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Abstract: Background: Prediction of human clearance (CL) and subcutaneous (SC) bioavailability are critical
aspects of monoclonal antibody (mAb) selection for clinical development. While monkeys are a well-accepted
model for predicting human CL, other preclinical species have been less-thoroughly explored. Unlike CL,
predicting bioavailability of SC administered mAbs in humans remains challenging as contributing factors are
not well understood, and preclinical models have not been systematically evaluated. Methods: Nonclinical and
clinical pharmacokinetic (PK) parameters were mined from public and internal sources for rats, cynomolgus
monkeys, and humans. Intravenous (IV) and SC PK was determined in Sprague Dawley rats for fourteen mAbs
without existing PK data. Together we obtained cross-species data for 25 mAbs to evaluate CL and SC
bioavailability relationships among rats, monkeys, and humans; Results: Rat and monkey CL significantly
correlated with human CL and supported the use of species-specific exponents for body weight-based
allometric scaling. Notably, rat SC bioavailability significantly correlated with human SC bioavailability, while
monkey did not. Bioavailability also correlated with clearance. Conclusions: The rat model enables early
assessment of mAb PK properties, allowing discrimination among molecules in the discovery pipeline and
prediction of human PK. Importantly, rat SC bioavailability significantly correlated with human SC
bioavailability, which has not been observed with other species. Rats are cost effective and efficient relative to
monkeys and provide a valuable tool for pharmacokinetic predictions in therapeutic antibody discovery.

Keywords: monoclonal antibody; rat; bioavailability; clearance; allometric scaling;
pharmacokinetics

1. Introduction

Monoclonal antibodies (mAbs) are an established class of biotherapeutics that are successfully
used to treat diseases in many therapeutic areas. Monoclonal antibodies are also useful constructs
which can form the backbone of next-generation time-extended biotherapeutics. Important features
of optimal mAb therapeutics include high target specificity and affinity, slow clearance (CL), half-
lives that can extend beyond one month, and subcutaneous (5C) bioavailability of up to 100% [1]. The
therapeutic dosing intervals of mAbs with favorable pharmacokinetic (PK) and pharmacodynamic
(PD) properties can be relatively infrequent, ranging from once weekly to quarterly [2]. However, PK
properties of some mAbs can be suboptimal, necessitating higher and more frequent dosing thereby
limiting their therapeutic potential. Identifying predictive models to select or engineer mAbs with
optimal human CL and SC bioavailability is an important goal in drug discovery.

The biophysical properties of mAbs that increase non-specific interactions with the in vivo
environment may lead to faster CL, and in silico and in vitro strategies have been explored to identify
predictors of PK characteristics to guide selection or engineering of optimized molecules (as reviewed
by [3,4]). For example, mAb isoelectric point (pI), cell surface binding to heparin, and binding to
proteins such as baculovirus have been correlated with CL [3-6]. These tools have the benefit of high
throughput and opportunity for early elimination of candidates predicted to have poor clearance.
However, these tools have limitations as they can provide ambiguous or conflicting results, and do
not fully recapitulate the array of complex in vivo interactions that determine clearance.

While various preclinical in vivo models have been explored to predict mAb PK in humans,
monkeys are perhaps the most widely studied model. Common use of this animal model stems from
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high protein sequence homology and similarity in physiology with humans. Moreover, many
antibody discovery and engineering strategies are directed at generating mAbs that are cross-reactive
to human and monkey target proteins for the purpose of establishing a pharmacologically relevant
study model. Monkey models are therefore often used to study target-dependent mAb disposition
and are also recognized as good predictors of non-specific human CL [7,8]. The desirable
characteristics of monkeys as preclinical models are offset by considerations, such as limited animal
access, cost, study logistics, and need for skilled technicians. In view of the ethical impetus for overall
reduction in the use of non-human primate (NHP), alternative models to predict the human PK
properties of mAb therapeutics are highly desired.

Therapeutic mAb doses generally achieve circulating concentrations that saturate target binding
sites [2]. At these doses, total mAb CL, which is the sum of target-dependent and target-independent
CL, is predominated by target-independent clearance pathways. Major target-independent clearance
mechanisms include non-specific pinocytosis by vascular endothelial cells or Fc-mediated
endocytosis by phagocytic cells of the hepatic reticuloendothelial system, followed by either
catabolism or recycling by the neonatal Fc receptor (FcRn) [7-10]. Given that target-independent CL
is a primary determinant of total CL, nonclinical models do not have to be limited to those with target
binding. Rodents are attractive alternatives to study non-specific mAb PK in drug discovery, with
fewer logistical and resource limitations compared to monkeys. While allometric scaling of human
PK from rat, mouse, or FcRn transgenic mouse models has been explored, there are limited systematic
studies in rat [11,12].

With the expansion of mAb therapeutic indications, the SC route of administration has gained
preference due to its suitability for self-administration [9]. Following mAb injection in the SC space,
a mAb must transit through the SC environment, lymphatic vessels, and lymphoid tissue via
interstitial and lymph fluid flow before reaching systemic circulation [13]. Pre-systemic clearance
during transit from the site of injection to circulation results in incomplete bioavailability, which in
humans exhibits substantial variability among mAbs [14]. Factors such as interaction with the
complex meshwork of proteins and extracellular matrix components in tissues, catabolism by local
proteolytic enzymes, or even aggregation in the SC space are possible mechanistic reasons for
incomplete bioavailability [3]. While in silico, in vitro, and in vivo approaches have demonstrated
utility for antibody screening and clinical CL predictions, accurate prediction of mAb bioavailability
in humans has been more challenging. In 2018, the SC Drug Delivery and Development Consortium
convened industry experts addressing key issues and knowledge gaps in SC delivery of
biotherapeutics [4]. Prediction of SC bioavailability was identified as a key, high-priority knowledge
gap increasing risk in preclinical to clinical translation of mAb PK.

