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ABSTRACT
Background  Natural killer (NK) cells require a functional 
lytic granule machinery to mediate effective antitumor 
responses. Evading the lytic cargo deployed at the immune 
synapse (IS) could be a critical step for cancer progression 
through yet unidentified mechanisms.
Methods  NK cell antibody-dependent cellular cytotoxicity 
(ADCC) is a major determinant of the clinical efficacy of 
some therapeutic antibodies including the anti-HER2 
Trastuzumab. Thus, we screened sera of Trastuzumab-
resistant HER2 +patients with breast cancer for molecules 
that could inhibit NK cell ADCC. We validated our findings 
in vitro using cytotoxicity assays and confocal imaging of 
the lytic granule machinery and in vivo using syngeneic 
and xenograft murine models.
Results  We found that sera from Trastuzumab-refractory 
patients could inhibit healthy NK cell ADCC in vitro. These 
sera contained high levels of the inflammatory protein 
chitinase 3-like 1 (CHI3L1) compared with sera from 
responders and healthy controls. We demonstrate that 
recombinant CHI3L1 inhibits both ADCC and innate NK cell 
cytotoxicity. Mechanistically, CHI3L1 prevents the correct 
polarization of the microtubule-organizing center along 
with the lytic granules to the IS by hindering the receptor 
of advanced glycation end-products and its downstream 
JNK signaling. In vivo, CHI3L1 administration drastically 
impairs the control of NK cell-sensitive tumors, while 
CHI3L1 blockade synergizes with ADCC to cure mice with 
HER2 +xenografts.
Conclusion  Our work highlights a new paradigm of tumor 
immune escape mediated by CHI3L1 which acts on the 
cytotoxic machinery and prevents granule polarization. 
Targeting CHI3L1 could mitigate immune escape and 
potentiate antibody and cell-based immunotherapies.

INTRODUCTION
The immune-mediated elimination of 
cancer cells is dependent on the lytic 
granule machinery of cytotoxic lymphocytes 
including CD8+ cytotoxic T lymphocytes 
(CTLs) and Natural killer (NK) cells. While 

CTLs require antigen presentation, NK 
cells are predisposed to respond swiftly, kill 
transformed cells and regulate the immune 
response.1 NK cells largely exert their cyto-
toxic function through the polarized release 
of cytotoxic mediators stored in lytic granules 
that is, perforin and granzymes. Granules are 
released at the NK cell-target cell interface, 
termed the immune synapse (IS). The lytic 
IS occurs in a complex and stepwise manner 
that ensures the efficient elimination of 
target cells while minimizing bystander 
killing of healthy cells.2 First, on recognition 
of a potential target, engagement of activa-
tion receptors including natural cytotoxicity 
receptors, Fc receptors (FcR, CD16), and 
adhesion molecules (ie, LFA-1, Integrins) 
and/or inhibitory receptors (ie, killer-cell 
immunoglobulin-like receptors (KIRs)) 
to their respective ligands will dictate the 
nature of the IS (inhibitory synapse vs lytic 
synapse).2 NK cells are licensed for cyto-
toxicity if the activation signals overcome 
the inhibitory ones. Second, during the 
effector stage, several key steps take place 
including actin reorganization and accumu-
lation at the IS, receptor clustering, polar-
ization of the microtubule-organizing center 
(MTOC) along with the lytic granules to the 
IS, and lytic-granule fusion with the plasma 
membrane. Finally, the IS termination stage 
includes a period of inactivity followed 
by detachment and potential recycling of 
cytotoxicity (for serial killing of multiple 
targets).3

Despite the recent advances in our under-
standing of the biology of the lytic IS and its 
crucial role in innate and adaptive antitumor 
immunity, little is known concerning the 
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evasion mechanisms that tumor cells can mount at this 
particular step to ensure cancer progression.

NK cell antibody-dependent cellular cytotoxicity 
(ADCC) is an important mechanism of action of anti-
tumor therapeutic antibodies.4–8 Based on this, we started 
our project by screening for molecules that were elevated 
in the sera of trastuzumab-resistant HER2+ metastatic 
patients with breast cancer and that could negatively 
impact NK cell ADCC. We identified chitinase 3-like 1 
(CHI3L1) protein (also known as YKL-40 in humans), as 
a protein enriched in refractory patients and capable of 
inhibiting MTOC and granule polarization in NK cells 
and consequently their innate and ADCC antitumor 
activity.

CHI3L1 is a mammalian member of the evolutionarily 
conserved chitinase protein family that still contains a 
highly conserved chitin-binding domain but lacks chiti-
nase activity due to a mutation in the catalytic site.9 
Intriguingly, the exact physiological function of YKL-40 
is not yet fully characterized but is strongly associ-
ated with tissue remodeling and repair according to its 
expression pattern.10 Conversely, there is a consensus 
on its role as an inflammation-related protein, where its 
aberrant expression is associated with the pathogenesis 
of an array of human diseases including asthma, meta-
bolic diseases, and cancer.11 In cancer, higher CHI3L1 
levels produced by different cell types including macro-
phages, neutrophils, and tumor cells of different origins 
have been shown to correlate with a worse prognosis and 
shorter patient survival in many cancer types.12–17 Impor-
tantly, CHI3L1 has been described to play a key role in 
tumor growth and metastasis by inducing several onco-
genic properties including angiogenesis, resistance to 
apoptosis, and tumor invasion.11 Despite recent studies 
correlating CHI3L1 with an immunosuppressive tumor 
microenvironment (TME), the exact mechanism through 
which it inhibits the anti-tumor immune response is 
not known.18 19 It is also unclear whether high levels of 
CHI3L1 can inhibit NK cells, hindering their role as senti-
nels and enabling the development of CHI3L1-mediated 
metastatic disease.20–25 As opposed to their prime role 
in controlling metastasis formation, NK cells have been 
generally considered as minor players in the control of 
solid tumors.26 However, this concept has been challenged 
by the use of ADCC-inducing monoclonal antibodies (eg, 
Trastuzumab, Cetuximab), immune-checkpoint blockers, 
NK cell engagers, and chimeric receptors that enhance 
NK cell cytotoxicity and redirect them to treat solid malig-
nancies.27 28

Considering the essential role of the NK cytotoxic 
granule machinery in translating these immunothera-
peutic modalities into tumor cell killing, it would be crit-
ical to identify factors that inhibit this process in the TME.

Here, we show that CHI3L1 impairs NK cell cytotoxicity 
by limiting the polarization of lytic granules and inducing 
a dysfunctional IS. Our data also support the therapeutic 
potential of blocking CHI3L1 as a treatment for cancer by 
enhancing antitumor immunity.

RESULTS
Sera of breast cancer patients with elevated CHI3L1 levels 
inhibit healthy NK cell activity
NK cell ADCC is pivotal for the clinical activity of Trastu-
zumab.5 6 29 We postulated that soluble inhibitors of NK cell 
cytotoxicity could be identified in trastuzumab-treated breast 
cancer patients by comparing sera from responders to sera 
from non-responder patients. To this aim, we tested sera 
from patients with inoperable locally advanced or metastatic 
HER2+ breast cancer that received Trastuzumab plus chemo-
therapy. We assessed whether these sera could modulate the 
ADCC activity of healthy NK cells (isolated from PBMCs of 
healthy donors), against trastuzumab-coated SKBR3 cells. 
We found that sera from non-responders (ie, that under-
went disease progression, PD) reduced NK cell ADCC activity 
while those from responders (either with stable disease (SD) 
or complete response (CR)) did not affect NK cell ADCC 
activity (figure 1A). To identify the molecules responsible for 
this inhibition, we first performed comparative proteomic 
analysis using the Proteome Profiler Array (R&D systems) 
to measure the levels of 102 human soluble proteins (cyto-
kines, chemokines, and growth factors) (not shown). We 
selected the most differentially expressed hits to be included 
in a multiplex Luminex immunoassay (R&D systems) panel 
of 12 proteins: GDF15, VitD-BP, RBP4, BDNF, CHI3L1, 
ICAM-1, IGFBP-3, Angiogenin, sCD14, CRP, Cystatin, and 
DPPIV. We confirmed that some of these candidates were 
differentially expressed between healthy donors and patients 
(whether responders or not) (online supplemental figure 
S1). These included the previously identified breast cancer-
associated molecules with prognostic value such as sCD14 
and GDF15.30 31 Cystatin C levels were also increased which 
might indicate a worsening of renal function in these heavily 
treated patients.32 However, among these, only CHI3L1 levels 
could distinguish between sera from non-responders (PD) 
and responders (CR +SD) (online supplemental figure S1).

