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A B S T R A C T   

Traditionally, the classification of breast cancer relies on the expression of immunohistochemical (IHC) bio
markers readily available in clinical practice. Using highly standardized and reproducible assays across patient 
cohorts, intrinsic molecular subtypes of breast cancer - also called “intrinsic subtypes” (IS) - have been identified 
based on the expression of 50 genes. Although IHC-based subgroups and IS moderately correlate to each other, 
they are not superimposable. In fact, non-luminal biology has been detected in a substantial proportion (5–20%) 
of hormone receptor-positive (HoR+) tumors, has prognostic value, and identifies reduced and increased 
sensitivity to endocrine therapy and chemotherapy, respectively. During tumor progression, a shift toward a non- 
luminal estrogen-independent and more aggressive phenotype has been demonstrated. Intrinsic genomic insta
bility and cell plasticity, alone or combined with external constraints deriving from treatment selective pressure 
or interplay with the tumor microenvironment, may represent the determinants of such biological diversity 
between primary and metastatic disease, and during metastatic tumor evolution. In this review, we describe the 
distribution and the clinical behavior of IS as the disease progresses, focusing on HoR+/HER2-negative advanced 
breast cancer. In addition, we provide an overview of the ongoing clinical trials aiming to validate the predictive 
and prognostic value of IS towards their incorporation into routine care.   

Background 

Hormone receptor-positive (HoR+) breast cancer (BC) accounts for 
75% of all invasive breast tumors [1]. Endocrine therapy (ET) with es
trogen receptor (ER) modulators, aromatase inhibitors (AIs), or ER an
tagonists, constitutes the backbone of treatment for HoR+/HER2- 
negative BC, alone or in combination with targeted therapies (i.e., 
CDK4/6, mTOR or PI3K inhibitors). It also represents a highly successful 
example of precision oncology, where treatment choices are guided by 
predictive biomarkers. To date, beyond HoR positivity, PIK3CA somatic 
mutations, HER2-low status, germline BRCA1/2, and PALB2 mutations 
are the only actionable biomarkers informing patient selection for 
treatment of HoR+/HER2-negative disease (i.e., alpelisib for PIK3CA- 

mutant tumors, trastuzumab deruxtecan for HER2-low disease, PARP- 
inhibitors for germline BRCA1/2- or PALB2-mutant tumors) [2–8]. 
Recently, a first-in-class AKT inhibitor combined with fulvestrant has 
demonstrated superior clinical outcomes in comparison with fulvestrant 
alone in the overall trial population and in pre-specified subgroups 
identified by alterations in the PIK3CA, AKT1, or PTEN genes, likely 
providing a new therapeutic option for patients progressing on prior 
endocrine treatment (with or without CDK4/6 inhibitors), but inde
pendently of PI3K pathway-related biomarkers [9]. In addition, no 
biomarkers predicting mechanisms of resistance to novel drugs are 
currently available, although recent findings from the prospective 
PADA-1 trial showed that acquired ESR1 mutations in patients exposed 
to prior AIs might be used to detect the rise of resistance and the 
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opportunity to switch to a different ET, like fulvestrant [10]. 
Traditionally, breast tumors have been classified based upon 4 

immunohistochemical (IHC) biomarkers readily available in clinical 
practice: ER, progesterone receptor (PR), HER2, and Ki67 (in some 
countries). Along with these biomarkers, hierarchical clustering based 
on the unsupervised analysis of differentially expressed “intrinsic” genes 
has segregated BC into two main clusters, mostly dominated by ER 
expression, and 4 sub-clusters referred to as “intrinsic molecular sub
types”, also called “intrinsic subtypes” (IS) [i.e., Luminal A, Luminal B, 
HER2-Enriched (HER2-E) and Basal-like]. Biological heterogeneity and 
clinically relevant differences in incidence, survival, and response to 
treatment between subtypes have been demonstrated [11–21]. A 
Normal-like group showing gene expression features usually expressed 
by the adipose tissue and clustering with fibroadenoma and normal 
breast tissue has been also identified [22]. The clinical relevance of this 
subtype is unclear, and many, including our group, consider it a mere 
artifact, likely attributable to specimen contamination by normal tissue 
[11–15,23–25]. 

We have previously illustrated the clinical significance of the IS 
[26–28]. Here, we describe the distribution of the IS and their evolution 
during disease progression, along with their clinical behavior, focusing 
on the HoR+/HER2-negative advanced disease. Of note, the terms 
advanced or metastatic breast cancer will be used interchangeably in 
this review. In addition, we present a summary of the ongoing clinical 
trials in the advanced setting aiming to define the clinical utility of the 
IS. 

Temporal evolution of the IS during disease progression 

There is accumulating evidence on the genomic and phenotypic 
evolution between primary and metastatic breast tumors [29–31]. For 
example, in a study analyzing 123 paired primary breast tumors and 
metastases (of which 70% were HoR+/HER2-negative), high concor
dance for the Basal-like (100%), and moderate concordance for the 
HER2-E (76.9%) and Luminal B (70%) subtypes was observed, whereas 
a substantial rate of conversion of the Luminal A subtype (55.3%) to 
non-luminal disease was noted. In addition, ~15% of Luminal A and 
Luminal B primary tumors changed to HER2-E disease in the corre
sponding metastasis, despite being clinically HER2-negative. Overall, 
the HER2-E subtype was more frequently detected in metastasis (22%) 
than in the corresponding primary lesion (11.4%). Moreover, metastatic 
tissues showed higher expression of proliferation-related genes and 
lower expression of luminal genes when compared to the primary tu
mors, except for the Basal-like disease that is characterized by a rela
tively stable intrinsic gene expression profile [31]. 

Recent molecular subtype analysis of longitudinal primary tumors 
and metastases (64% of the tumors were HoR+/HER2-negative) from 
152 patients enrolled in the European AURORA study revealed an 
overall 36% conversion rate of IS. Ninety percent of Luminal A primary 
tumors switched to Luminal B or HER2-E in the metastatic sample. 
Overall, 17.9% of the Luminal A or B primary tumors were identified as 
non-luminal in the metastases. Luminal tumors switching to the HER2-E 
subtype were more enriched in TP53 and/or PI3KCA mutations in 
comparison with stable tumors. Gene expression differences between 
primary tumor and metastasis were larger in HoR+/HER2-negative 
disease in comparison with other groups. These differences correlated 
with a longer time to relapse indicating an adaptive transcriptional 
reprogramming associated with endocrine resistance and/or an accu
mulation of mutations in late-recurrent tumors [32]. 

To support the growing body of evidence of subtype changes in early- 
stage vs advanced-stage BC, we examined studies reporting subtype 
distribution in both settings in the context of the HoR+/HER2-negative 
disease. Original research articles published in English in Pubmed or 
abstracts presented at the main international annual conferences be
tween January 2009 and December 2021 were retrieved and reviewed 
using the following search terms: “PAM50”, “hormone receptor- 

positive”, “HER2-negative”, “intrinsic subtype” and “breast cancer”. 
Overall, 27 different studies, for a total of 10,458 primary tumors and 
763 metastases, were identified and deemed suitable for the subtype 
distribution analysis (paired and unpaired; Supplementary Table A). 
Overall, a higher proportion of HER2-E subtypes was detected in me
tastases compared to primary tumors (18% vs 6%; p < 0.001). On the 
contrary, the proportion of the Luminal A subtype was lower in metas
tases (34% vs 54%; p < 0.001), whereas the proportion of Luminal B and 
Basal-like subtypes was similar (Fig. 1). 