To date, non-clinical in vivo models have shown limited correlation with human SC
bioavailability. Richter and Jacobsen summarized IV and SC PK data for marketed immunoglobulins
(IgGs) and IgG Fc-fusion proteins in human, monkey, marmoset, mice, rats, and minipigs [12]. Out
of the 12 molecules with human SC bioavailability data, only 2 included rat data while 10 included
non-human primate (NHP) studies, which tended to overpredict human bioavailability. For the one
Fc fusion protein molecule with both rat and monkey data (Rilonacept), rat was a better predictor of
the 43% SC bioavailability observed in humans, with rat demonstrating 54% and monkey 70%. The
reasons for the disconnect between human and non-clinical species SC bioavailability are unclear, but
factors that may influence differential SC bioavailability among species include the structure of the
skin, the subcutaneous proteolytic milieu, species-dependent FcRn affinity, adiposity, dose
concentration, volume, total protein mass, and delivery device [4,13]. Further, for many preclinical
species including rats, the correlation to human SC bioavailability has not been well-studied.

In the present study, we expanded on the reported CL correlations demonstrated between
human and rat [15]. In addition, we investigated cross-species bioavailability in rats, monkeys, and
humans. Our mAb PK dataset was developed by mining available external and internal data. We
further expanded the dataset by performing IV and SC PK studies in rats with 14 mAbs for which
monkey and human data were available. Together, we obtained PK data from 25 human mAbs. Our
results substantiated previous reports that human mAb CL is well predicted by both monkeys and
rats and confirmed that the monkey model is a poor predictor of human bioavailability. Importantly,
this analysis identified rats as the first preclinical species to demonstrate significant correlation with
human mAb bioavailability. These findings support the rat as a highly valuable model for early
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triaging of molecules in therapeutic antibody discovery, with favorable accessibility, cost, and
logistics, along with predictive power for both CL and bioavailability.

2. Materials and Methods
2.1. Non-Clinical and Clinical Data Mining

The scope of data collection for therapeutic monoclonal antibodies (mAbs) was confined to
humanized and fully human mAbs. Both non-clinical and clinical pharmacokinetic (PK) parameters
were gathered from internal reports and public sources, including publications and regulatory
documents. The clearance (CL) and subcutaneous (SC) bioavailability parameters collected through
data mining encompassed various dosing parameters (dose, dose volume, formulation concentration,
site of administration) across different studies and species.

Given the variability in PK parameters reported for different mAbs due to factors such as
intrinsic PK properties, immunogenicity, patient population, study design, dosing regimen,
bioanalysis, data analysis methodology, and results presentation, the following guidelines were used
to identify and curate representative non-specific CL and SC bioavailability values for each mAb:
Clinical PK Parameter Collection
Population PK Model Parameters: Priority was given to collecting population estimates of non-
specific CL and SC bioavailability from non-linear mixed effects models, as these model parameters
account for sources of PK variability and non-linearity.

Clinical Non-Compartmental Analysis (NCA) Parameter Collection: If population PK model
parameters were unavailable, mean parameters were collected from NCA of single-ascending dose
(SAD) studies. For each mAb, estimates of CL and/or apparent CL following SC administration
(CL/F) across SAD study cohorts were evaluated for dose-dependency. For mAbs exhibiting dose-
dependent PK, parameter values were selected from the highest dose level explored, provided dose-
linear PK was achieved in that range. For mAbs with dose-linear PK, parameter values were also
selected from the highest dose level explored.

Non-Clinical Parameter Collection

Non-clinical parameters were collected from NCA of single-dose PK experiments using the same
methodology described for clinical NCA parameters. To minimize the impact of small sample sizes
in non-clinical studies on identifying representative parameters, grand mean values were calculated
across dose levels/cohorts deemed to represent dose-linear PK.

Typical total body weights for rats (0.3 kg), cynomolgus monkeys (3 kg), and humans (70 kg)
were assumed to convert CL between weight-normalized and non-weight-normalized standardized
units.

2.2. Animal Studies

Fourteen mAbs were identified for which human and monkey PK data were available, but rat
PK data was not available. For these mAbs, rat PK studies were conducted at Labcorp (Greenfield,
Indiana). The study procedures complied with the Animal Welfare Act Regulations (Title 9 Code of
Federal Regulations — Part 3) and were approved by the Institutional Animal Care and Use
Committee (IACUC) of Labcorp, Inc. Sprague Dawley rats (N = 3 per route) received 3 mg/kg mAb
formulated at 2 mg/mL by the IV and SC route. Formulation buffers differed among the 14 molecules
tested. IV doses were administered in the lateral tail vein, whereas SC doses were administered in
the dorsal thoracic region. Whole blood (0.3 mL) was collected pre-dose, and at 1, 6, 12, 24, 48, 72, 96,
120, 144, 168, 240, 336, 504, 672, 840, and 1,008-hours post-dose and processed as serum. Serum
samples were split for use in assays to determine serum concentrations of test mAbs and anti-drug
antibody (ADA) response.

