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Chitin‑mediated blockade of chitinase‑like 
proteins reduces tumor immunosuppression, 
inhibits lymphatic metastasis and enhances 
anti‑PD‑1 efficacy in complementary TNBC 
models
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Abstract 

Background  Chitinase-like proteins (CLPs) play a key role in immunosuppression under inflammatory conditions 
such as cancer. CLPs are enzymatically inactive and become neutralized upon binding of their natural ligand chitin, 
potentially reducing CLP-driven immunosuppression. We investigated the efficacy of chitin treatment in the context 
of triple-negative breast cancer (TNBC) using complementary mouse models. We also evaluated the immunomodu-
latory influence of chitin on immune checkpoint blockade (ICB) and compared its efficacy as general CLP blocker 
with blockade of a single CLP, i.e. chitinase 3-like 1 (CHI3L1).

Methods  Female BALB/c mice were intraductally injected with luciferase-expressing 4T1 or 66cl4 cells and systemi-
cally treated with chitin in combination with or without anti-programmed death (PD)-1 ICB. For single CLP blockade, 
tumor-bearing mice were treated with anti-CHI3L1 antibodies. Metastatic progression was monitored through bio-
luminescence imaging. Immune cell changes in primary tumors and lymphoid organs (i.e. axillary lymph nodes 
and spleen) were investigated through flow cytometry, immunohistochemistry, cytokine profiling and RNA-sequenc-
ing. CHI3L1-stimulated RAW264.7 macrophages were subjected to 2D lymphatic endothelial cell adhesion and 3D 
lymphatic integration in vitro assays for studying macrophage-mediated lymphatic remodeling.

Results  Chitin significantly reduced primary tumor progression in the 4T1-based model by decreasing the high 
production of CLPs that originate from tumor-associated neutrophils (TANs) and Stat3 signaling, prominently affect-
ing the CHI3L1 and CHI3L3 primary tumor levels. It reduced immunosuppressive cell types and increased anti-tumori-
genic T-cells in primary tumors as well as axillary lymph nodes. Chitin also significantly reduced CHI3L3 primary tumor 
levels and immunosuppression in the 66cl4-based model. Compared to anti-CHI3L1, chitin enhanced primary tumor 
growth reduction and anti-tumorigenicity. Both treatments equally inhibited lymphatic adhesion and integration 
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of macrophages, thereby hampering lymphatic tumor cell spreading. Upon ICB combination therapy, chitin alleviated 
anti-PD-1 resistance in both TNBC models, providing a significant add-on reduction in primary tumor and lung meta-
static growth compared to chitin monotherapy. These add-on effects occurred through additional increase in CD8α+ 
T-cell infiltration and activation in primary tumor and lymphoid organs.

Conclusions  Chitin, as a general CLP blocker, reduces CLP production, enhances anti-tumor immunity as well as ICB 
responses, supporting its potential clinical relevance in immunosuppressed TNBC patients.

Keywords  Chitinase-like proteins, Chitin, Immunosuppression, Triple-negative breast cancer, Lymphatic metastasis, 
Immunotherapy

Background
Triple-negative breast cancer (TNBC) patients remain 
highly dependent on chemotherapy despite poor chances 
for survival and severe side effects [1]. Although immu-
notherapy, especially immune checkpoint blockade 
(ICB) such as anti-programmed death (PD)-1, has pro-
vided additional benefit for the metastatic TNBC setting, 
only 10–20% of patients eventually respond [2, 3]. The 
immunosuppressive tumor microenvironment (TME) 
in TNBC is an important contributor to this (immuno)
therapeutic failure with tumor-associated macrophages 
(TAMs), neutrophils (TANs), myeloid-derived suppres-
sor cells (MDSCs) and regulatory T-cells (T-regs) as the 
main attributors [4, 5]. Reducing the number and/or 
phenotype of these undesired cell types may therefore 
enhance therapeutic response in TNBC.

Chitinase-like proteins (CLPs) have originally been 
identified as immunosuppressive stimulators for wound 
healing, being highly expressed following resolution 
of pathogen infection and tissue damage [6, 7]. Sub-
sequently, production of CLPs was also observed in 
non-infectious diseases characterized by inflammation 
such as cancer [6]. Chitinase 3-like 1 (CHI3L1), one of 
the main CLP family members, has been reported in 
a 4T1-based mouse model for TNBC [8] and in human 
TNBC patients [9, 10] to establish a wound healing 
response that contributes to the immunosuppressive 
TME [11]. More specifically, CHI3L1 drives immunosup-
pressive TAMs in the TME [12–14], but also contributes 
to the inhibition of anti-tumor (type 1) T-cell responses 
[15] and natural killer (NK) cell activity [16]. Similarly 
to CHI3L1, CHI3L3—a mouse CLP member with no 
human orthologue—was identified as a common marker 
and driver for immunosuppressive M2 TAM polarization 
in the TME [17, 18]. Collectively, given its evolutionary 
function in wound healing and associated immunosup-
pression, blocking CLPs may ameliorate TNBC-associ-
ated immunosuppression.

We here evaluated the influence of CLP blockade on 
disease progression and anti-PD-1 ICB in highly meta-
static 4T1- and 66cl4-based intraductal models for 
TNBC. Since CLPs have a conserved chitin-binding 

domain but—in contrast to chitinases—no enzymatic 
activity [19], chitin can be used as a general CLP blocker 
in mouse BC models as shown more than a decade ago 
[20, 21]. Collectively, our data demonstrate that chitin 
monotherapy reduces primary tumor progression by 
attenuating the immunosuppressive TME in both com-
plementary intraductal models that are characterized by 
a heterogenous CLP production. Moreover, as a general 
CLP blocker, chitin evokes enhanced anti-tumor immu-
nity and concomitant tumor growth reduction compared 
to blockade of CHI3L1 alone, both treatments equally 
affecting lymphatic metastasis by hampering lymphatic 
vessel integration of macrophages. In combination with 
anti-PD-1, chitin treatment alleviates ICB resistance and 
further stimulates primary tumor as well as lymphoid 
anti-tumor immunity, additionally reducing primary 
tumor growth and lung metastasis.

Methods
4T1‑luc and 66cl4‑luc cell culture
Firefly luciferase-expressing 4T1 (4T1-luc) mammary 
tumor cells which resemble metastatic human TNBC 
were provided as a kind gift from Prof. Clare Isacke 
(Breakthrough Breast Cancer Research Centre, Lon-
don, UK). The 4T1-luc cells were cultured as previ-
ously described [22]. Firefly luciferase-expressing 66cl4 
(66cl4-luc) cells were kindly provided by Prof. Traci R. 
Lyons (University of Colorado Anschutz Medical Cam-
pus, Denver, CO, USA). The 66cl4-luc cells were cultured 
using Dulbecco’s Modified Eagle’s Medium (DMEM, 
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% heat-inactivated fetal bovine serum 
(FBS, Thermo Fisher Scientific), 100U/ml penicillin, 
100  µg/ml streptomycin (both from Sigma-Aldrich, 
Overijse, Belgium), 1% Gibco™ MEM Non-Essential 
Amino Acids Solution (Thermo Fisher Scientific) and 
200  µg/ml hygromycin B (Thermo Fisher Scientific) 
at 37  °C and 5% CO2. Both cell lines were routinely 
checked for mycoplasma and other bacterial contami-
nation using a PlasmoTestTM mycoplasma detection 
kit (Invivogen, San Diego, USA). Harvesting of conflu-
ent cells was performed through incubation with 0.25% 
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trypsin-ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich) for 5 min and centrifugation at 400 × g for 5 min 
for subsequent counting with a Bürker chamber.

Intraductal inoculations
Animal experiment protocols were approved by the Ethi-
cal Committee (EC) of the Faculty of Veterinary Medi-
cine, Ghent University (EC 2021–074) and performed 
according to Good Scientific Practice principles. Sample 
sizes were a priori calculated based on preliminary data 
from a pilot study (primary tumor volume as primary 
outcome measure), identifying that 7 mice per group 
for the 4T1- and 11 mice per group for the 66cl4-based 
model are sufficient to detect statistically significant 
differences.

Female BALB/c mice of 8  weeks (w) old were mated 
with male BALB/c mice of similar age and gave birth to 
pups within 3 w. The pups were weaned 12–14 days (d) 
later, after which the individually caged, lactating mother 
mice were intraductally inoculated in the third mammary 
gland pair with 5 × 104 4T1-luc or 1–2 × 105 66cl4-luc 
cells suspended in a cold mixture of PBS and Matrigel® 
(1:10; Corning, Bedford, MA, USA). The intraductal 
inoculations were conducted using a 32G pediatric nee-
dle under isoflurane inhalation anesthesia and buprenor-
phine analgesia as described previously [22].

Chitin preparation and systemic treatment
A chitin particle-containing mixture was prepared as 
described previously [23]. In short, chitin powder from 
shrimp shells (Sigma-Aldrich) suspended in PBS at a 
concentration of 10  mg/ml was sonicated to reduce the 
chitin particle size using a Branson Digital Sonifier 450 
(VWR, Branson Ultrasonics). Subsequent filtration 
through a 10  µm strainer (pluriSelect, Leipzig, Ger-
many) and pelleting through centrifugation at 250 × g 
for 10  min allowed further size selection. The composi-
tion of the chitin suspension was investigated through 
flow cytometry (CytoFLEX, Analis, Ghent, Belgium) 
with 1 and 9.9 µm-sized Fluoro-Max™ Green Fluorescent 
Polymer Microspheres (Thermo Fisher Scientific), allow-
ing to verify chitin particle sizes between 1 and 9.9  µm 
(Additional file 1: Figure S1A). Based on a previous study, 
the degree of polymerization and acetylation of the chi-
tin suspension was also characterized and verified using 
Matrix-Assisted Laser Desorption/Ionization (MALDI) 
Time-Of-Flight (TOF) Mass Spectrometry (MS) (Addi-
tional file  1: Figure S1B) [24]. Individually-caged mice 
were assigned to a group and provided with treatment, 
single-blinded (up to the end of the study) in a climate-
controlled animal facility. Systemic administration of 
1 mg chitin/mouse was established through intraperito-
neal (i.p.) injection of 100 µl of the final chitin mixture. 

Anti-mPD-1-mIgG1e3 InvivoFit™ (Invivogen) derived 
from clone RMP1-14 and anti-β-Gal-mIgG1e3 Invi-
voFit™ (Invivogen) clone T9C6 were used for anti-PD-1 
ICB and isotype control, respectively, through i.p. injec-
tion at 25  µg or 200  µg/mouse as previously described 
[22]. Anti-CHI3L1 clone 4E3-F2 (M3; Absolute Anti-
body, Oxford, UK) and anti-Fluorescein clone 4–4-20 
(Absolute Antibody) were used for CHI3L1 blockade 
and isotype control, respectively, through i.p. injection at 
200 µg/mouse.

Monitoring of disease progression
4T1-luc and 66cl4-luc primary tumor progression was 
weekly monitored through caliper-based primary tumor 
volume measurements and imaging of bioluminescent 
signals in the primary tumor area. For the in vivo imag-
ing, tumor-bearing mice were i.p. injected with 200  µl 
D-luciferin (20 mg/ml PBS; PerkinElmer, Zaventem, Bel-
gium) and caudally placed in the IVIS Lumina III system 
(PerkinElmer) under isoflurane inhalation anesthesia 
as described previously [22]. For the ex vivo imaging of 
metastases, tumor-bearing mice were terminally sedated 
and sacrificed through cervical dislocation, after which 
axillary lymph nodes, lungs and spleen were quickly iso-
lated and bioluminescent signals were captured with the 
IVIS system. Imaging analysis was performed with the 
living image software 4.7.2.

ELISA and cytokine profiling
Whole tissue/cellular lysate preparation and subsequent 
protein concentration assessment were performed as 
previously described [25]. CHI3L1 and CHI3L3 lev-
els were measured in the prepared lysates using the 
Mouse Chitinase 3-like 1/YKL-40 Quantikine enzyme-
linked immunosorbent assay (ELISA) Kit (Bio-techne, 
Minneapolis, MN, USA) and the Mouse YM1/Chi-
tinase 3-like 3 DuoSet ELISA (Bio-techne), respectively, 
according to the manufacturer’s instructions. A panel 
of 9 cytokines (granulocyte-colony stimulating factor 
(G-CSF), interferon (IFN)-γ, interleukin (IL)-1β, IL-4, 
IL-6, IL-10, monocyte chemoattractant protein (MCP)-
1, macrophage inflammatory protein (MIP)-2 and tumor 
necrosis factor (TNF)-α) was investigated in 50  µg of 
the prepared lysates using the Luminex Multiplex Assay 
(ProcartaPlex from Thermo Fisher Scientific), and trans-
forming growth factor (TGF)-β1 levels were measured 
using ELISA (Thermo Fisher Scientific) according to the 
manufacturer’s instructions.

