
Anticancer efficacy of monotherapy with antibodies
to SIRPα/SIRPβ1 mediated by induction of
antitumorigenic macrophages
Mariko Sakamotoa,b, Yoji Murataa,1 , Daisuke Tanakaa, Yuka Kakuchia, Takeshi Okamotoa, Daisuke Hazamaa,
Yasuyuki Saitoa , Takenori Kotania , Hiroshi Ohnishic , Masayuki Miyasakad, Masato Fujisawab, and
Takashi Matozakia,1

aDivision ofMolecular and Cellular Signaling, Department of Biochemistry andMolecular Biology, Kobe University Graduate School of Medicine, Kobe
650-0017, Japan; bDivision of Urology, Department of Surgery Related, Kobe University Graduate School of Medicine, Kobe 650-0017, Japan; cDepartment of
Laboratory Sciences, Gunma University Graduate School of Health Sciences, Gunma 371-8514, Japan; and dImmunology Frontier Research Center, Osaka
University, Osaka 565-0871, Japan

Edited byMarco Colonna, Department of Pathology and Immunology, Washington University School of Medicine in St. Louis, St. Louis, MO; receivedMay 31,
2021; accepted October 21, 2021

The interaction of signal regulatory protein α (SIRPα) on macro-
phages with CD47 on cancer cells is thought to prevent antibody
(Ab)-dependent cellular phagocytosis (ADCP) of the latter cells by
the former. Blockade of the CD47-SIRPα interaction by Abs to
CD47 or to SIRPα, in combination with tumor-targeting Abs such
as rituximab, thus inhibits tumor formation by promoting macro-
phage-mediated ADCP of cancer cells. Here we show that mono-
therapy with a monoclonal Ab (mAb) to SIRPα that also recognizes
SIRPβ1 inhibited tumor formation by bladder and mammary cancer
cells in mice, with this inhibitory effect being largely dependent
on macrophages. The mAb to SIRPα promoted polarization of
tumor-infiltrating macrophages toward an antitumorigenic pheno-
type, resulting in the killing and phagocytosis of cancer cells by
the macrophages. Ablation of SIRPα in mice did not prevent the
inhibitory effect of the anti-SIRPα mAb on tumor formation or its
promotion of the cancer cell–killing activity of macrophages, how-
ever. Moreover, knockdown of SIRPβ1 in macrophages attenuated
the stimulatory effect of the anti-SIRPα mAb on the killing of can-
cer cells, whereas an mAb specific for SIRPβ1 mimicked the effect
of the anti-SIRPα mAb. Our results thus suggest that monotherapy
with Abs to SIRPα/SIRPβ1 induces antitumorigenic macrophages
and thereby inhibits tumor growth and that SIRPβ1 is a potential
target for cancer immunotherapy.
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Macrophages are innate immune cells that show pheno-
typic heterogeneity and functional diversity; and they

play key roles in development, tissue homeostasis and repair,
and in cancer, as well as in defense against pathogens (1–3). In
the tumor microenvironment (TME), macrophages are exposed
to a variety of stimuli, including cell–cell contact, hypoxia, as
well as soluble and insoluble factors such as cytokines, chemo-
kines, metabolites, and extracellular matrix components (2, 4).
These environmental cues promote the acquisition by macro-
phages of protumorigenic phenotypes that facilitate tumor
development, progression, and metastasis as well as suppress
antitumor immune responses (2, 4). A high density of macro-
phages within tumor tissue is associated with poor prognosis in
patients with various types of cancer, including that of the blad-
der or breast (5–7). Depletion of macrophages in the TME or
the reprogramming of these cells to acquire antitumorigenic
phenotypes has been shown to ameliorate the immunosuppres-
sive condition and result in a reduction in tumor burden in
both preclinical and clinical studies (2, 4, 8, 9). Macrophages
within the TME have therefore attracted much attention as a
potential therapeutic target for cancer immunotherapy.

Signal regulatory protein α (SIRPα) is a transmembrane
protein that possesses one NH2-terminal immunoglobulin

(Ig)-V–like and two Ig-C domains in its extracellular region, as
well as immunoreceptor tyrosine-based inhibition motifs in its
cytoplasmic region (10, 11). The extracellular region of SIRPα
interacts with that of CD47, another member of the Ig super-
family of proteins, with this interaction constituting a means of
cell–cell communication. The expression of SIRPα in hemato-
poietic cells is restricted to the myeloid compartment—
including macrophages, neutrophils, and dendritic cells (DCs)—
whereas CD47 is expressed in most normal cell types as well as
cancer cells (12, 13). The interaction of SIRPα on macrophages
with CD47 on antibody (Ab)-opsonized viable cells such as
blood cells or cancer cells prevents phagocytosis of the latter
cells by the former (13–15), with this negative regulation of
macrophages being thought to be mediated by SHP1, a protein
tyrosine phosphatase that binds to the cytoplasmic region of
SIRPα (14). Indeed, blockade of the CD47–SIRPα interaction
by Abs to either SIRPα or CD47, in combination with a tumor-
targeting Ab such as rituximab (anti-CD20), was found to
enhance the Ab-dependent cellular phagocytosis (ADCP) activity
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of macrophages for cancer cells that do not express SIRPα,
resulting in marked suppression of tumor formation in mice
(15–19). Targeting of SIRPα in combination with a tumor-
targeting Ab therefore provides a potential approach to cancer
immunotherapy dependent on enhancement of the ADCP activ-
ity of macrophages for cancer cells. In contrast, the effect of Abs
to SIRPα in the absence of a tumor-targeting Ab on the phagocy-
tosis by macrophages of, as well as on tumor formation by, cancer
cells that do not express SIRPα was minimal or limited.

We have now further examined the antitumor efficacy of a
monoclonal Ab (mAb) to mouse SIRPα (MY-1) (20) in immu-
nocompetent mice transplanted subcutaneously with several
types of murine cancer cells that do not express SIRPα. This Ab
prevents the binding of mouse CD47 to SIRPα and cross-reacts
with mouse SIRPβ1 (15). We found that monotherapy with
MY-1 efficiently attenuated the growth of tumors formed by
bladder or mammary cancer cells. In addition, MY-1 markedly
promoted the induction of antitumorigenic macrophages able
to target these cancer cells. Furthermore, our results suggest
that SIRPβ1 on macrophages likely participated in the antitu-
morigenic effect of MY-1.

