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'.) Check for updates

Kinase Inhibitors in Systemic Lupus Erythematosus

Positive phase 2 results for

TYK2/JAK inhibitors
Deucravacitinib
Upadacitinib

Possible future targets
include PI3K, mTOR, NIK,
and CaMK4

Less evidence available for
SYK inhibitors

BTK inhibitor
Orelabrutinib

Abstract

Systemic lupus erythematosus (SLE) is a chronic, multisystem autoimmune disease that is
undergoing a revolution in its treatment paradigm. Receptor kinases including Janus (JAK)
kinases, Bruton's tyrosine kinase (BTK), and spleen tyrosine kinase (SYK) are essential for
signalling of many cytokines and receptors on immune cells. Suppression of these kinases
changes the activation state of target cells, leading to inhibition of cytokine actions and
effects such as autoantibody secretion. Therefore, therapeutic kinase inhibitors hold
potential as treatments for SLE, but their efficacy and safety remain to be determined.
Tyrosine kinase 2 and JAK inhibitors such as deucravacitinib and upadacitinib respectively
have shown positive results in phase 2 trials, while further research into the JAK inhibitor
baricitinib and BTK and SYK inhibitors has been less encouraging. This review summarises
the current state of research on the use of kinase inhibitors in SLE.

INTRODUCTION

Despite affecting more than 3.4 million people globally'", available treatments for
systemic lupus erythematosus (SLE) are lacking compared to other autoimmune
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Figure 1. A simplified diagram of signalling pathways implicated in SLE. Created in BioRender. L, K. (2025),
https://BioRender.com/f490466.

diseases with only one new therapy, anifrolumab, approved in the last decade®. Trials of many other
therapeutic agents have failed to demonstrate superiority to placebo, likely due to the complexity of
pathogenic pathways and diversity of biological and clinical phenotypes in SLE". Apart from genetic factors
and environmental triggers, multiple cytokines such as Type I interferons (IFNs), B cell activating factor
(BAFF), and interleukin (IL)-6, IL-10 and IL-12 are believed to play a role in the pathogenesis of SLE". Type
I IFNs may be particularly important in altering B cell tolerance, leading to generation of autoantibodies that
subsequently form immune complexes. With the exception of BAFF, the target of belimumab, targeting
individual cytokines has never been effective in the treatment of SLE". Anifrolumab targets the common
IFN receptor and therefore inhibits the signalling of multiple Type I IFN proteins'?. However, as all
cytokines use pathways involving tyrosine kinases to transduce intracellular signals, targeting kinases holds
potential as a more effective treatment for SLE by targeting upstream pathways. This review aims to
summarise the current state of research on the use of kinase inhibitors in SLE.

KINASE INHIBITORS

Tyrosine kinases transduce signals entrained by upstream stimuli, leading to downstream changes'®’.
Depending on the stimulus, the effects transduced by these enzymes can include modifications in cell
growth, migration, differentiation, apoptosis, or death. Activation or inhibition of these kinases can lead to
dysregulated signalling cascades, resulting in autoimmune disease or malignancy'®. They can be further
classified into receptor tyrosine kinases, non-receptor tyrosine kinases, and dual-specificity kinases'. The
non-receptor group comprises nine families: Abl, Ack, Csk, Fak, Fes/Fer, Jak, Src, Syk and Tec'®. Potential
targets in SLE pathogenesis include the Janus kinase (JAK) family - consisting of JAK1, JAK2, JAK3 and
tyrosine kinase 2 (TYK2)" - which is involved in signalling of multiple cytokines, as well as kinases involved
in B cell receptor (BCR) signalling such as Bruton’s tyrosine kinase (BTK) and spleen tyrosine kinase (SYK)
[Figure 1], alongside lipid kinases such as phosphoinositide 3-kinase (PI3K)®’. Inhibitors can potentially
block the action of any tyrosine kinase to treat disease, and most kinase inhibitors are developed for oral
administration, which improves patient adherence'”. In addition, compared with biologics, receptor kinase
inhibitors do not induce immunogenicity, resulting in a reduced risk of hypersensitivity or development of
anti-drug antibodies and, in theory, higher chances of long-term efficacy®.

