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1 | INTRODUCTION

Breast cancer is the most commonly diagnosed
malignancy in female patients worldwide. Approxi-
mately, 15%-20% of breast cancers are human epider-
mal growth factor receptor 2 (HER2) positive with an
aggressive nature and a poor prognosis [1, 2]. During
the past few decades, with the emergence of HER2-
targeted agents, the survival outcomes for patients
with HER2-positive breast cancer have improved
significantly [3]. Based on the results of the CLEO-
PATRA study [4, 5], the current standard of care for
patients with HER2-positive breast cancer in the first-
line setting is dual HER2 blockade plus chemotherapy
(pertuzumab + trastuzumab + docetaxel).

Several randomized controlled trials (RCTs) have
investigated new treatment regimens and agents, such as
pyrotinib, lapatinib, bevacizumab, and neratinib and
reported favorable clinical outcomes [6-9]. Conse-
quently, there is increasing interest in which regimen
might be optimal for patients with HER2-positive breast
cancer.

Although many head-to-head studies and pairwise
meta-analyses have been conducted, they have all used
direct comparisons, and thus, they have not been able to
answer the question of which is the optimal treatment
[10, 11]. Furthermore, the clinical trials and correspond-
ing treatment strategies included in these studies need to
be updated.

Therefore, we conducted this Bayesian network
meta-analysis to compare all first-line treatment regi-
mens that have been investigated in RCTs for patients
with HER2-positive breast cancer. Our aims were to (1)
identify potential treatment options other than the
current standard of care by synthesizing direct and
indirect evidence of clinical benefits and safety profiles
and (2) determine the overall ranking probabilities of
progression-free survival (PFS) and objective response
rate (ORR) to provide a reference for choosing the
optimal regimen in clinical practice.

the best PFS and ORR. Comparable results were found for grade >3 AE rates
Conclusions: Our results suggest that the pyrotinib and trastuzumab plus

docetaxel regimen is most likely to be the optimal first-line therapy for patients
with HER2-positive breast cancer.

Bayesian network meta-analysis, first-line treatment, HER2-positive breast cancer

2 | METHODS

This Bayesian network meta-analysis was conducted
according to the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) extension statement
[12] (Table S1). The protocol was registered in PROSPERO
(CRD42024496986). The Bayesian approach was used to
compare different treatments by combining direct and
indirect information and to estimate the effectiveness and
safety rankings of the interventions [13].

2.1 | Data sources and search strategy
We searched the PubMed, EMBASE, and Cochrane
Library databases for relevant phase II/phase III RCTs
published through to December 2023 using the search
terms “HER2,” “breast cancer,” “first-line,” “advanced,”
and “randomized controlled trial.” Further details of the
search strategies are provided in Table S2.

2.2 | Study selection
Phase II/IIT RCTs that met the following criteria were
included: patients with advanced HER2-positive breast
cancer who received first-line treatments; PFS, time to
progression (TTP), or ORR reported; PFS and TTP
defined as time from randomization to disease progres-
sion or death, whichever occurred first; ORR defined as
the proportion of patients who obtained a complete or
partial response after first-line treatment; and adverse
events (AEs) evaluated and graded by the NCI Common
Terminology Criteria for Adverse Events. Study proto-
cols, abstracts without full text available, retrospective
studies, and post hoc studies of RCTs were excluded.
Titles and abstracts were screened before obtaining
the full-text versions. When long-term follow-up and
updated data were reported for the same clinical trial,
only the most recent and mature data were included.
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2.3 | Data extraction and quality
assessment

Detailed data were extracted from RCTs by two authors
working independently. Differences in opinions were
discussed until consensus was reached. Trial informa-
tion, including study ID, first author, publication year,
number of patients enrolled, and patient characteristics,
was recorded. The hazard ratios (HRs) and odds ratios
(ORs) for study outcomes of PFS, TTP, ORR, and grade
23 AE rates of 210% with a corresponding effect size were
collected and compared.

The Cochrane risk-of-bias tool (2.0) was used to assess
the quality of each study. The assessment was conducted
based on five domains: randomization process, deviations
from intended interventions, missing outcome data, mea-
surement of outcome, and selection of the reported results.
The results for these five domains were then synthesized and
categorized as low risk, high risk, or some concerns.

2.4 | Statistical analysis

The primary study outcome was PFS, and the secondary
outcomes were the ORR and grade >3 AE rates of 210%.
Effect sizes of the PFS were compared using the HR with
the 95% credible intervals (Crls), and effect sizes of the
ORR and grade =3 AE rates of =210% were compared
using ORs with the 95% CrlIs.