Taken together, these findings support the evidence of a higher 
prevalence of estrogen-independent and more aggressive IS in metas
tases as compared to primary tumors. Intrinsic tumor biology and cell 
plasticity, along with external constraints like selective pressure by 
adjuvant treatments, the interplay with the tumor microenvironment 
and undetected cellular sub-clones at the initial diagnosis might be, 
alone or combined, at the basis of such biological diversity observed 
between primary and metastatic disease. 

Main molecular features of non-luminal IS within HoRþ/HER2- 
negative breast cancer 

IS capture most of the biological diversity present in BC, are repre
sented in each IHC-based subgroup, and add prognostic and predictive 
information beyond classical clinical and pathological parameters (i.e., 
age, node status, tumor size, and histological grade), in both early and 
metastatic settings [14,20,23,24,33–41]. Non-luminal IS (i.e., Basal-like 
and HER2-E) in the context of primary or metastatic HoR+ BC have been 
associated with poorer outcome, less endocrine sensitivity, and 
increased responsiveness to chemotherapy (CT) compared to luminal 
tumors, despite being ER-positive by IHC [18,26,27,31,35–37,42–47]. 
Intriguingly, a pooled analysis of the MONALEESA trials observed that 
the HER2-E subtype exhibits the worst prognosis with ET alone but the 
greatest relative benefit when ribociclib was added to ET for the treat
ment of HoR+/HER2-negative advanced disease [46]. The hypothesis 
behind this observation is that effective therapies such as ribociclib can 
switch an aggressive IS such as the HER2-E to a more estrogen- 
dependent subtype such as the Luminal A. This has been previously 
demonstrated in patients with HoR+/HER2-positive BC, where anti- 
HER2 therapies can turn a HER2-E/HER2-positive tumor into a 
Luminal A/HER2-positive [48]. Whether this subtype switching is 
functionally relevant is under investigation. 

Biologically, the HER2-E subtype is characterized by high expression 
of growth factor receptor-related genes, such as ERBB2 and FGFR4, and 
of cell cycle-related genes, by low expression of luminal-related genes, 
such as ER and PR, and Basal-related genes (e.g., keratin 5 and FOXC1). 
This subtype presents high aneuploidy and the highest number of mu
tations across the genome. Overall, 72% and 39% of HER2-E tumors are 
TP53 and PIK3CA mutated, respectively, and show amplification of 
FGFR, HER1/EGFR, CDK4, and Cyclin D1 genes [14]. APOBEC3B, a 
subclass of APOBEC cytidine deaminase that converts cytosine to uracil, 
is also frequently mutated in the HER2-E subtype [49]. Among HoR+/ 
HER2-negative BCs by IHC, ERBB2 gene expression (and the expression 

Fig. 1. PAM50 subtype distribution in hormone receptor-positive (HoRþ) 
and HER2-negative breast cancer. (A) primary disease (N = 10,458) and (B) 
metastatic disease (N = 763). 
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of other 17q12 amplicon genes) is higher in HER2-E than in the other 
subtypes but lower in comparison to HoR+/HER2-positive disease 
(Fig. 2A). 

The HER2-E subtype has a similar copy number alteration profile, 
higher TP53, and ERBB2 and lower PIK3CA mutation frequency, lower 
ESR1 expression (Fig. 2B), and higher immune genes expression in 
comparison with luminal tumors but similar proliferative characteristics 
compared to the Luminal B subtype [14,50]. Globally, the HER2-E/ 
HER2-negative subtype is almost molecularly indistinguishable from 
its counterpart within the HER2-positive disease. In fact, HER2-E/HER2- 
positive tumors share most genomic and genetic alterations with HER2- 
E/HER2-negative tumors, except for the upregulation of genes located 
in, or near, the HER2 amplicon on chromosome 17 [18]. 

The Basal-like subtype is characterized by high expression of pro
liferation-, tyrosine kinase, and cell cycle-related genes as well as ker
atins (e.g., keratins 5, 14, and 17), intermediate expression of HER2- 
related genes, and low expression of luminal-related genes (Fig. 2B 
and Fig. 3). At the DNA level, these tumors present a high mutation rate, 
TP53 mutation in 80% of the cases while most frequently mutated genes 
of the luminal repertoire, except for PIK3CA (9%), are nearly absent 
[14]. Although the Basal-like subtype, given its lower frequency, has 
been less extensively characterized than the HER2-E subtype in the 
context of the HoR+/HER2-negative disease, evidence suggests that the 
genomic profile of Basal-like tumors is well-preserved across IHC-based 
subgroups [14,51]. Basal-like tumors share considerable genomic com
monalities (i.e. high expression of CCNE1, EGFR, and keratins genes, 
among others, and low expression of luminal-related genes, such as 
ESR1 and FOXA1) with the triple-negative tumors or the prototypical 
PAM50 Basal-like subtype (Fig. 3) [46]. 

HER2-low tumors, defined as those with HER2 IHC score 1+ or 2+
with negative ISH assays [52], represent most of the HER2-negative BCs, 
regardless of the HoR status [53,54]. Results from a comprehensive 
retrospective analysis of more than 3,500 patients revealed that the 
luminal biology predominates among HoR+/HER2-low primary tumors, 
whereas the HER2-E subtype is infrequent (<5%) and equally distrib
uted between HER2 0 and HER2-low. This subtype distribution was 
consistent with a pattern of differential ERBB2 gene expression between 
HER2 0 and HER2-low BCs, especially in the HoR+ group. Conversely, 
no relevant differences in subtype distribution were observed among 
triple-negative BCs when subdivided by HER2 IHC levels [53]. Impor
tantly, HER2-low status did not show any prognostic effect [54]. Over
all, there is no evidence supporting the HoR+/HER2-low tumor 
subgroup being an independent nosological entity [53,55–57]. It might 
represent a subset of HoR+ tumors with some activation of the HER2 

pathway, potentially representing a proxy for the identification of 
tyrosine kinase receptor-based endocrine-resistant BC [58], with low or 
absent association with the IS, deserving special attention due to its 
potential therapeutical implications [59]. 

Clinical relevance of the IS in HoRþ/HER2-negative metastatic 
breast cancer 

Prognostic and predictive role in patients treated with chemotherapy 

PAM50-based analysis from 2 randomized clinical trials has previ
ously investigated the value of the IS in patients receiving CT. The first 
trial led by Nielsen D.L. and colleagues [60] tested the efficacy of 
docetaxel alone or combined with gemcitabine for the 1st or 2nd-line of 
treatment in 337 patients with HER2-positive or negative advanced BC. 
PAM50 IS distribution from 181 (67%) HoR+/HER2-negative primary 
tumors, among the 270 samples that were profiled, is reported in 
Table 1. The Luminal A subtype was associated with a significantly 
lower risk of progression, measured as time to progression (TTP) [hazard 
ratio (HR) 0.56], and better overall survival (OS) (HR 0.71) compared to 
non-luminal subtypes, whereas the Basal-like IS was associated with 
poorer survival outcomes compared to non-Basal-like disease (TTP: HR 
1.80; OS: HR 1.65). The associations remained significant when adjusted 
for the main clinical-pathological variables including HER2 status. 
Overall, the IS were not predictive of TTP (pinteraction = 0.50). Never
theless, patients with Basal-like tumors receiving the combination of 
gemcitabine plus docetaxel achieved a 10-month longer median OS vs 
those treated with docetaxel alone (18.7 months vs 8.5 months; pinter

action = 0.0006), reaching similar OS estimates as the non-Basal-like 
disease [61]. 

