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DNA and enhanced non-viral transfection of
immune cells

Sijia Yi,1,7 Sun-Young Kim,1,2,7 Michael P. Vincent,1 Simseok A. Yuk,1 Sharan Bobbala,3 Fanfan Du,1

and Evan Alexander Scott1,4,5,6,8,*

SUMMARY

Plasmid DNA (pDNA) transfection is advantageous for gene therapies requiring
larger genetic elements, including ‘‘all-in-one’’ CRISPR/Cas9 plasmids, but is
limited by toxicity as well as poor intracellular release and transfection efficiency
in immune cell populations. Here, we developed a synthetic non-viral gene
delivery platform composed of poly(ethylene glycol)-b-poly(propylene sulfide)
copolymers linked to a cationic dendritic peptide (DP) via a reduceable bond,
PEG-b-PPS-ss-DP (PPDP). A library of self-assembling PPDP polymers was synthe-
sized and screened to identify optimal constructs capable of transfecting macro-
phageswith small (pCMV-DsRed, 4.6 kb) and large (pL-CRISPR.EFS.tRFP, 11.7 kb)
plasmids. The optimized PPDP construct transfected macrophages, fibroblasts,
dendritic cells, and T cells more efficiently andwith less toxicity than a commercial
Lipo2K reagent, regardless of pDNA size and under standard culture conditions
in the presence of serum. The PPDP technology described herein is a stimuli-
responsive polymeric nanovector that can be leveraged to meet diverse chal-
lenges in gene delivery.

INTRODUCTION

Recent progress in genetic engineering has resulted in materials and methods for improved cancer immu-

notherapy (Riley et al., 2019; Vincent et al., 2022), antiviral therapies (Larocca et al., 2016), and DNA vaccines

(Smith et al., 2020), as well as non-medical applications (Chang et al., 2018). Notwithstanding a large num-

ber of ongoing trials in the area of genome editing, successful gene therapy products remain limited

(Cornu et al., 2017; Dunbar et al., 2018; Li et al., 2020). This is largely due to various challenges surrounding

the effective transport and expression of nucleic acids within target cells. An efficient nucleic acid delivery

system must provide protection from enzymatic degradation while achieving efficient cellular internaliza-

tion, escape from endo-lysosomes, and cytosolic cargo release. Plasmid-based gene therapy is a prom-

ising transfection strategy that is capable of delivering CRISPR/Cas9 (Cong and Zhang, 2015; Knott and

Doudna, 2018; Liu et al., 2017) for stable genome editing using an all-in-one plasmid approach (Yip,

2020). However, naked plasmid DNA (pDNA) has many obstacles (Shi et al., 2017; Song et al., 2017) for

cellular uptake owing to its negative charge, large molecular size that limits delivery via viral vectors,

and low encapsulation efficiency in synthetic nanocarriers.

As natural gene delivery vehicles, viruses efficiently modulate gene expression; however, various issues

(David and Doherty, 2017), such as insertional mutagenesis (Baldo et al., 2013), inherent immunogenicity

(Shirley et al., 2020), and pre-existing host antibodies against viral components (Nidetz et al., 2020), can

reduce their efficacy and utility in clinical settings (Goswami et al., 2019). Importantly, the limited DNA-car-

rying capacity (<8 kb) (Nayerossadat et al., 2012) and manufacturing challenges (Ayuso, 2016; Moleirinho

et al., 2020; Srivastava et al., 2021; van der Loo andWright, 2016) pose additional restrictions for viral-based

vectors. Non-viral vectors and synthetic carriers, including lipids, polymers, peptides, and inorganic nano-

materials have, therefore, attracted increasing attention owing to their tunable immunogenicity, flexible

packaging capacity, amenability to scalable fabrication methods, and access to diverse mechanisms of

intracellular delivery for improved transfection efficiency (Hil et al., 2016; Ramamoorth and Narvekar,
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2015; Shi et al., 2017; Vincent et al., 2022; Zhang et al., 2012). However, existing materials still face chal-

lenges such as inefficient endosomal escape, substantial toxicity, and low gene transfection/cellular

expression. The issue of low transfection is especially problematic for certain cell types, particularly im-

mune cells that are high-value targets for diverse therapeutic applications including vaccination and cancer

immunotherapy. Cationic lipids are the most widely used non-viral vectors for nucleic acid delivery in

immortalized cell lines, yet many blood and immune cells remain recalcitrant (Stewart et al., 2016). Lipid-

based technologies aside, many polymeric transfection reagents, such as polyethylenimine (PEI), have

long suffered from cytotoxicity concerns (Boussif et al., 1995; Fischer et al., 1999; Godbey et al., 1999).

Furthermore, numerous cell types that include primary cells and immune cells are highly sensitive to their

culture conditions, yet the most common in vitro transfection agents, lipofectamine for example, require

specialized serum-free medium. Thus, there is high demand for alternative technologies capable of deliv-

ering nucleic acids intracellularly to difficult-to-transfect cells under their standard culture conditions

without associated increases in toxicity.

Dendritic or branched cationic peptides have a three-dimensional (3D) architecture withmultiple functional

groups, which makes them well suited for delivering negatively charged nucleic acids (Xu et al., 2014; Zeng

et al., 2015). Dendritic structures can significantly enhance the interaction of peptides with DNA, consider-

ably improve cargo packing, and increase the transfection efficiency in diverse cell types, compared to

linear DNA-binding peptides (Zhou et al., 2016). A variety of parameters influence the activity and biocom-

patibility of dendritic peptides (DPs), including molecular weight, functionality of branching units, and

charge distribution (Abbasi et al., 2014; Kwok et al., 2013; Malik et al., 2000; Wang and Chen, 2017;

Zeng et al., 2015). Notably, third-generation peptide dendrimers with lower molecular weight-to-charge

ratios and charge distributed over the whole dendritic structure can be leveraged as efficient transfection

reagents for DNA delivery (Kwok et al., 2013). Despite their potential, cationic peptide dendrimers form

complexes with nucleic acids primarily through electrostatic interactions, which are generally unstable in

serum when used alone and have potential cytotoxicity concerns (Madaan et al., 2014), limiting their appli-

cation in gene therapy.

Here, we develop a gene delivery system employing self-assembling block copolymer nanocarriers engi-

neered for efficient cytosolic delivery of pDNA via incorporation of a cationic DP block (Figure 1). We have

previously demonstrated that poly (ethylene glycol)-block-poly (propylene sulfide) (PEG-b-PPS)

Figure 1. The design and structure of the PEGm-b-PPSn-ss-DP (PPDP) gene delivery system

The general strategy for enhancing the intracellular release of plasmid DNA (pDNA) is illustrated.
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nanocarriers effectively target macrophages and dendritic cells (Vincent et al., 2021a; Yi et al., 2016, 2019),

are capable of delivering diverse payloads intracellularly (Allen et al., 2017, 2018a bib_Allen_

et_al_2017; Bobbala et al., 2020; Scott et al., 2012; Stack et al., 2020, 2021; Vasdekis et al., 2012; Vincent

et al., 2021c), are non-immunogenic in human blood (Vincent et al., 2021b), and are both non-inflammatory

and non-toxic in non-human primates (Allen et al., 2018b), humanized mice (Dowling et al., 2017), and

diverse mouse models of disease (Yi et al., 2016). Furthermore, PEG-b-PPS copolymers can be formulated

to permit the rapid self-assembly of nanostructures encapsulating biologic payloads upon the addition of

aqueous medium (Bobbala et al., 2021), which extends their practical usage to industrial or clinical settings.

Our present work is motivated by natural viruses possessing capsid proteins that utilize positively charged

regions to carry and protect genes internally, which encapsulate this genetic material within a higher order

protein framework/structure that is largely stabilized by non-covalent interactions between hydrophobic

regions (Perlmutter and Hagan, 2015; Requião et al., 2020; Rossmann, 2013). We hypothesized that the

high stability of hydrophobic PPS membranes and volumetric differences between the PEG and DP blocks

would allow similar sequestration of large genetic elements within the interior of self-assembled PEG-b-

PPS nanocarriers.

