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The past decade has witnessed a revolution in cancer treatment by the shift from conventional drugs (chemotherapies) towards
targeted molecular therapies and immune-based therapies, in particular the immune-checkpoint inhibitors (ICIs). These
immunotherapies selectively release the host immune system against the tumour and have shown unprecedented durable
remission for patients with cancers that were thought incurable such as advanced non-small cell lung cancer (aNSCLC). The
prediction of therapy response is based since the first anti-PD-1/PD-L1 molecules FDA and EMA approvals on the level of PD-L1
tumour cells expression evaluated by immunohistochemistry, and recently more or less on tumour mutation burden in the USA.
However, not all aNSCLC patients benefit from immunotherapy equally, since only around 30% of them received ICIs and among
them 30% have an initial response to these treatments. Conversely, a few aNSCLC patients could have an efficacy ICIs response
despite low PD-L1 tumour cells expression. In this context, there is an urgent need to look for additional robust predictive markers
for ICIs efficacy in thoracic oncology. Understanding of the mechanisms that enable cancer cells to adapt to and eventually
overcome therapy and identifying such mechanisms can help circumvent resistance and improve treatment. However, more than a
unique universal marker, the evaluation of several molecules in the tumour at the same time, particularly by using multiplex
immunostaining is a promising open room to optimise the selection of patients who benefit from ICIs. Therefore, urgent further
efforts are needed to optimise to individualise immunotherapy based on both patient-specific and tumour-specific characteristics.
This review aims to rethink the role of multiplex immunostaining in immuno-thoracic oncology, with the current advantages and
limitations in the near-daily practice use.
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INTRODUCTION
The immuno-oncology (IO) field has witnessed a remarkable
booming in the past decade, after years of controversial dogmas
and inconsistent findings. The upgraded comprehension of the
cancer-immune system interactions and the tremendous techno-
logical progress has revived the hope of curing cancer with
immune-based therapies. The target of these treatments has
shifted from the tumour itself to the host’s immune system, to
mobilise immune cells to recognise and eventually eliminate the
cancer cells [1]. Hallmarks of immunotherapy are the long-lasting
responses, most likely linked to the memory of the adaptive
immune system contributing to long-term survival for a subset of
patients, as well as the specificity of the trained immune system to
recognise and target cancer cells [2]. Immune-checkpoint
inhibitors (ICIs) have proven remarkable clinical effects in a wide
range of metastatic tumour types. In particular, the programmed
cell death-1/programmed cell death-ligand 1 (PD-1/PD-L1) block-
ing antibodies act through the reactivation of effector pre-existing
tumour-infiltrating lymphocytes (TILs) [3]. Likewise, the landscape
of treatments of patients diagnosed with an advanced non-small
cell lung cancer (aNSCLC) has dramatically evolved in the last ten

years, in particular with the approval of ICIs in either first- or
second-line settings, with or without chemotherapy, and irrespec-
tive of the histological subtypes of aNSCLC.
Since the first IO clinical trials, the only keypredictive marker

used to date as a companion diagnostic in thoracic oncology
approved in routine clinical practice, is the expression of PD-L1 on
tumour/immune cells assessed by conventional immunohisto-
chemistry (IHC) on paraffin-embedded formalin-fixed (FFPE) tissue
sections. In addition, many efforts are conducted in order to
identify potential predictive markers of ICIs in aNSCLC. For
instance, the tumour mutational burden (TMB) gave promises to
be a predictive marker for ICIs response, but has multiple technical
issues (e.g., variability of TMB calculation between assays, variable
reproducibility of bioinformatics algorithms, a trend for race-
dependent increases in TMB scores) and still needs to be better
evaluated as a predictive marker. Of note, only the FoundationOne
CDx assay has been approved by the Food and Drug Adminis-
tration (FDA) as a companion diagnostic for second-line pem-
brolizumab monotherapy for solid tumours including aNSCLC with
high TMB [4]. However, despite these recent advances in
immunotherapy strategies, allowing durable clinical responses

Received: 6 February 2023 Revised: 5 May 2023 Accepted: 12 June 2023
Published online: 30 June 2023

1Department of Translational Molecular Pathology, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA. 2Laboratory of Clinical and Experimental Pathology,
Biobank Côte d’Azur BB-0033-00025, FHU OncoAge, IHU RespirERA, Centre Hospitalier Universitaire de Nice, Université Côte d’Azur, Nice, France. ✉email: hofman.p@chu-nice.fr

www.nature.com/bjcBritish Journal of Cancer

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02318-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02318-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02318-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02318-7&domain=pdf
http://orcid.org/0000-0001-9068-1636
http://orcid.org/0000-0001-9068-1636
http://orcid.org/0000-0001-9068-1636
http://orcid.org/0000-0001-9068-1636
http://orcid.org/0000-0001-9068-1636
http://orcid.org/0000-0002-2014-1236
http://orcid.org/0000-0002-2014-1236
http://orcid.org/0000-0002-2014-1236
http://orcid.org/0000-0002-2014-1236
http://orcid.org/0000-0002-2014-1236
http://orcid.org/0000-0003-0431-9353
http://orcid.org/0000-0003-0431-9353
http://orcid.org/0000-0003-0431-9353
http://orcid.org/0000-0003-0431-9353
http://orcid.org/0000-0003-0431-9353
https://doi.org/10.1038/s41416-023-02318-7
mailto:hofman.p@chu-nice.fr
www.nature.com/bjc


and increased overall survival in a subset of patients, most
patients with aNSCLC do not benefit or do not respond to ICIs,
mainly because of imperfect associated companion diagnostic
testing. Moreover, one major challenge is also to determine as
well as possible the best treatment decision-making in order to
avoid exposing non-responders to unnecessary side effects, but
also unnecessary costs.
In this context, there is an urgent need in the IO era in thoracic

oncology for the development and clinical validation of predictive
markers. In daily practice, a predictive marker can be detected
in situ, mainly by immunohistochemistry (IHC) or fluorescent
in situ hybridisation (FISH) or by using molecular genetic testing.
Since many years, IHC has been used in pathology laboratories
worldwide, is easy to use and cost-effective. Conventional IHC is
currently the “gold standard” method for diagnosis in pathology.
Therefore, this approach is used for the assessment of PD-L1
expression in tumour tissue sections as the major predictive assay
in IO until now. However, conventional IHC suffers from several
limitations, including the reduced labelling capacity of a single
marker per tissue section. In the context of the complexity and
heterogeneity of the immune system in patients treated with ICIs,
this major drawback results in missed opportunities to harvest
essential predictive information from patient samples [5].
Even if single predictive markers have been or are currently