Janus kinase inhibitors
The JAK/signal transducer and activator of transcription (STAT) pathway is a pivotal signalling pathway for
cell function, and its dysregulation appears to be heavily implicated in the development of SLE". While JAK3
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is only expressed in the bone marrow, lymphatics, endothelial cells and vascular smooth muscle cells, the
other JAK family kinases JAK1, JAK2 and TYK2 are ubiquitously expressed in most tissues'”’. More than 50
cytokines and growth factors use components of the JAK/STAT pathway to signal, including Interferon
alpha (IFNa), interferon gamma (IFNy), IL-2, IL-6 and IL-12">""!. In each case, interaction between the
ligand and its receptor causes transphosphorylation of the relevant JAK, after which active JAK induces
tyrosine phosphorylation of the bound receptor, creating a docking site for STATs!"*""\. Subsequently, JAK
proceeds to phosphorylate the relevant STAT, forming homodimers or heterodimers that translocate to the
nucleus and act directly as transcription factors on target gene promoters in order to regulate transcription of
target genes'>'".

Currently, JAK inhibitors are approved for use in treatment of multiple inflammatory diseases, although not
in SLE!"?). However, considerable evidence supports the potential utility of JAK inhibitors, including the
observation that JAK/STAT pathways are a major mediator of signalling by Type I IFNs"\. In murine
models, treatment with JAK3 inhibitors significantly reduced proteinuria and improved renal function, and
deposition of Complement component 3 (C3) and immunoglobulin G (IgG) was also significantly decreased
in glomeruli"*. JAK2 inhibition led to a reduction in several cytokines including IFNa, IL-12 and Tumor
necrosis factor alpha (TNFa), as well as a reduction in serum C3 and glomerular infiltration"). JAK1
inhibition appeared to reverse severe proteinuria, reduce circulating double-stranded DNA (dsDNA)
antibody levels, and lead to less extensive tubular damage'"®!. Total, activated and central memory T cell
numbers also decreased"®’. TYK2 has been shown to promote IFNa-induced autophagy in B cells'”. Table 1
summarises the clinical trials of JAK/TYK2 inhibitors in SLE, and the results are detailed in the following
section.

Tofacitinib

Tofacitinib preferentially inhibits JAK1 and JAK3 with some effect on JAK2 and TYK2". In murine models,
tofacitinib has been shown to significantly decrease the release of neutrophil extracellular traps (NETs) and
reduce levels of anti-dsDNA antibodies and proteinuria, likely by reducing IFN signalling"®. It also enhanced
vascular function in murine lupus models through improving endothelium-dependent vasorelaxation,
endothelial cell differentiation and lipoprotein profiles"®. There are case reports where the use of tofacitinib
resulted in improvement of interstitial lung disease and pericardial effusions secondary to SLE""”, as well as
improvements in non-scarring alopecia due to SLE®”.,

So far, three small studies have investigated tofacitinib in SLE. In a phase 1b trial, 30 patients were
randomised to receive tofacitinib 5 mg twice daily or placebo (NCT02535689)"'.. Tofacitinib induced
improvements in lipid profile, arterial stiffness, Type I IFN gene signature and circulating NETs™'. These
effects were more marked in patients with the Signal Transducer and Activator of Transcription 4 (STAT4)
SLE risk allele®". Overall, tofacitinib was well tolerated, with no statistical differences in adverse events
between the tofacitinib and placebo groups®”’. A small (n = 5), open-label, 24-week study of tofacitinib 5 mg
twice daily showed an improvement in the Cutaneous Lupus Erythematosus Disease Area and Severity Index
(CLASI) in patients with discoid lupus erythematosus (NCT03159936)??. A further open-label trial evaluated
the effects of tofacitinib addition to background therapy for 72 weeks (NCT03288324), in which 73% of
patients achieved a partial CLASI response of 6 points by week 4, and systemic features of disease activity as
measured by Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) also improved significantly by
week 24,

Baricitinib

Baricitinib is an oral inhibitor selectively targeting JAK1 and JAK2, and has been approved for the treatment
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Table 1. Clinical trials investigating the efficacy of JAK inhibitors in SLE (as of 11 September 2025). Source: http://clinicaltrials.gov

