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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 (Al) 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 '. 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 *. 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 'S,

The significance of this clinical achievement chal-
lenges the established binary HERZ2 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 ¢ reaffirmed by
ASCO/CAP 2023 guideline update and 2023 ES-
MO consensus statements on HER2-low breast
cancer 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 *"'. Nonetheless, HER2-low signifies
a distinctive biomarker status that corresponds to
a favorable prognosis after treatment with T-DXd 2.
At present, unlike with conventional HER2 target-
ing, differentiating between a HER2 |HC score of 0
and score 1+ holds clinical significance . To ensure
precise identification of these tumors, it is essential
to implement standardized procedures, guidelines,
and specific training for pathologists in interpreting
HER2-low '*'5. The prospective integration of artifi-
cial intelligence (Al) in this context holds promise for
supporting these efforts, although its implementation

in the present appears less likely 6. 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) .

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 '® 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) °.
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 2. 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 #'. ADCs stud-
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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 523
The DB-04 (NCT03734029) study demonstrated the
superiority of T-DXd versus chemotherapy in treat-
ing patients with HER2-low breast cancer 2'. 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 2'. Subanalyses showed consist-
ent activity of T-DXd in both IHC score 1+ and score
2+/ISH-negative patients without significant differ-
ences 22!, The efficacy of T-DXd in HER2-low breast
cancer was further confirmed by the DAISY trial, an
open-label phase |l 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,
HERZ2-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 2.
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) #* 2. This concept
has been reinforced by the ESMO expert consen-
sus statements '8, as well as by national societies
of pathologists ?’. 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 2. In a recent
work comparing the performance of the two most
widely used assays in clinical practice, the monoclo-
nal Dako HercepTest™ GEOO1 and the VENTANA
anti-HER2/neu (4B5), a high concordance (98.2%)
was observed in assigning a positive versus nega-
tive result 2°. Nevertheless, in the lower spectrum of
expression, a higher sensitivity was demonstrated
for the GEOO1 assay compared to the 4B5. While all
cases scored as 0 using the GEOO1 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 GE0O1 2°. 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 ™.
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 %. Internal
and external controls are recommended in each slide
run 3. 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 *°.
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.



THINK “"HER2” DIFFERENT: INTEGRATIVE DIAGNOSTIC APPROACHES FOR HER2-LOW BREAST CANCER 295

PRE-ANALYTICAL PHASE )
Surgical excision (or biopsy) Tissue fixation Tissue processing Paraffin embedding
- Temperature-controlled transfering - Neutral buffered - Regular laboratory inspections - Spm-thick sections
o - Cold ischemic time <1h - Cold ischemic time <1h and proficiency testing - Freshly cut FFPE blocks
ANALYTICAL PHASE V7
Testing process Assessment
/ ~. - -
\
[ | Antibody assay Platform Tls_si\::toi‘:.trols
\ / Pathway anti-HER-2/neu (4B5] - Ventana Medical Systems e
.\\\.. T .// - HercepTest pharmDx, Dako - Daka Omnis Al G e
IHC staining
POST-ANALYTICAL PHASE
Sc;:;?]r?rft:;loar:ive fsRering
el . - 2023 ASCO/CAP guideline update
Score 2+: equivocal (ISH required)
P - 2023 ESMO expert consensus statements
Score 3+: positive

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.

SPECIMEN

Controls
for each
slide run

DIAGNOSIS

Cold lschamia
tirme < 1h
fation 672 b

DCIS may show
gene amplication
which should be
disregarded

HER2-zero
distinction between
score 0 and
score 1+ is now
clinically relevant

!MMUNO

%s.
Assay & Platform %
s y P

Interpretation:
Score 0, 14 negative
Score 24 equivocal
(requires ISH)
Score 3+: positive

Report the membrane staining:
INTENSITY (weak/moderate/intense)

PATTERN (complete/incomplete)
PERCENTAGE of positive cells

According to 2023

ASCO/CAP
Avoid updates and
reporting 2023 ESMO

in DCIS statements

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 2. By as-
sessing matched primary and metastatic tumors re-
cent studies have shown that HER2-low status can
vary along the disease evolution 324, 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 3. Qut
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 *. 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 ¥. 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+ *, 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) **. 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 O 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 84041,

