al. Low PTEN levels and PIK3CA mutations predict resistance to
neoadjuvant lapatinib and trastuzumab without chemotherapy in patients
with HER2 over-expressing breast cancer. Breast Cancer Res Treat 2018;
167:731–40.

AACRJournals.org Clin Cancer Res; 27(16) August 15, 2021 4641

Pyrotinib in HER2-positive Metastatic Breast Cancer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


