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Abstract
Multiplex immunohistofluorescence (mIHF) allows to investigate protein (co)-
localisation in the tumour microenvironment, which can facilitate research on
carcinogenesis. Most available technologies for multiplex staining are expensive
and immutable.We aim to demonstrate the feasibility and the flexibility of a low-
cost mIHF protocol through the illustrated fine-tuning of two six-plex panels on
human breast cancer samples.We detail a workflow combining two fluorescence
amplification steps – (1) a peroxidase-labelled polymer conjugated to secondary
antibodies and (2) tyramide signal amplification technology – to overcome the
high autofluorescence of FFPE sections. The optimised slide scanner configu-
ration enables single-run acquisition of up to six markers plus a nuclear dye
from one tissue section. The resulting native scans can be directly used for anal-
ysis without the need for extensive or complex image processing. As a proof of
concept, this protocol was applied on breast tissue samples from 19 patients diag-
nosed with ductal carcinoma in situ (DCIS), of various size, age and fat content.
Two six-plex panels highlighted proteins expressed in tumours cells, extracellu-
lar matrix, and lymphocytes. The 12 proteins were first individually validated by
immunohistochemistry, subsequently by immunohistofluorescence and finally
combined in two six-plex panels. Only one sample could not be interpreted. Some
samples displayed tissue detachment, cold zones or heterogeneous immunoreac-
tivity, independently of the fat content, surgical procedure or specimen age.Here,
we propose an open, flexible and cost-effective six-plex protocol (Flex-6 mIHF)
and a validation workflow. We demonstrated its feasibility on challenging tissue
containing fat such as breast cancer tissues.
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1 INTRODUCTION

Breast cancer treatment has become increasingly pre-
cise, evolving from non-selective chemotherapy to ther-
apies targeting specific receptors on cancer cells or
immune cells. Understanding the complexity of the
tumour microenvironment and the immune response dur-
ing carcinogenesis is key for the development of future
therapies.
Colocalisation studies of proteins become increasingly

important to facilitate our understanding of this complex
interplay. Conventional bright-field immunohistochem-
istry (IHC) is falling short to support these increasing
requests, because this technique only permits staining of
a single marker per tissue section.1
To visualise several markers in a single tissue sec-

tion, immunofluorescence is used rather than chro-
mogenic IHC to facilitate colour deconvolution. Multiplex
immunohistofluorescence (mIHF) offers diverse advan-
tages. Firstly, mIHF enables to investigate protein expres-
sion in tissue samples of limited size. It also allows the
assessment of spatial cellular distribution of biomarkers to
characterise the tumour microenvironment and its inter-
action with neoplastic cells.2 mIHF has been shown to be
of utmost importance to decipher the immune response
against cancer, showing differences in protein expression
between pre- and post-treatment tissue samples.1,3
Fluorescent co-staining of several markers on a sin-

gle histological slide can be achieved in different ways.1,4
For ‘simple’ co-staining of three or four markers, indirect
immunofluorescence is the most common approach This
technique applies primary antibodies either directly cou-
pled to fluorophores or unconjugated from different host
species or conjugated to DNA barcodes and correspond-
ing secondary antibodies/probes coupled to a fluorescent
dye. The main advantage of this method is its scalabil-
ity. After imaging of the 3–4 markers, antibodies can be
stripped or the fluorochrome can be inactivated or cleaved,
and new cycles of staining/imaging can be performed
on the same tissue section. High-plex (up to 118-plex)
staining protocols have been generated this way.5–7 How-
ever, the high autofluorescence of formalin-fixed paraffin-
embedded (FFPE) sections often masks the fluorescence
signal related to antibodies, rendering them insufficiently
bright. To overcome this issue, one solution is to process
the generated image for background subtraction, which is
time consuming and therefore inconvenient. Images gen-
erated after each staining cycle also need to be perfectly
aligned, which requires quite high computational power
and plenty of time.
A way to improve the signal-to-noise ratio is to use

the Tyramide Signal Amplification (TSA) technology in
which fluorescent dyes are more abundant and covalently

linked to the tissue and not to the antibodies. This ampli-
fication method generates much brighter signals than
the strong autofluorescence of FFPE samples. Sequential
single staining can be performed with antibodies being
stripped after each staining cycle. This antibody removal
allows the use of subsequent primary antibodies raised
in the same species. The downside of this method is its
limited scalability. Since dyes are covalently linked to the
tissue, they cannot be detached/stripped. The number of
dyes per section is then limited to the number of dyes
detectable in the visible spectrum with a minimal spec-
tral overlap. This has been raised to 8 colours by Akoya
Biosciences (Massachusetts, USA) (PhenoImager HT; for-
merly Phenoptics-Vectra Polaris) but requires time and
computer-intensive background subtraction and spectral
unmixing post-processing.
Recently, Cell Signaling Technology (Massachusetts,

USA) proposed an alternative way of signal amplifica-
tion, designated SignalStarTM, based on primary antibod-
ies associated with DNA barcodes revealed by branched
DNA fluorescent probes. Lunaphore also proposed an
enhancement of detection of secondary antibodies bound
to primary antibodies by utilising linkermolecules (SPYRE
amplification). These technologies are nevertheless lim-
ited by their high cost and/or the restricted availability of
primary antibodies.
High-plex can also be achieved with a mass spectrom-

etry readout by using direct ionisation (Imaging Mass
Spectrometry) or antibodies conjugated to metal reporters
(Multiplexed Ion Beam Imaging). These technologies are
very expensive and technically challenging, as they com-
prise matrix application on samples, instrumentation
complexity, and provide large data size.
Here, we focus on low-plex technologies and detail a

more open and cost-effectiveworkflow ofmIHF.We aimed
to illustrate its feasibility and flexibility through the fine-
tuning of two six-plex panels on human breast cancer
FFPE samples, including both biopsies and surgical resec-
tion specimens. Additionally, we highlight how the Flex-6
mIHF workflow positions among the major commercial
technologies.

2 METHODS

2.1 Chromogenic immunohisto-
chemistry – antibody validation

2.1.1 Antibody selection

The selection of each primary antibody and its validation
is crucial. To guide this selection, the following guidelines
should be considered:
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RIGGI et al. 3

- Species compatibility
The antibody should recognise the target species. The

antibody should be raised in another species than the tar-
get species. Commercial products (mouse-on-mouse, etc.)
can limit the detection of native immunoglobulins present
in the section but most of the time will not completely
prevent their detection, leading to nonspecific staining.
-Technical compatibility
For FFPE sections, antibodies should be recommended

for IHC-P. When ‘IF’ is mentioned in the datasheet of an
antibody, this is usually related to immunofluorescence on
cultured cells, not on FFPE sections.
- Clonality
When possible, favourmonoclonal antibodies to achieve

better batch-to-batch reproducibility. However, for pro-
teins with limited expression or with a wide expression
range (weak to strong staining intensity), polyclonal anti-
bodies may prove their superiority.
- Provider selection
Commercial companies do not use identical methods

for the purification and validation of primary antibodies.
Therefore, the same clone from different providers will
not always behave in the same way. NordiQC, a scientific
organisation whose goal is to promote the quality of IHC,
provides useful information to select the most appropriate
antibodies for human samples.8
Some of these requirements can be found in the

datasheets of the primary antibodies but this information
needs to be cross-checked using different databases and,
mainly, compared with published data.

