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Following the recent approval of both siRNA- and mRNA-
based therapeutics, nucleic acid therapies are considered a
game changer in medicine. Their envisioned widespread use
for many therapeutic applications with an array of cellular
target sites means that various administration routes will be
employed. Concerns exist regarding adverse reactions against
the lipid nanoparticles (LNPs) used for mRNA delivery, as
PEG coatings on nanoparticles can induce severe antibody-
mediated immune reactions, potentially being boosted by the
inherently immunogenic nucleic acid cargo. While exhaustive
information is available on how physicochemical features of
nanoparticles affects immunogenicity, it remains unexplored
how the fundamental choice of administration route regulates
anti-particle immunity. Here, we directly compared antibody
generation against PEGylated mRNA-carrying LNPs adminis-
tered by the intravenous, intramuscular, or subcutaneous
route, using a novel sophisticated assay capable of measuring
antibody binding to authentic LNP surfaces with single-parti-
cle resolution. Intramuscular injections in mice were found
to generate overall low and dose-independent levels of anti-
LNP antibodies, while both intravenous and subcutaneous
LNP injections generated substantial and highly dose-depen-
dent levels. These findings demonstrate that before LNP-based
mRNA medicines can be safely applied to new therapeutic
applications, it will be crucial to carefully consider the choice
of administration route.

INTRODUCTION
Biomaterials used within nanomedicine were, until recently, a group
of therapeutics mainly used for delivery of cytotoxic drugs to cancer
cells.1 Due to the toxic cargo, immune reactions toward the nanopar-
ticles were typically not observed, as immune cells taking up the par-
ticles were killed before initiating an immune response toward the
particle.2 With the recent advent, and promising aspects,3–7 of lipid
nanoparticles (LNPs) for delivery of siRNA and mRNA8–11—drug
cargoes, which in contrast to chemotherapeutics, act by immune
stimulation of cells12—adverse reactions toward the nanocarriers
itself,13–15 and allergic cross-reactivities toward components in the
particles also used in other pharmaceutical products,16 is becoming
an increasing concern.17 In the COVID-19 vaccine programs relying
on mRNA vaccines, more than a billion doses of LNPs have been
450 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
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administered, and allergic responses to nanomedicines is hence no
longer a problem only relevant to a small group of patients with a
certain type of cancer, but a concern for the general population.11,14

Nanomedicines are often PEGylated to ensure stability during
manufacturing, storage, and after injection into blood or tissue.17

Indeed, the LNPs used in the COVID-19 vaccines are also stabilized
by PEGylated lipids.14 Exposure to PEGylated nanomedicines
including LNPs is, however, known to result in generation of
antibodies of the IgM and IgG class against the PEG coating on the
nanocarrier.18 Such antibodies cannot only give rise to reduced
plasma stability and increased clearance of the nanocarriers,19 but
are also known to induce severe toxic pseudo-allergic reac-
tions.17,20–22 Exposure to PEGylated LNPs could therefore result in
immunogenic cross-reactions toward other PEGylated therapeutics
administered in the weeks following injection,23 potentially leading
to the second PEGylated therapeutic being less effective,18,24 as well
as the second exposure causing anaphylaxis.16 Generation of anti-
PEG antibodies is well studied for PEGylated liposomes injected
intravenously,19 but is only starting to be unraveled for LNPs used
for intravenous injections18,25 and intramuscularly injected vac-
cines.26–30 With the circumstances required for generation of
anti-LNP antibodies (ALAs) not being clear, it is evident that the
field lacks a fundamental understanding of how formulation compo-
sition, dose, and injection route affects anti-LNP immunity, before we
can safely expand the use of the mRNA-LNP technology to new
therapeutic applications.

Here, we investigated the generation of ALAs of the IgG and IgM
class, following injections of high or low doses of PEGylated
mRNA-encapsulating LNPs into mice through the intravenous,
023 ª 2023 The Authors.
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intramuscular, or subcutaneous routes. The blood plasma concentra-
tion of ALAs, measured 7 days after LNP exposure, was studied using
a sensitive and accurate microscopy-based assay termed single-parti-
cle antibody measurement (SPAM) assay,30 measuring the ALA bind-
ing to individual authentic LNPs. The assay—which is based on a pre-
viously published method for quantifying liposome opsonization31—
eliminates sampling of non-specific signal and ensures that ALAs are
quantified based on recognition of the authentic PEG geometry (tak-
ing into account, e.g., surface curvature, LNP zeta potential, mem-
brane fluidity, and PEG-lipid surface density): both common issues
with conventional methods such as ELISA and SPR. By comparing
the three administration routes, we find that subcutaneous injections
result in the highest concentrations of ALAs in a dose-dependent
manner, indicating that caution should especially be taken if this
administration route is used for PEGylated therapeutics. The second
highest concentration of ALAs was quantified for intravenous injec-
tions with the previously reported inverse dose dependency.32 Finally,
intramuscular injections typically resulted in the lowest, although
non-zero, amounts of ALAs compared with the other injection routes.
Hence, anti-LNP immunogenicity should be carefully considered
when applying LNP-based mRNA drugs to therapeutic areas beyond
vaccination.

