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Purpose: The development of human epidermal growth factor receptor 2 (HER2)-

directed therapies has revolutionized the treatment of HER2-positive breast

cancer. The aim of this article is to review the continually evolving treatment

strategies in the neoadjuvant setting of HER2-positive breast cancer, as well as the

current challenges and future perspectives.

Methods: Searches were undertaken on PubMed and Clinicaltrials.gov for relevant

publications and trials.

Findings: The current standard of care in high-risk HER2-positive breast cancer is

to combine chemotherapy with dual anti-HER2 therapy, for a synergistic anti-

tumor effect. We discuss the pivotal trials which led to the adoption of this

approach, as well as the benefit of these neoadjuvant strategies for guiding

appropriate adjuvant therapy. De-escalation strategies are currently being

investigated to avoid over treatment, and aim to safely reduce chemotherapy,

while optimizing HER2-targeted therapies. The development and validation of a

reliable biomarker is essential to enable these de-escalation strategies and

personalization of treatment. In addition, promising novel therapies are currently

being explored to further improve outcomes in HER2-positive breast cancer.

KEYWORDS

neoadjuvant therapy, breast cancer, HER2 (human epidermal growth factor 2), targeted
therapy, biomarker, antibody-drug-conjugates
Introduction

Human epidermal growth factor receptor 2 (HER2) is overexpressed and/or amplified in

15-20% of all breast cancers. Before the advent of HER2-directed therapies, this subtype was

associated with an aggressive clinical course and poor outcomes (1, 2). The introduction of

trastuzumab, the first humanized anti-HER2 monoclonal antibody, transformed the

treatment of HER2-positive breast cancer. The benefit of neoadjuvant breast cancer

treatment with chemotherapy, endocrine therapy and/or targeted therapy is well
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established to downstage disease, improve resectability and

potentially reduce the extent of breast and axillary surgery (3–5).

Specifically, in the HER2-positive subtype, additional benefits of

neoadjuvant systemic therapy have been appreciated. These include

the potential to individualize adjuvant therapy options based on

pathological response and to provide information about tumor

status in vivo, allowing for escalation or de-escalation of therapy, as

guided by response biomarkers. Thus, the current standard of care in

patients with high-risk HER2-positive breast cancer is a combination

of chemotherapy combined with dual anti-HER2 therapy (6, 7). This

review will discuss the evolving standard of care in the neoadjuvant

setting of HER2-positive breast cancer, as well as the challenges and

future perspectives.
Review of neoadjuvant trials

Neoadjuvant therapy is the current standard of care for treating

≥T2 or node-positive HER2-positive breast cancer. Pathological

complete response (pCR) is most commonly defined as the absence

of residual invasive cancer of the complete resected breast specimen

and all sampled regional lymph nodes following completion of

neoadjuvant systemic therapy (ypT0/Tis ypN0) (8). pCR at surgery

is correlated with favorable patient outcomes, particularly in HER2-

positive, hormone-receptor (HR)-negative breast cancer, as

demonstrated by the CTNeoBC pooled analysis. This meta-analysis,

performed by the FDA, included 11,955 patients across 12

neoadjuvant trials, with a minimum follow-up of 3 years, to

evaluate pCR as a surrogate endpoint for improved long-term

outcomes in breast cancer. Across all subgroups, pCR was

associated with improved event-free survival (EFS) (HR 0.48; 95%

CI 0.43-0.54) and overall survival (OS) (HR 0.36; 95% CI 0.31-0.42).

Three trials were included for HER2-positive breast cancer: NOAH,

TECHNO and GeparQuattro (9). Several additional meta-analyses

have since supported the value of pCR as an informative surrogate

biomarker for enhanced survival in HER2-positive breast cancer

(10–12).

Trastuzumab is a monoclonal antibody against HER2 that binds

to an extracellular domain of this receptor and prevents ligand-

independent HER2-mediated signaling (13). Following its success in

treating advanced and early-stage HER2-positive disease, multiple

neoadjuvant trials that combine chemotherapy with trastuzumab

have been performed. The NOAH trial, for example, reported that

the addition of trastuzumab to neoadjuvant chemotherapy had a

significant improvement on both pCR and EFS when compared to

chemotherapy alone (14). Similar improvements in pCR were seen

with the addition of trastuzumab to a chemotherapy backbone in the

TECHNO trial and GeparQuattro study (15, 16).

Pertuzumab binds to the extracellular domain II of HER2, which

results in ligand-dependent HER2–HER3 dimerization (17). This

mechanism of action is complementary to that of trastuzumab. In

the NeoSphere trail, a pCR rate of approximately 45% was observed in

patients treated with pertuzumab plus trastuzumab and docetaxel,

compared to those who received only trastuzumab and docetaxel

(29%) (35). This combination of pertuzumab with trastuzumab and

docetaxel was also investigated in the CLEOPATRA trial, which

reported a significant overall survival benefit (56.5 months vs 40.8
Frontiers in Oncology 02
months) (18). Following these trials, dual HER2-blockade with

trastuzumab and pertuzumab in combination with standard

neoadjuvant chemotherapy became the standard of care (7, 19).

Lapatinib is a dual reversible tyrosine kinase inhibitor that

selectively targets and inhibits HER2 and epidermal growth factor

receptor (EGFR) (20). Lapatinib has demonstrated activity in HER2-

positive metastatic breast cancer that had progressed on trastuzumab-

containing therapy (21). In the Cher-LOB trial, patients treated with

lapatinib and trastuzumab plus chemotherapy showed a relative 80%

increase in pCR rate, compared to treatment with either trastuzumab

or lapatinib plus chemotherapy (22). Additionally, the CALGB 40601

trial showed improved 7-year relapse-free survival and OS (23).

