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A B S T R A C T

Antibody-drug conjugates (ADC) as a new treatment modality have enabled novel, promising treatment options
in lung cancer. However, biomarkers for the selection of appropriate treatments are still under development, pos-
ing novel challenges for tissue selection and development of companion diagnostics (CDx). In this review, we ad-
dress the challenges and discuss best practice for fast, reliable and robust implementation of novel biomarkers in
treatment selection of ADCs in lung cancer.

1. Introduction

The epidemiology and prognoses for lung cancer patients have
evolved in the past two decades [1–5], with i) an increased incidence of
non-small cell lung cancer (NSCLC) in never-smokers and younger pa-
tients, and ii) considerably improved survival of NSCLC patients in de-
veloped countries, independent of disease stage. Screening programs
for lung cancer and early tumor detection have contributed, but so too
the shift in the therapeutic landscape, with the impact of targeted thera-
pies, immunotherapies and improvements in surgery and chemo-
radiotherapy [6–8]. The recent development of antibody-drug conju-

gates (ADCs) [9–16] combines target specificity of monoclonal antibod-
ies with cytotoxic or immuno-stimulatory payloads [14] and opens up
promising alternative strategies for both first- and second-line lung can-
cer treatment, either alone or in combination with other treatments
[17–19].

The activity of ADCs varies between lung cancer patients [16,20],
hence predictive biomarkers would benefit selection of patients who
may be eligible for specific ADCs, while other ADCs are currently ad-
ministered independent of any identified biological target [20–22].
Some clinical trials, but not all, require companion diagnostic testing
(CDx), by molecular or immunohistochemical (IHC) methods, before
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ADC delivery [20]. Thus, assessment and integration of new CDx into
daily practice presents a new challenge for thoracic pathologists [23,
24], principally assessment of all mandatory predictive biomarkers
needed for correct treatment decision making, according to the sample
tissue size, the percentage of tumor cells, and/or the potential cytologi-
cal specimen [25–27].

This review addresses current and emerging biomarkers to identify
strategies for the use of ADC in thoracic oncology. New challenges and
issues that thoracic pathologists will face due to rapid implementation
of new biomarkers into daily practice are discussed and potential new
approaches to bridge existing gaps in the development of multiple CDx-
associated ADCs are presented.

1.1. Mechanisms of action and main targets of antibody-drug-conjugates
for lung cancer

1.1.1. Structure and mechanisms of action
The structure and mechanisms of action of ADCs have been exten-

sively reviewed elsewhere [14,28,29]. In brief, an ADC comprises a
monoclonal antibody, a linker and a cytotoxic payload [14]. Following
antibody binding, the antigen-ADC complex must be internalized to en-
able intracellular payload release. Optimal targeting requires antigen
expression at the tumor cell surface, with minimal expression in normal
tissue to limit off-target toxicity, high antigen–antibody affinity, ready
internalisation and long plasma half-life. [29,30].

The linker may be cleavable or not. Non-cleavable linkers have high
plasma stability and favorable tolerance. Cleavable linkers predominate
among next generation ADCs and are chemically or enzymatically
cleaved intracellularly. Once internalized, the ADC-antigen complex in
endosomes fuses with lysosomes, allowing release of the cytotoxic pay-
load [14,30] (Fig. 1). Lipophilic payloads can diffuse across cell mem-
branes, generating a bystander effect that enhances activity against
neighboring tumor cells and the tumor microenvironment, a key advan-
tage in heterogenous tumors.

Recent technological advances define third-generations of ADCs,
feature more stable linkers, more precise conjugation, improved homo-
geneity of the drug-antibody ratio (DAR), more specific target binding
(e.g. bispecific antibodies) and an enhanced therapeutic index [30].
However, multiple resistance mechanisms to ADCs have been increas-
ingly reported [31,32] affecting each step of the pathway, thus contin-
ued development of ADC engineering is needed: e.g. linkers that are too

stable may not cleave after internalization, preventing cytotoxic pay-
load release so tumor–killing activity drops dramatically. Increased
ADC doses to overcome this issue can increase systemic exposure to the
antibody–linked toxin without extra benefit and the contact time with
normal tissues is prolonged, potentially worsening on–target/off–tumor
effects.

1.1.2. Main targets for lung cancer treatment
Most of the growing number of ADCs are still in pre-clinical or early-

stage development, with only a few evaluated in clinical trials to date.
Some ADCs have been recently approved by the US Food and Drug Ad-
ministration (FDA) including trastuzumab-deruxtecan (T-DXd) for
HER-2 mutated NSCLC, telisotuzumab-vedotin (Teliso-V) in MET over-
expression and datopotamab-DXd (Dato-DXd) in EGFR mutated NSCLC
[13]. The main protein targets are described below and listed in Table 1
for both NSCLC and small cell lung cancer (SCLC). It is important to dis-
tinguish the current ADCs for which biomarker assessment is manda-
tory (e.g. c-MET expression, EGFR mutations and HER2 expression or
mutation) from those for which assessment is uncertain at present (e.g.
TROP2 expression), or those where the identification of predictive bio-
markers remains uncertain or has failed [20]. ADCs targeting HER3,
DLL3, B7-H3, CEACAM 5, integrin β6 and SEZ6 do not currently corre-
late with any biomarker [20,33], but many are under investigation
(Table 1).

