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Abstract

Janus kinases (JAKs) are a family of cytosolic tyrosine kinases that regulate cytokine signal transduction, including cytokines involved in a range
of inflammatory diseases, such as RA, psoriasis, atopic dermatitis and IBD. Several small-molecule JAK inhibitors (JAKis) are now approved
for the treatment of various immune-mediated inflammatory diseases. There are, however, key differences between these agents that could
potentially translate into unique clinical profiles. Each JAKi has a unique chemical structure, resulting in a distinctive mode of binding within the
catalytic cleft of the target JAK, and giving rise to distinct pharmacological characteristics. In addition, the available agents have differing selectiv-
ity for JAK isoforms, as well as off-target effects against non-JAKs. Other differences include effects on haematological parameters, DNA dam-
age repair, reproductive toxicity and metabolism/elimination. Here we review the pharmacological profiles of the JAKis abrocitinib, baricitinib,
filgotinib, peficitinib, tofacitinib and upadacitinib.
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Rheumatology key messages

* Janus kinase inhibitors (JAKis) have differential selectivity for JAK isoforms and different off-target binding profiles.
* Effects on haematological parameters, DNA damage repair and reproductive toxicity differ across JAKis.

¢ Differences between JAKis may translate to distinct pharmacological characteristics in patients.

Introduction JAK1/JAK2/TYK2 signalling mediates the effects of several

The Janus kinase (JAK) family of cytosolic tyrosine kinases
includes four members in mammals: JAK1, JAK2, JAK3
and tyrosine kinase 2 (TYK2) [1]. JAKs regulate cytokine
signalling transduction by binding to membrane-proximal, in-
tracellular domains of cytokine receptors [1-3]. Cytokine
receptors with heterodimeric subunits recruit multiple JAKs,
while homodimeric receptors exclusively bind JAK2 [2].

key pro-inflammatory cytokines, including IFN-y and IL-6
[2, 3], that are implicated in inflammatory disorders, includ-
ing rheumatological, dermatological and gastrointestinal dis-
eases [4, 5]. JAK1/JAK3 heterodimers mediate common vy
chain cytokine (IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21)
signalling, regulating aspects of lymphocyte development,
growth, differentiation and survival, as well as B cell class
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differentiation and immunoglobulin switching [6]. JAK2/
TYK2 heterodimers regulate the signalling of IL-12 and IL-
23, key immunoregulatory cytokines implicated in CD4+
Th1 and Th17 cell differentiation, respectively [7, 8]. JAK2
homodimers are crucial for the regulation of erythropoiesis,
thrombopoiesis and myelopoiesis [5, 9-12] (Fig. 1).

Cytokine binding induces conformational changes in the
cognate receptor. Phosphorylation of receptor subunits cre-
ates docking sites for the latent transcription factors signal
transducers and activators of transcription (STATs), which
are also phosphorylated by activated JAKs [5, 13]. Activated
STATs dimerize and translocate to the nucleus to regulate tar-
get gene expression (Fig. 2) [14-16].

The pivotal role of JAKs in cytokine signalling and immune
function was highlighted by critical JAK mutations in animals
and humans, leading to development of small-molecule JAK
inhibitors (JAKis) as pharmacotherapies for immune-
mediated inflammatory disorders [2, 16-18]. This review spe-
cifically summarizes published evidence on the differential
properties of six JAKis (abrocitinib, baricitinib, filgotinib,
peficitinib, tofacitinib and upadacitinib) approved by relevant
regulatory authorities for the treatment of immune-mediated
inflammatory disorders, including RA, psoriasis, atopic der-
matitis (AD) and IBD (Supplementary Table S1, available at
Rheumatology online), and discusses how their distinct prop-
erties may translate into unique clinical profiles. Peficitinib is
currently only approved for the treatment of RA in Japan and
South Korea and available pharmacological data are limited.
The TYK2-targeted JAKi deucravacitinib was also recently
approved in the USA [19], but is not discussed herein due to
its different mode of action (allosteric inhibition of receptor-
mediated TYK2 activation) vs other JAKis, and limited pub-
lished pharmacological data.

General mechanism of action of JAKis

JAKs contain four structurally conserved domains: N-termi-
nal FERM (4.1 protein, ezrin, radixin, moesin) and Src ho-
mology 2 (SH2)-like domains that facilitate JAK association
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with cytokine receptors; pseudokinase domain [JAK homol-
ogy 2 (JH2)], which has important regulatory functions in
controlling JAK activity; and C-terminal JAK catalytic do-
main (JH1) [16, 20, 21]. The six JAKis covered herein are
competitive, reversible adenosine-5’-triphosphate  (ATP)
inhibitors targeting the ATP-binding pocket in the JH1 do-
main, thereby suppressing JAK/STAT signalling [2, 22-235]
(Fig. 2). Importantly, owing to the highly conserved structure
of the ATP-binding pocket in each of the four JAKs, develop-
ing JAK-selective competitive ATP inhibitors is challenging
26].

