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CD47-blocking immunotherapies stimulate
macrophage-mediated destruction of
small-cell lung cancer

Kipp Weiskopf,"?3 Nadine S. Jahchan,*** Peter J. Schnorr,"*? Sandra Cristea,*** Aaron M. Ring,"**%” Roy L. Maute,"?3

Anne K. Volkmer,"?*8 Jens-Peter Volkmer,"?? Jie Liu,"?? Jing Shan Lim,*** Dian Yang,>** Garrett Seitz,>** Thuyen Nguyen,3**
Di Wu,2*¢7 Kevin Jude,?*” Heather Guerston,® Amira Barkal,"?* Francesca Trapani,' Julie George," John T. Poirier,™

Eric E. Gardner,” Linde A. Miles,” Elisa de Stanchina,” Shane M. Lofgren,>** Hannes Vogel,>*" Monte M. Winslow,*"
Caroline Dive,” Roman K. Thomas,™" Charles M. Rudin,’ Matt van de Rijn,” Ravindra Majeti,"?? K. Christopher Garcia,>**’
Irving L. Weissman,"?3 and Julien Sage3**

'Institute for Stem Cell Biology and Regenerative Medicine, Ludwig Center for Cancer Stem Cell Research and Medicine, *Stanford Cancer Institute, “Department of Pediatrics, *Department of Genetics,
SDepartment of Molecular and Cellular Physiology, and Department of Structural Biology, and "Howard Hughes Medical Institute, Stanford University School of Medicine, Stanford, California, USA.
®Department of Obstetrics and Gynecology, University of Diisseldorf, Diisseldorf, Germany. *Blood and Marrow Transplantation, Stanford University School of Medicine, Stanford, California, USA.
"Clinical and Experimental Pharmacology Group, Cancer Research UK Manchester Institute, University of Manchester and Manchester Cancer Research Centre, Manchester, United Kingdom.
"Department of Translational Genomics, Center of Integrated Oncology Cologne-Bonn, Medical Faculty, University of Cologne, Cologne, Germany, and German Cancer Research Center (DKFZ),

German Cancer Consortium (DKTK), Heidelberg, Germany. "Memorial Sloan Kettering Cancer Center, New York, New York, USA. ®Department of Pathology, Stanford University Medical Center,
Stanford, California, USA. “Department of Pathology, University Hospital Cologne, Cologne, Germany.

Small-cell lung cancer (SCLC) is a highly aggressive subtype of lung cancer with limited treatment options. CD47 is a cell-
surface molecule that promotes immune evasion by engaging signal-regulatory protein alpha (SIRPa), which serves as

an inhibitory receptor on macrophages. Here, we found that CD47 is highly expressed on the surface of human SCLC cells;
therefore, we investigated CD47-blocking immunotherapies as a potential approach for SCLC treatment. Disruption of the
interaction of CD47 with SIRPa using anti-CD47 antibodies induced macrophage-mediated phagocytosis of human SCLC
patient cells in culture. In a murine model, administration of CD47-blocking antibodies or targeted inactivation of the Cd47
gene markedly inhibited SCLC tumor growth. Furthermore, using comprehensive antibody arrays, we identified several
possible therapeutic targets on the surface of SCLC cells. Antibodies to these targets, including CD56/neural cell adhesion
molecule (NCAM), promoted phagocytosis in human SCLC cell lines that was enhanced when combined with CD47-blocking
therapies. In light of recent clinical trials for CD47-blocking therapies in cancer treatment, these findings identify disruption
of the CD47/SIRPa axis as a potential immunotherapeutic strategy for SCLC. This approach could enable personalized
immunotherapeutic regimens in patients with SCLC and other cancers.

Introduction
Small-cell lung cancer (SCLC), which originates from neuroen-

rate has remained dismal, hovering around 5% since the 1970s.
Except for the combination of radiation and chemotherapy,
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docrine cells of the lung (1, 2), is one of the most lethal subtypes
of cancer. Each year, more than 25,000 patients are diagnosed
with SCLC in the United States alone, and these patients typi-
cally live only 6-12 months after diagnosis. The 5-year survival
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there have been no new therapeutic approaches implemented in
the clinic in the past few decades. Despite a plethora of clinical
trials and substantial effort from many groups to identify novel
treatment options, no targeted therapies have been approved for
SCLC. SCLC is strongly linked to heavy cigarette smoking, and
the continued increase in smokers worldwide suggests the preva-
lence of SCLC will increase in the future (3, 4). For these reasons,
there is a dire need to identify novel therapeutic targets and gen-
erate new treatments for patients with SCLC.

