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ABSTRACT: CD47 on healthy cells, cancer cells, and even
engineered particles can inhibit phagocytic clearance by binding
SIRPα on macrophages. To mimic and modulate this interaction
with peptides that could be used as soluble antagonists or
potentially as bioconjugates to surfaces, we made cyclic “nano-Self”
peptides based on the key interaction loop of human CD47.
Melanoma cells were studied as a standard preclinical cancer
model and were antibody-opsonized to adhere to and activate
engulfment by primary mouse macrophages. Phagocytosis in the
presence of soluble peptides showed cyclic > wildtype > scrambled
activity, with the same trend observed with human cells.
Opsonized cells that were not engulfed adhered tightly to
macrophages, with opposite trends to phagocytosis. Peptide activity is nonetheless higher in human versus mouse assays,
consistent with species differences in CD47−SIRPα. Small peptides thus function as soluble antagonists of a major macrophage
checkpoint.

Macrophages engulf a cell or particle based not only on
receptor interactions with activating ligands but also on

the presence of inhibitory signals, most notably from CD47.
This integral membrane protein expressed on all human cells
interacts with the macrophage checkpoint receptor SIRPα to
inhibit phagocytosis, particularly when phagocytosis is driven
by IgG antibodies that bind and activate FcR receptors on
macrophage.1,2 Display of CD47 on nanoparticles and on gene
therapy viruses delays their clearance and increases delivery to
disease sites,3,4 complementing methods such as PEGylation
that attenuate nonspecific opsonization, especially by IgG.5,6

CD47-mimetic peptides that bind SIRPα and show similar
functionality began with a 21-amino acid “Self” peptide that
helped to image and shrink tumors.3 In parallel, immunother-
apeutic efforts focusing on CD47 have led to blocking
antibodies that suppress tumors in the clinic if-and-only if
combined with phagocytosis-driving interactions, especially
tumor-specific IgG.7 Such efforts and those with particles and
implanted materials8 motivate the development of additional
peptides that regulate SIRPα function.
Cyclic peptides are generally attractive because of their

enhanced stability against degradation and increased con-
formational stability.9 The latter can, in principle, lead to
increased specificity of a peptide for its intended receptor and
is particularly relevant to probing human versus mouse
differences in CD47−SIRPα interactions.10 Natural cyclic
peptides include the toxic mushroom-derived, hepta-peptide
phalloidin that binds and stabilizes F-actin,11 but synthetic

cyclic peptides also show specific activity.9 Cyclic-RGD for
example disrupts cell adhesions as a soluble antagonist12 but
also mediates adhesion as a bioconjugate to particles and
materials.13 Here, we synthesize small cyclic human CD47-
derived peptides with similar dual use potential. We focus on
their function as soluble antagonists of CD47−SIRPα to
increase engulfment of IgG-opsonized cells, particularly mouse
melanoma cells. The selected cells are a standard preclinical
model for solid tumors but also are challenging for anti-CD47
blockade.14 We have recently demonstrated disruption of the
CD47−SIRPα axis with potent linear nano-Self (nS) peptides
that promote macrophage phagocytosis of opsonized cancer
cells.15 In this study, the activity of cyclic nano-Self (nS-Cyc)
variants that share the same core sequences as their linear
counterparts are tested and compared to linear nS peptides.
We find that macrophage engulfment of opsonized cells is
enhanced in the presence of nS-Cyc peptide with wildtype
sequence, particularly compared to the linear form. We also
find antagonist function in human cell assays exceeds that with
mouse cells, consistent with specificity gains upon cyclization.
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■ RESULTS
Synthesis and Characterization of Cyclic and Linear

Nano-Self-Peptides. The cocrystal structure of CD47−
SIRPα shows the highest density of CD47 contacts localizes
to a β-hairpin loop that docks into a hydrophobic pocket of
SIRPα (Figure 1A). Despite additional interactions outside
this binding site, we hypothesized that cyclic peptides could be
made based on this eight amino acid loop and that the
synthetic nS-Cyc peptide would maintain activity. Further-
more, a Thr residue in the center of the β-hairpin shows
multiple contacts with SIRPα’s hydrophobic pocket (Figure
1B), leading us to further hypothesize that mutating the Thr to
a more hydrophobic Phe residue could strengthen the
interactions of nS peptides with SIRPα (Figure 1C). Terminal
Cys residues allowed for cyclization via disulfide formation,
and a scrambled nS-X peptide was also made as a control. Our
particular design of the nS-Cyc excludes two Glu residues that
normally flank the eight residue wildtype CD47 sequence
(Figure S1). Repulsion of these two negative charges likely
undermines binding to SIRPα as observed with a similar cyclic
peptide that included these two Glu residues.3

