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KEY PO INT S

•Donor platelets can be
directly genetically
modified in plasma and
platelet additive
solution using mRNA-
lipid nanoparticles.

•mRNA-LNP
transfection is scalable
to physiological and
supraphysiological
platelet concentrations,
and engineered
platelets can be stored.
Platelets contribute to a variety of physiological processes, including inflammation, sepsis,
and cancer. However, because of their primary role in hemostasis, platelet transfusions
are largely restricted to managing thrombocytopenia and bleeding. One way to expand
the utility of platelet transfusions would be to genetically engineer donor platelets with
new or enhanced functions. We have previously shown that lipid nanoparticles containing
mRNA (mRNA-LNP) can be used to genetically modify authentic platelets in a nonclinical
crystalloid solution. Currently, platelets collected for transfusion are stored in plasma or in
plasma supplemented with platelet additive solution (PAS) at supraphysiological con-
centrations at room temperature, or at 4◦C if intended for use in acute hemorrhage. Here,
we describe a new plasma-optimized mRNA-LNP for transfecting platelets directly in
plasma and plasma supplemented with PAS that is scalable to physiological and supra-
physiological platelet concentrations. Transfecting platelets in clinical solutions with
mRNA-LNP does not affect aspects of in vitro physiology, and transfected platelets are
storable. The compatibility of this transfection system with current clinical practices could
enable future mRNA-LNP–based platelet products and cell therapies.
Introduction
Platelet transfusions are an important cell therapy used to
prevent or stop bleeding and manage thrombocytopenia.1

Beyond hemostasis, platelets are also key immune cells and
have been implicated in inflammatory diseases among other
physiological processes.2 However, despite their multifunc-
tional roles, platelets have not been expanded as a cell therapy
in other indications. One of the major hurdles in developing
new, platelet-based cell therapies is the limited options avail-
able for genetically modifying them with new or enhanced
functions. Indirect methods for genetically engineering plate-
lets exist and rely on the modification of platelet precursor cells
using lentiviral vectors, resulting in the production of modified
platelets.3,4 However, this process can be costly, and there are
immunologic challenges.5 Previously, our laboratory demon-
strated that donor platelets collected for transfusion can be
engineered in nonclinical, crystalloid solution using lipid
nanoparticles (LNPs) containing mRNA to produce exogenous
protein.6 Engineering new or enhanced function directly in
donated platelets with this technology and improving its clinical
compatibility could widely expand the current uses of platelet
cell therapy.7

Transfecting platelets with mRNA rather than DNA is necessary
because platelets are anucleate and unresponsive to DNA
delivery.6 Furthermore, platelets are translationally active, syn-
thesizing new proteins from endogenous mRNA, which is a
natural property leveraged to achieve the production of exog-
enous protein.8 We have previously shown that mRNA delivery
requires LNPs, as other delivery agents do not work for trans-
fecting platelets.6 LNPs are clinically validated, highlighted by
the US Food and Drug Administration–approved drug, Onpat-
tro, which is a silencing RNA (siRNA) therapeutic for hereditary
transthyretin amyloidosis, and the mRNA-based COVID-19
vaccines Spikevax and Comirnaty.9-11 Another major advantage
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of LNPs for platelet engineering is their modularity, whereby
lipid components and mRNA can be modified to change cell
tropism and improve transfection potency. For example, LNP
composition can be specifically designed to maximize expres-
sion in cultured cells12 or for targeting extrahepatic tissues.13

In our previous work, platelets were washed and resuspended
in crystalloid buffer before transfection with mRNA-LNP.
Although they retained hemostatic function, this approach is
limited. It requires excessive platelet handling in transferring
platelets from their normal plasma-based storage solution into
pure crystalloid solution, which can cause unwanted activa-
tion.14,15 Platelets are easily activated by stressors, which results
in the release of intracellular α-granules rich in membrane
bound P-selectin (CD62P), the externalization of anionic phos-
pholipid, and the formation of pseudopodia.2

Currently, platelets are stored in donor plasma alone or in
plasma supplemented with platelet additive solution (PAS),
which replaces 60% to 70% of the plasma with a crystalloid
nutrient solution.16 Storing platelets in plasma supplemented
with PAS improves platelet quality during storage and reduces
the risk of transfusion-associated allergic responses.17,18

Platelet units are typically stored at room temperature,19 but
they can alternatively be refrigerated if destined for transfusion
into patients with acute hemorrhage, as cold-stored platelets
have improved hemostatic properties.20,21 To improve clinical
compatibility of the mRNA-LNP platform, achieving transfection
directly in platelet storage solutions is needed. However, there
has been limited investigation into directly transfecting cells
ex vivo suspended in plasma using LNPs, which would be
required.

