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ARTICLE INFO ABSTRACT

Keywords: Biologics are a fast-growing therapeutic class, with intertwined pharmacokinetics and pharmacodynamics,
5}_’Ste"§ pharmacology affected by the abundance and function of the FcRn receptor. While many investigators assume adequacy of
Biologics classical models, such as allometry, for pharmacokinetic characterization of biologics, advocates of

FcRn
Pharmacokinetics
pharmacodynamics

physiologically-based pharmacokinetics (PBPK) propose consideration of known systems parameters that affect
the fate of biologics to enable a priori predictions, which go beyond allometry. The aim of this study was to
deploy a systems-informed modelling approach to predict the disposition of Fc-containing biologics. We used
global proteomics to quantify the FcRn receptor [p51 and fz-microglobulin (B2M) subunits] in 167 samples of
human tissue (liver, intestine, kidney and skin) and assessed covariates of its expression. FcRn p51 subunit was
highest in liver relative to other tissues, and B2M was 1-2 orders of magnitude more abundant than FcRn p51
across all sets. There were no sex-related differences, while higher expression was confirmed in neonate liver
compared with adult liver. Trends of expression in liver and kidney indicated a moderate effect of body mass
index, which should be confirmed in a larger sample size. Expression of FcRn p51 subunit was approximately 2-
fold lower in histologically normal liver tissue adjacent to cancer compared with healthy liver. FcRn mRNA in
plasma-derived exosomes correlated moderately with protein abundance in matching liver tissue, opening the
possibility of use as a potential clinical tool. Predicted effects of trends in FcRn abundance in healthy and disease
(cancer and psoriasis) populations using trastuzumab and efalizumab PBPK models were in line with clinical
observations, and global sensitivity analysis revealed endogenous IgG plasma concentration and tissue FcRn
abundance as key systems parameters influencing exposure to Fc-conjugated biologics.

1. Introduction to define a patient (the easiest ones to measure, such as body size or age,
compared with those with a mechanistic rationale, such as the genotype

Incorporation of patient characterization for variations in drug or phenotype of relevant enzymes and transporters) has changed over
metabolism and transport is an established practice in the arena of small the last two decades (Rostami-Hodjegan and Achour, 2022). Moreover,
molecule drug development. However, the nature of the covariates used as predictive modelling platforms within the framework of systems

Abbreviations: Fc, fraction crystallizable; FcRn, neonatal Fc receptor; IgG, immunoglobulin gamma; LC-MS/MS, liquid chromatography-tandem mass spec-
trometry; PBPK, physiologically based pharmacokinetics; PK, pharmacokinetics; PD, pharmacodynamics; QSP, quantitative systems pharmacology; TMDD, target-
mediated drug disposition.
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pharmacology have become more popular, expectations regarding the
identification and quantification of the impact of influential covariates
on drug kinetics have shifted from retrospective (post-hoc) data anal-
ysis, using tools such as population pharmacokinetics, to a priori pre-
dictions of effects before conducting any clinical studies. Hence, this
creates the possibility of moving the focus from ‘typical’ representation
of patients in clinical studies to the inclusion of sub-sets of patients in
early stages when possible. The latter is advocated by regulatory
agencies who have encouraged widening the recruitment criteria in drug
development to provide information on the fate of drugs beyond what is
known in a ‘typical patient’. Two recent Guidance for the Industry
documents issued by the US Food and Drug Administration (FDA)
related to enhancing the diversity of clinical trial populations (FDA,
2020) and improving enrolment of participants from underrepresented
racial and ethnic subpopulations in clinical trials (FDA, TM 2022) are
typical examples of such attempts.

Against this backdrop, modelling the kinetics of large molecules
(commonly referred to as biologics) has not made the same level of
progress from empirical or allometry-based approaches to more mech-
anistic physiologically-based pharmacokinetic (PBPK) models. Advo-
cates of allometry-based methods rely on subsequent clinical studies to
inform changes in kinetics instead of attempting to include physiological
and biological data from patients into the models based on knowledge of
the interaction between the new drug and its targets using in vitro sys-
tems. Considering that biologics are a rapidly expanding class of ther-
apeutic modalities and that they have opened new treatment avenues for
multiple diseases, such as cancer, rheumatoid arthritis, Crohn’s disease
and psoriasis (Dostalek et al., 2013), the added value of shifting to PBPK
models becomes more evident.

Biotherapeutics include monoclonal antibodies (mAb), recombinant
and fusion proteins, antibody fragments, antibody-drug conjugates and
therapeutic peptides (Shi, 2014). As of 2021, there were more than 50
approved antibodies and 60 approved peptides in use in different ther-
apeutic applications, with over 700 additional biotherapeutics in the
development pipeline (Lawrence et al., 2021). Unlike most small
molecule drugs, biologics are confined to extracellular space, with tissue
absorption predominantly driven by paracellular filtration/
diffusion-mediated extravasation, while elimination pathways are
shared with those of endogenous proteins (Dostalek et al., 2013; Shi,
2014). As a result, the factors impacting the pharmacokinetic properties
of biologics are different from those of typical small molecule drugs.

The pharmacokinetics of mAbs and Fc-conjugated biologics is
heavily affected by the function of the neonatal Fc receptor (FcRn),
found in many tissues including the liver, muscles, skin, intestine and
kidneys (Xiao, 2012; Shi, 2014). Arguably, the name FcRn is a historical
misnomer (Pyzik et al., 2019) that originated from the early discovery of
its involvement in transfer of immunoglobulin G (IgG) from mother to
fetus (via the placenta), and later, to the new-born infant (via the in-
testine), a process which confers humoral immunity in the early stages of
life (Simister and Rees, 1985; Story et al., 1994). More recent evidence
demonstrated that this receptor is expressed throughout life (Spie-
kermann et al., 2002), with the main function of rescuing macro-
pinocytosed IgG and albumin from lysosomal degradation, thus
extending their plasma half-lives (Roopenian and Akilesh, 2007).
Through the same mechanisms, FcRn is one of the main determinants of
exposure to Fc-containing therapeutic proteins (Dostalek et al., 2013;
Chang et al., 2021).

