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Abstract

:

For a significant proportion of patients with inflammatory bowel disease (IBD), primary non-response and secondary loss of response to treatment remain significant issues. Anti-tumor necrosis factor therapies have been licensed for use in IBD. Other disease-related pathways have been targeted as well, including the interleukin 12/23 axis and lymphocyte tracking. However, the need for parenteral administration and the associated costs of dispensing and monitoring all biologics remain a burden on healthcare systems and patients. Janus kinase inhibitors are small-molecule drugs that can be administered orally and are relatively inexpensive, thus offering an additional option for treating IBD. They have been shown to be effective in patients with ulcerative colitis (UC), but they are less effective in those with Crohn’s disease (CD). Nonetheless, given the immune-system-based mechanism of these drugs, their safety profile remains a cause for concern. This article provides an overview of Janus kinase (JAK) inhibitors and new trends in the treatment of IBD.
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1. Introduction


Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is caused by chronic inflammation of the gastrointestinal tract [1]. Targeted biological therapies have significantly changed the management of IBD and other immune-mediated inflammatory conditions by significantly improving outcomes. Infliximab, a tumor necrosis factor (TNF)-alphareceptor blocker, was the first monoclonal antibody approved for use for the treatment of IBD in 1998. It was followed by three other anti-TNF molecules, adalimumab, golimumab, and certolizumab. Since then, other pathways have been targeted using ustekinumab and vedolizumab, which target the interleukin (IL) 12/23 axis and the lymphocyte tracking pathway, respectively. However, as these drugs cannot be administered orally, the costs associated with their delivery and monitoring are a burden for both the healthcare system and patients [2]. Therefore, a small molecule drug called the Janus kinase (JAK) pathway inhibitor, which reinforces these shortcomings, was approved for IBD treatment.



The JAK family comprises four intracellular tyrosine kinases, JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2), and seven transcriptional activators, which include signal transducers and intracellular transcription factors (STATs). The binding of these factors activates the JAK-STAT pathway via different cytokine receptors and leads to changes in the levels of immune mediators, such as interferons and interleukins [3]. Among the latter, IL-6 and IL-12 and IL- 23 are important drivers of disease activity in IBD [4,5]. Specifically, IL-6 is activated by JAK1, JAK2, and TYK2 via the STAT3 pathway, IL-23 via JAK2 and the STAT3 pathway, and TYK2, via the STAT4 pathway [6]. In psoriasis, rheumatoid arthritis, and other immune-mediated inflammatory conditions, blocking the JAK-STAT signaling pathway has proven to be effective in the treatment of these diseases. In the past few years, considerable interest has been devoted to the clinical development of JAK inhibitors for IBD, as the pathways involved in its pathogenesis are similar [7]. This new drug is currently being actively studied, and tofacitinib is a representative study; however, drugs other than tofacitinib are currently under active development. There is a need to review these newly developed drugs. Therefore, we wrote this article to provide an overview of JAK inhibitors and show the new trends.



An online search was performed in PubMed/MEDLINE in June 2021 to identify articles reporting JAK inhibitors for IBD treatment. The searched keywords used were “inflammatory bowel disease”, “IBD”, “ulcerative colitis”, “UC”, “Crohn’s disease”, “CD”, “small molecule”, “janus kinase inhibitor”, and “JAK inhibitor”. The reference list of the selected articles was manually investigated to confirm relevant studies. This list includes not only published studies but also e-pub or online ahead of print. Articles that cannot be interpreted because they are not written in English are excluded. The authors checked and reviewed the manuscripts of all selected studies. The relevant or comprehensive studies were finally included in our descriptive review article.




2. Tofacitinib in UC


Tofacitinib is an oral JAK inhibitor [8] that, in 2012, was approved for the treatment of moderate to severe active rheumatoid arthritis and in 2017 for the treatment of active psoriatic arthritis. In 2018, the European Medicines Agency approved the use of tofacitinib for UC [7].



In 2017, Sandborn et al. conducted three randomized, double-blind, placebo-controlled, phase 3 trials to evaluate the efficacy of tofacitinib in the treatment of UC [9]. Their OCTAVE Induction 1 and 2 trials included 598 and 541 patients with moderate to severe active UC unresponsive to conventional or TNF antagonist therapy. The patients were randomly assigned to receive either induction therapy, consisting of tofacitinib 10 mg twice daily, or placebo for 8 weeks. The primary endpoint was remission (total Mayo score ≤ 2, with no subscore > 1, and a rectal bleeding subscore of 0) at week 8. In the OCTAVE Induction 1 trial, at week 8, remission occurred in 18.5% of patients in the tofacitinib group and in 8.2% of those in the placebo group. In the OCTAVE Induction 2 trial, remission occurred in 16.6% and 3.6% of the patients, respectively. In both trials, the rates of overall infection and severe infection were higher in the tofacitinib group than in the placebo group.



Sands et al. also published the results of the OCTAVE Sustain trial, which enrolled 593 patients with a clinical response to induction therapy, defined as a reduction in the total Mayo score of at least 3 and a ≥ 30% decrease in the rectal bleeding subscore to at least 1, or in the absolute rectal bleeding subscore to 0 or 1. These patients were randomized to receive maintenance therapy with tofacitinib (5 or 10 mg twice daily) or placebo for 52 weeks. The primary endpoint was remission at 52 weeks. The results showed that, at 52 weeks, remission was achieved in 34% of patients in the 5 mg group and 41% of those in the 10 mg group, compared to 11% in the placebo group.



In 2020, Sands et al. concluded OCTAVE Open, a long-term extension, open-label study of the OCTAVE trials that included patients already in remission on 10 mg tofacitinib twice daily; efficacy endpoints (clinical response, mucosal healing (Mayo subscore of 0 or 1) and remission) were assessed at baseline and 2, 12, and 24 months after the conclusion of OCTAVE Open. In most patients, remission was maintained following the de-escalation of tofacitinib therapy (10 mg twice daily) after 52 weeks [10]. Specifically, a clinical response was maintained in 84% of patients and remission in 75% after 52 weeks of treatment. The authors also analyzed the effects of dose escalation to tofacitinib 10 mg twice daily in patients who had lost response to tofacitinib 5 mg twice daily as maintenance therapy. A clinical response was recovered in 65% after 12 months, and 49% of patients had disease remission.