To enhance the clinical compatibility of mRNA-LNP platelet
transfection, we systematically optimized an LNP formulation to
enable transfection in plasma alone and plasma supplemented
with PAS. To determine if this second-generation mRNA-LNP
would be scalable and easily integrated into current blood
center practices, transfection at supraphysiological concentra-
tions, platelet function, and storage stability were also
investigated.

Materials and methods
Platelet collection and storage
Platelets used in this study were produced and sampled as
previously described.6,22 Two types of pooled platelet con-
centrates were used in this study: (1) platelet concentrates
composed of platelets pooled from 4 ABO-matched donors
resuspended in 100% plasma (plasma), which is a standard
product provided by the Canadian Blood Services23; and (2)
platelet concentrates composed of platelets pooled from 7
ABO-matched donors and resuspended in Macopharma
platelet additive solution (SSP+; PAS-E) at a ratio of approxi-
mately 60:40 or 70:30 PAS:plasma by volume (PAS70:30), pro-
duced according to an adapted protocol for producing pooled
platelet psoralen-treated products for transfusion that are not
pathogen inactivated.24 Platelets were transfected immediately
after unit production, which was 1 day after whole blood
collection. Protocols used in this study were approved by the
University of British Columbia Ethics Committees (H21-01516
and H16-00773) and the Canadian Blood Services Research
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Ethics Board (2021-007). Further details on platelet preparation
and transfection can be found in the supplemental Data
(available on the Blood website).

Preparing and characterizing mRNA-LNP
LNPs were formulated and mRNA was synthesized as previously
described using unmodified nucleotides.6,25 All mRNA
sequences were encoded for the reporter protein NanoLuc
Luciferase (NanoLuc) or firefly luciferase (fLuc). For some
studies, 0.5 mol% of the lipophilic tracer dye, DiD oil; DiIC18(5)
oil (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine
perchlorate) (Invitrogen), was included and the cholesterol mol
% was adjusted accordingly. Polydispersity index, zeta poten-
tial, and particle size were measured using the Malvern Zeta-
sizer Nano (Malvern Panalytical, Malvern, England).
Representative size distributions for mRNA-LNP composed of
NTX-001-DSPC-1.5% DMG-PEG2000, NTX-001-POPC-1.5%
DMG-PEG2000, and NTX-001-POPC-0.5% DMG-PEG2000 (PO-
mRNA-LNP) are included in supplemental Figure 1. Further
details can be found in the supplemental Data.

Flow cytometry
Platelets were stained to evaluate levels of CD62P, CD42b,
mRNA-LNP uptake, anionic phospholipid exposure, mitochon-
drial content, activated glycoprotein (GP) IIb/IIIa, and micro-
particle enumeration. Further details about the staining
procedures, antibodies, sources, dilutions, buffer compositions,
and gating strategy can be found in the supplemental Data.

Platelet characterization
Platelets were functionally characterized using rotational
thromboelastometry (ROTEM) and light transmission aggreg-
ometry, whereas the morphology was assessed using trans-
mission electron microscopy. Further details can be found in the
supplemental Data.

Statistical analysis and software
All experiments included a minimum of 3 biological replicates
(3 platelet bags each containing platelets from several donors),
with data presented as mean ± standard error of the mean, and
assumptions of normality and equal variance made for these
analyses. Statistical comparisons were conducted and visualized
as previously described.6 Flow cytometry data were analyzed
using FlowJo version 10.9.0, and artwork and schematics were
created using Adobe Illustrator version 28.

Results
Platelets can be transfected with mRNA-LNP in
clinical storage solutions
LNPs generally consist of 4 major lipid components, including
an ionizable lipid, structural phospholipid, PEGylated lipid, and
cholesterol, all of which can be optimized to modulate cellular
tropism and transfection potency.26 To identify an mRNA-LNP
that enables exogenous protein expression in platelets stored
in clinical solutions, we first optimized the ionizable lipid by
evaluating a small library of ionizable cationic lipids with pre-
dicted tropism for extrahepatic tissue in vivo.27 Each ionizable
lipid was screened in an LNP formulation incorporating 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol,
and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
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2000 (DMG-PEG2000) at the molar ratios used in Onpattro.28,29

