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Micro Immune Response On-chip (MIRO)
models the tumour-stroma interface for
immunotherapy testing
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Immunotherapies are beneficial for a considerable proportion of cancer

patients, but ineffective in others. In vitro modelling of the complex interac-
tions between cancer cells and their microenvironment could provide a path to
understanding immune therapy sensitivity and resistance. Here we develop
MIRO, a fully humanised in vitro platform to model the spatial organisation of
the tumour/stroma interface and its interaction with immune cells. We find that
stromal barriers are associated with immune exclusion and protect cancer cells

from antibody-dependent cellular cytotoxicity, elicited by targeted therapy.
We demonstrate that IL2-driven immunomodulation increases immune cell
velocity and spreading to overcome stromal immunosuppression and restores
anti-cancer response in refractory tumours. Collectively, our study under-
scores the translational value of MIRO as a powerful tool for exploring how the
spatial organisation of the tumour microenvironment shapes the immune
landscape and influences the responses to immunomodulating therapies.

The presence of tumour-infiltrating lymphocytes (TIL) plays a
determinant role in cancer progression’, and abundant infiltration of
Natural Killer (NK) cells correlates with better patient outcomes?. In
this context, immunotherapies designed to enhance immunity

against cancer cells have considerably improved patient treatment
and yielded durable therapeutic responses in many cancer subtypes’.
Yet only 20-40% of patients respond to immune-modulating
therapies®.
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Growing evidence underscores the fundamental role of the
tumour microenvironment (TME) in enhancing immunosuppressive
signalling and interfering with cytotoxic immune cell infiltration inside
the tumour mass*°. The TME is a complex array of cellular and non-
cellular components that include cancer-associated fibroblasts (CAF),
blood vessels, immune cells, and the extracellular matrix (ECM),
interacting chemically and physically with the cancer cells. CAFs are a
major component of the TME in many solid tumours, supporting
cancer cell survival, therapy resistance as well as metastatic
dissemination”®. CAFs can acquire a pro-inflammatory phenotype
characterised by the production of immunomodulatory molecules and
chemokines (e.g. TGF-f3, PD-L1) that promote an immunosuppressive
environment’. In addition, CAFs produce large quantities of collagens
and fibronectins that organise into a highly dense meshwork con-
stituting the ECM™. The density, alignment, and composition of the
TME surrounding the tumour can dictate favourable local regions to
initiate tumour invasion but also hinder immune cells and molecules
from infiltrating the tumour, thus limiting the efficacy of anti-cancer
therapies . The high density of collagens in the tumour surrounding
has been shown to reduce the ability of T-cells to penetrate the
tumour, thus supporting the notion of stromal cells acting as a physical
barrier against immune infiltration*". Yet, the impact of TME com-
position and organisation on immune cell trafficking in the tumour
remains largely unexplored.

The development of bioengineered models allowed significant
breakthroughs in understanding the impact of TME physical proper-
ties, including matrix architecture, stiffness, and mechanical plasticity,
on immune cell motility>"®°. In this line, important technical and
conceptual efforts are currently being made to improve three-
dimensional (3D) models for pre-clinical drug testing or for basic
research purposes”. However, the extensive use of collagen originat-
ing from rat tails, Matrigel from mouse sarcoma cells or hydrogels
made of synthetic polymers strongly reduces the physiological rele-
vance of these assays™. Alternatively, advances in microengineering
applied to biology have led to the development of microfluidic (on-
chip) platforms allowing the in vitro replication of the complex cell
organisations found within tissues and organs®. In oncology, micro-
fluidics has been applied to the study of cell confinement and multi-
cellular arrangement during tumour angiogenesis*** and
metastasis’*”’. More recently, microfluidic models enabled the mon-
itoring of cancer-immune cell interaction and the evaluation of
immunotherapy efficiency®>.. Yet, current approaches based on
microscale chips often fall short in emulating human tumour spatial
organisation and the multicellular interactions of the TME. High-
resolution tracking of diverse cell populations and precise multi-
cellular structure manipulation within a single platform present sig-
nificant technical obstacles, particularly in 3D multicellular models?.
Overcoming these challenges will contribute to obtaining more accu-
rate on-chip tumour models, ultimately advancing our understanding
of cancer and improving treatment strategies®.

To overcome some of these limitations, we develop MIRO (Micro
Immune Response On-chip), a fully humanised immunocompetent
model of TME of HER2+ breast cancer. In MIRO, cell co-culture is
optimised in 2.5D to generate a well-defined cancer/stroma interface,
where CAFs, ECM and immune cells adopt a spatial distribution fre-
quently observed in solid tumours. Dynamic imaging of immune cell
trafficking in MIRO reveals that the presence of a stromal barrier plays a
critical role in immune cell guidance and exclusion from the tumour. As
a proof of concept, we use MIRO to show that the anti-cancer immunity
induced by anti-HER2 mAbs (monoclonal antibodies; Trastuzumab)
can be restored in resistant/immune-excluded HER2+ breast cancer by
IL2 administration. Our results indicate that the significant gain in
efficacy obtained from the combination of anti-HER2 mAbs and IL2 is
mainly driven by changes in immune cell motility and cytotoxic capa-
city, rather than by the modulation of the stromal barrier permeability.

Results

On-chip reconstruction of the spatial organisation of a cancer/
stroma boundary

MIRO is an open fluidic device that allows the self-organisation of
cancer cell spheroids, CAFs, and ECM deposition. The co-culture in the
inlet of MIRO enables the establishment of cancer cell/CAF boundaries,
while the channels connecting the inlet and the outlet mimic the
migration route of immune cells through the CAFs and ECM in the
stroma before reaching the tumour/stroma interface. MIRO is based
on a microfabricated PDMS (polydimethylsiloxane) hollow cylinder
(inner radius =3 mm; outer radius =5 mm) created by soft lithography
and comprising an array of 30 radial channels (200 pm width, 50 pm
height) that connect inner and outer compartments (Fig. 1a). The
device was sealed onto a glass-bottom dish through plasma treatment.
GFP-labelled and immortalised CAFs from human breast tumours
(CAF#1-GFP) were cultured in the inner compartment until fully
populating the inner surface and the channels connecting to the outer
compartment. mCherry-labelled HER2+ breast cancer cell (BCC;
HCC1954) spheroids were then seeded on top of the CAF layer at the
proximity of the channel entry (Fig. 1b). During the following 48 h, BCC
spheroids seeded on the CAF monolayer self-organised to generate a
2.5D interface (EDGE) segregating cancer cell compartments (IN) from
the stromal compartment (EDGE + OUT) (Fig. 1c-g). Immune infiltra-
tion through the channels could then be monitored by fluorescence
live confocal microscopy starting from 24 to 72 h after the addition of
immune cells in the outlet (corresponding to day 7 and day 10 after
CAFs seeding) (Fig. 1b). By comparing the cellular architecture in MIRO
and in patient tumour samples by immunodetection of CAFs (a-SMA,
FAP), cancer (E-Cadherin) and immune cells (CD45) we show that the
cellular organisation in MIRO shares similarities with breast tumour
samples (Fig. 1c, d and Supplementary Fig. 1).

We next characterised the geometry of the EDGE. Intensity profile
analyses of GFP-tagged CAF#1 (Fig. 1h) indicated that this region has a
width of 120 pum £33 um and height of 24 pm+5um (mean +SD),
equivalent to the thickness of 4 + 1 CAFs (Supplementary Fig. 2a, b). To
test the versatility of MIRO, we co-cultured CAF#1-GFP with a distinct
mCherry-labelled HER2+BCC line (HCC1419). The seeding protocol
was adapted to enable optimal CAF#1/HCC1419 self-organisation (see
“Methods” section). We observed a lower peak in the GFP signal at the
CAF#1/HCC1419 EDGE compared to CAF#1/HCC1954, suggesting
reduced CAF accumulation in the region (Supplementary Fig. 3a, b).
However, cell distribution and orientation were similar in the EDGE +
OUT areas of both CAF#1/HCC1419 and CAF#1/HCC1954 co-cultures
(Supplementary Fig. 3a—-c), indicating that self-organisation can be
achieved with distinct cancer types.

CAF fluorescence at the EDGE suggests distinct cell orientation and
increased cellular compactness near the cancer cell compartment
(Fig. 1h, i). This conformation together with the increased F-actin signal
in this area suggests that the EDGE could bear higher tension than the
OUT region, as proposed elsewhere®** (Supplementary Fig. 4a). To test
this hypothesis, we performed local disruptions in both the EDGE and
OUT regions with a custom-made laser ablation system (Supplementary
Fig. 4b-g; Supplementary Movies 1 and 2). Our data indicate that the
EDGE region recoils to a greater extent than the OUT region (Supple-
mentary Fig. 4e-g) as shown by a higher retraction of the cut edges
(Supplementary Fig. 4g). When a ROCK inhibitor (Y27632) was added in
the medium, the amplitude of the recoil in both regions decreased but
to a lesser extent in the proximity of the boundary, suggesting a higher
tensional state in this area (Supplementary Fig. 4g). These observations
align with previous studies suggesting that CAF accumulation and
actomyosin contractility influence the mechanical and structural
properties of the stroma surrounding the cancer cells®* .

We next evaluated the potential of MIRO as a model to investigate
immune cell distribution in the tumour and its microenvironment. 48 h
after seeding BCC spheroids on top of the CAF monolayer, fluorescent-
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labelled naive primary immune cells collected from the peripheral
blood of healthy donors (peripheral blood mononuclear cells, PBMC)
or natural killer cells (NK cells) derived from PBMCs, were inoculated in
the outer compartment of MIRO (Fig. 1b). Time-lapse imaging in the
channels and the EDGE region allowed us to track immune cells
migrating through the CAF layers and CAF-derived ECM proteins, as
shown by fibronectin immunostainings, when they entered the inlet

compartment and reached the cancer/stroma boundary (Supplemen-
tary Fig. 5 and Supplementary Movies 3-6).

