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Abstract
Purpose of Review  Janus kinase–signal transducers and activators of transcription cell signaling proteins (JAK-STATs) play 
a key regulatory role in functioning of several inflammatory cytokines. JAK-STAT signaling proteins are the key regulators 
of the cytokine/cytokine receptor system involved in the pathogenesis of various autoimmune disease including spondy-
loarthritis (SpA). This article mainly highlights the JAK-STAT signaling system, its association with the relevant cytokine/
cytokine-receptor system, and its regulatory role in pathogenesis of SpA. Also, we have briefly addressed the principle for 
the use JAKi in SpA and the current status of use of JAK inhibitors (JAKi) in SpA.
Recent Findings  Recent developments with newer JAK molecules as well as other molecules beyond JAK inhibitors are now 
an exciting field for the development of novel therapies for autoimmune diseases and various malignant conditions. In this 
article, we have provided a special emphasis on how various cell signaling systems beyond JAK/STAT pathway are relevant 
to SpA and have provided a comprehensive review on this upcoming field in respect to the novel TYK2 inhibitors, RORγT 
inhibitors, mTOR inhibitors, NGF inhibitors, and various STAT kinase inhibitors.
Summary  SpA are a group of autoimmune diseases with multifactorial etiologies. SpA is linked with genetic predisposition, 
environmental risk factors, and the immune system-mediated systemic inflammation. Here, we have provided the regulatory 
role of JAK/STAT pathway and other intracellular signaling system in the pathogenesis of SpA and its therapeutic relevance.
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Introduction

Janus kinase–signal transducers and activators of tran-
scription cell signaling proteins (JAK-STATs) play a 
crucial role in pathogenesis of several autoimmune con-
ditions. The Janus kinases, also known as JAKs, are a 
group of intracellular molecules involved in functioning 
of several cytokine molecules. These molecules have a 
prominent role in adaptive and innate immunity as well 
as hematopoiesis rendering them as targets for therapeu-
tic medicines in inflammatory and myeloproliferative 

diseases. The discovery of JAK2 mutations first indicated 
that abnormal JAK-STAT signaling kinase system could 
be the pivotal feature in the disease process of Philadel-
phia-negative myeloproliferative neoplasms. This idea 
led to the development of JAK inhibitors, and currently, 
there is a rapid surge in clinical development of several 
inhibitors targeting the JAK-STAT pathway. Among all the 
JAK inhibitors (JAKi), even though the goal is to target 
the adenosine triphosphate binding site within the kinase 
domain, different JAKis differ in their specificity of tar-
geting specific JAKs. For example, upadacitinib mainly 
targets JAK1 while ruxolitinib targets JAK1 and JAK2. 
Thus, the newer generation JAKis are more specific and 
are expected to be associated with fewer side effects. This 
article mainly highlights the role of JAK-STAT signaling 
pathway in pathogenesis of spondyloarthritis (SpA) and 
the role of JAKi in treatment of SpA. We will also briefly 
discuss the newer drugs in pipeline, beyond JAKis which 
provide a whole new spectrum of molecules for treatment 
of several autoimmune diseases with fewer side effects.
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Understanding the Basics of JAK‑STAT 
Pathway

The JAK-STAT pathway is a central axis involved in the 
inflammatory response and carcinogenesis. The pathway 
includes several cytokines, transmembrane receptors, JAK 
proteins (JAK1, JAK2, JAK3, and TYK2), and STAT pro-
teins (STAT1,2,3,4,5,5a, and 6) [1, 2•, 3, 4•, 5]. As illus-
trated in Figs. 1 and 2, the first step in the functioning of JAK 
STAT pathway involves the binding of several cytokines to a 
transmembrane receptor. The pathway is triggered by bind-
ing of several cytokines like interferons, growth factors, 
hormones, and interferon-like cytokine to their respective 
cell surface receptors. This in turn activates the JAK mol-
ecules associated with the intracellular component of these 
receptors followed by subsequent dimerization phosphoryla-
tion of their tyrosine residues on the catalytic domain of 
the receptors. Next, the SH2 domain of the STAT protein 
docks on the phosphorylated tyrosine residues leading to 

phosphorylation of STAT proteins. Lastly, the STAT dimers 
translocate to the nucleus to regulate gene transcription by 
associating with DNA-binding sites. In this way, the JAK-
STAT proteins potentiate the action of several inflammatory 
cytokines involved in the pathogenesis of several autoim-
mune conditions including ankylosing spondylitis, psoriasis, 
rheumatoid arthritis, and inflammatory bowel disease [6].

Role of JAK‑STAT Signaling System 
in Spondyloarthritis

The JAK/STAT signaling pathway, activated by the cytokine/
cytokine receptor systems and growth factors, is an estab-
lished processes for immune response, T cell proliferation, 
and T cell apoptosis. These in turn provides the regulatory 
role of the cytokine/cytokine receptor system in the patho-
genesis of multiple autoimmune conditions [1, 2•, 3, 4•, 
7–10] (Figs. 1 and 2). JAK STAT signaling system regulated 

Fig. 1   JAK/STAT signaling sequences for immune response and 
inflammation. The JAK/STAT signaling pathway, activated by the 
cytokine/cytokine receptor systems and growth factors, is an estab-
lished processes for immune response, T cell proliferation, and T 
cell apoptosis. Interaction of the cytokine/cytokine receptor system 
induces to conformational changes in its intracellular domain, which 
leads to phosphorylation of intracellular JAK proteins. Phospho-

rylated JAKs lead to activation/phosphorylation and dimerization 
of STATs which then move as homo/hetero dimers into the nucleus 
and bind to specific DNA binding sites. Thus, JAK/STAT signaling 
proteins induce gene transcription and cytokine production and play 
a critical role in the inflammatory/proliferative cascades of various 
inflammatory/autoimmune diseases
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key functions of certain cytokines associated in the patho-
genesis of SpA are mentioned below:

•	 IL-2: promotes proliferation and differentiation of effec-
tor and memory cells and also promotes regulatory T cell 
development

•	 IL-9: important for survival and activation of T cells
•	 IL-12: induces Th1 cell differentiation
•	 IL-22: stimulates epithelial cell proliferation and produc-

tion of other inflammatory cytokines and chemokines
•	 IL-23: induces Th17 cell differentiation and expansion
•	 Interferon gamma: involved in functioning of Th1 cells

Because of the signaling cross-talks between the JAK-
STAT pathway and specific cytokines mentioned above, 
described in Fig. 2, it is expected that the JAK-STAT 
signaling kinase proteins are of major importance in 
the pathogenesis of SpA. Polymorphisms of JAK-STAT 
kinases may be a plausible mode of mechanism in the eti-
ology of SpA diseases. JAK2 polymorphisms have been 
reported to be associated with AS in a study conducted 
in Chinese Han population; here, a possible relationship 
of JAK2 and STAT3 polymorphisms was investigated in 

patients with AS [11]. In this study, genotype markers 
of JAK2 or STAT3 did not contribute to the susceptibil-
ity of AS; however, the study did find an association of 
a haplotype in JAK2 locus with AS. We have reported 
similar supportive evidence that interleukin 23 (rIL-23) 
induces phosphorylation of JAK2 and STAT3 in acti-
vated CD3+ T cells in PBMC of psoriatic arthritis (PsA) 
patients. Moreover, we noticed that tofacitinib signifi-
cantly inhibited phosphorylation of JAK2 and STAT3. 
Also, tofacitinib did inhibit IL-23-induced proliferation 
of the IL-17+ TEM cells. These novel findings provide 
new insights for the pathogenesis SpA that generation of 
the pathologic IL-17+ TEM cells and their proliferation 
are regulated by the JAK-STAT signaling proteins [12••].

Several animal studies have been conducted to study 
the role of JAK-STAT signaling pathway in the pathogen-
esis of autoimmune disease, including SpA. As we know, 
SpA is an autoimmune disease affecting skin, enthesis, 
and peripheral and axial joints. It includes ankylosing 
spondylitis, psoriatic arthritis, reactive arthritis, entero-
pathic arthritis, and undifferentiated SpA. In one of the 
studies, a statistically significant reduction (p < 0.05) 
were noted in the disease activity scores for histological 

Fig. 2   JAK STAT signaling proteins in spondyloarthropathy and pos-
sible mechanisms of action of the JAK inhibitors. As illustrated in 
this Fig.  2 and the Table  1, various inflammatory cytokines includ-
ing interferons, interleukins, interferon-like cytokines, growth factors, 
and colony-stimulating factors; bind to their specific receptors result-

ing in activation of specific JAK-STAT pathways. Specifically, IL-2, 
IL-9, IL-12, IL-21, and IL-23 are well known to have contributing 
roles in the pathogenesis of spondyloarthritis (SpA). It also demon-
strates how the new generation of JAK inhibitors can block a specific 
JAK kinase and thus can be used for treatment of SpA
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and clinical inflammation in SKG mice after treatment 
with JAKi [13]. Gracey et al. demonstrated that the pro-
gression of SpA in a mouse model can be inhibited by 
a potent and specific TYK2 inhibitor—NDI031407A. 
It was further noted that selective TYK2 inhibition 
impacts the IL-23 pathway which is essential in the 
pathogenesis of SpA. Model NDI 0310407 was noted 
to halt joint space narrowing, bone marrow edema, and 
enthesitis-related synovitis on MRI in IL-23 mini circle 
model [14]. Another experimental study demonstrated 
the effect of oral JAKi lavage in suppressing inflam-
mation and inhibiting the periosteal bone formation in 
study animals. Further studies have demonstrated that a 
few signal nucleotide polymorphisms (SNPs) as well as 
silencing RNA suppress TYK2 molecules and thus inhib-
iting the function of several inflammatory cytokines and 
thus providing a promising target for treatment of several 
immune-mediated disease including SpA. Former studies 
have demonstrated that loss of function of TKY2 SNP 
was associated with less severe disease manifestations 
of SpA mainly noted as lower rates of spinal fusion in 
these patients [14].

With respect to the immunomodulatory role of the 
abovementioned IL-2, IL-9, IL-12, IL-22, and IL-23 
cytokines in the pathogenesis of SpA and its associa-
tion with the JAK-STAT signaling systems as mentioned 
above, it has been substantiated by several studies in ani-
mal models and in human [10, 11, 12••, 14]. Among these 
cytokines, IL-2 is a well-known growth factor for T cells 
and has a broad regulatory role in array of T cell medi-
ated diseases including SpA [3–9]. IL-2-induced T cell 
growth is mediated through pan JAK activation (JAK1, 
JAK2, and JAK3) [3–9] that provides explanation for 
efficacy of tofacitinib (pan jak inhibitor), upadacitinib 
(JAK1 inhibitor), and filgotinib (JAK1 inhibitor) in PsA 
and AS (Table 3). IL-9 is a growth factor for T cells and 
both IL-9 and lL-22 regulate inflammatory cascades of 
SpA [5, 10] and both IL-9 and IL-22 activates JAK1 so 
specific JAK1 inhibitors like upadacitinib and filgotinib 
(Table 3) counters JAK1 activation in AS and PsA. IL-23 
regulates Th17 cells and promotes secretion of IL-17 and 
IL-22 through activation of JAK2 and TYK2 [11, 12••] 
1) which are important for the disease process of pso-
riasis and PsA so tofacitinib (pan JAKi, which includes 
JAK2 inhibition) and deucravacitinib (TYK 2 inhibitor) 
are likely countering IL-23 activation by inhibiting JAK2 
and TYK2, respectively, and effective in psoriasis and 
PsA (Table 3 and 1). It is worth mentioning that anti-IL23 
mab is effective for psoriasis and PsA and does not work 
for AS. It is likely the two drugs tofacitinib and upadaci-
tinib approved for AS are working by inhibiting the CD3 
T cells, Th9 cells, and IL-22.

