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Abstract

Macrophages engulf “foreign” cells and particles, but phagocytosis of healthy cells and cancer 

cells is inhibited by expression of the ubiquitous membrane protein CD47 which binds SIRPα 
on macrophages to signal “self”. Motivated by some clinical efficacy of anti-CD47 against 
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liquid tumors and based on past studies of CD47-derived polypeptides on particles that inhibited 

phagocytosis of the particles, here we design soluble, multivalent peptides to bind and block 

SIRPα. Bivalent and tetravalent nano-Self peptides prove more potent (Keff ~ 10 nM) than 

monovalent 8-mers as agonists for phagocytosis of antibody opsonized cells, including cancer 

cells. Multivalent peptides also outcompete soluble CD47 binding to human macrophages, 

consistent with SIRPα binding, and the peptides suppress phosphotyrosine in macrophages, 

consistent with inhibition of SIRPα’s “self” signaling. Peptides exhibit minimal folding, but 

functionality suggests an induced fit into SIRPα’s binding pocket. Pre-clinical studies in mice 

indicate safety, with no anemia that typifies clinical infusions of anti-CD47. Multivalent nano-Self 

peptides thus constitute an alternative approach to promoting phagocytosis of “self”, including 

cancer cells targeted clinically.
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Protein-mediated interactions between two cells can convey inhibitory signals such as with 

the various “checkpoint” receptors on immune cells. On macrophages, for example, signal 

regulatory protein-α (SIRPα) is a checkpoint receptor that binds the ubiquitously expressed 

protein CD47,1–4 and the SIRPα-CD47 interaction initiates a signal cascade which inhibits 

macrophage engulfment of cells or particles that display both CD47 and a macrophage­

activating antibody. On T-cells, in comparison, the PD-1 checkpoint receptor binds to PD-L1 

displayed on the surface of other cell types,5,6 and the interaction ultimately inhibits T-cell 

activation. Importantly, antibody antagonists of these inhibitory, checkpoint interactions 

enable the respective immune cells to eliminate target cells, particularly cancer cells. 

However, efficacy is lacking in many cancer patients infused with blocking antibodies,7–11 

and such limitations motivate additional molecular designs.

Nearly half of CD47’s contact surface with SIRPα localizes to eight residues in a β­

hairpin loop within CD47’s immunoglobulin (Ig) domain (Figure 1A).4,12 A 21 amino 

acid peptide derived from CD47 binds SIRPα and mimics the function of the Ig domain 
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by inhibiting macrophage-mediated clearance of peptides, or Ig, displaying nanoparticles 

injected in mice.12 Mechanistically, CD47 stimulates SIRPα phosphorylation to signal 

against phagocytosis.13–18 The CD47-SIRPα macrophage checkpoint is already targeted 

in cancer patients with antagonizing antibodies and with antibody-like bivalent fusions of 

SIRPα.19–23 Although blockade can be effective in some patients with liquid tumors when 

combined with a tumor-opsonizing IgG,24 infusion of anti-CD47 is often seen to clear blood 

cells including red blood cells (RBCs).25–27 We hypothesized that a multivalent, eight amino 

acid nano-Self (nS) peptide could antagonize SIRPα while preventing the clearance of blood 

cells in vivo. Here, multivalent peptides substituted at a single key residue (Figure 1B) 

function as SIRPα antagonists and lead to an increased phagocytosis of antibody-targeted 

cells as well as association with and net dephosphorylation within macrophages. Compared 

to large antibodies, the much smaller nS peptides potentially represent an additional class of 

macrophage checkpoint inhibitors.

RESULTS AND DISCUSSION

Nano-Self Peptide Designs, Synthesis, and Characterization.

CD47’s eight amino acid binding loop defines a wild-type nano-Self (nS-wt) and has a 

central Thr next to a hydrophobic Leu that are both buried in SIRPα’s hydrophobic pocket 

(Figure 1A). All co-crystal structures of CD47 and its antagonists show an interaction with 

this central Thr.28 Furthermore, screening for high affinity mutants of SIRPα’s binding 

pocket all yielded Phe insertions (with >100-fold higher affinities for CD47 versus the sub-

μM affinity of wild-type),20 which suggests that a greater hydrophobicity and/or aromaticity 

increases affinity. We therefore substituted the Thr with hydrophobic Phe or Val (nS-F and 

nS-V, respectively, in Figure 1B, inset table). Phe adds aromaticity and could allow for 

a π-stacking interaction with SIRPα’s Phe-74 that points towards CD47’s key β-hairpin, 

whereas Val removes the polar hydroxyl group from the similarly sized Thr. Multivalent 

nS peptide designs are motivated in part by the fact that SIRPα is mobile—it accumulates 

at the phagocytic synapse15 and is likely a homodimer.29 A distance of ~2.5 nm between 

the binding sites of SIRPα homodimers was estimated from simple modeling of crystal 

structures and led us to design bivalent nS peptides with two flexible PEG5 nano-linkers of 

~1.5 nm length30 attached to two amines of a bridging Lys (Figure 1B).

