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Abstract
During oncogenesis, tumors develop mechanisms to avoid rejection by the immune system.
Recent studies have identified CD47 as an anti-phagocytic “don't eat me” signal tat cancer cells
employ to inhibit macrophage-mediated destruction. Here, we modified the 14 kDa binding
domain of human SIRPα, the receptor for CD47, for use as a CD47 antagonist. Using in vitro
evolution via yeast surface display, we engineered high-affinity SIRPα variants with up to a
50,000-fold increase in affinity for human CD47 relative to wild-type SIRPα. As high-affinity
SIRPα monomers, the variants potently antagonized CD47 on cancer cells, but to our surprise,
they did not induce macrophage phagocytosis on their own. Instead, the high-affinity SIRPα
monomers exhibited remarkable synergy with all tumor-specific monoclonal antibodies tested by
increasing phagocytosis in vitro and enhancing anti-tumor responses in vivo. This novel “one-two
punch” directs immune responses against tumor cells while lowering the threshold for macrophage
activation, thereby providing a universal method for augmenting the efficacy of therapeutic anti-
cancer antibodies.
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The ability of tumors to evade the immune system is an emerging hallmark of cancer (1),
and new therapeutic strategies that direct immune responses against cancer cells show
promise in experimental and clinical settings (2, 3). Macrophages commonly infiltrate
tumors and their tumoricidal potential can be harnessed to benefit patients (4). Recent
studies have identified CD47 as an anti-phagocytic “don't eat me” signal that distinguishes
live cells from dying or aged cells (5, 6), and CD47 is highly expressed by many types of
cancer to avoid detection by macrophages (7-11). CD47 expression also limits Fc receptor-
mediated phagocytosis in response to therapeutic antibodies (9). Antibodies that block
binding of CD47 to SIRPα, an inhibitory receptor expressed on macrophages, greatly
increase phagocytosis of cancer cells (8-11). However, antibodies have limited tissue
distribution and can exert off-target effects due to Fc-mediated functions (12, 13). In this
study, we aimed to improve CD47-targeted therapies by utilizing the single 14 kDa binding
domain of human SIRPα as a competitive antagonist to human CD47 (Fig. 1A). Due to the
weak ～1 μM affinity of the native SIRPα-CD47 interaction (14-16), we found that wild-
type SIRPα was a poor antagonist which precluded its use as a potential therapeutic.
Therefore, we exploited structural knowledge of the CD47-SIRPα interaction and performed
in vitro evolution via yeast surface display to engineer high-affinity SIRPα variants that
would act as potent CD47 antagonists.

To improve the affinity of human SIRPα for human CD47, we created mutant libraries of
the N-terminal V-set Ig domain of SIRPα (residues 1-118) conjugated to Aga2p for yeast
surface-display (schematized in Fig. 1B). Using the CD47 IgSF domain as a selection
reagent, we conducted two ‘generations’ of in vitro evolution. The first generation entailed
five rounds of selection from a pooled mutant library containing randomizations to two
classes of SIRPα residues—those that contact CD47 or those that reside within the
hydrophobic core (Fig. S1A) (15, 16). The resulting first generation SIRPα variants bound
CD47 with 20-100-fold higher affinity than wild-type SIRPα as measured by surface
plasmon resonance (Fig. 1C; clones 1D4 and 1A5, Fig. S1B). To obtain even higher-affinity
variants, we performed a second generation of directed evolution by constructing a library
that achieved full-coverage of thirteen residues mutated in the first generation selectants
(Fig. S2). After five additional rounds of selection, we obtained variants that bound CD47
with dissociation constants (KD) as low as 34.0 pM and dissociation half-lives (t1/2) as long
as 44 minutes compared to 0.3-0.5 μM KD and 1.8 seconds t1/2 for wild-type SIRPα (Fig.
1C; clones 2D3 through FA4). Interestingly, the sequences of the high-affinity SIRPα
variants converged on a consensus set of mutations. When we grafted these nine
conservative substitutions onto the predominant wild-type human SIRPα allele (17) (allele
2), the resulting variant (termed CV1, consensus variant 1) bound human CD47 with an
affinity of 11.1 pM (Fig. 1C).

