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MACROPHAGES

Macrophages restrict tumor immune infiltration by

controlling collagen topography
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During tumorigenesis, the extracellular matrix is extensively remodeled. Whereas the impact of such remodeling
on tumor growth and invasion is well described, the consequences on immune infiltration are not well under-
stood. Combining tissue imaging and machine learning, we show that immune cell localization in tumors can be
predicted by the local topography of fibrillar collagens. Such topographies are dictated by a fibrotic pathway
driven by transcription factor 4 (Tcf4) in both cancer and stromal cells, which promotes collagen lll deposition and
results in intermingled collagen networks that favor intratumor infiltration of T cells and neutrophils. Macro-
phages inhibit this pathway, highlighting their key structural role in shaping the tumor extracellular matrix. Re-
analysis of data from human solid tumors revealed a strong correlation between TCF4, COL3A1, and T cell and
neutrophil signatures. Together, our data identify collagen network topographies as a key regulator of tumor-

infiltrating immune cells.

INTRODUCTION

Tumor progression is dictated by the tug of war between cancer and
immune cells, and shifting the balance toward immune cells has
been successfully exploited in different immunotherapeutic strate-
gies (I). Nevertheless, cancer remains the second leading cause of
death worldwide (2), and immunotherapy successes are still limited,
with lower success rates generally for solid tumors (3). T cells play a
particularly pivotal role, as highlighted by their predictive power on
prognosis (4, 5) and response to immunotherapies (6, 7). A central
mechanism of antitumor immune responses is T cell-mediated cy-
totoxicity (8, 9), but their frequent exclusion from the tumor core
promotes tumor immune escape (10, 11). One element of the tumor
microenvironment mediating this exclusion is the dense extracellu-
lar matrix (ECM), in particular collagen, that surrounds tumor islets
(12). Fibrillar collagen networks are remodeled during tumorigenesis
and evolve over time, leading to distinct topographical organizations
named tumor-associated collagen signatures (TACSs) (13, 14). At
advanced stages, many tumors harbor a dense capsule of collagen fi-
bers aligned to the tumor border (TACS-2), in which T cells tend to
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accumulate, limiting their ability to act on cancer cells (12, 15-17).
ECM remodeling also supports tumor progression directly by promot-
ing cancer cell proliferation, survival, and metastasis (18). Reorienta-
tion of collagen fibers perpendicular to the tumor edge (TACS-3) has
been shown to promote metastasis (13, 14, 19), whereas chaotic reori-
entation (TACS-6) promotes multidirectional migration of cancer cells
(13); however, whether TACSs affect T cell infiltration remains unclear.

Recent studies have shed light on the interplay between tumor
ECM remodeling and tumor-associated macrophages (TAMs) (20-
22). TAMs promote ECM deposition indirectly by stimulating fibro-
blasts and directly by producing ECM-associated molecules (20-22)
or degrading the ECM themselves (23-26). Whereas TAMs were
originally identified as antitumor agents (27), subsequent studies
revealed their diversity and more ambiguous role (28). Not only can
macrophages impede antitumor immune responses by promoting
an immunosuppressive environment (29), but they can also dimin-
ish the efficacy of immunotherapies, for example, by directly inter-
acting with T cells and retaining them at the tumor periphery (30)
or by capturing anti-PD-1 (programmed cell death protein 1) anti-
bodies, thereby reducing their bioavailability for T cells (31). TAMs
have also been shown to affect ECM biophysical properties (20, 21),
prompting us to hypothesize that they could thereby regulate tumor
immune infiltration.

In this study, we combined imaging and transcriptional analysis
to test this hypothesis. We demonstrate that as tumors grow, fibrillar
collagen topography dictates T cell infiltration and localization. De-
pleting macrophages in established fibrotic tumors modulated col-
lagen topographies, rendering specific tumor areas more permissive
to both T cells and neutrophils, whereas others only recruited T
cells. This process depended on a fibrotic pathway of both tumor
and stromal cells driven by the transcription factor (TF) Tcf4, which
promoted the expansion of collagen III-rich disorganized fibrillar
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networks at the tumor periphery. This favored a TACS-2-like to
TACS-6-like transition, which is favorable to immune cell infiltra-
tion. We further observed that the TCF4-COL3A1 axis correlates
with T cell and neutrophil numbers in human solid tumors (colorec-
tal, stomach, bladder, and pancreatic), supporting the clinical rele-
vance of our findings.

RESULTS

Macrophage depletion disrupts fibrillar collagen
topography in tumors

To address whether TAMs could control T cell infiltration through
ECM remodeling during tumorigenesis, we chose a mesenchymal

model (MC38) of colon adenocarcinoma (COAD). This model is
known to exhibit a high macrophage infiltration (32), present an
aligned collagen capsule reminiscent of TACS-2, and exclude T cells
from the tumor core (33). MC38 cells were injected subcutaneously
in the flanks of CD64-hDTR (CD64°"™®) mice that express the hu-
man diphtheria toxin (DT) receptor (DTR) under the control of the
CD64 promotor expressed by macrophages and monocytes (34),
enabling continuous TAM depletion for 5 days from established tu-
mors (starting at day 9, ~200 mm?; Fig. 1A and fig. S1A). Such
prolonged depletion was essential because ECM remodeling is a
relatively slow process (35). Macrophage depletion was efficient
from day 10, with a 60% reduction in macrophage (F4/80" cells)
density, reaching more than 80% at day 14 (Fig. 1, B and C). GR1™
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Fig. 1. Macrophage depletion disrupts fibrillar collagen topography in tumors. (A) D64 and CD64°™ mice were injected intraperitoneally (ip) with DT at days 9,
11, and 13 after MC38 subcutaneous (sc) injection and euthanized at day 14 (D14). (B) DAPI and F4/80 staining of CD64"" and CD64°™ tumors at day 14 (black arrow-
head, tumor border; red arrowhead, skin). (C) Fold change (FC) values for the numbers of F4/80™" cells per square millimeter in CD64°™ tumors over CD64"" tumors at days
10, 12, and 14. (D) Tumor volumes from day 9 to day 14 of CD64"" and CD64°™ tumors (n=15 cD64" and 16 CD64DTR). (E) Picrosirius red (PR) staining and (F) percent-
ages of picrosirius red—positive areas in CD64"T and CD64°™ tumors at day 14. (G) 2D shapes of tumor slices and solidity of CD64" and CD64°™ tumors at day 14.
(H) SHG signals of CD64"T and CD64°™ tumors at day 14. (I) Percentages of SHG* areas in CD64"T and CD64°™ tumors at day 14. (J) Mean homogeneity of SHG images at
the tumor borders and in the cores of CD64"'" and CD64°™ tumors at day 14 (at least five 320 pm-by-320 pm ROIs per tumor). (K) SHG signals at the tumor borders and
in the cores of CD64"T and CD64°™ tumors at day 14. (L) Analysis schematic and distribution of ROI referenced orientation at the border (0 to 1000 pm from the border)
and in the core (>1000 pm) of the tumor (n = 14 CD64"" and 18 CD64°™; 770,766 and 1,097,098 ROIs for CD64"T and CD64°™ tumors, respectively). In all graphs, each
dot represents one tumor; squares indicate males, and circles indicate females. Statistics: (C) Median =+ interquartile range (IQR), two-way ANOVA (multiple comparisons);
(D) means + SEM, multiple Mann-Whitney tests; [(F), (G), (1), and (J)] median = IQR, Mann-Whitney test.
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(gamma response gene 1-high) monocytes were also efficiently de-
pleted in blood, with a maximum efficacy of 90% at day 10, whereas
GR1" monocyte counts appeared unaffected (fig. S1, B to D). We
observed a slight and transient, although nonsignificant, increase in
neutrophil counts at day 12, which was resolved at day 14, ruling out
potential systemic inflammation caused by macrophage depletion
(fig. S1IE). Macrophage depletion at such a late stage of tumor devel-
opment did not induce any significant change in tumor growth
(Fig. 1D and fig. S1F), allowing direct comparison of control [CD64
wild-type (WT) (CD64"")] and macrophage-depleted (CD64P™y
tumors, independently of tumor size.

Overall, collagen density was unaltered by macrophage deple-
tion, as assessed by picrosirius red staining (Fig. 1, E and F). How-
ever, unexpectedly, the macroscopic shape of tumors was distorted,
as shown by decreased shape solidity (Fig. 1G and fig. S1G). Further
characterization of the fibrillar collagen architecture by second-
harmonic generation (SHG) imaging revealed that CD64" " tumors
presented a homogeneous capsule of collagen fibers, all along the
edge, on the side opposite to the skin (Fig. 1H, top), whereas CD64P™R
tumors exhibited a more heterogeneous capsule (Fig. 1H, bottom).
Despite high variability, the percentage of SHG™ regions was unaf-
fected by macrophage depletion (Fig. 1I), confirming that overall
fibrillar collagen content was not altered by macrophage depletion.
To evaluate the homogeneity of the fibrillar collagen network, we
performed gray-level co-occurrence matrix (GLCM) textural analy-
sis of SHG images from both the tumor border and the tumor core.
This analysis revealed that (i) the fibrillar collagen network was more
homogeneous in the tumor core compared with the border and that
(ii) macrophage depletion decreased fibrillar collagen network homo-
geneity at the tumor edge (Fig. 1]).

