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Breast cancer (BC) is the most common solid organ malignancy among women
globally, with HER2 playing a notable role in its molecular classification and treatment.
Traditionally, only HER2-positive tumors (IHC 3+ or IHC 2+/ISH+) were eligible for
targeted therapy. However, emerging research has identified a subset of BC that have
been defined as HER2-low (IHC 1+ or 2+/ISH—). These BC cases historically have been
categorized as HER2-negative and not considered eligible for targeted therapy.
However, this subset has shown potential responsiveness to newer antibody-drug
conjugates (ADCs) like trastuzumab deruxtecan (T-DXd). This study aims to review the
evolving concept of HER2-low BC in terms of its definition, diagnostic challenges,
molecular features, prognostic significance, and recent therapeutic advancements,
particularly the ADGbased targeted therapy. A comprehensive literature review was
conducted for publications from 2015 to 2025 using peer-reviewed journals and
authoritative guidelines such as ASCO, CAP, and NCCN. Studies addressing HER2-low
diagnostic criteria, molecular characterization, clinical trials, treatment outcomes, and
diagnostic challenges were included. Data extraction focused on HER2-low definitions,
prevalence, PAM50/MammaPrint-based molecular profiling, ADC efficacy, interobserv-
er variability, and implications of HER2 IHC heterogeneity. HER2-low BC accounts for
approximately 40 to 50% of all BCs and is more prevalent in hormone receptor-positive
tumors. Molecular profiling reveals that HER2-low cancers are mainly luminal A/B
subtypes, with some basal-like and HER2-enriched tumors. The clinical benefit of T-DXd
in HER2-low metastatic BC was confirmed by the DESTINY-Breast04 trial, significantly
improving progression-free and overall survival. However, accurate HER2-low identifi-
cation remains challenging due to intratumoral heterogeneity, borderline IHC scoring
(particularly between 0 and 1+), and poor interobserver concordance (as low as 26%).
Diagnostic pitfalls arise from staining variability, technical artifacts, and differences
between primary and metastatic sites. Emerging digital image analysis and machine
learning tools show promise in refining HER2 IHC interpretation but require further
validation. HER2-low BC has emerged as a distinct and clinically actionable entity due to
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the efficacy of HER2-targeted ADCs. This shift necessitates precise HER2 assessment by
pathologists, with emphasis on distinguishing IHC 0 from 1+ and standardizing
preanalytical and analytical protocols. Enhanced diagnostic accuracy is essential to
guide appropriate therapy and support the expanding landscape of personalized BC
treatment. Future updates in testing guidelines and integration of digital tools may
further optimize HER2-low classification and patient outcomes.

Introduction

The most common solid organ cancer and the second leading
cause of cancer-associated mortality for women worldwide
is breast cancer (BC).1 In India, BC accounts for 28.2% of all
cancers among females.? Precision medicine has trans-
formed the management of BCs, and molecular subtyping
plays a major role in treatment selection and prognosis. In
the past 30 years, the ERBB2 gene, HER2, has changed from
being a predictor of poor prognosis to a factor in patient
stratification for HER2-targeted treatments, particularly
trastuzumab, when HER2 is overexpressed or amplified in
tumor cells.?

A positive HER2 expression is defined as immunohis-
tochemistry score 3+ (IHC 3+) or IHC 2+/in situ hybridiza-
tion showing positive (ISH+), while a negative HER2 is
described as IHC scoring 0, IHC scoring 1+, or IHC scoring
2+/ISH negative, according to the scoring guidelines used in
accordance with the 2018 guidelines of American Society of
Clinical Oncology (ASCO) and College of American Patholo-
gists (CAP).*>