2.1.2 Slides preparation

All reagents and equipment used in the following protocol
are described in Table S1.

1. Section the FFPE blocks at 4 µm. Thicker sections
(sometimes needed for specific tissue types such as
brain or striated muscle) can lead to tissue detach-
ment from the slides and will result in difficul-
ties with staining interpretation due to superimposed
cells.
NB: Avoid placing sections close to the slide borders,
especially if using an autostainer.

2. Place the sections on Superfrost Plus slides (Menzel-
Gläser, Braunschweig, Germany) and let them dry at
37◦C for 24 h.
NB: Using non-positively charged glass slides may lead
to tissue detachment during heating steps

3. Store slides at room temperature (RT) in a dry environ-
ment, ideally placing desiccant bags in the storage box,
for maximum 6 weeks.

4. The day before the immunostaining: place the slides at
37◦C overnight until the next step, to improve section
adhesion and to soften paraffin.

Dewaxing and rehydration – Timing 30 min
This step aims to completely rehydrate the tissue sec-

tions since IHC requires an aqueous environment.

5. Dewax the sections by immersing the slides into three
successive baths of toluene. Leave the slides for 5min in
each bath after 10 upward and downward movements.
NB: Incomplete paraffin removal will lead to inhomo-
geneous staining.

6. Rehydrate the sections in three successive baths of iso-
propanol. This solvent is used as it is miscible with both
toluene and water. Leave the slides for 5 min in each
bath after 10 upward and downward movements.
!Harmful substances: perform dewaxing and rehydrat-
ing under a fume hood.
NB: Gently dab the slides on a paper towel between
toluene and isopropanol to remove excess liquid, to
avoid contamination of the isopropanol bath.
NB: Change baths regularly.

Inactivation of endogenous peroxidases – Timing 20
min
This step avoids nonspecific detection of peroxidases

that are naturally present in different cell types, such as
erythrocytes and neutrophils.

7. Prepare a 3.5%H2O2 solution (20mL of 35%H2O2 in 180
mL of isopropanol) and immerse the slides for 20 min.

8. Wash the slides in a bath of distilled water during 5min.

Heat-induce epitope retrieval (HIER) –Timing 30min
This step is necessary to reverse the chemical modifi-

cations of proteins mediated by formaldehyde and hence
to make the antigen accessible to the antibody. It is
required for most antigens. The choice of low or high pH
is determined empirically.

9. Prepare low pH and/or high pH solutions as follows.
→ Low pH: add 25 mL of citrate buffer stock solu-

tion 10× concentrated (detailed in Table S2) and 675
µL of 20% Triton-X100 solution (diluted in distilled
water) in 225 mL distilled water.

→ High pH: add 25mLof Tris-EDTAbuffer stock solu-
tion 10× concentrated (detailed in Table S2) and 675
µL of 20% Triton-X100 solution (diluted in distilled
water) in 225 mL distilled water.

10. Immerse the slides into a microwave-proof container
filled with the appropriate solution. Place the con-
tainer in the microwave at 900 watts (or maximum
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4 RIGGI et al.

power) until boiling (approximately 4 min 30 s). Place
the container subsequently at 90 watts during 15 min,
and finally at 900 watts (or maximum power) until the
solution is boiling again (approximately 1 min 30 s).
NB: If the slide holder is not entirely filled with slides,
fill the empty positions with glass slides to even out the
heat for all slides.
NB: For reproducibility purposes, always use two con-
tainers filled with slides in the microwave: if slides of
interest are insufficient to fill two containers, complete
with empty/ghost slides.

11. Wash the slides in a bath of distilled water during 5
min, and subsequently in Tris-buffered saline (TBS,
detailed in Table S2) containing 0.1% Tween 20 (TBST,
detailed in Table S2) during 2 min.

Blocking of antibody binding to non-specific sites –
Timing 30 min

12. Place the slides flat in a humidified box.
13. Wipe the glass slides with a paper towel at a secure

distance from the tissue section to remove excess liq-
uid and to limit subsequent spreading of solutions and
hence reduce the required reagent volume.
NB: Circling the tissue section with a hydrophobic pen
is possible but is not recommended as the pen ink gen-
erates strong autofluorescence that can interfere with
signal detection, even if it does not contact the tissue
directly.

14. Cover the sections with TBST containing 5% bovine
serum albumin (BSA, detailed in Table S2). Close the
box and incubate for minimum 30 min at RT.
NB: During the entire staining procedure, never let the
slides dry out as this can cause background staining.
For large batches of slides, treat a limited number of
slides at a time.

Primary antibody incubation – Timing 1 h 10 min

15. Dilute primary antibody to the desired concentration
in TBST containing 1% BSA (detailed in Table S2).
NB: If using an autostainer, add glycerol to this
solution to limit antibody sedimentation (see Table S2).

16. Drain the blocking solution from the slides and wipe
the slides at a secured distance from the tissue section
with a paper towel.
NB: Do not wash the slides between blocking and
primary antibody.

17. Cover the sections with the antibody solution and
incubate for 1 h at RT. Depending on the section size,
use 50 to 150 µL.
NB: When testing an antibody, start by testing three
concentrations of antibody: 1, 5 and 10 µg/ml.

NB: Some antibodies require an overnight incuba-
tion at 4◦C. This is less suitable for multiplex staining
and/or for automation.
NB: For a better preservation of antibodies at –20◦C, it
is recommended to add an equal volume of glycerol, if
it is not already present (information provided in the
datasheet of the primary antibody).
NB: Avoid antibody incubation at temperatures higher
than 25◦C to avoid non-specific staining and section
drying.
NB: Check the absence of nonspecific binding of
revelation reagents by incubating slides without the
primary antibody (i.e. negative control).
NB: Isotype control antibodies only reveal Fc-
mediated nonspecific binding and do not provide
evidence of Fab-dependent antigen specificity.

18. Wash the slides in TBST at RT (dip it up and down 10
times and then leave to rest in an incubation bath for 2
min – repeat this 3 times).

