Journal of Controlled Release 371 (2024) 455-469

ontrolled
release

Contents lists available at ScienceDirect “@ " journal of

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

ELSEVIER

Check for

EGFR-targeted ionizable lipid nanoparticles enhance in vivo mRNA delivery |
to the placenta

Hannah C. Geisler ?, Aditi A. Ghalsasi “, Hannah C. Safford ?, Kelsey L. Swingle *, Ajay S. Thatte *,
Alvin J. Mukalel *, Ninggiang Gong “, Alex G. Hamilton“, Emily L. Han“, Benjamin E. Nachod *,
Marshall S. Padilla?®, Michael J. Mitchell %5

@ Department of Bioengineering, University of Pennsylvania, Philadelphia, PA, United States

b penn Institute for RNA Innovation, Perelman School of Medicine, Philadelphia, PA, United States

¢ Abramson Cancer Center, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

4 Institute for Immunology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

¢ Cardiovascular Institute, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

f Institute for Regenerative Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

ARTICLE INFO ABSTRACT

Keywords: The full potential of ionizable lipid nanoparticles (LNPs) as an in vivo nucleic acid delivery platform has not yet
Lipid nanoparticles been realized given that LNPs primarily accumulate in the liver following systemic administration, limiting their
Pregnancy success to liver-centric conditions. The engineering of LNPs with antibody targeting moieties can enable extra-
llziiirll;;psia hepatic tropism by facilitating site-specific LNP tethering and driving preferential LNP uptake into receptor-

expressing cell types via receptor-mediated endocytosis. Obstetric conditions stemming from placental
dysfunction, such as preeclampsia, are characterized by overexpression of cellular receptors, including the
epidermal growth factor receptor (EGFR), making targeted LNP platforms an exciting potential treatment
strategy for placental dysfunction during pregnancy. Herein, an EGFR antibody-conjugated LNP (aEGFR-LNP)
platform was developed by engineering LNPs with increasing densities of antibody functionalization. aEGFR-
LNPs were screened in vitro in immortalized placental trophoblasts and in vivo in non-pregnant and pregnant
mice and compared to non-targeted formulations for extrahepatic, antibody-targeted mRNA LNP delivery to the
placenta. Our top performing LNP with an intermediate density of antibody functionalization (1:5 aEGFR-LNP)
mediated a ~twofold increase in mRNA delivery in murine placentas and a ~twofold increase in LNP uptake in
EGFR-expressing trophoblasts compared to non-targeted counterparts. These results demonstrate the potential of
antibody-conjugated LNPs for achieving extrahepatic tropism, and the ability of aEGFR-LNPs in promoting
mRNA delivery to EGFR-expressing cell types in the placenta.

1. Introduction negative charge [4,5]. Because LNPs are able to efficiently encapsulate

large, negatively-charged nucleic acid cargo, systemic administration of

Ionizable lipid nanoparticles (LNPs) have emerged as the most
clinically advanced nucleic acid delivery platform following the Food
and Drug Administration (FDA) approval of Alnylam’s siRNA thera-
peutic for transthyretin amyloidosis in 2018 and Moderna and Pfizer/
BioNTech’s COVID-19 mRNA vaccines in 2021 [1-3]. As a non-viral
delivery platform, LNPs have demonstrated great preclinical and clin-
ical success given their ability to overcome the in vivo barriers to de-
livery associated with naked nucleic acids, including rapid degradation
by nucleases and poor intracellular uptake due to their large size and

LNPs has enabled intracellular uptake and potent protein expression in a
variety of cell types [2,6,7].

Despite these key advantages, challenges remain in developing new
LNP platforms for broad use across disease applications given that LNPs
primarily accumulate in the liver through the first-pass hepatic clear-
ance effect and apolipoprotein E (ApoE)-mediated pathways [8]. As a
result, LNPs are rapidly cleared from the bloodstream and have been
limited in their application for liver-centric conditions [9-11]. However,
recent pre-clinical studies have highlighted the importance of rational
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design in the development of novel LNP platforms, which have enabled
LNP-mediated mRNA delivery to extrahepatic organs including the
spleen, lungs, and bone marrow [12-14] and demonstrated the thera-
peutic potential of LNP platforms in treating conditions of extrahepatic
origin. Together, these works highlight the ongoing need for the inclu-
sion of novel design features to engineer LNP formulations capable of
escaping hepatic clearance and achieving extrahepatic, tissue-specific
delivery.

Recently, our group and others have begun to investigate the use of
mRNA LNPs for therapeutic applications during pregnancy — specifically
for extrahepatic mRNA delivery to the placenta to treat placental
dysfunction [15-18]. The placenta is a transient organ that develops
during pregnancy, wherein it acts to protect the fetus from potentially
harmful agents in maternal circulation while mediating nutrient/oxygen
exchange [19]. As pregnancy progresses, approximately one-quarter of
cardiac output gets shunted to the developing placenta and fetus [20],
and maternal utero-placental (spiral) arteries undergo rapid remodeling
to support this newfound demand for blood supply [21,22]. Dangerous
obstetric complications, including preeclampsia, fetal growth restric-
tion, miscarriage, preterm labor, and fetal death, can arise when
dysfunctional placental development and/or vascular remodeling oc-
curs [22,23]. Many conditions that arise from placental dysfunction,
including preeclampsia, are marked by systemic under- or over-
expression of specific pathologic proteins, making placental disorders
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an attractive application for LNP-mediated nucleic acid therapy. How-
ever, given ethical concerns regarding the potential toxicity of thera-
peutic agents to the unborn fetus, pregnant patients have been
historically excluded from clinical trials, resulting in a substantial
shortage of therapeutics approved for obstetric complications [24-27]
and presenting a potential need for sophisticated nanoparticle platforms
capable of achieving tissue-specific delivery to the placenta while
limiting transfer of therapeutic agents from the maternal bloodstream
into fetal circulation.

Since LNP shape, size, and chemical composition can influence their
biodistribution, preclinical studies have largely focused on modulating
physicochemical LNP properties to manipulate in vivo fate and achieve
extrahepatic delivery [28,29]. Besides altering physicochemical prop-
erties, LNP tissue tropism can be achieved through active targeting ap-
proaches, including nanoparticle conjugation to chemical or biological
moieties such as antibodies, peptides, aptamers, and more [30-33],
which possess innate affinity for cellular receptors or membrane pro-
teins [11,29]. The use of active targeting is particularly advantageous in
diseased states marked by abundant overexpression of cellular re-
ceptors, as targeting moieties can enable site-specific accumulation and
tethering of LNPs. Further, active targeting moieties can drive prefer-
ential nanoparticle uptake via receptor-mediated endocytosis into key
cell types implicated in a given disease (Fig. 1A), reducing drug expo-
sure in off-target tissues, and thereby increasing therapeutic efficacy

Antibody-
conjugated LNPs
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Fig. 1. Antibody-conjugated ionizable lipid nanoparticles (LNPs) for targeted mRNA delivery to the murine placenta. (A) Schematic depicting cellular
uptake of antibody-conjugated LNPs in placental cells via receptor-mediated endocytosis. (B) Left: structure of the murine placenta. Right: zoomed in view of the
placental labyrinth where EGFR antibody-conjugated LNPs in maternal blood come in contact with EGFR-expressing trophoblast giant cells in the placenta.

456



H.C. Geisler et al.

[34]. In addition, it has been reported that actively targeted nano-
particles demonstrate enhanced therapeutic efficacy at lower doses
when compared to their passively targeted counterparts, allowing for
potential dose sparing and improved safety profiles, which is particu-
larly critical in the design of therapeutics for obstetric conditions [35].
To this end, we sought to engineer LNPs with active targeting moieties to
enhance mRNA delivery to the placenta during pregnancy.