Western blotting
Primary tumor lysates were loaded at 25  µg per 
lane on 12% Mini-PROTEAN TGX Precast Protein 
Gels (Bio-Rad, CA, USA). Proteins in all gels were 
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electrophoretically separated and transferred onto a 
0.45  µm nitrocellulose membrane (Bio-Rad). All fur-
ther steps were performed on a shaking platform. Mem-
branes were blocked for 1  h at room temperature (RT) 
with freshly prepared blocking buffer (tris-buffered 
saline (TBS) with 0.1% Tween-20 and 5% non-fat dry 
milk). After blocking, membranes were incubated with 
primary antibody (diluted in blocking buffer) overnight 
(ON) at 4  °C. Following primary antibodies were used: 
anti-CHI3L3 (1:1000, clone #281926, Bio-techne), anti-
CHI3L3 + CHI3L4 (1:10,000, clone EPR15263, Abcam, 
Cambridge, UK), anti-CHI3L1 (1:1000, clone EPR23891-
162, Abcam), anti-SI-CLP (1:1000, polyclonal, Thermo 
Fisher Scientific), anti-ovidcutin (1:100, clone H-8, HRP-
conjugated, Santa Cruz Biotechnology, Dallas, TX, USA) 
and anti-glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; 1:5000, clone EPR16891, HRP-conjugated, 
Abcam). The next day, prior to secondary antibody incu-
bation for 1 h at RT, membranes were washed three times 
for 5  min with blocking buffer. Following secondary 
antibodies were used: goat anti-rat IgG HRP-conjugated 
antibody (1:1000, Bio-techne), donkey anti-rabbit IgG 
HRP-conjugated polyclonal antibody (1:10,000, Thermo 
Fisher Scientific). Immediately after incubations with 
secondary antibodies, membranes received three addi-
tional washes for 5  min each with blocking buffer and 
one wash step with deionized water for 15 min. In order 
to reprobe blots with subsequent antibodies, membranes 
were incubated with TBS containing 0.1% sodium azide 
ON and with stripping buffer (Restore PLUS Western 
Blot Stripping Buffer, Thermo Fisher Scientific) the fol-
lowing day for 20  min at 37  °C on a shaking platform. 
Full, uncropped western blot images are provided in 
Additional files 18 and 19: Fig. S16 and S17. CHI3L1 anti-
body specificity was also validated on a blot loaded with 
recombinant mouse (rm)CHI3L1 protein, verifying a sig-
nal at 43 kDa as reported by the manufacturer and other 
groups [26, 27] (Additional file  18: Fig. S16). Pageruler 
Prestained colorimetric Protein Ladder (Thermo Fisher 
Scientific) and chemiluminescent MagicMark (Invitro-
gen) were used as reference molecular weight markers 
on the membranes. Protein bands were detected using a 
ChemiDoc MP Imaging System and signal quantification 
was performed with ImageJ.

Immunohistochemistry
Primary tumor and lung tissue was fixed in 3.5% phos-
phate-buffered formaldehyde for 24  h and subsequently 
embedded in paraffin. For histology, 5 μm sections were 
deparaffinized and rehydrated, followed by staining with 
hematoxylin and eosin (H&E). For immunohistochemi-
cal stainings, 2–3  µm sections were deparaffinized and 
rehydrated, followed by pressurized antigen retrieval 

for 30 min at 95  °C using either a 10 mM citrate buffer 
(VWR International, Leuven, Belgium) at pH 6 or a 
10  mM Tris-1  mM EDTA buffer (Sigma-Aldrich) at pH 
9, both supplemented with 0.05% Tween 20 (Sigma-
Aldrich). Endogenous peroxidase and non-specific pro-
tein binding were subsequently blocked for 10 min using 
respectively 3% H2O2 (Sigma-Aldrich) in methanol and a 
serum-free protein blocking buffer (Dako, Heverlee, Bel-
gium), followed by a 1 h primary antibody staining step. 
The primary antibodies were therefore diluted in anti-
body diluent (Dako). Description of the used antibod-
ies, clones, dilutions, supplier and used antigen retrieval 
buffer are summarized in Table  S1 (Additional file  2). 
Depending on the used primary antibody, either Rat-
on-Mouse HRP-Polymer (Biocare Medical, CA, USA) or 
Dako EnVision + Rabbit (Dako) was used as secondary 
antibodies for 30  min. In between every step, the slides 
were kept in a humidified box and washed 3 × 5 min using 
TBS (Thermo fisher Scientific). To provide proper detec-
tion of positive staining, the tissue slides were treated for 
10  min with a 3,3’-diaminobenzidine (DAB)-containing 
buffer (Dako) and submerged for 5 min in Harris Hema-
toxylin (Carl Roth, Karlsruhe, Germany) and 1 min in 0.1 
N HCl (Sigma-Aldrich) for counterstaining. Dual stain-
ings on primary tumor sections were performed as pre-
viously described [28], using DAB-containing buffer and 
the Vina Green Chromogen Kit (Biocare Medical) to 
detect positive staining of both markers. For subsequent 
microscopic analysis, the tissue slides were dehydrated 
and mounted with Entellan (Sigma-Aldrich) and ImageJ 
was applied to quantify positive staining (color deconvo-
lution and automatic counting of % area).

Flow cytometric immunophenotyping and cell separation
Primary tumors, axillary lymph nodes and spleens were 
isolated from untreated and treated mice upon sacri-
fication. Primary tumors were digested into single cell 
suspensions using a commercially available tumor disso-
ciation kit and gentleMACS Dissociator with accompa-
nying C tubes (Miltenyi Biotec, Leiden, The Netherlands) 
as previously described [22]. Manual processing of axil-
lary lymph nodes and spleens into single cell suspensions 
was also performed as previously described [22].

The resulting number of cells was determined by add-
ing 20  µl of Trucount beads (BD Biosciences, Erembo-
degem, Belgium) to 180  µl of diluted cell suspension in 
a well of a 96 well plate for analysis on a CytoFLEX flow 
cytometer (Analis). Absolute numbers of cells were then 
calculated based on Trucount technology, taking the 
dilution factor  into account. Cellular viability was also 
evaluated by staining with a viobility 488/520 fixable 
dye (Miltenyi Biotec) according to the manufacturer’s 
instructions. Remaining cell suspensions were pelleted 
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through centrifugation and plated in a 96 well plate to 
obtain a final number of 2 × 105–1 × 106 cells in each well. 
Cellular stainings for identification of immune cell sub-
types, flowcytometric analysis and data processing were 
performed as previously described [22]. Intracellular 
cytoplasmic stainings for granzyme B and IFN-γ were 
performed using an Inside Stain Kit (Miltenyi Biotec), 
nuclear stainings for Ki67 and FoxP3 were performed 
using a FoxP3 staining kit (Miltenyi Biotec) according 
to the manufacturer’s instructions. The used fluoro-
phore-conjugated antibodies and concentrations for cel-
lular stainings are summarized in Table  S2 (Additional 
file 3). In short, following immune cell populations were 
selected to be analysed: CD45+ CD11b+ CD14+ Ly6Cint 
Ly6G+ polymorphonuclear (PMN)-MDSCs, CD45+ 
CD11b+ CD14+ Ly6Chi Ly6G− monocytic (M)-MDSCs, 
CD45+ CD11b+ CD14− Ly6Cint Ly6G+ neutrophils/
TANs, CD45+ CD11b+ CD14+ F4/80+ macrophages/
TAMs, and also more specific CD45+ CD11b+ CD14+ 
F4/80+ CD80+ MHCII+ M1 and CD45+ CD11b+ CD14+ 
F4/80+ CD206+ M2 macrophage/TAM subtypes, CD45+ 
CD11b+ CD11c+ dendritic cells (DCs), CD4+ and CD8α+ 
T-cells (CD45+ CD3ε+ CD4+ CD8α− and CD45+ CD3ε+ 
CD4− CD8α+, respectively), CD45+ CD3ε− NKp46− 
CD19+ B220+ B-cells, CD45+ CD3ε− NKp46+ NK and 
CD45+ CD3ε+ NKp46+ NK-T cells.

Besides flow cytometric immunophenotyping, sin-
gle cell suspensions of 4T1 primary tumors were also 
subjected to cellular separation for downstream protein 
analysis. More specifically, CD45− and CD45+ cells were 
separated on a MACSQuant Tyto Cell Sorter (Miltenyi 
Biotec). Separation of Ly6G+ and Ly6G− cells relied on 
magnetic bead isolation using anti-Ly6G MicroBeads 
UltraPure (Miltenyi Biotec). In short, up to 2 × 108 Ly6G+ 
cells in the single cell suspension of primary tumors were 
magnetically labelled with MicroBeads, after which the 
cell suspension was loaded on a MACS MS Column and 
placed in a MACS Separator. According to the manu-
facturer’s instructions, labeled Ly6G+ cells are retained 
whereas Ly6G− cells flow through with subsequent wash-
ing steps. Purity of both the Ly6G+ and Ly6G− fraction 
was verified through labeling with anti-Ly6G-APC anti-
body and flow cytometric analysis.

RNA‑sequencing
RNA was extracted from untreated, anti-PD-1-, chitin- 
and chitin + anti-PD-1-treated 4T1 and 66cl4 primary 
tumors using the Rneasy Mini Kit (QiAgen, Valen-
cia, CA, USA) according to manufacturer’s instruc-
tions. The extracted RNA was stored at -80  °C until 
downstream transcriptomic analysis using Illumina’s 
TruSeq chemistry in collaboration with Azenta Life 
Sciences (Leipzig, Germany). Therefore, 250 ng of RNA 

was converted into sequencing libraries and sequenc-
ing (2 × 150  bp) was performed on a NovaSeq instru-
ment (Illumina Inc., San Diego, CA, USA), aiming for 
10 M reads per sample. Then, raw reads were mapped 
to the murine reference genome (version mm10) 
using HISAT2 and resulting SAM files were converted 
to sorted BAM files using samtools. The number of 
mapped reads per genomic location was counted using 
the summariseOverlaps-function from the BioC-pack-
age GenomicAlignments in the intersection non-empty 
mode, taking strand information and unpaired reads 
into account. Finally, all genes with raw expression 
counts above 10 in at least 10% of the cases (N = 14,266) 
were filtered in for further analysis. Raw count data 
were normalized using variance stabilizing normaliza-
tion (DESeq2) and the normalized expression data of 
selected genes in the different treatment groups were 
presented in a heatmap using the online Heatmapper 
tool [29]. One outlier sample (primary tumor sample 
3 from the untreated 4T1-based model), was removed 
from the analyses due to RNA degradation.

2D LEC adhesion and 3D lymphatic integration assay
RAW264.7 macrophages’ ability to adhere to human-
derived lymphatic endothelial cells (HDLECs) or 
integrate into lymphatic vessel structures follow-
ing stimulation with rmCHI3L1 was evaluated using 
a 2D adhesion and 3D integration assay, respectively. 
Therefore, RAW264.7 macrophages, cultured as previ-
ously described [14], were pretreated ON with 5  μg/ml 
rmCHI3L1 (Bio-techne), in addition of 0.6  μg/ml anti-
PDPN (clone pMAB, Thermo Fisher Scientific) or 0.6 μg/
ml rat IgG control (BioXCell, Lebanon, USA), 2  µg/
ml IL13Rα2 (polyclonal, Bio-techne) or 2  µg/ml goat 
IgG control (Bio-techne). The treated RAW264.7 mac-
rophages were fluorescently stained the following day 
with CellTracker (Thermo Fisher Scientific) and seeded 
on a HDLEC monolayer for the 2D adhesion assay or 
together with HDLECs on top of a 4 mg/ml Matrigel pad 
for the 3D integration assay as previously described [28]. 
Images were taken after 4  h for the 2D adhesion assay, 
and after 7 h for the 3D integration assay.

Statistical analysis
Statistics with data normalization through log10 normal-
ization were performed with Prism (Graphpad). Differ-
ences between multiple treatment groups were calculated 
by unpaired Student’s t-tests or Analysis of Variance 
(ANOVA) tests followed by Newman-Keuls post-hoc 
testing, with P-values < 0.05 identified as statistically 
significant.
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Results
Chitin enhances anti‑PD‑1 ICB efficacy in both the 4T1‑ 
and 66cl4‑based TNBC model
Following intraductal injection with 4T1-luc or 66cl4-luc 
cells, mammary tumors were allowed to develop for 3 w, 
fully transition to the invasive carcinoma stage and com-
mence metastasis. As these events indicate for systemic 
therapy in the clinic, treatment with 1  mg chitin (every 
3 d) as blocker of CLPs either combined with or with-
out 200 µg anti-PD-1 ICB (weekly) was initialized at that 
time point through i.p. injections and continued for 2 w 
until 5 w post-inoculation (p.i.) (Fig. 1A). Based on body 
weight and temperature, chitin either as monotherapy 
or in combination with anti-PD-1 was well tolerated in 
the 4T1- and 66cl4-based model (Additional file  4: Fig. 
S2A-D).