Despite several studies showing improved pCR rates with the

addition of lapatinib to trastuzumab and chemotherapy in the

neoadjuvant setting, these long-term outcomes have not been

consistent across trials (24–27). The inconsistency of long-term

outcomes, along with the less favorable adverse event profile

associated with the addition of lapatinib, has prevented it from

becoming a currently recommended neoadjuvant treatment.

Both anthracycline and non-anthracycline-based chemotherapy

regimens are well established as neoadjuvant treatments of HER2-

positive breast cancer. Combination treatment with anthracyclines

and trastuzumab can have significant side effects in patients,

including febrile neutropenia and cardiotoxicity. Multiple trials

have explored the feasibility of treating these patients with

anthracycline-free regimes. The TRAIN-2 trial reported high pCR

rates after neoadjuvant chemotherapy with or without anthracyclines

plus dual-HER2 blockade. No significant difference was seen in either

pCR or patient outcomes between the two groups (28). In addition,

the TRYPHAENA trial showed similar efficacy for anthracycline-free

compared to anthracycline-containing regimens together with

standard anti-HER2 therapy. Cardiac safety was the primary

endpoint: left ventricular systolic dysfunction (LVSD) incidence was

low (5.6%) in the neoadjuvant setting in the anthracycline-containing

arm (29). Furthermore, the BERENICE trial demonstrated cardiac

safety in both dose-dense and standard anthracycline-containing

regimens in combination with trastuzumab and pertuzumab (30, 31).

Given the success of neoadjuvant systemic chemotherapy with

dual HER2-blockade, achieving pCR rates of up to 65% in some

studies (28, 29), the possibility of replacing chemotherapy with an

agent associated with less toxicity was explored. The phase III

KRISTINE study compared neoadjuvant trastuzumab emtansine

(T-DM1), an antibody-drug conjugate, plus pertuzumab, with

conventional systemic chemotherapy plus dual HER2-blockade. The

results showed that the proportion of patients who achieved pCR was

significantly greater in patients receiving traditional neoadjuvant

chemotherapy plus trastuzumab and pertuzumab than those who

received T-DM1 plus pertuzumab (56% vs 44%) (32). The results of

these neoadjuvant clinical trials are summarised in Table 1.

To prevent the potential of over-treatment in patients with low-

risk HER2-positive breast cancer, the APT trial was designed. This

study included patients with ≤3cm, node-negative, HER2-positive

tumors. This trial showed excellent outcomes with adjuvant paclitaxel

for 12 weeks plus 12 months of trastuzumab, with a 3-year IDFS of

98.7% and 7-year IDFS of 93% (41). Thus, primary surgery combined

with adjuvant therapy should be offered to these patients, providing

an effective de-escalated treatment regime.
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TABLE 1 Neoadjuvant Trials in HER2-positive breast cancer.

Trial Phase Treatment Treatment arms Survival N pCR rate

Trastuzumab

NOAH (14) III Trastuzumab DTCMF + H EFS (3y) 71%
OS (3y) 87%

117 38%

DTCMF EFS (3y) 56%
OS (3y) 79%

118 19%

GeparQuattro (15) III Trastuzumab H + EC ! H + Dc 146 33%

H + EC ! H + DcCp 47 31%

H + EC ! H + Dc ! H + Cp 136 35%

TECHNO (16) II Trastuzumab EC ! HT DFS (3y) 77.9%
OS (3y) 89.4%

217 39%

Trastuzumab + Lapatinib

NeoALTTO (24) III Lapatinib + Trastuzumab LH ! HT EFS (6y) 74%
OS (6y) 85%

68 47%

H ! HT EFS (6y) 67%
OS (6y) 82%

40 28%

L ! HT EFS (6y) 67%
OS (6y) 79%

30 20%

CHER-LOB (22) II Lapatinib + Trastuzumab LH ! TFEC + LH RFS (5y) 86% 46 47%

H ! TFEC + H RFS (5y) 78% 36 25%

L ! TFEC + L RFS (5y) 77% 38 26%

CALGB 40601 (23) III Lapatinib + Trastuzumab THL RFS (7y) 93%
OS (7y) 96%

118 57%

TH RFS (7y) 79%
OS (7y) 88%

120 45%

TL RFS (7y) 69%
OS (7y) 84%

67 30%

NSABP B-41 (33) III Trastuzumab + Lapatinib DC + H ! T + H DFS (5y) 84.3%
OS (5y) 94.5%

177 49.4%

DC + L ! T + H DFS (5y) 78.6%
OS (5y) 89.4%

159 47.4%

DC + LH ! T + H DFS (5y) 90%
OS (5y) 95.7%

165 60.2%

Lapatinib

GeparQuinto (34) III Lapatinib ECH ! Dc + H DFS (3y) 84.8%
OS (3y) 91.7%

307 30.3%

ECL ! Dc + L DFS (3y) 83.7%
OS (3y) 93.6%

308 22.7%

Trastuzumab + Pertuzumab

NeoSphere (35) II Pertuzumab + Trastuzumab H + Dc PFS (5y) 81%
DFS (5y) 81%

107 29%

HP + Dc PFS (5y) 86%
DFS (5y) 84%

107 46%

HP PFS (5y) 73%
DFS (5y) 80%

107 17%

P + Dc PFS (5y) 73%
DFS (5y) 75%

96 24%

(Continued)
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Adjuvant therapy in the context of
neoadjuvant strategy/according to
pCR status

Following completion of neoadjuvant therapy, subsequent

adjuvant therapies can be guided by pCR status after surgery.