Introduction to JAK STAT Inhibitors

JAK inhibitors are novel small molecules which are termed 
as targeted synthetic disease modifying anti-rheumatic drugs 
(ts-DMARDs). First-generation JAKi are non-selective and 
inhibit multiple JAK isoforms, whereas, the newer generation 
JAKi selectively inhibit certain specific JAK isoforms, such 
as JAK-1, JAK-2, JAK-3, and TYK2 (Table 3 and Fig. 2).

Classification of JAK Inhibitors

First-generation JAKi includes ruxolitinib, tofactinib, and 
baricitinib.

While ruxolitinib was the first JAK inhibitor to be 
approved by FDA, it is only approved for polycythemia 
Vera and does not affect in SpA. Among the first-generation 
JAKi, tofacitinib, non-selective JAKi (JAK1, 3 > JAK2, and 
TYK2), has been studied and noted to be effective in SpA.

Newer generation JAKi include the more selective JAKi 
inhibiting specific isoforms of JAK1, JAK2, JAK3, and 
TYK2 (Table 3). Given more directed and specific inhibition 
of JAK isoforms, these JAKi are expected to be associated 
with fewer side effects. Upadacitinib (selective JAK1 inhibi-
tor) and filgotinib (JAK1 inhibitor) have been studied for 
SpA treatment. Filgotinib is a highly selective JAK1 inhibi-
tor approved for use in Europe and Japan for Rheumatoid 
Arthritis. It has not been yet approved by FDA. Various 
other investigational molecules have been studied for other 
immune-mediated diseases [5].

Clinical Efficacy of JAK Inhibitors 
in Spondyloarthritis

The purpose of this article is to provide an overall view of 
the regulatory role JAK/STAT signaling system in the dis-
ease processes of SpA and its clinical impact. So here, we 
will also provide a brief review on efficacy and safety of 
JAKi in SpA.

Clinical trials have been carried out to determine the 
efficacy of tofacitinib, upadacitinib, and filgotinib in SpA—
mainly ankylosing spondylitis and psoriatic arthritis. For 
ankylosing spondylitis, all the study patients were noted 
to have inadequate response to NSAIDs and a comparison 
was made among patients receiving JAKi versus placebo by 
measuring clinical outcomes in the form of disease activity as 
ASAS20, ASAS40, and BASDAI50 as well as improvement 
in quality of life and resolution of inflammation on imaging. 
SELECT-AXIS1 trial studied the efficacy and safety of upa-
dacitinib in patients with ankylosing spondylitis who are naïve 
to biologic DMARDs [15]. It was a multicenter, randomized, 
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Table 1   First-generation and newer generations of JAK-STAT inhibitors and their clinical uses

JAK inhibitors Target ​ Indications Current approval status

First Generation​ JAKi Baricitinib​ JAK1/JAK2​ Rheumatoid arthritis, alopecia 
areata, COVID-19

FDA approved

Ruxolitinib​ JAK1/JAK2​ Atopic dermatitis and vitiligo 
(topical), polycythemia vera, 
myelofibrosis, graft versus 
host disease

FDA approved

Tofacitinib​ JAK1, JAK2, JAK3​ Rheumatoid arthritis, psoriatic 
arthritis, ankylosing spon-
dylitis, ulcerative colitis, 
COVID-19

FDA approved

Newer generation JAKi Upadacitinib JAK1 > JAK2, JAK3​ Rheumatoid arthritis, psoriatic 
arthritis, ankylosing spondy-
litis, nr-axSpA

Atopic dermatitis
Ulcerative colitis
Crohn disease

FDA approved

Abrocitinib JAK1 Moderate to severe atopic 
dermatitis

FDA approved

Pacritinib JAK2 > JAK3, TYK2 High-risk myelofibrosis FDA approved
Deucravacitinib (BMS-

986165)
TYK2 Moderate to severe chronic 

plaque psoriasis
FDA approved

Fedratinib JAK2 Myelofibrosis FDA approved
Filgotinib GLPG0634​ JAK1 > JAK2​ Rheumatoid arthritis 

(approved by EMA)
EMA approved

Solcitinib GSK2586184​ JAK1​ Moderate to severe plaques 
psoriasis, moderate to severe 
ulcerative colitis

Currently under trial

Decernotinib (VX-509) JAK3 Rheumatoid arthritis Currently under trial
Itacitinib (INCB039110​) JAK1 > JAK2​ Lymphoma Recently completed Phase 

III trial
Ochromycinone (STA-21)​ STAT3​ Topical drug in psoriasis Completed Phase II trial
PF-06700841​ TYK2/JAK1​ Moderate to severe plaque 

psoriasis
Completed Phase IIa trial

PF-06651600​ JAK3​ Alopecia areata Completed Phase III trial
NDI-034858-TYK2 TYK2 Psoriasis (moderate/severe) 

and psoriatic arthritis
Completed Phase IIb trial

Table 2   Clinical indications of JAK inhibitors and TYK2 inhibitor in psoriatic arthritis

