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Abstract

Bulevirtide is a first-in-class entry inhibitor of the hepatitis B and hepatitis delta virus blocking the sodium/bile acid co-transporter
NTCP, and was recently approved for the treatment of hepatitis D as a priority medicine (prime) in an accelerated assessment by
the European Medicines Agency. It is a very large lipopeptide comprising 47 amino acids in its sequence and a myristoylation at
the N-terminus. For support of clinical development, we established highly sensitive plasma quantification assays using 100 pL
of plasma, spanning concentrations of 0.1 to 100 ng/mL and 1 to 1000 ng/mL with the option to measure ten-fold diluted samples
up to 10,000 ng/mL. Quantification was performed with UPLC-MS/MS measurements after extraction with protein precipitation.
Both assays were fully validated according to the pertinent guidelines of the FDA and EMA, including incurred sample

reanalyses and cross-validation using clinical study samples.
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Introduction

Bulevirtide (Hepcludex®), a first-in-class entry inhibitor of
hepatitis B (HBV) and hepatitis delta virus (HDV), was re-
cently approved for the treatment of the orphan disease chron-
ic hepatitis D, where satisfying treatment alternatives are lack-
ing (EU orphan drug designation number EU/3/15/1500, EU
marketing authorization number EU/1/20/1446/001). The ac-
celerated conditional approval as a priority medicine included
the continuation of clinical trials to confirm efficacy and safety
for chronic hepatitis D. Further studies also explore the effi-
cacy in chronic hepatitis B.

Bulevirtide blocks the sodium taurocholate co-transporting
polypeptide (NTCP; SLC10A1), the natural bile acid trans-
porter, which at the same time is the high-affinity hepatic entry
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receptor of HBV and HDV [1]. Blocking NTCP prevents
intrahepatic spreading of the virus. Clinically chronic HDV
patients under bulevirtide showed markedly decreasing HDV
titers and a normalization of the hepatic enzyme alanine ami-
notransferase, which is an important clinical surrogate for the
disease outcome [2, 3].

Bulevirtide (formerly myrcludex B) is a very large
lipopeptide, derived from the HBV large envelope protein
(truncated pre-S1 domain), comprising 47 amino acids and a
myristoylation at the N-terminus [4]. Its sequence is
myristoyl-GTNLSVPNPLGFFPDHQLDPAFGANSNNPD-
WDFNPNKDHWPEANKVG-OH.

In support of the clinical development, we developed
two related plasma quantification assays based on
UPLC-MS/MS. However, sensitive MS/MS quantifica-
tion of such large peptides is usually challenging due
to the broad isotopic pattern and multiple differently
charged species in electrospray ionization (ESI).
Additionally, collision-induced dissociation (CID) in-
duced through mobile protons at the amide bond nitro-
gen is generally non-selective for individual peptide
bonds, which are the primary location of peptide frag-
mentation. The high number of peptide bonds in large
peptides therefore results in a high number of generated
product ions that additionally dilute signal intensity in
selected reaction monitoring (SRM). These factors are
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anticipated to be particularly pronounced in quantifica-
tion of intact bulevirtide; however, intact MS/MS quan-
tification fosters highly selective determination.

Nowadays, peptide bioanalysis is starting to almost
completely shift to MS/MS-methodologies due to superior
dynamic range and especially selectivity (absence of cross-
reactivity) in comparison to immunoassay [5, 6].

Because of the often-high potency of peptide thera-
peutics, the remaining challenge for their MS quantifi-
cation is sufficiently high sensitivity. As a consequence,
MS/MS assay development remains particularly chal-
lenging for CID-resistant peptides (which include in par-
ticular cyclized peptide drugs [7-10]) and for large pep-
tides. For this purpose, methodologies to avoid CID of
peptides in LC-MS quantification while concurrently en-
suring sufficient selectivity have been established. These
monitor the precursor directly, or a pseudo-transition
(selected ion monitoring [SIM]) of the unfragmented
precursor in MS/MS systems. For linear peptides, they
particularly include ion mobility separations [10-14].
However, MS instruments providing these options are
not broadly available, and the achievable sensitivities
are often comparable or lower compared to standard
MS/MS measurements [7]. Furthermore, we already suc-
cessfully applied highly sensitive quantification via
UPLC-MS/MS to other large therapeutic peptides [15,
16].