The TEX study was a Swedish multicenter trial that assigned 287 
patients with metastatic BC to 1st-line CT with epirubicin and paclitaxel 
with or without capecitabine [69]. Tumor samples from 120 loco- 
regional or distant relapses were profiled using the research-based 
PAM50 classifier (Table 1). ER+ and PR+ tumors represented 62.5% 
and 48.5% of the whole cohort, respectively. As a limitation, informa
tion on HER2 status was not available. The PAM50 subtypes were 
significantly associated with post-relapse BC-specific survival, with the 
shortest survival seen in the non-luminal subgroups. In a model adjusted 
for clinical variables, including study treatments, a more than 3-fold 
increased risk for death from BC was found in patients whose tumors 
were Basal-like or HER2-E compared to Luminal A (HR of 3.70 and 4.40, 
respectively) [62]. These findings were validated in a subsequent post 
hoc analysis [70]. Interestingly, IS in this trial displayed preferential 

Fig. 2. Relative transcript abundance of ERBB2 and ESR1 among hormone receptor-positive (HoRþ) tumors according to clinical HER2 status. (A) ERBB2 
and (B) ESR1 gene expression across the PAM50 intrinsic subtypes in 1434 tumor samples. Data was obtained from the Molecular Taxonomy of Breast Cancer 
International Consortium (METABRIC) publicly available dataset (Curtis C. et al., Nature 2012). 
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sites of metastasis and no liver metastasis was classified as Basal-like. 
Consistently, a recent retrospective study from our group demon
strated that the Basal-like subtype was detected only in 6.5% of liver 
metastases (while Luminal A, Luminal B, and HER2-E tumors were 
found in 25.8%, 32.3%, and 35.5% of cases, respectively). Basal-like 
tumors showed the highest expression of immune genes, whereas liver 
metastases (together with brain metastases) had the lowest expression of 
immune genes [38]. These findings are in line with previous evidence 
showing that site-specific tumor colonization is regulated by the 
expression of specific genes and support a potential role of the tumor 
microenvironment in metastasis organotropism [71,72]. 

Prognostic and predictive role in patients treated with endocrine therapy 
with or without targeted therapy 

In 2015, the prognostic value of PAM50 BC subtypes was explored in 
a population-based retrospective cohort identified within the Stockholm 
Breast Cancer Registry (Table 1). Among patients treated with ET in the 
1st-line metastatic setting, Luminal A IS was associated with a clinically 

relevant but non-statistically significant 14-month longer median post- 
relapse survival compared to Luminal B. In an analysis restricted to 
HoR+ tumors, the results were unchanged. Although purely explorative 
and not meant to provide any treatment recommendations, these find
ings represented an early signal of the ability of the PAM50 classifier to 
identify a subgroup of patients with metastatic disease with a better 
prognosis than others [35]. 

The EGF3008 phase III clinical trial randomized 1,286 patients with 
HoR+ loco-regionally relapsed or metastatic BC to letrozole with or 
without lapatinib [73]. Overall, 821 tumor samples (86% from the 
primary tumor) were PAM50 profiled, and 644 were HoR+/HER2- 
negative (Table 1). Luminal A tumors showed the longest median 
progression-free survival (PFS) and OS, while Basal-like biology was 
associated with the worst outcome. Luminal B, HER2-E, and Basal-like IS 
presented 1.46-, 2.88-, and 2.26-times higher risk of progression in 
comparison with Luminal A, respectively. The IS conferred the strongest 
prognostic information in terms of PFS and OS (second to prior ET), and 
this information was independent of clinical and pathological parame
ters such as number of metastases, performance status, and visceral 

Fig. 3. Heatmap from an unsupervised analysis of the PAM50 genes in 348 breast tumors representing the PAM50 HER2-E (N ¼ 138) and Basal-like (N ¼
210) subtypes. The three immunohistochemical (IHC)-based subgroups (i.e., HoR+/HER2-negative, HER2-positive, and Triple-negative) are shown below the array 
tree. Data was obtained from The Cancer Genome Atlas (TCGA) publicly available dataset (Koboldt D.C. et al., Nature 2012). 

Table 1 
PAM50 subtype distribution across studies in the setting of hormone receptor-positive and HER2-negative metastatic breast cancer.   

Source of biopsy N Luminal A (%) Luminal B (%) HER2-Enriched (%) Basal-Like (%) Normal-Like (%) Reference 

Jorgensen C.L.T., 2014 Primary tumor 181  38.7  49.2  7.2  4.9  [61] 
Tobin N.P., 2015* Metastasis 120  10.0  28.0  32.0  25.0  5.0 [62] 
Falato C., 2015* Primary tumor 187  21.9  23.5  26.2  21.9  6.5 [35] 
Prat A., 2016 Primary tumor or metastasis 644  52.0  30.0  3.0  3.0  12.0 [37] 
Prat A., 2019 Primary tumor or metastasis 261  46.7  15.7  21.5  1.9  14.2 [63] 
Turner N.C., 2019** Primary tumor or metastasis 285  44.0  30.7  20.9  1.7  2.7 [64] 
Finn R.S., 2020** Primary tumor or metastasis 455  50.0  30.0  19.0  1.0  [65] 
Prat A., 2021 Primary tumor or metastasis 1160  46.7  24.0  12.7  2.6  14.0 [46] 
Martinez Saez O., 2021 Primary tumor or metastasis 114  33.0  37.0  17.0  5.0  8.0 [66] 
Martin M., 2021** Primary tumor or metastasis 455  51.0  42.0  6.4  0.6  [67] 
Lee S., 2022 Primary tumor or metastasis 165  38.0  36.0  12.0  8.0  7.0 [68]  

* Mixed ER-positive and ER-negative tumors. 
** Profiled using the Absolute Intrinsic Molecular Subtyping (AIMS) algorythm. 
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disease. Of interest, this study showed a statistically significant benefit 
deriving from lapatinib, a reversible EGFR and HER2 tyrosine kinase 
inhibitor, for the HER2-E (pinteraction = 0.020) but not for the other 
subtypes, in both univariate and multivariable analyses (median PFS of 
6.5 months with lapatinib vs 2.6 months with placebo; p = 0.030) [37]. 

The BOLERO-2 trial was an international randomized phase III study 
in which endocrine pre-treated patients with HoR+/HER2-negative 
advanced disease were randomized to the mTOR-inhibitor everolimus or 
placebo, in combination with exemestane [74]. The study led to the 
approval of everolimus for the 2nd-line treatment of HoR+/HER2- 
negative metastatic BC. A retrospective PAM50 subtype analysis on 261 
primary tumors or metastases (Table 1) showed that metastases were 
enriched in the HER2-E subtype (32% in metastasis vs 19% in the pri
mary tumor). Overall, a 1.5-month median PFS difference was registered 
between non-luminal and luminal tumors (5.2 months vs 6.7 months; 
adjusted HR 0.66). Everolimus and exemestane significantly improved 
median PFS in patients with HER2-E (5.8 vs 4.1 months), non-HER2-E 
(8.7 vs 4.1 months), non-luminal (5.8 vs 4.1 months) and luminal (8.7 
vs 4.1 months; adjusted HR 0.39) disease, compared to exemestane 
alone. No interaction was observed between subtype and treatment. 
Luminal A IS (N = 122) derived statistically significant PFS benefit from 
everolimus compared to placebo (8.3 vs 4.1 months; p < 0.001). A non- 
statistically significant 4-month longer median PFS was reached in the 
Luminal B subgroup (N = 41) when everolimus was administered [63]. 

