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ARTICLE INFO ABSTRACT

Keywords: Janus kinase inhibitors (JAKi) are oral small molecules used in the treatment of a broad spectrum of autoimmune
JAK inhibitors and myeloproliferative diseases. JAKi exhibit significant intra- and inter-individual pharmacokinetic variabil-
LC-MS/MS

ities, due to fluctuations in compliance with oral treatments and their metabolism essentially driven by cyto-
chrome P450 enzymes.

Intrinsically, JAKi have dose-response relationship and narrow therapeutic index: therapeutic drug moni-
toring (TDM) is expected to optimize and adapt their dosage regimen in order to resolve problems of efficacy and
tolerance linked to dose and safety.

A sensitive analytical method using multiplex high-performance liquid-chromatography coupled to tandem
mass spectrometry (HPLC-MS/MS) was developed and validated for the simultaneous quantification in plasma of
the 6 major currently used JAKi, namely abrocitinib, baricitinib, fedratinib, ruxolitinib, tofacitinib, and
upadacitinib.

Plasma samples are subjected to protein precipitation with MeOH, using stable isotopically labelled internal
standards. The separation of JAKi in supernatants diluted 1:1 with ultrapure HyO was performed using a C;g
column Xselect HSS T3 2.5 pym, 2.1x150 mm using a mobile phase composed of formic acid (FA) 0.2% and
acetonitrile (+FA 0.1%) in gradient mode. The analytical run time for the multiplex assay was 7 min. JAKi drugs
were monitored by electrospray ionization in the positive mode followed by triple-stage quadrupole MS/MS
analysis. The method was validated according to SFSTP and ICH guidelines over the clinically relevant con-
centration ranges (0.5-200 ng/mL for abrocitinib, baricitinib and upadacitinib; 1-400 ng/mL for tofacitinib;
0.5-400 ng/mL for ruxolitinib, and 10-800 ng/mL for fedratinib). This multiplex HPLC-MS/MS assay achieved
good performances in term of trueness (91.1-113.5%), repeatability (3.0-9.9%), and intermediate precision (4.5-
11.3%).

We developed and validated a highly sensitive method for the multiplex quantification of the JAKi abrocitinib,
baricitinib, fedratinib, ruxolitinib, tofacitinib, and upadacitinib in human plasma. The method will be applied for
prospective clinical pharmacokinetic studies to determine whether TDM programs for JAKi based on residual
drug concentrations can be recommended using disease-specific therapeutic ranges.

Therapeutic Drug Monitoring
Targeted therapy
Immunosuppressants
Inflammatory diseases

1. Introduction

Over the past decade there has been a wealth of innovative treat-
ments targeting inflammatory and autoimmune diseases that provided
significant benefit and tolerability, as well as better quality-of-life. Since
1990 s, biological agents (BA), including monoclonal antibodies, pro-
vide new treatment paradigms to gain medical insight into the
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management of patients with autoimmune disorders. They are still
recognized as a gold standard for a large number of autoimmune con-
ditions. However, BA have erratic pharmacokinetics and are likely to
trigger the production of autoantibodies in the long run. Even though
they achieve disease control, their preservation, adverse effects, and
intravenous or subcutaneous route of administration remain sources of
concern to sustain disease control [1-4].
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In the past ten years, several oral small molecules that act as Janus
kinase inhibitors (JAKi) have emerged as a clinically important addition
to the therapeutic armamentarium mainly based on BA. JAKi drugs have
shown remarkable efficacy in the treatment of several inflammatory
diseases, such as inflammatory bowel diseases (IBDs), rheumatoid
arthritis (RA), immune-mediated arthropathies, multiple immune-
driven dermatological diseases, COVID-19, and several hemato-
oncological diseases, including Graft versus Host Disease (GvHD)
[5-22].

Although the increasing use and indications of JAKi among several
medical specialties were impressive, recent Phase III and IV studies
raised concerns regarding their toxicity. Safety issues include major
adverse cardiovascular events (MACE), malignancies, infections, vei-
nous and arterial thromboembolism [23,24].

JAKi are metabolized mainly by cytochromes P450 (CYP). CYP are
characterized by substantial inter-individual variabilities in expression
and activity that are modulated by pharmacogenetic factors, inflam-
matory states, or drug-drug interactions (phenoconversion), as well as
by alteration of pathophysiological conditions [25-34]. Further, patient
adherence to oral treatments is another factor that likely influence JAKi
exposure. There are substantial intra- and inter-individual pharmaco-
kinetic variations for JAKi in real-life population, but the clinical impact
remains unknown. TDM programs for patients taking JAKi could target
drug concentrations within therapeutic ranges and contain dose-
dependent adverse drug reactions (ADRs). Conversely, TDM could
address lack of drug response imputable to insufficient exposure,
increasing thereby the overall JAKi treatments success rates. Novel TDM
approaches are expected to be suited for drugs with dose-response
relationship and narrow therapeutic indexes [23,24,35-37].

