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Accumulating evidence indicates that a small subset of cancer cells, termed the tumor-
initiating cells or cancer stem cells (CSCs), construct a reservoir of self-sustaining cancer
cells with the characteristic ability to self-renew and maintain the tumor mass. The CSCs
play an important role in the tumor initiation, development, relapse, metastasis, and the
ineffectiveness of conventional cancer therapies. CD47 is a ligand for signal-regulatory
protein-a expressed on phagocytic cells and functions to inhibit phagocytosis. This
study was to explore if the expression of CD47 is the mechanism used by lung cancer
cells, especially CSCs, to escape phagocytosis in vitro and in vivo. Here, we selected
CD1838 as the marker for lung CSCs according to previous reports. We analyzed lung
cancer and matched adjacent normal (non-tumor) tissue and revealed that CD47 is
overexpressed on lung cancer cells, especially on lung CSCs. The mRNA expression
levels of CD47 and CD133 correlated with a decreased probability of survival for multiple
types of lung cancer. Blocking CD47 function with anti-CD47 antibodies enabled macro-
phage phagocytosis of lung cancer cells and lung CSCs. Anti-CD47 antibodies inhibited
tumor growth in immunodeficient mouse xenotransplantation models established with
lung cancer cells or lung CSCs and improved survival in tumor-bearing animals. These
data indicate that CD47 is a valid target for cancer therapies, especially for anti-CSC
therapies.

Keywords: CD47, antibody, therapeutic agent, human lung cancer, cancer stem cells

INTRODUCTION

Tumors are organized in a cellular hierarchy maintained by a small pool of self-renewing cancer
stem cells (CSCs) or tumor-initiating cells (TICs), which must be removed to eliminate the tumor,
according to the TIC or CSC model (1, 2). Candidate TICs have been prospectively isolated from a
variety of solid tumors, including lung (3-6), breast (7, 8), brain (9), colorectal (10, 11), head and
neck (12), pancreatic (13), prostate (14), and melanoma (15), based primarily on the expression
of CD44, CD133, ALDH, and ABCBS5 that have been recognized as markers for CSC enrichment.
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CDA47 Antibody As a Targeted Agent for Lung Cancer and CSCs

For the development of CSC-targeted therapies, it is necessary to
identify molecules and pathways that are preferentially expressed
in CSCs and critical for cancer pathogenesis and stemness.

CD47 is a widely expressed transmembrane protein with
numerous functions (16). It functions as a ligand for signal-
regulatory protein-o (SIRPa), a protein expressed on phagocytes,
such as macrophages and dendritic cells (17). SIRP« initiates a
signaling cascade through binding CD47, which results in the
inhibition of phagocytosis (16). Blood cells, such as red blood
cells, platelets, and lymphocytes, require CD47 expression on
their membranes to protect themselves from rapid elimination by
splenic macrophages (18-20). CD47 is upregulated in the migrat-
ing hematopoietic stem cells (HSCs), which protect themselves
from phagocytosis by phagocytes as they pass through phagocyte-
lined sinusoids (21). As such, CD47 expression levels predict the
probability of HSCs to be phagocytosed during the circulation
(21). CD47 is expressed at even higher levels on leukemia stem
cells (LSCs) than their normal counterparts. Higher expression
levels of CD47 on human LSCs contribute to pathogenesis by
inhibiting their phagocytosis through the interaction of CD47
with an inhibitory receptor on phagocytes (22). Accumulating
evidence suggests that CD47 expression on human solid tumor
cells and especially CSCs is a common mechanism through which
these cells protect themselves from phagocytosis, allowing tumor
cell proliferation and metastasis (23-28).

This study was to explore whether the expression of CD47
is the mechanism used by lung cancer cells, especially CSCs,
to escape phagocytosis in vitro and in vivo. We selected CD133
as a marker for lung CSCs (3-6). We show that CD47 is highly
expressed on lung cancer cells and lung CSCs compared to its
normal counterparts. Increased CD47 and CD133 expression lev-
els in lung cancer patients correlated with a decreased probability
of survival. Monoclonal antibodies targeting CD47 enabled the
phagocytosis of patient-derived lung cancer cells and CSCs
in vitro and inhibited the in vivo growth of xenografted tumors
developed from patient-derived lung cancer cells or CSCs. These
results indicate that CD47 is a critical regulator of innate immune
surveillance and show that CD47 is a valid target for lung CSC
therapies.

MATERIALS AND METHODS

Cell Lines

The lung adenocarcinoma (AC) cellline A549 and lung squamous
cell carcinoma (SCC) cell line NCI-H520 were obtained from the
American Type Culture Collection. The LC3 and LC9 cell lines
were generated from patients with small cell lung carcinoma
(SCLC) and AC, respectively, by culturing bulk cells in vitro with
IMDM supplemented with 10% human serum for 2 months.