Upon closer examination of collagen fiber organization in CD64"'
tumors, we observed a thin capsule of aligned collagen fibers paral-
lel to the tumor border (Fig. 1K, top), reminiscent of TACS-2 (14),
consistent with the literature (33). By contrast, the capsule of CD64P™R
tumors harbored intermingled fibers, with no dominant orientation,
resembling TACS-6, which has been defined as “chaotically aligned
collagen fibers [...] without a clear tumor boundary” (Fig. 1K, bot-
tom) (13). These observations are consistent with the loss of fiber
orientation reported in an orthotopic MC38 model in which macro-
phages were depleted throughout tumorigenesis (20), as well as in
established breast spontaneous tumors (21, 22), where TACSs were
originally described (14). To quantify collagen fiber alignment, we
used a structure tensor analysis to extract the local orientation of
collagen fibers referenced to the mean orientation of a surrounding
window (Fig. 1L, left) (36). In CD64"" tumors, both the tumor core
and edge exhibited a strong local dominant orientation of collagen
fibers, consistent with the homogeneity quantified at a bigger scale
by GLCM. Macrophage depletion led to a loss of fiber alignment
in the tumor core. In addition, at the edge of macrophage-depleted
tumors, we observed a mix of aligned and disorganized fibers, con-
sistent with a decreased network homogeneity (Fig. 1L, right, and
data file S2). This effect appeared specific to advanced tumor stages
harboring highly organized fibrillar collagen, given that macrophage
depletion in early-stage tumors (days 4 to 9; fig. S1, H to J, and data
file S3) or in the B16F10 melanoma (days 9 to 14) model that shows
markedly lower fibrillar density (fig. S1, K to N) did not alter colla-
gen fiber organization.

Together, these results support a dynamic structural role of TAMs
in the organization of fibrillar collagen networks. Their depletion
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diversifies local collagen topographies and increases disorganized col-
lagen networks in late-stage fibrotic tumors whose collagen architec-
ture is normally highly organized.

Collagen remodeling is associated with increased T cell
infiltration in specific network topographies

It has been proposed that the collagen capsule retains T cells at the
edges of tumors, preventing their entry into the tumor core (10, 12).
We therefore investigated whether the local changes in collagen orga-
nization observed upon macrophage depletion modify tumor per-
missiveness to T cell infiltration. We found that T cells infiltrated the
tumor only at day 14 (Fig. 2A and fig. S2A), consistent with previous
reports (33). This infiltration was enhanced by more than twofold
upon macrophage depletion (Fig. 2, A and B), leading to increased
tumor coverage by T cells (fig. S2B). T cells also penetrated deeper
into the tumor (Fig. 2C). This was not due to increased levels of the T
cell-attracting chemokines CXCL9 (CXC motif chemokine ligand 9)
and CXCL10 in CD64°™ tumors (fig. $2, C and D). In addition,
macrophage depletion in early-stage tumors did not increase T cell
density and infiltration in CD64P™R tumors (fig. S2, E and F) nor in
late BI6F10 (fig. S2G), in which collagen was not remodeled.

We then characterized more precisely how infiltrating T cells dis-
tribute in advanced tumors. T cells tended to cluster in macrophage-
depleted tumors, pointing to local signals driving their accumulation
(Fig. 2D). In addition, T cells preferentially accumulated in collagen-
rich regions at day 14, independently of macrophage depletion
(>90%; Fig. 2E), including at different stages of tumor growth in
C57B6/] mice (fig. S2H). Because tissue stiffness is known to be de-
termined by collagen density and topography (37, 38), we measured
local stiffness by atomic force microscopy (39). T cell-enriched re-
gions were stiffer than T cell-poor regions, with a markedly stronger
difference in CD64P™® tumors (fig. S21).

These observations prompted us to hypothesize that macrophage
depletion renders the tumor more permissive to T cell infiltration by
modifying collagen topography of the tumor capsule. We therefore
fabricated synthetic three-dimensional (3D) structures of controlled
topography by two-photon polymerization of polyethylene glycol
diacrylate, coated with fibronectin to mimic the ECM found at the
edges of MC38 tumors (40) (fig. S2]). These structures present either
aligned (along the x axis) or intermingled fibers (Fig. 2F), mimick-
ing TACS-2 and TACS-6, respectively. Ex vivo preactivated splenic
T cells migrated with similar 2D speeds on both types of structures
(Fig. 2, G and H). However, whereas T cell trajectories on intermingled
fibers were isotropic in x and y, trajectories on aligned fibers exhib-
ited migration anisotropy along the fiber axis (x). Such anisotropic
migration shortened the distance traveled by T cells in the orthogonal
direction (y) (Fig. 2I). These results show that T cells better explore
their environment when migrating on intermingled fiber topogra-
phies and are consistent with our in vivo observations showing an
increased penetrance of T cells in the core of CD64"™ tumors ex-
hibiting a TACS-6-like disorganized collagen capsule (Fig. 2C). ECM
reorganization observed at day 14 was sufficient to facilitate T cell
infiltration but insufficient to allow tumor invasion, given that we
did not observe any signs of tumor invasion in draining lymph nodes,
lungs, or livers, at later day 22 (fig. S2K).

Focusing on regions of T cell accumulation, we observed that
whereas almost all T cell-enriched regions were collagen rich (Fig. 2E
and fig. S2H), not all collagen-rich regions were colonized by T cells
(Fig. 2] and fig. S2L). This applied to both CD64™T tumors, which
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Fig. 2. Collagen remodeling is associated with increased T cell infiltration in specific network topographies. (A) SHG signals and CD3¢ staining at the borders (1)
and in the cores (2) of CD64"T and CD64°™ tumors at day 14 (same sample as Fig. TH). (B) FC values for the numbers of CD3€™ cells per square millimeter in CD64°™ tu
mors over CD64"T tumors at day 14. (C) Percentages of T cells more than 1000 pm from tumor, (D) ratios of TN over T+ regions, and (E) percentages of Tch regions show-
ing enrichment in SHG in CD64"" and CD64°™ tumors at day 14. (F) Design of 3D aligned or intermingled polyethylene glycol diacrylate fiber networks (left) and confocal
images of splenic T cells, preactivated with anti-CD3/CD28 beads and seeded on aligned or intermingled fibers coated with fibronectin (right). (G) Subsampling of fifty
1-hour 2D tracks of T cells seeded in either aligned (top) or intermingled (bottom) structures. (H) Mean T cell 2D velocities in 1 hour in aligned or intermingled structures
(dot indicates average of instantaneous speed for a single cell). (I) Ratios of maximum distance traveled by T cells in 1 hour in y axis over x axis in either aligned (top) or
intermingled (bottom) structures (dot indicates cell). (J) Percentages of SHG"™" regions showing enrichment in T cells in CD64"" and CD64°™ tumors at day 14. (K) Image
analysis strategy of two-photon, whole-slide, SHG/CD3 images and (L) of random forest classification of T and TP°°" areas using only collagen topographical features.
(M) Confusion matrices (%) obtained after training and testing random forest classification on a cD64" and CD64°™ merged dataset and on distinct cD64"T or cD64°™
datasets and (N) cross-trained and tested between CD64"" or CD64°™ datasets (n = 10 models). (0) Percentages of truly predicted T™" and T°°°" regions from confusion
matrices obtained after training and testing random forest classification on MC38 tumors at days 8, 12, 15, and 17 combined or split by time point (n = 10 models). In all
graphs, each dot represents one tumor unless otherwise indicated. Squares indicate males; circles indicate females. Statistics: Median + IQR, Mann-Whitney test.

displayed 31% of collagen-rich regions enriched in T cells on aver-
age at da ay 14 (with a decrease over time from day 8 to day 17), and
CD64°™ tumors, in which this number reached 51%. This suggests
that (i) collagen networks might locally exhibit specific traits that
could favor T cell infiltration and/or accumulation and that (ii)
those traits might be enriched in macrophage-depleted tumors. To
assess whether collagen topography itself could dictate local T cell

