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Pancreatic neuroendocrine tumors (PanNETs) are a type of pancreatic
cancer with limited therapeutic options. Consequently, most patients
with advanced disease die from tumor progression. Current evidence
indicates that a subset of cancer cells is responsible for tumor
development, metastasis, and recurrence, and targeting these
tumor-initiating cells is necessary to eradicate tumors. However, tumor-
initiating cells and the biological processes that promote pathogenesis
remain largely uncharacterized in PanNETs. Here we profile primary
and metastatic tumors from an index patient and demonstrate that
MET proto-oncogene activation is important for tumor growth in
PanNET xenograft models. We identify a highly tumorigenic cell
population within several independent surgically acquired PanNETs
characterized by increased cell-surface protein CD90 expression and
aldehyde dehydrogenase A1 (ALDHA1) activity, and provide in vitro
and in vivo evidence for their stem-like properties. We performed
proteomic profiling of 332 antigens in two cell lines and four primary
tumors, and showed that CD47, a cell-surface protein that acts as a
“don’t eat me” signal co-opted by cancers to evade innate immune
surveillance, is ubiquitously expressed. Moreover, CD47 coexpresses
with MET and is enriched in CD90hi cells. Furthermore, blocking CD47
signaling promotes engulfment of tumor cells by macrophages in
vitro and inhibits xenograft tumor growth, prevents metastases,
and prolongs survival in vivo.

pancreatic neuroendocrine tumor | CD47 | CD90 | MET | cancer stem cell

Pancreatic neuroendocrine tumors (PanNETs) are a hetero-
geneous group of neoplasms that constitute between 3% and

5% of all pancreatic malignancies (1). Despite recent advances in
medical treatments (2, 3), complete surgical resection is the only
curative therapy for PanNET patients with localized tumors and
limited metastases (4). There is a critical need to characterize the
biological processes and molecular mechanisms that initiate
PanNETs, drive their progression, and allow them to evade therapy
to facilitate the development of novel treatments for patients with
these tumors.
A model of cancer in which neoplasms are dependent on a subset

of tumorigenic cells that are responsible for initiation, maintenance,
and propagation of tumors has been proposed previously (5). These
cancer stem cells are defined by their ability to self-renew, differ-
entiate into the heterogeneous cell populations comprising the tu-
mor, and the ability to develop new neoplasms when transplanted
into immunodeficient mice (5). These rare cell populations, identi-
fied by their unique cell-surface antigen repertoire, were first char-
acterized in acute myelogenous leukemia and were shown to fully
recapitulate the disease in mice (6). Subsequently, tumor-initiating
cells were isolated in solid tumors (7–9). Previous experimental ev-
idence indicates that effectively curing cancers requires eradicating
the tumor-initiating cell pool (5). However, tumor-initiating cells
have yet to be identified in PanNETs, preventing the development of
desperately needed therapies.

Cancer cells can evade immune surveillance, inhibit immune
effector cell function, and even co-opt immune cells to support
their growth and metastasis (10). Generally, the immune system
monitors the body, looking to destroy malignant cells before they
form malignant neoplasms (11). Significant cancer immunology
research has emerged to determine the precise mechanisms that
enable immune evasion, with the goal of developing strategies
that immunologically “unmask” these cells.
CD47 is highly expressed on the surface of cells in all tested

cancers and functions as a negative regulator of macrophage-
mediated phagocytosis. CD47 binds signal regulatory protein
alpha (SIRPα) on macrophages, which activates SHP-1 tyrosine
phosphatases that function to inhibit cytoskeletal rearrangements
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necessary for phagocytosis, thus functioning as a “don’t eat me”
signal. Notably, expression of CD47 among tumor cells is often
highest in the tumor-initiating cell population, suggesting their
dependence on CD47 expression to prevent phagocytic elimi-
nation by innate immune cells (11). Blocking the CD47–SIRPα
interaction allows phagocytes to effectively destroy cancer cells
in vitro and in vivo, leading to inhibition or elimination of primary
tumors and metastases in human cancer xenotransplantation
models (12). Furthermore, we have shown that blocking CD47
with monoclonal antibodies and other agents can dramatically
enhance the efficacy of cancer-targeting monoclonal antibodies,
including rituximab (anti-CD20) for lymphoma and trastuzumab
(anti-her2) for breast cancer (13, 14). In addition, we have shown
that the anti-CD47 antibody treatment selectively increases the
ability of macrophages to prime and activate cytotoxic T lym-
phocytes, which may limit tumor growth beyond the time of anti-
CD47 monoclonal antibody treatment (15).
These considerations prompted us to identify tumor-initiating

