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ABSTRACT
Objective Pancreatic ductal adenocarcinoma 
(PDAC) is a highly metastatic disease and cytotoxic 
chemotherapy is the standard of care treatment for 
patients with advanced disease. Here, we investigate 
how the microenvironment in PDAC liver metastases 
reacts to chemotherapy and its role in metastatic disease 
progression post- treatment, an area which is poorly 
understood.
Design The impact of chemotherapy on metastatic disease 
progression and immune cell infiltrates was characterised 
using flow and mass cytometry combined with transcriptional 
and histopathological analysis in experimental PDAC liver 
metastases mouse models. Findings were validated in patient 
derived liver metastases and in an autochthonous PDAC 
mouse model. Human and murine primary cell cocultures and 
ex vivo patient- derived liver explants were deployed to gain 
mechanistical insights on whether and how chemotherapy 
affects the metastatic tumour microenvironment.
Results We show that in vivo, chemotherapy induces an 
initial infiltration of proinflammatory macrophages into 
the liver and activates cytotoxic T cells, leading only to a 
temporary restraining of metastatic disease progression. 
However, after stopping treatment, neutrophils are recruited 
to the metastatic liver via CXCL1 and 2 secretion by 
metastatic tumour cells. These neutrophils express growth 
arrest specific 6 (Gas6) which leads to AXL receptor 
activation on tumour cells enabling their regrowth. Disruption 
of neutrophil infiltration or inhibition of the Gas6/AXL 
signalling axis in combination with chemotherapy inhibits 
metastatic growth. Chemotherapy increases Gas6 expression 
in circulating neutrophils from patients with metastatic 
pancreatic cancer and recombinant Gas6 is sufficient to 
promote tumour cell proliferation ex vivo, in patient- derived 
metastatic liver explants.
Conclusion Combining chemotherapy with Gas6/
AXL or neutrophil targeted therapy could provide 
a therapeutic benefit for patients with metastatic 
pancreatic cancer.

BACKGROUND
Metastasis is the leading cause of cancer- related 
death. Pancreatic ductal adenocarcinoma (PDAC) 
frequently metastasizes to the liver1 2 and liver 
metastasis is accompanied by the formation of an 

inflammatory- fibrotic metastatic microenvironment 
that supports the colonisation and outgrowth of 
disseminated cancer cells.3–6 Myeloid immune cells, 
including monocytes, macrophages and neutro-
phils, are found in high numbers in the metastatic 
niche and have been shown to promote the meta-
static process.7–9 Macrophages are highly plastic 
cells and, depending on their activation state, can 
acquire tumour supportive or tumour repressive 

Significance of this study

What is already known on this subject?
 ⇒ Pancreatic cancer is a devastating metastatic 
disease for which better therapies are urgently 
needed.

 ⇒ Pancreatic cancer frequently metastasises to the 
liver where the metastatic microenvironment 
facilitates the seeding and growth of 
metastases.

 ⇒ Cytotoxic chemotherapy is the standard care of 
treatment for all patients with pancreatic cancer, 
including those with locally advanced or metastatic 
disease, and as adjuvant treatment for patients 
after surgical resection of their primary tumour.

 ⇒ It is unclear how the metastatic microenvironment 
reacts to chemotherapy and its role in metastatic 
disease progression post- treatment.

What are the new findings?
 ⇒ Cessation of chemotherapy induces the 
recruitment of neutrophils to the liver, resulting 
in increased metastatic growth.

 ⇒ Neutrophils are recruited to the liver via CXCL1 
and 2 expression by disseminated pancreatic 
cancer cells.

 ⇒ Neutrophils recruited to the liver postchemotherapy 
express growth arrest specific 6 (Gas6) which leads 
to AXL receptor activation on tumour cells.

 ⇒ Gas6- mediated activation of the AXL receptor on 
tumour cells promotes the regrowth of tumour cells 
after chemotherapy treatment in vitro and in vivo.

 ⇒ Disruption of neutrophil infiltration or inhibition of 
the Gas6/AXL signalling axis in combination with 
chemotherapy inhibits metastatic growth.
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functions.10 11 During liver metastasis, macrophages are promet-
astatic, display an immunosuppressive phenotype,12 13 and 
promote fibrosis.3 Emerging evidence suggests that neutrophils 
play a critical role during the early steps of metastasis.14 Neutro-
phils can promote the colonisation of the distant site through the 
release of neutrophil extracellular traps (NETs),15 16 induction of 
angiogenesis,9 17 secretion of leukotrienes18 and by their immu-
nosuppressive activities.19 20 However, whether myeloid immune 
cell functions in pancreatic cancer metastases are altered in 
response to therapeutic interventions remains unknown.

Systemic spread is an early event in pancreatic cancer progres-
sion1 and by the time PDAC patients are diagnosed, the majority 
(~80%) present with non- resectable metastatic cancer.2 A total 
of 15%–20% of PDAC patients are eligible for surgical resec-
tion of their primary tumour. However, clinically undetectable 
micrometastatic lesions are often already present at the time the 
primary tumour is removed, and more than 70% relapse with 
distant metastasis within 24 months of surgery.21 The time of 
recurrence after surgical resection strongly correlates with 
overall survival, and an early hepatic metastatic relapse is asso-
ciated with the worse prognosis.22 Following diagnosis of liver 
metastases, median survival on systemic chemotherapy is just 9 
months.23

Cytotoxic chemotherapy is the standard care of treatment 
for all patients with pancreatic cancer, including those with 
locally advanced or metastatic disease and as adjuvant treatment 
for patients after surgical resection of their primary tumour.24 
Gemcitabine, gemcitabine/capecitabine, nab- paclitaxel and 
FOLFIRINOX are the most common chemotherapeutic treat-
ment options.25 Although the effect of chemotherapy on the 
primary tumour site is well characterised,21 our understanding 
of how chemotherapy shapes the hepatic metastatic microen-
vironment and how this affects metastatic disease progression 
remains unknown. A better understanding of this process could 
lead to treatments that improve the efficacy of current systemic 
chemotherapies.

RESULTS
Gemcitabine treatment restrains metastatic progression, but 
disease relapses when treatment is withdrawn
To model chemotherapeutic treatments of metastatic pancre-
atic cancer in vivo, we induced PDAC liver metastasis in mice 
by intrasplenic implantation of KPC derived cells and initiated 
gemcitabine treatment once metastatic lesions had been estab-
lished (at day 12 postimplantation),3 (figure 1A). While KPC 
cancer cells were sensitive to gemcitabine when treated in vitro 
(online supplemental figure S1A), gemcitabine treatment did not 
improve the overall survival of animals with pancreatic cancer 
liver metastasis (figure 1A). Bioluminescent in vivo imaging anal-
ysis revealed that metastatic tumour burden was significantly 
reduced in the gemcitabine treated animals at the end of the treat-
ment schedule (d22) (figure 1B), but no differences in tumour 

burden were detected at the humane endpoints (between day 
32 and day 48 (figure 1C). H&E staining of liver tissue sections 
further confirmed a significant reduction of metastatic tumour 
lesions by the end of the treatment schedule (day 22), while this 
reduction was no longer detected at humane endpoints (online 
supplemental figure S1B–E). Postmortem analysis proofed 
extensive tumour burden in the liver, while tumour formation 
in the spleen remained minor (online supplement figure S1F, G). 
We next assessed tumour cell death in livers from control (saline 
treated) versus gemcitabine treated animals. We found that the 
percentage of apoptotic cancer cells, assessed by cleaved caspase 
3 (CC3) staining, was significantly increased in gemcitabine 
treated animals compared with control tumour- bearing mice 
by the end of the treatment schedule (day 22) (figure 1D,E). 
However, by humane endpoints, after withdrawal of gemcit-
abine treatment, the initially observed increase in cancer cell 
death was lost (online supplemental figure S1H, I). Adjuvant 
chemotherapy is the established standard- of- care for patients 
who undergo surgical resection of their primary pancreatic 
tumour.24 The short time and the high frequency at which these 
patients relapse with metastatic disease (median of 9 months after 
resection23) strongly suggests that occult micrometastases were 
already established at the time of surgery.26 To test the effect of 
chemotherapy on micrometastatic lesions equivalent to the adju-
vant treatment setting, we next administered a single dose of 
gemcitabine at day 3 post- tumour implantation, after the initial 
seeding period and where micro- metastatic lesions are present 
(figure 1F).3 13 Similar to what we observed with larger meta-
static lesions, administration of gemcitabine also reduced micro- 
metastatic tumour burden (figure 1G,H) and tumour lesion areas 
in the liver at day 4 (figure 1I,J), but this effect was lost at day 14 
(figure 1G–J). By 24 hours after gemcitabine administration, the 
percentage of apoptotic cancer cells (TUNEL+) in micromet-
astatic lesions was markedly increased in gemcitabine treated 
animals compared with control animals (figure 1K,L). However, 
at day 14, the rate of TUNEL +cancer cells declined in the 
gemcitabine treated tumours to similar levels as in the untreated 
cohort (online supplemental figure S1J, K). Macrophages and 
dendritic cells (DCs) are phagocytic cells from the innate arm of 
the immune system that play a key role in the removal of dead 
cells and are critical for the induction of an antitumour immune 
response in cancer.27 In order to identify the phagocytosis of 
cellular cancer debris by macrophages and DCs, we used flow 
cytometry to measure the fluorescent signal of zsGreen labelled 
cancer cells within macrophages (CD11b+F4/80+CD11cneg), 
CD11b+ DCs (CD11c+CD11b+CD103negF4/80neg) and CD103+ 
DCs (CD11c+CD103+CD11bnegF4/80neg). All three cell popu-
lations showed a significant uptake of zsGreen signal after 
gemcitabine administration compared with the control group 
(figure 1M; online supplemental figure S1L), suggesting an acti-
vation of innate immune cells in metastatic lesions in response to 
chemotherapy. Taken together, these findings show that gemcit-
abine induces cancer cell death in PDAC metastatic lesions, but 
tumour growth relapses after treatment withdrawal and overall 
survival remains unchanged.

Gemcitabine treatment induces a short-term activation of 
a proinflammatory immune response in metastatic hepatic 
lesions
Since chemotherapy can promote the activation of an immune 
response in cancer27 we next investigated, in more detail, the 
immune cell activation on gene expression level in metastatic 
lesions during the initial response to gemcitabine treatment (day 

Significance of this study

How might it impact on clinical practice in the foreseeable 
future?

 ⇒ Combining chemotherapy with Gas6/AXL or neutrophil 
targeted therapy may offer a new opportunity in the 
treatment of patients with metastatic pancreatic cancer 
and in the adjuvant setting of patients that have undergone 
tumour resection.

 on N
ovem

ber 11, 2022 at U
niversity of G

lasgow
. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2021-325272 on 12 January 2022. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
https://dx.doi.org/10.1136/gutjnl-2021-325272
http://gut.bmj.com/


2286 Bellomo G, et al. Gut 2022;71:2284–2299. doi:10.1136/gutjnl-2021-325272

Pancreas

Figure 1 Gemcitabine restrains metastatic progression during treatment, but disease relapses and overall survival remain unchanged when 
treatment is withdrawn. (A–E) Liver metastasis was induced by intrasplenic implantation of 1×106 KPCluc/zsGreen cells. Starting day 12, animals were 
treated with gemcitabine (100 mg/kg) or control (vehicle) every 3 days with four doses in total. (A) Survival analysis of gemcitabine and control- 
treated mice- bearing liver metastasis; log- rank (Mantel- Cox) test, p=0.2499. Median survival for control was 22 days (n=6 mice) and gemcitabine 
33.5 days (n=8 mice) after treatment initiation. (B) Representative images of bioluminescence imaging (BLI) taken 1 day after last treatment dose 
(day 22). (C) Tumour burden assessed by BLI in gemcitabine treated group (n=8 mice) compared with control group (n=6 mice) at day 22 and humane 
endpoint (HEP). (D, E) Representative immunofluorescent images (D) and quantification (E) of apoptotic KPCluc/zsGreen cells staining positive for 
cleaved caspase 3 (CC3) at day 22 (n=5 mice /group). White arrowheads indicate apoptotic (CC3+) cancer cells. (F–L) Liver metastasis was induced 
by intrasplenic implantation of 5×105 KPCluc/zsGreen cells and animals received one dose of gemcitabine (100 mg/kg) or control (vehicle) at day 3 (F). 
(G, H) Representative BLI images of dissected livers (G) and change in tumour burden (H) (day 4: n=5 mice/group/time point). (I, J)Representative 
images of H&E- stained liver sections (I) and quantification (J). (K, L)Rrepresentative immunofluorescent images of apoptotic KPCluc/zsGreen cells staining 
positive for TUNEL at day 4 (n=5 mice/group) (K) and quantification (L).White arrowheads indicate apoptotic (TUNEL+) cancer cells. (M) uptake of 
apoptotic zsGreen- labelled KPC FC1199luc/zsGreen cancer cells by dendritic cells (DC) and macrophages (MACS) was evaluated 1 day after gemcitabine 
treatment. Frequency of zsGreen +cells among CD103+ DC, CD11b+ DC and MACS (n=5 mice/group). Scale bar 50 µM. Data are presented as 
mean±SEM. Unpaired t- test was used to calculate p values. *P<0.05; **p<0.01. H, healthy liver; M, metastases; n.s., not significant.
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4) and after withdrawal (day 14) using the Mouse PanCancer 
Immune Profiling Panel (NanoString Technologies). Hierar-
chical clustering of the generated pathway scores revealed that 
gemcitabine induces distinct transcriptional changes during the 
initial response, as highlighted by the separate clustering of the 
gemcitabine groups compared with control groups (figure 2A, 
left). However, the distinct signatures between control and 
gemcitabine- treated metastatic lesions were lost after withdrawal, 
as indicated by the loss of segregation between the two groups 
(figure 2A, right). Among the top upregulated pathways, we 
identified innate immune activation and T cell functions which 
are characteristic of an antitumour immune response (figure 2B). 
However, after gemcitabine withdrawal, these immune stimu-
latory pathways were markedly downregulated, suggesting 
that gemcitabine only triggers a temporal activation of an anti- 
tumour immune response in tumour- bearing mice (figure 2C). 
We next analysed disaggregated metastatic lesions by mass and 
flow cytometry to assess immune cell infiltration and their acti-
vation state. We found that during the initial response, macro-
phage numbers (CD45+CD11b+Ly6GnegF4/80+) significantly 
increased, and inflammatory monocytes numbers (CD45+CD-
11b+Ly6ChighLy6GnegF4/80neg) were reduced (figure 2D; 
online supplemental figure S2A, B). In addition, CD4+ T cell 
numbers significantly increased in response to treatment (online 
supplemental figure S3A, C). However, after chemotherapy 
withdrawal, neutrophils (CD45+CD11b+F4/80negLy6G+) and 
patrolling monocytes (pMo; CD45+CD11b+Ly6ClowF4/80low/

negMHCIIneg) increased the most in gemcitabine- treated tumours 
compared with control treated tumours, while T cell numbers 
were significantly decreased (figure 2E). The decrease in total T 
cell numbers was most likely due to a reduction in CD8+ T cells, 
since the less abundant CD4+FoxP3+ T regulatory cells (Tregs) 
rather increased (online supplemental figure S3A–D). Consistent 
with an antitumour immune response, we found a significant 
increase in the activation of CD8+ and CD4+ T cells (figure 2F; 
online supplemental figure S3E, F), DCs (figure 2G), macro-
phages (figure 2H) and NK cells (figure 2I) during the initial 
response to gemcitabine (online supplemental figure S2A, B). 
Again, this effect was lost after withdrawal of the treatment.

