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Abstract

Background/Objectives: HER2-low breast cancer has emerged as a clinically meaningful
category that challenges the historical HER2-positive versus HER2-negative classification.
Although not defined as a distinct biological subtype, HER2-low tumors exhibit unique
clinicopathological features and differential sensitivity to novel antibody–drug conjugates.
Accurate identification remains difficult due to limitations in immunohistochemistry per-
formance, inter-observer variability, intratumoral heterogeneity, and dynamic shifts in
HER2 expression over time. This review synthesizes current evidence on the biological
and clinical characteristics of HER2-low breast cancer and evaluates emerging diagnostic
innovations, with emphasis on liquid biopsy approaches and evolving technologies that
may enhance diagnostic accuracy and monitoring. Methods: A narrative literature review
was conducted, examining tissue-based HER2 testing, liquid biopsy modalities, including
circulating tumor cells, circulating nucleic acids, extracellular vesicles, and soluble HER2
extracellular domains, and applications of artificial intelligence (AI) across histopathology
and multimodal diagnostic systems. Results: Liquid biopsy technologies offer mini-
mally invasive, real-time assessment of HER2 dynamics and may overcome fundamental
limitations of tissue-based assays. However, these platforms require rigorous analytical
validation and face regulatory and standardization challenges before widespread clinical
adoption. Concurrently, AI-enhanced histopathology and multimodal diagnostic systems
improve reproducibility, refine HER2 classification, and enable more accurate prediction of
treatment response. Emerging biosensor- and AI-enabled monitoring frameworks further
support continuous disease evaluation. Conclusions: HER2-low breast cancer sits at the
intersection of evolving pathology and technological innovation. Integrating liquid biopsy
platforms with AI-driven diagnostics has the potential to advance precision stratification
and guide personalized therapeutic strategies for this expanding patient subgroup.
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1. Introduction
Breast cancer remains a significant global challenge, with ongoing efforts to improve

diagnosis, treatment, and patient outcomes through a deeper understanding of its underly-
ing mechanisms. The identification of human epidermal growth factor receptor 2 (HER2)
as a crucial prognostic and therapeutic marker in breast cancer has revolutionized clinical
practice by enabling the development of targeted therapies. Although HER2 is also known
as erythroblastic oncogene B-2 (ERBB2), Neu, and CD340, we primarily refer to it as HER2
in this review.

Traditionally, HER2 status in breast cancer has been evaluated dichotomously as either
positive or negative to determine eligibility for anti-HER2 therapies [1]. A significant
development in the field is the recognition that roughly 50–60% of breast tumors previously
classified as HER2-negative actually express low levels of HER2, which is now referred
to as HER2-low breast cancer [1,2]. This discovery has led to a paradigm shift in how we
conceptualize and treat breast cancer, opening up new avenues for targeted therapies [2–7].

The evolving landscape of HER2-low breast cancer has transformed it from a category
with no specific treatment options to one with potential molecular targets for therapy, as
extensively discussed in previous reviews [8–11]. As our understanding of breast cancer
subtypes continues to grow, there is potential for more targeted therapies and personalized
treatment options for patients with HER2-low breast cancer. Recent studies have further
refined our understanding of HER2-low breast cancer, suggesting that it may represent a
distinct biological entity with unique clinical implications [12,13].

In this review, we examine HER2-low breast cancer “at the interface of pathology and
technology.” We first trace the transition from classic HER2-positive/negative classification
to the evolving HER2-low subtype, explore its relationship with hormone receptor status,
and summarize current and emerging therapeutic strategies. We then address the practical
challenges of HER2 detection, highlight the expanding role of liquid biopsy and its next-
wave innovations, and discuss technology-driven solutions to critical clinical questions. By
integrating these perspectives, we outline a roadmap toward precision management of this
increasingly recognized breast cancer subtype.

2. Transitioning from Classic HER2-Positive/Negative Classification to
the Evolving HER2-Low Subtype

HER2 status is traditionally evaluated using immunohistochemistry (IHC) scoring: 3+
(complete, intense membrane staining in >10% tumor cells), 2+ (complete membrane stain-
ing, weak to moderate intensity), 1+ (incomplete, faint membrane staining), and 0 (no
detectable staining). Per 2018 the American Society of Clinical Oncology (ASCO)/the Col-
lege of American Pathologists (CAP) guidelines, HER2-positive tumors (IHC 3+ or in-situ
hybridization (ISH)-amplified) receive targeted therapy, while HER2-negative cases (IHC
0/1+ or 2+ ISH-negative) traditionally do not. However, revolutionary artificial intelligence
(AI) solutions have emerged as the definitive answer to HER2 detection challenges [1].
This scoring system has been the foundation for HER2 status determination for over two
decades, guiding treatment decisions in breast cancer management. According to the 2018
ASCO/CAP guidelines, breast tumors are classified as HER2-positive when IHC is catego-
rized as 3+ or shows ISH amplification, while HER2-negative is designated as 0, 1+, or 2+
with a negative ISH result (Figure 1, upper panel). Traditionally, the clinicopathological
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characteristics and survival outcomes of breast cancer patients are assessed by considering
HER2 expression alongside estrogen and progesterone receptor status. Among breast
cancer subtypes, triple-negative breast cancer (TNBC) is associated with the poorest overall
and disease-free survival rates [14]. However, recent advancements in our understanding
of HER2 expression have challenged this binary classification system. Recent studies have
revealed substantial variation in HER2 expression within HER2-negative cases. This has
led to the emergence of the “HER2-low” category (IHC1+ or 2+/ISH-negative), derived
from previously classified HER2-negative tumors (Figure 1, lower panel) [3,8].

Figure 1. Classification of breast cancer based on human epidermal growth factor receptor 2 (HER2)
expression. Upper panel: The classic perspective categorizes breast cancers as either HER2-negative
(immunohistochemistry (IHC) 0, 1+, or 2+ with negative in situ hybridization (ISH)) or HER2-positive
(IHC 3+ or ISH-positive), determining eligibility for anti-HER2 therapy. Lower panel: The evolving
perspective introduces a new “HER2-low” category (IHC 1+ or 2+ with negative ISH), which is
derived from tumors previously classified as HER2-negative. This new classification highlights the
potential for targeted therapies in a subset of tumors previously considered ineligible for HER2-
directed treatments. Created in BioRender. Salahandish, R. (2025) https://BioRender.com/w7dhlp4
(accessed on 19 November 2025).

While both HER2-low and HER2-0 tumors are categorized as HER2-negative under
traditional diagnostic criteria, accumulating evidence indicates meaningful biological and
clinical differences between these subgroups. HER2-low tumors exhibit low but measurable
HER2 protein expression without gene amplification, whereas HER2-0 tumors show no
detectable HER2 expression. Additionally, HER2-low tumors are frequently hormone
receptor-positive (HR+), although they can also occur within the TNBC subtype. In contrast,
HER2-0 tumors are more frequently associated with TNBC [15].

As our understanding of HER2-low breast cancer continues to evolve, it is crucial to
refine diagnostic methods and explore novel treatment approaches tailored to this newly
recognized subset of patients.
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3. Biological Characteristics of HER2-Low Breast Cancer
3.1. The Association of HER2-Low Breast Cancer with Hormone Receptors

HER2-low breast cancer is more frequently observed in patients with HR-positive
breast cancer than in those with TNBC [3,14,16]. A complex relationship between HER2-low
status and hormone receptor expression has been suggested. A meta-analysis found that
HER2-low breast cancers show improved survival outcomes compared to HER2-0, with
nuanced differences based on hormone receptor status, highlighting the complex interplay
between HER2 and hormone receptor expression in prognosis and treatment response [17].
HER2-low tumors showed distinct patterns across hormone receptor subgroups. While
HER2-low HR-positive cancers showed associations with younger age, higher HLA/pAKT,
smaller tumors, and higher c-kit, HER2-low TNBC demonstrated the opposite patterns and
was additionally linked to absent necrosis, higher pN stage, and lower CK14 [7]. These
findings, reinforce that the features of HER2-low disease are primarily shaped by HR status.

In ER-positive HER2-negative breast cancer, further investigation is needed to un-
derstand the prognostic impact of HER2-low expression. Prior research indicates that
the immune response—a significant prognostic factor in breast cancer—does not differ
between the ER-positive and the ER-negative cohorts when comparing survival outcomes
of HER2-low and HER2-positive patients [4]. Because ER status exerts a stronger prog-
nostic influence than HER2, and because ER-low cancers demonstrate poorer outcomes
than HER2-0 tumors, the correlation between HER2-low expression and ER levels may
confound prognostic analyses; ER-low cases may disproportionately drive poorer survival
signals attributed to HER2-low status [7,18]. Large pooled analyses further indicate that
HER2-low status is associated with increased resistance to neoadjuvant chemotherapy in
HR-positive breast cancer [19]. Consistently, ER-positive, HER2-low tumors show reduced
chemotherapy sensitivity compared with ER-positive, HER2-negative disease [20]. Among
ER-positive, HER2-low patients with residual disease after neoadjuvant treatment, factors
such as high proliferation, low ER expression, and advanced stage both before and after
therapy contribute to poorer prognosis [21]. These features provide valuable guidance for
long-term therapeutic planning in this subgroup [21].

3.2. Molecular, Genomic, and Immunologic Features Across Subgroups

Integrative genomic and transcriptomic studies highlight substantial heterogeneity
within HER2-low breast cancer, showing that HER2 IHC 1+ and 2+ tumors differ markedly
depending on hormone-receptor (HR) status. For example, an integrative multi-omic anal-
ysis reported that IHC 1+ tumors displayed higher tumor mutational burden than IHC 2+
tumors, whereas equivocal IHC 2+ cases exhibited the greatest transcriptomic diversity [22].
A large cohort analysis (13,613 samples) further demonstrated that within HER2-low dis-
ease, HR-negative tumors harbored significantly more TP53 mutations, higher PD-L1
expression, and increased PIK3CA alterations compared with HR-positive HER2-low tu-
mors [23]. Similarly, sequencing studies have shown that HR-positive HER2-low cancers
are enriched for DNA damage–repair gene mutations, whereas HR-negative HER2-low
cancers display prominent PI3K pathway alterations, which may underlie differential thera-
peutic responses and prognostic patterns [24]. Comparative genomic profiling consistently
confirms that HR-positive HER2-low tumors resemble HR-positive HER2-0 tumors, while
HR-negative HER2-low tumors cluster closely with HR-negative HER2-0 tumors, indi-
cating that HER2-low is not a single biological entity but instead strongly shaped by HR
status [25,26]. Notably, HER2-low TNBC exhibits distinct molecular and immune features
compared with HER2-zero TNBC, including reduced immune activation, altered interferon
signaling, and enrichment of epigenetic programs linked to immune evasion [27]. These
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findings support an intrinsically more immune-evasive phenotype in HER2-low TNBC and
underscore the need for further clinical investigation.

4. Challenges in Establishing the Prognostic Value of HER2-Low
A growing body of evidence highlights substantial heterogeneity in the prognostic

significance of HER2-low breast cancer, and a closer examination of individual studies helps
explain why findings differ. In the Breast Invasive Carcinoma dataset (TCGA, PanCancer
Atlas), analysis using cBioPortal suggests a potential, but non-significant trend toward
longer survival in patients with ERBB2 alterations, consistent with prior studies on HER2-
targeted therapies. Additionally, in the TCGA-BRCA and METABRIC cohorts, ERBB2 copy
number variation (CNV) status was identified as an independent prognostic factor for
relapse-free survival (RFS), with non-neutral CNV associated with improved outcomes [28].

Several investigations have reported that HER2-low tumors demonstrate more fa-
vorable long-term outcomes compared with HER2-zero disease. These studies observed
reduced rates of pathological complete response (pCR) and recurrence score (RS), but
with improved disease-free survival (DFS) and overall survival (OS) compared to HER2-0
cases [4,13,29–32]. Biological features may contribute to these observations: HER2-low
tumors were shown to exhibit a lower immune response than HER2-zero tumors [4], and
HER2 expression can evolve between primary tumors and residual disease (RD) after
neoadjuvant therapy, reflecting underlying differences in tumor biology [13]. Additionally,
HER2-low status has been associated with better breast cancer–specific survival in early-
stage TNBC [29] and more favorable clinicopathological characteristics overall [30–32].

Conversely, a number of other large-scale and population-based studies found no
significant differences in pCR, DFS, distant DFS, or OS between HER2-low and HER2-
zero groups [3,16,33–35]. For example, analyses of national cancer registries [16] and
meta-analyses in metastatic HR-positive disease treated with endocrine therapy plus cyclin-
dependent kinases (CDKs) 4/6 inhibitors [35] suggest that treatment context and hor-
monal sensitivity may overshadow the prognostic contribution of HER2-low expression.
Differences in cohort composition, molecular subtype distribution, treatment regimens,
and analytical endpoints likely contribute to the conflicting outcomes reported across
the literature.