In 2021, Sandborn et al. assessed the safety and efficacy of tofacitinib 5 and 10 mg twice daily in patients who had previously failed to respond to TNF inhibitors [11]. Efficacy was assessed from the phase 3 OCTAVE Induction 1 and 2 studies of 1139 patients, the phase 3 OCTAVE Sustain maintenance study of 593 patients, and the open-label, long-term extension OCTAVE Open study with a dose-escalation subgroup of 59 patients who had received tofacitinib 5 mg twice daily in OCTAVE Sustain, and those who had received tofacitinib 10 mg twice daily in OCTAVE Open. Among all of these patients, 541 patients responded to TNF inhibitors, and 583 did not. This study demonstrated that tofacitinib was effective and safe even in patients with disease that was previously unresponsive to TNF inhibitor treatment.



Data from the clinical use of tofacitinib in patients with UC have been reported in several retrospective studies. In 2019, Weisshof et al. conducted a retrospective observational study of the use of tofacitinib in IBD patients [12]. Those who medically tolerated previous drugs were treated orally with 5 or 10 mg tofacitinib twice daily. Clinical and adverse events were evaluated at 8, 26, and 52 weeks. Remission was defined as the complete disappearance of clinical symptoms, and endoscopic improvement as outcomes defined by a decrease in the Mayo subscore. At least 8 weeks of treatment with tofacitinib were completed by 58 patients (93% patients with failed anti-TNF). At that time, 21 patients (36%) had a clinical response, and 19 (33%) had clinical remission. Steroid-free remission at 8 weeks was achieved in 15 patients (26%), in 21% of 48 patients followed for 26 weeks, and in 27% of the 26 patients followed for 12 months. The study showed that tofacitinib induced a clinical response in 69% of patients with moderate to severe anti-TNF-resistant IBD, including 27% who were in steroid-free clinical remission by 1 year of treatment. Tofacitinib is thus an effective therapeutic option for patients with severe anti-TNF-resistant IBD.



In 2020, Honap et al. published the results of a retrospective observational cohort study performed at four centers in the UK and consisting of 134 UC patients treated with tofacitinib. The patients were enrolled from October 2018 to October 2019 and, initially, orally administered the standard tofacitinib induction dose of 10 mg twice daily; after at least 8 weeks, the dose was reduced to 5 mg twice daily [13]. In this group, 83% of the patients had previously received at least one biologic. Clinical response was defined as a reduction in the simple clinical colitis activity index (SCCAI) or the partial Mayo score (PMS) ≥ 3, and clinical remission as a SCCAI ≤ 2 or a PMS ≤ 1. The results showed that 74% of patients responded to tofacitinib at week 8, with steroid-free remission occurring in 44% of patients at week 26. Only 23% of patients who continued tofacitinib in the primary non-response setting were in steroid-free remission at week 26. Previous exposure to biologics did not affect either the response or the remission rate. However, dose escalation restored the clinical response in about half of the patients in whom it had been lost.



In 2021, Berinstein et al. performed a retrospective case-controlled study to evaluate the efficacy of tofacitinib induction in biologically experienced patients hospitalized for acute severe UC requiring intravenous corticosteroids [14]. Forty patients receiving tofacitinib were matched 1:3 with controls (n = 113). The endpoint was colectomy within 90 days. This study showed that tofacitinib was protective against colectomy at 90 days compared to the matched controls. When stratifying according to treatment dose, 10 mg three times daily was protective, while 10 mg twice daily was not significantly protective. The rates of complications and steroid dependence were similar between the tofacitinib and control groups. The author concluded that tofacitinib with concomitant IV corticosteroids may be an effective induction strategy in biologic-experienced patients hospitalized with acute severe UC.



In 2021, Straatmijer et al. published a retrospective cohort study that included 36 UC patients who received tofacitinib [15]. The median disease duration was 7 (3–14) years; 89% of the patients had previously failed to respond to anti-TNF treatment and 42% to vedolizumab treatment. The primary outcome also included endoscopic improvement and steroid-free clinical remission at week 52. Both endpoints were documented in 8/36 patients (22%) at 16 weeks, in 6/35 patients (17%) at 36 weeks, and in 12/31 patients (39%) at 52 weeks. The corresponding combined clinical and endoscopic response rates were 15/36 (42%), 12/35 (34%), and 15/31 (48%), and the biochemical remission rates were 11/33 (33%), 10/32 (31%), and 10/29 (34%). Patients who failed to respond to anti-TNF therapy were less likely to discontinue tofacitinib earlier than patients who had been previously anti-TNF therapy naive. Overall, the study showed that in 39% of patients with refractory UC, steroid-free clinical remission with endoscopic improvement was achieved after 1 year.




3. Tofacitinib in CD


In 2017, Panés et al. conducted two randomized, placebo-controlled, multicenter, phase 2b studies that evaluated the efficacy of tofacitinib as induction and maintenance therapy for CD [16]. In both, 280 adult patients with moderate to severe CD and an inadequate response to or intolerance of previously administered immunomodulators (TNF inhibitors, corticosteroids) were randomized to receive induction therapy for 8 weeks with placebo or tofacitinib 5 or 10 mg twice daily. Those who achieved clinical remission (Crohn’s disease activity index (CDAI) < 150) were rerandomized to maintenance therapy with placebo or tofacitinib 5 or 10 mg twice daily for 26 weeks. The primary endpoint was the clinical response-100 (decrease in the CDAI ≥ 100 from the induction study baseline) or clinical remission at week 26. At week 8, clinical remission was achieved in 43.5% of the patients treated with 5 mg tofacitinib twice daily and in 43.0% of those treated with 10 mg twice daily, in contrast to 36.7% in the placebo group. The differences were not significant. Although in patients treated with either dose of tofacitinib, the mean decrease in C-reactive protein (CRP) was higher than in the placebo group, there was no correlation with the mean changes in fecal calprotectin at week 8. In the maintenance study, 180 patients were rerandomized. The numbers of patients with a clinical response (decrease in the CDAI ≥ 100 from baseline) or clinical remission (CDAI < 150) were not significantly different in the tofacitinib 5 mg group (40%), the tofacitinib 10 mg group (56%), and the control group (38%). However, levels of CRP and fecal calprotectin were significantly lower in the tofacitinib 10 mg group than in the placebo group. The authors concluded that primary efficacy endpoints were not significantly different in the treated vs. the placebo group, although there was evidence of a mild therapeutic effect.