In line with the ICB-resistant nature of the 4T1- and 
66cl4-based model, anti-PD-1 monotherapy did not 
reduce disease progression by 5 w p.i. compared to 
untreated tumor-bearing mice, based on tumor vol-
ume measurements (Fig. 1B,C) and concomitant in vivo 
imaging (Fig.  1D–G). In marked contrast, chitin mono-
therapy significantly reduced 4T1 primary tumor growth 
(Fig.  1B,D) and also showed a growth reductive effect 
in 66cl4 primary tumors (Fig.  1C,E), albeit not statisti-
cally significant, compared to untreated and anti-PD-1-
treated tumor-bearing mice. Combined with anti-PD-1, 
chitin further and significantly reduced primary tumor 
growth compared to untreated, anti-PD-1- and chitin-
treated tumor-bearing mice in both the 4T1- and 66cl4-
based model (Fig.  1B–G). This add-on treatment effect 
upon combination of anti-PD-1 with chitin was anti-
PD-1 dose-dependent, as a low (25  µg) anti-PD-1 dose 
in combination with chitin did not provide a significant 
additional tumor growth reduction compared to chitin 
monotherapy in the 4T1-based model based on primary 
tumor volume (Additional file  5: Fig. S3A) and in  vivo 
imaging (Additional file 5: Fig. S3B,C).

To evaluate systemic disease following 2-w treatment 
with chitin either in combination with or without 200 µg 
anti-PD-1, lungs were ex vivo imaged for metastatic 4T1- 
and 66cl4-derived bioluminescence. Only the combina-
tion of chitin with anti-PD-1 significantly reduced lung 

bioluminescent signals in both TNBC models (Fig. 2A,B) 
and these reduced metastatic signals were confirmed by 
H&E histology (Fig. 2C). A low (25 µg) anti-PD-1 dose in 
combination with chitin again did not provide a signifi-
cant metastatic reduction in the lungs of the 4T1-based 
model (Additional file 5: Fig. S3D,E), confirming the need 
for a high (200  µg) anti-PD-1 dose to obtain treatment 
efficacy.

Spleen size and weight in the 4T1-based model have 
been associated with systemic disease progression by 
our group and others [8, 30], and were both significantly 
increased in untreated, anti-PD-1- and chitin-treated 
4T1 tumor-bearing mice. Chitin treatment in combina-
tion with anti-PD-1 significantly reduced the spleen size 
and weight in the 4T1-based model, albeit not to the level 
of a healthy spleen (Fig.  2D). The synergistic reduction 
in splenomegaly was only obtained with a high (200 µg) 
anti-PD-1 dose, a low (25  µg) anti-PD-1 dose did not 
provide these reductions upon combination with chitin 
(Additional file  5: Fig. S3F). In marked contrast to 4T1 
tumor-bearing mice, the size and weight of spleens from 
66cl4 tumor-bearing mice did not differ from those of a 
healthy spleen and were not affected by either treatment 
(Fig. 2E).

TAN‑derived CLP production is higher in 4T1 compared 
to 66cl4 primary tumors and is reduced by chitin treatment
Complementary immuno-assays on primary tumor tissue 
lysates identified local CHI3L1 and CHI3L3 production 
in both TNBC models, albeit higher in the 4T1 compared 
to the 66cl4 primary tumors (Fig. 3). Chitin monotherapy 
significantly reduced both CHI3L1 and CHI3L3 levels in 
4T1 primary tumors, and CHI3L3 levels in 66cl4 primary 
tumors based on western blot analysis (Fig.  3A) as well 
as ELISA (Fig.  3B,C). Combining chitin with anti-PD-1 
treatment did not further decrease these levels compared 
to chitin monotherapy in either model (Fig. 3A-C). Addi-
tional western blotting for related CLP family members 
identified local production of CHI3L4, again higher in 
4T1 than in 66cl4 primary tumors (Additional file  6: 
Fig. S4). Stabilin-1 interacting chitinase-like protein (SI-
CLP) and oviductin were not detected (data not shown). 
Chitin with or without anti-PD-1 also reduced CHI3L4 

(See figure on next page.)
Fig. 1  Chitin reduces tumor progression and enhances anti-PD-1 efficacy in a 4T1- and 66cl4-based intraductal model. A Experimental timeline 
with chitin and anti-PD-1 treatment schedules. B,C Weekly measurements of primary tumor volumes across the 5-w study period in the untreated 
and treated 4T1- (B) and 66cl4-based model (C) (n = 14 for all groups at all time points in the 4T1-based model; n = 22 for all groups at all time 
points in the 66cl4-based model). D,E In vivo imaging of primary tumor bioluminescent signals (total flux density in p/s/cm2) in the untreated 
and treated 4T1- (D) and 66cl4-based model (E) (n = 14 for all groups at all time points in the 4T1-based model; n = 22 for all groups at all time points 
in the 66cl4-based model). F,G Representative images of primary tumor bioluminescence in the untreated and treated 4T1- (F) and 66cl4-based 
model (G) at 5 w p.i. Data are presented as the means ± standard error of the mean (SEM). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 1  (See legend on previous page.)
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production in primary tumors of both models, albeit not 
statistically significantly (Additional file 6: Fig. S4C).

Systemically, CHI3L1 and CHI3L3 levels were also 
higher in the 4T1- compared to the 66cl4-based model 
(Fig.  3D,E). Chitin monotherapy significantly reduced 
serum levels of both CLPs in the 4T1-based model only 
(Fig.  3D,E). Chitin + anti-PD-1 combination treatment 
had an add-on effect in the 4T1-based model with a more 
significant reduction of CHI3L1 and CHI3L3 serum 
levels compared to untreated and anti-PD-1-treated 
tumor-bearing mice (Fig.  3D,E). Yet, serum CLP levels 
in chitin- compared to chitin + anti-PD-1-treated 4T1 
tumor-bearing mice did not statistically significantly 
differ.

In order to explore the origin of these local and sys-
temic reductions in CHI3L1 and CHI3L3 upon chitin 
treatment, their main cellular sources were subsequently 
investigated. CHI3L1 and CHI3L3 levels were highest 
in the CD45+ fraction of 4T1 primary tumors (Fig.  3F), 
identifying immune rather than tumor cells as major pro-
ducers of both CLPs in the TME. Moreover, based on the 
staining location on primary tumor sections, CHI3L1 
and CHI3L3 were almost exclusively present at cellular 
necrosis sites (Additional file 7: Fig. S5A,B), which were 
highly populated with Ly6G+ TANs, albeit with a much 
lower abundance in 66cl4 compared to 4T1 primary 
tumors (Additional file 7: Fig. S5C). Chitin with or with-
out anti-PD-1 significantly reduced the CHI3L3 levels 
and the concomitant Ly6G staining in primary tumors 
of both TNBC models, and provided additional reduc-
tion of CHI3L1 levels in 4T1 primary tumors (Additional 
file 7: Fig. S5).

In order to unequivocally identify TANs as main CLP 
producers, Ly6G+ and Ly6G− fractions were also mag-
netically isolated from untreated compared to chitin-
treated 4T1 primary tumors at 3 w p.i. Of note, the 3-w 
endpoint avoided tumor necrosis that can interfere with 
cellular separation, and chitin-treated primary tumors 
were subjected to a daily dose of 1  mg chitin to maxi-
mize the chitin treatment effect on downstream cellular 
targets. ELISA showed significantly increased CHI3L1 
and CHI3L3 levels in the Ly6G+ compared to the Ly6G− 
fraction from untreated primary tumors (Fig.  3G), 

and CHI3L1 levels significantly decreased in both the 
Ly6G+ (Fig.  3H) and even the low CHI3L1-expressing 
Ly6G− primary tumor fraction upon chitin treatment 
(Fig.  3I). Binding and signaling of CHI3L1 has been 
linked to signal transducer and activator of transcription 
(Stat) 3 phosphorylation and subsequent production of 
CHI3L1 [31–33]. As a result, reduction of CHI3L1 lev-
els in the primary tumor upon chitin treatment would 
be intricately linked to reduced Stat3 phosphorylation. 
Indeed, additional stainings on primary tumor sections 
showed that p-Stat3 levels were significantly reduced in 
the chitin- and chitin + anti-PD-1-treated compared to 
untreated and anti-PD-1-treated 4T1 primary tumors, 
but this reductive effect was not detected in the low CLP-
producing 66cl4 primary tumors (Fig. 4A). Furthermore, 
the stainings also showed a higher p-Stat3 positivity in 
4T1 compared to 66cl4 primary tumors, corroborating 
with a higher CLP production in the 4T1- compared to 
66cl4-based model (Fig. 4A). Besides its impact on TAN-
derived CLP production, chitin treatment also reduced 
pro-tumorigenic formation of neutrophil extracellular 
traps (NETs) based on significantly decreased myelop-
eroxidase (MPO) stainings in chitin-treated primary 
tumors compared to untreated and anti-PD-1-treated 
primary tumors from both the 4T1- and 66cl4-based 
model (Fig.  4B). Combining anti-PD-1 with chitin did 
not further reduce the MPO stainings compared to chi-
tin monotherapy in primary tumors from either model 
(Fig. 4B).

Chitin reduces immunosuppression and enhances ICB 
immunostimulation in 4T1 and 66cl4 primary tumors
In order to gain further insight into the immunological 
changes associated with chitin treatment either in com-
bination with or without ICB, extensive flow cytometric 
immunophenotyping was performed on 4T1 and 66cl4 
primary tumors at 5 w p.i. (Methods section and Addi-
tional files 8 and 9: Fig. S6 and S7, including detection of 
the myeloid subpopulations PMN-MDSCs, M-MDSCs, 
TANs, TAMs and DCs, and the lymphocytic subpopu-
lations CD4+ and CD8α+ T-cells, B-cells, NK and NK-T 
cells).

Fig. 2  Chitin and anti-PD-1 combination has a reductive effect on metastatic progression in the 4T1- and 66cl4-based intraductal model. A,B 
Representative images and quantification of bioluminescent signals (total flux density in p/s/cm2) in lungs from the untreated and treated 4T1- (A) 
and 66cl4-based model (B) at 5 w p.i. (n = 7 for all groups in the 4T1-based model; n = 11 for all groups in the 66cl4-based model). C H&E histology 
of lung metastases from the untreated and treated 4T1- and 66cl4-based model at 5 w p.i. Dashed inserts highlight H&E-stained metastases 
at a larger magnification. Black scale bars = 200 µm, red scale bars = 50 μm. D,E Representative images and weight measurements of the spleen 
from the untreated and treated 4T1-(D) and 66cl4-based model (E) at 5 w p.i. (n = 5 for all groups in the 4T1-based model; n = 11 for all groups 
in the 66cl4-based model). An image of a healthy spleen is shown for comparison and the dotted line in the graph highlights the mean spleen 
weight of 4 healthy BALB/c mice. Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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This immunophenotyping corroborated the Ly6G 
staining results on primary tumor sections, as chitin 
treatment in combination with or without anti-PD-1 sig-
nificantly reduced both the number and percentage of 
TANs in the 4T1- and the number of TANs in the 66cl4-
based model (Fig.  5A,B, Additional file  10: Fig. S8A,B). 
Chitin and chitin + anti-PD-1 treatment also signifi-
cantly reduced the numbers/percentages of other major 
immunosuppressive myeloid subpopulations, including 
PMN-MDSCs, M-MDSCs and TAMs in the 4T1- and 
66cl4-based model, albeit the reduction in PMN- and 
M-MDSC numbers within the chitin- and chitin + anti-
PD-1-treated 66cl4 primary tumors was not reflected by 
a reduction in their percentages (Fig.  5A,B, Additional 
file  10: Fig. S8A,B). Moreover, although an increase 
in percentage, but not number, of DCs was detected 
upon chitin treatment with or without anti-PD-1 in 
66cl4 primary tumors, these numbers/percentages were 
not affected in chitin- and chitin + anti-PD-1-treated 
4T1 primary tumors (Fig.  5A,B, Additional file  10: Fig. 
S8A,B). Based on CD80 and MHCII as M1 TAM phe-
notype markers and CD206 as a M2 TAM phenotype 
marker, chitin and chitin + anti-PD-1 treatment signifi-
cantly reduced the number of M2 TAMs without affect-
ing M1 TAM numbers in both the 4T1 and 66cl4 primary 
tumors (Fig.  5C,E), thereby significantly increasing the 
M1/M2 TAM ratio (Fig. 5D,F). Chitin induced a similar 
significant reduction in immunosuppressive M2 TAM 
percentages upon combination with or without anti-
PD-1 ICB in the 4T1 primary tumors, but only a non-
significant reductive trend in the 66cl4 primary tumors 
(Additional file 10: Fig. S8C,D).

