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ABSTRACT: Lipid nanoparticles (LNPs) have been immensely successful in facilitating the delivery of nucleic acids to tissues of
interest and continue to be optimized for mRNA delivery. These vehicles are particularly advantageous for vaccination due to their
ease of production, highly tunable composition, and ability to induce robust immune responses without an adjuvant, as exemplified
most recently by the clinical success of the Pfizer/BioNTech and Moderna COVID-19 vaccines. However, LNPs are known to
exhibit off-target liver tropism. To address this limitation, we developed a library of aromatic bioreducible ionizable lipids that
potently transfect secondary lymphoid tissues with liver detargeting capabilities compared with an industry standard ionizable lipid
used in the COVID-19 vaccine. The library consists of three modular components: amine core structure, lipid tail length, and
regiochemistry. These aromatic ionizable lipids employ benzene rings both as a scaffold for regiochemical differences and as a moiety
to improve transfection. Bioreducible disulfide bonds in the lipids additionally serve to increase their biodegradability. When these
aromatic ionizable lipids are formulated as LNPs, top-performing aromatic LNPs (aroLNPs) accumulate in and transfect lymph
nodes while minimizing off-target liver tropism. Top-performing aroLNPs also induce strong antigen-specific immune responses,
increased effector memory T cell generation, and decreased terminal effector T cell generation in mice when utilized in a preclinical
SARS-CoV-2 vaccine study. Additionally, aroLNPs are strongly retained in the injection site and induce low levels of systemic
inflammatory cytokines. Together, these results establish aroLNPs as a promising platform for vaccine delivery and potentially other
immune-focused therapeutic applications.

1. INTRODUCTION

Lipid nanoparticles (LNPs) are the most clinically advanced
class of nonviral vectors for nucleic acid delivery and vaccine
applications, as demonstrated by their use in the U.S. Food and
Drug Administration (FDA)-approved Pfizer/BioNTech and
Moderna COVID-19 mRNA vaccines.”” These carriers are
particularly advantageous due to their innate biocompatibility
stemming from their PEG lipid coating and lack of immunogenic
viral proteins.” Their common use of mRNA as cargo further
circumvents potential genotoxicity, a concern often associated
with viral vectors.” LNPs are typically composed of four lipid
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components: an ionizable lipid, a helper lipid, cholesterol, and a
PEGylated lipid. Each lipid plays a different role in the formation
and structural properties of the LNP. Namely, the ionizable lipid
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Figure 1. Synthetic scheme of aromatic ionizable lipids with lymph node tropism and reduced hepatic delivery. (a) Illustration of LNP formulation via
microfluidic mixing and schematic representation of LNP tropism and transfection following intramuscular (i.m.) administration. (b) Schematic of
aromatic ionizable lipid synthesis route, with varying linker regiochemical conformations (blue) and lipid tail lengths (red), and multiple bioreducible

disulfide bonds, along with the structure of SM-102, which is used as a benchmark. (c) Synthetic route of control lipids lacking both aromaticity and
bioreducible disulfide bonds.

14138 https://doi.org/10.1021/jacs.6c00080
J. Am. Chem. Soc. 2026, 148, 14137—-14150


https://pubs.acs.org/doi/10.1021/jacs.6c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c00080?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c00080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

a

Journal of the American Chemical Society pubs.acs.org/JACS
150 b s
3
5 N
3 . $ : E
g 100 i [] . o 4 <
3 LI ¢ £ .
S s i s P 3 0 .i.i ......... & : ...... . i.i ....... ‘i ...... "
£ E & i .
S 50 P
g N
5
> 5
T ¢—TrrrrrTTTT T T T T T T T T T B ’L (; T n: n: “: '; f'tl, 0: {; (;
D D oD D DD DD DD D DD DD DD Vo oS PP B P oo o o o
A A S i e ol A e e M o SO0 o o oo o o oS> oS5 oS
N S TS ¥etede¥ o o%éfé?‘%& Oq:?‘%‘%&d\c?‘%&?‘\
0600%@0@ oq,oo%&oc& ONQZ\Q%\QQ O’O’Z\ «z\q,Q & &S & ¢ & O\Q

2.0

1.5

1.0

0.5

PBS

[

8 A aisite =9 P
[[C6pPhES83] | C80PhE-383 || CBmPhE-383 | |CL0mPhE-383 | C10pPhE-383

| i [Gempheass]
e e N\
R {.mugj "
A J

Lymph Nodes

Lymph Nodes f 107
108 @
Q a -
e Q 108
g 107 ° 8
g ° o0 . 3
% 100 ° 3 108
< 2
£ ° 5 €
5 ® 3 104
% 105 ° L[] §
s O
[ =
10‘ T T T T T T ’I T 101 ] L] T T
&9 PRSI SR L LI L SO SO SO S S SR R SR S S Cé cs8 c10 C12
S F o € o€ & (& (& & oS o o o 3 &
P & R o of ofR SRR Q° o aR
&S FEF T S
Liver h Liver
Fkkk
9 108
g0 R
=0 3 107
3 g 10
C
g 107 9 3
£ g 1o°
£ 108 ° §
2 o8 hd = 105
z ® ol
g i e
104 104 T T T T
&c_, &P DD DD D DD DD DD DD D (e cs8 c10 c12
SN F ¥ ¥ (¥ PG ¥ (T ¥ F V¥ 0¥
S £ R P of R ,@0 & ,\QQ ,39 q/@ ,\qﬁ
X O [N E) ) [