In conclusion, the spatial organisation of fibroblasts, fibroblast-
derived ECM and immune cell distribution in MIRO can modelize the
cancer/stroma interface with an immune-excluded phenotype, allow-
ing quantitative studies of immune cell distribution and dynamics

upon treatments.
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Fig. 1| On-chip reconstruction of a tumour/stroma boundary driving immune
exclusion. a Illustration of the MIRO device composed of a 2 mm thick wall PDMS
ring with a central 6 mm hole (inlet) and 30 channels (Ilength: 2 mm, width: 200 pm,
height: 50 um) that connect the outer to the inner compartment. b Schematic of
the co-culture timeline in MIRO. At day O, CAFs are seeded in the inlet. At day 4,
(HCC1954-mCherry red) BCC spheroids are seeded on the CAF layer. At day 6,
immune cells are seeded in the outer compartment and imaging is performed at
day 7 or day 10. ¢ Left: MIRO co-culture on day 10 showing CAFs (green), tumour
spheroid (visualised with DAPI, red) and immune cells (cyan). Scale bar: 2 mm.
Right: Representative E-Cadherin (red), CD45 (blue) and alpha-SMA (green)
immunofluorescence in tissue sections from a BC patient. Scale bar: 100 pum. d Left:
Cellular organisation at the tumour/stroma barrier in MIRO CAF#1-GFP (green),
BCC spheroid (red), immune cells (cyan). Scale bar: 100 pm. Right: zoomed areas
relative to (c) (dotted white squares), scale bar: 25 um. e 3D schematic

representation of the cellular organisation in MIRO. f 3D rendering reconstituted
from z-stack confocal images CAF#1-GFP (green), BCC spheroid, immune cells
(blue). Scale bars: y-axis: 30 pm, z-axis: 30 um. g Average fluorescence intensity
profile of CAF#1-GFP (green), BCC spheroid (red) and immune cells (cyan) mea-
sured over z-stack image. h Relative CAF#1 fluorescent intensity profile and
orientation displaying the EDGE, IN and OUT region delimitation (black dashed
lines) relative to the tumour boundary (red dashed line). Lines indicate mean
values, coloured areas SD (profile averaged on z-projection of n =55 images, from
at least 25 spheroids, 6 independent experiments). i Left: Representative fluores-
cence image of CAF#1-GFP distribution at the tumour/stroma boundary. Scale bar:
100 pm. Right: Representative map of the relative orientation of the CAFs mesh-
work (CAF#1) respective to the tumour/stroma boundary. The EDGE region is
marked with red and black dashed lines. Scale bar: 100 um. Source data are pro-
vided as a Source Data file.

MIRO captures spatial features of the tumour/stroma bound-
aries found in breast tumours

We aimed at further characterising similarities between fibroblasts and
ECM repartition in MIRO and in patient tumours. Comparison between
paraffin-embedded formalin-fixed samples of patient tumours and
MIRO revealed a similar distribution of immune cells, largely excluded
from the epithelial cancer cell compartment and aligning with the
cancer/stroma interface (Fig. 2a, b; Supplementary Fig. 6a). We next
carried out a comparative histopathological analysis of breast tumour
samples and MIRO. For this, we performed immunohistochemical
detection of CAF markers (fibroblast activation protein, FAP; vimentin,
VIM), an epithelial marker (E-cadherin, E-cadh) and matrix proteins
commonly found in solid tumours (collagens, Picrosirius red staining;
collagen IV, COLIV; collagen I, COLI; fibronectin, FN) (Fig. 2¢; Supple-
mentary Fig. 6b-f). Fluorescent intensity signals from immunostainings
show that patient tumours and MIRO share a similar distribution of
CAFs (FAP and VIM) and ECM proteins (COLIV, FN) (Fig. 2c; Supple-
mentary Fig. 6b). Quantitative analysis of fluorescent intensity profiles
of CAF-GFP signal in MIRO and FAP, COLIV and FN expression in
patient tumours revealed similar distribution of CAFs and ECM fibres
with higher density at the EDGE compared to distal regions (Fig. 2d, e;
Supplementary Fig. 6b). Furthermore, we observed that CAFs and ECM
fibres similarly aligned along the edge of cancer cell compartments
both in MIRO and in patient tumours (Fig. 2d, e; Supplementary
Fig. 6d, h). Collectively, these data indicate that the TME in MIRO
replicates key features of the aberrant production and architecture of
ECM observed at the cancer/stroma interface in patient tumours'*>°.

MIRO co-culture enables the tumour/stroma boundary forma-
tion with diverse fibroblast lines

We tested the versatility of MIRO by using additional CAFs and normal
fibroblasts. We used additional GFP-labelled immortalised CAF
(CAF#2) and normal fibroblasts (BF#1, BF#2), as well as primary CAFs
(pCAF#1, pCAF#2), with distinct mesenchymal and ECM-related gene
expression levels**® (Fig. 3; Supplementary Fig. 7a, b). We evaluated
fibroblast accumulation after 6 days of co-culture with BCC spheroids
(HCC1954) by averaging GFP intensity profiles where applicable and
measuring COLIV and FN expression for each combination. Further-
more, we analysed the fibroblasts, COLIV and FN orientation at the
EDGE and OUT regions (Fig. 3a-e, Supplementary Fig. 8a and Sup-
plementary Fig. 9). For primary fibroblasts, the tumour/stroma
boundary was delineated using the autofluorescent signal emitted by
the cells in the 488 nm excitation channel (Supplementary Fig. 8b). We
observed increased fibroblast accumulation at the EDGE compared to
OUT regions for all combinations (Fig. 3a-e). We also validate that the
architecture of the tumour boundary using the additional fibroblasts
shared similarities with the one observed in breast patient samples.
Pearson correlation analysis performed on the CAF, COLIV and FN
intensity curves and angle orientations for each fibroblast in MIRO
compared to the breast tumour samples shown in Fig. 2e indicates a

strong correlation of the marker expression patterns between the
samples (Fig. 2e and Fig. 3f). Additionally, despite some significant
differences between cell types, fibroblasts, COLIV and FN meshworks
aligned along the cancer cell compartment with angles ranging
between 10° and 40° relative to the EDGE, regardless of the fibroblast
origin, and oriented randomly in the OUT regions (Fig. 3g, h and
Supplementary Fig. 9). ECM and fibroblasts exhibit similar orientation
and accumulation in the EDGE/OUT regions, indicating that the for-
mation of intratumoral spatial architectures is independent of the
fibroblast type seeded in MIRO. Altogether, these data demonstrate
that reproducible models of cancer/stroma boundaries can be
achieved in MIRO using distinct types of fibroblasts.

Stroma drives tumour immune exclusion in MIRO

Previous observations indicated that the stromal barrier formed by
CAFs/ECM, and surrounding epithelial cancer cell compartments, may
restrict immune cell trafficking into tumours**”. We then assessed
whether immune cells seeded in the MIRO outer compartment could
reach and infiltrate the cancer cell compartments in the inner chamber
(Fig. 4a). About 30 h after seeding, immune cells were detectable in the
vicinity of the cancer cell compartments both in the presence or
absence of CAFs (Supplementary Fig. 10a, b). Notably, immune cells
infiltrated readily the cancer cell compartments in the absence of CAFs
and ECM (Fig. 4b, c). By contrast, we observed a 4-fold reduction of
immune infiltration into cancer compartments when co-cultured with
CAFs (Fig. 4c). These findings indicate that the presence of CAFs and
CAF-secreted ECM does not hinder the migration of immune cells from
the outer to the inner compartment of MIRO. However, cancer/stroma
boundaries are sufficient to drive consistent immune exclusion from
the cancer cell compartments.

Live visualisation of intraepithelial immune infiltration induced
by Trastuzumab and Interleukin 2 combined regimen

Next, we assessed the potential of MIRO for drug testing with Trastu-
zumab (Ttz), an anti-HER2 monoclonal antibody (mAb) commonly
used in the treatment of HER2+ breast cancer®. In addition to its direct
cytotoxic effects on HER2+ breast cancer cells*, anti-HER2 mAbs have
been shown to significantly enhance anti-cancer immunity through
antibody-dependent cellular cytotoxicity (ADCC)***, particularly
when combined with interleukin 2 (IL2)*, hereafter referred to as
IL2+Ttz (Fig. 5a). Importantly, HCC1954 BCCs are intrinsically resistant
to the cytotoxic effects of anti-HER2 mAbs*, allowing us to focus
exclusively on the immunomodulatory effects of IL2+Ttz in our sys-
tem. Based on previous studies, we anticipated an optimal anti-cancer
response 72-96 h after starting treatment*%. We observed that immune
cells reached the tumour edge approximately 30 h after seeding in
both treated and control conditions. However, in the absence of
IL2+Ttz, immune cells remained mostly excluded from the cancer cell
compartment (Fig. 5b, ¢; Supplementary Movie 7), mimicking the
immune exclusion observed in refractory tumours.
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In contrast, IL2+Ttz treatment significantly increased intrae- increase in immune cell abundance upon treatment (Fig. Se). Addi-
pithelial immune cell abundance regardless of the type of fibroblasts  tionally, treatment did not affect immune cell proliferation rates, as no
used in MIRO (Fig. 5d; Supplementary Movie 7). We assessed whether  significant differences were observed across conditions (Supplemen-
this increase in immune infiltration correlated with enhanced overall  tary Fig. 11). Taken together, these findings indicate that the stromal
immune cell presence in the tumour vicinity. We quantified the barrier can be breached by infiltrating immune cells upon specific cell
immune cells in the EDGE + OUT regions and found no significant targeting and effector cell activation.
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Fig. 2 | MIRO co-culture creates spatial features of the tumour/stroma
boundaries found in tumour beast patient samples. a Immune cell distribution
in breast tumour samples (CD45 staining), and b in MIRO co-culture (PBMCs, fire-
LUT), 3 independent experiments. Scale bars: 50 pm. ¢ Inmunohistochemistry and
immunofluorescent staining in breast tumour samples targeting CAFs (FAP),
tumour cells (E-cadherin (E-cadh)) and ECM components: COLIV, FN and COLI.
Scale bars: 100 pm. d Relative fluorescent intensity profiles and orientation of
CAF#1 (cytosolic GFP marker in MIRO, FAP in tumour samples), COLIV and FN in