Interestingly, changes in CHI3L1 levels during Trastu-
zumab treatment correlated with the inhibitory effects of the 
sera. In responders, serum CHI3L1 levels were unchanged 
and comparable to levels observed in healthy controls. 
Conversely, basal CHI3L1 levels were higher in the sera of 
some PD patients and increased even further at the time of PD 
(figure 1B). To validate our findings from this discovery cohort 
recruited before the introduction of another anti-HER2 anti-
body (pertuzumab), we recruited a second cohort of patients 
receiving the current standard therapy for HER2+ inoperable 
locally advanced or metastatic breast cancer (trastuzum-
ab+pertuzumab+chemotherapy). In this cohort, ‘basal’ blood 
samples were taken during therapy when patients were in SD, 
and an ‘endpoint’ sample following a clinical outcome (PD, 
CR, or remained in SD after 18 months). In accordance with 
the previous cohort, PD patient sera had an inhibitory effect 
on healthy NK cell ADCC (figure 1C) and contained higher 
levels of CHI3L1 compared with sera of CR patients and 
healthy subjects (figure  1D,E). Importantly, a neutralizing 
antibody directed to human CHI3L1 significantly reduced 
the inhibitory effect of PD patients’ sera on healthy NK cell 
ADCC (figure  1F). Hence, CH3L1 is increased in sera of 
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Trastuzumab-treated PD patients and is responsible for inhib-
iting NK cell activity. To extend the relevance of our results 
to larger patient cohorts, we analyzed publicly available gene 
expression datasets. We found that a higher gene expression 
of CHI3L1 in primary tumors correlated with worse overall 
survival and distant metastasis-free survival in HER2+ breast 
cancer (online supplemental figure S2A,B). Similarly, higher 
expression levels also correlated with worse progression-free 
survival in HER2+ gastric cancer, where trastuzumab is also a 
therapeutic option (online supplemental figure S2C). Inter-
estingly, CHI3L1 was also overexpressed in primary tumors 
of cetuximab-resistant metastatic colorectal cancer patients 
(monotherapy that is also dependent on NK cell activity for 
efficacy)33 34 (online supplemental figure S2D).

CHI3L1 inhibits NK cell cytotoxicity in vitro
To test if CHI3L1 could directly affect NK cell cytotoxicity, 
we pretreated healthy NK cells with different concen-
trations of CHI3L1 before incubating them with target 
cells. We found that the addition of CHI3L1 impaired 
both antibody-dependent and innate cytotoxicity of 
purified human and murine NK cells (figure 2A–D). We 
confirmed the involvement of CHI3L1 in the observed 
phenomenon by adding an anti-human CHI3L1 neutral-
izing antibody to the test, which abrogated the inhibi-
tory effect of rhCHI3L1 in a dose-dependent manner 
(figure  2E). Intriguingly, CHI3L1 treatment did not 

affect the amount of NK cells degranulation as measured 
by CD107a staining (figure  2F) nor did the expression 
of the cytotoxicity receptors, CD16 and NKG2D, that 
mediate ADCC and natural cytotoxicity, respectively 
(figure  2G,H). Similarly, the expression of a panel of 
other receptors involved in modulating NK cell cytotox-
icity, such as DNAM-1, NKG2A, CD11a (LFA-1), CD69, 
NKp30, NKp46, CD2, KIR2DL1, and KIR2DL2/L3, was 
unaffected by CHI3L1 treatment (online supplemental 
figure S3A). Interestingly, we observed a similar CHI3L1-
dependent inhibition of CD8+ T cell cytotoxicity against 
MEC-1 targets loaded with Staphylococcus enterotoxin 
B (SEB) super-antigen without affecting CD107 expres-
sion (online supplemental figure S3B,C). Together, these 
results indicate that CHI3L1 can inhibit the cytotoxic 
activity of NK cells (both natural and ADCC).

CHI3L1 impairs the polarization of the lytic machinery in NK 
cells
The inhibitory effect exerted by CHI3L1 on both, ADCC 
and natural cytotoxicity of NK cells, was independent 
of modulating cytotoxicity receptors or the amount of 
degranulation. Thus, we tested whether CHI3L1 might 
be acting on the lytic granules’ machinery, a common 
pathway of both killing modalities. In NK cells, the IS is 
formed in a stepwise and controlled manner: they first 
form conjugates with target cells, inducing a signal for 

Figure 1  Sera of trastuzumab-resistant patients negatively modulate NK cell activity and contain high levels of CHI3L1 protein. 
Blood samples were collected at base (before trastuzumab therapy in cohort 1 and during response to therapy in cohort 2) and 
when patients reached progressive disease (PD), complete response (CR), or stable disease (SD) within 18 months’ follow-up. 
(A, C) ADCC-specific lysis of SKBR3 tumor cells by preactivated (200 UI/mL IL-2 O.N) healthy NK cells treated with sera of 
responders (N=14) or non-responders (N=14) (B, D) variation of serum CHI3L1 levels from base to clinical outcome in cohort 
1 and 2, respectively. (E) CHI3L1 levels at base and at clinical endpoint in patients from the two cohorts (N=10 healthy, N=14 
responders and N=14 PD). (F) ADCC-specific lysis of SKBR3 targets in the presence of Isotype control (IgGk) or anti-CHI3L1 
neutralizing antibody to inhibit the effects of CHI3L1 from PD patients’ sera (N=8 in orange with statistics, and autologous 
healthy serum in blue). Values represent the means±SEM (95% CI *p<0.05, **p<0.01, ***p<0.001, ns, not significant). ADCC, 
antibody-dependent cellular cytotoxicity; CHI3L1, chitinase 3-like 1; NK, natural killer.
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cytoskeletal rearrangement that leads to the formation of 
a dense F-actin mesh at the IS. The granules then accu-
mulate at the MTOC before jointly polarizing towards 
the target cell surface.2 We used confocal microscopy 
to study these major steps and found that CHI3L1 treat-
ment impaired perforin polarization to the IS despite 
the correct accumulation of F-actin and LFA-1, two 
early requirements of correctly formed lytic conjugates 
(figure 3A,D). We next analyzed MTOC polarization and 
found that despite an observed perforin accumulation at 
the MTOC, NK cells failed to polarize their MTOC and 
perforin to the IS (figure  3A,D). These findings were 
confirmed by live-cell imaging where we observed effi-
cient target cell engagement by NK cells followed by the 
accumulation of lytic granules at the MTOC, before an 
eventual detachment without a productive release of lytic 
granules towards the target cells (figure 3C, online supple-
mental movies 1 and 2). To further elucidate the effect 
of CHI3L1 on the lytic machinery we treated healthy NK 
cells and evaluated their cytotoxic granule content. We 
found that CHI3L1 treatment decreased the levels of 

perforin, granzyme A, and granzyme B in NK cells in a 
time and dose-dependent manner, even in the absence 
of a target cell (figure 3E and online supplemental figure 
S4). This activity was reversed by adding an anti-CHI3L1 
antibody (online supplemental figure S4). These results 
indicate that CHI3L1 does not affect the formation of 
the IS but inhibits the correct polarization of the MTOC 
and consequently of the lytic granules. Further, CHI3L1 
favors the loss of granules even in the absence of an acti-
vation signal.