One of the most promising advances in the field of oncology is
immunotherapy, which aims to stimulate a patient’s own immune
system to attack and eliminate cancer cells. As tumors develop,
they acquire mechanisms to avoid destruction by the immune
system; understanding these mechanisms can lead to the devel-
opment of new strategies that provoke the immune system to rec-
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Figure 1. CD47 is a therapeutic target for SCLC. (A) Histological analysis of macrophage infiltration in SCLC patient samples (n = 79). Specimens were
stained for the macrophage markers CD68 and CD163. Samples were scored from 1to 3 (1, low; 2, moderate; 3, intense) based on macrophage infiltra-
tion, with representative images of each score depicted (left). One sample exhibited no evidence of macrophage infiltration (not shown). Chart depicts

a summary of macrophage infiltration scores as varied by tumor stage (right) (correlation coefficient r = 0.2721; P = 0.0153). Scale bar: 300 um. (B) CD47
expression on human SCLC cell lines (n = 6) by flow cytometry. Dotted black line, unstained NCI-H82 cells. (C) CD47 expression on SCLC patient sample
PDX NJH29 (left) and quantification of CD47 on PDX samples from chemonaive patients (n = 3) and patients with recurrent tumors after chemotherapy
(treated, n = 4). (D) Gating strategy used for flow cytometry analysis of phagocytosis assays performed with human macrophages (CD45*) and calcein
AM-labeled SCLC cells. Percentages of calcein AM* macrophages out of total CD45* macrophage population are indicated. (E) Representative images of
cell populations after sorting. The double-positive population contains macrophages with engulfed tumor cells. Scale bar: 20 pm. Experiment performed
twice with similar results. (F) Summary of phagocytosis assays using human macrophages and calcein AM-labeled SCLC cell lines (left) or primary NJH29
SCLC cells as analyzed by flow cytometry. SCLC cells were treated with vehicle control (PBS) or anti-CD47 antibodies (Hu5F9-C4). Assays performed with
macrophages from independent donors (n = 4) and depicted as the percentages of calcein AM* macrophages (right) or normalized to the maximal response
by each donor (left). Data represent mean + SD. **P < 0.01; ****P < 0.0001, 2-way ANOVA with Sidak correction (left) or 2-tailed t test (right).

ognize cancer as foreign (5, 6). Previous studies have identified
CD47, a cell-surface molecule, as a “marker of self” that prevents
cells of the innate immune system from attacking hematologic
malignancies and certain types of solid tumors (7-9). CD47 acts by
sending inhibitory signals through SIRPa, a receptor expressed on
the surface of macrophages and other myeloid cells. In this sense,
the CD47/SIRPa interaction serves as a myeloid-specific immune
checkpoint, and blocking the interaction lowers the threshold for
macrophage phagocytosis of cancer (10, 11). In most cases, an
additional prophagocytic stimulus is necessary to induce phago-

cytosis, which can be delivered by agents that contain Fc chains
that engage activating Fc receptors on macrophages (10, 12). Anti-
CD47 antibodies or SIRPa-Fc fusion proteins block CD47 and pro-
vide an Fc receptor stimulus; therefore, they can stimulate phago-
cytosis as single agents (8, 10, 12, 13). On the other hand, pure
CD47 antagonists that lack Fc chains, such as high-affinity SIRPa.
monomers, augment phagocytosis only when combined with a
tumor-binding antibody (10). By allowing maximal signaling from
Fc receptors, CD47-blocking therapies have been shown to syner-
gize with a variety of therapeutic antibodies for cancer (10, 12, 14).
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In this study, we hypothesized that anti-CD47 agents might be
efficacious as immunotherapies for SCLC. We found that SCLC
cells express high levels of CD47 and that blocking CD47 enhanc-
es phagocytosis of SCLC cells and inhibits tumor growth. Since no
therapeutic antibodies have been approved for SCLC, we aimed
to identify antigens on the surface of SCLC cells and target them
with monoclonal antibodies in combination with CD47-blocking
therapies to achieve maximal antitumor responses against SCLC.
Through this approach, we identified immunotherapeutic strate-
gies that could be applied to the treatment of SCLC.

Results

Macrophages are present in SCLC tumors, and CD47 is expressed on
the surface of SCLC cells. Some evidence suggests that, in conjunc-
tion with a high number of T cells and small tumor size, high mac-
rophage counts correlate with favorable survival in SCLC patients
(15). We examined macrophage infiltration into SCLC tumors by
staining 79 SCLC patient samples for the macrophage markers
CD68 and CD163 (Figure 1A). Overall, 98.7% (78/79) of samples
exhibited evidence of macrophage infiltration, with the majority of
samples (77.2%, 61/79) showing moderate or intense infiltration.
Our analysis indicated a positive association between macrophage
infiltration and tumor stage (Figure 1A). To examine molecular
signatures of macrophage infiltration, we analyzed the expres-
sion of macrophage-specific markers in recent RNA sequencing
(RNA-seq) data sets from bulk human tumors (16, 17). We found
that human SCLC biopsies expressed significant RNA levels for
the macrophage markers CD68, CD163, CD14, and the CD47
receptor SIRPa (Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI81603DS1). On
the other hand, microarray expression analysis suggested that
established cell lines did not substantially express these macro-
phage markers relative to control genes (Supplemental Figure 1B).
Together, these data confirm that human SCLC tumors contain a
significant fraction of macrophages in vivo. These cells could act
as effectors against cancer in response to agents targeting CD47.