1.1.3. ADC targets for non-small cell lung cancer
ADCs are in development across diverse targets and settings in

NSCLC. The approval in 2022 of T-DXd for HER2-mutant NSCLC
marked a critical milestone in this area, establishing ADCs as a treat-
ment modality in thoracic oncology [34]. The main ADCs approved or
in development for NSCLC are as follows:

- c-MET

c-MET expression, detected by IHC, is one of the most extensively
investigated biomarkers for ADC-based strategies in NSCLC [35–39]. Its
dysregulation includes overexpression, gene amplification and exon 14-
skipping mutations. Overexpression of c-MET is a clinically relevant
and therapeutically actionable biomarker for ADC-based approaches,
such as Teliso-V [37]. In the LUMINOSITY trial, advanced non-
squamous NSCLC EGFR wild-type tumors with high c-MET protein

Fig. 1. Constraints facing thoracic pathologists for integrating antibody-drug conjugate biomarker testing and potential solutions.
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Table 1
Main targets identified by immunohistochemistry for antibody-drug conjugate
in non-small cell and small-cell lung carcinoma.
Lung cancer biomarker for ADC − IHC assessment current status*

Lung carcinoma
histological
type

Most current
biomarker

IHC
validated
as a CDx

Ongoing
biomarkers
assessment by
IHC

Currently not
listed as IHC
biomarkers

Non-Small Cell
Lung Cancer
(NSCLC)

HER2 ✓
C-MET

Not
✓
Cutoff > 50%
with
3 + intensity
Cutoff > 90%
with
3 + intensity

TROP2 Not ✓
NMR QCS scoring
system

CEACAM5 Not ✓
HER3 Not Not ✓
B7-H3
Nectin 4

Not
Not

Not
Not

✓

Small Cell Lung
Cancer (SCLC)

SEZ6 Not ✓
B7-H3 ✓
Integrin β6 ✓
DLL3
TROP2

Not ✓

Abbreviations:
• CDx: Companion Diagnostics Test.
• IHC: Immunohistochemistry.
• NMR QCS.
• HER2: Human Epidermal Growth Factor Receptor 2.
• C-MET: Mesenchymal-Epithelial Transition Factor.
• TROP2: Trophoblast Cell Surface Antigen 2.
• CEACAM5: Carcinoembryonic Antigen-Related Cell Adhesion

Molecule 5.
• HER3: Human Epidermal Growth Factor Receptor 3.
• B7-H3: CD276.
• SEZ6: Seizure Related 6 Homolog.
• DLL3: Delta-Like Ligand 3.

*Note: The validation status and clinical utility of these biomarkers may
evolve as new clinical trial data becomes available. Always refer to current
guidelines (ESMO, NCCN, CAP) and FDA/EMA approvals for the most up-to-
date recommendations.

overexpression (defined as superior or equal to 50% of tumor cells
showing strong (3 + ) staining) responded best to Teliso-V [37]. In
2025, the FDA granted accelerated approval for Teliso-V in patients
with previously-treated non-squamous NSCLC, determined by an FDA-
approved CDx [40]. Access to Teliso-V in Europe requires confirmation
of its efficacy for c-MET-positive patients: a phase III study (TeliMET
NSCLC-01 study) vs docetaxel is currently in progress. Other clinical tri-
als showed promising results in patients with EGFR wild-type or EGFR
mutated tumors expressing high levels of c-MET protein [37]. Several
other c-MET-targeting ADCs, including ABBV-400, REGN5093-M114,
and AZD9592, are in development. Notably, some clinical trials, such as
those using ABBV-400, are based on MET gene amplification as well as
overexpression. Proposed variable thresholds for different staining in-
tensity and percentage of tumor cells will likely be evaluated for vari-
ous drugs being developed to target c-MET. Examples of c-MET IHC are
shown in Supplementary Fig. 1.

- HER2

Initial development of HER2-directed ADCs in NSCLC was restricted
to tumors with HER2 mutations [41,42], with HER2 exon 20 mutations
as the most clinically established biomarker for HER2-directed ADCs
[4,43–51]. Data showing activity of drugs against any HER2 activating

mutation, kinase or non-kinase, led to FDA and European Medicines
Agency (EMA) approval of those drugs. Early clinical trials demon-
strated that HER2 mutations better predicted response to the ADCs
trastuzumab-emtansine and T-DXd than HER2 overexpression and am-
plification [42–46,50–52]. Thus, although HER2 IHC is FDA approved
as a biomarker test for tumor-agnostic ADC, its use for HER2 overex-
pression and amplification requires further study [50,52]. In 2024, T-
DXd was granted approval by the FDA for use in patients in the USA
with unresectable or metastatic HER2 NSCLC (IHC score 3 + ), who
have received prior systemic treatment and have no alternative treat-
ment options [53].The EMA has not approved this use and a confirma-
tory trial may be requested [52]. Examples of HER2 IHC are shown in
Supplementary Fig. 2.

