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Abstract

Delivery of nucleic acids, such as mRNA, to immune cells has become a major focus in 

the past decade with ionizable lipid nanoparticles (LNPs) emerging as a clinically-validated 

delivery platform. LNPs—typically composed of ionizable lipids, cholesterol, phospholipids, and 

polyethylene glycol lipids —have been designed and optimized for a variety of applications 

including cancer therapies, vaccines, and gene editing. However, LNPs have only recently been 

investigated for delivery to T cells, which has various therapeutic applications including the 

engineering of T cell immunotherapies. While several LNP formulations have been evaluated 

for mRNA delivery, recent work has demonstrated that the utilization of cholesterol analogs 

may enhance mRNA delivery. Other studies have shown that cholesterols modified with 

hydroxyl groups can alter endocytic recycling mechanisms. Here, we engineered a library 
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of LNPs incorporating hydroxycholesterols to evaluate their impact on mRNA delivery to 

T cells by leveraging endosomal trafficking mechanisms. Substitution of 25% and 50% 7α-

hydroxycholesterol for cholesterol in LNPs enhanced mRNA delivery to primary human T cells 

ex vivo by 1.8-fold and 2.0-fold, respectively. Investigation of endosomal trafficking revealed 

that these modifications also increase late endosome production and reduce the presence of 

recycling endosomes. These results suggest that hydroxyl modification of cholesterol molecules 

incorporated into LNP formulations provides a mechanism for improving delivery of nucleic acid 

cargo to T cells for a range of immunotherapy applications.
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1. Introduction

Over the past decade, immunotherapy has become a critical tool in the treatment of a variety 

of conditions from autoimmune disorders such as psoriasis to blood cancers and solid 

tumors [1-3]. These immunotherapies span a wide range of modalities from antibody-based 

inhibitors to genetically-engineered immune cells [4,5]. Messenger RNA (mRNA)-based 

immunotherapies have piqued significant interest due to their transient nature [6,7]. Because 

mRNA is translated in the cytosol, it avoids many risks associated with genomic integration 

such as insertional mutagenesis and allows for temporal control over the immunotherapy 

[8,9]. Further, optimization of in vitro transcribed mRNA design and manufacturing 

techniques has enabled the scaled-up production of highly potent mRNA [10-12]. These 

benefits have led to the utilization of mRNA immunotherapies in clinical applications such 

as vaccines for influenza, Zika virus, and COVID-19 [13-16], as well as for cancer therapies 

such as chimeric antigen receptor (CAR) T cell therapy and tumor-infiltrating T cell therapy 

[17-19].

Currently, the primary technology utilized in clinical settings for mRNA delivery to immune 

cells is electroporation–a method in which electric pulses permeabilize cell membranes to 

allow for mRNA delivery into the cytosol [20-22]. However, electroporation of immune 

cells is primarily limited to ex vivo applications, which greatly increases the cost and labor 

burden of manufacturing these therapies [23-25]. Moreover, electroporation ex vivo can be 

highly toxic to target cells and may alter genomic expression [20,26,27]. Thus, there exists 

a technological gap and need for a platform that delivers mRNA cargo efficiently and with 

low toxicity to immune cells in a manner that enables future translation to in vivo clinical 

applications.

An alternative strategy for mRNA delivery to immune cells is the use of ionizable lipid 

nanoparticles (LNPs). We have recently shown that, compared to electroporation, LNPs are 

a particularly promising delivery platform as they can effectively deliver mRNA to T cells 

while inducing lower toxicity in T cells during ex vivo transfection [34,35]. Furthermore, 

LNP platforms are translatable to in vivo mRNA delivery applications [2,14,15,36-39]. 

LNPs have been utilized in several therapeutic applications to deliver a variety of nucleic 
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acid cargos—including DNA, siRNA, miRNA, and mRNA—to a variety of cell types 

including immune cells [28-32]. The clinical success of these LNP platforms has led to 

the FDA approval of Alnylam's Onpattro [33] as well as emergency use authorization of 

LNPs for the Moderna and Pfizer/BioNTech COVID-19 mRNA vaccines [14,16]. However, 

limitations of LNPs include liver accumulation which can prevent the optimal biodistribution 

required to achieve delivery to extrahepatic tissues [40], accelerated blood clearance due 

to PEGylation [41], and endosomal recycling – a process in which cells exocytose lipid-

containing exogenous materials to maintain homeostasis [42]. Thus, while LNPs have 

enabled the delivery of nucleic acids for vaccines and therapeutics, significant delivery 

challenges remain.

To overcome these challenges, investigations have explored altering LNP formulation 

ratios, modifying excipients, and incorporating novel LNP components. LNPs are typically 

composed of four main components in addition to their nucleic acid cargo: (i) ionizable 

lipids, (ii) phospholipids, (iii) cholesterol, and (iv) lipid-anchored polyethylene glycol [32]. 