PEG-b-PPS copolymer was modified with a functional, cationic DP using a cysteine linker (PEGm-b-PPSn-ss-

DP, PPDP) (Figure 1). Each unit of the DP is composed of lysine for functional unit branching, lipophilic

leucine to help bind membranes and facilitate escape from endolysosomal compartments (Summerton,

2005), a histidine residue for its buffering capacity and to assist the disruption of endosomal membranes

(Summerton, 2005), and arginine to stably interact with negatively charged DNA. The arginine residues

complex with anionic nucleic acids under diverse conditions, as they are positively charged in the extracel-

lular environment (prior to internalization) and at all pH conditions encountered within the endolysosomal

pathway following cellular internalization. In addition to the peptide aspects of our technology, the PEG-b-

PPS polymers contribute multiple useful features for gene delivery. For example, PEG-b-PPS provides

oxidation sensitivity via its hydrophobic PPS blocks that stabilize the nanostructure and enable disassembly

within acidic endolysosomal compartments (Bobbala et al., 2020; Scott et al., 2012; Stack et al., 2020; Vas-

dekis et al., 2012; Vincent et al., 2021c). The hydrophilic methoxy-terminated PEG corona serves to improve

biocompatibility and reduce toxicity (Allen et al., 2018b; Vincent et al., 2021b). Furthermore, we incorpo-

rated a biologically reducible disulfide bond between the terminus of PPS and the DP to improve the

release of DP-bound pDNA from PEG-b-PPS nanocarriers within reductive intracellular compartments.

We synthesized a library of self-assembling PPDP polymers and thoroughly examine their functionality as non-

viral nanovectors for gene delivery. Cellular transfection experiments were benchmarked against a leading

commercial product, Lipofectamine 2000 (Lipo2K). Furthermore, to understandwhether our gene delivery plat-

form is compatible with a range of DNA cargo sizes, we examined the transfection efficiency of a small DNA

plasmid (S-pDNA; pCMV-DsRed, 4.6 kb) and a large DNAplasmid (L-pDNA; pL-CRISPR.EFS.tRFP, 11.7 kb). Af-

ter conducting a comprehensive screen of PPDP-mediated transfection performance in macrophages as a

model immune cell type, we optimize the formulation of the top performing nanovectors and elucidate the

mechanistic details of their functionality in a series ofmultidisciplinary studies. Finally, the efficacy of theoptimal

PPDP nanovectors is assessed in NIH 3T3 fibroblasts, as well as a variety of difficult-to-transfect immune cell

types, including T cells and primary bone marrow-derived dendritic cells (BMDCs).

RESULTS AND DISCUSSION

Synthesis and characterization of PEG-b-PPS-ss-DP polymer variants

To investigate the hydrophobic effects of PPDP on nanostructure self-assembly and supporting functional

gene transfection, we synthesized a family of six PEGm-b-PPSn diblock copolymers that differed in the

length of their PEG (750 or 2000 g/mol) and PPS blocks (Figure S1). The length of PPS ranged from 20 to

80 units. The PEGm-b-PPSn polymers were end-capped with pyridyl disulfide (PEGm-b-PPSn-pds) and char-

acterized by 1H NMR (Figure S2A). Each PEGm-b-PPSn-pds variant was conjugated to the cysteine-contain-

ing DP via sulfide exchange. Conjugation was verified by gel permeation chromatography (GPC), which

demonstrated an increasedmolecular weight of the polymer (Figures S2B and S2C). To simplify the nomen-

clature in this study, the PEGm-b-PPSn-ss-DP polymer variants that differed in their molecular weight and

hydrophobicity are designated from PPDP2 to PPDP7.

The PPDP library was self-assembled into stable nanostructures by simple mixing in the aqueous solution.

The size distribution and zeta potential of PPDP polymers were measured by dynamic light scattering (DLS)
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and Electrophoretic light scattering (ELS), respectively (Table S1). The nanostructures formed from PPDP2-

PPDP7 polymers differed in size (from �20 to 30 nm) and zeta potential (from �10 to 40 mV) depending on

the distinct combination of PEG molecular weight and PPS length of the polymer variant. Furthermore,

small-angle X-ray scattering (SAXS) performed using synchrotron radiation demonstrated the presence

of a spherical core-shell morphology (Figure S3 and Table S2).

Benchmarking PEG-b-PPS-ss-DP transfection performance and cytotoxicity in macrophages

PEG-b-PPS-ss-DP2 and PEG-b-PPS-ss-DP 5 achieve significantly greater transfection efficiency and
reporter protein expression levels than Lipo2K

We next performed a series of screens in cultured RAW 264.7 macrophages to evaluate the performance of

each PPDP nanovector as a gene delivery vehicle. Transfection using industry-standard Lipo2K following

manufacturer recommendations was used to benchmark the performance of the PPDP platform. Further-

more, to understand whether PPDP permits the transfection of pDNA of a diverse size range, screens were

performed using plasmids of two different molecular weights. S-pDNA (pCMV-DsRed, 4.6 kb) was used as a

model small plasmid (Figures 2A–2C and S4A), which uses a CMV (cytomegalovirus) promoter to drive the

expression of the DsRed fluorescent protein. L-pDNA (pL-CRISPR.EFS.tRFP, 11.7 kb) was used as a model

large plasmid (Figures 2D–2F and S4B), which contains an EFS (elongation factor 1a short) promoter and

co-expresses RFP together with the Cas9 protein. PPDP/pDNA complexes were formed by gently pipetting

pre-formed PPDP nanostructures with plasmids followed by 30 min of mixing at room temperature. The

transfection efficiency was determined after a 48 h incubation period by calculating the percentage of

transfected cells using flow cytometry. The expression level of the plasmid-encoded fluorescent protein

was also quantified to understand the extent of transfection (Figures 2C, 2F, and S4).

The transfection efficiency of S-pDNA using PPDP2 and PPDP5 was significantly higher than any other PPDP

nanostructure and commercial transfection agent (Lipo2K), with roughly 45% of DsRed-positive cells trans-

fected with PPDP2/S-pDNA and 25% of DsRed-positive cells transfected with PPDP5/S-pDNA (Figures 2B

and S4A). This PPDP screen further revealed that only PPDP2 and PPDP5 achieved significantly greater trans-

fection efficiencies than Lipo2K (Figure 2B). Furthermore, S-pDNA transfection with PPDP2 was significantly

more efficient than that achieved by PPDP5 and all other PPDP constructs examined (Figure 2B). Comparable

trends were observed when examining the extent of DsRed protein expression (Figure S4A). In the transfection

efficiency vs. protein expression level coordinate, the PPDP2andPPDP5 achieved values in the upper quadrant,

whereas Lipo2K and all other nanovectors clustered together in a lower performing region (Figure 2C).

Consistent with the S-pDNA results, both PPDP2 and PPDP5 were also more robust than Lipo2K in deliv-

ering a substantially larger plasmid, denoted here as L-pDNA (Figures 2D and S4B). Macrophages were

transfected with the large L-pDNA plasmid at high efficiencies of 47 and 40% when delivered using

PPDP2 and PPDP5, respectively (Figure 2E). Strikingly, the PPDP2 transfection efficiency was �10 times

greater than that of Lipo2K (4.8% of RFP positive cells) (Figure 2E). PPDP2 again performed significantly

better than Lipo2K and all other PPDP constructs in these studies using the larger L-pDNA plasmid,

achieving significantly greater RFP reporter expression levels (Figures 2F and S4B).

The PEG-b-PPS-ss-DP platform is less cytotoxic than commercial Lipo2K and polyethylenimine
reagents

Cytotoxicity of PPDP and PPDP/pDNA nanocomplexes prepared at various weight ratios was examined in

RAW 264.7 macrophage cells (Figures S5, 3A, and 3B). The cytotoxicity of PPDP/pDNA nanocomplexes was

examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. These

toxicity studies were benchmarked against both Lipo2K, which is the leading commercially available trans-

fection reagent, and the cationic PEI polymer. PEI (25 kDa) was included as a control, as it is a widely used

polymeric transfection reagent that has known toxicity concerns (Boussif et al., 1995; Fischer et al., 1999;

Godbey et al., 1999).