Human Samples

Tumor and matched adjacent normal (non-tumor) tissue speci-
mens were defined by pathologists at Tianjin Medical University
Cancer Institute and Hospital. Tumor specimens were cut to
1-2 mm® masses and then enzymatically dissociated in Medium
199 containing collagenase III and DNase I (Sigma-Aldrich,

St. Louis, MO, USA) at 37°C for 2-3 h, until single-cell suspen-
sion was obtained. Cells were then washed twice with PBS and
filtered through a 70-um filter.

Flow Cytometry Analysis

For analysis of human lung cancer cell lines, primary tumor cells,
and matched adjacent normal (non-tumor) cells, the following
antibodies were used: CD45-APC, CD31-APC, CD47-Percp/Cy5
(BioLegend, San Diego, CA, USA) and ESA-FITC, CD133/1-PE
(MiltenyiBiotec, Via Persicetana, Bologna, Italy). For analysis of
mouse HSC in bone marrow, the following antibodies were used:
Lin (V450 Mouse Lineage antibody Cocktail) (BD Bioscience, San
Diego, CA, USA) and C-Kit-PE/Cy7, Sca-1-APC (BioLegend).
Other antibodies include anti-mouse F4/80-PE/Cy7 and anti-
human CD14-PE/Cy7 (Ebiosciences, San Diego, CA, USA). FACS
analysis and cell sorting were performed ona BDFACSAria (Becton
Dickinson) cell-sorting system under 20 psi with a 100-pm nozzle.

Evaluation of Prognostic Value of CD47
and CD133 in Lung Cancer

Tianjin Medical University Cancer Institute and Hospital
pathologists defined 317 patients tumor and 31 adjacent normal
(non-tumor) tissue specimens. Total RNA of these tissues were
provided by the National Clinical Research Center of Cancer
of China. The mean of the 31 adjacent normal tissues RNA was
regarded as the control RNA. The following primer sequences are
used for PCR: CD47 ¢cDNA F: ATC CGG TGG TAT GGA TGA
GA, CD47 cDNA R: GGC AAT GAC GAA GGA GGT TAA,
CD133 ¢cDNA F: GCT TTG CAA TCT CCC TGT TG, CD133
¢DNA R: TTG ATC CGG GTT CTT ACC TG. Real-time PCR
was performed on ABI-9700. The definitions of overall survival
(OS) and progression-free survival (PFS) were based on the
RECIST. OS was calculated from the time of initiation therapy
until death, and living patients were censored at the time of last
contact. PFS was calculated from the time of initiation therapy
until first progression, and patients alive and in a stable condi-
tion were censored at the time of last contact. The y? test and
Fisher exact test were used for binary variable comparisons.
The Mann-Whitney U test was used for median comparisons.
The distributions of survival times and rates were estimated
using the Kaplan-Meier method; the median survival times with
95% confidence intervals were reported. Associations between
survival and potential prognostic factors were assessed using
the log-rank test in a univariate analysis. The Cox proportional
hazards model was undertaken in multivariable analyses by
using the Forward-LR method with a significance level of 0.15
for entering and removing variables. In univariate evaluations of
the prognostic impact of a continuous variable, the optimal cutoft
was determined using the ROC method. A P value less than 0.05
using two-sided tests indicates significance. All calculations were
performed using the SPSS 16.0 software.

Preparation of Mouse and Human
Macrophages

BALB/c mouse bone marrow mononuclear cells were harvested
and grown in IMDM containing 10% FBS supplemented with
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10 ng/mL recombinant murine macrophage colony-stimulating
factor (Peprotech, Rocky Hill, NJ, USA) for 7-10 days to allow
terminal differentiation of monocytes to macrophages. Human
peripheral blood mononuclear cells were prepared from
discarded normal blood from the Tianjin Medical University
Cancer Institute and Hospital. Monocytes were isolated by
adhering mononuclear cells to culture plates for 1 h at 37°C,
after which non-adherent cells were removed by washing. The
remaining cells were >95% CD14 and CD11b positive. Adherent
cells were then incubated in IMDM plus 10% human serum for
7-10 days to allow terminal differentiation of monocytes to
macrophages.

In Vitro Phagocytosis Assay

Bone marrow-derived macrophages of BALB/c mice or periph-
eral blood-derived macrophages of patients were prepared and
harvested by incubation in trypsin/EDTA (Gibco) for 5 min and
gentle scraping. A total of 5 X 10* macrophages were plated per
well in a 24-well plate. Tumor cells were marked with 2.5 uM
carboxyfluoresceinsuccinimidyl ester (CFSE) according to the
manufacturer’s protocol (Invitrogen). Macrophages were incu-
bated in serum-free IMDM for 4 h before adding 2 x 10° CFSE-
marked live tumor cells. The indicated antibodies (10 pg/mL)
were added and incubated for 2 h at 37°C (26). After coincuba-
tion, wells were washed thoroughly with IMDM three times and
subsequently imaged with fluorescence microscopy. The phago-
cytic index was calculated as the number of phagocytosed CFSE-
positive cells per 100 macrophages. At least 200 macrophages
were counted per well.