Cyclic and linear nS peptides were synthesized on rink
amide resins resulting in C-terminal amide groups. This
modification also eliminates a negative charge. Matrix-assisted
laser desorption ionization-time-of-flight (MALDI-TOF) re-
sults proved consistent with the predicted mass-to-charge
ratios (m/z), and analytical HPLC confirmed >98% peptide
purity (Figures 1D and S2).

nS Peptides Increase Macrophage Phagocytosis of
Antibody-Opsonized Cells. To focus on the possible
function of our nS peptides as soluble antagonists of CD47−
SIRPα, we first tested their effects on the phagocytosis of
mouse melanoma B16F10 cells (B16 for brevity) by mouse
bone marrow-derived macrophage (BMDM). B16s are a
standard model for preclinical immunotherapy,16,17 but success
with anti-CD47 blockade remains a challenge even when
combined with IgG-opsonization of B16 to promote
phagocytosis.14 As per the latter study, B16 opsonization was
done here with a “mAb”, the monoclonal anti-TYRP1 IgG that
binds the melanocyte-specific tyrosinase-related protein 1
(TYRP1)18 for our phagocytosis assay.19 B16 cells (expressing
GFP) were detached from their culture dishes, opsonized with

Figure 1. Cyclic nano-self-peptides are designed based on the human CD47−SIRPα interaction. (A) Derived from CD47, the 8-amino acid nano-
Self-peptide region in CD47 (blue) interacts with 3 (red) out of the 4 loops in SIRPα (gray) that make up the binding pocket which amounts to
roughly 40% of all contact residues between the two proteins. PDB: 2JJS. (B) The critical polar Thr residue in nS-wt (blue) is inserted into a
hydrophobic core in the SIRPα binding pocket (red). Mutating the polar Thr to a hydrophobic Phe, which can also engage in π-stacking
interactions with Phe74 away from the SIRPα binding pocket, might enhance binding of the peptide. (C) The sequences of the linear nano-Self-
peptides (including the scrambled nS-X sequence) are found in natural organisms, whereas the cyclic variants are not natural. (D) Chemical
structure of the cyclic nano-Self-peptide. Synthesis of the cyclic peptide was characterized using MALDI-TOF mass spectrometry.
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anti-TYRP1, and then added to well-spread BMDMs that were
labeled with red dye and pretreated or not with our various
peptides (Figure 2A, top). Microscopy showed internalization,

or “eating,” of rounded B16s especially when anti-mCD47 or
our various nS peptides were also added (Figure 2A, images).
Scrambled nS-X peptide was the clear exception. B16s that

Figure 2. Phagocytosis of antibody-opsonized mouse and human target cells is enhanced in the presence of linear and cyclic nano-Self-peptides.
(A) SIRPα knockout (KO) or parental (WT) mouse melanoma B16 cells are anti-TYRP1 opsonized and phagocytosed by mouse bone marrow-
derived macrophages in the presence of the nano-Self-peptides (top). Internalization of B16 cells (green) is distinguished from adherent cells by the
physical rounding up the cells inside the macrophages because B16 cells can attach and spread on plastic (bottom) (scale bar = 25 μm). (B)
Phagocytosis of both WT (blue) and SIRPα KO (purple) B16 cells is enhanced significantly by the linear and cyclic nS-F peptides. nS-wt had
similar effects as anti-mCD47 with no effect of nS-X on phagocytosis. Cis interactions between CD47 and SIRPα on B16s effects phagocytosis
levels with less phagocytic macrophages against SIRPα KO B16s because of more accessible CD47 molecules on their membranes. Hyper-
phagocytosis is also observed when BMDMs are treated with potent nS-F and cyclic variants. Control conditions are represented by empty bars.
The plus and minus signs indicate the addition or lack of the respective antibodies to the melanoma cells. At least 200 macrophages were analyzed
per condition. (* denotes p < 0.05 relative to anti-mCD47 and anti-TYRP1 treated B16s.) (C) The in vitro phagocytosis of red blood cells is
achieved by disrupting the CD47−SIRPα axis with nano-Self-peptides and supplying a strong phagocytic stimulus via macrophage FcR-binding to
IgG antibodies (top). Phagocytosed (red) and uninternalized red blood cells (green) are visualized using fluorescence microscopy as seen in the
representative overlays (bottom) (scale bar = 25 μm). (D) Phagocytosis levels are enhanced when macrophages are incubated with saturating
concentrations of nano-Self-peptides as does CD47-blockade of red blood cells. Mutating the critical Thr residue to Phe in the linear (nS-F) and
cyclic (nS-F-Cyc) variants increases macrophage phagocytosis by roughly 25% relative to nS-wt, while no effect is observed in the presence of
scrambled nS-X. Hyper-phagocytosis is observed for F-variants because of simultaneous cis and trans inhibition of the CD47−SIRPα axis. Control
conditions are represented by empty bars. The plus and minus signs indicate the addition or lack of the respective antibodies to the red blood cells.
At least 200 macrophages were analyzed per condition. (* denotes p < 0.05 relative to anti-CD47 and anti-RBC treated RBCs.)
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were not engulfed were often attached and spread on the
dishes similar to the BMDMs.
Quantitation of the percentage of macrophages that had

