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Summary

Overexpression and/or gene amplification of HER2, a crucial member of the HER family of four 

receptors, occur in about 15–20% of breast cancers and define an aggressive subtype of the 

disease. Activated HER homo and heterodimers govern a complex and redundant downstream 

signaling network that regulates cell survival and metastasis. Despite treatment with effective 

HER2-targeted therapies, many HER2-positive tumors fail to respond, or initially respond but 

eventually develop resistance. One of the upfront reasons for this treatment failure is failure to 

accurately select the tumors that are truly dependent on HER2 for survival and so would benefit 

the most from HER2-targeted therapy. In these truly HER2-addicted tumors (i.e. physiologically 

dependent), resistance could be the result of an incomplete inhibition of signaling at the HER 

receptor layer. In this regard, preclinical and clinical studies have documented the superiority of 

combination anti-HER2 therapy over single agent therapy to achieve a more comprehensive 

inhibition of the various HER receptor dimers. HER2 can be further activated or reactivated by 

mutations or other alterations in HER2 itself, or in other HER family members. Even when a 

complete and sustained HER inhibition is achieved, resistance to anti-HER therapy can arise by 

other somewhat dominant mechanisms, including preexisting or emerging alternative signaling 

pathways such as the estrogen receptor, deregulated downstream signaling components, especially 

of the PI3K pathway, and the tumor immune microenvironment. Most of the clinical trials that 

have investigated the efficacy of anti-HER2 therapies took place in the background of aggressive 
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chemotherapy regimens, thus confounding the identification of key factors of resistance to the 

anti-HER2 treatments. Recent studies, however, have suggested that some HER2-amplified tumors 

may benefit from anti-HER2 therapy combined with only single chemotherapy agent or in the 

absence of any chemotherapy. This de-escalation approach, a promising therapeutic strategy, is 

currently being explored in the clinic. In this review, we summarize the major molecular 

determinants that play a crucial role in influencing tumor response and resistance to HER2-

targeted therapy, and discuss the growing need for patient stratification in order to facilitate the 

development of de-escalation strategies using HER2-targeted therapy alone with no chemotherapy.
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Introduction

The human epidermal growth factor receptor 2 (HER2/ERBB2) is a key member of the HER 

family consisting of four receptor tyrosine kinases (HER1-4). This family together governs a 

complex and redundant signaling process to regulate cell proliferation, survival, and 

metastasis(1, 2). The HER family receptors are activated by multiple ligands with the 

exception of HER2, which has no known ligand but can be activated by heterodimerization 

with other ligand-bound HER receptors or by homodimerization in tumors expressing high 

levels of HER2. HER2 overexpression, largely due to gene amplification, is observed in 

about 15–20% of breast cancers, known as HER2-positive, and accounts for their aggressive 

and metastatic behavior. Multiple HER2-targeted therapies, including humanized 

monoclonal antibodies such as trastuzumab and pertuzumab, and tyrosine kinase inhibitors 

such as lapatinib, have been developed, with trastuzumab being the first to be FDA-

approved(1, 2). Though highly effective in patients, especially in combination with 

aggressive chemotherapy, intrinsic and acquired resistance to trastuzumab and other HER2-

targeted drugs still occurs and remains clinically challenging. Trastuzumab by itself, with no 

chemotherapy is much less effective(1) as it only partially inhibits HER2 signaling, although 

it also activates antibody-dependent cell-mediated cytotoxicity (ADCC)(1). One major 

plausible mechanism responsible for resistance is incomplete inhibition of the HER receptor 

layer, particularly considering the functional redundancy of signaling from multiple HER 

receptor dimers and compensatory signaling within the pathway(3). This suggests that dual 

inhibition using the combination of pertuzumab or lapatinib with trastuzumab might achieve 

a more complete blockade of HER signaling. To that end, the superiority of dual anti-HER2 

therapy over single-agent treatment has been established in the clinic in both the neoadjuvant 

and metastatic settings, although most of the clinical trials were done in the presence of 

chemotherapy(4, 5). We and others have proved the concept that combining HER2-targeted 

agents without concomitant chemotherapy can produce complete tumor eradication in 

preclinical HER2-positive breast cancer mouse models(6–8). These findings led to several 

neoadjuvant clinical trials with similar treatments of dual HER2 inhibition with no 

chemotherapy, which have yielded substantial pathologic complete response (pCR)(9–11). 

