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Abstract

We present here an integrated nanotechnology/biology strategy for cancer immunotherapy that 

uses arginine nanoparticles (ArgNPs) to deliver CRISPR-Cas9 gene editing machinery into cells to 

generate SIRP-α knockout macrophages. The NP system efficiently co-delivers single guide RNA 

(sgRNA) and Cas9 protein required for editing to knock out the “don’t eat me signal” in 

macrophages that prevents phagocytosis of cancer cells. Turning off this signal increased the 

innate phagocytic capabilities of the macrophages by 4-fold. This improved attack and elimination 

of cancer cells makes this strategy promising for the creation of ‘weaponized’ macrophages for 

cancer immunotherapy.

INTRODUCTION

The immune system plays a critical role in preventing tumor initiation and growth; evasion 

of this system is required for cancer progression.1 One such mechanism is the generation of 

“don’t eat me” signals by the cancer cells, preventing phagocytosis by macrophages 2 The 

avoidance signal of perhaps greatest interest is CD47,3 a cell surface protein overexpressed 

by most cancer cells. Interaction between cancer cell CD47 receptors and macrophage signal 

regulatory protein-α (SIRP-α) is sufficient to bypass phagocytosis even if phagocytic 

signals are present (Figure 1). CD47:SIRP-α binding leads to activation of SIRP-α via 

phosphorylation of its immune-receptor tyrosine-based inhibition motifs on the cytoplasmic 

tail,4 resulting in binding and activation of Src homology phosphatase-1 (SHP-1) and 

SHP-2.5 As a result, phagocytosis is blocked by preventing accumulation of myosin-IIA at 

the phagocytic synapse. This inhibitory mechanism of CD47:SIRP-α binding is evident in a 

wide range of cancer-initiated malignancies making it a promising therapeutic target.6

#Institute for Protein Design, School of Medicine, University of Washington, Seattle, Washington 98195, USA
±Laboratory for Biomaterials and Drug Delivery, Division of Critical Care Medicine, Boston Children’s Hospital, Harvard Medical 
School, 300 Longwood Avenue, Boston, Massachusetts 02115, USA
*Corresponding Author rotello@chem.umass.edu. Tel: 413-545-2058. 

ASSOCIATED CONTENT
Supporting Information. Experimental details and additional figures and videos. This material is available free of charge on the ACS 
Publications website at http://pubs.acs.org
Notes
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Bioconjug Chem. Author manuscript; available in PMC 2019 February 21.

Published in final edited form as:
Bioconjug Chem. 2018 February 21; 29(2): 445–450. doi:10.1021/acs.bioconjchem.7b00768.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org/


Recently, strategies have been developed to block the interaction of CD47 with SIRP-α. Use 

of an anti-CD47 monoclonal antibody has shown efficacy in preclinical studies with 

different human cancers both in vitro and in mouse xenotransplantation models.2,7–8,9,10,11 

An engineered SIRP-α variant, CV1,12 has been used as an antibody adjuvant and shown to 

facilitate macrophage-mediated phagocytosis in tumor models with increased tumor 

penetration and low toxicity. However, overexpression of CD47 by cancer cells leads to a 

large antigen sink in the employment of antibody-based strategies that both reduces 

bioavailability and increases the potential for toxicity to normal cells.7,13 An alternative to 

blocking CD47 is the targeting of SIRP-α. Studies have shown that anti-SIRP-α antibodies 

significantly enhanced antibody-mediated killing of tumor cells by phagocytes in vitro. 

Nevertheless, due to their large size, penetration of the antibodies into solid tumors was a 

major limitation for therapeutic efficacy. SIRP-α-targeting agents must have sufficient tumor 

penetration to interact with and block tumor infiltrating macrophages,14,15 to be a viable 

therapeutic approach. 16

Recently, we have developed nanomaterial platforms for the delivery of biologics. These 

scaffolds can simultaneously transport proteins and nucleic acids directly to the cytosol 

through a membrane fusion mechanism. In our approach, we have delivered the complete 

CRISPR/Cas9 machinery (Figure 1b) by engineering Cas9 protein to facilitate association 

with cationic arginine-coated gold nanoparticles (ArgNPs).17 This strategy has demonstrated 

~90% delivery efficiency along with ~30% gene editing efficiency. Here, we use the same 

system to knock out SIRP-α in macrophages to turn off this “don’t eat me” signal and 

enable phagocytosis of cancer cells (Figure 1c), thus providing a strategy for cancer 

immunotherapy.18,19

RESULTS AND DISCUSSION

Delivery of CRISPR-Cas9 protein and subsequent knockout of SIRP-α gene.

