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RNA therapeutics are an emerging, powerful class of drugs with
potential applications in a wide range of disorders. A central
challenge in their development is the lack of clear pharmacoki-
netic (PK)-pharmacodynamic relationship, in part due to the
significant delay between the kinetics of RNA delivery and the
onset of pharmacologic response. To bridge this gap, we have
developed a physiologically based PK/pharmacodynamicmodel
for systemically administered mRNA-containing lipid nano-
particles (LNPs) in mice. This model accounts for the physio-
logic determinants of mRNA delivery, active targeting in the
vasculature, and differential transgene expression based on
nanoparticle coating. The model was able to well-characterize
the blood and tissue PKs of LNPs, as well as the kinetics of tissue
luciferase expression measured by ex vivo activity in organ ho-
mogenates and bioluminescence imaging in intact organs.
The predictive capabilities of the model were validated using a
formulation targeted to intercellular adhesion molecule-1 and
themodel predicted nanoparticle delivery and luciferase expres-
sionwithin a 2-fold error for all organs. Thismodeling platform
represents an initial strategy that can be expandedupon anduti-
lized to predict the in vivo behavior of RNA-containing LNPs
developed for an array of conditions and across species.

INTRODUCTION
RNA-based therapeutics have gained prominence in recent years,
including regulatory approvals of two small interfering RNA drugs—
patisiran and givosiran1,2—and U.S. Food and Drug Administration
approvals for two mRNA-based vaccines against coronavirus disease
2019 (COVID-19).3,4 As use of these next-generation therapeutics ex-
pands in clinical pharmacotherapy, it will be increasingly important
to develop quantifiable, mechanism-based relationships between phar-
macokinetics (PK) and pharmacodynamics (PD). This will facilitate
dose selection for obtaining the desired efficacy-safety profile in the
target patient population. Often, RNA is encapsulated within lipid
nanoparticles (LNPs) for delivery, as in theCOVID-19 vaccines andpa-
tisiran. Therefore, a thorough understanding of LNP biodistribution
and PK would have utility in (1) characterizing distribution of nucleic
acid therapeutics encapsulated in LNP and (2) anticipating off-target
toxicities related to high local concentrations of components of the de-
Molecula
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livery system. Determining the PK/PD parameters in healthy organ-
isms is the first, basal phase that should be followed by systematic
studies recapitulating these parameters in animal models of human pa-
thology intended to be managed by specific formulations.

A challenge in the field of gene delivery is the spatiotemporal discon-
nect between level of tissue uptake of the delivery vehicle PK/bio-
distribution and transgene expression (often reported by luciferase
activity).5 In many cases, transgene expression is the sole readout pro-
vided to describe distribution of mRNA-LNP in the body. While use-
ful for characterizing the functional activity of the cargo RNA, this
metric does not necessarily reflect the biodistribution of the formula-
tion, as different tissues and cell types will likely express deliver
nucleic acids with different efficiencies, due to local changes in endo-
cytosis, endosomal escape, translation machinery, nucleic acid degra-
dation, and transgene-encoded protein stability. Further, approaches
based on detection of activity of the transgene or other reporter signal
in vivo do not provide readouts in blood. Therefore, the key informa-
tion on the PK is missing.

It is appreciated that conjugation of affinity ligands (e.g., monoclonal
antibodies [mAbs] and fragments) toward a cell surface molecule of
interest to a drug delivery system can enhance accumulation in a
desired tissue, cell, or subcellular compartment.6 However, it is less
clear whether these changes in cellular and subcellular addressing
of targeted LNPs may also lead to changes in processing and expres-
sion of the transgene. In this study, we compare LNPs coated with im-
munoglobulins with differing specificities (Table S1) to evaluate the
role of active targeting, not only on particle biodistribution, but also
on transgene expression. It is only within the last few years that anti-
body targeting has begun to be evaluated for mRNA-LNP deliv-
ery.7–10 Mechanism-based modeling, coupled with well-designed
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Figure 1. Structure of the PBPK model of LNPs

(A) Whole body structure of the PBPKmodel. Venous blood flow is depicted in blue,

arterial blood in red. The relative thickness of arrows to explicitly depicted organs is

representative of relative blood flow. (B) Tissue-level model structure. LNPs in the

tissue vasculature are able to enter the extravascular space either by non-specific

uptake (CLup) or via binding to target (KD), followed by internalization (kint). Inter-

nalized LNPs were assumed to be eliminated in a first-order process (kdeg). (C)

Luciferase expression model. LNP degradation was assumed to drive the release of

mRNA into the cytosol. mRNA elimination was assumed to be via a first-order

process (kmRNA). Intact mRNA was assumed to drive production of transgene in a

tissue-specific manner (Stissue) and luciferase signal was assumed to decay in a first-

order manner (kluc).
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experiments, may be uniquely positioned to provide insights into
these so far unanswered questions and bridge the gap of knowledge.