Distinct chemical structures and modes of
binding to target JAKs

Each JAKi has a unique chemical structure (Fig. 3) and dis-
tinctive binding mode within the catalytic cleft of target JAKs
[24, 25]. Binding modes of each JAKi are shown in
Supplementary Table S1 and Fig. S1 (available at
Rbheumatology online), based on crystal structures of JAKis
complexed with target JAKs submitted to the Protein Data
Bank (https://www.rcsb.org/) [24].

Differential selectivity for JAK isoforms

Low selectivity may explain certain adverse effects of JAKis,
including anaemia, thrombocytopenia and upper respiratory
tract infections, prompting recent research to focus on devel-
oping more JAK-specific, highly selective JAKis to increase
therapy precision and decrease off-target activity [24, 26].
Inhibition of specific JAKs may improve JAKi safety, which is
particularly relevant for chronic, non-life-threatening diseases
requiring long-term treatment. Furthermore, a favourable
safety profile may permit higher dosing and improve efficacy
[24, 26].

Notably, developing selective JAKis also poses challenges.
The active JH1 domains of JAKs share high structural similar-
ity around the ATP-binding site. Due to the involvement of
multiple JAKs in certain cytokine signalling pathways, the
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Figure 1. Cytokine receptors are associated with distinct JAK pairs. yc: common y chain; EPO: erythropoietin; JAK: Janus kinase; TYK: tyrosine kinase
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Figure 2. General mechanism of JAK inhibition. Adapted from Alexander et al. (2021) [2]. ATP: adenosine-5'-triphosphate; FERM: (4.1 protein, ezrin,
radixin, moesin); JAK: Janus kinase; JH: JAK homology; P: phosphate; SH2: Src homology 2-like; STAT: signal transducer and activator of transcription
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Figure 3. JAK inhibitor chemical structures. (A) Abrocitinib [23]. (B) Baricitinib [55]. (C) Filgotinib [24]. (D) Peficitinib [24]. (E) Tofacitinib [53]. (F) Upadacitinib [73]
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dominant role of one JAK over another leads to differential
selectivity profiles across pathways, with reported discrepan-
cies between biochemical and cellular potencies [26].
Furthermore, JAK isoform selectivity is dose- and tissue-
dependent and is thus relative rather than absolute [27].

Enzymatic and cellular assays

JAK:i selectivity is assessed by determining inhibitory activity
for each JAK isoform and may be determined iz vitro (enzy-
matic biochemical assays) or ex vivo (cellular assays) by mea-
suring cytokine release and/or phosphorylated STAT
(pSTAT) activation [27], with low half-maximal inhibitory
concentration (ICsg) indicating high inhibitory activity. Assay
data should be interpreted with respect to the fact that they
are dose- and substrate/cell type-dependent [27], and may not
reflect biologically relevant clinical effects.

Enzymatic assay results for individual isoform
selectivity

Enzymatic assays are useful for describing inhibitory potency
for individual JAK isoforms, although potency across JAKis
should be compared only when using the same assay condi-
tions. General quantitative comparisons across assays for
each JAKi are possible, as outlined in Table 1. Briefly, abroci-
tinib and upadacitinib are selective JAK1 inhibitors; filgotinib
is also considered a selective JAK1 inhibitor but, in biochemi-
cal isolated enzyme assays, it preferentially inhibits JAK1 and
JAK2 (also inhibits JAK3 and TYK2—to a lesser degree, but
at concentrations that may be clinically relevant); baricitinib
is a selective JAK1 and JAK2 inhibitor; tofacitinib is a potent
JAK1 and JAK3 inhibitor (less active against JAK2 and
TYK2); and peficitinib is a pan-JAKi [27].

