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Abstract

Under normal physiologic conditions, cellular homeostasis is partly regulated by balancing pro-

and anti-phagocytic signals. CD47 is highly expressed on several human cancers including acute

myeloid leukemia, non-Hodgkin lymphoma, and bladder cancer, allowing cancer cells to evade

phagocytosis by the innate immune system. Blockade of CD47 with a monoclonal antibody

enables phagocytosis of cancer cells and leads to in vivo tumor elimination, but leaves most

normal cells unaffected. In order for target cells to be phagocytosed upon blockade of an anti-

phagocytic signal, we postulate that the cells must also display a potent pro-phagocytic signal.

Here we identify calreticulin as a pro-phagocytic signal highly expressed on the surface of several

human cancers including acute myeloid and lymphoblastic leukemias, chronic myeloid leukemia,

non-Hodgkin lymphoma (NHL), bladder cancer, glioblastoma, and ovarian cancer, but minimally

expressed on most normal cells. Increased CD47 expression correlated with high calreticulin

levels on cancer cells, and was necessary for protection from calreticulin-mediated phagocytosis.

Phagocytosis induced by anti-CD47 antibody required the interaction of target cell calreticulin

with its receptor low density lipoprotein-receptor related protein (LRP) on phagocytic cells, as

blockade of the calreticulin/LRP interaction prevented anti-CD47 antibody mediated

phagocytosis. Lastly, increased calreticulin expression was an adverse prognostic factor in diverse

tumors including neuroblastoma, bladder cancer, and NHL. These findings identify calreticulin as

the dominant pro-phagocytic signal on several human cancers, provide an explanation for the
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selective targeting of tumor cells by anti-CD47 antibody, and highlight the balance between pro-

and anti-phagocytic signals in the immune evasion of cancer.

INTRODUCTION

Malignant cellular transformation occurs through a progression of genetic mutations and

epigenetic reprogramming that activate oncogenes and inactivate tumor suppressor pathways

leading to inheritance of several hallmarks shared by most cancer cells including: self-

sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion and

metastasis, poorly regulated replicative potential, sustained angiogenesis, and evasion of cell

death by a variety of pathways, including apoptosis (1). In addition to these cell intrinsic

properties, recent evidence suggests that many cancers are also able to evade the immune

system through several distinct mechanisms (2–4).

Recently, we showed that evasion of phagocytosis through upregulation of the anti-

phagocytic signal CD47 is another mechanism by which tumor cells escape

immunosurveillance (5–9). CD47 is a pentaspanin cell surface protein that serves as a signal

inhibiting phagocytosis through ligation of its receptor SIRPα on phagocytic cells (10–12).

Disruption of the CD47-SIRPα interaction can be therapeutically targeted with a

monoclonal blocking antibody against CD47, which enabled phagocytosis of acute myeloid

leukemia (AML), bladder cancer, and non-Hodgkin lymphoma (NHL) cells in vitro and in

vivo (6, 8, 9). In contrast, administration of anti-mouse CD47 antibody caused minimal

toxicity (6, 9), despite broad expression of CD47 on normal tissues (13). In order for target

cells to be phagocytosed upon blockade of an anti-phagocytic signal, these cells must also

display a potent pro-phagocytic signal. CD47 has also been implicated in the regulation of

phagocytosis of apoptotic cells, as these cells become phagocytosed due to loss of CD47

expression and coordinate upregulation of cell surface calreticulin (14). During apoptosis,

cell surface calreticulin serves as a pro-phagocytic signal by binding to its macrophage

receptor, low density lipoprotein-related protein (LRP), which leads to engulfment of the

target cell (14, 15). We hypothesized that the selective targeting of tumor cells with anti-

CD47 antibody was due to the presence of a pro-phagocytic stimulus on tumor cells, but not

on most normal cells, that becomes unopposed after CD47 blockade. Here, we identify cell

surface calreticulin (CRT) as this pro-phagocytic stimulus, whose differential expression

helps to explain the lack of anti-CD47 antibody-mediated toxicity against most normal cells.

We propose that calreticulin expression of newly arising neoplasms may be an early event,

and only those tumor clones that upregulate CD47 can escape the phagocytic consequences

of cell surface calreticulin expression.