In patients who achieve pCR, current guidelines recommend

continuing trastuzumab to complete a total of 12 months of anti-

HER2 therapy (6, 42). Patients with initially node-positive disease

should also continue pertuzumab for the remainder of the year, based

on the findings of the adjuvant APHINITY trial. This trial concluded

that the addition of pertuzumab in the adjuvant setting may

significantly improve invasive disease-free survival in patients with

node-positive disease (43). However, no statistically significant

difference was seen in OS after a median follow-up of 8.4 years (44).

In patients who do not achieve pCR, adjuvant therapy with T-

DM1 should be offered instead of trastuzumab monotherapy. This
Frontiers in Oncology 04
recommendation is based on the results from the KATHERINE trial.

In this phase III trial, patients with residual invasive tumors after

neoadjuvant therapy were randomly assigned to received either

adjuvant T-DM1 or trastuzumab for 14 cycles. Treatment with T-

DM1 significantly improved invasive disease-free-survival (iDFS)

compared to treatment with trastuzumab (88.3% vs. 77.0%,

respectively, HR 0.50, 95% CI, 0.39–0.64; p < 0.001) (45).

Adjuvant treatment with T-DM1 in stage I HER2-positive breast

cancer was investigated in the ATEMPT trial. This trial aimed to

establish if adjuvant T-DM1 would be associated with less toxicity

than paclitaxel plus trastuzumab without compromising invasive

disease-free-survival (iDFS). Although one year of T-DM1 had a 3-

year iDFS of 97.8%, T-DM1 failed to demonstrate reduced toxicity

compared to paclitaxel and trastuzumab (46).

The KAITLIN study was another trial which aimed to replace

taxanes and trastuzumab with T-DM1. In this trial, patients with

node-positive or high-risk node-negative (HR negative and tumor

size >2cm) HER2-positive breast cancer were randomly assigned to
TABLE 1 Continued

Trial Phase Treatment Treatment arms Survival N pCR rate

TRYPHAENA (29) II Pertuzumab + Trastuzumab FEC + HP ! Dc + HP DFS (3y) 87%
PFS (3y) 89%
OS (3y) 94%

73 62%

FEC ! Dc + HP DFS (3y) 88%
PFS (3y) 89%
OS (3y) 94%

75 57%

Dc + Cb + HP DFS (3y) 90%
PFS (3y) 87%
OS (3y) 93%

77 66%

GeparSepto (36) III Pertuzumab + Trastuzumab T + HP ! EC + HP iDFS (4y) 89% 199 54%

Nab-T + HP ! EC + HP 197 62%

ADAPT HER2+/HR- (37) II Pertuzumab + Trastuzumab HP iDFS (5y) 87%
OS (5y) 94%

92 34%

HP + T iDFS (5y) 98%
OS (5y) 98%

42 90%

BERENICE (30, 38) II Pertuzumab + Trastuzumab dd D + C ! T + HP EFS (5y) 91%
OS (5y) 96%

199 62%

FEC ! Dc + HP EFS (5y) 89%
OS (5y) 94%

201 61%

TRAIN-2 (28) III Pertuzumab + Trastuzumab FEC (x3) ! TCb + HP (x6) EFS (3y) 93%
OS (3y) 98%

211 67%

TCb + HP (x9) EFS (3y) 94%
OS (3y) 98%

206 68%

PHERGain (39) II Pertuzumab + Trastuzumab DcCb + HP 71 58%

HP 285 35%

PREDIX HER2 (40) II Pertuzumab + Trastuzumab Dc + HP 99 46%

T-DM1 + Pertuzumab

KRISTINE (32) III T-DM1 + Pertuzumab T-DM1 + P EFS (3y) 85%
iDFS (3y) 93%

223 44%

DcCb + HP EFS (3y) 94%
iDFS (3y) 92%

221 56%
fro
H- trastuzumab; P- pertuzumab; T- paclitaxel; D- doxorubicin; C- cyclophosphamide; M- methotrexate; F- fluorouracil; L- lapatinib; E- epirubicin; Dc- docetaxel; Cp- capecitabine; Cb- carboplatin,
Nab-T- nab-paclitaxel; dd- dose dense; T-DM1- trastuzumab emtansine.
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anthracycline chemotherapy followed by trastuzumab and a taxane

plus pertuzumab or anthracycline chemotherapy followed by T-DM1

plus pertuzumab. The results showed no significant difference in 3-

year iDFS rate between the two arms of the study (47).
Duration of anti-HER2 therapy

The current standard of care is to complete 12 months of anti-

HER2 therapy. The benefit of this therapy was demonstrated in the

crucial HERA, NCCTGN9831, NSABP B-31 and BCIRG-006 trials. It

was shown that adjuvant trastuzumab with standard chemotherapy

reduced the relative risk of death by up to 30% and the relative risk of

recurrence by up to 40% (48–52).

The HERA trial demonstrated that a longer duration of the same

anti-HER2 therapy did not improve efficacy, in which two years was

compared to one year of trastuzumab treatment. In those who

received two years of therapy, no additional benefit in disease free

survival (DFS) was seen and associated with a higher rate of

cardiotoxicity (48).

Given the effectiveness of anti-HER2 therapy, multiple trials were

designed to evaluate the efficacy of reduced duration of treatment.

The PHARE, HORG and PERSEPHONE trials compared 6

months to 12 months of trastuzumab treatment (53–55).