Further analysis of metastatic liver tissues confirmed that 
gemcitabine treatment induces the overall accumulation of 
macrophages (F4/80+), particularly of macrophages with a 
proinflammatory phenotype (iNOS+) (figure 2J) while macro-
phages with an immunosuppressive phenotype (CD206+ and 
YM1+) were reduced (online supplemental figure S3G- J). 
However, no significant changes in macrophage infiltration or 
activation were observed after treatment withdrawal (figure 2K; 
online supplemental figure S3K, L). Taken together these data 
suggest that gemcitabine administration induces the activation 
of an antitumourigenic immune response at the metastatic site, 
characterised by an increase in proinflammatory macrophages, 
activated CD8+ T cells and NK cells. However, after treatment 
withdrawal the initial immune cell activation is lost and meta-
static lesions revert back to an immunosuppressive microenvi-
ronment, which is commonly found in established metastatic 
PDAC tumours.12 13

Macrophage depletion after gemcitabine treatment increases 
CD8+ T cell infiltration, but neutrophil depletion has no effect 
on CD8+ T cell numbers
Since neutrophils and macrophages can both effectively suppress 
CD8+ T cell responses,11 14 we next questioned whether the 
depletion of either of these myeloid cell types is sufficient to stop 

metastatic relapse and to sustain the initially observed CD8+ T cell 
response (figure 2B and F). To address this question, we ran two 
separate depletion studies using monoclonal antibodies targeting 
neutrophils (αLy6G) or macrophages (αCSF- 1) in the pres-
ence or absence of gemcitabine treatment. Liver metastasis was 
induced by intrasplenic implantation of KPC cells. After 3 days, 
mice- bearing micrometastatic lesions were treated with gemcit-
abine or saline (control) and 1 day later (day 4) we commenced 
the depletion of neutrophils (figure 3A–C) or macrophages 
(figure 3D–F) using αLy6G and αCSF- 1 antibodies, or their 
corresponding isotype controls (IgG). Depletion of neutrophils 
after gemcitabine administration markedly reduced the meta-
static tumour burden compared with gemcitabine/IgG treatment 
(figure 3B,C, online supplemental figure S4A, B), but depletion 
of neutrophils in the absence of gemcitabine did not have any 
effect on metastatic tumour burden (online supplemental figure 
S4C). In contrast, depletion of macrophages by αCSF- 1 signifi-
cantly reduced metastatic tumour burden in both saline (control) 
and gemcitabine treated mice (figure 3E,F; online supplemental 
figure S4D, E). Flow cytometry analysis of disaggregated meta-
static lesions derived from gemcitabine treated animals revealed 
that the depletion of macrophages increased CD8+ T cell infil-
tration, while neutrophil depletion did not affect CD8+ T cell 
infiltration (figure 3G). In agreement with these findings, we did 
not detect an increase in Granzyme B expression in CD8+ T cells 
in gemcitabine- treated animals where neutrophils were depleted 
(figure 3H), but we found a significant increase of Granzyme B 
expressing CD8+ T cells in metastatic lesions of gemcitabine- 
treated mice where macrophages were depleted (figure 3J,K). 
We also confirmed that applied macrophage- depletion and 
neutrophil- depletion strategies indeed reduced their corre-
sponding numbers at the metastatic site (online supplemental 
figure S4F–H). Notably, neutrophil- depletion or macrophage- 
depletion after gemcitabine treatment also increased overall 
survival of the mice compared with gemcitabine treatment alone 
(figure 3L,M). Taken together, these data show that gemcitabine 
administration is accompanied by an infiltration of macrophages 
during the initial response, while neutrophils are recruited to 
the metastatic site after therapy withdrawal. Depletion of macro-
phages or neutrophils after gemcitabine withdrawal enhances 
the therapeutic effect of gemcitabine. Notably, while macro-
phage depletion restores CD8+ T cell infiltration and activation, 
neutrophil depletion does not affect CD8+ T cells, suggesting 
that neutrophils promote metastatic relapse in a CD8+ T cell 
independent manner.

Chemotherapy withdrawal triggers the recruitment of Gas6-
expressing neutrophils to hepatic metastatic tumours
Next, we further explored the mechanism by which neutro-
phils promote metastatic relapse after chemotherapy with-
drawal. Neutrophil depletion after gemcitabine treatment 
reduced metastases in the presence and absence of CD8+ T cells 
(figure 4A; online supplemental figure S4I, J), suggesting that the 
neutrophils can directly affect cancer cell regrowth. Hence, we 
next assessed cancer cell proliferation in tumour sections after 
gemcitabine withdrawal (day 14). After gemcitabine withdrawal, 
metastatic deposits showed a significant increase of proliferating 
(Ki67+) cancer cells compared with metastatic deposits from 
the saline treated control group (figure 4B,C). Importantly, the 
depletion of neutrophils only reduced cancer cell proliferation 
associated with gemcitabine withdrawal, and had no impact 
on cancer cell proliferation in saline (control) treated mice, 
suggesting a treatment induced growth promoting function 
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Figure 2 Gemcitabine administration induces a short- term activation of a proinflammatory immune response in metastatic pancreatic cancer. 
(A–K) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and animals were treated with gemcitabine (100 mg/kg) or 
control (vehicle) at day 3. Metastatic livers were resected at initial response (day 4) and after withdrawal of treatment (day 14) for transcriptional, 
mass cytometry and tissue staining analysis. (A) Heatmap depicting hierarchical clustering of pathway scores (n=3 mice/group/time point). 
(B–C) Graph depicting top pathway scores observed in (B) metastatic livers of gemcitabine treated animals compared with control animals during 
initial response (day 4) and in (C) metastatic livers after gemcitabine withdrawal (day 14) compared with the initial response (day 4). (D, E) Coloured 
viSNE maps with each colour representing one immune cell population assessed by mass cytometry and quantification of main immune cell types 
among control (CTR) and gemcitabine (GEM) treated liver metastases at day 4 (A) and day 14 (B), respectively (CTR D4 n=4 mice, GEM D4 n=4 mice; 
CTR d14 n=3 mice; GEM d14 n=4 mice). (F–I) Quantification of metastasis infiltrating immune cells and their activation state by mass cytometry 
at initial treatment response (day 4) and after treatment withdrawal (day 14). (F)Cytotoxic CD8+ T cell activation (CD69+), (G) dendritic cell (DC) 
activation (CD86 +MHCIIhigh), (H) macrophage activation (CD86 +MHCIIhigh) and (I) natural killer (NK) cell activation (CD69+) (CTR D4 n=4 mice, GEM 
D4 n=4 mice; CTR d14 n=3 mice; GEM d14 n=4 mice). (J, K) Representative immunofluorescent images and quantification of iNOS + and F4/80+ 
macrophages in liver tumours during initial response (n=4 mice/group) (D) and after gemcitabine withdrawal (E) (n=3 mice in CTR group; n=4 mice in 
GEM group). White arrowheads indicate iNOS + macrophages. Scale bar 50 µM; M=metastases, H=healthy liver. Data are presented as mean±SEM. 
*P<0.05; **p<0.01; n.s., not significant, by unpaired t- test. For multiple comparisons (D, E), one- way ANOVA coupled with Dunnett’s post hoc testing 
was performed. ANOVA; analysis of variance.
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Figure 3 Macrophage depletion increases CD8 + T cell infiltration, but neutrophil depletion has no effect on CD8+ T cell numbers. (A–M) Liver 
metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and animals were treated with gemcitabine (100 mg/kg) or control (vehicle) 
at day 3. (A–C, G–I) At day 4, mice were treated with IgG control (CTR) or αLy6G antibody. Schematic illustrating experiment (A). Change in tumour 
burden was quantified by in vivo BLI (n=3 mice/group). Representative images (B) and quantification (C). (D–G, J, K) At day 4, mice were treated with 
IgG control (CTR) or αCSF- 1 antibody. Schematic illustrating experiment (D). Change in tumour burden was quantified by in vivo BLI (CTR n=3 mice; 
αCSF- 1 n=4 mice). Representative images (E) and quantification (F). (G) Change in CD8+ T cell infiltration into metastatic lesions was quantified by 
flow cytometry analysis in mice treated with αLy6G or αCSF- 1 or their corresponding IgG controls. (H, I) Representative immunofluorescent images 
of CD8+GranzymeB + T cell staining of liver sections from mice treated with IgG or αLy6G (H) and quantification (I) of CD8+GranzymeB+ T cells 
(GranzymeB=GzmB). (J, K) Representative immunofluorescent images of CD8+GranzymeB+ T cell staining of liver sections from mice treated with 
IgG or αCSF- 1 (J) and quantification (K) of CD8 +GranzymeB+ T cells. White arrowheads indicate CD8 +GranzymeB+ T cells. (L) Liver metastasis was 
induced by intrasplenic implantation of 1×106 KPCluc/zsGreen cells. At day 3, all animals were treated with gemcitabine (100 mg/kg). At day 4, mice were 
treated with IgG control (CTR) or αLy6G antibody. survival analysis of gemcitabine + IgG and gemcitabine + αLy6G antibody- treated mice- bearing 
liver metastasis; log- rank (Mantel- Cox) test, p=0.0022. Median survival for gemcitabine + IgG was 35 days (n=6 mice) and gemcitabine + αLy6G 48 
days (n=6 mice). (M) same as (L), but at day 4, mice were treated with IgG control (CTR) or αCSF- 1R antibody. Survival analysis of gemcitabine + IgG 
and gemcitabine + αCSF- 1R antibody- treated mice- bearing liver metastasis; log- rank (Mantel- Cox) test, p=0.0168. Median survival for gemcitabine + 
IgG was 29.5 days (n=6 mice) and gemcitabine + αCSF- 1R 45 days (n=6 mice). Scale bar 50 µM. Data are presented as mean±SEM. Unpaired t- test 
was used to calculate p values. *P<0.05; **p<0.01. H, healthy liver; M, metastases; n.s., not significant.
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Figure 4 Neutrophils promote cancer cells proliferation and Gas6 is highly expressed by metastatic associated neutrophils after gemcitabine 
treatment. (A) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and animals were treated with gemcitabine (GEM; 100 
mg/kg) at day 3. At day 4, mice were treated with αLy6G or IgG controls for 2 weeks; at day 7, mice were treated with αCD8 or IgG controls until 
end point (day 14). Change in tumour burden was quantified by ex vivo bioluminescence imaging (BLI) (n=5 mice/group). (B–C) Liver metastasis 
was induced by intrasplenic implantation of KPCluc/zsGreen cells. Mice were treated with gemcitabine or saline 3 days postcell implantation. Treatment 
with αLy6G or control IgG started at D4 (n=4 mice/group). Livers were resected after 14 days and assessed by Ki67 staining (proliferation marker). 
Representative IHC images (B) and quantification of proliferating Ki67+ tumour cell frequency in metastatic livers (C). Inset: asterisks indicate ductal 
structures formed by metastatic tumour cells (red arrow head). (D)Colony formation assay of gemcitabine stressed KPC cells in the presence or 
absence of metastasis infiltrating neutrophils (+Ly6G) or macrophages (+F4/80) isolated from tumour- bearing livers of mice at day 14 after treatment 
with GEM or saline treated (CTR). Bar graph shows fold upregulation of BLI signal compared with Gem- treated KPC cells alone (red shaded) (three 
independent experiments; mean±SEM). (E) Quantification of Gas6 mRNA levels by real time PCR in intrametastatic pancreatic cancer cells, neutrophils 
(Ly6G), macrophages (F4/80) and non- immune stromal cells (zsGreennegCD45neg), isolated by fluorescence activated cell sorting from established 
metastatic livers at day 14 after treatment with GEM or untreated (CTR). Bar graph shows relative expression of Gas6 in cells derived from GEM- 
treated mice and untreated mice (data are from three independent experiments; mean±SEM). (F–H) Representative images (F) of myeloperoxidase 
(MPO) and Gas6 staining using RNAscope in serial sections from metastatic livers derived from untreated (CTR) or GEM treated mice (n=3 mice/
group). Arrowheads indicate Gas6+ staining in neutrophil- rich areas. Scoring of Gas6 signal per field of view (G) and MPO staining quantification 
(H). (I–K) Metastatic tumours in livers of the spontaneous mouse pancreatic cancer model KrasG12D;Trp53R172H;Pdx1- Cre (KPC mice) treated with 
Gemcitabine (KPC Gem) or left untreated (KPC Ctr) were isolated and analysed (n=3 mice/group). Representative images (I) of MPO and Gas6 
staining using RNAscope in serial sections from metastatic tissue sections. Arrowheads indicate Gas6+ staining in neutrophil- rich areas. (J) Scoring 
of Gas6 signal per field of view and (K) MPO staining quantification. (L, M) Peripheral blood neutrophils were isolated from metastatic PDAC 
patients during their first cycle of gemcitabine treatment and GAS6 mRNA levels were assessed by real time PCR. Schematic illustration of treatment 
regimen and patient blood sample collection (L). Quantification of data (M) (BL=baseline, prior treatment) (n=2 patients). Scale bar=50 µM. Data 
are presented as mean±SEM. Unpaired t- test or ANOVA with Bonferroni was used to calculate p values. *P<0.05; **p<0.01; ***p<0.001. ANOVA; 
analysis of variance; H, healthy liver; IHC, immunohistochemistry; M, metastases; n.s., not significant; PDAC, pancreatic ductal adenocarcinoma.
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of neutrophils (figure 4B,C). Thus, to test this hypothesis, we 
isolated metastasis infiltrating neutrophils from metastatic livers 
from mice treated with saline (control) or gemcitabine, and 
cocultured them with gemcitabine pretreated pancreatic cancer 
cells under anchorage independent growth conditions ex vivo. 
Gemcitabine- treated pancreatic cancer cells were unable to form 
colonies (figure 4D; online supplemental figure S4K). Strikingly, 
coculturing of neutrophils isolated from gemcitabine treated 
metastatic livers with gemcitabine- treated cancer cells enabled the 
cancer cells to grow and form colonies, while neutrophils isolated 
from control (saline treated) metastatic lesions were unable to 
promote cancer cell proliferation (figure 4D). In contrast, while 
metastases derived macrophages were also able to significantly 
increase cancer cell colony formation, the macrophage- growth 
promoting functions were Gas6- independent, unaffected by 
gemcitabine and markedly less potent compared with neutro-
phils derived from gemcitabine treated mice (figure 4D; online 
supplemental figure S4L). In agreement with these findings, in 
vivo, Ki67+ cancer cell numbers were reduced in macrophage 
depleted mice independent of their treatment (online supple-
mental figure S4M, N). Taken together, these data show that 
gemcitabine treatment makes neutrophils acquire a promito-
genic capacity that promotes cancer cell proliferation.

