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Abstract

Gene therapies are transforming treatment modalities for many human diseases and 

disorders, including those in ophthalmology, oncology, and nephrology. To maximize the 

clinical efficacy and safety of these treatments, consideration of both delivery materials and 

cargos are critical. In consideration of the former, a large effort has been placed on transitioning 

away from potentially immunoreactive and toxic viral delivery mechanisms towards safer and 

highly tunable nonviral delivery mechanisms, including polymeric, lipid-based, and inorganic 

carriers. This change of paradigm does not come without obstacles, as efficient non-viral 

delivery is challenging, particularly to immune cells, and has yet to see clinical translation 

breakthroughs for gene editing. This mini-review describes notable examples of biomaterial-

based gene delivery to immune cells, with emphasis on recent in vivo successes. In consideration 

of delivery cargos, clustered regularly interspaced palindromic repeat (CRISPR) technology is 
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reviewed and its great promise in the field of immune cell gene editing is described. This mini-

review describes how leading non-viral delivery materials and CRISPR technology can be 

integrated together to advance its clinical potential for therapeutic gene transfer to immune cells 

to treat cancer. 

Introduction 

Since the first clinical trial was approved in 19901, the field has generated excitement 

about its promise in treating and preventing a variety of human diseases. Many research groups 

are now focused on developing gene transfer agents that are safe, effective, and specific, 

including for targeted gene delivery to immune cells. Successful delivery has the power to 

modulate the behavior of the immune system at the molecular level, with implications ranging 

from durable remission of cancer to novel approaches for the treatment of autoimmune diseases.

 In 2017, the Food and Drug Administration of the United States (FDA) approved the use 

of the first chimeric antigen receptor-T cell (CAR-T) therapy (tisagenlecleucel) to treat acute 

lymphoblastic leukemia, validating the clinical potential of genetic engineering for 

immunotherapy.2 This particular therapy relies on the ex vivo delivery of genes to modify T cells 

by lentivirus transduction. Immune cells are among the hardest cells to transfect with nucleic 

acids in vivo due to limited endocytosis and protein production, meager lymphocyte viability, 

and inherent immune protective functions.3-5 For instance, some T lymphocytes are programmed 

to act as anti-viral or anti-bacterial effectors and have been shown to eject danger-associated 

DNA in response to bacterially-associated CpG (cytosine-guanine oligonucleotides).6 

Additionally, leuokocytes can have innate nucleic acid sensors, such as toll-like receptors 
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(TLRs), that can become activated during delivery of exogenous genes and trigger reduced gene 

expression.4 Thus, next-generation delivery materials must assist in overcoming these obstacles. 

Viral gene delivery approaches, including lentiviruses, other retroviruses, adenoviruses, 

and adeno-associated viruses, have largely dominated the field of immune cell gene delivery as 

they exhibit high cellular transduction efficiencies.7 However, viral approaches have also posed 

challenges regarding manufacturability, mutagenicity, immunoreactivity, and toxicity. Due to 

these inherent limitations, non-viral polymeric, lipid-based, and inorganic carriers, have been 

explored. In addition to an improved safety profile, they can allow for large nucleic acid cargo 

capacity, ease in scale-up for manufacture, tunability of physical and chemical properties, and 

the potential for tissue-specific targeting.

Biomaterial and particle properties can be designed to assist in attaining the desired non-

viral nanocarrier features. For example, flexible nucleic acid cargo capacity can be attained by 

electrostatic binding between large anionic nucleic acids and cationic biomaterials without a 

cargo size limitation being imposed by a viral capsid.8 Particles can be designed to degrade over 

hours to days by hydrolysis of ester linkages in a biomaterial’s structure.9, 10 Further, through the 

use bioreducible disulfide linkages, gene delivery nanoparticles such as those composed of 

lipids11 or polymers,12 can biodegrade rapidly upon reaching the reducing environment of the 

cytosol, releasing biological cargo intracellularly in an environmentally-triggered fashion. 

Beyond reducing potential toxicities, these biodegradable functionalities also help ensure rapid 

release of nucleic acid cargo to the desired compartment, in contrast to non-degrading 

biomaterials. Using biomaterial library approaches, the physicochemical properties of engineered 

particles can be tuned as well, including particle size and surface properties, enabling tissue and 

immune cell-specific delivery following systemic administration for both lipid-based (such as 
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selective organ targeting (SORT) technology)13 and polymer-based (such as poly(beta-amino 

ester) (PBAE))14 nanocarriers.  

In order to further advance the therapeutic application of non-viral gene editing of 

immune cells towards the clinic, challenges associated with extracellular delivery, intracellular 

transport, and with gene editing need to be considered.  Extracellular barriers include anatomical 

barriers, enzymatic degradation, particle instability, non-specific protein interactions, 

aggregation, and clearance (Figure 1). These barriers can result in poor biodistribution and quick 

clearance of gene delivery nanocarriers, particularly charged carriers, before they can reach 

target cells. Biomaterial approaches can improve extracellular transport, such as PEGylation to 

reduce interactions of nanoparticle surfaces with serum proteins and cellular components.15, 16 

Intracellular transport barriers include challenges with cellular uptake, endosomal escape, and 

cytoplasmic trafficking (Figure 1). Cellular uptake of nucleic acids is a challenge as it is difficult 

to transport large polyanions across a non-polar cell membrane.5 It is facilitated through use of a 

biomaterial nanocarrier and can occur through different types of cellular entry mechanisms 

including clathrin-mediated and caveolae-mediated endocytosis, macropinocytosis, and 

phagocytosis, which are dictated by the physicochemical properties of the nanoparticle, 

especially size.17 In particular, particle sizes ~80-120 nm are advantageous for targeting a range 

of cells by caveolae-mediated and clathrin-mediated endocytosis and larger particle sizes ~500 

nm – 10 m are advantageous for targeting immune cells such as macrophages by 

phagocytosis.18 Once internalized into a vesicle, an even more challenging step is that the 

particle must escape to the cytosol, or else be degraded or recycled out of the cell. Endosomal 

escape can occur through multiple mechanisms such as proton buffering-mediated osmotic 

swelling (including with cationic polymers with pKas in the physiological range), biomaterials 
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that can fuse with endosomal membranes (such lipid-based materials), and pore-forming 

materials (such as cell penetrating peptides).19 Further challenges can also be associated with the 

biological cargo and with gene editing, including release of encapsulated components from the 

nanocarrier, and as needed, nuclear translocation and/or assembly of editing components.  

