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ABSTRACT: Secondary lymphoid organs (SLOs) are an important ~ “hosPhoserine Lymph nodes Spleen
target for mRNA delivery in various applications. While the current & O
delivery method relies on the drainage of nanoparticles to lymph 5%\/ 7 X
nodes by intramuscular (IM) or subcutaneous (SC) injections, an R .

efficient mRNA delivery carrier for SLOs-targeting delivery by
systemic administration (IV) is highly desirable but yet to be
available. In this study, we developed an efficient SLOs-targeting
carrier using phosphatidylserine (PS), a well-known signaling
molecule that promotes the endocytic activity of phagocytes and
cellular entry of enveloped viruses. We adopted these biomimetic ~ [hesehatidyserine
strategies and added PS into the standard four-component MC3-

based LNP formulation (PS-LNP) to facilitate the cellular uptake of

immune cells beyond the charge-driven targeting principle commonly

used today. As a result, PS-LNP performed eflicient protein

expression in both lymph nodes and the spleen after IV administration. In vitro and in vivo characterizations on PS-LNP
demonstrated a monocyte/macrophage-mediated SLOs-targeting delivery mechanism.

Systemic delivery

Monocyte/macrophage
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Lipid nanoparticles (LNPs) have successfully enabled the editing for cell engineering. Up to date, most approaches to

clinical applications of mRNA (mRNA) therapeutics, delivering mRINA-based vaccines have relied on LN drainage
particularly their remarkable success in COVID-19 vaccines.' via IM or SC injections.'” Upon injections, immune cells, such
LNPs protect mRNA from nuclease degradation and rapid as neutrophils and monocytes, are recruited to the site of
clearance from blood circulation and facilitate cellular uptake.” injections, take up the particles and then mobilize to the
A typical LNP formulation is made up of ionizable cationic draining LNs to perform T cell priming. However, many cells
lipids, helper lipids, cholesterol, and polyethylene glycol that internalize LNPs cannot efliciently express proteins from
(PEG)-lipids. To date, most reported LNP formulations tend mRNA, particularly neutrophils."* Moreover, nonimmune cells
to accumulate in the liver among all organs upon systemic at the injection site, including epithelial cells and muscle cells,
administration.” For example, the first FDA-approved LNP also take up most of the injected LNP but do not plalrticipate in
drug, based on DLin-MC3-DMA (MC3) as ionizable lipids, antigen presentation occurring in draining LNs.” In either

was shown to be predominantly expressed by the liver.”> LNPs case, the deliver.y efficiency O.f mRNA is subopti.mal. Thus, a

based on other ionizable lipids were also shown strong protein more potent deh\{ery strategy is needed to target immune cells

expression of mRNA in the liver, including C12—200,° cKK- in SLOs. Alternatively, IV delivery of mRINA has the advantage

E127 and SM-102.° While these formulations offer the over IM or SC delivery to access most LNs in the body via the
) M .

feasibility of mRNA. therapy for liver diseases, nonhepatic bloodstream and spleen where most immune cells locate.

delivery of LNPs is still challenging due to the intrinsic liver However, it 18 hlndere.d by.t‘he risk of off—ta.rget effects that
. 1o 9—11 cause potential systemic toxicity. Several studies attempted to
tropism of nanoparticles.

Efficient mRNA delivery to secondary lymphoid organs

(SLOs) by systemic administration is highly needed. SLOs, Received: August 15, 2022
including lymph nodes (LNs) and the spleen, are pivotal Revised:  September 26, 2022
environments where immune cells interact with one another to Published: October 4, 2022

