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In vivo assessment of triazine lipid nanoparticles
as transfection agents for plasmid DNA†

David Nardo, Michelle G. Pitts, Rupinder Kaur and Vincent J. Venditto *

Non-viral vectors for in vivo delivery of plasmid DNA rely on optimized formulations to achieve robust

transgene expression. Several cationic lipids have been developed to deliver nucleic acids, but most

recent literature has focused on mRNA due to its increased expression profile and excluded plasmid DNA,

which may have the advantage of being less immunogenic. In this study, we describe the in vivo evalu-

ation of cationic triazine based lipids, previously prepared by our group. We identify one lipid with limited

in vivo toxicity for studies to optimize the lipid formulations, which include an evaluation of the influence

of PEG and helper lipids on transgene expression. We then demonstrate that lipoplexes, but not lipid

nanoparticles, formed from triazine lipids achieve similar transgene expression levels as AAV vectors and

offer enhanced expression as compared to a commercially available cationic lipid, DOTAP. Importantly,

the lipid nanoparticles and lipoplexes induce minimal antibody profiles toward the expressed protein,

while serving as a platform to induce robust antibody responses when directly delivering the protein.

Collectively, these data demonstrate the potential for triazine based lipids as non-viral vectors for gene

delivery, and highlights the need to optimize each formulation based on the exact contents to achieve

enhanced transgene expression with plasmid DNA constructs.

Introduction

Lipid-based non-viral vectors for nucleic acid delivery have
advanced significantly over the past 30 years leading to two
approved COVID-19 mRNA vaccines and a number of other
approved therapies based on antisense oligonucleotides,
siRNA, and mRNA.1,2 Additionally, several other therapies are
currently in pre-clinical and clinical development to treat
various diseases and infections.3 The advances made to
achieve clinical success have focused on nucleic acid stability,
cationic lipid development, formulation composition, and
manufacturing.3 Nevertheless, evaluation of new lipid con-
structs are needed to identify platforms with improved efficacy
and reduced toxicity as non-viral delivery vehicles for nucleic
acid therapeutics.4

The design criteria for novel lipid structures are largely
based on structure activity relationships of lipid libraries that
have converged on lead derivatives for nucleic acid com-
plexation and eventual release from the endosomal
compartment.5–7 Some of the lead lipids include monovalent
cationic lipids such as 1,2-di-O-octadecenyl-3 trimethyl-
ammonium propane (DOTAP),8 DLin-MC3-DMA (MC3),9 and

others with similar structural motifs.3 Additionally, cationic
lipids with aromatic head groups have been shown to complex
plasmid DNA more efficiently, but exhibit mixed results
between in vitro and in vivo transfection efficiency.10,11

Building upon these data, we previously reported the synthesis
of a novel class of triazine (TZ) lipids, based on cyanuric chlor-
ide, that demonstrate potential for nucleic acid delivery due to
the aromatic linker with appended cationic moieties.12 Like
the dimerizable, redox-sensitive lipids reported by Candiani
et al. and the compounds published recently by Pennetta
et al., these lipids show strong potential for gene delivery.13,14

The leading cationic and ionizable lipids for gene delivery
have been further optimized by including them in specific for-
mulations containing helper lipids (e.g. DOPE, DSPE-PEG,
cholesterol) to achieve maximal transfection efficiency of
siRNA and mRNA in vitro and in vivo.15 Much of the sub-
sequent work with novel lipids have utilized similar formu-
lations to deliver RNA, but the generalizability across lipid
architectures and in combination with RNA or DNA constructs
are necessary to ensure optimal transfection efficiency in vivo.5

Furthermore, the resultant immune responses induced with
different lipid constructs are critical to ensure that minimal
anti-transgene immune responses are observed when not
being used as vaccine carriers.16

To build upon our previous work evaluating a series of TZ
lipids in vitro, we sought to extend the evaluation of cationic
lipids as non-viral vectors for plasmid DNA delivery by asses-
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sing toxicity, transfection efficiency, and transgene immuno-
genicity. To this end, lipoplexes (LPs) and microfluidic lipid
nanoparticles (LNPs) prepared with TZ lipids or 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) were used to deliver an
AAV-based GFP plasmid and a lentiviral human alpha-1 anti-
trypsin (hAAT) plasmid.17 The LNPs were formulated using the
lipids shown in Fig. 1 based on an optimized lipid compo-
sition reported in the literature.17 Herein, we demonstrate the
ability of TZ lipids to improve in vivo plasmid transfection
beyond that achieved with DOTAP formulations and explore
the immunologic response induced against the expressed
transgenes.