The relative ratio between these components has been extensively explored and has been 

a focus of novel LNP development due to the demonstrated impact of these excipient 

ratios on LNP performance, biodistribution, and stability [35,43-46]. Other studies have 

investigated the addition of novel components to LNP formulations which may alter the 

physiochemical properties that impact LNP potency and biodistribution. For example, 

DOTAP is a permanently charged cationic lipid that induces internal charge changes to 

the LNP and may be linked to target cell delivery [43]. Other examples of novel additions 

include targeting moieties that enable cell-specific delivery [32,47]. Additional work has 

been conducted to optimize LNP formulations for the coencapsulation of multiple nucleic 

acid cargos [48,49]. These previous investigations that focus on the substitution of individual 

components have primarily explored the impact of ionizable lipids on target cell specificity 

and functional delivery of nucleic acid cargos, or the impact of phospholipids (e.g., DOPE, 

DSPC, DOTAP) on cargo encapsulation, biodistribution, and protein corona development 

[48,50-52]. Recently, the role of cholesterol in LNP formulations and its impact on 

endosomal trafficking of LNPs in cells has also been investigated. Specifically, it has been 

shown that LNP formulations in which cholesterol is replaced with naturally occurring 

phytosterols demonstrate improved mRNA delivery in several cell lines [42,53]. Such 

improvements have been linked to endosomal recycling mechanisms involving the Niemann 

Pick C1 (NPC1) enzyme [53]. Previous enzyme-ligand binding studies conducted on NPC1 

and various cholesterol analogs revealed that certain modifications can reduce recognition 

of cholesterol by the recycling enzyme NPC1 [54,55]. In the present study, a new class of 

cholesterol analogs, hydroxycholesterols, are evaluated for their impact on LNP-mediated 

mRNA delivery to T cells. The addition of a hydroxyl group to various locations along 

the cholesterol molecule can alter the binding kinetics between the modified cholesterol 

and NPC1 [56]. The goal of this alteration is to ultimately reduce NPC1 recognition of 

cholesterol during the endosomal trafficking of LNPs. However, cholesterol recognition 

by membrane proteins remains a critical step for LNP uptake/endocytosis [57]. Therefore, 

this study evaluated the substitution of six hydroxycholesterol candidates at four different 

substitution percentages to determine if these substitutions improve the delivery of mRNA 

to T cells. The resulting library of LNP candidates was screened in vitro and ex vivo, and 
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a subset of top performers were investigated for dose response behavior and endosomal 

trafficking. Ultimately, it was shown that certain hydroxycholesterol substitutions into LNPs 

enhance mRNA delivery to T cells.

2. Materials and methods

2.1. Ionizable lipid synthesis

The ionizable lipid (C14–4) was synthesized (Supplemental Fig. 1) using Michael addition 

chemistry [34]. The polyamine core (Enamine Inc., Monmouth Junction, NJ) was reacted 

with an excess of epoxideterminated C14 alkyl chains (epoxytetradecane, Sigma Aldrich, St. 

Louis, MO). This 48 h reaction was conducted at 80 °C under gentle stirring. A Rotovap 

R-3000 (Buchi, New Castle, DE) was used to dry the product which was subsequently 

resuspended in ethanol. This resulting solution was the ionizable lipid used in all LNP 

formulations.

2.2. mRNA synthesis

The luciferase (Fluc) gene sequence was codon-optimized, synthesized, and cloned into 

a mRNA production plasmid. mRNA was transcribed from the plasmid using MegaScript 

T7 RNA polymerase (Invitrogen, Waltham, MA), precipitated using LiCl, and purified by 

cellulose chromatography. The m1Ψ UTP nucleoside-modified mRNA, containing a 101 

nucleotide-long poly(A) tail, produced by this plasmid was capped with a trinucleotide 

cap1 analogue (TriLink, San Diego, CA) during transcription. Agarose gel electrophoresis, 

mRNA sequencing, standard J2 dot plots, and assays assessing INF induction in human 

monocyte-derived dendritic cells were used to analyze the mRNA. mRNA was stored at −80 

°C.

2.3. Lipid nanoparticle formulation

Lipid nanoparticles (LNPs) were formulated by preparing an ethanol phase 

containing C14–4 ionizable lipid, 1,2-Dioleoyl-sn-glycero-3-phos-phoethanolamine (DOPE) 

(Avanti Polar Lipids, Alabaster, AL), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (PEG) (Avanti Polar Lipids), cholesterol (Avanti 

Polar Lipids), and X-hydroxycholesterol. An aqueous phase was prepared containing 25 

μg luciferase mRNA in 300 μL of 10 mM citric acid. LNPs were formulated via chaotic 

mixing of the ethanol and aqueous phases in a microfluidic device at a 1:3 volume ratio 

using pump33DS syringe pumps (Harvard Apparatus, Holliston, MA) [58]. LNPs were 

subsequently dialyzed against 1× PBS in 20 kDa molecular weight cutoff dialysis cassettes 

for 2 h and sterile filtered through 0.22 μm filters.

2.4. LNP encapsulation efficiency

Encapsulation efficiency was determined by the Quant-iT™ RiboGreen™ RNA Assay Kit 

(Thermo Fisher Scientific). LNPs were diluted to mRNA concentrations of 2 μg/mL into 

either 1× TE buffer or 0.1% Triton X-100 in 1× TE buffer (Sigma Aldrich). LNPs were 

incubated on a shaker for 20 min at 300 rpm. 100 μL of each solution were then pipetted into 

an assay plate, and RiboGreen™ reagent was pipetted into each well, as per manufacturer 

instructions. A plate reader, Infinite M Plex plate reader (Tecan, Morissville, NC), was 
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then used to read fluorescence at an excitation of 490 nm and an emission of 520 nm. 

Encapsulation efficiency was then reported as a calculated value, EE =
RX − RTE

RX
, where RX 

is the RNA content in the Triton X-100 and RTE is the RNA content in the TE buffer.

2.5. Dynamic light scattering

10 μL of LNPs were diluted 100× in 1× PBS in 4 mL disposable cuvettes for dynamic light 

scattering (DLS) measurements on the Zetasizer Nano (Malvern Instruments, Malvern, UK). 

LNP size (Z-average diameter) and polydispersity index (PDI) are reported as the mean ± 

standard deviation (n=3 measurements).

