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Abstract

Key points

Intravenous administration of lipid nanoparticles for the delivery of nucleic
acid therapeutics remains constrained by passive uptake mechanismsin the
liver, often necessitating high doses to achieve meaningful transfectionin
specific cells of interest. Targeted LNPs (tLNPs) can overcome these challenges
by (i) enabling receptor-mediated endocytosis in difficult-to-transfect

cells, thereby reducing passive clearance; (ii) increasing the proportion

of LNPs reaching their intended target; and (iii) enabling comparable
protein expression at lower doses. Here, we provide a step-by-step guide

for formulating tLNPs functionalized with whole antibodies or antibody
fragments using traditional laboratory equipment. We outline procedures
for antibody preparation and labeling (0.5-1d), antibody-LNP conjugation
(1-2d), tLNP purification and characterization (1d) and in vivo and ex vivo
targeting evaluation (3-4 d). To demonstrate the versatility of this protocol,
we validate in vivo targeting to two mouse tissues: we show that anti-platelet
endothelial celladhesion molecule 1antibody conjugation to lung-tropic
LNPs enhances lung transfection by five times compared to nontargeted LNPs,
and anti-epidermal growth factor receptor antibody conjugation to liver-
tropic LNPs enhances liver transfection by 20 times. We also demonstrate

ex vivo targeting to primary human T cells, where anti-CD5 antibody
conjugation to LNPs boosts uptake by 4.5 times and significantly increases
mRNA transfection. Importantly, this modular strategy is compatible with
any LNP formulation or antibody. In outlining these procedures, we seek to
deliver arobust and reproducible workflow for the manufacturing of tLNPs,
with the ultimate goal of advancing their therapeutic potential and facilitating
clinical translation.

'Department of Bioengineering, University of Pennsylvania, Philadelphia, PA, USA. 2Penn Institute for RNA
Innovation, University of Pennsylvania, Philadelphia, PA, USA. *Abramson Cancer Center, Perelman School
of Medicine, University of Pennsylvania, Philadelphia, PA, USA. “Institute for Immunology, Perelman School
of Medicine, University of Pennsylvania, Philadelphia, PA, USA. °Cardiovascular Institute, Perelman School of
Medicine, University of Pennsylvania, Philadelphia, PA, USA. Institute for Regenerative Medicine, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. < e-mail: mjmitch@seas.upenn.edu

e Strain-promoted azide-
alkyne cycloaddition (SPAAC)
chemistry is used to covalently
conjugate dibenzocyclooctyne
(DBCO)-labeled antibodies or
antibody fragments to LNPs
containing azide. After antibody
labeling and LNP conjugation,
tLNPs are purified by size
exclusion chromatography and
characterized ex vivo and in vivo.

e This protocol offers a versatile
approach to precisely target
nucleic acid-containing LNPs to
cell types or tissues, as evidenced
by in vivo evaluation of liver- and
lung-targeting LNPs and ex vivo
evaluation of human primary

T cell-targeting LNPs.
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Introduction

Lipid nanoparticles (LNPs) have emerged as a powerful platform for nucleic acid delivery, most
notably exemplified by their central role in the successful deployment of mRNA vaccines during
the COVID-19 pandemic'. The biocompatible and modular nature of LNPs has enabled their
adaptation across diverse therapeutic applications, including protein replacement therapy*¢,
gene therapy” and vaccines®', and has led to preclinical success in delivering nucleic acids

to tissues including the liver”, lung'>*, spleen®, eye'*, bone marrow", pancreas'®, placenta”**
and immune cells”?°. Despite this broad potential, intravenously administered LNPs exhibit
preferential liver accumulation driven by apolipoprotein-E binding; rapid uptake by Kupffer
cells and other sinusoidal scavengers; and flow dynamics of hepatic sinusoids®. Although

these mechanisms result in substantial liver accumulation, passive uptake and scavenging limit
substantial nucleic acid delivery to hepatic cell types of interest and pose an even greater barrier
when targeting extrahepatic cell populations. Consequently, achieving meaningful transfection
in defined cellular populations of interest, both within the liver and beyond, often requires high
doses to compensate for low particle availability at the target site, increasing the risk of systemic
toxicity and limiting clinical translation.

While modulation of LNP composition has enabled shifts in organ-level biodistribution®>*,
the continued advancement of RNA LNP therapeutics necessitates control at the cellular level.
This imperative has motivated the development of targeted LNPs (tLNPs), which incorporate
surface-bound targeting ligands to facilitate active targeting of LNPs to specific tissues or cell
types® 8. This approach offers several advantages over nontargeted (NT) LNPs: (i) the ability
to overcome transfection barriers to cells with historically poor uptake through receptor-
mediated endocytosis®*~*; (ii) reduced liver scavenging, enabling enhanced on-target
delivery to hepatic or extrahepatic tissues®**°; and (iii) the potential for dose sparing and
subsequent minimized toxicity*"** (Fig.1). These advantages act in concert: on-target uptake
reduces hepatic sequestration and permits lower dosing, whichin turn further reduces off-
target exposure and toxicity, collectively widening the therapeutic index. As the field of mMRNA
LNP therapeutics moves toward precision medicine, active targeting represents a crucial
step in expanding the clinical utility of LNP platforms. Despite the promise of tLNPs, alack
of accessible, standardized protocols remains abarrier to broader adoption by the research
community. This protocol aims to fill that gap by providing a detailed, reproducible method
for conjugating antibodies or antibody fragments to LNPs to achieve precision nucleic acid
delivery.

Overview of the protocol

This protocol uses strain-promoted azide-alkyne cycloaddition (SPAAC) chemistry* to
covalently conjugate dibenzocyclooctyne (DBCO)-labeled antibodies to LNPs containing
azideintheir formulation (Fig. 2, Table 1 and Supplementary Fig. 1). This protocol uses a post-
conjugation approach in which targeting ligands are conjugated to LNPs after formulation.
Further discussion regarding alternative conjugation approaches, such as post-insertion or
directincorporation of pre-formed lipid-ligand conjugates during LNP formulation, can be
foundinrefs. 44-48.

We first prepare whole antibodies and antibody fragments for DBCO labeling (Step 1)
(Table 2 and Supplementary Fig. 2). Because many commercially available antibodies are
supplied in sodium azide-containing storage buffers, azide must be removed to ensure
efficient DBCO labeling. We provide three options for antibody buffer exchange and antibody
concentration adjustment. We then use enzymatic digestion kits to cleave whole antibodies
into F(ab’), antibody fragments (Steps 2 and 3), allowing researchers to generate LNPs
functionalized with either whole antibodies or F(ab’), fragments—two widely used targeting
ligands—depending on the desired application (Table 3).

Second, we label primary amines on our antibodies with DBCO by using tetrafluorophenyl
(TFP) ester-PEG(4)-DBCO (Steps 4-6) (Fig. 3a). We purify the labeled antibodies to remove
unreacted DBCO, calculate the DBCO degree of labeling (DOL) and quantify the final antibody
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Fig.1|Key advantages of tLNPs. When compared to NT LNPs, tLNPs offer three passive liver accumulation, enabling enhanced on-target delivery; and (iii) the
critical advantages: (i) the ability to overcome transfection barriers to cells with potential for dose sparing to minimize toxicity.

historically poor uptake through receptor-mediated endocytosis; (ii) reduced

concentration by using the Qubit protein assay kit and a Qubit fluorometer (Steps 7-9).
Obtaining the final concentration of the labeled antibody is essential for calculating how
much DBCO-antibody must be added to azide-LNPs.

Third, we prepare azide-LNPs by combining an organic lipid phase with anaqueous
RNA phase via microfluidic mixing (Steps 10-19) as previously described*’. This method
was selected for its ability to achieve rapid and controlled LNP formulation, enabling
precise control over LNP physical properties when compared to alternative methods,
suchas bulk mixing®**'. After formulation, a small, lipophilic fluorescent molecule (DiR)
isadded to fluorescently tag the LNPs such that they can be visualized in subsequentin vivo
biodistribution and ex vivo flow cytometric studies (Fig. 3b). The LNPs are then dialyzed
against 1x PBS for 2 h to remove ethanol (EtOH) from the solution and to allow free, excess dye
to diffuse out. DBCO-labeled antibody is added to the LNPs, and the reaction is left to incubate
overnight (18-24 h) to facilitate the click reaction between azide groups on the LNP and DBCO
moieties on the antibody (Steps 20 and 21) (Fig. 3c).
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Fig.2|Overview of the protocol to formulate and evaluate tLNPs. Antibodies cross-linked Sepharose (Steps 22-26). tLNPs are purified from residual, unbound
are concentrated, cleaved into F(ab’), fragments and labeled with DBCO. antibody via SEC. tLNP-containing fractions are concentrated, and the final tLNP
Antibody concentration and DBCO degree of labeling are determined (Steps1-9).  solutionis characterized (Steps 27-38). tLNPs targeted to the liver and lung
Azide-LNPs are formulated, labeled with a fluorescent dye and dialyzed. DBCO- areinjected into mice, and in vivo targeting efficacy is evaluated using an IVIS
labeled antibody is added to LNPs to incubate overnight (Steps 10-21). During (Steps 39-46). tLNPs targeted against CD5 are administered to primary human
incubation, size exclusion chromatography (SEC) columns are prepared using T cells, and ex vivo targeting efficacy is evaluated via flow cytometry (Steps 47-56).

While the LNPs incubate, we prepare the size-exclusion chromatography (SEC) column for
tLNP purification (Steps 22-26). A large gravity column is packed with Sepharose CL-4B resin
(Fig.4a). This resin was selected for its large fractionation range (60-20,000 kDa), allowing
for large LNPs (>10 MDa) to elute quickly, while smaller populations, such as free antibody,
areretained in the column for longer, resulting in clean separation. Separation of tLNPs from
residual, unbound antibody is essential for obtaining a purified mRNA LNP therapeutic for
in vivo administration, because residual free antibody in solution may result in unwanted
reactogenicity and immunogenicity*>>*. Because the Sepharose CL-4B resin is stored in EtOH,
the packed columnis washed thoroughly with 1x PBS to clear EtOH from the system. The column
isthen stored overnight in 1x PBS until tLNP purification.

Next, we purify our tLNPs from residual, unbound antibody (Steps 27-32) by using the
SEC column that we prepared previously (Fig. 4a). After collecting the fractions, we perform
aTriton X-100 assay to identify which fractions contain mRNA tLNPs (Step 33) (Fig. 4b). We
concentrate the mRNA-containing fractions to obtain our final tLNP solution and characterize
the physicochemical properties of our tLNPs, including hydrodynamic radius, zeta potential
and mRNA concentration (Steps 34-37) (Fig. 4b). LNP size and zeta potential have been
reported to influence LNP efficacy and immunogenicity® %, Furthermore, we and others have
reported changes in LNP size and zeta potential after antibody functionalization, allowing these
parameters to serve as validation of a successful conjugation reaction. The evaluation of mRNA
concentrationis required to calculate dosing for subsequent steps. We also offer the option to
complete the protocol by using fluorescently labeled antibodies such that SEC can be used in
conjunction with area under the curve (AUC) measurements to calculate antibody conjugation
efficiency (percentage bound versus percentage unbound) (Step 38) (Supplementary Fig. 3).

Penultimately, we assess in vivo tLNP biodistribution and mRNA transfection in two organs
of interest: the liver and the lung (Steps 39-46) (Fig. 5). We formulate liver-tropic®**° and
lung-tropic LNPs"™*, as described in Tables 4 and 5, encapsulating luciferase mRNA. We select
antibodies against the epidermal growth factor receptor (EGFR) and platelet endothelial cell

Table 1| Pros and cons of common antibody-LNP functionalization methods

Chemistry Method Pros Cons
Maleimide-thiol  Native disulfide reduction  Simple, fast Risk of over-reduction
(TCEP, DTT) Uses native structure Potential for diverse reduction products

High levels of reducing agent can affect
structure/function

Thiolation (SATA) Avoids reduction; gentler on Random, heterogeneous thiolation
structure
Tunable thiol density Extra de-protection step
Site-directed thiolation Site specific Protein engineering required
Preserves paratope Increases cost; complexity
Azide-DBCO DBCO modification Tunable DBCO density Random, heterogeneous DBCO
(NHS- or TFP ester-DBCO) e T (e e modification
conditions
Site-directed DBCO Site specific Protein engineering required
modification N
Preserves paratope Increases cost; complexity

DTT, dithiothreitol; NHS, N-hydroxysuccinimide; TCEP, tris(2-carboxyethyl)phosphine.
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Table 2 | Pros and cons of common protein targeting ligands

Ligand Size (kDa) Pros Cons References
Antibody ~150 Clinically validated La_rge, sFerically bulky, poor functionalization =74
orientation
Broad epitope coverage Costly manufacturing
Multivalent binding, high affinity Fc domain may increase immunogenicity or alter
clearance (application specific)
Fc domain may increase immunogenicity Moderate stability
(application specific)
F(ab'), fragment ~110 Broad epitope coverage Relatively large, sterically bulky, poor orientation 73-75
Multivalent binding, high affinity Costly manufacturing
No Fc effector functions Lower stability than IgG
Fab fragment ~50 Smaller, reduced steric hindrance Monovalent binding is weaker 72-76
No Fc effector functions Costly manufacturing
Lower stability than IgG
More prone to denaturation/aggregation
Single-chain variable ~ 25-35 Small size, low steric hindrance Costly manufacturing 72,73,75-77
fragment High affinity Lower stability than Fab
Flexible engineering More prone to denaturation/aggregation
Potential immunogenicity
Engineered scaffold 10-20 Small size, low steric hindrance Less clinically validated 75,78,79
High affinity Potential immunogenicity
Very high stability
Flexible engineering
Lower-cost manufacturing
Nanobody 12-15 Very small size, low steric hindrance Potential immunogenicity 72,73,75,77,80
High affinity
Very high stability
Flexible engineering
Low-cost manufacturing
Peptide 1-5 Small size, minimal steric hindrance Weaker affinity 71,106,107

Low immunogenicity

Flexible engineering

Low-cost manufacturing

Low stability; can be improved with modifications

adhesion molecule1(PECAM) to target the liver and lung, respectively. We then dilute tLNPs
to 7.5 ng pl™ for the administration of alow dose of 1.5 ug of RNA per mouse. We administer
tLNPs intravenously to C57BL/6 mice viaretro-orbital injection. After 4 h, we inject D-luciferin
substrate intraperitoneally to allow for visualization of luminescent signal by using anin vivo
imaging system (IVIS). The mice are then euthanized, and the major organs are dissected and

imaged. After data collection, images are analyzed by using the Living Image software (or similar
software), in which fluorescence and luminescence are representative of LNP accumulation and
mRNA transfection, respectively.