19. Carefully wipe the slides with a paper towel at a
secured distance from the tissue section to remove
excess liquid.

Secondary antibody incubation – Timing 50 min

20. Cover the sections with the appropriate secondary
antibody during 40 min. Depending on the section
size, use 50 to 150 µL of the ready-to-use solution.
NB: Secondary antibody has to be specific of the
species of the primary antibody.
NB: To subsequently transpose the protocol to mIHF-
TSA, select secondary antibodies conjugated to poly-
mers labelled with several peroxidases (e.g. Agilent
EnVision+ systems, Agilent, Santa Clara, CA, USA).
NB: If polymer-conjugated HRP-antibodies are not
available for a specific species, use an intermediate
secondary antibody before using polymer-conjugated
antibodies labelled with HRP (e.g. for a rat primary
antibody, use an unconjugated rabbit anti-rat followed
by polymer-conjugated anti-rabbit).

21. Wash the slides in a bath of TBST at RT (dip it up and
down 10 times and then leave to rest in an incubation
bath for 2 min – repeat this 3 times).

22. Carefully dab the slides on a paper towel to remove
excess of washing solution.

Revelation – Timing 20 min

23. Add 3,3’-diaminobenzidine (DAB) solution on the
slides and incubate during 5 min at RT.
! Harmful substance. Wear gloves.

24. Wash the slides in two baths of distilled water.
25. Add haematoxylin to the slides during 5 min at RT.
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RIGGI et al. 5

NB: The Dako haematoxylin ref S3301 (Agilent) has
been selected for its very high nucleus/cytoplasmic
staining ratio, which facilitates cell segmentation dur-
ing image analysis.

26. Wash the slides in tap water during 4 min under low
flow, then in distilled water during 30 s.
NB: Distilled water will not allow nuclei to turn blue.

27. Air-dry slides for at least 20 min.
NB: Drying under chemical hood accelerates drying.

Mounting – Timing 25 min

28. Immerse slides in two successive baths of xylene.
! Harmful substances. Carry out manipulations in a
fume hood.

29. Mount slides with a Tissue-tek film coverslipper
(Sakura Finetek Europe, Alphen aan den Rijn, The
Netherlands) or, alternatively, manually using organic
mounting medium and glass coverslips.

30. Dry slides under the fume hood during 20 min.

2.2 Immunohistofluorescence –
tyramide signal amplification

The TSA technology described here contains two
amplification levels: (1) secondary antibodies linked
to peroxidase-conjugated polymers (e.g. EnVision+/HRP
systems, Agilent) and (2) tyramide substrates conjugated
to fluorescent dyes. The combination of these two amplifi-
cations is needed to increase the fluorescence signal above
the high autofluorescence of FFPE samples as shown in
Figure S1.
The same protocol is used for chromogenic IHC and flu-

orescent IHF-TSA. The only difference between these two
protocols is the peroxidase substrate (DAB for IHC and
fluo-tyramides for IHF, illustrated in Figure S2), counter-
staining and mounting steps. All the other reagents are
same as the chromogenic IHC protocol. In our experi-
ence, there is no need to adjust antibody dilution between
IHC-DAB and IHF-tyramide.

2.2.1 Slides preparation to secondary
antibodies

Proceed to steps 1 to 22 of the chromogenic IHC protocol.
Revelation – Timing 15 min

23’. Dilute fluorochrome-conjugated tyramide to the
desired concentration in borate buffer containing
0.003% H2O2 (detailed in Table S2).

NB: Higher H2O2 concentration will inhibit peroxi-
dase while lower concentrationwill not allow optimal
peroxidase activity, both leading to staining of low
intensity.
NB: Froma 35%H2O2 stock solution, prepare an inter-
mediate solution 100× diluted (1 µL 35% H2O2+ 99 µL
distilled water) which will be further diluted 100×
(1 µL intermediate solution + 99 µL borate buffer).
NB: Diluted solutions can be kept for a few days at
4◦C.

24’. Add the tyramide solution to the sections and incu-
bate for 10 min at RT.
! Harmful substances. Wear gloves.

25’. Wash slides in TBST at RT (dip it up and down 10
times and then leave to rest in an incubation bath for
2 min – repeat this 3 times).
NB: CF754-tyramides generate high background
which disappears after an additional HIER step.

Counterstaining – Timing 10 min

26’. Cover slides during 5 min at RT with a solution of
10 µg/mL of Hoechst 33342 diluted 1000× in distilled
water from the stock solution (see Table S1).
! Harmful substance. Wear gloves.

27’. Wash the slides in TBST once and subsequently wash
them 3 times in distilled water.

2.2.2 Mounting

For fluorescence preservation, the use of a dedicated aque-
ous mounting medium is required. In our experience,
the Dako fluorescence mounting medium prevents from
bleaching for a large array of dyes, including dyes in the
far-red spectrum.

28’. Place a glass coverslip on a paper towel.
29’. Pour a line of fluorescence mounting medium on one

of the long edges of the coverslip.
NB: Conserve the mounting medium vial upside
down in the fridge to minimise bubbles.
NB: Remove the first drop, which may contain bub-
bles.
NB: Another way is to apply the mounting medium
directly on the section.

30’. Place one slide at an angle on the border of the
coverslip and lay it prudently on the section.

31’. Apply light pressure on the slide during 30 s. Avoid
tissue damage by avoiding twisting movements.
NB: If the mounting is incorrect, it is possible to
start again after removing gently the coverslip by
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6 RIGGI et al.

bathing slides in distilled water until the coverslip
spontaneous detaches.

32’. Clean the excess of mounting medium with a water-
soaked towel.

33’. Circle the tissue with a black marker at a distance of
1 mm from the section on the back of the slides to
prepare them for fluorescence scanning.
NB: Markers of another colour (blue, red, green) will
create fluorescence background.

34’. Store the slides at 4◦C in the dark until scanning.
Avoid exposure to light.
NB: Tyramide-labelled slides show minimal photo-
bleaching andmaintain signal integrity over extended
periods.

2.3 Multiplex
immunohistofluorescence

With the TSA technology, fluorescent dyes are covalently
linked to the tissue (not to the antibodies). This allows to
perform sequential staining with antibodies being stripped
after each staining cycle and revealed with different dyes,
to reach multiplex staining. Of note, antibody removal
allows the use of subsequent primary antibodies raised in
the same species.

2.3.1 Cycling IHF – antibody stripping

Antibodies are stripped using a new HIER step.
Proceed to the IHF protocol. After step 25’, repeat proto-

col from step 9 to 22 (HIER, blocking and antibodies) and
23’ to 25’ (tyramide) for each other primary antibodies of
the multiplex.
NB: Antibody stripping is more efficient using a

microwave rather than a water bath.
NB: IHC and mIHF can be automatised using

autostainer devices equipped with heating compo-
nents (e.g. Leica BOND, Leica Biosystems, Nussloch,
Germany) to allow repeated HIER steps.
NB: The nuclear counterstaining is performed only

once, after the last cycle of IHF.

2.3.2 Multiplex panel design – selection of
fluorescent dyes

The selection of the fluorescent dyes depends pri-
marily on the configuration of the slide scanner (cfr
Section 4).
Each antibody can be tested in combination with each

dye but taking into consideration the following factors

TABLE 1 Fluorescent dyes up to six-plex.