To understand whether the high-affinity SIRPα variants retained a CD47-binding geometry
similar to the wild-type protein, we determined the crystal structure of a complex between
the high-affinity variant FD6 and the human CD47 IgSF domain (Fig. 1D, Fig. S3, and
Table S1). The FD6:CD47 complex superimposed with the wild-type SIRPα:CD47 complex
(15) with a root mean square deviation of only 0.61 Å, indicating a high degree of structural
similarity and validating our efforts to preserve the geometry of the wild-type interaction
(Fig. 1E). The overlapping binding modes of FD6 and wild-type SIRPα for CD47 indicate
they would compete for the same CD47 epitope, thereby providing maximal potential
antagonism. As a notable difference, the C′D loop of FD6 contains three of the four contact
mutations present in the consensus sequence (Fig. 1E, lower inset). We speculate these
mutations stabilize the C′D loop, which positions the positive charge of Arg53 into a cluster
of glutamic acids on CD47 (Fig. 1E, lower inset). The remainder of the binding interface
between FD6 and CD47 highly resembles the wild-type SIRPα:CD47 interface, with the
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most notable exception being the mutation of Ile31 to Phe (Fig. 1E, upper inset). Therefore,
these structural studies imply the high-affinity SIRPα variants could serve as efficacious
CD47 antagonists.

We examined the functional properties of the high-affinity SIRPα variants by assessing their
ability to bind and antagonize CD47 on the surface of human cancer cells. We found that
SIRPα variants with increased CD47 affinity exhibited greater potency in binding (Fig. S4A
and C) and blocking cell-surface CD47 (Fig. 2A and Fig. S4B). As single-domain
monomers (Fig. S5A), both FD6 and CV1 variants exhibited potent antagonism relative to
wild-type SIRPα. Importantly, both high-affinity variants were more potent CD47
antagonists than Fab fragments produced from anti-CD47 antibody clone B6H12, a well-
characterized CD47 antagonist that demonstrates therapeutic efficacy in vitro and in vivo
(Fig. 2A) (8-11).

We next evaluated the ability of high-affinity SIRPα variants to increase phagocytosis in
vitro by co-culturing macrophages and tumor cells in the presence of CD47 blocking agents.
As fusion proteins to the Fc fragment of human IgG4 (hIgG4; Fig. S5A), the high-affinity
SIRPα variants led to dramatic increases in phagocytosis of cancer cells as visualized by
microscopy (Fig. 2B, Movies S1 and S2). To obtain quantitative measurements of
phagocytosis, primary human macrophages and GFP+ tumor cells were co-cultured with
CD47-blocking agents and the percentage of macrophages that became GFP+ was analyzed
by flow cytometry (Fig. 2C and Fig. S6). Using multiple human cancer cell lines
representing both solid and hematologic malignancies, we found that treatment with
saturating concentrations of high-affinity SIRPα-hIgG4 variants produced dramatic
increases in phagocytosis relative to wild-type SIRPα-hIgG4 controls (Fig. 2D). To our
surprise, no substantial levels of phagocytosis were observed upon treatment with high-
affinity SIRPα monomers or B6H12 Fab fragments at concentrations that maximally
antagonize CD47 (Fig. 2D and Fig. S5C). Similarly, high-affinity SIRPα dimers produced
without Fc chains failed to induce phagocytosis, excluding CD47 oligomerization as a
mechanism of action for the SIRPα-hIgG4 fusions (Fig. S5D). These findings demonstrate
that blocking CD47 alone does not induce phagocytosis. Instead, phagocytosis was only
observed when CD47 was blocked in the presence of antibody Fc chains, which contribute a
pro-phagocytic stimulus.

