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Triple-negative breast cancer (TNBC) patients exhibit variable responses to programmed death (PD)-
ligand (L)1 blockade, largely determined by the ‘hot’ vs ‘cold’ state of the tumor immune
microenvironment (TIME). We here characterized nine mouse TNBC models, relying on intraductal
mammary gland inoculation of established mouse TNBC cell lines, with a heterogeneous TIME to
study anti-PD-L1 resistance mechanisms. Complementary in vitro and in vivo screening classified the
4T1-hot-based model, a highly inflamed control through its immunogenic luciferase tag expression
compared to the untagged 4T1-cold-based model, as displaying the ‘hottest’ TIME. However, both
4T1-based counterparts did not respond to anti-PD-L1, which was attributed to their
immunosuppressive myeloid cell content, as well as upregulation of cancer-associated fibroblasts in
the 4T1-hot and high PD-L1-expressing CXCL10* tumor-associated macrophages in 4T1-cold
primary tumors. These anti-PD-L1 adaptation mechanisms across TIME states, as captured by the
mouse TNBC models, highlight specific cellular targets for future studies.

The aggressive triple-negative breast cancer (TNBC) subtype is now
routinely treated with immune checkpoint blockade (ICB) in combina-
tion with chemotherapy™. ICB employs antibodies targeting immune
checkpoints such as programmed death (PD)-1 and PD-ligand (L)1 in the
tumor immune microenvironment (TIME), thereby preventing T-cell
exhaustion and enhancing tumor cell killing’. In patients with early-stage
TNBC, ICB has increased pathological complete response (pCR) rates to
as high as 60%".

A major determinant of ICB efficacy in TNBC is the immunological
status of the TIME, often classified as ‘cold” or ‘hot” based on the degree of
lymphocyte infiltration*’. TNBC patients with a ‘cold” TIME, characterized
by minimal lymphocytic infiltration, are associated with poor prognosis and
low responsiveness to immunotherapy’. However, even a lymphocyte-rich
‘hot’ TIME does not necessarily ensure improved ICB outcomes as a result
of adaptive resistance mechanisms that remain incompletely understood”.
To investigate how different TIME states contribute to immune evasion and

ICB resistance, robust preclinical models that recapitulate the hetero-
geneous immune landscapes of human TNBC are essential’.

To address this need, the current study comprehensively characterizes
nine mouse TNBC models generated by intraductal inoculation of estab-
lished TNBC cell lines in the mammary gland of syngeneic mouse strains.
This orthotopic inoculation method uniquely recapitulates the complete
TNBC disease process from ductal carcinoma in situ (DCIS) to invasive
carcinoma (IC), within an intact immune systemm. The cell lines, derived
from three different mouse strains (i.e., BALB/C-derived 4T1-hot, 4T1-cold,
EMT6, D2A1 and 66CL4 cells, C57BL/6-derived Py230 and AT3 cells, FVB/
N-derived MVT1 and MET]1 cells), were first analyzed in vitro for differ-
ences in growth kinetics and gene expression. Following their intraductal
inoculation, TIME heterogeneity was evaluated through primary tumor
growth dynamics, spontaneous lung metastasis, transcriptomic profiling,
and immune cell composition. Using the ICB-resistant 4T1-cold and 4T1-
hot model further identified distinct anti-PD-L1 resistance mechanisms,
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including the upregulation of CXCL10" tumor-associated macrophages
(TAMs) and cancer-associated fibroblasts (CAFs), which may be relevant
across TIME states.

Collectively, these mouse TNBC models capture the heterogeneous
TNBC TIME and provide a powerful platform for the discovery of ther-
apeutic targets aimed at enhancing ICB efficacy.

Results

In vitro characterization of mouse TNBC cell lines

The 9 selected mouse TNBC cell lines (i.e., 4T1-hot, 4T1-cold, 66CL4,
EMT6, D2A1, AT3, PY230, MET1 and MVT1), aimed to develop a het-
erogeneous ‘hot’ vs ‘cold’ TIME as observed in TNBC patients, were first
characterized in vitro. An imaging system that allowed evaluation of the
kinetic growth of the cell lines based on their speed in occupying space in the
culture well identified EMT6 as the fastest-growing cell line (Supplementary
Fig. 1a, b). More specifically, the slope of EMT6 cellular growth was sig-
nificantly higher after 52 h of culturing compared to the eight other cell lines,
whereas the 66CL4 cell line displayed the lowest cellular growth slope
(Supplementary Fig. 1b). The 4T1-hot cell line also showed a significantly
higher slope of growth after 52 h of culturing compared to 7 other cell lines,
including its 4T1-cold counterpart (Supplementary Fig. 1b). In contrast to
its low slope of cellular growth, the 66CL4 cell line had a significantly higher
number of cells after 48 h of growth compared to all other cell lines, high-
lighting the need to also take this parameter into account when classifying
cell lines as slow- or fast-growing (Supplementary Fig. 1c). Based on these
combined parameters, PY230 and AT3 could be labeled as the slowest-
growing of all 9 cell lines (Supplementary Fig. 1b, c). Subsequent char-
acterization using single-cell RNA-sequencing (scRNA-seq) indicated clear
differences between the 9 cell lines at the transcriptomic level based on their
distinctly separate uniform manifold approximation and projection
(UMAP) clustering (Fig. 1a). Cell lines were identified as triple-negative
based on the absence or low expression of Erbb2, Esr2, and Pgr transcripts

(Fig. 1b). Although the EMTG6 cell line showed consistently high expression
of Esrl, a previous study demonstrated that EMT6 cells are not growth-
stimulated by estradiol supplementation'' and hence remain frequently
reported as triple-negative'”"”. The EMT6 cell line also displayed a pro-
minent inflammatory profile with high expression of CsfI, Jak1, and Cxcl5
(Fig. 1c, d). Expression of Mif and Sppl, two targets associated with
immunosuppression in cancer patients'*'"”, was detected in all cell lines (Fig.
1d). Linking the gene expression profiles of the cell lines to the hallmarks of
cancer using GSEA highlighted clear differences in epithelial-to-
mesenchymal transition (EMT), growth-supporting metabolism and
inflammatory state (Fig. le). More specifically, EMT6, PY230 and AT3
displayed significantly increased expression of EMT genes compared to the
other cell lines, but both the PY230 and AT3 cell line also showed a sig-
nificantly decreased expression of MYC target genes associated with cellular
mitosis (Fig. le). Furthermore, the 4T1-cold, 66CL4 and PY230 cell line
showed significantly lower expression of genes associated with either fatty
acid  metabolism,  glycolysis, oxidative = phosphorylation  or
mTORCI signaling (Fig. 1e)'®. A significantly increased expression of
interferon (IFN)-a and -y genes in the EMT6 cell line corroborates its
inflammatory nature. These hallmarks for inflammation were also sig-
nificantly increased in the MET1 and D2Al cell line, but significantly
reduced in the PY230 and AT3 cell line compared to the other cell lines
(Fig. 1e).

Growth kinetics and metastatic behavior of the mouse TNBC cell
line-derived primary tumors

In order to establish immunocompetent and complementary mouse models
from the characterized mouse TNBC cell lines, the cells were intraductally
(i.e., truly orthotopically) inoculated in the mammary gland of syngeneic
mouse strains. The inoculum dose for each cell line was determined based
on the ability to transition from DCIS to IC and to develop palpable tumors
(20-30 mm?® size) by 2 weeks (w) post-inoculation (p.i.). Our group already
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Fig. 1 | In vitro characterization of 9 complementary mouse TNBC cell lines.

a UMAP plot of the 9 mouse TNBC cell lines. b Dot plot showing the average
expression and fractions of expressed cells for the 4 clinically relevant marker genes
used to diagnose TNBC. ¢, d Dot plots representing the average expression and

3
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Normalized Enrichment Score

fractions of expressed cells for each cell line regarding selected chemokines (c) and
cytokines (d). e GSEA bar graph showing the normalized enrichment score (NES) of
selected significantly expressed cancer hallmarks for each cell line.
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Fig. 2 | Growth kinetics and metastatic behavior of 9 mouse TNBC cell line-
derived primary tumors. a Weekly monitoring of primary tumor growth following
orthotopic inoculation of mouse TNBC cell lines in syngeneic mouse mammary
glands. b Lung metastases when primary tumors reached their humane endpoint
(i.e., 1 cm® size). ¢ H&E histology of lung metastases in the EMT6-, AT3-, 66CL4-,
4T1-cold-, 4T1-hot- and MVT1-based model. Scale bars = 200 pm. d Weight of the

b Mouse Mouse min:;::ag nt lung
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D2A1 BALB/C 4 - (8/8mice)
BEMT6 BALB/IC 5 +(5/8mice)