initiate adaptive immunity.'” The introduction of functional
mRNA to these cells enables applications including immuno-
therapy against cancer or autoimmune diseases, and gene
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Figure 1. Illustrations and characterization of phosphatidylserine-containing lipid nanoparticles (PS-LNP) targeted deliver mRNA to SLOs. (A)
The targeted delivery of PS-LNP to the spleen and lymph node (or SLOs) was mediated by “monocytes/macrophages”: (1) PS-LNP is formulated
by an MC3-based LNP modified by PS for targeting SLOs; (2) Monocytes/macrophages mediate the SLOs-targeting delivery of PS-LNP; (3) PS-
LNP delivers mRNA to lymph nodes and the spleen and induces efficient protein expression. (B) Conventional MC3-based four-component LNPs
(MC3-LNP), LNPs with 18PA (PA-LNP), and with DOPS (PS-LNP) were formulated to encapsulate mRNA encoding firefly’s luciferase (Fluc),
and characterized, respectively. (C) All LNPs encapsulating Fluc-mRNA (0.2 mg/kg) were injected into CS7BL/6] by retro-orbital injections.
Whole-body IVIS images were performed at 6 h after administration. Both inclusions of PA and PS into the MC3-based formulations shifted the
biodistribution of protein expression from the liver to the spleen. However, PS-LNP showed higher efficiency in the spleen and also potent
expression in superficial cervical lymph nodes (SCLNs). Note that the lower limit of the color scale bar of PS-LNP is an order of magnitude higher

than that of PA-LNP.

achieve spleen-targeting delivery of mRNA, either actively or
passively by manipulating the properties of LNPs.'* For active
targeting, LNPs are usually coated with targeting antibodies or
surface ligands to utilize interaction with receptors on the
surface of the target cell.'>'¢ Although conjugating antibodies
can be a straightforward method, the stability of LNPs may be
compromised. Furthermore, the selection of a targeting moiety
is greatly limited by the generation of corresponding
antibodies."® On the other hand, passive targeting, which
does not rely on targeting moieties, manipulates the
architecture of the particle, such as charge and size. For
example, Kranz et.al adjusted the ratio between mRNA and
cationic lipids of the mRNA-lipoplex formulation to vary the
negative net charge of the nanoparticle. While the negatively
charged nanoparticle preferentially delivered mRNA to the
spleen, the transfection efficiency declined as the negative
charge of the nanoparticles increased. Nevertheless, this study
is an excellent example that demonstrates the practicability of
the systemic delivery of mRNA in cancer immunotherapy.'” In
another study, Cheng et.al incorporated an anionic lipid, 1,2-
dioleoyl-sn-glycero-3-phosphate (18PA), into the liver-target-
ing LNP formulations and was able to deliver the mRNA to the
spleen following IV administration.'® The altered biodistribu-
tion was a consequence of the extra negative charge which
changes the composition of corona proteins on LNPs."”
Similarly, increasing the amount of anionic components in the
formulation led to a higher accumulation of mRNA in the
spleen but a reduced protein expression from mRNA.'”"*

In this work, we sought to achieve efficient SLOs-targeting
mRNA delivery in a biomimetic manner. To this end, we
modified the LNP system to actively enhance the uptake of
LNPs by certain cell types in SLOs. In nature, phosphati-
dylserine (PS) is a well-characterized membrane molecule that
is recognized by phagocytes, such as macrophages, and
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increases their endocytic activity. Externalization of PS in
apoptotic cells sends a signal to phagocytes for endocytic
engulfment.”’ Furthermore, many enveloped viruses exploit a
similar mechanism to promote their cellular entry and thus
infection efficiency. These viruses hijack the PS components
from the endothelium reticulum or cell membrane and
incorporate them into their viral membrane during the
budding process, so they can bind to the corresponding
receptors on the host cells and facilitate infection.”’ Therefore,
we added 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)
into the standard four-component MC3-based formulation
(MC3-LNP) containing MC3, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), cholesterol and 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000)
to form a SLO-targeting formulation (PS-LNP) (Figure 1A).
Meanwhile, another anionic lipid without the functional
phosphoserine group for active targeting, 18PA, was also
used to generate LNPs (PA-LNP) as a reference to compare
with PS-LNP (Figure S1 and Figure S2)."® First, dynamic light
scattering confirmed the encapsulation and size of LNPs for
MC3-, PA- and PS-LNP, respectively (Figure 1B and Figure
S3). Zeta-potential measurements of the particles demon-
strated that MC3-LNP was slightly positively charged, while
PS- and PA-LNP were negatively charged (Figure 1B). The
encapsulation efficiency of all the formulations was shown to
be >85%. All formulations were tested to have a similar pK,
value: MC3-LNP (pK, = 6.26), PA-LNP (pK, = 5.92), and PS-
LNP (pK, = 6.31) (Figure S3). Cryogenic transmission
electron microscopy (Cryo-EM) images were taken to show
the morphology of each LNP formulation, respectively (Figure
S4).

