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Novel SIRPa Antibodies That Induce Single-Agent
Phagocytosis of Tumor Cells while Preserving T Cells

Gabriela Andrejeva, Benjamin J. Capoccia, Ronald R. Hiebsch, Michael J. Donio,

Isra M. Darwech, Robyn J. Puro, and Daniel S. Pereira

The signal regulatory protein a (SIRPa)/CD47 axis has emerged as an important innate immune checkpoint that enables cancer

cell escape from macrophage phagocytosis. SIRPa expression is limited to macrophages, dendritic cells, and neutrophils—cells

enriched in the tumor microenvironment. In this study, we present novel anti-SIRP Abs, SIRP-1 and SIRP-2, as an approach to

targeting the SIRPa/CD47 axis. Both SIRP-1 and SIRP-2 bind human macrophage SIRPa variants 1 and 2, the most common

variants in the human population. SIRP-1 and SIRP-2 are differentiated among reported anti-SIRP Abs in that they induce

phagocytosis of solid and hematologic tumor cell lines by human monocyte-derived macrophages as single agents. We demonstrate

that SIRP-1 and SIRP-2 disrupt SIRPa/CD47 interaction by two distinct mechanisms: SIRP-1 directly blocks SIRPa/CD47 and

induces internalization of SIRPa/Ab complexes that reduce macrophage SIRPa surface levels and SIRP-2 acts via disruption of

higher-order SIRPa structures on macrophages. Both SIRP-1 and SIRP-2 engage FcgRII, which is required for single-agent

phagocytic activity. Although SIRP-1 and SIRP-2 bind SIRPg with varying affinity, they show no adverse effects on T cell

proliferation. Finally, both Abs also enhance phagocytosis when combined with tumor-opsonizing Abs, including a highly differ-

entiated anti-CD47 Ab, AO-176, currently being evaluated in phase 1 clinical trials, NCT03834948 and NCT04445701. SIRP-1 and

SIRP-2 are novel, differentiated SIRP Abs that induce in vitro single-agent and combination phagocytosis and show no adverse

effects on T cell functionality. These data support their future development, both as single agents and in combination with other

anticancer drugs. The Journal of Immunology, 2021, 206: 712–721.

A
nticancer therapies to enhance adaptive immunity, in-
cluding Abs against the T cell checkpoints, programmed
cell death 1 (PD-1), programmed death ligand 1 (PD-

L1), and CTLA-4, have raised the prospect of long-term remission
or even cure for patients with metastatic disease (1, 2). Despite
this promise, a significant patient population either fails to respond
to checkpoint blockade or eventually develops resistance and
experiences disease progression (3–5). Poor tumor antigenicity,
additional inhibitory checkpoints on the tumors and in the tumor
microenvironment, a lack of tumor infiltrating T cells, and/or the
presence of immunosuppressive cells have all been attributed to a
lack of efficacy (5). These findings highlight the need for alter-
native or synergistic approaches to boost antitumor immunity.
Myeloid cells (macrophages, dendritic cells, monocyte-derived

suppressor cells, and granulocytes) represent the most abundant

immune cell type in many solid tumors and are often linked to poor
prognosis (6, 7). The antitumor activity of both tissue-resident and
monocyte-derived macrophages (moMFs) is rapidly compromised
by the tumor microenvironment, which reprograms them into
cancer-supporting, immunosuppressive tumor-associated macro-
phages. Harnessing the power of macrophages toward consuming
and killing tumor cells has emerged as a promising therapeutic
strategy. The CD47/SIRPa interaction regulates macrophage and
dendritic cell phagocytosis of target cells, sending an inhibitory
“do-not-eat-me” signal to the phagocyte. The physiological function
of CD47 on normal cells is to act as a marker of self to prevent their
being phagocytosed in addition to blocking a subsequent autoimmune
response (8, 9). Upregulation of CD47 by cancer cells to evade innate
immune surveillance has been associated with poor prognosis in
multiple hematopoietic and solid tumor types (10).
The CD47 receptor, SIRPa, is a member of the closely related

SIRP family of paired receptors, which also includes SIRPb1, and
the decoy receptor SIRPg. SIRPa, less widely expressed than CD47,
is mainly found on myeloid hematopoietic cells, including macro-
phages, dendritic cells, and granulocytes, and on neurons and some
tumor cells (6). Binding of CD47 to macrophage SIRPa initiates its
recruitment to the phagocytic synapse (11), phosphorylation of its
cytoplasmic ITIMs (12, 13), recruitment and binding of SHP-1 and
SHP-2, Src homology domain–containing protein tyrosine phos-
phatases (12, 14), inhibition of nonmuscle myosin IIA, and ulti-
mately phagocytic function (6, 15–17). The gene encoding human
SIRPa is polymorphic. The two most prevalent variants, SIRPaV1
and SIRPaV2, contain amino acid changes within the extracellular
domain that do not appear to affect binding to CD47 or phago-
cytic activity (6, 18). Although the related SIRPb1 receptor does
not interact with CD47, binding of CD47 to SIRPg, expressed by
human, but not rodent, T cells and NK cells, has been shown to
mediate T cell adhesion to APCs, resulting in T cell activation
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and proliferation (6, 19). Thus, blocking the SIRPa and CD47
interaction while preserving SIRPg binding to CD47 may be an
optimal strategy for cancer immunotherapy.
Blocking macrophage and dendritic cell SIRPa interactions with

tumor cell CD47 has emerged as a viable strategy in cancer
therapy. Numerous CD47-targeting agents, including Abs and
SIRPa fusion proteins, are in early clinical development and have
shown promising efficacy (20–22). Single-agent activity in hu-
mans appears to require anti-CD47 agents with an active Fc region
to engage macrophage Fc receptors and release the “do-not-eat-
me” checkpoint (23). The expression of CD47 on normal cells,
particularly RBCs and platelets, has led to adverse events like
acute anemia and thrombocytopenia (20, 22, 24–28). To address
these, combination treatments using non–effector function–
enabled anti-CD47 agents with a tumor-opsonizing Ab (29, 30) or
performing intratumoral administration of anti-CD47 agents (21)
have been used. AO-176, a next-generation anti-CD47 Ab that
preferentially binds tumor versus normal cells and negligibly
binds RBCs (31) provides another approach to increase the ther-
apeutic index.
Because of the absence of SIRPa on RBCs and its restricted

