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SUMMARY

Resistance to antiangiogenic drugs limits their
applicability in cancer therapy. Here, we show that
revascularization and progression of pancreatic
neuroendocrine tumors (PNETs) under extended
vascular-endothelial growth factor A (VEGFA)
blockade are dependent on periostin (POSTN), a ma-
tricellular protein expressed by stromal cells. Genetic
deletion of Postn in RIP1-Tag2 mice blunted tumor
rebounds of M2-like macrophages and aSMA+

stromal cells in response to prolonged VEGFA inhibi-
tion and suppressed PNET revascularization and
progression on therapy. POSTN deficiency also
impeded the upregulation of basic fibroblast growth
factor (FGF2), an adaptive mechanism previously
implicated in PNET evasion from antiangiogenic ther-
apy. Higher POSTN expression correlated with
markers of M2-like macrophages in human PNETs,
and depleting macrophages with a colony-stimu-
lating factor 1 receptor (CSF1R) antibody inhibited
PNET revascularization and progression under
VEGFA blockade despite continued POSTN produc-
tion. These findings suggest a role for POSTN in
orchestrating resistance to anti-VEGFA therapy in
PNETs.
INTRODUCTION

Vascular endothelial growth factor A (VEGFA) sustains tumor

angiogenesis by engaging the VEGF receptor (VEGFR) 2 ex-

pressed on vascular endothelial cells (ECs). The clinical

benefits of adding bevacizumab, a VEGFA monoclonal antibody

(mAb), to first-line anti-cancer therapies are, however, generally

modest (Ferrara and Adamis, 2016). This can be attributed to

compensatory proangiogenic signaling that may rescue angio-

genesis under VEGFA deprivation (Bergers and Hanahan,

2008; Casanovas et al., 2005; Rigamonti et al., 2014), as well
2530 Cell Reports 22, 2530–2540, March 6, 2018 ª 2018 The Author
This is an open access article under the CC BY-NC-ND license (http://
as tumor adaptation to decreased angiogenesis, which may

involve metabolic reprogramming or enhanced growth along

preexisting blood vessels (Allen et al., 2016; Frentzas et al.,

2016). Also, myeloid cells like macrophages and neutrophils

may limit antiangiogenic therapy by producing alternative

proangiogenic and survival factors for ECs in VEGFA-depleted

microenvironments (Bergers and Hanahan, 2008; De Palma

and Lewis, 2013; De Palma et al., 2017; Rivera and Bergers,

2015; Shojaei and Ferrara, 2008).

The extracellular matrix (ECM) modulates tumor angiogenesis

and response to antiangiogenic therapy (De Palma et al., 2017;

Egeblad et al., 2010; Rahbari et al., 2016; Stylianopoulos et al.,

2012; Van Obberghen-Schilling et al., 2011). Periostin (POSTN),

a matricellular protein expressed primarily by mesenchymal-

lineage cells, promotes tumor angiogenesis, invasion, and

metastasis by stimulating cancer cell and EC proliferation and

migration (Bao et al., 2004; Chen et al., 2017; Hu et al., 2016; Ki-

kuchi et al., 2014; Liu et al., 2014; Naba et al., 2017; Park et al.,

2016; Shao et al., 2004; Takanami et al., 2008; Underwood et al.,

2015; Zhou et al., 2015; Zhu et al., 2010). In a mouse glioma

model, POSTN was shown to recruit and activate M2-like mac-

rophages (Zhou et al., 2015), which have proangiogenic capacity

(De Palma and Lewis, 2013). The diverse protumoral functions of

POSTNmay, therefore, antagonize the efficacy of antiangiogenic

treatments. In this study, we examined the effects of genetically

inactivating Postn in pancreatic neuroendocrine tumors (PNETs)

of transgenic RIP1-Tag2 mice (Casanovas et al., 2005; Riga-

monti et al., 2014) treated with a mouse VEGFA mAb equivalent

to bevacizumab.
RESULTS

POSTN Is Associated with the Angiogenic Switch and
On-Therapy Re-vascularization in Mouse PNETs
We used the B20-4.1.1 (‘‘B20’’) mAb (Liang et al., 2006) to block

VEGFA signaling in 11-week-old RIP1-Tag2 transgenicmice car-

rying early established PNETs (Casanovas et al., 2005; Riga-

monti et al., 2014). We employed two weekly doses of B20

(10 or 20 mg/kg) and analyzed the pancreata at distinct time

points (1.5, 2.5, 4, and 6 weeks) post-therapy initiation (PTI) by
(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. POSTN Expression Is Associated with Rebound Angiogenesis in PNETs

(A and B) Representative photos of pancreata of 12.5- to 17-week-old RIP1-Tag2 mice, treated as indicated. Dark lesions represent hemorrhagic PNETs.

(C and E) Representative images of perfused lectin (green) and DAPI (blue) nuclear staining in PNETs of either 12.5- to 13.5-week-old (C) or 15- to 17-week-old

(E) mice. Scale bar, 100 mm.

