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Abstract
In recent years, immune cells were shown to play critical roles in tumor growth and metastatic progression. In this context, 
neutrophils were shown to possess both pro- and anti-tumor properties. To exert their anti-tumor effect, neutrophils need to 
migrate towards, and form physical contact with tumor cells. Neutrophils secrete H2O2 in a contact-dependent mechanism, 
thereby inducing a lethal Ca2+ influx via the activation of the H2O2-dependent TRPM2 Ca2+ channel. Here, we explored 
the mechanism regulating neutrophil chemoattraction to tumor cells. Interestingly, we found that TRPM2 plays a role in 
this context as well, since it regulates the expression of potent neutrophil chemoattractants. Consequently, cells expressing 
reduced levels of TRPM2 are not approached by neutrophils. Together, these observations demonstrate how tumor cells 
expressing reduced levels of TRPM2 evade neutrophil cytotoxicity in two interrelated mechanisms—downregulation of 
neutrophil chemoattractants and blocking of the apoptotic Ca2+-dependent cascade. These observations demonstrate a criti-
cal role for TRPM2 in neutrophil-mediated immunosurveillance and identify cells expressing low levels of TRPM2, as a 
potential target for cancer therapy.
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ADCC	� Antibody-dependent cellular cytotoxicity
ATCC​	� American Type Culture Collection
CXCL1	� Chemokine (C-X-C motif) ligand 1
CXCL2	� Chemokine (C-X-C motif) ligand 2
CXCL5	� Chemokine (C-X-C motif) ligand 5
CXCL12	� Chemokine (C-X-C motif) ligand 12
CXCR2	� Chemokine receptor type 2
IL1β	� Interleukin 1 beta
IL6	� Interleukin 6
MET	� Mesenchymal–epithelial transition tyrosine 

kinase receptor
NDN	� Normal density neutrophils

qPCR	� Quantitative real-time PCR
TRPM2	� Transient receptor potential melastatin 2

Introduction

Traditionally, cancer research focused on understanding the 
biology of tumor cells in search of potential therapeutic tar-
gets. However, in the past decade, it has become apparent 
that various aspects of cancer biology are dictated by the 
non-malignant cells present in the tumor microenvironment. 
The tumor microenvironment consists of various cell types 
and is highly populated with immune cells [1]. Although the 
immune system has the capacity to fight malignant cells, it 
ultimately fails. During tumorigenesis, tumor cells undergo 
intensive selection to express genes that allow survival in an 
otherwise immune cell-rich hostile environment. Characteri-
zation of the key genes mediating immune evasion is critical 
for the development of novel therapeutic approaches. This is 
exemplified by the characterization of immune checkpoints, 
which has led to the development of the highly efficient 
immune checkpoint inhibitor therapies.

Neutrophils, the most abundant type of white blood cells in 
the human circulation, are known for their role in inflammation 
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and in fighting infections [2]. In cancer, neutrophils were 
widely described for their pro-tumor properties [3–8] and are 
considered a poor prognostic marker [9]. In this respect, neu-
trophils were shown to promote tumor growth and metastatic 
progression by modulating tumor angiogenesis [5, 10], pro-
duction of tumor supporting chemokines [6, 11], modulating 
immune responses [7, 12], mediating immune evasion [8, 10, 
13], and directly promoting metastatic seeding [14, 15]. In 
contrast, we and others have shown that neutrophils have an 
important role in limiting tumor progression and metastatic 
seeding via direct cytotoxicity [16–18]. Neutrophils were 
shown to have the capacity to directly eliminate tumor cells 
both at the primary site and at the premetastatic site and that 
their recruitment is dependent on c-MET tyrosine kinase 
receptor [17–19]. In addition, neutrophils were shown to have 
the capacity to enhance anti-tumor innate immune responses. 
While these observations attribute conflicting roles to neutro-
phils, they actually stem from the existence of distinct neutro-
phil subpopulations that may either promote or inhibit tumor 
growth and progression [20].

To exert their cytotoxic effect, neutrophils need to reach 
tumor cells, identify them as a target for elimination, and 
induce a lethal apoptotic sequence. Recently [21, 22], we 
demonstrated that the lethal apoptotic sequence is mediated 
by transient receptor potential melastatin 2 (TRPM2), a ubiq-
uitously expressed H2O2-dependent Ca2+-permeable channel 
[23–26]. However, the mechanisms regulating the events pre-
ceding tumor cell killing via TRPM2 activation, i.e., neutrophil 
chemoattraction and tumor cell recognition, remain unknown.