Several clinical trials have demonstrated that CDK4/6 inhibitors, 
namely palbociclib, ribociclib, or abemaciclib, in combination with an 
AI or fulvestrant significantly prolong PFS and OS of HoR+/HER2- 
negative metastatic BC [75–84]. Predictive biomarkers of response for 
optimal patient selection, beyond IHC, are currently under investiga
tion. For example, the PALOMA-3 study randomly assigned 521 patients 
with endocrine pre-treated metastatic BC to receive fulvestrant with or 
without palbociclib [76]. Overall, 302 tumor samples from primary 
tumor or metastasis were profiled (Table 1) using the EdgeSeq Oncology 
BM Panel which includes 42 genes among the 100 genes of the Absolute 
Intrinsic Molecular Subtyping (AIMS) algorithm [85]. Consistently with 
the previous literature, a 76% agreement with the PAM50 classifier was 
ascertained. Both AIMS-based luminal and non-luminal tumors 
benefitted from the addition of palbociclib. In the luminal subgroup, 
only Luminal A showed a significant benefit with the addition of pal
bociclib although no significant interaction was found between Luminal 
A and Luminal B biology. Palbociclib significantly prolonged median 
PFS (9.5 vs 5.5 months; HR 0.58) of non-luminal tumors but the limited 
number of Basal-like IS (N = 5) and the presence of Normal-like tumors 
(N = 8) precluded any solid conclusion [64]. 

Finn et al. performed a comprehensive biomarkers analysis using 
tumor samples from the PALOMA-2 randomized phase III trial of 1st-line 
palbociclib plus letrozole vs letrozole in postmenopausal women with 
HoR+/HER2-negative advanced BC [75]. The AIMS algorithm was 
adopted for the subtype classification of tumor samples from 455 pa
tients (Table 1) and a 75% concordance with the PAM50 IS was detec
ted. Patients with luminal tumors significantly benefited from the 
addition of palbociclib to letrozole (Luminal A: HR 0.55; Luminal B: HR 
0.51), while HER2-E tumors derived a smaller absolute benefit. Yet, the 
number of patients with the HER2-E (N = 85), Basal-like (N = 2), and 
Normal-like (N = 2) IS was very limited and no formal statistical com
parison was performed [65]. It is worth noting that only a moderate 
agreement (54%) between the validated research-use only (ruo) PAM50 
assay and the AIMS algorithm-based method for the IS detection was 
observed in another PALOMA-2 trial sub-analysis. Overall, 46% of 
Luminal B and 67% of Basal-like tumors were classified as Luminal A 
and HER2-E, respectively, using the AIMS method. This analysis sug
gests that the lack of interchangeability of distinct subtyping assays may 

lead to clinically relevant tumor misclassifications [28]. 
In 2021, a large correlative analysis assessing the prognostic and 

predictive role of the PAM50 IS across the MONALEESA phase III pivotal 
trials of ribociclib and ET was reported [46]. Overall, 1,160 tumor 
samples were evaluable for analysis (Table 1). The Luminal A subtype 
was associated with the best PFS rates in comparison with the other 
subtypes, in the overall population as well as in each treatment arm. In 
the overall population and compared to Luminal A, adjusted HRs for risk 
of progression were 1.44, 2.31, 3.96, and 1.28 for Luminal B, HER2-E, 
Basal-like, and Normal-like IS, respectively. This pattern was similar 
in both treatment arms. Except for Basal-like, each IS exhibited a 
consistent PFS benefit when ribociclib was administered. Notably, 
HER2-E showed the greatest relative benefit from the addition of ribo
ciclib to ET (HR = 0.39). Adjusted HRs were 0.47, 0.52, and 0.63 for 
Normal-like, Luminal B, and Luminal A IS, respectively [46]. More 
recently, comparable OS results were presented and the IS remained 
prognostic for OS in both arms, also after adjusting for clinical covariates 
[86]. In summary, ribociclib combined with ET demonstrated clinical 
activity in all subtypes, except for the Basal-like, with the greatest 
relative PFS and OS benefit observed in the HER2-E disease. 

The prognostic and predictive value of the HER2-E subtype was also 
explored outside clinical trials in a cohort of 141 consecutive patients 
diagnosed with HoR+/HER2-negative metastatic BC and treated with 
CDK4/6 inhibitors and ET in the real-world setting between 2014 and 
2020. Data on PAM50 subtypes was available from 114 patients 
(Table 1) and the IS were evaluated in primary (50%) or metastatic 
(50%) tumors. Median PFS was 7.4 months in the HER2-E subgroup vs 
21.1 months in the non-HER2-E subgroup (p = 0.010). Median OS was 
30.9 months in the HER2-E subgroup and was not reached in the non- 
HER2-E subgroup at a median follow-up time of 22.5 months (p =
0.010). In an exploratory analysis comparing ribociclib to palbociclib 
and abemaciclib, the HRs for PFS were in favor of ribociclib in all sub
types. Intriguingly, in the group of HER2-E tumors, a 6.8-month longer 
median PFS was observed for ribociclib vs palbociclib/abemaciclib, 
although it did not reach the statistical significance (median PFS 13.6 vs 
6.8 months). Finally, the objective response rate (ORR) of Luminal A/B 
and HER2-E disease was 40.5% and 42.9% with ribociclib vs 36.8% and 
25.0% with palbociclib [66]. 

A systematic review and trial-level metanalysis, including most of 
the previous studies and an additional phase II single-arm trial in the 
setting of HoR+/HER2-positive disease, ultimately validated the prog
nostic role of the IS in HoR+ advanced BC. In this metanalysis, all other 
IS, compared to Luminal A, were significantly associated with worse 
PFS, regardless of HER2 status, type of systemic treatment, and meno
pausal status. Moreover, the Luminal B subtype (HR = 1.46) was asso
ciated with a better prognosis than HER2-E (HR 2.39) and Basal-like 
(HR = 2.67) tumors [87]. 

Predictive role in patients treated with ET-based therapy vs chemotherapy 

The efficacy of CDK4/6 inhibitors in combination with ET has been 
compared to CT in 2 clinical trials. The PEARL study was a multicenter 
phase III study where 601 patients with AI-resistant metastatic BC were 
randomized to palbociclib plus ET (cohort 1: exemestane; cohort 2: 
fulvestrant) or capecitabine [67]. Co-primary endpoints were PFS in 
ESR1-wild type tumors (cohort 1 + cohort 2) and cohort 2. The supe
riority of the palbociclib arm could not be demonstrated but, overall, the 
treatment was better tolerated than CT. As pre-specified explorative 
objectives, the predictive role of AIMS-based IS from 455 primary tu
mors or metastases was investigated (Table 1). In the group of wild-type 
ESR1 luminal tumors, PFS did not differ significantly between patients 
treated with palbociclib + ET or capecitabine (HR = 1.01). Conversely, 
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non-luminal tumors (N = 25) showed a significantly worse PFS with 
palbociclib + ET compared to capecitabine (2.3 vs 13.7 months of me
dian PFS, respectively; HR = 7.36). Similarly, in cohort 2, PFS did not 
differ according to treatment arm in the luminal subgroup (HR 1.07), 
while in non-luminal disease (N = 20, all HER2-E) PFS was significantly 
worse with palbociclib + fulvestrant vs capecitabine (3.3 vs 13.7 months 
of median PFS, respectively; HR = 5.87) [67]. 

The phase II Young-PEARL study randomized 184 pre-menopausal 
women to palbociclib and exemestane (with a GnRH agonist) or cape
citabine and demonstrated a significantly longer PFS for palbociclib and 
exemestane [88]. Using a research-based PAM50 assay, 73% of tumors 
were classified as Luminal A or Luminal B (Table 1). Luminal A/B tu
mors had significantly longer PFS in the whole population (p = 0.006) 
and in the palbociclib arm (p = 0.002), but not in the capecitabine arm, 
in comparison to non-luminal disease. Palbociclib was associated with 
improved PFS when compared to chemotherapy for the treatment of 
Luminal A tumors (p = 0.004), while no significantly different outcome 
was demonstrated for the Luminal B or non-luminal disease. Overall, 
these findings provide evidence in support of the potential predictive 
value of the IS in the pre-menopausal setting [68]. 