Figure 1: Schematic of the primary in vivo non-viral gene delivery barriers associated with 
common non-viral vehicles. As loaded delivery carriers travel through systemic circulation, they 
encounter many anatomical barriers, including epithelial/endothelial linings and the extracellular 
matrix (ECM). Additionally, professional phagocytes in the area are responsible for colloidal 
clearance, limiting a carrier’s ability to act directly on target cells. Likewise, proteins (i.e. 
nucleases) exist in the blood and ECM to degrade exposed nucleic acids. Ultimately, crossing the 
cellular plasma membrane is a key rate limiting step for overall biomaterial gene transfection. 
Because nucleic acids cannot typically pass through the membrane unprotected, physical means 
or active cellular uptake mechanisms (endocytosis, pinocytosis, phagocytosis, fusion) are 
necessary. Intracellular steps of endosomal escape, nucleic acid release from the vehicle, and 
trafficking/translocation are then necessary for successful transfection. 
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The development of clustered regularly interspaced short palindromic repeat (CRISPR)-

associated protein (Cas) nucleases and related genome editing technology is revolutionizing the 

field of biology. CRISPR-associated protein 9 (Cas9) and related technologies enable precise 

editing of DNA in ways not previously possible and are useful for applications ranging from 

diagnostics to therapeutics. CRISPR has significant advantages over other gene-editing 

technologies, such as zinc finger nucleases (ZFNs) or transcription activator-like effector 

nucleases (TALENs), due to its simplicity, high efficiency, and broad applicability. Thus far, 

CRISPR technology has largely been effective for in vitro applications, with in vivo applications 

presenting significant additional challenges. In many ways, the general challenges of gene 

delivery are made even greater with CRISPR as there are more components to deliver to target 

cells with safety and efficacy. A target of increasing interest in the gene delivery and gene 

editing field are immune cells due to their key roles in critical diseases spanning from infectious 

diseases, to type 1 diabetes, to cancer. Non-viral biomaterials have great potential to deliver on 

the promise of CRISPR technology. This mini-review focuses on the recent advancements within 

these two fields, specifically in the context of immune cells. 

1. Biomaterials for gene delivery to immune cells

Notable in vivo examples of biomaterial-based gene delivery vehicles for immune cell 

editing are collated in Table 1. While the overall focus of this mini-review is on cancer 

immunotherapy, a brief update on the use of these materials as nucleic acids carriers for specific 

applications to address the COVID-19 global pandemic is also discussed.

Material 
Class Biomaterial Agent 

Delivered
Immune Cell 

Target Noted Advantages Primary Outcome Ref
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Polymer poly (β-amino ester) 
(PBAE)

in vitro-
transcribed 
synthetic 
mRNA 

(IVT mRNA), 
DNA

T lymphocytes

(1) Biocompatible
(2) Ease of manufacturing, 

distribution, and administration
(3) Low off-target binding (non-T 

cell)
(4) Low toxicity

For ref 7: Similar efficacy in 
murine cancer models in vivo 

when compared to ex vivo 
engineering T cell therapy

For ref 8: Long term disease 
(cancer) remission through 
circulating T cell genetic 

modification

20, 21

Polymer poly (β-amino ester) 
(PBAE) IVT mRNA Macrophages

(1) Minimal toxicity with repeated 
dosing

(2) Biodegradable
(3) Enhanced cytosolic nucleic acid 

persistence

(1) Delivers mRNA to produce 
anti-tumor effects without 

systemic injury
22

Polymer polyethyleneimine
(PEI-F25 LMW) mRNA

Peripheral 
Mononuclear 
Blood Cells 

(PBMC)

(1) Minimal in vivo toxicity

(1) Prolonged survival and 
reduced pro-inflammatory 

markers within murine GvHD 
model

23

Polymer-
Lipid

Charge-altering 
releasable 

transporters 
(CART)

mRNA T lymphocytes

(1) High mRNA encapsulation 
efficiency

(2) High endocytic rate due to 
biomaterial-based combination

(1) Relatively high CD4 and 
CD8 T cell transfection

5

Polymer-
Lipid

PBAE terpolymer-
PEG lipid (A1-L3) mRNA Dendritic cells

(1) Highly tunable and simple 
synthesis

(2) Tissue specificity (lung)
(3) Biodegradable

(1) High mRNA expression 
levels within multiple  
pulmonary cell types

15

Lipid

DODAP-DOPE 
LNP

1,2-dioleoyl-3-
dimethylammonium 
propane (DODAP); 

1,2-Dioleoyl-sn-
glycero-3-

phosphoethanolami
ne (DOPE)

DNA
Macrophages, 

Dendritic cells, B 
lymphocytes

(1) Tissue selectivity (spleen) due 
to incorporation of helper lipid 

(DODAP)
(2) Minimal toxicity

(1) High murine splenic 
transfection post IV 

administration, yielding 
prophylactic and anti-tumor 

effects

24

Lipid

(R)-2-
(2‐((3R,5R,7R)‐Ada
mantan‐1‐yl)acetox
y)‐3‐(dodecanoylox
y)propyl(2‐(trimeth
ylammonio)ethyl) 
phosphate (A-11)

mRNA Macrophages 
(Kupffer cells)

(1) Colloidal stability with 
incorporation of adamantyl-based 

phospholipids

(1) Delivery of mRNA to non-
hepatocytes without targeting 

ligand
25

Lipid

306Oi10
3,3′-diamino-N-

methyldipropylamin
e (306);

 isodecyl acrylate 
(Oi10)

mRNA Macrophages
(Kupffer cells)

