




















Figure 5 Tumour-derived GM-CSF induces neutrophil activation and neutrophil programmed death-ligand 1 (PD-L1) expression via Janus kinase
(JAK)-signal transducer and activator of transcription 3 (STAT3) pathway. (A) Expression of CD54 and PD-L1 on neutrophils exposed to GM-CSF for 3,
6, 12 hours. black, isotype control. (B) GM-CSF concentration between autologous tumour and non-tumour tissues (n=16) or between autologous
tumour tissue culture supernatants (TTCS) and non-tumour tissue culture supernatants (NTCS) (n=7) was analysed. (C) The correlations between
GM-CSF and PD-L1* neutrophils or CD54* neutrophils in human tumours were analysed. Results are expressed as the number of PD-L1* neutrophils
or CD54 neutrophils per million total cells and GM-CSF concentration in tumour tissues. (D) Expression of CD54 and PD-L1 on neutrophils exposed
to TTCS with anti-GM-CSF antibody or NTCS with GM-CSF for 12 hours. black, isotype control. (E) Expression of CD54 and PD-L1 on neutrophils
exposed to TTCS or GM-CSF with or without JAK signal transduction inhibitor AG490 or STAT3 phosphorylation inhibitor FLLL32 alone or both for
12 hours. (F) STAT3 and p-STAT3 in neutrophils exposed to autologous TTCS, NTCS, or TTCS with anti-GM-CSF antibody were analysed by western
blot. Each dot in panel C represents one patient. *p<0.05, **p<0.01 for groups connected by horizontal lines.

signalling pathway is crucial for neutrophil activation and
PD-L1 induction by GM-CSF most likely derived from epithe-
lial cell adhesion molecule (EpCam)* tumour cells (see online
supplementary figure SSE) in the GC environments.

Blockade of neutrophil-associated PD-L1 on T cell immunity
inhibits tumour growth and GC progression

To test the suppressive effect of PD-L1™ neutrophils on T cell
immunity in vivo, we treated TCN with PD-L1 blocking or
control IgG and then injected them together with autologous

T cells into our established human NOD/SCID mice bearing
SGC-7901-derived GC. As expected, mice without T cell trans-
fusions, mice treated with T cells plus TCN or control
IgG-treated TCN, showed tumour growth and disease progres-
sion (figure 6A). Consistent with a vital role in assisting tumours
of activated PD-L1* neutrophils in vivo, mice treated with
T cells plus PD-L1 blocking antibody-treated TCN showed
reduced tumour volumes and disease progression at each meas-
urement time point from day 18 (figure 6A). Moreover, mice
treated with T cells plus PD-L1 blocking antibody-treated TCN,
also showed an increased CD3* T cell infiltration and IFN-y
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Figure 6 Blockade of neutrophil-associated programmed death-ligand 1 (PD-L1) on T cell immunity inhibits tumour growth and gastric cancer (GC)
progression in vivo. (A) Mice were injected with human GC cells (SGC)-7901 cells, as described in Materials and methods. The control animals (e)
received no further injections. The experimental treatments entailed injections with T cells in combination with untreated neutrophils (N) (@) or
TTCS (tumour tissue culture supernatants)-conditioned neutrophils (TCN) (m), or TCN pre-treated with an anti-PD-L1 antibody (¥) or a control IgG
(a). The illustrated data represent tumour volumes (5 mice in each group). The day of tumour cell injection was counted as day 0. *p<0.05, for
groups injections with TCN pre-treated with an anti-PD-L1 antibody (v), compared with groups injections with TCN pre-treated with a control 1gG
(). The tumours were excised and photographed 24 day after injecting the tumour cells. (B and C) Interferon (IFN)-y-producing T cell response (B)
in spleens and proliferating cell nuclear antigen (PCNA) (brown) expression or CD3* T cell infiltration (red) (C) in tumours of mice injected with T
cells in combination with TCN, or TCN pre-treated with an anti-PD-L1 antibody or a control IgG on day 24 after tumour cell injection were
compared. (D) The correlations between T cells and neutrophils in human tumours were analysed. Results are expressed as percentage of T cells and
neutrophils in CD45" cells or the number of T cells and neutrophils per million total cells in tumour tissues of patients with GC. Scale bars: 100 p.
Arrows indicate staining-positive cells. *p<0.05 for groups connected by horizontal lines.

production from T cells, and a decreased tumour cell prolifer-
ation (figure 6B,C), as well as an increased production of cyto-
lytic molecules perforin and granzyme B (see online
supplementary figure S6), compared with the mice treated with
T cells plus TCN or control IgG-treated TCN. Moreover, signifi-
cant correlations were found between the levels of T cells and
neutrophils in human GC tumours analysed (figure 6D). These
findings suggest that tumour-activated neutrophils suppress T
cell immunity in vivo dependent on PD-L1 and thereby contrib-
ute to tumour growth and GC progression.