expression to myeloid cells, targeting SIRPa provides another
potential therapeutic option to induce phagocytosis of tumor cells
on the CD47 axis. Preclinical data have indicated that anti-SIRPa
Abs that block the SIRPa/CD47 interaction exhibit antitumor
efficacy in combination with opsonizing Abs or as single agents
via a combination of Ab-dependent cellular phagocytosis (ADCP)
and CD47/SIRPa blockade if the tumors also express SIRPa (7,
32, 33). However, because most tumors do not express SIRPa,
lack of opsonization required combination of SIRPa Abs with
tumor-targeting Abs to provide an “eat-me” signal to macrophages
via engagement of the macrophage Fc receptors. The FcgR family
is the largest family of Fc receptors and comprise FcgRI (CD64),
FcgRII (CD32), and FcgRIII (CD16), all of which are expressed
by human macrophages. All activating FcgRs signal via the ITAM
pathway to remodel cytoskeleton for phagocytic internalization,
engulfment, and release of proinflammatory mediators such as
cytokines and reactive oxygen species.
Several anti-SIRP Abs are in early clinical (BI 765063) or

preclinical development (KWAR23, ADU-168, and others), but
none of them induce phagocytosis as single agents (32, 34–36).
Furthermore, some block the beneficial interaction of SIRPg with
CD47 (33).
In the current study, we describe unique anti-SIRPa Abs with

potentially best-in-class properties that can induce phagocytosis of
tumor cells by human macrophages as single agents, unlike other
published anti-SIRP Abs. These agents also combine with tumor-
targeted Abs, including an anti-CD47 Ab. Finally, these unique
anti-SIRPa Abs also disrupt the interaction of CD47 with human
macrophages via two novel and distinct mechanisms while pre-
serving T cell functionality.

Materials and Methods
Cell culture

Human tumor lines (Jurkat T-ALL, RAJI B cell lymphoma, DLD-1 co-
lorectal adenocarcinoma, RL95-2 endometrial carcinoma, and ES-2 ovar-
ian carcinoma), and the monocyte lines U937 and THP-1 were purchased
from American Type Culture Collection and cultured as recommended by
the vendor. Human moMFs were differentiated from CD14+ monocytes
purchased from Astarte Biologics or selected using Pan Monocyte Isola-
tion Kit (Miltenyi Biotec) from PBMCs (AllCells and Hemacare).
Monocytes were seeded onto 96-well, flat-bottom plates at 3 3 104 cells
per well and differentiated into moMFs in vitro for 7 d in AIM-V me-
dium (Life Technologies) supplemented with 10% FBS and 50 ng/ml
M-CSF (BioLegend). Human dendritic cells were generated by incubating

monocytes in AIM-V medium (Life Technologies) supplemented with
10% human AB serum (Valley Biomedical), 200 ng/ml GM-CSF (Bio-
Legend), and 50 ng/ml IL-4 (BioLegend) for 6 d. For T cell activation,
healthy donor CD3+ T cells (Astarte Biologics) were stimulated with 5 mg/
ml plate-bound anti-CD3 (clone UCHT1; eBioscience) and soluble anti-
CD28 (clone 28.8; eBioscience) in AIM-V medium supplemented with
10% human AB serum (Valley Biomedical) and 1% penicillin/
streptomycin. All cultures were maintained at 37˚C in a humidified at-
mosphere containing 5% CO2.

mAb generation

mAbs against human SIRPa were generated by immunizing wild-type
mice with recombinant human SIRPa containing all three extracellular
immunoglobin domains fused to GST. Following repetitive immunization,
the spleen cells were fused with the nonsecreting myeloma P3 3 63Ag8.653
(American Type Culture Collection), and clones were screened for re-
activity to human SIRPaV1. For sequencing of successful clones, RNA
was isolated from hybridoma cells, and immunoglobin cDNA was
synthesized according to established methods using a deoxythymidine
oligonucleotide primer and reverse transcriptase (31). Mouse clones of
SIRP-1, SIRP-2, 18D5 (33), and KWAR23 (32) on a murine IgG1
backbone were expressed by Evitria (Schlieren, Switzerland) and pu-
rified in-house using MabSelect SuRe resin (GE Healthcare). Murine
IgG1 control was purchased from BioLegend. Rituximab, avelumab,
and cetuximab were sourced from Myoderm.

Genotyping of human macrophage donors

Genomic DNA was isolated from donor PBMCs using the PureLink Ge-
nomic DNA Mini Kit (Thermo Fisher Scientific). PCR amplification of the
SIRPa target region (exon 3) and Sanger sequencing were carried out by
Genewiz (Piscataway, NJ) as previously described (35). The following
primer pairs were used for amplification: forward 59-TGTCTGGAA-
TACCAGGCTCCCTT-39 and reverse 59-TACCACCACACCTGATCA-
TTGCTC-39. Five different Sanger sequencing reactions were performed.
The primers used for each of the five reactions were the following: 59-
GGCTCCCTTTCCGGAACTTCACACAG-39; 59-GTGTGAAGTTCCG-
GAAAGGGAGCCCCGAT-39; 59-GCTCCAGACTTAAACTCCACGTCAT-
CGG-39; 59-CCTGCTCCAGACTTAAACTCCACGTCAG-39; and
59-GTGTGAAGTTCCGGAAAGGGAGCCCT-39. Alignment of sequencing
data was done using Sequencher DNA sequence analysis software (v5.2.4;
Gene Codes Corporation, Ann Arbor, MI). The data were validated using U937
and THP-1 cell lines, which are homozygous for SIRPaV1 and SIRPaV2,
respectively.