CF430 CF488 CF555 CF594 CF647 CF754
3-plex x x x
4-plex x x x x
5-plex x x x x x
6-plex x x x x x x

is usually sufficient to assign the dyes to the primary
antibodies of a specific panel.

- For less than six-plex, favour dyes with well-separated
fluorescence spectra detailed in Table 1.

- When possible, select dyes with well-separated spectra
for antibodies staining the same cell type (e.g. CD8-
CF488 and CD3-CF647 as both antigens are present in
lymphocytes).

- Autofluorescence is higher for lower wavelengths (430–
488 nm). Combine CF430 dye with highly expressed
proteins.

- Filter sets with narrow band-passes (like the ones used
for red dyes CF555 and AF594) should be associated to
highly expressed proteins.

- On the opposite, filter sets with large band-passes (usu-
ally for CF488, CF647 and CF754 dyes) are preferentially
selected for weakly expressed proteins.

- Dyes with close spectra (such as CF555, AF594 and
CF647) can spill over into each other, but this is lim-
ited when staining intensity (transposed into scanning
exposure time) in these channels is similar.

- Attention should be paid to the camera’s sensitivity to
higher-wavelength emissions to ensure adequate signal
detection. If it drops, CF754 dye should be reserved for
highly expressed markers.

2.3.3 Multiplex panel design – position test

Some antigens are better unmasked after several HIER
cycles whether others are damaged by repeated heating. To
determine the best combination for a specific panel, each
primary antibody is tested after successive staining cycles.
A slide template for a six-plex position test is included in
Table 2.
A specific position panel works for a specific set of anti-

bodies. If one of them changes, the position test must be
repeated.
The antibody properties are also taken into considera-

tion:

- Some antigens are destroyed by heating (e.g. neutrophil
elastase). Antibodies specific for such antigens are thus
automatically placed at the first position.
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RIGGI et al. 7

TABLE 2 Template of position test.

Position 1 Position 2 Position 3 Position 4 Position 5 Position 6
Slide A Ab1 Ab2 Ab3 Ab4 Ab5 Ab6
Slide B Ab6 Ab1 Ab2 Ab3 Ab4 Ab5
Slide C Ab5 Ab6 Ab1 Ab2 Ab3 Ab4
Slide D Ab4 Ab5 Ab6 Ab1 Ab2 Ab3
Slide E Ab3 Ab4 Ab5 Ab6 Ab1 Ab2
Slide F Ab2 Ab3 Ab4 Ab5 Ab6 Ab1

- Some antibodies display very high affinity for their
antigen and do not withdrawwell. These are then prefer-
entially placed at the last position.Alternatively, they can
also be stripped by two successiveHIER steps at different
pH.

- When CF754-tyramide is at the last position, an addi-
tional HIER step before counterstaining is needed to
avoid background.

2.4 Slide scanning

2.4.1 Bright-field slide scanning

Slides stained by chromogenic IHC were digitalised using
an automated slide scanner (NanoZoomer 2.0-RS, Hama-
matsu Photonics K.K., Hamamatsu City, Japan).

2.4.2 Fluorescence slide scanning

Whole slide imaging of slides stained in fluores-
cence was performed with a Zeiss Axioscan.z1 slide
scanner (Oberkochen, Germany) using a 20×/0.8 Plan-
Apochromat objective. With the aim to combine seven
colours in a single scan, the most adequate combinations
of seven fluorescent dyes and filter sets (composed of
excitation, dichroic and emission filters) were selected
using the Searchlight tool from Semrock. In the calculator
module, illumination source (LEDs from Zeiss Colibri7)
and camera (Hamamatsu OrcaFlash4.0 v3) were kept
constant while several combinations of dyes and filter sets
were estimated for:

1. Quantity of light reaching the camera.

This prediction of fluorescence detection efficacy allows
to anticipate adequate detection of each dye but also expo-
sure time needed for efficient detection (and hence scan
duration).
For each filter set, fluorescence intensity was calculated

for AlexaFluor (AF) or cyanine-based fluorescent (CF)
dyes anticipated to be compatible.

Arbitrary scores of fluorescence intensity were
attributed:

> 1 × 106 mW: very high detection
0.5–1 × 106 mW: high detection
0.05–0.499 × 106 mW: low detection
< 0.05 × 106 mW: no detection

2. Proportion of cross detection of other dyes for each filter
(nonspecific signal).

For each filter set, fluorescence intensity was also calcu-
lated for other dyes destined to be combined in 7 colours
staining.
Cross detection was calculated as:

Fluorescence intensity of ′non − compatible′dye

Fluorescence intensity of ′compatible′ dye
× 100

Arbitrary scores of cross-detection were attributed:

> 20%: very high cross-detection
5%–19%: high cross-detection
1%–4%: moderate cross-detection
<1%: no cross-detection

The configuration found to be optimal is detailed in
Figure S3. Of note, the file size of the scans (.czi format)
were usually lightweight (around 100 Mo to 1 Go).

2.5 Application example: breast cancer

2.5.1 Tissue samples

Nineteen patients, diagnosed with a ductal carcinoma in
situ (DCIS) of the breast, were selected. The samples orig-
inated from Cliniques universitaires Saint-Luc (Brussel,
Belgium) and AZ Groeninge (Kortrijk, Belgium), sampled
from 2005 to 2024. All samples were fixed in 10% neutral-
buffered formalin for 8 to 72 h and embedded in paraffin.
The mIHF were performed using a Leica Bond RXm
autostainer and were scanned with a Zeiss Axioscan.z1
slide scanner.
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8 RIGGI et al.

For each sample, we collected information on the date of
tissue collection, the type of surgical procedure (resection,
vacuum-assisted biopsies (VAB) and core needle biopsies
(CNB)), and the amount of adipose tissue (classified in four
categories of fat/stroma ratio as previously described9).
These tissue characteristics could potentially influence the
efficiency of the protocol.
Common technical artefacts were also documented for

the two staining panels: presence of cold zones (i.e.
zones without immunostaining), presence of heteroge-
neous immunoreactivity (i.e. zones with variable staining
intensity), and presence of tissue detachment. The tissue
detachment was evaluated as absent (0%), focal (1%–20%),
intermediate (21%–50%), extensive (51%–80%), or complete
(>80%). The cold zone and heterogeneous staining were
assessed as present or absent.

2.6 Reproducibility

To assess the robustness of the Flex-6 mIHF protocol, a
quantification analysis was performed on QuPath, ver-
sion 5.1.10 The mean fluorescence intensity of each dye
on the on-slide control tissues was quantified. This anal-
ysis was performed across the different slides for each
panel and therefore investigated the intra-run and inter-
run reproducibility. Two different regions of interest (ROI)
were selected: the entire control tissue sections and a
selected area of 2 mm2. Data were exported in SPSS
to build graphs (version 29.02.0; IBM, Armonk, NY,
USA).

