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Preface

Autoinflammatory diseases are not only of increasing interest for clinical immunologists as well

as rheumatologists but fascinate researchers in other fields of medicine such as hematology, oncology

and infectiology. Although related to different pathways, all autoinflammatory diseases share the

prominent involvement of the innate immune system in their pathogenesis. This progress allows for

a deeper understanding of closely linked diseases, such as inflammasomopathies, interferonopathies,

relopathies, and proteasome-associated syndromes. These insights have not only improved their

classification but have also helped us to identify new treatment targets of pro-inflammatory cytokines,

including IL-1ß, IL-6, interferon-, and TNF-alpha. Nevertheless, there is still an urgent medical need,

especially in the recognition of syndromes of undifferentiated recurrent fever and reliable outcome

measures, for the confirmation of data from controlled clinical trials, in addition to data from registers

regarding patients’ long-term experiences.

The Special Issue entitled “Systemic Autoinflammatory Diseases—Clinical Rheumatic

Challenges Series 2” of the Journal of Clinical Medicine includes articles on already established

standards as well as remaining challenges in the management of certain complex and

interdisciplinary conditions such as the recently described VEXAS. Special attention is also paid

to patients’ experience and the impact of COVID-19 vaccination. Of importance for clinicians, this

Special Issue features an article that focuses on relevant differential diagnosis of fever of unknown

origins, namely functional hyperthermia.

Since we have entered a new age in this complex field with a close link between rheumatology

and immunology, it is our aim to raise awareness for autoinflammatory processes and to better

understand their potential short- and long-term risks such as amyloidosis and fibrosis.

Eugen Feist

Editor
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Abstract: Background: Autoinflammatory diseases (AIDs) are rare, mostly genetic diseases that affect
the innate immune system and are associated with inflammatory symptoms. Both paediatric and adult
patients face daily challenges related to their disease, diagnosis and subsequent treatment. For this reason,
a survey was developed in collaboration between the FMF & AID Global Association and the Erlangen
Center for Periodic Systemic Autoinflammatory Diseases. Methods: The aim of the survey was to collect
the personal assessment of affected patients with regard to their current status in terms of diagnostic
timeframes, the interpretation of genetic tests, the number of misdiagnoses, and pain and fatigue despite
treatment. Results: In total, data from 1043 AID patients (829 adults and 214 children/adolescents) from
52 countries were collected and analyzed. Familial Mediterranean fever (FMF) (521/50%) and Behçet’s
disease (311/30%) were the most frequently reported diseases. The average time to diagnosis was 3 years
for children/adolescents and 14 years for adults. Prior to the diagnosis of autoinflammatory disease,
patients received several misdiagnoses, including psychosomatic disorders. The vast majority of patients
reported that genetic testing was available (92%), but only 69% were tested. A total of 217 patients reported
that no increase in acute-phase reactants was detected during their disease episodes. The intensity of pain
and fatigue was measured in AID patients and found to be high. A total of 88% of respondents received
treatment again, while 8% reported no treatment. Conclusions: AID patients, particularly adults, suffer
from significant delays in diagnosis, misdiagnosis, and a variety of symptoms, including pain and fatigue.
Based on the results presented, raising awareness of these diseases in the wider medical community is
crucial to improving patient care and quality of life.

Keywords: autoinflammatory diseases; familial Mediterranean fever (FMF); Behcet’s disease;
diagnosis; misdiagnoses; patient survey; pain; fatigue
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1. Introduction

The term “autoinflammatory disease” was coined by McDermott et al. in 1999 and
refers primarily to diseases of the innate immune system [1]. Most cases of autoinflam-
matory diseases are genetically classified as monogenic, while others are polygenic and
multifactorial, caused by a variety of mutations. However, in more than half of individ-
uals suspected of having an autoinflammatory disease, no causative gene was found [2].
Prior to genetic testing becoming widely available, patients were diagnosed solely on the
basis of their clinical presentation. Many of these autoinflammatory diseases can mimic
infectious, malignant, and rheumatic issues, resulting in a delayed diagnosis. Typically,
medical survey data are collected by researchers for doctors. However, in this unique
approach, patient experts (certified EUPATI—European Patients Academy on Therapeutic
Innovation) and specialized physicians collaborated to develop this survey, aggregate the
data, and collect the results. While participation was voluntary, respondents explicitly
agreed to anonymized data analysis and the publication of results. The aim of this effort is
to represent the value of the patients’ voices by capturing their responses and experiences
in managing their AIDs and related symptoms.

Autoinflammatory diseases often begin in childhood or early adulthood and are fre-
quently diagnosed many years after their onset [3]. These diseases may also appear later in
life and are often not recognized in adult patients. Diagnostic delays can be attributed to
a variety of factors. For example, a common misconception is that patients with familial
Mediterranean fever (FMF) must be of Mediterranean descent or that autoinflammatory
patients must have homozygous mutations to develop symptoms [4,5]. In addition, al-
though autoinflammatory diseases often present as periodic fever syndromes, patients
do not always have a fever or elevated acute-phase reactants. Due to the rarity of these
diseases, it is understandable that medical knowledge is limited, and therefore, effective
treatments are often initiated late or are not available. Colchicine is widely used in AIDs,
including Behçet’s disease, as it reduces aphthous ulcers, controls inflammation, and re-
duces the intensity and frequency of relapses. Interleukin (IL)-1 inhibitors such as anakinra,
canakinumab, and rilonacept are effective in the treatment of many different AIDs [6–10].
However, these biological drugs are not available in all countries, making effective disease
control difficult [7–17].

Based upon these shortcomings and challenges, a survey was developed to investigate
how these and other factors affect the diagnosis, treatment, and care of autoinflammatory
disease patients.

2. Materials and Methods

2.1. Description of the Survey

A cross-sectional survey with 30 questions was developed by members of the patient
organization FMF & AID Global Association (Executive Director, Malena Vetterli, and Re-
search Officer, H. Ellen Cohen) under the guidance of Juergen Rech (MD, Head of the Centre
for Periodic Systemic Autoinflammatory Diseases at the University of Erlangen-Nuremberg,
Germany). For the purpose of the survey, the term uSAID (undifferentiated/undiagnosed
systemic autoinflammatory diseases) is used when a patient has an unidentified autoin-
flammatory disease. The survey was first published at the beginning of 2021, was available
for 6 weeks on the EU-Survey platform from the European Commission, and was shared
on social media in Facebook closed groups. The survey was translated from English into
German, French, Italian, Spanish, Portuguese, Turkish, Arabic, Greek, Hebrew, Russian,
and Georgian. The objective of the survey was to collect data on the given diagnoses (FMF,
periodic fever, aphthous stomatitis, pharyngitis, and adenitis (PFAPA) syndrome, familial
cold autoinflammatory syndrome (FCAS), Muckle–Wells syndrome (MWS), neonatal-onset
multisystem inflammatory disease and others). Chronic infantile neurological cutaneous
and articular syndrome (NOMID/CINCA), TNF receptor-associated periodic syndrome
(TRAPS), Mevalonate kinase deficiency (MKD), familial cold autoinflammatory syndrome-
2 (FCAS2), NOD2-related systemic autoinflammatory granulomatosis (Blau Syndrome),
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Yao syndrome (NOD2-associated autoinflammatory disease, presents with erythematous
plaques and patches, periodic fevers, myalgia, gastrointestinal (GI), and sicca-like symp-
toms), deficiency of adenosine deaminase 2 (DADA2), Behçet’s disease, unspecific systemic
autoinflammatory disease (uSAID), patient access to specialists, genetic testing, diagnostic
time frames, misdiagnoses, access to treatment, patient satisfaction, pain management, level
of fatigue and patient wellbeing. In addition, it was shared with organizations affiliated
with FMF & AID (see Acknowledgments section) and collaborating groups, with a total of
approximately 100,000 patients worldwide. Participation in this survey was voluntary, and
all those who took part agreed that the anonymized information from the survey could be
analyzed and published. This study was approved by the International Review Board of
the University Clinic Erlangen (#362_20 Bc).

