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Abstract: The “biologic era” in the management of juvenile idiopathic arthritis (JIA) has begun in the year 2000, with the publication of 
the randomized controlled trial on etanercept. In the subsequent years, there has been continued progress, marked by the availability of new 
therapeutic agents and the shift towards early aggressive interventions. In addition, a more rational therapeutic approach has been fostered 
by the promulgation of therapeutic recommendations and guidelines. In parallel with the growing use of the novel biologic disease- 
modifying antirheumatic drugs (bDMARDs) in the real world of clinical practice, additional information has been gained about their 
effectiveness and safety. Furthermore, the role of the various bDMARDs in the management of the different JIA categories and of the main 
disease complications and comorbidities has been scrutinized. Innovative management strategies, such as the step-down and the treat-to- 
target, have been proposed to maximize the therapeutic benefits through the optimal combination of the newer and conventional 
medications. However, despite this progress several unmet needs remain, including the lack of well-established criteria for medication 
discontinuation after the attainment of sustained disease remission and of effective alternatives for patients who respond inadequately to the 
contemporary therapeutic modalities. The research agenda also calls for the search for reliable early predictors of therapeutic response that 
foster personalization of treatment and increase its precision. The aim of this Review is to summarize the evidence obtained in the past 5 
years in the field of biologic therapy for JIA and to discuss the remaining gaps and the future perspectives of the use of these medications.
Keywords: biologic disease-modifying antirheumatic drugs, biologics, cytokine blockers, cytokine inhibitors, juvenile idiopathic 
arthritis, pediatric rheumatology

Introduction
The publication in 2000 of the randomized controlled trial (RCT) that led to the approval of etanercept (ETN)1 marks the 
beginning of the “biologic era” in the management of juvenile idiopathic arthritis (JIA). Over the subsequent years, the 
availability of a growing number of novel, potent and overall safe therapeutic agents has revolutionized the therapeutic 
approach and markedly improved the outlook of children with the disease. Owing to this advance as well as to the shift 
towards early aggressive interventions, contemporary therapeutic approaches aim for early disease control, coupled with 
sparing use of glucocorticoids and prevention of disease- and treatment-related morbidity. All therapeutic choices should 
consider that JIA encompasses a heterogeneous group of diseases that require distinct treatment approaches (Box 1).2 

The biologic disease-modifying anti-rheumatic drugs (bDMARDs) currently available for the management of JIA and 
their targets are reported in Table 1.

Several therapeutic trials and observational studies have explored the effectiveness and safety of biologic medications 
and have described the experience gained with their use in daily practice. The purpose of this review article is to provide 
a critical summary of the literature published in this area in the past 5 years. See Box 2 for a summary of the main topics 
addressed in the review.
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Step-up vs Step-down
One of the most debated issues in the treatment of JIA is whether it is more advantageous, in terms of achievement of 
complete disease control and treatment tolerability, to pursue a traditional step-up approach, based on the initial 
prescription of a conventional therapeutic regimen with treatment escalation in case the therapeutic goal is not achieved, 
or an inverted pyramid approach with step-down therapy as tolerated.3 The STOP-JIA trial by Kimura et al compared 
three treatment strategies for polyarticular JIA: 1) Step-Up (starting with conventional synthetic disease-modifying 
antirheumatic drugs, csDMARDs, and adding bDMARDs, if needed); 2) Early Combination (initiating both a csDMARD 

Table 1 Biologic Disease-Modifying Antirheumatic Drugs Currently Available for the Management of Juvenile Idiopathic Arthritis

Biologic Drug Molecular Target Structure

Etanercept£ TNF-alpha Fusion protein: extracellular domains of the human TNF receptor type II (TNFR2) fused to the 

constant region (Fc) of an IgG1 antibody

Adalimumab£ TNF-alpha Fully human monoclonal antibody (IgG1) with a fragment antigen binding (Fab) portion binding 
TNF-alpha

Infliximab§ TNF-alpha Chimeric monoclonal antibody (mouse/human IgG1) with a Fab portion binding TNF-alpha

Golimumab£ TNF-alpha Fully human monoclonal antibody (IgG1) with Fab portion binding TNF-alpha
Abatacept£ CTLA-4 Fusion protein: extracellular domain of human CTLA-4 (CD152) fused to the constant region (Fc) 

of an IgG1 antibody. It binds to CD80 and CD86 on antigen-presenting cells

Tocilizumab£ IL-6 receptor Humanized monoclonal antibody (murine variable region inserted into a human IgG1 framework) 
with a Fab portion binding IL-6 receptor (sIL-6R and mIL-6R)

Canakinumab£ IL-1 beta Fully human monoclonal antibody (IgG1) with a Fab portion that recognizes IL-1beta, preventing it 

from binding to the IL-1 type I receptor (IL-1RI)
Anakinra$ IL-1 receptor Recombinant, non-glycosylated version of the human IL-1 receptor antagonist (IL-1Ra) that binds 

to IL-1 type I receptor (IL-1RI) without activating it

Rilonacept& IL-1 Fusion protein: extracellular domains of IL-1 receptor type I (IL-1RI) and the IL-1 receptor 
accessory protein (IL-1RAcP), fused with Fc portion of IgG1. It binds to IL-1β, IL-1-alpha, and IL- 

1Ra in the circulation

Secukinumab£ IL-17A Fully human monoclonal antibody (IgG1) with a Fab portion binding human IL-17A
Ustekinumab£ IL-12/IL-23 Fully human monoclonal antibody with a Fab portion binding human p40 subunit of IL-12 and IL-23

Emapalumab# IFN-gamma Fully human monoclonal antibody (IgG1) with a Fab portion binding IFN-gamma with high affinity 

and blocking the interaction with the IFN-gamma receptor (IFNGR)
Rituximab§ CD20 Chimeric monoclonal antibody (mouse/human IgG1) with Fab portion binding to the CD20 antigen 

on the surface of Pre-B and mature B lymphocytes

Notes: £Approved for use in pediatric arthritis; $approved for use in systemic juvenile idiopathic arthritis (JIA) by the European Medicines Agency (EMA), but not by the Food and 
Drug Administration (FDA) §approved for use in adult arthritis only, but recommended in some instances of JIA; &tested in systemic JIA, but not yet approved; #approved by the FDA 
for the treatment of macrophage activation syndrome in patients with Still’s disease (including systemic juvenile idiopathic arthritis and adult-onset Still’s disease). 
Abbreviations: TNF, tumor necrosis factor; CTLA-4, Cytotoxic T-Lymphocyte Antigen 4; IL, interleukin; IFN, interferon; CD, cluster of differentiation; Ig, immunoglobulin.