This Bayesian network meta-analysis was performed
with a Markov Chain Monte Carlo simulation to compare
and rank the treatment effects obtained from indirect
comparisons of different treatments. The heterogeneity
between trials was calculated using the Q test and I statistic,
with low heterogeneity defined as an I* value below 25%,
moderate heterogeneity as an I” value between 25% and 50%,
and high heterogeneity as an I* value over 50%. For each
outcome measure, Markov chains were established by
running 10,000 burn-ins and 50,000 sample iterations with
one step size iteration using a fixed-effect consistency model
if I was not over 50% and a random-effects consistency
model for high heterogeneity (I* greater than 50%).
Publication bias was assessed using a funnel plot. Subgroup
analyses of PFS and ORR were performed for patients who
received dual-targeted regimens. The Bayesian approach also
provided overall ranking probabilities for each combination
of dual-targeted drugs, and each outcome measurement was
ranked from best to worst by calculating the surface under
the cumulative ranking curve (SUCRA). Consistency
between direct and indirect results was not analyzed because
there was only one closed loop in the network plot from the
MARIANNE study. All statistical analyses were performed
using R software (version 4.1.3) with package gemtc (version

1.0-2) and JAGS software (version 4.3.0). A two-sided p-value
of 0.05 was considered statistically significant.

3 | RESULTS
3.1 | Systematic review and study
characteristics

A total of 3431 potentially relevant articles were identified in
the PubMed, EMBASE, and Cochrane Library databases.
After initial review, 3336 irrelevant records and duplicates
were removed. After screening of the titles and abstracts of
the remaining articles, 26 articles were subjected to full-text
review. Finally, 20 RCTs with 7094 participants were
included [5-7, 9, 14-29] (Figure 1). Of note, no link to the
network could be made for the VEG20007 study (lapatinib
plus pazopanib vs. lapatinib monotherapy); so, this study
was not included in the comparison. Detailed baseline data
are shown for each study in Table 1.

3.2 | Progression-free survival

All the PFS data for the 18 studies and 15 regimens were
compared (Figure Sla). PFS was better for combination
therapies that included both targeted and chemotherapy
agents than for trastuzumab monotherapy, with the excep-
tion of the lapatinib plus paclitaxel regimen (HR: 2.13, 95%
Crl: 0.99-4.67). Compared with the traditional trastuzumab
plus docetaxel/paclitaxel regimen, PFS was improved in
patients who received the pyrotinib and trastuzumab plus
docetaxel regimen (HR: 0.41, 95% Crl: 0.22-0.75) or the
pertuzumab and trastuzumab plus docetaxel regimen (HR:
0.65, 95% Crl: 0.43-0.98) (Figure S1b,c).

Indirect comparisons of the five treatment regimens
that included dual-targeted agents were also conducted
(Figure 2a). These regimens included pertuzumab plus
trastuzumab plus docetaxel, trastuzumab plus paclitaxel
plus everolimus, T-DM1 plus pertuzumab, bevacizumab
plus trastuzumab plus docetaxel, and pyrotinib plus
trastuzumab plus docetaxel, which encompass all cur-
rently available dual-targeted combinations with results
available from RCTs. The lapatinib plus pazopanib
regimen in the VEG20007 study was not included because
of inability to connect to the network. The trastuzumab
and docetaxel regimen was included as a transitivity node.
The only significant difference found was between the
pyrotinib and trastuzumab plus docetaxel regimen and the
trastuzumab plus docetaxel regimen (HR: 0.41, 95% CrL:
0.17-0.99). No statistically significant differences were
found among any of the other regimens that used dual-
targeted agents (Figure 2b,c).
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3431 records retrieved through
database searching

528 Pubmed

1611 Embase

1292 Cochrane

95 records screened

69 records excluded (phase I/1b trials, meta-
analysis and reviews, early breast cancer, triple
negative breast cancer, observational studies,
preclinical studies, non-randomized trials,

26 eligible articles

study protocols, quality of life results or trials,
other cancers, pharmacoeconomic studies and
absence of required data)

6 other articles excluded
2 absence of full article

3 no treatment connection in the network
1 unable to link to the network

20 articles included in the final network meta-analysis

FIGURE 1 Flowchart showing the study selection process.

The SUCRA values indicated that the pyrotinib and
trastuzumab plus docetaxel regimen was most likely to rank
first for PFS (92.53%), followed by the pertuzumab and
trastuzumab plus docetaxel regimen (69.19%), the trastuzu-
mab plus docetaxel plus bevacizumab regimen (45.28%), and
the T-DM1 plus pertuzumab regimen (38.39%) (Figure 2d).

