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ABSTRACT

Characterising the small intestine absorptive membrane is essential to enable prediction of the systemic exposure of oral formulations. In particular, the ontogeny of
key intestinal Drug Metabolising Enzymes and Transporter (DMET) proteins involved in drug disposition needs to be elucidated to allow for accurate prediction of the

PK profile of drugs in the paediatric cohort.

Using pinch biopsies from the paediatric duodenum (n = 36; aged 11 months to 15 years), the abundance of 21 DMET proteins and two enterocyte markers were
quantified via LC-MS/MS. An established LCMS nanoflow method was translated to enable analysis on a microflow LC system, and a new stable-isotope-labelled
QconCAT standard developed to enable quantification of these proteins. Villin-1 was used to standardise abundancy values. The observed abundancies and
ontogeny profiles, agreed with adult LC-MS/MS-based data, and historic paediatric data obtained via western blotting. A linear trend with age was observed for
duodenal CYP3A4 and CES2 only. As this work quantified peptides on a pinch biopsy coupled with a microflow method, future studies using a wider population range
are very feasible. Furthermore, this DMET ontogeny data can be used to inform paediatric PBPK modelling and to enhance the understanding of oral drug absorption

and gut bioavailability in paediatric populations.

1. Introduction

The small intestinal physiology changes with age [1,2], and as such,
pharmacokinetic (PK) profiles observed in adult populations following
administration of an oral drug may not always directly extrapolate to
what would be observed in paediatric populations. For many oral drugs,
this approximation of the pharmacokinetic profiles in children is un-
dertaken, since clinical trials in the paediatric population are chal-
lenging due to ethical constraints [3], logistical challenges [4], larger
inter-individual variability [5,6] or safety issues [6]. A route to over-
come poor predications and make better estimations is the use of
physiologically-based pharmacokinetic (PBPK) modelling [7-9] and is
of great value. PBPK software packages typically integrate drug char-
acteristics and formulation properties with population-based anatom-
ical-physiological data to mechanistically predict the pharmacokinetic
(PK) profile of a drug [10]. For this, accurate and representative bio-
physiological input data are essential. Paediatric PBPK models require
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additional information on organ development and ontogeny of path-
ways involved in drug disposition [11]. Oral drug disposition prediction
tools have been developed as part of these [12], however this has been
hampered due to minimal availability of robust anatomical-
physiological information and oral paediatric pharmacokinetic data
[13].

Characterising key intestinal parameters will progress the develop-
ment of paediatric PBPK tools by incorporation of accurate population
data from the subjects of interest. One of these key parameters is the
abundance of intestinal drug metabolising enzymes and transporter
proteins (collectively, DMET proteins) in the gut lumen [14,15]. In
general, 21 intestinal DMET proteins (Table 1) are of interest due to their
clinical relevance and impact on the PK profile of a large number of
drugs (CYP enzymes are involved in the metabolism of nearly 70% of
drugs administered to children [16]). This list of 21 is generated based
on recommendations from scientific consortia (such as the Paediatric
Transporter Working Group [17] or the International Transporter
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Table 1
The 21 target DMET proteins of specific interest in this project and two markers.
Transporter proteins ~ CYP UGT Other Markers
enzymes enzymes enzyme
ABCBI; P-gp; MDR1 CYP2C9 UGT1A1 CES2 Na*/K*-
ATPase
ABCC2; MRP2; CYP2C19 UGT1A3
cMOAT VIL1
CYP2D6 UGT1A4
ABCC3; MRP3
CYP2J2 UGT1A8
ABCC4; MRP4
CYP3A4 UGT1A9
ABCG2; BCRP
CYP3AS5 UGT2B7
SLC15A1; PEPT1
UGT2B17

SLC22A1; OCT1

Consortium [14,18,19]). Additionally, most of these proteins have pre-
viously been quantified in adult and paediatric intestinal tissue [20-23].

Membrane-bound drug transporter proteins facilitate migration or
actively transport compounds across the membrane, and thus are
important regulators for drug disposition following oral absorption
[16,17,24]. They are located within the plasma membrane of the
enterocyte, as are the enterocyte-markers villin-1 (VIL-1) [25] and Na—/
K*-ATPase [26]. Drug metabolising enzymes, like cytochrome P450
(CYP)-enzymes, uridine 5-diphospho (UDP)-glucuronosyltransferases
(UGTs) and carboxylesterase 2 (CES2) [27], metabolise endogenous and
xenobiotic compounds and are located in the enterocyte in the cytosol or
embedded in the membrane of the endoplasmic reticulum.

Currently, there are inadequate data on paediatric intestinal DMET
proteins to infer ontogeny of their expression. From the limited data that
does exist, it is derived from mRNA analysis or immunochemical assays,
which are sub-optimal for quantifying protein abundance [28]. Western
blotting can have a low sensitivity, especially with very small samples,
however CYP3A4 [29] has been estimated using this technique and did
show a reasonable correlation between protein abundance and activity
in vitro, based on the rate of conversion of testosterone to 6B-hydrox-
ytestosterone in small bowel S9 fractions. Similarly, mRNA concentra-
tion is not necessarily linked to protein content or activity [30], so has
disconnection between mRNA and protein levels for transporter ABCC2
been demonstrated previously [31], highlighting the need for a more
sensitive and more accurate quantification method.