Experimental methods
Development of lipid nanoparticles

Two types of nanoparticles were used for experiments: lipo-
somes and plasmid lipid nanoparticles (LNPs). In both cases,
the lipids used were dissolved in chloroform, mixed at the
ratio described in each figure legend, dried into a thin lipid
film by rotary evaporation, and placed under house vacuum
overnight before use. To form liposomes, the dried lipids were

rehydrated in HEPES buffered saline (20 mM HEPES, 145 mM
NaCl, pH 4) (HBS) and sonicated until translucent at 60 °C
before being mixed with HBS to the final concentration of
10 mM at pH 7.4. Lipoplexes were formed from liposomes by
mixing liposomes and DNA at a ratio of 6 : 1 positive to nega-
tive charges in Opti-MEM (for cells) or pH 7.4 HBS (for mice)
and incubated at room temperature for at least 12 minutes
prior to administration.

To form LNPs, dried lipids were rehydrated to a concen-
tration of 10 mM in ethanol with 10 μL of 5 M HCl per mL of
ethanol and mixed with a solution of DNA at 40 ng μL−1 of
DNA in 300 mM citric acid, pH 4. The ethanol and aqueous
solutions were mixed into LNPs using the Ignite microfluidic
system (Precision NanoSystems, Inc.) at a ratio of 1 : 3 ethanol
to aqueous, at a rate of 12 mL min−1. The LNPs were then
transferred into 3 mL Slide-A-Lyzer cassettes (ThermoFisher #
PI87732) and stirred at 200 rpm in 1.5 L of a 300 mM citric
acid, pH 4 solution for three hours, followed by three hours in
1.5 L of HBS buffer, pH 4 (145 mM NaCl and 20 mM HEPES),
before being moved overnight to a 1.5 L solution of HBS,
pH 7.4.

Characterization of nanoparticles

Nanoparticle size was determined using a Zetasizer Nano ZS
(Malvern Panalytical) with the following settings: four
measurements of fifteen, five second runs detected at a back-
scatter angle of 173° at room temperature. The zeta potential
for the liposomes was determined in a DTS1070 folded capil-
lary zeta cell using the following settings: four measurements
of at least 50 runs modelled with the Smoluchowski equation
at room temperature using the automatic settings from the
instrument. The concentration of DNA in LNPs after dialysis
was quantified using an AccuClear® Ultra High Sensitivity
dsDNA Quantification Kit (Biotium # 31027) and quantified on
a BioTek Synergy H1 plate reader. Encapsulation efficiencies
were determined by comparing the amount of DNA in the LNP
solution vs. the DNA solution used to make them, after dis-
rupting the LNPs with 0.5% C12E10 (Abcam # ab146563) and
adjusting for volume differences (i.e.: excess volume added
during dialysis and dilution volume during ethanol mixture).

Optimization of LNP formulation in vitro

To measure transfection efficiency and subsequent green fluo-
rescent protein (GFP) expression in vitro, 5 × 104 HEK293T or
J774A.1 cells, or 1 × 105 mature dendritic cells, were plated in
96-well flat-bottom sterile cell culture plates and allowed to
become confluent or adhere overnight. The next day, the cells
were treated with 200 ng of pDNA encoding for GFP (Addgene
product number 37825), delivered via nanoparticles, and incu-
bated overnight with the nanoparticles. The media was
changed at 24 hours, and after 72 total hours, cells were trypsi-
nized briefly and transferred to a round bottom 96 well plate
for flow cytometric analysis of viability and GFP expression.
Live/dead staining was performed using Zombie viability dye
(Biolegend) according to manufacturer instructions. Cells were
washed and resuspended in FACS buffer (Mg2+/Ca2+-free

Fig. 1 Structure of triazine lipids and other lipids used in plasmid
formulations.
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Hanks’ balanced salt solution, 2 mM EDTA, 25 mM HEPES
and 1% FBS) for fluorescence measurement. The gating
schemes used for all flow cytometry are shown in Fig. S4.† For
generating images, 1 × 105 HEK 293T cells per well were
seeded into a black 96-well plate and treated with 100 ng of
GFP plasmid delivered via LNPs of varying length for 6 hours,
incubated for another 48 hours in phenol free media, stained
with RedDot™ 1 nuclear stain (Biotium) and imaged with a
BioTek Cytation 7 (Fig. S4G†).

Uptake of 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbo-
cyanine (DiD) liposome was assessed 24 hours after liposome
treatment after washing cells three times with PBS to remove
free liposomes prior to trypsinization and staining as described
above.

Cells

HEK293T cells, kindly donated by Dr Gregory Graf of the
University of Kentucky College of Pharmacy, J774A.1 macro-
phages (ATCC TIB-67) or bone marrow derived dendritic cells
were used for cell experiments and maintained at 37 °C with
5% CO2.

Differentiation of bone marrow derived dendritic cells
(BMDCs)

Mature murine dendritic cells were obtained by culture of
bone marrow monocytes as described previously18 using
recombinant murine GM-CSF (Biolegend). On day 10 of
culture, lightly adherent cells were detached with gentle
washing and moved to a 96-well flat bottom cell culture
plate at a density of 100 000 cells per well, in triplicate, for
experiments.