All nS peptides were synthesized on a Rink amide resin yielding C-terminal amide 

functional groups to minimize the charge on the peptides. Analytical HPLC followed by 

matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry 

characterization showed >98% purity of all synthesized nS peptides (Figure S1). Solubility 

at neutral pH (up to at least 50 μM) is likely attributable to charge on three of the eight 

residues.

nS Peptide Agonists for Human Macrophage Engulfment of Opsonized Human Cells.

Solutions of nS peptides were added to cultures of adherent human THP-1 macrophages 

(referred to as macrophages; Figures 2A and S2) to study the phagocytosis of two antibody­

opsonized human cells: (1) healthy RBCs which serve as a simple “self” cell and are 

also relevant to the anemia caused by anti-CD47 infusion; and (2) human erythroleukemia 
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K562 cells which serve as a blood cancer cell model relevant to the liquid tumors that 

show some efficacy when treated with opsonized IgG and anti-CD47.24 After observing and 

quantifying internalization of RBCs with our bivalent nS-FF peptide by macrophages, we 

further synthesized a tetravalent peptide to study the effects of multivalency on cancer cells 

(Figures 2B and S3). Interestingly, all nS peptides, except for scrambled nS-X and nS-XX, 

enhanced the phagocytosis of RBCs opsonized by anti-RBC IgG (Figures 2C and S4). 

nS-FF was effective even at 20 nM with ~40% of peptide-treated macrophages showing at 

least one opsonized RBC internalized by the end of the 1 h assay, with an efficacy constant 

(Keff) of ~8 nM, indicating a >100-fold higher activity than that of nS-wt (Figure 2C). This 

key metric of efficacy in promoting phagocytosis follows the trend: nS-FF > nS-F > nS-VV 

> nS-V > nS-wt > nS-X = 0 activity (Figure 2C).

Furthermore, maximum peptide concentrations of 50 μM show phagocytosis levels for nS-wt 

and all nS-F and nS-V variants are well above those for nS-X and nS-XX controls that do 

not affect baseline engulfment of opsonized RBCs (Figure 2C,D).

Maximum peptide concentrations reveal an additional effect when compared to anti-CD47 

on the RBC. Combining anti-CD47 with anti-RBC causes ~30% of macrophages to 

phagocytose the opsonized RBCs, which is higher than the effect of anti-RBC alone 

(~20% of macrophages contain opsonized RBCs; red open bar in Figure 2D). The result 

is consistent with anti-CD47 inhibiting recognition by the macrophage’s SIRPα. Likewise, 

combining nS-wt with anti-RBC also causes ~30% of the macrophages to internalize 

opsonized RBCs. Note that saturating amounts of anti-CD47 on RBCs has a minimal effect 

on baseline engulfment (~5–10% of macrophages) and that anti-RBC is always used at 

~133 nM (Figure S5A). Surprisingly, the highest levels of phagocytosis, with ~40–50% of 

macrophages containing opsonized RBCs, are seen for all F and V substituted peptides at 

maximum peptide concentrations (Figure 2D).

Opsonized erythroleukemia K562 cancer cells were similarly tested for phagocytosis in 

the presence of our most potent nS-FF and our tetravalent nS-F4 peptides. The anti-RBC 

successfully opsonized and triggered phagocytosis of K562 cells by macrophages (Figures 

2E,F and S5B). Multivalent nS-FF and nS-F4 nearly doubled the percentage of phagocytic 

macrophages relative to trans anti-CD47 blockade, whereas macrophages were unaffected 

by nS-XX control (Figure 2F). Interaction of the nS peptides with K562 cells is likely 

minimal due to the relative lack of SIRPα expression (Figure S2). However, saturation at 

~40% of macrophages engulfing opsonized K562 cells is less than the ~50% for opsonized 

RBCs, perhaps because K562 cells have more CD47 molecules than RBCs, suggesting more 

“don’t eat me” signaling (Figure S6).

For both opsonized RBCs and opsonized K562s (Figure 2D,F), the hyper-phagocytosis that 

is achieved with soluble F- and V-nS peptides matches the recently measured increases 

for disruption of both the trans interactions between CD47 on a target and macrophage 

SIRPα and also, importantly, the cis interactions between CD47 and SIRPα on the same 

macrophage (Figure 2G, left).31 Expression profiling of macrophages confirms these cells 

generally express CD47 at similar levels to other cell types (Figure S2). The recent study 

of the cis interaction showed that a macrophage-CD47 knockdown removed a basal level of 
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inhibitory “self” signaling from the cis interaction and thereby caused hyper-phagocytosis, 

with similarly increased phagocytosis when anti-CD47 was added to macrophages separate 

from adding anti-CD47 to the targeted RBC. A preliminary conclusion is that nS-FF and the 

other substituted peptides, which were designed to bind SIRPα, inhibit both the cis and trans 
interactions between SIRPα and CD47 (Figure 2G, right).