Physiologically based PK (PBPK)models are a gold standard approach
for prediction of blood and tissue PK of therapeutic agents.While these
models are regularly used in clinical development of small molecule
drugs11,12 and have been gaining prominence in development of bio-
logics,13 there is a relative paucity of PBPK models for nanoparticle-
based drug delivery systems. PBPK models integrate knowledge of
physiology (tissue volumes, blood flow rates, and organization of the
circulatory system) withmechanistic determinants of drug disposition.
The use of this framework will facilitate description of mechanistic de-
terminants of LNP distribution and clearance and, due to its basis in
physiology, will provide an optimal platform for extrapolating results
obtained in preclinical species to predict PK in patient populations.

In this report, we have developed and validated a PBPK model to
characterize the delivery of a targeted mRNA delivery system. This
model incorporated mechanistic determinants of LNP tissue uptake,
clearance, and transgene expression. Critically, the PBPK framework
was able to simultaneously characterize blood and tissue PK and the
kinetics of transgene expression, despite a significant disconnect be-
tween these two processes. Simulations with this model were able
to predict the behavior of an LNP targeted to a distinct target from
that used for model development, demonstrating the overall utility
of this modeling framework. The proposed model structure is ex-
pected to have utility in development of future LNP therapeutics.

RESULTS
Nanoparticle properties

We have previously reported a detailed description of the physico-
chemical properties of LNP used in this study.5 Briefly, conjugation
of IgG or mAb to LNP led to an increase in size from 82.5 to
100 nm and polydispersity index (0.06–0.2). Conjugation also re-
sulted in modest changes in zeta potential (�6.5 to �4.1 mV) and
approximately 80 antibody molecules/LNP.

Bioluminescence imaging of intact organs: Bare vs. IgG LNPs

Studies were carried out to compare the kinetics of luciferase activity
following administration of bare and IgG-coated LNPs. This was
necessary, as LNPs rapidly shed their pegylated (PEG) lipid after
in vivo administration due to the short length of the lipids.14 The
PEG lipid used for conjugation of the targeting ligand has a longer
carbon tail and remains associated with the LNP. Similar to luciferase
activity in organ homogenates, bioluminescence imaging (BLI) of
intact organs showed maximal luciferase activity in liver, with peak
expression at 4.5 h after injection of LNPs (Figure S1). Because units
of activity and the kinetics of signal decay were distinct between BLI
of intact organs and luciferase activity in organ homogenates, individ-
ual parameter sets were estimated for each assay.

PK: Untargeted LNPs

The PBPK model (Figure 1) was fit to blood and tissue concentration
vs. time data for both bare and IgG-coated LNP to obtain parameter



Figure 2. Model-estimated blood and tissue PK and kinetics of luciferase activity (luciferase assay in organ homogenates) following administration of bare

LNPs

Symbols represent observed data and lines represent model fitted profiles. PKmeasurements are depicted in red and luciferase activity is depicted in green. Data depicted as

mean ± SEM. n = 3 mice/time point.
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estimates for tissue-specific uptake clearances (CLups) and for the
LNP degradation rate (kdeg). For both types of particles, the model
was able to well-characterize the observed data (Figures 2 and 3;
Table S2) and all parameters were estimated with good confidence
(Table 1).

Luciferase activity: Bare LNPs

Recognizing that there are two major approaches used to measure
luciferase in animals (luciferase activity in organ homogenates, BLI
of intact organs), we elected to fit the model to luciferase expression
data obtained via both types of assay. The model was able to well-
characterize both the kinetics and amplitude of luciferase activity,
regardless of assay format used for detection (Figures 2 and S2; Ta-
bles 2 and S2). These results demonstrate the flexibility of this model
structure in characterizing transgene expression data. Additionally,
the ability of the model to effectively capture the temporal disconnect
between PK and luciferase expression highlights the utility of PBPK
modeling in gaining a mechanistic understanding of the in vivo per-
formance of gene delivery strategies.

Luciferase activity: Control IgG-LNPs

Data were obtained via imaging for control IgG-LNP that were then
used to fit the model to evaluate any differences between bare and
control IgG-IgG LNP with respect to transgene expression. Loss of
luciferase signal was assumed to occur at the same rate as following
administration of bare LNP (e.g., decay of signal is independent of
LNP formulation). The model was able to well characterize the
observed data (Figure 3; Table S2) and all parameters were estimated
with good confidence (Table 1). Model-estimated parameters for
production of luciferase signal were 3- to 17-fold lower than those
estimated for bare LNPs in a similar assay (BLI of intact organs) (Fig-
ure S2). This suggests that conjugation of immunoglobulins via 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG to the
surface of LNPs, even in the absence of active targeting, reduces the
efficiency of transgene expression. These results highlight the need
for direct studies into the mechanism of this observation, considering
mechanisms, such as (1) inhibition of endosomal escape of mRNA,
(2) shielding the LNP surface from opsonization by serum proteins
that could enhance optimal gene delivery, (3) interactions with
plasma components that may fortuitously alter LNP behavior and tis-
sue uptake (e.g., Apo-E), and/or (4) cognizant redirection of LNPs to
different cell types enabled by conjugation of PEG and affinity ligands
providing targeting.