First, we evaluated the location of Fluc expression in
CS57BL/6] mice after IV injection of the above LNPs. In this
study, IVIS imaging on the whole body was conducted at 6 h
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Figure 2. Biodistribution of Fluc expression after intravenous injections of different LNPs encapsulating Fluc mRNA. (A,B) At a dosage of 0.2 mg/
kg (high dosage), IVIS images were taken on isolated organs (A), and the bioluminescence signal was analyzed to get total luminescence flux in the
liver, the spleen, and superficial cervical lymph nodes (SCLNGs, attached on the adjacent fat) (B). As a result, MC3-LNP had most of the expression
in the liver but less in the spleen and SCLNs. In contrast, PS-LNP showed potent expression in the spleen and SCLNs. Although PA-LNP had a
shifted distribution from the liver to the spleen, the luminescence activity was significantly weaker than that of PS-LNP (p < 0.0001) but similar to
that of MC3-LNP (p = 0.21). Luminescence signal in the spleen (PS-LNP, 3.7 X 10%; PA-LNP, 8.0 X 10% MC3-LNP, 1.7 X 107; total flux (p/s))-
In SCLNS, only PS-LNP showed potent Fluc expression (PS-LNP, 9.4 X 107; PA-LNP, 1.8 X 105 MC3-LNP, 1.4 X 10’; total flux (p/s). (C) At a
dosage of 0.05 mg/kg (low dosage), the expression level in different organs was compared between PA- and PS-LNP. While PS- had a similar liver
expression as PA-LNP (p = 0.07), significantly higher expression levels were found in the spleen and SCLNs from the PS-LNP. (D) The sum of all
luminescence signals from all organs was shown at high dosage (left) and low dosage (right). The result indicates that the addition of
phosphatidylserine confers SLOs targeting effect without compromising the transfection efficiency. (E) Comparison of the performance of targeted
delivery to SLOs between PA and PS-LNP at high dosage and low dosage, respectively. The relative expression in each organ was analyzed by
calculating the percentage of the total luminescence flux of all organs. As a result, at low dosage, PS-LNP had potent targeted mRNA delivery to the
spleen and SCLN’s with a ~90% relative expression level among other organs. However, the targeting effect was weaker in PA-LNP, where ~40% of
the luminescence signal was still present in the liver and only 60% in the spleen and SCLNs. Although the percentage of liver expression from PS-
LNP started to increase at high dosage, SLOs targeting effect was still maintained at a high level (~78%) and more effective than that from PA-LNP
(~27%). The signal in the lung and kidneys was detected to be negligible for all groups. Organs shown here are (from top to bottom) lung, SCLNs
(attached to the fat), liver, kidneys, and spleen. Images were analyzed using Living Image software (PerkinElmer). A two-tailed t test was conducted
to analyze the statistical difference. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Biological replicates of the experiment (n = 4 or 5)
were indicated as scatters in the plot. Data are shown as mean + SEM.

after administration at a high dosage (0.2 mg/kg). As reported little from other groups (Figure 2B). We further compared the
before, MC3-LNP showed maximal protein expression in the targeting effect of PA- and PS-LNP at a lower dosage (0.0S
liver.’ Both PA- and PS-LNP showed a shift of luciferase mg/kg) (Figure 2C and Figure S7). In the spleen and SCLNs,