These results suggest that a subset of patients with HER2 amplified tumors may not need 
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chemotherapy at all. It is therefore essential to identify upfront those patients who can be 

spared chemotherapy, as well as to understand the mechanisms of resistance in order to 

devise more effective tailored treatments. The various mechanisms of resistance to anti-

HER2 therapy have been comprehensively reviewed in the last few years(12–15). In this 

review, our focus is to summarize the major molecular determinants that play a crucial role 

in influencing tumor response and resistance to HER2-targeted therapy, and to discuss the 

rationale and clinical significance of patient stratification for successful HER2-targeted 

therapy without chemotherapy.

Major contributing factors of response and resistance to HER2-targeted 

therapy

The response of a tumor to HER2-targeted therapy primarily depends on HER2 expression 

level and how much the tumor is dependent on HER2 for its existence. Emerging evidence 

further suggests that the HER2 therapy response is also governed by a multitude of other 

factors. The principal determinants of HER2 therapy response and resistance can be largely 

grouped into four major categories (Figure 1). The first category is HER2 itself, since a 

tumor will best respond to anti-HER2 therapy, especially without chemotherapy, only when 

it exhibits absolute dependence (Oncogene addiction) on HER2 for sustained proliferation 

and survival, which is associated with high levels of HER2 gene amplification, RNA 

expression, and downstream signaling (Figure 1A). Despite successful HER2-targeted 

therapy, HER2-addicted tumors can develop resistance due to reactivation of the signaling 

pathway via HER2 itself or other compensatory mechanisms within the HER receptor layer, 

which may be pre-existing at the time of treatment or acquired in due course. The second 

category includes additional alternative signaling pathways, pre-existing or acquired, that 

provide compensatory signaling to offset and overcome the inhibitory effects of HER2-

targeted therapy. One leading member of this category is estrogen receptor (ER) signaling 

(Figure 1B). This is particularly crucial in HER2-positive tumors that are also hormone 

receptor (HR)-positive. The third category is deregulation of downstream signaling 

components in the HER signaling pathway, especially the PI3K/PTEN pathway, one of the 

major downstream components of HER signaling (Figure 1C). The fourth and most recently 

revisited category is the tumor immune microenvironment (Figure 1D). Each of the 

categories mentioned above is comprised of multiple eminent players. However, in this 

review, we will focus on discussing the significance of a key and more prevalent component 

in each category that has been characterized preclinically and suggested to play a role in the 

clinical setting.

Oncogenic HER2 addiction

One of the principal determining factors of response to anti-HER2 therapies is the extent to 

which the cancer cells within a HER2-positive breast cancer are dependent on HER2 itself 

for the maintenance of their malignant phenotype. This dependency is termed as oncogene-

addiction, and such tumors respond best to drugs targeting the oncogene they are addicted 

to(16). High and homogeneous levels of HER2 gene amplification, expression of HER2 

mRNA and protein, and HER2 downstream signaling are necessary for true HER2 addiction, 

Veeraraghavan et al. Page 3

Breast. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and identification of HER2-addicted tumors is essential to reap the complete therapeutic 

benefit of HER2-targeted drugs. In this regard, methods and defined cutoffs to accurately 

identify the true HER2-addicted tumors with high HER2 expression and signaling activity 

are critical. Indeed, recent studies suggest that high HER2 mRNA levels and the PAM50-

classfied HER2-enriched subtype are associated with a better response to HER2 therapy 

both with(17) and without chemotherapy(10). Additionally, the key role of intra-tumor 