Drugs Target Indication Development stage Primary endpoint Trial identifier
Phase 3 Slgnlflcantly greater proportion in baricitinib 4 mg NCT03616912
group achieved SRI-4 compared to placebo
Baricitinib JAK1/2 SLE o ] )
Phase 3 No significant difference in SRI-4 responders NCT03616964
compared to placebo
Brepocitinib  JAK1/TYK2 SLE Phase 2 No significant difference in SRI-4 responders NCT03845517
compared to placebo
SLE Phase 2 S|gn|f|cant|>/ greater proportion in deucravacitinib NCT03252587
groups achieved SRI-4 compared to placebo
Phase 2 (results not yet
SLE published) N/A NCT03920267
Deucravacitinib  TYK2 ) ]
N Phase 2 (discontinued due N/A NCT03943147
to low enrollment)
. NCTO05617677,
SLE Phase 3 (ongoing) N/A NCT05620407
CLE Phase 2 No significant difference in CLASI-A score NCT03134222
compared to placebo
Filgotinib JAK1 ) ) o o
LN Phase 2 Reductlgn of 24-h urine with filgotinib, but limited NCT0328571
conclusions due to small number of patients
Numerical improvement in CLASI-A score
o DLE/SLE Phase 2 compared to placebo, but limited conclusions due NCT03159936
Tofacitinib JAK1/3 to small number of patients
CLE Phase 1/2 Reduction in CLASI-A scores NCT03288324
Solcitinib JAKI SLE Phase 2 (Fermlnated dueto No |mpfovement in IFN transcriptional biomarker NCTO1777256
lack of efficacy) expression
Significantly greater proportion of upadacitinib
SLE Phase 2 groups achieved SRI-4 and glucocorticoid dose <10 NCT03978520
Upadacitinib JAK1 mg daily
SLE Phase 3 (ongoing) N/A NCT05843643

of rheumatoid arthritis (RA) and some other autoimmune diseases®". A phase 2 study suggested that
baricitinib at a dose of 4 mg could be an effective and well tolerated treatment for SLE, with a significant
difference compared to placebo in the primary outcome measure'®’. A post hoc analysis of baricitinib effects
on blood signatures indicated significant inhibitory effects on multiple pro-inflammatory pathways including
the Type I IFN signature™.

Subsequently, two phase 3 trials have been conducted”*. In the first phase 3 trial, BRAVE-I, 760 patients
with active SLE were randomised to receive baricitinib 4 mg daily, baricitinib 2 mg daily or placebo.
BRAVE-I demonstrated that use of baricitinib 4 mg daily showed a higher SLE responder index (SRI)-4 rate
when compared to placebo and the baricitinib 2 mg group™’. However, the effectively identical BRAVE-II
trial showed no difference in SRI-4 response at week 52 when compared with placebo. In addition, neither
phase 3 study demonstrated any significant differences compared to placebo in secondary endpoints, such as
time to first severe flare and glucocorticoid tapering.

A few factors may have led to these conflicting results. SLE is a heterogeneous disease, although patient
profiles in these studies were similar to those of recent phase 3 SLE clinical trials®®. A post-hoc pooled
analysis suggested that baricitinib may be efficacious in patients with higher disease activity (Systemic Lupus
Erythematosus Disease Activity Index 2000 (SLEDAI-2K) > 10 at baseline), as well as patients receiving
treatment with a baseline glucocorticoid dose of 10 mg per day or higher'. The failure of existing SLE
outcome measures to detect partial improvements in disease activity should also be considered””, suggesting


http://clinicaltrials.gov

Liao et al. Rare Dis Orphan Drugs J. 2026;5:3 Page 5 of 15

that one main barrier to SLE therapeutic development is related to available clinical outcome assessment
tools.

Brepocitinib

Brepocitinib is an inhibitor of JAK1 and TYK2?*. One phase 2 trial has been conducted in patients with
moderate to severe SLE, assessing the efficacy of brepoctinib versus placebo. (NCT03845517)""?) However,
there were no significant differences in achievement of SRI-4 after 52 weeks when compared to placebo.
Analysis of British Isles Lupus Assessment Group-based Composite Lupus Assessment (BICLA) response
also showed no differences™. It is unclear if the patient population at baseline had any significant differences
in SLE disease activity or baseline treatment, as further results have not been published. Further trials have
been discontinued and brepocitinib is now being developed for use in non-infectious uveitis and
dermatomyositis.