(1) Limited toxicity and 
immunogenicity with repeated 

dosing
(2) High potency due to strong 

positive charge
(3) Tissue specificity (liver)

(1) Delivery of three distinct 
mRNA sequences 

simultaneously
(2) Transfection of multiple 

hepatocellular types 
simultaneously

26

Lipid OF-Deg-Lin
Ionizable Lipid mRNA B lymphocytes

(1) Increased cellular uptake
(2) Increased protection/shielding 

of nucleic acid
(3) Induced biodegradable linkages

(4) Negligible toxicity
(5) Tissue specificity (spleen)

(1) Induce protein production 
in splenic B cells

27

Lipid

(B-11)
(3,6 - bis (4 - (bis 

(2-hydroxydodecyl) 
amino) butyl) 

piperazine - 2, 5 - 
dione (CKK-E12);

1,2-Dioleoyl-sn-
glycero-3-

mRNA

Dendritic cells, 
macrophages, 
neutrophils, B 
lymphocytes

(1) Robust and easily variable 
synthesis

(1) Tumor shrinkage and 
extended murine survival 

through increase cytotoxic T 
cell activity

28
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phosphoethanolami
ne (DOPE)

Table 1. Notable biomaterials for in vivo gene delivery to immune cell types, key biomaterial-

based advantages, and relevant in vivo outcomes.  

1.1 Polymeric carriers

Polymeric carriers have been particularly useful in the realm of gene delivery as they 

have highly tunable chemical structures and compositions, including hydrophobicity, molecular 

weight, biodegradability, and charge density, that ultimately tune gene loading and gene 

transfection.29, 30 Cationic polymeric carriers have also shown low immunogenicity and toxicity 

for many structures, as well as controllable degradation and elimination for high 

biocompatibility. Positively charged amine groups commonly found in cationic polyelectrolytes 

can electrostatically interact (aggregate) with negatively charged nucleic acids in aqueous 

conditions, forming stable polyplexes or hydrogels. Early carriers of this type included 

poly(ethylenimine) (PEI) and derivatives engineered to increase biocompatibility and stability 

during the transfection process.31, 32 However, despite its expansive applications, PEI at clinically 

relevant concentrations and molecular weights has shown unwanted cytotoxicity.29, 32, 33 

Therefore, biomaterials researchers have endeavored to take learnings from PEI (the importance 

of charged amine groups to bind nucleic acids and of titratable amine groups to aid in endosomal 

escape) to create more biocompatible and less cytotoxic material structures with other monomers 

and functional groups, especially those that include degradable linkages, including chitosan, 

poly(L-lysine) (PLL), poly (β-amino ester) (PBAE), charge-altering releasable transporters 
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(CART), which are composed of poly(carbonate)-b-(α-amino ester)s, and poly(lactide-co-

glycolide) (PLGA).29

Thus far, polymer-mediated immunomodulatory gene delivery has largely exhibited ex 

vivo and in vitro successes for both innate and adaptive immune cells. Notably, Chakraborty et 

al. developed a variety of serum-independent acetylated-PEI/pDNA complexes coated with 

anionic poly(ethylene-alt-maleic-acid) (PEMA) to transfect immune cells.34 With diligent 

optimization, the group found that their Immunoplex formation with pDNA-polymer ratios of 30 

and 10 wt% PEMA (IP30-10) reached a maximum of an eight-fold increase in GFP-reporter 

expression in RAW264.7 murine macrophage cells when compared to other polymer variants. 

While this work is influential, the group recognizes that further modifications must be made to 

apply the polymeric carrier to in situ situations.34 Additionally, Lou et al. developed an mRNA 

random copolymer p(HPMA-DMAE-co-PDTEMA-co-AzEMAm) (pHDPA) polyplex that 

effectively targets and transfects RAW264.7 murine macrophages and D1 dendritic cells.35 This 

previously developed polyplex optimized for targeting36, was further modified with GALA 

peptides that were shown to enhance endosomal escape (coined PPx-GALA).37 In this study, the 

PPx-GALA polyplex showed 36% and 50% transfection efficiencies for murine macrophages 

and dendritic cells, respectively. The results of this work show promising applications for this 

polyplex as an in vivo mRNA vaccine.35 

Other in vitro immunomodulatory successes focus on engineered T cells, specifically 

chimeric antigen receptor (CAR) T cells.38 To date, most CAR T cell therapies have employed 

viral vectors.38 However, to reduce viral-associated off target effects and permanent genetic 

changes, non-viral delivery methods have come to the forefront of the CAR T cell 

manufacturing.38-40 Thus far, few polymeric gene carriers have been developed to transfect 
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primary human T cells.31 With that motivation, Olden et al., among other researchers, 

synthesized a library of pHEMA-g-pDMAEMA comb and sunflower polymers that could 

transfect mRNA and pDNA into CD4+/CD8+ primary human T cells with 25% and 18% 

transfection efficiencies, respectively. These results suggest this polymer’s potential use in the 

realm of CAR-T cell manufacturing.31 

Due to unwanted off-target effects, cytotoxicity, and limitations associated with complex 

serum, in vivo polymeric carriers in the realm of immunomodulation have been limited. These 

barriers were overcome by Smith et al., who successfully transfected DNA into lymphocytes in 

vivo using synthetic nanoparticles.21 This group synthesized poly (β-amino ester)-based (PBAE) 

nanoparticles coupled with T-cell-targeting anti-CD3e f(ab′)2 molecules, as well as peptides for 

microtubule-associated sequences (MTAS) and nuclear localization signals (NLS). The results 

showed that these nanocarriers transfected T cells with DNA encoding leukemia-specific CARs 

at 34% efficiency in vivo, programming functional antigen-recognition and anti-tumor effects 