Approximately 10 to 20% of BC show HER2 positivity,
whereas 80 to 90% are classified as HER2-negative.® Tradi-
tionally, only tumors that overexpress HER2 (IHC 3+) or
show amplification (ISH +) were considered eligible for
targeted therapies (=Fig. 1A, B). HER2-negative tumors

were defined as those that lacked these characteristics.
However, it has been noted that a sizable fraction of HER2-
negative tumors, now known as HER2-low, do show de-
creased HER2 expression.” The current sanction of the anti-
body-drug conjugate (ADC) trastuzumab deruxtecan (T-DXd)
for BC with metastases with HER2-low expression has raised
awareness of this subgroup.&9 According to recent clinical
trials, T-DXd-based ADC is beneficial for BC with decreased
HER2 protein expression.'? T-DXd-based ADC was shown to
be therapeutically beneficial in patients with HER2-low
resistant metastatic BC in the DESTINY-Breast04 Phase III
clinical study. The study found that, in comparison to current
therapies, the risk of illness progression was decreased by
50% and the BC-specific mortality was decreased by 36%.°
These results have redefined therapeutics for this subset of
cases (=Table 1). Parallelly, the accurate identification and
reporting of HER2-low status by IHC have become an impor-
tant responsibility for pathologists, bringing substantial
changes in HER2 testing protocols and interpretation
standards.'"

Materials and Methods

To track the development of HER2 testing guidelines and the
identification of BC with HER2-low expression as a discrete
clinical subtype, the literature search encompassed papers

-,

Her2(ERBB2) gene locus amplified

Fig. 1 Photomicrograph shows (A) HER2 IHC stain (200x magnification): strong, complete membranous expression for HER2 protein in
more than 10% cells. (B) The FISH image shows HER2 gene amplification. ERBB2/CEN 17 dual color amplification probe showing multiple copies
of green signals (HER2/ERBB2 gene locus, 17q12-q21.1), indicating high-level amplification, where red signals represent the chromosome 17 a
satellite centromeric region. The HER2/CEP17 ratio is > 2.0, diagnostic of HER2 amplification according to ASCO/CAP guidelines.
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Table 1 HER2 status and therapeutic implications
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HER2 status IHC/ISH interpretation

Therapeutic implications

in>10% cells; ISH not amplified

HER2 0 No staining or incomplete faint membrane Considered HER2-negative; not eligible for
staining in < 10% cells HER2-targeted therapy

HER2 1+ Incomplete faint/barely perceptible membrane HER2-low; potential eligibility for novel ADCs
staining in > 10% cells

HER2 2+/ISH— Weak to moderate complete membrane staining HER2-low; potential eligibility for novel ADCs, but

not for trastuzumab

HER2 2+/ISH+ Weak to moderate complete membrane

staining in > 10% cells; ISH amplified

HER2-positive; eligible for standard HER2-targeted
therapies like trastuzumab

HER2 3+

Strong complete membrane staining in > 10% cells

HER2-positive; eligible for standard HER2-targeted
therapies like trastuzumab

from 2003 to 2025. Preference was given to studies published
in reputable, high-impact medical journals as well as docu-
ments issued by leading guideline organizations such as
ASCO, CAP, and NCCN. Peer-reviewed clinical research
formed the core of the evidence base. Clinical trials were
reviewed and organized according to their phase and their
specific applicability to the HER2-low subgroup.

Inclusion Criteria

1. Original research articles, review articles, clinical trials,
consensus guidelines, and regulatory agency documents
discussing HER2-low BC.

2. Studies addressing diagnostic criteria, IHC scoring, gene
amplification, molecular characteristics, treatment out-
comes, and prognostic relevance.

3. Both early-stage and metastatic HER2-low BC were
considered.

Exclusion Criteria

Studies focusing solely on HER2-positive (IHC 3+/ISH-am-
plified) or HER2-negative (IHC 0) tumors without subgroup
analysis for HER2-low. Data from the included studies were
extracted for the following purposes:

1. Definition and diagnostic criteria of HER2-low BC: histor-
ical and current definitions, with reference to ASCO and
the CAP guidelines.

2. Prevalence and clinicopathological features: worldwide
and local prevalence data, including data from the Indian
subcontinent.

3. Molecular profiling: PAM50 classification, MammaPrint
data, and genomic landscape

4. Therapeutic implications: drug efficacy and therapeutic
safety of ADC, like T-DXd

5. Treatment responsiveness and prognostic significance:
outcomes in HER2-low compared with HER2-zero BC

6. Challenges in HER2-low classification: interobserver var-
iability, IHC scoring issues, and heterogeneity.

A total of 73 references were selected after careful review,
and emphasis was placed on the most recent high-impact
studies, clinical trials, and guideline updates to ensure the
review reflects current understanding and practice.