Luminescence Ratio

Lymph Nodes:Liver
Lymph Nodes:Liver

kk 100+

Luminescence Ratio

T
c12

T
c10

Ccs8

9‘%

——

i.m. Imaging
injection 6h
Oh

x10°

Color scale
Min: 1.56e5
Max: 2.13e6

‘© Ortho

B Meta

- Para

@ Non-aromatic control
--- SM-102

Figure 2. AroLNPs confer strong lymph node transfection with liver detargeting following i.m. administration. (a, b) LNP characterization data for size
(a) and {-potential (b). (c) Schematic overview of LNP tropism study. (d) Ex vivo organ bioluminescence images 6 h after administration of 0.05 mg/
kg (1 ug) of luciferase mRNA LNPs. (e—h) Quantification of LNP-mediated transfection in the iliac and inguinal lymph nodes (e, f) and liver (g, h). (i,
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Figure 2. continued

j) Relative lymph node to liver luminescence signal. One-way ANOVA with post hoc  tests using the Holm—Sidak correction for multiple comparisons
was used to compare luminescence and luminescence ratios to SM-102 LNP treatment. H: heart, Lu: lungs, Li: liver, K: kidneys, S: spleen, Il LN: iliac

lymph nodes, In LN: inguinal lymph nodes. *p < 0.0S, ****p < 0.0001.

enables polyanionic mRNA entrapment and endosomal escape,
the helper lipid contributes to the structural stability of LNPs,
cholesterol modulates LNP membrane integrity, and the
PEGylated lipid modifies the surface of the LNP to limit
immune recognition and clearance. These components in LNP
formulations can be easily tuned, enabling encapsulation of a
range of 5payloads and targeting of specific cells in a variety of
diseases.” However, LNPs generally exhibit strong hepatic
tropism, which could necessitate higher doses and costs per
vaccine to achieve potent vaccination.” This highlights a strong
need to develop a new generation of vaccines that are highly
efficacious, yet demonstrate limited liver delivery.

While previous studies have modified LNP formulations to
direct mRNA translation and protein expression away from the
liver through the addition of a fifth lipid component and active
targeting using antibodies or peptides, these strategies require
additional steps in LNP manufacturing.”® These approaches are
also associated with limitations, including the potential for
toxicity from degradation products of these additional lipid
components, and complement activation triggered by peptide or
antibody conjugation chemistry.”'" An attractive alternative
strategy to tailor LNP tropism for reduced hepatic accumulation
is through structural alterations of the ionizable lipid component
of the LNP. The ionizable lipid is a critical component of the
LNP formulation due to its key role in RNA encapsulation,
endosomal escape, and tropism. "> Indeed, numerous studies
have found that small changes to the ionizable lipid structure—
whether it be the terminal branching type, number of carbons in
the tail, or degree of saturation—can engender significant
differences in LNP transfection and tropism.">~"> One recent
study utilized ionizable lipids containing aromatic squaramides
to enable potent mRNA delivery to cells.'® This enhanced
performance is thought to be due to 7— interactions between
aromatic moieties and the phosphate backbone of RNA, creating
a more stable LNP, as LNPs are typically composed of weaker
intermolecular interactions.'® However, despite this promising
mechanistic finding, research into the rational design and
application of aromatic ionizable lipids has been limited.

Here, we utilize aromatic rings as scaffolds to develop a library
of ionizable lipids for immune organ delivery with limited liver
uptake and transfection. By using four rings in each ionizable
lipid, we leverage both the benefits of their aromaticity as well as
their regiochemical versatility stemming from the easily tunable
benzene ring. These lipids are modular in their lipid tail length
and regiochemistry and can theoretically be conjugated to nearly
any amine core. They also include bioreducible disulfide bonds,
which function to increase their biocompatibility. They
additionally serve to increase LNP cellular uptake and
endosomal escape; as when incorporated into polymeric and
lipid nanoparticles, thiols have been shown to substantially
increase these metrics.'”~'” The present study represents the
first application of such aromatic ionizable lipids in a vaccine
context, expanding the design space for immunotropic delivery
systems. We demonstrate that top-performing aroLNPs
potently deliver mRNA to the lymph nodes and spleen while
significantly reducing liver delivery compared to LNPs
containing SM-102, an ionizable lipid used in one of the FDA-

approved mRNA LNP COVID-19 vaccines. We further
evaluated these lipids in a SARS-CoV-2 vaccine study and
demonstrated that aroLNPs are able to induce a strong, antigen-
specific response against the SARS-CoV-2 spike protein
comparable to that of SM-102 LNPs. Additionally, we show
that top-performing aroLNPs are strongly retained in the
injection site and induce low levels of systemic proinflammatory
cytokines. These lipids represent an exciting new platform for
immunological LNP applications with limited liver delivery.

