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The clinical relevance of alipid nanoparticle (LNP)-mRNA drug candidate is
often dictated by its behavior in nonhuman primates. Yet, evaluating how

chemically distinct LNPs behave in nonhuman primates remains difficult, in
part because nanoparticle barcoding assays require euthanasia and difficult

downstream tissue processing. Here we report non-invasive nanoparticle
barcoding, which quantifies functional mRNA delivery mediated by several
LNPs in asingle nonhuman primate using 30 pl of serum. This method
isenabled by snapCodes, benzylguanine-modified DNA barcodes that
covalently bind an mRNA-encoded nanoluciferase-SNAP-tag fusion protein
invivo. The resulting DNA-fusion protein complexes are exported from
cells, isolated from serum and sequenced. After validating snapCode

and fusion protein activity, we intravenously administer six snapCoded
LNPs to mice and nonhuman primates, thereby comparing LNP delivery
across species. Measuring mRNA delivery from multiple LNPs using a
low-volume blood draw reduces animal use and may help identify promising
nanoparticle formulations.

Intravenously administered lipid nanoparticles (LNPs)' have deliv-
ered therapeutic RNA in US Food and Drug Administration-approved
drugs and clinical trials®°. Although most LNPs alter gene expression
in hepatocytes®®, recent nonhuman primate®® and human data'® sug-
gest that LNPs can reach other cell types". Emerging clinical data are
compelling but imperfect. For example, hepatocyte-focused LNP pro-
grams robustly reduced disease-causing proteins in patients® ", but
some have been paused due to safety concerns'®". These therapeutic
results and nonzero safety signals support efforts to design improved
delivery systems.

Nonhuman primates areagold-standard model for predicting how
medicines behave in humans®®. As a result, the clinical relevance of an
LNP-mRNA drug candidate is often dictated by its behavior in these

animals. Scientists frequently rely on datafromlarge-scale mouse studies
topickalead candidate fornonhuman primates, yet LNP delivery in mice
may notalways predict LNP delivery innonhuman primates®”. This sug-
geststhat next-generation LNP design could improveif chemically diverse
LNPlibraries were tested in nonhuman primates. However, testing many
LNPs one by one is impractical and inconsistent with efforts to reduce
animal use. One alternative is to test many LNPs in a single animal using
nanoparticle barcoding, amethod that hasbeenreportedinmice'*and
nonhuman primates®. Although nanoparticle barcoding assays quan-
tify delivery using different techniques, they all require euthanasia. In
addition, because the barcode remains inside the cell, scientists must
digest tissues into single-cell suspensions for subsequent analysis; clean
single-cell populations are difficult to obtain in nonhuman primates.
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We reasoned that these challenges could be addressed using a
non-invasive barcoding system with four features. First, it would quan-
tify functional mRNA delivery (that is, delivered mRNA turning into
protein) instead of mMRNA biodistribution. Second, it would not require
transgenic models; compatibility with wild-type animals would enable
studies in any species or disease model. Third, the approach would
quantify delivery mediated by several LNPs at once. And fourth, the
analysis would be serumbased, which would make downstreamanalysis
simple. We hypothesized that these four criteria could be met with a
small, single-stranded DNA barcode thatbound a protein (encoded by
LNP-delivered mRNA) that was subsequently exported and isolated
from the blood (Fig. 1a). Here, we report that such a system can read
out delivery in nonhuman primates using 30 pl of serum.

Results

SnapCode and fusion protein design

A serum-based DNA barcode readout of functional mRNA delivery
requires the barcode to complex a protein inside the cell, then be
sequenced after that complex is exported into the blood. To form a
sufficiently stable complex between the LNP-delivered DNA barcodes
and the LNP-delivered, mRNA-derived fusion protein, we focused
on SNAP-tag, which covalently attaches benzylguanine-modified
substrates to a 19-kDa protein domain®. We found SNAP-tag advan-
tageous because the underlying chemical reaction, whereby the
human O®-alkylguanine-DNA alkyltransferase active site reacts witha
benzylguanine-modified substrate, can tolerate diverse substrates®*,
Specifically, although researchers often use SNAP-tag to attach
benzylguanine-modified fluorophores forimaging, SNAP-tag can also
react with benzylguanine groups on large biomolecules® ‘. We were
especially encouraged by data using nucleic acids* . For example, sci-
entists fused SNAP-tag onto adenosine deaminases actingon RNA and
reacted themwith benzylguanine-modified guide RNA?*°, Thisled us to
hypothesize that SNAP-tags could react with benzylguanine-modified
91-nucleotide single-stranded DNA barcodes; we named these chemi-
cally modified DNA sequences snapCodes.

The SNAP-tag domain of the mRNA-encoded protein would be
responsible for covalently binding the benzylguanine-modified DNA
barcode (Fig. 1b). However, the fusion protein would also need to be
exported from the cell, survive in the blood, be isolated from serum
and be quantified using simple reagents. We therefore created afusion
protein consisting of SNAP-tag, aninterleukin-6-signal peptide, which
enhances cellularexport®, anengineered albumin-binding domain with
femtomolar affinity, which extends protein serum half-life**, a 6xHis-tag
for purification from serum, and a nanoluciferase, which can be quanti-
fied using an off-the-shelf kit*” (Fig. 1c and Supplementary Fig.1). We
named this fusion protein snapLuc for simplicity.