JAK inhibitors: cur-
rent status in psoriatic 
arthritis

JAK isoforms inhibited Dose for PsA Approval status ACR20 response in 
PsA (references)

Tofacitinib JAK3 > JAK1,JAK2 > TYK2 5 mg twice daily
11 mg daily 

(extended 
release tablets)

Approved by FDA (2017)  ~ 60% at wk 52 (46)

Upadacitinib JAK1 15 mg once daily Approved by FDA (2021)  ~ 70% at wk 12 (47)
Deucravacitinib TYK2 6 mg once daily Trials (Phase IIb) for PsA are in progress 

Approved by FDA for psoriasis (2022)
 ~ 50% at wk 16 (48)

Filgotinib JAK1 200 mg once daily Not yet approved by FDA for PsA; still in 
trial

 ~ 80% at wk 16 (49)
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double-blind placebo-controlled trial which was done over 
two phases. First phase spanned over 14-week period and 
randomized the participants 1:1 to upadacitinb and placebo. 
At the end of week 14, patients receiving upadacitinb showed 
definite improvement in disease activity measured as ASAS40 
and ASDAS scoring as well as MRI scoring for disease activ-
ity. Interim follow-up of this trial demonstrated safety of the 
molecule over a course of one year. SELECT-AXIS 2 trial 
evaluated the efficacy of Upadacitinib in non-radiographic 
SpA. It demonstrated 22% improvement in ASAS40 response 
at week 14 while comparing participants receiving upadaci-
tinib versus placebo [16]. Upadacitinib demonstrated efficacy 
of JAKi in treatment of radiographic as well as non-radio-
graphic axial-SpA. In a latter report, Baraliakos et al. have 
reported the 52 weeks efficacy/safety in AS patients who had 
inadequate responses to biologic disease-modifying antirheu-
matic drugs (bDMARD-IR) from the SELECT-AXIS 2 study. 
In this study, AS patients demonstrated sustained improve-
ment with upadacitinib 15 mg/daily up to 52 weeks in the 
bDMARD-IR patients. Efficacy was overall similar in patients 
who had lack of efficacy or intolerance to bDMARDs and 
prior use of TNFi versus IL-17i exposure [17].

Being a first-generation JAK inhibitor, tofacitinib inhibits 
multiple JAK isoforms as discussed above and have been noted 
to be effective in treating SpA. A phase III clinical trial has 
demonstrated significant efficacy of tofacitinb in radiographic 
SpA. In this study, the ASAS20 response rate was significantly 
(p < 0.0001) greater with tofacitinib (56.4%; 75 of 133) versus 
placebo (29.4%; 40 of 136), and the ASAS40 response rate was 
also significantly (p < 0.0001) greater with tofacitinib (40.6%; 
54 of 133) versus placebo (12.5%; 17 of 136) [18].

Lastly, a double blind, placebo-controlled phase two 
study (TORTUGA) compared the disease activity in patients 
with radiographic SpA with inadequate response to NSAIDs 
receiving filgotinib versus placebo at week 12. It demon-
strated greater improvement in ASDAS score as well as 
ASAS 20 and ASAS40 in filgotinib arm as compared to 
placebo [19].

Because of space limitation, we have provided the current 
status of clinical use of JAKi and TYK2 inhibitor in psoriatic 
arthritis in the Table 1.

Safety Profile of JAK Inhibitors

These small molecules are noted to be relatively safe and 
have similar safety profile as compared to conventional 
DMARDs.

Given its impact on mounting immune response through 
production of cytokines, similar to cDMARDS, JAKi 
have been noted to be associated with increased risk of 

infections—most notably upper respiratory tract infections 
as well as urinary tract infections but more importantly even 
some serious infections like tuberculosis and herpes zoster 
infections [ 20••, 21–28]. Hence, patients are screened for 
chronic tuberculosis infection prior to initiation of JAKi. 
It is also recommended to vaccinate these patients against 
herpes zoster prior to initiation of therapy to prevent serious 
infection if exposed.

Esophageal candidiasis is another severe infection associ-
ated with JAKi leading to significant discomfort and morbid-
ity in these patients.

Given JAK inhibitors can cause leucopenia and neutro-
penia, it is recommended to monitor complete blood count 
periodically while on JAKi as discussed above.

In terms of gastrointestinal side effects, JAKi can causes 
elevation in liver enzymes, nausea, and vomiting but most 
important complication is gastrointestinal perforation which 
is mainly seen in patients on concomitant NSAIDs or steroid 
therapy.

While there are no absolute contraindications for JAK 
inhibitor, cautious use is recommended in the setting of 
an active infection, absolute neutropenia < 1000/mm3 
or absolute lymphopenia < 500/mm3. Cautious use is 
recommended in patients with severe renal and hepatic 
impairment. It is to be avoided in the patients with his-
tory of prior hypersensitivity reaction. Limited data is 
available regarding the safety of JAKi in pregnant and 
breast-feeding patients. Given prior studies of increased 
risk for thromboembolic events as well as major cardio-
vascular events (MACE) in patients with prior history 
of a cardiac event, JAKi use is not preferred [29]. The 
published results of the post-marketing ORAL Surveil-
lance study (ORALSURV) which compared the JAKi 
tofacitinib with anti-TNF therapy in patients with rheu-
matoid arthritis (> 50 yrs age) who had cardiovascular 
risk factors has reported more frequent occurrence of 
cardiovascular and cancer adverse events with tofacitinib 
than with TNFi. These observations have led to changes 
in the recommendations for the use of JAK inhibitors. 
Subsequent to this study, the FDA extrapolated the 
ORALSURV data beyond tofacitinib to include barici-
tinib and upadacitinib. The FDA has recommended to 
use tofacitinib, baricitinib, and upadacitinib in patients 
who have had an inadequate response to TNF inhibitors 
or could not tolerate anti-TNF agents. Also, it has been 
recommended that the risks/benefits for patients with a 
history of smoking, and with risk factors for cardiovas-
cular disease and malignancy should be considered prior 
to initiating/continuing tofacitinib, upadacitinib, or upa-
dacitinib [30] (Table 2).