engulfed opsonized B16s was done for WT B16s as well as
SIRPα knockout B16s (KO). Many cell and cancer types
express SIRPα, including B16 melanoma (Figure S3).20 KO of
SIRPα on B16s removes its cis interactions with CD47 on the
same cell, allowing for more accessible “don’t eat me” signaling
by CD47 through trans interactions with SIRPα on the
opposing macrophage.19 This assay effectively represents
cancers that are CD47-rich and SIRPα-negative.
Anti-mCD47 on both B16 lines showed baseline eating

[Figure 2B: (−, −) vs (−, +)], whereas anti-TYRP1
consistently showed higher opsonized eating that increased
further upon addition of anti-mCD47 [Figure 2B: (+, −) vs (+,
+)]. The latter inhibition of CD47 gave similar levels of eating
for WT and KO B16s, consistent with equal inhibition of
CD47’s “Self” interactions in trans with SIRPα on macro-
phages. However, the results also represent 50% and 100%
increases, respectively, relative to anti-TYRP1 opsonization

alone, consistent with the model that the KO B16 effectively
displays more CD47.
Maximum levels of phagocytic macrophages were measured

with nS-F, nS-F-Cyc, and nS-Cyc peptides [Figure 2B: (+, nS
peptides)], with lower levels for linear nS-wt that are similar to
the effects of anti-mCD47 on engulfment of opsonized WT
and KO B16s. Scrambled nS-X peptide does not affect
opsonization-driven eating of the two B16 lines. The maximum
levels of eating with soluble nS-F, nS-F-Cyc, and nS-Cyc are
consistent with disruption of both trans and cis interactions
between CD47−SIRPα on the macrophages, per previous
studies showing suppression of a basal level of inhibitory “don’t
eat me” signal;15,19 nS peptides are unlikely to bind and inhibit
SIRPα on WT B16 cells because excess peptide is washed away
in our assay before adding B16s to the macrophages.
Regardless, the increased phagocytosis follows the trend cyclic
> wildtype > scrambled activity, and though the mutant Phe
residue makes linear > wildtype, it has no effect on the cyclic
peptide.
The above phagocytosis results with mouse cells are

somewhat surprising because our nS peptides were designed

Figure 3. nano-Self-peptides minimize target cell adhesion to macrophage leading to increased phagocytosis. (A) Opsonized RBCs adhere to the
surface of macrophages through IgG−FcR-mediated binding in addition to possible CD47−SIRPα binding that silences uptake of RBCs. FcR-
mediated activation leads to macrophage uptake in the presence of the nS peptides that also effectively block CD47−SIRPα binding. The %
Adhered RBCs is measured from the total RBCs imaged, which are either adherent to a macrophage or else internalized. (B) Opsonized B16 cells
adhere to macrophages through FcR-binding as well as CD47−SIRPα binding but also compete for the plastic surface. Once attached and spread
on plastic, the macrophage cannot strip the cancer cell off. B16 cells that interact with macrophages while in suspension are engulfed when nano-
Self-peptides are added. Insert: a BMDM (red fluorescence, black outline) contacting an adhered, opsonized B16 cell (green fluorescence, white
outline). Nonlinear regression fits (see text): RBC: ymax = 30; m = 4.95; Am = 7.46 × 1013; Bm = 1.37 × 1011; p = 0.03. B16: ymax = 27.8; m = 4.94;
Am = 9.26 × 1012; Bm = 4.69 × 1010; pWT = 0.04; pKO = 0.02.