RESULTS
To study the generation of ALAs in response to PEGylated LNPs, we
first prepared mRNA-encapsulating PEGylated LNPs. We used a
standard LNP formulation consisting of the ionizable lipid DLin-
MC3-DMA, cholesterol, DSPC, and the sheddable PEG lipid DMG-
PEG2000 in a molar ratio of 50:38.5:10:1.5 (for LNP characteristics,
see Table S1). Having successfully prepared the LNPs, these were
then injected into mice at a dose of either 0.3 mg/kg mRNA or
0.0003 mg/kg mRNA. Injections were performed intravenously, sub-
cutaneously, or intramuscularly. Intravenous injections are most
commonly used for LNP-mediated cancer treatments, and delivery
of siRNA to the liver,9 and are also the most well studied for PEGy-
lated nanoparticles in general.17,22 Recently, intramuscular injections
have become highly relevant in relation to mRNA-based therapeutics
for vaccinations against, but not limited to,3 COVID-19.11With those
promising prospects of mRNA therapeutics, drug developers are
investigating the effect of mRNA-carrying LNPs administered
through alternative routes, including subcutaneous injections.4,33

For all three administration routes blood samples were acquired
7 days after injection, followed by isolation of the blood plasma for
determining the concentration of ALA (Figure 1A). A 7-day time
point post injection is commonly used to study antibodies generated
against LNPs18,34 as the serum concentrations of such antibodies have
been found to peak between days 5 and 10 in both rodents35–37 and
pigs.38 The chosen study setup was hence relevant for expanding
the current knowledge on anti-LNP immunity18 to also include
dose and administration route.

To study the ALA content in blood plasma we were inspired by a
recently described microscopy-based methodology,31 previously
used for measuring plasma protein binding to individual liposomes.
Molecul
Here, we expanded the assay to facilitate the quantification of ALA
binding to individual LNPs, hereby introducing a novel tool to study
protein binding to LNPs with single-particle resolution and the ability
to reveal inter-particle heterogeneity of LNP ensembles.39,40 Typi-
cally, anti-PEG antibodies, generated in response to PEGylated
LNPs, are measured using ELISAs where PEG lipids are adsorbed
onto planar surfaces.32 Such assays hence ignore the three-dimen-
sional organization of the PEGs on the particle surface, the zeta po-
tential of the particle, and the exact lipid mixture. Essentially such as-
says are trying to detect antibodies with a PEG array not resembling
what the antibodies are actually generated against, and therefore
the ELISA-based approach does not measure recognition of the
exact antigen the antibodies will meet in the bloodstream upon later
exposures. Alternatively, bulk assays based on isolation of nanopar-
ticles from plasma using size or density separation may reflect
binding to the actual particles, but are hampered by the high
background amounts of protein aggregates and naturally occurring
bionanoparticles.41–44

The SPAM assay used here, in contrast, allows for studying protein
binding to authentic LNP surfaces while simultaneously eliminating
most non-specific signals (Figure S1). This is done by immobilizing
fluorescent DiI-labeled capturing LNPs on BSA-passivated glass sur-
faces, and incubating them with blood plasma (Figure 1B). After
removing the plasma, fluorescently labeled AF488 antibodies against
the protein of interest (in this case mouse IgM or IgG) are added to
the sample. After a brief incubation, these detection antibodies are
also removed, and the system is imaged using fluorescence confocal
microscopy. In the images, LNPs appear like diffraction-limited spots
(Figure 1C), and binding of IgM or IgG to the LNPs is determined us-
ing automated image analysis software. In brief, this analysis identifies
all spots in both fluorescence channels of the images and then extracts
the integrated intensity of each individual spot if this is above a
specific threshold (Figure S2). Through spatial co-localization, the
matching spots in the DiI and AF488 channels is used to identify spe-
cific ALA-LNP association, with DiI intensity correlating to the vol-
ume of the individual LNP (see Figure S3 for a description) and the
AF488 intensity correlating with number of antibodies associated to
that LNP (Figure 1D). By only including AF488 fluorescence co-local-
ized with DiI spots in the analysis, background binding to the surface
(see Figure S4 for details on this background) is effectively filtered out
of the analysis, and only actual antibody-LNP interactions extracted
from the data. We converted DiI intensity to LNP diameter (see Fig-
ure S3) and plotted the AF488 intensity as a function of LNP size, with
each marker representing the measurement of an individual LNP
(Figure 2). By comparing plasma samples fromnaïvemice (Figure 2A)
with plasma samples from mice previously receiving intravenously
dosed LNPs (Figure 2B), it was clear that both the number of LNPs
adsorbing ALA, as well as the amount of ALA per LNP was increased.
By studying plasma samples frommice that had received injections of
LNPs through either the intravenous route (Figure 2B) or the subcu-
taneous route (Figure 2C), it was also evident that administration
route affected the ALA concentration in the plasma samples, and
thus the amount of ALA binding to the LNPs. Apart from this
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 451
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Figure 1. Assay for quantifying the binding of anti-LNP antibodies to authentic LNPs in blood plasma