- TROP2

Trophoblast cell surface antigen-2 (TROP2) is a transmembrane gly-
coprotein involved in cellular proliferation and is broadly expressed in
NSCLC [54,55]. TROP2- directed ADCs are under development, spark-
ing interest in biomarker-informed patient selection [56,57]. Dato-DXd
is an anti-TROP2 ADC conjugated to deruxtecan, a topoisomerase 1 in-
hibitor. In the phase 3 TROPION-Lung01 trial, Dato-DXd improved pro-
gression free survival (PFS) in previously treated, advanced non-
squamous NSCLC [58] but did not improve overall survival compared
to docetaxel and no improvement in squamous cell carcinomas was ob-
served. Post-hoc analysis indicated improvement occurred in the cohort
with mutations in EGFR. Furthermore, in the phase 2 TROPION-Lung05
trial of relapsed advanced non-squamous NSCLC, with an associated ge-
nomic alteration, efficacy occurred independently in the EGFR mutated
subset. As a result of blended analysis of these post-hoc data, FDA ap-
proval was granted in 2025 for Dato-DXd for patients with EGFR muta-
tion [59,60]. Confirmatory randomized phase 3 trials are in progress.
Dato-DXd is currently being trialed as first-line treatment of metastatic
wildtype NSCLC, in combination with pembrolizumab, or durvalumab
plus pemetrexed, with or without carboplatin. It is also being trialed for
resectable NSCLC [61]. Another anti-TROP2 ADC, sacituzumab-
tirumotecan, developed in China for NSCLC patients with EGFR muta-
tion, in the second or third-line setting, showed positive results over
chemotherapy in two randomized trials and has been approved for use
in China and the USA [62,63].Note that clinical trials targeting TROP2
may or may not use specific tools for TROP2 expression, such as the
Normalized Membrane Ratio Quantitative Continuous Scoring (NMR
QCS) (see below). Examples of TROP2 IHC are shown in Supplementary
Fig. 3.

- HER3

HER3 is expressed in NSCLC and became a promising target, partic-
ularly for tumors bearing EGFR-mutations [64,65]. Patritumab-
deruxtecan (HER3-DXd) is an anti-HER3 antibody conjugated to a
topoisomerase 1 inhibitor. In the phase 2 HERTHENA-Lung01 trial, re-
sponse to HER3-DXd occurred independently of the level of HER3 ex-
pression, including the H-score [66]. Although HER3-DXd demon-
strated efficacy after failure of EGFR tyrosine kinase inhibitors, regard-
less of the HER3 IHC status, the HERTHENA-Lung03 trial was discon-
tinued in 2025, after the HERTHENA-Lung02 failed to show improve-
ment in overall survival.

- Other Potential ADC Targets

Carcinoembryonic antigen-related cell adhesion molecule 5 (CEA-
CAM5) protein expression was tested as a target for ADCs [67–69].
However, in clinical trials, no overall survival benefit was observed and
with limited efficacy, tusamitamab-ravtansine was not pursued for
NSCLC [70]. Of note, the biomarker design, which required 2 + posi-

3



UN
CO

RR
EC

TE
D

PR
OO

F

V. Hofman et al. Lung Cancer xxx (xxxx) 109507

tivity in at least 50% of tumor cells, may not have been valid and might
have contributed to the negative outcome of the phase 3 CARMEN-
LC03 clinical trial.

In addition to HER2, alternative cell surface targets for ADCs in
NSCLC include the immune checkpoint molecule B7-H3 (CD276),
which is expressed across multiple solid malignancies including NSCLC
and whose overexpression has been consistently associated with poor
prognosis, aggressive tumor biology and adverse clinical outcomes
[71]. B7-H3 is implicated in immune evasion, e.g. by suppressing anti-
tumor T cell responses [72]. ADCs targeting B7-H3 are under clinical
evaluation, including MGC018, which incorporates a duocarmycin-
based payload, and DS-7300, which delivers a topoisomerase I inhibitor
[73].

Another potential cell surface target is AXL, a receptor tyrosine ki-
nase that mediates epithelial-mesenchymal transition, resistance to tar-
geted therapies, and immune escape. AXL-directed ADCs, such as mecb-
otamab-V, are being investigated in NSCLC, including for patients with
acquired therapeutic resistance (clinical trial reference NCT04681131).