Finally, we evaluate tLNP uptake and mRNA transfection ex vivo in primary human T cells
(Steps 47-56) (Fig. 6). Toillustrate the versatility of tLNPs, we formulate an immunotropic LNP”,
describedin Tables 4 and 5, encapsulating mCherry mRNA. We select an antibody against CD5
asapan-T cell target. We activate primary human total T cells overnight by using anti-CD3/
anti-CD28 Dynabeads at a1:1ratio of cells to beads. We then dilute tLNPs and administer them
toplated T cells at various time points. We remove Dynabeads during flow preparation. We then
evaluate DiR and mCherry fluorescence in T cells via flow cytometry at 1-, 4- and 24-h time points
after tLNP administration to quantify tLNP uptake and mRNA transfection, respectively.
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Table 3 | Enzyme-antibody compatibility for cleavage into F(ab'), fragments

Species IgG subclass Suggested enzyme Notes References

Mouse 19G1 Ficin Murine IgG1 is resistant to pepsin cleavage 108,109

19G2a IdeZ or pepsin Pepsin rate and completeness of digestion: 109-11
rabbit > human > mouse

19G2b Pepsin Pepsin rate and completeness of digestion: 109,110
rabbit > human > mouse

1gG3 IdeZ or pepsin Pepsin rate and completeness of digestion: 109,111
rabbit > human > mouse

a

Pepsin rate and completeness of digestion: MmM-13
rabbit > human > mouse

Human 1gG1 IdeZ or pepsin

Human sensitivity to pepsin: IgG3 > IgG4 >
19G1>1gG2

19G2 IdeZ or pepsin Pepsin rate and completeness of digestion: mm2
rabbit > human > mouse

Human sensitivity to pepsin: IgG3 > IgG4 >
1gG1>1gG2

1gG3 IdeZ or pepsin Pepsin rate and completeness of digestion: mm2
rabbit > human > mouse

Human sensitivity to pepsin: IgG3 > IgG4 >

1gG1>1gG2

Pepsin rate and completeness of digestion: M-13
rabbit > human > mouse

a

19G4 IdeZ or pepsin

Human sensitivity to pepsin: IgG3 > IgG4 >
19G1>1gG2

Rat 19G1 Ficin Similar to mouse IgG1 14,115

19G2a Pepsin Rat IgG2 similar to mouse IgG2 15

Rat sensitivity to pepsin: IgG2c > IgG2b >
19G2a > 1gG1

19G2b Pepsin Rat IgG2 similar to mouse IgG2 15

Rat sensitivity to pepsin: IgG2c¢ > IgG2b >
19G2a > 1gG1

IgG2c Pepsin Rat IgG2 similar to mouse IgG2 15

Rat sensitivity to pepsin: IgG2c > IgG2b >
19G2a > 1gG1

Rabbit 19G Pepsin Pepsin rate and completeness of digestion: 16
rabbit > human > mouse

“Prone to Fab degradation at acidic pH.

Applications of the protocol

tLNPs represent a critical next step in the evolution of LNP technology, paving the way toward
precision, cell-specific delivery of nucleic acid therapeutics. We have previously demonstrated
two applications of the tLNPs described in this protocol, including targeted mRNA LNP delivery
to murine trophoblasts in the placenta®® and macrophages in the lung®’. Here, we further
highlight the broad potential of our protocol by demonstrating the successful formulation and
targeting efficiency of EGFR-targeted LNPs for liver delivery and PECAM-targeted LNPs for lung
delivery in mice and CD5-targeted LNPs for delivery to primary human T cells. This protocol

is highly modular and compatible with any base LNP formulation (ionizable lipid, excipient
components and excipient molar ratios), any nucleic acid cargo (mRNA, siRNA, circular RNA
and plasmid DNA) and any antibody-targeting ligand (antibody target, antibody isotype, whole
antibodies or antibody F(ab’), fragments). Moreover, we anticipate that this protocol could
bereadily extended to other nanoparticle types and adapted for the conjugation of protein
ligands beyond antibodies (nanobodies, peptides and more). Finally, although we demonstrate
theinvivo targeting efficacy of our tLNPs after intravenous administration in mice,

we anticipate that this strategy could also be adapted for intramuscular and intraperitoneal
delivery routes.
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Fig. 3| Antibody labeling and tLNP formulation. a, Antibodies are labeled incorporated into the organic phase as varying ratios. After formulation, azide-
with DBCO by using TFP ester-PEG(4)-DBCO, in which the ester group selectively LNPs are labeled with a fluorescent molecule (DiR) and dialyzed for 2 h. ¢, DBCO-
reacts with e-amino groups of lysine side chains on the antibody surface, modified antibodies are added to azide-LNPs and left to incubate overnight.
forming stable amide bonds. b, LNPs are formulated via microfluidic mixing DBCO-labeled antibodies form stable triazole bonds with azide-LNPs via SPAAC
of anaqueous and organic phase, in which lipid-anchored PEG-azide can be click chemistry. r.t., room temperature.

Comparison with other methods

This protocol outlines a workflow for the formulation of tLNPs by using SPAAC click chemistry.
SPAAC can be implemented either by global DBCO labeling or by site-directed DBCO
engineering strategies, each offering different levels of control over conjugate homogeneity
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Right: the mixture containing reacted tLNPs and unreacted, unbound antibody pooled torecover the purified tLNP population. The fractions are concentrated
isloadedinto the SEC column. Fractions are eluted using 1x PBS and collected by using ultracentrifugal spin columns to obtain the final tLNP solution. The
into a 96-well plate. Large tLNPs elute first, while small unbound antibodies final tLNP population is characterized by using DLS and a Zetasizer, where
interact with the resin matrix and elute later. b, Left: after all fractions have changes in hydrodynamic radius and surface charge are observed after
been collected, samples of each fraction are added to anew 96-well plate antibody conjugation.

containing Triton X-100 detergent. The LNPs are lysed open, releasing RNA

(Table1).Inthe approach used in this protocol, antibodies undergo global DBCO labeling

and are subsequently conjugated to LNPs incorporating lipid-anchored PEG-azide. This
conjugation chemistry was selected for its biorthogonal properties, high chemical stability
and compatibility with gentle reaction conditions®***. The SPAAC reaction proceeds with high
selectivity, reducing the risk of undesired side reactions. Notably, the resulting triazole linkage
is highly stable under a wide range of conditions, including physiological environments and
reductive stress®. Moreover, SPAAC is inherently tolerant to both oxygen and water, enabling
efficient conjugation under mild pH and temperature, preserving antibody structure and

LNP integrity.

The most common alternative functionalization strategy is maleimide-thiol chemistry,
which has been successfully used in numerous studies to facilitate targeting of LNPs> 3238394266,
As with SPAAC, maleimide-thiol conjugation can be applied in different ways, including
disulfide reduction, N-succinimidyl-S-acetylthioacetate (SATA)-mediated thiolation or site-
directed cysteine engineering, each offering unique strengths and limitations (Table 1). Most
commonly, the maleimide-thiol linkage relies on reduction of naturally occurring disulfide
bridges to expose antibody thiols for reaction with maleimide-LNPs; although mild reduction
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Fig.5|Invivo tLNP targeting and mRNA delivery to the liver and lungs.

The liver-tropic A4 LNP and the lung-tropic cKK-E12 (cKK) LNP were formulated
to encapsulate luciferase mRNA and fluorescently labeled with DiR. A4 LNPs
were conjugated to anti-EGFR antibodies (a,b,e,g,i), and cKK LNPs were
conjugated to anti-PECAM antibodies (c,d,f,h,j). After conjugation and tLNP
purification, changesin size (a,c) and zeta potential (b,d) were observed. LNPs
were administered via retro-orbital injection to healthy mice at an mRNA dose
of 1.5 ug of RNA per mouse. After 4 h, mice were euthanized, and major organs

were dissected. Fluorescence and luminescence imaging were performed viaan
IVIS. Images are stitched together for the cKK + PECAM Wab group to indicate
thatimages were taken at different times (e,f). DiR fluorescence (g,h) and
luminescence (i j) were quantified via ROl analysis on Living Image software.
Signalis reported as mean +s.e.m. (n=3 mice per group). Two-way ANOVA

with post hoc Student’s ¢-tests using the Holm-Sidak correction for multiple
comparisons was used to compare fluorescence or luminescence across organ
and treatment group. Fluor., fluorescence; Lum., luminescence.

is often well tolerated, it can introduce heterogeneity and, in some cases, affect antibody
stability®”. Thiolation reagents, such as SATA, can overcome this challenge by globally installing
thiol groups on lysine residues without the need for disulfide reduction®, broadening the
applicability of maleimide-thiol conjugation. Nevertheless, practical challenges remain. For
example, the maleimide functional group is prone to hydrolysis before reaction, which can
diminish conjugation efficiency®. This issue is especially relevant because LNP formulation

Table 4 | Formulation details for a 1x batch of azide-LNPs

lonizable mRNA (ug) Ratio (ionizable

Total lipid

Total mRNA in citrate Ratio (total lipid in EtOH/

lipid (ug) lipid/mRNA) (wt/wt) in EtOH (ul) buffer (10 mM, pH 3) (ul) total mRNA in citrate buffer)
(vol/vol)

1,500 150 2,025 1:3
Table 5 | Formulation details for LNP organic phases

Lipid Molar ratio (%) Concentration (mg ml™) Volume (pl)

A4 LNPs

A4 ionizable lipid 35 40 37.8

DOPE 16 5 83.3

Cholesterol 46.5 5) 125.8

C14-PEG2000 2.08 5 39.3

DSPE-PEG2000-azide 0.42 5 8.2

EtOH - - 380.6

Final volume - - 675

cKK-E12 LNPs

cKK-E12 ionizable lipid 25 40 37.8

DOPE 5 5 44.9

Cholesterol 18.5 5 86.4

DOTAP 50 5 421.8

DMG-PEG2000 0.75 5 227

DSPE-PEG2000-azide 0.75 5 25.5

EtOH - - 35.9

Final volume - - 675

C14-4LNPs

C14-4 ionizable lipid 35 40 37.8

DOPE 16 5 747

Cholesterol 46.5 B 112.8

C14-PEG2000 2.08 5 35.2

DSPE-PEG2000-azide 0.42 B 74

EtOH - - 4071

Final volume - - 675
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Fig. 6 | Ex vivo tLNP targeting and mRNA delivery to primary human T cells. The immune-tropic C14-4 LNP was
formulated to encapsulate mCherry mRNA and fluorescently labeled with DiR. C14-4 LNPs were conjugated to anti-CD5
antibodies. After conjugation and purification, changes in size and zeta potential (a,b) were observed. LNPs were
administered to activated primary human T cells at an RNA dose of 50 ng of RNA per 100,000 cells for accumulation studies
and at RNA doses of 25,50 and 100 ng of RNA per 100,000 cells for transfection studies. DiR fluorescence was evaluated
at1,4 and 24 h after LNP dosing via flow cytometry (c), and mCherry fluorescence was evaluated 24 h after LNP dosing via
flow cytometry (d). Signal is reported as mean + s.e.m. (n =3 donors per group). Two-way ANOVA with post hoc Student’s
t-tests using the Holm-Sidak correction for multiple comparisons was used to compare fluorescence across dose and
treatment group.

requires dialysis in PBS, which may resultin decreased reactivity of the incorporated lipid-
anchored PEG-maleimide component®®®’, Moreover, the resulting thioether linkage, while
initially stable, can be susceptible to retro-Michael degradation and hydrolytic cleavage

under physiological and reducing conditions™. Although these limitations should be
considered, careful optimization of reaction conditions can mitigate many of these challenges,
thereby allowing maleimide-thiol chemistry to remain a valuable and versatile strategy for
antibody-LNP conjugation.

Inaddition to ligand-based active targeting, approaches like selective organ-targeting
(SORT) can alter LNP tropism via modified LNP lipid composition®. Although effective at the
organ scale, such methods cannot confer cell-specific delivery. Ligand conjugation offers this
added layer of precision by enabling receptor-mediated uptake into defined cell types. This
benefit comes with added material costs (antibodies and linkers) and additional workflow steps
for conjugation and purification. However, when cell-type specificity is critical, these costs
arejustified by improved on-target delivery and the potential for enhanced safety margins.