Binding to human or cynomolgus monkey SIRPa by ELISA

Fc-tagged human SIRPaV1 or polyhistidine-tagged cynomolgus monkey
SIRPa (ACROBiosystems) was adsorbed to high-binding microtiter plates
at 2 mg/ml in PBS, blocked with 1% casein in PBS containing 0.5% Tween
20 (PBST), and incubated with serially diluted SIRP Abs. The samples
were then incubated with HRP-labeled donkey anti-mouse secondary Ab
(Jackson ImmunoResearch Laboratories). Peroxidase substrate 3,39,5,59-
tetramethylbenzidine (Thermo Fisher Scientific) color development was
stopped using 1N H2SO4 and the absorbance at 450 nm determined using
Synergy [1H] plate reader (BioTek). The apparent binding affinities were
calculated using a nonlinear one-site fit model (Prism v8; GraphPad, San
Diego, CA).

Cell-based binding of SIRP Abs

To assess the binding of Abs to cell-expressed SIRPa, U937 or THP-1 cell
lines or moMFs were used. For binding to cell-expressed SIRPg, Jurkat
T-ALL cell line or naive or activated human CD3+ T cells were used. The
cells were incubated for 1 h at 37˚C, 5% CO2 with serial dilutions of SIRP
Abs in binding buffer containing 1 mM EDTA (Sigma-Aldrich), and 1%
FBS (Biowest) in PBS without Ca2+ and Mg2+ (Corning). For Jurkat, DLD-
1, RAJI, HEC1-A, RL95-2, and ES-2 tumor cell lines, 10 mg/ml of Abs
was used. The cells were then stained with donkey anti-mouse IgG FITC-
linked secondary Ab (Jackson ImmunoResearch Laboratories). moMFs
were additionally stained with anti-CD14 conjugated to Alexa Fluor 647
(AF647; BioLegend). T cells were additionally stained with anti-CD3
conjugated to 3-carboxy-6,8-difluoro-7-hydroxycoumarin (Pacific Blue;
BioLegend). The cells were analyzed by flow cytometry (Attune NxT; Life
Technologies) using FlowJo Software (v10 for Windows; Becton Dick-
inson). For moMF and T cells, the binding was assessed as the median
FITC fluorescence intensity, subtracted from cells stained with secondary
Ab alone. The apparent binding affinities were calculated using a nonlinear
four parameter variable slope fit model (Prism v8; GraphPad).
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Blocking CD47 binding to SIRPa by ELISA

Polyhistidine-tagged human CD47 (ACROBiosystems) was adsorbed to
high-binding microtiter plates at a concentration of 2 mg/ml in PBS
overnight at 4˚C and blocked with 1% casein in PBST for 1 h at room
temperature. Serially diluted SIRP Abs containing 1 mg/ml human Fc-
tagged SIRPa (ACROBiosystems) were added to the plates for 1 h at
room temperature. HRP-labeled donkey anti-human Ab (The Jackson
Laboratory), diluted 1:20,000 in PBST, was added to the plate and
incubated for 1 h at room temperature. Following addition of 3,39,5,59-
tetramethylbenzidine, color development was stopped with 1 N H2SO4,
and absorbance was measured at 450 nm. The apparent binding affin-
ities were calculated using a nonlinear four parameter variable slope fit
model (Prism v8; GraphPad).

Blocking the CD47/SIRPa interaction on macrophages

Fc receptors on moMF, THP-1, or U937 cells were blocked with human Fc
receptor blocking solution (BioLegend) for 20 min at room temperature.
The cells were then incubated for 1 h at 37˚C, 5% CO2 with 10 mg/ml of
SIRP mAbs in buffer containing 1 mM EDTA (Sigma-Aldrich), and 1%
FBS (Biowest) in PBS (Corning). Subsequently, murine IgG2a Fc-tagged
human CD47 (ACROBiosystems) was added at 20 mg/ml, and the cells
were incubated as previously. Following staining with donkey anti-mouse
IgG2a Ab–AF647 conjugate (BioLegend), the samples were analyzed by
flow cytometry. Background murine IgG2a staining in the absence of Fc-
tagged CD47 was subtracted from median AF647 fluorescence intensity.
Blocking was assessed as the reduction in background-corrected median
fluorescence intensity of AF647 in the presence of SIRP mAbs compared
with murine IgG1 (clone MOPC-21; BioLegend) control. Ordinary one-
way ANOVA was performed to compare SIRP mAb treatments to control
using Dunnett multiple comparisons test (Prism v8; GraphPad).

Induction of phagocytosis

Human moMFs, differentiated as described above, were cultured in AIM-
V medium for 2 h. Human cancer cells or autologous PBMCs were labeled
with 1 mM CFSE (Sigma-Aldrich) or with 10 mg/ml pHrodo Red (Incucyte
pHrodo Red Cell Labeling Kit for Phagocytosis, Sartorius) and added
to the macrophage cultures in 96-well plates at 8 3 104 cells per well
in AIM-V medium without supplements. Anti-SIRP mAbs were added
at varying concentrations immediately and incubated at 37˚C for 3 h.
For combination with tumor-opsonizing Abs, SIRP mAbs alone, tumor-
targeting mAb alone, or a combination were added at varying con-
centrations as above. For combination with Fc blocking reagents,
10 mg/ml anti-CD16 (clone 3G8; Invitrogen), anti-CD32 (clone AT10;
Invitrogen), anti-CD64 (clone 10.1; Invitrogen), or mIgG1 isotype control
were added together or each separately immediately prior to adding SIRP
Abs. Following phagocytosis assay, the nonadherent, nonphagocytosed
cells were removed, and the remaining cells were washed in PBS. Cells
were detached using Accutase (STEMCELL Technologies), collected into
V-bottom plates, and incubated in 100 ng of allophycocyanin-labeled
CD14 Abs (BD Biosciences) for 30 min, then analyzed by flow cytometry
(Attune NxT; Life Technologies). Phagocytosis was calculated as the
percentage of CFSE+ cells within the CD14+ population.

SIRP mAb internalization

SIRP Abs were labeled using pHrodo Green Microscale Protein Labeling
Kit (Invitrogen), per manufacturer’s instructions. Labeling efficiency was
comparable between all the Abs. The Abs were diluted into macrophage
growth medium and warmed to 37˚C prior to incubating 10 mg/ml mAbs with
macrophages at 37˚C for a maximum of 1 h. After incubation, the cells were
washed in ice-cold PBS and analyzed by flow cytometry on Attune NxT (Life
Technologies). Internalization was quantified as the percentage of pHrodo
Green+ live single cells.