Results
MY-1 Attenuates the Growth of Tumors Formed by Murine Bladder
or Mammary Cancer Cells in Mice. MY-1 recognizes and binds to
the NH2-terminal Ig-V–like domain of mouse SIRPα and
thereby efficiently blocks the transinteraction of CD47 with
SIRPα (15). We first examined the antitumor effect of mono-
therapy with MY-1 on several types of murine cancer cells in
immunocompetent mice. We initiated treatment with MY-1 or
control IgG at 4 or 7 d after subcutaneous injection of cancer
cells and then monitored tumor growth. Treatment of mice with
MY-1 markedly inhibited the growth of tumors formed by the

murine bladder cancer cell lines MBT2 or MB49 in syngeneic
C3H/HeN (C3H) or C57BL/6J (B6) mice, respectively, com-
pared with control IgG (Fig. 1 A and B), although the effect of
MY-1 on the latter cell line was smaller than that on the for-
mer. Moreover, treatment with MY-1 prolonged the survival of
mice injected with these bladder cancer cell lines (Fig. 1 A and
B). Similarly, treatment with MY-1 markedly inhibited the
growth of tumors formed by FM3A murine mammary cancer
cells in syngeneic C3H mice and prolonged the survival of these
animals (Fig. 1C). In contrast, MY-1 had no effect on tumor
burden in C3H or B6 mice injected subcutaneously with synge-
neic LM8 osteosarcoma cells or LL/2 lung cancer cells, respec-
tively (Fig. 1D). These results suggested that monotherapy with
the SIRPα mAb efficiently suppressed the growth of tumors
formed by certain cancer cell types, including bladder and
mammary cancer cells.

We next tested which types of immune cells participated in
inhibition of tumor growth by MY-1 in the MBT2 model. Five
days after cancer cell injection, we treated mice with an mAb
(clone AFS98) to the mouse colony-stimulating factor 1 recep-
tor (CSF1R) (21) to deplete macrophages in tumors, and the
animals were further treated at 7 d and every 4 d thereafter
with the same mAb in combination with either MY-1 or control
IgG. Flow cytometry revealed that tumor-infiltrating macro-
phages (CD45+CD11b+F4/80+Ly6Clow cells) were largely
depleted at 4 d after the first injection of anti-CSF1R (SI
Appendix, Figs. S1A and S2A). Such macrophage depletion was
associated with almost complete prevention of the suppressive
effect of MY-1 on tumor growth (SI Appendix, Fig. S1A). Treat-
ment with an mAb to mouse CD8α (clone YTS169.4) (22)
effectively depleted CD8+ T cells in the spleen (SI Appendix,
Figs. S1B and S2B), whereas such depletion only partially sup-
pressed the antitumor effect of MY-1 on MBT2 cells (SI
Appendix, Fig. S1B). By contrast, although natural killer (NK)

Fig. 1. MY-1 attenuates the growth of tumors formed by murine bladder or mammary cancer cells in mice. (A–C) Tumor volume (Upper) and
Kaplan–Meier survival curves (Lower) for immunocompetent mice injected subcutaneously with MBT2 (A), MB49 (B), or FM3A (C) cells and treated intra-
peritoneally with MY-1 or control IgG (each at a dose of 200 μg) according to the indicated schedule. Data for tumor volume are means ± SEM [n = 10
(A), 18 (B), or 11 or 12 (control IgG or MY-1, respectively) (C) mice per group examined in two (A and C) or three (B) separate experiments]. Survival data
are for 10 (A and B) or 11 or 12 (control IgG or MY-1, respectively) (C) mice per group examined in two separate experiments. Red arrows (Lower) indicate
the last dose of treatment. (D) Tumor volume for immunocompetent mice injected subcutaneously with LM8 (Upper) or LL/2 (Lower) cells and treated
intraperitoneally with MY-1 or control IgG (each at 200 μg) according to the indicated schedule. Data are means ± SEM (n = 10 mice per group examined
in two separate experiments). *P < 0.05, **P < 0.01, ***P < 0.001, NS by two-way repeated-measures ANOVA with the Greenhouse–Geisser correction
and �S�ıd�ak’s multiple-comparison test (tumor volume) or the log-rank test (survival). NS, not significant (in all figures where found).

2 of 10 j PNAS Sakamoto et al.
https://doi.org/10.1073/pnas.2109923118 Anticancer efficacy of monotherapy with antibodies to SIRPα/SIRPβ1 mediated

by induction of antitumorigenic macrophages

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental


cells were efficiently depleted with polyclonal Abs (pAbs) to
asialoganglioside GM1 (23) (SI Appendix, Figs. S1C and S2C),
such depletion had no effect on the inhibition of tumor growth
by MY-1 (SI Appendix, Fig. S1C). These results thus suggested
that macrophages are largely responsible for the elimination of
murine bladder cancer cells by MY-1 in vivo.

MY-1 Promotes the Killing of Murine Bladder Cancer Cells by
Macrophages. Given that we found that macrophages are impor-
tant for the antitumor effect of MY-1 on murine bladder cancer
cells, we next examined how MY-1 might inhibit tumor growth
by regulating macrophage function in the TME. We previously
showed that monotherapy with MY-1 markedly suppressed the
growth of tumors formed by the murine renal cancer cell line
RENCA (15), which expresses SIRPα at a high level (SI
Appendix, Fig. S3A). This inhibitory effect of MY-1 was thought
to be attributable both to ADCP by macrophages of MY-1–
opsonized tumor cells as well as to simultaneous blockade by
MY-1 of CD47–SIRPα signaling that negatively regulates such
ADCP activity (15). However, all the murine cancer cell lines
(MBT2, MB49, FM3A, LM8, and LL/2) tested for the effect
of MY-1 monotherapy in the present study (Fig. 1) showed
minimal expression of SIRPα but substantial CD47 expression
(SI Appendix, Fig. S3A). Moreover, coculture of mouse bone
marrow–derived macrophages (BMDMs) with carboxyfluores-
cein diacetate succinimidyl ester (CFSE)-labeled (SIRPα-
positive) RENCA cells in the presence of MY-1 for 4 h resulted
in marked phagocytosis of the latter cells by the former, consis-
tent with our previous data (15) (SI Appendix, Fig. S3B),
whereas MY-1 had no substantial effect on the phagocytosis
of CFSE-labeled (SIRPα-negative) MBT2 or MB49 cells (SI
Appendix, Figs. S3B and S4A). The inhibitory effect of MY-1

monotherapy on the growth of tumors formed by MBT2 or
MB49 cells was thus not likely due to promotion of ADCP of
MY-1–opsonized cancer cells by macrophages.