2.3. Bioanalysis

Antibody concentrations were measured from rat serum samples at Charles River Laboratories
(Montreal, Canada) using a qualified total human IgG enzyme-linked immunosorbent assay (ELISA).
Standard curves and controls were generated for each mAb, with a curve range of 10-500 ng/mL.
Wash steps were performed with phosphate buffered saline (PBS), pH 7.4 containing 0.05% Tween 20
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detergent. Incubation steps were performed for 1 hour (hr) with shaking at 200 revolutions per
minute (rpm) unless otherwise specified. The 96-well 4 HBX ELISA plates (ThermoFisher, Catalog
3855) were coated with 1.0 pg/mL Goat Anti-Human Kappa (Southern Biotech, catalog 2061-01) in
0.2 M carbonate-bicarbonate buffer. Assay plates were washed, blocked with 1% casein in PBS
(ThermoFisher, Catalog 37528), and samples (diluted as needed with rat serum), standards, and
controls were transferred to coated ELISA plates and incubated for 1 hr at room temperature (RT)
followed by washing. Detection of bound antibody was achieved with mouse anti-Human IgG Fc-
HRP (Fcy fragment specific, conjugated to horseradish peroxidase; Southern Biotech, 9040-05) diluted
1:40,000 in assay buffer. Signal was developed with 3,3’,5,5-tetramethylbenzidine (TMB) solution
(equal parts of TMB Peroxidase Substrate and Peroxidase Substrate Solution B, Sera Care 5120-0052
& 5120-0039). Development was stopped with TMB Stop Solution (Sera Care 5150-0021), and
absorbance values were read on a plate reader (Molecular Devices SpectraMax M3, M5, or M2e) at
450 nm with correction at 650 nm. Unknown concentrations were determined through interpolation
from the standard curve fit using a 4 or 5-parameter logistic algorithm.

Anti-drug antibody in rat serum samples was detected using an acid-disassociation assay
approach. All wash steps involved four wash cycles with tris buffered saline containing 0.05% Tween
20 detergent. All incubations were performed on a plate shaker rotating at approximately 200 rpm.
Unbound sites on the 96-well streptavidin capture (SA-C) plates (ThermoFisher, Catalog 15500) and
96-well MSD streptavidin assay (SA-A) plates (Meso Scale Diagnostics, Catalog L15SA) were blocked
with casein buffer (ThermoFisher, Catalog 37528). After blocking, SA-C plate received 100 puL/well of
biotin-conjugated capture antibody (5 pg/mL) and SA-A plate received 50 uL/well of biotin-
conjugated capture antibody. SA-C and SA-A plates were incubated at RT for 1 hr. On a third non-
binding 96-well mix plate, 10 uL of sample was added to 90 uL of 300 mM acetic acid. The mix plate
was incubated at RT for 5 minutes. SA-C was washed, and 120 pL of 1 M Tris, pH 9.0 (ThermoFisher
Catalog, ]62084-K2), followed by 40 uL of acidified sample from the mix plate was added to each well
in duplicate and incubated for 1 hr. After washing, bound material was eluted from SA-C with 70 pL
of 300 mM acetic acid for 5 minutes at RT with shaking. Prior to elution of SA-C, the SA-A plate was
washed, and 150 uL of 1 M Tris pH 9.0 was added. A volume of 50 pL from SA-C was transferred to
SA-A, followed by incubation for 1 hr at RT. Detection antibody (Goat anti-rat IgG, Mesoscale
Discovery, Cat. R32AH-1) was diluted at 1:10000 in blocking buffer. After a 1 hr incubation and
washing, signal was developed with 1X Read Buffer (Meso Scale Diagnostics, Catalog R92TC-1), and
plates were read using an MSD plate reader.

2.4. Data Analysis and Modelling
2.4.1. Rata PK Data Analysis

For the 14 rat PK studies performed to augment the rat dataset, the mAb concentration versus
time profiles were visually inspected, and data points with decreased exposure consistent with ADA
were omitted. The emergence of ADA in the impacted animals was confirmed with the ADA analysis
(data not shown). NCA was conducted in Watson LIMS (Lab Information Management System)
version 7.6 (ThermoFisher Scientific) to calculate CL and bioavailability. The SC bioavailability was
calculated as (mean SC AUCo-/ mean IV AUCo-)*100, where AUC denotes area under the curve.

2.4.2. Correlation Analysis
Spearman’s rho and simple linear regression were conducted to explore correlation among
monkey, rat, and human CL and SC bioavailability using GraphPad Prism (version 9.3.1).

2.4.3. Clearance Allometry Modeling

Non-linear mixed effects modeling (NLMEM) was performed to investigate the relationship
between mAb CL and total body weight (BW) between pairwise species and all species (NONMEM®
version 7.5.0 and R version 4.1.2). The structural model assumed a classical body weight-based
allometric scaling formula expressed as follows:

CL=a-BWF 1)

d0i:10.20944/preprints202411.1474.v1
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The terms CL and BW represent observed CL and assumed total body weight, respectively. The
allometric coefficient (a) and allometric exponent () were assumed to be log-normally distributed
and estimated along with inter-antibody variability (1i), which was assumed to be normally
distributed with mean zero and variance w?

61 = GTV : eni (2)

Here, Oi represents the parameter estimate for antibody i and Orv represents the typical
parameter estimate for all antibodies, and 7i is the estimate of the random effect 1 for antibody i.
Residual unexplained variability was described by a proportional error model. Parameter estimation
used the first-order conditional estimation with interaction algorithm. Model evaluation and
selection were guided by the following criteria: visual inspection of model fit, inspection of residuals,
convergence of the estimation and covariance routines, reasonable parameter and error estimates,
and a decrease in the objective function values (OFV) between hierarchical models of at least 3.841 («
=0.05, degree of freedom = 1). Bootstrap analysis was conducted with Perl Speaks NONMEM (version
5.3.0).

Human CL for antibody i was scaled from the CL determined in a single nonclinical species
using a fixed allometric exponent () and BW expressed as follows:

BWhuman )ﬁ (3)

CLihuman = CLinon—ctinical (BW
non-clinical

3. Results

Table 1 summarizes the CL and SC bioavailability information collected by data mining or from
de novo rat PK studies (rat study data is further detailed in Table A1l).

Table 1. Weight Normalized mAb Clearance (CL) and Subcutaneous Bioavailability (SC %F).