Toward the clinical implementation of the IS in advanced HoRþ/ 
HER2-negative breast cancer 

Determinants of response to CDK4/6 inhibitors and their validation 

Considering the relevance of CDK4/6 inhibitors in the current ther
apeutic scenario of the HoR+/HER2-negative metastatic disease and the 
consistent predictive role of the IS emerged from retrospective analyses 
of prospective trials, intensive research initiatives to validate the clinical 
utility of PAM50 subtypes as predictive biomarkers are ongoing. To 
date, evidence suggests that the HER2-E biology is associated with high 
sensitivity to ribociclib and, potentially, more limited sensitivity to 
palbociclib [46,64,65,86,89,90]. To elucidate the mechanistic de
terminants of such differential effect, we recently carried out a gene 
expression analysis with and without ribociclib in BC patient-derived 
xenografts (PDXs) [91]. HER2-E and Luminal B IS showed statistically 

significantly higher response (measured as mean change in volume) 
than Basal-like tumors. Ribociclib induced a luminal phenotype with 
upregulation of estrogen-related genes and downregulation of prolifer
ation genes, which might explain the finding of the high efficacy of 
ribociclib in estrogen-resistant HER2-E tumors described in the clinical 
setting [91]. More research is ongoing to confirm this hypothesis. 
Furthermore, an increase in cell cycle-related gene signatures, p16 
overexpression, and specific RB1 loss-of-function events have been 
recently associated with reduced anti-tumor activity of CDK4/6 in
hibitors plus ET in ER-positive BC, suggesting a potential role in pre
dicting primary/acquired drug resistance and high tumor plasticity in 
response to treatment [92,93]. The multicenter, biomarker platform 
SOLTI-1801-CDK-PREDICT prospectively collected archival metastatic 
tumor tissue from 114 patients across five sites in Spain with the scope to 
investigate mechanisms of resistance to 1st-line CDK4/6 inhibitors (plus 
ET) and associations between PAM50 IS (along with other biomarkers) 
and clinical outcome [94]. 

The multicenter, randomized phase III trial SOLTI-2101-HARMONIA 
(NCT05207709) trial will test the hypothesis of the superiority of ribo
ciclib over palbociclib in terms of PFS for the 1st-line or 2nd-line 
treatment of patients with histologically confirmed HoR+/HER2-nega
tive metastatic BC with PAM50 HER2-E biology (Fig. 4) . The study, 
which will enroll 456 patients across Spain, Portugal, and United States, 
represents the first-of-kind, large randomized comparative trial selecting 
patients based on the intrinsic BC biology to optimize the clinical 
management of non-luminal HoR+/HER2-negative disease while 
elucidating the biological mechanisms of such differential activity be
tween the two molecules. For this purpose, an extensive translational 
research plan has been designed to shed light on the determinants of the 
response to CDK4/6 inhibition and to detect molecular alterations in 
circulating tumor DNA. Moreover, an exploratory cohort of patients 
with Basal-like disease will be included in the HARMONIA trial and 
treated with paclitaxel and tislelizumab, a humanized IgG4 anti-PD-1 
monoclonal antibody being developed as a monotherapy or in combi
nation with other therapies for the treatment of different tumor types 
[95]. 

Fig. 4. HARMONIA trial. Study workflow of the SOLTI-2101-HARMONIA trial.  
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New therapeutic opportunities for the IS 

Despite evidence on distinct therapeutic effects of different classes of 
drugs in non-luminal compared to luminal HoR+/HER2-negative dis
ease coming from retrospective analyses of prospective trials, there is no 
specific therapeutic recommendation based on the IS, at present. Several 
trials are currently underway to try to fill this gap. 

In advanced HoR+/HER2-negative disease, the HER2-E subtype 
showed a significant therapeutic benefit deriving from the addition of 
lapatinib to letrozole [37]. Grounded on this, the SOLTI-1718-NEREA 
open-label, single-arm, multicenter phase II study (NCT04460430) 
aimed to evaluate the efficacy of combined neratinib, a pan-HER irre
versible inhibitor, and ET, in patients with HER2-E/HoR+/HER2- 
negative advanced BC resistant to ET. The primary outcome was PFS at 
24 weeks [96]. Unfortunately, the NEREA trial closed prematurely due 
to reasons independent of safety and efficacy. 

Previous studies have shown that HER2-E and Basal-like IS are 
associated with higher expression of immune-related genes and higher 
infiltration of stromal tumor-infiltrating lymphocytes (TILs) compared 
to the luminal subtypes [45,97,98]. In HoR+/HER2-negative metastatic 
BC, a potential role of APOBEC mutagenesis in promoting clonal evo
lution and genomic instability with the acquisition of neoantigens and 
induction of immune response has been described upon progression 
after prior treatment with CDK4/6 inhibitors [99–101]. Interestingly, a 
high APOBEC genetic signature and a switch from endocrine-sensitive to 
HER2-E/triple-negative BC phenotype following treatment with a 
CDK4/6 inhibitor emerged from the mutational and molecular profile of 
metastatic tissue of a patient showing an exceptionally durable response 
(>24 months) to atezolizumab and chemotherapy [102]. Basal-like/ 
HoR+/HER2-negative BC is highly similar to Basal-like/triple-negative 
BC [51] (see also Fig. 3) and has shown a high frequency of TP53 mu
tations (80%) and RB loss [14], which are both linked to resistance to 
CDK4/6 inhibitors [103]. Notably, these features are associated with 
DNA damage repair defects and high tumor mutational burden, which 
could potentially sensitize to immunotherapy [99]. Altogether, these 
findings support additional synergies with immunotherapies and sug
gest that immune checkpoint blockade might be an interesting strategy 
to explore in patients with a low response to CDK4/6 inhibition. The 
SOLTI-1716-TATEN trial (NCT04251169) is an open-label, single-arm, 
multicenter phase II study currently evaluating the efficacy of pem
brolizumab, an anti-PD1 immune checkpoint inhibitor, plus paclitaxel in 
patients with non-luminal/HoR+/HER2-negative BC not previously 
treated with CT in the advanced setting and progressing after a prior line 
with CDK4/6 inhibitors [104]. 

The androgen receptor (AR), frequently expressed in HoR+ BC, is 
associated with a well-differentiated tumor phenotype and with a more 
favorable prognosis in early disease [105–108]. Nevertheless, a high 
AR/ER cellular ratio was proven to negatively influence BC response to 
traditional ET [108]. HER2-E/HoR+/HER2-negative BC has been asso
ciated with a lower expression of the gene for ER and PR but comparable 
levels of expression of the AR gene (AR/PR > 1.0) compared to luminal 
tumors. Interestingly, AR levels remain unchanged within the HER2-E IS 
across the IHC-based groups [109]. The SOLTI-1502-ARIANNA trial 
(NCT04142060), grounded on these findings, is an exploratory, pro
spective phase II trial that was recruiting pre/post-menopausal women 
or men with HoR+/HER2-negative locally advanced/metastatic BC 
resistant to ET, to receive enzalutamide (+/- exemestane after 2 weeks- 
biopsy at the discretion of the treating physician). A tumor biopsy for 
gene expression analysis was obtained at the baseline and after two 
weeks of treatment. The primary objective was to evaluate the anti
proliferative effect of enzalutamide after 2 weeks of treatment for the 

PAM50 HER2-E tumors (Cohort A). As a secondary objective, the pro
liferative effect of enzalutamide after 2 weeks of treatment for Luminal A 
and Luminal B tumors was planned to be explored (Cohort B) [110]. 
ARIANNA trial was prematurely closed due to lack of efficacy. 