Further corroborating the immunophenotyping and 
reduced primary tumor immunosuppression, immuno-
histochemical staining for CD163 as M2 TAM marker 
was significantly reduced in chitin- and chitin + anti-PD-
1-treated primary tumors compared to untreated and 
anti-PD-1-treated primary tumors from both models 

(Additional file  11: Fig. S9A). A striking difference was 
that this staining was typically confined to the tumor 
margin in 4T1 primary tumors, while located promi-
nently in the tumor core of 66cl4 primary tumors (Addi-
tional file 11: Fig. S9A).

In marked contrast to the myeloid subpopulations, 
chitin treatment significantly increased the number/per-
centage of anti-tumorigenic CD8α+ T-cells in both 4T1 
and 66cl4 primary tumors (Fig. 5G, Additional file 10: Fig. 
S8E). An increase in other lymphocytic subpopulations 
was also detected in the chitin-treated 66cl4 primary 
tumors, albeit only significantly in percentages of CD4+ 
T-cells, NK and NK-T cells (Additional file 10: Fig. S8F). 
Anti-PD-1 ICB provided add-on anti-tumorigenic immu-
nostimulation and further increased the number/per-
centage of CD8α+ T-cells in chitin + anti-PD-1-treated 
compared to untreated and anti-PD-1-treated tumors in 
both the 4T1- and 66cl4-based model (Fig. 5G,H, Addi-
tional file  10: Fig. S8E,F). The chitin + anti-PD-1-treated 
66cl4 primary tumors also showed an additional increase 
in CD4+ T-cell, CD8α+ T-cell, NK and NK-T cell per-
centages (Additional file 10: Fig. S8F). Besides an increase 
in numbers and percentages, chitin treatment enhanced 
CD8α+ T-cell activation in the 4T1 primary tumors 
with significantly increased positivity for granzyme B, 
Ki67 and IFN-γ, as well as significantly decreased posi-
tivity for the T-cell exhaustion marker PD-1 compared 
to untreated and anti-PD-1-treated tumors (Fig.  5I). 
Combining chitin with anti-PD-1 additionally activated 
CD8α+ T-cells in both 4T1 and 66cl4 primary tumors 
(Fig.  5I,J). Immunohistochemical staining for granzyme 
B on primary tumor sections corroborated the enhanced 
CD8α+ T-cell activation in primary tumors upon chi-
tin treatment, albeit only significantly in the 4T1-based 
model (Additional file  11: Fig. S9B). Positivity was con-
fined to the tumor core in both TNBC models, highlight-
ing infiltration of activated lymphocytes. In line with 
the flow cytometric measurements, combining chitin 

(See figure on next page.)
Fig. 3  Chitin reduces high CHI3L1 and CHI3L3 production in the 4T1-based and even low CHI3L3 production in the 66cl4-based intraductal 
model. A Representative western blot images for CHI3L1, CHI3L3 and GAPDH loading control in primary tumor lysates from untreated, anti-PD-1-, 
chitin- and chitin + anti-PD-1-treated 4T1 and 66cl4 tumor-bearing mice at 5 w p.i. with quantification of CHI3L1 and CHI3L3 signal intensity 
relative to GAPDH (n = 6 for all groups; 3 western blots with 2 samples from each group per blot). B CHI3L1 primary tumor levels in the untreated 
and treated 4T1- (n = 5 for all groups) and 66cl4-based model (n = 11 for all groups) at 5 w p.i. C CHI3L3 primary tumor levels in the untreated 
and treated 4T1- (n = 5 for all groups) and 66cl4-based model (n = 11 for all groups) at 5 w p.i. D CHI3L1 serum levels in the untreated and treated 
4T1- (n = 5 for all groups) and 66cl4-based model (n = 11 for all groups) at 5 w p.i. E CHI3L3 serum levels in the untreated and treated 4T1- (n = 5 
for all groups) and 66cl4-based model (n = 11 for all groups) at 5 w p.i. F Fold change in CHI3L1 and CHI3L3 levels between separated CD45+ 
and CD45− cells from untreated 4T1 primary tumors at 5 w p.i. (n = 3 for all groups). G Fold change in CHI3L1 and CHI3L3 levels between separated 
Ly6G+ and Ly6G− cells from untreated 4T1 primary tumors at 3 w p.i. (n = 4 for all groups). H Fold change in CHI3L1 levels between Ly6G+ cells 
derived from untreated versus chitin-treated 4T1 primary tumors at 3 w p.i. (n = 4 for all groups). I Fold change in CHI3L1 levels between Ly6G− cells 
derived from untreated versus chitin-treated 4T1 primary tumors at 3 w p.i. (n = 4 for all groups). Data are presented as the means ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001
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with anti-PD-1 treatment further increased granzyme 
B staining in 4T1 primary tumors and now also signifi-
cantly increased this staining in 66cl4 primary tumors 
compared to untreated and anti-PD-1 primary tumors 

(Additional file  11: Fig. S9B). Indicative for a reduced 
production of immunosuppressive T-regs, a significantly 
decreased forkhead box P3 (FoxP3) positivity within 
the CD4+ T-cell population was detected in chitin- and 

Fig. 3  (See legend on previous page.)
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chitin + anti-PD-1-treated compared to untreated 
and anti-PD-1-treated 4T1 and 66cl4 primary tumors 
(Fig. 5K,L).

Cytokine profiling confirmed the reduction in immu-
nosuppressive TANs upon chitin treatment, showing 
significantly reduced levels for MIP-2/CXCL2, an IL-8 
orthologue and neutrophil chemoattractant, in chitin-
treated 66cl4 primary tumor lysates and a reductive trend 
in chitin-treated 4T1 primary tumor lysates (Fig. 5M,N). 

In addition, significantly reduced levels for the mono-
cyte chemoattractant MCP-1/CCL-2 corroborated 
the reduced M2 TAM numbers in chitin-treated 4T1 
and 66cl4 primary tumors (Fig.  5M,N). Other myeloid 
subpopulation-supporting cytokines, including G-CSF, 
IL-1β, IL-4, IL-6, IL-10 and TGF-β1, were not signifi-
cantly altered by chitin treatment either with or with-
out anti-PD-1 in both 4T1 and 66cl4 primary tumors 
(Additional file  12: Fig. S10A,B). The enhanced T-cell 

Fig. 4  Chitin reduces p-Stat3 levels in 4T1 primary tumors and MPO positivity in both 4T1 and 66cl4 primary tumors. A,B Immunohistochemistry 
for p-Stat3 (A) and MPO (B) on primary tumor sections from untreated, anti-PD-1-, chitin- and chitin + anti-PD-1-treated 4T1 and 66cl4 
tumor-bearing mice at 5 w p.i. (n = 16 for all groups; 4 slides with 4 images per slide). Dashed inserts highlight stained tissue at a larger 
magnification. Black scale bars = 200 µm, red scale bars = 50 μm. Data are presented as the means ± SEM. ***P < 0.001
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activation in primary tumors upon chitin treatment 
was confirmed by significantly increased IFN-γ levels in 
the chitin-treated 4T1 primary tumors and an add-on 
increase was detected upon combining chitin with anti-
PD-1 treatment (Fig. 5M). Chitin and anti-PD-1 combi-
nation treatment also increased IFN-γ levels—albeit not 
significantly—in 66cl4 primary tumor lysates (Fig.  5N) 
and significantly increased TNF-α levels in both the 4T1 
and 66cl4 primary tumors (Fig. 5M,N).

Chitin-mediated reduction in innate immunosup-
pression and increased anti-tumor T-cell immunity in 
primary tumors of both TNBC models was also clearly 
presented at the genomic level based on RNA-sequenc-
ing analysis. More specifically, a selection of 68 and 55 
innate immunity-related genes in respectively 4T1 and 
66cl4 primary tumors were downregulated upon chi-
tin treatment in combination with or without anti-PD-1 
(Fig. 6A,B). Several of the selected innate immunity genes 
could be linked to immunosuppressive myeloid cell types, 
including Ccl2, Cxcl2, Csf1r and Itgam. Genes related to 
T-cell exhaustion, including Pdcd1, Cd274, Havcr2 and 
Lag3, were downregulated upon chitin and chitin + anti-
PD-1 treatment in 4T1 tumors (Fig.  6C). Chitin- and 
chitin + anti-PD-1-treated 66cl4 tumors showed upregu-
lation of genes associated with enhanced T-cell activity, 
including Cd8a, Cd8b1, Ifng, Il12b and Il18r1 (Fig. 6D). 
In line with an overall reduced inflammation upon chi-
tin treatment at the protein level, predominantly through 
myeloid cell reduction, a selected set of 68 and 48 inflam-
mation-related genes were downregulated in chitin- and 
chitin + anti-PD-1-treated primary tumors of respectively 
the 4T1- and the 66cl4-based model (Additional file 13: 
Fig. S11A,B). Importantly, genes that have been associ-
ated with the signaling and pro-tumorigenic activity of 
CHI3L1 were also downregulated following chitin treat-
ment either with or without anti-PD-1, including Usf1 
[34] and Rab37 [35] in 4T1 primary tumors and Lgals3 
[36] in 66cl4 primary tumors (Additional file  13: Fig. 
S11A,B).

Chitin also enhances ICB immunostimulation in lymphoid 
organs of the 4T1‑ and 66cl4‑based TNBC model
Flow cytometric immunophenotyping on the axillary 
lymph nodes and the spleen extended the local immu-
nomodulation evaluation to lymphoid organs.

Similarly to the primary tumor, chitin treatment with or 
without anti-PD-1 again reduced the numbers of immu-
nosuppressive myeloid PMN- and M-MDSC, neutrophil 
and macrophage, but not DC subpopulations in the axil-
lary lymph nodes of the 4T1-based model (Fig. 7A). This 
myeloid cell reduction was also demonstrated through 
a significant reduction in M-MDSC and neutrophil per-
centages in the axillary lymph nodes of the 4T1-based 
model (Additional file  14: Fig. S12A). In marked con-
trast, axillary lymph nodes of the 66cl4-based model had 
low numbers/percentages of these myeloid subpopula-
tions and either chitin monotherapy or chitin + anti-
PD-1 combination treatment did not additionally reduce 
immunosuppression (Fig.  7B, Additional file  14: Fig. 
S12B). In the 4T1-based model, M1 macrophage num-
bers/percentages were not affected in axillary lymph 
nodes, but chitin monotherapy and chitin + anti-PD-1 
combination treatment significantly decreased the M2 
macrophage numbers and induced a reductive trend in 
M2 macrophage percentages (Fig. 7C, Additional file 14: 
Fig. S12C)), resulting in a significantly increased M1/M2 
macrophage ratio (Fig.  7D). In the 66cl4-based model, 
both the M1 and M2 macrophage numbers/percentages 
were not affected by either treatment in axillary lymph 
nodes (Fig.  7E, Additional file  14: Fig. S12D), resulting 
in a similar M1/M2 macrophage ratio in all treatment 
groups (Fig. 7F).

In the 4T1-based model, both CD4+ and CD8α+ T-cell 
numbers/percentages significantly increased upon chi-
tin treatment in axillary lymph nodes with a significant 
add-on increase upon combination of chitin with anti-
PD-1 treatment (Fig.  7G, Additional file  14: Fig. S12E). 
Although axillary lymph nodes from untreated 66cl4 
tumor-bearing mice already had a very high number/

(See figure on next page.)
Fig. 5  Chitin reduces immunosuppressive myeloid subpopulations and increases anti-PD-1-stimulated lymphocytic subpopulations 
in 4T1 and 66cl4 primary tumors. A-L Primary tumors were isolated from the untreated, anti-PD-1-, chitin- and chitin + anti-PD-treated 
4T1- and 66cl4-based model at 5 w p.i. and processed into a single cell suspension for flow cytometric immunophenotyping (n = 5 for all groups). 
A,B Number of myeloid subpopulations (including PMN-MDSCs, M-MDSCs, TANs, TAMs and DCs) per gram of primary tumor in the untreated 
and treated 4T1- (A) and 66cl4-based model (B). C,D Number of M1 and M2 TAM subtypes per gram of primary tumor (C) and calculated M1/M2 
TAM ratio (D) in the 4T1-based model. E,F Number of M1 and M2 TAM subtypes per gram of primary tumor (E) and calculated M1/M2 TAM ratio (F) 
in the 66cl4-based model. G,H Number of lymphocytic subpopulations (including CD4+ and CD8α+ T-cells, B-cells, NK cells and NK-T cells) per gram 
of primary tumor in the untreated and treated 4T1- (G) and 66cl4-based model (H). I,J Percentage of granzyme B+, Ki67+, IFN-γ+ and PD-1+ cells 
within the primary tumor CD8α+ T-cell population in the untreated and treated 4T1- (I) and 66cl4-based model (J). K,L Percentage of FoxP3+ cells 
within the primary tumor CD4+ T-cell population in the untreated and treated 4T1- (K) and 66cl4-based model (L). M,N Levels for MIP-2, MCP-1, 
IFN-γ and TNF-α in primary tumor lysates from the untreated and treated 4T1- (M) and 66cl4-based model (N) at 5 w p.i. (n = 5 for all groups 
in the 4T1-based model; n = 11 for all groups in the 66cl4-based model). Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5  (See legend on previous page.)
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percentage of CD4+ and CD8α+ T-cells compared to 
the 4T1-based model, an additional significant increase 
in the number/percentage of CD8α+ T-cells and an 
increased—albeit not significantly—CD4+ T-cell num-
ber/percentage was also detected upon chitin + anti-
PD-1 combination treatment (Fig. 7H, Additional file 14: 
Fig. S12F). The B-, NK- and NK-T cell numbers/percent-
ages, did not significantly change upon chitin treatment 
either with or without anti-PD-1 in axillary lymph nodes 
of both the 4T1- and the 66cl4-based model (Fig. 7G,H, 
Additional file 14: Fig. S12E,F). Chitin again activated the 
CD8α+ T-cells in axillary lymph nodes of the 4T1-based 
model as shown by their significantly increased positivity 
for granzyme B, Ki67 and IFN-γ, as well as significantly 
decreased positivity for PD-1 compared to untreated and 
anti-PD-1-treated counterparts (Fig. 7I). Combining chi-
tin with anti-PD-1 treatment significantly enhanced this 
CD8α+ T-cell activation compared to chitin monother-
apy in the axillary lymph nodes, now both in the 4T1- 
and 66cl4-based model (Fig. 7I,J). FoxP3 positivity within 
the CD4+ T-cell population of the axillary lymph nodes 
significantly decreased by chitin either with or without 
anti-PD-1 treatment in the 4T1- but not in the 66cl4-
based model (Fig. 7K,L).