(A) LNPs in either high (0.3 mg/kg) or low (0.0003 mg/kg) dose was injected intravenously (i.v.), subcutaneously (s.c.), or intramuscularly (i.m.) into mice. After 7 days, blood

samples were drawn to analyze the blood concentration of anti-LNP IgM and IgG. This was done by immobilizing fluorescently labeled capturing LNPs in BSA-passivated

microscopy slides (B), and incubating them first with blood plasma, then fluorescently labeled detection antibodies against either IgM or IgG, before imaging the system. (C)

Confocal micrographs of individual LNPs imaged in the LNP channel (DiI, left) and LNP-associated ALAs in the detection antibody channel (AF488, right). Scale bar, 2 mm.
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information about the fraction of LNPs in the ensemble being opson-
ized by antibodies, the single-particle nature of the assay also allows
for studying how LNP size controls ALA binding (see, for example,
Figure 2C). To facilitate a straightforward comparison of the genera-
tion of anti-LNP IgG and IgM for the different administration routes,
we wanted to extract a single value, scaling with the total concentra-
tion of ALAs in the plasma sample, from each dataset. To this end, we
plotted a histogram of all integrated intensity values for the ALA-LNP
interactions in the sample (Figure 2D) and extracted the total
ensemble binding of ALA by integrating the log-normal fit to the his-
togram. This total ensemble binding of ALA for all LNPs in one such
sample, divided by the total number of LNPs in the ensemble, was
used to extract the mean ALA fluorescence intensity (MFIALA) corre-
lating to the average number of ALAs per LNP. In summary, we
found that the assay was both capable of accurately measure ALA
binding to individual LNPs and defined a value for reporting the
average binding to all LNPs in the ensemble.

We first investigated the generation of ALAs in mice following injec-
tions of high doses (0.3 mg/kg) of mRNA-carrying LNPs. This dose
452 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
mirrors what is used clinically for the siRNA-carrying drug Onpattro,
and close to the commonly used mRNA doses administered in the
literature.45–49 The anti-LNP IgM intensity (MFIIgM) in blood plasma
samples following intravenous, subcutaneous, or intramuscular
doses, compared with the baseline in untreated animals, is shown
in Figure 3A. In blood plasma from mice receiving intravenous and
intramuscular doses we quantified significantly 2-fold higher
MFIIgM levels compared with in the blood from untreated animals.
After subcutaneous injections, the MFIIgM, however, increased about
10-fold compared with in untreated animals, and more than 4-fold
compared with intravenous or intramuscular injections. The single-
particle resolution of the SPAM assay allowed us to also determine
the percentage of LNPs in the ensemble being positive to the IgM.
As shown in Figure S5, the majority of the LNPs were IgM positive
in plasma from mice receiving LNPs subcutaneously, whereas the
ALAs detected in plasma from animals receiving an intravenous of
intramuscular injection were heterogeneously distributed among
the LNPs in the assay, with only an average of 20% of the LNPs having
detectable binding. While similar heterogeneity in protein adsorption
has previously been shown for other nanoparticle types,31,50 we here
023



Figure 2. Co-localization analysis of ALA binding to individual LNPs

Co-localization analysis of the confocal micrographs with each dot representing the measurement of a single LNP. The horizontal axis shows the LNP diameter, and the

vertical axis shows the integrated AF488 intensity (correlating with number of ALAs per LNP). (A) Untreated sample, (B) (0.3 mg/kg) intravenously dosed LNPs, (C) (0.3 mg/kg)

subcutaneously dosed LNPs. (D) To calculate the INTALA value of a sample, a histogram of all ALA-positive LNPs in the measurement was plotted. The data in this histogram

was fitted to a log-normal distribution (black curve). The mean of the log-normal distribution was then calculated. This mean value was divided by the total number of LNPs in

the sample (both ALA positive and ALA negative) to get the INTALA value for the sample.
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show for the first time that this also pertains to clinically relevant
LNPs. In conclusion, the experiment demonstrated that administra-
tion of high LNP doses (0.3 mg/kg mRNA) through the subcutaneous
route leads to a significantly higher generation of anti-LNP IgM than
intravenous and intramuscular injections.