Deucravacitinib

Deucravacitinib is an oral allosteric selective inhibitor of TYK2, which transduces signals from a family of
cytokines distinct from the JAK kinases, namely Type I IFN, IL-10, IL-12, and IL-23%. A phase 2 trial has
reported positive results in the treatment of moderate to severe SLE (NCT03252587)"*. A total of 363
patients were randomised to receive deucravacitinib 3 mg twice daily, 6 mg twice daily, 12 mg once daily, or
placebo™. Fifty-eight percent of the deucravacitinib 3 mg group achieved the primary outcome measure of
an SRI-4 response at week 32, compared with 34% in the placebo group”. While the other treatment arms
also achieved the primary endpoint, no added benefit was observed at higher deucravacitinib dosages"*. All
secondary endpoints such as Lupus Low Disease Activity State (LLDAS) response, 50% improvement in the
Cutaneous Lupus Erythematosus Disease Area and Severity Index activity (CLASI-50) and change in joint
counts were improved at week 48 in the 3 mg twice daily treatment groups when compared to placebo*..
Deucravacitinib appeared to be well tolerated, with no statistically significant differences in adverse event
rates compared with placebo at any of the doses tested””). Most common adverse events included upper
respiratory tract infection, nasopharyngitis, headache and urinary tract infections, which were mostly
unrelated to treatment®!. A phase 2 trial in lupus nephritis (NCT03943147) was terminated due to low
enrolment, but phase 3 trials in SLE are ongoing (NCT05617677, NCT05620407).

Filgotinib
Filgotinib is a selective JAK1 inhibitor”®". A phase 2 randomised, double-blinded, placebo-controlled trial
evaluated the efficacy of filgotinib 200 mg compared to a spleen kinase inhibitor, lanraplenib 30 mg, and

[34

placebo in moderate to severe cutaneous lupus erythematosus (CLE) (NCT03134222)"* (see separate section

[34

for lanraplenib results). A total of 45 patients were included in the study”. While filgotinib was generally
well tolerated and showed a numerical improvement in Cutaneous Lupus Erythematosus Disease Area and
Severity Index activity (CLASI-A) score at week 12 compared to both the lanraplenib and placebo groups,
the primary endpoint was not met as the difference did not achieve statistical significance". The most

common adverse events were mild to moderate upper respiratory tract infection and headache®.

Another phase 2 trial compared the use of filgotinib and lanraplenib in patients with lupus nephritis and
membranous nephropathy (NCT03285711)"".. However, limited conclusions could be drawn due to the
small sample size of nine patients and lack of a placebo group. Five patients received filgotinib, and there
was a median reduction of 50.7% in 24-h urine protein at 16 weeks when compared to the lanrapelnib group
which demonstrated a median reduction of 2.8%"*). SLEDAI remained stable for both study arms at week
16" Again, filgotinib appeared well tolerated with only 1 patient in the filgotinib group reporting an adverse
event with grade 2 3", Further study into the utility of filgotinib as a potential management option is
required.
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Upadacitinib

Upadacitinib is an oral agent with selectivity for JAK1, a kinase which modulates signalling by multiple
cytokines including IEN, IL-2, IL-4, IL-6, IL-10 and IL-15. A 48-week phase 2 study evaluated the efficacy of
upadacitinib and the BTK inhibitor elsubrutinib (see separate section) alone or in combination in 341
patients with moderate to severe SLE (NCT03978520)"". The study arms for elsubrutinib alone and low-dose
combination therapy were discontinued early due to lack of efficacy, but positive outcomes were found in the
remaining groups®. A higher proportion of patients on upadacitinib 30 mg daily, alone or in combination
with elsubrutinib 60 mg daily, achieved the primary endpoint of SRI-4 response and glucocorticoid dose of
< 10 mg daily at week 24 when compared to placebo". Efficacy was sustained through the 48 weeks of study,
and patients were also more likely to achieve responses including LLDAS and BICLA responses”. In
patients on high-dose combination therapy, incidence of flares was reduced and time to first flare was also
delayed when compared to placebo. Patients with detectable anti-dsDNA on initial screening were found
to have substantially decreased anti-dsDNA in the high-dose combination therapy study arm”. No new
safety signals were observed. There was a higher incidence of serious infections observed in the high-dose
combination therapy and upadacitinib 30 mg group compared to placebo; however, these patients had
underlying risk factors for infection such as use of other immunosuppressives”**. There was also a higher
incidence of herpes zoster infections in the upadacitinib 30 mg and high-dose combination group (6.5% and
11.8% respectively, compared to 4% in the placebo group). There were no venous thromboembolism (VTE)
events observed and no differences in the rate of major adverse cardiac event (MACE) or malignancy"°.
Ongoing research and development of upadacitinib is being conducted in phase 3 studies (NCT05843643).