2.6. Surface zeta potential

For zeta potential measurements, 20 μL of each LNP solution was diluted 50× in water in 

DTA1070 zeta potential cuvettes (Malvern Panalytical, Malvern, UK) and measured on the 

Zetasizer Nano instrument. LNP zeta potential is reported as the mean ± standard deviation 

(n=3 measurements).

2.7. LNP pKa measurements

The pKa of each LNP formulation was measured by 6-(p-Toluidino)-2-naphthalenesulfonic 

Acid (TNS) assays. Briefly, buffered solutions of 150 mM sodium chloride, 20 mM sodium 

phosphate, 25 mM ammonium citrate, and 20 mM ammonium acetate were adjusted to pH 

values of 2 to 12 in 0.5 increments. LNPs were added to each pH-adjusted solution in a 

96-well plate, and TNS was then added to each well for a final TNS concentration of 6 

μM. The resulting fluorescence was read on the Infinite M Plex plate reader. The resulting 

data was fit with a sigmoidal regression, and pKa was calculated as the pH at which the 

fluorescence intensity was 50% of its maximum value.

2.8. LNP library design

The library screen involved the evaluation of 6 hydroxycholesterols (cholesterols 

with hydroxyl groups added to various locations along the cholesterol molecule): 7α-

hydroxycholesterol (Abcam, Cambridge, MA), 7β-hydroxycholesterol (Sigma Aldrich), 

19-hydroxycholesterol (Cayman Chemicals, Ann Arbor, MI), 20(S)-hydroxycholesterol 

(Abcam, Cambridge, MA), 24(S)-hydroxycholesterol (Cayman Chemicals, Ann Arbor, MI), 

25-hydroxycholesterol (Abcam, Cambridge, MA). The library's base formulation excipient 

molar percentages were 35% C14–4, 16% DOPE, 46.5% Cholesterol, and 2.5% PEG. The 

six hydroxycholesterol candidates were incorporated into these formulations by substituting 

cholesterol with hydroxycholesterol at various molar substitution percentages (12.5%, 25%, 

50%, 100%). The molar percentages of the excipients for these candidate formulations were 

maintained at 35% C14–4, 16% DOPE, 46.5% total cholesterol, and 2.5% PEG where total 

cholesterol constituted cholesterol and the hydroxycholesterol substitute.

2.9. Cell culture and mRNA LNP treatment

Jurkats, an immortalized T cell line, (ATCC no. TIB-152) were cultured in RPMI-1640 with 

L-glutamine (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine 
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serum (FBS) and 1% penicillin-streptomycin (P/S). Primary human T cells (CD3+) were 

collected from healthy donors and procured from the Human Immunology Core at Penn 

Medicine. Primary human T cells were subsequently combined in RPMI-1640 media with 

L-glutamine, 10% FBS, and 1% P/S at a 1:1 ratio of CD4+ to CD8+ T cells. Primary human 

T cells were subsequently activated with Human T-activator CD3/CD28 Dynabeads (Thermo 

Fisher Scientific) at a 1:1 bead to cell ratio, as this is necessary for LNP-mediated mRNA 

delivery to primary human T cells (Supplemental Fig. 2). For all screening, cells were plated 

in 96-well plates at 60,000 cells per well in 60 μL of media. LNPs were then added to the 

wells at the desired mRNA dosage concentration (e.g., 60 ng per 60,000 cells). The mRNA 

concentration of LNPs was determined using A260 absorbance on an Infinite M Plex plate 

reader (Tecan, Morissville, NC) using Tecan's NanoQuant plate. Cells were incubated for 24 

h before functional readout assays were performed.

2.10. Luciferase expression and cell viability assays

For luciferase expression assays, 96-well plates were spun at 300 g for 7 min to pellet 

cells. Supernatant media was removed, and cells were resuspended in 50 μL 1 × lysis buffer 

(Promega, Madison, WI) and 100 μL of luciferase assay substrate (Promega). Following 10 

min of incubation, a plate reader was used to read the luminescent signal from each well. 

Luminescence was normalized within each plate to the S2 LNP formulation. Results shown 

are the mean ± the standard deviation of 3 biological replicates with at least 3 technical 

replicates per plate.

For cell viability assays, 60 μL of CellTiter-Glo™ (Promega) was added to each well. 

Following 10 min of incubation, a plate reader was used to read luminescent signal from 

each well. Luminescence was normalized within each plate to untreated cells to calculate 

percent cell viability.

2.11. Colocalization of LNPs with acidic organelles using confocal microscopy

LNPs were diluted in 1× PBS to 10 ng of luciferase mRNA per μL. Vybrant™ DiO 

Cell-Labeling Solution (Thermo Fisher Scientific) was added to LNP solutions at a 1:75 

ratio by volume. Jurkat cells were treated at 60 ng of luciferase mRNA per 60,000 cells in 

60 μL of media for 3 h. Cells were collected, centrifuged at 300 g for 5 min, resuspended 

in RPMI media containing LysoTracker™ Deep Red (Thermo Fisher Scientific) (1:3000), 

and incubated for an additional 1 h. Cells were collected, centrifuged at 300 g for 5 min, 

and resuspended in 1× PBS. Cell-containing PBS solution was then allowed to sediment for 

15 min onto a chambered microscope slide, Nunc™ Lab-Tek™ II 4-well Chamber Slide 

with removable wells (Thermo Fisher Scientific). PBS was aspirated off, and slides were 

incubated with 4% formaldehyde (Sigma Aldrich) for 10 min to fix cells [59]. Slides were 

then washed two times with 1 × PBS for 5 min each while rocking gently. Finally, chamber 

walls were removed, and cover slips were placed on the slides to prepare the samples 

for confocal microscopy imaging. Images were taken using a Zeiss LSM 710 confocal 

microscope (Zeiss, Oberkochen, Germany) with a x63 oil lens. Excitation and emission for 

DiO were 484 nm and 501 nm, respectively. Excitation and emission for Lysotracker were 

647 nm and 668 nm, respectively.
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2.12. Endosomal trafficking assay

Jurkats were treated at either 60 or 150 ng of luciferase mRNA per 60,000 cells for 4 

h. Cells were collected, centrifuged at 300 g for 5 min, and resuspended in 1× PBS. 