(D and F) Relative lectin+ vascular area (mean percentage values ± SEM) in PNETs of 12.5- to 13.5-week-old (D) or 15- to 17-week-old (F) mice. (D) IgG control

(1.5 weeks PTI): n = 21 tumors from 3 mice; anti-VEGFA (1.5 weeks PTI): 25 from 4 mice; anti-VEGFA (2.5 weeks PTI): n = 32 from 4 mice. (F) IgG control

(legend continued on next page)
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both gross morphology (Figures 1A and 1B) and immunostaining

of pancreatic sections to identify perfused blood vessels (Fig-

ures 1C–1F). The kinetics of PNET response to B20 was dose

dependent; whereas tumors in the 10 mg/kg dose group revas-

cularized at 2.5 weeks PTI after a short-lived antiangiogenic

response, those in the 20 mg/kg dose group revascularized at

6 weeks PTI after a more extended antiangiogenic response.

To maximize the therapeutic window, we employed a B20

dosage regimen of 20 mg/kg per week in subsequent experi-

ments, unless stated otherwise.

POSTN has been associated with tumor angiogenesis (Chen

et al., 2017) and is highly expressed in the AngioMatrix dataset

of proteins upregulated during the angiogenic switch of PNETs

(Langlois et al., 2014). However, it is unknown whether it also

sustains PNET revascularization during anti-VEGFA therapy.

qPCR analysis of pancreatic islets isolated from RIP1-Tag2

mice between 6 and 13 weeks of age revealed significant up-

regulation of Postn at 8 weeks of age (Figure S1), a time point

when dysplastic islets transition to overt tumors through an

angiogenic switch (Bergers et al., 2000). We then examined

POSTN expression in B20-treated PNETs harvested either at

the response (4 weeks PTI) or revascularization (6 weeks PTI)

phase by immunostaining (Figures 1G and 1H) and qPCR (Fig-

ure 1I). Both analyses showed marked POSTN reduction

during the response (antiangiogenic) phase, followed by its in-

crease to quasi-baseline levels during the revascularization

phase. We observed a similar kinetics of Postn expression in

PNETs of mice that had received B20 at 10 mg/kg per week

and that were analyzed at 1.5 and 2.5 weeks PTI (Figure 1J).

These findings indicate that in B20-treated PNETs, transient

vascular attrition and subsequent revascularization are respec-

tively associated with the demise and recovery of POSTN

deposition.

POSTN Is Expressed by Stromal Cells and Limits PNET
Response to Anti-VEGFA Therapy
Previous studies have shown that in tumors, POSTN is largely

expressed by stromal cells encompassing fibroblasts and

pericytes (Kikuchi et al., 2014; Underwood et al., 2015). In

PNETs, POSTN co-localized with a-smooth muscle actin

(aSMA)+ cells (Figures 2A and 2B), which identify both fibro-

blasts and pericytes in this tumor model (Sugimoto et al.,

2006). Accordingly, PDGFRa+CD45� stromal cells sorted from

PNETs of either immunoglobulin G (IgG)- or B20-treated

mice robustly expressed Postn, whereas ECs (CD31+CD45�),
macrophages (CD45+CD11b+F4/80+), and enriched cancer cells
(4 weeks PTI): n = 11 from 4 mice; anti-VEGFA (4 weeks PTI): n = 35 from 3 mice;

Statistical analysis by one-way ANOVA with Tukey’s multiple comparisons test.

(G) Representative images of CD31 (green) and POSTN (red) immunostaining

Scale bar, 100 mm.

(H) Relative POSTN+ area (mean percentage values ± SEM) in 15- to 17-week-

(4 weeks PTI): n = 37 from 3 mice; anti-VEGFA (6 weeks PTI): n = 34 from 4 mice. S

(I) qPCR analysis of Postn in PNETs of 15- to 17-week-old mice. IgG control (4

(6 weeks PTI): n = 18. Themean fold change (±SEM) over the reference value (IgG

show 2 independent experiments combined; each dot represents one PNET. Sta

(J) qPCR analysis of Postn in PNETs of 12.5- (left) or 13.5-week-old (right) mice. T

VEGFA (1.5 weeks PTI): n = 8; IgG control (2.5 weeks PTI): n = 8; anti-VEGFA (2.

See also Figure S1.
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(CD45�CD31�PDGFRa�) expressed it at negligible levels (Fig-

ures 2C and S2A–S2C).

The kinetics of stromal cell abundance paralleled that of

POSTN in B20-treated PNETs. Indeed, aSMA+ stromal cells

dramatically declined during the response phase but increased,

albeit partially, in the revascularization phase (Figures 2D–2F).

Postn and Acta2 (aSMA) transcripts strongly correlated in a

treatment-independent manner (Figure 2G), corroborating the

notion that stromal cells are the key source of POSTN in

PNETs. Recombinant POSTN enhanced the proliferation of

NIH 3T3 fibroblasts in vitro (Figure S2D), suggesting that

POSTN may promote stromal cell survival or expansion in an

autocrine fashion.

To examine the involvement of POSTN in PNET response to

VEGFA inhibition, we crossed Postn�/� mice (Malanchi et al.,

2011) with RIP1-Tag2 mice. PNETs of Postn�/� RIP1-Tag2

mice had a delayed angiogenic switch (Figure S1) and were

less vascularized, but they were similar in size compared to

PNETs of wild-type (WT) mice (Figures 2H–2K). B20 did not

further decrease the relative vascular area, but there was no

evidence for rebound angiogenesis at 6 weeks PTI in Postn�/�

PNETs. Moreover, PNETs of B20-treated Postn�/� mice were

significantly smaller at 6 weeks PTI than those of IgG-treated

Postn�/� mice at 4 weeks PTI, suggesting the occurrence of

bona fide tumor regressions. Interestingly, Postn deficiency

suppressed the recovery of aSMA+ stromal cells observed

in recalcitrant, B20-treated WT PNETs (Figure 2L). This was

accompanied by abated levels of tenascin-C (Tnc) and basic

fibroblast growth factor (Fgf2), which have been previously

implicated in PNET angiogenesis (Saupe et al., 2013) and

evasion from anti-VEGFA therapy (Casanovas et al., 2005),

respectively. Together, these findings indicate that POSTN is

required to sustain PNET revascularization and progression

during anti-VEGFA therapy.

