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AIMS
Demonstrate the presence of cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT) proteins and mRNAs in isolated
human plasma exosomes and evaluate the capacity for exosome-derived biomarkers to characterize variability in CYP3A4 activity.

METHODS

The presence of CYP and UGT protein and mRNA in exosomes isolated from human plasma and HepaRG cell culture medium was
determined by mass spectrometry and reverse transcription—polymerase chain reaction, respectively. The concordance between
exosome-derived CYP3A4 biomarkers and midazolam apparent oral clearance (CL/F) was evaluated in a small proof-of-concept
study involving six genotyped (CYP3A4 *1/*1 and CYP3A5 *3/*3) Caucasian males.

RESULTS

Exosomes isolated from human plasma contained peptides and mRNA originating from CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6,
2E1, 2)2,3A4 and 3A5, UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7, 2B10 and 2B15, and NADPH-cytochrome P450 reductase. Mean
(95% confidence interval) exosome-derived CYP3A4 protein expression pre- and post-rifampicin dosing was 0.24 (0.2-0.28) and
0.42 (0.21-0.65) ng ml~" exosome concentrate. Mean (95% confidence interval) exosome CYP3A4 mRNA expression pre- and
post-rifampicin dosing was 6.0 (1.1-32.7) and 48.3 (11.3-104) x 107" 224, respectively. R? values for correlations of exosome-
derived CYP3A4 protein expression, CYP3A4 mRNA expression, and ex vivo CYP3A4 activity with midazolam CL/F were 0.905,
0.787 and 0.832, respectively.

CONCLUSIONS

Consistent strong concordance was observed between exosome-derived CYP3A4 biomarkers and midazolam CL/F. The signifi-
cance of these results is that CYP3A4 is the drug-metabolizing enzyme of greatest clinical importance and variability in CYP3A4
activity is poorly described by existing precision dosing strategies.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

e Cytochromes P450 (CYP) and UDP-glucuronosyltransferases (UGT) account for the metabolic clearance of >90% of
drugs.

e CYP3A4 is the drug-metabolizing enzyme of greatest clinical importance as it is responsible for the metabolism of >30%
of all drugs.

e Variability in CYP3A4 activity is primarily driven by differences in protein expression, poorly described by current
genotype- and biomarker-based approaches, which has forced some investigators to resort to tissue biopsy.

WHAT THIS STUDY ADDS

e Exosomes isolated from human plasma contain functional protein and mRNA for multiple cytochrome P450 and UDP-
glucuronosyltransferase enzymes.

e Exosome-derived mRNA and protein biomarkers (ADMExosomes) characterize between subject variability in basal
CYP3A4 activity and track induction of CYP3A4 expression by rifampicin, a well-known inducer.

e Exosome-derived CYP3A and UGT proteins are metabolically active under ex vivo conditions and exhibit comparable ki-
netics to subcellular fractions (microsomes) prepared from human liver tissue.

e Human plasma-derived exosomes present as liquid biopsy and may complement existing drug probe-based approaches,
while possibly circumventing the need for tissue biopsy.

Introduction

Characterization of the physiological and molecular charac-
teristics underpinning variability in drug absorption, distri-
bution, metabolism and excretion (ADME) pathways
provides the capacity to account for variability in drug
exposure [1]. Together the cytochrome P450 (CYP) and
UDP-glucuronosyltransferase (UGT) families of drug-
metabolizing enzymes account for the metabolic clearance
of >90% of drugs that are subject to metabolism [2-4], as such
the activity of these enzymes is an important determinant of
drug exposure. The activity of CYP and UGT enzymes is deter-
mined by their intrinsic clearance (i.e. function) and abun-
dance (i.e. expression). Accordingly, variability in CYP and
UGT activity can be caused by differences in either function
or expression. To date, attempts to explain variability in
CYP and UGT activities have largely focused on the assess-
ment of genotype differences via a pharmacogenomics
(PGx) approach. While there are several examples where ge-
netic variants account for a large proportion of observed var-
iability in activity, including CYP2C19, CYP2D6 and
UGT1AL1, there are many cases in which genotype alone is in-
sufficient to predict patient exposure to a drug [5]. Notably,
CYP3A4 is the drug-metabolizing enzyme of greatest clinical
importance as it is responsible for the metabolism of >30%
of all drugs [6] and variability is primarily driven by differ-
ences in protein expression that are poorly described by a
PGx approach [7-9]. It is acknowledged that the CYP3A4*22
genotype is associated with a small but significant reduction
in CYP3A4 activity [10], and that CYP3AS is only expressed
(*1) in approximately 15% of Caucasians. As such, while
CYP3A4*22 and CYP3A5*1 genotypes occur at a low fre-
quency, they should be considered as they can markedly alter
clearance of CYP3A substrates in affected individuals [11]. Ad-
ditionally, PGx provides minimal insight regarding the im-
pact of changes in CYP or UGT activity caused by
environmental factors such as drug interactions.

It has been proposed that assessment of hepatic mRNA ex-
pression may be a robust biomarker to account for variability
in CYP3A activity [12]. The limitation is that, in generating

the evidence to support this claim, Yamaori et al. [12] utilized
surgically resected liver tissue to assess expression of hepatic
CYP3A mRNAs, an approach is preclusively invasive for rou-
tine clinical applications. Attempts to correlate CYP3A4
mRNA expression in more diagnostically amenable samples
such as peripheral blood mononuclear cells (PBMCs) with ac-
tivity or induction have demonstrated that PBMC mRNA ex-
pression does not correlate with CYP3A4-mediated drug
clearance [13, 14].