Consistent with the results with human macrophages, mouse-derived J774A.1 macrophages 

show all of the same trends for nS-F, nS-V, nS-wt, and nS-X peptides, including 3-fold 

more phagocytosis with nS-F relative to the minimal internalization of opsonized RBCs in 

the presence of nS-X control (Figure S5C). The ~10–20% increase in phagocytic mouse 

macrophages with F- and V-substituted nS peptides relative to anti-CD47 on opsonized 

RBCs agrees with the cis and trans inhibition effect, and the nS-wt peptide matches anti­

CD47 blockade effects, at least for high concentrations (50 μM). Indeed, the effective 

activity of nS-wt is ~100-fold weaker in the mouse macrophage assay than in the human 

assay (Figure 2C). The difference could reflect a singular difference between the eight 

residue sequences of human and mouse CD47’s: The Thr in human-CD47 is replaced by 

a less bulky and less hydrophobic Ser in mouse-CD47, which again affirms that sequence 

matters. The various phagocytosis results lead us to further hypotheses on peptide functions 

(Figure 2G). First, the nS-F peptide should associate directly with macrophages, and moreso 

than nS-X but less so than nS-FF. Second, nS-F and nS-FF peptides affect phosphotyrosine 

levels that are downstream of SIRPα binding to CD47.31

Multivalent nS Peptides inhibit CD47-Fc Binding to Human Macrophages.

To determine whether the nS peptides bind to SIRPα, we used nS-FF and nS-F4 as soluble 

competitive inhibitors of saturable CD47-Fc fusion protein binding to macrophages (Figure 

S7). An addition of multivalent nS peptides was followed by a Fc-receptor blockade to 

minimize the Fc-driven binding of constructs. Afterwards, CD47-Fc was added prior to 

anti-Fc fluorescence imaging (Figure 3A). Quantitation of fluorescence shows the expected 

trend for the levels of inhibition:

nS‐F4 nS‐FF > nS‐wt > nS‐XX   = 0

Anti-CD47 was pre-incubated with CD47 as a positive control for the inhibition of binding 

to SIRPα.28 This showed that both nS-F4 and nS-FF are as inhibitory as anti-CD47.

Tyrosine Phosphorylation in Macrophages Is Suppressed by nS Peptides.

Given that the interaction of CD47 with SIRPα initiates a de-phosphorylation cascade 

regardless of whether the interaction occurs in trans or in cis,15,31 two key nS peptides were 

again added to the macrophages for quantitative fluorescence microscopy. Basal levels of 

phosphotyrosine (pTyr) in wild-type macrophages are indeed suppressed by nS-FF and by 

anti-CD47 (Figure 3B). Importantly, nS-FF suppressed the pTyr signal at the low peptide 

concentration (20 nM; Figure 3B), that maximizes phagocytosis by blocking both trans 
and cis interactions (Figure 2C). Monovalent nS-F at the high concentration (50 μM), 

which likewise maximized phagocytosis, also suppressed pTyr, whereas 20 nM nS-F did 

not significantly affect pTyr, consistent with blocking only trans interactions at the low 
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concentration (Figures 2C,D). The negative control peptide nS-X (50 μM) had no effect on 

pTyr, which is consistent with the lack of effect in phagocytosis. Note that anti-CD47 in the 

phagocytosis studies was added to the opsonized RBCs and K562 cells blocking only the 

trans interactions, whereas in these pTyr experiments (Figure 3B), anti-CD47 was added to 

the macrophages to determine the effect on basal signaling in the absence of phagocytosis. 

The pTyr results are not only consistent with peptide disruption of cis interactions between 

CD47 on the surface of the macrophage and SIRPα (Figure 3C) but also further underscore 

the functional potency of multivalent nS peptides.

Competitive Binding of nS peptides to Macrophages.

To assess peptide association, nS-F was fluorescently labeled (denoted nS-F-fluor) and 

added to macrophages. Fluorescence microscopy shows nS-F-fluor associates with all cells 

(Figure S8A, Ctrl), consistent with SIRPα expression on all macrophages. Some evidence 

of internalized fluorescent peptide signal is consistent with SIRPα internalization as part of 

the recycling of such cell surface receptors.32–34 To demonstrate the increased affinity of 

bivalent nS peptides relative to monovalent nS-F, unlabeled nS-FF and nS-VV were added as 

inhibitors to cultures with 100 μM nS-F-fluor. Bivalent peptides at just 20 nM significantly 

decreased association of nS-F-fluor with macrophages, whereas nS-X showed no effect up to 

50 μM (Figure S8B).

Biotinylated-nS peptides were also used to confirm association with SIRPα by incubating 

streptavidin-coated polystyrene micro-beads first with a biotinylated nS and then with 

purified recombinant human SIRPα extracellular domain15 plus fluorescent (non-blocking) 

anti-SIRPα (Figure S9). Given the effect on phagocytosis after the addition of nS peptides 

to both human and mouse macrophages, association of nS-fluor peptides with both 

species of macrophages was investigated. From imaging analysis, there was indication of 

internalization similar to the anti-mouse SIRPα (P84-FITC) (Figure S10A,B), especially at 

high peptide concentrations (≫1 μM). For nS-X which showed no effect on phagocytosis, 

total fluorescence intensity of nS-X-fluor associating with the macrophages proved 

significantly lower and >5-fold weaker than the other functional peptides (Figure S10C).

nS Peptides Are Mainly Disordered, with Binding Likely to Enhance β-Hairpin Structure.