In addition to IgM, anti-PEG IgG has previously been found to be a
main driver of allergic reactions against repeatedly intravenously
dosed PEGylated liposomes,21 and we therefore also measured the
concentration of anti-LNP IgG following high doses of LNPs admin-
istered intravenously, subcutaneously, or intramuscularly (Figure 3B).
The quantification of anti-LNP IgG per LNP in arbitrary intensity
units (MFIIgG) shows that MFIIgG are lower than MFIIgM across the
different groups, potentially due to the pentameric structure of IgM
compared with the monomeric structure of IgG. Only very low
MFIIgG values were measured in the plasma samples following intra-
venous and intramuscular administration, and thus the IgG adsorp-
tion to the capturing LNPs was not significantly higher than in plasma
from untreated animals. Similar to what we observed for IgM, subcu-
taneous doses of LNPs led to a significant increase in plasma concen-
tration of anti-LNP IgG, which was 11-fold higher than in untreated
animals. In conclusion, high doses of subcutaneously administered
Molecul
LNPs will lead to a substantial generation of ALAs, giving a strong
risk of generating antibodies that could potentially lead to immune re-
actions upon later exposure to PEGylated therapeutics. In addition,
intravenous and intramuscular doses also lead to small but significant
increase in ALAs, but only of the IgM class.

Generation of anti-PEG antibodies against intravenously adminis-
tered PEGylated liposomes results in accelerated blood clearance
(ABC) of a second liposome dose administered in the weeks following
the first dose.32 This ABC phenomenon is known to be inversely dose
dependent, because a high dose of PEGylated nanoparticles leads to
anergy of the marginal zone B cells in the spleen producing the
anti-PEG antibodies and thus results in overall tolerance toward the
PEGylated nanocarrier.2,51 Therefore, we next investigated if a
reduced dose of LNPs would lead to even higher generation of
ALAs than what we observed for LNPs carrying 0.3 mg/kg mRNA.
To do this, we reduced the dose by 1,000-fold to 0.0003 mg/kg
(0.3 mg/kg), which resembles the dose at which the COVID-19 vac-
cines Spikevax and Comirnaty are administered (1.42 and 0.42 mg/
kg, respectively, for an adult weighing 70 kg14). The anti-LNP IgM in-
tensity (MFIIgM) in blood plasma samples following intravenous, sub-
cutaneous, or intramuscular doses, compared with the baseline in
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 453
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Figure 3. Blood plasma concentration of anti-LNP

IgM and IgG depends on administration route

(A) Mean IgM AF488 fluorescence intensity (MFIIgM)

quantifying the IgM ALAs for LNPs administered at a high

mRNA dose (0.3 mg/kg) through i.v., s.c., or i.m.

administration. (B) Mean IgG AF488 fluorescence in-

tensity (MFIIgG) quantifying the IgG ALAs for LNPs

administered at a high mRNA dose (0.3 mg/kg) through

i.v., i.m., or s.c. administration. Each data point repre-

sents the measurement from a single mouse, each point

of which corresponds to the average measured binding

to at least 3,000 LNPs. N = 5. Bars show mean (SD).

Statistics is based on a Brown-Forsythe and Welch

ANOVA test with Dunnett’s T3 adjustment for multiple

comparisons, comparing each sample with the

untreated control. *p > 0.05, **p > 0.005, ****p > 0.0001. Statistics are only shown for comparisons with the untreated control: other comparisons, and exact p

values for all comparisons, are listed in Table S2.
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untreated animals, is shown in Figure 4A. For intravenous injections,
the MFIIgM had increased approximately 3-fold compared with the
high dose (p = 0.0063). In sharp contrast, the decrease in dose led
to a 5-fold decrease in MFIIgM for the subcutaneously dosed LNPs
(p = 0.0006). For intramuscular injections, the MFIIgM value dis-
played some variability for the five animals exposed to low LNP doses,
but was neither significantly higher than the baseline value in un-
treated animals, nor different from what we observed for the
high dose.