In vivo behavior: Platelet endothelial cell adhesion molecule-

targeted LNPs

Data for blood and tissue PK and luciferase expression following
platelet endothelial cell adhesion molecule (PECAM)-targeted LNP
administration were used to evaluate the PBPK framework for tar-
geted LNP delivery. PK data were used to obtain estimates of the con-
centration of PECAM accessible to LNP in tissue vasculature, as well
as binding affinity and internalization rate. The final model provided
good agreement between observed and model-fitted data (Figure 4;
Table S2), with a minimal number of estimated parameters (Table 3).
To evaluate whether targeting LNPs to a specific epitope had an
impact on transgene expression, a comparison was made between a
priori prediction of luciferase expression kinetics using values ob-
tained for IgG-coated LNPs and estimating unique parameters for
PECAM-targeted LNPs. In all organs except for liver, a priori simu-
lations significantly underpredicted luciferase activity at all time
points (Figure 4), indicating that specific delivery to endothelial cells
via PECAM binding led to enhanced mRNA delivery and translation.
In contrast, parameter estimates obtained by fitting to the observed
data (Table 2) allowed for good characterization of the observed lucif-
erase kinetics (Figure 4). In sum, these results suggest that PECAM
targeting not only enhances particle accumulation in target tissues
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 3
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Figure 3. Model-estimated blood and tissue PK and kinetics of luciferase activity (BLI of intact organs) following administration of control IgG-LNPs

Symbols represent observed data and lines represent model fitted profiles. PKmeasurements are depicted in red and luciferase activity is depicted in green. Data depicted as

mean ± SEM. n = 3 mice/time point.
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(PK), but also leads to a greater than anticipated increase in transgene
expression in target tissues relative to IgG-coated particles (luciferase
expression).

Model validation: Intracellular adhesion molecule-targeted

LNPs

As the ultimate goal of PBPKmodel building is to develop a predictive
framework, we performed simulations, with no additional fitting of
parameters, to describe the biodistribution and luciferase expression
at a single time point following the administration of intracellular
adhesion molecule (ICAM)-targeted LNPs. To account for differ-
ences between ICAM and PECAM expression, relative estimates of
accessible target were obtained from our recent publication.15 These
values were then scaled to relevant values for LNPs based on the es-
timate of LNP-accessible PECAM obtained in this study. All other pa-
rameters were fixed to those values used for PECAM-targeted LNPs.
Both tissue biodistribution and luciferase expression were well-pre-
Table 1. Estimated PK parameters for untargeted LNPs

Parameter Bare LNPsa IgG LNPsa

CLlung (mL/h) 0.134 (16.0%) 0.272 (15.8%)

CLheart (mL/h) 0.0999 (12.3%) 0.0976 (14.1%)

CLkidney (mL/h) 0.428 (12.7%) 0.836 (12.8%)

CLspleen (mL/h) 0.656 (10.4%) 1.41 (11.5%)

CLliver (mL/h) 16.3 (9.66%) 5.64 (13.1%)

CLblood (mL/h) 1.96 (19.1%) 5.32 (19.6%)

kdeg (h
�1) 1.00 (6.38%) 1.21 (8.18%)

CLorgan, organ uptake clearance; kdeg, intracellular first-order LNP kdeg constant.
aParameter estimates represented as mean (% coefficient of variation, calculated as rela-
tive standard error).
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dicted by the model (Figure 5). Predicted values for biodistribution
at 30 min were all within 2-fold of observed values (mean percent pre-
diction error [%PE], 37.0%), with the best predictions being in kidney,
lung, and heart. Data for luciferase expression was expressed relative
to PECAM-targeted LNP due to inter-assay variability in absolute
signal obtained from the luciferase assay. Simulation of luciferase
expression in the lung was in good agreement with observed data
(%PE, 17.7%).

DISCUSSION
LNP-mediated delivery of mRNA requires passage across many, not
insignificant, barriers, including (1) delivery to the target tissue, (2)
escape from the bloodstream for extravascular targets, (3) endocytosis
by recipient cells, (4) endosomal escape of intact mRNA, and (5)
translation of the message into protein. Engineering of the mRNA,
nanoparticle, and nanoparticle coating creates a matrix of possible
strategies to achieve optimal gene expression. Although discussion
of specific engineering strategies for LNPs and/or targeting are
beyond the scope of this paper, they are described in.16 Thorough
studies of the kinetics of both delivery system in the blood and tissue
distribution and transgene expression are necessary to identify steps
where a given strategy has succeeded or failed. This permits the design
of focused, hypothesis-driven experiments to optimize a delivery
strategy.