2. RESULTS AND DISCUSSION

2.1. Synthesis of Aromatic lonizable Lipids and LNP
Formulation

Amine-based ionizable lipids consist of one or more electro-
philic tails conjugated to an amine-containing core. This is a
generally facile reaction that can enable the generation of large
libraries of lipids. Here, we synthesized a library of lipids with
varying tail lengths and regiochemistry to explore how changing
each of these moieties affects LNP tropism and mRNA delivery
(Figure la—b). Bioreducible disulfide bonds were additionally
incorporated into each tail of the ionizable lipids to increase their
biodegradability. To synthesize each compound, alkanethiols of
varying lengths were reacted with 2,2'-dipyridyldisulfide,
conjugating the alkanethiol to a pyridine group. The resulting
compound was then reacted with a benzene thiol to remove the
remaining pyridine group and establish the regiochemistry. An
epoxide was then conjugated to the ring, creating a tail structure
that was then reacted with polyamine cores via Sy2 reactions.
We used the 1,4-bis(3-aminopropyl)piperazine (383) poly-
amine core for this study due to its ability to preferentially
transfect immune cells in vivo.”’ Tail lengths of 6, 8, 10, and 12
hydrocarbons were selected to diversify the library while
maintaining lengths commonly seen in top-performing ionizable
lipids.”" Lipids were named “C[a]-[b]PhE-383,” in which [a] is
the number of alkyl carbons in each tail following the disulfide
bond, and [b] is the regioisomer identity of the lipid tail; o, m,
and p are for lipids with the ortho, meta, and para
regiochemistry, respectively.

Lipids lacking disulfide bonds and aromatic rings were also
synthesized to assess how the absence of these moieties affects
LNP performance (Figure 1c). These lipids were synthesized via
Sn2 reactions in which epoxides were reacted with the 383 core
to form highly structurally similar yet nonaromatic nor
bioreducible lipids. These lipids were named “C[a]-383” in
which [a] is the number of alkyl carbons in each tail. LNPs were
formulated using a microfluidic device fabricated with staggered
herringbone pattern features as previously described.”” For-
mulation parameters for aroLNPs and non-aroLNPs were
identical, differing only in the structural identity of the ionizable
lipid used. As a benchmark, SM-102 was prepared according to
its standard lipid composition.”> Formulated LNPs demon-
strated a hydrodynamic diameter between 60 and 120 nm
(Figure 2a), a generally neutral {-potential (Figure 2b), and an
encapsulation efficiency above 80% (Figure S1).
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Figure 3. AroLNPs delivered via i.v. administration demonstrate reduced liver tropism. (a—d) LNP transfection in the spleen (a, b) and liver (c, d),
after i.v. treatment with LNPs containing luciferase mRNA via tail vein injection. This tropism was also represented as trends between lipids with the
same tail lengths yet different regiochemistry for lymph node (c) and liver (e) transfection. (e, f) Relative spleen to liver luminescence signal. (g) Ex
vivo organ bioluminescence images 6 h after injection. One-way ANOVA with post hoc ¢ tests using the Holm—Sidak correction for multiple
comparisons were used to compare luminescence and luminescence ratios to PBS (b) and SM-102 LNP treatment (d, f). H: heart, Lu: lungs, Li: liver,
K: kidneys, S: spleen. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. AroLNPs exhibit decreased liver and macrophage accumulation. (a) Ex vivo organ fluorescence images 6 h after i.m. injection of top-
performing LNPs labeled with DiR. (b, ¢) Quantification of LNP accumulation in iliac and inguinal lymph nodes (b) and liver (c) 6 h after injection.
(d) Relative lymph node-to-liver accumulation as quantified by fluorescence signal. (e—1) Flow cytometric analysis of DiR positivity in CD3* T cells
(e), CD11c" dendritic cells (DCs) (f), CD19" B cells (g), and CD11b*F4/80* macrophages (h) from iliac and inguinal lymph nodes 6 h post i.m.
injection. One-way ANOVA with post hoc Holm—Sidak correction for multiple comparisons was used to compare fluorescence and fluorescence ratios
to SM-102 LNP (b—d) and PBS (e—h) treatment groups. H: heart, Lu: lungs, Li: liver, K: kidneys, S: spleen, Il LN: iliac lymph nodes, In LN: inguinal

lymph nodes. *p < 0.05, **p < 0.01, *¥#¥p < 0.001, ¥**¥p < 0.0001.

