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Supplementary Figure S1: Loss of CD8+ T cell numbers during metastatic progression 

in PDAC patients and genetically engineered mouse model of pancreatic cancer 

(KrasG12D;Trp53R172H;Pdx1-Cre mice, KPC) 

(A) Representative immunohistochemistry staining of cytokeratin (CK
+
) cancer cells and CD8

+
 T cells 

in serial sections of human PDAC liver biopsies and healthy human liver samples taken with lower 

magnification (related to Fig. 1A; n = 10 patients; n = 5 healthy subjects).  

(B) Identification of cytokeratin (CK)
+
 metastatic cancer cells and CD8

+ 
T cells by 

immunohistochemistry analysis in KPC derived spontaneous metastatic lesions showing inverse 

correlation of CD8
+
 T cell and CK

+ 
cancer cell numbers. Representative micrographs and 

quantification of data are shown (n = 5 mice; each dot represents the relationship between CD8
+
 T 

cell numbers and CK
+
 cell numbers in a metastatic lesion assessed by serial tissue sections staining. 
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One metastatic lesion was captured in one field of view (FoV). Three metastatic lesions were 

analyzed for each mouse. 

(C) Representative flow cytometry gating strategies for CD69 activation marker and immune 

checkpoint receptor PD-1 in CD8
+
 T cells (gated on viable CD45

+
 CD8

+
 T cells).  

Scale bar: 100μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant. 
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Supplementary Figure S2: Colony stimulating factor 1 (CSF-1) is expressed by 

disseminated PDAC cells, and its cognate receptor CSF-1R is expressed by 

metastasis associated macrophages 

(A) Representative flow cytometer gating strategy for Sytox-blue
neg

CD45
+
Cd11b

+
Ly6G

neg
Ly6C 

dim/neg
F4/80

+
 metastasis associated macrophages (MAMs) (n = 4 mice / time point). 

(B) Representative immunofluorescence staining of cleaved caspase 3 (CC3) in metastatic 

KPC
luc/zsGreen

 (zsGreen) cells. Graph: Quantification of CC3+ cells among KPC cells in livers during the 

course of metastasis formation. Nuclei were counterstained with DAPI (n = 4 mice / time point; mean 

± SEM).  

(C) Quantification of Csf1 mRNA levels in immune cell depleted stroma cells (CD45
neg

zsGreen
neg

), 

MAMs (CD45
+
F480

+
zsGreen

neg
) and disseminated cancer cells (zsGreen

+
CD45

neg
) isolated by flow 

cytometry based cells sorting from tumors (n = 3 mice; mean ± SEM).  

(D) Representative immunofluorescence staining of CSF-1R, MAMs (F4/80
+
), and metastatic 

KPC
luc/zsGreen

 (zsGreen) cells. CSF-1-R expression was detected only on MAMs, but not on tumor 

cells.  Nuclei were counterstained with DAPI (n = 4 mice). Quantification of percentage of CSF1-R 

positive cells among MAMs (F4/80
+
) and KPC

luc/zsGreen
 (zsGreen) cancer cells. 

(E) Representative immunofluorescence staining of CSF-1R and MAMs (F4/80
+
) in spontaneous liver 

metastatic lesions derived from KPC mice (n = 4 mice).  

Scale bar: 100μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant.  
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Supplementary Figure S3: Pharmacological blockade of CSF-1R using BLZ945 

reprograms MAMs, restores T cell infiltration, and reduces metastasis 

(A-I) Liver metastasis was induced by intrasplenic implantation of 1x10
6
 KPC

zsGreen/luc
 cells and initial 

tumor volume was quantified on day 6 by in vivo MR imaging. Cohorts were treated with CSF-1R 

inhibitor (BLZ945) or control vehicle (CTR). At day 14 tumor volume was assessed by in vivo MR 

imaging using T2-weighted sequence and mice were sacrificed on day 15 and analyzed (n = 6 

mice/group). 