Mice

Mice were purchased from Jackson Labs at 5–6 weeks of age
and used in experiments at 7–9 weeks. C57BL/6J (#000664)
mice were used for toxicity experiments shown in Fig. 2 and
Fig. S1,† while BALB/cJ (#000651) were used for transfections
in all other figures. Equal numbers of male and female mice
were used in each experiment. Mice were sedated using iso-
flurane gas prior to blood collection by saphenous vein punc-
ture or intraperitoneal (i.p.) injections. Baseline serum levels
of all experimental parameters were established one week
prior to injections. Mice were housed in a specific-pathogen
free facility at the University of Kentucky, and all experi-
mental procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee
#2020-3523.

Evaluation of TZ lipid toxicity in vivo

Mice were administered 0.1 mL of the liposomal solution i.p.
at a concentration of 10 mM or 20 mM. Forty-eight hours later,
the mice were bled for evaluation of serum creatinine (SCr;
Crystal Chem no. 80350), alanine aminotransferase (ALT; AAT
Bioquest no. 13803) and interleukin-6 (IL-6; Biolegend no.
431304) according to manufacturer instructions.

Evaluation of GFP transfection in the liver

For in vivo evaluation of GFP transfection, mice were adminis-
tered GFP plasmid (Addgene no. 37825) i.p. using LNPs or LPs
at a dose of 10 μg of DNA or AAV8 at a dose of 2 × 109 genome
copies per mouse (equating to approximately 200 ng of DNA)
and serum was collected 3 days later to evaluate ALT levels as
described above. Seven days after transfection, mice were
euthanized by CO2 inhalation and perfused with 10 mL of
Ca2+/Mg2+-free HBSS followed by 10 mL of HBSS containing
1 mg mL−1 type IV collagenase (MP Biomedicals) via the
hepatic portal vein. Livers were excised, diced with a scalpel,
and incubated for 30 minutes at 37 °C in RPMI containing col-
lagenase at 1 mg mL−1 and 50 µg mL−1 DNAse (MP
Biomedicals). Digested liver fragments were gently pressed
through a 0.22 µm mesh filter and the cells were collected,
centrifuged at 50g for 3 minutes with the supernatant dis-
carded, and then washed twice more with phosphate buffered
saline. The remaining cell suspension (50 µL) from each liver
was then moved to polycarbonate tubes and diluted 1 : 10 in
FACS buffer containing anti-mouse CD16/32 to block Fc recep-
tors. After blocking, samples were incubated with fluorescent
antibodies directed against mouse CD45 and CD146 for
30 minutes at 4 °C. After 30 minutes, the cells were washed
twice in FACS buffer before being resuspended for fluo-
rescence measurement.

All flow cytometry antibodies, as well as viability dyes, were
purchased from Biolegend. Fluorescence measurement was
performed using an Attune NxT flow cytometer
(ThermoFisher).

Evaluation of hAAT transfection efficiency in vivo

To assess hAAT transfection efficiency in vivo, mice were
administered 10 μg of DNA per mouse in either LPs or LNPs,
or 25 μg of hAAT protein in saline or liposomal solution.
Seventy-two hours after injection the mice were bled for
assessment of ALT levels (assessed as described in the toxicity
section) and hAAT expression. hAAT levels were determined
via ELISA using serum diluted 1 : 1 in PBS containing 0.05%
casein (PBS-C; 124250; Beantown Chemical), as described
previously.19

Quantification of anti-hAAT antibody titers and determination
of subclass ratios

To assess the presence of antibodies toward hAAT, 50 μL of
hAAT (OriGene #RG202082) was plated at 2 µg mL−1 in carbon-
ate buffer, pH 9.7, on a 96 well high binding plate (Greiner
#82050-720) and incubated overnight at 4 °C. The next day, the
plates were washed with PBS containing 0.1% Tween-20
(PBS-T) and blocked for 1 hour with PBS-C at 37 °C. After
blocking, serum samples were plated at dilutions ranging from
1 : 100 to 1 : 1 000 000 and incubated at 37 °C for 2 hours.
Secondary antibody (goat anti-mouse IgG HRP; Invitrogen
#16066) diluted 1 : 2000 was applied for 30 min at 37 °C,
followed by a 30 min incubation with tetramethylbenzidine
(Rockland). Absorbance at 450 nm was recorded using a
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BioTek Synergy H1 microplate reader. Reciprocal endpoint
titers were determined by plotting A450 values versus
known dilutions, calculating the slope of that line, and divid-
ing the slope by two times the average of the blank (no serum)
wells.

Anti-hAAT IgG subclass ratios were assessed as described
above, using a single 1 : 100 sample dilution and the following
detection antibodies: goat anti-mouse IgG1-HRP (Abcam
ab98693) at 1 : 10 000, IgG2a-HRP (Abcam ab98698) at 1 : 5000,
IgG2b-HRP (Abcam ab98703) at 1 : 10 000 and IgG3 (Jackson
115-035-209) at 1 : 5000. Subclass ratios were calculated by
dividing the absorbance of each subclass by that of IgG1 for
each individual mouse.

Data analysis and statistics

Data were organized and analysed using Graph Pad Prism v.9
for Windows. Data in each experiment were assessed for nor-
mality, followed y ANOVA or non-parametric tests (described in
each figure legend), as appropriate, to assess statistically sig-
nificant differences among them; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. In all figures, only statistically significant
comparisons are shown.