Monoclonal Rat CL Monkey CL  Human CL Rat Monkey Human
Antibody (mL/hr/kg) (mL/hr/kg) (mL/hr/kg) SC%F SC%F SC%F
alirocumab 0.4882 0.352¢ 0.180° 66.6 75.1 86.0°
canakinumab 0.1892 0.450¢ 0.110° 58.42 60.0 67.0°
guselkumab 0.380° 0.420¢ 0.190° 63.72 87.5 49.0v
secukinumab 0.1372 0.100¢ 0.110° 66.72 78.0 66.0°
tabalumab 0.2272 0.170¢ 0.080¢ 105.22 101.0 57.0p
ustekinumab 0.2102 0.160¢ 0.110° 70.62 95.0 67.8°
bevacizumab 0.275¢ 0.223¢ 0.140° 69.0 98.0 -
ocrelizumab 0.330¢ - 0.130° - - -
risankizumab 0.2042 0.240¢ 0.180° 74.82 71.8 89.0v7
mAb 1 0.210¢ 0.210 0.170¢ 69.0 84.0 53.0¢
mAb 2 0.260 0.225 0.160¢ - 74.0 52.0¢
mADb 3 0.250¢ 0.790¢ 0.260¢ 59.0¢ 43.0¢ 40.0¢
mAb 4 0.366° 0.320¢ 0.260¢ 103.42 - -
mAb 5 0.2612 0.230¢ 0.150¢ 4472 - -
mAD 6 0.2852 0.380¢ 0.130¢ 42.5 - -
mAb 7 0.350¢ 0.100¢ 0.130¢ 82.4¢ 76.6° 60.0¢
mAb 8 0.430¢ 0.310¢ 0.135¢ - 89.3¢ -
mAb 9 0.5432 0.610¢ 0.490¢ 27.5 41.0¢ 22.0¢
mAD 10 0.450¢ 0.410¢ 0.170¢ 33.0¢ 75.0¢ 9.0¢

mAD 11 0.293¢ 0.203¢ 0.273¢ - - -
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Monoclonal Rat CL Monkey CL  Human CL Rat Monkey Human
Antibody (mL/hr/kg) (mL/hr/kg) (mL/hr/kg) SC%F SC%F SC%F
mADb 12 0.8232 1.850¢ 0.730¢ 46.72 35.0¢ -
mAb 13 0.3232 0.520¢ 0.430¢ 72.92 - -
mAD 14 0.4242 0.520¢ 0.380¢ 40.62 112.0¢ 40.0¢
mAD 15 0.450¢ 0.350¢ - 45.2¢ 83.1¢ -
mAD 16 0.150¢ 0.180¢ - - 79.1¢ -

aRat PK data generated in this study (Table Al);> FDA label (Drugs@FDA: FDA-Approved Drugs)[16]; < Internal
unpublished data. mL/hr/kg, milliliter per hour per kilogram.

For this study, we chose human mAbs that had a wide range of clearance and SC bioavailability
values to capture molecules with diverse PK characteristics. Across mAbs, rat mean clearance values
were 0.332 mL/hr/kg with a range of 0.137-0.823 mL/hr/kg, monkey mean clearance values were 0.389
mL/hr/kg with a range of 0.100-1.85 mL/hr/kg, and human mean clearance values were 0.222
mL/hr/kg with a range of 0.080-0.730 mL/hr/kg (Figure Al). Across mAbs, rat mean percent
bioavailability values were 62.1% with a range of 27.5-105.2%, monkey mean bioavailability values
were 76.8% with a range of 35-112%, and human mean bioavailability values were 51.5% with a range
of 9-86% (Figure Al).

3.1. Rat and Monkey Predict Human Clearance

Clearance correlations are depicted graphically in Figure 1, and the statistical analysis is
summarized in Table 2. Weight-normalized CL was typically faster in the nonclinical species as
compared to humans. As shown in Table 2, p-values obtained for mAb CL correlations were found
to be statistically significant when comparing both monkey to human (Spearman rho= 0.67; p-value
= 0.001) or rat to human (Spearman rho = 0.57; p-value = 0.004). As expected, based on the other
correlations, significant association was also observed between rat and monkey CL (Spearman rho =
0.55; p-value = 0.005).

a b
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Monkey CL (mL/hr/kg) Rat CL (mL/hr/kg)

Figure 1. Weight-normalized clearance (CL) relationships between humans and pre-clinical species.
(a) CL in humans versus CL in monkeys for 22 mAbs; (b) CL in humans versus CL in rats for 23 mAbs.
Solid black lines represent the unity line, while dashed lines represent 0.5 and 2-fold change from the

unity line.
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Table 2. Correlation Analysis Between Rat, Monkey, and Human Weight-Normalized Clearance
(CL).

Spearman rho Monkey CL vs. Human CL? Rat CL vs. Human CL? Rat CL vs. Monkey CL?

R 0.67 0.57 0.55
95% CI 0.33 to 0.85 0.20 to 0.80 0.18 to 0.79
p-value 0.001 0.004 0.005
Sample size 22 23 24

2 Clearance values used in the comparison were in units of mL/hr/kg, milliliter per hour per kilogram. R,
Spearman correlation coefficient; 95% CI, 95% confidence interval.

Parameter estimates for the final allometric CL models are provided in Table 3. The inclusion of
inter-antibody variability in the allometric coefficient (w?(«)) significantly improved the model fit

across all models evaluated.

Table 3. Allometric Clearance (CL) Models.