210	 Curr Rheumatol Rep (2024) 26:204–213

Beyond JAK Inhibitor: Targeting the Cell 
Signal Molecules Beyond JAK Inhibitors 
for Treatment of SpA and Other Diseases

The success of JAK inhibitors in the treatment of SpA has 
opened a new avenue to target other critical cell signaling 
proteins for treatment of array of autoimmune disease. Here, 
we will briefly address this exciting prospective field of clin-
ical immunology.

Tyrosine Kinase 2 (TYK2) Inhibitors

TYK2, an integral non-receptor tyrosine-protein kinase 
belonging to the JAK-STAT receptor family, orchestrates 
critical signaling pathways by engaging with ligands such 
as IL-6, IL-10, IL-12, IL-23, and type 1 IFNs, culminating 
in receptor dimerization and consequent activation of TYK2 
as well as other members of the JAK family. Thus, TYK2 
plays a multifaceted role, encompassing innate immune cell 
maturation, differentiation processes, and the modulation 
of immune responses relevant to inflammatory and autoim-
mune disorders (Fig. 3).

Seminal studies uncovering the basic science of TYK2 
have provided sound foundations for targeting it in SpA and 
related inflammatory diseases [14, 31, 32••, 14]. Thus, TYK2 
inhibitors may well be an excellent therapeutic option in the 
near future for SpA. So far, deucravacitinib is the only FDA-
approved TYK2 inhibitor for treatment of psoriasis. Deucra-
vacitinib is an allosteric inhibitor that binds to the pseudokinase 
JH2 (regulatory) domain of TYK2; this unique mechanism 
determines greater selectivity and a reduced risk of adverse 
events. Deucravacitinib became the first TYK2 inhibitor 
approved for the treatment of moderate-to-severe psoriasis [33].

Deucravacitinib is currently being evaluated for a num-
ber of SpA-associated diseases in phase 2 and 3 trials for 
psoriatic arthritis (NCT03881059), moderate to severe 
ulcerative colitis (NCT03934216), and Crohn’s disease 
(NCT04877990). A bright future can be expected for TYK2 
inhibitors, with newer drugs and more indications.

TrkA (Tropomyosin Receptor Kinase A) Inhibitor

Nerve growth factor (NGF), known for its crucial role in 
the development and survival of neurons, has recently 
emerged as a multifaceted agent with neuroprotective and 

Fig. 3   Tyk2 Signaling and its pathologic significance. Tyk2 mediates 
signaling of multiple cytokines as mentioned in this figure. Among 
these, IL-12, IL-22, and IL-23 are well known for their contributions 
in the disease process of spondyloarthritis (SpA). Seminal studies 

uncovering the basic science of TYK2 have provided sound founda-
tions for targeting TYK2 in SpA and other related inflammatory dis-
eases [31, 32••]
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anti-inflammatory roles. By inducing dimerization and 
autophosphorylation of the high-affinity receptor TrkA (tro-
pomyosin receptor kinase A), NGF orchestrates a signaling 
cascade involving C-y1, Shc, FRS2, and PI3K. In a human, 
a novel function of NGF has been observed that along with 
TrkA induces proliferation and activation of T cells. NGF 
and NGF-R as a novel target have already been substantiated 
for psoriasis and PsA [34].This novel target is currently in 
development for a new class of drug for treatment of pain 
and immune dysregulation of psoriatic disease and other 
rheumatologic autoimmune diseases [34–36].

mTOR Inhibitors

Mammalian target of rapamycin, or mTOR, is a kinase 
that takes part in the PI3-K/Akt/mTORC1 signaling cas-
cade thought to regulate epidermal homeostasis, synovial 
cell proliferation, and T cell activation in psoriasis and PsA 
[37]. These cellular and molecular mechanisms along with 
series of observations of efficacy of rapamycin in psoriasis 
[38] and a recent report suggesting that in the HLA-B27 
transgenic rat model of SpA, rapamycin inhibits arthritis 
and spondylitis support efforts to evaluate the efficacy of 
targeting the mTOR pathway in SpA patients [39].

RORγt (Retinoic Acid Receptor‑Related Orphan 
Receptor‑γ) Inhibitors

In vivo and in vitro studies have demonstrated that RORγt 
inhibitors are helpful for the reduction of both skin and joint 
inflammation in suitable models of autoimmune skin and 
joint disease [40, 41]. Since RORγt is the transcription fac-
tor for Th17 cell differentiation, targeting RORγt is a very 
promising strategy and several small molecules targeting this 
have been prepared to treat Th17-mediated diseases such as 
psoriasis and PsA [40–42]. It is expected that RORγt may be 
a potential therapeutic agent for SpA and its related clinical 
conditions including psoriasis Table 3.

STAT3 and STAT4 inhibitors

Studies using animal models have demonstrated that mice 
with CD4 + T cell-specific deletion of STAT3 exhibit defective 
TH17 differentiation and impaired development of experimen-
tal autoimmune encephalomyelitis (EAE) [43]. STAT4—in a 
collagen-induced arthritis (CIA) animal model, WT mice were 
more susceptible to CIA than were the STAT4-deficient mice. 
In a systemic scleroderma (SSC) animal model, the STAT4-
deficient mice had a significant reduction in collagen accumu-
lation and alpha-smooth muscle actin-positive myofibroblasts 
number [44]. Furthermore, in non-obese diabetic mice, STAT4 
inhibition impedes the development of type 1 diabetes [45]. 
Therefore, STAT3/STAT4 are promising therapeutic target to 
treat human autoimmune diseases including SpA.