Several approaches can be utilized to trace LNP biodistribution and
transgene expression, eachwith their own strengths andweaknesses.17

Here, we utilized radioisotope labeling of the LNP itself tomeasure PK
and tissue distribution. Unlike other methods that require labeling of
the particle, radiotracing has no tissue background or permeation is-
sues and features an unparalleled linear dynamic range; however, its
level of spatial resolution does not afford cellular attribution of the



Table 2. Estimated luciferase expression parameters

Parameter Bare LNPsa Bare LNPsa IgG LNPsa PECAM LNPsa

Assay format Homogenateb BLIb BLIb Homogenateb

Slung (Signal/h) 2.57 � 105 (12.2%) 2.05 � 109 (5.53%) 1.31 � 108 (9.67%) 1.27 � 105 (7.08%)

Sheart (Signal/h) 6.70 � 104 (10.6%) 2.04 � 108 (5.53%) 5.73 � 107 (10.5%) 2.68 � 104 (8.78%)

Skidney (Signal/h) 1.12 � 105 (10.5%) 1.40 � 108 (5.53%) 6.74 � 106 (9.64%) 3.49 � 104 (11.1%)

Sspleen (Signal/h) 3.82 � 105 (9.07%) 3.27 � 108 (5.53%) 6.74 � 107 (9.88%) 4.53 � 105 (9.47%)

Sliver (Signal/h) 8.64 � 105 (8.74%) 1.77 � 109 (7.02%) 1.20 � 109 (7.66%) 3.40 � 104 (24.6%)

kluc (h
�1) 0.0940 (1.20%) 0.250 (4.25%) 0.250 (Fixed) 0.0940 (Fixed)

kluc, liver (h
�1) 0.247 (7.02%) 0.258 (8.57%) 0.258 (Fixed) 0.224 (Fixed)

Sorgan, slope relating intracellular mRNA to the production rate of luciferase; kluc, first-order rate constant describing the loss of luciferase signal.
aParameter estimates represented as mean (% coefficient of variation calculated as relative standard error).
bHomogenate represents ‘luciferase activity in organ homogenates’ and BLI represents ‘BLI in intact organs.’
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signal. It is critical to consider that any form of particle labeling (radio-
isotope, fluorophore) may affect the particle properties and, therefore,
biodistribution. In this study, we compared mRNA-driven luciferase
expression via two commonly used methods: luciferase activity in or-
gan homogenates and BLI of intact organs. While the absolute values
obtained differ between these two methods, the expression patterns
provided by the methods are comparable. However, there is a signifi-
cant difference in the decay of luciferase signal obtained by the two
methods. The modeling approach described here estimates that signal
measured by BLI of intact organs decays approximately 2.5 times
faster than that measured by luciferase activity in organ homogenates.
This suggests that, while the results obtained from the twomethods are
relatively interchangeable at static time points, the kinetics of lucif-
erase activity are likely to differ significantly. This is critical informa-
tion for those pursuing model-based analyses of luciferase activity
followingmRNAdelivery, as parameters related to expression kinetics
will have to be estimated independently for different assay formats.

It should be noted that the method of tracing of LNP PK/bio-
distribution may impact the absolute magnitude of tissue uptake that
is measured during these studies due to several factors, including signal
interference due to tissue matrix, stability of the label for tracing on the
LNP itself, and processing of the labeled component of the LNP
following particle breakdown. Methods for tracing the LNP that
have been reported in the literature include pre-labeling of specific
components of the particle with radioisotopes (3H-cholesteryl hexa-
decyl ether, 14C phospholipid),18–21 radio-iodination of pre-formed
particles (Parhiz et al. JCR. 2018),5,7 and liquid chromatography tan-
dem mass spectrometry analysis for specific lipid components.22

With this in mind, the parameter values estimated with our PBPK
model framework are likely unique to the tracing methodology used
in this manuscript (radio-iodination of pre-formed particles). A com-
parison of the PK and biodistribution of PECAM-targeted LNPs when
labeled with 125I vs. 3H is shown in Figure S3 to highlight the potential
impact of labeling strategy on parameter estimates. However, the un-
derlying assumptions and underlying physiological assumptions
should transfer between labeling approaches. Therefore, we would
stress the need for model validation and parameter re-estimation for
alternative tracing methods. The need for this approach has been
previously shown for mAbs labeled with isotopes that have different
degrees of tissue retention.23 Future studies will be focused on the
impact of LNP tracing methodology on PBPK model parameters. In
this case, our expectation would be that both 125I and 3H would be
delivered to tissues to a similar extent; however, their behavior would
differ following LNP breakdown inside of cells. The hypothesis
would be that 125I would not efficiently residualize within tissues and
would be rapidly eliminated following LNP breakdown (as is the
case with antibodies) and the 3H incorporated into cholesteryl hexa-
decyl ether would follow the disposition pattern of the cholesterol
ether, which would likely involve hepatic accumulation, as this is the
primary site of cholesterol elimination and processing. Additionally,
normalization to the injected dose, rather than the amount of LNP
found in the body at the first time point is critical. In our results, the
percent of injected dose that was recovered in collected organs ranged
from 54.6% (bare) to 84.2% (control IgG), with PECAM-targeted fall-
ing in the middle (72.4%). These differences may be attributed to rapid
uptake and elimination of bare LNPs as well as potential uptake by or-
gans that were not collected in the study. Highlighting these differences
in recovery, even just 5 min after an intravenous injection, provides an
impetus to ensure that the injected dose is well controlled and that
concentrations are reported either as absolute values (e.g., mass
mRNA/volume) or as a fraction of the injected dose.