Box 1 Disease Categories of Juvenile 
Idiopathic Arthritis Outlined by the 
International League of Associations 
for Rheumatology (ILAR) Classification

Systemic arthritis

Oligoarthritis (persistent or extended)
Rheumatoid factor-positive 

polyarthritis

Rheumatoid factor-negative 
polyarthritis

Enthesitis-related arthritis

Psoriatic arthritis
Undifferentiated arthritis
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and a bDMARD simultaneously); and 3) Biologic-First (bDMARD monotherapy from the outset).4 A total of 400 
patients were followed for 12 months to assess the proportion achieving clinically inactive disease (CID) without 
glucocorticoids. While no significant differences were found across strategies, the Early Combination approach showed 
a higher likelihood of achieving CID per the clinical Juvenile Arthritis Disease Activity Score 10 (cJADAS10) compared 
to Step-Up.

A secondary analysis by Ong et al used latent class trajectory modeling to explore how early bDMARD initiation 
influenced disease progression.5 Patients who received bDMARDs within three months had significantly greater odds of 
achieving rapid improvement, highlighting the importance of early intervention, especially for patients with severe 
disease.

Similar results were reported by Huang et al, who compared an early aggressive approach (bDMARD + csDMARD 
in combination) with a conservative stepwise strategy. Patients receiving early aggressive therapy exhibited significantly 
lower disease activity at 6 months, while those delaying bDMARDs beyond 6 months experienced minimal additional 
benefit, underscoring the critical role of early bDMARD intervention in improving outcomes.6

The STARS trial is an ongoing RCT aimed to assess whether early aggressive (step-down) therapy leads to better 
long-term remission than stepwise escalation (step-up) in children with newly diagnosed non-systemic JIA. The results of 
this trial, which are eagerly awaited, will provide important insights into the relative value of the alternative treatment 
modalities.3

Treat-to-Target
In 2018, the recommendations for the treat-to-target (T2T) strategy in JIA were published.7 The T2T is based on the 
paradigm of explicitly defining a treatment target and applying tight control and necessary therapeutic adjustments to 
reach the target. Klein et al hypothesized that a structured treatment approach with predefined goals would be superior to 
routine clinical care in achieving remission after 12 months in polyarticular JIA.8 Sixty-three patients with early active 

Box 2 Summary of the Main Topics Addressed in the Review

Comparison of Step-up And Step-down Therapeutic Interventions

Treat-to-target strategy
bDMARD withdrawal after remission and risk of disease flare

Outcomes of bDMARD switch

Comparison of efficacy and safety of bDMARDs
Experiences with the use of high-dose bDMARDs

Outcomes of bDMARD therapy with or without methotrexate

Switching from originators to biosimilars
Biologic therapy and immunogenicity and safety of vaccines

bDMARDs in the treatment of temporomandibular joint arthritis

Adverse events of biologic therapy
Biomarkers and pharmacokinetics in the assessment of bDMARD efficacy and safety

Recent insights into specific bDMARDs

- Etanercept
- Adalimumab and uveitis

- Tocilizumab

- Golimumab
- Abatacept

- Secukinumab

bDMARD therapy in particular JIA categories or complications
- Oligoarthritis

- Enthesitis-related arthritis

- Systemic arthritis/pediatric-onset Still’s disease
- Macrophage activation syndrome

Abbreviation: bDMARDS, biologic disease-modifying antirheumatic drugs; JIA, juvenile idiopathic 
arthritis.
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disease were enrolled and the treatment milestones were set at 3, 6, 9, and 12 months. All patients received methotrexate 
(MTX) initially, with treatment escalation being mandated if disease activity targets were not met at the pre-established 
endpoints. At the end of the study, 48% of patients reached remission and 76% minimal disease activity. Compared to 
a matched conventionally treated control cohort from the German BIKER registry, significantly more patients under the 
T2T strategy had achieved remission. However, 50% of patients in the T2T cohort were given bDMARDs compared to 
only 9% in the control group. This observation indicates that although the T2T approach may improve the outcomes in 
polyarticular JIA, biologic therapy is often necessary to achieve and maintain tight disease control.

bDMARD Withdrawal After Remission
One of the main unmet needs in the management of JIA regards the availability of well-established protocols or 
recommendations that guide the withdrawal of the treatment after the achievement of sustained disease remission. 
Using data from a large UK registry, Kearsley-Fleet et al found that 19% of patients stopped bDMARDs after a median 
of 2.2 years.9 However, 54% of them had a disease flare and required treatment resumption within 4.7 months. Uveitis 
and longer disease duration before starting biologics increased the risk of flare, whereas prior use of tocilizumab (TCZ) 
seemed to reduce it. A 59% frequency of flare after treatment discontinuation following disease remission was found in 
another retrospective analysis.10 These studies highlight the high relapse rate following bDMARD discontinuation and 
the urgent need for reliable guidelines.

In patients who are receiving combination therapy with MTX and a bDMARD and reach CID, it is still unclear which 
medications should be discontinued first. Patients who discontinued MTX alone had a lower relapse rate (29%) and 
a longer median time to flare (6.3 years) compared to those who discontinued the bDMARD first.10

Castillo-Vilella et al investigated remission and relapse patterns in 206 JIA patients treated with csDMARDs or 
bDMARDs.11 They found that 70% achieved CID, but only 29% had sustained remission after stopping treatment. 
Patients receiving csDMARDs, especially females with oligoarthritis, positive antinuclear antibodies (ANA), and 
negative HLA-B27, were more likely to maintain disease quiescence. Gradual tapering reduced the risk of recurrence 
compared to abrupt discontinuation. A scoping review of 28 studies analyzing bDMARD withdrawal in non-systemic 
JIA, including 456 patients, showed a flare rate ranging from 26.3% to 100%, with a mean time to flare of 2 to 8.4 
months. ANA positivity, younger onset age, and longer disease duration before bDMARD initiation were associated with 
a higher risk of flare.12

Among the diverse categories of JIA, children with systemic JIA were found to have the lowest flare rate (11.1%), 
whereas 46.1% of non-systemic patients relapsed, with a median time to flare time of 7 months. As in the above study, 
risk factors included ANA positivity and delayed bDMARD initiation.13