2.2. AroLNPs Exhibit mRNA Delivery to Lymph Nodes with
Decreased Liver Delivery

Since we expected our 383 polyamine core-based lipids to confer
a degree of immune cell tropism, we administered luciferase
mRNA aroLNPs intramuscularly (i.m.) to mice at 0.05 mg/kg
(1 pgtotal) to assess tissue-level transfection (Figure 2c). After 6
h, the heart, lungs, liver, kidneys, spleen, and iliac and inguinal
lymph nodes were harvested and imaged ex vivo (Figure 2d).
Mice treated with aroLNPs demonstrated luminescence signal
in the lymph nodes comparable to those treated with SM-102
LNPs (Figure 2ef). Notably, however, mice in all groups
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demonstrated liver luminescence at least 10-fold lower than that
of SM-102 (p < 0.001; Figure 2gh). Shorter length (6 and 8
carbon-tailed) nonaromatic control lipids performed poorly
compared to their aromatic counterparts with identical tail
lengths in both liver and lymph node transfection (Figure 2£h),
indicating that the aromatic rings and disulfide bonds play a
critical role in LNP transfection. Longer length (10 and 12
carbon-tailed) nonaromatic control lipids demonstrated higher
levels of lymph node and liver delivery than their aromatic
counterparts, possibly indicating that increasingly hydrophobic
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Figure S. AroLNPs initiate a strong antigen-specific response after administration as a COVID-19 vaccine. (a) Schematic of prime-boost vaccination
strategy. Mice were vaccinated with 0.25 mg/kg (5 ug) of SARS-CoV-2 RBD mRNA. (b) Reciprocal endpoint anti-SARS-CoV-2 RBD IgG titers. (c)
Mouse weight over time rose steadily for all treatment groups in alignment with the PBS-treated group. (d) H&E stained liver sections from vaccinated
mice. (e) Schematic of prime-boost vaccination strategy for the vaccine study in which the spleen was collected at the endpoint. (f) Schematic for
aromatic control lipids lacking disulfide bonds. (g) Mouse weight over time after the priming vaccination. (h—k) T cell markers after splenic
restimulation with SARS-CoV-2 peptide at the study endpoint. Intracellular TNF and IFN-y (h) levels were assessed, as was the presence of splenic
short-lived terminal effector T cells (Tg cells: CD44*CD62L"CD127 CD8*) and long-lasting effector memory T cell (T cells:
CD44"CD62L"CD127*CD8") populations (i, j) and their ratio (k). One-way ANOVAs with post hoc ¢ tests using the Holm—Sidak correction
for multiple comparisons were used to compare reciprocal endpoint titers and body weights to SM-102 (b) and PBS (c, g). One-way ANOVAs with
post hoc ¢ tests using the Holm—Sidak correction for multiple comparisons were used to compare T cell populations and Tt/ Ty, ratios to both SM-
102 and PBS, as well as compare aroLNPs to their nonbioreducible counterparts (h—j). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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aromatic lipids may not enable as potent mRNA delivery as less
hydrophobic, shorter tail-length lipids.

To evaluate the degree of off-target liver transfection, we
quantified the lymph node-to-liver luminescence ratio. Most
aroLNPs achieved a ratio 5—10X higher than that of SM-102
LNPs, indicating that many of our aroLNPs can strongly
transfect the lymph nodes while avoiding hepatic transfection
(Figure 2ij).

2.3. AroLNPs Exhibit Significantly Decreased Liver
Transfection Following Intravenous Administration.

After observing strong mRNA delivery to the lymph nodes and
reduced mRNA delivery to the liver with aroLNPs, we sought to
determine if this trend held for intravenous (i.v.) administration,
particularly given that LNPs typically demonstrate strong liver
tropism using this delivery route.”* LNPs encapsulating
luciferase mRNA were administered iv. to mice, following
which tissues were harvested after 6 h (Figure 3a). Many
aroLNPs demonstrated strong spleen transfection (Figure 3b,c)
with mean luminescence values of approximately 107 p/s.
Additionally, all LNPs assessed exhibited at least 4 times lower
mRNA delivery to the liver than SM-102 LNPs (Figure 3c,d).
When the spleen-to-liver luminescence ratio was calculated for
each of the LNPs, many exhibited a higher ratio than SM-102
LNPs, including C6pPhE-383, C8mPhE-383, C10mPhE-383,
and C10pPhE-383 aroLNPs (Figure 3e,f). These LNPs similarly
exhibited a lymph node-to-liver mRNA delivery ratio higher
than that of SM-102 when delivered i.m., as well as high levels of
both spleen and lymph node delivery, supporting the conclusion
that these lipids are immunotropic. Overall, these results suggest
that our aromatic ionizable lipids substantially decrease liver
transfection following both im. and iv. administration.
Interestingly, the synergistic influence of regiochemistry and
tail length on transfection efficacy appears to be conserved
across the two administration routes tested (Figure 3c,e,3g).
This result suggests that regiochemistry differences play a
substantial role in transfection trends between lipids in a manner
agnostic of the delivery route.

2.4. AroLNPs Accumulate Primarily in the Lymph Nodes
after Intramuscular Administration

Having determined that aroLNPs primarily transfected the
lymph nodes following i.m. administration, we sought to
determine if they also accumulated mainly in these tissues.
Since LNP toxicity can occur from the accumulation of LNPs
that do not successfully undergo endosomal escape or enter the
cell, LNPs demonstrating not only low transfection in
nonimmune tissues but also reduced accumulation in these
tissues could help to decrease overall off-target toxicity.”> We
selected immunotropic aroLNPs with relatively strong lymph
node and spleen delivery when administered im. and iv.,
respectively, and a high lymph node-to-liver transfection ratio.
LNPs were formulated with luciferase mRNA, dyed with
lipophilic DiR, and delivered im. to mice. When organs were
imaged ex vivo (Figure 4a), we found that the accumulation
profiles aligned well with transfection results. Indeed, all
aroLNPs accumulated in the lymph nodes at a level similar to
or greater than that of SM-102 LNPs (Figure 4b). Strikingly, all
aroLNPs exhibited at least 2.7X lower liver accumulation than
SM-102 (Figure 4c). Thus, when the lymph node-to-liver
accumulation ratio was calculated for all LNPs tested, all
aromatic formulations outperformed SM-102 (Figure 4d),
suggesting that aroLNPs mainly traffic to the lymph nodes
when delivered im.