Mechanism-based models, spanning a range of scales, from sub-
cellular to whole body, are uniquely positioned to not only describe
the behavior of current formulations, but also to serve as a platform
to generate testable hypotheses about the properties of next-generation
formulations. Use of a physiologically relevant framework to describe
LNP PK allowed investigation of tissue-specific differences in LNP
behavior (binding, uptake, and transgene expression). In the current
work, we leveraged prior knowledge of tissue expression patterns of
ICAMs vs. PECAMs and used that information to make accurate, a
priori predictions of particle biodistribution and transgene expression
in the primary target tissue. Critically, the model estimated that were
substantial differences in target expression across organs of the body,
likely related to differences in endothelial surface area between organs.
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 5
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Figure 4. Model-fitted PK and luciferase expression (luciferase activity in organ homogenates) following administration of PECAM-targeted LNPs

PKmeasurements are depicted in red and luciferase activity is depicted in green. Solid red lines represent model-fitted PK profiles and solid green lines represent model-fitted

luciferase expression. Data depicted as mean ± SEM. n = 3 mice/time point.
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This relationship has been previously measured experimentally in
mice, where a direct correlation between PECAM expression (mg
PECAM/g tissue) and endothelial surface area (cm2/g tissue) was
observed in a subset of organs.24 These results provide a proof of prin-
ciple for the use of this approach for prediction of LNPs directed
against other targets and for scaling from mice to higher species.

A challenge in developing a quantitative framework linking LNP PK
and transgene expression is the significant disconnect between the ki-
netics of tissue uptake (within minutes) and peak expression (hours).
One approach that would be capable of describing this lag would be a
signal transduction model; however, these models are black boxes
that do not explicitly describe specific mechanisms. Nonetheless,
they have been used with great success to describe the PD of drugs
affecting gene transcription, such as corticosteroids.25,26 To mecha-
nistically account for processes related to intracellular processing of
Table 3. Estimated PK parameters for PECAM-targeted LNPs

Parameter Estimatea

PECAMlung (mg/mL) 16.4 (7.83%)

PECAMheart (mg/mL) 1.21 (14.8%)

PECAMkidney (mg/mL) 2.56 (10.4%)

PECAMspleen (mg/mL) 2.98 (12.7%)

PECAMliver (mg/mL) 15.2 (2.90%)

CLPECAM (mL/h) 0.366 (14.9%)

KD (mg/mL) 0.00152 (51.3%)

PECAMorgan, organ-specific binding capacity for PECAM-targeted LNPs; kPECAM, first-
order internalization rate of PECAM; KD, equilibrium dissociation constant between
PECAM and PECAM-targeted LNPs.
aParameter estimates represented as mean (% coefficient of variation calculated as rela-
tive standard error).
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LNPs and mRNA, the model described here includes the following
steps and assumptions: (1) breakdown of LNPs (loss of 125I signal)
is correlated with endosomal escape of mRNA, assuming that loss
of 125I from tissue would be the slowest possible rate of mRNA release,
(2) mRNA breakdown in tissues occurs at a similar rate to estimates
from in vitro assays, and (3) intact mRNA drives expression of the
transgene. This relatively simple set of assumptions was able to accu-
rately characterize the kinetics of luciferase expression following
administration of LNP. Efforts to improve the predictive capacity of
this model (by minimizing the number of estimated parameters)
could focus on characterizing processes such as the kinetics and effi-
ciency of internalization and endosomal escape and the efficiency of
modified mRNA translation by different cell types. Additionally,
further studies of a matrix of LNP parameters (size, zeta potential,
etc.) would provide useful insights into the effects of these parameters
on PK and transgene expression.

In the present model, first-order processes were assumed for all param-
eters related to PK and transgene expression. This was largely due to
our observation that in vivo luciferase expression inmice scaled linearly
with administered dose in our prior work.5 It is likely that, at certain
doses, both PK processes (e.g., receptor-mediated uptake, reticuloendo-
thelial system (RES) uptake) and transgene expression (mRNA trans-
lation) will be capacity limited. As, in our studies, we have not achieved
the point of saturation of any processes included in the model we uti-
lized first-order processes in the interest of model parsimony. As al-
ways, model structure is driven by data, and if saturation is achieved
in any process, requisite updates to the model would need to be
made to account for the relevant process using functions typical in
the field (e.g., Michaelis-Menten or Hill-type functions).