(Figure 2).21
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Figure 2. Design and in vivo functionality of lymphocyte-programming nanoparticles. (A) 
Schematic describing the fabrication of the poly(β-amino ester) nanoparticles. (B) Confocal 
microscopy indicates rapid internalization of particles from the cell surface of T cells within 120 
min. (C) Biodistribution of nanoparticles. A bar graph on the right represents percentages of 
splenocytes positive for fluorescently labelled nanoparticles in animals treated with CD3-
targeted nanoparticles. T cells (CD3+), macrophages (F4/80+, CD11b+, CD11c−), monocytes 
(CD11b+, Gr1+, F4/80low), and B cells (B220+) were measured using flow cytometry. (D) 
Bioimaging of firefly luciferase expressing leukemia cells systemically injected. Ex vivo CAR-T 
cells, a current standard, were used for comparison. Reproduced from reference 21 with 
permission from Springer Nature, copyright 2017.21

Since their first pioneering publication, this group further developed their proof-of-

concept to deliver mRNA, thereby avoiding the necessity for the genetic material to cross 

nuclear membranes.20 The nanocarrier used was composed of a PBAE variant previously 

developed by Tzeng, et al.41; this type of polymer is particularly useful in that it is 

biocompatible, enables efficient endosomal escape, and exhibits a relatively low toxicity, 

especially when compared to PEI.20 These PBAE nanocarriers that encapsulated CAR-specific 

mRNA, were conjugated with anti-CD8 antibodies and coated with polyglutamic acid (PGA) for 

optimized characteristics. Once injected in vivo, these nanocarriers transiently transfected T cells 

with 10% efficiency to express CARs. Although these in vivo methods have focused on T cells 

and CAR therapies, recent literature has also featured the genetic modulation of other immune 

cell types. For instance, Zhang et al. showed effective genetic reprogramming of tumor-

associated macrophage cells (TAMs) in three separate in vivo experiments.22 This was done 

using PBAE-mRNA particles coated with PGA/Di-mannose for charge shielding purposes. 

These results exhibited promising applications in combinatory human cancer treatments for the 

future. 

Further, Przybylski et al. developed and optimized a polycationic PEI-based mRNA 

nanoparticle that transduces bone marrow cells in a GvHD murine model to yield statistically 

significant cellular survival when compared to other treatment groups and untreated controls.23 
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Optimization of polymer synthesis and particle formulation also plays a role in Kaczmarek et 

al.’s development of polymer-lipid nanoparticles that functionally deliver mRNA to pulmonary 

immune cells (primarily dendritic cells).15 Although these in vivo transfection rates were low 

(2%), the optimized methodology used proved to yield more effective polymer formulations 

when compared to pre-optimized forms. 

McKinlay et al. developed poly(carbonate)-b-(α-amino ester)-based nanoparticles named 

charge-altering releasable transporters (CARTs) and found that by tuning the hydrophobic lipid 

block of the amphipathic polymer, high mRNA transfection to Jurkat T cells (~80%) in vitro was 

observed along with modest efficiency at transfecting T cells (~1.5%) in vivo.5 In this delivery 

system, mixed hydrophobic blocks composed of both oleyl and nonenyl functionalities, showed 

significantly higher transfection rates at Jurkat T cell transfection when compared to either single 

hydrophobic lipid block CART or commercially-available Lipofectamine 2000. Although in vivo 

transfection of CD4 and CD8 T cells with the mixed-lipid block CARTs was relatively modest, it 

outperformed the transfection with single-lipid block CARTs (<1%).5 These experiments varying 

the hydrophobic nature of the polymer are just one of numerous approaches possible to yield an 

improved clinical candidate. Ultimately, with the increasing ability to tune characteristics, 

polymeric carriers may represent a clinically relevant group of non-viral delivery materials for 

translational immunomodulation in a variety of immune cell types. 

.

1.2 Lipid-based carriers

As a result of the first therapeutic siRNA lipid-based delivery vehicle being globally 

approved in 2018, excitement surrounding the advancement of biomaterial-based gene delivery 

to immune cells drastically rose.42 Among biomaterials, ionizable lipid-based carriers in lipid 

nanoparticles (LNPs) have become the most thoroughly investigated and widely used non-viral 
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nucleic acid delivery method.11 Their ease of manufacturability, diverse functionalization 

capacity, and ability to transfect multiple cell types has aided in their succces.24, 38, 43-45 The first 

ionizable lipids developed, including 1,2-dioleoyl-3-dimethylammonium propane (DODAP) and 

1,2-dioleyoxy-N,N-dimethyl-3-aminopropane (DODMA), were useful in their potential to 

overcome issues with permanently cationic lipid systems. Since then, the chemical structure of 

these lipids has been altered, along with the synthesis of other adaptable ionizable compounds.24 

Despite advantages and favorable modifications, their applications are severely limited 

by the commonly observed weak correlation between ex vivo/in vitro and in vivo transfection 

performance.5, 46-48 For instance, Paunovska et al. synthesized a library of hundreds of DNA-

barcoded LNPs (lipid nanoparticles) that showed weak correlations in macrophage transfection 

efficiency when comparing in vivo and in vitro systems.48 Because of this discrepancy, many 

research groups are focusing on optimizing in vitro/ex vivo outcomes for more viable in vivo 

translation in the future. For instance, Billingsley et al. developed a library of ionizable lipid 

nanoparticles (LNPs) that were composed of various alkyl chains and polyamine cores to deliver 

mRNA to T lymphocytes.38 The experiment was optimized and showed that one specific LNP 

(C14-4) outperformed other LNPs in transfecting mRNA into the Jurkat cell line in vitro. This 

C14-4 LNP was able to successfully deliver CAR mRNA to primary human T cells ex vivo while 

reducing cytotoxicity and inducing similar potent cancer cell death when compared to the 

standard electroporation (EP) and EP/lentivirus, respectively.38 These results suggest the great 

potential in moving away from current costly ex vivo protocols. Additionally, Zukancic et al. 

analyzed differences associated with PEG in immunocellular transfection rates and organ-

specific transfection for more effective in vivo translation.16 This group developed a PEGylated 

lipid nanoparticle (LNP) loaded with pDNA that showed relatively effective gene transfection in 
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lymph nodes; the LNPs with 3% Tween 20 surfactant containing branched PEG (approximately 