Tumour-activated neutrophils specifically suppress T cell
immunity by PD-L1-PD-1 interaction

To further see whether PD-L1-PD-1 interaction operates in this
suppression on T cell immunity specifically, we sorted PD-1% or
PD-17 T cells and co-cultured with autologous TCN with or
without neutralising antibodies against PD-L1 respectively.

Interestingly, antibody blockade of PD-L1 efficiently attenuated
the suppression of PD-1* T cells (figure 7A) but not PD-1" T
cells (see online supplementary figure S7A) mediated by TCN.
To ensure the suppressive effect is not specific to autologous T
cells, we repeated this assay with PD-1" or PD-1~ T cells iso-
lated from allogeneic donors. The results showed that TCN also
significantly suppressed the proliferation and IFN-y production
of allogeneic PD-1* T cells (figure 7B) but not PD-1~ T cells
(see online supplementary figure S7B) in a PD-L1 dependent
manner. Moreover, significant correlations were found between
the levels of PD-1" T cells and PD-L1%* neutrophils in human
GC analysed (figure 7C), and an increased PD-L1 expression on
tumour-infiltrating neutrophils with disease progression were
also found (see online supplementary figure S7C). These find-
ings suggest that tumour-activated neutrophils suppress T cell
immunity specifically dependent on PD-L1-PD-1 interaction
and thereby contribute to immunosuppression and GC
progression.
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Figure 7 Tumour-activated neutrophils suppress T cell immunity through programmed death-ligand 1 (PD-L1)-PD-1 interaction, and a proposed
model of cross-talk among neutrophils, T cells and tumour cells leading to neutrophil-mediated immunosuppression in gastric cancer (GC). (A and B)
carboxyfluorescein succinimidyl ester (CFSE)-labelled fluorescence activating cell sorter (FACS)-sorted peripheral PD-1* T cells of donors were
co-cultured for 5 days with tumour tissue culture supernatants (TTCS)-conditioned or non-tumour tissue culture supernatants (NTCS)-conditioned
autologous (A) or allogeneic (B) blood neutrophils with or without anti-PD-L1 antibody. Representative data and statistical analysis of T cell
proliferation and interferon (IFN)-y production were shown (n=3). (C) The correlations between PD-1* T cells and PD-L1* neutrophils in human
tumours were analysed. Results are expressed as percentage of PD-17 T cells in T cells and PD-L1* neutrophils in neutrophils or the number of
PD-1* T cells and PD-L1* neutrophils per million total cells in tumour tissues of patients with GC. (D) Release of GM-CSF induces the activation of
intratumorous neutrophils, a process that is accompanied by the induction of PD-L1 expression on these cells as a result of Janus kinase (JAK)-signal
transducer and activator of transcription 3 (STAT3) signalling pathway activation. These activated neutrophils exert their pro-tumour effect,
contributing to immunosuppression and GC progression by inhibition T cell immunity in a PD-L1-PD-1-dependent manner.
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DISCUSSION

In this study, we have shown that within GC neutrophils play an
active role on promoting tumour progression. Although neutro-
phils have already been described in patients with tumours,® to
our knowledge this is the first demonstration of a statistically
significant correlation between prevalent high PD-L1 expressing
neutrophils in human tumours and poor tumour prognosis; it is
also the first demonstration for tumour-derived GM-CSF to
induce immunosuppressive neutrophils which inhibit T-cell
immunity connecting mechanistically the pathological role of
neutrophils within the tumour microenvironment.