Ionizable lipid NTX-001 was deemed most suitable for trans-
fecting platelets in plasma (supplemental Figure 3). We next
determined if LNPs formulated with NTX-001 are superior for
transfecting platelets in clinical storage solutions of 100%
plasma (plasma) or 70% PAS supplemented with 30% plasma
(PAS70:30) compared with the previously identified platelet-
optimized ionizable lipid ALC-0315.6 Platelets were also
transfected in 100% PAS (PAS100) as a nonclinical crystalloid
control (Figure 1A). Platelets transfected with mRNA-LNP
formulated with NTX-001 had 2.5-fold higher NanoLuc
expression in PAS70:30 compared with ALC-0315, which had
limited potency in plasma solutions but was highly potent in
PAS100 (Figure 1B).
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Figure 1. Donor platelets can be transfected with mRNA-LNP while in plasma and
solutions of PAS70:30 or plasma. (B) Relative NanoLuc expression, measured as the normali
lipid ALC-0315 or NTX-001 in PAS100, PAS70:30, and in plasma. (C and D) Quantification
(yellow circles, right y-axis) positive for the platelet activation marker CD62P (C) and repr
positive for DiD-labeled mRNA-LNP with statistical significance (bars, left y-axis) and per
flow cytometry plots (F). (G) NanoLuc expression in platelets transfected in PAS with in
platelets (red circles, right y-axis) positive for DiD-labeled mRNA-LNP. Platelets were tra
analysis of variance. Values reported as mean ± standard error of the mean. **P < .01; *

ENGINEERING PLATELETS IN CLINICAL STORAGE SOLUTION
The ionizable lipid used in the mRNA-LNP can dramatically
affect platelet activation, making some formulations undesir-
able.6 Platelets suspended in PAS100 were significantly more
activated than those suspended in PAS70:30 or plasma
(Figure 1C-D; supplemental Table 1). There was no difference in
activation between mRNA-LNP containing ALC-0315 or NTX-
001, and no differences compared with platelets without LNP
in any of the 3 storage solutions. Furthermore, levels of platelet
GPIb (CD42b), a surface receptor that binds to exposed sub-
endothelial matrix, were similar between mRNA-LNP and no
LNP platelets in all solutions (supplemental Figure 4). To
determine if differences in NanoLuc expression were related to
differences in mRNA-LNP uptake, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD), a fluorescent lipophilic
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dye that incorporates into the mRNA-LNP during formulation,
was used.30 The percentage of platelets positive for mRNA-LNP
was similar, and the median fluorescence intensity (MFI) of DiD-
positive platelets was not significantly different in platelets
transfected with ALC-0315 mRNA-LNP compared with NTX-001
in PAS70:30 and plasma (Figure 1E–F). However, transfection
with ALC-0135 mRNA-LNP resulted in significantly higher
uptake in PAS100. We then wanted to determine if the ratio of
plasma/PAS affects exogenous protein expression. NanoLuc
expression peaked when platelets were transfected with NTX-
001 mRNA-LNP at 15% to 30% plasma, whereas both uptake
and platelet activation decreased as the amount of plasma
increased, with CD42b remaining stable (Figure 1G;
supplemental Figure 5).
The composition of the mRNA-LNP affects platelet
transfection potency in PAS70:30 and plasma
To further improve the mRNA-LNP formulation for transfecting
platelets in PAS70:30 or plasma, we systematically optimized other
lipid components, including the structural phospholipid and
PEGylated lipid, which also influences particle potency
(Figure 2A).31 A variety of structural phospholipids with different
head and tail groups can be used to generate LNPs. Twelve
different structural phospholipids were screened, combining lipid
head groups phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylglycerol (PG), or phosphatidylserine (PS),
with distearoyl (DS), 1,2-dioleoyl (DO), or 1-palmitoyl-2-oleoyl
(PO) tails. Each structural phospholipid was formulated with
ionizable lipid NTX-001, DMG-PEG2000, cholesterol, and DiD.

In both clinical storage solutions, mRNA-LNP containing PG or
PS lipids yielded low levels of NanoLuc expression regardless of
the lipid tail. In contrast, mRNA-LNP formulated with PC- or PE-
containing structural phospholipids achieved the highest
NanoLuc expression in platelets (Figure 2B-C). PC and PE
phospholipids with PO tail groups (1 degree of unsaturation)
achieved the highest levels of NanoLuc expression, followed by
DO (2 degrees of unsaturation) and DS (fully saturated). Overall,
PO combined with PC (POPC), resulted in a 3.3- and 4.1-fold
increase in NanoLuc expression compared with DSPC in
platelets suspended in PAS70:30 or plasma at 4 hours, respec-
tively (Figure 2D-E). Likewise to NanoLuc expression, mRNA-
LNP uptake also varied with the structural phospholipid used.
There was slightly higher mRNA-LNP uptake into platelets when
particles were formulated with PC and PE structural phospho-
lipids compared with PG and PS in PAS70:30 (supplemental
Figure 6A-B).