Cellular assay results for selectivity across JAKis
Baricitinib, tofacitinib and upadacitinib

Peripheral blood mononuclear cells from healthy donors were
incubated with clinically relevant concentrations of bariciti-
nib, tofacitinib and upadacitinib, and STAT phosphorylation
was measured following cytokine stimulation [28]. IL-6 inhi-
bition was similar among JAK1/2-dependent cytokines, while
tofacitinib was the least potent on IFN-y. Tofacitinib and upa-
dacitinib inhibited JAK1/3 signalling (IL-2, IL-4, IL-15, IL-21)
more than baricitinib. Inhibition of JAK1/TYK2 signalling in
the context of IL-10 was more potent for upadacitinib and
tofacitinib ws baricitinib, while upadacitinib was the most
potent and tofacitinib the least potent inhibitor of IFN-o
signalling. Interestingly, upadacitinib was the most potent
inhibitor of the JAK2/2 cytokines IL-3 and GM-CSF, while
baricitinib was the most potent inhibitor of the JAK2/TYK2-
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dependent cytokine G-CSF. Average daily inhibition of
STAT phosphorylation, based on pharmacologically relevant
drug concentrations at approved daily doses, was consistent
with ICso data (Supplementary Table S2, available at
Rheumatology online). Each JAKi displays different pharma-
cological profiles in ex vivo cellular assays, suggesting that
they modulate target pathways to varying degrees and dura-
tions over a 24-h dosing interval. Notably, no JAKis
completely or continuously inhibited an individual cytokine
signalling pathway during this interval [28]. Due to the com-
plex cooperative nature of JAKs, deriving cellular potency
data on individual family members is difficult in native cells
and as such, data employing engineered JAK-specific cell lines
have been additionally generated for upadacitinib, showing
markedly greater selectivity for JAK1 vs the other three iso-
forms [25].

Filgotinib vs baricitinib, tofacitinib and upadacitinib

In vitro JAK inhibitory activity of filgotinib was compared
with baricitinib, tofacitinib and upadacitinib in whole blood
from healthy donors and patients with RA [29]. Average daily
inhibition of JAK-dependent pathways was modelled at
plasma drug exposures equivalent to doses producing similar
overall ACR responses [filgotinib 200 mg once daily (QD);
baricitinib 4 mg QD; tofacitinib 5 mg twice daily; and upada-
citinib 15mg QD]. For JAK1/JAK2:IL-6/pSTATT1, all four
JAKis showed similar predicted average daily inhibition at
therapeutic doses. For JAK1/TYK2:IFN-o/pSTATS, filgotinib
showed average daily inhibition similar to baricitinib, but sig-
nificantly lower than tofacitinib and upadacitinib. For JAK1/
JAK2:IFN-y/pSTAT1, filgotinib displayed significantly lower
inhibition than baricitinib, tofacitinib and upadacitinib.
Average daily inhibition of JAK1/JAK3:IL-4/pSTAT6 with
filgotinib was similar to baricitinib, but significantly lower
than tofacitinib and upadacitinib. For JAK2/TYK2:G-CSF/
pSTAT3 and JAK2/JAK2:GM-CSF/pSTATS, filgotinib
showed significantly lower inhibition than the other three
JAKis. Notably, specific JAK associations may display distinct
properties in association with different cytokine receptors.
For example, the inhibition hierarchy of JAK1/JAK2/pSTAT1
differs between IL-6 and IFN-y receptors (Supplementary
Table S3, available at Rheumatology online). Overall, filgoti-
nib inhibited JAK1-dependent signalling similar to upadaciti-
nib, tofacitinib and baricitinib, but exhibited the lowest
inhibition of JAK2- and JAK3-dependent signalling. While
these JAKis affect multiple type I/II cytokines, different inhibi-
tors differentially modulate cytokine signalling in various
immune cells throughout a 24-h dosing cycle. These observa-
tions may provide a mechanistic rationale for reported differ-
ences in JAKi clinical profiles across indications [28, 29].

Table 1. /n vitro JAK isoform selectivity of the JAK inhibitors based on enzymatic assays

Classification ICso (nM)

JAK1 JAK2 JAK3 TYK2
Abrocitinib [47] Selective JAK1 inhibitor 29.2 803 >10000 1250
Baricitinib [68] Selective JAK1/2 inhibitor 5.9 5.7 >400 53
Filgotinib [49] JAK1/2 inhibitor 10-53 28-29 311-810 116-177
Peficitinib [39] Pan-JAK inhibitor 3.9 5.0 0.7 4.8
Tofacitinib [72] JAK1/3 inhibitor 3.2 41 1.6 34
Upadacitinib [54] Selective JAK1 inhibitor 43 120 2300 4700

ICs: half maximal inhibitory concentration; JAK: Janus kinase; TYK: tyrosine kinase.
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Furthermore, ICs is an artificial concept with uncertain rele-
vance in the whole organism. In vivo, even 5-10% inhibition
of multiple pathways integrated across a variety of immune
cells will likely have a physiological effect. Thus, lower inhibi-
tion levels could be clinically relevant, and ICsq values may
not accurately reflect differences in clinical effects among
agents.