As nucleic acid therapeutics advance, we anticipate that such cell-specific strategies will
become increasingly valuable despite their higher complexity.
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Inthis protocol, we focus on LNP functionalization with whole antibodies and antibody
fragments, which remain the most widely used and clinically advanced targeting ligands
because of their high affinity, specificity and well-established manufacturing pathways’ .
However, tLNPs can also be generated by using a diverse range of alternative protein ligands,
including nanobodies, single-chain variable fragments, engineered protein scaffolds and
peptides. These alternatives may offer distinct potential advantages, such as smaller size
with reduced steric hindrance, enhanced stability and greater flexibility in design and
engineering’® %, Although this protocol highlights an antibody-based strategy, we believe that
this protocol can be adapted for other protein moieties, and researchers are encouraged to
select the targeting ligand best suited to their specific application. A comparative overview of
popular protein ligand classes is provided in Table 2.

To quantify antibody concentration, we use a Qubit Flex fluorometer and a Qubit
fluorometric assay, selected for its high sensitivity and accuracy, particularly with dilute
antibody solutions. Alternative methods, such as absorbance measurements at 280 nm using
aNanoDrop spectrophotometer or the bicinchoninic acid (BCA) assay, can be substituted. We
advise against using absorbance measurements on amicroplate reader; in our experience,
microplate readers lack the sensitivity required to accurately detect antibody concentrations
around1mgml™,

Next, we use gravity-mediated SEC to purify tLNPs from residual, unbound antibody. This
method is selected for its cost-effectiveness and accessibility, because it requires no specialized
instrumentation and can be readily implemented in standard laboratory settings. Alternative
strategies for tLNP purification, such as automated, low-pressure SEC systems or fast protein
liquid chromatography-based SEC systems, may be used.

In this protocol, we assess the hydrodynamic radius and zeta potential of our tLNPs,
because LNP functionalization with antibody is expected to alter both LNP size and surface
charge. Although ‘traditional’ LNP characterization techniques like dynamic light scattering
(DLS) and zeta potential measurements provide accessible and rapid assessments, they
are limited in resolution®. DLS, for instance, assumes that LNPs are perfectly spherical and
monodisperse—conditions rarely met by LNPs. Moreover, DLS is biased toward larger species,
skewing the interpretation of polydisperse or heterogeneous formulations®2. To overcome
these limitations, biophysics tools, such as field-flow fractionation coupled with multi-angle
light scattering or small-angle X-ray scattering, can be harnessed to obtain higher-resolution
tLNP characterization data®. Although we believe that the advancement of LNP technology will
necessitate the incorporation of higher-resolution techniques in the future, their accessibility
at present remains limited. Nonetheless, we have consistently observed reliable shiftsin
tLNP size and surface charge by using DLS and zeta potential measurements. We encourage
researchers tointegrate higher-resolution techniques when available to further optimize their
tLNP systems.

Lastly, awide range of techniques have been reported for tLNP-conjugated antibody
quantification, each varyingin accessibility, sensitivity and resolution. Many published works
rely on plate-based assays (BCA, dye-bindingkits, fluorescent protein quantification, etc.) to
estimate antibody functionalization and quantify a total antibody amount in solution. Although
these methods are widely accessible and simple to implement, they lack the resolution
necessary to meaningfully evaluate low or heterogeneous levels of antibody functionalization.
Theirreliance on bulk signal averaging, without spatial or particle-level specificity, renders
theminadequate for systems like LNPs, in which antibody loading can vary substantially
from particle to particle’”**"®, For this reason, we deliberately exclude plate-based protein
quantification assays from our primary workflow. Instead, we provide an optional version
ofthe protocol that uses a fluorescently labeled antibody in combination with SEC and AUC
measurements. This method allows estimation of conjugation efficiency and approximate
antibody copy number per LNP (Supplementary Fig. 3). We suggest using this approach during
initial validation of the protocol, after which researchers can proceed with unlabeled antibodies
for downstream applications. For completeness, we include data from a fluorescence protein
plate-based assay in the Supplementary Information on all three tLNPs formulated in this
protocol, whereitis used only as a qualitative indicator of antibody presence relative to
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NT LNPs (Supplementary Fig. 4). However, we discourage the use of such assays for quantitative
assessment of antibody functionalization because of their limited sensitivity, narrow dynamic
range and inability to resolve nanoparticle-level heterogeneity? %,

Limitations

Akey limitation of our tLNP formulation strategy is the reliance on non-site-specific amine
modification using TFP ester-PEG(4)-DBCO for antibody labeling. This approach inherently
leads to heterogeneous labeling, both in terms of the spatial distribution of DBCO moieties
across the antibody surface and the DOL per antibody molecule. Such variability caninfluence
antibody orientation, epitope accessibility and local surface density upon conjugation to azide-
LNPs, ultimately affecting targeting efficiency and reproducibility. To mitigate these effects, we
limit the DBCO:antibody ratio during the labeling step. Nonetheless, the stochastic nature of
lysine modification remains a source of molecular heterogeneity in the final tLNP population.
Although site-specific antibody modification can be achieved through protein engineering

or recombinant expression®2*#*5% these approaches often increase the cost, technical
complexity and scalability challenges associated with tLNP manufacturing (Table 1).

Many commercially available antibodies are supplied in storage buffers containing sodium
azide and are often provided at relatively low concentrations (typically <l mg ml™). In this
protocol, we prepare antibodies for DBCO labeling by performing buffer exchange to remove
sodium azide and concentrating the sample to achieve working concentrations >1 mg ml™.

We describe three different methods that may be used for antibody preparation: desalting
columns, dialysis and concentrator spin columns (Supplementary Fig. 2). If available, we
recommend using desalting columns, because these columns typically achieve the highest
antibody recovery rates (>90%) in our experience. If desalting columns are not available, or if a
substantial concentration of the antibody solutionis required, the alternative methods listed
canbe used. However, it is well established that both dialysis and centrifugal ultrafiltration
canresultinantibody loss because of nonspecific membrane adsorption, shear stress or
aggregation. In practice, we have observed antibody recovery rates ranging from 50% to 90%.
The extent of loss is highly dependent on antibody-specific properties such as hydrophobicity,
net charge and starting concentration, as well as material properties of the membrane®*~*".

To minimize material loss, we recommend sourcing antibodies that are free of sodium azide
and supplied at higher concentrations whenever possible. If these options are unavailable, we
provide abuffer exchange and concentration protocol suitable for preparing antibodies for
labeling. However, we caution that this approach may not be suitable when working with dilute
antibody samples, because material loss may be non-negligible.

Similarly, SEC is widely used to purify nanoparticles, but the technique is not without
trade-offs. In practice, we and others have observed loss of material, probably because of
peak broadening, co-elution with unbound antibody and antibody-specific interactions with
the column matrix®>*>, However, these losses are seldom quantified in published protocols.

In practice, we have observed mRNA tLNP recovery rates ranging from 20% to 80% based on
LNP batch size and selected antibody clone. We have found that tLNP recovery improves with
increasing batch size, probably because of more concentrated elution peaks and reduced
material loss per unit volume. For this reason, the volumes specified in this protocol should
beregarded as the lower limit for effective tLNP formulation. Scaling up to larger batch sizes
isencouraged to improve reproducibility and support use across multiple experiments.
Researchers working with very-small-scale formulations may experience disproportionately
high material losses, and this protocol may therefore be suboptimal for low-volume tLNP
production. Notably, we have also observed that SEC recovery can vary considerably by
antibody clone, probably reflecting clone-specific physicochemical or biophysical properties
andresulting interactions with the SEC resin. If recovery is unexpectedly low despite consistent
handling, switching to an alternative antibody clone often resolves the issue. Importantly,
our default practice is to purify tLNPs via SEC with clinical translation in mind, prioritizing

the purest and safest end product. However, for rapid screens or exploratory in vitro studies,
we note that SEC purification may not be necessary, especially when antibody conjugation
efficiency is high (>80%). If researchers are interested in omitting SEC purification steps,
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we recommend that they first perform the optional version of this protocol that uses a
fluorescently labeled antibody in combination with SEC and AUC measurements to confirm that
conjugation efficiency is >80% (Supplementary Fig. 3).

Lastly, this protocol was intentionally designed to use standard, readily available laboratory
equipment to maximize accessibility. As written, it is well suited for design, research and
early development of tLNPs but would require substantial process adaptations for clinical
manufacturing. Key scale-up considerations include (i) conjugation stoichiometry control,
although we permit a flexible DBCO DOL (5-7), clinical translation will probably require
anarrowly defined, homogeneous DOL; (ii) valency distribution, formulation of tLNPs at
benchside yields a spectrum of antibodies per LNP, which will necessitate further optimization
at scale to achieve amore uniform final product; and (iii) purification upgrades, bench desalting
or SEC must be replaced or complemented by ultrafiltration or diafiltration with appropriate
molecular-weight cutoff (MWCO) to remove excess DBCO from the DBCO-labeled antibody
and to clear residual, unbound antibody from the final tLNP bulk product. Finally, building
onthe COVID-19 mRNA LNP vaccine experience, which highlighted the challenges of cold-
chain management and freeze-thaw robustness®, tLNPs will necessitate a tailored stability
framework that accounts for ligand-mediated effects.

Experimental design

Antibody preparation and enzymatic cleavage to generate F(ab'), fragments

Whole antibodies must first undergo buffer exchange to remove sodium azide, whichiis
commonly presentin commercial antibody storage solutions. Sodium azide can interfere

with downstream labeling by reacting with DBCO, potentially reducing conjugation efficiency.
Inthis protocol, antibodies can be buffer-exchanged and concentrated by using one of three
methods: (i) adesalting column, (ii) dialysis or (iii) centrifugal spin columns; the latter allows
for simultaneous buffer exchange and concentration (Supplementary Fig. 2).

Antibodies should be resuspended in afinal volume suited to the researcher’s experimental
needs; however, we recommend achieving a final concentration of 1-2 mg ml™, which supports
optimal reactivity during DBCO labeling. Although antibody preparation may seem like a minor
step, itis critical to perform it carefully, because antibody loss is common during desalting,
dialysis and ultrafiltration due to nonspecific adsorption, shear stress and low-concentration
effects. Researchers should plan accordingly on the basis of whether they intend to formulate
tLNPs with whole antibodies, F(ab’), fragments or both. We recommend starting with a
minimum of 200 pg of antibody to account for potential loss and ensure sufficient material
for downstream LNP functionalization and analysis. If aresearcher wishes to formulate LNPs
functionalized with whole antibodies and F(ab’), fragments, we recommend preparinga
minimum of 400 pg of antibody, such that half (200 pg) of the antibody will remain whole,
and half (200 pg) can be cleaved into F(ab’), fragments.

For compatibility with the Qubit fluorometric protein assay (used in subsequent
quantification steps), we resuspend antibody samples in ultrapure water. If alternative
quantification methods are used (e.g., NanoDrop A280 spectrophotometer or BCA assay),
antibodies may be resuspended in other aqueous buffers, such as1x PBS.

After buffer exchange, whole antibodies may be enzymatically cleaved below the hinge
region to generate F(ab’), fragments. Successful digestion requires matching enzyme
compatibility with antibody isotype and species, because cleavage efficiency and specificity
vary. Table 3 provides guidance for selecting the appropriate enzyme based on antibody
subclass. In some cases, additional optimization of reaction time or enzyme-to-substrate ratio
may be necessary. To demonstrate the broad applicability of our workflow, we cleave antibodies
from several subclasses, including murine IgGlk, murine IgG2a and rat IgG2b, by using ficin and
pepsin enzymes as outlined in Table 3.

DBCO labeling of antibody and antibody fragments, antibody quantification and
determination of DOL

The antibodies described in this protocol (whole antibodies and F(ab’), fragments) are labeled
with DBCO via chemical modification using TFP ester-PEG(4)-DBCO. The TFP ester group
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selectively reacts with primary amines on the antibody surface, forming stable amide bonds
(Fig.3a). The predominant sites of modification are the e-amino groups of lysine side chains.
IgG antibodies typically have between 80 and 90 lysine residues, although only 20-30 of them
aresurface accessible, depending on antibody structure and conformation. Modification
canalso occur at the N-terminal a-amino group; however, these groups are less reactive than
lysine e-amines under physiological pH and may be sterically shielded in folded antibodies.
The resulting DBCO-labeled antibodies can then form stable triazole bonds with azide-LNPs via
SPAAC click chemistry.

Inour initial work using this protocol, we used a 30-fold molar excess of DBCO to label
whole antibodies and observed successful antibody-LNP functionalization and subsequent
invivo targeting efficacy. However, DBCO DOL was not quantified at the time. It was recently
reported that DBCO moieties, due to their hydrophobicity, can promote aggregation of DBCO-
labeled proteins that are functionalized to the nanoparticle surface. This protein aggregation
isrecognized by the complement system, with higher protein DBCO DOLSs correlating with
increased complement activation in vivo®™.

Inlight of these findings, we sought to optimize the DBCO DOL used in our workflow.
Beyond immunological considerations, we hypothesized that lower DOLs could also preserve
antigen-binding function, since excessive labeling increases the likelihood of modification near
thebindinginterface. To evaluate this, we performed an optimization experiment using anti-
EGFR antibodies and the EGFR-positive A431 cellline to identify the DOL required to achieve
LNP functionalization without influencing tLNP performance. We labeled whole antibody and
F(ab’),fragments with DBCO DOLs of 4, 6 and 8 and conjugated these antibodies to LNPs. We
confirmed antibody conjugation to LNPs via asize increase on DLS and evaluated targeted
mRNA delivery using a luciferase-based transfection assay (Supplementary Fig. 5). Our results
showed that a DOL of 6 significantly improved protein expression compared toa DOL of 4, with
no additional benefit observed at a DOL of 8. These trends were consistent for both antibody
formats. On the basis of these findings, we define DOL = 6 as the optimal target for this protocol.
To achieve this, we recommend using a starting DBCO:antibody molar ratio of 10:1-20:1 during
the labeling step. The resulting DOL may vary depending on antibody concentration and
labeling time, so we strongly advise validating the final DOL before LNP functionalization.