Structurally, FcRn consists of two subunits, p51 and p2-micro-
globulin (B2M, p14), which bind non-covalently to form a major his-
tocompatibility complex (MHC) class I-like heterodimer (Burmeister
et al., 1994). Unlike MHC-I molecules, this complex is not directly
involved in antigen presentation (Story et al., 1994; Pyzik et al., 2019).
B2M is also part of other MHC-I molecules, and therefore, it is ubiqui-
tously expressed throughout the body (Burmeister et al., 1994; Story
et al, 1994), while FcRn is expressed mainly in endothelial and
epithelial cells in tissues as well as immune cells, especially those of
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monocytic lineage (Pyzik et al., 2019).

Targeted mass spectrometry (MS) based proteomics was employed to
measure the abundance of FcRn in two previous studies (Fan et al., 2019;
Qiu and Wang, 2020). The first (Fan et al., 2019) quantified FcRn p51
subunit in 14 tissues from five donors, and the second (Qiu and Wang,
2020) quantified both subunits in liver samples from 39 donors. To build
on these reports, we analyzed global proteomic datasets (from 167
samples) generated previously in our laboratory (Couto et al., 2019,
2021; Achour et al., 2021; Al-Majdoub et al., 2020, 2021a) with the aim
of creating a quantitative distribution profile of the FcRn receptor across
four tissues (adult liver, pediatric liver, kidneys, intestine and skin) from
healthy and diseased cohorts. The data were generated in the same
laboratory using similar techniques, and therefore the same data anal-
ysis strategy was applied to allow head-to-head comparison and
consistent expression profiles to be drawn. Further, implications of such
data for the prediction of mAb disposition and disease effects were
assessed using the Simcyp population PBPK simulator.

2. Materials and methods
2.1. Human sample sets

Eight sample sets, making 167 samples in total, were processed and
analyzed by LC-MS during the period 2016-2019, as detailed previously
(Al-Majdoub et al., 2020). Samples were opportunistic, collected either
as surgical surplus or postmortem specimens. For clarity, the liver
sample sets are designated in this study as adult liver sets 1 and 2 and
pediatric liver sets 1, 2 and 3. Ethics approval was obtained and tissue
samples were collected and processed as described previously for adult
liver set 2 (n = 29), intestine (n = 16), kidney (n = 20) and skin (n = 6)
(Scotcher et al., 2017; Couto et al., 2020, 2021; Achour et al., 2021;
Al-Majdoub et al., 2021). Adult liver membrane fractions (adult liver set
1, n = 27) were obtained from Pfizer (Groton, USA) (Couto et al., 2019).
Pediatric liver set 1 was made up from tissue samples (n = 8) provided
by Invitron (Monmouth, UK) and individual fractions (n = 12) from
XenoTech (Kansas, USA). Pediatric liver set 2 consisted of tissue samples
obtained from Erasmus University Medical center (Leiden, The
Netherlands). Pediatric liver set 3 (biliary atresia set, n = 25) were ob-
tained from Ethical Tissue University of Bradford Biobank with generic
ethics approval 07/H1306,/98 and 17/YH/0086. Samples were collected
either surgically (skin, intestine, kidney, adult liver set 2, pediatric liver
set 3) or postmortem (adult liver set 1, pediatric liver sets 1 and 2).
Tissue samples from pediatric sets (1 and 2) were categorized based on
the European Medicines Agency (EMA) recommendations as: fetal (n =
5), neonates (0-1 month, n = 15), infants (>1 month-23 months, n =
9), children (2 years—11 years, n = 11), adolescents (12 years—17 years,
n = 3). In addition, one liver sample from pediatric liver set 1 was
collected from an 18 year-old donor (data for this sample were allocated
to the adult age group in data analysis). A summary of the characteristics
of the sample sets is presented in Table 1, and demographic and clinical
information for each set is included in Tables S1-8.

2.2. Sample preparation for proteomics

Methods used for protein fraction preparation from adult livers,
pediatric livers, kidney, intestine and skin were described previously
(Scotcher et al., 2017; Couto et al., 2020, 2021; Achour et al., 2021).
Liver and kidney samples were processed to total membrane fractions,
intestine samples were processed to mucosal fractions, and skin samples
were prepared as S9 (post-mitochondrial) fractions. Sample preparation
for proteomics of all sets followed filter-aided sample preparation
(FASP), with several modifications (Wisniewski et al., 2009; Al Feteisi
et al., 2018). Solubilization of proteins used sodium deoxycholate (10%
w/v), and digestion was based on a multi-protease strategy, employing
endopeptidase Lys-C, followed by trypsin (Russell et al., 2013; Al-Maj-
doub et al., 2014). Protein fractions of adult liver set 2, intestine, and
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Table 1
Summary of the characteristics of the sample sets used in this study.
Sample set Disease cohort “ Sex ¢ Age Ethnicity “ Tissue Extracted fraction n
Adult liver Healthy M (15), F 27-66 White (25), Black (1), Liver parenchyma Total membrane 27
set 1 az) years Hispanic (1) fraction/microsomes
Adult liver Hepatocellular carcinoma (3), M (16), F 44-85 White (25), - ” (4) Liver parenchyma Total membrane 29
set 2 gallbladder cancer (1), colorectal cancer  (13) years (histologically normal fraction/microsomes
liver metastasis (25) tissue)
Pediatric Healthy M (13), F 13 days- White (10), Black (2), Liver parenchyma Total membrane 20
liver set 1 ®),-"@Q) 18 years Asian (1), - * (7) fraction/microsomes
Pediatric Different cohorts M (10), F Fetal-7 White (16), - * (8) Liver parenchyma Total membrane 24
liver set 2 (13), - b years fraction/microsomes
@
Pediatric Biliary atresia M(12), F 2 weeks-5 White (17), South Asian Liver parenchyma Total membrane 25
liver set 3 13 months (6), Chinese (1), Black fraction/microsomes
,-" @
Small Ischemia (2) or no disease (2) M@3),F 29-66 b (€)] Jejunum mucosa Mucosal fraction 4
intestine (€H) years
Colon cancer (5), Crohn’s disease (3), M (9), F 17-80 a2 Ileum mucosa Mucosal fraction 12
ischemia (1) or no disease (3) 3) years
Kidney Primary kidney cancer M (16), F 43-83 White (8), - ” (12) Kidney cortex Total membrane 20
4) years (histologically normal fraction/microsomes
tissue)
Skin Healthy M), F 27-56 White (5), Asian (1) Skin Post-mitochondrial 6
4) years fraction