Bioconjugate Chemistry pubs.acs.org/bc Communication

https://doi.org/10.1021/acs.bioconjchem.2c00020
Bioconjugate Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00020/suppl_file/bc2c00020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00020?fig=fig3&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.2c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


based on the structure of human CD47 interacting with human
SIRPα (Figure 1A,B), and because mouse sequences differ.3

Phagocytosis assays therefore focused next on a simple human
system of fresh human red blood cells (RBCs) and human
THP-1 macrophages, as previously studied.15 RBCs were
opsonized with a polyclonal IgG (a rabbit anti-human RBC)
and then added to the cultured macrophages that had been nS
peptide treated (Figure 2C-Top). RBCs were the cells where
CD47’s “Marker of Self” function was first identified,21 but
solely blocking CD47 on the RBC does not significantly affect
baseline eating, with <5% of macrophages internalizing one or
more RBCs [Figure 2D: (−, −) vs (−, +)]. Opsonization more
than doubles the extent of phagocytosis, and addition of anti-
CD47 doubles again this internalization [Figure 2D: (−, +) vs
(+, +)]. The results are consistent with “self” recognition only
when coupled to a pro-phagocytic cue.3

Maximum levels of phagocytic macrophages were once again
measured with peptides nS-F, nS-F-Cyc, and nS-Cyc peptides
[Figure 2B: (+, nS peptides)], which aligns well with the
mouse results. Lower levels of phagocytosis for linear nS-wt are
likewise similar to anti-CD47 effects on engulfment of
opsonized RBCs, and scrambled nS-X peptide does not affect
opsonization-driven eating of RBCs. The maximum levels of
eating with soluble nS-F, nS-F-Cyc, and nS-Cyc are again
consistent with disruption of both trans and cis interactions
between CD47−SIRPα on the macrophages. Overall, mouse
and human assay results are not only similar in trend but also
similar in quantitation with the nS-peptide maxima of ∼25%
for phagocytosis of opsonized cells.

Maximum Phagocytosis Also Minimizes Residual
Adhesion to Macrophages. Opsonized RBCs that contact
macrophages will tend to adhere to the macrophages, and any
subsequent internalization should in principle lead to a

Figure 4. Engineered nano-Self-peptides are potent at nanomolar concentrations for human macrophage phagocytosis but much weaker with
primary mouse macrophages. (A) Saturating human macrophages with the various nano-Self-peptides results with maximum macrophage
internalization of opsonized RBCs. At nanomolar concentrations, the nano-Self-peptide variants are effective at promoting near-maximum
macrophage phagocytosis with significantly lower efficacy for nS-wt. (B) Estimates for effective concentrations of the nS peptides function in mouse
BMDMs for phagocytosing B16 cells. (C) SIRPα sequence analysis between human and various mouse species reveals significant changes in the
binding loop sequences (underlined residues). All highlighted residues are directly involved in binding the nS-wt region of CD47. Green
highlighted residues are conserved relative to human SIRPα variant 2. Red highlighted residues are nonconserved mutations disrupting H-binding.
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decrease in the number of macrophage-adherent RBCs.
Importantly, the CD47−SIRPα interaction mediates RBC
adhesion,22 and a peptide such as nS-X that does not seem to
affect the CD47−SIRPα interaction (Figure 2B,D) should lead
to more residual adhesion than, for example, the nS-Cyc
peptide that effectively inhibits CD47−SIRPα while increasing
internalization (Figure 3A, sketch).
To measure the residual adhesion of RBCs and distinguish it

from internalization by macrophages, our engulfment assay
with human RBCs used a secondary antibody against the
opsonizing IgG, which allowed us to clearly see RBCs in
contact with macrophages that are not internalized (Figure
2C). The cells are also firmly attached to the macrophages
because the culture dishes were rinsed after fixation and
secondary antibody labeling. Quantitation of the macrophage-
adherent RBCs shows a significant anticorrelation with
phagocytosis for the nS peptide samples (p < 0.05) (Figures
3A plot and S4). All of the RBCs in these samples are equally
opsonized with IgG that binds Fc-receptors (FcR’s) on
macrophages, and so differences in measured adhesion
implicate differences in the CD47−SIRPα interaction. Block-
ade of this immune checkpoint interaction by nS-F and nS-Cyc
understandably shows the lowest amount of residual adhesion
to macrophages, whereas the inactive nS-X has no effect on
phagocytosis of opsonized RBCs (Figure 2D), resulting in
predominantly adherent RBCs.
When a melanoma cell suspension is added to a macrophage

culture, the melanoma cell can (i) adhere and spread on the
plastic culture dish far from a macrophage, (ii) adhere entirely
or partially to a macrophage, or else (iii) adhere to a
macrophage and be internalized (Figure 2A, images). Note
that B16s are typical of adherent cell types and will attach
strongly to plastic within 1−2 h, unlike RBCs; likewise in vivo,
B16s will generally adhere to each other and to other cells and
matrix, unlike RBCs in freely flowing blood. Opsonized
melanoma cells should nonetheless adhere to any contacting
macrophages through both the IgG−FcR interaction and the
CD47−SIRPα interaction, although the latter should again be
inhibited by the nS peptides that specifically antagonize
CD47−SIRPα (Figure 3B, sketch). We defined as macro-
phage-adherent the opsonized B16s that were not internalized
but were in clear contact with a macrophage while also possibly
adhering to the plastic dish (Figure 3B, inset image);
quantitation of these macrophage-adhered B16s again shows
an anticorrelation with phagocytosis for the numerous nS
peptide samples (p < 0.05) (Figure 3B, plot). The nS peptides
that maximized phagocytosis also minimized the macrophage-
adhered B16s, consistent with the human RBC results despite
the additional means of B16 attachment in these assays.
Moreover, the WT B16s adhered less than the corresponding
KO B16s, consistent with the greater phagocytosis of the WT
B16s.
These human and mouse plots were fit with a suppression