We next aimed to understand how neutrophils promote cancer 
cell proliferation. To achieve this goal, we performed RNA 
sequencing of metastasis infiltrating neutrophils isolated from 
saline treated metastatic livers (Ly6GCtr) and gemcitabine treated 
metastatic livers (Ly6GGem) (online supplemental figure S4O). 
Differently expressed genes were first filtered for GO terms 
extracellular and receptor ligand activity. Among the resulting 
n=141 genes, we identified Growth Arrest Specific protein 
6 (Gas6) as one of the top upregulated genes in neutrophils 
derived from gemcitabine treated metastatic lesions compared 
with control metastatic lesions (online supplemental tables 
S1, S2). Gas6 and its main receptor AXL are overexpressed 
in pancreatic cancer and their expression correlates with poor 
prognosis.28 29 Gas6/AXL signalling in cancer cells is associated 
with tumour cell proliferation, epithelial mesenchymal transi-
tion and metastases.30 31 Subsequent analysis of Gas6 expression 
in flow cytometry sorted neutrophils, non- immune stroma cells, 
macrophages and cancer cells confirmed that within the meta-
static tumour microenvironment, neutrophils markedly upregu-
late Gas6 expression in response to gemcitabine treatment and 
neutrophils are the main source of Gas6 after gemcitabine with-
drawal (figure 4E; online supplemental figure S5A).

In agreement with these findings, we found a marked upreg-
ulation of Gas6 expression levels in neutrophil- rich areas proxi-
mate to cancer cells after gemcitabine withdrawal in serial tissue 
sections derived from experimental (figure 4F–H; online supple-
mental figure S5B, D) and spontaneous hepatic metastatic lesions 
(figure 4I–K; online supplemental figure S5C, D). In contrast, 
chemotherapy withdrawal did not increase Gas6 levels in meta-
static livers from neutrophil- depleted mice (online supplemental 
figure S5E, F). Moreover, we only found an increase of Gas6 
expressing neutrophils in tumour- bearing livers, but not in 
tumour- free lung tissues, suggesting Gas6 expressing neutrophils 
preferentially accumulate at the metastatic tumour site (online 
supplemental figure S5G, H).

We observed the same changes when we treated metastatic 
tumour- bearing mice with nab- paclitaxel or FOLFIRINOX, 
both commonly used chemotherapy regimens in PDAC25 (online 
supplemental figure S5I). With all chemotherapeutic treatments, 
metastatic tumour burden temporarily decreased but was followed 
by metastatic relapse (online supplemental figure S5J) which was 

accompanied by an influx of Gas6- expressing neutrophils into 
metastatic lesions (online supplemental figure S5K–N). These 
results suggest that the increased accumulation of Gas6- expressing 
neutrophils in relapsed metastatic lesions after chemotherapy 
treatment occurs in response to different chemotherapeutic treat-
ment regimens and is therefore not agent specific. We next assessed 
Gas6 expression in circulating neutrophils in patients with meta-
static pancreatic cancer and in our mouse metastases model. We 
collected patient blood samples prior (baseline) and after (week 
4) their first cycle of gemcitabine treatment (figure 4L). We found 
that Gas6 expression increased in circulating neutrophils 4 weeks 
after the first dose of treatment (figure 4M; online supplemental 
figure S6A). Similarly, in the preclinical mouse model, Gas6 
expression was increased in circulating murine neutrophils after 
gemcitabine withdrawal (online supplemental figure S6B). Since 
the release of NETs by apoptotic neutrophils has been shown 
to promote pulmonary metastatic outgrowth in breast cancer 
models,16 we also analysed the presence of apoptotic (TUNEL+) 
neutrophils in liver metastases. However, we could only detect 
a few apoptotic neutrophils within liver metastases and their 
numbers remained unaffected by gemcitabine treatment (online 
supplemental figure S6C, D). To assess the biological importance 
of Gas6 in promoting regrowth of metastatic cancer cells, we 
next isolated metastasis infiltrating neutrophils from gemcitabine- 
treated tumour- bearing mice (Ly6GGem) and cocultured those 
neutrophils with gemcitabine treated cancer cells in the presence 
or absence of a Gas6 neutralising antibody. We found that Gas6 
secretion from neutrophils promotes cancer cell regrowth, in fact, 
the addition of a neutralising Gas6 antibody abolished the promi-
togenic effect of neutrophils (figure 5A). Next, we tested whether 
Gas6 is sufficient to promote the regrowth of gemcitabine treated 
cancer cells. We pretreated human Panc1 cells and mouse derived 
KPC cells with gemcitabine and measured regrowth of the cancer 
cells in the presence or absence of recombinant Gas6. Addition 
of recombinant Gas6 was sufficient to promote the regrowth of 
gemcitabine treated human (figure 5B,C) and mouse pancreatic 
cancer cells (figure 5D). To further test the role of Gas6 in cancer 
cell regrowth in metastatic livers after gemcitabine treatment in 
humans, we generated precision cut liver slices (PCLS) from fresh 
liver biopsies from treatment naïve metastatic PDAC patients. 
Next, PCLS were treated ex vivo with gemcitabine for 24 hours, 
washed, and further cultured in the presence or absence of recom-
binant Gas6 (figure 5E). PCLS were embedded and we assessed 
the presence of metastatic cancer cells (Muc1+) and proliferating 
cells (Ki67+). In line with our previous colony formation exper-
iments, we found an increase in proliferating metastatic cancer 
cells (MUC1+Ki67+) in gemcitabine treated PCLS cultures supple-
mented with recombinant Gas6 compared with gemcitabine 
treated PCLS cultures lacking recombinant Gas6 (figure 5F,G; 
online supplemental figure S6E, F). These experiments suggest 
that Gas6 is sufficient to promote the regrowth of gemcitabine- 
treated pancreatic cancer cells not only in PDAC cell lines in vitro, 
but also in patient- derived metastatic liver samples ex vivo. Taken 
together, these findings show that (1) the infiltration of neutro-
phils in metastatic lesions after chemotherapeutic treatment leads 
to metastatic relapse in vivo, (2) Gas6 expression is highly upreg-
ulated in neutrophils after chemotherapy and (3) Gas6 promotes 
regrowth of gemcitabine- treated pancreatic cancer cells.

Blockade of Gas6/Axl signalling axis restrains metastatic 
relapse after gemcitabine treatment
Gas6 is a ligand of the TAM receptor family (Tyro3, AXL, 
Mer) and binding of Gas6 to a TAM receptor results in its 
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phosphorylation and activation.32 The TAM receptor AXL is 
highly expressed by pancreatic cancer cells and its activation is 
associated with poor prognosis.28 We hypothesised that Gas6 
expressing neutrophils activates AXL on disseminated pancreatic 
cancer cells, thereby enabling cancer cell regrowth. To test this, 
we assessed AXL phosphorylation in metastatic lesions of mice 
treated with gemcitabine or saline and in the presence or absence 
of neutrophils. In agreement with our hypothesis, we found that 
in metastatic lesions derived from gemcitabine treated mice the 
level of AXL phosphorylation (pAXL) in disseminated cancer 
cells was markedly increased compared with control (saline 
treated) metastatic tumour lesions (figure 6A). Importantly, 
depletion of neutrophils (αLy6G) abolished AXL activation on 
disseminated cancer cells (figure 6A,B). These data confirm that 
AXL receptor activation on disseminated cancer cells requires 
the presence of neutrophils. We next tested whether pharma-
cological blockade of the Gas6/AXL signalling pathway using 
warfarin provides a therapeutic benefit when combined with 
chemotherapy. Gas6 belongs structurally to the family of plasma 
vitamin K- dependent proteins and its biological function is 
dependent on ϒ-carboxylation, a process that can be blocked 

using warfarin33 34 (figure 6C). Liver metastasis was induced by 
intrasplenic implantation of KPC cells. After 3 days, mice- bearing 
micrometastatic lesions were treated with gemcitabine or saline 
(control) and, 4 days later, we started the treatment with warfarin 
(figure 6D) to avoid interference with the initial anti- tumour 
immune response previously observed (figure 2). Gemcitabine 
or warfarin as monotherapies did not affect hepatic metastatic 
tumour burden. However, gemcitabine treatment followed by 
subsequent warfarin administration markedly reduced regrowth 
of metastatic lesions (figure 6E,F). As expected, warfarin treat-
ment abolished the previously observed increase in AXL acti-
vation (pAXL) in cancer cells in the gemcitabine treated cohort 
(figure 6G,H) and cancer cell proliferation (Ki67+) rates were 
reduced (online supplemental figure S7A, B), while neutrophil 
numbers remained unchanged (online supplemental figure S7C, 
D). We and others previously showed that Gas6/AXL signal-
ling also inhibits NK cell activation and warfarin treatment 
increases NK cell activation and reduces pulmonary metastasis 
in pancreatic cancer.35 36 Thus, we assessed the infiltration of 
NK cells in hepatic metastatic lesions using the NK activation 
marker NKp46. We found that NK cell numbers in the hepatic 

Figure 5 Gas6 is necessary for neutrophil- mediated cancer cell regrowth after gemcitabine treatment. (A) Quantification of colony formation 
assay of gemcitabine treated KPCluc/zsGreen cells in the presence or absence of Gas6 neutralising antibody (anti- Gas6) with or without metastasis 
infiltrating neutrophils (Ly6GGem) isolated from mice treated with gemcitabine. Bar graph shows fold upregulation of bioluminescence imaging (BLI) 
signal compared with gemcitabine- treated KPCluc/zsGreen cells alone (three independent experiments; mean±SEM). (B–D) Colony formation assay 
of gemcitabine- treated human Panc1 and murine KPCluc/zsGreen cells in the presence or absence or recombinant Gas6 (rGas6). (B) Representative 
images of Panc1 colonies. (C) Quantification of colony numbers (fold change compared with untreated Panc1 cells) (three independent experiment; 
mean±SEM). (D) Quantification of BLI signal from KPCluc/zsGreen colonies (fold change compared with untreated KPC cells) (three independent 
experiments; mean±SEM). (E–G) Schematic illustration of experiment (E): Human precision cut liver slices (hPCLSs) were initially treated with 
gemcitabine for 24 hours then cultured in the presence or absence of rGas6 for the following 24 hours. hPCLSs were assessed by MUC1 (cancer 
cell marker) and Ki67 immunofluorescent staining (proliferation marker). (F) Representative if images and (G) quantification of proliferating Ki67 + 
tumour cell frequency in ex vivo treated hPCLS (n=5 patient biopsies). Arrowheads indicate Ki67 + cancer cells. Scale bar 50 µM. data are presented 
as mean±SEM. Unpaired t- test or ANOVA with Bonferroni was used to calculate p values. *P<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of 
variance; H, healthy liver; M, metastases; n.s., not significant.
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Figure 6 Blockade of the Gas6/Axl signalling pathway via warfarin inhibits metastatic relapse after gemcitabine treatment. (A–B) Representative 
images of pAXL staining in liver tissue sections derived from naïve mice or metastasis bearing mice treated with saline (control) or treated with 
gemcitabine alone (GEM) or GEM + αLy6G (A). Quantification of pAXL + tumour cell frequency (B) (n=3 mice/group). (C) Schematic illustrating Gas6/
Axl blockade via warfarin. (D–H) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells. At day 3, mice were treated with 
gemcitabine (GEM) or saline control (saline), at day 7 mice were treated with warfarin (war) or left untreated (CTR). (D) Schematic illustration of the 
experiment. (E, F) Representative images of BLI signal detected in tumour- bearing livers ex vivo (E) and quantification of tumour burden by ex vivo 
bioluminescence imaging (BLI) (F) (n=3 mice/group). (G, H) Quantification of pAXL + tumour cell frequency (G) and representative images of pAXL 
staining of metastatic tumour lesions (H). Arrowheads indicate metastatic cancer cells staining positive for pAXL (n=3 mice/group). (I, J) Primary 
tumour burden was induced by orthotopic implantation of KPCluc/zsGreen cells into the pancreas. At day 8, cohorts were treated with GEM or saline 
control. Treatment with warfarin started at day 12. Livers were resected at day 19 and assessed for metastatic tumour burden (n=5 mice/group). 
(I) Schematic illustration of the experiment. (J) Quantification of tumour burden by ex vivo BLI (n=5 mice/group). (K–P) Liver metastasis was induced 
by intrasplenic implantation of KPCluc/zsGreen cells. At day 3, mice were treated with GEM or saline, at day 7 mice were treated with R428 or control 
vehicle. (K) Schematic illustration of experiment. (L)Change in tumour burden was quantified by ex vivo BLI (n=4 mice/group). (M, N) Quantification 
of pAXL+ tumour cell frequency (M) and representative images (N). (O, P) Quantification of Ki67+ tumour cell frequency (O) and representative 
images (P). Arrowheads indicate metastatic cancer cells staining positive for pAXL (N) or Ki67 (P). (Q) Liver metastasis was induced by intrasplenic 
implantation of KPCluc/zsGreen cells. At day 3, mice were treated with GEM, at day 4, mice were treated with αLy6G, at day 7 mice were treated with 
R428 or control vehicle until end point (day 14). Quantification of tumour burden by ex vivo BLI imaging (n=5 mice/group). (R) Liver metastasis was 
induced by intrasplenic implantation of 1×106 KPCluc/zsGreen cells. At day 3, animals were treated with GEM or saline control (saline). From day 7, mice 
were treated with warfarin or left untreated. Survival analysis of gemcitabine, gemcitabine/warfarin, warfarin and saline treated mice- bearing liver 
metastasis; log- rank (Mantel- Cox) test, p=0.0456 (GEM vs Gem/War). Median survival for saline was 36.5 days (n=6 mice), for warfarin 32.5 days 
(n=6 mice), gemcitabine 32.5 days (n=6 mice) and gemcitabine/warfarin 42 days (n=6 mice). Scale bar 50 µM. Data are presented as mean±SEM. 
Unpaired t- test or ANOVA with Bonferroni was used to calculate p values. *P<0.05; **p<0.01; ***p<0.001. ANOVA; analysis of variance; H, healthy 
liver; M, metastases; n.s., not significant.
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metastatic lesions were very low and not affected by warfarin 
(online supplemental figure S7E, F).

