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ABSTRACT

Neonatal Fc receptor (FcRn) and beta-2 microglobulin (b2M) play an
important role in transporting maternal IgG to fetuses, maintaining
the homeostasis of IgG and albumin in human body, and prolonging
the half-life of IgG- or albumin-basedbiotherapeutics. Little is known
about the influence of age, gender and race, and interindividual
variability of human FcRn and b2M on the protein level. In this study,
an ultraperformance liquid chromatography–multiple reaction mon-
itoring mass spectrometry–based targeted quantitative proteomic
method was developed and optimized for the quantification of
human FcRn and b2M. Among the 39 human livers studied (age
13–80 years), the mean (6S.D.) concentrations of FcRn and b2M
were 147 (639) and 1250 (6460) pmol/g of liver tissue, respectively. A
four-fold interindividual variability (63–243 pmol/g of liver tissue) was
observed for the hepatic FcRn concentration. A moderate correla-
tion was found between the hepatic b2M and FcRn expression
levels. Influences of age, gender, and race on the hepatic expression
of FcRn and b2M were evaluated. The findings from this study may

aid the development of physiologically-based pharmacokinetic
models that incorporate empirical FcRn tissue concentrations and
interindividual variabilities, and the development of personalized
dosing of biopharmaceuticals.

SIGNIFICANCE STATEMENT

This is the first study to evaluate the influence of age, gender, and
race on the expression of neonatal Fc receptor (FcRn) and beta-2
microglobulin (b2M) and their interindividual variability in human
livers. This study describes a validated ultraperformance liquid
chromatography–multiple reaction monitoring–based targeted
quantitative proteomic method for quantifying human FcRn and
b2M in biological tissues. Results from this study may aid current
development of physiologically-based pharmacokinetic models
for biotherapeutics, where FcRn plays a significant role in clearance
mechanism, and its expression level and interindividual variability
are largely unknown.

Introduction

Human neonatal Fc receptor (FcRn) is a beta-2 microglobulin
(b2M)–associated nonclassic major histocompatibility complex (MHC)
class I family member (Blumberg et al., 1995; Roopenian and
Akilesh, 2007; Kuo and Aveson, 2011; Pyzik et al., 2015, 2019), and
it serves several essential roles during human development. This
receptor is responsible for providing fetuses with maternal humoral
immunity by passing antibodies from mothers to fetuses across
placenta, andmaintaining the homeostasis of endogenous IgG and albumin
throughout the human life (Blumberg et al., 1995; Roopenian and Akilesh,
2007; Kuo and Aveson, 2011; Pyzik et al., 2015, 2017, 2019). These roles

are achieved by binding the pinocytosed IgG or albumin to FcRn in the
acidic endosomal compartment, then recycling the bound protein back
to the cell surface, thus protecting IgG or albumin from lysosomal
degradation (Roopenian and Akilesh, 2007; Pyzik et al., 2015; Fan and
Neubert, 2016). This recycling mechanism provides a platform to
engineer IgG- or albumin-based biopharmaceuticals, either to extend or
shorten their half-lives. The protection from catabolism using FcRn
recycling mechanism is a determining factor in the systemic pharma-
cokinetics (PK) of IgG- or albumin-based biotherapeutics, and plays an
indispensable role in the biotherapeutic distribution to tissues at the site
of action from systemic circulation (Wang and Zhou, 2016). Currently,
most research has been focusing on using the binding affinity of
monoclonal antibody–based biotherapeutics to FcRn to predict the
drug’s PK profiles (mainly systemic PK); however, the correlation
between the in vivo PK profiles and such binding affinity still remains
elusive (Datta-Mannan and Wroblewski, 2014).
To aid biotherapeutic drug development, physiologically-based phar-