Importantly, emerging data show that demographic and physiological factors modify
the prognostic impact of HER2-low status. Racial differences, including disparities in HER2
expression distribution, treatment patterns, and comorbidities, were shown to influence
outcomes in HER2-low disease [36]. Menopausal status was also found to significantly af-
fect prognosis, particularly within the TNBC population, where postmenopausal HER2-low
patients demonstrated distinct outcomes [32]. Age appears to be another important modi-
fier: although HER2-low status alone did not serve as an independent prognostic marker
in the overall cohort or within HR-positive and HR-negative subgroups, the combination
of HER2-low status and younger age was associated with prognostic stratification specifi-
cally in TNBC [37]. Some recent reports further highlight that survival outcomes can be
comparable between HER2-low and HER2-zero in certain early-stage cohorts, emphasizing
that HER2-low biology does not confer a uniform survival pattern across all settings [38].
Conversely, HER2-zero disease has been associated with higher pCR rates than HER2-low
disease in early-stage breast cancer receiving neoadjuvant therapy, suggesting potential
differences in chemosensitivity that may contribute to divergent short-term and long-term
outcomes [39].

Taken together, the variability in findings across studies, driven by differences in racial
composition, age distribution, menopausal status, tumor subtype, immune microenvi-
ronment, and treatment exposure, helps explain the inconsistent prognostic conclusions
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reported for HER2-low breast cancer. These nuances highlight the need for deeper stratifica-
tion in future studies to clarify the clinical implications of this emerging biological category.

5. Therapeutic Implications and Treatment Strategies for HER2-Low Disease
HER2 presents diverse mechanistic opportunities for drug development [11], in-

cluding: (a) agents designed to block signaling activities, (b) agents delivering cytotoxic
effectors to neoplastic cells, and (c) agents targeting the immune microenvironment [11].
Next-generation ADCs and technology-enabled precision oncology have revolutionized
this therapeutic landscape, with emerging strategies such as trophoblast cell surface antigen
2 (TROP2)-targeted approaches demonstrating promising activity in preclinical studies [40].

In HER2-positive breast cancer cases, anti-HER2 therapies have improved outcomes.
However, these treatments were traditionally unsuitable for the HER2-negative subtype,
including those with low HER2 expression. Despite low HER2 expression in the HER2-low
category, several targeted therapies have been proposed, such as ADCs, antibodies, HER2-
derived vaccines, or small molecules targeting downstream signaling pathways (Figure 2).
The landscape of HER2-low targeted therapies is rapidly evolving. A comprehensive
review highlights the most promising approaches currently in clinical trials, including
T-DXd, novel ADCs like SYD985 and RC48, bispecific antibodies such as zanidatamab, and
combinations of HER2-targeted therapies with immunotherapy agents [13].

Figure 2. Treatment strategies for HER2-low breast cancer. Notwithstanding the low expression of HER2
within the HER2-low category, a multitude of HER2-targeted therapies have been proposed. These
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encompass a range of approaches, such as antibody-drug conjugates (ADCs), antibodies, HER2-
derived vaccines, and chemicals targeting HER2 downstream signaling. AKT, Protein kinase B; HER2,
Human epidermal growth factor receptor 2; IHC, Immunohistochemistry; ISH, In-situ hybridiza-
tion; mTOR, Mammalian target of rapamycin; PI3K, Phosphoinositide 3-kinase. DESTINY-Breast04
demonstrated T-DXd’s transformative efficacy in HER2-low breast cancer, leading to FDA approval
in August 2022. Ongoing ADC development includes 17 approved conjugates globally with 2000+ in
clinical development, representing a $12+ billion market focused on site-specific conjugation and
novel cytotoxic payloads [11,41,42] (summarized in Supplementary Table S1). A recent systematic
review and meta-analysis confirm the efficacy of ADC in HER2-low advanced/metastatic breast
cancer patients over treatment of the physician’s choice [43]. Created in BioRender. Salahandish, R.
(2025) https://BioRender.com/w7dhlp4 (accessed on 19 November 2025).

Biologics Targeting HER2-Low Breast Cancers

Monoclonal antibodies represent another class of therapies against HER2-low breast
cancer [11]. A notable example is MGAH22 (margetuximab), an Fc-engineered anti-HER2
monoclonal antibody designed to enhance immune activation and antibody-dependent
cell-mediated cytotoxicity in HER2-positive breast cancer [44,45]. Bispecific antibodies
(BsAbs) are another promising approach. These single protein molecules simultaneously
identify two binding sites, facilitating the connection between immune cells and tumor
cells to enhance anti-tumor responses. MCLA128 (zenocutuzumab) is an example of BsAb,
specifically targeting both HER2 and HER3 receptors to directly inhibit tumor growth and,
in combination with endocrine therapy, showed a disease control [46].

Third-generation antibody-drug conjugates (ADCs) have revolutionized HER2-low
therapeutics, with trastuzumab deruxtecan’s January 2025 FDA approval for HER2-
ultralow patients eliminating prior chemotherapy requirements. The global ADCs market,
exceeding $12 billion, includes 17 approved conjugates and 2000+ in development, incorpo-
rating site-specific conjugation, novel cytotoxic payloads, and optimized drug-to-antibody
ratios. Dual-payload conjugates and degrader-antibody conjugates advancing through
clinical development promise enhanced efficacy through complementary mechanisms.
Combination strategies with programmed cell death protein 1 (PD-1)/programmed death
ligand 1 (PD-L1) inhibitors demonstrate synergistic anti-tumor effects, with trastuzumab
deruxtecan plus pembrolizumab combinations showing promising early results [42,47].

Cancer vaccines represent another avenue for stimulating or amplifying anti-tumor
immune responses in HER2-low breast cancer [48–50]. Recent advancements in vaccine
design, such as the development of multi-epitope vaccines targeting both HER2 and other
tumor-associated antigens, show promise for enhancing the efficacy of this approach in
HER2-low breast cancer [51]. Combining HER2-targeted therapies with immune checkpoint
inhibitors has also been shown to be promising [50]. Monoclonal antibodies targeting
immune checkpoint receptors such as cytotoxic T lymphocyte-associated antigen (CTLA-4),
PD-1, and PD-L have emerged as promising clinical targets [52,53].

It is important to note that conventional chemotherapy remains a viable option for
HER2-low breast cancer, particularly as the first-line treatment in cases of aggressive,
invasive disease with low ER expression [11]. While early studies did not show the benefits
of adjuvant trastuzumab in HER2-low patients, numerous HER2-targeted therapies have
demonstrated efficacy in treating HER2-low breast cancer. Table S1 provides an overview
of some promising drugs in this space.

6. Challenges and Controversies Surrounding the Detection of
HER2-Low Category

Accurately defining and monitoring HER2-low breast cancer has become a pivotal
challenge in precision oncology. Although ADCs have created new therapeutic opportuni-
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ties for patients with low levels of HER2 expression, the scientific community continues
to debate how best to identify this subgroup. Biological complexity, technical variability,
and evolving clinical criteria all contribute to uncertainty. The following sections outline
key challenges and controversies from the inherent limits of tissue sampling and detec-
tion technologies to intratumoral heterogeneity and dynamic changes in HER2 status that
collectively hinder reliable classification and optimal treatment planning.

6.1. Limitations of Tissue Biopsy

The limitations of current biopsy techniques, particularly core needle biopsy (CNB)
and surgical excision specimens, in accurately determining HER2 status in HER2-low pop-
ulations highlight the need for more advanced diagnostic approaches. [54]. Therefore, the
diagnostic utility of CNB was constrained when it came to determining the HER2 status in
breast cancer, particularly within the HER2-low population [55]. This limitation highlights
the importance of exploring alternative diagnostic methods or refining the existing ones to
improve the accuracy of HER2 status assessment, particularly in cases of HER2-low breast
cancer. Further research and advancements in this area are essential to better serve patients
and ensure they receive the most appropriate and effective treatment options based on their
HER2 status. Emerging liquid biopsy techniques, such as circulating tumor DNA (ctDNA)
analysis and extracellular vesicle (EVs) profiling, are showing potential in providing a more
comprehensive and dynamic assessment of HER2 status, thereby aiming to overcome some
key limitations of tissue biopsies [56].

6.2. Challenges in the Methods of HER2 Detection

The detection of HER2 expression in breast cancer, particularly for HER2-low tumors,
presents several challenges [57,58]. IHC and ISH are the primary methods used, but
both have significant limitations [59]. In this regard, IHC/ISH and quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR) showed low agreement in estimating
HER2 expression in HER2-negative tumors, suggesting that neither method is optimal for
quantifying HER2-low expression [60,61].

Moreover, HER2 status often differs between CNB and surgical resection, with many
HER2-0 cases reclassified as HER2-low in resections [62]. Interobserver variability is a
significant issue in HER2 detection. Studies have shown low agreement among pathologists
when grading HER2 IHC at low levels [60,63–65]. The ability of pathologists to achieve
acceptable diagnostic accuracy in identifying patients with HER2-low breast cancer could
be enhanced by short-term training [66]. Some studies have suggested complementary
methods to improve HER2-low categorization. For instance, digital image analysis has
been proposed as a reliable supplementary tool to enhance the standardization and quan-
tification of HER2 IHC assessment, particularly in ambiguous cases with scores of 0 to
1+ [67]. The integration of AI represents the most transformative diagnostic breakthrough
for HER2-low breast cancer in 2024–2025 [68–71]. In parallel, computational pathology
techniques and digital imaging may also help to distinguish HER2-low from HER2-0 tu-
mors more reliably [72]. Recent advancements in magnetic resonance imaging (MRI)-based
radiomics and deep learning have demonstrated significant potential in the noninvasive
differentiation of HER2 status in breast cancer [73–79]. However, the limited accessibility
of these advanced technologies across many institutions highlights the need for practical
and widely implementable methods.

While a definitive gold standard for HER2-low classification remains elusive, partic-
ularly for cases rated IHC 1+, the development of novel techniques is imperative. These
advancements are crucial to enhance the accuracy of HER2-low detection, especially given
the inadequacies of IHC/ISH in the context of novel antibody-drug conjugate treatments.
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Future research should focus on integrating multiple biomarkers and advanced tech-
nologies to create a more comprehensive and reliable classification system for HER2-low
breast cancers.

6.3. Intra-Tumoral Heterogeneity of HER2 Expression

HER2 expression exhibits heterogeneity both within a single tumor and across
metastatic sites, manifesting in various patterns such as clustered, mosaic, or scattered
distributions. Recent studies have highlighted the importance of understanding this
heterogeneity in HER2 expression, as it may impact treatment response and disease pro-
gression [80,81]. Intra-tumoral heterogeneity of HER2 is characterized by the presence
of distinct subpopulations of tumor cells exhibiting differences within a primary tumor
or between a primary tumor and its metastases, and is prognostically valuable [82]. This
heterogeneity has been observed in up to 40% of breast cancer cases, with a notably higher
prevalence in HER2-equivocal cases, while being rare in cases with a HER2 score of 3+ [83].
A study suggested that intra-tumoral heterogeneity and preanalytical factors can lead
to variability in identifying HER2-low status between specimen types [84]. Recent stud-
ies using single-cell sequencing technologies have further elucidated the extent of this
heterogeneity, revealing complex patterns of HER2 expression even within HER2-low
tumors [85].

The ASCO/CAP addressed this issue in their 2009 and 2013 guidelines, defining HER2
heterogeneity as the presence of HER2 gene amplification in 5% to 50% of total tumor
cells [86]. The 2018 guideline further acknowledged unusual patterns of HER2 expression,
such as intense and complete staining in fewer than 10% of tumor cells, recommending
retesting for these heterogeneous cancers upon recurrence and/or metastases due to the
potential for changing HER2 status over time [1,87].

6.4. Conversion of HER2 Status

The dynamic nature of HER2 status in breast cancer has been well-documented, with
numerous studies reporting conversions during treatment [88,89]. HER2 status has been
shown to change during breast cancer progression in a significant proportion of cases,
primarily shifting between HER2-0 and HER2-low categories [13,90,91]. A meta-analysis
found that up to 30% of HER2-low tumors may change their HER2 status during disease
progression, highlighting the need for repeated assessments [92].