PERSEPHONE is the only trial to date to have reached its non-

inferiority endpoint. In this trial of 4089 patients, after a median

follow-up of 5.4 years, those assigned to 6 months of trastuzumab

therapy experienced non-inferior 4-year DFS rates compared to those

receiving 12 months (89.4 versus 89.8 percent, respectively; HR 1.07,

95% CI 0.93-1.24), with less cardiotoxicity leading to discontinuation

of trastuzumab (55).

A shortened course of 9-weeks of trastuzumab therapy was

evaluated in the SOLD and ShortHER trials. These trials failed to

reach the non-inferiority endpoint for DFS (56, 57). Despite being

unable to claim non-inferiority, recently presented follow-up data of

the ShortHER trial confirmed favorable long-term outcomes in terms

of OS and DFS with a 9 week course of trastuzumab (58). The results

of these trials are summarised in Table 2.

A patient-level meta-analysis of 5 trials investigating shorter

adjuvant trastuzumab treatment found that 6 months of treatment

with trastuzumab is non-inferior to 12 months, but 9 weeks is

not (59).

Escalation of adjuvant anti-HER2 therapy has also been evaluated

in patients with higher-risk disease. As previously discussed, the

APHINITY trial showed that patients with HER2-positive, node-
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positive disease benefited from the addition of pertuzumab to

trastuzumab in the adjuvant setting (3-year iDFS of 92% vs 90.2%,

HR 0.77; 95% CI, 0.62 to 0.96; P=0.02) (43). Extended adjuvant

therapy with neratinib, a tyrosine kinase inhibitor, after trastuzumab

therapy was investigated in the phase 3 ExteNet trial. This trial

showed a benefit in 5-year iDFS of 90.2% in patients receiving

neratinib, compared with 87.7% of those receiving the placebo (HR

0.73, 95% CI 0.57–0.92). Subgroup analysis revealed that in patients

with HR-positive cancer a benefit of 5.1% in iDFS (HR 0.58, 95% CI

0.41–0.82) was shown. However, as patients in the ExteNET trial had

neither received pertuzumab nor T-DM1, the actual benefit after

current adjuvant and post-neoadjuvant targeted therapy could be

smaller (60). Nevertheless, neratinib could offer an additional

treatment option in patients with HR-positive disease.
De-escalation strategies

The possibility of further therapy de-escalation in low-risk disease

is currently being investigated in multiple clinical trials.

The WSG ADAPT HER+/HR- trial explored the feasibility of de-

escalated neoadjuvant therapy in 134 patients with HER2-positive,

HR-negative disease. In this trial, patients were randomly assigned to

receive trastuzumab plus pertuzumab, either with or without

paclitaxel. Remarkably high pCR rates (90.5%) were reported in the

de-escalated chemotherapy arm after 12 weeks of paclitaxel plus dual

HER2 blockade. Adjuvant therapy was given as per national

guidelines. Interestingly, adjuvant chemotherapy could be omitted

in patients achieving pCR at the physician’s discretion, and 79% of

patients who achieved pCR in the paclitaxel arm received no further

chemotherapy (61). In May 2022, survival outcomes from the trial

were published. Notably, patients who achieved pCR had a 5-year

iDFS rate of 98%, regardless of whether they received neoadjuvant

paclitaxel or were in the chemotherapy-free arm (37). While this trial

is not powered to prove non-inferiority of a chemotherapy-sparing

approach, these results pave the way for larger randomized control

trials designed to specifically investigate whether the omission of

chemotherapy may be feasible in carefully pre-selected patients.

The trial of patients with HR-positive disease, ADAPT-TP HER2

+/HR+, found that patients given neoadjuvant T-DM1 alone or with

endocrine therapy were significantly more likely to achieve pCR than

those given trastuzumab with endocrine therapy (41%/41.5% vs

15.1%, p<0.001). Survival data from ADAPT-TP revealed that

patients who achieved pCR had similar 5-year DFS rates, regardless

of whether they received chemotherapy (92.1% (95%-CI: 78-97%)
TABLE 2 Trials investigating the duration of anti-HER2 therapy.

Trial Phase Duration of trastuzumab N Efficacy versus 1-year trastuzumab Cardiac events

HERA (48) III 2 years 5099 DFS (10y) 70% vs 72% 7.3% vs 4.4%

PHARE (53) III 6 months 3380 DFS (3y) 87.7% vs 90.7% 1.9% vs 5.7%

HORG (54) III 6 months 481 DFS (3y) 93.3% vs 95.7% 0.8% vs 0%

PERSEPHONE (55) III 6 months 4088 DFS (4y) 89.4% vs 89.8% 8% vs 11%

SOLD (56) III 9 weeks 2174 DFS (5y) 88% vs 90.5% 2% vs 4%

ShortHER (58) III 9 weeks 1253 DFS (5y) 85% vs 88% 4.3% vs 13.1%
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with adjuvant chemotherapy vs 93% (84-97%) without adjuvant

chemotherapy) (62).

As a result of these trials, further de-escalation trials were

designed to prevent over-treatment. The CompassHER2-pCR and

DESCRESCENDO trials are ongoing and aim to individualize

adjuvant therapy based on pCR status after a de-escalated

neoadjuvant course of 12 weeks paclitaxel with trastuzumab plus

pertuzumab (63, 64). ATEMPT 2.0 is a phase 2 trial comparing

adjuvant T-DM1 followed by trastuzumab to paclitaxel and

trastuzumab, followed by trastuzumab alone. It aims to evaluate

where the T-DM1 arm will have less toxicity and improved

outcomes (65).

