
REPORT

Capacity limits of asialoglycoprotein receptor-mediated liver targeting

Charlotte Bon a,b, Thomas Hoferc, Alain Bousquet-M�elou b, Mark R. Davies d, and Ben-Fillippo Krippendorff a

aRoche Pharmaceutical Research and Early Development, Roche Innovation Center Basel, Basel, Switzerland; bEcole Nationale V�et�erinaire de Toulouse,
Institut National de la Recherche Agronomique, TOXALIM, Universit�e de Toulouse, Toulouse, France; cRoche Pharmaceutical Research and Early
Development, Roche Innovation Center Zurich, Zurich, Switzerland; dQT-Informatics Limited, Macclesfield, UK

ARTICLE HISTORY
Received 16 August 2017
Revised 23 August 2017
Accepted 28 August 2017

ABSTRACT
The abundant cell surface asialoglycoprotein receptor (ASGPR) is a highly selective receptor found on
hepatocytes that potentially can be exploited as a selective shuttle for delivery. Various nucleic acid
therapeutics that bind ASGPR are already in clinical development, but this receptor-mediated delivery
mechanism can be saturated, which will likely result in reduced selectivity for the liver and therefore
increase the likelihood for systemic adverse effects. Therefore, when aiming to utilize this mechanism, it is
important to optimize both the administration protocol and the molecular properties. We here present a
study using a novel ASGPR-targeted antibody to estimate ASGPR expression, turnover and internalization
rates in vivo in mice. Using pharmacokinetic data (intravenous and subcutaneous dosing) and an in-silico
target-mediated drug disposition (TMDD) model, we estimate an ASGPR expression level of 1.8 million
molecules per hepatocyte. The half-life of the degradation of the receptor was found to be equal to
15 hours and the formed ligand-receptor complex is internalized with a half-life of 5 days. A
biodistribution study was performed and confirmed the accuracy of the TMDD model predictions. The
kinetics of the ASGPR shows that saturation of the shuttle at therapeutic concentrations is possible;
however, simulation allows the dosing schedule to be optimized. The developed TMDD model can be
used to support the development of therapies that use the ASGPR as a shuttle into hepatocytes.
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Introduction

Targeted delivery of novel therapeutics has been an attractive
research area because it allows the drug to concentrate in
specific tissues and cell types and minimizes non-target related
toxicity.1,2 This is particularly important for molecules that
cannot enter cells on their own, such as RNAi or gene editing
technologies mediated by CRISPR,3 or accumulate in tissues
that are not targeted, such as nucleic acid therapeutics,4 leading
to safety liabilities.

For targeted delivery to the liver, and more specifically to
hepatocytes, the use of the asialoglycoprotein receptor
(ASGPR) as a shuttle has drawn particular attention.5 This
hepatic receptor has been extensively studied since its discovery
in the mid-1970s by Ashwell and Morell and their co-work-
ers.6,7 ASGPR, a transmembrane C-type lectin, recognizes a
wide variety of ligands that contain either terminal galactose
(Gal) or N-acetylgalactosamine (GalNAc) residues.8 Although
the ASGPR native function has not been completely clarified, it
is primarily cited for desialylated serum glycoproteins removal.
However, the hepatic receptor is also thought to be involved in
the clearance of lipoproteins,9 hepatic fibronectin,10 apoptotic
cells,11 immunoglobulin A12 or involved in cell-cell interac-
tions.13 ASGPR expression has been reported to be abundant
and, at the same time, highly specific to hepatocytes.14,15 The
ASGPR density has been estimated under in-vitro conditions

(0.5 to 1.5 million of copies/cell)14,16,17 and in humans
(1.09 million/hepatocyte).18 However, the uptake through the
ASGPR is not only dependent on the receptor numbers, but
also on the kinetics of the receptor, e.g., receptor turnover rate.

To investigate the in-vivo drug delivery capacity of the
ASGPR, we aimed to exploit the target-mediated drug disposi-
tion (TMDD) of a newly developed anti-ASGPR antibody
(ASGPR Ab) in mice.19 Therapeutic proteins often show a
characteristic non-linear concentration-time profile in the
plasma due to saturation of binding, distribution or elimination
pathways. Thus, TMDD can be used a tool for inferring the
properties of the shuttle from the plasma concentrations,20

such as the cell surface expression level, the binding constant
and the internalization rate.19 These factors are all crucial to
quantify the potential of the receptor for drug delivery.