cells and explore mechanisms by which tumors propagate and
evade immune surveillance. Here we report a signaling pathway
critical for PanNET growth in immunodeficient mice. We also
developed a cell line and reproducible xenograft models derived
from a patient PanNET, the lack of which have previously been
major limitations in the study of PanNETs. We further identified
several cell-surface proteins expressed on the PanNET-initiating
cells, and characterized the enzymatic and genetic properties of
tumor-initiating cells in PanNETs. Furthermore, we profiled the
cell-surface protein repertoire of PanNET cells and revealed a
number of potential therapeutic targets with functional signifi-
cance. We validated these targets using in vitro phagocytosis
assays, and demonstrated the efficacy of anti-CD47 monoclonal
antibody therapy on PanNET growth using a genetic mouse
model of PanNETs as well as xenograft assays of patient-derived
PanNETs. These results provide preclinical evidence that
anti-CD47 therapy may improve outcomes for patients with
PanNETs, and also validate an approach of studying a selected
subset of index cases of cancer to make generalizable progress.

Results
In an Index Case, MET Activation Is Critical for Tumor Growth in
Mouse Xenograft Models. We began with an extended multidisci-
plinary analysis of an index patient who made tissues available
for analysis at several points in the disease course (tumors 1a and
1b; Dataset S1). We used RNA and genomic sequencing to
profile the patient’s primary tumor and lymph node metastasis
(Fig. S1A). Bioinformatic analysis of the gene expression profiles
was used to identify genes potentially involved in the tumorigenic
process. We used a previously described method for extracting
Boolean implications (if–then relationships) between genes with
publicly available gene expression microarray data for all human
tissue (normal and cancer alike) (Dataset S2) as controls. We
then superimposed the gene expression microarray data of our
index patient’s primary tumor and adjacent, noncancerous pan-
creatic tissue (16).
We noted that MET was highly expressed on the primary tu-

mor, whereas the gene that encodes the protein MET ligand,
hepatocyte growth factor (HGF), was not expressed in the tumor
but was instead expressed in the adjacent, noncancerous tissue
(Fig. 1A). MET is a gene encoding a receptor tyrosine kinase
normally expressed during wound healing and on stem and
progenitor cells during embryonic development, and is a proto-
oncogene that can be expressed in invasive cancers (17). We also
found that CD47 was highly expressed on the primary tumor
compared with surrounding noncancerous pancreatic tissue
(Fig. 1B). Using immunofluorescence staining, we confirmed the
coexpression of the neuroendocrine tumor marker chromogranin
A (CHGA) and MET in the patient’s liver metastasis and lymph
node metastasis (Fig. 1 C and D). Next, we found that cells
expressing CHGA in both metastatic sites did not simultaneously
express HGF (Fig. 1 E and F). However, clusters of cells in
tumor-adjacent normal liver and pancreas tissue expressed HGF

(Fig. 1G and H). Similarly, we confirmed coexpression of CHGA
and CD47 in the two metastatic sites (Fig. S1 F and G). DNA
sequencing of the primary index patient tumor in the pancreas
revealed no mutations in the MET coding or intronic regions
[National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) sample accession no. SRS1283061]; there-
fore, we sought to test whether paracrine HGF was important for
PanNET growth.
Primary tumor fragments from the index patient’s lymph node

metastasis were s.c. transplanted into NOD scid gamma (NSG)
mice, but the tumor xenografts failed to grow after 6 mo (Fig. 1I).
Because mouse HGF does not activate the human MET receptor
(18), we treated the mice with 3D6, a humanized monoclonal an-
tibody agonist for MET (Genentech). Upon stimulation of MET