Artificial intelligence to enhance HER2
test predictivity

The interest in digital pathology is boundless, par-

ticularly in the field of artificial intelligence (Al) and
machine learning applications for predictive patholo-
gy 64243 Recent evidence on HER2-low assessment
using Al 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 4. 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-CONNECT™, Ibex Galen™
Breast HER2 are for research use only, while Paige
HER2Complete and Ventana uPath HER2 (4B5) are
CE-IVD %48 However, these algorithms continue to
grapple with several significant challenges “*“°. 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 *°.
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 5% 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 5556, Another mRNA-based assay is the NanoS-
tring nCounter® system, which utilizes digital barcode
technology *’. 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 *%. 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 3. 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 8, 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 ¢'. Of note, it has been previously demonstrated that
HER2 mRBNA levels "6 and HER2 copy number "
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 ¢3-%¢, 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 6™, 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 7.
To date, CellSearch® (Menarini, ltaly) 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 7. 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 7. 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 HERZ2 staining breast can-
cer patients without any signal for CTC detection [16.5
(14.9-18.1) months, P = 0.013] 7. 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 ™. 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 itis 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), Al-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.

ACKNOWLEDGEMENTS

The Authors extend their sincere gratitude to Medica
Editoria s.r.l. for their invaluable support. This work
received partial funding from the Italian Ministry of
Health, specifically with “Ricerca Corrente” and “5
x 1000” initiatives. K. V. acknowledges support from
the Fondazione IEO-MONZINO, while CM'’s research
is backed by the FONDAZIONE AIRC (IG 2019 - ID.
22850 project), led by P.l. Caterina Marchio. The final
proofreading process for the grammar and syntax of
the manuscript was performed using ChatGPT v.3.5
and Grammarly v.6.8.263.

CONFLICTS OF INTEREST

CM reports personal fees from Bayer, Roche, Daiichi
Sankyo, AstraZeneca, lllumina, and Veracyte. CC re-
ports personal fees for consulting, advisory role, and
speakers’ bureau from Lilly, Roche, Novartis, MSD, Se-
agen, Gilead, Daiichi Sankyo, AstraZeneca, and Pfiz-
er. CS reports personal fees for consulting, advisory
role, and speakers’ bureau from Astra Zeneca, Bristol
Myers Squibb, Daiichi-sankyo, Gilead, Novartis, and
Veracyte. AS Roche-Ventana, Novartis, Astrazeneca,
Amgen, Gilead PG Consulting/Honoraria from Eli-Lil-
ly, Pfizer, Novartis, AstraZeneca, Boehringer-Ingel-
heim, Roche, MSD, Amgen. UM has received person-
al fees (as consultant and/or speaker bureau) from
Boehringer Ingelheim, Roche, MSD, Amgen, Thermo
Fisher Scientific, Eli Lilly, Diaceutics, GSK, Merck and
AstraZeneca, Janssen, Diatech, Novartis and Hedera
unrelated to the current work. GNF reports personal
fees for advisory role from Astra Zeneca. CDA reports
advisory role for Roche, Lilly, Novartis, AstraZeneca,
Pfizer, Seagen, Daicii-Sankyo, Gilead, and GSK and
speaker honoraria from Roche, Lilly, Novartis, Pfizer,
Seagen, GSK, GILEAD, and Daiichi-Sankyo. Travel
Grants from Gilead and research support (to the In-
stitution) from Novartis, GILEAD, and Daiichi-Sankyo
outside the submitted work. GP reports research fund-
ing (to Institution) from AstraZeneca, Exact Sciences,
Diapath; personal honoraria as invited speaker from
Amgen, AstraZeneca, Bio-Optica, Boehringer-Ingel-
heim; Diatech Pharmacogenetics, Exact Sciences,
GlaxoSmithKline, Incyte, Janssen-Cilag; Lilly, Novar-
tis, Roche, Merck Serono, Veracyte; participation in
advisory board for Amgen, Astrazeneca, Novartis, Ex-
act Sciences, Roche. GC reports funding from Astra-
Zeneca, Daiichi Sankyo, and Merck; consulting fees
from BMS, Roche, Pfizer, Novartis, Lilly, Astra Zene-
ca, Daiichi Sankyo, Merck, Seagen, and Ellipsis; hon-
oraria from Pfizer, Lilly; support for attending meet-
ings from Roche, Pfizer. NF has received honoraria
for consulting, advisory role, speaker bureau, travel,
and/or research grants from Merck Sharp & Dohme