macokinetic (PBPK) modeling has been used to predict the half-life of
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investigational biopharmaceuticals. Given the important role of FcRn in
the distribution and clearance of IgG- or albumin-based biotherapeutics,
FcRn tissue concentration is a necessary physiological parameter to be
included in these models. In earlier models, the FcRn expression level
usually relies on estimation (Shah and Betts, 2012; Hardiansyah and Ng,
2018), and is given a universal value for the whole model system.
Recently, there has been a growing interest in determining tissue-specific
biotherapeutic distribution and metabolism by incorporating site-specific
PK in PBPKmodels (Wang and Zhou, 2016; Eigenmann et al., 2017). To
achieve these site-specific PBPK models, tissue-specific FcRn concen-
tration is required. A number of studies have tried to measure the FcRn
expression level in various samples using antibody-based immunoquan-
tification methods or real-time polymerase chain reaction (Israel et al.,
1997;Martín et al., 1997; Haymann et al., 2000; Schlachetzki et al., 2002;
Shah et al., 2003; Deane et al., 2005; Stirling et al., 2005; Akilesh et al.,
2007; Cianga et al., 2007; Hornby et al., 2014; D’Hooghe et al., 2017;
Latvala et al., 2017; Swiercz et al., 2017; Li and Balthasar, 2018; Lozano
et al., 2018), which can suffer from cross-reactivity, low reproducibility,
and/or poor mRNA-protein correlation. To overcome these limitations,
we have previously developed ultraperformance liquid chromatography
(UPLC)–multiple reaction monitoring (MRM)–based targeted quantita-
tive proteomic methods to achieve absolute (as opposed to relative)
quantification of drug-metabolizing enzymes and drug transporters
(Wang et al., 2008; Michaels and Wang, 2014; Peng et al., 2015; Chen
et al., 2016). Recently, a liquid chromatography (LC)/mass spectrometry
(MS) quantification method for human FcRn in the transgenic Tg32
mouse line and in various human tissues from a limited number of donors

(n = 5) was reported (Fan et al., 2016, 2019; Fan andNeubert, 2016). This
method requires packing a column with antipeptide antibodies raised
against selected tryptic peptides for peptide enrichment after sample
digestion by trypsin. However, an antibody-free targeted quantitative
proteomic method for FcRn has not yet been reported. As such, here we
describe the development of a UPLC-MRM–based targeted quantitative
proteomic method to quantify human FcRn and its binding partner b2M
in human liver tissues, and evaluate their interindividual variability and
effects of age, gender, and race on their expressions.

Materials and Methods

Chemicals and Reagents. Ammonium bicarbonate and dithiothreitol were
obtained from Sigma-Aldrich (St. Louis, MO). Iodoacetamide, sodium deoxy-
cholate, and sucrose were purchased from Sigma Life Science (St. Louis, MO).
Optima-LC/MS grade water, acetonitrile, water with 0.1% (v/v) formic acid, and
formic acid were bought from Fisher Scientific (Fair Lawn, NJ). Imidazole and
phenylmethylsulfonyl fluoride were acquired from Acros Organics (Fair Lawn,
NJ). EDTA was from Fluka Biochemika (Buchs, Switzerland). Anhydrous 2-
propanol was obtained from Alfa Aesar (Ward Hill, MA). Bicinchoninic acid
(BCA) assay and albumin standard were purchased from Thermo Scientific
(Rockford, IL). Frozen sequencing grade modified trypsin was acquired from
Promega (Madison, WI). Synthetic unlabeled AQUA™ peptides (light peptides;
Ultimate grade) were manufactured by ThermoFisher Scientific, quantified as 5
pmol/mL (65%–10%) by amino acid analysis with .97% purity measured by
high-performance liquid chromatography UV (detection wavelength = 220 nm),
and delivered as individual aliquoted solution in 5% acetonitrile in water.
Synthetic 13C and 15N stable isotope–labeled crude signature peptides (heavy

TABLE 1

Signature peptides for FcRn and b2M, and their corresponding MRM methods

Protein Signature Peptidea Start to Endb
Average

Mass MH+c

MRM
Cone CEe

Precursor Ion Product Iond

Da m/z m/z V eV
b2Μ VNHVTLSQPK 102–111 1123.3 562.16 351.18 56 22

455.26 18
673.39 20

VNHVTLSQP(K) 1131.3 566.06 351.18 22
459.26 18
681.39 20

IQVYSR 27–32 765.9 383.45 425.21 32 16
524.28 12
652.34 14

IQVYS(R) 775.9 388.42 435.26 16
534.27 12
662.34 14

FcRn WQQQDK 164–169 832.9 416.95 500.25 34 16
518.26 14
629.29 16

WQQQD(K) 840.9 420.95 508.25 16
526.26 14
637.29 16

VELESPAK 288–295 873.0 437.00 315.20 32 20
644.36 14
773.40 16

VELESPA(K) 881.0 440.97 323.20 20
652.36 14
781.40 16

LFLEAFK 97–103 868.1 434.54 365.22 20 18
607.35 12
754.41 16

LFLEA(F)K 878.1 439.54 375.22 18
617.35 12
764.41 16

aStable isotope–labeled amino acid residues are included in parentheses.
bStart and end residue positions of peptides in the corresponding full-length protein.
cTheoretical average mass of monoprotonated molecular ion.
dBolded product ions were used as the quantification trace.
eCE = collision energy
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peptides) were also synthesized and delivered by ThermoFisher Scientific in
50% acetonitrile and 0.1% trifluoroacetic acid.