both breast tumour samples and MIRO. Lines indicate the mean values, coloured
areas the SD. The “0” value refers to the tumour/stroma boundary location, set as
reference (n =images, CAF (FAP) n=27, COLIV n=30, FN n=27; from 3 patients
samples, and in MIRO CAF (GFP) n=18, COLIV n=18, FN n=17, from at least 3
independent experiments). e Heatmap of correlation coefficients comparing
intensity profiles and fibre angles of tumour samples and MIRO (displayed in d) for
CAF, COLIV and FN (Pearson correlation coefficient (two-tailed, 95% CI) with p-
values < 0.0001. Source data are provided as a Source Data file.

Trastuzumab and Interleukin 2 combined treatment effect on
stromal barrier architecture and composition

Preclinical studies, although limited, have suggested the potential for
Trastuzumab -based regimens to modulate CAF activity and ECM
properties'®. Hence, we asked whether IL2+Ttz treatment could affect
the architectural and molecular characteristics of the TME, and
therefore the permeability of the stromal barrier. We first quantified
CAF apoptosis upon IL2+Ttz treatment by performing cell death assays
in the presence or absence of PBMCs. We observed no significant
differences in CAF death rate in any of the tested conditions (Fig. 6a).
Furthermore, fibroblast repartition and orientation at the EDGE
remained unaffected by IL2+Ttz treatment (Fig. 6b, c). We then
hypothesised that treatment could modulate immune cell trafficking
by altering ECM organisation®. Quantitative analysis of FN and COLIV
immunodetection showed no significant changes in the distribution
and orientation of ECM upon four-day IL2+Ttz treatment (Fig. 6d)
compared to control conditions (Fig. 3d). Consistently, the expression
levels of FN, COLIV, and COLI remained unchanged in CAFs upon
IL2+Ttz treatment (Fig. 6e). These data suggest that IL2+Ttz treatment
does not enhance anti-cancer immunity by modulating the composi-
tion and organisation of the fibroblasts and fibroblast-derived ECM
in MIRO.

Immune cell motility and spreading at the cancer/stroma
interface upon treatment

We next examined the impact of treatments on immune cell activity in
the presence of CAFs. We focussed on NK cells, which represent the
main immune subtype mediating ADCC”*", NK cell-directed immu-
notherapy stands as an emerging strategy attracting increasing
attention”. Indeed, numerous clinical trials exploring diverse avenues
of NK cell-focused immunotherapy, including those involving IL2+Ttz-
based regimen (e.g. NCT05207722, NCT05395052, NCT05385705), are
already in phase /11 stages". Gene expression analyses showed that the
migration markers /ITGAM and ITGAL*** were upregulated in NK cells
upon IL2+Ttz (Supplementary Fig. 12a), thus suggesting an increased
immune migratory phenotype. Prompted by these findings, we
assessed the capacity of IL2+Ttz regimen to modulate NK cell traf-
ficking through the CAFs barrier in MIRO (Fig. 7a, b). Time-lapse ima-
ging of single focal plans (-1 frame/min, for 90 min) enabled the
tracking of a large majority of NK cells in the vicinity of the epithelial
cancer cell compartment (Fig. 7c and Supplementary Movies 8 and 9).
This approach allowed us to monitor the orientation, velocity, and
morphology of individual NK cells trafficking into the tumour stroma.
As previous reports highlighted the scaffolding role of the stroma in
guiding immune cells***’, we analysed the orientation of the NK cell
migratory paths with the CAF major axis in our model. The compara-
tive analysis of these patterns revealed a mild but significant correla-
tion between NK cell trajectories and CAF orientation (Fig. 7d, e).
Consistent with these results, previous studies showed that collagen
alignment guides T-cell migration around the tumour islets'". Con-
sidering that IL2+Ttz treatment was not altering CAF, FN and COLIV
architecture in our model (Fig. 6a-d), we then assessed the effect of
treatments on NK cell velocity in the EDGE region. We observed a
significant increase in NK cells average speed upon IL2 or IL2+Ttz
treatment (55% and 21% respectively) compared to untreated control

and to Trastuzumab (Ttz) monotherapy (Fig. 7f). These data suggest
that IL2 is mainly responsible for the modulation of the migratory
behaviour of NK cells. IL2 has been described to enhance integrin and
F-actin expression, as well as lytic cellular behaviour**°. Hence, we
assessed the effect of treatment on the morphology of migrating NK
cells. We performed time-lapse imaging using z-stacks at the cancer/
stroma interface (1.5 min/frame, for 30 min). Z-projection of time-lapse
images captured remarkable deformation of NK cells moving between
cancer cells and CAFs (Supplementary Movies 10 and 11). We quanti-
fied the maximum spreading area of each NK cell tracked in the dif-
ferent treatment conditions masking each cell based on their
fluorescent signal (cytosolic cell tracker) (Fig. 7g, h and Supplementary
Fig. 12b). Our results showed that IL2 and IL2+Ttz treatments increase
NK cell area by 85% and 59% respectively, compared to control con-
dition. While not reaching significance, an increase was also noted in
the presence of Trastuzumab alone (36%). Interestingly, we observed a
similar although non-statistically significant effect of IL2 and 112+Ttz
treatment on the average speed of unsorted PBMCs despite the het-
erogeneity of the immune cell populations in these samples (Supple-
mentary Fig. 12c). Consistent with prior studies", our data indicate
that IL2 enhances the migratory characteristics of NK cells in MIRO.
This includes an increase in their velocity, integrin expression levels,
and spreading capacity in the stromal and cancer compartments.
Taken together, these data demonstrate that MIRO enables the
assessment of treatment effects on individual cell behaviour within the
TME, facilitating the characterisation of immune cell trafficking asso-
ciated with anti-cancer response/resistance.

Immuno-infiltration and ADCC quantification upon treatment

To assess whether higher immune infiltration correlated with
increased cancer cell death, we quantified NK cell abundance in the
cancer cell and stroma compartments. Cell counting revealed that
treatment with IL2 or IL2+Ttz increased NK cell abundance in the
cancer cell compartments by ~4-fold compared to control (Fig. 8a, b
and Supplementary Fig. 13) without significant increase in the number
of NK cells in the stromal compartment. Similar results using unsorted
PBMCs showed equivalent effects of IL2 and IL2+Ttz treatments on
immune infiltration in the cancer cell compartment and higher infil-
tration of PBMCs in the stroma upon IL2 treatment (Supplementary
Fig. 14b-d). We then quantified the cytotoxic activity of NK cells in the
different treatment conditions using a fluorescent reporter of cell
death (NucGreen® Dead reagent, Invitrogen). It is worth noting that
while MIRO is an allogeneic model, no significant cancer cell death is
induced within standard four-day experimental setting in presence of
immune cells and absence of treatment (Fig. 8c and Supplementary
Fig. 14a). Four days after immune cell seeding, we observed that IL2
monotherapy increased immune cell abundance in the cancer cell
compartments without enhancing anti-cancer cell immunity in the
absence of Trastuzumab (Fig. 8c and Supplementary Fig. 14b-d).
These observations suggest that short-term co-culture with naive NK
or whole immune cells (PBMCs) does not trigger major histocompat-
ibility complex class I-dependent immune or antigen-non-specific
T-cell receptor-independent responses in MIRO, thus enabling the
study of anti-cancer-immune activation upon therapy. Consistently, we
observed a substantial increase in apoptosis among intrinsically
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resistant to Trastuzumab HER2+ BCCs following treatment with
IL2+Ttz and to a lesser extent with Trastuzumab alone (Fig. 8c and
Supplementary Fig. 14a). This strongly suggests a mechanism of ADCC
relying on both IL2 ability to overcome the immunosuppressive effects
of the tumour/stroma barrier and the recognition of Trastuzumab-
labelled cancer cells by immune cells. Altogether, our data suggest that

IL2 enhances immune cell activation and NK cell migration through the
CAF/ECM barrier. The resulting increase of intraepithelial immune
cells in turn favours Trastuzumab-induced ADCC and cancer cell era-
dication. Accordingly, expression analysis of ADCC markers in NK cells
co-cultured with cancer cells shows significant upregulation of Perforin
1and Granzyme B upon IL2 or IL2+Ttz treatment, as also observed with
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Fig. 3 | Features of the tumour/stroma boundary formed with various types of
fibroblasts. a-e Left column panels: representative images of CAF#2 (a), BF#1 (b)
and BF#2 (c) (GFP signal), COLIV and FN co-cultured with HCC1954 BCC spheroids.
For primary fibroblasts pCAF#1 (d) and pCAF#2 (e), no GFP signal is present. White
dashed lines indicate the cancer cells' spheroid boundary. Scale bar: 100 um. Right
column panels: relative fluorescent intensity profiles and orientation of the fibro-
blast (GFP signal), COLIV and FN (immunostaining) relative to the tumour/stroma
boundary. Lines indicate the mean values, coloured areas around the means the SD.
The “0” value refers to the tumour/stroma boundary location set as reference
(n=images; CAF#2: n=20, COLIV n=12, FN n=8; BF#1: n=23, COLIV n=12, FN
n=11; BF#2: n=23, COLIV n=12, FN n=11; pCAF#1: n=22, COLIV n=10, FN n=12;
pCAF#2: n=20, COLIV n=8, FN n =12; 3 independent experiments). f Heatmap of
correlation coefficients comparing intensity profiles and fibre angles of CAF#2,