We next examined whether MY-1 stimulated the killing of
MBT2 and MB49 cells by macrophages in vitro. CFSE-labeled
MBT2 or MB49 cells were cocultured with BMDMs from C3H
or B6 mice, respectively, and treated with either MY-1 or con-
trol IgG for 16 h. Treatment with MY-1 resulted in a marked
reduction in the number of MBT2 or MB49 cells (CFSE+F4/
80– cells) in a concentration-dependent manner (Fig. 2A and SI
Appendix, Fig. S4B). MY-1 treatment also increased the pro-
portion of annexin V+CFSE+F4/80– (apoptotic or dead) cancer
cells among all CFSE+F4/80– cancer cells (Fig. 2B and SI
Appendix, Fig. S4B) as well as that of CFSE+F4/80+ BMDMs
(BMDMs that had likely phagocytosed CFSE-labeled cancer
cells) among all F4/80+ BMDMs (Fig. 2C and SI Appendix,
Fig. S4A). By contrast, MBT2 or MB49 cells exposed to MY-1
in the absence of BMDMs showed no loss of viability (SI
Appendix, Fig. S5). These results thus suggested that MY-1
stimulates the killing activity of macrophages for MBT2 and
MB49 cells, leading to inhibition of the growth of tumors
formed by these bladder cancer cells in vivo. Moreover, the
F(ab’)2 fragment of MY-1 promoted the killing of MBT2 cells
by C3H BMDMs to an extent similar to that observed with
intact MY-1 (SI Appendix, Fig. S6), suggesting that this effect
of MY-1 is independent of the interaction between the Fc
region of the Ab and the Fcγ receptor on macrophages. MY-1
also reduced the number of murine mammary cancer FM3A cells
during coculture with BMDMs, whereas it had no such effect on
murine osteosarcoma LM8 or lung cancer LL/2 cells (Fig. 2D),
consistent with the effects of MY-1 monotherapy on the growth
of tumors formed by these cancer cells in vivo (Fig. 1 C and D).

Fig. 2. MY-1 promotes the killing of murine bladder cancer cells by macrophages. (A–C) CFSE-labeled MBT2 or MB49 cells were incubated for 16 h with
BMDMs from C3H or B6 mice, respectively, as well as with MY-1 or control IgG at the indicated concentrations. The cells were then harvested for flow
cytometric determination of the number of cancer cells (CFSE+F4/80–) (A), the percentage of apoptotic or dead cancer cells (annexin V+CFSE+F4/80) among
all cancer cells (CFSE+F4/80–) (B), and the percentage of CFSE+F4/80+ BMDMs (BMDMs that had phagocytosed CFSE-labeled cancer cells) among all F4/80+

BMDMs (C). Representative plots are shown for B and C. Quantitative data are means ± SEM for three separate experiments, each performed in triplicate
(n = 9 for each group). (D) CFSE-labeled MBT2, FM3A, or LM8 cells (Upper) or CFSE-labeled MB49 or LL/2 cells (Lower) were incubated for 16 h with
BMDMs from C3H mice (Upper) or B6 mice (Lower) as well as with MY-1 or control IgG (each at 10 μg/mL). The number of cancer cells was then deter-
mined as in A. Data are expressed as fold increase relative to the corresponding value for cells treated with control IgG and are means ± SEM for three
separate experiments, each performed in triplicate (n = 9 for each group). *P < 0.05, ***P < 0.001, NS (Welch and Brown–Forsythe ANOVA with Dunnett’s
T3 multiple-comparison test).
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MY-1 Promotes Polarization of Mouse Macrophages toward an
M1-Like Phenotype. Tumor-infiltrating macrophages are thought
to be derived from bone marrow monocytes or tissue-resident
macrophages and to be polarized toward the protumorigenic
M2-like phenotype rather than the antitumorigenic M1-like
phenotype (2, 24, 25). We found that treatment of mice bearing
MBT2 tumors with MY-1 resulted in a reduction in the fre-
quency and total number of tumor-infiltrating macrophages
(CD45+CD11b+Ly6ClowF4/80+ cells) as well as an increase in
the M1 (F4/80+MHCIIhigh)/M2 (F4/80+CD206+) macrophage
ratio apparent 21 d after cancer cell injection (Fig. 3A and SI
Appendix, Fig. S2A). Indeed, culture of either C3H or B6
BMDMs with MY-1 for 48 h resulted in a marked increase in
the expression of M1 macrophage markers, including MHCII,
CD80, and CD86 (24, 25), compared with that apparent after
treatment with control IgG (Fig. 3B). Such culture of BMDMs
with MY-1 had no effect on the expression of the M2
macrophage markers CD206 or arginase 1 (ARG1) (24, 25)
(Fig. 3B). Moreover, exposure of cocultures of C3H BMDMs
and MBT2 cells to MY-1 for 24 h also resulted in a marked
increase in the expression of MHCII, CD80, and CD86 on
BMDMs (Fig. 3C). Coculture with MBT2 cells increased the
expression of CD206 and ARG1 in BMDMs compared with
that apparent for BMDMs cultured alone, and this up-
regulation of CD206 and ARG1 was markedly attenuated by
MY-1 treatment (Fig. 3C). Exposure of either C3H or B6
BMDMs alone to MY-1 also increased the production of tumor
necrosis factor α (TNFα) and nitric oxide (NO) (Fig. 3D), both
of which are produced by proinflammatory M1 macrophages
(24, 25). Moreover, the F(ab’)2 fragment of MY-1 promoted
the expression of M1 macrophage makers MHCII, CD80, and
CD86 and the production of TNFα in C3H BMDMs (SI
Appendix, Fig. S6 D and E). These results thus suggested that
MY-1 promotes the polarization of macrophages in the TME
toward an M1-like phenotype.