Integrin β6 (ITGB6) is another emerging cell surface target. ITGB6
receptor is involved in tumor invasiveness, extracellular matrix remod-
eling, and metastatic progression. Normal expression is upregulated in
several epithelial cancers. A phase 3 clinical trial is testing Sigvotatug-V
in previously-treated patients with non-squamous NSCLC, after
chemotherapy and immunotherapy, who have not previously been ex-
posed to an anti-microtubule agent. This trial highlights growing inter-
est in ADC-immunotherapy combinations (NCT06758401) [74].

Finally, other ADC targets under investigation in NSCLC reflect the
diversity of tumor biology and resistance mechanisms. They include,
nectin-4, NaPi2b, ROR2, PD-L1 (i.e HLX43), PTK7, ALCAM, FRα, 5 T4,
CD44 variant 9 and transferrin receptor-1 (CD71; CX2029) [75–78].

1.1.4. ADC targets for small cell lung cancer
In the last decade, growing insight into the biology of SCLC has

spurred strong interest in ADC [79,80]. The main current ADC targets
for SCLC are as follows:

- B7-H3

B7-H3, widely expressed in SCLC is associated with poor prognosis.
As mentioned above, anti-B7-H3 ADCs have been developed and some
are in clinical trials, including in SCLC patients: (i) Infinatamab-DXd (I-
DXd), a humanized anti–B7-H3 IgG1 conjugated to the topoisomerase I
inhibitor deruxtecan, (ii) HS-20093, an anti–B7-H3 ADC with a topoiso-
merase I inhibitor (exatecan-derivative), (iii) miroztamab-clezutoclax,
an anti–B7-H3 antibody with a BCL-XL inhibitor and iv) DS-7300, using
an exatecan-derived topoisomerase I inhibitor [81,82]. Overall, clinical
trials showed that ADCs carrying topoisomerase I inhibitor payloads
have a high level of efficacy compared to standard of care, however the
progression free survival (PFS) remained modest, consistent with devel-
opment of resistance. Moreover, there was no correlation between B7-
H3 IHC expression and an objective response, suggesting that efficacy
in SCLC may possibly be due to drug delivery issues than the biomarker
threshold [71].

- DLL3

Delta-like protein 3 (DLL3) is an atypical inhibitory ligand of the
NOTCH receptor, expressed at low levels in normal tissue but highly en-
riched in neuroendocrine SCLC [83,84]. One of the most advanced
anti–DLL3 ADC was rovalpituzumab-tesirine (Rova-T), a humanized
anti–DLL3 monoclonal antibody linked to a pyrrolobenzodiazepine
(PBD) dimer toxin [85]. However, even when DLL3 expression was
high, ADCs produced modest response rates, short PFS and lack of bene-
fit in overall survival, compared with topotecan. Heterogeneity and
therapy-induced DLL3 loss ultimately precluded durable benefit. In

contrast, tarlatamab, a DLL3 × CD3 bispecific T-cell engager, bypasses
payload delivery entirely [86].

- SEZ6

The transmembrane protein SEZ6 is a neuroendocrine marker, ex-
pressed in SCLC and other neuroendocrine tumors [87]. ABBV-706, an
anti–SEZ6 ADC with a topoisomerase I inhibitor payload, demonstrated
high activity in pre-clinical studies of SCLC, neuroendocrine neoplasms,
and brain tumors [88]. Early ABBV-706 data suggest that the topoiso-
merase I payloads may deliver a higher initial activity greater than
calicheamicin-based ABBV-011, highlighting the importance of the
choice of payload for SCLC [89]. Given the relatively high objective re-
sponse rate (ORR) with ABBV-706, it will be critical to establish
whether SEZ6 expression thresholds, heterogeneity and/or adaptive
downregulation, can determine efficacy [87].

- Other potential ADC targets

TROP2 ADCs can produce meaningful tumor responses in relapsed
SCLC, but the PFS remains short in both platinum-sensitive and plat-
inum-resistant subgroups [5]. CD56 (NCAM1) is low in normal tissue
and overexpressed in 95% of SCLC cases [79]. Lorvotuzumab-
mertansine, an anti–CD56 ADC with a microtubule inhibitor payload,
was evaluated in non-treated SCLC in combination with carboplatin/
etoposide vs carboplatin/etoposide alone [79,90]. This first-generation
ADC was modified with better linkers and more potent payloads and re-
sults are expected soon. Whether a topoisomerase-based strategy can
also exploit a high level of expression of CD56 remains to be deter-
mined.

2. Challenges and constraints for thoracic pathologists

Taken together, clinical trial data on ADCs indicates that optimal se-
lection of patients will likely require urgent integration of genome, pro-
teomic and histopathological data and the emergence of multiple new
predictive biomarkers in thoracic pathology opens up significant chal-
lenges to routine practice [23,25]. The introduction of additional bio-
markers to be evaluated in-house by IHC, competes with the current
range of established predictive biomarkers that are routinely tested.
Some key challenges are described in Table 2 and are discussed below.