Results and discussion
In vivo toxicity of TZ lipids

Two triazine lipids that previously demonstrated efficacy
in vitro (triazine lipids 3 and 9, or TZ3 and TZ9)12 were first
evaluated for their in vivo toxicity before analysing their trans-
fection efficiency. Groups of male and female C57BL/6J mice
were administered TZ LNPs at 10 and 20 mM intraperitoneally
(i.p.) in HEPES buffered saline and forty-eight hours later
serum levels of alanine aminotransferase (ALT), interleukin 6
(IL-6), and creatinine (SCr) were tested and compared with
baseline levels drawn one week prior. As Fig. 2 demonstrates,
TZ3 treatment at 20 mM led to an upward, but insignificant
trend in ALT and IL-6 levels, with no changes observed in SCr.
TZ9 lipid, however, led to significant elevations in ALT and
IL-6, as well as a trend toward higher SCr levels. Additionally,
three of the ten mice treated with this compound died after of
exposure. At 10 mM, TZ9 also induced statistically significant
increases in ALT and IL-6, with one mouse dying in this treat-
ment group (Fig. S1†).

The toxicity of TZ9 in vivo was unexpected as in vitro
studies, published previously, indicated TZ9 to be less toxic
than TZ3.12 The discordant results between in vitro and in vivo
studies suggest that the cause of toxicity is more complex than
simple cytotoxicity; however, the exact physiologic mechanism
of toxicity remains unclear. Based on the exposure-induced
increase in a limited number of toxicity indicators and the
visual inspection of some of the mice, it seems likely that a
multi-system inflammatory response occurred following i.p.
treatment with TZ9, thus highlighting the need for more exten-
sive characterization of these compounds and their potential
mechanisms of toxicity.20,21 Regardless, because of these find-

ings, only TZ3 was chosen for further evaluation in transfec-
tion experiments.

LNP formulation containing DSPE-PEG2000 and DSPC fails to
transfect mice in vivo

We have previously shown that TZ lipids can deliver human
alpha-1 antitrypsin (hAAT) plasmid in vitro.12 This protease
inhibitor has significant relevance in gene therapy as it is
associated with severe lung damage and other sequelae
in deficient patients, in addition to showing promise in
other diseases due to its anti-inflammatory activity.22,23

Furthermore, research by Song et al. shows AAV8 delivery of
hAAT into mice can prevent the antibody development associ-
ated with delivery of the protein, a major concern with bio-
logic therapeutics.24–32

Previous efforts to achieve in vivo hAAT plasmid delivery
using liposomal vectors have resulted in modest outcomes in
animals.33 Additionally, in a phase I clinical study, the hAAT
levels achieved with this method were subtherapeutic.25,34

In recent years, the field of liposomal vaccines has demon-
strated that mRNA can increase transgene expression and
immunogenicity, compared with plasmids.35 However, the
immunogenic potential of mRNA can deter its use in gene
replacement, where anti-transgene antibodies lead to thera-

Fig. 2 TZ3 does not result in significant in vivo toxicity at 20 mM. Equal
numbers of male and female seven-week-old C57BL/6J mice were
administered 100 µL of 20 mM cationic lipid (TZ3, TZ9 or DOTAP (Do))
nanoparticles i.p. in HEPES buffered saline (10 total mice per group –

5 male, 5 female). (A–C) Serum alanine aminotransferase (ALT), serum
creatinine (SCr), and interleukin-6 (IL-6) levels were measured 48 hours
after treatment. Fold-change from baseline measurements drawn one
week prior were compared with those of untreated animals (NT). Lines
represent mean, and dots represent individual animals. The TZ9 group
represents only the 7 surviving animals. Significance was compared
using one way ANOVA and Dunnett’s (A) or Kruskal Wallis (B and C) tests;
only significant comparisons are shown.
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peutic failure. For this reason, we decided to pursue TZ
lipid transfection efficiency with plasmids, rather than
mRNA.24,36–38

Most modern liposomal gene therapy uses lipid nano-
particles (LNPs) made via ethanol injection in microfluidic
devices, as these can improve delivery by better entrapping
the nucleic acid and preventing the aggregation which
can occur with lipoplexes (LPs).5,39–42 LNPs are often prepared
using a molar ratio of 50% cationic lipid, which ionically
binds nucleic acid, 10% 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC), 38.5–39% cholesterol, both of which stabilize
the lipid bilayer, and 1–1.5% of lipid conjugated to PEG2000,
usually 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) or 1,2-
dimyristoyl-rac-glycero-3-methoxy polyethylene glycol-2000
(DMG-PEG2000).43–46 To investigate the utility of TZ3 in LNP
plasmid delivery, TZ3, DSPC, cholesterol, and DSPE-PEG2000
were combined at a 50 : 10 : 39 : 1 molar ratio and compared
to DOTAP LNPs. The resulting nanoparticles ranged in
size between 70–80 nm in diameter, with zeta potentials
between 8–16 mV, and encapsulation efficiency above 70%
(Table S1†).47 However, when administered to mice via tail
vein injection, these formulations failed to elicit detectable
hAAT protein levels (Fig. S2†).