In 2020, Fenster et al. conducted a retrospective cohort study to examine the real-world efficacy and safety of the off-label use of tofacitinib in patients with CD or unclassified IBD (IBD-U) [17]. Seventy-six patients with CD and IBD-U, 98.7% of whom had previously been treated with biologic therapy and 48.7% of whom had failed at least two biologic therapies, were followed for a median of 7.6 months. During induction therapy (75.0%) and maintenance therapy (65.3%), the dose of tofacitinib in most patients was 10 mg twice daily. The primary outcome was a clinical response (> 50% reduction in symptoms) at 8 and/or 16 weeks. Secondary outcomes were corticosteroid-free response/remission, clinical remission (no IBD symptoms), and endoscopic remission (ulcer resolution). Of the 73 patients for whom data were recorded for weeks 8 and 16, 46.6% had a clinical response, 39.7% had a corticosteroid-free clinical response, 15.1% had a clinical remission, and 13.7% had a corticosteroid-free clinical remission. At the last documented assessment (n = 75), a clinical response was determined in 42.7% (20% in clinical remission), and no or a lost response in 57.3%. Univariate comparisons of the baseline characteristics of the patients based on the clinical response at 8/16 weeks did not show significant differences in disease location, whereas male sex, body mass index, and baseline hemoglobin level were significant factors. Male sex was associated with an increased odds of a clinical response (adjusted odds ratio, 5.4) and a corticosteroid-free clinical response (adjusted odds ratio, 4.2). In patients with baseline ulceration, endoscopic remission occurred in 44% of patients starting tofacitinib treatment. Treatment outcomes were not statistically different according to the number of failed biologics prior to the initiation of tofacitinib therapy. Tofacitinib was discontinued in 4.5% of patients, most frequently due to no response (30.3%) or a loss of response (15.8%). The study showed that tofacitinib was effective in achieving a clinical response in a subset of patients with CD and IBD-U refractory to previous biologic therapies. No new significant safety issues were reported with the use of tofacitinib in these patients.




4. Other Jak Inhibitors


4.1. Upadacitinib


Upadacitinib is an oral JAK1-selective inhibitor with a 74-fold selectivity for JAK1 over JAK2. It has a half-life of 4 h and is metabolized in the liver (80%) and eliminated by renal excretion (20%) [7]. In 2020, Sandborn et al. conducted a multicenter, double-blind, phase 2b study of 250 adults with moderate to severe active UC in whom treatment with corticosteroids, immunosuppressants, and/or biologic therapies resulted in an inappropriate response, a loss of response, or intolerance [18]. The enrolled patients were randomly assigned to placebo or induction therapy with upadacitinib (7.5, 15, 30, or 45 mg, sustained release) once daily for 8 weeks. The primary endpoint was clinical remission according to the adapted Mayo score at week 8 (stool frequency subscore of 1, rectal bleeding subscore of 0, and endoscopic subscore of 1 based on a central reading). At week 8, clinical remission was achieved in 8.5%, 14.3%, 13.5%, and 19.6% of patients receiving upadacitinib at 7.5, 15, 30, and 45 mg, respectively, but in none of the patients in the placebo group. Endoscopic improvement (defined as an endoscopic subscore of 1) at week 8 was achieved in 14.9% (7.5 mg), 30.6% (15 mg), 26.9% (30 mg), and 35.7% (45 mg) of the treated patients compared with 2.2% in the placebo group. The study showed that 8 weeks of treatment with upadacitinib was more effective than placebo in inducing remission in patients with moderate to severe active UC.



The authors also conducted a double-blind, phase II trial that included adult patients with moderate to severe CD and an inadequate response to or intolerance of immunosuppressive agents or anti-TNF inhibitor [19]. The patients were randomly assigned to the placebo group or to one of the following treatment groups: 3, 6, 12, or 24 mg upadacitinib twice daily or 24 mg upadacitinib once daily. They were assessed by ileocoloscopy at week 12 or 16 of the induction period. Patients completing week 16 were rerandomized to 36 weeks of maintenance therapy with upadacitinib. The primary outcome was clinical remission (average daily stool frequency score of 1.5 and abdominal pain score of 1.0) at week 16 and endoscopic remission (simple endoscopic score for CD of 4 and a 2-point reduction from baseline, with no subscore > 1) at week 12 or 16, determined using the multiple comparison procedure, modeling, and the Cochran-Mantel-Haenszel test, with a 2-sided level of 10%. Among the 220 patients enrolled in the study, clinical remission was achieved in 13% of those treated with 3 mg, 27% of those treated with 6 mg, 11% of those treated with 12 mg, 22% of those treated with 24 mg twice daily, 14% of those treated with 24 mg once daily, and 11% of those who had received the placebo. Endoscopic remission was achieved in 10%, 8%, 8%, 22%, and 14% of patients treated with upadacitinib but in none of the patients in the placebo group. Endoscopic remission increased with an increasing dose during the induction period. The authors concluded that efficacy was maintained for most endpoints through week 52 during the induction period. In a phase II trial in CD patients, upadacitinib induced endoscopic remission in a significant proportion of patients compared to placebo. The benefit/risk profile of upadacitinib supports its further development for the treatment of CD.




4.2. Filgotinib


Filgotinib is an oral JAK1 selective inhibitor. Its half-life of 6 h for the parent compound and 23 h for the active metabolite allows once-daily dosing [7]. In 2021, Feagan et al. assessed a phase 2b/3, double-blind, randomized, placebo-controlled trial including two induction studies and one maintenance study, conducted in 341 study centers in 40 countries for filgotinib treatment of ulcerative colitis [20]. Patients were randomly assigned to receive filgotinib 100 mg, filgotinib 200 mg, or placebo, and the patients entered the maintenance study. The primary outcome was clinical remission (Mayo endoscopic subscore of 0 or 1, rectal bleeding subscore of 0, and at least a 1-point decrease in stool frequency from induction baseline for a subscore of 0 or 1) at week 10 and week 58. Some patients discontinued treatment but the proportion of patients who achieved clinical remission at week 10 was larger in the group treated with 200 mg of filgotinib than in the placebo group (induction study A: 26.1% vs. 15.3%, induction study B: 11.5% vs. 4.2%). Clinical remission at week 58 was achieved in 37.2% of patients receiving 200 mg of filgotinib compared to 11.2% in the placebo group. There was no significant difference in clinical response between filgotinib 100 mg and placebo at week 10, but the difference at week 58 was significant (23.8% vs. 13.5%). The incidence of severe adverse events and adverse events of interest was similar between treatment groups. The authors found that filgotinib 200 mg was well tolerated and effective in inducing and maintaining clinical remission in patients with moderately to severely active UC.