Cell-containing PBS solution was then allowed to sediment for 15 min onto a chambered 

microscope slide. PBS was aspirated off, and slides were incubated with 4% formaldehyde 

for 10 min to fix cells. All subsequent washes and incubations were done while gently 

rocking the slides. Slides were then washed with 1 × PBS for 5 min and incubated 

with 0.3% Tween-20 in 1× PBS for 15 min [60]. Next, slides were washed with 1× 

PBS and subsequently blocked with 2% bovine serum albumin (BSA) in 1× PBS for 30 

min. Following the blocking step, slides were incubated for 1 h with 1:100 dilutions of 

either Rab5A #46449, Rab7 #9367, or Rab11 #5589 XP® Rabbit mAb (Cell Signaling 

Technology, Danvers, MA). Following 2 washes in 1 × PBS for 5 min each, cells were 

covered and incubated with 1:1000 dilutions of Anti-rabbit IgG (H + L), F(ab’)2 Fragment 

(Alexa Fluor 647® Conjugate) #4144 (Cell Signaling Technology) for 1 h. Following 2 

additional 1× PBS washes, slides were prepared using cover slips and ProLong™ Gold 

Antifade mountant (Thermo Fisher Scientific). Images were taken using a Zeiss LSM 710 

confocal microscope (Zeiss, Oberkochen, Germany) with a x63 oil lens. Excitation and 

emission for the secondary antibody were 650 nm and 671 nm, respectively.

2.13. Imaging software and analysis

For colocalization calculations, channels were overlayed with one another and analyzed via 
coloc2, Fiji's built-in colocalization package [61]. Spearman's rank correlation coefficient 

was recorded for a total of 5 image views, with a combined total of at least 75 cells. 

The Spearman’s rank correlation coefficient was used as it is more resistant than other 

correlation metrics (e.g., Pearson's) against relevant outliers which would include cells that 

produce oversaturated signals [62].

For total quantification of Rab5, Rab7, and Rab11 expression in endosomal trafficking 

assays, regions of interest were selected around cells using Fiji. Integrated density for each 

cell was then recorded with at least 50 total cells in each treatment group. The per cell Rab 

expression was then averaged and reported.

3. Results and discussion

3.1. LNP library design and synthesis

In this study, a library of 24 LNPs was synthesized and evaluated for mRNA delivery to T 

cells. The LNPs were synthesized using microfluidic mixing of an ethanol phase containing 

C14–4 ionizable lipid, cholesterol, X-hydroxycholesterol, DOPE, and lipid-anchored PEG 

with a citric acid phase containing luciferase mRNA (Fig. 1A). The base formulation of 

the library (S2) was a previously optimized formulation with the following excipients and 

molar ratio percentages: 35% C14–4 ionizable lipid, 46.5% cholesterol, 16% DOPE, and 

2.5% PEG [45,48,63]. This formulation was previously demonstrated to have potent T cell 

transfection comparable to electroporation [35]. Notably, a significant molar percentage 

of the LNP formulation is made up of cholesterol, which is modulated in cells in a 

homeostatic manner by endocytic recycling [54,55,64]. Previous work has demonstrated that 
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endocytic recycling results in endocytosed LNPs being exocytosed from target cells [65]. 

These exocytic pathways, specifically Niemann Pick type C1 (NPC1) mediated recycling, 

have been identified as core contributors to reduced functional delivery of nucleic acid 

cargos [66]. In the recycling process, endosomal trafficking enzymes, such as NPC1, 

recognize lipids, especially cholesterol, and migrate these lipid components to the cell 

membrane [67], releasing any cargo in the endosome into the extracellular environment. 

However, enzyme-ligand binding studies on cholesterol have demonstrated that the addition 

of hydroxyl groups to cholesterol molecules alter their binding kinetics with NPC1, 

providing an opportunity to mitigate endocytic recycling [56]. To investigate endosomal 

trafficking, we characterized the progression of candidate LNPs through different stages of 

the endosome. Endosomal trafficking through the cell can be tracked by the Ras-associated 

binding (Rab) family of proteins [68] including Rab5, Rab7, and Rab11, which associate 

with the early, late, and recycling endosomes, respectively (Fig. 1B) [69]. Given that 

LNPs typically release mRNA cargo into the cytoplasm after reaching and escaping the 

late endosome, it is apparent that LNPs that can reach the late endosome without being 

subsequently recycled have the greatest propensity for functional delivery [70]. Given these 

observations, we hypothesize that hydroxycholesterol substitution into LNP formulations 

may reduce recycling of endocytosed LNPs out of the cell. Thus, we explored the impact of 

hydroxycholesterol substitution into LNP formulations on functional delivery, toxicity, and 

endosomal trafficking in T cells.

First, an LNP library was designed by substituting hydroxycholesterols into the S2 base 

formulation at various substitution percentages of unmodified cholesterol (12.5%, 25%, 

50%, or 100%) (Fig. 1C). Each of the hydroxycholesterol substitutes is abbreviated A1, A2, 

A3, B1, B2, and B3, respectively. “A” substitutes (i.e., A1, A2, A3) refer to analogs that 

have hydroxyl group additions to the ring structure, or body, of the cholesterol molecule. 