Therapeutic Antibodies

The therapeutic antibodies and controls included anti-human
CD47 B6H12.2 (Abcam, Cambridge, MA, USA); anti-human
SIRPa/Bantibody SE5A5;anti-mouse CD47 MIAP301 (Biolegend);
mouse IgGl isotype; rat IgG2 isotype; anti-HLA-A, B, and C
(Ebiosciences); anti-mouse SIRPo; and P84 (BD Pharmingen).

Generation of Luciferase-Positive Cell

Lines and Luciferase Imaging Analysis
Lentivirus vector pUbi-MCS-LUC-IRES-puromycin was pur-
chased from Shanghai (GENE, Shanghai, China). Lung cancer
cell lines and primary lung cancer cells were transduced with
the lentivirus and selected by puromycin following standard
protocols and grown for several generations to ensure stability
of the transgenes.

In Vivo Precoating Engraftment Assay
Luciferase-expressing human lung cancer cell lines and primary
lung cancer cells and their FACS-purified CSCs were precoated
with 10 pg/mL IgGl1 isotype control or anti-CD47 B6H12.2 anti-
body for half an hour in vitro. A total of 5 X 10° precoated lung
cancer cells or 1 X 10* precoated lung CSCs were transplanted
subcutaneously into NOD/SCID mice. All experiments involving
mice were performed according to Tianjin Medical University
Cancer Institute and Hospital animal guidelines. The tumor size
in mice was measured by bioluminescence.

In Vivo Antibody Treatment Xenograft
Model

Luciferase-labeled A549 cells or LC3 primary lung cancer cells
were injected subcutaneously at 5 X 10° into the 6- to 8-week-old
NOD/SCID mice. Those mice with luciferase-positive tumors
after 5-6 weeks were given daily intraperitoneal injections of
400 pg mouse IgGl control or anti-human CD47 B6H12.2
antibody for 4 weeks. Antibody treatment was then stopped,
and mice were followed for survival analysis. Luciferase-labeled
NCI-H520 CSCs or LC9 primary lung CSCs were transplanted
subcutaneously at 1 X 10* into the 6- to 8-week-old NOD/SCID
mice. Those mice with luciferase-positive lung cancer after
9-10 weeks were given daily intraperitoneal injections of 400 ug
mouse IgG1 control or anti-human CD47 B6H12.2 antibody for
4 weeks. Antibody treatment was then stopped, and mice were
followed for survival analysis.

RESULTS

CDA47 Expression Is Increased on Lung
Cancer Cells and Lung CSCs Compared
to Their Normal Counterparts

We evaluated CD47 expression on dissociated primary lung
tumor cells (tumor cells) and matched adjacent normal cells
(normal cells) from human patients by flow cytometry (FACS).
CD457, CD31-, DAPI-, and ESA* were used as the markers to
detect viable lung tumor cells and normal cells. CD47 expression
was detected on lung tumor cells and normal cells (Figure 1A)
and on lung CSCs (CD133") and normal stem cells (CD133*)
(Figure 1B). Tumor cells expressed higher levels of CD47 than
normal cells (Figure 1C). In addition, CSCs expressed higher
levels of CD47 than normal stem cells (Figure 1C). These
samples included lung AC, lung SCC, and SCLC (Figure S1 in
Supplementary Material). Across different lung cancer subtypes,
we found varying levels of CD47 expression that was significantly
different within each lung cancer subtype (Figure 1D).

Increased CD47 and CD133 Expression

Correlate with a Worse Clinical Prognosis

To determine whether CD47 mRNA level serves as a prognostic
factor in human lung cancers, we retrospectively analyzed
gene expression data of 317 lung cancer patients including 100
AC (Table S1 in Supplementary Material), 147 SCC (Table S2
in Supplementary Material), and 70 SCLC (Table S3 in
Supplementary Material). Distributions of relative CD47 and
CD133 mRNA expression levels and clinical characteristics
were shown in Tables S1-S3 in Supplementary Material. In
a multivariable analysis, stratification of patients into “CD47
high” and “CD47 low” groups indicated that high CD47 mRNA
expression levels could decrease the OS and PFS in patients with
AC (Figure 2A), SCC (Figure 2B), and SCLC (Figure 2C). We
also detected CD133 mRNA expression levels in the 317 lung
cancer patients. In a multivariable analysis, a higher CD133
mRNA expression level was associated with a decreased prob-
ability of OS and PFS in patients with AC (Figure 2D), SCC
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FIGURE 1 | CD47 expression is increased on lung cancer cells and lung cancer stem cells (CSCs) compared to their normal counterparts.