 In parentheses are the numbers of samples in each category
b data not available. Abbreviations: M, male; F, female

kidney samples were spiked with stable isotope-labeled QconCATs
[MetCAT and/or TransCAT (Russell et al., 2013)], whereas pediatric
livers, adult liver set 1 and skin samples were mixed with exogenous
protein standards (bovine serum albumin, horse myoglobin, and/or
yeast aldehyde dehydrogenase) at known concentrations.

2.3. Mass spectrometry data acquisition and analysis

Sample sets were analyzed with MS-based proteomics using two LC-
MS/MS platforms, Orbitrap Elite and Q Exactive HF (Thermo Fischer
Scientific, Bremen, Germany), as previously detailed (Couto et al., 2020,
2021; Achour et al., 2021; Al-Majdoub et al., 2021a). Data analysis was
performed using MaxQuant version 1.6.7.0 (Max Planck Institute,
Martinsried, Germany) against a customized human proteome database
[UniprotKB proteome UP000005640, containing 71,790 sequences
(accessed Oct 2019), in addition to five QconCAT sequences and four
standard protein sequences (bovine serum albumin, bovine cytochrome
¢, horse myoglobin and yeast aldehyde dehydrogenase)]. The search
applied the following settings: 5 ppm precursor mass tolerance, 0.5
Dalton fragment mass tolerance, cysteine carbamidomethylation as a
fixed modification, methionine oxidation as a variable modification,
false discovery rate of 1%, and up to one missed cleavage was accom-
modated with trypsin/P digestion. Evidence files were used for data
analysis. For consistency across samples sets, quantification of FcRn was
performed using the total protein approach (TPA) (Wisniewski et al.,
2014), with minor modifications (Al-Majdoub et al., 2020). This
approach applies the ratio of the MS signal intensity arising from an
individual protein to the total signal intensity of the sample and converts
the ratio to a concentration using the molecular mass of the protein. This
affords quantitative estimates of protein abundance and comparison
across sample sets or conditions (Vasilogianni et al., 2022).

2.4. Extraction of plasma exosomes and RNA sequencing

Plasma (n = 29) was collected from donors of liver set 2 prior to
surgical resection. Exosomes were extracted from plasma using polymer-
assisted precipitation (ExoQuick, System Biosciences, Palo Alto, CA) and
visualized with transmission electron microscopy (Tecnai 12 Biotwin
microscope, FEI Ltd., Cambridge, UK). Total RNA was extracted from
exosomes (MagMax cell-free total nucleic acid isolation kit, Thermo

Fisher Scientific, Austin, TX) and analysed using AmpliSeq based RNA
sequencing on a NovaSeq 6000 platform with 2 x 150 bp paired-end
reads (Illumina, Cambridge, UK), as detailed previously (Achour et al.,
2021, 2022). Sequencing data analysis was done with RNA Amplicon
App 2.0.1 (Illumina), with alignment using the Burrows Wheeler Aligner
and differential expression analysis using DESeq2. Data for FCGRT gene
expression (the gene that encodes FcRn) were extracted and normalized
to total exosomal RNA from each sample.

2.5. Statistical analysis

Statistical analysis was performed using Microsoft Excel 2016 and
GraphPad Prism 9.1.2 (GraphPad Software, La Jolla, CA). Data were
expressed as mean, standard deviation (SD), coefficient of variation
(CV), geometric mean, range and median. Sex-related differences were
assessed in adult (liver, kidney and intestine) datasets using unpaired t-
test. Age-related differences in abundance were assessed for liver sam-
ples by amalgamating data from four sets (adult sets 1 and 2 and pedi-
atric sets 1 and 2) based on EMA age classification, as detailed above.
Differences in these groups were tested by one-way analysis of variance
(ANOVA). Post-hoc unpaired t-test (with Welch’s correction for unequal
variance) was used for pairwise comparison (Bonferroni correction of
the cut-off p-value of 0.05 was performed where applicable). The effect
of age after maturity was assessed by ANOVA and subsequent pairwise t-
tests across age groups (10-year intervals). The effect of smoking and
alcohol use by the adult liver and kidney donors was tested using un-
paired t-test. Correlation of expression between FcRn subunits in each
set of samples and between FcRn abundance in liver tissue and levels in
matching plasma was assessed using Spearman’s correlation test (Rs).
Graphs were generated using Microsoft Excel 2016, Microsoft Power-
Point 2016 and GraphPad Prism 9.1.2.