CHI3L1 hinders receptor of advanced glycation end-products 
signaling in NK cells
To elucidate the molecular mechanism of action, we first 
analyzed the expression of known CHI3L1 receptors 
on NK cells, including interleukin 13 receptor subunit 
alpha 2 (IL13Rα2), the receptor of advanced glycation 
end products (RAGE), and Prostaglandin DP2 receptor 
(CRTH2).35–37 CRTH2 is expressed on a small subset of 
NK cells,38 while IL13Rα2 is not expressed on the NK 
cell surface as shown by flow cytometry and confocal 

Figure 2  CHI3L1 inhibits ADCC-dependent and natural cytotoxicity of NK cells. (A) ADCC-specific lysis of SKBR3 tumor cells 
by human NK cells preactivated O.N with IL-2 (200 UI/mL) and treated with increased dose of rhCHI3L1 (B) Pooled data (NK 
cells isolated from N=7 healthy donors) treated with rhCHI3L1 (100 ng/mL) for 1 hour before ADCC-specific lysis of SKBR3 
tumor cells assay. (C) NK cell natural cytotoxicity against K562 targets after treatment with rhCHI3L1 (100 ng/mL) (NK cells from 
N=5 healthy donors). (D) ADCC-specific lysis of SKBR3 cells by preactivated splenic murine NK cells treated with recombinant 
mouse rmCHI3L1 (100 ng/mL) (NK cells from n=6 BALB/c mice). (E) ADCC-specific lysis of SKBR3 targets in the presence of 
anti-CHI3L1 neutralizing antibody or Isotype control (IgGk) to inhibit the effects of rhCHI3L1. (F, G, H) Flow cytometry analysis 
of the frequencies of CD107a, CD16 and NKG2D-positive NK cells alone or following incubation with target cells: SKBR3 
(ADCC) or K562 (natural cytotoxicity), with or without rhCHI3L1 (100 ng/mL). All plots are representative of three independent 
evaluations. Values in all graphs represent the means±SD (95% CI, *p<0.05, **p<0.01, ***p<0.001, ns, not significant). ADCC, 
antibody-dependent cellular cytotoxicity; CHI3L1, chitinase 3-like 1; NK, natural killer.
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imaging (online supplemental figure S5A,B). By contrast, 
consistent with a previously described activating func-
tion of RAGE in NK cells,39 40 we found this receptor to 
be expressed at higher levels on the CD56dim NK cell 
population (online supplemental figure S5C). Further, 
the expression of RAGE was downmodulated after incu-
bation with CHI3L1, suggesting that it might be inter-
nalized on CHI3L1 binding (figure 4A). We found that 
CHI3L1 bound to RAGE with a good affinity Kd ~16 nM 
(not shown). Importantly, we observed that RAGE accu-
mulated at the IS during ADCC, highlighting a functional 
involvement of this receptor in regulating the biology 
of the IS (online supplemental figure S5D). A RAGE 
blocking antibody, akin to CHI3L1 treatment, induced a 
decrease of lytic granules (figure 4B), inhibited NK cell 
cytotoxicity (figure 4C) and impaired MTOC polarization 
to the IS (figure 4D). These data suggested that CHI3L1 
mediates its inhibitory effects in NK cells through negative 
modulation of RAGE signaling. To address this issue, we 
evaluated the effect of CHI3L1 ligation on signaling path-
ways downstream of RAGE. Specific signaling molecules 

such as ERK1/2, p38 MAPK, SAPK/JNK, and NF-κB are 
triggered by different ligands/RAGE interactions in 
different cell types,41 but their involvement in NK cells is 
unknown. We focused on pathways that are important for 
NK cell cytotoxicity, including granule biology and MTOC 
polarization, namely ERK1/2, AKT, STAT3, and JNK.42 43 
While CHI3L1 treatment did not impact ERK1/2, AKT, 
or STAT3 phosphorylation levels (online supplemental 
figure S5E), basal P-JNK levels were decreased in a dose-
dependent manner in CHI3L1-treated healthy NK cells 
(figure  4E). Consequently, we decided to evaluate the 
effect of CHI3L1 on ligand-induced JNK activation. In 
particular, we used the RAGE agonist S100A8/A9 (Calpro-
tectin), which has been described to activate murine NK 
cells through RAGE39 and compete with CHI3L1 on 
RAGE binding.36 Indeed, S100A8/A9 rapidly induced 
JNK phosphorylation whereas pre-incubation of healthy 
NK cells with CHI3L1 before treatment opposed this acti-
vation (online supplemental figure S5F and figure  4F). 
Besides affecting basal JNK levels and ligand-induced 

Figure 3  The decreased cytotoxicity of NK cells results from defective MTOC and granule polarization after CHI3L1 treatment. 
Confocal microscopy images of the immune synapse between IL-2 stimulated (200 UI/mL O.N) human NK cells treated or not 
with rhCHI3L1 (100 ng/mL) and SKBR3 cells treated with Trastuzumab. (A) Staining of perforin and early polarization markers 
(F-actin and LFA-1). (B) Staining for perforin and the MTOC. (C) Live cell imaging of NK cells in ADCC with SKBR3 targets at 
2:1 Effector:Target ratio and followed for 2 hours (Red: lysotracker for granules, Green: Sir-tubulin for MTOC) (D) Frequency 
of NK:Target conjugates (left) frequency of polarized synapses among conjugates (middle and right) (at least 25 conjugates/
treatment/donor were counted from several fields of view within the slide, each dot represents a donor) (E) Flow cytometry 
analysis of lytic granules perforin, granzyme A and granzyme B in NK cells alone or treated with CHI3L1 for 2 hours. Values 
represent the means±SD (95% CI, *p<0.05, **p<0.01, ***p<0.001). ADCC, antibody-dependent cellular cytotoxicity; CHI3L1, 
Chitinase 3-like 1; IL-2, interleukin 2; MTOC, microtubule-organizing center; NK, natural killer
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JNK activation, we wanted to assess whether CHI3L1 
affected JNK signaling also during NK cell cytotoxicity. As 
expected, JNK was induced in a time-dependent manner 
during ADCC (figure 4G). Importantly, pretreatment of 
healthy NK cells with CHI3L1 or anti-RAGE significantly 
reduced this induction, suggesting impaired JNK activa-
tion during ADCC in CHI3L1 and anti-RAGE treated NK 
cells (figure 4H). Congruently, treating NK cells with the 
JNK inhibitor SP600125 inhibited MTOC polarization 
(online supplemental figure S5G) and strongly impaired 

their cytotoxicity (figure 4C), consistent with a previous 
study reporting that JNK is required for MTOC polariza-
tion in NK cells.43 Together, these results indicate that 
CHI3L1 binds to RAGE and acts as an inhibitor of its 
downstream JNK signaling, an essential step for MTOC 
polarization.

Having observed a contribution of RAGE on gran-
ules’ polarization in NK cells, we next wanted to investi-
gate its role in vivo, so we used a soluble form of RAGE 
(sRAGE-Fc) to interfere with membrane-bound RAGE 

Figure 4  CHI3L1 exerts its effects by inhibiting JNK signaling downstream of RAGE. (A) Flow cytometry staining of RAGE 
expression on isolated human NK cells pre-activated with IL-2 O.N and treated with increasing doses of rhCHI3L1. (B) Flow 
cytometry analysis of frequencies of perforin+ NK cells treated with rhCHI3L1 or anti-RAGE blocking antibody (10 µg/mL) for 
1 hour. (C) ADCC-specific lysis of SKBR3 tumor cells by NK cells treated with rhCHI3L1, anti-RAGE blocking antibody (10 µg/
mL) or JNK inhibitor SP600125 (10 uM) for 1 hour before assay. (D) Confocal images of the immune synapse between SKBR3 
tumor cells and NK cells treated with rhCHI3L1 or anti-RAGE blocking antibody (10 µg/mL) for 1 hour, stained for perforin, F-
actin and tubulin. (E) Basal p-JNK levels in IL-2 stimulated NK cells treated with increasing doses of rhCHI3L1. (F) p-JNK levels 
in NK cells after 10 min of stimulation by RAGE ligand S100A8/A9 (10 µg/mL) alone or in competition with rhCHI3L1 (100 ng/
mL). (G) p-JNK levels during ADCC of NK cells pretreated with rhCHI3L1 or anti-RAGE for 1 hour and incubated with SKBR3 
targets at (5:1) Effector:Target ratio. All plots are representative of at least two independent evaluations. Values represent the 
means±SD, 95% CI, *p<0.05, **p<0.01, ***p<0.001. ADCC, antibody-dependent cellular cytotoxicity; CHI3L1, Chitinase 3-like 1; 
IL-2, NK, interleukin 2; natural killer; RAGE, receptor of advanced glycation end-products.
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and its possible interaction with CHI3L1. We used the 4T1 
triple-negative breast cancer model where CHI3L1 levels 
are known to be elevated and to strongly promote tumor-
igenesis and metastases.44 sRAGE treatment decreased 
4T1 primary tumor growth with impressive inhibition of 
lung metastases formation (online supplemental figure 
S6A–E). This correlated with a longer survival, decreased 
CHI3L1 serum levels, and enhanced CD8  +T cell func-
tion in sRAGE treated mice (online supplemental figure 
S6F–H).