After DBCO labeling, it is essential to quantify antibody concentration to determine the
appropriate stoichiometric ratio of antibody to add to LNPs for the functionalization reaction.
Inaccurate antibody quantification at this stage can lead to suboptimal conjugation efficiency
and variability in tLNP surface ligand density. In this protocol, we use a Qubit fluorometric assay
to quantify antibody concentration, selected for its high sensitivity and accuracy, particularly at
low concentrations.

Preparation of tLNPs
The mRNA LNPs described in this protocol are formulated via microfluidic mixing, in which an
organic lipid phaseis rapidly combined with an aqueous RNA phase to enable self-assembly
(Fig.3b and Table 4). More specifically, LNPs are formulated by using a Pump 33 DDS (dual
drive system) syringe pump and a custom soft lithography-patterned polydimethylsiloxane
herringbone microfluidic chip, fabricated as described in our previous study®'. To highlight
the versatility of our approach, we prepare three distinct mMRNA LNP formulations, each
incorporating lipid-anchored PEG-azide to facilitate bioorthogonal LNP functionalization
with DBCO-labeled antibodies: the liver-tropic A4 LNP*, the lung-tropic SORT LNP" and the
immunotropic C14-4 LNP”. These formulations differ in their ionizable lipid identity, excipient
composition and molar ratios, as detailed in Table 5.

We selected NT LNP formulations that exhibit baseline levels of organ tropism, based
on prior studies demonstrating that inclusion of active targeting ligands into organ-tropic
LNPs can further enhance their specificity*-°>*'. For example, we have previously shown that
conjugating anti-EGFR antibodies to A4 LNPs enables placental targeting in pregnant mice®°.
However, in non-pregnant mice, EGFR is primarily expressed in the liver, making A4 LNPs
anideal platform for demonstrating liver-targeted mRNA delivery. Similarly, Zamoraet al.
demonstrated that conjugating anti-PECAM antibodies to the lung-tropic SORT LNP further
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enhances lung specificity®’. We chose to recreate this LNP formulation to confirm that our
protocolreliably reproduces published targeting results. Finally, the C14-4 LNP has been widely
reported forimmune cell transfection, including in chimeric antigen receptor (CAR) T cell
applications'>***? In one study, Billingsley et al. used maleimide-thiol chemistry to conjugate
anti-CD5 antibody fragments to LNPs for enhanced mRNA delivery to immortalized T cells®.
Here, we recreate this CD5-targeted formulation by using our SPAAC workflow, demonstrating
that our approach achieves functional targeting to primary human T cells, despite a difference
in conjugation chemistry.

By validating three distinct LNP formulations, each targeted against a distinct cell type of
interest, we demonstrate the modularity and broad utility of this protocol for enabling active
targeting and precision nucleic acid delivery across diverse biological applications.

Preparation of the SEC column

In this protocol, we prepare a gravity-mediated SEC column to purify tLNPs from residual,
unbound antibody. This column s reusable and, when properly maintained, can be used
repeatedly over the course of weeks to months, depending on usage frequency. We describe just
one option for SEC column preparation using a gravity chromatography column with a packing
volume of 20 ml and filled with Sepharose CL-4B resin. Sepharose CL-4B was chosen for its broad
fractionation range, which enables efficient separation of large LNPs (>10 MDa) from smaller
antibodies. Because of their size, tLNPs elute quickly, whereas smaller, unbound antibodies
(100-150 kDa) are retained longer within the resin matrix (Fig. 4a). This differential elution
allows for effective purification, whichis critical for producing a clean and functional mMRNA
tLNP therapeutic suitable for downstream applications. Column size was determined through
optimization experiments, which showed that smaller columns commonly used in laboratories,
such as Pasteur pipettes with a packing volume of 2 ml, lack sufficient resin bed volume to

fully resolve tLNPs from unbound antibody (Supplementary Fig. 6). We found that a minimum
packing volume of 20 mlis necessary to achieve clean separation.

To prepare the column, Sepharose CL-4B resin is gently poured into a 20-ml column until
the packing volume is full and then washed extensively with ultrapure water to remove EtOH,
whichis presentin the resin storage solution. EtOH removalis critical, because residual EtOH
can compromise both LNP structure and antibody function. Once the EtOH is fully flushed,
the columnis equilibrated in1x PBS to prepare for tLNP sample loading. Between samples, the
columnshould be thoroughly rinsed with1x PBS to prevent carryover. After use, the column
must be buffer-exchanged back to water, followed by storage in 20% (vol/vol) EtOH to preserve
resin sterility and prevent microbial growth. Careful rinsing and regular maintenance will help
ensure reliable performance and consistent separation across multiple uses.

tLNP purification and characterization

After preparing the SEC column, we load the tLNP-antibody mixture into the column to
separate tLNPs from residual, unbound antibody (Fig. 4a). 1x PBS is used as the mobile phase

to elute the sample, and fractions are collected throughout the run. To identify which fractions
contain tLNPs, we perform a Triton X-100 assay using the Quant-iT RiboGreen reagent (Fig. 4b).
Specifically, aliquots from each SEC fraction are transferred to a 96-well plate containing 0.1%
(vol/vol) Triton X-100, which lyses the tLNPs and releases encapsulated mRNA into solution.
After lysis, we add the Quant-iT RiboGreen reagent to each well and measure fluorescence using
amicroplate reader. Because RiboGreen fluorescence increases upon binding to RNA, fractions
containing mRNA-loaded tLNPs emit a strong fluorescent signal, enabling their identification.
Allfluorescent fractions are pooled to recover the purified tLNP population. Notably, as the
sample runs through the columnresin bed, any potential free mRNA in solution gets separated
from the tLNP population, ensuring that fluorescent signal detected in the Triton X-100 assay is
representative of mRNA tLNPs and not free mRNA in solution.

To concentrate the pooled tLNP solution, we use centrifugal ultrafiltration spin columns
with anappropriate MWCO (100 kDa), allowing for final volume adjustment before downstream
use (Fig. 4b). For characterization, we assess hydrodynamic radius using DLS, zeta potential
using a Zetasizer and mRNA concentration via the Quant-iT RiboGreen assay. After antibody
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conjugation to LNPs, we typically observe anincrease in particle size and alterations in surface
charge compared to NT LNPs. Accurate mRNA quantification via the RiboGreen assay is
essential for determining dosing in subsequentin vivo or ex vivo experiments.

In vivo evaluation of tLNPs
To evaluate targeting efficiency, LNP biodistribution and mRNA transfectionin vivo (Fig. 5),
we describe the procedure for formulation of two firefly luciferase (FLuc) mRNA tLNP
formulations labeled with a fluorescent molecule (DilC,4(7) or DiR) and subsequent intravenous
LNP administrationin C57BL/6 mice at a dose of 1.5 pug of mRNA per mouse (n=3 mice per group).
The DiR fluorescent tag allows for evaluation of LNP biodistribution across organs, while
luminescent signal is representative of mMRNA delivery across tissues. NT LNPs are injected as
the control, and LNPs functionalized with whole antibodies and F(ab’), fragments are injected to
evaluate invivo targeting efficacy to two organs of interest: the liver and the lungs. After 4 h, mice
receive anintraperitoneal injection of D-luciferin, and the ex vivo fluorescent and luminescent
signals of the major organs (heart, lungs, liver, kidneys and spleen) are imaged using an IVIS.
Theinjection and imaging time points can be adjusted according to the desired application;
however, we recommend imaging the organs within 24 h after administration, because mRNA-
mediated protein expression in vivo peaks 4-12 h after administration, and luminescence will
decay thereafter. Here, we describe the evaluation of LNP accumulation and subsequent protein
expressionin healthy C57BL/6 mice; however, this protocol can be adapted for the investigation
of tLNPs in various animal models and disease models. For example, we have previously
demonstrated in vivo tLNP targeting to placental trophoblasts in amurine pregnancy model®°
and to lung macrophages in a murine model of viral pneumonia®.

Inthis work, we evaluate tLNP biodistribution and RNA delivery using alow mRNA
dose of 1.5 pg of mRNA per mouse (0.075 mg kg™), which is an approximately fivefold
reduction compared to doses used in previous liver and lung LNP delivery studies (dosed at
0.4 and 0.375 mg kg, respectively)®*®’, Although we do not directly evaluate tolerability or
reactogenicity of the liver and lung tLNP formulations here, prior studies have reported safety
metrics, such as serum cytokine and liver enzyme levels>****-%!, Given the substantially reduced
dose used in our protocol, we anticipate that our safety profile matches or exceeds those
describedin prior studies. Researchers may adjust in vivo dosing on the basis of their desired
application. We recommend beginning with lower doses than those typically used for NT LNP
studies, because the enhanced specificity of tLNPs typically achieves equal or higher protein
expression at reduced doses compared to their NT counterparts**2. Dosage optimization also
hasa crucial role in facilitating the clinical translation of mMRNA tLNP therapeutics. Because
this protocol is modular and adaptable across LNP formulations, we encourage researchers
to evaluate the tolerability and reactogenicity of their specific tLNP formulations by using
established methods described elsewhere®*, tailored to their desired therapeutic application.

Ex vivo evaluation of tLNPs

To evaluate targeting efficiency, LNP uptake and mRNA delivery ex vivo (Fig. 6), we describe the
procedure for formulation of an mCherry mRNA tLNP formulation labeled with a fluorescent
molecule (DilC,4(7) or DiR) and subsequent administration to activated primary human

T cells (n=3 donors per group). The DiR fluorescent tag allows for evaluation of LNP uptake
and trafficking into cells, while mCherry fluorescent signal serves as a reporter for mRNA
delivery and subsequent protein expressionin cells. The experimental setup includes NT LNPs
as controls and tLNPs functionalized with either whole antibodies or F(ab’), fragments,
administered at varying doses and across multiple time points (1,4 and 24 h). These conditions
are selected to assess the impact of targeting ligands on uptake kinetics, dose-responsiveness
and delivery efficiency across early and late time points.

To facilitate uniform flow cytometry analysis, the experiment is staggered so that all
samples can be harvested and processed simultaneously. Primary human CD4" and CD8" T cells
are combined at al:1ratio and are activated overnight using anti-CD3/anti-CD28 Dynabeads.
After18 h, T cells are plated and dosed for the 24-h time point. On the following morning
(-20hlater), T cells are dosed for the 4-h time point. After 3 h, the remaining T cells are dosed
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for the 1-h time point. This scheduling allows for controlled comparisons across conditions
while reducing batch variability. After the final incubation, activation beads are removed
using amagnet, and cells are washed with 1x PBS and prepared for flow cytometry analysis.

Similar to our in vivo analyses, tLNPs are evaluated in primary T cells at lower mRNA
doses (25,50 and 100 ng per 100,000 cells), well below the standard 200-600 ng dosing
range commonly reported for T cellsin the literature'***'°'%!, These lower-dose conditions
areincluded to examine the potential for dose sparing with tLNPs, which may be particularly
advantageous for improving tolerability and scalability in ex vivo therapeutic or manufacturing
contexts, such as CART cell therapy. Finally, we describe here the workflow for CD5-targeted
delivery to primary human T cells, but the approach is broadly adaptable to other targeting
ligands and cell types, including both primary and immortalized cells.

Materials

Biological materials

« C57BL/6 mice (female 8-12 weeks old, purchased from Jackson Laboratory;
RRID: MGI:2159769). Mice were housed in a vivarium with a 12-h light-dark cycle and
were provided with food and water ad libitum. Vivarium temperature and humidity
were maintained between 68 °F and 76 °F and 30% and 70%, respectively.
A CAUTION Allanimal use was conducted in accordance with the guidelines of and
with approval from the University of Pennsylvania’s Institutional Animal Care and
Use Committee.

 Primary humanT cells (provided by the Human Immunology Core at the University of
Pennsylvania; RRID: SCR_022380)
A CAUTION The cell lines used in your research should be regularly checked to ensure
that they are authentic and are not infected with mycoplasma.

Reagents

« Antibody murine anti-EGFR (Thermo Fisher Scientific, cat. no. MA5-13319;
RRID: AB_10985841)

« Antibody murine anti-CD5 (Biolegend, cat. no. 300602; RRID: AB_314088)

« Antibody rat anti-PECAM (Biolegend, cat. no.102402; RRID: AB_312897)

« Citrate buffer,100 mM, pH 3.0 (Teknova, cat. no. Q2445)

« Cholesterol (Millipore Sigma, cat. no. C8667)

+ cKK-E12 (Cayman Chemical, cat.no.36700)

« Cl4-PEG-2000 (ammonium salt) (Avanti Polar Lipids, cat. no. 880150)

« Cl4-4 (Cayman Chemical, cat. no.38942)

« D-luciferin potassium salt (Revvity, cat.no.122799)

« DilC,5(7) (1,I’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide) (DiR)
(Thermo Fisher Scientific, cat. no. D12731)
A CRITICAL Resuspend at aworking concentration of 1-2 mg ml™ in dimethyl sulfoxide
(DMSO) and store at =20 °C. Protect from light.

« DMSO, anhydrous (Thermo Fisher Scientific, cat. no. D12345)
A CAUTION DMSO canrapidly penetrate the skin and is hazardous to human health.
Wear gloves and avoid skin contact.