evaluated in IO, the possibility to combine different in situ
analyses in tumour tissues, including looking at the same time
different protein or RNA expressions both on tumour and immune
cells, has opened many rooms for the near establishment of
sensitive and specific predictive molecular signatures for ICIs.
Therefore, the emergence of multiplex immunohistochemistry/
immunofluorescence (mIHC/IF) techniques has provided a great
opportunity to overcome many of the current conventional IHC
challenges [6]. These approaches facilitate the investigation of
multiple markers on a single-tissue section as well as the
exploration of tissue-level biology, classification of cell-cell
interactions and spatial analysis, enhanced interrogation of
immune cells phenotyping as well as the identification of rare
cellular phenotypes, and not the least the preservation from tissue
exhaustion. mIHC/IF is also a powerful supplement to technologies
such as next-generation sequencing (NGS), suitable for digital
analysis and accurate scoring. As such, mIHC/IF holds the great
potential to revolutionise the assessment of predictive markers in
thoracic oncology in order to better select patients for
immunotherapy.
This review aims to provide recent information on promising

in situ predictive markers for ICIs, notably by using mIHC/IF,
including the description of the current advantages and limita-
tions of these latter methods.

PD-L1 AND TMB: TWO CURRENT AND IMPERFECT PREDICTIVE
MARKERS IN THORACIC IMMUNO-ONCOLOGY
PD-L1 immunohistochemistry: from hope to weakness
PD-L1 IHC had initially opened many hopes for using a simple
approach, easy to use in all pathology laboratories worldwide,
allowing rapid results for a better assessment of predictive
response to ICIs and thus to give the go/no go to the physician
for an optimal treatment decision-making. PD-L1 IHC presents
advantages such as low cost and application on formalin-fixed,
paraffin-embedded (FFPE) tissue or cytological samples. Therefore,
this test is now worldwide used routinely for most of the ICIs
indication. However, despite the clinical benefit, one of the
caveats is that even when patient selection is driven by PD-L1
expression, treatment response rates ranged from 27 to 45% in
the first-line setting and 19% in the second-line refractory setting
[7, 8]. Thus, despite some advantages, both the pathologists and
the oncologists calling into question the usefulness of PD-L1 IHC
as a predictive marker have progressively highlighted many

limitations. The PD-L1 IHC assay, the only recognised and
validated marker used worldwide for predicting anti-PD-1/PD-L1
response, has also demonstrated several essential limitations
[9, 10].
Among them, the use of different detection IHC assays,

antibody clones, intra-observer variability, subjective interpreta-
tion, particularly with the evaluation of malignant cells and various
immune cell staining expression leading to high inter-observer
variability, semi-quantitative assessment, temporal and intra-
tumour heterogeneity expression, difficulty to set up an automatic
staining assessment using different software, restricted labelling
potential and insufficient availability of samples for testing,
notably when having small tissue biopsies [9]. Above all, the
discrepancies between the percentage of PD-L1-positive tumour
cells and the anti-PD-L1/PD-1 therapeutic response or non-
response in many patients, lead to an urgent need to find
predictive markers in this setting [11]. Thus, PD-L1 expression is
likely not an effective standalone marker for treatment decisions
in routine clinical practice in aNSCLC [12].
Finally, “hot” and “cold” tissue microenvironment (TME) cannot

be distinguished based on PD-L1 status alone instead requires
measurement of tumour-infiltrating lymphocytes (TILs) abundance
and IFN-γ signalling which are not routinely evaluated in daily
practice [12].

Tumour mutational burden: a tricky predictive marker to be
used in daily practice
Addition to to PD-L1 IHC, the TMB, for the number of non-
synonymous single nucleotide variants, has been proposed to be
a complementary predictive marker for ICIs, but except issues due
to the difficulty to its large implementation in pathology
laboratories, the use of TMB in this setting is not worldwide
recognised and available nowadays [13, 14]. Recent studies
suggested that high TMB does not always predict response to
ICIs across several types of cancer [15–17]. Moreover, original
studies linked TMB level with response to ICIs using whole-exome
sequencing, which is costly and a labour-intensive technique that
would not be able to set up in routine clinical practice [18, 19].
Limitation of using targeted gene sequencing is the need to
extrapolate the TMB from a small number of genes [11]. Finally, a
limitation is the availability of many different panels, which vary in
the genes targeted, number of genes tested and genomic space
sequenced. Therefore, this leads to a barrier to establishing a
single standardised technique [20]. In addition, one limitation can
be the presence of intra-tumoral heterogeneity. A high intra-
tumoral heterogeneity usually indicates that the neoantigen may
only be present on a subset of cells and so the immune response
generated against the neoantigen may not be effective against
the whole tumour. In addition, this heterogeneity may result in a
lower dosage of each neoantigen, reducing CD8+ T-cell activa-
tion. Moreover, the combination of reduced neoantigen dosage
and targeting only a subset of tumour cells means that is can be
difficult to establish a TMB cut-off for response to PD-1 pathway
blockage across all patients [12]. In addition, recent data showed
that the integration of TMB with immune cell infiltration and
inflammatory T-cell expression signatures might be able to
identify patients with the greatest likelihood of response to ICIs
across PD-L1 expression subgroups [21]. Overall, these findings
emphasise the importance to develop, combine and validate
additional predictive markers that capture the complexity of
the TME.

POTENTIAL PREDICTIVE IN SITU MARKERS IN THORACIC
IMMUNO-ONCOLOGY
Deciphering the resistance of certain tumour clones and
metastases under immune pressure is a crucial step toward
tailoring ICIs for long-term disease-free and overall survival. It is
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challenging to average metastatic illness among patients since
each metastasis is a distinct immunological disease. Between
parent and child metastases, inside a single metastasis, and over
time, the tumour-immune ecosystems fluctuate. For any clinical
modality, the fact that neither a single biopsy nor a single
metastasis is adequate to generalise the tumour setting and the
patient’s response to ICIs presents significant hurdles [22].
“Immune contexture” refers to the combination of immune

factors associating the nature, density, immune functional
orientation and topography if immune cells within the TME.
These immune contexture parameters are associated with long-
term survival and prediction of response to ICIs [23, 24]. Thus,
better understanding and capture of the immune architecture of a
tumour is becoming essential for evaluating the therapeutic
responses, particularly for ICIs [23].
The TME can be classified into T-cell-inflamed “hot” versus non-