Human Liver Tissues. There were 39 single-donor human liver tissue
samples used for this study, which included 31 livers from Caucasian donors,
seven livers from African American donors, and one liver from a Hispanic donor
(Supplemental Table 1). They were purchased from XenoTech (Kansas City, KS)
or obtained from theUniversity of Kansas Liver Center TissueBank (Kansas City,
KS). These livers were obtained under protocols approved by respective
committees at the source institutes for the conduct of human research. All liver
tissues were stored at 280�C until sample preparation and analysis.

Post-nucleus Supernatant Preparation. Post-nucleus supernatant (PNS) was
prepared for each liver tissue according to a previously published protocol (de
Araújo et al., 2008, 2015). Briefly, a piece of liver tissue (19.6–250 mg) was
homogenized in the homogenization buffer (10 mL per mg of liver), which
consists of 250 mM sucrose, 3 mM imidazole, 1 mM EDTA, and 1 mM
phenylmethylsulfonyl fluoride (pH 7.4), using a prechilled Dounce homogenizer
(Radnoti LLC, Covina, CA). The homogenate was then centrifuged at 2000g, 4�C
for 10minutes. The resulted pellet (P1) was reconstitutedwith 50mLPBS, and the
supernatant was centrifuged again at 2000g, 4�C for 10minutes. The second pellet
(P2) was reconstituted in the same way as P1, and the supernatant was collected as
PNS. Protein concentrations in PNS, P1, and P2 were determined using the BCA
assay following the manufacturer’s protocol.

Trypsin Digestion. To improve the solubility of FcRn and b2M during
digestions, we followed a trypsin digestion protocol previously developed

for hepatic transmembrane drug transporters (Peng et al., 2015). In short, 10 mg
(unless stated otherwise) of each protein sample was denatured, solubilized, and
reduced with dithiothreitol (4 mM final concentration) in 100 mM ammonium
bicarbonate containing 10% (w/v) sodium deoxycholate at 56�C for 30 minutes.
Then, samples were alkylated with iodoacetamide (10 mM final concentration) at
dark for 20 minutes under room temperature. After alkylation, samples were
diluted with 100 mM ammonium bicarbonate so that sodium deoxycholate
concentration was reduced to 1% (w/v) during trypsin digestion. The trypsin
digestion was initiated by adding 0.5 mg trypsin, and was carried out at 37�C for
either 6 or 36 hours unless stated otherwise. All digestions were performed in
Eppendorf Protein LoBindmicrocentrifuge tubes (Hamburg, Germany) to prevent
adsorption of protein and peptides to the tube, and capped tubes were sealed with
parafilm during incubation to reduce solvent evaporation during the digestion.
Reactions (400mL)were quenchedwith 200mL quench solution that consisted of
acetonitrile, a mixture of stable isotope–labeled signature peptides as internal
standards (10 mL), and formic acid (0.67% v/v final concentration after quench).
Quenched samples were incubated at room temperature for 20minutes with gentle
shaking to allow complete acid precipitation of sodium deoxycholate, followed by
centrifugation at 16,000g, 4�C for 20minutes. Supernatants (80% of total volume)
was taken to a new Eppendorf Protein LoBind microcentrifuge tube, and
evaporated to dryness using SpeedVac (Thermo Savant, Waltham, MA). Dried
samples were store at 280�C until MS analysis. After equilibrating cold tubes
to room temperature, dried samples were reconstituted with 150 mL 5% (v/v)
acetonitrile and 0.5% (v/v) formic acid, incubated at room temperature for
20 minutes with gentle shaking, and centrifuged at 16,000g, 4�C for 20 minutes.
Resulted supernatant was taken into a bovine serum albumin–passivated poly-
propylene vial (Agilent Technologies, Santa Clara, CA) (Chen et al., 2016) and
loaded onto an autosampler (6�C). Trypsin digestion was further optimized by
examining various digestion times (2, 4, 6, 16, 24, 36, and 48 hours) and different
trypsin-to-protein ratios (1:5, 10, 20, 30, 40, 60, 80, and 100).

Signature Peptide Selection. Signature tryptic peptides were selected based
on previous published criteria (Peng et al., 2015). Here we also avoided tryptic
peptides beginning with or followed by acidic residues (i.e., aspartic and glutamic
acids) due to their tendency to cause incomplete digestion by trypsin (�Slechtová
et al., 2015). The specificity of each signature peptide was evaluated using the
protein BLAST search against the nonredundant human protein sequences
database (https://blast.ncbi.nlm.nih.gov).