To further evaluate whether CD47-blocking therapies could be
applied to SCLC, we examined CD47 expression in human SCLC
cells. We found that CD47 mRNA expression was high in both bulk
tumors and cell lines (Supplemental Figure 1, A and B). A prior study
also demonstrated higher CD47 mRNA expressionin SCLC samples
and neuronal /neuroendocrine samples relative to other normal tis-
sues (18). Flow cytometry analysis showed that 6 of 6 human SCLC
celllines tested expressed high levels of the CD47 protein on the cell
surface (Figure 1B). Importantly, we found high expression of CD47
both in chemonaive and chemoresistant patient-derived xenografts
(PDXs) obtained from SCLC patients and exclusively passaged in
immunocompromised mice (Figure 1C and Supplemental Figure
2A). Similarly, most SCLC cells in xenografts derived from circulat-
ing tumor cells (CTCs) isolated from the blood of 4 SCLC patients
expressed CD47 (19) (Supplemental Figure 2B).

CD47-blocking antibodies induce phagocytosis of SCLC cells by
human macrophages. To validate CD47 as a genuine therapeutic
target in SCLC, we next performed in vitro phagocytosis assays.
Primary human macrophages were cocultured with SCLC cells
in the presence of a vehicle control or anti-CD47 antibodies. We
tested anti-CD47 antibody Hu5F9-G4, a humanized antibody
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that blocks the interaction between CD47 and SIRPa (Supplemen-
tal Figure 3) (20) and is undergoing evaluation in phase I clinical
trials (ClinicalTrials.gov NCT02216409, NCT02678338). Flow
cytometry was used to measure phagocytosis (10), which was
evaluated by the percentage of macrophages engulfing calcein
acetoxymethyl-labeled (calcein AM-labeled) SCLC cells (Figure
1D). FACS was used to confirm that the double-positive popula-
tion contained macrophages with engulfed tumor cells (Figure
1E). Four SCLC samples were subjected to evaluation in phagocy-
tosis assays. Three cell lines (NCI-H524, NCI-1688, and NCI-H82)
exhibited significant increases in phagocytosis when treated with
the CD47-blocking antibody (Figure 1F). One cell line, NCI-H196
(a variant form of SCLC), appeared to be resistant to phagocyto-
sis despite expressing high levels of CD47, suggesting that addi-
tional mechanisms modify the susceptibility of this cell line to
macrophage attack (Figure 1F). The primary PDX NJH29 was also
subjected to phagocytosis assays with human macrophages. Treat-
ment of this sample with anti-CD47 antibodies resulted in a sig-
nificant increase in phagocytosis (Figure 1F). We next examined
the inhibitory effects of CD47 by genetic analysis. Using CRISPR/
Cas9 genome editing, we generated a CD47 knockout variant of
NCI-H82 (Supplemental Figure 4A). This mutant cell line became
unresponsive to treatment with HuSF9-G4 when evaluated in
phagocytosis assays, indicating that Hu5F9-G4 does not stimu-
late phagocytosis via off-target effects (Supplemental Figure 4B).
Overall, these data indicate that blocking CD47 on human SCLC
cells in culture can promote the phagocytosis of these tumor cells
by human macrophages.

Structural analysis reveals the antagonistic mechanism of the
anti-CD47 antibody Hu5F9-G4. To explore the mechanism of
CD47 antagonism by anti-CD47 antibodies, we performed
structural analysis of Hu5F9-G4 in complex with the CD47
extracellular domain (CD47-ECD). We were unsuccessful at
cocrystallizing the CD47-ECD with Hu5F9-G4 in either Fab or
scFv formats; therefore, we prepared a diabody from Hu5F9-G4
by fusing the heavy and light variable domains (V, and V,) with
a short GGSGG linker. We crystallized the Hu5F9-G4 diabody/
CD47-ECD complex and solved the structure at 2.8 A resolu-
tion (Supplemental Table 1). The crystal structure revealed the
Hu5F9-G4 diabodies form a symmetric, domain-swapped dimer
linking 2 copies of the CD47-ECD. The interfaces were domi-
nated by polar contacts; only 365 A2 and 310 A? of CD47-ECD
surface area were buried by the V, and V, domains, respectively.
The V, of Hu5F9-G4 formed 6 hydrogen bonds to the CD47-
ECD via the CDR H1, H2, and H3 loops. The V, of Hu5F9-G4
interacted with the CD47-ECD and formed 5 hydrogen bonds via
the CDR L1 and L2 loops (Figure 2, A-C).