expression from the liver to the spleen, but the luminescent the luminescence signal was stronger in PS-LNP than in PA-
signal was much stronger in the PS-LNP (Figure 1C). LNP by an order of magnitude (Figure 2C). Therefore, the
Furthermore, we discovered that PS-LNP had a significant results demonstrated an efficient biodistribution shift toward
increase in luciferase expression in superficial cervical lymph SLOs after adding PS into the MC3-LNP formulation.
nodes (SCLNs) which was not detected in either MC3- or PA- Notably, the addition of PS promotes the targeting of
LNP. The distribution patterns of these three formulations are mRNA LNPs to the spleen and SCLNs far more efficiently
consistent at 24 and 48 h after administration (Figure SS and than that of PA-LNP. The total luminescence signal produced
Figure S6). To compare the expression level more accurately, by all organs was significantly higher in PS-LNP than in PA-
we analyzed the bioluminescence signal on isolated organs at 6 LNP at either dosage. Also, the signal was at the same level in

h after administration of LNPs (Figure 2A). As a result, the both MC3- and PS-LNP at a dosage of 0.2 mg/kg (p = 0.09)
Fluc expression from MC3-LNP predominantly occurred in (Figure 2D). The result implies that, unlike PA-LNP, PS-LNP

the liver and less in the spleen. In contrast, adding PS to the achieved targeted expression while maintaining a high
formulation drastically reduced the Fluc expression in the liver transfection efficiency. Furthermore, we analyzed the relative
and had most of the expression in the spleen. PA-LNP also had expression in each organ by calculating the percentage of the
reduced Fluc expression in the liver, but the expression in the total luminescence flux (Figure 2E). At the lower dosage, we

spleen was 45-fold weaker than that of PS-LNP. Expression in found that PS-LNP completely altered delivery to the spleen
the spleen of PA-LNP was not statistically different from that and SCLNs (~90%) from the liver (~10%), whereas the
of MC3-LNP (p = 0.21). (Figure 2B) More importantly, we targeting effect was much weaker in PA-LNP with ~41% in the
observed potent Fluc expression in SCLNs from PS-LNP but liver and only ~58% in the spleen and SCLNs. When the
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dosage was increased to 0.2 mg/kg, the percentage of
expression in the spleen and SCLNs slightly reduced to
~78%. A possible explanation for the reduction is that the
capacity of protein expression in the liver is larger than in the
spleen. Nonetheless, the SLOs-targeting effect of PS-LNP was
still more prominent than that of PA-LNP (~27%). The
reported PA-LNP formulation used an excessive amount of
anionic lipids (18 PA) to achieve effective spleen targeting,
which makes low transfection efficiency anticipated because it
is unfavorable for overcoming the barrier of the anionic cell
membrane.”” Therefore, the PS-LNP formulation utilizing a
small amount of targeting lipid (PS) is preferred to achieve the
efficient targeted delivery of mRNA to the spleen and SCLNG.

Next, we investigated the biodistribution of LNPs by
imaging isolated organs in the IVIS at 4 h after systemic
injection of LNPs encapsulating a CyS-labeled RNA (Figure
3A). First, we examined the CyS signal present in the main
lymph nodes, including superficial cervical, axillary, brachial,
and inguinal lymph nodes. Contrary to MC3- and PA-LNP in

A

Cy5-RNA PA PS

« 108 Radiance Efficiency
(plseciem?sr
PWiem?