2.6. Modelling the impact of FcRn abundance on mAb disposition

The generated abundance data, expressed in pmol/mg protein (Table
S9), were scaled to tissue abundance, expressed in pmol/g tissue (Table
$10), by multiplication with fraction-to-tissue scalars [microsomal
protein per gram liver (MPPGL), microsomal protein per gram kidney
(MPPGK), mucosal protein per gram intestine, S9 protein per gram
skin]. The measured FcRn abundance values were applied in a minimal
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PBPK model within the Simcyp Simulator (V21 R1, Certara, Sheffield,
UK) to assess differences in disposition of trastuzumab and efalizumab
(Li et al., 2014; Chetty et al., 2015). Changes in total endosomal FcRn
content were calculated using Eq. (1) (based on measured abundance of
FcRn p51 subunit), and target mediated drug disposition (TMDD) was
considered. A summary of model settings is included in Table S11.

tissue FcRn (pmol/g) X tissue mass (g) x 107°

European Journal of Pharmaceutical Sciences 182 (2023) 106375
calculated using averaged data from the post-distribution phase. Pre-

dictions were assessed against published clinical data for trastuzumab
(Wynne et al., 2013) and efalizumab (Bauer et al., 1999).

2.7. Global sensitivity analysis (GSA)

The impact of altered FcRn abundance in combination with endog-

Total end | FcRn (uM) =
otal endosomal FeRn (uM) Z Volume of endosomal space (L)

For trastuzumab, simulations were conducted using virtual Healthy
Volunteers and a Cancer population (10 trials x 10 subjects; 20-50 years
old and 1:1 female-to-male ratio) after a single IV infusion (6 mg/kg).
For efalizumab, simulations were conducted using a Psoriasis popula-
tion (10 trials x 10 subjects; 20-50 years old and 1:1 female-to-male
ratio) after a single IV infusion (10 mg/kg). The monitored endpoint
was the systemic mAb concentration, while comparisons focused on
AUC and t; /5 after IV administration. The predicted elimination t; / was

a

Extracellular

@

enous IgG plasma concentration, total lymph flow, and central lymph
node volume on mAb exposure (AUC) was investigated by global
sensitivity analysis (GSA) within the Simcyp Simulator. A minimal PBPK
model for IgG without target binding (Li et al., 2014), informed by the
implemented North European Caucasian population, was used for GSA
analysis. The literature was analysed for physiologically plausible
boundaries in relation to the investigated systems parameters (FcRn
abundance, IgG plasma concentration, total lymph flow rate, central
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Fig. 1. Structure and quantification of the neonatal Fc receptor subunits p51 and B2M. Schematic representation of the structure and topology of FcRn subunits
(a). The protein sequences are annotated for peptides detected by LC-MS in this study (in red), signal peptides (orange), trans-membrane chains (gray), and
intracellular/cytosolic domain (underlined). B2M is bound non-covalently to the FcRn p51 on the extracellular surface of the cell membrane. The quantitative
distribution of FcRn p51 (b) and B2M (c) subunits in liver (adult and pediatric), small intestine (jejunum and ileum), kidney cortex and skin reflected higher levels of
B2M than FcRn p51 across all tissues. In panels b and ¢, individual levels and the mean (red bars) are shown with the coefficient of variability for each tissue (inter-
individual variability) presented as a percentage above each set. Units are pmol per mg membrane protein (liver and kidney), pmol per mg mucosal protein (in-
testine) or pmol per mg post-mitochondrial supernatant protein (skin). IgG, immunoglobulin G.
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Fig. 2. Covariates of protein expression of FcRn subunits p51 and B2M in three tissues. The variables assessed are sex (a), intestinal anatomical region (b), age
(c¢) and body mass index, BMI (d). Sex did not affect the expression of FcRn in liver, intestine and kidney (a). There were no differences in FcRn abundance between
jejunum and ileum (b). Binning expression data into developmental age groups [EMA categories: fetal, neonates (0-1 month), infants (>1 month-23 months),
children (2 years-11 years), adolescents (12 years—17 years), adults (18 years and over)] showed an ontogeny-related decline in FcRn abundance with age until
adulthood (c). An overall rise in abundance of FcRn p51 and B2M proteins in liver and kidney was observed with increasing BMI (d). Units of abundance are pmol per
mg membrane protein (liver and kidney), pmol per mg mucosal protein (intestine) or pmol per mg post-mitochondrial supernatant protein (skin). In panels a, b and
¢, abundance data are presented as means and error bars represent standard deviation (SD) values. In panel a, M, male; F, female; *p < 0.05 (t-test). In panel d, the
whiskers reflect the ranges, the boxes reflect the 25th and 75th percentiles, the lines are the medians, and the + signs are the means. The scale inset represents BMI
categories (normal BMI: 18.5 — 25, overweight: 25—30, obese: >30 kg/m?). In panel ¢, p-value cut-offs were Bonferroni-corrected in post-hoc tests to: *p < 0.01; **p
< 0.002.

lymph node volume). IgG concentration varied between 27.9 and 148.3 2016). The volume of the central lymph node compartment depends on
uM in 460 white individuals, aged 18 to 92 years (Gonzalez-Quintela the number and volume of lymph nodes in the human body. No pub-
et al., 2008). FcRn abundance ranges in five subjects (14 tissues) were lished values were found for the boundaries of the central lymph node
utilized (Fan et al., 2019), after converting FcRn concentration to con- compartment, and thus, a 10-fold range of lymph node volume was used
tent in the endosomal space (Eq (1)). The total endosomal FcRn abun- as the minimum to maximum boundary in the GSA. The frequency was
dance ranged from 57.2 to 126.7 uM. Reported minimal and maximal uniform for all four parameters. The Morris method was selected, which
values of total lymph flow were 0.0007 and 0.0414 L/h/kg (Gill et al., defines the impact of a parameter by their influence on the output
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Fig. 3. Changes in protein expression of FcRn subunits p51 and B2M in liver and intestinal disease. Changes were assessed in adult liver cancer (a), biliary
atresia in neonate and infant livers (b), and in intestinal diseases (c) relative to age-matched healthy controls. The whiskers reflect the ranges, the boxes reflect the
25th and 75th percentiles, the lines are the medians, and the + signs are the means; ***p < 0.001.

variable. As IV infusion was simulated, the impact on AUC rather than
Cmax Or Tmax Was investigated.