The cellular destination of LNPs can have a significant impact on
the efficacy of gene delivery, due to differences in endo-lysosomal



Figure 5. Model predicted biodistribution (30 min

after injection) and luciferase activity in organ

homogenates (5 h after injection) of ICAM-targeted

LNPs

Predictions were made with no fitting of parameters and

were able to describe both biodistribution and luciferase

expression well. Data depicted asmean ±SEM. n = 3mice/

time point.
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trafficking between cell types and internalization pathways.27–29 To
achieve the desired tissue and cellular specificity in vivo, antibodies
(and fragments) are often conjugated to the surface of nanoparticles.
This strategy, which can enhance accumulation by orders of magni-
tude in the desired tissue, also has the potential to interfere with the
endosomal escape of mRNA that was optimized for an uncoated par-
ticle. Considering the typical clearance organ for untargeted LNP,
the liver, our modeling results lead to the hypothesis that, irrespec-
tive of changes in tissue biodistribution, insertion of DSPE-PEG into
the LNP membrane, followed by conjugation to control IgG, leads
to a decrease in the efficiency of luciferase signal production, as sug-
gested by differences in estimated values of the rate constant
describing luciferase production in the liver (Sliver), which drives
production of luciferase signal in the model proportionally to the
amount of LNP taken up into the organ. For example, in the liver
there was an approximately 7-fold lower amount of luciferase
expression for control IgG vs. bare LNPs; however, this was associ-
ated with an approximately 2-fold lower exposure of LNPs in the
organ. The remainder of the difference in expression would be ac-
counted for by differences in Sliver.

Another potential explanation for differences in the efficiency of
transgene production between bare vs. control IgG vs. PECAM-tar-
geted mRNA-LNPs lies in the intracellular processing of the LNPs.
We would anticipate that each formulation tested here would display
differences in endocytic routes and processing. For example, unmod-
ified LNPs will rapidly shed their PEG coating following injection,
leading to apolipoprotein E (ApoE)-dependent uptake in hepatocytes
in a low-density lipoprotein receptor-dependent process. Our strategy
for conjugated antibodies to the surface of LNPs involved introduc-
tion of a PEG lipid with a longer acyl chain that would not be shed
upon injection. This would likely prevent ApoE adsorption and
would promote Fc-dependent uptake of LNPs by other cell types,
likely macrophages. Finally, coating with anti-PECAM will promote
delivery to endothelial cells using CAM-mediated endocytosis. All
three endocytic routes are associated with distinct intracellular ki-
netics and environments, likely resulting in differential endosomal
escape patterns of mRNA. This is a likely factor underlying the differ-
ences in efficiency of luciferase production for different LNP formu-
lations in this study. To further validate this hypothesis, detailed
studies of the intra-organ distribution of LNPs would be required,
namely, to identify the cell types responsible for the uptake of LNPs
within a given organ and the relative distribution of LNPs within
the given cell types.

Many mRNA delivery strategies do not rely on intravascular admin-
istration, but rather injection either intramuscularly or subcutane-
ously, particularly in the area of vaccine development. While there
are reports of the kinetics of transgene expression following extravas-
cular administration of LNPs,8 data are lacking on the PK and bio-
distribution of the LNP itself. Future iterations of this model will
include more tissues, particularly those relevant to extravascular
administration, with the goal of describing PK following multiple,
clinically relevant, routes of administration. This will have utility,
not only in characterizing the behavior of LNPs and transgenes
for vaccination, but also in evaluating the potential of LNP-based
mRNA delivery for systemic expression following dosing via more
convenient routes of administration than intravenous. These models
will build on the existing framework to account for local expression at
the site of injection and for any systemic exposure of LNP. We antic-
ipate that routes of absorption into the circulation would be similar to
those observed for large biologics, namely, drainage from the tissue
interstitium into the lymphatics and passage through lymph nodes
before entry into the blood at the thoracic duct. A recent publication
has attempted to study the behavior of LNP following intramuscular
injection in mice revealed that it takes several hours for LNP to reach
maximal concentrations in plasma and that the kinetics of transgene
expression in non-muscle tissue was delayed (peak in muscle, 6 h;
peak in liver, 10 h).30

In conclusion, we have developed and validated a PBPK model for
LNP-based delivery of mRNA, which was used to describe the PK
and kinetics of transgene expression for untargeted vs. targeted
LNPs and for measurement of transgene expression via two com-
plementary methods (luciferase activity in organ homogenates
and BLI of intact organs). This model was able to accurately cap-
ture the temporal disconnect between tissue uptake (minutes) and
transgene expression (hours) by describing processes related to
mRNA turnover and transgene signal production in sequence.
Model validation was performed by simulating the biodistribution
and peak transgene signal following administration of LNP
against ICAM. Future iterations of this model will characterize
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the behavior of LNP following alternate routes of administration,
the kinetics of therapeutic transgene expression, and in patholog-
ical conditions.