HER2 amplification heterogeneity in HER2-targeted therapy resistance has been recently 

shown(18), which further emphasizes the need for homogeneous HER2 amplification to 

achieve an effective response to HER2-targeted therapy. It is expected that the cutoff needed 

to identify truly HER2-addicted tumors that will benefit from HER2-targeted therapy 

without chemotherapy may be higher than the current guidelines in place, which aim to 

identify those patients who may benefit from adding HER2-targeted treatment to 

chemotherapy(19). In this regard, we need to investigate and compare several leading 

methods and cutoffs to redefine HER2 status at various levels including HER2 copy number, 

mRNA, and protein, as well as by intrinsic HER2-enriched subtype by the PAM50 

molecular subtyping classification. It is important to understand that the tumors that do not 

meet this higher cutoff may still benefit from and need HER2-targeted therapy but these will 

not be considered as the true HER2-addicted tumors.

Even in these HER2-addicted tumors, intrinsic and acquired resistance to HER2-targeted 

therapy is still common. This can occur at various molecular levels including HER2 itself or 

other HER family members. HER2 mutations, mostly activating, have been reported in both 

HER2-positive and negative tumors in about ~3% of breast cancer [The Cancer Genome 

Atlas Study (TCGA) by cBioPortal](20, 21). These activating mutations play a key role in 

activating HER2 signaling, including in HER2-negative tumors, but also influence response 

and resistance to HER2-targeted therapy, and therefore may nullify the therapeutic effect of 

various HER2-targeted agents(22). Two recent studies by Boulbes et al. and Zuo et al. 
reported the presence of multiple novel HER family mutations in both primary and 

metastatic HER2-positive breast tumors(23, 24). Boulbes et al. identified 12 novel or 

previously reported HER family mutations in primary breast tumors, and showed that 

patients whose primary tumors harbor these mutations demonstrated poor response to 

trastuzumab-based chemotherapy in the metastatic setting(23). Importantly, in our very 

recent study, we have shown in preclinical HER2-positive breast cancer models that the most 

common HER2 mutation, L755S residing in the kinase domain of the receptor, reactivates 

HER2 signaling and thereby constitutes an endogenous mechanism of acquired resistance to 

lapatinib and trastuzumab-containing HER2-targeted therapies(25). Interestingly, the Zuo et 
al. study that analyzed 18 pairs of primary and metastatic lesions, which included 16 pairs 

from patients who received one year of trastuzumab, showed that the L755S and the nearby 

K753E HER2 mutations appeared in three and two metastatic lesions, respectively(24). 

Collectively, these intriguing results suggest that rare pre-existing or acquired HER2 

mutations emerge as a mechanism of acquired resistance, similar to the events of ESR1 
constitutive active mutations recently described in endocrine resistant metastatic breast 

cancer(26). The suggested HER2 L755S-conferred conformational change in the HER2 

kinase domain renders it unable to bind lapatinib. In this regard, our recent study suggests 

that the HER2 L755S-mediated resistance to various anti-HER2 regimens can be partly 
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overcome by irreversible HER1/2 inhibitors, such as afatinib and neratinib(25). Thus, the 

significance of these HER2 mutations in primary and acquired resistance, the 

implementation of more sensitive methods to identify them in HER2-positive tumors with 

HER2 gene amplification, and the therapeutic efficacy of the irreversible inhibitors in this 

setting need to be further explored.

An additional mechanism of resistance to HER2-targeted therapy at the level of the HER2 

protein itself is the p95HER2. It is a truncated form of HER2 generated by cleavage of the 

extracellular domain of the full-length HER2 by matrix metalloproteases(27). Expression of 

p95HER2 observed in more than 30% of HER2 overexpressing breast tumors, has been 

shown to be associated with a poor response to trastuzumab(28–31) since it lacks the 

trastuzumab binding site and contains a hyperactive kinase domain. Finally, beyond HER2 

itself, increased or altered compensatory signaling by additional HER family members, such 

as HER3(1) may abrogate the therapeutic benefit of HER2 inhibition. Accordingly, 

incorporation of inhibitors directed against HER3 to HER2-targeted therapy is currently 

under investigation(32).