(A) Levels of CD47 expression were detected on tumor cells and matched adjacent normal cells (normal cells) by flow cytometry (FACS). Cells analyzed were
CD45-, CD31-, DAPI-, and ESA*. (B) CD47 expression levels were detected on tumor stem cells CSCs and matched adjacent normal stem cells (normal stem cells)
by FACS using the markers CD45-, CD31-, DAPI-, ESA*, and CD133* to selected cells for analysis. (C) CD47 expression on normal cells, normal stem cells, tumor
cells, and CSCs was determined by FACS. Mean fluorescence intensity was normalized for cell size. Each data point represents a different patient sample:
adenocarcinoma (AC) = 9, squamous cell carcinoma (SCC) = 9, small cell lung carcinoma (SCLC) = 2. P values were calculated using the paired-samples t-test.

(D) CD47 expression across lung cancer subtypes including AC (n = 19), SCC (n = 21), and SCLC (n = 9) was determined as in
(C). P values were calculated using the paired-samples t-test or the Two-independent samples test Mann—-Whitney U model.
*P < 0.05, *P < 0.01, and **P < 0.001.
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FIGURE 2 | Increased CD47 and CD133 expressions correlate with a worse clinical prognosis. (A-C) CD47 mRNA level is an independent prognostic
factor in lung cancers. Increased levels of CD47 mRNA were correlated with decreased probability of overall survival (OS) and progression-free survival (PFS) of
patients with adenocarcinoma (AC) (A), squamous cell carcinoma (SCC) (B), and small cell lung carcinoma (SCLC) (C). (D-F) CD733 mRNA level is an independent
prognostic factor in lung cancers. Prognostic impact of CD733 mRNA level is shown as the correlation with OS and PFS of patients with AC (D), SCC (E), and
SCLC (F). P values were calculated using the Cox regression forward-LR model (A-F). (G) CD47 mRNA levels were positive correlation with the CD733 mRNA
levels in patients with AC, SCC, and SCLC. P values were calculated using the Bivariate Correlations Kendall’s tau-b model.
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Anti-CD47-Blocking Antibodies Enable
Phagocytosis of Lung Cancer Cells and

Lung CSCs by Macrophages In Vitro

We first tested the ability of anti-human CD47 antibody to
enable phagocytosis of human lung cancer cell lines and primary
lung cancer cells by human and mouse macrophages in vitro.
Incubation of lung cancer cells in the presence of isotype-
matched IgG1 control or anti-HLA antibody did not result in
significant phagocytosis by human and mouse macrophages.
In contrast, human and mouse macrophages could efficiently
phagocytose lung cancer cells treatment with the anti-human

CD47-blocking antibody B6H12.2 (Figures 3A,B). Disruption
of the CD47-SIRPa interaction with anti-human or anti-mouse
SIRPa antibody also resulted in significant phagocytosis of lung
cancer cells (Figure 3B). Next, we repeated the in vitro phago-
cytosis assays with lung CSCs. Purified lung CSCs were isolated
from lung cancer cell lines and primary lung cancer cells by FACS
(Figure 1B). Incubation of purified lung CSCs in the presence of
isotype-matched IgG1 control oranti-HLA antibody did not result
in significant phagocytosis by human and mouse macrophages;
however, lung CSCs treated with the anti-human CD47-blocking
antibody B6H12.2 were significantly phagocytosed by human
and mouse macrophages (Figures 3C,D). Disruption of the
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CD47-SIRPa interaction with anti-human or anti-mouse SIRP«
antibody also resulted in significant phagocytosis of purified lung
CSCs (Figure 3D). These results suggest that CD47 is a feasible
therapy target and that anti-human CD47-blocking antibody
may serve as an effective therapeutic agent to inhibit lung cancer
growth by enabling macrophages to eliminate both CSCs and
their differentiated progeny.

We further detected whether the anti-human CD47 antibody
can influence the apoptosis or proliferation of lung cancer cells
or lung CSCs. Lung cancer cells or lung CSCs were incubated
with the indicated soluble antibodies in suspension for 8 h.
Anti-human CD47 antibody did not increase the apoptosis of

lung cancer cells or CSCs compared to IgG isotype or anti-HLA
antibodies (Figure 3E; Figure S3A in Supplementary Material).
Similar negative results were observed with anti-human SIRPa
and anti-mouse SIRPa (Figure 3E). Then, lung cancer cells or
lung CSCs were treated with the indicated soluble antibodies
in adherence for 48 h. Anti-human CD47, anti-human SIRPq,
or anti-mouse SIRPa has no effect on the proliferation of lung
cancer cells (Figures S3B,C in Supplementary Material). We also
investigated whether NK cells could mediate tumor elimination
by anti-CD47 antibody in vitro. By utilizing human NK cells
(CD3°CD56"CD7%) as effectors, anti-CD47 antibody did not
induce increased ADCC of lung cancer cell line cells or primary
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FIGURE 3 | Continued

Blocking antibodies against CD47 enable phagocytosis of lung cancer cells and lung cancer stem cells (CSCs) by macrophages in vitro.