VEGFA Blockade Augments M2-like PNET-Associated
Macrophages in a POSTN-Dependent Manner
Rebounds of proangiogenic myeloid cells may support tumor

revascularization during antiangiogenic treatment (Bergers

and Hanahan, 2008; De Palma et al., 2017; De Palma and

Lewis, 2013; Shojaei and Ferrara, 2008). While F4/80+ macro-

phage infiltration decreased in WT PNETs during the response

phase, it recovered during the revascularization phase, as

shown by both immunostaining (Figures 3A and 3B) and

qPCR analysis of the macrophage-specific Emr1 (F4/80)

gene (Figure 3C). Intratumoral Ly6Chigh monocytes and Ly6G+
anti-VEGFA (6 weeks PTI): n = 25 from 3 mice. Each dot represents one PNET.

, and DAPI (blue) nuclear staining, in PNETs of 15- to 17-week-old mice.

old mice. IgG control (4 weeks PTI): n = 18 tumors from 3 mice; anti-VEGFA

tatistical analysis by one-way ANOVA with Tukey’s multiple comparisons test.

weeks PTI): n = 18 tumors; anti-VEGFA (4 weeks PTI): n = 22; anti-VEGFA

control, set to 1) is shown.Hprt1 andB2mwere used as normalizer genes. Data

tistical analysis by one-way ANOVA with Tukey’s multiple comparisons test.

he data were analyzed as in (I). IgG control (1.5 weeks PTI): n = 5 tumors; anti-

5 weeks PTI): n = 16. Statistical analysis by Student’s two-tailed t test.
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Figure 2. POSTN Is Expressed by Stromal Cells and Sustains PNET Revascularization during VEGFA Blockade

(A) Representative images of CD31 (green), aSMA (red), and POSTN (purple) immunostaining, and DAPI (blue) nuclear staining, in a PNET of a IgG-treated,

15-week-old mouse. Scale bar, 100 mm.

(B) Pearson correlation analysis of POSTN+ and aSMA+ area in PNETs (n = 6) of a 15-week-old IgG-treated mouse.

(C) qPCR-based analysis of Postn in cells FACS sorted from PNETs of 15-week-old mice (n = 3). Each dot represents one mouse (several PNETs pooled). The

mean fold change (±SEM) over the reference value (stromal cells) is shown. Statistical analysis by one-way ANOVA with Tukey’s multiple comparisons test.

(D) Representative images of CD31 (green) and a-SMA (red) immunostaining, and DAPI (blue) nuclear staining, in PNETs of 15- to 17-week-old mice.

Scale bar, 100 mm.

(E) Relative aSMA+ area (mean percentage values ± SEM) in PNETs of 15- to 17-week-oldmice. IgG control (4 weeks PTI): n = 32 tumors from 5mice; anti-VEGFA

(4 weeks PTI): n = 33 from 3 mice; anti-VEGFA (6 weeks PTI): n = 35 from 4 mice. Statistical analysis by one-way ANOVA with Tukey’s multiple comparisons test.

(F) qPCR analysis of Acta2 (aSMA) in PNETs of 15- to 17-week-old mice. The data were analyzed as in Figure 1I. IgG control (4 weeks PTI): n = 10 tumors; anti-

VEGFA (4 weeks PTI): n = 8; anti-VEGFA (6 weeks PTI): n = 9. Statistical analysis by Kruskal-Wallis test with Dunn’s multiple comparisons test.

(legend continued on next page)
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neutrophils also decreased during the response phase, but

they increased only slightly during the revascularization phase

(Figure 3D).

Tumor infiltration by CD45+ hematopoietic cells was similar in

IgG-treated WT and Postn�/� PNETs (Figure 3E). However, the

relative proportions of CD11b+ myeloid cells, F4/80+ macro-

phages, Ly6Chigh monocytes, and Ly6G+ neutrophils were lower,

and those of natural killer (NK) cells and lymphocytes (including

CD4+ and CD8+ subsets) higher, in Postn�/� compared to WT

PNETs, which was indicative of a myeloid-to-lymphoid cell

skewing in Postn�/� PNETs. Interestingly, B20 decreased the

proportions of NK cells in Postn�/�PNETs (Figure S3A). Contrary

to findings in WT mice, F4/80+ macrophages did not recover in

Postn�/� PNETs after extended B20 treatment (Figure 3B), a

result that may explain the lack of tumor revascularization in

Postn�/� mice.

Macrophages were present in the exocrine pancreas of both

WT and Postn�/�RIP1-Tag2mice (Figure S3B). Also, the relative

proportions of CD11b+ myeloid cells, Ly6G+ neutrophils, and

Ly6Chigh monocytes were similar in the peripheral blood of

Postn�/� andWTmice treatedwith B20 for 6weeks (Figure S3C).

These data indicate that genetic loss of Postn impairs myeloid

cell rebounds to B20-treated PNETs without detectably altering

myelopoiesis or tissue-resident macrophages.