4.0

LNs

3x101°

2x1010

1x1010

Total Radience Efficiency
([p/s] / [uWIcm?])
ol

° T T
F R R

e
SR R

Figure 3. Evaluation of the biodistribution of the particle by CyS
labeled-mRNA. LNPs encapsulating CyS labeled-mRNA were
injected systemically into CS7BL/6] mice (0.5 mg/kg). The same
amount of CyS-labeled RNA without LNPs was injected as a control.
(A) Fluorescent images were taken on isolated organs to show Cy$S
signal in the liver and the spleen (upper row), and lymph nodes
(lower row). Major lymph nodes from the mouse were isolated,
including superficial cervical lymph nodes (SCLNSs), axillary LNs,
brachial LNs, and inguinal LNs from both sides of the body,
respectively. (B) Quantification of epifluorescence on lymph nodes,
the liver, and the spleen. No significant difference was found in CyS$
signal from the liver and the spleen among all groups. However, PS-
LNP was able to transport mRNA to LN, especially to the SCLNs.
Images were analyzed using Living Image software (PerkinElmer). A
two-tailed ¢ test was conducted to analyze the statistical difference. (*
p < 0.0S; ** p < 0.01;). Biological replicates of the experiment (n = 3)
were indicated as scatters in the plot. Data are shown as mean + SEM.
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which fluorescent signal was barely seen, all lymph nodes in
PS-LNP showed CyS signal at different levels with SCLNs
being the strongest one (Figure 3A and Figure S8A). A
negligible amount of fluorescent signal was detected in LNs
extracted from mice treated with PBS or CyS-RNA alone
(Figure 3A and Figure S8B). The total radiance efficiency was
quantified to indicate the amount of Cy5-RNA taken up by the
cells in the LNs (Figure 3B). As a result, PS-LNP
demonstrated the strongest fluorescent signal among other
groups. Furthermore, more than 90% of the signal was
produced from SCLNs. The result could be explained by the
fact that SCLNs are the closest lymph nodes from where the
drug was administered (ophthalmic venous sinus). Then, we
analyzed the CyS signal in the liver and spleen (Figure 3B). No
prominent difference in Cy5 epifluorescence signal was found
in both the liver and spleen among all groups. However, it is
worth noting that the liver and spleen are two main organs
where most LNPs accumulate after systemic delivery.”**
Hence, PA- as well as PS-LNP did not alter the biodistribution
of the particle in both the liver and spleen as in the case of
MC3-LNP. PS-LNP achieved targeted delivery of mRNA by
performing selective high transfection in the spleen. PS-LNP
had much higher expression in the spleen, indicating its
targeting effect without sacrificing the transfection efficiency.
Following a charge-driven design principle, LoPresti et al.
introduced negatively charged PS lipids into their LNP systems
and compared organ-specific expression in the liver, spleen,
and lungs.” In this work, however, we proposed a biomimetic
design principle of PS recognition by phagocytes and evaluated
the biodistribution of LNPs in secondary lymphoid organs,
including the spleen and systemic lymph nodes. The high
fluorescent signal in LNs from PS-LNP indicates the active
transportation of LNPs after systemic delivery, not simply due
to the charge effects, which was not observed before. Overall,
our results suggested an active mechanism via a biomimetic
functional group, leading to enhanced cellular uptake of PS-
LNP in the spleen and lymph nodes.

Having confirmed SLOs-targeting delivery of PS-LNP by
both particle biodistribution and protein expression, we sought
to understand the active mechanism behind the targeted
protein expression. In nature, the phosphoserine functional
group can be found on a natural lipid PS, which serves as an
“eat-me” signal to phagocytes b;f binding to the scavenger
receptors on the cell surface.”®”’ We hypothesized that the
addition of phosphatidylserine facilitates the accumulation of
LNPs in SLOs, a process resembling the natural mechanism
where PS promotes the clearance of apoptotic cells by
phagocytes.” First, we conducted an in vitro luciferase assay
to compare the transfection efficiency of MC3- and PS-LNP in
HepG2, a hepatocyte cell line, and RAW264.7, a monocyte/
macrophage cell line, respectively (Figure S9). As a result,
MC3-LNP demonstrated around 10 times the expression level
higher than PS-LNP in HepG2, whereas PS-LNP performed
better in transfection of RAW264.7. Similar to the result in
immortal cell lines, PS-LNP had a higher transfection efficiency
in primary murine splenocytes than MC3-LNP. Therefore, the
incorporation of PS lipids into the LNP formulation increases
the mRNA transfection in immune cells, especially macro-
phages. These results explained why particle distribution does
not necessarily correlate with protein expression in mRNA
delivery. Although most of the particles accumulate in the liver
(as shown in Figure 3A), PS-LNP induced weak protein
expression in the liver (as shown in Figure 2A). On the
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contrary, PS-LNP outperformed in transfecting macrophages
and splenocytes, resulting in a selective protein expression in
SLO:s.