Conclusion

Role of JAK inhibitors in the treatment of several autoim-
mune diseases including SpA is now well established. Both 
tofacitinib and updacitinib is now FDA approved for the treat-
ment of psoriatic arthritis and ankylosing spondylitis; and 
in addition, upadacitinib is approved for non-radiographic 
axial spondyloarthritis (nr-axSpA). Ongoing research in the 
flied have led to the discovery of several selective and non-
selective JAK inhibitors. With several ongoing trials, future 
beholds several molecules beyond JAK inhibitors, safety and 
efficacy of which seem to be promising but yet to be estab-
lished. We have also addressed how various cell signaling 
systems beyond JAK/STAT pathway are relevant to SpA and 
have provided a brief review on this upcoming field.
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Table 3   Safety monitoring while on JAK inhibitors

Baseline investigations prior to initiation of JAK inhibitor • Complete blood count with differential
• Liver function test, kidney function test
• Lipid panel
• Rule out chronic infections including TB (QuantiFERON gold test), hepatitis B and 

C panel
• Pregnancy test in women of reproductive age group

Lab monitoring while on JAK inhibitor therapy Monitor the following labs 4–8 weeks after initiation of JAKi and every 3 months 
thereafter:

• Complete blood count with differential to monitor for cytopenia
• Liver function test
Lipid panel to be checked 4–8 weeks after initiation of JAKi to monitor for hyperlipi-

demia



212	 Curr Rheumatol Rep (2024) 26:204–213

Declarations 

Competing interests  The authors declare no competing interests.

Human and Animal Rights and Informed Consent  This is a review arti-
cle and does not contain any studies with human or animal subjects 
performed by any of the authors.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
•  Of importance  
••  Of major importance

	 1.	 Raychaudhuri S, Cheema KS, Raychaudhuri SK, Raychaudhuri 
SP. Janus kinase-signal transducers and activators of transcrip-
tion cell signaling in spondyloarthritis: rationale and evidence 
for JAK inhibition. Curr Opin Rheumatol. 2021;33(4):348–55.

	 2.•	 Akkoc N, Khan MA. JAK inhibitors for axial spondyloarthritis: 
what does the future hold? Curr Rheumatol Rep. 2021;23(6):34. 
A comprehensive review on JAK inhibitors (JAKis) as a new 
therapeutic class for the treatment of axial spondyloarthritis.

	 3.	 Villarino AV, Gadina M, O’shea JJ, SnapShot Kanno Y. Jak-
STAT signaling II. Cell. 2020;181(7):1696-1696.e1.

	 4.•	 Gadina M, Le MT, Schwartz DM, et al. Janus kinases to jakinibs: 
from basic insights to clinical practice. Rheumatology (Oxford) 
2019;58 (Suppl 1): i4-i16. An excellent review on JAK/STAT 
kinase system and its regulatory role on inflammatory diseases; 
as well as the prospects and challenges ahead in targeting JAKs.

	 5.	 Shah RJ, Raychaudhuri Banerjee S, S, Raychaudhuri SP. JAK-
STAT inhibitors in immune mediated diseases: an overview. 
Indian J Dermatolo Venereol Leprol. 2023;89:691–9.

	 6.	 Clark JD, Flanagan ME, Telliez JB. Discovery and development 
of Janus kinase (JAK) inhibitors for inflammatory diseases. J 
Med Chem. 2014;57:5023–38.

	 7.	 Kerschbaumer A, Smolen JS, Nash P, et al. Points to consider for 
the treatment of immune-mediated inflammatory diseases with 
Janus kinase inhibitors: a systematic literature research. RMD 
Open. 2020;6(3):e001374.

	 8.	 Nash P, Kerschbaumer A, Dörner T, et al. Points to consider for 
the treatment of immune-mediated inflammatory diseases with 
Janus kinase inhibitors: a consensus statement. Ann Rheum Dis. 
2021;80(1):71–87.

	 9.	 Damsky W, Peterson D, Ramseier J, Al-Bawardy B, Chun 
H, Proctor D, Strand V, Flavell RA, King B. The emerging 
role of Janus Kinase inhibitors in the treatment of autoim-
mune and inflammatory disease. J Allergy Clin Immunol. 
2021;147(3):814–26.

	10.	 Kundu-Raychaudhuri S, Abria C, Raychaudhuri SP. IL-9, a 
local growth factor for synovial T cells in inflammatory arthritis. 
Cytokine. 2016;79:45–51.

	11.	 Chen C, Zhang X, Wang Y. Analysis of JAK2 and STAT3 poly-
morphisms in patients with ankylosing spondylitis in Chinese 
Han population. Clin Immunol. 2010;136:442–6.

	12.••	Raychaudhuri SK, Abria C, Raychaudhuri SP. Regulatory 
role of the JAK STAT Kinase signaling system on the IL-23/
IL-17 cytokine axis in psoriatic arthritis. Ann Rheum Dis. 
2017;76(10):e36. A key article describing the functional sig-
nificance of the JAK STAT kinase signaling system in the 
pathogenesis of psoriatic arthritis and its relevance for devel-
oping novel therapies for spondyloarthritis by targeting this 
kinase pathway.