Overall, these data suggest that CHI3L1 exerts its in vivo 
activity at least in part via RAGE, impacting both primary 
tumor growth and metastasis formation.

In vivo administration of CHI3L1 abrogates NK cell tumor 
surveillance
We next investigated the effect of CHI3L1 on tumor 
control by NK cells in vivo. RMA-S lymphoma cells are 
TAP2 deficient and thus express low levels of MHC-I 
molecules on their surface.45 This makes them suscep-
tible to NK cell lysis in an NKG2D/perforin-dependent 

mechanism and an ideal model to study NK cell activity in 
vivo.46 RMA-S cells did not express CHI3L1 (not shown), 
and their proliferation was not affected by treatment with 
the murine recombinant protein in vitro (figure 5A). Next, 
we injected mice with a suboptimal number of RMA-S 
cells to reveal the effects of CHI3L1 on tumor growth 
in vivo, followed by treatment with PBS, rmCHI3L1, or 
anti-NK1.1 antibody (figure  5B). Tumor engraftment 
and growth were markedly enhanced by rmCHI3L1 
injections, to a similar extent as mice treated with an NK 
cell-depleting antibody (anti-NK1.1), used as a positive 
control (figure  5C–F). In line with the observed effect 
on tumor growth, splenocytes from rmCHI3L1-treated or 
NK cell-depleted mice were less cytotoxic ex vivo against 
RMA-S cells (figure 5G). Altogether these data indicated 
that CHI3L1 enhances tumorigenesis of RMA-S cells at 
least in part by inhibiting NK cell cytotoxicity. To further 
test this hypothesis, we performed a second experiment in 
which we treated mice with a combination of NK1.1 anti-
body and rmCHI3L1 to reveal other NK cell-independent 

Figure 5  CHI3L1 administration increases tumor engraftment and growth of RMA-S tumors. (A) In vitro CyQUANT cell 
proliferation assay of RMA-S cells treated or not with rmCHI3L1. (B) RMA-S lymphoma cells were injected s.c in the flank at a 
limiting number of cells (5×105) at day 0. Mice were randomized in three groups to receive PBS, rmCHI3L1 (0.5 µg/mouse i.p 
every other day starting from day 0), or anti-NK1.1 (150 µg/mouse on day 0, day 2, and day 4). Tumor growth (C) and weight (D) 
are represented. (E) Representative images of tumors N=2 experiments. (F) FACS analysis of NK cell frequency in the spleen 
among total live splenocytes (G) Ex-vivo cytotoxicity assay against RMA-S cells using mouse splenocytes, from described-
experimental groups, cultured O.N with 10 ng/mL IL-15 and 200 UI/ml IL-2 (E:T 40:1). Data is pooled from two independent 
experiments for PBS and rmCHI3L1 groups (N=12 mice per group) and one experiment for anti-NK1.1 treated group (N=6 mice). 
Values represent the means±SEM, 95% CI, **p<0.01, ***p<0.001. CHI3L1, Chitinase 3-like 1; IL-2, interleukin 2; NK, natural killer.

https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
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protumorigenic effects of CHI3L1. We observed that the 
combination treatment had at least an additive effect on 
tumor growth (online supplemental figure S7A,B). Inter-
estingly, NK cell depletion was slightly but significantly 
decreased in the combo group compared with anti-NK1.1 
treatment alone (online supplemental figure S7C). This 
might result from CHI3L1 inhibiting NK cell ADCC which 
contributes to the effect of depleting antibodies. While NK 
cell maturation (CD27, CD11b staining) was not affected, 
expression of cytotoxic granules and T-bet was decreased 
in NK cells from spleens of CHI3L1-treated mice (online 
supplemental figure S7C). Similarly, perforin levels were 
strongly decreased in splenic NKT and CD8 T cells on 
CHI3L1 treatment (online supplemental figure S7D,E). 
Analysis of tumor-immune infiltrates revealed a remark-
able increase of macrophages and a decrease of T cells 
(both CD4 and CD8) on CHI3L1 treatment (online 
supplemental figure S7F). CD8 T cells were also less active 
in the tumor as suggested by decreased CD44 expression 
while CD4 T cells had increased IFN-g and CD25 expres-
sion which might indicate a regulatory phenotype.47

Overall, data from this model indicate that CHI3L1 
suppresses anti-tumor immunity while potentially favoring 
tumor-promoting immune cells.

CHI3L1 overexpression in tumor cells impairs ADCC efficacy 
in vivo
NK cell ADCC is known to be a major determinant of in 
vivo efficacy of the anti-HER2 antibody trastuzumab.5 6 29 
To study the effect of CHI3L1 on this important func-
tion, we used a HER2+ breast cancer xenograft model 
to allow us to evaluate whether CHI3L1 overexpression 
could lead to trastuzumab resistance. In particular, we 
used human JIMT-1 cells which are intrinsically resistant 
to HER2 blockade by trastuzumab in vitro. However, 
JIMT-1 tumor growth can still be partially controlled in 
vivo through NK cell ADCC when trastuzumab treatment 
is started at a tumor volume of around 50–100 mm3.48 
Thus, a loss of Trastuzumab efficacy in this model directly 
reflects the ability of NK cells to mediate efficient ADCC, 
without other confounding factors such as the inhibition 
of HER2+ signaling. To study the effect of CHI3L1 in this 
system, we transfected JIMT-1 cells, that do not express 
human CHI3L1 (not shown), to stably overexpress the 
murine CHI3L1 protein. Overexpression of mCHI3L1 
did not affect the proliferation of JIMT-1 cells in vitro 
(online supplemental figure S8A).

In the first set of experiments, we injected nude mice 
with JIMT-1-Mock and JIMT-1-mCHI3L1 cells to evaluate 
the effect of expressing mCHI3L1 on tumor growth in 
vivo (online supplemental figure S8B). We used inbred 
(BALB/c) and outbred (CD1) nude mice to evaluate 
whether CHI3L1 effects are strain dependent. Tumor 
growth was increased in mice injected with JIMT-1-
mCHI3L1 cells regardless of the genetic background, 
although CD1 nude mice were more resistant than 
BALB/c nude mice to tumor development (only tumor 
weight was statistically different in CD1 mice) (online 

supplemental figure S8C,D). This was paralleled by 
higher mCHI3L1 levels in the sera of mice with mCHI3L1 
overexpressing tumors (online supplemental figure S8E). 
Interestingly, in CD1 mice some mock tumors completely 
regressed (3/5) while all mCHI3L1 overexpressing ones 
continued to grow. When we analyzed NK cells (the main 
cytotoxic effectors in nude mice) we found that, while 
their frequency was unaltered in CD1 mice injected with 
CHI3L1 tumors, their activation status was affected when 
compared with NK cells from mock tumor-bearing mice, 
as indicated by reduced NKG2D and CD69 expression 
(online supplemental figure S8F).