3.3 | Objective response rate

In terms of the ORR, data available for 13 studies with 12
regimens were compared. The ORR was significantly
better for the pyrotinib and trastuzumab plus docetaxel
regimen (OR: 0.02, 95% Crl: 0-0.56) and the trastuzumab
plus docetaxel/paclitaxel regimen (OR: 0.08, 95%: Crl
0.01-0.84) than for trastuzumab monotherapy, which is
consistent with the PFS results (Figure S2a-c).

We also compared the ORR results for dual-targeted
therapies from four studies (Figure 3a). These treat-
ment regimens included pertuzumab plus trastuzumab
plus docetaxel, trastuzumab plus paclitaxel plus ever-
olimus, T-DM1 plus pertuzumab, and pyrotinib plus
trastuzumab plus docetaxel. The bevacizumab plus
trastuzumab plus docetaxel regimen was not included
because of lack of available ORR data, and the lapatinib
plus pazopanib regimen was not included because of
inability to link to the network. The trastuzumab and
docetaxel regimen was regarded as a transitivity node.
There were no significant differences between the
treatment regimens (Figure 3b,c). The pyrotinib and
trastuzumab plus docetaxel regimen was most likely to
rank first for ORR (89.78%), followed by the pertuzu-
mab and trastuzumab plus docetaxel regimen (64.57%)

and the trastuzumab and docetaxel regimen (36.33%)
(Figure 3d).

3.4 | Adverse events

Our analysis of grade >3 AE rates of >10% included all
7 studies that assessed AEs by the NCI Common
Terminology Criteria from Adverse Events (Figure 4a),
and the results were comparable (Figure 4b). The
trastuzumab and vinorelbine regimen ranked last for
causing grade >3 AE rates of >10% (9.85%), while the
nonpegylated liposomal doxorubicin and trastuzumab
plus paclitaxel regimen had the highest possibility of
ranking first for toxicities (89.44%) (Figure S3).

3.5 | Quality assessment and
publication bias

Publication bias was assessed for the dual-targeted
regimens. The funnel plots were symmetrical, indicating
absence of publication bias (Figure S4a-c). The quality of
the included studies was assessed using the Cochrane
risk-of-bias tool (2.0). The majority of studies were found
to have a low risk of bias (Figure S5).

4 | DISCUSSION

This network meta-analysis compared the efficacy and
safety of the first-line treatments used in patients with
advanced HER2-positive breast cancer. All treatment
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(Continued)

TABLE 1

Reported

outcomes

Control arm

Sample size  Intervention arm

479 (1:1)

Registered ID
NCT00915018

Source (year)

JAMA

Study (phase, design)

PFS, ORR, and

safety

trastuzumab + paclitaxel

neratinib + paclitaxel

NEfERT-T (III, open-

label)

Oncol (2016)

PES, OS, ORR, and

safety

trastuzumab + taxane

T-DM1 + placebo and T-DM1 +

pertuzumab

NCT01120184 1095 (1:1:1)

J Clin Oncol (2017)

MARIANNE (III, open-

label)

CANCER INNOVATION

PFS, OS, ORR, and

safety

trastuzumab + docetaxel

Lancet NCT00567190 1196 (1:1) pertuzumab + trastuzumab + docetaxel

CLEOPATRA (III,
double-blind)

Oncol (2020)

PFS, OS, ORR, and

safety

trastuzumab + docetaxel

pertuzumab + trastuzumab + docetaxel

243 (1:1)

NCT02896855

Breast Cancer Res
Treat (2020)

PUFFIN (111, double-

blind)

PFS, OS, ORR, and

safety

trastuzumab + docetaxel

BMIJ (2023) NCT03863223 590 (1:1) pyrotinib + trastuzumab + docetaxel

PHILA (III, double-

blind)

Abbreviations: EFS, event-free survival; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; TTF, time to treatment failure; TTP, time to progression.

strategies with available PFS, ORR, and safety data were
compared. The PFS and ORR results in studies with dual-
targeted agents were analyzed further. After comprehen-
sive analysis, the main results were as follows: PFS was
longer for all dual-target therapies than for chemo-
therapy alone with the exception of T-DM1 plus
pertuzumab, indicating that, overall, dual-targeted regi-
mens have better efficacy; there was no significant
difference in PFS or ORR between the dual-targeted
therapies; combination therapy with pyrotinib and
trastuzumab plus docetaxel had the highest probability
of ranking first for PFS and ORR, which was consistent
with the clinical results; and toxicities were comparable
for all treatment regimens with available data, indicating
that the pyrotinib and trastuzumab plus docetaxel
regimen has the best balance of efficacy and safety.