A validated LC-MS/MS assay that allows the quantification of JAKi
concentrations in plasma is instrumental to provide TDM services for pa-
tients with a wide range of immune-mediated diseases and, more specif-
ically, for large-scale population pharmacokinetic studies. To our
knowledge, there are only a few reports on the development and valida-
tion of assays to quantify JAKi in human plasma. Previously published
methods for JAKi include a liquid chromatography step on Cjg support
[38-43] or propyl-linked pentafluorophenyl column [44]. Generally, the
plasma cleanup process involved either protein precipitation [38-43],
solid phase extraction, or liquid-liquid extraction [44]. While few LC-MS/
MS analyses have been reported to date, most of them generally focus on
only a single, or a limited number of JAKi in human plasma. [38-45].
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Our objective was to develop and validate a highly sensitive and
rapid multiplex assay by HPLC-MS/MS method using stable isotope-
labelled internal standards for the simultaneous quantification of the
six major currently-in-use JAKi: abrocitinib, baricitinib, fedratinib,
ruxolitinib, tofacitinib, and upadacitinib.

2. Material and methods
2.1. Chemicals, reagents

All chemicals were of analytical grade (purity > 98%) and structures
are reported in Fig. 1. Abrocitinib, baricitinib, fedratinib, ruxolitinib,
and tofacitinib were purchased from Alsachim (Strasbourg, France)
while upadacitinib was purchased from Medchem Express (Monmouth
Junction, USA). Their respective stable isotope-labelled internal stan-
dard (1.S.) were obtained from Alsachim ([?H;]-abrocitinib, [*Hs]-bar-
icitinib, [?Hg]-fedratinib, [?Ho]-ruxolitinib, [!3C3-'°N]-tofacitinib,
[3C,%H,,'°N]-upadacitinib). The following HPLC grade solvent (purity
> 98%) were purchased from Merck (Darmstadt, Germany): acetonitrile
(ACN), methanol (MeOH), formic acid (FA), and dimethylsulfoxide
(DMSO). Ultrapure water was produced using the Mili-Q® UF-Plus de-
vice from Millipore Corp (Burlington, USA).

Human blank plasma samples used for the preparation of quality
controls (QCs) and calibration samples were obtained in accordance
with institutional ethical standards from citrated blood of patients with
polycythemia vera undergoing regular phlebotomy at the Ambulatory
Care Unit, Unisanté, University Hospital of Lausanne (Lausanne,
Switzerland). Once collected, blood samples were centrifuged at 2000 g
for 10 min at +4 °C on a Hettich® Rotanta 4600RF (Bach, Switzerland).

2.2. Calibration standard, quality control and stable isotope-labelled
internal standard

Analyte stock solutions were prepared in DMSO at 2 mg/mL for
baricitinib, fedratinib, tofacitinib, and upadacitinib, 1 mg/mL for rux-
olitinib, 5 mg/mL for abrocitinib and stored at —20 °C. First, indepen-
dent working solutions of upadacitinib, abrocitinib, and baricitinib were
prepared in MeOH:H20 3:1 (v:v) at 100 pg/mL. Working solutions (WS)
of abrocitinib (2 pg/mL), baricitinib (2 pg/mL), fedratinib (10 pg/mL),
ruxolitinib (4 pg/mL), tofacitinib (4 ug/mL), and upadacitinib (2 pg/mL)
were then prepared in MeOH:H,0 3:1 (v:v) for the preparation of
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Fig. 1. Chemical structures of the analyzed JAKi.
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Table 1
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Concentration levels of calibration standards and QCs. The calibration and QCs standards selected for the validation ranged from 0.5 to 200 ng/mL for abrocitinib,
baricitinib and upadacitinib; from 0.5 to 400 ng/mL for ruxolitinib; 1 to 400 ng/mL for tofacitinib; and from 10 to 800 ng/mL for fedratinib.

Sample type Levels Abrocitinib [ng/mL] Baricitinib [ng/mL] Fedratinib [ng/mL] Ruxolitinib [ng/mL] Tofacitinib [ng/mL] Upadacitinib [ng/mL]

Calibration standards 8 200.0 200.0 800.0 400.0 400.0 200.0
7 40.0 40.0 160.0 80.0 80.0 40.0
6 10.0 10.0 40.0 20.0 20.0 10.0
5 5.0 5.0 20.0 10.0 10.0 5.0
4 2.5 2.5 10.0 5.0 5.0 2.5
3 1.0 1.0 - 2.0 2.0 1.0
2 0.5 0.5 - 1.0 1.0 0.5
1 - - - 0.5 - -

QCs 7 200.0 200.0 800.0 400.0 400.0 200.0
6 80.0 80.0 320.0 160.0 160.0 80.0
5 20.0 20.0 80.0 40.0 40.0 20.0
4 5.0 5.0 20.0 10.0 10.0 5.0
3 2.5 2.5 10.0 5.0 5.0 2.5
2 0.5 0.5 - 1.0 1.0 0.5
1 - - - 0.5 - -

calibration and validation standards. The WS were sequentially diluted
in MeOH:H30 3:1 (v:v) to the desired concentrations prior to being
spiked into plasma.