Because of the snug fit of the key CD47 β-hairpin within SIRPα (Figure 1A), we 

investigated the secondary structures of the eight amino acid peptides in solution, using 

circular dichroism (CD) (Figures 4 and S11). At low temperatures (5 °C), the peptides are 

largely random coils with a minor fraction of β-turn structure when compared to other short 

peptides.35–37 This is evident for the most functional peptide nS-FF as a slight positive 

ellipticity peak at 215–220 nm and deep negative ellipticity peak around 195 nm — signals 

that are somewhat clear for the slightly less functional nS-VV peptide but much attenuated 

for nS-XX or nS-X. Thermal unfolding at 90 °C is evident in the suppression of the 

ellipticity peaks. Difference spectra (Figure 4B) are the same for the bivalent nS-FF and 

nS-VV, whereas nS-XX is attenuated, showing a trend similar to the phagocytosis results 

(Figures 2C–F).
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The nS peptides here are mainly random coils (Figures 4A and S11), which suggests 

an induced fit association with SIRPα on macrophages. Phagocytosis levels of nS peptide­

treated macrophages were compared to the anti-CD47 blockade of the target, with bivalent 

nS-FF and tetravalent nS-F4 proving to be more potent in enhancing phagocytosis at 

pharmacologically relevant concentrations (20 nM) (Figures 2C–F). The slight increase 

of phagocytic macrophages when cultured with nS-F4 versus nS-FF (Figure 2F) seems 

consistent with increased avidity as a soluble inhibitor (Figure S12), which supports an 

advantage of multivalency, even though the effects plateau. The increased levels of target 

phagocytosis are consistent with cis and trans inhibition,31 and nS-FF’s suppression of 

phosphorylation in isolated macrophages is consistent with blocking of the cis binding of 

SIRPα to CD47 (Figure 3B,C).

Safety of ns-FF Injections in a Pre-Clinical Test.

Phase 1 clinical trials for safety of anti-CD47 in patients have shown that infusion into the 

bloodstream decreases RBC numbers (i.e., hematocrit) and increases reticulocytes (i.e., new 

RBCs),19,26 and related blood safety concerns apply to a bivalent CD47-binding protein 

made with SIRPα domains fused to a macrophage-binding Fc domain.38 Given that our 

nS-F peptide increases phagocytosis of opsonized RBCs and also associates with mouse 

macrophages (Figures S5 and S10), we assessed the safety of the more potent nS-FF peptide 

by intravenous injection into mice. Overall, nS-FF in PBS showed no differences versus 
the PBS vehicle control in its effects on mouse hematology and body weight after four 

daily tail-vein injections of 1 mg/kg peptide (Figure 4C). This corresponds to about 8 μM 

in the blood, assuming rapid mixing and no dilution within the ~1.5 mL blood volume 

of the mouse. Withdrawal of ~140 μL from this blood volume was necessary to obtain a 

complete hematology profile, and such a volume is expected to cause slight decreases in the 

hematocrit and platelets as shown in Figure 4C-i,ii. Consistent with this loss, more RBCs 

should be produced in each mouse to compensate for the RBC loss, and the ~30% increase 

in reticulocytes after the first two blood draws over 11 days (Figure 4C-iii) is similar to the 

prior amount of blood removed (~300 μL/1500 μL). The mice (~14 weeks) also continued 

to gain weight at the same rates (~5% over 11 days) regardless of peptide injections. These 

changes are thus expected but, importantly, unaffected by the nS-FF peptide. The results 

establish some initial safety for nS-FF.

CONCLUSIONS

Peptide-based therapies are numerous,39 and for cancer, they include approved analogs of 

naturally occurring molecules (e.g., bortezomib, carfilzomib, and goserelin). In cell adhesion 

signaling, for example, the tripeptide RGD that was derived from proteins in extracellular 

matrix40 led to a synthetic analog with increased affinity for matrix receptors41 and with 

utility as a soluble competitive inhibitor of adhesion in clinical trials against cancer.42 

Peptides are usually synthesized at low cost (~$1/mg in the United States) and can be stored 

at a high concentration relative to therapeutic IgG’s.43 To be clear, lab-grade anti-CD47, 

anti-SIRPα, and anti-PD1 are ~$100/mg, and clinical-grade antibodies such as anti-PD1 cost 

>$100,000/patient/year.44,45 Moreover, very few residues in a ~150 kDa antibody physically 

contact a target antigen.
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The 21 amino acid “Self” peptide was the first peptide shown to bind SIRPα and 

recapitulate the anti-phagocytic signaling of full-length CD47. Although a similar 21 amino 

acid peptide was modified for surface immobilization and reported to not bind soluble 

SIRPα,46 our eight amino acid nano-Self peptides show clear and consistent functionality. 