Notably, the Hu5F9-G4 diabody/CD47-ECD complex bears
a striking resemblance to that of SIRPo in complex with CD47
(21). Although the binding mode of SIRPa to CD47 was different,
interacting via the SIRPa BC, C'D, DE, and FG loops and bury-
ing 950 A2 of surface area, the 2 proteins bound to overlapping
epitopes of CD47 (Figure 2, B and C), including the N-terminal
pyroglutamate (pGlu), the BC and FG loops, and the face of the
central B-sheet. This finding indicates that Hu5F9-G4 and SIRPa
compete for the same binding site on CD47, explaining the antag-
onistic properties of Hu5F9-G4.
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Figure 2. The crystal structure of Hu5F9-G4 diabody in complex with CD47 demonstrates competitive antagonism. (A) Crystal structure of CD47-ECD

in complex with Hu5F9-G4 diabody (PDB 5IWL). For clarity, only 1 domain from each diabody chain is shown. The CDR1, CDR2, and CDR3 loops from the
V,, domain (cyan) and the CDR1and CDR2 loops from the V domain (pink) contribute to binding the CD47-ECD epitope. Contact residues are indicated in
the inset. (B) Hu5F9-G4/CD47-ECD structure superimposed on SIRPa/CD47-ECD (PDB ID 2J)S), demonstrating a shared binding interface. (C) CD47-binding
interface showing residues interacting with only SIRPa. (red), only HuSF9-G4 (blue), or both ligands (purple).

CD47-blocking antibodies inhibit the growth of SCLC tumors in
vivo. To evaluate the potential efficacy of CD47-blocking agents
when administered as therapies for human SCLC in vivo, we
engrafted fast-growing, metastatic NCI-H82 SCLC cells into the
lower flanks of NSG mice. These immunocompromised mice lack
functional T cells, B cells, and NK cells, but retain functional mac-
rophages (14, 22). Approximately 1 week after engraftment, mice
were randomized into treatment, with vehicle control or anti-
CD47 antibody Hu5F9-G4 administered every other day. After
2 weeks of treatment, a significant difference in median tumor
volume was observed that persisted through the remainder of the
experiment (Figure 3A). After approximately 1 month of treat-
ment, the median tumor volume for the vehicle control cohort was
837.8 mm?® versus 160.2 mm? for the cohort treated with the anti-
CD47 antibody (P = 0.0281) (Figure 3A). Therefore, the CD47-
blocking antibody significantly inhibited growth of SCLC tumors
in this subcutaneous xenograft model.

We also tested the in vivo efficacy of CD47-blocking anti-
bodies against a PDX, which more closely models treatment of
patients (23, 24). Cells from the NJH29 PDX model were trans-
duced to express GFP-luciferase to allow dynamic measurements
of tumor growth in vivo. Tumors were engrafted subcutaneously
into the lower flanks of mice and allowed to establish for approxi-
mately 2 weeks. Mice were then randomized into 2 cohorts treated
with vehicle control or Hu5F9-G4 administered every other day.
We found that treatment with the anti-CD47 antibody signifi-
cantly inhibited tumor growth compared with control treatment,
as assessed by tumor volume measurements and biolumines-
cence imaging (Figure 3, B-D). Treatment with the CD47-blocking
therapy also produced striking benefits in survival (Figure 3E). By
day 125 after engraftment, all mice in the control group had died,
whereas the majority of mice in the anti-CD47 antibody group had
only small tumors that failed to progress even after 225 days after
engraftment. Histopathological analysis of control tumors and

tumors treated with the anti-CD47 antibody showed prominent
features of tumor cell death in the anti-CD47-treated group as
well as increased presence of macrophages infiltrating the tumors
(Supplemental Figure 5, A-F). The tumors that eventually grew in
the anti-CD47 treatment group still expressed CD47 at their sur-
face, indicating that the mechanism of resistance is not directly
linked to decreased CD47 expression (Supplemental Figure 5G).

We next generated a GFP-luciferase* NCI-H82 cell line to
establish an orthotopic model of SCLC in patients. We engrafted
these GFP-luciferase* SCLC cells directly into the left thoracic
cavities of mice. Four days after injections, engraftment was con-
firmed by bioluminescence imaging. We then randomized the
mice into 2 cohorts treated with either vehicle control or HuSF9-
G4 administered every other day. Postmortem analysis in both
groups revealed that tumors had grown within the thoracic cav-
ity or in the parathoracic region (Figure 4, A and B). Some mice
exhibited spontaneous metastases to the liver (Figure 4A), which
was not observed in the subcutaneous model; the liver is the most
common site of distant metastases in SCLC patients (25). Moni-
toring tumor growth over time by bioluminescence imaging, we
found that in this context, the CD47-blocking antibody also pro-
duced a significant inhibition of tumor growth (Figure 4, C and
D). Additionally, we observed a significant benefit in survival for
the cohort treated with the CD47-blocking antibody (Figure 4E).
Thus, the anti-CD47 strategy is also effective against human
SCLC tumors growing in the thoracic cavity of mice, further indi-
cating that CD47-blocking agents inhibit SCLC growth and could
be effective therapies for patients with SCLC.