THINK “"HER2” DIFFERENT: INTEGRATIVE DIAGNOSTIC APPROACHES FOR HER2-LOW BREAST CANCER

299

(MSD), Merck, Novartis, AstraZeneca, Roche, Menar-
ini, Daiichi Sankyo, GlaxoSmithKline (GSK), Gilead,
Adicet Bio, Sermonix, Reply, Veracyte Inc., Leica Bi-
osystems, Lilly. These companies had no role in the
design of the study; in the collection, analyses, or in-
terpretation of data; in the writing of the manuscript,
and/or in the decision to publish the results. All other
authors declare no potential conflicts of interest.

FunbinG

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

AUTHORS’ CONTRIBUTIONS

The preparation of this consensus article was a col-
laborative effort, with each author contributing their
expertise in various aspects of the subject matter. The
contributions of each author are outlined as follows.
Conceptualization and Consensus Meeting Coordina-
tion: NF; Methodology: CM and NF; Data Collection,
Literature Analysis, and Interpretation: All Authors.
Writing and First Draft Preparation: GC and KV Re-
view and Editing: All Authors. Supervision and Project
Administration: CM and NF Iconography: CM, GC, KV,
and NF.

References

' Modi S, Jacot W, Yamashita T, et al. Trastuzumab deruxtecan (T-
DXd) versus treatment of physician’s choice (TPC) in patients
(pts) with HER2-low unresectable and/or metastatic breast can-
cer (mBC): Results of DESTINY-Breast04, a randomized, phase
3 study. J Clin Oncol 2022;40(17_suppl):LBA3-LBA3. https://doi.
org/10.1200/JC0.2022.40.17_suppl.LBA3

2 Mosele F, Deluche E, Lusque A, et al. Trastuzumab deruxtecan
in metastatic breast cancer with variable HER2 expression: the
phase 2 DAISY trial. Nat Med 2023;29(8):2110-2120. https://doi.
org/10.1038/s41591-023-02478-2

® Nicold E, Boscolo Bielo L, Curigliano G, et al. The HER2-low revo-
lution in breast oncology: steps forward and emerging challenges.
Ther Adv Med Oncol 2023;15:17588359231152842. https://doi.
org/10.1177/17588359231152842

“ Venetis K, Crimini E, Sajjadi E, et al. HER2 Low, Ultra-low,
and Novel Complementary Biomarkers: Expanding the Spec-
trum of HER2 Positivity in Breast Cancer. Front Mol Biosci
2022a;9:834651. https://doi.org/10.3389/fmolb.2022.834651

® Schlam |, Tolaney SM, & Tarantino P How | treat HER2-low
advanced breast cancer. Breast 2023;67:116-123. https://doi.
org/10.1016/j.breast.2023.01.005

&  Wolff AC, Hammond MEH, Allison KH, et al. Human Epidermal
Growth Factor Receptor 2 Testing in Breast Cancer: Ameri-
can Society of Clinical Oncology/College of American Patholo-
gists Clinical Practice Guideline Focused Update. J Clin Oncol
2018;36(20):2105-2122. https://doi.org/10.1200/jco.2018.77.8738

7 Wolff AC, Somerfield MR, Dowsett M, et al. Human Epidermal
Growth Factor Receptor 2 Testing in Breast Cancer: ASCO-Col-
lege of American Pathologists Guideline Update. J Clin Oncol
2023;Jc02202864. https://doi.org/10.1200/jco.22.02864