T-cell-inflamed “cold” environments with the former being further
classified based on the activation status of the T lymphocytes [25].
Notably, “hot” tumours are most often accompanied by an IFN-
γ–driven adaptive immune resistance phenotype characterised by
up-regulation of immune-regulatory pathways including immune
checkpoints, such as PD-1, LAG-3, TIM-3, VISTA and TIGIT, other
inhibitory molecules, such as IDO-1, TGFβ1, and INOS, or
expansion of immune suppressive cells, such as regulatory
T cells (Tregs) and myeloid-derived suppressor cells (MDSCs).
The potential for LAG-3, VISTA and TIM-3 or TIGIT-driven
regulation of immune responses is now being explored in early-
phase clinical trials for aNSCLC [26–30]. Among them, it has been
demonstrated in translational research programmes and in clinical
trials, that some molecules can be used as potential predictive
markers, according to the corresponding ICIs [31, 32]. The
presence and the level of expression of these different molecules
can be evaluated individually by IHC with specific antibodies in
NSCLC tissue sections. In addition to these different specific
targets, looking for the presence of some intra and/or peripheral
tumour-immune cells can be assessed by conventional single IHC.
One promising predicting marker during ICI treatment could be
the high levels of TILs, in particular CD8-positive TILs, that can be
assessed an evaluated by IHC on tumour tissue sections [33–36].
Moreover, different subpopulations of immune cells, which can be
all assessed by IHC using different antibodies can be associated
more or less with ICIs efficacy [37, 38]. However, looking for a
single marker is certainly not sufficient for a robust signature of
ICIs responsiveness. For example, most studies examining TILs in
the TME have focused on CD8+ T cells without knowledge of
their functional activity, but is has been shown that the
abundance of B cells or plasma cells within the tumour may
predict outcomes to PD-L1 blockade in aNSCLC [39, 40]. The
evaluation of T-cell dysregulation could also include the assess-
ment of a variety of markers including those for antigen-based
activation (CD28, CD39, CD103, CD137, PD-1), regulation (check-
point: PD-1, LAG-3, TIM-3), differentiation (TCF1, T-bet, EOMES)
and apoptosis (FAS, TRAIL) [41–43].
Thus, it is impossible to cover all the various targets important

for ICIs response prediction by using conventional IHC. The
complexity of studying multiple markers simultaneously and on a
single-tissue section, especially those associated to the TME,
requires the development of new techniques that empower more
in-depth analysis of multiple cell phenotypes as well as their
spatial and temporal patterns and interactions. Multiplex IHC is the
only imaging method that yields quantitative information on
tumour-infiltrating immune cells with spatial resolution. Auto-
mated morphometric analysis may then be used to further
examine the images acquired using this approach [44]. The
simultaneous identification of multiple distinct immune subtypes
using this method is now being refined, which will facilitate the
ability to analyse their spatial extent and proximity [44]. As a result,
multiplexed image analysis technologies labelling could help to

stratify patients for appropriate ICIs and identify patients who are
most likely to derive benefit or not from immunotherapy.
Interestingly, a recent meta-analysis that examined the use of
PD-L1 IHC, TMB, gene expression profiling, and mIHC/IF assays to
determine objective response to ICIs demonstrated that mIHC/IF
and multimodality marker strategies were associated with
improved performance over the other approaches alone [6].

MULTIPLEXED STAINED METHODOLOGIES AND PLATFORMS
FOR IN SITU PREDICTIVE MARKERS IDENTIFICATION
Multiplexed bright-field approaches
Three main staining methods were developed in this setting, the
multiplexed immunohistochemical consecutive staining on a
single slide (MICSSS) [45], the sequential immunoperoxidase
labelling and erasing (SIMPLE) method [46], and a fully automated
mIHC technology using tyramide signal amplification (TSA) along
with heat deactivation process [47, 48].
Briefly, the MICSSS method is a series of sequential cycles of

staining, image scanning, and destaining of chromogenic
substrate than can be performed on FFPE tissue samples [45].
This multiplex staining approach uses conventional chromogenic
IHC staining, followed by a scanning process of the destained
chromogenic substrate in organic solvent that can completely
remove the staining [49]. The MICSS method can allow up to ten
different antibodies on one single-tissue section and it needs to
be supported by third-party scanning and image analysis system.
The slow process of the technique is a limitation of the MICSSS,
but as the authors mentioned, this limitation could be easily
resolved with the automation of the process. Until then, the long
processing time is still a limitation that requires improvement.
However, although this methodology was tested on limited data,
it showed the versatility and potential of the process to study and
analyse the complexity of the tumour microenvironment [50].
The SIMPLE method is other staining approach using a

sequential labelling bleaching technique that enables simulta-
neous marker visualisation, combining five to twelve markers
using the alcohol-soluble peroxidase substrate 3-amino-9-
ethylcarbazole with a fast, non-destructive method for
antibody–antigen separation [46]. This method requires the
creation of a virtual slide after each labelling using third-party
scanner. After digitisation, the staining is erased (or washed) and a
new cycle of staining–digitisation–erasing can be performed.
Staining erasing is a difficult technique that uses an antibody
elution technique intended to preserve tissue and antigen
epitopes for the next staining. By correcting certain parameters
and including a new elution process, this methodology was
recently improved and successfully used with antigens expressed
in the same cellular compartment [51]. This method has shown
the ability to erase the results of a single stain while preserving
tissue antigenicity for repeated rounds of labelling, including
image analysis software; this staining process looks very promising
for future markers discoveries.
The Discovery Ultra (Roche Diagnostics, Basel, Switzerland) is an

alternative IHC research instrument that enables manual and fully
automated staining experiments for research purposes. This
instrument overcomes some of the problems associated with
IHC by performing multiplexed analysis of multiple markers, using
tyramine chemistry to combine a vast spectrum of new
chromogenic dyes [47, 48]. This is particularly useful for in situ
analysis with conventional bright-field microscopes and third-
party analysis software. This approach employs covalently
deposited chromogens (CDCs) relying on enzymatic activation of
dyes conjugated with tyramide and quinone methide precursors
to produce stains covalently bound to cellular and tissue
components surrounding the sites of targeted proteins [52, 53].
CDCs have the significant advantage of rapid and easy develop-
ment of new chromogens with desired spectral characteristics,

E.R. Parra et al.