Once the model is fully parametrized, it can be used to
optimize a dosing protocol in order to maximize the
delivery efficiency, i.e., maximizing the internalization
through the receptor, and therefore reducing the off-tar-
get distribution and unspecific clearance. The model also
allows simulation of the influence of the different drug
properties on the delivery efficiency. To validate our
model predictions, a biodistribution study was performed
comparing the liver uptake of the ASGPR Ab to a non-
targeting antibody.
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Results

Generation and in-vitro characterization
of an ASGPR-targeting antibody

The generation of the human ASGPR Ab is fully described in
the supplementary material (Appendix 1). In brief, the identifi-
cation of the ASGPR Ab was performed by phage display. The
whole extracellular domain (ECD) or the stalk region of the
ASGPR or closest homologous protein CLEC10A were fused to
human IgG1 Fc (Appendix 1, Supplementary Fig. 1A, B). Bind-
ing of the ASGPR Ab was tested against these proteins
(SupplementaryFig. 2A-D). Based on criteria outlined in the
materials and methods section (Appendix 1, supplementary
material), one clone binding to the stalk region (but not to the
C-type lectin domain) of the ASGPR was selected. No cross-
reactivity with the CLEC10A stalk or ECD regions was detected,
underlining the specificity of the selected clone for ASGPR.

In order to assess the cross-reactivity of the ASGPR
antibody among different species, a TagLite assay (CisBio) was
performed. The TagLite assay is a time-resolved fluorescence
resonance energy transfer (FRET)-based interaction assay,
which allows antibody binding to cell surface bound receptors
to be measured and quantified. In order to quantify and com-
pare its binding to either human or murine ASGPR1, HEK293
EBNA cells were transiently transfected with the respective
ASGPR1-SNAP tag fusion constructs and labeled with terbium
(Tb). Interestingly, despite the rather low homology between
human and murine stalk region (77%), the calculated binding
curves for the ASGPR Ab to both human and murine ASGPR1
almost overlapped, clearly demonstrating that this antibody is
cross-reactive to murine ASGPR1 (Fig. 1A). In addition, both
calculated dissociation constants were in the low single-digit

nanomolar range, supporting the finding that the ASGPR Ab
binding intensity to murine ASGPR1 is comparable to the
human protein (Fig. 1B).

TMDD model after intravenous administration
and estimation of the ASGPR shuttle capacity
and uptake kinetic parameters

A mouse PK study was designed to determine the capacity of
the ASGPR shuttle using the ASGPR Ab. After intravenous
(IV) dosing, the PK profiles show non-linear concentration-
time profiles that are consistent with TMDD (Fig. 2). At low
dose (1 mg/kg), a biphasic PK profile can be observed with an
initial rapid decline in plasma concentration within the first
hour followed by a slow decline. By contrast, at high dose
(30 mg/kg) the decay in concentration follows 4 phases, which
is also indicative of a TMDD profile when a saturating dose is
administered (Fig. 2).21

The antibody-target binding processes are usually fast, in the
order of minutes, in comparison with distribution or elimination
processes. Therefore, the initial drop in antibody concentrations
at 1 mg/kg can be attributed to the binding of the ASGPR. How-
ever, the free antibody concentrations in the first measurements
(5 minutes after IV dosing) do not increase in a dose-dependent
manner (see Supplementary Fig. 3). This phenomenon indicates
that the binding to the receptors gets saturated at higher doses
and contribute less and less to the initial decay in concentrations
as the dose increases. Therefore, both non-linear PK profiles and
saturable binding suggest a TMDD-like PK.

To quantify the ASGPR expression and the uptake kinetic
parameters, all IV dose groups were fitted simultaneously to
the TMDD model (Fig. 3). The observed data and model-fit
profiles (Fig. 2) show good agreement. Relative standard errors
were lower than 18% indicating that the fitted parameters have
been accurately estimated (see Table 1). Individual fits and
goodness of fit plots are provided in Supplementary Fig. 4 and
Supplementary Fig. 5.

In support of the parameter fits, the volume of the central
compartment (Vc) (estimated as 1.12 mL) is in agreement with
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Figure 1. TagLite analysis of the ASGPR Ab to human and mouse ASGPR1. (A)
HEK293 EBNA cells were transiently transfected with either a human or a mouse
ASGPR1-SNAP tag fusion construct and the SNAP tag was labeled with Tb. A three-
fold dilution series of the ASGPR Ab ranging from 100 to 0.005 nM in combination
with a d2-labeled anti-human Fc antibody was incubated with the cells. After
3 hours of incubation, FRET signals were measured. Emission ratio (665
nm/620 nm) data is plotted in black (right y axis) or in grey (left y axis) for human
or murine ASGPR1, respectively. Lines are the respective fitted binding curves. (B)
calculated dissociation constants (Kd) and their confidence interval (CI).
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Figure 2. Individual plasma total anti-ASGPR antibody concentrations over time
and model prediction in mice after IV bolus dosing. Markers present individual
measurements for 1 mg/kg (�), 5 mg/kg (�), 10 mg/kg (&) and 30 mg/kg (~).
Lines represent the developed model predicted values for the tested doses. The
inset represents a detailed zoom-in of the data and predictions from 0 to 48 hours.
The model parameters used for simulations are presented in Table 1.
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mouse physiological plasma volume of 1 mL,22 which is where
antibodies are usually distributed.23 The unspecific (non-target
related) clearance of the antibody has been estimated as 25
ml/kg/day, which is relatively fast for an antibody in mice,24

but not inconsistent with previous studies for other antibodies
(2.4 to 75 ml/day/kg).25-27