Using a more sensitive approach, such as liquid chromatography-
tandem mass spectrometry (LC-MS/MS), would enable these low-
abundant DMET proteins to be simultaneously and accurately quanti-
fied from small tissue samples. Detection of a peptide sequence that
uniquely belongs to a single protein (proteotypic) allows for surrogate
detection of that protein. Additionally, quantification of the proteotypic
peptides is possible using heavy-isotope-labelled copies of the proteo-
typic peptides [32-35]. To date, only one report of paediatric intestinal
DMET proteomic data is available [20], yet such data is in high demand
for the development of oral paediatric drug tools. DMET proteins have
been quantified in adult liver and GIT using a QconCAT [21,32,36,37]
(an artificial protein concatenating all proteotypic peptides of interest).
Typically, large tissue samples were used, obtained as surgical waste or
derived from donors [21,32,33,38,39] (the smallest biopsy size reported
in previous LC-MS/MS studies was 100 mg). Only one paper reports
using pinch biopsies to quantify GIT DMET proteins, where two rectal
mucosal pinch biopsies per participant were used (25 mg average
weight) to quantify UGTs only [40]. Using a QconCAT as heavy stan-
dards reduces cost and time when analysing multiple (approximately
10-50) protein targets in multiple (approximately 20-100) samples
[41,42]. QconCATs have been used previously to quantify DMET-
proteins in adult small intestine (TransCAT [32] and MetCAT
[21,43]). However, this approach has not yet been applied for DMET
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quantification in the paediatric GIT. This is the first work to report the
feasibility to determine the abundance of important DMET-proteins in
paediatric intestinal pinch biopsies using a QconCAT as heavy standard
and a high-end standard LC MS/MS system using a microflow system.

2. Methods
2.1. Tissue collection

Paediatric duodenal pinch biopsies were collected from children
younger than 15 years old during endoscopic procedures, which were
part of their clinical care. Informed consent by a parent, guardian or
those with legal responsibility for the child in their care was obtained in
every case. The biopsy forceps had a diameter of 1.8 mm when opened,
resulting in biopsies with a theoretical surface area of 2.54 mm?Z
Immediately after collection, the biopsies were frozen at —80 °C for
further processing. Ethical approval was granted by the South Bir-
mingham NRES Committee (JRAS 251909). Tissue processing and LC-
MS/MS analysis were performed blinded to subject diagnosis or de-
mographics. The participants were stratified into age groups according
to the ICH classifications [44,45], using following age ranges: <2 years:
neonate/infants, 2-5 years: pre-school children, 6-11 years: school-age
children, 12-16 years: adolescents.

2.2. Protein extraction from biopsies

All protein extraction steps were performed at 4 °C. A list of chem-
icals used and manufacturers is given in Supporting Information (SI)
Table 1. The frozen biopsies were crushed to a fine powder in a pre-
cooled pestle and mortar with liquid nitrogen (LN3). The pulverised
tissue was resuspended with Radio-Immunoprecipitation Assay (RIPA)
lysis/extraction buffer, containing IGEPAL CA-630 1% (v/v), sodium
deoxycholate 0.5% (w/v), sodium dodecyl sulfate 0.1% (w/v) and a
protease inhibitor cocktail (1 tablet per 50 mL solution, according to the
manufacturers instruction). The resuspension was snap-frozen in LNj
and stored at —70 °C. The lysate resuspensions were thawed at 4 °C with
agitation on a rotating shaker (30 min, 25 rpm). Samples were then
sonicated for 5 sec before centrifugation (9 000 g, 5 min, 4 °C) and the
supernatants collected. The protein concentration in the supernatant
fraction was determined using Pierce’s BCA protein assay according to
the manufacturer’s instructions.

2.3. PaedCAT design and expression

A stable-isotope-labelled “heavy” standard in the form of a QconCAT
(named PaedCAT (Polyquant, Bad Abbach, Germany)) was used for
quantification of the peptides of interest and to correct for potential
variation in sample preparation procedures. The selection of proteotypic
peptides to include on PaedCAT (SI Table 2) was based on literature and
shotgun-experiments performed on a protein digest of a mucosal protein
fraction obtained from adult colonic tissue (processed in the manner
described above, ethical approval: Birmingham Human Biomaterials
Resource Centre, REC: 20/NW/0001 and RG_HBRC21-379).The selected
peptide sequences fulfilled the selection criteria defined by Kamiie et al.
[46].

For every target protein (Table 1), 2 to 3 proteotypic peptides were
encoded into PaedCAT. One peptide sequence (TYSTSYTLEDLDR) was
shared between UGT1A8 and UGT1A9. By also measuring a peptide
uniquely coding for UGT1A9 (AFAHAQWK), UGT1A8 levels could be
determined using the difference between the abundance of both pep-
tides as done previously by Couto [21]. A list of the target peptides in the
correct order as present on the QconCAT can be found in SI Figure 1.