At the splenic level, the 4T1-based model showed a very 
high number/percentage of immunosuppressive PMN-
MDSC and neutrophil subpopulations. In marked con-
trast to their reduction in the primary tumor and axillary 
lymph node compartments, chitin monotherapy did not 
affect PMN- and M-MDSC, neutrophil and macrophage 
numbers/percentages in the spleen of 4T1 tumor-bearing 
mice (Fig. 8A, Additional file 15: Fig. S13A), corroborat-
ing the comparable splenomegaly in the untreated, anti-
PD-1- and chitin-treated 4T1-based model (Fig.  2D). 
However, combining chitin with anti-PD-1 treatment in 
the 4T1-based model significantly reduced the splenic 
numbers/percentages of these myeloid cells. DC num-
bers/percentages again remained unchanged (Fig.  8A, 
Additional file  15: Fig. S13A). Spleens from the 66cl4 
tumor-bearing mice showed only very low numbers/per-
centages of the myeloid subpopulations (Fig.  8B, Addi-
tional file  15: Fig. S13B), corroborating the absence of 
splenomegaly in the 66cl4-based model (Fig. 2E).

Whereas splenic M1 macrophage numbers/percent-
ages remained unchanged, a significant decrease in 
numbers and a reductive trend in percentages of M2 
macrophages was detected in the spleen of the 4T1 
tumor-bearing mice upon chitin + anti-PD-1 combina-
tion treatment (Fig.  8C, Additional file  15: Fig. S13C), 
resulting in a significantly increased M1/M2 mac-
rophage ratio compared to the other treatment groups 
(Fig.  8D). In marked contrast, neither chitin nor chi-
tin + anti-PD-1 combination treatment reduced splenic 
myeloid cell numbers/percentages in the 66cl4-based 
model, resulting in similar splenic M1 and M2 mac-
rophage subtype numbers/percentages (Fig.  8E, Addi-
tional file 15: Fig. S13D) and M1/M2 macrophage ratio 
(Fig. 8F) compared to spleens from untreated and anti-
PD-1-treated 66cl4 tumor-bearing mice.

In the spleen of 4T1 tumor-bearing mice, the num-
bers/percentages of the lymphocytic subpopulations 
CD4+ and CD8α+ T-cells, B-cells, NK and NK-T cells 
significantly increased in response to chitin + anti-
PD-1 combination treatment (Fig.  8G, Additional 
file 15: Fig. S13E). Spleens from the chitin-treated 66cl4 
tumor-bearing mice showed a significant increase in 
CD4+ T-cell percentages compared to spleens from 
untreated and anti-PD-1-treated 66cl4 tumor-bearing 
mice (Additional file  15: Fig. S13F). Chitin in combi-
nation with anti-PD-1 further enhanced these splenic 
CD4+ T-cell, CD8α+ T-cell and B-cell percentages in 
the 66cl4-based model (Additional file  15: Fig. S13F). 
The significant increase in splenic CD8α+ T-cell per-
centages in the chitin + anti-PD-1-treated compared 
to the untreated 66cl4 tumor-bearing mice was also 
reflected in the splenic CD8α+ T-cell numbers (Fig. 8H, 
Additional file  15: Fig. S13F). Both models showed a 
significantly enhanced CD8α+ T-cell activation in the 
spleen upon chitin + anti-PD-1 combination treatment, 
highlighted with an increased positivity for granzyme 
B, Ki67 and IFN-γ, and a decreased positivity for PD-1 
in the splenic CD8α+ T-cell population (Fig. 8I,J). T-reg 
production was not affected by either treatment in the 
spleen of both models based on similar FoxP3 positivity 
within the CD4+ T-cell population (Fig. 8K,L).

Fig. 6  Innate- and T-cell-related gene expression levels corroborate the immunophenotypic changes upon chitin treatment in 4T1 and 66cl4 
primary tumors. A-D Heatmaps showing mean normalized expression levels of selected genes associated with innate immunity in 4T1 (A) 
and 66cl4 primary tumors (B), T-cell exhaustion in 4T1 primary tumors (C) and T-cell activation in 66cl4 primary tumors (D) at 5 w p.i. derived 
from untreated, anti-PD-1, chitin- and chitin + anti-PD-1-treated tumor-bearing mice. Mean normalized expression levels were calculated based 
on normalized expression levels in 4 or 5 primary tumor samples from each treatment group and for each model. Selection of the genes was based 
on gene lists from the NanoString Mouse PanCancer Immune Profiling Panel. Pearson distance was used for hierarchical clustering

(See figure on next page.)
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Chitin enhances tumor growth reduction and anti‑tumor 
immunity compared to single CLP blockade
Given that chitin neutralizes multiple CLP family mem-
bers, especially in the 4T1-based model, we subsequently 
investigated whether this general CLP blockade outper-
forms single CLP blockade in terms of disease reduc-
tion. Therefore, 4T1 tumor-bearing mice were treated 
with either chitin (every 3 d), anti-CHI3L1 or IgG con-
trol antibodies (weekly) for 2 w until 5 w p.i., and tumor 
progression was monitored through tumor volume meas-
urements (Fig.  9A). Anti-CHI3L1 significantly reduced 
tumor growth compared to IgG control treatment, but 
chitin showed a significant add-on treatment effect com-
pared to anti-CHI3L1 (Fig.  9A). Lung metastases were 
not significantly impacted by either treatment (Fig. 9B,C).

Immunohistochemistry identified significantly 
reduced Ly6G+ TAN and CD163+ M2 TAM stainings 
on primary tumor sections from anti-CHI3L1- com-
pared to IgG control-treated mice, and add-on reduc-
tions of both markers in chitin-treated primary tumors 
(Fig. 9D,E). Flow cytometric immunophenotyping con-
firmed significantly reduced numbers of PMN-MDSCs 
and TANs in anti-CHI3L1-treated primary tumors, 
and again showed additional reduction in the num-
ber of TANs and M-MDSCs upon chitin treatment 
(Additional file  16: Fig. S14A). These changes were 
also shown in percentages, albeit not statistically sig-
nificantly (Additional file 16: Fig. S14B). Corroborating 
the CD163 stainings, anti-CHI3L1 treatment signifi-
cantly increased the M1/M2 TAM ratio, whereas chi-
tin treatment provided a significant add-on increase 
in this ratio through additional reduction of M2 TAM 
numbers/percentages (Additional file  16: Fig. S14C). 
Although anti-CHI3L1 treatment did not significantly 
upregulate CD8α+ T-cell numbers/percentages (Addi-
tional file 16: Fig. S14D,E), their activation was signifi-
cantly increased by the treatment based on decreased 
positivity for PD-1 and enhanced positivity for gran-
zyme B, Ki67 and IFN-γ (Additional file 16: Fig. S14F). 

Chitin, on the other hand, provided an add-on increase 
in the CD8α+ T-cell numbers and significantly in per-
centages (Additional file 16: Fig. S14D,E), also inducing 
an add-on increase in their activation compared to anti-
CHI3L1 treatment based on a significantly decreased 
positivity for PD-1 (Additional file 16: Fig. S14F). Other 
CD8α+ T-cell activation markers, including granzyme 
B, Ki67 and IFN-γ were not significantly increased with 
chitin compared to anti-CHI3L1 treatment. T-reg pro-
duction was not significantly reduced by anti-CHI3L1 
treatment, but chitin provided an add-on significant 
reduction compared to IgG control and anti-CHI3L1 
based on FoxP3 positivity in the CD4+ T-cell popula-
tion (Additional file 16: Fig. S14G).

Our preclinical data on the immunostimulatory role 
of CLPs, and more specifically CHI3L1, in BC pro-
gression could also be translated to the human patient 
based on publicly available datasets [37]. High gene 
expression levels of CHI3L1 are a predictor for sig-
nificantly reduced relapse-free, distant metastasis-free 
and post-progression survival (Fig.  9F-H). Moreover, 
CHI3L1 is amplified in 12–24% of primary tumors in all 
BC subtypes and in 6–12% of primary tumors in TNBC 
based on data from The Cancer Genome Atlas/TCGA 
and Molecular Taxonomy of Breast Cancer Interna-
tional Consortium/METABRIC (Additional file 17: Fig. 
S15A). Upon metastatic BC, these frequencies range 
from 12–15% in all BC subtypes and 8–34% in TNBC 
(Additional file  17: Fig. S15B). Supporting its impor-
tance in TNBC, CHI3L1 gene expression significantly 
negatively correlates with ESR1, PGR and ERBB2 gene 
expression levels in human BC (Additional file 17: Fig. 
S15C). Further translating our preclinical mouse data, 
CHI3L1 gene expression significantly positively cor-
relates with the expression of the myeloid cell markers 
ITGAM, CD14, MPO, CD68 and CD163, the immune 
checkpoint protein PDCD1 and the T-reg marker 
FoxP3 (Additional file 17: Fig. S15D,E).

(See figure on next page.)
Fig. 7  Chitin reduces immunosuppressive subpopulations in 4T1-derived axillary lymph nodes and increases anti-PD-1-stimulated lymphocytic 
subpopulations in both the 4T1- and 66cl4-derived axillary lymph nodes. A-L Axillary lymph nodes were isolated from the untreated, anti-PD-1-, 
chitin- and chitin + anti-PD-treated 4T1- and 66cl4-based model at 5 w p.i. and processed into a single cell suspension for flow cytometric 
immunophenotyping (n = 5 for all groups). A,B Number of myeloid subpopulations (including PMN-MDSCs, M-MDSCs, neutrophils, macrophages 
and DCs) per gram of axillary lymph nodes in the untreated and treated 4T1- (A) and 66cl4-based model (B). C,D Number of M1 and M2 
macrophage subtypes per gram of axillary lymph nodes (C) and calculated M1/M2 macrophage ratio (D) in the 4T1-based model. E,F Number 
of M1 and M2 macrophage subtypes per gram of axillary lymph nodes (E) and calculated M1/M2 macrophage ratio (F) in the 66cl4-based 
model. G,H Number of lymphocytic subpopulations (including CD4+ and CD8α+ T-cells, B-cells, NK cells and NK-T cells) per gram of axillary 
lymph nodes in the untreated and treated 4T1- (G) and 66cl4-based model (H). I,J Percentage of granzyme B+, Ki67+, IFN-γ+ and PD-1+ cells 
within the axillary lymph node CD8α+ T-cell population in the untreated and treated 4T1- (I) and 66cl4-based model (J). K,L Percentage of FoxP3+ 
cells within the axillary lymph node CD4+ T-cell population in the untreated and treated 4T1- (K) and 66cl4-based model (L). Data are presented 
as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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Chitin reduces lymphatic metastasis and inhibits 
CHI3L1‑stimulated lymphatic vessel integration 
of macrophages
Neither anti-CHI3L1 nor chitin treatment affected 
hematogenous metastases to the lungs, but both treat-
ment strategies equally and significantly decreased axil-
lary lymph node metastases in 4T1 tumor-bearing mice 
(Fig. 10A), despite their differential effect on 4T1 primary 
tumor growth. Previous studies have shown that sema-
phorin 7a (SEMA7A), as upstream regulator of CHI3L1 
[38], stimulates macrophage/TAM integration into lym-
phatic vessels to facilitate lymphatic entry and spread-
ing of tumor cells [28]. However, the role of CHI3L1 in 
macrophage-mediated lymphatic remodeling has not yet 
been reported. Murine RAW264.7 macrophages incu-
bated with rmCHI3L1 showed significantly increased 
surface expression of the lymphatic anchorage marker 
PDPN after 72  h (Fig.  10B). In line with an enhanced 
ability for PDPN-mediated lymphatic anchorage, 
CHI3L1-stimulated RAW264.7 macrophages showed a 
significantly higher adhesion to 2D monolayers of LECs 
(Fig.  10C), which could be countered through specific 
blockade of either PDPN or the cognate CHI3L1 receptor 
IL13Rα2 on the macrophage surface (Fig. 10D). CHI3L1-
stimulated RAW264.7 macrophages also showed sig-
nificantly increased integration into 3D lymphatic vessel 
structures (Fig.  10E), which again could be blocked by 
incubating the macrophages with anti-PDPN or anti-
IL13Rα2 (Fig. 10F).

