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ADAM12 abrogation alters immune cell infiltration and improves response to
checkpoint blockade therapy in the T11 murine model of triple-negative breast

cancer
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ABSTRACT

Immunosuppressive tumor microenvironment (TME) impedes anti-tumor immune responses and con-
tributes to immunotherapy resistance in triple-negative breast cancer (TNBC). ADAM12, a member of cell
surface metalloproteases, is selectively upregulated in mesenchymal/claudin-low TNBCs, where its expres-
sion is largely restricted to tumor cells. The role of cancer cell-expressed ADAM12 in modulating the
immune TME is not known. We show that Adam12 knockout in the T11 mouse syngeneic transplantation
model of claudin-low TNBC leads to decreased numbers of tumor-infiltrating neutrophils (TINs)/polymor-
phonuclear myeloid-derived suppressor cells (PMN-MDSCs) and increased numbers of tumor-infiltrating
B cells and T cells. ADAM12 loss in cancer cells increases chemotaxis of B cells in vitro and this effect is
eliminated by inhibition of CXCR4, a receptor for CXCL12, or anti-CXCL12 blocking antibody. Importantly,
ADAM12 loss in T11 cancer cells sensitizes tumors to anti-PD1/anti-CTLA4 combination therapy, although
the initial responsiveness is followed by acquired therapy resistance. Depletion of B cells in mice
eliminates the improved response to immune checkpoint blockade of Adam12 knockout T11 tumors.
Analysis of gene expression data for claudin-low TNBCs from the METABRIC patient cohort shows
significant inverse correlations between ADAM12 and gene expression signatures of several anti-tumor
immune cell populations, as well as a significant positive correlation between ADAM12 and gene expres-
sion signature of TINs/PMN-MDSCs. Collectively, these results implicate ADAM12 in immunosuppression
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within the TME in TNBC.

Introduction

Triple negative breast cancer (TNBC; estrogen receptor-, pro-
gesterone receptor-, and HER2-negative) accounts for ~15% of
all breast cancers and is associated with an earlier onset, a more
aggressive clinical course, and worse prognosis than other types
of breast cancer."” Recently, notable progress has been achieved
in applying immune checkpoint blockade (ICB) therapy to treat
TNBC.>* Two blocking antibodies, pembrolizumab (anti-PD1
mADb) and atezolizumab (anti-PD-L1 mAb), have been FDA-
approved for use in combination with chemotherapy in patients
with unresectable or metastatic PD-L1-positive TNBC.>”’
Furthermore, the results of several phase 3 and phase 2 clinical
trials involving patients with early stage TNBC now indicate that
the addition of ICB to neoadjuvant chemotherapy increases the
rate of pathologic complete response (pCR) at the time of sur-
gery and improves event free survival (EFS).*'® Despite these
advances, several clinical challenges remain unresolved, includ-
ing identification of predictive biomarkers for ICB response,
optimization of treatment strategies, and preventing disease
recurrence after exposure to ICB.'"'?

TNBC comprises a heterogenous group of cancers, with
differences at the histologic, genomic, and immunologic
levels."»'* The mesenchymal subtype, or the closely related

claudin-low subtype, represents one of the molecular subtypes
of TNBC."”" Claudin-low tumors are characterized by high
expression of epithelial-to-mesenchymal transition (EMT)
markers and/or stromal genes,'>™"” as well as high infiltration
with tumor-infiltrating macrophages (TIMs)'® and regulatory
T cells (Tregs).19 All these attributes — EMT, fibrotic stroma,
TIMs, and Tregs — have been linked to the immunosuppressive
tumor microenvironment (TME) and resistance to ICB.2’~%*
Thus, deciphering molecular mechanisms responsible for the
acquisition of these immunosuppressive traits is critical for the
success of ICB therapy in TNBC.

ADAM metalloproteases are the family of cell surface pro-
teolytic enzymes expressed in cancer cells and/or in other cells
in the TME.?*"*® Since ADAMs have the capability to release or
post-translationally modify various chemokines and
cytokines,”” > they are well positioned to modulate anti-
tumor immune responses. Yet, the role of ADAMs in the
recruitment, expansion, or activation of intratumoral immune
cells in solid tumors, including TNBC, and in the modulation
of ICB responses is poorly understood. In this study, we inves-
tigate the role of ADAMI2, a prominent member of the
ADAM family,”>** in suppressing anti-tumor immunity and
inhibiting ICB responses in the T11 mouse transplantation
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model of claudin-low breast cancer. T11 is a mouse cell line
derived from a Tp53-/- mammary tumor syngeneic
transplant.”>>® T11 cells have a mesenchymal appearance.
When orthotopically injected into BALB/c mice, T11 cells
form triple negative breast tumors with claudin-low
features®” which are resistant to ICB treatment.'®'*®

Among breast cancer patients, ADAMI2 gene expression is
elevated in claudin-low tumors,’**’ where it is upregulated by
several pro-tumor signaling pathways/programs, including
epithelial-to-mesenchymal transition (EMT),* hypoxia,“’42
TGF-B,* and the Notch**** pathway. In return, ADAMI12
protein stimulates epidermal growth factor receptor
(EGFR),”>** TGF-B,* and Notch*** signaling. We now
show that Adam12 knockout in T11 cells, or Adami2 gene
editing resulting in the loss of a functional ADAM12 enzyme at
the surface, alters the composition of immune cells infiltrating
T11 mammary tumors and sensitizes T11 tumors to the ICB
therapy, suggesting an important role of ADAMI12 in modulat-
ing anti-tumor immunity.

Materials and methods
Cell culture

T11 cell line was provided by Dr. Jeffrey M. Rosen (Baylor
College of Medicine). Phoenix-Eco cells were a gift from
Dr. Garry P. Nolan (Stanford University). 4T1 cells were
obtained from American Tissue Culture Collection (ATCC).
Cells were cultured in DMEM (T11 and Phoenix-Eco cells) or
RPMI-1640 medium (4T1 cells) supplemented with 10% fetal
bovine serum (FBS) at 37°C in a humidified incubator contain-
ing 5% COs,.

Generation of Adam12 knockout in T11 and 4T1 cells

T11 cells were co-transfected with an Adam12-specific gRNA
vector (OriGene Technologies), using Turbofectin transfection
reagent. Two different gRNA vectors were used, with Adam12-
targeting sequence 5-GATGACCAAGTACGTAGAGC
-3’(gRNA1) or 5- CCAAGGAACCACCATCGGCA-3
(gRNA2). To generate Adam12 knockout in 4T1 cells, recom-
binant S. pyogenes HiFi Cas9 Nuclease V3 (IDT) was mixed
with sgRNAs to generate ribonuclear protein complexes, fol-
lowed by nucleofection into 4T1 cells using the Neon system
(Invitrogen). Adaml2-targeting sequences were 5-
CCAAGGAACCACCATCGGCA-3 (gRNA2) or 5-
AGAGCATGACGAACATCCAA-3" (gRNA3). Single cell
clones of T11 and 4T1 cells were isolated using glass cloning
cylinders and analyzed by genomic PCR using primers flanking
the predicted target sites in the Adam12 gene, Sanger sequen-
cing of the PCR products (GENEWIZ/Azenta), and ADAMI2
immunoblotting.