To allow regulatory bioanalysis of bulevirtide, we
established a quantification for plasma bulevirtide
consisting of two bioanalytical assays using UPLC-MS/
MS quantification and extraction by protein precipitation
with acetonitrile (ACN), in plasma samples of only
100 pL. The lower limit of quantification (LLOQ) was
established at 0.1 ng/mL (19 pM) and the upper limit of
quantification (ULOQ) at 1000 ng/mL with a low con-
centration assay ranging from 0.1 to 100 ng/mL and a
high concentration assay spanning 1 to 1000 ng/mL.
Additionally, dilution integrity of ten-fold diluted sam-
ples was established to extend the ULOQ to 10,000 ng/
mL. Both assays were fully validated according to the
guidelines for bioanalytical method validation of the
FDA and EMA [17, 18]. Additionally, validity was
assessed with clinical samples of an exploratory phase
I trial in regard to incurred sample reanalysis and to
cross-validate both assays to enable their interchange-
able use for plasma bulevirtide quantifications. The
wide concentration range of the plasma bulevirtide
quantification will be required in current and further
clinical trials to describe pharmacokinetic parameters of
new emerging formulations or different treatment sched-
ules as treatment may be optimized along time.

@ Springer

Materials and methods
Clinical study and plasma sample generation

Plasma samples containing bulevirtide for the purpose of
cross-validation and incurred sample reanalysis evaluations
were obtained from a monocentric exploratory phase I study
which was carried out at the Clinical Research Unit of the
Department of Clinical Pharmacology and
Pharmacoepidemiology, which is certified according to EN
ISO standard 9001. The trial was under the legal sponsorship
of the Medical Faculty of the Heidelberg University. The trial
followed the guideline of Good Clinical Practice, the ethical
principles expressed in the Declaration of Helsinki, and all
legal requirements for clinical trials in Germany. It was ap-
proved by the responsible Ethics Committee of the Medical
Faculty of Heidelberg University (AFmo-670/2016) and the
competent national authority (BfArM, EudraCT: 2017-
003137-28). Prior to participation in any trial-related proce-
dures, each participant provided written informed consent.
Clinical results of the trial will be reported elsewhere.
Pharmacokinetic profiles (pre-dose, 0.25, 0.5, 1, 2, 4, 6 h)
were taken on the first day of treatment (single-dose
pharmacokinetic assessment) and after 85 days of daily treat-
ment with 5 mg subcutaneous bulevirtide (steady-state phar-
macokinetic assessment). Blood samples were drawn into
heparinized tubes (2.7 mL) immediately centrifuged at
2000g for 10 min at 4 °C, and plasma was stored at —20 °C
until analysis.

Drugs, chemicals, solvents, and materials

Bulevirtide acetate (91.4% peptide content) was obtained
from MYR GmbH (Burgwedel, Germany) supplied by
Chinese Peptide Company (Hangzhou, China). Isotopically
labeled internal standard (IS) [13C9,15N]3—Phel2’22’33—
bulevirtide (resulting mass difference 30 Da) was obtained
from MYR GmbH supplied by Bachem AG (Bubendorf,
Switzerland). An arium® mini (Sartorius, Gottingen,
Germany) system was used for production of ultra-pure water.
Methanol (MeOH), ACN, and formic acid (FA) of the highest
available purity were purchased from BioSolve
(Valkenswaard, The Netherlands). Blank Li-heparin plasma
was obtained from donations of healthy volunteers.

