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Neoadjuvant Chemotherapy (NAC) in Breast Cancer (BC) has proved useful for the reduction in tumor burden prior
to surgery, allowing for a more extensive breast preservation and the eradication of subjacent micrometastases.
However, the impact on prognosis is highly dependent on the establishment of Pathological Complete Response
(pCR), in particular for Triple Negative (TN) and Hormonal Receptor negative/Human Epidermal growth factor
Receptor 2 positive (HR-/HER2+) subtypes. Several pCR predictors, such as PAM50, Integrative Cluster
(IntClust), mutations in PIBKCA, or the Trastuzumab Risk model (TRAR), are useful molecular tools for estimating
response to treatment and are prognostic. Major evolution events during BC NAC that feature the Residual
Disease (RD) are the loss of HR and HER2, which are prognostic of bad outcome, and stemness and immune
depletion-related gene expression aberrations. This dynamic nature of the determinants of response to BC NAC,
together with the extensive heterogeneity of BC, raises the need to discern the individual and subtype-specific
determinants of resistance. Moreover, refining the current approaches for a comprehensive monitoring of tumor
evolution during treatment, RD, and eventual recurrences is essential for identifying new actionable alterations and
the integral best management of the disease.breast cancer; neoadjuvant chemotherapy; pathological complete
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Neoadjuvant Chemotherapy (NAC) in Breast Cancer (BC) has proved useful for the reduction in tumor burden
prior to surgery, allowing for a more extensive breast preservation and the eradication of subjacent
micrometastases. However, the impact on prognosis is highly dependent on the establishment of Pathological
Complete Response (pCR), in particular for Triple Negative (TN) and Hormonal Receptor negative/Human
Epidermal growth factor Receptor 2 positive (HR-/HER2+) subtypes. Several pCR predictors, such as PAM50,
Integrative Cluster (IntClust), mutations in PI3BKCA, or the Trastuzumab Risk model (TRAR), are useful molecular
tools for estimating response to treatment and are prognostic. Major evolution events during BC NAC that feature
the Residual Disease (RD) are the loss of HR and HERZ2, which are prognostic of bad outcome, and stemness and
immune depletion-related gene expression aberrations. This dynamic nature of the determinants of response to BC
NAC, together with the extensive heterogeneity of BC, raises the need to discern the individual and subtype-
specific determinants of resistance. Moreover, refining the current approaches for a comprehensive monitoring of
tumor evolution during treatment, RD, and eventual recurrences is essential for identifying new actionable

alterations and the integral best management of the disease.
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| 1. Neoadjuvant Chemotherapy in Breast Cancer Treatments

Neoadjuvant Chemotherapy (NAC) is widely used as a standard of care for early and locally advanced Breast
Cancer (BC). The standard practice consists of the administration of anthracycline-based chemotherapy and
subsequent treatment with a taxane, with the addition of anti-Human Epidermal Growth Factor Receptor 2 (HER2)
therapy in HER2+ disease [l The main purposes of NAC in the clinical setting are the increase in breast
preservation rate (reduction in tumor burden) and the achievement of a pathological Complete Response (pCR),
which greatly influences Disease-Free Survival (DFS) and Overall Survival (OS). In addition, the implementation of
NAC became a driving force in the search for new therapeutic targets and generated excellent in vivo models to

investigate the sensitivity and resistance mechanisms of novel therapeutic approaches.

The response to NAC is key for the assessment of outcome after surgery, which is based on the pathological
examination of breast tissue and lymph nodes that are surgically removed after NAC 28], This assessment can be
dichotomized in pCR and Residual Disease (RD). pCR is defined as the absence of invasive cancer cells in the
breast and/or axillary nodes (ypTO/Tis ypNO), while RD is defined as the non-absence of invasive cancer cells in
the breast and axillary nodes. Within this frame, several types of grading and classifications of pCR and RD have
been established depending on the employed pathological examination (reviewed in Penault-Llorca et al., 2016 &l).
Classifications such as Miller and Payne 4! and Residual Cancer Burden (RCB) Bl quantify the response to NAC in

several grades, where one is pCR and the others correspond to a spectrum of values that reflect the extent of RD
=],

The association of sensitivity to NAC in terms of pCR achievement with better long-term outcomes has been
established [8, particularly in specific BC subtypes, such as luminal B/[HER2 negative (HER2-), HER2-positive
(HER2+)/non-luminal, and Triple Negative (TN) BC.