4T1-cold BALB/C 5 ++(99mice)
AT3 C57BL/6 5 +(4/8mice)

4T1-hot BALB/C 6 ++(6/6 mice)
66CL4 BALB/IC 6 +(6/10mice)
PY230 C57BL/6 6 - (8/8mice)
MET1 FVBN 6 -(13/13mice)
MVT1 FVB/N 6 +(11/11mice)

spleen isolated from the mouse TNBC models when primary tumors reached their
humane endpoint. The dotted line highlights the mean spleen weight of 4 healthy
mice. e H&E histology of the spleen derived from the 4T1-hot- and 4T1-cold-based
model, with histology of a healthy spleen for comparison. Scale bars = 200 um. Data
in a, d are presented as the means + standard error of the mean (SEM). *p <0.05,

"p<0.01, "p<0.001.

identified the optimal inoculum dose of 4T'1-hot and 66CL4 cells needed for
such a timely DCIS-to-IC transition and efficient metastasis'’. Character-
izing a similar optimal dose for the 7 other cell line-based models subse-
quently allowed comparison of their growth kinetics and metastatic
behavior after the 2 w.p.i. timepoint. More specifically, D2A1 primary
tumors showed the fastest growth and reached their humane endpoint (i.e.,
1 cm’ primary tumor size) in only 4 weeks (Fig. 2a, b). EMT6, 4T1-cold and
AT3 primary tumors also showed rapid growth, reaching their humane
endpoint at 5 w.p.i. (Fig. 2a,b). Notably, a low dose of 4 x 10° 4T1-cold cells
was sufficient for proficient primary tumor growth. In contrast, 4T1-hot,
66CL4, PY230, MVT1 and MET1 required a higher cell dose to eventually
develop primary tumors that reached the humane endpoint at 6 w.p.i. (Fig.
2a, b). Metastatic capacity for each primary tumor was scored based on

hematoxylin & eosin (H&E) histology of lung metastases at their respective
humane endpoints. More specifically, lung metastases were detected in 6
models: EMT6, AT3, 66CL4, 4T1-cold, 4T1-hot and MVT1. The EMT6-,
AT3- and 66CL4-based model showed microscopic-sized lung metastases
in only some of the mice at humane endpoint and were therefore scored as
‘+’/'weakly metastatic’. The 4T1-cold-, 4T1-hot- and MVT1-based model
showed macroscopic-sized lung metastases in all mice at humane endpoint
and were therefore scored as ‘++’/‘highly metastatic’ (Fig. 2b, c). As pre-
viously described, the metastatic behavior and associated leukocyte reac-
tions in 4T1-based mouse models can also be determined through
enlargement of the spleen and increased spleen weight*”". Both the 4T1-
cold- and 4T1-hot-based models showed prominent splenomegaly com-
pared to the other models, with spleen weight in the 4T1-hot-based model
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being significantly higher than in the 4T1-cold-based model (Fig. 2d). This
was also reflected by a more disturbed splenic architecture and additional
loss of white pulp areas on H&E histology (Fig. 2e).

Transcriptomic profiling of the cell line-derived primary tumors at
an early timepoint

In order to investigate in depth the TIME differences between the 9 mouse
TNBC models, we investigated and compared their primary tumors both at
an early timepoint (i.e., at 2 w.p.i,, when primary tumors have a similar size
of 20-30 mm?®) and late timepoint (i.e., at humane endpoint, when primary
tumors have a similar size of 1cm?) (Fig. 3a). On the early timepoint
samples, we aimed to apply bulk RNA-sequencing for transcriptomic
profiling due to the small amount of available primary tumor tissue (Fig. 3a).
On the late timepoint samples, we aimed to perform flow cytometric
immunophenotyping with complementary cytokine and immune check-
point profiling, as well as immunohistochemical analysis for a more thor-
ough immune cell characterization (Fig. 3a).

Following isolation at the early (2 w.p.i.) timepoint, transition from the
DCIS to IC stage was first verified in all primary tumors with cytokeratin 5
staining, showing disruption of the ductal myoepithelial barrier by the
tumor cells and their breakthrough into the mammary fat pad (Supple-
mentary Fig. 2a). Bulk RNA-seq data of primary tumors were subsequently
processed to obtain differentially expressed genes (DEGs) compared to the
respective healthy mammary gland transcriptome, excluding the mouse
strain-dependent differences and potential transcripts of healthy mammary
gland tissue. The DEGs were ranked based on their log2-fold change in
expression relative to the healthy gland state and categorized into hallmarks
of cancer using GSEA (Fig. 3b). The primary tumors displayed similarity in
metabolic hallmarks, with a significant upregulation of glycolysis-based
metabolism and downregulation of oxidative phosphorylation and fatty
acid metabolism (Fig. 3b). The EMT hallmark was significantly down-
regulated in PY230 and 66CL4 primary tumors, and non-significantly in
ATS3 primary tumors (Fig. 3b), whereas MYC target genes, as well as other
cellular mitosis hallmarks such as E2F targets, G2M checkpoint, mitotic
spindle and mTORCI signaling were consistently upregulated in all primary
tumors (Fig. 3b and Supplementary Fig. 3). Gene expression related to
inflammation, as captured by the IFN-a and -y response, inflammatory
response, allograft rejection, IL-6/JAK/STAT3 signaling and TNF-a sig-
naling via NF-xB hallmarks, was significantly downregulated in AT3 pri-
mary tumors and non-significantly in D2A1 primary tumors (Fig. 3b and
Supplementary Fig. 3). These results suggest a ‘cold’/immune cell-deprived
TIME state for the AT3 and D2A1 primary tumors, and were corroborated
by heatmaps showing reduced expression of gene signatures related to IFN-
a and -y signaling, T-cell activation, T-cell exhaustion, TAMs, antigen
presentation and tumor-associated neutrophils (TANS) in both these pri-
mary tumors (Fig. 3¢ and Supplementary Fig. 2b-f). Corroborating their
presumed association with a ‘hot’ TIME, 4T1-hot primary tumors showed
an increased pro-inflammatory and T-cell-related gene expression com-
pared to 4T1-cold primary tumors (Fig. 3d). The 4T1-hot TIME identity
was also reflected by increased expression of gene signatures related to T-cell
activation, T-cell exhaustion and antigen presentation compared to their
4T1-cold counterparts (Fig. 3e). Heterogeneity between the mouse TNBC
models was further demonstrated based on gene signatures from recently
identified TIME landscapes™ (Supplementary Fig. 2g, h). More specifically,
the highly inflamed TIME of 4T1-hot primary tumors was concomitantly
categorized as fully immunomodulatory (IM), whereas the 66CL4, EMT6
and even 4T1-cold TIME was categorized as 70% IM and 30% mesenchymal
stem-like (MSL) with fibrovascular structures (Supplementary Fig. 2h). The
cold and immune-deprived TIME of D2A1 and AT3 primary tumors was
categorized as fully and 75% mesenchymal (M), respectively (Supplemen-
tary Fig. 2h). The AT3 TIME also displayed a 25% basal-like (BL) pheno-
type, characterized by high proliferation (Supplementary Fig. 2h). The
MET]1 primary tumors were even more proliferative based on their 70% BL
annotation and were the only ones to display 30% luminal androgen
receptor (LAR) TIME characteristics (Supplementary Fig. 2h). The MVT1

TIME was specified as fully MSL, whereas the PY230 TIME was char-
acterized as the most heterogeneous of all models with 50% MSL-, 25% IM-,
25% BL- and also upregulation of LAR-associated gene expression (Sup-
plementary Fig. 2g, h).