Consistent with impaired macrophage infiltration in Postn�/�

PNETs, we observed positive correlations between Postn

expression and macrophage abundance in WT PNETs by

both qPCR and immunostaining (Figures 3F and 3G). Macro-

phages preferentially localized to POSTN-rich PNET areas (Fig-

ure 3H). Also, recombinant POSTN enhanced the migration of

immortalized bone marrow macrophages (iBMMs) (Squadrito

et al., 2014) in a Transwell assay (Figure S3D). Thus, POSTN

may function as a macrophage chemoattractant or survival

factor in PNETs.

Tumor macrophages encompass phenotypically defined sub-

sets with nuanced roles in tumor progression; at the extremes of

the spectrum are CD11chighMRC1low M1-like macrophages,

which have more marked proinflammatory properties, and

MRC1highCD11clow M2-like macrophages, which display proan-

giogenic and protumoral functions (Baer et al., 2016; De Palma

and Lewis, 2013). We then analyzed the expression of M1- and
(G) Pearson correlation analysis of Postn and Acta2 in PNETs of panel (F).

(H) Representative photos of pancreata of either 15- or 17-week-old Postn�/� RI

(I) Representative images of CD31 (green) immunostaining and DAPI (blue) nuclea

(J) Relative CD31+ vascular area (mean percentage values ± SEM) in 15- to 17-we

from 4mice; anti-VEGFA (4 weeks PTI): n = 37 from 4mice; anti-VEGFA (6 weeks P

mice; anti-VEGFA (4weeks PTI): n = 27 from 4mice; anti-VEGFA (6 weeks PTI): n =

ANOVA using Tukey’s multiple comparisons test.

(K) Top: representative images of the SV40 T-Ag (yellow) immunostaining and DAP

or Postn�/� mice. Scale bar, 500 mm. Bottom: area of individual T-Ag+ islets/tum

17-week-old WT or Postn�/� mice. WT mice, IgG control (4 weeks PTI): n = 87 is

VEGFA (6 weeks PTI): n = 74 from 3mice. Postn�/�mice, IgG control (4 weeks PTI

(6 weeks PTI): n = 82 from 4 mice. Statistical analysis by Kruskal-Wallis test with

(L) qPCR analysis of the indicated genes in PNETs of 15- to 17-week-old mice. Th

anti-VEGFA (4 weeks PTI): n = 8; anti-VEGFA (6 weeks PTI): n = 9. Postn�/� mice,

VEGFA (6 weeks PTI): n = 3. Note that some of the data (Acta2, WT) are also sho

comparisons test.

See also Figures S1 and S2.
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M2-associated markers in POSTN-proficient PNETs by flow cy-

tometry, as described previously (Baer et al., 2016). Although

B20 did not alter the relative proportion of M1-like macrophages

within the parental population, it increased that of M2-like

macrophages specifically during the revascularization phase

(Figure 3I). Accordingly, qPCR showed enhanced expression

of arginase-1 (Arg1) and decreased expression of inducible nitric

oxide synthetase (Nos2) in B20-treated PNETs, suggesting the

occurrence of M2-like macrophage skewing during anti-VEGFA

therapy (Figure 3J). These results argue that rebound angiogen-

esis in B20-treated PNETs may be associated with POSTN-

dependent, de novo recruitment or local expansion of M2-like

macrophages.

Pharmacological Elimination of Macrophages through
CSF1R Blockade Limits PNET Revascularization during
Anti-VEGFA Therapy
To examine the involvement of macrophages in PNET revas-

cularization during VEGFA blockade, we used 2G2, a col-

ony-stimulating factor-1 receptor (CSF1R) mAb that efficiently

depletes tumor macrophages in mice (Baer et al., 2016; Ries

et al., 2014). Although CSF1R blockade eliminated the major-

ity of tumor macrophages according to both flow cytometry

(Figure 4A) and immunostaining (Figures 4B and 4C), it did

not extend mouse survival beyond 4 weeks PTI and only

moderately reduced the relative CD31+ vascular area in the

PNETs (Figures 4B and 4D). As expected, 2G2 abated PNET

expression of Cxcl9 (Figure 3J), a T cell chemokine prefer-

entially produced by macrophages in mouse tumors (Baer

et al., 2016).

The combination of 2G2 and B20 prevented M2-like macro-

phage rebounds after extended antiangiogenic therapy (Fig-

ure 4A), decreased Arg1 expression (Figure 3J), and provided

additive antiangiogenic effects compared to B20 monotherapy

(Figures 4B and 4D). Importantly, it also abated the incidence

of hemorrhagic PNETs (Figure 4E) and impaired tumor growth,

as shown by the lack of tumor progression between 4 and

6 weeks PTI (Figure 4F). Of note, macrophage elimination did

not alter POSTN expression in WT PNETs (Figures 4G and 4H),

arguing that macrophages intervene downstream to stromal

cell-derived POSTN in this process. In summary, targeting
P1-Tag2 mice.

r staining in PNETs of 15-17-week-old WT or Postn�/�mice. Scale bar, 100 mm.