Interestingly, HER2-positive breast cancer patients who experienced HER2 loss after
neoadjuvant therapy did not transition to the HER2-low trait upon reaching RD [13,93].
These findings have several implications. The sensitivity of HER2-low expression to change
following neoadjuvant therapy underscores the common occurrence of discrepancies in HR
and/or HER2 status from primary tumor to RD [13]. Notably, over one-third of individuals
initially characterized as HER2-0 exhibited HER2-low expression following neoadjuvant
therapy, suggesting potential new therapeutic approaches for patients previously ineligible
based on their primary tumor phenotype [13]. The transition from HER2-0 to HER2-low
was more frequently observed in HR+ cancers compared to HR-negative tumors [91].

These findings highlight the importance of considering HER2 status as a continuum
rather than a binary classification, especially in the context of neoadjuvant therapy and
metastatic disease. Future research should focus on developing more sensitive and dy-
namic methods for HER2 detection and exploring the clinical implications of these status
fluctuations in personalized breast cancer management.
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7. Liquid Biopsy in the Clinical Management of HER2 Breast Cancer
Liquid biopsy analyzes circulating biomarkers, including circulating tumor cells

(CTCs), ctDNA, and EVs, offering minimally invasive, real-time alternatives to tissue
biopsy for HER2-low detection. This approach captures tumor heterogeneity compre-
hensively and enables dynamic monitoring of HER2 status changes, facilitating personal-
ized treatment decisions with faster turnaround times than conventional tissue sampling
(Figure 3) [94–98].

Figure 3. Tissue biopsy vs. liquid biopsy for HER2-low breast cancer diagnosis. Tissue biopsy
(left panel) is the approved method of biomarker detection; however, it has some limitations and
disadvantages. Liquid biopsy (right panel) and analyzing circulating biomarkers, including circu-
lating tumor cells (CTCs); circulating tumor DNA (ctDNA), and extracellular vesicles (EVs), is not
an approved method; however, it has some advantages that make it promising for future develop-
ments. Created in BioRender. Salahandish, R. (2025) https://BioRender.com/w7dhlp4 (accessed on
19 November 2025).

7.1. Circulating Tumor Cells or DNA

The diagnostic potential of ctDNA and CTCs in the management of HER2-positive
breast cancer patients has been discussed previously [99–101]. The development of highly
sensitive digital PCR techniques has enabled the detection of HER2 amplifications in plasma
samples with greater accuracy [102,103].

D’Amico established a standardized pipeline for collecting and analyzing HER2-low
CTCs, enhancing insights into their biological properties and predictive significance in
breast cancer [104]. HER2 status discordance between the primary tumor and CTCs in
approximately thirty percent of patients has been reported [105–107]. Notably, 32.1% of
patients with histologically HER2-negative breast cancer had HER2-positive CTCs [105].
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Although more studies are required, these findings emphasize the dynamic nature of HER2
expression and highlight the potential role of CTC analysis in refining treatment strategies
for HER2-low breast cancer.

ctDNA analysis methods have demonstrated improved sensitivity in detecting HER2
amplifications, even in cases of HER2-low expression. The genomic landscape and prognos-
tic significance of HER2-low using ctDNA in patients with metastatic breast cancer revealed
that HER2-low did not represent a unique biologic subtype [8,108]. A retrospective cohort
study using the commercially available Guardant360® assay for ctDNA analysis showed
that among patients with ER+ metastatic breast cancer (MBC), HER2-low tumors had a
higher incidence of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) mutations and MYC amplification compared to HER2-0 MBC [109].

7.2. Circulating HER2 Extracellular Domain

HER2 is a 185 kDa transmembrane glycoprotein encoded by the HER2/neu gene,
consisting of an extracellular domain (ECD), a lipophilic transmembrane domain, and an
intracellular tyrosine kinase domain. However, unlike other members of the ERBB family,
HER2 lacks a known ligand, making its activation mechanisms particularly intriguing.
ECD adopts a constitutively open conformation, predisposing it to dimerization [110,111].
Activation occurs through homodimerization, heterodimerization with other ERBB recep-
tors, and ECD shedding [112]. Notably, deletion of only 16 amino acids within the ECD
completely abrogates HER2′s oncogenic potential, indicating the presence of a critical
activating sequence that drives HER2-mediated oncogenic signaling (Figure 4) [113].

ECD shedding refers to the process in which the HER2-ECD is cleaved and released
into the circulation [114]. The presence of elevated HER2 ECD levels in the serum of breast
cancer patients has been extensively studied and proposed as a potential biomarker for
identifying patients who might benefit from HER2-targeted therapies, monitoring treatment
response, and early detection of disease recurrence or progression [112,115].

In 2003, the FDA approved the first enzyme-linked immunosorbent assay (ELISA)-
based test for quantifying serum HER2 ECD levels, offering advantages over traditional
tissue-based methods, such as non-invasiveness, real-time monitoring capabilities, quanti-
tative results, and potential for detection of HER2 status changes [116]. Compared to IHC
and ISH, measuring serum ECD by ELISA is a non-invasive method that provides real-time
follow-up of patients. Besides, this method is quantitative and therefore can reduce intra-
and interobserver variability for HER2 scoring.

Recent studies have further explored the utility of serum HER2 ECD as a biomarker
in HER2-low breast cancer, with promising findings suggesting its potential as a comple-
mentary tool for identifying HER2-low tumors and predicting response to HER2-targeted
therapies [117]. Given the potential clinical implications, a uniform HER2 cutoff for both
genders may lead to misclassification and affect treatment decisions, highlighting the
importance of gender-specific thresholds in HER2 assessment.

Serum HER2-ECD correlation with tissue expression varies significantly by disease
stage and molecular subtype. While some studies have reported a correlation between
tissue HER2 expression and serum HER2 ECD levels, many others have indicated no signif-
icant correlation, especially in early-stage primary breast cancer (Supplementary Table S2).
Gender-specific thresholds may be necessary given higher circulating HER2-ECD levels
in males versus females [118]. Despite these advancements, challenges remain in stan-
dardizing cut-off values and integrating this biomarker into clinical practice, necessitating
further large-scale, prospective studies to validate its clinical utility in HER2-low breast
cancer management.
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Figure 4. Schematic diagram representing the HER2 extracellular domain (ECD). The ECD is a
185 kDa fragment shed into circulation and consists of four subdomains(I–IV), each playing a role in
receptor activation and dimerization. Subdomain I (Ig-like domain) participates in ligand binding,
Subdomains II and III (cysteine-rich and Kringle domains) are crucial for heterodimerization, and
Subdomain IV (cysteine-rich domain) is the site of proteolytic cleavage. Created in BioRender.
Salahandish, R. (2025) https://BioRender.com/w7dhlp4 (accessed on 19 November 2025).

8. The Next Wave of Liquid Biopsy Innovations
Although liquid biopsy provides a powerful, minimally invasive window into tumor

biology, its full clinical impact, particularly in HER2-low disease, where biomarker signals
are subtle—relies on integration with next-generation technologies. Advances such as AI,
so-phisticated biosensors, multi-omic platforms, and emerging cellular messengers like
extracellular vesicles can enhance sensitivity, enable real-time decentralized monitoring,
and translate complex molecular data into actionable insights. These innovations (Figure 5),
discussed in the following sections, are essential for transforming liquid biopsy from a
promising tool into a routine component of precision breast cancer care.
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Figure 5. Traditional and emerging platforms for HER2-low breast cancer assessment. This schematic
contrasts conventional tissue-based methods—immunohistochemistry (IHC) and in situ hybridiza-
tion (ISH)—with emerging technologies that enhance the detection and characterization of HER2-low
disease. Liquid biopsy, biosensors, molecular techniques, and multi-omics approaches offer more
sensitive and comprehensive evaluation beyond tissue analysis. Artificial intelligence (AI) further sup-
ports these platforms by refining HER2 quantification, reducing observer variability, and integrating
multi-modal data to guide personalized management of HER2-low breast cancer.

8.1. AI–Enhanced Liquid Biopsy

AI is reshaping HER2-low breast cancer care by enhancing both tissue-based and
liquid biopsy approaches. In pathology, AI improves the accuracy and consistency of IHC
scoring, refines classification across the HER2 spectrum, and strengthens prediction of
therapeutic response [71,119–121]. AI-based analysis can also identify more HER2-low
and HER2-ultralow cases than conventional methods, revealing subtle expression changes
across disease progression and increasing detection sensitivity [121]. A multi-laboratory
investigation further demonstrated that AI-assisted HER2 interpretation provides higher
inter-laboratory concordance and minimizes the subjective variability inherent in manual
scoring, supporting its use in large-scale and multicenter studies [122]. Beyond tissue
assessment, AI is driving major advances in liquid biopsy by integrating complex multi-
omic data from circulating tumor DNA, extracellular vesicles, and circulating tumor cells,
enabling more precise diagnosis, risk stratification, treatment selection, and monitoring of
HER2-targeted therapeutic response. Additionally, AI can merge liquid-biopsy outputs
with imaging, genomic, and clinical datasets to guide therapy choices, predict resistance,
and support real-time adaptation of treatment plans as tumors evolve [123]. Despite
this transformative potential, significant challenges remain—including issues of model
generalizability, ethical and equity considerations, regulatory alignment, and the need
for robust evidence and standardization—highlighting the importance of user trust, legal
safeguards, and societal benefit [120,124,125]. Ultimately, more patient-tailored algorithms
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are required before AI can be fully integrated into routine precision care for HER2-low
breast cancer [123].

8.2. Circulating EVs

EVs are heterogeneous, lipid bilayer membrane-delimited particles, released by all
cell types, including tumor cells, and have introduced a new paradigm in understanding
cellular communication [126,127]. Although tumor-derived EVs are present in low numbers
in the bloodstream, they serve as messengers of tumor cells [128]. Developing diagnostic
assays that target these vesicles could markedly enhance the accuracy of cancer detection.
The greater abundance and stability of EVs compared to CTCs and ctDNA make them
promising biomarkers for liquid biopsy [129,130]. The ability of EVs to provide real-
time, comprehensive molecular profiles of tumors makes them particularly promising for
personalized medicine approaches in breast cancer, potentially guiding treatment decisions
and monitoring for the emergence of resistance mechanisms [131–133].

8.3. Biosensors and Point-of-Care (POC) Devices for HER2

Liquid biopsy has improved diagnostic accuracy by assessing ctDNA, CTCs, and EVs.
However, these approaches still require complicated infrastructure, may not always provide
quantitative data, and might lack the sensitivity needed for detecting HER2-low tumors. AI-
integrated biosensor platforms represent revolutionary liquid biopsy technologies enabling
real-time biomarker monitoring, blending biomedical engineering and oncology. Biosensors
and POC devices are rapidly emerging as transformative tools in this context. By enabling
fast, portable, and minimally invasive detection of HER2 from blood, serum, or saliva,
these technologies could fundamentally shift HER2 testing from centralized laboratories to
decentralized, patient-friendly settings, and ultimately toward POC monitoring.

Revolutionary biosensor platforms achieve clinical-grade sensitivity for detecting
HER2 at very low levels: optical fiber-based sensors (151.5 attograms/mL in buffer,
3.7 picograms/mL in serum), gold electrode immunosensors (1 ng/mL detection), and
liquid crystal biosensors (ultra-low 1 fg/mL detection limit). Multiplex electrochemical
platforms simultaneously detect HER2 with other breast cancer biomarkers (0.5 ng/mL
limit), enabling comprehensive molecular profiling from single blood drops [134–138].

Next-generation wearable biosensors represent the ultimate convergence of liquid
biopsy and real-time monitoring. Revolutionary platforms integrate multiplex detection
of HER2, ER, progesterone receptor, Ki-67, and ctDNA mutations from interstitial fluid or
sweat, generating comprehensive molecular signatures from continuous sampling. The
EpiView-D4 multimodal mobile pathology platform represents a paradigm shift toward
accessible breast cancer diagnostics, combining brightfield cytology imaging with quan-
titative HER2 biomarker assessment on a smartphone-based system. This dual-function
platform achieves a 77 pM detection limit for HER2 protein in cellular lysates, with only
3.6-fold lower sensitivity compared to laboratory-grade fluorescence scanners [134,135,138].

While challenges remain, including regulatory approval, large-scale validation, repro-
ducibility across populations, affordability, and integration with electronic health record
systems, the current trajectory suggests that near-to-patient multiplex HER2 biosensors
may soon transition from concept to reality. Such innovations could significantly enhance
early detection, monitoring, and personalized management of breast cancer, with par-
ticular relevance for HER2-low disease, where subtle biomarker changes can influence
treatment choice and long-term outcomes. Figure 6 illustrates the continuum of breast
cancer diagnostics, from liquid biopsy and lab-based testing to lab-on-a-chip and POC de-
vices. These emerging platforms highlight the shift toward POC testing for early diagnosis
and prognosis.
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Figure 6. Future directions for breast cancer diagnostics and monitoring. The workflow illustrates
how liquid biopsy approaches (detecting circulating tumor DNA (ctDNA), circulating tumor cells
(CTCs), extracellular vesicles (EVs), proteins, and miRNAs from biofluids such as blood, urine, and
tears) are integrated with conventional lab-based testing and advanced lab-on-a-chip platforms
(microfluidics, electrochemical sensors, surface plasmon resonance (SPR), and microarrays). These
advances are converging into point-of-care solutions, including at-home testing devices and wearable
skin patches, with the potential to transform diagnosis, prognosis, and monitoring of breast cancer
subtypes, particularly HER2-low disease, by enabling accessible, real-time assessment outside the
laboratory. Created in BioRender. Salahandish, R. (2025) https://BioRender.com/w7dhlp4 (accessed
on 19 November 2025).