Tofacitinib, baricitinib, upadacitinib and filgotinib

To elucidate how the differential in vitro potencies of JAKis
may translate to specific i vivo cytokine pathway inhibition,
an integrated modelling approach was used [30]. Combined
data from in vitro whole-blood cytokine assays and plasma
pharmacokinetics were used to determine JAK-dependent cy-
tokine receptor inhibition profiles of tofacitinib, baricitinib,
upadacitinib and filgotinib, at exposure levels estimated to
provide clinically meaningful responses in patients with RA
[30]. Although in vitro potency differences between JAKis
were apparent, cytokine receptor inhibition profiles across a
broad range of pathways were similar after accounting for
plasma protein binding, blood-to-plasma ratio and clinical ex-
posure. However, there were small numerical differences be-
tween JAKis in cytokine receptor inhibition percentages.
Tofacitinib showed numerically greater relative inhibition of
most JAK1/3-mediated common 7y chain cytokine receptors
(IL-2, IL-4, IL-7 and IL-15) vs baricitinib, upadacitinib and
filgotinib. Inhibition of JAK1/JAK2-mediated cytokine recep-
tors (IFN-y and G-CSF) and JAK2-mediated cytokine recep-
tors (thrombopoietin, IL-3, GM-CSF) was numerically greater
with upadacitinib vs other JAKis [30]. Minor differences in
predicted cytokine receptor inhibition between JAKis sug-
gested limited differences between their clinical profiles in RA.
However, the study was not statistically powered for compar-
isons and, as the inhibitory activity of JAKis is non-linear
over a concentration range, use of a single average plasma
concentration may have minimized differences in pharmaco-
dynamic profiles and obscured clinical implications [29].

Differential clinical toxicity profiles

As JAKis block cytokines that are involved in multiple path-
ways, they may have multi-system impacts. However, given
the differences in inhibitory potency of individual JAKis for
each JAK isoform, each molecule has a unique clinical toxicity
profile, as supported by extensive pre-clinical and clinical
findings. Long-term extension (LTE) and other post-
marketing studies remain necessary to evaluate JAKi safety in
the treatment of chronic inflammatory conditions, particularly
considering that these diseases themselves are often associated
with increased risk [2]. Recently raised concerns include in-
creased risk of cardiovascular and thromboembolic events in
certain higher-risk patient populations, highlighting the poten-
tial ramifications of JAK/STAT pathway inhibition, particu-
larly with pan- or multi-JAKis [2]. However, there is no robust
compelling evidence to date supporting that the mechanism of
action of JAKis would be the reason for a potential increased
risk for cardiovascular events or malignancies. Moreover,
JAKis may decrease the risk of these events by decreasing dis-
ease activity, since chronic inflammation is a well-known inde-
pendent risk factor for these events.

Haematological effects

As JAK signalling, particularly JAK2, is important in regulat-
ing erythropoiesis, thrombopoiesis and myelopoiesis [9-12],
JAKis with greater JAK2 inhibitory activity (baricitinib, tofaci-
tinib) would be expected to be associated with larger changes
in haematological parameters. However, clinical trial data do
not support this hypothesis. JAKis tend to be associated with
small, transient changes, and no evidence suggests that barici-
tinib or tofacitinib are associated with larger changes in hae-
matological parameters vs other JAKis [31-39] (Table 2).
Improvements in disease activity may lead to increased haemo-
globin level and reduced platelet count, particularly when IL-6
signalling is inhibited. The small, transient changes observed
appear consistent with data showing that, at clinically relevant
doses, a given JAKi inhibits target cytokine pathways for the
minority of a 24-h dosing cycle [28-30]. However, the level of
JAK inhibition that is clinically relevant is unclear.

Abrocitinib

An integrated analysis of long-term safety data from one
phase 2b study, four phase 3 studies and one LTE in patients
with AD found that abrocitinib reduced platelet counts tran-
siently and dose-dependently [31]. Transient decreases in pla-
telets were also reported in a population pharmacokinetic—
pharmacodynamic modelling analysis of two phase 2 and
three phase 3 studies in patients with psoriasis and AD, with
the nadir occurring ~24 days after continuous administration
of abrocitinib 200 mg QD [32].

Baricitinib

In vitro, baricitinib reduced platelet adhesion to collagen,
platelet aggregation, secretion and integrin ollbB3 activation,
in response to the glycoprotein VI agonist collagen-related
peptide (CRP-XL) [40]. Analysis of changes in haematological
parameters after baricitinib treatment in eight randomized tri-
als (four phase 3, three phase 2, one phase 1b) and one LTE
in patients with RA found transient reductions in neutrophils
and haemoglobin, with transient increases in lymphocytes
and platelets [33]. Permanent baricitinib discontinuation due
to abnormal neutrophil, lymphocyte, platelet or haemoglobin
levels was rare (0.2-0.5%).