To evaluate the effects of CD47 deletion by genetic analysis,
we evaluated the growth of the NCI-H82 CD47 knockout cell line
in NSG mice. Although these cells exhibited no defects in prolif-
eration in vitro (Supplemental Figure 4C), we observed a signifi-
cant inhibition of tumor growth over time relative to control cells
when engrafted in vivo (Figure 5A). The NCI-H82 CD47 knockout
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Figure 3. CD47-blocking antibodies inhibit the growth of human SCLC tumors in vivo. (A) Growth of NCI-H82 cells in the subcutaneous tissue of NSG mice.
Mice were randomized into groups treated with vehicle control (PBS) or anti-CD47 antibodies (Hu5F9-G4). Growth was evaluated by tumor volume measure-
ments. Points, measurements from independent animals; bars, median. (B) Growth of GFP-luciferase* PDX NJH29 tumors in the subcutaneous tissue of NSG
mice as evaluated by bioluminescence imaging. Mice were randomized into groups treated with vehicle control (PBS) or anti-CD47 antibodies (Hu5F9-G4). (C)
Representative bioluminescence images of NJH29 tumors on day 85 after engraftment. (D) Growth of NJH29 tumors as evaluated by tumor volume measure-
ments. (E) Survival of mice bearing PDX NJH29 tumors treated with the indicated therapies. P = 0.0004 by Mantel-Cox test. (A-E) Black arrows indicate the
start of treatment; points indicate measurements from independent animals. Volume measurements at each time point are staggered for clarity. Bars indi-
cate median values. n = 7-8 mice per treatment cohort. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Mann-Whitney U test unless otherwise indicated.

cells were resistant to treatment with Hu5F9-G4, indicating no
off-target effects of the therapeutic antibody in this model (Sup-
plemental Figure 4D).

CD47 ablation inhibits SCLC tumor growth in immunocom-
petent mice. Xenograft models enable the evaluation of human
tumor growth in vivo, but they are limited in their ability to
assess responses in the setting of a fully intact immune sys-
tem. Therefore, we treated SCLC tumors growing in the lungs
of mice in an autochthonous mouse model of SCLC with an
anti-mouse CD47 antibody. We observed a trend toward tumor
inhibition in the treated mice compared with controls (Supple-
mental Figure 6, A and B). Because these mice develop over 60
tumors in their lungs (26), which may complicate the analysis
of this model, we sought to analyze how single tumors may
respond. To this end, we generated a Cd47 knockout version of

jci.org  Volume126  Number7  July 2016

KP1, a murine SCLC cell line derived from a genetically engi-
neered mouse (27). Compared with the parental KP1 cells, the
Cd47 knockout variant exhibited increased phagocytosis by
mouse macrophages in vitro (Figure 5, B and C). When engraft-
ed into immunocompetent mice, the KP1 Cd47 knockout cell
line exhibited significant inhibition of tumor growth (Figure
5D). The KP1 Cd47 knockout cell line also exhibited significant
inhibition of tumor growth when engrafted into NSG mice (Fig-
ure 5E), indicating an important contribution by the myeloid
arm of the immune system in mediating these effects.
CD47-blocking therapies stimulate macrophage cytokine secre-
tion. We further examined macrophage activation in response to
CD47-blocking therapies by analyzing cytokine secretion. NSG
macrophages were cocultured with NCI-H82 cells in the presence
or absence of Hu5F9-G4, and supernatants were collected after
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Figure 4. CD47-blocking antibodies are effective in an orthotopic model of SCLC. (A) Representative images of mice injected with SCLC tumor cells show-
ing tumor growth in the thoracic area (left, arrowhead), with some mice developing metastases to the liver (right, arrowhead). (B) Tumor growth monitored
postmortem under normal light (top) and under fluorescent light (for GFP expression, bottom). Scale bar: 2 mm. H, heart. (C) Representative biolumines-
cence images of NCI-H82 tumors on day 46 after engraftment in control mice (PBS) and mice treated with CD47-blocking antibodies. (D) Bioluminescence
measurements over time. Points represent values from individual mice; bars represent median. Note dropout of mice in PBS cohort over time due to
mortality. n = 8-9 mice per treatment cohort. *P < 0.05; **P < 0.01, Mann-Whitney U test. (E) Survival of mice bearing NCI-H82 tumors treated with the
indicated therapies. P < 0.0001 by Mantel-Cox test. (D and E) Arrows indicate start of treatment.