Regarding the target-mediated processes, the free ASGPR con-
centration has been estimated as 647 nM (36 nmol/kg). Assuming
that the ASGPR is mainly expressed at the cell surface of hepato-
cytes8 and using the reported value of hepatocellularity number in
mice,22,28 the binding capacity can be translated into a surface
expression of 1.8 million receptors per hepatocyte (see Table 1). In
addition, the half-life of the degradation of the receptor was found
to be equal to 15 hours and the formed antibody-receptor complex
is internalized with a half-life of 5 days. Both kinetics parameters
are important to quantify and predict the time course of the recep-
tor concentration and antibody-receptor complex internalization
after dosing.

Validity of ASGPR shuttle model for SC administration

The shuttle capacity of the ASGPR was also tested after subcu-
taneous (SC) administration. SC dosing leads to a slow absorp-
tion of the antibody into the bloodstream and subsequent
binding of the antibody. We investigated if the developed
model of the ASGPR shuttle based on the IV data allowed the
correct description of the influence of the shuttle even in the
case of SC dosing. While fitting only the absorption rate param-
eter (all other parameters fixed from IV data), the established
ASGPR shuttle model appropriately described the concentra-
tion-time profile after SC dosing (Fig. 4) for both a saturating
dose of 30 mg/kg and a low dose of 1 mg/kg. This increases the
confidence in the estimation of the underlying TMDD parame-
ters. The SC injection resulted in higher inter-individual vari-
ability, especially for the largest dose, which is commonly seen
for protein therapeutics.29

Parameter estimation gave good levels of relative standard
errors (rse), which are displayed in Supplementary Table 1.
Individual fits and goodness of fit plots are provided in Supple-
mentary Fig. 6 and Supplementary Fig. 7.

Liver distribution of the ASGPR antibody

We performed a separate biodistribution study with the
ASGPR antibody to assess the accuracy of the TMDD model in
predicting the liver uptake. It is of note, however, that the liver
has been found to be a major elimination organ for monoclonal
antibodies.30 Therefore, a radiolabeled non-targeting antibody

Figure 3. Schematic illustration of the target-mediated drug disposition model. The
non-target related PK is represented by a two-compartment model (in grey) includ-
ing linear distribution and clearance processes. The dashed compartment represents
the depot compartment from which the antibodies are absorbed for simulating sub-
cutaneous (SC) injection. The liver is represented in the central compartment where
the ASGPR is expressed at the surface of the hepatocytes. The interaction of the anti-
bodies with the receptors results in a nonlinear target-mediated elimination path-
way (in red). Binding to the ASGPR leads to the complex formation and endocytosis.
The receptor turn-over is also represented with a synthesis and degradation rate. All
parameters used in the model are given in brackets.

Table 1. Parameter estimates of the TMDD model after IV bolus.

Population mean parameter Intersubject variance

Parameter Description Units Estimate RSE (%) Estimate RSE (%)

Vc Volume of central compartment mL 1.12 5 0.115 26
Kd constant of dissociation nM 4.13 5 0.145 25
koff dissociation rate (binding) 1/day 12.31 2 0.0662 26
Rbase baseline target concentration nM 647 4 — —

Number of receptors/hepatocytes* — 1.8 million — — —
keRL rate of internalization 1/day 0.139 3 0.0599 39
kdeg turnover rate of the target 1/day 1.06 13 0.413 23
keL Rate of elimination from central compartment 1/day 0.449 13 0.302 37
Q exchange between central and peripheral compartment mL/day 20.28 13 0.296 40
Vp volume of the peripheral compartment mL 3.79 18 0.58 24
ksyn Synthesis rate (secondary parameter) nM/day 715.84 — — —
b proportional error — 0.114 8 — —

RSE: relative standard error, �assuming all receptors are expressed on hepatocytes, 135 million cells/g of liver28 and 1.8 g of liver.22
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(IL17 Ab) was used for comparison. Both compounds were
radiolabeled with 111Indium-DOTA complex. The radiochemi-
cal yields of the 111In-labeled antibodies were 45.0% for ASGPR
Ab, and 50.8% for IL17 Ab. The specific activities of the 111In-
labeled antibodies used in the study were 3.51 mCi/mg for
ASGPR Ab and 3.02 mCi/mg for the IL17 Ab.