2.2. Statistical Analysis

Statistical analyses were essentially descriptive and exploratory. Summary statistics
were calculated based on the scales of the characteristics, i.e., categorical variables were
summarized using counts and percentages, and scale variables were summarized using
means and standard deviations. Data manipulation and visualization were undertaken
using Excel.

3. Results

The survey dataset results indicated the average time to diagnosis in children/adolescents
was 3 years and 14 years for adults. Patients received multiple misdiagnoses prior to a correct
AID diagnosis, including psychosomatic disorders (210 patients), fibromyalgia (140 patients),
osteoarthritis (69 patients), irritable bowel syndrome (200 patients), and asthma (78 patients).
The vast majority of patients reported that genetic testing was available (92%), while only 69%
were tested. A total of 217 patients reported that no elevation of acute-phase reactants was
found during their flares. The intensity of pain and fatigue were measured among AID patients
and found to be high. A total of 88% of respondents received treatment, while 8% reported
no treatment.

3.1. Demographic Characteristics

FMF & AID received 1043 responses from patients who completed the survey (Figure 1).
A total of 829 patients (79.48%) were adults (>18 years) and 214 children/adolescents
(20.51%). AID patients from many different countries participated in this survey, with the
majority of responses coming from patients in the USA, Turkey, and Germany. A wide
spectrum of AID patients contributed to this survey, with FMF and Behcet’s disease being
the most frequent diagnoses. The average timeframe for a child/adolescent to be diagnosed
with AID was 3 years, while the average timeframe for an adult patient was 14 years. While
pediatric patients are diagnosed in a shorter timeframe than adults, parent and caregiver
satisfaction was extremely low.

 

Figure 1. Indication of countries and the number of participants per country who completed
the questionnaire.
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3.2. Genetic Testing

The vast majority of patients reported that genetic testing was available (92%) and
was carried out (69%) (Figures 2 and 3). Insurance paid for genetic testing in 56% of cases,
while 19% required self-payment, and 6% reported a mixed payment model. Of note,
not all tested patients had access to their genetic results, and other patients were denied
genetic testing.

Figure 2. Percentage of participants who had or did not undergo genetic testing.

Figure 3. Basic availability of genetic testing overall across all countries of the participants in
the survey.

3.3. Laboratory Changes

A total of 217 (20.81%) patients in this survey reported that inflammatory markers
in blood tests, such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), or
serum amyloid A (SAA), were not elevated during a disease flare-up. Of note, SAA testing
is not available in the United States.

3.4. Disease Impact on Pain and Fatigue

The intensity of pain associated with AID was measured using the standard visual
analog scale (VAS 0–10). Patients were asked to rate their pain over the last 7 and 30 days.
The patient feedback indicated substantial pain levels with a mean VAS of 4.2 (SD +/−3.0)
during the last 7 days and 4.8 (SD +/−2.7) during the last 30 days (Figure 4).
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Figure 4. Display of pain and fatigue intensity 7 days (7 d) and 30 days (30 d) retrospectively, as well
as the improvement in the entire period from the beginning of treatment to the present.

The intensity of fatigue was measured by VAS (VAS 0–10). Also, the fatigue burden
was high, with a mean VAS of 5.3 (SD +/−3.0) during the last 7 days and 5.7 (SD +/−2.8)
during the last 30 days (Figure 4).

Over-the-counter medications, such as acetaminophen, metamizole, and aspirin, as
well as prescribed NSAIDs, such as ibuprofen, diclofenac, and naproxen, were used for
pain control. Some patients also required opioids and neuropathic pain medications, such
as pregabalin and gabapentin. A total of 88% of respondents received treatment, 8% did
not receive treatment, and data were not available for 4% of participants.

3.5. Monogenic Patients Presenting with a Fever

A total of 690 patients with monogenic disease responded to the survey, and surpris-
ingly, a marked difference should be noted between children and adults expressing fevers
as a clinical symptom in their individual disease presentation.

Of the 547 adults identified, only 328 reported fevers as an initial disease presentation
(Figure 5), whereas out of the 143 pediatric cases reported, 129 presented with a fever
(Figure 6). While fevers are often an assumed factor in AID, they are not always present in
all-age patients. Adults appear to present with fewer fevers than children. A total of 40%
of adult respondents were absent from fevers, compared to only 9.8% of children.

Figure 5. Number of adult patients who reported episodes of fever associated with their
monogenic disease.
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Figure 6. Number of pediatric patients who reported episodes of fever associated with their mono-
genic disease.

This significant difference raises issues as to how the aging process impacts body tempera-
ture in these innate immune responses over time and how unknown metabolic pathways or
genetic variants alter the presentation of fevers from disease inception into adulthood.

It is important to note that 152 all-age patients indicated low or hypothermic tempera-
tures (between 34 ◦C/93.2 ◦F and 36 ◦C/96.8 ◦F) present during flare times, and further
medical investigation should be undertaken to not only better understand the mechanics of
body temperature in these disorders but to also ensure that these patients are not incorrectly
dismissed or ruled out of an AID diagnosis. Additionally, it is critical for adult AID-treating
physicians to carefully review and note if childhood fevers in these older populations were
a prior factor in their case work-up.

3.6. Monogenic Patients Presenting with Neurological Symptoms

Neurological impacts were also noted in 424 AID monogenic children and adults.
Symptoms, including headaches, seizures, bad memory, brain fog, and lack of concentration,
were reported by 356 adults (Figure 7) and 68 patients under the age of 18 (Figure 8).

Figure 7. Number of adult patients who reported neurological problems related to their
monogenic disease.
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Figure 8. Number of child patients who reported neurological problems related to their
monogenic disease.

While there is newfound awareness as to the importance of AID inflammation impact-
ing the brain and central nervous system (CNS), it will be important for all age patients to
be assessed and managed, as these neurological issues may change or emerge over time. A
higher percentage of adults (65%) reported having problems per the survey as compared to
51% of children.

3.7. Issues in Diagnosis and Disease Management

A total of 669 AID patients (64.14%), 542 of whom were adults, and the remaining
127 children/adolescents considered that their medical team lacked specific knowledge and
experience to appropriately diagnose, treat, and monitor AID (Figure 9). A total of 271 AID
patients, among them 243 adults and 28 children/adolescents, reported being dismissed,
contributing to a delay in care. Misdiagnosed conditions included psychosomatic disorder
(210 patients), fibromyalgia (140 patients), osteoarthritis (69 patients), irritable bowel
syndrome (200 patients), and asthma (78 patients) (Figure 10). The most important barriers
patients experienced were not being taken seriously with regard to their symptoms, refusing
appropriate and timely blood testing during flares, encountering physicians unwilling to
consult with experts in the field, or rejecting the case outright.