Spiking solutions (50 pL) were diluted 20-fold with blank plasma
(950 pL) to obtained spiked plasma that were used for calibration, QC
and validation samples. The total added organic solvent volume did not
exceed 10% of the biological sample volume according to the recom-
mendations for bioanalytical method validation [46].

A first working solution of labeled internal standards (WS 1.S.-1) was
prepared in pure MeOH at 100 pg/mL of [2H]-abrocitinib, [>Hs]-bar-
icitinib, [13C,2H2,15N]-upadacitinib. Then, WS LS.-2 was obtained by
diluting WS 1.S.-1 in the same solvent at 2 pg/mL and [*Hg]-fedratinib,
[2H9] -ruxolitinib, [13C3-15N] -tofacitinib were diluted at 10 png/mL, 4 pg/
mL, and 4 pg/mL respectively. A protein precipitation solution was
prepared from WS 1.S-2 and diluted with pure MeOH to yield concen-
tration of 5 ng/mL ([2H7]-abrocitinib, [2H5]-baricitinib, and
[13C,2H2,15N]—upadacitinib), 20 ng/mL ([2H9]—fedratinib); and 10 ng/
mL ([2H9]-ruxolitinib and [13C3-15N]-t0facitinib). All stock solutions
were stored at —20 °C.

Height levels of calibration standards were prepared on the first
validation day (n = 3) and seven quality controls samples (QCs) (n = 3)
were used to cover the relatively large validated JAKi concentration
ranges established with respect to clinically relevant concentrations
reported in clinical trials or from the few popPK studies
[12,14,31,47-58]. Concentration levels of calibration standards and
QCs are given in the Table 1.

2.3. Plasma sample treatment procedure

Spiked and blank plasma (50 uL) were subjected to protein precipi-
tation with 150 yL. MeOH containing the respective L.S. in a 1.5 mL

Table 2
Gradient elution program for the separation of the six JAKi.
Time [min] Flow [mL/min] % A % B
0.0 0.3 95.0 5.0
0.2 0.3 95.0 5.0
0.3 0.3 85.0 15.0
3.0 0.3 65.0 35.0
4.8 0.3 10.0 90.0
5.4 0.3 10.0 90.0
5.9 0.6 10.0 90.0
6.0 0.6 95.0 5.0
6.7 0.6 95.0 5.0
6.8 0.3 95.0 5.0
7.0 0.3 95.0 5.0

Eppendorf® plastic vial. Samples were vortexed for approximately 10 s
and centrifuged at 20'000 g, 10 min at +4 °C in a Hettich® Mikro 200R
benchtop centrifuge (Bach, Switzerland). A 100 pL-aliquot of superna-
tant was diluted without delay with 100 uL of ultrapure H2O into a 1.5
mL glass HPLC vial, securely sealed with a plastic cap and vortexed for
approximately 10 s. A volume of 10 pL was injected into HPLC-MS/MS
instrument for analysis.

2.4. HPLC-MS/MS conditions

The liquid chromatography system consisted of a Vanquish split
samplers, and a Vanquish Binary F pump coupled to a triple-stage
quadrupole TSQ Quantiva™ mass spectrometer (Thermo Fisher Scien-
tific™, USA) operated with the Xcalibur™ package software (v 4.5.).
Data acquisition handling and instrument control were performed using
QUAL and QUAN browser (Thermofisher Scientific™, USA).

Separation was performed on a Xselect™ HSS T3 2.5 um, 2.1x150
mm column (Waters™, USA). The aqueous mobile phase was composed
of ultrapure HyO + 0.2% FA (solvent A) and acetonitrile + 0.1% FA
(solvent B). Prior to analytical sequences, the HPLC column was
conditioned with solvent B (5%) at a flow rate of 0.3 mL/min for 10 min.
The autosampler and column chamber temperatures were maintained
at +4 °C and +40 °C respectively. The elution gradient is presented in
Table 2.