model:

y y A B A B x( / ) /( )m m m m
max= [ − ] + +

Key fit parameters are remarkably similar for both species, with
ymax ≈ 30%, m ≈ 5, and only ∼2-fold differences in Am and Bm

parameters. The finding of a common phagocytosis asymptote
ymax indicates that for this assay done over a few hours the
macrophage cultures are saturating their phagocytic capacity to
a similar extent.

nS Peptides Have Stronger Effects with Human than
with Mouse Macrophages. All of the results above used 50
μM peptide, which is >50-fold higher than the ∼0.1−1 μM
affinity between human CD47 and human SIRPα.3,10 Using
lower concentrations in the assays of opsonized human-RBCs
being eaten by human macrophages shows not only that 50
μM has a saturating effect for all of the active peptides (Figure
4A) but also that the effective potency follows trends nS-Cyc ≈
nS-F-Cyc ≈ nS-F > nS-wt > nS-X. The effective potency (keff)
of ∼1 μM for nS-wt is weaker than the affinity of CD47−
SIRPα3,10 and could reflect the fact that this short peptide
lacks the proper loop structure for binding (entropy
contribution) and also lacks other contacts that full-length
CD47 has with SIRPα (enthalpic contribution). Our finding of
keff ≈ 10 nM for the cyclic peptides indeed suggests some
advantages of a loop conformation. The Phe substitution also
adds to the affinity of the linear nS-F relative to nS-wt but
evidently does not help or hinder the cyclic peptide. The lower
concentrations of active peptides also typically show more
RBC adhesion than the saturating 50 μM (Figure S4),
consistent with the expected trend (Figure 3A). Surprisingly,
similar dilution studies of the active nS peptides show no
activity in the mouse-focused assays of opsonized B16s eaten
by primary mouse macrophagesfor both WT and KO B16s
(Figure 4B). These human-derived sequences are estimated to
have much weaker effective activities (keff ≈ 20−120 μM) as
antagonists of mouse CD47−SIRPα interactions.

■ DISCUSSION
The nano-Self-sequence nS-wt is directly from the human
CD47 loop that interacts with human SIRPα (Figure 1A) and
differs from mouse CD47 only at the central Thr residue, which
is a Ser in mouse. This conservative Thr−Ser mutation applies
to the C57 strain of mouse, from which the B16 melanoma
cells and macrophages studied here were obtained. It also
applies to the BALB/c strain of mouse, for which we have
recently shown the linear nS-F peptide is antagonistic toward
“self” recognition by J774A.1 macrophages.15 Antagonistic
activity in the mouse melanoma assays (Figures 2B and 3B) by
the human wildtype cyclic and linear peptides is thus
anticipated. Maximum activities of 25-30% in both the
mouse and human assays could reflect the short assay times
or other systematic aspects of the measurements rather than
the choices of particular cells that range from primary (BMDM
and human-RBC) to lines (B16 and THP-1).
Weak effective affinity of all nS peptides in the mouse assays

(Figure 4B) seems consistent with other studies of human
CD47 interacting with various mouse SIRPα.15,23−25 Two of
SIRPα’s three binding loops and several contact residues10

show sequence differences (Figure 4C). One notable differ-
ence is a hydrophobic Phe in a mouse loop of SIRPα, which in
human is a nonconserved Gln and which will tend to interact
with the Phe in the nS-F and nS-F-Cyc peptides, thereby
competing with hydrophobic interactions deeper in the
binding pocket. Indeed, our recent studies of a bivalent nS-
FF antagonist greatly increased human macrophage phag-
ocytosis of human erythroleukemia and RBCs, but this bivalent
peptide shows reduced activity with mouse macrophages
(Figure S5). Sequences and structures of both SIRPα and
CD47 are likely to affect binding and activity, consistent with
recent analyses of antibodies.10 Furthermore, outside the
binding site, the FG loops of SIRPα in C57 and BALB/c show
Ser-102 and Glu-103 are absent in SIRPα of both human and
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NOD mouse strain that binds human CD47 (Figure 4C), and
inserting these two amino acids into NOD SIRPα has been
shown to weaken human CD47 binding.23