BF#1, BF#2, pCAF#1 and pCAF#2 (displayed in a-e) and BC tumour samples

(Fig. 2d) for COLIV, FN and CAF (when possible). Pearson correlation (two-tailed,
95% CI), with p-values < 0.0001. g Fluorescence intensity ratio of fibroblast GFP
signal, COLIV and FN immunostainings in the EDGE and OUT regions (ratio EDGE/
OUT). One-way ANOVA (COLIV) and Kruskal-Wallis (GFP, FN) tests were performed
with p-value *p =0.0295. h Relative orientation of fibroblasts (major elongation
axis), COLIV and FN respective to the tumour/stroma boundary Kruskal-Wallis test
was performed p-values: CAF#1 vs CAF#2 (GFP) **p =0.0073, (COLIV) *p = 0.0434;
CAF#1 vs BF#1 (GFP) *p =0.0187, (COLIV) *=0.0286, (FN) *p = 0.0456; pCAF#1 vs
BF#1 (FN) *p =0.0303. In all graphs, ns indicates non-significant, non-shown com-
parisons are non-significant (n = measurements, n(CAF) =20; n(COLIV, FN) =8,
from 3 independent experiments). Source data are provided as a Source Data file.

a
S,
Without CAFs S 3
K\
With CAF §“"”’g §\‘",//2
it| S = S B 5
TN 4
: e ! : : —>
Day 0 4 6 7 10
Cancer Immune
cells  cells %’%
b c
M Without CAF#1 M With CAF#1
*kkk
2 20— n
@
C
> £ 15-
= ©
©
5] g— 104
Q5
g ; ° M T Lol
g O ,&:-,d-kf.'«"""" i o
= £ () a2 o’ SRR
E T T T T T T T T T T T T 1
0 10 20 30 40 50 60

Immune cells
W Cancer cells
Immune cells overlapping with cancer cells

Fig. 4 | Stroma drives tumour immune exclusion in MIRO. a Co-culture timeline
in MIRO in the absence or presence of stroma. b Time projection of time-lapse
imaging of immune cells reaching MIRO inlet and interacting with the tumour
spheroid. For each time point, the fluorescence image of the immune cells was
binarized and overlaid with the tumour cell fluorescent signal. Inmune cells
overlapping with tumour cells over time are displayed in yellow, the others are
shown in cyan, and BCC are in red. Scale bar: 100 pm. ¢ Quantification of immune

Time (hours)
+ 24h post immune cells seeding

cells infiltrated in the tumour compartments in the absence (without CAF#1 black
dots) and presence (with CAF#1, green dots) of CAF#1. The dotted line represents
the mean value of the immune cell counted over time; SD is shown as a filled
coloured area (n = measures, with stroma n = 8; without stroma n = 6, from at least 3
independent experiments;), unpaired t-test over the last 10 time points (two-tailed)
was performed, ***p < 0.0001. Source data are provided as a Source Data file.

PBMCs (Fig. 8d and Supplementary Fig. 14e). These data suggest a
higher cytolytic activity, cytokine secretion and degranulation of
infiltrating immune cells upon IL2 administration.

ADCC is a local mechanism that implies transient immune cell-
cancer cell physical contacts leading to targeted cellular membrane
perforation®. In line with this, NK cells showed significant upregu-
lation of ITGAL in the presence of cancer cells and IL2+Ttz regimen
(Fig. 8e). Since ITGAL has also been involved in cell-cell adhesion
during immunological synapses®, we speculated that IL2 and

Trastuzumab treatments could also affect NK cell motility and the
ADCC response. We then quantified these transient events upon
IL2+Ttz administration. For this, we performed time-lapse imaging
upon the addition of a fluorescent cell death reagent in MIRO
upon IL2+Ttz treatment (Fig. 8f, g). With this approach, we could
observe ADCC events mediated by NK cells upon IL2+Ttz treatment
(Fig. 8g). Remarkably, 67% of immune/cancer cell contacts were
under 6-min duration and led to 62,5% of total cancer cell death in
the first 20 min following treatment administration (Fig. 8f, g and
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Supplementary Movies 12 and 13). In addition, NK cell and PBMC
tracking in the IN region indicated that the average speed upon IL2,
Trastuzumab and IL2+Ttz treatments was significantly increased
compared to control, suggesting a global gain in the scanning
behaviour of intraepithelial NK cells (Supplementary Fig. 14f and
Supplementary Fig. 15a). IL2 and IL2+Ttz treatments also significantly
increased NK cell maximum spreading area respectively by 44% and

32% in the cancer cell compartments, while in contrast Trastuzumab
alone induced only marginal NK cell spreading (13%) (Supplementary
Fig. 15b). These values are consistent with previous studies asses-
sing NK cell-driven ADCC in 3D matrices™. Collectively, these
data indicate that IL2 stimulates immune cell trafficking in tumours
and restores Trastuzumab-induced ADCC in immunosuppressed
tumours.
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Fig. 5 | Live imaging of intraepithelial immune infiltration induced by Trastu-
zumab and Interleukin 2 combined regimen. a Timeline of MIRO co-culture in
the presence or absence of IL2+Ttz treatment. b Time-lapse imaging of MIRO inlet
showing the effect of IL2+Ttz treatment on immune cell infiltration in tumour
compartments (HCC1954-mCherry BCC spheroid; CAF#1-GFP). Scale bars: 200 pm;
zooms: 100 pm. ¢ Quantification of immune cells infiltrated in tumour compart-
ments 24 h after immune cell seeding in the absence (control, black dots) or pre-
sence of IL2+Ttz treatment (pink dots). The dotted line represents the mean value
of the immune cell counted over time, SD is shown as a filled coloured area (CT
n=8; IL2+Ttz n= 6 videos, from at least 3 independent experiments;), unpaired ¢-

test over the last 10 time points (two-tailed) was performed, ****p < 0.0001. Immune
cell counting in the tumour compartment (d) and in the stroma (e) for different
fibroblasts (CAF#1, BF#1, pCAF#1 and pCAF#2) co-cultured with HCC1954 BCC
spheroids and in presence or absence of IL2+Ttz treatment. ¢-tests (two-tailed) were
performed (n = measurements, CT CAF#1 n =26, IL2+Ttz CAF#1 n =29 with

**p =0.0046; CT BF#l n=31, IL2+Ttz BF#1 n=37 with **p =0.0013; CT pCAF#1
n=28,1L.2+Ttz pCAF#1 n =25 with**p = 0.0003; CT pCAF#2 n =17, IL2+Ttz pCAF#2
n=24with *p=0.0225, 3 independent experiments). In all graphs, ns indicates non-
significant. Source data are provided as a Source Data file.

Discussion

Increasing evidence indicates that ECM and stromal cells encapsulat-
ing epithelial cancer cell islets hinder immune infiltration in a subset of
tumours, thus favouring cancer progression and resistance to
therapy?*’. However, the mechanisms underlying immune exclusion
by the TME remain mostly unknown. Hence, there is an urgent need for
approaches allowing the study of tumour immunity on a patient-by-
patient basis and the identification of personalised treatments to
overcome immune evasion. In this context, microfluidic models have
the potential to recapitulate the complex cellular interactions occur-
ring within the TME.

Here, we described MIRO (Micro Immuno-Response On-Chip), an
in vitro platform creating a CAF-ECM stromal barrier that recapitulates
key features observed in cancer patients. As proof of concept, we used
MIRO to recreate cellular traits of a HER2+ breast cancer subtype
resistant to therapy. We show that MIRO enables the formation of
reproducible 2.5D cancer/stroma interface (EDGE) surrounding cancer
cell compartments (IN), and the establishment of a meshwork of ECM
proteins that shares molecular and structural similarities with the TME
of patient tumours. In MIRO, fibroblasts, fibronectin and collagens
align along the tumour edge in the vicinity of the cancer/stroma
interface. We show that this organisation is reminiscent of the histo-
pathology of cancer/stroma interface organisation commonly found in
solid tumours®>*, In addition, CAF alignment, TME compactness and
recoil speed in MIRO suggest an elevated tensional state at the
tumour/stroma interface. Compressive forces in the vicinity of the
cancer islets have been previously related to a reduction of the matrix
hydraulic permeability**, favouring tumour encapsulation. However,
the role of the stromal tension and mechanical properties driving TME
architecture and impacting cancer treatment remains elusive as the
current in vitro models that enable addressing those questions are
sparse. In this context, MIRO offers a powerful approach to quantita-
tively assess the effect of diverse mechanical perturbations (e.g. laser
ablation, targeting ECM/CAF-related genes and immune cells migra-
tion) on the immune infiltration state of the cancer cell compartment.