Immunoblotting

Cells were incubated without or with 5 ng/ml of mouse trans-
forming growth factor f (TGF-B; R&D Systems) for 48 hours
and then treated with lysis buffer (50 mM Tris-HCI pH 7.4,
150 mM NaCl, 1% (v/v) Triton X-100, 1 mM 4-(2-Aminoethyl)

benzenesulfonyl fluoride hydrochloride (AEBSF), 10 pg/ml
pepstatin, 10 pg/ml leupeptin, 10 pg/ml aprotinin, and
10 mM 1,10-phenanthroline). Cell lysates were centrifuged
for 15 minutes at 17,000xg at 4°C. Supernatants were incubated
with concanavalin A-agarose (50 pl resin per 1 ml cell lysate)
for 4 hours at 4°C to enrich samples for glycoproteins. The
resin was then washed three times with lysis buffer and glyco-
proteins were eluted with 3xSDS gel-loading buffer. Proteins
were resolved using SDS-PAGE and transferred to
a nitrocellulose membrane. After blocking with 5% milk, mem-
branes were probed with anti-ADAM12* or anti-B1 integrin
antibody and horseradish peroxidase-conjugated IgG second-
ary antibodies. Signal detection was performed using the
SuperSignal West Pico PLUS chemiluminescent detection kit
(ThermoFisher) and Azure c500 digital imaging system.

Mutagenesis and stable overexpression of ADAM12

Retroviral expression vector AdamI2-pBabePuro was used for
the expression of ADAMI2-wildtype (ADAMI12-WT)
protein.*® The AdamI2-A6 construct was generated using the
QuickChange kit (Agilent Technologies). Phoenix-Eco cells
were transfected using calcium phosphate precipitation
method (20 pg DNA/100-mm plate), in the presence of
25 puM chloroquine. Viral supernatants were harvested
48 hours later, supplemented with 8 pg/ml polybrene, and
used without further dilution for infection of T11 cells. After
48 hours, cells with stable overexpression of ADAM12-WT or
ADAM12-A6 were selected with 2 pg/ml puromycin for 8 days.

Cells surface biotinylation

Cells grown in 6-well plates were washed with Dulbecco’s phos-
phate-buffered saline (DPBS), incubated at 4°C for 60 minutes
with EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific), and
then washed with ice-cold 100 mM Tris-HCI/DPBS. Cellular
proteins were extracted with lysis buffer, as described above.
Cell extracts were centrifuged at 17,000xg for 15 minutes at 4°C.
The supernatants were incubated for 1 hour at 4 °C with
NeutrAvidin agarose (Thermo Scientific; 50 pl of resin/0.5 ml
cell extract). The resin was washed three times with lysis buffer,
eluted with 3xSDS gel-loading buffer. Samples were resolved by
SDS-PAGE and transferred to a nitrocellulose membrane for
immunoblotting.

ELISA assay

Cells were incubated in 6-well plates for 48 hours. Conditioned
media and cell lysates were collected and centrifuged for
15 minutes at 17,000xg. CXCL12 concentrations in the super-
natants were measured using mouse CXCL12/SDF-1a ELISA
kit (R&D Systems, the kit has some cross-reactivity with
CXCL12/SDF-1B) and BioTek HIM microplate reader.
CXCL12 concentrations in cell lysates were normalized to
equal protein concentrations, measured with the BCA assay
kit (ThermoFisher).



Orthotopic T11 cell transplantation

All animal experiments were conducted in accordance with
a protocol approved by the Institutional Animal Care and
Use Committee at Kansas State University. Female 5-6-week-
old BALB/c and NOD.Cg-Prkdc*““112rg"™"7"/Sz] (NSG) mice
were purchased from The Jackson Laboratory. Animals of 6—
10 weeks of age were used as the recipients of cell transplanta-
tion. Cells were detached, washed, suspended in DPBS,
counted, and adjusted to 2 x 10° cells/ml (for tissue harvesting
experiments) or 4 x 10> cells/ml (for immunotherapy experi-
ments). Cells (50 ul) were then injected into the left 4™ inguinal
mammary fat pad of mice under isoflurane sedation (a single
injection per animal). Mice were monitored for tumor growth
daily; tumor size (length x width) was measured with a caliper.

Isolation of tumor-infiltrating immune cells

In all experiments involving immune-infiltrate analysis, two
groups of tumors — with or without Adam12 knockout - were
always analyzed side-by-side, on the same day. Each group
typically comprised 3-5 different tumors, from different ani-
mals. The experiments were repeated several times, and the
data obtained for each tumor type were pooled together.
Because Adam12 knockout T11 tumors grew slower than con-
trol T11 tumors, Adam12 knockout cells were injected first,
and control cells were injected 5-7 days later. In any given
experiment, mice were euthanized and tumors were harvested
when the average tumor size (length x width) was similar for
the Adam12 knockout and control groups.

Excised tumors were placed in ice-cold DPBS, weighed,
transferred to 5 ml Hank’s balanced salt solution (HBSS) with
calcium and magnesium at room temperature, cut into small
pieces using razor blades, and transferred to 50 ml tubes con-
taining 10 mg/ml collagenase type IV, 200 units/ml DNase type
IV, and 1,500 units/ml hyaluronidase type IV-S (all from
Sigma). Tubes were shaken at 130 rpm for 1 hour at room
temperature. Single cell suspensions were obtained by filtering
through a 70-pum cell strainer. The digestion reaction was
stopped by adding 1 mM EDTA/0.1% BSA, followed by cen-
trifugation for 3 minutes at 800 x g, resuspension in 2 ml ACK
lysis buffer (Lonza), incubation on ice for 1 minute, centrifuga-
tion, and washing with DPBS. Cell suspensions were enriched
for lymphocytes by centrifugation in 42%/78% Percoll (GE
Healthcare) gradient in DMEM medium, at 1000 x g for
20 minutes with no brakes on deceleration. Approximately
4 ml solution was collected from the interface between the
two Percoll layers. Isolated lymphocytes were washed with
DPBS and resuspended in FACS buffer (DPBS containing 3%
bovine serum albumin).