First, they enhanced phagocytosis of IgG-opsonized human cells (normal and cancer) by 

human macrophages, and secondly the peptides were as effective as anti-CD47 in inhibiting 

a CD47-Fc construct in binding to human macrophages. Anti-CD47 infusions in the clinic 

cause anemia,24 that could in part reflect the Fc function of anti-CD47 because anemia is not 

evident with initial infusions of nS peptides.

When displayed on particles, the 21 amino acid “Self” peptide inhibited phagocytosis of 

IgG opsonized particles,12 whereas the soluble peptides here function as antagonists. This 

finding is consistent with the prior use of large, soluble CD47 ectodomains as inhibitors 

of SIRPα to enhance phagocytosis of tumor cells.47,48 The smaller peptides here are more 

likely to penetrate a solid tumor, or they might be delivered to tumors (which are typically 

rich in macrophages) by various methods that range from nanoparticle-mediated “nano­

gene” therapy to packaging them into peptide-secreting bacteria49 or perhaps backpacks 

that attach to tumor-injected macrophages.50 In contrast to nS peptides, anti-CD47 can 

in principle directly opsonize healthy or diseased cells and activate engulfment by 

macrophages; this is because the antibody’s Fc-domain activates the Fc receptor on the 

macrophages.51,52 On the other hand, such an effect is not evident in our data with the 

B6H12 clone of anti-CD47.15 Regardless, a bivalent anti-CD47 nanobody that lacks an Fc 

domain caused modest anemia and mild thrombocytopenia in mice (following a similar 

injection and bleeding protocol as used here), and addition of an Fc domain to the nanobody 

increased these adverse effects.53 Once again, the nS peptides lack an activating Fc domain 

and should solely antagonize SIRPα, eliminating opsonization, and thereby minimizing 

clearance of healthy cells.

In summary, synthesis and functional tests of multivalent, CD47-inspired nano-Self peptides 

with hydrophobic substitutions at a central Thr demonstrate potential as a nanomolar agonist 

for phagocytosis of targeted diseased cells such as cancer cells. Sequence analyses of 

various species beyond human and mouse28 suggest the nS peptides will function with 

macrophages in monkeys and dogs, which are important species for evaluation of safety 

and efficacy. Lastly, the increased phagocytosis of soluble nano-Self relative to anti-CD47 

on the cell that is targeted for phagocytosis certainly motivates further investigation of 

CD47-SIRPα’s molecular mechanisms.

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 (EMD Millipore) and 2% v/v 1,8­
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diazabicyclo[5.4.0]undec-7-ene (Acros Organics) in DMF and left to stir for 1 min (repeated 

three times). Lastly, the 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 hexafluoro­

phosphate (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.

Bivalent Peptide Synthesis.—Bivalent peptides were prepared by coupling 3 equiv of 

Fmoc-Lys(Fmoc)-OH directly on the resin and deprotecting the Fmoc groups following 

the same procedure mentioned above. The coupling solutions of the polyethylene glycol 

(PEG) acids contained 5 equiv of Fmoc-NH-PEG5-CH2CH2COOH (PurePEG), 4.5 equiv of 

HATU, and 10 equiv of DIEA. The coupling reactions were left to proceed for 3 h. Every 

subsequent amino acid coupling was done using 6 equiv of Fmoc-amino acid, 5 equiv of 

HATU, and 10 equiv of DIEA.

5(6)-Carboxyfluorescein Coupling.—All fluorescently labeled peptides were prepared 

by coupling Boc-Lys(Fmoc)-OH at the N-terminus and deprotection of the Fmoc-protected 

γ-amine of Lys. 5(6)-Carboxyfluorescein (FAM) (Chem-Impex) was prepared by dissolving 

2 equiv in DMF with 2 equiv of HATU and added to the resin after activation for 5 min at 

RT. In order to maintain a homogenous solution, 6 equiv of DIEA was added dropwise to the 

stirring solution.54 The reaction was left to proceed overnight in the dark.

Peptide Cleavage.—Following the final deprotection of the last Fmoc group (except 

for fluorescent peptides where the last amino acid contains an 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. 45 mL of cold diethyl ether (Sigma) was then added to 

the cleavage solution precipitating the peptide. To make sure all of the 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.

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. 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 
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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 matrix. Peptides were lyophilized using a Labconco FreeZone 

Plus 12 Liter Cascade Console Freeze Dry system.

UV–vis, Circular Dichroism, and Fourier Transform Infrared Measurements.
—UV–vis absorption spectrophotometry was performed using a Jasco V-650 

spectrophotometer 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 due to the lack of aromatic residues in the 

peptides.55,56 For fluorescein-labeled peptides, the lyophilized solid was dissolved in 20 μL 

of dimethyl sulfoxide (Sigma) and then diluted to 100 μL with PBS. Peptide concentration 

was determined by measuring the absorbance at 495 nm.

Circular dichroism (CD) experiments were performed using a Jasco J-1500 circular 

dichroism spectrometer and 1 mm quartz cuvettes. 100 μM samples were prepared for each 

peptide in sodium phosphate buffer pH 7, and ellipticity was measured from 190 to 260 nm 

at 5 °C and 95 °C, respectively.