As proof of concept, we leveraged MIRO to recreate cellular traits
of HER2+ breast cancer unresponsive to therapy using distinct types of
fibroblasts and cancer cells. We monitored the immune infiltration
upon anti-HER2 mAbs therapy (Trastuzumab) and demonstrated that
stroma-encapsulated HER2+ BCCs are resistant to Trastuzumab-
induced ADCC. IL2-based compounds have recently drawn growing
interest for the treatment of cancers including HER2+ breast cancers
refractory to therapy*>**~°. Over the past decade, approximately 800
clinical trials explored the benefits of IL2, with around 200 of these
trials currently active and recruiting participants (as listed on http://
clinicaltrials.gov). This extensive clinical activity underscores the
widespread interest in investigating IL2 in cancer treatment, including
in association with Trastuzumab (e.g. NCT05395052, NCT05385705,
NCT05207722). In this line, we show that MIRO recapitulates the
synergistic effect of Trastuzumab and IL2 on restoring anti-cancer
immunity. Single-cell tracking of NK cells and PBMCs migrating within
CAF-derived ECM and cancer cell compartments indicates that IL2 in
combination with Trastuzumab increases the intraepithelial

abundance of immune cells. Furthermore, we show that treatment-
induced anti-cancer immunity is associated with increased immune
cell motility as well as changes in spreading morphology both at the
tumour margin (EDGE) and in the cancer cell compartments (IN).
These observations are consistent with independent studies reporting
similar speeds of NK cells in a 3D collagen matrix, ranging between 2
and 5um/min'**°, Importantly, our data suggest that IL2 stimulation
overcomes immune exclusion by increasing the migratory capacity of
immune cells, rather than altering the stromal barrier. In addition,
higher cytolytic activity, cytokine secretion and degranulation of
infiltrating immune cells were also observed upon IL2 administration.

On a technical level, it is essential to acknowledge the limits of our
present model. Notably, MIRO lacks blood and lymphatic vessels, as
well as neural components. The absence of vascularisation prevents
the full replication of nutrient and oxygen gradients, as well as immune
cell circulation. Additionally, the exclusion of neural networks neglects
the influence of neuro-immune crosstalk on tumour behaviour and
response to therapies®. Addressing these limitations in future models
may substantially improve their physiological relevance, enabling even
more accurate studies of cancer-stroma-immune interactions, treat-
ment responses, and metastatic progression. Additionally, although
the stability of the co-culture in this study was demonstrated over the
culture period, it is important to point out that other cell types might
behave differently, leading to diverse spatial arrangements. It is also
important to mention that cancer cells need to maintain a minimal but
critical level of intercellular cohesion, in addition to a certain density of
fibroblasts to allow the formation and the stability of the tumour/
stroma boundary in MIRO. Despite its inherent limitations, our model
offers several substantial advantages. Its design provides controlled
conditions for studying specific interactions and responses, facilitating
the identification of key mechanisms in complex biological processes.
One of the main advantages lies in the incorporation within a confined
space of CAFs and ECM elements that are playing a pivotal role in
forming barriers to immune cell infiltration and exerting immuno-
suppressive functions within the TME®**°. The outcome is the creation
of a 2.5D cancer/stroma interface which is associated with immune
exclusion and resembles the structure of the one observed in the
human breast tumour margin. This configuration strikes a balance
between 2D and 3D cultures, enabling the study of 3D-related effects
while maintaining experimental flexibility and reproducibility, thus
offering an opportunity for studying the underlying drivers and con-
sequences of cancer cell-CAF-driven immunosuppressive barriers. In
contrast, enrichment of these stromal proteins is mostly absent in
currently available 3D assays and on-chip models. Alternatively,
models based on patient tumour fragments may offer an enhanced
representation of TME with patient-specific ECM and cellular
complexity®® 2. However, inherent sample variability can hinder
reproducibility, and the practical and ethical challenges of obtaining
and maintaining clinical fragments limit their widespread use. Com-
pared to standard 3D environments and in vivo animal models, MIRO
coupled with confocal microscopy and laser ablation enables high-
resolution visualisation of cellular processes and precise manipulation
of cellular structures. For instance, MIRO allows for the identification
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Fig. 6 | Quantitative measurements of the effect of Trastuzumab and Inter-
leukin 2 combined treatment on the stromal barrier architecture and com-
position. a Quantification of propidium iodide fluorescent signal on CAF#1 (cell
death quantification) in the absence or presence of IL2+Ttz drug treatment and of
immune cells (PBMCs) (n = measurements, CT no PBMCs n=10; CT PBMCs n=15;
IL2+Ttz no PBMCs n =11; IL2+Ttz PBMCs n =18; 3 independent experiments). One-
way ANOVA with multiple comparison tests was performed. b Quantification of the
height of the EDGE region of fixed samples based on CAF#1-GFP fluorescent signal
in the presence or absence of IL2+Ttz treatment (n =30 measurements, 3 inde-
pendent experiments). Unpaired ¢-test (two-tailed) was performed, p = 0.2217. Box
plots in (a) and (b) show the median and bars the minimum to maximum values.
¢, d Relative fluorescence intensity profiles and relative orientation of CAF#1 (GFP
signal) (c), COLIV and FN (d) respective to the tumour/stroma boundary in MIRO.
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Lines indicate the mean values and coloured areas the SD. The “0” value refers to
the tumour/stroma boundary location set as a reference. Unpaired multiple ¢-tests
performed shows no significant differences in the accumulation, distribution and
orientation of CAFs, FN and COLIV upon IL2+Ttz drug treatment compared to CT
(shown in Fig. 2d) except for intensity x = 0 CAF#1 CT vs CAF#1 IL2+Ttz, p < 0.0001
(n=measurements, CAF (GFP) n=18, COLIV n=17; FN n=18, 3 independent
experiments). e RT-qPCR quantification of FN (FNI), COLIV (COL4A1) and COLI
(COLIA) expression in CAF#1 monoculture in the presence or absence of drug
treatments. Values are mean + SD (n =3 independent experiments), ratio paired
t-test (two-tailed) was performed, COLIA p = 0.8574, COL4A1 p = 0.0938, FN1
p=0.7685. In all graphs, ns indicates non-significant. Source data are provided as a
Source Data file.

of multiple co-cultured cell subtypes through fluorescence labelling,
tracking of individual cell behaviour including motility, migration, and
spreading, monitoring immune cell trafficking, and real-time obser-
vation of single-cell apoptosis. These combined advantages provide
powerful tools for gaining insights into dynamic cellular processes and
interactions. Another benefit resides in the compatibility of the MIRO
design with standard multiwell plates for cell culture. This multiplexing

allows to easily test in parallel multidrug conditions and donor-to-
donor variability of the immune cell population***"**, Hence, MIRO
represents an adaptable platform for investigating anti-cancer immu-
nity, which takes into account the organisation of BCC, stroma and
ECM components.

While fully recapitulating the physiological TME remains a long-
term goal, MIRO provides substantial advancements in replicating the
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Fig. 7 | Assessment of immune cell motility and spreading changes in the
tumour/stroma boundary upon Trastuzumab and Interleukin 2 treatment.

a lllustration of the co-culture timeline in MIRO with NK cells seeding.

b Schematic of the experimental set-up using MIRO devices using 12-well plates.
The multiwell configuration allows performing multidrug screening and triplicate
of each condition per experiment. ¢ Representative fluorescence image of CAF#1-
GFP (green), HCC1954-mCherry BCC spheroids (red) (left panel) and NK cell
tracks monitored over 90 min time-lapse acquisition (right panel, white lines) in
the tumour/stroma boundary region. Scale bars: 100 pm. d Orientation of CAFs#1
and NK cell tracks relative to the tumour/stroma boundary (thick dashed red
line). Scale bars: 100 um. e Correlation analysis (correlation coefficient calcula-
tion, cc) of CAF#1 and NK cell track orientations in the EDGE region showing a
positive correlation (cc (mean +SD) = 0.16 + 0.08) compared to randomised data
correlation analysis (cc (mean +SD) =0 + 0.09) (n=1260 measurements, 4 inde-
pendent experiments) Mann-Whitney test (two-tailed) was performed,

***+*p < 0.000L1. f Frequency distribution (in %) of NK cell mean velocity in the
tumour EDGE region upon IL2 treatment (n = measurements, CT n =25, IL2
n=119, Ttz n=50, IL2+Ttz n =95, at least 3 independent experiments);
Kruskal-Wallis tests were performed. g Representative time-lapse binarized
images of single NK cells migrating in the EDGE region in the presence or absence
of treatment. Each montage depicts the dynamic of morphological changes of NK
cells over 9 min (time between frame 1 min, n =10 cells per condition). Scale bars:
5 pum. h Maximum NK cell spreading area (m) of NK cells tracked in the tumour
EDGE in MIRO in the absence of treatment, CT m =84.3 +31.04 um?, or in the
presence of IL2 m=155.9 + 78.49 um?, Ttz m =114.9 + 45.64 um?, or IL2+Ttz
m=134.3 £56.73 pm? n=measurements, CT n=24, 112 n=87, Ttzn=49, IL2+Ttz
n=79, from at least 3 independent experiments). Kruskal-Wallis test (two-tailed)
was performed, ***p < 0.0001, *p = 0.0409. In all graphs, non-shown comparisons
are non-significant. Source data are provided as a Source Data file.
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spatial arrangement of human tumours. Given the potential of
immunotherapy in oncology, MIRO offers a valuable ex vivo approach
to identify key players mediating tumour immune exclusion in a con-
trolled yet biologically relevant setting. This encompasses a wide range
of uses, from tracking T-cell activation and migratory trends to
investigating the mechanics of macrophage-tumour interactions.
Potential applications of MIRO could include chemotaxis and the