Figure 9. Lack of medical knowledge and experience was reported by patients.
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Figure 10. Frequency and designation of incorrect diagnoses.

3.8. Medical Treatment in AID

The majority of patients (921 patients; 88%) responded that their AID was treated after
being diagnosed (Figure 11). A total of 697 (66%) patients were put on drug treatment.
Colchicine, which is the first line of treatment for FMF, is also widely used for PFAPA,
Behcet’s, uSAID, CAPS, TRAPS, and HIDS. It was the most frequently used drug cited in
this survey (Figure 12).

Figure 11. Number of patients treated after diagnosis.

Figure 12. Number of patients treated with colchicine.

Biological drugs such as IL-1 inhibitors (anakinra, canakinumab, and rilonacept),
IL-6 inhibitors (tocilizumab), and TNF-alpha blockers (i.e., infliximab, adalimumab, and
etanercept) are also used for AID treatment. Conventional immune-modulating medica-
tions such as prednisolone, azathioprine, methotrexate, and hydroxychloroquine were also
reportedly used.

8
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3.9. IL-1 Biologic Use in Pediatrics and Adults—Quality of Life Improvement

According to survey responses, IL-1 inhibitors had different quality of life (QoL)
success rates between children and adults. While 55% of pediatric patients reported QoL
improvement on IL-1 biologic treatment, a surprising 39% only had a partial resolution,
which did not translate into a robust and symptom-free QoL. A total of 6% reported no
QoL improvement on IL-1 medications (Figure 13). Whereas 53 percent of adult patients
reported that using IL-1 biologics did not provide enough efficacy for full QoL, only 34%
regained full functionality. A total of 13% reported no improvement with medication use
(Figure 14).

Figure 13. Number of pediatric patients receiving IL-1 biological therapy and Quality of Life
(QoL) response.

Figure 14. Number of adult patients receiving IL-1 biological therapy and Quality of Life
(QoL) response.

These data raise a variety of concerns related to the overall efficacy of IL-1 inhibitors,
implications from the medical literature reporting full symptom resolution based on small
samples of rare patients, and equal tolerability of these medications in all age populations.

Patients who do not make a full resolution on these IL-1 inhibitors should be consid-
ered for an increased dose of medication or for prescribing a secondary biologic for better
symptom control. Despite the use of biologics, even at higher doses, patients may present
with infrequent breakthrough flares and require additional medications, including steroids
and pain control.

3.10. Treated Patients Recording a 5+ Pain Score

Despite treatment, 468 out of 1043 respondents reported having a mean pain score of
5+ or above in the last 30 days (pain score: 0 “no pain”—10 “as bad as it could possibly be”).
Out of these 468 patients, 288 diagnosed with a monogenic disease (240 adults (Figure 15)
and 48 children (Figure 16)) experienced a pain score of 6 or above despite being treated
with colchicine, biologics, or a combination of both.

9
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Figure 15. Distribution of applied therapies in adult patients with a monogenic disease and a pain
score assessment according to the visual analogue scale > 5 (norm 0–10).

Figure 16. Distribution of applied therapies in pediatric patients with a monogenic disease and a
pain score assessment according to the visual analogue scale > 5 (norm 0–10).

The survey data indicate that 44.9% of treated patients have high levels of pain, which
must be taken seriously by treating physicians. With almost half of patients reporting
elevated pain scores, treatment protocols should be revised and further researched. Dosing
adjustments of both colchicine and biologic medications should be reconsidered based on
patient symptoms and pain response, despite negative APR results. Patients on colchicine,
experiencing pain, or those on the highest safe doses should be considered for a biological
drug addition if medication is available, regardless of cost.

Finally, it is important to change the perception that colchicine and/or biologics
provide complete resolution of all disease symptoms, as there is no cure for autoinflamma-
tory diseases. Additional medication options must be incorporated based on the treated
patient’s lived experience. It should be recognized that pain management in autoinflamma-
tory diseases may not always be effective, as some patients do not respond to or tolerate
NSAIDs and may require opioids or corticosteroids to control breakthrough symptoms
and pain. These add-on treatments should be considered the standard of care for all those
managing uncontrolled symptoms.

3.11. Global Distribution of Familial Mediterranean Fever Cases

Familial Mediterranean fever (FMF) is a monogenic disorder and the most common
inherited autoinflammatory disease. The disease presentation is more prevalent in people
of Mediterranean descent. However, patients with FMF have been identified globally. It
equally affects males and females, usually presenting before 20 years of age. Symptoms
include abdominal pain, recurring fevers, joint pain and swelling, headaches, pharyngi-
tis, ankle swelling, monoarthritis, chest pain, pericarditis, leg pain, myalgia, cutaneous
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manifestations (erysipelas-like erythema, non-specific purpuric rash, Henoch–Schönlein
purpura), orchitis, fatigue and others.

The survey was completed by 415 patients who were diagnosed with FMF and with-
out other co-existing autoinflammatory diseases. Patients with FMF included 70 chil-
dren/adolescents and 345 adult cases. Respondents from 31 countries diagnosed with
FMF were noted in the survey, with Turkey having the highest number with 95 cases,
followed by the United States with 71 cases, and Germany with 69 cases (Figure 17). FMF
is diagnosed worldwide.

Figure 17. Worldwide distribution of Familial Mediterranean fever (FMF) patients per country who
participated in the survey.

3.12. FMF Patients QoL Improvement after Treatment

A total of 415 all-age FMF patients reported on QoL after treatments were used,
including colchicine, anakinra, canakinumab, Humira, Enbrel, and tocilizumab.

Despite treatment, only 206 patients reported an improved QoL, while 164 reported
that, although medicated, their QoL was still compromised. A total of 45 patients reported
that, with treatment, QoL had not improved (Figure 18). FMF is a complex autoinflamma-
tory disease, and despite the global use of colchicine, it does not provide 100% symptom
relief for all patients. Additionally, IL-1 inhibitors, used with or without colchicine, do not
always provide symptom resolution.

QoL for FMF patients remains challenging, and survey responses raise important
questions with regard to the dosing of medications and the overall efficacy of limited treat-
ments. It is critical in the future for medications to be developed targeting the inflammatory
pathways unique to FMF patients.
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Figure 18. Assessment of the response to therapy and improvement of QoL in FMF patients.

3.13. Global Distribution of Behçet’s Cases

Behçet’s disease is a polygenic disorder that likely developed along the ancient “silk
road” and impacted people of Mediterranean and Asian descent. This vascular-driven
autoinflammatory disease typically presents more severely in males and involves a con-
stellation of symptoms, including mouth/genital ulcers, uveitis/inflammatory eye is-
sues, skin pustules, GI ulcerations, neurological problems, joint pain, and various-size
vessel vasculitis.