MATERIALS AND METHODS
Experimental

Ethics statement

We followed the “Guide for the Care and Use of Laboratory Animals”
by the Committee on Care of Laboratory Animal Resources Commis-
sion on Life Sciences, National Research Council for animal studies
performed in this study. The animal facilities at the University of
Pennsylvania are fully accredited by the American Association for
Accreditation of Laboratory Animal Care. All studies were conducted
under protocols approved by the University of Pennsylvania Institu-
tional Animal Care and Use Committee.

Reagents

Radioactive isotope 125I was purchased from PerkinElmer (Wellesley,
MA, USA). Whole molecule rat IgG was from Thermo Fisher Scien-
tific (Waltham, MA, USA). Anti-mouse-PECAM-1/CD31 mono-
clonal was obtained from BioLegend (San Diego, CA, USA).
N-succinimidyl S-acetylthioacetate (SATA) was purchased from
Pierce Biotechnology (Rockford, IL, USA). All chemical reagents
were purchased from Sigma Aldrich, unless stated otherwise.

Preparation of antibody-conjugated LNP-mRNA

mRNAs were produced, as described previously,31 using T7 RNA po-
lymerase (Megascript, Ambion) on linearized plasmids encoding
codon-optimized firefly luciferase (pTEV-Luc2-A101). To make
modified nucleoside-containing mRNA, m1c-50-triphosphate
(TriLink) was incorporated instead of UTP. mRNAs contained 101
nucleotide-long poly(A) tails. Capping of the in vitro transcribed
mRNAs was performed co-transcriptionally using the trinucleotide
cap1 analog, CleanCap (TriLink). mRNA was purified by cellulose
purification, as described.32

mRNAs were then encapsulated in LNPs using a self-assembly
process in which an aqueous solution of mRNA at a pH of 4.0 is
rapidly mixed with a solution of lipids dissolved in ethanol.22 LNPs
used in this study were similar in composition to those described
previously.22,33

LNPs were conjugated with mAb specific for PECAM-1 (MEC13.3,
rat IgG2a), ICAM-1 (YN1, rat IgG2b), or pooled rat IgG (plasma pu-
rified). The LNP construct was modified with maleimide functioning
groups (DSPE-PEG-mal) by a post-insertion technique with minor
modifications.5 Targeting antibodies or control isotype-matched
IgG was functionalized with SATA (Sigma-Aldrich) to introduce
sulfhydryl groups allowing conjugation to maleimide. SATA was de-
protected using 0.5 M hydroxylamine followed by removal of the un-
reacted components by G-25 Sephadex Quick Spin Protein columns
(Roche Applied Science, Indianapolis, IN, USA). The reactive sulf-
hydryl group on the antibody was then conjugated to maleimide
moieties using thioether conjugation chemistry.34 Purification was
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carried out using Sepharose CL-4B gel filtration columns (Sigma-
Aldrich). mRNA content was calculated by performing a modified
Quant-iT RiboGreen RNA assay (Invitrogen, Carlsbad, CA, USA).
It was estimated that the final conjugation density was approxi-
mately 80 mAb/LNP.

LNPs were radiolabeled with 125I as previously described.5 Briefly,
LNPs were incubated with Pierce (Rockford, IL, USA) Iodination
Beads and Na125I for 15 min at room temperature. Following incuba-
tion, unreacted 125I was removed using desalting columns (G-25 Se-
phadex, Roche Applied Sciences, Indianapolis, IN, USA). For studies
utilizing 3H labeling, LNPs were formulated by addition of a trace
amount of 3H-cholesteryl hexadecyl ester to the ethanolic lipid
mixture prior to the formulation of LNPs.
Animal studies

All animal experiments were carried out in male, 6- to 8-week-old
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME, USA). In-
jections were performed via the retro-orbital plexus via rapid bolus
injection of 100 mL/mouse.
Biodistribution studies in mice

Radiolabeled mRNA-LNPs were administered at a dose of 8 mg
mRNA/mouse by retro-orbital injection. Animals were sacrificed
at specific time points after mRNA-LNP injection and their blood
was collected from the inferior vena cava (n = 3 mice/time point).
Organs (liver, spleen, lung, kidney, and heart) were harvested,
rinsed with saline, blotted dry, and weighed. Tissue radioactivity
measurement in organs and 100-mL samples of blood was per-
formed in a gamma counter (Wallac 1470 Wizard gamma counter,
Gaithersburg, MD, USA). Radioactivity values and weight of the
samples were then used to calculate targeting parameters of nano-
particles, including tissue uptake as percent of injected dose per
gram tissue.
Luciferase mRNA expression in mice: Luciferase activity in

organ homogenates

A detailed description of the luciferase assay can be found in our prior
publication describing the results used for modeling.5 Briefly, at select
time points following IV injection of mRNA-LNPs, mice (n = 3/time
point) were euthanized and organs (lungs, heart, liver, kidneys, and
spleen) were collected, washed in PBS, and frozen at�80�C. Samples
were then homogenized and processed to collect cell lysate and lucif-
erase activity was measured in the supernatant using a Victor3 1420
Multilabel Plate Counter (PerkinElmer, Wellesley, MA, USA).
Luciferase mRNA expression in mice: BLI of intact organs