2.4. Protein digestion via FASP

Protein concentrations were diluted using RIPA to obtain a 1 pg
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protein/pL solution. From this, 20 pg of total mucosal protein was mixed
with 370 pL urea (UA) buffer (8 M urea in 0.1 M Tris/HCl, pH 8.5) and
10 pL of the QconCAT PaedCat solution (200 fmol/pL) was added. The
mixture was vortexed for 30 sec, then, 40 pL of a 100 mM 1,4-dithiotrei-
tol (DTT) in UA buffer (pH 8.5) was added to the sample, followed by
incubation at 56 °C for 40 min. The FASP-filter unit was primed ac-
cording to the manufacturer’s instruction. After the denaturing and
reduction step, the cooled mixture was transferred to the filter unit and
the sample was centrifuged at 14,000 g for 20 min at room temperature
(RT) and the filtrate was discarded. Next, 400 pL of the UA buffer was
added, together with 20 pL of freshly prepared 300 mM iodoacetamide
(IAA) in UA buffer (pH 8.5). This alkylation step was performed in the
dark for 30 mins. After this, the sample was spun at 14,000 g for 20 min
at RT and the filtrate discarded. The sample was washed by adding 400
uL UA buffer (pH 8.5) and spinning at 14,000 g for 20 min at RT, dis-
carding the filtrate. Next, three washing steps were included to reduce
the urea concentration in the sample, by adding 400 uL of 50 mM
ammonium bicarbonate (ABC) in ultrapure water and spinning at
14,000 g for 20 min at RT, discarding the filtrate (repeated three times).
Tryptic digestion of the proteins was assisted by Lys-C digestion: enzyme
solution 10 pL (0.2 mg/mL enzyme) (Trypsin/Lys-C Mix, Mass Spec
Grade, Promega) and 30 pL of a 25 mM ABC-solution were added to the
FASP filter. The samples were incubated at 37 °C under agitation (105
rpm) overnight.

Elution of the peptides was performed by adding 50 pL of 100 mM
ABC, 5% acetonitrile and spinning at 14,000 g for 20 min at RT twice,
collecting the filtrate for every sample. The eluates were acidified by
adding 2 pL of 10% trifluoroacetic acid (TFA). Next, the digests were
desalted by using Cig pipette tips according to the manufacturer’s in-
structions. The samples were then dried using a Speed-Vac (45 °C)
(Concentrator 5301, Eppendorf) and stored at —80 °C until batch
quantification by LC-MS/MS.

2.5. LC-MS/MS based quantification of proteotypic peptides

Concentrations of the endogenous (light) peptides were analysed by
LC-MS/MS in relation to the heavy spiked-in peptides. Samples were
reconstituted as followed: 20 pg dried mucosal peptides were resus-
pended in 35 puL of a buffer composed of 98% (v/v) LC-MS-grade water
(with 0.1% (v/v) formic acid (FA)) and 2% acetonitrile (with 0.1% (v/v)
FA). The samples were placed in an autosampler (Shimadzu Nexera, SIL-
40C X3 at 4 °C), 25 pL of the reconstituted sample was injected onto the
column. Peptide separation, detection and quantificationparameters
used in the final LC-MS/MS method are listed in Table 2.

Prior to sample analysis, final peptide, precursor and fragment se-
lection and instrument setting optimisation (collision energy, ion

Table 2
Detailed parameters of the LC-MS/MS method.
Item Details
Column C18, ACQUITY Premier Peptide, 100 x 2.1 mm, 1.8 pm,
Waters, UK
Oven Shimadzu Nexera CTO-40C at 30 °C
Flow rate 0.5 mL/min

Mobile phase A
Mobile phase B
Mobile phase

LC-MS grade ultrapure water with 0.1% (v/v) FA
LC-MS grade acetonitrile with 0.1% (v/v) FA
Shimadzu Nexera LC-40D XS Binary System and Solvent

gradient Delivery Module
Time (min) 0 2 42 47 53 55
Mob. PhaseB(%) 3 3 70 95 3 3, end

Triple quadrupole
Ionisation mode

Shimadzu LCMS 8060NX, MRM setting
Electrospray Ionisation (ESI)

MRMs per peptide Usually 4 (range 3-6)

Acquisition window 96 s around the expected retention time
Dwell time 5 msec

Pause time 3 msec

Loop time (max) 1.442s
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focussing voltage, loop time) were performed, via an iterative approach
of method development, result analysis and subsequent method refine-
ment. SI Table 3 lists the final selection of peptides monitored for LC-
MS/MS based quantification (together with transitions and expected
retention time).

The endogenous signal was assessed based on peak profile and
number of transitions co-eluting with the heavy standard. Since the
target proteins were potentially low in abundance, a minimal limit of
three co-eluting light transitions with adequate peak shape (i.e. peak
clearly differentiating from the background noise) was set. If these
conditions were not met, the endogenous signal was excluded from
further analysis. Additionally, samples were excluded if either the light
or heavy signal for villin-1 was not observed. The linearity of the MS
signal over the range of the expected protein amount was assessed using
calibrators. As background matrix, a HeLa cell digest was used (yet only
the heavy MS channel belonging to PaedCAT was observed, the light MS
channel for native peptides ignored). The calibrators ranged from 0.1 to
2000 fmol/pL, where the expected range of DMET-protein abundance
was 1-200 fmol/pL.

Skyline (version 21.2.0.568) was used for method development and
optimisation, together with the LC-MS/MS instrument-specific software
LabSolutions (version 5.109). Skyline and Microsoft excel (version
1808) were used for data analysis and visualisation. The built-in method
optimisation feature in Skyline has been employed to optimise the
collision energy (Collision Energy Optimisation).