Consequently, we hypothesized that treatment with high-affinity SIRPα monomers would
enhance phagocytosis in the presence of tumor-specific monoclonal antibodies. To
investigate this hypothesis, we performed phagocytosis assays using antibodies targeting
DLD-1 cells, a human colon cancer cell line. When high-affinity SIRPα monomers were
added alone or in combination with a non-specific isotype control antibody, basal levels of
phagocytosis were observed (Fig. 2E). Treatment with either anti-CD47 clone 2D3, which
binds CD47 but does not block the interaction with SIRPα (18), or an anti-EpCam antibody
produced moderate levels of phagocytosis. As a proof-of-concept, addition of high-affinity
SIRPα monomer FD6 to both antibody treatments resulted in significant increases in
phagocytosis (Fig. 2E).

To demonstrate the clinical implications of this principle, we examined the ability of high-
affinity SIRPα monomers to enhance the efficacy of established monoclonal antibodies
currently used as cancer therapies. First, phagocytosis assays were performed using the
Her2/neu+ breast cancer cell line SK-BR-3 (19). Basal levels of phagocytosis were observed
upon treatment with vehicle or SIRPα monomers alone, while treatment with the therapeutic
anti-Her2/neu antibody trastuzumab led to moderate increases in phagocytosis (Fig. 2F). No
further increase in phagocytosis was observed upon addition of wild-type SIRPα monomer
to trastuzumab. However, the combination of trastuzumab with high-affinity SIRPα
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monomers FD6 or CV1—which potently block CD47—resulted in maximal levels of
phagocytosis that were considerably higher than the additive effect of either agent
administered alone.

Next, we tested the high-affinity SIRPα monomers for synergy with the anti-EGFR antibody
cetuximab using DLD-1 colon cancer cells. Phagocytosis was evaluated in response to
varying concentrations of cetuximab alone, in combination with wild-type SIRPα monomer,
or in combination with high-affinity SIRPα monomers. Relative to both cetuximab alone or
with wild-type SIRPα monomer, the addition of high-affinity SIRPα monomers to
cetuximab resulted in a significant increase in both the maximal efficacy and potency of the
therapeutic antibody (Fig. 2G). Similar effects were observed when phagocytosis was
evaluated with Raji lymphoma cells treated with varying concentrations of rituximab, an
anti-CD20 antibody (Fig. 2H). Again, high-affinity SIRPα monomers increased both the
maximal efficacy and potency of rituximab. For both antibodies, the left-shift in the
concentration-response curves upon addition of high-affinity SIRPα monomers
demonstrates that CD47 blockade lowers the threshold for macrophage phagocytosis. Using
a panel of recombinant anti-CD20 antibodies that contain the rituximab variable region and
differing heavy chain isotypes, we found that CV1 monomer was able to augment
phagocytosis in response to all human IgG subclasses (Fig. S7). Therefore, the high-affinity
SIRPα monomers could act as universal adjuvants to tumor-specific antibodies.

We next evaluated these principles in vivo by investigating the activity of the high-affinity
SIRPα variants in mouse tumor models. We engrafted human tumors into NSG (NOD scid
gamma) mice, which lack functional T, B, and NK cells but retain functional macrophages
(9, 10, 20). Importantly, NSG mice also express a SIRPα allele that binds human CD47 and
inhibits macrophage activity, thereby enabling in vivo evaluation of human CD47 blockade
(9, 10, 17, 21, 22). As a proof-of-concept study, we tested CV1-hIgG4 in a model of human
bladder cancer to demonstrate a single molecule that combines a high-affinity SIRPα
domain with a pro-phagocytic signal can exhibit efficacy as a single agent. GFP-luciferase+

639-V bladder cancer cells were injected into the dorsal subcutaneous tissue of NSG mice.
Engraftment was confirmed by bioluminescence imaging and mice were randomized into
groups for daily treatment with vehicle control or approximately 7.5 mg/kg CV1-hIgG4.
Treatment with CV1-hIgG4 substantially reduced tumor growth rates as evaluated by
bioluminescence imaging (Fig. 3A and B). Accordingly, a significant benefit in survival was
observed even after discontinuing treatment once all control mice had died (Fig. 3C). In
CV1-hIgG4 treated mice, palpable stromal tissue developed around the sites of tumor
engraftment. Histological examination of this tissue revealed small tumor nodules embedded
in an extensive inflammatory infiltrate containing macrophages with evidence of
phagocytosis (Fig. S8A-C).