Conclusions 

While current guidelines recommend the administration of CDK4/6 
inhibitors and ET for the 1st-line treatment of all patients diagnosed 
with HoR+/HER2-negative advanced BC, the optimal treatment 
sequence upon progression is still uncertain and should be guided by 
predictive biomarkers, namely PIK3CA and germline BRCA1/2 muta
tions (ESCAT I-A) [8]. The assessment of additional genomic biomarkers 
could be considered depending on the availability of corresponding 
therapies and the cost-effectiveness of the test [8]. In this perspective, 
the PAM50 assay is a highly standardized, and decentralized assay, 
capable of detecting the IS with optimal reproducibility across different 
laboratories [111–114]. 

To date, IS are not routinely assessed in the clinic despite compelling 
evidence in the early and, more recently, in the advanced setting sup
porting their prognostic and predictive ability beyond IHC biomarkers. 
In particular, the PAM50 assay detects non-luminal tumors with 
demonstrated poor sensitivity to endocrine therapy, even among tumors 
with high expression of hormonal receptors by IHC [46,63]. Moreover, 
HER2-addicted tumors sensitive to the HER2 blockade have been 
identified also in the context of HER2-negative disease [37]. Based on 
these considerations, several scenarios for the validation of PAM50 IS 
clinical utility in early and advanced disease settings can be envisaged. 
First, PAM50 IS may be employed for de-escalating treatment of high- 
burden early hormone-responsive BC. For example, the PAM50 assay 
accurately selects tumors presenting molecular characteristics of lower 
endocrine sensibility (i.e., Luminal B subtype), among HoR+/HER2- 
negative tumors, which could be considered for chemotherapy-free 
targeted therapeutical approaches (e.g., ET + CDK4/6 inhibitors) 
[115]. Second, PAM50 could be used to select non-luminal tumors, in 
the context of the HoR+/HER2-negative disease, that could benefit from 
novel treatment combinations (e.g., standard chemotherapy in associa
tion with immunotherapy for non-luminal subtypes). Third, HER2-E/ 
HER2-positive tumors are highly addicted to HER2 and benefit the 
most from dual HER2-blockade in absence of chemotherapy [36], 
indicating that PAM50 IS may help to de-escalate treatment among 
HER2-positive tumors. Currently, the hypothesis that highly HER2- 
addicted HER2-E/HER2-positive tumors with limited disease burden 
and achieving a complete pathological response following standard 
neoadjuvant therapy may be safely spared from surgery, is being pro
spectively validated in the ELPIS trial (NCT04301375) [116]. Table 2 
provides a comprehensive overview of the ongoing and already 
completed clinical trials using the PAM50 assay across early and 
advanced disease settings. 

Although PAM50-guided treatment scenarios and their sequence for 
the treatment of HoR+/HER2-negative advanced disease could be 
envisioned based on the available data, definitive recommendations 
cannot be provided in absence of a rigorous validation of IS to demon
strate clinical utility. Several window-of-opportunity trials in selected 
patient populations are presently ongoing (Table 2). These trials, using 
paired tumor samples taken at multiple time points during the study 
treatment, provide relevant mechanistic insights into the biological ac
tivity of novel compounds tested in a landscape absent of mutations 
associated with drug resistance. While also representing the ideal clin
ical scenario for the discovery and validation of tumor biomarkers, they 
are not designed to prove their clinical utility. Larger prospective, 
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Table 2 
Overview of the clinical trials using PAM50 for the assessment of the primary and/or secondary study outcomes.  

Study title Study 
number 

Study design Clinical 
setting 

Primary 
Outcome 

Interventions PAM50-driven 
patient 
selection for 
primary 
endpoint 
assessment 

Status Reference 
(if results 
are 
published) 

Palbociclib Plus Letrozole 
in Hormone Receptor 
Positive Residual 
Disease After 
Neoadjuvant 
Chemotherapy (SOLTI- 
1710-PROMETEO II) 

NCT04130152 Phase 0, 
window-of- 
opportunity 

Early, post- 
neoadjuvant 
(pre-surgery) 

CCCA Palbociclib; 
letrozole 

No (PAM50 
performed 
retrospectively) 

Completed NA 

Neoadjuvant and 
Adjuvant Ribociclib 
and ET for Clinically 
High-risk ER + and 
HER2- Breast Cancer 
(SOLTI-1911- 
RIBOLARIS) 

NCT05296746 Phase 2, 
parallel arm 

Early, 
neoadjuvant 
and adjuvant 

DMFS in ROR-low 
cohort 

Ribociclib; 
endocrine therapy; 
chemotherapy 

Yes Ongoing NA 

Phase II Trial of anti- 
HER2 Treatment in 
HER2-enriched Early 
Breast Cancer 
Identified by PAM50 
(HER2E-PAM, 
PAMILIA Study) 

NCT04817540 Phase 2, single 
arm 

Early, 
neoadjuvant 

pCR rate Trastuzumab 
biosimilar 
(Herzuma) 

Yes Ongoing NA 

Prospective Study of the 
Prosigna Assay on 
Neoadjuvant Clinical 
Decision-making in 
Women With HR+/ 
HER2- Breast Cancer 

NCT03749421 Observational Early, 
neoadjuvant 

Impact of PAM50 
on treatment 
decision-making 

Prosigna (routine 
use) 

Yes Ongoing NA 

A Study With 
Pembrolizumab in 
Combination With Dual 
anti-HER2 Blockade 
With Trastuzumab and 
Pertuzumab in Early 
Breast Cancer Patients 
With Molecular HER2- 
enriched Intrinsic 
Subtype (Keyriched-1) 

NCT03988036 Phase 2, single 
arm 

Early, 
neoadjuvant 

pCR rate Pembrolizumab; 
trastuzumab ABP 
980; pertuzumab 

Yes Ongoing NA 

Effect of Physical Exercise 
on Tumor Proliferation 
of Luminal B Breast 
Cancer Patients (EFIK) 

NCT03860740 Observational Early, 
neoadjuvant 

Proliferation 
suppression by 
type of physical 
exercise prior to 
surgery 

Physical exercise No (PAM50 
performed 
retrospectively 

Ongoing NA 

A Window-of-opportunity 
Study of U3-1402, a 
HER3-targeting 
Antibody-drug 
Conjugate in Operable 
Breast Cancer 
According to ERBB3 
Expression (SOLTI- 
1805-TOT-HER3) 

NCT04610528 Phase 0, 
window-of- 
opportunity 

Early, 
neoadjuvant 

CelTIL score 
(based on tumor 
cellularity and 
TILs) 

Patritumab 
deruxtecan 

No (PAM50 
performed 
retrospectively) 

Ongoing NA 

PAM50 HER2-enriched 
Phenotype as a 
Predictor of Response 
to Dual HER2 Blockade 
in HER2-positive 
Early Breast Cancer 
(SOLTI-1114-PAMELA) 

NCT01973660 Phase 2, 
parallel arm 

Early, 
neoadjuvant 

pCR rate Lapatinib; 
trastuzumab; 
endocrine therapy; 
paclitaxel 

Yes Completed [36] 

Efficacy of Letrozole +
Palbociclib 
Combination as 
Neoadjuvant Treatment 
of Stage II-IIIA PAM 
50 ROR-defined Low or 
Intermediate Risk 
Luminal Breast Cancer, 
in Postmenopausal 
Women (NeoPAL) 

NCT02400567 Phase 2, 
parallel arm 

Early, 
neoadjuvant 

RCB 0–1 Chemotherapy; 
palbociclib; 
letrozole 

Yes Completed [117] 

(continued on next page) 
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Table 2 (continued ) 

Study title Study 
number 

Study design Clinical 
setting 

Primary 
Outcome 

Interventions PAM50-driven 
patient 
selection for 
primary 
endpoint 
assessment 

Status Reference 
(if results 
are 
published) 

Phase 0 Study of 
Metronomic Oral 
Vinorelbine and 
Letrozole in HR+/ 
HER2-negative 
Early Breast 
Cancer Patients 
(SOLTI-1501- 
VENTANA) 