The optimization of MS/MS parameters for all analytes was carried
out by direct infusion. Compounds were diluted at 1 pg/mL in MeOH:
H0 (1:1) and infused separately at 10 pL/min into the MS/MS detector.
MS/MS conditions were as follows: electrospray ionization in positive
mode (ESI™); spray voltage 3500 V; sheath gas, auxiliary gas, and sweep
gas (all nitrogen) pressure 60, 6 and 2 arbitrary units (AU) respectively;
vaporizer temperature and ion transfer tube temperature 150 °C and
350 °C respectively; cycle time 0.3 s, fragmentation source 0 V. The
calibrated RF Lens was activated. The first Quadrupole (Q1) and third
quadrupole (Q3) were both fixed at 1.2 amu mass resolution (Full-Width
Half-Maximum, FWHM). The chromatographic filter was activated and
the peak width was set to 6 s. At least 20 points per peak were acquired.
The collision-induced dissociation (CID) gas pressure in the second
quadrupole (Q2) was adjusted to 2 mTorr (argon). The Selective Reac-
tion Monitoring (SRM) detection was used to record Mass spectra (MS)
and MS acquisition was done in centroid mode. MS settings, m/z tran-
sitions, and the collision energy for each analyte and I.S. are reported in
Table 3.

2.5. Analytical method validation

The analytical method validation procedure was based on the French
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Table 3

MS/MS parameters of the six JAKi of interest (in alphabetical order) and their respective stable isotope-labelled 1.S. (RT: retention time, CE: collision energy).
Compound ESI polarity Transitions [m/z] Precursor —product CE [eV] RT [min]
Abrocitinib + 324.10 -149.00 28 3.56
[2H7]-Abr0citinib + 330.20 —»149.00 28 3.54
Baricitinib + 372.30 »251.11 28 4.05
[Hs]-Baricitinib + 377.30 »251.11 28 4.04
Fedratinib + 525.30 —»98.00 38 3.93
[*Ho]-Fedratinib + 534.30 -98.00 40 3.91
Ruxolitinib + 307.40 —-186.10 27 5.07
[2Ho]-Ruxolitinib + 316.40 —»186.10 27 5.06
Tofacitinib + 313.40 -149.01 24 3.23
[*3C, '®N]-Tofacitinib + 317.30 »149.11 28 3.25
Upadacitinib + 381.40 —»256.08 28 4.09
[*3C,2H,,'°N]-Upadacitinib + 385.40 —256.08 28 4.09

Society of Pharmaceutical Sciences and Techniques (Société Frangaise des
Sciences et Techniques Pharmaceutiques - SFSTP) and ICH-M10 guidelines
(European Medicine Agency — EMA) [46,59-63].

2.5.1. Selectivity, specificity and carry-over

Blank human plasma (regular, hemolyzed, and lipemic) and serum
from 10 different donors processed with pure MeOH were used to assess
the selectivity. Cross-talk interferences (specificity) were then assessed
by injecting the highest QC sample (i.e. abrocitinib, baricitinib, upada-
citinib: 200 ng/mL; ruxolitinib, tofacitinib: 400 ng/mL, fedratinib: 800
ng/mL) processed with pure MeOH (no IL.S.) as well as blank plasma
extract sample with LS. (i.e. [2H7]—abrocitinib, [2H5]—baricitinib,
[13C,2H2,15N]-upadacitinib: 5 ng/ml; [2H9]-fedratinib at 20 ng/mlL;
[2H9] -ruxolitinib, [13C3—15N] -tofacitinib: 10 ng/mL). To determine
carry-over, blank plasma was injected immediately after the highest

calibration sample (i.e. abrocitinib, baricitinib, upadacitinib: 200 ng/
mL; ruxolitinib, tofacitinib: 400 ng/mL; fedratinib: 800 ng/mL) pro-
cessed with I.S.

2.5.2. Quantitative evaluation of matrix effect

The matrix effect was quantitatively determined by spiking blank
plasma (regular, hemolyzed, and lipemic) and serum from 10 different
donors. The assessment was performed for three levels of concentration
(low, medium, high concentration), covering the calibration range. Each
level for each matrix was extracted according to the analytical proced-
ure and analyzed once.

2.5.3. Extraction recovery
Extraction recovery (ER) was quantitatively evaluated based on
Matuszewski’s approach [75]. Three sets of samples at low (abrocitinib,
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Fig. 2. Chromatographic profile of six JAKi: abrocitinib 10 ng/mL, baricitinib 10 ng/mL, fedratinib 40 ng/mL, ruxolitinib 20 ng/mL, tofacitinib 20 ng/mL, upa-
dacitinib 10 ng/mL. JAKi profiles are given in alphabetical order. The corresponding internal standards are not shown.
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Table 4
Internal standard trueness-normalized matrix effect for JAKi, RSD: relative
standard deviation.