20

-l

23

Tarantino P, Viale G., Press M. F, et al. ESMOQ expert consensus
statements (ECS) on the definition, diagnosis, and management
of HER2-low breast cancer. Annals of Oncology 2023;34(8):645-
659. https://doi.org/10.1016/j.annonc.2023.05.008

Venetis K, Crimini E, Sajjadi E, et al. HER2 low, ultra-low, and novel
complementary biomarkers: expanding the spectrum of HER2 pos-
itivity in breast cancer. Front Mol Biosci 2022b;fmolb.2022.834651.
https://doi.org/10.3389/fmolb.2022.834651

Berrino E, Annaratone L, Bellomo SE, et al. Integrative genomic
and transcriptomic analyses illuminate the ontology of HER2-
low breast carcinomas. Genome Med 2022;14(1):98. https://doi.
0rg/10.1186/s13073-022-01104-z

Schettini F, Chic N, Brasé-Maristany F, et al. Clinical, pathologi-
cal, and PAM50 gene expression features of HER2-low breast
cancer. NPJ Breast Cancer 2021;7:1. https://doi.org/10.1038/
s41523-020-00208-2

Tarantino P, Tolaney S. M, & Curigliano G. Trastuzumab deruxte-
can (T-DXd) in HER2-low metastatic breast cancer treatment. Ann
Oncol 2023 2023 Oct;34(10):949-950. https://doi.org/10.1016/j.
annonc.2023.07.003

Sajjadi E, Venetis K, lvanova M, et al. Improving HER2 testing re-
producibility in HER2-low breast cancer. Cancer Drug Resistance
2022;5:882-888. https://doi.org/10.20517/cdr.2022.29

Sajjadi E, Guerini-Rocco E, De Camilli E, et al. Pathological identi-
fication of HER2-low breast cancer: Tips, tricks, and troubleshoot-
ing for the optimal test. Front Mol Biosci 2023;10:1176309. hitps://
doi.org/10.3389/fmolb.2023.1176309

Ruschoff J, Friedrich M, Nagelmeier |, et al. Comparison of Her-
cepTest™ mAb pharmDx (Dako Omnis, GE001) with Ventana
PATHWAY anti-HER-2/neu (4B5) in breast cancer: correlation
with HER2 amplification and HER2 low status. Virchows Arch
2022;481:685-694. https://doi.org/10.1007/s00428-022-03378-5

Sajjadi E, Frascarelli C, Venetis K, et al. Computational pathol-
ogy to improve biomarker testing in breast cancer: how close are
we? Eur J Cancer Prev 2023;32:460-467. https://doi.org/10.1097/
¢ej.0000000000000804

Ju S, Chen C, Zhang J, et al. Detection of circulating tumor cells:
opportunities and challenges. Biomark Res 2022;10:58. hitps://
doi.org/10.1186/s40364-022-00403-2

Tarantino P, Viale G, Press M. F, et al. ESMO expert consensus
statements (ECS) on the definition, diagnosis, and management
of HER2-low breast cancer. Ann Oncol 2023b;34:645-659. https://
doi.org/10.1016/j.annonc.2023.05.008

Fehrenbacher L, Cecchini R. S, Geyer C. E, et al. NSABP B-47/
NRG Oncology Phase Ill Randomized Trial Comparing Adjuvant
Chemotherapy With or Without Trastuzumab in High-Risk Invasive
Breast Cancer Negative for HER2 by FISH and With IHC 1+ or2.J
Clin Oncol 2020;38:444-453. hitps://doi.org/10.1200/jco.19.01455

Burris H. A, 3rd Rugo H. S, Vukelja S. J, et al. Phase Il study of
the antibody drug conjugate trastuzumab-DM1 for the treatment
of human epidermal growth factor receptor 2 (HER2)-positive
breast cancer after prior HER2-directed therapy. J Clin Oncol
2011;29:398-405. https://doi.org/10.1200/jco.2010.29.5865

Modi S, Jacot W, Yamashita T, et al. Trastuzumab Deruxtecan in
Previously Treated HER2-Low Advanced Breast Cancer. N Engl J
Med 2022;387:9-20. https://doi.org/10.1056/NEJM0a2203690