Different studies from Collaborative Trials in Neoadjuvant Breast Cancer (CTNeoBC) showed that the absence of
invasive tumor cells in breast and axillary lymph nodes after NAC added prognosis value when using Event-Free
Survival (EFS) and OS as outcome measurements, to the sole detection of breast invasive tumor cells (EFS HR
0.44 vs. 0.6; OS HR 0.36 vs. 0.51) 8. In general, patients that have pCR following NAC are much less likely to
recur than those with RD BIRILANILILZ] The approximate general percentage of pCR in BC is 31%, whereas pCR
achievement in BC subtypes is 12% for HR+/HER2-, 40% for TN, and 47% for HER2+ (anti-HER2 treated)
subtypes 12, The subtype-specific associations between pCR and outcome arose in three pivotal clinical trials,
NeoALTTO 131 NOAH 24! and NeoSphere 131, which collectively show that pCR is a highly informative prognosis
biomarker in the HER2+ subtype; those patients with HER2+ breast tumors treated with NAC and anti-HER2
treatment (Trastuzumab or Trastuzumab plus Pertuzumab) that achieved pCR had a significantly higher 6-year
EFS (77% vs. 65%) and OS (86% vs. 77%) compared with those without pCR €. The association between pCR
and long-term outcomes in the different BC subtypes has been reviewed elsewhere [€: when pCR is documented,
the risk of death was reduced by 84% in TN, 92% in HER2+, and 71% in HR+ BC. The most relevant recent clinical
trials about NAC treatment with pCR as endpoint are described in Table 1. Specific recent reviews on clinical trials
evaluating NAC in TN and HER2+ BC give a good account of them 17,
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Given this relevant potential as a prognostic biomarker, and considering the discrete percentage of patients that
achieve pCR after NAC (31%) 12l there is an urgent need to define those predictive factors that can anticipate

response to NAC, and therefore, cooperate to determine the best therapeutic approach in advance.

Table 1. Summary of clinical trials based on chemotherapy.

Clinical Trials Patients Treatment PCR (%)

HER2-enriched and Basal-like

subtypes achieved the best % of

I-SPY [11] All Subtypes NAC pPCR compared with Luminal B
subtype (55% and 34% vs. 13%,
respectively).

Those tumors HR- had better
GeparDuo 18 All Subtypes NAC response to NAC than those HR+
(22.8% vs. 6.2% of pCR)

In TN, basal-like subtype, High Ki67

and low HER2 score were
WSG-ADAPT-TN

[19] TN NAC associated with chemosensitivity

(p =0.015, p <0.001 and p < 0.001,

respectively)

TN breast cancer obtained the best
GeparSepto 29 All Subtypes NAC _

ratio of pCR (48%)).

51% with dual HER2 therapy versus
NeoALTTO [21] HER2+ NAC + (L+T) 30% and 25% with T and L

respectively.

51% with dual HERZ2 therapy versus
CALGB 40,601 22 HER2+ NAC + (L+T) 40% and 32% with T and L

respectively.
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62% with dual HER2 therapy versus
NSABP B-41 [28] HER2+ NAC + (L+T) 53% and 53% with T and L

respectively.

TILs are associated with pCR (OR
1.03; p < 0.001). The PAM50

CherLOB [24] HER2+ NAC + (L +T) _ _
subtype with better pCR ratio was
HER2-enriched (50%, p < 0.001).
46% with dual HER2 therapy versus
NeoSphere 3] HER2+ NAC + (p + T) , ,
29 and 24 with T and p respectively.
TRYPAHENA (22 HER2+ NAC + (p +T) 57%—66% with dual HER2 therapy.
The highest pCR rate was in HER2-
BERENICE28! HER2+ NAC + T +p : .

enriched PAM50 subtype (75%).