Translating these in vitro observations to our preclini-
cal TNBC model, dual color immunohistochemistry for 
the LEC marker lymphatic vessel endothelial hyaluronan 
receptor 1 (LYVE-1) and the TAM marker F4/80 on pri-
mary tumor sections from 4T1 tumor-bearing mice fur-
ther demonstrated the CHI3L1-mediated stimulation on 
lymphatic vessel integration of macrophages (Fig.  10G). 
More specifically, F4/80+ TAMs were found near and 
integrated into LYVE-1+ lymphatics in IgG control-
treated primary tumors, whereas both anti-CHI3L1 and 
chitin treatment significantly reduced the association of 

TAMs with lymphatic structures in 4T1 primary tumors 
(Fig. 10G).

Discussion
Cancer immunosuppression remains a major hurdle 
for immunotherapeutic efficacy in TNBC patients, and 
consequently a high clinical demand exists for novel 
therapeutic targets that can improve ICB outcome [4, 
5]. Although the enzymatically-inactive CLP family has 
been identified to evolutionary fuel immunosuppression 
in wound healing [6, 7], mechanistic data on its contri-
bution in highly metastatic BC such as TNBC associ-
ated with an immunosuppressed TME remain scarce. 
The most investigated CLP family member in the con-
text of cancer is CHI3L1, being of specific interest due to 
its conserved expression in both mice and humans [11]. 
The strategy of blocking CHI3L1 with specific antibod-
ies has been used in mouse models to decrease progres-
sion of melanoma [38–40], glioblastoma [41], lung [35, 
42], pancreatic [35], colon [35] and breast cancer [16]. In 
marked contrast, the immunomodulatory effects envis-
aged after a more general blocking strategy of CLPs, 
especially in cancer and TNBC, have merely been inves-
tigated after chitin was twice opted for this purpose by 
the same group more than a decade ago [20, 21]. Indeed, 
the homoglycan chitin is the natural ligand of CLPs that 
functions as structural component of the fungal as well 
as bacterial cell wall, and is also present in the exoskel-
eton of nematodes, insects and crustaceans, but is not 
synthesized by mammals [6]. Given the enzymatic inac-
tivity of CLPs, they bind but cannot cleave chitin, result-
ing in their non-selective blockade. We here explored at 
first the anti-cancer immunomodulatory effects of chitin 
monotherapy and its efficacy in combination with ICB in 
complementary intraductal mouse models for TNBC.

To establish the 4T1- and 66cl4-based intraductal 
model, we used lactating female mice that allow easy 
access to the teat canal and do not necessitate micro-
scopic guidance or surgery for intraductal inoculation 
of tumor cells as described by other groups [43–45]. 

Fig. 8  Chitin reduces immunosuppressive subpopulations in 4T1-derived spleens and increases anti-PD-1-stimulated lymphocytic subpopulations 
in both the 4T1- and 66cl4-derived spleens. A-L Spleens were isolated from the untreated, anti-PD-1-, chitin- and chitin + anti-PD-treated 
4T1- and 66cl4-based model at 5 w p.i. and processed into a single cell suspension for flow cytometric immunophenotyping (n = 5 for all groups). 
A,B Number of myeloid subpopulations (including PMN-MDSCs, M-MDSCs, neutrophils, macrophages and DCs) per gram of spleen in the untreated 
and treated 4T1- (A) and 66cl4-based model (B). C,D Number of M1 and M2 macrophage subtypes per gram of spleen (C) and calculated M1/M2 
macrophage ratio (D) in the 4T1-based model. E,F Number of M1 and M2 macrophage subtypes per gram of spleen (E) and calculated M1/M2 
macrophage ratio (F) in the 66cl4-based model. G,H Number of lymphocytic subpopulations (including CD4+ and CD8α+ T-cells, B-cells, NK cells 
and NK-T cells) per gram of spleen in the untreated and treated 4T1- (G) and 66cl4-based model (H). I,J Percentage of granzyme B+, Ki67+, IFN-γ+ 
and PD-1+ cells within the splenic CD8α+ T-cell population in the untreated and treated 4T1- (I) and 66cl4-based model (J). K,L Percentage 
of FoxP3+ cells within the splenic CD4+ T-cell population in the untreated and treated 4T1- (K) and 66cl4-based model (L). Data are presented 
as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Moreover, the accompanying involution process is fueled 
by Stat3-driven CLP overexpression [46], providing a tar-
getable environment for chitin treatment and allowing 
to investigate therapeutic efficacy in the context of preg-
nancy-associated BC, a rarely studied but aggressive BC 
with often TNBC characteristics [47].

Systemic injection of a chitin suspension significantly 
reduced progression of primary tumors but not lung 
metastases in the 4T1-based model. However, when 
extending these observations to a second intraductal 
TNBC model based on the also highly metastatic 66cl4 
cell line, primary tumor growth and lung metastatic pro-
gression were not significantly reduced. At least partly 
explaining this important difference in chitin mono-
therapy effects between both TNBC models, is our key 
finding on the heterogenous production of CLP family 
members in these models. Whereas 4T1 primary tumors 
were demonstrated to be CLP-driven and showed high 
levels of both CHI3L1 and CHI3L3 as most prominent 
CLPs, the 66cl4 primary tumors were characterized to 
have only low to moderate production of these two major 
CLPs, respectively. We here at first unequivocally showed 
that in 4T1 primary tumors and serum, chitin signifi-
cantly reduces CHI3L1 as well as CHI3L3 levels, while in 
66cl4 primary tumors and not in serum, it significantly 
reduces only CHI3L3 levels. Of note, although their func-
tion in the context of cancer remains unclear, it should 
be mentioned that enzymatically active mammalian chi-
tinases, including acidic mammalian chitinase (AMCase) 
and chitotriosidase (CHIT1), are also known targets 
of chitin [6] and could potentially contribute to the 
observed treatment effects in the 4T1- and 66cl4-based 
model for TNBC. However, neither of these mammalian 
chitinases were detected by RNA-seq and therefore very 
likely do not play a significant role in our models.

Our second key observation was the source of these 
CLPs. Based on immunohistochemistry and separa-
tion of Ly6G− and Ly6G+ cell fractions, our data identify 
immune cells, and more specifically TANs, as prominent 

CLP producers, which corroborates the findings of a few 
reports in a non-cancer context [48–50], but also differs 
from previous cancer literature [20, 36, 39, 51]. These 
differential findings highlight the model- and disease-
dependent sources of CLPs. It should be emphasized that 
our Ly6G+ cell separation experiments did not specify 
between TANs and PMN-MDSC precursors, leaving 
the question open whether the mature and/or precur-
sor Ly6G+ cell population can be regarded as the pri-
mary CLP source in the 4T1- and 66cl4-based model. 
Of relevance, the PMN-MDSC-mediated production of 
CHI3L1 has been highlighted once in 2018, also in the 
context of TNBC [52]. Yet, the Ly6G+ nature of promi-
nent CLP producers at least provides an explanation for 
the heterogeneity in CLP production between the 4T1- 
and 66cl4-based model: whereas the 4T1-based model 
is characterized by high numbers/percentages of PMN-
MDSCs and TANs in its TME and concomitant G-CSF 
and MIP-2 primary tumor levels, the 66cl4-based model 
has only low numbers/percentages of both granulocytic 
subpopulations and related cytokine levels in its primary 
tumors.

In order to gain further mechanistic insights into how 
chitin-mediated CLP blockade eventually reduces CLP 
production, we investigated a reported positive feed-
back loop that involves CHI3L1 and p-Stat3, regulat-
ing CHI3L1 production [31–33]. As a third key finding, 
we here show that chitin-mediated CHI3L1 blockade 
impacts this feedback loop by inhibiting CHI3L1 sign-
aling and Stat3 phosphorylation, reducing local and 
systemic CHI3L1 levels, especially in the high CLP-
producing 4T1-based model. Whether CHI3L3 is also 
regulated by such a feedback loop remains unclear. How-
ever, the reduced CHI3L1 and/or CHI3L3 levels upon 
chitin treatment in both TNBC models may also be—at 
least partly—explained by alternative processes. Indeed, 
a 2023 pioneer study in the context of TNBC showed at 
first that CHI3L1 functions as a direct chemoattractant 
for TANs [51], suggesting that CHI3L1 blockade inhibits 

(See figure on next page.)
Fig. 9  Chitin provides enhanced tumor reduction and anti-tumorigenicity compared to anti-CHI3L1 treatment in the 4T1-based intraductal model. 
A Weekly measurements of primary tumor volumes in the IgG control-, anti-CHI3L1- and chitin-treated 4T1-based model with treatment schedules 
indicated (n = 6 for all groups at all time points). B Representative images and quantification of bioluminescent signals (total flux density in p/s/cm2) 
in lungs from the IgG control-, anti-CHI3L1 and chitin-treated 4T1-based model at 5 w p.i. (n = 3 for all groups). C H&E histology of lung metastases 
from the IgG control-, anti-CHI3L1- and chitin-treated 4T1-based model at 5 w p.i. Dashed inserts highlight H&E-stained metastases at a larger 
magnification. D,E Immunohistochemistry for the PMN-MDSC/TAN marker Ly6G (D) and the M2 TAM subtype marker CD163 (E) on primary tumor 
sections from IgG control-, anti-CHI3L1- and chitin-treated 4T1 tumor-bearing mice at 5 w p.i. (n = 12 for all groups; 3 slides with 4 images per slide). 
Dashed inserts highlight stained tissue at a larger magnification. Black scale bars = 200 µm, red scale bars = 50 μm. F–H Kaplan Meier plots showing 
relapse-free (F), distant metastasis-free (G) and post-progression survival (H) over 60 months time based on CHI3L1 expression as calculated using 
publicly available mRNA gene chip data from all BC subtypes and the KM-plotter tool. Number of patients that were included for analysis: 4929 
for RFS, 2765 for DMFS and 458 for PPS. Patients were split in high/low CHI3L1 expressors based on auto select of the best cutoff by the KM-plotter 
tool. Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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TAN recruitment and subsequently reduces CLP levels. 
Therefore, the reduced CLP levels upon chitin treatment 
could be intricately linked to the number of recruited 
TANs, a hypothesis that is corroborated by our flow 
cytometric data for TANs (and precursors), a reduced 
immunohistochemical staining for Ly6G and a reduced 
expression of CHI3L1-associated genes in chitin-treated 
primary tumors.

Despite the differential decreases in CLP levels, 
both ICB-resistant TNBC models showed a similarly 
enhanced response to anti-PD-1 immunotherapy follow-
ing chitin treatment. More specifically, a combination 
treatment of chitin with anti-PD-1 provided a signifi-
cant and add-on growth reduction in both the 4T1- and 
66cl4-based model, not only limited to primary tumors 
but also extended to lung metastases. In line with these 
data, a synergistic effect between anti-CHI3L1 and 
either anti-PD-1 or anti-cytotoxic T-lymphocyte antigen 
(CTLA)-4 ICB has recently been described for mela-
noma lung metastases [39, 40]. Importantly, only the lev-
els of CHI3L3, the CLP that is in general more produced 
than CHI3L1 in the murine TME, were high enough in 
the lower CLP-producing 66cl4 primary tumors to be 
impacted by chitin treatment. Nonetheless, the chitin-
mediated reduction of these moderate CHI3L3 levels still 
sufficed to concomitantly increase anti-PD-1 efficacy. 
These key results highlight the potential for a broad use 
of chitin to stimulate ICB efficacy in TNBC, even in cases 
with low to moderate CHI3L1 and CHI3L3 production in 
the TME based on the combined presence of TANs and 
their precursors.