2.1. Optimal management of tissue and cytological samples

Tissue biopsies are commonly small in size and contain variable
numbers of tumor cells. The ability to extend the range of biomarkers
that can predict a therapeutic response is directly linked to the quantity
and quality of the tumor tissue available in the biopsy.

The emergence of ADCs further complicates tissue biopsy manage-
ment. The addition of multiple and mandatory predictive biomarkers,
some of which can only be identified using IHC, requires preparation of
supplementary tissue sections. Thus, new algorithms for biomarker test-
ing in thoracic oncology are needed. The concept of “ultra personalized
medicine” in thoracic oncology demands “ultra personalized” thoracic
pathology. Obtaining the whole spectrum of predictive biomarkers will
be the pathologist’s responsibility, so algorithms must be established
together with pathologists and physicians, to define priorities according
to the specimen and the patient/clinical context. The thoracic patholo-
gist must: i) make an accurate and rapid histological diagnosis, includ-
ing TTF1 and/or P40 and/or neuroendocrine IHC, and PD-L1 IHC as-
sessment, ii) perform molecular testing for a targeted therapy strategy,
using testing for single gene(s) (SGT) and/or next generation sequenc-
ing (NGS) and iii) now look for ADC targets using IHC and molecular
testing. The transfer of predictive biomarkers for ADCs from tissue
biopsies to cytological samples is a challenge, hence characterization of
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Table 2
Challenges and recommendations associated with the implementation of im-
munohistochemistry associated with the arrival of antibody-drug conjugates
in thoracic pathology. IVDR: In Vitro Diagnostics Regulation; ROSE: Rapid On
Site Evaluation; TAT: Turn Around Time; GDPR: General Data Protection Reg-
ulation; EQA: External Quality Assessment.
ADC biomarker testing using IHC − Challenges and recommendations

Parameters Challenges Recommendations

1. Samples • Tissue biopsy
o Limited number

and size
o Variable percentage

of tumor cells
o Presence of

necrosis
• Cytological specimens

o Quality variability
on smears

o Limited cellularity
on cytoblocks

o Insufficient number
of tumor cells

• Heterogeneity
o Intra-tumoral

heterogeneity
o Inter-tumoral

heterogeneity

• Increase biopsy number
when feasible

• Potential development of
cryobiopsy technology

• Place one tissue biopsy
only in each cassette

• Adapt sampling strategy
according to tumor site
accessibility

• Establish an optimal
oncologist-pathologist
dialogue

• Implement the ROSE
procedure

• Favor cytoblocks over
smears for molecular
analysis

• Integrate liquid biopsies
into the diagnostic
workflow

2. Pre-analytical
Step

• Cold ischemia time
variability

• Inconsistent formalin
fixative duration

• Variable fixative types
for cytology

• Inconsistent conditions
for specimen archives

• Non-compliance with
ISO 15189 and CAP
recommendations

• Use formalin fixative
exclusively

• Store FFPE blocks
at ≤ 22°C (ideally at 4°C),
protected from light with a
controlled humidity level

• Store unstained slides at
4°C

• Ensure strict compliance
with ISO15189 and CAP
recommendations

3. Analytical
Step

• Different antibody
clones available for the
same target

• Multiple biomarker
targets to master at the
same time

• Different scoring
systems/cutoffs for the
same target

• Risk of tissue specimen
exhaustion

• Variability between IHC
instruments

• Variability between
digital scanners

• Inter-pathologist
variability in
assessment

• Multiple AI algorithms
and computational
pathology tools
available

• Use CE-IVD certified clones
only

• Conduct comparative
studies
o Inter-instrument for

IHC
o Inter-slide scanners
o Inter-CE-IVD clones

• Implement multiplex IHC
when appropriate

• Consider RNA expression
analysis

• Validate AI tools and
computational pathology
studies

• Apply FDA-approved
clones, scores and cutoffs

• Table 2 (continued)
ADC biomarker testing using IHC − Challenges and recommendations

Parameters Challenges Recommendations

4. Post-
analytical Step

• TAT for comprehensive
biomarker reporting

• Multiple EQAs schemes
• Multiple accreditation

requirements
• IVDR constraints

• Establish optimal dialogue
between clinical and
molecular pathologists

• Implement efficient IT
systems

• Develop inter-laboratory
validation networks

• Create national
recommendations and
support for set up IVDR
procedures

5. Request
Strategy

• Absence of universal
international guidelines

• Multiple clinical trials
with uncertain
outcomes

• Follow international
recommendations (ESMO,
NCCN, CAP, ECP)