Previous xenograft studies examining anti-CD47 therapies used reagents that exclusively
targeted human CD47 and did not bind mouse CD47 (8-11, 23). Although wild-type human
SIRPα does not bind mouse CD47, the high-affinity SIRPα variants acquired cross-
reactivity with mouse CD47 (Fig. S9). Thus, our in vivo models allow for evaluation of
efficacy in the presence of a large ‘antigen sink’ and toxicity due to CD47 expression on
normal mouse cells. Examination of the blood of treated animals revealed that CV1-hIgG4
coated all mouse blood cells (Fig. 3D) and resulted in the development of chronic anemia as
a side effect of therapy (Fig. 3E). No toxicity to other blood lineages was observed (Fig.
S8D). Red blood cell loss has also been observed with anti-mouse CD47 antibodies (10),
consistent with our findings here.

We further examined the safety of the high-affinity SIRPα variants in a toxicity study with
cynomolgus macaques, which express a CD47 orthologue that is nearly identical to human

Weiskopf et al. Page 4

Science. Author manuscript; available in PMC 2014 January 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD47 (Fig. S10A and B). A single low-dose (1.5 mg/kg) injection of high-affinity SIRPα-
Fc into two independent animals produced a substantial drop in red blood cells (Fig. 3F),
similar to our findings in mice. By contrast, no hematologic toxicity was observed in an
animal treated with a dose escalation of high-affinity SIRPα monomer from 0.3 mg/kg to 10
mg/kg. No toxicity to other blood lineages or organ systems was detected in any of the
animals, nor did we detect evidence of anaphylactic reactions (Fig. S10C and D). These
findings further demonstrate that a single molecule that blocks CD47 and contains a pro-
phagocytic stimulus, such as antibody Fc chains, produces toxicity. We therefore surmised
that the high-affinity SIRPα monomers may offer an alternative and improved strategy for
targeting CD47. By using an independent antibody against a tumor antigen, the immune
response can be directed specifically against cancer cells. Addition of the high-affinity
SIRPα monomers will enhance this immune response while sparing normal cells expressing
CD47, as the monomers do not exert significant activity in the absence of Fc. In this manner,
the adjuvant approach of the high-affinity monomers enables a wider therapeutic window
for immune intervention than other CD47-targeted therapies such as anti-CD47 antibodies or
SIRPα-Fc.

To explore the in vivo potential of the high-affinity SIRPα monomers, combination with
rituximab was evaluated in a localized model of lymphoma. One million GFP-luciferase+

Raji cells were subcutaneously engrafted into the flanks of NSG mice. Eight days post-
engraftment (Fig. S11A), mice were randomized into groups for a three-week course of
daily treatment with either vehicle, CV1 monomer alone, rituximab alone, or a combination
of rituximab plus CV1 monomer (approximately 7.5 mg/kg for each therapy). Treatment
with CV1 monomer or rituximab alone only slowed tumor growth, whereas the combination
therapy completely eliminated tumors in the majority of mice (Fig. 4A-C). During the
course of treatment, no toxicity to red blood cells or other hematologic lineages was
observed (Fig. S12). The effects of each therapy translated to respective trends in survival
curves (Fig. 4D). Remarkably, the synergistic effect of combining a high-affinity SIRPα
monomer with a tumor-specific monoclonal antibody led to cures in the majority of animals
that persisted long after treatment was discontinued (Fig. 4D and S11B). Similarly, the
combination therapy remained effective against large Raji tumors, where significant effects
on tumor growth were observed with only a short course of treatment (Fig. S13A and B).
These findings validate our strategy as a safe and effective approach to antagonizing CD47
and provide a proof-of-concept demonstration that the high-affinity SIRPα monomers can
augment the efficacy of therapeutic antibodies in vivo.