Although there are many FDA-approved therapeutic anti-
bodies against various diseases and a few malignancies,26 many
clinical challenges associated with large IgG antibodies persist,
including immunogenicity. These include limited tissue
penetration, on-target toxicities, high production costs, and
relatively low concentrations.27 Naturally derived and synthetic
peptides have potential clinical advantages such as high soluble
concentrations, high tissue penetration, high specificity for a
target, and minimal accumulation in organs. Challenges
include short plasma half-life, low bioavailability, and poor
pharmacokinetics.28 Nevertheless, peptide therapeutics are
increasingly being approved:29,30 among the 17 FDA-approved
peptides since 2016, 11 of these peptides are between 3 and 8
amino acids in length, and five are cyclic disulfide peptides.30

Natural cyclic peptides resist proteolytic degradation and show
high activity,31 which generally supports the pharmaceutical
development of cyclic peptides.32 For CD47−SIRPα, peptides
have been made to bind CD47 and have shown some anti-
tumor efficacy in mouse models.16,33−36 Recently, macrocyclic
15-amino acid peptides were screened and engineered to block
CD47 binding to SIRPα, reportedly functioning as non-
competitive, allosteric inhibitors.37 The nS peptides are the
first to be rationally derived from the CD47 protein and
directly target and antagonize the SIRPα binding pocket.
SIRPα is more restricted in its expression than CD47, which is
expressed on every cell in the body, and so CD47-binding
peptides that are systemically infused will first bind RBCs
(favoring phagocytosis) and then bind in all accessible tissues.
Though not directly tested here, we expect that our cyclic-nS
peptides will have enhanced stability in vivo, which favors their
translation as CD47 antagonists.
Soluble, recombinant, and mutant CD47 and SIRPα

proteins can block the macrophage checkpoint as can
antibodies even if they lack the Fc domain.38−42 Such
antagonists have been pursued to minimize IgG opsonization
of targets that favors FcR-mediated phagocytosis and likely
explains the various forms of anemia that result from anti-
CD47 infusions in the clinic. Our nS peptides potently and
consistently enhance phagocytosis of opsonized human15 and
mouse cancer cells, and they do so as effectively as anti-CD47
inhibition on these target cells. Peptides lack Fc domains, and
so phagocytosis is driven solely by the specificity of IgG
opsonization.

■ CONCLUSION
In conclusion, cyclic nS peptides are potent SIRPα antagonists
derived from the CD47 binding loop. The disulfide bridge in
nS-F-Cyc is expected to enhance the peptide half-life in serum,
but other disulfide mimetics and cyclization methods can and
should be pursued to further stabilize the structure.43

Substitution of the critical, polar Thr to hydrophobic Phe
resulted in enhanced potency for both linear and cyclic
peptides, demonstrating the significance of the sequence to the
mechanism of SIRPα antagonism. Moreover, the weaker
peptide activity in mouse macrophages relative to human
and the opposite effects of bivalent nS-FF in human and mouse
macrophages further underscore sequence complementarity as
essential for potent activity. Overall, the development of
soluble cyclic peptides that potently enhance phagocytosis

motivates engineering of pan-allelic peptides to be used as
macrophage immune checkpoint inhibitors.

■ EXPERIMENTAL METHODS
Solid-Phase Peptide Synthesis. Standard Peptide

Synthesis. All peptides in this study were synthesized on a
Rink Amide MBHA Resin (loading density: 0.33 mmol/g;
Novabiochem) on a 100 μmol scale at room temperature (RT)
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. The
resin was transferred to a solid phase peptide synthesis vessel
and swelled in N,N-dimethylformamide (DMF; Sigma) for 30
min with stirring. Deprotection of the Fmoc group was
achieved by using 1 mL of 1% w/v 1-hydroxybenzotriazole
(HoBT; EMD Millipore) and 2% v/v 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU; Acros Organics) in DMF and under
stirring for 1 min (repeated three times). Last, resin was then
washed thoroughly with DMF. Coupling solutions contained 3
equiv of Fmoc-amino acids (Chem-Impex or Oakwood
Chemicals), 2.8 equiv of 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophos-
phate (HATU; Oakwood Chemicals), and 6 equiv of N,N-
diisopropylethylamine (DIEA; Sigma)relative to resin
dissolved in a minimal amount of DMF to cover the resin (1−
1.3 mL) and were activated for 5 min at RT prior to addition
to resin. Coupling reactions were left to proceed for 1 h.
Following each coupling reaction, the resin was drained,
washed thoroughly with DMF, deprotected as described above,
and washed thoroughly with DMF.