In 2017, Vermeire et al. conducted a randomized, double-blind, placebo-controlled phase II study that recruited patients from 52 centers in nine European countries [21]. Eligible patients ranged in age from 18 to 75 years and had a history of ileal, colonic, or ileocolonic CD (evaluated by colonoscopy and supported by histology) for 3 months or more prior to screening and a CDAI between 220 and 450 during the screening period. Enrolled patients were randomized (3:1) to receive filgotinib 200 mg once daily or placebo for 10 weeks. An interactive web-based response system was used to stratify patients according to prior anti-TNF exposure, CRP concentration at screening (≤10 mg/L or >10 mg/L), and oral corticosteroid use at baseline. The primary endpoint was clinical remission (CDAI < 150) at week 10. After 10 weeks, the patients were assigned to filgotinib 100 mg once daily, filgotinib 200 mg once daily, or placebo, depending on their responses, for an observation period lasting an additional 10 weeks. Between February 3, 2014, and July 10, 2015, 174 patients with active CD as evaluated by central read endoscopy were enrolled (130 in the filgotinib 200 mg group and 44 in the placebo group). In the intention-to-treat population, 60 of 128 patients (47%) treated with filgotinib 200 mg achieved clinical remission at week 10, compared to 10 of 44 patients (23%) treated with placebo (p = 0.0077). In the pooled analysis of all filgotinib and placebo exposures for 20 weeks, serious treatment-emergent adverse events developed in 14 of 152 (9%) patients treated with filgotinib and 3 of 67 patients treated with placebo. The authors concluded that filgotinib therapy could induce clinical remission in CD patients and that the safety profile was acceptable.




4.3. Peficitinib


Peficitinib, an oral pan-JAK inhibitor with moderate selectivity for JAK3, was approved in Japan in March 2019 for the treatment of rheumatoid arthritis in patients with an inadequate response to standard therapy. Peficitinib is metabolized in the liver, with ~57% of the dose excreted in the feces and 37% in the urine [7]. The elimination half-life of the drug is 2.8–13 h.



The safety and efficacy of pepicitinib were studied in a phase 2b dose range trial that included 219 adult patients with moderate to severe UC who were randomized to receive placebo or peficitinib 25, 75, or 150 mg or peficitinib 75 mg twice daily [22]. Although the dose response at 8 weeks was not statistically significant, a clinical response, mucosal healing, and remission were achieved in patients receiving pepicitinib > 75 mg once daily. Clinical improvement was accompanied by improvement according to the IBD questionnaire and the normalization of inflammatory biomarkers.





5. Safety Data


Because the immunosuppressive effects of JAK inhibition are broad, much attention has been paid to the safety profile of these drugs. Integrated safety analysis of clinical studies of tofacitinib in 1157 UC patients who were treated for up to 4.4 years, revealed that tofacitinib was globally well tolerated [23]. Safety abnormalities, such as infection, venous thrombosis, malignancy, and hyperlipidemia, were found to occur more frequently compared to placebo, but several studies concluded that IBD patients treated with JAK inhibitors had a significantly higher overall risk of side effects.



5.1. Infections


In the OCTAVE Induction 1 and 2 trials, severe infections occurred in six patients (1.3%) and in one (0.2%) patient in the tofacitinib 10 mg group, but in none of the patients in the corresponding placebo group. In the OCTAVE Sustain trial, severe infections occurred in two patients (1.0%) in the 5 mg tofacitinib group, in one patient (0.5%) in the 10 mg tofacitinib group, and in two patients (1.0%) in the placebo group. In the OCTAVE Induction 1 and 2 trials, herpes zoster infection occurred in three patients (0.6%) and two patients (0.5%) in the tofacitinib 10 mg group, but in only one patient and in none in the respective placebo group. Moreover, in the OCTAVE Sustain trial, herpes zoster infection occurred in three patients (1.5%) in the 5 mg tofacitinib group, in ten patients (5.1%) in the 10 mg tofacitinib group, and in one patient (0.5%) in the placebo group. The herpes zoster infections involved one dermatome or two adjacent dermatomes and did not lead to serious adverse events or drug discontinuation. In the OCTAVE Induction 2 trial, one patient in the 10 mg tofacitinib group had cytomegalovirus colitis. Tuberculosis was not reported in any of the three trials [9]. In the OCTAVE OPEN trial, serious infection was reported in one case, opportunistic infection other than herpes zoster was not reported, and herpes zoster was reported in 10 out of 123 cases [10]. In OCTAVE Sustain with prior tumor necrosis factor inhibitor failure status, serious infection was reported in one case, opportunistic infection other than herpes zoster was not reported, and herpes zoster was reported in 7 out of 57 cases [11].



In addition, from a systematic review in 2020, the association between tofacitinib use and infection was analyzed [24]. Serious infections were evaluated in 51 studies of 42,646 patients treated with JAK inhibitors. The global incidence rate was 3.36 per 100 patient-years, and the incidence rate among patients exposed to the comparison drug 2.01. The relative risk (RR) was 1.03; when only placebo-controlled studies were considered, the RR was 1. Herpes zoster infection was evaluated in 44 studies that included 48,093 patients exposed to JAK inhibitors. The incidence rate in 23 studies involving 9572 patients was 2.11 per 100 patient-years (rate in patients exposed to control: 1.23 per 100 patient-years). The RR of herpes zoster infection was significantly higher in patients receiving JAK inhibitors (1.57) than in controls. In an analysis of placebo-controlled studies, the RR was significant (1.72).



