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After the expiration of trastuzumab data exclusivity, biosimilar drugs were approved by regulatory
agencies; among them, CT-P6 which was approved for the treatment of HER2-positive early- and
advanced-breast cancer (BC) in 2018. Yet, reference trastuzumab (RTZ) is often combined with pertu-
zumab in early BC (EBC) patients treated with chemotherapy as it significantly improves the pathological
complete response rate. Unfortunately, scarce preclinical and clinical data exists about the combination
of CT-P6, pertuzumab and chemotherapy. Therefore, our aim was to study in vitro and in a retrospective
cohort of EBC patients, whether CT-P6 was equivalent to RTZ when combined with pertuzumab with or
without taxanes. In BT-474 and SKBR3 HER2þ cells we found that CT-P6 alone or in combination with
pertuzumab had the same negative effect on cell proliferation, colony formation and HER2 down-
regulation as well as downstream activation, as RTZ. Adding paclitaxel to these treatments increased
their effectivity to a similar extent. In HER2 1þ neuregulin-secreting MB-MDA-175 cells, combinations of
CT-P6 or RTZ with pertuzumab were also effective, and mainly dependent on HER3:HER2 hetero-
dimerization. In a retrospective cohort of 44 EBC HER2þ patients treated with neoadjuvant RTZ or CT-P6
in combination with pertuzumab and chemotherapy, we found no differences in efficacy or in adverse
events. Moreover, the costs of CT-P6-based treatments were reduced by 1474.07 V/patient. All together
we provide pre-clinical and clinical evidence of the equivalence of CT-P6 in combination with pertu-
zumab and chemotherapy and suggest studying these combinations also in HER2 low/negative BC
patients.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In approximately 20% of all breast cancers (BC) the human
epidermal growth factor receptor 2 gene (HER2) is amplified,
resulting in a constitutive activation of the tyrosine kinase domain
of the transmembrane receptor. HER2 activation occurs after
dimerization with other members of the HER family including
HER1, HER3 and HER4 [1]. HER2:HER3 dimers are the most onco-
genic as they activate two key pathways that regulate cell survival
and growth: the mitogen-activated protein kinase (MAPK) and the
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Table 1
Characteristics of the patients.

CT-P6 (n ¼ 20) RTZ (n ¼ 24) P*

Age (years)
Mean 48 (4.9) 60 (11.2) 0.001

Weight (kg)
Mean 68.4 (11.0) 68.2 (10.3) 0.951

Clinical stage 0.298
I 0 (0%) 1 (4%)
IIa 13 (65%) 9 (38%)
IIb 5 (25%) 10 (42%)
IIIa 1 (5%) 3 (12%)
IIIb 1 (5%) 0 (0%)
IIIc 0 (0%) 1 (4%)
IV 0 (0%) 0 (0%)

Nodal status 0.263
Positive 10 (50%) 16 (67%)
Negative 10 (50%) 8 (33%)

Hormone status 0.223
Estrogen receptor
Positive 14 (70%) 13 (54%)
Negative 6 (30%) 11 (46%)

Progesterone receptor 0.146
Positive 12 (60%) 19 (79%)
Negative 8 (40%) 5 (21%)

Grade 0.363
G1 1 (5%) 0 (0%)
G2 5 (25%) 8 (42%)
G3 14 (70%) 11 (58%)

Ki67 (%) 0.974
Median 40 (18e70) 40 (10e70)

LVEF (%)
Median 66 (57e77) 65 (56e78) 0.270

Neoadjuvant chemotherapy 0.873
AC-THP 19 (95%) 23 (96%)
TCHP 1 (5%) 1 (4%)

Data are mean (SD), median (range), or n (%). LVEF ¼ left ventricular ejection frac-
tion. AC-THP ¼ doxorubicin þ cyclophosphamide followed by paclitaxel or nab-
paclitaxel þ trastuzumab þ pertuzumab. TCHP ¼ docetaxel þ
carboplatin þ trastuzumab þ pertuzumab. *p-value from Chi-Square test or Stu-
dent's t-test; p-value under 0.05 is considered as statistical significant.
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phosphoinositide 3-kinase (PI3K) pathways [2,3].
According to the guidelines of the American Society of Clinical