Filgotinib

A 24-week phase 2b study of filgotinib added to MTX in
patients with RA and inadequate response to MTX found
dose-dependent decreases in neutrophils and increases in hae-
moglobin in all filgotinib groups [34]. Similar findings were
reported in a 24-week phase 2b study of filgotinib monother-
apy in a similar patient population [35], with no apparent
correlations between treatment groups and lymphocyte
counts over time.

Peficitinib

The Japanese Pharmaceuticals and Medical Devices Agency
(2019) reported low incidence of thrombocytopenia-related
adverse events and no marked changes over time in platelet
count in peficitinib clinical studies [39]. There was no evi-
dence of dose-dependent increases in neutropenia or lympho-
penia or differences between dosages, although haemoglobin
levels tended to increase during peficitinib therapy.
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Table 2. Summary of haematological changes associated with JAK inhibitor treatment

Platelet counts

Neutrophil counts

Lymphocyte counts Haemoglobin levels

Abrocitinib [31, 32]
Baricitinib [33]
Filgotinib [34, 35]

Transient |
Transient |
| then stable weeks 4-24

No change

!
| then stable weeks 4-24

No change
Transient |
No change; no correlations

No change
Transient |
1 then stable weeks 12-24

(end of study) (end of study)? with treatment groups (end of study)
Peficitinib [39] No change Slight | 1 1
Tofacitinib [36] NR | then stabilized in LTEs | then stabilized at month 1 then stabilized in LTEs
48
Upadacitinib [41, 42] Small transient | | in weeks 4-8 followed by Small transient | up to No change
stabilization at a lower week 36

value than baseline

A transient change is defined here as a change from baseline followed by a return to baseline levels during the period of observation.
2 A further decrease from weeks 16-24 was seen with filgotinib 100 mg twice daily, with an overall decrease to week 24 observed in patients switched from
filgotinib 50-100 mg. JAK: Janus kinase; LTE: long-term extension; NR: not reported.

Tofacitinib

In vitro, tofacitinib did not significantly affect platelet func-
tion [40]. Analysis of changes in haematological parameters
in six phase 3 and two LTE studies of tofacitinib in patients
with RA showed decreased mean neutrophil and lymphocyte
counts, and increased haemoglobin in all tofacitinib groups
[36]. Clinically meaningful reductions in haemoglobin levels
(<7g/dl or >3g/dl from baseline) occurred in <1.0% of
patients in all treatment groups.

Upadacitinib

In vitro, upadacitinib did not significantly affect platelet adhe-
sion, integrin activation or granule secretion induced by CRP-
XL, although there was a significant effect on platelet spread-
ing on fibrinogen [40]. In a phase 3 RA study, mean haemo-
globin levels were stable over time, while initially slightly
decreased platelet counts normalized over time [41].
Decreased neutrophil counts after 4-8 weeks of upadacitinib
stabilized below the baseline, while small increases in lympho-
cyte counts were gradually restored with continued treatment
[42]. Phase 3 data in PsA showed no clear exposure-response
trends for haemoglobin <8 g/dl, or grade >3 lymphopenia or
neutropenia after 24 weeks [43]. When combining upadaciti-
nib with topical CSs for AD, neutropenia occurred more fre-
quently with the 30 mg (4.4%) vs the 15 mg (1.1%) dose [37].

Off-target inhibition of non-JAKs

Due to the highly conserved structure of the catalytic sites of
protein kinases, ATP-competitive inhibitors, including JAKis,
may bind to kinases other than JAKs. This off-target binding
may lead to increased toxicity and worse overall safety profile
of individual JAKis [44-46]. However, laboratory changes
that have been associated with JAKi treatment, such as crea-
tine kinase elevation, do not necessarily translate to serious
clinical effects [2].

Abrocitinib

In a ligand-binding assay, abrocitinib inhibited VEGF recep-
tor 2 by 94% and monoamine oxidase A by 67% [47]. The
clinical relevance of these findings is unknown.

Baricitinib
Baricitinib demonstrates a high binding affinity for adaptor-

associated protein kinase 1 and cyclin G-associated kinase
[48], the role of which in viral endocytosis was a key

consideration when evaluating baricitinib for the treatment of
COVID-19. These binding affinity characteristics are lacking
for upadacitinib and tofacitinib.