Preparation of Calibration Standards. The absolute quantification of b2M
and FcRn was achieved using synthetic light peptides as calibration standards.
Calibration standards (ranging from 0.007 to 133 nM) were prepared with the
addition of 10 mg blank CD-1 mouse plasma (lithium heparin; Innovative
Research, Inc., Novi, MI) as the surrogate matrix using identical digestion
protocol described above. A double blank standard (i.e., no surrogate matrix and
no light peptides) and a blank standard (i.e., no light peptides) were also prepared

Fig. 2. Influences of trypsin digestion time (A) and trypsin:protein ratio (B) on the UPLC-MRM signals of both signature peptides. The relative MRM peak area was
determined by normalizing light peptide area from PNS digest to the spiked-in isotope-labeled signature peptides. Symbols and error bars represent the average and S.D. of
triplicate digestions, and the dotted lines in (B) denotes the best-fit lines determined using least-square linear regression analysis.

Fig. 1. UPLC-MRM chromatograms of FcRn and b2M heavy stable isoto-
pe–labeled signature peptides. Three transitions of each peptide were monitored, and
the highest MS intensity was used as quantification trace in the analysis.

Targeted Proteomic Quantification of Human FcRn and b2M 927
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to evaluate the background from digestion reagents and the surrogate matrix. No
significant background was observed using blank CD-1 mouse plasma as the
surrogate matrix in the LC–MRM analysis. Quality control samples were made
separately in triplicates at 0.1, 1, 30, and 120 nM. Measurements from triplicates
of each quality control concentration were used to calculate CVs for quantification
of both peptides from UPLC-MRM analysis.

UPLC–Tandem MS Analysis. Digested samples were analyzed on a Waters
Xevo TQ-S triple quadrupole mass spectrometer coupled with a Waters Acquity
UPLC-I class system (Milford, MA). Each injection (10 mL) underwent reverse
phase separations on aWaters UPLC BEH C18 analytical column (1.7 mm, 2.1�
100 mm) with an attached in-line filter. The mobile phases were water with
0.1% (v/v) formic acid (A) and acetonitrile with 0.1% (v/v) formic acid (B). The
LC gradient used was identical to previous study (Chen et al., 2016). The MRM
methods were tuned and developed by infusing crude synthetic stable iso-
tope–labeled peptides to the mass spectrometer along with an LC flowing at
0.2 ml/min and 50% B under positive electrospray ion mode. IntelliStart (Waters)
was used to help guide the MRM development. The final MS tune setting used are
as follows: capillary voltage = 1.50 kV; source offset = 50 V; desolvation
temperature = 500 �C; desolvation gas = 1000 L/h; nebulizer gas = 7.0 bar. Specific
optimized collision energy and cone voltage for each transition are listed in Table 1.

Data Analysis. The concentration of FcRn and b2M were calculated using
TargetLynx (Waters). The mean value of three separate digestions were plotted
for reported figures. Measured FcRn concentrations from 39 donors passed all
four normality tests available (Anderson-Darling test, D’Agostino-Pearson test,
Shapiro-Wilk test, and Kolmogorov-Smirnov test) (Supplemental Table 2). One
measured b2M concentration (Donor L110D6) was determined to be an outlier
using Grubb’s test with alpha set to 0.05, and with the exclusion of the outlier,
measured b2M concentrations also passed all four normality tests (Supplemental
Table 2). Unpaired two-tailed t test was used to compare the normalized response
ratio in the recovery experiment, expression levels between the female group and
male groups, and concentrations between Caucasian and African American donors.
Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test with
a single pooled variancewas used to evaluate the age influences on these two protein
expression levels. Difference was considered significant if the P value was less than
0.05. Correlation analysis was performed by plotting measured b2M expression
levels versus FcRn expression levels from the same sample for all 39 donors.
Pearson r andP values were reported for the assessment of quality of the correlation.
All data analyseswere conducted inGraphPad Prism (version 7.03; SanDiego, CA).