“B” substitutes (i.e., B1, B2, B3) refer to analogs that have hydroxyl group additions at 

the hydrophobic pole, or tail, of the cholesterol molecule. In total, six hydroxycholesterol 

analogs were evaluated: 7α-hydroxycholesterol (A1), 7β-hydroxycholesterol (A2), 19-

hydroxycholesterol (A3), 20(S)-hydroxycholesterol (B1), 24(S)-hydroxycholesterol (B2), 

and 25-hydroxycholesterol (B3) (Fig. 2A). Further, LNP formulations were named by 

both the hydroxycholesterol substitute and percentage substitution. For example, the A2–50 

formulation is a 50% substitution of A2 into the S2 formulation.

These particular hydroxycholesterol substitutes were selected based on NPC1-binding 

profiles, location of hydroxyl group additions along the cholesterol molecule, and 

commercial availability [56]. Interestingly, many of these cholesterol analogs are found 

naturally in the body and result from the processing of cholesterol by reactive oxygen 

species or enzymes [71]. For example, 7α-hydroxycholesterol is a bile acid precursor [72], 

and 20(S)-hydroxycholesterol participates in the Smoothened oncoprotein signaling pathway 

[73]. Therefore, several of these hydroxycholesterols have natural bioactivity compared to 

other, previously investigated, cholesterol analogs (e.g., phytosterols) [74].
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3.2. Effects of hydroxycholesterol substitution on LNP stability

Because chemical interactions between lipid components enable the formation of 

energetically stable membranes, LNPs with hydroxycholesterol substitutions were first 

evaluated for their stability [75]. In particular, the presence of cholesterol in lipid 

membranes contributes to membrane stability and the intrinsic curvature of lipid bilayers by 

producing an ordering effect [57,76]. As the cholesterol molecule contains a hydroxyl group 

at its head—which serves as a hydrophilic pole—it is amphipathic, enabling the molecule 

to align with neighboring lipids perpendicular to the lipid membrane [57]. Further, this 

integration of the cholesterol molecule is energetically favorable due to nonpolar interactions 

between cholesterol and lipids [77]. Thus, though the introduction of an additional hydroxyl 

group to the cholesterol molecule in LNPs is intended to interfere with NPC1 binding, such 

modifications may also alter the nonpolar and electrostatic interactions that cholesterol has 

with other LNP excipients, potentially leading to LNP instability. Therefore, we explored the 

effect of hydroxycholesterol substitution into LNP formulations on particle stability.

To observe the impact of these hydroxycholesterols, LNP formulations containing 100% 

substitutions were evaluated and compared to the standard S2 formulation. Stability was 

observed via measurements of z-average diameter, polydispersity index (PDI), mRNA 

concentration, and encapsulation efficiency over a 28-day period [78]. In terms of LNP 

diameter and PDI, most LNPs with a 100% substitution of hydroxycholesterols maintained 

sizes between 60 and 100 nm and PDIs below 0.25 over the 28-day period with minimal 

fluctuations in these measurements after initial stabilization. Temporal trends in mRNA 

concentration and encapsulation efficiency were also similar between most LNP candidates 

and S2 (Fig. 2B). Thus, we conclude that these LNPs remained stable throughout the 

28-day observation period. Notably, however, B2–100 and B3–100 exhibited some unstable 

characteristics. B2–100 and B3–100 both had average diameters above 100 nm and trended 

lower in mRNA concentration. Furthermore, B3–100 had significant variation in PDI over 

the 28-day period. B2–100 and B3–100 both incorporate tail modifications of the cholesterol 

molecule, and we expect that the addition of a hydroxyl group at the tail end of these 

cholesterol molecules altered their amphipathic nature, potentially preventing alignment 

within the lipid membrane and resulting in this observed instability. Given this instability, it 

is possible that PDI and z-average diameter variance observed in days 1–5 for the B-series 

analogues may be partially explained by degradation products and lipid aggregation [79]. 

Alternatively, body modifications to cholesterol (A1, A2, A3) would not affect the polarity 

of cholesterol as significantly, given that the hydroxyl group on unmodified cholesterol 

is located at the head of the molecule, making it close in proximity to any such body 

modifications. Generally, the body-modified cholesterols produced stable LNPs, and tail-

modified cholesterols produced LNPs with minimal changes in stability.

To further investigate an equilibrium between cholesterol and hydroxycholesterol in LNP 

formulations, we characterized LNPs that had 12.5%, 25%, 50%, and 100% substitutions 

of their respective hydroxycholesterol candidate for cholesterol using pKa, zeta potential, 

z-average diameter, and PDI (Fig. 2C). The pKa of an LNP is the pH at which it is 

50% protonated, which indicates how efficiently the LNP changes charge from positive 

to negative in acidic environments to facilitate endosomal escape. Trends indicate that for 

Patel et al. Page 9

J Control Release. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LNPs featuring substitutions of body-modified hydroxycholesterols, increasing substitution 

percentage is associated with increasing pKa, suggesting that such substitutions may play 

a role in endosomal escape as the LNPs may be protonated at earlier stages of endosomal 

trafficking where pH is higher. Zeta potential measurements ranged from −17.3 mV to 1.67 

mV but did not demonstrate any obvious trends with respect to the hydroxycholesterol 

candidate or substitution percentage. While A1, A2, A3 (body modifications), and B1 

remained within expected ranges for diameter and PDI, B2 and B3 had increased particle 

diameters and were more polydisperse. This further confirms the previous conclusion 

that tail modifications at the 24 or 25 terminus of the cholesterol molecule may disrupt 

normal LNP formation, possibly by reducing cholesterol's ordering effect. Ultimately, 

these characterization parameters revealed that most of the hydroxycholesterol substitutes 

in consideration do not significantly affect LNP formation and stability over a range of 

substitution percentages.

