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Janus kinases (JAK) are a group of intracellular tyrosine kinases (JAK1, JAK2, JAK3, TYK2) that are crucial in signal

transduction initiated by a wide range of membrane receptors. Signal transducer and activator of transcription (STAT)

comprises a family of 7 members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6), which function as

transcription factors. The JAK/STAT signaling pathway controls multiple cellular processes that are essential for cell

homeostasis.Between the different JAK/STAT isoforms, it appears that JAK2/STAT3 are predominant, initiating cellular

changes observed in ILDs.
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1. Introduction

Interstitial lung diseases (ILDs) comprise a heterogeneous group of disorders characterized by lung damage as a result of

lung fibroblast proliferation, interstitial inflammation, and fibrosis . Drug and radiation-induced lung disorders, pulmonary

hemorrhages syndrome, chronic hypersensitivity pneumonitis, pulmonary sarcoidosis, or ILDs associated with

autoimmune diseases like systemic sclerosis (SS) and rheumatoid arthritis (RA) are classified as interstitial lung diseases

with known etiology . The American Thoracic Society (ATS) and European Respiratory Society (ERS) subdivides the

unknown etiology ILDs into three groups in which idiopathic interstitial pneumonias are the major ones . Inside the

major group (Table 1), there are chronic fibrosing disorders, such as idiopathic pulmonary fibrosis (IPF) and idiopathic

nonspecific interstitial pneumonia (NSIP), smoking-related disorders, such as respiratory bronchiolitis–interstitial lung

disease (RB–ILD), desquamative interstitial pneumonia (DIP), and acute/subacute idiopathic interstitial pneumonias, such

as cryptogenic organizing pneumonia (COP) and acute interstitial pneumonia (AIP) .

Table 1. American Thoracic Society/European Respiratory Society classification of major idiopathic interstitial pneumonias

in order of relative frequency, and their principal histologic findings and radiologic patterns.

Major Idiopathic Interstitial
Pneumonias Histologic Findings Radiologic Pattern

Idiopathic pulmonary fibrosis
(IPF)

Heterogeneous areas of patchy lung
fibrosis and UIP. 

Basal and peripheral reticular opacities with
honeycombing and traction bronchiectasis. 

Idiopathic nonspecific
interstitial pneumonia (NSIP) Symmetric and homogeneous UIP. Patchy ground-glass opacities and scattered

micronodules. 

Respiratory bronchiolitis–
interstitial lung disease (RB–

ILD)

Alveolar macrophages within the
bronchioles.

Centrilobular nodules. Central and peripheral
bronchial wall thickening. 

Desquamative interstitial
pneumonia (DIP)

Alveolar spaces with macrophages and
desquamated alveolar cells.

Extensive and diffuse ground-glass opacities
with peripheral and lower lobe predominance. 

Cryptogenic organizing
pneumonia (COP)

Tissue polyps within the alveolar ducts
and alveoli, with preservation of the lung

architecture.

Patchy peripheral or peribronchial
consolidations predominant in the lower lung

lobes and multiple nodules. 

Acute interstitial pneumonia
(AIP) Diffuse alveolar damage. Extensive ground-glass opacities and areas of

consolidation. 

Abbreviations: usual interstitial pneumonia (UIP).

In inflammation disease, the histology is characterized by organizing pneumonia or non-specific interstitial pneumonia,

while fibrosis dominant disease is characterized by the usual interstitial pneumonia (UIP) pattern, characterized by

fibroblastic foci and mild to moderate inflammation . However, managing ILDs is a challenge for clinicians. Pathologic
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and clinical similarities amongst ILDs make diagnostic difficult. Therefore, multidisciplinary evaluation is usually

recommended, including the discussion of clinical, radiological, and pathological data from lung biopsy if required .

that are crucial in signal transduction initiated by a wide range of membrane receptors . Signal transducer and activator

of transcription (STAT) comprises a family of 7 members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6),

which function as transcription factors . The JAK/STAT signaling pathway controls multiple cellular processes that are

essential for cell homeostasis. ILDs caused by COVID-19 infection, their relationship with JAK/STAT, and therapeutic

strategies will be analyzed.

2. JAK/STAT Activation Mechanisms

Then, receptor-associated JAKs are activated and phosphorylate the tyrosine residues of the intracellular tail of their

receptors. These phosphorylations serve as docking sites for signal transducers and activators of transcription (STATs)

and bind to them through their SH2 domain. Thus, the STATs become activated by JAKs and translocate to the nucleus to

regulate gene expression. This can happen whenever a receptor dimerizes in the absence of the ligand, when STATs

dimers in the absence of the activating phosphorylation by a conformational change, or when latent STATs remain in a

state of nuclear import and export [

Several cytokines, which activate a JAK/STAT pathway, like IL-4, IL-13, IL-6, IL-11, and IL-31, are implicated in the

pathogenicity of ILDs.