Importance of TNFα for MY-1–Induced Killing of Murine Bladder
Cancer Cells by Macrophages. TNFα and NO, both of which are
produced by activated macrophages, have the potential to
mediate killing of tumor cells (26, 27). With the use of an inhib-
itor of TNFα, etanercept (a recombinant Fc fusion protein of
the p75 human TNF receptor) (28), as well as an inhibitor of
NO synthase, NG-methyl-L-arginine acetate salt (L-NMMA)
(29), we next tested whether these cytotoxic factors indeed par-
ticipate in the MY-1–induced killing of MBT2 cells by BMDMs.
Exposure of cocultures of MBT2 cells and C3H BMDMs to eta-
nercept for 16 h attenuated the reduction in cancer cell number
as well as the increase both in the proportion of annexin V+ can-
cer cells and in the extent of phagocytosis of cancer cells by
BMDMs induced by MY-1 (Fig. 4A). Etanercept also suppressed
the MY-1–induced killing of MB49 cells by BMDMs, albeit to a
lesser extent compared with its effect on that of MBT2 cells (SI
Appendix, Fig. S7A). In contrast, L-NMMA did not affect the
MY-1–induced killing of MBT2 or MB49 cells by BMDMs
in vitro (Fig. 4B and SI Appendix, Fig. S7B).

Treatment of MBT2 tumor–bearing mice with MY-1
increased the proportion of TNFα-positive macrophages in the
tumors (Fig. 4C and SI Appendix, Fig. S2A), and neutralization
of TNFα by additional treatment with etanercept prevented the
inhibitory effect of MY-1 on tumor growth (Fig. 4D). More-
over, we found that MBT2 cells, as well as MB49 and FM3A
cells, were more susceptible to TNFα-induced apoptosis or cell
death compared with LM8 or LL/2 cells (SI Appendix, Fig.
S7C). These results suggested that TNFα is a key factor in the
MY-1–dependent antitumor effect of macrophages on murine
bladder and mammary cancer cells both in vitro and in vivo.

Importance of Mouse SIRPβ1 for MY-1–Induced Killing of Murine
Bladder Cancer Cells by Macrophages. We next examined whether
SIRPα on mouse macrophages is indeed important for the
inhibitory effect of MY-1 on the growth of tumors formed by

Fig. 3. MY-1 promotes the polarization of mouse macrophages toward an M1-like phenotype. (A) C3H mice were injected subcutaneously with MBT2
cells and treated with control IgG or MY-1 (each at 200 μg) every 4 d beginning 7 d after cell injection. At 21 d after cancer cell injection, immune infil-
trates of tumors were analyzed by flow cytometry for the frequency of macrophages (CD45+CD11b+Ly6ClowF4/80+ cells) among all viable CD45+ cells
(Left), the absolute number of macrophages (Middle), and the ratio of M1-like macrophages (CD45+CD11b+Ly6ClowF4/80+MHCIIhigh cells) to M2-like mac-
rophages (CD45+CD11b+Ly6ClowF4/80+CD206+ cells) (Right). MΦ, macrophages. (B) BMDMs from C3H (Upper) or B6 (Lower) mice were treated with con-
trol IgG or MY-1 (each at 10 μg/mL) for 48 h and then subjected to flow cytometric analysis of the expression of MHCII, CD80, CD86, CD206, and ARG1.
Representative overlaid flow cytometry histograms (Left) and quantitative data for median fluorescence intensity (MFI) (Right) from three separate
experiments are shown. (C) MFI for MHCII, CD80, CD86, CD206, and ARG1 expression in C3H BMDMs cultured with or without MBT2 cells and in the pres-
ence of control IgG or MY-1 (each at 10 μg/mL) for 24 h. (D) C3H or B6 BMDMs were treated with control IgG or MY-1 (each at 10 μg/mL) for 48 h, after
which culture supernatants were collected and assayed for TNFα and NO. All quantitative data are means ± SEM for n = 9 mice per group examined in
three separate experiments (A), for three separate experiments (n = 3 for each group) (B and C), or for three separate experiments, each performed in
triplicate (n = 9 per group) (D). *P < 0.05, **P < 0.01, ***P < 0.001, NS (two-tailed Welch’s t test).
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murine bladder cancer cells in syngeneic mice. The MY-1–
induced reduction in the number of MB49 cells cultured with
BMDMs from SIRPα-deficient (Sirpa�/�) mice on the B6 back-
ground (30) was similar to that apparent for MB49 cells
cultured with BMDMs from wild-type (WT) mice (Fig. 5A).
Ablation of SIRPα also did not affect the MY-1–induced pro-
duction of TNFα by BMDMs (Fig. 5B). Deletion of Sirpa in B6
mice did not appear to greatly influence either the growth of

tumors formed by MB49 cells or the inhibitory effect of MY-1
on MB49 tumor growth (Fig. 5C and SI Appendix, Fig. S8).
These results suggested that the antitumor effect of MY-1 on
murine MB49 bladder cancer cells is largely independent of
SIRPα on macrophages. We also found that P84, another mAb to
mouse SIRPα, did not induce the killing of MB49 cells by either
WTor Sirpa�/� BMDMs (Fig. 5D). In addition, P84 did not pro-
mote the production of TNFα or affect the expression of MHCII,