Neutrophils have been identified in tumours recently.
However, very little is currently known about tumour-
infiltrating neutrophils’ phenotype, function and their clinical
relevance. In human GC, it has been shown that elevated neu-
trophils in peripheral blood’ and tumour tissues® predict poor
prognosis of patients with GC. Here, we have significantly
expanded upon these previous observations. Our profiling of
neutrophils within GC confirms that they are phenotypically
and functionally distinct from their peripheral counterparts. As
expected, tumour-infiltrating neutrophils exhibited an activated
phenotype characterised by the upregulation of CD54, com-
pared with normal activated peripheral cohorts.” Most interest-
ingly, these activated neutrophils expressed high level
immunosuppressive molecule PD-L1, indicating that their main
role is likely to be directly modulating effector function.

Immunosuppression has been known as a hallmark of
cancer.'” Crosstalk between PD-L1 and PD-1 is one of the main
mechanisms contributing to such suppression applied to T
cells."" Neutrophils’ PD-L1 upregulation occurs during infection
or inflammation, such as HIV-1 infection'* and systemic inflam-
mation."® Although previous studies have shown that tumour-
activated neutrophils could function as G-MDSCs and could
inhibit T cell proliferation via arginase-1'* and iNOS,'* we now
are the first to report, in human GC, that the induced high
PD-L1 expression on infiltrating neutrophils exhibits more pro-
found suppressive role on T-cell proliferation and IFN-y produc-
tion than that of arginase-1 or iNOS (see online supplementary
figure S3D). Our results further emphasise the importance of
PD-1-PD-L1 pathway in tumour-related immunosuppression.

In analogy to M1 and M2 macrophage polarisation,'®
researchers have reported the existence of N1 and N2 neutro-
phils.'” N2 neutrophils promote tumour progression mainly
through releasing of matrix metalloproteinases'® and angio-
genic factors,'” which can be prevented by blocking the
pro-inflammatory factors and then intend to display an N1
phenotype.'” However, the neutrophils’ tumour-promoting or
tumour-alleviating roles have been controversial. In early lung
cancer, an activating effect of neutrophils on T cells was
reported.”’ By contrast, in melanoma, neutrophils promote
disease progression.'® Our results are consistent with the latter
study showing neutrophils’ tumour-promoting effect in GC.
Importantly, with an in vivo GC model, our hypothesis that
activated PD-L1% neutrophils effectively suppress T cell
immunity and promote GC progression was fully verified. We
further demonstrated that such T cell suppression was through
PD-L1 on the neutrophils as blocking PD-L1 reversed it.
Conversely, it could be speculated that at different tumour pro-
gress stages tumour-infiltrating neutrophils may have different
functions. During the initial stages of tumour, neutrophils
might have a transient tumour-alleviating role; however, as
disease progressed, neutrophils could be influenced by tumour-
derived factors to acquire tumour-promoting phenotype and
function.

GM-CSF is a pluripotent and pro-inflammatory cytokine that
regulates haemopoiesis as well as immune response.”’ The
GM-CSF-secreting tumours, including colorectal cancer?* and
lung cancer,?® albeit not very common, are among the most
rapidly advancing ones due to a pro-inflammatory cytokine-
mediated immunosuppression.”* Here, we identify GM-CSF as
a novel pro-inflammatory factor within GC tumour environ-
ment, and show that GC tumour-derived GM-CSF effectively
induces PD-L1 expression on neutrophils via activation of
JAK-STAT3 pathway.

Collectively, based on our in vitro and in vivo data, we
propose a model involving the progressive immunosuppression
within GC (figure 7D). First, GM-CSF with pro-inflammatory
feature is produced within the gastric tumours. Second, released
GM-CSF induces the activation of intratumorous neutrophils, a
process that is accompanied by the induction of PD-L1 expres-
sion on these cells via JAK-STAT?3 signalling pathway activation.
Third, these activated immunosuppressive neutrophils exert a
pro-tumour effect by suppressing T cell function in a
PD-L1-PD-1 dependent manner in the GC microenvironment.
In this way, neutrophils appear to contribute to tumour progres-
sion via GM-CSF-PD-L1 pathway, which is consistent with our
observations that advanced tumour staging is associated with
significant increase of PD-L1" neutrophils in GC. In the future,
therapeutics aimed at interfering these pathological neutrophils
and the GM-CSF-PD-L1 immunosuppressive pathway may be
developed to provide novel strategies for GC treatment.
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