Pulmonary cryptococcosis, histoplasmosis, and cytomegalovirus hepatitis were included as non-herpes zoster opportunistic infections in the Global UC trial [25]. Severe non-herpes-zoster infections included two cases of anal abscesses, four of appendicitis, and two of C. difficile infection. In the CD induction studies with tofacitinib, one patient in the tofacitinib 5 mg group developed gastroenteritis and another patient an abdominal abscess; in the tofacitinib 10 mg group, one patient developed a perianal abscess and another influenza pneumonia. In the maintenance study, in the tofacitinib 5 mg twice daily group, one patient had C. difficile colitis, septic shock, and C. difficile infection and two patients had a perianal abscess; in the tofacitinib 10 mg twice daily group, there was one case of influenza pneumonia infection and one of perianal abscess. No opportunistic infections were reported. In the rheumatoid arthritis pooled trial, the risk of tuberculosis with tofacitinib varied with the background risk of the population: regions with a low to moderate tuberculosis incidence had only a small number of cases. Nevertheless, patients should be evaluated for latent and active tuberculosis prior to receiving JAK inhibitor therapy, and tuberculosis drugs should be started in those with latent tuberculosis [7]. Currently, there are many reports of infection, among which the risk of herpes zoster infection was reported the most, and some serious infections were reported. Therefore, it is considered beneficial to pre-administer the herpes zoster vaccine to the high-risk groups to prevent infection.




5.2. Venous Thrombotic Events


A large amount of data is available concerning the risk of deep vein thrombosis and pulmonary embolism in patients with IBD receiving tofacitinib, including a pooled analysis of 1157 patients with UC treated with tofacitinib who were enrolled in three induction studies, one maintenance trial, and one ongoing long-term extension study. In both the OCTAVE induction and maintenance (OCTAVE Sustain) studies, deep vein thrombosis (DVT)/pulmonary embolism (PE) events occurred in two placebo-treated patients. In the overall cohort, DVT/PE events occurred in five patients (one DVT and four PE), all of them in patients receiving tofacitinib 10 mg twice daily. Two patients had discontinued tofacitinib 4–5 days prior to the event, although one of them later resumed treatment with tofacitinib. All patients received a predominant dose of tofacitinib 10 mg twice daily during the entire UC clinical program [26]. To date, there have been no reports of a large number of venous thrombotic events, but it is thought that long-term data analysis will be necessary in the future.




5.3. Malignancy


In the overall tofacitinib trials in UC patients, during the OCTAVE Open, 11 patients had malignancies, excluding those with non-melanoma skin cancer (NMSC). These consisted of one case each of cervical cancer, hepatovascular sarcoma, cholangiocarcinoma, cutaneous leiomyosarcoma, Epstein-Barr virus-associated lymphoma, renal cell carcinoma, essential thrombocythemia, acute myeloid leukemia, colon adenocarcinoma, lung cancer, and breast cancer. A total of 8 of the 11 patients had been previously treated with TNF inhibitors and all had prior treatment with thiopurine [23]. No pattern was observed among the malignancy types. The patient with cholangiocarcinoma developed peritoneal metastasis, reported as a secondary case. Three patients died (those with hepatic angiosarcoma, cholangiocarcinoma, and acute myeloid leukemia). The incidence rate of malignancy other than NMSC, including all 11 patients who had an event, was 0.7 in the overall cohort. Another 11 patients had NMSC, six of whom had a tumor history. Four patients had basal cell carcinoma, five had squamous cell carcinoma, and two had both. Ten of the patients had previously been treated with thiopurine and ten with a TNF inhibitor. In the tofacitinib induction trials for patients with CD, one patient in the tofacitinib 10 mg twice daily treatment group developed breast cancer. No malignancies were reported in the maintenance therapy arm of the same study [16].




5.4. Hyperlipidemia


Among UC patients in the tofacitinib trials, there was an increase in lipid parameters, but there were no significant changes in other laboratory parameters [23].




5.5. Major Adverse Cardiovascular Events


In the overall tofacitinib trials for patients with UC, the OR of major adverse cardiovascular events (MACE) was 0.2 (95% confidence interval, 0.1–0.6), based on four patients with events [23], including one case each of hemorrhagic stroke, aortic dissection, acute coronary syndrome, and myocardial infarction. The patient with aortic dissection died. The patient with the hemorrhagic stroke event permanently discontinued tofacitinib; the patients with myocardial infarction and acute coronary syndrome temporarily discontinued tofacitinib therapy, which led to the resolution of both pathologies. Pre-existing cardiovascular risk factors were identified in the medical history of the patients with acute coronary syndrome, myocardial infarction, and hemorrhagic stroke.




5.6. Gastrointestinal Perforations


In the total tofacitinib trial in UC patients, the incidence rate of gastrointestinal tract perforation was 0.2, based on three patients with an event [23]. In all three patients, the perforations were considered severe adverse events. In OCTAVE Induction 1, one patient who received tofacitinib 10 mg twice daily had a perforation in the descending colon. The causes of perforation included a background of active UC inflammation, concomitant use of corticosteroids, and recent endoscopy. In the OCTAVE Open, gastrointestinal tract perforation occurred in one patient taking concomitant non-steroidal anti-inflammatory drugs, who developed appendicitis. Another patient had a sigmoid colon perforation. The background of the perforations were: at the site of Epstein-Barr viral lymphoma, a history of recent oral corticosteroids use, and recent endoscopy.





6. Conclusions


For many years, CD and UC have been treated mainly with corticosteroids, aminosalicylates, immunosuppressants, and TNF inhibitors. However, the recent development of small-molecule drugs and biologics has improved the treatment and thus the prognosis of IBD patients. JAK inhibitors usually can be administered orally and exert fewer adverse effects on the immune response. Therefore, the use of this drug enhances the convenience of the user. Tofacitinib was approved for patients with UC, and its efficacy has been good regardless of previous TNF inhibitor use (Table 1). However, tofacitinib has been less effective in patients with CD (Table 2). The therapeutic potential of other JAK inhibitors in the treatment of IBD has also been explored. For all of these drugs, safety remains a cause for concern and rare, albeit serious side effects, have been reported; minor or no side effects have also been reported (Table 3). Among the adverse events related to the use of JAK inhibitors is that of herpes zoster infection, but none of these cases were serious. However, as these drugs are relatively new, their long-term risks remain to be determined in future studies.



