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Summary
This work explores the complex field of HER2 testing in the HER2-low breast cancer era, 
with a focus on methodological aspects. We aim to propose clear positions to scientific 
societies, institutions, pathologists, and oncologists to guide and shape the appropriate 
diagnostic strategies for HER2-low breast cancer. The fundamental question at hand is 
whether the necessary tools to effectively translate our knowledge about HER2 into practi-
cal diagnostic schemes for the lower spectrum of expression are available. Our investiga-
tion is centered on the significance of distinguishing between an immunohistochemistry 
(IHC) score 0 and score 1+ in light of the clinical implications now apparent, as patients 
with HER2-low breast cancer become eligible for trastuzumab-deruxtecan treatment. Fur-
thermore, we discuss the definition of HER2-low beyond its conventional boundaries and 
assess the reliability of established diagnostic procedures designed at a time when thera-
peutic perspectives were non-existent for these cases. In this regard, we examine potential 
complementary technologies, such as gene expression analysis and liquid biopsy. Ulti-
mately, we consider the potential role of artificial intelligence (AI) in the field of digital 
pathology and its integration into HER2 testing, with a particular emphasis on its applica-
tion in the context of HER2-low breast cancer. 

Key words: HER2-low, breast cancer, pathology, testing methods, liquid biopsy, Artificial 
Intelligence

Introduction 

The field of breast pathology has experienced a profound transforma-
tion with the emergence of the DESTINY-Breast04 (DB-04) findings 
in 2022  1. This trial, further supported by the DAISY study  2, brought 
HER2 back into the spotlight as a predictive biomarker in breast can-
cer  3. Patients with metastatic breast cancer classified as “HER2-low” 
(i.e., HER2 immunohistochemistry (IHC) score 1+ or score 2+ without 
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HER2 gene amplification by in situ hybridization (ISH) 
testing) were the focus of DB-04 4. Treating these pa-
tients with trastuzumab deruxtecan (T-DXd), a novel 
antibody-drug conjugate (ADC), instead of conven-
tional chemotherapy led to remarkable improvements 
in survival 1,5.
The significance of this clinical achievement chal-
lenges the established binary HER2 classification 
system, which categorizes breast carcinomas as ei-
ther positive (i.e., HER2 ISH score 3+ or score 2+ 
ISH-positive) or negative (all other cases), in line 
with the ASCO/CAP 2018 guideline  6 reaffirmed by 
ASCO/CAP 2023 guideline update and 2023 ES-
MO consensus statements on HER2-low breast 
cancer  7,8. The HER2-low category does not delin-
eate a specific subtype of breast cancer but rather 
it encompasses a heterogeneous group of tumors, 
accounting for approximately half of all cases of 
breast cancer  9-11. Nonetheless, HER2-low signifies 
a distinctive biomarker status that corresponds to 
a favorable prognosis after treatment with T-DXd  12. 
At present, unlike with conventional HER2 target-
ing, differentiating between a HER2 IHC score of 0 
and score 1+ holds clinical significance 13. To ensure 
precise identification of these tumors, it is essential 
to implement standardized procedures, guidelines, 
and specific training for pathologists in interpreting 
HER2-low  14,15. The prospective integration of artifi-
cial intelligence (AI) in this context holds promise for 
supporting these efforts, although its implementation 

in the present appears less likely 16. In addition to the 
aforementioned approaches, the use of liquid biopsy 
(LB), may represent a possible future opportunity for 
the assessment of HER2-low status using circulating 
tumor cells (CTCs) 17.
In this collective effort, we critically examine the cur-
rent state of assessing HER2-low status in breast 
cancer, addressing unresolved issues, and providing 
recommendations for conducting high-quality testing 
in line with the 2023 ASCO/CAP updates  7 and the 
2023 ESMO consensus statements  18 on HER2-low 
breast cancer.

Clinical rationale for HER2-low 
identification 

By definition, HER2-negative breast cancer includes 
a significant proportion of cases with low HER2 ex-
pression levels (i.e., IHC score 2+, score 1+, and 
a subset of score 0) that are not underpinned by 
HER2-amplification as investigated by ISH (Fig. 1) 9. 
Previous studies showed limited efficacy of trastu-
zumab and ado-trastuzumab emtansine (T-DM1) in 
this subgroup, hence they were not approved for use 
in tumors other than HER2-positive 19,20. However, re-
cent advancements in therapy, particularly with sec-
ond-generation HER2 ADCs such as T-DXd, have 
brought to the forefront an interest in the whole spec-
trum of HER2-expressing carcinomas 21. ADCs stud-