111Indium-DOTA complex is residualizing in tissues when
antibodies are degraded.31 Due to the trapping of the radiolabel
marker in the tissues, radioactive counts account for the anti-
bodies accumulation in tissue to the extent of the marker physi-
cal decay (2.8 half-life decay). Liver samples were terminally
harvested and liver content is displayed in Fig. 5A. At 8 hours
post dose, 42% of the dose accumulates in the liver following a
10 mg/kg IV dose of the ASGPR Ab, compared to 4.8% of the
non-targeting antibody. Therefore, the target-mediated process
concentrates the ASGPR-specific antibody in the liver in com-
parison to the IL17-targeting antibody. In addition, we com-
pared the liver content observations with the predictive values
from the model. However, the liver content observation is not a
direct measurement of the amount processed by the ASGPR. In
the harvested liver, the antibody can be measured in different
forms, i.e., internalized, bound or free in the residual plasma
volume. Therefore, the actual observations were compared to
the sum of these different entities in Fig. 5B. The TMDD accu-
rately predicted the liver content with a maximum difference of
24%. Therefore, the accumulation in liver can be attributed to

the ASGPR-mediated endocytosis, and the model is able to pre-
dict accurately the liver uptake.

Optimization of administration protocol using TMDD
model

To be successful as a targeted therapy, the protocol of adminis-
tration should be selected such as to maximize internalization
into hepatocytes via the ASGPR route and minimize saturation
that would lead to off-target distribution and unspecific clear-
ance. The developed TMDD model includes key mechanisms
of interaction between the antibody and the ASGPR, and can
therefore be used to predict the uptake into hepatocytes. The
TMDD model allows the calculation of how much antibody is
processed through the ASGPR shuttle and how much is distrib-
uted elsewhere or via unspecific clearance (see Fig. 6A). At low
dose (1 mg/kg), most of the antibody is internalized through
the ASGPR and 96% of the total dose is cleared via the target
pathway. However, the delivery efficiency (i.e., the percentage
of the dose being internalized) decreases with increasing dose
due to receptor saturation. At a high dose of 30 mg/kg, only
76% of the administered antibody is taken up by ASGPR, even
though a larger total amount of antibody is taken up.

To better understand the dynamics of the ASGPR as a hepa-
tocyte shuttle, we used the model to investigate how quickly the
ASGPR system recovers from a dose challenge. The rate at
which free receptors become available again is critical to opti-
mize a protocol of administration in the case of multiple dosing
regimens. The estimated concentration-time profile of the free
receptor (expressed as the percentage compared to its baseline
level) is shown in Fig. 6B. At 5 mg/kg, almost all of the recep-
tors are bound to the antibody immediately after IV bolus and
form a receptor-antibody complex, while at 1 mg/kg antibody
concentrations do not saturate all free receptors. It is of note
that the recovery time of free receptors is also dose dependent.
At higher saturating doses (i.e., 5, 10, 30 mg/kg) unspecific
clearance is not sufficiently high to prevent antibodies remain-
ing longer in the system, and which therefore are free to bind
newly synthetized receptors, thereby leading to longer deple-
tion time of the free receptor. Hence, at 5 mg/kg for example,
the free receptors return to 90% of the baseline level in 3 days,
while at 30 mg/kg it takes more than a week.

The receptor time profiles suggest that dosing frequency
must be adapted to the dose level. We therefore used the model
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Figure 4. Application of the developed TMDD model for SC dosing of the anti-
ASGPR antibody. Markers present individual measurements for 1 mg/kg (�) and
30 mg/kg (~). Lines represent model predicted values. The model parameters
used for simulations are presented in Supplementary Table 2.
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to simulate the delivery efficiency after two consecutive IV
doses, varying the dose level and the interval between doses
(Fig. 6C). At non-saturating doses, lower than 5 mg/kg, almost
all of the antibody is taken up by the shuttle and little is
removed by unspecific clearance. The dosing interval thus has
little effect on delivery efficiency at low doses. However, at
30 mg/kg dose, only 76% of antibody is taken up by the
ASGPR, and hence the scheduling makes a larger difference.
The implications of this are that an equal percentage of the
dose could be delivered to the hepatocytes by using, for
instance, an initial dose of 20 mg/kg and a the second dose after
48 hours (protocol 1) or an initial dose of 30 mg/kg and a sec-
ond one after 7 days (protocol 2). While these two doses allow
equally high delivery efficiency to be obtained, it is of interest
to know how much drug eventually is delivered to the hepato-
cytes using the respective dosing regimens. The respective
amounts delivered by the target-mediated pathway are
displayed in Fig. 6D. With protocol 1 versus 2, 6 or 9 nmol
would be delivered, respectively. Using the model, one can opti-
mize the dosing protocol to maximize the delivery efficiency,
and therefore reduce the off-target distribution and unspecific
clearance, but also the quantity delivered to reach an efficacy
threshold for instance.