Flow cytometry

Single-cell suspensions of tumor-infiltrating leukocytes were
prepared as described above. Cells were first incubated with
2.5 pg/ml TruStain FcX Plus (BioLegend) in FACS buffer
for 10 min on ice. Cells were subsequently stained with
fluorochrome-conjugated antibodies (Supplementary Table
S1; BioLegend) in FACS buffer for 30 minutes on ice in the
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dark, followed by a wash with FACS buffer and resuspen-
sion in 400 pl of FACS buffer supplemented with 1 pg/ml
propidium iodide. In some experiments, the absolute num-
bers of tumor-infiltrating immune cells were determined
using the Precision Count Beads™ (BioLegend). When
staining for FoxP3 in Tregs, cells were first incubated
with 1 pl eFluor 450 fixable viability dye (Invitrogen) for
30 minutes on ice in the dark, followed by FcR block and
cell surface marker fluorochrome-conjugated antibodies
staining. Stained cells were then fixed and permeabilized
using BioLegend True Nuclear Transcription Factor Buffer
Set and stained with anti-FoxP3 antibody. Samples were
analyzed using a LSRFortessa X-20 flow cytometer (BD),
and data analysis was performed using FCS Express 7
(DeNovo Software). Gating strategies are shown in
Supplementary Figures SI1-4.

B cell migration assays

Cancer cells were plated at ~0.5 x 10° cells/ml into lower
chambers of Transwell 6-well plates® (Corning) and incubated
for 48 hours. Splenocytes were isolated from BALB/c mice by
mincing the tissue, passing sequentially through 18, 21, and 26
gauge needles, then through a 70-um cell strainer, and centri-
fuging at 800 x g for 3 minutes. Cell pellets were resuspended in
T11 or 4T1 cell culture media, cells were counted, and 2.5 x 10°
cells were seeded into transwell upper chambers (inserts) con-
taining 3.0-um pore membrane. After incubation for 4 hours at
37°C, cells migrated into lower chambers were stained with
anti-CD45 and anti-CD19 antibodies and analyzed by flow
cytometry. In some experiments, splenocytes were pre-
incubated with 10 pug/ml of AMD3100, a CXCR4 inhibitor,
for 30 minutes prior to the migration assay. Alternatively,
cancer cells in the lower compartment were pre-incubated for
1 h with 2.5 pg/ml CXCL12-blocking or isotype-matched anti-
bodies. The initial content of B cells among splenocytes (input)
was determined after seeding splenocytes into wells without
inserts. The amount of migrated B cells was expressed as
a percentage of the input.

Immune checkpoint blockade

Cells were implanted orthotopically, as described above.
When tumors reached 10-20 mm? in size, mice were rando-
mized, and 125 ug anti-CTLA4 (clone 9D9) and 200 ug anti-
PD1 (clone RMP1-14) antibodies were delivered intraperito-
neally every 3-4 days, for a total of 3-4 doses. Control
animals received an equal amount of isotype-matched anti-
bodies (mouse IgG2b clone MPC-11 and rat IgG2a clone
2A3). B cell depletion was achieved by injecting 250 ug anti-
CD20 mAb (Ultra-LEAF purified, clone SA271G2, reported
depletion of 30 or more days) into a lateral tail vein 3 days
prior to ICB; isotype-matched rat IgG2b (clone RTK4530)
was injected as control. In a parallel experiment, B cell
depletion was confirmed by isolating splenocytes 7 days
after anti-CD20 treatment and quantifying B cells by flow
cytometry.
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Data mining and correlation analyses

Adam12 expression data were retrieved from Gene Expression
Omnibus (GEO) at https://www.ncbi.nlm.nih.gov/geo/; GSE
series numbers are provided in the text. Expression data for
human ADAMI2 and immune genes in 106 claudin-low
TNBCs from the METABRIC dataset*” were accessed via the
cBioPortal for Cancer Genomics®”>" (http://www.cbioportal.
org/public-portal/). The list of core claudin-low tumors was
obtained from ref. 17; sample IDs for these tumors are listed in
Supplementary Table S2. Gene expression signature scores for
selected immune cell types were calculated as the average gene
expression z-scores for marker genes associated with each cell
types (Supplementary Table S3). Correlation analysis between
ADAM]I2 expression and each immune cell signature score was
performed using GraphPad Prism 9 software; Pearson
r correlation coefficients and P values (two-tailed) are reported
for each analysis. Expression data (ultra-low input RNA-Seq)
for different human ADAMs in purified immune cell popula-
tions were accessed via ImmGen data portal at https://www.
immgen.org/

Statistical analyses

Data were analyzed with GraphPad Prism 9 software. When
comparing two groups, normality tests were performed first. If
the data followed a Gaussian distribution and if the F-test
confirmed the same variances, statistical analysis was per-
formed using unpaired two-tailed t-test. When the data did
not follow a Gaussian distribution (as some groups in Figure 3
and Figure 4), the Mann-Whitney nonparametric test was
used. For survival analysis, Kaplan-Meier curves were gener-
ated and compared using the log-rank test.

Results

We analyzed Adam12 microarray gene expression data for 341
unique murine tumors representing different molecular sub-
types of breast cancer, including 25 claudin-low tumors, and 18
normal murine mammary gland samples’’ (retrieved from
Gene Expression Omnibus (GEO) at https://www.ncbi.nlm.
nih.gov/geo/, datasets GSE3165, GSE8516, GSE9343,
GSE14457, GSE15263, GSE17916, GSE27101, and GSE42640;
individual samples are listed in Supplementary Table S4). We
noticed that Adamli2 expression levels were significantly
higher in claudin-low tumors than in other tumor types or in
normal mammary glands (Figure 1a). Analysis of RNA sequen-
cing (RNA-seq) results for four murine cell lines representing
the mesenchymal/claudin-low subtypes of TNBC, namely
67NR, E0771, PyMT-M, and T11'® (retrieved from GEO:
GSE104765) further showed that Adam12 mRNA levels were
the highest in T11 cells (Figure 1b), and this cell line was
selected for our studies.

Recent investigations have shown that while T11 syngeneic
orthotopic tumors are resistant to ICB, they become ICB-
sensitive upon increasing the mutation burden in T11 cells
via overexpression of Apobec3 or UV exposure.”® We have
retrieved Adam12 expression data for T11, T11-Apobec3, and
T11-UV cells (GEO:GSE124821) and determined that Adam12

mRNA levels were significantly lower in ICB-sensitive than in
ICB-resistant tumors (Figure 1c).