Standard solutions

Independent weighings of bulevirtide (3.65 and 3.72 mg)
were used to prepare stock solutions. After accurate dissolu-
tion in 10 mL ACN/water (1/1, v/v) + 0.1% FA using volu-
metric flasks, resulting solutions were diluted 10-fold with the
same solvent into polypropylene vessels. Spike solutions
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(polypropylene vessels) for preparation of calibration samples
were generated from the diluted stock at concentrations of 0.4,
1.2,4, 12, 40, 120, 400, 1200 and 4000 ng/mL in ACN/water
(1/1, v/v) + 0.1% FA, which corresponds to sample concen-
trations of 0.1, 0.3, 1, 3, 10, 30, 100, 300, and 1000 ng/mL
(0.1 to 100 ng/mL for the low concentration assay; 1 to
1000 ng/mL for the high concentration assay). Spike solutions
for preparation of QC samples were prepared accordingly at
0.4,1.2,4,12,150,300, 1500, 3000 and 20,000 ng/mL, which
corresponds to sample concentrations of 0.1, 0.3, 1, 3, 37.5,
75,375, 750, and 5000 ng/mL (LLOQ 0.1, QC A, LLOQ 1.0,
QC B, QC C, QC D, QCE, QC F, and dilution QC, respec-
tively). LLOQ 0.1, QC A, QC C, and QC D were applied to
the low concentration assay; LLOQ 1.0, QC B, QCE, QC F,
and the dilution QC were applied to the high concentration
assay. The IS spike solutions were similarly prepared at 40
and 400 ng/mL (corresponding sample concentration of 10
and 100 ng/mL). For the purpose of plasma stability investi-
gations, QC spike solutions for minimally diluted plasma sam-
ples (2% solvent) were prepared at 150, 18,750, and
37,500 ng/mL (corresponding sample concentrations of 3,
375, and 750 ng/mL). Solutions were kept at 4 °C.

Plasma sample preparation

Calibration and QC plasma samples were generated in 2-mL
reaction tubes from 100 pL of blank pooled plasma by addi-
tion of 25 puL of IS and 25 UL of the respective calibration or
QC spike solution. Dilution QC samples were prepared by
addition of 25 uL of dilution QC spike solution to 75 puL blank
plasma and the subsequent dilution of 10 pL of this dilution
QC sample with 90 puL blank plasma followed by the addition
of 25 uL of IS solution and 25 L of ACN/water (1/1 + 0.1%
FA, v/v) for volume compensation. Study plasma samples
(100 pL) were also spiked with 25 pL of IS solution and
25 pL of ACN/water (1/1 + 0.1% FA, v/v) for volume com-
pensation. Samples for stability evaluations were prepared by
adding 20 uL of the respective stability QC spike solution to
980 puL of plasma without addition of IS, which was spiked
after storage.

Plasma samples were depleted of proteins by their addition
to 300 uL of ACN + 0.1% FA present in wells of Impact®
protein precipitation plates (Phenomenex, Torrance, CA,
USA), and subsequent agitation for 2 min. Extracts were gen-
erated by transfer of the protein precipitated samples through
the filter of the plate to a 96-well collection plate (800 pL;
Waters) using positive pressure (3—6 psi; positive pressure
unit, Waters).

For the high concentration assay, extracts were diluted with
200 pL of water + 0.1% FA, plates sealed, and sample extracts
vortex-mixed.

For the low concentration assay, the extracts were concen-
trated to approximately 50 puL with heated nitrogen (35 °C)

applied for 25 min at 3 psi with a blowdown evaporator
(Ultravap®, Porvair Sciences, Wrexham, Wales, UK).
Afterwards, 100 uL of MeOH + 0.1% FA was added to each
well, plates sealed, and sample extracts vortex-mixed.

Instrumental analysis parameters

Measurements for the high concentration assay were per-
formed on an I-class UPLC® system (Waters) connected to
a Xevo TQ-S (Waters) triple quadrupole mass spectrometer.
For the low concentration assay, quantification was done on
an Acquity classic UPLC® system (Waters) coupled to a
Xevo TQ-XS (Waters) triple quadrupole mass spectrometer.
Both MS systems were equipped with a heated ESI source (Z-
spray). Capillary voltage was manually optimized. The re-
maining mass spectrometric parameters were tuned with the
integrated IntelliStart procedures of the MassLynx system
software (V4.2 and V4.1; Waters). Argon was used for CID
in positive ion mode SRM measurements. A summary of the
mass spectrometric characteristics is shown in the
Supplementary Information (ESM) Table S1.