In previous works, maleimide-thiol chemistry has frequently been
employed to generate ligand-decorated nanoparticles [36-38]; howev-
er, maleimide is susceptible to hydrolysis, and studies have shown that
preparation methods, including nanoparticle dialysis in PBS, can
decrease maleimide reactivity by up to 50% [39,40]. Further, the use of
maleimide-thiol chemistry has been reported to produce diverse reac-
tion products [41]. Another popular conjugation strategy, the anchored
secondary scFv enabling targeting platform, or ASSET, has demon-
strated successful targeting to a variety of cell types [42,43], but re-
quires production of recombinant proteins and is currently limited by
antibody isotype [44]. Given these limitations, we chose to employ
strain-promoted azide alkyne cycloaddition (SPAAC), known for its
highly efficient kinetics and selectivity [45], to engineer antibody-
conjugated LNPs. Importantly, SPAAC chemistry can be performed in
mild reaction conditions and is insensitive to oxygen and water [46],
allowing for simple, straight-forward production of stable antibody-
conjugated LNPs.

In this work, we engineered epidermal growth factor receptor
(EGFR) antibody-conjugated LNPs (aEGFR-LNPs) to increase
trophoblast-specific uptake and mRNA expression in the placenta for
applications in treating pregnancy complications. We utilized SPAAC
chemistry to engineer LNPs with increasing amounts of EGFR antibody
on the LNP surface. Luciferase mRNA expression of aEGFR-LNPs was
evaluated in vitro in immortalized placental trophoblasts and in vivo in
non-pregnant and pregnant mice. Our top performing LNP with an in-
termediate density of antibody functionalization demonstrated
enhanced in vivo luciferase expression in murine placentas compared to
non-targeted formulations. We show that DiR-labeled aEGFR-LNPs
exhibit a ~twofold increase in cellular uptake in EGFR-expressing tro-
phoblasts compared to non-targeted counterparts. Together, these re-
sults demonstrate the use of antibody-conjugated LNPs for achieving
extrahepatic tropism and the ability of aEGFR-LNPs to enhance mRNA
delivery to the placenta with the potential to treat obstetric conditions.

2. Results and discussion
2.1. Engineering EGFR antibody-conjugated LNPs

Recent work by our group identified a novel ionizable lipid,
C12-494, capable of facilitating mRNA LNP delivery to the placenta
[15]. To further enhance placental tropism with this LNP formulation,
we sought to functionalize the LNP surface with antibody moieties tar-
geting EGFR. EGFR is abundantly expressed in both human and murine
placentas (Fig. 1B) and plays a vital role in regulating growth and
development of trophoblasts — the main cell type of the placenta
[47,48]. Importantly, EGFR expression is primarily found in tropho-
blasts that are in direct contact with maternal blood — the syncytio-
trophoblast layer [48,49] and trophoblast giant cells [50] in humans and
mice, respectively. EGFR expression is further upregulated during
placental dysfunction [51], making EGFR an attractive receptor for
targeted drug delivery to the placenta during both healthy and
dysfunctional pregnancies.

Here, we formulated LNPs with the C12-494 ionizable lipid and
conjugated EGFR antibodies to the LNP surface to enable active tar-
geting to the placenta. LNPs were formulated via chaotic mixing in a
microfluidic device by combining an organic lipid phase and an aqueous
mRNA phase as previously described [52]. Lipid components were
combined in ethanol according to the standard excipient molar ratios
used for mRNA delivery: 35% ionizable lipid, 16% 1,2-dioleoyl-sn-
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glycero-3-phosphoethanolamine (DOPE), 46.5% cholesterol, and 2.5%
lipid-anchored polyethylene glycol (PEG) [6]. To facilitate antibody
functionalization, lipid-anchored PEG-azide was substituted as a frac-
tion of the total lipid-PEG at varying ratios (Table S1), as the addition of
azide to the LNP surface allows for conjugation with dibenzocyclooctyne
(DBCO)-labeled antibodies via SPAAC [40,53].

It is well understood that the density of targeting moieties on the
surface of nanoparticles can influence LNP fate, including protein
corona formation, LNP biodistribution, and cellular-level LNP uptake
[29,54]. More specifically, studies have demonstrated that intermediate
ligand densities may be preferred for cellular-level targeting, as high
ligand densities can saturate cellular receptors [54,55]. However, the
relationship between targeting ligand density and nanoparticle uptake
may depend on other factors, such as receptor density in the cellular
membrane and receptor spatial orientation [55]. Here, LNPs were
generated with four different molar substitution ratios of lipid-PEG-
azide:lipid-PEG (1:2, 1:3, 1:5, and 1:7) to evaluate the influence of
antibody functionalization density on mRNA LNP delivery to placental
trophoblasts. Following microfluidic formulation, azide-containing
LNPs were incubated overnight with DBCO-functionalized EGFR anti-
bodies to generate aEGFR-LNPs (Fig. 2A), and unconjugated antibodies
were separated from LNPs via size exclusion chromatography.
Throughout this work, mRNA transfection efficiency of aEGFR-LNPs was
compared against two non-targeted formulations: LNP S1, a standard
formulation containing no azide, and LNP A1, an azide control formu-
lation containing a 1:5 substitution of lipid-PEG-azide:lipid-PEG.

After formulation, LNPs were characterized on the basis of size,
antibody concentration, mRNA encapsulation efficiency, zeta potential,
stability, and pK,.(Table S1, Table S2). Successful antibody conjugation
to the LNP surface was marked by an increase in LNP size measured
using dynamic light scattering (DLS). The addition of lipid-PEG-azide
alone (LNP Al) did not change LNP diameter when compared to the
standard formulation (LNP S1) and, thus, the observed increases in LNP
diameter for aEGFR-LNPs were attributed to antibody conjugation
(Table S2). LNP size and antibody functionalization density increased
monotonically with increasing substitution of lipid-PEG-azide (Fig. 2B,
Table S1), perhaps owing to the highly efficient kinetics of SPAAC
chemistry [40]. The zeta potential of all LNPs remained overall neutral,
with the surface charge of aEGFR-LNPs decreasing slightly compared to
the non-targeted formulations, consistent with the weak negative net
charge carried by immunoglobulins [56]. Antibody conjugation and
subsequent size exclusion chromatography did not affect mRNA
encapsulation efficiency (Fig. 2C). To examine whether antibody func-
tionalization affects LNP stability over time, LNPs were incubated in PBS
at 37 °C for 48 h, and LNP diameter was measured at one-hour intervals
via DLS. All LNPs remained stable over the 48 h period, with no in-
dications of significant aggregation of aEGFR-LNPs when compared to
LNP S1 and LNP Al (Fig. 2D). LNP pK, values ranged from 5.7 to 6.6
(Fig. 2E), with the pK, of aEGFR-LNPs remaining comparable to non-
targeted formulations.

2.2. aEGFR-LNPs enhance in vitro mRNA delivery to trophoblasts

To evaluate whether aEGFR-LNPs can enhance in vitro mRNA de-
livery, LNPs were formulated encapsulating nucleoside-modified lucif-
erase mRNA as a reporter cargo. In vitro screening was performed in the
EGFR-expressing human choriocarcinoma JEG-3 cell line, a common in
vitro model of human placental trophoblasts [33,57]. JEG-3 cells were
treated with LNP S1, LNP Al, or aEGFR-LNPs at a dose of 50 ng of mRNA
per 50,000 cells, and luciferase expression as a measure of functional
mRNA delivery was evaluated 24 h following treatment (Fig. 3A).
Luciferase mRNA delivery with LNP A1l did not differ from luciferase
mRNA delivery with the previously validated placenta-tropic S1 LNP
formulation, confirming that the addition of lipid-PEG-azide in the LNP
formulation alone does not confer active targeting capabilities, nor does
the addition of lipid-PEG-azide decrease LNP-mediated in vitro luciferase
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Fig. 2. aEGFR-LNP formulation and characterization. (A) LNPs containing lipid-PEG-azide were reacted with DBCO-labeled EGFR antibodies to generate EGFR
antibody-conjugated LNPs (aEGFR-LNPs). (B) Hydrodynamic (z-average) diameter, (C) mRNA encapsulation efficiency, zeta potential, (D) hydrodynamic (z-average)
diameter in aqueous solution over 48 h, and (E) pK, characterization of non-targeted LNP S1 and LNP Al and aEGFR-LNPs with decreasing densities of antibody
functionalization. Data are reported as mean + standard deviation (n = 3 observations). Ordinary one-way ANOVA with post hoc Student’s t-tests using the