NCT02802748 Phase 0, 
window-of- 
opportunity 

Early, 
neoadjuvant 

Change in PAM50 
proliferation 
signature 

Oral vinorelbine; 
letrozole 

Yes Completed [118] 

Onapristone as 
Preoperative Treatment 
for Postmenopausal 
Women With Hormone 
Receptor + and HER2- 
Breast Cancer (SOLTI- 
1802-ONAWA) 

NCT04142892 Phase 0, 
window-of- 
opportunity 

Early, 
neoadjuvant 

CCCA Onapristone No (PAM50 
performed 
retrospectively) 

Completed [119] 

Pharmacogenomic Study 
of Neoadjuvant 
Eribulin for HER2 Non- 
overexpressing Breast 
Cancer (SOLTI-1007- 
NeoEribulin) 

NCT01669252 Phase 0, 
window-of- 
opportunity 

Early, 
neoadjuvant 

Genetic 
determinants of 
pCR 

Eribuline No (PAM50 
performed 
retrospectively) 

Completed [45] 

Elacestrant in 
Preoperative Setting, a 
Window of Opportunity 
Study (SOLTI-1905- 
ELIPSE) 

NCT04797728 Phase 0, 
window-of- 
opportunity 

Early, 
neoadjuvant 

CCCA Elacestrant No (PAM50 
performed 
retrospectively) 

Completed [120] 

Phase II Trial of Paclitaxel 
Combined With 
Trastuzumab and 
Pertuzumab as Pre- 
Operative Therapy for 
Inflammatory Breast 
Cancer 

NCT01796197 Phase 2, single 
arm 

Early, 
neoadjuvant 

pCR, RCB Trastuzumab; 
pertuzumab; 
chemotherapy 

No (PAM50 
performed 
retrospectively) 

Completed NA 

Neoadjuvant Response- 
guided Treatment of 
Luminal B-type Tumors 
and Luminal A-type 
Tumors With Node 
Metastases (PREDIX 
LumB) 

NCT02603679 Phase 2, 
parallel arm 

Early, 
neoadjuvant 

Radiological ORR Palbociclib; 
endocrine therapy; 
chemotherapy 

Yes (optional) Completed NA 

The PRECISION Trial 
(Profiling Early Breast 
Cancer for 
Radiotherapy 
Omission): A Phase II 
Study of Breast- 
Conserving Surgery 
Without Adjuvant 
Radiotherapy for 
Favorable-Risk Breast 
Cancer 

NCT02653755 Phase 2, 
parallel arm 

Early, 
adjuvant 

5-year risk of loco- 
regional 
recurrence in 
absence of 
adjuvant 
radiotherapy 

Omission of 
adjuvant 
radiotherapy 

Yes Ongoing NA 

EXamining PErsonalised 
Radiation Therapy for 
Low-risk Early Breast 
Cancer (EXPERT) 

NCT02889874 Phase 3, non- 
inferiority 

Early, 
adjuvant 

Local recurrence 
rate after breast- 
conserving 
surgery 

Omission of 
adjuvant 
radiotherapy 

Yes Ongoing NA 

Omission of Surgery and 
Sentinel Lymph Node 
Dissection in Clinically 
Low-risk HER2positive 
Breast Cancer With 
High HER2 Addiction 
and a Complete 
Response Following 
Standard anti- HER2- 
based Neoadjuvant 
Therapy (ELPIS Trial) 

NCT04301375 Phase 2, single 
arm 

Early, 
adjuvant 

Loco-regional 
recurrence rate in 
patients achieving 
pCR 

Omission of 
surgery 

Yes Ongoing NA 

(continued on next page) 
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Table 2 (continued ) 

Study title Study 
number 

Study design Clinical 
setting 

Primary 
Outcome 

Interventions PAM50-driven 
patient 
selection for 
primary 
endpoint 
assessment 

Status Reference 
(if results 
are 
published) 

Establishment of 
Molecular Profiling for 
Individual Clinical 
Routine Treatment 
Decision in Early Breast 
Cancer (EMIT-1) 

NCT03904173 Observational Early, 
adjuvant 

Impact of PAM50 
on treatment 
decision-making 

Prosigna (routine 
use) 

Yes Ongoing NA 

A Prospective 
Observational Study of 
Clinical Outcomes for 
the NanoString® 
Technologies Prosigna 
Gene Signature Assay 

NCT01899079 Observational Early, 
adjuvant 

Impact of PAM50 
on treatment 
decision-making 

None Yes Completed [113] 

Intrinsic Breast 
Cancer Subtypes and 
Benefit of Paclitaxel in 
CALGB 9344 and Dose 
Dense Therapy in 
CALGB 9741 

NCT00991263 Observational, 
retrospective 

Early, 
adjuvant 

DFS PAM50 No (PAM50 
performed 
retrospectively) 

Completed [121,122] 

A Study of Palbociclib in 
Addition to Standard 
Endocrine Treatment in 
Hormone Receptor 
Positive HER2 Normal 
Patients With Residual 
Disease After 
Neoadjuvant 
Chemotherapy and 
Surgery (PENELOPE-B) 

NCT01864746 Phase III, 
superiority 

Early, 
adjuvant 

IDFS Palbociclib; 
placebo 

No (PAM50 
performed 
retrospectively) 

Completed [123] 

Assessment of the Impact 
of RNA Genomic Profile 
on Treatment Decision- 
making in HER2 
Equivocal Breast 
Cancer Patients 
(EQUIVOK) 

NCT03197805 Longitudinal 
cohort study 

Early Impact of PAM50 
on treatment 
decision-making 

PAM50 Yes Completed NA 

PAveMenT: Palbociclib 
and Avelumab in 
Metastatic AR + Triple 
Negative Breast Cancer 

NCT04360941 Phase 1 Advanced, 
second- or 
third-line 

MTD in all comers; 
ORR in AR+ TNBC 

Palbociclib; 
avelumab 

No (PAM50 
performed 
retrospectively) 

Ongoing NA 

Study With Atezolizumab 
in Combination With 
Trastuzumab and 
Vinorelbine in HER2- 
positive Advanced/ 
Metastatic Breast 
Cancer (SOLTI-1907- 
ATREZZO) 

NCT04759248 Phase 2, 
parallel arm 

Advanced, 
pre-treated 

ORR in PD-L1 
positive cohort 

Atezolizumab; 
trastuzumab; 
vinorelbine 

Mixed depending 
on the cohort 

Ongoing NA 

Study of Palbociclib and 
Trastuzumab With 
Endocrine Therapy in 
HER2-positive 
Metastatic Breast 
Cancer (SOLTI-1303- 
PATRICIA I and II) 

NCT02448420 Phase 2, 
parallel arm 

Advanced, 
pre-treated 

PFS Palbociclib; 
trastuzumab; 
endocrine therapy; 
chemotherapy; 
TDM-1 

Mixed depending 
on the cohort 

Ongoing NA 

Targeting 
the PAM50 HER2- 
Enriched Phenotype 
With Enzalutamide in 
Hormone Receptor- 
Positive/Her2-Negative 
Metastatic BC (SOLTI- 
1502-ARIANNA) 

NCT04142060 Phase 2, 
parallel arm 

Advanced, 
pre-treated 

PAM50 
proliferation score 
variation 

Enzalutamide Yes Completed NA 

Ipatasertib +
Pertuzumab +
Trastuzumab in 
Advanced HER2 +
PI3KCA-mutant Breast 
Cancer Patients 
(SOLTI-1507- 
IPATHER) 

NCT04253561 Phase 1b Advanced, 
maitenance 
after first-line 

RP2D Ipatasertib; 
trastuzumab; 
pertuzumab 

No (PAM50 
performed 
retrospectively) 