The survey was completed by 278 Behçet patients (8 children/adolescents and 270 adults).
The location of patients responding suggests that the disease manifests perhaps more globally
than current medical literature suggests (Figure 19). Respondents from 32 countries diagnosed
with Behçet’s were noted in the survey, with the USA having the highest number with
113 cases, followed by Turkey with 46 patients. Further research is needed to determine the
actual prevalence of Behçet in all countries and all sections of the population.

Figure 19. Worldwide distribution of the number of Behçet patients per country.

Despite the country of origin where the symptomatic patient resides, it is important
that treating physicians do not dismiss these cases with the incorrect assumption that the
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location of the patient is the overarching criteria for a Behçet’s diagnosis. Cases continue to
be identified in Europe, Australia, the United States, South America, and others beyond the
Middle East and Asian regions.

3.14. Improving the Quality of Life of Behcet Patients after Treatment

A total of 278 all-age Behçet (polygenic) patients reported on QoL after treatments
including colchicine, apremilast, baricitinib, tofacitinib, cyclosporine, azathioprine/Imuran,
methotrexate, infliximab, etanercept, adalimumab, secukinumab, tocilizumab, ustekinumab,
anakinra, rituxan, interferon, golimumab, certolizumab pegol, and IVIG replacement.

Despite a wide variety of treatments utilized, QoL was reported to be compromised in
69% of these patients (Figure 20). Behçet’s is a complex multi-organ disease that impacts a
wide variety of body systems and presents differently in each case. Treatment decisions are
often made based on affected organs and tissues. For this reason, the list of possible drugs
is larger.

Figure 20. Assessment of the response to therapy and improvement of QoL in Behçet patients.

Regardless of the various treatments used, concerns about QoL remain challenging
and raise issues as to the dosing efficacy of listed medications, unknown genetic factors
impacting symptom control, and other physiologically affected pathways that have yet to
be acknowledged or discovered.

4. Discussion

Autoinflammatory diseases are genetically based disorders associated with a dysregu-
lation of the innate immune system, resulting in uncontrolled inflammation [17]. Variants
associated with AIDs are included in the 2022 classification of human inborn errors of
immunity [18], many of them caused by monogenic germline or somatic mutations, and
include 485 distinct disorders categorized into autoimmune, autoinflammatory, allergic,
and malignant phenotypes [19]. The most well-known AID is familial Mediterranean fever
(FMF), which is caused by variants in the MEFV gene [20]. It is known to be highly preva-
lent in the eastern Mediterranean region. However, with advances in genetic screening
and migration, the diagnosis of FMF patients has markedly increased across all coun-
tries [21–37]. AIDs are often severe conditions that require specialized care but are not
readily recognized. They usually affect patients early in their lives and will accompany
them for a lifetime. Proper management is of paramount importance. This survey, with
over a thousand responses, provides an overview of patients’ experiences related to the
diagnosis and management of AID.

Familial Mediterranean fever and Behcet’s disease were the most common diseases
reported in the survey. While both may present in higher population numbers within
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the Mediterranean and Asian regions, it is critical that medical professionals globally
recognize that each disease is prevalent across numerous countries and affects all age
patients [20,38,39]. The survey responses also highlight the poor QoL in FMF and Behcet’s
patients despite treatment, which can be attributed to the complexity of these rare diseases
and the lack of specialized medical knowledge.

While diagnosis in pediatric patients is relatively timely, adults with AID are often
misdiagnosed and not treated. This is due to overlapping symptoms mimicking infections,
skin diseases, malignancies, gastrointestinal diseases, allergic conditions, and immune
deficiencies. It is also common for AID patients to be diagnosed with autoimmune diseases
such as Sjögren’s syndrome, rheumatoid arthritis, and systemic lupus erythematosus,
with detrimental impacts on the patient’s health due to a delayed diagnosis and incorrect
treatment. Additionally, since AIDs are rare diseases that are not routinely included in
medical curricula, physicians may not be aware of them. As a consequence, patients are
often not listened to, not taken seriously, and even ignored, which requires them to seek
several consultations until they can locate a provider who has the necessary experience,
knowledge, and expertise to diagnose and manage their AID [31,32].

Recent advancements in molecular research on these diseases have resulted in a more
accurate classification that will continue to grow as new genetic mutations are identified.
In 2002, Infevers [40] was developed as a database tool for doctors and clinicians to verify
genetic data for AIDs. The aim of this international registry is to collect and report demo-
graphic, genetic, and clinical data for all currently known monogenic autoinflammatory
disorders. Nevertheless, there is a high percentage of patients who have symptoms but
have not yet received a proper diagnosis. These patients may be overlooked due to being
uSAID, lacking specific inflammatory markers, or having unclassified genetic variants.
The survey revealed that although genetic testing is performed frequently, patient access
to full results (all mutations found, including benign) is still suboptimal, and inadequate
interpretation may be an obstacle. Additionally, reimbursement or insurance coverage for
genetic testing remains challenging.

The survey also reveals that pain is one of the predominant causes of disability in
AID [41–45]. Only 10% of patients reported they were pain-free. Half of the survey
respondents indicated a pain score of more than 4 on a 0–10 scale, reflecting inadequate
pain control despite the use of medication. Pain is often poorly understood in AID, although
there is increasing evidence that the immune system may play a role in the development
of pain.

Additionally, fatigue is a major component of AID and is described by patients as
profoundly debilitating, impacting every aspect of their lives [38,39,45–49]. Consequently,
fatigue may severely affect wellbeing, causing a financial burden for the individual, family,
and society. In childhood/adolescence, it affects school attendance and performance,
socialization, and participation in sports or physical activities. In adults, the fatigue may be
disabling and impacting the overall quality of life, including career/work, relationships,
family/parenting, and self-esteem.

Moreover, it is vital for each age group to be appropriately assessed and treated by
neurologists for the medical impacts of headaches and seizures. However, it is also impor-
tant to consider that all-age patients expressing symptoms be cognitively evaluated by a
neuropsychology specialist for executive function deficiencies, short/long-term memory
retrieval, educational disabilities, ADHD, etc. These types of evaluations and findings
will ensure that learning and workplace productivity can be optimized by incorporating
accommodations and treatments as needed, thus allowing for robust patient functional-
ity [45,47–49].

It is also relevant to ensure that cognitive issues in children are addressed by caregivers,
as pediatric patients often do not have the language abilities to express struggles with
complex processing issues. Assessment and capture of each individual’s problems will be
important to allow for necessary support in schools and other educational environments.
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In rheumatic diseases, the association between fatigue and pain has been well documented.
Fatigue is often associated with increased pain, and both can be synchronous [38,39,46–51].
Inflammatory mechanisms related to the etiology of fatigue implicate a significant involvement
of cytokines. Interleukin (IL)-1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), IL-6, and
interferon gamma (IFN-γ) are mediators that can induce fatigue. Cytokines regulate normal
physiological functions, including mood, cognition, and sleep, and their expression varies over
the course of the day and in response to local activity. Consequently, it is likely that dysregulation
of inflammatory cytokines in AIDs can contribute to fatigue [46,52–62].