(A) Schematic illustration of the experiment. 

(B) Percentage average increase in metastatic tumor burden (tumor volume) in response to treatment 

assessed by in vivo MR imaging (mean ± SEM). 

(C) Quantification of total MAMs from tumor bearing livers by flow cytometry (horizontal lines 

represent mean ± SEM). 

(D) Representative MR images of hepatic metastatic tumors prior treatment (d6) and post-treatment 

(d14). Livers are delineated with full lines and metastatic tumors with dashed lines. 

(E) Percentage increase in metastatic tumor burden (tumor volume) in response to treatment for each 

mouse (ID 1- 6/group) assessed by in vivo MR imaging.  

 (F) Quantification of F480
+
CD206

+
 MAMs for each treatment group by flow cytometry (horizontal lines 

represent mean ± SEM).  

(G) Quantification of Mrc1, Il10, and Tgfb mRNA levels in MAMs sorted from established metastatic 

lesions from each treatment group (n = 3 mice/group; mean ± SEM; two-tailed unpaired t-test). 

(H) Metastasis infiltrating CD8
+
 T cells from tumor bearing livers in each cohort were evaluated by 

flow cytometry (horizontal lines represent mean ± SEM).  

 (I) Representative immunofluorescence staining and quantification of cleaved caspase 3 (CC3, red) 

in metastatic cancer cells (zsGreen) in livers of each treatment cohort. Nuclei were counterstained 

with DAPI (mean ± SEM). 

(J-K) Representative flow cytometry dot plots and quantification showing effective CD8
+
 T cell 

depletion within the (J) liver and (K) peripheral blood of tumor bearing mice upon CD8 mAb 

administration (n = 3 mice / group; horizontal lines represent mean ± SEM). 

Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant. 
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Supplementary Figure S4: CSF-1 inhibition reduces desmoplasia, enhances CD8+ T 

cell infiltration and sensitizes metastatic PDAC to αPD-1 treatment. 

 (A-E) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

 cancer cells and 

αCSF-1 and αPD-1 combination treatment was started after 7 or 14 days. F4/80
+
 MAMs were isolated 

from resected metastatic livers from each of the two treated cohorts (d7 and d14 αCSF-1/PD-1 

treated mice) at day 24 and adoptively transferred (AT) into experimental metastasis bearing mice at 

day 7. The experiment was terminated after 5 days, at day 12 (n=4 mice/ group). (A) Schematic 

representation of the AT of F4/80
+
 MAMs in experimental metastatic bearing mice. (B) Representative 

bioluminescence (BLI) images of hepatic metastatic bearing mice which received AT of MAMs or not 

(Ctr mice). Quantification of the metastatic burden is expressed as fold change of total flux/sec 

relative to Ctr mice.(C) Quantification of the number of cells staining positive for the pro-inflammatory 

M1-like MAM markers COX-2 and (D) MHC-II and for (E) infiltrating CD8
+ 

T cells based on 

immunohistochemistry analysis (mean ± SEM). 

(F) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

. αCSF-1 and/or αPD-1 

treatment regimen was started after 7 days. Representative H&E and picrosirius red staining of 

sequential tumor sections showing area occupied by fibrotic stroma in αPD-1 and αCSF1/αPD-1 

treated mice. Graph: change in liver fibrosis in all treatment cohorts (assessed by collagen deposition) 

compared to CTR (related to Fig. 4E, mean ± SEM). 

(G-J) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

 and/or 

Panc02
zsGreen/luc

 cancer cells. αCSF-1 and/or αPD-1 treatment regimen was started after 14 days. 