We considered the possibility that adding an albumin-binding
domain to snapLuc could interfere with mRNA translation or inhibit
SNAP-tag-benzylguanine reactivity. To evaluate whether the
albumin-binding domain interfered with other snapLuc functions, we
compared it withanidentical construct without the albumin-binding
domain, which we named control luciferase (ctrlLuc) (Fig. 1c). We
first evaluated whether snapCodes complexed with snapLuc and
ctrlLuc. After synthesizing mRNA encoding snapLuc, we transfected
HEK293T cells and purified recombinant snapLuc or ctrlLuc from the
media. We thenincubated the recombinant proteinwith snapCodes at
37 °Cfor1handisolatedthe protein using Ni-NTA magnetic beads. To
quantify the remaining snapCodes (thatis, snapCode complexed with
snapLuc or ctrlLuc), we used quantitative polymerase chain reaction
(qPCR). Increasing snapCodes led to more complexation with both
ctrlLuc (Fig. 1d) and snapLuc (Fig. 1e). The albumin-binding domain
did notinhibit the reaction between SNAP-tag and benzylguanine. As
another control, we included DNA barcodes without benzylguanine. As
expected, these led to significantly less complexationwith both ctrlLuc
and snapLuc (Fig. 1d,e). We then formulated Lipofectamine to carry

mRNA encoding snapLucor ctrlLucand transfected HEK293T cells. We
observed adose-dependentincrease inluciferase withboth constructs,
suggesting that the albumin-binding domain did not reduce mRNA
translation in vitro (Fig. 1f).

We then compared snapLuc and ctrlLuc in vivo. We formulated
mRNA encoding snapLuc or ctrlLuc into LNPs derived from the
clinical>* ionizable lipid LPO1*® (Supplementary Fig. 2). The result-
ing LNPs were monodisperse (Fig. 1g) and had high encapsulation
efficiencies (Fig. 1h). We intravenously injected mice with 0.5 mg kg™
mRNA and quantified serum luciferase using bioluminescence 3, 6,
12 and 24 hlater (Fig. 1i). SnapLucled to 11-,17-, 33- and 56-fold higher
luminescence than ctrlLuc at these time points. The difference in lumi-
nescence increased with time, which is consistent with evidence that
albumin-binding domains can improve serum half-life®.

This led us to evaluate whether snapCode-snapLuc complexes
could be detected after an intravenous administration (Fig. 1j). Using
the ionizable lipid LPO1, we created two LNP formulations. The first
LNP carried mRNA encoding snapLuc and a snapCode sequence 1.
The second LNP carried the same mRNA, butinstead of asnapCode it
carried barcode sequence 2 without benzylguanine, which acted as a
negative control. Finally, to evaluate whether free-floating snapCodes
complexed with snapLuc made elsewhere, we added another negative
control: snapCode sequence 3, whichwas not formulated into an LNP.
SnapCode sequence 1, control barcode sequence 2 and control snap-
Code sequence 3 are detailed in Supplementary Table 1. In all cases,
LNPs were monodisperse and had a high encapsulation efficiency (EE;
Supplementary Fig. 3). We injected the three groups at a total dose of
0.03 mg kg nucleic acid (that is, 0.01 mg kg™ per group), then col-
lected serum 6 and 24 h later. We observed serum luminescence at 6
and 24 h, providing evidence that snapLuc protein was translated and
exportedinto serum (Fig. 1k). We also sequenced snapCodes from 30 pl
of serum and found that, at 6 and 24 h, 76% and 90% of the respective
total reads came from snapCode 1 (Fig. 11 and Supplementary Fig. 4).
The two negative controls constituted fewer reads. Finally, to evaluate
whether the albumin-binding domain impacted snapCode-snapLuc
reactions in vivo, we repeated this experiment with ctrlLuc instead
of snapLuc. The results of this ctrlLuc experiment were consistent
(Supplementary Fig. 4). In addition, like our previous data (Fig. 1i),
snapLucluminescence was significantly higher at 6 and 24 hcompared
with ctrlLuc (Fig. 1k and Supplementary Fig. 5). We further validated
conjugation efficiency in vivo across a dose range of 0.01-0.16 mg kg™,
which covers the maximum doses envisioned for our screening appli-
cations (for example, 0.15 mg kg™ per LNP). We observed that both
snapLucand snapCodelevelsinthe serum correlated linearly with the
dose (Supplementary Fig. 6). These data demonstrated that snapCode-
snapLuc complexes can be isolated and quantified from serum after
intravenous doses as low as 0.01 mg kg per LNP in mice. Quantifying
delivery at 0.01 mg kg suggests that more LNPs can be tested simul-
taneously without requiring large total doses.

Non-invasive nanoparticle barcoding in mice

To performanon-invasive screen, we formulated six LNPs using the clin-
ical*’ionizable lipid SM-102* so they carried mRNA encoding snapLuc
aswellas aunique snapCode. We chose SM-102 instead of LPO1 because
we planned to perform the same non-invasive screenin nonhuman pri-
mates and we have experience evaluating SM-102-based LNPsin these
animals®. Specifically, LNP-1, with chemical structure 1, carried mRNA
and snapCode1, whereas LNP-6, with chemical structure 6, carried the
same mRNA and snapCode 6 (Fig. 2a and Supplementary Fig. 7). To
account for potential LNP mixing, it is essential to exclude biophysically
unstable LNPs andincorporate unencapsulated snapCodes as negative
controls; unencapsulated nucleic acids enter cells less readily than bar-
codes carried by LNPs, thereby serving as negative controlsinbarcoding
studies. Before pooling, we measured the biophysical characteristics
ofindividual LNPs, including hydrodynamic diameter, polydispersity
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Fig.1|SnapCode-snapLuc complexes can be quantified in vivo.