9. Critical Clinical Questions and Technology-Driven Solutions for
HER2-Low Breast Cancer

The recognition of HER2-low breast cancer has not only transformed a biological
concept into a clinically meaningful category but has also opened the door to a new era of
therapeutic possibilities. These questions define the next decade of HER2-low breast cancer
management, requiring interdisciplinary collaboration between oncologists, pathologists,
bioengineers, and data scientists to deliver truly personalized cancer care:

• Precision medicine integration: How can integrated AI-assisted pathology, liquid
biopsy, and genomic profiling platforms create comprehensive HER2 status assess-
ments enabling real-time treatment decisions?
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• Therapeutic resistance mechanisms: What novel ADC combination strategies over-
come resistance in HER2-low breast cancer, and how can liquid biopsy monitor resis-
tance emergence for rapid therapeutic pivoting?

• Technology democratization: How can POC biosensors and AI-assisted diagnostics
eliminate disparities in HER2-low detection and treatment access, particularly in
resource-limited settings?

• Biomarker integration: What molecular signatures beyond HER2 expression (tumor-
infiltrating lymphocytes, homologous recombination deficiency, immune profiles) can
further stratify HER2-low patients for optimal therapeutic selection?

• Wearable monitoring revolution: How can healthcare systems integrate continu-
ous liquid biopsy monitoring with wearable biosensor technologies, enabling early
resistance detection and dynamic treatment optimization?

10. Conclusions
This review highlights the emerging significance of HER2-low breast cancer as a

clinically relevant entity, despite challenges in its accurate classification and assessment. The
current gold standard for evaluating HER2 status, involving ISH tests in conjunction with
IHC assays, faces limitations in distinguishing between low HER2 levels and the absence of
HER2 expression. Challenges persist due to the semi-quantitative nature of IHC, its limited
sensitivity in detecting very low amounts of HER2 protein, and various factors affecting
analysis outcomes. The complex relationship between HER2 and hormone receptor status,
intra-tumoral heterogeneity of HER2 expression, and conversion of HER2 status further
complicates the landscape. In our recent publication, we presented a Comprehensive
Oncological Biomarker Framework that integrates genetic and molecular testing, imaging,
histopathology, multi-omics, and liquid biopsy to generate a unique molecular fingerprint
for each patient [139]. AI-driven precision diagnostics and digital pathology transformation
represent revolutionary liquid biopsy technologies for improving the accuracy of HER2-
low breast cancer diagnosis and monitoring. Future research directions should focus on
developing more reliable approaches to assess low HER2 expression, conducting further
clinical trials stratified for HER2-low breast cancer, and refining our understanding of the
interplay between HER2-low status and hormone receptor expression.

Despite these challenges, recent clinical trials have demonstrated improved treatment
outcomes by targeting HER2-low expression, particularly with ADCs showing promising
efficacy in advanced disease. Emerging techniques offer new hope in addressing these
challenges and improving HER2-low breast cancer management. The ability of liquid
biopsy to provide real-time, comprehensive molecular profiles of tumors makes it particu-
larly promising for personalized medicine approaches in breast cancer, potentially guiding
treatment decisions and monitoring for the emergence of resistance mechanisms. While
significant progress has been made, further research is crucial to fully realize the diagnostic
and therapeutic potential of HER2-low breast cancer, advancing towards more precise and
effective cancer management strategies in the era of personalized medicine.
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www.mdpi.com/article/10.3390/biomedicines14010049/s1, Table S1: A list of clinical trials reported
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T-DXd Trastuzumab deruxtecan
TNBC Triple-negative breast cancers
TROP2 Trophoblast cell surface antigen 2

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 18 of 24

References
1. Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S.; Bilous, M.; Ellis, I.O.; Fitzgibbons,

P.; Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical
Oncology/College of American Pathologists Clinical Practice Guideline Focused Update. J. Clin. Oncol. 2018, 36, 2105–2122.
[CrossRef]

2. Ivanova, M.; Porta, F.M.; D’Ercole, M.; Pescia, C.; Sajjadi, E.; Cursano, G.; De Camilli, E.; Pala, O.; Mazzarol, G.; Venetis, K.;
et al. Standardized pathology report for HER2 testing in compliance with 2023 ASCO/CAP updates and 2023 ESMO consensus
statements on HER2-low breast cancer. Virchows Arch. 2024, 484, 3–14. [CrossRef] [PubMed]

3. Tarantino, P.; Jin, Q.; Tayob, N.; Jeselsohn, R.M.; Schnitt, S.J.; Vincuilla, J.; Parker, T.; Tyekucheva, S.; Li, T.; Lin, N.U.; et al.
Prognostic and Biologic Significance of ERBB2-Low Expression in Early-Stage Breast Cancer. JAMA Oncol. 2022, 8, 1177–1183.
[CrossRef]

4. van den Ende, N.S.; Smid, M.; Timmermans, A.; van Brakel, J.B.; Hansum, T.; Foekens, R.; Trapman, A.; Heemskerk-Gerritsen,
B.A.M.; Jager, A.; Martens, J.W.M.; et al. HER2-low breast cancer shows a lower immune response compared to HER2-negative
cases. Sci. Rep. 2022, 12, 12974. [CrossRef]

5. Hamilton, E.; Galsky, M.D.; Ochsenreither, S.; Del Conte, G.; Martin, M.; de Miguel, M.J.; Yu, E.Y.; Williams, A.; Gion, M.; Tan,
A.R.; et al. Trastuzumab Deruxtecan with Nivolumab in HER2-Expressing Metastatic Breast or Urothelial Cancer: Analysis of the
Phase Ib DS8201-A-U105 Study. Clin. Cancer Res. 2024, 30, 5548–5558. [CrossRef]

6. Merlin, J.L.; Husson, M.; Sahki, N.; Gilson, P.; Massard, V.; Harle, A.; Leroux, A. Integrated Molecular Characterization of
HER2-Low Breast Cancer Using Next Generation Sequencing (NGS). Biomedicines 2023, 11, 3164. [CrossRef]

7. Li, Y.; Tsang, J.Y.; Tam, F.; Loong, T.; Tse, G.M. Comprehensive characterization of HER2-low breast cancers: Implications in
prognosis and treatment. EBioMedicine 2023, 91, 104571. [CrossRef] [PubMed]

8. Hensing, W.L.; Podany, E.L.; Sears, J.J.; Tapiavala, S.; Davis, A.A. Evolving concepts in HER2-low breast cancer: Genomic insights,
definitions, and treatment paradigms. Oncotarget 2025, 16, 11–27. [CrossRef]

9. Shaaban, A.M.; Kaur, T.; Provenzano, E. HER2-Low Breast Cancer—Current Knowledge and Future Directions. Medicina 2025, 61,
644. [CrossRef]

10. Liu, S.; Du, B.; Zhou, S.; Shao, N.; Zheng, S.; Kuang, X.; Zhang, Y.; Shi, Y.; Lin, Y. Patterns of Recurrence and Survival Outcomes of
HER2-Low Expression in Early-Stage Breast Cancer. Clin. Breast Cancer 2025, 25, 242–250.e246. [CrossRef]

11. Lai, H.Z.; Han, J.R.; Fu, X.; Ren, Y.F.; Li, Z.H.; You, F.M. Targeted Approaches to HER2-Low Breast Cancer: Current Practice and
Future Directions. Cancers 2022, 14, 3774. [CrossRef]

12. Sun, S.; Yin, Z.; Li, S.; Liu, R.; Sun, G.; Wang, Y.; Hao, X.; Cheng, P. Iron and nitrogen co-modified multi-walled carbon nanotubes
for efficient electrocatalytic oxygen reduction. Nanotechnology 2023, 34, 245403. [CrossRef]

13. Miglietta, F.; Griguolo, G.; Bottosso, M.; Giarratano, T.; Lo Mele, M.; Fassan, M.; Cacciatore, M.; Genovesi, E.; De Bartolo, D.;
Vernaci, G.; et al. HER2-low-positive breast cancer: Evolution from primary tumor to residual disease after neoadjuvant treatment.
NPJ Breast Cancer 2022, 8, 66. [CrossRef]

14. Fusco, N.; Viale, G. The “lows”: Update on ER-low and HER2-low breast cancer. Breast 2024, 78, 103831. [CrossRef] [PubMed]
15. Ergun, Y.; Ucar, G.; Akagunduz, B. Comparison of HER2-zero and HER2-low in terms of clinicopathological factors and survival

in early-stage breast cancer: A systematic review and meta-analysis. Cancer Treat. Rev. 2023, 115, 102538. [CrossRef]
16. Peiffer, D.S.; Zhao, F.; Chen, N.; Hahn, O.M.; Nanda, R.; Olopade, O.I.; Huo, D.; Howard, F.M. Clinicopathologic Characteristics

and Prognosis of ERBB2-Low Breast Cancer Among Patients in the National Cancer Database. JAMA Oncol. 2023, 9, 500–510.
[CrossRef]

17. Liu, M.; Xiang, Q.; Dai, F.; Yuan, Y.; Wu, Z.; Xiang, T. Comparison of the Pathological Complete Response Rate and Survival
Between HER2-Low and HER2-Zero Breast Cancer in Neoadjuvant Chemotherapy Setting: A Systematic Review and Meta-
Analysis. Clin. Breast Cancer 2024, 24, 575–584.e1. [CrossRef] [PubMed]

18. Yan, S.; Zhao, W.; Dong, Y.; Wang, H.; Xu, S.; Yu, T.; Tao, W. Unveiling the mysteries of HER2-low expression in breast cancer:
Pathological response, prognosis, and expression level alterations. World J. Surg. Oncol. 2024, 22, 248. [CrossRef] [PubMed]

19. Denkert, C.; Seither, F.; Schneeweiss, A.; Link, T.; Blohmer, J.-U.; Just, M.; Wimberger, P.; Forberger, A.; Tesch, H.; Jackisch, C.; et al.
Clinical and molecular characteristics of HER2-low-positive breast cancer: Pooled analysis of individual patient data from four
prospective, neoadjuvant clinical trials. Lancet Oncol. 2021, 22, 1151–1161. [CrossRef]

20. Tang, L.; Li, Z.; Jiang, L.; Shu, X.; Xu, Y.; Liu, S. Efficacy evaluation of neoadjuvant chemotherapy in patients with HER2-low
expression breast cancer: A real-world retrospective study. Front. Oncol. 2022, 12, 999716. [CrossRef]

21. Tang, L.; Jiang, L.; Shu, X.; Jin, Y.; Yu, H.; Liu, S. Prognosis and influencing factors of ER-positive, HER2-low breast cancer patients
with residual disease after neoadjuvant chemotherapy: A retrospective study. Sci. Rep. 2024, 14, 11761. [CrossRef] [PubMed]

22. Berrino, E.; Annaratone, L.; Bellomo, S.E.; Ferrero, G.; Gagliardi, A.; Bragoni, A.; Grassini, D.; Guarrera, S.; Parlato, C.; Casorzo,
L.; et al. Integrative genomic and transcriptomic analyses illuminate the ontology of HER2-low breast carcinomas. Genome Med.
2022, 14, 98. [CrossRef]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.1200/JCO.2018.77.8738
https://doi.org/10.1007/s00428-023-03656-w
https://www.ncbi.nlm.nih.gov/pubmed/37770765
https://doi.org/10.1001/jamaoncol.2022.2286
https://doi.org/10.1038/s41598-022-16898-6
https://doi.org/10.1158/1078-0432.CCR-24-1513
https://doi.org/10.3390/biomedicines11123164
https://doi.org/10.1016/j.ebiom.2023.104571
https://www.ncbi.nlm.nih.gov/pubmed/37068349
https://doi.org/10.18632/oncotarget.28680
https://doi.org/10.3390/medicina61040644
https://doi.org/10.1016/j.clbc.2024.11.016
https://doi.org/10.3390/cancers14153774
https://doi.org/10.1088/1361-6528/acc53a
https://doi.org/10.1038/s41523-022-00434-w
https://doi.org/10.1016/j.breast.2024.103831
https://www.ncbi.nlm.nih.gov/pubmed/39486153
https://doi.org/10.1016/j.ctrv.2023.102538
https://doi.org/10.1001/jamaoncol.2022.7476
https://doi.org/10.1016/j.clbc.2024.05.001
https://www.ncbi.nlm.nih.gov/pubmed/38821742
https://doi.org/10.1186/s12957-024-03530-2
https://www.ncbi.nlm.nih.gov/pubmed/39267055
https://doi.org/10.1016/S1470-2045(21)00301-6
https://doi.org/10.3389/fonc.2022.999716
https://doi.org/10.1038/s41598-024-62592-0
https://www.ncbi.nlm.nih.gov/pubmed/38783028
https://doi.org/10.1186/s13073-022-01104-z
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 19 of 24