Previous reports on multiple cellular targets of CLPs, 
and especially CHI3L1, in the context of cancer could 
further explain the immune cell changes observed in 
our mouse models upon chitin-mediated CLP blockade. 
More specifically, CHI3L1 binds and signals through its 
cognate receptor IL13Rα2 on macrophages to induce 
tumor-promoting M2 polarization [35, 36, 39, 53], 

enhance PD-L1 expression on the macrophage surface 
[39] and stimulate production of pro-inflammatory fac-
tors MIP-2 and MCP-1 [20], respectively attracting 
neutrophils and additional macrophages to the TME 
for immunosuppression. The cited 2023 pioneer study 
additionally showed that CHI3L1 serves as a TAN che-
moattractant [51], which in turn reduces TAN(-pre-
cursor) infiltration in the primary tumor and promotes 
T-cell exclusion in the TME through formation of NETs. 
The latter mechanistic aspect is supported by our study 
based on reduced levels of MPO—a NET marker—in 
chitin-treated 4T1 and 66cl4 primary tumors. Of note, 
the reduction in PMN-MDSCs and TANs is clinically 
highly relevant since these related myeloid subpopula-
tions remain difficult to target with (chemo)therapeu-
tics and are associated with immunotherapeutic failure 
[54, 55]. Furthermore, CHI3L1 directly reduces the anti-
tumorigenic T-cell production of IFN-γ and abrogates 
Th1 polarization as well as cytotoxic T-lymphocyte acti-
vation [15, 20], which can be inhibited by chitin treat-
ment. Production of immunosuppressive T-regs in the 
TME has been reported to be stimulated by CHI3L1 and 
can consequently be inhibited by CHI3L1 blockade [35]. 
Moreover, our observed significant decrease in T-reg 
production upon chitin treatment again further empha-
sizes the beneficial effect on ICB efficacy for human 
TNBC patients since T-reg amplification upon anti-
PD-1 treatment promotes therapeutic resistance [56, 57]. 
Besides providing suppressive modulation of the host 
immune system, CHI3L1 has a direct impact on tumor 
cells by activating pathways involved in cellular prolifera-
tion, migration, stemness and survival [13, 26, 35, 58–60].

The chitin-mediated immunostimulation was not 
restricted to the primary tumor, since it also influenced 
systemic immune populations in lymphoid organs. 
Again, especially in the 4T1-based model, a reduc-
tion of cancer immunosuppression through significant 
decrease of myeloid cell types and concomitant increase 

Fig. 10  Chitin and anti-CHI3L1 treatment reduces CHI3L1-stimulated macrophage integration in lymphatic vessels in the 4T1-based intraductal 
model. A Representative images and quantification of bioluminescent signals (total flux density in p/s/cm2) in axillary lymph nodes from the IgG 
control-, anti-CHI3L1- and chitin-treated 4T1-based model at 5 w p.i. (n = 6 for all groups). B Flow cytometric analysis of PDPN positivity on the cell 
surface of RAW264.7 macrophages following a 24 h, 48 h and 72 h incubation with either PBS, 0.1, 0.5 or 1 µg/ml rmCHI3L1 (n = 6 for all 
groups). The dot plots highlight the PDPN positivity after a 72 h incubation with PBS versus 1 µg/ml rmCHI3L1. C Adhesion of PBS- and 5 µg/
ml rmCHI3L1-treated RAW264.7 macrophages to a 2D LEC monolayer with representative images shown (n = 9 for all groups). D Ability 
of anti-PDPN, anti-IL13Rα2 and their respective IgG controls to inhibit adhesion of 5 µg/ml rmCHI3L1-treated RAW264.7 macrophages to a 2D LEC 
monolayer (n = 6 for all groups). E Integration of PBS- and 5 µg/ml rmCHI3L1-treated RAW264.7 macrophages into 3D LEC vessel-like structures 
with representative images shown (n = 9 for all groups). F Ability of anti-PDPN, anti-IL13Rα2 and their respective IgG controls to inhibit integration 
of 5 µg/ml rmCHI3L1-treated RAW264.7 macrophages into 3D LEC vessel-like structures (n = 7 for the rat IgG control and rat anti-PDPN group, n = 10 
for the goat IgG control and goat anti-IL13Rα2 group). G Dual staining for the TAM marker F4/80 and LEC marker LYVE-1 on primary tumor sections 
from IgG control-, anti-CHI3L1- and chitin-treated 4T1 tumor-bearing mice at 5 w p.i. (n = 9 for all groups; 3 slides with 3 images per slide). Dashed 
inserts highlight stained tissue at a larger magnification. Black scale bars = 200 µm, white scale bars = 100 µm, red scale bars = 50 μm, green scale 
bars = 20 µm. Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 10  (See legend on previous page.)
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in lymphocytic cell types was observed in both the axil-
lary lymph nodes and the spleen. The 4T1-based model 
is known to display excessive myeloid cell production, 
also referred to as extramedullary hematopoiesis (EMH), 
in distant organs and most prominently in the spleen 
[61]. Given the stimulatory role of 4T1 cells in the EMH 
process through secretion of myeloid cell-supporting 
cytokines such as G-CSF [30, 62, 63], splenomegaly in 
this model has been linked to primary tumor growth and 
disease progression [8, 30]. Yet, despite a chitin-mediated 
reduction in primary tumor growth, spleen size and asso-
ciated splenic myeloid cell numbers were not affected 
upon chitin monotherapy and required a chitin and 
anti-PD-1 combination for their significant reduction. 
A potential explanation for this apparent discrepancy 
in spleen and tumor size upon chitin treatment in the 
4T1-based model is that the remaining lung metastases 
further support EMH through myeloid cell-supporting 
cytokines and that chitin treatment is not able to com-
pensate for the latter massive myeloid cell production. In 
marked contrast, a chitin + anti-PD-1 combination treat-
ment was able to almost completely prevent metastatic 
growth with accompanying reduction in splenomegaly. 
Again strikingly different from the 4T1-based model, the 
66cl4-based model showed no expansion of myeloid cell 
numbers in either untreated or anti-PD-1-treated axillary 
lymph nodes and spleens, the latter being supported by 
a normal spleen size. The potential explanation for this 
absence of EMH is the much lower secretion of myeloid 
cell-supporting cytokines, corroborating other reports 
on the 66cl4-based model [63, 64]. Another salient find-
ing was that, despite this restricted systemic immunosup-
pression, the 66cl4-based model remains resistant to ICB 
and requires anti-PD-1 to be combined with chitin-medi-
ated CLP blockade to expand CD8α+ T-cell numbers and 
their activation in the axillary lymph nodes and spleen, 
supporting systemic disease reduction.

Besides identifying the benefits of combining CLP 
blockade with ICB, our study also highlights at first that a 
chitin-mediated general blockade is more preferable than 
blocking a single CLP, e.g. CHI3L1, with specific antibod-
ies. Indeed, general CLP blockade provided an enhanced 
reduction in primary tumor growth compared to anti-
CHI3L1 treatment in the 4T1-based model, reduced 
immunosuppressive myeloid populations and T-reg 
production to a higher extent, and also increased anti-
tumorigenic CD8α+ T-cell numbers and their activity to 
a higher level. Comparing chitin and anti-CHI3L1 treat-
ment in the context of TNBC additionally highlighted at 
first a potential mechanism by which CHI3L1 blockade 
prevents TAMs from enhancing metastases in the axillary 
lymph nodes. These findings are in line with a previous 
study that investigated the stimulatory role of SEMA7A 

as upstream regulator of CHI3L1 in macrophage-medi-
ated lymphatic remodeling [28], a process by which mac-
rophages adhere and integrate into the lymphatic vessel 
wall to promote lymphatic metastasis. Moreover, these 
novel findings are supported by other groups that iden-
tified the upregulation of PDPN as lymphatic anchorage 
marker by CHI3L1 in macrophages [65], as well as reduc-
tion in lymphatic spreading of B16-BL6 melanoma cells 
upon treatment with anti-CHI3L1 antibodies [39].

Based on the amplification frequency of CHI3L1, which 
is highest in metastatic TNBC patient samples, and the 
positive correlation of CHI3L1 expression with immu-
nosuppressive markers, we hypothesize that CLP block-
ade could provide clinical benefits and enhance response 
to ICB in TNBC. Although this clinical translation will 
necessitate treatment optimization and additional toxic-
ity testing in subsequent trials, earlier reports on chitin 
treatment in human patients were promising. In fact, chi-
tin oligosaccharide mixtures have already been commer-
cially available in Asia since 1990’s and significant tumor 
regression in early stage cancer has been anecdotically 
observed following per os administration in a number 
of cases [66]. Moreover, chitin is often used to develop 
nanoparticle carriers for drug delivery [67]. The role of 
chitin in the eventual therapeutic efficacy is neglected in 
these reports, but can be important based on its immu-
nomodulatory and anti-metastatic effects as observed 
in our study. The anti-cancer effects of chitin also cru-
cially depend on the chitin particle size and degree of 
acetylation as large particles were reported to induce M2 
macrophage polarization [68, 69] and chitosan, the dea-
cetylated form of chitin, is less efficient in mediating M1 
macrophage activation [68, 69].

Conclusions
Our preclinical data show that chitin blocks and reduces 
the levels of CHI3L1 and CHI3L3 as most prominent 
CLP family members in complementary ICB-resistant 
intraductal mouse models for TNBC. Chitin-mediated 
CLP blockade significantly reduces immunosuppressive 
cell types and stimulates anti-PD-1 efficacy with concom-
itant decrease in disease progression and increase in anti-
tumorigenic lymphocytes both in the primary tumor and 
lymphoid organs. Moreover, chitin-mediated blockade of 
CLPs, and especially CHI3L1, also prevents macrophages 
from stimulating the outgrowth of metastases in axil-
lary lymph nodes, which remain the earliest metastatic 
sites in the context of BC and aggressive TNBC. Over-
all, we identify chitin as a potentially tolerable treatment 
to reduce immunosuppression and lymphatic metasta-
sis in ICB-resistant TNBC patients. Given its significant 
immunostimulatory effects in low CLP-producing TNBC 
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models, chitin could even be effective beyond TNBC 
patients that show CLP overexpression.
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Additional file 1: Figure S1. Validation of chitin particle size and acetyla-
tion. (A) Flow cytometric analysis of particle sizes in the chitin suspension 
for in vivo use with 1 and 9.9 µm microspheres indicated for size reference. 
(B) MALDI-TOF MS verifies the degree of polymerization and acetylation of 
the chitin suspension as previously reported [24].

Additional file 2: Table S1. Primary antibodies used for 
immunohistochemistry.

Additional file 3: Table S2. Fluorophore-conjugated antibodies used for 
flow cytometric immunophenotyping.

Additional file 4: Figure S2. Chitin in combination with and without 
anti-PD-1 treatment has no toxic effect in a 4T1- and 66cl4-based intra-
ductal model. (A,B) Weekly body weight measurements for animal welfare 
monitoring of the untreated and treated 4T1- (A) and 66cl4-based model 
(B) (n = 7 for all groups at all time points in the 4T1-based model; n = 11 
for all groups at all time points in the 66cl4-based model). (C,D) Weekly 
body temperature measurements for animal welfare monitoring of the 
untreated and treated 4T1- (C) and 66cl4-based model (D) (n = 7 for all 
groups at all time points in the 4T1-based model; n = 11 for all groups at 
all time points in the 66cl4-based model). The decrease in body weight 
in both intraductal models during the first w p.i. can be attributed to 
cessation of milk production after pup weaning. Data are presented as the 
means +/- SEM.

Additional file 5: Figure S3. The treatment effect of a chitin and anti-
PD-1 combination is anti-PD-1 dose-dependent in a 4T1-based intraductal 
model. (A) Weekly measurements of primary tumor volumes in the 

untreated, 25 µg IgG control-, 25 µg anti-PD-1-, chitin- and chitin + 25 µg 
anti-PD-1-treated 4T1-based model (n = 6 for the chitin + 25 µg anti-PD-1 
group and n = 8 for all other groups at all time points). (B) In vivo imaging 
of primary tumor bioluminescent signals (total flux density in p/s/cm²) 
in the untreated, 25 µg IgG control-, 25 µg anti-PD-1-, chitin- and chitin 
+ 25 µg anti-PD-1-treated 4T1-based model (n = 6 for the chitin + 25 µg 
anti-PD-1 group and n = 8 for all other groups at all time points). (C) Rep-
resentative images of primary tumor bioluminescence in the untreated 
and treated 4T1-based model at 5 w p.i. (D,E) Quantification of biolumi-
nescent signals (total flux density in p/s/cm²) in lungs (D) and representa-
tive lung images from the untreated and treated 4T1-based model at 5 w 
p.i. (E) (n = 3 for the chitin + 25 µg anti-PD-1 group and n = 4 for all other 
groups). (F) H&E histology of lung metastases from the untreated and 
treated 4T1-based model at 5 w p.i. Dashed inserts highlight H&E-stained 
metastases at a larger magnification. Black scale bars = 200 µm, red scale 
bars = 50 μm. (G) Spleen weight measurements from the untreated and 
treated 4T1-based model at 5 w p.i. (n = 3 for the chitin + 25 µg anti-PD-1 
group and n = 4 for all other groups). Data are presented as the means 
+/- SEM. *: P < 0.05, **: P < 0.01.