Results

Selection of Signature Peptides for FcRn and b2M. Based on the
in silico selection criteria for signature peptides (Peng et al., 2015), three

tryptic peptides were deemed suitable for targeted quantification of
FcRn, and two for b2M (Table 1). The separation and detection of these
signature peptides by the UPLC-MRM targeted quantitative proteomic
method developed herein are demonstrated using their stable heavy
isotope–labeled analogs (Fig. 1). For each peptide, three product ions
were monitored in the MRMmethods according to the recommendation
of a recent white paper on applying quantitative proteomics in
translational pharmacology research (Prasad et al., 2019). The transition
gave the highest MS intensity was used as quantification trace in the
analysis, and the other two transitions were used as confirmatory traces.
Optimization of Trypsin Digestion Time and Trypsin:Protein

Ratio. To ensure a complete digestion, the effect of digestion duration
was assessed using the PNS generated from one donor liver (L369D1;
Supplemental Table 1). An aliquot (10 mg) of the PNS was digested for
2, 4, 6, 16, 24, 36, or 48 hours, and the relative LC-MRM signal over
different digestion time is presented in Figure 2A. Due to the low
expression of the target proteins, only one signature peptide (LFLEAFK)
was detected and quantifiable for FcRn. Similarly, only one signature
peptide (IQVYSR) was detected and quantified for b2M. The lack of
detection for other signature peptides was likely due to their significantly
lower signals and higher surrounding backgrounds as evidenced by
actual chromatogram of the digestion of L369D1 PNS (Supplemental
Fig. 1). The relative signal of IQVYSR of b2M reached maxima at
6 hours and gradually decreased thereafter. In contrast, LFLEAFK of
FcRn did not reach the plateau until 36 hours. Therefore, 6 and 36 hours
of trypsin digestion time were chosen for the subsequent b2M and FcRn
quantification, respectively.
To assess the dynamic range of sample amount used in digestion,

various quantity (5–100 mg) of PNS (from donor L369D1) was digested
using 1 mg trypsin. b2M signature peptide, IQVYSR, showed a linear
range from 5 to 40 mg protein loading (r2 . 0.99), whereas FcRn

TABLE 2

Recovery percentage of FcRn and b2M in P1, P2, and PNS

b2M FcRn

% %
P1 24.7 23.0
P2 4.4 4.5
PNS 71.0 72.5

Fig. 4. Standard curves of FcRn and b2M quantification. The relative MRM peak
area was determined by normalizing light peptide area to the spiked-in heavy
peptides. Symbols and error bars represent the average and S.D. of triplicate
injections of the same standard digest, and the dotted lines denotes the best-fit lines
determined using quadratic fitting with 1/x weighting. The insert shows a blow-up of
the lower standard concentration region.

Fig. 3. Recovery of FcRn and b2M in isolated PNS. The normalized relative MRM
peak area was determined by normalizing the ratio of light peptide area and the
spiked-in heavy peptides area from 10 mg digest to the total amount of protein in
isolated PNS. Lines and error bars represent the average and S.D. of triplicate
digestions. Symbols represent the normalized relative MRM peak area from each of
the triplicate digestion. Unpaired two-tailed t test was used to compare the values
from P1, P2, and PNS. Quantitative recovery percentages are listed in Table 2.
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signature peptide, LFLEAFK, exhibited linearity from 5 to 80 mg (r2 .
0.98) (Fig. 2B). The shortened linearity range for b2M protein loading
was due to an interfering peak observed in internal standard transitions
for IQVYSR starting from 60 mg PNS loading (data not shown).
Therefore, to minimize interference of the b2M heavy peptide, 10 mg
protein loading was chosen for the subsequent analysis.
Target Protein Recovery in PNS Preparation and Scaling Factor

Determination. P1 and P2 of the donor (L369D1) were reconstituted in
50 mL PBS, and a 10 mg aliquot of P1, P2, and PNS was digested to
investigate recoveries of FcRn and b2M from PNS isolation. Both FcRn
and b2M response ratio (normalized to total protein) were found to be
significantly different from P1 and P2 (Fig. 3). The recovery percentage
was calculated based on the normalized total protein response ratio.b2M
and FcRn had a 71.0% and 72.5% recovery, respectively (Table 2). To
determine the scaling factor, the total PNS protein concentration was
determined for all 39 donor livers and it averaged 87 mg per mg liver
tissue (S.D. = 19mg), and the average volume of PNS isolated according
to our protocol was 8.1 mL per mg liver tissue (S.D. = 0.64 mL).
Absolute Quantification of FcRn and b2M in Human Livers.