Ongoing NA 

(continued on next page) 
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Table 2 (continued ) 

Study title Study 
number 

Study design Clinical 
setting 

Primary 
Outcome 

Interventions PAM50-driven 
patient 
selection for 
primary 
endpoint 
assessment 

Status Reference 
(if results 
are 
published) 

Harnessing Analysis RNA 
Expression and 
Molecular Subtype to 
Optimize Novel 
TherapY MBCA 
(HARMONY) 

NCT03769415 Longitudinal 
cohort study 

Advanced, 
first- or 
second-line 

Impact of PAM50 
on decision- 
making about the 
preferred second- 
line treatment; 
concordance rate 
between clinical 
and molecular 
tumor 
classification 

PAM50 Yes Ongoing NA 

Pembrolizumab and 
Exemestane/ 
Leuprolide in 
Premenopausal HR+/ 
HER2- Locally 
Advanced or 
Metastatic Breast 
Cancer (PEER) 

NCT02990845 Phase 2, single 
arm 

Advanced, 
first- or 
second-line 

PFS Pembrolizumab; 
exemestane; 
leuprorelide 

No (PAM50 
performed 
retrospectively) 

Ongoing NA 

Pembrolizumab +
Paclitaxel in Hormone 
Receptor-positive (HR 
+ )/Human Epidermal 
Growth Factor 
Receptor 2-negative 
(HER2-) Non-luminal 
(by PAM50) Advanced 
Breast Cancer After 
Cyclin-dependent 
Kinase 4/6 (CDK4/6) 
Inhibitors Progression 
(SOLTI-1716-TATEN) 

NCT04251169 Phase 2, single 
arm 

Advanced, 
first-line 

ORR Pembrolizumab; 
paclitaxel 

Yes Ongoing NA 

Ribociclib vs Palbociclib 
in Patients With 
Advanced Breast 
Cancer Within the 
HER2-Enriched 
Intrinsic Subtype 
(SOLTI-2101- 
HARMONIA) 

NCT05207709 Phase 3, 
superiority 

Advanced, 
first-line 

PFS Ribociclib; 
palbociclib; 
letrozole; 
fulvestrant; 
paclitaxel 

Yes Ongoing NA 

Paclitaxel Plus 
Pembrolizumab vs 
Paclitaxel Weekly in 
ER + Luminal B 
Metastatic Breast 
Cancer (PELICAN) 

NCT03841747 Phase 2, 
parallel arm 

Advanced, 
first-line 

PFS, OS Pembrolizumab; 
paclitaxel 

Yes Ongoing NA 

Evaluation of Biomarkers 
Associated With 
Response to 
Subsequent Therapies 
in Subjects With HER2- 
Positive Metastatic 
Breast Cancer 

NCT02213042 Phase 2, 
parallel arm 

Advanced, 
beyond 

Fold change in 
gene expression 

Lapatinib; 
trastuzumab; 
endocrine therapy 

Yes Completed NA 

Targeting EGFR/ERBB2 
With Neratinib in 
Hormone Receptor 
(HR)-Positive/HER2- 
negative HER2- 
enriched Advanced/ 
Metastatic Breast 
Cancer (NEREA) 

NCT04460430 Phase 2, single 
arm 

Advanced, 
first- or 
second-line 

PFS Neratinib; 
endocrine therapy 

Yes Completed NA 

Trans-RosaLEE Study: a 
Biomarker-directed, 
Translational Study 

NCT05529862 Biomarker 
platform 

Advanced Molecular 
alteration during 
treatment with 
ribociclib (with 
endocrine 
treatment) 

Longitudinal 
tumor biopsies 
during treatment 

No (PAM50 
performed 
retrospectively) 

Ongoing NA 

East Asian Breast Cancer 
Genome Atlas and 
Recurrence Risk 
Prediction (TCGA- 
Asian) 

NCT04344496 Biomarker 
platform 

All stages Prevalence of 
genomic 
alterations in East 
Asian patients 

PAM50 Yes Ongoing NA 

(continued on next page) 
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PAM50-driven clinical trials to establish a higher level of evidence are 
central for the implementation of the IS in clinical practice, and wider 
collaboration models to support larger research initiatives in this regard 
should be strongly advocated. The evolving nature of tumor biology 
highlights the importance of tumor sample collection at relapse and 
during metastatic disease to better track and understand the molecular 
and phenotypic changes occurring during disease progression. A major 
limitation is the tissue availability in metastatic disease to perform gene 
expression profiling. Finding new and alternative methods to identify IS- 
related biology in metastatic BC should be a priority, and more intense 
research efforts should be promoted in this direction. 
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[96] Ciruelos E, Saura C, González-Farré X, Bofill JS, Vidal M, Blancas I, et al. Abstract 
OT2-27-01: Solti-1718 NEREA Trial: Neratinib in hormone receptor (HR)- 
positive/HER2-negative HER2-enriched (HER2-E) advanced breast cancer (BC). 
Cancer Res 2022;82:OT2-27-01-OT2-27–01. https://doi.org/10.1158/1538- 
7445.SABCS21-OT2-27-01. 

C. Falato et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/J.CTRV.2016.03.012
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0295
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0295
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0295
https://doi.org/10.1200/JCO.2010.33.9507
https://doi.org/10.1200/JCO.2010.33.9507
https://doi.org/10.3109/0284186X.2013.865076
https://doi.org/10.3109/0284186X.2013.865076
https://doi.org/10.1093/ANNONC/MDU498
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0345
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0345
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0345
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0405
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0405
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0405
https://doi.org/10.1016/J.ANNONC.2020.12.013
https://doi.org/10.1016/J.ANNONC.2020.12.013
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0440
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0440
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0440
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0440
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0440
https://doi.org/10.1007/S10549-011-1880-9
https://doi.org/10.1007/S10549-011-1880-9
https://doi.org/10.1016/S1535-6108(03)00132-6
https://doi.org/10.1038/NATURE03799
https://doi.org/10.1038/NATURE03799
https://doi.org/10.1200/JCO.2009.23.3734
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0350
http://refhub.elsevier.com/S0305-7372(22)00172-4/h0350
https://doi.org/10.1016/S1470-2045(15)00613-0
https://doi.org/10.1056/NEJMOA1609709
https://doi.org/10.1056/NEJMOA1609709
https://doi.org/10.1016/S1470-2045(18)30292-4
https://doi.org/10.1016/S1470-2045(18)30292-4
https://doi.org/10.1200/JCO.2018.78.9909
https://doi.org/10.1200/JCO.2018.78.9909
https://doi.org/10.1056/NEJMOA1810527
https://doi.org/10.1056/NEJMOA1903765
https://doi.org/10.1200/JCO.2017.73.7585
https://doi.org/10.1200/JCO.2017.75.6155
https://doi.org/10.1056/NEJMOA1911149/SUPPL_FILE/NEJMOA1911149_DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA1911149/SUPPL_FILE/NEJMOA1911149_DATA-SHARING.PDF
https://doi.org/10.1093/JNCI/DJU357
https://doi.org/10.1016/S1470-2045(19)30565-0
https://doi.org/10.1016/S1470-2045(19)30565-0
https://doi.org/10.3389/fonc.2022.1009352


Cancer Treatment Reviews 112 (2023) 102496

15

[97] Waks AG, Stover DG, Guerriero JL, Dillon D, Barry WT, Gjini E, et al. The immune 
microenvironment in hormone receptor-positive breast cancer before and after 
preoperative chemotherapy. Clin Cancer Res 2019;25:4644–55. https://doi.org/ 
10.1158/1078-0432.CCR-19-0173/75093/AM/THE-IMMUNE- 
MICROENVIRONMENT-IN-HORMONE-RECEPTOR. 
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