	13.	 Maeda Y, Huang T, Manning C, et al. Blockade of the JAK/
STAT pathway inhibits inflammation and bone formation in two 
murine models of spondyloarthritis. Arthritis Rheumatol 2018; 
70 (Suppl 10) 1

	14.	 Gracey E, Hromadova D, Lim M, et al. TYK2 inhibition reduces 
type 3 immunity and modifies disease progression in murine 
spondyloarthritis. J Clin Invest. 2020;130:1863–78.

	15.	 Deodhar A, van der Heijde D, Sieper J, et  al. Safety and 
efficacy of upadacitinib in patients with active ankylosing 
spondylitis and an inadequate response to nonsteroidal anti-
inflammatory drug therapy: one-year results of a double-blind, 
placebo-controlled study and open-label extension. Arthritis 
Rheumatol. 2022;74:70–80.

	16.	 Deodhar A, Van den Bosch F, Poddubnyy D, et  al. Upa-
dacitinib for the treatment of active non-radiographic 
axial spondyloarthritis (SELECT-AXIS 2): A randomised, 
double-blind, placebo-controlled, phase 3 trial. Lancet. 
2022;400:369–79.

	17.	 Baraliakos X, van der Heijde D, Sieper J, et al. Efficacy and 
safety of upadacitinib in patients with ankylosing spondy-
litis refractory to biologic therapy: 1-year results from the 
open-label extension of a phase III study. Arthritis Res Ther. 
2023Sep 18;25(1):172.

	18.	 Deodhar A, Sliwinska-Stanczyk P, Xu H, et al. Tofacitinib 
for the treatment of ankylosing spondylitis: a phase III, ran-
domised, double-blind, placebo-controlled study. Ann Rheum 
Dis. 2021Aug;80(8):1004–13.

	19.	 van der Heijde D, Baraliakos X, Gensler LS, et al. Efficacy 
and safety of filgotinib, a selective Janus kinase 1 inhibitor, 
in patients with active ankylosing spondylitis (TORTUGA): 
results from a randomised, placebo-controlled, phase 2 trial. 
Lancet. 2018;392:2378–87.

	20.••	Sepriano A, Kerschbaumer A, Smolen JS, et al. Safety of syn-
thetic and biological DMARDs: a systematic literature review 
informing the 2019 update of the EULAR recommendations 
for the management of rheumatoid arthritis. Ann Rheum Dis 
2020;79:760–70. This article provides a systematic litera-
ture review (SLR) about the safety of synthetic (s) includ-
ing JAKi and biologics (b) disease-modifying anti-rheu-
matic dugs (DMARDs).

	21.	 Cohen SB, Tanaka Y, Mariette X, et al. Long-term safety of 
tofacitinib for the treatment of rheumatoid arthritis up to 8.5 
years: integrated analysis of data from the global clinical tri-
als. Ann Rheum Dis. 2017;76:1253–62.

	22	 Genovese MC, Smolen J, Takeuchi T, et al. FRI0123: safety profile 
of baricitinib for the treatment of rheumatoid arthritis up to 
8.4 years: an updated integrated safety analysis. Ann Rheum 
Dis. 2020;79(Suppl 1):638.

	23.	 Cohen SB, van Vollenhoven R, Curtis JR, et al. THU0187: 
safety profile of upadacitinib up to 3 years of exposure 
in patients with rheumatoid arthritis. Ann Rheum Dis. 
2020;79(Suppl. 1):315.

http://creativecommons.org/licenses/by/4.0/


213Curr Rheumatol Rep (2024) 26:204–213	

	24.	 Curtis JR, Xie F, Yun H, et  al. Real world comparative 
risks of herpes virus infections in tofacitinib and biologic-
treated patients with rheumatoid arthritis. Ann Rheum Dis. 
2016;75:1843.

	25.	 Winthrop KL, Curtis JR, Lindsey S, et al. Herpes zoster and 
tofacitinib: clinical outcomes and the risk of concomitant ther-
apy. Arthritis Rheumatol. 2017;69:1960.

	26	 Wollenhaupt J, Lee EB, Curtis JR, et al. Safety and efficacy of 
tofacitinib for up to 9.5 years in the treatment of rheumatoid 
arthritis: final results of a global, open-label, long-term exten-
sion study. Arthritis Res Ther. 2019;21:89.

	27.	 Winthrop KL, Yamanaka H, Valdez H, et al. Herpes zoster and 
tofacitinib therapy in patients with rheumatoid arthritis. Arthritis 
Rheumatol. 2014;66:2675.

	28.	 Curtis JR, Xie F, Yang S, et al. Risk for herpes zoster in tofacitinib-
treated glucocorticoids. Arthritis Care Res. 2019;71:1249–54.

	29.	 Desai RJ, Pawar A, Weinblatt ME, et al. Comparative risk of venous 
thromboembolism in rheumatoid arthritis patients receiving tofac-
itinib versus those receiving tumor necrosis factor inhibitors: an 
observational cohort study. Arthritis Rheumatol. 2019;71:892–900.

	30.	 Ytterberg SR, Bhatt DL, Mikuls TR, ORAL Surveillance Inves-
tigators, et al. Cardiovascular and cancer risk with tofacitinib in 
rheumatoid arthritis. N Engl J Med. 2022;386(4):316–26.

	31.	 Hromadová D, Elewaut D, Inman RD, et al. From science to suc-
cess? Targeting tyrosine kinase 2 in spondyloarthritis and related 
chronic inflammatory diseases. Front Genet. 2021;5(12):685280.