Fourier transform infrared (FT-IR) measurements were collected using a Jasco FT/IR-6800 

FT-IR spectrometer. Peptide samples were solvent swapped into deuterated water and 

deuterated hydrochloric acid. 5 μL droplets of peptide samples were measured at RT, and the 

absorbance was recorded from 1200–1700 cm−1.

Cell Culture.

All cells were purchased from American Type Culture Collection (ATCC). Human derived 

THP-1 monocytes and mouse J774A.1 macrophages were both cultured in RPMI 1640 

media (Gibco). Human erythroleukemia K562 cells were cultured in IMDM media (Gibco). 

All media were supplemented with 10% v/v fetal bovine serum (FBS; Sigma) and 1% v/v 

penicillin/streptomycin (Sigma). J774A.1 macrophages were grown either as suspension or 

adherent cultures. To passage adherent J774A.1 macrophages, the cells were gently scraped 

with a cell scraper (Corning). THP-1 monocytes were cultured in suspension. Differentiation 

of THP-1 monocytes to macrophages was achieved by the addition of 100 ng/mL of 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.

In Vitro Phagocytosis Assay.

Fresh human RBCs were washed twice with 50 mM EDTA (Thermo Fischer) in Dulbecco’s 

phosphate buffered saline (PBS; Gibco) and then twice with 5% FBS in PBS. RBCs were 

opsonized with 20 μg/mL rabbit anti-human RBC IgG (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.
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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. The 

THP-1s were then washed with RPMI three times. J774A.1 macrophages were plated for 24 

h in RPMI. The same peptide blocking procedure as above was used with the addition of a 

positive control using 5 μg/mL rat anti-mouse SIRPα (P84; BD Biosciences).

IgG 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. In order 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 un-opsonized, 

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.

K562 cells were washed with PBS then stained with 1:10,000 5(6)-carboxyfluorescein 

diacetate (CFDA; Invitrogen) in PBS for 15 min at RT in the dark. Cells were washed with 

PBS to remove excess CFDA dye, and then cells were resuspended in IMDM media. K562 

cells were IgG opsonized and CD47 blocked using the same antibody concentrations used 

in the RBC phagocytosis assay (20 μg/mL anti-RBC and 5 μg/mL anti-CD47) for 1 h on ice 

in the dark. After washing with IMDM, K562 cells were added to macrophages at a ratio of 

5:1 for 2 h at 37 °C, 5% CO2, and 95% humidity. THP-1 macrophages were stained with 

Hoechst 33342 for 15 min and then extensively washed prior to the addition of the K562 

cells. Afterwards, the macrophages were washed, fixed with 4% formaldehyde, and then 

washed again.

Fluorescence imaging was performed using an Olympus IX71 with a digital EMCCD 

camera (Cascade 512B) and a 40×/0.6 NA objective. Confocal imaging was done using 

a Leica TCS SP8 system with 63×/1.4 NA oil-immersion objective. Quantification was done 

with ImageJ (NIH). At least 200 cells were analyzed, and experiments were repeated at least 

three times. Two-tailed student’s t-test was used to determine statistical significance.

CD47-Fc Inhibition Assay.

THP-1 monocytes were PMA differentiated in RPMI for 48 h. The macrophages were 

washed with RPMI media and then incubated with 1 μM or 50 μM of nano-Self peptides for 

1 h at 37 °C, 5% CO2, and 95% humidity. After washing, the macrophages were incubated 

with Human Trustain FcX Fc receptor blocking solution (Biolegend) for 10 min at RT and 

then incubated with 2 μg/mL CD47-Fc fusion protein (ACRO Biosystems) for 1 h at 37 °C, 

5% CO2, and 95% humidity. As a negative control, B6H12 was pre-mixed with CD47-Fc at 

4 °C on a rotator for 1 h. The macrophages were then washed and incubated with 0.5 μg/mL 

goat anti-human IgG Fc DyLight 488 (Thermo Fischer) for 1 h at 37 °C, 5% CO2, and 95% 

humidity. Finally, the macrophages were washed, fixed, Hoechst 33342 stained, and imaged 

as described above.
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Peptide Inhibition Assay.

THP-1 monocytes were PMA differentiated in RPMI for 48 h. Macrophages were washed 

with RPMI three times and then incubated with 1 μM or 20 nM nS-FF or nS-VV for 1 h 

at 37 °C, 5% CO2, and 95% humidity. Excess peptide was washed with PBS and then 100 

μM of FAM-labeled nS-F was added to the bivalent-peptide blocked macrophages for 1 h 

as above. As a control, 50 μM of nS-X was used instead of bivalent nS peptides. Excess 

peptides were washed off with PBS, and cells were fixed with 4% formaldehyde for 15 min 

at RT, washed with PBS, stained with 1 μg/mL of Hoechst 33342, and then washed with 

PBS again. Fluorescence imaging was performed as described above, and quantification was 

done using ImageJ.

SIRPα Staining and Confocal Imaging.