Oncology (ASCO) and the College of American Pathologists (CAP),
tumor HER2 positivity is defined by HER2 protein overexpression
measured by immunohistochemistry (IHC3þ) or by the presence of
six or more HER2 copies or a HER2/CEP17 ratio of 2.0 or greater as
measured by fluorescent in-situ hybridization (FISH) [4,5]. This
molecular alteration results in a more aggressive type of BC that
had a poor prognosis until the development and introduction of
targeted therapies. The first of them was trastuzumab, a recombi-
nant humanized monoclonal antibody that binds subdomain IV of
the HER2 extracellular domain and inhibits ligand independent
HER2 signaling [6]. The development of trastuzumab changed the
natural history of the HER2-positive BC. In early stage patients
(EBC), the addition of trastuzumab to standard chemotherapy
significantly improved event-free survival and overall survival
[7e9]. Data from the neoadjuvant setting fostered the approval of
trastuzumab for EBC treatment [10].

Considering this success, other therapies targeting HER2 were
developed to enhance the effect of trastuzumab. One of them is
pertuzumab, another humanized monoclonal antibody that in this
case, binds the subdomain II of the HER2 extracellular domain and
blocks its ligand-dependent heterodimerization with HER1, HER3,
and HER4 [11]. Because trastuzumab and pertuzumab have com-
plementary mechanisms of action, together they provide a dual
blockade of HER2-driven signaling [12]. In EBC patients, the addi-
tion of pertuzumab to chemotherapy and trastuzumab significantly
improved the pathological complete response rate (pCR)
[11,13e17]. According to THE APHINITY trial, pertuzumab signifi-
cantly improved the rates of invasive-diseaseefree survival among
patients with HER2-positive, operable BC when it was added to
trastuzumab and chemotherapy [18].

As these therapies are usually quite expensive, the development
of biosimilar medicines has been shown to be a straightforward
strategy for reducing public healthcare costs and increasing their
accessibility [19]. A biosimilar is a biological medicine highly
similar to another already approved (the ‘reference medicine’) in
terms of structure, biological activity, and efficacy, as well as safety
and immunogenicity profile [20].

So far, the European Medicines Agency (EMA) and the US Food
and Drug Administration (FDA) have approved several trastuzumab
biosimilars. One of them is CT-P6, whose approval was based on
preclinical [21,22] and clinical studies in which the biosimilar was
compared to the reference trastuzumab (RTZ, Herceptin®). A phase
III trial compared CT-P6 to the RTZ in patients with operable EBC in
combination with docetaxel followed by FEC (fluorouracil, epi-
rubicin, and cyclophosphamide) showing that CT-P6 had equivalent
efficacy to RTZ and that adverse events were also similar [23]. As
this study was designed before the introduction of pertuzumab in
combination with trastuzumab in the neoadjuvant setting, scarce
data about the efficacy of the combination of CT-P6, chemotherapy
and pertuzumab exists. Because this combination is currently used
in the clinical practice, in the present study we aimed to demon-
strate that CT-P6 (Herzuma®) and RTZ had the same efficacy in
combinationwith pertuzumab and chemotherapy, both in vitro and
in a retrospective cohort of EBC patients. Additionally, we studied
the associated cost savings for the health care system.

2. Material and methods

2.1. Patient cohort

A single-center retrospective study was carried out in 44 pa-
tients diagnosed with HER2-positive EBC who received neo-
adjuvant treatment based on chemotherapy, pertuzumab and
2

trastuzumab, either CT-P6 (n ¼ 20) o RTZ (n ¼ 24). Almost all pa-
tients (95.5%) were treated with four cycles of doxorubicin plus
cyclophosphamide followed by 12 administrations of weekly
paclitaxel or nab-paclitaxel with concomitant pertuzumab plus
trastuzumab, either CT-P6 o RTZ, before surgery. Only two patients
were treated with a neoadjuvant schedule without anthracyclines,
one in each arm of therapy (Table 1). Patients within RTZ and CT-P6
groups were treated from year 2017e2019 and from year
2019e2020, respectively. To avoid selection bias, we chose all the
patients treated with neoadjuvant treatment in the period imme-
diately before and after the approval of the biosimilar in our center.