NAC +/- Immune checkpoint )
NeoPACT TN o Ongoing
inhibitors

NAC +/- Immune checkpoint

GeparNuevo TN o Ongoing
inhibitors

NeoTala TN NAC +/- PARP inhibitors Ongoing

GeparOla TN NAC +/- PARP inhibitors Ongoing

| 2. Data, Model, Applications and Influences

This study applies to the area of Precision Medicine in cancer, and is particularly devoted to offer a wider and
integral perspective of the molecular features related to the resistance to NAC in the management of patients
affected by breast cancer. We undertake this task by agglutinating on one side the known molecular predictors of

pCR and stating their comparative prediction potential to the clinicopathological classical pCR predictive factors,
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and, on the other side, by analyzing the phenotype of RD from a dynamic perspective. With that strategy, we have
managed to highlight the most promising pCR predictors as well as delineated the optimal approach for future
identification and optimization of the molecular determinants of pCR. In addition, disentangling the transitions in
subtypes and the more refined molecular alterations during NAC that define the RD phenotype provides the
community with an orientated vision on possible new targets and therapeutic approaches that could help to

minimize the burden of the resistance to NAC in breast cancer.

| 3. Future Perspectives

The incorporation of NAC to the standard of care treatment to early and locally advanced breast cancer has greatly
benefited these patients in terms of survival and breast preservation. As for any other novel pharmacological
approach, the implementation of NAC has been paralleled by an intense search for those factors influencing its
impact on the course of the disease. In an important effort, a myriad of studies has defined different predictors of
the most informative prognosis factor, pCR, and characterized the profile of residual disease. Interesting
observations include gene expression signatures, some of them subtype-defining, as well as other molecular
variations and clinicopathological features that are able to anticipate pCR and, in some cases, prognosis. In
addition, a phenotype evolution during treatment has been revealed with a transition towards a “normal-like”
phenotype, with losses of the essential breast cancer receptors, or towards the stemness or immune depleted
phenotypes as characteristic of those tumors that have not been eradicated by NAC. Despite this significant
progress, several concerns are yet to be addressed for an efficient implementation of NAC in terms of predicting
the clinical benefit and identifying successive treatments for the residual disease. In both cases, the main pitfall is
the important heterogeneity that characterizes this type of cancer; more randomized clinical trials that consider the
breast cancer subtypes individually and address the intratumor heterogeneity should evaluate the determinants of
PCR and the profile of residual disease. These would generate invaluable input to refine the novel cDNA “mutations
tracking” approaches 272811291 that require knowledge of the specific predicted residual disease mutations with
prognostic potential to be interrogated during the course of NAC and after surgery, and those that could be

amenable as targets for ulterior treatments of the residual disease.

Moreover, some pre-clinical initiatives are also emerging to dissect the mechanisms of chemoresistance that can
contribute to the identification of additional targets. In this regard, a recent study employed several systems that
mimic in vivo TN BC chemoresistance, such as xenograft models, three-dimensional cultures, and primary breast
cancer organoids, to identify that Lysyl oxidase (LOX) is a key inducer chemoresistance in TN BC. Indeed, higher

LOX was associated with shorter survival in chemotherapy-treated TN breast cancer patients’ organoids 22,

Beyond residual disease, the field is largely lacking deterministic factors of metastasis after NAC and their inter-
relation with specific profiles of the primary tumor and residual disease. Indeed, a major concern beyond the
detection and prediction of residual disease is the development of distant metastatic disease, which is responsible

for 90% of breast cancer-related deaths 31,
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To date, a few research studies have established several candidate diagnostic biomarkers of breast cancer
metastasis; however, no single predictor of metastasis after residual disease has been identified so far. Therefore,
longitudinal studies with homogeneous cohorts controlled for pCR achievement would be key for identification of
the impact of NAC in the development of distant metastasis, and the specific tumor evolution towards the most
deleterious phenotype of this disease. Considering the current outstanding amount of high throughput generated
data related to NAC response, the rational design of the future clinical trials, and the rapid transformation of the
real-time non-invasive monitoring technologies, we anticipate the transition in the field towards a more patient- and
evolution-specific implementation of NAC for breast cancer.
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