To investigate whether abrogation of Adam12 expression in
T11 cells might impact anti-tumor immunity and response to
ICB, we performed CRISPR/Cas9-mediated AdamlI2 gene
knockout (KO) in TI11 cells. Initially, cells were co-
transfected with pCas-Guide CRISPR-gRNAI vector targeting
exon 7 in the Adaml2 gene (Figure 1d). Several single cell
clones were selected and analyzed by genomic PCR using
primers flanking the donor integration site and PCR product
sequencing (to validate Adam12 gene KO) and by immuno-
blotting (to confirm the lack of ADAMI2 protein). Since
ADAMI2 expression is upregulated by TGF-B,** cells were
incubated for 48 h with TGF- to further confirm band iden-
tities (Figure le). Two individual clones lacking ADAMI12
expression (referred to as A12-KO (gl)) were combined and
used in further analyses.

There was no difference between proliferation rates of A12-
KO and parental T11 cells in vitro. In contrast, breast tumors
formed after orthotopic transplantation of A12-KO (gl) cells
into immunocompetent BALB/c mice grew significantly slower
than tumors formed by parental T11 cells (Figure 1f). The
difference in tumor growth was largely reduced in immunode-
ficient NOD/SCID gamma (NSG) mice (Figure 1g) that lack
the adaptive immune system (mature T, B and NK cells are
absent) and have deficiencies in the innate branch of the
immune system (macrophages and dendritic cells are defective,
complement is absent).”> Thus, A12-KO (gl) tumors might be
susceptible to anti-tumor attack by tumor-infiltrating lympho-
cytes (TILs) and/or certain components of the innate immu-
nity. The remaining small, but significant, difference between
growth rates of A12-KO (gl) and T11 tumors in NSG mice
(Figure 1h) might be linked to the function of residual myeloid
cells in NSG mice or to changes in the TME not related to the
immune system.

We next compared the numbers and composition of tumor-
infiltrating immune cells in A12-KO (gl) versus control T11
tumors. When tumors reached a similar size, they were resected,
enzymatically digested, and single cell suspensions were stained
and analyzed by flow cytometry. First, we observed that the total
number of tumor-infiltrating CD45+ immune cells in A12-KO
(g1) tumors was decreased by 25-30% compared to T11 tumors
(Figure 2a). This decrease was due to the reduction of the mye-
loid CD11b+ cell population, from ~2.4x10° to ~1.6x10° cells/g,
or from ~90% to ~83% of all CD45+ cells (Figure 2b). In contrast,
the absolute number of CD11b- cells was slightly, but not sig-
nificantly, higher in A12-KO (g1) cells and amounted to ~3x10°
cells/g of tumor tissue. The percentage of CD11b- cells among
CD45+ cells rose from 10% in T11 tumors to 16% in A12-KO
(g1) tumors, and this increase was significant (Figure 2c).

It has been previously reported that the T11 tumor model
belongs to a macrophage-enriched subtype (MES) of TNBC, in
which the tumor-infiltrating myeloid compartment is dominated
by TIMs, with significantly lower frequencies of tumor-infiltrating
neutrophils (TINs)."® Here, we have quantified the TIM and TIN
populations, defined as CD45+CD11b+Ly6G-Ly6C-F4/80+ and
CD45+CD11b+Ly6G+Ly6C™ !, respectively.'® Importantly,
such designation of the TIN population also comprised polymor-
phonuclear myeloid-derived suppressor cells (PMN-MDSCs), as
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mouse TINs and PMN-MDSCs are currently not distinguishable
based on phenotypic cell surface markers.”* The CD45+CD11b
+Ly6G-Ly6C™  population defined monocytic MDSCs
(M-MDSCs).>* Representative flow cytometry plots are shown in
Figure 2d, and gating strategies are included in Supplementary
Figure S1.

The absolute number of TIMs did not differ significantly
between T11 and A12-KO (gl) tumors, but TIM frequency
among all CD45+ cells increased from ~54% in T11 tumors to
59% in A12-KO (gl) tumors, and this increase was significant
(Figure 2e). Interestingly, the absolute number of TINs/PMN-
MDSCs dropped from 7.2 x 10> per gram in T11 tumors to
2.8 x 10° per gram in A12-KO (gl) tumors, or from 26% to
15% of CD45+ cells, respectively (Figure 2f). The population of
M-MDSCs represented only a small fraction (~1%) of all
tumor-infiltrating cells and did not differ between T11 and
A12-KO (gl) tumors (Figure 2g).

o

d

Adam12 in BC and normal MG

Adam12in TNBC cells
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We next compared tumor-infiltrating lymphocytes (TILs) in
control and Al12-deficient T11 tumors. Since the CD45+CD11b-
population comprising the bulk of TILs amounted to only ~10% of
all tumor-infiltrating immune cells in T11 tumors (Figure 2c),
TILs were enriched by centrifugation in a discontinuous Percoll
gradient™ prior to flow cytometry analysis and quantified
as percent of CD45+ cells collected from the 42%/78% Percoll
interface. Notably, A12-KO (g1) tumors contained higher percen-
tages of CD3+ T cells (median values 32.4% versus 25.4%;
Figure 3a,b) and CD19+ B cells (median values 14% versus 4.4%;
Figure 3a,c) than T11 tumors. In contrast, the frequencies of CD3-
CD49b+ NK cells, the third major class of lymphoid cells, were
similar in A12-KO (gl) and control T11 tumors (Figure 3d).

The frequencies of cytotoxic CD8+ T cells did not signifi-
cantly differ between A12-KO (gl) and T11 tumors (Figure 3e).
Accordingly, the increase in T cell frequencies observed in
A12-KO (gl) tumors was mainly due to the expansion of

Adam12in T11 tumors
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Figure 1. The effect of Adam12 knockout on T11 tumor growth rates in mice. (a) Adam12 expression levels in murine claudin-low (CL) tumors, other tumor types, and
normal mammary glands. The data were retrieved from GEO: GSE3165, GSE8516, GSE9343, GSE14457, GSE15263, GSE17916, GSE27101, and GSE42640; the list and
classification of individual samples are based on ref. 37 and are included in Supplementary Table S4. The Mann-Whitney nonparametric test was used to calculate
P values. (b) Adam12 mRNA levels in four murine mesenchymal breast cancer cell lines, as reported in ref. 18. The data were retrieved from GEO:GSE104765. (c)
Expression of Adam12 in ICB-resistant control T11 breast tumors and in ICB-sensitive breast tumors derived from T11 cells with stable overexpression of Apobec3 or
treated with UV light, as described in ref. 38. The data were retrieved from GEO:GSE124821. (d) Position of the gRNA1 target sequence in the Adam12 gene. (e) Detection
of ADAM12 by Western blotting in control T11 cells and in T11 cells in which Adam12 was knocked out using gRNA1 (A12-KO (g1)). To facilitate the detection of
ADAM12, cells were treated for 2 days with 5 ng/ml TGF-f; cell lysates were enriched for glycoproteins on concanavalin A agarose prior to the analysis. Nascent and
mature forms of ADAM12 are indicated with long and short arrows, respectively; f1 integrin is gel loading control. (f,g) A12-KO (g1) and control T11 tumor growth rates.
1 x 10* cells were injected into the 4™ mammary inguinal mammary fat pad in BALB/c (f) or NSG mice (g). Tumor sizes (length x width) were measured daily with
a caliper. In (f), data represent pooled values from five different experiments. (h) Comparison of tumor sizes 21 days after cell injection. Mean values + S.D. are shown;

P values were determined by unpaired two-tailed Student’s t test.
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CD4+ T cells (median value 19.6% in A12-KO (gl) tumors
versus 14.7% in T11 tumors; Figure 3f). Among CD4+ T cells,
the relative abundance of immunosuppressive regulatory
T cells (Tregs; CD45+CD3+CD4+CD25+Foxp3+) versus non-
Tregs remained similar in A12-KO (gl) and T11 tumors and
amounted to ~20% (Figure 3g).