In the treatment of IBD, the use of anti-TNF agents had superior effects compared to conventional treatment. However, despite the use of biologics in many patients, problems, such as loss of response and development of drug tolerance, are appearing. Since JAK inhibitors are small molecules, they have little autoantibody formation compared to macromolecular proteins, so the possibility of response loss is expected to be relatively low, and rapid therapeutic effects are expected in patients with acute severe UC. IBD is an autoimmune disease that requires long-term treatment. Therefore, stability and continuity of drug effect are very important in treatment choice. JAK inhibitors, such as tofacitinib, open up a new horizon for small molecule drugs in IBD treatment strategies that now result in biologics. In the future, more comprehensive and head-to-head trials comparing various JAK inhibitors with existing biologics are needed. Based on the studies currently in progress and scheduled to be conducted in the future, it is expected that a new era of JAK inhibitors in the treatment of IBD will come.
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Table 1. JAK Inhibitors for UC treatment.






Table 1. JAK Inhibitors for UC treatment.





	
Type of JAK Inhibitor

	
Target

	
Study and Duration

	
Patents

	
Trial End Points

	
Treatment Phase

	
Treatment Groups

	
Results






	
Tofacitinib

	
Pan-JAK inhibitor

	
Sandborn et al. (2012) [27]

8 weeks

	
194

	
Remission on week 8

	
Induction

	
Tofacitinib 0.5 mg twice daily

Tofacitinib 3 mg twice daily

Tofacitinib 10 mg twice daily

Tofacitinib 15 mg twice daily

	
The clinical response to tofacitinib was 0.5 (32%), 3 (48%), 10 (61%), and 15 mg (78%) compared with 42% of the placebo group. The clinical remission rate, defined by Mayo score ≤2, was placebo group 10% and 0.5 (13%), 3 (33%), 10 (48%), and 15 mg (41%), respectively.




	
Sandborn et al. (OCTAVE In-duction 1) (2017) [9]

8 weeks

	
598

	
Remission on week 8

	
Induction

	
Placebo Tofacitinib 10 mg twice daily

	
Remission at 8 weeks occurred in 18.5% of the patients in the tofacitinib group versus 8.2% in the placebo group.




	
Sandborn et al. (OCTAVE In-duction 2)

(2017) [9]

8 weeks

	
541

	
Remission on week 8

	
Induction

	
Placebo Tofacitinib 10 mg twice daily

	
Remission occurred in 16.6% of the patients in the tofacitinib group versus 3.6% in the placebo group.




	
Sandborn et al. (OCTAVE Sustain) (2017) [9]

52 weeks

	
593

	
Remission on week 52

	
Maintenance

	
Placebo Tofacitinib 5 mg twice daily

Tofacitinib 10 mg twice daily

	
Remission at 52 weeks occurred in 34.3% of the patients in the 5 mg tofacitinib group and 40.6% in the 10 mg tofacitinib group versus 11.1% in the placebo group.




	
Patel et al. (2019) [28]

8 weeks

	
123

	
Remission on week 8

	
Induction

	
Tofacitinib 10 mg twice daily

	
At 8 weeks, 60.8% had a clinical response, and 13.5% had clinical remission. At 16 weeks, 55.4% had a clinical response and 48.6% had clinical remission, and 64.9% showed mucosal healing findings on endoscopy. There was no difference in clinical response between those who had not previously used biologics and those who had used anti-TNF agents.




	
Weisshof et al. (2019) [12]

52 weeks

	
58

	
Remission, endoscopic improvement, failure response

	
Induction and maintenance

	
Tofacitinib 5–10 mg twice daily

	
During the 8 week treatment course, 36% of patients had a clinical response and 33% of patients had clinical remission. Steroid-free remission at 8 weeks was 26% and 21% at 26 weeks. After 12 months at follow up, 27% of patients had clinical, steroid-free remission.




	
Clark et al. (2019) [29]

>4 weeks

	
24

	
SCCAI,

Mayo endoscopic score decrease at week 4–20

	
Induction and mainte nance

	
Tofacitinib 5–10 mg twice daily

	
Clinical disease activity after 4–20 weeks of tofacitinib improved in both the UC (SCCAI decreased from 7.18 ± 2.97 to 4.53 ± 3.44, p = 0.009) and the CD population (HBI decreased from 10.86 ± 7.51 to 7.6 ± 5.73, p = 0.02). Endoscopic disease activity after 8–53 weeks of tofacitinib trended down in both UC (Mayo endoscopic score decreased from 2.21 ± 1.18 to 1.25 ± 1.49, p = 0.36) and CD populations (SES-CD decreased from 20.67 ± 13.31 to 11.81 ± 12.06, p = 0.07).




	
Kolar

et al. (2019) [30]

8 weeks

	
24

	
Mayo endoscopic subscore decrease at week 8

	
Induction

	
Tofacitinib 10 mg

twice daily

	
Total Mayo decreased in responders from mean 5.9 ± 3.5 to 1.1 ± 1.3 (p = 0.01), while in nonresponders it changed from 8.0 ± 2.5 to 8.9 ± 2.1 (p = 0.86). Endoscopic subscore decreased from 2.0 ± 1.0 to 0.6 ± 0.7 (p = 0.02) in responders but remained stationary in nonresponders.




	
Honap et al. (2019) [31]

8 weeks

	
16

	
SCCAI decrease at week 8

	
Induction

	
Tofacitinib

	
Median baseline SCCAI (n = 8) fell from 8 (range 2–14) to 3 (1–5) after four weeks and remained stable at eight weeks.

Median baseline faecal calprotectin (n = 5) fell from 364 (131–645) to 95 (30–289).




	
Sands et al. (2020) [10]

12 month

	
57

	
Clinical response, mucosal healing, remission at month 2, month 12

	
Maintenance (dose escalation)

	
Tofacitinib 10 mg twice daily

	
57.9% (33/57) and 64.9% (37/57) of patients recaptured clinical response and 35.1% (20/57) and 49.1% (28/57) were in remission, at months 2 and 12, respectively.




	
Sands et al. (2020) [10]

12 month

	
66

	
Clinical response, mucosal healing, remission at month 2, month 12

	
Maintenance (dose de-escalation)

	
Tofacitinib 5 mg twice daily

	
92.4% (61/66) and 84.1% (53/63) of patients maintained clinical response and 80.3% (53/66) and 74.6% (47/63) maintained remission, at months 2 and 12, respectively.




	
Mehiri et al. (2020) [32]

48 weeks

	
38

	
Survival without colectomy and without tofacitinib discontinuation, steroid-free clinical remission at 8 weeks

	
Induction and maintenance

	
Tofacitinib 10 mg twice daily for 3 months, then tofacitinib 5 mg or 10 mg twice daily

	
Survival without colectomy was 77% at week 24 and 70% at week 48.