ek-old WT or Postn�/�mice. WTmice, IgG control (4 weeks PTI): n = 30 tumors

TI): n = 34 from 4mice. Postn�/�mice, IgG control (4 weeks PTI): n = 21 from 3

14 from 3mice. Each dot represents one PNET. Statistical analysis by one-way

I (blue) nuclear staining in pancreatic sections of B20-treated, 17-week-oldWT

ors (mean values ± SEM) scored in in the largest pancreatic section of 15- to

lets/tumors from 4 mice; anti-VEGFA (4 weeks PTI): n = 79 from 2 mice; anti-

): n = 42 from 3mice; anti-VEGFA (4 weeks PTI): n = 97 from 5mice; anti-VEGFA

Dunn’s multiple comparisons test.

e data were analyzed as in Figure 1I. IgG control (4 weeks PTI): n = 10 tumors;

IgG control (4 weeks PTI): n = 6 tumors; anti-VEGFA (4 weeks PTI): n = 8; anti-

wn in Figure 2F. Statistical analysis by Kruskal-Wallis test with Dunn’s multiple
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Figure 3. Extended VEGFA Blockade Augments M2-like Tumor Macrophages in a POSTN-Dependent Manner

(A) Representative images of CD31 (green) and F4/80 (purple) immunostaining, and DAPI (blue) nuclear staining, in PNETs of 15- to 17-week-old WT or Postn�/�

RIP1-Tag2 mice. Scale bar, 100 mm.

(legend continued on next page)
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macrophages can extend the therapeutic window of VEGFA

blockade in mouse PNETs.

POSTN Correlates with Expression of M2-like
Macrophage Genes in Human Pancreatic Endocrine
Tumors
We finally examined a cohort of untreated, human primary

pancreatic endocrine tumors (Missiaglia et al., 2010; Sadanan-

dam et al., 2015). POSTN positively correlated with genes pref-

erentially expressed in M2-like macrophages (MRC1, CD209,

and CD163; Figure 4I), but not with genes broadly expressed

in macrophages or upregulated in the M1-like subset (CXCL9,

CXCL10, TNFA, IL6, IL1B, and NOS2; Figure S4). These data

suggest an association between POSTN expression and infiltra-

tion of M2-like macrophages in human pancreatic endocrine

tumors.

DISCUSSION

We report that PNET revascularization and progression under

extended VEGFA blockade is associated with enhanced stromal

expression of POSTN and recruitment of M2-polarized macro-

phages in RIP1-Tag2 mice. We observed positive correlations

between POSTN and M2-associated macrophage markers,

both in mouse and human PNETs, suggesting that POSTN can

function as a key macrophage chemoattractant in this tumor

type. The genetic deletion of Postn blunted macrophage recruit-

ment or survival, impeded rebound angiogenesis, and blocked

PNET progression during anti-VEGFA therapy. These findings

highlight a mechanism of tumor adaptation to antiangiogenic

therapy that is dependent, at least in part, on ECM-regulated

macrophages.
(B) Relative F4/80+ area (mean percentage values ±SEM) in PNETs of 15- to 17-we

from 4mice; anti-VEGFA (4 weeks PTI): n = 37 from 4mice; anti-VEGFA (6 weeks P

mice; anti-VEGFA (4 weeks PTI): n = 27 from 4 mice; anti-VEGFA (6 weeks PTI): n

comparisons test.

(C) qPCR analysis of Emr1 in PNETs of 15- to 17-week-old WTmice. The data wer

n = 14; anti-VEGFA (6 weeks PTI: n = 9. Statistical analysis by one-way ANOVA

(D) Flow cytometry analysis of Ly6Chigh monocytes (left) and Ly6G+ neutrop

(mean values ± SEM) of the indicated cells among the viable CD45+ cells. Ly6Chi

anti-VEGFA (4 weeks PTI): n = 9 from 4 mice; anti-VEGFA (6 weeks PTI): n = 8 from

from 4mice; anti-VEGFA (4 weeks PTI): n = 12 from 4mice; anti-VEGFA (6 weeks P

n = 20 from 5 mice; anti-VEGFA (4 weeks PTI): n = 12 from 3 mice; anti-VEGFA (6

(4 weeks PTI): n = 8 from 3mice; anti-VEGFA (4 weeks PTI): n = 7 from 4mice; anti

test with Dunn’s multiple comparisons test.

(E) Flow cytometry of hematopoietic cells in PNETs of 15-week-old WT (n = 10) o

indicated cell types in WT PNETs (n = 21 or 29) or Postn�/� PNETs (n = 7

Student’s t test.

(F and G) Pearson correlation analysis of Postn and Emr1 (F) or POSTN+ and F4/80

IgG- and B20-treated mice.

(H) Representative images of CD31 (green), F4/80(red), and POSTN (purple) imm

mouse. Scale bar, 75 mm.

(I) Top: Flow cytometry analysis of M1-like (CD11chighMRC1low) and M2-like (MR

(mean values ± SEM) of F4/80+ TAMs that express an M1-like (left) or M2-like (rig

PTI): n = 15 tumors from 4mice; anti-VEGFA (4 weeks PTI): n = 9 from 2mice; anti-

with Tukey’s multiple comparisons test.

(J) qPCR analysis of the indicated genes in PNETs of 15- to 17-week-old WT m

(6 weeks PTI): n = 9; anti-VEGFA plus anti-CSF1R (Combo; 6 weeks PTI): n = 10.

with Tukey’s multiple comparisons test.