In recent years, exosome-derived biomarkers have revolu-
tionized the diagnosis of multiple pathologies including can-
cer, cardiovascular disease and liver injury [15-19]. Exosomes
are small membranous vesicles that are secreted into the
blood by many organs, including the liver [20]. As exosomes
contain functional proteins and nucleic acids (double
stranded DNA, mRNA and miRNA) derived from the organ
from which they originate [21-23], they reflect the functional
state of that organ and are a potential rich source of bio-
markers in peripheral blood. Here, we demonstrate for the
first time the capacity of exosome-derived biomarkers for
ADME pathways (ADMExosomes) to characterize variability
in drug exposure. Specifically, we demonstrate the capacity
of ADMExosome biomarkers to characterize between subject
variability in basal CYP3A4 expression and to track induction
of CYP3A4 expression in a cohort of healthy males. We fur-
ther provide data demonstrating: (i) protein and the ability
to detect mRNA expression for multiple additional CYP and
UGTs in circulating exosomes; (ii) ex vivo activity for
exosome-derived CYP3A and UGT proteins; and (iii) in vitro
data supporting the capacity of exosome-derived biomarkers
to track induction of CYP3A4.

Methods

Human biological samples

Plasma samples for this proof-of-concept study were obtained
from healthy Caucasian males aged 21-35 years enrolled in
the EPOK-15 metabolic phenotyping study before and after
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a 7-day course of rifampicin (300 mg daily) [7]. The cohort
(n = 6) was genotype selected for CYP3A4*1/*1 and
CYP3A5*3/*3. The study was approved by the Southern Ade-
laide Clinical Human Research Ethics Committee (SAHREC
11.15), and informed written consent was obtained from
each participant. The study was conducted according to the
principles stated in the Declaration of Helsinki and is compli-
ant with CPMP/ICH/135/95 GCP standards. The study proto-
col has been reported previously [7]. Exposure to a 1-mg oral
dose of midazolam was assessed before (Day 1) and after
(Day 8) a 7-day course of rifampicin. Timed blood samples
were collected prior to and for up to 6 h post midazolam dos-
ing. Between Day 1 and 8 participants self-administered oral
rifampicin (300 mg daily). Rifampicin was dosed daily com-
mencing 2 h after the final sample collection on Day 1, with
the final dose administered 16 h prior to the cocktail admin-
istration on Day 8.

Liver tissue (HO7, H10, H12, H13 and H40) was obtained
from the human liver bank of the Department of Clinical
Pharmacology of Flinders University. Approval for the use of
human liver tissue in xenobiotic metabolism studies was ob-
tained from both the Clinical Investigation Committee of
Flinders Medical Centre (Approval ID 59-056), and from the
donors’ next-of-kin. Pooled human liver microsomes (HLM)
were prepared by mixing equal protein amounts from the five
human livers [24]. Microsomes were prepared by differential
centrifugation as described previously [25]. Exosome and
HLM protein concentrations were determined by Lowry pro-
tein assay.

Cell culture model

HepaRG cells (passage 14) were seeded at density of 28 000
cells cm™? in growth medium composed of Williams’ medium
E with GlutaMAX-I, supplemented with 10% fetal bovine se-
rum, 100 IU ml™' penicillin, 100 pg mI™" streptomycin,
5 pg ml™' bovine insulin and 50 pmol I"' hydrocortisone
hemisuccinate. After 14 days of cell culture, the medium
was supplemented with 2% dimethyl sulfoxide (differentia-
tion medium). The medium was renewed every 48-72 h. Cells
were cultured in differentiation medium for 3 weeks prior to
experiments, with the medium renewed every 48-72 h. Cells
were cultured in growth medium supplemented with 10%
exosome depleted fetal bovine serum (Gibco Cat
#A2720801) and 2% dimethyl sulfoxide with or without
15 umol 1! rifampicin for 96 h prior to harvesting. For mRNA
analyses, the cells were harvested in TRIzol reagent (0.5 ml
per well in 24-well plates). For protein analyses, whole cell ly-
sates were prepared in Tris-EDTA (TE) Buffer and protein con-
centrations were determined by Lowry assay. At the time of
cell harvesting, culture medium containing HepaRG
exosomes were collected and filtered through a 0.45 um filter.
All samples were stored at -80°C until use.

Isolation of exosomes from plasma and cell
culture medium

Plasma samples (S or 10 ml) or cell culture medium (12 ml)
were filtered using 0.45 pm syringe filters. Up to 10 ml of
the resulting filtrate was mixed with 1.25 volumes of binding
buffer (Qiagen XBP) and the resulting mixture was added to
the reservoir compartment of a preconditioned ExoEasy

218 Br | Clin Pharmacol (2019) 85 216-226

membrane affinity spin columns (Qiagen). The column was
centrifuged at room temperature for 90 s at 400 g and the
resulting flow-through discarded. Wash buffer (10 pl; Qiagen
XWP) was added to the reservoir compartment and the col-
umn was centrifuged at room temperature for 5 min at
4000 g. Elution buffer (400 pl; Qiagen XE) was added to the
reservoir compartment and the spin column was transferred
to a fresh collection tube and incubated at room temperature
for 90 s. The column was centrifuged at room temperature for
90 s at 400 g and the resulting flow-through reapplied to the
reservoir compartment and incubated at room temperature
for a further 90 s. The column was centrifuged at room tem-
perature for 5 min at 4000 ¢ and the resulting flow-through
collected and stored at -80°C until used.