To evaluate the therapeutic mechanism of the CV1 monomer/rituximab combination, we
performed immunohistochemical staining for macrophages in the large Raji tumors after
treatment. Tumors treated with rituximab alone contained moderate levels of macrophages,
while treatment with the CV1 monomer/rituximab combination exhibited intense
macrophage infiltration as a result of the therapy (Fig. S13C and D). The extent of
macrophage infiltration and therapeutic efficacy in vivo paralleled the degree of
phagocytosis in vitro by NSG mouse macrophages (Fig. S13E). Together, these findings
indicate that macrophages are effector cells for the CV1 monomer/rituximab therapy, as has
previously been confirmed for rituximab and anti-CD47 antibodies (8, 9).

As a demonstration of the general applicability of the high-affinity SIRPα monomers'
adjuvant function, we administered the high-affinity SIRPα monomers in combination with
alemtuzumab (anti-CD52), a second therapeutic antibody targeting Raji lymphoma cells
(24). Localized tumors were allowed to grow for eight days, and mice were randomized into
treatment with vehicle control, CV1 monomer alone, alemtuzumab alone, or the
combination of CV1 monomer and alemtuzumab. Treatment was given twice per week to
evaluate efficacy of the high-affinity SIRPα monomers with less frequent dosing. On this
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treatment schedule, CV1 monomer alone produced no significant difference in tumor growth
or survival relative to the vehicle control group (Fig. 4E and F). However, addition of CV1
monomer to alemtuzumab resulted in a significant reduction in tumor growth relative to
treatment with alemtuzumab alone. Importantly, the combination of alemtuzumab and CV1
monomer substantially prolonged survival and cured 30% of the mice (Fig. S11C), which
was a striking improvement from the alemtuzumab alone group in which all mice died
during the course of the experiment.

In a third model, Her2/neu+ BT474M1 breast cancer cells were engrafted into the mammary
tissue of female NSG mice, and tumors were allowed to grow for two months to
approximately 1 cm in diameter (～200 mm3; Fig. 4G). Mice were randomized into
treatment groups with vehicle control, daily administration of CV1 monomer, bi-weekly
administration of trastuzumab, or the combination of trastuzumab and CV1 monomer.
Treatment with CV1 monomer alone had no effect on tumor growth, while trastuzumab
alone was able to reduce tumor volume over time (Fig. 4H). However, the addition of CV1
monomer to the therapeutic antibody regimen enhanced tumor regression (Fig. 4H),
consistent with the results observed with rituximab and alemtuzumab.

Monoclonal antibodies are among the most promising agents of targeted cancer therapy.
Antibodies have already demonstrated considerable clinical success, but they often elicit
limited responses and relapse is common following therapy (25-27). Most studies have
focused on identifying new tumor-specific antigens; here, we have developed reagents that
enhance the efficacy of tumor-specific antibodies and thus could act as universal adjuvants
to monoclonal antibody therapies. Since many cancers overexpress CD47 (8-11), the high-
affinity SIRPα variants could be broadly applied as therapeutics. Additionally, as 14 kDa
single domains, the high-affinity SIRPα monomers are amenable to further engineering and
modifications could be made to alter their efficacy, toxicity, or pharmacokinetic parameters.