Flow cytometry of SIRPa/SIRPg/CD47 surface expression

Following differentiation, human moMFs were incubated in AIM-V me-
dium without supplements for 2 h in V-bottom, 96-well plates. The cells
were incubated with 10 mg/ml SIRP Abs for 2 h on ice or for 2, 4, 6, or
24 h at 37˚C, 5% CO2. The cells were then washed in flow cytometry
buffer (2% FBS in PBS) and stained for 30 min with 10 mg/ml fluo-
rescently conjugated SIRP Abs in the presence of human TruStain FcX
block (BioLegend). For detection of cell surface SIRPa on SIRP-1–,
18D5-, and KWAR23-treated macrophages, the noncompeting, AF647-
labeled SIRP-2 was used, generated using AF647 Ab Labeling Kit (Life
Technologies). In the case of SIRP-2 treatment, the noncompeting, PE-
conjugated commercial clone SE5A5 (BioLegend) was used. The samples

were analyzed by flow cytometry on Attune NxT (Life Technologies)
using FlowJo Software. Fluorescence levels were normalized to median
fluorescence intensity of mIgG1-treated moMF, stained with the respec-
tive fluorescent SIRP Abs on ice.

For tumor cell line surface expression, commercial Abs against SIRPa
(clone SE5A5-PE; BioLegend), SIRPg (clone LSB2.20-PE; BioLegend),
or CD47 (clone B6H12-PE; Santa Cruz Biotechnology) in the presence of
human Fc block (BioLegend) were incubated for 30 min on ice with tumor
cell lines in flow cytometry buffer. Flow cytometry was performed as
above.

Fluorescence resonance energy transfer analyzed by
flow cytometry

PE and allophycocyanin-labeled Abs against SIRPawere used according to
fluorescence resonance energy transfer analyzed by flow cytometry
(FCET) methodology (37). An energy transfer (FCET) between an Ab–PE-
conjugated donor and an Ab–allophycocyanin-conjugated acceptor indi-
cate that the two molecules are in close proximity. Human moMFs were
incubated in AIM-V medium without supplements for 2 h in V-bottom, 96-
well plates, then incubated with 10 mg/ml SIRP-1, SIRP-2, or mIgG1
control for 2 h at 37˚C, 5% CO2. Equimolar concentration of SIRP Ab
clone SE5A5-PE and SE5A5–allophycocyanin (BioLegend) were com-
bined (for 10 mg/ml final) and added to the cell suspension after washing.
For single-fluorophore staining, cells were labeled with SE5A5-PE or
SE5A5–allophycocyanin and equimolar quantities of unlabeled SE5A5.
The cells were stained for 30 min on ice, washed, and analyzed on Attune
NxT flow cytometer (Life Technologies) using FlowJo Software. Fluo-
rescence resonance energy transfer (FRET) efficiency was calculated using
three-wavelength correction method (37), assuming 1:1 protein-to-dye
ratio (information provided by BioLegend). Ordinary one-way ANOVA
was performed to compare SIRP mAb treatments to mIgG1 control using
Dunnett multiple comparisons test (Prism v8; GraphPad).

Allogeneic dendritic cell/T cell assay

Dendritic cells were plated onto a 96-well plate at 1 3 104 cells per well.
CellTrace Violet (Life Technologies) dye–labeled allogeneic healthy donor
CD3+ T cells from four different donors (Astarte Biologics) were added at
a 1:5 dendritic cell/T cell ratio. SIRP Abs were added at the saturating
concentration of 10 mg/ml immediately and the cells incubated at 37˚C,
5% CO2, for 6–7 d. Cells were collected, incubated with PerCP-Cy5.5
fluorescent dye–labeled CD3 Ab (BioLegend) and analyzed by flow
cytometry (Attune; Life Technologies). T cell proliferation was mea-
sured by the dilution of the CellTrace Violet dye within the CD3+ cell
population.

Results
Generation and characterization of pan-allele SIRPa Abs

Murine hybridoma-generated Abs against human SIRPa were
screened for binding to a recombinant human SIRPa ectodomain
fusion protein using solid-phase ELISA (Fig. 1A). The affinities of
SIRP-1 and SIRP-2 Abs were in the picomolar range (Kd of 3006
140 pM and 290 6 250 pM, respectively) and were comparable to
other SIRPa Abs in development, namely KWAR23 (32) (Kd of
200 6 50 pM) and 18D5 (33, 36) (Kd of 130 6 90 pM). SIRP-1
and SIRP-2 bound to cynomolgus monkey SIRPa with similar
affinities (Kd of 310 and 210 pM, respectively) (Supplemental
Fig. 1A). Because KWAR23 and 18D5 block the SIRPa/CD47
interaction (32, 33), we performed studies to assess whether SIRP-
1 and SIRP-2 bind to distinct or overlapping regions on SIRPa.
Competitive ELISA assays suggest that SIRP-2 does not signifi-
cantly compete with SIRP-1, KWAR23, or 18D5 for SIRPa binding
(Supplemental Fig. 1B). The binding of SIRP-1 only slightly im-
peded the binding of KWAR23 and SIRP-2 but competed with the
binding of 18D5 to recombinant human SIRPa (Supplemental
Fig. 1B). In contrast to SIRP-1, KWAR23 completely inhibited
the binding of 18D5 (Supplemental Fig. 1B).
Although up to 10 SIRPa haplotypes were initially reported (38,

39), three allelic groups (homozygous V1/V1, heterozygous
V1/V2, and homozygous V2/V2) account for virtually all ethnic
groups that have been genotyped (18, 35). A pan-allele–specific
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Ab against SIRPa would most broadly target the SIRPa/CD47
checkpoint in diverse populations, as heterozygotes require blocking
of both alleles of SIRPa to enhance macrophage-mediated phagocy-
tosis (35, 40). In cell-based binding assays, SIRP-1 and SIRP-2 bound
to both human monocytic cell lines U937 (SIRPaV1/V1) and THP-1
(SIRPaV2/V2) (41), unlike 18D5, which only bound to U937, as
previously described (Fig. 1B, Supplemental Fig. 1C) (42). We
further confirmed that SIRP-1 and SIRP-2 both bound to human
moMFs expressing endogenous SIRPa of all three allelic groups
(Fig. 1C, Supplemental Fig. 1D, 1E).