Holm-Sidak correction for multiple comparisons was used to compare hydrodynamic diameter to LNP Al.

mRNA delivery. Given this finding, the measured luciferase expression
for all aEGFR-LNPs was compared to LNP Al in all subsequent experi-
ments. Three of the aEGFR-LNP antibody densities (1:2, 1:3, and 1:5
aEGFR-LNPs) demonstrated a significant increase in luciferase mRNA
delivery compared to LNP Al. The highest luciferase expression was
observed with the highest density of antibody functionalization (1:2
aEGFR-LNPs), with luciferase expression decreasing across lower anti-
body densities (1:3 and 1:5 aEGFR-LNPs). Luciferase expression
following treatment with the lowest density of antibody functionaliza-
tion (1:7 aEGFR-LNPs) did not significantly differ from LNP S1 and LNP
Al non-targeted controls. To confirm that enhanced luciferase expres-
sion following treatment with aEGFR-LNPs was specific to EGFR tar-
geting, 1:5 aEGFR-LNPs were screened in vitro against LNPs conjugated
with CD3 antibodies (1:5 aCD3-LNPs) as a negative control for placental
trophoblasts (Fig. S1). EGFR antibody-conjugated LNPs demonstrated
enhanced luciferase expression compared to LNP Al, but luciferase
expression following treatment with CD3 antibody-conjugated LNPs did
not differ significantly from LNP Al, confirming that the presence of
antibodies alone is not sufficient to confer enhanced, targeted mRNA
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p < 0.0001.

delivery to trophoblasts. Finally, cell viability was not affected across
formulations at a dose of 50 ng of mRNA per 50,000 cells. (Fig. 3B).
Next, we sought to examine the effects of EGFR antibody-targeting
on in vitro luciferase expression and cytotoxicity in a dose-dependent
manner. At doses ranging from 10 ng — 100 ng of mRNA per 50,000
cells, all four aEGFR-LNPs demonstrated a significant increase in lucif-
erase expression compared to LNP Al (Fig. 3C). Consistent with our
initial screen at a dose of 50 ng of mRNA, the most densely functional-
ized nanoparticle formulation (1:2 aEGFR-LNPs) induced the highest
luciferase expression compared to LNP Al, while the least densely
functionalized nanoparticle formulation (1:7 aEGFR-LNPs) mediated the
least improvement in luciferase mRNA delivery compared to LNP Al
across most doses. As the mRNA dose increased, enhancement in lucif-
erase expression for all aEGFR-LNPs decreased compared to the non-
targeted LNP Al, potentially due to a saturation of EGFR receptors
[58]. At the highest dose tested, luciferase expression mediated by
aEGFR-LNPs did not significantly differ from LNP Al. To quantify this
effect, we examined the fold change in luminescence across doses for
aEGFR-LNPs compared to LNP Al (Fig. S2); all aEGFR-LNPs
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Fig. 3. aEGFR-LNPs enhance luciferase mRNA delivery to placental trophoblasts in vitro. (A) Luciferase expression and (B) cell viability in JEG-3 trophoblast
cells 24 h after treatment with non-targeted LNPs S1 or A1 or aEGFR-LNPs at a dose of 50 ng of luciferase mRNA per 50,000 cells. Normalized luciferase expression
was quantified by subtracting bioluminescence values from untreated cells and normalizing to cells treated with LNP A1l (dashed line in (A)). (C) Luciferase
expression and (D) cell viability in JEG-3 trophoblast cells 24 h after treatment with non-targeted LNPs S1 or Al or aEGFR-LNPs. Cells were treated in a dose-
dependent manner at 10, 25, 50, 100, and 250 ng of luciferase mRNA per 50,000 cells. Normalized luciferase expression was quantified by subtracting biolumi-
nescence values from untreated cells and normalizing to cells treated with LNP Al at the lowest dose. Percent cell viability for each treatment condition was
normalized to untreated cells. Results are reported as mean + SEM from n = 5 biological replicates. Nested one-way ANOVA with post hoc Student’s t-tests using the
Holm-S$idak correction for multiple comparisons was used to compare the luciferase expression or cell viability across treatment groups to LNP Al. * p < 0.05, ** p <

0.01, ***p < 0.001, ****p < 0.0001.

demonstrated the greatest increase in luciferase expression at doses of
10 ng and 25 ng of mRNA, consistent with previous works reporting that
therapeutic efficacy requires lower doses of actively targeted nano-
particles compared to their non-targeted counterparts [35]. Impor-
tantly, minimal cytotoxicity was observed across formulations when
compared to LNP Al (Fig. 3D).

2.3. Pregnancy alters aEGFR-LNP in vivo biodistribution

Three out of four aEGFR-LNP formulations (1:2, 1:3, and 1:5 aEGFR-
LNPs) demonstrated strong and consistent improvements in luciferase
mRNA delivery in vitro compared to LNP Al across most doses and, thus,
were selected for further screening in vivo. Given the current lack of
knowledge surrounding changes in nanoparticle behavior due to phys-
iologic changes that occur during pregnancy, we first chose to evaluate
biodistribution of aEGFR-LNPs in non-pregnant and pregnant mice.
LNPs were formulated encapsulating luciferase mRNA, and non-
pregnant and gestational day E16 pregnant mice were treated with
PBS, LNP S1, LNP A1, or aEGFR-LNPs at a dose of 0.4 mg of mRNA per kg
body mass via tail vein injection. 6 h after treatment, mice received an
intraperitoneal injection of D-luciferin before euthanasia. Maternal or-
gans, placentas, and fetuses were removed for bioluminescence imaging
using an in vivo imaging system (IVIS).

In our previous work, LNPs formulated with the placenta-tropic
C12-494 ionizable lipid demonstrated reduced liver delivery and
enhanced splenic delivery compared to an industry standard liver-tropic
C12-200 LNP formulation, potentially due to increased
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electronegativity conferred by the presence of ether bonds in the
C12-494 structure [15,16]. As expected, we observed similar tropism
with all of our LNP formulations in this work, with substantial extra-
hepatic luciferase expression in the spleen and low luciferase expression
in the liver in both non-pregnant and pregnant mice (Fig. 4A,B). Inter-
estingly, aEGFR-LNPs, but not their non-targeted counterparts, trended
towards higher spleen:liver luminescence ratios in pregnant mice
compared to non-pregnant mice (Fig. S3).

In non-pregnant mice, 1:3 and 1:5 aEGFR-LNPs demonstrated
enhanced luciferase expression in the liver and spleen compared to LNP
Al (Fig. 4C) whereas, in pregnant mice, luciferase expression in the liver
and spleen following treatment with aEGFR-LNPs did not differ signifi-
cantly from LNP Al (Fig. 4D). Only 1:5 aEGFR-LNPs resulted in higher
mean luciferase expression (p = 0.055) in the spleens of pregnant mice
compared to LNP Al. In humans, the placenta is the highest EGFR-
expressing organ; however, in mice, abundant EGFR expression has
been reported in the placenta and liver [50,59,60]. Thus, the observed
enhanced luciferase expression with aEGFR-LNPs in the livers of non-
pregnant mice compared to LNP Al may be a result of targeted de-
livery to EGFR-expressing cells in the liver. In fact, 1:3 and 1:5 aEGFR-
LNPs significantly enhanced luciferase expression in the livers of non-
pregnant mice compared to pregnant mice (Fig. S4). The reduction in
liver delivery of aEGFR-LNPs in pregnant mice compared to non-
pregnant mice is likely then a result of shifted cardiac output during
pregnancy, combined with active targeting to the EGFR-expressing
placentas.

The enhanced splenic delivery of 1:5 aEGFR-LNPs compared to LNP
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460



H.C. Geisler et al.