Transmission electron microscopy

To validate the exosomes purity, electron microscope imag-
ing of exosomes was performed. Briefly, 1 pg of exosomes
were spotted onto a carbon-coated 200 mesh grid and dried
at room temperature. The grids were washed twice with water
for 5 min before staining with 2% w/v uranyl acetate for
5 min. Grids were examined using a Philips CM100 transmis-
sion electron microscope (Thermo-Scientific, Waltham, MA,
USA) operated at 60 kV.

Nanoparticle tracking analysis

Nanoparticles in isolated exosome suspensions were analysed
using a NanoSight LM10 (NanoSight Ltd, Amesbury, UK).
Analysis settings were optimized to ensure a minimum of
4000 tracks per video, and each video was analysed to deter-
mine the median particle size and range, and the estimated
concentration for each particle size. Experiments were per-
formed at a 1:1000 dilution, yielding particle concentrations
in the region of 1 x 10° particles mI™'. All samples were
analysed in triplicate.

Immunoblotting of 13¢101

Proteins contained within exosomes isolated from human
plasma, exosomes isolated from HepaRG cell culture and
HepaRG cell lysate (20 pg total protein) were subjected to
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis. Proteins were rectilinearly transferred onto nitrocellu-
lose and probed with rabbit anti-Tsgl01 monoclonal
antibody (1:1000 dilution; Invitrogen, Sydney, Australia).
Membrane-bound peptides conjugated with horseradish per-
oxidase were detected by chemiluminescence (Roche Diag-
nostics, Mannheim, Germany) and subsequently exposed to
Omat autoradiographic film (Eastman Kodak, Rochester,
NY, USA). Autoradiographs were processed manually with
AGFA developer, fixer and replenisher reagents.

Preparation of exosomes for mRNA analysis

Total RNA was isolated from exosomal pellets using TRIzol
(Invitrogen). Exosome-derived RNA concentration and pu-
rity determined using a GeneQuant II spectrophotometer.
RNA integrity was further evaluated by visualization of a gel
smear using an Agilent 2100 Bioanalyzer. RNA was reverse
transcribed to cDNA using SuperScript VILO cDNA Synthesis
kits (Invitrogen, Cat no: 11754050). Reverse-transcribed
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cDNA was preamplified by polymerase chain reaction (PCR)
using TagMan Gene Expression Assays (Life Technologies,
for CYP3A4 Assay ID:Hs00604506_m1, Cat no: 4453320)
and TagMan Pre-Amp Master Mix (Life Technologies, Cat
no: 4391128). Briefly, the 50-pl reaction mixture contained
1-250 ng cDNA, 25 ul TagMan Pre-Amp Mater mix (2x),
TagMan gene expression assays consisting of primers and
probe (20x). The PCR reaction was initially incubated at
95°C for 10 min, followed by 14 cycles of 95°C for 15 s and
60°C for 4 min.

Preamplified PCR products were diluted in 1:5 ratio with
1x TE buffer, and quantified using quantitative reverse tran-
scription PCR (qRT-PCR) with the TagMan Gene Expression
Master Mix (Life Technologies, Cat no: 4369016) and the
same TagMan gene expression assay primers and probes used
for pre-amplification. Typically a 20-pl reaction mixture
contained 5 ul preamplified cDNA product, 1 pl TagMan
Gene expression Assay (20x), 10 ul TagMan Gene Expression
Master mix (2x). The PCR reaction was initially incubated at
50°C for 2 min and then 95°C for 10 min, followed by 40 cy-
cles of 95°C for 15 s and 60°C for 1 min. The expression level
of mRNA was analysed using the Rotor-Gene 6 software
(Corbett Life Science). 18S and GAPDH were used as normal-
izing controls (TagMan Gene Expression Assay IDs
Hs99999901 _s1 and Hs02786624_g1 respectively).

CYP3A genotyping

CYP3A genotyping was performed as described previously
[7]. Briefly, genomic DNA was isolated from whole blood
using a QIAsymphony (QIAGEN) automated platform run-
ning a DSP DNA Mini Kit, quantified by NanoDrop and nor-
malized to 20 ng pl. DNA was genotyped for CYP3A4 and
CYP3AS using a custom designed TagMan OpenArray that
was analysed on a QuantStudio 12 K Flex Real-Time PCR Sys-
tem (Applied Biosystems). Specific accession (RS) numbers
analysed were: CYP3A4*22 (1s35599367), CYP3AS5*3
(rs776746), CYP3AS5*S (rs55965422), CYP3AS5*6
(rs10264272) and CYP3AS5*7 (rs41303343).