	32.••	Gonciarz M, Pawlak-Buś K, Leszczyński P, Owczarek W. TYK2 
as a therapeutic target in the treatment of autoimmune and 
inflammatory diseases. Immunotherapy.  2021;3(13):1135–1150. 
Here the authors review the evidence for targeting TYK2 as 
a more specific approach to treating these conditions. TYK2 
inhibitors are clinically effective in autoimmune and inflam-
matory diseases and may avoid some of the complications 
reported with nonselective JAK inhibitors.

	33.	 Papp K, Gordon K, Thaçi D, et al. Phase 2 trial of selective tyrosine 
kinase 2 inhibition in psoriasis. N Engl J Med. 2018;379:1313–21.

	34.	 Raychaudhuri SP, Raychaudhuri SK, et al. Nerve growth factor: a 
key local regulator in the pathogenesis of inflammatory arthritis. 
Arthritis Rheum. 2011;63(11):3243–52.

	35.	 Tive L, Bello AE, Radin D, et al. Pooled analysis of tanezumab efficacy 
and safety with subgroup analyses of phase III clinical trials in patients 
with osteoarthritis pain of the knee or hip. J Pain Res. 2019;12:975–95.

	36.	 Datta-Mitra A, Kundu-Raychaudhuri S, Mitra A, et al. Cross 
talk between neuroregulatory molecule and monocyte: nerve 
growth factor activates the inflammasome. PLoS ONE. 2015Apr 
15;10(4):e0121626.

	37.	 C. Buerger. Epidermal mTORC1 signaling contributes to the 
pathogenesis of psoriasis and could serve as a therapeutic target. 
Front. Immunol. 2018: 9(2786).

	38.	 Raychaudhuri SK, Raychaudhuri SP. mTOR signaling cascade in 
psoriatic disease: double kinase mTOR inhibitor a novel thera-
peutic target. Indian J Dermatol. 2014;59(1):67–70.

	39.	 Chen S, van Tok MN, Knaup VL, et al. mTOR blockade by rapa-
mycin in SpA: impact on inflammation and new bone formation 
in vitro and in vivo. Front Immunol. 2020;27(10):2344.

	40	 Pandya VB, Kumar S, Sachchidanand, et al. Combating auto-
immune diseases with retinoic acid receptor-related orphan 
receptor-γ (RORγ or RORc) inhibitors: hits and misses. J Med 
Chem. 2018;61(24):10976–95.

	41.	 Guendisch U, Weiss J, Ecoeur F, et al. Pharmacological inhi-
bition of RORγt suppresses the Th17 pathway and alleviates 
arthritis in vivo. PLoS ONE. 2017;12(11):e0188391.

	42.	 Gege C. RORγt inhibitors as potential back-ups for the phase II 
candidate VTP-43742 from vitae pharmaceuticals: patent eval-
uation of WO2016061160 and US20160122345. Expert Opin 
Ther Pat. 2017;27(1):1–8.

	43.	 Liu X, Lee YS, Yu CR, Egwuagu CE. Loss of STAT3 in CD4+ 
T cells prevents development of experimental autoimmune dis-
eases. J Immunol. 2008;180(9):6070–6.

	44.	 Liang Y, Pan HF, Ye DQ. Therapeutic potential of 
STAT4 in autoimmunity. Expert Opin Ther Targets. 
2014;18(8):945–60.

	45.	 Huda N, Hosen MdI, Yasmin T, Sarkar PK, Hasan AK, Nabi AH. 
Genetic variation of the transcription factor GATA3, not STAT4, 
is associated with the risk of type 2 diabetes in the Bangladeshi 
population. PLoS ONE. 2018;13(7):e0198507.

	46.	 Gladman D, Rigby W, Azevedo VF, Behrens F, Blanco R, 
Kaszuba A, Kudlacz E, Wang C, Menon S, Hendrikx T, 
Kanik KS. Tofacitinib for psoriatic arthritis in patients with 
an inadequate response to TNF inhibitors. N Engl J Med. 
2017;377:1525–36.

	47.	 Mease PJ, Lertratanakul A, Anderson JK, et al. Upadacitinib for 
psoriatic arthritis refractory to biologics: SELECT-PsA 2. Ann 
Rheum Dis. 2021;80:312–20.

	48.	 Mease PJ, Deodhar A, Heijde DVD, et al. POS0198 efficany 
and safety of deucravacitinib, an oral, selective tyrosine kinase 
2 inhibitor, in patients with active psoriatic arthritis: results from 
a phase 2, randomized, double-blind, placebo-controlled. Ann 
Rheum Dis. 2021;80(Suppl 1):314–5.

	49.	 Mease P, Coates LC, Helliwell PS, et al. Efficacy and safety 
of filgotinib, a selective Janus kinase 1 inhibitor, in patients 
with active psoriatic arthritis (EQUATOR): results from 
a randomised, placebo-controlled, phase 2 trial. Lancet. 
2018;392:2367–77.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	JAK-STAT Signaling and Beyond in the Pathogenesis of Spondyloarthritis and Their Clinical Significance
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Understanding the Basics of JAK-STAT Pathway
	Role of JAK-STAT Signaling System in Spondyloarthritis
	Introduction to JAK STAT Inhibitors
	Classification of JAK Inhibitors
	Clinical Efficacy of JAK Inhibitors in Spondyloarthritis
	Safety Profile of JAK Inhibitors

	Beyond JAK Inhibitor: Targeting the Cell Signal Molecules Beyond JAK Inhibitors for Treatment of SpA and Other Diseases
	Tyrosine Kinase 2 (TYK2) Inhibitors
	TrkA (Tropomyosin Receptor Kinase A) Inhibitor
	mTOR Inhibitors
	RORγt (Retinoic Acid Receptor-Related Orphan Receptor-γ) Inhibitors
	STAT3 and STAT4 inhibitors

	Conclusion
	References