See also Figure S3.
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Distinct mechanisms of resistance to anti-VEGFA therapy

have been described that involve preexisting or induced proan-

giogenic growth factors (Casanovas et al., 2005; Crawford et al.,

2009; Rigamonti et al., 2014; Schmittnaegel et al., 2017). Recent

findings also suggest that perturbation of the ECMduring VEGFA

signaling blockade may curb the efficacy of anticancer treat-

ments. For example, VEGFA inhibition in a mouse model of colo-

rectal liver metastasis enhanced tumor deposition of hyaluronic

acid and sulfated glycosaminoglycans, which in turn increased

tumor stiffness and limited drug perfusion (Rahbari et al.,

2016). Similarly, heightened deposition of fibrillar ECM proteins

and elevated expression of lysyl oxydases, which have roles in

collagen cross-linking, have been associated with impeded

drug permeation and tumor refractoriness to anti-VEGFA ther-

apy (Röhrig et al., 2017).

In our study, VEGFA neutralization reduced the abundance of

aSMA+ stromal cells encompassing fibroblasts and pericytes

in the PNETs. This agrees with previous work showing that inhi-

bition of VEGFRs disrupts aSMA+ pericytes in PNETs of RIP1-

Tag2 mice (Inai et al., 2004). Stromal cell depletion in response

to VEGFA signaling inhibition may be secondary to acute

vascular pruning, as ECs provide survival cues for pericytes

(Franco et al., 2011). Although stromal cell abundance remained

low throughout the treatment window, it increased detectably

during the revascularization phase. Assuming that VEGFA had

been chronically and exhaustively blocked in the PNETs of

B20-treated mice, the partial recovery of stromal cells might be

explained by VEGFA-independent cues emanating from the

revascularizing tumors. Thesemay include FGF2, whose expres-

sion was upregulated, in agreement with previous findings (Ca-

sanovas et al., 2005). Also, POSTN may promote stromal cell

survival and expansion (Xu et al., 2016) in an autocrine fashion
ek-oldWT or Postn�/�mice.WTmice, IgG control (4 weeks PTI): n = 30 tumors

TI): n = 34 from 3mice. Postn�/�mice, IgG control (4 weeks PTI): n = 21 from 3

= 14 from 3 mice. Statistical analysis by one-way ANOVA with Tukey’s multiple

e analyzed as in Figure 1I. IgG control: n = 8 tumors; anti-VEGFA (4 weeks PTI):

with Tukey’s multiple comparisons test.

hils (right) in PNETs of WT or Postn�/� mice. Data show the percentage
gh monocytes, WT mice: IgG control (4 weeks PTI): n = 29 tumors from 5 mice;

3 mice. Ly6Chigh monocytes, Postn�/� mice: IgG control (4 weeks PTI): n = 15

TI): n = 10 from 4mice. Ly6G+ neutrophils, WTmice: IgG control (4 weeks PTI):

weeks PTI): n = 8 from 2 mice. Ly6G+ neutrophils, Postn�/� mice: IgG control

-VEGFA (6 weeks PTI): n = 10 from 3mice. Statistical analysis by Kruskal-Wallis

r Postn�/� (n = 6) mice. Data show the percentage (mean values ± SEM) of the

or 15). Data combine two independent experiments. Statistical analysis by

+ area (G) in PNETs of 15- to 17-week-oldWTmice. Data combine PNETs from

unostaining, and DAPI (blue) nuclear staining, in a PNET of a 15-week-old WT

C1highCD11clow) macrophages in PNETs. Bottom panels show the percentage

ht) phenotype in PNETs of 15- to 17-week-old WT mice. IgG control (4 weeks

VEGFA (6weeks PTI): n = 8 from 3mice. Statistical analysis by one-way ANOVA

ice. IgG control: n = 10 tumors; anti-VEGFA (4 weeks PTI): n = 8; anti-VEGFA

The data were analyzed as in Figure 1I. Statistical analysis by two-way ANOVA



Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

2

4

6

8

%
 o

f v
ia

bl
e 

ce
lls

F4/80+ macrophages

**

****
*

4 weeks    +           +            -            -       
6 weeks    -            -            +           +       

B

D

A C

E IgG

anti-VEGFA

anti-CSF1R

Combo

IgG anti-CSF1R

Combo
anti-VEGFA

DAPI
CD31
F4/80

4 
w

ee
ks

6 
w

ee
ks

4 
w

ee
ks

6 
w

ee
ks

F G

0 2 4 6 8 10
0

5

10

15

CD163 log2 expression

PO
ST

N
 lo

g2
 e

xp
re

ss
io

n r=0.2994
**p=0.006

0 2 4 6
0

5

10

15

CD209 log2 expression

PO
ST

N
 lo

g2
 e

xp
re

ss
io

n r =0.2453
*p=0.0254

0 5 10 15
0

5

10

15

MRC1 log2 expression

PO
ST

N
 lo

g2
 e

xp
re

ss
io

n r =0.3988
***p=0.0002

Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

20

40

60

80

%
 o

f F
4/

80
+

M1-like macrophages
**

4 weeks    +           +            -            -       
6 weeks    -            -            +           +       

Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

10

20

30

%
 o

f F
4/

80
+

M2-like macrophages

****
****

****

4 weeks    +           +            -            -       
6 weeks    -            -            +           +       

Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

5

10

15

F4
/8

0+  
ar

ea
 (%

)

4 weeks       +           +            -            -       
6 weeks       -            -            +            +       

****
****

****
****

Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo
0

2

4

6

8
C

D
31

+  
ar

ea
 (%

)
**

****

4 weeks       +           +            -            -       
6 weeks       -            -            +            +       

