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ABSTRACT

Aggressive triple-negative breast cancer (TNBC) is classically treated with chemotherapy. Besides direct
tumor cell killing, some chemotherapeutics such as cisplatin provide additional disease reduction through
stimulation of anti-tumor immunity. The cisplatin-induced immunomodulation in TNBC was here inves-
tigated in-depth using immunocompetent intraductal mouse models. Upon primary tumor transition to
invasive carcinoma, cisplatin was injected systemically and significantly reduced tumor progression. Flow
cytometric immunophenotyping was corroborated by immunohistochemical analyses and revealed both
differential immune cell compositions and positivity for their programmed death (PD)-1 and PD-ligand (L)
1 markers across body compartments, including the primary tumor, axillary lymph nodes and spleen. As
key findings, a significant decrease in immunosuppressive and a concomitant increase in anti-tumor
lymphocytic cell numbers were observed in the axillary lymph nodes and spleen, highlighting their
importance in cisplatin-stimulated anti-tumor immunity. These immunomodulatory effects were already
established following the first cisplatin dose, indicating that early cisplatin-mediated events may deter-
mine (immuno)therapeutic outcome. Furthermore, a single cisplatin dose sufficed to alleviate anti-PD-1
resistance in a 4T1-based model, providing add-on disease reduction without toxic side effects as seen
upon multiple cisplatin dosing. Overall, these results highlight cisplatin as immunotherapeutic ally in
TNBC, providing durable immunostimulation, even after a single dose.
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Introduction , L :
through increased tumor cell sensitivity to perforin/granzyme-

mediated killing’ or increased immunogenic cell death stimu-
lating the acquired anti-tumor immunity through the release of
immunostimulatory molecules and antigen presentation by,
e.g. dendritic cells (DCs).® Moreover, cisplatin has been
reported to influence anti-tumor immunity in different cancer
types by modulating both the tumor and immune cell expres-
sion of immune checkpoint proteins programmed death (PD)-
1 and its ligand (L) PD-L1.”""! Overall, cisplatin chemotherapy
is synergistic with immune checkpoint blockade (ICB, i.e. anti-
PD-(L)1 treatment).'* "> The majority of these studies focus on
the immunomodulation by frequently dosed cisplatin at the
primary tumor level, while its immunomodulation at lower/
less toxic dosing frequency and at the systemic level (i.e. in
lymphoid and metastasis-bearing tissues), also with regard to
the regulation of the PD-(L)1 axis, remains to be explored.

In order to gain a more comprehensive understanding of
cisplatin-mediated immunomodulation in TNBC upon differ-
ent dosing regimens, this study aimed to investigate the

Breast cancer is the most diagnosed and deadliest cancer in
women worldwide.! Chemotherapy remains the standard of
care treatment for these patients, especially for aggressive sub-
types such as triple-negative breast cancer (TNBC).*>’
Chemotherapy efficacy in TNBC is mediated primarily by kill-
ing tumor cells, but some chemotherapeutics such as the pla-
tinum-based agent cisplatin were also reported to have
immunomodulatory properties that create a permissive envir-
onment for anti-tumorigenic immune responses.*”® The cur-
rent understanding of cisplatin-mediated immunomodulation
proposes four key mechanisms:> (1) the direct reduction of
immunosuppressive cells such as myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages (TAMs), (2)
the increase of antigen presenting major histocompatibility
complex class I (MHC I) expression on tumor cells for recog-
nition by T-cells, (3) the direct recruitment and proliferation of
anti-tumorigenic effector cells such as cytotoxic T-lymphocytes
(CTLs), and (4) the increased lytic activity of CTLs, e.g.
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effects of cisplatin on immune components at both the local
(primary tumor) and the systemic (including axillary lymph
nodes and spleen) level using an in-house characterized
immunocompetent 4T1-based intraductal model for
TNBC.'*"® This model is based on the inoculation of 4T1
mammary tumor cells in the mammary ducts of lactating
syngeneic BALB/c mice and ensures that tumor cells initially
grow in the mammary ducts, being representative for the
ductal carcinoma in situ (DCIS) stage of TNBC in patients.
In line with a previous report from our group,'” cisplatin
significantly decreased disease progression upon transition
from the DCIS to the invasive carcinoma (IC) stage. This
decrease was confirmed in an alternative, non-metastatic but
highly proliferative Py230-based intraductal model as also
characterized by our group.'® In the current study, the immu-
nomodulatory effects of cisplatin were demonstrated in the
4T1-based model through differential changes in immuno-
phenotype and PD-(L)1 immune cell positivity across the
investigated body compartments. The lymphoid tissues,
more specifically the axillary lymph nodes and spleen, were
the most positively impacted sites following cisplatin treat-
ment, with reduced numbers of immunosuppressive and
increased numbers of anti-tumorigenic immune cell subsets,
thus creating a favorable environment to relieve ICB resis-
tance. Moreover, even a single cisplatin dose induced signifi-
cant tumor and metastatic reduction as well as add-on disease
reduction in combination with anti-PD-1 ICB in the 4T1-
based model through early stimulation of anti-tumor immu-
nity, again most significantly in both lymphoid tissues.
Collectively, our innovative data in the context of TNBC
underline the importance of durable cisplatin-mediated
immunomodulation, adding crucial information on the effi-
cacy of chemotherapy in combination with and without anti-
PD-1 ICB.

Materials and methods
Cell culture

Firefly luciferase-expressing 4T1 mammary tumor cells that
resemble metastatic human TNBC were provided as a kind
gift from Prof. Clare Isacke (Breakthrough Breast Cancer
Research Center, London, UK) and 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), 100 U/ml
penicillin, and 100 pg/ml streptomycin (both from Sigma-
Aldrich, Overijse, Belgium) at 37°C and 5% CO,. Py230 mam-
mary tumor cells, derived from the American Type Culture
Collection (ATCC) and reported to model TNBC,'®*° were
cultured in Ham’s F-12 K Medium (Thermo Fisher Scientific)
supplemented with 5% heat-inactivated FBS (Thermo Fisher
Scientific), 0.1% MITO+ Serum Extender (Corning, New York,
USA), 100 U/ml penicillin, and 100 ug/ml streptomycin
(Sigma-Aldrich) at 37°C and 5% CO,. Checks for mycoplasma
and other bacterial contamination were routinely performed
using a PlasmoTest'™ mycoplasma detection kit (Invivogen,
San Diego, USA). Harvesting of the cells involved washing with
phosphate buffered saline (PBS) and incubation with 0.25%

trypsin-ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich) for 5 minutes (min). The cells were subsequently
centrifuged at 805 x g for 5min, resuspended in PBS and
counted with a Biirker chamber.

Animals

Eight-week (w) old wild-type BALB/c mice were purchased
from Envigo (Horst, The Netherlands), provided with
a health monitoring report, for inoculation of 4T1-luc cells.
Albino Tyr™"~ C57BL/6 mice, having a white coat due to lack of
tyrosinase expression, were bred in-house for inoculation of
Py230 cells. All animals were conventionally housed with ad
libitum access to food and water. The animal research
described in this study was conducted in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
approved by the Committee on the Ethics of Animal
Experiments of The Faculty of Veterinary Medicine at Ghent
University (approval numbers: EC2018-037, EC2020-014,
EC2021-001, and EC2022-009).

Intraductal inoculation and treatment

Intraductal inoculations with 4T1-luc and Py230 cells were
performed on lactating female mice, which were obtained by
mating with male counterparts and weaning of the suckling
pups 2 w after birth. More specifically, 1 hour (h) after wean-
ing, a 32-gauge blunted needle was used to inoculate a 100 pl
mixture containing either 5 x 10* 4T1-luc cells or 1 x 10° Py230
cells resuspended in cold 1:10 PBS and Matrigel® (Corning) in
the mammary ducts of the third mammary gland pair. The
inoculations were conducted under inhalational anesthesia
using a mixture of oxygen and 2-3% isoflurane and analgesia
was provided through intraperitoneal (i.p.) administration of
Vetergesic (10 ug/kg buprenorphine diluted in PBS, Val
d’Hony-Verdifarm NV, Belgium). Following 3 w (for the 4T1-
based model) or 5 w (for the Py230-based model) of tumor
growth, cisplatin (6 mg/kg dissolved in 0.9% sodium chloride
solution, Sigma-Aldrich) was i.p. administered every 5 d as also
performed in a previous study from our group."”
A recombinant mouse monoclonal antibody against PD-1
(Anti-mPD-1-mIgGle3 InvivoFit™ from Invivogen and
derived from clone RMP1-14), specifically designed for
in vivo mouse studies, was i.p. administered every w at
200 pg/mouse.

Analysis of disease progression

Body weight and temperature were weekly monitored to deter-
mine the health status of the animals during the study. Primary
tumor growth was monitored through tumor volume measure-
ments (length x width x height) on the one hand, and in vivo
bioluminescence imaging (only in the 4T1-based model using
the IVIS lumina II system, PerkinElmer, Zaventem, Belgium)
on the other hand. In vivo bioluminescence imaging was per-
formed under inhalation anesthesia and required i.p. injection
with D-luciferin (4 mg/200 pl suspended in PBS; PerkinElmer).
Bioluminescent signals in primary tumor regions were



quantified by placing a region of interest (ROI) circle over the
primary tumor area using the accompanying living image
analysis software 3.2, and subsequently measuring the total
flux density within that ROI. Bioluminescence imaging was
also performed on isolated axillary lymph nodes, lungs and
spleens to detect and quantify 4T'1 metastases. Mice were there-
fore first sedated with a mixture of ketamine (100 mg/kg,
Ketamidor, Ecuphar nv/sa, Oostkamp, Belgium) and xylazine
(10 mg/kg, xylazini hydrochloridum, Val d’Hony-Verdifarm,
Beringen, Belgium) and subsequently sacrificed through cervi-
cal dislocation. Spleen weight was also determined to investi-
gate splenomegaly.

Analysis of protein levels

Proteins were extracted from primary tumor, axillary lymph
node and spleen homogenates using lysis buffer as previously
described.'® Serum was prepared from cardiac puncture-
derived blood that was allowed to clot and centrifuged at
17,000 x g for 1 h. Chitinase 3-like 1 (CHI3L1) and lipocalin
2 (LCN2) levels were measured in primary tumor lysates, sera
and spleen lysates using ELISA (Mouse Quantikine ELISA Kit,
Bio-Techne, Minneapolis, MN, USA). PD-1 and PD-L1 levels
were measured in primary tumor and spleen lysates using
Luminex ProcartaPlex Assays (Thermo Fisher Scientific),
interferon (IFN)-y levels were measured in axillary lymph
node lysates using a Luminex Simplex Assay and analyzed
using the Bio-plex 200 system (Bio-Rad, CA, USA). Protein
array analysis (Proteome Profiler Mouse XL Cytokine Array
from Bio-Techne) was performed on 200 pg spleen lysates and
analyte concentrations were determined using Image].
Subtraction of background signals and a normalization to
positive controls on the membrane was performed to allow
comparison of the results between blots. All assays were per-
formed according to the manufacturer’s instructions.