All patients were evaluated by our center's BC committee from
2017 to 2020. The study was conducted in accordance with the
ethics principles of the Declaration of Helsinki and approved by the
Research and Ethics Committee of the Institut Catal�a d’Oncologia
(ICO) at Hospital Germans Trias i Pujol. All patients provided
written informed consent. Demographic, clinical and biological
data as well as toxicity parameters according to Common Termi-
nology Criteria for Adverse Events (CTCAE, version 4.0) were
collected for all study participants and are resumed in Table 1.

At the time of diagnosis, patients were subject to a computed
tomography (CT) scan, a bone scan and a blood analysis for evalu-
ation of disease extension; only patients without distant metastasis
were treated with neoadjuvant schedules. Clinical response was
evaluated following standard procedures [24]. Tumor stage was
classified according toTNM classification of the Union International
Cancer Control [25]. Clinical data were obtained from review of
electronic medical records. Safety endpoints were the prevalence
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and severity of two major adverse events (infusion-related re-
actions and diarrhea) and cardiotoxicity, as assessed by mean
change from baseline to endpoint assessment in left ventricular
ejection fraction (LVEF). LVEF was assessed with multi-gated
acquisition scan (MUGA) at baseline, after cycle 4 of neoadjuvant
treatment and at the end of neoadjuvant period. We defined a
significant LVEF decrease as a decrease of ten ejection fraction
points from the baseline value and a decrease of an absolute value
of less than 50%. Costs information of administered treatments
were obtained from electronic records, considering number of vials
used and drug acquisition prices (V) of the ICO. For this analysis,
only anticancer drugs were considered excluding costs of anti-
emetics or other support treatments such as granulocyte colony-
stimulating factor or iron infusions.

2.2. Cell lines and reagents

Human HER2þ (SKBR3, BT-474) and HER2-low (MDA-MB-175)
BC cell lines (American Type Culture Collection) were grown as
monolayer in DMEM (Life Technologies) (SKBR3, BT-474) or
RPMI1640 (MDA-MB-175) (Invitrogen, Life Technologies) medium
supplemented with 10% of heat-inactivated FBS (Reactiva), 2 mmol/
L L-glutamine (Sigma), 10 mmol/L HEPES (Sigma), 1% penicillin/
streptomycin (basic medium). All cell lines were cultured in a 5%
CO2 humidified atmosphere at 37 �C. RTZ (Herceptin 150 mg;
Roche), CT-P6 (Herzuma 150 mg; CellTrion), pertuzumab (Perjeta
420 mg; Roche) and paclitaxel 6 mg/mL (Accord) were supplied by
the ICO Pharmacy Unit and were stored at room temperature or at
4 �C as indicated by manufacturers.

2.3. Immunohistochemistry

Cell lines were harvested and centrifuged to obtain a pellet that
was washed with PBS and fixed in 10% neutral buffered formalin at
room temperature and paraffin-embedded to obtain a block. Sec-
tions of approximately 4 mm thick were cut and put on glass slides.
IHC staining was performed using the Ventana iVIEW DAB Detec-
tion Kit and the anti-HER2/neu (4B5) rabbit monoclonal antibody
(Roche Diagnostics). We used the Scoring Conventions for the
Interpretation of PATHWAY HER2 BC [26]. Images were obtained
with a Leica DMI6000B microscope.

2.4. In vitro functional analysis

In vitro proliferation/cytotoxicity assay in response to RTZ, CT-
P6, pertuzumab and paclitaxel was assessed by the 3-(4,5-
dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT)
method. Briefly, 8 � 103 (BT-474), 2 � 103 (SKBR3) and 1 � 104