Additional file 6: Figure S4. Chitin reduces CHI3L4 production but not 
statistically significantly in 4T1 and 66cl4 primary tumors. (A) Representa-
tive western blot images for CHI3L3 + CHI3L4 and GAPDH loading control 
in primary tumor lysates from untreated, anti-PD-1-, chitin- and chitin 
+ anti-PD-1-treated 4T1 and 66cl4 tumor-bearing mice at 5 w p.i. (B) 
Quantification of CHI3L3 + CHI3L4 signal intensity relative to GAPDH (n = 
6 for all groups; 3 western blots with 2 samples from each group per blot). 
(C) CHI3L4 relative signal intensity based on subtraction of the CHI3L3 
signal (as shown in Fig. 3A) from the CHI3L3 + CHI3L4 combined signal (n 
= 6 for all groups). Data are presented as the means +/- SEM. *: P < 0.05, 
**: P < 0.01.

Additional file 7: Figure S5. Immunohistochemistry confirms reduction 
of CHI3L1 levels in 4T1 and CHI3L3 levels in both 4T1 and 66cl4 primary 
tumors following chitin treatment, with concomitant reduction of 
Ly6G+ TANs. (A-C) Immunohistochemistry for CHI3L1 (A), CHI3L3 (B) and 
the PMN-MDSC/TAN marker Ly6G (C) on primary tumor sections from 
untreated, anti-PD-1-, chitin- and chitin + anti-PD-1-treated 4T1 and 66cl4 
tumor-bearing mice at 5 w p.i. (n = 16 for all groups; 4 slides with 4 images 
per slide). Dashed inserts highlight stained tissue at a larger magnification. 
Black scale bars = 200 µm, red scale bars = 50 μm. Data are presented as 
the means +/- SEM. *: P < 0.05, ***: P < 0.001.

Additional file 8: Figure S6. Gating strategy for the flow cytometric 
immunophenotyping of myeloid cell types.  (A) Gating of CD45+ leuko-
cytes after excluding doublets and debris, also applied in the panels prior 
to gating of specific immune cell types. (B) Gating of CD45+ CD11b+ 
myeloid cells for subsequent gating of CD45+ CD11b+ CD14+ and 
CD45+ CD11b+ CD14- myeloid cells. The CD45+ CD11b+ CD14+ mye-
loid cells were further subdivided into CD45+ CD11b+ CD14+ Ly6Cint 
Ly6G+ PMN-MDSCs and CD45+ CD11b+ CD14+ Ly6Chi Ly6G- M-MDSCs, 
and the CD45+ CD11b+ CD14- myeloid cells were further gated towards 
CD45+ CD11b+ CD14- Ly6Cint Ly6G+ neutrophils/TANs. (C) Gating of 
CD45+ CD11b+ myeloid cells for subsequent gating of CD45+ CD11b+ 
CD14+ myeloid cells and CD45+ CD11b+ CD14+ F4/80+ macrophages/
TAMs. Applying CD80 and MHCII allowed additional gating of CD45+ 
CD11b+ CD14+ F4/80+ CD80+ MHCII+ M1 macrophage/TAM subtypes 
and applying CD206 allowed gating of CD45+ CD11b+ CD14+ F4/80+ 
CD206+ M2 macrophage/TAM subtypes. (D) Gating of CD45+ CD11b+ 
myeloid cells for subsequent gating of CD45+ CD11b+ CD11c+ DCs.

Additional file 9: Figure S7. Gating strategy for the flow cytometric 
immunophenotyping of lymphocytic cell types. (A) Gating of CD45+ 
CD3ε+ T-cells for subsequent gating of CD45+ CD3ε+ CD4+ CD8α- and 
CD45+ CD3ε+ CD4- CD8α+ T-cell subtypes. (B) Gating of CD45+ CD3ε- 
cells for subsequent gating of CD45+ CD3ε- NKp46- cells and CD45+ 
CD3ε- NKp46- CD19+ B220+ B-cells. (C) Gating of CD45+ CD3ε+ T-cells 
for subsequent gating of CD45+ CD3ε+ NKp46+ NK-T cells. Gating of 
CD45+ CD3ε- cells was also applied for subsequent gating of CD45+ 
CD3ε- NKp46+ NK cells.

Additional file 10: Figure S8. Flow cytometric data from figure 5 
shown as % of CD45+ cells. (A,B) Percentage of myeloid subpopulations 
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(including PMN-MDSCs, M-MDSCs, TANs, TAMs and DCs) within the 
CD45+ leukocyte population of untreated and treated 4T1 (A) and 
66cl4 primary tumors (B). (C,D) Percentage of M1 and M2 TAM subtypes 
within the CD45+ leukocyte population of untreated and treated 4T1 
(C) and 66cl4 primary tumors (D). (E,F) Percentage of lymphocytic 
subpopulations (including CD4+ and CD8α+ T-cells, B-cells, NK cells 
and NK-T cells) within the CD45+ leukocyte population of untreated 
and treated 4T1 (E) and 66cl4 primary tumors (F). Data are presented as 
the means +/- SEM with n =5 for all groups. *: P < 0.05, **: P < 0.01, ***: 
P < 0.001.

  Additional file 11: Figure S9. Immunohistochemistry confirms the 
M2 TAM reduction and enhanced lymphocytic activation upon chitin 
either with or without anti-PD-1 treatment in 4T1 and 66cl4 primary 
tumors. (A,B) Immunohistochemistry for the M2 TAM subtype marker 
CD163 (A) and the lymphocytic activation marker granzyme B (B) on 
primary tumor sections from untreated, anti-PD-1-, chitin- and chitin + 
anti-PD-1-treated 4T1 and 66cl4 tumor-bearing mice at 5 w p.i. (n = 16 
for all groups; 4 slides with 4 images per slide). Dashed inserts highlight 
stained tissue at a larger magnification. Black scale bars = 200 µm, red 
scale bars = 50 μm. Data are presented as the means +/- SEM. *: P < 
0.05, **: P < 0.01, ***: P < 0.001.

Additional file 12: Figure S10. Six of the investigated cytokines 
remain unchanged upon chitin with or without anti-PD-1 treatment 
in 4T1 and 66cl4 primary tumors. (A,B) Levels for G-CSF, IL-1β, IL-4, IL-6, 
IL-10 and TGF-β1 in primary tumor lysates from untreated, anti-PD-1-, 
chitin- and chitin + anti-PD-1-treated 4T1 (A) and 66cl4 tumor-bearing 
mice (B) at 5 w p.i. (n = 5 for all groups in the 4T1-based model; n = 
11 for all groups in the 66cl4-based model). Data are presented as the 
means +/- SEM.

Additional file 13: Figure S11. Inflammation-related gene expression 
levels corroborate the reduced immunosuppressive activity upon chitin 
treatment in 4T1 and 66cl4 primary tumors. (A,B) Heatmaps showing 
normalized expression levels of selected genes associated with inflam-
mation in 4T1 (A) and 66cl4 primary tumors (B) at 5 w p.i. derived from 
untreated, anti-PD-1, chitin- and chitin + anti-PD-1-treated tumor-bear-
ing mice. Mean normalized expression levels were calculated based 
on normalized expression levels in 4 or 5 primary tumor samples from 
each treatment group and for each model. Selection of the genes was 
based on gene lists from the NanoString Mouse PanCancer Immune 
Profiling Panel. Pearson distance was used for hierarchical clustering.

Additional file 14: Figure S12. Flow cytometric data from figure 7 
shown as % of CD45+ cells. (A,B) Percentage of myeloid subpopula-
tions (including PMN-MDSCs, M-MDSCs, neutrophils, macrophages 
and DCs) within the CD45+ leukocyte population of axillary lymph 
nodes derived from the untreated and treated 4T1- (A) and 66cl4-based 
model (B). (C,D) Percentage of M1 and M2 macrophage subtypes 
within the CD45+ leukocyte population of axillary lymph nodes 
derived from the untreated and treated 4T1- (C) and 66cl4-based 
model (D). (E,F) Percentage of lymphocytic subpopulations (including 
CD4+ and CD8α+ T-cells, B-cells, NK cells and NK-T cells) within the 
CD45+ leukocyte population of axillary lymph nodes derived from the 
untreated and treated 4T1- (E) and 66cl4-based model (F). Data are 
presented as the means +/- SEM with n = 5 for all groups. *: P < 0.05, **: 
P < 0.01, ***: P < 0.001.

Additional file 15: Figure S13. Flow cytometric data from figure 8 
shown as % of CD45+ cells. (A,B) Percentage of myeloid subpopula-
tions (including PMN-MDSCs, M-MDSCs, neutrophils, macrophages 
and DCs) within the CD45+ leukocyte population of spleens derived 
from the untreated and treated 4T1- (A) and 66cl4-based model (B). 
(C,D) Percentage of M1 and M2 macrophage subtypes within the 
CD45+ leukocyte population of spleens derived from the untreated 
and treated 4T1- (C) and 66cl4-based model (D). (E,F) Percentage of 
lymphocytic subpopulations (including CD4+ and CD8α+ T-cells, 
B-cells, NK cells and NK-T cells) within the CD45+ leukocyte population 
of spleens derived from the untreated and treated 4T1- (E) and 66cl4-
based model (F). Data are presented as the means +/- SEM with n = 5 
for all groups. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

Additional file 16: Figure S14. Chitin reduces immunosuppression 
and increases CD8α+ T-cells and their activation to a higher extent 
than anti-CHI3L1 treatment in the 4T1-based intraductal model. (A-F) 
Primary tumors were isolated from the IgG control-, anti-CHI3L1- and 
chitin-treated 4T1-based model at 5 w p.i. and processed into a single cell 
suspension for flow cytometric immunophenotyping (n = 3 for the IgG 
control and anti-CHI3L1 group, n = 5 for the chitin group). (A,B) Number 
of myeloid subpopulations (including PMN-MDSCs, M-MDSCs and TANs) 
per gram of untreated and treated primary tumor (A) and percentage of 
these myeloid subpopulations within the CD45+ leukocyte population 
of untreated and treated primary tumors (B). (C) Calculated M1/M2 TAM 
ratio in untreated and treated primary tumors. (D,E) Number of CD8α+ 
T-cells per gram of untreated and treated primary tumor (D) and percent-
age of these CD8α+ T-cells within the CD45+ leukocyte population of 
untreated and treated primary tumors (E). (F) Percentage of granzyme B+, 
Ki67+, IFN-γ+ and PD-1+ cells within the primary tumor CD8α+ T-cell 
population in the untreated and treated 4T1-based model. (G) Percentage 
of FoxP3+ cells within the primary tumor CD4+ T-cell population in the 
untreated and treated 4T1-based model. Data are presented as the means 
+/- SEM. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

Additional file 17: Figure S15. Publicly available data from BC patients 
correlate human CHI3L1 expression with hormonal and immune cell 
markers. (A,B) Amplification frequency of CHI3L1 in primary breast tumors 
according to the TCGA and METABRIC database (A), and metastatic BC 
according to a published INSERM study and the MBCproject database 
(B), both for all BC subtypes and TNBC. (C) Negative correlation between 
expression of CHI3L1 and hormone receptors ER, PR and HER2/ERBB2 
based on the TCGA database. (D) Positive correlation between expression 
of CHI3L1 and myeloid cell markers ITGAM, CD14, MPO, CD68 and CD163 
based on the TCGA database. (E) Positive correlation between expression 
of CHI3L1 and immune checkpoint marker PDCD1 as well as T-reg marker 
FOXP3 based on the TCGA database.

Additional file 18: Figure S16. Full western blot images supporting the 
cropped images used in figure 3A and the specificity of the used CHI3L1 
antibody. Uncropped blot images for CHI3L1, CHI3L3 and GAPDH loading 
controls in primary tumor lysates from untreated, anti-PD-1-, chitin- and 
chitin + anti-PD-1-treated 4T1 and 66cl4 tumor-bearing mice at 5 w p.i., 
supporting the cropped images in figure 3A. CHI3L1 antibody specificity 
was validated by western blot, showing a signal at 43 kDa with increasing 
intensity starting from 1 ng to 100 ng dose of rmCHI3L1.

Additional file 19: Figure S17. Full western blot images supporting the 
cropped images used in figure S4A. Uncropped blot images for CHI3L3 
+ CHI3L4 and GAPDH loading control in primary tumor lysates from 
untreated, anti-PD-1-, chitin- and chitin + anti-PD-1-treated 4T1 and 66cl4 
tumor-bearing mice at 5 w p.i., supporting the cropped images in figure 
S4A.
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