Al in both non-pregnant and pregnant mice is potentially a result of
antibody-conjugated LNP trafficking to the spleen. It has been reported
that the spleen is a site of accumulation for monoclonal antibodies:
increased leakiness of splenic capillary beds demonstrate decreased
repulsion and enhanced penetration of negatively charged immuno-
globulins [61,62]. Following accumulation in the spleen, antibodies
may then be cleared from circulation via immune cell-mediated path-
ways or recycled via the neonatal Fc receptor (FcRn). Given their role as
phagocytic blood filters, splenic macrophages and neutrophils in the
spleen interact with Fc regions on antibodies, leading to internalization
and destruction [61]. The spleen also has rich FcRn expression, which
may facilitate immunoglobulin recycling to plasma. In fact, it has been
reported that the spleen demonstrates the highest catabolic activity
compared to all other organs for the clearance of antibodies with FcRn
affinity but not for antibodies lacking FcRn affinity [61,63]. Interest-
ingly, splenic luciferase expression with 1:3 and 1:5 aEGFR-LNPs was
higher in non-pregnant mice compared to pregnant mice (Fig. S5),
which may be explained by the decreased alloimmune responses
observed during pregnancy due to the presence of the partially allogenic
fetus [64]. Together, these results suggest that the engineering of LNPs
with monoclonal antibodies can mediate extrahepatic delivery to the
spleen. Further, the use of antibody targeting may be advantageous
during pregnancy, as reduced alloimmune responses may limit antibody
trafficking to the spleen and subsequently enhance targeted delivery to
the placenta. These findings highlight the importance of screening
therapeutic platforms in pregnancy models, as pregnancy can result in
not only organ-level changes in biodistribution but also changes in
nanoparticle uptake and clearance.

LNP delivery to the uterus was also evaluated in both non-pregnant
and pregnant mice (Fig. 4E,F). Interestingly, in non-pregnant mice, the
non-targeted LNP S1 and LNP Al formulations resulted in the highest
uterine luminescence, whereas 1:3 and 1:5 aEGFR-LNPs demonstrated
very little uterine delivery. However, increased luminescence was
observed in pregnant mice with 1:3 and 1:5 aEGFR-LNPs (Fig. S6).
These results may be explained by the role of EGFR in the murine uterine
stroma, where EGFR signaling regulates uterine development and em-
bryo implantation during pregnancy [65]. 1:5 aEGFR-LNPs resulted in a
significant increase in luciferase expression in the uteruses of pregnant
mice compared to non-pregnant mice (Fig. 4G), suggesting that an
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intermediate antibody density may be optimal for EGFR targeting to the
uterus during pregnancy.

2.4. aEGFR-LNPs enhance extrahepatic mRNA delivery to the placenta in
pregnant mice

Next, we evaluated luciferase mRNA delivery to the placentas and
fetuses of pregnant mice to examine the effects of engineered aEGFR-
LNPs in promoting active targeting to EGFR-rich placentas (Fig. 5A).
Consistent with the observed uterine mRNA LNP delivery in pregnant
mice, the 1:5 aEGFR-LNP formulation resulted in a significant increase
(~2X) in luciferase expression in placentas compared to LNP Al and all
other LNP treatment groups (Fig. 5B).

In contrast with our in vitro findings, aEGFR-LNPs with higher anti-
body density functionalization (1:2 and 1:3 aEGFR-LNPs) did not result
in enhanced in vivo luciferase mRNA LNP delivery to the placenta. These
results confirm previous reports that in vitro screening is not always
predictive of in vivo nanoparticle behavior [66,67]. These findings
suggest that densely functionalized LNPs may perform best in vitro given
the static nature of cells and widespread availability of receptors;
however, intermediate densities of targeting moieties appear to be
optimal in vivo, potentially due to reduced steric hindrance effects and
subsequent availability of antigen binding sites [54]. Given that whole
antibodies were used to formulate our aEGFR-LNPs, it is also possible
that the increased availability of Fc regions on more densely antibody-
conjugated LNPs (1:2 aEGFR-LNPs) increases the likelihood of recog-
nition and phagocytosis by macrophages of the mononuclear phagocyte
system (MPS), leading to their rapid clearance [68,69].

In agreement with our previous work, bioluminescence was not
detected in fetuses for any LNP-treated groups (Fig. 5C), suggesting that
LNPs do not exhibit placental transfer into fetal circulation, likely due to
their large size [18]. Together, these results demonstrate the potential of
1:5 aEGFR-LNPs in enhancing extrahepatic, tissue-specific delivery to
EGFR-expressing placentas.

2.5. aEGFR-LNPs exhibit comparable splenic immune cell accumulation

Because 1:5 aEGFR-LNPs resulted in higher splenic luminescence
compared to LNP Al in both non-pregnant and pregnant mice during
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Fig. 5. aEGFR-LNPs increase luciferase mRNA delivery to placentas in vivo. (A) IVIS images of luciferase mRNA expression in murine placentas and fetuses
following treatment with non-targeted LNPs S1 or Al or aEGFR-LNPs (0.4 mg mRNA/kg body mass). Quantification of luminescence flux in the (B) placentas and (C)
fetuses in pregnant mice. Luminescence flux is reported as mean + SEM from n = 5 biological replicates with n = 3-9 placentas and fetuses per mouse. Nested one-
way ANOVA with post hoc Student’s t-tests using the Holm-Sidék correction for multiple comparisons was used to compare flux across treatment groups, *p < 0.05,

**p < 0.01, ***p < 0.001.
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biodistribution experiments, we then evaluated cellular-level uptake of
aEGFR-LNPs in murine spleens in pregnant mice to identify potential
antibody-mediated immune responses and evaluate potential antibody-
mediated influence on LNP accumulation in immune cell types. To this
end, LNP Al and 1:5 aEGFR-LNPs were labeled with the lipophilic
fluorescent DiR dye and administered to pregnant mice at a dose of 1 mg
of mRNA per kg body mass via tail vein injection. 12 h after injection,
mice were euthanized and organs were imaged.

DiR fluorescence flux in the spleen was significantly higher with LNP
Al than with 1:5 aEGFR-LNPs (Fig. 6A, Fig. S11). Interestingly, higher
mean luciferase expression was observed in the spleen during bio-
distribution experiments (p = 0.055) with 1:5 aEGFR-LNPs compared to
LNP Al. These results suggest that while 1:5 aEGFR-LNPs may promote
potent luciferase mRNA delivery and expression once inside the cell,
modification of this spleen-tropic LNP formulation with EGFR anti-
bodies may actually reduce LNP accumulation in the spleen during
pregnancy and promote extrahepatic LNP accumulation in the placenta.

To quantify LNP uptake at the cellular level, spleens were processed
to generate single cell suspensions and examined for DiR fluorescence
via flow cytometry. It has been widely established that fluorescent
proteins, such as mCherry and GFP, often require multiple copies in
order to detect signal via flow cytometry [70], and thus are not an ideal
model for evaluating mRNA delivery in vivo. Given that our bio-
distribution studies confirmed the ability of aEGFR-LNPs in facilitating
functional luciferase mRNA expression, we opted to instead evaluate the
DiR fluorescent dye as a metric of LNP uptake in cell types in the spleen
to investigate whether the engineering of LNPs with EGFR antibodies
influences splenic cellular-level LNP delivery. Spleens were stained for
the cell surface markers CD45, CD3, CD19, CD11b, and CD11c in order
to quantify LNP accumulation on a single cell level using flow
cytometry.

Approximately 52% of CD45%/CD11b™ myeloid cells were DiR™"
with no significant differences observed between LNP treatment groups
(Fig. 6C). Roughly 42% and 38% of CD45"/CD11b"/CD11c" dendritic
cells were DiR" following treatment with LNP Al and 1:5 aEGFR-LNPs
respectively (Fig. 6D). These results are consistent with previous work,
which have reported LNP accumulation in CD11b" myeloid and
CD11b*/CD11c*t dendritic cells, likely due to LNP opsonization and
phagocytosis by the MPS [10,71,72]. Given the enhanced biolumines-
cence observed in spleens during biodistribution experiments with 1:5
aEGFR-LNPs, we suspected that functionalization of LNPs with anti-
bodies could potentially lead to increased recognition and internaliza-
tion by splenic macrophages and immune cells of the MPS. However,
DiR positivity in CD457/CD11b" and CD45%/CD11b*/CD11c" cells
was not significantly different between LNP Al and 1:5 aEGFR-LNPs,
suggesting that the presence of EGFR antibodies on LNPs at an inter-
mediate density does not exacerbate phagocytic action by splenic im-
mune cells.