Fig. 1. MET activation is critical for tumor growth in mouse xenograft
models. (A and B) Boolean implication analysis of the index patient tumor
showing the relationships between pairs of gene expression of prospective
therapeutic targets HGF and MET (A) and CD47 and CALR (B). Each point in
the scatter plot corresponds to a microarray experiment, where the two axes
correspond to the expression levels of two genes. The patient primary tumor
(red stars), adjacent normal pancreas (green stars), and other human tissue
samples (gray dots) are represented, and threshold values for high and
low (red lines) and intermediate (green lines) gene expression using the
BooleanNet algorithm (16). (C–F ) Immunofluorescence staining of the
patient’s liver and lymph node metastases. Costaining of the neuroendo-
crine tumor marker CHGA and MET in the patient’s liver metastasis (C) and
lymph node (LN) metastasis (D). Costaining of the neuroendocrine tumor
marker CHGA and HGF in the patient’s liver metastasis (E) and lymph node
metastasis (F). (G and H) Costaining of the neuroendocrine tumor marker
CHGA and HGF in the patient’s normal (Nml) liver (G) and normal pancreas
(H). (I) Positron-emission tomography/computed tomography (PET/CT)
showing DNA synthetic activity in a patient lymph node metastasis tumor
fragment (yellow outline) 6 mo after transplantation s.c. into the dorsum of
an NSG mouse. (J) PET/CT showing increased DNA synthetic activity in the
tumor fragment (yellow outline) in a mouse treated with 3D6 (Genentech),
an agonist antibody for MET. (K) Sagittal section of a T2-weighted, spin-echo
sequence, 7-T magnetic resonance image showing a tumor xenograft
(yellow outline) that developed in the mouse 1 mo after initiating treatment
with 3D6 antibody. (L) PanNET fragments from three other primary patient
tumors that previously did not grow in NSG mice had increased engraftment
efficiency when treated with 3D6 compared with PBS vehicle control. PanNET
cells derived from a primary patient tumor with autocrine MET stimulation
were able to engraft when injected orthotopically into NSG mice without
exogenous MET activation. Twenty-five thousand luciferase-labeled APL1 cells
were injected orthotopically into the pancreases of NSG mice and allowed to
engraft for 2 wk before immunohistochemical analysis. (M) Tumor engraftment
was confirmed by the presence of GFP-expressing cells in the pancreases of
these mice. (N) GFP-positive cells corresponded to cells expressing the PanNET
marker chromogranin A. (O and P) APL1 tumors expressedMET (O) and HGF (P),
allowing for autocrine MET signaling.
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signaling, the tumor fragments showed a significant increase in
uptake of the deoxythymidine analog 18F-labeled 3′-deoxy-3′-
fluorothymidine ([18F]FLT), a measure of cellular proliferation
(Fig. 1J). Continued administration of 3D6 enabled the formation
of a large xenograft tumor (Fig. 1K). To determine whether MET
stimulation was necessary for growth in other patient tumors, we s.c.
transplanted three other patient PanNET fragments, which did
not grow without exogenous MET activation, into the backs of
NSG mice. We found that mice treated with 3D6 developed
palpable tumors with an average of 80% efficiency but that mice
treated with PBS control did not grow tumors at all (Fig. 1L).
Thus, MET stimulation with 3D6 significantly increased the
transplantation efficiency of multiple patient PanNET samples.
We next tested whether expression of MET on PanNETs has any
clinical significance. We stained and scored a tissue microarray for
expression of MET (Fig. S2 A–D) and found that high expression
of MET on tumors correlated with decreased survival (Fig. S3D).
We transplanted fragments from 39 distinct well-differentiated,

World Health Organization (WHO) grade 1 and 2 patient
PanNETs (Dataset S1) into NSG mice. Only one of these tumors
(tumor 2; Dataset S1) generated xenografts in over 90% of NSG
mice over multiple passages. From this patient tumor, we developed
a PanNET cell line, APL1, capable of growing in vitro and in vivo.
We injected APL1 cells expressing a GFP-luciferase fusion protein
(APL1-GFP-Luc) orthotopically into NSG mice. Tumor engraft-
ment was confirmed by staining for GFP expression in the mouse
pancreas (Fig. 1M). The APL1-GFP-Luc cells expressed human
CHGA (Fig. 1N), human MET (Fig. 1O), and human HGF (Fig.
1P). The presence of both MET and HGF in APL1 cells sug-
gests autocrine stimulation, further supporting the importance
of MET signaling for tumor growth. In addition, APL1 tumors
appeared to be nonfunctional, as they did not express somato-
statin (Fig. S3E), insulin (Fig. S3F), glucagon (Fig. S3G), or gas-
trin (Fig. S3H), consistent with the primary patient tumor from
which the cells were derived.
Taken together, these data indicate that MET signaling via

HGF could be a clinically significant factor governing PanNET
growth. Whereas others have shown the importance of MET in
PanNET aggressiveness using mouse models and cell lines (19),
we were able to demonstrate this using human samples.