While we have investigated the ASGPR capacity to transport
a targeted antibody from the blood to the hepatocytes, the
ASGPR is regarded as a promising shuttle for different ligand-
conjugated or nanocarrier therapeutic modalities. The PK
model used in this study is composed of two distinct elimina-
tion pathways, one being the non-target related clearance, with
the other representing the mechanistic description of the spe-
cific clearance by the ASGPR (Fig. 3). Because the two elimina-
tion pathways are distinct, the non-target related part of the

model can be adjusted while keeping the capacity estimates of
the ASGPR system fixed. The longer the compound circulates
in the blood stream, the higher the chance that the ASGPR
clears the compound from the circulation. With regards to
long-lasting PK, antibodies are very good candidates and it is
likely that other ligand-conjugated drugs may have faster
unspecific clearance. Therefore, we examined the effect of a
faster clearance rate on the delivery efficiency. Multiplying the
clearance rate by 10 decreases the delivery efficiency (Fig. 7)
compared to the ASGPR antibody (Fig. 6A). Therefore, the out-
come of the delivery strategy is also dependent on the unspe-
cific clearance of the compound.
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Discussion

The primary goal for this PK study was to quantify the ASGPR-
mediated uptake key parameters in vivo to assess the potential
of the receptor for targeting delivery and allow optimization of
protocol of administration. However, inferring the properties
of the receptor from the plasma concentrations over time
requires that all other processes (e.g., unspecific binding and
clearance) are slower than the target-mediated processes.23 For
this reason, a dedicated antibody is needed because targeted
nucleic acids or natural ligands have rapid unspecific clearance
and distribution processes in comparison. A human IgG1 spe-
cific antibody was therefore generated and selected for its spe-
cific binding to the stalk region of the sub-unit 1 of the ASGPR
(ASGPR1). This antibody was also found to be non-specific to
the closest homologue protein (CLEC10A), but cross reactive
to the murine ASGPR1 protein, allowing study of its interaction
with the ASGPR in mice.

This study describes how an adapted TMDD model was
used to describe the antibody distribution and unspecific clear-
ance, but also its interaction to the receptor and consequent
degradation. However, in-silico TMDD models consist of a
number of parameters that require fitting; therefore, this
parameter estimation using experimental methods can be an
issue and needs careful planning. Hence, we a priori selected
sampling times that would help describe PK phenomena where
time scales vary significantly between fast binding kinetics ver-
sus much slower distribution and elimination kinetics.21,32 The
experimentally observed plasma concentrations suggest the
antibody interaction with the target. First, a fast drop in con-
centrations was observed readily after a low IV dosing due to
target binding. Additionally, saturation at the high dose is
apparent by a transitory plateau in the PK profile. The dataset
showed low inter-individual variability, allowing an accurate
estimation of all parameters of the full TMDD model, including
mean population and inter-individual variance.

Parameters of the unspecific PK, i.e., volume of central com-
partment, clearance and distribution, were found to be concor-
dant with previously published values24 describing a bi-phasic
linear and long-lasting antibody PK. Regarding the target-
related parameters, the capacity of the ASGPR was estimated to
be 36 nmol/kg of body weight. Conversion of the shuttle capac-
ity to the number of receptors shows that 1.8 million receptors
could be found at the cell surface. This in-vivo estimation isin
the upper range of the reported expression values measured in
vitro, from 0.5 to 1.5 million.14,15 It seems plausible that the
in-vivo estimation would give a higher number than measured
in vitro since the liver perfusion and cell-culture condition
might impair the protein expression at the cell surface.33 It is of
note that the ASGPR Ab was designed to be specific to the sub-
unit 1 of the receptor (ASGPR1). However, the ASGPR is a het-
ero-oligomer composed of two sub-units H1 and H2,34 and we
cannot exclude the possibility that the antibody interacts with a
non-oligomerized H1 subunit that would inflate the estimation
of the ASGPR expression. Nevertheless, by using a radiolabeled
asialoglycoprotein analog, the ASGPR capacity has been esti-
mated in vivo in healthy patients to be between 0.25 to 0.63
mmol.18,35,36 Miki and colleagues also converted this receptor
capacity into 1.09 million receptors per hepatocyte by assessing

the number of hepatocytes per liver,18 which is consistent with
the estimate from this study (1.8 million/hepatocyte). Binding
affinity (Kd) was estimated to be 4.1 nM, which is similar to
the in-vitro estimation of 1.5 nM, derived from FRET analysis
on transiently transfected cells expressing a transmembrane
ASGPR1 protein. The PK analysis also allowed estimation of
turnover dynamics for the free receptors at the cell surface.
This turnover is defined mathematically, such as at baseline,
and when no ligand is present the receptor concentration is in
equilibrium. The half-life of the degradation of the receptor
was found to be equal to 15 hours, which is in line with previ-
ously published in vitro estimates of between 12 and
20 hours.37,38 The synthesis rate, a zero-order rate, was esti-
mated to be 29.8 nM/hour. This synthesis rate represents differ-
ent contributing processes such as protein synthesis,
internalization, recycling of internalized receptors back to the
cell surface and mobilization of the intracellular receptor pool.
The intracellular pool has been previously estimated to be as
large as the number of receptors present at the cell surface.39

The antibody-ASGPR complex is internalized with a half-life of
approximately 5 days; consistent with previous reports in the
literature.40 This suggests that the rate-limiting step in the
ASGPR-driven uptake is the internalization of the antibody-
ASGPR complex. Therefore, overall the parameters and
estimates from the TMDD model show good agreement with
literature findings and in-vitro measured affinity (Kd). In addi-
tion, liver content after IV bolus dose was correctly predicted
by the TMDD model.