RESULTS

Cell surface calreticulin is expressed on cancer, but not most normal, stem and progenitor
cells

Cell surface calreticulin expression was determined on a variety of primary human cancer

cells and their normal cell counterparts by flow cytometry. In hematologic malignancies,

cell surface calreticulin was expressed on a greater percentage of bulk cells in AML
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(average=23.9%), acute lymphocytic leukemia (ALL, 17.6%), chronic phase chronic

myeloid leukemia (CML, 47.6%), and NHL (18.3%) when compared to normal bone

marrow (2.6%) and normal peripheral blood cells (2.6%) (Fig. 1A). In solid tumors, cell

surface calreticulin was also expressed on a greater percentage of bulk cells in ovarian

cancer (average=20.5%), glioblastoma (31.7%), and bladder cancer (23.7%) when compared

to normal fetal neurons (0.3%), astrocytes, (2.5%) and normal fetal bladder cells (1.41%)

(Fig. 1B). In this analysis, annexin V-positive cells were excluded, indicating that

calreticulin-positive cancer cells were just in the apoptotic subset. In addition, calreticulin

positive-cancer cells (from AML and bladder cancer patients) formed tumors when

engrafted into immunodeficient mice similarly to CRT-negative cancer cells, indicating that

CRT-positive cancer cells were functionally viable and possess tumorigenic potential in vivo

(fig. S1).

Previous studies have identified that the endoplasmic reticulum (ER) protein ERp57 co-

translocates with CRT to the cell surface and is required for CRT cell surface exposure

under conditions of apoptosis (16, 17). Accordingly, we assessed the relationship between

cell surface CRT and ERp57 expression on tumor cells. On non-apoptotic (annexin V

negative) tumor cells, cell surface ERp57 expression was associated with cell surface CRT

expression (fig. S2A). Furthermore, across several different tumor types (including primary

human tumor samples and cancer cell lines), ERp57 was expressed on a higher percentage

of CRT+ cells compared to CRT− counterparts (fig. S2B,C).

Given that primary human tumors are heterogeneous and contain a subpopulation of tumor-

initiating cells (reviewed in (18)), we next investigated whether cell surface calreticulin was

present on the cancer stem cell (CSC) population of each tumor type in which the

immunophenotype of functional CSC is known. In AML and chronic phase CML, cell

surface calreticulin was expressed on CD34+CD38-CD90-Lin- AML (19, 20) and

CD34+CD38-CD90+ chronic phase CML (21) leukemia stem cells (LSC), as well as

downstream progenitor populations, while normal bone marrow hematopoietic stem and

progenitor populations expressed minimal cell surface calreticulin (Fig. 1C,D). For AML,

similar levels of cell surface calreticulin expression were observed for LSC compared to

other cellular subsets (Fig. 1C). In contrast, CML LSC expressed higher levels of cell

surface calreticulin compared to downstream CMP and GMP populations (Fig. 1D). Cell

surface calreticulin was also expressed on CSC of solid tumors including CD44+Lin-

bladder CSC (8) and CD133+Lin- glioblastoma CSC (22, 23) (Fig. 1E).

We next determined whether there was a correlation between calreticulin (CRT) and CD47

expression in human tissues, postulating that a balance between pro- (CRT) and anti-

(CD47) phagocytic signals may be maintained as a homeostatic mechanism. CRT and CD47

cell surface expression were profiled in a variety of human cancer cell lines, primary

cancers, and normal cells. CD47 expression correlated with CRT expression in a variety of

hematologic and solid tumor cell lines as well as in primary human AML, CML, and ALL

patient samples (Fig. 2A). Notably, normal cells expressed minimal levels of both CRT and

CD47 (Fig. 2A, top panels). In normal human bone marrow and fetal bladder, those cells

that were CRT positive expressed higher levels of CD47 compared to CRT negative cellular
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counterparts (fig. S3). Thus, in both normal and cancer cells, there is a strong positive

correlation between CRT and CD47 expression.

Increased CD47 on cancer cells protects them from calreticulin-mediated phagocytosis

We observed increased cell surface calreticulin and CD47 on human cancer cells leading us

to hypothesize that increased CD47 protects these cells from calreticulin-mediated

phagocytosis. To investigate this hypothesis, we performed in vitro phagocytosis assays on

two different CRT-expressing cancer cell lines: one expressing high CD47 levels (Raji) and

one deficient in CD47 expression (MOLM13). First, Raji cells, a Burkitt’s NHL cell line

that expresses high levels of CD47 and calreticulin (Fig. 2B and fig. S4), were incubated

with human macrophages under conditions where CD47 expression was knocked down to

various levels by lentiviral transduction of shRNAs (Fig. 2B,C). Cell surface calreticulin

expression was unaffected by shRNA-mediated CD47 knockdown (fig. S4). Upon

incubation with human macrophages, Raji cells with approximately 2 fold knockdown of