In vitro optimization of LNP formulation using GFP plasmid

In trying to understand the reason behind the failure of these
LNPs a thorough evaluation of the literature was made. Among
the components of LNPs, PEG content has been tied to
reduced transfection efficiency, as the polymer can inhibit
interactions between the cationic nanoparticles and cells.48–50

However, PEG has been shown to be necessary for improving
circulation half-life and providing stability to nanoparticles
in vivo.48,50–53 Therefore, rather than removing the 1%
DSPE-PEG2000 in the LNPs, we investigated the effect of redu-
cing PEG length on in vitro transfection efficiency. LNP formu-
lations were made with TZ3 and different lengths of DSPE-PEG
to encapsulate a GFP plasmid.

Dynamic light scattering analysis of the initial nano-
particles made with PEG2000 and hAAT plasmid for the data
presented in Fig. S2† exhibit similar characteristics to those
described in the literature for plasmid-based nanoparticles
(Table S1†).47,50,54 However, the nanoparticles made with
shorter PEG chains were larger and more polydisperse, a trend
that has been reported previously with the reduction of
PEG2000 concentration.47,50,54 DOPE also increased size and
polydispersity compared with DSPC. This change could poss-
ibly be attributed to the increased rigidity of the stearoyl tails
of DSPC compared with DOPE’s oleyl tails but has not been
previously noted to the best of our knowledge. Finally, TZ3,
while successful at encapsulating DNA, trended toward lower
encapsulation efficiencies as compared to DOTAP, generally
encapsulating 60–70% of DNA vs. DOTAP’s 70–80%
encapsulation.

Confluent HEK293T cells were then transfected with 200 ng
of plasmid per well. Because HEK293T cells aggregate, initial

microscopic imaging was inconclusive (see Fig. S4G†), there-
fore GFP quantification, following transfection, was performed
via flow cytometry using the gating scheme shown in
Fig. S4A.†55,56 As shown in Fig. 3A, increased PEG length corre-
lated with a decrease in GFP expression. The nanoparticles
made without PEG or with PEG550 yielded the highest GFP
expression. However, PEG-free LNPs were unstable and formed
aggregates. Consequently, formulations with PEG550 were
chosen for further evaluation.

Another LNP alteration that has been shown to improve
transfection is the use of 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), rather than DSPC, as a helper
lipid.45,47,57 To further optimize transfection, LNP formu-
lations containing DSPE-PEG550 was tested using DSPC or
DOPE as helper lipids, with either TZ3 or DOTAP as the cat-
ionic component. As shown in Fig. 3B, the nanoparticles con-
taining both TZ3 and DOPE significantly increased transfec-
tion efficiency. While the attributes of the nanoparticles can
likely be improved by further altering multiple parameters
such as cholesterol content, no additional alterations were
made and further evaluation of TZ3 was pursued using
PEG550 and DOPE.58,59

In vivo transfection with GFP plasmid

Upon optimization of a LNP formulation containing PEG550
and DOPE, 10 µg of GFP plasmid was delivered to BALB/c mice
via either LNP or our previously reported LPs made with a 1 : 1
TZ3 : DOPE ratio and compared to AAV8 delivery at 2 × 109 GC
per mouse.12 The LNPs were over 200 nm in diameter
(Table S1†) and non-PEGylated formulations exhibited a pro-
pensity to aggregate, so delivery was made by i.p. injection to
prevent potential harm to the animals from particle aggrega-
tion after intravenous (i.v.) administration. Furthermore, this
route has been shown to yield similar results as i.v.
administration.41,60–62

Because of our interest in antitrypsin, which is expressed
primarily in the liver, and in comparing the nanoparticles to
AAV8, which has liver tropism, GFP expression was quantified
only in the liver.63,64 However, it is important to note that lipid
nanoparticles have been shown to distribute to, and very effec-
tively transfect, various other tissues, particularly the lungs
and spleen.46,65–69

While these tissues were not evaluated in the experiments
carried out in this manuscript, future experiments that charac-
terize the biodistribution of TZ lipid nanoparticles and their
transgenes are warranted. As shown in Fig. 3C and D, transfec-
tion with LNPs was less efficient than AAV8 transduction with
a low viral dose of 2 × 109 GC per mouse (∼200 ng of DNA). LP
transfection led to similar GFP expression as AAV, with average
mean fluorescence intensity (MFI) of approximately 300.
However, the fluorescence was heterogeneous with males
trending higher than females (Fig. 3D).

In addition to being less efficacious, the LNPs also showed
greater toxicity than AAV8 transduction, as mice treated with
LNPs and LPs lost 1–12% of their body weight at 72 hours and
those treated with LNPs had slight (non-significant) elevations
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in ALT levels at the same timepoint, while AAV8-treated mice
displayed neither sign of toxicity (Fig. 3E and F).