HER2-Low Breast Cancer: Evolving Concepts

Approximately 40 to 50% of BC exhibit some level of HER2
protein, IHC 1+ or greater.'>'> The U.S. Food and Drug
Administration (FDA) has given approval to trastuzumab
and other HER2-specific treatments for HER2-positive BC
patients, who are defined as those showing HER2, IHC
scoring 3+ or IHC scoring 2+ with ISH confirming targeted
gene amplification.* HER2 low-expressing BC with no evi-
dence of amplification of the gene under current guidelines
are classified as HER2-negative and hence are not considered
suitable for HER2-specific therapies. Within them, a signifi-
cant subset also do not express hormone receptors (HR-
negative) and are associated with adverse prognosis. In the
past decade, there has been sustained interest in determin-
ing whether patients with low HER2 expression scoring
could derive an advantage from therapies targeted toward
HER2. The NSABP B-47/NRG Oncology Phase III trial exam-
ined the effects of adjuvant chemotherapy, either with or
without trastuzumab, in 3,270 patients with low HER2
expression and high-risk primary BC. Combining trastuzu-
mab with chemotherapy did not enhance outcomes for
women with ISH-negative BC who had HER2 THC scores of
1+ or 2+ over a median follow-up period of 46 months.
Furthermore, studies could not detect a discernible rise in
disease-free survival in invasive BC.'* The first HER2-target-
ing ADC for advanced HER2-positive BC was ado-trastuzu-
mab emtansine (T-DM1; KADCYLA, Genentech), which was
permitted by the FDA in 2013.° Trastuzumab duocarmazine
(SYD-985) and T-DXd were approved in 2018 and 2019,
respectively. In patients with advanced or metastatic cancer
who have HER2-low, these novel treatments have demon-
strated notable antitumor efficacy and a manageable safety
margin.w'17

Characterization of the HER2-Low
Phenotype in BC

No universally accepted definition for HER2-low BC exists at
present. Based on the importance of HER2 receptors on the
tumor cell membranes, early research indicated that HER2-
low BC were defined as those with HER2 IHC scoring 1+ or
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[HC scoring 2+ and a negative ISH result for novel treatments
targeting HER2.'%-1> Evidence suggests that HER2 IHC score
0, IHC 1+, IHC 2+, and IHC 3+ represent nearly 20,000,
100,000, 500,000, and 2,300,000 receptors per tumor cell,
respectively.'® Emerging interest in the HER2-low expres-
sion is clinically relevant with the advent of newly approved
ADCs." A recent study examined how HER2 expression
levels affect the exposure of the ADC trastuzumab-valine-
citrulline-monomethyl in cancer cells. The study found a
strong relationship between HER2 receptor count and ADC
uptake, starting with cell lines that had over 50,000 receptors
per cell.?’ HER2-low BC is a relatively recent concept, and
more is needed to completely understand and characterize it.
Better, more precise methods are required to measure HER2
expression levels in these cancers, to ensure treatment
effectiveness, and to recognize the right patients who could
profit from newer therapies. A proposal for transitioning
from the existing binary HER2 classification system in BC to a
three-tier classification has been recommended, incorporat-
ing HER2-positive, HER2-low, and HER2-negative catego-
ries' 21 (=~Fig. 2).

Molecular Characterization of HER2-Low BC

BCis stratified into luminal A, luminal B, HER2-enriched, and
basal-like molecular subtypes, which offer important under-
standings into tumor biology and play a significant role in
guiding therapeutic strategies. The subtypes have been
integrated into diagnostic evaluations, which are now regu-
larly used in clinical practice.?>?3

Molecular characteristics of HER2-low BC were studied by
Schettini et al®? and Agostinetto et al® using the PAM50 assay,
a qRT-pathological complete response (pCR)-based test that
profiles 50 genes. Their studies revealed that HER2-low BC

are a diverse cluster, predominantly consisting of luminal A
(50.8-56.9%) and luminal B (22.8-28.8%) subtypes, while
HER2-enriched (3.5-3.6%) and basal-like subtypes (13.3-
17.7%) were observed less frequently. Zhang et al? explored
the genomic configuration of HER2-low BC utilizing the 70-
gene MammaPrint and 80-gene Blueprint molecular micro-
array test. Their findings showed comparable patterns of
molecular subtypes with previous studies. Despite using
different tests, all studies found that luminal subtypes
were most common in HR+/HER2-low tumors, while
HER2-enriched and basal-like subtypes were not as preva-
lent. When HR-negative/HER2-low BC were analyzed inde-
pendently, they predominantly exhibited basal-like
characteristics, with a marginally increased prevalence of
HER2-enriched tumors than those lacking hormone recep-
tors and HER2 expression.3