In the second set of experiments, we proceeded with 
our main goal to assess the effect of CHI3L1 expression 
on the efficacy of Trastuzumab (ADCC) in controlling 
tumor growth. We used BALB/c nude mice for these 
experiments being more permissible for JIMT-1 tumor 
growth. We first confirmed that HER2 expression 
levels were comparable between mock and mCHI3L1-
overexpressing cells (figure  6A). We injected BALB/c 
nude mice with different doses of JIMT-1 mock and JIMT-
1-mCHI3L1 cells to synchronize the differential tumor 
growth kinetics observed in the previous experiment and 
to reduce the time gap before starting trastuzumab treat-
ment (figure  6B). As reported,48 trastuzumab partially 
inhibited the growth of JIMT-1 tumors (figure  6C). 
However, this effect was abrogated with mCHI3L1 over-
expression whereby tumors were rendered completely 
insensitive to trastuzumab injections (figure 6C–E). This 
was paralleled by higher mCHI3L1 sera levels in these 
mice (figure  6F). In line with the differences in trastu-
zumab efficacy in vivo, we observed decreased ex vivo 
ADCC of splenocytes isolated from mice injected with 
mCHI3L1-overexpressing tumors against JIMT-1 targets 
compare to the control group (figure 6G). We observed 
no differences in the expression of the degranulation 
marker CD107a (figure 6H). This is in accordance with 
our observation on human NK cells, where CHI3L1 affects 
granule polarization rather than the degranulation itself.

Last, we wanted to characterize immune differences 
between CHI3L1 overexpressing tumors and Mock 
tumors. We sacrificed mice during response (Mock 
tumors) or no response (CHI3L1 tumors) after the second 
cycle of trastuzumab (online supplemental figure S9A,B). 
Similarly, to the RMA-S tumor model, we observed higher 
number of Macrophages in CHI3L1 overexpressing 
tumors (online supplemental figure S9C). Of note, tras-
tuzumab treatment equally increased CD11b expres-
sion on macrophages from Mock and CHI3L1 tumors 
(online supplemental figure S9C). NK cell number 
and phenotype were unchanged in the spleens (online 
supplemental figure S9D). In the tumor, NK cell infiltra-
tion was strongly increased in trastuzumab treated mice, 
indicating engagement of these cells in ADCC (online 
supplemental figure S9E). Paradoxically, the frequency of 
CD11b+NK cells (mature NK cells) was decreased by Tras-
tuzumab treatment although to a larger extent in CHI3L1 
overexpressing tumors (online supplemental figure S9E). 

https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
https://dx.doi.org/10.1136/jitc-2021-003224
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While IFN-g expression was induced similarly in Mock 
and CHI3L1 tumors on trastuzumab treatment, perforin 
induction was strongly abrogated with a similar trend for 
CD137, CD25 and T-bet expression (online supplemental 
figure S9E).

Altogether, these results indicate that CHI3L1 inhibits 
NK cell ADCC in vivo and may be responsible for resis-
tance to trastuzumab treatment.

A CHI3L1 neutralizing antibody synergizes with NK cell ADCC 
to cure tumor-bearing mice
Our results have so far highlighted the inhibitory role 
of CHI3L1 on NK cell cytotoxicity, and as a direct conse-
quence, its negative impact on Trastuzumab efficacy. 
This finding suggested that inhibiting this protein could 
potentially synergize with ADCC-mediating therapeutic 
antibodies to favor their efficacy. To test this hypothesis, 

Figure 6  CHI3L1 overexpression abrogates the efficacy of Trastuzumab ADCC to control JIMT-1 tumors. (A) FACS analysis 
of HER2 expression on JIMT-1 mock and mCHI3L1-overexpressing cells stained with trastuzumab or hIgG (B). Experimental 
scheme. Tumor growth (C) and weight (D) in Trastuzumab or hIgG-treated mice are represented. (E) Representative images of 
tumors from different groups. (F) ELISA measurement of CHI3L1 sera levels. (G) Ex vivo ADCC assay against JIMT-1 cells using 
isolated splenocytes from mice of the indicated-experimental groups, cultured O.N with 10 ng/mL IL-15 and 200 UI/mL IL-2, 
(Effector:Target 40:1). (H) Measurement of degranulation by FACS analysis of CD107a staining by NKp46+ cells from the ex vivo 
cytotoxicity assay. Data are pooled from two independent experiments (N=6 mice per group for each). Values represent the 
means±SEM, 95% CI, *p<0.05, ***p<0.001). ADCC, antibody-dependent cellular cytotoxicity; CHI3L1, chitinase 3-like 1; IL-15, 
interleukin.

https://dx.doi.org/10.1136/jitc-2021-003224
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we used the human HCC1569 HER2+ breast cancer tumor 
cells that endogenously express high levels of human 
CHI3L1 (figure 7A). To reconstruct a relevant humanized 
therapeutic setting, we injected these tumor cells subcuta-
neously in NSG mice followed by transfer via the tail vain 
of ex vivo expanded healthy human NK cells. Mice were 
then subjected to treatment with Trastuzumab alone or 
in combination with an antihuman CHI3L1 neutralizing 
antibody, or its isotype control (figure 7B). We observed 
partial tumor control by Trastuzumab alone. This effect 
likely occurred via its direct action on the proliferation of 
HCC1569 HER2+ cancer cells as human NK cell transfer 

did not have any additional benefit to Trastuzumab alone 
(figure  7C,D). This is presumably because of the effect 
of CHI3L1 on NK cells. Indeed, when mice were treated 
with a CHI3L1 neutralizing antibody, NK cell transfer 
in combination with trastuzumab led to a complete 
regression of the tumors (figure 7C,D). To highlight the 
involvement of NK cell ADCC in the observed clearance 
of tumors, we used an Fc- silent trastuzumab in combi-
nation with NK cells and anti-CHI3L1. This significantly 
reduced the ability of the triple combination to control 
tumor growth (figure 7E). Of note, NK cell persistence 
in the spleens, blood, and tumors was not affected by 

Figure 7  Neutralizing CHI3L1 boosts the efficacy of Trastuzumab by unleashing NK cells. (A) Western blot image of hCHI3L1 
from supernatant of HCC1569 cells (‘+’=rhCHI3 L1). (B) HCC1569 cells were injected in the flank of NSG mice. Once tumors 
reached 25 mm2 mice were assigned into groups of N=5 mice and 8×106 isolated and expanded human NK cells were 
transferred via the tail vein into the indicated experimental groups (day 0). Anti-human CHI3L1 treatment started on day −1 
(200 µg/mouse every 2 days) and trastuzumab on day 1 (200 µg/mouse once a week) of NK cell transfer. Tumor growth (C) 
and change from baseline (D) of different treatment groups. In (D) representative tumor images are shown above the tumor 
size variation for each experimental group. (E) Experiment was repeated with an Fc silent Trastuzumab, shown is variation of 
tumor growth from treatment start in each group (F) Enumeration of total CD56+ human NK cells by FACS analysis among live 
splenocytes, in 1 mL of blood, or tumor lysates obtained from mice of the indicated experimental groups. Values represent the 
means±SEM, 95% CI, *p<0.05, **p<0.01. CHI3L1, chitinase 3-like 1; NK, natural killer.
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treatment 3 days after transfer and was low by the end of 
the experiment (figure  7F). These results demonstrate 
the therapeutic potential of targeting CHI3L1 to restore 
NK cell activity and boost trastuzumab (ADCC) efficacy in 
a robust preclinical model closely mimicking the human 
disease.