CD90 Expression Characterizes Tumor-Initiating Cells in PanNETs.
Tumor cells often co-opt stem and progenitor cell properties
such as self-renewal, survival, differentiation, migration, and
chemoresistance (5). The potential functional conservation of
cell-surface and intrinsic enzymatic markers found on self-
renewing cells can facilitate identifying tumorigenic cells within

heterogeneous tumor masses. To characterize the cellular com-
position of PanNETs, we analyzed the expression of cell-surface
markers common to tumorigenic cells in other cancers. Flow
cytometry analysis of patient-derived tumors revealed that CD90
expression was limited to a small subset of PanNET cells, thus
segregating tumor cells into two distinct populations (Fig. 2A and
Fig. S4 A and B). CD90 (Thy-1) is a glycophosphatidylinositol
(GPI)-anchored cell-surface protein present on normal mouse
and human hematopoietic stem cells (20) and tumor-initiating
cells in several solid tumors (9, 21). Aldehyde dehydrogenase A1
(ALDHA1), an enzyme preferentially expressed in stem and
progenitor cells in several tissue types and species (22), was pre-
viously detected in neuroendocrine tumor cell lines with anchorage-
independent growth potential and increased tumorigenicity in vivo
(23). We found that CD90hi PanNET cells demonstrated en-
hanced expression of ALDHA1 compared with CD90neg cells (Fig.
2B), further supporting that CD90hi expression characterizes tu-
morigenic cells within PanNETs.
To further discern these two major cellular populations within

PanNETs, we used fluorescence-activated cell sorting (FACS)
to purify cells from the index patient on the basis of CD90 ex-
pression. We extracted RNA from the purified tumor cells
and performed high-throughput RNA sequencing. Whole-
transcriptome analysis revealed over 3,000 differentially expressed
genes between CD90hi and CD90neg cells (Dataset S3). Impor-
tantly, genes for markers that characterize tumorigenic cells in a
number of cancers were differentially expressed (Fig. S4D). To
functionally annotate each population of cells, we performed
gene set enrichment analysis (GSEA). Compared with CD90neg
cells, CD90hi cells showed a significant enrichment of genes up-
regulated in mammary stem cells, adipose stem cells, and migra-
tory cells (Fig. S4 E–G). Moreover, compared with CD90neg
cells, CD90hi cells showed a significant enrichment of genes
down-regulated in mammary stem cells and genes up-regulated
in mature mammary luminal cells and in breast cancer luminal
versus mesenchymal cells (Fig. S4 H–J). Taken together, these
data provide evidence that CD90hi cells have enzymatic and
genetic signatures that more closely resemble that of stem and
progenitor cells.
We next investigated the ability of CD90 expression to distinguish

tumorigenic cells within PanNETs. We FACS-purified cell pop-
ulations from the original tumor 2 (Dataset S1), which expresses
both HGF and MET and is the origin of the APL1 line, based on
CD90 expression (Fig. 2A). NSG mice injected with 1,000 CD90hi
cells developed large xenograft tumors, whereas an equivalent
number of CD90neg cells were unable to form tumors (Fig. 2C).
CD90hi cells also had increased tumorigenic potential compared

Fig. 2. CD90hi expression characterizes tumor-initi-
ating cells in PanNETs. (A and B) Flow cytometry
analysis of a primary patient tumor showed that
CD90 expression is limited to a subset of PanNET
cells (A) and that PanNET tumorigenicity marker
ALDHA1 activity is enhanced in CD90hi cells com-
pared with CD90neg cells (B). (C) One thousand
FACS-purified CD90hi primary PanNET cells injected
into NSG mice gave rise to tumors, whereas an equal
number of CD90neg cells did not. Means ± SEM. (D)
Limiting dilution assay showing increased tumori-
genic potential of CD90hi compared with CD90neg

cells and unsorted cells when injected into NSG mice.
(E–L) Primary patient tumors (E–H) resemble tumor
xenografts derived from CD90hi cells injected into
NSG mice (I–L). Xenografts recapitulate the gross
appearance (I) and histological features (J), express
CHGA (K), and differentiate into the CD90neg pop-
ulation of cells (L) seen in the original tumor (E–H).
Fluorescence Minus One (FMO) is a type of negative
control for flow cytometry using multiple fluoro-
chromes.
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with CD90neg and unsorted cells when injected into NSG mice (P =
1.44e-30) (Fig. 2D). The increased tumorigenicity of CD90hi cells
persisted over multiple passages (P = 0.011) (Dataset S4). Limiting
dilution analysis (24) showed a tumor-initiating cell frequency of 1
in 392 for CD90hi cells, 1 in 251,582 for CD90neg cells, and 1 in 9,511
for unsorted cells (Dataset S4). Interestingly, the intraoperative
gross appearance of the primary patient sample (Fig. 2E) was
similar to the gross appearance of a tumor xenograft de-
rived from FACS-purified CD90hi cells (Fig. 2I). At the cellular
level, hematoxylin and eosin staining of the tumor derived from
CD90hi cells (Fig. 2J) was indistinguishable from the primary patient
tumor (Fig. 2F). CHGA was present in secretory granules in the
cytoplasm of cells in the primary patient tumor and the xenograft
derived from CD90hi cells (Fig. 2 G and K, respectively). Fur-
thermore, like the primary tumor, the xenograft tumor derived
from FACS-purified CD90hi cells gave rise to both CD90hi and
CD90neg cells (Fig. 2H and L). Taken together, these data indicate
that CD90 expression characterizes highly tumorigenic cancer stem
cells in PanNETs, and that tumors derived from CD90hi cells re-
capitulate the composition of the primary patient tumor, including
differentiation into CD90neg cells.