Reverse transcription-quantitative (RT-q)PCR

RNA was extracted from primary tumors using the RNeasy
Mini Kit (Qiagen, Venlo, The Netherlands) according to pre-
viously developed protocols'®*' to obtain a final elution
volume of 70 pl with RNA sample. The RNA quantity and
integrity was subsequently determined using the Agilent
Bioanalyzer RNA 6000 Nano and cDNA was prepared from
2 ul (ie. 230-420 ng) RNA sample using the High Capacity
c¢DNA RT kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Nanodrop was used to determine
c¢DNA concentration for subsequent RT-qPCR with 1045-
2013 ng cDNA per 10 pl reaction. Mastermixes for the RT-
qPCR reactions included Sybr green Perfecta Quanta Supermix
(VWR, Leuven, Belgium) and the specific forward/reverse pri-
mers. The RT-qPCR was run on the qTower 3 g Real-Time
PCR Instrument (Analytik Jena, Jena, Germany) with follow-
ing cycling conditions: 3 min at 95°C for hot-start and 40 cycli
with 15 sec at 95°C for denaturation, 30 sec at 60°C for anneal-
ing and 30 sec at 95°C for extension. Finally, a melting curve
analysis was performed to control for specificity of the primers.
Five candidate reference genes (PRDX1, CTBP, RPL13, USP7,
GAPDH with primer sequences described in Table 1) were
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Table 1. Primer sequences used for RT-qPCR.

Gene Forward primer sequence 5'-3'  Reverse primer sequence 5'-3’

PRDX1 AATGCAAAAATTGGGTATCCTGC ~ CGTGGGACACACAAAAGTAAAGT

CTBP1 GTGCCCTGATGTACCATACCA GCCAATTCGGACGATGATTCTA

RPL13A  CCCTCCACCCTATGACAAGA GCCCCAGGTAAGCAAACTT

UspP7 CCACAAGGAAAACGACTGGG GTAACACGTTGCTCCCTGATT

GAPDH  CTGGTGCTGCCAAGGCT CTGCTTCACCACCTTCTTGATGTC
ATCATA

selected from a previous publication.”” The most stable refer-
ence genes were selected as previously described*® based on
geNorm** and NormFinder,>* after which we decided to nor-
malize using CTBP, PRDX1, and RPL13. Hydrolysis probes
were used to measure the quantification cycle Cq for PDCD1
(Assay ID MmO00435532_m1, Thermo Fisher Scientific) and
CD274 (Assay ID MmO00452054_ml, Thermo Fisher
Scientific), which was based on the cycle threshold (Ct) calcu-
lated by the qTower software qPCRsoft 4.0 (Analytik Jena).
Normalized relative expression for PDCDI1 and CD274 was
calculated using the SLqPCR version 1.56.0 (Functions for
analysis of real-time quantitative PCR data at SIRS-Lab
GmbH).

Flow cytometric immunophenotyping

Primary tumors, axillary lymph nodes, lungs, spleen, and blood
were isolated from untreated and treated mice upon sacrifica-
tion. Primary tumors and lungs were digested into single cells
using a commercially available Tumor dissociation kit and
gentleMACS Dissociator with accompanying C tubes
(Miltenyi Biotec, Leiden, The Netherlands) as previously
described."®

Axillary lymph nodes and spleens were processed into single
cells by pushing the tissue fragments through a 22 G needle on
a 1 ml syringe and subsequent filtering through a 70 um strai-
ner. The cellular solution was centrifuged at 400 x g for 5 min
and resuspended in red blood cell lysis buffer (containing
168 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA, all
from Sigma-Aldrich). Similarly, blood that was collected
through cardiac puncture in heparin-coated tubes, was also
centrifuged at 400 x g for 5 min and resuspended in red
blood cell lysis buffer. Following a 2 min incubation at room
temperature (RT) for cellular solutions derived from axillary
lymph nodes and spleens, and a 5 min incubation on ice for
cellular solutions derived from blood, DMEM was added and
a final centrifugation step of 400 x g for 5 min was performed
to pellet the cells. Blood cells were immediately resuspended in
FACS buffer (PBS with 1% bovine serum albumin (BSA),
2.5 mM EDTA, and 0.01% sodium azide), whereas axillary
lymph node and splenic cells were subjected to a second filtra-
tion through a 70 um strainer to remove cellular clusters that
may obstruct the flow cytometer.

In order to count the resulting number of cells, 20 pl of
Trucount beads (BD Biosciences) was added to 80 pl of diluted
cell suspension in a well of a 96 well plate for analysis on
a Cytoflex flow cytometer (Analis, Ghent, Belgium). Based on
Trucount technology and by taking the dilution factors into
account, the absolute number of cells could be calculated.
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Table 2. Fluorescent antibodies used for flow cytometric immunophenotyping.

Target Fluorophore Clone Dilution Supplier
CD45 VioBlue REA737  1:50  Miltenyi Biotec
CD11b APC-Vio770 REA592  1:50  Miltenyi Biotec
D14 PE-Vio770 REA934  1:50  Miltenyi Biotec
Ly6C PE REA796  1:50  Miltenyi Biotec
Ly6G APC REA526 ~ 1:50  Miltenyi Biotec
F4/80 APC Cl:A3-1  1:20  Bio-Rad
CD206 PE C068C2  1:40  Biolegend
MHC I PE REA813  1:50  Miltenyi Biotec
CD80 PerCP-Vio700  REA983  1:50  Miltenyi Biotec
CD11c PE REA754  1:50  Miltenyi Biotec
CD3e APC-Vio770 REA606  1:50  Miltenyi Biotec
CD4 PE or PE-Vio770 REA604  1:50  Miltenyi Biotec
FoxP3 PE REA788  1:50  Miltenyi Biotec
CD8a APC REA60T  1:50  Miltenyi Biotec
Granzyme B PE REA226 ~ 1:50  Miltenyi Biotec
D19 PE REA749  1:50  Miltenyi Biotec
CD45R (B220) PE-Vio770 REA755 1:50  Miltenyi Biotec
(D335 APC REA815  1:50  Miltenyi Biotec
(NKp46)
Biotin APC REA746  1:50  Miltenyi Biotec
Pan- APC C-11 1:50  Abcam
cytokeratin
PD-1 PerCP-eFluor Ja3 1:160  Thermo Fisher
710 Scientific
PD-L1 PE-Cy7 10F.9G2 1:200 BioLegend

Cellular viability was also evaluated by adding propidium
iodide (PI, 50 pg/ml) to the suspension and by staining with
a viobility'™ 488/520 fixable dye (from Miltenyi Biotec)
according to the manufacturer’s instructions. The remaining
cell solutions were pelleted through centrifugation, resus-
pended in FACS buffer and subsequently divided across
a 96 well plate by bringing 2 x 10°~1 x 10° cells in each well.
Cellular stainings for identification of immune cell subtypes in
each well required a 30 min incubation at 4°C with prepared
antibody cocktails supplemented in FACS buffer. Used anti-
bodies and dilutions are described in Table 2. Staining with
anti-F4/80-APC, anti-CD206-PE, anti-PD-1-PerCP-eFluor
710, anti-PD-L1-PE-Cy7 and Lineage Cell Detection Cocktail-
Biotin (using anti-biotin-APC as secondary antibody) required
treatment with FcR blocking reagent (from Miltenyi Biotec,
diluted 1:10 in FACS buffer) to reduce aspecific FcR binding.
After staining the surface markers and before staining nuclear
FoxP3 and cytoplasmic granzyme B, respectively a FoxP3

Table 3. Primary antibodies used for immunohistochemistry.

staining kit and an Inside Stain Kit (both from Miltenyi
Biotec) was used to fix and permeabilize the cells according
to the manufacturer’s instructions. The Inside Stain Kit was
used for additional cytoplasmic pan-cytokeratin staining.
Inclusion of isotype-matched controls allowed the detection
of positive staining upon flow cytometric analysis. After these
stainings, cells were pelleted again at 800 x g for 5 min, washed
twice with FACS buffer and resuspended in 100 pl final volume
prior to flow cytometric analysis. The event recording thresh-
old was set at 30,000 events in the viable CD45" gate for all
samples except for intracellular markers, which was set either
at 60 000 events, because of the expected low positive percen-
tage, or in a measuring time of 85 sec (acquisition velocity
60 pl/min). The collected data were processed using CytExpert
v2.0.0.153 software (Beckman Coulter, Inc., California, USA).

Histology and immunohistochemistry

Primary tumor, axillary lymph node, lung, and spleen tissue
were fixed for 24 h in 3.5% buffered formaldehyde for subse-
quent embedding in paraffin. Histology required deparaffiniza-
tion and rehydration of 5 pm sections followed by short
(5 min) incubation in hematoxylin and eosin (H&E) staining
buffers. Microscopic analysis subsequently required dehydra-
tion and mounting with a cover glass.

Immunohistochemistry required pressurized antigen retrie-
val of 2-3 um sections at 95°C for 30 min using either 10 mM
tri-sodium citrate buffer (Santa Cruz Biotechnology,
Heidelberg, Germany) at pH 6 or 10 mM Tris-1 mM EDTA
buffer (Thermo Fisher Scientific) at pH 9, both containing
0.05% Tween-20 (Sigma-Aldrich) as previously described.'®"
Following a 10 min blocking step for endogenous peroxidase
(using 3% H,0,) and aspecific binding (using serum-free pro-
tein block from Dako, Heverlee, Belgium), stainings with pri-
mary antibodies diluted in Antibody diluent (Dako) were
performed for 1 h. Primary antibodies, clones and dilutions
used in the study are described in Table 3. Secondary antibodies
were incubated for 30 min and included either Rat-on-Mouse
HRP-Polymer (Biocare Medical, CA, USA) or Dako EnVision+
Rabbit (Dako). Visualization of positive staining required treat-
ment with 3,3'-diaminobenzidine (DAB)-containing buffer

Target Host species Clone Dilution Antigen retrieval Supplier

Ki67 Rabbit SP6 1:50 Citrate pH 6 Thermo Fisher Scientific
CD31 Rabbit EPR17259 1:2000 Citrate pH6 Abcam

CAIX Rabbit NB100-417 1:1000 Citrate pH6 Novus Biologicals

CD45 Rabbit polyclonal 1:1000 Citrate pH6 Abcam

CD11b Rabbit EPR1344 1:2000 or 1:4000 Citrate pH6 Abcam

Ly6G Rat 1A8 1:1000 Citrate pH6 BioLegend

CD163 Rabbit EPR19518 1:500 Citrate pH6 Abcam

CD11c Rabbit D1VoY 1:100 Citrate pH6 Cell Signaling Technology
a-SMA Rabbit EPR5368 1:2000 Citrate pH6 Abcam

FAP-a Rabbit polyclonal 1:500 Tris/EDTA pH9 Abcam

(D3¢ Rabbit EPR20752 1:1000 Citrate pH6 Abcam

FoxP3 Rat FJK-16s 1:100 Citrate pH6 Thermo Fisher Scientific
CD19 Rat 60MP31 1:1000 Citrate pH6 Thermo Fisher Scientific
NCR-1 Rabbit EPR23097-35 1:500 Tris/EDTA pH9 Abcam

granzyme B Rabbit polyclonal 1:1000 Citrate pH6 Abcam




(Dako) for 10 min, counterstaining with hematoxylin for 1-
5 min and dehydration of the tissue slides for mounting.
Throughout the staining, slides were kept in a humidified box
and were washed between each incubation step with tris-
buffered saline (TBS, Biocare Medical). Image] was applied to
quantify positive staining (color deconvolution and automatic
counting of % area), Image]S was applied to determine Ki67
proliferation indices as previously described.'®'*?°

Statistical analysis

Student’s t-tests and analysis of variance (ANOVA) testing
with Newman-Keuls post hoc test for multiple comparison
were performed in Prism GraphPad. Whenever necessary,
data were normalized through log;, transformation.