DISCUSSION
Major interest in the biology of chitinase-like proteins 
has been promoted by the family member CHI3L1 as 
its dysregulated expression has been linked to an array 
of human pathologies, including cancer.11 Our project 
aimed to study whether CHI3L1, which we found to be 
elevated in sera from trastuzumab resistant breast cancer 
patients, could promote tumor escape by protecting 
tumor cells from being killed by effector cytotoxic cells. 
Studies using different tumor models have shown that 
CHI3L1 overexpression leads to increased tumor growth 
and metastasis by inducing angiogenesis, proliferation, 
and resistance to apoptosis.11 In parallel, CHI3L1 has 
been shown to promote a type 2 immune response which 
is known to contribute to tumor development.49 Indeed, 
CHI3L1 KO mice show reduced Th2 inflammation, and 
overexpression of CHI3L1 reverses this phenotype.50 
Conversely, ablation of CHI3L1 from murine T cells was 
shown to elicit a strong antimetastatic Th1 response with 
increased IFN-γ, perforin, and granzyme.19 Although 
these studies identified CHI3L1 as a significant immune 
modulator, a direct effect of this protein on cytotoxic cells 
such as NK cells in cancer patients was not yet character-
ized, nor was its precise mechanism of action.

Interestingly, dysfunction of the CTL, and more 
recently, of the NK cell IS has been described.42 51 But the 
mechanism behind this especially within the TME remains 
elusive. In these studies, the inability of CTL and NK cells 
to polarize their granule content is related to insufficient 
signaling during synapse formation (due to lack of activa-
tion ligands on some targets) and could be corrected in 
vitro by cytokine treatment or the use of ADCC inducing 
antibodies, respectively. In our study, we describe a new 
mechanism of IS dysfunction mediated by CHI3L1 that 
affects both cytotoxic modalities (innate or ADCC) even 
after cytolytic commitment. We show through a series of 
in vitro, in vivo, and ex vivo experiments how CHI3L1-
mediated paralysis of the lytic granule machinery can 
lead to immune evasion and treatment resistance while 
targeting it can potentiate immunotherapy. Our findings 
could explain—at least in part—why immunotherapy 
efforts focused on targeting checkpoint receptors involved 
in earlier phases of the antitumor response (priming and 
recognition) fail to attain full clinical benefit.

IL13Rα2 is a central receptor for CHI3L1 and medi-
ates a broad range of its effects,35 however, in human NK 
cells, we observed only an intracellular expression of this 
receptor. This excluded its possible involvement in the 
activity of exogenous CHI3L1. By contrast, we observed 
that RAGE, another receptor of CHI3L1, was expressed 

on NK cells. There are two reports on RAGE function in 
NK cells to date, both highlighting an activating function 
of this receptor.39 40 Here we show that CHI3L1 behaves 
like a blocking agent for RAGE and inhibits its down-
stream JNK signaling, which is a key event for MTOC 
polarization.43 52 Interestingly, Parodi et al showed that 
several cytoskeletal or cytoskeleton-associated proteins 
were upregulated following RAGE ligation by HMGB1 in 
NK cells.40 In accordance, we found that RAGE accumu-
lated at the IS, which is characterized by a major cytoskel-
etal rearrangement needed for the correct delivery of lytic 
granules into target cells. Altogether, these results high-
light a new function of RAGE in controlling the cytoskel-
eton and granule biology in NK cells, and consequently 
their migration and cytotoxicity. This is relevant consid-
ering that diaphonous-1 (Dia-1), the signaling adaptor of 
RAGE, directly interacts with and regulates F-actin and 
tubulin structures.53 Importantly, the loss of DIA-1 in NK 
cells impairs MTOC polarization but without affecting 
synapse formation and F-actin accumulation.54 This 
closely resembles our observation on CHI3L1-mediated 
effects through RAGE. It would be interesting to know 
whether CHI3L1 also affects DIA-1 accumulation at the 
synapse during NK cell cytotoxicity.

NK cell ADCC is a major determinant of efficacy and 
patient responses to some monoclonal antibodies such 
as cetuximab and trastuzumab.4 To assess the precise 
role of CHI3L1 on NK cell ADCC, we employed two 
xenograft models of HER2+ breast cancer. In the first 
model, murine CHI3L1 overexpression rendered JIMT-1 
tumors insensitive to trastuzumab treatment. This indi-
cated a dysfunction of NK cells in mice bearing murine 
CHI3L1-overexpressing tumors, as Trastuzumab efficacy 
is solely dependent on NK cell ADCC in this model and 
not on inhibiting tumor cell proliferation.48 NK ADCC 
activity was indeed defective when tested ex vivo. In 
the second model, we established a therapeutic setting 
that would allow us to assess the potential of combining 
CHI3L1 blockade with Trastuzumab treatment. We used 
the human HCC1569 HER2+ cell line, endogenously 
expressing high levels of human CHI3L1. Intriguingly, 
these cells were derived from a treatment-resistant patient 
but still partially responded to Trastuzumab-mediated 
HER2 inhibition in vitro.55 To reconstruct a relevant 
humanized therapeutic setting, we injected these cells 
in NSG mice followed by the transfer of human healthy-
donor isolated NK cells. The presence of NK cells did 
not have any additional benefit to Trastuzumab alone in 
these mice, suggesting that NK cells are inhibited due to 
a CHI3L1 rich environment. Strikingly, the addition of a 
human CHI3L1 neutralizing antibody to NK cell transfer 
and Trastuzumab led to complete regression of tumors. 
These results demonstrate that inhibiting CHI3L1 can 
restore NK cell activity and boost Trastuzumab (ADCC) 
efficacy in a robust preclinical model closely mimicking 
the human disease.

Important for the clinical relevance of this work, is 
our finding that sera from two cohorts of trastuzumab 
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resistant patients contained high levels of CHI3L1 and 
inhibited NK cell ADCC which was reduced by a CHI3L1 
neutralizing antibody further supporting the transla-
tional potential of our findings. The promising results 
obtained by Margetuximab (ADCC-enhanced version of 
Trastuzumab),7 and by Cetuximab in combination with 
the anti-NKG2A Monalizumab,8 support boosting NK cell 
activity to increase patient responses to anti-tumor anti-
bodies. Interestingly, in some patients from our cohorts, 
we found that higher CHI3L1 levels preceded the clinical 
diagnosis of progression. Given the high expression of 
CHI3L1 in many cancer types, it would not qualify as an 
adequate and specific biomarker for HER2 breast cancer. 
Nevertheless, the variation of CHI3L1 levels within the 
same patient could be used to monitor clinical response, 
and this warrants investigation in larger patient cohorts.

Very recently, two studies associated HER2+ breast 
cancer with CHI3L1. One report showed that CHI3L1 
facilitates migration and invasion of HER2+ tumor cells by 
stimulating epithelial to mesenchymal transition.56 The 
other showed that CHI3L1 is overexpressed in the cere-
brospinal fluid of patients experiencing breast to brain 
metastasis (most frequent site in HER2+ breast cancer) 
and that inhibiting CHI3L1 impairs this process.57 These 
and our findings on the HER2-CHI3L1 axis come many 
years after the discovery of the murine CHI3L1/BRP-39 
protein as one of the most overexpressed proteins in 
tumor cells derived from HER2+/neu oncogene activa-
tion.58 They suggest that CHI3L1 may play several non-
mutually exclusive protumorigenic functions and is an 
ideal target for HER2+ breast cancer treatment.

Besides ADCC, CHI3L1 can also inhibit the natural 
cytotoxicity of NK cells. This inhibition of NK cell tumor 
surveillance was revealed in vivo by the drastic increase in 
tumor engraftment and tumor size in the RMA-S NK-sen-
sitive model following CHI3L1 injections. The similarity 
of this result to that obtained by NK cell depletion, and 
the lack of impact CHI3L1 has on RMA-S proliferation 
in vitro, would argue that the phenotype we observed is 
due to NK cell inhibition and in particular the NKG2D-
perforin pathway.46

Despite this, we could not completely exclude other 
direct or indirect pro-tumorigenic effects of CHI3L1 in 
this model. Indeed, a combination of NK cell depletion 
and CHI3L1 injection show at least an additive effect on 
enhancing tumor growth suggesting an effect beyond that 
on NK cells. Similarly, in the previously discussed JIMT-1 
model, CHI3L1 overexpression alone led to a marked 
increase in tumor size in inbred and outbred nude mice, 
despite not affecting cell proliferation in vitro. These 
findings are reminiscent of the well-documented pro-
tumorigenic properties of this protein (eg, angiogen-
esis),16 to which we would add the important contribution 
of its immunosuppressive effects. Indeed, in outbred 
mice (more hostile to xenografts), we could appreciate 
the immune phenotype as mock tumors regressed but the 
CHI3L1 overexpressing ones continued to grow concom-
itantly with a decrease in NK cell activation. Moreover, 

we also observed that CHI3L1 (directly or indirectly) 
decreased cytotoxic granules of NKT and CD8 T cells in 
vivo as well as remarkably increasing macrophage infil-
tration into the tumors. Thus, based on data from these 
models, it is safe to say that CHI3L1 mediates its effects, 
at least in part, by shutting down NK-mediated immune 
surveillance, while also acting on other key immune cells 
in the TME which warrants further investigation.