Alternative signaling pathways: The role of ER

Approximately half of the HER2-positive tumors are estrogen receptor (ER) positive. Over 

the past decade, studies have suggested that HER2+ ER+ and HER2+ ER− tumors represent 

distinct subtypes with different patient outcomes under HER2-targeted therapy(33). At the 

molecular level, multiple studies have shown the existence of bidirectional crosstalk, with 

positive and negative feedback loops between HER2 and ER signaling pathways. In the 

preclinical setup, we and others have shown that the expression of ER and its downstream 

targets is increased in cells with acquired resistance to anti-HER2 therapy(8, 34, 35). 

Reactivation of ER expression and signaling, including a switch from ER-negative to ER-

positive status, were observed in clinical HER2-positive tumors after neoadjuvant lapatinib 

treatment(34, 35). These results suggest the significance of ER expression and signaling as 

an alternative survival mechanism in these tumors. In this setting, an ab initio unblocked, re-

expressed, and/or reactivated ER signaling can function as a compensatory escape pathway 

by providing an alternative proliferative and survival signaling to evade sustained HER2 

blockade. Interestingly, the neoadjuvant NeoALTTO trial, which compared the efficacy of 

lapatinib vs. trastuzumab vs. their combination, all with paclitaxel, reported that high RNA 

levels of ESR1, the gene encoding ER, were associated with lower pCR rates(36). In our 

preclinical study using ER+ HER2+ xenograft tumor models, only a transient tumor 

regression was observed with anti-HER2 therapy when ER is left uninhibited. On the other 

hand, treatment with concurrent anti-HER2 and endocrine therapy resulted in complete 

tumor eradication in these models(6–8). Indeed, across multiple clinical trials, using mono 

and dual anti-HER2 drugs, response rates were inferior in HR-positive tumors compared to 

HR-negative tumors(4, 9–11, 37, 38) (Figure 2). Among published clinical trials, TBCRC 

006, PAMELA, and one arm in NeoSphere trials did not include chemotherapy. However, 

TBCRC 006 and PAMELA combined anti-HER2 therapy with endocrine therapy, if tumors 

were ER-positive, but NeoSphere did not include endocrine therapy. With the limitation of 

cross-study comparison and small patient cohorts, the outcome of patients treated with 

endocrine therapy compared to no endocrine therapy suggests that adding concomitant 
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endocrine therapy is needed for HER2-positive/HR-positive tumors. Finally, in both the 

PAMELA trial (after 14 days of dual HER2 blockade without chemotherapy) and the 

CALGGB 40601 trial (at the completion of single or dual anti-HER2 treatment plus 

chemotherapy), a substantial percentage of HER2-enriched tumors at baseline switched to 

the Luminal A subtype, an observation further indicating the reactivation of ER signaling in 

response to anti-HER2 therapy(10, 17). Together, these data suggest that ER levels and 

signaling may predict outcome to anti-HER2 therapy and that these two pathways should be 

concomitantly blocked.

Activation of HER2-downstream signaling: Deregulation of the PI3K/AKT 

pathway

The HER2 downstream PI3K/AKT pathway is a master regulator of cell growth and 

survival(39, 40). Deregulation that hyperactivates the PI3K/AKT pathway include activating 

mutations in PIK3CA, the gene encoding the p110α catalytic subunit of PI3K, or partial/

complete loss of the tumor suppressor PTEN that negatively regulates the PI3K pathway(39, 

41). Several studies have suggested that constitutive activation of the PI3K/AKT pathway is 

associated with HER2 therapy resistance(42–47). Gain-of-function mutations in PIK3CA 
are observed in about 20% of HER2-positive breast cancer cases(48–52).