Ig
G

 c
on

tro
l 

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

1

2

3

4

5

20
40

Tu
m

or
 s

iz
e 

(m
m

2 )

*

4 weeks    +            +             -             -        
6 weeks     -             -            +            +     

I

Ig
G

 c
on

tro
l

an
ti-

C
S

F1
R

an
ti-

V
E

G
FA

C
om

bo

0

5

10

15

PO
ST

N
+  

ar
ea

 (%
)

4 weeks    +            +            -           -       
6 weeks     -             -           +           +       

H

an
ti-

V
E

G
FA

an
ti-

V
E

G
FA

C
om

bo

0

5

10

15

Po
st

n 
tra

ns
cr

ip
t l

ev
el

s
 (n

or
m

al
iz

ed
 to

 H
pr

t1
/B

2m
)

***

4 weeks     +               -               -     
6 weeks      -              +              +

***

****
**** **

****

****

****

Figure 4. Macrophages Limit PNET Response to VEGFA Blockade

(A) Percentage (mean values ± SEM) of total (F4/80+), M1-like, and M2-like macrophages in PNETs of 15- to 17-week-old WT mice. IgG control (4 weeks PTI):

n = 15 tumors from 4 mice; anti-CSF1R (4 weeks PTI): n = 10 from 4 mice; anti-VEGFA (6 weeks PTI): n = 8 from 3 mice; anti-VEGFA plus anti-CSF1R (Combo;

6 weeks PTI): n = 11 from 3 mice. Statistical analysis by one-way ANOVA with Tukey’s multiple comparisons test. Some of data are also shown in Figure 3I.

(B) Representative images of CD31 (green) and F4/80 (purple) immunostaining, and DAPI (blue) nuclear staining, in PNETs of 15- to 17-week-old WT mice.

Scale bar, 100 mm.

(C and D) Relative F4/80+ (C) or CD31+ (D) area (mean percentage values ± SEM) in PNETs of 15- to 17-week-old WT mice. IgG control (4 weeks PTI): n = 30

tumors from 4 mice; anti-CSF1R (4 weeks PTI) n = 21 from 4 mice; anti-VEGFA (6 weeks PTI): n = 34 from 4 mice; anti-VEGFA plus anti-CSF1R (Combo; 6 weeks

PTI): n = 27 from 4 mice. Note that some of the data in (C) (WT mice: IgG control and anti-VEGFA at 6 weeks) are also shown in Figure 3B; some of the data in

(legend continued on next page)
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in VEGFA-depleted microenvironments. Our results indicate

that aSMA+ stromal cells are the main source of POSTN in the

PNETs, as shown previously in other tumor types (Kikuchi

et al., 2014; Underwood et al., 2015). Although themechanism(s)

regulating POSTN production by tumor-associated stromal cells

in the context of VEGFA blockade remain unclear, our data sup-

port a model whereby lingering stromal cells sustain POSTN

deposition in revascularizing PNETs.

POSTN expression correlated with, and its genetic deletion

abated, macrophage abundance in both untreated and anti-

VEGFA treated PNETs. These findings suggest that POSTN

may function as a macrophage chemoattractant in PNETs.

Accordingly, glioblastoma-associated POSTN recruits and po-

larizes macrophages to an M2-like phenotype through anb3 in-

tegrin (Zhou et al., 2015). Our analysis of human PNET datasets

indicates that POSTN gene expression correlates with M2-

macrophage markers. These results support the notions

that POSTN promotes M2-like macrophage recruitment and

polarization in human PNETs, and that this phenomenon

may contribute, at least partly, to human PNET refractoriness

or adaptive resistance to VEGFA signaling inhibitors. These

findings encourage the clinical testing of combined CSF1R

and VEGFA blockade in patients with cancer (https://www.

clinicaltrials.gov identifier NCT02923739).

Remarkably, VEGFA inhibition blocked PNET progression in

Postn-deficient mice. Further to blunting macrophage rebounds

in B20-treated PNETs, POSTN deficiency attenuated basal

and therapy-induced tumor infiltration by neutrophils and

monocytes, which have proangiogenic and immunosuppressive

functions in the context of antiangiogenic therapy (Rivera and

Bergers, 2015; Rivera et al., 2015; Shojaei and Ferrara, 2008).

Moreover, it impeded the surge, induced by VEGFA blockade,

of FGF2, which was previously implicated in PNET evasion

from VEGFA signaling inhibition (Casanovas et al., 2005). Owing

to these effects onmultiple cellular targets, the outcome ofPostn

inactivation on PNET revascularization and progression during

extended VEGFA therapy was more robust than that of selective

macrophage elimination in Postn-proficient PNETs. These find-

ings and considerations suggest broad roles for POSTN in

orchestrating multifaceted mechanisms of tumor adaptation to

anti-VEGFA therapy.
(D) (WTmice: IgG control and anti-VEGFA at 6weeks) are also shown in Figure 2J.

(C), or one-way ANOVA with Tukey’s multiple comparisons test (D).

(E) Representative photos of pancreata of either 15- or 17-week-old WT mice.

(F) Area of individual T-Ag+ islets/tumors (mean values ± SEM) scored in the larges

n = 87 islet/tumors from 4 mice; anti-CSF1R (4 weeks PTI) n = 44 from 4 mice;

(Combo; 6 weeks PTI): n = 87 from 4 mice. Note that some of the data (WT mice: I

analysis by Kruskal-Wallis test with Dunn’s multiple comparisons test.

