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Abstract: Four Janus kinases (JAKs) (JAK1, JAK2, JAK3, TYK2) and seven signal transducers and

activators of transcription (STATs) (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, STAT6) mediate

the signal transduction of more than 50 cytokines and growth factors in many different cell types.

Located intracellularly and downstream of cytokine receptors, JAKs integrate and balance the actions

of various signaling pathways. With distinct panels of STAT-sensitive genes in different tissues, this

highly heterogeneous system has broad in vivo functions playing a crucial role in the immune system.

Thus, the JAK/STAT pathway is critical for resisting infection, maintaining immune tolerance, and

enforcing barrier functions and immune surveillance against cancer. Breakdowns of this system

and/or increased signal transduction may lead to autoimmunity and other diseases. Accordingly,

the recent development and approval of the first small synthetic molecules targeting JAK molecules

have opened new therapeutic avenues of potentially broad therapeutic relevance. Extensive data

are now available regarding the JAK/STAT pathway in rheumatoid arthritis. Dysregulation of the

cytokines is also a hallmark of systemic lupus erythematosus (SLE), and targeting the JAK/STAT

proteins allows simultaneous suppression of multiple cytokines. Evidence from in vitro studies and

animal models supports a pivotal role also in the pathogenesis of cutaneous lupus and SLE. This has

important therapeutic implications, given the current paucity of targeted therapies especially in the

latter. Herein, we summarize the currently available literature in experimental SLE, which has led to

the recent promising Phase II clinical trial of a JAK inhibitor.
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1. JAK/STAT Pathway and Autoimmunity: An Overview

1.1. Physiology and Pathophysiology

Janus kinases (JAKs) are intracellular protein tyrosine kinases (PTK); to date, four have been

identified in mammals: JAK1–3 and TYK2. JAK1, JAK2, and TYK2 are ubiquitously expressed, whereas

JAK3 is expressed only by cells of hematopoietic origin [1]. JAKs contain different domains, namely, an

N-terminal FERM-domain, an SH2-like domain, a pseudokinase domain (JAK homology 2, JH2), and

the catalytically active, signaling PTK domain (JH1). The FERM and SH2-like domains mediate the

interaction of JAKs with their receptors and regulate their kinase activity [2,3].

The seven mammalian signal transducer and activator of transcription (STAT) proteins (STAT1–4,

STAT5A, STAT5B, and STAT6) are classic transcription factors able to modulate gene transcription

via the engagement of DNA regulatory elements (DREs) [4]. The JAK/STAT signal transduction

pathway is responsible for mediating signals of over 50 type I and type II cytokines, growth factors,

and hormones [5,6] (Table 1).

Table 1. Member proteins of the JAK/STAT system and upstream molecules, which signal via the

respective protein.

JAK/STAT Member
Proteins Signaling through Each

JAK/STAT Member
Proposed Effect of Therapeutic

Inhibition (Simplified)

JAK1
Interferons (α, β, γ), IL-2, IL-4, IL-6
family cytokines, IL-7, IL-9, IL-10

family cytokines
Immunosuppression

JAK2
EPO, TPO, GM-CSF, G-CSF, IL-3, IL-5,

interferon-γ, GH, leptin
Immunosuppression, inhibition of
hematopoietic cell differentiation

JAK3 IL-2, IL-4, IL-7, IL-9, IL-15, IL-21 Immunosuppression

TYK2 Interferons (α, β, γ), IL-12, IL-23 Immunosuppression

STAT1 Interferons (α, β, γ) Immunosuppression

STAT2 Interferons α and β Immunosuppression

STAT3
IL-6 family cytokines, IL-10 family

cytokines, G-CSF, leptin, IL-21, IL-27,
several oncogenes and growth factors

Immunosuppression, inhibition of
hematopoietic cell differentiation

STAT4 Interferons α and β, IL-12, IL-23
Immunosuppression, inhibition of

Th1 cell differentiation

STAT5
GM-CSF, GH, TPO, EPO, IL-2, IL-3,

IL-5, IL-7, IL-9, IL-15
Immunosuppression, inhibition of
hematopoietic cell differentiation

STAT6 IL-4, IL-13
Immunosuppression, inhibition of

Th2 cell differentiation

JAK, Janus kinase; TYK, tyrosine kinase; STAT, signal transducer and activator of transcription; IL, interleukin;
EPO, erythropoietin; TPO, thrombopoietin; GM-CSF, granulocyte-macrophage colony-stimulating factor; G-CSF,
granulocyte colony-stimulating factor; GH, growth hormone.

Binding of JAK to its receptor leads to conformational changes in the cytoplasmic portion

of the latter, initiating activation of JAKs associated to the receptor. Subsequently, JAKs mediate

phosphorylation at the specific receptor tyrosine residues, which then serve as docking sites for

STATs and other signaling molecules. The notion that unphosphorylated STATs are present in the

cytoplasm as free monomers has been recently challenged by the demonstration that they exist as

dimers and higher molecular mass complexes [7,8]. Once recruited to the receptor, STATs also become

phosphorylated by JAKs, on a single tyrosine or serine residue. This leads to conformational change of

the preformed dimer, translocation to the nucleus, and binding to members of the gamma-activated

site (GAS) family of enhancers. Of note, all STAT3 constitutively traffic from the cytoplasm to the
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nucleus and back, regardless of their phosphorylation status [9]. However, phosphorylated STAT3 has

increased residence time in the nucleus, due to DNA binding. Furthermore, not all phosphorylated

STAT3 is nuclear and all STATs, including those unphosphorylated, can be transcriptionally active,

albeit on different sets of genes [8,10].

The JAK/STAT signaling pathway is tightly regulated on multiple levels, allowing a fine-tuning

between prompt activation and timely signal termination. For the latter, JAK dephosphorylation, the

production of inhibitory proteins such as the suppressor of cytokine signaling (SOCS) family, or the

autoinhibitory mechanism of JH2–JH1 domain interaction are some of the operant mechanisms to

prevent aberrant activation of the pathway. Accordingly, any condition affecting one of these regulatory

checkpoints (modulating JAK and STAT function or leading to cytokine overexpression) leads to loss

of control and potentially to disease [11].

Over the last three decades, studies have addressed the involvement of the JAK/STAT pathway in

disease, particularly inflammation and cancer. It is considered a key player in tumorigenesis, as JAK

mutations (e.g., rearrangements in multiple fusion gene partners, amplifications or even epigenetic

changes, leading to aberrant activation) have been identified in hematologic malignancies, such as

acute lymphoblastic leukemia and lymphomas [12], but also in solid neoplasms like triple-negative

breast cancer [13].

1.2. JAK/STAT System: Balancing between Autoimmunity and Immune Deficiency

For immune-mediated diseases, both activating and inactivating mutations of JAKs and STATs

may cause abnormalities in immune homeostasis (Table 2).

Table 2. Mutations of JAKs and STATs leading to a pathologic phenotype.