PPDP/pDNA nanocomplexes were generally non-toxic (cell viability >80%) under weight ratio of 60:1

(PPDP: both S-pDNA and L-pDNA), whereas cell viability was lower for nanocomplexes having a PPDP/

pDNA ratio of 120:1 (Figure 3). However, decreases in cell viability were also observed for the unconjugated

DP peptide, even at a peptide/S-pDNA weight ratio of less than 60:1. These results suggest that conju-

gating DP to PEG-b-PPS copolymer significantly reduces the toxicity of the peptide. Importantly, the cyto-

toxicity of PPDP/pDNA nanocomplexes was much lower than the commercial polymeric transfection agent
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PEI (Figure 3). High (�90–100%) cell viability was observed for PPDP2 up to the 60:1 polymer-to-pDNA ratio

for both large and small plasmids, which was generally less cytotoxic than PPDP5 (Figures 3 and S5).

Collectively, the results from our screening studies demonstrate that PPDP2 and PPDP5 are technologies

that outperform the industrial standard transfection reagents. Given the longer hydrophobic PPS lengths of

Figure 2. PPDP2 and PPDP5 achieve higher plasmid DNA transfection efficiencies and reporter expression levels

than Lipo2K in a macrophage-based screen

RAW 264.7 macrophages were incubated with the specified materials for 48 h.

(A) Schematic of the model small size plasmid DNA (pCMV-DsRed, 4.6 kb), containing a CMV promoter and a DsRed

reporter gene.

(B) Transfection efficiency of S-pDNA using PPDP nanovectors (PPDP2-PPDP7) quantified as the percentage of cells ex-

pressing fluorescent reporter proteins.

(C) Transfection efficiency of S-pDNA plotted with the mean fluorescence intensity (MFI) of cells expressing the DsRed

reporter.

(D) Schematic of the model large size plasmid DNA (pL-CRISPR.EFS.tRFP, 11.7 kb) used in this study, containing an EFS

promoter with NSL, Cas9, and RFP reporter genes.

(E) Transfection efficiency of L-pDNA by PPDP nanovectors.

(F) Transfection efficiency and MFI of cells expressing the RFP reporter.

(G) Fold difference in the PPDP-mediated plasmid transfection efficiency (left) and reporter expression level (right)

compared to Lipo2K. The rank of PPDP2 and PPDP5 is annotated below each heatmap. In all cases, a 60:1 PPDP:pDNA

weight ratio was used. Data are presented as the mean G SD (n = 3). Transfections using were performed per manu-

facturer instructions. For panels (b, e), significant differences were determined by ANOVA with post hoc Tukey’s multiple

comparisons test (5% significance level). *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001. Comparisons to control and

pDNA (gray bars), Lipo2k (red bars), and within PPDP treatment groups (black bars) are presented in the specified colors.
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PPDP2 (80 units) and PPDP5 (74 units) compared to the other more toxic PPDP polymer variants, the

increased hydrophobicity may play a role in reducing toxicity, possibly by modulating the structure and/

or stability of the complexes. The emergence of PPDP2 and PPDP5 from these initial screening efforts

led us to focus subsequent development efforts around these prototypes. The proceeding work empha-

sized the PPDP2 nanovector, as it outperformed all other prototypes by a large margin, including PPDP5

(Figures 2C, 2F, and 2G). Furthermore, PPDP2 performed at a higher level while exhibiting even lower cyto-

toxicity than PPDP5 (Figure 3).

Optimization of PEG-b-PPS-ss-DP polymer for plasmid DNA binding capability

PEG-b-PPS-ss-DP/plasmid DNA nanocomplexes formed at a 60:1 polymer-to-plasmid ratio
optimally bind to pDNA and form stable nanostructures

To investigate the ability of the polymers to bind and condense pDNA, we next examined the formation

and stability of PPDP/pDNA nanocomplexes using an electrophoretic mobility shift assay (EMSA). In this

assay, the DNA will remain in the well of the gel if the PPDP/pDNA nanocomplex is stable once an electric

field is applied to commence electrophoresis. On the other hand, if the nanocomplex is unstable, the un-

bound pDNA will migrate down the agarose gel toward the positive electrode in the presence of the elec-

tric field. These studies employed both small (S-pDNA, 4.6 kb) and large (L-pDNA, 11.7 kb) plasmids to un-

derstand whether or not different plasmid sizes required different polymer-to-plasmid ratios to perform

optimally. The PPDP/pDNA complexes were formulated by combining PPDP with pDNA at various poly-

mer-to-pDNA weight ratios (PPDP:pDNA = 1:1–120:1) for EMSA experiments (Figures 4A, 4B, and S6).

The migration of pDNA was completely obstructed by PPDP nanostructures having a polymer/pDNA

weight ratio greater than 15:1 (Figures 4A and 4B). Although the amount of free or unprotected pDNA

can be determined by the fluorescence intensity of GelRed dye (Chen et al., 2016), high-density packing

of pDNA can result in fluorescence quenching (Kwok et al., 2016). Notably, the fluorescence of pDNA in

response to binding the GelRed� nucleic acid stain progressively decreased with increasing polymer/

pDNA ratio, suggesting enhanced pDNA binding for a more compact nanostructure in response to

increased relative amounts of copolymer (Figures 4A and 4B). This is further validated by the observation

that the dye remained in the well and did not traverse the gel during electrophoresis (Figure S6C). These

results verify that PPDP polymer is capable of binding to S-pDNA (Figure 4A) and L-pDNA (Figure 4B). Of

Figure 3. Cytotoxicity of PPDP/pDNA nanovector in RAW 264.7 macrophages

RAW 264.7 macrophages were incubated with PPDP/pDNA nanocomplexes that were prepared with a different polymer

to pDNA ratios (30:1, 60:1, 120:1) for 24 h at 37 �C. Untreated cells (Control), Lipo2K/pDNA complexes (Lipo2K), PEI/

pDNA complexes (PEI with the molecular weight of 25 kDa), and dendritic peptide (DP)/pDNA complexes were included

as benchmarks. The cell viability for (a) PPDP/S-pDNA complexes and (b) PPDP/L-pDNA complexes was then measured

by the MTT assay. Asterisks indicate the experimentally determined optimal ratio for each formulation. Data are pre-

sented as the mean G SD (n = 3).
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note, PPDP2/pDNA and PPDP5/pDNA showed the lowest pDNA fluorescent intensity at the weight ratio of

60:1 (PPDP: both S-pDNA and L-pDNA) in the wells, indicating an optimal pDNA binding and compaction.

Next, we examined the effect of the mass ratio of PPDP polymer to pDNA on the particle size and zeta po-

tential (Figures 4C and 4D). As this ratio increased, the size of the nanocomplex increased and the zeta po-

tential became more positive (Figures 4C and 4D). Nanocomplexes ranged from negative, to neutral, to

positively charged as the PPDP/pDNA ratio was increased from 1:1 to 60:1. Based on the EMSA results

(Figures 4A and 4B), size and zeta potential characterization (Figures 4C and 4D), and cytotoxicity studies

(Figure 3), we selected the optimal ratio of 60:1 for further gene transfection studies. When containing

either S-pDNA or L-pDNA, 60:1 PPDP/pDNA nanocomplexes were observed to be spherical andmonodis-

perse nanostructures, as observed by cryogenic transmission electron microscopy (cryoTEM) (Figures 4E,

4F and S7). The diameter and zeta potential are presented in Table S3. The PPDP system uses both self-

assembly and electrostatic complexation simultaneously. A high polymer to payload ratio is standard for

self-assembling systems, but high ratios are required for DNA/polymer complexes. PPDP is between these

two, as it requires a higher amount of polymer so that the PPDP influences the assembly of the complexes,

which may explain the uniformity of the nanostructures (Figure 4E).