Having observed promising tissue-level accumulation results,
we next investigated which cell types within the lymph nodes
aroLNPs were targeting using flow cytometry (Table S1 and
Figure S2). We found that most aroLNPs accumulated in T cells
at levels similar to those of SM-102 LNPs, with the exception of
C10mPhE-383 aroLNPs, which accumulated 2.5X more in T
cells than the control (Figure 4e). Furthermore, C6mPhE-383
and C10pPhE-383 aroLNPs demonstrated ~3% lower and
approximately equal accumulation in dendritic cells (DCs),
respectively, while all other aroLNPs exhibited ~3% higher
levels of accumulation (Figure 4f). These results aligned well
with DiR mean fluorescence intensity (MFI) in the cell
populations of interest (Figure S3). DCs are especially attractive
targets for vaccines, as vaccines require exposure of antigens to
antigen-presenting cells (APCs).”® DCs are particularly
beneficial APCs to deliver to due to their key role in initiating
potent CD8* T cell activation.”””® Notably, C6pPhE-383,
C80PhE-383, C8mPhE-383, and C10mPhE-383 aroLNPs all
exhibited comparatively increased accumulation in DCs, which
may make them promising candidates for vaccines.

AroLNPs tended to accumulate in B cells at an approximately
equal or higher percentage than SM-102 LNPs (Figure 4g). This
result further highlights the potential of aroLNPs as strong
candidates for vaccines due to the role of B cells as professional
APCs.”” All aroLNPs tested demonstrated uptake in macro-
phages ~10% lower than that of the control, with ~ 40% DiR
positivity for all formulations (Figure 4h). Since liver uptake has
been found to correspond with macrophage uptake, particularly
uptake in Kupfler cells, this lower level of uptake may be a
contributing factor to reduced liver delivery by aroLNPs.>

2.5. AroLNPs Induce Strong Antigen-Specific Titers after
SARS-CoV-2 Vaccination

Since top-performing aroLNPs demonstrated a strong tropism
for secondary lymphoid tissue, we sought to evaluate their
performance as vehicles for vaccination. We conducted a SARS-
CoV-2 vaccine study at a 3-week prime-boost interval, followed
by an endpoint 2 weeks after the booster dose (Figure Sa). Mice
were vaccinated with top-performing aroLNPs or SM-102
control LNPs encapsulating SARS-CoV-2 S2P mRNA. Two
weeks after the boost dose, mouse sera were collected for
analysis of endpoint anti-SARS-CoV-2 receptor binding domain
(RBD) antibody titers. All LNPs assessed aside from the
C10pPhE-383 formulation exhibited high reciprocal endpoint
antigen-specific IgG titers with values ranging from approx-
imately 10”3 to 10%* (Figure Sb). For lipids of the same length,
these data suggest that lipids in the meta conformation are
potentially more immunogenic and stronger vaccine candidates
than their para counterparts, although this is a point of
investigation for future work.”’ Mouse weight was measured
over time and was found to increase steadily in all treatment
groups, comparably to PBS, indicating a lack of acute toxicity
from any of the LNPs (Figure Sc). To further investigate
potential LNP toxicity, mouse livers were collected, stained for
hematoxylin and eosin (H&E), and imaged (Figure 5d). All
mouse liver sections lacked inflammatory cell infiltration and
tissue damage characteristic of acute toxicity, further supporting
that aroLNPs are not acutely toxic.”

2.6. Disulfide Bonds Aid in Increasing aroLNP Transfection
Efficiency

We next sought to explore how aroLNP adjuvanticity, delivery,
and toxicity are affected by the absence of disulfide bonds. When
incorporated into ionizable lipids used in LNPs, disulfide bonds
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have been shown to increase cellular uptake, endosomal escape,
and cytoplasmic location of mRNA.** Although the exact
mechanism is unknown, it is hypothesized that this arises from
covalent interactions, namely disulfide exchange reactions,
between thiols on the cellular membrane and within LNPs
straining endosomal membrane packing and resulting in
endosomal rupture and escape.”"”5 Further, disulfide bonds
are easily reduced in the cellular environment due to their high
responsiveness to glutathione.'” As such, they are of particular
interest and hypothesized to aid aroLNPs in both their
biocompatibility and delivery.

To assess this hypothesis, we synthesized aromatic ionizable
lipids identical to our top-performing vaccine lipid (C6mPhE-
383) and our top-performing lymph node transfection lipid
(C8mPhE-383) without disulfide bonds (Figure Se). This
involved first reacting a bromoalkane with a benzene thiol to
create an aromatic tail with a tail length of interest, followed by
conjugation of an epoxide to the benzene ring to form a final
aromatic nonbioreducible tail structure. This tail was then
reacted with 383 core via an Sy2 reaction to synthesize the final
ionizable lipid. These control lipids were named C[a]-[b]PhE-
arocntl-383 in which [a] is the number of alkyl carbons in each
tail, and [b] is the regiochemistry of the lipid as established in the
naming of the original aroLNP library. When formulated as
LNPs, these control LNPs were monodisperse and had larger
hydrodynamic diameters around 145—180 nm, high encapsu-
lation efficiencies >80%, and a slightly negative {-potential
around —6 mV (Figure S4a—c).