The in vitro transfection data prompted us to question if
certain types of immune cells, such as macrophages, play a
critical role in the SLO-targeting delivery of PS-LNP. We then
studied which cell types from the spleen take up the particle
through flow cytometry analysis. Briefly, C57BL/6] mice were
given MC3- or PS- LNP encapsulating Cy5-labeled mRNA via
IV injections. After 4 h, single cells were extracted from the
spleen and analyzed for CyS* cells by flow cytometry (Figure
S10 and Figure S11).°*” As a result, a larger CD45*
population was found to be CyS* in PS-LNP (~1.05%) than
MC3-LNP (~0.24%) (Figure 4A). A breakdown of
CD45*CyS" populations from PS-LNP treated mice shows
that over 50% of cells are myeloid cells (Figure 4B). First, we
analyzed Cy5-RNA uptake by monocytes/macrophages using
two gating strategies, including F4/80-based and Ly6G/Ly6C-
based strategies.”” As shown in Figure 4C, the percentage of
CyS* monocytes/macrophages was over 2-fold higher in PS-
LNP than in MC3-LNP. The increased percentage indicates an
enhanced uptake of mRNA-LNPs by monocytes/macrophages
after the addition of PS lipids that can bind to the PS receptors
on these cells.”” This observation echoes the in vitro
transfection experiment where PS-LNP had a higher Fluc
expression than MC3-LNP in RAW264.7 and primary mouse
splenocytes. Furthermore, we discovered an increased number
of the Ly6C™ (classical/inflammatory) and the Ly6Co™s
subset (nonclassical/anti-inflammatory) in mRNA-LNP trea-
ted groups compared to in the PBS control group. However,
only PS-LNP treated group has much higher CyS™ cell
populations than MC3-LNP (Figure S12). It implies that the
incorporation of PS lipids could induce recruitment and
activation of blood or tissue-derived monocytes, facilitating the
uptake and targeting of PS-LNP to the secondary lymphoid
tissue. The uptake of CyS-RNA by other cell populations,
including eosinophils (CD11b"Ly6G Ly6C"°™8SSC™), neu-
trophils (CD11b*Ly6G*), dendritic cells (CD11c*F4/807),
and lymphocytes (CD3e* and CD19") were demonstrated in
Figure 4D.

To investigate the cellular uptake of LNPs in the lymph
node, we imaged the tissue sections of SCLNs from mice
administered with MC3- and PS-LNP using a confocal
microscope, respectively (Figure 4E). CyS* cells were more
populated in PS-LNP than that in MC3-LNP. Most of them
are located at the subcapsular sinus of the LN, where afferent
macrophages bring antigenic information and relay it to B cells
or T cells to activate adaptive immune responses.”’
Immunohistochemistry was performed on thin sections of
SCLNs using anti-CD11b and anti-CD169 antibodies to
identify the cell type of CyS* cells.”"”” In MC3-LNP, the
CyS signal was distributed sparsely and dimly in the LN with a
few in CD11b" cells. On the contrary, in PS-LNP, most of the
mRNA (CyS*) was taken up by monocytes (CD11b*) or
subcapsular sinus macrophages (CD11b*CD169%) (Figure
4F). Therefore, the delivery of mRNA by PS-LNP is mediated
by monocytes/macrophages.