Figure 4. Optimization of PPDP/pDNA nanovectors for enhanced DNA binding capability

Electrophoretic mobility shift assay (EMSA) of PPDP/pDNA nanocomplexes with different polymer to pDNA ratios from 1:1 to 60:1. Naked pDNA, Lipo-

fectamine 2000/pDNA complexes (Lipo2K), PEI/pDNA complexes (PEI with the molecular weight of 25 kDa), and dendritic peptide (DP1)/pDNA complexes

were included as control groups. PPDP formulations were optimized by complexing with (a) S-pDNA and (b) L-pDNA. (red triangle points to PPDP/pDNA

nanocomplexes that quenched the GelRed� nucleic acid stain). Effect of the mass ratio of (c) PPDP2:S-pDNA and PPDP5:S-pDNA and, (d) PPDP2:L-pDNA

and PPDP5:L-pDNA on the nanocomplex particle size (red) and zeta potential (blue). Asterisks indicate the optimal PPDP:pDNA ratio. Data are presented as

the mean G SD (n = 3). e,f) Representative Cryo-TEM micrographs of the optimal PPDP/pDNA nanocomplexes. Scale bar = 100 nm.
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The 60:1 PEG-b-PPS-ss-DP:plasmid DNA ratio achieves optimal transfection efficiencies in vitro

Wenext examined the relationship between the PPDP:pDNA ratio and cellular transfection performance using

the highest performing PPDP2 and PPDP5 constructs. We hypothesized that the 60:1 PPDP:pDNA ratio would

also perform optimally in these studies as it demonstrated the most stable binding to plasmid in the EMSA

studies. Furthermore, we also examined whether less economical PPDP:pDNA ratios exceeding 60:1 would

provide any performance benefits at the cost of requiring additional copolymer in the formulation. Macro-

phages were transfected with PPDP:pDNA complexes, and the transfection efficiency (Figures 5A and 5B)

and expression level of the plasmid-encoded reporter proteins (Figure S8) were quantified by flow cytometry.

For both PPDP2 and PPDP5, the highest transfection efficiencies were observed for nanovectors prepared

at the 60:1 PPDP:pDNA ratio for both small (Figure 5A) and large (Figure 5B) model plasmids. With excep-

tion to the PPDP2/L-pDNA results, the 60:1 ratio performed significantly better than all other PPDP:pDNA

ratios tested (Figures 5A and 5B). In the case of the exception, we note that the PPDP2-mediated transfec-

tion of the large L-pDNA plasmid was more efficient at a 60:1 ratio than a higher 100:1 ratio, although this

difference was not statistically significant (Figure 5B). Nevertheless, these results demonstrate that the 60:1

PPDP:pDNA ratio is optimal for transfection with both small and large plasmids, and there is no benefit to

increasing the amount of polymer used relative to the pDNA. Confocal laser scanning microscopy (CLSM)

further confirmed that the level of RFP protein expression in macrophages transfected with L-pDNA using

PPDP2 was greater than the RFP expression level achieved by Lipo2K (Figure 5C).

PEG-b-PPS-ss-DP undergoes a disorder-to-order transition into a helical conformation under

acidic conditions and promotes the intracellular release of plasmid DNA cargo

The dendritic peptide conjugate of PEG-b-PPS-ss-DP nanovectors adopt a helical conformation
under pH 6.0

The results of our preliminary screening and polymer-to-DNA ratio optimization studies demonstrated that

PPDP2 prepared at a 60:1 PPDP:pDNA consistently outperformed all other nanovectors and commercial

Figure 5. The 60:1 PPDP:p-DNA ratio was optimal for the transfection of macrophages with both small and large plasmids

The transfection efficiency in RAW 264.7 macrophages was determined by flow cytometry using PPDP2 (purple bar plots) or PPDP5 (red bar plots) complexed with

(a) the small model plasmid (S-pDNA; pCMV-DsRed, 4.6 kb), or (b) the large model plasmid (L-pDNA; pL-CRISPR.EFS.tRFP, 11.7 kb) at the specified PPDP:pDNA

ratios. Data are presented as the mean G SD (n = 3). Significant differences were determined by ANOVA with post hoc Tukey’s multiple comparisons test (5%

significance level). *p < 0.05, **p< 0.005, ***p < 0.001, ****p< 0.0001. (c) Representative confocal image of reporter gene expression bymacrophages transfected

with PPDP2/L-pDNA (60:1) or Lipo2K/L-pDNA. Cellular background (control) and cells transfected with naked L-pDNA are also presented. Scale bar = 20 mm.
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reagents. Thus, this PPDP2 formulation was investigated further in mechanistic studies seeking to charac-

terize its endolysosomal escape properties. Based on the biochemical properties of the DP amino acid

composition (Figure 6A), we hypothesized that the conformation of this peptide would change in increas-

ingly acidic environments.

To assess the pH-responsive structure of PPDP, spherical nanostructures were self-assembled from PPDP2

copolymer (Figure 6B), which demonstrated a mean diameter of 19.9 nm and surface charge of 48.0 mV as

measured by DLS (Figure 6C). The DP component of the PPDP2 nanostructures is readily detectable by

Fourier transform infrared (FTIR) spectroscopy in solution (Figures 6D and 6E). PPDP2 nanostructures ex-

hibited the expected amide I peak in the 1700–1600 cm�1 band (C=O stretching), which is characteristic

of peptide bonds (Figure 6D). As expected, this peak was also detectable in the DP peptide control,

although its intensity was partially masked by a stronger peak in the 1800–1700 cm�1 band. Subtracting

the PEG-b-PPS spectra from that of the PPDP2 sample enables a preliminary assessment of the helical sec-

ondary structure. In the difference spectra presented in Figure 6E, a strong peak is observed near

1660 cm�1 within the amide I band. These results suggested that PPDP2 may adopt a helical secondary

structure.

We next performed circular dichroism (CD) spectroscopy to more thoroughly examine if the DP adopts a

helical secondary structure and whether a conformational change occurs in response to a shift from pH 7.5

to pH 5.5 (Figures 6F, 6G, and S9). This pH range is particularly interesting in the context of a nanostructure

trafficking through the endolysosomal pathway that becomes progressively more acidic. In our biophysical

studies, PPDP2 did not take on a traditional alpha-helix secondary structure under any condition, which

would be indicated by two negative peaks at 208 and 222 nm in a CD spectrum (Provencher and Glöckner,

1981) (Figure 6F).

We initially suspected that PPDP2 is intrinsically disordered, which is a ubiquitous feature of many peptides

and proteins (Uversky et al., 2000, 2005; Dunker et al., 2001; Linding et al., 2004; Oates et al., 2012; Vincent

Figure 6. Structural characterization of PPDP

(A) Schematic illustration depicting the amino acid composition of the PPDP polymer (PEGm-b-PPSn-ss-DP).

(B and C) Representative Cryo-TEM micrograph (scale bar = 100 nm) and (c) size distribution of PPDP2 determined by DLS.

(D) FT-IR spectra of PEG-b-PPS (green), dendritic peptide (black), and PPDP2 (pink). The regions highlighted in blue correspond to the amide I (1700–

1600 cm�1) and amide II (1590–1520 cm�1) bands.

(E and F) PPDP2 spectra with PEG-b-PPS contributions subtracted. Circular dichroism (CD) spectroscopy analysis of DP secondary structure in (f) assembled

PPDP2 nanostructures or in (g) free form (i.e. unconjugated peptide control). Suspensions were adjusted to pH 7.5, 6.5, or 5.5, as specified in the plot

legends.
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and Schnell, 2016, 2019; Vincent et al., 2016, 2019; Wang et al., 2016). Closer inspection of the PPDP2 CD

spectra instead provides evidence of a different, more esoteric, type of helical structure resembling that of

PPII (polyproline II)-like structures, which can be formed by peptides lacking proline residues (Kumar and

Bansal, 2016) and have a characteristic combination of spectral features of disordered and ordered states

(Figure 6F). Proteins and peptides adopting a random coil state commonly have a negative peak near

200 nm. However, a PPII-like helical structure is revealed by a characteristic positive peak near 220 nm

(Lopes et al., 2014) (but as low as 210 nm for proline-lacking peptides adopting a PPII-like conformation

(Lella and Mahalakshmi, 2017)) and minima at 197 nm (Lella and Mahalakshmi, 2017), which is a spectral

signature that is used to distinguish these special helical conformations from purely disordered states.