Drago J. Z, Modi 8, & Chandarlapaty S. Unlocking the potential of
antibody-drug conjugates for cancer therapy. Nat Rev Clin Oncol
2021;18:327-344. hitps://doi.org/10.1038/s41571-021-00470-8

Gampenrieder S. P, Rinnerthaler G, Tinchon C, et al. Landscape
of HER2-low metastatic breast cancer (MBC): results from the
Austrian AGMT_MBC-Registry. Breast Cancer Res 2021;23:112.
https://doi.org/10.1186/s13058-021-01492-x



300

C. Marchio et al.

24

25

26

27

28

23

3o

3

3z

33

34

35

36

ar

Bardia A, Barrios C, Dent R, et al. Abstract OT-03-09: Trastuzumab
deruxtecan (T-DXd;DS-8201) vs investigator’s choice of chemo-
therapy in patients with hormone receptor-positive (HR+), HER2
low metastatic breast cancer whose disease has progressed on
endocrine therapy in the metastatic setting: A randomized, global
phase 3 trial (DESTINY-Breast06). Cancer Research 2021;81(4_
Supplement):0T-03-09-0OT-03-09.  https://doi.org/10.1158/1538-
7445.SABCS20-0OT-03-09

Wolff A. C, Hammond M. E, Hicks D. G, et al. Recommendations
for human epidermal growth factor receptor 2 testing in breast
cancer: American Society of Clinical Oncology/College of Ameri-
can Pathologists clinical practice guideline update. J Clin Oncol
2013;31:3997-4013. hitps://doi.org/10.1200/jc0.2013.50.9984

Fusco N, Ragazzi M, Sajjadi E, et al. Assessment of estrogen re-
ceptor low positive status in breast cancer: Implications for pa-
thologists and oncologists. Histol Histopathol 2021;18376. https://
doi.org/10.14670/hh-18-376

Fusco N, Rizzo A, Costarelli L, et al. Pathological examina-
tion of breast cancer samples before and after neoadjuvant
therapy: recommendations from the Italian Group for the Study
of Breast Pathology - Italian Society of Pathology (GIPaM-SIA-
PeC) [Guidelines]. Pathologica 2022;114:104-110. https://doi.
org/10.32074/1591-951X-747

Fusco N, Ivanova M, Frascarelli C, et al. Advancing the PD-L1 CPS
test in metastatic TNBC: Insights from pathologists and findings
from a nationwide survey. Critical Reviews in Oncology/Hema-
tology 2023;190:104103. https://doi.org/https://doi.org/10.1016/j.
critrevonc.2023.104103

Rischoff J, Friedrich M, Nagelmeier |, et al. Comparison of Her-
cepTest™ mAb pharmDx (Dako Omnis, GE0O1) with Ventana
PATHWAY anti-HER-2/neu (4B5) in breast cancer: correlation
with HER2 amplification and HER2 low status. Virchows Archiv
2022;481:685-694 https://doi.org/10.1007/s00428-022-03378-5

Ivanova M, Porta F. M, D’Ercole M, et al. Standardized pathol-
ogy report for HER2 testing in compliance with 2023 ASCO/
CAP updates and 2023 ESMO consensus statements on HER2-
low breast cancer. Virchows Arch 2023. hitps://doi.org/10.1007/
s00428-023-03656-w

Marchid C, Dowsett M, & Reis-Filho J. S. Revisiting the technical
validation of tumour biomarker assays: how to open a Pandora’s
box. BMC Med 2011;9:41. https://doi.org/10.1186/1741-7015-9-41

Hu X, Chen W, Li F, et al. Expression changes of ER, PR,
HER2, and Ki-67 in primary and metastatic breast cancer and
its clinical significance. Front Oncol 2023;13:1053125. https://doi.
org/10.3389/fonc.2023.1053125

Miglietta F, Griguolo G, Bottosso M, et al. Evolution of HER2-low
expression from primary to recurrent breast cancer. NPJ Breast
Cancer 2021;7:137. https://doi.org/10.1038/s41523-021-00343-4