Our study shows the critical role played by TRPM2 in neu-
trophil cytotoxicity. Moreover, this channel was also found 
to be important for cytokine production [27] and neutrophil 
migration towards monocytes [28] and endothelial cells [29]. 
We, therefore, assessed the consequences of modulating 
TRPM2 expression in tumor cells on neutrophil chemoat-
traction. We show that reduced TRPM2 levels downregulate 
CXCL2 expression in tumor cells. CXCL2 is a key ligand for 
CXCR2 which is critical for neutrophil recruitment to tumors 
[30, 31]. Accordingly, low levels of CXCL2 impair neutrophil 
migration towards tumor cells and prevent the formation of 
physical contact, a critical neutrophil cytotoxicity checkpoint. 
Altogether, these findings identify a dual role for TRPM2 in 
regulating neutrophil cytotoxicity—promoting neutrophil 
attraction via CXCL2 expression and initiating the apoptotic 
cascade by mediating Ca2+ influx in response to H2O2 [32].

Materials and methods

Mice

5–6-week-old female BALB/c mice were used in all in vivo 
experiments. Mice were housed in a specific pathogen-free 

colony at a constant room temperature with a 12 h light/dark 
cycle, and provided with food and water ad libitum.

Cell lines

4T1 and AT3 mouse breast tumor cells and Lewis Lung Car-
cinoma cells (LLC) were cultured in DMEM containing 10% 
heat-inactivated fetal calf serum (FCS). TRPM2kd 4T1 cells 
were generated as previously described [30]. Control cells 
were transduced an empty vector (pLKO). TRPM2kd cells 
with CXCL2 overexpression were generated by retroviral 
transduction with CXCL2-MigR1 plasmid.

Neutrophil purification

Circulating NDN were purified as previously described [30].

Neutrophil‑tumor cell co‑culture

Trypan blue exclusion assay: 104 tumor cells were co-cul-
tured with 105 NDN (1:10 ratio) in a transparent 96-well 
plate. Following 8 h of incubation, Trypan blue staining was 
used to quantify tumor cells death. Each well was visually 
assessed, and Trypan blue positive and negative cells were 
counted.

The in vitro killing assay was performed as previously 
described [30].

Antibodies

Rat α-Mouse CXCL2 (R&D, MAB542).

Plasmids

Retroviral MigR1-CXCL2 vector: the open-reading frame of 
mouse CXCL2 (NM_009140.2) was prepared from cDNA 
of 4T1 breast cancer cells using forward primer 5′-CAG​
TCC​GCT​CGA​GGC​CGC​CAC​CAT​GGC​CCC​TCC​CAC​
CTG​CCG​GCTCC-3′ containing an XhoI restriction site, 
Kozac sequence followed by the ATG initiation code and 
reverse primer 5′-ACT​TCC​GGA​ATT​CTC​AGT​TAG​CCT​
TGC​CTT​TGT​TCA​G-3′ containing an EcoRI restriction 
site and the stop codon. The amplified CXCL2 PCR product 
was digested by XhoI and EcoRI (New England BioLabs) 
and inserted into MigR1 (retroviral vector containing IRES-
GFP) plasmid kindly provided by Prof. Warren Pear, Phila-
delphia. Retroviral MigR1-Luc vector for functional killing 
assay was prepared as described before [33].

Migration assay

4T1 cells were seeded and incubated overnight. Superna-
tant was transferred to the bottom chamber of a Millicell®24 
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migration plate (Merck Millipore, 5 µm). Isolated NDN were 
added to the top chamber and incubated for 30 min at 37 °C. 
Following incubation, the top chamber was removed and 
the number of migrated neutrophils was counted using the 
Image J.