Furthermore, the omission of surgery is currently being

investigated in low-risk HER2-positive early breast cancer patients

who achieve a complete response to neoadjuvant therapy. In the

ELPIS trial, if a complete response of the tumor is reported on the

post-neoadjuvant therapy breast MRI, a vacuum-assisted breast

biopsy (VAC) is performed. If on VAC no invasive or in situ

disease is found, patients will be eligible to omit loco-regional

surgery. They will instead proceed to have whole breast

radiotherapy and complete 1 year of trastuzumab and

pertuzumab (66).
Biomarkers

The next challenge to enable further individualization of

neoadjuvant treatment in HER2-positive breast cancer is the

development of a robust biomarker to predict pCR. This would

allow for the adjustment of neoadjuvant therapy by identifying

patients with an increased likelihood of achieving pCR based on

favorable predictive biomarkers, and identifying patients with an

exceptional response to neoadjuvant therapy, who may be

candidates for the omission of surgery altogether. To date, no

biomarker has been validated and current recommendations are

that biomarkers should not be used for monitoring patients

receiving neoadjuvant therapy (67). Further research is ongoing to

develop and validate potential biomarkers.

HER2-enriched intrinsic subtype, a tissue-based biomarker, has

been linked with high pCR rates following neoadjuvant therapy (68).

Retrospective analyses of the NOAH (69), NeoALTTO (70),

CALGB40601 (71) and CHER-LOB (72) trials reported the HER2-

enriched subtype to have an increased likelihood of achieving pCR

with neoadjuvant chemotherapy and anti-HER2 therapy compared to

other subtypes. A combined analysis of the PAMELA and

TBCRC006/023 trials demonstrated that combining HER2-enriched

subtype and ERBB2 mRNA levels has better sensitivity than each

variable alone in predicting pCR in chemotherapy-sparing

regimens (73).

Several studies have investigated tumor-infiltrating lymphocytes

(TILs) as another potential biomarker for the prediction of pCR

following neoadjuvant therapy in HER2-positive breast cancer. One

meta-analysis reported that, regardless of the anti-HER2 agents and

chemotherapy used, higher baseline TILs were associated with

increased likelihood of achieving pCR (74). The PAMELA trial

investigated the association between TILs and pCR in patients

treated with trastuzumab and lapatinib. This study found that the
Frontiers in Oncology 06
presence of on-treatment TILs in HER2-positive breast cancer,

measured on day 15 of treatment, was significantly associated with

pCR (75). Further studies are needed to validate TILs as an accurate

biomarker before it can be considered for use in clinical practice.

A pooled analysis of five prospective trials reported that PIK3CA

mutant tumors significantly decreased pCR rates in HER2-positive

breast cancer, particularly in HR-positive tumors (76). However,

biomarker analysis of the NeoSphere study reported a non-

significant decrease in pCR in patients with mutated PIK3CA (77).

Therefore, PIK3CA warrants further investigation before it can be

considered a potential biomarker for predicting pCR in these patients.

Blood-based biomarkers, such as circulating tumor cells (CTCs)

and circulating tumor DNA (ctDNA), have also been investigated as

potential predictors of pCR. One meta-analysis reported that

detection of CTCs before starting neoadjuvant therapy for breast

cancer was associated with a slightly lower rate of pCR (78), however,

further evidence is needed to validate this. A sub-study of the

NeoALTTO trial found that ctDNA detection before neoadjuvant

anti-HER2 therapy was associated with decreased pCR rates (79).

ctDNA detection after completion of neoadjuvant therapy has also

been shown to be associated with residual disease (80–82).

Lastly, imaging-based biomarkers are also being explored as

predictors of response to treatment. The use of fluorodeoxyglucose

positron emission tomography (FDG-PET) as a biomarker was

evaluated in the NeoALTTO (83), PHERGain (39) and TBCRC026

(84) trials. These studies suggest that these imaging strategies could

facilitate further tailoring of therapy, although such strategies will

require additional clinical investigation.
Future perspectives

With substantially improved outcomes associated with the

development of HER2-targeted therapies in recent years, several

novel HER2-directed agents are currently being investigated in

clinical trials, with promising results.
Trastuzumab deruxtecan

Trastuzumab deruxtecan (T-DXd) is an antibody-drug conjugate,

which is composed of a monoclonal antibody targeting HER2, a

cleavable tetrapeptide-based linker and a topoisomerase I inhibitor

(85). It has a significantly higher drug-to-antibody ratio than other

antibody-drug conjugates, however the stability of the linker seems to

allow for high efficacy without significant side effects. The cytotoxic

payload, deruxtecan, is cell membrane permeable, giving the drug its

bystander-killing effect (86).

T-DXd has shown promising results in HER2-positive breast

cancer patients in the metastatic setting. In the DESTINY-Breast 01

trial, T-DXd showed a substantial benefit in patients with HER2-

positive metastatic breast cancer who had previously received

treatment with T-DM1 (87). Significantly improved overall

response rate (ORR) and progression-free survival (PFS) was

reported with T-DXd compared to T-DM1 in HER2-positive

metastatic breast cancer treated with trastuzumab and a taxane in

the DESTINY-Breast 03 trial (88). More recently, in the DESTINY-
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Breast 04 trial involving patients with HER2-low metastatic breast

cancer, treatment with T-DXd resulted in significantly longer PFS and

OS than the physician’s choice of chemotherapy (89).