3 RESULTS

3.1 Application example: breast cancer

We previously studied a cohort of 274 patients with
DCIS at the morphological level.11 DCIS is a non-obligate
precursor of invasive breast cancer. We now aim to inves-
tigate the protein expression in both the tumour cells
and the microenvironment to identify prognostic markers
for upstaging of biopsy-diagnosed DCIS towards invasive
cancer in the subsequent resection specimen. Because
of its high fat content, breast cancer tissue is prone to
detachment, which represents a challenge for IHC pro-
tocols. To evaluate the feasibility of mIHF on breast
tissue sections, 10 representative samples were selected.
Three subclasses of markers were investigated to explore
the limits of this mIHF protocol: proteins expressed
in tumours cells, in the ECM, and in inflammatory
cells.

3.2 Immunohistochemistry of 12
proteins on tissue controls

First, each antibody was validated by chromogenic IHC on
positive tissue controls. In this way, specificity and signal-
to-noise ratio can be assessed without the bias of tissue
autofluorescence.
Many proteins routinely used in diagnostic histopathol-

ogy practice are described on the website of NordiQC.8
Appendix contains many different cell types, including
lymphocytes and epithelial cells, as well as extracellular
matrix in the submucosa. Normal appendix was therefore
used as tissue control for all proteins of interest, except
for EGFR and cyclin-D1. Placenta was used as a second
tissue control to validate EGFR staining. Tonsil is recom-
mended for cyclin-D1, since this tissue allows evaluation of
cyclin-D1 expression in supra-basal squamous cells (which
is absent in appendix). Tonsil is also appropriate for CD8,
since it contains cytotoxic T lymphocytes.12,13 Expected
expression patterns are mentioned in Table 3.
Only two different on-slide tissue controls can be added

in addition to the sample tissue section because the place
on the slide is limited.
Among the four selected tumour markers, the normal

expression pattern of p53 is wild-type immunostaining,
characterised by a mixture of negative nuclei, weakly and
moderate positive nuclei, resulting in a heterogeneous
pattern.14,15 As represented in Figure 1A, p53 was cor-
rectly stained in appendix tissue. EGFR was detected, as
expected, in trophoblast of the placenta with a moder-
ate to strong intensity of staining illustrated in Figure 1C,
as described by Kosovic.16 Synaptophysin was intensely
expressed in ganglion cells and axons of Auerbach’s and
Meissner’s plexus throughout the digestive tract, includ-
ing the appendix as shown in Figure 1E.17,18 Cyclin-D1
showed moderate to strong nuclear immunoreactivity in
squamous epithelial cells, lymphocytes and endothelial
cells, and a weak cytoplasmic staining of germinal centre
macrophages of tonsil. The mantle zone B cells and germi-
nal centre B cells were negative as expected, illustrated in
Figure 1G.12
Among the four proteins expressed in lymphocytes,

CD20 showed a very strong membranous immunoreactiv-
ity in the mantle zone and germinal centres.19 CD3 and
CD8 displayed an immunostaining in the membrane of
the interfollicular area with a moderate to strong inten-
sity and a strong intensity respectively, as expected.13,20
FoxP3 was detected in the nuclei of regulatory T lympho-
cytes scattered in the appendix.21 These immunostainings
are illustrated in Figure 1I, K, M and O, respectively.
The four proteins we aimed to visualise in the ECM

are not mentioned on the NordiQC website and are
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RIGGI et al. 9

TABLE 3 Expression patterns and subcellular localisation of proteins of interest, including selected on-slide tissue controls.

Markers
Subcellular
localisation

Positive control
tissue Tissue subregion expression

Tumour cells
p53* Nucleus Appendix At least 50% of germinal centre B cells should be weakly to moderately positive.

Less than 10% of the mantle zone B cells.
Dispersed epithelial cells in the basal parts of the crypts should be weakly to
moderately positive.

Luminal epithelial cells should be negative.
EGFR Membrane Placenta Trophoblastic cells (syncytiotrophoblast cells and cytotrophoblast cells) should

be moderately to strongly positive.
Synaptophysin* Cytoplasm Appendix Axons and ganglion cells in the myenteric plexus of the appendix should be

strongly positive.
Endocrine cells of the mucosa and peripheral nerves situated in lamina propria
mucosa should be at least weakly to moderately positive.

Cyclin-D1* Nucleus Tonsil All supra basal squamous epithelial cells and dispersed lymphocytes and
endothelial cells should be moderately to strongly positive.

Germinal centre macrophages should be weak.
Mantle zone B cells and germinal centre B cells should be negative.

Inflammatory cells
CD20* Membrane Appendix The mantle zone and germinal centres of B cells should be moderately to

strongly positive.
T cells, stromal and epithelial cells should be negative.

CD3* Membrane Appendix Aggregated T cells in interfollicular areas and dispersed T cells in mantle zone
and germinal centres should be moderately to strongly positive.

B cells should be negative.
No cytoplasmic staining of columnar epithelial cells and plasma cells should be
present.

FOXP3 Nucleus Appendix Regulatory T cells should be moderately to strongly positive.
B cells should be negative.

CD8* Membrane Tonsil All suppressor/cytotoxic T cells should be strongly positive.
B cells, stromal cells and squamous epithelial cells should be negative.

Extracellular matrix
Decorin Stromal tissue Appendix Stromal tissue of the submucosa and the serous should be moderately to

strongly positive.
Epithelial cells and lymphocytes should be negative.

Versican Stromal tissue Appendix Stromal tissue of the submucosa and the serous should be weakly positive.
Epithelial cells and lymphocytes should be negative.

Biglycan Stromal tissue Appendix Stromal tissue of the submucosa should be moderately to strongly positive.
Epithelial cells and lymphocytes should be negative.

Lumican Stromal tissue Appendix Stromal tissue of the submucosa should be moderately to strongly positive.
Epithelial cells and lymphocytes should be negative.

*Data from NordiQC.

less frequently described in the literature. Decorin and
versican are proteoglycans found in the ECM of many dif-
ferent organs.22,23 A weak immunoreactivity of decorin
has been shown in the ECM of normal pancreas, and
in ECM and stromal cells of normal breast.24,25 In nor-
mal colorectal tissue, lumican has been described with
a weak to moderate intensity in fibroblasts, neural cells
and mucosal/submucosal stromal tissues,26,27 but epithe-
lial cells should be negative.28 Biglycan is predominantly

present in the extracellular matrix and fibroblasts of
normal pancreas tissue.29
Based on these previous reports and on data available on

the website of The Human Protein Atlas, we extrapolated
these findings to appendix. The four ECMproteins showed
an expected immunoreactivity pattern (Figure 1Q, S, U and
W).
Each marker was then stained in fluorescence using

TSA. A different fluorescent dye was attributed to each
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10 RIGGI et al.