There is currently an increasing interest in the role of biomarkers in predicting disease flare after treatment 
discontinuation in patients who achieve CID. A recent multicenter study investigated the utility of S100A12 and high- 
sensitivity C-reactive protein (hsCRP) in assessing the risk of relapse after bDMARD withdrawal. Patients with 
persistently elevated biomarkers had a higher risk of flare, whereas those with lower levels were more likely to have 
sustained remission. Compared to clinical judgment alone, a biomarker-guided strategy reduced the relapse rate, high
lighting its promising role in guiding treatment withdrawal.14

Kip et al found that remission was the most common reason for treatment discontinuation (44.7%), followed by 
adverse events (28.9%) and inefficacy (22.1%).15 Kaplan-Meier survival analyses confirmed that treatment discontinua
tion was often due to remission or side effects rather than primary drug failure.

bDMARD Switch
The switch from one bDMARD to another can be motivated by either inadequate efficacy or intolerance. The frequency 
and modalities of this phenomenon have been investigated recently.

The analysis of 200 JIA patients treated between 2012 and 2021 in Denmark revealed that 37% of them had 
bDMARDs switched at least once, 17.5% twice and 6% three or more times. The primary reason for switching was 
inefficacy (57%), followed by injection/infusion reactions (15%) and presence of uveitis (13%).16 Among patients who 
were switched, 93% were transitioned to a second TNF inhibitor (TNFi), rather than to a bDMARD with a different 
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mechanism of action. Patients who were on ETN were more likely to require a switch than those who were receiving 
other TNFi.

Twenty-six percent of the 1361 patients included in the Childhood Arthritis and Rheumatology Research Alliance 
(CARRA) registry by Mannion et al had bDMARD therapy modified over time, most commonly because of inefficacy. 
The median time to switching decreased from 55.2 months in 2008 to 7.2 months in 2016, reflecting the contemporary 
tendency toward earlier treatment adjustments.17 These findings are comparable to those obtained in UK centers, were 
23% of the patients were switched to a second bDMARD, 5% to a third, and 1% to a fourth. A sub-analysis of patients 
with polyarticular-course JIA showed that 81% of them were changed to a second TNFi, whereas 19% were given a non- 
TNFi, without any significant difference in treatment effectiveness.18 This observation suggests that there is no clear 
advantage of choosing a non-TNFi over a second TNFi when the first TNFi fails.

Comparison of bDMARDs
Thus far, no head-to-head comparisons of bDMARDs in RCTs have been performed. Thus, only indirect evidence of 
their relative efficacy is available. By examining the first course of bDMARD treatment in a large US pediatric 
rheumatology center, Yue et al found that TNFi had significantly longer treatment retention than non-TNFi (395 days 
versus 320 days) (P = 0.010). TNFi-treated patients also experienced a larger reduction in disease activity at 6 months, as 
measured by the cJADAS, compared to patients on non-TNFi therapy.19

Based on this data, it seems that TNFi may represent the most effective and durable first-line biologic treatment for 
JIA. However, no significant difference in achievement of CID (cJADAS10 ≤2.5) or minimal disease activity 
(cJADAS10 ≤5) at 6 months was detected in children with polyarticular-course JIA who were switched to second 
TNFi or to non-TNFi after failure of the first TNFi was detected.20

In a retrospective comparison of different classes of TNFi within the Pharmachild registry, patients on ETN exhibited 
a slightly greater improvement in parent-reported outcomes compared to those on adalimumab (ADA). However, the 
difference was not statistically significant (P = 0.06) and both agents improved the active joint count, with no significant 
differences in adverse events.21

Similar efficacy figures across different TNFi in non-systemic JIA were registered in a systematic literature review, 
which disclosed the following response rates, assessed with the American College of Rheumatology Pediatric (ACR 
Pedi) 30 response criteria: adalimumab (ADA) 71–94%, ETN 73–94%, golimumab (GOL) 89%, and infliximab (IFX) 
64%. Serious adverse events (SAEs) were also generally uncommon, with incidence ranging from 0–24.3 per 100 
patient-years, depending on the TNFi.22 Administering a TNFi dosage different from the standard schedule may not 
affect treatment outcomes.23

In contrast to non-systemic JIA, little information has been published for systemic JIA, which is treated with different 
drugs and regimens. A systematic review and metanalysis showed that canakinumab (CAN) was most effective in 
achieving a modified ACR Pedi 30 response, and outperformed markedly the placebo (odds ratio 55.0, 95% credible 
intervals 2.4–67.0). Anakinra (ANK) and ADA ranked second and third, respectively. No significant differences in 
adverse events, including serious infections, were observed among the biologic agents examined.24 In another metana
lysis, CAN proved to be superior to both TCZ and rilonacept (RLN) in leading to a modified ACRpedi30 response, with 
an odds ratio of 55.04. However, no significant differences in the incidence of SAEs were found between CAN, ANK, 
TCZ, RLN, and placebo.25

High-Dose bDMARDs
It is still unclear whether the increase of bDMARD dosage above the standard regimens in patients with refractory 
disease may be advantageous in terms of efficacy without increasing the risk of adverse events. Such analysis was 
conducted in 5352 JIA patients included in the CARRA Registry, 20% of whom had received a bDMARD dose at least 
40% higher than that recommended. Three patient groups were compared: 1) those who had bDMARDs escalated from 
standard to high dose; 2) those who were switched to a different bDMARD; and 3) those who were left on standard 
dosage. Dose escalation and bDMARD switch led to similar improvements in disease activity, with reduction in 
cJADAS10 of −3.53 and −3.95, respectively (p=0.68). SAEs were slightly more frequent in the high-dose and 
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bDMARD switch groups than in the standard-dose group, but the differences were not statistically significant. This study 
suggests that dose escalation is a reasonable option for patients with inadequate disease control on standard dosing, 
though further large-scale investigations are necessary to evaluate long-term efficacy and safety of this approach.26

bDMARDs with or without Methotrexate
The impact of combining bDMARDs with MTX in terms of effectiveness and tolerability was evaluated in children with 
polyarticular JIA by Thiele et al using the data of the BIKER registry. Of the 2148 patients enrolled, 1464 had received 
MTX and a bDMARD in combination, whereas 684 patients were given bDMARD monotherapy.27 The combination 
group had a more profound decrease in the level of disease activity than the monotherapy group. In addition, TNFi- 
treated patients were found to benefit from the addition of MTX more than those receiving TCZ. Treatment duration was 
longer in the combination than in the monotherapy group (median 3.1 years versus 2.7 years, P = 0.002). Regarding 
safety, the addition of MTX led to a moderate increase in gastrointestinal and hepatic adverse events, but the rate of SAEs 
was equal in the two groups. These findings suggest that adding MTX to TNFi therapy enhances effectiveness and 
prolongs drug survival, without compromising safety. Combination of MTX with TCZ seems not to confer additional 
benefit.