Results

Multiple cisplatin dosing reduces progression,
proliferation, and vascularity in the primary tumor, but
has general cytotoxic effects

Upon their inoculation through the teat canal, 4T1 mammary
tumor cells progressively grow from within the mammary
ducts to break through the epithelial barrier and invade the
mammary fat pad over a period of 3 w. As this transition to IC
is a prognostic indicator for chemotherapy in the clinic, cis-
platin treatment was started at 3 w p.i. and doses were provided
every 5 d up to 6 w p.i. (Figure 1a).

Caliper-based tumor volume measurements showed that cis-
platin treatment for 3 w significantly reduced tumor growth
(Figure 1b). More specifically, a significant reduction in tumor
growth was already detected after 1 w of cisplatin treatment. This
decrease was corroborated by in vivo imaging of 4T1 biolumi-
nescence signals in the primary tumor area (Figure 1 ¢ and d).
Metastases in axillary lymph nodes and lungs were also signifi-
cantly decreased by cisplatin treatment based on reduced 4T1
bioluminescence signals in the tissue (Figure 1 e and f) and H&E
histology (Figure 1 g and h). Splenomegaly is a characteristic of
progressive disease in the 4T1 model,'*" and cisplatin treat-
ment was able to restore the splenic size and weight back to near
normality (Figure 1 i and j). As an additional confirmation of
reduced disease progression, the levels of two selected immune-
related disease biomarkers, CHI3L1 and LCN2,'*"" were sig-
nificantly reduced in primary tumor lysates, sera, and spleen
lysates of cisplatin-treated mice at 6 w p.i. (Figure 1 k and I).

To investigate tumor-dependency, the disease reductive
capacity of cisplatin was also evaluated in an alternative Py230-
based intraductal model for TNBC. In contrast to the 4T1-
based model, we previously reported these Py230 tumors to be
less metastatic but highly proliferative with a more immuno-
suppressed tumor microenvironment (TME).'® Therefore,
they were allowed to grow for 5 w, reaching progression of
DCIS to IC and a tumor volume of + 60 mm?, before starting
the treatment with cisplatin for 2 w (Supplementary Fig. 1A).
Cisplatin treatment also significantly reduced Py230 tumor
volume compared to untreated mice (Supplementary Fig. 1B).
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H&E histology of primary tumor tissue sections from both
the 4T1- and Py230-based model revealed cisplatin-mediated
attenuation of tumor aggressiveness as reduced areas of cellular
necrosis and spindle-shaped tumor cells undergoing epithelial-
to-mesenchymal transition (EMT) for subsequent metastasis
were observed (Supplementary Fig. 1C and 2A). In the Py230-
based model, necrotic and EMT areas were even completely
abolished upon cisplatin treatment (Supplementary Fig. 1C).
In line with this reduced aggressiveness, tumor cell prolifera-
tion significantly decreased upon cisplatin treatment in both
the 4T1 and Py230 tumors based on stainings with Ki67 and its
proliferation index (Supplementary Fig. 1D and E, 2B). A less
aggressive growth results into reduced oxygen consumption,
hence hypoxia significantly decreased in cisplatin-treated 4T1
primary tumor tissue based on stainings for the hypoxia mar-
ker carbonic anhydrase 9 (CAIX)* (Supplementary Fig. 2B).
Significantly decreased CD31 stainings for vascular endothelial
cells indicated an inhibitory effect of cisplatin on angiogenesis
in the 4T1 primary tumor tissue (Supplementary Fig. 2B).

Despite these beneficial effects, the frequent chemothera-
peutic dosing also induced substantial cytotoxicity as shown
through a significantly decreased body temperature at 6 w p.i.
and body weight by 5 w p.i. in cisplatin-treated compared to
untreated 4T1 tumor-bearing mice (Supplementary Fig. 3A
and B). Toxic effects of multiple cisplatin doses were also
seen in the cisplatin-treated Py230-based model with
a significantly decreased body temperature and weight at 7 w
p.i. (Supplementary Fig. 3C and D). Cessation of milk produc-
tion following pup weaning induced a cisplatin-independent
drop in body weight during the first w p.i. in all 4T1- and Py230
tumor-bearing mice (Supplementary Fig. 3B and D).

Multiple cisplatin dosing reduces the number of TAMs and
DCs in the primary tumor, and enhances local PD-(L)1
immune cell positivity

To in-depth investigate the cisplatin-mediated changes in
immune cells at different body locations (including most
importantly primary tumor, axillary lymph nodes and spleen),
flow cytometric immunophenotyping was performed on sin-
gle-cell preparations at 6 w p.i. in the 4T1-based model and at
7 w p.. in the Py230-based model (Supplementary Fig. 4
and 5). The antibody panels used were simplified to obtain an
initial perspective of 9 general immune cell subtypes in the 4T1
and Py230 TME as partly adopted from Mosely et al.”® with
myeloid cells subdivided into CD11b* Ly6C™ Ly6G" polymor-
phonuclear (PMN)-MDSCs, CD11b* Ly6C™ Ly6G™~ monocytic
(M)-MDSCs, CD11b" F4/80" macrophages/TAMs and
CD11c" DCs, T-cell subsets identified as CD3e* CD4" CD8a~
and CD3¢" CD4~ CD8a*, CD19" cells identified as B-cells, and
CD3¢” NKp46* and CD3e" NKp46™ cells respectively identi-
fied as natural killer (NK) cells and NK-T cells.

Although cisplatin treatment had an overall toxic effect on
the primary tumors, it did not significantly change the local
percentage and absolute number of CD45" leukocytes in the
4T1-based model (Figure 2 a and b). However, cisplatin sig-
nificantly reduced myeloid cell populations in 4T1 primary
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Figure 1. Multiple cisplatin dosing reduces disease progression in a 4T1-based intraductal model. (a) Experimental timeline with H&E histology of primary tumors showing
initial growth of intraductally inoculated tumor cells in the mammary ducts (indicated by the arrow) at 1 w p.i. and transition to invasive carcinoma at 3 w p.i. Scale
bars = 50 pm. (b) Primary tumor volume measurements as indication for primary tumor growth (n = 18 for both groups). (c) In vivo imaging of bioluminescence signals in the
primary tumor (indicated as total flux density in p/s/cm?) for verification of primary tumor growth (n = 6 for the untreated group, n = 8 for the 5x cisplatin-treated group). (d)
Representative images of the bioluminescent signals in primary tumors from untreated and 5x cisplatin-treated mice at 6 w p.i. (e, f) Quantification based on total flux
density (in p/s/cm?) in axillary lymph nodes (e) and lungs (f) of untreated (n = 9 ax. lymph nodes and n = 3 lungs) and 5x cisplatin-treated mice (n = 12 ax. lymph nodes and
n = 4 lungs) at 6 w p.i. Representative images of bioluminescence signals derived from 4T1 metastases in axillary lymph nodes and lungs of untreated and 5x cisplatin-
treated mice at 6 w p.i. are also shown. (g, h) H&E histology of axillary lymph node (g) and lung (h) metastases in untreated and 5x cisplatin-treated mice at 6 w p.i. Scale
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Figure 2. Multiple cisplatin dosing induces distinct immunophenotypic changes in the primary tumors of a 4T1-based intraductal model. (a-i) Primary tumors were
isolated from untreated and 5x cisplatin-treated mice at 6 w p.i. and digested into a single cell suspension for flow cytometric immunophenotyping (n = 3 for both
groups). (a) Percentage of CD45" leukocytes within the total single cell suspension. (b) CD45" leukocyte cell number per gram of primary tumor. (c) Number of myeloid
cell subtypes (including PMN-MDSCs, M-MDSCs, macrophages/TAMs and DCs) per gram of primary tumor. (d) Percentage of M2 TAM subtypes within the CD45* CD11b*
F4/80" TAM population. (e) Number of M2 TAM subtypes per gram of primary tumor. (f) Number of lymphocytic cell subtypes (including CD4* and CD8a* T-cells, B-cells,
NK cells and NK-T cells) per gram of primary tumor (g) Percentage of PD-1" and PD-L17 cells within the CD45" leukocyte population. (h, i) Percentage of PD-1* (h) and
PD-L1" cells (i) within each of the immune cell subtype populations. Data are presented as the means + SEM. *: P < .05, **: P < .01, ***: P < .001.

tumors at the level of the TAMs and DCs (Figure 2c). This
significant reduction was also seen at the level of CD206" M2
pro-tumorigenic TAMs (Figure 2 d and e). In contrast, cispla-
tin treatment did not affect 2 other major myeloid cell types in
these tumors, i.e. PMN- and M-MDSCs (Figure 2c). Cisplatin
treatment also did not affect lymphocytic cell populations in
the 4T1 primary tumors, and maintained similar numbers of
CD4" and CD8a" T-cells as well as B-cells, NK and NK-T cells
compared to untreated mice (figure 2f).

In Py230 tumors, cisplatin treatment significantly decreased
both the percentage and absolute number of CD45" leukocytes
(Supplementary Fig. 6A and B). This overall leukotoxic effect was
displayed by a significant decrease in both myeloid and lympho-
cytic cell types (Supplementary Fig. 6C-E), in marked contrast to
the effects on the immune landscape in 4T1 primary tumors.