For the same plasma samples, we also quantified the concentration of
anti-LNP IgG (Figure 4B). For low LNP doses administered intrave-
nously, the MFIIgG was highly variable, ranging from 37 to 276, with
an average of 135. Similar to what we observed for IgM, there was thus
also a trend toward an increase in anti-LNP IgG when decreasing the
dose, as the high dose gave MFIIgG values between 18 and 56.
Following subcutaneous administrations of low LNP doses, the
MFIIgG was (apart from one sample) typically similar to the value
found in plasma from untreated animals, and thus dramatically
decreased compared with the high LNP doses. The MFIIgG for low
intramuscular LNP doses was similar to what we observed for the
high doses and to what we measured in plasma from untreated
mice. In conclusion, a reduction of the LNP dose leads to a strong in-
crease in ALAs for intravenous administration, a remarkable decrease
in ALAs for subcutaneous administration, while ALA generation
following intramuscular injections was dose independent and re-
mained low.

DISCUSSION
Nanomedicines were until recently a group of therapeutics mainly
used for delivery of cytotoxic drugs to cancer cells.1 Decades of
research has therefore investigated how intravenously dosed lipo-
somes interact with the immune system.52 With the advent of
mRNA therapeutics for vaccinations, new types of LNPs with other
cargoes are now being developed. Investigating the effect of adminis-
tration route and dose is thus of particular interest for LNPs, as low
doses administered intramuscularly have proven to be relatively
safe when applied for COVID-19 vaccines.14,53 However, LNPs may
454 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
in the near future be applied to many other therapeutic areas, where
alternative doses and administration routes are used.3–7 Since admin-
istration route determines the lymphoid organs taking up the parti-
cles, with different mechanisms being observed in spleen and lymph
nodes for antibody responses toward polymeric particles37 adminis-
tration route may emerge as a key regulator of ALA generation.41

The dose concentration may be of particular importance too, as dif-
ferences in this have been proposed to be the cause for higher anti-
body generation toward the Moderna vaccine Spikevax compared
with the Pfizer/BioNTech vaccine Comirnaty.54 These new technolo-
gies have many exciting applications,4 but rather than assuming that
previously learned lessons can be applied to these new platforms,14

the limitations and safety issues need to be closely investigated for
any new use of the technology.

In this work, we report that the amount of ALAs increases with dose
following subcutaneously injection of LNPs, which is in sharp
contrast to the inverse dose dependence observed for intravenous in-
jections both here and in previous studies on PEGylated liposomes.32

We propose that the reason for the high amounts of ALAs generated
following subcutaneous injections is because the drug depot created
upon subcutaneous injections slowly releases LNPs into blood circu-
lation.55,56 Effectively, this will result in a low blood concentration of
LNPs, leading to a similar antibody generation as for low intravenous
LNP doses. Lack of control for this administration route is well known
in rodents,55 explaining the high variability we observed for the low
doses. Rather than intact LNPs escaping from the subcutaneous depot
into the blood, PEG lipids could also reach blood circulation by
dissociating from the LNPs and associating to proteins or bio-
nanoparticles.57 Supporting this scenario is the fact that clinically
approved LNPs use PEG lipids with short acyl chains, resulting in
quick shedding from the LNP surface, allowing the particle to be effi-
ciently internalized and escaping the endosome with the RNA
cargo.58,59 The observations for subcutaneous injections pinpoints a
potential issue with subcutaneously administered LNPs, as anti-
PEG immunity cannot be circumvented by increasing the dose, which
should give precautions for researchers attempting to design thera-
peutics for such systems and administration routes. The different
023



Figure 4. Blood plasma concentration of anti-LNP

IgM and IgG depends on administration route

(A) Mean IgM AF488 fluorescence intensity (MFIIgM)

quantifying the IgM ALAs for LNPs administered at a low

mRNA dose (0.0003 mg/kg) through i.v., s.c., or i.m.

administration. (B) Mean IgM AF488 fluorescence in-

tensity (MFIIgG) quantifying the IgG ALAs for LNPs

administered at a low mRNA dose (0.0003 mg/kg)

through i.v., s.c., or i.m. administration. Each data point

represents the measurement from a single mouse, each

point of which corresponds to the average measured

binding to at least 3,000 LNPs. N = 5. Bars show mean

(SD). Statistics is based on a Brown-Forsythe and Welch

ANOVA test with Dunnett’s T3 adjustment for multiple

comparisons comparing each sample with the untreated

control. *p > 0.05, **p > 0.005, ****p > 0.0001. Statistics are only shown for comparisons to the untreated control: other comparisons and exact p values for all

comparisons, are listed in Table S2.
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dose-dependent results obtained for intravenous and subcutaneous
administrations underpins how lessons learned from one administra-
tion route cannot be assumed to apply to another administration
route.