Multiple neoadjuvant(51, 53), adjuvant(54), and metastatic(52) studies that analyzed patient 

response to anti-HER2 therapy in combination with chemotherapy reported that patients 

with PIK3CA mutations showed response rates inferior to those with wild type PIK3CA 
tumors. A recent pooled analysis of >950 HER2-positive patients from 5 neoadjuvant trials 

that tested the efficacy of single or dual anti-HER2 therapy with chemotherapy reported that 

PIK3CA mutant tumors are associated with lower pCR rates compared to wild-type tumors, 

especially within the HR-positive subgroup(51). In the metastatic setting, an association 

between PIK3CA mutation status and inferior patient outcome was observed in the 

CLEOPATRA trial(52). Nevertheless, conflicting results have also been reported regarding 

the correlation between tumor PIK3CA mutation status and response to HER2 therapy, 

especially in the adjuvant setting. The adjuvant FINHER(50) and NSABP B-31(49) trials, 

which randomized patients to test the efficacy of trastuzumab in the adjuvant setting, failed 

to show association between PIK3CA mutation status and anti-HER2 therapy response. If 

chemotherapy used in these trials is effective in HER2-positive tumors containing PIK3CA 

mutations, then any correlation between the presence of this mutation and resistance to the 

HER2-targeted therapy will be diluted or lost entirely.

Lost or significantly low PTEN expression is observed in about 20–25% of HER2-positive 

breast cancers(42, 45, 55, 56). Loss of PTEN expression has been shown to be associated 

with reduced response to trastuzumab-containing regimens(55, 57, 58). In the neoadjuvant 

GeparQuattro study, PTEN levels assessed by quantitative immunofluorescence assay 

predicted pCR after anti-HER2 treatment combined with chemotherapy(59). However, 

several other studies in the neoadjuvant, adjuvant, and metastatic settings failed to show 

associations between PTEN loss and anti-HER2 therapy response(45, 47, 55, 59–68). In two 

of our previous neoadjuvant trials that combined anti-HER2 therapy with chemotherapy, it 
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was reported that PTEN loss is associated with resistance to trastuzumab but not 

lapatinib(69), with the latter finding confirmed by another similar study(70) and also in the 

preclinical setting(70). A retrospective analysis of the neoadjuvant NeoALTTO trial failed to 

demonstrate an association between PTEN protein levels and pCR rates(71). In the adjuvant 

trastuzumab setting, retrospective analyses of the HER2-positive tumors from N9831 and 

BCIRG-006 trials revealed no association between PTEN loss and trastuzumab 

resistance(66, 68). However, as mentioned above, most of these studies were done in the 

presence of chemotherapy, which can confound the association and mask resistance to pure 

anti-HER2 therapy since tumors with PIK3CA mutations and perhaps also PTEN loss are 

sensitive to chemotherapy. Therefore, to truly understand the role of PIK3CA mutations and 

PTEN loss in anti-HER2 therapy response, these analyses should be performed in clinical 

trials without chemotherapy. In addition to the confounding effects of chemotherapy, these 

conflicting results could also be related to differences in the patient cohorts, in the PTEN 

antibody, or in the expression cutoffs used across studies as well as the lack of standardized 

methods to quantify PTEN. We have recently shown that even a partial (and not necessarily 

a complete) loss of PTEN is sufficient to activate the PI3K pathway, further suggesting the 

possibility that the arbitrary cut-off of complete loss of the PTEN protein might not be 

correct(41). To fully comprehend the predictive values of PI3KCA mutations and PTEN 

levels in response to anti-HER2 therapy, these markers should be assessed in tumors from 

trials of HER2-targeted therapy alone without chemotherapy.

In addition to the PI3K/AKT pathway, increasing evidence suggests the role of Src kinases 

in HER2 therapy resistance. Several studies using pre-clinical models(72, 73) and human 

tumors(55, 74, 75) have suggested Src as a key modulator of trastuzumab response and a 

common downstream node of multiple trastuzumab-resistance pathways. More importantly, 

Src inhibition has been shown to re-sensitize trastuzumab-resistant cells to trastuzumab both 

in vitro and in vivo(75). In addition, an increase in the copy number of Yes1, a proto-

oncogene and member of the Src family, was observed in the trastuzumab+lapatinib-

resistant cells and, more importantly, pharmacological inhibition of Yes1 re-sensitized the 

resistant cells to trastuzumab(76). These results suggest the potential clinical implications of 

these mechanisms in overcoming trastuzumab resistance. In addition, the presence and 

clinical significance of other relevant alterations in the HER signaling network need to be 

explored.