SIRP-1 and SIRP-2 induce macrophage-dependent
phagocytosis of human cancer cell lines as single agents

To further characterize the SIRP-1 and SIRP-2 Abs, we assessed
their ability to induce phagocytosis of a set of hematological and
solid tumor lines in vitro. Human moMFs expressing endogenous
SIRPa were incubated with CFSE-labeled cancer cell lines
expressing CD47 in the presence of Abs against SIRPa. SIRP-1
and SIRP-2 induced phagocytosis of the Jurkat human T-ALL
cell line in the absence of a tumor-opsonizing Ab, in contrast to
KWAR23 and 18D5 (Fig. 2A, Supplemental Fig. 2A, 2B), as
measured by the appearance of CFSE labeling in the moMF
population. To confirm that the assay measured true phagocy-
tosis rather than conjugate formation between macrophages and
tumor cells, we validated our findings in a second phagocytosis
assay using Jurkat cells labeled with pHrodo Red, a fluorescent
dye that increases fluorescence only in the acidic environment
of the phagosome. The percentage of phagocytosis obtained by
the two methods was comparable (Fig. 2A, 2B, Supplemental
Fig. 2), confirming that SIRP-1 and SIRP-2 induced tumor cell
engulfment by moMFs. SIRP-1– and SIRP-2–induced phagocytosis
was not limited to Jurkat cells but was also seen in the other tested
solid tumor cell lines: RL95-2 (endometrial carcinoma) and DLD-1
(colorectal adenocarcinoma) (Fig. 2C). The ability of SIRP-1 and

SIRP-2 to induce single-agent phagocytosis of cancer cell lines
was observed in donors from all three major allelic groups of
SIRPa (Fig. 2D, 2E). To assess the effect of SIRP-1 and SIRP-2
on the phagocytosis of normal noncancerous cells, human
moMFs were incubated either with normal autologous PBMCs
or Jurkat T-ALL cells in the presence of SIRP Abs. SIRP-1 and
SIRP-2 potently induced phagocytosis of Jurkat T-ALL cells, but
not of PBMCs (Fig. 2F). Thus, we demonstrate SIRP Abs with
single-agent phagocytosis activity in both hematologic and solid
tumor cell lines.

SIRP-1 and SIRP-2 induce single-agent, macrophage-
dependent phagocytosis by two distinct mechanisms

We next sought to further understand the ability of SIRP-1 and
SIRP-2 to confer single-agent phagocytosis activity. Even though
SIRP-1 and SIRP-2 are of the relatively inert murine IgG1 isotype
(43), one possible mechanism could be through induction of ADCP.
This mechanism has been described in syngeneic mouse models in
which murine SIRPaAbs with an active Fc were able to reduce the
growth of RENCA and B16BL6 cell lines, both of which express
SIRPa (7). In contrast, in the syngeneic CT26 model and a Raji
xenograft model, neither of which express SIRPa, the same Abs
against SIRPa reduced tumor growth only when combined with
tumor-opsonizing Abs (7). In our panel of cell lines, Jurkat cells
expressed SIRPg, but not SIRPa, whereas DLD-1 and RL95-2 cell
lines expressed neither (Fig. 3A). As expected, all expressed CD47
(Fig. 3A). Only SIRP-2 bound to Jurkat cells, and neither SIRP-1
nor SIRP-2 bound DLD-1 or RL95-2 cells (Fig. 3B). However, both
SIRP-1 and SIRP-2 were able to induce single-agent phagocytosis
of all the cancer cell lines, suggesting that the efficacy of these Abs
is independent of target expression on cancer cells and that single-
agent activity is likely not mediated by ADCP.
To further investigate the mechanism of SIRP-1 and SIRP-2

activity, we conducted experiments to elucidate the ability of

FIGURE 1. SIRP-1 and SIRP-2 bind to recombinant and cell-expressed human SIRPa. (A) SIRP-1 and SIRP-2 Abs were screened by solid-phase ELISA

for binding to human SIRPaV1 (hSIRPaV1) and compared with competitor benchmarks KWAR23 and 18D5. (B) At 10 mg/ml SIRP-1, SIRP-2 and

KWAR23 bound to cell-expressed SIRPaV1 and SIRPaV2 on promonocytic cell lines U937 and THP-1, respectively, whereas benchmark 18D5 only

bound SIRPaV1. (C) SIRP-1 and SIRP-2 bound to human moMFs from most-common allelic groups. All panels show mean 6 SEM; a representative

minimum n = 2 is shown.
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these Abs to block interaction of SIRPa to its ligand, CD47. In
ELISA-based blocking assays, we found that SIRP-1, but not
SIRP-2, blocked the interaction of recombinant CD47 with SIRPa
with almost identical potency as KWAR23 and 18D5 (Fig. 4A).
We next tested the ability of SIRP-1 and SIRP-2 to block the
binding of human CD47 to SIRPa on U937 and THP-1 cell lines.
Consistent with the blocking data from solid-phase ELISA assays,
SIRP-1 reduced the binding of recombinant CD47 to U937 and
THP-1 cells (Fig. 4B, Supplemental Fig. 3A). Surprisingly, SIRP-
2 also reduced the binding of recombinant CD47 to both these cell
lines. Similarly, both SIRP-1 and SIRP-2 reduced CD47 binding
to human moMFs derived from SIRPa homozygous V1/V1,
V2/V2, or heterozygous V1/V2 donors (Fig. 4C). Thus, SIRP-1
and SIRP-2 appear to be pan-allele–specific SIRPa Abs that dis-
rupt the interaction of macrophage SIRPa with CD47. These data
also demonstrate that blocking the CD47/SIRPa interaction
through binding to SIRPa is not sufficient for phagocytosis induction
because both KWAR23 and 18D5 do not exhibit single-agent
phagocytosis activity (Fig. 2A, Supplemental Fig. 3B).
We next tested whether the single-agent phagocytosis activity of