23. Bansal, R.; Adeyelu, T.; Elliott, A.; Walker, P.; Bustos, M.A.; Rodriguez, E.; Accordino, M.K.; Meisel, J.; Gatti-Mays, M.E.; Hsu, E.;
et al. Genomic and transcriptomic landscape of HER2-low breast cancer. Breast Cancer Res. Treat. 2025, 209, 323–330. [CrossRef]
[PubMed]

24. Han, B.Y.; Chen, C.; Luo, H.; Lin, C.J.; Han, X.C.; Nasir, J.; Shi, J.X.; Huang, W.; Shao, Z.M.; Ling, H.; et al. Clinical sequencing
defines the somatic and germline mutation landscapes of Chinese HER2-Low Breast Cancer. Cancer Lett. 2024, 588, 216763.
[CrossRef]

25. Jin, J.; Li, B.; Cao, J.; Li, T.; Zhang, J.; Cao, J.; Zhao, M.; Wang, L.; Wang, B.; Tao, Z.; et al. Analysis of clinical features, genomic
landscapes and survival outcomes in HER2-low breast cancer. J. Transl. Med. 2023, 21, 360. [CrossRef]

26. Tarantino, P.; Gupta, H.; Hughes, M.E.; Files, J.; Strauss, S.; Kirkner, G.; Feeney, A.M.; Li, Y.; Garrido-Castro, A.C.; Barroso-Sousa,
R.; et al. Comprehensive genomic characterization of HER2-low and HER2-0 breast cancer. Nat. Commun. 2023, 14, 7496. Erratum
in Nat. Commun. 2023, 14, 8321. [CrossRef]

27. Bedoya-López, A.F.; Ahn, S.; Ensenyat-Mendez, M.; Orozco, J.I.J.; Iñiguez-Muñoz, S.; Llinàs-Arias, P.; Thomas, S.M.; Baker, J.L.;
Sullivan, P.S.; Makker, J.; et al. Epigenetic determinants of an immune-evasive phenotype in HER2-low triple-negative breast
cancer. NPJ Precis. Oncol. 2025, 9, 287. [CrossRef]

28. Tan, R.S.Y.C.; Ong, W.S.; Lee, K.H.; Lim, A.H.; Park, S.; Park, Y.H.; Lin, C.H.; Lu, Y.S.; Ono, M.; Ueno, T.; et al. HER2 expression,
copy number variation and survival outcomes in HER2-low non-metastatic breast cancer: An international multicentre cohort
study and TCGA-METABRIC analysis. BMC Med. 2022, 20, 105. [CrossRef]

29. Ma, Y.; Jiao, D.; Zhang, J.; Lv, M.; Chen, X.; Liu, Z. HER2-Low Status Was Associated with Better Breast Cancer-Specific Survival
in Early-Stage Triple-Negative Breast Cancer. Oncologist 2024, 29, e309–e318. [CrossRef]

30. Nishimura, R.; Fujiki, Y.; Taira, T.; Miyaki, T.; Kanemitsu, S.; Yotsumoto, D.; Teraoka, M.; Kawano, J.; Gondo, N.; Mitsueda,
R.; et al. The Clinicopathological and Prognostic Significance of HER2-Low Breast Cancer: A Comparative Analysis Between
HER2-Low and HER2-Zero Subtypes. Clin. Breast Cancer 2024, 24, 431–438. [CrossRef] [PubMed]

31. Kook, Y.; Lee, Y.J.; Chu, C.; Jang, J.S.; Baek, S.H.; Bae, S.J.; Cha, Y.J.; Gong, G.; Jeong, J.; Lee, S.B.; et al. Differentiating HER2-low
and HER2-zero tumors with 21-gene multigene assay in 2,295 HR + HER2-breast cancer: A retrospective analysis. Breast Cancer
Res. 2024, 26, 154. [CrossRef]

32. Park, W.K.; Nam, S.J.; Kim, S.W.; Lee, J.E.; Yu, J.; Lee, S.K.; Ryu, J.M.; Chae, B.J. The Prognostic Impact of HER2-Low and
Menopausal Status in Triple-Negative Breast Cancer. Cancers 2024, 16, 2566. [CrossRef] [PubMed]

33. Yi, X.; Hu, S.; Ma, M.; Huang, D.; Zhang, Y. Effect of HER2-low expression on neoadjuvant efficacy in operable breast cancer. Clin.
Transl. Oncol. 2024, 26, 880–890. [CrossRef] [PubMed]

34. Baez-Navarro, X.; van Bockstal, M.R.; Jager, A.; van Deurzen, C.H.M. HER2-low breast cancer and response to neoadjuvant
chemotherapy: A population-based cohort study. Pathology 2024, 56, 334–342. [CrossRef] [PubMed]

35. Xia, L.Y.; Cao, X.C.; Hu, Q.L.; Xu, W.Y. Prognosis in HR-positive metastatic breast cancer with HER2-low versus HER2-zero
treated with CDK4/6 inhibitor and endocrine therapy: A meta-analysis. Front. Oncol. 2024, 14, 1413674. [CrossRef]

36. Check, D.K.; Jackson, B.E.; Reeder-Hayes, K.E.; Dinan, M.A.; Faherty, E.; Kwong, J.; Mehta, S.; Spees, L.; Wheeler, S.B.; Wilson,
L.E.; et al. Characteristics, healthcare utilization, and outcomes of patients with HER2-low breast cancer. Breast Cancer Res. Treat.
2024, 203, 329–338. [CrossRef]

37. Chen, E.; Chen, C.; Chen, Y.; You, J.; Chen, N.; Xu, S.; Wang, Q.; Cai, Y.; Hu, X.; Li, Q. Investigating HER2-Low in Early Breast
Cancer: Prognostic Implications and Age-Related Prognostic Stratification. Cancer Med. 2025, 14, e70637. [CrossRef]

38. Cha, C.D.; Kim, K.E.; Kim, J.; Um, E.; Choi, N.; Lee, J.; Gwak, G.; Kim, J.I.; Chung, M.S. Prognostic difference between early breast
cancer patients with HER2 low and HER2 zero status. NPJ Breast Cancer 2025, 11, 31. [CrossRef]

39. Narita, Y.; Mizuno, T.; Ishizuka, Y.; Sakakida, T.; Masuishi, T.; Taniguchi, H.; Kadowaki, S.; Honda, K.; Ando, M.; Tajika, M.; et al.
Clinicopathological and prognostic significance of HER2-low expression in advanced gastric cancer: A retrospective observational
study. Oncologist 2024, 30, oyae328. [CrossRef]

40. Bardia, A.; Hu, X.; Dent, R.; Yonemori, K.; Barrios, C.H.; O’Shaughnessy, J.A.; Wildiers, H.; Pierga, J.Y.; Zhang, Q.; Saura, C.; et al.
Trastuzumab Deruxtecan after Endocrine Therapy in Metastatic Breast Cancer. N. Engl. J. Med. 2024, 391, 2110–2122. [CrossRef]

41. Huppert, L.A.; Mahtani, R.; Fisch, S.; Dempsey, N.; Premji, S.; Raimonde, A.; Jacob, S.; Quintal, L.; Melisko, M.; Chien, J.
Multicenter retrospective cohort study of the sequential use of the antibody-drug conjugates (ADCs) trastuzumab deruxtecan
(T-DXd) and sacituzumab govitecan (SG) in patients with HER2-low metastatic breast cancer (MBC). NPJ Breast Cancer 2025, 11,
34. [CrossRef]

42. Narayan, P.; Dilawari, A.; Osgood, C.; Feng, Z.; Bloomquist, E.; Pierce, W.F.; Jafri, S.; Kalavar, S.; Kondratovich, M.; Jha, P.; et al.
US Food and Drug Administration Approval Summary: Fam-Trastuzumab Deruxtecan-nxki for Human Epidermal Growth
Factor Receptor 2-Low Unresectable or Metastatic Breast Cancer. J. Clin. Oncol. 2023, 41, 2108–2116. [CrossRef]

43. Michelon, I.; Dacoregio, M.I.; Vilbert, M.; Priantti, J.; do Rego Castro, C.E.; Vian, L.; Tarantino, P.; Azambuja, E.d.; Cavalcante, L.
Antibody–drug conjugates in patients with advanced/metastatic HER2-low-expressing breast cancer: A systematic review and
meta-analysis. Ther. Adv. Med. Oncol. 2024, 16, 17588359241297079. [CrossRef]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.1007/s10549-024-07495-4
https://www.ncbi.nlm.nih.gov/pubmed/39302579
https://doi.org/10.1016/j.canlet.2024.216763
https://doi.org/10.1186/s12967-023-04076-9
https://doi.org/10.1038/s41467-023-43324-w
https://doi.org/10.1038/s41698-025-01023-3
https://doi.org/10.1186/s12916-022-02284-6
https://doi.org/10.1093/oncolo/oyad275
https://doi.org/10.1016/j.clbc.2024.02.013
https://www.ncbi.nlm.nih.gov/pubmed/38472058
https://doi.org/10.1186/s13058-024-01911-9
https://doi.org/10.3390/cancers16142566
https://www.ncbi.nlm.nih.gov/pubmed/39061205
https://doi.org/10.1007/s12094-023-03318-y
https://www.ncbi.nlm.nih.gov/pubmed/37702827
https://doi.org/10.1016/j.pathol.2023.10.022
https://www.ncbi.nlm.nih.gov/pubmed/38341307
https://doi.org/10.3389/fonc.2024.1413674
https://doi.org/10.1007/s10549-023-07142-4
https://doi.org/10.1002/cam4.70637
https://doi.org/10.1038/s41523-025-00737-8
https://doi.org/10.1093/oncolo/oyae328
https://doi.org/10.1056/NEJMoa2407086
https://doi.org/10.1038/s41523-025-00748-5
https://doi.org/10.1200/JCO.22.02447
https://doi.org/10.1177/17588359241297079
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 20 of 24

44. Rugo, H.S.; Im, S.A.; Cardoso, F.; Cortes, J.; Curigliano, G.; Musolino, A.; Pegram, M.D.; Bachelot, T.; Wright, G.S.; Saura, C.; et al.
Margetuximab Versus Trastuzumab in Patients with Previously Treated HER2-Positive Advanced Breast Cancer (SOPHIA): Final
Overall Survival Results From a Randomized Phase 3 Trial. J. Clin. Oncol. 2023, 41, 198–205. [CrossRef] [PubMed]

45. Alasmari, M.M. A Review of Margetuximab-Based Therapies in Patients with HER2-Positive Metastatic Breast Cancer. Cancers
2022, 15, 38. [CrossRef]

46. Blair, H.A. Zenocutuzumab: First Approval. Drugs 2025, 85, 591–597. [CrossRef]
47. Shao, Y.; Guan, H.; Luo, Z.; Yu, Y.; He, Y.; Chen, Q.; Liu, C.; Zhu, F.; Liu, H. Clinicopathological characteristics and value

of HER2-low expression evolution in breast cancer receiving neoadjuvant chemotherapy. Breast 2024, 73, 103666. [CrossRef]
[PubMed]

48. Palma, M. Advancing Breast Cancer Treatment: The Role of Immunotherapy and Cancer Vaccines in Overcoming Therapeutic
Challenges. Vaccines 2025, 13, 344. [CrossRef]

49. Li, J.Y.; Jiang, R.Y.; Wang, J.; Wang, X.J. Advances in mRNA vaccine therapy for breast cancer research. Discov. Oncol. 2025, 16,
673. [CrossRef] [PubMed]

50. Fines, C.; McCarthy, H.; Buckley, N. The search for a TNBC vaccine: The guardian vaccine. Cancer Biol. Ther. 2025, 26, 2472432.
[CrossRef]

51. Seadawy, M.G.; Lotfy, M.M.; Saeed, A.A.; Ageez, A.M. Novel HER2-based multi-epitope vaccine (HER2-MEV) against HER2-
positive breast cancer: In silico design and validation. Hum. Immunol. 2024, 85, 110832. [CrossRef]