Fig. 4. Importance of TNFα for the MY-1–induced killing of murine bladder cancer cells by macrophages. (A and B) CFSE-labeled MBT2 cells were incu-
bated for 16 h with C3H BMDMs in the presence of control IgG or MY-1 (each at 10 μg/mL) as well as of vehicle (–), etanercept at 10 μg/mL (A), or
L-NMMA at 300 μM (B). The number of cancer cells (Left), the percentage of annexin V+ cancer cells (Middle), and the percentage of BMDMs that had
phagocytosed CFSE-labeled cancer cells (Right) were then determined as in Fig. 2 A–C. (C) C3H mice injected subcutaneously with MBT2 cells were treated
with control IgG or MY-1 as in Fig. 1A. At 21 d after cancer cell injection, immune infiltrates of tumors were analyzed by flow cytometry for the frequency
of TNFα+ macrophages among all viable macrophages (Upper Right) and the absolute number of TNFα+ macrophages (Lower Right). Representative plots
are also shown (Left). (D) Tumor volume for C3H mice injected subcutaneously with MBT2 cells and treated with the indicated agents according to the
indicated schedule. All quantitative data are means ± SEM for three separate experiments, each performed in triplicate (n = 9 for each group) (A and B);
for n = 8 mice per group examined in three experiments (C); or for n = 9 (control IgG, etanercept, or MY-1 + etanercept) or n = 10 (MY-1) mice per group
examined in two experiments (D). *P < 0.05, **P < 0.01, ***P < 0.001, NS by Welch and Brown–Forsythe ANOVA with Dunnett’s T3 multiple-comparison
test (A and B), by the two-tailed Welch’s t test (C), or by two-way repeated-measures ANOVA with the Greenhouse–Geisser correction and Tukey’s
multiple-comparison test (D).
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CD80, CD86, CD206, or ARG1 by WT BMDMs (Fig. 5E and SI
Appendix, Fig. S9). Treatment with P84 also did not inhibit the
growth of tumors formed by MBT2 cells in C3H mice (Fig. 5F).

Given that MY-1 also reacts with the extracellular region of
mouse SIRPβ1 (15), another member of the SIRP family,
whereas P84 does not, we next examined whether mouse
SIRPβ1 is important for the antitumor effect of MY-1 mono-
therapy on murine bladder cancer cells. Mouse SIRPβ1, like
human SIRPβ1, is a transmembrane protein that possesses an
NH2-terminal Ig-V–like domain and two Ig-C domains in the
extracellular region as well as a short cytoplasmic tail (31, 32)
and which is expressed in monocytes and macrophages (31, 33).
Indeed, with the use of an mAb specific for mouse SIRPβ1
(OX123, rat IgG2a), which does not cross-react with mouse
SIRPα, we detected the expression of SIRPβ1 on C3H BMDMs
as well as on tumor-infiltrating macrophages isolated from
MBT2 tumor–bearing mice (Fig. 6A). Mouse SIRPβ1 is
thought to exist as three paralogs—SIRPβ1A, SIRPβ1B, and
SIRPβ1C—that are encoded by three different genes (Sirpb1a,
Sirpb1b, and Sirpb1c, respectively). The Ig-V–like domains of
SIRPβ1A, SIRPβ1B, and SIRPβ1C share a high level of
sequence similarity with that of mouse SIRPα (80%, 77%, and
76% identity, respectively) (SI Appendix, Fig. S10A). We there-
fore examined the effects of small interfering RNA (siRNA)-
mediated knockdown of SIRPβ1 in mouse BMDMs on the
MY-1–induced killing of cancer cells and TNFα production.
Transfection of C3H BMDMs with siRNAs (#1 or #2) that tar-
get Sirpb1a, Sirpb1b, and Sirpb1c mRNAs resulted in a marked
decrease in the amount of SIRPβ1 protein in these cells,

whereas it did not affect that of SIRPα protein (SI Appendix,
Fig. S10B). Depletion of SIRPβ1 in C3H BMDMs prevented
the MY-1–induced reduction in cancer cell number as well as
the increase both in the proportion of annexin V+ cancer cells
and in the extent of phagocytosis of cancer cells by the BMDMs
in cocultures with MBT2 cells (Fig. 6B). Moreover, knockdown
of SIRPβ1 markedly attenuated the MY-1–induced production
of TNFα by BMDMs (Fig. 6C). Consistently, deletion of
DAP12 (DNAX activating protein of 12 kDa), a downstream
molecule of SIRPβ1 (31), in BMDMs exposed to MY-1 or the
F(ab’)2 fragment of MY-1 also attenuated the cytotoxic and
phagocytic activity against MB49 cells and TNFα production
(SI Appendix, Fig. S11), suggesting that SIRPβ1–DAP12 signal-
ing participates in the MY-1–dependent killing of murine blad-
der cancer cells by macrophages.

We next examined the effect of the OX123 mAb to mouse
SIRPβ1 on macrophage-mediated antitumor actions. We found
that exposure of cocultures of MBT2 cells and C3H BMDMs
to OX123 that had been preincubated with the F(ab’)2 frag-
ment of goat pAbs to the Fc region of rat IgG resulted in a
marked reduction in the number of cancer cells as well as an
increase both in the proportion of annexin V+ cancer cells and
in the extent of cancer cell phagocytosis by the macrophages,
whereas OX123 alone had no such effects (Fig. 6D). Moreover,
the cross-linked anti-mouse SIRPβ1 mAb greatly increased the
production of TNFα by BMDMs (Fig. 6E). These OX123-
mediated effects were similar in extent to those of MY-1 (Fig. 6
D and E). By contrast, P84, either alone or after preincubation
with the F(ab’)2 fragment of anti-rat IgG Fc, did not mimic

Fig. 5. Role of SIRPα in the macrophage-dependent antitumor effect of MY-1 on murine bladder cancer cells. (A and D) CFSE-labeled MB49 cells were
cocultured for 16 h with BMDMs from WT or Sirpa�/� mice in the presence of control IgG, MY-1 (A), or P84 (D), each at 10 μg/mL, after which the number
of cancer cells was determined as in Fig. 2A. (B) WT or Sirpa�/� BMDMs were treated with control IgG or MY-1 (each at 10 μg/mL) for 48 h, after which
culture supernatants were collected and assayed for TNFα. (C) Tumor volume for Sirpa�/� mice injected subcutaneously with MB49 cells and treated intra-
peritoneally with either control IgG or MY-1 (each at 200 μg) according to the indicated schedule. (E) TNFα production by C3H BMDMs treated with con-
trol IgG, MY-1, or P84 (each at 10 μg/mL) for 48 h was determined as in B. (F) Tumor volume for C3H mice injected subcutaneously with MBT2 cells and
treated intraperitoneally with control IgG, MY-1, or P84 (each at 200 μg) according to the indicated schedule. All quantitative data are means ± SEM for
three separate experiments, each performed in triplicate (n = 9 for each group) (A, B, D, and E), or for n = 10 mice (C) or n = 9 (control IgG or P84) or 10
(MY-1) mice (F) per group examined in two separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001, NS by Welch and Brown–Forsythe ANOVA with
Dunnett’s T3 multiple-comparison test (A, B, D, and E) or by two-way repeated-measures ANOVA with the Greenhouse–Geisser correction and �S�ıd�ak's
multiple-comparison test (C and F).