In our studies, PPDP2 exhibited a strong negative peak at �201 nm at pH 7.5 and at �204 nm at pH 6.5,

whereas the most acidic conditions (pH 5.5) induced a strong leftward shift to a minimum at �197 nm.

The key feature that distinguishes the PPDP2 CD spectra from a disordered spectrum is observed at pH

5.5, where a strong positive peak is observed at 215 nm (Figure 6F). Thus, the PPDP2 CD spectrum contains

both a negative peak at 197 nm and a positive peak at 215 nm under conditions that mimic a more strongly

acidic intracellular environment, suggesting that it adopts a PPII-like helical conformation below pH 6.5.

This interpretation is consistent with past studies that demonstrate lysine homopolymers adopt PPII-like

helical structures with similar spectral features (Rucker and Creamer, 2002; Tiffany and Krimm, 1968,

1972), which can be stabilized by either the conformation of lysine in the backbone (Rucker and Creamer,

2002) or by electrostatic interactions (Arunkumar et al., 1997). As the lysine side chains within the DP are

employed for branching (Figure 1) and thus not available for electrostatic interactions, the chemical

bonding of lysine residues within the DP backbone likely promotes the formation of a PPII-like helical

conformation.

Interestingly, the free DP (unconjugated control) exhibits a peak at �195 nm at pH 7.5 and pH 6.5, and a

peak at �200 nm at pH 5.5 (Figure 6G). Unconjugated DPs also exhibita positive peak (�215 nm) at all

pH values, suggesting that it has a PPII-like helical structure under all conditions tested. As the positive

peak is only observed at a pH 5.5 for PPDP2, these results suggest that conjugating the peptide to the poly-

mer rendered the peptide conformation pH-responsive. In the context of a gene delivery technology, the

absence of the�215 nm positive peak at pH 7.5 and pH 6.5 in the PPDP2 CD spectra suggest the peptide is

disordered prior to reaching the acidic lysosomal compartment. Yet, once PPDP2 reaches the lysosome

(pH < 6), it can adopt a helical conformation. This PPDP2 disorder-to-order transition that occurs in acidic

environments may provide a mechanism for lysosomal escape. At all pH values examined, the ionizable

guanidino group of arginine (pKa�9) in PPDP2 is protonated and provides a stable electrostatic interaction

with DNA. At a pH below 6.0, the imidazole group (pKa�6) of histidine residues should be protonated and

provide an additional means for electrostatic interaction with DNA. Stabilizing the PPDP2-DNA interaction

within acid lysosomal compartments is important, as the higher order nanostructure disassembles under

these conditions owing to the oxidation of PPS (Vasdekis et al., 2012). Furthermore, the protonated histi-

dine residues are also known to facilitate membrane disruption in concert with leucine residues that play a

role in membrane binding (Erazo-Oliveras et al., 2012; Summerton, 2005). Consequently, the oxidation-

mediated loss in PPS hydrophobicity as well as the enhancement in DNA-binding and membrane-disrup-

tion capabilities of the DP under acidic conditions, all coincide with the adoption of a PPII-like helix within

the lysosome. Of note, helical conformations are known to promote the cytoplasmic release of cargo from

lysosomal compartments (El-Sayed et al., 2009; Ohmori et al., 1997). Thus, we conclude that the formation

of helical structures acts synergistically with the functionality of the ionized amino acid residues and the

oxidized PPSmoieties of PPDP2 at low pH (pH < 6) to promote the efficient lysosomal release of DNA cargo

into the cytoplasm.

PEG-b-PPS-ss-DP traffics through the endolysosomal pathway and releases plasmid DNA payloads
into the cytoplasm in a time-dependent fashion

We sought to investigate the cellular internalization and localization of DNA cargo delivered using the pH-

responsive PPDP2 nanovector. To this end, CLSM imaging was used to visualize the intracellular trafficking

of PPDP2/Alexa Fluor 488-lableled pDNA (pcDNA3.1, 5.4 kb) nanocomplexes at different timepoints. Early

1 and 4 h timepoints were included to examine nanovector migration through the endolysosomal pathway,

as well as the onset of endosomal escape, whereas an 18 h timepoint was included to examine changes in

the cytoplasmic accumulation of the pDNA payload with time (Figure 7). After 1 h incubation with

RAW264.7 macrophages, the green fluorescence (Alexa Fluor 488) was predominantly observed as puncta

that co-localized with endosomal/lysosomal compartments. At longer incubation times of 4 and 18 h,
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nanocomplexes escaped from endolysosomal compartments and were released into the cytosol. Cyto-

plasmic release is observed by the presence of diffuse green fluorescence that no longer colocalizes

with the endosomal/lysosomal compartments. A fraction of the nanocomplexes were still entrapped within

endosomal/lysosomal compartments at the 4 and 18 h timepoints. However, the diffuse green signal was

much greater in intensity at 18 h compared to 4 h, and this change also coincided with a decrease in the

co-localization signal at 18 h. These results demonstrate that Alexa Fluor 488-lableled pDNA efficiently

and increasingly escaped from the lysosome over time following intracellular delivery via PPDP2

nanocomplexes.

The PEG-b-PPS-ss-DP platform efficiently transfects both innate and adaptive immune cells

To verify the broad applicability of PPDP2 and PPDP5 as potential DNA delivery vectors, we assessed the

L-pDNA transfection of diverse cell lines (Figure 8). Transfection was performed under the standard culture

conditions for each cell type in the presence of serum. We first tested NIH 3T3 mouse fibroblast cells, which

have been widely used for DNA transfection studies and recombinant protein expression in biological

research. Confocal imaging revealed extensive RFP fluorescence expression after 48 h in NIH3T3cells

that were transfected by PPDP2/L-pDNA, but minimal to no detectable signal for Naked L-pDNA and

Lipo2K/L-pDNA at the same timepoint (Figure 8A). Flow cytometry analysis demonstrated that PPDP2

and PPDP5 exhibited transfection efficiencies of 69.6 and 57.5%, respectively, in fibroblasts (Figure 8B).

These transfection efficiencies were significantly greater than the 12% transfection efficiency determined

for Lipo2K (Figure 8B). Consistent with our results in macrophages, PPDP2 transfected fibroblasts with

an efficiency that was significantly greater than that of PPDP5 (Figure 8B).

We next examined whether the PPDP technologies could efficiently transfect dendritic cells (DCs). Devel-

oping technologies to facilitate the production of genetically engineered DCs is of great interest owing to

their unique and versatile role in immune regulation and their potential use in creating next-generation vac-

cines for cancer and infectious disease. However, the genetic manipulation of primary DCs remains chal-

lenging and continues to obstruct progress in developing DC-based therapies. Primary mouse bone

Figure 7. Endosomal escape and cytosolic delivery of PPDP2/pDNA complexes in RAW 264.7 macrophages

RAW 264.7 macrophages were incubated with PPDP2/AF488-labeled S-pDNA (pcDNA3.1, 5.4 kb) nanocomplexes

formed using a PPDP2 to pDNA weight ratio of 60:1. Representative confocal images display PPDP2/S-pDNA complexes

within cells after 1, 4, and 18 h incubation periods. LysoTracker red was used to label late endosomes/lysosomes. Nuclei

were stained with DAPI (blue). Co-localization of green plasmid DNA and red endo/lysosomes appears as yellow in the

images. Scale bar = 10 mm.
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marrow-derived dendritic cells (BMDCs) were transfected with L-pDNA using PPDP2 and PPDP5

(Figures 8C and 8D). PPDP2-mediated transfection resulted in 30.7% RFP positive (RFP+) cells, whereas

18.7% of cells were RFP + after transfection with PPDP5 (Figures 8C and 8D). These percentages were

significantly greater than both naked pDNA and Lipo2K controls (Figures 8C and 8D).