Absolute quantification of FcRn andb2Mwere calculated from standard
curves of light peptides of their respective signature peptides (Fig. 4;
Supplemental Fig. 2). Quality control samples were prepared to evaluate
the performance of the method, which was summarized in Table 3.
FcRn and b2M concentrations were determined in PNS isolated from

a total of 39 human livers and normalized to per gram of liver tissue
using the established scaling factor and target protein recovery
percentages determined above (Fig. 5). Overall, mean FcRn concentra-
tion [mean with 95% confidence interval (CI)] was found to be 147.0
(134.3–159.7) pmol/g liver tissues and mean b2M concentration (mean
with 95% CI) was found to be 1248 (1099–1397) pmol/g liver tissues.
Gender Influence on FcRn and b2M Expression in Human

Livers. The gender influences on FcRn and b2M expression in human
livers are shown in Figure 6. There were no significant differences found
in FcRn and b2M expression between the female group andmale group.
The female group had an average of 1243 (963.2–1522) and 139.5
(122.7–156.3) pmol/g liver tissues (mean with 95% CI) of b2M and
FcRn, respectively, whereas the male group had an mean value of 1253
(1102–1404) and 154.1 (134.3–173.9) pmol/g liver tissues (mean with
95% CI) of b2M and FcRn, respectively.
Age Influence on FcRn and b2M Expression in Human Livers.

To investigate the age influences on FcRn and b2M expression in
human livers, donors were grouped into six age group bins (,20, 21–30,
31–40, 41–50, 51–60, and .61; Fig. 7). There were no statistical
significances found among different age groups using one-way
ANOVA. A summary of average concentration and 95% CI is reported
in Table 4.
Race Influence on FcRn and b2M Expression in Human Livers.

There were thirty-one Caucasian donors, seven African American
donors, and one Hispanic donor of unknown race. The measured hepatic
FcRn and b2M expression levels were compared to assess differences
between Caucasians and African Americans (Fig. 8; Supplemental Fig. 3).

For FcRn, there was no statistically significant difference between the
two races. In contrast, a significant difference was found for the b2M
expression between the two races (P = 0.0218). However, after removing
the statistical outlier b2M expression value from Donor L110D6 (African
American; see Data Analysis under Materials and Methods and
Supplemental Fig. 2D), the difference became insignificant (P = 0.2815;
Supplemental Fig. 3). Regardless, caution should be taken when interpret-
ing these results due to the limited number of African American donor
livers (n = 7) available in this study.
Correlation between FcRn and b2M Expression Levels in

Human Livers. FcRn expression levels were correlated with b2M
expression levels in human livers for all donors. There is a moderate
positive correlation found between these two values among the 39
donors (Fig. 9; r = 0.4739, P = 0.0023). A better correlation can be
achieved after removing the statistical outlier b2M expression value
from Donor L110D6 (Supplemental Fig. 4; r = 0.5668, P = 0.0002).
Overall, one can expect a higher concentration of FcRn in the liver if it
was found that there is a high liver concentration of b2M.

Discussion

Determination of human hepatic FcRn expression and its interindi-
vidual variability will help the development of PBPK models to
understand the distribution and clearance of IgG- or albumin-based
biopharmaceuticals, especially models that include tissue-specific PK,
as the current model lacks experimentally determined FcRn concen-
tration. Hepatic FcRn has been found to play an important role in
regulating albumin homeostasis, and to increase the susceptibility of
acetaminophen-induced liver injury (Pyzik et al., 2017; Ward and Ober,
2017). Anti-FcRn pharmaceuticals have already been studied in clinical
settings to evaluate its potential in blocking FcRn-IgG interaction to
reduce symptoms caused by pathogenic IgG in autoimmune diseases

TABLE 3

Summary of analytical performance of the UPLC-MRM method for FcRn and b2M signature peptides

Protein
Signature
Peptide

LLOQa ULOQa
Accuracy (CV)

0.1 nM QCa 1 nM QC 30 nM QC 120 nM QC

nM nM % % % %
b2M IQVYSR 0.067 133.3 NDa 96 (4.5) 98 (7.2) 115 (10.6)
FcRn LFLEAFK 0.007 133.3 86 (25.7) 83 (2.8) 90 (3.0) 100 (1.4)

aLLOQ, lower limit of quantification; ND, not determined; QC, quality control; ULOQ, upper limit of quantification.

Fig. 5. Absolute quantification of FcRn and b2M in individual human livers (n =
39). Concentration of both proteins are expressed in picomole protein per gram of
liver tissue. Lines and error bars represent the average and S.D. of all human liver
analyzed. Symbols represent the average concentration determined from three
separate digestions for each individual donor. The y-axis for FcRn quantification is
plotted on the left, and the y-axis for b2M is plotted on the right.
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(Ling et al., 2019). Therefore, understanding of age, gender, and race
influence on human hepatic FcRn expression is of importance. In this
study, a UPLC-MRM–based targeted proteomic quantification method
was developed for human FcRn andb2M.Using this developedmethod,
the influence of age, gender, and race on human hepatic FcRn and b2M
expression levels was studied for the first time. This method allowed
robust quantifications of FcRn and b2M in human liver tissues, which
averaged (6S.D.) at 147.0 (639) and 1248 (6460) pmol/g liver tissues
respectively. The measured concentration of human hepatic FcRn was