We next assessed whether warfarin is capable of inhibiting 
metastatic growth of disseminated cancer cells in a sponta-
neous metastasis model of pancreatic cancer after chemotherapy 
treatment. To test this, KPC derived cells were orthotopically 
implanted into the pancreas. At day 8, after the establishment 
of primary tumours, animals were treated with gemcitabine, 
followed by warfarin administration (figure 6I). Gemcitabine 
and warfarin administration alone, or as combinatorial therapy, 
did not affect primary tumour burden (online supplemental 
figure S7G, H). Similar to the experimental metastasis model, 
gemcitabine and warfarin treatment as monotherapies did not 
affect metastatic tumour burden compared with control treated 
mice. However, the presence of warfarin following gemcit-
abine treatment significantly reduced metastatic tumour burden 
(figure 6J), AXL activation (pAXL) and proliferation (Ki67+) of 
disseminated cancer cells (online supplemental figure S7I–L), but 
immune cell infiltration remained unchanged by warfarin (online 
supplemental figure S7M–Q). To further confirm that Gas6 
mediates metastatic relapse through AXL activation and not 
through one of its other TAM receptors (Tyro3, Mer), we next 
tested the effect of the AXL inhibitor R428 on metastatic relapse 
after treatment (figure 6K). In line with our previous findings, 
pharmacological inhibition of AXL after gemcitabine withdrawal 
significantly reduced metastatic relapse (figure 6L; online supple-
mental figure S8A, B), AXL (pAXL) activation and proliferation 
(Ki67+) of metastatic cancer cells (figure 6M–P), while immune 
cell infiltration remained unaffected (online supplemental figure 
S8C–G). Consistent with our findings that metastasis associated 
neutrophils are a main source of Gas6 expression and are critical 
for the activation of AXL after chemotherapy withdrawal, AXL 
inhibition in neutrophil depleted mice did not show any addi-
tional therapeutic benefit compared with neutrophil depletion 
alone (figure 6Q). Moreover, pharmacological inhibition of the 
Gas6/AXL signalling pathway with warfarin after gemcitabine 
treatment significantly increased overall survival of mice with 
liver metastases (figure 6R).

Thus, our findings provide evidence that targeting the AXL 
receptor is sufficient to reduce metastatic relapse after gemcit-
abine treatment.

Chemotherapy treatment upregulates the expression of Cxcl1 
and 2 in pancreatic cancer cells which promotes neutrophil 
recruitment to the tumour site
Chemotherapies often show adverse side effects in patients, 
including a transient reduction of immune cell populations 
caused by the toxicity of the drugs.37 Hence, we further anal-
ysed neutrophil numbers in the peripheral blood of liver metas-
tasis bearing patients and mice in response to chemotherapy 
treatment. As expected, a single dose of chemotherapeutic 
agents was sufficient to induce a transient reduction in neutro-
phil numbers in the blood of patients and mice, while 2 weeks 
after the last dose of treatment, neutrophil numbers rebounded 
(online supplemental table S3; online supplemental figure S9A, 
B). To explore the mechanism promoting the accumulation of 
neutrophils at the metastatic site in response to chemotherapy 
after rebound, we next tested whether pancreatic cancer cells 
treated with chemotherapeutic drugs upregulate the expres-
sion of chemokines known to promote neutrophil migration, 
including CXCL1, 2, 5 and 8 (expressed in human only).38 We 
found that in human and mouse pancreatic cancer cells, the 
chemokines Cxcl1 and Cxcl2 are highly upregulated in response 

to gemcitabine treatment (figure 7A). The upregulation of 
Cxcl1,2 by cancer cells in response to gemcitabine treatment 
was further confirmed in flow cytometry sorted disseminated 
pancreatic cancer cells (figure 7B). Interestingly, we also found 
that within the metastatic site, macrophages are a substantial 
source of Cxcl1 and 2 expression but their expression levels 
remained unaffected in response to gemcitabine (figure 7B). 
Since CXCL1,2,5 and 8 bind to the chemokine receptor CXCR2 
which is associated with neutrophil recruitment to tumours,8 
we first confirmed that Cxcr2 is indeed highly expressed in 
metastasis infiltrating neutrophils (figure 7C) and that CXCR2 
expression is not affected by gemcitabine treatment (figure 7D; 
online supplemental figure S9C). Next, we tested whether phar-
macological blockade of CXCR2 was sufficient to ablate neutro-
phil migration. As expected, while tumour conditioned media 
generated from gemcitabine- treated human and mouse pancre-
atic cancer cells significantly increased neutrophil migration in 
vitro, compared with control conditioned media, the presence 
of the CXCR2 inhibitor SB225002 inhibited neutrophil migra-
tion (figure 7E,F; online supplemental figure S9D, E). Moreover, 
recombinant CXCL2 was sufficient to induce human and mouse 
neutrophil migration (online supplemental figure S9F, G). In 
vivo, pharmacological inhibition of CXCR2 (figure 7G) signifi-
cantly inhibited metastatic relapse after gemcitabine withdrawal 
(figure 7H; online supplemental figure S9H) and reduced the 
accumulation of neutrophils at the metastatic site (figure 7I; 
online supplemental figure S9I). Taken together, these results 
show that the neutrophil attracting cytokines Cxcl1 and 2 are 
highly expressed in metastatic livers in response to gemcitabine 
withdrawal and this favours CXCR2- dependent recruitment of 
neutrophils at the hepatic metastatic site.

Chemotherapy treatment induces accumulation of Gas6 
expressing neutrophils in liver metastases of patients with 
stage IV colorectal cancer
Like pancreatic cancer, colorectal cancer (CRC) frequently metas-
tasises to the liver.39 While in pancreatic cancer, liver biopsies are 
only taken prior chemotherapeutic intervention for diagnostic 
purpose,25 in CRC, chemotherapy is often the standard- of- care 
treatment for patients with stage IV CRC (patients with liver 
metastasis), prior to their metastatic liver surgical resection.40 
These differences in patient care provided us an opportunity to 
collect liver samples from patients with stage IV CRC treated 
with chemotherapy, and to analyse whether metastatic liver 
tumours from patients with CRC show an increase in neutrophil 
infiltration and Gas6 expression in response to chemotherapy. 
We analysed resected metastatic liver tumours from untreated 
patients with stage IV CRC, and from patients with stage IV 
CRC treated with capecitabine or oxaliplatin. We found that 
metastatic tumour cells (cytokeratin 19+) in both chemotherapy- 
treated patient cohorts were surrounded by higher numbers 
of neutrophils (MPO+) compared with the untreated patient 
cohort (figure 8A,B). Analysis of serial tissue sections revealed 
increased levels of Gas6 +expression in neutrophil- rich areas 
in the treated patients (figure 8C,D; online supplemental figure 
S9J). To further confirm that neutrophils are indeed a major 
source of Gas6 expression in human liver metastases after 
chemotherapy treatment, we enzymatically disaggregated fresh 
liver samples from chemotherapy- treated patients with CRC 
into single cell suspensions and isolated neutrophils, macro-
phages, fibroblasts and cancer cells by flow cytometry- based cell 
sorting (figure 8E; online supplemental figure S9K). Subsequent 
gene expression analysis confirmed that neutrophils are the cells 
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expressing the highest levels of GAS6 in patient liver metastases 
after chemotherapy cessation (figure 8F). Taken together, these 
findings suggest that chemotherapy- induced neutrophil accumu-
lation and upregulation of Gas6 also occurs in liver metastasis 
of patients with CRC and thus, targeting Gas6 might improve 
therapeutic interventions in patients with pancreatic cancer and 
CRC.

DISCUSSION
Our findings demonstrate that standard cytotoxic chemo-
therapy temporarily restrains metastatic PDAC progression 
but, also induces cellular changes in the metastatic tumour 

microenvironment which subsequently promote metastatic 
relapse. Specifically, we found that chemotherapy induces the 
expression of neutrophil chemoattractants in tumour cells and 
subsequent recruitment and infiltration of Gas6 expressing 
neutrophils to the liver in a CXCR2- dependent manner. 
Neutrophil- derived Gas6 then activates the receptor tyrosine 
kinase AXL on metastatic cancer cells and promotes metastatic 
growth in the liver (figure 8G). In this study, we also show that 
pharmacological inhibition of Gas6/AXL signalling in combi-
nation with chemotherapy ablates metastatic relapse, thereby 
providing the rationale for further evaluating this therapeutic 
strategy for PDAC patients.

Figure 7 Chemotherapy treatment upregulates the expression of the neutrophil chemo- attractants CXCL1 and 2 in disseminated tumour cells. 
(A) Heatmap depicting Cxcl1, 2, 5, 8 mRNA expression levels assessed by real time PCR in KPC (murine) and PANC- 1 (human) pancreatic cancer 
cell lines untreated (CTR) and gemcitabine treated (GEM) (three independent experiments; mean±SEM). (B–D) Liver metastasis was induced by 
intrasplenic implantation of KPC cells. Cohorts were treated at day three with saline (CTR) or GEM (n=3 mice/group). Cancer cells, macrophages and 
neutrophils were isolated from metastatic lesions at day 14 by FACS. (B) Quantification of Cxcl1 and 2 mRNA levels by real time PCR in disseminated 
KPC cancer cells and macrophages (three independent experiments; mean±SEM). (C) Heatmap depicting gene expression analysis of CXCR family 
receptors (Cxcr1,2, 3, 4) by metastasis infiltrating neutrophils. (D) Quantification of CXCR2 expression levels by flow cytometry on neutrophils 
isolated from tumour- free livers (naïve) and liver metastases derived from saline (CTR) or gemcitabine (GEM) treated mice (n=3 mice/group). (E, 
F) Quantification of murine (E) and human (F) neutrophil migration in the presence and absence of CXCR2 inhibitor SB225002 (iCXCR2) towards 
tumour conditioned media (TCM) generated from pancreatic cancer cells (KPC and Panc1, respectively) exposed to gemcitabine (TCMGem) or control 
(TCMCtr) (three independent experiments; mean±SEM). (G–I) Liver metastasis was induced by intrasplenic implantation of KPC cells. Cohorts were 
treated at day three with GEM or saline (CTR). From day 4 mice were treated with SB225002 (iCXCR2) until endpoint (day 14). (H) Quantification 
of tumour burden by ex vivo BLI (n=5 mice/group). (I) Flow cytometry quantification of neutrophil frequency in metastatic livers at endpoint. Data 
are presented as mean±SEM. Unpaired t- test or ANOVA with Bonferroni was used to calculate p values. *P<0.05; **p<0.01; ***p<0.001; ANOVA, 
analysis of variance; n.s., not significant.
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Figure 8 Chemotherapy treatment induces accumulation of Gas6 expressing neutrophils in liver metastases of patients with stage IV colorectal 
cancer. (A–D) Tissue sections from metastatic livers derived from treatment naïve patients with stage IV colorectal cancer (CRC) (n=5), and 
patients undergone treatment with oxaliplatin (n=3) or capecitabine (n=4) were stained for cancer cells (CK19), neutrophils (MPO) and GAS6. (A, 
B) Representative images of CK19 and MPO staining of serial sections (A) and quantification of data (B). (C, D) Representative images of GAS6 
and MPO staining of serial sections (C) and quantification of data (D). Arrowheads indicate GAS6+ staining in neutrophil- rich areas. (E, F) Liver 
biopsies were collected from metastatic CRC patients post- FOLFOX treatment. Cell populations were isolate by FACS for gene expression analysis. 
(G) Schematic illustration of experiment and (H) quantification of GAS6 mRNA levels by real- time PCR in neutrophils, macrophages, fibroblast 
and cancer cells (n=3 patient samples). (G) Schematic depicting the role of neutrophil- derived Gas6 in hepatic metastatic tumour regrowth after 
chemotherapy in pancreatic cancer. Chemotherapy induces the expression of the neutrophil- chemoattractants CXCL1 and 2 by disseminated cancer 
cells. On treatment withdrawal, neutrophils are recruited to the liver and express high levels of Gas6. Neutrophil- derived Gas6 activates AXL receptors 
on disseminated cancer cells and promotes their regrowth after chemotherapeutic treatments. Depletion of neutrophils or inhibition of Gas6/AXL 
signalling axis inhibits metastatic regrowth of pancreatic cancer cells. Scale bar 50 µM. Data are presented as mean±SEM. Unpaired t- test or ANOVA 
with Bonferroni was used to calculate p values. *P<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; H, healthy liver; M, metastases; n.s., 
not significant.
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Primary pancreatic tumours are largely refractory to chemother-
apeutic treatments and surgical resection remains the only curative 
treatment option.25 Reasons for this include the excessive stromal 
compartment, hypovascularisation and increased interstitial fluid 
pressure within PDAC tumours, all acting as a barrier for efficient 
drug delivery.41 Patients that have undergone surgery also receive 
adjuvant chemotherapy as standard of care.25 In a preclinical 
mouse model of PDAC, adjuvant gemcitabine treatment, after the 
resection of the pancreatic tumour, inhibited local recurrence at 
the primary tumour site, but not at the distant metastatic sites.42 
However, the effect of chemotherapy on metastatic tumours, and 
micrometastases in the adjuvant setting, remains poorly under-
stood. Our results provide evidence that metastatic PDAC lesions 
are responsive to chemotherapeutic treatment, particularly during 
early metastatic development where the stromal compartment is 
less established.3 In fact, chemotherapy increases cancer cell death 
and the release of tumour antigens, a critical step in the generation 
of an antitumour immune response.43 In agreement with this, we 
observe in our PDAC metastatic mouse model that chemotherapy 
induces an initial proinflammatory response with activation of cyto-
toxic T cells in the metastatic liver niche. Although this proinflam-
matory response was only transient, it might provide a window of 
opportunity for the use of immune checkpoint inhibitors in combi-
nation with chemotherapy to further boost this initial T cell acti-
vation. Similar to what we observed in the adjuvant setting at the 
hepatic metastatic site in murine models, in the neoadjuvant setting 
for PDAC patients, chemotherapy has been shown to restore an 
anti- tumour immune response at the primary site associated with 
a decrease in immune suppressive myeloid cells, Tregs, and CD163+ 
macrophages.44 45 Immune suppressive myeloid Ly6G+ cells 
suppress CD8+ T cell functions in primary PDAC tumours.8 46 Our 
findings suggest that in liver metastases the presence of immune 
suppressive M2- like macrophages is key to inhibit the initial 
chemotherapy- induced antitumour immune response. In contrast, 
neutrophils are dispensable for the maintenance of an immunosup-
pressive metastatic tumour microenvironment. This might be due 
to the fact that macrophages are present in livers in a much higher 
number compared with neutrophils.3 We and others have previ-
ously shown that metastasis associated macrophages can suppress 
CD8+ T cell functions in the liver.12 13 In agreement with these 
findings, the use of a CSF- 1/CSF- 1R inhibitors also reduced meta-
static relapse after gemcitabine treatment, confirming that macro-
phages play a key role in controlling the local immune response in 
liver metastasis. Since macrophages have a high plasticity and their 
heterogeneity is diverse in the liver, future treatments should focus 
on targeting macrophage immune- suppressive functions or on 
inhibiting macrophage polarisation towards an immunosuppres-
sive phenotype. Neutrophils have been associated with different 
prometastatic functions, mainly at the early steps of the metastatic 
cascade or even at the premetastatic niche formation.8 9 18 47 Here, 
we have identified a novel prometastatic function of neutrophils 
in promoting metastatic growth of cancer cells after the initial 
colonisation steps. Mechanistically, we found that cessation of 
chemotherapy induces the infiltration of neutrophils and that 
neutrophils activate AXL receptor on metastatic cancer cells, via 
secretion of the AXL receptor ligand Gas6, leading to cancer cell 
growth at the metastatic liver. AXL is overexpressed in pancreatic 
cancer and is associated with increased metastasis and a poor prog-
nosis.28 The Gas6/AXL signalling pathway regulates several cancer 
cell autonomous and non- cancer cell autonomous processes.48 49 
AXL has been found to induce epithelial- mesenchymal transition 
in pancreatic cancer cells and thereby promote cancer cell migra-
tion, invasion, and metastatic spreading in vivo. Moreover, 
genetic depletion of AXL in pancreatic cancer cells increased their 