« 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (Avanti Polar Lipids, cat. no. 890890)

« 1,2-Dioleoyl-3-trimethylammonium propane (DOTAP) (Avanti Polar Lipids, cat. no. 850725)

« 1,2-Distearoyl-sn-glycero-3-phophoethanolamine (DSPE)-PEG(2000)-azide (Avanti Polar
Lipids, cat. no. 880228)

« Dynabeads human T activator CD3/CD28 (Thermo Fisher Scientific, cat. no.11132D)

« EtOH, 200 proof, anhydrous (Decon Laboratories, cat. no. 2716)
A CAUTION EtOH ishighly flammable and hazardous to human health.

* EZ-Link TFP ester-PEG(4)-DBCO (Thermo Fisher Scientific, cat. no. C20039)
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- FBS (Thermo Fisher Scientific, cat. no. A56697-01)

« Ficinenzyme or Pierce mouse IgG1 Fab and F(ab’), micro preparation kit (Thermo Fisher
Scientific, cat. no. 44980)

« HyClone HyPure molecular biology-grade water (Cytiva, cat. no. SH30538.03)

« Lipid A4 (Cayman Chemical, cat. no.38351)

 Luciferase mRNA, CleanCap N1-methylpseudouridine (TriLink, cat. no.L-8102-1000)
A CRITICAL Divideinto aliquots and store at —20 °C to avoid freeze-thaw cycles.

« mCherry mRNA, CleanCap N1-methylpseudouridine (TriLink, cat. no.L-7010-R)
A CRITICAL Divideintoaliquots and store at —20 °C to avoid freeze-thaw cycles.

» RNase AWAY surface decontaminant (Thermo Fisher Scientific, cat. no. 7003PK)

« RPMI1640 (Thermo Fisher Scientific, cat. no.11875085)

« Penicillin-streptomycin (Thermo Fisher Scientific, cat. no.15140-122)

« Pepsinenzyme or Pierce F(ab’), micro preparation kit (Thermo Fisher Scientific,
cat.no.44688)

< PBS,10x%, pH 7.4 (Quality Biological, cat. no.119-069-161)

« Quant-it RiboGreen reagent and RNA assay kit (Thermo Fisher Scientific, cat. no. R11491)

« Qubit flex assay tube strips (Thermo Fisher Scientific, cat. no. Q33252)

* Qubit protein assay kit (Thermo Fisher Scientific, cat. no. Q33211)

« Sepharose CL-4B resin (Millipore Sigma, cat. no. CL4B200)

» Tris-EDTA (TE) buffer, 20x (Thermo Fisher Scientific, cat. no. R11491)

 Triton X-100 (Millipore Sigma, cat. no. T8787)
A CAUTION Triton X-100 is hazardous to human health and may cause skin, eye or
respiratory irritation. Avoid inhalation and use gloves and eye protection.

« Ultrapure water (supplied by the University of Pennsylvania)

« Zebadyeand biotin removal spin columns (Thermo Fisher Scientific, cat. no. A44296)

Equipment

« 96S super magnet plate (Alpaqua, cat. no. A001322)

» Aluminum foil (Thermo Fisher Scientific, cat. no. 01-213-100)

 Biosafety cabinet (e.g., Thermo Fisher Scientific 1300 Series Class Il Type A2)

« Cell culture microplate, 96 wells, black-bottom (e.g., Greiner BIO-ONE, cat. no. 655086)

« Cell culture microplate, 96 wells, clear-bottom (e.g., Greiner BIO-ONE, cat. no. 655090)

 Cellincubator (e.g., Thermo Fisher Scientific Heracell VIOS 160i CO, incubator)

 Centrifuge (e.g., Eppendorf centrifuge 5702 R)

« CO,euthanasiasystem

« Conicaltubes, 5ml(e.g., Millipore Sigma, cat. no. EP0030122356)

« Conicaltubes, 15 ml (e.g., Thermo Fisher Scientific, cat. no.339650)

« Conicaltubes, 50 ml (e.g., Thermo Fisher Scientific, cat. no.339652)

- Dissectiontools

« DLSplate (e.g., Wyatt Aurora 384-well plate, cat. no. NC175496)

- DLSplatereader (e.g., Wyatt DynaPro plate reader I, cat. no. NC2330519)

- Econo-Pac chromatography columns (BioRad, cat. no.7321010)

- Flow cytometer (e.g., BD LSRFortessa cell analyzer, provided by the Penn Cytomics and
Cell Sorting Core; RRID: SCR_022376)

 Freezer (-20°C), (e.g., Thermo Fisher Scientific 17LREEFSA Isotemp)

« IVIS (e.g., Perkin EImer Xenogen IVIS-200 imager)

« IVIS mats (may be provided with the IVIS) (Revvity, cat. no.502113217)

 Lab(column) supportstand (e.g., Millipore Sigma, cat. no. Z509469)

« Magnetic stir bars (Thermo Fisher Scientific, cat. no.14-513-66)

« Magnetic stir plates (e.g.,IKA C-MAG HS 7 C S001, cat. no. 0020002695)

« Microcentrifuge tubes (Thermo Fisher Scientific, cat. no. 05-408-129)

 Microfluidic chip (e.g., fabricated in polydimethylsiloxane according to lithographic
procedures*")

« Microplate reader (e.g., Tecan Infinite M Plex, cat. no. 30050303)

« Microplaterocker (e.g., VWR variable speed rocker, cat. n0.75832-308)
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« Microplate shaker (e.g., Thermo Fisher Scientific, cat. no. 88861023)

« Mojosort magnet (Biologend, cat.no.480019)

« Needlesforanimalinjections (BD, cat. no.32461)

« Non-tissue culture-treated plate, 96-well U-bottom with low-evaporation lid
(Corning, cat.no.351177)

« Plasticsyringe, 3 ml (e.g., BD, Plastipak 3-ml syringe, cat. no.309656)

» PYREXgriffinbeakers, low form, capacity: 4 1 (Millipore Sigma, cat. no. CLS10004L)

« PYREX griffin beakers, low form, capacity: 50 ml (Millipore Sigma, cat. no. CLS100050)

» Qubit flex fluorometer (Thermo Fisher Scientific, cat. no. Q33327)

* Refrigerator (4 °C)

 Scale (e.g., Mettler Toledo balance XSR204, cat. no.30355500)

« Slide-A-Lyzer dialysis cassette, 20-kDa MWCO, 0.1-0.5 ml (Thermo Fisher Scientific,
cat.no. 66005)

 Syringe,1ml (e.g., Hamilton 1-ml gastight syringe, cemented needle, cat. no. 81314)

« Syringe, 2.5ml (e.g., Hamilton 2.5-ml gastight syringe, cemented needle, cat. no. 81414)

« Syringe needle (e.g., BD PrecisionGlide needle, cat. no. 305127)

 Syringe pump (e.g., Harvard apparatus Pump 33 DDS syringe pump, cat. no. 70-3333)

« Thermomixer (e.g., Eppendorfthermomixer C, cat. no.5382000023)

 Thin-wall tubing (e.g., fluorinated ethylene propylene tubing)

« Tissue culture flask, 25 cm? (e.g., Sarstedt TC flask t25 standard ventilated cap,
cat.no. 8339910002)

« Ultracentrifugal filter, 100-kDa spin columns (e.g., Amicon ultracentrifugalfilter,
100-kDaMWCO, cat. no. UFC910008)

« Ultracentrifugal filter, 10-kDa spin columns (e.g., Amicon ultracentrifugal filter,
10-kDa MWCO, cat. no. UFC501008)

« UV-visible spectrophotometer (e.g., Thermo Fisher Scientific, NanoDrop OneC
microvolume UV-visible spectrophotometer, cat. no.13-400-519)

 Vortex (e.g., Thermo Fisher Scientific Fisherbrand analog vortex mixer, cat. no. $3-593-5)

 Zetasizer cuvettes (e.g., Malvern folded capillary zeta cell, cat. no. DTS1070)

 Zetasizer machine (e.g., Zetasizer Ultra)

Reagent setup
A CRITICAL Unless otherwise specified, the prepared reagents below can be stored at room
temperature (20-25°C) for several months.

Citrate buffer (10 mM, pH 3)
Dilute citrate buffer, 100 mM, pH 3, 10-fold with ultrapure water (vol/vol).

PBS (1%, pH 7.4)
Dilute 10x PBS 10-fold with ultrapure water (vol/vol).

RPMI (10% (vol/vol) FBS + 1% (vol/vol) penicillin-streptomycin)
Supplement RPMI1640 with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin.

TE buffer (1x)
Dilute 20x TE buffer 20-fold with ultrapure water (vol/vol).

Triton X-100 in 1x TE buffer (0.1%, vol/vol)

First, create a10% (vol/vol) Triton X-100 solution in 1x TE buffer. In a 50-ml conical tube, add

18 ml of 1x TE buffer and 0.2 ml of Triton X-100. Mix well by inverting the tube or using a vortex
mixer. The10% (vol/vol) stock solution is stable for several months. Use the 10% (vol/vol) stock
solution to produce a 0.1% (vol/vol) solution by further diluting the 10% (vol/vol) Triton X-100
by 100-fold. In a 50-ml conical tube, add 49.5 ml of 1x TE buffer and 0.5 ml of 10% (vol/vol) Triton
X-100. Mix well by inverting the tube.
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Triton X-100 in 1x PBS (0.1%, vol/vol)

First, create a10% (vol/vol) Triton X-100 solution in 1x PBS. In a 50-ml conical tube, add 18 ml
of 1xPBS and 0.2 ml of Triton X-100. Mix well by inverting the tube or using a vortex mixer. The
10% (vol/vol) stock solution is stable for several months. Use the 10% (vol/vol) stock solution to
produce a 0.1% (vol/vol) solution by further diluting the 10% (vol/vol) Triton X-100 by 100-fold.
Ina50-ml conical tube, add 49.5 ml of 1x PBS and 0.5 ml of 10% (vol/vol) Triton X-100. Mix well by
inverting the tube.

20% (vol/vol) EtOH for SEC columns
Dilute EtOH in ultrapure water fivefold (vol/vol). To a1-1jar,add 800 ml of ultrapure water and
200 ml of EtOH. Mix well by inverting the jar.

Procedure

Part 1: antibody preparation and enzymatic cleavage to generate F(ab’), fragments
® TIMING 0.5-1d
1. Prepareantibody ataconcentration of 1-2 mg ml™ in water or an aqueous buffer that is
azide- and amine-free. Note that many commercially available antibodies are supplied
inazide-containing storage solutions. We provide three options below (A, Band C) using
different equipment to achieve buffer exchange and antibody concentration. If available,
we recommend using desalting columns (A), because these columns typically achieve the
highest antibody recovery (>90%) in our experience. Dialysis (B) and concentrator spin
columns (C) can also be used but may achieve lower antibody recovery (can range from
50% to 90% on the basis of protein properties and resulting membrane interactions).
See Supplementary Fig. 2 for additional instructions.
A CRITICAL Inthis protocol, we use a Qubit fluorometer to quantify antibody
concentration. We recommend preparing your antibodies in water for compatibility
with the Qubit fluorometer, because 1x PBS is considered a contaminant in the Qubit
fluorometer manufacturer’s instructions. Antibody solutions can be prepared in 1x PBS;
however, as noted in the manufacturer’s instructions, 1x PBS must then be added to all
standards during the standard curve calibration step to account for PBS interference.
(A) Buffer exchange via desalting
(i) Use adesalting column according to the manufacturer’sinstructions. Briefly,
centrifuge the desalting column at 1,500g for 1 min to remove the storage solution.
Take note of where the desalting resin is slanted upward and place the resin peak
facing away from the rotor in subsequent steps.
(ii) Add water to the column and spin at1,500g for 1 min to rinse the column. Repeat
this three times.
(iii) Add antibody sample to the column and centrifuge at1,500g for 2 min at room
temperature to collect your sample.
(B) Buffer exchange via dialysis
(i) Fill aclean 4-Ibeaker with ultrapure water and place it on a stir plate. Add a
magnetic stir bar and set the speed to 300 r.p.m.
(ii) Pre-wet a dialysis cassette (20-kDa MWCO) by inserting the cassette into a
Styrofoam buoy and placing it into the beaker for 5 min.
(iii) Add antibody solution to the cassette and dialyze for -1 h at room temperature.
Transfer the final antibody solution to a microcentrifuge tube.
(C) Buffer exchange with antibody concentration
(i) Use concentrator spin columns (10-kDa MWCO). Briefly, pre-wet spin columns with
water and spin at 5,000g for 5 min.
(ii) Discard the flow-through and add antibody to the column. Spin two to three times
at 5,000g at room temperature in increments of 5-10 min, resuspending the
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antibody in water each time. Pipette vigorously against the membrane to minimize
antibody sticking.

(iii) Resuspend in a final volume to achieve a1-2-mg ml™ final concentration and
transfer to a microcentrifuge tube.

2. Togeneratetwo types of tLNPs—LNPs functionalized to whole antibodies and LNPs
functionalized with F(ab’), fragments—divide your antibody solution in half. Store half of
the solution at 4 °C for later use. If you wish to prepare only LNPs functionalized with F(ab’),
fragments, use the entire antibody solution in the next step. If you wish to prepare only LNPs
functionalized with whole antibodies, skip to Step 4.

3. CleavetheFcregionofthe antibody to generate F(ab’), fragments and purify the F(ab’),
fragments by using an F(ab”), micro preparation kit according to the manufacturer’s
instructions.

A CRITICALSTEP Enzymatic cleavage is dependent on antibody isotype. To select the
appropriate enzyme for optimal antibody cleavage, see Table 3.