Solcitinib

Solcitinib is a selective JAK1 inhibitor®". A phase 2 randomised control trial in 50 non-renal SLE patients
found that solcitinib lacked efficacy and was terminated prematurely, as determined by lack of improvement
in IFN transcriptional biomarker expression (NCT01777256)"". In addition, there were four cases of liver
function derangement and two cases of drug rash with eosinophilia and systemic symptoms"”’. No further
studies of solcitinib in SLE are planned.

Ruxolitinib

Ruxolitinib is a selective inhibitor of JAK1 and JAK2"*. While there is a paucity of ruxolitinib trials in SLE,
evidence exists to suggest utility in CLE. In testing of mouse models prone to SLE and CLE, treatment with
oral ruxolitinib resulted in reduction of severe skin lesions*. This effect may be due to the fact that
ruxolitinib significantly reduces proteins such as C-X-C motif chemokine ligand 10 (CXCL10), C-X-C motif
chemokine ligand 9 (CXCL9) and Myxovirus resistance protein A (MxA), overexpression of which is
observed in SLE®. However, no differences were detected in other manifestations of systemic disease such as
autoantibody production, immune complex deposition in the kidneys and renal disease™. Case reports have
described topical ruxolitinib improving discoid lupus erythematosus and associated alopecia after two
months of therapy'*’. Chilblain lupus erythematosus has also been reported to completely resolve after
initiation of oral ruxolitinib™'. Additionally, case reports have described ruxolitinib as a potential treatment
for refractory hemophagocytic lymphohistiocytosis secondary to SLE"*!. Further studies on the use of
ruxolitinib in CLE and SLE are required.

Bruton’s tyrosine kinase (BTK) inhibitors

While Bruton’s kinase pathway inhibition has shown success with treatment of other autoimmune
conditions such as RA, immune thrombocytopenia and multiple sclerosis, BTK inhibitors have not shown a
similar signal in SLE"”).
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BTK is expressed in all myeloid cells and lymphocytes except T cells, natural killer (NK) cells and plasma
cells, and is an intracellular non-receptor tyrosine kinase belonging to the Tec family'*. It is involved in
signal transduction of both Toll-like receptors (TLR) and the BCR, mediating the synergistic effects of TLR
and BCR signalling on cytokine production'**. Along with the innate immune system, B cell activation
promotes production of autoantibodies, complement fixation and antigen presentation to T cells leading to
production of cytokines and cytotoxic T cell activation*”. B cell autoantibodies form immune complexes that
deposit in the kidney, activating innate immune cells leading to cell damage and lupus nephritis'*?l. The
off-label use of anti-CD20 antibody rituximab to deplete mature B cells has been shown to be effective in the
management of SLE and especially in refractory lupus nephritis'*”.. Therefore, BTK is also a potential key
target in mediating B cell activation*?. Studies have shown that BTK expression in SLE patients correlates
with fever, leukopenia, anti-dsDNA antibody and creatinine, with inverse correlation to estimated
glomerular filtration rate™*. Studies in murine models have also indicated that BTK inhibitors reduce B cell
hyperactivity and significantly attenuate the SLE and lupus nephritis phenotype!*”. Despite this background,
to date there has been limited success with the use of BTK inhibitors in SLE!*”\. Five BTK inhibitors have
been tested in phase 2 trials: branebrutinib, eslubrutinib, evobrutinib, fenebrutinib and orelabrutinib.

Some promise has been shown in a phase 2 trial of orelabrutinib, an irreversible BTK inhibitor, with
preliminary results reported in abstract form only describing a SRI-4 response rate of 50%, 61.5% and 64.3%
in patients treated with orelabrutinib at 50 mg, 80 mg and 100 mg, respectively, when compared to 35.7% in
patients treated with placebo (NCT04305197)"**. Treatment groups had reduced levels of proteinuria,
anti-dsDNA, IgG and increased complement component 4 (C4)"**!. Notably, adverse events were also
reported in 80%-100% of patient groups, though these were mostly mild to moderate!**..