a, Nanoparticles carrying nanoluciferase-SNAP-tag fusion protein (snapLuc)
mRNA and benzylguanine (bg)-modified DNA barcodes (snapCodes) are
administered to nonhuman primates or mice. After translation in cells, snapLuc
binds to snapCode, and the complex s secreted into the blood. Barcodes from
serum are sequenced to identify LNPs. NHPs, nonhuman primates. b, The SNAP-
tag of snapLuc covalently reacts with the snapCode. ¢, nRNA designs encoding
ctrlLuc or snapLuc. SP, signal peptide; ABD, albumin-binding domain; Luc,
nanoluciferase; Poly(A), polyadenylation tail. d,e, Conjugation of recombinant
ctrlLuc (d) or snapLuc (e) with snapCodes was measured across increasing
barcode doses. Unmodified barcode was included as a negative control. Data
are presented as mean values + s.d. (n = 3, biological replicates). f, Luminescence
of HEK293T cells 24 h after transfection with ctrlLuc or snapLuc mRNA (n=3,
biological replicates; n.s., not significant by two-way analysis of variance
(ANOVA) with Tukey’s multiple-comparisons test). RLU, relative luminescence

units. g,h, Characterization of snapLuc and ctrlLuc formulated in LPO1LNPs,
with hydrodynamic diameter (D) (g) and EE (h). i, Serum luminescence after
intravenous injection of LNPs carrying snapLuc or ctrlLuc mRNA (0.5 mg kg ™),
measured at 3, 6,12 and 24 h. Data are presented as mean values +s.d. (n =3,
biological replicates).j, LNP-1carried snapLuc mRNA and snapCode 1, -Ctrl 1
carried snapLuc mRNA and barcode 2, and -Ctrl 2 contained snapCode 3 without
LNP. A pooled mixture of LNP-1,-Ctrl1and -Ctrl 2 was injected at a total dose of
0.03 mg kg . -Ctrl, negative control. k, Serum luminescence was measured at 6
and 24 h after LNP poolinjection. I, SnapCodes were then isolated from serum
and sequenced, and normalized barcode counts were obtained. Raw values are
listed in Supplementary Fig. 4. Pvalues were determined by two-tailed unpaired
t-test. Data are presented as mean values + s.d. (n = 3, biological replicates).
Schematicsinaandjcreated in partin BioRender;Jang, B. https://biorender.
com/yvas8jjv (2026).
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index (PDI) and EE. We also confirmed that co-encapsulating snapCodes
with snapLuc mRNA did not alter these biophysical traits or the in vivo
activity of LNPs (Supplementary Fig. 8). Subsequently, we ensured
pool stability by measuring these parameters for the pooled LNPs.

Importantly, individual lead LNPs must be independently validated
following ascreen. All six LNPs were monodisperse and had high encap-
sulation efficiencies (Fig.2b,c). Asacontrol, we characterized the pool
after we mixed the LNPs together; the biophysical traits of the pool were
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Fig. 2| Non-invasive nanoparticle barcoding in mice. a, Six chemically
distinct LNPs were formulated with snapLuc mRNA and a unique snapCode.
Chol, cholesterol; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; PEG,
polyethylene glycol. b,c, Characterization of the six LNPs including D, and

PDI (b) and EE (c). QC values for the pooled LNPs were within the range of the
six LNPs. QC, quality control. d-f, Normalized snapCode countsat 6 and 24 h
after injection of pooled LNPs at 0.3 mg kg™ (d) and 0.1 mg kg™ (e) and serum
luminescence (f). Pvalues were determined by two-way ANOVA with Sidak’s
multiple-comparisons test. Data are presented as mean values +s.d. (n =3,
biological replicates). g, The same six LNPs were formulated withaVHH mRNA
and a unique barcode. h,i, Characterization of the six LNPs including D, and
PDI (h) and EE (i). QC values for the pooled LNPs were within the range of the six

LNPs.j-1, Cell-type delivery inaVHH" liver cells at 0.3 mg kg™ (j) and 0.1 mg kg*
(k) and aVHH expression (l). EC, endothelial cells; IC,immune cells; Hep,
hepatocytes (CD31°CD45"). Pvalues were determined by two-way ANOVA with
Tukey’s multiple-comparisons test. Data are presented as mean values + s.d.
(n=3, biological replicates). m, Serum hEPO protein levels at 6,24 and 48 h after
injection of LNP-1, LNP-3 or LNP-4 formulated with hREPO mRNA at 0.3 mg kg™,
quantified by ELISA. Data are presented as mean values * s.d. (n = 3, biological
replicates).n, Area under the curve (AUC) of serum hEPO expression from O to
48 hfor the same LNPs. Pvalues were determined by one-way ANOVA with Tukey’s
multiple-comparisons test. Data are presented as mean values + s.d. (n =3,
biological replicates).

consistent with the particles composing the pool (Fig. 2b). Asasecond
control, weincluded an unencapsulated snapCode 7.

Weintravenously injected the LNP pool atatotal dose of 0.3 mg kg™
(thatis, 0.042 mg kg™ per group, on average), then isolated serum
6 and 24 h later. We again isolated the snapLuc protein and used
next-generation sequencing to quantify the presence of the seven
snapCodes. The most abundant sequences found on the snapCode-
snapLuc complexes were snapCode 3 and snapCode 4 (Fig. 2d). We
reduced the total dose to 0.1 mg kg™ (0.014 mg kg™ per group, on
average) and found the same results (Fig. 2e). The negative control
snapCode 7 behaved as expected at both doses. When we compared
serum luminescence, which is related to the total amount of delivery
mediated by the pool, we found it was dose dependent (Fig. 2f).

Two approaches used to evaluate LNPsinvivoinclude traditional
nanoparticle barcoding, which requires euthanasia, and testing LNPs
individually. Tocompare non-invasive barcoding to these approaches,
we first formulated the same six LNPs to carry mRNA encoding
anchored VHH (aVHH) and aDNA barcode”®" (Supplementary Fig. 9);
we also included an unencapsulated barcode as a negative control
(Fig. 2g). The individual LNPs were again monodisperse with high
encapsulation efficiencies, and the pooled LNP traits were similar to
the nanoparticles composing the pool (Fig. 2h,i). We administered
the pool with a total dose of 0.3 mg kg™ (0.042 mg kg™ per group,
on average), euthanized mice 24 h later, collected the liver, used
fluorescence-activated cell sorting to isolate cells in which aVHH
mRNA was translated into aVHH protein, and then sequenced the
barcodes in those cells”*". Consistent with the serum-based barcod-
ing, LNP-3 and LNP-4 showed the highest delivery in the liver (Fig. 2j
and Supplementary Fig.10). We repeated the experiment using a total
dose of 0.1 mg kg™ (0.014 mg kg™ per group, on average) and again
found the highest delivery with LNP-3 and LNP-4 (Fig. 2k) as well as
a dose-dependent reduction in aVHH" cells (Fig. 21). We also vali-
dated snapLucexpressioninthe lung using a different LNP chemistry
(Supplementary Fig.11). We then evaluated the LNPs individually. We
formulated LNP-3 to carry mRNA encoding human erythropoietin
(hEPO) and repeated this for LNP-4 as well as LNP-1, which performed