Filgotinib

In vitro kinase activity-profiling studies with filgotinib found
that some kinases display ICs values below the maximum fil-
gotinib plasma concentration. For some kinase targets, a high
level of competitive inhibition of ATP binding was observed,
including 95% inhibition for liver kinase B1 and 73% for ser-
ine/threonine protein kinase 1 [49]. The active metabolite of
filgotinib, GS-829845, shows a much broader range of kinase
binding vs filgotinib, binding to ~20 non-JAK-associated kin-
ases, although with substantially lower potency. Toxicity
studies have not identified any GS-829845-related concerns,
suggesting that off-target GS-8298435 binding is not clinically
relevant [49].

Tofacitinib

Quantitative analysis of kinase inhibitor selectivity for 38
inhibitors across a panel of 317 kinases (>50% of the pre-
dicted human protein kinome) found that tofacitinib demon-
strated binding affinities <1uM for protein kinase N1,
sucrose nonfermenting 1/adenosine monophosphate-activated
protein kinase-related kinase, and tyrosine kinase non-
receptor 1 [50]. Furthermore, the binding potency for
doublecortin-like kinase 3 (4.5nM) was similar to that for
JAK2 and -3 isoforms. The clinical relevance of these findings
is unknown.

Upadacitinib

Upadacitinib demonstrated selectivity across a panel of >70
kinases, with only Rho-associated kinases (Rock)1l and 2
demonstrating ICso <1 uM [25]. Binding potency for Rock1
and Rock2 was >20-fold and 10-fold lower, respectively,
than for JAK1. Findings in isoform-specific knockout mice
support a role of Rock1 and Rock2 in the pathogenesis of car-
diac fibrosis and hypertrophy, suggesting that Rock inhibition
may protect against cardiovascular disease [51].

Pre-clinical carcinogenicity

Pre-clinical carcinogenicity studies conducted on all JAKis
during development have reported variable outcomes.

In a carcinogenicity study of abrocitinib, higher incidence
of benign thymoma was noted in female rats [52]. Increased
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incidence of tumours in rats was also reported with filgotinib
and tofacitinib [49, 53], but not with upadacitinib or bariciti-
nib [54, 55]. A carcinogenicity study of peficitinib in mice
found no effects on the incidence of hepatocellular adenoma
or carcinoma [39].

DNA damage repair

Increasing evidence suggests DNA damage repair modulation
by JAK/STAT signalling [56-60], with STAT3 in particular
regulating genes controlling cell survival and proliferation,
apoptosis and tumorigenesis [61]. Induction of JAK/STAT3
signalling by G-CSF in hepatocytes reduces DNA double-
strand breaks (DSBs) caused by acetaminophen, whereas an-
tagonism of G-CSF-mediated JAK/STATS3 signalling by the
JAKi ruxolitinib abrogated the protective effect of G-CSF
[58]. The impact of tofacitinib, baricitinib, filgotinib and upa-
dacitinib on DNA DSB formation and radiation-induced
DNA damage repair in vitro was evaluated in peripheral
blood mononuclear cells [62]. Analyses of DNA DSB markers
YH2AX and p53-binding protein 1 indicated enhanced levels
of DNA damage in cells incubated with high filgotinib con-
centrations, and dose-dependent reduction in clearance of
radiation-induced DSB foci in the presence of tofacitinib or
baricitinib. Upadacitinib treatment did not cause increased
levels of DSB foci [62]. These in vitro results indicated that
JAKis may differentially impact DNA damage repair.

Reproductive toxicity

Filgotinib is the only JAKi for which adverse effects in the
male reproductive system have been reported [49]. Impaired
spermatogenesis and histopathological changes in the testis
and epididymis were associated with filgotinib 60 mg/kg QD
in pre-clinical animal studies, albeit at exposure levels consid-
erably higher than the recommended human dose of 200 mg
QD [49, 63]. Similar pre-clinical toxicity studies on other
JAKis reported no observable effects on male reproductive
organs [49]. Global regulatory authorities requested further
research to elucidate the impact on humans [49, 64], and two
studies on male reproductive function are ongoing: MANTA
(NCT03201445) and MANTA-RAy (NCT03926195) [65].
The Committee for Medicinal Products for Human Use
assessed interim results from MANTA and MANTA-RAy,
and concluded that they were not suggestive of filgotinib-
related effects on testicular function; however, overall
conclusions will be based on the totality of the data, including
secondary/exploratory measures (sperm motility/morphology,
sex hormones, reversibility of any effects on semen parame-
ters) [65].