Proteomic screening of exosomes
In-gel trypsin digestion was performed on 40-70 kDa bands
excised from 1D-sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gels. Gel fragments were destained then
dehydrated at room temperature using 100 pl of acetonitrile.
Protein bands were reduced using 10 umol 1" dithiothreitol
then alkylated using 50 umol 1"* iodoacetamide by incubat-
ing gel pieces at 60°C for 30 min. Gels were dehydrated using
100 pl acetonitrile and digested with trypsin at an enzyme-to-
protein ratio of 1:20 for 16 h at 37°C. Peptides were extracted
by adding acetonitrile at a final concentration of 50%.
Peptides were separated by liquid chromatography (LC)
performed on a Waters XBridge BEH C18 column
(150 mm x 0.3 mm, 3.5 pm) with a 45 min acetonitrile gradi-
ent using an AB Sciex Ekspert 400 nanoHPLC. Column
elutant was monitored using an AB Sciex 5600+ triple time
of flight mass spectrometer (MS) operating in positive ion
mode, with rolling collision energy and dynamic accumula-
tion enabled. Three technical replicates were performed for
each sample. De novo sequencing was performed on raw MS
data using Peaks Studio v7.0 software.
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Quantification of ExoCYP3A4 expression by
ELISA

Exosomes were seeded in 96-well plates and incubated over-
night at 37°C in an atmosphere of 5% CO,. Wells were fixed
by addition of fixing solution (100 ul) then quenching buffer
(100 ul) with incubation at room temperature for 20 min fol-
lowing addition of each solution. Wells were then blocked by
addition of blocking buffer (200 pl) with incubation at room
temperature for 1 h and prepared for analysis by addition of
CYP3A4 primary antibody (50 ul) with overnight incubation
at 4°C then addition of HRP-conjugated secondary antibody
(50 pl) with incubation at room temperature for 90 min. Reac-
tions were terminated by addition of stop solution (50 ul) and
the optical density (OD) was quantified at 450 nm. ODyso
values were normalized using OD values obtained for
GAPDH.

Preparation of plasma for analysis of
midazolam concentration

The sample preparation and analysis for the determination of
plasma midazolam concentrations has been reported [7].
Briefly, 100 ul of plasma sample was diluted in 300 ul of meth-
anol containing 0.1% formic acid and 7.5 ng ml~* dg-midazo-
lam (internal standard) then vortexed for 3 min, then
centrifuged at 16000 g for 5 min. A 2.5-ul aliquot of the
resulting supernatant was analysed by LC-MS.

Ex vivo determination of exosome-derived
CYP3A and UGTenzyme Kinetics

The ex vivo activity of exosomal CYP and UGT proteins were
examined using metabolite formation assays developed for
the assessment of human liver microsomal enzyme kinetics
[25, 26]. Exosomes were activated by incubating on ice for
30 min in the presence of the pore forming peptide
alamethicin (50 pg mg™' protein). Incubations performed to
determine microsomal enzyme Kkinetics contained 50 pg of
HLM in place of exosomes.

4-methylumbeliferone glucuronidation assay
Incubations in 200 ul contained 0.1 mol I"* phosphate buffer
(pH 7.4), 4 umol It MgCl,, exosomes (0.1 mg protein) and 4-
methylumbeliferone (4-MU; 5-300 pmol ). Following a
5 min preincubation, reactions were initiated by the addition
of 5 umol I UDPGA. Incubations were performed at 37°C in
a shaking water bath for 120 min. Reactions were terminated
by the addition of 2 ul of perchloric acid (70%). Samples were
centrifuged at 4000 g for 10 min. A 2.5 pl aliquot of the super-
natant fraction was analysed by LC-MS.

Midazolam 1-hydroxylation assay

Incubations in 200 ul contained 0.1 mol I' phosphate
buffer (pH 7.4), exosomes (0.1 mg protein) and midazolam
(1-50 umol I™). Following a 5 min preincubation, reactions
were initiated by the addition of 1 umol I"' NADPH generat-
ing system (1 pmol 1" NADP, 10 pmol I"' glucose-6-
phosphate, 2 IU ml™' glucose-6-phosphate dehydrogenase
and 5 pmol I MgCl,). Incubations were performed at
37°C in a shaking water bath for 45 min. Reactions were ter-
minated by the addition of 400 ul of ice-cold methanol
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containing 0.1% formic acid. Samples were centrifuged at
4000 g for 10 min. A 7.5 pl aliquot of the supernatant frac-
tion was analysed by LC-MS.

For experiments performed to assess the impact of
exosome-derived CYP3A4 inhibition, CYP3Cide (0.05, 0.3
or 1.5 pmol I"") was included in the incubations. Initially de-
veloped by Pfizer for ADME/Toxicology research to character-
ize in vitro and ex vivo CYP3A4 phenotype [27], CYP3Cide is
commercially available through Sigma-Aldrich (cat #
PZ0195). CYP3Cide is a highly selective inhibitor of CYP3A4
that can be used to distinguish the contributions of CYP3A4
vs. all other CYP, including CYP3AS and 3A7, on drug metab-
olism. The ICsy values for inhibition of midazolam 1’-
hydroxylase activity of CYP3A4 (0.3 umol 1" is 20-fold lower
than the ICs value for any other CYP, including CYP3AS
(ICso = 17 pmol 17" [11].

Quantification of analyte concentrations
Analytes were separated from their respective sample matri-
ces by UPLC performed on a Waters ACQUITY BEH C18 col-
umn (100 mm x 2.1 mm, 1.7 pm) using a Waters ACQUITY
UPLC system. Column elutant was monitored by MS, per-
formed on a Waters Q-ToF Premier MS operating in positive
electron spray ionization mode. Selected ion data was ex-
tracted at the analyte [M + H]* precursor m/z. Resulting
pseudo-MRM spectra were analysed using Waters TargetLynx
software. Plasma analyte concentrations were determined by
comparison of normalized peak areas in participant or ex vivo
incubation samples to those of calibrators.