SIRP-1 and SIRP-2 could be due to changes in the surface
availability of macrophage SIRPa. Indeed, preincubation of
macrophages at 37˚C with SIRP-1 resulted in a time-dependent
reduction of surface level of SIRPa compared with a 2-h in-
cubation at 4˚C (Fig. 4D, Supplemental Fig. 3C). No such re-
duction was observed when macrophages were incubated with
mIgG1, 18D5, KWAR23, or SIRP-2 (Fig. 4D, Supplemental
Fig. 3D, 3E). To test whether SIRP-1 mediated the internaliza-
tion of endogenous SIRPa-Ab complexes, we used Abs labeled
with the pH-sensitive fluorescent probe pHrodo. SIRP-1, and to a
much lesser extent SIRP-2, but not KWAR23 or 18D5, caused
rapid and sustained increase in pHrodo fluorescence within 30 min
of macrophage treatment, suggesting rapid internalization of the
SIRPa Ab-target complex (Fig. 4E, Supplemental Fig. 3F). This
rapid time course is consistent with the assay length for measuring
induction of phagocytosis by SIRP-1 in macrophages. Therefore,
SIRP-1 acts via a dual mechanism of both blocking the interaction
of SIRPa with CD47 and reducing cell surface levels of SIRPa by
mediating its internalization.
Because SIRP-2 did not block the interaction of recombinant

SIRPa/CD47 by ELISA, did not strongly promote SIRPa inter-
nalization by macrophages, and did not reduce the cell surface
levels of SIRPa, we hypothesized that SIRP-2 might alter the
avidity of cellular SIRPa for CD47. SIRPa has been shown to
exist in clusters that are necessary for effective cell surface
interaction with CD47 and inhibitory SIRPa signaling of the
optimal “do-not-eat-me” signal (44, 45). In a separate study,
SIRPa was shown to form cis-dimers (46). To investigate
whether our SIRP Abs could interfere with the dimerization/
clustering of SIRPa, required for efficient CD47 interaction
and the “do-not-eat-me” signal, we performed an FRET applied in
flow cytometry (FCET) (Fig. 4F) according to the method of Batard
et al. (37). The authors calculated that for a PE/allophycocyanin
donor/acceptor pair, the maximal theoretical FRET efficiency
was 10% and that anything below 1% should be considered
nondimerized/nonclustered. FRET efficiency values between 4
and 6% were observed for CD29/CD49, a known heterodimer
pair. Therefore, we first incubated moMFs with SIRP Abs for
2 h and counterstained them with commercial, noncompeting
SIRP mAb clone SE5A5, labeled with PE, allophycocyanin, or
both. Consistent with dimerization/clustering, we observed that
FRET efficiency between SE5A5-PE and SE5A5–allophycocyanin
in the presence of mIgG1 control was 4% (Fig. 4G). This was sig-
nificantly reduced ∼2-fold in the presence of SIRP-2, suggesting that

FIGURE 2. SIRP-1 and SIRP-2 Abs induce single-agent phagocytosis of

a range of cancer cell lines. (A–C) SIRP-1 and SIRP-2 induced human

moMFs to phagocytose a panel of hematopoietic and solid tumor cell lines.

CFSE-labeled (A, C, and D–F) or pHrodo Red–labeled (B) target cells were

added to moMFs and phagocytosis measured as the percentage of moMFs

that had engulfed target cells (CFSE+ or pHrodo+) of the total macrophage

population. Single-agent phagocytosis of Jurkat T-ALL cells with SIRP-1

(D) and SIRP-2 used at 10 mg/ml (E) is seen in human moMFs of all three

most common allelic groups of SIRPa. The crosses in (A)–(D) indicate

mIgG1 control at 10 mg/ml. (F) SIRP-1 and SIRP-2 did not induce moMF

phagocytosis of autologous PBMCs in contrast to Jurkat T-ALL cells. All

panels show mean 6 SEM; a representative minimum n = 2 is shown.
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SIRP-2 may alter the avidity of cellular SIRPa for CD47 by
impacting clustering on the cell surface. In contrast, no reduction
in FRET efficiency was observed with SIRP-1, indicating that this
mechanism of action is not shared by the two Abs and is unique to
SIRP-2 (Fig. 4G).
In addition to blocking the CD47 “do-not-eat-me” signal, it

is possible that SIRP-1 and SIRP2 could induce phagocytosis
through an “eat-me” signal. We tested whether a prophagocytic
signal from the macrophage Fc receptors is involved in mediating
the single-agent phagocytosis activity of SIRP-1 and SIRP-2. A
mixture of function-blocking Abs against CD16 (FcgRIII), CD32
(FcgRII), and CD64 (FcgRI) added immediately prior to incubating
cancer cells with moMFs completely inhibited both SIRP-1– and
SIRP-2–mediated phagocytosis of Jurkat and DLD-1 cells (Fig. 4H).
When assessed individually, functional blockade by mAbs
against CD64 or CD16 had no impact on the ability of SIRP-1
and SIRP-2 to induce phagocytosis of Jurkat cells (Fig. 4I).
Addition of function-blocking CD32 Abs, however, completely
abrogated the single-agent phagocytosis activity of SIRP-1 and
SIRP-2 (Fig. 4I). This suggests that single-agent phagocytic
activity of SIRP-1 and SIRP-2 is dependent on CD32 (FcgRII)
function. In addition to macrophage FcgR stimulation, other “eat-me”
signals expressed on cancer cell surface such as phosphatidylserine,
calreticulin, and heat shock proteins could also contribute “eat-me”
signals toward phagocytosis of cancer cells by SIRP-1 and SIRP-2.

SIRP-1 and SIRP-2 preserve T cell functionality

The interaction of SIRPg, expressed by both activated and naive
T cells, with CD47 on APCs, has been shown to be required for
maximal T cell responses (19). SIRP-1 and 18D5 did not bind the
SIRPg-expressing Jurkat T-ALL cell line, whereas SIRP-2 and
KWAR23 did (Fig. 5A). We confirmed this effect in human donor-
derived naive CD3+ T cells as well as T cells from the same donor
activated with anti-CD3/anti-CD28 (Fig. 5B, Supplemental Fig. 4A).