Our findings provide further insight into the activity of macrophages against cancer, creating
a new model for the action of CD47-targeting therapies (Fig. S14). As observed with high-
affinity SIRPα monomers, blockade of CD47 alone does not induce phagocytosis. Similarly,
when CD47 is free to transduce inhibitory signals through SIRPα on macrophages,
monoclonal antibodies do not achieve their maximal efficacy. However, macrophages are
robustly stimulated when CD47 is blocked by high-affinity SIRPα monomers in the
presence of surface-bound antibody Fc chains, which stimulate macrophage Fc receptors.
High-affinity SIRPα-Fc fusion proteins and anti-CD47 antibodies combine a CD47 blocking
component and a pro-phagocytic antibody Fc into a single molecule; hence they exhibit
efficacy as single agents but produce toxicity as a trade-off. On the other hand, the
combination of high-affinity SIRPα monomers with a separate, anti-tumor monoclonal
antibody specifically directs macrophage attack against cancer cells. This strategy offers
clear advantages, and with over a hundred antibodies under clinical investigation (28), the
number of patients that could benefit from treatment with high-affinity SIRPα monomers
will undoubtedly increase. Overall, this study deepens our knowledge of macrophage
responses to malignant cells and supports further evaluation of the high-affinity SIRPα
reagents as immunotherapies for cancer.
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Fig. 1. Directed evolution of high-affinity SIRPα variants
A Schematic of CD47 blockade by soluble high-affinity SIRPα. (Left) In the basal state,
CD47 expression on cancer cells activates SIRPα on macrophages, initiating an inhibitory
cascade through SHP 1 and 2 tyrosine phosphatases and preventing cancer cell
phagocytosis. (Right) Soluble, high-affinity SIRPα protein competitively antagonizes CD47
and prevents engagement with SIRPα on macrophages, thereby disinhibiting phagocytosis.
B Schematic representation of yeast surface-display of the human SIRPα V-set Ig domain
(domain 1). Yeast clones (grey cells) present different variants of SIRPα (colored bumps).
Inset indicates the linkage of SIRPα to the yeast cell surface via fusion with Aga2 and
selection with biotinylated CD47. C Summary of sequences and SPR affinity measurements
of engineered SIRPα variants. The position of the mutated residues and their corresponding
sequence in wild-type allele 1 is denoted at the top of the table. Red text color indicates the
consensus mutations and blue shading indicates contact residues in the consensus.
Representative SPR sensorgrams of wild-type SIRPα and high-affinity variant FD6 binding
immobilized CD47 are shown to the right. RU = response units. D The crystal structure of
the FD6:CD47 complex depicted as transparent surfaces containing ribbon representations
of FD6 (orange) and CD47 (blue). E Superimposition of the wild-type (magenta) and high-
affinity (green) SIRPα:CD47 complexes. Insets show mutated contact residues in the SIRPα
C′D loop (sticks) and the binding interface of CD47 (top, space fill; bottom, sticks).
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Fig. 2. High-affinity SIRPα variants lower the threshold for macrophage phagocytosis
A Dose-response curves of CD47 antagonism on Raji lymphoma cells with wild-type SIRPα
allele 1 (WTa1, pink), anti-CD47 clone B6H12 Fab fragments (orange), or two high-affinity
SIRPα variants as monomers (FD6, CV1, green). Cells stained with varying concentrations
of CD47 blocking agents in competition with 100 nM Alexa Fluor 647-conjugated WT
SIRPα tetramer. B Representative images of phagocytosis assays performed with GFP+