To assess the biodistribution of these lipids, we formulated
LNPs with luciferase mRNA and administered LNPs im. to
mice. We found that the aromatic control lipids had similar,
albeit slightly decreased (<3-fold), transfection in the lymph
nodes when compared to their bioreducible counterparts.
C6émPhE-arocntl-383 and C8mPhE-arocntl-383 LNPs also
had ~30-fold and ~60-fold increased lymph node transfection
when compared to their nonaromatic nor bioreducible counter-
parts, respectively (Figure S4d). The aromatic control LNPs
also demonstrated significantly reduced liver delivery compared
with SM-102 LNPs. Notably, their liver transfection was greater
than that of their nonaromatic nor bioreducible counterparts but
less than that of their aroLNP counterparts, suggesting that the
benzene rings and disulfide bonds play synergistic roles in LNP
transfection efficiency (Figure S4e,f).

To better understand how disulfide bonds affect cell-specific
transfection, as well as compare lymphatic cell-specific
accumulation and transfection for our top-performing vaccine
aroLNP, we further assessed C6mPhE-arocntl-383 LNPs and
C6mPhE-383 aroLNPs using a Cre-lox system with Ai9 mice
(Table S2 and Figure S5). Ai9 mice have a loxP-flanked STOP
cassette in their genome, which causes them to express
tdTomato following Cre-mediated excision of these cassettes,
enabling quantification of cell-specific transfection in the lymph
nodes. Since the magnitude of LNP accumulation when
measuring dyed LNPs tends to be greater than the magnitude
of LNP transfection calculated with protein reporter fluo-
rophores, the percentage of cells transfected across all immune
cells is lower for all LNPs, but the trends between SM-102 LNPs
and C6mPhE-383 aroLNPs remained highly similar to earlier
accumulation data after i.m. administration (Figures 4e—h and
S6a—d). Cé6mPhE-arocntl-383 LNPs exhibited similar trans-
fection in T cells to their aroLNP counterpart, transfecting a
significantly lower proportion of T cells than SM-102 (Figure
S6a). However, since vaccination relies upon APC presentation

to T cells rather than delivery to T cells themselves, of more
importance is APC transfection.”® C6mPhE-arocntl-383 LNP
transfection resulted in a similar proportion of tdTomato" DCs,
B cells, myeloid cells, and macrophages to SM-102, suggesting
that the aromatic control may be a strong vaccine LNP (Figure
S6b—e).

2.7. Effector Memory T Cell Generation Is Increased after
aroLNP Vaccination

To further assess the immunogenic capabilities of top aroLNPs
C6mPhE-383 and C8mPhE-383 and better understand the role
of bioreducibility in their performance, we formulated these
LNPs and their aromatic control counterparts with SARS-CoV-
2 S2P mRNA and vaccinated mice as described above (Figure
Sf). Notably, 24 h after the priming dose, mice receiving the
C6mPhE-arocntl-383 and C8mPhE-arocntl-383 vaccines lost
approximately 8% (p = 0.092) and 13.5% (p = 0.039) of their
initial body weight, respectively (Figure Sg). These groups
recovered weight by Day 3, suggesting acute toxicity. Mice
treated with aroLNPs did not experience a similar weight loss,
suggesting that disulfide bonds aid in improving lipid
biocompatibility and reducing LNP-mediated toxicity.

Two weeks after the booster dose, mouse spleens were
collected and restimulated with SARS-CoV-2 peptide to assess
the cell-mediated immunity conferred by each LNP (Table S3
and Figure S7). We found that C6mPhE-383 aroLNP-treated
mice exhibited elevated levels of tumor necrosis factor (TNF) in
CD8" T cells relative to those of other assessed LNPs. Further,
aromatic control LNP- and C8mPhE-383 aroLNP-treated mice
exhibited increased interferon-y (IFN-y) levels in CD8" T cells
(Figure Sh). The proportions of TNF* and IFN-y* CD4" T cells
stimulated by LNPs followed similar trends, although IFN-y* for
all groups was notably decreased (Figure S8a,b). We addition-
ally assessed the abundance of terminal effector (Tg) and
effector memory T (Tgy) cells, as Ty cell generation s critical
to achieving long-lasting immunity from a vaccine, while Ty, cells
are short-lived and have limited recall potential, thereby making
them less favorable.’*™% We define Tpy cells as
CD44"CD62L"CD127*CD8* T cells and T cells as
CD44*CD62L"CD127 CD8" T cells. Mice treated with
aroLNPs had decreased Ty cells and increased Ty cells
compared to SM-102-treated mice, with C8mPhE-383-treated
groups having a significantly higher Tgy population (Figure
5i,j). When the ratio of Tgy,/Tj populations was calculated for
each group, aroLNP-treated mice again demonstrated a
significantly higher preference for Tgy, cell generation, further
supporting their potential as a strong platform for potent
vaccination (Figure Sk).