Target Type of Mutation Phenotype Ref

JAK3 Loss-of-function
Severe combined immune

deficiency (SCID)
[14]

STAT1 and STAT2 Loss-of-function Immunodeficiency [15]

STAT5 Loss-of-function
Immunodeficiency or

autoimmunity

STAT3 Gain-of-function
Early-onset lymphoproliferative

disease and autoimmunity
[16]

STAT1 Gain-of-function
Chronic mucocutaneous

candidiasis and autoimmunity
[17]

STAT3
Dominant negative

mutations
Hyper-IgE syndrome [18]

Different STATs Polymorphisms
Susceptibility for systemic

autoimmune diseases
[19,20]

Loss-of-function mutations of JAK3 are associated with severe combined immune deficiency

(SCID) [14]; similarly, loss-of-function mutations of STAT1 and STAT2 were also found responsible

for immunodeficiency [15], whereas STAT5 deficiency can lead to both immunodeficiency and

autoimmunity. Gain-of-function mutations of STAT3 cause early-onset lymphoproliferative disease

and autoimmunity [16], those of STAT1 lead to chronic mucocutaneous candidiasis, but also

autoimmunity [17], and dominant negative mutations of STAT3 cause a hyper-IgE syndrome, known

as Job syndrome [18]. Finally, polymorphisms of STAT genes have been linked to susceptibility for

systemic autoimmune diseases, including rheumatoid arthritis (RA) and systemic lupus erythematosus

(SLE) [19,20]. Abnormal expression of JAK/STAT modulators is another cornerstone in the development

of autoimmunity. The protein inhibitor of activated STATs (PIAS) family member 2 encodes a

transcriptional co-regulator in the STAT and p53 pathways and is downregulated in SLE [21]. Likewise,

SOCS1 and SOCS3, two highly specific negative regulators of JAKs, are defective in SLE [22,23].
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2. The JAK/STAT Pathway in Rheumatic Diseases

The term autoimmune rheumatic diseases (AIRDs) encompasses a wide range of conditions that

commonly affect the joints, but can virtually target any organ system, and are caused by aberrations of

the immune system. The robust evidence on the critical role of the JAK/STAT pathway in type I and

type II cytokine signaling, together with the clinical efficacy of its blockade in hematologic malignancies,

prompted research also in the field of rheumatic diseases. After early studies demonstrating that

tofacitinib, a non-selective inhibitor of JAK1, 2, and 3, prevents transplant rejection in mice and

non-human primates [24], pivotal studies exploring JAK/STAT blockade in experimental arthritis

paved the way for rheumatic diseases [25]. To this end, several models of arthritis were explored with

tofacitinib reducing disease severity, if administrated at the onset of murine collagen-induced arthritis

(CIA), rat adjuvant-induced arthritis, and K/BxN serum transfer arthritis. Importantly, amelioration

of CIA could be achieved in established disease. Tofacitinib effectively reduced inflammation and

joint damage also in SCID mice implanted with synovium and cartilage from patients with RA [26],

through the inhibition of interferon (IFN)-γ, interleukin (IL)-6, IL-8, and IL-17. Baricitinib, an oral

selective inhibitor of JAK1 and JAK2 [27], also reduced the severity of CIA and rat adjuvant-induced

arthritis. Suppression of IFN-γ and subsequent migration stimuli of fibroblast-like synoviocytes, as

well as blockade of osteoclast formation, have been reported as mechanisms underlying the effect of

baricitinib [28]. Selective inhibitors of JAK/STAT pathways, such as decernotinib (JAK3) and filgotinib

(JAK1 and JAK2), demonstrated efficacy in ameliorating CIA [29,30]. Following these preclinical data,

several clinical trials tested these compounds in human RA; tofacitinib and baricitinib are already

approved for its treatment, while others are still under investigation. In parallel, inhibitors of the

JAK/STAT pathways have also been studied in other rheumatic diseases [31–33]. Among AIRDs,

systemic lupus erythematosus (SLE) represents the prototype of systemic autoimmune disorders [34].

Despite increasing knowledge about its pathogenesis, the heterogeneity of the disease along with

the unsatisfactory and sometimes absent response to conventional treatment represent challenges for

rheumatologists in routine practice. Given the multiple failed trials of biologic agents over the last

decade (for a variety of reasons that go beyond the scope of this review [35]), the identification of novel

therapeutic targets and ultimately the development of novel therapeutic strategies are a top priority in

the research agenda for SLE [36].

3. The JAK/STAT Pathway in Experimental SLE

The rationale for the first experiments investigating the role of the JAK/STAT pathway in the

pathogenesis of SLE was based on two premises: first, interferons (IFN) type I (α/β) and II (γ)

are well-established and important players in SLE pathophysiology; second, the JAK/STAT cascade

had been identified responsible for the signal transduction from the activated IFN receptor to the

nucleus [37,38].

3.1. Evidence from In Vitro Studies

In their study of gene expression in CD3+ T cells of 12 patients with SLE, Kawasaki et al.

demonstrated that the expression of IFN regulated factor (IRF)-related genes was upregulated in

patients with active disease. The pathway network analysis performed in this study suggested that

the JAK/STAT pathway may regulate IRF-related genes [39]. More recently, in a study on peripheral

blood mononuclear cells (PBMCs) from 52 SLE patients, T cells from patients carrying the STAT4 risk

allele rs7574865[T] had an augmented STAT4 phosphorylation response to IFN-α and IL-12, leading

in turn to a pronounced IL-12-induced production of IFN-γ in both CD4+ and CD8+ cells. TYK2

blockade inhibited the IL-12 and IFN-α activation of T cells, while JAK2 blockade suppressed cellular

activation induced by IFN-γ [40]. In a study on antibody-secreting cells (ASCs) (CD20-D19low-D38high)

from blood samples of 57 patients with SLE, anti-dsDNA- and anti-ENA-specific ASCs were shown to

express receptors for plasma-cell niche cytokines (such as IL-6, IL21, CXCL2, BAFF, and APRIL). These
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cytokines, in turn, were shown to promote IgG and autoantibody production in a STAT3-dependent

manner. These effects were suppressed by the use of Stattic and ruxolitinib [41].

3.2. Evidence from In Vivo Studies

Most in vivo experimental data on the role of the JAK/STAT pathway focus on three aspects of the

disease—lupus nephritis (LN), cutaneous lupus, and serological parameters. Potential therapeutic

implications of JAK and/or STAT inhibition recognized in murine models of lupus are presented in

Table 2, on a study-by-study basis. More detailed findings of these studies are outlined below, divided

in particular domains of the disease (Table 3).

Table 3. In vivo studies on murine models of lupus, assessing the potential therapeutic role of

JAK/STAT inhibition.

Study [ref.] Compound
Main

Molecular
Target

Mouse Model Design Main Effects

Wang et al. [42] AG-490 JAK2 MRL/lpr P
↓ nephritis, ↓ sialadenitis,
↓ serum dsDNA

antibodies

Lu et al. [43] CEP-33779 JAK2 MRL/lpr, BWF1
P (MRL/lpr), E

(BWF1)

P: ↓ nephritis, ↓
splenomegaly, ↓

lymphadenopathy, ↑
serum C3 levels;

E: ↓ nephritis, ↑ survival, ↓
level of long-living plasma

cells in the spleen and
bone marrow;

Both (serum): ↓ ANA, ↓
anti-dsDNA and ↓

anti-Smith antibodies

Ripoll et al. [44] Tofacitinib JAK3 and JAK1 NZB/NZWF1 E
↓ nephritis, ↑ survival, ↓

serum anti-dsDNA
antibodies

Ikeda et al. [45] Tofacitinib JAK3 and JAK1
NZB/NZWF1,

MRL
P

↓ nephritis, ↓ serum
anti-dsDNA antibodies

Furumoto et al.
[46]

Tofacitinib JAK3 and JAK1 MRL/lpr P, E

↓ nephritis, ↓ skin lesions,
↓ serum anti-dsDNA
antibodies, ↓ ANA, ↓
vascular dysfunction

Wu et al. [47] CDDO-Me
JAK1 and

STAT3

B6-Sle1.Sle3,
MRL/lpr,

NZM2410

P (B6-Sle1.Sle3,
MRL/lpr),

E (NZM2410)

↓ nephritis, ↓ serum
anti-dsDNA antibodies

Edwards et al.
[48]

Stattic STAT3 MRL/lpr P
↓ nephritis, ↓ serum

anti-dsDNA antibodies, ↑
serum C3 levels

Du et al. [49] Stattic STAT3 MRL/lpr P
↓ renal tubulointerstitial

lesions

Chan et al. [50] Ruxolitinib JAK1 and JAK2 MRL/lpr E ↓ skin lesions

P, preventive; E, established disease; ↑ increase; ↓ decrease; MRL/lpr, Murphy Roths Large/lymphoproliferation;
MRL, Murphy Roths Large; NZB/NZWF1, New Zealand black/New Zealand white F1; BWF1, black white F1 (the
same as NZB/NZWF1); NZM2410, New Zealand mixed 2410.