52. Adams, S.; Othus, M.; Patel, S.P.; Miller, K.D.; Chugh, R.; Schuetze, S.M.; Chamberlin, M.D.; Haley, B.J.; Storniolo, A.M.V.; Reddy,
M.P.; et al. A Multicenter Phase II Trial of Ipilimumab and Nivolumab in Unresectable or Metastatic Metaplastic Breast Cancer:
Cohort 36 of Dual Anti–CTLA-4 and Anti–PD-1 Blockade in Rare Tumors (DART, SWOG S1609). Clin. Cancer Res. 2022, 28,
271–278. [CrossRef]

53. Powles, T.; van der Heijden, M.S.; Castellano, D.; Galsky, M.D.; Loriot, Y.; Petrylak, D.P.; Ogawa, O.; Park, S.H.; Lee, J.L.; De
Giorgi, U. Durvalumab alone and durvalumab plus tremelimumab versus chemotherapy in previously untreated patients with
unresectable, locally advanced or metastatic urothelial carcinoma (DANUBE): A randomised, open-label, multicentre, phase 3
trial. Lancet Oncol. 2020, 21, 1574–1588. Erratum in Lancet Oncol. 2021, 22, e5. [CrossRef]

54. Chen, J.; Wang, Z.; Lv, Q.; Du, Z.; Tan, Q.; Zhang, D.; Xiong, B.; Zeng, H.; Gou, J. Comparison of Core Needle Biopsy and Excision
Specimens for the Accurate Evaluation of Breast Cancer Molecular Markers: A Report of 1003 Cases. Pathol. Oncol. Res. 2017, 23,
769–775. [CrossRef]

55. Chen, R.; Qi, Y.; Huang, Y.; Liu, W.; Yang, R.; Zhao, X.; Wu, Y.; Li, Q.; Wang, Z.; Sun, X.; et al. Diagnostic value of core needle
biopsy for determining HER2 status in breast cancer, especially in the HER2-low population. Breast Cancer Res. Treat. 2023, 197,
189–200. [CrossRef] [PubMed]

56. Yin, P.; Cai, Y.; Cui, T.; Berg, A.J.; Wang, T.; Morency, D.T.; Paganelli, P.M.; Lok, C.; Xue, Y.; Vicini, S.; et al. Glial Sphingosine-
Mediated Epigenetic Regulation Stabilizes Synaptic Function in Drosophila Models of Alzheimer’s Disease. J. Neurosci. 2023, 43,
6954–6971. [CrossRef]

57. Sakatani, T.; Tsuda, H.; Yoshida, M.; Honma, N.; Masuda, S.; Osako, T.; Hayashi, A.; Jara-Lazaro, A.R.; Horii, R. Current status
and challenges in HER2 IHC assessment: Scoring survey results in Japan. Breast Cancer Res. Treat. 2025, 210, 27–36. [CrossRef]
[PubMed]

58. Robbins, C.J.; Bates, K.M.; Rimm, D.L. HER2 testing: Evolution and update for a companion diagnostic assay. Nat. Rev. Clin.
Oncol. 2025, 22, 408–423. [CrossRef] [PubMed]

59. Torlakovic, E.E.; Nielsen, S.; Francis, G.; Garratt, J.; Gilks, B.; Goldsmith, J.D.; Hornick, J.L.; Hyjek, E.; Ibrahim, M.; Miller, K.
Standardization of positive controls in diagnostic immunohistochemistry: Recommendations from the International Ad Hoc
Expert Committee. Appl. Immunohistochem. Mol. Morphol. 2015, 23, 1–18. [CrossRef]

60. Shu, L.; Tong, Y.; Li, Z.; Chen, X.; Shen, K. Can HER2 1+ Breast Cancer Be Considered as HER2-Low Tumor? A Comparison of
Clinicopathological Features, Quantitative HER2 mRNA Levels, and Prognosis among HER2-Negative Breast Cancer. Cancers
2022, 14, 4250. [CrossRef]

61. Gaudio, M.; Jacobs, F.; Benvenuti, C.; Saltalamacchia, G.; Gerosa, R.; De Sanctis, R.; Santoro, A.; Zambelli, A. Unveiling the
HER2-low phenomenon: Exploring immunohistochemistry and gene expression to characterise HR-positive HER2-negative early
breast cancer. Breast Cancer Res. Treat. 2024, 203, 487–495. [CrossRef] [PubMed]

62. Na, S.; Kim, M.; Park, Y.; Kwon, H.J.; Shin, H.C.; Kim, E.K.; Jang, M.; Kim, S.M.; Park, S.Y. Concordance of HER2 status between
core needle biopsy and surgical resection specimens of breast cancer: An analysis focusing on the HER2-low status. Breast Cancer
2024, 31, 705–716. [CrossRef]

63. Wu, S.; Shang, J.; Li, Z.; Liu, H.; Xu, X.; Zhang, Z.; Wang, Y.; Zhao, M.; Yue, M.; He, J. Interobserver consistency and diagnostic
challenges in HER2-ultralow breast cancer: A multicenter study. ESMO Open 2025, 10, 104127. [CrossRef]

64. Hempenius, M.A.; Eenkhoorn, M.A.; Høeg, H.; Dabbs, D.J.; van der Vegt, B.; Sompuram, S.R.; ‘t Hart, N.A. Quantitative
comparison of immunohistochemical HER2-low detection in an interlaboratory study. Histopathology 2024, 85, 920–928. [CrossRef]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.1200/JCO.21.02937
https://www.ncbi.nlm.nih.gov/pubmed/36332179
https://doi.org/10.3390/cancers15010038
https://doi.org/10.1007/s40265-025-02155-3
https://doi.org/10.1016/j.breast.2023.103666
https://www.ncbi.nlm.nih.gov/pubmed/38159433
https://doi.org/10.3390/vaccines13040344
https://doi.org/10.1007/s12672-025-02542-y
https://www.ncbi.nlm.nih.gov/pubmed/40327249
https://doi.org/10.1080/15384047.2025.2472432
https://doi.org/10.1016/j.humimm.2024.110832
https://doi.org/10.1158/1078-0432.CCR-21-2182
https://doi.org/10.1016/S1470-2045(20)30541-6
https://doi.org/10.1007/s12253-017-0187-5
https://doi.org/10.1007/s10549-022-06781-3
https://www.ncbi.nlm.nih.gov/pubmed/36346486
https://doi.org/10.1523/JNEUROSCI.0515-23.2023
https://doi.org/10.1007/s10549-024-07532-2
https://www.ncbi.nlm.nih.gov/pubmed/39496910
https://doi.org/10.1038/s41571-025-01016-y
https://www.ncbi.nlm.nih.gov/pubmed/40195456
https://doi.org/10.1097/PAI.0000000000000163
https://doi.org/10.3390/cancers14174250
https://doi.org/10.1007/s10549-023-07151-3
https://www.ncbi.nlm.nih.gov/pubmed/37923964
https://doi.org/10.1007/s12282-024-01585-3
https://doi.org/10.1016/j.esmoop.2024.104127
https://doi.org/10.1111/his.15273
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 21 of 24

65. Turashvili, G.; Gao, Y.; Ai, D.; Ewaz, A.M.; Gjeorgjievski, S.G.; Wang, Q.; Nguyen, T.T.A.; Zhang, C.; Li, X. Low interobserver
agreement among subspecialised breast pathologists in evaluating HER2-low breast cancer. J. Clin. Pathol. 2024, 77, 815–821.
[CrossRef] [PubMed]

66. Rüschoff, J.; Penner, A.; Ellis, I.O.; Hammond, M.E.H.; Lebeau, A.; Osamura, R.Y.; Penault-Llorca, F.; Rojo, F.; Desai, C.; Moh, A.;
et al. Global Study on the Accuracy of Human Epidermal Growth Factor Receptor 2-Low Diagnosis in Breast Cancer. Arch. Pathol.
Lab. Med. 2024, 149, 431–438. [CrossRef] [PubMed]

67. Sun, H.; Kang, E.Y.; Chen, H.; Sweeney, K.J.; Suchko, M.; Wu, Y.; Wen, J.; Krishnamurthy, S.; Albarracin, C.T.; Ding, Q.Q.; et al.
Immunohistochemical assessment of HER2 low breast cancer: Interobserver reproducibility and correlation with digital image
analysis. Breast Cancer Res. Treat. 2024, 205, 403–411. [CrossRef]

68. Krishnamurthy, S.; Schnitt, S.J.; Vincent-Salomon, A.; Canas-Marques, R.; Colon, E.; Kantekure, K.; Maklakovski, M.; Finck, W.;
Thomassin, J.; Globerson, Y.; et al. Fully Automated Artificial Intelligence Solution for Human Epidermal Growth Factor Receptor
2 Immunohistochemistry Scoring in Breast Cancer: A Multireader Study. JCO Precis. Oncol. 2024, 8, e2400353. [CrossRef]

69. Jung, M.; Song, S.G.; Cho, S.I.; Shin, S.; Lee, T.; Jung, W.; Lee, H.; Park, J.; Song, S.; Park, G.; et al. Augmented interpretation of
HER2, ER, and PR in breast cancer by artificial intelligence analyzer: Enhancing interobserver agreement through a reader study
of 201 cases. Breast Cancer Res. 2024, 26, 31. [CrossRef]

70. Wu, S.; Yue, M.; Zhang, J.; Li, X.; Li, Z.; Zhang, H.; Wang, X.; Han, X.; Cai, L.; Shang, J.; et al. The Role of Artificial Intelligence in
Accurate Interpretation of HER2 Immunohistochemical Scores 0 and 1+ in Breast Cancer. Mod. Pathol. 2023, 36, 100054. [CrossRef]

71. Albuquerque, D.A.N.; Vianna, M.T.; Sampaio, L.A.F.; Vasiliu, A.; Neves Filho, E.H.C. Systematic review and meta-analysis of
artificial intelligence in classifying HER2 status in breast cancer immunohistochemistry. NPJ Digit. Med. 2025, 8, 144. [CrossRef]
[PubMed]

72. Jakobsen, M.R.; Teerapakpinyo, C.; Shuangshoti, S.; Keelawat, S. Comparison between digital image analysis and visual
assessment of immunohistochemical HER2 expression in breast cancer. Pathol. Res. Pr. 2018, 214, 2087–2092. [CrossRef] [PubMed]

73. Peng, Y.; Zhang, X.; Qiu, Y.; Li, B.; Yang, Z.; Huang, J.; Lin, J.; Zheng, C.; Hu, L.; Shen, J. Development and Validation of MRI
Radiomics Models to Differentiate HER2-Zero, -Low, and -Positive Breast Cancer. AJR Am. J. Roentgenol. 2024, 222, e2330603.
[CrossRef]

74. Ramtohul, T.; Djerroudi, L.; Lissavalid, E.; Nhy, C.; Redon, L.; Ikni, L.; Djelouah, M.; Journo, G.; Menet, E.; Cabel, L.; et al.
Multiparametric MRI and Radiomics for the Prediction of HER2-Zero, -Low, and -Positive Breast Cancers. Radiology 2023, 308,
e222646. [CrossRef]

75. Guo, Y.; Xie, X.; Tang, W.; Chen, S.; Wang, M.; Fan, Y.; Lin, C.; Hu, W.; Yang, J.; Xiang, J.; et al. Noninvasive identification of
HER2-low-positive status by MRI-based deep learning radiomics predicts the disease-free survival of patients with breast cancer.
Eur. Radiol. 2024, 34, 899–913. [CrossRef]

76. Mao, C.; Hu, L.; Jiang, W.; Qiu, Y.; Yang, Z.; Liu, Y.; Wang, M.; Wang, D.; Su, Y.; Lin, J.; et al. Discrimination between human
epidermal growth factor receptor 2 (HER2)-low-expressing and HER2-overexpressing breast cancers: A comparative study of
four MRI diffusion models. Eur. Radiol. 2024, 34, 2546–2559. [CrossRef]

77. Zhou, J.; Zhang, Y.; Miao, H.; Yoon, G.Y.; Wang, J.; Lin, Y.; Wang, H.; Liu, Y.L.; Chen, J.H.; Pan, Z.; et al. Preoperative Differentiation
of HER2-Zero and HER2-Low from HER2-Positive Invasive Ductal Breast Cancers Using BI-RADS MRI Features and Machine
Learning Modeling. J. Magn. Reson. Imaging 2024, 61, 928–941. [CrossRef]

78. Wang, X.; Huang, Y.; Cao, Y.; Chen, H.; Gong, X.; Lan, X.; Zhang, J.; Ye, Z. Time-Dependent Diffusion MRI-Based Microstructural
Mapping for Characterizing HER2-Zero,-Low,-Ultra-Low, and-Positive Breast Cancer. J. Magn. Reson. Imaging 2025, 62, 1754–1767.
[CrossRef]