Immunophenotyping of the cell line-derived primary tumors at a
late timepoint

Immunophenotyping of primary tumors at a late (1 cm® size) timepoint
enabled evaluation of TIME heterogeneity at the cellular level between the
mouse TNBC models. PD-L1 expression was significantly higher in the
4T1-hot primary tumors compared to the 4T1-cold primary tumors based
on flow cytometry and compared to all primary tumors based on Luminex
assay (Fig. 4a and Supplementary Fig. 4a). We decided to further focus on
the 4T1 counterparts with a ‘hot’ vs ‘cold’ TIME on an identical strain
background, and attributed their differential PD-L1 levels to a significantly
higher PD-L1 expression on the tumor cells and not the immune cells (Fig.
4b, ¢). Strikingly, the numbers of CD45" leukocytes did not significantly
differ between the 4T1-cold and 4T1-hot primary tumors (Fig. 4d). When
comparing 4T1-cold and 4T1-hot primary tumors with all other models,
CD45" leukocyte numbers were significantly higher than in the PY230 and
ATS3 primary tumors, similar to those in EMT6 and D2A1 primary tumors
and significantly lower than in the 66CL4 primary tumors (Supplementary
Fig. 4b). Moreover, polymorphonuclear (PMN)-myeloid-derived sup-
pressor cell (MDSC) and monocytic (M)-MDSC numbers were significantly
higher in the 4T1-hot and 4T1-cold primary tumors compared to all other
primary tumors (Supplementary Fig. 4c, d). This finding was corroborated
by significantly higher levels of the PMN-MDSC- and TAN-supporting
cytokine granulocyte-colony stimulating factor (G-CSF) in 4T1-cold and
4T1-hot primary tumor lysates (Supplementary Fig. 4e). Yet, despite similar
PMN-MDSC numbers in both primary tumors, the 4T1-cold primary
tumors displayed even higher levels of G-CSF than their 4T1-hot coun-
terparts (Supplementary Fig. 4e). In contrast to PMN-MDSCs as TAN
precursors, the numbers of mature TANs were significantly higher in EMT6
primary tumors compared to all other primary tumors, with the exception
of the 4T1-cold and 4T1-hot primary tumors (Supplementary Fig. 4f). This
TAN-rich TIME was also corroborated by significantly higher macrophage
inflammatory protein (MIP)-2 levels in EMT6 primary tumor lysates
(Supplementary Fig. 4 g). Furthermore, the numbers of mature TAMs were
significantly higher in 66CL4 primary tumors compared to all other primary
tumors (Supplementary Fig. 4h). Inline with their ‘hot’ TIME, a significantly
higher abundance of anti-tumorigenic M1- compared to pro-tumorigenic
M2-polarized TAMs, as demonstrated by the high M1/M2 TAM ratio, was
detected in 4T1-hot compared to 4T1-cold and all other primary tumors
(Fig. 4e and Supplementary Fig. 4i).

DC, CD4", and CD8a* T-cell numbers were significantly increased in
4T1-hot primary tumors compared to the 4T1-cold and most other primary
tumors (Fig. 4f-h and Supplementary Figs. 4j, and 5a, b). The 66CL4 primary
tumors showed a similar number of CD4"* and CD8a* T-cells compared to
the 4T1-hot primary tumors (Supplementary Fig. 5a, b). The 4T1-hot pri-
mary tumors additionally showed strong T-cell activation, based on a high
positivity for granzyme B, PD-1 and IFN-y in the CD8a" T-cell population
(Fig. 4i and Supplementary Fig. 5c—e), with the latter being significantly
higher than in the 4T1-cold and all other primary tumors, and also reflected
by significantly higher IFN-y levels in 4T1-hot primary tumor lysates
(Supplementary Fig. 5f). A similarly high granzyme B positivity in the AT3
and 4T1-cold primary tumors as in the 4T'1-hot model indicated that the few
CD8a™ T-cells present in their ‘cold’ TIME are activated (Supplementary
Fig. 5¢). Ki67 positivity of CD8a* T-cells was not significantly different
between all primary tumors, highlighting that CD8a* T-cell proliferation is
not influenced by the TIME state (Supplementary Fig. 5g). Significantly
higher numbers of immunosuppressive FoxP3* CD4" T-regs in the 4T1-
cold primary tumors compared to the 4T1-hot and other primary tumors
corroborated their immunosuppressed TIME state (Fig. 4j and Supple-
mentary Fig. 5h). B-cell and natural killer (NK)-T cell numbers did not
significantly differ between the primary tumors (Supplementary Fig. 5i, j).
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on mean fluorescence intensity (MFI) within live single cells (a), the CD45" (b), and
the CD45™ cell population (c). d Number of CD45" leukocytes per gram of primary
tumor. e Calculated M1/M2 TAM ratio. f~h Number of DCs (f), CD4* T-cells (g),
and CD8a" T-cells (h) per gram of primary tumor. i Percentage of IFN-y ™ cells within
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The 66CL4 primary tumors showed significantly higher numbers of NK cells
compared to 5 other primary tumors (Supplementary Fig. 5k).

To validate the flow cytometric immunophenotyping and determine
the location of major immune cell subtypes, immunohistochemical staining
was performed on the primary tumor tissue. The 4T1-cold, 4T1-hot, EMT6
and, to a lesser extent, 66CL4 primary tumors mainly showed accumulation
of TANs in necrotic areas, which were identified based on Ly6G positivity
(Supplementary Fig. 6a). As also demonstrated through flow cytometry,
EMT6 primary tumors showed significantly higher infiltration of Ly6G*
TANSs compared to the other primary tumors (Supplementary Fig. 6a).
Immunohistochemistry for CD163 verified excessive M2 TAM infiltration,
often with spindle-shaped morphology, in the 66CL4 primary tumor core
and significantly higher compared to the other primary tumors (Supple-
mentary Fig. 6b). Immunohistochemistry for CD8a corroborated the sig-
nificantly higher CD8a™ T-cell infiltration, the primary parameter for ‘hot’
TIME classification, in 4T1-hot primary tumors, scattered throughout the
tumor core (Supplementary Fig. 6¢).

Transcriptomic adaptation of selected 4T1-cold and 4T1-hot
primary tumors to anti-PD-L1 treatment

To evaluate potential differences in anti-PD-L1 efficacy between the 4T1-
cold- and 4T1-hot-based model as preclinical reference models containing,
respectively, a ‘cold’ and ‘hot’ TIME, an additional experiment was set up in
which both models received a weekly systemic administration of anti-PD-L1
treatment between 2 and 4 w.p.i. (Fig. 4k, 1). However, this treatment

strategy did not significantly reduce primary tumor growth compared to
IgG isotype control treatment in either model (Fig. 4k, 1). In line with
previous reports™*, the use of murinized anti-PD-L1 instead of the com-
monly reported rat-derived anti-PD-L1 antibodies was necessary to avoid
adverse xenogeneic hypersensitivity reactions in the 4T1-based models.
Despite the absence of tumor growth reduction, at 3 w.p.i. (i.e., after the
first dose of anti-PD-L1), 4T1-cold primary tumors showed a significant
upregulation of hallmarks related to tumor inflammation (i.e., inflamma-
tory response, IFN-y and -a response) and significant downregulation of
hallmarks related to cellular mitosis and tumor progression (i.e., myogen-
esis, MYC targets V1 and V2, mitotic spindle, hedgehog signaling, G2M
checkpoint, EMT and angiogenesis) (Fig. 5a). In contrast, anti-PD-L1
treatment significantly upregulated the hallmarks related to tumor pro-
gression in the 4T1-hot primary tumors, with the exception of the MYC
targets V1 and V2 hallmarks, which were similarly downregulated as in the
4T1-cold counterparts (Fig. 5a). Evaluating the 30 most significantly DEGs
between IgG control- and anti-PD-L1-treated primary tumors based on
adjusted p-value further highlighted the differential adaptation to anti-PD-
L1 treatment of the 4T1-based models. More specifically, pro-inflamma-
tory/IFN-stimulated genes Bst2, Cd274, Cxcl11, Gvin-ps2, Icam1, Serpina3f
and Slfnl, antigen-presenting genes B2m, Cd83, Fcgr4, H2-Bl, H2-DMb1
and H2-L, and the anti-angiogenic gene Chga were among the most sig-
nificantly upregulated DEGs associated with anti-PD-L1 treatment in the
4T1-cold primary tumors (Fig. 5b). The most significantly upregulated
DEGs in the 4T1-hot primary tumors upon anti-PD-L1 treatment included
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Fig. 5 | Transcriptomic adaptation of 4T1-cold and 4T1-hot primary tumors
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hallmarks based on gene expression changes in both 4T1-cold and 4T1-hot primary
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extracellular matrix (ECM) and CAF factors (Adamdecl, Adamts9, Boc,
Col3al, Slit2, Tnc and Vcan), whereas several related factors (including
Collal, Colla2, Col3al, Col5a2, Fibin and Mmp2) were most significantly
downregulated in the 4T1-cold counterparts (Fig. 5b). The most sig-
nificantly downregulated DEGs in the 4T1-hot primary tumors in response
to anti-PD-LI treatment could be attributed to mast cells (Cmal, Mcptl,
Mcpt2, Tpsabl and Tpsb2) (Fig. 5b).