Data analysis

Noncompartmental methods (PK Functions for Microsoft Ex-
cel; Department of Pharmacokinetics and Drug Metabolism,
Irvine, CA, USA) were used to estimate the area under the
plasma-concentration time curve from the time of dosing
to the last measured sample (AUC) and maximal concentra-
tion for midazolam at baseline (Day 1) and following a
7-day course of rifampicin (Day 8). Midazolam apparent oral
clearance (CL/F) was calculated as the midazolam dose
(1 mg) divided by the AUC. Univariate linear regression was
performed to evaluate associations between the exosome-
derived CYP3A4 biomarkers and midazolam CL/F. Analyses
were also performed to evaluate the concordance between
each of the biomarkers.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY [28], and are
permanently archived in the Concise Guide to PHARMA-
COLOGY2017/18 [29].

Results

Characterization of exosomes
Exosomes were selectively and reproducibly (CV < 10%) iso-
lated from the extracellular medium of cultured HepaRG cells
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Figure 1

Characterization of exosomes. (A) Transmission electron microscopy
image of exosomes isolated from HepaRG cell culture medium.
(B) Nanoparticle tracking analysis of exosomes isolated from plasma.
Black line represents mean of triplicate analyses, red error bars
indicate 1 standard error of the mean

and human plasma. Visualized in Figure 1A the round appear-
ance of the isolated microvesicles is consistent with
established morphological criteria of exosomes [30]. Nano-
particle tracking analysis (NTA) of the particle size distribu-
tion of exosomes isolated from human plasma demonstrated
a peak (+ standard deviation, SD) at 109.0 + 3.3 nm. The geo-
metric mean + SD and 90% confidence interval (CI; £ SD)
diameter of isolated microvesicles was 127.0 + 2.0 nm
(89.2 £ 2.4 to 229.9 £ 8.9 nm; Figure 1B). The mean
(+ SD) yield of exosomes isolated from human plasma was
1.82 x 10" + 1.24 x 10" particles mI™" of plasma. The
mean (+ SD) total exosome-derived protein yield was
0.321 + 0.017 mg ml™! of plasma.

The identity of the exosomes was confirmed by analysis of
tumour susceptibility 101 (Tsg101) expression. Tsgl01 is a
44 kDa ubiquitin-conjugating enzyme present in exosomes
secreted by all tissues and is a validated exosomal marker
[31]. Immunoblotting with an anti-Tsgl01 antibody
(Figure S1) demonstrated expression of Tsg101 in exosomes
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isolated from human plasma, exosomes isolated from
HepaRG cell culture medium and HepaRG cell lysates. En-
richment of Tsg101 expression was observed in the exosomes
isolated from HepaRG cell culture medium compared to an
equivalent quantity of HepaRG cell lysate (10 pg per well).

Detection of CYP and UGT mRNA in exosomes
isolated from plasma

The presence of CYP 1A2, 2C8, 2C9, 2D6, 2E1 and 3A4, and
UGT 1A1, 1A9, 2B4, 2B7 and 2B10 mRNAs in exosomes iso-
lated from human plasma was confirmed by qRT-PCR. The
relative expression of individual CYP and UGT mRNAs in
exosomes are reported in Table S1, along with a comparison
to published HLM data.

Exosome-derived CYP3A4 mRNA abundance
increases following rifampicin treatment

When treated with rifampicin (15 pmol 1Y) for 96 h, CYP3A4
mRNA expression in HepaRG cell lysate and exosomes
isolated from HepaRG cell culture medium increased by 22-
and 15-fold, respectively (Figure 2). Similarly, the abundance
of CYP3A4 mRNA in exosomes isolated from human plasma
(n = 6) post-rifampicin dosing was on average 8-fold (90%
CI, 2-14-fold) higher compared to expression in matched
pre-rifampicin dosing samples (Table 1).

CYP and UGT proteins detected in exosomes
isolated from plasma

Mass spectrometry based proteomic profiling of exosomes
isolated from human plasma detected 188 unique peptides
originating from CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1,
2 ]2, 3A4 and 3AS5, and UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B4,
2B7, 2B10 and 2B1S. The unique peptides attributed to each
protein are summarized in Table S2. The number of unique
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Figure 2

Expression of CYP3A4 mRNA in control and rifampicin (Rif)-treated
HepaRG cells and exosomes isolated from HepaRG culture medium.
Error bars represent S. D of independent triplicate experiments.
DMSO, dimethyl sulfoxide
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Table 1

Parameters describing in vivo midazolam exposure and exosome
CYP3A4 protein and mRNA expression