poorlyintheserumandtraditional barcoding screens. We injected mice
with one LNP per group atadose of 0.3 mg kg™ andisolated serum 6 h
later.LNP-3 and LNP-4 led to significantly more hEPO than LNP-1. These
results were consistent at individual time points (Fig. 2m) and when
serum hEPO was calculated using area under the curve (Fig. 2n). The
congruence between non-invasive barcoding, established barcoding
that requires euthanasia, and individual LNP performance led us to
initiate serum-based barcoding in nonhuman primates.

Non-invasive nanoparticle barcoding in nonhuman primates
Although the goal of this work is to enable nonterminal experiments,
we acknowledged that thisinitial study required us to answer two ques-
tions necessitating euthanasia. First, to what extent did different tis-
sues contribute tothe serumreadout? Second, were there histological
changes in the liver or spleen compared to an untreated animal? We
therefore performed aterminal experiment using end-of-life (EoL) non-
human primates, which are animals separately scheduled for humane
euthanasia owing to pre-existing conditions®. By using these animals,
we minimized the loss of life with the opportunity to understand how
delivery might change as a function of disease in future studies.

We used the same six LNPs; LNP-1carried mRNA encoding snapLuc
aswellassnapCode1, whereas LNP-6 carried the same mRNA and snap-
Code 6. Weincluded the same unencapsulated snapCode 7 as anegative
control (Fig. 3a). The individual LNPs were monodisperse and had high
encapsulation efficiencies, as did the pool after they were combined
(Supplementary Fig.12). Following the EOL nonhuman primate work-
flow, we aliquoted the LNPs and froze them until an animal was selected
by independent veterinary staff® (Supplementary Fig.13). Asa control,
we quantified delivery after freeze-thaw in mice and found it was simi-
lar todelivery with the fresh batch (Supplementary Fig. 14). To maintain
consistency with the mouse study, weintravenously administered the
LNP pool at a total dose of 0.3 mg kg™ (0.042 mg kg™ per group, on
average). Because snapLuc expression stabilizes by 6 h (Fig. 1i-1), we
chose this timepoint toisolate serum, peripheral blood mononuclear
cells (PBMCs) and tissues from the liver, spleen and bone marrow.
Compared withanuntreated nonhuman primate, we detected robust

Fig. 3| Non-invasive nanoparticle barcoding in nonhuman primates. a, EoL
nonhuman primates were infused with a pool of six thawed LNPs (0.3 mg kg™).
After 6 h, serum, liver, spleen, bone marrow and PBMCs were collected.

b-d, IVISimaging of serum (b) in untreated (n =1) or LNP-treated (n =3,
biological replicates) nonhuman primates, with luminescence quantification
(c); snapCodes were then isolated from serum and sequenced, and normalized
snapCode counts were obtained (d). Data are presented as mean values + s.d.

e f, IVIS imaging of cell suspensions from the indicated organs and PBMCs (e) in
untreated (n =1) or LNP-treated (n = 3, biological replicates) nonhuman primates,
withluminescence quantification (f). Data are presented as mean values * s.d.
g, Representative H&E-stained liver and spleen sections. h, Serum cytokines
were analyzed pre- and post-infusion. Pvalues were analyzed by two-tailed
paired Student’s t-test. Pvalues are shown if significant. Data are presented as
mean values + s.d. (n = 3, biological replicates). i-1, Systemic response to LNPs
pre-and post-infusion. Complete blood counts (i) and comprehensive blood
chemistry readouts related to metabolism (j), liver function (k) and kidney

function (I). Shaded regions indicate normal reference ranges**'. WBC, white
blood cells; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV,
mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC,

mean corpuscular hemoglobin concentration; PLT, platelet count; NEUT,
neutrophils; LYMPH, lymphocytes; MONO, monocytes; EOS, eosinophils;

BASO, basophils; IG, immature granulocytes; SEG, segmented neutrophils; GLU,
glucose; CHOL, cholesterol; TRIG, triglycerides; AMY, amylase; CPK, creatine
phosphokinase; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; ALKP, alkaline phosphatase; GLOB, globulin; GGTP, gamma-
glutamyl transpeptidase; A/G, albumin/globulin ratio; TBIL, total bilirubin; TP,
total protein; BUN, blood urea nitrogen; CREA, creatinine; B/C, BUN/CREA ratio;
PHOS, phosphorus; Ca, calcium; Mg, magnesium; Na, sodium; K, potassium; ClI,
chloride. Pvalues were determined by two-tailed paired Student’s t-test. Pvalues
areshownifsignificant. Data are presented as mean values + s.d. (n = 3, biological
replicates). Schematicsinacreatedin partin BioRender;Jang, B. https://biorender.com/
yva8jjv (2026).
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luminescence in serum (Fig. 3b,c). We then sequenced 30 pl of serum
and identified snapCodes 3 and 4 as the most abundant (Fig. 3d). The
delivery was generally consistent with mouse delivery, although we
did observe some nonsignificant differences between nonhuman
primates and mice (Supplementary Fig. 15). The only snapCode that
showed near-zero delivery in both nonhuman primates and mice was
the negative control.