2.6. Protein abundance calculation

The light-to-heavy ratio for every peptide was normalised to the
light-to-heavy ratio of the enterocyte marker villin-1. Correction to
villin-1 is commonly done to normalise for the heterogeneity of intes-
tinal tissue samples [29,47-49], and villin-1 is not reported to be
influenced by ontogeny [20,29]. The villin-1 light-to-heavy ratio is
derived from the signal of peptide DPETPIIVVK. (Note: the blue letter in
bold signifies the stable isotope arginine or lysine).

RatiopeptideL/H;

villinnormalisedratio; = RatiovillinL/H
’ atiovillinL / H;

Equation 1. Normalisation of the light-to-heavy signal ratio (L/H) of
peptide i in sample j is done by division of the original peptide ratio to the
light-to-heavy signal ratio of the marker villin-1, given by peptide DPET-
PIIVVK, in sample j. For clarity, the marker villin-1 is written as “villin”.

e The normalised ratios were then multiplied to the initial PaedCAT
amount spiked in the sample (2000 fmol in 20 pg protein, or 100
fmol per pg protein).

[
Protein;abundanceinsample; = villinnormalisedratio;* 1 OOfm—o protein
Hg

Equation 2. Protein abundance for a certain target protein in the sample
(given in fmol/ug protein) is obtained by multiplying the villin-1 normalised
light-to-heavy peptide ratio with the amount of PaedCAT spiked in, 100 fmol
per ug protein. For clarity, the marker villin-1 is written as “villin”.

This allowed for single-point quantification of protein abundances
based on the signal ratio of the endogenous (light) to PaedCAT-standard
(heavy) peptides.

2.7. Statistical analysis of protein abundancy data
Statistical analysis was performed using the software packages IBM

SPSS (version 28.0.1.1) and GraphPad Prism (version 9.4.1). The
following statistical tests were employed:
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e To investigate correlations of protein abundance with age and cor-
relations between protein abundances, the nonparametric Spearman
correlation was used.

e To investigate differences between more than two groups of samples,
a Kruskal-Wallis test was performed.

Statistical tests were deemed significant at p < 0.05.
3. Results
3.1. Tissue collection

Duodenal biopsies were collected from 36 paediatric participants.
The participants ranged from 11 months to 15 years old, with a final
diagnosis as healthy for 21 children, 12 children with underlying disease
and 3 without a final diagnosis communicated. SI Table 4 gives an
overview of the demographics, reason for endoscopy and final diagnosis
of the paediatric participants included in this study.

On average, the paediatric pinch biopsies had a mass of 17.85 mg
(standard deviation (SD) 6.41 mg, median 16.7 mg), with a range of 8.4
mg to 32.1 mg, which is in line with literature reports for pinch biopsy
sizes [50].

3.2. PaedCAT design and expression

A QconCAT (named PaedCAT) containing proteotypic peptides for
21 target proteins and markers was developed by Polyquant GmbH.

3.3. Protein digestion via FASP and peptide selection

Proteins were digested into peptides using trypsin and Lys-C in a
FASP protocol. In one sample (UK053) there was insufficient protein
remaining for LC-MS quantification following the BCA assay.

For five proteins (ABCB1, ABCG2, UGT1A1, UGT2B17 and UGT2B7),
two peptides were suitable for quantification (i.e. a qualitative heavy
and light peptide signal recorded). The light-to-heavy ratios of the two
peptides of UGT2B7 are in close correlation, which is also the case for
two peptides of UGT1AL1 (p < 0.05 for both) (see SI Figure 2). However,
this was not the case for the peptides for ABCB1 and ABCG2 (p > 0.05 for
both, SI Figure 3). Thus, the protein data reported (Table 3) is based on

Table 3

DMET-protein abundance in paediatric duodenum. Values are expressed in
pmol/mg protein. N shows the number of samples in which the protein was
quantified (out of a total of 34, 11 months-15 years old), SD standard deviation.

Protein N Minimum Maximum Mean SD

CES2 34 33.36 132.34 77.70 23.91
CYP2C19 33 0.58 5.41 2.18 1.12
CYP2C9 34 1.33 6.60 2.36 0.97
CYP2D6 31 0.51 7.79 2.18 1.54
CYP3A4 32 4.80 31.89 17.57 7.03
CYP3A5 31 1.36 10.43 4.32 2.23
UGT1A1? 30 6.60 30.79 15.52 5.46
UGT1A1° 32 1.85 98.83 11.84 16.57
UGT2B17¢ 28 4.19 61.32 28.14 12.39
UGT2B17¢ 34 1.43 106.30 36.93 25.10
UGT2B7¢ 28 1.99 11.56 4.96 2.35
UGT2B7* 33 1.14 6.28 2.59 1.03
ABCB1# 32 0.46 6.28 1.50 1.08
ABCB1® 32 0.57 4.22 1.57 0.82
ABCC2 31 0.56 5.73 1.75 1.13
ABCG2! 19 0.49 1.89 1.11 0.45
ABCG2 24 1.32 10.12 4.11 2.05
SLC22A1 23 1.59 17.50 5.20 3.55
Using % DGAFYTLK, by TYPVPFQR, ¢ FSVGYTVEK, 4 SVINDPIYK, ©

IEIYPTSLTK, & TILDELIQR, & AGAVAEEVLAAIR, ™ FYDPLAGK, "
LFDSLTLLASGR, ’: VIQELGLDK as probe to infer protein abundance for these
five proteins with two proteotypic peptides.
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the signals for every individual peptide. Representative co-elution pro-
files are given in SI Figure 4, repeatability of retention times in SI
Figure 5; repeatability of fragment contribution to peak area in SI
Figure 6 and representative calibration curves given in SI Figure 7.
Linear regression of signal versus amount PaedCAT injected onto the MS
gave a close correlation of > 0.97 for all peptide targets, except for
peptides ITILVTHQLQYLK (ABCC4) (R2 = 0.05), NITFFSTNCVEGTAR
(ATP1A3) (R2 = 0.67), VQQCGIHSK (SLC15A1) (R2 = 0.32) and
EVSVVDILSHASVWLFR (UGT1A3) (R2 = 0.00). The first two peptides
were excluded before data collection, and no endogenous signal was
observed for the latter two peptides, hence no data needed to be
excluded post-analysis.