(MDA-MB-175) cells/well were plated in 96-well plates. After 24 h,
increasing concentrations of each drug alone, or in combinations as
indicated below, were added. Medium with drugs was fully
removed and refreshed every 3 days. After 7 (BT-474 and SKBR3) or
12 (MDA-MB-175) days of treatment, 100 mL of MTT mix (80% RPMI
1640 medium, 10% FBS, 10% MTT) was added to each well and the
plates were incubated for 4 h. Note that the long times used in the
case of the MDA-MB-175 cells were due to the high doubling time
this cell line has (112.26 h). The resulting formazan product was
dissolved with a solubilization solution (10% SDS in 0.01MHCl) and
the absorbance at wavelength of 590 nm was measured on a
SPECTROstar Nano equipment (BMG Labtech). Median effect lines
analysis was conducted to determine the effect on proliferation and
cytotoxicity activity of assayed drugs in each case. The synergistic
effect of RTZ þ pertuzumab and CT-P6 þ pertuzumab without or
with paclitaxel (0.1 nM) was assessed by calculating the Combi-
nation Index (CI; CI < 1 indicates synergy, CI ¼ 0 addivism, CI > 1
3

antagonism) as described by Chou and Talalay [27] using the
Compusyn Software (Combosyn Inc.).

For colony-formation assays 2 � 103 (BT-474 and MDA-MB-175)
and 5� 102 cells/well (SKBR3) were seeded in 6-well plates (in two
replicates) in basic medium. After 24 h cells were treated with RTZ
and CT-P6 alone or in combinationwith pertuzumab and paclitaxel
for 20 (SKBR3) or 25 (BT-474 andMDA-MB-175) days. Mediumwith
treatments was fully removed and refreshed every 3 days. After
20e25 days cells were washed with PBS 1X, fixed with a methanol/
acetic acid (3:1) solution and stained with crystal violet (0,5%) for
10 min. Quantification of colony number was assessed using ImageJ
software. To evaluate the status of HER2 signaling and its modu-
lation in response to treatments, HER2þ and HER2-low BC cells
were seeded at 60% of confluence and incubated for 24 h in basic
medium. RTZ or CT-P6 alone and in combination with pertuzumab
were then added to the medium and the cells were treated for 48 h.
Plates were placed on ice, washed with cold PBS, and recovered for
analysis by Western blot.

2.5. Western blot assays

We followed standard methods already described by our group
[28]. Antibodies targeting phospho-HER2 (6B12), HER2 (D8F12),
phospho-HER3 (21D3), HER3 (D22C5), phospho-AKT (D9E), AKT
(C67E7), phospho-ERK1/2, ERK1/2 (137F5) were from Cell Signaling
and GAPDH (G9545) and aTubulin (B512) were from Sigma. GAPDH
and aTubulin were used as a protein-loading controls. Membranes
were incubated with IRDye rabbit (1:7500) for 1 h protected from
the light. Membranes were scanned by using an Odyssey Imaging
System and analysed with Odyssey v2.0 software (LICOR
Biosciences).

2.6. Statistical analysis

A comprehensive cohort description analysis based on de-
mographic, clinical and biological data was performed. Categorical
variables were summarized through frequencies and percentages,
and quantitative variables using means and standard errors or
medians and interquartile ranges. Overall response rate (ORR) was
reported as the proportion of patients who have a partial (PR) or
complete response (CR) to therapy. Differences in the complete pCR
and in the main adverse effects were evaluated using the Chi-
square test (c2) or the Student's t-test. Differences in efficacy and
safety endpoints between groups were assessed by c2 or inde-
pendent t-test. All analyses were performed with the Statistical
Package for the Social Sciences (SPSS) software (IBM SPSS Statistics
for Macintosh, Version 23.0. Armonk, NY: IBM Corp.). In in vitro
clonogenicity assays statistical differences were calculated using a
two-tailed Student t-test. p < 0.05 was considered significant.

3. Results

3.1. Retrospective clinical study

Baseline characteristics were similar between the two groups
except for age, as patients in the CT-P6 group were younger
(Table 1). Thus, non-statistically significant differences were found
in the average of estrogen receptor positivity, clinical stage IIa and
IIb, and the average of nodal positivity. Almost the same proportion
of patients achieved a pCR in the CT-P6 (65.0%; 95% CI 44.1e85.9)
and in the RTZ groups (66.7%; 95% CI 48.2e85.8) (p ¼ 0.908).
Neither difference was observed in clinical CR rates between the
CT-P6 (55-0%; 95% CI 33.2e76.8) and the RTZ groups (66.7%; 95% CI
48.2e85.8) (p ¼ 0.429) (Table 2).



Table 2
Clinical response and pathological complete response analysis.