The TMDD model describes the main underlying biological
processes responsible for liver uptake. Therefore, it can be used
to investigate the influence of the protocol of administration on
the delivery outcome. As the delivery efficiency is dependent
on the extent and duration of receptor saturation, dose level
and dosing frequency must be tailored to minimize it. The
delivery efficiency has been investigated by varying the dose
and the dosing frequency. These simulations depict the
dynamic response of the receptor to multiple administrations
and help with finding the best administration protocol to
deliver enough material while avoiding surpassing the shuttle
capacity. The duration of receptor depletion can be long when
administering saturating dose of antibody. For example, during
5 days after a 30 mg/kg dose, the free receptor pool only recov-
ers 20% of the baseline. Therefore frequency of dosing must be
tailored to maintain high delivery efficiency. From another per-
spective, the model allows the prediction of the duration of
receptor saturation, which might also be important for assess-
ing how long the compound interferes with the endogenous
function of the receptor. Therefore, model-based dose optimi-
zation is useful both to ensure delivery efficiency while avoiding
excessive saturation of the receptor.

The outcome of a targeting strategy is also dependent on
non-target related PK properties, especially the unspecific
clearance. In this study, ASGPR Ab conferred high affinity
to the target (dissociation constant in the nanomolar range),
but also long plasma exposure in comparison with other
modalities such as small molecules or RNAi therapeutics.
Therefore, high levels of delivery efficiency can be achieved.
However, increasing the unspecific clearance rate impairs
the capacity of the ASGPR to reach a high percentage of
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internalization. The TMDD is thus useful to investigate the
effect of the unspecific clearance rate on the delivery perfor-
mance. To further support these findings, we used a PK
model developed for an oligonucleotide (ApoB targeting 13-
mer LNA gapmer)41 and compared the delivery efficiency
of the oligonucleotide to the reference antibody (see supple-
mentary Appendix 4). After single IV dose, the ASGPR Ab
reaches 96% when the oligonucleotide yields 68% at maxi-
mum (see supplementary figure 9A). However, this maxi-
mum delivery efficiency only takes into account the delivery
through the ASGPR, and not the liver uptake specific to the
unconjugated oligonucleotide. In addition, dosing the ApoB
oligonucleotide at high dose (10 mg/kg) did not yield recep-
tor saturation for long (less than 72 hours) (see supplemen-
tary figure 9B). As a consequence, the model predicts that
frequent dosing may not impair delivery efficiency at thera-
peutic doses. The TMDD model represents therefore a tool
to optimize a dosing regimen, i.e., dose level and dosing fre-
quency, of different therapeutic modalities.

Our studies were performed in mice, but extrapolation from
preclinical species to human is of interest. The ASGPR has
been well conserved during evolution and has been found in
human,18,42 rat (80% homology to the respective human sub-
unit 1),43 rabbit44 and chicken.45 However, the extent to the
conservation of turnover dynamics requires further study. Fur-
thermore, patients with liver diseases may be anticipated to
show reduced ASGPR expression, or function may be impaired
at the cell surface.18 While it seems that ASGPR is still
expressed in diseased liver tissue, the expression can be variable
between patients,35,36,46 which suggests that a companion diag-
nostic to determine eligibility to treatment might be needed.47

The full TMDD model robustly predicted the liver uptake and
the ASGPR Ab was found very specific to the receptor; how-
ever, we cannot discount the possibility that some receptor
binding was on non-parenchymal cells such as Kupffer cells or
endothelial cells. Further investigations are necessary to con-
firm that the antibody distributes in hepatocytes, and not also
in parenchymal cells.

In conclusion, this study details the generation of a novel
antibody directed against the ASGPR as a tool for estimat-
ing for the first time the shuttle capacity of the ASGPR
receptor in vivo in mice. The study reveals a strong TMDD
due to the binding of the antibody to the highly expressed
ASGPR (36 nmol/kg of body weight). The in-silico TMDD
model was also used to estimate the receptor turnover
dynamics, i.e., its synthesis and degradation, and the inter-
nalization rate. These key kinetic parameters allow predic-
tion of the liver uptake. A biodistribution study was
performed and confirmed the accuracy of the model predic-
tions showing that the TMDD processes indeed happen in
the liver.

We show that receptor saturation by the antibody is associ-
ated with reduced delivery efficiency. The model is thus a useful
tool to better appraise what parameters need to be considered
for a tailored drug dosage regimens. This optimization can also
be extended to different modalities, to incorporate the different
PK properties (non-ASGPR related). Our TMDD model can be
used to support the development of therapies that use the
ASGPR as a shuttle into hepatocytes.