Survival without treatment discontinuation was 70% at week 24.

Steroid-free clinical remission was observed in 13 (34%) patients at week 48.




	
Biemans et al. (2020) [33]

24 weeks

	
123

	
Endoscopic, clinical, biologic remission at 24 weeks

	
Induction and maintenance

	
Tofacitinib 10 mg twice daily for 8 weeks, then tofacitinib 5 mg twice daily

	
Corticosteroid-free clinical, biochemical, and combined corticosteroid-free clinical and biochemical remission rate at week 24 was 29%, 25%, and 19%, respectively.

Endoscopic remission (Mayo = 0) was achieved in 21% of patients at week 12.




	
Berinstein et al. (2021) [14]

90 days

	
113

	
Colectomy within 90 days

	
Induction

	
Tofacitinib 10 mg twice daily

	
Tofacitinib with concomitant IV corticosteroids may be an effective induction strategy in biologic-experienced patients hospitalized with acute severe UC.




	
Straatmijer et al. (2021) [15]

52 weeks

	
36

	
Combined with SCCAI ≤2 and Mayo score ≤1 at 52 weeks.

	
Maintenance

	
Tofacitinib 5–10 mg twice daily

	
Corresponding combined clinical and endoscopic response rates were 42%, 34%, and 48%, and biochemical remission rates were 33%, 31%, and 34%.




	
Sandborn et al. (2021) [11]

Long term

	
1124

	

	
Induction, maintenance

	
Placebo

Tofacitinib 5–10 mg twice daily

	
Treatment effects were higher for tofacitinib 10 mg or tofacitinib 5 mg twice daily than placebo.




	
Upadacitinib

	
JAK1 selective inhibitor

	
Sandborn et al. (2018) [34]

8 weeks

	
250

	
Clinical remission

	
Induction

	
Placebo Upadacitinib 7.5 mg once daily

Upadacitinib 15 mg once daily

	
There was significant improvement of individuals in the treatment group through endoscopic, histologic, and clinical remission at week 8, particularly at doses of 15 mg or higher, compared with placebo.




	
Sandborn et al. (2020) [18]

8 weeks

	
250

	
Clinical remission according to the adapted Mayo score at week 8

	
Induction

	
Placebo

upadacitinib 7.5 mg once daily

Upadacitinib 15 mg once daily

Upadacitinib 30 mg once daily

Upadacitinib 45 mg once daily

	
At week 8, 8.5%, 14.3%, 13.5%, and 19.6% of patients receiving 7.5, 15, 30, or 45 mg upadacitinib, respectively, and achieved clinical remission compared with none of the patients receiving placebo.

Endoscopic improvement at week 8, defined as endoscopic subscore of 1, was achieved in 14.9%, 30.6%, 26.9%, and 35.7% of patients receiving upadacitinib 7.5, 15, 30, or 45 mg, respectively, compared with 2.2% receiving placebo.




	
Filgotinib

	
JAK1 selective inhibitor (highly selective JAK1)

	
SELECTION trial (2020) [35]

10 weeks

	
1348

	
Clinical remission at 10 weeks

	
Induction

	
Placebo

Filgotinib 200 mg once daily

Filgotinib 100 mg once daily

	
At 10 weeks, compared with the control group (15.3%), the treatment group had a high clinical remission rate of 26.1%.

In the biologic-naïve patient group, the Mayo Clinic Score remission rate was 24.5%, the endoscopic remission rate was 12.2%, and the histological remission rate was 35.1%. Control groups were 12.4%, 3.6%, and 16.1%.

In the biologic-experienced patient group, the clinical remission rate was 11.5% and 4.2% in the control group.




	
SELECTION trial (2020) [35]

58 weeks

	
558

	
Clinical remission at 58 weeks

	
Maintenance

	
Placebo

Filgotinib 200 mg once daily

	
In the group treated with filgotinib 200 mg, the clinical remission rate was 18.1%, the MCS remission rate was 34.7%, the endoscopic remission rate was 15.6%, and the histological remission rate was 38.2%. In the control group, it was 5.1%, 9.2%, 6.1%, and 13.3%, respectively.

Additionally, a significantly higher proportion of patients treated with filgotinib 200 mg achieved six-month corticosteroid-free clinical remission at week 58 compared with placebo (27.2% vs. 6.4%).




	
Feagan et al. (2021) [20]

58 weeks

	
689

	
Clinical remission at 58 weeks

	
Induction

	
Filgotinib 100 mg once daily

Filgotinib 200 mg once daily

Placebo

	
In induction study A, the clinical remission rates were 26.1% in the treatment group and 15.3% in the control group, and in induction study B, 11.5% in the treatment group and 4.2% in the control group.

At week 58, 37.2% of patients given filgotinib 200 mg had clinical remission versus 11.2% in the respective control group. Clinical remission was not significantly different between filgotinib 100 mg and placebo at week 10, but at 58 weeks, the treatment group was 23.8%, which was significantly different from the control group 13.5%.




	
Peficitinib

	
Pan-JAK inhibitor

	
Sandborn et al. (2018) [22]

8 weeks

	
219

	
Clinical remission at 8 weeks

	
Induction

	
Placebo

Peficitinib 25 mg once daily

Peficitinib 75 mg once daily

Peficitinib 150 mg once daily

Peficitinib 75 mg twice daily

	
No statistically relevant difference between treatment and placebo groups.








JAK, Janus kinase inhibitor; UC, ulcerative colitis; SCCAI, simple clinical colitis activity index; CD, Crohn’s disease; HBI, Harvey–Bradshaw index; SES-CD, simple endoscopic score for Crohn’s disease.
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Table 2. JAK Inhibitors for CD treatment.
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Type of JAK Inhibitor

	
Target

	
Study and Duration

	
Patents Number

	
Trial End Points

	
Treatment Phase

	
Treatment Groups

	
Results






	
Tofacitinib

	
Pan-JAK inhibitor

	
Sandborn et al. (2014) [36]

4 weeks

	
139

	
Clinical response at 4 weeks

	
Induction

	
Placebo Tofacitinib 1 mg twice daily

Tofacitinib 5 mg twice daily

Tofacitinib 15 mg twice daily

	
Clinical response was observed in 36%, 58%, and 46% of patients given the 1, 5, and 15 mg doses of tofacitinib, compared with 47% of patients given placebo. Clinical remission was observed in 31%, 24%, and 14% of patients given the 1, 5, and 15 mg doses of tofacitinib, compared with 21% of patients given placebo.