Figure 1. Schematic depiction of HER2 expression range, according to ASCO/CAP guidelines.
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ies have shown convincing efficacy, thus challenging 
conventional treatment approaches  22. Around 50% 
of patients with breast cancer are affected by HER2-
low disease, with about 60% expressing hormone 
receptors (HR), while 40% are triple-negative breast 
cancers (TNBC) with HER2-low expression  5,11,23. 
The DB-04 (NCT03734029) study demonstrated the 
superiority of T-DXd versus chemotherapy in treat-
ing patients with HER2-low breast cancer 21. In this 
trial, metastatic HER2-low breast cancer patients 
had been previously treated with one or two lines 
of chemotherapy and were refractory to endocrine 
therapies in case of HR-positive disease. T-DXd sig-
nificantly improved progression-free survival (PFS) 
and overall survival (OS) compared to chemother-
apy in the intention-to-treat (ITT) population and in 
the HR-positive subgroup. Moreover, an exploratory 
analysis of 58 patients with HR-negative disease 
demonstrated that T-DXd was also effective in this 
subgroup of patients 21. Subanalyses showed consist-
ent activity of T-DXd in both IHC score 1+ and score 
2+/ISH-negative patients without significant differ-
ences 3,21. The efficacy of T-DXd in HER2-low breast 
cancer was further confirmed by the DAISY trial, an 
open-label phase II study evaluating T-DXd in three 
cohorts of patients with HER2-positive (score 3+ on 
IHC or score 2+/ISH+; Cohort 1), HER2 low (score 
1+ or score 2+/ISH-negative; Cohort 2), and HER2-
null (score 0+, Cohort 3) advanced breast cancer. 
Patients in Cohort 2 achieved an objective response 
of 33.5% with a median duration of response of 7.6 
months and a median PFS of 6.7 months. Notably, 
T-DXd showed anti-tumor activity in Cohort 3, albe-
it the magnitude of the treatment effect was small-
er compared with Cohorts 1 and 2 2. At present, the 
ongoing Destiny Breast-06 (DB-06) (NCT04494425) 
study includes patients with HR-positive tumors, 
HER2-low, and the so-called “HER2 ultra-low”, name-
ly IHC score 0 greater than zero, including IHC val-
ues  > 0 and ≤ 10%. This study aims to determine the 
effectiveness of T-DXd in both HER2 ultra-low and 
HER2-low conditions, as well as compare it to tra-
ditional chemotherapy in less pre-treated patients 24. 
This study will provide data on the efficacy of trastu-
zumab deruxtecan after CDK4/6 inhibition.

Critical factors of HER2 assessment in 
breast cancer 

The foundations of a diagnosis of HER2-low disease 
stem from the traditional scoring system historically 
adopted to identify HER2-addicted breast carcino-
mas. This means that IHC and ISH are the stand-

ard techniques to identify HER2-low disease without 
the need for additional assay, at least up to now. 
Pathologists should equally curate all the diagnostic 
phases (i.e. pre-analytical, analytical, and post-ana-
lytical phases) in collaboration with radiologists and 
surgeons, as also highlighted by the ASCO/CAP 
guidelines over the years (Fig. 2) 25, 26. This concept 
has been reinforced by the ESMO expert consen-
sus statements  18, as well as by national societies 
of pathologists 27. An essential factor is represented 
by the assay employed for HER2 testing, as different 
IHC assays, although clinically validated and/or CE-
IVD, can give slightly different results 28. In a recent 
work comparing the performance of the two most 
widely used assays in clinical practice, the monoclo-
nal Dako HercepTest™ GE001 and the VENTANA 
anti-HER2/neu (4B5), a high concordance (98.2%) 
was observed in assigning a positive versus nega-
tive result 29. Nevertheless, in the lower spectrum of 
expression, a higher sensitivity was demonstrated 
for the GE001 assay compared to the 4B5. While all 
cases scored as 0 using the GE001 remained con-
sistent with a score of 0 when assessed with 4B5, it 
is noteworthy that 37.5% of cases initially classified 
as score 0 by 4B5 were subsequently re-classified as 
score 1+ or 2+ when the same slides were stained 
using the GE001 29. Of note, the assay used in the 
DB-04 as well as in all of the other DB studies is 
the 4B5. At present, there is a lack of specific da-
ta regarding the performance of alternative assays 
(e.g., CB11 and A0485) in distinguishing the lower 
spectrum of HER2 expression, specifically in differ-
entiating between scores 0 and 1+. In the absence 
of alternative validated options to conduct the test, 
in-house validations are imperative, utilizing both in-
ternal and external controls that encompass the full 
range of HER2 scoring intensities and patterns 14.
During the post-analytical phase of the test (i.e., in-
terpretation of the staining), caution should be paid 
to possible artifactual staining caused by pre-analyti-
cal and/or analytical issues, resulting -for example- in 
non-linear or cytoplasmic dot-like staining 30. Internal 
and external controls are recommended in each slide 
run 31. The final step of HER2 testing is represented by 
the pathology report of the biomarker, which should 
be optimized for HER2-low breast cancer in compli-
ance with 2023 ASCO/CAP updates and 2023 ESMO 
consensus statements, as summarized in Figure 3 30. 
By synergistically combining IHC and ISH techniques, 
it is essential to provide a clear, precise, and com-
prehensive report of HER2 status to enable improved 
treatment decisions and personalized patient man-
agement.
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Figure 2. Laboratory procedures for accurate assessment of low HER2 expression. Following excision (biopsy or surgery) 
the specimen should be transferred to the pathology lab using a temperature-controlled system. The cold ischemia time 
should not exceed 1 hour. Sample preservation during transport can be achieved either by vacuum sealing or submerging 
in 4% neutral buffered formalin. The time interval before sampling should fall within a range of 6 to 72 hours. Upon tissue 
processing, the pathologist should select the most representative sample, subjecting it to immunohistochemical analysis, 
with the possible option to employ validated digital pathology tools. The HER2 report must include details on the percentage 
of positive neoplastic cells, staining intensity, and pattern of membrane staining.