Proteomic Analysis Reveals Potential Therapeutic Targets Validated
with in Vitro Phagocytosis Assays. To further illuminate the cell-
surface repertoire of PanNETs, we performed high-throughput
flow cytometry analysis of four additional primary patient PanNETs
(tumors 3, 14, 17, and 21; Dataset S1), the BON neuroendocrine
tumor cell line, and APL1 cells. The details of this experiment are
shown in Supporting Information (Fig. S5A and Dataset S5). CD47
expression was confirmed on all PanNET cells by flow cytometry
analysis (Fig. S5 B and D) and immunofluorescence (Fig. S5C).
Furthermore, we found that the tumorigenic CD90hi cells exhibited
increased expression of CD47 compared with CD90neg cells (Fig.
S5E). We stained and scored a tissue microarray for expression of
CD47 (Fig. S2 E–H) and found that high expression of CD47 on
tumors correlated with decreased survival (Fig. S5F). These results
revealed a number of functionally significant cell-surface proteins
for therapeutic targeting, in particular CD47.
Next, we used an in vitro phagocytosis assay to test whether

monoclonal antibodies specific to the proteins identified from our
analysis could stimulate macrophages to phagocytose human
PanNET cells. The details of this experiment are shown in Sup-
porting Information (Fig. S5 G–I). Antibodies to CD47 (Hu5F9-
G4), CD59, and CD147 enhanced engulfment of BON cells by
mouse macrophages compared with PBS control (Fig. S5I).
However, antibodies to CD90, CD63, and EpCAM did not sig-
nificantly increase phagocytosis of BON tumor cells by mouse
macrophages compared with PBS control. Blocking CD47 signal-
ing using monoclonal antibodies (mouse B6H12 or humanized
Hu5F9-G4) or a recombinant high-affinity SIRPα variant fused to
a human IgG4 Fc fragment (CV1-G4) (14) significantly increased
phagocytosis of BON tumor cells by human macrophages (Fig. S5I).
Moreover, an anti-CD99 antibody alone or in combination with
a recombinant high-affinity SIRPα variant (CV1) monomer
also induced robust phagocytosis of BON tumor cells by human
macrophages (Fig. S5I). However, CV1 monomer alone, antibodies
against CD90 or MET, or a combination of antibodies against
CD90 or MET with CV1 did not significantly increase phagocytosis
of BON tumor cells by human macrophages (Fig. S5I). Antibodies
to CD47 (Hu5F9-G4) and epidermal growth factor receptor
(EGFR) (cetuximab, IgG1) induced engulfment of APL1 tumor
cells by human macrophages compared with PBS control (Fig.
S5I). Combinations of Hu5F9-G4 with cetuximab, panitumumab
(anti-EGFR, IgG1), or anti-EpCAM antibodies were efficacious as
well. However, neither panitumumab nor anti-EpCAM antibodies
used alone showed a significant increase in phagocytosis of APL1
tumor cells by human macrophages (Fig. S5I).
We have previously shown that cancer cells that have up-

regulated CD47 evade immune surveillance, and that blocking
CD47 signaling eradicates a number of different tumors in animal
models by facilitating programmed cell removal by macrophages

(12, 25). However, the expression of CD47, as well as either the
in vitro or in vivo efficacy of anti-CD47 monoclonal antibody
therapy, in PanNETs has not been described.