CD47 expression (shCD47-1 and shCD47-2) were more robustly phagocytosed by human

macrophages than were wild type and GAPD control transduced Raji cells which were the

minimally phagocytosed (Fig. 2D). Phagocytosis of shCD47-1 and shCD47-2 Raji cells was

dependent on the calreticulin-LRP interaction as the observed phagocytosis was completely

abrogated in the presence of a CRT blocking peptide (Fig. 2D). In the second experiment,

MOLM13 cells, a human AML cell line that is deficient in CD47 expression (5) but

expresses calreticulin (fig. S4), were incubated with human macrophages. As expected,

MOLM13 cells were robustly phagocytosed at baseline, while phagocytosis was

significantly reduced when the CRT-LRP interaction was blocked (Fig. 2E). These findings

demonstrate that overexpression of CD47 in cancers counterbalances calreticulin-mediated

phagocytosis.

Calreticulin is the dominant pro-phagocytic signal on several human cancers and is
required for anti-CD47 antibody-mediated phagocytosis

In prior studies, we demonstrated that in several human cancers overexpression of CD47

contributes to evasion of macrophage phagocytosis, and furthermore that monoclonal

antibody-mediated blockade of CD47 can enable phagocytosis and elimination of tumors in

vitro and in mouse xenografts (5, 6, 8). Although anti-CD47 antibody is effective in

enabling phagocytic elimination of tumors and is an attractive therapeutic anti-cancer agent,

its potential off-target effects represent a potential concern, given that CD47 is expressed at

low levels on most normal tissues (13). However, we also showed that normal hematopoietic

progenitor cells, which express CD47, were not phagocytosed when coated with anti-CD47

antibody (6). Additionally, administration of a blocking anti-mouse CD47 antibody to wild

type mice caused minimal tissue toxicity (6). The lack of antibody toxicity is not likely

exclusively due to overexpression of CD47 on cancer cells compared to normal counterparts

given that both normal and cancer cells are coated with anti-CD47 antibody at therapeutic

doses. Instead, it is likely a result of the fact that, in order for target cells to be phagocytosed

upon blockade of an anti-phagocytic signal (CD47), the cells must also display a potent pro-

phagocytic signal, which is absent on normal cells.
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Given the known role of CRT as a pro-phagocytic signal, its correlation with CD47

expression (Fig. 2A), and its ability to be counteracted by CD47 (Fig. 2), we investigated

whether the expression of cell surface CRT on cancer but not normal cells could explain the

selective targeting of tumor cells by a blocking anti-CD47 antibody. In vitro phagocytosis

assays were performed by incubating primary human normal cells or cancer cells with

human macrophages in the presence of anti-CD47 antibody. CD47 was expressed on all

normal and cancer cells profiled (Fig. 2A and fig. S3,5), but expression of calreticulin was

primarily restricted to tumor cells (Fig. 1A,B). No phagocytosis of cells from a variety of

normal human tissue types was observed with anti-CD47 antibody (Fig. 3B), while primary

cancer cells from a variety of tumor types were robustly phagocytosed (Fig. 3A,C).

Significantly, anti-CD47 antibody-mediated phagocytosis of cancer cells was completely

abrogated in most cases when cells were simultaneously incubated with peptides that inhibit

the CRT-LRP interaction, including a calreticulin blocking peptide and receptor-associated

protein (RAP), an inhibitor of LRP (14) (Fig. 3C). Increasing concentrations of a calreticulin

blocking peptide lead to a dose-dependent reduction in anti-CD47 antibody mediated

phagocytosis (fig. S6). Notably, additional blockade of other pro-phagocytic signals was not

required to abolish anti-CD47 antibody-mediated phagocytosis, as cells incubated with anti-

CD47 antibody under CRT-LRP blockade were phagocytosed at levels similar to baseline

controls (Fig. 3C). However, two bladder cancer samples exhibited higher baseline levels of

phagocytosis with IgG1 isotype control compared to other cancer cell types which may be

due to expression of other pro-phagocytic signals on these specific cells. Nevertheless,

blockade of CRT or LRP in the presence of anti-CD47 antibody abrogated phagocytosis of

these bladder cancer cells to levels similar to IgG1 isotype controls. Blockade of the

calreticulin-LRP interaction alone by CRT blocking peptide or LRP had no effect on

phagocytosis when compared to IgG control (Fig. 3C). Next, the relationship between the

level of tumor cell surface CRT expression and level of phagocytosis by anti-CD47 antibody

was investigated. Cell surface CRT expression on tumor cells positively correlated with the

degree of anti-CD47 antibody mediated phagocytosis, regardless of tumor cell type (Fig.