Fusilier et al., Sci. Immunol. 11, eadw8291 (2026) 20 March 2026

enrichment, we used an unbiased approach that encompasses the
complexity of local collagen network topography in tumors and its
relationship with T cell infiltration. We analyzed CD3e/SHG images
of control and macrophage-depleted tumors, divided in small re-
gions of interest (ROIs) that covered the entire tumor. For each
SHG™ ROI, we extracted a set of topographical parameters using a
structure tensor analysis (36) at different window sizes, as well as T cell
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numbers to classify regions as T"" or TP°*" (Fig. 2K). None of the
individual lparameters correlated linearly with local T cell numbers
in CD64"" and CD64°™ tumors (fig. S3A). In addition, principal
components analysis did not segregate T"" and TF°" regions, re-
gardless of the presence of macrophages, suggesting that the rela-
tionship between T cell enrichment and collagen topographies was
nontrivial (fig. S3B). '

We next developed a random forest model to classify T and
TP regions based exclusively on the SHG topographical features
(Fig. 2L). We first tested whether collagen topography was predic-
tive of T cell local enrichment on the merged dataset of both CD-
64" and CD64°™ images. Our model could accurately predict
TP regions (92%) and satisfactorily predict Trich regions (70%)
(Fig. 2M, top, and fig. S3C), demonstrating that association between
T cells and specific collagen network features was not random. We
then reasoned that the topographical differences in collagen net-
works observed in CD64" " and CD64°™ tumors (Fig. 1) and/or a
different behavior of T cells could confuse the training of the model
and thus dampen its predictive power on the merged datasets. We
thus trained and tested separately the model on either CD64" " or
CD64°™ images. This strategy increased the performances of T
prediction to 91 and 80% in CD64" " and CD64°"™ tumors, respec-
tively (Fig. 2M, bottom, and fig. S3C), suggesting that T cell enrichment
has distinct topographical determinants in CD64"" and CD64"™
tumors. To confirm this finding, we cross-trained the model on one
dataset (CD64WT or CD64P TR) and tested it on the other (CD64° TR
or CD64"T, respectively), which led to close-to-random classifica-
tion (Fig. 2N). To identify the ECM parameters that influence T cell
localization in the collagen network, we determined the most rele-
vant features of the model using a permutation analysis. In both
CD64"" or CD64°™ images, the presence and the heterogeneity of
fibers in terms of shape and intensity (energy), as well as their mu-
tual organization (coherency, angle, and referenced orientation),
were the main contributing features for efficient learning and accu-
rate prediction (fig. S3D). Our random forest classifier was able to
predict T cell local accumulation at days 8, 12, 15, and 17, indepen-
dently of macrophage depletion, when trained and tested on the
merged dataset of all time points, with increased performances
when trained and tested on specific time points (Fig. 20). Our re-
sults thus indicate that (i) fibrillar collagen organization dictates ar-
eas of T cell local accumulation and that (ii) macrophage depletion
promotes a remodeling of fibrillar collagen networks, leading to an
increase in T cell infiltration in specific topographical regions of
the tumor.

Macrophage depletion induces a profibrotic program in
cancer and stromal cells

We next investigated how macrophage depletion regulates the local
topography of fibrillar collagen networks. Macrophage-derived trans-
forming growth factor-f1 (TGF-f1) has been described as a master
regulator of tumor-associated fibrosis (21), and its control of colla-
gen deposition restricts CD8™ T cell infiltration (22). Quantification
of free TGF-B1 levels in tumor supernatants and of pSMAD2/3"
nuclei in CD64°™ and CD64"™ " tumors showed no significant dif-
ference (Fig. 3, A to C), suggesting that TGF-B1 was not implicated
in our findings. To comprehensively characterize the tumor micro-
environment, we performed sin%e-cell RNA sequencing (scRNA-
seq) of whole CD64" " and CD64"™ tumors at day 14 (fig. S4A). At
low resolution, we identified four cell clusters: nonimmune (Ptprc™),

Fusilier et al., Sci. Immunol. 11, eadw8291 (2026) 20 March 2026

lymphocytes (Ptprc* and Cd3e*), monocytes/macrophages/dendritic
cells (Ptprc™, Itgam™, Fegrl™, and H2-Ab1"), and granulocytes (Ptprc*,
Csf3r*, and S100a8") (Fig. 3D, fig. S4B, and data file S4). Analysis of
the monocyte/macrophage/dendritic cell cluster confirmed specific
depletion of macrophages and revealed a classical tumor-associated
signature (Fcgrl™, Adgrel™, Mrcl*, and ApoE™; fig. S4, C to F, and
data file S5) (41, 42). We focused on ECM genes to identify candi-
dates potentially responsible for regulating collagen networks upon
macrophage depletion. As expected, the nonimmune cell cluster ex-
pressed the highest levels of core matrisome genes (43) and fibrillar
collagen genes (44) (Fig. 3E and data file S6). By subclustering the
nonimmune cluster, we identified one cluster of fibroblasts (high ex-
pression of Collal) and two clusters of cancer cells, both expressing
the cancer marker Bgn and specific gene signatures: C1 (most dif-
ferentially expressed gene: Lgals3) and C2 (most differentially ex-
pressed gene: Airn) (Fig. 3F, fig. S5A, and data file S7).

The C2 cluster was enriched in CD64°™ tumors (Fig. 3G and
fig. S5B) and expressed higher levels of fibrillar collagen genes (at
similar level to fibroblasts) compared with the C1 cluster and the
highest levels of core matrisome genes compared with the C1 and
fibroblast clusters (Fig. 3H). We thus hypothesized that relative ex-
pansion of C2 underlies the changes in collagen topography ob-
served in CD64°™ tumors through the production of ECM-related
molecules. To test this, we applied the multivariate information-
based inductive causation (MIIC) algorithm, which infers direct
and possibly causal relationships, as well as indirect pathways, in
large networks (45, 46). First, we performed an unbiased MIIC anal-
ysis on the top 75 most informative TFs, defined as those whose
expression variations best distinguish C1 from C2 signatures, inde-
pendently of macrophage depletion. The top 535 non-TF genes, se-
lected using the same mutual information threshold as for TFs, were
included. Among those genes, collagen III (Col3al) was the collagen
gene sharing the highest mutual information with C1 versus C2 sig-
natures, followed by Col5al, Col5a2, and Col8al (fig. S5C and data
file S8). Increased collagen III abundance was shown to disrupt fi-
brillar collagen alignment and generate disorganized, wavy collagen
networks lacking a dominant orientation in tumors (47, 48), a phe-
notype reminiscent of that observed in CD64°™ tumors. In con-
trast, reduced collagen III levels favor the formation of thicker, more
linearly aligned fibrils (47). Together, these findings indicate that
collagen III is a compelling candidate to explain the loss of fiber
alignment and the heterogeneous collagen architecture observed in
macrophage-depleted tumors.

The MIIC algorithm proposed a main regulatory axis in the C2
cluster driven by the expression of transcriptional repressor GATA
binding 1 (Trpsl), which, in turn, controls T cell factor 4 (Tcf4), ulti-
mately regulating the expression of Col3al (Fig. 3I). To test whether
this pathway could be engaged by macrophage depletion, we ran the
MIIC algorithm on the TFs sharing the highest mutual information
with the condition (CD64WT or CD64P TR) (top 50 or top 250 TFs)
and total collagen genes [44 genes (43)] in both total cancer cells
(C1 + C2) and fibroblasts. The MIIC algorithm returned very simi-
lar regulatory networks (Fig. 3, ] and K, and fig. S5, D and E). Col3al
displayed the highest level of mutual information (fig. S5, F and G)
and expression (fig. SSH) in cancer cells and fibroblasts compared
with other fibrillar collagens, which was further increased by macro-
phage depletion (fig. S5H). Accordingly, macrophage depletion in-
creased TrpsI and Tcf4 expression in all nonimmune clusters, with
the highest levels observed in C2 (fig. S5I). Consistent with unchanged
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Fig. 3. Macrophage depletion induces a profibrotic program in cancer and stromal cells. (A) Enzyme-linked immunosorbent assay quantification of TGF-$1 in tumor
supernatants from in CD64"" and CD64°™ tumors at days 12 and 14. (B) DAPI and pSMAD2/3 staining and (C) percentages of pSMAD2/3" nuclei in CD64"" and CD64°™
tumors at day 14. (D) UMAP (Uniform Manifold Approximation and Projection) showing low-resolution clustering of merged scRNA-seq data from CD64"" and CD64°™
tumors from two independent experiments. Mo/Mac/DC, monocyte/macrophage/dendritic cell. (E) UMAPs and violin plots showing core matrisome and fibrillar collagen
signature expression levels in low-resolution clusters. (F) Subclustering of the nonimmune cluster from D64 and CD64°™ tumors. (G) UMAPs of nonimmune clusters
showing cell densities in CD64"" and CD64°™ tumor datasets. (H) Core matrisome and fibrillar collagen signature expression levels in nonimmune clusters. (1) Transcrip-
tional network induced by cancer cell clustering (C2 versus C1) independently of macrophage depletion identified by MIIC analysis (top 75 TFs + top 535 genes). (J) Transcrip-
tional network induced by macrophage depletion in cancer cells (C1 + C2) and (K) in fibroblasts identified by MIIC analysis (top 50 TFs + 44 collagen genes). In (A) and (C),
each dot represents one tumor (squares indicate males; circles indicate females). In (D) to (G), one dot represents one cell. Statistics: [(A) and (C)] Median + IQR, Mann-

Whitney test; (H) median, Wilcoxon test.