Anti-CD47 Therapy Inhibits Tumor Growth, Prevents Metastases, and
Prolongs Survival in Vivo. Because anti-CD47 monoclonal anti-
body treatment induced the phagocytosis of tumor cells by
macrophages in vitro, we tested the efficacy of anti-CD47 therapies
for PanNETs in vivo. Twenty-five thousand APL1-GFP-Luc cells
were injected orthotopically into the pancreases of NSG mice.
Tumor-bearing mice were randomized into control or treatment
groups based on luciferase activity (photons per s), which provides
an accurate measure of cancer cell contribution to the mass. In one
cohort, treatment was initiated 2 wk after tumor engraftment,
whereas the second cohort began treatment 3 wk after engraft-
ment. Tumor growth and response to treatment were monitored
for 7 wk. In both the 2- and 3-wk engraftment cohorts, the anti-
CD47 treatment groups had a significant reduction of tumor bio-
luminescence signal compared with the control groups, indicating
inhibition of tumor growth (Fig. 3 A and B). In both engraftment
cohorts, mice treated with anti-CD47 antibody also had signifi-
cantly increased survival compared with mice treated with vehicle
control (Fig. 3C). Gross inspection during necropsy showed that
mice treated with anti-CD47 antibody lacked hepatic metastases,
whereas mice treated with vehicle control had livers that were
obliterated by tumor (Fig. S6A). The livers from mice treated with
anti-CD47 antibody had no evidence of metastasis by light mi-
croscopy (Fig. S6B) or fluorescence microscopy (Fig. S6D). How-
ever, every liver from mice treated with vehicle control had diffuse,
multilobar metastatic disease by light microscopy (Fig. S6C) and
fluorescence microscopy (Fig. S6E).
We also tested the efficacy of anti-CD47 antibody therapy in a

genetic PanNETmouse model created by deleting Rb, p53, and p130
in insulin-producing cells (RIP-Cre Rb/p53/p130) (26). These mice
develop pancreatic tumors within 2 wk after birth and die ∼2 mo
after birth (26). We found that treatment of these mice with an anti-
mouse CD47 antibody starting at day 35, when there is already a
substantial tumor burden, significantly increased survival compared
with mice treated with vehicle control (Fig. 3D).
We tested the efficacy of anti-CD47 antibody therapy in direct

patient xenograft models using tumor 2. Thirty thousand tumor
cells were injected s.c. into NSG mice and randomized into
treatment or control cohorts. Tumors were allowed to grow for
1 wk before starting anti-CD47 treatment. Kaplan–Meier analysis
revealed overall statistically increased survival of mice treated with
anti-CD47 antibodies compared with mice treated with vehicle
control (Fig. 3E). The details of this experiment are shown in
Supporting Information (Fig. S6 F–L).

Anti-EGFR Therapies Combine with Anti-CD47 Therapy for Increased
Anti-Tumor Activity.Because the treatments combining anti-CD47
and anti-EGFR monoclonal antibodies induced the phagocytosis
of tumor cells by macrophages in vitro, we tested the efficacy of
combination therapy for PanNETs in vivo. We injected 25,000
luciferase-labeled APL1 cells orthotopically into the pancreases
of NSG mice. Treatment with PBS vehicle control, combination
Hu5F9-G4 and cetuximab, or combination Hu5F9-G4 and
panitumumab was initiated 2 wk after tumor engraftment. Tumor
burden represented by fold-change in total photon flux (Fig. 3F)
as measured by bioluminescence imaging for 4 wk was analyzed.
Compared with PBS control, cetuximab alone and panitumumab
alone did not significantly reduce tumor burden. However,
compared with PBS control, Hu5F9-G4 significantly reduced
tumor burden. Interestingly, combination of Hu5F9-G4 and ei-
ther cetuximab or panitumumab reduced tumor burden more
than any of the therapies alone.

Discussion
We began our study of PanNETs by performing an in-depth
analysis of tumors at different stages in the disease process from a
single patient who had previously exhausted all conventional
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therapies. Our analysis not only revealed potential therapeutic
avenues for the patient in question but also illuminated funda-
mental biological processes for this class of tumors. Our
examination of the index case and other patient PanNETs
demonstrated the importance of MET activation for the growth of
PanNETs, resulted in the development of PanNET models that
will aid future studies of these tumors, and led to the identification
of tumor-initiating cells. Additionally, it drove the validation of
anti-CD47 therapy for inhibiting tumor growth, preventing meta-
static disease, and prolonging survival.
Stem cells have the ability to generate large numbers of mature

cells through a hierarchy of proliferation and differentiation while
retaining the capacity to maintain the stem cell pool by continuous
self-renewal. We and others have proposed that tumors consist of
cells at various stages of differentiation, but all cells are derived
from the same pool of self-renewing tumor-initiating cells that is

ultimately responsible for the expansion and propagation of the
tumor (5). Although the existence of neoplastic stem cells remains
a controversial topic for some investigators (27, 28), several recent
reports have used a variety of lineage-tracing techniques in ex-
perimental cancer models to conclusively demonstrate the exis-
tence of such a cellular hierarchy within tumors (29). Our results
reveal that CD90 expression marks a subset of tumor-initiating
cells within PanNETs. CD90 is a marker of transplantable
mouse and human hematopoietic stem cells (20), and has also
been described as a tumor-initiating cell marker in a number of
cancers (9, 21). Very little is currently known about CD90
signaling capabilities, and potential ligands are poorly charac-
terized. Thus, elucidating the functional mechanisms by which
CD90 contributes to cancer and stem cell biology will be a
primary aim of our future studies.
A major challenge in identifying tumorigenic cells in well-