Switching from Originators to Biosimilars
The introduction of biosimilars has brought a potential improvement in the cost-effectiveness of bDMARD therapy. 
Based on the information achieved so far, they appear to be overall comparable in terms of efficacy and safety to their 
reference bDMARDs.

The outcomes of patients on TNFi therapy who had the non-medical switch from originators to biosimilars between 
2017 and 2023 were investigated using UK registry data. The most common originators were ADA (64%), ETN (25%), 
and IFX (11%). Patients who passed to a biosimilar were contrasted with a cohort who continued the originator. No 
significant worsening of disease activity, measured with the JADAS71, was recorded in the biosimilar group compared to 
the originator group after 6 months. Drug survival was also comparable in the two samples, with 76% of biosimilar users 
remaining on therapy after one year and 64% after two years.28

The OBSIDIAN Study extended the follow-up to 1 year. No significant differences in disease activity were detected 
at 3, 6, and 12 months post-switch. Time to remission, time to relapse, or rate of adverse events were also similar 
between originators and biosimilars.29

Unmet Needs
Brunner et al found that 52% and 45% of JIA patients in the Cincinnati Children’s Hospital Medical Center (CCHMC) 
database and CARRA Registry, respectively, had uncontrolled disease despite exposure to at least two bDMARDs.30 In 
addition, 19% of CCHMC patients and 15% of CARRA Registry patients had been prescribed at least one bDMARD not 
approved for JIA. Off-label use of biologics was especially common in patients with systemic JIA, enthesitis-related 
arthritis (ERA), and juvenile psoriatic arthritis (PsA), which highlighted the gap in Food and Drug Administration 
(FDA)-approved therapeutic options for these conditions.

Biologics and Vaccines
It is well known that patients under immunomodulatory treatment require special consideration when they are candidate 
to vaccination procedures. The updated EULAR/PRES vaccination recommendations for pediatric patients with auto
immune inflammatory rheumatic diseases mandate the administration of non-live vaccines according to national 
immunization programs and highlight their safety for immunosuppressed patients.31 Although live-attenuated vaccines 
should generally be avoided in these instances, the MMR booster and VZV vaccine can be administered under specific 
conditions. Annual vaccination status reviews are recommended, and seasonal influenza vaccination is strongly encour
aged. A preliminary systematic review of 57 studies revealed that non-live vaccines were overall safe and immunogenic, 
though B-cell depleting therapies reduced humoral responses.
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Gertosio et al assessed the efficacy, immunogenicity, and safety of vaccines in children with chronic diseases treated 
with bDMARDs.32 Although the information on vaccine efficacy is limited, immunogenicity is preserved for most 
vaccines. However, patients on TNFi showed lower seroconversion rate (P = 0.028) and reduced seroprotection rate for 
the serotype B influenza vaccine both in JIA (P = 0.004) and inflammatory bowel disease (IBD) (P = 0.013). Vaccine 
administration was not associated with SAEs, but JIA patients on TNFi had a higher risk of experiencing myalgia or 
arthralgia post-influenza vaccination (P = 0.014).

Treatment of Temporomandibular Joint Arthritis
Involvement of temporomandibular joints (TMJ) is frequent in children with JIA and is often overlooked. Furthermore, 
optimal management is still controversial. Stoustrup and associates investigated the effects of bDMARDs in combination 
with MTX or leflunomide on TMJ arthritis in JIA.33 The primary aim was to assess changes in inflammation and joint 
deformity using MRI-based scores at baseline, 6 months, and 24 months post-treatment initiation.

Significant improvement in clinical symptoms was detected, with reduction of pain (P = 0.01) and morning stiffness 
(P = 0.004), and improvement of both mouth opening (P = 0.03) and maximal incisal opening (P = 0.006). MRI disclosed 
decrease in inflammation scores from a median of 2 (IQR 1–3) at baseline to 1 (IQR 0–2) at 24 months (P = 0.009). Joint 
deformities either stabilized or improved in 17 of 36 TMJs (47%), and no appreciable progression of structural damage 
was observed.

This study provides evidence that TNFi therapy in combination with MTX or leflunomide may be efficacious in 
suppressing TMJ inflammation in JIA.

Treatment Outcomes
Over the past two decades, the use of bDMARDs in children with JIA has increased markedly. Data from national 
registries in Canada showed that biologic prescription increased from 6% in 2005–2010 to 26% in 2017–2021. This trend 
was paralleled by substantial improvement in disease control, with an increase in the proportion of patients achieving 
CID from 64% to 83%. However, changes in parent- and patient-reported outcomes, such as pain and health-related 
quality of life, were smaller than those of disease activity measures.34

Real-world data obtained from the BiKeR registry showed that over 9 years of continuous ETN use, 68.1% of patients 
achieved minimal disease activity, 43.1% JADAS-defined remission, and 36.6% met ACR CID criteria. Response rates 
remained substantial at 82% (ACR Pedi 30), 79% (ACR Pedi 50), 71% (ACR Pedi 70), and 54% (ACR Pedi 90). 
Although SAEs were infrequent, they occurred more often in ETN-treated patients than in a biologic-naïve control 
group.35

Response rates at week 104 in a long-term extension study of patients with polyarthritis included in a Phase 3 trial of 
ADA alone or in combination with MTX were 66% (ACR Pedi 30), 74% (ACR Pedi 50), 83% (ACR Pedi 70), and 96% 
(ACR Pedi 90), with 37% of patients achieving sustained remission (JADAS27 inactive disease for ≥6 months).36

By analyzing data from four clinical trials on biologic therapies in JIA, Lim et al identified three distinct patterns of 
treatment response through latent class trajectory analysis: (1) slow response with high baseline active joint count (AJC) 
(26.5% of patients), (2) rapid early response with low baseline AJC (29.7%), and (3) progressive response with moderate 
baseline AJC (43.8%).37 Children with greater AJC at baseline had more frequently poor and slower responses to 
treatment. Concomitant MTX administration was associated with a lower likelihood of falling into the slow-response 
category. These findings indicate that patients with more extended polyarthritis deserve more aggressive therapeutic 
interventions since the earlier disease stages.