Parameters Monkey-to- Human Rat-to- Human Rat-to- Monkey 3-Species
arv? (%RSE) 0.0087 (15) 0.0065 (8) 0.0074 (10) 0.0072 (9)
95% CI 0.0062 - 0.0112 0.0055 - 0.0075 0.006 —0.0088  0.0059 — 0.0085
prv® (%RSE) 0.84 (4) 0.92(2) 1.02 (4) 0.90 (2)
95% CI 0.78 -0.90 0.88 —0.95 0.94-1.10 0.87 -0.94
w?(a) < (%RSE) 0.27 (38) 0.17 (35) 0.22 (42) 0.23 (40)
024 (%RSE) 0.08 (23) 0.07 (18) 0.08 (33) 0.1(23)

a typical value of allometric coefficient; b typical value of allometric exponent; ¢ inter-antibody variance in
allometric coefficient; ¢ residual variance. 95% CI, 95% confidence interval; %RSE, percent relative standard

error.

Conversely, variability in CL was not explained by including terms to describe inter-antibody
variability in the allometric exponent (w?(f)). Model parameters were estimated with good precision;
relative standard errors were less than 15% for fixed-effects parameters and less than 42% for random
effects. When comparing final models across each group of species evaluated, allometric coefficients
(a1v) were not significantly different (Table 3). In contrast, there were notable trends in allometric
exponents (B1v) across models. Scaling human CL from a single nonclinical species, f1v was larger
when scaling from rats (0.92) than monkeys (0.84), although the difference was not significant due to
overlapping 95% confidence intervals (CI). For the final monkey-human (Figure 2a, 2b) and rat-
human (Figure 2d, 2e) two-species models, model-predicted CL was within 2-fold of observed CL.
There were no clear trends or bias in residuals versus model predicted CL for these models (data not
shown), although the rat-human model trended towards slight underprediction of antibodies with
the fastest human CL (Figure 2e). Scaling human CL from monkeys using an allometric exponent of
0.84 (Table 3) resulted in 19 of 22 scaled human CL values within 2-fold of observed CL (86%) and a
mean observed/scaled ratio of 1.12 (data shown in Figure 2c). Similarly, scaling human CL from rats
using an allometric exponent of 0.92 (Table 3) resulted in 21 of 23 scaled human CL values within 2-
fold of observed CL (91%) and a mean observed/scaled ratio of 1.04 (data shown in Figure 2f).

The Brv parameter for scaling monkey CL from rats was larger than monkey-human and rat-
human models, and significantly larger than the monkey-human model based on the 95% CI.
Modeling mAb CL across all three species (rat-monkey-human model) resulted in a frv estimate of
0.90 between that of monkey-human and rat-human models (Table 3). Given the similarity between
prv estimates in rat-human and rat-monkey-human models, predicting human CL from rat CL
resulted in nearly identical results. However, human CL was generally overpredicted from monkey
CL using the three-species model versus the two-species monkey-human model (data not shown).

Given the limited CL data available for this analysis, we elected to include all data for model
development and parameter estimation. To evaluate the robustness of parameter estimates to the


https://doi.org/10.20944/preprints202411.1474.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1474.v1

underlying data, we conducted bootstrap analysis of the final allometry models using 2000 resampled
datasets. Means and standard errors of bootstrapped parameter distributions were nearly identical
to original model estimates and therefore conclusions drawn from original model parameters were

robust.
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Figure 2. Goodness-of-fit plots and scaled human clearance (CL) for monkey-to-human (a - ¢) and rat-
to-human (d - f) allometric CL models. Observed versus predicted CL in monkeys (a) and humans
(b) from the monkey-to-human model; (¢) Observed human CL versus human CL scaled from
monkeys using an allometric exponent of 0.84. Observed versus predicted CL in rats (d) and humans
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(e) from the rat-to-human model. (f) Observed human CL versus human CL scaled from rats using

an allometric exponent of 0.92. Solid lines represent the unity line, while dashed lines represent 2-fold
change in slope from the unity line.

3.2. Rat SC Bioavailability Significantly Correlates with Human

Among the 25 mAbs in our dataset, 14 had bioavailability data for both monkeys and humans,
and 13 had bioavailability data for both rats and humans (Table 1). Generally, bioavailability in
monkeys was higher than in humans, with 11 out of 14 monkey values exceeding human
bioavailability. Six of these values were more than 1.5 times higher (Figure 3a, Table 1, Figure Al).
However, statistical analysis in Table 4 showed no significant correlation in bioavailability between
monkeys and humans (Spearman rho p = 0.75; regression p = 0.53).

Similarly, bioavailability in rats (8 of 13) was generally higher than in humans (Figure 3b, Table
1, Figure Al). However, only two rat bioavailability values demonstrated rat to human ratios that
were greater than 1.5-fold. In contrast to monkeys, bioavailability in rats demonstrated a positive and
significant correlation with bioavailability in humans using two different statistical tests (Spearman
rho p-value = 0.02; regression p-value = 0.02). In this analysis, nonclinical bioavailability values were
used as experimentally determined including two values that were greater than 100%. Censoring the
upper bound of nonclinical bioavailability values at 100% did not meaningfully alter these

correlations.
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Figure 3. Subcutaneous bioavailability (SC%F) relationships between humans and pre-clinical
species. (a) SC%F in humans versus SC%F in monkeys for 14 mAbs. (b) SC%F in humans versus SC%F
in rats for 13 mAbs. Solid black lines represent the unity line, while dashed black lines represent a 1.5-

fold change in slope from the unity line. Dashed blue lines and equations represent linear regression
of the data points.