IL-4 and IL-13 are related to ILDs  and are required for the maintenance of pulmonary fibrosis , modulating the

abnormal activation of lung fibroblast . Both cytokines share their receptor structure and common downstream

signaling. From the two types of receptors, subunit 1 binds to TYK2, activating JAK1, STAT3, and STAT6 . In AECs

from both a BLM-induced fibrosis mouse model and pulmonary fibrosis patients,

IL-6 mediates different inflammatory processes in the lungs, and its dysregulated expression was implicated in the

pathogenesis of interstitial pneumonias and IPF . In a BLM-induced mouse model, IPF fibroblasts, and normal lung

fibroblasts, STAT3 is activated after IL-6 binding to the receptor Stimulation of lung fibroblasts with IL-11 induces STAT3

phosphorylation . Regarding gp130 activation by IL-31, there is not much evidence of its relationship with ILDs, but one

study in a mouse pulmonary fibrosis model found that IL-31 signals through STAT1 activation, and may constitute a

possible pathway of mouse pulmonary fibrosis .

JAK/STAT axis is also activated by growth factors. One of them is transforming growth factor β1 (TGF-β1), the principal

pro-fibrotic factor promoting fibroblasts to myofibroblasts differentiation in ILDs . Usually, its activation leads to the

phosphorylation of the signal transducer proteins SMAD2/3, which translocate to the nucleus to activate pro-fibrotic

genes. Other studies in human fibroblasts and mouse models of systemic sclerosis describe JAK2 activation by TGF-β1,

which in turn phosphorylates STAT3 and leads to its nuclear translocation .

Moreover, p-JAK2 was found in the nucleus of fibrotic areas, a fact that implies that it may act independently of STAT3 .

The same signaling is observed in systemic sclerosis (SS), where TGF-β1 induces JAK2 phosphorylation, which then

interacts with phosphorylated STAT3 to induce fibrotic responses. Interestingly, JAK2 may not only be a downstream

target of TGF-β1 in fibroblasts but also performs positive feedback, amplifying TGF-β1 signaling by stimulating more TGF-

β1 expression .

The JAK/STAT pathway and its different activators are widely described in cancer, but its implication in ILDs is still poorly

understood. Therefore, some studies analyze the implication of JAK/STAT activation molecules in ILDs, but do not

describe the mechanism, nor which JAKs and STATs are implicated in that activation. This happens with epidermal growth

factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and vascular endothelial growth factor

(VEGF).

PDGF is increased in alveolar macrophages in patients with ILD  and bronchoalveolar lavage fluid (BALF) and lung

samples from patients with IPF . PDGF activates STAT1 signaling in primary lung fibroblasts  and JAK2/STAT3 in

atrial fibroblasts in dogs with heart failure . Recent evidence shows that VEGF constitutes an exhaled biomarker in IPF,

with significant correlations with the clinical manifestations , and patients with idiopathic interstitial pneumonia have

higher VEGF levels in plasma . VEGF is associated with STAT3 in primary astrocytes when ionizing radiation-induced

overexpression of VEGF leads to STAT3 activation .
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3. Cellular Processes Activated by JAK/STAT

Figure 2shows the different cellular processes implicated in the pathogenesis of ILDs, and their relationship with

JAK/STAT signaling pathway, which will be discussed below.

Fibroblast to mesenchymal transition (FMT) is a cellular process in which fibroblasts lose their differentiation and acquire

the mesenchymal phenotype of myofibroblasts, characterized by the expression of alpha smooth muscle actin (α-SMA)

and an aberrant expression of extracellular matrix components (ECM). Further, STAT3 regulates IL-6–mediated and TGF-

β1–mediated myofibroblast differentiation in murine lung fibroblasts , and inhibition of STAT3 was found to reduce

TGFβ1-induced FMT in fibroblasts, and ameliorate skin fibrosis in two mouse models of systemic sclerosis . I secretion

by lung fibroblasts in IPF and that enhanced expression of STAT3 in IPF fibroblasts might be responsible for their

fibrogenic phenotype . Consistent with these findings, our group observed that both p-STAT3 p-JAK2 inhibition in lung

fibroblasts from IPF patients partially reduced FMT induced by TGF-β1 and IL-6/IL-13 .

Another cellular transformation found in fibrotic diseases is epithelial to mesenchymal transition (EMT), which allows

epithelial cells to convert into motile mesenchymal cells . This transition is implicated in the regulation of metastasis

and cancer progression and is driven by the IL-6/JAK2/STAT3 pathway in lung and ovarian carcinomas . Moreover,

IL-6 secreted by activated fibroblasts in cancer stroma induces EMT of gastric cancer cells via JAK2/STAT3 In peritoneal

fibrosis, IL-6/JAK2/STAT3 acts as a pro-EMT pathway .