sensitivity to chemotherapy.31 33 50 In our studies, we started AXL 
inhibition after the initial seeding and colonisation step of the liver 
and after the exposure to gemcitabine treatment. Hence, our data 
reveal an additional novel role of AXL signalling in promoting the 
regrowth of cancer cells after chemotherapy in established distant 
lesions, thereby expanding the potential use of AXL inhibitors to 
fight pancreatic cancer. We and others have previously shown that 
Gas6 is also expressed by macrophages and fibroblasts51 and that 
inhibition of Gas6/AXL signalling increases NK cell activation and 
reduces pulmonary metastasis.35 36 Interestingly, here, we show that 
at the hepatic metastatic site, basal Gas6 expression levels are very 
low, but are markedly increased in the liver- stroma of human and 
mouse in response to chemotherapeutic treatments, and are mainly 
expressed by the infiltrated neutrophils. Moreover, we found that 
hepatic metastatic lesions are poorly infiltrated by NK cells and 
neither their numbers nor their activation status was altered by 
warfarin or AXL inhibition, suggesting that the multifunctional 
Gas6/AXL signalling pathway regulates different processes and 
cell populations in different organs, thereby contributing in many 
different ways to PDAC metastasis.

Our studies exemplify two therapeutic options to inhibit 
metastatic relapse by using warfarin or the AXL inhib-
itor R428 (Bemcentinib). Both agents are currently tested 
in patients with pancreatic cancer (NCT03536208) and 
(NCT03649321), respectively. Hence, our findings further 
strengthen the rationale for targeting Gas6/AXL signalling 
in the treatment of metastatic PDAC and, in combination 
with chemotherapy, to reduce the risk of recurrence in the 
adjuvant setting by preventing the progression of micromet-
astatic disease. Further studies will be needed to explore the 
mechanism by which chemotherapy withdrawal induces Gas6 
expression in neutrophils, and to test whether Gas6 levels in 
circulating neutrophils could be also used as a biomarker for 
predicting the risk of metastatic recurrence in the adjuvant 
setting.

Our additional analysis of liver metastases from patients 
with stage IV CRC further suggests that the observed increase 
in Gas6- expressing neutrophils in response to chemotherapy 
might not be restricted to pancreatic cancer metastasis, but 
may also occur in other cancers that metastasise to the liver. 
Thus, targeting the identified neutrophil/Gas6/AXL axis 
might also be of relevance for cancers with a high prevalence 
to spread to the liver, such as CRC, melanoma, breast and 
lung.39 In summary, our findings are important and timely 
as they could help improve in the near future the design 
of treatment regimens for patients with cancer with liver 
metastases.

MATERIALS AND METHODS
Detailed materials and methods can be found in online supple-
mental section.
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Editor’s quiz: GI snapshot

Should you trust the radiologist?
See page 2193 for question

ANSWER
Due to significant endoscopic concern, in spite of the radiological 
diagnosis, a decision was made to undertake surgical excision of 
the lesion. After careful patient counselling and consent, a laparo-
scopic right complete mesocolic excision with ileotransverse colon 
stapled anastomosis was performed. No in- hospital morbidity was 
encountered, and the patient was successfully discharged at day 4 
postoperatively.

The surgical resection specimen comprised of a segment of ileum, 
caecum and ascending colon. Macroscopic examination identi-
fied a pedunculated tumour in the ascending colon measuring 
45×33×32 mm with a uniform yellow surface and superficial ulcer-
ation (figure 3).

Histology sections showed a well- circumscribed tumour 
consisting of mature adipose tissue located in the submucosa 
extending into the mucosa (figure 4). The adipocytes exhibited 
minimal cytological atypia. Further opinion was sought from a 
specialist sarcoma unit. The features were consistent with a lipoma, 
completely excised.

The endoscopic signs that aid the diagnosis of a lipoma are the 
cushion sign, tenting sign and the naked fat sign.1 The lack of these 
signs in this case made the diagnosis uncertain. This case fulfilled all 
three criteria by Jiang et al for surgical resection of a lipoma: size 
>4 cm, diagnostic uncertainty and complications from tumour such 
as intussusception.2
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Figure 3 Surgical resection specimen.

Figure 4 Histology section of specimen.
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Chemotherapy-induced infiltration of neutrophils promotes pancreatic cancer 

metastasis via Gas6/AXL signalling axis. 
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure S1: Characterisation of gemcitabine induced pancreatic cancer 

cell death in vitro and in vivo. 

 (A) Quantification of caspase 3-7 activities in KPC cells untreated or treated with increasing 

concentrations of gemcitabine (Gem: 10 nM, 50 nM, 100 nM and 200nM) for 24h and 48h 

(three independent experiments, mean ± SEM). One-way ANOVA with Dunnett’s multiple 

comparison test to 0 nM. 

(B-I) Liver metastasis was induced by intrasplenic implantation of 1x106 KPCluc/zsGreen cells. 

Starting from day 12, animals were treated with gemcitabine (Gem; 100 mg/kg) or saline 

(Ctr) every 3rd day with 4 doses in total.  

(B, C) Representative H&E images (B) and quantification (C) of metastatic lesion area after 

treatment (day 22).  

(D, E) Representative H&E images (D) and quantification (E) of metastatic lesion area at 

human endpoint (HEP) (n= 5 mice/group/time point). 

(F, G) Tumour burden assessed ex vivo by bioluminescence imaging (BLI) at humane 

endpoint (HEP) in spleen and liver (n= 14 mice/group) (F) and representative BLI images 

(G). 

(H, I) Representative IHC images (H) and quantification (I) of apoptotic KPC cells staining 

positive for cleaved caspase 3 (CC3) at HEP (n= 5 mice /group). Arrowheads indicate 

apoptotic (CC3+) cancer cells in ductal structures. 

 (J, K) Liver metastasis was induced by intrasplenic implantation of 5x105 KPCluc/zsGreen cells 

and animals received one dose of gemcitabine (Gem; 100 mg/kg) or saline (Ctr) at day 3. 

Representative immunofluorescence images (J) and quantification (K) of apoptotic 

KPCluc/zsGreen cells staining positive for TUNEL at day 14 in saline (Ctr) and Gem treated mice 

(n= 5 mice /group). Arrowheads indicate apoptotic (TUNEL+) cancer cells. 

(L) Flow cytometry gating strategy for dendritic cell (DC) populations (CD103+ and CD11b+) 

and macrophages (Macs). Cells were selected by size using SSC-A vs FSC-A; dead cells 

were excluded using Sytox blue; live cells were gated for CD45+ cells and subsequentially 

gated on F4/80 to separate Macs, and CD11c for total DC; dendritic cells were further 

separated in the CD103+ and CD11b+ subpopulations. Macs, CD103+ and CD11b+ DCs were 

gated on zsGreen to detect uptake of KPC cells. 

Scale bars = 100 µM (B, D); scale bar 50 µM (H, J); M = metastases, H = healthy liver;  

Data are presented as mean ± SEM. Unpaired t-test or ANOVA was used to calculate P 

values. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. 
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Supplementary Figure S2: Gating strategies used for mass cytometry-based analysis 

of immune cell infiltrates in pancreatic liver metastases in response to chemotherapy. 

(A, B) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and 

animals were treated with gemcitabine (Gem; 100mg/kg) or saline (Ctr) at day 3. Metastatic 

livers were resected at initial response (day 4) and after treatment withdrawal (day 14). 

Unsupervised down-sampling was performed with viSNE using equal numbers of manually 

gated viable CD45+ cells. (A) Representative viSNE maps showing individual markers 

highlighted in a dot plot on the axes tSNE1 and tSNE2 for gemcitabine treated samples, with 

each dot representing a single cell. Resulting cell clusters were used to delineate main 

immune cell populations. (B) Main immune cell populations as shown in (A) were further 

analyses for expression of surface molecules associated with an activated phenotype 

(CD69, CD86, MHC class II) (Ctr d4 n= 4 mice, Gem d4 n= 4 mice; Ctr d14 n= 3 mice; Gem 

d14 n= 4 mice). 

 

Supplementary Figure S3: CD4+ T cell numbers are increased during the initial 

response to gemcitabine, while CD206+ and YM1+ macrophage numbers are reduced.   

(A-L) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and 

animals were treated with gemcitabine (Gem; 100mg/kg) or saline (Ctr) at day 3. Metastatic 

livers were resected at initial response (day 4) and after treatment withdrawal (day 14) (n= 5 

mice/group/time point A-F; n= 3 mice/group/time point G-L).  

(A) Flow cytometry gating strategy used to assess T cell subpopulations (CD8+, CD4+ and 

FoxP+ Treg cells) and (B-D) quantification of data.  

(E) Flow cytometry gating strategy used for active (CD69+) CD4+ T cells and (F) 

quantification of data (n= 5 mice /group). 

(G, H) Flow cytometry gating strategy applied (G) and quantification (H) of CD206+ cells 

among macrophages (F4/80+ cells) in metastatic livers of Gem or saline treated animals 

during initial response (n=3 mice/group). 

(I, J) Representative immunohistochemistry images (I) and quantification (J) of YM-1 positive 

cells in livers of Gem or saline treated mice during initial response (n=3 mice/group).  

(K, L) Representative immunohistochemistry images (K) and quantification (L) of YM-1+ cells 

in livers of Gem or saline treated mice after withdrawal (n=3 mice/group).  
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Scale bar 50 µM; M = metastases, H = healthy liver; Arrowheads indicate YM-1+ cells 

(macrophages). Data are presented as mean ± SEM. Unpaired t-test was used to calculate 

P values *P < 0.05; ***P < 0.001; n.s., not significant. 

 

Supplemental Figure S4: Macrophage-targeted therapy reduces PDAC liver 

metastasis independent of gemcitabine treatment, while depletion of neutrophils 

reduced metastatic tumour burden only after gemcitabine withdrawal. 

(A-C, F-H) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells 

and animals were treated with gemcitabine (Gem; 100mg/kg) or saline (Ctr) at day 3. At day 

4, mice were treated with IgG control or Ly6G antibody for 2 weeks. (A) Flow cytometry 

quantification of neutrophils (CD45+CD11b+Ly6G+Ly6Clow cells) frequency among immune 

cells (CD45+ cells) in peripheral blood of Ctr + IgG treated, Ctr + Ly6G antibody treated, 

Gem + IgG treated, and Gem + Ly6G antibody treated mice at endpoint (day18) (n= 3 

mice/group). (B-C) Tumour burden quantification by BLI of gemcitabine treated mice (B) 

receiving isotope control antibody (Gem + IgG) or monoclonal antibody targeting neutrophils 

(Gem + Ly6G) (n= 3 mice /group) and saline treated mice (C) receiving isotope control 

antibody (Ctr + IgG) or monoclonal antibody targeting neutrophils (Ctr + Ly6G) (n= 3 mice 

/group).   

(D-H, M, N) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells 

and animals were treated with gemcitabine (Gem; 100mg/kg) or saline (Ctr) at day 3. At day 

4, mice were treated with IgG control or CSF1 antibody for two weeks. Tumour burden 

quantification by BLI of gemcitabine treated mice (D) receiving isotope control antibody 

(Gem + IgG) (n= 3 mice /group) or monoclonal antibody targeting macrophages (Gem + 

CSF-1) (n= 4 mice /group) and saline treated mice (E) receiving isotope control antibody 

(Ctr + IgG) or monoclonal antibody targeting macrophages (Ctr + CSF1) (n= 3 mice 

/group). 

(F-H) At endpoint (d18), liver tumours were surgically resected and analysed by flow 

cytometry for macrophage and neutrophil infiltration. (F) Flow cytometry gating strategy and 

(G) quantification of macrophages in response to neutrophil-depletion (Ly6G) and 

macrophage-depletion (CSF-1) and (H) neutrophil numbers in response to neutrophils-

depletion (Ly6G) and macrophage-depletion (CSF-1). 

(I-J) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells and 

animals were treated with gemcitabine (Gem; 100mg/kg) at day 3. At day 4, mice were 

treated with Ly6G or IgG controls for 2 weeks; at day 7, mice were treated with CD8 or 
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IgG controls until endpoint (day 14). Flow cytometry quantification of neutrophil 

(CD45+CD11b+Ly6G+Ly6Clow cells) frequency among immune cells (CD45+ cells) in 

peripheral blood of Ctr + IgG treated, Ctr + Ly6G, Ctr + Ly6G and CD8 antibody treated 

(I), and of CD8 T cell (CD45+CD3+CD8+ cells) frequency among immune cells (CD45+ cells) 

in peripheral blood of Ctr+ IgG treated, Ctr + Ly6G, Ctr + Ly6G and CD8 antibody 

treated (n= 5 mice /group). 