3.2.1. Lupus Nephritis

In their study performed on the Murphy Roths Large/lymphoproliferation (MRL/lpr) murine

model of SLE, Dong et al. demonstrated that expression and activation of STAT1 were upregulated

in the kidney, mostly in glomerular mesangial cells. In a second part of their study, using a culture

of mesangial cells, they showed an inhibitory effect of a JAK2-STAT1 inhibitor (AG-490) on STAT1

activation induced by IFN (γ and α) [38]. Increased glomerular and tubular expression of STAT1 was
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also found in renal biopsy specimens obtained from patients with diffuse proliferative LN. STAT1

expression correlated with overall disease activity, as well as with serum creatinine levels and worse

renal outcome [51]. The first in vivo study of therapeutic exploitation of the JAK/STAT pathway in

lupus was performed by Wang et al., who administered the aforementioned JAK2-STAT1-inhibiting

compound AG-490 to MRL/lpr mice with LN. Compared to vehicle-treated mice, administration of

AG-490 resulted in less pronounced inflammation (glomerulonephritis, interstitial nephritis, vasculitis,

and even sialadenitis as an extra-renal feature), as well as suppression of chemokines, IFN-γ, and

major histocompatibility complex class II (MHC-II) molecules on the surface of renal cells. Treatment

with AG-490 also led to lower levels of blood urea nitrogen, serum creatinine, and proteinuria, and to

decreased IgG and C3 deposition in glomerular cells. Accordingly, immunohistochemistry revealed

lower expression of STAT1 in glomerular, tubular, and interstitial cells [42]. The effect of a selective JAK2

inhibitor (CEP-33779) on LN mice was evaluated in a pivotal study by Lu and coworkers, who showed

that CEP-33779 can both protect MRL/lpr mice from developing renal involvement (preventive study

model) and also ameliorate already established disease in New Zealand black/New Zealand white F1

(NZB/WF1) mice (established disease model). In the first model, treatment (compared to vehicle-treated

mice) led to alleviation of splenomegaly, lymphadenopathy, glomerulonephritis, and tubulointerstitial

nephritis, accompanied by a decline in phosphorylated STAT3 (pSTAT3). In established disease,

CEP-33779 led to increased survival, decline in proteinuria, resolution of histological features of renal

disease, and decrease in pSTAT3. Intriguingly, CEP-33779 lowered the levels of long-lived plasma

cells in the spleen (at all doses) and even in the bone marrow (at the highest dose). This effect may

have therapeutic implications in human LN, given that long-lived plasma cells are responsible for the

production of antibodies and thus in the perpetuation of the autoimmune response in long-standing

disease. Conversely, treatment with CEP-33779 did not affect levels of splenic short-lived plasma

cells, which may be associated with fewer immunosuppression-related side effects (i.e., infections) and

potentially better responses to vaccines [43,52].

In a study of human glomerulonephritides by Arakawa et al., increased glomerular staining

of STAT3 was observed in renal biopsies of patients with LN. In patients with different types of

glomerulonephritides, STAT3 activation highly correlated with glomerular and tubulointerstitial cell

proliferation, interstitial fibrosis, and the level of renal injury. Moreover, downregulation of STAT3 was

observed following glucocorticoid (GC) treatment [53]. However, these results should be interpreted

with caution in regard to SLE, since only 9/45 patients had LN and no separate analysis was performed

in this subgroup.

In a study on the NZB/WF1 murine model of SLE, Ripoll et al. examined the effect of tofacitinib

on renal lesions, comparing it against cyclophosphamide (CYC) and mycophenolate mofetil (MMF).

Mice with established nephritis treated with tofacitinib had higher cumulative survival and a more

pronounced reduction of proteinuria compared to vehicle-treated animals, a reduction comparable to

the one observed in mice treated with CYC and MMF. Tofacitinib-treated mice demonstrated milder

glomerular, tubular, and interstitial lesions, as well as fewer renal deposits of IgG and C3, compared to

controls. Numbers of both T cells and macrophages were lower in tofacitinib-treated mice, as well as the

expression of STAT-regulated genes and several inflammatory mediators. Treatment with tofacitinib

led to significantly lower secretion of TNF-α, IFN-α, and IL-17. Since the latter has been linked to renal

injury associated with immune-complex deposition, the authors postulated that inhibition of IL-17

through JAK3-mediated inhibition of STAT3 might have therapeutic implications in LN [44].

Similar effects of tofacitinib were observed in another study on NZB/WF1 mice. Compared

to vehicle-treated mice, tofacitinib-treated mice (with and without dexamethasone) exhibited lower

levels of proteinuria, decreased frequency of severe glomerulonephritis, lower glomerulus scores,

less pronounced interstitial nephritis, and lower intensity of renal IgG and C1q deposition. Less

pronounced splenomegaly was also noted. Similar findings were observed in MRL mice treated

with tofacitinib and dexamethasone in the same study, indicating that the effect of treatment may be



Cells 2019, 8, 898 7 of 13

independent of genetic background. Expression of several cytokines (IL-6, Il-2, IFN-α) and of two

IFN-signaling pathway genes, Ifit3 and lsg15, was reduced in tofacitinib-treated animals [45].

In a study exploring the potential of tofacitinib to prevent renal disease in MRL/lpr mice, Furumoto

et al. observed less pronounced histopathologic features of LN, as well as decreased immune complex

deposition in mice treated with tofacitinib at 10 weeks of age, accompanied by a lower level of

proteinuria. A significant decline in proteinuria, serum creatinine levels, and blood urea nitrogen was

also observed in the model of established disease in fourteen-week-old mice [46]. Expression of several

IFN-signaling genes (type I IFN genes, Mx1, Stat1, Isg15, Ifit1) was decreased in tofacitinib-treated mice

in both the preventive and established disease model [46].

Another study showed the efficacy of CDDO-Me (C-28 methyl ester of 2-cyano-3,12-dioxoolean-

1,9-dien-28-oic acid), a compound targeting JAK1 and STAT3, in ameliorating renal disease, both in a

preventive setting (on two mouse models of LN, B6-Sle1.Sle3 and MRL/lpr) and an established setting

(mouse model NZM2410) [47]. The role of STAT3 in LN pathogenesis is also supported by a study

by Ding and colleagues, wherein B6.MRL/lpr B-cell STAT3 knockout mice had a markedly reduced

renal inflammatory infiltrate, as well as less pronounced renal IgG and C3 deposition, compared to

controls [54]. Moreover, two additional studies assessed the role of selective STAT3 inhibition in LN,

through the administration of the compound S31-201 (Stattic) to MRL/lpr mice. In the first study, mice

treated with Stattic had a lesser degree of glomerulonephritis, less renal IgG deposition, as well as

delayed onset of proteinuria [48]. Du and coworkers, on the other hand, focused on tubulointerstitial

renal lesions, showing that this STAT3-selective inhibitor ameliorated tubule injury, inflammation,

and interstitial fibrosis. In addition to STAT3 inhibition, Stattic led to increased phosphorylation

(i.e., activation) of STAT1; this could indicate that STAT3-mediated signaling may be more important

than STAT1 for LN pathogenesis (since renal disease was ameliorated in spite of increased STAT1

phosphorylation) [49].