Around 8% of splenic CD457/CD3™ T cells were DiR" across both
LNP treatment groups (Fig. S12). Interestingly, treatment with 1:5
aEGFR-LNPs resulted in a significant reduction in uptake in CD45%/
CD19" B cells, with approximately 6% and 3% DiR*' B cells observed
with LNP Al and 1:5 aEGFR-LNPs respectively (Fig. 6E). As splenic
immune cells play a vital role in innate and adaptive immune responses
against foreign alloantigens [62], the observed similarities in accumu-
lation of 1:5 aEGFR-LNPs and LNP Al in CD11b" and CD11b*/CD11c"
antigen-presenting cells may suggest that the presence of EGFR anti-
bodies on LNPs does not elicit an exacerbated immune response when
compared to the non-targeted LNP Al. Rather, the comparable accu-
mulation of 1:5 aEGFR-LNPs and LNP Al in splenic immune cells may
speak to a potentially enhanced safety profile of aEGFR-LNPs during
pregnancy due to a diminished maternal immune responsiveness to
foreign antibodies and a resultant decrease in antibody trafficking to
immune cells in the spleen. Additional work is required to further
elucidate mechanisms of antibody-mediated immunoreactivity during
pregnancy.
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Finally, to further investigate the safety profile of engineered aEGFR-
LNPs, we selected a panel of inflammatory cytokines and measured the
relative concentration of each cytokine in serum from PBS-treated mice
compared to LNP-treated mice (Fig. 6I). As a benchmark to other LNP
platforms, we also measured serum levels of the secreted liver enzymes
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) to
probe for any potential LNP-mediated liver toxicity (Fig. S13). 12 h after
LNP administration, there were no significant changes in ALT or AST
levels in LNP-treated mice compared to PBS-treated mice. Similarly, at
12 h, relative levels of the common inflammation markers interleukin 1-
alpha (IL-1a), interleukin 1-beta (IL-1p), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), macrophage inflammatory protein 1-
alpha (MIP-1a), and stem cell factor (SCF) did not differ between PBS-
treated and LNP-treated mice. Levels of monocyte chemoattractant
protein-1 (MCP-1) and RANTES were significantly higher in LNP-treated
mice compared to PBS-treated mice; however, cytokine levels did not
significantly differ between LNP treatment groups. Granulocyte colony-
stimulating factor (G-CSF) levels were also significantly higher in LNP-
treated mice compared to PBS-treated mice, however relative G-CSF
levels were significantly higher with 1:5 aEGFR-LNPs compared to LNP
Al. Increased levels of MCP-1, RANTES, and G-CSF have all previously
been reported following administration of mRNA LNPs, as elevation of
these cytokines has been implicated in the innate immune response to
foreign nucleic acids [71]. Thus, the relative increase in MCP-1,
RANTES, and G-CSF levels in LNP-treated mice compared to PBS-
treated mice are potentially a reaction to the presence of foreign
mRNA. The additional increase in G-CSF levels observed with 1:5
aEGFR-LNPs compared to LNP Al suggests an increase in neutrophil
activity in the presence of antibody-conjugated LNPs, as the primary role
of G-CSF is regulation of neutrophil proliferation and trafficking. More
specifically, it has been reported that neutrophil expression of high-
affinity Fc receptors increases in the presence of G-CSF [73] and, thus,
increased levels of G-CSF may be indicative of neutrophil recruitment
for downstream opsonization of antibody-conjugated LNPs. Neutrophil
activation has been previously reported following LNP administration,
and is, importantly, a transient response, with G-CSF levels and
neutrophil activation typically returning to baseline levels on the order
of 48-72 h [15,71]. Given that the dosages used in this work are
consistent with those being investigated in clinical trials [74], we
believe these data support that aEGFR-LNPs do not substantially exac-
erbate the inflammatory immune response in mice when compared to
other LNP formulations and highlight the safety of 1:5 aEGFR-LNPs for
targeted mRNA delivery to the placenta during pregnancy.

2.6. aEGFR-LNPs enhance uptake in placental trophoblasts and immune
cells

Given that one of the main advantages conferred by targeted LNPs is
their ability to promote LNP uptake in specific receptor-expressing cells,
we sought to evaluate uptake and accumulation of our lead placenta-
tropic LNP formulation, 1:5 aEGFR-LNPs, on a cellular level in murine
placentas compared to LNP Al. To probe cellular-level uptake in the
placenta, DiR-labeled LNPs were administered to pregnant mice at a
dose of 1 mg of mRNA per kg body mass via tail vein injection. Mice were
euthanized 12 h after injection and placentas and fetuses were imaged
using IVIS.

DiR fluorescence flux in the placentas was significantly higher with
1:5 aEGFR-LNPs compared to LNP Al, suggesting that engineered
aEGFR-LNPs promote increased accumulation in placentas during
pregnancy (Fig. 6B, Fig. $14). DiR fluorescence was not detected in
fetuses (Fig. S14). After imaging, placentas were processed to generate
single cell suspensions and examined for DiR fluorescence via flow
cytometry. Because results from our biodistribution experiments vali-
dated the ability of 1:5 aEGFR-LNPs to induce luciferase expression in
placentas, we again chose to evaluate DiR fluorescence as a metric of
LNP uptake in the placenta to determine whether aEGFR-LNPs
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Fig. 6. In vivo splenic and placental accumulation of DiR-labeled aEGFR-LNPs. (A,B) Fluorescence IVIS images of DiR-labeled LNP Al or 1:5 aEGFR-LNP
accumulation (1 mg mRNA/kg body mass) in the (A) livers and spleens and (B) placentas and fetuses of pregnant mice. Spleens and placentas were further
analyzed via flow cytometry. Quantification and representative histograms of DiR™ cells in (C) CD457/CD11b* myeloid cells, (D) CD45%/CD11b*/CD11c™ dendritic
cells, (E) CD45%/CD19™" B cells in the spleen, (F) CK7 ™" trophoblasts, (G) CD45" immune cells, and (H) CD31" endothelial cells in the placentas. Percent DiR" cells in
the spleen and placentas are reported as mean + SEM from n = 4 and n = 5 biological replicates for PBS-treated and LNP-treated mice respectively with n = 3-8
placentas and fetuses per mouse. Representative histograms are shown from samples with the DiR " cell proportion closest to the mean for each treatment group. One-
way and nested one-way ANOVA with post hoc Student’s t-test using the Holm-Sidak correction for multiple comparisons were used to compare percent DiR+ cells
across treatment groups in the spleen and placentas respectively. (I) Cytokine levels in serum 12 h following treatment with PBS, LNP Al, or 1:5 aEGFR-LNPs. For
each cytokine, data are normalized to the average of the optical density measurements for PBS-treated mice (dashed line). Cytokine data are reported as mean + SEM
from n = 4 biological replicates. Two-way ANOVA with post hoc Student’s t-tests using the Holm-Sidék correction for multiple comparisons was used to compare
Eelative concentration across cytokines and LNP treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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demonstrate altered cellular accumulation compared to LNP Al. Pla-
centas were stained for the cell surface markers CD45 and CD31 and the
intracellular marker CK7 to assess LNP accumulation on a single cell
level using flow cytometry.

1:5 aEGFR-LNPs doubled the observed proportion of DiR* CK7™"
trophoblasts compared to LNP Al, confirming that LNPs targeted to
EGFR-expressing trophoblasts can not only traffic to the placenta but
also increase LNP internalization in designated EGFR-expressing cell
types. Approximately 10% and 20% of trophoblasts were DiR " following
treatment with LNP Al and 1:5 aEGFR-LNPs respectively (Fig. 6F),
demonstrating a significant increase in LNP accumulation in EGFR™
trophoblasts via active EGFR targeting.