3.4. Protein abundancy data

The ratio light-to-heavy for villin-1 (given by peptide DPETPIIVVK)
spanned a 12-fold difference in range (mean: 0.57 + 0.29, range
0.13-1.5). Villin-1 was detected in all but one sample. Table 3 sum-
marises the protein abundancy of the quantified proteins in 34 paedi-
atric intestinal biopsies, the data for individual samples is given in SI
Table 5. Out of 21 target proteins, 13 could be quantified (with addition
of two markers). Not all proteins were expressed in all samples and this
is shown as the N number in Table 3.

3.4.1. Abundance of DMET proteins and ontogeny

3.4.1.1. CYP enzymes and CES2. It was possible to quantify 5 out of 6
Cytochrome P450 isoform targets in the paediatric duodenum. A qual-
itative endogenous signal for CYP2J2 was not observed in any sample
for either target peptide. The mean (and SD) of the different CYP and
CES2 protein abundances for the entire paediatric cohort and per age
group are given in Fig. 1.

The measured proteins were in following rank order for the entire
paediatric cohort: CYP3A4 > CYP3A5 > CYP2C9, CYP2D6, CYP2C19 in
comparable levels (Fig. 2A).

The protein abundance between the different age groups (2-5 year
old, 6-11 and older than 12) were compared via Kruskal-Wallis tests.
Infants were excluded as there was only one participant (11 months old)
in this cohort. The Kruskal-Wallis test was not significant for any pro-
tein. Significant correlations were observed for age and the protein
abundance of CES2 and CYP3A4 (Spearman’s correlation 0.440, p =
0.009 for CES2 and Spearman’s correlation 0.381, p = 0.032 for
CYP3A4) (Fig. 2B). Non-significant correlations between the abundance
of other proteins and age on continuous scale were found.

3.4.1.2. Transporters. Out of the 7 transporter proteins included in the
assay, 4 could be quantified. No endogenous signal was observed for
basolateral efflux transporters ABCC3 and ABCC4, or for the peptide
transporter PEPT1 (SLC15A1). SLC22A1 was the most expressed trans-
porter, ABCC2 and ABCB1 were expressed in similar levels (Fig. 3A).
However, the rank order of ABC-transporters could not be determined,
as ABCG2 is either the most or the least abundant ABC-transporter
depending on which proteotypic peptide for protein quantification is
used. Similarly, two peptides were suitable for quantification for ABCB1
(SI Figure 3), so the results for both proteins are reported using two
proteotypic peptides.

3.4.1.3. UGT enzymes. Three from the seven targeted UGT enzymes
were quantified in paediatric duodenum. For UGT1A3, UGT1A4,
UGT1A8 and UGT1A9 no endogenous signal was observed. UGT2B17
was the most expressed enzyme, followed by UGT1A1 and UGT2B7. For
all three quantified proteins, two proteotypic peptides were used (SI
Figure 2). Quantifying the protein abundance with either proteotypic
peptide does not influence the overall rank order of the UGT enzymes as
observed in Fig. 3B.
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Fig. 1. (A) CYP and (B) CES2 enzyme protein abundance in paediatric duodenum for the entire cohort and different age groups. Symbols depict the mean, error bars
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Fig. 2. (A) Mean relative abundance of the quantified CYP enzymes in paediatric duodenum of 34 participants across all age groups. (B) Correlation between age and
the protein abundance of CES2 and CYP3A4. (Spearman’s correlation 0.44 and 0.381 for CES2 and CYP3A4 respectively, p < 0.05 in both cases).

3.4.2. Interprotein correlations

Pairwise protein abundance correlations were tested using the
nonparametric Spearman test. Strong significant Spearman correlations
(r > 0.5, p < 0.05) are listed in Table 4. The abundance of all transporter
proteins are correlated with each other.

4. Discussion
4.1. CYP enzymes and CES2 abundance

CYP3A4 was the most abundant CYP enzyme identified within the
paediatric duodenum, followed by CYP3A5, and similar levels were
detected for CYP2C9, CYP2D6 and CYP2C19. An identical rank order is
reported from adult intestinal tissue [21], with CYP3A4 the most
expressed CYP enzyme [48,51-53] followed by CYP2C9 and comparable
levels of CYP2D6, CYP2C19 and CYP2J2 [21,54]. CYP levels for the
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eldest age group (12-15 year old) in the paediatric duodenum are
comparable to reported values in adult duodenum, jejunum and ileum
(Fig. 4A for CYP3A4, SI Table 6 for all target CYP enzymes). Visual
inspection of the graphical data presented in Kiss et al. [20] confirms
CYP3A4 as the most abundant CYP-enzyme in paediatric jejunum and
ileum.