Compound Concentration Trueness normalized by =~ Mean RSD
[ng/mL] the L.S. Range [%] [%] [%]
Abrocitinib 5 88-110 98 7
10 88 -112 101 8
160 86 - 110 97 8
Baricitinib 5 92-121 107 8
10 98 -119 111 6
160 92 - 115 103 7
Fedratinib 20 72 -111 97 13
40 88-120 106 10
640 88 -111 97 7
Ruxolitinib 10 93-114 109 5
20 96 - 127 116 9
320 89-114 102 6
Tofacitinib 10 86 - 106 98 6
20 87 -111 103 8
320 86 - 107 96 7
Upadacitinib 5 94 - 110 101 7
10 93-113 105 7
160 88 -108 97 7

baricitinib, upadacitinib: 10 ng/mL; fedratinib: 40 ng/mL; tofacitinib,
ruxolitinib: 20 ng/mL), medium (abrocitinib, baricitinib, upadacitinib:
50 ng/mlL; fedratinib: 200 ng/mL; tofacitinib, ruxolitinib: 100 ng/mL),
and high (abrocitinib, baricitinib, upadacitinib: 100 ng/mL; fedratinib:
400 ng/mlL; tofacitinib, ruxolitinib: 200 ng/mL) concentration were
considered and prepared as follows: seven blank plasma spiked after
extraction and seven blank plasma spiked before extraction. Average
analyte to I.S. peak area ratio was considered for each set of samples to
calculate the internal standard-normalized extraction recovery (n-ER).

2.5.4. Trueness, precision, accuracy profile, limits of quantification, and
linearity

In the validation phase, trueness and precision were evaluated at 8
concentration levels through replicate analyses (n = 3) over three
nonconsecutive days.

Trueness (systematic error) was assessed using the bias, which is the
percentage difference between the measured and nominal value, while
repeatability (intra-day variances) and intermediate precision (intra-day
and inter-day variances) were used to assess precision (random error)
[60,64,65]. At each concentration level, the precision parameters were
calculated and reported as relative standard deviation (RSD) [66].
Initially, calibrators were prepared in duplicate and QC samples in
triplicate covering the expected range of concentrations. The p-expec-
tation tolerance represents the concentration range in which $% of
future results are expected to lie. Accuracy profiles represent the com-
bination of both random and systematic error (total analytical error) and
were obtained by using a p-value of 95% [67-70]. The lower limit of
quantification (LLOQ) is defined as the lowest concentration at which
the B-expectation tolerance interval exceeds the acceptance limits
(£30%) and was determined from the absolute accuracy profiles
[46,71].

Several calibration curve models were tested to adequately describe
the response concentration profile. The best calibration model was
selected based on estimates of trueness and precision, the narrowest
B-expectation tolerance interval, and the LLOQ [66]. By setting the §
value to 0.95, it is then possible to estimate the measurement uncer-
tainty (MU) value from the data collected during the validation phase
[72,73].

The method’s ability to provide proportional quantitative results was
assessed each day of validation by using ordinary least squares regres-
sion of back-calculated concentrations against nominal concentrations
for validation standards.

Journal of Chromatography B 1230 (2023) 123917

2.5.5. Limits of detection

The limit of detection (LOD) was assessed by analyzing processed
plasma samples spiked with different concentrations of JAKi: the lowest
QC standard was subjected to 2-, 5-, and 10-fold dilution in plasma. The
LOD values were determined not only by visual inspection of the chro-
matograms but also by calculating the signal intensity as compared to
the blank plasma (i.e. at least 3-times higher than the background
“blank” signal).

2.5.6. Integrity to dilution

To ensure the reliability of QC samples outside the analytical range, a
dilution integrity experiment was conducted using concentrations
greater than 2 times the highest calibrator, which were then diluted 10-
fold in blank plasma from 5 different donors or water, to fall within the
validated plasma concentration ranges.

2.5.7. Stability studies

Short-term stability at high and low concentrations were evaluated
in plasma and in whole blood at room temperature (RT) and +4 °C, for
up to 96 h. In addition, stability after three freeze-thaw cycles was also
assessed. Samples were analyzed immediately after the preparation, and
then after a freezing period of at least 12 h. Medium-term stability was
assessed with plasma samples frozen at —20 °C and —80 °C for 2 months.
Finally, short-term stability of the extract in vials was assessed by
injecting QCs stored in the autosampler maintained at +4 °C for 24 h, 48
h, and 72 h. At ty, QCs were injected immediately after their preparation.
Each sample was prepared and analyzed in triplicate. The average
concentrations measured for each time point were compared with the
average concentrations of the samples prepared at t.

2.6. Clinical application

Initially, patients’ blood samples were analyzed as laboratory quality
control analyses for the formal demonstration of assay applicability.
After extensive analytical method validation, JAKi levels were deter-
mined in patients’ samples collected within the framework of a Swiss-
wide observational population pharmacokinetic-pharmacodynamics
study of JAKi. For this purpose, 78 blood samples from patients
treated with JAKi for various autoimmune or myeloproliferative dis-
eases were collected in EDTA-K monovettes at the occasion of their usual
medical follow-up. The preanalytical sample preparation was performed
by centrifuging blood samples for 5 min, 2000 g, at +4 °C. Plasma were
then transferred into propylene tubes and stored at —80 °C until batch
analyses. Samples were processed and analyzed with the method
described above. The patient provided written informed consent for the
use of patient related data for scientific purposes. The study protocol has
been approved by the Institutional Ethics Committee in 2023.