3D). Finally, given that normal cells express minimal levels of cell surface CRT, we

investigated whether the addition of CRT to the surface of these cells could enable

phagocytosis. An in vitro phagocytosis assay was performed on NBM cells incubated with

exogenous recombinant calreticulin protein, previously demonstrated to adsorb onto the

cellular surface allowing them to bind to macrophage LRP (14). In contrast to vehicle

control, incubation with exogenous CRT enabled phagocytosis of NBM cells while anti-

CD47 antibody did not (Fig. 3E). Collectively, these results demonstrate that anti-CD47

antibody-mediated phagocytosis requires the presence of cell surface calreticulin.

Increased calreticulin expression confers a worse clinical prognosis in multiple human
malignancies

Lastly, we sought to investigate the clinical relevance of these findings by investigating the

association between CRT expression and clinical outcomes. We analyzed calreticulin

mRNA levels in patients with human malignancies of distinct tumor types and investigated

their correlation with tumor progression and clinical outcome. Utilizing previously

published gene profiling datasets with associated clinical outcome data, we determined

calreticulin expression in both hematologic and solid tumor malignancies, including non-

Chao et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2014 August 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Hodgkin lymphoma (mantle cell lymphoma (MCL)), superficial and invasive bladder

cancer, and neuroblastoma. Patients were stratified into calreticulin high and low-expressing

cohorts relative to the median value and analyzed for clinical outcomes. For each tumor

type, correlations between calreticulin expression and event-free, disease-specific, or overall

survival were measured in two independent datasets to test and validate significant

associations. Regardless of tumor type, higher calreticulin expression predicted a worse

clinical outcome in all malignancies analyzed: neuroblastoma (Fig. 4A,B), bladder cancer

(Fig. 4C,D), and NHL (MCL, Fig. 4E,F). These associations were significant when

calreticulin expression was considered either as a dichotomous variable (relative to the

median) or as a continuous variable (table S1). The prognostic power of CRT was

independent from type of therapy as patients with the various tumors received disparate

treatments including observation, surgery, or chemotherapy (table S1). Additionally, the

prognostic power of CRT was preserved in both early and late stage tumors as increased

calreticulin levels correlated with worse survival in both superficial and invasive bladder

cancer (Fig. 4C.D, table S1). Thus, calreticulin expression is associated with tumor

progression and worse clinical outcome across several tumor types. It should, however, be

cautioned that only calreticulin mRNA was analyzed here, and thus the specific role of cell

surface CRT in tumor progression cannot be inferred from this study.

DISCUSSION

In this report, we identify calreticulin as a pro-phagocytic signal highly expressed on the

surface of several human cancers, but minimally expressed on normal cell counterparts, and

demonstrate that CRT expression is required for anti-CD47 antibody-mediated

phagocytosis.

Anti-CD47 antibody preferentially eliminates tumor cells because of differential expression
of cell surface calreticulin

We recently demonstrated that several cancers overexpress CD47 and that a blocking anti-

CD47 monoclonal antibody can eliminate tumor cells in vitro and in vivo (6, 8, 9). These

pre-clinical findings provide a strong rationale for the use of an anti-CD47 antibody in the

treatment of human cancers. However, given the broad low level expression of CD47 on

both hematopoietic and most other normal tissues, antibody toxicity could be a significant

barrier to clinical translation. To investigate this issue, we previously injected a blocking

anti-mouse CD47 antibody into wild type mice at a dose that coated >98% of bone marrow

cells but observed no overt toxicity, with the exception of isolated neutropenia (6).

Moreover, a recent report demonstrated that inhibition of CD47 with either an antibody or

morpholino could confer radioprotective effects to normal tissues (24). Here, we

demonstrate that, despite low level CD47 expression, normal human cells from several

tissues are not phagocytosed by human macrophages when coated with anti-CD47 antibody

(Fig. 3B). We speculate that the selective phagocytosis of tumor cells is not simply dictated

by CD47 expression level, but is also governed by the presence of the pro-phagocytic signal

calreticulin, which is present on tumor cells but not on normal cells. Several lines of

evidence support this hypothesis. First, normal cells that express CD47 but not calreticulin

are not phagocytosed with an anti-CD47 antibody despite being coated with the antibody
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(Fig. 3B). Second, tumor cells that express CD47 and calreticulin are phagocytosed when

coated with anti-CD47 antibody (Fig. 3A,C). Third, phagocytosis of tumor cells with anti-

CD47 antibody is completely abrogated when the calreticulin-LRP interaction is blocked

(Fig. 3A,C). Fourth, adsorption of exogenous CRT onto the surface of NBM cells, which

express minimal CRT (Fig. 1A), enabled increased phagocytosis compared to vehicle

control or anti-CD47 antibody administration (Fig. 3E). Collectively, these findings

demonstrate that calreticulin is necessary for anti-CD47 antibody-mediated phagocytosis,

and that surface expression of this protein is primarily restricted to tumor cells.