To optimize the PEGylated lipid for platelet transfection in
PAS70:30 and plasma, we tested DMG-PEG2000, 2-[(polyethylene
glycol)-2000]-N,N-ditetradecylacetamide (ALC-0159; used in
Comirnaty32) and 1-(monomethoxy polyethylene glycol 2000)-
2,3-distearylglycerol (DSG-PEG2000) at different molar ratios
with NTX-001 and POPC. Across PEGylated lipid species
tested, NanoLuc expression increased in PAS70:30 and plasma
as the molar percentage decreased to 0.5% in PAS70:30 and
plasma, with less PEGylated lipid resulting in increased mRNA-
LNP particle size (Figure 2F-H). Despite this trend, PEGylated
lipid is a necessary component of the mRNA-LNP, as LNP
formulated without PEGylated lipid failed to encapsulate mRNA
(supplemental Table 2). Again similar to NanoLuc expression,
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the MFI of DiD-positive platelets decreased in most trans-
fections as molar percentage of PEGylated lipid increased in
PAS70:30 (supplemental Figure 6C-D). NanoLuc expression in
PAS70:30 and plasma and particle size correlated to mRNA-LNP
uptake (supplemental Figure 7). Progressive optimization
resulted in a plasma-optimized mRNA-LNP (PO-mRNA-LNP)
composed of NTX-001, POPC, cholesterol, and 0.5% DMG-
PEG2000, which yielded a five- and fourfold increase in NanoLuc
expression compared with original mRNA-LNP (NTX-001,
DSPC, cholesterol, and 1.5% DMG-PEG2000) in PAS70:30 and
plasma after 4 hours, respectively (Figure 2I). The PO-mRNA-
LNP also enabled the expression of firefly luciferase in trans-
fected platelets, which did not affect activation (supplemental
Figure 8).

mRNA-LNPs with various structural and PEGylated
lipids do not affect platelet activation in PAS70:30
and plasma
We next evaluated whether the different structural phospho-
lipids and PEGylated lipids used in the mRNA-LNP impact
platelet activation in PAS70:30 and plasma for each unique
formulation. In both PAS70:30 and plasma, none of the structural
phospholipids caused significant platelet activation compared
with no LNP platelets, and platelets stimulated with synthetic
cross-linked collagen-related peptide (CRP-XL)33,34 activated as
expected (Figure 3A-B; supplemental Table 3). Platelet CD42b
surface levels were also comparable between mRNA-LNP and
no LNP platelets in PAS70:30 and plasma regardless of the
structural phospholipid (supplemental Figure 9A-B). To deter-
mine if the structural phospholipids used in the mRNA-LNP
affect platelet PS exposure, another hallmark of platelet acti-
vation, transfected and no LNP platelets were stained with
annexin V, which binds to surface anionic phospholipids and is
detectable by flow cytometry.35,36 Annexin V MFI was not
significantly different irrespective of the structural lipid tested in
PAS70:30 and plasma and was comparable to no LNP platelets,
whereas platelets activated with calcium ionophore (CaI) as a
positive control displayed high levels of PS (Figure 3C-D).
Similar to the structural phospholipid screen, platelet activation
and CD42b were not affected by any of the PEGylated lipids
tested or their molar ratio in both PAS70:30 and plasma
(Figure 3E-F; supplemental Figure 9C-D; supplemental
Table 4). Finally, the forward and side scatter distribution of
the platelet population by flow cytometry was comparable
between no LNP and PO-mRNA-LNP–transfected platelets in
PAS70:30 and plasma (supplemental Figure 10).