Relationships between CL and SC bioavailability were also explored (Figure 4). A moderate
negative correlation between CL and bioavailability was observed in monkeys (R-squared value:
0.3352), which was stronger than the relationship in humans (R-squared value: 0.2352) or rats (R-
squared value: 0.1472). The correlation was only statistically significant in monkeys (p-value =0.0094),

while trending toward significance in humans and rats (p-value = 0.0788 and p-value = 0.0860,
respectively).
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(SC%F).
Correlation Coefficient Monkey SC%F vs. Rat SC%F vs. Rat SC%F vs.
Human SC%F Human SC%F Monkey SC%F
Spearman rho
R 0.09 0.63 0.39
95% CI -0.47 to 0.61 0.11t0 0.88 -0.15t0 0.75
p-value 0.75 0.02 0.14
Simple linear regression
2 0.03 0.43 0.16
p-value 0.53 0.02 0.13
Sample size 14 13 16

95% CI, 95% confidence interval; R, Spearman correlation coefficient; r?, coefficient of determination.
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Figure 4. Correlation analysis between weight-normalized clearance (CL) and subcutaneous

bioavailability (SC%F) in (a) humans, (b) monkeys, and (c) rats. Linear regression lines and analyses
are shown on each graph.

4. Discussion

Monoclonal antibodies are an important therapeutic modality for multiple disease states [17].
Selecting antibodies with optimal PK and absorption, distribution, metabolism, and excretion
(ADME) properties for clinical development increases the likelihood of achieving several important
development objectives: minimizing dose, removing barriers to treatment, and improving patient
experience [18]. The challenge has arisen to develop nonclinical tools that effectively aid in selecting
therapeutic candidates with preferred PK properties in humans, particularly slow CL and high
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bioavailability. While some in silico and in vitro tools are useful in drug discovery to prioritize
molecules for further engineering and optimization, in vivo PK studies remain an important tool[19—
21]. Further, human PK/PD projections continue to remain reliant on in vivo PK data to guide early
clinical development of a novel mAb.

For the purposes of this study, we focused on PK properties that are not influenced by antibody
interactions with target ligand which may result in dose or concentration-dependent disposition.
These considerations were most important when analyzing PK in monkeys and humans, given that
most antibodies in our study were engineered to bind to antigens in both species with high affinity.
Representative non-specific PK parameter values in monkeys and humans were either selected from
population-based PK models accounting for potential non-linear PK, or from NCA of single-dose PK
studies at doses high enough to saturate and minimize the potential influence of target-mediated
disposition due to ligand interactions. PK in rats was assumed to be driven by ligand-independent
or non-specific processes given that human antibodies in our study do not cross-react to orthologous
rat ligands. across the curated studies, mAb doses were not in a range to saturate FcRn binding. Taken
together, PK properties evaluated in this study were reliant on mechanisms or interactions governing
non-specific PK properties, including the recycling activity of the FcRn receptor [22].

Humanized or fully human mAbs are foreign antigens to non-human species with the potential
to elicit formation of ADA [23]. Development of ADA can impact PK assessment through several
mechanisms, such as altering the disposition of the mAb (clearing ADA) or interfering with
bioanalytical measurement of the molecule. For mAbs with slow CL and long half-lives, appearance
of clearing ADA with high reactivity and high in-study incidence limits the duration of reliable drug
measurements, leading to inadequate characterization of the AUC and increased uncertainty in
determining the underlying PK properties. While a moderate incidence of ADA was observed in our
de novo rat PK studies, those rats that did develop ADA had low-to-moderate reactivity which
appeared late in the sampling time course and had variable impact on serum PK as some rat mAb
exposures were unaffected by ADA. There were sufficient data points which were not impacted by
ADA to enable less than 25% extrapolation of AUCo.nt for all individual animal results included in
the dataset (Table Al) and the median %CV for AUCin in this study was 13.6%. Thus, while ADA did
develop in some of the rat studies, the extent of ADA did not meaningfully confound CL and SC %F
estimates.

4.1. Rat and Monkey Are Predictive Models for mAb Clearance

Although the monkey model is considered the gold standard for prediction of human CL, factors
such as high-cost, animal scarcity, and ethical considerations necessitate the development of
alternative approaches. Compared to monkeys, fewer investigations have evaluated rodents for
predicting antibody PK in humans. A recent publication explored various fixed allometric exponents
for single species scaling of human CL for 28 mAbs from mice, rats, or monkeys [15]. This study
showed an allometric exponent of 0.85 resulted in < 2-fold prediction error for 78%, 95%, and 92% of
mAbs studied for mouse, rat, and monkey, respectively. Similarly, our study demonstrated
significant CL correlation between rats, monkeys and humans (Table 2). Among the 25 antibodies in
our study, the optimal allometric exponent for scaling human CL from monkeys was 0.84 with a 95%
CI of 0.78-0.90, which encompasses most previously reported results [7,8,15,24] . Scaling CL from rats
to humans resulted in a higher exponent of 0.92 (95% CI of 0.88-0.95) (Table 3). A model including all
species resulted in a higher allometric exponent than single-species scaling from monkey, but lower
than that of single-species scaling from rat (Table 3). While attractive in its simplicity, if applied to
monkey CL data alone, the exponent of 0.90 from the three-species model led to over-prediction of
human CL relative to the monkey-specific exponent of 0.84.

Based on 95% Cls among these models (Table 3), we cannot conclusively determine that
allometric exponents for scaling mAb CL to humans should be species-specific. However, there are
fundamental differences in human IgG (hlgG) affinity to FcRn of rodents, monkeys, and humans that
may influence relative CL between species. Compared to the interactions with human FcRn at acidic
pH, hlgGs (IgG1, IgG2, IgG3 and IgG4 subtypes) are known to have higher affinity to FcRn expressed
by mice, rats, and monkeys, but retain weak affinity binding to all species FcRn at neutral pH [25].
Antibody engineering strategies to increase affinity of hIgG to human or monkey FcRn at acidic pH,
with no measurable change at neutral pH, have been shown to reduce antibody CL [26-28]. Therefore,
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compared to monkeys, clearance of wild-type hlgGs in rodents may be influenced by unique
hlgG:FcRn interactions, resulting in a different relationship to human CL. Wild-type mouse FcRn
affinity to hlgG has a similar pattern of pH-dependent affinity as rat FcRn, and a best-fit allometric
exponent of 0.89 has been reported for predicting human CL from wild-type mice, which is similar
to our best-fit exponent from rats [25,29,30].