This study indicates that the therapeutic window for anti-CD47 antibody therapy is not just a

consequence of CD47 level on target cells, but that it also depends on the surface expression

of pro-phagocytic calreticulin. On the basis of our findings, we propose a model in which

the overall contribution of pro (CRT)- and anti (CD47)-phagocytic signals determines

whether normal or tumor cells are phagocytosed at steady state, or by anti-CD47 antibody

therapy (fig. S7). At steady state, tumor cells express calreticulin, but evade phagocytosis

through overexpression of CD47, indicating the dominance of the ”don’t eat me” anti-

phagocytic signal (fig. S7A,B). Normal cells express low levels of CD47, and avoid

phagocytosis because of a lack of CRT expression. In contrast, cells undergoing DNA

damage or apoptosis express calreticulin on their cell surface (14, 25), which is dominant

over low CD47 expression and leads to phagocytosis. In the context of anti-CD47 antibody

therapy, the anti-phagocytic signal (CD47) is blocked, unmasking the pro-phagocytic signal

(CRT) on tumor cells, leading to phagocytosis (fig. S7C,D). In contrast, blockade of CD47

on normal cells does not lead to phagocytosis since the pro-phagocytic “eat me” signal

(CRT) is absent.

Although calreticulin appears to be primarily expressed on the surface of apoptotic or

malignant cells, prior reports detected surface calreticulin on some human normal cells

including activated peripheral blood T cells (26) and circulating neutrophils (27). In

addition, a blocking monoclonal anti-CD47 antibody enhances phagocytosis of apoptotic

neutrophils (28, 29). Interestingly, in our mouse toxicity studies, administration of a

blocking anti-mouse CD47 antibody led to selective depletion of neutrophils, while other

hematopoietic cells were unaffected (6). Similar to tumor cells, this selective neutropenic

toxicity may be due to unmasking of calreticulin on neutrophils when the “don’t eat me”

signal (CD47) is blocked by anti-CD47 antibody. Although most normal cells do not express

cell surface calreticulin, normal cells may upregulate calreticulin under certain conditions,

including radiation and anthracycline-based chemotherapy as has been shown in some tumor

types (25, 30). Our findings provide a cautionary note that normal cells might upregulate

calreticulin as a consequence of radiation and chemotherapy-based cancer therapy, and thus

combination chemoradiation and anti-CD47 antibody therapy must be tested for potential

increased toxicity to normal cells.

Calreticulin is the dominant pro-phagocytic signal on several human cancers

We demonstrate that several human cancers, including both hematopoietic and solid tumor

malignancies, express the pro-phagocytic signal calreticulin. Known physiologic pro-

phagocytic signals have previously been identified in several cancers including
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phosphatidylserine (31–35) and annexin-1 (reviewed in (36)). However, most of these

studies were not performed on primary human patient samples as in this study. Additionally,

ligand expression appears to be mixed across tumor types (36) with the functional role of

these ligands in cancer not known. A complete survey of human tumors for cell surface

calreticulin expression will be required to determine whether the regulation of the CD47-

CRT phagocytic axis is a universal trait of cancers. Although CRT appears to be the

dominant pro-phagocytic signal on the cancer samples profiled, it is possible that these and

other tumor types might express other pro-phagocytic signals that similarly regulate

phagocytosis. A number of pro-phagocytic signals have been identified on apoptotic cells

(reviewed in (37)), thus warranting an investigation of the potential pro-phagocytic roles of

these ligands in cancer.

One key question is raised by these studies: Why do cancers express cell surface calreticulin,

a pro-phagocytic signal? We have demonstrated that certain cancers evade the innate

immune system by upregulating anti-phagocytic signals, specifically CD47 (5, 6, 8). One

might expect cancers to simultaneously downregulate pro-phagocytic signals to further

increase their ability to evade macrophage phagocytosis. We propose two possible

explanations. First, expression of cell surface calreticulin may be an unwanted consequence

of cellular stress, whereby CD47 expression is upregulated to compensate and enable

phagocytic evasion. In normal physiology, cell surface calreticulin is induced on cells

undergoing DNA damage (14, 25, 30), marking these damaged cells for homeostatic

phagocytosis. It is possible that a small fraction of these cells may selectively avoid

phagocytic clearance due to higher levels or upregulation of CD47, which allows these

damaged cells to survive and acquire additional mutations, eventually transforming into

fully malignant cells. Several lines of evidence support this hypothesis. First, CD47 and

CRT expression are highly correlated in several human tumors (Fig. 2A). Second, the small

percentage of live cells that are calreticulin positive in some normal human tissue types

(bone marrow and bladder) express higher CD47 levels than their calreticulin negative

counterparts (fig. S3). Third, this increase in CD47 expression appears to protect against

calreticulin-mediated phagocytosis as knockdown of CD47 to 50% of wild type levels

enabled calreticulin-dependent phagocytosis (Fig. 2).