High-resolution MS (HRMS) analyses were performed on
a G2-XS QToF mass spectrometer (Waters) with a Z-Spray
ESI source using the integrated direct infusion system and a
1000 ng/mL solution of bulevirtide in ACN/water (1/1, v/v) +
0.1% FA.

Eluents for chromatographic separation were as follows:
water including 5% of ACN and 0.1% of FA (eluent A) and
ACN including 0.1% FA (eluent B). Separation was achieved
using an Acquity Premier BEH C18 peptide column (300 A,
1.7 um, 2.1 x 50 mm; Waters) with a flow rate of 0.5 mL/min,
which was maintained at 60 °C. A sample injection volume of
20 uL was used. A gradient from 30% B to 85% B in 1.5 min,
which started 0.5 min of maintaining initial conditions, was
found optimal. Following this separation gradient, the column
was flushed by changing the composition to 98% B within
0.1 min and maintaining this condition for additional 0.4 min
before returning to initial condition in 0.5 min, which were
maintained for approximately 1 min during preparation of the
following injection by the Sample Manager. This resulted in a
total sample cycle time of 4 min.

Validation of the analytical methods

Validation parameters were defined according to the pertinent
recommendations of the FDA and EMA [17, 18]. Validation
was performed in regard to accuracy and precision within-run
and run-to-run in three validation runs. Each run contained
blank plasma, one zero, and the seven non-zero calibration
concentrations, each in double determination, as well as six
determinations of four QC concentrations (LLOQ, low QC at
three-times the LLOQ, mid QC at 37.5% of the ULOQ, and
high QC at 75% of'the ULOQ). Accuracy was calculated from
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the mean determined concentration of QC samples as percent
of the nominal value. The respective acceptance limits are
within £15% of the nominal value (100%) with the exception
of the LLOQ, which must lie within +20%. Precision was
evaluated from the standard deviation of measured QC sam-
ples as percent of the mean determined concentration.
Required limits are <15% in general and <20% at the LLOQ.

Selectivity was evaluated in six different individual lots of
blank plasma for absence of interfering peaks at the analyte
retention time (peak area <20% of LLOQ and <5% of IS).
Extraction recovery rates from plasma were assessed from low
to high QC samples in three-fold determination as ratio of
response in regard to blank plasma spiked after extraction
(representing 100% analyte amount in identical matrix)
expressed in percent. Matrix effects were determined also in
three-fold determination for low to high QC concentration via
the comparison of the response of blank plasma samples
spiked after extraction with the respective response of
matrix-free extract solvent spiked with the identical amount.
[19]

Reliability of quantification was assessed with clinical
study samples in a cross-validation study and incurred sample
reanalysis (ISR) investigations applying the recommended
limits that at least 67% of reanalyzed samples must show a
deviation of <20% of the mean value of original and
reanalysis.

Stability of bulevirtide was assessed for plasma sam-
ples stored at —20 °C for 14 days, as well as in three
freeze-and-thaw cycles using low to high QC samples.
Stability of the extracts in the autosampler was evaluat-
ed by a repeated analysis of QC samples after remain-
ing in the autosampler at 15 °C for at least 24 h with
freshly processed calibration samples. Extract stability
was evaluated through quantification using peak areas
(external analysis) to avoid compensation of possible
degradation by the IS, which possesses identical physi-
cochemical characteristics. Furthermore, stock solution
stability was established by quantification of stored QC
spike solutions with calibration solutions prepared from
an independent fresh weighing of bulevirtide.

Calculations and statistical methods

Calibration curves were calculated with weighted linear
regressions (1/x%) from the response (peak area ratios of
the analyte and IS) of calibration samples with the
TargetLynx software (V4.2 or V4.1; Waters).
Pharmacokinetic parameters were calculated using
Thermo Kinetica version 5.0 (Thermo Fisher Scientific,
Waltham, MA, USA). Remaining calculations were per-
formed with Microsoft Office Excel 2010 (Mountain
View, CA, USA).
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Results and discussion
Mass spectrometric characteristics