Bergeron A, Bertaut A, Beltjens F, et al. Anticipating changes in the
HER2 status of breast tumours with disease progression-towards
better treatment decisions in the new era of HER2-low breast
cancers. Br J Cancer 2023;129:122-134. hitps://doi.org/10.1038/
541416-023-02287-x

Geukens T, De Schepper M, Richard F, et al. Intra-patient and
inter-metastasis heterogeneity of HER2-low status in metastat-
ic breast cancer. Eur J Cancer 2023;188:152-160. https://doi.
org/10.1016/j.ejca.2023.04.026

Prat A, Modi S, Tsurutani J, et al. Abstract HER2-18: HER2-18
Determination of HER2-low status in tumors of patients with un-
resectable and/or metastatic breast cancer in DESTINY-Breast04.
Cancer Research 2023;83(5_Supplement):HER2-18-HER12-18.
https://doi.org/10.1158/1538-7445.SABCS22-HER2-18

Fernandez A. |, Liu M, Bellizzi A, et al. Examination of Low

ERBB2 Protein Expression in Breast Cancer Tissue. JAMA Oncol
2022;8:1-4. hitps://doi.org/10.1001/jamaoncol.2021.7239

38

39

40

a

42

43

45

46

47

48

48

50

51

53

Bardia A, & Viale G. HER2-Low Breast Cancer-Diagnostic Chal-
lenges and Opportunities for Insights from Ongoing Studies: A
Podcast. Target Oncol 2023;18:313-319. https://doi.org/10.1007/
s11523-023-00964-8

Viale G, Basik M, Niikura N, et al. Retrospective study to esti-
mate the prevalence and describe the clinicopathological char-
acteristics, treatments received, and outcomes of HER2-low
breast cancer<sup>¥</sup>. ESMO Open 2023;8. https://doi.
org/10.1016/j.esmoop.2023.101615

Rischoff J, Penner A, Ellis I. O, et al. Abstract HER2-13: HER2-
13 Proficiency assessment of HER2-low breast cancer scoring
with the Ventana PATHWAY 4B5 and Dako HercepTest HER2
assays and the impact of pathologist training. Cancer Research
2023;83:HER2-13-HER12-13. https://doi.org/10.1158/1538-7445.
SABCS22-HER2-13

Wolff AC, Somerfield MR, Dowsett M, et al. Human Epidermal
Growth Factor Receptor 2 Testing in Breast Cancer: ASCO-Col-
lege of American Pathologists Guideline Update. J Clin Oncol
2023;Jc02202864. https://doi.org/10.1200/jco.22.02864

Caldonazzi N, Rizzo P. C, Eccher A, et al. Value of Artificial Intel-
ligence in Evaluating Lymph Node Metastases. Cancers (Basel)
2023;15:2491. hitps://doi.org/10.3390/cancers 15092491

Frascarelli C, Bonizzi G, Musico C. R, et al. Revolutionizing
Cancer Research: The Impact of Artificial Intelligence in Digital
Biobanking. J Pers Med 2023;13:1390. https://doi.org/10.3390/
jpm13091390

Wu S, Yue M, Zhang 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. https://doi.
org/10.1016/j.modpat.2022.100054

Sode M, Thagaard J, Eriksen J. O, et al. Digital image analysis and
assisted reading of the HER2 score display reduced concordance:
pitfalls in the categorisation of HER2-low breast cancer. Histopa-
thology 2023;82:912-924. https://doi.org/10.1111/his. 14877

Yoder A, Inge L. J, Chen C.-C, et al. Computer-aided scoring of erb-
b2 receptor tyrosine kinase 2 (HER2) gene amplification status in
breast cancer. Journal of Pathology Informatics 2022;13:100116.
https://doi.org/https://doi.org/10.1016/}.jpi.2022.100116

Chlipala E. A, Butters M, Brous M, et al. Impact of Preanalytical
Factors During Histology Processing on Section Suitability for
Digital Image Analysis. Toxicol Pathol 2021;49:755-772. https://
doi.org/10.1177/0192623320970534

Jones A. D, Graff J. P, Darrow M, et al. Impact of pre-analytical
variables on deep learning accuracy in histopathology. Histopa-
thology 2019;75:39-53. https://doi.org/10.1111/his. 13844