3.3. In vitro screen of LNP library

After observing the stability and physiochemical properties of the LNP library, we 

conducted assays to determine functional delivery of mRNA by each LNP formulation. As 

cholesterol in the LNP is critical to membrane fusion [57], removing it completely from our 

formulations would likely result in reduced cellular uptake. Thus, we explored 4 substitution 

percentages (12.5%, 25%, 50%, and 100%) of the 6 hydroxycholesterols, generating a 

library of 24 LNP formulations. This library was evaluated for functional mRNA delivery 

and cytotoxicity in Jurkats, an immortalized T cell line, as compared to the standard S2 

formulation. Specifically, a reporter assay in which translated luciferase-encoding mRNA 

was measured was used as a readout for functional delivery [34,79]. This screen showed 

that for each hydroxycholesterol substitute, relative luciferase expression across substitution 

percentages tended to be unimodal. The lowest delivery was observed in LNPs with 12.5% 

and 100% substitutions, while LNPs with moderate substitutions of 25% and 50% resulted 

in higher delivery (Fig. 3). The screen further showed that A1–25, A1–50, and B1–50 

produced statistically significant improvements in mRNA delivery to Jurkats as compared 

to S2 with 2.1-fold, 1.9-fold, and 1.7-fold increases in luminescence, respectively. Further, 

none of the LNP formulations in the library produced significant changes in cell viability, 

suggesting that the incorporation of hydroxycholesterol substitutes into LNPs does not 

induce cytotoxicity. Ultimately, A1–25, A1–50, and B1–50 demonstrated increased delivery 

of mRNA with no significant changes in LNP toxicity in vitro, marking them as potentially 

promising candidates for ex vivo applications.

3.4. Ex vivo screen of LNPs containing top-performing hydroxycholesterol candidates in 
primary human T cells

To further explore the translatability of these modified LNPs to ex vivo applications, we 

screened 12 LNPs from the first library—those containing the A1, A2, and B1 substitutes

—in primary human T cells. A1 and B1 were selected because A1–25, A1–50, and B1–

50 performed better than S2 in the in vitro screen. Although none of the A2 candidates 

significantly improved delivery of mRNA in vitro, A2-containing LNPs were included in 

this ex vivo screen as A1 and A2 are stereoisomers with similar chemical profiles. To 

deliver mRNA to primary T cells, cells were activated via CD3/CD28 dependent pathways; 
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these expansion triggers may alter the membrane homeostasis of the cells. As such, all 

substitution percentages for the 3 selected hydroxycholesterol substitutes (A1, A2, B2) 

were evaluated in this ex vivo screen to re-optimize substitution percentages for ex vivo 
applications. Despite patient-to-patient variability, the screen revealed that A1–25 and A1–

50 significantly improved mRNA delivery to primary T cells by 1.8-fold and 2.0-fold, 

respectively, as compared to S2 (Fig. 4). Interestingly, A1–25 outperformed A1–50 in 

terms of mRNA delivery in vitro while A1–50 outperformed A1–25 in mRNA delivery ex 
vivo. This result may be due to the inherent differences in sterol homeostasis exhibited by 

activated primary T cells and immortalized T cells [80]. Ultimately, A1–25 and A1–50 were 

the top performers from the ex vivo screen.

To further validate these findings, a dose response was conducted in primary human T cells, 

and it showed that A1–25 and A1–50 sustain improvements in mRNA delivery to T cells at 

dosages ranging from 60 to 400 ng of mRNA per 60,000 cells with little to no significant 

decrease in cell viability. This suggests that A1–25 and A1–50 can potentially be utilized 

in ex vivo applications, such as CAR T cell therapy, to increase mRNA delivery efficiency 

without increasing toxicity towards target cells.

3.5. Endosomal colocalization and trafficking of hydroxycholesterol-substituted LNP 
formulations

To better understand the impact of these hydroxycholesterol substitutions on endosomal 

uptake, retention, and recycling, a colocalization assay was utilized to assess the 

accumulation of top-performing LNPs (A1–25 and A1–50) within acidic organelles in T 

cells. Specifically, Jurkat cells were utilized, as opposed to human primary T cells, to 

avoid the effects of patient-to-patient variability seen in the ex vivo screen. Lysotracker 

was used to mark spherical, acidic organelles, the majority of which are endosomes 

and lysosomes, while LNPs were labeled with DiO, a lipophilic dye [81,82]. Confocal 

microscopy imaging was conducted after 4 h of LNP incubation with Jurkats, and images 

were subsequently analyzed for colocalization of LNPs and endosomes/lysosomes. A1–25 

demonstrated increased colocalization with these acidic organelles, suggesting that the A1–

25 particle either enters cells at higher rates or remains in endosomes for longer periods of 

time (Fig. 5). It has previously been observed that for LNPs to release cargo and enable 

mRNA translation, LNPs must reach the late endosome [42,70]. As such, either increases in 

particle uptake or a greater frequency of LNPs reaching the late endosome could explain this 

observed colocalization trend. This is further validated in the context of improved functional 

delivery of luciferase mRNA by A1–25 in Jurkats.