	
Panés et al. (2017) [16]

8 weeks

	
280

	
Clinical response-100 or clinical remission at 8 weeks

	
Induction

	
Placebo

Tofacitinib 5 mg twice daily

Tofacitinib 10 mg twice daily

	
The clinical remission rate was 43.5% in the tofacitinib 5 mg group and 43% in the 10 mg group.In the control group, it was 36.7%.




	
Panes et al. (2017) [16]

26 weeks

	
180

	
Clinical response-100 or clinical remission at 26 weeks

	
Maintenance

	
Placebo

Tofacitinib 5 mg twice daily

Tofacitinib 10 mg twice daily

	
The clinical remission rate was 55.8% in the tofacitinib 10 mg group and 39.5% in the 5 mg group.In the control group, it was 38.1%.




	
Panés et al. (2019) [37]

48 weeks

	
150

	
Mainteined remission at 48 weeks

	
Maintenance

	
Tofacitinib 5 mg twice daily (patients in remission)

Tofacitinib 10 mg twice daily

(patients not in clinical remission)

	
Crohn’s disease worsening was the most frequent adverse event for tofacitinib 5 (33.9%) and 10 mg (19.3%).




	
Clark-

et al. (2019) [29]

>4 weeks

	
24

	
HBI score, endoscopic disease activity declined

	
Induction and maintenance

	
Tofacitinib 5–10 mg twice daily

	
Significant improvement in HBI score (10.86 ± 7.51 to 7.60 ± 5.73). The endoscopic disease activity declined (from 20.67 ± 13.31 to 11.81 ± 12.06),

C-reactive protein declined (from 24.83 ± 24.68 to 17.92 ± 22.63).




	
Weisshof et al. (2019) [12]

52 weeks

	
4

	

	
Induction and maintenance

	
Tofacitinib 5–10 mg twice daily

	
One patient interrupted treatment because of unsatisfactory response, and the other three patients showed clinical response using tofacitinib.




	
Upadacitinib

	
JAK1 selective inhibitor

	
Sandborn et al. (2017) [38]

16 weeks

	
220

	
Endoscopic and clinical remissions at 16 weeks

	
Induction

	
Placebo

Upadacitinib 3 mg twice daily

Upadacitinib 6 mg twice daily

Upadacitinib 12 mg twice daily

Upadacitinib 24 mg twice daily

Upadacitinib 24 mg once daily

	
Compared with placebo, more patients achieved clinical response with 6 and 24 mg twice daily, and endoscopic response with upadacitinib doses ≥6 mg twice daily at week 16.




	
Sandborn et al. (2018) [38]

16 weeks

	
180

	
Endoscopic and clinical remissions at 16 weeks

	
Maintenance

	
Upadacitinib 3 mg twice daily

Upadacitinib 12 mg twice daily

Upadacitinib 24 mg once daily

	
Dose-dependent enhancements in endoscopic and clinical remissions and inflammation markers were observed with upadacitinib treatment.




	
Filgotinib

	
JAK1 selective inhibitor

	
Vermeire et al. (2017) [21]

10 weeks

	
173

	
Clinical remission at 10 weeks

	
Induction

	
Placebo

Filgotinib 200 mg once daily

	
A total of 47% of patients treated with filgotinib 200 mg achieved clinical remission at week 10 versus 23% of patients treated with placebo.








JAK, Janus kinase inhibitor; CD, Crohn’s disease; HBI, Harvey–Bradshaw index.
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Table 3. Adverse events reported in JAK inhibitors.






Table 3. Adverse events reported in JAK inhibitors.





	
Adverse Event

	
Type of JAK Inhibitor

	
Incidence Rate

	
Notes






	
Serious Infections

	
Tofacitinib

	
1.37%, Sandborn et al. (2012) [22]

2.66%, Panes et al. (2019) [37]

2.85%, Sandborn et al. (2019) [23]

	
Serious infection rates increased depending on whether or not the body weight was greater than 90 kg (HR, 2.3) [23].




	
Filgotinib

	
2.63%, Vermeire et al. (2017) [21]




	
Herpes zoster

	
Tofacitinib

	
1.17%, Panes et al. 2017 [16]

3.29%, Sandborn et al. 2017 [9]

2.0%, Panes at al. 2019 [37]

5.62%, Sandborn et al. 2019 [23]

	
Older age (every 10 years; HR, 1.6), prior tumor necrosis factor inhibitor failure (HR, 1.9), and nonwhite race (white vs. all other races; HR, 0.6) were significant risk factors for herpes zoster.The IR for herpes zoster in Asian patients was 6.5 versus 3.5 in white patients.




	
Upadacitinib

	
0.54%, Sandborn et al. 2018 [34]




	
Filgotinib

	
0.66%, Vermeire et al. 2017 [21]




	
Thrombotic Events

	
Tofacitinib

	
0.43%, Sandborn et al. 2019 [23]

	
PE in the setting of cholangiocarcinoma metastasized to the peritoneum.




	
Non-melanoma skin cancer

	
Tofacitinib

	
0.76%, Sandborn et al. 2017 [9]

0.66%, Panes et al. 2019 [37]

0.95%, Sandborn et al. 2019 [23]

	
Age (every 10 years; HR, 2.2) and prior tumor necrosis factor inhibitor failure (yes vs. no; HR, 11.3) were significant risk factors.




	
Upadacitinib

	
0.54%, Sandborn et al. 2018 [34]




	
Other malignancy

	
Tofacitinib

	
0.58%, Panes et al. 2017 [16]

0.0%, Sandborn et al. 2017 [9]

0.0%, Panes et al. 2019 [37]

0.95%, Samdborn et al. 2019 [23]

	




	
Major Adverse Cardiovascular Events

	
Tofacitinib

	
0.51%, Sandborn et al. 2017 [9]

0.0%, Panes et al. 2019 [37]

0.34%, Samdborn et al. 2019 [23]

	
Pre-existing cardiovascular risk factors were identified for the acute coronary syndrome, myocardial infarction, and hemorrhagic stroke events.








JAK, Janus kinase inhibitor; HR, hazard ratio; IR, incident rate; PE, pulmonary embolism.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-22-11322


  
    		
      ijms-22-11322
    


  




  





media/file0.png