Adverse Events
Although no major alert signals have emerged in the first 25 years of use of bDMARDs, the level of attention about their 
side effects remains high. Among 3258 JIA patients enrolled in the BIKER registry, 22.2% experienced at least one 
infection, and 2.8% had a serious infection. The incidence rate (IR) of infections was higher in patients treated with IL-1 
inhibitors (IR 17.3) and IL-6 inhibitors (IR 16.7) than in those receiving TNFi (IR 8.7). Younger age, glucocorticoid use, 
higher disease activity, and cardiac comorbidities were risk factors for infections in bDMARD-treated JIA patients.38
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The lower risk of infections with TNFi compared to other biologic classes was confirmed in the JIR Cohort. Most 
infectious events affected the upper respiratory tract and only a few cases were classified as severe or very severe. No 
instances of tuberculosis were reported.

Among 772 infections recorded in 572 bDMARD-treated patients, 119 were opportunistic, with herpes virus 
infections (68%) and tuberculosis (27.4%) being most common.39

Because biologic agents interfere with cytokine-regulated immunologic mechanisms, they could theoretically disrupt 
immune balance and potentially increase the risk of developing other immune-mediated diseases in patients with JIA. 
The likelihood of psoriasis occurrence as paradoxical effect of bDMARD therapy has been recently investigated.

An analysis of the BiKeR registry was conducted to identify JIA patients who had no prior history of psoriasis or PsA 
before starting biologic therapy. The sample included 4149 patients treated with a TNFi (ETN, ADA, GOL, IFX), 676 
treated with a non-TNFi bDMARD (TCZ, abatacept-ABT, ANK, CAN), and 1692 patients only given MTX. Thirty-one 
patients developed new-onset psoriasis. Compared to MTX alone, TNFi-treated patients had a significantly higher risk of 
developing psoriasis (RR 10.8, p = 0.019), with the risk being especially high in those receiving monoclonal antibodies 
(RR 29.8, p = 0.0009). ETN use was not associated with incident psoriasis, and patients on non-TNFi bDMARDs also 
had an elevated risk (RR 25.0, p = 0.003).40

Another retrospective cohort study (2008–2020) included 5088 pediatric patients, 3794 (75%) with IBD, 1189 (23%) 
with JIA, and 105 (2%) with chronic nonbacterial osteomyelitis (CNO). Patients treated with ADA had a 2.70-fold higher 
risk (IRR 2.70, 95% CI 1.53–4.75, P < 0.001) of developing psoriasis compared to those who never received TNFi. The 
risk was also elevated for IFX (IRR 2.34, 95% CI 1.56–3.51, P < 0.001) and ETN (IRR 2.21, 95% CI 1.17–4.21, P = 
0.006). Concomitant administration of a csDMARD reduced the risk.41

Occurrence of IBD is an additional possible complication of biologic therapy. Twenty-eight of 5009 the BiKeR 
registry patients developed IBD before age 18: 82.1% of them had Crohn’s disease and the overall incidence was 0.56%. 
Of these patients, 20.3% were HLA-B27 positive, 25% had ERA and 14.3% PsA, suggesting that this ensemble of 
features define a distinct JIA-IBD phenotype. IBD incidence was lower in patients treated with MTX, and higher in those 
on ETN, leflunomide, or sulfasalazine. MTX in conjunction with ETN seemed to mitigate the risk.42

A further area of uncertainty is whether bDMARDs may trigger the onset of uveitis. This issue was addressed by 
extracting data from the British Society for Paediatric and Adolescent Rheumatology Etanercept Cohort Study (BSPAR- 
ETN) and the Biologics for Children with Rheumatic Diseases (BCRD) study. Of the whole 2294 patients, 943 were on 
MTX, 304 on ADA/IFX, and 1047 on ETN. During follow-up, 44 cases of uveitis were registered (27 in the MTX group, 
16 in the ETN group, and 1 in the ADA group). Overall, no clear risk factors were determined.43

The safety of ANK in systemic JIA was assessed in the Pharmachild registry. Among 306 patients, 201 adverse events 
were reported (39.5/100 patient-years, PY), with infections being the most common. SAEs (11.0/100 PY) included 
infections (23.2%) and macrophage activation syndrome (MAS) (19.6%). The incidence of adverse events was highest in 
the first six months of follow-up and declined thereafter.44

Regarding the safety of CAN, real-world data from a multicenter cohort of 80 patients with systemic JIA showed no 
serious adverse events. Mild injection site reactions, non-serious infections, and one case of herpes zoster were reported, 
none of which required treatment discontinuation. One episode of lymphopenia led to discontinuation before 6 months.45

Among 260 systemic JIA patients in the BiKeR registry, biologic exposure included ETN (151 patients), TCZ (109), 
ANK (71), and CAN (51). SAEs were most frequent with CAN (20/100 PY) and TCZ (21/100 PY), with higher rates of 
cytopenia and liver complications. Medically significant infections were more common in IL-6 and IL-1 inhibitor-treated 
patients. MAS occurrence was reported in all treatment groups, with CAN (3.2/100 PY) and TCZ (2.5/100 PY) 
disclosing the highest rates.46

Patients with systemic JIA who developed MAS while on biologic treatment (n = 45) were compared with those who 
had MAS without recent biologic exposure (n = 155). Patients receiving anti-IL-1/IL-6 therapies at the time of MAS 
onset exhibited lower platelet counts (median 128 vs 199 × 10⁹/L), lower ferritin levels (median 1107 vs 2863 ng/mL), 
lower CRP (15.4 vs 90 mg/L), lower erythrocyte sedimentation rate (ESR) (13 vs 43.5 mm/h), and shorter fever duration 
(5 vs 10 days) compared to those not receiving biologics. Patients receiving CAN had lower rates of hepatomegaly and 
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splenomegaly. Importantly, 26.6% of patients on bDMARDs did not meet the 2016 MAS classification criteria at 
presentation, suggesting that these treatments may mask the traditional clinical and laboratory features of MAS.47

Biomarkers and Pharmacokinetics
Biomarkers are a broad range of molecules associated with immune response and inflammation, whose alterations can be 
used to recognize and monitor a normal or abnormal underlying biological process.48 Currently, their application in 
clinical practice is limited, but research in the area is expanding.