moderately higher than the measurements previously reported by Fan
et al. (average6 S.D. 89.56 42.3 pmol/g liver tissue, range 37.0–145.2
pmol/g liver tissue) (Fan et al., 2019), and is also higher than the human
FcRn expression level found in the transgenic Tg32 mouse liver
(average 6 S.D. 55.38 6 18.55 pmol/g liver tissue) (Fan et al., 2016;
Fan and Neubert, 2016). The major differences between our FcRn
quantification method and Fan’s method include the sample enrichment
(antibody-free PNS vs. antipeptide immunocapture), the length of
digestion time (36 hours vs. 16 hours), the digestion method (in-solution

Fig. 6. FcRn (A) and b2M (B) concentrations based on gender. Lines and error bars represent the average and S.D. of all human liver analyzed in each gender group.
Symbols represent the average concentration determined from three separate digestions for each individual donor. Unpaired two-tailed t test found no significant statistical
differences between two groups for both FcRn and b2M.

Fig. 7. FcRn (A and C) and b2M (B and D) concentrations based on age. (A and B) Symbols and error bars represent the average and S.D. of triplicates of digestion for each
human liver donor. (C and D) Lines and error bars represent the average and S.D. of all human liver analyzed in each age group. Symbols represent the average concentration
determined from three separate digestions for each individual donor. One-way ANOVA followed by Tukey’s multiple comparisons test with a single pooled variance found
no significant statistical differences among age groups for both FcRn and b2M.
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vs. on-pellet), and the instrument used (triple quadrupole MS under
MRM mode vs. quadrupole orbitrap MS under targeted selected ion
monitoring mode). The difference between measurements from the two
studies may be due to the variations caused by using light peptides as
calibration standards other than recombinant proteins (Wang et al., 2008;
Chen et al., 2016), though the method used in this study was carefully
validated considering trypsin digestion efficiency. The discrepancy may
be also due to the difference in the sample size as the number of donor
livers used in our study (n = 39) is almost eight times larger than the one
(n = 5) used in the previous study.
FcRn signature tryptic peptide, LFLEAFK, demonstrated a wider

dynamic range in PNS total protein loading than b2M signature peptide,
IQVYSR. This is due to an interference observed near the elution time in
the quantification transition of the heavy-labeled peptide of IQVYSR.
This interference was not significant until the protein loadingwas greater
than 40 mg. If a large amount of PNS protein need to be digested for
a future study, a potential solution for this interference is to use an
internal standard that labels two amino acids with stable isotopes instead
of one.
PNSwas selected as the sample form for the analysis for the following

reason. PNS eliminates the present nucleus in the sample, which was
expected to reduce the potential interferences and signal suppression
coming from nuclear proteins (e.g., histones), genomic DNAs, and
RNAs. D’Hooghe et al. (2017) showed that FcRn was mainly localized
in the endosomal compartment, and little was found in nucleus. Our
recovery data suggest a minimal-to-moderate distribution of FcRn (as
well as b2M) in the nucleus pellets (Table 2). The incomplete recovery
of both proteins might be due to the choice of the homogenization buffer
being non–detergent based, which is not ideal to fully solubilize
membrane-bound proteins. The incorporation of an anionic detergent,
sodium deoxycholate, in the digestion process is expected to achieve
a more complete solubilization of membrane-bound FcRn and its

binding partner b2M recovered in the PNS (Peng et al., 2015). The
reason to choose a non–detergent based homogenization buffer was due
to the goal of preserving intact organelles derived or isolated from the
liver tissue for future intracellular distribution studies.
The measured human hepatic FcRn and b2M concentrations were

evaluated between genders, among different age groups, and between
Caucasian and African American donors. One of the limitations of this
study is that the minimum age of liver donor was 13 years old, and
neonatal and fetal livers were not included in this study. Although this
study did not show a significant trend in the FcRn concentration in the
age groups studied (age 13–80 years), previous studies have estimated
FcRn expression levels in pediatric group using a minimal PBPK model
(Hardiansyah and Ng, 2018). They estimated that as human develop-
ment progresses, there is a decrease in FcRn concentration. (Martín et al.,
1997) studied the intestine FcRn mRNA level throughout rat de-
velopment, and found that it had the maximum mRNA level during
1–19 days of age, and was significantly lower during fetal and after
weaning stages (). Hence, quantification of FcRn protein levels in fetal,
neonatal, and young pediatric (,13 years old) donors using the
developed targeted proteomicmethod is warranted to provide a complete
picture of FcRn ontogeny in humans.
Even though there were no significant differences found among