Peptide Cleavage. Following the final deprotection of the
last Fmoc group (except for fluorescent peptides where the last
amino acid contains acid labile Boc protecting group), the
resin was washed with DMF twice and then twice more with
dichloromethane (DCM; Sigma). A 5 mL cleavage cocktail
containing 95% trifluoracetic acid (TFA; Acros Organics),
2.5% H2O, and 2.5% triisopropylsilane (TIPS; Oakwood) was
added to the reaction vessel and left to stir for 4 h. A 45 mL
portion of cold diethyl ether (Sigma) was then added to the
cleavage solution precipitating the peptide. To make sure all
peptide precipitated, the ether layer was evaporated by air until
∼10 mL of solution was left; thereafter, an additional 40 mL of
cold ether was added. The peptide was collected by
centrifugation, resuspended in cold ether, and collected by
centrifugation again (repeated three times). Depending on the
solubility of the peptide, the ether-washed pellet was dissolved
in a mixture of 10−40% acetonitrile (ACN; Sigma) in water.

Generation of Cyclic Peptides. Cyclic peptides were
prepared by coupling Fmoc-Cyc(trt)−OH as the first and
last amino acids. Deprotection of the Fmoc groups was
achieved following the same procedure mentioned above. After
peptide cleavage and ether precipitation, the peptide pellet was
exposed to air to allow for disulfide oxidation.

Purification and Characterization. All peptides were
purified using preparative reversed-phase high-performance
liquid chromatography (HPLC) on an Agilent 1260 Infinity II
system using a Phenomenex Luna Omega 5 μm PS C18 100 Å
LC column. Varying gradients of ACN and 0.1% TFA in H2O
were used to separate the respective peptides. The purity of
each peptide was checked using an analytical Agilent 1260
Infinity II system using a Phenomenex Luna Omega 5 μm PS
C18 100 Å LC column. Mass spectrometry was performed
using a Bruker matrix-assisted laser desorption ionization−
time-of-flight (MALDI-TOF) Ultraflex III mass spectrometer
and α-Cyano-4-hydroxycinnamic acid (CHCA; Sigma) as the
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matrix. Peptides were lyophilized using a Labconco FreeZone
Plus 12 Liter Cascade Console Freeze-Dry system.
UV−Vis Measurements. UV−vis absorption spectropho-

tometry was performed using a Jasco V-650 Spectrophotom-
eter and 1 cm path length quartz cells. Lyophilized peptide was
dissolved in 100 μL of phosphate-buffered saline pH 7.4 (PBS;
Thermo Fischer), and the concentration of each peptide was
determined by measuring the absorbance at 205 nm and using
a calculated extinction coefficient for each peptide because of
the lack of aromatic residues in the peptides.44,45 For
fluorescein-labeled peptides, the lyophilized solid was dissolved
in 20 μL of dimethyl sulfoxide (DMSO; Sigma) then diluted to
100 μL with PBS. Peptide concentration was determined by
measuring the absorbance at 495 nm.
Cell Culture. All cells were purchased from American Type

Culture Collection (ATCC). Human-derived THP-1 mono-
cytes and mouse B16F10 melanoma cells were cultured in
RPMI 1640 media (Gibco). All media were supplemented with
10% v/v fetal bovine serum (FBS; Sigma) and 1% v/v
penicillin/streptomycin (Sigma). THP-1 monocytes were
cultured in suspension. Differentiation of THP-1 monocytes
to macrophages was achieved by addition of 100 ng/mL
phorbol myristate acetate (PMA; Sigma) in media for 2 days
(unless stated otherwise) and confirmed by attachment of the
macrophages to the bottom of the tissue culture plates.
B16F10 SIRPα knockout cells were prepared as previously

described.19 Briefly, B16F10 parental cells were transduced
with lentivirus for expression of Cas9 and single guide RNA
against SIRPα (5′-TAATTCTAAGGTCATCTGCG-3′, de-
signed using the Broad Institute’s CRISPick, manufactured by
Integrated DNA Technologies, and integrated into plasmid by
using BsmBI restriction digest). Knockout was confirmed by
flow cytometry by using anti-mouse SIRPα (P84, Biolegend)
with secondary donkey anti-mouse AlexaFluor 647 (Thermo
Fisher).
The plasmids LentiV-Cas9_puro and Lenti_sgR-