In a follow-up analysis, it was evaluated whether cispla-
tin modulates the immune checkpoint proteins PD-1 and
PD-L1 at the immune cell surface, focusing on the 4T1-

bars = 200 pum. (i) Representative images of the spleen from untreated and 5x cisplatin-treated mice at 6 w p.i., with the spleen of a healthy mouse also highlighted for

comparison. (j) Weight measurements of the spleen from untreated (n = 3) and 5x cisplatin-treated mice (n = 4) at 6 w p.i. The dotted line represents the mean spleen
weight of 4 healthy mice. (k, 1) CHI3L1 (k) and LCN2 (1) biomarker levels in primary tumor, serum and spleen from untreated (n = 4) and 5x cisplatin-treated mice (n = 6) at
6 w p.i. Data in panels b, ¢, e, f and j-l are presented as the means + standard error of the mean (SEM). *: P < .05, **: P < .01, ***: P < .001.
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based model (Supplementary Fig. 7A). Cisplatin treatment
significantly increased the percentage of PD-1" and PD-L1"
CD45" leukocytes (Figure 2g). When investigating this
positivity on each immune cell type (Supplementary
Fig. 7B), 5 of the 9 subpopulations showed significantly
enhanced PD-(L)1 positivity with cisplatin treatment,
including PMN-MDSCs, CD4" and CD8a® T-cells
(Figure 2 h and i). A cisplatin-mediated significant increase
in PD-1, but not PD-L1 was also seen for M-MDSCs. NK
cells, on the other hand, showed a significant increase in
PD-LI, but not in PD-1 positivity upon cisplatin treatment.
Corroborating the immunophenotyping, PD-1 and PD-L1
levels also significantly increased in primary tumor lysates
of cisplatin-treated compared to untreated 4T1 tumor-
bearing mice at 6 w p.d. (Supplementary Fig. 7C). This
local increase in PD-1 and PD-L1 expression upon cisplatin
treatment was confirmed at the RNA level based on RT-
qPCR results for PDCD1 and CD274, albeit not signifi-
cantly (Supplementary Fig. 7D).

Semi-quantitative immunohistochemistry for CD11b,
CD163, and CDl1lc on 4T1 primary tumor tissue sections
confirmed both the significant overall reduction in myeloid
cells, and the specific reductions in M2 TAMs and DCs in
cisplatin-treated compared to untreated 4T1 tumor-bearing
mice (Figure 3). CD11b stained abundantly in both the
tumor core and margin, indicative for a wide range of
different myeloid cell types (Figure 3). CD163 stainings
were typically localized at the tumor margin/stroma, while
CDl11c stainings were primarily located between the tumor
cells in the tumor core (Figure 3). Immunohistochemistry
for additional immune cell markers corroborated the com-
parable numbers of the other investigated immune cell
types in the primary tumor tissue of cisplatin-treated com-
pared to untreated 4T1 tumor-bearing mice (Supplementary
Fig. 8). Ly6G stainings for PMN-MDSCs and/or neutrophils
was observed between tumor cells and at vascular sites.
Characteristic for an inflamed TME, CD3e stainings showed
infiltration of T-cells in the tumor core. Forkhead box P3
(FoxP3) as a specific marker for the immunosuppressive
regulatory T-cell (T-reg) subset was localized at the tumor
margin and also showed a significant decreased staining in
cisplatin-treated compared to untreated 4T1 tumor-bearing
mice (Supplementary Fig. 8). In line with the inflammatory
nature of 4T1 tumors, CD19 stainings for B-cells and NCR-
1 stainings for NK and NK-T cells were also found in the
tumor core, although less abundantly than T-cells.
Granzyme B stainings for CTLs were similar in the tumor
core of cisplatin-treated compared to untreated 4T1 tumor-
bearing mice.

Additional immunohistochemistry for two fibroblast mar-
kers a-smooth muscle actin (a-SMA) and fibroblast activating
protein-a (FAP-a) on 4T1 primary tumor sections indicated
a significant decrease in the number of cancer-associated
fibroblasts (CAFs) upon cisplatin treatment (Figure 3).
CAFs were mainly detected in the tumor core, but also at
the tumor margins with a-SMA staining the cell surface and
FAP-a showing cytoplasmic staining (Figure 3).

Multiple cisplatin dosing increases the number of T-cells
and reduces the number of MDSCs as well as PD-(L)1
immune cell positivity in the axillary lymph nodes, but
does not affect blood leukocytes

Upon immunophenotyping, metastases-bearing axillary lymph
nodes in the 4T'1-based model were observed to consist almost
exclusively of CD45" leukocytes, representing 88% of the tissue
suspension in untreated mice (Figure 4a). Upon cisplatin treat-
ment, the CD45" leukocyte fraction of total single cells in these
axillary lymph nodes significantly increased to 93% (Figure 4a),
although the number of CD45" leukocytes remained unchanged
(Figure 4b). The increase in the CD45" leukocyte fraction was
subsequently identified to be the result of a significant decrease
in the percentage and absolute number of 4T1 metastatic tumor
cells based on pan-cytokeratin stainings (Figure 4 ¢ and d).
Immunophenotyping with the same panel of markers used for
the primary tumor revealed that cisplatin treatment in the 4T1-
based model induced major changes in the axillary lymph node
immune cell composition. It significantly reduced the number
of myeloid cells, and more specifically the PMN- and
M-MDSCs, and also the number of macrophages and DCs,
albeit not significantly (Figure 4e). On the other hand, cisplatin
treatment mediated a trend towards increased numbers of
CD4" and CD8a" T-cells (figure 4f).

Axillary lymph nodes derived from the Py230-based model
did not show significant changes in numbers of both myeloid
and lymphocytic subsets upon cisplatin treatment
(Supplementary Fig. 9A and B), indicating the absence of
systemic disease and concomitant systemic cisplatin-mediated
effects in this alternative TNBC model.

In analogy with the primary tumors from the 4T1-based
model, cisplatin-mediated immunomodulation also occurred
at the level of both PD-1 and PD-L1 in axillary lymph nodes,
with a significant decrease in PD-(L)1 positivity on CD45"
leukocytes (Figure 4g). This decrease was not linked to
a decrease in the production of IFN-y, the major inducer of
PD-L1 expression,” as these levels even significantly increased
in lysates of axillary lymph nodes derived from cisplatin-
treated compared to untreated 4T1 tumor-bearing mice
(Figure 4h). Alternatively, a significant reduction in PD-(L)
1-positive B-cells, representing the largest immune cell subpo-
pulation in axillary lymph nodes of the 4T1-based model, was
identified as potential reason for the PD-(L)1 decrease
(Figure 4 i and j). The decrease in PD-(L)1 positivity was not
applicable for all lymphocytic cell types as both CD4" and
CD8a" T-cells significantly increased in PD-(L)1 positivity in
axillary lymph nodes from cisplatin-treated compared to
untreated 4T1 tumor-bearing mice (Figure 4 i and j).

Immunohistochemical stainings for the immune cell mar-
kers CD11b and Ly6G on axillary lymph node tissue sections
derived from the 4T1-based model further confirmed the sig-
nificantly decreased numbers of overall myeloid cells and more
specifically PMN-MDSCs upon cisplatin treatment in 4T1
metastases-bearing axillary lymph nodes (Figure 4k). CD11b
primarily stained the surroundings of areas with metastasized
tumor cells, whereas Ly6G stained both within and outside of
these metastatic zones (Figure 4k).



Besides metastasizing via the lymphatic vasculature and
lymph nodes, 4T1 tumor cells also spread hematogeneously
to distant organs. Blood from 4T1 tumor-bearing mice that was
denuded of red blood cells consisted of about 87% CD45"
leukocytes (Supplementary Fig. 10A). The blood leukocyte
population consisted primarily of myeloid cells, with more
specifically PMN-MDSCs as the biggest myeloid cell subtype,
comprising about 90% of total blood leukocytes
(Supplementary Fig. 10B). Cisplatin treatment did not affect
either PMN-MDSC or other blood immune cells in the 4T1-
based model, including macrophages, T- and B-cells
(Supplementary Fig. 10B). It also did not affect PD-(L)1 posi-
tivity in circulating leukocytes (Supplementary Fig. 10C-E).

Multiple cisplatin dosing induces overall leukotoxicity in
the lungs, reducing the relative fraction of DCs and B-cells
and increasing the relative T-cell fraction and PD-(L)1
immune cell positivity

In line with the lower metastatic burden in the lung, cisplatin
treatment significantly decreased the percentage of CD45"
pulmonary leukocytes in 4T1 tumor-bearing mice
(Supplementary Fig. 11A). In lungs of untreated 4T1 tumor-
bearing mice, myeloid cells comprised the largest immune cell
fraction, dominated by PMN-MDSCs and smaller fractions of
M-MDSCs, macrophages and DCs (Supplementary Fig. 11B).

CD163

CD11b _

untreated

CD11c
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The relative fractions of PMN- and M-MDSC, as well as
macrophage subpopulations within the CD45" leukocyte
population remained unchanged, whereas the DC fraction in
the lungs from 4T1 tumor-bearing mice was significantly
depleted by cisplatin treatment. Fractions of specific T-cell
subsets in these lungs, and more specifically the CD4" and
the CD8a" T-cell fraction, significantly increased upon cispla-
tin treatment (Supplementary Fig. 11B). In contrast, the rela-
tive B-cell fraction significantly decreased in lungs of cisplatin-
treated compared to untreated 4T1 tumor-bearing mice
(Supplementary Fig. 11B). NK(-T) cell fractions remained
similar in lungs upon cisplatin treatment (Supplementary
Fig. 11B).

In analogy with the primary tumor and the axillary lymph
nodes in the 4T1-based model, cisplatin increased PD-(L)1
positivity of CD45" leukocytes in the lungs (Supplementary
Fig. 11C). More specifically, PMN-MDSCs, M-MDSCs, CD4"
and CD8a" T-cells, B-cells, and NK-T cells showed signifi-
cantly increased positivity for PD-1, whereas increase in PD-
L1 positivity was restricted to CD4" and CD8a* T-cells, B-cells
and NK-T cells (Supplementary Fig. 11D and E).