Recently, the CRISPR-Cas9 nuclease system has emerged as a powerful tool for genome 

editing.20 It is a two-component system consisting of sgRNA and Cas9 nuclease (generally 

derived from Streptococcus pyogenes, or SpCas9) for generating sequence-specific targeted 

mutations in the genome.21 This targeted modification of the genome is permanent and can 

be passaged to offspring cells. In our previous research,17,22 we have demonstrated CRISPR/

Cas9 mediated gene editing by engineering Cas9 protein to facilitate association with 

cationic ArgNPs. We inserted a peptide tag containing glutamic acids (E-tags) at the N-

terminus of Cas9 protein derived from S. pyogenes (SpCas9) and appended a nuclear 

localization signal (NLS) tag23 at the C terminus to enhance nuclear accumulation (Figure 

2a-d). When E-tagged SpCas9 was mixed with ArgNPs, self-assembled superstructures were 

generated via carbo ylate-guanidinium binding. We found that E20-tag provided the most 

efficient delivery of SpCas9 into the cytosol and nucleus in multiple cell lines, including the 

RAW 264.7 model macrophage cell line. Therefore, we engineered SpCas9, first, by 

introducing an E-20 tag at the N-terminus of the protein so that the protein could self-

assemble with cationic ArgNPs. After engineering and purifying CasE20 protein, we 

fabricated nanoassemblies with CasE20-sgRNA (Cas9-ribonucleoprotein, hereafter, referred 

to as Cas9-RNP) and ArgNPs. These nanoassemblies were incubated with RAW264.7 cells 
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in cell culture media. Delivery efficiency was monitored by using Cas9E20 labelled with 

fluorescein isothiocyanate (FITC), and imaging via confocal laser scanning microscopy 

(CLSM) after 3 h of incubation. Cas9E20 was readily delivered to cytosol via membrane 

fusion mechanism 24 and accumulated in the nucleus, stained with Hoechst 33342 (Figure 

2f, Supporting Information Video S1), a prerequisite for gene editing. We further 

demonstrated the intracellular release dynamics of Cas9E20-RNP by performing time lapse 

video imaging. We recorded images at 30 s intervals for 1h following addition of the 

nanoassemblies into the RAW264.7 cell culture media (Supporting Information Video S2). 

Real time tracking of a delivery event showed almost instantaneous release of Cas9E20 in 

the cytosol with subsequent transport of the protein to the nucleus, presumably due to active 

nuclear transport of NLS-tagged Cas9E20. This remarkably fast intracellular delivery is 

consistent with prior studies showing that the protein payload was directly released from the 

cell membrane without being trapped in the endosomes. After efficient intracellular delivery 

of Cas9E20 was demonstrated, we identified the target gene sequence and generated the 

appropriate sgRNA 25 for the transmembrane region of SIRP-α in RAW264.7 cells (Figure 

2e). We subsequently assembled Cas9E20-RNP with ArgNPs and delivered these 

nanoassemblies into RAW264.7 cells. The nanoassemblies were incubated with the 

RAW264.7 cells for 3 h in serum-free media. Genome editing efficiency was evaluated 

after48 h, using indel analysis (Figure 2g). We observed 27% indel efficiency, fully 

competitive with other gene delivery-based editing approaches. Cells treated with only 

Cas9E20-RNP and untreated cells did not show any gene editing. Once the RAW264.7 cells 

were edited using Cas9E20-RNP and ArgNP nanoassemblies, the knockouts were isolated 

by dilution (single cell isolation).

To further assess the expression level of SIRP-α in SIRP-α- RAW264.7 cells (after single 

cell isolation), we labelled both RAW264.7 and SIRP-α- RAW264.7 cells with APC anti 

mouse SIRP-α- antibody. Labelling with APC anti-mouse SIRP-α antibody caused an 

increase in fluorescence intensity of the RAW264.7 cells as shown by a flow cytometry data 

(Figure 2h). The fluorescence intensity of the RAW264.7 cells shifted to the right (green 

histogram) compared to that of the SIRP-α- RAW264.7 cells (purple histogram) due to the 

increased level of SIRP-α expression in RAW264.7 cells compared to SIRP-α- RAW264.7 

cells. This result clearly proved that ArgNPs facilitated delivery of CRISPR-Cas9 in 

RAW264.7 cells has indeed knock-out SIRP-α.

SIRP-α knockout RAW264.7 macrophages promote phagocytosis of cancer cells.

Next the phagocytic ability of the SIRP-α knockout RAW264.7 (SIRP-α- RAW264.7) cells 

was tested against cancer cells. Here, we chose human osteosarcoma cells expressing and 

not expressing GFP, (U2OS-GFP+ and U2OS-GPF-, respectively), as a cancer cell model. 