In contrast, differences in SRI-4 response rates were not seen for fenebrutinib compared to placebo!*.
However, the reasons for the apparent lack of efficacy may be complex. After treatment with fenebrutinib,
expected serological changes were observed, including reductions in anti-dsDNA and immunoglobulin
levels, along with an increase in complement*’. Post hoc analyses found that fenebrutinib treatment was
associated with improved Functional Assessment of Chronic Illness Therapy - Fatigue (FACIT-F) scores
compared to placebo, and enhanced efficacy was seen in patients with more active SLE at baseline, suggesting
that certain patient subgroups may still derive some benefit'*). However, murine models have previously
demonstrated the overall effectiveness of BTK inhibitors in SLE, which has not been translated to these phase
2 trials®**"). Interestingly, Isenberg et al. noted a transient increase of peripheral CD19+ B cells at week 4,
before seeing significant reductions at week 48, suggesting the key role of BTK in B cell activation and
proliferation®). Therefore, another possible explanation to consider is the anergic B cells phenotype in SLE
patients secondary to chronic autoantigen exposure, which would reduce responsiveness to BTK
inhibition®.

Evobrutinib also failed to demonstrate a meaningful difference in SRI-4 response compared to placebo'*. In
addition, there were no significant differences in annualised flare rate, Health-Related Quality of Life
(HRQoL), serum complete levels and anti-dsDNA levels"**. Here, high doses of background glucocorticoids
were noted across treatment arms, leading to high placebo response rates, with only 29%-34% of patients
achieving a clinically meaningful reduction in glucocorticoid doses*".

Elsubrutinib was studied both alone and in low- and high-dose combination therapy with JAK1 inhibitor
upadacitinib (see separate section)”". The low-dose elsubrutinib arm was discontinued early due to lack of
efficacy; however, while positive outcomes were found in the high-dose combination, these were similar to
the effects of upadacitinib 30 mg daily alone, with no effect of elsubrutinib monotherapy and no additive
effect™.
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Spleen tyrosine kinase (SYK) inhibitors

SYK is primarily expressed in haemopoietic cells including B cells, immature T cells, macrophages and
neutrophils”®. It is a key component of the innate immune system, and binds to immune receptors such as
BCR, Fc receptors (FcR) and C-type lectin receptors (CLR)"***. SYK binds the associated adaptor proteins
carrying immunoreceptor tyrosine-based activation motifs (ITAMS) to activate downstream signalling,
initiating degranulation of mast cells, cytokine release from macrophages and antigen recognition by B cells
leading to antibody production'™’. Spleen tyrosine inhibitors target the abnormally high expression of SYK in
T cells of patients with SLE"™). In vitro studies have shown that correction of SYK levels results in
normalisation in cell signalling and IL-2 production, leading to suppression of disease activity and even
preventing disease in mouse models"®. Despite success in in vitro models, there is a paucity of studies in this
field, and the limited phase 2 trials have been less promising.

Lanraplenib is a selective SYK inhibitor"*’\. In mouse models, it was shown to slow progression of lupus
nephritis and reduce glomerular IgG deposition, as well as serum inflammatory cytokines"”. As described
above, in a phase 2 trial comparing the efficacy of lanraplenib versus filgotinib versus placebo
(NCTo03134222)"", 19 out of 47 patients received lanraplenib®’. While lanraplenib was well tolerated, the
primary endpoint of change in CLASI-A at 12 weeks was not met””*). In a separate study in lupus
membranous nephritis, only four patients were enrolled and no conclusions regarding efficacy could be
drawn; however, severe adverse events of coronary artery occlusion and hypersensitivity were reported in
two patients who were both in the lanraplenib arm®.

Fostamatinib is a SYK inhibitor that has been previously studied in phase 3 trials in RA. Although efficacy
was observed, with significantly more patients achieving an American College of Rheumatology (ACR) 20
response compared with placebo, adverse events such as hypertension, neutropenia, and elevated liver
enzymes occurred in a dose-dependent manner, and further development as a therapy for RA was
discontinued”®. Fostamatinib is also approved for the treatment of immune thrombocytopenia, suggesting
possible application in SLE"\. In female lupus-prone mice, administration of fostamatinib before or after
disease onset was shown to ameliorate skin and kidney disease, delay the onset of proteinuria and renal
failure, and improve survival, without necessarily suppressing autoantibody titres'®. A phase 2 trial in SLE
was planned and initiated but withdrawn prior to enrolment of any patients (NCT00752999).

Cervidoplenib is another SYK inhibitor”?), studied only in murine models to date. Findings so far have
demonstrated that administration of cervidoplenib at high doses significantly reduced splenomegaly and
improved nephritis®®. The mechanism behind this response is unclear, but it appears that B cells exposed to
high-dose cervidoplenib expressed lower levels of BAFF receptors, and serum BAFF levels were also
reduced"..