85,000 relative light units/mg tissue) showed greater than a five-fold increase in transfection rate 

within the lymph node when compared to formulations containing Tween 80 surfactant or the 

gold-standard PEG-DSPE (both approximately 15,000 relative light units/mg tissue). In another 

instance, Harris et al sought to optimize in vitro Jurkat and primary T cell gene transfection by 

comparing a variety of transfection variables and materials, including those that are both viral 

and nonviral.49 The group found that commercial Lipofectamine LTX, a non-viral formulation 

that combines negatively charged pDNA and positively charged liposomes, significantly 

outperformed other materials (including branched PEI, linear PEI, jetPEI, and TurboFect). More 

specifically, Lipofectamine exhibited a maximized Jurkat T cell transfection efficiency of 63% 

and a noticeably lower, but still maximized CD3+ T cell transfection efficiency of 8.1%. This 

group’s further analysis suggests that the significantly lower primary T cell transfection 

efficiency may be due to delivery issues at the levels of cellular uptake or DNA cytoplasmic 

sensing.49 This comparative analysis is especially helpful in targeting locations for improvement 

within the delivery pathway in vitro, ultimately setting the stage in vivo translation of not only 

lipid-based, but also other non-viral gene delivery materials.

Despite the challenges discussed and outlined in Figure 1, several groups have been able 

to show effective in vivo lipid-based gene transfection to immune cells. For example, Kimura et 

al. synthesized a novel lipid system to safely deliver antigen-encoding pDNA specifically to 

splenic immune cells in vivo.24 This lipid combination primarily featured 1,2-dioleoyl-3-

dimethylammonium propane (DODAP), a material previously rendered ineffective in the realm 

of gene delivery. When combined with helper lipid 1,2-Dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), the DODAP-DOPE LNP achieved gene expression within 
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antigen presenting cells, with emphasis on the statically significant gene expression in B 

lymphocytes.24 B cells also served as transfection targets for Fenton et al.’s work involving 

ionizable lipid mRNA carriers.27 These lipid-based nanoparticles, termed OF-Deg-Lin, were 

synthesized to include degradable linkages for increased delivery impact in vivo. Impressively, 

this group reported that 85% of LNP-induced protein production occurred within splenic immune 

cells. This marks an impressive feat, as many RNA therapies have limited systemic delivery 

outside of the liver.25

Of late, the creation of lipid libraries has proved to be a highly effective optimization 

strategy for particle synthesis and in vivo transfection. For instance, Oberli et al. utilized a two-

phase optimization library, in which B-11 proved to be an effective mRNA carrier to a variety of 

immune cell types. Among those cells, 4.6% of DCs, 1.2% of macrophages, 3.3% of 

neutrophiles, and 0.06% of B cells were transfected with the LNP genetic reporter.28 

Additionally, Gan et al. identified an ionizable adamantyl-containing LNP (constrained LNP) 

that successfully delivers mRNA to Kupffer cells, immune macrophages without targeting 

ligands.25 This LNP was developed as part of a vast library and was identified using FIND, a 

high throughput in vivo (in this case, in mice) assay.50 While these empirical library screening 

techniques have largely been effective, Zhao et al developed a structure-based screening 

technique that minimizes the use of trial-and-error methods and therefore requires a lighter 

workload.51 The library selected two lipid-like materials (lipidoids) containing imidazole, named 

93-O17S and 9322-O17S, that are most effective at delivering reporter and Cre-recombinase 

mRNA to T lymphocytes in vivo. Most notably, lipidoid 93-O17S showed 8.2% and 6.5% gene 

recombination efficiencies in splenic CD4+ and CD8+ T cells, respectively.51 
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Even more recently, Hajj et al. developed an in vivo branched tailed ionizable lipid-like 

(306i10) mRNA delivery system that has the ability to transfect Kupffer cells (86-88% efficacy) 

with three functionally distinct mRNAs simultaneously.26 While these recent experiments require 

further in vivo optimization, their clear successes open the door for advancements in the clinical 

translation of lipid-based gene delivery to immune cells, including for potential genetic editing of 

immune cells.

1.3 Inorganic carriers 

Inorganic nonviral delivery vehicles, often containing metals, inorganic salts, or 

ceramics, are less established and of lesser prevalence for both in vitro and in vivo applications 

than are cationic lipid and polymeric carriers.7 These inorganic formulations can be beneficial in 

that they can be more stable when stored and often do not require dissociation of the nucleic acid 

from the carrier structure for effective gene activity in immune cells.3 For instance, Peng et al. 

developed a series of porous metal-organic frameworks (coined Ni-IRMOF-74-II to –V) that 

bind ssDNA and effectively deliver it to immune cells in vitro.3 This experiment showed that Ni-

IRMOF-74-II and –III consistently outperformed commercial methods (Lipo and Neofect) in 

effective ssDNA transfection of RAW264.7 mouse macrophages, THP-1 human macrophages, 

CD4+ T cells, and B cells. Inorganic delivery vehicles represent an alternative class of 

immunomodulatory nonviral gene delivery that will continue to gain momentum with further 

engineering and chemical optimization. 

1.4 Biomaterial-based genetic vaccines for SARS-CoV2 

Nucleic acid gene delivery for immunomodulation has played a large role in the context 

of the COVID-19 global pandemic. Two COVID-19 vaccines, released by Pfizer-BioNTech 
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(Comirnaty) and Moderna (Spikevax), mark the first mRNA vaccines to be approved by the 

FDA. These approvals follow emergency use authorizations by the FDA for Pfizer-BioNTech's 

COVID-19 vaccine (BNT162b2) and Moderna’s COVID-19 vaccine (mRNA-1273), both of 

which are lipid nanoparticle delivery vehicles containing mRNA that encodes the spike 

glycoprotein on the surface of the SARS-CoV-2 virus.52, 53 These non-viral genetic vaccines 

represent a triumph in the realm of in vivo translation of biomaterial-based gene delivery. In 

terms of pipeline development, 33 out of 124 vaccines in clinical development are RNA or DNA 

based.54 Although most of these nucleic acid-based vaccines are intended for local intramuscular 

or intradermal delivery, their development marks an important milestone in the advancement of 

immunomodulatory non-viral gene delivery and are a harbinger of future, even more targeted, 

biomaterial-based systems to genetically modify immune cells. 