Autoinflammatory diseases often present with recurring attacks of fever, abdominal
pain, arthritis, and skin rashes. These symptoms are often tied to elevated acute-phase
reactants [50]. This survey also revealed that testing for the elevation of inflammatory
markers is not often attainable for patients during flare periods. Testing for serum markers
of inflammation is not always available or ordered by physicians. Isolated CRP testing may
not reveal the entire molecular spectrum of inflammation in AID patients. Additionally,
expectations of having extremely elevated inflammatory markers while ignoring mild
elevations or subclinical changes, including symptoms, may lead to misconceptions about
the presence of an AID [35]. Also, acute-phase reactants may not be present in each
individual AID entity [35].

Colchicine is the first-line treatment for FMF [3,62]. It is often used in other AIDs
such as PFAPA, Behcet’s disease, and uSAID. This medication is particularly useful for
treating oral and/or genital lesions and significantly reduces inflammation while increasing
the symptom-free interval between flares [20]. Colchicine is an inexpensive and safe
drug and the most frequently used medication cited in this survey. There are differences
among the colchicine brands. Individual patients may tolerate or respond differently to
the various preparations [7–11]. However, certain patients may not tolerate or respond
effectively to colchicine and, therefore, require alternative treatments such as IL-1 targeting
agents [13–16]. Patients requiring biological drugs often encounter accessibility challenges,
such as physicians refusing to prescribe medications due to high costs, insurance companies
not approving biological medications, limited approval (only a small number of patients
are allocated to receive medication), or the drugs not being available in the patient’s country
of residence.

Beyond prescribing issues, in some cases, patients may refuse biological treatment due
to a fear of not understanding how the medication works, concern about lifelong medication
use, and possible adverse reactions. Thus, doctors may require extended time with patients
to explain why the medication is being prescribed, common side effects, and how to manage
potential reactions. These issues may change in the future due to new and promising
therapeutic approaches, which are currently in either study phases or in development.
These include inhibiting the NLRP3 inflammasome and small-molecule inhibitors that
impact signaling pathways either upstream or downstream of the inflammasome [57].

Doses of biologics for controlling AID may vary. For example, CAPS (Cryopyrin-
associated periodic syndrome) patients may require higher or more frequent doses of
IL-1 biologic medications [13]. Inadequate or suboptimal dosing of IL-1 drugs for autoin-
flammation may lead to underreporting of medication efficacy.

There were limitations in this study. Respondents were not required to submit labora-
tory reports or medical records. Additionally, both monogenic and polygenic autoinflam-
matory diseases were included. Although the diagnosis of these participants could not be
confirmed via medical records, there would be little purpose for patients or their parents
to allot time to respond to the survey questions, as the link was only shared with those in
autoinflammatory-specific and private social media groups.

This study had the largest global response of pediatric and adult patients providing
feedback regarding their disease status. Over a thousand responses support the data
presented in this paper.
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5. Conclusions

The survey results ascertain that autoinflammatory patients of all ages are burdened
in many ways by not receiving a timely or correct diagnosis. Patients, per their survey
responses, often struggle through multiple misdiagnoses, incorrect treatments, and a lack
of specialized medical care, as well as contend with a compromised quality of life. The
most common misdiagnoses reported included asthma, osteoarthritis, psychosomatic,
IBS, fibromyalgia, etc. The patient ordeal is reflected as adults are noted to have longer
diagnostic delays of, on average, 14 years vs. 3 years for most pediatric cases.

These delays are attributed to a lack of both medical knowledge and specialized au-
toinflammatory care. Genetic testing is an important tool for AID diagnosis. Unfortunately,
it is not available in every country. Additionally, genetic criteria may be absent despite
symptoms, emphasizing the importance of patients receiving a clinical diagnosis of uSAID
to access treatment.

Biomarkers for these diseases require further discovery, as many patients in our survey
reported having negative acute-phase reactants (APR) during disease flare-ups, which are
considered a hallmark of AID. Lack of elevations in APR delays diagnosis and treatment,
prolonging the patient’s pain and suffering. Worldwide availability and low cost make
colchicine a commonly prescribed drug for the initial treatment of AID, while biological
agents were also used, according to the survey results. However, treatment with either
colchicine or IL-1 biologics does not guarantee that patients will be asymptomatic and have
full disease resolution. As our survey indicates, patients’ pain is a common finding, and
medications used include NSAIDs, opioids, and others.

This unique collaboration between FMF & AID Global Association and their medical
partners in Erlangen enabled the development and execution of this study. This model of
relationship-building between patient organizations and dedicated autoinflammatory cen-
ters is unique and allows for the identification of critical patient diagnostic shortfalls, gaps
in treatment efficacy, and quality-of-life issues impacting all-age patients. These important
factors are key to guiding therapy and developing new drugs. In the future, it will be critical
to include the voice, experience, and expertise of these rare autoinflammatory patients prior
to planning research initiatives and clinical trials. Patients and their families living with
AID carry a significant social, financial, and medical burden that requires comprehensive
support and care. Efforts must be made to strengthen physicians' and medical professionals’
knowledge by providing continuing medical education opportunities, specialized training
courses from AID expert centers, and an early interventional curriculum on AID for medi-
cal students. Collectively, patient organizations, treating physicians, researchers, health
authorities, and medical institutions need to work together in partnership to improve the
lives of AID patients.
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Abstract: VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome is a recently
recognized systemic autoinflammatory disease caused by somatic mutations in hematopoietic pro-
genitor cells. This case series of four patients with VEXAS syndrome and comorbid myelodysplastic
syndrome (MDS) aims to describe clinical, imaging, and hematologic disease presentations as well
as response to therapy. Four patients with VEXAS syndrome and MDS are described. A detailed
analysis of imaging features, hemato-oncological presentation including bone marrow microscopy
and clinical–rheumatological disease features and treatment outcomes is given. All patients were
male; ages ranged between 64 and 81 years; all were diagnosed with MDS. CT imaging was avail-
able for three patients, all of whom exhibited pulmonary infiltrates of varying severity, resembling
COVID-19 or hypersensitivity pneumonitis without traces of scarring. Bone marrow microscopy
showed maturation-disordered erythropoiesis and pathognomonic vacuolation. Somatic mutation
in the UBA1 codon 41 were found in all patients by next-generation sequencing. Therapy regimes
included glucocorticoids, JAK1/2-inhibitors, nucleoside analogues, as well as IL-1 and IL-6 receptor
antagonists. No fatalities occurred (observation period from symptom onset: 18–68 months). Given
the potential underreporting of VEXAS syndrome, we highly recommend contemporary screening
for UBA1 mutations in patients presenting with ambiguous signs of systemic autoinflammatory
symptoms which persist over 18 months despite treatment. The emergence of cytopenia, espe-
cially macrocytic hyperchromic anemia, should prompt early testing for UBA1 mutations. Notably
conspicuous, pulmonary alterations in CT imaging of patients with therapy-resistant systemic au-
toinflammatory symptoms should be discussed in interdisciplinary medical teams (Rheumatology,
Hematology, Radiology and further specialist departments) to facilitate timely diagnosis during the
clinical course of the disease.