SAFETY CONSIDERATIONS

While data on the adverse effects of kinase inhibitors in SLE remain limited, their use in malignancies since
the early 2000s demonstrates that kinase inhibitors are relatively safe!”. Very few absolute contraindications
have been identified, apart from pregnancy. A review of 396 women receiving first- or second-generation
receptor kinase inhibitor therapy at the time of conception or in early pregnancy found that 51% of
pregnancies were uneventful, 16% ended in spontaneous abortion, 4.3% resulted in pregnancy complications,
and 5% resulted in a live birth with a congenital anomaly'*’.. These observations are particularly relevant to
SLE, as the majority of patients develop the disease during childbearing years. Adverse effects are seen less
frequently in male patients®”, but JAK/STAT pathways play an important role in folliculogenesis'**.. Some
case reports describe small numbers of female patients having uneventful pregnancies and deliveries after
discontinuing kinase inhibitor therapy either six weeks before conception or at a gestational age of
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2-5 weeks!*; however, current guidelines recommend a minimum three-month washout period prior to
conception!*,

Given the ubiquitous role of kinases in biology, toxicities can be broad and affect all organ systems'*..
Adverse effects are usually class-based and dose-dependent, and common adverse events include fatigue,
fevers and gastrointestinal upset'*. JAK inhibitor use is specifically associated with a higher risk of MACE,
VTEs, gastrointestinal perforation, skin malignancy, and infections, with the most common and serious
infections being pneumonia, nasopharyngitis, urinary tract infections, cellulitis, and herpes zoster!*"..

Results from RA trials have previously reported a MACE hazard ratio of 1.2 for tofacitinib compared to a
tumor necrosis factor (TNF) inhibitor'”. However, further results from a large RA cohort study comparing
the risks of JAK inhibitors (tofacitinib and baricitinib) with adalimumab suggest that this concern is
particularly relevant for patients over 65 years of age'*”. Hoisnard et al. found that risks of MACEs and VTEs
are similar between JAK inhibitor and adalimumab use, including patients at high risk of cardiovascular
diseases at baseline!*. When analysing the subgroup of patients aged 65 years and older with at least one
cardiovascular risk factor, the results were not statistically significant; however, the hazard ratio was 2.2,
consistent with the initial findings from the Oral Rheumatoid Arthritis Trial Surveillance®>*”. While the
results are somewhat reassuring overall, these data suggest caution for this particular subgroup.

In addition, out of all the infectious complications, herpes zoster infection is the most common with JAK
inhibitors'**. Upadacitinib trials in RA have demonstrated higher rates of herpes zoster infections compared
to patients on conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs) and biologics'*.
However, in SLE, rates of herpes zoster infections in recent trials of belimumab (6.2%)*” and anifrolumab
(7.2%)™ have been comparable. Overall, safety considerations for JAK inhibitor use should be individualised,
and prescribers should ensure that patients receive a recombinant zoster vaccine, ideally prior to treatment
initiation”!.

While BTK inhibitors also have increased risk of infections, cardiovascular adverse events including
hypertension, atrial fibrillation, congestive heart failure and ventricular arrhythmias are additional
concerns”l. Newer BTK inhibitors, such as zanubrutinib and acalabrutinib, have been reported to cause
fewer cardiovascular events; however, data are still limited, and there are no studies of these agents in SLE""\.
SYK inhibitors potentially have a more benign side effect profile, with no increase in risk of infection, but
can lead to transient neutropenia and liver function derangement”.

FUTURE KINASE INHIBITORS IN SLE

In addition to the above, there are also a multitude of other potential kinase targets for the treatment of SLE.
The PI3K/protein kinase B (Akt) pathway has been implicated in angiogenesis, proliferation, cell survival,
and inflammatory factor recruitment, and inhibition of this pathway has been shown to improve cancer
survival as well as reduce inflammatory responses””>’*. Importantly, PI3K signalling is implicated in B cell
development, and activation of PI3K promotes the positive selection of B cells. Inappropriately high PI3K
activity promotes production of autoantibodies, and limits class switching”™. PI3K can be divided into three
classes (I, IT and III), and Class I is further divided into isoforms (PI13Ka, B, 8, v), with PI3K& and PI3Ky
expressed preferentially in cells of the immune system"*. Class I PI3K activation phosphorylates PI(4,5)P2 to
generate PIP3, triggering a downstream cascade that ultimately activates BTK and Akt. Akt, in turn, activates
the mechanistic target of rapamycin (mTOR) and promotes cytoplasmic localisation of Forkhead box protein
O1"%. This pathway is mediated by phosphatase and Tensin homolog (PTEN) and Src homology
2-containing inositol 5-phosphatase 1. SHIP-1 deletion in mice results in a lupus-like autoimmune disease,
with IgG autoantibodies directed towards nucleic acid-containing antigens, immunoglobulin deposition in