Figure 3. Overview of the existing barriers that may trouble HER2-low identification in breast cancer and practical solutions 
that could enhance the test.
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What to test and when to (re)-assess HER2 

Spatial variability and temporal evolution in HER2 
expression is a well-known phenomenon  32. By as-
sessing matched primary and metastatic tumors re-
cent studies have shown that HER2-low status can 
vary along the disease evolution 33,34. This variation 
may be attributable to biological factors, but could 
also be inherent in the definition of low HER2 ex-
pression. There is a mutual shift from HER2 negative 
to HER2-low disease and vice versa with a higher 
conversion from score 0 to HER2-low in the meta-
static setting. Nevertheless, the true status metastat-
ic setting can be difficult to capture given the possible 
multiple metastatic deposits. In this respect, precious 
information stems from a recent work where multi-
ple metastatic deposits were sampled and assessed 
within the context of a rapid autopsy program 35. Out 
of the n = 10 patients analyzed for a total of n = 306 
samples, only n = 2 cases had a homogeneous lack 
of HER2 expression. The remaining 8 cases showed 
a high variability of HER2 expression from score 0 
to score 2+ (ISH-negative), even when analyzing a 
single organ (liver) with multiple metastatic deposits. 
It is noteworthy that the effectiveness of T-DXd com-
pared to TPC remained consistent across various tumor 
sample types, as highlighted by the DB-04 trial 36. These 
findings may suggest a hypothesis or speculation: 
whenever a ‘HER2-low profile’ is observed at any point 
in the disease history, patients should be considered 
as HER2-low candidates  37. Importantly, a significant 
proportion of historical score 0 results, upon re-evalu-
ation in the context of HER2-low, are now reclassified 
as score 1+ 38. This highlights the importance of con-
sidering a retest, especially for cases with a historical 
score 0. This notion has been corroborated by a world-
wide, multicenter, noninterventional, retrospective study 
(NCT04807595) of tissue samples and medical records 
from n = 789 patients with HER2-negative unresecta-
ble/metastatic breast carcinomas previously HER2-neg-
ative (i.e., IHC score 0, 1+, or 2+/ISH-negative) 39. The 
study design included the re-evaluation of HER2 IHC 
(4B5 or other) slides by trained pathologists and re-
vealed that   >  30% of historical IHC score 0 results 
were rescored as HER2-low. Education and training are 
instrumental in this context to drive the attention to the 
nuances of HER2-low breast cancer, and the complex-
ities involved in reporting HER2 scores 1+ or 0 18,40,41. 