In line with pro-inflammatory stimulation, gene signatures associated
with IFN-y and -, T-cell activation and exhaustion, antigen presentation and

general inflammation were also upregulated in anti-PD-L1- compared to IgG
control-treated 4T1-cold primary tumors (Fig. 5c-g and Supplementary Fig.
7a). The 4T1-hot primary tumors were already intrinsically associated with
high IFN signaling and showed no additional upregulation of IFN-y or -a
gene signatures upon treatment with anti-PD-L1 compared to IgG control
(Fig. 5¢, d). T-cell activation-, T-cell exhaustion-, antigen presentation- and
general inflammation-associated gene signatures were also not clearly upre-
gulated upon anti-PD-L1 treatment as observed in the 4T1-cold counterparts
(Fig. 5e-g and Supplementary Fig. 7a). However, both 4T1-cold and 4T1-hot
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primary tumors showed similar expression of TAN-associated genes,
including Chi3l1, when treated with anti-PD-L1 or IgG control, indicating
that the abundant immunosuppressive TAN content in both 4T1-based
models remains unaffected by ICB (Supplementary Fig. 7b-d).

Associating anti-PD-L1 adaptation in the 4T1-cold vs 4T1-hot
TIME to upregulation of CXCL10* TAMs and CAFs

In order to associate anti-PD-L1 adaptation in both 4T1-cold and 4T1-hot
primary tumors with specific cell subtypes, the significant DEGs identified
upon anti-PD-L1 vs IgG control treatment were mapped to a publicly
available scRNA-seq dataset from TNBC patient tumors (Fig. 6a)”. The
significantly upregulated DEGs from 4T1-cold and 4T1-hot primary tumors
were strongly represented in the myeloid and CAF cluster of the dataset,
respectively (Fig. 6b, c). Further subdivision of these clusters into cellular
subtypes allowed annotation of the 4T1-cold- and 4T1-hot-derived upre-
gulated DEGs to CXCL10" TAMs and myofibroblast-like (my)CAF/
inflammatory (i)CAF populations, respectively (Fig. 6d, ). The significantly
upregulated DEG list from 4T1-cold primary tumors was subsequently used
to establish a 12-gene signature specifically annotated to CXCL10* TAMs
(Supplementary Fig. 8a). The expression of this signature, indicating the
presence of the CXCL10* TAM subset, was also high in the 4T1-hot primary
tumors, even upon IgG control treatment, and PD-L1 blockade did not
further increase its expression (Fig. 6 ). Evaluation of the CXCL10™ TAM
signature in the other characterized mouse TNBC models using the bulk
RNA-seq data generated at an early timepoint (i.e., 2 w.p.i.) revealed its high
expression in the majority of primary tumors, including EMT6, 66CLA4,
PY230 and MET1 (Fig. 6 g). The significantly upregulated DEG list from
4T1-hot primary tumors was likewise used to establish a 9-gene signature
specifically annotated to myCAF/iCAF (Supplementary Fig. 8b). The
expression of this signature was particularly high in the MVT1 and EMT6
primary tumors already at an early timepoint (Fig. 6h). Using publicly
available datasets, the CAF signature was associated with significantly
decreased distant metastasis-free survival (DMFS) in TNBC patients, as well
as significantly decreased progression-free survival (PFS) upon anti-PD-L1
treatment in other cancer types, including bladder cancer and esophageal
adenocarcinoma (Supplementary Fig. 8c-e). Mapping the significantly
downregulated DEGs from 4T1-cold and 4T1-hot primary tumors to the
scRNA-seq dataset further revealed strong representation in the CAF and
normal epithelial cluster, respectively (Supplementary Fig. 9a, b). The
downregulated DEGs from 4T1-cold primary tumors were more specifically
annotated to myCAFs/iCAFs (Supplementary Fig. 9c), whereas those from
the 4T1-hot primary tumors were annotated to myoepithelial cells (Supple-
mentary Fig. 9d).

To increase the clinical relevance of the current study, the identified
anti-PD-L1 adaptation mechanisms in mouse TNBC models were verified
in an RNA-seq dataset of anti-PD-L1-treated human TNBC patients. More
specifically, we consulted bulk RN A-seq data from the GeparNuevo trial, in
which early-stage TNBC patients uniquely received a single neoadjuvant
dose of Durvalumab without chemotherapy, and samples were collected at
baseline and 2 weeks after Durvalumab treatment™. This trial has a highly
similar setup to the mouse TNBC model experiments and contained data of
sufficient quality from patients who showed a non-significant increase in
PCR rate. The significant DEGs identified in Durvalumab-treated vs base-
line primary breast carcinoma were again mapped to a publicly available
scRNA-seq dataset from TNBC patient tumors for annotation to distinct
cell types in the TIME”. Similar to anti-PD-L1 adaptation in the 4T1-cold
primary tumors, the significantly upregulated DEGs in the Durvalumab
arm were strongly represented in the myeloid cluster of the dataset (Sup-
plementary Fig. 10a) and further subclustering specified their annotation to
CXCL10" TAMs (Supplementary Fig. 10b). Moreover, also similar to anti-
PD-L1 adaptation in the 4T1-hot primary tumors, myCAF/iCAF popula-
tions were increased based on the upregulated DEGs, and were equally
abundant as (exhausted) T-cell populations in the TIME (Supplementary
Fig. 10b). The significantly downregulated DEGs in the Durvalumab arm
were represented in the epithelial cell clusters (Supplementary Fig. 10c), and

more specifically in myoepithelial and luminal cells, as well as cycling cancer
cells (Supplementary Fig. 10d).

Discussion

Our study aimed to characterize 9 cell line-based mouse TNBC models with
a focus on their TIME and ICB adaptation mechanisms associated with the
‘hot’ vs ‘cold” TIME state. The mouse TNBC cell lines were first compared
in vitro and displayed substantial heterogeneity based on their differential
cellular growth and single-cell transcriptomic profiles. In marked contrast to
the PY230 and AT3 cell lines, the EMTS6 cell line displayed rapid cell growth,
corroborated by a high expression of metabolic hallmarks and cyto-/che-
mokines, as previously described . Whereas the 66CLA4 cell line showed the
highest number of cells after 48 h growth in culture, their densely packed
morphology allowed them to take up minimal space in culture wells with
low metabolic activity, resulting in alow slope of cellular growth as identified
through live cell imaging. This quiescent character of the 66CL4 cell line was
also accompanied by low expression of cyto-/chemokines and hallmarks of
inflammation, verifying previous reports’®”’. The scRNA-seq atlas adds to
already-existing single-cell atlases of human breast cancer cell lines™.
Moreover, although derived from the 4T1-cold cell line, the 4T1-hot cells
used in our study formed a distinct cellular cluster, and showed intrinsic
differences beyond the introduction of luciferase compared to the 4T1-cold
cells. These include modestly elevated Esrl expression, altered cytokine/
chemokine profiles, and metabolic hallmarks (such as fatty acid metabolism,
glycolysis, and mTORCI signaling) that may contribute to phenotypic
differences. These inherent disparities are a limitation of our study and
should be taken into account when interpreting comparisons between the
4T1-hot- and 4T1-cold-based models.

The growth kinetics of the cell lines upon their intraductal inoculation
in vivo vastly differed from the in vitro situation, strongly indicating the
influence of the TIME on primary tumor progression. D2A1 primary
tumors displayed the fastest progression, but did not spontaneously develop
lung metastases. PY230 primary tumors showed the slowest progression
and were able to catch up in volume with other primary tumors by 6 w.p.i.,
but also did not spontaneously develop lung metastases, as previously
published by our group™. In contrast to their in vitro growth, 4T1-cold
primary tumors grew faster than their 4T1-hot counterparts, even with a
lower number of intraductally inoculated cells, and similarly developed
excessive lung metastases. These primary tumor growth and metastatic
differences were not caused by a differential cellular metabolism, as all
primary tumors similarly switched to glycolysis, concomitantly down-
regulating their oxidative phosphorylation and fatty acid metabolism
already at 2 w.p.i. This glycolytic switch, known as the Warburg effect,
involves increased glucose uptake and oxygen-independent reduction of
pyruvate to lactate under hypoxic conditions, promoting tumorigenesis™.
All primary tumors also showed a similar upregulation of the hallmarks
MYC targets V1 and V2, highlighting the role of MYC as a major driver of
(mammary) tumor progression and immune evasion™.