1:5 aEGFR-LNPs also demonstrated a significant increase in uptake in
CD45" immune cells (20% DiR') when compared to LNP Al (13%
DiR™), likely due to the high presence of immune cells at the maternal-
fetal interface [75] (Fig. 6G). Given that placental immune cells are a
key mediator in many placental disorders, including preeclampsia [19],
enhanced uptake of aEGFR-LNPs in placental immune cells could confer
additional benefits for treating these conditions. Around 10% of CD31"
endothelial cells in the placenta were DiR" regardless of treatment
group (Fig. 6H). Taken together, these results demonstrate that EGFR
antibody conjugation at an intermediate density improves mRNA de-
livery to the placenta during healthy pregnancy, and more specifically,
that IV administered 1:5 aEGFR-LNPs enhance LNP uptake twofold in
EGFR™" trophoblasts in the placenta during pregnancy.

3. Conclusions

In this work, we utilized SPAAC to engineer EGFR antibody-
conjugated LNPs to enhance mRNA delivery to the placenta during
pregnancy. Our top performing LNP (1:5 aEGFR-LNP) with an inter-
mediate density of antibody functionalization demonstrated enhanced
in vivo luciferase mRNA delivery in murine placentas compared to non-
targeted LNP Al, with a comparable safety profile to the non-targeted
LNP Al and no fetal luminescence observed. Further, cellular-level ex-
amination revealed a ~twofold increase in uptake of 1:5 aEGFR-LNPs in
EGFR-expressing trophoblasts in the placenta compared to the non-
targeted LNP Al. Together, these results demonstrate the potential of
antibody-conjugated LNPs to promote LNP trafficking to EGFR-
expressing cells in the placenta.

Previous reports have established the importance of antibody clone
in the design of antibody-conjugated nanoparticle drug delivery plat-
forms [36,76]. Specifically, the selected antibody clone can exert drastic
effects on the efficacy of an actively targeted system, potentially due to
differences in antigen binding affinity and whether the antibody clone
exhibits antagonistic or non-antagonistic binding behavior [36]. In this
work, we selected a widely accessible off-the-shelf anti-EGFR antibody
for simplicity and reproducibility. However, the targeting efficacy of our
aEGFR-LNPs could potentially be improved by optimizing the antibody
clone. Future work could evaluate various antibody clones against EGFR
to identify those that are capable of promoting potent LNP uptake in
EGFR-expressing cells in the placenta.

Similarly, changes in receptor expression during disease progression
may also affect the efficacy of targeted LNP systems. Given that many
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placental dysfunction disorders, including preeclampsia, are marked by
overexpression of pathologic cellular receptors, antibody-conjugated
LNPs have the potential to exert even more robust targeting during
pregnancies complicated by placental dysfunction. For example, in this
work, 1:5 aEGFR-LNPs resulted in a ~twofold increase in LNP uptake in
EGFR-expressing trophoblasts during healthy pregnancy. However,
recent work has suggested that systemic endothelial dysfunction present
during preeclampsia may arise from an upregulation of EGFR in
placental endothelial cells, which do not express EGFR under healthy
conditions [48]. During preeclamptic pregnancies, aEGFR-LNPs could
potentially promote uptake of mRNA LNPs in both trophoblasts and
placental endothelial cells, thereby enhancing their overall therapeutic
efficacy. Here, we have demonstrated the ability of 1:5 aEGFR-LNPs to
facilitate potent mRNA delivery and enhanced LNP uptake in EGFR-
expressing cells in the placenta during healthy pregnancy. Future
work should investigate aEGFR-LNP-mediated delivery of therapeuti-
cally relevant pro-angiogenic mRNA cargos, such as vascular endothelial
growth factor (VEGF) or placental growth factor (PIGF) [15,17], in a
model of placental dysfunction for applications in treating obstetric
complications.

Finally, in this work, we have demonstrated the safety profile of 1:5
aEGFR-LNPs during pregnancy. However, it is well appreciated that
engineered antibody fragments, such as single chain variable fragments
(ScFv), offer additional benefits over whole antibodies, including
smaller size and lack of immunogenic Fc regions [77]. While Fc regions
may potentially be less immunogenic during pregnancy due to reduced
allogenic immune responses, the removal of Fc regions could further
enhance the safety profile of aEGFR-LNPs, which may be particularly
important during obstetric complications marked by inflammation at
the maternal-fetal interface. Deeper investigations into the mechanisms
driving antibody trafficking and Fc immunogenicity in vivo in both non-
pregnant and pregnant models will enable the full realization of
antibody-conjugated LNP platforms in achieving targeted, extrahepatic
nucleic acid delivery for a range of therapeutic applications including
for pregnancy disorders.

4. Materials and methods
4.1. Ionizable lipid synthesis

The C12-494 ionizable lipid was synthesized as previously described
[15]. Briefly, the polyamine core 2-{2-[4-(2-{[2-(2 aminoethoxy)ethyl]
amino}ethyl)piperazin-1-yl]ethoxy}ethan-1-amine (Enamine, Kyiv,
Ukraine) was reacted with an excess epoxide tail 1,2-epoxydodecane
(MilliporeSigma, Burlington, MA) for 48 h at 80 °C. Ethanol was evap-
orated using a Rotovapor R-300 rotary evaporator (Buchi, New Castle,
DE) and the crude product was resuspended in ethanol for lipid nano-
particle (LNP) formulation.

4.2. mRNA production

Luciferase mRNA with 5-methoxyuridine modifications and mCherry
mRNA with N'-methylpseudouridine modifications were purchased
from Trilink Biotechnologies (San Diego, CA) for in vitro screening
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experiments and in vivo cell-specific flow cytometry experiments,
respectively. For in vivo biodistribution experiments, luciferase mRNA
was synthesized with the pseudouridine modification using in vitro
transcription as previously described [78].

4.3. Protein modification and purification

Anti-human (mouse anti-human, AY13, Biolegend, San Diego, CA) or
anti-mouse (rabbit anti-mouse, 30H45L48, ThermoFisher Scientific,
Waltham, MA) EGFR antibodies were concentrated using 10 kDa mo-
lecular weight filter columns (Abcam, Cambridge, UK) in azide-free
phosphate buffered saline (PBS). Antibodies were then functionalized
with dibenzocyclooctyne (DBCO) via incubation with a 30-fold molar
excess of TFP-PEG(4)-DBCO (ThermoFisher Scientific) in anhydrous
DMSO for 2 h at room temperature. Unreacted TFP-PEG(4)-DBCO was
removed using Zeba Dye and Biotin Removal spin columns (Thermo-
Fisher Scientific). Final protein concentration was measured using a
Qubit Protein Quantification Assay (ThermoFisher Scientific). The pu-
rified DBCO-labeled antibodies were stored at 4 °C for later use.

4.4. Lipid nanoparticle formulation

LNPs were synthesized via microfluidic mixing at a weight ratio of
10:1 of ionizable lipid to mRNA as previously described [6]. The
ionizable lipid C12-494 was combined in an ethanol phase with 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids,
Alabaster, AL), cholesterol (Sigma Aldrich, St. Louis, MO), 1,2-dimyr-
istoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (C14-PEG2g0o, Avanti Polar Lipids), and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[azido(polyeth-
ylene glycol)-2000] (ammonium salt) (DSPE- PEGyggp-azide, Avanti
Polar Lipids) at a molar ratio of 35 ionizable lipid: 16 DOPE: 46.5
Cholesterol: 2.5 total PEG, where the ratio of DSPE-PEG-azide: C14-
PEGygqo varied as described in Table S1. To form the aqueous phase, 25
g of luciferase mRNA or mCherry mRNA was dissolved in 10 mM citrate
buffer (pH = 3) to form an aqueous phase. The ethanol and aqueous
phases were combined in a microfluidic device at a 1:3 volumetric ratio
using syringe pumps (Harvard Apparatus, Holliston, MA) to induce
chaotic mixing. After formulation, LNPs were dialyzed against 1X PBS
for 2 h in cassettes with a 20 kDa molecular weight cutoff filter (Thermo
Fisher Scientific). LNPs were then sterilized with 0.22 pm filters and
conjugated with antibodies. Non-targeted controls LNP S1 and LNP Al
were sterilized and then stored at 4 °C for later use.