CT-P6 (n ¼ 20) RTZ (n ¼ 24) P*

Clinical complete response 11 (55%; 33.2e76.8) 16 (66.7%; 48.2e85.8) 0.429
Pathological complete response 13 (65%; 44.1e85.9) 16 (66.7%; 48.2e85.8) 0.908

*p-value from Chi-Square test; p-value under 0.05 is considered as statistical significant.
Data are n (%; 95% CI).

Table 3
Summary of adverse events.

CT-P6 (n ¼ 20) RTZ (n ¼ 24) P*

Infusion-related reactions 1 (5%) 1 (4.2%) 0.895
Diarrhea 0.731
Grade 1 7 (35%) 10 (41%)
Grade 2 6 (30%) 5 (20%)
Grade 3 2 (10%) 1 (4.2%)

LVEF
Baseline 66 (57e77) 65 (56e78) 0.270
After cycle 4 64 (52e72) 60.5 (54e75) 0.973
End of neoadjuvant period 61.5 (47e75) 63 (45e75) 0.510
Overall worst value 60.5 (47e68) 57.5 (45e73) 0.954
Decrease of �10 points from baseline 8 (44.4%) 6 (28.6%) 0.303
<50 points 2 (10%) 2 (8.3%) 0.848
<50 points and decrease of �10 points 2 (10%) 1 (4.2%) 0.445

Data are median (range) or n (%). LVEF ¼ left ventricular ejection fraction. *p-value from Chi-Square test or Student's t-test; p-value under 0.05 is considered as
statistical significant.
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The proportion of adverse events was similar between groups
(Table 3). Grade 3 toxicity was infrequent, and in all cases was
related to diarrhea (two cases in the CT-P6 group and one case in
the RTZ group). In these three cases, the doses of paclitaxel were
reduced to 80% but not those of trastuzumab (CT-P6 or RTZ), per-
tuzumab or anthracyclines. There were no treatment interruptions.
We did not observe differences in LVEF values between groups,
either at baseline, or after cycle 4 and at the end of the neoadjuvant
period (Table 3). The overall worst value was 60.5 in the CT-P6 and
57.5 in the RTZ groups. (Table 3).

Finally, the cost per patient treated in the CT-P6 group was
20,465.91 V and 21,939.98 V in the RTZ group, thus the decre-
mental cost with trastuzumab biosimilar was of 1474.07 V/patient.

3.2. In vitro study

To characterize the expression of HER2 as well as the down-
stream pathway activation in our cell models, we used two well-
known HER2þ cell lines, the BT-474 and the SKBR3; the MDA-
MB-175 cell line was used as negative control. BT-474 and SKBR3
cells, expressed higher levels of HER2 (þ3) as compared to the
MDA-MB-175 (þ1) as previously reported (Fig. 1A and B); HER2
Fig. 1. Characterization of HER2 þ breast cancer cells. (A) Total and phosphorylated HER2 l
(B) HER2 immunocytochemistry of indicated breast cancer cell lines. Scale bar, 50 mm. Mag

4

staining was mainly observed in the cell plasma membrane
(Fig. 1B). Accordingly, HER2 (3þ) cells lines showed high levels of
phospho-HER2, indicating that this pathway is activated in an
autocrine manner in these cells.

To study the relevance of HER2-mediated signaling pathway and
to compare the effect on cell proliferation of RTZ and CT-P6, cell
lines were exposed to increasing doses of RTZ, CT-P6 or pertuzu-
mab (Fig. 2A). HER2þ cell lines were sensitive to RTZ and CT-P6
treatment and less sensitive to pertuzumab, as single agents. As
expected, RTZ and CT-P6 showed similar effect on proliferation
inhibition, demonstrated by the overlapping dose-response curves
and the identical IC50 values of both drugs (Fig. 2A). Concomitant
combinations of RTZ or CT-P6 with pertuzumab were highly syn-
ergistic and comparable, especially in the SKBR3 cells (Fig. 2B and
C). In line with this, the number of colonies formed was signifi-
cantly reduced in response to treatment with RTZ or CT-P6; how-
ever, this reduction was increased to approximately 90e95% when
each one was combined with pertuzumab (Fig. 2D).