The differential inflammatory state of the TIME provided a potential
lead to explain the observed heterogeneity between the mouse TNBC models.
More specifically, based on immune-related gene signatures and hallmarks of
inflammation, D2A1 and AT3 primary tumors were associated with the most
prominent ‘cold’ TIME of all mouse TNBC models, providing a stimulatory
basis for primary tumor outgrowth. Similarly, PY230 primary tumors showed
poor leukocyte responses, although this may rather be attributed to their
progenitor cell state compared to all other primary tumors™. Yet, accumu-
lation of immunosuppressive cell types, including TANs, M2 TAMs, PMN-
and M-MDSC precursors, and systemic neutrophilia, as displayed by the G-
CSF-overexpressing 4T1-based models, are key for primary tumors to effi-
ciently metastasize and fully colonize the lungs. Indeed, it has been shown that
mediating G-CSF overexpression in D2A1 and AT3 cells through lentiviral
vector transduction or treating EMT6 and 66CL4 primary tumor-bearing
mice with recombinant mouse G-CSF significantly increased their lung
metastatic efficiency’* ™. As an exception, MVT1 primary tumors metasta-
size to the lungs very efficiently without the need for enhanced leukocyte
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reactions due to their MYC and VEGF overexpression, driving their systemic
progression''. Compared to the 4T1-cold counterparts, and in line with their
slower growth, 4T1-hot primary tumors showed high expression of gene
signatures associated with IFN signaling, T-cell activation, and exhaustion,
already at an early timepoint. The transcriptomic data were corroborated by
enhanced leukocyte reactions, reflected by increased splenomegaly, with on
the one hand significantly increased numbers of dendritic cells (DCs), acti-
vated/exhausted T-cells and a higher M1/M2 TAM ratio, and on the other
hand a significantly decreased number of T-regs in the 4T1-hot compared to
4T1-cold TIME. Similar to the 4T1-hot TIME, 66CL4 primary tumors
comprised a high T-cell and NK cell number, potentially hindering their
efficient and fast local progression. Despite theirhot’ TIME, 66CL4 primary
tumors are also highly immunosuppressed due to excessive influx of M2
TAMs and additional, albeit limited, infiltration of TANs and PMN-MDSCs
in the tumor core.

The similar CD8" T-cell proliferation in the models, based on Ki67
positivity in the CD8a™ T-cell population, was a striking observation. These
data indicate that CD8" T-cell proliferation in primary tumors is influenced
by other factors besides immunosuppressive myeloid cells. For example, the
hypoxic TIME with altered metabolism can also strongly impact CD8*
T-cells. Indeed, as identified through our bulk RNA-seq data, all models
show reduced fatty acid metabolism and oxidative phosphorylation in their
primary tumors, both known to be important for the self-renewal of
T-cells***". Moreover, the increase of glycolysis (i.e,, Warburg effect under
hypoxic conditions) by tumor cells in all models makes glucose a scarce
energy source for T-cell proliferation in the TIME®. Hypoxia further sup-
ports differentiation of CD8" T-cells without affecting their IFN-y or
granzyme B expression”.

Besides the differential immune cell content, the heterogeneity between
the models and associated human relevance was further demonstrated
based on the classification of the TIME in 5 previously identified TNBC
TIME landscapes™. Indeed, our results demonstrate that every TIME sub-
type observed within the TNBC patient population is captured by the 9
characterized mouse TNBC models, ranging from IM in the 4T1-hot model
to M in the D2A1 model, BL and LAR in the MET1 and PY230 model, and
MSL in the MVT1 model.

Based on their similar strain background, differential ‘cold’ vs ‘hot’
TIME, high PD-L1 expression, and resistance to anti-PD-L1, the 4T1-cold-
and 4T1-hot-based model were selected to comparatively identify ‘cold’ and
‘hot’ TIME adaptation mechanisms to ICB. In preliminary experiments,
administration of a second dose of a rat-derived anti-PD-L1 antibody
proved lethal. To reduce the risk of toxicity, we subsequently employed a
murinized anti-PD-L1 antibody and observed that a second dose was not
fatal, suggesting improved tolerability. Although a more frequent dosing
regimen might influence tumor growth, particularly in the 4T1-hot model,
this treatment regimen was not further tested in the current study and can be
regarded as a limitation. Mapping the significantly upregulated DEGs fol-
lowing anti-PD-L1 treatment in 4T1-cold and 4T1-hot primary tumors to a
publicly accessible scRNA-seq dataset of TNBC patient tumors™ revealed
distinct cell populations that play an important role in anti-PD-L1 resis-
tance. Although our results could have been further strengthened with data
from models that respond to anti-PD-L1 blockade, clinical validation
through the GeparNuevo trial data also points towards similar ICB adap-
tation mechanisms in TNBC patients. Notably, the GeparNuevo patient
tumor dataset contains a mixture of immune signatures resembling both the
4T1-hot and 4T1-cold TIME states.

In anti-PD-L1-treated 4T1-cold primary tumors, we identified upre-
gulation of TAM subsets that can influence disease burden. As one of the
highest PD-L1-expressing immune cells in the TIME, TAMs are polarized
to a pro-inflammatory phenotype upon PD-L1 blockade with decreased
expression of arginase 1 (Argl) and an increase in inducible nitric oxide
synthase (iNOS), major histocompatibility complex (MHC)IL, and CD40
expression*’. Moreover, Hartley et al. showed that this pro-inflammatory
macrophage activation occurs independently of T-cells and can delay tumor
growth in preclinical breast cancer models®. We also observed a similar pro-

inflammatory macrophage activation in our study, especially in the anti-
PD-L1-treated 4T1-cold model, with the increase of CXCL10" TAMs.
Indeed, these TAMs are commonly described as a positive prognostic factor
in cancers, given their role in T-cell recruitment through the CXCL9/10-
CXCR3 axis*™*®, which shifts the TIME into a ‘hot’ state. However, Wu et al.
have shown the major immunosuppressive capabilities of CXCL10* TAMs,
specifically in the TNBC subtype, through their high PD-L1 expression and
location near CD8" T-cell-rich regions in patient tumors™. The CXCL10*
TAM subset has also been characterized in other studies and was addi-
tionally reported to suppress T-cells by indoleamine 2,3-dioxygenase-1
(IDO-1)-mediated tryptophan degradation and CXCL9/10/11-mediated
recruitment of T-regs'*. We therefore suggest that CXCL10™ TAMs
initially induce T-cell recruitment and activation upon anti-PD-L1 treat-
ment, but subsequently cool down the ‘hot” TIME through upregulation of
their immunosuppressive mechanisms in response to T-cell- and MDSC-
derived IFN signaling, eventually inducing ICB resistance. Moreover, as a
12-gene CXCL10" TAM signature showed increased expression in the bulk
RNA-seq data from the majority of our characterized mouse TNBC models,
the presence of these TAMs is presumably a common resistance mechanism
across multiple TNBC TIME states. Similar to the CXCL10" TAM sub-
population, an upregulation of specific lipid-associated macrophages
(LAMs) was identified in anti-PD-L1-treated 4T1-cold primary tumors
based on the significantly upregulated DEGs. LAMs commonly reside in the
highly adipose-rich breast tissue and display anti-inflammatory” and
immunosuppressive features” with high PD-L1 and PD-L2 protein
expression” in response to IFN signaling, also indicating their potential
common role in ICB resistance. JAK signaling is mainly responsible for the
type 1 IFN and IFN-y responses in the TIME, and therefore treatment with
JAK inhibitors following anti-PD-L1 blockade may prevent the IFN-
induced immunosuppressive CXCL10" TAM and LAM accumulation. This
potential benefit of using JAK inhibitors together with ICB has even recently
been shown in the context of non-small cell lung cancer” and Hodgkin
lymphoma™ preclinical models and patients. Both studies report that the use
of ICB followed by JAK inhibition with itacitinib or ruxolitinib inhibits
persistent IFN signaling and progressive differentiation of CD8" T-cells
towards an exhausted state’**". Similar results have also been described in
preclinical models for prostate and colorectal cancer upon treatment with
ICB and subsequent JAK inhibition with ABT-317"". Moreover, combining
ICB with ruxolitinib in Hodgkin lymphoma resulted in a significantly
reduced infiltration of immunosuppressive granulocytes, including neu-
trophils and PMN-MDSCS, MHCII upregulation, as well as reduced
CXCL10" TAM and LAM gene signature expression in myeloid cells™.