4.5. Generation of antibody-conjugated LNPs

To functionalize LNPs with antibody, DBCO-labeled antibody was
incubated with azide-containing LNPs at a 5-fold molar excess for 4 h at
25 °C with gentle shaking and then left to incubate overnight at 4 °C to
complete the reaction. Antibody-conjugated LNPs were purified using
size exclusion chromatography. Briefly, a column was packed with
Sepharose CL-6B (Sigma Aldrich) and rinsed with 1X PBS to clear
ethanol from the system. Antibody-conjugated LNPs were passed
through the column and collected in ~200 pL fractions. Collected
fractions were measured via A260/A280 reading on an Infinite 200 Pro
plate reader (Tecan, Morisville, NC); all fractions containing mRNA
were pooled and concentrated using 100 kDa filters (Sigma Aldrich).
The final LNP solution was stored at 4 °C for later use.

4.6. Lipid nanoparticle characterization

Following antibody conjugation, the mRNA concentration of each
LNP formulation was measured using a Quant-iT-RiboGreen RNA assay
(ThermoFisher Scientific). In a nuclease-free environment, each LNP
formulation was diluted 80X in either 1X tris-EDTA (TE) buffer or TE
buffer containing 0.1% (v/v) Triton X-100 (Sigma Aldrich). LNPs were
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shaken at 350 rpm for 20 min at room temperature to facilitate particle
lysis. LNPs in TE buffer, LNPs in Triton-X-100, and RNA standards were
plated in triplicate in black bottom 96 well plates and Ribogreen fluo-
rescent detection reagent was added to each well per manufacturer in-
structions. After incubation for 5 min at room temperature, the
fluorescence intensity was read on an Infinite 200 Pro plate reader
(Tecan) at an excitation/emission of 480/520 nm. Encapsulation effi-
ciencies were measured as percent change between lysed LNPs in Triton
X-100 and non-lysed LNPs in TE buffer. mRNA concentrations of LNP
formulations were estimated by comparison to a standard curve fit
calculated using least squares linear regression. Encapsulation effi-
ciencies and mRNA concentration are reported as mean + standard
deviation of n = 3 replicates.

LNP size was determined via dynamic light scattering measurements
(DLS). LNPs were diluted 12X in 1X PBS in a 384 well plate and read on a
DynaPro Plate Reader III (Wyatt Technology, Santa Barbara, CA). Zeta
potential measurements were conducted using a Zetasizer Nano (Mal-
vern Instruments, Malvern, UK). LNPs were diluted 50X in ultrapure
water in disposable folded capillary cells (Malvern Instruments). For
each sample, three measurements with five runs were recorded. Z-
average size, polydispersity index (PDI) and zeta potential are reported
as mean =+ standard deviation of n = 3 replicates.

LNP antibody concentration was determined using a Microscale
Protein Labeling Kit (ThermoFisher Scientific). EGFR antibodies were
dual functionalized with DBCO and Alexa Fluor 647 at a 1:1 molar
equivalent for 1 h at room temperature. Dual functionalized antibodies
were then incubated with azide-containing LNPs at a 5-fold molar excess
for 4 h at 25 °C with gentle shaking and then left to incubate overnight at
4 °C to complete the reaction. After size exclusion chromatography,
antibody-conjugated LNPs were plated in black bottom 96 well plates
alongside standard curves generated with dual functionalized antibodies
alone. Fluorescence intensity was read on an Infinite 200 Pro plate
reader (Tecan) at an excitation/emission of 638/668 nm. LNPs conju-
gated to non-fluorescently tagged antibodies were included as a negative
control, with no background fluorescence detected.

The pKj, values of each LNP formulation were determined from a 6-
(p-toluidinyl) naphthalene-2-sulfonic acid (TNS) assay. TNS reagent was
diluted in ultrapure water to a concentration of 0.16 mM. Buffered so-
lutions of 150 mM sodium chloride, 20 mM sodium phosphate, 25 mM
ammonium citrate and 20 mM ammonium acetate were adjusted to a pH
between 2 and 12 at 0.5 increments. LNPs were added to each pH
adjusted solution and plated in triplicate in a black bottom 96-well plate.
Diluted TNS solution was added to each well for a final TNS concen-
tration of 6 pM. The fluorescence intensity was measured using an
Infinite 200 Pro plate reader (Tecan) at an excitation/emission of 322/
431 nm. The pK, value of each LNP formulation was calculated at 50%
protonation, represented by the pH at which the fluorescence intensity
reached 50% of its maximum value.

4.7. Invitro LNP-mediated luciferase mRNA delivery to JEG-3 placental
cells

JEG-3 choriocarcinoma cells (ATCC #HTB-36, Manassas, VA) were
cultured in Dulbecco’s Modified Eagle Medium supplemented with 10%
FBS (DMEM, Gibco, Dublin, Ireland) and 1% penicillin-streptomycin
(Gibco) and maintained at 37 °C and 5% CO,. For all experiments,
JEG-3 cells were plated at a density of 50,000 cells/well in 100 pL Opti-
MEM Reduced Serum Medium (Gibco) in tissue-culture treated 96-well
plates and then left to adhere overnight. To assess LNP-mediated lucif-
erase expression in vitro, cells were treated with 50 ng of mRNA per
50,000 cells. After 24 h, media was removed, and cells were incubated
with 0.1% Triton-X for 3 min. 100 pL of luciferase assay substrate
(Promega, Madison, WI) was then added to each well, and cells were left
to incubate at room temperature for 10 min. Luminescence was detected
using an Infinite 200 Pro plate reader (Tecan). Normalized luciferase
expression for each treatment group was calculated by first subtracting
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the background readings from untreated cells and then by dividing by
the average luminescence signal from the control azide formulation
(LNP A1) treated wells. Normalized luciferase expression is reported as
mean + standard deviation of the mean (SEM) from n = 5 biological
replicates (averaged from n = 5 technical replicates each).

To evaluate LNP-mediated cytotoxicity, JEG-3 cells were plated and
dosed as described above. After 24 h, 100 pL of CellTiter-Glo (Promega)
was added to each well. Cells were incubated for 10 min at room tem-
perature, and luminescence was quantified using a plate reader. The
luminescence signal for each treatment group was normalized to un-
treated wells. Percent cell viability is reported as mean =+ standard de-
viation of the mean (SEM) from n = 5 biological replicates (averaged
from n = 5 technical replicates each).

For dose response experiments, JEG-3 cells were plated and dosed at
10, 25, 50, 100, and 250 ng of mRNA per 50,000 cells. Luciferase
expression and cytotoxicity were measured as described above.
Normalized luciferase expression and percent cell viability are reported
as mean + SEM from n = 5 biological replicates (averaged from n = 3
technical replicates each).

4.8. Animal experiments

All animal use was in accordance with the guidelines and approval
from the University of Pennsylvania’s Institutional Animal Care and Use
Committee (IACUC, protocol #806540). Non-pregnant female mice
(8-12 weeks old, approximately 20 g average weight) and time-dated
pregnant female mice (varied age, approximately 30 g average
weight) were purchased from the Jackson Laboratory (Bar Harbor, ME).

4.9. LNP-mediated in vivo luciferase mRNA delivery to non-pregnant and
pregnant mice

LNPs encapsulating luciferase mRNA were administered to non-
pregnant and gestational day E16 pregnant mice via an intravenous in-
jection of the tail vein at a dose of 0.4 mg of mRNA per kg body mass.
PBS injections were used as a control. 6 h following administration, mice
received an intraperitoneal injection of D-luciferin potassium salt (Regis
Technologies, Morton Grove, IL) at a dose of 150 mg of D-luciferin per kg
body mass (Biotium, Fremont, CA). After 10 min, mice were euthanized
with CO3 and the heart, lung, liver, kidneys, spleen, and uterus were
removed. In pregnant mice, the uteruses were dissected to remove the
fetuses and placentas. Luminescence imaging of the organs was per-
formed using an in vivo imaging system (IVIS, PerkinElmer, Waltham,
MA).