• Prioritize FDA-approved
biomarkers

• Establish institutional
testing algorithms

6. Economic
Plan

• Costs for reagents,
EQAs, and data storage

• Personnel costs and
training expenses

• Equity access to testing

• Negotiate national
agreements for
reimbursement

• Implement AI support to
optimize workflow

• Establish public–private
partnerships for funding

• Establish public–private
partnerships for funding

• Rationalize testing
strategies

7. Outsourcing
versus On-site
Testing

• TAT considerations
• Access (or lack of

access) to raw data
• Workload management
• Ethical rules and GDPR

constraints

Favor decentralization (on-
site) if:
Favor centralization
(outsourcing) if:

• Sufficient samples volume
• Strong oncologist demand
• Multidisciplinary expert

team available on site
• Low samples volume
• Workload pressure for local

laboratory
• Limited or no local

expertise

protein expression by IHC in cytological material requires comparative
studies with IHC results obtained from matched and concurrent tissue
biopsies [91]. Intra- and inter-laboratory validation and comparison of
results is mandatory [36] and obtaining tissue and cytological material
at the same time, from the same tumor site is another source of variabil-
ity. These comparative studies would ideally be performed using cyto-
blocks, since cytological smears are problematic and only mastered in
expert cytology laboratories [92],due to different pre-analytical steps
being used for cytological smears compared to those for tissue biopsies.
International IHC guidelines are required for the use of biomarkers as-
sociated with ADCs, since cytological samples from NSCLC patients are
more frequently sent to pathology laboratories.

2.2. Different scores and cut-off values

According to the ADC, different IHC scores may be used to assess ex-
pression of a single protein at the tumor cell surface. For example, sev-
eral ADCs have been developed to target c-MET expression in late-stage
NSCLC. The cut-off to define a high level of c-MET expression varies for
the specific ADC and may correspond to more than 50% or more than
90% of tumor cells showing a strong level of staining (3+). In addition,
other studies have considered an H-score (staining intensity plus the
percentage of cells) for c-MET IHC [93]. In practice, multiple scoring
systems for a single biomarker would complicate reporting and may
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generate confusion among thoracic oncologists. Moreover, variability
in scoring complicates intra- and inter-laboratory validation and appli-
cation of external quality assurance (EQA).

The IHC score used for HER2 overexpression in NSCLC is currently
the same as for gastric carcinomas, ranging from 0 to 3+ (with IHC
0–1 + defined as HER2 negative, IHC 2+ as weak to moderate and IHC
3 + as strong when staining is observed in 10% of tumor cells) [94,95].
Note that different HER2 IHC scores apply to other solid tumors, such as
breast, colon and endometrial. Hence, it can be seen that (i) using the
same HER2 score for NSCLC and gastric cancer, may complicate inter-
pretation and, (ii) the existence of multiple tumor-specific scoring sys-
tems increases the risk of misunderstanding by pathologists and oncolo-
gists.

2.3. Antibodies, pre-analytical and analytical parameters

Various antibody clones targeting the same protein recognised by an
ADC are commercially available [96,97]. These clones can vary in sen-
sitivity and specificity. Thus, depending which clones are used in ADCs,
heterogeneous results in the same tumor sample may be expected.
Some clones, such as HER2 clones are approved for research-use only,
while others, e.g. SP44 c-MET clone, are EU-compliant for in vitro diag-
nostic tests (CE-IVD) or are FDA-approved. Antibodies used for predic-
tive biomarker testing, such as anti-PD-L1 and ALK clones, only CE-IVD
and FDA-approved clones may be used in routine clinical practice. Cer-
tain clones used as ADC CDx can be run on some, but not all, automated
IHC instruments in the USA, limiting widespread use of the CDx across
countries and institutions, due to limited access to particular IHC plat-
forms. Outsourcing samples for IHC test centralization may be a solu-
tion. In the past, other predictive biomarkers of lung cancer have been
validated across IHC instruments [98,99],now the same is required for
individual CE-IVD clones for biomarker-ADC. In addition, pre-
analytical phase process steps must be mastered: to mention the main
parameters, epitopes may be more- or less-sensitive to cold ischemia,
formalin fixative or collection time [100]. Lastly, the importance of
quality control (QC) and EQA processes in on-site clinical testing in this
developing area cannot be overstated. [101,102] Given the increasing
number of proteins to be rapidly assessed for expression, the QC/EQA
requirements will be challenging for many laboratories, due to increas-
ing costs and workload. A global trend toward workforce reduction in
pathology laboratories means increasing the number of IHC, participat-
ing in QC/EQA and ensuring the proper turnaround times for therapeu-
tic decision-making will increase workflow pressure in pathology labo-
ratories, so outsourcing to central laboratories or commercially avail-
able platforms, may be necessary.

2.4. Recommendations and perspectives

International consensus is urgently needed to define rational algo-
rithms for use of biomarkers associated to ADCs in daily practice. As
structural and logistical difficulties in pathology described above may
hinder worldwide access to biomarker-associated ADCs, some practical
and novel technological solutions and perspectives on the use of com-
putational and artificial intelligence (AI) are offered below: (Table 2
and Fig. 1).