In anti-PD-L1-treated 4T1-hot primary tumors, we also identified
upregulation of CAFs as a possible ICB resistance mechanism. CAFs are
known to play a role in tumor proliferation, angiogenesis, EMT, and pro-
tumorigenic TGF—[S—signalings ° which were all upregulated in 4T1-hot
primary tumors upon anti-PD-L1 treatment based on cancer hallmark gene
signatures. Especially, the myCAF population was upregulated, which is
reported to be enriched in invasive cancer regions to generate a stiff TIME
and is associated with ICB resistance™”. The iCAFs, which are spatially
scattered across the TIME, can also transition to myCAFs through a TGF-
B gradient established by the tumor and immune cells®. In line with this
described negative impact of (my) CAF upregulation, high expression of our
identified 9-gene CAF signature is also associated with decreased survival in
TNBC patients. Given the downregulation of (my)CAF-associated genes in
anti-PD-L1-treated 4T1-cold primary tumors, this CAF-induced ICB
adaptation is likely less important in the 4T1-cold-based model. However, it
could also be of relevance in the MVT1 and EMT6 primary tumors, as their
‘cold’ TIME displayed an even higher expression of the 9-gene CAF sig-
nature compared to the 4T'1-hot TIME. Our data further highlight CAF-
derived factors, such as versican (VCAN), that could be targeted to alleviate
ICB responses in the TNBC TIME. The large chondroitin sulfate pro-
teoglycan VCAN is known for its association with poor ICB efficacy” and is
highly upregulated in both the anti-PD-L1-adapted 4T1-hot TIME and
Durvalumab-treated TNBC patients in the GeparNuevo trial. More
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specifically, VCAN supports immunosuppressive CAF-breast cancer cell
interactions’ and creates a physical barrier through binding with hyaluronic
acid in the ECM, thereby hindering T-cell infiltration in the TIME®". Pre-
venting the VCAN-hyaluronan binding through antibody blockade™ or
proteolytic cleavage of the chondroitin sulfate chains across the VCAN
backbone® can restore T-cell trafficking and establish an ICB-responsive
TIME. Our transcriptomic profiling of anti-PD-L1-treated 4T'1-hot primary
tumors also pointed towards a potential role of mast cells in ICB efficacy.
More specifically, 5 of the 13 most significantly downregulated DEGs in
these anti-PD-L1-resistant primary tumors were attributed to mast cells. In
line with this hypothesis, a very recent study has shown that mast cell
activation is necessary for lymphocyte infiltration and anti-PD-L1 efficacy
in human TNBC patients™. Although the downregulated mast cell genes in
anti-PD-L1-treated 4T1-hot primary tumors could not be annotated to
mast cells in the Wu et al. scRNA-seq dataset due to their
underrepresentation’’, many other significantly downregulated DEGs were
annotated to myoepithelial cells. This highlights a potential loss of myoe-
pithelial barrier cells that normally hinder progressive disease™, and was also
similarly observed in Durvalumab-treated TNBC patients enrolled in the
GeparNuevo trial. Alternative to these differential ICB adaptation
mechanisms, the high content of immunosuppressive PMN-MDSCs and
TANSs could also inhibit effective anti-PD-LI responses in both the 4T1-cold
and 4T1-hot model”. To this end, our group previously showed that
blocking the PMN-MDSC/TAN-associated protein CHI3LI significantly
reduces immunosuppressive myeloid cells in the 4T1-hot-based model and
alleviates its resistance to anti-PD-1".

In conclusion, our characterized mouse TNBC models and identified
anti-PD-L1 adaptation mechanisms now warrant exploration of potential
therapeutic targets that hinder ICB adaptation for improved patient out-
comes. As our data also point towards the accumulation of CXCL10* TAMs
and CAFs as common ICB adaptation mechanisms across TIME states, the
identified therapeutic targets for inhibiting the CXCL10" TAM subtype and
CAFs could even be relevant to increase ICB efficacy in both ‘hot’ and ‘cold’
TIME-associated TNBC patients. Following validation of target inhibition
in selected models, clinical translation can subsequently be foreseen through
clinical trials.

Methods

Cell culture

4T1-hot cells, commercially available from Sibtech, were provided as a kind
gift by Prof. Clare Isacke (Breakthrough Breast Cancer Research Centre,
London, UK) and previously used by her research group®. These cells con-
stitutively express firefly luciferase and develop a ‘hot’/inflammatory TIME
in vivo due to the T-cell response against luciferase”’. Moreover, the cell line
has the advantage over other luciferase-expressing 4T1 cell lines (such as the
4T1-luc2 cell line from the American Type Culture Collection (ATCC)) in
that it more stably develops progressive primary tumors. EMT6, D2A1,
MET1 and MVT1 mammary tumor cells were provided as a kind gift by Dr.
Lalage Wakefield (National Cancer Institute, Bethesda, USA)"". 4T1-cold and
PY230 mammary tumor cells were purchased from ATCC. In contrast to the
4T1-hot cells, the (parental) 4T1-cold cells do not express firefly luciferase
and develop a ‘colder’/T-cell-deprived TIME in vivo due to the absence of
luciferase immunogenicity”**. AT3 mammary tumor cells were purchased
from Sigma- Aldrich (Overijse, Belgium). 66CL4 cells were provided as a kind
gift by Prof. Traci R. Lyons (University of Colorado Anschutz Medical
Campus, Denver, CO, USA). Cell lines were maintained at 37°C and 5% CO,.
The 4T1-hot, 4T1-cold, EMT6, D2A1, MET1 and MVT1 cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Thermo Fisher Scientific) and 100 U/ml penicillin, 100 pg/ml
streptomycin (both from Sigma-Aldrich). The 66CL4 cell culture was addi-
tionally supplemented with 1% Gibco™ MEM Non-Essential Amino Acids
Solution (Thermo Fisher Scientific). AT3 cells were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS (Sigma-Aldrich),
2 mM Non-Essential Amino Acids Solution and 15 mM HEPES (both from

Thermo Fisher Scientific), 1x EmbryoMax® 2-Mercaptoethanol (Sigma-
Aldrich), 100 U/ml penicillin and 100 pg/ml streptomycin (both from Sigma-
Aldrich). PY230 cells were cultured in Ham’s F-12K (Kaighn’s) Medium
(Thermo Fisher Scientific) supplemented with 0.1% MITO+ Serum Exten-
der (Corning, Bedford, MA, USA), 5% heat-inactivated FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin (all from Thermo Fisher Scientific).
All cell lines were routinely checked for mycoplasma and other bacterial
contamination using a PlasmoTest™ mycoplasma detection kit (Invivogen,
San Diego, USA). Harvesting of confluent cells was performed through
incubation with 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich) for 5 min. Cells were centrifuged at 400xg for 5 min for
subsequent counting with a Biirker chamber.

In vitro live cell imaging

Cells were seeded at a density of 50,000 cells/well in a 24-well plate in 1 ml of
their corresponding phenol red-free medium. The 24-well plate was incu-
bated at 37 °C and 5% CO, in the BioTek BioSpa (Agilent, Santa Clara, CA,
USA). At 4 h after seeding, the first picture for confluency measurement was
taken by the BioTek Cytation 5 (Agilent, Santa Clara, CA, USA) with sub-
sequent measurements every 2h until a total time of 52h was reached.
Pictures were taken at the center of the well using the montage setting (2 x 2)
using 4x magnification in Bright Field: High Contrast channel. Gen5 (version
3.13) software was used to stitch montage pictures together, determine the
total picture area, and set thresholds to identify object area (cells) compared to
the background. Confluency for every timepoint was determined by calcu-
lating (object area/total picture area) x 100. The slope of growth was deter-
mined using linear regression on the confluence curve during the log-phase of
growth (timepoint before the curve reached the plateau). A total of 3 replicate
plates were analyzed. Cells were also seeded at a density of 1 x 10° in T75
flasks and allowed to grow for 48 h in order to determine cell numbers.