Transfection with PO-mRNA-LNP is scalable to
physiological and supraphysiological platelet
concentrations
The average physiological platelet concentration ranges from
150 × 106 to 450 × 106 mL−1.37 In units collected for transfusion,
platelets are stored at supraphysiological concentrations of
≈900 × 106 to 1400 × 106 mL−1.23 To determine if mRNA-LNP
transfection is scalable, we evaluated NanoLuc expression in
platelets at concentrations of 250 × 106 mL−1 (physiological)
and 800 × 106 mL−1 (supraphysiological) after transfection with
PO-mRNA-LNP. NanoLuc expression increased with mRNA-
LNP dosage in both PAS70:30 and plasma and at both platelet
concentrations (Figure 4A-B). At physiological and supra-
physiological concentrations, the optimal dose was 24 and
STRONG et al
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Figure 2. Transfection in PAS70:30 and plasma is best with mRNA-LNP formulated with PC helper lipids and low molar percentage of PEGylated lipid. (A) Schematic of
an mRNA-LNP and the various optimized components. (B-C) Relative NanoLuc expression in platelets transfected with mRNA-LNP formulated with a library of structural
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Figure 2 (continued) phospholipids at 4 hours (shaded bars) and 24 hours (open bars) in PAS70:30 (B) or plasma (C). (D and E) Heat map showing the relative NanoLuc
expression fold change between structural phospholipids used in the mRNA-LNP for platelets transfected in PAS70:30 (D) and plasma (E). (F) mRNA-LNP size (nm) (bars, left y-
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centration of 250 × 106 mL−1. P values were determined by the 2-way analysis of variance and applied to 24-hour data. Values are reported as mean ± standard error of the
mean. *P < .05; **P < .01; ***P < .001; ****P < .0001. n = 3. Ns, not significant.
48 μg mL−1 for platelets transfected in PAS70:30 and plasma,
respectively.

Platelet activation at the different concentrations and at the
various PO-mRNA-LNP doses did not increase compared with
no LNP platelets in PAS70:30 or plasma (Figure 4C–D;
supplemental Table 5). There was an increase in platelet acti-
vation at supraphysiological concentrations compared with
physiological concentrations, which was not influenced by
mRNA-LNP exposure. PO-mRNA-LNP uptake increased as the
dosage increased in both solutions regardless of the platelet
concentration (Figure 4E–F). To determine if PO-mRNA-LNP
exposure at different doses affects platelet reactivity, platelets
suspended in PAS70:30 were stimulated with adenosine
diphosphate (ADP).37 Regardless of the PO-mRNA-LNP dose,
transfected platelets retained equivalent responsiveness to
ADP as no LNP platelets, although platelets at supra-
physiological concentration were less responsive than those at
physiological concentration (Figure 4G). CD42b levels were
similar across PO-mRNA-LNP doses in PAS70:30 and plasma
(supplemental Figure 11).
Platelets transfected with PO-mRNA-LNP maintain
their responsiveness to agonists, are coagulable
in vitro, and do not display major morphologic
changes
To determine if PO-mRNA-LNP transfection impacts platelet
reactivity to agonists, no LNP and transfected platelets were
activated with ADP, thrombin, CaI, or CRP-XL. Platelets trans-
fected at supraphysiological concentration with PO-mRNA-LNP
at 24 μg mL−1 in PAS70:30 did not have significantly impaired
2228 21 NOVEMBER 2024 | VOLUME 144, NUMBER 21
reactivity to all agonists tested (Figure 5A; supplemental Table 6).
Depending on the agonist, CD42b binding did decrease,
consistent with previous reports,38 but the MFI was similar for
each agonist between transfected and no LNP platelets
(supplemental Figure 12). No significant difference in annexin V
binding was observed between no LNP platelets and PO-mRNA-
LNP–transfected platelets, whereas a clear increase in annexin V
binding was observed when platelets were stimulated with CaI
(Figure 5B). Because platelet subpopulations form after activa-
tion,38,39 we next evaluated activated GPIIb/IIIa expression by
PAC-1 binding. Activated GPIIb/IIIa was not significantly different
between no LNP platelets compared with PO-mRNA-LNP–
transfected platelets (Figure 5C). Furthermore, PO-mRNA-LNP
did not impact CD62P/PAC-1 platelet subpopulations before
or after activation with CRP-XL (supplemental Figure 13).