In a separate study, Zhang et al conducted an analysis of
genomic data from 523 BC cases using next-generation
sequencing with a targeted 520-gene panel. Their findings
indicated that HER2-low tumors showed a greater frequency
of mutations within the PI3K-AKT signaling pathway in
comparison to both HER2-positive and HER2-negative sub-
types. The mutations in the PI3K-AKT pathway in HER2-low
tumors have important therapeutic implications. Aberrant
activation of this pathway is known to promote tumor
growth, survival, and resistance to therapy, suggesting a
potential role for PI3K-AKT inhibitors in this subset. The
combinations of these pathway inhibitors with HER2-tar-
geted ADCs are being explored to overcome resistance
mechanisms, thereby offering a promising avenue for en-
hancing treatment efficacy in HER2-low disease. However,
mutations in checkpoint regulators, the Fanconi anemia
pathway, p53, and genes involved in cell cycle control were
less frequently identified in HER2-low tumors than in HER2-

HER2 testing (Invasive component) by validated IHC Assay

Circumferential
membrane staining
that is complete,
intense and in >
10% tumor cells

Weak to moderate
complete
membrane staining
in > 10% tumor cells

IHC Score 3+ IHC Score 2+

Positive

Must order Reflex test on
same specimen using ISH
(o]
order new test on new
specimen, if available,
using IHC or ISH

perceptible and in >

Incomplete
membrane staining
that is faint/barely

No staining or
membrane staining that is
incomplete and is
faint/barely perceptible and

10% tumor cells in < 10% tumor cells

IHC Score 1+ IHC Score 0

Negative

Negative

Fig. 2 The proposed HER2 “three-tier scoring system” in breast cancers (BC) to include HER2-low BCs.
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negative counterparts. When HR-positive and HR-negative
tumors were analyzed independently, no notable variation
was found between HER2-low and HER2-negative tumors.?®
Currently, no studies have been published that evaluate
whether HER2 serves as an active oncogene in HER2-low
BC. The role of HER2 signaling activation in the pathophysi-
ology of disease and progression of these tumors remains
uncertain and continues to be a subject to explore.

Clinical Implications of HER2-Low BC

In comparison to HR-negative tumors, HER2-low BC is more
frequently linked to HR positive tumors, and its frequency
rises as HR expression does.2% In contrast to HER2-nega-
tive tumors, HER2-low cancers generally show more patho-
logical features in both HR-positive and HR-negative
subtypes.zs‘28 In HR-negative cancers, HER2-low tumors
are infrequently basal-like,> more likely low-grade (35% vs.
18%), and express apocrine markers more frequently (57% vs.
36%).2° Retrospective studies show mixed outcomes on
prognosis. In early-stage, HR positive disease, some large
studies report improved disease-free and overall survival
among HER2-low compared with HER2-negative
tumors,?”3® while others found no difference.'’3' HER2-
low status appears more favorable in high-risk cases, such as
those with high 21-gene recurrence scores> or those who
did not receive adjuvant therapy. In HR negative tumors,
most studies show no survival advantage,>'"?330 though
some?830 report better BC-specific or overall survival. Inter-
estingly, HER2 +2/ISH-tumors in HR-negative cases may do
worse than HER2 +1 or HERZ—negative.29 Evidence suggests
that with neoadjuvant chemotherapy, HER2-low tumors in
HR-positive cases show decreased pCR,33 but HR-negati-
ve/HER2-low patients may have better survival, especially
if they do not achieve pCR.>>* However, no survival differ-
ence has been observed in several studies.>>~3® HER2-low is
more prevalent in HR-positive tumors in metastatic BC, and a
large study found that these tumors had a somewhat better
prognosis than HER2-negative ones.>® In conclusion, HER2-
low may be a good prognostic factor in some subgroups but
does not always indicate better results in all contexts,
indicating that it more accurately reflects tumor biology
than causes it.