1419

British Journal of Cancer (2023) 129:1417 – 1431



thereby allowing the development of chromogen stains with
narrow and well-separated absorbance bands, similar to fluor-
ophores [52]. The dyes, useful both individually and blended to
generate novel colours; provide signals like the conventional 3,3′-
diaminobenzidine (DAB) chromogen. They may also enable the
analysis of co-localised markers [47]. These chromogens have
broad absorbance spectra, which produce dark staining patterns
that are supposedly easy to distinguish during light microscopy. In
addition, this method employs a monochrome camera and
sequential illumination with narrow bands of illumination
matched to the absorbance bands of the discrete chromogens.
Illumination is provided by a filter wheel fitted with narrow
bandpass filters in combination with a continuous light source, or
by a collection of light-emitting diodes (LEDs) paired with narrow
bandpass filters, for further spectral definition. Coordinated rapid
LED pulsing and image acquisition provides the basis for high-
speed multiplex imaging. While this approach requires optical
filtering, like fluorescence, or LEDs, the equipment is simplified
relative to fluorescence by not requiring epifluorescence optics,
dichroic mirrors and emission filters [48]. More importantly,
conventional scanners can acquire images of such stained slides,
facilitating marker research and the possibility of in vitro
diagnostics product development. In the Discovery Ultra bright-
field setting, pathologists can assess the mIHC/IF without any
particular software or visualisation tool, which is clearly an
advantage. However, recognising more than 2–3 colours for co-
localisation of markers in the same cellular compartment might be
beyond what the human eye can achieve [54]. Finally, with this
approach, clinically relevant four- and five-chromogen multiplex
IHC approach was demonstrated in NSCLC [55, 56].
Table 1 lists the main benefits and drawbacks of the most

widely used commercialised platforms.

Multiplexed immunofluorescence approaches
Multiplexed staining bleaching techniques were created with
different platforms to study tumour tissue specimens. Briefly,
multi-epitope-ligand cartography (MELC) is a bleaching or erasure
staining technique that is capable of co-localising the locations of
up to 50 epitopes in the same tissue section using consecutive
rounds of conjugate markers with fluorescent detection [57]. In
each cycle the sample is incubated with several tags and the
image is acquired using a high-resolution digital camera, before
bleaching by soft multi-wavelength excitation (e.g., 485 nm for
FITC and 546 nm), followed by the construction of co-localisation
maps and toponome maps. One limitation of the MELC technique
is that the photobleaching step can only be applied to the
microscope’s field of view, meaning that the multiprobe image is
limited to a single microscopic medium-to-high power field. The
MELC needs third-party image analysis software.
MultiOmyx is a multiplex direct immunofluorescence approach

where up to 50 antibodies can be interrogated from a single FFPE
section [58]. It uses primary conjugated antibodies with fluor-
ochromes to stain different markers of interest in batches of two
or four at one time. Methodology development by General Electric
Global Research was licensed to NeoGenomics, and it is
commercially available by NeoGenomics Laboratories, Inc. (Fort
Myers, FL, USA)Another similar method, called t-CyCIF for tissue-
based cyclic immunofluorescence (t-CyCIF) can create highly
multiplexed images using an iterative process in which conven-
tional low-plex fluorescence images are repeatedly collected from
the same sample and then assembled into a high-dimensional
representation [59]. The t-CyCIF cycles involve antibody staining
against protein antigens, nuclear staining (same fluorophore per
cycle), image scanning (low and high magnification),fluorophore
bleaching steps and need to be supported by third-party image
analysis software
The PhenoCycler [formerly Co-Detection by Indexing (CODEX)]

and PhenoCycler-Fusion (Akoya Biosciences, Marlborough, MA)

use antibody labelled with specific oligonucleotide tags (barcode)
cocktail methodology and dye oligonucleotides (reporters) that
are sequentially hybridised and dehybridized across multiple
cycles fluorescent-based imaging approach [60, 61]. The oligonu-
cleotide duplexes encode uniquely designed sequences with 5’
overhangs. Fresh frozen tissue and isolated cells were used to
validate this methodology, but its application on FFPE tissue. Cells,
fresh frozen and FFPE tissue are stained with a cocktail containing
all conjugated antibodies (up to 40 antibodies) at the same time.
The PhenoCycler platform can be performed on any three-colour
fluorescence microscope enabling the conversion of a regular
fluorescence microscope into a tool for multidimensional tissue
rendering and cell. The Fusion scanner use a multispectral
imaging technology which allows for easy detection of multiple
overlapping markers on a single tissue and whole-image tissue
without any interference of autofluorescence or fluorophore
crosstalk. Regions of Interest (ROIs) from the QPTIFF images can
be analysed using the InForm software (Akoya Bioscience) or the
whole image using a third-party image analysis software. Another
barcoding is the DNA exchange imaging (DEI) technique that
overcomes speed restrictions by allowing for single-round
immunostaining with DNA-barcoded antibodies. It is an easy
multiplexed technique that can be adapted to diverse imaging
scanners, including standard resolution exchange-confocal and
various super-resolution scanners [60, 61]. The DEI need to be
supported by third-party image analysis software. Modified-
hapten-based technology is another staining technique that
allows simultaneous detection of multiplex markers using a
standard two-step procedure. The technique is antibody species
independent and the signals of the markers can be stronger than
those usually observed with direct flour-labelled secondary
antibody detection of multiplex. TSA is an enzyme-linked signal
amplification method that is using to detect and localise the low
copy number of proteins present in tissue by the conventional IHC
protocol, using, most commonly, the alkaline phosphatase or
horseradish peroxidase enzymatic reaction to catalyse the
deposition of tyramide labelled molecules at the site of the probe
or epitope detection. Tyramides are conjugated to biotin or
fluorescent labels and revealed by the streptavidin–HRP system.
Akoya Bioscience developed the Opal™ workflow, which allows
the simultaneous staining of multiple markers within a single FFPE
tissue using the TSA system. In partnership with Leica Biosystems
(Wetzlar, Germany), the staining can be automated using the Leica
Bond RX. Using the multispectral image scanner (PhenoImager HT,
Akoya Biosciences) and the InForm image analysis software is one
of the most complete multiplexed image platforms. The detection
of the proteins is more than 10-times greater than standard biotin-
based staining methods. Some methods used specially coated
nanocrystals (around 1–10 nm in diameter) called quantum dots
instead of chromogen. Nanocrystal quantum dots have the
property of being excited by any type or wavelength of light to
emit light in a very thin fluorescence spectrum. The use of these
fluorescent markers in combination with a third-party multi-
spectral imaging technology has a particular utility for multiplexed
detection when used as a fluorescent probe bound to different
antibody markers. Despite the favourable optical properties of
nanocrystal quantum dots, as a fluorescence-based method, they
can avoid the endogenous autofluorescence associated with
tissue sections, have high photostability, and have a symmetric
emission spectrum. An important reported limitation of using
nanocrystal quantum dots is the limited number of nanocrystals
that possess the proper chemistry to attach themselves to their
targeted molecules [60, 61] and the need to use a third-party
image analysis software.
The MACSima Imaging Platform that use an automated high

multiplex image cycling staining (MICS) enables the simultaneous
analysis of hundreds of markers on a single sample based on
fluorescence microscopy. It uses the principle of iterative staining
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Table 1. Advantages and disadvantages of the most popular staining methodologies and mIHC/mIF platforms for single-cell analysis.