For younger age groups, the abundancy of CYP3A4 in paediatric
duodenum is similar to the values reported by Johnson et al [29], ob-
tained via western blots on 104 paediatric samples (Fig. 4B). A signifi-
cant increase of CYP3A4 with age was observed on continuous scale
(Fig. 2B), but no statistical difference was found between different age
groups. An increase of CYP3A4 with age was also reported by proteomic
analysis on paediatric jejunum and ileum [20]. No statistically signifi-
cant effect of age on expression of other CYP enzymes has been found in
the present study, nor for UGT-enzymes and transporter proteins. A
significant trend with age for CES2 duodenal expression was observed in
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this study, which corroborates previous results via mRNA and protein
level in the paediatric duodenum [55]. This also correlates with
ontogeny of hepatic CES2, and an increase in dietary esters and amides
[56,57]. Thus, as the QconCAT approach has been validated for adult
intestinal DMET proteomics, the transferability on paediatric tissue has
been demonstrated, even with a higher LC flowrate which enables access
to a wider range of apparatus.

The higher bioavailability (i.e. lower intestinal metabolism) of oral
midazolam in young children can be linked to this ontogeny of CYP3A4.
Midazolam is a benzodiazepine frequently used in neonatal and paedi-
atric medicine for sedation [58,59]. Midazolam is metabolised by in-
testinal and hepatic CYP3A4, and its PK-PD profile is extensively studied
in children [60-66]. Adult bioavailability is reported to be around 30%
[67], whereas high bioavailability (92.1%, range 67-95%) was observed
in preterm neonates [68].

It needs to be noted, although a similar trend with age is observed for
CYP3A4, the reported abundance values for CYP3A4 by Kiss et al. (0-2
year olds: 75.6 + 64.05 pmol/mg protein) are very dissimilar from the
values reported in Johnson et al. or this study (Fig. 4B). Additionally, the
adult abundancy values reported in their paper do not resonate with
other studies for adult intestine. For example, Kiss reported adult
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jejunum CYP3A4 abundance as 536 + 588.1 pmol/mg protein (mean +
S.D.), compared to 33.33 + 570 pmol/mg protein in Couto’s publica-
tion. These discrepancies could be due to differences in sample prepa-
ration and analysis protocol [69-71].

An example on how sample preparation procedures influence the
abundancy data is demonstrated in Groer et al [39]. Here, pooled human
intestinal microsomes were examined for their CYP- and UGT-content.
One set of intestinal microsomes was prepared in-house, a second set
were commercially acquired. Although both sets of microsomes were
derived from macroscopically healthy jejunal tissue and were prepared
for LC-MS in the same laboratory and analysed on the same instrument,
a large difference in e.g. CYP3A4-content was observed. Groer hypoth-
esised the differences in abundance to be due to dissimilar microsomal
isolation procedures. It is recognised that interlaboratory differences
between intestinal DMET abundance are associated with the different
methodological approaches in the proteomic workflow to quantify in-
testinal DMET-abundance [21]. LC-MS apparatus-set-up can also influ-
ence obtained abundancy data as by reported differences in abundancy
values by Couto [21] and Al-Majdoub [43]. Here, the same samples were
analysed, with one protocol using a targeted MS approach using Qcon-
CATs as heavy standard. The other protocol used a semi-targeted
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Table 4

Spearman r for significant interprotein correlations observed in paediatric duodenum (p < 0.05 for all). Blank fields indicate non-significant (p > 0.05) interprotein correlations.

ABCC2 ABCG2¢ ABCG2¢ ATP1A1 CYP2C19 CYP2C9 CYP2D6 CYP3A5 SLC22A1 UGT1A1°¢ UGT2B17f UGT2B17% UGT2B7"

ABCB1®

0.51
0.68
0.66

0.56
0.73
0.65
0.65
0.58
0.67

0.39
0.74
0.75

0.66
0.66
0.65
0.68
0.69
0.74
0.59
0.63

0.62
0.68
0.71

0.57
0.69
0.69

0.62
0.79
0.60

0.64
0.78

0.68

ABCB1?

0.76
0.76
0.58

0.52
0.61

0.53

ABCB1P
ABCC2

ABCG2°¢

0.55
0.66

0.68

ABCG2¢

0.64

0.69

0.62
0.53

ATP1A1
CES2

0.60 0.54

0.56
0.58
0.58

0.67
0.60
0.52

CYP2C19

CYP2C9

0.70
0.60

0.62
0.63

CYP2D6

0.54

CYP3A4

0.52
0.73
0.71

0.55
0.64

0.51

CYP3A5

SLC22A1

UGT1A1°¢

0.85

UGT2B17f

Protein concentration assessed by proteotypic peptide: *: AGAVAEEVLAAIR, b: FYDPLAGK, © LFDSLTLLASGR, 4 VIQELGLDK, ©: DGAFYTLK, £ FSVGYTVEK, 8: SVINDPIYK, h. IEIYPTSLTK.
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approach where identification was based on accurate mass and retention
times (AMRT), quantification relied on the ion peak intensity of heavy
and light version across samples, with the relative abundance interpo-
lated from the intensity ratios [43,72]. The difference in reported
abundance for CYP3A4 are ten-fold, with 33.33 (+5.7) pmol/mg for the
target approach, in contrast to 2.47 (4+2.68) pmol/mg for the AMRT
method. However, this does not fully explain the observed differences
with Kiss et al. as a target approach was also used. The differences
observed by Kiss compared to this study may be explained by a number
of factors including the type of heavy peptides used; the fact that Kiss
used intestinal tissue samples but did not isolate enterocytes; the use of
tissue samples from diseased paediatric patients or the method used to
normalise to villin.