To examine whether these observations were due to similar
mechanisms of action, cell lines were treated with RTZ and CT-P6
alone or in combination with pertuzumab and levels of phospho-
proteins downstream of HER2þ were checked by Western blot.
evels in indicated breast cancer cell lines. GAPDH was used as a protein-loading control.
nification, 40�.
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Constitutive pathway activation was demonstrated in HER2þ cell
lines by high basal levels of phospho-HER2 (pHER2), phospho-AKT
(pAKT) and phospho-ERK1/2 (pERK 1/2) (Figs. 1A and 2E). Both
drugs inhibited HER2, AKT and ERK1/2 phosphorylation to a similar
degree when administered alone in HER2þ cells. According to our
previous results, stronger reduction was observed when they were
combined with pertuzumab. (Fig. 2E). We also observed that RTZ or
CT-P6 alone or in combinationwith pertuzumab caused a reduction
of total HER2 levels (Fig. 2E), suggesting an alternative mechanism
of action based on irreversibly binding of anti-HER2 antibodies to
the receptor eventually causing its degradation.

Interestingly, HER3 phosphorylationwas marginally inhibited in
response to RTZ or CT-P6, while this inhibitionwas more significant
when these drugs were administered in combination with pertu-
zumab (Fig. 2F). These observations indicated that HER2þ cells are
highly dependent on HER2:HER2 homodimerization and less
dependent on HER2:HER3 heterodimerization.

Additionally, we wanted to gain further insight by studying the
HER2-low cell line MDA-MB-175. Although these cells do not fit the
clinical criterium to be treated with anti-HER2 drugs, they have
been described to secrete neuregulin-1 in an autocrinemanner [29]
and therefore, they are a good model for assaying treatments with
pertuzumab. We confirmed the low expression patterns of HER2
(Fig. 1A and B); however, HER2-low showed higher activation of
HER3 as compared to the HER2þ cells (Fig. S1A) probably due to
their ability to secrete neuregulin-1 as commented above. Neu-
regulin is the main ligand with affinity to HER3 promoting HER3
heterodimerization with other HER family receptors [3]. In the
MDA-MB-175 cell line, treatments with RTZ or CT-P6 showed
similar effect on cell proliferation as with the HER2þ cells although
they were less sensitive to these drugs (Fig. S1B). However, they
were shown to be highly sensitive to pertuzumab compared with
HER2þ cells (Fig. S1B) causing the combination of RTZ or CT-P6
with pertuzumab to be highly synergistic (Fig. S1C). In fact, HER2,
HER3 and ERK1/2 phosphorylationwere not affected in response to
RTZ or CT-P6 alone, while they were highly inhibited when these
drugs were administered in combination with pertuzumab
(Fig. S1D-E). So, in contrast to HER2þ cells, HER2-low cells are
highly dependent on HER2:HER3 heterodimerization and less
dependent on HER2:HER2 homodimerization.

Finally, to mimic the standard of care of neoadjuvant treatment
in HER2þ EBC patients, HER2þ cells were treatedwith CT-P6 or RTZ
in combination with pertuzumab and paclitaxel. Our results
demonstrated that even in combination with doses of paclitaxel
below the corresponding IC50 of each cell line, dual anti-HER2
therapy with either CT-P6 or RTZ and pertuzumab, has the same
synergistic effect inhibiting proliferation and colony-forming ca-
pacity (Fig. 3AeD). These results are in agreement with those found
in the retrospective clinical study.
4. Discussion

This work constitutes one of the few real-world studies showing
that biosimilar CT-P6 combined with pertuzumab has similar effect
and safety profile as RTZ combined with pertuzumab in patients
with HER2-positive EBC. Our results are supported by preclinical
Fig. 2. Effect of CT-P6 and RTZ (Ref. trastuzumab) in combination with pertuzumab in HE
of CT-P6, RTZ or pertuzumab on proliferation (% mean ± SD) of the indicated HER2-positiv
liferation (% mean ± SD) of the indicated HER2-positive cell lines. (C) Graphic representati
synergistic effect; CI ¼ 1 additive effect and CI > 1 antagonism of combined drugs. (D) Effect
mL) on colony formation of the indicated HER2-positive cell lines. Bar plot representing the p
in indicated cell lines. (E) Effect of CT-P6 and RTZ and in combination with pertuzumab on
Effect of CT-P6 and RTZ and in combination with pertuzumab on HER3 phosphorylation in
*indicates significant differences (t-test; p < 0.05). GAPDH-P and GAPDH-T indicate prot
respectively.