3.2.2. Cutaneous Lupus

Despite the fact that skin lesions are included in the phenotype of MRL/lpr mice (erythematous

scarring rash with alopecia) [55], efficacy of JAK/STAT inhibition on skin was not reported in the

majority of the above described studies. An exception was the study by Furumoto et al., where

tofacitinib ameliorated both clinical and histological features of lupus-associated skin inflammation in

MRL/lpr mice [46].

Another study in the same animal model examined the effect of ruxolitinib, a relatively specific

JAK1 and JAK2 inhibitor. The latter attenuated the development of lupus-associated skin lesions,

reduced the inflammatory infiltrate (as well as T cells in the infiltrate), and epidermal hyperplasia,

downregulating the expression of IFN response genes. Interestingly, the drug exerted no effect on other

lupus features. However, this potential lack of systemic effect does not diminish potential therapeutic

implications of ruxolitinib in cutaneous lupus, given that, being a small molecule, the drug may be

formulated for topical use [50]. Interestingly, ruloxitinib was efficacious in a primary myelofibrosis

patient who was treated due to chilblain lupus [56]. Pronounced expression of activated JAK2 was seen

in the aforementioned patient, but also in several other patients with discoid and subacute cutaneous

lupus (in contrast to patients with psoriasis and atopic dermatitis), reported by the same group of

investigators [57]. Interestingly, the use of baricitinib was reported to reverse alopecia areata in a

patient without other features suggestive of lupus [58].

3.2.3. Serology and Autoantibodies

In the study by Wang et al., application of the JAK2-STAT1 inhibitor AG-490 led to a decline in

serum anti-dsDNA antibody levels [42]. Administration of an even more selective JAK2-targeting

compound led to a decrease in the titer of antinuclear antibodies, anti-dsDNA, and anti-Smith antibody

levels, both in a preventive model (MRL/lpr mice) and a model of established LN (NZB/WF1 mice) [43].

A decrease in anti-dsDNA levels was also observed in the aforementioned tofacitinib study on NZB/WF1
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mice, with the decrease in tofacitinib-treated mice being more profound compared to mice treated

with CYC and MMF [44]. A fall in anti-dsDNA antibodies was also observed in CDDO-Me-treated

mice [47], as well as tofacitinib-treated NZB/WF1 [36] and MRL/lpr mice (the effect was observed both

in the preventive and in the established disease models) [37]. In the latter case, the decline in the titer

of antinuclear antibodies reached statistical significance only in the preventive study setting [46]. A

similar finding was observed in the study by Edwards et al., who observed delayed development

of anti-dsDNA IgG antibodies (and their lower serum titers) only in mice treated with a long-term

regimen of Stattic (a STAT3 inhibitor), and not in mice treated with a short-term regimen [48]. This

effect of STAT3 inhibition is in accordance with significantly reduced levels of antinuclear, anti-dsDNA.

and anti-snRNP in sera of eight-month-old B6.MRL/lpr B-cell STAT3 knockout mice, when compared

to controls [54].

Higher serum levels of C3 observed in mice receiving the long-term regimen of Stattic [39] are in

line with findings of decreased C3 and immune complex deposition in kidneys treated with inhibitors

of the JAK/STAT pathways [42,44,45]. Higher levels of C3 were also observed in lupus-prone MRL/lpr

mice treated with a selective JAK2 inhibitor [43].

Interestingly, STAT signaling may be important for the association (or even “coupling”) between

the serological profile and the histologic type of LN. In a study on NZM2328 mice, STAT4-deficient mice

developed class IV lupus nephritis with lower levels of anti-dsDNA antibodies, whereas STAT6-deficient

mice developed much less severe type II lupus nephritis, the onset of which was significantly delayed

in comparison to wild type mice. In contrast to their STAT4-deficient counterparts, STAT6-deficient

mice developed high antibody levels [59].

3.2.4. Lupus-Associated Vascular Dysfunction

Inhibition of the JAK/STAT signaling pathway could also ameliorate lupus-associated vascular

dysfunction. In the study by Furumoto et al., application of tofacitinib in MRL/lpr mice was associated

with improvement in endothelium-dependent vasorelaxation, a tendency towards increased capacity

of endothelial progenitor cells to differentiate into mature endotheliocytes, as well as increased

HDL cholesterol levels [46]. The relevance of these findings to the pathogenesis of lupus-associated

atherosclerosis is limited by the short-term application of the drug in this study.

To summarize all available experimental evidence, it is encouraging that similar therapeutic effects

were observed using different molecular targets within the JAK/STAT system, in vitro as well as in vivo,

in several murine models differing in genetics, clinical presentation, disease kinetics, and features of

kidney histopathology [52,55]. More importantly, observations from preventive study models were

replicated in models of established disease (Table 3). Nevertheless, results observed in the experimental

setting of animal models should always be interpreted with caution. Selection of the most appropriate

molecular target within the JAK/STAT signaling pathway still remains an open question, especially

since the roles of each of the tested molecules in animal models might not be identical in humans.

4. From Bench to Bedside: Data from Clinical Trials and Future Perspectives

Based on the previous experimental and preclinical data, baricitinib, an oral selective JAK1 and

JAK2 inhibitor approved for the treatment of rheumatoid arthritis, was recently tested in a multicenter

randomized, placebo-controlled, 24-week phase II study, in 314 patients with extrarenal SLE, involving

mainly skin and joints. Patients were randomized 1:1:1 to receive two doses of baricitinib (4 mg and 2

mg/day, respectively) or placebo, on top of background therapy [60]. The primary endpoint of the

study was the proportion of patients achieving resolution of arthritis or rash (defined by SLEDAI-2K)

at week 24. Mean SLEDAI-2K at baseline was ≈ 9, with a mean cutaneous lupus erythematosus

disease area and severity index (CLASI) score of 3.8–4.9 and a swollen joint count (SJC) of 5.2–5.5,

overall indicating a disease of moderate severity. Importantly, more than 70% of patients were on

glucocorticoids (GCs), with almost half receiving a prednisone equivalent dose of ≥7.5 mg/day.
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The low dose of 2 mg/day did not confer any additional benefit over placebo, either for the

primary or any of the secondary endpoints. However, more patients in the 4 mg/day baricitinib group

met the primary endpoint (67 vs. 53% with placebo, respectively, OR 1.8), in a result that marginally

met statistical significance (p = 0.041). Baricitinib 4 mg/day was also associated with a two-fold higher

possibility of attaining the composite response index, SLE responder index-4 (OR 2.0, p = 0.01) and a

lower risk of flares (hazard ratio 0.6, p = 0.020). There was no difference in the CLASI score and the

number of SJC. Even though the tender joint count (TJC) was different between the two groups, this

finding may be subject to patient bias, especially in the context of no difference in SJC, a feature also

subject to patient bias [61]. Regarding safety, overall no important safety signals were raised, although

infections were more common in both baricitinib arms.