3. Results
3.1. Analytical method development

The MS/MS parameters, precursor and product ions were optimized
and the optimal parameters are summarized in Table 3 the ESI" mode
was found to be the most sensitive for all compounds. A suitable sepa-
ration of abrocitinib, baricitinib, fedratinib, ruxolitinib, tofacitinib, and
upadacitinib was obtained by optimizing the chromatographic condi-
tions. The best peak shapes and retention times were obtained with HyO
+ 0.2% FA and ACN + 0.1% FA (mobile phase) and a Xselect™ HSS T3
2.5 pm, 2.1x150 mm LC column. The gradient program for the mobile
phase was optimized to improve separation and reduce analytical time
to 7 min. The multiplex chromatographic profile of the six JAKi is shown
in the Fig. 2. MeOH proved to be the best solvent for plasma protein
precipitation whilst providing the best signal sensitivity of JAKi
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Fig. 3. Accuracy profiles over the validated domain in human plasma for abrocitinib, baricitinib, fedratinib, ruxolitinib, tofacitinib, and upadacitinib. Trueness (red
solid line), upper and lower B-expectation tolerance intervals (f = 95) (blue solid lines) and acceptance limits (o« = +30, grey dotted lines).

compared to ACN. Peak shapes were improved by diluting 1:1 the su-
pernatants with milliQ H,O prior to injection into HPLC column. The
injection volume was set at 10 uL to give the best compromise between
sensitivity and peak shape. ESI source parameters such as background
noise and signal sensitivity were adjusted to obtain the best signal-to-
noise ratio. By adjusting the L.S. concentration, the response functions
were improved while limiting variability at low concentrations and
interferences.

3.2. Validation of the method

3.2.1. Selectivity, cross-talk, and carry-over

Serum and plasma (regular, hemolyzed, and lipemic) from 10
different donors were compared, and no significant matrix interferences
were observed in the m/z transition of abrocitinib, baricitinib, fedrati-
nib, ruxolitinib, tofacitinib, and upadacitinib at their respective reten-
tion times, demonstrating good selectivity (see Figure S1 of the
Supplementary Material).

The injection of a blank plasma processed with the precipitation
solution containing I.S. and the highest calibration sample processed

with pure MeOH did not reveal significant reciprocal cross-talk in-
terferences between the six JAKi and their corresponding LS. (see
Figure S2 of the Supplementary Material).

A significant carry-over effect was observed for fedratinib, rux-
olitinib, and tofacitinib, when a blank plasma was analyzed immediately
after the highest calibration sample, providing signal peaks greater than
20% of the LLOQ. Such effect could be circumvented by programming
the injection of a blank MeOH and a blank plasma extract sample (25 pL
volume) immediately after the highest calibration level and after each
patient’s sample. With these conditions, the carry-over of fedratinib in
the following blank sample corresponds to 4% of the response measured
for the lowest calibrator, while ruxolitinib and tofacitinib were not
detected at all.

3.2.2. Quantitative evaluation of matrix effect

Quantitative results of the assessment of the matrix effect are sum-
marized in Table 4. Values for at least two concentration levels for each
matrix (serum, regular, hemolyzed, and lipemic plasma) were within 85
— 115% and the RSD observed between the different matrices did not
exceed 15% for each level.
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Table 5
Trueness and accuracy of JAKi over their validated range and their respective limit of quantification. (LLOQ: lower limit of quantification, ULOQ: upper limit of
quantification).

Precision
Compound Concentration [ng/mL] Trueness [%] Repeatability [%] Intermediate precision [%] Relative uncertainty [%] LLOQ [ng/mL] ULOQ [ng/mL]
Abrocitinib 0.5 107.0 9.6 11.3 30.2 0.5 200
2.5 107.5 6.6 6.6 16.1
5 105.3 6.5 6.5 15.9
20 104.4 4.2 5.9 17.8
200 91.1 3.0 6.7 27.0
Baricitinib 0.5 108.6 9.3 9.3 22.8 0.5 200
2.5 105.9 6.0 6.0 14.7
5 107.8 4.1 4.5 11.7
20 105.2 3.5 6.3 22.4
200 92.5 3.5 6.2 21.7
Fedratinib 10 102.6 9.9 9.9 24.2 10 800
20 106.7 7.3 7.3 17.9
80 113.5 3.1 6.0 22.4
320 106.4 5.4 5.5 13.4
800 92.1 4.2 8.1 29.6
Ruxolitinib 0.5 94.5 6.3 10.2 33.9 0.5 400
1 109.1 4.4 5.6 15.6
10 110.7 5.7 5.7 14.0
40 108.4 4.8 7.8 26.3
400 96.2 3.6 7.8 31.4
Tofacitinib 1 107.6 3.6 5.5 17.3 1.0 400
5 107.9 6.0 6.0 14.7
10 105.7 5.2 5.2 12.8
40 106.0 3.8 5.5 16.8
400 91.2 5.2 7.5 23.1
Upadacitinib 0.5 104.7 6.6 6.6 16.2 0.5 200
2.5 109.0 6.9 6.9 17.0
5 107.6 4.7 4.7 11.6
20 106.2 4.1 6.0 18.6
200 91.6 3.7 6.6 23.3