Resected livers were assessed by H&E, Picrosirius red (collagen deposition) and myofibroblasts 

(αSMA
+
).(G-H) Representative H&E and picrosirius red staining of sequential tumour sections 

showing area occupied by fibrotic stroma in αPD-1 and αCSF1/αPD-1 treated mice. Change in liver 

fibrosis in all treatment cohorts (assessed by collagen deposition) compared to CTR. (I-J) 

Representative immunofluorescence images and quantification of myofibroblasts (αSMA
+
, red) cell 

frequency in metastatic livers of αPD-1 and αCSF-1/αPD-1 treated mice (related to Fig. 4F). Nuclei 

were counterstained with DAPI (mean ± SEM).  

(K) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

. αCSF-1 and/or αPD-1 

treatment regimen was started after 7 days. Quantification graph representing the change in CD8
+
 T 

cells numbers in mice of all treatment cohorts compared to CTR (mean ± SEM). 
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(L-M) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

 and/or 

Panc02
zsGreen/luc

 cancer cells. αCSF-1 and/or αPD-1 treatment regimen was started after 14 days. 

Representative immunofluorescence images of infiltrating cytotoxic CD8
+
 T cells (red) in metastatic 

livers of αPD-1 and αCSF1/αPD-1 treated mice. Nuclei were counterstained with DAPI (related to Fig. 

4G). Graph: Change in CD8
+
 T cells numbers compared to CTR (mean ± SEM). 

Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s, not significant. 
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Supplementary Figure S5: Administration of Digoxin, a transcriptional inhibitor of  

HIF-1, promotes M1-like MAM reprograming and reduces Granulin level in vivo. 

(A) ELISA quantification of granulin protein level in bone marrow macrophages (BMMs) stimulated 

with IFNγ/LPS (M1-like) or CSF-1, IL-4, IL10, IL-13 (M2- like) macrophage polarizing agents for 24 

hours (data are mean ± SD of 3 independent experiments). 

(B-K) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

 cancer cell. Cohorts 

were treated with Digoxin or saline (vehicle Ctr). At the end point, ex-vivo bioluminescence (BLI) 

imaging was performed on metastatic resected livers followed by immunohystochemical analysis (n=4 

mice/group).  (B) Schematic representation of the treatment regimen. (C) Representative BLI images 

of metastatic livers resected from Ctr and Digoxin treated mice and quantification of metastatic 

burden. (D-K) Quantification of cell positive staining for (D) granulin, (E) myofibroblasts (SMA
+ 

area), 

(F) CD8
+
 T cells, M1-like MAM markers (G) COX-2 and (H) MHC-II,  M2-like MAM markers (I) Ym-1 

and  (J) CD206 and total macrophage marker (K) CD68 obtained by immunohistochemistry (n=3 

mouse: mean ± SEM). 

 (L-P) Liver metastasis were induced by intrasplenic implantation of KPC
zsGreen/luc 

 in WT or Grn
-/- 

mice. 

Quantification of (L) CD45
+
, (M) CD3

+
, (N) Ly6G

+
, (O) F4-80

+
, (P) B220

+
 immune cell populations by 

flow cytometric or immunohistochemical analysis (n=4 WT and n=4 Grn
-/-

 mice; mean ± SEM). 

Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant. 
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Supplementary Figure S6: αPD-1 therapy dramatically reduces metastatic tumor 

burden in the absence of granulin, an effect which depends on a high abundance of 

immune stimulatory MAMs. 

(A-D) WT mice and Grn
-/- 

mice were treated with IgG control or αPD-1 antibody 14 days after 

intrasplenic implantation of 1x10
6
 KPC

zsGreen/luc
 cancer cells. All mice were sacrificed at day 24 and 

analyzed (n=3 mice/group). 

(A) Representative BLI images of hepatic metastatic tumours for each cohort prior treatment (day 14) 

and after treatment (day 24).  

(B-D) Representative immunohistochemical (IHC) images showing cell staining for (B) M1-like MAM 

markers (iNOS, MHC-II, COX-2), (C) M2-like MAM markers (Ym-1, CD206) and (D) total MAM marker 

(CD68) in hepatic metastatic tumors (related to Fig.7 I-K). 