(A,B) Carboxyfluoresceinsuccinimidyl ester (CFSE)-labeled lung cancer cells were incubated with human macrophages or mouse macrophages and the indicated
antibodies and examined by immunofluorescence microscopy to detect phagocytosis. (A) Images from a representative lung cancer sample are shown.

(B) Phagocytic indices of primary human lung cancer cells and lung cancer cell lines were determined using human (left) and mouse (right panel) macrophages.
(C,D) CFSE-labeled lung CSCs were incubated with human macrophages or mouse macrophages as well as the indicated antibodies and examined by
immunofluorescence microscopy to detect phagocytosis. (C) Images from a representative lung CSCs sample are shown. (D) Phagocytic indices of primary human
lung CSCs and lung cancer cell lines CSCs were determined using human (left) and mouse (right panel) macrophages. (E) Antibody-induced apoptosis was tested
by incubating lung cancer cells or lung CSCs with the indicated antibodies or staurosporine without macrophages and assessing the percentage of apoptotic and
dead cells (% annexin V and/or PI positive). (F,G) Chromium release assays measuring ADCC were performed in triplicate with human (F) and mouse (G) at an
effector:target ratio of 20:1, and percent specific lysis is reported. Antibodies were incubated at 10 pg/mL. P values were calculated using the two-independent
samples test Mann-Whitney U model. *P < 0.05, **P < 0.01, ***P < 0.001, and ***P < 0.0001.

patients tumor cells compared to IgG1 isotype control (Figure 3F).
As anti-CD47 antibody (B6H12.2) is a mouse IgGl isotype,
we repeated these assays with mouse NK cells (CD3 DX5%).
Anti-CD47 antibody caused increased ADCC of these cells com-
pared to isotype control (Figure 3G). These data indicate that the
mechanism of anti-CD47 antibody to inhibit cancer cells or CSC
growth is unlikely to be that these antibodies induce apoptosis of
lung cancer cells or CSCs that are then secondarily phagocytosed
or directly inhibit proliferation of lung cancer cells.

Ex Vivo Coating of Lung Cancer Cells and
Lung CSCs with an Anti-CD47 Antibody

Inhibits Tumor Engraftment

Next, we detected the ability of anti-CD47-blocking antibody
to eliminate lung cancer cells and lung CSCs in vivo by two dif-
ferent treatment strategies. First, the effect of ex vivo anti-CD47
antibody coating on the engraftment of human lung cancer cells
and lung CSCs was tested. Luciferase-expressing A549 cell line
was precoated ex vivo with anti-CD47 or IgGl1 isotype antibody
and transplanted subcutaneously into NOD/SCID mice. After
8 weeks, all (six of six) mice in control IgG treatment group
developed large tumors, but no tumors were detected in the
mice treated with anti-human CD47 antibody (Figure 4A;
Figure S4A in Supplementary Material). We repeated the in vivo
engraftment experiment with CSCs isolated from lung cancer
cell line. FACS-purified luciferase-expressing NCI-H520 CSCs
were precoated ex vivo with anti-CD47 or IgGl1 isotype anti-
body and injected subcutaneously into NOD/SCID mice. After
12 weeks, all (six of six) mice in the control IgG treatment group
developed large tumors, whereas no tumors were detected in
the anti-human CD47 antibody-treated mice as evidenced by
bioluminescence imaging (Figure 4B). In addition to these cell
lines, we also examined patient-derived primary lung tumor
cells for their ability to engraft NOD/SCID mice. Similar to
the results with the cell lines, ex vivo coating of these primary
tumor cells (Figure 4C) and primary CSCs (Figure 4D; Figure
S4B in Supplementary Material) with anti-CD47 antibody, but
not controls, resulted in complete inhibition of subcutaneous
engraftment.

We analyzed ESA* CD133* cells in primary tumor cells and
showed that there were 0.5-11.6% ESA* CD133* cells in the
primary tumor cells (median 4.6%). There were more than 95%
ESA* CD133" non-CSCs in tumors and ESA* CD133* CSCs
were no more than 5%. Therefore, the antitumor effect obtained

in the xenograft model may be mediated majorly by anti-CD47
antibody targeting ESA* CD133~ tumor cells.