Mice were intravenously injected with unconjugated or antibody-
conjugated LNP-luciferase mRNA formulations. At desired time
points, mice (n = 3 mice/time point) were administered an intraper-
itoneal injection of D-luciferin at a dose of 150mg/kg. After 5min, the
mice were euthanized; organs were quickly harvested, and placed on
the imaging platform. BLI was performed as described previously5
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using an IVIS Spectrum imaging system (Caliper Life Sciences, Wal-
tham, MA, USA).

Organ luminescence was measured on the IVIS imaging system
using an exposure time of 5 s or longer to ensure that the signal
obtained was within operative detection range. Bioluminescence
values were also quantified by measuring photon flux (photons/s)
in the region of interest using LivingImage software provided by
Caliper.

Theoretical

PK model structure and parameters

The PBPK model developed for LNP delivery was based on a pub-
lished model for liposomal amphotericin B (AmBisome) developed
by Kagan and colleagues.35 The macro-level PBPK model structure
is depicted in Figure 1A. Briefly, key organs (blood, lungs, heart, kid-
neys, liver, and spleen) were linked in an anatomically relevant
fashion with venous blood first passing through the lungs prior to dis-
tribution to the remaining organs. To achieve whole body mass
balance, remainder compartments were made to account for the re-
maining organs that drain into the portal vein (stomach, small intes-
tine, large intestine, and pancreas) and all other tissues. Outflow from
both the spleen and portal vein remainder compartments first passed
through the liver prior to returning to the venous blood. The sub-or-
gan level (micro) model structure is shown in Figure 1B. Briefly, LNPs
within the vascular space of each tissue could (1) return to venous
blood at a rate consistent with tissue blood flow, (2) irreversibly leave
the blood via a non-specific CLup, and (3) bind to target expressed on
accessible cells and be internalized. Following internalization into
cells, particle degradation was assumed to follow first-order kinetics.
All physiologically relevant parameters (tissue volumes, blood flows,
etc.) were obtained from the BioDMET database and scaled to a 25-g
mouse (Table S3).

Luciferase expression model

The model structure for luciferase expression kinetics is depicted in
Figure 1C. Briefly, the availability of mRNA for translation was
assumed to be driven by the kinetics of LNP degradation. The
turnover of mRNA was assumed to occur at a first-order rate,
consistent with previously reported in vitro measurements of
modified luciferase mRNA in cell culture (kRNA = 0.115 h�1).36

Intact mRNA was used to drive the expression of luciferase using
a linear scalar (Sorgan) relating mRNA to the production of lucif-
erase. Elimination of luciferase signal was assumed to follow
first-order kinetics (kluc).

Model fitting

Data for fitting were obtained from our recent publication describing
the kinetics of blood and tissue distribution of radiolabeled LNPs
and the kinetics of tissue expression of luciferase for untargeted and
PECAM-targeted LNPs.5 To estimate the kinetics of target-indepen-
dent PK processes (e.g., non-specific cellular uptake, LNP degrada-
tion), tissue-specific CLup and a single, first-order LNP kdeg were
estimated for bare and control IgG LNP. Simultaneously, parameters
related to luciferase expression kinetics were estimated for bare
LNPs. These included tissue-specific coefficients relating mRNA to
production of luciferase signal (Sorgan) and first-order rate constants
for the kinetics of loss of luciferase signal (kluc). Target-specific PK pa-
rameters were obtained by fixing CLup and kdeg to the values estimated
for control IgG LNP and estimating parameters related to PECAM
expression (Porgan), LNP-PECAM complex internalization (kPECAM),
and the intracellular kdeg of PECAM-bound LNP (kdeg, PECAM). A com-
parison was made between a single luciferase production rate regard-
less of internalization pathway (simulation) and distinct rates for
PECAM-mediated vs. non-specific endocytosis (e.g., Sorgan, nonspecific
was set equal to that for IgG-coated LNPs and Sorgan, PECAM was
estimated).

Model validation

To evaluate the predictive capacity of the PBPKmodel, biodistribution
and luciferase expression following injection of ICAM-targeted LNPs
were simulated using the model, with no additional fitting of parame-
ters. Accessible ICAM concentrations in each tissue were fixed based
on the relative expression of ICAM and PECAM estimated via
PBPK of data from our recent publication.15 Model predictions were
compared to observed data.

Software

All model fitting and simulation was performed using ADAPT 5
(BMSR) and the maximum likelihood estimator.

DATA AND CODE AVAILABILITY
All data supporting the findings described in this manuscript are
available from the corresponding author upon reasonable request.
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Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2024.102175.
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