NA_EFS_GFP (Addgene #108100 and 65656, respectively)
were gifts from Christopher Vakoc. Lentivirus for delivery was
done using HEK 293T cells by co-transfecting them with the
desired transfer plamids, pVSVg, and psPAX2 at a 2:2:1 ratio
(by mass) using MIrus TransIT (MIR6603) transfection
reagent. Viral supernatant was collected 48 h after transfection
and added to target cells at a 1:1 volumetric ratio with regular
cell culture media. Successfully transduced cells were selected
using puromycin at 2 μg/mL.
In Vitro Phagocytosis Assays. RBCs. Fresh human RBCs

were washed twice with 50 mM EDTA (Thermo Fischer) in
Dulbecco’s phosphate buffered saline (PBS; Gibco) then twice
with 5% FBS in PBS. RBCs were opsonized with 20 μg/mL
rabbit anti-human RBC antibody (Rockland) in 5% FBS for 1
h at RT with shaking. For CD47 blocked RBCs, 5 μg/mL of
mouse anti-human CD47 (B6H12; BD Biosciences) was
added. Thereafter, RBCs were washed with PBS three times
and stained with PKH26 dye (1:800 dilution in PBS; Sigma)
for 1 h at RT with shaking in the dark. RBCs were washed and
resuspended in PBS.
THP-1 monocytes were PMA differentiated in RPMI for 48

h. Macrophages were then washed with RPMI media three
times. The macrophages were then incubated with 20 nM, 1
μM, or 50 μM of the nano-Self-peptides for 1 h at 37 °C, 5%
CO2, and 95% humidity. Those THP-1s were then washed
with RPMI three times.

Opsonized RBCs were added to macrophages at a ratio of
10:1 for 1 h at 37 °C, 5% CO2, and 95% humidity.
Macrophages were then washed with RPMI three times.
Adherent and uninternalized RBCs were lysed with water for
30 s followed by immediate replacement with RPMI media. To
distinguish the remaining adherent RBCs from internalized
RBCs, opsonized RBCs were stained with AlexaFluor 647
donkey anti-rabbit (binds to rabbit polyclonal opsonin on
RBC; Invitrogen) IgG (1:1000) while unopsonized, and CD47
blocked RBCs were stained with AlexaFluor 647 donkey anti-
mouse (binds to mouse monoclonal anti-CD47 on RBCs;
Invitrogen) IgG (1:1000) for 30 min. After washing,
macrophages were fixed with 4% formaldehyde (Sigma) for
15 min at RT, washed with PBS, stained with 1 μg/mL
Hoechst 33342 (Invitrogen), and then washed with PBS again.

B16F10 Melanoma Cells. Bone marrow cells were isolated
from femurs and tibias of healthy C57BL6/J mice (The
Jackson Laboratory) and cultured in 10 cm Petri dishes
containing IMDM (Gibco) supplemented with 10% v/v FBS,
1% v/v penicillin/streptomycin, and 1:10,000 macrophage
colony stimulating factor cytokine (M-CSF; Biolegend) for 7
days at 37 °C, 5% CO2, and 95% humidity. All animal
experiments were performed according to protocols approved
by the University of Pennsylvania’s IACUC (protocols 805977
and 804455). The resulting mouse bone marrow-derived
macrophages (BMDMs) were washed with PBS containing
Ca2+/Mg2+ (Gibco) then detached with 0.25% trypsin-EDTA
(Gibco) and replated in 6-well tissue culture plates using
IMDM+M-CSF (1:10,000) for 24 h.
Mouse melanoma B16F10 cells were washed with PBS

containing Ca2+/Mg2+ and then trypsinized with 0.05%
trypsin-EDTA. After being washed twice with PBS, the cells
were labeled with 1:10 000 CFDA-SE (Thermo Fisher) in PBS
for 10 min. B16F10 cells were washed then opsonized with 10
μg/mL anti-TYRP1 (TA99; Bio X Cell) in PBS for 2 h at 4 °C
with occasional inverting. For CD47 blocked B16F10 cells, 5
μg/mL of anti-mouse CD47 (B6H12; BD Biosciences) was
added. During the incubation time, the BMDMs were washed
with media then stained with 1:2000 CellTracker Deep Red
(Thermo Fisher) in PBS with Ca2+/Mg2+ for 10 min. After
washing, 50 μM of the nano-Self-peptides were incubated with
the BMDMs for 1 h at 37 °C, 5% CO2, and 95% humidity.
Finally, BMDMs were washed twice with PBS and then twice
with serum-free IMDM.
Without removing the supernatant, the opsonized melanoma

cells were added to the labeled BMDMs at a ratio of 2:1 for 2 h
at 37 °C, 5% CO2, and 95% humidity. During the last 15 min
of the assay, the cells were Hoechst stained. The wells were
washed with serum-free IMDM, fixed with 4% formaldehyde
for 15 min at RT, and PBS washed. Fluorescence imaging was
performed using an Olympus IX71 with a digital EMCCD
camera (Cascade 512B) and a 40×/0.6 NA objective.
Quantification was done with ImageJ (NIH). At least 200
cells were analyzed, and two-tailed student’s t test was used to
determine statistical significance.

■ ASSOCIATED CONTENT
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