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

(K) (L)

(M) (N)

(O) (P)

(Q) (R)

(S) (T)

(U) (V)

(W) (X)

F IGURE 1 Validation of antibodies of interest. Each antibody was evaluated for its specificity and signal-to-noise ratio by IHC-DAB
(left), and by IHF-TSA (right). (A, B) p53 on appendix, (C, D) EGFR on placenta, (E, F) synaptophysin on appendix, (G, H) cyclin-D1 on tonsil,
(I, J) CD20 on appendix, (K, L) CD3 on appendix, (M, N) CD8 on tonsil, (O, P) FoxP3 on appendix, (Q, R) decorin on appendix, (S, T) versican
on appendix, (U, V) biglycan on appendix, (W, X) lumican on appendix. Abbreviations: Syn: synaptophysin, CyD1: cyclin-D1, Dec: decorin,
Vers: versican, Big: biglycan, Lum: lumican.

marker according to criteria explained in the Methods sec-
tion. As depicted in Figure 1, staining analogous to DAB
staining was observed and all markers were clearly distinct
from the autofluorescence.

3.3 Panels setup for multiplex
immunohistofluorecence

The 12 markers were distributed in two six-plex pan-
els, each of them comprising two tumour markers, two
immune cell markers and two ECM markers. Panel 1 was
composed of p53, EGFR, CD3, CD20, versican and decorin.
Panel 2 consisted of cyclin-D1, synaptophysin, CD8, Foxp3,
lumican and biglycan.
To determine the best sequence for a specific panel,

each primary antibody was tested after successive staining
cycles, as described in Table 2. The most adequate position
for each antibody was determined according to different
parameters: number of HIER, presence of HIER with a
different pH before the target protein, staining intensity,
signal-to-noise ratio, cross-detection in other channels and
completeness of antibody stripping.

3.3.1 Panel 1

The protocol of the position test applied to six consecutive
slides of Panel 1 is schematised in Figure S4. Representa-
tive images of each marker at each position are displayed
in Figure 2.

Staining intensity and specificity of EGFR and CD20
were not influenced by HIER cycles with a good signal-
to-noise ratio from position 1 to 6 for both markers. CD3
and versican staining were weaker in position 1 and were
either stable (versican) or more intense (CD3) after sev-
eral HIER steps. Decorin showed a more homogeneous
staining from position 4 to 6 and more specifically after
two HIER at pH9. Finally, p53 showed a good signal-to-
noise ratio for all positions with increasing intensity after
several HIER cycles. However, from position 3 to 6, we
observed a nonspecific staining, either due to cross detec-
tion of incompletely stripped CD20-CF430 or resulting
from HIER at pH6 before incubation with the primary
antibody for p53. These observations indicated that p53
should be placed either at position 1 or after other markers
requiring HIER at pH9 (in this panel, EGFR only).
Taking all these observations into account, this led us

to select the following staining sequence: EGFR/CF555 –
p53/CF754 – versican/CF488 – CD3/AF594 – CD20/CF430
– decorin/CF647 (detailed conditions in Table 4, and
references in Table S1).

3.3.2 Panel 2

A similar position test was performed for the second panel.
Lumican staining did not require HIER, so it was placed
in position 1. Only biglycan displayed a good signal-to-
noise ratio at position 2. All other markers required at
least two HIER steps to overcome autofluorescence with
increasing intensity according to HIER numbers. Foxp3,
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RIGGI et al. 11

F IGURE 2 The position test of Panel 1 on tissue controls (appendix and placenta). Each marker is represented at each position.
Acquisition and visualisation parameters were kept constant.

TABLE 4 Antibodies list for Panel 1.

Position Antigen
Primary antibody Secondary antibody Tyramide
Dilution HIERmethod Polymer HRP Fluorochrome

1 EGFR 1/50 Tris-EDTA (pH9) Anti-rabbit CF555
2 p53 1/200 Tris-EDTA (pH9) Anti-mouse CF754
3 Versican 1/500 Citrate (pH6) Anti-rabbit CF488
4 CD3e 1/200 Citrate (pH6) Anti-rabbit AF594
5 CD20 1/200 Citrate (pH6) Anti-mouse CF430
6 Decorin 1/200 Citrate (pH6) Anti-rabbit CF647

synaptophysin and cyclin-D1 were satisfying at positions
3, 4 and 5, respectively. CD8 only reached a good inten-
sity at position 6. The final sequence of this Panel 2 is
illustrated in Figure S5 and consisted of lumican/CF647
– biglycan/CF488 – FoxP3/CF754 – synaptophysin/CF430
– cyclin-D1/CF555 – CD8/AF594. Experimental details of
this panel are described in Table 5, and references in
Table S1.

3.4 Multiplex application on breast
tissues: proof-of-principle

Subsequently, both six-plex protocols were tested on 10
breast tissue sections with DCIS to evaluate them on tar-
get tissue. Although the small number of samples did

not allow to perform statistical analysis, we performed a
qualitative evaluation of the different immunoreactivity
patterns.
The staining quality was evaluated. Cyclin-D1 was over-

expressed in three cases as illustrated in Figure 3A. When
its expression was absent, the positive control was always
present (Figure 3B). This observation is consistent with
the literature describing an absence of cyclin-D1 stain-
ing in normal breast and an amplification of the CCND1
gene in some tumours, resulting in nuclear overexpres-
sion (at least 10%) of the cyclin-D1 protein.30,31 An intense
homogenous staining of p53 was observed in two cases,
and a weak to moderate heterogeneous immunoreactivity
was observed for the others, illustrated in Figure 3C and
D. Normal immunoreactivity for p53 is characterised by
heterogeneous nuclear expression with varying intensity.
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12 RIGGI et al.

TABLE 5 Antibodies list for Panel 2.

Position Antigen
Primary antibody Secondary antibody Tyramide
Dilution HIERmethod Polymer HRP Fluorochrome

1 Lumican 1/2500 / Anti-rabbit CF647
2 Biglycan 1/5000 Tris-EDTA (pH9) Anti-rabbit CF488
3 FOXP3 1/50 Citrate (pH6) Anti-mouse CF754
4 Synapto-physin 1/50 Citrate (pH6) Anti-mouse CF430
5 Cyclin-D1 1/100 Citrate (pH6) Anti-rabbit CF555
6 CD8 1/25 Citrate (pH6) Anti-mouse AF594

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

(K) (L)

F IGURE 3 Illustration of the expression of each marker in
breast cancer tissues. (A) Overexpression of cyclin-D1, (B) no
expression of cyclin-D1 with a normal expression on tissue control,
(C) wild-type p53, (D) overexpression of p53, (E) overexpression of
synaptophysin, (F) overexpression of EGFR, (G) CD20 (blue) and
CD3 (red), (H) CD8 (red) and FoxP3 (purple), (I) versican, (J)
decorin, (K) biglycan, (L) lumican. Abbreviations: CyD1: cyclin-D1,
Syn: synaptophysin, Vers: versican, Dec: decorin, Big: biglycan,
Lum: lumican.