It should be noted that mAbs included in this study were limited to molecules with wild-type
FcRn binding motifs. Given the complex interplay between hIgG:FcRn and host IgG:FcRn
interactions, caution should be taken if applying allometric principles in this study to scale and
predict clinical PK of antibodies with modified FcRn interactions. For instance, a different allometric
exponent for scaling CL of antibodies containing YTE or LS-containing mutations has been proposed
[27]. Additional studies will be required to determine the relationship between CL of these and other
non-wild-type human IgGs between rodent models and humans.

Across the allometric models explored in this study, model fit was not improved by inclusion of
inter-antibody variability in the allometric exponent. This result indicates that a single allometric
exponent is generally applicable across human IgGs and is consistent with similar FcRn affinity noted
among human IgG isotypes [25,30]. In contrast, incorporation of inter-antibody variability in the
intercept uniformly improved model fit (Table 3). While covariates that may explain this variability
were not explored in this study, antibodies with physiochemical attributes that increase non-specific
interactions have been correlated with increased non-specific CL as reviewed by Datta-Mannan
(2019) [31]. Taken together, the predictivity of future allometric CL models may be improved by
measurement and incorporation of antibody-specific properties.

4.2. Rat as a Predictive Model for mAb SC Bioavailability

As summarized by Zou [14] and Martin et al [1], subcutaneous bioavailability of current
marketed mAbs varies from 49 to 100%, and the range of subcutaneous bioavailability for mAbs in
clinical development is wider (29% to 100%). With limitations in the dose volume that can be
comfortably administered as a subcutaneous bolus, the bioavailability of a mAb can have substantial
impact on the overall clinical dosing paradigm and patient experience. Consequently, development
of tools to enable prediction of mAb bioavailability has become an urgent topic in drug discovery
research.

Transit of mAbs from injection site to plasma circulation may be affected by multiple
physiological factors such as differing SC tissue structure across various anatomical locations [34],
flow rates of interstitial or lymphatic fluid [34], and others [9]. Factors intrinsic to an individual mAb
such as isoelectric point, positive charge, or hydrophobicity have also been proposed to contribute to
differences in absorption and pre-systemic clearance [3,9,14]. However, studies investigating
correlation between mAb biophysical characteristics and SC bioavailability are limited and provide
differing conclusions. A study by Datta-Mannan et al [5] examined five pairs of parental and re-
engineered antibodies in monkeys and suggested that integrated interaction of multiple biophysical
factors was at play in determining their bioavailability. Bender and colleagues investigated the ability
of several in vitro assay formats to predict SC bioavailability and other PK parameters and found that
none of the approaches were useful in predicting human bioavailability [6].

FcRn interactions have also been proposed to influence mAb SC bioavailability, though studies
exploring these interactions similarly are limited. Deng and colleagues [11] studied murinized
antibodies engineered with different binding affinities for the mouse FcRn receptor [11]. PK studies
in severe combined immunodeficient mice demonstrated increased bioavailability when a variant
had higher FcRn affinity at pH 6.0 and unchanged affinity at 7.4. Interestingly, a mIgG2a clone with
no detectable mFcRn binding at pH 6.0 was 41.8% bioavailable following SC administration. In
contrast, antibody pairs analyzed by Datta-Mannan and colleagues [5] included engineered human
mADbs with T250Q/M428L mutations which increased FcRn binding affinity in monkeys [5]. While
the enhanced FcRn interactions resulted in decreased CL relative to the wild-type versions in
monkeys, they did not translate to improved SC bioavailability.

Minipigs are often used as a model for humans, as their skin exhibits similar epidermal and
stratum corneum thickness, lipid composition, and lymph architecture [35-37]. One notable
difference is the presence of the panniculus carnosus in pig skin, which is a layer of striated muscle
within the subcutaneous tissue[38]. The panniculus carnosus is an anatomical feature which is
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present to a variable extent across mammalian species, but is mostly absent in humans [39]. It is
undetermined whether its presence influences the rate or extent of absorption of biologics
administered by the SC route.

Zheng et al. evaluated minipigs for subcutaneous (SC) bioavailability of mAbs [36]. They
administered nine human mAbs via IV and SC routes to minipigs. While CL values between minipigs
and humans were correlated, SC bioavailability in minipigs only showed a weak correlation with
human values for six of the mAbs. The binding affinities (Ko at pH 6) of all nine mAbs were within
two-fold when comparing minipig FcRn to human FcRn. This suggests that factors beyond CL, FcRn
interactions, and common skin features contribute to the lack of correlation in bioavailability between
humans and minipigs. Similarly, human wild-type IgG affinity to monkey FcRn at acidic pH (5.8 - 6)
is within 2-3-fold of human FcRn affinity [23,36]. Despite this, SC bioavailability does not
significantly correlate between monkeys and humans.

In contrast, rat skin is generally thinner than human skin, with only about 10 to 15% of the
combined dermal and epidermal thickness [37]. Rat skin also includes the panniculus carnosus
muscle layer [38], located below the dermal white adipose and above the interstitial connective tissue
overlying the fascia. Additionally, at pH 5.8, human IgG binds to rat FcRn with an approximately 10-
fold lower Ko compared to human FcRn [23]. Despite these differences, a significant correlation was
observed between rat and human bioavailability for the mAbs studied. These findings suggest that
there may be undefined interactions within the SC space or lymphatic system common to both rats
and humans that strongly influence mAb bioavailability following SC administration.