In vivo transfection with hAAT plasmid

Based on these data, we then sought to re-evaluate hAAT trans-
fection, using both LNPs and LPs containing 10 μg of hAAT
DNA. Since we were interested in the immune responses gener-
ated against the protein, a group of control mice was also
given 25 μg of hAAT protein in saline.32,70,71 Additionally, since
lipids themselves can increase protein immunogenicity, separ-
ate groups of mice also received hAAT with 1 mM TZ3, DOTAP,
or 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as a
natural phospholipid control.72

Following transfection, the optimized LNPs led to detect-
able serum hAAT in some of the mice (Fig. 4), but as with GFP,
LPs led to higher transfection efficiency. In mice treated with
LPs, hAAT levels were, on average, 9.5 ng mL−1 for TZ3 and 3
ng mL−1 for DOTAP, which were similar to the concentrations
reported by Crepso et al. and Aliño et al.33,70 In light of pre-
vious literature comparing LNPs to LPs, these finding are sur-
prising, but could be related to the remaining PEG in the LNP

Fig. 4 TZ3 LP transfection is more efficient in vivo than DOTAP or LNP.
Five male (filled circles) and five female (open circles) BALB/c mice were
administered 10 µg of hAAT DNA with LNPs made with 50% TZ3 or
DOTAP (Do), 10% DOPE, 39% cholesterol and 1% DSPE-PEG550 or LPs
made with 50% TZ3 and 50% DOPE. Seventy-two hours later, protein
expression in the serum was assessed via ELISA. Lines represent mean
hAAT concentration; dots represent individual animals. Data were com-
pared with one-way ANOVA and Kruskal–Wallis test, only significant
comparisons are shown.

Fig. 3 PEG550, DOPE, and TZ3 yield improved transfection with LNP. (A and B) HEK293T cells were transfected with 200 ng GFP plasmid per well
using LNPs and analyzed three days later for GFP expression by flow cytometry. (A) LNPs formulated with 50% TZ3, 10% DPSC, 39% cholesterol and
1% DSPE-PEG(550–2000), or 40% cholesterol and no PEG. (B) LNPs formulated with 50% DOTAP (Do) or TZ3, 10% DSPC or DOPE, 39% cholesterol
and 1% DSPE-PEG550. Pooled data from three independent experiments are shown; n = 3 transfected wells per group per experiment. (C–F) Equal
numbers of male and female BALB/c mice (6 total mice in untreated group (NT), 8 total mice in treated groups) were administered 1 × 109 genome
copies of AAV8-GFP or 10 µg of GFP plasmid in either LNPs made with 50% TZ3, 10% DOPE, 39% cholesterol and 1% DSPE-PEG550 or LPs made
with 50% TZ3 and 50% DOPE. One week post administration, hepatocytes were evaluated for percent GFP positive cells (C) or mean fluorescence
intensity (MFI; D). Percent weight change (E) and serum ALT (F) were evaluated at 72 hours post-administration. Bars indicate mean transfection
efficiency; dots represent individual transfection wells (A) or mice (C–F). Data were compared with one-way ANOVA and Dunnett’s post-hoc test (A
and C–F) or Sidak’s test (B); comparisons shown in (A) are to No PEG and in (C–F) to untreated (NT), only significant comparisons are shown.
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formulation, which can hinder transduction with both LNPs
and LPs.5,40,73 To our knowledge most reports suggest that
LNPs formed through microfluidics should outperform LPs.
One report by Meisel et al. using LPs formed by sonication (as
with our LPs) showed improved transfection with these nano-
particles compared with LPs made with DMSO or ethanol,
especially when these contained DOPE. However, their lipo-
plexes were formed with DMSO or ethanol and both contained
organic solvents but did not contain PEG.74

In the mice given hAAT protein with individual lipids,
serum hAAT levels at 72 hours were detectable but overall
lower than expected based on the reported half-life.75,76

However, DMPC produced an intriguing protein increase in
females that was not detected in males (Fig. S3A†), perhaps
due to the mass difference in the assessed via ALT quantifi-
cation. As shown in Fig. S3B,† ALT levels in LNP and LP-
treated mice rose 2–6 times above baseline at 48 hours. As
with GFP transfection, toxicity was also observed, while direct
protein administration did not exhibit signs of toxicity,

suggesting that the toxicity is associated with liposomal trans-
fection, but not the lipids themselves.

Finally, hAAT levels persisted at 4 weeks after treatment,
but only in animals treated with TZ3 lipoplexes, highlighting
the efficacy of this transfection strategy compared with LNPs
and free protein (Fig. S3C†).

Immune response to hAAT in vivo

Human alpha-1 antitrypsin has previously been reported to be
immunogenic in mice.24,77 Therefore, anti-hAAT reciprocal
endpoint titers (RETs) were assessed two weeks after hAAT
transfection (day 14) and compared with the response induced
by the protein. As Fig. 5A shows, the LNP transgenes did not
induce a significant increase of anti-hAAT IgG titers while LP
transfection led to titers similar to those of the free protein in
saline.