6 of 10 j PNAS Sakamoto et al.
https://doi.org/10.1073/pnas.2109923118 Anticancer efficacy of monotherapy with antibodies to SIRPα/SIRPβ1 mediated

by induction of antitumorigenic macrophages

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109923118/-/DCSupplemental


these effects of OX123 and MY-1 (Fig. 6 D and E). Together,
these results implicated SIRPβ1 on mouse macrophages in the
antitumor effect of the anti-mouse SIRPα/SIRPβ1 mAb MY-1
on murine bladder cancer cells.

Promotion of Macrophage-Mediated Killing of Human Bladder Can-
cer Cells by an mAb to Human SIRPα/SIRPβ1. Finally, we examined
whether Abs to human SIRPα that also react with human
SIRPβ1 might also promote the production of TNFα by inter-
feron γ (IFNγ)-activated human macrophages as well as the
killing by these phagocytes of T24 and HT1197 human bladder
cancer cells, which express SIRPα/SIRPβ1 on the cell surface
only at low levels and CD47 at a high level (Fig. 7A). The
SE12C3 mAb (mouse IgG1) to human SIRPα, which binds to
the Ig-V–like domain of human SIRPα and cross-reacts with
human SIRPβ1 (33), markedly increased TNFα production by
IFNγ-activated human macrophages (Fig. 7B). In addition,
exposure of cocultures of CFSE-labeled T24 or HT1197 cells
and IFNγ-activated human macrophages to SE12C3 resulted
in a decrease in the number of cancer (CFSE+CD11b–) cells
(Fig. 7C) as well as an increase both in the percentage of
annexin V+ cancer cells (annexin V+CFSE+CD11b–) among all
cancer cells (CFSE+CD11b–) (Fig. 7D and SI Appendix, Fig.
S4C) and in the frequency of CFSE+CD11b+ macrophages
(macrophages that have phagocytosed cancer cells) among all
CD11b+ macrophages (Fig. 7E and SI Appendix, Fig. S4D).
The anti-human SIRPα/SIRPβ1 mAb was thus found to pro-
mote the macrophage-mediated killing of human bladder can-
cer cells, and may therefore inhibit the growth of tumors
formed by such cells in vivo.

Discussion
We have here revealed a therapeutic potential of Abs to SIRPα
that also react with SIRPβ1 for bladder and mammary cancers
that do not express SIRPα. In the absence of tumor-targeting
Abs, Abs to SIRPα that block the interaction of CD47 (on can-
cer cells) with SIRPα (on macrophages) have been thought to
have a minimal or limited effect on the phagocytosis by macro-
phages of, as well as on tumor formation by, these cancer cells
(15, 17, 18, 34). However, we have now shown that monother-
apy with MY-1, an mAb to SIRPα that also reacts with SIRPβ1,
markedly suppressed the growth of tumors formed by MBT2
and MB49 murine bladder cancer cells or by FM3A mammary
cancer cells in immunocompetent syngeneic mice, as well as
prolonged the survival of these animals. This antitumor action
of MY-1 was found to be largely dependent on macrophages
but independent of macrophage-mediated ADCP of these can-
cer cells because these cancer cells do not express SIRPα, and
MY-1 did not promote their phagocytosis by macrophages in
short-term culture. By contrast, MY-1 promoted the killing
activity of mouse macrophages directed toward these murine
bladder and mammary cancer cells. In addition, MY-1 pro-
moted the polarization of mouse macrophages toward an anti-
tumorigenic phenotype in tumor-bearing mice as well as in an
in vitro coculture system with cancer cells. In particular, MY-1
markedly increased the production of TNFα by macrophages
in vitro as well as by tumor-infiltrating macrophages in vivo.
Indeed, an inhibitor of TNFα suppressed the MY-1–induced
killing of bladder cancer cells by macrophages in vitro as well
as the inhibitory effect of MY-1 on the growth of tumors
formed by bladder cancer cells in mice. We further showed that

Fig. 6. Importance of mouse SIRPβ1 for the MY-1–induced killing activity of macrophages for murine bladder cancer cells. (A) Representative flow cyto-
metric histograms for mouse SIRPβ1 expression on BMDMs from C3H mice (Left) and on tumor-infiltrating macrophages isolated from MBT2
tumor–bearing C3H mice (Right). Data are representative of three separate experiments. (B) C3H BMDMs transfected with control or mouse SIRPβ1 (#1 or
#2) siRNAs were incubated for 16 h with CFSE-labeled MBT2 cells in the presence of control IgG or MY-1 (each at 10 μg/mL). The cells were then har-
vested, and the number of cancer cells (Left), the percentage of annexin V+ cancer cells (Middle), and the percentage of BMDMs that had phagocytosed
cancer cells (Right) were determined as in Fig. 2 A–C. (C) TNFα production by C3H BMDMs that had been transfected with the indicated siRNAs and
treated with control IgG or MY-1 (each at 10 μg/mL) for 24 h. (D) CFSE-labeled MBT2 cells were cultured for 16 h with C3H BMDMs in the presence of con-
trol IgG, MY-1, OX123, or P84 (each at 10 μg/mL) or of the same agents that had been preincubated with the F(ab')2 fragment of goat pAbs to the Fc
region of rat IgG so as to induce cross-linking. The number of cancer cells (Left), the percentage of annexin V+ cancer cells (Middle), and the percentage
of BMDMs that had phagocytosed cancer cells (Right) were determined as in Fig. 2 A–C. (E) C3H BMDMs were treated with the indicated agents for 48 h,
after which culture supernatants were harvested and assayed for TNFα. All quantitative data are means ± SEM for three separate experiments, each per-
formed in triplicate (n = 9 for each group) (B–E). ***P < 0.001, NS (Welch and Brown–Forsythe ANOVA with Dunnett’s T3 multiple-comparison test).
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an mAb to human SIRPα that also reacts with human SIRPβ1
promoted the killing of human bladder cancer cells as well as
the production of TNFα by human macrophages. Monotherapy
with anti-SIRPα Abs such as MY-1 may therefore provide a
promising type of immunotherapy for human cancers that is
dependent on the induction of antitumorigenic macrophages.