In a second hypothesis, expression of cell surface calreticulin may confer some unknown

pro-tumorigenic phenotype to cancer cells that is independent of phagocytosis. This

hypothesis is supported by the finding that increased calreticulin expression in human

tumors confers a worse clinical outcome across disparate tumor types, tumor stage, and

tumor-specific therapies (Fig. 4). One possibility is that cell surface calreticulin may allow

more invasion and angiogenesis, as its ligand, LRP, is expressed on several vascular cell

types (reviewed in (38)). In two reports, overexpression of calreticulin or calreticulin

fragments in tumor cell lines enhanced in vitro migration and invasion (39, 40); however,

other studies have reported alternative roles for calreticulin (41–43). In all of these studies

the function of cell surface calreticulin was not distinguished from its intracellular roles.

Other possible tumorigenic roles include cell adhesion (44) and immune escape through

reduction of MHC class I antigen presentation (45).
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In summary, we have identified cell surface calreticulin as the dominant pro-phagocytic

signal on several human cancers, which is absent on normal cell counterparts and is required

for anti-CD47 antibody-mediated phagocytosis. These findings support the rationale for the

development of an anti-CD47 antibody therapy for human malignancies and highlight the

dynamic relationship between pro- and anti-phagocytic signals in human cancer.

MATERIALS AND METHODS

Cell Lines and Human Samples

MOLT4 and Daudi cell lines were obtained from the lab of Ronald Levy. 639V was

obtained from the DSMZ. All other cell lines were obtained from the American Type

Culture Association (ATCC). Normal human bone marrow mononuclear cells were

purchased from AllCells Inc. Normal peripheral blood and human cancer samples were

obtained from patients at the Stanford Medical Center with informed consent according to

IRB-approved protocols: AML, ALL, and NHL human samples from Stanford IRB# 76935,

6453, and 13500, bladder cancer samples from Stanford IRB #1512, glioblastoma samples

from Stanford IRB# 9363, and ovarian cancer samples from Stanford IRB #13939. Normal

fetal bladder and brain cells were purchased from ScienCell Research Laboratories.

Flow Cytometry Analysis

For analysis of normal peripheral blood cells, normal bone marrow cells, AML, CML, ALL,

bladder cancer, ovarian cancer, and brain cancer, the following antibodies were used: CD34,

CD38, CD90, CD45, CD31, CD3, CD4, CD7, CD11b, CD14, CD19, CD20, CD56,

Glycophorin A (Invitrogen and BD Biosciences). Lineage negative (Lin-) was defined as

CD3-CD19-CD20- for AML LSC and CD45-CD31- for GBM and bladder cancer CSC. Lin-

was defined as CD3-CD4-CD7-CD8-CD11b-CD14-CD19-CD20-CD56-Glycophorin A- for

NBM HSC, chronic phase CML GMP, CML CMP, and CML LSC. Analysis of CD47

expression was performed using an anti-human CD47 FITC antibody (clone B6H12.2, BD

Biosciences). Analysis of human cell surface calreticulin expression was performed using

mouse anti-human calreticulin conjugated to PE or FITC (clone FMC 75, Abcam). Human

ERp57 expression was performed using a polyclonal rabbit anti-ERp57 antibody (Abcam)

and then staining with a donkey anti-rabbit secondary antibody conjugated to PE

(Ebioscience).

In vitro phagocytosis assay

Generation of human macrophages and in vitro phagocytosis assays were performed as

previously described (6). Primary human samples or cell lines were incubated with 10μg/ml

IgG1 isotype control (Ebiosciences), 10μg/ml anti-CD47 antibody (clone B6H12.2, ATCC),

4μg/ml calreticulin blocking peptide (MBL International Coorporation), 10μg/ml RAP

(Fitzgerald Industries International), or 125μg/ml recombinant CRT human protein (Thermo

Scientific). Per MBL, confirmation of blocking activity was performed by Western blot

analysis, verified by incubation of an anti-CRT antibody with 5 times higher concentration

of the peptide and performing a Western blot analysis to determine if the specific band had

been diminished. Characterization of the LRP-antagonizing effects of RAP are detailed in
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(46–48). Cells were then analyzed by fluorescence microscopy to determine the phagocytic

index (number of cells ingested per 100 macrophages).