Likewise, SIRP-1 and 18D5 did not bind human T cells, whereas
SIRP-2 bound them to a similar extent as an SIRPg-specific Ab
(clone LSB2.20) (Fig. 5B). The binding of KWAR23 to both naive
and activated T cells was even higher (Fig. 5B).
Because SIRP-2 bound human T cells and SIRP-1 did not, we

evaluated the effects of SIRP-1 and SIRP-2 on T cell proliferation
upon activation with allogeneic donor monocyte-derived dendritic
cells. No impairment of T cell proliferation was observed upon
stimulation in the presence of SIRP-1 or SIRP-2 (Fig. 5C,
Supplemental Fig. 4B, 4C), suggesting that although SIRP-2
may bind T cells, it does not inhibit proliferation, unlike KWAR23,
which reduced T cell proliferation (Fig. 5C, Supplemental Fig. 4C) in
an allogeneic T cell/dendritic cell assay (33).

SIRP-1 and SIRP-2 potentiate ADCP of cancer cell lines in
combination with tumor-targeted Abs

Many therapeutic tumor-targeting Abs use their Fc domain to exert
multiple anticancer effects. Abs containing an IgG1 Fc are capable
of Ab-dependent cellular cytotoxicity and ADCP in addition to
complement fixation and variable domain-specific effects. We
tested the ability of SIRP-1 and SIRP-2 to potentiate cancer cell
phagocytosis in combination with IgG1 therapeutic tumor-opsonizing
Abs. SIRP-1 and SIRP-2 induced macrophage phagocytosis of the
Raji Burkitt lymphoma, ES-2 ovarian clear cell carcinoma, and DLD-
1 colorectal adenocarcinoma cell lines in a dose-dependent manner as
a single agent (Fig. 6A, 6B) in an in vitro coculture assay. The ad-
dition of tumor-opsonizing Abs against a range of targets: PD-L1
(avelumab), CD20 (rituximab), and epidermal growth factor receptor
(cetuximab), combined with SIRP-1 or SIRP-2 to potentiate
phagocytosis of a panel of hematologic and solid tumor cell
lines (Fig. 6A, 6B) with varying levels of SIRPa/g expression
(Fig. 3, Supplemental Fig. 4D, 4E). We also observed increased
phagocytosis with an anti-CD47 Ab, AO-176 (Fig. 6C), which could
act via both tumor-opsonizing and additional CD47-blocking effects

FIGURE 3. SIRP-1 and SIRP-2 binding to tumor cell lines correlates to their expression of SIRPa/SIRPg. (A) Expression of CD47, SIRPa/b, and SIRPg

by cancer cell lines used in phagocytosis assays. Representative histograms from one of two technical replicates from one of two independent experiments

are shown. (B) The binding of SIRP-1 and SIRP-2 at 10 mg/ml correlates well with SIRPa/b or SIRPg expression seen by commercial anti-SIRPAbs. Data

are expressed as mean 6 SEM, representative of n = 2.
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FIGURE 4. SIRP-1 and SIRP-2 act via distinct mechanism of action: internalization and conformational change/declustering of SIRPa. (A) Blocking

soluble CD47 binding to human SIRPaV1 (hSIRPaV1) was assessed by ELISA. Reduction of 20 mg/ml soluble CD47 binding to cell-expressed SIRPaV1

and SIRPaV2 by 10 mg/ml SIRPAbs was assessed using (B) promonocytic cell lines U937 and THP-1 and (C) moMFs from various donor genotypes. (D)

SIRP-1, but not mIgG1 control, 18D5, KWAR23, or SIRP-2 at 10 mg/ml reduced surface SIRPa levels in moMFs in a time-dependent manner. The cells

were incubated with Abs for 2 h at 4˚C or 2, 4, 6, or 24 h at 37˚C. (E) A total of 10 mg/ml SIRP-1 and, to a lesser extent, SIRP-2 (Figure legend continues)
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(31). Therefore, SIRP-1 and SIRP-2 have the potential to be used as
single agents or in combination with tumor-opsonizing or CD47-
blocking agents that are currently approved or being investigated
for clinical use.

Discussion
In this paper, we present two pan-allele–specific anti-human SIRPa
Abs with unique properties that impede the interaction of mac-
rophage SIRPa with CD47. Unlike other anti-human SIRPa
agents, both anti-SIRPa Abs described in this study induce the
phagocytosis of tumor cells by macrophages without the need of a
secondary tumor-opsonizing agent (15, 32, 35), thus introducing a
paradigm shift in the targeting of the SIRP/CD47 axis in cancer.
The Abs described in this study bind to SIRPa on macrophages
from all three common allelic groups, SIRPaV1/V1, V1/V2, and
V2/V2, and induce phagocytosis by two novel mechanisms that
are independent of ADCP and do not require binding to SIRPa or
SIRPg on tumor cells. Through one mechanism, SIRP-1 directly
blocks SIRPa/CD47 interaction and induces the internalization of
SIRPa on the surface of the macrophages, thereby reducing the
availability of SIRPa to bind CD47 on the tumor cell and sub-
sequently inhibiting phagocytosis. Through a second mechanism,
SIRP-2 can alter SIRPa architecture/higher-order organization on
the macrophage to impede the interaction with CD47, thereby
blocking the “do-not-eat-me” signal. The Abs described in this
study demonstrate novel mechanisms of action in SIRPa-
mediated phagocytosis.
Under most, but not all, conditions, simply blocking the SIRP/