Oneimportant aspect of this initial study was approximating the
contribution of different tissues to the serum readout. We created
single-cell suspensions™ from the liver, spleen, bone marrow and
PBMCs and quantified luminescence. We found the highest lumines-
cence in the liver, followed by the spleen, bone marrow and PBMCs
(Fig. 3e,f). These data are consistent with the fact that LNPs often
preferentially transfect cellsin the liver. A second aspect of this initial
study was evaluating histological changes after the pool was adminis-
tered. Compared withan untreated animal, there were no histological
changesinliver orspleentissuesisolated fromthe three treated animals
(Fig.3g and Supplementary Fig.16).

One advantage of a serum-based nanoparticle screen is that serum
canalsobe used toevaluate LNP tolerability. In this case, we measured 62
toxicological parameters before LNP treatment and at the time of eutha-
nasia. Among these, 24 were serum cytokines, 15 were related to blood
counts, 5 were related to systemic metabolism, 9 were related to liver
functionand 9 wererelated to kidney function (Fig. 3h-1). We used 30 pl,
80 pland 500 pl to measure delivery, serum cytokines and blood chem-
istry, respectively. These results demonstrate the feasibility of barcoded
delivery and tolerability readouts in nonhuman primates using routine
blood draws. We also confirmed redosability by repeated administration
of the LNP pool on day 14, a timeline we expect clinical veterinarians will
require between doses, and observed successful snapLuc expression
(Supplementary Fig. 17). We anticipate that further studies to evaluate
howdosingschemes, LNP chemical diversity and baselineimmunogenicity
affect pooled LNP delivery and individual LNP rank order will be helpful.

Discussion
Threelines of evidence supportincreasing the number of LNP-mRNA
drugs tested innonhuman primates. First, LNP-mRNA delivery in mice
does not always predict delivery in nonhuman primates®”. As aresult,
itis easy to synthesize thousands of chemically diverse nanoparticles*
butdifficultto select alead candidate for nonhuman primate studies.
Similarly, although delivery in humans has historically been consid-
ered equally or more difficult to achieve than delivery in nonhuman
primates, recent datasuggest this may not always be true. LNP-mRNA
therapies that produce chimeric antigen receptor T cells in vivo have
worked in humans at doses 5- to 10-fold lower than in nonhuman
primates'. This suggests that low-dose nonhuman primate delivery
couldbeclinically relevant. Third, there remains areal-world need for
improved delivery. LNP-mRNA drugs have led to near-cure changes
in patients " yet can be associated with non-zero safety signals'®".
This leads to a simple question: how can scientists maximize
high-quality nonhuman primate data while minimizing animal use?
Here, we report that 30 pl of serum is sufficient to quantify delivery
by several LNPs in a single nonhuman primate and less than 700 pl
of serum is sufficient to quantify both delivery and 62 toxicological
markers. A routine blood draw is a few milliliters, and approximately
halfthat volume is serum. One observation we made was that delivery
may have changed slightly between mice and nonhuman primates.
However, these data used only a few LNPs and, thus, should not be
overinterpreted. The dataalso do not justify going straight to nonhu-
man primates without evaluating the nanoparticlesin mice. We believe
that nanoparticles should first be tested in mice; if they demonstrate
high potency and tolerability, then they should be considered for larger
animal studies. Specifically, we believe that rank-ordering the LNPs on
the basis of mouse potency is useful but should not entirely determine
which LNPs are tested in other animals.

Itisimportant to acknowledge the limitations of this work. First,
we tested only six LNPs in nonhuman primates. We chose six to keep
the experiment consistent with the mouse studies. Now that the snap-
Code-snapLuc system has been validated in nonhuman primates, we
anticipate evaluating whether two dozen LNPs can be tested at once.
This number assumes a dose of approximately 0.01 mg kg™ per LNP and
atotal dose equalto 0.3 mg kg™, whichis clinically relevant’. Asecond
limitationis that the serum readout does not encode the tissue in which
delivery occurred. Despite this limitation, we remain optimistic that the
snapCode-snapLuc system could be useful. This is because academic
laboratories, biotechnology companies and pharmaceutical compa-
nies use hEPO studies to evaluate LNPs*~*, Like the snapCode-snapLuc
system, hEPO serum readouts do not reveal which tissue produced
the hEPO, but unlike the snapCode-snapLuc system, hEPO requires
scientists to study one LNP at a time. We posit that, similar to other
serum-based readouts, snapLuc assays may be especially appropriate
for secreted proteins or antibodies. Relatedly, this limitation hasled us
to anadditional scientific question: how might we encode the tissue of
origininto aserum-based readout? A third limitationisthat we eutha-
nized the animals. We realized that the contribution of different tissues
to the serum delivery as well as the histological safety of the system
needed to be characterized in thisinitial work. To minimize animal use
within this context, we incorporated EoL nonhuman primates, which
wereindependently scheduled for euthanasia. We anticipate that our
future studies with this system will be nonterminal. Finally, a fourth
limitationis that our current results assume that nonhuman primates
are the appropriate model for humans. Although we did not evaluate
the system in other large animals (for example, pigs), the snapLuc
fusion protein should be species agnostic. As aresult, the mostimpor-
tant aspect of this work, which is maximizing the amount of delivery
and toxicology data while minimizing nonhuman primate use, could
extendto other species. Likewise, we anticipate that our system canbe
applied toother routes of administration that allow snapLuc secretion
into the bloodstream.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Barcode and mRNA preparation

Benzylguanine-modified DNA barcodes (snapCodes) were purchased
from Bio-Synthesis. Unmodified DNA barcodes were purchased
from Integrated DNA Technologies. Barcode sequences are listed in
Supplementary Table 1. For mRNA preparation, hEPO mRNA was pur-
chased from TriLink Biotechnologies. SnapLuc, ctrlLucand aVHH mRNA
were synthesized by in vitro transcription (IVT). Sequences encoding
snaplLuc, ctrlLucand aVHH are listed in Supplementary Table 1. Linear
templates for IVT were generated by PCR using a forward primer and
a T120-extended reverse primer, followed by purification with the
DNA Clean & Concentrator Kit (Zymo Research). IVT was performed
with the MEGAscript T7 Transcription Kit (Invitrogen) for 2 hat 37 °C.
During IVT, mRNA was capped with Cap 1(BOC Sciences) and all UTPs
were substituted with N1-methylpseudouridine-5’-triphosphate
(N1-Me-pUTP, BOC Sciences). After transcription, residual DNA tem-
plates were digested with DNase I for 15 minat 37 °C. The RNA products
were purified by lithium chloride precipitation and assessed by agarose
gel electrophoresis to confirm integrity and purity.