We then investigated the effect of hydroxycholesterol substitution on endosomal trafficking 

behavior using S2, A1–25, and A1–50. Specifically, three proteins that associate with 

various stages of the endosome were assessed: Rab5, Rab7, and Rab11. Rab5 tends to 

associate with early endosomes which provides insight on cell uptake of LNPs [83]. Rab7 

associates with the late endosome and has been previously shown to be the direct precursor 

stage to endosomal escape and functional delivery [42]. Rab11 associates with the recycling 

endosome, which includes the exocytosis of endocytosed LNPs [64,84]. To assess trafficking 

using these Rab proteins as markers for endosomal progression, Jurkat cells were treated for 
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4 h with S2, A1–25, and A1–50 and imaged via confocal microscopy. Subsequent image 

analysis showed differing trends at low and high mRNA LNP doses (Fig. 6). At the low dose 

(Fig. 6A), Rab5 expression was slightly reduced compared to untreated cells. This is most 

likely explained by the transition of Rab5-associated early endosomes to Rab7-associated 

late endosomes induced by the introduction of exogenous materials (i.e., LNPs), leading to 

less early endosomes. This is further supported by increased Rab7 expression observed in all 

3 LNP formulation treatment groups as compared to untreated cells, indicating the presence 

of additional late endosomes. Notably, A1–25 demonstrates significantly higher Rab7 

expression as compared to S2, which is expected given that late endosomes are most closely 

associated with endosomal escape, and A1–25 significantly enhanced mRNA delivery in 

Jurkats compared to S2 in previous screens [42]. As the colocalization experiments were 

also performed at this low dose, these findings suggest that the high colocalization of A1–25 

and endosomes observed in Fig. 5 was likely between A1–25 and late endosomes. Regarding 

the Rab11-associated recycling pathway, A1–25 and A1–50 induced significantly lower 

Rab11 expression than S2, with no LNP treatments showing increased expression compared 

to untreated cells. In conjunction with improved functional delivery results, decreased Rab11 

expression in cells treated A1–25 and A1–50 suggests that these two LNPs did not induce 

as much of a recycling response as S2. In all, these results demonstrate that a low-dose 

delivery of A1–25 induced an increase of late endosomes. Furthermore, a low-dose delivery 

of A1–25 and A1–50 both induced a decrease of recycling endosomes.

When observing these endosomal stages in Jurkat cells treated with higher LNP doses, there 

were a few notable differences (Fig. 6B). Though Rab5 expression remained lower than 

untreated cells in all groups, high-dose treatment with A1–25 and A1–50 LNPs significantly 

increased Rab5 expression compared to S2. Given that A1–25 and A1–50 both showed 

increased functional delivery of mRNA to Jurkats in our initial screens, we suspect that 

this increase in early endosome generation is the result of increased cellular uptake of these 

LNPs compared to S2. Additionally, it is possible that the hydroxycholesterol molecules in 

A1–25 and A1–50 may be causing morphological changes to the LNP that impact cellular 

uptake, but further characterization needs to be conducted to evaluate this hypothesis [53]. 

Though A1–25 and A1–50 increased Rab5 expression, there was no significant difference 

observed between LNP treatments in terms of Rab7 expression. This could be due to several 

factors including saturation of the endocytic pathway as seen in other delivery technologies 

[85]. However, despite the similar Rab7 levels observed across LNP treatment groups, A1–

25 maintains a reduction in recycling endosomes, further defining a relationship between the 

presence of hydroxycholesterols and endosomal recycling. Thus, these results demonstrate 

that the high-dose delivery of A1–25 features increased early endosomes with a decrease 

in recycling endosomes relative to S2, while A1–50 achieves only an increase in early 

endosomes relative to S2.

Though the expression of these endosomal markers varies for these LNPs when 

administered at low and high doses, A1–25 and A1–50 have demonstrated improved 

mRNA delivery in vitro and ex vivo at various concentrations across this range. This 

may suggest that different mechanisms could be responsible for the improved delivery 

of A1-substituted LNPs depending on dose, with increased late endosomes leading to 

their enhanced endosomal escape at low doses and increased early endosomes indicating 
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their improved cellular uptake in high doses. However, at both doses, the top-performing 

A1–25 LNP demonstrated decreased recycling endosomes, confirming the importance of 

this mechanism for potent mRNA delivery to T cells. Thus, the expression of these 

various endosomal markers suggests that 25% and 50% substitutions of A1 for unmodified 

cholesterol in the S2 formulation markedly improves functional delivery of mRNA to T 

cells through a combination of mechanisms that may vary with dose—including improved 

cellular uptake, increased generation of late endosomes, and reduced endosomal recycling.

4. Conclusion

In conclusion, we demonstrated that hydroxycholesterol substitution into LNP formulations 

does not significantly impact LNP stability, increases functional delivery of mRNA in 
vitro and ex vivo, and maintains similar cytotoxicity profiles as unmodified formulations. 