Clinical Developments: HER2-Based
Targeted ADC Treatment for HER2-Low
Breast Cancer

Standard HER2-targeted therapies require adequate HER2
receptor expression and activation of its downstream path-
ways. In HER2-low BC, such therapies, particularly trastu-
zumab, have shown limited benefit. This was shown in the
Phase Il NSABP-B47 trial, where clinical results in this
subgroup were not improved by adding trastuzumab to
adjuvant treatment.'* ADCs were presented as a unique
treatment approach to overcome the constraints caused by
low and variable HER2 expression. A monoclonal antibody
attached to a cytotoxic agent is present in ADCs. Chemother-
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apy can be delivered precisely because of its ability to
connect to particular surface receptors that are expressed
on tumor cells. After binding, the ADC is internalized, releas-
ing the cytotoxic chemical inside the tumor cell while
causing negligible harm to the nearby healthy tissue.*? In
the case of HER2-low tumors, the HER2 receptor serves
primarily as a delivery mechanism for the drug, rather
than the central target of antitumor activity. Nonetheless,
a minimal threshold of HER2 expression is still necessary to
facilitate this targeted delivery.

Trastuzumab emtansine (T-DM1), a second-generation
ADC, was approved to treat HER2-positive metastatic BC
and provided a basis for the advancement of HER2-targeted
treatments. T-DM1 performed better in HER2-positive
tumors than in HER2-low patients in a Phase II trial. T-
DMT1 offered preliminary evidence that HER2-targeted ADCs
might be involved in conditions other than HER2-overex-
pressing malignancies, even though this was not explicitly
examined in a prospective trial for HER2-low disease.' In
patients with HER2-positive metastatic BC treated in
the second-line scenario, T-DXd, a more effective HER2-
directed ADC, has since shown improved efficacy over T-
DM1. After the DESTINY-Breast04 trial’s results, T-DXd be-
came the first authorized ADC for the treatment of BC with
low HER2 expression.*’ Through a cleavable tetrapeptide
linker, trastuzumab is connected to deruxtecan, a topoisom-
erase | inhibitor, in this medication, which was originally
known as DS-8201.*2 T-DXd has more potent anticancer
activity than T-DM1 because of several characteristics, in-
cluding a greater drug-to-antibody ratio, a cleavable linker,
and a membrane-permeable payload that permits “bystand-
er killing”*?*® (~Fig. 3). This effect enables the cytotoxic
drug to diffuse into and kill tumor cells with low or no HER2
expression, enhancing efficacy in tumors with heteroge-
neous HER2 distribution. T-DXd has shown therapeutic
efficacy in treating HER2-low BC according to the DESTI-
NY-Breast04 Phase IIl study.’ Being the first anti-HER2
medication to work on tumors with low HER2 expression,
it has led to the realization that ADC-based treatment may be
sufficient even in cases where HER2 expression is modest.
The findings also reinforce the relevance of the bystander
effect in improving outcomes. However, whether T-DXd’s
antibody component contributes to HER2 signaling blockade
in HER2-low tumors or simply acts as a delivery system
remains unclear. Multiple ongoing clinical trials are explor-
ing its role further in HER2-low disease.**

Pathologic Assessment of HER2 Breast
Cancer: Diagnostic Pitfalls and Challenges
for Pathologists

Under light microscopy, HER2 IHC is a semiquantitative
technique that uses chromogenic labeling to identify mem-
branous expression of the HER2 protein. According to cur-
rent ASCO/CAF‘45 guidelines, IHC is still the recommended
first technique for HER2 testing. To ascertain HER2 status in
cases where IHC is ambiguous (score 2+), further ISH confir-
mation is advised. These clinical practice guidelines do not
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ADC

,\

Antigen recognition ADC internalization

Linker cleavage

Fig. 3 Mechanism of ADC delivery and the bystander effect.

yet formally include the HER2-low group, though. With a 10%
cutoff frequently used for classification, HER2 membranous
expression in invasive breast carcinoma can vary significant-
ly depending on the staining pattern (complete vs. incom-
plete), staining intensity (faint, weak, moderate, or strong),
and the percentage of tumor cells exhibiting positivity.
Additionally, tumors may display heterogeneous staining,
with multiple intensities and patterns coexisting within the
same specimen.