3. Results

3.1. Abundance of the FcRn heterodimer in human liver, intestine, kidney
and skin

The structure of the FcRn complex, formed by p51 and B2M (p14)
subunits, is illustrated in Fig. la. The topology schematic is com-
plemented with the amino acid sequences of the two subunits, annotated
in red for peptide sequences detected by LC-MS (in this study), in gray
for the transmembrane domain, in orange for the two signal peptides,
and underlined font for the intra-cellular (cytosolic) domain. The
quantitative distribution profile of the two subunits in liver (adult and
pediatric), kidney cortex, small intestine (jejunum and ileum) and skin is
presented in Fig. 1b and c. Individual abundance data are presented in
Tables S1-8. Abundance is expressed in units related to the fraction in
which measurements were made [picomole per mg of membrane protein
(liver and kidney), picomole per mg mucosal protein (intestine) or
picomole per mg post-mitochondrial supernatant protein (skin)]. A
summary of abundance data is included in Table S9. Abundance data
followed either normal or log-normal distribution.

3.2. Covariates of FcRn p51 and B2M expression

The expression of FcRn was assessed against several demographic
and clinical factors, including sex, age, ethnicity, smoking, alcohol
consumption, anatomical section and body mass index (BMI) of donors,
wherever information was available. Detailed demographic and clinical
information of the donors in each of the eight sets is presented in Tables
S1-8.

Effect of sex. The effect of sex on FcRn abundance was assessed in
the adult sets in order not to confound the impact of this variable with
ontogeny-related differences (Fig. 2a). Sex of donors was available for
all samples in each adult set: adult liver set 1 (15 male), adult liver set 2
(16 male), intestine (12 male), kidney (16 male), skin (1 male). There
were no sex-related differences in expression of FcRn p51 subunit in

adult liver, intestine or kidney (Fig. 2a). The difference in expression
levels of FcRn B2M subunit between male and female donors in adult
liver set 2 was of borderline significance (unpaired t-test, p = 0.03).
Intestinal samples from jejunum (n = 4) and ileum (n = 12) were
combined into a single set (designated as intestine) because FcRn and
B2M expression was similar in the two anatomical regions (Fig. 2b).

Effect of age. Age of donors was available for all sets: adult liver set 1
(27 years—-66 years), adult liver set 2 (44 years—85 years), pediatric liver
set 1 (13 days-18 years), pediatric liver set 2 (fetal-7 years), pediatric
liver set 3 (2 weeks-5 months), intestine (17 years—80 years), kidney
(43 years—83 years) and skin (27 years—56 years). Age-related effects
were investigated in non-diseased liver tissue to assess both ontogenic
changes and changes after maturity. To assess ontogeny, EMA age
classification was implemented to bin samples from four sets (pediatric
sets 1 and 2 and adult sets 1 and 2) into fetal (n = 5), neonate (n = 15),
infant (n = 9), child (n = 11), adolescent (n = 3) and adult (n = 57)
groups. Differences in expression of FcRn subunits across all age bins
were statistically significant (one-way ANOVA, p = 0.02). Abundance of
FcRn p51 subunit was slightly higher in fetal (1.4 fold), neonate (1.5
fold) and infant samples (1.4 fold) relative to adult levels; differences
were statistically significant in the case of neonates (post-hoc unpaired t-
test, p = 0.01). Similarly, differences were observed for the B2M subunit
in neonates (1.9 fold), infants (2.1 fold) and children (1.8 fold)
compared with adults, with statistical significance across the three age
groups (post-hoc unpaired t-test, p < 0.01). Expression of both subunits
in adolescents was similar to those in adults (Fig. 2c). To assess trends of
expression after maturity, adult samples from liver (n = 57), kidney (n =
20), intestine (n = 15) and skin (n = 6) were binned against age (range
18-85 years, Fig. S1). There was considerable overlap and no significant
difference between adult age groups for both FcRn subunits (ANOVA
and post-hoc unpaired t-test).

Effect of ethnicity. The effect of ethnicity was assessed in age-
matched samples to avoid confounding ethnic differences with those
related to ontogeny. Most of the donors were White Caucasians in all
adult sets, wherever information on ethnicity was available: liver set 1
(25/27), liver set 2 (25/29), kidney set (8/20), skin set (5/6). For the
rest of the donors, information on ethnicity was either not available or
the other ethnic categories included only one sample each. These
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Fig. 4. Linking expression of FcRn in liver tissue with matching plasma exosomes. Exosomes (size: 30-100 nm visualized by transmission electron microscopy,
X13,000) were extracted from plasma with matching liver tissue (a). Higher levels of exosomal FcRn (p51 subunit) were recorded (41% difference) in donors with
liver FcRn above the lower limit of quantification (LLQ) than those with hepatic FcRn below the LLQ (b). Moderate and statistically significant correlation was
recorded between levels of FcRn in plasma exosomes and hepatic FcRn abundance in the same donors (c). In panel b, the whiskers reflect the ranges, the boxes reflect
the 25th and 75th percentiles, the lines are the medians, and the + signs are the means; *p < 0.05. In panel ¢, correlation was assessed using Spearman’s correlation
coefficient (Rs). Abbreviations: LLQ, lower limit of quantification; RPM, reads per million.

categories were Asian (1 adult liver and 1 skin sample) and African
American (1 adult liver). Therefore, race-related expression trends could
not be investigated in adult donors. Pediatric liver set 3 was the only
sample set which included a sufficient number of samples in more than
one ethnic group (16 White and 7 South Asian donors). Because surgical
intervention (Kasai procedure) is required for biliary atresia early in life,
all 25 samples in this set originated from children of similar age (2 weeks
to 5 months). This allowed assessment of the effect of ethnicity in this
set, returning no differences in FcRn expression between White and
Asian donors (unpaired t-test with Welch’s correction, p > 0.05).