2. CRISPR-based gene editing of immune cells for cancer immunotherapy

CRISPR is currently at the forefront of gene editing technology, and has led to huge 

strides in the ability to utilize gene editing for therapeutic purposes. CRISPR utilizes a single 

guide RNA (sgRNA) that is designed to bind specifically to the DNA sequence that is to be 

edited, in combination with the Cas9 enzyme, which recognizes the sgRNA and cleaves the 

corresponding DNA at that site via a double-stranded break (DSB). The CRISPR/Cas9 system 

can be used to knock-out the target gene when the DSB is repaired by non-homologous end 

joining (NHEJ). NHEJ is highly error-prone, so it often introduces loss-of-function mutations 

into the gene. Alternatively, CRISPR/Cas9 can be used to knock-in a gene of interest using 

homology-directed repair (HDR), in which a DNA template containing the gene to be knocked-

in is used to repair the DSB. The reader is directed to the cited articles for more detailed 

information on CRISPR mechanisms.55, 56 In the context of editing immune cells for cancer 
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immunotherapy applications, CRISPR/Cas9 has been most extensively utilized to edit CAR T 

cells.57 However, researchers are starting to investigate the use of CRISPR/Cas9 for other 

immune modulation applications, and there are many other potential applications that will likely 

make CRISPR an important tool in the future of immunotherapy.58

2.1 Considerations on the use of biomaterials to edit immune cells

Gene editing via CRISPR/Cas9 presents distinct encapsulation and delivery challenges 

with biomaterials as it is typically necessary to transport multiple types of biological cargo. 

Utilizing CRISPR/Cas9 gene editing requires the delivery of at least two components, the target-

specific sgRNA and the Cas9 endonuclease, and there are multiple forms in which these 

components can be delivered. Three primary approaches are currently being investigated for 

biomaterial-mediated gene editing: (1) Protein based: delivering Cas9 protein with sgRNA in a 

ribonucleoprotein (RNP) complex, (2) DNA based: delivering DNA plasmid(s) encoding for 

both Cas9 and the sgRNA, and (3) RNA based: delivering mRNA encoding for Cas9 with a 

separate sgRNA.59 Each of these approaches possess unique advantages and disadvantages and 

design constraints for delivery vehicles, and the cargo format needs to be selected for each gene 

editing application with consideration to these factors. Although RNP delivery results in the 

shortest-lasting presence of Cas9 in cells, the Cas9 is immediately available with no need for 

transcription or translation. Delivery of plasmid DNA is attractive as it is the simplest to 

manufacture and the least expensive to produce of the available options. However, DNA needs to 

be delivered to the nucleus, and this extra trafficking step can significantly hamper gene delivery 

efficiency, especially in difficult-to-transfect immune cells. On the other hand, delivery of 

mRNA eliminates the need for nuclear localization and there is no risk of insertional 

Page 18 of 32Biomaterials Science



mutagenesis, but the difference in cargo lengths between Cas9 mRNA and the smaller sgRNA 

may pose an encapsulation challenge, the expression kinetics may lead to inefficiency, and RNA 

is challenging to manufacture at scale.59 

While non-viral delivery materials have been successfully employed for CRISPR/Cas9-

based gene editing of non-immune cells, the application to immune cells is still emerging. As 

this field is growing rapidly, it is expected that many of the biomaterials developed for nucleic 

acid delivery to immune cells that were discussed in the previous section of this review will be 

useful and applied towards delivery of CRISPR/Cas9 components for gene editing. Despite the 

Cas9 protein being positively-charged, when complexed with sgRNA, the resulting RNPs are 

highly anionic.60 As a result, Cas9/sgRNA RNPs can be packaged using many of the same non-

viral approaches as nucleic acids, such as cationic LNPs and polymers. LNPs have been 

employed for gene editing via delivery of RNPs61, 62, DNA63, and mRNA64, 65, and some have 

been developed that can successfully deliver both the Cas9 mRNA and sgRNA in a single 

delivery vehicle despite their size difference.64 Cationic polymers have also been utilized for 

delivery of the CRISPR/Cas9 components, primarily in DNA,66-68 RNA,67 or DNA/RNA co-

delivery69 formats, although delivery of RNPs with biodegradable polymers has also been 

demonstrated by balancing cationic polymer charge with anionic groups.70 While many polymer 

systems have been developed for delivery of mRNA and oligonucleotides separately, these 

previously used vehicles may not be optimal for both in combination. Therefore, new co-

encapsulation formulation strategies may be needed for certain polymeric carriers. Nucleic acid 

encapsulation properties of a polymeric nanocarrier and delivery efficacy may also be further 

boosted by fine control of nucleic-acid loading via kinetic control of self-assembly.71 Thus, there 

are multiple strategies that non-viral biomaterials can provide to be able to deliver both gRNA 

Page 19 of 32 Biomaterials Science



and Cas9 endonuclease (or genetic information encoding it) in vivo. As immune cells are 

relatively resistant to transfection, the development of highly efficacious and safe non-viral 

delivery materials, such as those described in Section 1, that can efficiently deliver biological 

components intracellularly to immune cells, will be critical in achieving CRISPR/Cas9-mediated 

gene editing of immune cells in situ. In particular, the extracellular delivery barriers and 

especially the ability to avoid the liver and clearance from the blood, will be critical for in vivo 

gene editing of immune cells. The recent research on advanced lipid-based materials such as 

lipidoids,51 biodegradable multi-component polymers such as poly(beta-amino ester)s14, 20, 21, and 

novel nanocarrier constituents such as those with the SORT technology,13 all point to promising 

directions of using biomaterials to overcome the targeting challenges to genetically modulate 

immune cells in vivo. Further, given their flexibility for easy swapping of nucleic acid sequences 

to be encapsulated and modularity, biomaterial-based systems for gene editing can be an 

enabling technology to advance basic research in selecting the best nucleic acid cargos to help 

ensure gene editing fidelity.72 A final key consideration for the ideal biomaterials for genetic 

editing of immune cells is that the biomaterials themselves, as well as the subsequent 

nanocarriers that they form, can be manufactured scalably and inexpensively, and that the 

products can be stored stably over time. In this manner, biomaterial-based systems, unlike viral-

based systems and cell-based systems, have great potential for the technology to be low cost and 

broadly accessible.