TGF-p1 levels in CD64" " and CD64"™ tumors, the TGF-p1 path-
way (Tgfbl, Tgfbrl, Smad2, and Smad3) was not significantly asso-
ciated with Tcf4 or Col3al expression, suggesting that macrophage
depletion favors a profibrotic ECM program in tumors independent
of the classical TGF-p1-mediated pathway.

To understand how macrophages may control this pathway, we
performed a cell-cell interaction analysis using the scRNA-seq data
obtained from CD64”™® and CD64"" tumors. This analysis re-
vealed that macrophages (Clqa) were the main “senders” among
immune cells toward C1, C2, and fibroblast clusters (fig. S5]), with
very similar patterns of ligand/receptor interactions (fig. S5K). Li-
gands included genes implicated in fibrosis (Cacnalc and Clgb) that
could control production of collagen III (49, 50) and genes converg-
ing toward the Wnt/B-catenin pathway [LrpI (51), Lrp5 (52), Sdc2
(53), and Fgfr2 (54)], which could control Tcf4 expression (fig. S5K).
Binding motif enrichment analysis in the promoter regions of dif-
ferentially up—re§ulated genes {log, fold change [log,(FC)] > 0.25}
between CD64”'® and CD64" " in both fibroblasts and cancer cells
(C1 + C2) showed that they all exhibited a significant enrichment in
Tcf4 binding motifs (fig. S5L and data file S9). This was also observed
when comparing C2 over C1, independently from the condition. We
also found enrichment of TCF3 and TCF12 binding motifs, which
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showed a high degree of similarity with the TCF4 binding motif
(fig. S5L). TCF4, TCF3, and TCF12 are all basic helix-loop-helix
type I TFs involved in Wnt signaling (55, 56). Together, these results
suggest that macrophages repress a Tcf4-mediated fibrotic pathway
in cancer cells and fibroblasts, which reduces collagen III content in
tumors and controls fibrillar collagen topography.

Collagen lll-rich networks driven by Tcf4 support tumor
local T cell infiltration

To validate the regulatory pathway predicted by MIIC, we per-
formed immunofluorescence staining for TCF4 and collagen III in
tumors. The density of TCF4" nuclei was increased in CD64"™® tu-
mors compared with CD64"" tumors (Fig. 4, A and B), and TCF4*
nuclei spatially associated with perinuclear collagen III (Fig. 4C).
Collagen III deposition was increased in CD64”™® tumors at the tu-
mor border (Fig. 4, D and E), and T cells localized in COL3" (col-
lagen III-rich) regions (>88%; Fig. 4F).

However, similar to what we observed with SHG imaging, all
COL3"h regions were not enriched in T cells (Fig. 4G), underlining
the contribution of other determinants. We thus hypothesized that
the enrichment of both fibers (SHG"™") and collagen III may be re-
quired. To test this hypothesis, we classified ROIs on the basis of
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both SHG and collagen III content and com}rxired the distributions
of the various SHG/COL3 profiles in CD64" " and CD64°™® tumors
(Fig. 4H, left). SHGP*"COL3P°*" regions dominated in both control
and macrophage-depleted tumors (70 and 49%, respectively) but
were reduced in macrophage-depleted tumors. As predicted, COL-
3"h areas (either SHG™™ or SHGP™") were increased by twofold in
CD64"™ tumors compared with CD64" ™. The distribution of SHG/
COL3 profiles of T"" areas (Fig. 4H, right) markedly differed from
those of tumor areas (Fig. 4H, left). The SHG""COL3" areas now
largely dominated (50 and 71% in CD64"" and CD64"™ tumors,
respectively), and SHG "COL3P°" followed (23 and 21%). No dif-
ference was observed in the SHG/COL3 profiles of regions colo-
nized by T cells between CD64" " and CD64°™ tumors or in T cell
distribution in WT tumors at days 8, 12, 15, and 17 (fig. S6A). These
analyses further reinforced and refined the results from our random
forest model: (i) T cells accumulate where fibers (SHG"") with spe-
cific topographies (COL3"") are, and (ii) the differences in predic-
tions are more likely due to different topographies than to differential
behavior of infiltrating T cells.

To formally establish the causal link between Tcf4, collagen III,
and T cell infiltration, we combined macrophage depletion with the
inhibition of Tcf4/f-catenin-mediated transcription using ICG-001
(57). Although Tcf4/p-catenin inhibition had no effect on tumor
growth (fig. S6B), we observed a decrease in collagen III density at
the tumor edge in CD64°™ but not CD64" " tumors (Fig. 41), sug-
gesting that this pathway might account for increased collagen III in
CD64P™® tumors. Accordingly, inhibition of Tcf4/B-catenin also re-
duced T cell infiltration and tumor coverage by T cells in CD64°™*
tumors (Fig. 4] and fig. S6C), with no noticeable effect on CD64"T
tumors, further reinforcing this conclusion.

We next analyzed publicly available bulk RNA-seq databases of
human colorectal tumors from The Cancer Genome Atlas (TCGA;
COAD dataset). This analysis confirmed the correlation between not
only effector T cell infiltration signature (data file S10) and COL3A1
expression in tumors (fig. S6D), consistent with previous work (58),
but also the expression of TCF4 and COL3A1I, as well as TCF4 and
effector T cell signatures (Fig. 4K and data file S10). TCF4, COL3A1,
and effector T cell signatures also correlated with the signature of the
C2 cluster on the basis of human orthologs of differentially expressed
genes between C2 and C1 (Fig. 4L and data file S10). These correla-
tions were not observed in juxtatumoral tissues, suggesting tumor-
specific cues required for T cell recruitment. We then evaluated the
same correlations in other human solid tumors exhibiting distinct
fibrotic levels {assessed by expression of core matrisome, fibrillar col-
lagens, and COL3A1 [COAD, READ (rectum adenocarcinoma),
STAD (stomach adenocarcinoma), BLCA (bladder urothelial carci-
noma), and PAAD (pancreatic adenocarcinoma)]; fig. S6, E to G}
and uncovered very similar patterns (Fig. 4M and fig. S6H).

Together, our results support a working model where macrophage
depletion at a late stage of tumorigenesis drives a Tcf4-dependent fi-
brotic program in cancer cells and fibroblasts that remodels the to-
pography of fibrillar collagen networks through the deposition of
collagen III, favoring local T cell accumulation. They further suggest
that this pathway may be engaged in several human solid tumors.

Fibrillar collagen topography directs T cell infiltration
without affecting their transcriptional state

We then asked whether fibrillar collagen remodeling specifically in-
fluenced the recruitment of distinct T cell subsets or exerted a broader
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effect on lymphocyte populations. To address this, we performed
subclustering of the lymphocyte cluster and identified the following:
CDS$ exhausted T cells (Cd3e®, Cd8a*, Pdcd1*, Lag3*, Havcr2®,
Tox", and Ctla4"), a mix of CD8" and CD4" stemlike T cells (Cd3e™,
Tef7*, and LefI™), B cells (Cd3e™ and Cd19"), regulatory T cells (T
cells; Cd3e*, Cd4*, Pdcd1*, Lag3™, Havcr2®, Tox", I12ra*, Foxp3®,
Ctla4*, and Itgae™), and a cluster of natural killer cells (Cd3e™,
Klrbcl™, Gzma™, and Gzmb*) (Fig. 5A, fig. S7A, and data file S11).
Unexpectedly, differential gene expression analysis performed on
T cells (CD3e") from CD64" and CD64P™ tumors showed no
marked difference in transcriptomes (Fig. 5B and data file S12). To
examine whether macrophage depletion could alter the composi-
tion of infiltrating T cells, we performed multiplexed imaging to
quantify different T cell clusters in CD64" " and CD64°™® tumors:
CD8 T cells (CD3™, CD8™, and PD-1%), stemlike T cells (CD3" and
TCF1"), Tieq cells (CD3¥, CD4¥, and FOXP3™), T helper cells (CD3™,
CD4*, and FOXP37), and cycling T cells (CD3* and KI67%). Regard-
less of macrophage depletion, most of the tumor-infiltrating T cells
were CD8" and exhibited a terminally exhausted phenotype, consis-
tent with the lack of tumor control. Macrophage depletion did not
change the proportion of each T cell cluster but rather increased all T
cell numbers (Fig. 5, C to E). Macrophage depletion also did not affect
the proportion of cycling T cells and only moderately increased their
number, ruling out a contribution of local proliferation in CD64°™
tumors. These results indicate that tumor permissiveness to T cells is
not biased toward a specific cluster but rather appears to affect all
T cell subtypes similarly. Consistently, COL3AI and TCF4 expres-
sion also correlated with multiple T cell subset signatures (exhausted
T cells and T helper 1-like cells, for example) in human tumors
(Fig. 5E fig. S7B, and data file S10). These results suggest that the top-
ographical changes in collagen networks induced by late depletion of
macrophages promote pan-T cell infiltration and uncouple the effect
of TAMs on T cell activation and migration.