(E) Liver metastasis was induced by intrasplenic implantation of 1x10
6
 KPC

zsGreen/luc
  in WT and Grn

-/- 

mice. WT mice were injected with IgG control or CSF-1 antibody 14 days after intrasplenic 

implantation. All mice were sacrificed at day 24 and analyzed.  Representative immunohistochemical 

staining and relative quantification of Ly6G
+
 cells (n =  4 mice/group; mean ± SEM) showing increased 

number of Ly6G
+
 cells in WT mice treated with αCSF-1, but not in granulin deficient mice.  

(F-J) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc

 cells in  WT and Grn
-/- 

mice and initial tumor burden was quantified on day 14 by in vivo bioluminescence imaging (BLI). On 

the same day, treatment regimen with αPD-1 and αCSF-1 Abs alone or in combinations was started. 

At day 24, change in tumor burden was quantified by in vivo BLI imaging and livers were extracted for 

analysis (n = 3 WT and 4 Grn
-/-

 mice/ group). (F) Schematic representation of the experiment. (G) 

Percentage of average change in metastatic tumor burden (total flux/sec) in response to treatment 

assessed by BLI (individual data points, horizontal lines represent mean ± SEM). (H-J) Quantification 

of cells stained positive for (H) CD8
+
 T cells and M1-like MAMs markers (I) MHC-II and (J) COX-2

 
in 

resected metastatic livers (mean ± SEM).  

Scale bar = 100μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant. 
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Supplementary Figure S7: Reduction in liver fibrosis improves CD8+ T cell infiltration 

and enhances αPD-1 therapy in metastatic pancreatic cancer.  

(A-D) Liver metastasis was induced by intrasplenic implantation of KPC
zsGreen/luc 

cancer cells. 

Metastatic mice were treated with PD-1 or Calcipotriol (Cal) alone or in combination starting at day 

14. Saline or IgG Ab were used as vehicle control (CTR). At the end point, day 24, metastatic livers 

were resected and analyzed (n = 4 mice / group). 

(A) Schematic illustration of the experiment and treatments regimen. 

(B) Percentage of average change in metastatic lesion area compared to control in response to 

treatment assessed by haematoxylin and eosin (H&E) staining at endpoint (individual data points, 

horizontal lines represent mean ± SEM). 

(C) Representative H&E and picrosirius red staining of sequential tumor sections showing area 

occupied by fibrotic stroma in all treatment cohorts. Change in liver fibrosis (assessed by collagen 

deposition) compared to CTR (mean ± SEM).  

(D) Representative images and quantification of positive staining for CD8
+
 T cells and myofibroblasts 

(αSMA
+
 area) obtained by immunohistochemistry (mean ± SEM). 

Scale bar = 100μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant. 
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Supplementary Figure S8: Macrophage-derived granulin drives resistance to immune 

checkpoint inhibition in metastatic pancreatic cancer. 

(A) Illustration of disseminated PDAC cancer cells secreting CSF-1 and thereby promoting the 

expression of granulin in metastasis associated macrophages leading to CD8
+
 T cell exclusion and 

resistance to αPD-1 therapy. Genetic depletion of granulin restores T cell infiltration and sensitizes 

metastatic tumors to αPD-1 therapy, thereby identifying granulin as a key factor regulating CD8
+
 T cell 

entry in metastatic pancreatic cancer. 
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 (B) Immunohistochemistry analysis and relative quantification of CD8
+  

T cells staining in n= 10 

human primary PDAC biopsies contained in a Tissue microarray (TMA). Representative micrographs 

are shown for some of the PDAC biopsies. Each bar represents the number of CD8
+
 T cells in each of 

the biopsy contained in the TMA.  

(C) Representative immunohistochemistry images of CD8
+
 T cell staining in primary PDAC tumors 

generated in KPC mice (n = 8 mice). Small (upper) and large (lower) lesions are indicated by 

asterisks.  

 