differentiated PanNETs is efficiently generating tumor xeno-
grafts in mouse models. Of the 39 WHO grade 1 and 2 primary
patient PanNETs that we transplanted into immunodeficient
mice (Dataset S1), only 1 tumor (tumor 2; Dataset S1) developed
into xenografts without the aid of MET agonists and with high
efficiency and reproducibility. This is in contrast to our experi-
ence with pancreatic ductal adenocarcinoma, for which we col-
lected 39 primary patient tumor samples and generated 24
xenografts. Other researchers have experienced similar difficul-
ties in transplanting and growing low- and intermediate-grade
PanNETs in mice (23). The difficulty of growing well-differentiated
PanNET xenografts may be attributed to the lack of specific
human growth factors in recipient mice. Gene expression pro-
filing of patient tumor samples and functional studies on tumor
xenografts revealed that MET signaling is a key regulator of
PanNET growth. Others have found that MET is a principal
regulator of tumor aggressiveness of PanNETs in mice and hu-
man cell lines (19). Aberrant expression of MET has been ob-
served in many solid tumors, yet most rely on activation of MET
signaling by HGF (30). Mouse HGF is unable to activate human
MET (31–33), thereby limiting the growth of HGF-dependent
human tumors. Our results suggest that only tumors that express
HGF, and therefore can stimulate MET in an autocrine fashion,
are capable of growing in environments devoid of exogenous
HGF. Thus, an alternative mouse model, particularly one that
produces human HGF, may be required to facilitate the growth
of PanNET xenografts for the majority of tumors. Furthermore,
our findings indicate that disruption of MET signaling via
blocking antibodies or proteins directed against either ligand
(HGF) or receptor (MET) may be a viable therapeutic option
for the treatment of PanNETs in humans. The functional sig-
nificance of MET signaling for tumor initiation and metastasis as
well as the efficacy of anti-MET therapies for the treatment of
PanNETs should be subjects of further investigations.
A key impediment in the study of the biology of PanNETs and the

development of new therapies for these tumors is the lack of well-
validated, representative experimental models. As part of this study,
we developed a cell line derived from a well-differentiated patient
PanNET (tumor 2). The APL1 cell line expresses both MET and
HGF, allowing for autocrine MET stimulation. This further supports
our hypothesis that MET stimulation, through exogenous, paracrine,
or autocrine signaling, is required for tumor growth. More impor-
tantly, this discovery provides a critically needed model of PanNETs
with which to perform additional studies.
We previously reported that tumor cells that overexpress CD47

protect themselves from macrophage-mediated destruction (34).
We now extend these findings to PanNET cells and demonstrate
that blocking anti-CD47 agents enables macrophages to ingest
PanNET cells that were otherwise exempt from destruction.
Moreover, anti-CD47 blocking antibodies inhibited the growth of
PanNETs, prevented metastatic disease, and dramatically improved
survival in a genetic model and xenograft assays. CD47 is expressed
on all tumor cells, and the expression of CD47 is increased in the
tumor-initiating cell population. Thus, anti-CD47 therapy not only
targets the critical tumor-initiating cell population, whose elimination