Effect of body mass index (BMI). BMI data were available for adult
liver set 1 (18.0-39.8 kg/mz), adult liver set 2 (19.5-41.7 kg/mz) and
kidney set (21.0-36.7 kg/m?). The levels in healthy liver and kidney
sets were binned into three categories: healthy BMI (18.5-25 kg/m?),
overweight (25-30 kg/mz) and obese (>30 kg/mz). Although mean
FcRn abundance was on average 1.7- and 1.3-fold higher in liver and
kidney, respectively, in overweight/obese donors compared with donors
with healthy BMI, differences across the BMI range were not statistically
significant (Fig. 2d). A similar trend was observed with the donors’ body
weight.

Effect of smoking and alcohol use. Information about smoking and
alcohol use by donors was available for both adult liver sets and for the
kidney set (Tables S1, S2 and S6). In adult liver set 1 (n = 27), six donors
were smokers and 10 donors were alcohol users. The number of active
smokers and alcohol users in adult liver set 2 (n = 29) was four and 11,
respectively. Information about smoking and drinking was not available
for four and 16 donors in this set, respectively. In the kidney set (n = 20),
three donors were smokers and 11 were alcohol users. Information
about smoking and drinking was not available for two and four donors in
the kidney set, respectively. There was no difference in FcRn abundance
in adult liver and kidney in relation to smoking or alcohol consumption
(unpaired t-test, p > 0.05).

3.3. Effect of disease on FcRn p51 and B2M abundance

Adult liver set 1 (n = 27) and set 2 (n = 29) were from healthy and
liver cancer donors, respectively. Pediatric liver samples were from
donors with healthy liver (n = 44) or those with biliary atresia (n = 25).
The intestine set included healthy donors (n = 5), colon cancer patients
(n = 5), patients with ischemia (n = 3) or Crohn’s disease (n = 3). The
kidney samples (n = 20) were from cancer donors (Fig. 3). Compared
with healthy adult liver, significantly lower levels of FcRn p51 (0.5 fold)
were observed in histologically-normal liver adjacent to metastatic tu-
mors (unpaired t-test with Welch’s correction, p < 0.001). Levels of B2M
were closer in the two sets (0.7 fold, p > 0.05). In the pediatric sets, age-
matched samples (neonates and infants) from healthy and biliary atresia
livers reflected no differences in FcRn expression (p > 0.05). Considering
the similar expression of FcRn in jejunal and ileal samples, the effect of
disease on expression was tested across all the small intestine samples,
returning no significant differences (one-way ANOVA).

3.4. Inter-correlation between FcRn p51 and B2M levels

Inter-correlation of expression between FcRn subunits p51 and B2M
was tested in adult liver (n = 43), pediatric liver (n = 59), kidney (n =
20) and intestine (n = 16) samples. The number of skin samples in which
both subunits were quantified (n = 4) was too low for correlation
analysis. Correlations were weak in adult and pediatric livers (Rs =
0.27-0.33, p < 0.05) and no correlation was recorded for kidney and
intestine (Fig. S2).

3.5. Monitoring FcRn in plasma-derived exosomes

The relative concentration of FcRn mRNA in exosomes (Fig. 4a)
derived from plasma samples matching tissue in adult liver set 2 was
measured using RNA sequencing (Achour et al., 2021, 2022). Levels
were higher (41% difference) in plasma from donors with hepatic FcRn
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protein above the limit of quantification compared with donors with
hepatic FcRn below the limit of quantification (t-test, p = 0.03, Fig. 4b),
and a moderate correlation, with borderline significance, was recorded
between plasma exosomal levels and hepatic abundance (Rs = 0.46, p =
0.01, Fig. 4c). Whereas a residual FcRn from other organs was recorded,
contribution of the liver to the exosomal pool was significant, possibly
due to high liver perfusion and therefore high tissue-to-plasma shed-
ding, estimated at 7% (+£5%) of the total shedded tissue-specific exo-
somal RNA from 32 organs (Fig. S3).

3.6. Simulated mAb disposition and global sensitivity analysis (GSA)

The minimal PBPK models adequately predicted trastuzumab and
efalizumab pharmacokinetics following a single IV infusion (Fig. 5). The
lower hepatic FcRn abundance measured in this study in cancer patients
relative to healthy donors did not result in marked differences in pre-
dicted trastuzumab AUC or elimination half-life (Fig. 5a and Table 2), in
line with clinical observations (Wynne et al., 2013). Rather, the PK was
dependent on whether TMDD was activated in either population; sim-
ulations with TMDD predicted the AUC and t;,» more accurately
(Table 2).

Global sensitivity analysis was used to discern the impact of various
systems parameters on exposure (AUC) to IgG-based antibodies.
Endogenous IgG plasma concentration was the parameter with the
highest impact on the AUC (Fig. 6). FcRn had the second highest impact,
with 59% lower absolute mean value than IgG. Notably, IgG concen-
tration determines the proportion of free FcRn available for binding (and
rescue) of the dosed antibody drug, which directly impacts the mAb’s
half-life and AUC. Lymph flow rate and central lymph node volume
played a lesser role in defining exposure (90% and 97% lower absolute
mean value).