The absence of transcriptional reprogramming and stable dynam-
ics between T cell clusters after macrophage depletion may explain
the lack of tumor control, suggesting that a strong T cell infiltration
alone is insufficient to boost tumor cell killing or drive macroscopic
tumor regression. This aligns with the similar densities of cleaved
caspase-3 (cCasp3)-positive areas in CD64"" and CD64°™ tumors
at day 14 (Fig. 5, G and H). To further test this hypothesis, we com-
bined macrophage depletion with either anti-PD-1 therapy alone or
in combination with anti-CTLA4 (cytotoxic T lymphocyte-associated
protein 4), given that both therapies have been shown to induce tran-
scriptional reprogramming and change in T cell dynamics (59). Im-
mune checkpoint inhibition combined with macrophage depletion
was also insufficient to reduce macroscopic tumor size (Fig. 5,Iand J).
This could be explained by the reappearance of macrophages in the
tumor at day 22 (fig. S7C). Accordingly, we observed that the capsule
again presented highly aligned fibers (fig. S7D and data file S13), as-
sociated with similar T cell densities (Fig. 5, K and L). However, we
detected increased apoptosis-induced killing with anti-PD-1/CTLA4
treatment in CD64" ™ tumors (Fig. 5, M and N), suggesting an addi-
tive effect of macrophage depletion and immune checkpoint inhibi-
tion on the cytotoxicity of T cells.

Fibrillar collagen topography dictates tumor permissiveness to
immune infiltration with specific topographical determinants

We next investigated whether the increased tumor permissiveness
in macrophage-depleted tumors was restricted to T lymphocytes or
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Fig. 4. Collagen lll-rich networks driven by Tcf4 support local T cell infiltration into tumors. (A) DAPI, TCF4, and COL3 staining at the tumor borders of cD64" and
CD64°™ tumors. (B) Numbers of TCF4"9" nuclei in CD64"T and CD64°™ tumors (N = 2 independent experiments; median and interquartile range, Mann-Whitney test).
(C) Spearman correlation of mean TCF4 nucleic intensities and mean COL3 perinuclear intensities (5 pm around nucleus). TCF4 nucleic intensities and COL3 cytoplasmic
intensities were calculated for each nucleus in the tumor and averaged by tumor. (D) Two-photon images of COL3, SHG, and CD3 from D64 and CD64°™ tumors at day
14. (E) Median percentages of COL3 in tiles located in the first 500 pm from the tumor borders in CD64"" and CD64°"™® tumors at day 14. (F) Percentages of T™" regions
showing enrichment in COL3 in CD64"" and CD64°™ tumors at day 14 and (G) percentages of COL3"" regions showing enrichment in T cells in CD64"T and CD64°™
tumors at day 14. (H) Distributions of SHG""COL3"™", SHG"™"COL3P°®, SHGP*°"'COL3"", and SHGP*°"'COL3P°" tiles in CD64"T and CD64°™ tumors at day 14 (left). Distribu-
tions of SHG"™"COL3"™", SHG"NCOL3P°", SHGP°*'COL3"", and SHGP*"COL3P°*" among T"" tiles in CD64"T and CD64°™ tumors at day 14 (right) (n = 7 CD64"" and
5 CD64°™). (I) Median percentages of COL3 in tiles located in the first 500 um from the tumor borders in CD64"" and CD64°™ tumors and (J) numbers of CD3* cells per
square millimeter in CD64"T and CD64°™ tumors at day 14 treated with the TCF4 inhibitor ICG-001 or DMSO. (K) Spearman correlation between TCF4, COL3A1, and effec-
tor T cell signature; (L) between C2 signature (C2 versus C1) expression and COL3AT, TCF4, and effector T cell signature in TCGA COAD; and (M) between expression of TCF4,
COL3A1, and effector T cell signature in TCGA COAD, READ, STAD, BLCA, and PAAD tumors and juxtatumor tissue bulk RNA-seq dataset. In all graphs, each dot represents
one tumor. Squares indicate males; circles indicate females. Statistics: Median + IQR, Mann-Whitney test for all graphs unless otherwise indicated. ns, not significant.
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Fig. 5. Fibrillar collagen topography directs T cell infiltration without affecting transcriptional state. (A) UMAP showing subclustering of lymphocyte cluster from
064" and CD64°™ tumors. T CD8ex, CD8 exhausted T cells; T stemlike, a mix of CD8" and CD4™ stemlike T cells; B, B cells; NKs, natural killer cells. (B) DGEA (differential
gene expression analysis) of CD3* clusters of CD64"" and CD64°™ tumors (black dots show genes with log,(FC) < 1 and adjusted P > 0.05, and red dots show genes with
loga(FC) > 1 and adjusted P < 0.05). (C) Orion multiplex analysis of CD64°™ and CD64"'" tumors showing examples of CD8, stemlike, regulatory, helper, and cycling T cells.
(D) Proportions and (E) log,(FC) values for the numbers of CD3* clusters per square millimeter in CD64°™ and D64 tumors. (F) Spearman correlation between expres-
sion of COL3A1 and exhausted T celland T helper 1 (Ty1)-like cell signatures in the TCGA COAD tumor bulk RNA-seq dataset. (G) DAPI and cCASP3 staining and (H) percent-
ages of cCASP3™ areas in CD64"" and CD64°™ tumors at day 14. (I) Tumor growth curves from day 9 to day 14 of CD64"" and CD64°™ tumors treated with anti-PD-1
antibody (Ab) or isotype control (IC) (n = 14 D64 + anti-PD-1,n =16 D64 + IC,n=13 CD64°™ + anti-PD-1,and n =11 CD64°™ + 1C) and (J) anti-PD-1 + anti-
CTLA4 antibodies or ICs (n =12 D64 + Ab,n=12 cD64"T + IC,n=13 CD64°™ + Ab,andn=13 CD64P™ 4 1C). mAb, monoclonal antibody. (K) DAPI and CD3¢ staining
and (L) Number of CD3* cells per square millimeter in CD64"T and CD64°™ tumors at day 22 treated with anti-PD-1 + anti-CTLA4 antibodies or ICs. (M) DAPI and cCASP3
staining and (N) percentages of cCASP3™ areas in CD64"" and CD64°™ tumors at day 22 treated with anti-PD-1 + anti-CTLA4 antibodies or ICs. In all graphs, each dot
represents one tumor. Squares indicate males; circles indicate females. Statistics: [(D), (E), (L), and (N)] Median + IQR, two-way ANOVA (multiple comparisons); [(I) and (J)]
mean + SEM; (H) median =+ IQR, Mann-Whitney test.
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whether it also applied to other immune cells. Our scRNA-se
revealed an increase in the infiltration of granulocytes in CD64""
tumors (fig. S8A), which we confirmed by immunofluorescence
(Fig. 6, A and B). Similar to T cells (Fig. 2, A to E, and fig. S2, A and
B), neutrophils tended to cluster together (Fig. 6C), covered larg-
er areas of the tumor (fig. S8B), and localized in .SHGh' regions
(Fig. 6D). However, as for T cells, not all SHGM regions were
enriched in neutrophils (Fig. 6E). We therefore postulated that
SHG" regions that were enriched in neutrophils may exhibit spe-
cific topographical features leading to their local accumulation, as
observed for T cells. A “neutrophil-trained” random forest model
on the merged dataset (CD64" " + CD64°™) accurately predicted
Neutrophil™® and Neutrophil?®®" regions (88 and 86%, respective-
ly; Fig. 6F, top). Training the model separately on CD64" " and
CD64"TR led to similar performance, except for the prediction of
Neutrophil™ regions by the model trained on CD64" " only (64%),
likely because of the smaller size of the dataset (Fig. 6F, bottom).
This suggests that the determinants of Neutrophil™ regions are
shared between control and macrophage-depleted tumors and that
increased neutrophil recruitment in the latter could be due to an
increase in permissive areas.
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We next investigated whether neutrophil infiltration also relied
on the Tcf4—collagen III fibrotic pathway. Consistent with this hy-
pothesis, COL3A1, TCF4, C2, and neutrophil signatures (data file
S10) correlated in the human tumor TCGA dataset but not juxtatu-
mor tissues (Fig. 6G and fig. S8, C and D). Chemical inhibition of
Tcf4/B-catenin with ICG-001 prevented the neutrophil infiltration
observed in CD64°™ tumors and resulted in the loss of neutrophil
coverage (Fig. 6H and fig. S8E), similar to what we observed for T
cells. Unexpectedly, when comparing T cell and neutrophil localiza-
tion, all neutrophil-rich areas overlapped with T cell-enriched ar-
eas, whereas only a minor fraction of T cell-enriched areas was also
enriched in neutrophils (Fig. 6, I and J). Neutrophils tended to colo-
nize more T areas in CD64°™ tumors when compared with
CD64"" or CD64°™ tumors treated with ICG-001, although the
variability in neutrophil infiltration compromised statistical signifi-
cance. The reduced tumor coverage by neutrophils compared with T
cells was not due to insufficient numbers of tumor-infiltrating neu-
trophils, given that T cell and neutrophil numbers were comparable
(Fig. 6, A and B, and fig. S2A). Thus, some fibrillar regions present
topographies permissive to both T cells and neutrophils, whereas
others are specifically permissive to T cells, consistent with our