Lastly, we investigated the use of PPDP2 and PPDP5 for transfecting Jurkat T cells with a large plasmid

(Figures 8E and 8F). Jurkat T cells are immortalized human T lymphocytes that are commonly employed

to study T cell biology and for developing prototypes of engineered T cell technologies. PPDP2 and

PPDP5 increased the percentage of RFP + T cells, as observed by the rightward shift in flow cytometry histo-

grams compared to the negative control group (Figure 8E). Interestingly, both PPDP2 and PPDP5 achieved

transfection efficiencies that were significantly greater than that achieved by Lipo2K (Figure 8F). Although

PPDP5 transfected T cells with large plasmids slightly more efficiently than PPDP2, this difference in trans-

fection was not significantly different (Figure 8F). This trend observed for T cells (Figure 8F) differs from our

observations using fibroblasts and DCs, where PPDP2 achieved transfection efficiencies that were signifi-

cantly greater than PPDP5 (Figures 8B–8D). It is unclear why PPDP2 was not also superior for transfecting

T cells with large plasmids; however, understanding the mechanism for this difference is outside the scope

of the present work. Collectively, these results demonstrate that PPDP2 and PPDP5 dramatically improve

Figure 8. Transfection of PPDP/L-pDNA nanovector in fibroblasts, dendritic cells, and T cells

NIH 3T3, BMDC, and Jurkat T cells were transfected with L-pDNA (pL-CRISPR.EFS.tRFP, 11.7 kb) using PPDP2 and PPDP5

nanovectors with the PPDP to pDNA weight ratio of 60:1.

(A) Representative confocal image of PPDP2/L-pDNA complexes demonstrated the transfection of L-pDNA after cellular

uptake. Scale bar = 20 mm.

(B) Transfection efficiency for NIH3T3 cells.

(C and D) Flow cytometry histogram and (d) the percentage of transfected cells in BMDCs.

(E and F) Flow cytometry histogram and (f) the percentage of transfected Jurkat T cells. Naked pDNA and Lipo2K/pDNA

complexes (Lipo2K) were included as negative and positive controls, respectively. Data are presented as the meanG SD

(n = 3–4). Significance was determined by ANOVAwith post hoc Tukey’s multiple comparisons test (5% significance level).

***p < 0.001, ****p < 0.0001.
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the delivery of large pDNAmolecules to primary immune cells and achieve greater transfection efficiencies

than commercially available transfection reagents (Figure 8).

The advantages of forming nanovectors using the controlled self-assembly of PEG-b-PPS block copoly-

mers may explain the observed lowered toxicity and improved transfection efficiency compared to Lipo2K.

First, as evidenced by both SAXS (Figure S3 and Table S2) and CryoTEM (Figure 4), PPDP forms highly uni-

form spherical structures that are indicative of PEG-b-PPS copolymer self-assembly (Allen et al., 2017,

2018a). Such nanostructures are maintained by the balance between aggregated hydrophobic PPS do-

mains and highly dense PEG corona, the former enhancing the stability of the assembly while the latter min-

imizes nonspecific cellular and protein interactions (Cerritelli et al., 2009a). These properties could inhibit

interactions between the cationic DP and cell membranes that likely resulted in the observed toxicity for the

DP in the absence of PEG-b-PPS (Figure 3). Furthermore, all transfection experiments in our study were per-

formed in a medium with serum and growth factors beneficial for culturing primary cells. Previous studies

have demonstrated that the transfection efficiency of lipofectamine decreases dramatically in the medium

with serum (Yang and Huang, 1997). Interactions of cationic lipids with serum proteins significantly

decrease the colloidal stability of Lipo2K-DNA complexes, resulting in aggregation and sedimentation.

The dense PEG corona of self-assembled PEG-b-PPS nanostructures could improve the stability of nano-

complexes, decrease their aggregation and reduce the interaction with proteins. Moreover, functional

groups in PPDP, such as leucine and histidine residues, and bioreducible disulfide bond between PPS

and DP could facilitate pDNA escape from endolysosomal compartments for more efficient access to

the nucleus. All of these factors could contribute to the PPDP polymer being a more efficient gene delivery

platform compared to Lipo2K.

Conclusions

We developed and optimized a polymeric nanovector as a non-viral and non-toxic plasmid transfection re-

agent for diverse immune cell types without the need for specialized culture conditions or medium. The

PPDP vehicle consists of a self-assembling PEG-b-PPS copolymer conjugated to a cationic DP. Each branch

of the DP possesses a terminal arginine for stable complexation with DNA via electrostatic interactions, and

the lysine-branched backbone undergoes a helical conformational change in acidic environments that may

assist with endosomal escape. This lysosomal escape is a prerequisite for pDNA diffusion into the nucleus

where it can be transcribed and translated into a protein product and is thus an essential feature of any

effective gene delivery technology and transfection reagent. Nanocarriers assembled from PEG-b-PPS co-

polymers have previously demonstrated enhanced cytosolic delivery of diverse therapeutic payloads (Dow-

ling et al., 2017; Scott et al., 2012; Yi et al., 2019), and here the conjugation of a cationic DP achieves this

capability for both small (S-pDNA; 4.6 kb) and large (L-pDNA; 11.7 kb). Screening the size and surface char-

acter of PPDP yielded the PPDP2 and PPDP5 constructs, which were found to be optimal for enhanced

transfection with significantly less toxicity than the commercial standard lipofectamine in studies using

macrophages, fibroblasts, primary BMDCs, and T cells in vitro. Although PPDP2 was found to be the

more efficient overall, both constructs were particularly useful for transfecting cells with large pDNA ele-

ments. PPDP is, therefore, a promising non-viral vector with numerous advantages for efficient in vitro

transfection, including exceptionally low toxicity, proficient cytosolic delivery of large genetic elements,

and efficacy under standard culture conditions for typically difficult to transfect immune cell populations.

Limitations of the study

In this study, we optimized a self-assembling block copolymer linked to a cationic dendritic peptide (DP) to

form monodisperse spherical complexes with small and large plasmids. These nanovectors efficiently

transfected diverse immune cell populations in vitro with minimal toxicity and without the need for special-

ized serum-freemedium. Future efforts will further develop this delivery platform for other nucleic acid con-

structs as well as optimize in vivo transfection.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Dendritic peptide (DP) with the sequence

of {[(RHL)2-KRHL]2-KRHL}, 2-KC-NH2

Peptide 2.0 Inc. https://www.peptide2.com/

Poly(ethylene glycol) methyl ether (Average Mn�2000) Sigma-Aldrich 202509

Poly(ethylene glycol) methyl ether (Average Mn750) Sigma-Aldrich 202495

Toluene Sigma-Aldrich 179418

Dichloromethane Sigma-Aldrich 34856

Triethylamine Sigma-Aldrich 471283

Methanesulfonyl chloride Sigma-Aldrich 471259

Diethyl ether Sigma-Aldrich 673811

Dimethylformamide Sigma-Aldrich 227056

Potassium carbonate Sigma-Aldrich 209619

Thioacetic acid Sigma-Aldrich 8.08076

Tetrahydrofuran Sigma-Aldrich 34865

Sodium methoxide Sigma-Aldrich 403067

Propylene sulfide TCI 1072-43-1

2,2-dithiodipyridine Sigma-Aldrich 43791

Water (molecular biology grade) Sigma-Aldrich W4502

DMEM medium Thermo Fisher Scientific A4192101

RPMI 1640 medium Thermo Fisher Scientific A4192301

Penicillin-Streptomycin Thermo Fisher Scientific 15140122

Fetal bovine serum Thermo Fisher Scientific 10082147

2-Mercaptoethanol Sigma-Aldrich 516732

GM-CSF Recombinant Protein Thermo Fisher Scientific PMC2016

IL-4 Recombinant Protein Thermo Fisher Scientific RP-8666

L-glutamine Sigma-Aldrich 59202C

GelRed� Nucleic Acid Stain 1000X Water Millipore SCT123

Thiazoly Blue Tetrazolium Bromide (MTT) Sigma-Aldrich M5655

NucBlue� Live Ready Probes� Reagent Invitrogen� R37605

Critical commercial assays

ACK Lysing Buffer Gibco A1049201

Lipofectamine� 2000 Transfection Reagent Invitrogen� 11668030

Ulysis� Alexa Fluor� 488 Nucleic Acid Labeling Kit Invitrogen� U21650

Experimental models: Cell lines

RAW 264.7 ATCC TIB-71�

NIH 3T3 ATCC CRL-1658�

Jurkat ATCC TIB-152�

DH5a competent cells Thermo Fisher Scientific 18263012

Recombinant DNA

pCMV-DsRed (4.6 kb) Clonetech 632539

pcDNA3.1 (5.4 kb) Thermo Fisher Scientific V79020

pL-CRISPR.EFS.tRFP Addgene Plasmid #57819

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the lead contact, Evan Alexander Scott (evan.

scott@northwestern.edu).