The primary outcome in this study was PFS.
Compared with the traditional trastuzumab plus doc-
etaxel regimen, PFS was inferior on chemotherapy alone
(HR: 2.84, 95% Crl: 1.34-6.02) and on trastuzumab
monotherapy (HR: 3.15, 95% Crl: 1.91-5.29), which is in
line with the findings of the JO17360 and M77001 trials
[14, 17]. There was no statistically significant difference
in PFS between the combination of T-DM1 plus
pertuzumab and the other regimens, which is consistent
with the results of the phase III MARIANNE study, in
which no significant differences were found between the
T-DM1 plus pertuzumab group and the T-DM1 mono-
therapy group (HR: 0.91, 97.5% confidence interval (CI):
0.73-1.13) [8]. The latest survival outcomes were updated
for that study in 2019, and similar trends were observed
for OS outcomes [28]. Preclinical studies have demon-
strated a synergistic effect when chemotherapy is
combined with HER2 inhibitors in terms of damaging
DNA in tumor cells [30, 31]. These findings suggest that
HER2-targeted therapy combined with chemotherapy
plays an indispensable role in the first-line treatment of
patients with advanced HER2-positive breast cancer.

Given that the current standard of care for patients
with advanced HER2-positive breast cancer in the first-
line setting is dual-HER2 blockade plus chemotherapy,
we also compared the PFS and ORR for dual-targeted
blockade regimens and found them to be comparable for
both PFS and ORR.

In this study, the combination of pyrotinib plus
trastuzumab and docetaxel has the highest probability of
ranking first for PFS. Although no significant differences
were observed, a trend of prolonged PFS was found in
patients who received the pyrotinib plus trastuzumab and
docetaxel regimen than in those who received the
standard pertuzumab plus trastuzumab and docetaxel
regimen (HR: 0.62, 95% Crl: 0.21-1.95), which is consist-
ent with the findings of the PHILA and CLEOPATRA
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FIGURE 2 Network meta-analysis for progression-free survival (PFS). (a) Network comparisons of PFS in patients who received
dual-targeted regimens. (b) Hazard ratios and 95% credible intervals for network meta-analysis of PFS based on dual-targeted regimens.
(c) Forest plots showing PFS for the dual-targeted regimens. (d) Ranking profile of each regimen. Bev, bevacizumab; Eve, everolimus;
P, pertuzumab; PBO, placebo; Pyro, pyrotinib; T-DM1, trastuzumab emtansine; TH, trastuzumab + docetaxel/paclitaxel.



8 of 12 CANCER INNOVATION

(a) PBO+TH (b)
1=940) Pyro+TH

Rank=1

THP
2.11 (0.2, 20.32)

Rank=2
3.62 (069, 17.89) 1.72(0.33,8.72) (O

Rank=3
TH+E
395 (0.39, 38.76) 1.88(0.18, 19.74) 1,09 (0.22, 5.56) Rank::e
T-DM1+P

4.22 (0.41, 42.15) 2.03(0.21, 21.54) 1.18 (0.23, 5.94) 1.08 (0.11, 10.88) Rarkes

Pyro+TH
(n=297)

Obijective Response Rate

(c)

Compared with PBO+TH Odds ratio (95% Crl)

T-DM14P - 0.85 (0.17, 4.26)
(n=480) TH+Eve - 0.92 (0.18, 4.65)
T-DM1sP THP o-'l—o 1.72 (0.33, 8.72)
(n=299) Pyro+TH r—————— 3.62(0.69, 17.89)
[T ]
® o1 18
d1 d2
(d1) Pyro+TH (d2) THP
1.0 1.0 ’
08{ / 0.84
2 ] Z
‘e 061 3 0.6 1
2 S
o) 0.4+ 2 0.44
= =
Q& g2 Q. 024
0.0 0.01
1234567 8 9 1011 1234567 8 9 1011
Ranking Ranking
(d3) PBO+TH (d4) TH+Eve
1.01 - 1.04
0.8 / 0.84 /
2 / >
S 06 = 06+
e =
] ®
L (4 o 044
2 o
X .
& o2{ / a 0.2
004~ 0.0
1234567 8 9 1011 1234567 8 91011
Ranking Ranking
ds5
(d5) T-DM1+P
1.0
> 081
=
S 064
g /
2 041
S
Q- 2
0.01

123456 7 8 9 1011
Ranking

FIGURE 3 Network meta-analysis of the objective response rate (ORR). (a) Network of the ORR based on dual-targeted regimens.
(b) Odds ratios and 95% credible intervals for network meta-analysis of the ORR based on dual-targeted regimens. (c) Forest plots showing
the ORR for all dual-targeted regimens. (d) Ranking profile of each regimen. Bev, bevacizumab; Eve, everolimus; P, pertuzumab;