(K) Colony formation assay of KPC cells gemcitabine-treated (Gem) or untreated (Ctr). Bar 

graph shows fold reduction of BLI signal compared to untreated (Ctr) KPC cells (three 

independent experiments; mean ± SEM). 

(L) Quantification of colony formation assay of gemcitabine treated KPCluc/zsGreen cells in the 

presence or absence of Gas6 neutralizing antibody (anti-Gas6) with or without metastasis 

infiltrating macrophages (F4/80Gem) isolated from mice treated with gemcitabine. Bar graph 

shows fold upregulation of BLI signal compared to gemcitabine-treated KPCluc/zsGreen cells 

alone (three independent experiments; mean ± SEM). 

(M, N) Representative IHC images (M) and quantification of proliferating Ki67+ tumour cell 

frequency in metastatic livers (N). 

(O) RNA Sequencing of metastasis infiltrating neutrophils isolated by FACS from tumour 

bearing livers of mice at day 14 after treatment with Gem or untreated (Ctr). Schematic 

illustration of experiment. 

Scale bar 100 µM; M = metastases, H = healthy liver; Data are presented as mean ± SEM. 

s. Unpaired t-test or ANOVA with Bonferroni was used to calculate P values. *P < 0.05; **P < 

0.01; ***P < 0.001; n.s., not significant.  

 

Supplementary Figure S5: Standard of care chemotherapeutic treatment regimens 

induce the infiltration of Gas6+ neutrophils into metastatic tumours. 

(A) Flow cytometry gating strategy utilised for isolation of KPCzsGreen cancer cells, stroma 

cells, neutrophils and macrophages by FACS.  

(B) Representative images of myeloperoxidase (MPO) and Gas6 staining using RNAscope 

in metastatic tissue serial sections derived from saline (Ctr) or gemcitabine (Gem) treated 

mice. Arrowheads indicate Gas6+ staining in neutrophil-rich areas. Micrographs are a higher 

magnification of same images shown in main Figure 4F. 

(C) Spontaneous liver metastases from the autochthonous mouse pancreatic cancer model 

KrasG12D;Trp53R172H;Pdx1-Cre (KPC mice) treated with gemcitabine (KPC Gem) or left 

untreated (KPC Ctr) were isolated and analysed. Representative images of MPO and Gas6 
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staining in metastatic tissue sections. Arrowheads indicate Gas6+ staining in neutrophil-rich 

areas. Micrographs are a higher magnification of the same images as shown in main Figure 

4I. 

(D) Representative images of low, medium and high Gas6 expression levels in metastatic 

bearing liver tissue sections. Intensity threshold parameters: low ≤ 0.27, medium = 0.57-

0.77, high ≥ 0.78.  

(E, F) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells.  Mice 

were treated with gemcitabine or saline 3 days post cell implantation. Treatment with Ly6G 

or control IgG started at day 4 (n=4 mice/group). Livers were resected after 14 days. 

Representative images (E) and quantification (F) of Gas6 staining using RNAscope in 

metastatic tissue sections from different cohorts after treatment withdrawal. Arrowheads 

indicate increased Gas6+ staining in metastatic lesions. 

(G) Flow cytometry-based quantification of neutrophils among CD45+ cells in metastatic 

livers and tumour-free lungs of gemcitabine treated animals compared to saline (Ctr) treated 

animals during initial response (n=3 mice/group). 

(H) Bar graph shows fold induction of Gas6 expression in neutrophils isolated from 

metastatic livers or tumour-free lungs derived from Gem treated mice and untreated mice 

(n=3 mice/group). 

(I-N) Liver metastasis was induced by intrasplenic implantation of 5x105 KPCluc/zsGreen cells 

and animals were treated with gemcitabine + nab-paclitaxel (Gem-Nab), FOLFIRINOX 

(Folfx) or saline (Ctr) at day 5. Metastatic livers were resected after treatment withdrawal 

(day 15) (n=4 mice/group).  

(J) Tumour burden was monitored at day 3, 7 and 15 by BLI in vivo imaging. Change in 

tumour burden in Gem-Nab and Folfx treated groups compared to control group. 

(K) Quantification of neutrophil frequency in metastatic livers at endpoint.  

(L) Quantification of Gas6 mRNA levels by real time PCR in intra-metastatic neutrophils 

(Ly6G+ cells) isolated by FACS from different cohorts after treatment withdrawal. 

(M, N) Representative images (M) and quantification (N) of Gas6 staining using RNAscope 

in metastatic tissue sections from different cohorts after treatment withdrawal. Arrowheads 

indicate increased Gas6+ staining in metastatic lesions. 

Scale bar 100 µM; M = metastases, H = healthy liver. Data are presented as mean ± SEM. 

Unpaired t-test or ANOVA with Bonferroni was used to calculate P values. *P < 0.05; **P < 

0.01; n.s., not significant.  

 

Supplementary Figure S6: Neutrophils upregulate the expression of Gas6 after 

gemcitabine treatment, while apoptotic neutrophil numbers remain the same. 
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(A) Peripheral neutrophils (CD45+CD11b+CD14-CD15+CD16+) were isolated from metastatic 

PDAC patient during their first cycle of gemcitabine treatment using Miltenyi MACS express 

kit and purity was assessed by flow cytometry (99%).  

(B-D) Liver metastasis was induced by intrasplenic implantation of 5x105 KPCluc/zsGreen cells 

and animals were treated with gemcitabine (Gem) or saline (Ctr) at day 3. Metastatic livers 

were resected after treatment withdrawal (day 14).  

(B) Fold induction of Gas6 expression in neutrophils isolated from peripheral blood (using 

Miltenyi kit) of gemcitabine treated mice compared to saline treated (Ctr) mice (n=3 

mice/group). 

(C, D) Representative immunofluorescent images (C) of apoptotic neutrophils staining 

positive for TUNEL at day 14 and quantification (D) of the data (n = 5 mice/group; white 

arrowheads indicate apoptotic neutrophils). 

(E, F) Human precision cut liver slices (hPCLSs) were initially treated with gemcitabine for 

24 hours then cultured in the presence or absence of rGas6 for the following 24 hours. 

hPCLSs were assessed by MUC1 (cancer cell marker) and Ki67 staining (proliferation 

marker) in serial sections. Representative images (E) and quantification (F) of proliferating 

Ki67+ tumour cell frequency in ex vivo treated hPCLS (n=5 patient biopsies). Arrowheads 

indicate Ki67+ cells in cancer cells enriched area. 

Scale bar 50 µM; M = metastases, H = healthy liver. Data are presented as mean ± SEM. s. 

Unpaired t-test was used to calculate P values. *P < 0.05; **P < 0.01; n.s., not significant.  

 

Supplementary Figure S7: Combinatorial therapy using gemcitabine and warfarin 

inhibits metastatic relapse in experimental and spontaneous metastasis models. 

(A-F) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells. At day 

3, mice were treated with gemcitabine (Gem) or saline control (Ctr), at day 7 warfarin 

treatment was commenced (n=3 mice/group) until endpoint (day 14). 

(A, B) Representative IHC images (A) and quantification (B) of Ki67+ cancer cells in liver 

tumours at endpoint. 

(C, D) Representative IHC images (C) and quantification (D) of MPO+ neutrophils in liver 

tumours at endpoint. 

(E, F) Representative IHC images (E) and quantification (F) of NKp46+ NK cells in liver 

tumours at endpoint. Arrowheads indicate NKp46+ NK cells.  
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(G-Q) Primary tumour was induced by orthotopic implantation of 2x10^5 KPCluc/zsGreen cells in 

the pancreas. At day 8, mice were treated with gemcitabine (Gem) or control saline (saline), 

at day 12 mice were treated with warfarin until endpoint (day19) (n=5 mice/group). 

(G, H) Representative images of primary tumour (G) and quantification (H) of tumour mass 

at endpoint. 

(I, J) Representative IHC images (I) and quantification (J) of pAXL+ cancer cells in liver 

tumours at endpoint. Arrowheads indicate cancer cells staining positive for pAXL. 

(K, L) Representative IHC images (K) and quantification (L) of proliferating Ki67+ cancer cells 

in liver tumours at endpoint. 

(M-Q) Quantification of neutrophil infiltration (M), macrophages (N, O) and NK cell (P, Q) 

activation at the metastatic site by flow cytometry.  

Scale bar 50 µM; M = metastases, H = healthy liver. Data are presented as mean ± SEM. s. 

ANOVA with Bonferroni was used to calculate P values. *P < 0.05; **P < 0.01; n.s., not 

significant.  

 

Supplementary Figure S8: AXL signalling is necessary for metastatic relapse after 

gemcitabine treatment. 

(A-G) Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen cells. At day 

3, mice were treated with gemcitabine (Gem) or saline (Ctr), at day 7 the treatment with 

R428 (AXL-inhibitor) was commenced (n=5 mice/group).  

(A, B) Representative images (A) of H&E staining and quantification (B) of metastatic area in 

livers.  

(C-E) Quantification of neutrophil infiltration (C) and macrophage activation (D, E) at the 

metastatic site by flow cytometry.  

(F, G) Quantification of NK cell infiltration (F) and NK cell activation (G) at the metastatic site 

by flow cytometry. 

Scale bar 50 µM; M = metastases, H = healthy liver. Data are presented as mean ± SEM. 

Unpaired t-test or ANOVA with Bonferroni was used to calculate P values. *P < 0.05; **P < 

0.01; n.s., not significant.  

 

Supplementary Figure S9: Flow cytometry-based characterisation of primary 

neutrophils in human and mouse. 
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(A) Peripheral blood was collected from metastatic PDAC patients during their first cycle of 

gemcitabine treatment and neutrophils absolute count [per ml] was assessed. (BL= baseline, 

w1 = one week after treatment, w4= four weeks after treatment) (n=2 patients). 

 

(B) Liver metastasis was induced by intrasplenic implantation of 5x105 KPCluc/zsGreen cells and 

animals were treated with gemcitabine (Gem), gemcitabine + nab-paclitaxel (Gem-Nab), 

FOLFIRINOX (Folfx) or saline control (Ctr) at day 5. Peripheral blood was analysed by flow 

cytometry to assess neutrophil numbers (n=3 mice/group).  

(C) Flow cytometry gating strategy to measure CXCR2 expression on murine neutrophils in 

metastatic liver.  

(D, E) Flow cytometry analysis to assess purity of primary mouse and human neutrophils 

used in migration assay. (D) Purity of neutrophils isolated from murine spleen and (E) human 

peripheral blood.  

(F) Quantification of murine neutrophil migration towards recombinant CXCL2 (rCXCL2) 

using migration assay (three independent experiments; mean ± SEM).  

(G) Quantification of human neutrophil migration towards recombinant CXCL2 (rCXCL2) 

using migration assay (three independent experiments; mean ± SEM). 

(H, I) Liver metastasis was induced by intrasplenic implantation of KPC cells. From day 4, 

mice were treated with SB225002 (iCXCR2) or saline until endpoint (day14). (H) 

Quantification of tumour burden by ex vivo BLI (n = 5 mice/group). (I) Flow cytometry 

quantification of neutrophil frequency in metastatic livers at endpoint. 

(J) Serial sections from metastatic livers derived from treatment naïve stage IV CRC patients 

(n=5), and patients undergone treatment with oxaliplatin (n=3) or capecitabine (n=4) were 

stained for neutrophils (MPO) and GAS6. Micrographs are a lower magnification of the same 

images as shown in main Figure 8C. 

(K) Flow cytometry gating strategy used for sorting immune cell populations (neutrophils, 

fibroblast, macrophages and cancer cells) from CRC patient liver biopsies. 

 

Scale bar 100 µM, Data are presented as mean ± SEM. s. Unpaired t-test or ANOVA with 

Bonferroni was used to calculate P values. *P < 0.05; **P < 0.01; n.s., not significant.  
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SUPPLEMENTAR MATERIALS AND METHODS 

Cells 

The murine pancreatic cancer cells KPC FC1199 and KPC FC1245 were kindly provided by 

the Tuveson laboratory (Cold Spring Harbor Laboratory). KPC cells initially were isolated 

from PDAC tumour tissues of KrasG12D/+; p53R172H; Pdx1-Cre mice of a pure C57BL/6 

background and authenticated as previously reported [1]. KPCluc/zsGreen cells were then 

generated by using pHIV Luc-zsGreen (gift from B. Welm, University of Utah, Salt Lake City, 

UT; Addgene plasmid no.39196) lentiviral particle infection. Infected cells were selected for 

high zsGreen expression levels using flow cytometry cell sorter (ARIA, BD). Human 

pancreatic cancer cell line PANC1 were purchased from ATCC. All cells were cultured in 

DMEM+10% FBS and supplemented with 2.5 µg/mL Amphotericin B (Sigma). All cells were 

routinely tested negative for the presence of Mycoplasma contamination. None of the cell 

lines used in this article are listed in the International Cell Line Authentication Committee and 

NCBI Biosample database of misidentified cell lines. 

 

Mice 

Six- to eight-week-old female C57BL/6 mice were purchased from Charles River 

Laboratories. All animal experiments were performed in accordance with current UK 

legislation under an approved project license PPL P16F36770 (M.C. Schmid). Mice were 

housed under specific pathogen-free conditions at the Biomedical Science Unit at the 

University of Liverpool. For tumour studies, female animals aged 6 to 8 weeks were used.  

 

Metastasis studies  

In the survival studies, liver experimental metastases were induced by implanting 1 x 106 

KPCluc/zsGreen FC1199 in 25 µL of PBS into the spleen of immunocompetent syngeneic 

C57BL/6 mice using a Hamilton 29 G syringe, as previously described [2, 3]. Tumour 

bearing mice were treated with gemcitabine-HCl (Selleckchem, 100 mg/kg) starting from day 

12 and administrated via i.p. injection in a Q3Dx4 schedule until the humane endpoint, or 

tumour bearing mice were treated with a single injection at day 3. For selected survival 

studies macrophages or neutrophils were depleted using colony-stimulating factor 1 receptor 

(CSF-1R) –neutralizing antibody (BioXCell, clone AFS98) or Ly6G-neutralizing antibody 

(BioXCell, clone 1A8), respectively. Anti-CSF1R was administered via i.p. injection with an 

initial dose of 400 µg and subsequent doses every other day containing 200 µg. Anti-Ly6G 

was administered via i.p. injection with 200 µg every other day. Rat IgG1 (BioXCell; clone 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2021-325272–16.:10 2022;Gut, et al. Bellomo G



11 

 

HRPN) was used as isotype control in anti-CSF1 study and Rat IgG2 (BioXCell; clone 2A3) 

was used as isotype control in the neutrophil depletion studies and in the anti-CSF1R study, 

respectively. In one survival study tumour bearing untreated and gemcitabine-treated mice 

were randomized to receive warfarin dissolved at a concentration of 0.5 mg/L in drinking 

water, from day 7 onwards. The water bottles containing warfarin were replenished every 

other day. 