shRNA knockdown of Raji cells

shRNA constructs targeting knockdown of human CD47 or a GAPD control packaged in the

SMARTvector 2.0 lentiviral vector containing a turbo GFP reporter were purchased from

Dharmacon, Inc. (Lafayette, CO). Viral titers for each shRNA construct were greater than

10>8 TU/ml. Raji cells were transduced with these lentiviral constructs, analyzed and sorted

for GFP expression, expanded, and sorted again for GFP expression for stable propagation

of lentivirally-transduced cells. Knockdown of CD47 protein levels was assessed by flow

cytometry with anti-CD47 antibody (B6H12.2) with fold knockdown calculated by

reduction in MFI normalized over isotype control.

Xeontransplantation of primary human cancer cells into mice

For engraftment of human AML cells, AML LSC (CD34+CD38-CD90-Lin-) were sorted by

fluorescence-activated cell sorting (FACS) and transplanted into the facial vein of newborn

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice, sublethally-irradiated with 200 rads.

Leukemic engraftment was analyzed 8 weeks later in the bone marrow of transplanted mice.

For engraftment of human bladder cancer, bulk bladder cancer cells were resuspended in

25% matrigel (BD Biosciences) and transplanted subcutaneously into the flanks of adult

NSG mice. Tumor volume was serially monitored post-transplantation by analyzing weights

of excised tumors.

Analysis of the prognostic value of calreticulin expression in human malignancies

Gene expression and clinical data were analyzed for six previously described cohorts of

neuroblastoma, superficial and invasive urothelial carcinoma of the bladder, and mantle cell

lymphoma (see table S1 for dataset descriptions). Patients were stratified into high and low

calreticulin expression groups based on the median expression level within each cohort and

analyzed for event-free, disease-specific, or overall survival by Kaplan-Meier analysis.

Subsequent dichotomous hazard ratios, 95% confidence intervals, and log-rank p-values

were analyzed reflecting estimates within Kaplan-Meier analyses (table S1). Additionally,

analyses were performed based on continuous expression of calreticulin and clinical

outcome as measured by log-likelihood p-values within a univariate Cox regression model

(table S1). Affymetrix microarray data were processed starting with CEL files, with Entrez

Gene probeset summarization using CustomCDF version 12 (49), and normalization using

MAS 5.0 linear scaling method. Overlapping samples from related studies (Fig. 4A,B and

4E,F), have not been removed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cell surface calreticulin is expressed on cancer, but not normal, stem and progenitor
cells
(A) Cell surface calreticulin expression was determined by flow cytometry on primary

human patient samples from several hematologic cancer types and normal cell counterparts

including normal bone marrow (NBM, n=9), normal peripheral blood (NPB, n=3), acute

myeloid leukemia (AML, n=8), acute lymphoblastic leukemia (ALL, n=21), chronic

myeloid leukemia (CML, n=13), and non-Hodgkin lymphoma (NHL, n=7). (B) A similar

analysis as in A was performed for solid tumors (glioblastoma, n=9; transitional cell bladder

carcinoma, n=8; serous papillary ovarian carcinoma, n=9) and normal human fetal tissues

(neurons, n=3; astrocytes, n=6, bladder cells, n=6). ESA+ urothelium was analyzed for

normal fetal bladder. Primary human bladder cancer patient samples and samples that had

been passaged once in mice were used for profiling. (C and D) Cell surface calreticulin

expression was determined on normal stem and progenitor cells, lymphocytes, and cancer

stem and progenitor cells. Each symbol represents a different patient sample. Patient

samples tested: NBM=10, AML=8, CML=13, bladder cancer=8, glioblastoma=8. NBM

HSC=CD34+CD38-CD90+Lin-, AML LSC=CD34+CD38-CD90-Lin-,

GMP=CD34+CD38+IL3rα+CD45RA+, CMP=CD34+CD38+IL3rα+CD45RA-. (E)

Calreticulin expression did not differ between bulk and cancer stem cell populations for

either bladder cancer (p=0.54) or glioblastoma (p=0.14). Bladder cancer CSC=CD44+Lin-
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(8), glioblastoma CSC=CD133+Lin- (22, 23). Annexin V-positive cells were excluded in the

analysis of all samples.
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Figure 2. Increased CD47 Expression on Cancer Cells Protects Them from Calreticulin-
Mediated Phagocytosis
(A) Correlation between cell surface calreticulin and CD47 expression was determined for

human cancer cell lines (top left) and primary human normal and cancer samples (top right,

bottom panels). Expression was calculated as mean fluorescence intensity normalized over

isotype control and for cell size. Pearson correlation (r) and p-value is shown for each

correlation. Top left panel: blue solid circle=HL60, blue open circle=Kasumi1, blue open

inverted triangle=MOLM13, blue open diamond=KG-1, red triangle=Jurkat, red solid

square=CCRF-CEM, red open square=CCRF-HSB2, red diamond=MOLT4, black

star=Raji, black open diamond=SUDHL6, black open triangle=Daudi, black x=U937, green

plus=639V, green open diamond=HT1197, green inverted triangle=UMUC3. (B) CD47

protein expression was determined by flow cytometry on Raji cells transduced with

lentiviruses encoding shRNA CD47-knockdown constructs (shCD47) or controls. (C)