Materials availability

All data are available in themanuscript text and supplemental information. This study did not generate new

unique reagents.

Data and code availability

d All data produced in this study are included in the published article and its supplemental information or

are available from the lead contact upon request.

d The paper dose not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of mouse primary bone-marrow-derived dendritic cells

To prepare bone-marrow-derived dendritic cells (BMDCs), bone marrow cells were collected from the

tibias and femurs of naı̈ve C57Bl/6 mice (Jackson Laboratory) (Napoli et al., 2001). Mouse tibia and femur

bones were removed and sterilized by soaking in 70% ethanol for 5 min on ice. The bones were then trans-

ferred from ethanol to a sterile culture dish containing filtered primary media (RPMI 1640 medium supple-

mented with 10% fetal bovine serum (FBS), penicillin (100 IU/mL) and streptomycin (100 mg/mL), B-Me

(50 Um), L-Gln (2 mM), GM-CSF (20 ng/mL), and IL-4 (10 ng/mL)). Both ends of the bone were cut off

and flush out the bonemarrow using a sterile syringe. Transfer cells to a sterile 15mL falcon tube and centri-

fuge at 1500 rpm for 10 min. The cell pellets were resuspended in 1mL of ACK lysing buffer (Thermo Fisher

Scientific) to remove red blood cells. After wash cells with sterile PBS, the cells were then resuspended in

primary media and counted. Cells were cultured in 100 mm Petri dishes with a density of 1 3 106 cells/mL

and incubated at 37�C with 5% CO2 for seven days. After 7 days, non-adherent and loosely adherent cells

(imDCs) were harvested, washed, and used for in vitro experiments.

METHOD DETAILS

Plasmids

All plasmids were propagated in DH5a competent cells (Thermo Fisher Scientific). The plasmid DNA con-

centration was determined using a NanoDrop 2000 instrument (Thermo Fisher Scientific) by measuring the

absorbance at 260 nm.

Synthesis of PEG-b-PPS-s-s-DP (PPDP) polymers

The poly(ethylene glycol) (PEG)-based initiator was prepared by thioacetate modification of methoxy PEG-

OH (MW = 750 or 2000).(Cerritelli et al., 2007, 2009b; Scott et al., 2012; Yi et al., 2016). Poly(ethylene glycol)

methyl ether (mPEG17, MW = 750 or mPEG45, MW = 2000) (20 mmol, 1 equiv.) was dissolved in toluene and

dried by azeotropic distillation. The dried mPEG was cooled to room temperature under vacuum and dis-

solved in dichloromethane (50 mL). The reaction vessel was evacuated and subsequently purged with

argon (Ar). Triethylamine (5 equiv.) was added and cooled to 0�C. Methanesulfonyl chloride (5 equiv.)

was diluted into dichloromethane (100 mL) and added dropwise to the cooled solution. After stirring over-

night under Ar, the mixture was filtered to remove salt, and dichloromethane was removed by rotary evap-

oration. The obtained product was precipitated in cold diethyl ether and dried under vacuum. The mesy-

late-functionalized mPEG (6.0 g, 1 equiv.) was dissolved in anhydrous dimethylformamide (DMF, 100 mL)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

FlowJoTM v10 BD Biosciences https://www.flowjo.com/

GraphPad Prism 8 GraphPad https://www.graphpad.com/
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within a Ar-evacuated three-neck flask. Potassium carbonate (5 equiv.) and thioacetic acid (5 equiv.) were

added. After stirring overnight, salt was removed by filtration and DMFwas removed by rotary evaporation.

The obtained product was dissolved in tetrahydrofuran (THF) and passed through an aluminum oxide col-

umn. The thioacetate-functionalizedmPEGwas then precipitated in cold diethyl ether and dried under vac-

uum. PEG thioacetate initiators (0.5 g, 1 equiv.) were transferred to Schlenk tube under argon and dissolved

in dimethylformamide (DMF) (6 mL). Sodium methoxide (0.5 M solution in methanol, 1.2 equiv.) was added

using syringe. After stirring for 30 min, the amount of propylene sulfide (PPS) used in the reaction was

adjusted to polymerize the desired block lengths. The polymerization was end-capped by adding excess

2,2-dithiodipyridine (5 equiv.) and stirring overnight. The obtained block copolymers (PEG17-b-PPS80-pds,

PEG17-b-PPS51-pds, PEG17-b-PPS42-pds, PEG45-b-PPS74-pds, PEG45-b-PPS48-pds, PEG45-b-PPS25-pds)

were then purified by double precipitation in cold methanol or diethyl ether. All the polymers were char-

acterized by 1H NMR (CDCl3). The dendritic peptide (DP) was conjugated to different PEG-b-PPS polymers

via disulfide exchange. PEG-b-PPS (50–100 mg) was reacted with DP (1.2 equiv) in triethylamine/dimethyl-

formamide (DMF) (0.1/1 mL). The peptide-polymer conjugates were purified by repeat precipitation in cold

diethyl ether to remove 2-pyridienthione. The vacuum-dried peptide-polymer conjugates were dispersed

in water (molecular biology grade) and then dialyzed against water using Slide-A-Lyzer Dialysis Cassettes

(20K MWCO, Thermo Fisher Scientific) to remove unreacted peptide. Following purification, the PEG-PPS-

ss-DP conjugates were lyophilized.

Preparation of PPDP nanostructures

A variety of PPDP polymers were used in these studies, including: PEG17-b-PPS80-ss-DP (PPDP2), PEG17-b-

PPS51-ss-DP (PPDP3), PEG17-b-PPS42-ss-DP (PPDP4), PEG45-b-PPS74-ss-DP (PPDP5), PEG45-b-PPS48-ss-DP

(PPDP6), and PEG45-b-PPS25-ss-DP (PPDP7). The specified PPDP polymer was dissolved in water (molecular

biology grade) to prepare a stock solution at a 10 mg/mL polymer concentration. Plasmid DNA-PPDP

nanocomplexes (DNA-PPDP) were formed by diluting both PPDPs vectors and pDNA solutions with water

to a volume of 50 mL, and were subsequently mixed at a polymer-to-DNAmass ratio (w/w) ranging from 1 to

120. The resulting DNA-PPDP complexes were formed by gentle pipetting for 30 s, followed by a 30-min

incubation step at room temperature.

Characterization of PPDP nanostructure morphology and physicochemical properties

The size distribution and zeta potential of the PPDP nanostructures were measured using a Zetasizer Nano

instrument (Malvern Instruments). Cryogenic transmission electron microscopy (Cryo-TEM) was performed

to characterize nanostructure morphology. Briefly, 200-mesh lacey carbon grids were glow-discharged for

30 s in a Pelco easiGlow glow-discharger (Ted Pella Inc.) at 15 mA with a chamber pressure of 0.24 mBar.

Grids were prepared with 4 mL of sample and were plunge-frozen into liquid ethane using a FEI Vitrobot

Mark III cryo plunge freezing device for 5 s with a blot offset of 0.5 mm. After plunge-freezing, grids

were loaded into a Gatan 626.5 cryo transfer holder and were imaged at �172�C in a JEOL JEM1230

LaB6 emission TEM (JEOL USA, Inc.) at 100kV. Data was acquired using a Gatan Orius 2k x 2k camera.

Small angle x-ray scattering (SAXS)

SAXS was performed at the DuPont-Northwestern-Dow Collaborative Access Team (DND-CAT) beamline

at the Advanced Photon Source (APS) at Argonne National Laboratory (Argonne, IL, USA). A �7.5 m sam-

ple-to-detector distance was used. Silver behenate diffraction patterns were used to calibrate the q-range.