79. Li, Q.Y.; Liang, Y.; Zhang, L.; Li, J.H.; Wang, B.J.; Wang, C.F. MRI-based habitat analysis for Intratumoral heterogeneity
quantification combined with deep learning for HER2 status prediction in breast cancer. Magn. Reson. Imaging 2025, 122, 110429.
[CrossRef]

80. Hatano, T.; Tanei, T.; Seno, S.; Sota, Y.; Masunaga, N.; Mishima, C.; Tsukabe, M.; Yoshinami, T.; Miyake, T.; Shimoda, M. High
HER2 Intratumoral Heterogeneity Is Resistant to Anti-HER2 Neoadjuvant Chemotherapy in Early Stage and Locally Advanced
HER2-Positive Breast Cancer. Cancers 2025, 17, 2126. [CrossRef] [PubMed]

81. Dai, W.; Navolotskaia, O.; Fine, J.L.; Harinath, L.; Motanagh, S.A.; Villatoro, T.M.; Bhargava, R.; Clark, B.Z.; Yu, J. Not All
HER2-Positive Breast Cancers Are the Same: Intratumoral Heterogeneity, Low-Level HER2 Amplification, and Their Impact on
Neoadjuvant Therapy Response. Mod. Pathol. 2025, 38, 100785. [CrossRef]

82. Hatano, T.; Tanei, T.; Seno, S.; Sota, Y.; Kitahara, Y.; Abe, K.; Masunaga, N.; Mishima, C.; Tsukabe, M.; Yoshinami, T. Prognostic
significance of HER2 heterogeneity in early-stage and locally advanced HER2-positive breast cancer. J. Clin. Oncol. 2025, 43,
e12595. [CrossRef]

83. Hou, Y.; Nitta, H.; Li, Z. HER2 Intratumoral Heterogeneity in Breast Cancer, an Evolving Concept. Cancers 2023, 15, 2664.
[CrossRef]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.1136/jcp-2023-209055
https://www.ncbi.nlm.nih.gov/pubmed/37714693
https://doi.org/10.5858/arpa.2024-0052-OA
https://www.ncbi.nlm.nih.gov/pubmed/39111775
https://doi.org/10.1007/s10549-024-07256-3
https://doi.org/10.1200/PO.24.00353
https://doi.org/10.1186/s13058-024-01784-y
https://doi.org/10.1016/j.modpat.2022.100054
https://doi.org/10.1038/s41746-025-01483-8
https://www.ncbi.nlm.nih.gov/pubmed/40050686
https://doi.org/10.1016/j.prp.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30377025
https://doi.org/10.2214/AJR.23.30603
https://doi.org/10.1148/radiol.222646
https://doi.org/10.1007/s00330-023-09990-6
https://doi.org/10.1007/s00330-023-10198-x
https://doi.org/10.1002/jmri.29447
https://doi.org/10.1002/jmri.70074
https://doi.org/10.1016/j.mri.2025.110429
https://doi.org/10.3390/cancers17132126
https://www.ncbi.nlm.nih.gov/pubmed/40647425
https://doi.org/10.1016/j.modpat.2025.100785
https://doi.org/10.1200/JCO.2025.43.16_suppl.e12595
https://doi.org/10.3390/cancers15102664
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 22 of 24

84. Wang, J.; Yoon, E.; Krishnamurthy, S. Concordance between pathologists and between specimen types in detection of HER2-low
breast carcinoma by immunohistochemistry. Ann. Diagn. Pathol. 2024, 70, 152288. [CrossRef]

85. Shiino, S.; Tokura, M.; Nakayama, J.; Yoshida, M.; Suto, A.; Yamamoto, Y. Investigation of Tumor Heterogeneity Using Integrated
Single-Cell RNA Sequence Analysis to Focus on Genes Related to Breast Cancer-, EMT-, CSC-, and Metastasis-Related Markers in
Patients with HER2-Positive Breast Cancer. Cells 2023, 12, 2286. [CrossRef] [PubMed]

86. Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.; Bartlett, J.M.; Bilous, M.;
Fitzgibbons, P.; et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American Society
of Clinical Oncology/College of American Pathologists clinical practice guideline update. J. Clin. Oncol. 2013, 31, 3997–4013.
[CrossRef] [PubMed]

87. Guo, L.; Kong, D.; Liu, J.; Zhan, L.; Luo, L.; Zheng, W.; Zheng, Q.; Chen, C.; Sun, S. Correction: Breast cancer heterogeneity and
its implication in personalized precision therapy. Exp. Hematol. Oncol. 2023, 12, 3. Erratum in Exp. Hematol. Oncol. 2024, 13, 7.
[CrossRef]

88. Yousef, E.M.; Alswilem, A.M.; Alfaraj, Z.S.; Alhamood, D.J.; Ghashi, G.K.; Alruwaily, H.S.; Al Yahya, S.S.; Alsaeed, E. Incidence
and Prognostic Significance of Hormonal Receptors and HER2 Status Conversion in Recurrent Breast Cancer: A Retrospective
Study in a Single Institute. Medicina 2025, 61, 563. [CrossRef]

89. Wang, J.; Long, X.; Tang, M.; Xiao, X. HER2 and hormone receptor conversion after neoadjuvant therapy for breast cancer. Front.
Oncol. 2025, 15, 1522460. [CrossRef]

90. Bai, K.; Woo, J.W.; Kwon, H.J.; Chung, Y.R.; Suh, K.J.; Kim, S.H.; Kim, J.H.; Park, S.Y. Alteration of HER2 Status During Breast
Cancer Progression: A Clinicopathological Analysis Focusing on HER2-Low Status. Lab. Investig. 2024, 104, 102092. [CrossRef]

91. Miglietta, F.; Griguolo, G.; Bottosso, M.; Giarratano, T.; Mele, M.L.; Fassan, M.; Cacciatore, M.; Genovesi, E.; De Bartolo, D.;
Vernaci, G.; et al. Evolution of HER2-low expression from primary to recurrent breast cancer. NPJ Breast Cancer 2021, 7, 137.
Erratum in NPJ Breast Cancer 2021, 7, 149. [CrossRef]

92. Alave Reyes-Furrer, A.; De Andrade, S.; Bachmann, D.; Jeker, H.; Steinmann, M.; Accart, N.; Dunbar, A.; Rausch, M.; Bono, E.; Ri-
mann, M.; et al. Matrigel 3D bioprinting of contractile human skeletal muscle models recapitulating exercise and pharmacological
responses. Commun. Biol. 2021, 4, 1183. [CrossRef] [PubMed]

93. Guan, F.; Ju, X.; Chen, L.; Ren, J.; Ke, X.; Luo, B.; Huang, A.; Yuan, J. Comparison of clinicopathological characteristics, efficacy of
neoadjuvant therapy, and prognosis in HER2-low and HER2-ultralow breast cancer. Diagn. Pathol. 2024, 19, 131. [CrossRef]

94. Wang, X.; Wang, L.; Lin, H.; Zhu, Y.; Huang, D.; Lai, M.; Xi, X.; Huang, J.; Zhang, W.; Zhong, T. Research progress of CTC, ctDNA,
and EVs in cancer liquid biopsy. Front. Oncol. 2024, 14, 1303335. [CrossRef]

95. Giordani, E.; Allegretti, M.; Sinibaldi, A.; Michelotti, F.; Ferretti, G.; Ricciardi, E.; Ziccheddu, G.; Valenti, F.; Di Martino, S.; Ercolani,
C.; et al. Monitoring changing patterns in HER2 addiction by liquid biopsy in advanced breast cancer patients. J. Exp. Clin. Cancer
Res. 2024, 43, 182. [CrossRef]

96. Aldo, D.A.; Anca Florentina, D.; Sandro, M.; Federico Pio, F.; Massimo, L.; Giovanna, L.; Giovanni, P.; Nicola, M.; Aureliano,
S.; Alessandro, D.A.; et al. Liquid biopsy-based technologies: A promising tool for biomarker identification in her2-low breast
cancer patients for improved therapeutic outcomes. J. Cancer Metastasis Treat. 2024, 10, 29. [CrossRef]

97. Cieslik, J.P.; Behrens, B.; Banys-Paluchowski, M.; Pruss, M.; Neubacher, M.; Ruckhäberle, E.; Neubauer, H.; Fehm, T.; Krawczyk,
N. Liquid Biopsy in Metastatic Breast Cancer: Path to Personalized Medicine. Oncol. Res. Treat. 2025, 48, 532–547. [CrossRef]

98. Mokhtari, R.B.; Sampath, D.; Eversole, P.; Yu Lin, M.O.; Bosykh, D.A.; Boopathy, G.T.; Sivakumar, A.; Wang, C.C.; Kumar, R.;
Sheng, J.Y.P. An Agrin–YAP/TAZ Rigidity Sensing Module Drives EGFR-Addicted Lung Tumorigenesis. Adv. Sci. 2025, 12,
2413443. [CrossRef]

99. Nicolò, E.; Serafini, M.S.; Munoz-Arcos, L.; Pontolillo, L.; Molteni, E.; Bayou, N.; Andreopoulou, E.; Curigliano, G.; Reduzzi, C.;
Cristofanilli, M. Real-time assessment of HER2 status in circulating tumor cells of breast cancer patients: Methods of detection
and clinical implications. J. Liq. Biopsy 2023, 2, 100117. Erratum in J. Liq. Biopsy 2024, 5, 100155. [CrossRef] [PubMed]

100. Dickinson, K.; Sharma, A.; Agnihotram, R.K.V.; Altuntur, S.; Park, M.; Meterissian, S.; Burnier, J.V. Circulating Tumor DNA and
Survival in Metastatic Breast Cancer: A Systematic Review and Meta-Analysis. JAMA Netw. Open 2024, 7, e2431722. [CrossRef]

101. Panet, F.; Papakonstantinou, A.; Borrell, M.; Vivancos, J.; Vivancos, A.; Oliveira, M. Use of ctDNA in early breast cancer: Analytical
validity and clinical potential. NPJ Breast Cancer 2024, 10, 50. [CrossRef]

102. Corné, J.; Quillien, V.; Godey, F.; Cherel, M.; Cochet, A.; Le Du, F.; Robert, L.; Bourien, H.; Brunot, A.; Crouzet, L. Plasma-based
analysis of ERBB2 mutational status by multiplex digital PCR in a large series of patients with metastatic breast cancer. Mol.
Oncol. 2024, 18, 2714–2729. [CrossRef]

103. Sánchez-Martín, V.; López-López, E.; Reguero-Paredes, D.; Godoy-Ortiz, A.; Domínguez-Recio, M.E.; Jiménez-Rodríguez, B.;
Alba-Bernal, A.; Quirós-Ortega, M.E.; Roldán-Díaz, M.D.; Velasco-Suelto, J. Comparative study of droplet-digital PCR and
absolute Q digital PCR for ctDNA detection in early-stage breast cancer patients. Clin. Chim. Acta 2024, 552, 117673. [CrossRef]
[PubMed]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.1016/j.anndiagpath.2024.152288
https://doi.org/10.3390/cells12182286
https://www.ncbi.nlm.nih.gov/pubmed/37759508
https://doi.org/10.1200/JCO.2013.50.9984
https://www.ncbi.nlm.nih.gov/pubmed/24101045
https://doi.org/10.1186/s40164-022-00363-1
https://doi.org/10.3390/medicina61040563
https://doi.org/10.3389/fonc.2025.1522460
https://doi.org/10.1016/j.labinv.2024.102092
https://doi.org/10.1038/s41523-021-00343-4
https://doi.org/10.1038/s42003-021-02691-0
https://www.ncbi.nlm.nih.gov/pubmed/34650188
https://doi.org/10.1186/s13000-024-01557-3
https://doi.org/10.3389/fonc.2024.1303335
https://doi.org/10.1186/s13046-024-03105-9
https://doi.org/10.20517/2394-4722.2024.63
https://doi.org/10.1159/000545643
https://doi.org/10.1002/advs.202413443
https://doi.org/10.1016/j.jlb.2023.100117
https://www.ncbi.nlm.nih.gov/pubmed/40028485
https://doi.org/10.1001/jamanetworkopen.2024.31722
https://doi.org/10.1038/s41523-024-00653-3
https://doi.org/10.1002/1878-0261.13592
https://doi.org/10.1016/j.cca.2023.117673
https://www.ncbi.nlm.nih.gov/pubmed/38007055
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 23 of 24