Keywords: autoinflammation; imaging; myelodysplastic syndrome; VEXAS syndrome

1. Introduction

The VEXAS syndrome is an autoinflammatory systemic disease first described in
2020 [1]; the acronym stands for vacuoles, E1 enzyme, X-linked, autoinflammation and
somatic (mutation). The majority of affected patients are men in their fifties to seventies,
presenting with a severe inflammatory syndrome and hematologic abnormalities [2–4].
Diagnosis is made by confirmation of alterations in the UBA1 gene, which is typically per-
formed using genomic DNA from peripheral blood leukocytes or bone marrow tissue [5–7].
The disease is characterized by a somatically acquired mutation affecting methionine 41 of
the E1-ubiquitin ligase UBA1, resulting in the expression of a catalytically impaired isoform
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that drives inflammation processes in the body. Common clinical features observed in
VEXAS syndrome patients include skin lesions (83%), non-infectious fever (64%), weight
loss (62%), lung involvement (50%), ocular symptoms (39%), relapsing chondritis (36%),
venous thrombosis (35%), lymphadenopathy (34%), and arthralgia (27%) [3]. Addition-
ally, patients with VEXAS syndrome experience progressive hematologic abnormalities
such as macrocytic anemia, thrombocytopenia, and myeloid dyspoiesis [8–10]. In a sub-
stantial number of cases, the disease may progress to an overt hematologic malignant
condition [11–13]. Bone marrow aspirates typically show characteristic vacuoles restricted
to myeloid and erythroid precursor cells [6,9]. Due to the novelty of the disease, there are
currently no evidence-based recommendations for treatment. Treatment options include the
use of glucocorticoids, conventional disease-modifying antirheumatic drugs (DMARDs),
biologically targeted drugs, and allogeneic hematopoietic stem cell transplantation [14–17].
The literature reflects the difficulty of diagnosing VEXAS syndrome patients during their
lifetime with many publications being retrospective in nature.

Our case series aims to demonstrate that the diagnosis of VEXAS syndrome can be
made during the course of the illness if clinical characteristics are carefully documented,
discussed in an interdisciplinary manner, and if patients receive the necessary diagnostic
evaluations. Furthermore, we illustrate the management and response to therapy in
four patients with VEXAS syndrome who also have concurrent MDS, and we explain
why a comprehensive investigation of the disease’s imaging features could be helpful in
identifying these very rare patients.

2. Materials and Methods

2.1. Imaging

All available imaging datasets were reviewed and discussed in consensus by two
radiologists with deep clinical expertise in rheumatological imaging (K.Z. and V.K.). Special
consideration was given to previously described imaging features of VEXAS syndrome,
including pleuro-pulmonary manifestations, polychondritis, and lymphadenopathy as
well as signs of vasculitis. Special consideration was given to imaging manifestations in
the skeletal system including bone marrow changes associated with MDS and patterns of
arthritis, which could not be attributed to typical aging.

2.2. Bone Marrow Smear

Approximately 5 mL of semi-liquid bone marrow content was immediately processed
on pre-prepared glass slides and stained with Wright–Giemsa and iron staining.

2.3. Next-Generation-Sequencing

Genomic DNA was extracted from bone marrow (n = 4) and samples were analyzed
by next-generation sequencing using a 68- and a 98-gene panel to detect mutations of UBA1
and further somatic mutations (e.g., U2AF1, DNMT3A and TET2).

2.4. Ethical Approval, Data Availability and Patient and Public Involvement

All patients provided written informed consent for the use of their data for scientific
purposes. This investigation was overseen by the ethics committee of Charité Univer-
sitätsmedizin Berlin (EA4/053/21). All data and materials from this study are available
upon reasonable request to the corresponding author. There was no specific patient or
public involvement in this investigation.

3. Results

3.1. Clinical Features, Treatment and Outcome

Patient 1: A male patient in his late 60 s presented with a history of peripheral deep
vein thromboses, dyspnea, muscle weakness, Raynaud-like symptoms, and persistent
fever. The patient was over 35 months under rheumatological outpatient and inpatient
care and received during this time DMARDs (methotrexate, leflunomide) and glucocorti-
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coids intermittently with more than 20 mg prednisolone per day. Over time, the patient
developed persistent macrocytic hyperchromic anemia, which could not be explained
by a deficiency in folic acid, vitamin B12, side effects of present medication, or other
diagnosed diseases. The patient was referred to the divisions of rheumatology and hema-
tology at Charité—Universitätsmedizin Berlin for further care. After a comprehensive
interdisciplinary evaluation of the patient’s clinical course so far, an investigation into
macrocytic hyperchromic anemia was initiated, ultimately leading to a bone marrow
aspiration. The bone marrow aspirate smears from the patient demonstrated signs of
dysplasia, including nuclear abnormalities in erythroid precursor cells and multinucleated
micro-megakaryocytes. Furthermore, cytoplasmic vacuolation of myeloid and erythroid
precursors was particularly noticeable during the cytological examination. Next-generation
sequencing (NGS) detected mutations in DNMT3A and UBA1, leading to a diagnosis of
low-risk MDS (IPSS-R of 2) and VEXAS syndrome.

Due to the mild cytopenia, a “watch and wait” strategy was initially pursued for MDS,
since symptoms of autoinflammation persisted and led to an overall deterioration in his
health. Due to the limited data available on treatment options in VEXAS syndrome, an
off-label use of the JAK1/2 inhibitor ruxolitinib was initiated at 20 mg twice daily, and
glucocorticoids were discontinued [18].

During the treatment, the dose of ruxolitinib was adjusted due to side effects such
as dizziness, headache, fever, and constipation. The first dose reduction in ruxolitinib
was to 15 mg, which was followed by adjustments to 10 mg and finally to 5 mg twice
daily. Additionally, despite these those adjustments, muscle weakness and fever persisted,
leading to the initiation of concurrent treatment with glucocorticoids (15 mg Prednisolon
once daily).

Simultaneously, blood tests over six months consistently indicated a worsening of
anemia. Consequently, a repeat bone marrow aspiration was performed, revealing a
progressive maturation disorder, particularly in erythropoiesis, while the blast cell count
remained normal. In the context of persistently limited data regarding further alternative
treatment options, we decided to initiate a treatment with 5-azacytidine (75 mg/m2 daily
for 7 days, followed by a rest period of 21 days) [14].

After the switch to 5-azacytidine, rapid improvement in autoinflammatory symptoms
and anemia was observed. However, continued treatment with 7.5 mg of prednisolone
once daily was necessary to control clinical symptoms like muscle weakness and fever. The
patient received six cycles of 5-azacytidine (28-day treatment cycle). The tolerability of the
therapy over the six cycles was good. Clinically relevant signs of toxicity were not observed.
As of now, blood results and autoinflammatory symptoms have further stabilized, but
long-term effects are yet to be determined and need to be followed up closely

Patient 2: A male in his mid-70s presented with recurrent episodes of fever, dysp-
nea, and unexplained pulmonary inflammation (no detected pathogen, no elevation of
procalcitonin), one episode of pleuritis, recurrent sterile parotitis, and deep venous throm-
bosis. Furthermore, he experienced arthralgia in the wrists and had elevated rheumatoid
factors. Imaging findings were suggestive of interstitial lung disease, with peripheral
consolidations and mild ground glass opacities prompted pronchoalveolar lavage, which
revealed a CD4/CD8 ratio of 0.9; antigen testing for hypersensitivity pneumonitis (which
was initially suspected) was negative. Pulmonary symptoms responded to prednisolone,
but withdrawal attempts resulted in a recurrence of dyspnea, requiring a continued dose of
20 mg prednisolone. Insufficient control of autoinflammatory symptoms over 26 months
and worsening of hematopoiesis over 4 months prompted the transfer of the patient to
the divisions of rheumatology and hematology at Charité—Universitätsmedizin Berlin for
further diagnostics and clinical care. Following a thorough interdisciplinary assessment in
both divisions, considering the patient’s clinical history and the progressing inefficacy of
hematopoiesis, a bone marrow biopsy was performed.