While this difference could be accounted for by the differ-
ence in protein expression between the two groups (Fig. 4),
previous literature shows that protein concentrations do not

Fig. 5 Transgene expression using TZ3 as a delivery vector elicits minimal antibody responses, while administration of hAAT protein with TZ3 results
in significant immunogenicity and a Th1 bias. BALB/c mice were administered 10 µg of hAAT DNA with LNPs made with 50% TZ3 or DOTAP (Do),
10% DOPE, 39% cholesterol and 1% DSPE-PEG550 or LPs made with 50% TZ3 and 50% DOPE; or 25 µg of hAAT protein in saline or 1 mM lipid solu-
tion (10 mice per group – 5 male, 5 female). (A) Fourteen days after administration, anti-hAAT IgG reciprocal endpoint titers (RET) were assessed via
serum ELISA. Significance determined by Kruskal–Wallis test; comparisons made to untreated animals (NT). Ratios of IgG2a/IgG1 (B), IgG2b/IgG1 (C),
and IgG3/IgG1 (D) were assessed at the same timepoint for treatment groups that had significantly higher RET than untreated. Bars indicate mean,
while dots indicate individual animals. Significance as compared to protein delivered in saline was determined by one-way ANOVA in (B–D).
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necessarily correlate with titer development45 and that proteins
need not achieve quantifiable serum levels for protein to
induce robust immunity.78

In addition to serving as gene delivery vehicles, cationic
lipids can also display adjuvant properties. For this reason, the
hAAT protein was also administered with 1 mM TZ3 lipo-
somes, using DOTAP and DSPC as cationic and neutral lipid
controls. As expected, DOTAP and DSPC increased titers by 10-
and 100-fold, respectively. TZ3 administration with hAAT
protein also led to an elevation in titers that was surprisingly
1000-fold higher than the saline control, suggesting a potential
role for TZ lipids in the setting of protein immunizations.79,80

Since shifts in the Th1- or Th2-type response against a
protein can affect how it is processed following administration,
the anti-hAAT subclass composition was also assessed via
ELISA and the ratios of IgG2a, 2b, and 3 to IgG1 were deter-
mined (Fig. 5B–D) in all but LNP samples, which did not
achieve a sufficient antibody response.81–85 Based on the sub-
class ratios, both TZ3 and DOTAP-delivered transgenes led to a
balanced Th1/Th2 response, similar to hAAT protein in saline.
However, when the protein was delivered with lipids, a strong
Th2 response was observed, as indicated by ratios lower than
1.0. This response is similar to that induced with Freund’s
incomplete adjuvant, suggesting that the lipids behave simi-
larly to an oil in water emulsion.82,86 Interestingly, the
response to hAAT protein delivered with TZ3 led to a more
balanced IgG2a/IgG1 ratio than DOTAP and DMPC, an obser-
vation that could have clinically relevant implications that will
be explored in future experiments.

In vitro uptake of liposomes in antigen presenting cells is
reduced by PEG

Lu et al. previously showed that the development of anti-hAAT
antibodies following transfection was dependent on whether
the AAV serotype used (AAV1 vs. AAV8) was able to transfect
antigen presenting cells (APCs).77 Since PEGylation of nano-
particles reduces uptake by APCs,87,88 it was hypothesized that
PEG550 in the LNPs was accountable for the difference in anti-
body responses toward hAAT. To test this hypothesis, lipo-
somes containing the fluorescent lipophilic dye DiD were
made with or without DSPE-PEG2000 and incubated with
J774 macrophages or bone marrow derived dendritic cells
(DC). After 18 hours, cells were washed to remove free lipo-
somes and assayed for DiD fluorescence by flow cytometry. As
expected, the addition of PEG resulted in lower DiD fluo-
rescence in both cell types, but most prominently in DCs,
which showed a more than 60% reduction in DiD fluorescence
when PEG was included as a LNP component (Fig. 6A).

To test whether the PEG550 included in our optimized
LNPs had an effect on GFP expression in APCs,87 both DCs
and macrophages (J774) were treated with 200 ng GFP plasmid
in LPs, or LNPs containing either PEG550 or no PEG. In both
cell types, the addition of PEG to LNPs decreased GFP positiv-
ity by more than 15%, compared with PEG-free LNPs (Fig. 6B).
GFP expression in DCs was also slightly more efficient (∼6%)
with LP treatment than PEGylated LNPs; however, this pattern

was not observed in J774 macrophages. These studies collec-
tively suggest that the addition of PEG to nanoparticles may
have an advantage in reducing the immunogenicity of liposo-
mal DNA transgenes, with a concomitant reduction in trans-
fection efficiency. Furthermore, the differences in transfection
between the PEG-free LNPs and LPs, compared with PEGylated
LNPs, could partially explain the observed in vivo disparities
between the two, as PEGylation of lipoplexes has also been
reported to hamper transfection.73 Based on this finding, it is
possible that non-PEGylated LNPs made by microfluidics
could outperform LPs, although this will require further
optimization of the LNP preparation to inhibit their aggrega-
tion in the absence of PEG.