Several comments can be made based on these results. First, a treatment difference of 14% may

seem moderate at best; however, to put things into perspective, a difference of this magnitude (i.e.,

≈10–15%) led to the approval of belimumab following the successful BLISS trials (of course, in a vastly

larger patient population). More problematic is the finding of no significant response in swollen

joints and, most importantly, skin disease, a finding discordant from the data in animal models [52];

however, this may well be attributed to the relatively low baseline CLASI score in both arms, which

may be inadequate for baricitinib to demonstrate a meaningful difference. Finally, the handling of GCs

during the study was unusual, as tapering was not allowed between weeks 16 and 24, and the authors

provide no data on the proportion of patients that successfully tapered or even discontinued GCs; high

background therapy, especially GCs, can account for the lack of effect of drugs in the SLE trials.

Despite these limitations, the successful phase II study of baricitinib justifies further study of

the drug in lupus and two multicenter phase III randomized placebo-controlled trials are currently

underway in extrarenal disease (NCT03616912, NCT03616964, both recruiting participants). The track

history of the multiple failed trials of new drugs highlights the challenge of clinical trial design in

SLE [62]. In essence, the expected moderate differences conferred by drugs under study typically

require large numbers of patients to reach statistical significance. Accordingly, the disproportionately

low number of referral centers often necessitates the inclusion of trial sites with less experience in

lupus and the complex indices used in lupus trials.

5. Conclusions and Perspectives

Targeting of the JAK/STAT pathway represents a milestone in the treatment of autoimmune

diseases; different inhibitors are currently being tested under various conditions. Among the latter,

SLE is probably the most challenging, as it has become notorious for the multiple failed phase III

clinical trials of biologic agents. Several lines of evidence suggest that, given the complexity of the

disease, multiple pathways may need to be targeted to ensure effectiveness. To this end, because of the

reported dysregulation of multiple cytokines (a key feature of SLE), the prospect of the simultaneous

inhibition of multiple cytokines with an oral formulation with the potential to be less expensive is

attractive. The initial evidence of effectiveness of the recent phase II trial of baricitinib dictates cautious

optimism, while awaiting a larger trial. We remain optimistic that the wealth of experimental data

regarding the role of the JAK/STAT pathway in SLE will be rewarded by the approval of a new drug

for this demanding disease.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yamaoka, K.; Saharinen, P.; Pesu, M.; Holt, V., III; Silvennoinen, O.; O’Shea, J.J. The janus kinases (jaks).

Genome Biol. 2004, 5, 253. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/gb-2004-5-12-253
http://www.ncbi.nlm.nih.gov/pubmed/15575979


Cells 2019, 8, 898 10 of 13

2. Radtke, S.; Haan, S.; Jörissen, A.; Hermanns, H.M.; Diefenbach, S.; Smyczek, T.; Schmitz-Vandeleur, H.;

Heinrich, P.C.; Behrmann, I.; Haan, C. The Jak1 SH2 domain does not fulfil a classical SH2 function in

jak/STAT signalling but plays a structural role for receptor interaction and up-regulation of receptor surface

expression. J. Biol. Chem. 2005, 280, 25760–25768. [CrossRef] [PubMed]

3. Zhao, L.; Ma, Y.; Seemann, J.; Huang, L. A regulating role of the JAK2 FERM domain in hyperactivation of

JAK2 (V617F). Biochem. J. 2010, 426, 91–98. [CrossRef] [PubMed]

4. Wang, Y.; Levy, D.E. Comparative evolutionary genomics of the STAT family of transcription factors.

JAK-STAT 2012, 1, 23–33. [CrossRef] [PubMed]

5. Villarino, A.V.; Kanno, Y.; O’Shea, J.J. Mechanisms and consequences of Jak-STAT signaling in the immune

system. Nat. Immunol. 2017, 18, 374–384. [CrossRef] [PubMed]

6. Leonard, W.J.; O’Shea, J.J. JAKS and STATS: Biological implications. Annu. Rev. Immunol. 1998, 16, 293–322.

[CrossRef]

7. Ndubuisi, M.I.; Guo, G.G.; Fried, V.A.; Etlinger, J.D.; Sehgal, P.B. Cellular physiology of STAT3, Where’s the

cytoplasmic monomer? J. Biol. Chem. 1999, 274, 25499–25509. [CrossRef]

8. Sehgal, P.B. Paradigm shifts in the cell biology of STAT signaling. Semin. Cell Dev. Biol. 2008, 19, 329–340.

[CrossRef]

9. Pranada, A.L.; Metz, S.; Herrmann, A.; Heinrich, P.C.; Müller-Newen, G. Real time analysis of STAT3

nucleocytoplasmic shuttling. J. Biol. Chem. 2004, 279, 15114–15123. [CrossRef]

10. Yang, J.; Liao, X.; Agarwal, M.K.; Barnes, L.; Auron, P.E.; Stark, G.R. Unphosphorylated STAT3 accumulates

in response to IL-6 and activates transcription by binding to NFkappaB. Genes Dev. 2007, 21, 1396–1408.

[CrossRef]

11. Hammarén, H.M.; Virtanen, A.T.; Raivola, J.; Silvennoinen, O. The regulation of JAKs in cytokine signaling

and its breakdown in disease. Cytokine 2019, 118, 48–63. [CrossRef] [PubMed]

12. Vainchenker, W.; Constantinescu, S. JAK/STAT signaling in hematological malignancies. Oncogene 2013, 32,

2601–2613. [CrossRef] [PubMed]

13. Thomas, S.; Snowden, J.; Zeidler, M.; Danson, S. The role of JAK/STAT signaling in the pathogenesis,

prognosis and treatment of solid tumours. Br. J. Cancer 2015, 113, 365–371. [CrossRef] [PubMed]

14. Macchi, P.; Villa, A.; Giliani, S.; Sacco, M.G.; Frattini, A.; Porta, F.; Ugazio, A.G.; Johnston, J.A.; Candotti, F.;

O’Shea, J.J.; et al. Mutations of jak-3 gene in patients with autosomal severe combined immune deficiency

(SCID). Nature 1995, 377, 65–68. [CrossRef] [PubMed]

15. O’Shea, J.J.; Schwartz, D.M.; Villarino, A.V.; Gadina, M.; McInnes, I.B.; Laurence, A. The JAK–STAT pathway:

Impact on human disease and therapeutic intervention. Annu. Rev. Med. 2015, 66, 311–328. [CrossRef]

[PubMed]

16. Milner, J.D.; Vogel, T.P.; Forbes, L.; Ma, C.A.; Stray-Pedersen, A.; Niemela, J.E.; Lyons, J.J.; Engelhardt, K.R.;

Zhang, Y.; Topcagic, N.; et al. Early-onset lymphoproliferation and autoimmunity caused by germline STAT3

gain-of-function mutations. Blood 2015, 125, 591–599. [CrossRef] [PubMed]

17. Uzel, G.; Sampaio, E.P.; Lawrence, M.G.; Hsu, A.P.; Hackett, M.; Dorsey, M.J.; Noel, R.J.; Verbsky, J.W.;

Freeman, A.F.; Janssen, E.; et al. Dominant gain-of-function STAT1 mutations in FOXP3 wild-type immune

dysregulation polyendocrinopathy-enteropathy-X-linked-like syndrome. J. Allergy Clin. Immunol. 2013, 131,

1611–1623. [CrossRef] [PubMed]

18. Holland, S.M.; DeLeo, F.R.; Elloumi, H.Z.; Hsu, A.P.; Uzel, G.; Brodsky, N.; Freeman, A.F.; Demidowich, A.;

Davis, J.; Turner, M.L.; et al. STAT3 mutations in the hyper-IgE syndrome. N. Engl. J. Med. 2007, 357,

1608–1619. [CrossRef] [PubMed]

19. Remmers, E.F.; Plenge, R.M.; Lee, A.T.; Graham, R.R.; Hom, G.; Behrens, T.W.; de Bakker, P.I.; Le, J.M.;

Lee, H.S.; Batliwalla, F.; et al. STAT4 and the risk of rheumatoid arthritis and systemic lupus erythematosus.