Holomonitor imaging

2 × 105 TRPM2wt, TRPM2kd, or TRPM2kd-CXCL2 o.e. 
4T1 cells were plated on 35 mm tissue culture plates. Fol-
lowing 24 h of incubation, 2 × 106 NDN were added to the 
tumor cell culture and were monitored using the Holomoni-
tor M4 imaging system for 24 h. The first 9 h of co-culture 
were taken for analysis using the HolostudioTM software. 
The analysis includes two parameters: (1) migration—the 
shortest distance between the starting point of cell analysis 
and the end point; (2) motility—how far the cells had moved 
from their starting point at the beginning of the analysis 
until the end point. All movements were taken into account, 
including cells which had moved in a random direction.

qPCR

Total RNA was isolated with TRI-Reagent (Sigma) and 
cDNA was made using AB high-capacity cDNA kit (Applied 
Biosystems) according to the manufacturer’s instructions. 
Real-time PCR analyses were done using the Sybr-Green 
Master Mix and CFX384 BioRad. The following primer 
sequences were used for mouse gene expression analyses: 
GAPDH-F—5′-GCC​TTC​CGT​GTT​CCT​ACC​-3′, GAPDH-
R—5′-CCT​GCT​TCA​CCA​CCT​TCT​T-3′, CXCL1-F—5′-
GCT​GGG​ATT​CAC​CTC​AAG​AA-3′, CXCL1-R—5′-TGT​
GGC​TAT​GAC​TTC​GGT​TTG-3′, CXCL2-F—5′-GAA​CAA​
AGG​CAA​GGC​TAA​CTG-3′, CXCL2-F—5′-GAA​CAA​AGG​
CAA​GGC​TAA​CTG-3′, CXCL2-R—5′-AAC​ATA​ACA​ACA​
TCT​GGG​CAAT-3′, CXCL5-F—5′-AAA​AAC​CAG​AAG​
GAG​GTC​TGTC-3′, CXCL5-R—5′-GAA​CAC​TGG​CCG​
TTC​TTT​C-3′, TRPM2-F—5′-GAC​CCA​AGG​AAC​ACA​
GAC​AA-3′, TRPM2-R—5′-AGC​CTC​TTC​AGC​TCC​ATA​
TCA-3′.

Selection with H2O2

4T1 cell selection with H2O2 was performed as previously 
described [30].

CXCL2 expression and secretion

To assess CXCL2 levels in tumor cells in TRPM2kd, we 
seeded 2 × 105 control and TRPM2kd tumor cells in 6-well 
plates. Following overnight incubation, the amount of 
CXCL2 in the supernatant of 4T1 control or 4T1 shRNA 
to TRPM2 cells growth medium was analyzed using the 

Murine MIP-2 ELISA Development Kit (Peprotech, 900-
M152) according to the manufacturer’s instructions. The 
enzymatic activity was measured by high-sensitivity TMB 
substrate solution (GenDEPOT) and the intensity of con-
verted TMB was measured after 15 min at 650 nm using 
the Tecan Plate-Reader. In addition, the cells were washed 
and analyzed by qPCR to evaluate CXCL2 mRNA expres-
sion. As neutrophils have the ability to produce and secrete 
CXCL2, both of these experiments were done in the absence 
of neutrophils.

Statistical analysis

For studies comparing differences between two groups, 
we used unpaired Student’s t tests. Differences were con-
sidered significant when p < 0.05. Data are presented as 
mean ± SEM.