Our results so far have suggested that ADAM12 loss in T11
tumor cells may alter certain populations of tumor-infiltrating
myeloid and lymphoid cells. In this work, we wanted to further
investigate the consequences of ADAMI2 loss on TILs, in
particular on B cells. First, to validate the results obtained for
A12-KO (gl) tumors, we used a different pCas-Guide CRISPR
vector to knockout ADAM12 in T11 cells, with gRNA?2 target-
ing exon 10 in the Adam12 gene (Figure 4a). We isolated two
different clones: A12-KO (g2), which contained biallelic dis-
ruption of the Adami2 gene and lacked ADAMI2 protein
(Figure 4b), and A12-A6, in which one Adami2 allele was
disrupted and the second allele contained an in-frame deletion
of an 18-nt fragment next to the Cas9 cleavage site, resulting in
a 6-amino acid deletion in the metalloprotease domain of the
ADAMI12 protein (Figure 4a).

In the predicted model of the wild-type ADAM12 metallo-
protease domain, the six amino acids missing in A12-A6 were
positioned close to the catalytic site (Figure 4c). Therefore, we
hypothesized that A12-A6, generated fortuitously during non-
homologous DNA end joining (NHE]) after Cas9-mediated
DNA cleavage, might show defects in folding, post-
translational processing, or intracellular trafficking. Typically,
nascent full-length forms of ADAMs are catalytically inactive
and retained in the intracellular compartments. In contrast,
mature processed forms of ADAMs lack the N-terminal inhi-
bitory domain, are catalytically active, and are present at the
cell surface.”>>® To examine possible defects in A12-A6 proces-
sing/trafficking, the wild-type ADAM12 (A12-WT) or A12-A6
were overexpressed in T11 cells. Cells were subjected to surface
biotinylation using a membrane-impermeable biotinylation
reagent, followed by isolation of glycoproteins on concanavalin
A agarose (a routine enrichment step for all ADAMI12 iso-
forms) or by isolation of biotinylated proteins on streptavidin
agarose. Consistent with previous reports, in A12-WT over-
expressing cells, only the ~90-kDa mature form was biotiny-
lated and the ~120-kDa nascent form was not. In A12-A6
overexpressing cells, in which the ~120-kDa nascent form
was predominant and the ~90-kDa mature form was largely
missing, no biotinylated ADAMI12 was detected (Figure 4d),
confirming defects in the processing/trafficking of A12-A6 and
the absence of an active A12-A6 enzyme at the cell surface.

Despite the different status of ADAMI12 in A12-KO (g2)
and A12-A6 cells (a complete loss of ADAMI2 versus the
absence of catalytically active ADAMI2 at the cell surface),
both A12-KO (g2) and A12-A6 tumors contained significantly
higher frequencies of T cells than T11 tumors (median values
42.6%, 42.1%, and 30.0%, respectively; Figure 4e). The frequen-
cies of tumor-infiltrating B cells in A12-KO (g2) and A12-A6
tumors were also significantly higher than in T11 tumors
(median values 7.4%, and 6.9%, and 4.4%, respectively;
Figure 4f). These results indicate that Adam12 gene knockout
in T11 cancer cells increases the frequencies of T cells and
B cells among tumor-infiltrating immune cells and this effect

is largely due to the lack of functional ADAMI2 at the cell
surface.

Between tumor-infiltrating T cells and B cells, the relative
effect of Adam12 knockout on the frequencies of B cells was
particularly prominent (Figure 3¢ and Figure 4f). Therefore, we
wanted to determine whether ADAMI12 loss in cancer cells had
a direct effect on B cell chemotaxis. We performed transwell
cell migration assays, in which cancer cells were plated in lower
transwell chambers, freshly isolated splenocytes were seeded in
upper chambers, and the amount of B cells migrated into the
lower chambers was measured by flow cytometry (Figure 5a).
We observed that the presence of T11 cells in the lower cham-
bers increased B cell migration when compared to migration
toward empty wells without cancer cells. Importantly, B cell
migration toward A12-KO (gl) or A12-KO (g2) T11 cells was
significantly higher than toward wild-type T11 cells (Figure 5b
and Figure 5c, respectively).

We then asked whether Adami12 knockout in a different
murine breast cancer cell line would exert a similar effect on
directional B cell migration. We tested 4T1 cells, which are
commonly used as a model of basal-like triple-negative breast
cancer.'® Asin T11 cells, ADAMI12 expression in 4T1 cells was
strongly stimulated by TGF-B. We used two different gRNAs to
successfully disrupt the Adam12 gene in 4T1 cells, gRNA2 and
gRNA3 (Figure 5d; see also Materials and Methods).
Unexpectedly, there was no difference between B cell migra-
tion toward wild-type 4T1 cells, Adam12 knockout 4T1 cells,
or empty wells (Figure 5e,f).

The CXCL12 chemokine is a known chemoattractant for
B cells in vitro and in vivo.”””® Expression profiling by high
throughput RNA  sequencing  previously revealed
a significantly higher Cxcl12 mRNA level in T11 than in 4T1
cells'® (Figure 5g). Here, we performed ELISA assays to mea-
sure CXCL12 protein concentrations in conditioned media and
cell lysates from T11 and 4T1 cells. Consistent with gene
expression profiling, there was a very significant difference
between CXCL12 levels in T11 and 4T1 cells, with the latter
ones below the ELISA detection limit (Figure 5h). This sug-
gested that CXCL12 secreted by T11 cells might have bound to
its receptor CXCR4 in B cells and stimulated directed B cell
migration in transwell assays. Also, ADAM12 loss in T11 cells
might have potentiated the chemoattractant properties of
CXCLI12 (see Discussion), and the lack of CXCL12 expression
in 4T1 cells might be responsible for the lack of stimulation of
B cell migration. In line with this hypothesis, adding
AMD3100, a CXCR4 inhibitor, to the upper transwell cham-
bers (Figure 5i-k) or anti-CXCL12 blocking antibody to the
lower chambers (Figure 51-n), efficiently inhibited B cell migra-
tion toward T11, A12-KO (gl) T11, and A12-KO (g2) T11
cells. Pre-incubation of cancer cells with an isotype-matched
control antibody did not have any effect on B cell migration
(Supplementary Figure S5).