In the bone marrow aspirate smears of the patient, signs of dysplasia and cytoplasmic
vacuolation of myeloid and erythroid precursors were detected. NGS testing revealed
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mutations in TET2, U2AF1, and UBA1, leading to the diagnosis of low-risk MDS (IPSS-R of
2.5) and VEXAS syndrome.

The initiated treatment with prednisolone (20 mg) was quickly escalated to 5-azacytidine
due to persistent anemia and thrombocytopenia. Under the combination treatment of
prednisolone and 5-azacytidine, complete recovery of blood cell counts was achieved, but
only limited improvement in autoinflammation (fever) was observed. A dose reduction in
prednisolone resulted in an immediate recurrence of severe arthralgia and more frequent
fever episodes. Therefore, we transitioned to ruxolitinib (JAK1/2 inhibitor) at a dose of
20 mg twice daily.

With ruxolitinib, there was a slight decrease in hemoglobin levels, while platelet
and leukocyte counts remained stable. However, there was a significant improvement in
autoinflammatory symptoms (no episodes of fever and/or arthralgia) and also a substantial
clinical improvement in pulmonary symptoms as well as pulmonary imaging findings.
The tolerability was excellent, and no side effects occurred, allowing ruxolitinib therapy
to continue without complications for 12 months up to the current point. However, the
long-term effects remain undetermined, and the patient is currently under close medical
care and follow-up.

Patient 3: A male in his early 80s presented with intermittent fever, unintentional
weight loss, and a history of skin rashes and polyarthritis. Biopsy of affected skin showed
neutrophilic dermatosis, raising suspicion of a paraneoplastic origin. Based on imaging, a
diagnosis of polyarticular CPPD was made, and treatment with systemic prednisolone and
an interleukin-1 antagonist (anakinra, starting dosage 2 mg/kg daily) was initiated but with
limited clinical response. The patient underwent rheumatological outpatient and inpatient
care for over 18 months, since the patients develop gradual pancytopenia (macrocytic hyper-
chromic anemia) referral to the divisions of hematology at Charité—Universitätsmedizin
Berlin for further diagnostics. After intensive interdisciplinary examination of the patient’s
case by the departments of Hematology and Rheumatology, due to a suspected diagnosis
of MDS and VEXAS syndrome, a bone marrow biopsy was performed. The bone marrow
analysis revealed hypercellularity with increases in two lineages. Furthermore, there were
prominent signs of dysplasia, megaloblastoid changes, and nuclear abnormalities in ery-
throid precursor cells along with typical cytoplasmic vacuolation in myeloid and erythroid
precursor cells. NGS testing did not reveal any MDS-specific mutations but did identify a
UBA1 mutation. Consequently, the patient was diagnosed with very-low-risk MDS (IPSS-R
of 1) and VEXAS syndrome.

Due to ongoing clinical signs of autoinflammation, an off-label treatment with ruxoli-
tinib (20 mg twice daily) in combination with prednisolone (20 mg) was initiated. Repeated
attempts to taper off prednisolone failed during the course of treatment because, at a dose
below 5 mg, the autoinflammatory symptoms, especially arthritis, worsened significantly.
The combination therapy was well-tolerated, and there were no significant toxicities or
side effects that necessitated a modification of the treatment with ruxolitinib. Blood counts,
especially anemia, recovered quickly after initiating the treatment. The patient is presently
receiving attentive medical supervision and ongoing follow-up.

Patient 4: A male patient in his mid-60s presented with intermittent fever, night sweats,
and a history of dermatosis and chronic polyarthritis. Chronic neutrophilic urticarial
dermatosis and adult-onset Still’s disease were suspected. Sequential treatments with
DMARD (methotrexate), anakinra (an interleukin-1 antagonist), and canakinumab (an
interleukin-1β blocker) were attempted but terminated due to suspicion of therapy-induced
pancytopenia and interstitial lung disease.

Due to inadequate control of autoinflammatory symptoms over 68 months, along with
an existing and progressively worsening macrocytic hyperchromic anemia, as well as mild
thrombocytopenia, the patient sought a second opinion at Charité—Universitätsmedizin
Berlin for further diagnostics and clinical care. Following an interdisciplinary presentation
and discussion of the case, a suspected diagnosis of MDS and VEXAS Syndrome was made.
An extended hematological–oncological diagnostic evaluation was initiated. Subsequently,
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a bone marrow biopsy was performed, revealing binuclearity in erythroid cell precursors
as well as noticeable cytoplasmic vacuolation of myeloid and erythroid precursors. No
pathological increase in blast cells was observed. Subsequent NGS examination identified
a mutation in the EZH2 gene with unclear significance and a UBA1 mutation, leading to a
diagnosis of very low-risk MDS (IPSS-R of 1) and VEXAS syndrome.

Therapy with 5-azacytidine (daily for 7 days, followed by a rest period of 21 days)
in combination with prednisolone (7.5 mg) was initiated. Blood improved over time,
particularly the macrocytic hyperchromic anemia, as did the clinical signs of autoinflam-
mation. Prednisolone was completely discontinued, and the therapy with 5-azacytidine
was dose-reduced from 7 to 4 days per cycle (28-day treatment cycle) starting from cycle 16.
Cumulatively, the patient received 30 cycles of 5-azacytidine with clinically well-controlled
VEXAS syndrome and hematologically stable MDS. The patient is currently undergoing
treatment with 5-azacytidine and is under careful medical monitoring.

Further patient characteristics are given in Tables 1 and 2

Table 1. Laboratory findings and observation periods. Values upon initial presentation at our center.
* = both patients received high-dose oral prednisolone (>50 mg/d). Observation periods: from first
patient reported systemic autoinflammatory symptoms until time of manuscript preparation.

Patient 1 Patient 2 Patient 3 Patient 4

Hemoglobin (g/dL) 10.3 8.2 8.1 8.0

Mean corpuscular volume (fL) 109.1 124.1 95.0 111.0

White blood count (/nL) 6.54 6.60 6.67 4.70

Platelet count (/nL) 195 38 212 82

C-reactive protein at initial
presentation (mg/L) 98.3 26.5 * 139.3 10.5 *

Observation period (months) 35 26 18 68

Table 2. Next-generation sequencing.