For intramuscular LNP injections, under some circumstances we did
observe a significant increase in ALA generation compared with un-
treated mice. Typically, however, intramuscular injections led to ALA
concentrations similar to or lower than intravenous or subcutaneous
injections, and remained low irrespective of the dose. This type of in-
jection may therefore be considered safer with respect to anti-LNP
immunity, compared with the other tested administration routes.
Despite this, it has been reported recently that subjects vaccinated
with the Moderna COVID-19 vaccine (Spikevax) have increased
plasma concentrations of anti-PEG antibodies,26,27 and that these an-
tibodies can mediate increased neutrophil clearance of PEGylated
therapeutics.26 Indeed, recent studies have demonstrated mRNA
transfection in the liver following intramuscular injections of FLuc-
carrying LNPs,60 indicating that LNPs do escape from the muscle
into the bloodstream. It is, however, unclear why the ALA generation
for this administration route differs so remarkably from both the
intravenous and subcutaneous routes. Irrespective of the underlying
mechanism, and despite most likely being a matter of tradition rather
than a matter of avoiding anti-LNP immunity,61 the intramuscular
route used for administration of COVID-19 mRNA vaccines seems
to have been a wise choice with respect to limiting ALA generation,
despite reports of improved vaccine efficacy following subcutaneous
administration.62

We studied the ALA generation inspired by a recently developed
technique,31 allowing investigations of protein binding to authentic
LNP surfaces, taking into account the exact surface curvature, PEG
density, zeta potential, and stiffness of the drug delivery vehicle in
question. Whereas classical ELISAs, where an antigen such as the
PEG lipid is immobilized onto a planar surface, cannot accurately
reflect the binding scenario to an actual LNP surface, ELISAs have
been developed where whole LNPs are immobilized in ELISA
wells.27,29 Our microscopy images, however, clearly show significant
Molecul
background binding to the surface (Figures 1C, S1, and S4), which
would most likely require blocking to prevent or harsh washing to re-
move, potentially affecting the integrity of the immobilized LNPs
and/or resulting in detachment of the detection LNPs. The herein
presented methodology instead allows for gentle washing, and
furthermore extraction of the background signal in a sample-specific
manner, rather than measuring the background in a separate sample.
In addition, when using confocal microscopy for detecting binding,
the assay gains single-particle resolution, allowing for detecting
both ALA-positive and ALA-negative LNPs in the same ensemble
(Figures 2, S1, and S5). The underlying reason for this binding hetero-
geneity is currently unknown, but could be related to inhomogeneity
in PEG density or surface charge of the individual LNPs in the sample.
A drawback of the assay is, however, that the exact component of the
LNP formulation being responsible for the ALA generation is not
confirmed. As the part of the LNP “seen” by the surrounding environ-
ment will mainly be PEG, it will most likely be the PEG lipid, which
is the exact antigen of the LNP, which is supported by reports on
cross-interactions between ALAs and PEGylated liposomes,26 hyper-
sensitivity reactions to PEG-based bowel cleansing agents following
vaccination with Spikevax,16 and impaired circulation properties of
PEGylated hemophilia medicine following vaccination with Comir-
naty.24 As patients developing hypersensitivity reactions to LNPs
and PEGylated liposomes do not respond to non-conjugated PEG,
the recognition seems to be highly context dependent.63 Overall,
this supports the necessity of distinguishing between anti-PEG anti-
bodies and ALAs, with studies on the latter requiring a methodology
as the one presented in this work.

Conclusion

Generation of antibodies against LNPs carrying mRNA was studied
following injections of such LNPs through the intravenous,
subcutaneous, or intramuscular route. High LNP doses administered
intravenously and intramuscularly led to a small but significant in-
crease in detectable ALAs, whereas subcutaneous administration re-
sulted in very high levels of ALAs of both the IgG and IgM class,
and significantly more than for the alternative administration routes
investigated. While the ALA generation could be alleviated for
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 455
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subcutaneous injections by decreasing the dose, the ALA generation
following intravenous injections increased significantly when the
dose was lowered. In contrast, intramuscular LNP injections only re-
sulted in low amounts of ALAs being generated irrespective of the
dose, indicating that this administration route is relatively safe with
respect to anti-nanoparticle immunity upon repeated dosing, or
cross-reactions with other therapeutics. Together, these findings
highlight that anti-LNP immunogenicity needs to be investigated in
detail, before the mRNA/LNP technology is applied for other thera-
peutic areas, requiring alternative administration routes and altered
doses.