N. Engl. J. Med. 2007, 357, 977–986. [CrossRef] [PubMed]

20. Duetsch, G.; Illig, T.; Loesgen, S.; Rohde, K.; Klopp, N.; Herbon, N.; Gohlke, H.; Altmueller, J.; Wjst, M. STAT6

as an asthma candidate gene: Polymorphism-screening, association and haplotype analysis in a Caucasian

sib-pair study. Hum. Mol. Genet. 2002, 11, 613–621. [CrossRef]

21. Shao, W.H.; Shu, D.H.; Zhen, Y.; Hilliard, B.; Priest, S.O.; Cesaroni, M.; Ting, J.P.; Cohen, P.L. Prion-like

aggregation of mitochondrial antiviral signaling protein in lupus patients is associated with increased levels

of type I interferon. Arthritis Rheumatol. 2016, 68, 2697–2707. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M500822200
http://www.ncbi.nlm.nih.gov/pubmed/15894543
http://dx.doi.org/10.1042/BJ20090615
http://www.ncbi.nlm.nih.gov/pubmed/19929856
http://dx.doi.org/10.4161/jkst.19418
http://www.ncbi.nlm.nih.gov/pubmed/24058748
http://dx.doi.org/10.1038/ni.3691
http://www.ncbi.nlm.nih.gov/pubmed/28323260
http://dx.doi.org/10.1146/annurev.immunol.16.1.293
http://dx.doi.org/10.1074/jbc.274.36.25499
http://dx.doi.org/10.1016/j.semcdb.2008.07.003
http://dx.doi.org/10.1074/jbc.M312530200
http://dx.doi.org/10.1101/gad.1553707
http://dx.doi.org/10.1016/j.cyto.2018.03.041
http://www.ncbi.nlm.nih.gov/pubmed/29685781
http://dx.doi.org/10.1038/onc.2012.347
http://www.ncbi.nlm.nih.gov/pubmed/22869151
http://dx.doi.org/10.1038/bjc.2015.233
http://www.ncbi.nlm.nih.gov/pubmed/26151455
http://dx.doi.org/10.1038/377065a0
http://www.ncbi.nlm.nih.gov/pubmed/7659163
http://dx.doi.org/10.1146/annurev-med-051113-024537
http://www.ncbi.nlm.nih.gov/pubmed/25587654
http://dx.doi.org/10.1182/blood-2014-09-602763
http://www.ncbi.nlm.nih.gov/pubmed/25359994
http://dx.doi.org/10.1016/j.jaci.2012.11.054
http://www.ncbi.nlm.nih.gov/pubmed/23534974
http://dx.doi.org/10.1056/NEJMoa073687
http://www.ncbi.nlm.nih.gov/pubmed/17881745
http://dx.doi.org/10.1056/NEJMoa073003
http://www.ncbi.nlm.nih.gov/pubmed/17804842
http://dx.doi.org/10.1093/hmg/11.6.613
http://dx.doi.org/10.1002/art.39733
http://www.ncbi.nlm.nih.gov/pubmed/27110677


Cells 2019, 8, 898 11 of 13

22. Liang, Y.; Xu, W.D.; Peng, H.; Pan, H.F.; Ye, D.Q. SOCS signaling in autoimmune diseases: Molecular

mechanisms and therapeutic implications. Eur. J. Immunol. 2014, 44, 1265–1275. [CrossRef] [PubMed]

23. Sukka-Ganesh, B.; Larkin, J., III. Therapeutic Potential for Targeting the Suppressor of Cytokine Signalling-1

Pathway for the Treatment of SLE. Scand. J. Immunol. 2016, 84, 299–309. [CrossRef] [PubMed]

24. Changelian, P.S.; Flanagan, M.E.; Ball, D.J.; Kent, C.R.; Magnuson, K.S.; Martin, W.H.; Rizzuti, B.J.; Sawyer, P.S.;

Perry, B.D.; Brissette, W.H.; et al. Prevention of organ allograft rejection by a specific Janus kinase 3 inhibitor.

Science 2003, 302, 875–878. [CrossRef] [PubMed]

25. Tanaka, Y. Recent progress and perspective in JAK inhibitors for rheumatoid arthritis: From bench to bedside.

J. Biochem. 2015, 158, 173–179. [CrossRef] [PubMed]

26. Maeshima, K.; Yamaoka, K.; Kubo, S.; Nakano, K.; Iwata, S.; Saito, K.; Ohishi, M.; Miyahara, H.; Tanaka, S.;

Ishii, K.; et al. The JAK inhibitor tofacitinib regulates synovitis through inhibition of interferon-γ and

interleukin-17 production by human CD4+ T cells. Arthritis Rheum. 2012, 64, 1790–1798. [CrossRef] [PubMed]

27. Fridman, J.S.; Scherle, P.A.; Collins, R.; Burn, T.C.; Li, Y.; Li, J.; Covington, M.B.; Thomas, B.; Collier, P.;

Favata, M.F.; et al. Selective inhibition of JAK1 and JAK2 is efficacious in rodent models of arthritis: Preclinical

characterization of INCB028050. J. Immunol. 2010, 184, 5298–5307. [CrossRef] [PubMed]

28. Murakami, K.; Kobayashi, Y.; Uehara, S.; Suzuki, T.; Koide, M.; Yamashita, T.; Nakamura, M.; Takahashi, N.;

Kato, H.; Udagawa, N.; et al. A Jak1/2 inhibitor, baricitinib, inhibits osteoclastogenesis by suppressing

RANKL expression in osteoblasts in vitro. PLoS ONE 2017, 12, e0181126. [CrossRef] [PubMed]

29. Van Rompaey, L.; Galien, R.; van der Aar, E.M.; Clement-Lacroix, P.; Nelles, L.; Smets, B.; Lepescheux, L.;

Christophe, T.; Conrath, K.; Vandeghinste, N.; et al. Preclinical characterization of GLPG0634, a selective

inhibitor of JAK1, for the treatment of inflammatory diseases. J. Immunol. 2013, 191, 3568–3577. [CrossRef]

[PubMed]

30. Mahajan, S.; Hogan, J.K.; Shlyakhter, D.; Oh, L.; Salituro, F.G.; Farmer, L.; Hoock, T.C. VX-509 (decernotinib) is

a potent and selective janus kinase 3 inhibitor that attenuates inflammation in animal models of autoimmune

disease. J. Pharmacol. Exp. Ther. 2015, 353, 405–414. [CrossRef] [PubMed]

31. Schwartz, D.M.; Kanno, Y.; Villarino, A.; Ward, M.; Gadina, M.; O’Shea, J.J. JAK inhibition as a therapeutic

strategy for immune and inflammatory diseases. Nat. Rev. Drug Discov. 2017, 16, 843–862. [CrossRef]

[PubMed]

32. Singh, J.A.; Hossain, A.; Mudano, A.S.; Tanjong Ghogomu, E.; Suarez-Almazor, M.E.; Buchbinder, R.;

Maxwell, L.J.; Tugwell, P.; Wells, G.A. Biologics or tofacitinib for people with rheumatoid arthritis naive

to methotrexate: A systematic review and network meta-analysis. Cochrane Database Syst. Rev. 2017, 5,

CD012657. [CrossRef] [PubMed]

33. Westhovens, R. Clinical efficacy of new JAK inhibitors under development. Just more of the same?

Rheumatology (Oxford) 2019, 58, i27–i33. [CrossRef] [PubMed]

34. Tamirou, F.; Arnaud, L.; Talarico, R.; Scirè, C.A.; Alexander, T.; Amoura, Z.; Avcin, T.; Bortoluzzi, A.;

Cervera, R.; Conti, F.; et al. Systemic lupus erythematosus: State of the art on clinical practice guidelines.