Therapy with Anti-CD47 Antibody
Eliminates Lung Cancer Cells and Lung
CSCs in the Xenotransplant Models

In the second treatment strategy, mice were first engrafted with
lung cancer cells or lung CSCs and then administered anti-
CD47 B6H12.2 antibody therapy. First, luciferase-expressing
A549 cells were transplanted subcutaneously into NOD/SCID
mice. Five weeks later, these mice were administered daily by
intraperitoneal injections with either IgG1 isotype antibody
or anti-human CD47 B6H12.2 antibody. Anti-CD47 antibody
treatment decreased the tumor burden in these mice and
significantly prolonged survival compared to control IgGl
(Figures 5A,B). Next, we purified the CSCs from the luciferase-
expressing NCI-H520 cell line by FACS. Luciferase-expressing
NCI-H520 CSCs were transplanted subcutaneously into NOD/
SCID mice. Twelve weeks later, these mice were administered
daily with either IgG1 isotype antibody or anti-human CD47
B6H12.2 antibody. Treatment with anti-human CD47 antibody
inhibited CSC-initiated tumor growth as evidenced by biolu-
minescence imaging. Importantly, the mice treated with anti-
CD47 indicated a dramatic increase in survival (Figures 5C,D).
We also repeated the in vivo engraftment experiments with
primary lung cancer cells and primary lung CSCs. In these two
additional xenotransplantation models, anti-CD47 antibody
treatment eliminated all of the primary lung cancer cells
(Figures 5E,F) and primary lung CSCs (Figures 5G,H) in mice
and significantly prolonged survival compared to IgG control
(Figures 5E-H).

We further tested whether anti-human CD47 antibody can
increase the number of macrophages in the tumor tissues in the
xenotransplant models. Primary LCI2 cells were subcutane-
ously transplanted into the NOD/SCID mice. When the sizes
of the tumors reached ~200 mm® after 6 weeks, 400 pg IgG1
isotype antibody or anti-human CD47 B6H12.2 antibody was
intraperitoneally injected into the mice. After 48 h, the tumors
were collected from the mice and disassociated for FACS (n = 4
per antibody condition). The results indicated that numbers of
macrophages in the tumor tissues in anti-CD47-treated mice
were significantly higher compared to the IgG1 isotype-treated
control mice (Figure S5 in Supplementary Material). These
data collectively indicate that anti-CD47 antibodies can recruit
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macrophages into the tumor microenvironment, dramatically
inhibiting the growth of lung cancer cells and eliminated lung
CSCs, thereby blocking the ability of CD47 to transmit the
“don’t-eat-me” signal to macrophages.

Anti-CD47 Antibody Exhibited No
Significant Toxic Effect except Temporary
White Blood Cell Reduction and Anemia

CD47 is expressed at low levels on most normal tissues, including
HSC. To investigate the feasibility of targeting CD47 as a therapeutic
strategy, we utilized a normal C57BL/6 mouse model to examine
an anti-mouse CD47-blocking monoclonal antibody (MIAP301).
Wild-type C57BL/6 mice were administered daily by intraperi-
toneal injections with 400 pg of anti-mouse CD47 antibody for
14 days and follow-up for 28 days. Complete blood counts showed
that white blood cell count, red blood cell count, and hemoglobin
level were temporarily decreased in the anti-CD47 antibody-treated

mice (Figures 6A-C). There was no evidence of thrombocytopenia
(Figure 6D). In another experiment using normal C57BL/6 mouse
models established as above, mice were sacrificed on day 0, day
14, and day 28. Bone marrow analysis showed no difference in
total cellularity (data not shown) and percentage of Lin Kit*Sca*
HSCs (Figures 6E,F). H&E staining of mouse tissues showed no
pathological evidence of lung, liver, brain, spleen, or kidney damage
(Figure S6 in Supplementary Material). These results suggest that
targeting CD47 with a blocking monoclonal antibody generates no
significant toxicity and is a viable therapeutic strategy.

DISCUSSION

CD47 is involved in the regulation of macrophages’ phagocytosis
to prevent host cells from being eliminated (29). The mechanism
of CD47-regulating phagocytosis is through its interaction with
the protein receptor SIRPa on macrophages (17, 30, 31). HSCs
and LSCs escape from macrophage’s phagocytosis through
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Ex vivo coating of lung cancer cells and lung cancer stem cells (CSCs) with an anti-CD47 antibody inhibits tumor engraftment. (A-D) Luciferase-
expressing lung cancer cells [A549 cell line cells and primary LC3 tumor cells from a de novo small cell lung carcinoma (SCLC) patient of phase 11B] and lung CSCs
[NCI-H520 cell line CSCs and primary LC9 CSCs from a de novo adenocarcinoma patient of phase IlIA] were precoated with IgG1 isotype control antibody or
anti-human CD47 B6H12.2 antibody in vitro. NOD/SCID mice transplanted with the A549 cells (A), NCI-H520 CSCs (B), primary LC3 cells (C), or primary LC9
CSCs (D) were subject to bioluminescent imaging. Bioluminescence for A549 cells, NCI-H520 CSCs, LC3 cells, and LC9 CSCs engrafted mice was quantified