A CRITICAL STEP Many enzymatic cleavage kits offer two cleavage options: (i) Fc cleavage
resulting in F(ab’), fragments or (ii) Fc cleavage and disulfide bridge cleavage resulting in
two Fab fragments. Select the appropriate buffer conditions and incubation time to achieve
antibody cleavage into F(ab’), fragments.

B PAUSE POINT The freshly prepared whole antibody solution and F(ab’), solution can be
stored at 4 °C for several days. However, it is recommended to use the prepared antibody
solutions as soon as possible.

4 TROUBLESHOOTING

Part2: DBCO labeling of antibody and antibody fragments, antibody quantification

and determination of DOL

O TIMING ~3h

A CRITICAL Inthis protocol, we provide the option to calculate antibody-LNP conjugation

efficiency (Supplementary Fig. 3). If you would like to calculate conjugation efficiency,

antibodies must be fluorescently labeled. We recommend using the Alexa Fluor 647 microscale
protein labeling kit and following the protocol for ‘Low DOL’ in the manufacturer’s instructions.

After whole antibody and F(ab’), fragments have been tagged with a fluorophore, the antibodies

canbe DBCO-labeled. We have also achieved success by performing simultaneous labeling of

antibodies with a fluorophore and DBCO.

4. Equilibrate the TFP ester-PEG(4)-DBCO vial to room temperature. Using a scale, weigh out
1.25mg of TFP ester-PEG(4)-DBCO into a microcentrifuge tube. Add 500 pl of anhydrous DMSO
tothe tube to create a3.5 mM solution. Vortex vigorously until the TFP ester-PEG(4)-DBCO is
dissolved in solution.

5. Adddissolved TFP ester-PEG(4)-DBCO to whole antibody or F(ab’), fragments at a10-20 molar
excess, aiming to achieve a DOL of 6. Discard unused TFP ester-PEG(4)-DBCO.

A CRITICALSTEP We have found that using 10-20x molar excess of DBCO to antibody
resultsinaDOL ranging from 5to 7; however, the DOL depends on antibody isotype and
starting concentration. We recommend that researchers optimize this step for their chosen
antibody.

6. Incubate antibodies onthe thermomixer for 2 h at room temperature with shaking
(400r.p.m.).

7. Separate your DBCO-labeled antibodies from unreacted TFP ester-PEG(4)-DBCO by
using small-molecule removal columns according to the manufacturer’s instructions.

We recommend using Zeba dye and biotin removal spin columns for optimal recovery
(typicalyields can range from 70% to 80%). Centrifuge the desalting column at1,500g

for 2 min to remove storage solution. Take note of where the desalting resin is slanted
upward and place the resin peak facing away from the rotor in the next step. Add water to
the column and spinat1,500g for 1 min to rinse the column. Discard the flow-through. Add
antibody sample to the column and centrifuge at 1,500g for 2 min at room temperature to
collect your sample.

Nature Protocols

23


http://www.nature.com/NatProtocol

Protocol

8. Quantify the concentration of your DBCO-labeled antibody solution(s) by using a Qubit
fluorometer and the Qubit protein assay kit according to the manufacturer’s instructions.
4 TROUBLESHOOTING

9. Todeterminethe DOL, measure the absorbance of your samples at 280 and 309 nm by using
aUV-visible spectrophotometer. The DBCO DOL can be calculated by using the equations
and coefficients described in Supplementary Fig. 5.
B PAUSE POINT The DBCO-labeled antibody and F(ab’), fragments can be stored at 4 °C for
several weeks or months without decreases in conjugation efficiency.
4 TROUBLESHOOTING

Part 3: preparation of tLNPs

O TIMING ~1d

A CRITICAL Inthissection, we describe general methods for the preparation of azide-

containing mRNA LNPs that can be conjugated to DBCO-labeled antibodies (prepared

inSteps1-9). The LNPs in this work were formulated by using a syringe pump and a soft
lithography-patterned polydimethylsiloxane microfluidic chip, which has been described
indetail elsewhere'*'°*, Other microfluidic systems (cartridge-based commercial systems,
such as NanoAssemblr) and non-microfluidic methods (bulk mixing, EtOH injection, etc.) are

available for LNP formulation and may be substituted here. For demonstration, we select a

representative mRNA LNP formulation, which consists of ionizable lipid (A4), phospholipid

(DOPE), cholesterol, lipid-anchored PEG (C14-PEG-2000) and lipid-anchored PEG-azide (DSPE-

PEG-2000-azide). The formulation details of all LNP formulations in this work are summarized

in Tables 4 and 5.

A CRITICAL Here, we describe the formulation of alx batch of LNPs, which generates a final

volume of 2.7 ml of azide-LNPs. This volume is then split at a1:2.5:2.5 (vol/vol/vol) ratio to

generate three populations of LNPs: NT, F(ab’),-conjugated and whole-antibody-conjugated.

This volume can be scaled up according to the desired application. NT LNPs should be used as

negative controls for tLNP characterization and in vivo and ex vivo studies.

10. Cleanthe workspace with RNase AWAY to prevent contamination. Use RNase-free tubes,
pipette tips and glassware in this section.

11. Filla4-1beaker with210f1x PBS and place it on astir plate. Add a magnetic stir bar and set
the speed to 300 r.p.m. Cover the entire beaker, including the sides and top, with aluminum
foil.

12. Pre-wetadialysis cassette (20-kDa MWCO) by inserting the cassette into a Styrofoam buoy
and placingitinto the beaker. Let it soak while you formulate the LNPs.

13. Preparetheorganiclipid phase in a microcentrifuge tube by combining C14-PEG2000,
DSPE-PEG2000-azide, cholesterol, DOPE and ionizable lipid A4 with EtOH according to the
volumes described in Table 5. The final volume of the organic phase should be 675 pl. Mix
the solution well with a pipette.

14. Preparethe aqueous mRNA phase by diluting 150 g of mRNA in citric acid buffer according to
the volumes described in Table 4. The final volume of the aqueous phase should be 2.025ml.
Mix the solution well with a pipette.

A CRITICALSTEP LNPsshouldbe formulated to encapsulate the appropriate mRNA
according to the researcher’s desired readout. For in vivo evaluation using the IVIS
described in Steps 39-46, formulate LNPs encapsulating luciferase mRNA. For the ex vivo
evaluation using flow cytometry described in Steps 47-56, formulate LNPs encapsulating
mCherry mRNA. The mRNA cargo can be interchanged for any mRNA cargo desired.

15. Aspirate the organic phase into al-mlglass syringe with a26-gauge needle and aspirate the
aqueous phaseinto a2.5-ml glass syringe with a 26-gauge needle. Ensure that no air bubbles
are presentin the syringes.

16. Insertthe syringesinto the syringe pump. Set the flow rate volumes to be 600 and
1,800 pl min~ for the organic and aqueous phases, respectively. Connect the syringes to
the microfluidic chip with tubing. Connect the tubing to the outlet of the microfluidic
channel. Click ‘start’ to formulate the mRNA LNPs. Collect the LNPs straightintoa
microcentrifuge tube.
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17.

18.

19.

20.

21.

Add 0.5% (vol/vol) (-0.5 mol%) of the reconstituted DilC,5(7) (DiR) labeling solution to
fluorescently label the LNPs for in vivo and ex vivo studies. Mix well with a pipette. Transfer
the solution to the pre-wet dialysis cassette.

Dialyze LNPs against 1x PBS for 2 h at room temperature. Protect from light.

After dialysis, collect LNPs by using a 16-gauge needle coupled to a syringe and transferto a
5-ml conical tube. Divide this solution into three microcentrifuge tubes with the following
volumes: 450 pl, 1.125mland 1.125 ml. These three tubes correspond to the NT group, F(ab’),
group and whole antibody group. The NT group can be immediately stored at 4 °C.

Add DBCO-labeled whole antibody or F(ab’), fragments (prepared in Steps1-9) to the
appropriate LNP groups ata 0.005 molar equivalent of DBCO-antibody relative to lipid-
anchored PEG-azide (i.e., 1:200 ratio of DBCO-antibody to lipid-anchored PEG-azide).

Mix well with a pipette.

Place the tLNP microcentrifuge tubes on the thermomixer and cover with aluminum foil.
Incubate at room temperature for 18-24 h (overnight) with gentle shaking (350 r.p.m.).

Part 4: preparation of the SEC column

O TIMING 2-3h

A CRITICAL Inthissection, we describe the methods to prepare agravity-mediated SEC column
for tLNP purification. Because the LNPs require incubation overnight, preparing the column
during the afternoon before you use it is recommended.

A CRITICAL SEC columns of varying sizes are commercially available. To achieve optimal
separation of the tLNP population from unbound antibody, ensure that the SEC column packing
volume is >20 ml. Smaller packing volumes will result in unbound antibody eluting out of the
SEC column at the same time as tLNPs.

22.

23.

24.

25.

26.

Allow Sepharose CL-4B to come to room temperature. Snap off the Luer end tip of a20-ml
gravity chromatography column and situate the column in the column stand with a 50-ml
beaker (or other large glass reservoir) below. Pour the Sepharose CL-4B into the column,
filling it up 80-90%. Allow the Sepharose CL-4B to slowly drain through the column. The
resin will settle, and the EtOH storage solution will drip out of the column and into the
beaker below. As the resin settles, pour more Sepharose CL-4B into the column, filling the
columnup to the top of the working bed height, stopping where the working bed becomes
wider to form the reservoir.

When the EtOH storage liquid drains through and the resin becomes visible to the eye,
gently pour 20% (vol/vol) EtOH into the column, filling up the entire reservoir of the column.
Let the EtOH drain through. Repeat one time.

Gently pour ultrapure water into the column, filling up the entire reservoir of the column.
Let the water drain through. Repeat one time.

Gently pour 1x PBS into the column, filling up the entire reservoir of the column. Let the
1xPBS drain through. Repeat one time.

A CRITICALSTEP Properrinsing of the SEC column is critical to achieving (i) appropriate
tLNP yields and (ii) appropriate purification of tLNPs from unbound antibody. SEC columns
must be appropriately rinsed with water and buffer-exchanged to match the buffer of your
LNP solution to achieve ideal separation. Residual EtOH in the SEC column can disrupt LNPs,
resulting in lower tLNP yields and disruptions to antibody structure. To monitor rinsing
efficiency, pH test strips can be used on the column effluent: EtOH effluent should be near
neutral (pH -7), ultrapure water effluent often reads mildly acidic (pH 5-6) and 1x PBS
should return the effluent to neutral (-7.4).

A CRITICAL STEP Do notlet the SEC columnresingo dry during the rinsing process. The
resin must remain hydrated to maintain bead porosity and achieve optimal separation.
Drying of the resin bed may result in deformities and cracking, which will resultin poor
separation. It can take 15-20 min for afilled column reservoir to drain through. We
recommend setting a timer to ensure constant maintenance to the column.

Gently pour 1x PBS into the column, until the column reservoir is filled 50-60%. Gently
place the cap of the column onto the top of the column, at first pushing the cap down only
half-way. Apply pressure very slowly, allowing the liquid to drip quickly out of the column
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tip due to the applied pressure. When the dripping reaches equilibrium, finish pushing
down on the cap of the column to seal the column overnight. Place the bottom plug onto
the tip of the column. Ensure that both the top and bottom closures are sealed. Discard the
column flow-throughs.

A CRITICAL STEP Take care to gently seal the SEC columns with minimal pressure. Excessive
pressure will compress the resin bed, which can negatively affect separation ability.

B PAUSE POINT SEC columns can be stored in1x PBS overnight at room temperature

(while LNPs incubate) before use. Storing SEC columns in 1x PBS for >24 his not recommended.

Part 5: tLNP purification and characterization
@ TIMING 4-6h

27.

28.

29.

30.

31

32.

33.

After the tLNPs have incubated for 18-24 h, uncap the top and bottom closures from the
SEC column. Let the remaining 1x PBS drip out of the column.
When the top of the resin bed is visible to the eye, switch out the beaker below the column
for a96-well plate. Align the tip of the column with well A1, with the tip of the column
hovering a few centimeters above the well. Gently pipette your LNP-antibody mixture
onto the top of the column. We recommend pipetting gently against the side of the column
reservoir to avoid disrupting the top of the resin bed.
As the column elutes, collect fractions in the 96-well plate. Approximately 5-6 drops should
fillasingle well. Once asingle wellis filled, slide the plate to the next well. When the top of
theresin bed begins to dry, gently pour 1x PBS into the column reservoir. Repeatedly pour
1x PBSinto the column reservoir until you have collected 96 fractions. Try to collect even
fractions across all wells; do not overfill the wells.
When you have collected all 96 fractions, switch out the plate for a beaker (or other type of
glass reservoir). If you are running multiple tLNP samples, rinse the SEC column with 1x PBS
inbetween samples. To do so, gently pour 1x PBS into the column, filling up the entire
reservoir. Let the 1x PBS drain through. Repeat one time.
When you have finished running tLNP samples, buffer-exchange the columnin the reverse
order of thatinwhich it was prepared (Steps 23-25 in reverse order).
 Begin by gently pouring 1x PBS into the column, filling up the entire column reservoir.
Let the 1x PBS drain through. Repeat one time.
 Gently pour ultrapure water into the column, filling up the entire column reservoir.
Let the water drain through. Repeat one time.
 Gently pour 20% (vol/vol) EtOH into the column, filling up the entire column reservoir.
Let the EtOH drain through. Repeat one time.
« Asnoted in Step 25, pH strips can be used to monitor rinsing efficiency.
Gently pour 20% (vol/vol) EtOH into the column, until the column reservoir is filled 50-60%.
Close the column as described in Step 26.
A CRITICALSTEP SEC columns must be stored with EtOH to preserve the physical and
chemical integrity of the resin. If SEC columns are appropriately taken care of during use
and are appropriately stored with EtOH, SEC columns can be stored at room temperature
and reused for 3-4 months. If using SEC columns frequently, it is recommended to pour
fresh columns every 2-3 months.
Toidentify which elution fractions contain tLNPs, perform a Triton X-100 assay.
 Tobegin, use a multi-channel 10-pl pipette to transfer 4 pl from each well to a fresh
black-walled, 96-well plate.
 Pour 0.1% (vol/vol) Triton X-100 in PBS into a plastic reservoir. Using a 100-pl multi-
channel pipette, add 46 pl of 0.1% (vol/vol) Triton X-100 to each well to make a total
volume of 50 pl.
« Place the 96-well plate on a plate shaker or plate rocker at 300 r.p.m. and incubate at
room temperature for 5 min.
 Prepare a200x dilution of Quant-it RiboGreen reagent in 1x PBS. Keep this reagent
protected from light until use. Add 50 pl of RiboGreen reagent to each well to make a
final volume of 100 pl per well. Cover the plate with aluminum foil and incubate on a
plate shaker or plate rocker for 3-5 min.
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34.