Time to death (min)

investigation of cytokine gradients. Furthermore, it provides a frame-
work for comprehensive examinations of immunosuppressive path-
ways involving myeloid-derived suppressor cells and regulatory T-
cells, facilitating a deeper understanding of how tumours evade
immune surveillance. Considering the compatibility of MIRO with
autologous cellular models, we envision that our approach may also
offer a powerful platform for precision oncology. In the clinical setting,
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Fig. 8 | Inmuno-infiltration and ADCC quantification upon Interleukin 2 and
Trastuzumab treatment in MIRO assays. a Representative images of tumour/
stroma boundary region in MIRO in the presence or absence of treatment. White
circles show NK cells in the tumour compartment (EDGE boundaries (dashed line),
CAF#1-GFP (green); BCC spheroid, (red)). Scale bars: 100 pm. b NK cells counting in
the tumour (IN) and in the stroma compartments in the control condition (CT) and
upon treatment (n =images; CT n=19, IL2 n=26, Ttzn=22,11.2+Ttzn=29; 5
independent experiments), Kruskal-Wallis multiple comparison test was per-
formed, CT vs IL2 *p=0.002, CT vs IL2+Ttz p = 0.0045. ¢ BCC death quantification
of in the absence or presence of drug treatments and of NK cells (n=
measurements; no NK cells: CT n=15; IL2 n=13; Ttz n=12; IL2+Ttz n =10; NK cells:
CTn=30,IL2n=17; Ttzn=29; IL2+Ttz n = 27; at least 4 independent experiments).
Box plots show the medians, bars the minimum to maximum values. One-way
ANOVA was performed, **p = 0.0051, **p = 0.0006 (CT vs Ttz) and p =0.0001 (Ttz

vs IL2+Ttz), ***p < 0.0001. d, e RT-qPCR quantification of Perforin 1 (PRFI), Gran-
zyme B (GZMB) and ITGAL expression level in NK cells co-cultured with HCC1954
BCC in the absence (CT) or presence of Ttz and/or IL2 treatment (dn=5anden=3
independent experiments). Ratio paired t-test (two-tailed) was performed,
*p=0.0093; * PRF1 p=0.0365 (CT vs IL2), p = 0.0272 (CT vs IL2+Ttz); GNZB
p=0.0252 (CT vs IL2), ITGAL p =0.0431 (CT vs IL2+Ttz). f Left: Time-lapse imaging
sequence of BCC death (BCC nuclear contour: dashed white line) triggered by an
NK cell. Frame interval =1 min. Scale bars: 5 pm. Right: Illustration of NK cell/cancer
interaction leading to cancer cell death. g Frequency distribution of the time to lytic
hit (left) and to death (right) induced by NK cell upon IL2+Ttz treatment (n =48
measurements, 2 independent experiments). In all graphs, ns indicates non-sig-
nificant; non-shown comparisons are non-significant. Source data are provided as a
Source Data file.

it may aid in personalised treatment selection by providing insights
into tumour interactions with the microenvironment and immune
cells. This could inform the choice of therapy targeting both cancer
cells and the TME, facilitate biomarker discovery for treatment
response, and optimise combination therapies while understanding
resistance mechanisms. In pharmaceutical research, this platform may
likely enhance drug development by providing insights into com-
pound interactions in complex microenvironments, improving testing
accuracy and candidate identification. Hence, MIRO holds the poten-
tial to guide targeted therapy development and inform immunother-
apy design, advancing precision oncology by comprehensively
addressing the interplay among cancer cells, stromal components, and
immune responses.

Methods

Cell culture

HER2+ breast cancer cell lines (HCC1954, ATCC: CRL-2338; HCC1419,
ATCC: CRL-2326) were provided by the American Type Culture Col-
lection and were stably transfected via Lentivirus with a luciferase
reporter coupled to a mCherry cytosolic marker (HCC1954 red;
HCC1419 red). Breast fibroblasts were kindly provided by P. Gascon/P.
Bragado laboratory (IDIBAPS, Barcelona) (CAF#1, CAF#2, BF#1, BF#2)
and derived at Hospital del Mar Research Institute (pCAF#1 and
pCAF#2) and are characterised elsewhere®. In brief, fibroblasts were
expanded in culture from digested pieces of fresh human mammary
tissue or HER2 + BC tissue. Differential trypsinization was performed to
further isolate the fibroblast population. Fibroblast phenotypes were
characterised by measuring the expression of a-SMA and FAP, in
addition to other biomarkers described in Supplementary Fig. 7, by
gPCR. A retroviral vector pMIG (MSCV-IRES-GFP) expressing hTERT
and GFP was used to immortalise and label CAF#1, CAF#2, BF#1, BF#2.
HER2+ breast cancer cell lines were cultured in RPMI (Thermo Fisher)
medium and fibroblasts in DMEM (Gibco) both at 10% decom-
plemented foetal bovine serum (FBS; Gibco), penicillin (100 pg/ml)
and streptomycin (100 pg/ml; Gibco), and 29.2 mg/ml glutamine
(Invitrogen). Cells were incubated at 37 °C with 5% CO, and passaged
when confluency reached 80-90%. Peripheral blood mononucleated
cells (PBMCs) were purified from blood samples of healthy donors with
Lymphoprep™. Untouched NK cells were purified from PBMCs with
the NK Cell Isolation Kit (Miltenyi Biotec) following the manufacturers’
instructions. PBMCs and NK cells were stained with CellTracker™ Deep
Red Dye (Invitrogen) following manufacturers’ protocols as previously
described (Rivas et al.*?) and cultured in RPMI medium supplemented
with 0.2% decomplemented foetal bovine serum (FBS), penicillin
(100 pg/ml) and streptomycin (100 pg/ml). For cell culture in MIRO, at
day 0 a suspension of 5000 fibroblasts were seeded in the inlet of the
MIRO device, while for pCAF#1 and pCAF#1 a suspension of 10,000
cells was seeded, to account for their difference of proliferation rate.
Breast cancer cell spheroids were formed by seeding 2500 HCC1954 or
HCC1419 red cells in a 96-well Ultra-Low Attachment Microplate

(Corning) in RPMI 10%. On day 4, 4 HCC1954 BCC spheroids were
manually seeded inside the inlet on top of the fibroblast monolayer
spaced from each other and away from the channel exit. On day 6, the
co-culture was washed with 0.2% FBS RPMI medium, and was treated
with 20 mg/ml of Trastuzumab, and/or 100 ng/ml of Interleukin 2 (IL2,
Peprotech) corresponding to a specific activity of =107 units/mg. On
the same day, 900,000 PBMCs or 150,000 NK cells were seeded in the
outlet of the device. For HCC1419/CAF#1, on day 4 cancer cell spher-
oids were first seeded in MIRO to promote strong attachment to the
substrate. 10,000 CAFs#1 were then seeded 4 h later, thus preventing
their proliferation beneath the cancer spheroids, which could com-
plicate boundary delineation. The spheroids positioned in a range of
200 um distance from the channel exit were selected for imaging. The
co-culture was imaged from 24 to 96 h after immune cell seeding, to
achieve optimal response to the treatment 72-96 h after the immune
cell and drug incubation, as previously described*.

MIRO device fabrication

A mixture of polydimethylsiloxane (PDMS) and curing agents (SYL-
GARD 184 Silicone Elastomer Kit, Dow) was mixed in a 10:1 weight-to-
weight ratio and poured on a resin stamp, degassed in a vacuum
desiccator, and solidified at 80 °C for 2 h. Then, the PDMS was peeled
off from the mask. A custom-made puncher with 10 mm and 6 mm
cutting rings was used to form the outlet and inlet of the device. Each
PDMS device was activated using oxygen plasma for 40 s and sealed on
a glass-bottom 12-well plate or 35 mm glass-bottom single dish. The
devices were made hydrophilic with corona treatment and sterilised
with exposure to ultraviolet light for 15 min.

Confocal microscopy image acquisition

Unless stated otherwise, the described co-culture was imaged in
fluorescence on day 10 after CAF seeding at 37 °C in a CO, humidity-
controlled chamber using a confocal microscope Nikon C1Si with a
spinning-disc confocal unit (CSU-WI1, Yokogawa), and a Zyla sCMOS
camera (Andor) controlled by the Micro-Manager software® using 4x,
10x, 20x, or 40x air objectives.

IN, EDGE OUT areas characterisation

The delineation of the EDGE, OUT, and IN regions was extracted from
the maximum fluorescent intensity z-projections of the confocal ima-
ges of the fixed and immunostained co-culture using a custom-made
MATLAB code (MATLAB4STROMA). For each field of view, the
tumour/stroma boundary was manually outlined using the CAF/BF-
GFP fluorescent signal. For the primary fibroblasts, the boundary was
manually outlined using the autofluorescence signal from the 488 nm
excitation channel (Supplementary Fig. 8b). The averaged fluorescent
intensity profiles of the CAF-GFP, Fibronectin and Collagen IV signals
were plotted in function of the distance to the tumour/stroma
boundary and the CAF-GFP fluorescent profile was used to determine
the EDGE width based on the findchangepts Matlab function®®. The
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average width was estimated for the HCC1954 and CAF#1 (mean width
=120 + 33 um values; n = 51 images, at least 17 spheroids from at least 4
independent experiments), and the “EDGE region” was defined as the
stromal area between 0 and 120 um distance from the tumour/stroma
boundary. The “OUT region” was defined as the stromal area corre-
sponding to twice the distance away from the calculated edge width
average value (for the CAF#1, the “OUT region” starts 240 um away
from the tumour/stroma boundary). The “IN region” refers to the
region occupied by the tumour spheroid.