Multiple tumor cell subpopulations with different HER2
status coexisting within the same tumor are known as HER2
intratumoral heterogeneity.*®4” Two different patterns of
HER2 intratumoral heterogeneity—cluster or regional and
mosaic or intermixed—have been identified. Separate pop-
ulations of HER2-amplified and nonamplified tumor cells are
characteristics of the clustered or regional type. Tumor cells
that are both HER2-amplified and nonamplified are seen in
the mosaic or intermixed form.?#®47 According to ISH
and/or IHC, the prevalence of HER2 intratumoral heteroge-
neity in BC varies from study to study, ranging from 1 to
40%.484 It is more prevalent in HER2-equivocal
patients.*®>® This variability of staining intensity across
the spectrum further complicates the reproducibility and
accuracy of HER2 scoring.'? Regardless of their HER2 status,
nontumorous cells around targeted HER2-expressing tumor
cells experience the “bystander” death impact of the more
recent HER2-targeting ADCs. The response to these new
treatments may, therefore, be impacted by the types and
existence of HER2 intratumoral heterogeneity.'”

When more than 10% of tumor cells show uniform, strong,
and full membranous staining, which is consistent with a
score of 3+, HER2 IHC is usually easy to interpret (~Fig. 1A).
However, evaluating tumors with heterogeneous staining

Indian Journal of Medical and Paediatric Oncology © 2025. The Author(s).
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intensities—ranging from weak to strong—can make assess-
ment of the 10% threshold for strong positivity difficult. In
such cases, the use of strong positive control tissues can
assist pathologists in distinguishing true strong (3+) from
moderate (2+) staining (=Figs. 1A and 4A). When uncertain-
ty persists regarding staining intensity, a conservative ap-
proach is advised, assigning a score of 2+ and recommending
reflex testing with ISH to minimize the risk of false-positive
HER2 classification.

Scoring equivocal (IHC 2+) cases remains more challeng-
ing than clearly positive (IHC 3+) or negative (IHC 0)
interpretations, particularly for borderline cases near the
3+/2+ or 2+/1+ thresholds. The 2018 ASCO/CAP recom-
mendations defined an IHC 2+ score as weak to moderate full
membrane staining in more than 10% of invasive tumor cells
to increase reproducibility®® (~Fig. 4A). IHC score 2+ is
frequently used to describe moderate to strong complete
membranous staining seen in 10% or fewer tumor cells, even
though this is not specifically stated in the formal criteria.”' A
small subpopulation of tumor cells with possible HER2 gene
amplification may be present, according to this staining
pattern. However, the limited proportion of these cells
does not fulfill the criteria for a higher score. Additional
tissue sampling in such cases could potentially change the
proportion and impact of scoring outcomes.

Similarly, moderate to strong but incomplete membrane
staining—such as lateral or basolateral patterns seen in over
10% of tumor cells, particularly in invasive micropapillary
carcinomas, may also be scored as 2+. These cases require
further evaluation by ISH testing.

Given that pathologists’ concordance between IHC scores
0 and 1+ is occasionally as low as 26%, interobserver vari-
ability in evaluating HER2-low tumors continues to be a
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Her2(ERBB2) gene locus not amplified

Fig.4 Photomicrograph shows (A) HER2 IHC stain (200 x magnification): moderate complete membranous expression for HER2 protein in more
than 10% cells. (B) HER2 IHC stain (200 x magnification): weak, incomplete membranous expression for HER2 protein in less than 10% cells. (C)
FISH image showing no HER2 gene amplification. ERBB2/CEN 17 dual color amplification probe showing no amplification of green HER2/ERBB2
signals. The HER2/CEP17 ratio is approximately 1.0, indicating a nonamplified HER2 status.

major difficulty.’?>3 This variability often stems from diffi-
culties in distinguishing between faint and weak staining
intensities and accurately estimating their proportions. Ad-
ditionally, the minimum threshold of HER2 protein expres-
sion required to elicit a response to ADC is still undefined.