MATERIALS AND METHODS
Materials

EGFP-encoding mRNA (5-methoxy uridine modified and CleanCap
capped) was acquired from TriLink (San Diego, CA). Ethanol,
nuclease-free water, NaCl (10 M nuclease-free aqueous solution)
and Triton X-100 was acquired from Merck/Sigma Aldrich
(Darmstadt, Germany). (4-(2-Hydroxyethyl)-1-piperazineethanesul-
fonic acid) (HEPES) (1 M nuclease-free aqueous solution) was ac-
quired from Thermo Fisher Scientific (Waltham, MA). Sodium
acetate (3 M nuclease-free aqueous solution) was acquired from
Thermo Fisher Scientific. 1,2-Distearoyl-sn-glycero-3-phosphocho-
line (DSPC), 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-
N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG2000-Biotin),
distearoyl-rac-glycero-3-methoxy (polyethylene glycol)-2000]) (DSG-
PEG2000), and dimyristoyl-rac-glycero-3-methoxy (polyethylene
glycol)-2000]) (DMG-PEG2000) were acquired from Avanti
Polar Lipids (Alabaster, AL). Cholesterol was acquired from Lipoid
(Ludwigshafen, Germany). (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,
31-tetraen-19-yl 4-(dimethylamino)butanoate (DLin-MC3-DMA)
was acquired from MedChemExpress (Monmouth Junction, NJ).
1,10-Dioctadecyl-3,3,30,30-tetramethyl-indo-di-carbocyanine-5,50-di-
sulfonic acid (DiIC18(5)-DS, in this manuscript referred to as DiI)
was acquired from Thermo Fisher Scientific (catalog no. D12730).
The excitation/emission spectra of this fluorophore share more
similarity with the lipophilic dye DiD than with conventional DiI.
AF488-labeled anti-IgM (goat anti-mouse IgM [heavy chain] cross-
adsorbed secondary antibody, catalog no. A-21042) and anti-IgG
(goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody, cat-
alog no. A-11001) was acquired from Thermo Fisher Scientific. The
anti-IgM antibody is specific to the mu chain of IgM and therefore
only binds IgM antibodies according to the manufacturer. As the
anti-IgG antibody is generated against whole IgG, there is a probabil-
ity that it can cross-react with kappa and lambda chains of IgM,
contributing to part the overall measured IgG signal. BSA, BSA-
Biotin, and streptavidin for the SPAM assay were acquired from
Sigma-Aldrich.

LNP preparation

LNPs were prepared using a microfluidic mixing method. In brief,
lipids in powder forms were dissolved in ethanol, and the lipid stocks
were mixed to achieve the desired final molar ratio. LNPs for
injections consisted of DLin-MC3-DMA, cholesterol, DSPC, and
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DMG-PEG at a molar ratio of 50:38.5:10:1.5, with an N/P ratio 5
(30 nmol lipid per mg mRNA). In this study, the capturing LNPs
used in the SPAM assay had a comparable composition and
characteristics to the LNPs dosed in the animals, apart from the
DMG-PEG2000 lipid being replaced with DSG-PEG2000 to eliminate
PEG shedding during the plasma incubation of the LNPs and
thereby simplifying the kinetics in the experiment. Also, 0.1 mol %
DSPE-PEG2000-Biotin was added to the SPAM formulation for
immobilization, and 0.5mol % DiI was added for imaging.

The lipid mixture was diluted in ethanol to a final concentration of
24 mM total lipid, and the mRNA stock was diluted in sodium acetate
buffer (25 mM [pH 4.0]) to a final concentration of 200 mg/mL. The
ethanol phase and aqueous phase were mixed in a 1:3 ratio at a total
flow rate of 9 mL/min using a NanoAssemblr Ignite microfluidic
mixer from Precision Nanosystems, equipped with a NxGen mixing
cartridge. The buffer was exchanged to HEPES-buffered saline
(HBS) (25 mM HEPES 150 mM NaCl [pH 7.4]) by discontinuous di-
afiltration. Specifically, this was done by transferring the LNP stock to
AmiconUltracel 4 (100 kDaMWCO) spin filtration columns (Merck)
and diluting the LNPs 1:1 in HBS. The LNP stock was then upconcen-
trated�2 by centrifuging at 500� g at 22�C for 5–10min. Six such 1:1
diafiltration steps were performed. In the final step, the volume was
reduced to 200 mL, thus achieving a final concentration of approxi-
mately 500 mg/mLmRNA. ThemRNA concentration was determined
by disassembling the LNPs by incubating for 30 min at 60�C in 0.5%
Triton X-100, and measuring the mRNA using the Quant-iT
RiboGreen kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Fluorescence of the RiboGreen dye was measured
using a TECAN Spark microplate reader (Tecan, Männedorf,
Switzerland). Encapsulation efficiency was determined by comparing
the RNA concentration in disassembled LNPs to the RNA concentra-
tion in LNPs not being disassembled as described above. The hydro-
dynamic diameter and polydispersity index of the LNPs were
measured by dynamic light scattering using a ZetaSizer Nano ZS
fromMalvern Instruments (Malvern, Worcestershire, UK), equipped
with a 633 nm laser. The LNPs were diluted to about 6 mg/mL mRNA
in HBS, and the size measured as the average from 3 runs of 15 cycles.