2.5. Management and control of tissue biopsies

The increased number of targeted therapies, immunotherapies and
ADCs for lung cancer requires concomitant genomic and IHC testing.
The challenge lies in being able to screen for all therapeutic targets, us-
ing a single biopsy, while accounting for the depletion of tumor tissue
resulting from sequential multiple tests. The size of bronchial biopsies
varies depending on the tumor’s location within the lung parenchyma
and its accessibility using bronchoscopic instruments, which come in

various calibers. Certain technologies, such as those involving cry-
obiopsy, help optimize the availability of tissue samples. According to
some studies, this allows both morphological analysis and optimization
of the IHC and molecular results [103–106]. However, these ap-
proaches are more expensive than techniques using forceps technolo-
gies and may be associated with more side effects, like bleeding and
pneumothorax [106]. Multiple bronchial or transthoracic biopsies,
taken at one biopsy per cassette, allows selection of specimens for the
additional techniques, including IHC and molecular assays, particularly
NGS [107]. Additional tissue-sparing can be achieved via protocols for
dissecting small samples, thereby avoiding specimen exhaustion.

2.6. Multiplex immunofluorescence (QIF), chromogenic
immunohistochemistry and proteomics

Sequential single-marker IHC is a multiplex staining technique
where different antibodies are applied to a tissue section, one after an-
other, with elution or “stripping” between antibody applications. This
technique is becoming increasingly feasible (as an alternative to con-
ventional IHC, which uses multiple tissue sections) and has been widely
validated in pathology for immunofluorescence, (including quantita-
tive) and chromogenic markers [102,108–113]. In future proteomics
tools, such as multiplexed selected reaction monitoring mass spectrom-
etry (SRM MS) may also be applied [112]. The question is how to
quickly bridge the gap between these innovative tools and their imple-
mentation in everyday practice. Urgent solutions are required to over-
come current constraints, in particular: the high cost of in-house multi-
plex assays; setting scoring and cut-off values for different staining in-
tensity (considering validation mandated by clinical trials); data analy-
sis; reporting turnaround time; CE-IVD or FDA regulatory approval; and
complexity of QC/EQA programs.

Artificial intelligence (AI) algorithms may be able to solve some of
these bottlenecks [114,115] (see below).

2.7. RNA-based analysis

Spatial transcriptomics allows multiple RNA expression mapping in
formalin-fixed, paraffin-embedded tissue sections. Its use in pathology
is nascent, and its use for biomarker detection will need validation in
clinical trials of ADCs. However, it may represent a tissue-sparing
method of simultaneous gene expression evaluation of several ADC tar-
gets [116]. A limitation of this technique is obtaining sufficient quality
RNA from the tumor, the current requirement being a limit of greater
than 50% of tumor cells in the specimen for effective performance. This
level is not found in many thoracic tissue biopsies. Comparative results
for protein expression obtained for the same set of molecular targets
would be required. In addition, the cost of reagents and instruments as
well as expertise need to be considered.

2.8. Artificial intelligence (AI) and computational pathology

Digital pathology is developing worldwide and proving to be a valu-
able diagnostic aid, particularly in image analysis [117] that combined
with AI has led to the concept of computational pathology [114]. Quan-
titative continuous scoring (QCS) is an example, with objective and im-
proved precision, sensitivity and specificity of immunostaining of pro-
tein biomarkers in tissue slides, assisting targeted drug use [118]. QCS
can be used to measure the distance between stained cells and the ratio
between tumor cell membrane and intra-cytoplasmic staining inte-
grated with (NMR QCS) [119,120] the optical density of the staining
and the percentage of stained tumor cells [119].

An example of NMR QCS is its use for TROP2 IHC in clinical trials
[119]. Traditional IHC for TROP2 was not successful in predicting
TROP2 ADC for lung cancer, whereas the NMR QCS TROP2 identified
good responders to anti-TROP2 treatment at or below the usual cutoff
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ratio. However, the promise of this approach is tempered by technologi-
cal limitations: (i) Currently only one TROP2 clone is approved
(EPR20043, Roche Ventana, Tucson, AZ USA), which means that stain-
ing can only be performed on a Ventana Benchmark instrument. (ii)
Stained slides must be scanned on specific Roche Diagnostics scanners
[119]. (iii) The AI algorithms used to determine the grading threshold
are also unique and were originally developed by Definiens (Utrecht,
Netherlands) and Roche Diagnostics (Tucson, AZ, USA). This example
shows it is possible to develop an FDA approved CDx, in which a spe-
cific clone, a staining platform, a scanner and an AI tool, are integrated
to ensure a high level of reproducibility [121]. In the future, the use of
this assay could be limited to a selection of pathology laboratories that
have the requisite equipment. Slides or formalin-fixed paraffin blocks
(FFPE) could be sent to a central laboratory for full or partial process-
ing.