(n = 6 per antibody condition). No tumor engraftment was observed in mice transplanted with anti-CD47-coated cells, in contrast to the 100% engraftment with
IgG-coated cells (P < 0.0001), for all tested cells including A549 cells (A), NCI-H520 CSCs (B), LC3 cells (C), and LC9 CSCs (D). Data are represented as

upregulating CD47 expression level (21, 22). Hence, CD47
serves as a target in the treatment of acute mylocytic leukemia
(AML) by utilizing antibodies against CD47 to facilitate AML
elimination by macrophages, which results in the blockade of
inhibitory CD47-SIRPa signaling (21, 22). Thus far, CD47 has
been found to be expressed on multiple human tumors, and
anti-CD47 antibody can inhibit growth of these tumors in vitro
and in vivo (23, 26, 32-38). CD47 blockade is considered as
another immune checkpoint therapy for cancer (39). However,
it is unclear how CD47 is involved in lung cancer initiation and
progression. In this study, we indicate that higher expression of

CD47 is also the mechanism used by lung cancer cells, especially
lung CSCs, to escape phagocytosis. Blocking antibodies that
dismiss the interaction between CD47 and SIRPa enable the
phagocytosis of lung cancer cells and CSCs in vitro and inhibited
tumor growth in several xenotransplantation models. In addi-
tion, the identification of CD47 and CD133 levels as prognostic
factors could be incorporated into standard clinical prognostic
considerations across multiple subtypes of lung cancer and may
be useful in risk-adapted therapy decision-making. These results
establish CD47 as a therapeutic target in lung cancer, as well as a
therapeutic target in lung CSCs.
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FIGURE 5 | Continued

Therapy with anti-CD47 antibody eliminates lung cancer cells and lung cancer stem cells (CSCs) in xenotransplant models. (A) Luciferase-expressing
A549 cells were transplanted subcutaneously into NOD/SCID mice. When palpable tumors (~100 mm?®) formed, mice started to be treated with the IgG1 isotype
antibody or anti-CD47 antibody (n = 6 per treatment group). Luciferase imaging of representative mice from each treatment group was shown before (day 0) and
during (day 28) treatment (A). Average bioluminescence and improved survival were shown (B). (C) NOD/SCID mice were transplanted subcutaneously with
luciferase-expressing NCI-H520 CSCs. When palpable tumors (~100 mme) formed, mice started to be treated with the IgG1 isotype antibody or anti-CD47 antibody
(n = 6 per treatment group). Luciferase imaging of representative mice from pretreatment and 28 days posttreatment were shown (C). Average bioluminescence and
improved survival were shown (D). (E) NOD/SCID mice were transplanted subcutaneously with luciferase-expressing primary LC3 tumor cells. When palpable
tumors (~100 mm?®) formed, mice started to be treated with the IgG1 isotype antibody or anti-CD47 antibody (n = 6 per treatment group). Luciferase imaging of
representative mice from pretreatment and 28 days posttreatment were shown (E). Average bioluminescence and improved survival were shown (F). (G) Luciferase-
expressing primary LC9 CSCs were transplanted subcutaneously into the NOD/SCID mice. When palpable tumors (~100 mm?) formed, mice started to be treated
with the IgG1 isotype antibody or anti-CD47 antibody (n = 6 per treatment group). Luciferase imaging of representative mice from pretreatment and 28 days
posttreatment were shown (G). Average bioluminescence and improved survival were shown (H). ****P < 0.0001.
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FIGURE 6 | Anti-CD47 antibody exhibited no significant toxic effect except temporary white blood cell reduction and anemia. (A-D) Rat IgG2 isotype
antibody or anti-mouse CD47 MIAP301 antibody was intraperitoneally injected into normal C57BL/6 mice at the dose of 400 pg daily from day 1 to day 14 (n =4
per treatment group). These mice were followed up till day 28. White blood cell count (A), red blood cell count (B), and hemoglobin level (C) were temporarily
decreased in anti-mouse CD47 group compared to IgG2 isotype group. Platelets count (D) has no difference between the two groups. (E-F) Mouse models were
created as (A-D). Bone marrow from these mice was aspirated at day O, day 14, and day 28 and indicated no effect of treatment on the frequency of LinKit*Sca*
hematopoietic stem cell (HSC) in the bone marrow. (E) Representative FACS plots are shown. (F) No differences in the percentage of HSC at day O, day 14, and
day 28 were observed with either control IgG or anti-mouse CD47.