In pulmonary fibrosis, EMT was described as a source of myofibroblasts in in vitro studies, animal models, and patients

. In IPF, EMT in ATII cells contributes to the pathology of the disease . Nonetheless, there are no studies that

describe STAT3 as a mediator of the EMT process in ILDs, although our group observed that TGF-β1 induced EMT in ATII

cells was attenuated by dual p-JAK2/p- STAT3 inhibition, showing that this regulator might be directly involved .

Cellular senescence is a stable cell cycle arrest that maintains cells viable and metabolically active. This process is

implicated in IPF pathogenesis. In cancer, IL-6 and STAT3 are related to the induction of senescence  and in lung

fibroblasts, STAT3 is an important factor driving oxidant-induced senescence . Waters and colleagues showed that

targeting STAT3, protected against lung fibroblast cell senescence, similarly to our results, in which the senescence

responses induced by TGF-β1 in fibroblasts and A549 alveolar type II cells were suppressed by dual si-RNA-JAK2/STAT3

inhibition .

As a result of senescence, apoptosis and proliferation are reduced . However, opposite results are described in both

cell processes related to ILDs.

Apoptosis is a process of programmed cell death that regulates cell number to maintain the homeostasis of many adult

tissues. Moreover, STAT3 overexpression in human lung fibroblasts induces resistance to FasL-induced apoptosis .

Moodley et al. could associate the implication of STAT3 in IPF-fibroblast resistance to apoptosis, demonstrating that

treatment of IPF fibroblasts with IL-6 conferred resistance to FasL-induced apoptosis, an effect mediated by STAT3 In

lung fibroblasts derived from IPF patients, stimulation with IL-6 induced proliferation, and a transient STAT3 activation,

while in normal fibroblasts, IL-6 stimulation reduced proliferation through STAT3 signaling .

The ER is regulated by different elements including protein load, cell metabolism, redox balance, and calcium

homeostasis. When the protein folding capacity of the ER is altered, the unfolded protein response (UPR) activates to

restore homeostasis. While there is evidence that ER stress drives pathogenesis pathways in ILDs, there are no studies

on the role of JAK/STAT. Overall, these findings indicate the implication of STAT3 in ER stress, but how STAT3 is activated

in response to ER stress specifically in ILDs needs further investigation.

Autophagy is a process in which the cell sequestrates dysfunctional cellular cytoplasmic components into vesicles to

deliver them to the lysosome for destruction in order to maintain cell survival . Normal fibroblasts activate autophagy in

response to stress caused by collagen accumulation. In AECs from IPF patients, there is insufficient autophagy, which

may lead to epithelial cell senescence, whereas in fibroblasts, lowered autophagy may induce differentiation into

myofibroblasts . Further, in BALF cells derived from patients with IPF and RA-ILD, gene expression analysis of

autophagy markers showed similar expressions, which indicates that autophagy might be impaired in the same way as

IPF in other ILDs .

In cancer, STAT3 activates genes of anti-autophagy proteins like BCL2, BCL2L1, and MCL1 , which disrupt the

formation of the complex BECN1/PIK3C3, essential for autophagy . Both nuclear and cytoplasmic STAT3s were found

to contribute to the signaling of autophagy . While the direct contribution of STAT in autophagy in ILDs has not been
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described, our group found that pharmacological inhibition of JAK2/STAT3 increased autophagy in the lungs of BLM-

induced fibrosis in rats , which evidences a possible role for this pathway in autophagy in ILDs. However, more studies

are still necessary to clarify this role.

4. JAK/STAT and COVID-19

After infection, ATII cells and alveolar macrophages trigger an inflammatory response that releases cytokines and

chemokines and induces the recruitment of natural killer cells (NK), T-lymphocytes, blood-borne macrophages, and

neutrophils, which aggravate the inflammatory response causing the cytokine storm . This storm is characterized by the

secretion of acute phase response cytokines IL-6, TNF-α, IL-1β, and IL-6 induces endothelial activation, inflammatory cell

migration and macrophage activation, which in turn aggravates the inflammatory damage . Acute respiratory distress

syndrome (ARDS) can occur as a result of the aforementioned acute systemic inflammatory response .

The inflammation stage of COVID-19 shares some similarities with interstitial pneumonia seen in patients with ILD. In fact,

it has already been reported that ILD is developed as an important consequence after COVID-19 infection . The

most common radiological pattern in COVID-19 is bilateral ground-glass opacification with or without consolidation in a

subpleural distribution . The histologic findings include diffuse alveolar damage (DAD), desquamation, interstitial

fibrosis, and microcystic honeycombing.