Tumor microenvironment: Significance of immune response

The role of the immune microenvironment in modulating tumor response to treatment has 

been well studied over the years. In HER2-positive breast cancer, a high level of tumor 

infiltrating lymphocytes (TILs) has been shown to be associated with a more favorable 

prognosis and better pCR with neoadjuvant therapy(59, 77, 78). This is not surprising 

considering the significant involvement of tumor-host immune interaction in accomplishing 

the therapeutic efficacy of anti-HER2 therapy, particularly the monoclonal antibodies 

trastuzumab and pertuzumab. However, in the neoadjuvant and adjuvant setting, somewhat 

contradictory results have been reported across multiple clinical trials. In the neoadjuvant 

setting, the GeparQuattro and GeparQuinto(59) studies reported a positive correlation 

between TILs and HER2 therapy response. In the neoadjuvant NeoALTTO(77) and 
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NeoSphere(78) trials, only low levels of TILs, less than 5%, were found to be associated 

with lower pCR rates. In the adjuvant setting, high TILs were found to be associated with 

better response to trastuzumab treatment in the FINHER study(65). In contrast, in the large 

trastuzumab adjuvant trial N9831, there was a lack of association between high TILs and 

treatment benefit with trastuzumab(79). However, gene expression analysis of tumors from 

this trial showed that patients with “immune gene-enriched tumors” had better outcomes if 

they received trastuzumab(80). Similarly, in multiple other neoadjuvant trials, CALGB 

40601(17), CherLOB(81) and GeparSixto(82), expression of immune genes and immune 

gene signatures showed an independent predictive value in response to dual HER2 blockade 

and chemotherapy. Moreover, in HER2-positive metastatic breast cancer, recent analysis of 

tumors from the CLEOPATRA trial revealed that higher levels of TILs correlated with 

improved overall survival in patients treated with anti-HER2 therapy and chemotherapy(83).

Most clinical trials that studied the correlation of TILs and response to HER2-targeted 

therapy are in the background of chemotherapy, which could be a confounding factor in 

judging the predictive value of TILs. Therefore, an assessment of the predictive value of 

TILs in HER2-therapy response without the influence of chemotherapy is essential to 

determine the role of the immune infiltrates in predicting the response to anti-HER2 therapy. 

Further studies in larger patient populations and more quantitative and qualitative methods 

are needed to establish appropriate cutoffs and investigate whether the quantification of TILs 

can add predictive and/or prognostic value. New multiplex techniques to better understand 

the complexity of the immune infiltrates and its association with patient outcome is 

warranted.

Conclusions and future directions: De-escalation approaches for the 

treatment of HER2-positive breast cancer

The HER2 signaling network is an attractive therapeutic target for treatment of HER2-

positive tumors. Enormous success has been made in the treatment of these tumors through 

the development of highly effective targeted therapies. The therapeutic progress over the last 

few decades has revolutionized the treatment of HER2-positive breast cancer and drastically 

improved patient outcome. The overall strategy so far has been to escalate the treatment by 

adding more HER2-targeted treatments, such as the addition of HER2 dual inhibition 

regimens to aggressive chemotherapy regimens. Unfortunately, this treatment escalation is 

accompanied by significant toxicity and high cost. With the success attained thus far, 

revisiting the current treatment strategies is absolutely essential and de-escalation, which can 

be achieved either by reducing or eliminating chemotherapy, to mitigate the adverse effects 

without impacting patient outcome ought to be considered. The promise of a de-escalation 

approach in reducing the toxicity without affecting patient outcome has been demonstrated 

in a recent adjuvant trial using only paclitaxel as the chemotherapy backbone with 