RMD Open 2018, 4, e000793. [CrossRef] [PubMed]

35. Fanouriakis, A.; Kostopoulou, M.; Alunno, A.; Aringer, M.; Bajema, I.; Boletis, J.N.; Cervera, R.; Doria, A.;

Gordon, C.; Govoni, M.; et al. 2019 update of the EULAR recommendations for the management of systemic

lupus erythematosus. Ann. Rheum. Dis. 2019, 78, 736–745. [CrossRef] [PubMed]

36. Dörner, T.; Furie, R. Novel paradigms in systemic lupus erythematosus. Lancet 2019, 393, 2344–2358.

[CrossRef]

37. Mok, C.C. The Jakinibs in systemic lupus erythematosus: Progress and prospects. Expert Opin. Investig. Drugs

2019, 28, 85–92. [CrossRef] [PubMed]

38. Dong, J.; Wang, Q.X.; Zhou, C.Y.; Ma, X.F.; Zhang, Y.C. Activation of the STAT1 signalling pathway in lupus

nephritis in MRL/lpr mice. Lupus 2007, 16, 101–109. [CrossRef]

39. Kawasaki, M.; Fujishiro, M.; Yamaguchi, A.; Nozawa, K.; Kaneko, H.; Takasaki, Y.; Takamori, K.; Ogawa, H.;

Sekigawa, I. Possible roles of the JAK/STAT pathways in the regulation of T-cell interferon related genes in

systemic lupus erythematosus. Lupus 2011, 20, 1231–1239. [CrossRef]

40. Hagberg, N.; Joelsson, M.; Leonard, D.; Reid, S.; Eloranta, M.L.; Mo, J.; Nilsson, M.K.; Syvanen, A.C.;

Bryceson, Y.T.; Ronnblom, L. The STAT4 SLE risk allele rs7574865[T] is associated with increased IL-12-induced

IFN-γ production in T cells from patients with SLE. Ann. Rheum. Dis. 2018, 77, 1070–1077. [CrossRef]

http://dx.doi.org/10.1002/eji.201344369
http://www.ncbi.nlm.nih.gov/pubmed/24595859
http://dx.doi.org/10.1111/sji.12475
http://www.ncbi.nlm.nih.gov/pubmed/27781323
http://dx.doi.org/10.1126/science.1087061
http://www.ncbi.nlm.nih.gov/pubmed/14593182
http://dx.doi.org/10.1093/jb/mvv069
http://www.ncbi.nlm.nih.gov/pubmed/26152731
http://dx.doi.org/10.1002/art.34329
http://www.ncbi.nlm.nih.gov/pubmed/22147632
http://dx.doi.org/10.4049/jimmunol.0902819
http://www.ncbi.nlm.nih.gov/pubmed/20363976
http://dx.doi.org/10.1371/journal.pone.0181126
http://www.ncbi.nlm.nih.gov/pubmed/28708884
http://dx.doi.org/10.4049/jimmunol.1201348
http://www.ncbi.nlm.nih.gov/pubmed/24006460
http://dx.doi.org/10.1124/jpet.114.221176
http://www.ncbi.nlm.nih.gov/pubmed/25762693
http://dx.doi.org/10.1038/nrd.2017.201
http://www.ncbi.nlm.nih.gov/pubmed/29104284
http://dx.doi.org/10.1002/14651858.CD012657
http://www.ncbi.nlm.nih.gov/pubmed/28481462
http://dx.doi.org/10.1093/rheumatology/key256
http://www.ncbi.nlm.nih.gov/pubmed/30806706
http://dx.doi.org/10.1136/rmdopen-2018-000793
http://www.ncbi.nlm.nih.gov/pubmed/30564454
http://dx.doi.org/10.1136/annrheumdis-2019-215089
http://www.ncbi.nlm.nih.gov/pubmed/30926722
http://dx.doi.org/10.1016/S0140-6736(19)30546-X
http://dx.doi.org/10.1080/13543784.2019.1551358
http://www.ncbi.nlm.nih.gov/pubmed/30462559
http://dx.doi.org/10.1177/0961203306075383
http://dx.doi.org/10.1177/0961203311409963
http://dx.doi.org/10.1136/annrheumdis-2017-212794


Cells 2019, 8, 898 12 of 13

41. De la Varga Martinez, R.; Rodriguez-Bayona, B.; Anez, G.A.; Medina Varo, F.; Perez Venegas, J.J.; Brieva, J.A.;

Rodriguez, C. Clinical relevance of circulating anti-ENA and anti-dsDNA secreting cells from SLE patients

and their dependence on STAT-3 activation. Eur. J. Immunol. 2017, 47, 1211–1219. [CrossRef] [PubMed]

42. Wang, S.; Yang, N.; Zhang, L.; Huang, B.; Tan, H.; Liang, Y.; Li, Y.; Yu, X. Jak/STAT signaling is involved in the

inflammatory infiltration of the kidneys in MRL/lpr mice. Lupus 2010, 19, 1171–1180. [CrossRef] [PubMed]

43. Lu, L.D.; Stump, K.L.; Wallace, N.H.; Dobrzanski, P.; Serdikoff, C.; Gingrich, D.E.; Dugan, B.J.; Angeles, T.S.;

Albom, M.S.; Mason, J.L.; et al. Depletion of autoreactive plasma cells and treatment of lupus nephritis in

mice using CEP-33779, a novel, orally active, selective inhibitor of JAK2. J. Immunol. 2011, 187, 3840–3853.

[CrossRef] [PubMed]

44. Ripoll, È.; de Ramon, L.; Draibe Bordignon, J.; Merino, A.; Bolaños, N.; Goma, M.; Cruzado, J.M.; Grinyó, J.M.;

Torras, J. JAK3-STAT pathway blocking benefits in experimental lupus nephritis. Arthritis Res. Ther. 2016, 18,

134. [CrossRef] [PubMed]

45. Ikeda, K.; Hayakawa, K.; Fujishiro, M.; Kawasaki, M.; Hirai, T.; Tsushima, H.; Miyashita, T.; Suzuki, S.;

Morimoto, S.; Tamura, N.; et al. JAK inhibitor has the amelioration effect in lupus-prone mice: The

involvement of IFN signature gene downregulation. BMC Immunol. 2017, 18, 41. [CrossRef]

46. Furumoto, Y.; Smith, C.K.; Blanco, L.; Zhao, W.; Brooks, S.R.; Thacker, S.G.; Abdalrahman, Z.; Sciumè, G.;

Tsai, W.L.; Trier, A.M.; et al. Tofacitinib Ameliorates Murine Lupus and Its Associated Vascular Dysfunction.