4 hours, then subjected to a multiplexed analysis of 38 mouse
cytokines. We identified 5 mouse cytokines that were significantly
increased in response to anti-CD47 antibodies: monocyte che-
motactic protein 1 (MCP-1, CCL-2), macrophage inflammatory
protein 2 (MIP2), GRO-a, MIP1b, and IL-6 (Supplemental Figure
7). Interestingly, the macrophages secreted neither IL-10 nor IL-
12p70 in response to CD47 blockade in culture, suggesting they
may exhibit a phenotype distinct from M1 or M2, as described in
the literature (28-30). To identify cytokines secreted in vivo, we
engrafted mice with NCI-H82 or NHJ29 cells. We allowed tumors
to grow to approximately 1.5 cm in diameter and then treated the
mice with a single dose of vehicle control or anti-CD47 antibody
Hu5F9-G4. We collected blood samples just before treatment and
24 hours after treatment and subjected these samples to multiplex
analysis of 38 mouse cytokines. From this analysis, we found that
MCP-3 was the only cytokine that was significantly increased fol-
lowing treatment with anti-CD47 antibody Hu5F9-G4 in both

tumor models (Supplemental Figure 8). No significant increase
in MCP-3 was observed in mice without tumors that were treated
with anti-CD47 antibody Hu5F9-G4. Together, these assays sug-
gest that the combination of local and systemic cytokine secretion
may promote macrophage recruitment and activation to contrib-
ute to the efficacy of CD47-blocking therapies.

Comprehensive antibody arrays identify therapeutic targets on
SCLC. Monoclonal antibodies have proven to be some of the most
effective treatments for cancer (31). However, there are few known
antibody targets on the surface of SCLC cells (32-35), and there are
no clinically approved therapeutic antibodies for SCLC. For this rea-
son, we sought to characterize the surface antigen profile of SCLC
cells using comprehensive antibody arrays. To this end, we sub-
jected 4 established SCLC cell lines and the primary SCLC sample
PDX NJH29 to analysis using the BioLegend LEGENDScreen array,
a comprehensive collection of 332 antibodies to human cell-surface
antigens. We identified 39 antigens that were highly expressed on
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the surface of the SCLC samples (Figure 6A). When we ranked
these antigens by their median staining intensity, we found that,
strikingly, CD47 was the most intensely staining surface antigen
(Figure 6B and Supplemental Table 2). Of note, other immune
checkpoint ligands, such as CD80 (B7-1), CD86 (B7-2), PD-L1
(CD274), or PD-L2 (CD273), were not appreciably expressed on the
surface of the SCLC samples (Supplemental Table 2); accordingly,
very low expression of these cell-surface antigens was found in RNA
analyses of cell lines and bulk tumors (Supplemental Figure 1, C and
D) (36). Another highly expressed antigen across all samples was
CD56 (neural cell adhesion molecule [NCAM]), a known marker
of neuroendocrine tumors (34) and a therapeutic target currently
under evaluation for SCLC (37, 38), validating our approach. A num-
ber of other highly expressed surface antigens were also identified
that could potentially be targeted by monoclonal antibody thera-
pies, including CD24 (33), CD29, and CD99 (see below).

As expected, the transcripts coding for the cell-surface mol-
ecules detected by flow cytometry were all detectable in SCLC cell
lines and bulk tumors, and overall, the correlation between protein
expression data measured by flow cytometry and RNA levels mea-
sured by microarrays was significant (r = 0.74). However, this cor-
relation was not perfect, and outliers included CD47 and NCAM,
for which protein levels were substantially greater than expected
based on RNA levels (Supplemental Figure 9 and Supplemental
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Table 3). These observations underscore the importance of surface
antigen profiling methods in identifying therapeutic targets and
indicate that the identification of biomarkers such as CD47 and
NCAM should not rely exclusively on RNA analysis.

Combining antibodies with CD47 blockade enhances phago-
cytosis of SCLC. CD47-blocking therapies have been shown to
enhance the response of macrophages to monoclonal antibod-
ies (11), but no monoclonal antibodies are clinically approved
for the treatment of SCLC. We reasoned that the antigens
identified by the LEGENDScreen arrays could serve as ther-
apeutic targets, and we obtained monoclonal antibodies to a
number of highly expressed antigens and evaluated their abil-
ity to induce phagocytosis in vitro. Specifically, we tested anti-
bodies to CD56 (clones HCD56 and MEM-188), CD24, CD29,
and CD99. Additionally, we obtained the sequence for lorvo-
tuzumab, an anti-CD56 antibody being evaluated in clinical
trials as an antibody-drug conjugate (38), and we produced it
recombinantly as a naked antibody. We tested these antibodies
alone and in combination with the high-affinity CD47 antago-
nist CV1 (10), which blocks CD47 but does not contribute an
additional Fc stimulus (Figure 6, C and D). We quantified the
ability of these antibodies to induce phagocytosis by human
macrophages of 2 different SCLC cell lines, NCI-H82 (Figure
6C) and NCI-H524 (Figure 6D). Of the 3 anti-CD56 antibod-
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ies tested, we found that lorvotuzumab was able to produce
the greatest increase in phagocytosis, and this effect was sig-
nificantly enhanced by combination with CV1. Antibodies to
CD24 or CD99 were also able to induce phagocytosis that was
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comparable to or exceeded that of treatment with anti-CD47
antibody Hu5F9-G4. As expected, no increase in phagocyto-
sis was observed when anti-CD47 antibody HuSF9-G4 was
combined with CV1, since CV1 competes for the same binding