The toxicity of anti-CD47 antibody should be concerned when
we translate this therapy to human application. CD47 is expressed
on normal (non-tumor) cells at varying levels, but highly on
tumor cells (16). In our study, we show that normal C57BL/6 mice
treated with therapeutic doses of anti-mouse CD47-blocking
antibody had no significant toxic effect except temporary
anemia and white blood cells reduction (Figure 6; Figure S6 in
Supplementary Material). The similar results were obtained in
previous studies (22, 26). In these reports, mice were adminis-
tered with 200-400 pg doses of anti-CD47 antibodies that may be
in far excess of the minimal effective dose. Moreover, anti-CD47
antibody could not induce phagocytosis of non-cancer or normal
cells in vitro (22, 27). These findings suggest that normal healthy
cells are not subject to phagocytosis by phagocytes, because of lack
a secondary prophagocytic “eat me” signaling, even deficiency of
CD47-SIRPa signaling. Calreticulin and phosphatidylserine, as
cell surface prophagocytic signals, have been identified (40, 41).
Calreticulin can interact with LDL-receptor-related protein 1 on
macrophages and is required for the phagocytosis of tumor cell
lines, whose function is to neutralize CD47-SIRPa interaction
(42). Calreticulin is expressed on cell surfaces of human leuke-
mias, lymphomas, and solid cancers, but not on non-tumor or
normal cell surfaces (38). Those prophagocytic signals on tumor
cells may provide a therapeutic window to treatment with anti-
CD47 antibodies without causing phagocytosis of normal cells
that lack these “eat me” signals.

Here, we also detected the efficacy of anti-CD47 antibody to
inhibit lung cancer cell growth as a monotherapy. In our study,
anti-human CD47 antibody remarkably enhanced the phagocy-
tosis of lung cancer cell lines and primary tumor cells in vitro

(Figures 3A-C) and significantly inhibited tumor growth in lung
cancer cell and primary tumor cell xenotransplantation models
(Figures 5A,B,E,F). To investigate whether NK cells could medi-
ate tumor elimination by anti-CD47 antibody in vitro, we utilized
human NK cells (CD3-CD56"CD7*) as effectors. Anti-CD47
antibody did not induce increased ADCC of lung cancer cell line
cells or primary patients tumor cells compared to IgG1 isotype
control. However, anti-CD47 antibody caused increased ADCC
of these cells compared to isotype control when we repeated
these assays with mouse NK cells (CD3"DX5*) as effectors
(Figures 3E,G). This indicated that NK cell was a potential con-
tributor to tumor suppression in anti-CD47 antibody antitumor,
and the antitumor effect obtained in the xenograft model may
in part be mediated by mouse NK cells. In a previous study,
anti-CD47 antibody can inhibit breast cancer, bladder cancer,
ovarian cancer, colorectal cancer, and glioblastoma growth as a
monotherapy (26). Together with our results and previous study,
it suggested that CD47 is a promising therapeutic target in vari-
ous types of solid tumor cells.

Cancer stem cells are a small subgroup of cancer cells that
structure a reservoir of self-sustaining cells with the characteristic
ability to self-renew and maintain the tumor mass (4, 43). The
CSC model has been successfully used to explain events in tumor
initiation, development, metastasis, relapse, and ineffectiveness of
conventional cancer therapies. Conventional treatments directed
against the bulk of the tumor cells may produce remarkable initial
responses, but they are unlikely to result in long-term remissions
ifthe rare CSCs are not targeted and escape (44). Here, we selected
CD133 as the lung CSC marker (3-6) and purified CSCs from
the luciferase-expressing NCI-H520 cell line and primary tumor
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cells by FACS. Then, we evaluated the efficacy of anti-CD47
antibody to inhibit lung CSCs as a monotherapy. In our study,
anti-human CD47 antibody remarkably enhanced the phagocy-
tosis of lung CSCs from the cell line and primary tumors in vitro
(Figures 3D-F) and significantly inhibited tumor growth in the
two lung CSCs xenotransplantation models (Figures 5C,D,G,H).
In a previous report, anti-CD47 antibody can inhibit LSCs, breast
CSCs, and bladder CSCs as a monotherapy (22, 26, 28). These
results suggested that CD47 can be used as a therapeutic target to
eliminate solid tumor CSCs.

In conclusion, we found that CD47 is expressed on lung cancer
cells and lung CSCs, and CD47 and CD133 levels as prognostic
factors can be useful in risk-adapted therapy decision-making
of lung cancer patients. We have validated an important func-
tion of CD47 on lung cancer cells, especially lung CSCs, as a
“don’t-eat-me” signal. We have also indicated that anti-CD47-
blocking antibody is effective for treating human lung cancer
and CSCs in vitro and in vivo. We anticipate that CD47 can be
as a therapeutic target against solid tumors cells and their CSCs.
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