Animal experiments

Experimental work was carried out using 12-week-old female
C57BL6/JRj mice obtained from Janvier Labs (Le Genest-Saint-Isle,
France) and conducted at the Technical University of Denmark.
Mice were subjected to at least 1 week of acclimation upon arrival
and were kept under controlled environmental conditions (constant
temperature, humidity, and 12:12 h light/dark cycle). All experi-
mental procedures were approved by the institutional ethical
board and the Danish National Animal Experiment Inspectorate.
For intravenous injections, LNPs (total volume 100 mL, final concen-
tration 60 mg/mLmRNA for the high dose and 0.06 mg/mL for the low
dose) were injected into the tail vein. For subcutaneous injections,
LNPs (total volume 100 mL, final concentration 60 mg/mL mRNA
for the high dose and 0.06 mg/mL for the low dose) were injected in
the neck. For intramuscular injections, LNPs (total volume 50 mL,
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final concentration 120 mg/mL mRNA for the hgih dose and 0.12 mg/
mL for the low dose) were injected into the thigh (biceps femuris).
Sublingual blood was drawn 7 days after treatment in tubes contain-
ing 5–15mMEDTA (concentration including blood volume). Plasma
was obtained after centrifugation (1,500 � g, 15 min, 4�C). Resulting
plasma fractions were collected in Protein LoBind Eppendorf tubes
(Eppendorf, Hamburg, Germany) and stored at �80�C until SPAM
analysis.

SPAM assay

To image individual LNPs we followed previously published proto-
cols31,64–67 used for tethering single liposomes onto passivated glass
surfaces and imaging them using confocal microscopy. In brief,
each chamber in an Ibidi m-slide 8-well glass coverslip for microscopy
(Ibidi, Martinsreid, Germany) was incubated with a 1 mg/mL 1:10
mixture of BSA-Biotin:BSA for 20 min at room temperature. After
washing eight times with HEPES buffer, each chamber was incubated
with 25 mg/mL streptavidin for 10 min, followed by eight additional
washes with HEPES buffer. LNPs were diluted to a final concentration
of 1 mM lipid and added to chambers on the coverslip. Unbound
LNPs were removed by washing the plate in HEPES buffer after incu-
bating for 3 min.

Next, plasma was diluted 1:20 in HEPES buffer, added to the well, and
allowed to incubate with the immobilized LNPs for 10 min. Following
two washes with HEPES buffer, secondary AF488-labeled antibodies
against the respective antibody of interest (mouse IgG or IgM) were
diluted to 1 mg/mL and added to the well. IgG binding was assessed us-
ing goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody
(Invitrogen) while IgM binding was assessed using goat anti-mouse
IgM (heavy chain) cross-adsorbed secondary antibody (Invitrogen).
With sixfluorophores per antibody according to themanufacturer, sin-
gle antibodies shouldbepossible todetect. After an additional 10minof
incubation, unbound antibodies were removed by exchanging with
fresh buffer before imaging the LNPs and detection antibodies.

For imaging LNPs we used a Nikon Ti2, Yokogawa CSU-W1 spin-
ning disc confocal microscope equipped with a 100� oil immersion
CFI Plan Apochromat Lambda NA 1.45 objective and a Photometrics
Prime 95B sCMOS detector. The DiI (LNP) channel was acquired us-
ing 500 ms exposure by a 640 nm excitation laser and detection
through a 700/75 ET band-pass filter. The ALAAF488 (ALA) channel
was acquired sequentially by using 500 ms exposure by a 488 nm laser
excitation and detection through a 520/28 BrightlLine HC band-pass
filter. Data were analyzed using custom-made routines in Igor Pro
(Wavemetrics) allowing for automated spot detection and 2D Gauss
fitting to individual diffraction limited intensity spots to extract the
integrated intensity for both the DiI (LNP) and AF488 (ALA) chan-
nels for each individual LNP. Data treatment was done using Excel.
Statistical analysis was performed in GraphPad Prism.
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