o
o
m

124 100~ 1004
e o 0.004 0.003 0.002
o] oy : 1.04 . 5 80 £ 804 °
v E4 = 2
b [o)]
=4 %)
; z 8 60- o 601
3 e s g °n
+”2 z % 404 & 404 . O
« Q<7 S ol J
= O I 2 L)
3 = 2 204 < 204 Felt
S
0 Losmeat 0 ollme
- — — D10 D12 D14 CD64"T CD64"™ CD64"T CD64"™
500 um 100 um 100 pm
F Neutrophil enrichment G Human CRC (TCGA COAD) H I J K Train neutrophils
icti test T cell
prediction Tumor Juxta estT cells
. =0.21 0.007
Predicted label S s _ 5 Z0.18 _ 124 — 1004 1004 Predicted label
e S 57 3 - 1) %] i P
o £ g = ~ =109 80| of|m 804 0128 T T
nio S 12| 58 5 3 £Q g 5 -
£ & [ £ 8 > =
T < % g 2 > o 60| ® 2 60-
il - BEREE 38 6l g g -
O O - S8 g £ -1
K] [°h= © 404 S 40| ° &
2 55 = 23 M g g ]
= 3y =12 = g E Z ° =
s fafial = 10 o 24 . & 204 & 20+
= u v — =
5 8 b 0 ] s
] ]
- 3
ﬂ 55 96 L ELE EELE LELE
g8 Ll R=0.57 oL Q'g* Q' QX O QX QQ,&X
Npoor n 78l S S 8 . P<o.01 6 i & & §«‘*"ob§ NI XQ&’ b§ P ng
8 2 22 2. K ! . o & o & &
1.8 24 195 205 215 & € & ¢ S & &

Log,[neutrophil sig. (45 genes)TPM]

Fig. 6. Fibrillar collagen topography dictates tumor permissiveness to immune infiltration. (A) Two-photon images showing SHG and Ly6G staining at the borders
(1) and in the cores (2) of CD64"T and CD64°™ tumors at day 14. (B) Numbers of Ly6G* cells per square millimeter in CD64"" and CD64°™ tumors at days 10, 12, and 14.
(C) Ratios of Neutrophil™ (N"") over Neutrophil* (N*) regions (100 pm-by—100 pm tiles) in CD64"™ and CD64°™ tumors at day 14. (D) Percentages of Neutrophil™ re-
gions (100 pm-by-100 pum tiles) showing enrichment in SHG signal in cD64"T and CD64°™ tumors at day 14. (E) Percentages of SHG"h regions enriched in neutrophils in
cD64"" and CD64°™ tumors at day 14. (F) Confusion matrices (%) obtained after training and testing random forest classification on a CD64""™- and CD64°™-merged
dataset or on distinct CD64"" or CD64°™ datasets (n = 10 models). (G) Spearman correlation between expression of TCF4, COL3AT, and neutrophil signature in TCGA
COAD tumors and juxtatumor tissue bulk RNA-seq dataset. (H) Numbers of neutrophils per square millimeter in CD64"" and CD64°™ tumors at day 14 treated with Tcf4
inhibitor ICG-001 or DMSO. (I) Percentages of Neutrophil™ regions (100 pum-by—100 pm tiles) showing enrichment in T cells in CD64" and CD64°™ tumors at day 14
treated with Tcf4 inhibitor ICG-001 or DMSO. (J) Percentages of Trich regions (100 pm—by-100 um tiles) showing enrichment in neutrophils in CD64"'" and CD64°™ tumors
at day 14 treated with the TCF4 inhibitor ICG-001 or DMSO. (K) Confusion matrices (%) obtained after training on NeutrophilriCh topographies and tested on Tich topogra-
phies in CD64"" or CD64°™ datasets (n = 10 models). In all graphs, each dot represents one tumor. Squares indicate males; circles indicate females. Statistics: Median + IQR,
Mann-Whitney test.
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neutrophil-trained random forest model not being able to predict
TN regions (Fig. 6K).

Overall, our work shows that fibrillar collagen topographical fea-
tures are sufficient to predict the localization of T cells and neutro-
phils in tumors. However, whereas the recruitment of both cell types
is dependent on collagen fibers and collagen III, T cells and neutro-
phils do not share all topographical determinants, leading to coloni-
zation of different regions harboring specific topographies.

DISCUSSION
We show here that macrophage depletion results in a marked re-
modeling of fibrillar collagen in late-stage colorectal adenocarcinoma
subcutaneous tumors, which is associated with increased permis-
siveness of the tumor to immune infiltration. This effect is specific to
tumors with already established collagen capsule, as demonstrated
by the absence of effects in early-stage tumors or poorly fibrotic tu-
mors. We demonstrated that macrophage depletion leads to a switch
from an aligned network of fibrillar collagen, reminiscent of TACS-
2, to a network of intermingled fibers with no dominant orienta-
tion, resembling TACS-6. This rearrangement relies on increased
deposition of collagen III driven by the TF Tcf4 in both fibroblasts
and cancer cells, a pathway that appears active in different solid
tumors in humans. Topographical features of collagen networks
alone were sufficient to predict local accumulation of both T cells
and neutrophils.

Our work identifies ECM fine topography as a major determinant
of the tumor immune landscape at two levels: the penetrance of im-
mune cells in the tumor core and their subsequent local accumula-
tion in specific areas. A dense, cross-linked collagen capsule at the
tumor edge has long been considered a key barrier restricting T cell
infiltration, with T cells accumulating at its periphery (12, 16, 60, 61).
Disrupting the capsule integrity by degrading collagen ex vivo or in-
hibiting its cross-linking in vivo enables T cells to penetrate deeper
into the tumor core (12, 60). Our results expand upon this concept,
showing that macrophage depletion alters the collagen topography,
effectively reshaping the tumor ECM into a noncanonical fibrillar
collagen network enriched in collagen III. The preference of T cells
for COL3"" fiber-enriched regions was observed throughout tumor
growth. This reorientation of collagen fibers creates new migratory
paths for T cells to infiltrate the tumor, as supported by our in vitro
experiments on synthetic fibers. Although macrophages have been
shown to retain T cells at the tumor edge by directly interacting with
them (30), our results indicate that they also play an indirect role by
shaping ECM architecture. This permissive topography also enables
neutrophil infiltration, revealing a broader immune accessibility.

Machine learning analysis further revealed that the specific accumu-
lation of T cells and neutrophils in collagen-rich regions can be predict-
ed by fibrillar collagen topographical features alone. Although some
favorable topographies were shared between T cells and neutrophils,
other collagen architectures were specifically associated with T cells, sug-
gesting a broader spectrum of favorable networks for T cells compared
with neutrophils. Furthermore, the predictive topographical features for
T cells differed between control and macrophage-depleted tumors. This
points to either the emergence of new collagen topographies permissive
to T cells or a shift in their accessibility because of additional local cues
such as chemokines. Deciphering the precise contribution of ECM
topography versus chemokine-driven recruitment remains a chal-
lenge, given that many chemokines are ECM-bound (62-64).