Results

Tumor cell‑expressed TRPM2 regulates neutrophil 
chemoattraction via CXCL2

We have previously shown that tumor-secreted factors can 
induce a cytotoxic phenotype in circulating neutrophils 
[17]. In a recent study, we explored the mechanism used by 
neutrophils to kill tumor cells and identified a critical role 
of TRPM2, an H2O2-dependent Ca2+ channel. We showed 
that downregulation of TRPM2 expression in tumor cells 
blocks neutrophil cytotoxicity, providing these cells with 
an increased metastatic capacity. To study the consequences 
of TRPM2 loss on tumor growth and metastatic progres-
sion we generated TRPM2 knockout (TRPM2−/−) 4T1 
tumor cells using CRISPR technology [21]. We found that 
TRPM2−/− primary tumors show growth retardation com-
pared with TRPM2+/+ tumors. However, TRPM2−/− tumors 
were more metastatic due to their inherent resistance to 
neutrophil cytotoxicity at the premetastatic lung [21]. His-
tological examination of neutrophils at the primary tumor 
showed a dramatic reduction in neutrophil recruitment to 
the TRPM2−/− tumors compared with TRPM2+/+ tumors 
(Fig. 1a, b). This observation suggests that neutrophil che-
moattraction towards tumor cells is TRPM2-dependent. To 
examine this possibility, we assessed the expression level of 
potential neutrophil chemoattractants in control and TRPM2 
knockdown (TRPM2kd) 4T1 cells generated using TRPM2-
specific shRNAs (Fig. 1c) [21]. Specifically, we examined 
the expression levels of CXCL1, CXCL2, and CXCL5, in 
control and TRPM2kd cells (Fig. 1d). We found no signifi-
cant difference in the expression level of CXCL5 (Fig. 1d). 
In contrast, we found a reduction in CXCL1 expression and 
a more dramatic reduction in CXCL2 expression (Fig. 1d). 
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Fig. 1   TRPM2 affects CXCL2 expression and neutrophil chemoat-
traction. a Representative IHC staining of Ly6G+ neutrophils (red, 
arrows) in 4T1 TRPM2−/− and TRPM+/+ tumors (n = 5). b Num-
ber of neutrophils per 4T1 TRPM2−/− and TRPM+/+ tumors area. c 
Relative expression of TRPM2 in control and TRPM2kd 4T1 cells. 
d Relative expression of CXCL1, CXCL2 and CXCL5 in control and 
TRPM2kd 4T1 cells. e CXCL2 secretion by control and TRPM2kd 
cells. Relative expression of TRPM2 (f) and CXCL2 (g) in control 
and TRPM2kd AT3 cells. Relative expression of TRPM2 (h) and 

CXCL2 (i) in control and TRPM2kd LLC cells. j Neutrophil migra-
tion towards vehicle and media conditioned by control or TRPM2kd 
cells. k Neutrophil migration in the absence (Cont.) or presence of 
CXCL2 neutralizing antibody (αCXCL2). l Relative expression of 
CXCL2 in tumor cells selected with H2O2. m Relative expression of 
CXCL2 in control, H2O2 treated and H2O2 + BAPTA-AM treated 4T1 
cells. These experiments were repeated at least three times with simi-
lar results. Statistical significance was determined using unpaired stu-
dent’s t test. *p < 0.05, **p < 0.01
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The previous studies have demonstrated a link between 
TRPM2 and the expression of CXCL2 [28, 29]. We therefore 
focused on the more robust effect of TRPM2kd on CXCL2 
expression and used ELISA to quantify CXCL2 secretion. 
We found that CXCL2 secretion was virtually abolished 
in TRPM2kd cells corroborating the qPCR observations 
(Fig. 1e). Similarly, knocking down TRPM2 leads to reduced 
expression CXCL2 in both AT3 (Fig. 1f, g) and LLC cells 
(Fig. 1h, i) providing a wider scope for this observation.

To test the functional consequence of TRPM2kd on 
neutrophil chemotaxis, we isolated circulating neutro-
phils from 4T1 tumor bearing mice and tested their migra-
tion in a Boyden chamber assay. As expected, neutrophil 
chemotaxis towards medium conditioned by TRPM2kd 
cells was dramatically reduced compared to that of control 
cells (Fig. 1j). This observation demonstrated that TRPM2 
loss in tumor cells results in impaired neutrophil chemoat-
traction. However, neutrophils may be attracted by factors 
other than CXCL2 [2]. To conclusively determine the role 
played by CXCL2 in attracting neutrophils to tumor cells in 
this context, we treated tumor cell conditioned media with 
a CXCL2 neutralizing antibody. We showed that blocking 
CXCL2 has a profound effect on neutrophil chemoattrac-
tion, demonstrating that CXCL2 is a critical chemoattract-
ant in this context (Fig. 1k). We have previously shown that 
challenging tumor cells with H2O2 selects for H2O2-resistant 
TRPM2low tumor cells [21]. qPCR analysis on CXCL2 
expression in H2O2-selected cells showed the progressive 
reduction in CXCL2 expression and provided further evi-
dence for the correlation between TRPM2 and CXCL2 
expression (Fig. 1l). Collectively, these observations sug-
gest that CXCL2 expression might be dependent on TRPM2 
mediated Ca2+ signaling. To test this hypothesis, we evalu-
ated the consequences of Ca2+ chelation on the induction of 
CXCL2 expression by H2O2 [28]. Corroborating the previ-
ous studies, we show that H2O2 induces a dramatic increase 
in CXCL2 expression (Fig. 1m). However, this increase is 
completely blocked in the presence of BAPTA-AM, indicat-
ing that Ca2+ is indispensible for the induction of CXCL2 
expression (Fig. 1m).