The EDGE height was estimated by counting the number of z-stack
images from the acquisition of GFP-labelled CAF#1 on fixed samples
(20x objective, 1um z-steps). To estimate the number of
CAFs#1 stacked at the EDGE region (Nfib), the samples were incubated
with Hoechst 33342 for DAPI staining. The height of individual CAFs
was first calculated by counting the number of z-steps (with 1 um step
resolution) for which the nuclear fluorescent signal (Hoechst 33342)
was distinguishable (n=19 images, 19 spheroids, 6 independent
experiments). With this method, the average CAF#1 height (Hfib) was
estimated to be Hfib=5 + 1 um. To obtain the Nfib values, each value of
the EDGE height was then divided by Hfib. The EDGE and CAF height
values were corrected with a correction factor (o) as previously
described®” (a=1.3765 for live samples).

Immune cell tracking and morphology analysis

Immune cell tracking was performed through time-lapse confocal
acquisition (1 frame/min, 90 min) on day 4 after immune cell seeding.
NK cell morphology analyses were performed using a combination of
the TrackMate Fiji plugin and a custom MATLAB script (MATLAB4-
Trackmate). For each track, the maximal spreading area of the
selected cell was calculated using the binarized fluorescent image
(647 nm channel). The mean values of maximal spreading area were
obtained by averaging all values of a given track. Immune cell mean
velocity was calculated for each track by averaging the instant velo-
cities corresponding to distances between time point () and (¢ +4).
For these analyses, tracks shorter than 6-time point lengths were
discarded.

Stroma orientation and immune cell correlation analysis
The orientation of ECM fibres and fibroblast towards the tumour/
stroma boundary was calculated using ctFIRE programme®® and a
MATLAB custom script (MATLAB4Stroma). Briefly, the ctFIRE pro-
gramme was run on the max z-projection fluorescent images of the
MIRO stained samples and the TMA samples to detect the CAF and
ECM fibre meshwork orientations and then analysed using a Matlab
custom-made script. For each pixel of a fibre detected, the segment
formed by pixels (i) and (i + 4) was used to calculate its angle respective
to the tumour/stroma boundary. For clarity, the CAF and ECM angles
distribution for the IN region are not plotted, as CAF and ECM mostly
give background signals in this area.

To correlate the orientation of fibroblasts and NK cell trajectories,
NK cell tracks were divided into segments from time point (¢) to (t +4)
and the orientation of each segment relative to the tumour/stroma
boundary was then calculated similarly as the CAF and ECM orienta-
tion. To analyse the correlation between NK cell tracks and CAFs, the
orientation of each segment corresponding to NK cell tracks and its
nearest neighbour fibroblast vector (B.ck and Ocar) were saved as
pairs (n=1260 pairs, 4 independent experiments). To measure the
Pearson correlation coefficient with 95% confidence interval we per-
formed a bootstrap analysis. Specifically, 10% of the NK cell track-CAF-
pairs were randomly drawn without repetitions and the correlation
coefficient was calculated. The operation was then repeated 1000
times and the mean value with 95% confidence interval was computed
from the resulting distribution. To further test the null hypothesis, the
same bootstrap analysis was performed by using the same algorithm
and data set but drawing a random Oc4r for each selected O ack-

Immune cell infiltration quantification
For PBMC and NK cells count in the stroma (EDGE + OUT) and infil-
trated in the tumour (IN) cells were counted using the Trackmate Fiji
plugin® based on the fluorescent signal of the cells using confocal
images acquired with 20x objective. For long-term acquisition of
PBMCs infiltrating the tumour compartment, time-lapse acquisitions
were performed at the rate of 1 acquisition/15 min for 62.5 h starting on
day 7 using a 10x objective. The quantification of immune cell infil-
tration over time was performed using binarized fluorescent images of
PBMCs and cancer cells counting for each image the number of par-
ticles corresponding to PBMCs overlapping the tumour compartment.
To measure the signal from PBMCs exiting the channels, binarized
fluorescent images of PBMCs were generated at each time point. For
each acquisition, a region of interest (ROI) (100 um length x 200 um
width) was positioned at the exit of one channel facing a tumour
spheroid. The average value of the fluorescent signal over time was
retrieved in the ROI and the mean value over all the acquisitions was
calculated for each condition. The relative percentage increase of the
signal over time was then calculated.

Cell death assay

To assess cancer cell death, on day 10 after CAF seeding the MIRO co-
culture was incubated at 37 °C for 4 h with the cell viability imaging kit
following the manufacturer’s protocol (ReadyProbes Cell Viability
Imaging Kit, Thermo Fisher, R37609). NucGreen® Dead reagent stains
only the nuclei of cells with compromised plasma membrane integrity.
Quantification of the cancer cell death was performed by measuring
the mean intensity of the NucGreen® Dead reagent signal in the IN
region for the different drug treatments. Values were normalised to the
mean value of the control conditions in the presence or absence of NK
cells and PBMCs respectively. For the CAF cell death assay, a similar
procedure was performed using propidium iodide from ReadyProbes
Cell Viability Imaging Kit (Thermo Fisher, R37610). The mean intensity
of the CAF death signal was measured in regions populated by the CAF
layer, choosing an area in the inlet at the vicinity of the channels. Each
value was normalised to the mean value of fluorescence in the absence
of treatment.

To quantify ADCC lytic events mediated by NK cells, the cell via-
bility reporter was added to the cell media 4 h before the acquisition
(ReadyProbes Cell Viability Imaging Kit, Thermo Fisher, R37609). To
determine the number of lytic events, the increase of fluorescent green
signal in the nucleus of cancer cells was monitored through confocal
time-lapse acquisition (1 frame/4 min). Cell death events with previous
contact (NK cells arrest within 0-3 um from the nucleus of the target
cell) with NK cells were manually counted. To discriminate non-ADCC-
mediated cell death or non-traceable ADCC events, only events of cell
death that correlated with the presence of NK cells within 0-3 um from
the target cell were quantified. To determine the cancer cell time to
death, for each ADCC event counted, the time interval between the
first visible contact of NK and the first frame of green signal appear-
ance in the nucleus was calculated.

Immunofluorescence, immunohistochemistry and picrosirius
red staining
Cells were fixed in 4% paraformaldehyde (PFA; Electron Microscopy
Sciences) for 10 min at room temperature (RT) and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) for 10 min at RT. Cells were blocked
in 1% BSA (Signa-Aldrich) for 1 h at RT before being incubated for 1 h at
RT with primary antibodies (see Table 1). After incubation for 1 h at RT
with secondary antibodies (see Table 1) or phalloidin, nuclei were
stained (Hoechst 33342, Invitrogen) at RT for 20 min. The samples
were then washed and mounted with MOWIOL reagent (Merck Life
Science).

Immunohistochemistry was carried out using 4 pm tissue sections
according to standard procedures™. Briefly, after antigen retrieval,
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Table 1| List of primary and secondary antibodies used in this study, with dilution per corresponding application

Antibody Host animal Dilution for immunostaining Dilution for IHC/ IF Distributor, Cat. number

D45 Rabbit 1:2000/ 1:4000 Abcam 208022

E-cadherin Mouse 1:200 1:1000/ 1:1000 BD Pharmingen, 610181

Vimentin Mouse 1:100/ 1:100 BD Pharmingen, 550513

FAP Rat 1:200 1:800 Vitatex, MABS1002, PMID: 23153532
Fibronectin Rabbit 1:200 1:2000 Sigma, F3648

Collagen IV Rabbit 1:200 1:500 Abcam, ab6586

Collagen | Mouse 1:100 1:200 Merck Life Science, C2456
Phalloidin Alexa Fluor 647 1:500 Thermo Fisher, no. A22287

samples were blocked with Peroxidase-Blocking Solution (Dako,
$202386) for 10 min at RT. Primary antibodies (see Table 1) were
incubated overnight at 4 °C. Slides were washed with EnVision™ FLEX
Wash Buffer (Dako, K800721) and the corresponding secondary anti-
body was incubated with the sample for 45 min at RT. Samples were
developed using 3,3’-diaminobenzidine, counterstained with hema-
toxylin and mounted. Staining evaluation and acquisition were per-
formed with QuPath software.

For Picrosirius Red staining, samples were stained with Thiose-
micarbazide 99% (TSC) (Sigma, T33405) for 10 min and washed in
distilled water. Next, samples were stained with 0.5% direct Red 80
(365548, Sigma) solution in Piric Acid Solution 1.3% (P6744-1GA,
Sigma) for 90 min and rinsed with 1% acetic acid (Sigma, 320099) for
1min. Samples were dehydrated and mounted with Mounting Med-
ium, Toluene-Free (CS705, Dako, Agilent) using a Dako CoverStainer.

Laser ablation live imaging experiments

A laser ablation system was implemented as previously described”. In
brief, a 470 picosecond-pulsed laser (Nd: YAG at 355 nm, “High-Power
Chip”, Teem Photonics, France) was focused through a 40x/1.2W
objective lens to achieve plasma-induced ablation of several cells
inducing cell death and removal from the ablated area. In the current
hardware configuration, the beam is fixed, and the stage of the
microscope enables the ablation laser to raster a user-defined spline-
line shape, distributing laser pulses at about 5 pulses/um at a fre-
quency of about 100 Hz. Images were acquired with an ORCA Flash4 v2
SCMOS camera (Hamamatsu, Japan) and a lens-less spinning disk
enables confocal imaging. Fluorescence is achieved with 488 and 561
solid-state lasers (Omicron Laserage Gmbh, Germany) and fluores-
cence filters (525/50, 609/54, Chroma). For the ablation of the EDGE
regions, one line is scanned two times across the sample to achieve
ablation. For the OUT regions, one scan was performed to achieve
ablation. Up to three individual scans are achieved, each of them
performed in separate planes, distant 10 pm axially, with increased
laser frequency up to 500 Hz and increased scanning speed to main-
tain the laser pulse density and to minimise the time between pre-and
post-ablation. The energy per pulse used in all experiments ranges
from 400 nJ to 800 nJ.