(G) qPCR analysis of Postn in PNETs of 15- to 17-week-old mice. The data were a

(6 weeks PTI): n = 8; anti-VEGFA plus anti-CSF1R (Combo; 6 weeks PTI): n = 8. St

comparisons test.

(H) Relative POSTN+ area (mean percentage values ± SEM) in PNETs of 15- to 1

CSF1R (4 weeks PTI) n = 21 from 4 mice; anti-VEGFA (6 weeks PTI): n = 34 from 4

Note that some of the data in (H )(WTmice: IgG control and anti-VEGFA at 6weeks

Wallis test with Dunn’s multiple comparisons test.

(I) Pearson correlation analysis of POSTN andM2-associated genes in human pan

(GSE73338). Each point represents one tumor.

See also Figure S4.
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EXPERIMENTAL PROCEDURES

Detailed experimental procedures are presented in Supplemental Experi-

mental Procedures.

Study Design

This study was designed to investigate the role of POSTN in PNET response to

VEGFA blockade. To this aim, we used the genetically engineered mouse

model of PNET, RIP1-Tag2. All procedures were performed according to pro-

tocols approved by the Veterinary Authorities of the Canton Vaud according to

Swiss law (protocols 2574 and 2574.1) or by the ethical committee of Alsace,

France (CREMEAS; protocols 04077.02 and E67-482-21).

The generation of transgenic mice and design of treatment trials are pre-

sented in Supplemental Experimental Procedures. Briefly, treatment trials

were performed by pre-planned enrollment of transgenic mice when they

reached a defined age (10.5–11.5 weeks); hence, the mice were often treated

independently, and no synchronized experimental cohorts were established.

The mice were treated with mAbs for up to 6 weeks, depending on the exper-

imental treatment. Most RIP1-Tag2 mice reach the termination criteria be-

tween 15 and 16 weeks of age, with demising health conditions owing to

compromised endocrine pancreas function. WT and Postn�/� RIP1-Tag2

mice receiving B20 alone or with 2G2 typically gain extended survival, but

health conditions eventually deteriorate between 17 and 19 weeks of age,

regardless of tumor burden. Thus, we implemented fixed time points of termi-

nation at 4 and 6 weeks PTI, depending on the treatment and genetic back-

ground. Detailed information on the sample size and statistical methods is

presented in the figures and associated legends.

Analytical studies (e.g., quantification of immune cells and vascular param-

eters, gene expression) were typically performed several times in independent

experiments, implementing fixed time points of analysis for all experimental

groups, while individual PNETs were analyzed from typically 2–5 mice per

group (each pancreas develops multiple tumors; note that Postn�/� mice pre-

sent with few PNETs after VEGFA blockade). Because PNETs develop from

normal islets of Langerhans, tumor area data (Figures 2K and 4F) were ob-

tained by analyzing all islets, independent of malignant status, at each fixed

time point. Other parameters (e.g., vascularization, expression of cell-associ-

ated markers) were analyzed in overt tumors. Fixed time points are shown in

the figures and indicate the time elapsed from the treatment start (‘‘PTI’’).

The investigators were not blinded when assessing the results or analyzing

data. On rare occasions, outliers at the end-point were excluded by using the

ROUT method (provided in GraphPad Prism) to identify outliers. In some

cases, selected samples were excluded from specific analyses because of

technical flaws during sample processing or data acquisition.

Statistical Analysis

Error bars indicate SEM. The number of biological (nontechnical) replicates in

each experiment is indicated in the figure legends. Individual PNETs were
Statistical analysis by Kruskal-Wallis test with Dunn’smultiple comparisons test

t pancreatic section of 15- to 17-week-old WTmice. IgG control (4 weeks PTI):

anti-VEGFA (6 weeks PTI): n = 74 from 3 mice; anti-VEGFA plus anti-CSF1R

gG control and anti-VEGFA at 6 weeks) are also shown in Figure 2K. Statistical

nalyzed as in Figure 1I. Anti-VEGFA (4 weeks PTI): n = 13 tumors; anti-VEGFA

atistical analysis was performed using Kruskal-Wallis test with Dunn’s multiple

7-week-old mice. IgG control (4 weeks PTI): n = 18 tumors from 3 mice; anti-

mice; anti-VEGFA plus anti-CSF1R (Combo; 6 weeks PTI): n = 27 from 4 mice.

) are also shown in Figure 1H. Statistical analysis was performed using Kruskal-

creatic endocrine tumors. Data were extracted from publishedmicroarray data

https://www.clinicaltrials.gov
https://www.clinicaltrials.gov


considered as independent samples, as they develop independently (and

respond variably to therapy) in the pancreas of each mouse. Statistical

analysis of experiments with more than 2 groups used one-way ANOVA with

Tukey’s correction for multiple comparisons when the data were normally

distributed according to D’Agostino-Pearson omnibus test, as implemented

in the Prism statistical software, or the Kruskal-Wallis test with Dunn’s multiple

comparisons test when the data were not normally distributed. For experi-

ments with 2 groups, statistical analysis used Student’s t test with a 95%

confidence interval. Correlation analyses were performed using Pearson’s

correlation.

Statistical differences are indicated as follows: *, 0.01 % p < 0.05; **,

0.001 % p < 0.01; ***, 0.0001 % p < 0.001; ****, p < 0.0001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at https://doi.org/

10.1016/j.celrep.2018.02.035.
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