Multiplex bright-field approaches Advantages Disadvantages

MICSSS - Simple technique using conventional
chromogenic IHC staining

- Up to 10 different antibodies per tissue section
- Whole slide images for each marker
- Fairly priced
- No autofluorescence

- Long processing time
- No automation
- Unable to assess marker intensity
- Tissue damage by coverslip removal
- Single-cell spatial resolution not yet achieved
- No proprietary image analysis software
- No availability of a commercial clinical use
- No validation studies for routine use

SIMPLE - Simple technique using conventional
chromogenic IHC staining

- Whole slide images for each marker
- Fairly priced
- No autofluorescence

- No automation
- Limited multiplexed capacity up to 5
- Tissue damage
- Single-cell spatial resolution not yet achieved
- No proprietary image analysis software
- No availability of a commercial clinical use
- Low publication record

Discovery Ultra - Readily automated
- Fluorescent and chromogenic based
- Established protocols
- Easy use and interpretation
- Clinical relevant, end-to-end solution

- Co-expression studies are limited and require
carefully selected chromogen pairs

- Dynamic range of marker intensity is also
- Limited
- Expensive
- No CE-IVD labelling

Multiplex immunofluorescence approaches

MELC - Bleaching cycles of up to 50 epitopes in the
same tissue site

- Highly flexible multiplex detection system
- Robotic whole-cell imaging technology
- Multiplexing up to dozens of proteins
- Generation of a protein collocation map, which
can be summarised as a toponome

- Multiprobe image is limited to a single
microscopic medium-to-high power field

- PFA-fixed tissue samples
- Relatively expensive
- Tissue autofluorescence
- No proprietary image analysis software
- Low publication record

MultiOmyx & t-CyCIF - High level of multiplexing up to 60 markers per
section

- Eliminates the need for expensive multispectral
instruments

- Whole tissue sections using simple three-colour
whole slide scanning microscopes

- Very labour-intensive
- Relatively slow process
- Low publication record

Antibody labelled oligo barcoding platforms
(PhenoCycler and PhenoCycler-Fusion)

- High level of multiplexing up to 40 markers
- No spectral overlap
- Eliminates autofluorescence
- PhenoCycler-Fusion use conventional slides
- Single-cell data
- High resolution
- Bundled image acquisition and analytical
software

- Whole-slide imaging possible but very costly
and time-consuming

- BSA-free antibodies used (Expensive)
- The PhenoCycler use coverslips to place the
tissue for staining.

- Low publication record
- Whole-image analysis software is not included in
the PhenoCycler-Fusion

- No proprietary image analysis software for
whole section analysis

Tyramide Signal Amplification platform
(PhenoImager HT)

- Up to 6 different antibodies per tissue section
- Signal amplification of biomarkers with low
expression

- Regular commercial antibodies
- Potential assay to be applied for clinical use
- Automated staining with partnership to third-
party autostainer

- Until 6 markers whole slides imaging is allowed
- Proprietary image analysis software for region of
interest analysis

- Up to 6 antibody stain is limited to region of
interest analysis

- Needs autofluorescence extraction
- Cross talking and umbrella effect need to be
verified during the panel optimisation

Imaging Mass spectrometry-based methods

MALDI MSI - In situ visualisation of multiple cell phenotypes,
while preserving tissue architecture

- Tissue is place on regular slides
- Data can be used for spatial and nearest-
neighbour analyses

- Allows data collection across the entire tissue
section

- Limited amount of markers
- Spectral overlap can hinder co-localisation
analysis and biomarker quantification

- Complex sample preparation protocol
- Tissue composition may affect extraction
efficiency

MIBI platform - >40 markers simultaneously
- No autofluorescence and spectral overlap
- Single-cell data
- ~0.5 μm resolution
- Bundled image acquisition software

- Tissue need to be place on gold slides
- Sampling time and small area sampling
- BSA-free antibodies used (Expensive)
- Availability of antibodies
- Long imaging times
- Extensive training
- Need third-party of image analysis

Main advantages and disadvantages of the leading commercialized mIHC/IF platforms.
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with different fluorochrome-conjugated antibodies to acquire
microscopy data for many parameters without harming the
sample. This iterative process comprises three main steps by the
instrument: fluorescent staining, image acquisition, and erasure of
the fluorescence signal in a fully automated manner [62]. The
instrument is commercialised by Miltenyi Biotec (Bergisch
Gladbach, North Rhine-Westphalia, Germany) can be used with
FFPE tissues, fresh frozen tissues, or cells fixed with PFA or
acetone. The MACSima platform also provides an image analysis
system named MACS® Qi Tissue View Software.

Imaging mass spectrometry-based approaches
Mass Spectrometry Imaging (MSI) is defined as the visual
representation of the elemental or molecular component of fixed
cells or tissues by mass spectrometry [63]. MSI is a technique that
uses a mass spectrometer to visualise the spatial distribution of
compounds, markers, metabolites, proteins, peptides, or small
molecules by their molecular masses. The workflow of MSI
includes pre-processing using routine IHC protocols, laser beam,
ablated sample aerosol directly transported to the CyTOF by argon
and helium gas flow, single isotope signals are plotted using
coordinates of each single laser shot, and finally cell features are
computationally segmented using the watershed algorithm [64].
Spectrometry started to be applied to biological cells as a
chemometric methodology to study the cellular surface composi-
tion and the discriminations between normal and neoplastic cells,
an issue that can be challenging in cases where neoplastic
morphological features may not be evident. Matrix-Assisted Laser
Desorption/Ionisation (MALDI), a type of molecular imaging
technology, was evolving in the same way as SIMS and LDI, with
improved resolution. One of the most exciting applications of
MALDI MSI is the analysis of the proteomic pattern composition of
tumour cells and the determination of unique profiles that can
actually differentiate normal cells from neoplastic cells, even
between different subtypes of tumour cells and between primary
and metastatic tumours, an approach that has already been
explored in non-small cell lung cancer [65].
Multiplexed Ion Beam Imaging (MIBI) platform is another image

mass spectrometry that use an antibody-cocktail tagged with
monoisotopic metal reporters to be imaging using secondary ion
mass spectrometry [66]. MIBI methodology allows the simultaneous
detection of more than 40 markers at subcellular resolution in FFPE
or frozen tissues, enabling single-cell segmentation, cell-type
classification and spatial analysis of the cells present in the TME.
In this platform, non-specific binding between antibodies and
epitopes can make the validation and standardisation of markers a
challenge and proper controls are needed for staining and imaging
[67]. The platform is supported by MIBIScope a mass spectrometry
imaging commercialised by IONPath (Menlo Park, CA, USA).