2.2 T cells

CRISPR has been researched extensively in the engineering of CAR T cells during the 

last decade.73 CAR T cells are traditionally cytotoxic T cells that are isolated from a patient, 
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engineered ex vivo to introduce a CAR specific to the patient’s tumor cells, expanded, and then 

re-introduced into the patient to recognize and kill the tumor cell targets.57, 74 CAR T cells are 

typically transduced ex vivo with a gene encoding for the CAR. However, gene-editing 

technologies have shown the potential to significantly improve potency of CAR T cells.57, 73, 75 

CRISPR/Cas9 has been used to disrupt the endogenous TCR and knock in a CD19 CAR at the T 

cell receptor ⍺ constant (TRAC) locus so that it is under its transcriptional control.76 The 

CRISPR-edited T cells showed significantly enhanced potency over conventionally engineered 

CAR T cells. Other researchers have performed similar successful studies utilizing CRISPR 

instead of traditional viral transduction methods to introduce CARs targeting tumor antigens into 

T cells.73, 77, 78

In addition to using CRISPR to introduce the CAR into T cells, CRISPR technology has 

been utilized to edit CAR T cells in other ways to improve their functionality in vivo.73, 75 There 

are a number of mechanisms of resistance to CAR T cells, such as PD-1 blockade and limited 

CAR T cell persistence in vivo. PD-1 blockade, in particular, can be a significant hurdle in 

effective CAR T cell treatment. As a result, there has been interest in knocking out the PD-1 

gene in CAR T cells using gene editing technologies.73, 79-82 Lu et al. reported on a clinical trial 

in which they tested the safety and efficacy of CRISPR/Cas9 edited T cells in patients with 

refractory non-small-cell lung cancer.83 The T cells were isolated from patients and expanded 

and edited ex vivo to disrupt the PD-1 gene and then reinfused into the patients. Plasmids 

encoding Cas9 and sgRNA were delivered into the T cells by electroporation, and the editing 

efficiency was fairly low at 5.81%, but using ribonucleoprotein (RNP) complexes significantly 

enhanced the editing efficiency. The cohort was too small to show significant therapeutic 

efficacy, but the study did confirm the safety and feasibility of CRISPR-engineered T cells as a 
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cancer therapy. There was very limited off-target editing, and none of the patients had any severe 

treatment-related adverse events. Stadtmauer et al. similarly used CRISPR to knock-out PD-1 in 

CAR T cells, and also knocked out the endogenous T cell receptor (TCR) in an effort to increase 

engagement with the CAR (Figure 3).84 CAR T cells have similarly been improved by targeting 

protein tyrosine phosphatase N2 (PTPN2), which enhanced T cell-mediated immunosurveillance, 

cytotoxicity, homing, and overall therapeutic efficacy. PTPN2-deficient HER-2 targeting CAR T 

cells were successful in eradicating HER-2 expressing breast cancer in a mouse model.85 Another 

technique has been to knock-out the TGF-β receptor in CAR T cells to reduce conversion to 

regulatory T cells and prevent CAR T cell exhaustion.86 

Another shortcoming of CAR T cells is the high cost associated with isolating patient T 

cells and engineering and culturing them ex vivo. Universal CAR T cells provide an interesting 

alternative that could allow the therapy to be scaled up and administered more broadly, and there 

has been interest in using CRISPR technology to knock-out genes that could cause immune 

reactions between patients.87 Because of the polymorphic human leukocyte antigen (HLA) 

genes, CAR T cells generated from one patient cannot be used for another patient unless they are 

an HLA-match. Wiede et al. attempted to create universal CAR T cells to address this problem 

by disrupting the HLA genes using CRISPR gene editing.88 The authors used lentiviral delivery 

of CAR and electro-transfer of Cas9 mRNA and sgRNAs targeting the endogenous TCR, β-2 

microglobulin, and PD-1, thereby generating CAR T cells deficient in TCR, HLA class I, and 

PD-1. The edited T cells showed potent anti-tumor cytotoxicity in vitro and in animal models. 

Additionally, the TCR and HLA-deficient cells had reduced alloreactivity and did not cause 

graft-versus-host disease. 
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Figure 3. CRISPR/Cas9 engineering of T cells in patients with cancer. (A) T cells were isolated 
from four cancer patients (UPN07, UPN27, UPN35, and UPN39) and were loaded with 
CRISPR/Cas9 RNPs delivering three sgRNAs that resulted in disruption of the TRAC and TRBC 
(leading to endogenous TCR deletion) and the PDCD1 (leading to PD-1 deletion) loci. The cells 
were then transduced with a lentiviral vector to express a TCR specific for the cancer antigen 
NY-ESO-1. (B) The frequency of TRAC, TRBC, and PDCD1 editing in the total T cell 
population was determined. (C) Cytoxicity of NYCE T cells (T cells with both CRISPR 
knockouts and TCR transduction) against NY-ESO-1-expressing cancer cells was measured and 
compared to T cells with TCR transduction but without CRISPR editing (NY-ESO-1 TCR) and 
T cells with CRISPR editing but without TCR transduction (CRISPR). (D) The average on-target 
CRISPR/Cas9 editing efficiency for each target in each patient was measured. (E) To ensure that 
the NYCE T cells retain their antigen-specific cytolytic activity after infusion, the T cells were 
recovered from patients at the times specified post-infusion and expanded in the presence of the 
NY-ESO-1 antigen. The ability of the expanded effector cells to elicit a cytotoxic effect against 
NY-ESO-1-expressing cells A375 and Nalm-6 NY-ESO-1 compared to non-antigen-specific 
Nalm-6 cells was measured. Reproduced from reference 84 with permission from American 
Association for the Advancement of Science, copyright 2020.84