THP-1 monocytes were PMA differentiated in RPMI 1640 for 24 h. J774A.1 cells were 

plated for 24 h in media. Cells were washed with RPMI prior to addition of fluorescent 

peptides. The peptides were left to incubate for 1 h at 37 °C, 5% CO2, and 95% humidity. 

For fixed cell staining, cells were incubated with 4% formaldehyde for 15 min prior to 

the addition of fluorescent peptides, whereas for live cell staining, fixation was done after 

incubation with the FAM-labeled peptides. Nuclei were stained with 1 μg/mL of Hoechst 

33342. Cells were then washed with PBS three times before analysis. Fluorescence imaging 

of fixed cells was done as described above. For live cell (without fixation) confocal imaging, 

cells were washed with respective media three times after nuclei staining instead of PBS. 

Confocal imaging was done using a Leica TCS SP8 system with 63×/1.4 NA oil-immersion 

objective. Quantification was done with ImageJ.

Phosphotyrosine Staining.

THP-1 monocytes were PMA differentiated for 48 h. Macrophages were washed with RPMI 

three times and then incubated with 50 μM and 20 nM of either nS-F or nS-FF for 1 h at 

37 °C, 5% CO2, and 95% humidity. The same conditions were replicated with the addition 

of 5 μg/mL of anti-CD47. Excess peptide was washed with PBS, and then macrophages 

were fixed. Permeabilization of the macrophages was achieved with 0.5% Triton-X for 30 

min. After washing with PBS, the macrophages were incubated with 1:100 mouse anti-pTyr 

(Santa Cruz Biotechnology) for 1 h at RT with gentle shaking. Macrophages were washed 

with PBS, stained with AlexaFluor 488 donkey anti-mouse (1:1000; Invitrogen) and 1 

μg/mL Hoechst 33342 for 1 h with shaking, and then washed again. Fluorescence imaging 

and quantification were performed as described above.

Intravenous Injections of nS-FF into Mice.

The 14-week-old C57BL6/J mice (Jackson Laboratory, Inc.) were anesthetized with 4% 

isoflurane in air carrier gas, and approximately 140 μL of blood was drawn retro-orbitally at 

days −7, −1, and +4 post-injection of either 100 μL of PBS (vehicle control) or 1 mg/kg of 

ns-FF peptide in 100 μL of PBS. Blood was collected with capillary tubes pre-rinsed with 

0.5M EDTA into K2EDTA microhematocrit tubes to prevent clotting. Injections were given 

intravenously daily on days 0, 1, 2, and 3. Mice were weighed at each blood draw.

Jalil et al. Page 12

ACS Nano. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GEO Microarray Analysis.

Data from the GEO database were used to obtain gene expression data for key genes 

associated with macrophage identity. The cell types included in this analysis were human 

HEK 293T (GEO accession GSE28715), human PMA-differentiated THP-1 macrophages 

(GEO accession GDS4258), primary mouse macrophages (GEO accession GDS2454), and 

human K562 erythroleukemia (GEO accession GSE16774 and GSE8832).

Flow Cytometry.

Fresh human RBCs were washed twice with 50 mM EDTA and then twice with 5% w/v 

bovine serum albumin (BSA; Sigma) in PBS. K562 cells were collected and washed twice 

with 5% BSA. RBCs and K562 cells were blocked with 5% BSA for 1 h at RT on a rotator. 

Saturating amounts of AlexaFluor 647 mouse anti-human CD47 (B6H12; BD Biosciences) 

were added to both RBCs and K562 cells and incubated at RT on a rotator for 1 h. Cells 

were washed three times with 5% BSA. Flow cytometry was performed on a BD LSRII 

(Benton Dickinson) at the Penn Cytomics and Cell Sorting Resources Laboratory and 

analyzed with FCS Express 7 software (De Novo Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
nano-Self peptides are designed as competitive inhibitors based on CD47’s key binding 

loop. (A) “Marker of Self” CD47 is expressed on all cells and inhibits phagocytosis of 

“Self” cells when it binds its receptor SIRPα on macrophages (Protein Database accession 

number: 2JJS). (B) The nS-wt peptide consists of eight amino acids (blue) that bind the 

SIRPα binding pocket (yellow). Substitutions of the Thr residue (red) generate nS peptides 

as competitive antagonists against SIRPα. nS-X is a scrambled sequence. Bivalent peptides 

were constructed by linking monomers to (di-PEG)-lysine via their C-termini.
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Figure 2. 
Multivalent nano-Self peptides enhance human macrophage phagocytosis of IgG opsonized 

targets. (A) Schematic of the phagocytosis assay. RBC and K562 erythroleukemia cell 

opsonization by anti-human IgG is followed by addition of the cell suspensions to cultured 

macrophages togther with the soluble nS peptides. Phagocytosis is measured by counting 

macrophages with internalized, fluorescent target cells (scale bar: 25 μm). (B) Sketch of 

the tetravalent nS-F4 which consists of a core lysine (blue K) coupled via two lysines 