different age or gender groups, a nearly 4-fold interindividual variability
for the hepatic FcRn expression was observed (range 63–243 pmol/g
liver tissue, n = 39). Fan et al. also found the similar variability (3.9-fold,
range 37.0–145.2 pmol/g liver tissue) in a very limited number of donor
livers (n = 5) (Fan et al., 2019). These suggest other factors than age and
gender influencing the hepatic FcRn expression. One potential factor is
genetic polymorphism. Passot et al. listed two genetic polymorphisms of
FcRn gene and indicated that one of them, a variable number tandem
repeat at the promoter region, may influence the promoter activity, and
result in differential expression of FcRn in humans (Passot et al., 2013).

TABLE 4

Summary of average concentration and 95% CI of FcRn and b2M for different age groups

Protein
Concentration (pmol/g

liver tissues)

Age groups (years)

,20 21–30 31–40 41–50 51–60 .61

b2M Mean 1122 1258 1194 1326 1330 1244
Lower 95% CI of mean 962.7 975.0 813.1 1040 476.8 662.1
Upper 95% CI of mean 1281 1542 1576 1611 2184 1825

FcRn Mean 132.3 178.9 141.8 144.2 133.1 158.9
Lower 95% CI of mean 95.16 145.9 122.8 102.6 98.59 85.89
Upper 95% CI of mean 169.4 211.9 160.7 185.8 167.7 231.9

Fig. 8. FcRn (A) and b2M (B) concentrations based on race. Lines and error bars represent the average and S.D. of all human liver analyzed in each race group. Symbols
represent the average concentration determined from three separate digestions for each individual donor. Unpaired two-tailed t test found no significant statistical differences
between Caucasian and African American donors for FcRn expressions and found significant statistical differences (P = 0.0218) for b2M expressions including the statistical
outlier determined by Grubb’s test.
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Further study on the influence of genetic variability on the FcRn
expression is of importance to fully understand the underlying reason for
the observed interindividual variability.
Human hepatic b2M displayed relative stable expression level

throughout the age groups studied and between the female and male
groups. One female donor (Donor L110D6, age 53, African American)
exhibited significantly greater b2M concentration compared with other
donors (Figs. 5 and 7B). Vraetz et al. (1999) found that after interferon
(IFN)-a or -g stimulant, there was a significant increase in b2M gene
expression, protein synthesis, and protein secretion in HepG2, HuH7
human hepatoma cells, and other cell lines. Frost et al. (2011) discovered
that human hepatocellular carcinoma and its adjacent liver tissues
exhibited higher b2M mRNA expression levels than in the healthy liver
tissue. Although the specific reason is unknown, it may be speculated that
the donormay have been treated by IFN-g or IFN-a prior to liver donation
or that this tissue was adjacent to an unrecognized cancerous tissue.
In this study, it was found that b2M concentrations moderately

correlated with FcRn concentrations in the liver (Fig. 9). b2M is
a universal binding partner for all MHC class I molecules, plays an
essential role in the surface expression of FcRn, and facilitates the
binding between FcRn and IgG (Li et al., 2016). FcRn, as an MHC
class I member homolog, exists as a homodimer while in the ER, and
is more susceptible to endoglycosidase digestion when b2M is not
present (Zhu et al., 2002). Mutation of b2M gene in humans leads to
a rare disease called familial hypercatabolic hypoproteinemia,
which presents as a lack of FcRn and a decreased level of circulating
IgG and albumin (Wani et al., 2006; Ardeniz et al., 2015; Pyzik
et al., 2019). Praetor and Hunziker (2002) demonstrated that without
the presence of b2M, FcRn remained inside of the cell, and the binding
between FcRn and IgG significantly decreased. These authors also
speculated that the functional FcRn expression level might be regulated
by the mRNA level of b2M in a tissue, species, and development stage
dependent manner (Praetor and Hunziker, 2002). Our protein expression
data appear to support this hypothesis.
In summary, a UPLC-MRM–based targeted quantitative proteomic

method was developed for human FcRn and b2M. This method enabled

the first study to probe age, gender, and race influence on FcRn andb2M
expression in the human liver. Both FcRn and b2M expression levels
exhibited independency regarding to age (13–80 years), gender, and race
(Caucasian vs. African American), although a four-fold interindividual
variability was found in the hepatic FcRn concentration. These results
are expected to aid the development of IgG- and albumin-based
biopharmaceuticals in terms of refining PBPK models and establishing
personalized medicine.
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