Page 10 of 15 Liao et al. Rare Dis Orphan Drugs J. 2026;5:3

the kidneys and increased mortality”””. Observational studies of SLE patients have also shown reduced levels
of PTEN expression in most B cell subsets apart from memory cells when compared to healthy controls, with
PTEN levels having an inverse correlation with SLE disease activity!™.

Importantly, safety concerns have been noted in real-world use of PI3K inhibitors in cancer patients.
Inhibition of PI3Ks and PI3Ky in murine models demonstrated reduced plasma cells, serum antibodies and
reduced kidney antibody deposition”. Two PI3K inhibitors, idelalisib and umbralisib, have been approved
for management of B cell malignancy"®*/, but both were subsequently withdrawn due to safety concerns,
with signals for increased mortality. Further research is required to determine if these safety risks are a class
issue.

mTOR is an atypical member of the PI3K-related kinase family which can be targeted for SLE treatment.
After activation by Akt, mTOR plays a key role in the regulation of immune cells by forming two complexes:
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2)". In murine models, targeted inhibition of
the mTOR pathway with rapamycin led to significantly reduced albuminuria, anti-dsDNA levels and
reduced interstitial leukocytic infiltration while increasing survival®. A small retrospective study of seven
patients with lupus nephritis found that addition of mTOR inhibitors sirolimus or everolimus was associated
with reduced proteinuria, improved serum creatinine and reduced dsDNA"™'. Following this, a phase 1 trial
demonstrated a reduction of mean SLEDAI and mean total BILAG scores, with no new safety signals'®*..
Targeting mTOR is likely to have some challenges, with the main consideration being mTORC2, which is
resistant to rapamycin. Treatment with rapamycin alone will not result in full inhibition, and therefore
mTORC2 will still be able to signal and stimulate the PI3K/Akt pathway'®!. Further research in SLE, along
with exploration of combination therapies, may lead to new treatment options.

Another emerging target is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)-inducing
kinase (NIK), which mediates activation of the canonical and non-canonical NF-xB pathways, leading to
stimulation of downstream IL-1 and TNF receptors, including BAFF, TNF-related weak inducer of apoptosis
(TWEAK), CD40 and OX40"!. Studies have shown that NIK inhibition leads to reduced proteinuria,
reduced gene expression and increased survival in murine lupus models™'.

Calcium/calmodulin-dependent protein kinase IV (CaMK4) is another potential target, as it is essential for T
follicular cell expansion™. In mouse models, the absence of CaMK4 in T cells led to impairment of germinal
centre formation, resulting in reduced anti-dsDNA titres, and glomerular IgG and complement deposition.
Human T follicular cells also express CaMK4, and in vitro studies demonstrated that expression of BCL6 and
IL21 was significantly downregulated after T follicular cells were cultured with a CaMK4 inhibitor for 48 h.
There were no differences in CaMK4 expression between healthy donor cells and SLE patients, as SLE T
follicular cells also showed a significant correlation between CaMK4 and BCL6 expression'”.

CONCLUSION

Therapeutic kinase inhibitors hold potential as treatments for SLE, but confirmation of their efficacy and
safety requires further study. The failure of multiple single-cytokine targeting trials in SLE raises the
possibility that targeting multiple pathways, such as those transduced by TYK2 and JAK family kinases,
could provide broader benefit. The TYK2 and JAK1 inhibitors deucravacitinib and upadacitinib, respectively,
have shown positive results in phase 2 trials in SLE, and phase 3 results are awaited, while phase 3 trials of
baricitinib were inconclusive despite a positive phase 2 trial. In contrast, despite the clear role of B cells in
SLE pathogenesis, findings with BTK and SYK inhibitors have been less encouraging. Further research into
the potential of signalling kinase inhibitors in SLE is essential to determine whether their promise can be
fulfilled.
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