To determine if platelets transfected with PO-mRNA-LNP
aggregate, are coagulable, and contribute to the strength of
forming clots, light transmission aggregometry and ROTEM
were used. PO-mRNA-LNP–transfected platelets aggregated
similarly to no LNP platelets (supplemental Figure 14). The
coagulability of PO-mRNA-LNP and no LNP platelets sus-
pended in PAS70:30 was tested by ROTEM at a concentration of
800 × 106 mL−1 after clotting was initiated via the extrinsic
pathway using thromboplastin. Platelets transfected with PO-
mRNA-LNP clotted similarly to no LNP platelets as there were
no significant differences in the clot time and maximum clot
firmness (Figure 5D-F; supplemental Figure 15). Transfection
with PO-mRNA-LNP did not induce notable morphologic
changes, and stimulation with CRP-XL resulted in increased
pseudopod formation and degranulation (Figure 5G;
supplemental Figure 16).34
STRONG et al
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Figure 3. The structural phospholipid and PEGylated lipid used in the mRNA-LNP does not affect platelet activation. (A-B) Quantification of MFI (bars, left y-axis) and
percentage of platelets (yellow circles, right y-axis) positive for the platelet activation marker CD62P for platelets treated with mRNA-LNP consisting of different structural
phospholipids or activated with CRP-XL at 4 hours in PAS70:30 (A) and plasma (B). (C-D) Quantification of MFI (bars, left y-axis) and percentage (circles, right y-axis) of PS
exposure measured using annexin V staining in platelets treated with mRNA-LNP consisting of different structural phospholipids or activated with calcium ionophore (CaI) in
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Figure 4. Transfection of platelets with PO-mRNA-LNP is scalable to physiological and supraphysiological concentrations in PAS70:30 and plasma. (A-B) Relative
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error of the mean. *P < .05; **P < .01; ***P < .001; ****P < .0001. n = 3. Ns, not significant.
Platelets transfected in PAS70:30 with PO-mRNA-
LNP can be stored
Platelet units are stored at room temperature or refrigerated
depending on their intended use.41 We next determined if
mRNA-LNP–transfected platelets could be stored by first
scaling transfection with preoptimized mRNA-LNP to physio-
logical platelet concentration (250 × 106 mL−1) in a small-
volume, pilot study and found transfected platelets stored
similarly to no LNP platelets (supplemental Figure 17-18).
To better model clinical practices, no LNP and PO-mRNA-LNP–
transfected platelets were stored at pediatric platelet unit
volumes42 in single-donor clinical-grade platelet bags at
supraphysiological platelet concentration (800 × 106 mL−1) at
either room temperature (RTP) with constant agitation or cold-
stored (CSP) at 4◦C with no agitation. Stored platelet count,
Figure 3 (continued) PAS70:30 (C) and plasma (D). (E-F) Quantification of MFI (bars, left y-
activation marker CD62P for platelets treated with mRNA-LNP consisting of different PE
some cases, activation by CRP-XL or CaI was measured in separate bags of platelets. Plate
by the 1-way analysis of variance. Values are reported as mean ± standard error of the m

2230 21 NOVEMBER 2024 | VOLUME 144, NUMBER 21
blood gas, baseline activation, responsiveness to ADP, PS
exposure, and coagulability were measured over storage.
Because NanoLuc expression is temperature dependent
(supplemental Figure 19), 50 × 106 platelets were removed
from the storage bag before each sampling time and incubated
at 37◦C for 4 hours to determine if extended storage affects
inducible NanoLuc expression (Figure 6A).

Both baseline and induced NanoLuc expression profiles were
different between transfected RTP and CSP. In transfected RTP,
baseline NanoLuc expression increased over the first week of
storage up to 1.8-fold higher than the inducible expression
observed after 4 hours on day 1 (Figure 6B). Inducible NanoLuc
expression peaked in CSP on day 1 and rapidly decreased over
the storage duration (Figure 6C). Interestingly, inducible
axis) and percentage of platelets (yellow circles, right y-axis) positive for the platelet
Gylated lipids or activated with CRP-XL at 4 hours in PAS70:30 (E) and plasma (F). In
lets were transfected at a concentration of 250 × 106 mL−1. P values were determined
ean. ***P < .001; ****P < .0001. n = 3. Ns, not significant.