Table 6

Stability assay. Evolution over time of JAKi concentrations in plasma at +4 °C and room temperature (RT) with respect to ty values. Each time point represents the
mean % difference from the initial nominal concentrations (analysed at ty) of the 2 levels of concentrations (1.5 and 150.0 ng/mL for abrocitinib, baricitinib, upa-
dacitinib; 1.5 and 300.0 ng/mL for ruxolitinib, 3.0 and 300.0 ng/mL for tofacitinib; and 30.0 and 600.0 ng/mL for fedratinib).

Compounds Time [h] Plasma Whole blood
Low concentration High concentration Low concentration High concentration
RT +4°C RT +4°C RT +4°C RT +4°C
Abrocitinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -5.5 -1.6 —-2.2 -1.5 -3.2 2.8 0.4 -1.5
24.0 -3.0 0.1 -0.4 -2.4 -1.3 -0.4 0.5 1.2
96.0 —4.8 -1.3 -2.0 -1.3 -1.8 5.4 -1.3 0.2
Baricitinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -2.0 3.3 -2.3 -0.9 —-2.4 —5.2 0.7 -3.0
24.0 0.6 2.9 -1.3 -1.1 -3.7 —6.6 2.0 0.7
96.0 -3.4 —0.2 -1.1 -0.9 —2.6 —19.3 1.6 -0.7
Fedratinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -5.7 -8.0 0.5 -1.3 —4.5 -8.1 -9.9 6.9
24.0 -3.1 -7.2 -1.7 -3.5 4.5 -11.4 -8.0 1.5
96.0 -3.2 -10.1 1.4 2.3 -2.5 -5.8 1.9 6.7
Ruxolitinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -3.1 0.5 -1.0 -1.2 7.4 6.6 8.7 -0.9
24.0 -0.9 0.4 —0.2 -2.1 13.6 7.4 18.7 4.6
96.0 -2.5 0.8 -1.2 0.6 23.2 11.9 27.3 6.8
Tofacitinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -3.8 0.9 -1.8 -0.8 -2.3 0.9 -1.1 —-0.2
24.0 -2.5 1.8 -1.0 -1.4 -2.8 0.7 -1.6 -0.3
96.0 -3.1 0.4 —2.6 -0.9 -11.2 -2.1 -5.1 -1.4
Upadacitinib 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 -3.2 0.9 -2.1 —0.6 -1.2 6.8 0.0 -0.8
24.0 2.4 2.4 -0.7 -1.6 -2.3 4.3 0.4 1.1
96.0 —4.6 3.1 -1.3 -1.2 -2.1 12.0 1.0 5.2
3.2.3. Extraction recovery 3.2.4. Trueness, precision, accuracy profile, limits of quantification, and
Table S1 (Supplementary Material) shows the quantitative results of linearity
the evaluation of the n-ER. The mean n-ER of the analytes ranged be- Quadratic log-log regression models best described the response-
tween 96.78% and 115.21% and the analytical RSD values were be- concentration profile in terms of coefficient of determination and
tween 1.11% and 13.68%. back-calculated calibration samples within + 15% (£20% at LLOQ) of
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Fig. 4. Chromatographic profiles of plasma samples collected from (A) a 46-year-old patient suffering from severe atopic dermatitis treated with 50 mg abrocitinib
once daily (QD). The sample was collected 4 h after the last intake. TDM measured a concentration of 266.7 ng/mL, (B) a 79-year-old patient suffering from severe
eczema was treated with 4 mg baricitinib QD. The blood sample was collected 6 h after the last intake and the concentration measured was 23.0 ng/mL, (C) a
polymedicated 76-year-old patient with unstable myelofibrosis (hepatic, renal, and cardiac dysfunction) treated with fedratinib 100 mg QD. The blood sample was
collected 1 h after the last intake. TDM showed a fedratinib plasma concentration of 346.9 ng/mL, (D) a 55-year-old patient with stable graft versus host disease
treated with ruxolitinib 10 mg twice daily (BID). The measured concentration was 4.5 ng/mL, 11 h after the last intake (E) a 33-year-old patient with sarcoidosis
treated with tofacitinib 5 mg BID. The concentration measured 10 h after the last dose intake was 5.2 ng/mL, (F) a 46-year-old patient diagnosed with stable atopic
dermatitis and vitiligo treated with upadacitinib 15 mg QD is shown. Blood sample was collected 4 h after the last dose intake and the concentration measured was
42.3 ng/mL. The respective internal standards are not shown in the figure for clarity.

the nominal concentration. Intercepts were comprised between —0.20
and —0.03 and the correlation coefficient (R?) was higher than 0.99 for
all calibration curves for the six JAKi and for the 3 days of validation.