6

evidence demonstrating that RTZ and CT-P6 share mechanisms of
action consisting of blocking cell proliferation and colony formation
through the inhibition of HER2-mediated AKTand ERK1/2, as single
agents and in combinationwith pertuzumab. Importantly, we show
for the first time that this is also the case when adding paclitaxel,
supporting the use of CT-P6 in the day-to-day clinical settings.

Even though the clinical trial that established the equivalence of
CT-P6 and RTZ did not include combinations with pertuzumab [23],
after approval of dual HER2-targeted blockade with RTZ and per-
tuzumab in the neoadjuvant setting, most patients at our institu-
tion were treated with CT-P6 instead of RTZ. Our study supports
this decision and adds new data to the few already available [30],
confirming that CT-P6 is at least as effective as RTZ when admin-
istered as part of dual-targeted therapy with pertuzumab. Specif-
ically, we observed the same pCR rate in HER2-positive BC patients
treated with either RTZ or CT-P6. The high rate of pCR (65% in CT-P6
and 66.7% in RTZ arms) was consistent with the fact that 95.5%
patients were treated with regimens containing anthracyclines and
taxanes. In our cohort, patients were comparable according to
different baseline characteristics with the exception of mean age
which was younger in the CT-P6 group.

Importantly, we also compared the safety profile of both drugs
finding no differences between CT-P6 and RTZ, at least in infusion-
related reactions, diarrhea of any grade and cardiotoxicity. This is
important as the use of RTZ has historically been associated with an
increased risk of cardiotoxicity [6]. In our study, neither CT-P6- nor
RTZ-associated serious cardiac toxic profiles were reportedwhich is
in agreement with the low cardiotoxicity observed in EBC patients
treated with RTZ or CT-P6 in the neoadjuvant [13,23] and adjuvant
[13,22] settings. One of the main limitations of this real-world
study is that it had a retrospective design and a relatively small
sample size. Therefore, attention must be paid to its intrinsic lim-
itations, to avoid a misleading and potentially harmful use of its
derived-results. However, sharing our data and experience can be
useful for other groups as they incorporate more representative
evidence from patients in real life.

Our in vitro studies showed that CT-P6 and RTZ alone or in dual
HER2 blockade setting had similar effects on reducing phosphor-
ylation of HER2 and their downstream effectors AKT and ERK1/2 in
HER2þ BC cell lines, which is in agreement with previous obser-
vations [21,31]. We also report that HER3 signaling residually
contributes to promoting proliferation of HER2þ BC cells, probably
through the heterodimerization with HER2. Additionally, we
observed a downregulation of HER2 expression in response to CT-
P6 alone or in combination with pertuzumab, which also occurs
in response to RTZ according to our findings and other studies [21].
These observations suggest that CT-P6 promotes HER2 internali-
zation and degradation by enhancing the activity of tyrosine
kinase-ubiquitin ligase c-Cbl as described in HER2-overexpressing
BC cells in response to RTZ [32,33]. It is well known that RTZ in-
duces antibody-dependent cellular cytotoxicity (ADCC) in HER2-
expressing BC cells [34,35]. In the present work, we have not
addressed this issue; nevertheless, other authors have previously
shown that it may also occur in response to CT-P6 as described for
HER2þ gastric cancer cells [21].
R2 þ BC cell proliferation, colony formation and HER2 signaling pathway. (A) Effect
e cell lines. (B) Effect of CT-P6 and RTZ and in combination with pertuzumab on pro-
on of the combination index (CI) of the indicated drug combinations. CI < 1 indicates
of CT-P6 (0.5 mg/mL) and RTZ (0.5 mg/mL) and in combination with pertuzumab (0.5 mg/
ercentage (mean ± SD) of colonies after 20e25 days of treatments with indicated drugs
HER2, AKT and ERK1/2 phosphorylation in the indicated HER2-positive cell lines. (F)
the indicated HER2-positive cell lines. GAPDH was used as a protein-loading control.
ein-loading control of gels used for determining phosphorylated and total proteins,