COVID-19 patients also show fibrotic manifestations as a result of lung injury , and some of the molecular markers

seen in COVID-19, are increased in IPF patients, which implies that pulmonary fibrosis has a role in the development of

COVID-19 . Indeed, it can be speculated that pulmonary injuries caused by COVID-19 in severe patients might

progress to pulmonary fibrosis in the future . As the pandemic is still in course, and not all data are available, we can

rely on results from previous coronavirus outbreaks, like severe acute respiratory syndrome (SARS) and Middle East

respiratory syndrome (MERS), to predict how COVID-19-induced fibrosis will affect life quality of disease survivors. Some

follow-up studies concluded that fibrosis appears as a common sequelae in severe SARS patients  and in a

follow-up study of 36 patients surviving MERS, 33% had pulmonary fibrosis .

Due to the critical role of inflammation in the pathogenesis of COVID-19, and the histological and radiological similarities

with ILDs, we will analyze the possible implication of JAK/STAT signaling in COVID-19 (Figure 1). Finally, another

bioinformatic study has analyzed associated pathways of COVID-19 by exploring genetic profiles and making correlations

between ACE2 and genes related to the JAK-STAT pathway in airway epithelial cells. However, JAK1, JAK3, STAT3,

STAT5B, and STAT6 were found uncorrelated or negatively correlated , which is surprising due to the strong

relationship of STAT3 in the pathogenesis of inflammatory and fibrotic diseases. Of note, more studies describing the

molecular basis of the JAK/STAT pathway in COVID-19 are needed to address this question.

Figure 1.  JAK/STAT inhibitors in COVID-19. Abbreviations: interferon (IFN), angiotensin II (Ang II), acute respiratory

distress syndrome (ARDS). The image was created with BioRender.

COVID-19 has proven to cause inflammation and fibrosis that can be related to the findings in ILDs. Therefore, as the

JAK/STAT pathway plays an important role in the pathogenesis of ILDs, and signals the inflammatory response in COVID-

19, it is not surprising that one of the therapeutic strategies under investigation for COVID-19 is blocking JAK/STAT
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pathway. Figure 1 shows the different JAK/STAT inhibitors that are being studied and their targets in the signaling

pathway. There are currently plenty of clinical trials assessing tocilizumab in COVID-19 patients, and it has shown

promising efficacy in cases with respiratory failure and ARDS .

There is more evidence, though, on the use of ruxolitinib and baricitinib. The first randomized controlled trial on the use of

ruxolitinib in patients with severe COVID-19 showed that patients receiving this drug plus standard-of-care had better

improvement and safety than the control group . One of them, a phase III multicenter study, was completed

(NCT04362137), which assesses the efficacy and safety of ruxolitinib in patients with COVID-19 associated cytokine

storm. Therefore, additional results from larger controlled studies are needed to confirm the possibility of a treatment

benefit with ruxolitinib.

A phase II pilot study (NCT04358614) showed an improvement of clinical characteristics and respiratory function

parameters in baricitinib-treated patients, although the sample size in this trial was very low . There is also a completed

phase III trial (NCT04401579) with no published results, which evaluates baricitinib and remdesivir in hospitalized adult

patients. The safety profile of this treatment was proven in COVID-19 patients; however, more trials are needed to

evaluate its effectiveness. To date, we retrieve 15 clinical trials analyzing baricitinib for the treatment of COVID-19.

The inflammatory process is a natural protective response when a virus attacks the body. The triggered cytokine release

is primarily regulated by JAK/STAT signaling to activate the innate immunity response. It was shown that, in stages of the

disease not requiring admittance to the hospital, nearly 80% of COVID-19 patients can clear the virus through this

endogenous antiviral mechanism . Therefore, is crucial to find the appropriate target patients for the use of these

drugs , to not impair the natural viral clearance mechanisms, and patients with a stronger cytokine storm response,

appear to benefit more from the treatment with JAK/STAT inhibitors .

Another important question to address is the management of fibrosis derived from COVID-19 infection. However, post-

inflammatory pulmonary fibrosis in COVID-19 does not have a current treatment. However, ARDS is a risk factor for

secondary pulmonary fibrosis in COVID-19 patients , and some of the clinical trials mentioned above for tofacitinib

and ruxolitinib, were shown to ameliorate the cytokine storm and ARDS in COVID-19 patients. These effects show the

therapeutic potential of JAK inhibitors in preventing the long-term fibrotic consequences by reducing lung injuries caused

by ARDS and inflammation during COVID-19 and point them out as interesting strategies to reduce the risk factors, which

will induce fibrosis in the future.
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