Overexpression of CXCL2 in TRPM2kd cells rescues 
neutrophil chemoattraction

Next, we used time-lapse microscopy to examine the con-
sequences of reduced TRPM2 expression in tumor cells on 
neutrophil migration. As expected, neutrophils migrated 
towards control cells with high efficiency, i.e., taking a 
short path towards the cells and arriving within minutes. 
Importantly, once neutrophils reached tumor cells, they 
paused and persisted in their vicinity (Fig. 2a left panel, 
b, c). This may also be appreciated visually, as following 
2 h of co-culture, most of the neutrophils were seen either 

attached or in close proximity to the tumor cells (Fig. 2d, 
left panel, Supplementary video 1 part 1). Using the same 
methodology to assess neutrophil migration towards TRP-
M2kd cells, we noted a very different pattern. Neutrophils in 
culture with TRPM2kd cells demonstrated more of a Brown-
ian motion (Fig. 2a, middle panel) and took a significantly 
longer path to reach the tumor cells (Fig. 2b, c). Unlike neu-
trophils co-cultured with control tumor cells, neutrophils 
cultured with TRPM2kd cells were randomly distributed 
and did not accumulate in the vicinity of the tumor cells 
(Fig. 2d, middle panel, Supplementary video 1 part 2). As 
reduced CXCL2 expression in TRPM2kd cells may explain 
neutrophils’ poor migration, we tested whether CXCL2 
overexpression in TRPM2kd cells can rescue the migra-
tion phenotype. Importantly, overexpression of CXCL2 in 
TRPM2kd cells (Fig. 2e) did not upregulate TRPM2 expres-
sion, suggesting that TRPM2 is hierarchally upstream from 
CXCL2 (Fig. 2f). CXCL2 overexpression in TRPM2kd cells 
rescued the migration phenotype in a Boyden chamber assay 
(Fig. 2g). Moreover, CXCL2 overexpression in TRPM2kd 
cells restored the migration towards tumor cells (Fig. 2a, 
right panel, b, c) and neutrophils’ ability to reach TRPM2kd 
cells quickly (Fig. 2d, Supplementary video 1 part 3) and via 
a short path (Fig. 2a, right panel, b, c).

CXCL2 overexpression does not render TRPM2kd 
cells susceptible to neutrophil cytotoxicity

The observations above, together with the notion that physi-
cal contact is required for neutrophil cytotoxicity [17], high-
light the critical role played by CXCL2 in mediating the 
chemoattraction of neutrophils towards tumor cells. How-
ever, we have recently shown that TRPM2 is important for 
neutrophil cytotoxicity as it mediates a Ca2+ influx that leads 
to tumor cell death. We therefore questioned whether TRP-
M2kd cells are neutrophil-resistant due to intrinsic resistance 
or due to impaired neutrophil attraction. To conclusively 
determine the role TRPM2 plays in neutrophil cytotoxicity, 
we tested whether TRPM2kd cells overexpressing CXCL2 
remain neutrophil-resistant or become susceptible to neutro-
phil cytotoxicity. As physical contact is a critical factor in 
neutrophil cytotoxicity, we first tested if CXCL2 overexpres-
sion restores neutrophil-tumor cell contact. Using time-lapse 
microscopy, we observed that, while neutrophils formed pro-
longed physical contact with control tumor cells, they inter-
acted only briefly with TRPM2kd cells (Fig. 3a, compare 
left and middle panels). CXCL2 overexpression restored the 
prolonged interaction between neutrophils and tumor cells 
(Fig. 3a, compare middle and right panels). Notably, even 
though neutrophils were attracted to and formed prolonged 
interaction with TRPM2kd cells overexpressing CXCL2, 
CXCL2-overexpressing TRPM2kd cells remained neutro-
phil-resistant (Fig. 3b). This suggests that TRPM2 plays a 



38	 Cancer Immunology, Immunotherapy (2019) 68:33–43

1 3

a

80 94 21 3 65 7
-10.3

45.5

101.3

157.0

212.8

268.6

M
ig

ra
tio

n 
(µ

m
)

Time (h)

Control

TRPM2kd

TRPM2kd-CXCL2

80 94 21 3 65 7
-64.8

448.2

961.1

1470

1999

2500

M
ot

ili
ty

 (µ
m

)

Time (h)

Control

TRPM2kd

TRPM2kd-CXCL2

d

2 hrs

0 hrs

Control TRPM2kd TRPM2kd CXCL2

e

2

3

4

0 

1

C
X

C
L2

R
el

at
iv

e 
ex

pr
es

si
on

TRPM
2k

d

TRPM
2k

d

CXCL2Con
t.