trastuzumab, a low-toxicity regimen, in HER2-positive patients with favorable 

prognosis(84). Recent neoadjuvant clinical trials TBCRC 006(11), TBCRC 023(85), 

PAMELA(10), and NeoSphere(9) (Table 1) investigated the efficacy of dual HER2 

inhibition without chemotherapy and demonstrated impressive pCR rates (20–30%) in 

patients. These results suggest that treatment escalation may not always be beneficial or even 
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essential. In fact, there is burgeoning evidence to demonstrate that a significant fraction of 

patients with HER2-amplified tumors may not need chemotherapy at all. If these patients 

could be identified upfront, optimal response could potentially be achieved with HER2-

targeted therapy alone. The tumors that do not benefit from this approach may be treated 

with chemotherapy or other strategies to overcome resistance. The success of a de-escalation 

approach is dependent upon the discovery of predictive biomarkers for an accurate 

stratification of patients who will benefit from anti-HER2 therapy alone without 

chemotherapy. Not less important is the accurate identification of patients who need more 

therapy, and the determination of mechanisms of resistance is essential to improve treatment 

strategies. The unique cohort of tumor samples from these neoadjuvant trials without 

chemotherapy will be critical to identify key determinants and cutoffs of response and 

resistance to anti-HER2 therapy without the confounding effects of chemotherapy. This will 

help guide a new generation of clinical trials to test this paradigm for molecular triage of 

patients.

Intrinsic and acquired resistance to HER2-targeted therapy occurs through several 

mechanisms. The more prevalent cause for failure of anti-HER2 treatments is the failure to 

accurately select the true HER2-addicted tumors that would benefit most from this therapy 

and can be spared from chemotherapy. These HER2-addicted tumors, in the presence of 

potent anti-HER2 therapy, can still reactivate the HER2 signaling pathway due to mutation 

of the HER2 gene itself or other alterations in HER2 or other members of the HER family. 

Resistance can also emanate from other molecular mechanisms such as alternative signaling 

pathways, deregulated downstream signaling components, and the tumor immune 

microenvironment. Our understanding of the molecular determinants of intrinsic and 

acquired resistance is not complete and there is still much more to be explored. However, it 

is time for a de-escalation approach by building new predictive tools to stratify patients and 

launching new clinical trials to triage patients based on these multi-parameter molecular 

predictors. Overall, a more accurate identification of patients that will benefit from targeted 

therapy, and a better understanding of the mechanisms of resistance and ways to circumvent 

them, are essential to optimize patient outcomes.
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Figure 1. Determinants of response and mechanisms of resistance to HER2-targeted therapies in 
HER2-positive breast cancer
In HER2-positive breast cancer, despite effective anti-HER2 regimens with mono or dual 

agents to more completely inhibit all the HER dimers, intrinsic and acquired resistance is 

considerable. The prevalent determinants of response and mechanisms of resistance include 

the following categories: A) Optimized response to anti-HER2 therapy requires HER2 

oncogenic addiction, which is mostly associated with high and homogeneous levels of 

HER2 gene copy number, and gene and protein expression (left). However, sustained 

activation of HER2 signaling through alterations in HER2 such as mutations or protein 

cleavage may result in resistance to therapy (right); B) Activation of alternative survival 

pathways (e.g., upregulation of ER levels and activity); C) Deregulation of the downstream 

PI3K/AKT pathway, mainly due to activating mutations of the PIK3CA gene encoding the 

p110α catalytic subunit of PI3K or to partial or complete loss of PTEN, leading to PI3K 

hyperactivation; D) Tumor immune microenvironment and immune response.
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Figure 2. Rates of pathological complete response (pCR) by hormone receptor status of the 
primary tumor in published neoadjuvant trials of single or dual anti-HER2 therapy
Abbreviations: pCR, pathological complete response; L, lapatinib; P, pertuzumab; T, 

trastuzumab. *, treatment arms without chemotherapy; a,b, treatment arms included 5-

fluorouracil, epirubicin, cyclophosphamide, and docetaxel with different schedules; c, 

treatment arm included docetaxel and carboplatin. Numbers on top of the bars indicate pCR 

rate (%).
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