We separately co-cultured RAW264.7 and SIRP-α- RAW264.7 cells (both labeled with PE 

anti mouse F4/80 antibody) with U2OS-GFP+ cells for 4 h at 370C. SIRP-α- RAW264.7 

cells showed a 4-fold increase in phagocytosis of U2OS-GFP+ cells compared to non-edited 

RAW264.7 cells, as measured by flow cytometry (Figure 3a, b). This demonstrates that the 

U2OS cells were being recognized and engulfed by the SIRP-α- RAW264.7 cells 

(Supporting Information Video S3) at a higher rate, revealing the efficacy of the strategy.
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To confirm the internalization of the U2OS cells within the macrophages, we labeled U2OS-

GFP- cells with pHrodo Green AM Intracellular pH Indicator.26 This dye is non-fluorescent 

at neutral pH, however it becomes fluorescent as phagolysosomes are formed in acidic 

environments. The brightly fluorescent cells (green) confirmed the internalization of the 

U2OS cells by the modified macrophages as well as formation of phagolysosomes (Figure 

3c). Fluorescent cells are not seen when U2OS cells are not internalized by the macrophages 

(Figure 3c, right image). To provide further confirmation, we used an imaging flow-

cytometer that provided an image of each cell that passed through the system. Using this 

method, we observed the internalization of the U2OS cells by SIRP-α- RAW264.7 cells with 

an internalization score of 2.822 (Figure 3d). Unmodified RAW264.7 cells, on the other 

hand, had an internalization score of 1.134 (Supporting Information Figure S1). The images 

clearly exhibited that the PE-F4/80 stained SIRP-α- RAW264.7 cells contained U2OS-GFP

+ cells. No cancer cells bound to, but not internalized by, macrophages were detected with 

this imaging technology due to the setting of gates on single cells. These results collectively 

demonstrated the efficiency of our method.

In summary, we have created an integrated nanotechnology/biology approach to engineer 

macrophages in vitro into therapeutic tools to fight cancer. We have utilized a protein based 

approach to deliver CRISPR-Cas9 into macrophages to knock out the SIRP-α gene that 

governs macrophage interactions with CD47 on cancer cells to prevent phagocytosis. 

Knocking out SIRP-α weaponizes the macrophages, greatly enhancing their ability to 

phagocytose tumor cells, providing a new immunotherapeutic strategy for cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Prevention of cancer cell phagocytosis by CD47:SIRP-α interaction (b) Genomic editing 

using CRISPR-Cas9 machinery (c) Cell-based immunotherapy through elimination of 

CD47:SIRP-α interaction by knocking out SIRP-α using nanoparticle-mediated delivery of 

CRISPR-Cas9/sgRNA and resulting phagocytosis of cancer cell by SIRP-α- macrophage
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Figure 2. 
(a) Engineering Cas9 by introducing an E20-tag at the N-terminus and nuclear localization 

signal (NLS) at the C-terminus (b) Chemical structure of ArgNPs (c) Schematic showing 

formation of nanoassembly by Cas9E20-RNP and ArgNPs (d) Delivery of Cas9E20 via 

membrane fusion mechanism. Fusion of nanoassemblies to the cell membrane facilitates 

direct release of the protein payload into cytoplasm, bypassing endosomes (e) Endogenous 

SIRP-α gene locus showing the CRISPR-Cas9 target site (f) Cytoplasmic/nuclear delivery 

of FITC- labelled SpCas9E20 into RAW264.7 cells; (Cell nuclei stained with Hoechst 

33342)(g) Delivery of Cas9E20-RNP to target SIRP-α gene in RAW264.7 cells resulted in 

efficient gene editing, as determined by indel (insertion and deletion) assay: Lane 1: 

Cas9E20-RNP:ArgNPs, Lane 2: cells only and Lane 3: Marker (the bottom one is 200 bp 

and each increase in fragment size is 100 bp). Indel efficiency is given in percentages. (h) 

Fluorescence histogram from flow cytometry analysis on SIRP-α- RAW264.7 cells and 
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RAW264.7 cells; RAW264.7 cells: green histogram; SIRP-α- RAW264.7 cells purple 

histogram
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Figure 3. 
(a) Flow cytometry plots of PE anti-mouse F4/80 antibody-stained and unstained RAW264.7 

cells, PE anti-mouse F4/80 antibody-stained and unstained SIRP-α- RAW264.7cells, GFP+/

GFP- U2OS cells, co-culture of PE anti-mouse F4/80 antibody-stained RAW264.7 cells and 

U2OS-GFP+ cells and co-culture of PE anti-mouse F4/80 antibody-stained SIRP-α- 

RAW264.7 cells and U2OS-GFP+ cells (b) Percentage of phagocytosis of U2OS-GFP+ by 

SIRP-α- RAW264.7 cells and RAW264.7 cells (c) Confocal images showing phagocytosis 

or no phagocytosis of U2OS cells; U2OS cells (green) labelled with pHrodo Green AM 

Intracellular pH Indicator. Scale bar: 20 µm (d) Representative images U2OS-GFP+ cells 

internalized by PE-F4/80 labelled SIRP-α- RAW264.7 cells measured by Imaging flow 

cytometry. The negative control (no internalization) is a representative PE-F4/80 labelled 

SIRP-α- RAW264.7 cell without internalized U2OS-GFP+ cells. Scale bar: 10 µm.
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