Rare and atypical findings in BC include nuclear and cyto-
plasmic HER2 expression, with limited reports in the litera-
ture.>*> Nuclear HER2 localization, less commonly detected
by IHC than immunofluorescence, may occur independently of
membrane expression. In contrast to conventional membrane-
bound signaling, there is evidence that HER2 can go to the
nucleus and work in a transcriptional complex with STAT3,
increasing cyclin D1 production and cell proliferation.®® This
nuclear presence has been linked to paclitaxel resistance,’
and independently associated with poorer survival outcomes,
potentially defining a biologically unique subset within HER2-
positive tumors.”® Cytoplasmic HER2 staining, as observed by
Horiguchi et al in 34 of 1053 BC cases, was not linked to HER2
gene amplification on FISH but co-expressed neuroendocrine
markers, suggesting a distinct phenotype.>* Similar findings
were documented by Safaei et al.>> Some early studies attrib-
uted cytoplasmic localization to a technical artifact, particu-
larly with the CB11 antibody clone.’®

Since ADCs work by binding to HER2 on the surface
receptors of tumor cells, there is a possibility that current
[HC methods may not accurately detect low levels of HER2
expression. Defining BC as “HER2-low” remains challeng-
ing.% According to IHC scoring guidelines, a score of 1+
means there is faint, barely visible membrane staining in
more than 10% of tumor cells (~Fig. 2B). Conversely, less than
10% of the cells in HER2-negative tumors exhibit either no
staining at all or very weak staining®' (~Fig. 4B). It is,
therefore, understandably challenging to differentiate be-
tween these ratings. More than one-fifth of patients receiv-
ing neoadjuvant chemotherapy without anti-HER2 therapy62
experienced discordance in HER2 THC scoring between the
resected small biopsy and the larger surgical specimen, and
over 35% of patients experienced HER2-low IHC results that
differed amongst primary tumors and metastatic
relapses.'! 62

Furthermore, the preanalytical, analytical, and postana-
lytical techniques that are now accessible have several draw-
backs that could account for these inconsistent HER2 IHC
results.®3% These include inter-observer variability,65 true
HER?2 intratumoral expression heterogeneity,* true hetero-
geneity amongst various metastatic sites in HER2 expression
level, and tissue sample processing that may impact protein
detection rate,% all of which can lower the sensitivity and
repeatability of HER2 testing.

The enzymatic activity of the detection system, tissue
fixation, antigen retrieval procedures, antibody clones, am-
bient temperature, reaction time, and concentration of sub-
strate are preanalytical parameters that significantly affect
the HER2 staining intensity.®” Accurate quantitative findings
can't be obtained because of these IHC test limitations.®%-%°

The BC HER2 testing criteria were recently revised by
the CAP and the ASCO. HER2 1+ thresholds are unchanged
from the previous version of the guidelines, although
tumors should be evaluated at 40x magnification with
suitable controls, and slides should be reviewed by
a second pathologist when scores are near zero. When
making treatment decisions, medical oncologists are ad-
vised to take into account HER2-low results from any
biopsy, not just from the current sample, because HER2
levels can vary.’

Approach to HER2-Low IHC Interpretation

According to the ASCO-CAP 2018 guidelines, testing for
HER2 should be customized to detect BC that exhibits gene
amplification or HER2 protein overexpression, as these are
predictive indicators for HER2-targeted treatments.®? Al-
though the term “HER2-low” is not formally recognized in
diagnostic terminology, pathologists are advised to in-
clude a comment in HER2 IHC and ISH reports. This should
clarify that tumors classified as negative for HER2 (IHC
scoring 0, 1+, or 2+/ISH showed no amplification
(=Fig. 4C); lack overexpression or amplification but may
still express low HER2 protein levels. Such cases, particu-
larly THC 1+ or 2+/ISH nonamplified, could qualify for
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therapies that exploit HER2 for targeted drug delivery, like
T-DXd (~Fig. 2B, C, F).

Despite IHC O and 1+ being grouped as HER2-negative
under standard criteria, distinguishing them remains criti-
cal, as IHC 1+ tumors may be eligible for anti-HER2 ADCs.
Accurate scoring should include the semiquantitative HER2
[HC result and follow best practices:

1. Apply the ASCO-CAP scoring system consistently.

2. Examine HER2 IHC-stained slides under high-power fields
(40x objective) to better differentiate minimal (0) from
faint (1+) membrane staining.