Single-cell RNA-sequencing and data processing of cell lines

A total of 2 x 10° cells from each mouse tumor cell line were incubated for
30 min at 4°C with a unique TotalSeq-A cell hashing antibody specific
against mouse CD45 and MHC class I (1:250 diluted, HTO; TotalSeq-
A0301 — TotalSeq-A0309 (BioLegend, CA, USA)). After incubation, cells
were washed and centrifuged at 400xg, 5 min, 4 °C. The supernatant was
discarded, and the cell pellet was subsequently resuspended in 100 pl cell
multiplexing oligonucleotides (CMOs) and incubated at room temperature
(RT) for 5 min (CMO01-CMO09 (10x Genomics, Pleasanton, CA, USA)).
Samples were washed again and resuspended in phosphate buffered saline
(PBS) supplemented with 1% bovine serum albumin (BSA) for sorting. DAPI
was added to sort out live cells using a BD FACSAria II cell sorter (BD
Biosciences, Aalst, Belgium). The tagged sorted cells were pooled (pool 1:
D2A1+ MVT1 + EMT6 + MET1 + 4T1-hot; pool 2 4T1-
cold + 66CL4 + AT3 + PY230) and loaded on a Chromium GemCode
Single Cell Instrument (10x Genomics) to generate single cell Gel beads-in-
EMulsion (GEM). The single cell (sc)RNA-seq libraries were prepared using
the GemCode Single Cell 3’ Gel Bead and Library kit, version Next GEM v3.1,
according to the manufacturer’s instructions (10x Genomics, User Guide
CG000388) with the addition of the amplification primer 5-GTGACTG-
GAGTTCAGACGTGTGCTCTTCCGAT*C*T-3" (3nM) during cDNA
amplification to enrich the TotalSeq-A hashing protein oligos. Size selection
with SPRIselect Reagent Kit (B23318, Beckman Coulter, Inc., California,
USA) was used to separate amplified cDNA molecules for 3’ gene expression,
hashing protein, and hashing lipid construction. TotalSeq-A protein library
construction, including sample index PCR using Illumina’s TruSeq Small
RNA primer sets, and SPRIselect size selection, was performed according to
the manufacturer’s instructions. The cDNA content of pre-fragmentation
and post-sample index PCR samples was analyzed using the 5200 Fragment
Analyzer (Agilent). Sequencing libraries were loaded on an Illumina NovaSeq
flow cell with sequencing settings according to the recommendations of 10x
Genomics. The Cell Ranger pipeline (10x Genomics, version 7.1.0) was used
to perform sample demultiplexing and to generate FASTQ files for read 1,
read 2, and the i5, i7 sample index for the gene expression, HTO, and CMO
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libraries. Read 2 of the gene expression libraries was mapped to the reference
genome (mouse mm10-2020-A). Subsequent barcode processing, unique
molecular identifiers filtering, and gene counting were performed using the
Cell Ranger suite (10x Genomics). Data analysis was performed using Seurat
(version 4.1.3). The conversion from the raw feature matrix (raw_feature_-
bc_mattrix.h5) to the Seurat object applied a filtering of each cell containing at
least 200 genes and each of the genes being expressed in at least three cells. The
metadata column “cellranger_demultiplexing” was created based on the
information from assignment_confidence_table.csv created by CellRanger.
Extra demultiplexing was done, using the algorithms HTODemux and
MULTIseqDemux (Seurat), on both the HTO and CMO data. Before
demultiplexing, the data were filtered to only retain the features used to hash
the subsamples. Cells were filtered based on nmads, 5 nmads were used as a
cutoff for high/low number of genes and number of UMIs, and 25 nmads for
the percentage of mitochondrial genes. After filtering, the standard Seurat
pipeline was used to process the data. Seurat objects were merged together
using the merge() function. Singlet cells were selected based on “CMO_H-
TODemux_classification.global”. The standard Seurat pipeline was per-
formed on the merged Seurat object. The FindNeighbors() function was used
to calculate nearest neighbors for each cell using the first 25 principal com-
ponents (PCs). Cell clusters were identified based on a shared nearest
neighbor (SNN) with a 0.1 resolution. According to the CMO label, clusters
were annotated as their respective cell line.

Expression of cytokines and chemokines was checked based on gene
lists from the NanoString Mouse PanCancer Immune Profiling. The Fin-
dAllMarkers() function was used with 0.2 thresholds for both log-fold
change and minimum difference in percentage to identify differential
expression for each cell line. Area under the curve (AUC) value was cal-
culated for all genes using the wilcoxaux() function, and genes were ranked
according to their AUC value. Gene set enrichment analysis (GSEA) was
performed on the ranked list of genes using the fgsea package in R for the
Mus musculus hallmark collection (Broad Institute), with p-adjusted < 0.05
considered as significant.

Human single-cell analyses from a publicly available scRNA-seq
dataset

For human single-cell analyses, publicly available pre-processed data and cell
annotation of breast tumor samples as published by Wu et al” were
downloaded from the Human Cell Atlas (singlecell broadinstitute.org), and
only tumor samples from TNBC patients were retained. Human orthologs of
the significantly up- and downregulated differentially expressed mouse genes
from the anti-PD-L1 adaptation experiment were identified using the
Ensemble BioMart database. Single-cell gene set expression of these genes was
calculated using the Seurat AddModuleScore() function. Canonical markers
and signature-based annotation using Garnett were used to annotate clusters
to their cell types according to the Wu et al. publication”. A similar approach
was used to map the significantly up- and downregulated differentially
expressed genes in the Durvalumab arm from the GeparNuevo trial dataset to
specific cell subsets. Both human datasets were generated following approval
of the relevant institutional ethics committees (Wu et al.”*: Sydney Local
Health District Ethics Committee, Royal Prince Alfred Hospital zone, and the
St Vincent’s hospital Ethics Committee (x13-0133, x19-0496, x16-018, and
x17-155); Denkert et al.”: ethics committee of the Philipps University Mar-
burg (38/20 and 121/20)) and with written consent of all patients involved.

Intraductal inoculation and antibody treatment

Animal experiment protocols were approved by the Ethical Committee (EC)
of the Faculty of Veterinary Medicine, Ghent University (EC 2023-011, EC
2023-087, and EC 2024-032) and performed according to Good Scientific
Practice principles. Female mice of 8-weeks-old were mated with male mice
of the same strain and gave birth to pups within 3 weeks. Pups were weaned
12-14 days later, after which lactating mother mice were intraductally
inoculated in the third mammary gland pair with 5x 10* D2A1, 5 x 10*
EMT6,4 x 10°4T1-cold, 2 x 10° AT3,5 x 10*4T1-hot, 2 x 10° 66CL4, 2 x 10°
PY230, 12.5x 10> MET1 or 12.5x 10> MVTTI cells suspended in a cold

mixture of PBS and Matrigel® (1:10; Corning) under isoflurane inhalation
and buprenorphine analgesia. This mammary intraductal (MIND) approach
introduces mammary tumor cells within the natural microenvironment of
the mammary ducts, providing a relevant platform that recapitulates the
initiation and progression of TNBC and spontaneous metastasis in immu-
nocompetent mice”. Moreover, the use of lactating instead of virgin female
mice provides a more accessible mammary teat canal for a 32 G pediatric
needle and does not necessitate microscopic guidance or surgery, which can
be influential on the TIME and animal welfare.

For the anti-PD-L1 adaptation experiment, 4T1-based models were
assigned to a group and treated, single-blinded. Recombinant anti-mPD-
L1-mIgGl clone B7-H1 (BioXCell, West Lebanon, NH, USA) or isotype
control mouse IgG1 clone MOPC-21 (BioXCell) was weekly systemically
administered through intraperitoneal (i.p.) injection at 200 pg/mouse.

At the end of the experiments, mice were sedated with a ketamine
(100 mg/kg, Ketamidor, Ecuphar nv/sa, Oostkamp, Belgium) and xylazine
(10 mg/kg, xylazini hydrochloridum, Val d’Hony-Verdifarm, Beringen,
Belgium) mixture and sacrificed through cervical dislocation. Primary
tumors, spleen and lungs were isolated for further analysis.

Bulk RNA-sequencing and data processing of primary tumors
RNA was extracted from primary tumors of all models at 2 w.p.i. and from
healthy mammary glands of Matrigel®-inoculated BALB/C, C57BL/6, and
FVB/N mice (n =3 for all primary tumors and healthy mammary glands,
except n = 4 for PY230 and AT3 primary tumors) using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions.
RNA was extracted from IgG control- and anti-PD-L1-treated 4T1-cold and
4T1-hot primary tumors at 3 w.p.i. (n = 4 for both 4T1-cold groups and n = 3
for both 4T1-hot groups) using the same kit. For the anti-PD-L1-treated
tumors, samples were harvested 7 days after the first antibody dose, imme-
diately prior to the second dose, in order to mirror sample collection strategies
in human clinical trials such as SYNERGY”’ (adjuvant anti-PD-L1 combined
with chemotherapy in previously untreated locally advanced or metastatic
TNBC patients) and GeparNuevo™ (neoadjuvant anti-PD-L1 in non-
metastatic TNBC), which collected biopsies after a single ICB dose to
investigate early transcriptomic changes. Extracted RNA was stored at
—80 °C until downstream transcriptomic analysis using Illumina’s TruSeq
chemistry in collaboration with Azenta Life Sciences (Leipzig, Germany). A
total amount of 250 ng RNA was converted into sequencing libraries, and
sequencing (2 x 150 bp) was performed on a NovaSeq instrument (Illumina
Inc., San Diego, CA, USA), aiming for 10 M reads per sample. Raw reads were
mapped to the murine reference genome (version mm10) using HISTAT?2,
and the resulting SAM files were converted to sorted BAM files using sam-
tools. The number of mapped reads per genomic location was counted using
the summariseOverlaps function from the BioC-package GenomicAlign-
ments in the intersection non-empty mode, taking strand information and
unpaired reads into account. All genes with raw expression counts above ten
in at least 20% of the cases were filtered for further analysis. Raw count data
were normalized using variance stabilizing normalization and analyzed for
differential expression using the DESeq2 package in BioConductor.