We next explored whether alterations in tumor-infiltrating
immune cells observed in A12-KO (gl) and A12-KO (g2)
tumors translated into improved tumor responses to the ICB
therapy. A12-KO (gl), A12-KO (g2), or control T11 tumor-
bearing mice were treated with anti-PD1/anti-CTLA4 antibo-
dies (Figure 6a). Control T11 tumors were resistant to ICB
(Figure 6b), in agreement with published reports using the
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Figure 2. Quantification of tumor-infiltrating immunosuppressive myeloid cells in A12-KO (g1) and control T11 tumors from BALB/c mice by flow cytometry.
Absolute numbers of all tumor-infiltrating CD45+ immune cells (a), CD45+CD11b+ cells (b), and CD45+CD11b- cells (c) per gram of tumor tissue were determined using
Precision Count beads. In (b, ), percentages of each population among CD45+ cells are also shown. (d) Representative FACS analyses of tumor-infiltrating macrophages
(TIMs), tumor-infiltrating neutrophils (TINs)/polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), and monocytic myeloid-derived suppressor cells
(M-MDSCs). Plots are gated on CD45+CD11b+Ly6G- cells (top) and CD45+CD11b+ (bottom). (e-g) Absolute numbers and percentages among CD45+ cells are
shown for TIMs (e), TINs/PMN-MDSCs (f), and M-MDSCs (g). Gating strategies are included in Supplementary Figure S1. The unpaired t-test was used to calculate

P values; ns, non-significant, with P > 0.05.

same T11 model."®*® Injection of the same doses of isotype-
matched control antibodies did not have any effect on the
growth of A12-KO (gl) tumors (Figure 6¢). Remarkably, A12-
KO (gl) tumors stabilized and did not progress for 7-8 days
after the first dose of antibodies (Figure 6d). Median progres-
sion-free survival (PFS) was extended from 3 days in untreated
mice to 9 days in treated mice (Figure 6d). Progression was

defined as a 20% increase in tumor diameter, or 1.44-fold
increase in tumor area. Similar effects were observed for A12-
KO (g2) tumors, which stabilized for ~5 days after the first dose
of antibodies (Figure 6e). Median PFS was extended from
2 days in untreated mice to 5 days in treated A12-KO (g2)
mice (Figure 6e). Importantly, while both A12-KO (gl) and
A12-KO (g2) tumors showed initial response to ICB, all tumors
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Figure 3. Quantification of tumor-infiltrating lymphocytes (TILs) in A12-KO (g1) and control T11 tumors from BALB/c mice by flow cytometry. Frequencies of
TILs were determined after cells enrichment by Percoll gradient centrifugation. (a) Representative FACS analysis of tumor-infiltrating T cells and B cells. Plot is gated on
D45+ cells. Frequencies of T cells (b), B cells (c), NK cells (d), CD8+ T cells (e), and CD4+ T cells (f) among CD45+ cells and frequencies of regulatory T cells (Tregs)
among CD4+ T cells (g) are shown. Gating strategies are shown in Supplementary Figures S2 and S3. Data were pooled from two (d,g), four (e,f), seven (c), or fifteen (b)
different experiments, each experiment included 3-5 tumors per group. In (b-d, f), the data did not follow a Gaussian distribution and the Mann-Whitney
nonparametric test was used to calculate P values; box and whiskers plots are shown for all data sets.

relapsed after ~8 days (Figure 6d,e) and grew with the rates
similar to those before the treatment, which was indicative of
acquired resistance to ICB.

To explore whether increased frequencies of tumor-infiltrating
B cells in ADAMI12-deficient tumors contributed to improved
tumor responses to the ICB therapy, we performed B cell depletion
experiments. Mice bearing A12-KO (g1) or A12-KO (g2) tumors
received one dose of B cell-depleting anti-CD20 antibody or an
equivalent dose of isotope-matched control antibody, followed by
three injections of anti-PD1/anti-CTLA4 antibodies. B cell deple-
tion was confirmed by flow cytometry analysis of splenic B cells
(Figure 7a). In both A12-KO (gl1) and A12-KO (g2) tumors, B cell
depletion significantly reduced the efficacy of anti-PD1/anti-
CTLA4 treatment (Figure 7b,c).

Using data mining approaches, we then examined whether our
results linking the loss of ADAM12 to anti-tumor responses and
ICB susceptibility in the T11 mouse model may be applicable to
human TNBC patients. First, expression profiling of different
immune cell populations by RNA-Seq suggests that ADAM1I2 is
expressed at very low levels in immune cells (Figure 8a, data
retrieved at http://www.immgen.org). In contrast, most other
catalytically active ADAMs, except for ADAMY, are expressed at
high levels in various types of immune cells (Figure 8a). This
means that ADAM12 expression values obtained during mRNA
profiling of bulk tumors should predominantly reflect ADAMI2

expression in cancer cells, with a minimal contribution from
tumor-infiltrating immune cells.

We then retrieved bulk tumor expression data for ADAMI2
and different immune genes from the Molecular Taxonomy of
Breast Cancer International Consortium (METABRIC) dataset,*
accessed via the cBioPortal for Cancer Genomics™>" (http://www.
cbioportal.org/public-portal/). Among 106 claudin-low TNBC
tumors profiled in the METABRIC study, ADAMI2 expression
was significantly higher in 31 so-called “core claudin-low”
tumors,'” with strong features of EMT in carcinoma cells, than
in the remaining 75 claudin-low TNBCs (Figure 8b). Importantly,
among all 106 claudin-low TNBCs from the METABRIC dataset,
there were significant inverse correlations between ADAMI12
mRNA levels and immune gene signatures associated with anti-
tumor responses (CD4+ Thl T cells,”” CD4+ Tth T cells,”®*’
B cells,*®°%! and TLSs®?) (Pearson P values <0.01; Figure 8¢). In
contrast, ADAMI12 mRNA levels were positively correlated with
the pro-tumor TIN/PMN-MDSC'® gene signature (Pearson
P = 0.0002; Figure 8c). There was no significant correlation
between ADAMI2 mRNA and the TIM signature® (Figure 8c).