95% confidence
interval
Study Geometric

Parameter phase mean Lower Upper

In vivo Midazolam C,,., Baseline 4.1 3.2 5.0
Induced 0.9 0.6 1.2
Exosome CYP3A4 Baseline 6.0 1.1 32.7

mRNA expression Induced  48.3 11.3 104

Area under the plasma—concentration time curve (AUC): ng " h;
maximal concentration (Cmax): 19 I’1; Exosome CYP3A4 protein
expression; ng ml™" concentrated exosome sample, exosome
CYP3A4 mRNA expression (x10™''); 2°**“", Ex vivo CYP3A4 activity
(rate of 1-hydroxy midazolam formation at 50 pmol I”' midazo-
lam); pmol min”" mg_1

peptides detected for each protein ranged between 2 and 19,
with a mean of 9.65. In addition, 5 unique peptides originat-
ing from NADPH-cytochrome P450 reductase (the redox part-
ner required for CYP activity) were also detected. The capacity
to detect peptides originating from CYP and UGT proteins
was confirmed in plasma from 3 individuals. It is worth fur-
ther noting that while cytochrome bS5 (34.5 kDa) was not de-
tected in the current analysis as it was not contained within
the window of protein bands analysed (40 to 70 kDa), the
presence of this protein in human-derived exosomes has al-
ready been established [32, 33]. Figure S2 demonstrates the
robustness of exosome-derived protein isolation for a repre-
sentative enzyme (UGT2B7).

Ex vivo CYP3A and UGT metabolism kinetics
in exosomes isolated from plasma

The ex vivo kinetics of UGT and CYP3A catalysed metabolism
by exosomes isolated from plasma were assessed using 4-MU
and midazolam as probe substrates, respectively. Parallel ex-
periments were performed using pooled HLM as the enzyme
source for comparison of exosome- and liver-derived enzyme
kinetics. Kinetic data for the UDPGA-dependent conversion
of 4-MU to 4-MU glucuronide and the NADPH-dependent ox-
idation of midazolam to 1-hydroxy midazolam by exosomes
and HLMs were well described by the Michaelis-Menten
equation (Figure S3). Mean Kkinetic parameters (Ky, Vmax
and CL;,) describing 4-MU glucuronide and 1-hydroxy mid-
azolam formation by exosomes and HLMs are reported in in
Table 2.

No metabolite formation was observed when incuba-
tions were performed in the absence of added cofactors.
The rate of metabolite formation was diminished by >90%
when incubations were performed using exosomes that
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Table 2

Parameters describing the ex vivo kinetics of 4-methylumbilliferone and midazolam metabolism by human liver microsomes and human plasma-
derived exosomes

Reaction Enzyme Source Km Ve CLine

Midazolam hydroxylation Exosomes 6.5 311 4.8
HLM 4.4 2895 658
Units: K,; pmol I'1, Vimax; pmol min”' mg_1, CLing; ul min”' mg'1.

4-MU: 4-methylumbilliferone; HLM, human liver microsomes

were not activated by prior incubation with alamethicin on (Table 1, Figure 3 and S4). Furthermore, the highly selective
ice; the mean (+SD) maximal rates of 4-MU glucuronide for- CYP3A4 inhibitor CYP3Cide inhibited exosome catalysed
mation by activated and native exosomes were 150 + 7.6 midazolam hydroxylation (measured at 5 umol 1"* midazo-
and 6.5 + 0.4 pmol min~' mg™, respectively, while the mean lam) in a dose-dependent manner; formation of 1-hydroxy
(+#SD) maximal rates of 1-hydroxy midazolam formation by midazolam was inhibited by 32 + 4, 61 £ 6 and 95 + 3% at
activated and native exosomes was 14.3 + 0.7 pmol min~; CYP3Cide concentrations of 0.05, 0.3 and 1.5 pmol I"!. This
mg' and 0.35 + 0.07 pmol min™" mg'. As discussed below, inhibition profile is consistent with the reported in vitro ICs
the conversion of midazolam (50 umol I'!) to 1-hydroxy value for 1-hydroxy midazolam formation by recombinant
midazolam by exosomes was further assessed as an ex vivo and human liver microsome-derived CYP3A4 (viz.
activity biomarker for CYP3A4 activity and induction 0.3 pmol 1) [27].
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Plasma exosome-derived CYP3A4 protein
abundance correlates with midazolam exposure
Parameters (geometric mean and 90% CI) describing midazo-
lam exposure (AUC and maximal concentration), exosome-
derived CYP3A4 mRNA and protein expression, and ex vivo
CYP3A4 activity, before and after rifampicin dosing (300 mg
daily for 7 days) are reported in Table 1. The change in each
parameter post-/pre-rifampicin is visualized in Figure 3.

Figure 4 shows the concordance between exosome-
derived CYP3A4 biomarkers (mRNA expression, protein
expression and ex vivo activity) and midazolam CL/F. R*
values for the correlations of exosome-derived CYP3A4 pro-
tein expression (Figure 4A), exosome-derived CYP3A4 mRNA
expression (Figure 4B) and ex vivo CYP3A4 activity (Figure 4C)
with midazolam CL/F were 0.905, 0.787 and 0.832, respec-
tively. The concordance between the different exosome-
derived CYP3A4 biomarkers was also assessed; R? values for
the correlation of ex vivo CYP3A4 activity (Figure 4D) and
exosome derive CYP3A4 mRNA expression (Figure 4E) with
exosome-derived CYP3A4 protein expression were 0.928
and 0.794, respectively, while the R? value for the correlation
of ex vivo CYP3A4 activity with exosome-derived CYP3A4
mRNA expression (Figure 4F) was 0.638.