CURRENT LIMITATIONS FOR DAILY PRACTICE USE
Bright-field microscopy is the current clinical standard for cancer
diagnostics, prognostics and predictive outcome and has long
been the choice of pathologists worldwide for interpreting
suspicious tissues, with haematoxylin and eosin stain and IHC
being the cornerstones for clinical diagnostics in solid tumours
[48]. While IHC remains highly practical and cost-effective, this
single-marker method cannot tell the whole story of a complex
immune microenvironment. Despite strong promises to improve
the use of mIHC for better improvement of predictive IO markers,
several constraints and limitations exist currently in order to use
mIHC in routine clinical practice (Table 2).
To begin, the preanalytical variables that can affect conven-

tional IHC assays, such as inadequate fixation, cold or hot
ischaemic time, additional factors that can occur through
processing from sectioning to storage are just as relevant in
multiplex assays [68, 69].

In comparison to standard IHC, multiplex techniques are
generally slower and more labour-intensive [69]. They also require
expensive, specialised equipment, platforms for image analysis,
and data storage that are not always available in all laboratories.
Despite the fact that clinical IHC is primarily bright-field-based,
multiplexing is often carried out using IF because bright-field
multiplexing has proven to be challenging [48, 70]. There are
comparatively fewer chromogens than there are fluorophores
available for IF, and their absorbance spectra are typically wider
than those of fluorophores. In contrast to fluorophores, which
exhibit absorbance peaks with full width at half maximum (FWHM)
typically between 30 and 60 nm in solution, with some broad-
ening when deposited, common chromogens have FWHM of
200 nm or more. Examples include 3,3’-diaminobenzidine and Fast
Red [48]. Accordingly, a combination of two or three chromogens
may completely occupy the visible spectrum, with significant
spectral overlap between chromogens [48]. Investigation is
needed to assess the extent to which a multi-colour background
with colour overlap can alter the visual perception and evaluation
of key markers, particularly for the heterogeneous expressions.
Only a few chromogenic stains successfully detect marker co-
expression when applied simultaneously to a single slide. Because
the dynamic range of the marker intensity is limited, chromogenic
stains are frequently employed to merely assess expression as
positive or negative, or to calculate a semi-quantitative H-score
[55, 56]. This could lead to additional costs for time-consuming
panel development (Fig. 1).
The second issue with bright-field microscopy is that commer-

cial colour cameras can only discern the three broadly specified
colours—red, green, and blue—that are fixed spectrally to mimic
human vision [48]. This restricts the number of dyes that may be
properly resolved to three and necessitates that these three dyes
have spectral properties that are consistent with the three-colour
channels of an RGB camera. This includes dyes that may overlap
because of the co-expression of a marker. A monochrome camera
and many filter sets that match the absorbance and emission
properties of each fluorophore are commonly used for fluores-
cence imaging. While this enables imaging and resolution of as
many fluorophores as spectral separation allowed, it has the
drawback that switching between filter sets, collecting, and
processing each filtered sample independently takes time [48, 69].
Bright-field measurements are considerably faster than fluores-

cence since fluorescence light intensities are much weaker than
transmitted light. Still, pathologists will need to accept the
additional hardware, electronics, and software needed to achieve
the higher levels of multiplexing in bright-field [71]. The study of
immune contexture is increasingly using fluorescence-based
multiplexed IHC staining, which introduces new variables [24].
These variables include the type of staining techniques (sequential
versus simultaneous), the localisation of the marker under
evaluation, antibody cross-reactivity, antigen retrieval method,
spectral overlap between multiple labels, photobleaching, tissue
autofluorescence, and signal quenching. Due to the possibility of
false positive results, this is extremely critical when the markers
are being quantitatively tested for staining intensity [69].
While it is faster and involves less data capture to evaluate a few

regions of interest rather than the entire slide, this approach might
not be as representative of the entire tumour slide [72].
Finding thresholds for patient stratification based on the

expression of markers is the major challenge facing translational
scientists by using mIHC/IF to help clinical decisions. [73]. Since all
parameter staining results are presented as continuous variables,
the appropriate cut-off values should be chosen based on the
staining intensity distribution, absolute number, or both. The
threshold value of the continuous covariate distribution that best
distinguishes between low- and high-risk individuals based on
response to outcome is referred to as the “optimal” cut-off point.
An actionable image analysis scoring system to determine the
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AE1/AE3 PD-L1 CD8 CD68 AE1/AE3 PD-L1 CD8 CD68

AE1/AE3 PD-L1 CD8 CD68AE1/AE3 PD-L1 CD8 CD68

Fig. 1 Representative examples of multiplexed images using bright-field mIHC methodologies. Example of 4 plex bright-field mIHC panel
using different chromogens and cell co-localisations. Images generated using Discovery Ultra platform (Roche Diagnostics, Basel, Switzerland).

Table 2. Challenges and current limitations of multiplex IHC/IF approaches.

Challenge Current limitations

Preanalytical variables Fixation, cold or hot ischaemic time, sectioning, storage.

The choice of the methodology approach and platform - Because of the number of methodologies of staining and multiplexed image
platforms is challenging to choose which approach would be best for a lab.

- Batch controls which are used to normalise quantitative expression signal levels for
staining variability.

- Pathologists need to consider the advantages and disadvantages of these
techniques and the most appropriate use of each technology to be applied for
translational research or clinical use.

Choice between chromogenic and immunofluorescence
multiplex approach

- The vast majority of pathologists routinely use bright-field microscopes. This
approach is certainly more accessible to most pathology laboratories but also has
limitations, in particular for the number of possible antibodies to be used per
tissue section (on average not more than 5).

- Chromogenic approach is not optimal for the analysis of co-expression or precise
cellular localisations (nucleus, cytoplasm, membrane).

- mIF is better for 3+ plexing, when expression level quantitation and dynamic range
is required, and when marker pixel-level colocalization is expected, such as is often
the case of cell surface markers. mIHC is better for 1–3 markers that do not
colocalize and is primarily for visual assessments, since umbrella affects are
significant and hard to mitigate through staining methods.

The choice or identify valuable biomarkers within the
tumour

- Given the large amount of recent data, in several solid tumours, the use of several
dozen antibodies could be required, but it is impossible to ensure exhaustiveness
according to the different molecules of interest.

Real standards for clinical validation - Optimisation and validation of markers for clinical use can be established only
across multiple clinical trials.

- Quantification criteria need to be established for accuracy and reproducibility.
- Validation of artificial intelligence algorithms is required to have a robust platform.