Some proteins, such as CYP2J2, were not quantified in any paediatric
duodenal biopsy. Despite a well-observed signal for the heavy standard,
no endogenous signal was detected. CYP2J2 has been quantified before
via LC-MS/MS in adult intestine [51], where intestinal tissue samples
were taken from recently diseased adults due to head trauma, with or
without GIT comorbidities. The expression of CYP2J2 significant
increased along the small intestine, with lowest expression in the duo-
denum. Expression of CYP2J2 is closely correlated with CYP2C9 and
CYP2D6 in adult intestine [21,73], the latter two were quantified in
paediatric duodenum. Thus, potentially a mixed effect of ontogeny and
disease effect on the expression of CYP2J2 in the lowest expression re-
gion may explain the lack of endogenous signal, although no ontogeny
for CYP2J2 has been reported.

4.2. Transporter protein abundance

In this study, similar levels of ABCC2 (MRP2) and ABCB1 (P-gp) were
observed. ABCG2 (BCRP) was either the most or least abundant ABC-
transporter, depending on which of the proteotypic peptides was
selected for quantification. A similar trend (ABCG2 > ABCB1 > ABCC2)
was also observed using proteomics in adult jejunum and ileum [32,48]
and via immunoquantification in the adult duodenum [74]. However,
conflicting trends in adult jejunum/ileum have also been reported, such
as ABCC2 > ABCB1 > ABCG2 [21,22,33], or ABCB1 > ABCC2 > ABCG2
[33] (SI Table 7)). No ontogeny of ABCB1 has been observed in this
study, in agreement of existing literature on mRNA expression or
immunoquantification of proteins [75-79] or paediatric proteomics
[20]. Kiss et al. [20] reported a significant trend with age for ABCG2
abundance, but this is not supported by the findings in this study or
existing mRNA data [76]. No effect of age has been observed in this
study for the duodenal abundance of ABCC2,. However, Kiss et al.
showed ontogeny, their study included samples from 29 participants
aged 0-2 years, in our study only one such sample was collected.
Obtaining more paediatric duodenal samples for DMET-quantification,
with additional efforts for the youngest cohort, could further elucidate
ontogeny profiles that were not observed in this study, as the major
intestinal changes happen within the first two years of life [16].

Potentially, intestinal ABC-transporters are challenging to quantify.
In Harwood et al. [32], using a selective procedure to isolate the
enterocytes from the underlaying tissue layers, ABCB1 and ABCC2 were
below the limit of quantification. In Kiss et al. [20], the mean ileal
ABCG2 abundance is lowest in the 12-18 year old group, with higher
expression levels for the 0-2 age group and highest for adults. No other
evidence for such an ontogeny function has been reported. Similarly, it
was challenging to find a final abundance value for ABCB1 and ABCG2,
as the endogenous signals of the two probes for either protein were not
correlating. This could be due to dissimilar chemical stability charac-
teristics of the peptides. In this study, the chemical stability of the
proteotypic peptides in human matrices was not investigated, although
similar work reports adequate stability of peptide samples upon recon-
stitution [32,33,39]. Additionally, uncharacterised protein isoform or
detected posttranslational modifications can also explain this discrep-
ancy [39]. However, it is still useful to report the protein abundance
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assessed by both probes, as this can give tools used for drug prediction a
wider range to model with, so extreme values would be covered. As
such, there is no clear consensus on the abundance and rank of ABC-
transporters.

In adult duodenum, the reported abundance for SLC22A1 (OCT1) is
0.7 4+ 0.35 pmol/mg [22], in a previously study on paediatric duodenum
around 5-10 pmol/mg. Values similar to the latter are found in this
study for SLC22A1 (5.20 £ 3.55 pmol/mg protein), using the identical
proteotypic probe. However, no endogenous signal for SLC15A1l
(PEPT1) was observed for any sample despite MS-optimisation based on
the internal standard. As endogenous signal for SLC15A1 has been
observed in paediatric and adult intestinal tissue [20,22,33] with
different probes, the chosen proteotypic peptide here was potentially not
optimal. SLC15A1 shares substrate specificity with basolateral efflux
transporters ABCC3 and ABCC4 [80], neither were detected in this
study. The expression of these ABC-transporters has been reported to
increase along the GIT with highest levels observed in the adult colon
[22,31,33].

4.3. UGT enzyme abundance

The observed rank order for the UGT-enzymes that were quantified
in paediatric duodenum was UGT2B17 > UGT1Al > UGT2B7. This
correlates to the observed rank orders in adult intestine (SI Table 8)
[21,33,48]. Previously, a significant difference has been reported for the
UGT1A1 abundance in the ileum and jejunum of 0-2 year olds compared
to adults; however no difference with age was observed here. This could
be due to limited number of infant biopsies available as previously
described.