Exosome-derived markers of drug exposure
gexp BICP

Figure S4(A-C) demonstrates the concordance between
the change in (A) exosome-derived CYP3A4 biomarkers and
the change in midazolam CL/F post-/pre-rifampicin dosing.
R? for the correlation of the change in exosome-derived
CYP3A4 biomarkers and the change in midazolam CL/F was
invariably >0.828. The R® value for the correlation of the
change in exosome-derived CYP3A4 biomarkers post-/pre-
rifampicin dosing (Figure S4D-F) was invariably >0.959.

Discussion

To the best of our knowledge this is the first report describing
the clinical use of human plasma-derived exosomes to char-
acterize variability in drug exposure and support extensive
ADME profiling. Data presented in this manuscript demon-
strate consistent strong concordance between exosome-
derived CYP3A4 biomarkers and midazolam CL/F. Of note is
the concordance between exosome-derived CYP3A4 protein
expression and midazolam CL/F, and between the change in
exosome-derived CYP3A4 protein expression and the change
in midazolam CL/F post-/pre-rifampicin dosing. The signifi-
cance of these results is that CYP3A4 is the drug-metabolizing
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Figure 4

Concordance of exosome-derived CYP3A4 biomarkers and midazolam CL/F in a cohort of healthy males (n = 6). (A) Exosome-derived CYP3A4 protein
expression vs. midazolam CL/F. (B) Exosome-derived CYP3A4 mRNA expression vs. midazolam CL/F. (C) Ex vivo CYP3A4 activity (rate of 1-hydroxymid-
azolam formation) vs. midazolam CL/F. (D) Exosome-derived CYP3A4 mRNA expression vs. exosome-derived CYP3A4 protein expression. (E) Ex vivo
CYP3A4 activity vs. exosome-derived CYP3A4 protein expression. (F) Ex vivo CYP3A4 activity vs. exosome-derived CYP3A4 protein expression
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enzyme of greatest clinical importance [6] and variability in
CYP3A4 activity is poorly described by existing precision dos-
ing strategies [34].

To place the data presented in Figure 4 in context, com-
monly used endogenous probes (e.g. 4p- hydroxycholesterol)
are only able to explain a small proportion (R* 0.1-0.4) of
variability in CYP3A4 activity [35]. The R* (0.904) for data
presented in Figure 4A indicate that assessment of exosome-
derived CYP3A4 protein expression can define >90% of vari-
ability in CYP3A4 activity. Furthermore, currently the best
endogenous probes explain at best only half the variability
in CYP3A4 induction and with this level of prediction the
value of such markers to detect CYP3A4 induction is being
considered [35, 36]. Similarly, the concordance (R? =0.917)
between the change in exosome-derived CYP3A4 protein ex-
pression and the change in midazolam CL/F post-/pre-
rifampicin dosing (Figure S4A) support the ability of
exosome-derived CYP3A4 protein expression to track the
>90% of variability in CYP3A4 induction following treat-
ment with rifampicin.

When considering alternate approaches to account for
variability in CYP3A activity, the CYP3A4*22 genotype is as-
sociated with a marked reduction in CYP3A4 activity but oc-
curs at a low frequency; i.e. 5-7% in Caucasian populations
[10]. Likewise, CYP3AS is highly polymorphic, but is only
expressed (*1) in approximately 15% of Caucasians. As such
CYP3A4*22 and CYP3A5*1 genotypes should be considered
for as they can markedly alter clearance of CYP3A substrates
in affected individuals [11]. However, due to their respective
low frequencies, these genotypes do not explain a meaning-
ful proportion of the observed variability in CYP3A activity
[37]. In the current study, participants were genotype selected
for CYP3A4*1/*1 and CYP3A5*3/*3 to mitigate the contribu-
tion of CYP3AS to midazolam clearance [11] and to minimize
genetic sources of variability in midazolam exposure.

Historically, direct assessment of CYP3A4 induction has
necessitated liver biopsy or elaborate deconvolution (intrave-
nous vs. oral) of probe drug pharmacokinetics [38-40]. For
example, following rifampicin dosing (600 mg daily) for
4-7 days, liver biopsy demonstrates that hepatic CYP3A4 pro-
tein and mRNA is induced ~4-fold. The results of this study
present exosome-derived CYP3A4 biomarker tracking as a vi-
able alternative to tissue biopsy. This strategy could facilitate
the assessment of time- and dose-dependent variability in in-
duction of CYP3A4.

Proteomic screening and RT-PCR analyses demonstrated
the presence of multiple CYP and UGT proteins and mRNAs
in exosomes isolated from plasma (Tables S1 and Figure 3).
These data are supported by prior untargeted profiling of
exosomes isolated from human urine showing detectable
levels of protein from all subcellular compartments including
the endoplasmic reticulum, which explicitly identified
CYP2D6 [41]. A recent study [42] proposed the specific pack-
aging and circulation of CYP2E1 in exosomes on the basis of
mRNA expression. Here, we similarly demonstrate that of the
isoforms screened, CYP2E1 accounted for 63.5% relative CYP
mRNA expression in exosomes. Notably, CYP2E1 is also the
predominant mRNA detected in human liver, accounting
for 34.5% of total hepatic CYP mRNA expression, and
67.9% of relative expression for the isoforms screened. Kumar
et al. [42] also demonstrated protein expression for multiple
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CYP in exosomes, although their conclusions in regard to
protein quantification must be considered in the context that
protein expression was quantified by immunoblot band in-
tensity using isoform specific antibodies. As band intensity
depends on the efficiency of antibody binding, the lack of ex-
ternal standardization precluded meaningful comparison of
protein abundances.