Cell culture and mRNA transfection

HEK293T cells were maintained in Dulbecco’s modified Eagle medium
(Cytiva) supplemented with 10% fetal bovine serum (Sigma-Aldrich)
and 1% penicillin-streptomycin (Gibco) at 37 °Cin 5% CO,. For expres-
sion analysis, cells were seeded at 10,000 cells per well in 96-well
plates. The following day, cells were transfected with mRNA using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. Twenty-four hours after transfection, luminescence was
measured using the Nano-Glo Luciferase Assay System (Promega) and
aVictor X4 multilabel plate reader (PerkinElmer).

SNAP-tag conjugation assay

For SNAP-tag conjugation, recombinant snapLuc and ctrlLuc were
purified from HEK293T cells. Cells were seeded in100-mm dishes and
transfected with the respective mRNA using Lipofectamine 3000 (Invit-
rogen). After 24 h, proteins were purified using Pierce Ni-NTA Magnetic
Agarose Beads (Thermo Fisher Scientific), and protein concentration
was determined with the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Conjugation reactions were performed by incubating
50 pmol of purified snapLuc or ctrlLuc with 0.5, 1,10, 50 or 100 pmol
of snapCode or unmodified barcode in 1x phosphate-buffered saline
(PBS) containing1 mM dithiothreitol, inatotal reaction volume of 50 pl,
at 37 °C for 1 h. Following incubation, proteins were repurified with
Ni-NTA beads to remove unbound snapCode or barcode. Conjugation
efficiency was quantified by quantitative PCR using the PowerTrack
SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 7 Flex
Real-Time PCR System (Applied Biosystems). Fold changes in snap-
Code or unmodified barcode signal were calculated using the AACt
method relative to untreated controls. Primer sequences are listed in
Supplementary Table1.

Nanoparticle formulation

LNPswere formulated with snapLuc, ctrlLuc,aVHH or hREPO mRNA™?%%,
Lipid components were diluted in 100% ethanol. For LPO1 formula-
tions, the nucleic acid phase was prepared in 10 mM citrate buffer,
and for SM-102 formulations, it was prepared in25 mM sodium acetate
buffer. When barcodes were included, they were mixed with mRNA at
a1:10 ratio (DNA barcode:mRNA, mass ratio) in the aqueous phase.
The aqueous and ethanol phases were combined using a microflu-
idic mixer*** (Ignite, Precision Nanosystems) at a 3:1 flow rate ratio
(aqueous:lipid) and a total flow rate of 12 ml min™. LNP formulations
were buffer-exchanged into sterile 10 mM Tris using 100-kDa cen-
trifugalfilters (Amicon) at4 °C. Formulations were then sterile-filtered
througha 0.22-pm filter before in vivo administration or downstream
analysis. LNP compositions are listed in Supplementary Figs.2 and 7.

LNP characterization

Hydrodynamic diameter and PDI were obtained with a DynaPro Plate
Reader Il (Wyatt) using the DYNAMICS software package (v8.3.1.1145).
Endotoxin levels were assessed using the Pierce Chromogenic Endo-
toxin Quant Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. EE was quantified using the Quant-iT RiboGreen
assay (Thermo Fisher). LNPs at 6 ng pl™ were mixed 1:1 with TE buffer
or 2% Triton X-100in TE, incubated for 10 minat 37 °Cand then added
toRiboGreen at a1:100 dilution. Fluorescence was measured ona Vic-
tor X4 reader (PerkinElmer; 485/528 nm) using the 2030 Workstation
software 4.0 (version 4.00.0.15).

Freeze-thawing of LNPs

A 60% (w/v) sucrose stock was prepared by dissolving high-purity,
low-endotoxin sucrose (Fisher Scientific; NF, EP, JP and ChP grade) in
sterile10 mM Tris. LNPsin Tris were mixed with this stock ata5:1volume
ratio (LNP:sucrose) to achieve10% sucrose. LNPs were then flash-frozen
inliquid nitrogen and stored in the vapor phase at <-120 °C. To prepare
thawed LNPs, frozen LNPs were thawed at room temperature. Size, PDI
and EE were evaluated before and after freeze-thawing.

Mouse experiments

Mouse studies were performed under Emory University School of
Medicine IACUC approval. C57BL/6) mice (The Jackson Laboratory)
were housed in the Emory animal facility in conventional caging with a
12:12light-dark cycle and free access to chow and water. Environmental
conditions were maintained at 23 °C and 50% humidity.

Mouse serum preparation and downstream analyses

Blood was collected from mice by submandibular or terminal cardiac
puncture. Samples were incubated at room temperature for ~30 min
toallow clotting and centrifuged at 2,000g for 15 min to obtain serum,
which was stored at —80 °C until luminescence measurement or sna-
pLuc-snapCode complexisolation. To assess mMRNA expression, lumi-
nescence was measured in white 96-well plates using the Nano-Glo
Luciferase Assay System (Promega) and a Victor X4 multilabel plate
reader (PerkinElmer).