Given the promising results of T-DXd in HER2-positive breast

cancer in the metastatic setting, adjuvant and neoadjuvant T-DXd is

currently under investigation. The ongoing DESTINY-Breast 05 trial

is investigating T-DXd in high-risk HER2-positive disease with

residual invasive breast cancer following neo-adjuvant therapy,

compared to T-DM1 (90). Neoadjuvant T-DXd is also being

evaluated in locally advanced or inflammatory HER2-positive breast

cancer patients in the ongoing DESTINY-Breast 11 trial. This trial

will compare T-DXd, alone or followed by docetaxel, trastuzumab

and pertuzumab, to the current standard of care regimen (ddAC-

THP) (91). The SHAMROCK study is another trial of neoadjuvant T-

DXd in early stage HER2-positive breast cancer, which incorporates

therapy escalation and de-escalation strategies using an on-treatment

biopsy and imaging (92).
Other novel agents

Tucatinib, a potent and selective tyrosine kinase inhibitor of

HER2, is another promising agent. Tucatinib was added to

trastuzumab and capecitabine in the HER2CLIMB study, resulting

in improved PFS and OS in heavily pre-treated metastatic HER2-

positive breast cancer (93). These results led to the design of the

HER2CLIMB-05 trial, which will investigate the addition of tucatinib

to standard of care maintenance in the first line setting for patients

with HER2-positive metastatic breast cancer (94). Adjuvant tucatinib,

in combination with T-DM1, is currently being evaluated in patients

with residual disease following neo-adjuvant therapy in the

COMPASS HER2 RD trial (95).

Several immune checkpoint inhibitors have been investigated in

combination with HER2-directed therapies in patients with

metastatic disease. Subgroup analyses from the PANACEA trial,

which investigated treatment with pembrolizumab and trastuzumab

in patients who had progressed on trastuzumab, showed that higher

response rates were seen in PD-L1 positive tumors (96). Similarly, the

KATE2 trial observed favorable PFS with atezolizumab in the

subgroup of patients with PD-L1 positive tumors (97).

Atezolizumab, a PD-L1 inhibitor, is being evaluated in the adjuvant

setting in combination with T-DM1 in patients with residual disease

after neoadjuvant therapy (98). Recently, neoadjuvant atezolizumab

was investigated with docetaxel, trastuzumab and pertuzumab in

HER2-positive early breast cancer and reported an acceptable pCR
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rate and modest toxic effects (99). Further trials on neoadjuvant

immunotherapy in early HER2-positive breast cancer underway, such

as NeoHIP (100) and APTneo (101) studies are underway.
Conclusion

The introduction of HER2-directed therapies perioperatively has

revolutionized the treatment of patients with HER2-positive early

breast cancer. Neoadjuvant chemotherapy in combination with

trastuzumab and pertuzumab has led to increased pCR rates, which

in turn has significantly improved outcomes in these patients.

Pathological response status provides an important guide for the

appropriate adjuvant systemic therapy. De-escalation strategies are

currently being investigated to avoid over treatment, and aim to safely

reduce chemotherapy, while optimizing HER2-targeted therapies.

The development and validation of a reliable biomarker is essential

to enable these de-escalation strategies and personalization of

treatment. In addition, promising novel therapies are currently

being explored to further improve outcomes in HER2-positive

breast cancer.
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39. Pérez-Garcıá JM, Gebhart G, Ruiz Borrego M, Stradella A, Bermejo B, Schmid P,
et al. Chemotherapy de-escalation using an 18F-FDG-PET-based pathological response-
adapted strategy in patients with HER2-positive early breast cancer (PHERGain): a
multicentre, randomised, open-label, non-comparative, phase 2 trial. Lancet Oncol (2021)
22(6):858–71. doi: 10.1016/S1470-2045(21)00122-4

40. Hatschek T, Foukakis T, Bjöhle J, Lekberg T, Fredholm H, Elinder E, et al.
Neoadjuvant trastuzumab, pertuzumab, and docetaxel vs trastuzumab emtansine in
patients with ERBB2-positive breast cancer: A phase 2 randomized clinical trial. JAMA
Oncol (2021) 7(9):1360–7. doi: 10.1001/jamaoncol.2021.1932

41. Tolaney SM, Guo H, Pernas S, Barry WT, Dillon DA, Ritterhouse L, et al. Seven-
year follow-up analysis of adjuvant paclitaxel and trastuzumab trial for node-negative,
human epidermal growth factor receptor 2–positive breast cancer. J Clin Oncol (2019) 37
(22):1868–75. doi: 10.1200/JCO.19.00066

42. Ditsch N, Kolberg-Liedtke C, Friedrich M, Jackisch C, Albert US, Banys-
Paluchowski M, et al. AGO recommendations for the diagnosis and treatment of
patients with early breast cancer: Update 2021. Breast Care (2021) 16(3):214–27. doi:
10.1159/000516419

43. Piccart M, Procter M, Fumagalli D, Azambuja Ed, Clark E, Ewer MS, et al. Adjuvant
pertuzumab and trastuzumab in early HER2-positive breast cancer in the APHINITY trial:
6 years' follow-up. J Clin Oncol (2021) 39(13):1448–57. doi: 10.1200/JCO.20.01204

44. Loibl S, Jassem J, Sonnenblick A, Parlier D, Winer E, Bergh J, et al. VP6-2022:
Adjuvant pertuzumab and trastuzumab in patients with early HER-2 positive breast
cancer in APHINITY: 8. 4 years' follow-up Ann Oncol (2022) 33(9):986–7. doi: 10.1016/
j.annonc.2022.06.009