**

0

50

100

150

200

Con
t.

TRPM
2k

d

TRPM
2k

d

CXCL2

**

%
 M

ig
ra

te
d 

N
eu

t.
   

   
 (

of
 C

on
t.)

gf
1.0 

0.0 

0.2 

0.4 

0.6 

0.8 

1.2 

Con
t.

T
R

P
M

2
R

el
at

iv
e 

ex
pr

es
si

on

**

TRPM
2k

d

CXCL2

Control TRPM2kd TRPM2kd-CXCL2

Y-
po

si
tio

n

X-position

cb

**



39Cancer Immunology, Immunotherapy (2019) 68:33–43	

1 3

role in regulating both neutrophil attraction via CXCL2 and 
in mediating the lethal Ca2+ influx in response to H2O2. We 
then tested whether CXCL2 expression is a limiting factor in 
neutrophils’ capacity to kill tumor cells. To test this, we gen-
erated CXCL2 overexpressing 4T1 cells and compared their 
susceptibility to neutrophil cytotoxicity to that of control 
cells. Our data show that there is no significant difference 
between control and CXCL2 overexpressing tumor cells 
with regard to their susceptibility to neutrophil cytotoxicity 
(Fig. 3c). Next, we tested whether the presence of neutro-
phils in the co-culture affects CXCL2 expression in control 
and TRPM2kd cells. To this end, we sorted control and TRP-
M2kd cells following overnight co-culture with neutrophils 
(Fig. 3d). We then used qPCR to assess the expression of 
CXCL2 in the sorted tumor cells. Our data show that TRP-
M2kd cells maintain the reduced levels of both TRPM2 and 
CXCL2 compared with control cells following the co-culture 
with neutrophil (Fig. 3e). Notably, neutrophils co-cultured 
with TRPM2kd cells express higher, albeit not statistically 
significant, levels of CXCL2 compared with neutrophils cul-
tured with control cells (Fig. 3f). Importantly, we repeated 
the co-culture experiments using a non-redundant approach 
and obtained similar results (Fig. 3g, h). Collectively, our 
data show that TRPM2 regulates neutrophil chemoattraction 
to tumor cells by modulating CXCL2 expression in tumor 
cells, a critical component in the cascade of events required 
for neutrophil cytotoxicity.

Discussion

In recent years, it has become apparent that tumor growth 
and metastatic progression are dictated not only by tumor 
cell autonomous traits, but also by the tumor microenviron-
ment. Immune cells make a major component of the tumor 
microenvironment and were shown to play various roles. 

In this context, the role played by neutrophils was mostly 
shown to be tumor promoting [34, 35]. However, neutro-
phils are not a homogenous population and may also possess 
anti-tumor properties [17, 20, 36]. Furthermore, neutrophils 
display a significant functional plasticity and may possess 
anti- or pro-tumor properties at different stages of cancer 
progression [37, 38].

The anti-tumoral function of neutrophils largely depends 
on their ability to kill tumor cells. This may be done either 
autonomously or via ADCC. Regardless, the killing of tumor 
cells requires the successful completion of three consecutive 
steps: (1) neutrophil chemoattraction to and the formation 
of intimate physical contact with tumor cells; (2) the recog-
nition of tumor cells as a target; (3) secretion of H2O2 and 
activation of a downstream chain of events leading to tumor 
cell apoptosis. In a recent study, we showed that anti-tumor 
neutrophil cytotoxicity is mediated via the ubiquitously 
expressed H2O2-dependent Ca2+ channel, TRPM2 [21]. We 
further showed that, when neutrophils approach tumor cells, 
they secrete H2O2. Consequently, TRPM2 allows the influx 
of Ca2+ ions, ultimately leading to tumor cell death (Fig. 4a). 
However, this process is critically dependent on neutrophil 
attraction to tumor cells and the recognition of tumor cells 
as a target for elimination. The mechanisms regulating both 
aspects remain obscure.