Positive electrospray ionization of bulevirtide
(Ca48H355Ng5072, 5398.9 g/mol) yielded a number of multi-
ply charged species with the [M+5H]** signal at m/z 1080.8 as
most intense precursor ion (m/z 1086.6 for the IS). However,
the abundance of the [M+4H]** signal at m/z 1350.7 was not
far behind. The multiple z= 6 species showed higher abun-
dance for the alkali metal salts, as were the substantially less
intense z = 7 signals. The last remaining observed charge state
(z=23) was represented by the [M+3H]>* ion, however at low
intensity. The most abundant protonated precursor ions at the
charge state of 4 and 5 were investigated for their CID char-
acteristics (the z =6 ions showed substantially lower product
ion intensities than the other two abundant ions as expected
for alkali metal adducts). Bulevirtide generates only few abun-
dant, large (and therefore selective) product ions in CID,
which results in only a moderate intensity loss for SRM, con-
sidering the possible number of non-selective peptide bond
dissociations. For the most intense precursor ions at z=4
and z =5, the y4; product ion was the most abundant showing
the highest maximal intensity with optimized collision energy,
however differently charged atz =3 (m/z 1554.4) and z =4 (m/
z 1155.2), respectively. In comparison, CID of the [M+5H]>*
signal yielded substantially higher intensity for the y4; product
ion (z=4) compared to the [M+4H]* ion. F igure 1 shows the
MS spectrum of bulevirtide and the product spectrum of the
[M+5H]>* precursor ion with the most intense fragments
assigned (the assignment was supported by HRMS).
Bulevirtide produces primarily few large fragments in CID.
The fragment pattern is identical for the z=5 and z=4 pre-
cursor ion with only the charge state of the product ions being
one greater for the [M+5H]** precursor. The abundant frag-
ments are generated primarily from the respective b and y-
fragments of four adjacent peptide bond dissociations located
close to the N-terminus of bulevirtide. In addition, an abun-
dant product ion is generated by water loss. These include the
b/y-pairs: by (and b3-HyO0)/y44, bs/ys3, bs (and bs-H,0)/y4s,
bs-H,O/y41, and the respective [M-H,O+nH]™ ion resulting
from water loss of the precursor. The observed preference of
these peptide bond dissociations may indicate a favorable pro-
tonation by mobile protons in the respective N-terminal region
of bulevirtide.

The high intensity of the y4; product ion is likely caused by
the favored dissociation of peptide bonds at the N-terminal
side of prolines (“proline effect”; [20-27]). The fact that from
the remaining six proline residues the only further detected
fragment, the y,g product ion, is a magnitude less intense than
the y,; fragment, again may indicate that the amide bonds in
the N-terminal region (3 to 6) of bulevirtide exhibits favorable
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Fig. 1 Positive precursor of bulevirtide (on top) and product ion spectrum of the [M+5H]>* signal at m/z 1080.8 of bulevirtide using collision-induced

dissociation at 22 V (below)

basicity for protonation by mobile protons. As a consequence
of the few preferential peptide bond dissociations in CID, and
the resulting abundant large fragments, which foster high se-
lectivity of the monitored mass transition, highly sensitive
quantification with MS/MS measurements is possible for
bulevirtide.

Because of low background and absence of interfering sig-
nals for the most abundant and large fragment at m/z 1080.8,
the corresponding mass transition m/z 1080.8 — 1155.2 was
chosen for quantification using SRM. To assure that the IS
accounts for variations in mass spectrometric detection, the
corresponding mass transition of m/z 1086.6 — 1162.4 was
monitored for the IS.

Chromatographic characteristics

Because of its considerable size, bulevirtide was chromato-
graphically separated via UPLC on a column with a large pore
width of 300 A maintained at 60 °C to foster optimal mass
transfer kinetics. Due to its size and lipophilicity, which is
further increased by the N-terminal fatty acid modification,
bulevirtide exhibits a substantial tendency for non-specific
absorption. Therefore, to avoid absorption loss and to reduce
carry-over, we used a column with very little blank metal
surface, a Waters Premier BEH C18 column, which features
a cover of the inner surface of the column housing with the
BEH C18 material. A rapid gradient from 30 to 85% ACN
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eluent within 1.5 min was found optimal in regard to separa-
tion of potential interfering signals and sample throughput.
Figure 2 shows typical ion chromatograms obtained during
bulevirtide assay validation and clinical study sample quanti-
fication. The observed carry-over in both assays was 0.06%
and therefore three times higher than required for absence of
influence on sample analysis, because its extent corresponds
to approximately 60% of LLOQ peak area. Nevertheless, its
dimension is very low and only samples very close to the
LLOQ following samples very close to the ULOQ may be
influenced. Because no measures were able to further reduce
the carry-over, we decided to allow for influenced clinical
samples to be reanalyzed. However, during the course of clin-
ical study measurements, no sample constellations with the
need of reanalysis were observed.