Turnaround time - In the context of the treatment of patients, the time required to obtain the results
of these complex analyses must be evaluated.

External quality assurance - Within the framework of external quality assurance controls, it will be necessary to
find organisations able to propose external validation tests or to have the
possibility of carrying out ring trial studies.

Accreditation/certification - The accreditation/certification of these different approaches will certainly be a long
step to achieve and the issue of the In Vitro Diagnostic Regulation (IVDR) of the
European Union will have to be integrated.

Costs - The fees and reimbursements of these tests will have to be considered promptly in
order to allow their diffusion.
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optimum calculation is substantially complicated and still needs to
be explored in translational studies. In addition, parameters such
as percentage positivity within a cell type and the spatial
geographic distribution of the immune cells, including their
proximity, relation with malignant, and densities, need to be
explored to find an immune scoring system to help immune
therapy prediction.

IMAGE ACQUISITION AND DIGITAL PATHOLOGY
The main reason for performing a multiplexed assay is to obtain a
high volume of tumour biological information through multi-
dimensional data related to tissue architecture, the spatial
distribution of multiple cell phenotypes, co-expression of markers,
and rare cell-type detection [74] (Figs. 2 and 3). The main scanner
solutions and image analysis softwares, commercially available
and open sources, were previously reviewed recently [73, 74]
(Tables 3 and 4).
Recent advances in technology have allowed pathologists to

digitise whole slide images of mIHC slides that allows for
interpretation and management of the tumour sample in an
image-based environment [75, 76]. The scan time of FFPE slides
can increase with higher magnification, larger tissue size, number
of field of views or tiles, number of channels used in multiplexed
stains, tissue section density, low signal strength and low signal-
to-noise ratio [77].
However, mIHC/IF requires specialised expensive equipment,

image analysis platforms, and data storage that are not widely
available in laboratories worldwide [49, 68].
Technical limitations in scanning can lead to imaging artefacts,

such as lower image resolution, heterogeneous staining intensities
and patterns, poorly focussed scans, improper stitching of lines or
tiles, or overlapping signals from multiplexed spectra, all of which
directly affect data accuracy and reproducibility [78]. While efforts
have been made toward the harmonisation of a few multiplexed
image methodologies across institutions [79, 80], the reproducibility
of multiplexed techniques is still testing, and several parameters will
need to be established, careful, time-consuming optimisation and
validation are required to ensure that marker in the multiplex assays
performs the same as a single-marker assay [73, 81].
Establishment of a routine digital pathology workflow therefore

requires additional considerations above the traditional histology
workflow [82]. These include the need for adequate staffing, proper
training of personnel and pathologists, setting up pathologists’
workstations, additional quality control steps, availability and timely
maintenance of equipment (e.g., scanner), adequate information
technology infrastructure (e.g., server and computer), integration
with LIS, standard operating procedures and guidelines for
managed workflow [73, 81, 82]. Moreover, there are already a
growing number of image acquisition platforms in the market that
combine image analysis with automated slide scanning to support
bright-field/fluorescence multiplexed staining [83].
The integration and interoperability of digital pathology is one

of the significant obstacles to clinical routine adoption of image
analysis or digital pathology. Digital pathology or image analysis
adoption in clinical settings becomes increasingly expensive,
labour- and time-intensive to establish, and requires adjustment
to standards and practices [77]. Closed hardware and software
systems offer less flexibility for hospital integration. Opening up a
hardware and software technology with universal standard for
data movement and management may facilitate more rapid
marker identification, although more closed systems may be
required for integration of these workflows in digital pathology
with respect to recent regulations, such as the General Data
Protection Regulation (GDPR) legislation and In-vitro Diagnostic
Medical Device Regulation (IVDR) [84]. Finally, developed and
manufactured quality systems, demonstration of inter- and extra-
site reproducibility, staining variability normalisation through

control tissues, highly accurate image analysis that tolerates
sample heterogeneity and staining variability, demonstrating
accuracy, sensitivity equivalent to the clinical standard DAB IHC,
are basic essential items to support pathologist annotation,
review, and clinical practice.

PERSPECTIVES
How to boost multiplex in situ analysis practice? The digital
pathology and artificial intelligence (A.I.) development
In light of growing health economic concerns in the field of
immuno-oncology and the need for tests that precisely predict
responses to costly immunotherapies/cell therapies, the translation
of mIHC/IF into clinical practice is of paramount importance. For the
integration of immunostaining results from multiplexed analyses,
combining digital pathology and artificial intelligence are undoubt-
edly important for the future approach to handle the abundant
number of information obtained by the different methods
described above [85]. Thus, future pathology will involve a much
greater amount of digitisation, and the next generation of
pathologists will have many more computational tools available
to them to evaluate the predictive markers, notably in thoracic
oncology [86]. The ability to acquire large data from multiple
complementary label-free methods should provide powerful new
insight in improving predictive markers assessment [87]. In addition,
with the help of AI tools, prognostic models maybe created using
multidimensional information. However, standardisation across
different platforms is strongly needed to enable access to a wider
pool of data that, with the appropriate data tools, may offer more
precise predictive results [88]. The fusion of multiplex immunostain-
ings, images, and AI data modalities may be a promising strategy to
improve performance a single immunostaining modality model
[89]. However, the potential improvements have to be confirmed by
different external validation and adequate statistical analysis.

From research and development to routine clinical practice:
how to fill the gap?
Developing the new methods described above requires standar-
disation, and optimisation. For further implementation in routine
clinical practice to become possible, multicentre studies, need to
be performed for validation [90, 91]. Moreover, multidisciplinary
teams, including pathologists, oncologists, immunologists, bioin-
formaticians, and engineers, should be established to most
effectively and fully develop this quantitative approach to cancer
immunotherapy [73, 81].
The mIHC/IF methodologies enable the simultaneous mapping

of around ten markers in one FFPE section. Although these
techniques remain limited in the number of markers compared
with high-multiplexed technologies but seem more adapted to
predictive marker validation in clinics, provided that they meet the
recent guidelines on best practices for mIHC/IF [73, 81, 92].
In contrast, hi-multiplexed, spatially resolved technologies are

dedicated to marker research discovery and can accommodate
around 100 markers using a wide array of chemistries and signal
detection systems [93]. Furthermore, complexity, analytical, and
clinical validation effort increases non-linearly with number of
markers, and reliability probably goes down as number of markers
increases. Thus, lower plex assays may be better suited to clinical
applications, whereas hi-plex assays are better suited to research and
discovery [55]. In addition, an even greater chance for clinical
applicability could be achieved by using mIF/mIHC approaches than
hi-multiplexed that require specialised and costlier platforms [11, 56].