Mouse tissue dissociation and flow cytometry

Mice were euthanized by CO, asphyxiation, followed by terminal car-
diac puncture for blood collection. Animals were perfused with PBS
through the right atrium, and liver was collected. Liver tissues were
enzymatically digested and mechanically dissociated, passed through
70-um filters and prepared as single-cell suspensions®. Cells were
stained for flow cytometry and sorted using a Cytek Aurora cell sorter.
Data were collected with SpectroFlo software (version 1.3.1, Cytek)
and analyzed using FlowJo (version 10.9). The following antibodies
were used: anti-mouse TER119 (erythroid cells, BioLegend, 1:500),
anti-CD31 (clone 390, BD, 1:500) and anti-CD45.2 (clone 104, BioLeg-
end, 1:500). LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen,
1:5,000) was used for live-cell gating. Anti-camelid VHH antibody
(clone 96A3F5, GenScript) was used for aVHH expression detection.
Details of the flow cytometry panels and gating strategies are provided
inSupplementary Fig.10. Mice injected with 10 mM Tris were used for
baseline gating.

Rhesus monkey studies

Allanimal studies complied with the Animal Welfare Act and were con-
ducted under protocols approved by the Emory University IACUC. LNPs
were prepared under aseptic conditions and administered to rhesus
macaques®. Rhesus monkeys (n=3; 3-8 years of age, 5-7 kg; 2 males
and 1female) with a history of chronic diarrhea were included, along
with one uninjected EoL control animal (20 years old, male). Animals
were sedated with Telazol (3-6 mg kg™, intramuscular), baseline blood
samples were collected, and LNPs were administered intravenously
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over 20-30 min. At 6 h after administration, blood samples (serum
and PBMCs) and tissues (liver, spleen and bone marrow) were collected
following sedation with Telazol and euthanasia with an overdose of
pentobarbital. Liver, spleen and bone marrow samples were processed
into single-cell suspensions using enzymatic digestion and mechani-
caldissociation (GentleMACS Octo Dissociator with heaters, Miltenyi
Biotec), followed by filtration and ACK lysis.

Rhesus monkey serum preparation and downstream analyses
Blood was incubated at room temperature for 30 min to allow clot-
ting and centrifuged at 2,000g for 15 min to obtain serum, which was
stored at —80 °C until luminescence measurement or snapLuc-snap-
Code complex isolation. To assess mMRNA expression, luminescence
was measured in white 96-well plates using the Nano-Glo Luciferase
Assay System (Promega) and a Victor X4 multilabel plate reader
(PerkinElmer). For cytokine analysis, sera were processed by IDEXX
BioAnalytics using the Milliplex MAP Nonhuman Primate Cytokine
Magnetic Bead Panel (Millipore, PCYTMG 40 KPX23) according to the
manufacturer’sinstructions.

Isolation of snapCode-snapLuc complexes from serum

Thirty microliters of serum was mixed with 30 pl of M-PER Mammalian
Protein Extraction Reagent (Thermo Fisher) and 0.6 pl Halt Protease
Inhibitor Cocktail (Thermo Fisher), followed by 60 pl equilibration
buffer (50 mMsodium phosphate, 0.3 MNaCl, 10 mMimidazole, 0.05%
Tween 20, pH8.0). Forisolation, 20 pl Pierce Ni-NTA Magnetic Agarose
Beads (Thermo Fisher) were washed once with 80 pl and once with
100 plequilibration buffer, and thenincubated with100 pl of the sam-
ple mixture by rotation at room temperature for 60 min. Beads were
washed three times with 100 pl wash buffer (50 mM sodium phosphate,
0.3 M NaCl, 15 mM imidazole, 0.05% Tween 20, pH 8.0), and bound
snapCode-snapLuc complexes were eluted with 50 pl elution buffer
(50 mM sodium phosphate, 0.3 M NaCl, 0.3 M imidazole, pH 8.0) by
rotation for 10 min. The eluate was diluted tenfold in PBS and used for
barcode sequencing library preparation.

IVIS imaging of cell suspensions

Sera (5 pl) and single-cell suspensions from spleen, liver, bone marrow
and PBMCs (1 x 10° cells each) were obtained from untreated controls
(n=1) and LNP-treated nonhuman primates (n = 3). Nonhuman primate
cell suspensions were cryopreserved and thawed once all samples
were available for analysis. Allsamples were adjusted to afinal volume
of 100 pl in M-PER reagent (Thermo Fisher Scientific), mixed 1:1 with
2x Nano-Glo Luciferase Assay substrate (Promega) and incubated for
3 minatroom temperature. Luminescence was acquired on anin vivo
imaging system (IVIS; PerkinElmer) and analyzed using Living Image
software (PerkinElmer, v4.7.3.20616).

Histology

Spleen and liver tissues were submerged in 10% neutral buffered for-
malinfor48 hat4 °C. Thentissues were washed with 1x PBS three times
for 15 min at room temperature and embedded in paraffin. Tissues
were sectioned at 50 pm using a VT1000 S Vibratome (Leica). Sec-
tions were mounted on Superfrost Plus Microscope Slides (Thermo
Fisher Scientific). Sections were generated for hematoxylin and eosin
(H&E) staining. To slides stained with H&E, Vectashield Vibrance anti-
fade mounting medium (Vector Laboratories) was added, and then a
coverslip was added. Imaging was performed using a spinning disk
microscope (Nikon) using a10x objective.

Barcode counts

Cellular DNA barcodes were isolated with the QuickExtract DNA Extrac-
tion Solution (Lucigen) according to the manufacturer’sinstructions.
Both snapCodes and cellular DNA barcodes were amplified using the
KAPA HiFi HotStart Ready Mix (Roche), and libraries were sequenced

in multiplexed runs on an lllumina MiniSeq****. Barcode sequences
were processed with a custom Python-based pipeline to extract raw
counts, which were normalized in R. Counts for each particle were
further normalized to the input barcoded LNP pool.