To quantify the recoil time after laser ablation in the EDGE and
OUT regions, each time-lapse acquisition (1 frame/0.63 to 0.68 s, total
time analysed: 200 s) was converted into kymographs using the ImageJ
Plugin Kymographbuilder. In brief, a line was drawn along the ablation
path and positioned perpendicularly to the cut at the central region of
the ablated region. Detection of the recoil edge on kymographs was
performed with a semi-automatic ImageJ macro, using Wand and Lasso
graphical tools to create a mask of the recoil gap. Recoil values and
statistics were analysed in Igor Pro (Wavemetrics, v6.04). Curve fitting
was done on each recoil record with a double exponential model that
precisely recapitulates the recoil dynamics, yielding 5 parameters: yO
(recoil at t = «), Al and Taul (slow exponential recoil), A2 and Tau2 (fast

exponential recoil). (yO-Al) expresses the fast recoil amplitude in
microns happening within a few seconds after ablation, while Al
expresses the amplitude in microns of the durable recoil happening
within Taul (beyond 100s). Comparisons of Taul, (y0-Al) and yO
quantities were performed with the Wilcoxon test for non-normally
distributed data, yielding a reported P-value below alpha = 0.05 when
distributions were significantly different.

Immune cell proliferation assay

Immune cells were seeded in RPMI media containing 0.2% FBS and 1%
L-glutamine and were treated with Trastuzumab (20 ng/mL), IL2
(20 ng/mL), or a combination of both. Cells were cultured at 37 °C with
5% CO,, 20% O,, and a relative humidity of 95% for 96 h. At specified
time points, cell counts were conducted using a Neubauer chamber
under a light microscope to assess the cell expansion rate over time
excluding apoptotic and necrotic cells using trypan blue dye (Thermo
Fisher Scientific).

Real-time reverse transcription quantitative PCR (RT-qPCR)
RNA was extracted using Trizol Reagent (Invitrogen) and isolated with
the RNeasy Micro Kit (QIAGEN, Hilfen, Germany) following the man-
ufacturers’ handbook. Reverse transcription was performed using
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Thermo Fisher Scientific, Pleasanton, CA). Quantitative real-time PCR
was performed using TagMan assays (Applied Biosystems) (PRFI,
GZMB, FN1, COLIA and COL4AI) or SYBR Green (Thermo Fisher Sci-
entific) (Table 2) following manufacturers’ instructions in a 7900HT
Fast Real-Time System (Applied Biosystems). PPIA was used as a
housekeeping gene.

To evaluate the expression of ADCC markers, NK cells or PBMCs
extracted from healthy donors were inoculated with 0.2% FBS RPMI
medium to a monoculture of HCC1954 (after its fourth day of growth)
and treated with 20 mg/ml of Trastuzumab, and/or 100 ng/ml of
Interleukin 2 (IL2). After 24 h, the medium containing the immune cells
was collected and PRFI and GZMB expression was quantified. To assess
the expression of integrins in NK cells, HCC1954 cells were grown first.
After expansion, the medium was changed to 0.2% FBS RPMI, and the
conditioned medium (CM) was collected after 24 h. After two days,
they were treated with 20 mg/ml of Trastuzumab, and/or 100 ng/ml of
IL2 with 0.2% FBS RPMI medium and the CM (treated CM) was col-
lected 24 h later. CAFs were grown on a different plate. On days 4 and 5,
the medium was changed for 24 h CM. On day 6, NK cells or PBMCs
extracted from a healthy donor were inoculated together with the
treated CM. After 24 h, the medium (containing the immune cells) was
collected and the expression of /TGAM and ITGAL genes was analysed.
Finally, FNI, COLIA and COL4A1 were analysed on CAFs exposed to
20 mg/ml of Trastuzumab, and/or 100 ng/ml of IL2 with 0.2% FBS
DMEM medium for 4 days. To evaluate the genetic profile of all the
fibroblast cell lines, fibroblasts were seeded in 2D and cultured in 10%
FBS for 3 days before harvesting.
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Table 2 | List of forward and reverse primers used to perform gRT-PCR for the listed genes

Gene Forward primer Reverse primer

ITGAM 5'-ACTTGCAGTGAGAACACGTATG-3' 5'-TCATCCGCCGAAAGTCATGTG-3'
ITGAL 5'-TGCTTATCATCATCACGGATGG-3' R 5'-CTCTCCTTGGTCTGAAAATGCT-3'
ACTA2 5'-GTGTTGCCCCTGAAGAGCAT-3' 5'-GCTGGGACATTGAAAGTCTCA-3'
PDGFRB 5'-AGACACGGGAGAATACTTTTGC-3' 5'-AGTTCCTCGGCATCATTAGGG-3'
PDGFRA 5-TTGAAGGCAGGCACATTTACA-3' 5'-GCGACAAGGTATAATGGCAGAA-3'
FSP1 5'-GGGCAAAGAGGGTGACAAGTT-3' 5'-ACCTCGTTGTCCCTGTTGCT-3'

FAP 5'-CAGTGTATCGAAAGCTGGGTGTT-3' 5'-CAGATGCAAGGGCCAGTGAT-3'
PDPN 5'-CCGCTATAAGTCTGGCTTGACA-3' 5'-TGTGGCGCTTGGACTTTGT-3'
LRRC15 5'-CGTTGCTGTTCCAAGCGTCCAT-3' 5'-GCTCAGTGGTAGAAGAGACGGA-3'
COL4A2 5'-TCCCTAGCAAAAGGTGCCAG-3' 5'-GTCTCCGATGAAGCCCTTG-3'
COL4A1 5'-GGGATGCTGTTGAAAGGTGAA-3' 5'-GGTGGTCCGGTAAATCCTGG-3'
COLI1A1 5'-TGCGATGACGTGATCTGTGA-3' 5'-CGGTGGTTTCTTGGTCGGT-3'

TNC 5'-GCCCCTGATGTTAAGGAGCTG-3' 5'-GGCCTCGAAGGTGACAGTT-3'
LAMB2 5'-GCGGACTTGTTCTGAGTGCCAA-3' 5'-ACCTGTGAAGCGGTGACACTGA-3'
LAMC1 5'-CTGTGAGGTCAACCACTTTGGG-3' 5'-AGCCTTCTCTGCATTCACAGCG-3'
ASPN 5'-CCACCAACTTTATTGGAGCTTCAC-3' 5'-CGTGGTATGTTAGCAAGACTCCC-3'
COL1A2 5'-GGCCCTCAAGGTTTCCAAG-3' 5'-CACCCTGTGGTCCAACAACT-3'
FN1 5'-CGGTGGCTGTCAGTCAAAG-3' 5'-AAACCTCGGCTTCCTCCATAA-3'
LAMB1 5'-GAGGTGTCTCAAGTGCCTGTAC-3' 5'-ACTGGCAGTCAGAGCCGTTACA-3'
COMP 5'-GACGTCAACGAGTGCAACG-3' 5'-TATGTTGCCCGGTCTCACAC-3'
LAMA2 5'-GGCAATCTGAATACACTCGTGAC-3' 5'-TGTGTTGGTCCTCTCAGCATCC-3'
COL10A1 5'-CATAAAAGGCCCACTACCCAAC-3' 5'-ACCTTGCTCTCCTCTTACTGCT-3'
COLT1AT 5'-TAGCACAGACGGAGGCAAAC-3' 5'-AGAAGATCAGAATCCCTGCCG-3'
LAMA3 5'-TAGAGGAAGCCTCTGACACAGG-3' 5'-CCGATAGTATCCAGGGCTACAAC-3'
LAMC2 5-TACAGAGCTGGAAGGCAGGATG-3' 5'-GTTCTCTTGGCTCCTCACCTTG-3'

Clinical material

Biological samples were obtained from 12 BC patients from Parc
de Salut MAR Biobank (MARBiobanc, Barcelona) under informed
consent and approval of the Bank Tumour Committee according
to Ethical regulations. International standards of Ethical Princi-
ples for Medical Research Involving Human subjects (code of
ethics, Declaration of Helsinki, Fortaleza, Brazil, October 2013)
were followed under legal regulations on data confidentiality
(Organic Law 3/2018 -December the 5th- on the Protection of
Personal Data and Digital Rights Guarantee) and on biomedical
research (Law 14/2007 -July the 3rd-).

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism
(v.10.0.2) for Windows, GraphPad Software, Boston, Massachu-
setts USA, www.graphpad.com. Normality and lognormality tests
were used to establish the appropriate significance test, followed
by a statistical test to compare the means. To compare the means
of two groups, unless specified otherwise, a Student’s t-test was
performed. For data with more than one variable, unless other-
wise specified analysis of variance tests (ANOVA) or mixed effects
analysis followed by multiple comparisons tests were applied.
Unless otherwise specified, all error bars shown are meant
standard deviation and representative images refer to at least
three independent samples. No statistical method was used to
predetermine sample size. No data were excluded from the ana-
lyses and unless otherwise specified experiments were not ran-
domised. The investigators were not blinded to allocation during
experiments and outcome assessment. Differences were con-
sidered statistically significant at *p <0.05, *p <0.01, ***p < 0.001
and ***p <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data are available within the Article, Supplementary Information or
Source Data file. The source data underlying Figs. 1g, h, 2d, e, 3a-h, 4c,
5c-e, 6a-e, 7e, f, h, 8b-e, g and Supplementary Figs. 2a, b, 3b, 4d, f, g,
6d-f,7a, b, 9,10b, 11, 123, c, 13, 144, c-f, 153, b are provided as a Source
Data file. Source data are provided with this paper.

Code availability
The codes generated for this study can be found at: https://github.
com/xt-prc-lab/Perucca_et_al 2024 Nature_Communications.git.
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