Injection (or administration) site is a factor that merits further investigation. The dorsal
interscapular region, which is a common site of administration in nonclinical studies, was used for
subcutaneous injection of the 14 antibodies investigated in the de novo rat studies presented in this
paper. In humans, abdomen, upper arm, and thigh are commonly used sites for SC dosing [34]. A
survey of clinical PK data from literature and the US Food & Drug Administration (FDA) database
showed that among 19 antibodies, 5 exhibited site-dependent PK when comparing the abdomen and
thigh or abdomen and arm [32]. These antibodies typically had a half-life of less than 15 days or a
Tmax of less than 5 days. Generally, bioavailability was highest following injection in the thigh, with
the abdomen showing similar or slightly higher bioavailability compared to the arm. Zou et al. noted
that this rank order matched the average lymph flow in these regions [32]. The fact that only a subset
of mAbs showed injection site-specific PK suggests that mAb-specific attributes influence differential
bioavailability.

Studies on SC bioavailability of rituximab in rats and mice indicated that injection site, volume,
and total dose significantly affect bioavailability [39,40]. Our observations, showing a correlation
between rat and human bioavailability, support the need for further studies to determine if the rat
model can elucidate injection location-mediated differences in bioavailability.

Finally, our data demonstrated inverse correlations between CL and bioavailability in rats,
monkeys, and humans, with statistical significance in monkeys. Other groups have also reported a
correlation between CL and bioavailability, though only for clinical data [14,41]. This consistent
association across species suggests that optimizing properties to reduce CL could improve
bioavailability. Further studies are needed to gain more insight into this relationship.

5. Conclusions

The findings in this report offer valuable tools for therapeutic antibody discovery. Using the rat
model allows for early PK assessment, helping to distinguish molecules in the discovery pipeline that
might have ambiguous CL properties based on in silico or in vitro characteristics. Rat PK data can also
be used to predict human CL following SC administration, which is the preferred dosing route for
many mAb therapeutics. Our data show an inverse correlation between CL and bioavailability,
suggesting that optimizing mAb CL characteristics early on may also improve bioavailability. To our
knowledge, this is the first systematic evaluation of mAb SC bioavailability across rats, monkeys, and
humans. The rat model offers clear cost and availability advantages over non-human primates or
transgenic mice, making drug development more agile and cost-effective.
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Appendix A

Table Al. Summary of Newly Generated (de novo) Rat PK Data.

Monoclonal Animal IV AUCin¢ IVAUC % IV Tist Animal SC AUCint SCAUC % SC Tiast
Antibody number (mg*hr/mL) Extrapolated (hr) number (mg*hr/mL) Extrapolated (hr)

1 10200 1.42 1008 4 6280 2.20 504
alirocumab 2 9390 0.0 1008 5 8120 3.54 840
3 9880 1.31 1008 6 5890 3.46 336
1 16800 4.37 840 4 11600 0.18 504
canakinumab 2 18000 10.5 1008 5 9070 0.54 336
3 13600 0.48 672 6 7590 0.01 336
1 6720 0.16 504 4 8000 6.00 1008
guselkumab 2 12500 8.65 1008 5 4970 0.10 336
3 6590 0.34 504 6 3480 1.03 168
1 22400 21.2 1008 4 11000 0.47 504
secukinumab 2 20800 17 1008 5 15100 7.32 672
3 22500 16.9 1008 6 17700 18.7 672
1 11400 2.61 672 4 15800 16.2 1008
tabalumab 2 14500 11.2 1008 5 9790 0.22 504
3 14200 12.7 1008 6 16700 17.10 1008
1 13300 10.2 1008 4 7420 0.24 336
ustekinumab 2 14000 11.7 1008 5 10100 1.71 1008
3 15700 11.2 1008 6 12900 8.50 1008
1 15100 14.3 1008 4 12200 10.4 1008
risankizumab 2 15200 11.9 1008 5 10800 9.85 1008
3 13900 12 1008 6 9970 1.29 1008
1 8090 1.72 336 4 7340 0.10 672
mAD 4 2 8300 0.02 504 5 5500 2.00 336
3 - - - 6 12600 15.5 840
1 12600 5.16 1008 4 5130 0.72 336
mADb 5 2 12400 7.31 1008 5 5380 1.90 336
3 9930 3.23 1008 6 5140 3.50 504
1 11400 15.4 1008 4 5160 15.3 336
mAb 6 2 11200 15.7 1008 5 3860 7.26 240
3 9280 12.5 1008 6 - - -
1 4800 0.66 1008 4 1280 0.10 504
mADb 9 2 5740 2.64 1008 5 1010 1.14 240
3 6230 0.14 504 6 2320 5.72 1008
1 3430 0.19 504 4 2110 0.44 336
mADb 12 2 4190 2.57 1008 5 1340 0.42 240
3 3420 2.17 1008 6 1720 0.26 240
mADb 13 1 9940 5.83 1008 4 4430 0.16 336
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Monoclonal Animal IV AUCint IVAUC % IV Tist Animal SCAUCint SCAUC % SC Tiast
Antibody number (mg*hr/mL) Extrapolated (hr) number (mg*hr/mL) Extrapolated (hr)

2 8820 4.89 1008 5 9120 6.14 1008

3 9150 3.76 1008 6 - - -

1 6320 1.33 1008 4 3290 0.00 336
mAD 14 2 6870 1.52 1008 5 2200 3.32 240

3 8320 4.4 1008 6 3240 0.47 336

AUC, area under curve; AUCint, AUC from time of dosing extrapolated to infinity; AUC % Extrapolated,
percentage of AUCint due to extrapolation from Tust to infinity; IV, intravenous; SC, subcutaneous; Tust, time of
last measurable concentration used for data analysis.
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Figure Al. (a) Weight-normalized clearance for all mAbs in the data set across species. (b)
subcutaneous bioavailability (%) for all mAbs in the data set across species. Data is presented as mean
+ standard deviation.
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