4. Discussion

Quantitative systems pharmacology (QSP) models offer the possi-
bility of detailed quantitative assessment of the pharmacology of bio-
therapeutics. These models are also sufficiently informative to predict
the impact of disease and enable investigation of mAb targeting of
specific tissues (Urva et al., 2010; Kiseleva et al., 2020). Building such
models requires ‘systems’ data, which include the tissue-specific
expression patterns of FcRn (Chetty et al., 2015). PBPK modelling sug-
gests that IgG elimination is mainly driven by the skin, the muscles, the
liver and the intestine (Tang and Meibohm, 2006), an observation which
is relevant to the clearance of Fc-containing therapeutics. In this study,
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Table 2

Summary of predicted impact of measured changes in FcRn abundance and
model settings on trastuzumab and efalizumab disposition. Predicted AUC and
t1,» were compared to observed data (mean fold error in brackets).

Trastuzumab: Trastuzumab: Efalizumab:
Healthy Cancer Psoriasis
population population population
Predicted — AUC;n¢ 415 £ 110 343 +£87(1.15) 276 +81
minimal (umol/ (1.56) (1.13)
PBPK Leh)
model t1/2 (h) 584 + 280 521 + 223 187 + 66
without (2.30) (2.14) (1.48)
TMDD
Predicted — AUCin¢ 288 +£80(1.08) 244 +£69(0.82) 245+ 67
minimal (umol/ (1.00)
PBPK Leh)
model with  t; 5 (h) 193 + 161 184 + 150 170 + 63
TMDD (0.76) (0.75) (1.35)
Observed AUCiy¢ 266 + 50 298 + 41 244 ¢
(umol/
Leh)
t1/2 (h) 254 + 32 244 + 69 126 ¢

TMDD, target-mediated drug disposition (trastuzumab target: HER2; efalizumab
target: CD11a); data are presented as mean + SD; observed data from Wynne
et al. (2013) and Bauer et al. (1999).  observed in one psoriasis patient.
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Fig. 6. Global sensitivity analysis (GSA) of the effect of four investigated
systems parameters on exposure to exogenous IgG-based antibodies in a
minimal PBPK model. The highest impact was observed with endogenous IgG
concentration and FcRn abundance.

we provide abundance data and covariates of FcRn expression in four
tissues (liver, intestine, kidneys and skin), with the aim of refining
model-based predictions of the disposition of biologics.

Global proteomic data demonstrated the presence of FcRn subunits
(p51 and B2M) in liver, intestine, kidney and skin, in agreement with
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Fig. 5. Predicted plasma concentration profiles of trastuzumab (a) and efalizumab (b) after a single IV infusion in healthy and cancer populations
(trastuzumab) and a psoriasis population (efalizumab). Observed data for healthy volunteers, cancer patients and psoriasis patients (red circles) were from
(Wynne et al., 2013; Bauer et al., 1999). The solid and the dashed lines show the predicted mean systemic mAb concentration (Csys) and the 5th-95th percentiles for
the simulated virtual populations. The models used target-mediated drug disposition (TMDD) with HER2 as the drug target of trastuzumab and CD11a as the target of
efalizumab. Predicted differences between healthy volunteers and patients were in line with the clinical data. Observed data were generated by immunoquantifi-

cation (Wynne et al., 2013; Bauer et al., 1999).
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Fan et al. (2019), who investigated FcRn expression in 14 tissues, from 5
donors each, using targeted proteomics. Our study provides data in a
larger sample set (6-69 donors per tissue set), offering a more realistic
measure of inter-individual variability in the four tissues. A more recent
study (Qiu and Wang, 2020) also used targeted proteomics to measure
FcRn in 39 donors, focusing only on liver. Head-to-head comparison of
FcRn p51 abundance in the present study and those in the previous two
studies (Fan et al., 2019; Qiu and Wang, 2020) required scaling to tissue
content. For healthy liver, scaling our abundance measurements using
MPPGL data (40.7 + 10.9 mg/g liver), generated in-house (El-Khateeb
et al., 2020), returned levels comparable to those previously reported
[mean FcRn abundance of 110.1 pmol/g liver, compared with 89.5
pmol/g (Fan et al., 2019) and 147 pmol/g (Qiu and Wang, 2020)].
Likewise, kidney levels were scaled up using in-house MPPGK data [26.2
+ 7.1 mg/g kidney cortex (Scotcher et al., 2017)], which returned tissue
levels comparable to those reported [mean FcRn abundance of 37.6
pmol/g of kidney cortex compared with 48.3 pmol/g (Fan et al., 2019)].
Compared with expression in liver and kidney, lower FcRn abundance
was observed in intestine and skin preparations, and levels in brain
samples (n = 22) (Al-Majdoub et al., 2019, 2020) were below the limit of
detection. FcRn mRNA levels in the brain were previously reported to be
very low (Fagerberg et al., 2014), and previous proteomic measure-
ments in tissue (Fan et al., 2019) suggested lower levels in kidney, in-
testine, skin and brain compared with liver.

Abundance of the B2M subunit was reported previously in adult liver
at approximately one order of magnitude (8.5 fold) higher than FcRn
p51 subunit (mean abundance of 1248 pmol/g tissue) (Qiu and Wang,
2020). Our data are in agreement with this finding (12.1 fold, scaled
mean abundance 1539 pmol/g tissue), and we add B2M abundance data
in pediatric liver (19.4 fold), intestine (112.8 fold), kidney (46.3 fold)
and skin (36.3 fold). These findings are supported by mRNA evidence,
estimating B2M levels at 6 to 26-fold higher than FcRn p51 in the four
tissues under investigation (Fagerberg et al., 2014). The observation of
higher B2M levels is not surprising; B2M participates in the structure of
other MHC class I molecules (Burmeister et al., 1994; Story et al., 1994).
Functionally, B2M is speculated to be involved in cell surface expression
of FcRn and facilitating ligand binding to endogenous IgG (Praetor and
Hunziker, 2002) and, by extension, Fc-containing biologics. Correlating
abundance of the two subunits in liver, intestine and kidney revealed a
weak correlation only in liver, which is in agreement with recent find-
ings by Qiu and Wang (2020).