Immunohistochemical stainings for the leukocyte marker
CD45 on lung tissue sections of cisplatin-treated 4T1 tumor-
bearing mice was mainly detected surrounding metastatic
tumor cell areas and confirmed the significant decrease in the
pulmonary leukocyte fraction upon cisplatin treatment

a-SMA

5x cisplatin

staining/area
(% of primary tumor)

El untreated
Bl 5x cisplatin

Figure 3. Immunohistochemical stainings confirm immunophenotypic changes and CAF reduction by multiple cisplatin dosing in the primary tumors of a 4T1-based
intraductal model. Immunohistochemistry for the myeloid cell marker CD11b, the M2 TAM marker CD163, the DC marker CD11c and fibroblast/CAF markers a-SMA and FAP-
a on primary tumor sections from untreated and 5x cisplatin-treated mice at 6 w p.i. (n = 8; 2 tissue slides from each group with 4 images per slide). Dashed inserts highlight
stained tissue at a larger magnification. Black scale bars = 200 pm, red scale bars = 50 um. Data are presented as the means + SEM. *: P < .05, **: P < .01, ***: P < .001.
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(Supplementary Fig. 12). Moreover, cisplatin affected various
immune cell types in 4T1 metastases-bearing lungs as CD11b
stainings for overall myeloid cells, CD163 stainings for M2
macrophages, CD11c stainings for DCs and CD3e stainings
for T-cells significantly decreased in lung tissue sections upon
cisplatin treatment (Supplementary Fig. 12). In analogy with
the CD45 stainings, stainings for these four immune cell mar-
kers were observed at the border of 4T1 lung metastases
(Supplementary Fig. 12).

Multiple cisplatin dosing reduces the number of myeloid
cells and increases the number of T- and B-cells as well as
PD-(L)1 immune cell positivity in the spleen

The spleen plays a crucial role in cancer-associated immuno-
suppression, yet its involvement in tumor progression is often
neglected. Serving as a homing location for hematopoietic stem
progenitor cells (HSPCs) and active site for extramedullary
hematopoiesis (EMH), it produces and releases a large number
of immunosuppressive cell types such as macrophages and
MDSCs stimulated by tumor-secreted factors.”®>* This mas-
sive production of immunosuppressive cells has been reported,
including by our group, to cause splenomegaly in the 4T1-
based model, distorting the normal splenic architecture.'®”
193233 Cisplatin treatment was able to restore the normal
architecture of the splenic tissue in 4T1 tumor-bearing mice
as shown by H&E staining (Figure 5a). More specifically,
spleens of cisplatin-treated 4T1 tumor-bearing mice had dis-
tinguishable white pulp regions, which were distorted in
untreated mice due to EMH-mediated expansion of the splenic
red pulp regions with proliferating cells, including HSPCs, as
shown by Ki67 stainings and its proliferation index (Figure 5b).

Flow cytometric immunophenotyping demonstrated that
cisplatin treatment in the 4T1-based model significantly
increased the percentage of CD45" leukocytes in the spleen
compared to untreated mice (Figure 5c), whereas the absolute
numbers of CD45" leukocytes remained unchanged
(Figure 5d). This relative increase was found to be the result
of a significant decrease in HSPCs, characterized through sple-
nic lineage-negative cells (Figure 5e). Cisplatin treatment also
significantly decreased the number of splenic myeloid cells, i.e.
PMN- and M-MDSCs, as well as macrophages (figure 5f).
Moreover, the significant decrease in macrophage numbers
was also detectable at the level of CD206" M2 pro-
tumorigenic macrophages (Figure 5g). However, cisplatin
treatment did not significantly change the number of splenic
DCs (figure 5f). In marked contrast to the myeloid cells, cis-
platin treatment significantly increased the number of splenic
CD4" and CD8a" T-cells compared to untreated 4T1 tumor-
bearing mice (Figure 5h). Similarly, cisplatin treatment also
significantly increased splenic B-cells, whereas NK(-T) cell
numbers were not significantly affected (Figure 5h).

In analogy with the axillary lymph nodes and the absence of
systemic cisplatin-mediated effects, cisplatin treatment did not
induce significant changes in specific myeloid and lymphocytic
splenic cell numbers in the Py230-based model
(Supplementary Fig. 13A-C).

In line with the modulation of the splenic immunopheno-
type in the 4T1-based model, PD-1 and PD-L1 immune cell
positivity was significantly increased in spleens of cisplatin-
treated compared to untreated 4T1 tumor-bearing mice
(Figure 5i). CD4" and CD8a" T-cells as well as B-cells all
increased in both PD-1 and PD-L1 positivity, whereas
M-MDSCs only increased in PD-1 positivity and macrophages
only in PD-L1 positivity (Figure 5 j and k). Significantly
enhanced PD-1 and PD-L1 levels were also detected in splenic
lysates of cisplatin-treated compared to untreated 4T1 tumor-
bearing mice (Figure 5I).

Immunohistochemistry for CD11b, Ly6G, and CD163 on
splenic tissue sections derived from the 4T1-based model cor-
roborated the reduction in overall myeloid cells and in the
myeloid subpopulations, including PMN-MDSCs and M2
macrophages upon cisplatin treatment (Figure 6). Stainings
for myeloid cell types were restricted to the red pulp area,
where EMH and myeloid cell production typically takes
place. In contrast, lymphocytic cell type CD3e and CD19 stain-
ings were restricted to the white pulp area and confirmed the
increase of T- and B-cells following cisplatin treatment
(Figure 6). Stainings for granzyme B as a marker for anti-
tumorigenic CTLs were spread across the splenic tissue, but
significantly increased in cisplatin-treated compared to
untreated 4T1 tumor-bearing mice (Figure 6).

Cisplatin-mediated immunomodulation in the spleen of the
4T1-based model was also analyzed through protein profiling,
with significantly increased levels of chemokines CCL5, CCLS,
and CCL12 as well as the immune-related protein CD40 in
splenic lysates of cisplatin-treated compared to untreated 4T1
tumor-bearing mice (Supplementary Fig. 14A and B).
Endoglin, which has been associated with immune responses
in splenic macrophages,’ as well as coagulation factor III and
FGF acidic as prothrombotic risk factors,*>* were significantly
increased, while MMP-9 as pro-tumorigenic factor’” was
decreased by cisplatin in the splenic lysates (Supplementary
Fig. 14A and B).

Cisplatin immunomodulation occurs early and principally
affects lymphoid tissues

Although 5 cisplatin doses induced anti-tumorigenic immune
responses, it remains unclear whether cisplatin also signifi-
cantly modulates anti-tumor immunity at lower dosing fre-
quency and if it occurs as an early effect after the first cisplatin
dose, even before the reduction of tumor progression through
direct tumor cell killing by cisplatin. In a subsequent experi-
ment, 4T1 tumor-bearing mice were treated with one dose of
cisplatin, followed by scarification 2 d later, i.e. 23 d p.i.
(Figure 7a). At this early timepoint, both primary tumor
growth and induced systemic disease, as shown by an increased
spleen size, were not yet affected by cisplatin chemotherapy
(Figure 7 b and c). Flow cytometric immunophenotyping of
primary tumor tissue at 23 d p.i. showed a significant decrease
in TAMs and DCs in cisplatin-treated compared to untreated
4T1 tumor-bearing mice (Figure 7d), similarly as detected
following multiple-cisplatin doses. Additional markers MHC
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Figure 4. Multiple cisplatin dosing provides local immunomodulation in support of anti-tumor immunity in the axillary lymph nodes of a 4T1-based intraductal model.
(a-j) Axillary lymph nodes were isolated from untreated and 5x cisplatin-treated mice at 6 w p.i. and processed into a single cell suspension for flow cytometric
immunophenotyping (n = 3 for both groups). (a) Percentage of CD45" leukocytes within the total single cell suspension. (b) CD45" leukocyte cell number per gram of
ax. lymph node. (c) Percentage of Pan-cytokeratin®™ tumor cells within the total single cell suspension. (d) Pan-cytokeratin* tumor cell number per gram of ax. lymph
node. (e) Number of myeloid cell subtypes (including PMN-MDSCs, M-MDSCs, macrophages and DCs) per gram of ax. lymph node. (f) Number of lymphocytic cell
subtypes (including CD4* and CD8a* T-cells, B-cells, NK cells and NK-T cells) per gram of ax. lymph node. (g) Percentage of PD-1* and PD-L1* cells within the CD45™
leukocyte population. (h) IFN-y levels in lysates of ax. lymph nodes from untreated and 5x cisplatin-treated mice (n = 3 for both groups) at 6 w p.i. (i, j) Percentage of PD-
1% (i) and PD-L1" cells (j) within each of the immune cell subtype populations. (k) Quantification and representative images of immunohistochemical stainings for the
myeloid cell marker CD11b and the PMN-MDSC/neutrophil marker Ly6G on axillary lymph node sections from untreated and 5x cisplatin-treated mice at 6 w p.i. (n=9; 3
tissue slides from each group with 3 images per slide). Dashed inserts highlight stained tissue at a larger magnification. Black scale bars = 200 um, red scale
bars = 50 pm. Data in panels a-k are presented as the means + SEM. ND: not detected. *: P < .05, **: P < .01, ***: P < .001.
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Figure 5. Multiple cisplatin dosing induces an anti-tumorigenic environment in the spleen of a 4T1-based intraductal model. (a) H&E histology and immunohisto-
chemistry for the cell proliferation marker Ki67 on spleen sections from untreated and 5x cisplatin-treated mice at 6 w p.i. Spleen sections from healthy mice were
stained for comparison. White pulp areas (indicated with W) appear as hematoxylin-rich regions that do not stain for Ki67. Scale bars = 200 um. (b) The Ki67 proliferation
index in the spleen calculated as the proportion of Ki67* nuclei relative to all identified nuclei on Ki67-stained tissue sections (n = 9; 3 tissue slides from each group with
3 images per slide). The dotted line represents the mean Ki67 proliferation index in spleens from healthy mice. (c-k) Spleens were isolated from untreated and 5x
cisplatin-treated mice at 6 w p.i. and processed into a single cell suspension for flow cytometric immunophenotyping (n = 3 for both groups). (c) Percentage of CD45*
leukocytes within the total single cell suspension. (d) CD45" leukocyte cell number per gram of spleen. (e) Number of lineage-negative cells per gram of spleen. (f)
Number of myeloid cell subtypes (including PMN-MDSCs, M-MDSCs, macrophages and DCs) per gram of spleen. (g) Number of M2 macrophage subtypes per gram of

CD206" M2 macrophage
cell number (x10®)/g of spleen

o

Hl untreated
b _ 60 [ 5xcisplain  C  _ 100-
x K E
g L}
© 0N = *k
£ 2 g 2 954
§ c T 40 gc
B3 22
g&s 28
S £ . 20 s
2=+ N < =
S 5 a8 85
& & Oy
£ 2 ®
= o < g0
@b é\o @b ,;'>°
& & & &
& 5 & [
o ot
d E 20~ e 8-
g
s c
[
= § _§ 3 61
8% ET
D w 2 -
§s =" 2
2 T2
£5 g
c ©
iz 5%
:
[3) 0-
> &
e?}z &
& &
<&

=
o
1

7 *
lymphocytic cell number
(x10%)/g of spleen

=N W
22NN O N ©O O O
ouIoUIo 1 © U1 © O O

*

*
\o&

2
&
w
[ =
0
22
88
+ Q
3
o o
k3
X
2
< & &
&8 & F o8 ¥
Q & (9 00
T6
E *
©
24
=
K]
[
82 *
c
[
°
2 0
"
N N
{.&\\9 & O &
Q




5x cisplatin

88533

staining/area
(% of spleen)
8855 swd

ONCOIMMUNOLOGY €2103277-13

Bl untreated
B 5x cisplatin

Figure 6. Immunohistochemical stainings confirm anti-tumorigenic immunomodulation by multiple cisplatin dosing in the spleen of a 4T1-based intraductal model.
Immunohistochemistry for the myeloid cell marker CD11b, the PMN-MDSC/neutrophil marker Ly6G, the M2 macrophage marker CD163, the T-cell marker CD3g, the
B-cell marker CD19 and the CTL marker granzyme B on spleen sections from untreated and 5x cisplatin-treated mice at 6 w p.i. (n = 9; 3 slides with 3 images per slide).
Black scale bars = 200 pm, red scale bars = 50 pm. Data are presented as the means + SEM. ***: P < .001.