Differential expression of 2-week primary tumors was obtained for
each model in comparison to their respective healthy control mammary
gland, excluding the mouse strain-dependent transcriptomic/inflammatory
differences. These calculated log2-fold changes in expressed genes from
each model were presented in a heatmap using the pheatmap package with
selection of different gene sets from the NanoString Mouse Immune
Exhaustion Gene List, Mouse Myeloid Innate Inmununity V2, and Mouse
Tumor Signaling 360 panels. DESeq2 results of differentially expressed
genes for each model were ranked based on log2-fold change and p-value
(log2FCx(-log10(pvalue))). Hallmarks of cancer were determined using the
fgsea package for the Mus musculus hallmark collection (Broad Institute)
and using a ranked list of genes for each model with thresholds for min-
Size = 10 and maxSize = 500.

For TNBC TIME classification, mouse genes were mapped onto their
respective human orthologs (R library orthogene 1.8.0), retaining 85% of all
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genes (14,213 genes) in our gene expression matrix. TNBC subtypes were
then computed as previously described by Garcia et al. by applying the
TNBCclassif function (https://github.com/BCTL-Bordet/TNBC_
molecularsubtypes/tree/main) on VST-normalized counts’. The obtained
coefficients from the classifier were visualized using the R library Com-
plexHeatmap 2.18.0.

Volcano plots comparing the 2-week 4T1-cold vs 4T1-hot primary
tumors or anti-PD-L1 vs IgG control-treated primary tumors were gener-
ated based on DESeq2 results, identifying upregulated genes based on log2-
fold change > 0.5 and adjusted p-value < 0.05, and downregulated genes
based on log2-fold change < -0.5 and adjusted p-value < 0.05.

Histology and immunohistochemistry

Primary tumor, lung and spleen tissue were fixed in 3.5% phosphate-
buffered formaldehyde for 24 h, then transferred to 70% ethanol and sub-
sequently paraffin-embedded. For histology, 5um sections were depar-
affinized, rehydrated and stained with H&E. For immunohistochemical
stainings, 2-3 um sections were deparaffinized, rehydrated and subjected to
pressurized antigen retrieval for 30 min at 95 °C using a 10 mM citrate
buffer (VWR International, Leuven, Belgium) at pH 6 (for Ly6G, CD163
and CD8a) or a 10 mM Tris-1 mM EDTA buffer (Sigma-Aldrich) at pH 9
(for cytokeratin 5), supplemented with 0.05% Tween 20 (Sigma-Aldrich).
Endogenous peroxidase was blocked using 3% H,O, (Sigma-Aldrich) in
methanol for 10 min, and non-specific protein binding was blocked using
serum-free protein blocking buffer (Dako, Heverlee, Belgium) for 10 min.
Primary antibodies were diluted in antibody diluent (Dako) and incubated
for 1 h at RT: cytokeratin 5 (host: rabbit, clone: EP1601Y, dilution: 1/100),
Ly6G (host: rat, clone: 1A8, dilution: 1/1000), CD163 (host: rabbit, clone:
EPR19518, dilution: 1/500) and CD8a (host: rabbit, clone: EPR21769,
dilution: 1/2000). Either Rat-on-Mouse HRP-Polymer (Biocare Medical,
CA, USA) or Dako EnVision + Rabbit (Dako) was used as a secondary
antibody for 30 min at RT. Slides were kept in a humidified box throughout
the procedure and washed 3 x 5 min with tris-buffered saline (TBS, Thermo
Fisher Scientific) between every incubation step. The slides were treated for
10 min with a 3,3’-diaminobenzidine (DAB)-containing buffer (Dako) to
detect positive staining, counterstained for 5 min in Harris Hematoxylin
(Carl Roth, Karlsruhe, Germany) and 1 min in 0.1 N HCI (Sigma- Aldrich),
dehydrated, and mounted with Entellan (Sigma-Aldrich). The complete
tissue slide was scanned (20x magnification) using a brightfield digital slide
scanner PANNORAMIC 250 Flash III (3DHistech, Budapest, Hungary)
and analyzed using QuPath. Stain vectors were estimated and adjusted to
represent the DAB en H signal. Using combined colors, a thresholder was
created to classify pixels for tumor tissue and DAB signal. Artefacts were
removed using the wand tool in QuPath. Staining positivity was calculated
as a percentage of the total tumor area ((DAB area)/total tumor area) x 100).

Flow cytometric immunophenotyping

Primary tumors were isolated upon scarification and digested into single cell
suspensions using a commercially available tumor dissociation enzyme kit
and gentleMACS Dissociator with accompanying C tubes (Miltenyi Biotec,
Leiden, The Netherlands) as previously described™.

The number of cells was determined by adding 20 ul of TruCount
beads (BD Biosciences) to 180 pl of diluted cell suspension and analyzing on
a CytoFLEX flow cytometer (Beckman Coulter). Absolute numbers of cells
were calculated with Trucount technology, taking the dilution factor into
account. Cellular viability was evaluated by viobility 488/520 fixable dye
staining (Miltenyi Biotec) according to the manufacturer’s instructions.
Cellular stainings were performed as previously described””'. Used
fluorophore-conjugated antibodies and concentrations for cellular stainings
were previously described'*”'. Following immune cell populations were
selected to be analyzed: CD45" CD11b" CD14" Ly6C™ Ly6G"™ PMN-
MDSCs, CD45" CD11b" CD14* Ly6C" Ly6G~ M-MDSCs, CD45"
CD11b" CD14~ Ly6C™ Ly6G" TANs, CD45" CD11b" CD14" F4/80"
TAMs, and also more specific CD45" CD11b* CD14* F4/80* CD80*
MHCIT" M1 TAM and CD45" CD11b* CD14" F4/80* CD206* M2 TAM

subtypes, CD45" CD11b" F4/80° CD11¢* MHCII" DCs, CD4" and CD8a™
T-cells (CD45" CD3e + CD4" CD8a~ and CD45" CD3¢™ CD4~ CD8a,
respectively), CD45" CD3e” NKp46~ CD19" B220" B-cells, CD45" CD3¢~
NKp46" NK and CD45" CD3e* NKp46" NK-T cells. Gating strategy was
applied as previously described’. Applying CD14 to discriminate between
TANs and immunosuppressive PMN-MDSCs was based on a previous
report’.

Cytokine and immune checkpoint profiling

Whole tumor lysate preparation and subsequent protein concentration
determination were performed as previously described”. G-CSF, IFN-y,
MIP-2, and PD-L1 were investigated in 50 pg of the prepared lysates using
the Luminex Multiplex Assay (ProcartaPlex, Thermo Fisher Scientific).

Statistical analysis

Differences between groups were calculated by unpaired Student’s ¢-test or
analysis of variance (ANOVA) tests, followed by Newman-Keuls post-hoc
testing. p-values < 0.05 were identified as statistically significant. When
necessary, data were normalized through log;o transformation. Statistics
and data normalization were performed with Prism (Graphpad).

Data availability

The murine RNA-sequencing data generated in this study are publicly
available in Gene Expression Omnibus (GEO). Processed and raw scRNA-
seq data from mouse TNBC cell lines are available under accession number
GSE291126, bulk RNA-seq data from mouse primary tumors at 2 w.p.i. are
available under accession number GSE292146, and bulk RNA-seq data
from IgG control- and anti-PD-L1-treated 4T1-based models are available
under accession number GSE290815. Processed TNBC patient tumor-
derived scRNA-seq expression data analyzed in this study were obtained
from GEO at GSE176078. GeparNuevo trial bulk RNA-seq expression data
were obtained from GitHub (https://github.com/tkarn/G9-HTG). Other
datasets generated and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Code availability

All used R packages and associated code are available in BioConductor, open
source software for bioinformatics, or GitHub, with the link provided in the
methods section.
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