To further corroborate the determining role of macrophages
in the SLO-targeting capabilities of PS-LNP, we delivered the
LNP and localized the protein expression in a macrophage-
depleted mouse model. Briefly, C57BL/6] mice were intra-
venously treated with clodronate-liposomes (Clodrosome) at
18 h before the administration of mRNA-LNPs (Figure SA).
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Figure 4. Analysis of the cell types that take up PS-LNP by flow
cytometry and confocal microscopy. (A-D) Flow cytometry analysis
of CyS" cells extracted from spleens of mice treated with MC3-LNP
and PS-LNP. (A) PS-LNP treated group has a higher percentage of
CyS" transfected cells in CD4S" immune cells than MC3-LNP. (B)
The breakdown of CD4S* immune cells from the PS-LNP treated
group. 52.6% of CyS* cells are myeloid cells and 43.2% are
lymphocytes. (C) Quantification of the percentage of CyS* cells
within monocyte/macrophage defined by F4/80-based (CD11b*F4/
80%) and Ly6G/Ly6C-based (CD11b"Ly6G Ly6C**™8SSC™ and
CD11b*Ly6G Ly6CHMSSC™) strategies, respectively. The percentage
of monocytes/macrophages that take up PS-LNP was more than 2-
fold higher than MC3-LNP. (D) Quantification of the percentage of
Cy5+ cells within defined cell type populations, including neutrophils
(CD11b*Ly6G"), eosinophils (CD11b*Ly6G Ly6C'*"8SSC™), den-
dritic cells (CD11c"F4/807) and lymphocytes (CD19* and CD3e")
(E) Confocal images of a representative SCLN from a mouse treated
with MC3- and PS-LNP encapsulating CyS-RNA. It confirmed the
potent uptake of PS-LNP, which was mostly located in the
subcapsular sinus zone. (F) Immunohistochemical staining was
performed on the thin SCLN section from mice treated with MC3-
and PS-LNP, respectively. Markers are indicated as CyS-RNA (Red),
CD169 (Green), and CD11b (Yellow). While the CyS signal was
barely seen in MC3-LNP, PS-LNP was shown to be taken up by
subcapsular sinus macrophages (CD11b*CD169"). Data are shown as
mean + SEM (n = S). A two-tailed unpaired student ¢ test was used to
analyze the statistical significance of between data indicated (** p <
0.01; *#* p < 0.001; **** p < 0.0001). Data are shown as mean +
SEM.

Clodrosome is a well-characterized liposomal drug that is used
to deplete macrophages either in peripheral blood or local
tissues, depending on injection routes, in animals.’*>** As

shown in Figure 5B, PS-LNP no longer delivered mRNA to
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Figure S. (A) Clodronate liposome was given to CS7BL/6] to deplete macrophages. PS-LNP carrying Fluc-mRNA was administered (0.2 mg/kg)
at 18-h after the treatment (figure was created with BioRender.com). (B) IVIS images were taken on isolated organs at 6 h after the injection of
LNPs. The result clearly showed that most of the expression (>97%) occurred in the liver after macrophage depletion (left). Depletion of
macrophages voids the targeted delivery of PS-LNP to SLOs, indicating the targeting effect is macrophage-mediated.

SLOs in Clodrosome-treated mice. Instead, Fluc expression
predominantly occurred in the liver with more than 97% of
expression among other major organs. Depletion of macro-
phages in the mouse completely switches the protein
expression of PS-LNP back to the liver, suggesting a pivotal
role of these immune cells in determining the SLOs targeting
capabilities of PS-LNP.

To summarize, we reported a PS-containing LNP system,
PS-LNP, for the systemic and targeted delivery of mRNA into
SLOs. It should be pointed out that the “targeting” capacity of
mRNA-LNPs in the literature could refer to a) high
accumulation of mRNA-LNPs in the targeted organ, or b)
high mRNA transfection efficiency characterized by protein
expression from the targeted organ. For mRNA-LNPs, high
accumulation in the targeted organ does not necessarily
indicate successful and efficient cellular uptake and protein
expression of the mRNA."®'”** Hence, we compared the
targeting effect among MC3-, PA-, and PS-LNP by studying
both the organ-specific protein expression and particle
accumulation. Our results showed that PS-LNP induced a
stronger mRNA expression selectively in the spleen and
SCLNs, although it had a similar particle biodistribution in the
liver and the spleen as PA-LNP. We have demonstrated that
SLOs targeting is not simply due to anionic lipids used.
Instead, a biomimetic functional group, phosphoserine,
facilitates the cell-mediated targeted delivery of LNPs rather
than simply charge-dependent organ-specific accumulation. In
vitro and in vivo characterizations of PS-LNP verified that its
SLOs-targeting effect is mediated by monocytes/macrophages.
While other studies utilized anionic lipids, including PS and
PA, to tune the surface charge of LNPs,"®* this work has
pointed out the role of a biomimetic PS in cell-particle
interactions to achieve efficient targeted delivery. Overall, this
work provides a new approach for the design of SLOs-targeting
delivery.
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