Materials and methods

Generation of ASGPR Ab and in-vitro characterization

The generation of a human ASGPR-specific antibody
(ASGPR Ab) is described in Appendix 1 of the supplemen-
tary material. In brief, the identification of the ASGPR Ab
was performed by phage display. The binding of the ASGPR
Ab was tested against the whole extracellular domain (ECD)
or the stalk region of the human subunit 1 of the ASGPR
(ASGPR1). Isoform 2 of C-type lectin domain family 10
member A (CLEC10A) is the closest homologue of ASGPR
protein. In order to exclude cross-reactivity of ASGPR Ab
to CLEC10A, its binding was also tested against the ECD
and the stalk region of CLEC10A.

In order to assess the cross-reactivity of the human ASGPR
antibody to the murine ASGPR1, avidity-mediated binding to
its epitope on ASGPR-expressing cells was determined by
FRET analysis. For this analysis, the DNA sequence encoding
the SNAP Tag (plasmid purchased from Cisbio) was fused to
the C-terminal end of the full length human ASGPR1 sequence.
The plasmid encoding the resulting fusion protein was tran-
siently transfected into HEK293 cells. After an incubation time
of 20 hours, cells were washed with phosphate-buffered saline
(PBS) and incubated for 1 h at 37�C in LabMed buffer (Cisbio)
containing 100 nM SNAP-Lumi4 Tb (Cisbio), leading to spe-
cific labeling of the SNAP Tag. Subsequently, cells were washed
4 times with LabMed buffer to remove unbound dye. Avidity of
the ASGPR Ab was measured by adding the antibody at con-
centrations ranging from 0.39–50 nM to labeled cells (100 cells
per well) followed by addition of anti-huFc-d2 (final 200 nM
per well, Cisbio Catalog number 61HFCDAA) as acceptor mol-
ecule for the FRET. After an incubation time of three hours at
room temperature, the emission of the acceptor dye (665 nm)
as well as of the donor dye (620 nm) was determined using a
fluorescence Reader (Victor 3, Perkin Elmer). The ratio of
acceptor to donor emission was calculated and the ratio of the
background control (cells with anti-huFc-d2) subtracted. The
curve was analyzed in GraphPad Prism 5 and the dissociation
constant (KD) was calculated.

Antibody solutions and radiochemistry

For the purpose of performing PK studies, ASGPR antibody
solutions were formulated in 20 mM His/HisCl and 140 mM
NaCl, at concentration of 8.5 mg/ml. A biodistribution study
was also performed to assess the liver accumulation of ASGPR
antibodies in comparison with a non-targeting antibody, a
recombinant, humanized immunoglobulin G1 monoclonal
antibody directed against interleukin IL-17A (Roche com-
pound). Both antibodies were labeled through random modifi-
cation of lysine residues followed by conjugation to 1,4,7,10-
tetraazacyclododecane- N,N0,N,”N”’-tetraacetic acid (DOTA)
for indium-111 (111In) complexation.31,48 The radiolabeled
proteins were purified using PD-10 column (GE Healthcare
Life Sciences,) pre-equilibrated in PBS. All radiolabeled anti-
bodies were characterized by size-exclusion high performance
liquid chromatography with in-line radiometric and UV detec-
tors to compare the profiles of radioimmunoconjugates and
corresponding unlabeled antibodies.
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Animals and treatments

Male C57BL/6 mice were used for all in-vivo studies. In a first
PK study, 12 mice (28–32g) were randomly assigned to 4 dose
levels groups. The ASGPR antibody was administered to the
mice via a single dose bolus IV injection in the tail vein at a
dose of 1, 5, 10 or 30 mg/kg. A second PK study was conducted
where mice received a single subcutaneous (SC) injection of
either 1 or 30 mg/kg. Three animals were assigned in the dose
group of 1 mg/kg, and 4 animals in the 30 mg/kg group, allow-
ing a composite PK profile. PK studies were conducted accord-
ing to applicable guidelines and approved by Swiss authority.
The animal laboratory is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International.

A third study was conducted to assess liver distribution.
Animal experiments were conducted at Chelatec, France, in
accordance with the European Council Directive 2010/63/EU.
Experimental plan was preliminary reviewed and approved by
the local ethical committee “Comit�e d’Ethique en Exp�erimenta-
tion Animale des Pays de La Loire – C2EA-06”, and the autho-
rization was then delivered by the Ministry of Research. Mice
received either the ASGPR-targeting antibody (group 1) or a
non-targeting antibody, a recombinant, humanized immuno-
globulin G1 directed against IL-17 (group 2). Both groups
received a 10 mg/kg dose bolus IV injection of the respective
antibody in the tail vein. Both antibodies were radiolabeled
with 111In-DOTA (30 mCi), a residualizing radiolabel (2.8 days
decay life). Nine mice (24–27.6 g) were allocated to each group.
For all studies, mice were fed ad libitum and kept under con-
trolled conditions.