A critical aspect of the interaction between neutro-
phils and tumor cells is neutrophils’ chemoattraction. As 
demanded by their multiple roles as the first responders of 
the immune system, neutrophils are equipped with multi-
ple chemokine receptors and are capable of responding to 
a wide array of chemotactic factors. These include factors 
such as IL1β, CXCL12, and IL6, and potent neutrophil 
chemoattractants which were implicated as key media-
tors of cancer progression [39–41]. In addition, neutro-
phil CXCR2 was found to play a critical role in neutrophil 
recruitment in cancer [30, 31], and its ligands CXCL1, 
CXCL2, and CXCL5, expressed by tumor cells and stro-
mal cells in the tumor microenvironment were implicated 
in the process [42]. In the current study, we explore the 
molecular mechanism that regulates neutrophil chem-
oattraction towards tumor cells. We noticed that, upon 
TRPM2 knockdown, CXCL2 expression was dramati-
cally reduced, suggesting a regulatory role for TRPM2. 
Indeed, stimulation of cells with H2O2 results in a dramatic 
increase in CXCL2 expression, blocking of Ca2+ influx in 
this context abrogates the stimulatory effect of H2O2 and 
blocks the induction of CXCL2 expression (Fig. 1m). A 
similar observation was made by Yamamoto et al. [28] 
where TRPM2 was found to be essential for ROS-induced 
CXCL2 expression in monocytes. These observations led 
us to examine the ability of neutrophils to migrate towards 
tumor cells. Using real-time microscopy, we found that, 
indeed, reduced levels of TRPM2, and the consequent 

Fig. 2   CXCL2 overexpression in TRPM2kd 4T1 cells restores neu-
trophil chemoattraction. a Migration plots of five random neutrophils 
towards control (left), TRPM2kd (middle), and CXCL2-overexpress-
ing TRPM2kd 4T1 cells (right). b Cumulative distance neutrophils 
travel when co-cultured with control, TRPM2kd or CXCL2 overex-
pressing TRPM2kd 4T1 cells (n = 10). c Absolute distance neutro-
phils migrated from their initial position when cultured with control, 
TRPM2kd, or CXCL2 overexpressing TRPM2kd 4T1 cells (n = 10). d 
Localization of neutrophils (smaller cells, yellow arrows) when cul-
tured with control, TRPM2kd, or CXCL2 overexpressing TRPM2kd 
cells (larger cells, red arrows) at time 0 and at 2 h. e Relative expres-
sion of CXCL2 in control, TRPM2kd, and CXCL2 overexpressing 
TRPM2kd (TRPM2kd–CXCL2) 4T1 cells. f Relative expression of 
TRPM2 in control and CXCL2 overexpressing TRPM2kd 4T1 cells. 
g Neutrophil chemotaxis towards media conditioned by control, TRP-
M2kd and CXCL2 overexpressing TRPM2kd 4T1 cells. Results rep-
resent the average of ten representative cells. These experiments were 
repeated three times with similar results. Statistical significance was 
determined using unpaired student’s t test. *p < 0.05, **p < 0.01
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reduced levels of CXCL2, result in impaired neutrophil 
chemoattraction (Fig.  4b). This translates not only to 
reduced attraction, but also to impaired neutrophil–tumor 
cell interaction and consequently neutrophil-resistance 
(Fig. 4b). Importantly, ectopic overexpression of CXCL2 
in TRPM2kd cells (which express low levels of TRPM2) 
rescues the chemoattraction and physical interaction phe-
notype, corroborating the role of TRPM2 in this process 

(Fig. 4c). Still, although neutrophils are attracted to and 
form physical contact with TRPM2kd cells overexpressing 
CXCL2, these cells remain neutrophil-resistant (Fig. 4c). 
This implies that, regardless of whether neutrophils are 
attracted to tumor cells or not, in the absence of TRPM2-
mediated Ca2+ influx, tumor cells are not susceptible 
to neutrophil cytotoxicity. Of note, neutrophils may be 
attracted to tumor cells via chemokines other than CXCL2. 

-5

0

5

10

15

20

25

30

Con
t.

TRPM
2k

d

TRPM
2k

d

CXCL2

%
 C

el
l k

ill
in

g

**
**

1 8 15
 

22
 

29
 

36
 

43
 

50
 

57
 

64
 

71
 

78
 

85
 

92
 

99
 

10
6 

11
3 

12
0 

Control

Time (min.)Time (min.)