104. D’Amico, P.; Reduzzi, C.; Qiang, W.; Zhang, Y.; Gerratana, L.; Zhang, Q.; Davis, A.A.; Shah, A.N.; Manai, M.; Curigliano, G.;
et al. Single-Cells Isolation and Molecular Analysis: Focus on HER2-Low CTCs in Metastatic Breast Cancer. Cancers 2022, 14, 79.
[CrossRef]

105. Xie, P.; Zhang, X.; Liu, T.; Song, Y.; Zhang, Q.; Wan, D.; Wang, S.; Wang, S.; Zhang, W. Concordance of HER2 status between
primary tumor and circulating tumor cells in breast cancer. Discov. Oncol. 2024, 15, 760. [CrossRef]

106. Tretschock, L.M.; Clemente, H.; Smetanay, K.; Fremd, C.; Thewes, V.; Haßdenteufel, K.; Scholz, A.S.; Pantel, K.; Riethdorf, S.;
Trumpp, A.; et al. HER2(-Low) Expression on Circulating Tumor Cells and Corresponding Metastatic Tissue in Metastatic Breast
Cancer. Oncol. Res. Treat. 2024, 48, 161–173. [CrossRef] [PubMed]

107. Wang, L.; Hong, R.; Shi, S.; Wang, S.; Chen, Y.; Han, C.; Li, M.; Ye, F. The prognostic significance of circulating tumor cell
enumeration and HER2 expression by a novel automated microfluidic system in metastatic breast cancer. BMC Cancer 2024, 24,
1067. [CrossRef]

108. Hensing, W.L.; Gerratana, L.; Clifton, K.; Medford, A.J.; Velimirovic, M.; Shah, A.N.; D’Amico, P.; Reduzzi, C.; Zhang, Q.; Dai,
C.S.; et al. Genetic Alterations Detected by Circulating Tumor DNA in HER2-Low Metastatic Breast Cancer. Clin. Cancer Res.
2023, 29, 3092–3100. [CrossRef]

109. Hensing, W.L.; Gerratana, L.; Clifton, K.; Velimirovic, M.; Shah, A.; D’Amico, P.; Reduzzi, C.; Zhang, Q.; Dai, C.S.; Bagegni, N.A.;
et al. Abstract P2-01-01: Genetic alterations detected by circulating tumor DNA (ctDNA) in HER2-low metastatic breast cancer
(MBC). Cancer Res. 2022, 82, P2-01-01. [CrossRef]

110. Raghav, K.P.S.; Moasser, M.M. Molecular Pathways and Mechanisms of HER2 in Cancer Therapy. Clin. Cancer Res. 2023, 29,
2351–2361. [CrossRef]

111. Santhanakrishnan, J.; Meganathan, P.; Vedagiri, H. Structural biology of HER2/ERBB2 dimerization: Mechanistic insights and
differential roles in healthy versus cancerous cells. Explor. Med. 2024, 5, 530–543. [CrossRef]

112. Perrier, A.; Gligorov, J.; Lefèvre, G.; Boissan, M. The extracellular domain of Her2 in serum as a biomarker of breast cancer. Lab.
Investig. 2018, 98, 696–707. [CrossRef]

113. Menendez, J.A.; Schroeder, B.; Peirce, S.K.; Vellon, L.; Papadimitropoulou, A.; Espinoza, I.; Lupu, R. Blockade of a key region in
the extracellular domain inhibits HER2 dimerization and signaling. J. Natl. Cancer Inst. 2015, 107, djv090. [CrossRef]

114. Liu, P.C.; Liu, X.; Li, Y.; Covington, M.; Wynn, R.; Huber, R.; Hillman, M.; Yang, G.; Ellis, D.; Marando, C. Identification of
ADAM10 as a major source of HER2 ectodomain sheddase activity in HER2 overexpressing breast cancer cells. Cancer Biol. Ther.
2006, 5, 657–664. [CrossRef] [PubMed]

115. Di Gioia, D.; Dresse, M.; Mayr, D.; Nagel, D.; Heinemann, V.; Kahlert, S.; Stieber, P. Serum HER2 supports HER2-testing in tissue
at the time of primary diagnosis of breast cancer. Clin. Chim. Acta 2014, 430, 86–91. [CrossRef]

116. Premarket Notification—510(k). ADVIA Centaur HER-2heu Immunoassay. 510(k) Summary of Safety and Effectiveness. Available
online: https://www.accessdata.fda.gov/cdrh_docs/pdf2/k024017.pdf (accessed on 19 November 2025).

117. Vion, R.; Calbrix, C.; Berghian, A.; Lévêque, E.; Fontanilles, M.; Paquin, C.; Ruminy, P.; Rouvet, J.; Leheurteur, M.; Olympios, N.
Prognostic value of circulating HER2 extracellular domain in patients with HER2-positive metastatic breast carcinoma treated
with TDM-1 (trastuzumab emtansine). Clin. Transl. Oncol. 2025. [CrossRef] [PubMed]

118. Fineide, F.A.; Tashbayev, B.; Elgstoen, K.B.P.; Sandas, E.M.; Rootwelt, H.; Hynne, H.; Chen, X.; Raeder, S.; Vehof, J.; Dartt, D.; et al.
Tear and Saliva Metabolomics in Evaporative Dry Eye Disease in Females. Metabolites 2023, 13, 1125. [CrossRef]

119. García-Barberán, V.; Gómez Del Pulgar, M.E.; Guamán, H.M.; Benito-Martin, A. The times they are AI-changing: AI-powered
advances in the application of extracellular vesicles to liquid biopsy in breast cancer. Extracell. Vesicles Circ. Nucleic Acids 2025, 6,
128–140. [CrossRef] [PubMed]

120. Chia, J.L.L.; He, G.S.; Ngiam, K.Y.; Hartman, M.; Ng, Q.X.; Goh, S.S.N. Harnessing Artificial Intelligence to Enhance Global Breast
Cancer Care: A Scoping Review of Applications, Outcomes, and Challenges. Cancers 2025, 17, 197. [CrossRef]

121. Kovács, A.; Klint, L.; Linderholm, B.; Parris, T.Z. Changes in HER2low and HER2-ultralow status in 47 advanced breast carcinoma
core biopsies, matching surgical specimens, and their distant metastases assessed by conventional light microscopy, digital
pathology, and artificial intelligence. Breast Cancer Res. Treat. 2025, 213, 397–408. Erratum in Breast Cancer Res. Treat. 2025, 214, 437.
[CrossRef]

122. Yang, L.; Chen, J.; Gao, L.; Li, F.; Yang, X.; Ji, J.; Zhang, P.; Hua, P.; Liu, X.; Wang, R.; et al. Artificial intelligence-assisted HER2
interpretation for breast cancers in a multi-laboratory study. Gland Surg. 2025, 14, 1042–1051. [CrossRef]

123. Feng, K.; Yi, Z.; Xu, B. Artificial Intelligence and Breast Cancer Management: From Data to the Clinic. Cancer Innov. 2025, 4, e159.
[CrossRef] [PubMed]

124. Goh, S.; Goh, R.S.J.; Chong, B.; Ng, Q.X.; Koh, G.C.H.; Ngiam, K.Y.; Hartman, M. Challenges in Implementing Artificial
Intelligence in Breast Cancer Screening Programs: Systematic Review and Framework for Safe Adoption. J. Med. Internet Res.
2025, 27, e62941. [CrossRef]

https://doi.org/10.3390/biomedicines14010049

https://doi.org/10.3390/cancers14010079
https://doi.org/10.1007/s12672-024-01663-0
https://doi.org/10.1159/000542830
https://www.ncbi.nlm.nih.gov/pubmed/39608321
https://doi.org/10.1186/s12885-024-12818-1
https://doi.org/10.1158/1078-0432.CCR-22-3785
https://doi.org/10.1158/1538-7445.SABCS21-P2-01-01
https://doi.org/10.1158/1078-0432.CCR-22-0283
https://doi.org/10.37349/emed.2024.00237
https://doi.org/10.1038/s41374-018-0033-8
https://doi.org/10.1093/jnci/djv090
https://doi.org/10.4161/cbt.5.6.2708
https://www.ncbi.nlm.nih.gov/pubmed/16627989
https://doi.org/10.1016/j.cca.2013.12.036
https://www.accessdata.fda.gov/cdrh_docs/pdf2/k024017.pdf
https://doi.org/10.1007/s12094-025-04011-y
https://www.ncbi.nlm.nih.gov/pubmed/40754555
https://doi.org/10.3390/metabo13111125
https://doi.org/10.20517/evcna.2024.51
https://www.ncbi.nlm.nih.gov/pubmed/40206803
https://doi.org/10.3390/cancers17020197
https://doi.org/10.1007/s10549-025-07776-6
https://doi.org/10.21037/gs-2024-560
https://doi.org/10.1002/cai2.159
https://www.ncbi.nlm.nih.gov/pubmed/39981497
https://doi.org/10.2196/62941
https://doi.org/10.3390/biomedicines14010049


Biomedicines 2026, 14, 49 24 of 24

125. Hsu, C.-Y.; Askar, S.; Alshkarchy, S.S.; Nayak, P.P.; Attabi, K.A.L.; Khan, M.A.; Mayan, J.A.; Sharma, M.K.; Islomov, S.; Soleimani
Samarkhazan, H. AI-driven multi-omics integration in precision oncology: Bridging the data deluge to clinical decisions. Clin.
Exp. Med. 2025, 26, 29. [CrossRef]

126. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.;
Erdbrügger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. Erratum in J. Extracell. Vesicles 2024, 13, e12451. [CrossRef]

127. Haghighitalab, A.; Dominici, M.; Matin, M.M.; Shekari, F.; Ebrahimi Warkiani, M.; Lim, R.; Ahmadiankia, N.; Mirahmadi, M.;
Bahrami, A.R.; Bidkhori, H.R. Extracellular vesicles and their cells of origin: Open issues in autoimmune diseases. Front. Immunol.
2023, 14, 1090416. [CrossRef]

128. Imanbekova, M.; Sharma, M.; Wachsmann-Hogiu, S. On the dilemma of using single EV analysis for liquid biopsy: The challenge
of low abundance of tumor EVs in blood. Theranostics 2025, 15, 8031–8048. [CrossRef]

129. Xu, F.; Wang, K.; Xu, C.; Xu, J.; Zhu, C.; Zhu, Y.; Zhu, C.; Zhang, W.; Zhang, J.; Li, Z. Enrichment and Detection of HER2-Expressing
Extracellular Vesicles Based on DNA Tetrahedral Nanostructures: A New Strategy for Liquid Biopsy in Breast Cancer. Anal. Chem.
2025, 97, 9212–9219. [CrossRef] [PubMed]

130. Tamarindo, G.; Novais, A.; Frigieri, B.; Alves, D.; de Souza, C.; Amadeu, A.; da Silveira, J.; Souza, F.; Bordin, N., Jr.; Chuffa,
L. Distinct proteomic profiles of plasma-derived extracellular vesicles in healthy, benign, and triple-negative breast cancer:
Candidate biomarkers for liquid biopsy. Sci. Rep. 2025, 15, 12122. [CrossRef]

131. Wilhelm, A.; Flynn, C.; Hammer, E.; Roessler, J.; Haller, B.; Napieralski, R.; Leuthner, M.; Tosheska, S.; Knoops, K.; Mathew, A.
Two-dimensional analysis of plasma-derived extracellular vesicles to determine the HER2 status in breast cancer patients. Breast
Cancer Res. 2025, 27, 107. [CrossRef] [PubMed]

132. Yang, X.; Xu, M.; Xia, Y.; Ba, Z.; Han, C.; Wang, Y.; Qu, J.; Wang, Y.; Zhou, Y.; Wang, R. Plasma-derived exosomal human epidermal
growth factor receptor 2 (HER2) protein for distinguishing breast cancer from benign breast disease and assessing the efficacy of
neoadjuvant therapy. Transl. Cancer Res. 2025, 14, 3186. [CrossRef] [PubMed]

133. Bhandari, K.; Kong, J.S.; Tanaka, T.; Dooley, W.C.; Xu, C.; Hannafon, B.N.; Ding, W.Q. Exosome-Associated MTA1 in Circulation
Is Elevated During Breast Cancer Progression. FASEB J. 2025, 39, e70872. [CrossRef]

134. Sypabekova, M.; Amantayeva, A.; Vangelista, L.; González-Vila, Á.; Caucheteur, C.; Tosi, D. Ultralow limit detection of soluble
HER2 biomarker in serum with a fiber-optic ball-tip resonator assisted by a tilted FBG. ACS Meas. Sci. Au 2022, 2, 309–316.
[CrossRef] [PubMed]

135. Kundacina, I.; Schobesberger, S.; Kittler, S.; Thumfart, H.; Spadiut, O.; Ertl, P.; Knežević, N.Ž.; Radonic, V. A versatile gold leaf
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