A novel finding of this study is the assessment of covariates of FcRn
expression with reference to demographic and clinical information. One
of the highlights of this assessment was the lack of difference in
expression (in liver, kidney and intestine) with sex and age after matu-
rity. The lack of effect of sex and age on expression was previously re-
ported only in adult liver (Qiu and Wang, 2020). More importantly, we
investigated ontogenic development in liver (where the age of donors
covered a wide developmental age range). We uncovered, for the first
time, a declining trend in abundance, especially from neonatal to adult
levels, which was predicted previously by a minimal PBPK model of IgG
and bevacizumab (Hardiansyah and Ng, 2018). A similar trend of
declining (neonatal to adult) levels was observed in rat intestine using
mRNA data (Martin et al., 1997). In addition, we observed a lack of
differential expression between jejunum and ileum, in line with mRNA
data in small intestinal segments of rodent and primate preclinical
species (Lawrence et al., 2021). These findings (ontogenic and regional
trends) should be confirmed at the tissue level as the amount of fraction
protein per gram tissue also contributes to differences in protein
expression in tissue (Leeder et al., 2022; Harwood et al., 2013).

Annotation with clinical data revealed down-regulation of FcRn p51
subunit (encoded by the FCGRT gene) in histologically normal liver
tissue adjacent to tumor compared with healthy liver. Consistent with
the suppressive effect of the cancer microenvironment, lower expression
of the FCGRT gene was previously reported in progressive breast car-
cinoma (Jansen et al., 2005), non-small cell lung cancer (Dalloneau
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et al., 2016) and hepatocellular carcinoma (Shi et al., 2016), associated
in all cases with poor prognosis (Cadena Castaneda et al., 2020). It is not
clear, however, in which type of cells in the liver the measured FcRn
abundance has changed. If this happened in the endothelial cells,
transcytosis flux may decline but this pathway of extravasation is likely
to be negligible even under normal physiological conditions. This leaves
the question of whether FcRn suppression in ‘normal’ liver tissue rep-
resents downregulation in some or all of the different cell types, i.e.,
Kupfer cells and/or hepatocytes, or replacement of cells with fibroblasts,
following cytotoxic treatment with chemotherapy. Further, lumping
FcRn abundance in the endosomal compartment within a minimal PBPK
model “masked” the effects of differences in FcRn observed in one single
tissue (liver) on the elimination half-life. The liver is responsible for
~30% of IgG degradation (Eigenmann et al., 2017), and thus, the effect
of reduced hepatic FcRn abundance is expected to be more discernible in
a full PBPK model. However, the magnitude of the effect reported in vivo
for trastuzumab was not significant (Wynne et al., 2013).

A trend of increased FcRn expression in liver with BMI is suggested
by the data, which may be associated with previously reported accu-
mulation of macrophages in obesity to maintain IgG homeostasis
(Challa et al., 2019). Of interest, the measured FcRn tendencies match
those observed for IgG in relation to sex and BMI (Gonzalez-Quintela
et al., 2008). This observation is supported by the global sensitivity
analysis done with a PBPK model of a mAb; endogenous IgG plasma
concentration was the systems parameter with the highest impact on
AUC followed by FcRn abundance. At steady state, approximately half of
the dosed mAb (and endogenous IgG) is found in the central plasma
compartment, while the rest is extravascular, flowing through intersti-
tial space and the lymphatic system (Betts et al., 2018). The endogenous
IgG and the exogenous mAb compete for FcRn binding, and therefore,
the higher the IgG concentration the higher the degradation of the mAb,
which explains most of the estimated sensitivity. Both parameters were
demonstrated by modelling to influence antibody clearance (Li et al.,
2014). Importantly, the impact of endogenous IgG and FcRn abundance
depends also on the endocytosis rate and the binding affinity of the
investigated mAb to FcRn. In addition, endogenous IgG plasma con-
centration can only be a surrogate for the steady-state concentration in
the endosomal space that will affect the pharmacokinetics of a mAb. The
endosomal volume is not well characterized and will also have an impact
on endosomal concentrations as well as the free endosomal mAb
degradation rate, which was not the focus of the current analysis.

A limitation to individualization of systems-informed models, such
as the ones described in this study, is the requirement for invasive tissue
samples. A less invasive alternative may be offered by exosome-based
liquid biopsies. Although not perfect, the quantitative link between
liver tissue and plasma exosomal levels of FcRn demonstrated herein for
the first time is encouraging. This supports recent findings that advocate
the use of data from liquid biopsy (Achour et al., 2021, 2022) for the
creation and implementation of virtual twins of patients with the aim of
supporting personalized therapeutics (Polasek and Rostami-Hodjegan,
2020; Darwich et al., 2021).

5. Conclusions

Quantitative proteomics offered unique insights into the distribution
and abundance of the FcRn receptor, valuable for the prediction of the
disposition and effect of biotherapeutics. The patterns of expression
reported here, with reference to clinical and demographic characteris-
tics, have the potential to further refine the performance of biologics
modelling platforms. A quantitative link between tissue and plasma
exosomes adds more value to the use of liquid biopsy for personalization
of QSP models. We consider these findings as initial steps toward
rationalizing the use of more mechanistic models for biologics, and we
look forward to further integration of such data in the evaluation of
existing and new therapeutic biomolecules.
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