An abnormal immunoreactivity for p53 is defined either
by overexpression (i.e. a diffuse moderate to strong uni-
form nuclear staining in at least 70% of tumour cells) or
null pattern staining (i.e. total absence of nuclear staining)
or diffuse cytoplasmic immunoreactivity without nuclear
staining. These three ‘mutation-type’ staining patterns are
suggestive of a TP53mutation.32 Synaptophysin was over-
expressed in one tissue (Figure 3E). Synaptophysin is not
present in normal breast tissue but some breast cancers
which present neuroendocrine differentiation, are char-
acterised by a synaptophysin expression. The underlying
mechanisms are unrelated to amplification ormutations.33
We defined synaptophysin positivity as at least 50% tumour
cells with strong cytoplasmic immunoreactivity.34 Like-
wise, only one case presented an overexpression of EGFR
(Figure 3F). EGFR gene amplification can result in EGFR
protein overexpression in breast cancer, which is absent
in normal breast tissue. The positivity of EGFR is defined
by at least 50% of strong membrane immunoreactivity.35
Inflammatory cells were dense and clustered close to ducts
in three cases, as illustrated in Figure 3G and H. Five cases
presented few scattered cells around ducts. The last case
presented a situation between both.
Versican presented an increased intensity around

affected ducts in five cases, illustrated in Figure 3I. The
others were similar to the normal stroma present in
the same slide. Most of cases (8/9) showed a decreased
periductal intensity of decorin around tumour cells
(Figure 3J). Lumican looked like decorin with a decreased
intensity in six cases illustrated in Figure 3K. Biglycan
seemed to be not impacted by tumours cells. Most of cases
(7/9) presented a biglycan expression around affected
ducts similar to the normal stroma (Figure 3L). Decorin,
lumican and biglycan have been described previously
as moderately to abundantly expressed in the ECM and
stomal fibroblasts in normal breast tissue,25,26,36 whereas
versican is hardly expressed in normal breast stroma.23,37
Decorin and versican were already described in some
DCIS tumours, showing a downregulation of decorin and
a trend of upregulation of versican associated with the
presence of myxoid stroma.38–40 Versican was also already
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RIGGI et al. 13

(A) (B)

(C) (D)

F IGURE 4 Artefacts on breast tissues after mHIF. (A) Tissue section without artefacts, (B) cold zone, (C) focal detachment, (D)
heterogeneous staining of p53.

studied in breast cancer, and its increased immunoreac-
tivity in the peritumoural stromal matrix was associated
with the risk of recurrence.23 Thiesen et al. found that
biglycan was significantly lower in breast cancer tissue
than in normal tissue.36 A decreased stromal lumican
expression is associated with a poor outcome in invasive
breast cancer.26
The tissue sections used in this feasibility study com-

prised different sample types, including three surgical
specimens, seven VAB and nine CNB, as detailed in
Table 6. CNB are less invasive but give small specimens,
whereas VAB result in larger samples, with a tissue surface
similar to surgical specimens. Both are used for diagnosing
breast lesions.41 Almost 50% of the cohort presented ≥50%
of fat content, characteristic of breast tissue.
Compared to a tissue section without artefacts

(Figure 4A), three different technical issueswere observed:
cold zone (Figure 4B), tissue detachment (Figure 4C) and
heterogeneous immunoreactivity (Figure 4D). For Panel
1, 63% of lesions did not present detachment (4/19–21%)
or only a focal zone of detachment (8/19–42%). Five
lesions (26%) presented an intermediate detachment, and
two lesions (11%) were extensively detached, for which
the fat content was >50%. A cold zone was observed in
seven lesions (37%), among which six touched or extended
beyond the edge of the coverslip. A heterogeneous staining
for p53 was observed in two tissue samples (11%). For Panel
2, the frequency of detachment was similar to Panel 1 with
69% without detachment (2/19–11%) or presence of a focal
detached zone (11/19–58%). Five lesions (26%) presented

an intermediate detachment, and one tissue (5%) was con-
sidered as completely detached, for which the fat content
was also >50%. A cold zone was observed in one sample
(5%), which was a resection specimen. A heterogeneous
staining for cyclin-D1 was observed in one sample (5%).
These two last technical issues seemed to be independent
from sample age, fat content and sample type. The tissue
detachment seems to be affected by high fat content, but
this technical issue appears to damage mainly the adipose
tissue, thereby still allowing the tumour sample to be
analysed.

3.5 Reproducibility

The mean intensity of each dye was quantified, using two
different annotations on the on-slide control tissues from
different staining batches.Measured intensitieswere in the
same range for each dye, regardless of the type of ROI,
as shown in Figure S6. These data confirmed that Flex-6
mIHF yielded consistent results and allowed intra-run and
inter-run reproducibility.

4 DISCUSSION

Here, we demonstrated the feasibility of six-plex
immunofluorescence staining on breast tissue samples
using a non-commercial protocol, allowing co-localisation
analyses in breast pathologies. Although it has never been
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14 RIGGI et al.

TABLE 6 Results on breast tissues.

Patient
Collection
year

Fat/stroma
ratio

Sample
type Panel Detachment Cold zone

Heterogeneous
staining

1 2005 0%–24% Resection 1 Intermediate Present Absent
2 Focal Absent Absent

2 2014 75%–100% VAB 1 Focal Absent Present for p53
2 Focal Absent Absent

3 2015 50%–74% CNB 1 Extensive Present Absent
2 Complete Absent Absent

4 2015 25%–49% CNB 1 Intermediate Absent Absent
2 Intermediate Absent Absent

5 2017 50%–74% VAB 1 Intermediate Present Absent
2 Focal Absent Absent

6 2018 50%–74% VAB 1 Focal Absent Absent
2 Intermediate Absent Absent

7 2018 25%–49% CNB 1 Absent Absent Absent
2 Focal Absent Absent

8 2018 50%–74% VAB 1 Focal Present Absent
2 Focal Absent Absent

9 2018 25%–49% Resection 1 Focal Present Absent
2 Focal Absent Absent

10 2019 75%–100% Resection 1 Absent Present Absent
2 Absent Present Absent

11 2019 0%–24% CNB 1 Intermediate Present Present for p53
2 Intermediate Absent Absent