Fusilier et al., Sci. Immunol. 11, eadw8291 (2026) 20 March 2026

Through the causative algorithmic (MIIC) analysis of the tumor
transcriptome, we shed light on a profibrotic pathway likely resulting
in collagen chaotic organization. Macrophage depletion enabled the
up-regulation of Tcf4 expression in cancer cells and fibroblasts, lead-
ing to an increased collagen III deposition, which promotes fibril-
lar collagen network disorganization (47, 48). Inhibiting Tcf4 in
macrophage-depleted tumors rescued the control phenotype. Our
results differ from other studies of the MC38 orthotopic model and
spontaneous breast tumors, where macrophage removal led to im-
paired fibrillogenesis through a decrease in collagen and cross-linking
enzyme production by fibroblasts and macrophages themselves.
These effects were mediated by loss of macrophage-derived TGF-f1,
which was not implicated in our model. Although TGF-p1 is widely
recognized as a master regulator of fibrosis, our findings shed light on
an alternative profibrotic pathway mediated by Tcf4/Wnt-p-catenin
signaling, usually repressed by macrophages. Tcf4 has been previously
reported as profibrotic in the liver (57), but, to the best of our knowl-
edge, its role in cancer-associated fibrosis is unknown. Overall, our
findings expand the understanding of fibrosis mechanisms governed
by macrophages in cancer, highlighting the critical role of Tcf4.

We observed the same transcriptional profibrotic axis in both
fibroblasts and cancer cells, suggesting that the Tcf4-collagen III
pathway that we highlight could be a common trait of mesenchymal
cells such as fibroblasts and the MC38 tumor model we used, consis-
tent with Tcf4 description as a pro—epithelial-to-mesenchymal tran-
sition (EMT) TF (65). This is consistent with the C2 versus C1
signature correlating with TCF4 and COL3A1 not only in tumor but
also in juxtatumoral tissues, which suggests that the TCF4-COL3A1
fibrotic axis is active in nontumor tissues. EMT-related TFs such as
Tcf4 can therefore act as double-edged swords. These factors may
promote immune infiltration as reported here, but they also support
cancer cell survival and invasion. For example, in immunodeficient
mice, Tcf4 inhibition leads to a reduction in tumor growth because
of increased apoptosis of cancer cells (66, 67). The shift in ECM
composition and increase in collagen III content could also modu-
late the balance between tumor growth and T cell activity. Collagen
III is known to be cytostatic in some cancer models (47, 48, 68),
whereas the interaction of T cells with collagen through the inhibi-
tory receptor LAIR-1 (leukocyte-associated immunoglobulin-like
receptor 1) was reported to favor T cell exhaustion (69). The ex-
hausted profile of CD8"* T cells and their interactions with other
immunomodulatory immune populations including neutrophils can
also render them inefficient at tumor cell killing (70, 71). Unexpect-
edly, macrophage depletion did not affect T cell transcriptional profiles
and T cell subset proportions. The pro- and antitumor consequences
of macrophage depletion could therefore balance each other, pre-
venting tumor reduction despite a massive infiltration of T cells, as
we describe here. This could explain the poor clinical benefits of
therapeutic strategies targeting macrophages and EMT pathways,
including CSFIR (colony stimulating factor 1 receptor) and f-
catenin/TCF4 inhibition (72-74). Our results suggest that failure of
such therapies could result from an increase in EMT pathways pro-
moting cancer cell growth in anti-CSFIR therapies and a decrease in
T cell infiltration/responses in therapies targeting the p-catenin/
TCF4 complex. However, combining transient macrophage deple-
tion with immune checkpoint inhibitors led to increased T cell kill-
ing, revealing potential synergistic effects.

In conclusion, our findings uncover a previously undescribed
interplay between macrophages, EMT pathways, and tumor ECM
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topography. We demonstrated that macrophage depletion induces a
transition from a canonical, aligned collagen TACS-2 capsule to an
intermingled collagen III-rich TACS-6-like network, promoting
immune infiltration of the tumor. Our work supports recent publi-
cations aimed at using collagens and TACSs as prognosis markers
(75-77). However, this remains challenging, given that diverse TACSs
tend to have dual effects on tumor and immune cells: TACS-2 would
exclude T cells from the tumor but prevent tumor cells from exiting
the tumor mass and forming metastases (13, 14), whereas TACS-6
would promote immune infiltration but allow multidirectional tu-
mor cell migration (13). Unraveling how the diverse TACSs are
established and evolve over tumor progression and characterizing
their effects on both cancer and immune cell dynamics are essential
to better understand the competition between the tumor and the
immune system. This fundamental knowledge may open previously
unrecognized avenues to not only improve immunotherapies and
anti-EMT drugs but also design therapies directly targeting the
tumor ECM.

MATERIALS AND METHODS

Study design

Our study aimed at uncovering the link between TAMs, ECM orga-
nization, and T cell infiltration at late stage of tumorigenesis, once
the collagen capsule of the tumor represents a barrier for immune
cells. To this end, we used a genetic mouse model allowing inducible
macrophage depletion (CD64°™® mice). The mice were injected
subcutaneously with MC38 tumors, and TAMs were depleted for
5 days before imaging fibrillar collagen (by SHG) and analyzing
T cells (immunofluorescence and confocal imaging). We developed a
method to segment the images, extract ECM organization features,
and predict T cell localization by a random forest model. To under-
stand how topography would affect T cell migration in tumors, we
designed an in vitro assay on synthetic fibrillar networks mimicking
the ECM organization in tumors. We also tested in vivo the impact
of macrophage depletion on the efficiency of immunotherapies by
injecting anti-PD-1 alone or in combination with anti-CTLA4. To
uncover how macrophages affected the collagen organization, we
performed an scRNA-seq analysis of the whole tumor and analyzed
our dataset with a mathematical algorithm (MIIC), enabling the in-
ference of causal networks. We validated the candidate pathways
(TCF4 and COL3) by immunofluorescence. Last, to examine the
clinical relevance of our findings, we analyzed correlations between
the signatures we identified in human datasets from the TCGA.

Mice

All animal experiments were conducted in accordance with European
and French regulations (Directive 2010/63/EU; Decree 2013-118) and
were approved by the French Ministry of Research (APAFIS #6092-
2016072717343792 v5). CD64°™ mice (34) were a gift of S. Henri
and B. Malissen and were maintained on a C57BL/6] background.
tdTomato/green fluorescent protein (GFP) mice were provided by
L. Luo (Stanford University). C57BL/6] mice were purchased from
Charles River Laboratories. Mice were housed under specific patho-
gen-free conditions at Institut Curie, under a 12-hour light-dark
cycle with ad libitum access to osmotic water and irradiated chow
(Mucedola, 4RF25SV). Both female and male mice aged between 8
and 14 weeks were used. Mice exhibiting signs of inflammation, infec-
tion, or substantial body weight loss were excluded from experiments.

Fusilier et al., Sci. Immunol. 11, eadw8291 (2026) 20 March 2026

Cell lines

MC38 COAD cells (gift from N. Haynes, Peter MacCallum Cancer
Centre) and B16F10 cells (gift from C. Leclerc, Institut Pasteur, Paris,
France) were cultured in RPMI GlutaMAX (Gibco, 61870036) sup-
plemented with 10% fetal bovine serum (Biowest, $1810), 1% penicillin-
streptomycin (Thermo Fisher Scientific, 15070063), and 0.1%
B-mercaptoethanol. Cells were seeded at 0.2 X 10° cells/ml and split
every 2 to 3 days at a 1:4 ratio using TrypLE Express (Gibco, 11528926).
For in vivo injections, cells were plated at a 1:3 ratio the day before
harvesting to achieve ~60% confluence at the time of injection.

In vivo tumor growth

Tumor growth was analyzed using a digital caliper and tumor vol-
ume was calculated using the following formula: (length x width?)/2.
Tumors, draining lymph nodes, lungs, and liver were collected for
subsequent analysis.

Macrophage depletion

Eight- to 14-week-old CD64"" and CD64°™ mice were injected
with 0.5 x 10® MC38 or B16F10 cells in 100 pl in phosphate-buffered
saline (PBS) subcutaneously. Macrophage depletion started by in-
traperitoneal injection of DT (50 pg/kg; Merck, 322326-1MG) and
maintained every 48 hours with DT (17.5 pg/kg) in PBS. Mice were
euthanized 24 hours after the last DT injection (late depletion: DT at
days 9, 11, and 13, analysis at day 14; early depletion: DT at days 3,
5,and 7, analysis at day 8).

TCF4 in vivo inhibition

CD64"" and CD64°™ mice were injected intraperitoneally with
ICG-001 (10 mg/kg; MedChemExpress, HY-14428), resuspended in
dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, D139-1), and
diluted in 30% polyethylene glycol (Sigma-Aldrich, 81169) 30%
1,2-propanediol (Sigma-Aldrich, 16033) at 9, 11, and 13 d.p.i. [days
postinjection (of the tumor)] concomitantly with DT injections.
Control mice were injected with the same amount of DMSO diluted
in 30% polyethylene glycol and 30% 1,2,propanediol.