4.3.1. Method development, strengths and limitations

It is a strength of this study to be the first to successfully quantify
three different DMET-protein families using pinch biopsies, as most
studies use larger surgical waste tissue or diseased donors [20,31,51],
isolated intestinal mucosa sections [21] or only examined one sub-
family of DMET proteins (e.g. cell membrane isolation [31-33] or
microsomal preparations [39,40,81-83]) where the protocol would not
have been suitable to study both membrane and microsomal proteins.
This study clearly demonstrates that small intestinal pinch biopsies
provide a suitable starting material. Various protein quantification
methods exist including absolute quantification (AQUA) peptides or
quantitative concatemers (QConCAT), this study used the QConCAT
approach due to the time and cost savings enabled in this work and to
provide a comparison to previous similar studies [21,32,36,37]. The
QconCAT approach has been used for more than fifteen years and is well
established [84,85]. Although this study did not evaluate method ac-
curacy for QConCAT, this has been demonstrated in literature using
ELISA methods [36]. Despite this, we feel that this is not an issue as
using the QconCAT is a well-established approach and the focus on the
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paper is mainly to demonstrate the feasibility aspect of using a QconCAT
and microflow to obtain preliminary ontogeny data. Thus, quantifica-
tion studies on DMET protein quantification via LC-MS/MS can use in-
testinal pinch biopsies which are easier to collect and can widen the pool
of participants in a study which enables analysis of healthy tissue taken
from paediatric participants where biopsies were collected as part of a
clinical investigation, rather than large tissue from paediatric partici-
pants with diagnosed comorbidities. However, the current work here is
limited by the lack of repeat injections of paediatric samples (which
meant method precision determination was not feasible), as this was not
possible due to the minimal biopsy sizes (17.85 + 6.41 mg). All samples
were measured and processed in one batch.

As such, these data should be used as preliminary values in antici-
pation of bigger studies and more rigorous validation strategies as used
in clinical and GMP testing. These future studies should also aim to
include jejunal or ileal tissue, rather than duodenal as this is rarely the
major site for drug absorption due to the short transit. For this study,
only duodenal samples were available, which are still of interest as
predictive software incorporate duodenal characteristics in their
models.

Secondly, this is the first report to use a QconCAT standard that
enables quantification for both transporters and metabolising enzymes
in one protein, making simultaneous quantification possible in a
simplified method. Although been used previously to quantify DMET
proteins in adult small intestine, there was no QconCAT developed
before that contains peptide sequences for the three DMET-protein
families (transporters, CYP and UGT-enzymes) [86]. Developing a sin-
gle QconCAT allows for a superior method to compare and interrogate
protein correlations between the different families as the standard
peptides are generated in a 1:1 ratio, compared to multiple spiking event
with separate peptides. The limitation of using a QconCAT is the loss of
flexibility when target proteins are expressed in very different levels. As
DMET-abundance in literature are reported in the range of 0.1-100
pmol/mg protein [21,32], a similar spike level was chosen in this study.

The samples were normalised to the enterocytic marker villin-1 [87],
as there is a lack of ontogeny reported for this protein [20,29]. This is
commonly done to correct for differences in sampling procedures and
the heterogeneity of the intestinal tissue [29,47-49,88] The light-to-
heavy ratio for the proteotypic peptide of villin-1 ranged from 0.13 to
1.5 (12-fold range) and most peptides could be quantified relatively to
QconCAT, indicating that a suitable spike-level was chosen prior to LC-
MS/MS.

This study extrapolated established protocols (cryogrinding, normal
centrifugation steps, FASP digestion and quantification with a QconCAT
[21,32]) from a nanoflow rate (300 nL/min) to a high-end microflow
rate (0.5 mL/min). Previous proteomic studies where a microflow (0.3
mL/min) was used before, only targeted n < 16 peptides [20,22,39].
More commonly, a nanoflow is used in proteomic research [40].
Increasing a nanoflow to a microflow flow can improve peptide
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retention [89] and separation, diminish ion suppression and allow for
thinner chromatographic peaks [90]. Additionally, this method also
offers opportunities to use a wider selection of apparatus for DMET
protein quantification, as high-end LC instruments are more common
and accessible to a larger scientific audience.

5. Conclusion

Overall, this study provides a simplified method for studying intes-
tinal proteins, using pinch biopsies, a microflow chromatographic sys-
tem and a unique heavy standard which can be added to the samples in a
single spiking event. Intestinal CYP3A4 was the most abundant CYP-
enzyme and UGT2B17 the most abundant UGT in paediatric duodenal
samples. Significant trends with age were detected for CYP3A4 and
CES2, in line with literature. Further work includes collecting more
paediatric samples, with emphasis on recruiting neonatal and infant
participants. The data from this study also suggests that it is safe to
extrapolate DMET-abundancy values from adults to paediatric pop-
ulations > 2 years of age and strengthens the input values currently used
in PBPK modelling. The clinical impact of the newfound intestinal
abundancy data on the PK profile of DMET-substrates should be inves-
tigated via PBPK modelling. This paper provided novel data on the
expression of DMETs in the paediatric population where data is lacking,
and demonstrated the feasibility of obtaining such data using a multi-
plexed detection method and a QconCAT standard employing a micro-
flow system. Future work should now focus on increasing the sample
size to both confirm and validate these findings in preparation for
incorporation into predictive models. They should include establishing
method validation strategies (such as repeatability, accuracy and pre-
cision), using sample replicates of bigger biopsies or a pooled sample
approach.
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