Alternatively, testing could be developed in-house. To validate the
current process and reproduce the same clinical results using other
clones and/or staining instruments, scanners and AI tools, poses a sig-
nificant challenge (Fig. 2) but if successful, could allow inter-laboratory
validation of in-house NMR TROP2 QCS testing. In addition to con-
straints around NMR QCS, pre-analytical parameters must also be stan-
dardized. These include cold ischemia time, duration of formalin fixa-
tion (according to sample size), age of FFPE blocks, tissue section thick-
ness, unstained slide stability, type of cover slip, mounting medium,
and specimen storage temperature. Finally, cytological samples such as
cytoblocks could be used for NMR QCS. However, they would need to
be validated against matched tissue biopsy specimens.

In future, other algorithms based on AI will be useful to evaluate the
various protein targets of ADCs [115]. The European Society for Med-
ical Oncology (ESMO) recently released recommendations on AI-based
biomarker use in oncology [122]. In addition to QCS tools, another
emerging method to quantify expression of proteins targeted by ADCs
(TROP2, HER2, HER3, EGFR) is quantitative immunofluorescence
(QIF) [123].

2.9. Detection of biomarkers for ADCs in liquid biopsies

Liquid biopsies could potentially serve as a source of predictive pro-
tein biomarkers for ADCs in lung cancer. In addition to regular liquid
biopsies (pleural effusion, fine needle aspiration (FNA) supernatants,
and cerebrospinal fluid (CSF)) it may also be possible to detect expres-
sion in circulating tumor cells (CTC) isolated from blood samples [124].
However, despite promising advances over many years, difficulties are
associated with the multitude of CTC detection methods, the variable
reproducibility of results as well as the sensitivity and specificity of the
tests, and finally, the cost and time required to obtain results [125,126].
Establishing a reliable cut-off and scoring parameters is dependent on
the number of isolated CTCs, and is therefore complex. In lung cancers,
CTC-based tests may be feasible for SCLC, where CTCs are abundant.
However, the paucity of CTCs in NSCLC will likely limit its application
in those patients [124,125].

Finally, it may be worthwhile in the future to develop a QCS for im-
munostained CTCs. The level of protein expression measured in plasma
samples by enzyme-linked immunosorbent assay (ELISA) offers the pos-
sibility of quantifying different protein targets for ADCs.

3. Optimisation of clinical and molecular pathology

Recent results show that some ADCs are more effective in the pres-
ence of associated targetable genomic alterations, particularly EGFR
mutations [3,127]. This paves the way for combining targeted therapies
and ADCs, either simultaneously or sequentially. For this to occur, re-
sults from both IHC and molecular testing must be available at the same
time to enable therapeutic decision-making. The concept of ‘integrative
pathology’, aimed at managing the workflow of samples and analyses,
is therefore essential. Not all pathology laboratories are capable of inte-
grating the analyses into a single step, hence the need to outsource test-
ing of samples for coordinated IHC and molecular tests to expert cen-
ters.

Fig. 2. Strategies and drawbacks for setting up quantitative continuous scoring (QCS) in thoracic pathology.
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4. Conclusion

ADCs are rapidly emerging as treatments for patients with NSCLC
and SCLC, and have proven effective across diverse histological and
molecular subtypes. This new therapeutic strategy and the variety of
ADCs, present biochemical and clinical challenges for pathologists in
their daily practice (Fig. 3), with some of them requiring analysis of
protein expression and genomic alterations, tests that must be validated
in-house before being used in routine clinical pathology practice. Alter-
natively, testing might be outsourced to specialized laboratories. To
date, predictive biomarkers have only been tested in clinical trials and
promising tools such as NMR QCS are still under development. The var-
ious constraints described herein must be taken into account and ad-
dressed in order to identify the best analytical approaches for optimiz-
ing therapeutic algorithms. In addition, these advances and the result-
ing tools in the future must be accessible to all cancer patients, to en-
sure equitable access to lung cancer care.

New developments and assays can be costly and may not be reim-
bursed, depending on the countries and institutions [128]. Increased
understanding of the pathophysiology of lung cancer, development of
ADCs and emerging technical tools are likely to improve stratified treat-
ment, guided by the results of robust CDx. It is worth noting, however,
that recent clinical trials have shown that not all ADCs require a CDx
test [20], thus calling into question the need to choose between a per-
sonalized treatment strategy or a universal treatment strategy.

AI tools are expected to improve selection of multiple biomarkers
associated with ADCs, but harmonized international guidelines and
standards are needed [122,129], particularly as future treatments may
involve combinations of therapies, each requiring a specific predictive
biomarker. Progress could be made through the widespread use of NMR
QCS testing, as this tool has already demonstrated its ability to enhance
in situ signals to better identify predictive biomarkers.
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