We found that ablation of SIRPα in mice or macrophages
did not prevent the inhibitory effect of MY-1 on the growth of
tumors formed by murine bladder cancer cells or its stimulatory
effect on the killing activity of macrophages for these cancer
cells, suggesting that such effects of MY-1 are largely indepen-
dent of SIRPα. Nevertheless, the blocking by MY-1, as an Ab
to SIRPα, of the interaction between CD47 (on cancer cells)
with SIRPα (on macrophages) might also contribute to its anti-
cancer action in WT mice. We showed that SIRPβ1 most likely
participates in the effects of MY-1 on tumor growth and the
macrophage-mediated killing of cancer cells. SIRPβ1 is a trans-
membrane protein, the extracellular region of which—in partic-
ular, the NH2-terminal Ig-V–like domain—shows a high level
of sequence similarity to that of SIRPα (31, 32). In addition,
SIRPβ1 interacts with the adaptor protein DAP12 through its
transmembrane region (31). Although the physiological role of
SIRPβ1 as well as the identity of endogenous ligands for its
extracellular region remain unknown, ligation of SIRPβ1 by
specific Abs was previously shown to promote the phagocytic
activity of macrophages toward Ab-opsonized red blood cells

(RBCs) (31). Our present results now indicate that the ligation
of SIRPβ1 by MY-1 promoted the killing activity of macro-
phages toward murine bladder cancer cells as well as the polari-
zation of macrophages toward an M1-like phenotype and their
production of TNFα. Such effects of MY-1 on macrophages
were thus abolished by siRNA-mediated knockdown of
SIRPβ1. Moreover, Dap12�/� macrophages showed a defect in
MY-1–dependent phagocytic and cytotoxic activity against
murine bladder cancer cells. Given that MY-1 reacts efficiently
with the extracellular domain of SIRPβ1, the effects of mono-
therapy with MY-1 are likely dependent on its binding to
SIRPβ1 on mouse macrophages. Moreover, our study impli-
cates SIRPβ1 as a promising target for cancer immunotherapy.
Further in vivo studies by the use of an mAb specific to SIRPβ1
will be required to validate the potential of SIRPβ1 as a thera-
peutic target for cancers.

Like macrophages, neutrophils express SIRPβ1 and DAP12
(35–37), as well as SIRPα, and they are thought to have tumor-
suppressing or tumor-promoting properties (38). Neutrophils
have been shown to exert direct antitumor activity by NO
release and trogoptosis (39, 40). We confirmed that the expres-
sion of SIRPβ1 was detectable on the cell surface of neutrophils
from C3H mice (SI Appendix, Fig. S12A). Exposure of cocul-
tures of MBT2 cells with neutrophils to MY-1, the F(ab’)2 frag-
ment of MY-1, or OX123, resulted in the marked killing of
MBT2 cells (SI Appendix, Fig. S12B). MY-1 likely promotes the

Fig. 7. Promotion of macrophage-mediated killing of human bladder cancer cells by an mAb to human SIRPα/SIRPβ1. (A) Representative flow cytometric
histograms for the expression of SIRPα or SIRPβ1 and CD47 on the cell surface of T24 and HT1197 human bladder cancer cells as well as on that of ACHN
human renal cancer cells, which are positive for SIRPα expression (15). Data are representative of three separate experiments. (B) IFNγ-stimulated macro-
phages derived from human cord blood mononuclear cells were treated for 48 h with either control IgG or the SE12C3 mAb to human SIRPα/SIRPβ1 (each
at 10 μg/mL), after which culture supernatants were harvested and assayed for TNFα. (C–E) CFSE-labeled T24 or HT1197 cells were cultured for 16 h with
IFNγ-stimulated human macrophages in the presence of control IgG or SE12C3 (each at 10 μg/mL), after which the cells were collected for flow cytometric
determination of the number of cancer cells (CFSE+CD11b–) (C), the proportion of annexin V+ cancer cells (annexin V+CFSE+CD11b–, apoptotic or dead)
among all cancer cells (CFSE+CD11b–) (D), and the percentage of CFSE+CD11b+ macrophages (macrophages that had phagocytosed CFSE-labeled cancer
cells) among all CD11b+ macrophages (E). Representative plots are shown (Left in D and E). All quantitative data are means ± SEM for three separate
experiments, each performed in triplicate (n = 9 for each group) (B–E). ***P < 0.001 (two-tailed Welch’s t test).
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killing activity of neutrophils toward murine bladder cancer
cells by SIRPβ1 ligation. It is thus possible that neutrophils, as
well as macrophages, contribute to the antitumor effect of
MY-1 against murine bladder cancer cells in vivo.