CD47 axis may not be sufficient to induce phagocytosis by
macrophages. A second, activating signal might be needed (17).We
demonstrated that this is the case for these novel Abs: CD32 (FcgRII)
was required for SIRP-1– and SIRP-2–mediated phagocytosis. Given

the varying affinities of different FcgRs for specific IgG subtypes, it is
possible that certain FcgR reliance is Ab isotype dependent. Even
though SIRP-1 and SIRP-2 employed distinctly different molecular
mechanisms to disrupt the SIRPa/CD47 interaction, they both also
seemed to facilitate a cis-engagement of FcgRII. These multi-
functional characteristics of SIRP-1 and SIRP-2 represent next-
generation SIRP Abs, capable of simultaneously disrupting the
SIRPa/CD47 interaction and engaging FcgRs to promote phago-
cytosis in macrophages.
SIRP-1 induced rapid internalization of SIRPa/Ab complexes,

resulting in reduced surface levels of SIRPa. Additionally, it also
directly inhibited the binding of CD47 to SIRPa. Extensive inhi-
bition of macrophage SIRPa might not only lead to temporal
unblocking of the “do-not-eat-me” signal but also durable changes
in macrophage phenotype, signaled via downstream targets such
as SHP-1 (47) and is subject to future investigation. Therapeutic
Abs, such as trastuzumab, that partially act through target inter-
nalization have been described (48). To our knowledge, SIRP-1 is
the first example of an Ab that leads to an inhibitory checkpoint
internalization on the immune cell.
In the case of SIRP-2, we elucidated a second novel mechanism

of action, demonstrating an altered architecture of SIRPa that
reduces its ability to interact with CD47. SIRPa exists as both a
homodimer and is clustered, with receptor clustering shown to be
important for a high-affinity interaction with CD47 (44–46). It is
unknown exactly what structural changes are induced by SIRP-2
binding that lead to dispersion, but both disruption of SIRPa
homodimers or SIRPa clusters could play a role. SIRP-2 is dif-
ferentiated from other non–CD47-blocking anti-SIRPaAbs by its
ability to potentiate phagocytosis as a single agent and in com-
bination with therapeutic opsonizing Abs, whereas other SIRPa
Abs are only able to promote phagocytosis by combining with

FIGURE 5. SIRP-1 and SIRP-2 do not inhibit T cell proliferation. (A) Binding of 10 mg/ml Abs to cell-expressed SIRPg was assayed using T-ALL cell

line Jurkat and compared with benchmarks 18D5 and KWAR23. (B) Binding to naive or 72-h-activated human T cells was determined by cell-based binding

assays and compared with SIRPg-specific Ab clone LSB2.20. (C) A total of 10 mg/ml SIRP-1 or SIRP-2 did not inhibit T cell proliferation in an allogeneic

T cell/dendritic cell assay over the course of 6–7 d. Each data point represents mean from a separate donor (shown in different shapes), constituting an

average of six technical replicates within a minimum of two independent replicates. The asterisks (*) indicate statistical differences compared with the

mIgG1 control group. Unless otherwise stated, all panels show mean 6 SEM; a representative minimum n = 2 is shown. *p , 0.05.

caused Ab internalization in a time-dependent manner when measured by the uptake of pHrodo dye–Ab conjugates. (F) SIRPa binds CD47 most efficiently

when clustered. When SIRPa Ab clone SE5A5, labeled with PE or allophycocyanin in equimolar concentrations, is added to cells, FRET is observed if

SIRPa molecules and Abs bound to them are in close proximity. When a noncompeting anti-SIRP Ab is added that does not alter SIRPa architecture, no

reduction in FRET is seen. No FRET is observed when a noncompeting anti-SIRPAb that disables SIRPa from clustering is added. No FRET also occurs if

binding of a noncompeting SIRPa mAb induces a conformation change in SIRPa that increases the distance between SE5A5 epitopes. (G) Treatment of

moMFs with 10 mg/ml SIRP-2, but not SIRP-1, for 2 h under the same conditions as in phagocytosis assays reduced the FRET efficiency between anti-

SIRPAbs SE5A5-PE and SE5A5–allophycocyanin, indicating SIRPa conformational change/receptor declustering upon SIRP-2 treatment. (H) Addition of

10 mg/ml blocking Abs against human CD16, CD32, and CD64 inhibits SIRP-1– and SIRP-2–induced phagocytosis of Jurkat and DLD-1 cells by human

moMFs. (I) Function-blocking Abs against CD32 at 10 mg/ml, but not CD16 or CD64, inhibit SIRP-1– and SIRP-2–mediated Jurkat phagocytosis of

moMFs. All panels show mean 6 SEM; a representative minimum n = 2 is shown. Statistical differences compared with the mIgG1 control are indicated.

*p , 0.05, **p , 0.01, ***p , 0.01, ****p , 0.0001.
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tumor-targeting opsonizing Abs (15, 35). Human epidermal growth
factor receptor 2 (HER2) Abs provide the best-known examples in
which altering dimerization or higher-order organization of recep-
tors leads to inhibition of signaling (49).
The mechanistic changes that lead to disruption of SIRPa/CD47

by both SIRP-1 and SIRP-2 could potentially reduce the trans-
interaction between macrophage SIRPa and tumor CD47 as well
as a cis-interaction of SIRPa and CD47, which has been shown to
be as important for blocking macrophage phagocytosis (50).
A further observation from our work was the enhanced phagocytic

activity of these novel SIRPAbs with tumor-targeting Abs rituximab,
cetuximab, and avelumab, demonstrating that enhanced phagocy-
tosis results from the combination of SIRPa/CD47 blockade and
tumor cell opsonization. Additionally, combination of these novel
SIRP Abs with AO-176, a highly differentiated Ab targeting CD47,
potently potentiated phagocytic activity. To our knowledge,
the latter observation that dual targeting of both CD47 and
SIRPa enhances phagocytosis is novel and offers additional
therapeutic options such as combining both monotherapies or
using a CD47xSIRPa-bispecific Ab.
In summary, SIRP-1 and SIRP-2 present a new class in the

repertoire of agents targeting the CD47 axis. These agents
capitalize on the limited expression of SIRPa to avoid an Ag
sink and normal cell binding that most anti-CD47 agents show
while demonstrating single-agent phagocytosis activity unlike
any anti-SIRP Abs described so far. Disrupting SIRP/CD47
signaling on macrophages, either by internalization or disrupting
SIRPa architecture together with engaging FcgRs, primes the
macrophage for maximized phagocytic potential. It should be
noted that the ability of certain tumor cell types to undergo
phagocytosis following SIRPa/CD47 disruption may depend
on the amount and type of prophagocytic signals on the tumor
cell surface (such as phosphatidylserine, calreticulin, heat
shock proteins, and others). SIRP-1 and SIRP-2 therefore have
a strong potential for clinical combination strategies involving

not only tumor-opsonizing but potentially other targeted therapies
as well as immunomodulatory agents involving adaptive or innate
immunity, including CD47 targeting agents.
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