The future of the integrative biopathology
Currently, there is an urgent need to focus on essential questions
and define roadblocks to the fundamental understanding and
clinical progress in the immune-oncology field. Recently, ten key
challenges still facing cancer immunotherapy were defined, which
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range from the development of pre-clinical models that translate
to human immunity, by understanding the molecular and cellular
drivers of primary versus secondary resistance to identifying
optimal combinations of immune-based therapies for any given
patient [94]. Addressing these challenges will require the
combined efforts of researchers and clinicians, and the focusing
of resources to accelerate understanding of the complex
interactions between cancer and the immune system and the
development of improved treatment options for patients with
cancer. Together the resistance mechanisms instigated the search

for combinatory therapeutic strategies that would act at various
molecular and cellular levels to maximise anti-tumour effects and
to allow a better tumour control.
The drivers of primary immune resistance have probably evolved

for a long time and are the product of the endogenous host
immune response. It allows the study of primary resistance
mechanisms from pre-treatment tumour specimens and may make
these factors more dependent on the affected organs and the cell-
type biology from which the cancer originated [94]. This may differ
from secondary immune resistance, which is likely to develop after

CK+
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CD3+ CD8+ CD4+ PD-L1+ CD68+ DAPI

CK+ CD3+ CD8+ FOXP3+ Ki67+ CD68+ DAPI

CD3+ CD44+ CD8+ IgG1+ CD295+ CD204+ DAPI

50 µm

50 µm 20 µm
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Fig. 2 Representative examples of multiplexed images from lung cancer tissue. Composite spectral mixing image and detail from six
marker multiplex immunofluorescence panel using tyramide signal amplification (a), an image showing six important markers extracted from
a 26 marker hi-plex methodology using barcoding base-oligonucleotides methodology and detail (b), and seven representative markers from
a panel of 95 markers using Imaging Cyclic Staining platform and detail (c). a The image was generated using Vectra-Polaris 1.0.13 scanner
system and InForm 2.4.8 image analysis software (Akoya Biosciences), b the image was generated using the PhenoCycler system and the
QuPath (open sources), c the image was generated using the MACSima Imaging System and Qi Tissue™ Image Analysis Software (Miltenyi
Biotec).
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active immunotherapy over shorter intervals. Studying the second-
ary escape drivers was more complicated, mostly due to a lack of
systematic selection of tumour tissue both before start of treatment
and at progression time points [94]. Thus, the strategy in identifying
the mechanisms of response and resistance to ICIs involves the
assessment of serial tumour specimens throughout the course of
treatment, together with the development of minimally invasive
markers (e.g., liquid biopsy, PBMCs, microbiome) [2, 95]. This
approach is important because it encompasses traditional static
time points research and aims to recognise superior markers of
diagnosis by analysing dynamic responses to ICIs. Recent advances
in computational power and the advent of whole slide digitisation
have led to several recent studies investigating quantitative
approaches to interrogate the TME on high-resolution histology
images [96–98]. Research has focused on leveraging artificial
intelligence and digital pathology approaches toward answering
clinically relevant questions related to detection, diagnosis, prog-
nosis, and treatment response [99, 100]. Therefore, it makes sense
that these approaches will be even more crucial in assisting
clinicians in selecting appropriate treatments and determining the
effectiveness of ICIs. For instance, an artificial intelligence–powered
assessment of whole slide images for multiple TME markers and
immune phenotypes that correlate with ICIs response may help to
optimise treatment selection in clinical practice [101].

Integrative biopathology can be defined as a multi-parametric
holistic approach to integrate qualitative, quantitative, dynamic
and static data in order to generate a coherent model for a reliable
understanding of a disease and a reproducible prediction of its
expected course and its response to different therapeutic options
[102]. The integration of biomedical imaging, histopathology and
genomic assays to predict immunotherapy response is still in a
preliminary phase, but recent proof of principle studies tried to
demonstrate the value of multimodal integration [103, 104].
Although recent evidence suggests that a combination of markers
can give us a better prediction of response and outcomes to ICIs,
the varieties of markers need to be tested and compared in
prospective studies, ideally in clinical trials [11].

CONCLUSIONS
Analysis of the spatial distribution of cells within the tumour
microenvironment by mIHC/IF provides important, clinically rele-
vant information; however, with the availability of multiple spatial
analysis tools, choosing a methodology or platform remains a
challenge. As such, the development of reproducible, standardisa-
tion of analysis pipelines and consensus on their application is
necessary to fully exploit the benefits of these approachs. In-depth
spatial analysis of FFPE patient samples using mIHC/IF may can

CK+

a

b

CD3+ CD20+ CD31+ Ki67+ CD11b+ CD68+ Iridium

CK+ CD3+ CD20+ CD31+ Ki67+ CD11b+ CD68+ dsDNA

50 µm
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Fig. 3 Representative examples of multiplexed images from lung cancer tissue using image mass spectrometry methodology. Image
generated from a 36-plex cocktail panel showing seven important markers for immunoprofiling cancer tissues and detail (a). Similarly, an
image generated from a 24-plex cocktail panel showing seven important markers for immunoprofiling cancer tissues and detail (b). a Image
generated by Hyperion Imaging System (FLUIDIGM) and HALLO image analysis software (Indica Lab). b Image generated by MIBI scope I
(IONpath) and HALLO image analysis software.
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facilitate patient stratification for immunotherapy, as well as
identification of prognostic and predictive immune markers. Thus,
a thorough understanding of different techniques and cellular
biology are necessary to achieve reproducible and optimum high-
quality data with mIHC/IF. There is still a strong need for
standardised, reproducible image analysis tools for understanding
disease pathology and combating the propensity for bias associated
with manual analysis. Implementation of such tools may be
informative for the improvement and design of novel therapeutic
strategies. The importance of standardisation and quality control
include the importance of refining, standardising and validating the
mIHC/IF workflow at the preanalytical, analytical and post-analytical
stages. It is necessary to emphasise the importance of antibody
selection, optimisation and validation as well as the need for an
extensive review of panel design and multiplex staining. It is pivotal
to assess tumour content, sample size, and percentages of necrosis
and fibrosis for pathology quality control.
Overall, while hi-multiplexed assays are better suited to research

and discovery purposes reduced plex assays might be more
appropriate for clinical applications. Multiplex IHC/mIF, which are
more generally accessible, may have an even higher possibility of
clinical applicability than hi-multiplexed methods, which call for
expensive lab cost and highly, specialised platforms. Finally, the
predictive performance of multiplexed assays has to be investi-
gated and compared in prospective studies, ideally in clinical trials,
despite some evidence suggesting that a combination of markers
provides a superior prediction of response and outcomes.
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