2.2 Macrophages and Natural Killer (NK) cells

Researchers have begun to investigate CRISPR/Cas9 for genetic engineering of NK cells 

and macrophages for cancer immunotherapy. NK cells are cytotoxic lymphocytes that play a key 

role in cancer immunity. NK cells become activated in the absence of MHC class I and, thereby, 

recognize tumor cells that have downregulated MHC class I expression in order to avoid CD8+ T 

cell recognition and killing.89 As a result, there has been interest in adoptive transfer of NK cells 
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for cancer immunotherapy. However, NK cells often become exhausted in the tumor 

microenvironment, and they lack the antigen specificity of T cells. Thus, researchers have looked 

to genetic engineering in order to tackle these shortcomings of NK cells.90 However, progress 

has been slower compared to T cells, as NK cells are traditionally very difficult to transfect using 

viral vectors.91 Rautela et al. successfully used CRISPR-Cas 9 RNPs to genetically modify 

primary human NK cells.91 They disrupted CIS, a negative regulator for IL-15 signaling, which 

heightened NK cell responsiveness to IL-15 and, thereby, made them more potent. Pomeroy et 

al. used CRISPR/Cas9 to knock out ADAM17 and PDCD1, inhibitory signaling molecules in NK 

cells, to increase their potency for cancer immunotherapy.92 Huang et al. utilized CRISPR/Cas9 

RNPs to knock-in CD16 and DNAM-1 into the NK-92 cell line.93 CD16 is critical for NK cell-

mediated antibody dependent cellular cytotoxicity (ADCC), and DNAM-1 is a receptor for 

certain ligands on cancer cells. Thus, knocking-in both genes encoding for these proteins leads to 

significantly enhanced NK-92 cytotoxicity. There are many potential future applications for 

CRISPR/Cas9-mediated engineering of NK cells for cancer immunotherapy, including 

engineering CAR NK cells, promoting activating pathways, disrupting inhibitory pathways, and 

improving tumor infiltration of NK cells.90

Macrophages have also been shown to play a critical role in cancer immunity. Tumor-

associated macrophages (TAMs) typically possess a highly immunosuppressive phenotype that 

contributes to tumor progression and promotes further immune evasion by the tumor. As a result, 

there has been significant interest in targeting TAMs in the tumor microenvironment in order to 

kill them or repolarize them to a more immunostimulatory, anti-tumorigenic phenotype. Ray et 

al. engineered cationic arginine-coated gold nanoparticles that were able to deliver the complete 

CRISPR/Cas9 machinery to RAW264.7 murine macrophages (Figure 4).94 They used this 
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delivery platform to knock out SIRP-⍺ in the macrophages. SIRP-⍺ binds to CD47 on cancer 

cells and prevents phagocytosis of the cancer cells by the macrophages. They showed that 

CRISPR/Cas9-mediated disruption of SIRP-⍺ led to enhanced phagocytosis of cancer cells by 

the macrophages. Through these approaches, non-viral biomaterials can be used to deliver either 

nucleic acids encoding Cas9 machinery or to deliver the combined RNP complexes to target 

immune cells for genetic editing.

Figure 4. CRISPR/Cas9 nanoparticles for genetic engineering of macrophages for cancer 
immunotherapy. (A) Nanoparticle-mediated delivery of CRISPR/Cas9 machinery to 
macrophages to knock down SIRP-⍺, resulting in cancer cell phagocytosis. (B) Schematic of 
particle design. Cas9 was tagged with a nuclear localization signal (NLS) and an E20-tag. E20-
tagged Cas9 and cationic arginine nanoparticles (ArgNPs) were mixed together and self-
assembled into superstructures via carboxylate-guanidium binding. The particles are then 
delivered intracellularly via a membrane fusion mechanism that leads to direct payload release 
into the cytoplasm. (C) Delivery efficiency of Cas9 to the cytoplasm was assessed by delivering 
fluorescently labeled Cas9 to RAW264.7 macrophages in vitro (nuclei stained with Hoechst). 
(D) Delivery of Cas9 RNPs to target the SIRP-α gene in RAW264.7 cells resulted in efficient 
gene editing, as determined by an indel (insertion and deletion) assay. (E) Fluorescence 
histogram on Cas9-treated RAW264.7 cells (purple) and untreated cells (green) stained with 
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APC anti-SIRP-⍺ knockout indicates that the knockout of SIRP-⍺ did occur. (F) Percentage of 
phagocytosis of U2OS cancer cells after co-culture with untreated RAW264.7 cells or SIRP-⍺ 
knockout cells. Reproduced from reference 94 with permission from American Chemical 
Society, copyright 2018.94

3. Conclusion

CRISPR/Cas9 has revolutionized the field of genetic engineering, enabling highly precise 

and efficient knock-out or knock-in of target genes. Similarly, an increased understanding of the 

importance of the immune system in cancer has ushered in a new era in cancer treatment with the 

successes of cancer immunotherapies. Researchers have begun to utilize CRISPR/Cas9 as a tool 

in engineering cancer immunotherapies, particularly with respect to CAR T cells. 

Simultaneously, great strides are being made in the development of non-viral biomaterials, in 

particular lipids and polymers, for the safe, efficient, and targeted delivery of nucleic acids and 

proteins to target immune cells, including T cells and macrophages. Although much of the early 

gene editing research has been performed thus far ex vivo utilizing viral vectors and/or 

electroporation, increasingly the advancements in the fields of gene editing and biomaterial-

mediated delivery are being leveraged together. In ongoing research, the biomaterial approaches 

described here for gene and protein delivery to immune cells are being applied for delivery of 

CRISPR/Cas9. The development of biocompatible and biodegradable materials for efficient 

delivery of CRISPR/Cas9 to immune cells is advancing with a goal of enabling in situ genetic 

engineering of immune cells in a safe and highly controlled manner. This convergence of 

immunotherapy and gene therapy holds great promise not just for new paradigms of cancer 

treatment, but for treatment of infectious diseases, autoimmune diseases, and many other human 

diseases as well.
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