The detailed molecular mechanism by which ligation of SIRPβ1
with either MY-1 or specific Abs promotes the killing of cancer
cells and TNFα production by macrophages remains unclear. We
showed that DAP12 likely participates in the MY-1–dependent
killing of murine bladder cancer cells and production of TNFα by
BMDMs. Ligation of SIRPβ1 induces tyrosine phosphorylation of
DAP12 and its binding to the tyrosine kinase Syk (spleen tyrosine
kinase) in mouse macrophages, resulting in activation of MAPKs
(mitogen-activated protein kinases) (31). TREM1 (triggering
receptor expressed on myeloid cells 1) is an Ig superfamily protein
whose structure is similar to that of SIRPβ1. It consists of an extra-
cellular domain, a transmembrane region, and a short cytoplasmic
tail and also associates with DAP12 through its transmembrane
region (36, 41). Indeed, cross-linking of TREM1 by specific Abs
was shown to induce TNFα secretion and MAPK activation in
human monocytes (36). It is thus likely that ligation of SIRPβ1 by
specific Abs promotes the killing of cancer cells and the produc-
tion of TNFα by macrophages through activation of a DAP12-Syk-
MAPK signaling pathway.

We showed that monotherapy with MY-1 attenuated the
growth of tumors formed by MB49 and MBT2 bladder cancer
cells as well as FM3A mammary cancer cells, but not that of
those formed by LM8 osteosarcoma or LL/2 lung cancer cells.
The reason for these differences in the efficacy of MY-1 among
these cancer models is unclear, but it might be related to sus-
ceptibility to TNFα-induced cytotoxicity. Indeed, neutralization
of TNFα with etanercept attenuated the MY-1–dependent kill-
ing of bladder cancer cells by macrophages in vitro as well as
the inhibitory effect of MY-1 on tumor growth in the MBT2
model. Furthermore, MBT2, MB49, and FM3A cells mani-
fested a higher susceptibility to TNFα-induced cytotoxicity than
did LM8 and LL/2 cells in vitro. In addition, the differences in
the efficacy of MY-1 among several cancer cell lines might be
related to the different expression level of phagocytic ligands
on cancer cells. Phagocytosis by macrophages of cancer cells is
thought to be promoted by the interaction of phagocytic ligands
on cancer cells with their specific phagocytic receptors on mac-
rophages, such as calreticulin/LRP1 (low-density lipoprotein
receptor-related protein 1) and SLAMF7 (signaling lympho-
cytic activation molecule family member 7)/SLAMF7 interac-
tions, and such phagocytosis is likely involved in the induction
of effective antitumor immunity (42). Thus, MBT2, MB49, and
FM3A cells, but not LL/2 or FM8 cells, might express phago-
cytic ligands specific for their phagocytic receptors on macro-
phages, and such ligand–receptor interaction promotes cancer
cell phagocytosis in cooperation with ligation by MY-1 of SIRPβ1
on macrophages. In addition, exposure of macrophages to MY-1
might promote the expression of phagocytic receptors for their
specific ligands expressed on MBT2, MB49, and FM3A cells,
resulting in the efficient phagocytosis of these cancer cells.

We found that depletion of CD8+ T cells in MBT2
tumor–bearing mice resulted in partial attenuation of the inhib-
itory effect of MY-1 monotherapy on tumor growth. MY-1
treatment also did not inhibit the growth of tumors formed by
MBT2 or MB49 cells in BALB/c nude mice (SI Appendix, Fig.
S13). These findings suggest that CD8+ T cells also play a role
in the MY-1–induced elimination of cancer cells in vivo. We

previously showed that CD8+ Tcells are important for suppres-
sion by MY-1 of tumor formation by RENCA cells (15). The
therapeutic efficacy of CD47 blockade has also been shown to
be dependent on adaptive immune responses in immunocom-
petent mouse tumor models (43–45). An engineered form of
MY-1 in which the Fc domain was replaced with that of mouse
IgG1 was recently shown to augment the activation of ovalbu-
min (OVA)-specific mouse CD8+ Tcells (OT-I cells) by SIRPα-
expressing mouse DCs both in vitro and in vivo (35). Inhibition
of the CD47–SIRPα interaction by MY-1 is thus likely impor-
tant for promotion of the cross-priming of CD8+ T cell
responses by DCs or macrophages, resulting in enhancement of
T cell–mediated tumor destruction. Moreover, ligation by
MY-1 of SIRPβ1 on macrophages or DCs might promote
macrophage-dependent stimulation of tumor antigen–specific
cytotoxic T cells by enhancing phagocytosis of cancer cells.
Indeed, DCs were shown to express SIRPβ1 on the cell surface,
and ligation of SIRPβ1 on DCs by specific mAbs was found to
regulate their phagocytic activity (46). In addition, MY-1 might
also promote TNFα secretion by macrophages, thereby modulat-
ing CD8+ T cell functions against cancer cells. It was demon-
strated that tumor necrosis factor receptor 2 (TNFR2), a receptor
of TNFα, on CD8+ Tcells participated in IL-2 production through
T cell receptor (TCR)- and CD28-mediated stimulation and it
promoted cell survival during the early phase of T cell activation
(47). Moreover, signals mediated by TNFα and its receptors
TNFR1 (on antigen-presenting cells) and TNFR2 (on CD8+ T
cells) were shown to be required for effective priming, prolifera-
tion, and recruitment of tumor-specific CD8+ Tcells (48).

In summary, we have shown that monotherapy with Abs that
recognize both SIRPα and SIRPβ1 is effective in mouse models
of bladder or mammary cancer. Further study is required to
elucidate the clinical potential of such treatment for these two
cancer types as well as for other types of malignancy in
humans.

Materials and Methods
Antibodies, reagents, animals, and detailed methods for cell culture, cancer
cell engraftment and treatment, depletion of macrophages, CD8+ T cells, or
NK cells in vivo, cell preparation, flow cytometry, isolation of mouse macro-
phages and neutrophils and human macrophages, assays for TNFα and NO
production, cytotoxicity, phagocytosis, and cell viability, RNA interference,
and statistical analysis can be found in SI Appendix, Materials and Methods.
All animal experiments were approved by the animal care and experimenta-
tion committees of Kobe University (permit No. P190604-R2). The experiments
with human umbilical cord blood were approved by the ethics committees of
Kobe University Graduate School ofMedicine and the Hyogo Cord Blood Bank
(No. 1820) and were performed in accordance with the tenets of the Declara-
tion of Helsinki. Human cord blood was obtained from healthy volunteers
who provided informed consent (The Hyogo Cord Blood Bank, Hyogo, Japan).

Data Availability. All study data are included in the article and/or SI Appendix.
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