(red K’s) with four amines coupled to nS-F’s. (C) Incubating various concentrations of 

nS peptides with macrophages results in varying levels of macrophages that internalize 

at least one IgG-opsonized RBC. Relative to nS-wt, suitable substitutions of the key Thr 

enhanced phagocytosis as did multivalency. Scrambled nS-X or nS-XX peptides do not 

affect phagocytosis with IgG alone (red points). Phagocytosis by mouse macrophages 

is also affected by nS-wt, albeit not as much as with human macrophages. At least 
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200 macrophages were analyzed per condition (hMφ: human macrophages; mMφ: mouse 

macrophages; n = 3 ± SEM). (D) Saturating macrophages with nS-FF, nS-F, and nS-VV 

enhances phagocytosis by an additional ~10–20% relative to anti-CD47 treatment of 

opsonized RBCs. nS-wt is least effective but gives the same result as anti-CD47 and 

exceeds opsonization alone (n = 3 ± SEM; * denotes p < 0.05 relative to CD47-blocked 

and opsonized RBCs). (E) Phagocytosis of IgG-opsonized K562 erythroleukemia cells is 

enhanced by nS-FF and nS-F4. (F) Saturating macrophages with nS-FF and nS-F4 increases 

phagocytosis of opsonized K562 cancer cells relative to opsonized and CD47 blocked cells, 

but nS-XX has no effect on IgG-driven engulfment. (G) Schematic of how nS peptides 

engage and enhance phagocytosis. Left panel: CD47-expressing cells signal “self” through 

trans engagement with SIRPα on the macrophage, increasing pTyr signals, and overriding 

prophagocytic signaling from the opsonizing IgG. Right panel: nS peptides in solution 

engage with SIRPα, inhibiting trans binding of CD47 on opsonized cells and also inhibiting 

cis binding on the macrophages, leading to increased phagocytosis.
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Figure 3. 
Interactions of nano-Self peptides with macrophages are consistent with SIRPα binding, 

blocking, and signaling. (A) Representative fluorescence microscopy images of CD47-Fc 

binding to macrophages as visualized with fluorescent anti-Fc (Ctrl) and also inhibited by 

nS-wt, nS-FF and nS-F4 peptides but not by scrambled nS-XX. Anti-CD47 and CD47-Fc 

were incubated together prior to their addition to macrophages. All conditions compared 

to saturating concentration of CD47-Fc (n = 2 sets of triplicates, mean ± SEM; * denotes 

p < 0.05; scale bar: 50 μm). (B) Basal levels of pTyr signal are observed in isolated 
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macrophages. The pTyr signal is suppressed by nS-FF even at nM concentration, whereas 

monovalent nS-F requires μM concentration. This inhibition of phosphorylation is not 

observed with nS-X (n = 3 ± SEM; * denotes p < 0.05 relative to control; scale bar: 25 μm). 

(C) Schematic of nS peptides and anti-CD47 antagonizing the cis macrophage checkpoint 

and thereby suppressing pTyr.

Jalil et al. Page 21

ACS Nano. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Solution structure and in vivo safety data. (A) Random coil structure with low hairpin 

content suggests an induced fit mechanism into the SIRPα binding pocket. CD spectra of 

nS-FF, nS-VV, nS-XX at 5 and 90 °C. Arrows indicate the molar ellipticity at 215–220 and 

195 nm, respectively, suggestive of a β-hairpin turn which is lost in nS-XX. (B) Difference 

plots show that nS-FF and nS-VV agree in terms of structure, consistent with phagocytosis 

results. (C) Phase-1 type pre-clinical trial of lead peptide, nS-FF: Intravenous injections of 

nS-FF were done for four consecutive days followed by blood withdrawal 24 h after last 

injection. Blood parameters show that nS-FF at 1 mg/kg is safe, with no anemia or weight 

loss.

Jalil et al. Page 22

ACS Nano. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	Nano-Self Peptide Designs, Synthesis, and Characterization.
	nS Peptide Agonists for Human Macrophage Engulfment of Opsonized Human Cells.
	Multivalent nS Peptides inhibit CD47-Fc Binding to Human Macrophages.
	Tyrosine Phosphorylation in Macrophages Is Suppressed by nS Peptides.
	Competitive Binding of nS peptides to Macrophages.
	nS Peptides Are Mainly Disordered, with Binding Likely to Enhance β-Hairpin Structure.
	Safety of ns-FF Injections in a Pre-Clinical Test.

	CONCLUSIONS
	EXPERIMENTAL METHODS
	Solid-Phase Peptide Synthesis.
	Standard Peptide Synthesis.
	Bivalent Peptide Synthesis.
	5(6)-Carboxyfluorescein Coupling.
	Peptide Cleavage.
	Purification and Characterization.
	UV–vis, Circular Dichroism, and Fourier Transform Infrared Measurements.

	Cell Culture.
	In Vitro Phagocytosis Assay.
	CD47-Fc Inhibition Assay.
	Peptide Inhibition Assay.
	SIRPα Staining and Confocal Imaging.
	Phosphotyrosine Staining.
	Intravenous Injections of nS-FF into Mice.
	GEO Microarray Analysis.
	Flow Cytometry.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