STRONG et al
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Figure 4 (continued)
NanoLuc expression was only observed up to day 2 for RTP but
was preserved in CSP for up to 14 days, albeit at substantially
lower levels than the first day. Baseline CD62P activation in RTP
increased over the 14 days of storage for both RTP and CSP;
however, activation of RTP treated with PO-mRNA-LNP was
significantly lower than no LNP platelets from day 4 onwards
(Figure 6D-E; supplemental Table 7). ADP responsiveness was
equivalent between no LNP and PO-mRNA-LNP–transfected
platelets across all time points for CSP and up until day 4 for
RTP (supplemental Figure 20; supplemental Table 8). Although
PO-mRNA-LNP RTP were less responsive than no LNP RTP on
days 4, 7, and 14, because their baseline activation was lower
than no LNP RTP, their overall magnitude of ADP responsive-
ness was not significantly different. PS exposure increased over
storage but was not influenced by mRNA-LNP transfection
(Figure 6F-G). The maximum clot firmness of transfected RTP
and CSP was unaffected compared to no LNP platelets over the
enitre storage duration (Figure 6H-I). CSP count was unaffected
by mRNA-LNP transfection over 2 weeks of storage, and PO-
mRNA-LNP transfection did not affect RTP counts until days 7
and 14, at which point it was significantly higher (supplemental
Figure 21). PO-mRNA-LNP transfection did not influence blood
chemistry, including pH, glucose, and lactate, nor CD42b
expression over 14 days of storage for both RTP and CSP
(supplemental Figures 22-23). The morphology of stored
platelets changed between days 2 and 7, hallmarked by
increased degranulation, but importantly, morphology was
ENGINEERING PLATELETS IN CLINICAL STORAGE SOLUTION
comparable between no LNP and PO-mRNA-LNP–transfected
platelets on each day (supplemental Figure 24). Finally, we
examined the effects PO-mRNA-LNP treatment on the age-
related parameters of mitochondrial and microparticle con-
tent. Mitochondrial content was not significantly different
between PO-mRNA-LNP and no LNP platelets over 7 days of
storage and was also not different between platelets positive or
negative for mRNA-LNP uptake in most cases (supplemental
Figure 25). Total CD41a-positive microparticle content as well
as the annexin V–positive subfraction were similar between no
LNP and PO-mRNA-LNP–transfected RTP and CSP on days 1
and 7 of storage (supplemental Figure 26).

To determine if platelets were the most amenable to trans-
fection early during storage, RTP and CSP were stored over 7
days in PAS70:30 and transfected on days 1, 2, 4, and 7 with fresh
mRNA-LNP. Inducible NanoLuc expression was highest at day 1
and decreased at each subsequent day of transfection during
storage (supplemental Figure 27).

Discussion
Platelet units require minimal handling before transfusion into
patients with thrombocytopenia or active bleeding. Newer
techniques to improve platelet transfusions, including pathogen
inactivation and refrigeration,43 only address storge limitations
but were developed to be easily integrated into clinical
21 NOVEMBER 2024 | VOLUME 144, NUMBER 21 2231
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Figure 5. PO-mRNA-LNP transfected platelets respond appropriately to agonists, are coagulable, and have normal morphology. (A) Platelet activation without agonist
or after stimulation by ADP, thrombin, CaI, or CRP-XL measured by the MFI (bars, left y-axis) and percentage platelet activation (yellow circles, right y-axis) of surface CD62P.
(B) Quantification of MFI (bars, left y-axis) and the percentage of platelets (yellow circles, right y-axis) positive for annexin V. (C) Quantification of MFI (bars, left y-axis) and
percentage of platelets (yellow circles, right y-axis) positive for PAC-1. (D) Representative ROTEM curves, with clotting initiated by thromboplastin. (E and F) Quantification of
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practice. We previously found that washed platelets can be
genetically modified with mRNA-LNP6; however, washed
platelet products are used infrequently and are restricted to
specific indications.44 To improve the clinical compatibility of
mRNA-LNP for platelet engineering, we developed PO-mRNA-
LNP capable of transfecting transfusion-ready platelets directly
in clinical storage solutions that is scalable and does not affect
aspects of platelet physiology.

Properties of the ionizable lipid, structural phospholipid, and
PEGylated lipid contribute to final mRNA-LNP characteristics
and potency.31 In plasma, LNPs form a unique protein corona
driven by plasma protein affinities for the LNP surface. The
profile of adsorbed proteins largely depends on the innate
properties of the lipids, which strongly influence uptake
mechanisms and cell tropism.45,46 We found that mRNA-LNP
containing NTX-001 are more potent in plasma compared
2232 21 NOVEMBER 2024 | VOLUME 144, NUMBER 21
with mRNA-LNP containing ALC-0315, likely because of the
formation of a favorable corona configuration. Similarly, struc-
tural phospholipid headgroups PC and PE, which are present
on the LNP surface,47 likely contribute to a corona that
increases uptake into platelets compared with LNP with PG or
PS lipids. However, uptake does not always mean increased
potency31 as platelets transfected with PE or PC containing
mRNA-LNP had similar uptake but different NanoLuc expres-
sion. The saturation of structural phospholipid tails can affect
mRNA endosomal escape. In tandem with ionizable lipids,48

unsaturated lipids increase intracellular delivery of nucleic
acids by improving disruption of endosomal membranes,31,49