Extraction by protein precipitation

For the high concentration assay, we established a fast protein
precipitation procedure simply consisting of protein precipita-
tion in 96-well format with subsequent dilution with water.
This resulted in a fast sample processing method beneficial for
high sample throughput. In the course of method development
for the low concentration assay, we tested three different solid
phase extraction materials in p-elution format with and with-
out prior protein precipitation, and compared it in-run with
sole protein precipitation followed by concentration of the
extracts by evaporation. All tested SPE materials (cationic
and anionic exchange as mixed mode reverse phase material,
as well as pure reverse phase material; MCX, MAX, and

m/z 1080.8—1155.2

3.7e3

HLB; Oasis®, Waters) showed very little recovery, which
we account primarily to (too) high retention of bulevirtide.
Peak area comparisons revealed that protein precipitation
followed by solvent evaporation was superior compared to
all tested SPE materials. As a consequence, bulevirtide extrac-
tion was performed using protein depletion by precipitation
with ACN, which additionally shows the benefit of being
well-manageable and efficient when performed in 96-well
format precipitation plates. The recovery in both assays of
all QC concentrations and both IS concentrations ranged be-
tween 49.3 and 53.8% and therefore is consistent across the
whole concentration range ensuring reliable quantification.
Table S2 in the ESM shows the detailed recovery data obtain-
ed during validation. Moderate recovery is not uncommon for
large and lipophilic peptides due to incomplete extraction be-
cause of co-precipitation during protein depletion [14].

A common characteristic of protein-precipitated extracts in
peptide bioanalysis is the occurrence of a considerable matrix
effect in ESI [6], which is generally attributed to ion suppres-
sion by remaining phospholipids and the occurrence of sodi-
um adducts. Because of the higher amount of matrix compo-
nents in the concentrated extracts, the observed matrix effects
are more pronounced for the low concentration assay. The
observed absolute matrix effects in the six individual plasma
lots in the low concentration assay with values ranging from
36.3 to 57.1% (—73.7 to —42.9%) are approximately double
those of the high concentration assay, which showed matrix
effects between 72.3 and 102.2% (—27.7 to 2.2%). The IS
reliably balanced the analyte matrix effects as reflected by
the IS-normalized matrix effects in both assays, which ranged

3.0ed4752e5
m/z 1086.6—1162.4

1.2e612.3¢e5

2.1e5

A
0

1.0 Y 14 Y Y 20 10
min

Fig. 2 UPLC-MS/MS ion chromatograms of processed plasma samples.
The bulevirtide transition is shown on the left (black) and the IS transition
is shown on the right (gray). A, blank plasma sample; B, plasma sample
with added IS; C, plasma sample at LLOQ concentration (0.1 ng/mL); D,
plasma sample at QC C concentration (37.5 ng/mL); and E, trough plas-
ma sample of volunteer #3 at steady-state determined in cross-validation

@ Springer

1.’2 I 1.‘4 ' 1.‘6 ' 1.‘8 I 2.‘0

(quantified bulevirtide concentration 0.722 ng/mL). Normalization was
performed to the highest signal, except for the bulevirtide transition of A
and B, which were adjusted to the LLOQ, and the IS transition of A,
which was adjusted to a tenth of the blank sample with added IS (B)
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from 92.0 to 109.5% well fulfilling the regulatory require-
ments. A detailed summary of the matrix effect data is given
in ESM Tables S3 and S4.

In lipemic and hemolytic QC plasma samples, peak areas
were substantially decreased and the IS-normalized recovery
and matrix effects were in part above the recommended limits
(see ESM Tables S3 and S4). Therefore, such sample deter-
minations may lack reliability and need to be excluded from
sample analysis.