Statistics and reproducibility

At least three biological replicates were analyzed for each experi-
ment, except for the untreated rhesus monkey (n=1). The hydrody-
namic diameter (Fig. 1g) and EE (Fig. 1h) data are representative of
at least three independent batches of LNPs. Data are presented as
mean * standard deviation or standard error of the mean, asindicated.
Statistical analyses were performed using GraphPad Prism (version
10.4.2). Comparisons between two groups were assessed with paired
or unpaired two-tailed ¢-tests. Comparisons among multiple groups
were assessed with one-way or two-way analysis of variance followed
by amultiple-comparisons test. Area under the curve was calculated in
GraphPad Prismusing the trapezoidal rule. Sample sizes, statistical tests
and effect sizesare providedinthe corresponding figure legends. When
statistically significant, exact Pvalues arereportedinthe figures or cor-
responding legends. P < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
Article and its Supplementary Information.
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Data collection  -Data were collected with SpectroFlo software (version 1.3.1, Cytek) and analyzed using FlowJo (version 10.9).
-Fluorescence was measured on a Victor X4 reader (PerkinElmer; 485/528 nm) using the 2030 Workstation software 4.0 (version 4.00.0.15).
-Luminescence was acquired on an IVIS imaging system (PerkinElmer) and analyzed using Living Image software (PerkinElmer, v4.7.3.20616).
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Rhesus macaque (3-8 years old, 2 males and 1 female) were randomly allocated into each treatment group based on animal availability as
determined by independent veterinarians at Emory National Biomedical Research Center.
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Antibodies
Antibodies used - Antibodies used for flow cytometry:
Anti-camelid VHH antibody (clone 96A3F5, GenScript, 1:500) was used for aVHH expression detection.
- Anti-mouse antibodies:
anti-mouse TER119 (erythroid cells, BioLegend, 1:500), anti-CD31 (clone 390, BD, 1:500), anti-CD45.2 (clone 104, BioLegend, 1:500).
LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen, 1:5000) was used for live-cell gating.
Validation All antibodies were validated for the corresponding species reactivity by the manufacturer. All antibodies were quality controlled by

the manufacturer by flow cytometric analysis of antibody surface-stained cells.

- Anti-camelid VHH:iFluor 647

Species: Alpaca, Llama and Camel. Application: Flow cytometry

https://www.genscript.com/antibody/A01994 200-MonoRab_Rabbit_Anti_Camelid_VHH_Antibody_iFluor_647_mAb.html
-Anti-mouse TER119/Erythroid cells

Species: mouse. Application: Flow cytometry.

https://www.biolegend.com/de-at/products/brilliant-violet-42 1-anti-mouse-ter-119-erythroid-cells-antibody-7259
-Anti-mouse CD31 Species: mouse. Application: Flow cytometry.
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
buv737-rat-anti-mouse-cd31.741740?tab=product_details

-Anti-mouse CD45.2 Species: mouse. Application: Flow cytometry.
https://www.biolegend.com/ja-jp/products/fitc-anti-mouse-cd45-2-antibody-6

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells (ATCC, CRL-11268).
Authentication HEK293T cells were authenticated by ATCC using STR profiling.
Mycoplasma contamination HEK293T cells were negative for mycoplasma test.

Commonly misidentified lines  HEk293T s not listed as a commonly misidentified cell line.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals - Mouse: Mouse studies were performed under Emory University School of Medicine IACUC approval. C57BL/6) mice (The Jackson
Laboratory) were housed in the Emory animal facility in conventional caging with a 12:12 light—dark cycle and free access to chow
and water. Environmental conditions were maintained at 23°C and 50% humidity.

-Rhesus monkeys: All animal studies complied with the Animal Welfare Act and were conducted under protocols approved by the
Emory University IACUC. LNPs were prepared under aseptic conditions and administered to rhesus macaques. Rhesus monkeys (n =
3; 3-8 years of age, 5-7kg; 2 males and 1 female) with a history of chronic diarrhea were included, along with one uninjected end-of-
life control animal (20 years old, male).

Wild animals No wild animals were used in the study.

Reporting on sex The sex of the animals was not considered in this study. Rhesus macaques were assigned based on availability.
- Mouse: All females.
- Rhesus macaque: In the EoL NHP group, 2 males and 1 female were treated with LNPs. One male animal was included as an
untreated control.




Field-collected samples  No field collected samples were used in the study.

Ethics oversight - Mouse studies: Mouse studies were performed under Emory University School of Medicine IACUC approval.
- Rhesus macaque studies: All animal studies complied with the Animal Welfare Act and were conducted under protocols approved
by the Emory University IACUC

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.
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gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-atithentication-proceduresforeach-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mouse:
Mice were euthanized by CO, asphyxiation, followed by terminal cardiac puncture for blood collection. Animals were
perfused with PBS through the right atrium, and liver was collected. Liver tissues were enzymatically digested and
mechanically dissociated, passed through 70 um filters, and prepared as single-cell suspensions. Cells were stained for flow
cytometry and sorted using a Cytek Aurora cell sorter.

Rhesus macaque:

Animals were sedated with Telazol (3-6mg/kg, intramuscular), baseline blood samples were collected, and LNPs were
administered intravenously over 20 to 30 minutes. At 6h after administration, blood samples (serum and PBMCs) and tissues
(liver, spleen, bone marrow) were collected following sedation with Telazol and euthanasia with an overdose of
pentobarbital. Liver, spleen, and bone marrow samples were processed into single-cell suspensions using enzymatic digestion
and mechanical dissociation (GentleMACS Octo Dissociator with heaters, Miltenyi Biotec), followed by filtration and ACK lysis.

Instrument Cytek Aurora cell sorter
Software Data were collected with SpectroFlo software (version 1.3.1, Cytek) and analyzed using FlowJo (version 10.9).

Cell population abundance For mouse liver: 1 - 2.5M total events.
Minimum cell number for each sorted cell population was at least 1,000.

Gating strategy Mouse cells were gated on the live/dead marker to identify live cells, red blood cells were removed from analysis by using
TER119 marker, and followed by FSC-A / SSC-A to identify populations. Singlets were gated on FSC-A / FSC-H.
Liver:
-Endothelial cells: CD31+
-Immune cells: CD31-CD45+
-Hepatocytes: CD31-CD45-

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