Arthritis Rheumatol. 2017, 69, 148–160. [CrossRef]

47. Wu, T.; Ye, Y.; Min, S.-Y.; Zhu, J.; Khobahy, E.; Zhou, J.; Yan, M.; Hemachandran, S.; Pathak, S.; Zhou, X.J.;

et al. Prevention of murine lupus nephritis by targeting multiple signaling axes and oxidative stress using a

synthetic triterpenoid. Arthritis Rheumatol. 2014, 66, 3129–3139. [CrossRef]

48. Edwards, L.J.; Mizui, M.; Kyttaris, V. Signal transducer and activator of transcription (STAT) 3 inhibition

delays the onset of lupus nephritis in MRL/lpr mice. Clin. Immunol. 2015, 158, 221–230. [CrossRef]

49. Du, Y.; Zhang, W.; Liu, S.; Feng, X.; Gao, F.; Liu, Q. S3I-201 ameliorates tubulointerstitial lesion of the kidneys

in MRL/lpr mice. Biochem. Biophys. Res. Commun. 2018, 503, 177–180. [CrossRef]

50. Chan, E.S.; Herlitz, L.C.; Jabbari, A. Ruxolitinib Attenuates Cutaneous Lupus Development in a Mouse

Lupus Model. J. Investig. Dermatol. 2015, 135, 1912–1915. [CrossRef]

51. Martinez-Lostao, L.; Ordi-Ros, J.; Balada, E.; Segarra-Medrano, A.; Majó-Masferrer, J.; Labrador-Horrillo, M.;

Vilardell-Tarrés, M. Activation of the signal transducer and activator of transcription-1 in diffuse proliferative

lupus nephritis. Lupus 2007, 16, 483–488. [CrossRef] [PubMed]

52. Tagoe, C.; Putterman, C. JAK2 inhibition in murine systemic lupus erythematosus. Immunotherapy 2012, 4,

369–372. [CrossRef] [PubMed]

53. Arakawa, T.; Masaki, T.; Hirai, T.; Doi, S.; Kuratsune, M.; Arihiro, K.; Kohno, N.; Yorioka, N. Activation of

signal transducer and activator of transcription 3 correlates with cell proliferation and renal injury in human

glomerulonephritis. Nephrol. Dial. Transplant. 2008, 23, 3418–3426. [CrossRef] [PubMed]

54. Ding, C.; Chen, X.; Dascani, P.; Hu, X.; Bolli, R.; Zhang, H.-G.; Mcleish, K.R.; Yan, J. STAT3 Signaling in B

Cells Is Critical for Germinal Center Maintenance and Contributes to the Pathogenesis of Murine Models of

Lupus. J. Immunol. 2016, 196, 4477–4486. [CrossRef] [PubMed]

55. Li, W.; Titov, A.A.; Morel, L. An update on lupus animal models. Curr. Opin. Rheumatol. 2017, 29, 434–441.

[CrossRef]

56. Wenzel, J.; van Holt, N.; Maier, J.; Vonnahme, M.; Bieber, T.; Wolf, D. JAK1/2 Inhibitor Ruxolitinib Controls a

Case of Chilblain Lupus Erythematosus. J. Investig. Dermatol. 2016, 136, 1281–1283. [CrossRef]

57. Klaeschen, A.S.; Wolf, D.; Brossart, P.; Bieber, T.; Wenzel, J. JAK inhibitor ruxolitinib inhibits the expression of

cytokines characteristic of cutaneous lupus erythematosus. Exp. Dermatol. 2017, 26, 728–730. [CrossRef]

58. Jabbari, A.; Dai, Z.; Xing, L.; Cerise, J.E.; Ramot, Y.; Berkun, Y.; Sanchez, G.A.; Goldbach-Mansky, R.;

Christiano, A.M.; Clynes, R.; et al. Reversal of Alopecia Areata Following Treatment with the JAK1/2 Inhibitor

Baricitinib. EBioMedicine 2015, 2, 351–355. [CrossRef]

59. Jacob, C.O.; Zang, S.; Li, L.; Ciobanu, V.; Quismorio, F.; Mizutani, A.; Satoh, M.; Koss, M. Pivotal role of Stat4

and Stat6 in the pathogenesis of the lupus-like disease in the New Zealand mixed 2328 mice. J. Immunol.

2003, 171, 1564–1571. [CrossRef]

60. Wallace, D.J.; Furie, R.A.; Tanaka, Y.; Kalunian, K.C.; Mosca, M.; Petri, M.A.; Dörner, T.; Cardiel, M.H.;

Bruce, I.N.; Gomez, E.; et al. Baricitinib for systemic lupus erythematosus: A double-blind, randomised,

placebo-controlled, phase 2 trial. Lancet 2018, 392, 222–231. [CrossRef]

http://dx.doi.org/10.1002/eji.201646872
http://www.ncbi.nlm.nih.gov/pubmed/28463395
http://dx.doi.org/10.1177/0961203310367660
http://www.ncbi.nlm.nih.gov/pubmed/20501525
http://dx.doi.org/10.4049/jimmunol.1101228
http://www.ncbi.nlm.nih.gov/pubmed/21880982
http://dx.doi.org/10.1186/s13075-016-1034-x
http://www.ncbi.nlm.nih.gov/pubmed/27278657
http://dx.doi.org/10.1186/s12865-017-0225-9
http://dx.doi.org/10.1002/art.39818
http://dx.doi.org/10.1002/art.38782
http://dx.doi.org/10.1016/j.clim.2015.04.004
http://dx.doi.org/10.1016/j.bbrc.2018.05.207
http://dx.doi.org/10.1038/jid.2015.107
http://dx.doi.org/10.1177/0961203307079618
http://www.ncbi.nlm.nih.gov/pubmed/17670846
http://dx.doi.org/10.2217/imt.12.20
http://www.ncbi.nlm.nih.gov/pubmed/22512630
http://dx.doi.org/10.1093/ndt/gfn314
http://www.ncbi.nlm.nih.gov/pubmed/18556750
http://dx.doi.org/10.4049/jimmunol.1502043
http://www.ncbi.nlm.nih.gov/pubmed/27183592
http://dx.doi.org/10.1097/BOR.0000000000000412
http://dx.doi.org/10.1016/j.jid.2016.02.015
http://dx.doi.org/10.1111/exd.13253
http://dx.doi.org/10.1016/j.ebiom.2015.02.015
http://dx.doi.org/10.4049/jimmunol.171.3.1564
http://dx.doi.org/10.1016/S0140-6736(18)31363-1


Cells 2019, 8, 898 13 of 13

61. Mucke, J.; Schneider, M. Baricitinib for systemic lupus erythematosus. Lancet 2018, 392, 190–192. [CrossRef]

62. Merrill, J.T.; Manzi, S.; Aranow, C.; Askenase, A.; Bruce, I.; Chakravarty, E.; Chong, B.; Costenbader, K.;

Dall’Era, M.; Ginzler, E.; et al. Lupus community panel proposals for optimising clinical trials: 2018.

Lupus Sci. Med. 2018, 5, e000258. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0140-6736(18)31574-5
http://dx.doi.org/10.1136/lupus-2018-000258
http://www.ncbi.nlm.nih.gov/pubmed/29657738
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	JAK/STAT Pathway and Autoimmunity: An Overview 
	Physiology and Pathophysiology 
	JAK/STAT System: Balancing between Autoimmunity and Immune Deficiency 

	The JAK/STAT Pathway in Rheumatic Diseases 
	The JAK/STAT Pathway in Experimental SLE 
	Evidence from In Vitro Studies 
	Evidence from In Vivo Studies 
	Lupus Nephritis 
	Cutaneous Lupus 
	Serology and Autoantibodies 
	Lupus-Associated Vascular Dysfunction 


	From Bench to Bedside: Data from Clinical Trials and Future Perspectives 
	Conclusions and Perspectives 
	References