Conclusions

The present manuscript highlights the utility of cationic tri-
azine lipids as tools for in vivo research. Evaluation of in vivo
toxicity of the compounds showed that TZ3 produced compar-
able toxicity to DOTAP, a commonly used cationic lipid.
Furthermore, TZ3 demonstrated an increase in transfection
efficacy compared with DOTAP, both in vivo and in vitro. These
results concur with the findings of Martinez-Negro et al. and
Candiani et al. showing improved transfection efficacy in cat-

Fig. 6 PEGylation decreases LNP uptake by antigen presenting cells. (A)
Bone marrow-derived dendritic cells (DC) or J774 macrophages were
incubated for 18 hours with LNPs made with 5% DiD and
DSPE-PEG2000, or PEG-free liposomes. The percentage of cells positive
for DiD fluorescence by flow cytometry is shown; data represent pooled
results from three independent experiments, N = 3 wells per treatment.
(B) Bone marrow-derived dendritic cells or J774 macrophages were
transfected with 200 ng of GFP DNA delivered with LPs made of 50%
TZ3 and 50% DOPE; LNPs made with 50% TZ3, 10% DOPE, 40% chole-
sterol; or LNPs made with 50% TZ3, 10% DOPE, 39% cholesterol and 1%
DSPE-PEG550. Seventy-two hours after transfection, the cells were ana-
lyzed by flow cytometry for GFP expression; data represent pooled
results from three independent experiments, N = 3 wells per treatment.
Bars indicate mean ± SD. Only statistically significant comparisons are
shown. Significance determined by one-sample T-test (A) or one-way
ANOVA (B).
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ionic lipids containing aromatic moieties.13,89 While the role
of the triazine ring of the lipids described here and their inter-
action with plasmid DNA have not been determined, others
have indicated that the aromatic rings improve interactions
with DNA base pairs through π–π stacking and intercalation
for improved binding.90,91

While LP transfection achieved serum hAAT levels similar
to those reported previously,33 lipid-based plasmid delivery
systems were not able to achieve the concentrations observed
with viral vectors.24,92 The plasmid used in the studies
described here is based on a lentiviral system reported by
Wilson et al.92 where viral transfection led to protein concen-
trations of about 50 µg mL−1, on average. Similar concen-
trations were achieved by Akbar et al. with AAV.24 While further
optimization of the lipids or nanoparticle formulation may
improve transfection, it is also possible that modifications to
the plasmids that increase protein levels or improve nuclear
translocation may also be useful.35,47

Higher protein levels may also be attained with mRNA
transfection; however, plasmids offer certain advantages
including longer stability and lower resultant immunogenicity
toward transgenes.35,36,93 In a recent report, Karadagi et al.
showed that mRNA transfection could in fact increase hAAT
protein in the liver, but the authors did not quantify serum
levels, nor did they explore the immune response to the trans-
gene.94 Additionally, evaluation of the more permanent trans-
fection systems, such as CRISPR, could allow for more effective
and long lasting outcomes in the setting of gene
replacement.95,96

In addition to advances in mRNA delivery, much of the
recent literature using LNPs for gene delivery takes advantage
of ionizable lipids in formulations optimized primarily for
siRNA delivery.5,9,48 While these compounds are successful
and offer many advantages to gene delivery, we have shown
here that formulations containing triazine lipids can provide a
successful tool for plasmid delivery. Furthermore, we have
shown that formulations containing DOPE and PEG550, rather
than DSPC and PEG2000, can enhance the efficacy of plasmid
delivery both in cells and in mice. Particularly interesting was
the finding that LNPs, which contained PEG, reduced titers
against the transgene compared with LPs without PEG. While
the antibody response to hAAT is relatively low, these data
suggest a need for further interrogation of the role of PEG in
cationic lipid vaccines. Although we have shown that PEG can
reduce nanoparticle uptake and transfection in antigen pre-
senting cells (APCs), PEG is recognized by B cells in vivo,97

which could help increase uptake and expression of antigens
in B cells that recognize the polymer as an epitope and
counter the reduced uptake by professional phagocytes.
Another confounding factor for our evaluation of these find-
ings is that differences in nanoparticle size can affect titers
generated by mRNA vaccines, a hypothesis that was not evalu-
ated in the present manuscript.98

In addition to the modest increase in immunogenicity
toward the transgene when delivered as a lipoplex, TZ3
induced a robust antibody induction (RET > 105) when used as

an adjuvant with hAAT protein. This is not altogether surpris-
ing, as cationic lipids are known to possess immunomodula-
tory properties72,80,99 and serve as adjuvants,79 but the magni-
tude of the induction with TZ3 was unexpected, thus warrant-
ing additional studies to assess the mechanism and extent of
this property in a vaccine relevant model. Overall, the findings
presented in this manuscript highlight the potential of TZ
based lipids and suggest the need for further investigation
into their structure activity relationship and evaluation in bio-
logical systems.
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