45. von Minckwitz G, Huang C-S, Mano MS, Loibl S, Mamounas EP, Untch M, et al.
Trastuzumab emtansine for residual invasive HER2-positive breast cancer. New Engl J
Med (2018) 380(7):617–28. doi: 10.1056/NEJMoa1814017
frontiersin.org

https://doi.org/10.1093/jnci/dji021
https://doi.org/10.1200/JCO.22.00519
https://doi.org/10.1200/JCO.22.00519
https://doi.org/10.1016/S0140-6736(13)62422-8
https://doi.org/10.1016/S0140-6736(13)62422-8
https://doi.org/10.1001/jamaoncol.2015.6113
https://doi.org/10.1016/j.esmoop.2022.100433
https://doi.org/10.1093/bjsopen/zrac028
https://doi.org/10.3389/fonc.2012.00062
https://doi.org/10.1016/S1470-2045(14)70080-4
https://doi.org/10.1016/S1470-2045(14)70080-4
https://doi.org/10.1200/JCO.2009.23.8451
https://doi.org/10.1200/JCO.2010.31.4930
https://doi.org/10.3390/cancers10100342
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.3389/fonc.2022.894861
https://doi.org/10.1200/JCO.2011.35.6725
https://doi.org/10.1200/JCO.2011.35.6725
https://doi.org/10.1016/j.ejca.2021.05.018
https://doi.org/10.1016/j.ejca.2021.05.018
https://doi.org/10.1200/JCO.20.01276
https://doi.org/10.1200/JCO.20.01276
https://doi.org/10.1016/j.ejca.2019.04.038
https://doi.org/10.1200/JCO.2016.34.15_suppl.501
https://doi.org/10.1158/1078-0432.CCR-21-3177
https://doi.org/10.3390/cancers14030523
https://doi.org/10.1001/jamaoncol.2021.1371
https://doi.org/10.1016/j.ejca.2017.10.021
https://doi.org/10.1093/annonc/mdx773
https://doi.org/10.3390/cancers14112596
https://doi.org/10.1200/JCO.19.00882
https://doi.org/10.1016/S1470-2045(13)70411-X
https://doi.org/10.1200/JCO.2017.75.9175
https://doi.org/10.1200/JCO.2017.75.9175
https://doi.org/10.1016/S1470-2045(16)00163-7
https://doi.org/10.1016/S1470-2045(16)00163-7
https://doi.org/10.1200/JCO.18.01842
https://doi.org/10.1016/S1470-2045(22)00159-0
https://doi.org/10.1016/j.annonc.2021.03.057
https://doi.org/10.1016/S1470-2045(21)00122-4
https://doi.org/10.1001/jamaoncol.2021.1932
https://doi.org/10.1200/JCO.19.00066
https://doi.org/10.1159/000516419
https://doi.org/10.1200/JCO.20.01204
https://doi.org/10.1016/j.annonc.2022.06.009
https://doi.org/10.1016/j.annonc.2022.06.009
https://doi.org/10.1056/NEJMoa1814017
https://doi.org/10.3389/fonc.2023.1066007
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Dowling et al. 10.3389/fonc.2023.1066007
46. Tolaney SM, Tayob N, Dang C, Yardley DA, Isakoff SJ, Valero V, et al. Adjuvant
trastuzumab emtansine versus paclitaxel in combination with trastuzumab for stage I
HER2-positive breast cancer (ATEMPT): A randomized clinical trial. J Clin Oncol (2021)
39(21):2375–85. doi: 10.1200/JCO.20.03398

47. Krop IE, Im S-A, Barrios C, Bonnefoi H, Gralow J, Toi M, et al. Trastuzumab
emtansine plus pertuzumab versus taxane plus trastuzumab plus pertuzumab after
anthracycline for high-risk human epidermal growth factor receptor 2–positive early
breast cancer: The phase III KAITLIN study. J Clin Oncol (2022) 40(5):438–48. doi:
10.1200/JCO.21.00896

48. Cameron D, Piccart-Gebhart MJ, Gelber RD, Procter M, Goldhirsch A, de
Azambuja E, et al. 11 years' follow-up of trastuzumab after adjuvant chemotherapy in
HER2-positive early breast cancer: final analysis of the HERceptin adjuvant (HERA) trial.
Lancet (2017) 389(10075):1195–205. doi: 10.1016/S0140-6736(16)32616-2

49. Perez EA, Romond EH, Suman VJ, Jeong J-H, Sledge G, Geyer CEJr, et al.
Trastuzumab plus adjuvant chemotherapy for human epidermal growth factor receptor
2–positive breast cancer: Planned joint analysis of overall survival from NSABP b-31 and
NCCTG N9831. J Clin Oncol (2014) 32(33):3744–52. doi: 10.1200/JCO.2014.55.5730

50. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CEJr., Davidson NE, et al.
Trastuzumab plus adjuvant chemotherapy for operable HER2-positive breast cancer. N
Engl J Med (2005) 353(16):1673–84. doi: 10.1056/NEJMoa052122

51. Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Press M, et al.
Adjuvant trastuzumab in HER2-positive breast cancer. N Engl J Med (2011) 365
(14):1273–83. doi: 10.1056/NEJMoa0910383

52. Bradley R, Braybrooke J, Gray R, Hills R, Liu Z, Peto R, et al. Trastuzumab for
early-stage, HER2-positive breast cancer: A meta-analysis of 13 864 women in seven
randomised trials. Lancet Oncol (2021) 22(8):1139–50. doi: 10.1016/S1470-2045(21)
00288-6