Validation results

Bulevirtide quantification by UPLC-MS/MS after extraction
with protein precipitation completely complied with the perti-
nent guidelines of FDA and EMA [17, 18]. No interferences
were observed in six individual lots of blank plasma with both
sample processing methods, demonstrating the selectivity of
the assays. Linearity of the calibration curves was proven by
correlation coefficients (12) of all calibration curves being
>0.98 (weighted (1/x%) linear regression; see ESM
Table S5). The inter-run and run-to-run accuracies of both
assays were between 88.8 and 104.6% (86.0 and 104.7% at
LLOQ) with corresponding precision <10.2% (< 16.1% at
LLOQ). These results are well in compliance with the recom-
mended requirements. The obtained quality control results are
summarized in Tables 1 and 2. In addition, the accurate deter-
mination of minimally diluted QC plasma samples with cali-
bration plasma samples spiked with 25 pL of QC solutions
demonstrated that our sample preparation methodology is fea-
sible for study plasma sample measurements (see ESM
Table S6).

Due to an accuracy of 97.9% and corresponding precision
0f 2.9%, the dilution integrity for 10-fold dilution with blank
plasma was established for the high concentration assay, ex-
tending the quantification range to a maximum of 10,000 ng/
mL. Due to the ease of sample processing for the high

concentration assay, which simplifies clinical study sample
throughput, we did not establish dilution integrity for the
low concentration assay. However, clinical samples were used
to cross-validate both assays to establish their interchangeable
use (eliminating the need for dilution of the low concentration
assay). The cross-validation was in full compliance with the
pertinent recommendations because 81% of samples showed a
deviation of <20% from the mean of both quantifications (see
ESM Table S7). Furthermore, an ISR was performed for both
assays also using the clinical study samples. Due to sample
volume restrictions, different numbers of samples were uti-
lized in the two ISR measurements. In the high concentration
assay, all 42 reanalyzed samples showed a deviation of <20%
from the mean (see ESM Table S8), and in the low concen-
tration assay of 27 reanalyzed samples 78% had a deviation
<20% from the mean (see ESM Table S9). Again, these results
were well in compliance with the guidelines of the FDA and
EMA [17, 18], which clearly underlines the reliability of the
bulevirtide bioanalysis.

Stability

In support of validation, the stability of bulevirtide was
established in plasma during freeze-and-thaw and for storage
at—20 °C. To guarantee reliable quantification, the stability of
bulevirtide in the prepared stock solutions and in the extracts
was also established for the expected course of clinical sample
analysis and analytical run time. Bulevirtide was found stable
during three freeze-and-thaw cycles with accuracies ranging
from 86.5 to 107.7% (precision <3.0%). Because thawed sam-
ples were kept at room temperature for at least 2 h, stability
under these conditions for the required time span of sample
preparation was also confirmed. Additionally, bulevirtide’s
integrity in plasma during storage was demonstrated for at
least 14 days at —20 °C with determined accuracies of 107.2
to 108.8% (precision <1.0%). Stability of bulevirtide in the

Table 1 Accuracy data of the

plasma validation QC level Nominal concentration (ng/mL) Accuracy (%)
Within-batch Batch-to-batch
Batch #1 Batch #2 Batch #3
LLOQ low 0.10 96.5 97.7 104.7 99.6
QCA 0.30 94.8 95.5 98.5 96.1
LLOQ high 1.0 86.0 98.3 94.3 92.3
QCB 3.0 94.5 94.1 92.5 93.8
QCcC 37.5 103.8 101.1 1024 1024
QCD 75 104.6 97.6 102.7 101.6
QCE 375 922 93.3 90.4 92.1
QCF 750 88.8 88.9 91.7 89.7

LLOQ lower limit of quantification, QC quality control. N = 6 replicates
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Table 2 Precision data of the

plasma validation QC level Nominal concentration (ng/mL) Precision (%)
Within-batch Batch-to-batch
Batch #1 Batch #2 Batch #3
LLOQ low 0.10 44 9.2 16.1 115
QCA 0.30 54 4.9 10.2 7.1
LLOQ high 1.0 3.6 4.4 5.1 5.6
QCB 3.0 4.0 5.8 6.5 5.1
QCcC 37.5 1.3 4.7 1.9 3.0
QCD 75 1.9 4.6 3.8 45
QCE 375 1.0 1.5 4.9 2.9
QCF 750 2.0 2.0 2.0 23