Palm C, Connolly C. E, Masser R, et al. Determining HER2 Status
by Artificial Intelligence: An Investigation of Primary, Metastatic,
and HER2 Low Breast Tumors. Diagnostics (Basel) 2023;13:168.
https://doi.org/10.3390/diagnostics 13010168

Jahn S. W, Plass M, & Moinfar F. Digital Pathology: Advantages,
Limitations and Emerging Perspectives. J Clin Med 2020,9:3697.
https://doi.org/10.3390/jcm9113697

Bendhr P, Henkel V, Speer R, et al. Her-2/neu expression in breast
cancer--A comparison of different diagnostic methods. Anticancer
Res 2005;25(3b), 1895-1900.

Marchid C, Annaratone L, Marques A, et al. Evolving concepts in
HER2 evaluation in breast cancer: Heterogeneity, HER2-low carci-
nomas and beyond. Seminars in Cancer Biology 2021;72:123-135.
https://doi.org/https://doi.org/10.1016/j.semcancer.2020.02.016

Gjerdrum L. M, Sorensen B. S, Kjeldsen E, et al. Real-time quan-
titative PCR of microdissected paraffin-embedded breast carci-

noma: an alternative method for HER-2/neu analysis. J Mol Diagn
2004,6:42-51. hitps://doi.org/10.1016/51525-1578(10)60490-4



THINK “"HER2” DIFFERENT: INTEGRATIVE DIAGNOSTIC APPROACHES FOR HER2-LOW BREAST CANCER

301

54

55

56

57

58

53

60

61

62

63

Zoppoli G, Garuti A, Cirmena G, et al. Her2 assessment using
quantitative reverse transcriptase polymerase chain reaction reli-
ably identifies Her2 overexpression without amplification in breast
cancer cases. J Transl Med 2017;15:91. https://doi.org/10.1186/
s$12967-017-1195-7

Wasserman B. E, Carvajal-Hausdorf D. E, Ho K, et al. High con-
cordance of a closed-system, RT-gPCR breast cancer assay for
HER2 mRNA, compared to clinically determined immunohisto-
chemistry, fluorescence in situ hybridization, and quantitative im-
munofluorescence. Laboratory Investigation 2017;97:1521-1526.
hitps://doi.org/10.1038/labinvest.2017.93

El Hadi H, Abdellaoui-Maane |, Kottwitz D, et al. Development and
evaluation of a novel RT-qPCR based test for the quantification of
HER2 gene expression in breast cancer. Gene 2017;605:114-122.
hitps://doi.org/https://doi.org/10.1016/j.gene.2016.12.027

Hyeon J, Cho S.Y, Hong M. E, et al. NanoString nCounter® Ap-
proach in Breast Cancer: A Comparative Analysis with Quantita-
tive Real-Time Polymerase Chain Reaction, In Situ Hybridization,
and Immunohistochemistry. J Breast Cancer 2017;20:286-296.
https://doi.org/10.4048/jbc.2017.20.3.286

Wojtaszewska M, Stepien R, Woina A, et al. Validation of HER2
Status in Whole Genome Sequencing Data of Breast Cancers with
the Ploidy-Corrected Copy Number Approach. Mol Diagn Ther
2022;26:105-116. hitps://doi.org/10.1007/s40291-021-00571-1

Zhang G.-C, Liao N, Chen B, et al. Next-generation sequenc-
ing (NGS) identifies a new breast cancer subtype with HER2
low-amplification status as a candidate for targeted thera-
py. 4 Clin Oncol 2020;38:553-553. https://doi.org/10.1200/
JC0.2020.38.15_suppl.553

Furrer D, Sanschagrin F, Jacob S, et al. Advantages and Disadvan-
tages of Technologies for HER2 Testing in Breast Cancer Speci-
mens. American Journal of Clinical Pathology 2015;144:686-703.
https://doi.org/10.1309/AJCPT41TCBUEVDQC