Sample collection and analysis

For the PK studies, after IV or SC injection and using micro-
sampling technique, 16 plasma samples per animal were with-
drawn from the tail vein. Sampling times were chosen to cover
both the rapid initial decay phase and the long elimination of
the antibody to obtain a rich data set in order to contain all nec-
essary information for parameter estimation.21 Plasma samples
were analyzed via a serial sandwich enzyme-linked immuno-
sorbent assay using human Fc-specific derivatized capture and
detection antibodies, as previously described by Stubenrauch
et al.49 The limit of quantitation for the assay was defined as
the lowest spiked plasma sample (7.8 ng/ml) that demonstrated
acceptable accuracy and precision.

For the distribution study, liver samples were terminally
harvested at 0.5, 8 and 24 hours. Liver samples were rinsed
with PBS, blot-dried, weighed, and stored at C4�C until radio-
metric analysis. Radioactivity counts were measured in liver
samples using a 2470 Wizard 2 automatic gamma counter
(Perkin Elmer). Radioactive counts were converted to dose-
normalized concentrations by calculating the percentage of
injected dose per gram of tissue. It should be noted that no
mathematical correction was applied to account for residual
blood from liver samples. Liver samples were harvested at early
time points, i.e., before 24 h, to prevent a bias estimate of accu-
mulation in liver due to degradation of the antibody and
marker (physical decay) in the tissue.

Target-mediated disposition model

A mechanistically based mathematical modeling approach was
used for PK data analysis. The model was based on a generalized
PK model for drugs exhibiting TMDD as originally described by
Mager and Jusko in 2001.19 The TMDD model equations pro-
vide a framework for quantitative description of the underlying
biological processes. Figure 3 illustrates the model; equations are
provided in the supplementary information (Appendix 5).

Briefly, antibodies distribute in a linear process to a periph-
eral compartment (volume; Vp and inter-compartmental
clearance, Q) and undergo an unspecific elimination
(elimination rate, keL) from the central compartment (volume,
Vc). In addition, antibodies bind (dissociation constant,
KD and dissociation rate, koff ) to free ASGPR targets in the
central compartment to form a receptor-antibody complex
(RL, concentration). It is assumed that one antibody binds a
single ASGPR molecule. Once formed, the complex can either
dissociate (koff ) or be internalized (keRL, internalization rate).
The unbound receptor is also synthesized (ksyn) and degraded
(kdeg) so that the receptor is at a dynamic equilibrium before
dosing (Rbase D ksyn

kdeg
/.

Software and parameters estimation

Parameters were estimated using a non-linear mixed-effect
approach in MONOLIX 4.3.3. Inter-subject variability was
estimated for all parameters, unless stated, and a residual
proportional error model was used to describe the remain-
ing differences between observed data and model-simu-
lated profiles. Simulations have been performed with the
final PK model and mean parameter estimates using
Simbiology 5.4 in Matlab� R2016a. The model parameters
used for simulation are presented in Table 1.

Simulation experiment using the TMDD model
for optimization of administration protocol

A simulation experiment was performed using the TMDD model.
First, we defined the delivery efficiency as the percentage of the total
given dose that is internalized via the target-mediated pathway:

Amount internalized D
Z1

0

keRL £ RL:dt

0
@

1
A £ Vc (1)

Delivery efficiency D .Amount Internalized 6 Injected Dose/ £100

(2)

By contrast, the rest of the dose that is not internalized is
distributed in the rest of body (off-target distribution), and sub-
sequently eliminated via unspecific mechanisms (unspecific
clearance). We also define the recovery as the percentage of
free receptor, which is defined by comparison to the receptor
baseline level (Rbase).

Recovery D .ASGPR6 Rbase/ £ 100 (3)

Delivery efficiency and percentage of free receptors have been
simulated for all tested doses after IV bolus. To test the

MABS 1367



influence of the extent and duration of receptor saturation on
delivery efficiency, we also performed simulations for 2 succes-
sive doses varying the dose level and time between the two
doses. Finally, simulations were performed assuming a 10-fold
increase clearance rate, to account for unspecific PK properties.

Prediction of biodistribution study results

To compare the predictions from the TMDD model to the bio-
distribution study results, we simulated the predicted liver con-
tent at all sampling times. However, the harvested liver samples
contain antibodies in three different states, i.e., free, bound and
internalized antibodies. Therefore, the liver content (L) was
simulated as follows:

L tð ÞD
� R0

t
keRL £ RL:dtCRL.t/

� �
£Vc

CAb tð Þ � Vres

�
6 Weightliver (4)

with Weightliver being the liver weight (1.8 g),22 Ab the free
ASGPR Ab concentration in the central compartment, RL the
concentration of bound antibodies, Vres the residual blood vol-
ume in liver (1.5 mL),50 Vc the volume of the central compart-
ment.
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