PBO, placebo; Pyro, pyrotinib; T-DM1, trastuzumab emtansine; TH, trastuzumab + docetaxel/paclitaxel.
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grade >3 adverse event rates of >210% for all dual-targeted regimens. Bev, bevacizumab; Eve, everolimus; H, trastuzumab; Nera, neratinib;

P, pertuzumab; PBO, placebo; Pyro, pyrotinib; T, taxane; VRN, vinorelbine; X, capecitabine.

studies. In the randomized phase III PHILA study,
patients who received the pyrotinib, trastuzumab, and
docetaxel regimen had a PFS of 24.3 months (95% CI:
19.1-33.0) [9]. Meanwhile, patients who received the
trastuzumab plus pertuzumab and docetaxel regimen in
the CLEOPATRA study had a PFS of 18.7 months (95%
CL: 16.6-21.6) [32]. Pyrotinib is an irreversible small-
molecule pan-HER receptor tyrosine kinase inhibitor
(TKI) that inhibits HER2 downstream signaling by
binding to the intracellular kinase domain [33]. Trastu-
zumab and pertuzumab are both monoclonal antibodies
that bind to the HER2 extracellular domain; therefore,
trastuzumab combined with pyrotinib and a taxane might
have a better complementary action [34]. Moreover, in a
study of patients with HER2-positive breast cancer
previously treated with trastuzumab, survival outcomes
were better in the TKI group than in the monoclonal
antibody group [35]. Like pyrotinib, lapatinib and
neratinib are also TKIs; however, lapatinib is reversible
[36]. In the phase III PHOEBE trial, median PFS was
longer in patients with HER2-positive metastatic breast
cancer who received pyrotinib plus capecitabine than in
their counterparts who received lapatinib plus capecita-
bine (12.5 vs. 6.8 months; HR: 0.39, 95% CI: 0.27-0.56)
[37]. Furthermore, other research has demonstrated that
bioavailability is higher and efficacy is better for pyrotinib
than for neratinib [38].

Compared with trastuzumab monotherapy, the ORR
was significantly higher for the pyrotinib and trastuzumab
plus docetaxel regimen (OR: 46.58, 95% Crl: 1.78-1176.63)
and the trastuzumab and docetaxel regimen (OR: 13.00,
95% Crl: 1.19-142.27). When evaluated using linear
regression analysis, a strong correlation was found between
PFS and OS in the first-line treatment of metastatic breast
cancer [39, 40]. However, no correlation between ORR and

OS could be confirmed, implying that ORR results may not
translate into OS. Furthermore, the ORR is often used as a
secondary endpoint in clinical trials, which may lead to
measurements that are less accurate than those for PFS.

In terms of AEs, all grade >3 AE rates of >10% were
included and showed similar results, indicating no
increase in toxicity when targeted therapies were com-
bined with other regimens.

The strengths of our study are that it analyzed the
most up-to-date information, included a broad research
field encompassing all possible treatment regimens [41],
and performed a network comparison using the Bayesian
method. Therefore, it provides the most current evidence
regarding the first-line treatment options for patients
with advanced HER2-positive breast cancer.

Our systematic review and statistical comparison of
first-line treatment regimens for patients with HER2-
positive breast cancer suggest that the pyrotinib plus
trastuzumab plus docetaxel regimen may have poten-
tially more clinical benefits than the pertuzumab plus
trastuzumab plus docetaxel regimen, with no increase in
toxicity. Given that both regimens are included in the
class I recommendations for first-line therapy in patients
with advanced HER2-positive breast cancer in the
Chinese Society of Clinical Oncology Guidelines and
the Chinese Anticancer Association Guidelines, the
pyrotinib plus trastuzumab plus docetaxel regimen can
be considered the optimal treatment option.

This research has several limitations. First, we only
extracted data from published RCTs; therefore, we could
not include data for individual study participants.
Second, study participants with advanced HER2-
positive breast cancer were not stratified and analyzed
based on factors that may influence clinical efficacy, such
as hormone receptor status and clinical stage. Third, our
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primary endpoint was PFS, which may fail to translate
into an OS benefit. Fourth, we did not include the
combination treatment with lapatinib plus pazopanib
and lapatinib monotherapy in the analysis because of
inability to connect to the network and compare the
results with those of other regimens.

In conclusion, our findings suggest that the pyrotinib
and trastuzumab plus docetaxel regimen is the optimal
first-line treatment for patients with advanced HER2-
positive breast cancer. Further head-to-head clinical
trials are needed to confirm our results.
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