DLD-1 colon cancer cells and primary human macrophages with vehicle control (PBS) or a
high-affinity SIRPα variant fused to human IgG4 (CV1-hIgG4). Black arrows and inset
show macrophages with ingested cancer cells. Scale bar = 100 μm. C Representative plots
showing phagocytosis assays analyzed by flow cytometry. Phagocytosis was quantified as
the percentage of macrophages (blue gate) that became GFP+ (red gate). D Phagocytosis of
GFP+ tumor cells by donor-derived human macrophages as assessed by flow cytometry. All
protein treatments used at 100 nM. E Phagocytosis of GFP+ DLD-1 cells with vehicle, non-
specific isotype control (mIgG1), non-blocking anti-CD47 (2D3), or anti-EpCam antibodies.
All antibodies were used at 20 μg/mL. WTa1 SIRPα or high-affinity SIRPα variant FD6
monomers were combined as indicated. F Phagocytosis of GFP+ SK-BR-3 breast cancer
cells with vehicle, WTa1 SIRPα or high-affinity SIRPα monomers alone or in combination
with 1 μg/mL trastuzumab. G Phagocytosis of GFP+ DLD-1 cells with varying
concentrations of cetuximab (anti-EGFR) alone (red) or in combination with WTa1 SIRPα
monomer (pink) or high-affinity SIRPα monomers (green). G Phagocytosis of GFP+ Raji
cells with varying concentrations of rituximab (anti-CD20) alone (red) or in the presence of
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WTa1 SIRPα monomer (pink) or high-affinity SIRPα monomers (green). B-H All human
macrophage phagocytosis assays were performed with macrophages derived from a
minimum of three independent blood donors. The percentage of GFP+ macrophages was
normalized to the maximal response by each donor for each cell line. Error bars indicate
standard deviation. E-H All SIRPα variants were used at 1 μM. ns = not significant,
*p<0.05, **p<0.01, ***p<0.001 versus WT SIRPα variants, or as indicated otherwise.
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Fig. 3. High-affinity SIRPα-Fc fusion proteins are effective as single agents but produce toxicity
AGrowth of GFP-luciferase+ 639-V bladder cancer cells in the dorsal subcutaneous tissue of
NSG mice upon daily treatment with vehicle control (PBS) or high-affinity SIRPα-Fc (CV1-
hIgG4) as evaluated by bioluminescence imaging. Bars indicate median values, points depict
individual mice. Black arrows depict start and stop of treatment. B Representative
bioluminescence images of 639-V-engrafted mice from each treatment group on day 37
post-engraftment. C Survival of mice engrafted with GFP-luciferase+ 639-V cells. Black
arrows indicate the start and stop of treatment. D Representative FACS analysis of human
Fc bound to the surface of whole blood cells from treated animals. E Analysis of red blood
cell parameters from treated animals showing mean and standard deviation from five
animals per cohort. Dotted lines show lower limit of normal values. F Blood analysis of
cynomolgus macaques treated with the indicated high-affinity SIRPα variants over time.
Dotted lines indicate days of treatment with the doses indicated above in mg/kg. Data
depicted as percentage of pre-treatment values. FD6-hIgG4 animal #2 was pre-treated with
erythropoietin prior to toxicity testing. ns = not significant, *p<0.05, **p<0.01, ***p<0.001
for vehicle control versus CV1-hIgG4.
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Fig. 4. High-affinity SIRPα monomers enhance the efficacy of therapeutic antibodiesin vivo
A Growth of GFP-luciferase+ Raji lymphoma tumors upon daily treatment with PBS (red),
CV1 monomer (orange), rituximab (green), or rituximab plus CV1 monomer (blue), as
evaluated by bioluminescence imaging. Bars indicate median values, points indicate values
from individual mice. B Representative bioluminescence images of treated mice on day 29
post-engraftment. Red circles indicate sites of primary tumors, red arrow indicates site of
metastases to axillary lymph nodes. C Mean tumor volume measurements of treated mice.
Error bars depict standard deviation. D Survival of treated animals over time. E Growth of
Raji lymphoma tumors upon biweekly treatment with PBS (red), CV1 monomer (orange),
alemtuzumab (green), or alemtuzumab plus CV1 monomer (blue), as evaluated by tumor
volume. Bars indicate median values, points indicate values from individual mice. F
Survival of lymphoma-bearing mice from E. G Representative image of Her2/neu+

BT474M1 human breast tumors engrafted into the mammary tissue of NSG mice prior to
treatment. Scale bar represents approximately 1 cm. H Logarithmic fold-change in breast
tumor volume upon treatment with the indicated therapeutic regimens. Bars indicate median
values, points indicate values from individual mice. A-F Black arrows indicate the start and
stop of the treatment period. ns = not significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 for antibody alone versus antibody+CV1 monomer combination, or as
indicated otherwise.
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