II and CD80 were now included to differentiate anti-
tumorigenic M1 from pro-tumorigenic CD206" M2 TAM sub-
types in the CD11b* F4/80" TAM population (Supplementary
Fig. 15A) and identified a significant decrease in both TAM
subtypes in 4T1 primary tumors following cisplatin treatment
(Figure 7e). As the numbers of M1 and M2 TAMs almost
equally decreased upon cisplatin treatment, the primary
tumor M1/M2 ratio did not significantly alter between cispla-
tin-treated and untreated 4T1 tumor-bearing mice (figure 7f).
Moreover, M2 TAMs were more abundant than M1 TAMs at
this early timepoint, providing an M1/M2 ratio <1.

In contrast to myeloid cells, lymphocytic cell types
remained unchanged in cisplatin-treated 4T1 primary tumors
at 23 d p.. (Figure 7g), again similarly as following multiple
cisplatin doses. CD4" and CD8a" T-cells, subdivided into
immunosuppressive T-regs and anti-tumorigenic CTLs using
FoxP3 and granzyme B as markers, respectively
(Supplementary Fig. 15B), were also unaffected by cisplatin
treatment at 23 d p.i. (Figure 7h).

However, immunophenotyping of axillary lymph node and
splenic tissue showed more notable changes in both myeloid
and lymphocytic cell types at 2 d following one dose of cispla-
tin. More specifically, the number of PMN- and M-MDSCs

significantly decreased in both tissues (Figure 8 a and b) and
the number of macrophages also significantly reduced in sple-
nic tissue (Figure 8b). In accordance with the primary tumors,
both splenic M1 and M2 macrophage subtypes significantly
and equally decreased following cisplatin treatment
(Figure 8c), providing a similar splenic M1/M2 ratio compared
to untreated mice (Figure 8d). Moreover, as M1 and M2 were
present in almost equal numbers, the splenic M1/M2 ratio
approximated 1. Lymphocytic cell types including CD4" and
CD8a" T-cells in both lymphoid tissues, as well as B-cells and
NK-(T) cells in splenic tissue remained unchanged (Figure 8 e
and f). In marked contrast, a significant increase in CTLs in
both axillary lymph nodes and spleen, and a significant
decrease of T-regs in splenic tissue was established upon cis-
platin treatment at 23 d p.i. (Figure 8 e and f).

Cisplatin alleviates anti-PD-1 resistance in the 4T1-based
model by stimulating anti-tumor immunity, already after
a single dose

Given the importance of CTLs in the success and immunosup-
pressive myeloid cells as well as T-regs in the failure of and
resistance to ICB in TNBC patients, it is of interest to further

spleen. (h) Number of lymphocytic cell subtypes (including CD4* and CD8a* T-cells, B-cells, NK cells and NK-T cells) per gram of spleen. (i) Percentage of PD-1* and PD-
L1* cells within the CD45™ leukocyte population. (j, k) Percentage of PD-1* (j) and PD-L1* cells (k) within each of the immune cell subtype populations. (I) Levels of PD-1
and PD-L1 in spleen lysates from untreated and 5x cisplatin-treated mice at 6 w p.i. (n = 4 for both groups). Data in panels b-l are presented as the means + SEM. *:

P <.05, **: P < .01, ***: P < .001.
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Figure 7. Single cisplatin dosing induces early immunomodulation in the primary tumors of a 4T1-based intraductal model. (a) Experimental timeline with intraductal
inoculation of 4T1 mammary tumor cells, start of systemic treatment with cisplatin at 3 w p.i. and euthanasia 2 d later indicated. (b) Primary tumor weight
measurements as indication for primary tumor growth at 23 d p.i. in untreated and 1x cisplatin-treated mice (n = 3 for both groups). (c) Weight measurements of
the spleen from untreated and 1x cisplatin-treated mice (n = 3 for both groups) at 23 d p.i. (d-h) Primary tumors were isolated from untreated and 1x cisplatin-treated
mice at 23 d p.i. and digested into a single cell suspension for flow cytometric immunophenotyping (n = 3 for both groups). (d) Number of myeloid cell subtypes
(including PMN-MDSCs, M-MDSCs, macrophages/TAMs and DCs) per gram of primary tumor. (e) Number of M1 and M2 TAM subtypes per gram of primary tumor. (f) M1/
M2 ratio in primary tumors calculated based on M1 and M2 TAM subtype cell numbers. (g) Number of lymphocytic cell subtypes (including CD4* and CD8a* T-cells,
B-cells, NK cells and NK-T cells) per gram of primary tumor. (h) Number of T-regs and CTLs per gram of primary tumor. Data in panels b-h are presented as the means +

SEM. *: P < .05.

investigate whether these early, principally systemic, immunolo-
gical changes following a single cisplatin dose are sufficient or
whether multiple cisplatin doses are needed to increase ICB
efficacy in the 4T1-based model. In a subsequent experiment,
intraductally inoculated 4T1 tumor-bearing mice were treated
with either single or frequent doses of cisplatin, now with and
without anti-PD-1, to check for synergistic effects of chemother-
apy in combination with ICB (Figure 9a). The combination treat-
ment with anti-PD-1 precluded longer treatment than 2 w (i.e.
until 5 w p.i.) as in a preliminary experiment we observed that
anti-PD-1 ICB becomes toxic to 4T1 tumor-bearing mice upon 3
doses (data not shown). The number of cisplatin doses in the
frequent dosing regimen was therefore also reduced from 5 to 3
(i.e. 6 mg/kg every 5 d from 3 to 5 w p.i.).

The 4T1-based model showed resistance to anti-PD-1 ICB
based on similar primary tumor volume measurements com-
pared to untreated mice (Figure 9b). This was corroborated by
in vivo imaging, where similar 4T1 bioluminescence signals
were observed in the primary tumors of anti-PD-1-treated
compared to untreated mice (Figure 9 ¢ and d). However,
treating the 4T1 tumor-bearing mice with a single dose of
cisplatin induced a similar tumor growth reduction compared
to treatment with 3 doses of cisplatin based on both tumor
volume measurements and in vivo bioluminescence imaging
(Figure 9 b-d). Moreover, as displayed by normal body tem-
perature and weight, a single cisplatin dosing regimen did not
induce toxic effects, in marked contrast to multiple cisplatin
dosing (Supplementary Fig. 16A and B). In combination with
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Figure 8. Single cisplatin dosing induces early systemic immunomodulation in the axillary lymph nodes and spleen of a 4T1-based intraductal model. (a-f) Axillary lymph
nodes and spleens were isolated from untreated and 1x cisplatin-treated mice at 23 d p.i. and digested into a single cell suspension for flow cytometric
immunophenotyping (n = 3 for both groups). (a, b) Number of myeloid cell subtypes (including PMN- and M-MDSCs in both ax. lymph nodes and spleen, and also

macrophages and DCs in the spleen only) per gram of ax. lymph node (a) or spleen

(b). (c) Number of M1 and M2 macrophage subtypes per gram of spleen. (d) M1/M2

ratio in the spleen calculated based on M1 and M2 macrophage subtype cell numbers. (e, f) Number of lymphocytic cell subtypes (including CD4* T-cells, T-regs, CD8a™

T-cells and CTLs in both ax. lymph nodes and spleen, and also B-cells, NK cells and
presented as the means + SEM. *: P < .05.

anti-PD-1, both 1 and 3 doses of cisplatin provided similar
add-on tumor growth reduction compared to both these cis-
platin treatments alone (Figure 9b-d). These growth reductive
effects were also detectable at the metastatic level, with signifi-
cantly decreased 4T1 metastases-derived signals in axillary
lymph nodes and lungs upon treatment with 1 and 3 cisplatin
doses compared to either untreated or anti-PD-1-treated con-
trols, and an additional decrease upon combination with anti-
PD-1 (Figure 9 e-g). Spleen sizes were also similarly signifi-
cantly decreased following 1 and 3 doses of cisplatin, with an

NK-T cells in the spleen only) per gram of ax. lymph node (e) or spleen (f). Data are

add-on decrease in combination with anti-PD-1 (Figure 9h),
concomitant with a significantly decreased systemic disease
progression.