53. Pivot X, Romieu G, Debled M, Pierga J-Y, Kerbrat P, Bachelot T, et al. 6 months
versus 12 months of adjuvant trastuzumab in early breast cancer (PHARE): Final analysis
of a multicentre, open-label, phase 3 randomised trial. Lancet (2019) 393(10191):2591–8.
doi: 10.1016/S0140-6736(19)30653-1

54. Mavroudis D, Saloustros E, Malamos N, Kakolyris S, Boukovinas I, Papakotoulas
P, et al. Six versus 12 months of adjuvant trastuzumab in combination with dose-dense
chemotherapy for women with HER2-positive breast cancer: a multicenter randomized
study by the Hellenic oncology research group (HORG). Ann Oncol (2015) 26(7):1333–
40. doi: 10.1093/annonc/mdv213

55. Earl HM, Hiller L, Vallier AL, Loi S, McAdam K, Hughes-Davies L, et al. 6 versus 12
months of adjuvant trastuzumab for HER2-positive early breast cancer (PERSEPHONE): 4-
year disease-free survival results of a randomised phase 3 non-inferiority trial. Lancet (2019) 393
(10191):2599–612. doi: 10.1016/S0140-6736(19)30650-6

56. Joensuu H, Fraser J, Wildiers H, Huovinen R, Auvinen P, Utriainen M, et al. Effect
of adjuvant trastuzumab for a duration of 9 weeks vs 1 year with concomitant
chemotherapy for early human epidermal growth factor receptor 2–positive breast
cancer: The SOLD randomized clinical trial. JAMA Oncol (2018) 4(9):1199–206. doi:
10.1001/jamaoncol.2018.1380

57. Conte P, Frassoldati A, Bisagni G, Brandes AA, Donadio M, Garrone O, et al. Nine
weeks versus 1 year adjuvant trastuzumab in combination with chemotherapy: final
results of the phase III randomized short-HER study‡. Ann Oncol (2018) 29(12):2328–33.
doi: 10.1093/annonc/mdy414

58. Conte P, Frassoldati A, Bisagni G, Brandes AA, Donadio M, Garrone O, et al. 41O
nine weeks vs 1-year adjuvant trastuzumab: Long term outcomes of the ShortHER
randomised trial. Ann Oncol (2021) 32:S37. doi: 10.1016/j.annonc.2021.03.055

59. Earl HM, Hiller L, Dunn JA, Conte P, D'Amico R, Guarneri V, et al. LBA11
individual patient data meta-analysis of 5 non-inferiority RCTs of reduced duration single
agent adjuvant trastuzumab in the treatment of HER2 positive early breast cancer. Ann
Oncol (2021) 32:S1283. doi: 10.1016/j.annonc.2021.08.2083

60. Chan A, Moy B, Mansi J, Ejlertsen B, Holmes FA, Chia S, et al. Final efficacy results
of neratinib in HER2-positive hormone receptor-positive early-stage breast cancer from
the phase III ExteNET trial. Clin Breast Cancer (2021) 21(1):80–91.e7. doi: 10.1016/
j.clbc.2020.09.014

61. Nitz UA, Gluz O, Christgen M, Grischke EM, Augustin D, Kuemmel S, et al. De-
escalation strategies in HER2-positive early breast cancer (EBC): final analysis of the
WSG-ADAPT HER2+/HR-; phase II trial: efficacy, safety, and predictive markers for 12
weeks of neoadjuvant dual blockade with trastuzumab and pertuzumab ± weekly
paclitaxel. Ann Oncol (2017) 28(11):2768–72. doi: 10.1093/annonc/mdx494

62. Gluz O, Nitz U, Christgen M, Kuemmel S, Holtschmidt J, Priel J, et al. De-escalated
chemotherapy versus endocrine therapy plus pertuzumab+ trastuzumab for HR+/HER2+
early breast cancer (BC): First efficacy results from the neoadjuvant WSG-TP-II study. J
Clin Oncol (2020) 38(15_suppl):515–. doi: 10.1200/JCO.2020.38.15_suppl.515

63. CompassHER2-pCR: Decreasing chemotherapy for breast cancer patients after pre-
surgery chemo and targeted therapy. Available at: https://ClinicalTrials.gov/show/
NCT04266249.

64. De-escalation adjuvant chemo in HER2+/ER-/Node-neg early BC patients who
achieved pCR after neoadjuvant chemo & dual HER2 blockade. Available at: https://
ClinicalTrials.gov/show/NCT04675827.

65. ATEMPT 2.0: Adjuvant T-DM1 vs TH. Available at: https://ClinicalTrials.gov/
show/NCT04893109.

66. Pascual T, Chic N, Martinez Saez O, Sanfeliu Torres E, Adamo B, Cebrecos I, et al.
132TiP HCB-ONC001 ELPIS TRIAL: Omission of surgery and sentinel lymph node
dissection in clinically low-risk HER2-positive breast cancer with high HER2 addiction
Frontiers in Oncology 09
and a complete response following standard anti-HER2-based neoadjuvant therapy. Ann
Oncol (2022) 33:S182–3. doi: 10.1016/j.annonc.2022.03.149

67. Korde LA, Somerfield MR, Carey LA, Crews JR, Denduluri N, Hwang ES, et al.
Neoadjuvant chemotherapy, endocrine therapy, and targeted therapy for breast cancer:
ASCO guideline. J Clin Oncol (2021) 39(13):1485–505. doi: 10.1200/JCO.20.03399

68. Schettini F, Pascual T, Conte B, Chic N, Brasó-Maristany F, Galván P, et al. HER2-
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