We further demonstrate the ex vivo kinetics of CYP3A and
UGT substrates by exosome-derived proteins. As described in
Table 2, the kinetic behaviour of exosome and HLM-derived
enzymes were comparable. Consistent with previous reports
for HLM [43, 44], the kinetics of 4-MU glucuronide and
1-hydroxy midazolam formation by exosome- and HLM-
derived CYP and UGT proteins were best described by
single-K,,, Michaelis-Menten kinetics. In this regard, the K,
values for exosomal and microsomal reactions were compara-
ble for both substrates. Further confirming the identity of
CYP3A4 catalysed midazolam hydroxylation in exosomes,
the highly selective CYP3A4 inhibitor CYP3Cide inhibited
exosome catalysed 1-hydroxy midazolam formation by
>95% at a CYP3Cide concentration of 1.5 pumol 1%, This con-
centration of CYP3Cide is five times the ICsq for recombinant
CYP3A4, and 10-fold lower than the ICs, value for any other
CYP isoform [27]. Absolute CYP and UGT activity per mg of
total protein was approximately 100-times lower for
exosomes compared to HLM. The lower apparent CYP and
UGT activity in exosomes vs. HLM is probably due to the
more crude composition of exosome preparations compared
to HLM. Specifically, HLM exclusively contain endoplasmic
reticulum proteins whereas exosomes contain proteins from
all subcellular compartments [41], and HLM contain only he-
patic proteins whereas plasma exosomes are derived from all
organs and hepatic proteins account for only a small propor-
tion of the total exosome protein yield.

When assessing CYP and UGT activities using plasma-
derived exosomes it is necessary to disrupt the external
vesicle membrane to allow efficient access of the substrate
and cofactor to the internally localized enzyme. This was
achieved by incubating exosomes on ice in the presence of
the pore forming peptide alamethicin [45] for 30 min prior
to activity assays. No metabolite formation was observed for
incubations performed in the absence of added cofactor for
either CYP or UGT. This observation indicates that while ac-
tive in an ex vivo system, exosome-derived CYP and UGT pro-
teins are unlikely to possess endogenous drug-metabolizing
activity in the blood.

In conclusion, data presented here support the potential
for exosome-derived biomarkers for ADME pathways
(ADMExosomes) to provide new capacity to characterize
variability in drug exposure. While the current analysis
focusses on drug metabolizing enzymes, specifically CYP
and UGTs, it is likely that this strategy is equally applicable
to other ADME proteins such as drug transporters. The en-
hanced capacity to characterize variability in the expression
and activity of key drug-metabolizing enzymes using a diag-
nostically amenable sample type is a major advance for the
assessment of variability in drug exposure with potential ap-
plications throughout drug development and in precision
dosing. ADMExosomes represent an intriguing novel strat-
egy with the potential to markedly advance ongoing efforts
to develop biomarkers for ADME proteins driven by the



increasing need to understand variability in drug exposure
due to genotype, phenotype, and drug interactions. More
broadly, there is great potential for plasma-derived
exosomes (ADMExosomes) to serve as liquid biopsy in sup-
port of ADME phenotyping of diseased, organ-impaired,
nonadult, pregnant and elderly subjects.
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Figure S1 Immunoblot demonstrating Tsg101 (37 kDa) ex-
pression in exosomes isolated plasma, exosomes isolated
from HepaRG culture medium and HepaRG cell lysate
Figure S2 Immunoblot demonstrating UGT2B7 (50 kDa) ex-
pression in exosomes isolated from the plasma of six healthy
individuals (P1 to P6). Expression of UGT2B?7 for each partic-
ipant was assessed in independent duplicate samples
Figure S3 Kinetics of 4-methylumbeliferone (4-MU)
glucuronidation and midazolam 1-hydroxylation by
exosome- and human liver microsomes (HLM)-derived pro-
teins. (A) 4-MU glucuronidation by exosomes; (B) 4-MU
glucuronidation by HLM; (C) midazolam hydroxylation by
exosomes; (D) midazolam hydroxylation by HLM

Figure $4 Concordance of the change in (A) exosome-de-
rived cytochrome P450 (CYP)3A4 biomarkers and A midazo-
lam apparent oral clearance (CL/F) in a cohort of healthy
males (n = 6) post-/pre-rifampicin dosing. (A) A Exosome-de-
rived CYP3A4 protein expression vs. A midazolam CL/F, (B) A
Exosome-derived CYP3A4 mRNA expression vs. A midazolam
CL/F, (C) A Exvivo CYP3A4 activity (rate of 1-hydroxymidazo-
lam formation) vs. A midazolam CL/F, (D) A Exosome-derived
CYP3A4 mRNA expression vs. A exosome-CYP3A4 protein ex-
pression, (E) A Ex vivo CYP3A4 activity vs. A exosome-derived
CYP3A4 protein expression, (F) A Ex vivo CYP3A4 activity vs.
A exosome-derived CYP3A4 protein expression

Table S1 Relative percent mean cytochrome P450 and UDP-
glucuronosyltransferase mRNA expression in human liver
and exosomes isolated from plasma

Table $2 Summary of unique cytochrome P450 and UDP-
glucuronosyltransferase peptides detected in exosomes iso-
lated from plasma.
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