S100 proteins are extensively investigated in pediatric rheumatology. Their association with treatment response has 
been evaluated in 219 patients with polyarticular JIA using data from a phase 3 trial of abatacept (NCT01844518). Lower 
baseline levels of S100A8/9 (≤ 3295 ng/mL) and S100A12 (≤ 176 ng/mL) were linked to higher odds of achieving 
disease remission and relevant clinical improvement at 4 and 16 months. Persistently lower levels over time correlated 
with sustained improvement.49

Gerss et al hypothesized that hsCRP and S100A12 could guide bDMARD withdrawal. They conducted a multicenter 
trial, in which drug discontinuation decisions were based on biomarker levels. The outcomes were compared with those 
achieved in a control group from the BiKeR registry, whose treatment cessation was based on physician judgment. The 
frequency of flare after stopping medication was lower among patients enrolled in the trial than in the BiKeR group (45% 
vs 60%). Trial patients were also able to discontinue therapy earlier than those in the control group.14

Morozova et al examined whether TNF-α levels could serve as a biomarker of disease activity in 98 JIA patients 
treated with TNFi. TNF-α levels were found to increase after initiation of biologic therapy, but their correlation with 
disease activity was weak (r = −0.177, p = 0.007).50 These findings suggest that longitudinal TNF-α measurements are of 
limited clinical value.

Measurement of drug levels is another potential strategy for monitoring TNFi effectiveness. With the aim of 
generating a pharmacokinetics model that accounts for variability in drug clearance, 78 samples of 50 patients treated 
with ADA were tested. ADA clearance was found to be influenced by body weight, anti-drug antibodies, MTX use, CRP 
concentrations, and presence of uveitis. Concomitant MTX was associated with lower drug clearance, whereas patients 
with uveitis had a faster clearance, suggesting that patients with this comorbidity require higher ADA doses.51

Anti-adalimumab antibodies (AAA) are commonly determined in clinical practice to verify whether their develop
ment is responsible for treatment failure. A study of 30 JIA patients revealed that AAA were already detectable 2 months 
after treatment initiation in 7% of patients, and that the percentage rose to 34% after 3 months and to 37% after 6 months. 
Patients with AAA at 3 months had lower ADA levels, implying decreased efficacy. By 12 months, 60% of AAA- 
positive patients required drug switching due to treatment failure, compared to only 15% of AAA-negative patients.52

Genetics
A systematic review looked for genetic variants affecting response to anti-TNF therapies in JIA. Specific genetic markers 
linked to treatment efficacy were identified, suggesting that genetic profiling may help to personalize therapy. Thus, 
pharmacogenetics may potentially facilitate optimization of treatment outcomes and reduction of adverse effects.53

Etanercept
ETN is the first bDMARD marketed for the treatment of JIA. The patterns of its use with or without MTX have been 
evaluated in the CARRA registry by stratifying patients in five groups: 1) combination therapy (ETN and MTX started 
together); 2) step-up therapy (MTX started first, then ETN added); 3) switchers (MTX stopped before or during ETN 
administration); 4) MTX add-on (ETN started first, then MTX added later); and 5) ETN monotherapy. A marked 
variability in MTX use prior to ETN initiation was seen, with step-up therapy being the most common approach. Drug 
retention rates of ETN were 66.3% at 24 months, 49.4% at 36 months, and 37.3% at 48 months. However, treatment 
maintenance varied across JIA subtypes and was longer when ETN was started as monotherapy or after discontinuing 
MTX.54

The effectiveness of re-treatment with ETN after its discontinuation for achievement of CID was scrutinized by 
Klotsche et al in two large prospective registries, BiKeR and JuMBO. Of a total of 1724 JIA patients, 338 were given 
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a second ETN course and 54 a third course. Discontinuation rate due to inefficacy or adverse events was similar across 
treatment courses: 19.4%/6.2% for the first, 18.6%/5.9% for the second, and 14.8%/5.6% for the third.55 Seventy-seven 
percent of the 332 patients who were discontinued after achieving remission experienced a disease flare within an 
average of 12.1 months, but no risk factors for flare were identified. Importantly, 72.7% of patients who flared were re- 
treated with ETN, and approximately 70% of them achieved again CID within 12 months. These findings indicate that 
ETN remains effective when reinitiated after a disease flare following discontinuation due to remission.

Adalimumab and Uveitis
Although the management of JIA-related uveitis continues to pose considerable clinical challenges, the introduction of 
bDMARDs, especially ADA, has improved considerably its prognosis.56 A recent investigation examined the results of 
20 years of JIA-uveitis management at a tertiary care referral center by comparing patients treated before and after the 
introduction of biologics. The use of systemic glucocorticoids declined over time (p = 0.008), while MTX prescription 
increased progressively (p = 0.039), with 93.3% of the patients receiving this medication at the time of the study. The 
administration of bDMARDs (ADA in 72.7% of the patients), resulted in fewer uveitis recurrences and complications.57

The efficacy and safety of ADA in JIA-associated uveitis was confirmed in a pooled analysis, which found that this 
agent increased treatment success and reduced treatment failure compared to placebo (RR 2.60, 95% CI 1.30–5.20 for 
success; RR 0.23, 95% CI 0.11–0.50 for failure).58

The role of other promising therapies in refractory cases is currently being scrutinized against ADA as standard of 
care. A phase 3 trial, is currently evaluating baricitinib versus ADA in patients unresponsive to MTX, assessing response 
rates at 24 weeks.59 Other alternative agents include TCZ, ABT, GOL, and rituximab (anti-CD20).60 Biologic therapies 
may improve the success of ocular surgery. The results of the intervention for cataract were better in the subset of 
patients who were receiving bDMARDs.61

Although bDMARDs have a key role in the treatment of JIA-associated uveitis, there is some evidence that some of 
them, especially ETN, may contribute to its development. Among 21 new cases of uveitis seen at a single institution 
between 2014 and 2022, no difference was recorded between patients treated with MTX, ETN or no DMARDs. 
However, none of the patients receiving ADA had uveitis, suggesting a potential protective role of this drug.62

Tocilizumab
A recent consensus statement has outlined the indications, as well as the efficacy and safety profile, of IL-6 pathway 
blockers in both adult- and pediatric-onset rheumatic disorders.63,64

A comparative analysis of efficacy and pharmacokinetics of subcutaneous versus intravenous TCZ has shown that the 
two formulations achieved similar steady-state concentrations and that 53% and 31% of patients with systemic and 
polyarticular JIA, respectively, reached clinical remission. Safety was also comparable.65 A long-term extension study 
revealed that subcutaneous TCZ concentrations remained stable, and that clinical benefit was maintained in most 
patients.66 The demonstration of the equivalence between the two routes of administration is important, as subcutaneous 
injections are more feasible and can be easily performed at home.