12 2021 50%–74% VAB 1 Focal Absent Absent
2 Focal Absent Absent

13 2022 25%–49% VAB 1 Focal Absent Absent
2 Focal Absent Absent

14 2022 0%–24% CNB 1 Intermediate Absent Absent
2 Intermediate Absent Absent

15 2022 50%–74% VAB 1 Extensive Absent Absent
2 Intermediate Absent Absent

16 2023 0%–24% CNB 1 Focal Absent Absent
2 Focal Absent Absent

17 2023 0%–24% CNB 1 Focal Absent Absent
2 Absent Absent Present for cyclin-D1

18 2023 0%–24% CNB 1 Absent Absent Absent
2 Focal Absent Absent

19 2024 0%–24% CNB 1 Absent Absent Absent
2 Focal Absent Absent

extensively detailed in prior publications, this protocol
has previously been applied on several other tissues
from different species. These include human and murine
tumour samples, such as lung cancer, invasive breast
cancer, colorectal carcinomas and melanoma,42–46 non-
tumoural tissues like lung, liver, pancreas and heart,47–54
and also includes fragile tissues such as synovial biopsies

and adipose tissue.55–58 Breast tissue represents a specific
challenge for multiplex staining, due to its frequent high
fat content. In addition to the step-by-step protocol of
multiplex immunofluorescence staining, this paper high-
lights the validation process leading to the combination
of multiple markers in a single staining panel, for two
different six-plex protocols. As shown in our application,
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RIGGI et al. 15

we encountered some artefacts. A non-exhaustive list
of problems, their potential causes and our preventive
recommendations were detailed in Table S3.
Commercial companies are often considered as the

only option to supply staining kits and imaging equip-
ment for detecting multiple proteins on a single tissue
section. Among others, these include Akoya Pheno-
cycler Fusion (formerly CODEX), Miltenyi MACSima,
Lunaphore COMET, Ultivue InSituPlex, Bruker CellScape
or Leica Cell Dive for direct or indirect IF; Akoya Phe-
noImager HT (formerly Phenoptics-Vectra Polaris), Cell
Signaling SignalStar and Lunaphore SPYRE for signal
amplification methods. These commercial solutions, even
though providingmost of the time high plexity, often come
with a high cost, restriction to validated antibodies, time-
consuming image processing and/or high footprint files.
We highlight in Table S4 how the Flex-6 mIHF work-
flow positions among the major commercial technologies
for aspects like principle of the technology, multiplexing
depth, slide capacity per run, signal-to-noise ratio, infras-
tructure requirements, reagent dependence and image
processing requirement.
To provide the scientific community with an open and

cost-effective mIHF workflow, we developed a protocol
using six non-OPAL tyramides matching carefully fine-
tuned slide scanner configuration (LEDs and band-pass
filtersets). This workflow does not require background
subtraction nor spectral unmixing and allows the imag-
ing of seven colours (six markers and a nuclear dye)
with negligible cross-detection. Compared to commercial
solutions, this protocol is flexible (compatible with any
primary antibody), cheaper and faster (no image process-
ing). Although image analysis was beyond the scope of
this study, it is also worth to mention that this work-
flow generates lightweight image files (max 1.5 Gb per
file vs. up to 50 Gb per file for commercial alternatives)
that facilitate sharing and allow analysis on computers
with a ‘standard’ configuration. A detailed report on dig-
ital analysis of the obtained images is beyond the scope
of the present report. However, the generated images are
fully compatible with commonly used computer-assisted
image analysis software such as QuPath,10 HALO R© (Indi-
calab, New Mexico, USA), and Visiopharm Phenoplex™
(Visiopharm, Hoersholm, Denmark).
Regardless of the selected method, validation of pri-

mary antibodies is the cornerstone of immunostainings.
The choice of appropriate tissue controls is crucial to assess
staining specificity and intensity. An adequate positive
control should contain at least one cell type with low to
moderate expression of the protein of interest, to allow the
evaluation of the sensitivity of the test. Normal tissues are
preferred over pathological tissues since protein expres-

sion may vary among tumours, making them less reliable.
The tissue section and its tissue controls should be placed
at a distance from the slide borders to avoid cold zones,
especially if using an autostainer.
In the present feasibility study using breast cancer sam-

ples, we used on-slide controls. This technique consists of
mounting sections of the tissue control on the same slide as
the target tissue and has twomain advantages. Both tissues
undergo the same treatment, confirming that the primary
antibody is functional, even when it is not expressed in the
target tissue.59 It also serves as a control for slide-to-slide
reproducibility. Including on-slide tissue controls inmIHF
may be challenging due to limited space on a standard glass
slide, allowing maximum two additional control tissues
alongside the sample. Careful selection of tissue controls is
thus essential. The appendix is a particularly useful option,
as it contains a diverse range of cell types and structures.
When combined with a second tissue chosen based on the
target proteins, it can fulfil most control requirements.
Despite the above-mentioned advantages, the current

Flex-6 mIHF protocol has some limitations. Firstly, only
six antibodies can be stained on a single section. Indeed,
TSA staining has restricted scalability due to the impossi-
bility of detaching covalently bound fluorescent tyramides
from the tissue section. This protocol is hence not intended
to replace high-plex spatial technologies which enable pro-
filing of dozens of markers simultaneously. This Flex-6
mIHFworkflow rather provides an open alternative for tar-
getedmultiplex analyses. However, methods were recently
described to bleach certain fluorophores (very stable over
time), opening the way to iterative TSA staining. Among
those, Iterative Bleaching Extends Multiplexity (IBEX,
LiBH4-based and tissue-base cyclic immunofluorescence
(t-CyCIF, NaOH/H2O2-based are promising).6,60,61 Alter-
natively, a chromogenic IHC (multiplex or single stain)
could also be performed on the same tissue section after
the fluorescence multiplex IHC. Future research is needed
to explore these possibilities. Secondly, caution is needed
when targeting proteins that are expressed in a close vicin-
ity (same cell type or ECM with intricate fibres) due to
the risk of steric hindrance. For instance, we observed
that increased stromal versican staining was accompanied
by decreased stromal decorin staining. However, this is
unlikely to be due to steric hindrance since we observed
variable stromal lumican staining intensity in the presence
of stable stromal biglycan immunoreactivity. Moreover,
individual bright-field immunohistochemistry protocols
previously showed a similar reverse expression pattern for
stromal decorin and versican in DCIS.40 Thirdly, in the
situation of a six-plex where all markers present a weak
immunoreactivity, fluorescence signal could be too low to
overcome autofluorescence.
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5 CONCLUSION

In conclusion, the Flex-6 mIHF multiplex immuno-
histofluorescence is a co-staining method to investigate
protein colocalisation in the tumour microenvironment.
In comparison to most commercially available options, we
proposed a more open, versatile and cost-effective work-
flow of low-plex mIHF. We demonstrated its feasibility on
breast cancer tissues, independent from the age, size and
fat content of the tissue samples. In the future, we aim to
apply these two six-plex panels fine-tuned on the breast
biopsy samples of a large-scale DCIS patient cohort. This
flexible and affordable mIHF protocol offers the possibil-
ity to investigate protein colocalisation in (breast cancer)
tissue samples of limited size. It will facilitate the under-
standing of the complex interplay between neoplastic cells
and their microenvironment.
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