35.

36.

37.

 Read fluorescence intensity (excitation: 480 nm; emission: 520 nm) by using a
microplate reader. The wells displaying fluorescence signal contain mRNA tLNPs
(see Supplementary Fig. 7 for example Triton X-100 assay plots).
¢ TROUBLESHOOTING
Collect the wells containing mRNA tLNPs using a pipette or repeater pipette. Combine these
fractions ina15-ml conical tube.
Concentrate the tLNP-containing fractions by using ultracentrifugal spin columns. Begin by
pre-wetting a15-mlspin column (100-kDa MWCO) with 1x PBS. Centrifuge at 2,000g for 5 min.
Discard the flow-through. Add the combined tLNP fractions to the spin column. Centrifuge
at800g for 15 minat 4 °C. Check the volume for your desired application (i.e., in vitro, ex vivo
orinvivo testing). If additional rounds of centrifugation are required, use a pipette to mix
the solution against the spin column membrane. Spin at 800g for increments of 10-15 min.
Transfer the final LNP volume to a microcentrifuge tube. Protect from light.
M PAUSE POINT The tLNPs canbe stored at 4 °C for -2 weeks; however, using the tLNPs
assoon as possible isrecommended. Do not freeze the tLNPs before use.
To confirm antibody functionalization and identify fundamental changes in tLNP
physicochemical properties, measure tLNP size and zeta potential.
(A) Sizeusing DLS

(i) Add 42 plof1x PBS to amicrocentrifuge tube. Add 3 pl of LNP to the same tube

and mix well.

(ii) Transfer 30 pl of the solution to a 384-well DLS plate or a DLS cuvette. Read the
sample via DLS. It is expected that antibody-conjugated LNPs demonstrate an
increase in hydrodynamic radius compared to NT LNPs.

4 TROUBLESHOOTING
(B) Zeta potential
(i) Add 980 pl of ultrapure water to a microcentrifuge tube. Add 20 pl of LNP to the
same tube. Mix well with a pipette.

(ii) Rinse Zetasizer cuvettes with ultrapure water by using a squirt bottle. Using a
pipette, slowly pipette the LNP mixture into the rinsed Zetasizer cuvette.

(iii) Read the samples on a Zetasizer. It is expected that antibody conjugation to LNPs
will change their surface properties, and thus should change their zeta potential
when compared to NT LNPs.

To use the LNPs for in vitro, ex vivo and in vivo testing, measure the concentration of
encapsulated mRNA via the Quant-it RiboGreen assay. The mRNA concentration can also be
used to calculate tLNP recovery rates after SEC purification, with typical yields ranging from
20% to 80% based on LNP batch size and selected antibody clone.

« Foreach LNP, create intact and lysed samples.

« Forintact samples, dilute each LNP 80x in 1x TE: add 4 pl of LNP to 316 pl of 1x TE.

Mix well with a pipette.

« Forlysed samples, dilute each LNP 80x in 0.1% (vol/vol) Triton X-100 in TE: add 4 pl
of LNP to 316 pl of 0.1% (vol/vol) Trition-X buffer in TE. Vortex the solution well.

» Prepare the RNA standard curve. To do so, prepare a 2,000-ng pl™ stock solution of
RNA in1x TE: add 20 pl of the supplied control RNA to 980 pl of 1x TE. Mix well with
apipette. Make eight serial dilutions of the stock RNA solution.

 Prepare a200x dilution of the Quant-it RiboGreen reagent. Mix well with a pipette.
Keep this reagent protected from light until use.

« Add 100 pl of all samples of the RNA standard curve serial dilutions and all of the LNP
dilutions to a black-walled, 96-well plate in triplicate.

« Add 100 pl of RiboGreen reagent to each well to create a final volume of 200 pl per well.
Cover the plate with aluminum foil and incubate on a plate shaker at 300 r.p.m.
for 3-5min.

 Read fluorescence intensity (excitation: 480 nm; emission: 520 nm) using a microplate
reader.

« Calculate the estimated encapsulated mRNA concentration. Use a linear regression
model on the RNA standard curve as previously described'”. The estimated
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encapsulated mRNA is calculated by subtracting the concentration of the lysed LNP

samples from the intact LNP samples and multiplying by the dilution factor (80x).

4 TROUBLESHOOTING

38. (Optional) To calculate antibody conjugation efficiency, Steps 4-9 can be completed by

using a fluorescently labeled antibody. We recommend using Alexa Fluor 647, but any
fluorophore that does not overlap spectrally with the RiboGreen reagent may be used. For
this optional step, we recommend formulating LNPs without the DiR label to minimize
the number of fluorescent labels. Proceed with the rest of the procedure as directed.
Immediately after completing Step 29, the 96-well plate can be read on a microplate reader
(excitation at 638 nm and emission at 668 nm for Alexa Fluor 647). It is expected that two
clear fluorescent antibody curves should be present; one fluorescent antibody curve
should overlap with the mRNA curve (tLNPs) from the Triton X-100 assay, while the second
fluorescent antibody curve should appear later in the plate (residual unbound antibody).
To calculate antibody conjugation efficiency, plot each fraction versus fluorescence. An
AUC calculation can be performed in most analytical software, including Excel and Prism,
to calculate the percentage of antibody conjugated to the tLNPs versus the percentage
of residual unbound antibody eluted from the column (see Supplementary Fig. 3 for
anexample).
4 TROUBLESHOOTING

Part 6:in vivo evaluation of tLNPs

® TIMING 3-4d

39. Prepare DiR-labeled FLuc mRNA LNPs as described in Steps 10-37. To demonstrate the
broad applicability of this protocol, we formulate two LNPs: aliver-tropic A4 LNPand a
lung-tropic cKK-E12 LNP. We conjugate the A4 LNP to anti-EGFR whole antibody and F(ab’),
fragments to achieve liver targeting, and we conjugate the cKK-E12 LNP to anti-PECAM
whole antibody and F(ab’), fragments to achieve lung targeting.

A CRITICAL STEP Dependingon the desired application, different LNP formulations,
antibody targets and animal models may be selected to evaluate the in vivo delivery efficacy
of tLNPs. We select liver and lung targeting as representative evaluations.

40. Inthis work, we intravenously administer 1.5 pg of mRNA per mouse (-20 g) through a200-pul
injection (n=3 mice per group). To do so, we dilute LNPs in 1x PBS to a final concentration
of 7.5 ng pul ™. For one mouse, intravenously administer 200 pl of LNPs via retro-orbital or
tail veininjection, ensuring that no air bubbles are present in the syringe before injection.
Wait4-12h.

A CRITICALSTEP LNPandtLNP dosage canbeincreased or decreased on the basis of the
desired application. Concentrate or dilute your LNPs accordingly to reach aninjection
volume of 200 pl. Do not administer an LNP volume >200 pl.

41. Immediately beforeimaging, prepare D-luciferin potassium salt solution at a dose of
150 mg kg™ in1x PBS. For a cohort of three mice, weigh out 9.5 pg of b-luciferin potassium
saltin amicrocentrifuge tube. Resuspend in 633.3 pl of 1x PBS to generate enough solution
for three 200-pl injections with slight excess. Keep the solution wrapped in aluminum foil
to protect from light until use.

A CRITICAL STEP D-luciferin potassium salt should be administered to mice at a dose of

150 mg kg body weight™in aninjection volume of 200 pl. For a C57BL/6 mouse (8-12 weeks old),

we assume abody weight of -20 g, which equates to 3 pug of D-luciferin potassium salt per
mouse. The values described in this step assume a cohort size of three mice; however, these
values should be scaled accordingly on the basis of experiment cohort size.

42. Initialize the IVIS. Set up an imaging sequence to capture (i) DiR fluorescence (excitation:
754 nm; emission: 778 nm) to evaluate LNP accumulation and (ii) luminescence to evaluate
mRNA delivery and protein expression.

43. WhenthelVISinstrumentis ready forimaging, scruff each mouse and administer 200 pl of
D-luciferin potassium salt (150 mg kg™) intraperitoneally. Wait 5 min.

44. Euthanize the mice by using primary (CO, inhalation) and secondary (cervical dislocation)
means of euthanasia.
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45. Dissect each mouse, collecting the major organs (heart, lungs, liver, kidneys and spleen).
Lay the organs on an IVIS mat, ensuring that the organs do not touch, and place theminto
the machine. Click ‘Acquire Image’.

4 TROUBLESHOOTING

46. After datacollection,images canbe analyzedin the Living Image software (or similar
software). To quantify fluorescence and luminescence intensity, draw ROIs around each
organ, ensuring that all ROIs for a given organ are the exact same size (i.e., all liver ROls
should be the same size across all mice, all lung ROIs should be the same size across all
mice, etc.). Evaluate targeting efficiency of tLNP groups by comparing fluorescence and
luminescence intensity of ROIs between tLNP and NT LNP groups.

4 TROUBLESHOOTING

Part 7: ex vivo evaluation of tLNPs

O TIMING 3-4d

47. Prepare DiR-labeled mCherry mRNA LNPs as described in Steps 10-37. To demonstrate the
wide potential of this protocol, we formulate animmunotropic C14-4 LNP conjugated to
anti-CD5 whole antibody and F(ab’), fragments to achieve targeting to primary human T cells.
A CRITICALSTEP Depending onthe desired application, different LNP formulations,
antibody targets and cell types may be selected to evaluate the ex vivo or in vitro delivery
efficacy of tLNPs. We select primary human T cells as one representative for ex vivo
evaluation; however, immortalized cell lines may also be used for in vitro evaluation.

48. Activate primary human T cells with anti-CD3/anti-CD28 Dynabeads at al:1ratio (25 pl of
Dynabeads per 1 million T cells).

- First, add Dynabeads to a microcentrifuge tube. Insert the tube into the Mojosort
magnet. Aspirate storage solution out using a pipette.

« Remove the tube from the magnet and use a pipette to resuspend in 0.5 ml of RPMI.

« Insert the tube back into the Mojosort magnet and aspirate out the medium.

« Remove the tube from the magnet and resuspend the beads in their original volume
of RPMI.

« Combine the washed Dynabeads with cells in a T25 flask. Mix well with a pipette. Let the
cells incubate with the Dynabeads at 37 °C in a 5% CO, incubator overnight (=18 h).

49. AftertheT cells have incubated with activation beads for =18 h, plate the activated T cells
inaU-bottom, 96-well plate at a density of 120,000 cells per well in 100 pl of RPMI. We used
n=3donors withn=3technical replicates per donor.

50. Dilute LNP stocks for dosing. In this work, we administer LNPs to primary human T cellsina
doseresponse (25,50 and 100 ng of mRNA per 100,000 cells).

A CRITICALSTEP LNP dosage canbeincreased or decreased on the basis of the desired
experimental outcome. Concentrate or dilute your LNPs accordingly for your desired
doses. Itisrecommended to make dosing stocks of your LNPs, in which all LNPs are diluted
to the exact same concentration (e.g.,10-15 ng ul™) so that all wells receive similar volumes
of LNPs during dosing.

51. Immediately after plating the T cells, dose the appropriate wells with LNPs for the 24-h time
point. Mix well with a multi-channel pipette. Place the 96-well plate back into the incubator
and letitincubate overnight.

52. The next morning, dose the appropriate wells with LNPs for the 4-h time point. Mix well with
amulti-channel pipette. Place the 96-well plate back into the incubator and let it incubate
for3h.

53. Dosethe appropriate wells with LNPs for the 1-h time point. Mix well with a multi-channel
pipette. Place the 96-well plate back into the incubator and let it incubate for 1 h.

54. Remove the 96-well plate from the incubator and prepare the samples for flow cytometry.

« Using a multi-channel pipette, mix the wells three to five times to break the connection
between T cells and Dynabeads.

« Place the 96-well plate onto the 96S super magnet plate to collect the Dynabeads
against the wall of each well. Use a multi-channel pipette to transfer the cells and
medium to a fresh U-bottom, 96-well plate.
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Briefly wash the 96-well plate containing the Dynabeads with 1x PBS (-50 pl per well).
Take the plate off the magnet plate and mix well. Place the plate back onto the magnet
plate and transfer the 1x PBS containing any residual cells over to the new 96-well plate.
Discard the 96-well plate containing the Dynabeads.

Centrifuge the new 96-well plate at 300g for 5 min at room temperature to pellet the

T cells.

Aspirate off the supernatant, taking care not to disturb the cell pellet.

Using a multi-channel pipette, resuspend all wells in 300 pl of 1x PBS. Mix well by
pipetting.