Interestingly, the C8mPhE-383-treated group generated
significantly more Tgy; cells and had a significantly higher
Tgy/Tg ratio than the C8mPhE-arocntl-383-treated group,
indicating that a lack of bioreducibility in the aromatic lipids may
hinder their ability to mount an effective immune response.
However, C6mPhE-arocntl-383-treated mice generated highly
similar proportions of Tgy cells and Ty, cells to the C6mPhE-
383-treated group, suggesting that the structure—function
relationship between aroLNPs and their aromatic control
counterparts may be more involved, despite these lipids being
only two carbons in tail length different.

2.8. AroLNPs Demonstrate Increased Retention in the
Injection Site and ApoE Independence

Having identified two aroLNPs that are able to both highly
transfect immune reservoirs and demonstrate therapeutic
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Figure 6. AroLNPs are retained in the injection site and disulfide bonds aid in reducing systemic IL-6 production. (a) LNP systemic circulation over
time after DiR-dyed LNP injection. (b) AUC of LNP leakage into circulation over time. (c—g) Mice were i.m. administered luciferase mRNA LNPs,
and serum was collected and assessed for AST (c) and ALT (d) via a colorimetric assay. Serum was also analyzed for IL-6 (e), TNF (f), and IFN-y (g)
concentration via ELISA. One-way ANOVAs with post hoc ¢ tests using the Holm—Sidak correction for multiple comparisons were used to compare
LNP leakage into circulation and the calculated resulting AUC, as well as all proinflammatory cytokine concentrations to SM-102 LNPs (a—g). *p <

0.05, *¥p < 0.01, *¥%p < 0.001, ***¥p < 0.0001.

efficacy in a vaccine model, we next sought to investigate how
aroLNPs can detarget the liver and achieve strong lymph node
tropism. We hypothesized that aroLNPs may be more highly
retained in the injection site, causing decreased systemic
circulation and less opportunity for aroLNPs to interface with
the liver. Since LNPs retained in the muscle tend to
preferentially drain into the lymphatic system, this retention
could also be driving their lymphoid organ tropism.””*" To
assess this, we dyed aroLNPs encapsulating luciferase mRNA
with DiR, injected them i.m. into mice, and collected blood at
regular intervals. We then estimated the amount of LNP present
through fluorescence imaging on mouse sera. Through this
assay, we found that aroLNPs leaked into circulation
significantly less than SM-102 LNPs, with fluorescence peaking
in mouse sera around 12 h after injection, while SM-102 LNPs
continued to leak into circulation until reaching a fluorescence
peak around 36 h (Figure 6a). The area under the curve (AUC)
of each trace in Figure 6a was calculated, and the aroLNPs had
significantly lower AUCs than SM-102, indicating that they are
well-retained in the injection site, potentially playing a role in
their ability to achieve liver detargeting and drain into the
lymphatic system."'
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We next assessed aroLNP biodistribution in apolipoprotein E
knockout mice (ApoE™'7) to probe how aroLNP biodistribu-
tion is affected by ApoE for the portion of LNPs that can leak
into the bloodstream. ApoE typically plays a key role in LNP
protein corona formation and drives LNP uptake to liver
hepatocytes.”® As such, it is possible to shift LNP tropism away
from the liver through changing how LNPs interact with serum
proteins.”” After injecting ApoE™/~ mice im. with aroLNPs
carrying luciferase mRNA, we found that liver transfection
decreased for SM-102 LNPs approximately 10-fold while lymph
node transfection remained similar (Figure S9a,b). We also
assessed C12-200, an academic standard LNP with an excipient
lipid makeup identical to that of aroLNPs, and found similar
results. Despite this, we found that aroLNP liver and lymph node
delivery instead increased in ApoE™/~ mice, suggesting that
aroLNPs interact with ApoE differently than other high-
performing LNPs, which may play a role in their liver detargeting
abilities. Given the immunological complexity of ApoE_/ ~ mice,
aroLNP serum protein interactions remain a point of
investigation for future studies.
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2.9. Disulfide Bonds Mitigate Toxicity

To determine if systemic toxicity is mitigated by disulfide bonds
in aroLNPs, we formulated LNPs with luciferase mRNA and
administered to mice i.m., followed by serum collection for
analysis via ELISA. In line with prior histology results, we found
that aroLNPs do not induce AST and ALT levels significantly
higher than those in PBS (Figure 6c,d). These levels are similar
to those of SM-102-treated mice, indicating a lack of liver
toxicity by all LNPs assessed. However, the levels of systemic
interleukin-6 (IL-6), TNF, and IFN-y were all highly
significantly increased in groups treated with SM-102 (Figure
6e—g). Strikingly, all assessed aroLNPs and nonbiodegradable
aromatic LNPs caused a significant, strong reduction in systemic
TNF and IFN-y secretion. Since these LNPs all demonstrate
significantly decreased liver transfection compared to SM-102,
these results highlight the importance of liver detargeting in
reducing systemic TNF and IFN-y production. This reduction in
systemic inflammatory cytokine production is consistent across
TNF, IFN-y, and IL-6 for aroLNP C6mPhE-383, highlighting its
strong and significantly increased biocompatibility compared to
SM-102 LNPs. Although it is highly desirable to have increased
TNF and IEN-y in splenic T cells after vaccination, as these
cytokines aid in immune activation and effector vaccine-induced
cellular immunity, they can have detrimental effects when
produced systemically.”’ This includes widespread inflamma-
tion, cytokine release syndrome, cardiac toxicity, and auto-
immunity.*~*” As these LNPs delivered reporter mRNA, these
results point to toxicity induced by the LNPs themselves rather
than spike protein production.