Bone growth toxicity

Abrocitinib is the only JAKi for which adverse effects on bone
growth have been reported. Toxicity studies of abrocitinib in
rats at an age comparable to a human age of 12 years showed
transient and reversible microscopic bone dystrophy.
Furthermore, the exposure margins at which no bone finding
was noted were 5.7-6.1 times the human area under the
time—concentration curve (AUC) at the maximum recom-
mended human dose (MRHD) of 200 mg. No bone findings
were observed in rats at any dose in the 6-month toxicity
study (up to 25 times the human AUC at the MRHD of
200mg) or in any toxicity study in cynomolgus monkeys
(comparable to human age of 8 years; up to 30 times the hu-
man AUC at the MRHD of 200 mg). However, the safety and

efficacy of abrocitinib in children (<12 years) have not yet
been established [52].

Abrocitinib use has been studied in adolescents (12—
18 years). However, because of macroscopic and microscopic
bone findings in juvenile rats (malrotated and/or impaired use
of limbs or paws, fractures and/or femoral head abnormali-
ties), additional long-term data are needed to conclude
whether the benefits outweigh the risks in growing adoles-
cents [52].

Metabolic and elimination profiles

Differences in JAKi metabolism and elimination result in dif-
fering recommendations regarding potential drug—drug inter-
actions and dose modifications in patients with renal and
hepatic impairment (Table 3) [39, 42, 52, 66-68]. Adjustment
recommendations for different JAKis depend on primary
clearance mechanism and extent of functional impairment,
and vary from no adjustment in patients with mild impair-
ment, to JAKis being not recommended or contraindicated in
patients with severe impairment. Details are provided in
Table 3 and below.

Abrocitinib

Abrocitinib is primarily metabolized by cytochrome P450
(CYP)2C19 and CYP2C9, with contributions from CYP3A4
and CYP2B6. In a human radiolabelled study, abrocitinib
was the most prevalent circulating species, with two active po-
lar mono-hydroxylated metabolites identified as M1 (3-
hydroxypropyl) and M2 (2-hydroxypropyl). M1 is less active,
while M2 is as active as abrocitinib [69]. In patients receiving
dual strong inhibitors of CYP2C19 and moderate inhibitors
of CYP2CY, or strong inhibitors of CYP2C19 alone (e.g. flu-
voxamine, fluconazole, fluoxetine and ticlopidine), the recom-
mended abrocitinib dose should be halved (100 mg or 50 mg
QD; Table 3) [52].

Baricitinib

In vitro, baricitinib is a CYP3A4 substrate (although <10%
is metabolized via oxidation) and is also an iz vitro substrate
for organic anionic transporter (OAT)3 [68]. Therefore, the
recommended dose is reduced from 4mg to 2mg QD in
patients taking strong OAT3 inhibitors (e.g. probenecid). In
clinical pharmacology studies, coadministration of baricitinib
with a strong CYP3A inhibitor (e.g. ketoconazole) or inducer
(e.g. rifampicin) resulted in no clinically meaningful changes
to baricitinib pharmacokinetics. Renal elimination is the prin-
cipal clearance mechanism, and renal function significantly
affects baricitinib exposure; the mean ratios of exposure
(AUC) in patients with mild/moderate renal impairment to
patients with normal renal function are 1.41 and 2.22, respec-
tively (Table 3) [55, 68]. Consequently, baricitinib should be
used at the lower dose (2 mg QD) in moderate renal insuffi-
ciency and is not recommended in severe insufficiency.

Filgotinib

Filgotinib is mainly metabolized by carboxylesterase 2 [67],
which is inhibited in vitro by fenofibrate, carvedilol, diltiazem
and simvastatin; the clinical relevance of this interaction is
currently unknown. Its primary metabolite, GS-8298435, con-

tributes to the overall efficacy with a 10-fold lower potency
[49, 67].
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Table 3. Summary of the metabolism and excretion of JAK inhibitors in patients with renal or hepatic impairment

Primary Primary Renal impairment Hepatic impairment
metabolizing clearance
enzymes mechanism Mild Moderate Severe Mild (Child Moderate Severe (Child
Pugh A) (Child Pugh B) Pugh C)
Abrocitinib [52] CYP2C19 and Urine No dose 50 or 100 mg 50 mg QD° No dose No dose adjustment Contraindicated
CYP2C9 adjustment” QD adjustment
Baricitinib [68] CYP3A4 Urine No dose 2 mg QD¢ Not recommended" No dose No dose adjustment Not recommended
adjustment? adjustment
Filgotinib [67] CES2 Urine No dose 100 mg QD¢ 100 mg QDf No dose No dose adjustment Not recommended
adjustment? adjustment
Peficitinib [39, 70] SULT2A1; Urine/faeces No dose No dose No dose adjustment® No dose 50mg QD Contraindicated
NNMT adjustment® adjustment® adjustment
Tofacitinib [66] CYP3A4 Hepatic No dose No dose 5 mg QD when indicated No dose 5 mg QD when indicated Contraindicated
metabolism adjustment® adjustment” dose is 5 mg BID; 5 mg adjustment dose is 5 mg BID; 5 mg
BID when the indicated BID when indicated dose
dose is 10 mg BID" is 10 mg BID
Upadacitinib [42] CYP3A4 Urine/faeces No dose No dose 15 mg QD for rheumatolog- No dose No dose adjustment Contraindicated
adjustment” adjustment” ical/dermatological indi- adjustment