Artificial intelligence to enhance HER2 
test predictivity 

The interest in digital pathology is boundless, par-

ticularly in the field of artificial intelligence (AI) and 
machine learning applications for predictive patholo-
gy 16,42,43. Recent evidence on HER2-low assessment 
using AI methods revealed that digital and computa-
tional pathology can provide valuable insights into the 
number and distribution of different HER2-expressing 
cells in breast cancer 44. The study demonstrated that 
reliable results can be obtained using either super-
vised or even unsupervised machine learning algo-
rithms. To date, several platforms offer these types of 
analyses, albeit mostly in academic settings. Among 
these, Visiopharm HER2-CONNECTTM, Ibex GalenTM 
Breast HER2 are for research use only, while Paige 
HER2Complete and Ventana uPath HER2 (4B5) are 
CE-IVD  45,46. However, these algorithms continue to 
grapple with several significant challenges 47-49. First, 
it is essential to recognize that even minor variations 
in preanalytical processes (e.g., slide preparation, 
staining procedures, handling of tissue samples) can 
introduce subtle yet critical discrepancies in color and 
image quality. These discrepancies, in turn, have the 
potential to exert a considerable influence on the over-
all quality of the digitalized tissue slides and, subse-
quently, on the accuracy of the ensuing analysis  50. 
This underscores the need for meticulous attention 
to detail in the pre-analytical phase to ensure con-
sistency and reliability in digital pathology. Moreover, 
the lack of standardization across various machine 
learning algorithms poses a notable obstacle. The 
field of digital pathology is marked by a proliferation 
of diverse algorithms, each with its distinct approach 
and architecture. The absence of a unified framework 
or standardized practices can result in interoperabili-
ty challenges and hinder the seamless integration of 
these algorithms into clinical workflows. Consequently, 
achieving a consensus on standardized practices and 
interoperable solutions is pivotal for enhancing the ef-
fectiveness and efficiency of digital pathology applica-
tions. Finally, a critical concern lies in the absence of 
prospective clinical trials evaluating the performance 
of these software solutions in real-world scenarios for 
HER2-low breast cancer. While the potential of ma-
chine learning algorithms in pathology is promising, 
their true clinical utility and reliability can only be sub-
stantiated through rigorous randomized clinical trials. 

Perspectives on molecular testing

Gene expression-based assays of HER2 mRNA 
have been proposed for a more direct measurement 
of HER2 expression, providing a quantitative assess-
ment of HER2 gene amplification  51-54. Various com-
mercial kits and platforms are available for performing 
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RT-PCR-based HER2 testing, offering standardized 
and reproducible results, albeit not validated in clinical 
trials 55,56. Another mRNA-based assay is the NanoS-
tring nCounter® system, which utilizes digital barcode 
technology 57. In this method, specific probes are de-
signed to capture and count individual mRNA mole-
cules. The nCounter® system provides highly sensitive 
and accurate quantification of HER2 expression lev-
els and offers the advantage of multiplexing, enabling 
simultaneous assessment of other relevant genes. 
Next-generation sequencing (NGS) techniques have 
also emerged as powerful tools for HER2 status as-
sessment 58. NGS allows for the sequencing of thou-
sands of RNA molecules simultaneously, providing 
comprehensive information about HER2 and other rel-
evant genes. This approach enables the identification 
of novel HER2 alterations and can help in subclassi-
fying HER2-positive tumors based on their genomic 
profiles 59. mRNA/gene expression-based assays have 
the potential to overcome some limitations of IHC and 
FISH, such as inter-observer variability and tissue het-
erogeneity 60, hence these assays may have the poten-
tial to improve the assessment of HER2 status in BC 
patients. By offering quantitative and comprehensive 
measurements of HER2 expression, one could argue 
that these techniques could aid in complementing the 
treatment selection and improving patient outcomes, 
although specific studies applied to clinically relevant 
cohorts have yet to be performed. The critical point of 
this quite vast literature is that it does not consistently 
show a sufficient level of agreement between molec-
ular and tissue-based tests in defining HER2 status 
when evaluated according to ASCO/CAP criteria. 
Consequently, the use of molecular tests in place of 
conventional in situ methods is still not recommend-
ed 61. Of note, it has been previously demonstrated that 
HER2 mRNA levels  10,11,62 and HER2 copy number  11 
show proportionally increased values across HER2 
IHC scores. Nevertheless, whether these features 
may have an impact on response to specific therapies 
is yet to be demonstrated. If on one hand there are 
data supporting the association between HER2 mR-
NA levels and higher levels of response to standard 
anti-HER2 blockade 63-66, on the other data on HER2-
low and HER2-ultralow carcinomas are missing. In an 
exploratory analysis performed in the phase 2 DAISY 
trial, no efficacy difference based on HER2 gene ex-
pression within the group of patients with HER2 IHC 
score 0 carcinomas was observed, further suggesting 
potential drug activity in patients with very low, if any, 
HER2 expression 2.