Immune checkpoint blockade

CD64"" and CD64°™ mice were then injected intraperitoneally
with either anti-PD-1 (10 mg/kg; Leinco, P372) alone or in combi-
nation with anti-CTLA4 (10 mg/kg; Bio X Cell, #BE0131) or with
the same dose of isotype controls (Euromedex, BX-BE0089 and
BE0087, respectively) at days 10, 13, 16, and D19 and euthanized at
day 22 d.p.i.

Time course analysis

Eight- to 14-week-old C57B6/] mice (females) were injected with
0.5 x 10°® MC38 cells in 100 pl in PBS subcutaneously. They were
euthanized at 8, 12, 15, and 17 d.p.i. for tumor collection and subse-
quent analysis.

In vitro topotactic migration assay on fibrillar networks
Fibrillar network design, preparation, and loading

Deformable fiber arrays were fabricated as previously described (40).
More details are provided in Supplementary Text. Preactivated T cells
were used for the assay.

Live imaging and analysis

Imaging was performed on two spinning-disk confocal microscopes
(Nikon Eclipse Ti-E, CSU-X1, Yokogawa). Images were acquired
with a 561-nm laser for T cells and a 633-nm laser for fibers using
Prime BSI or QuantEM cameras. Image stacks (180 pm by 280 pm
by 31 pm; voxel size, 0.16 pm by 0.16 pm by 1 pm or 0.4 pm by
0.4 pm by 1 pm) were collected over 5 hours at AT = 2.5- to 3-min
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intervals. The analysis was performed using Image] (version from
May 2017, provided by National Institutes of Health, MD, USA) and
IMARIS (v9.2) and MATLAB (R2022b) to extract T cell tracks and
compute 2D velocity and distance ratios over a 1-hour period.

Immunofluorescence

Slice preparation and staining

Tumors were fixed in 4% paraformaldehyde (Edimex, 3178-200-19), in-
cubated for 24 hours at 4°C in obscurity, dehydrated in 15 and 30%
sucrose (Thermo Fisher Scientific, 10634932), included in optimum
cutting temperature (TissueTek, 4583), and stored at —20°C. Tumors
were cut into 20-pum sections for SHG imaging or 7-pm sections for epi-
fluorescence imaging. Sections were permeabilized using 0.2% Triton
X-100 diluted in PBS, blocked using 1:100 Fc block (BD, 553142; 1:100),
1:20 goat serum (Jackson ImmunoResearch, 005-000-121) or donkey
serum (Jackson ImmunoResearch, 0017-000-121) depending on the
host of secondary antibodies, and 3% immunoglobulin G-free bovine
serum albumin (Jackson ImmunoResearch, 001-000-162) in 0.05%
Triton X-100 in PBS. They were stained with the following primary
antibodies: anti-F4/80-AF647 (Bio-Rad, MCA497A647; 1:100), anti-
CD3e (BioLegend, 100306; 1:200), anti-Ly6G (BioLegend, 127605;
1:200), anti-Col3al (SouthernBiotech,1330-01; 1:300), anti-Tcf4
(ProteinTech, 16801875; 1:100), anti-fibronectin-AF488 (Biotechne,
NBP1-91258 AF488; 1:100), and anti-cCasp3 (Cell Signaling Tech-
nology, 9664L; 1:100). Donkey anti-goat AF647 (Invitrogen, A21202;
1:200) and donkey anti-rabbit AF546 (Invitrogen, A10040; 1:200)
secondary antibodies were used depending on the host of the pri-
mary antibody. Slides were mounted in Fluoromount-G with or
without 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, 15596276
or 15586276, respectively).

Imaging

Epifluorescence imaging was performed using an AxioScan Z1 micro-
scope (Zeiss) at 20X (Zeiss Plan-Apochromat 20x/0.8 #420650-9901-
000). Two-photon and confocal imaging was performed using an
inverted two-photon laser scanning confocal microscope (Leica SP8),
coupled with a femtosecond laser (Chameleon Vision II, Coherent
Inc.) using a 20x/0.75-W HC IRAPO water immersion objective or
an inverted Leica Stellaris 8 Dive equipped with a HC FLUOTAR L
25%/0.95-W VISIR 0.17 objective. The excitation wavelength was set
at 940 nm, and signals were acquired using three nondescanned
HyD detectors: 525/40 nm (GFP), 585/40 nm (tdTomato), and <492 nm
(SHG). The acquisition was performed in resonant mode, with Z
size of 10 pm and a Z step of 2 pm, and tiling arrays were performed
on the whole tumor. Image stitching was performed using the LAS
X software (Leica).

Image analysis
Cell detection and quantification were performed in QuPath (0.4.4).
For regional analysis, tumors were tiled into 100-pm squares, and
enrichment was defined relative to mean density in marker-positive
regions. Tumor solidity was computed from manually drawn tumor
masks in Fiji using the Shape Descriptor tool. Collagen texture was
quantified by GLCMs in Python using scikit-image, with 256 gray
levels, averaged across four orientations (0°, 45°, 90°, and 135°) and
distances from 1 to 100 pixels (0.45 pm per pixel). GLCM homoge-
neity is a measure of the structural uniformity of the collagen fibers
within a region, which increases as variation or contrast decreases.
SHG features including orientation, coherency, structure tensor
energy, intensity, density, and distance to tumor margin were extracted
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using the Orientation] plugin (36) in ImageJ and custom Python
scripts. More detailed information about image analysis is available
in the Supplementary Materials.

Random forest classification

Random forest predictions were performed using a custom-made
Python code. Seventy percent of the initial data were used for train-
ing the model, and the remaining 30% were used for the test set. In
addition, for the prediction of T cell-rich regions in CD64" " and
CD64°™ tumors at day 14, a stratified 10-fold cross-validation
was performed on the training set, during which a RandomSearch
(N = 50) was conducted to find the best combination of parameters
based on the performance obtained on the validation set.

Single-cell RNA sequencing

MC38 tumors from CD64°™® and CD64" " were harvested at day 14
d.p.i., and scRNA-seq was performed with 10X technology (more
details are provided in the Supplementary Materials). scRNA-seq
data were analyzed with R using the Seurat suite (v4). Cells were
then filtered out when expressing less than 1000 genes or when ex-
pressing more than 10% of mitochondrial genes. Doublets were
identified using the DoubletFinder package (78). Differential analy-
sis was done using the DESeq2 package (79), and gene set enrich-
ment analysis was performed using the FGSEA package (80). Cell-cell
interaction analysis was performed using LIANA package (81). Data
management, quality control, and primary analysis were performed
by the Bioinformatics platform of the Institut Curie.

MIIC analysis

MIIC network inference was performed on nonimmune cells using
MIIC 2.0.3 version (45, 46). First, the top 50 and 250 TFs with the
highest mutual information with the tested condition (CD64"™
versus CD64"' ") were selected along with the list of collagen genes
(44 genes). For cancer cells, the number of cells was subsampled to
4000 cells. For the analysis between the C1 and C2 cancer clusters,
we selected the top 75 most informative TFs between C1 and C2
while including also the top 535 non-TF genes selected with the
same mutual information threshold as the 75 TFs.

Human data analysis
Publicly available human transcriptomic data were analyzed using
both web-based tools and R-based pipelines. Initial correlation analy-
ses for TCGA COAD samples were performed using GEPIA2, apply-
ing Spearman correlation to evaluate pairwise gene-gene associations.
For extended analyses across multiple TCGA projects, all computa-
tions were performed in R (v4.3.2). Transcripts per million (TPM) ex-
pression values were retrieved from the Genomic Data Commons for
five cancer types: COAD, READ, STAD, BLCA, and PAAD. Data col-
lection was performed using the TCGAbiolinks package (v2.30.4).

Statistical analysis

Statistical tests used are indicated in the figure legend of each graph.
Graphs and statistical analysis were performed using Prism Graph-
Pad (v10.3.1) or R (v4.3.1) software. Mann-Whitney test was used to
compare two conditions. Two-way analysis of variance (ANOVA)
was performed when more than two conditions were compared. In
all graphs, pooled biological replicates (mice for in vivo or cells for
in vitro) from independent experiments (N) are plotted on the same
graphs. Sample size (n) is indicated in figure or figure legend.
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Editor’'s summary

Macrophages suppress antitumor immunity through multiple direct and indirect mechanisms, but how their interactions
with the tumor extracellular matrix (ECM) affect infiltrating immune cells is not well understood. Using both microscopy
to image murine tumors and machine learning, Fusilier et al. found that macrophages shape fibrillar collagen
topography in late-stage tumors, which dictates T cell localization. Macrophage depletion activated a Tcf4-mediated
fibrotic pathway that promoted the development of intratumor collagen lll-rich networks that supported localized

T cell and neutrophil infiltration. These findings demonstrate that macrophages can also affect the tumor immune
microenvironment by shaping local ECM architectures. —Claire Olingy
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