To quantify luminescence flux, the Living Image software (Perki-
nElmer) was used to place a rectangular region of interest (ROI) around
the organ or fetus of interest. An equal sized ROI was placed in an area
without any luminescence signal on the same image. Normalized flux
was calculated by subtracting the total flux of the background ROI from
the total flux of the organ or fetus. Reported bioluminescence for the
maternal organs are reported as mean + SEM from n = 5 biological
replicates. Bioluminescence for the placentas and fetuses are reported as
mean + SEM from n = 5 biological replicates with n = 3-9 placentas and
fetuses per mouse depending on litter size.

4.10. Cell-specific accumulation of DiR-labeled LNPs in spleens and
placentas in pregnant mice

LNPs encapsulating mCherry mRNA were labeled with 1% (v/v) DiR
Cell-Labeling Solution (ThermoFisher Scientific) for 15 min at 25 °C
with gentle shaking at 300 rpm. Gestational day E16 pregnant mice were
intravenously injected via the tail vein with DiR-labeled mCherry LNPs
or PBS at a dose of 1 mg of mRNA per kg body mass. After 12 h, mice
were euthanized with CO, and the liver, spleen, and uterus were
removed. The uteruses were dissected to remove the fetuses and pla-
centas. Fluorescence intensity imaging was performed using IVIS with a
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filter paired for DiR, and fluorescence flux was calculated using ROIs as
described above. Reported fluorescence for the spleen represents the
mean + SEM from n = 4-5 biological replicates. Reported fluorescence
for the placentas and fetuses represents the mean + SEM from n = 4-5
biological replicates each with n = 6-10 placentas and fetuses per mouse
depending on litter size. Statistical analyses for fluorescence flux are the
same as those described above.

Following imaging, placentas and spleens were collected into 2 mL
deionized water and 2 mL 1% PBSA +2 mM EDTA, respectively, and
placed on ice. Organs were digested through 100 pm cell strainers
(ThermoFisher Scientific) to form single cell suspensions. Placenta sus-
pensions were incubated with 200 pL of 10X DNase I buffer (New En-
gland BioLabs, Ipswich, MA) and 20 pL of 2000 U/mL DNase I (New
England BioLabs) for 30 min at room temperature. Placenta and spleen
samples were then incubated with ACK lysis buffer (ThermoFisher Sci-
entific) for 5 min. Samples were spun at 300 g for 5 min, and supernatant
was aspirated. This step was repeated until red blood cells were
completely removed from the sample. Cell pellets were resuspended in
1% PBSA +2 mM EDTA. Samples were blocked with 0.5 pL of TruStain
FcX PLUS (anti-mouse CD16/32) antibody (BioLegend) for 10 min on
ice.

Placenta samples were first stained for extracellular surface markers
for 30 min at 4 °C with 3 pL of APC anti-mouse CD45 antibody and 3 pL
of Brilliant Violet 421 anti-mouse CD31 antibody (BioLegend). Placenta
samples were then washed, fixed, and permeabilized using the Cyto-Fast
Fix/Perm buffer kit (BioLegend) per the manufacturer’s instructions
before undergoing intracellular staining with 1 pL of FITC anti-mouse
cytokeratin-7 antibody (Novus Biologicals, Littleton, CO).

Spleen samples were stained for cell surface markers for 30 min at
4 °C with 1.5 pL of Spark 387 anti-mouse CD45 antibody, 3 pL of APC
anti-mouse CD3 antibody, 1.5 pL of Pacific Blue anti-mouse CD19
antibody, 3 pL of Alexa Fluor 488 anti-mouse CD11b antibody, and 6 pL
of Brilliant Violet 711 anti-mouse CD11c antibody (BioLegend).

Data was acquired using a BD LSR Fortessa Cytometer equipped with
UV, violet, blue, yellow-green, and red lasers. For each sample, at least
30,000 events within the singlet gate were collected. Thresholds for
positivity were determined using fluorescence-minus-one (FMO) con-
trols with representative gating schemes for the spleen and placenta
found in the Supplementary Information (Fig. $15,16). The percent of
DiR" CD3" T cells, CD19" B cells, CD11b" myeloid cells, and CD11c*
dendritic cells in the spleen are reported as the mean + SEM from n =
4-5 biological replicates. One-way ANOVA with post hoc Student’s t-
tests using the Holm-S$idak correction for multiple comparisons was used
to compare the percent of DiR™ cells across treatment groups in the
spleen. The percent of DiR* CK7" trophoblasts, CD45" immune cells,
and CD31" endothelial cells in the placenta are reported as the mean =+
SEM from n = 4-5 biological replicates with n = 3-8 placentas each
depending on litter size. Nested one-way ANOVA with post hoc Student’s
t-tests using the Holm-Sidak correction for multiple comparisons was
used to compare the percent of DiR " cells across treatment groups in the
placentas. Representative histograms are shown for both the placenta
and spleen with values for the percent of DiR" cells closest to the mean
for each treatment group.

4.11. In vivo LNP-mediated inflammation and toxicity in pregnant mice

Gestational day E16 pregnant mice were intravenously injected via
the tail vein with DiR-labeled mCherry LNPs or PBS at a dose of 1 mg of
mRNA per kg body mass. After 12 h, blood was collected via retro orbital
bleeding into Microtainer blood collection tubes (BD, Franklin Lakes,
NJ). Blood was allowed to clot for 2 h at room temperature and then
centrifuged for 20 min at 2000 g. Serum was removed, aliquoted, and
stored at —20 °C for later use. A colorimetric Mouse Inflammation ELISA
kit (Signosis, Santa Clara, CA) was used to evaluate IL-1a, IL-1p, G-CSF,
GM-CSF, MCP-1, MIP-1a, SCF, and RANTES levels in serum 12 h after
LNP administration per the manufacturer’s instructions. For each
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cytokine, the reported measurements for relative cytokine concentration
are normalized to the average optical density measurements from the
PBS-treated group. Data represent the mean + SEM from n = 4 biolog-
ical replicates with n = 1 technical replicate per cytokine. Colorimetric
assay kits (Cayman Chemical, Ann Arbor, MI) were used to evaluate
serum levels of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) 12 h after LNP administration per the manufacturer’s
instructions. Data represent the mean + SD from n = 3 biological rep-
licates with n = 3 technical replicates each. Two-way ANOVA with post
hoc Student’s t-tests using the Holm-Sidék correction for multiple com-
parisons was used to compare relative serum levels or enzyme levels
across treatment groups.

4.12. Statistical analysis

All statistical analyses were performed using GraphPad Prism. For
experiments screening LNPs for in vitro luciferase expression and cell
viability, nested one-way ANOVA with post hoc Student’s t-tests using
the Holm-Sidék correction for multiple comparisons was used to
compare the luciferase expression or cell viability across treatment
groups to LNP Al. For in vivo luminescence flux measurements in the
maternal organs following LNP delivery to non-pregnant and pregnant
mice, ordinary one-way ANOVA with post hoc Student’s t-tests using the
Holm-S$idék correction for multiple comparisons was used to compare
the luciferase expression in livers and spleens and other maternal organs
across treatment groups to LNP A1, and two-way ANOVA with post hoc
Student’s t-tests using the Holm-Sidék correction for multiple compar-
isons was used to compare luminescence flux in uteruses across LNP
treatment groups in non-pregnant vs. pregnant mice. For in vivo lumi-
nescence flux measurements in placentas and fetuses following LNP
delivery to pregnant mice, nested one-way ANOVA with post hoc Stu-
dent’s t-tests using the Holm-Sidak correction for multiple comparisons
was used to compare flux across treatment groups. For in vivo DiR-
labeled LNP cellular-level accumulation experiments in the spleen and
placentas, ordinary and nested one-way ANOVA were used respectively
with post hoc Student’s t-tests using the Holm- Sidak correction for
multiple comparisons to compare DiR positivity across treatment
groups. For cytokine analysis, two-way ANOVA with post hoc Student’s t-
tests using the Holm-Siddk correction for multiple comparisons was
used to compare relative concentration across cytokines and LNP
treatment groups. For all figures, statistical significance is denoted by *p
< 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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