cations; 30 mg induction
dose and 15 mg mainte-
nance dose for IBD®

? eGFR 60 to <90 mL/min;
b CrCL 30-49 mL/min;

> eGFR 30 to <60 mL/min;
' patients with severe renal impairment should remain on a reduced dose even after haemodialysis. BID: twice daily; CES: carboxylesterase; CrCL: creatinine clearance; CYP: cytochrome

¢ eGFR 15 to <30 mL/min;

4 CrCL >60 mL/min;

¢ CrCL 30 to <60 mL/min;

P450; eGFR: estimated glomerular filtration rate; JAK: Janus kinase; NNMT: nicotinamide N-methyltransferase; QD: once daily; SULT: sulfotransferase.

£ CrCL 15 to <30 mL/min;

& CrCL 50-80 mL/min;
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Peficitinib

Peficitinib metabolism is mainly mediated by sulfotransferase
2A1 and nicotinamide N-methyltransferase [70]. Data from
in vitro studies suggest that peficitinib may inhibit CYP2CS8,
but there were no marked differences in the incidence of ad-
verse events between peficitinib treatment with and without a
concomitant CYP2CS8 substrate in clinical studies [39]. There
is also evidence from in vitro studies that peficitinib may in-
hibit CYP3A.

Tofacitinib

Tofacitinib is primarily metabolized by CYP3A4 [66, 71].
The total daily dose should be halved in patients receiving po-
tent CYP3A4 inhibitors, and in patients receiving concomi-
tant medicinal products resulting in both moderate inhibition
of CYP3A4 and potent inhibition of CYP2C19 (e.g. flucona-
zole) (Table 3) [66].

Upadacitinib

Upadacitinib is primarily metabolized by CYP3A4 [42].
Therefore, as with baricitinib and tofacitinib, exposure can be
affected by CYP3A4 inhibitors or inducers. Upadacitinib
15 mg QD should be used with caution in patients chronically
treated with strong CYP3A4 inhibitors [42]. Upadacitinib
30mg QD is not recommended for AD chronically treated
with strong CYP3A4 inhibitors, while for ulcerative colitis or
Crohn’s disease, the recommended induction and mainte-
nance doses are 30 mg and 15 mg QD, respectively (Table 3).

Conclusions

The JAKis abrocitinib, baricitinib, filgotinib, peficitinib, tofa-
citinib and upadacitinib have unique chemical structures,
which translate into different binding modes and affinities for
JAK isoforms and variations in clinical pharmacology. As
JAK enzymes work cooperatively, JAK1 can pair with any of
the other three isoforms; therefore, even JAKis that are rela-
tively JAK1-selective may have biological effects on all pair-
ings involving JAK1. As JAK2 is the only JAK occurring as a
homodimer, JAK2 blockade may lead to haematological
effects. Overall, it is unclear which pathway blockade is most
likely to translate into clinical efficacy, and whether the differ-
ential selectivity of JAKis translates into clinically meaningful
differences in patient outcomes. The lack of head-to-head
studies prevents direct comparison of the efficacy and safety
of JAKis, and further research is required. Distinct differences
in the metabolism and elimination profiles of different JAKis
lead to dosing variations in patients with hepatic/renal impair-
ment and potential drug—drug interactions with each JAKi, all
of which have clinical significance. The evidence presented in
this review indicates that each JAKi is a unique molecular en-
tity, with multiple differential characteristics associated with a
distinct pharmacological and clinical profile, which may help
guide patient selection.

Search strategy and selection criteria

The references for this review were identified through search-
ing PubMed for articles published between January 1990 and
August 2022. Search criteria are listed in Supplementary

Table S4, available at Rheumatology online. The final refer-
ence list was generated on the basis of originality and rele-
vance to the scope of this review.

Supplementary material

Supplementary material is available at Rheumatology online.
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No new data were generated or analysed in support of this
review.
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