which may explain why structural phospholipids with unsatu-
rated tails were more potent in platelets. Finally, formulating at
a molar ratio of >0.5% PEGylated lipid reduced particle potency
and size, which may be due to increased steric hinderance
from elevated surface PEGylated lipid and reduced cell
STRONG et al
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interactions.50 Reduced transfection efficacy may also be due to
reduced PEGylated lipid desorption that can then impede the
protein corona from forming,26,51 or reduced mRNA delivery as
smaller particles contain less mRNA.30

mRNA-LNP–transfected platelets were comparably activated to
control platelets in PAS100, confirming that platelet handling
and not mRNA-LNP exposure is what causes unwanted activa-
tion. Proteins present in PAS70:30 and plasma, such as albumin,
stabilize platelets and reduce activation.52 In the presence of
plasma, mRNA-LNP–transfected and control platelets were not
activated and, importantly, displayed no differences in activa-
tion induced by mRNA-LNPs of different compositions. This was
surprising given that we previously noted that some mRNA-
LNPs induce platelet activation more than others,6 and some
cationic mRNA-LNP formulations even cause platelet aggre-
gation and clotting when administered to the lung.53 By design,
platelets can activate each other,54 resulting in an activation
feedback loop. It is likely that the stabilizing effects of plasma
during transfection and predicted neutral charge of the PO-
mRNA-LNP are preventing mRNA-LNP–induced activation
that would otherwise occur if transfected in crystalloid solution
alone. At supraphysiological concentration, PO-mRNA-LNP–
transfected platelets had comparable activation, aggregation,
morphology, and coagulation profiles to control and standard
banked platelets.19,55 We anticipate that platelets modified
with PO-mRNA-LNP will not lead to unwanted platelet aggre-
gation or clearance in vivo based on these in vitro results.

Differences in kinetics of NanoLuc expression in RTP vs CSP
during storage may be exploited for specific applications.
NanoLuc expression accumulated in RTP over the first week of
storage and inducible expression occurred up to day 2. This
suggests that platelets have a limited translational capacity but
synthesize new proteins during storage at room temperature,
consistent with previous reports.56 The plateau in NanoLuc
expression in RTP may be attributed to reduced mitochondrial
activity with a shift to the less efficient glycolysis pathway for
adenosine triphosphate synthesis, in addition to reduced ribo-
somal recycling, leading to reduced protein synthesis.57-59

Although significantly lower NanoLuc expression was detected
in CSP over storage, platelets could still be induced to express
low levels of NanoLuc even after 2 weeks in the cold. Refriger-
ation reduces platelet metabolic activity and extends unit stor-
ability.41 Because transfected CSP produced bursts of NanoLuc
expression after warming, it is likely that cold storage is preser-
ving some translational capacity for transfected mRNA, albeit at
substantially reduced levels. In an analysis of platelet sub-
populations39 and microparticles after PO-mRNA-LNP treat-
ment, microparticle release and mitochondrial content were
comparable to no LNP platelets, suggesting that transfection
does not negatively impact aging during storage.60 Overall,
stored PO-mRNA-LNP–treated platelets, either at room tem-
perature or 4◦C, were not different from controls across quality
measures except that interestingly, transfected platelets were
less activated later into room temperature storage. Although the
quality of all platelet product generally diminishes during long
periods of storage,19,55,57,61,62 there were no major differences
detected between control and transfected platelets.

Because platelet transfusions are commonly administered after
trauma and during acute bleeding, engineering platelets to
2234 21 NOVEMBER 2024 | VOLUME 144, NUMBER 21
express prohemostatic agents, such as antifibrinolytic factors, is a
major goal. Expressing proteins that are used by other emerging
platelet-based cell therapies, such as coagulation factor VIII3 or
thrombolytic enzymes,63 can be explored with mRNA-LNP,
although the kinetics of expression would have to be consid-
ered. This platform could also be used to express anti-cancer
agents in platelets given that platelets are commonly trans-
fused to oncology patients,64 and naturally exchange cargo to
tumor cells.65

Further understanding the role of the protein corona, uptake
mechanisms, and mRNA escape kinetics provide even more
opportunities to rationally design mRNA-LNP with increased
potency for platelet engineering. Finally, given that platelet
warming is important for inducing high levels of protein
expression, and that fresh platelets are preferred for trans-
fection, integrating this technology into the clinic will require
early mRNA-LNP modification by blood collection centers or
hospital blood banks. As product use fluctuates, and platelet
shortages can occur, determining how many units are modified
and for what purposes will need to be optimized. We expect
that the clinical compatibility of the optimized mRNA-LNP
described here will further advance this technology and
enable new platelet cell therapies.
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