1
0
1
0
1
0
1
0
1
0

TRPM2kd

Time (min.)Time (min.)

1
0
1
0
1
0
1
0
1
0 1 8 15

 

22
 

29
 

36
 

43
 

50
 

57
 

64
 

71
 

78
 

85
 

92
 

99
 

10
6 

11
3 

12
0 

1
0
1
0
1
0
1
0
1
0

TRPM2kd-CXCL2

Time (min.)Time (min.)

1 8 15
 

22
 

29
 

36
 

43
 

50
 

57
 

64
 

71
 

78
 

85
 

92
 

99
 

10
6 

11
3 

12
0 

Control Cont. CXCL2TRPM2kd TRPM2kd  CXCL2

 

0 

5 

10 

15 

20 

%
 T

ry
pa

n 
bl

ue
+  c

el
ls Cont. 

Neut. 

TRPM2k
d 

CXCL2
TRPM2k

d 

Con
t. 

** 

Con
t.

CXCL2

** 
250K

250K

200K

200K

150K

150K100K

100K

50K

50K
0

0
SSC-A

F
S

C
-A

R
el

at
iv

e 
E

xp
re

ss
io

n

0

0.2

0.6

1.0

1.2

0.8

0.4 **

**

TRPM
2

CXCL2
Con

t.

%
 C

el
l k

ill
in

g

0

10

20

30

40

CXCL2

Cont. 
TRPM2kd

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

0

Con
t.

TRPM
2k

d

R
el

at
iv

e 
E

xp
re

ss
io

n

ba

f

h

c d e g

Fig. 3   TRPM2 expression in tumor cells is crucial for neutrophils 
cytotoxicity. a Graphic representation of the interaction between con-
trol, TRPM2kd, or CXCL2 overexpressing TRPM2kd 4T1 cells and 
neutrophils where 1 represents physical contact and 0 represents no 
contact (n = 5). b Neutrophil cytotoxicity towards control, TRPM2kd, 
and CXCL2 overexpressing TRPM2kd 4T1 cells. c Extent of neutro-
phil cytotoxicity towards control (Cont.) and CXCL2 overexpressing 
(CXCL2) 4T1 tumor cells. d Representative FACS strategy showing 
FSC and SSC of neutrophil-tumor cell co-culture used for sorting out 
tumor cells. e Relative expression of TRPM2 and CXCL2 in sorted 

Control (Cont.) and TRPM2kd (TRPM2kd) tumor cells following co-
culture with neutrophils. f CXCL2 expression in neutrophils cultured 
with control (Cont.) and TRPM2kd (TRPM2kd) 4T1 cells. g Cell 
death (% Trypan blue+ cells) in control, TRPM2kd, CXCL2 overex-
pressing control, and CXCL2 overexpressing TRPM2kd cells culture 
alone (Cont.) or in co-culture with neutrophils (Neut.). h Representa-
tive images of Trypan blue staining of control, TRPM2kd, CXCL2 
overexpressing control, and CXCL2 overexpressing TRPM2kd cells 
following 8  h of co-culture with neutrophils (red arrows indicate 
Trypan blue+ cells). *p < 0.05, **p < 0.01
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For example, our data also show that TRPM2 regulates the 
expression of CXCL1, another potent neutrophil chemoat-
tractant (Fig. 1d).

Taken together, our data identify TRPM2 as a critical 
mediator of neutrophil–tumor cell interaction. Tumor cells 
usually express higher levels of TRPM2 compared with 
the neighboring healthy cells [21]. This makes tumor cells 
susceptible to neutrophil cytotoxicity while sparing the 
non-malignant cells. Importantly, tumor cells are a hetero-
geneous population of cells and certain cells may express 
reduced levels of TRPM2. These cells evade neutrophil 
cytotoxicity in two interrelated modes. The first is the lack 
of TRPM2, a factor required for transducing the cytotoxic 
effect of neutrophil-secreted H2O2. The second is evad-
ing neutrophils altogether by expressing reduced levels of 
neutrophil chemoattractants. This highlights tumor cells 
expressing low levels of TRPM2 as cells with increased 
metastatic potential and, therefore, as highly attractive tar-
gets for cancer therapy.
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