Centrifuge at 300g for 5 min at room temperature.

Aspirate off the supernatant, taking care not to disturb the cell pellet.

Using a multi-channel pipette, resuspend all sample wells in 200 pl of 1x PBS containing
alive/dead stain. Mix well.

Take care to resuspend control samples in appropriate buffer (which does not contain
alive/dead stain).

55. Analyze the sampleson aflow cytometer. Set up forward scatter and side scatter voltages
to ensure clear visualization of single-cell clusters. Select the appropriate lasers to measure
mCherry fluorescence, DiR fluorescence and live/dead fluorescence.

4 TROUBLESHOOTING

56. Datacanbeanalyzed by using FlowJo (or similar software). Evaluate LNP uptake (DiR
fluorescence) and mRNA transfection (mCherry fluorescence) of live cells by quantifying
the percentage of cells with fluorescence intensity higher than that of untreated cells.
Evaluate targeting efficiency of tLNP groups by measuring the percentage of cells with
fluorescence intensity higher than that of NT LNP groups. See Supplementary Fig. 8 for a
representative gating scheme.

4 TROUBLESHOOTING

Troubleshooting

Troubleshooting information can be found in Table 6.

Table 6 | Troubleshooting

Step Problem Possible reason Solution
3 Poor antibody cleavage into Wrong enzyme selected Confirm compatibility between the enzyme and antibody isotype
F(ab'), fragments visualized via gel
electrophoresis
8 Antibody concentration not Too little antibody labeled Label a higher amount of antibody
detectable or far below expected Antibody loss during antibody preparation Prepare the antibody by using one of the alternative methods
described in Step 1
Buffer contaminant not accounted for during See the manufacturer’s instructions
Qubit calibration
9 DOL << 6 Unsuccessful DBCO labeling Increase the molar excess of DBCO; increase the reaction time
DOL >>6 Too much DBCO added Add less DBCO
Antibody concentration too low for accurate Label a higher amount of antibody
spectrophotometer readings
33 mMRNA tLNPs span more wells than Column too old, resin integrity compromised Prepare a fresh SEC column
expected
36 Increase in size not observed on DLS  Antibody not conjugated Perform the protocol by using a fluorophore-labeled antibody to

confirm whether antibody signal overlaps with LNP signal after
SEC separation. If the signals do not overlap, see the Troubleshooting
solutions for Step 38

LNPs have aggregated Mix LNP solutions very well before preparing DLS samples

tLNP concentration too high Dilute tLNP sample more, re-run DLS
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Table 6 (continued) | Troubleshooting

Step Problem Possible reason Solution
37 Low mRNA concentration Poor microfluidic formulation Prepare fresh stocks of lipid excipients
Increase batch size
38 Fluorescent antibody is eluted much  Antibody not conjugated to LNPs Optimize the DBCO DOL reaction to achieve a DOL of 6-8 (increase
later than mRNA LNPs DBCO amount and incubation time)
Add a higher DBCO-antibody molar equivalent to the LNP solution
in Step 20
Allow tLNPs to incubate with antibody for 24-36 h
Calculated low antibody conjugation Inefficient reaction between DBCO-antibody Add a higher DBCO-antibody molar equivalent to the LNP solution
efficiency and azide-LNP in Step 20
Allow tLNPs to incubate with antibody for 24-36 h
Poor separation between The column is not large enough; the resin Pour a fresh SEC column, ensuring ~20-ml resin volume
tLNPs anq residual antibody bed is not tall enough Try a larger (taller) SEC column
(overlapping peaks)
45 Inconsistent or no luminescence mRNA LNPs did not deliver nucleic acid Confirm LNP integrity (radius, polydispersity index, mRNA
signal detected on the IVIS cargo encapsulation efficiency and mRNA concentration)
Missed intravenous injections of LNPs
Missed or inconsistent intraperitoneal
injections of D-luciferin
46 and tLNPs do not demonstrate targeting  Antibody not conjugated See the Troubleshooting solutions for Step 38
56 compared to NTLNPs Low target receptor abundance or wrong Confirm expression of the desired target receptor in your cell
target receptor chosen population via flow cytometry
55 All cell populations are >90% DiR* DiR fluorescence is too strong Add less DiR to LNPs
Turn down the laser on the flow cytometer
Timing

Part 1: antibody preparation and enzymatic cleavage to generate F(ab’), fragments
Step 1, antibody buffer exchange and concentration: 0.5-2 h, depending on chosen method
Steps 2-3, antibody cleavage into F(ab’), fragments: 0.5 h +2-24-h incubation

Part 2: DBCO labeling of antibody and antibody fragments, antibody quantification

and determination of DOL

Steps 4-7,DBCO labeling and antibody purification: 15 min + 2-h incubation
Steps 8-9, determination of antibody concentration and DOL: 30 min +15-minincubation

Part 3: preparation of tLNPs

Steps 10-19, LNP formulation: 1h +2-h dialysis
Steps 20-21, antibody addition and incubation: 18-24-h incubation (overnight)

Part 4: preparation of the SEC column
Steps 22-26, SEC column filling and rinsing: 2-3 h

Part 5: tLNP purification and characterization

Steps 27-29, fraction collection:1-1.5h

Steps 30-32, columnrinsing for storage: 2-3 h

Steps 33-35, tLNP identification and concentration: 0.5-1h
Steps 36-38, tLNP size, zeta potential and conjugation efficiency measurements: 0.5-1h

Part 6:in vivo evaluation of tLNPs
Step 39, formulation and preparation of mRNA LNPs for administration: 2d
Step 40, administration of LNPs via retro-orbital injection: 30 min +4-12-h wait
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Steps 41-45, euthanizing mice, performing dissections and IVIS imaging: 1-3 h, depending on
cohortsize
Step 46, image analysis and quantification:1-2 h

Part 7: ex vivo evaluation of tLNPs

Step 47, formulation and preparation of mRNA LNPs for dosing: 2d

Step 48, activation of T cells: 30 min +18-24-h incubation

Steps 49-53, T cell plating and back-dosing of time points:1h +24-hincubation
Steps 54-55, sample preparation and data collection via flow cytometry:3 h
Step 56, data analysis and quantification:1h

Anticipated results

Murine anti-EGFR IgG2a, rat anti-PECAM1IgG2b and murine anti-CD5 IgGlk antibodies were
prepared for DBCO labeling. Buffer exchange and concentration of anti-EGFR and anti-PECAM
antibodies was performed by using ultracentrifugation columns, while anti-CD5 antibodies
were dialyzed. Murine IgG2a and rat IgG2b were cleaved with pepsin, and murine IgG1k

was cleaved with ficin. Gel electrophoresis confirmed successful cleavage, showing intact
antibodies (150 kDa) and F(ab’), fragments (110 kDa) (Supplementary Fig. 9). Antibodies

were labeled with DBCO and purified. The DBCO DOL was quantified (Table 7) via UV-visible
spectroscopy following the method of Wiener et al.'® (Supplementary Fig. 5).

LNPs A4 and cKK-E12 were prepared to encapsulate luciferase mRNA, and LNP C14-4 was
prepared to encapsulate mCherry mRNA. Antibodies (anti-EGFR, anti-PECAM and anti-CD5)
were added to A4, cKK-E12 and C14-4 LNPs, respectively, at a1:200 molar ratio of antibody to
azide. Antibody-LNP functionalization reactions were incubated overnight with continuous
shaking. SEC columns were packed with Sepharose CL-4B, rinsed with water and equilibrated
with 1x PBS. Columns were stored in 1x PBS overnight. On the following day, columns were
drained and loaded with antibody-tLNP mixtures. For each LNP formulation, 96 fractions were
collected, and a Triton X-100 assay was performed. mRNA-containing fractions were pooled
and concentrated to a final volume between 0.5 and 1 ml. Results of tLNP characterization
demonstrated increases in LNP hydrodynamic radius and changes in tLNP surface charge
after antibody functionalization (Figs. 5a-d and 6a,b). For completeness, we also performed
aplate-based protein quantification assay (Supplementary Fig.4) and gel electrophoresis
(Supplementary Fig. 10) to qualitatively confirm tLNP antibody presence relative to NT LNPs.
mRNA LNP concentrations were determined by using the RiboGreen assay (Table 8). For in vivo
studies, A4 and cKK-E12 LNPs were diluted down to 7.5 ng pl™, allowing for 200-pl injections.
For ex vivo studies, C14-4 LNPs were diluted to 10 ng pl™ for ease of pipetting.

To evaluate in vivo targeting, A4 and cKK-E12 DiR-labeled FLuc mRNA LNPs were
administered viaretro-orbital injection into C57BL/6 mice at a dose of 1.5 pg of RNA per mouse.
DiR fluorescence enabled quantification of LNP biodistribution and uptake, while FLuc mRNA

Table 7| Antibody and F(ab'), DBCO calculated DOL

Target Antibody Calculated DOL
Anti-EGFR F(ab'), 7.0
Wab 8.5
Anti-PECAM F(ab'), 9.8
Wab 87
Anti-CD5 F(ab'), 5.1
Wab 6.6

Wab, whole antibody.
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Table 8 | LNP mRNA concentrations and encapsulation efficiencies

LNP mRNA concentration (ng pl™) Encapsulation efficiency (%)
A4NT 40.4 92.3
A4 +EGFR (Fab'), 54.8 94.5
A4 + EGFR Wab 497 93.8
cKK'NT 42.2 92.8
cKK + PECAM (Fab'), 10.3 79.6
cKK + PECAM Wab 11 80.7
C14-4NT 40.8 93.6
C14-4 + CD5 (Fab’), 10.8 84.8
C14-4 + CD5 Wab 10.0 84.5

served as areporter for mRNA delivery and subsequent protein expression (Fig. 5e,f). The data
reveal several pivotal insights supporting the efficacy of our tLNP formulation protocol.

First, EGFR-targeted tLNPs showed no significant differences in liver accumulation
compared to NT A4 LNPs, probably due to passive hepatic uptake and Kupffer cell scavenging
(Fig.5g). However, anti-EGFR tLNPs exhibited a substantial enhancement in liver-specific mRNA
delivery, with luminescence levels exceeding those of NT LNPs by over an order of magnitude
(Fig. 5i). This contrast between similar biodistribution and substantially elevated protein
expression underscores the specificity conferred by EGFR-mediated endocytosis, emphasizing
the value of cell-specific targeting in enhancing mRNA delivery. For targeting to extrahepatic
organs, both LNP accumulation and reporter protein expression diverged markedly. All cKK-E12
LNPs displayed lung and liver accumulation, consistent with prior work'>?**!, PECAM-targeted
tLNPs demonstrated a notable reduction in hepatic uptake, accompanied by a significant
increase in lung accumulation (Fig. 5h,j). Interestingly, LNPs functionalized with whole
anti-PECAM antibodies achieved greater lung localization than those functionalized with
F(ab’), fragments. This phenomenon may be explained by previous literature suggesting that
neutrophils facilitate pulmonary trafficking of antibody-LNPs, potentially due to antibody-
mediated interactions stemming from immunogenic responses. Nevertheless, both antibodies
led to substantial increases in pulmonary luminescence, consistent with prior PECAM-targeted
tLNP studies”. No significant differences in functional performance were observed between
whole antibody and F(ab’), fragment conjugates in either EGFR liver targeting or PECAM lung
targeting. This suggests that both antibody ligands are viable for tLNP functionalization.

To evaluate ex vivo targeting, C14-4 DiR-labeled mCherry mRNA LNPs were administered
toactivated primary humanT cells. Cells were treated with 25, 50 or 100 ng of mRNA per
well, followed by incubation for 1, 4 or 24 h. After treatment, T cells were analyzed by flow
cytometry. CD5-targeted tLNPs exhibited markedly enhanced uptake across all time points,
with especially pronounced differences at early (1- and 4-h) intervals, supporting the role
of targeting in promoting rapid cellular internalization (Fig. 6¢). At the 24-h mark, tLNPs
significantly outperformed NT LNPs in mCherry expression across all mRNA doses (Fig. 6d).
This enhancement was most striking at the lowest mRNA dose (25 ng), underscoring the
efficiency of targeted delivery and its potential to reduce the required RNA dose while
maintaining robust protein expression.

Notably, both ourinvivo and ex vivo data demonstrate that tLNPs not only achieve tissue-
specific delivery but can also match or surpass the protein expression levels of NT LNPs at
reduced RNA doses. This highlights the potential of tLNPs to enable dose sparing, thereby
enhancing therapeutic safety profiles and translational feasibility. Taken together, this protocol
offers an adaptable approach for producing tLNPs with validated efficacy in targeting distinct
cellular populations, paving the way for precision nucleic acid therapeutics.

Reporting summary
Further information onresearch design is available in the Nature Portfolio Reporting Summary
linked to this article.
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Data availability
The data associated with this protocol are provided in the article and Supplementary
Information and as Source Data. Source data are provided with this paper.
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Methodology

Sample preparation T cells were prepared using the following steps: Dynabeads were removed, cells were spun down, media was removed, cells
were then rinsed (resuspended) with 1X PBS. Cells were spun down again, PBS was removed, and the cell pellets were
resuspended in 1X PBS containing Live/Dead stain.

Instrument BD LSR Il Flow Cytometer

Software FlowJo software package (Flowjo V10)

Cell population abundance A minimum of 10,000 events per sample was collected

Gating strategy Cells were first gated using FSC-A and SSC-A. Singlet cells were gated using FSC-A and FSC-H. Live cells (Sytox negative) were

gated from Singlets. mCherry and DiR fluorescence were gated from the Live population (Supplementary Figure 8).

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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