The demonstration of the effectiveness of TCZ in systemic and polyarticular JIA has been strengthened by the 
observation of its potential ability to halt the progression of radiographic joint in the post hoc evaluation of the 
radiographs collected in two randomized controlled trials (TENDER and CHERISH).67

The usefulness of intravenous TCZ was examined in 8 patients with refractory JIA-associated uveitis previously 
treated with MTX (n = 8) and/or TNFi (n = 6). Five of the 8 patients achieved remission of ocular inflammation and all 
patients with cystoid macular edema had amelioration of visual outcomes.68

Golimumab
The long-term efficacy, pharmacokinetics, immunogenicity, and safety of intravenous (IV) GOL in children with 
polyarticular JIA have been scrutinized in the long-term extension of the GO-VIVA study. Participants received IV 
GOL (80 mg/m² every 8 weeks) beyond the initial 52-week trial period, up to week 252. GOL concentrations remained 
within the expected therapeutic range from week 52 through week 244. The frequency of anti-drug antibodies was 39.2% 
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and 44.8% at week 52 and 244, respectively. Neutralizing antibodies were identified in 28% of participants. The clinical 
response was sustained over time, with ACR Pedi 30/50/70/90 improvement rates at week 116 of 72.4%, 71.7%, 63.8%, 
and 50.4%, respectively. The safety profile was consistent with prior findings.69

Abatacept
ABT as monotherapy and in combination with MTX were compared in patients with polyarticular-course JIA over two 
years. Both regimens showed sustained efficacy, with similar ACR Pedi response rates regardless of prior biologic 
exposure. Pharmacokinetic analysis confirmed that MTX did not alter ABT clearance. Safety outcomes were comparable 
between the two groups, with occasional minimal injection site reactions.70

The long-term safety of ABT was assessed using PRINTO/PRCSG registry data, which included 569 patients (1214.6 
PY). Both SAEs (IR 5.52/100 PY) and serious infections (IR 1.48/100 PY) were uncommon. Effectiveness was 
maintained, with 55.9% of patients achieving low disease activity and 35.6% CID.71

Secukinumab
This bDMARD, a fully human monoclonal antibody targeting IL-17A, is primarily proposed for the treatment of ERA 
and juvenile PsA. It was tested in a randomized, double-blind, placebo-controlled, phase 3 trial based on the withdrawal 
design, which enrolled 86 patients. Patients who achieved an ACR Pedi 30 response at week 12 were randomly assigned 
1:1 to continue secukinumab (SEK) or receive placebo. The primary endpoint—time to disease flare—was significantly 
longer in the SEK group than in the placebo group. Secondary endpoints, such as rates of ACR Pedi 30/50/70/90/100 
responses and CID, and disease activity scores (JADAS27), were attained more frequently in patients treated with SEK. 
The most common side effects included nasopharyngitis, nausea, upper respiratory infections, and diarrhea. Overall, 
safety profile was consistent with that seen in adult PsA and axial spondyloarthritis (SpA).72

Oligoarthritis
Although most patients with persistent oligoarthritis pursue a mild disease course and may not require the introduction of 
a bDMARD, some of them fail to respond adequately to first-line treatments, such as NSAIDs, intra-articular gluco
corticoids, and MTX, and require escalation to biologic therapy.

The timing and necessity of starting bDMARDs in patients with this JIA category who were already receiving MTX 
were investigated by Polat et al. The 86 patients were divided into two groups: 69 were on MTX alone and 17 required 
the addition of a bDMARD.73 Predictors of bDMARD initiation were sought for. However, at the time of diagnosis, 
gender, age, disease duration, number or type of affected joints, as well as JADAS10 were similar between the groups.

However, by the third and sixth months of treatment, JADAS10 scores remained higher in the MTX plus bDMARD 
group (p = 0.001 and p = 0.004, respectively). Multivariate analysis revealed that for each point increase in JADAS10 at 
3 months, the likelihood of adding a bDMARD increased by 1.24-fold (p = 0.004, 95% CI: 1.07–1.43). Importantly, the 
number or type of joints affected at disease onset did not predict bDMARD requirement. The authors concluded that 
JADAS10 scores at 3 and 6 months, rather than baseline disease activity, forecast the need for bDMARD escalation in 
persistent oligoarticular JIA.

Enthesitis-Related Arthritis
Children with this JIA category, particularly those with axial involvement, share significant clinical and biological 
similarities with adults with SpA, including HLA-B27 positivity, sacroiliitis, inflammatory back pain, and enthesitis. 
However, due to differences in classification criteria, the FDA has historically waived pediatric studies for axial SpA 
treatments, thus limiting available approved therapies for ERA. As a result, none of the FDA-approved therapies for adult 
axial or peripheral SpA have been formally studied or labeled for use in pediatric patients with ERA.74

Shipa et al evaluated drug survival of ADA and ETN as first-line biologic therapy in patients with ERA and analyzed 
the factors that influence treatment persistence over a 10-year period (2009–2019). A total of 188 biologic-naïve patients 
were included, 108 receiving ETN and 80 ADA. Over the study period, 99 patients discontinued their first-line TNFi, 
with a median drug survival of 3.9 years.75 ADA combined with MTX provided the longest drug survival compared to 
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ETN-based regimens or ADA monotherapy. Patients with axial involvement, especially those with high CRP levels at 
baseline, were more likely to experience treatment failure and to require alternative therapeutic strategies.

The BACK-OFF JSpA trial is the first randomized study designed to evaluate bDMARD de-escalation strategies in 
children with juvenile SpA who have achieved sustained CID on TNFi.76

Systemic JIA/Pediatric-Onset Still’s Disease
A systematic review of treatments for Still’s disease, of either pediatric and adult onset, aimed to inform the EULAR/ 
PReS guidelines for disease management was conducted recently. IL-1 and IL-6 inhibitors were found to display the best 
efficacy in controlling both systemic and articular inflammation. The meta-analyses of existing randomized controlled 
trials disclosed an odds ratio for ACR Pedi 50 response of 6.02 (95% CI 2.24–21.36) for IL-1 inhibitors and of 8.08 (95% 
CI 1.89–34.57) for IL-6 blockers. In contrast, MTX, cyclosporine, and TNFi exhibited marginal efficacy.77

These findings were confirmed by the systematic review and network metanalysis of Kilic et al, which showed that 
the same bDMARDs increased the likelihood of achieving an ACR Pedi 50 response compared to placebo.78 No 
differences were found in the occurrence of serious adverse events, suggesting that the available options have an 
acceptable safety profile. ANK emerged as the most effective and safe agent, followed by CAN, RLN, and TCZ.