Samples were irradiated with 10 keV x-rays using a 3 s exposure time. Data was analyzed in the 0.001–0.5 Å.

PRIMUS 2.8.3 and SasView 5.0 software was used for data reduction and model fitting, respectively. Core

shell sphere models were fit to the data. Modeling was performed following established procedures(Stack

et al., 2020; Vincent et al., 2021a, 2021b).

Characterization of pH-dependent peptide conformational changes

FT-IR spectra were acquired by A Nicolet iS50 FTIR Spectrometer (Thermo Scientific). Spectra were ob-

tained for liquid samples of PPDP2, peptide, and PEG-b-PPS. 64 scans were collected per sample in the

2000–600 cm�1 range. For the circular dichroism (CD) spectroscopy studies, PEG-b-PPS, Peptide and

PPDP2 were prepared in water with pH adjusted to 5.5, 6.5, and 7.5 prior to analysis. Samples were pre-

pared in quartz cuvette (0.1 cm path length) and CD spectroscopy was performed using a Jasco J-815

CD Spectrometer. Data was collected via a continuous scan in the 190–300 nm wavelength range using
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a 100 nm/min scanning speed, a 2 s digital integration time, 2 nm band width, and a 0.5 nm data pitch. The

high tension (HT) voltage was monitored to ensure data was collected in the linear range (Figure S8).

Electrophoretic mobility shift assay (EMSA)

The stability of PPDP/pDNA nanocomplexes was determined by EMSA. PPDP/pDNA nanocomplexes were

prepared at different weight ratios of PPDPs to pDNA, as described elsewhere in this STAR Methods sec-

tion. The same amount of pDNA (0.5 mg) was used for each sample. The obtained nanocomplexes (10 mL)

were mixed with loading buffer and loaded on 1% agarose gel containing GelRed� nucleic acid stain sub-

merged in Tris-acetic acid-EDTA (TAE) buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM sodium EDTA).

Electrophoresis was carried out at a constant voltage of 100 V for 30 min (Bio-Rad, Inc.). Gels were imaged

using a LAS 4010 Gel Imaging system (GE Healthcare).

Cell viability assay

The relative viability of cells transfected with various PPDPs/pDNA, Lipofectamine 2000/pDNA complexes

(Lipo2K), PEI/pDNA complexes (PEI with the molecular weight of 25 kDa), and Dendritic peptide (DP1)/

pDNA complexes were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay. Cells were plated in 96-well plates at a seeding density of 30,000 cells per well in 100 mL of

culture medium. The cells were then treated under the specified conditions for an incubation period of

24 h (with 0.2 mg of DNA): naked pDNA, Lipofectamine 2000/DNA, PEI (25 kDa)/DNA (w/w from 5:1 to

10:1), DP1/DNA (w/w from 10:1 to 50:1), PPDP2/DNA (w/w from 30:1 to 120:1), PPDP3/DNA (w/w from

30:1 to 120:1), PPDP4/DNA (w/w from 30:1 to 120:1), PPDP5/DNA (w/w from 30:1 to 120:1), PPDP6/DNA

(w/w from 30:1 to 120:1), PPDP7/DNA (w/w from 30:1 to 120:1). After 24 h, cells were incubated with the

MTT reagent (5 mg/mL in PBS, 10 mL per well) for 4 h. DMSO (200 mL) was used to dissolve the resulting

formazan crystals formed in each well. The absorbance of 560 nm light was measured using a

SpectraMax M3 multi-mode microplate reader (Molecular Devices, LLC). Cell viability was calculated as

the percent viability compared to untreated controls.

Cell transfection in vitro

The pCMV-DsRed (4.6 kb) was used as a small plasmid and pL.CRISPR.EFS.tRFP (11.7 kb) was used as a

large plasmid in these studies. RAW 264.7, BMDCs, and Jurkat cells were plated at 105 cells/well and

NIH 3T3 fibroblasts were plated at 5 3 104 cells/well in 24-well plates. For each transfection sample,

PPDP-plasmid DNA nanocomplexes (PPDP/DNA) were prepared as follows. Dilute stock solution of

PPDP (3 mL of 10 mg/mL PPDP in 50 mL PRMI or DMEM medium without serum) and plasmid DNA stock

solution (0.25 mL of 2 mg/mL pDNA in PRMI or DMEM medium without serum). The PPDP/DNA nanocom-

plexes were prepared by adding 50 mL diluted PPDP suspension into 50 mL diluted pDNA solution. The re-

sulting PPDP/DNA nanocomplexes were formed by gentle pipetting for 30 s, and then incubated at room

temperature for 30 min. Lipofectamine 2000-pDNA complexes were prepared according to the manufac-

ture’s instructions. Briefly, dilute plasmid DNA stock solution (0.25 mL of 2 mg/mL pDNA in 50 mL PRMI or

DMEM medium without serum) and mix gently. Dilute Lipofectamine 2000 1 mL in 50 mL PRMI or DMEM

mediumwithout serum, andmix gently. After 5 min incubation, combine the diluted pDNAwith the diluted

Lipofectamine 2000, mix gently, and incubate for 20 min at room temperature. The 100 mL of naked plas-

mids, Lipo2K/DNA, PPDP2/DNA, PPDP3/DNA, PPDP4/DNA, PPDP5/DNA, PPDP6/DNA, PPDP7/DNA (w/w

60:1 for PPDP/DNA) suspension was mixed with 400 mL complete medium with serum and added to each

well (500 ng plasmid in 500 mL medium per well). After a 48 h transfection period, the transfection efficiency

(percentages of DsRed+ and RFP + cells) and the mean fluorescence intensity (MFI) were quantified by flow

cytometry using a BD LSRFortessa 6-Laser flow cytometer (BD Biosciences). FlowJo software was used to

analyze the acquired flow cytometry data. For confocal microscopy analysis, RAW 264.7 and NIH 3T3 cells

were plated at 104 cells/well in 8-well Chamber slides (Thermo Fisher Scientific) and were cultured for 24 h

before use. Cells were then transfected with a naked plasmid, Lipo2K/DNA, and PPDP2/DNA (w/w 60:1 for

PPDP2/DNA), respectively, with 500 ng plasmid per well. After 48 h, cells were counterstained with

NucBlue� Live ReadyProbes� Reagent (nuclei stain, one drop) for 15 min in the dark. Images were ac-

quired on a Leica TCS SP8 confocal microscope with a 40X oil immersion objective.

Cellular internalization analysis

Small plasmid DNA (pcDNA3.1, 5.4 kb) was fluorescently labeled with Alexa Fluor 488� Ulysis� Nucleic

Acid Labelling Kit (Thermo Fisher Scientific) using manufacturer procedures. RAW 264.7 cells were
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prepared at 20,000 cells per well in 8-well Chamber slides (Thermo Fisher Scientific) and were cultured for

24 h before use. Alexa Fluor 488-labeled pDNA (488-DNA) was mixed with PPDP2 (w/w 60:1 for PPDP2:

plasmid), or Lipo2K (v/w 6 mL/mg for Lipo2K: plasmid) as described above. The obtained 488-pDNA

PPDP2 complexes (488-pDNA-PPDP2), 488-pDNA, and 488-pDNA-Lipo2K were incubated with cells for

1, 4, or 18 h incubation periods, as specified. The concentration of 488-pDNA was 1 mg/mL for each

well. After incubation, cells were washed twice with PBS and were subsequently incubated with

LysoTracker� Red DND-99 (1:5000 dilution, 300 mL DMEM) for 30 min. Afterwards, the cells were washed

twice with PBS, and were incubated with NucBlue� Live ReadyProbes� Reagent (nuclei stain, 1 drop) in

300 mL PBS per well for 15 min in the dark. Images were acquired on a Leica TCS SP8 confocal microscope

with a 63X oil immersion objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software (version 8) was used for data analysis. Data are presented as mean G SD. Signif-

icance was determined using an appropriate statistical test, as described in the corresponding figure

legends.
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