In conclusion, our data demonstrate a new role of 
CHI3L1 as a functionally distinct soluble immune check-
point molecule that acts by impairing the cytotoxic 
machinery. CHI3L1 acts on two fronts in mediating 
cancer progression. On one hand, its identification as a 
putative oncogene highlights the benefits it bestows on 
the tumor cell side. On the other hand, we show its dele-
terious effects on the anti-tumor immune response by NK 
cells and potentially other effector cells like CD8 T cells. 
Thus, the premise of targeting CHI3L1 will be to simul-
taneously inhibit an important molecule for tumor cell 
survival while enhancing antitumor immunity. Therefore, 
a combination of CHI3L1 inhibition with trastuzumab or 
other immunotherapeutics could be a highly promising 
approach to prevent treatment resistance and increase 
the number of responders.

MATERIALS AND METHODS
Cell lines
The different cell lines used in this work and their culture 
method are shown in online supplemental table S1.

Cell lines were purchased from the American Type 
Culture Collection. JIMT-1 cells were transfected with 
a PcDNA3.4 vector encoding murine CHI3L1 or with 
a mock vector (GeneArt, Life Technologies) and were 
selected with 400 µg/mL G418 for stable expression. 
Expi-CHO cell line was purchased from Thermo Fisher 
Scientific and handled according to the manufacturer’s 
instructions. These cells were used for in-house produc-
tion of recombinant CHI3L1. The cell lines used in 
experiments were regularly checked every 4 weeks for 
mycoplasma species with the commercial testing kit 
MycoAlert (Lonza).

Primary cells
Human PBMCs were isolated from buffy coats of healthy 
donors by ficoll density gradient separation using ficoll-
plaque (GE Healthcare). Untouched primary NK cells or 
CD8+ T cells were negatively selected by magnetic sepa-
ration using the NK cell and CD8+ T cell purification kits 
(Miltenyi Biotech, Bergisch Gladbach, Germany). Cells 
used in different assays had >93% purity. NK and CD8+ 
T cells were then cultured with RPMI 1640 (Life Tech-
nologies) supplemented with 10% heat-inactivated fetal 
bovine serum, 20 mM glutamine, 1 mM sodium pyruvate, 
1:100 non-essential amino acids (Life Technologies). 
Before cytotoxicity assays, NK and CD8+ T cells were 
cultured overnight with 100UI/ml rhIL-2 (Peprotech) 
and then treated or not with different concentrations 
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of rhCHI3L1 (RnD systems or produced in house). 
For murine NK cells, single-cell suspensions of murine 
spleens were prepared, and red blood cells were lysed 
with ammonium chloride lysis buffer. NK cells were 
negatively selected using the murine NK cell isolation 
kit (MiltenyiBiotec) and cultured in (Peprotech) 10 ng/
mL IL-15 and 100UI/ml IL-2 (Peprotech). On day 3, NK 
cell cultures with >90% purity were treated or not with 
rmCHI3L1 (Sino biological or produced in house) for 
1 hour before incubation with SKBR3 targets in ADCC or 
K562 targets for innate/natural cytotoxicity.

For the therapeutic experiment in NSG mice requiring 
NK cell adoptive transfer in combination with trastu-
zumab, primary human NK cells isolated as described 
above were activated and expanded for 2 weeks to reach 
sufficient numbers using the Miltenyi Biotec expansion 
and activation kit according to manufacturer protocol 
(cat#130-094-483, Miltenyi biotec Bergisch Gladbach, 
Germany). Briefly, NK cells were cultured in NK MACS 
medium supplemented with 500UI/ml IL-2 and 5 µL/106 
NK cells of MACS beads coated with MACS anti-CD2/
Anti-NKp46 agonistic antibodies. Using this protocol NK 
cells can be expanded at least 30–40 folds while retaining 
high viability.

Patients
Women with histological diagnosis of inoperable locally 
advanced or metastatic invasive breast cancer were consid-
ered eligible for the study if classified as HER-2 positive, 
that is, IHC score 3+or IHC score 2+and FISH amplified. 
We excluded enrollment of HER-2 positive patients with 
ER or PgR receptor-positive disease to avoid interference 
of hormonal therapy in our study.

Response to therapy was evaluated based on clinical, 
pathological, and radiologic examination of disease 
burden before and after treatment. The revised RECIST 
criteria (V.1.1) was used to evaluate the treatment response 
and patients were classified as responders in case of CR, 
partial response (PR) or SD or non-responders in case of 
progressive disease (PD).

	► In the discovery cohort (2011–2013): A total of 20 
patients were enrolled and underwent a first-line 
chemotherapy in combination with trastuzumab. 
Blood samples were collected at basal (before tras-
tuzumab therapy) and subsequently until patients 
reached PD, SD (12 months from enrollment), or CR 
state.

	► In the validation cohort (2018–2020): Nine patients 
were enrolled in this study and received trastuzumab 
plus docetaxel and pertuzumab as first-line treatment 
followed by maintenance with trastuzumab  +pertu-
zumab based on the conclusion and recommendations 
of the CLEOPATRA study. Blood was collected during 
response (at the time of proven control of disease) 
and considered as reference (basal time point), and at 
the time of change of clinical outcome to PD or SD/
PR/CR (within 18 months from enrolment).

Written informed consent was obtained from all 
patients.

Animal experimentation
Mice were purchased from Charles River Laboratories 
and were cared for and used under specific pathogen-
free conditions according to the guidelines established 
in the Principles of Laboratory Animal Care (directive 
86/609/ EEC).59 Online supplemental table S2 summa-
rizes the use of mice and cell lines in tumor experiments. 
The detailed experimental procedure can be found in 
the results section as a scheme before each experiment.

Tumor cells at 70% confluence were detached, washed 
twice, and resuspended in cold PBS, and kept on ice 
during the injection procedure. Tumor measurements 
and endpoints were registered by an observer blinded to 
the treatment groups. Tumor size (>1.5 cm) and necrosis, 
more than 15% wt loss or a decrease in general health 
condition (judged by decreased mobility, general weak-
ness, hunched posture, or ungroomed hair) are defined 
as humane surrogate endpoints for survival and are later 
referred to as survival of mice.

Cytotoxicity assay
NK cell and CD8+ T cell-mediated cytotoxicity in vitro 
was determined using the DELFIA EuTDA Cytotoxicity 
Reagents (PerkinElmer Life Sciences, Waltham, Massa-
chusetts, USA), according to manufacturer’s instructions. 
Briefly, target cells were labeled with BATDA (a fluores-
cence enhancing ligand) in culture medium for 30 min 
at 37°C and then washed. Next, labeled target cells were 
transferred into a V-bottom sterile plate. In ADCC assays, 
SKBR3 cells were treated with 10 µg/mL Trastuzumab 
(Roche) for 20 min at 37°C. In CD8+ T cells cytotoxicity 
assays, MEC1 targets were loaded with 2 µg/mL SEB sAg 
(SIGMA) for 30 min at 37°C. Effector cells were treated 
as described in each experiment and then co-cultured 
with target cells in a v-bottom plate for 1h30min in case 
of ADCC and 2 hours in case of natural NK cytotoxicity 
or CD8+ T cells cytotoxicity (effector/target ratio of 5:1). 
After incubation, 20 µL of supernatant from each well was 
transferred to 180 µL of europium (Eu) solution and the 
fluorescence was measured by time-resolved fluorometry 
(Victor3, PerkinElmer). The percent of specific release 
(=specific lysis) was calculated using the formula (exper-
imental release – spontaneous release)/(maximum 
release – spontaneous release) × 100(%).