The validated calibration ranges that have been selected vary be-
tween 0.5 and 200 ng/mL for abrocitinib, baricitinib, upadacitinib; 0.5
to 400 ng/mL for ruxolitinib; 1 to 400 ng/mL for tofacitinib; and 10 to
800 ng/mL for fedratinib. Trueness, repeatability, and intermediate
precision were comprised between 91.1 and 113.5%, 3.0-9.9%, and
4.5-11.3% respectively, and were therefore suitable for the quantifica-
tion of clinically relevant plasma levels of the six considered JAKi.

The accuracy profiles determined for abrocitinib, baricitinib, fedra-
tinib, ruxolitinib, tofacitinib, and upadacitinib are shown in the Fig. 3
and the p-expectation tolerance interval lies within the acceptance limits
of + 30% for biological samples [74]. The LLOQ and the upper limit of
quantification (ULOQ) were then defined as the highest and lowest
concentrations of the calibration samples. As the lowest concentration of
abrocitinib and baricitinib calibration samples lied close to the accep-
tance limit of +30%, the concentration of 0.5 ng/mL was considered as
the LLOQ (Table 5).

3.2.5. Limits of detection

The LOD determined in human plasma was 0.25 ng/mL for abroci-
tinib and baricitinib, 0.5 ng/mL for fedratinib, 0.05 ng/mL for rux-
olitinib and upadacitinib, and 0.1 ng/mL for tofacitinib.

3.2.6. Integrity to dilution

A dilution integrity experiment was performed to ensure the reli-
ability of sample concentrations exceeding the ULOQ values. A 10-fold
dilution by blank plasma and water gave appropriate results and were

considered as suitable. The average bias was 2.1% for abrocitinib, 5.4%
for baricitinib, 8.7% for fedratinib, 8.1% for ruxolitinib, 4.0% for tofa-
citinib, and 5.4% for upadacitinib.

3.2.7. Stability studies

Short term stability results showed that abrocitinib, fedratinib,
tofacitinib, and upadacitinib were stable for 96 h in whole blood or in
plasma samples at +4 °C or at room temperature. Similar results were
obtained for baricitinib except at low concentrations where it was only
stable for 48 h at +4 °C in whole blood samples. Ruxolitinib was stable
in plasma, (+4 °C and room temperature) up to 96 h. In whole blood,
later compound was stable at +4 °C but was unstable at room temper-
ature after 6 h (Table 6). Finally, after three freeze-thaw cycles, no
significant degradation was observed for any JAKi (remaining within —
15% of Ty values). After subjecting abrocitinib, baricitinib, fedratinib,
ruxolitinib, tofacitinib, and upadacitinib to medium-term stability
studies, it was observed that their concentration remained unchanged
following one month storage at both —20 °C and —80 °C (data not
shown). Finally, all analytes were stable in HPLC vials kept in the
autosampler for 72 h at +4 °C after the extraction procedure.

3.3. Clinical application

The LC-MS/MS method has been successfully applied to the analyses
of 78 patients’ samples receiving one of the six JAKi. The measured
concentrations were in line with those reported in the literature and
were within the calibration range. Two ruxolitinib concentrations from
the same patient were inferior to the LLOQ. However, these low con-
centrations were mostly attributed to the fact that the patient was on a
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very low dosage (5 mg twice a week). Two peak concentrations of
abrocitinib measured in samples from the same patient were also above
the range of calibration (240.5 ng/mL and 266.7 ng/mL).

Typical chromatographic profiles of patients treated with JAKi are
shown in the Fig. 4. Of note, no additional peaks were observed in these
selected m/z transition, even during prolonged series of patients’ sam-
ples analyses, highlighting the very high selectivity of the proposed LC-
MS/MS method.

4. Conclusion

A sensitive and selective HPLC-MS/MS method was developed to
quantify the six currently used JAKi in human plasma in an analytical
run lasting 7 min. This assay was validated according to the interna-
tional recommendations for bioanalytical assay over a large concentra-
tion range that covers the plasma concentration reported so far for
abrocitinib, baricitinib, fedratinib, ruxolitinib, tofacitinib, and upada-
citinib. After extensive validation, this assay is intended to be integrated
in our routine TDM service. Indeed, information on circulating con-
centrations of JAKi will help practitioners for a better follow-up or their
patients with regard to not only efficacy but also tolerability, possibly
explaining some instances of less than expected clinical responses, or so
far-unexplained toxicities, as well as long-term safety concerns, and
their modulation by potential drug-drug interactions and pharmacoge-
netic traits, and finally by the fluctuating compliance to oral treatments.
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