Flow cytometric immunophenotyping identified compar-
able immune cell changes induced by 1 and 3 cisplatin doses
in primary tumors at 5 w p.i. More specifically, the number of
TAMs decreased similarly significant following 1 and 3 doses
of cisplatin compared to untreated and anti-PD-1-treated
mice, in line with our previous results both at 23 d (single
dose) and 6 w p.i. (frequent dosing), and this decrease was
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Figure 9. Single cisplatin dosing alleviates anti-PD-1 resistance and reduces disease progression to the same extent as multiple cisplatin dosing in a 4T1-based
intraductal model. (a) Experimental timeline with intraductal inoculation of 4T1 mammary tumor cells, start of systemic treatment with cisplatin (1 or 3 doses) and anti-
PD-1 at 3 w p.i,, and euthanasia at 5 w p.i. indicated. (b) Primary tumor volume measurements as indication for primary tumor growth (n = 8 for all groups). (c) In vivo
imaging of bioluminescence signals in the primary tumor (indicated as total flux density in p/s/cm?) for verification of primary tumor growth (n = 8 for all groups). (d)
Representative images of the bioluminescent signals in primary tumors from every treatment group at 5 w p.i. (e) Quantification based on total flux density (in p/s/cm?)
in axillary lymph nodes (n = 6 for the untreated, anti-PD-1- and 3x cisplatin-treated group; n = 8 for all other groups) and lungs (n = 3 for the untreated, anti-PD-1- and
3x cisplatin-treated group; n = 4 for all other groups) at 5 w p.i. (f, g) Representative images of bioluminescence signals derived from 4T1 metastases in axillary lymph
nodes (f) and lungs (g) at 5 w p.i. (h) Weight measurements of the spleen from all treatment groups (n = 4) at 5 w p.i. The dotted line represents the mean spleen weight
of 4 healthy mice. Data in panels b, ¢, e and h are presented as the means + SEM. *: P < .05, **: P < .01, ***: P < .001.
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Figure 10. Single and multiple cisplatin dosing comparably mediates distinct inmunophenotypic changes in primary tumors of a 4T1-based intraductal model. (a-d)
Primary tumors were isolated from every treatment group at 5 w p.i. and digested into a single cell suspension for flow cytometric immunophenotyping (n = 3 for all
groups). (@) Number of myeloid cell subtypes (including PMN-MDSCs, M-MDSCs, macrophages/TAMs and DCs) per gram of primary tumor. (b) Number of M1 and M2
TAM subtypes per gram of primary tumor. (c) M1/M2 ratio in primary tumors calculated based on M1 and M2 TAM subtype cell numbers. (d) Number of lymphocytic cell
subtypes (including CD4* T-cells, T-regs, CD8a* T-cells, CTLs, B-cells, NK cells and NK-T cells) per gram of primary tumor. Data are presented as the means + SEM. *:

P < .05, **: P < .01.

maintained upon combination with anti-PD-1 (Figure 10a). In
accordance with total TAM numbers, anti-tumorigenic M1
and pro-tumorigenic M2 TAM subtypes also decreased simi-
larly significant by 1 and 3 cisplatin doses as well as the
cisplatin + anti-PD-1 combination treatments (Figure 10b),
providing comparable M1/M2 ratios of approximately 1 in all
groups (Figure 10c). Although DC numbers were decreased by
both cisplatin dosing regimens, concomitant with our primary
tumor data both at 23 d and 6 w p.i., the combination treat-
ments with anti-PD-1 induced a significant increase in their
numbers, even to a higher extent than in primary tumors of
untreated and anti-PD-1-treated mice (Figure 10a). Changes in
lymphocytic cell types compared to untreated and anti-PD
-1-treated controls included a similarly significant decrease in
T-reg numbers following 1 and 3 doses of cisplatin in combi-
nation with and without anti-PD-1 (Figure 10d). In contrast,
the number of CTLs significantly increased, albeit only upon
combination of cisplatin with anti-PD-1 (Figure 10d).

Again in accordance with our previous data at earlier (23
d p.i.) and later (6 w p.i.) timepoints, flow cytometric immu-
nophenotyping of myeloid cells in the axillary lymph node and
spleen identified a similarly significant decrease in the number
of PMN- and M-MDSCs in both lymphoid tissues (Figure 11 a
and b), and an additional similarly significant decrease in the
number of macrophages in spleen (Figure 11b) upon both 1
and 3 doses of cisplatin compared to untreated and anti-PD
-1-treated controls. Combination of cisplatin with anti-PD-1
did not further significantly decrease these myeloid cell types.

Similarly to the primary tumor, both pro-tumorigenic M1 and
anti-tumorigenic M2 macrophage subtypes in the spleen
decreased similarly significant following 1 and 3 cisplatin
doses in combination with and without anti-PD-1
(Figure 11c), providing a splenic M1/M2 ratio of approxi-
mately 1 (Figure 11d). Both 1 and 3 cisplatin doses similarly
increased the numbers of lymphocytic cell types, and more
specifically CD4" and CD8a" T-cells as well as CTLs, in both
lymphoid tissues (Figure 11 e and f). Moreover, these lympho-
cytic subset numbers even further increased significantly com-
pared to untreated and anti-PD-1-treated controls, upon both
cisplatin combinations with anti-PD-1 (Figure 11 e and f).
Again only additionally in the spleen alone, the number of
T-regs also significantly decreased and the number of B-cells
significantly increased upon 1 and 3 cisplatin doses compared
to untreated and anti-PD-1-treated mice (Figure 11f).
Combination of cisplatin with anti-PD-1 maintained these
changes.

Superior gating strategy for in-depth myeloid and
lymphocytic immune cell subset characterization confirms
the comparable immunomodulation upon single and
multiple cisplatin dosing

As the gating strategy could be improved for in-depth char-
acterization of myeloid and lymphocytic immune cell types,
flow cytometric immunophenotyping was reperformed includ-
ing additional markers. Immune cell changes in primary



€2103277-18 (&) J. STEENBRUGGE ET AL.

a .
B —
% 91 El untreated
g e ° (3 anti-PD-1
g g3 @l 1xcisplatin
= 5 %(5) [ 3xcisplatin
s 3 1(5) [ 1xcisplatin + anti-PD-1
2 w5 05 = 3xcisplatin + anti-PD-1
T o 04
o
% 00
oro"e ogo"
o S
& ™

(x105)lg of spleen

macrophage subtype cell number

(1)
-h

S NNW

N W 0NN
PO GO O
[ T -]
\x-

lymphocytic cell number

)

lymphocytic cell number
(x10°)/g of ax. lymph nodes

3
&

& &

=N W
© N WO
[-R-R-%-1

(x108)/g of spleen

myeloid cell number
(x108)/g of spleen

204

1.5

1.0

M1/M2 TAM ratio
in spleen

0.5

0.0-

& R & N
R & & &
N
&
& F
& F
N s+

Figure 11. Single and multiple cisplatin dosing comparably mediates similar anti-tumor stimulation in lymphoid tissues of a 4T1-based intraductal model. (a-f) Axillary
lymph nodes and spleens were isolated from every treatment group at 5 w p.i. and digested into a single cell suspension for flow cytometric immunophenotyping (n = 3 for
both groups). (a, b) Number of myeloid cell subtypes (including PMN- and M-MDSCs in both ax. lymph nodes and spleen, and also macrophages and DCs in the spleen only)
per gram of ax. lymph node (a) or spleen (b). (<) Number of M1 and M2 macrophage subtypes per gram of spleen. (d) M1/M2 ratio in the spleen calculated based on M1 and
M2 macrophage subtype cell numbers. (e, f) Number of lymphocytic cell subtypes (including CD4* T-cells, T-regs, CD8a* T-cells and CTLs in both ax. lymph nodes and
spleen, and also B-cells, NK cells and NK-T cells in the spleen only) per gram of ax. lymph node (e) or spleen (f). Data are presented as the means + SEM. *: P < .05, **: P < .01.

tumors, axillary lymph nodes and spleen upon 1 and 3 cisplatin
doses in combination with and without anti-PD-1 were eval-
uated for their reproducibility and these data were extended.
More specifically, applying CD14 allowed to better characterize
the myeloid compartment (Supplementary Fig. 17A) resulting
in a CD45" CD11b" CD14" Ly6C™ Ly6G* PMN-MDSC
(Figure 12a), a CD45" CDI11b* CD14" Ly6C™ Ly6G~
M-MDSC (Figure 12b) and a CD45" CD11b* CD14™ Ly6C™
Ly6G" neutrophil/tumor-associated neutrophil (TAN) subset
(Figure 12¢) in the primary tumor and both lymphoid tissues
of the 4T1-based model. Still, a significant decrease of either
myeloid subset in lymphoid tissues upon cisplatin dosing in
combination with and without anti-PD-1 was herewith con-
firmed. Applying CD14 to the existing CD45" CD11b"* F4/80"
antibody panel for macrophages/TAMs, and more specifically
to the M1 and M2 macrophage subsets, did not alter the initial
primary tumor and splenic numbers nor their significant

decrease upon 1 or 3 cisplatin doses in combination with and
without anti-PD-1 (Figure 12d-f). Specifying CD11c" DCs as
CD11b" also did not alter DC numbers in either primary
tumor or spleen and verified an increase in primary tumor
DCs upon treatment with cisplatin + anti-PD-1 combination
(Figure 12g). Conventional CD4" T-cells were now specified as
FoxP3™ and their numbers again similarly significantly
increased in axillary lymph nodes and spleen upon both 1
and 3 cisplatin doses (Figure 13a). Moreover, their numbers
even further increased upon combination with anti-PD-1
(Figure 13a). Subdividing B-cells into 3 populations using
CD19 and B220 as specific markers (Supplementary
Fig. 17B), again identified a similarly significant increase in
splenic CD19 single-positive (Figure 13b) and CD19/B220
double-positive (Figure 13d), but not in splenic B220 single-
positive B-cell numbers (Figure 13c) upon a 1 and 3 cisplatin
dose treatment with and without anti-PD-1.
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Figure 12. Addition of cellular markers increases myeloid cell type specification and confirms comparable immunomodulation by single and multiple cisplatin dosin%
(@) Number of CD45* CD11b* CD14" Ly6C™ Ly6G* PMN-MDSCs per gram of primary tumor, ax. lymph node or spleen. (b) Number of CD45" CD11b* CD14* Ly6C"
Ly6G~ M-MDSCs per gram of primary tumor, ax. lymph node or spleen. (c) Number of CD45* CD11b* CD14~ Ly6C"™ Ly6G" neutrophils or TANs per gram of primary
tumor, ax. lymph node or spleen. (d) Number of CD45* CD11b* CD14" F4/80* macrophages or TAMs per gram of primary tumor or spleen. (e) Number of CD45" CD11b*
CD14" F4/80* MHC II" CD80* M1 macrophage or TAM subtypes per gram of primary tumor or spleen. (f) Number of CD45* CD11b" CD14* F4/80" CD206" M2
macrophage or TAM subtypes per gram of primary tumor or spleen. (g) Number of CD45" CD11b* CD11c* DCs per gram of primary tumor or spleen. Data are presented
as the means + SEM. *: P < .05, **: P < .01.
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Figure 13. Addition of cellular markers increases lymphocytic cell type specification and confirms comparable immunomodulation by single and multiple cisplatin
dosing. (a) Number of CD45* CD3e* CD4" CD8a™ FoxP3~ T-cells per gram of primary tumor, ax. lymph node or spleen. (b) Number of CD45" CD3e~ NKp46~ CD19" B220~
B-cells per gram of primary tumor or spleen. (c) Number of CD45* CD3¢~ NKp46~ CD19~ B220™ B-cells per gram of primary tumor or spleen. (d) Number of CD45* CD3¢~
NKp46~ CD19* B220™ B-cells per gram of primary tumor or spleen. Data are presented as the means + SEM. *: P < .05, **: P < .01.

Discussion

Cisplatin is a platinum-based chemotherapeutic that relies on
the alkylation of DNA for its anti-tumoral activity. More spe-
cifically, cisplatin intercalates with purine bases forming DNA-
adducts, which interfere with DNA repair and eventually
induce cellular apoptosis.®® Severe toxic effects such as kidney
injury and gastro-intestinal problems that lead to a decrease in
body weight and temperature are well known following repe-
titive dosing, and are also observed in preclinical models.***
However, cisplatin is still widely used in the clinic, especially in
the context of TNBC where few alternative treatments are
currently available.*' Lowering the cisplatin dosing frequency
could reduce and even exclude toxicity, but it is currently
unknown whether such dosing regimen also has similar anti-
tumor efficacy in TNBC. Moreover, systemic effects induced by
cisplatin remain understudied, but could be of key importance
for chemotherapeutic efficacy.