In neutralization experiments, anti-CHI3L1 (clone 
MaY) (EMD Millipore) or mIgG1 Isotype were pre-
incubated with the rhCHI3L1 or patients’ sera for 1 hour 
at 37°C. The mixture was then added to NK cells and 
incubated for 1 hour before coculture with target cells. In 
RAGE blocking experiments, NK cells were treated with 
anti-RAGE antibody, Isotype control, or rage antagonistic 
peptide overnight before cytotoxicity experiments.

When using splenocytes for ex-vivo cytotoxicity assays, 
killing activity was measured using a FACS-based readout 
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of the percentage of dead targets cells (by live/dead stain) 
after coculture for the indicated times in each assay.

Confocal microscopy
For imaging NK cells alone, cells were treated as 
described and then cultured on poly-L-lysine coated 
slides (Thermo fisher scientific) for 2 hours at 37°C in 
a humidified chamber. For imaging the IS, NK cells and 
target cells were co-incubated at an E:T ratio of 2:1 for 
15 min in a v-bottom plate to allow conjugate formation. 
Conjugates were then gently resuspended and deposited 
on poly-L-lysine coated slides and incubated in a humid-
ified chamber for 30 min at 37°C. Cells were then fixed 
and permeabilized for 10 min at RT in cytofix/cytoperm 
solution (BD bioscience), washed, and then blocked for 
10 min with PBS, 10% FBS, in perm buffer. The indicated 
primary antibodies were added to the slide in blocking 
buffer for 30 min at RT or 18 hours at 4°C. Slides were 
mounted with Vectashield H1000 mounting medium with 
DAPI (Vectorlabs) and imaged on Leica TCS SP8 system 
(Leica-microsystems) using 60×/1.40 NA oil objective. 
Image analysis and quantifications were carried out using 
National Institutes of Health ImageJ software.

Blinded confocal imaging and conjugate quantification 
were carried out following the selection of 10 representa-
tive areas of each slide. Cells in or out of conjugate within 
each area were quantified and a ratio thereof subse-
quently determined. For each conjugate, the position of 
the MTOC was observed, and its polarization to the IS, or 
lack thereof, was noted. The ratio of polarized to nonpo-
larized MTOCs was used to determine the ratio of func-
tional synapses out of all conjugates formed.

Live cell imaging
5×104 SKBR3 cells were seeded in a µ-Slide 8 Well Glass 
Bottom overnight (Ibidi GmbH, Martinsried, Germany). 
105 NK cells were washed once with phenol red-free 
RPMI-1640 medium, supplemented 20 mM HEPES 
(Sigma Aldrich), 2 mM L-glutamine, and non-essential 
amino acids (Life Technologies) and stained with SiR-
tubulin and verapamil (Spirochrome) (500 nM and 
10 µM, respectively) for 1 hour at 37°C. LysoTracker Red 
DND-99 (Life technologies) was then added to NK cells 
(10 µM) for another 30 min at 37°C. Following incuba-
tion, NK cells were washed three times and treated or not 
with 100 ng/mL CHI3L1 for 1 hour. In parallel, SKBR3 
targets were treated with 10 µg/mL Trastuzumab for 
20 min. After mounting the slide with the SKBR3 target 
cells, the medium containing Trastuzumab was removed 
before the addition of NK cells. Eight fields per condi-
tion were recorded for 2 hours with 180 s intervals. Live 
imaging was performed at 37°C using environmental 
chambers on a Leica SD AF Spinning Disc Confocal 
(Leica-microsystems).

Flow cytometry and phosphoflow experiments
Single-cell suspensions were incubated with FcR-blocking 
antibody before staining with primary antibodies (except 

for CD16 staining). Cell doublets were excluded by 
comparison of side-scatter width to forward-scatter area. 
Dead cells were excluded by live/dead staining using 
fixable live/dead stain dyes (Thermofisher). NK cells 
were gated as singlets, FSC-.SSC appropriate for lympho-
cytes, CD3neg, CD56pos cells (as shown below). Intracellular 
staining was performed using a fixation and permeabili-
zation buffer (BD Bioscience).

For phosphoflow experiments, NK cells were fixed 
with 4% PFA for 12 min at 37°C immediately after treat-
ment ends. Cells were then permeabilized with ice cold 
methanol-based Perm-III buffer (BD Biosciences) for 
30 min on ice. Cells were then washed three time with 
FACS buffer to eliminate residual and stained with directly 
conjugated phosphospecific antibodies (BD Biosci-
ences). Cells were analyzed on FACSCanto II cytometer 
(BD Biosciences). Flow cytometry data were analyzed with 
FlowJo v10 software (Tree Star).

ELISA
Human and murine CHI3L1 levels in different sample 
types (patient and mice sera) were measured using 
ELISA kits (R&D systems) according to the manufactur-
er’s instructions. Blood was always processed in less than 
2 hours after collection and was kept at 4°C to avoid non-
specific release of CHI3L1 from neutrophils.

Absorbance was measured at 450 nm using Clariostar 
Plate reader (BMG Labtech).

Western blot
The endogenous human CHI3L1 secreted from HCC1569 
cells or the murine CHI3L1 secreted by transfected JIMT-1 
cells were detected by western blot analysis of superna-
tant from 70% confluent culture (20 µL) using goat anti-
human CHI3L1 polyclonal antibody (R&D systems) and 
rat anti-mouse antibody (R&D systems), respectively.

Cell proliferation
The CyQUANT Cell Proliferation Assay (Thermofisher 
Scientific) was used to determine the effect of CHI3L1 
treatment or overexpression on the proliferation of tumor 
cells in vitro before conducting tumor experiments with 
these cells. Cells were plated at 1×104 cells/well in 96 well 
flat-bottom plates. Some plates were harvested the same 
day, a time when very little proliferation had occurred and 
considered as T0. Parallel culture plates, either control or 
treated, were then harvested after 48 hours or 72 hours. 
The assay was conducted according to the manufactur-
er’s instruction and acquired with a matrix-based scan-
ning acquisition of each well on Clariostar reader (BMG 
Labtech).

Cohorts’ analysis (public databases)
Gene expression data were obtained from the R2 
Genomics Analysis and Visualization Platform (http://​
r2.amc.nl) or TCGA database and CHI3L1 expression 
data were median centered per array and plotted with 
PRISM (GraphPad Software) or using the GEPIA plotter 
(http://gepia.cancer-pku.cn) (for TCGA data vs normal 
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breast). The univariate survival analysis of different 
patient cohorts was performed using the R2 Kaplan-
Meier analysis module or Kmplotter (http://kmplot.​
com) which included comprehensive information on the 
relevant clinical and prognostic factors selected for anal-
ysis. Probesets in each database with the highest average 
signals were selected for analysis.

Statistics
The statistical significance between the two groups was 
determined with unpaired Student’s t-test, whereas the 
comparison of multiple groups was carried out by one-
way or two-way ANOVA, followed by Bonferroni’s post-test 
for correction of multiple comparisons using GraphPad 
Prism software (San Diego, California, USA). The univar-
iate survival analysis of different breast cancer and gastric 
cancer cohorts was performed using the R2 Kaplan-Meier 
analysis module or Kmplotter (http://kmplot.com) both 
based on the log-rank test. The cut-off was defined to 
yield the most significant (likelihood ratio test) split sepa-
ration with a minimum group size of 30. A p≤0.05 was 
considered to denote significance.

Antibodies
A list of all antibodies used is provided in online supple-
mental table S3.
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