Liver experimental micro-metastases were induced by implanting 5 x 105 KPCluc/zsGreen 

FC1199 in 25 µL of PBS into the spleen of immunocompetent isogenic C57BL/6 mice using 

a Hamilton 29 G syringe. For selected experiments, macrophages, neutrophils or CD8+ T 

cells were depleted using colony-stimulating factor 1 (CSF-1) –neutralizing antibody 

(BioXCell, clone 5A1), Ly6G-neutralizing antibody (BioXCell, clone 1A8) or CD8-neutralizing 

antibody (clone 2.43) respectively; in one experiment anti-Ly6G and anti-CD8 were used in 

combination. Anti-CSF1 was administered via i.p. injection with an initial dose of 400 µg and 

subsequent doses 6 days a part containing 200 µg. Anti-Ly6G was administered via i.p. 

injection with 200 µg every other day. Anti-CD8 was administered via i.p injection with 200 

µg every other day. Rat IgG1 (BioXCell; clone HRPN) was used as isotype control in the 

anti-CSF1 macrophage depletion studies, Rat IgG2 (BioXCell; clone 2A3) was used as 

isotype control in anti-Ly6G neutrophil depletion studies and Rat IgG2b (BioXclone LTF-2) in 

the anti-CD8T cell depletion studies, respectively. Tumour bearing mice were treated with 

gemcitabine-HCl (100 mg/kg) 3 days post cancer cell implantation via i.p. injection. In one 

experiment, mice were treated with FOLFIRINOX (Oxaliplatin 2.5 mg/kg, Fluorauracil 25 

mg/kg, Irinotecan 25 mg/kg, Folinic acid 50mg/ml) via i.v. or gemcitabine-Nab Paclitaxel 

(gemcitabine 50 mg/kg via i.p., Abraxane 50 mg/kg via i.v), 5 days post cancer cell 

implantation. Oxaliplatin, Fluorauracil, Irinotecan were kindly provided by the Liverpool 

Clatterbridge Cancer Centre. In one experiment gemcitabine-treated mice were dosed with 

SB225002 (iCXCR2, CXCR2 inhibitor, Sigma, SML0716) starting from day7 via i.p. at a dose 

of 10 mg/kg daily. In one experiment, untreated and gemcitabine-treated mice were 

randomized to receive warfarin dissolved at a concentration of 0.5 mg/L in drinking water, 

from day 7 onwards. The water bottles containing warfarin were replenished every other day. 

In multiple experiments, untreated and gemcitabine-treated mice and neutrophils-depleted 

gemcitabine- treated mice were treated with Bemcentinib (R248) (MCE, HY-15150), starting 

from day 7 post cancer cell implantation until the endpoint. Mice were administered twice per 

day with 7 µg of R248, dissolved in 5% DMSO 95% corn oil, via oral gavage.  
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Syngeneic orthotopic pancreatic cancer model 

Primary tumour formation was induced by implanting 2 × 105 KPCluc/zsGreen FC1245 in 30 µL 

of Matrigel (VWR, 734-0269) into the pancreas of immune-competent syngeneic C57Bl/6 6- 

to 8-week-old female mice using a Hamilton 29 G syringe. Tumour bearing mice were 

treated with gemcitabine-HCl (100 mg/kg) 8 days post cancer cells implantation via i.p. 

injection. Untreated and gemcitabine-treated mice were randomized to receive Warfarin 

dissolved at a concentration of 0.5 mg/L in drinking water from day 12 until endpoint. The 

water bottles containing warfarin were replenished every other day. 

 

Autochthonous model of pancreatic cancer KPC 

KPC mice on a mixed background were bred in-house at the CRUK Beatson Institute and 

maintained in conventional caging with environmental enrichment, access to standard chow 

and water ad libitum. All animal experiments were performed under a UK Home Office 

licence and approved by the University of Glasgow Animal Welfare and Ethical Review 

Board. Genotyping was performed by Transnetyx (Cordoba, TN, USA). KPC mice of both 

sexes were treated with gemcitabine-HCl in saline (100 mg/kg). Mice were monitored 3 times 

weekly and palpable tumour bearing mice were recruited onto study. Vehicle and 

gemcitabine were administered by intraperitoneal injection every 3 days. Mice were checked 

3 times per week and culled and tissues harvested at humane endpoint.  

 

Metastatic tumour burden quantification 

Liver metastasis and spleen tumour burden was quantified, in vivo and ex vivo, by assessing 

bioluminescence signal (BLI; IVIS, Perkin Elmer) generated by KPCluc/zsGreen cells. For in vivo 

detection, the BLI signal was measured post i.p. injection of Beetle luciferin (Promega; 3 

mg/mouse) and quantified as total flux (photons/sec). Metastases-bearing mice were subject 

to in vivo BLI prior treatment initiation to quantify the change in tumour burden. For ex vivo 

investigation, livers and spleens were surgically removed, covered with luciferin and 

bioluminescence signal measured. Total flux were quantified using Living Image software 

v4.5 (Perkin Elmer). In some experiments, mice were euthanized at indicated time points 

and metastatic tumour burden was assessed by quantifying the size of metastatic lesions in 

haematoxylin and eosin-stained paraffin-embedded liver sections. Zeiss Axio Observer Light 

Apotome.2 Microscope and Zeiss ZEN imaging software were used. 
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Human studies 

Human studies using blood and liver tissue samples were approved by the National 

Research Ethics (NRES) Service Committee North West – Greater Manchester 

REC15/NW/0477. 

Human blood samples were obtained from healthy donors or from advanced PDAC patients 

with liver metastasis (all pathologically confirmed) undergoing their first cycle of gemcitabine 

treatment (one treatment/week during 3 weeks (week 0, 1, 2), followed by two weeks rest 

(week 4). Blood samples were collected at the following two time points: prior to treatment 

(baseline, week 0) and week 4. Blood was collected in EDTA coated tubes and immediately 

processed for neutrophils isolation. Haematology blood results were provided by the 

Liverpool Clatterbridge Cancer Centre for the following three time points: baseline, week 1 

and week4. 

Liver biopsies were collected from treatment-naïve advanced PDAC patients with liver 

metastasis (all pathologically confirmed). Liver biopsies from patients undergoing surgical 

resection of colorectal liver metastases (treatment naïve and following neoadjuvant 

chemotherapy with oxaliplatin, FOLFOX, and/or capecitabine) were analysed following 

appropriate ethical approval (REC 15/NW/0477). All individuals provided informed consent 

for blood or tissue donations on approved institutional protocols. 

 

In vitro chemotherapeutic treatment  

KPCs and Panc1 cells were seeded in petri dishes (d = 10 cm). At 70-80% confluence, 

murine and human cells were washed in PBS and treated with 100 nM or 200 nM 

gemcitabine-HCl, respectively, in DMEM + 2% FBS, for 24 hours.  

 

CellTiter-Glo® luminescent cell viability assay 

KPC cells were seeded as previously described and treated with 10, 20, 50, 100 and 200 nM 

of gemcitabine-HCl for 24 or 48 hours. Cell viability was assessed by CellTiter-Glo® assay 

according to manufactures (Promega, G9241). 

 

Preparation of tumour conditioned media 
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For generating tumour conditioned media (TCM) from gemcitabine-treated cells (TCM-gem), 

cells were cultured to reach 70-80% confluency. Murine and human cell lines were washed 3 

times with PBS before addition of 100 nM and 200 nM gemcitabine, respectively in DMEM 

containing 2% FBS for 24 hours. After gemcitabine treatment, cells were washed 3 times 

with PBS and incubated with serum free media for 24 hours. The supernatant was harvested 

and filtered to remove debris and dead cells using a 0.22 µm syringe filter (Fisher Scientific). 

The control TCM (TCM-Ctr) was generated by seeding cancer cells and allowing them to 

grow to 70-80% confluency. KPC FC1199 and Panc1 were incubated with 2 % FBS DMEM 

for 24 hours; cells were washed and cultured with serum free DMEM for 24 hours. The 

supernatant was harvested and filtered to remove debris and dead cells using a 0.22 µm 

syringe filter (Fisher Scientific). 

 

Nanostring technology 

Pieces of <3 mm3 of metastatic liver were submerged in 10 volumes of RNAlater (Qiagen). 

Extraction of total RNA was performed using the RNeasy Mini kit (Qiagen), following the 

manufacturer’s instructions. The RNA concentrations of samples were measured using a 

NanoDrop 2000 Spectralphotometer (Thermo Fisher); all RNA samples used in this study 

exhibited optical density (OD) 260/280 ratios between 1.9 and 2.1 and OD 260/230 ratios 

above 1.8. A total of 770 immune-related mouse genes were analysed using the nCounter 

Mouse PanCancer Immune Profiling Panel (NanoString). Data analyses were performed 

using the manufacturer specific software nSolver™ version 4.0 with the nCounter Advanced 

Analysis plugin version 2.0. To analyse the activity of regulated pathways, we used pathway 

scoring with default settings as provided by the software. Pathway scores calculated by the 

software plugin are based on a sample’s gene expression profile using the first principal 

component analysis of a gene set data, with a positive score corresponding to increased 

expression of more than half its genes.  

 

RNA hybridization 

RNA in situ hybridization (RNAScope, ACD Bio-Techne) was performed on formalin-fixed 

paraffin-embedded sections using the RNAScope 2.5 HD Detection Kit RED according to 

manufacturer’s instructions. The probe used was directed against mouse Gas6 (cat no 

473831) or human Gas6 (cat no 427811). The images, taken using Zeiss Axio Observer 

Light Apotome.2 Microscope, were analysed trough the software QuPath for automated 

analysis by assigning a staining score for Gas6 of low, medium or high to each cell 
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according to the staining intensity (intensity threshold parameters: low ≤ 0.27, medium = 

0.57-0.77, high ≥ 0.78). 

 

Flow cytometry and cell sorting 

Single-cell suspensions from murine metastatic liver tumours were prepared by first 

selecting macroscopically tumour-rich areas in the liver followed by mechanical and 

enzymatic disruption in Hanks Balanced Salt Solution (HBSS) with 1 mg/mL Collagenase P 

(Roche) as previously described [2, 4]. In some occasions, tumour free lungs were resected 

and processed using the same methods. Briefly, cell suspensions were centrifuged for 5 

minutes at 1,200 rpm, resuspended in HBSS, and filtered through a 500 µm polypropylene 

mesh (Spectrum Laboratories). Cell suspensions were resuspended in 1mL 0.05% trypsin 

and incubated at 37 oC, for 5 minutes. Cells were filtered through a 70 mm cell strainer 

(Miltenyi) and resuspended in 0.5% BSA/PBS. Peripheral blood was obtained by performing 

tail nick and collected in EDTA coated tubes (Sarstedt). Red blood cells were lysed using 1x 

Red blood cell lysis buffer (Biolegend). Cells were resuspend in 2% BSA/PBS, blocked for 

10 minutes on ice with Fc block (BD Pharmingen; clone 2.4 G2) and stained with Sytox-blue 

viability marker (Life Technologies) and conjugated antibodies against CD45 (clone 30F-11), 

F4/80 (clone BM8), CD206 (clone C068C2), MHCII (clone M5/114.15.2), CD86 (clone GL-1), 

CD3 (clone 145-2C11), CD8 (clone 53-6.7), CD4 (clone RM4-5), NK-1.1 (clone PK136), 

CD69 (clone H1.2F3), CD11b (clone M1/70), Ly6C (clone HK 1.4), Ly6G (clone 1A8), 

CXCR2 (clone SA044G4), CD103 (clone 2E7), CD11c (clone 418) and FoxP3 (clone Mf-14) 

(all purchased from Biolegend). Intracellular staining of FoxP3 staining was performed after 

surface staining; cells were fixed and permeabilised using FOXP3 Fix/Perm Buffer Set 

(Biolegend) according to manufacture instructions. Human liver biopsies were collected in 

cold PBS tubes and processed as previously described for obtaining single cell suspensions. 

Cells were resuspended in 2% BSA/PBS, blocked using human TrueStain FcX (Biolegend) 

and then stained with Sytox-blue viability marker (Life Technologies) and conjugated 

antibodies against CD45 (clone HI30), CD11b (clone M1/70), CD14 (clone HCD14), CD15 

(clone HI98), CD16 (clone 3G8) epCAM (clone 9C4), HLA-DR (clone L243) and PDGFR-

beta (clone 18A2). 

Flow cytometry was performed on a FACS Canto II (BD Biosciences), and fluorescence-

activated cell sorting (FACS) was carried out using FACS Aria IIIu (BD Biosciences). Cells 

were sorted directly in RLT buffer + -mercaptoethanol according to the manufacturer's 

instruction for RNA isolation (Qiagen), or in MACS buffer or DMEM supplemented with 20% 

FBS for in vitro assays. 
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Analysis and quantification of immune cells in liver metastasis by mass cytometry 

Single-cell suspensions from murine metastatic liver tumours were prepared as described 

above.  Suspensions were further enriched for immune cells by density gradient 

centrifugation using Histopaque-1083 (Sigma Aldrich) at 400x g for 30 minutes at room 

temperature without brakes. The cloudy band/interface containing the cells plus the bottom 

layer was transferred into new tube and gently washed with PBS. After one wash with PBS, 

the cell suspension was washed in double-deionised water (ddH2O; ≥ 18)/Maxpar cell 

staining buffer (1:2 dilution). The pellet was resuspended in 1 ml of Maxpar cell staining 

buffer and cells were stained with Cell-ID 195-Cisplatin (Fluidigm) viability marker in Maxpar 

PBS (Fluidigm) for 5 min. Cells were washed with Maxpar cell staining buffer, blocked with 

Fc Block (BD Pharmingen, Clone 2.4G2) on ice for 10 min and metal-conjugated antibody 

cocktail added and incubated for 40 min at 4°C. The antibody cocktail contained 141Pr-Ly6G 

(clone 1A8), 142Nd-CD11c (clone N418), 143ND-CD69 (clone H1.2F3),146Nd-F4/80 (clone 

BM8), 147Sm-CD45 (clone 30-F11), 148Nd-CD11b (clone M1/70), 149Sm-CD19 (clone 6D5), 

152Sm-CD3 (clone 145-2C11), 162Dy-Ly6C (clone HK1.4), 168Er-CD8 (clone 53-6.7), 169Tm-

TCRb (clone H57-597), 170Er-NK1.1 (clone PK136), 172Yb-CD86 (clone GL1), 174Yb-MHC II 

(clone M5/114.15.2) and 176Yb-B220 (clone RA3-6B2). Antibodies were used at the 

concentrations recommended by the manufacturer. Cells were then washed twice in cell 

staining buffer and stained with 125 μM Intercalator-191Ir (Fluidigm) diluted 1:2,000 in Maxpar 

fix and perm buffer (Fluidigm) overnight at 4°C. Cells were then washed twice in Maxpar cell 

staining buffer followed by two washes in 18Ω distilled water (Fluidigm) and resuspended in 

0.1X EQTM Four Element Calibration Beads (Fluidigm) prior acquisition on the Helios CyTOF 

system (Fluidigm). Samples were acquired at a rate of <500 events/sec. All generated FCS 

files were normalized and EQ beads standard [5]. Data analysis was performed using 

Cytobank software (mrc.cytobank.org, v6.3 and v7.0, Beckman Coulter); manual gating was 

used to remove debris, identify single cells (191Ir+) and to distinguish between dead cells 

(195Pt+). viSNE analysis was performed on the data utilizing t-stochastic neighbour 

embedding (t-SNE) mapping based on high dimensional relationships. Viable CD45+ 

singlets selected by manual gating were used for viSNE unsupervised clustering using equal 

sampling. Manual gating was then performed on the viSNE map created to determine cell 

population percentages.  