Discussion

Results presented in this study demonstrate that Adaml12
knockout in claudin-low T11 breast cancer cells had
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Figure 4. ADAM12 entrapment inside the cell exerts a similar effect on tumor-infiltrating T cells and B cells as Adam12 gene knockout. (a) Position of the gRNA2
target sequence in the Adam12 gene is shown in red. A12-A6 is an ADAM12 variant created during CRISPR-Cas9 editing, this variant lacks the T-I-G-M-A-P sequence
encoded by the 18-nt fragment in the Adam12 gene (boxed). (b) Detection of ADAM12 in control T11 cells and in T11 cells in which Adam12 was knocked out using
gRNA2 (A12-KO (g2)). To facilitate the detection of ADAM12, cells were treated for 2 days with 5 ng/ml TGF-f. Nascent and mature forms of ADAM12 are indicated with
long and short arrows, respectively; B1 integrin is gel loading control. (c) A model of the metalloprotease domain of ADAM12 showing the proximity of the TIGMAP
peptide (red) and the catalytic residues Glu349 (yellow), His348, His352, and His358 (magenta). The model was generated using the I-TASSER protein structure
prediction server at https://zhanggroup.org/I-TASSER/ (d) Cell surface biotinylation of wild-type ADAM12 (A12-WT) and A12-A6 deletion mutant. A12-WT or A12-A6
were stably overexpressed (OE) in T11 cells. Intact cells were treated with sulfo-NHS-LC-biotin, followed by incubation of cell lysates with concanavalin A agarose (left) or
streptavidin agarose (right). The eluates were analyzed by Western blotting. (e, f) Quantification of tumor-infiltrating T cells (e) and B cells (f) in A12-KO (g2), A12-A6,
and control T11 tumors from BALB/c mice by flow cytometry. Data were pooled from two (A12-KO (g2) and A12-A6) or four (T11) different experiments, each
experiment included 3-5 tumors per group. The data did not follow a Gaussian distribution and the Mann-Whitney nonparametric test was used to calculate P values.

ADAMI12 mRNA levels and gene expression signatures for
B cells was also detected in claudin-low TNBCs from the

a significant impact on the composition of tumor-infiltrating
immune cells. In particular, the frequencies of B cells were

significantly elevated in ADAMI12-deficient tumors, and this
effect was observed for two different guide RNAs used in
CRISPR-Cas9-mediated Adam12 gene knockout. Tumors aris-
ing from A12-A6 T11 cells lacking the catalytically active
ADAMI12 at the cell surface also contain higher frequencies
of B cells, suggesting that the presence of catalytically active
ADAMI2 at the surface of cancer cells is vital for its role in
modulating B cell infiltration. An inverse correlation between

METABRIC dataset, further supporting the notion that high
expression of ADAMI12 limits the accumulation of B cells in
the breast TME.

New research indicates that B cells play a prominent role in
promoting anti-tumor responses in various types of cancer.***
Immunological mechanisms, clinical impact, and therapeutic
potential of tumor-infiltrating B cells have been recently discussed
in several excellent review articles.”®*®~”> For TNBC explicitly, it
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Figure 5. The effect of ADAM12 loss in cancer cells on chemotaxis of B cells in vitro. (a) Schematic diagram of transwell B cell migration assays. B cell content among
splenocytes seeded in upper chambers and B cells migrated after 4 hours into lower chambers toward cancer cells were measured by flow cytometry. (b, ¢) B cell
migration toward wild-type T11 cells was compared to A12-KO (g1) T11 cells (b) or A12-KO (g2) cells (c). (d) Detection of ADAM12 by Western blotting in control 4T1
cells and in 4T1 cells in which Adam12 was knocked out using gRNA2 or gRNA3. Glycoprotein enrichment on concanavalin A agarose was as in Figures 1 and 4. Nascent
and mature forms of ADAM12 are indicated with long and short arrows, respectively; non-specific bands are marked with asterisks, f1 integrin is gel loading control. (e,
f) B cell migration toward wild-type 4T1 cells was compared to A12-KO (g2) 4T1 cells (e) or A12-KO (g3) cells (f). (g) Cxc/72 mRNA levels in T11 and 4T1 cell lines (ref. 18).
The data were retrieved from GEO:GSE104765. (h) CXCL12 protein levels in conditioned media and in cell lysates from T11 and 4T1 cells were measured by ELISA. (i-k)
Transwell B cell migration assays toward T11 cells (i), A12-KO (g1) (j), or A12-KO (g2) (k) were performed in the absence or presence of 10 pg/ml AMD3100, an inhibitor
of CXCR4, added to the upper chambers. (I-n) Transwell B cell migration assays toward T11 cells (I), A12-KO (g1) (m), or A12-KO (g2) (n) were performed in the absence
or presence of 2.5 pg/ml CXCL12-blocking antibody added to the lower chambers. For each panel, data were pooled from 2 to 5 independent experiments, each
experiment included three different transwells per group. Gating strategies for B cell quantification are shown in Supplementary Figure S4.
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Figure 6. Abrogation of ADAM12 sensitizes T11 tumors to anti-PD1/anti-CTLA4 therapy. (a) Diagram of the treatment. BALB/c mice were orthotopically injected
with A12-KO or control T11 cells (2x10* cells/per injection). When tumor sizes reached ~10-20 mm?, mice were randomized and injected intraperitoneally with anti-PD1
/anti-CTLA4 antibodies or with isotope control antibodies bi-weekly or remained untreated. (b) The effect of anti-PD1/anti-CTLA4 antibodies on T11 tumor growth. (c)
The effect of isotope control antibodies on the growth of A12-KO (g1) tumors. (d) Tumor growth rates and progression free survival of A12-KO (g1) tumors treated with
anti-PD1/anti-CTLA4 antibodies versus untreated tumors. (e) Tumor growth rates and progression free survival of A12-KO (g2) tumors treated with anti-PD1/anti-CTLA4
antibodies versus untreated tumors. In d and e, progression was defined as a 20% increase in tumor diameter, or 1.44-fold increase in tumor area.

has been reported that clonally expanded, IgG isotype-biased B cell
immunity is associated with improved clinical outcomes.”
Furthermore, using mouse models of claudin-low or basal sub-
types of TNBC, it has been demonstrated that increasing the
mutation burden in cancer cells by overexpressing APOBEC3B,
a cytidine deaminase, or by exposure of cancer cells to short-wave
UV radiation prior to transplantation, expanded intratumoral
B cells and potentiated the effects of anti-PD1/anti-CTLA4
therapy.”® In our studies, ADAMI2-deficient T11 tumors stabi-
lized, albeit transiently, after administration of anti-PD1/anti-
CTLA4 antibodies, whereas control T11 tumors did not respond
to the ICB treatment. Importantly, B cell depletion prior to ICB
eliminated the improved response to ICB, indicating that the
susceptibility of ADAMI12-deficient tumors to ICB was, at least
in part, mediated by increased frequencies of intratumoral B cells.