Fig. 3. Anti-CD47 therapy inhibits tumor growth and prolongs survival in vivo.
Twenty-five thousand luciferase-labeled APL1 cells were injected orthotopically
into the pancreases of NSG mice. Tumor-bearing mice were divided into control
or treatment groups based on luciferase activity (photons per s). In one cohort,
treatment with either anti-CD47 antibody (Hu5F9-G4) or PBS vehicle control
was initiated 2 wk after tumor engraftment whereas, in a second cohort,
treatment was initiated 3wk after tumor engraftment. (A and B) Tumor burden
represented by fold-change in total photon flux as measured by bio-
luminescence imaging for 7 wk was reduced following anti-CD47 therapy
(Hu5F9-G4) in the treatment groups (n = 5; red) compared with the control
groups (n = 5; black), indicating significant inhibition of tumor growth in both
2- (P = 0.0079) and 3-wk (P = 0.0357) engraftment cohorts. (C) Kaplan–Meier
curve showing prolonged survival of mice treated with anti-CD47 antibody
(Hu5F9-G4) in a 2-wk engraftment cohort (n = 5; solid red) and 3-wk engraft-
ment cohort (n = 5; dashed red) compared with a carrier control 2-wk en-
graftment cohort (n = 5; solid black; median survival 80 d) (P < 0.0001) and 3-wk
engraftment cohort (n = 5; dashed black; median survival 65 d) (P < 0.0001).
(D) Kaplan–Meier curve showing prolonged survival of RIP-Cre Rb/p53/p130
mice treated with anti-CD47 antibody at postnatal day 35 (MIAP410) (n = 8; red;
median survival 97 d) compared with carrier control (n = 11; black; median
survival 61 d) (P < 0.0001). (E) Thirty thousand patient tumor cells injected s.c.
into NSG mice, randomized into treatment or control cohorts, and treated after
a 1-wk engraftment. Kaplan–Meier curve illustrating that mice from the control
group (n = 15; black) ultimately died as a result of their tumors (median survival
64 d) but mice from the treatment group (n = 15; red) had prolonged survival
(P < 0.0001). (F) Anti-EGFR therapies alone do not inhibit tumor growth, but
anti-EGFR therapies may combine with anti-CD47 for increased antitumor ac-
tivity. Twenty-five thousand luciferase-labeled APL1 cells were injected ortho-
topically into the pancreases of NSG mice. Tumor-bearing mice were divided
into control or treatment groups based on luciferase activity (photons per s).
Treatment with anti-CD47 antibody (Hu5F9-G4), anti-EGFR antibodies
(cetuximab or panitumumab), combination Hu5F9-G4 and cetuximab, com-
bination Hu5F9-G4 and panitumumab, or PBS vehicle control was initiated
2 wk after tumor engraftment and carried out for 4 wk. Tumor burdens
represented by fold-change in total photon flux as measured by biolumi-
nescence imaging were statistically different following Hu5F9-G4 therapy
(n = 5; red), combination Hu5F9-G4 and cetuximab (n = 5; orange), and
combination Hu5F9-G4 and panitumumab (n = 5; yellow) compared with
the control group (n = 5; black), cetuximab therapy (n = 5; blue), and
panitumumab therapy (n = 5; green). Means ± SEM.
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is required for tumor eradication, but also the bulk cells of the
tumor. Our group has developed humanized anti-CD47 mono-
clonal antibodies for patients with solid and hematologic ma-
lignancies, and phase 1 clinical trials have been initiated. These
results provide a strong preclinical justification for testing
blocking anti-CD47 antibodies in patients with PanNETs.
We tested the efficacy of dual targeting of CD47 and EGFR

on PanNETs. EGFR is highly expressed on the surface of most
PanNET cells tested. Interestingly, we found that anti-EGFR
therapy alone with either cetuximab or panitumumab did not
inhibit tumor growth. Anti-CD47 therapy with Hu5F9-G4 sig-
nificantly reduced tumor growth, which is consistent with our
previous results. However, combination of anti-CD47 therapy
with anti-EGFR therapy inhibited tumor growth to a greater
degree than either therapy alone. Thus, we are hopeful that dual
targeting of CD47 with PanNET-specific antigens will provide
clinically significant benefits for patients with PanNETs.
Starting with a multidisciplinary analysis of a single patient’s

tumor, an integrative approach resulted in a number of signifi-
cant discoveries. First, we established in primary patient tumors
that paracrine activation of MET is essential for the growth of
PanNETs. We also identified the tumor-initiating cell population
in PanNETs and genes that differentiate the tumor-initiating
cells from bulk tumor cells. Moreover, we demonstrated the ef-
ficacy of anti-CD47 therapy in this tumor type using cell lines,
genetic mouse models, and patient-derived tumor xenografts.
Finally, we generated a reproducible xenograft model and a cell
line from a human PanNET that will aid in the study of this
poorly understood cancer. Our hope is that these findings will

provide additional tools for further study of PanNETs and an
approach for prioritizing treatment options and ultimately im-
proving survival for patients with PanNETs.

Materials and Methods
The study used 39 well-differentiated, WHO grade 1 and 2 human PanNET
specimens sequentially obtained from consented patients undergoing sur-
gical resection at Stanford Hospital as approved by the Stanford University
Institutional Review Board Panel on Medical Human Subjects (protocol
22185) to characterize fundamental biological features, identify tumorigenic
cells, and identify potential therapeutic targets for PanNETs. All animal
handling, surveillance, and experimentation were performed in accordance
with and approval from the Stanford University Administrative Panel on
Laboratory Animal Care (protocol 26270). For all in vivo experiments, mice
were randomly assigned to either the vehicle control or the treatment
group. The details of the materials and methods are shown in SI Materials
and Methods.
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