Using fully immunocompetent complementary 4T1- and
Py230-based intraductal mouse models for TNBC, multiple
cisplatin dosing was here shown to attack primary tumor cells
and reduce their proliferation, but also to influence their EMT
and subsequent metastasis. Corroborating our observations,
a recent clinical study by Wang et al. reported that cisplatin
treatment prevents breast cancer metastasis by inducing
expression of activating transcription factor 3 (ATF3) and
antagonizing transforming growth factor (TGF)-B-mediated
early EMT.** Both our current and previous preclinical data'”
describe that frequent cisplatin treatment also reduces the

hypoxic conditions in the 4T1 primary tumor, which may
reduce its aggressive progression given the growth-
stimulating properties of tumor hypoxia. Stromal compo-
nents of the TME, including the CD31" vascular endothelial
cells are likely an additional target for cisplatin, which may
also explain the increased risk for hypertension and throm-
boembolic complications in patients treated with cisplatin.*’
In accordance, a prothrombotic effect of cisplatin was here
detected in the intraductal 4T1-based TNBC model, as
spleens from cisplatin-treated 4T1 tumor-bearing mice
showed enhanced expression of coagulation factor III and
FGF acidic. More importantly, a key finding was that
a single dose of cisplatin could prevent the problematic toxi-
city of frequent cisplatin dosing in this model, shown by
significant decreases in body temperature and weight, while
the desired beneficial growth reductive effect on primary
tumors as well as metastases in axillary lymph nodes and
lungs was retained.

Cisplatin is also a promising candidate chemotherapeutic
agent for clinical use in combination with immunotherapeutic
strategies such as anti-PD-1 ICB. More specifically, in metastatic
TNBC patients, it was reported to enhance the sensitivity to PD-
1 blockade, providing an objective response rate of >20%."
Simulating a potential clinically relevant cisplatin and anti-PD
-1 combination, we here chose to compare a single cisplatin with
a multiple cisplatin dosing regimen, both with and without ICB
combination in the intraductal 4T1-based model. A single dose
of cisplatin already alleviated anti-PD-1 resistance and this com-
bination even provided an add-on disease reduction to the same



extent as anti-PD-1 combined with multiple cisplatin doses.
These data show that one dose of cisplatin suffices to mediate
a durable anti-tumor effect.

An important part of cisplatin efficacy lies in its immuno-
modulation of the TME.* ® Currently, this process remains not
well characterized. Therefore, it was additionally investigated
here whether the observed durable treatment effect with
a single cisplatin dose is related to a change in both immuno-
suppressive and anti-tumor immune cells. In extension of
previous preclinical data,' our current study shows that in
4T1 primary tumors, following multiple cisplatin doses, sig-
nificantly decreased numbers of immunosuppressive CAFs,
myeloid cell types such as TAMs and DCs, and immunosup-
pressive lymphocytic T-regs are found.

In contrast to 4T1 primary tumors, multiple cisplatin doses
had an overall leukotoxic effect in Py230 primary tumors,
which could be explained by the fact that Py230 tumors are
more susceptible to cisplatin-mediated apoptosis due to their
enhanced proliferation index.

In line with a similar disease reduction, a single cisplatin dose
mediated a similar decrease in TAM, DC and T-reg numbers
compared to multiple cisplatin doses in 4T1 primary tumors,
with M1 and M2 TAM numbers also being equally decreased.
Moreover, these reductions were already detectable at 2 d after the
single cisplatin dose (i.e. before disease reduction), highlighting
that cisplatin-mediated immunomodulation in primary tumors is
an early effect. Despite the overall decrease in TAMs as a major
immunosuppressive population, additional myeloid cell subsets
such as PMN-MDSCs remained unaffected by cisplatin in 4T1
primary tumors. This is regarded as a major hurdle for effective
immunotherapeutic responses in TNBC patients. Indeed, PMN-
MDSCs are produced and accumulate in different body compart-
ments as a result of tumor-secreted factors such as G-CSF that
bring hematopoiesis into overdrive as a compensatory reaction to
restore normal blood cell production (so-called emergency
myelopoiesis).**** In line with the concern regarding myeloid
cell-mediated immunosuppression in the primary tumors, the
De Visser group reported that combining anti-Ly6G with cisplatin
is required to increase anti-tumor immunity in a highly immuno-
suppressive breast cancer model.*” Nevertheless, our current study
shows that combination with single or multiple cisplatin doses
alleviates anti-PD-1 resistance in the aggressive 4T1-based intra-
ductal model and also triggers significant increase in tumor cell-
killing CTLs and DCs, the latter most likely destined for enhanced
tumor antigen presentation.

Cisplatin-mediated immunomodulation at metastatic sites
and other lymphoid organs such as the axillary lymph nodes
and spleen, may also play a major role in enhancing immu-
notherapeutic efficacy. We here at first investigated these body
compartments in the 4T1-based intraductal model and
observed that cisplatin significantly reduced immunosuppres-
sive myeloid cell types in axillary lymph nodes and spleen. This
key finding correlates with the substantially reduced spleno-
megaly, upon both dosing regimens. Again highlighting the
differential immunomodulation, cisplatin showed a general
leukotoxic effect in the lungs, which can be regarded as
a normalization effect and is in line with an almost complete
abrogation of metastatic 4T'1 tumor growth. Last but not least,
the failure of cisplatin to modulate the immune cell
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composition in peripheral blood, even upon multiple dosing,
could again be regarded as potentially problematic for its
immunotherapeutic efficacy. Yet, Balog et al. elegantly demon-
strated in the 4T1 model after fat pad inoculation, that rather
than affecting cellular numbers, cisplatin immunomodulates
blood leukocytes at the phenotypic level, and measured
enhanced anti-tumorigenic cytokine IFN-y levels in cisplatin-
treated blood PMN-MDSCs.** These and other authors also
reported that cisplatin treatment changes the splenic immuno-
phenotype by increasing T- and B-cell numbers, improving
systemic anti-tumor immunity.***’ Our current splenic immu-
nophenotyping confirmed this key observation and further
extended it to the axillary lymph nodes, upon single and multi-
ple cisplatin doses. More specifically, we observed that single
and multiple cisplatin dosing regimens induced an increase in
CD4" and CD8a" T-cell subsets as well as CTLs in both
lymphoid tissues, but did so most significantly upon combina-
tion with anti-PD-1 ICB. Similarly to primary tumor immu-
nomodulation, the reduction in immunosuppressive cell types
and increase in anti-tumorigenic lymphocytes was already
detectable at 2 d following a single cisplatin dose in both
lymphoid tissues. This major finding is again in line with our
statement above on the early immunomodulatory effect by
cisplatin that occurs most notably systemically and is durably
maintained in the 4T1-based intraductal model.

The increase in PD-1 and PD-L1 immune cell positivity may
further lie at the base for a successful cisplatin + anti-PD-1 combi-
nation therapy.”"' Indeed, enhanced immune checkpoint expres-
sion provides more ICB targets and may therefore enhance
therapeutic responses. Our innovative data demonstrate increase
of PD-(L)1 positivity on the immune cell surface in all investigated
tissues, except for the axillary lymph nodes. The latter observation
could be explained by the significant decrease in PD-(L)1 on
B-cells (i.e. representing the largest proportion of non-myeloid
cells in this lymphoid organ). T-cells, as major anti-tumorigenic
immune cell types, are important leukocyte targets for anti-PD-(L)
1 immunotherapy and showed enhanced PD-1 and PD-L1 posi-
tivity in all tissues. Yet, PD-L1 expression on T-cells may rather be
detrimental as these have been reported to restrain effector T-cells
and stimulate tumorigenesis.”® Enhanced PD-(L)1 positivity on
myeloid cells has also widely been shown to negatively impact
immunotherapeutic success. More specifically, deletion of PD-1
positivity on MDSCs and macrophages is known to mediate
metabolic reprogramming that stimulates anti-tumor immunity
and reduces myelopoiesis, necessary for ICB efficacy.”
Accordingly, another study showed that PD-1 expression by
TAMs negatively correlates with anti-tumorigenic phagocytic
potency.” Hedgehog-stimulated PD-L1 positivity on TAMs is
also critical for suppressing anti-tumorigenic CD8" T-cell func-
tions in tumor-bearing mice> and associates with a negative out-
come in ICB therapy.”* PD-L1 positivity on PMN-MDSCs and
TANSs also drives their immunosuppressive activity, which can be
abrogated by inhibiting a fatty acid transport protein (FATP2) and
stimulates the efficacy of several immune checkpoint blockers.>
Yet, with regards to TANS, another study has shown that PD-L1
positivity can be additionally found on anti-tumorigenic
neutrophils,” highlighting that anti-PD-(L)1 ICB efficacy relies
on a delicate balance between tumor-promoting and -
antagonizing PD-(L)1-expressing leukocytes.
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In conclusion and based on the reduction of immunosup-
pressive and increase of anti-tumorigenic cells observed in the
current study, we here postulate that axillary lymph nodes and
spleen as lymphoid tissues are the most positively affected body
locations following cisplatin treatment and may thus be the
main drivers of ICB efficacy, potentially even after a single
cisplatin dose. In line with our postulation, Fransen et al.
reported that tumor-draining lymph nodes (TDLNs) are neces-
sary for CTL accumulation in tumors following ICB, as ther-
apeutic efficacy was mitigated by locking T-cells in the TDLN’s
or TDLN resection.”” Axillary lymph nodes can therefore be
regarded as main contributor to the CTL number increase in
cisplatin + anti-PD-1-treated primary tumors seen in our cur-
rent study. Recent insights, reviewed by our group®” and
others,”>*" also increasingly highlight the spleen as a driver of
tumor progression through massive production and systemic
release of immunosuppressive cell types. The spleen has even
been opted as an immune barometer that potentially prognos-
ticates disease outcome and instructs on the presence of an
anti-tumorigenic immune response in cancer patients.”>>*
These recent studies and our current findings on splenic
immunomodulation warrant further research to unravel the
role of the spleen in immunotherapeutic efficacy of cisplatin in
preclinical models, e.g. by studying its impact through
splenectomy® or through use of nanoparticle therapeutics.’'
Moreover, analyzing TNBC patient data, especially with regard
to systemic immunomodulatory effects of cisplatin by checking
e.g. immune responses in blood, is also warranted to translate
the current mouse data to a clinical setting.
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