Bartlett J. M. S, & Starczynski J. Quantitative Reverse Transcrip-
tase Polymerase Chain Reaction and the Oncotype DX Test for
Assessment of Human Epidermal Growth Factor Receptor 2
Status: Time to Reflect Again? J Clin Oncol 2011;29:4219-4221.
https://doi.org/10.1200/JCO.2011.37.5824

Marchio C, Dell'Orto P, Annaratone L, et al. The Dilemma of HER2
Double-equivocal Breast Carcinomas: Genomic Profiling and Im-
plications for Treatment. Am J Surg Pathol 2018;42:1190-1200.
https://doi.org/10.1097/pas.0000000000001100

Prat A, Pascual T, De Angelis C, et al. HER2-Enriched Subtype
and ERBB2 Expression in HER2-Positive Breast Cancer Treated
with Dual HER2 Blockade. J Natl Cancer Inst 2020;112:46-54.
hitps://doi.org/10.1093/jnci/djz042

85

&6

&7

&8

&3

70

Kl

72

73

T4

Atallah N. M, Alsaleem M, Toss M. S, et al. Differential response
of HER2-positive breast cancer to anti-HER2 therapy based on
HER2 protein expression level. Br J Cancer 2023;129:1692-1705.
https://doi.org/10.1038/s41416-023-02426-4

Schettini F, Pascual T, Conte B, et al. HER2-enriched subtype
and pathological complete response in HER2-positive breast
cancer: A systematic review and meta-analysis. Cancer Treat Rev
2020;84:101965. hitps://doi.org/10.1016/].ctrv.2020.101965

Dieci M. V, Prat A, Tagliafico E, et al. Integrated evaluation of
PAMS50 subtypes and immune modulation of pCR in HER2-posi-
tive breast cancer patients treated with chemotherapy and HER2-
targeted agents in the CherLOB trial. Ann Oncol 2016;27:1867-
1873. hitps://doi.org/10.1093/annonc/mdw262

Oshi M, Murthy V, Takahashi H, et al. Urine as a Source of Lig-
uid Biopsy for Cancer. Cancers (Basel) 2021;13:2652. https://doi.
org/10.3390/cancers13112652

Li W, Liu J. B, Hou L. K, et al. Liquid biopsy in lung cancer: sig-
nificance in diagnostics, prediction, and treatment monitoring. Mol
Cancer 2022;21:25. https://doi.org/10.1186/512943-022-01505-z

Kong S. L, Liu X, Tan S. J, et al. Complementary Sequential Circu-
lating Tumor Cell (CTC) and Cell-Free Tumor DNA (ctDNA) Profil-
ing Reveals Metastatic Heterogeneity and Genomic Changes in
Lung Cancer and Breast Cancer. Front Oncol 2021;11:698551.
https://doi.org/10.3389/fonc.2021.698551

Munoz-Arcos L. S, Nicold E, Serafini M. S, et al. Latest advances
in clinical studies of circulating tumor cells in early and metastatic
breast cancer. Int Rev Cell Mol Biol 2023;381:1-21. https://doi.
0rg/10.1016/bs.ircmb.2023.07.005

Lone 8. N, Nisar S, Masoodi T, et al. Liquid biopsy: a step clos-
er to transform diagnosis, prognosis and future of cancer treat-
ments. Molecular Cancer 2022;21:79. https://doi.org/10.1186/
512943-022-01543-7

Di Cosimo 8, De Marco C, Silvestri M, et al. Can we define
breast cancer HER2 status by liquid biopsy? Int Rev Cell Mol Biol
2023;381:23-56. https://doi.org/10.1016/bs.ircmb.2023.07.003

Maller V, Banys-Paluchowski M, Friedl T. W. P, et al. Prognostic
relevance of the HER2 status of circulating tumor cells in meta-
static breast cancer patients screened for participation in the DE-
TECT study program. ESMO Open 2021;6:100299. https://doi.
org/10.1016/j.esmoop.2021.100299

Venetis K, Cursano G, Pescia C, et al. Liquid biopsy: Cell-free
DNA based analysis in breast cancer. The Journal of Liquid
Biopsy 2023;100002. hitps:/doi.org/https://doi.org/10.1016/j.
jlb.2023.100002