3. Seek advice from a second pathologist to increase diag-
nostic confidence in situations where interpretation falls
between IHC scores 0 and 1+, particularly when over 10%
of tumor cells exhibit weak, partial membrane staining.

4. Utilize external controls reflecting various expression
levels, including 1+, to verify assay sensitivity.

5. Ensure optimal preanalytical handling of samples from
both primary and metastatic tumors.

These measures help refine HER2 assessment in clinical
settings while supporting therapeutic decision-making
aligned with emerging treatment options®'

Moreover, the era of digital image analysis can provide a
solution to reduce interobserver variability in HER2 THC
interpretation. Studies have shown that artificial intelli-
gence (Al tools) perform comparably to pathologists in
identifying IHC 3+ cases and may slightly outperform
them in distinguishing between IHC 0, 1+, and 2+ scores,
though some 2+ cases were misclassified as 3+./07!
Machine learning could further refine HER2 quantifica-
tion, especially in detecting subtle staining differences. In
low-resource environments, HER2 scoring can be
strengthened by incorporating digital pathology and Al
through low-cost approaches such as smartphone-linked
microscopes, camera attachments, and freely available
software. Evidence from a recent multinational study
showed that Al support enhanced diagnostic sensitivity
and inter-observer consistency, with fewer errors com-
pared with standard microscopy.’? Although pathologists’
judgment remains essential, it is observed that Al-based
outputs improve reproducibility and can support stan-
dardized assessment. However, these technologies require
thorough validation before clinical use, and current evi-
dence is insufficient to recommend their routine
implementation.

The strength of this study is its in-depth and up-to-date
overview of HER2-low BC, integrating insights from recent
advancements in clinical research, molecular diagnostics,
and therapeutic interventions. Peer-reviewed sources and
documents were included, ensuring both reliability and
relevance. This study addresses the diagnostic challenges
in HER2 assessment with practical solutions in the
context of evolving diagnostic technologies. The limita-
tions of this study are that it is a narrative review, so it
does not include statistical synthesis or meta-analysis,
which limits the ability to provide quantitative estimates
or pooled outcomes. The scope for future investigation is
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the need for prospective studies to clarify whether HER2-
low tumors play an oncogenic role or merely act as
delivery sites for targeted agents. A deeper understanding
of the molecular pathways in HR-negative, HER2-low
tumors could facilitate the development of new therapeu-
tic biomarkers.

Moreover, validation of digital image analysis systems and
machine learning-based tools could help reduce scoring
discrepancies in HER2 [HC.

The pathological and clinical behavior of HER2-low
tumors, particularly their response to neoadjuvant therapy,
is poorly understood, and this is one of the gray areas and
research gaps. It is still unclear what level of HER2 expression
is required for ADC to be effective. It is yet unclear how HER2-
low classification might be used in early-stage disease man-
agement, including the design of adjuvant treatments, and
this needs more research.

Conclusion

The recognition of HER2-low BC represents a notable ad-
vancement in both diagnostic categorization and treatment
strategies of BC. This emerging category highlights the
critical role of detailed pathological evaluation in support-
ing precision oncology. With the introduction of HER2-
directed ADCs, precise detection of HER2-low expression
has gained clinical relevance. Pathologists play a pivotal role
in this process. Their primary duties include standardizing
HER2 IHC protocols to reduce inter-laboratory variability,
improving diagnostic precision by better differentiating
between IHC scores of 0 and 1+, and making sure that
HER2-low status is clearly documented in pathology reports
with interpretive remarks. Moreover, there remains a need
for better-defined and universally accepted HER2 expres-
sion thresholds to standardize the classification of HER2-
low across laboratories and ensure reproducibility of
results. This would accurately identify patients who may
benefit from emerging HER2-targeted therapies. Nonethe-
less, effective communication and collaboration with oncol-
ogy teams is essential to inform appropriate treatment
strategies. It is also imperative that pathologists remain
informed about updates in testing guidelines and emerging
diagnostic technologies to provide the most effective pa-
tient care.
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