The IL-6 serum concentration of mice treated with C6mPhE-
383 aroLNPs was significantly below that of groups treated with
SM-102 LNPs, highlighting the potential of C6mPhE-383 as a
potent and biocompatible vaccine lipid. Notably, nonbioredu-
cible aromatic control LNPs caused elevated levels of IL-6
secretion compared to their bioreducible counterparts. This
observation suggests that the disulfide bonds aid in reducing
LNP-mediated toxicity, specifically through the reduction of IL-
6 secretion, as IL-6 is proinflammatory and associated with
immunotherapy toxicity." ™" This effect was less pronounced
in TNF and IFN-y results, although the trend held for both
aroLNPs in the IFN-y concentration and C6mPhE-383
aroLNPs in the TNF concentration. Overall, these results
highlight aroLNP C6mPhE-383 as a promising LNP that not
only detargets the liver and confers stronger antigen-specific
titers in vaccinated mice, compared with an industry standard
LNP, but also mitigates systemic inflammation and toxicity.

3. CONCLUSIONS

LNPs are the most clinically advanced mRNA vaccine delivery
vehicles and can potentially transform the way vaccines are
developed broadly. LNPs can encapsulate mRNA constructs
with a variety of modifications to reduce their innate toxicity and
increase their stability and translational efficacy, creating an
extremely large design space for vaccines based solely upon
mRNA modification.”’ In combination with our ability to
modify the four-component LNP makeup and the chemical
makeup of these components, this design space expands even
more, allowing us to easily modify current LNP vaccines to
optimize their performance.”””* Due to the liver-tropic nature of
LNPs, it is necessary to iterate upon current formulations to
build the next generation of highly specific, efficacious
vaccines.” >

In this study, we developed a platform composed of highly
modular ionizable lipids and demonstrated that top-performing
aroLNPs exhibit strong immune organ tropism. Specifically, we
found that aroLNPs with tail lengths of six and eight carbons
tended to have greater mRINA delivery to organs of interest than
their nonaromatic counterparts, while aroLNPs with tail lengths
of ten and twelve carbons demonstrated the opposite tendency.
This difference could indicate that the performance of aromatic
lipids is dependent on lipid hydrophobicity. We further found
that aroLNPs exhibit low levels of liver accumulation and strong
lymph node accumulation, aligning with the transfection results.

Following i.m. administration, we found that top-performing
aroLNPs minimally leak into systemic circulation, providing a
potential mechanistic basis for their immune tropism through
lymphatic drainage. As a preliminary therapeutic application of
this platform, we conducted a SARS-CoV-2 vaccine study using
a prime-boost regimen and found that top-performing aroLNPs
elicited a robust antigen-specific response, as characterized by
strong SARS-CoV-2 serum titers and splenic Ty, cell generation
alongside reduced short-lived Ty cell generation. Following
these promising results highlighting aroLNPs as potent
immunotropic vaccine vectors, we next sought to assess their
safety profile. Assessment of serum from mice injected i.m. with
firefly luciferase reporter mRNA aroLNPs showed that aroLNPs
significantly reduced systemic TNF and IFN-y inflammatory
cytokine generation, underscoring their improved biocompat-
ibility above an industry standard LNP. Since disulfide bonds
have been found to play a key role in both biodegradability and
nanoparticle endosomal escape, we next investigated the
relationship between disulfide bonds in aromatic LNPs and
resultant toxicity and efficacy. To do this, we synthesized
aromatic ionizable lipids identical to top-performing aroLNPs
yet lacking disulfide bonds. These aromatic control LNPs
exhibited organ transfection stronger than that of nonaromatic,
nonbioreducible control LNPs but weaker than that of aroLNDPs,
indicating that disulfide bonds and aromatic benzene rings may
synergistically aid in increasing LNP transfection. Aromatic
nonbioreducible control LNPs also caused significant weight
loss in mice after vaccination and elevated levels of systemic IL-6
compared to their aroLNP counterparts, indicating that disulfide
bonds are important moieties in lipid design to reduce LNP-
mediated toxicity.

From this work, we identified a top-performing aroLNP,
C6mPhE-383, that demonstrated preferential transfection and
accumulation in the lymph nodes, conferred a potent immune
response in mice after vaccination, was well-retained in the
injection site, and caused minimal systemic cytokine generation
after administration in vivo. This study represents an exciting
exploration of the incorporation of aromatic rings and
bioreducible disulfide bonds into ionizable lipids, and we
envision the extension of this platform into existing ionizable
lipids with amine cores or the incorporation of the aromatic,
bioreducible tails onto a variety of other amine cores to engineer
LNPs with enhanced safety and efficacy for vaccination and
other immune applications.
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