Furthermore, A1–25 and A1–50 emerged as top performers in our LNP screens. In 

particular, A1–25 demonstrated higher colocalization with the endosome, increased 

generation of late endosomes, and reduced endosomal recycling. More broadly, the 

results of the present study suggest that incorporation of 7α-hydroxycholesterol into LNP 

formulations at 25% and 50% substitution percentages for unmodified cholesterol in our S2 

formulation improved mRNA LNP delivery to T cells. However, further characterization on 

the morphology of these modified LNPs is needed as well as further studies on the impact of 

incorporating these hydroxycholesterols into other LNP formulations. With these results, 

hydroxycholesterol substitution for cholesterol in LNPs presents itself as a potentially 

promising modification to increase the efficiency of various mRNA-based T cell therapeutic 

applications including cancer immunotherapy and vaccine development.
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Fig. 1. 
Engineering lipid nanoparticles (LNP) with hydroxycholesterol substitution: motivation, 

design, and synthesis. (A) Schematic of LNP components, formulation, and expected 

structure. An ethanol phase containing lipid-anchored PEG (polyethylene glycol), 

cholesterol, X-hydroxycholesterol, DOPE (1,2-Dioleoyl-snglyeero-3-phosphoethanolamine), 

and C14–4 ionizable lipid and an aqueous phase containing mRNA are mixed in a 

microfluidic device to produce LNPs. (B) Diagram of LNP delivery into a T cell and the 

endosomal trafficking mechanisms involving the Rab family of proteins. Rab5, Rab7, and 

Rab11 associate with the early, late, and recycling endosomes, respectively. (C) Design of 

an LNP library incorporating the substitution of various hydroxycholesterols for unmodified 

cholesterol.
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Fig. 2. 
Characterization and stability of LNP formulations containing cholesterol analogs. (A) 

Structures of the six hydroxycholesterols (7α-HC, 7β-HC, 19-HC, 20(S)-HC, 24(S)-HC, and 

25-HC) grouped by the location of the hydroxyl modification on the cholesterol molecule. 

LNPs containing cholesterol modifications to the body of the molecule are denoted by “A” 

(i.e., A1, A2, A3), and LNPs containing cholesterol modifications to the tail of the molecule 

are denoted by “B” (i.e., B1, B2, B3). (B) Measurements of z-average diameter, PDI, mRNA 

concentration, and encapsulation efficiency for S2 LNPs and LNP formulations with 100% 

cholesterol substitution taken over 28 days to assess LNP stability. The sample DLS curves 

show representative size distributions of LNP formulations S2 and A1-100 at day 3. n = 3. 

Error bars denote standard deviation. (C) The pKa, zeta potential, z-average diameter, and 

PDI measurements for the entire LNP library. n = 3. Error bars denote standard deviation.

Patel et al. Page 20

J Control Release. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Screen of LNP library for luciferase mRNA delivery and viability in Jurkats to identify 

top formulations. Jurkat cells were treated with LNP formulations at 60 ng mRNA / 60,000 

cells for 24 h. Luciferase expression was normalized to cells treated with the standard LNP 

formulation (S2), and background luminescence was subtracted. Percent viability of cells 

treated with LNPs was determined by normalization to untreated cells. Legend denotes 

percent substitution of each hydroxycholesterol substitute into the S2 formulation. n = 

3 biological replicates. Error bars denote standard deviation. An ANOVA was used to 

determine if treatment group means differed significantly. **: p < 0.01 in Tukey's honest 

significance test between LNP candidate and S2.
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Fig. 4. 
Screen of LNPs formulated with top-performing hydroxycholesterol substitutes in primary 

human T cells. (A) Luciferase expression in primary human T cells treated with LNP 

formulations containing A1, A2, or B1 hydroxycholesterols or S2 at a dose of 300 ng 

mRNA / 60,000 cells for 24 h. n = 3 biological replicates. Error bars denote standard 

deviation. An ANOVA was performed to determine if treatment group means differed 

significantly. *: p < 0.05 in student t-test between LNP candidate and S2. (B) Luciferase 

expression and relative viability of primary human T cells treated with S2, A1–25, and A1–

50 at various doses. Luciferase expression was normalized to cells treated with the standard 

LNP formulation (S2), and background luminescence was subtracted. Percent viability was 

determined by normalizing to untreated cells. Legend denotes percent substitution of each 

hydroxycholesterol substitute into the S2 formulation. Each patient is represented by a 

different marker, n = 3 biological replicates. Error bars denote standard deviation. *: <0.05, 

**: p < 0.01 in student t-test between from S2 and either A1–25 or A1–50 LNPs.
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Fig. 5. 
Endosomal uptake and colocalization of mRNA LNPs with varying 7α-hydroxycholesterol 

substitutions with endosomes in Jurkats. Confocal microscopy images of Jurkat cells treated 

with DiO-labeled LNPs at 60 ng mRNA/ 60,000 cells and stained with Lysotracker. Images 

were merged, background was subtracted, and Spearman's rank-order correlation was used 

to quantify association between LNPs and acidic organelles in cells. Single cell insets have 

been included for each image to provide visual reference, and insets are 2× magnification 

of the original image. Colocalization statistics (i.e., Spearman's rank-order correlation) were 

obtained from 5 fields of view (at least 90 cells in total) of each treatment group. Error bars 

denote standard deviation. An ANOVA was performed to determine if group means differed 

significantly. *: p < 0.05 in student t-test with Bonferroni p-value correction between 

colocalization statistics from S2 and either A1–25 or A1–50 LNPs.
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Fig. 6. 
Characterization of LNP endosomal trafficking. Confocal microscopy images of Jurkats 

stained with antibodies for Rab5, Rab7, or Rab11. Cells were either untreated (UT) or 

treated with S2, A1–25, or A1–50 LNPs at (A) 60 ng mRNA / 60,000 cells or (B) 150 ng 

mRNA / 60,000 cells. Rab5, Rab7, and Rab11 expression was quantified by averaging the 

fluorescent signal from at least 50 cells in each treatment group. Fluorescent intensity signal 

was normalized to untreated cells. Error bars denote standard deviation. An ANOVA was 

used within each Rab protein group to determine if group means differed significantly. *: 

<0.05, **: p < 0.01 in student t-test with Bonferroni p-value correction between from S2 and 

either A1–25 or A1–50 LNPs.
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