Fig. 3. CT-P6 and RTZ (Ref. trastuzumab) effect in combination with pertuzumab and paclitaxel (Ptx) in HER2 þ BC cell proliferation and colony formation. (A) Effect of
paclitaxel on proliferation (% mean ± SD) of the indicated HER2-positive cell lines. (B) Effect of CT-P6 (0.5 mg/mL) and RTZ (0.5 mg/mL) and in combination with pertuzumab (0.5 mg/
mL) and paclitaxel (0.1 nM) on proliferation (% mean ± SD) of the indicated HER2-positive cell lines. (C) Graphic representation of the combination index (CI) of the indicated drug
combinations. (D) Effect of CT-P6 (0.5 mg/mL) and RTZ (0.5 mg/mL) in combination with pertuzumab (0.5 mg/mL) and paclitaxel (0.1 nM) on colony formation of the indicated HER2-
positive cell lines.
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So far, the equivalence of CT-P6 and RTZ when administered in
combination with pertuzumab and taxanes, which is the standard
treatment in HER2-positive patients, was poorly explored in vitro.
Our work demonstrates that in vitro dual HER2 blockade using
either CT-P6 or RTZ plus paclitaxel is more effective than dual HER2
blockade, which adds further preclinical evidence and supports the
introduction of CT-P6 in combinations with pertuzumab and
chemotherapy as the standard of care neoadjuvant treatment of
HER2þ EBC patients.

Furthermore, we observed that HER2-low BC cells are highly
sensitive to dual HER2 blockade mostly due to the action of per-
tuzumab inhibiting the heterodimerization of HER2 with HER3,
which leads to a downregulation of HER2 expression and an inhi-
bition of HER2, HER3, AKT and ERK phosphorylation. These in vitro
results are in contrast to data reported in clinical trials using tras-
tuzumab, pertuzumab, margetuximab or TDM1 in HER2-low BC
patients [36e39] however, in a phase Ib trial testing the combi-
nation of pertuzumab, paclitaxel and the anti-HER3 mAb lumre-
tuzumab in advanced BC patients with HER3 and HER2-low
expressing tumors, a clinical benefit was reported which is in line
with our results. Unfortunately an unacceptable toxicity profile
7

prompted discontinuation of this study [40]. Additionally, there are
current preclinical and clinical evidence demonstrating that HER2
blockade by novel antibody-drug conjugates (ADCs) [41,42] and
bispecific antibodies [43] have anticancer activity in HER2-low BC
tumors, prompting further clinical exploration in this setting.

Biosimilars have been developed with the objective of reducing
drug costs. The average starting price of biosimilars is calculated to
be 20e30% lower than reference products, and in addition, bio-
similars bring competition to these markets that were previously
exclusive, as well as other confidential discounts [40]. In our study,
treatments with CT-P6 in the neoadjuvant setting were on average
1474.07 V per patient cheaper than with RTZ. This may be
considered amodest saving, but it should be noted that the number
of neoadjuvant cycles administered is shorter as compared to other
settings. The ICO is a Catalan public enterprise comprising 4
different cancer centres in Catalonia (including ours) and the
referral institution of more than 4 million people. All ICO centres
have a common pharmacy and a common prescription guide. CT-P6
is currently approved by the Pharmacy and Therapeutics Commit-
tee of the ICO in all available indications and settings of use (neo-
adjuvant, adjuvant and metastatic). For this reason, our exercise
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helps us to understand the savings that the introduction of the
biosimilar has supposed to our institution, corresponding to global
savings of 1.67 millions V (46.3% reduction). Savings generated
with biosimilars contribute to efficiency and sustainability of health
care systems, increasing access to expensive drug treatments and
benefiting patients in other disease areas [44e47].

5. Conclusions

To combine CT-P6 with pertuzumab and paclitaxel is as safe and
efficacious as doing so with RTZ; however, using CT-P6 represents
important savings for the health system as compared to RTZ. Our
results, with the main limitation of coming from a retrospective
design and a relatively small sample size, suggest that BC patients
with HER2-low tumors may benefit from such combinations.
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