2617


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7

2618

RESEARCH ARTICLE

interface and binds with extremely high affinity. Interestingly,
the anti-CD29 antibody was not able to induce phagocytosis
even in combination with CV1, an important demonstration
that additional factors, such as surface-binding geometry or
the ability to engage Fc receptors, may modify the response of
macrophages to therapeutic antibodies.

Since lorvotuzumab has been under evaluation as a thera-
peutic agent for SCLC (38), we investigated its ability to induce
phagocytosis over a varying range of concentrations. Treatment
with lorvotuzumab alone produced a dose-response relationship
for inducing macrophage phagocytosis. Importantly, we found
that for each lorvotuzumab concentration tested, the addition of
CV1produced a greater degree of phagocytosis (Figure 6E). Treat-
ment with CV1 could increase both the maximal efficacy and the
potency of lorvotuzumab in SCLC, as previously observed when
CV1 was combined with rituximab, trastuzumab, and cetuximab
in other contexts (10). Thus, combining therapeutic antibodies
with CD47-blocking strategies may represent an alternative meth-
od for enhancing the efficacy of antibodies.

Discussion

In conclusion, we observed widespread CD47 expression in SCLC,
including at different stages of cancer development and follow-
ing chemotherapy, and we show that CD47 is a genuine immu-
notherapeutic target for SCLC. Macrophages contribute to this
therapeutic response, but CD47 blockade can also activate other
myeloid immune subsets, including neutrophils and dendritic
cells, and may initiate adaptive immune responses (12, 39, 40).
Since Hu5F9-G4 is under investigation in clinical trials for human
solid malignancies and acute myelogenous leukemia, our findings
provide scientific justification for further evaluation of CD47-
blocking therapies in patients with SCLC.

In our histological analysis of 79 SCLC patient samples, we
observed a positive association between macrophage infiltration
and tumor stage. A prior study observed greater macrophage infil-
tration in early stage tumors (15). Regardless of this difference,
both studies conclusively show that a substantial number of mac-
rophages are present in many SCLC tumors. The degree of mac-
rophage infiltration and its relationship to CD47 expression on
tumors may predict which patients respond best to CD47 thera-
pies, and this subject warrants further investigation in preclinical
and clinical studies.

Macrophages in SCLC tumors expressed CD163, a marker of
immunosuppressive “M2” macrophages that may promote tumor
growth. However, M2 macrophages may exhibit a greater capac-
ity for phagocytosis in response to therapeutic antibody relative to
proinflammatory M1 macrophages (41). A recent report has also
demonstrated that both M1 and M2 macrophages perform phago-
cytosis in response to anti-CD47 treatment (42). Furthermore,
treatment with anti-CD47 antibodies converted tumor-associat-
ed macrophages to an M1-like state in vivo (42). The dichotomy
of M1 versus M2 polarization underrepresents the complexity of
macrophage activation, which is dynamic and fluid with a plethora
of potential activation states (30, 43). Indeed, based on cytokine
secretion in response to anti-CD47 therapy, the macrophages
in our in vitro studies did not clearly fit common descriptions of
either M1 or M2 activation. Further investigations are needed to
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determine whether certain polarizing stimuli can enhance macro-
phage responses to CD47-blocking therapies.

Interestingly, our SCLC models and prior studies have shown
increased macrophage infiltration into tumors following treat-
ment with CD47-blocking therapies (10). Macrophage recruit-
ment or proliferation may be an additional mechanism that con-
tributes to the efficacy of these therapies. Our studies on cytokine
secretion in vitro and in vivo suggest a number of chemokines
that may act by promoting monocyte or macrophage infiltration.
Although this finding requires more investigation to definitively
identify factors and demonstrate a causal relationship, this is an
attractive hypothesis to explain the robust antitumor efficacy that
is observed in many treatment models. If true, this finding could
also suggest therapeutic combinations with factors that further
promote macrophage recruitment or activation in tumors.