LLOQ lower limit of quantification, QC quality control. N = 6 replicates

extracts was confirmed for at least 24 h by determined accu-
racies ranging from 88.8 to 111.8% (precision <5.7%) for QC
samples stored in the autosamplers of the respective UPLC
systems. Furthermore, bulevirtide was found stable for at least
7 weeks in solution at 4 °C, which was demonstrated with
quantification of freshly prepared QC solutions from a fresh
weighing with stored calibration samples resulting in accura-
cies of 101.6 to 110.2% (precision <5.8%). Details of the
determined stability data are shown in the ESM Tables S10
to S13.

Bulevirtide plasma concentrations after single dose
and at steady-state

From the enrolled 14 volunteers, 13 completed the trial and
were included in the pharmacokinetic evaluation. Single-dose
and steady-state blood samples were determined with the high
concentration assay. Figure 3 shows the obtained
concentration-time profiles of plasma bulevirtide after single

o0
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o 100
2
.E e steady-state
o
E o single dose
©
£
7]
)
o

10

0 2 4 6

Time [h]

Fig. 3 Plasma concentration-time profiles of bulevirtide in 14 volunteers
after single-dose administration and at steady-state. Concentrations are
presented as geometric mean with 95% CI

@ Springer

dose and at steady-state. Part of these samples (single-dose
samplings of 6 volunteers) were also measured with the low
concentration assay for the purpose of cross-validation.
Additionally, samples were used for two independent ISR
for both assays. These reanalysis investigations are crucial in
assessing the validity of bulevirtide bioanalysis because they
demonstrate the reliability of real-world sample determina-
tions. As discussed before, ISR and cross-validation were well
within the recommended limits underpinning the validity of
the measurements and the established bioanalysis.

Because of the limited sampling time, pharmacokinetic pa-
rameters could not be determined in detail. However, the
assessed parameters, which are shown in Table 3, were rea-
sonably concordant with previously obtained results [3, 28].
Peak concentrations were reached substantially later at steady-
state compared to the single dose, while the obtained C,,,, and
the area under the concentration-time curve from 0 to 6 h were
significantly higher (4.7-fold and 5.4-fold, respectively).
Compared to previous data [28], this is an increased elevation;
however, in the here-presented exploratory trial, steady-state
plasma concentrations were assessed considerably later after
dosing initiation (85 vs. 5 days).

Table 3 Determined pharmacokinetic parameters of 5 mg
subcutaneous bulevirtide

Pharmacokinetic parameter” Single dose Steady-state

AUC_¢ (ng/mLxh)
Cinax (ng/mL)
Tinax ()"

97.0 (78.3, 120)
24.8 (19.3,31.8)
1.29 (0.50, 2.00)

526 (370, 747)
117 (79.6, 173)
3.77 (1.00, 4.00)

2 Geometric means with 95% CI. ® Median and range

AUC.4, area under the concentration-time curve from 0 to 6 h; C,,,..
maximal plasma concentration; 7,,,,, time to reach maximal plasma
concentration
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Conclusion

We developed a well-manageable and highly sensitive
bioanalysis for the very large lipopeptide bulevirtide relying
on intact peptide determination with UPLC-MS/MS. The
established concentration range of quantification of two
established assays spans five orders of magnitude with an
LLOQ of 0.1 ng/mL (19 pM). Because of the favored CID
of peptide bonds in the N-terminal region and especially of
that adjacent to proline, bulevirtide generates selective, large,
and abundant fragments suitable for highly sensitive SRM.
Both assays were fully validated according to the regulatory
requirements and additionally cross-validated with clinical
samples of an exploratory phase I trial demonstrating their
interchangeable use. Successful incurred sample reanalyses
of the clinical samples further supported the validity of real-
world sample bulevirtide quantification, clearly demonstrat-
ing the assays’ reliability for regulatory bioanalysis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03384-7.
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