HER2 assessment on circulating tumor 
cells 

Circulating tumor cells (CTCs) comprise a heteroge-
neous group of a cancer-derived cell population re-
lapsed from a primary or metastatic tumor into the 
bloodstream 67-69. Detecting and analyzing CTCs has 
significant clinical implications in different types of 
solid tumors, including breast cancer. So far, several 
groups within the International Society of Liquid Biop-
sy (ISLB) have proposed clinical applications for cir-
culating tumor cells (CTCs), specifically emphasizing 
the enumeration of CTCs in breast cancer patients 70. 
To date, CellSearch® (Menarini, Italy) is considered 
the gold standard approach to isolate and count CTCs 
from peripheral blood. The CTC enumeration proce-
dure is carried out by categorizing BC patients based 
on 5 cells as positive cutoff values  71. On the other 
hand, a more complex and technically valuable CTC 
isolating strategy includes antibody-based platforms, 
which can combine physical parameters (size) and 
immune-specific selection (antibody) for the identifi-
cation of antigens on the surface of CTCs. The char-
acterization of surface antigens on CTCs enables the 
comprehensive three-dimensional analysis of bio-
logical components shed in the bloodstream by tumor 
tissue  72. This approach expands the landscape of 
predictive biomarkers beyond DNA and RNA, encom-
passing specific proteins carried by CTCs. HER2 ex-
pression in CTCs may represent a key weapon for the 
stratification of patients according to HER2 expres-
sion level. Interestingly, shorter OS [9.7 (7.1-12.3)] in 
strong HER2 staining breast cancer patients exhibit-
ing ≥ 1 CTC has been observed compared to patients 
with negative-to-moderate HER2 staining breast can-
cer patients without any signal for CTC detection [16.5 
(14.9-18.1) months, P = 0.013] 73. In particular, this dy-
namic stratification of HER2 expression fills a gap in 
the understanding of positivity levels within the popu-
lation and complements the static tissue assessment. 
This precision in gradation is achieved by positively 
identifying the antigen contact, verifying the nucleated 
and epithelial nature of the component using contrast 
with DAPI and cytokeratins, respectively. Evaluation 
of HER2 expression on CTCs aims to complement 
tissue assessment by providing a dynamic perspec-
tive in addition to the static information obtained from 
tissue analysis. With these principles in mind, it be-
comes evident that HER2 expression levels on CTCs 
or HER2 mutations in patients with HER2-low/unam-
plified breast cancer patients could potentially serve 
as a valuable source of information 74. However, it is 
important to note that, as of now, there is a lack of 
substantial data in this regard.
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Conclusions and future perspectives

The emergence of HER2-low as an umbrella term for 
a subset of patients with breast cancer that can be 
responsive to T-DXd has shaken the pathology com-
munity to re-think the way biomarkers can be used. 
Although data explaining more in-depth predictors of 
response/resistance in patients treated with ADCs are 
eagerly awaited, at present the escamotage of iden-
tification of low levels of HER2 expression in tissue 
samples represents a novel approach for the selection 
of candidate patients. 
Hence, pathologists are now faced with the task of 
identifying the subtle nuances of HER2 expression 
dynamics across a wider range, which was previously 
considered clinically insignificant. To meet this chal-
lenge, rigorous quality control and clear assessment 
guidelines are essential. Although the techniques be-
hind this testing (IHC/ISH) are well established and 
largely available at pathology laboratories worldwide, 
education is needed across laboratories because of 
the historical set-up of the assay. Novel HER2 molec-
ular testing methods, machine learning technologies, 
and CTC show promise in addressing methodological 
and biological variations.
By merging pathology and oncology standpoints we 
were able to define five pillars in the assessment of 
HER2-low disease and possible response to ADC:
1	 the concept of low levels of HER2 expression in 

breast cancer encompasses a possible diagnostic 
strategy for advanced-stage tumors, rather than a 
biological subgroup of patients;

2	 if feasible, it is important to re-assess advanced 
disease, to confirm the diagnosis and biological 
profile of the metastatic tumor, although, primary 
tumor samples can be a source of the HER2 test-
ing or (re)evaluation;

3	 it is recommended to provide exact scoring catego-
ries in the pathology report (essential parameter), 
possibly including the percentage of cells display-
ing HER2 expression even at low levels (desirable 
parameter); the use of the term “HER2-low” in pa-
thology reports is discouraged;

4	 pathologists are the curators of preanalytical fea-
tures, analytical assays, and interpretation; 

5	 the lowest limit of clinically relevant HER2 levels is 
yet to be elucidated.

As a final remark, we need to be prepared to embrace 
further developments, either stemming from simple 
IHC scores (ultra-low HER2 levels), AI-based solu-
tions, or other techniques. Further studies may add 
valuable information to this scenario, especially for the 
identification of mechanisms of resistance or poor re-
sponse to therapy. 
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