In addition to B cells, we observed increased frequencies of
T cells in ADAMI2-deficient tumors, although the effect of
ADAM12 loss on tumor-infiltrating T cells was more modest
than on B cells. Among T cells, only the CD4+ subset was sig-
nificantly expanded in ADAMI12-deficient tumors, whereas the
frequencies of CD8+ cytotoxic T cells were not affected. Finally,
among CD4+ cells, the ratio of immunosuppressive Tregs to non-
Treg cells was not significantly changed upon the loss of
ADAM12, arguing against the release of Treg-mediated immuno-
suppression in ADAMI12-deficient tumors. This conclusion is
important, because it has been reported previously that Treg

depletion alone reduces immunosuppression and potentiates
ICB therapy in claudin-low breast cancer.'>”*

Along with changes within the lymphoid compartment, we
observed an altered composition of tumor-infiltrating myeloid
immune cells in ADAM12-deficient T11 tumors. Specifically,
tumors derived from A12-KO (gl) cells contained significantly
less TINs/PMN-MDSCs than tumors derived from control T11
cells, and a positive correlation between ADAMI12 mRNA
levels and the TINs/PMN-MDSC gene expression signature
has been detected in claudin-low TNBCs from the
METABRIC dataset. Implications of these findings are cur-
rently not clear. While PMN-MDCSs are unequivocally
immunosuppressive,”® TINs span neutrophil populations
with tumor-promoting or tumor-suppressing activities.”>”®
Thus, a detailed functional characterization of the TIN/PMN-
MDSC population from ADAMI2-deficient versus wild-type
T11 tumors is needed to obtain a better understanding of the
role of ADAMI2 in regulating immunosuppression within the
myeloid compartment. Of note, lower numbers of tumor-
promoting TINs in ADAMI12-deficient tumors might explain
the fact that A12-KO (g1) tumors grew slightly slower than T11
tumors in NSG mice that retain their neutrophil population, as
certain tumor-promoting activities of TINs may be executed
even in the absence of the adaptive immune system.”®
Furthermore, it has been shown that a conversion of the
macrophage-enriched subtype (MES) to the neutrophil-
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Figure 7. Depletion of B cells eliminates the improved response to anti-PD1/anti-CTLA4 therapy in A12-KO T11 tumors. BALB/c mice were orthotopically
injected with A12-KO T11 cells and then either treated with anti-PD1/anti-CTLA4 therapy, as in Figure 6, or untreated. Three days prior to administration of anti-PD1
/anti-CTLA4 treatment, mice received tail vein injections of anti-CD20 depleting or isotope control antibodies. (a) Representative FACS analysis of splenic B cells seven
days after tail vein injections. (b, ¢) The effect of anti-PD1/anti-CTLA4 antibodies on tumor growth rates (left) and progression-free survival rates (right) in mice with A12-
KO (g1) tumors (b) and A12-KO (g2) tumors (c). Progression was defined as a 20% increase in tumor diameter, or 1.44-fold increase in tumor area.

enriched subtype (NES) in several mouse models of TNBCs
mediated acquisition of ICB resistance in initially sensitive
MES models.'® Since ADAM12-deficient T11 tumors become
eventually resistant to ICB after the initial period of therapy
response, future enumeration of TIMs and TINs/PMN-
MDSCs at different time points after ICB administration will
be particularly informative.

TIMs play tumor-promoting functions in breast cancer and
are generally associated with a poor prognosis.”” It has been
recently demonstrated that TIM inhibition/depletion, com-
bined with a low dose of chemotherapeutic agent cyclopho-
sphamide, induces T cell and B cell infiltration and durable
regression in the T11 and related T12 mouse models of

TNBC.”® In our experiments, absolute numbers of TIMs did
not differ significantly between A12-KO (gl) and control T11
tumors, and the percentage of TIMs among all tumor-
infiltrating CD45+ cells was even slightly increased in A12-
KO (gl) tumors. Therefore, it seems unlikely that increased
B cell infiltration in ADAMI12-deficient T11 tumors was
mediated via TIMs.

In search for potential mechanisms of increased accumula-
tion of B cells in A12-KO (gl) and A12-KO (g2) tumors, we
have discovered that B cells migrated faster toward T11 cells
lacking ADAMI12 than toward control T11 cells in in vitro
transwell assays. Several lines of evidence then suggested
a key role for CXCL12 in this process: (i) increased B cell
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Figure 8. Correlations between human ADAM12 mRNA levels and immune gene expression signatures in claudin-low TNBCs. (a) Population-averaged expression
of selected ADAM:s in sorted human immune cells. Sample names of individual cell populations are as described at http://immunecellatlas.net/ (b) ADAM12 expression in
core claudin-low (core CL, n = 31) TNBC versus other types of CL TNBC (n = 75). Gene expression data for the METABRIC patient cohort were retrieved from cBioPortal at
https://www.cbioportal.org The list of core claudin-low tumors was obtained from ref. 17. (c) Relationships between ADAM12 mRNA levels and immune cell signature
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genes in a gene set (Supplementary Table S3).

migration toward ADAMI2-deficient cells was observed for
CXCLI12-positive T11 cells but not for CXCL12-negative 4T1
cells, (ii) B cell migration was significantly reduced by
a CXCR4 inhibitor, and (iii) B cell migration was significantly
diminished by an anti-CXCL12 blocking antibody.
Importantly, CXCR4 inhibition or anti-CXCL12 antibody
reduced B cell migration toward ADAM12-deficient T11 cells
essentially to the basal level, indicating that the CXCL12/
CXCR4 interaction was the main driver of B cell migration,
at least in our transwell assays. While the contribution of other
cytokines to the increased accumulation of B cells in T11
tumors in vivo is also possible, we propose the hypothesis
that ADAMI12 is a negative regulator of cancer cell-derived
CXCL12 and that ADAMI2 loss in T11 cells increases the
activity of CXCLI12.

Of note, CXCL12-a and CXCL12-f, two major splice variants
of CXCL12 in mice and humans, can undergo N-terminal trunca-
tion by several members of the ADAM-related matrix metallopro-
teinases (MMPs), including MMP-1, -2, -3, -9, —13 and -14.
These MMPs remove the first four amino acids in CXCL12,
leading to its complete inactivation.””* While ADAM12 activity

toward CXCL12 has not been investigated, it is feasible that
ADAMI12 mediates a similar cleavage and inactivation of
CXCLI12. In such a case, a combination of ICB with ADAM12
inhibition may represent a rational approach to improve the ICB
efficacy in claudin-low TNBC.

In summary, our results establish a paradigm in which a cell
surface ADAM in breast cancer cells modulates the repertoire
of tumor-infiltrating immune cells and improves ICB
responses. This invites a comprehensive examination of
ADAMI2 and other cancer cell-expressed ADAM metallopro-
teases as potential regulators of anti-tumor immunity and/or
immunosuppression in the TME.
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