Other investigations ranked CAN before ANK in terms of effectiveness. The German autoinflammatory diseases 
registry collected 111 patients treated with IL-1 inhibitors. Twenty-eight (51%) of the 55 patients on ANK and 17 
(85%) of the 20 on CAN achieved CID. Clinical response was maintained in 74% of patients on CAN and 68% on 
ANK.79

A Turkish retrospective multicenter study highlighted the frequent tendency for patients started with ANK to switch 
over time to other biologics. More than half (58.8%) of the patients who were initially given ANK were transitioned to 
another bDMARD, primarily CAN (80%). Nevertheless, the early efficacy of ANK was underscored by its better 
physician’s global assessment scores at month 3 (p=0.04).80

Some studies tried to verify the previously postulated relationship between the effectiveness of ANK and particular 
IL1RN risk alleles. This association was not confirmed by Erkens et al, who found high rates of CID at 6 months, 1 year, 
and 2 years irrespective of the IL1RN status.81 Another group investigated the correlation of genetic variants with 
treatment response in systemic JIA. Their retrospective analysis included 56 patients treated with ANK, 73.2% of whom 
had reached CID at 6 months. In contrast with the former study, the homozygosity for at least one high-expression single 
nucleotide polymorphism (SNP) in the IL1RN gene led to a six-fold higher risk of non-response.82 Despite these 
disparities, the search for genetic predictors of drug effectiveness should be further intensified in the future as it is crucial 
to implement personalization of treatment.

The critical importance of early bDMARD initiation in systemic JIA was emphasized by Beukelman et al, who 
compared first-line therapeutic strategies by applying the CARRA consensus treatment plans (CTP) in the context of 
the First-line Options for sJIA Treatment (FROST) study.83 Among 73 children with new-onset systemic JIA, 86% 
received the biologic CTP (ie IL-1 or IL-6 inhibitors) and 14% the non-biologic CTP (ie glucocorticoids alone or 
MTX). Half of the patients in the non-biologic CTP group were given a bDMARD within 4 months to achieve the 
same level of response of patients in the biologic CTP. The favorable impact of first-line bDMARD therapy on 
glucocorticoid sparing was demonstrated in a retrospective observational study that emulated a pragmatic trial by using 
administrative data.84

A systematic review assessed the efficacy and safety of ABT in systemic JIA. The ACR Pedi 30, 50 and 70 response 
rates were 64.8%, 50.3% and 27.9% at 3 months, and increased to 85.7%, 71.4% and 42.9% at 6 months, and to 80.0%, 
50.0% and 40.0% at 12 months. However, specific data on systemic and joint symptoms, and activities of daily living 
were not reported, which limit the appraisal of the overall impact of ABT on the disease burden.85

Another systematic review by the same group addressed the role of TNFi in systemic JIA. ETN was found to be more 
efficacious than IFX, and the latter agent induced frequently severe adverse reactions, including anaphylaxis.86 However, 
because it is well known that TNFi therapy has little or no effect on systemic symptoms, it would be useful to the 
clinicians to get specific information on the efficacy of these agents on joint disease, once extra-articular features have 
subsided.
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Interstitial lung disease is an emerging and serious severe complication of systemic JIA, that is often linked to MAS 
or adverse reactions to biologic therapies. The disease course, treatment strategies, and long-term outcomes of children 
with this condition have been described in a prospective cohort analysis involving 41 patients. The presence of the HLA- 
DRB1*15 haplotype was significantly more common in patients with lung involvement, suggesting a genetic 
predisposition.87 Thus far, there is no clear demonstration that this complication is related to the increased use of IL-1 
and IL-6 inhibitors in systemic JIA, as recently hypothesized based on its increased prevalence in parallel with the 
growing use of these bDMARDs and its association with idiosyncratic reactions to the same drugs.88 No recommenda
tions are currently available for its optimal treatment and the therapeutic approaches have varied widely.

Macrophage Activation Syndrome
The METAPHOR project is aimed at providing a comprehensive systematic review of current treatment approaches for 
MAS worldwide.89 A total of 57 studies have been examined, which included 1,148 patients with systemic JIA- 
associated MAS (n = 889), systemic lupus erythematosus (n = 137), Kawasaki disease (n = 69), and other rheumato
logical conditions (n = 53). Treatments were found to be largely different across different centers and countries. 
Glucocorticoids were used in 90% of cases, with methylprednisolone being preferred over dexamethasone. 
Cyclosporin was frequently prescribed, particularly in patients with systemic JIA-associated MAS. In the same group 
of patients, ANK administration was associated with a favorable outcome in 83% of patients.

The IFNγ inhibitor emapalumab was tested in a Phase II, open-label, single-arm clinical trial, which involved 14 
patients with systemic JIA-associated MAS. This trial was conducted in several European and US centers. Emapalumab 
proved quite effective, as 93% of patients achieved remission. Safety profile was overall satisfactory, although some 
patients developed new or reactivated CMV infections, all of which were resolved spontaneously or with standard 
treatment.90

Conclusion
In the past 5 years, a number of studies have provided new information from the real world of clinical practice about the 
effectiveness and safety of the bDMARDs approved for use in JIA in the previous two decades. Furthermore, novel 
therapeutic agents have been proposed for the disease categories that lacked specifically approved therapies or for 
particular complications or comorbidities. Innovative management strategies, such as the step-down and T2T approaches, 
have been designed to maximize the therapeutic benefits through the optimal combination of the newer and conventional 
medications. Altogether, these advances hold the promise of further improving the outcomes for children with JIA. 
Several unmet needs remain, however, such as the absence of evidence-based recommendations for medication with
drawal after the achievement of sustained remission and of suitable protocols for patients who do not respond adequately 
to the contemporary interventions. Future investigations should also seek reliable early predictors of therapeutic response 
that enable personalization of treatment and enhance its precision.
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