 

RNA Sequencing 
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Murine neutrophils were isolated from metastasis bearing livers by FACS as described in the 

previous section. Cells were lysed in RNAlater buffer (Qiagen) and total RNA purification 

was performed with the RNeasy Kit (Qiagen). Total RNA integrity was assessed using Qubit 

and Bioanalyzer from Agilent. RNA-Seq libraries were prepared using the NEBNExt polyA 

selection and Ultra Directional RNA library preparation kit following manufactures. Libraries 

were PCR amplified and sequenced on an Illumina HiSeq 400 System, generating 150 bp 

reads. Reads were aligned and gene level counts generated using STAR 2.7.2b using 

mouse genome ‘GRCm38’ downloaded from Illumina igenomes [6]. Quality control metrics 

were checked using FastQC [7]. Genes with counts < 10 were removed and the data was 

normalised for differences in sequencing depth using the robust fragments per million (FPM) 

method available in the R package DESeq2[8]. Genes were annotated using KEGG 

pathways or Gene Ontology terms using the relevant annotation packages available within 

BioConductor. Normalised fragments per million mapped fragments (FPM) count data were 

obtained for a total of 12,651 genes. Those with a mean FPM of <1 were filtered out, as 

were genes with counts for only one condition (control [CTR] or Gem-treated [CTX]), 

creating a dataset with 9,616 differentially-expressed genes. Genes annotated with the Gene 

Ontology (GO) Cellular Component terms "cell surface" (GO:0009986) and/or "extracellular 

region" (GO:0005576) and GO Molecular Function (GOMF) term "receptor ligand activity" 

(GO:0048018) were extracted for further analysis, to generate supplementary tables 1 and 2. 

 

Magnetic bead isolation of human and murine neutrophil and murine macrophages 

Murine neutrophils were isolated from liver and spleen, macrophages were isolated from 

liver. Liver samples were prepared as described above for preparation of flow cytometry 

samples and Ly6G+ neutrophils and F4/80+ macrophages were isolated by positive selection, 

according to the manufacturer's instructions (Miltenyi). Dissected spleens were dissociated 

in MAC buffer and passed through a 70 µm cell strainer to obtain a single-cell suspension. 

Cells were centrifugated (400 x g), and red blood cells were lysed using 1X Red blood cell 

Lysis buffer (Biolegend). Single cell suspensions were stained, and Ly6G+ cells were 

isolated by positive selection, according to the manufacturer's instructions (Miltenyi). Where 

human neutrophils were isolated from whole blood, blood was collected in EDTA coated 

tubes and immediately processed for neutrophil isolation using MACSxpress® Whole Blood 

Neutrophil Isolation Kit (Miltenyi) according to manufacturer’s protocol. 
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In vitro colony formation assay 

KPCluc/zsGreen and parental KPC FC1199 and Panc1 cells were seeded and treated with 

gemcitabine as described in the previous paragraph. Tumour cells were then washed in PBS 

and serum starved in DMEM, for 24 hours, except for KPCluc/zsGreen which were incubated in 

2%FBS/DMEM and 100nM gemcitabine for 24 hours. A 24-well or 48-well plate was coated 

with a layer of 0.5% agar solution made of phenol-free DMEM without FBS. Tumour cells 

were strained through a 70µm cell filter to ensure a single cell suspension. The cells were 

then embedded at a concentration of 10000 or 40000 cells/well in a 0.3% agar mix 

consisting of phenol-free DMEM supplemented with 2% FBS. A layer of 2% FBS phenol-free 

DMEM was added on top of the agar matrix. In one experiment, tumour cells were incubated 

with neutrophils (Ly6G+ cells) or macrophages (F4/80+ cells), at a ratio 1:1. Liver metastasis 

derived neutrophils or macrophages were MACS-sorted (as described in previous section 

from untreated (Ly6GCTR or F4/80CTR) or gemcitabine treated (Ly6GCTX or F4/80CTX) tumour 

bearing mice and co-cultured with cancer cells for 6 days. In another experiment, the system 

was supplemented with neutralising anti-gas6 antibody (R&D Systems, AB885). Colony 

quantification was performed after 5 days, by measuring bioluminescence signal (IVIS, 

Perkin Elmer) following the addition of 10 µL of Beetle luciferin stock (1:100, final 

concentration 150µg/mL). 

In some experiments, KPC parental FC1199 and Panc1cells were embedded with the 

addition of 400 ng/ml rGas6 (R&D Systems, 885-GSB-050); rGas6 was added to DMEM top 

layer and replaced every other day. The colonies were fixed and stained with 0.05% crystal 

violet in methanol/PBS and the number of colonies per well was counted at day 14 after cell 

seeding by bright-field microscopy. 

 

Transwell migration assay 

1 x 106 human or murine neutrophils were added in serum free DMEM in Transwell inserts 

with 5 μm pore size (Corning) and allowed to migrate to the bottom chamber of the 24-well 

plate for 15 hours. In one experiment, the bottom chamber was loaded with serum free 

DMEM +/- rCXCL2 (Peprotech, 250-20A) at a concentration of 50 ng/ml. In another 

experiment, the bottom chamber was loaded with tumour conditioned media generated from 

untreated (TCM-ctr) or gemcitabine-treated (TCM-gem) murine or human cancer cell lines 

(KPC or Panc1) in the presence or absence of SB225002 (iCXCR2, CXCR2 inhibitor, Sigma, 

SML0716) at a concentration of 25 µg/ml.  Migrated neutrophils were recovered from the 

lower chamber and counted by using a haemocytometer. 

 

Precision cut liver slicing and ex vivo culture  
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Precision cut liver slicing was performed as previously reported [9, 10]. Briefly, PDAC patient 

liver biopsies were embedded in 3% UltraPureLMP Agarose (Invitrogen, 16520050) 

dissolved in PBS, onto specimen small dishes; sectioning was performed using Leica 

vibrating blade microtome VT1200 S (Leica, Wetzlar, Germany), using stainless steel razor 

blades (Personal Medical, Staunton, VA, USA) under buffered conditions with ice-cold HBSS 

containing 25 mM glucose (Merck, Darmstadt, Germany), at the following adjustable 

settings: knife angle: 15°; sectioning speed: 0.4–1 mm/s; oscillation amplitude: 3 mm; step 

size: 200 lm; retract: 10 lm; continuous stroke.  

After sectioning, liver slices (thickness: 200-300 nm) were cultured on top of Nucleopore 

Track-Etch Membrane (GE Healthcare Life Science, 10417301) to facilitate oxygenation, in 

24-well plate in William’s E medium (Sigma) supplemented with 25 mM glucose, 20 mM L-

Glutamine (Sigma), 1% Pen Strep (Gibco) and 100 mM gemcitabine, at 37°C for 24 hours. 

Liver slices were washed in PBS and the media was replaced with William’s E medium, 

supplemented with glucose, Pen Strep and with or without rGas6 at a concentration of 400 

ng/ml, incubated at 37°C for 24 hours. During the two-day culture the media was replaced 

every 24 hours.  

 

RT-qPCR 

Total RNA purification was performed with the RNeasy Kit (Qiagen), and cDNA was 

generated using the QuantiTect Reverse Transcription Kit (Qiagen) according to 

manufacturer's instructions. 500 ng of total RNA was used to generate cDNA. qPCR was 

performed using 5 x HOT FIREPol EvaGreen qPCR Mix Plus (ROX; Solis Biodyne) on an 

MX3005P instrument (Stratagene). Three-step amplification was performed (95°C for 15 

seconds, 60°C for 20 seconds, and 72°C for 30 seconds) for 45 cycles. Relative expression 

levels were normalized to Gapdh expression according to the formula: 2^-(Ct gene of 

interest – Ct Gapdh). Fold increase in expression levels was calculated by the comparative 

Ct method: 2^ (-ddCt). The following QuantiTect Primers Assays were used to assess 

mRNA levels: Mm-Gapdh (Mm_Gapdh_3_SG; QT01658692), Mm-Cxcl-1 (Mm_Cxcl1_1; 

QT00115647), Mm-Cxcl2 (Mm_Cxcl2_1; QT00113253), Mm-Cxcl-5 (Mm_Cxcl5_2; 

QT01658146), Mm-Gas6 (Mm_Gas6_1_SG; QT00101332), Hs-Gapdh (Hs_Gapdh_1_SG; 

QT00079247), Hs-Gas6 (Hs_Gas6_1_SG; QT00049126) were purchased from Qiagen. Hs-

Cxcl1 (Hs_Cxcl1_Fw 5’-AGCTCTTCCGCTCCTCTCA), Hs-Cxcl2 (Hs_Cxcl2_Fw 5’-

GAAAGCTTGTCTCAACCCG), Hs-Cxcl5 (Hs_Cxcl5_Fw 5’-

CCAGTAGTTAGCTTTCTTCCTGGAT), Hs-Cxcl8 (Hs_Cxcl8_Fw 5’ 

CCTTCCTGATTTCTGCAGCTC) were purchased from Sigma-Aldrich. 
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Immunohistochemistry analysis 

Deparaffinization and antigen retrieval were performed using an automated DAKO PT-link. 

Paraffin-embedded human and mouse liver metastatic sections were immunostained using 

the DAKO envision system-HRP. Tissue sections were incubated overnight at 4°C with 

primary antibodies: Cytokeratin 19 (Abcam, ab53119, 1:100); MUC-1 (Abcam, ab89492, 

1:100); Ki67 (Abcam, ab15580,  1:1000); CC3 (Cell Signalling, #9661, 1:300); P-AXL (R&D 

System, AF2228); MPO (Abcam, ab9535, 1:100); YM-1 (StemCell Technology, 60130, 

1:200); NKp46 (R&D System, AF2225). Secondary HRP-conjugated antibodies were 

incubated for 30 minutes at room temperature. Staining was developed using 

diaminobenzidine and counterstained with haematoxylin. Tumour cells in the liver were 

identified by their characteristic formation of ductal structures during metastatic growth. 

Immunofluorescence analysis 

Murine liver tissues were fixed using a sucrose gradient method to preserve the zsGreen 

fluorescence. Briefly, livers were fixed in 4% Formaldehyde + 10% sucrose in PBS for 4 

hours and then transferred to 20% sucrose in PBS for 8-10 hours. Tissues were transferred 

into 30% sucrose for an additional 8-10 hours, embedded in OCT medium and stored at -

80°C. 

 

For immunofluorescence staining, 5 mm liver sections were permeabilized by 0.1% TritonX-

100 (Sigma Aldrich) for 10 minutes. Unspecific bindings were prevented by using PBS + 8% 

normal goat serum for 1 hour at room temperature. Tissue sections were incubated 

overnight at 4°C with the following antibodies: CD8 (BioLegend, 100701, 1:400); CC3 (Cell 

Signalling Technologies, 9661); F4/80 (BioLegend, 123102, 1:100); iNOS (Abcam, ab15323, 

1:50); MUC-1 (Abcam, ab89492, 1:100); Ki67 (Abcam, ab15580, 1:1000); MPO (Abcam, 

ab9535, 1:50). The next day, tissue sections were washed in PBS and stained with the 

secondary antibody goat anti-rabbit conjugated to anti-mouse IgG Alexa Fluor(AF)-488 

(Abcam, ab150105, 1:200); anti-rabbit IgGAF-488 (Abcam, ab150077, 1:300); anti-rat IgG 

AF-594 (Abcam, ab150160, 1/300); anti-rabbit IgG AF-594 (Abcam, ab150080, 1/200) and 

DAPI (Life Technologies, 1:500) for 1 hour at room temperature. Luc/zsGreen-transfected 

cells were detected by their intrinsic signal. For CD8 staining VECTASTAIN® Elite® ABC-

HRP Kit (Peroxidase, Rat IgG) (Vector laboratories) was used. TUNEL staining was 

performed according to manufacturer’s instruction (Thermofisher, 15313038). Sections were 

finally mounted using Dako Fluorescent Mounting Medium. All tissue sections were imaged 

using an Axio Observer Light Microscope with the Apotome.2 (Zeiss) and quantified using 

the Zen Software (Zeiss).  
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Statistical analysis 

Statistical significance (analysed with GraphPad Prism v5 or v8 software) was determined 

using two-tailed unpaired Student’s t tests when comparing differences between two 

experimental groups. Unless otherwise stated, for multiple comparisons, one-way ANOVA 

with Bonferroni was used for all experiments with more than two groups. For Figure 2D, E 

one-way ANOVA with Dunnett’s post hoc testing was performed. For Figures 4G, 4J, 8D and 

Supplementary Figure S5F, N two-way ANOVA with Bonferroni was used. The Log-rank 

(Mantel-Cox) test was used to assess differences in survival for the metastatic survival study 

under cytotoxic treatment. A P-value < 0.05 was considered statistically significant and P-

values are indicated in the figures using asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** 

P<0.0001; ns denotes not significant. 

 

Supplementary Table S1. Top upregulated genes GO extracellular. 

Supplementary Table S2. Complete gene list GO extracellular. 

Supplementary Table S3. Haematology PDAC patients. 
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