Relative CD47 expression levels were quantified by comparing MFI to wild type Raji cells.

(D) Raji cell clones were incubated with human macrophages in media alone or with CRT

blocking peptide for 2 hours, after which phagocytosis was analyzed by fluorescence

microscopy. Knockdown of CD47 in Raji cells (shCD47-1,-2) resulted in increased

phagocytosis compared to untransduced Raji cells. No difference in phagocytosis was

observed between untransduced and GAPD control-transduced Raji cells (p=0.45) Blockade
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of calreticulin on CD47-knockdown Raji cells completely abrogated phagocytosis. (E)

MOLM-13 cells, a CD47-deficient human AML cell line, were incubated with human

macrophages for two hours with the indicated peptides and monitored for phagocytosis as

above. Significant phagocytosis was observed with IgG1 isotype control, while blockade of

calreticulin or LRP reduced levels of phagocytosis (p=0.03 and p=0.01, respectively).

Conditions were performed in triplicate; data presented as mean ± SD. *p<0.05, **p<0.005,

***p<0.0005 (2-tailed Student’s t-test).
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Figure 3. Cell Surface Calreticulin is the Dominant Pro-Phagocytic Signal on Several Human
Cancers and is Required for Anti-CD47 Antibody-Mediated Phagocytosis
(A) Primary human AML cells were fluorescently-labeled with CFSE and incubated with

human macrophages in the presence of the indicated antibodies/peptides for 2 hours, after

which phagocytosis was analyzed by fluorescence microscopy. Arrows indicate

phagocytosis. (B) Cells from several normal human tissue types were incubated with human

macrophages in the presence of the indicated antibodies and monitored for phagocytosis. No

difference in phagocytosis was detected between IgG1 isotype control and anti-CD47

antibody incubation (p=0.77). (C) Primary human cancer cells were incubated with human

macrophages in the presence of the indicated antibodies/peptides for two hours and

monitored for phagocytosis. Each data point represents a different patient sample. Compared

to IgG1 isotype control, incubation with anti-CD47 antibody enabled phagocytosis of cancer

cells (p<0.0001) while incubation with calreticulin blocking peptide (p=0.37) or RAP, an

LRP inhibitor (p=0.67), did not enable phagocytosis. In the presence of anti-CD47 antibody,

incubation of cancer cells with either calreticulin blocking peptide or RAP completely

abrogated anti-CD47 antibody-mediated phagocytosis (p=0.77 and p=0.16, respectively

compared to IgG1 isotype control). *****p<0.00001 (2-sided Student’s t-test). (D) A

positive correlation was observed between cell surface CRT expression and degree of anti-

CD47 antibody mediated phagocytosis (Pearson’s correlation coefficient is shown). Each
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point represents a distinct patient sample that was incubated in the same in vitro

phagocytosis assay. (E) Human NBM cells were incubated with human macrophages in the

presence of the indicated antibodies or protein. Exogenous CRT enabled increased

phagocytosis of NBM cells compared to vehicle control (p=0.05). No difference in

phagocytosis was observed between IgG1 isotype control and anti-CD47 antibody (p=0.49).

Conditions were performed in triplicate; data presented as mean ± SD.
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Figure 4. Increased calreticulin expression confers a worse clinical prognosis in multiple human
malignancies
Stratification of clinical outcomes based on the level of expression of calreticulin mRNA is

shown in previously described cohorts (50–55) of patients with diverse malignancies

including neuroblastoma (A,B), superficial or invasive bladder cancer (C,D), and mantle cell

lymphoma (E,F). Patients were divided into calreticulin high and low expression groups

based on median calreticulin expression with Kaplan-Meier analyses of patient outcome

shown. Hazard ratios (HR) and log-rank p values are shown for the relationship of outcomes

to continuous expression of calreticulin using a univariate Cox regression model. HR, 95%

confidence intervals, and log-rank p values for calreticulin expression as a dichotomous

variable are shown in table S1. Description of clinical datasets is shown in table S1.
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