In many models, CD47 blockade does not completely elimi-
nate tumors (9, 10, 14). As tumors increase in size, the penetrance
of antibody therapies decreases given their high molecular weight
(44). Thus, persistent growth may reflect pharmacokinetic limi-
tations in the setting of a rapidly proliferating tumor rather than
selection for resistance at the genetic or epigenetic level. Neverthe-
less, mechanisms of resistance to CD47-blocking therapies could
depend on a variety of factors, including cell size, the tumor micro-
environment, and target expression. In our studies, loss of CD47
made SCLC cells resistant to anti-CD47 antibodies, but we did not
observe this resistance mechanism developing in situ following
treatment. Other studies have found that cancer specimens intrin-
sically differ in their susceptibility to phagocytosis (8-10, 14). In
most cases, CD47 blockade or knockout is not sufficient to induce
phagocytosis, but requires an additional prophagocytic stimulus,
such as opsonizing antibodies (10). Mouse KP1 cells exhibited a
moderate increase in phagocytosis with Cd47 ablation alone, sug-
gesting these cells may be more prone to phagocytosis. In contrast,
we identified one human SCLC cell line (NCI-H196) that exhibited
no significant increase in phagocytosis even when treated with
anti-CD47 antibodies. These responses may be influenced by dif-
ferences in intrinsic prophagocytic signals or inhibitory signals on
the surface of the cancer cells. For example, CD47 expression lev-
els between SCLC tumors and relative to other tumor types need
to be better quantified, as these levels may dictate some of the
response to CD47-blocking strategies. In addition, calreticulin has
been identified as one such prophagocytic signal and may play par-
ticular importance in the malignant conversion of myelodysplastic
syndrome to acute myelogenous leukemia (45, 46). The identi-
fication of redundant inhibitory signals remains an active area of
investigation. These signals may have implications for resistance
to CD47-blocking therapies and may also serve as biomarkers that
identify patients who will respond best to treatment.

Emerging studies indicate that both the innate and adaptive
immune systems may contribute to the efficacy of CD47-blocking
therapies. The CD47/SIRPa axis may be an early checkpoint in
immune activation, regulating phagocytosis and antigen uptake
to then promote antigen presentation to T cells. Both macro-
phages and dendritic cells may mediate this link in response to
CD47 blockade (39, 40). Furthermore, a recent study demon-
strated that CD47-blocking therapies may enhance the efficacy
of other immune checkpoint inhibitors, such as agents targeting
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the PD-1/PD-L1 axis (47). We found that Cd47 ablation was effec-
tive at inhibiting tumor growth in both immunocompromised and
immunocompetent models, where immunosuppressive cells such
as Treg could limit antitumor responses (48). SCLC exhibits a
high mutation burden (49), likely due to its association with heavy
tobacco use and frequent inactivation of p53 and pRB (50); there-
fore, it may be particularly responsive to therapies that engage
the adaptive immune system. Therapies targeting T cell immune
checkpoints are now being tested in SCLC (51, 52) and may coop-
erate with CD47-blocking approaches (40, 47).

Finally, our approach to identifying SCLC surface antigens
can be applied to other types of cancer and, in the future, could
be used to assemble oligoclonal cocktails of antibodies that could
be used to simulate the natural humoral immune response against
foreign pathogens or cells. These cocktails could be combined
with CD47-blocking therapies and other immunotherapies or
targeted therapies (53) to mount an effective immune response
against cancer cells. This strategy could serve as the foundation to
personalized immunotherapeutic regimens that could be tailored
for individual patients or different cancer types.

Methods
Detailed Methods can be found in Supplemental Methods.

Study approval. Mice were maintained in a barrier facility under
the care of the Stanford Veterinary Services Center. All animal stud-
ies were approved by the Administrative Panel on Laboratory Animal
Care at Stanford University.

Statistics. Macrophage infiltration scores and tumor stage were
analyzed by Spearman correlation. In vitro phagocytosis was analyzed
by 2-tailed ¢ test or 2-way ANOVA with Sid4k correction. Tumor vol-
umes and bioluminescent imaging were assessed by Mann-Whitney
U test or 1-way ANOVA with Holm-Sid4k correction for multiple com-
parisons. Survival was analyzed by Mantel-Cox test. Assessment of
F4/80* macrophage infiltration following treatment was performed
using an unpaired ¢ test. Lung weights in genetically engineered mouse
models were assessed by ¢ test. Cytokine secretion was analyzed by
2-way ANOVA with Sidak correction for multiple comparisons. Statis-
tical analysis was performed using Prism (GraphPad). P values of 0.05
or less were considered statistically significant.

Large data sets. RNA-seq data from 41 human primary SCLC
tumors were previously published (18, 19) and were deposited in the
NCBI's Gene Expression Omnibus (GEO GSE69091). The October
17,2012, release of the CCLE Cell Line Gene Expression data (Cancer
Cell Line Encyclopedia; ref. 54) was downloaded from the Broad Insti-
tute website. Atomic coordinates of the Hu5F9-G4,/CD47-ECD crystal
structure have been deposited in the Protein Data Bank (PDB 5IWL).
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