UBA1 Further Somatic Mutations

Patient 1
UBA1 codon 41 (p.Met41Val
(NM_003334.4:c.121A>G))

DNMT3A (p.Arg882Cys
(NM_022552.5:c.2644C>T))

Patient 2
UBA1 codon 41 (p.Met41Val
(NM_003334.4:c.121A>G))

TET2 (p.M633I (c.1899G>A)),
U2AF1 (p.Q157P (c.470A>C))

Patient 3
UBA1 codon 41 (p.Met41Leu
(NM_003334.4:c.121A>C)) none

Patient 4
UBA1 codon 41 (p.Met41Leu
(NM_003334.4:c.121A>C))

EZH2 gene: intronic, non-coding
region 2-base deletion near a splice
site, with unclear significance

3.2. Imaging
3.2.1. Chest

Three of the patients received CT imaging of the lungs at different time points. In all
these patients, a pattern of almost exclusively peripherally located consolidations, without
upper- or lower lobe predominance was observed—one of the cases (patient 2) is depicted
in Figure 1. In this patient, consolidations resolved over a course of two months with still
clearly visible ground glass opacities in areas of previous consolidations yet no evident
fibrosis or scarring. Hilar lymphadenopathy was seen in two out of four (patients 2 and
3) patients; both symmetric and asymmetric manifestations were seen in the same patient
(patient 2) over the course of the disease. No bronchial wall abnormalities indicating
relapsing chondritis were observed.

24



J. Clin. Med. 2024, 13, 1049

Figure 1. Pulmonary findings on computed tomography (Patient 2). 1 = time of initial diagnosis;
2 = two months later. a = axial reconstructions; b = coronal reconstructions. Marked subpleural con-
solidations without topographical predominance are seen (marked with arrows). After two months,
patchy ground glass opacities remain without notable scarring.

3.2.2. Joints and Bones

Spinal imaging was only available for two patients, one of whom exhibited extensive
bone marrow reconversion, which was consistent with MDS. Two patients (2 and 3) reported
symmetric arthralgia of the wrists, prompting imaging investigations of arthritis. One
patient received MR imaging, showing non-specific patchy bone marrow edema of the
carpalia without synovitis, erosion, or tendon involvement. Patient 3 received a whole-body
PET-CT which showed symmetrically increased tracer uptake in both wrists; in this patient,
radiography showed degenerative lesions and calcifications of the triangular fibrocartilage
of the wrists, but no erosions, resulting the diagnosis of CPPD.

3.3. Bone Marrow Microscopy

All patients exhibited an increase in cellularity (ranging between 50% and 80%) with
maturation-disordered erythropoiesis (megaloblastic precursors, binucleation, nuclear round-
ing) and pathognomonic vacuolation (Figure 2)—the latter in three out of four patients.

The granulopoiesis to erythropoiesis (G:E) ratio shifted in favor of granulopoiesis
to ratios of 3–6:1. No pathological increases in blasts were observed. Next-generation
sequencing (NGS) revealed somatic mutations in the UBA1 codon in all patients—results
are given in Table 2.
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Figure 2. Bone marrow aspirate smear (Patient 1). Left: microscopic magnification 100×. Characteris-
tic cytoplasmic vacuolation of myeloid and erythroid precursors is indicated by white arrows.

4. Discussion

In this report, we present a detailed account of four patients diagnosed with VEXAS
syndrome and comorbid MDS from a single center in Germany (Charité—Universitätsmedizin
Berlin). All patients exhibited systemic autoinflammatory symptoms that progressed over
an extended time period (18 to 68 months). None of the four patients showed significant
responsiveness to various immunosuppressive treatments throughout their clinical course,
having either no response or only partial responsiveness. Despite receiving outpatient
and intermittently inpatient rheumatological care, a definitive diagnosis could not be
established based on their clinical progression.

The decision to refer these patients to our specialized clinical departments was
prompted by uncontrolled systemic autoinflammatory symptoms and discrete worsening
of blood counts, particularly progressive macrocytic hyperchromic anemia. The com-
prehensive interdisciplinary evaluation of these patients, involving the Departments of
Rheumatology, Hematology, and Radiology, led to the diagnosis of MDS-VEXAS syndrome
within six weeks after the initial consultation. Based on our observations and experiences,
the prolonged time to diagnose represents one of the main challenges for MDS-VEXAS
syndrome patients. This fact is underscored but not prominently highlighted in the existing
literature. In addition to the absence of evidence-based treatment options, the extended
time to diagnosis is, from our perspective, one of the key medical needs that should be
addressed in the future. This becomes particularly evident when considering the find-
ings of Huang et al., who reported in their series that 10 out of 25 patients died from
disease-related causes such as progressive anemia or therapy-related complications [5]. The
delayed diagnosis also explains why many comprehensive reports are of a retrospective
nature [1,2].

Therefore, we suggest that a basic standardized diagnostic criteria classifier should
be developed to simplify the identification of these patients in clinical routine. This MDS-
VEXAS syndrome classifier should include patient characteristics, key clinical features, the
number of prior therapies, duration of symptoms, laboratory findings, and radiological
alterations.

The clinical courses of the four reported MDS-VEXAS syndrome patients reflect the
current medical situation in routine patient care and align with previously published
series [1,2,5]. Patients with VEXAS syndrome have a lengthy medical history, spanning
months to years, characterized by ambiguous autoinflammatory symptoms.
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The clinical phenotype and autoinflammatory symptoms of patients with VEXAS
syndrome, with or without MDS, have already been well described by other working groups
in the literature [1,2,5,19]. Our four patients showed no new clinical features and insights.
All of our patients presented with systemic autoinflammatory symptoms, especially fever,
which was in line with publications by Beck et al. and Georgin-Lavialle. Arthralgia and
arthritis were observed in three out of four patients, which was consistent with previous
descriptions in the literature [2,20]. The chest images of our MDS-VEXAS syndrome
patients demonstrated lung involvement, as previously described in the literature. The
radiologically identified consolidations transitioning to ground glass opacity, with no
discernible parenchymal scarring, are consistent with previous publications [6,21–23].
Notably, there was a radiological overlap with COVID-19, which was characterized by
predominantly peripheral/subpleural infiltrates. Interestingly, this manifested in a reversed
order compared to early COVID-19, where ground glass opacity is typically seen [7]. As
described for patient 2, these imaging findings have limited specificity and show substantial
overlap to interstitial lung diseases; thus, a radiologist with limited clinical background
information may misdirect clinical diagnosis, which further highlights the need for a truly
interdisciplinary approach. Imaging findings in MDS, especially the loss of the typical fat
signal of bone marrow in T1-weighted sequences, should not be mistaken for bone marrow
edema. In such investigations, supplying the diagnosing radiologist with information
about comorbid MDS, rather than just inquiring about the presence of arthritis or other
inflammatory skeletal findings, will safeguard against overdiagnosis of arthritis. One of our
patients was diagnosed with CPPD on imaging; the interplay of systemic autoinflammation
and symptomatic crystal deposition disease may be of interest in future research. Overall,
radiological findings must be considered in an interdisciplinary context, alongside other
clinical parameters and symptoms, and could be implemented in the basic standardized
diagnostic criteria classifier mentioned above.

Limited but promising results have been achieved with the JAK1/2 inhibitor rux-
olitinib or the hypomethylating agent 5-azacytidine [8–10,18,24]. Due to this fact and
the absence of evidence-based recommendations, we treated our patients with these
two substances.

Fortunately, all four of our patients responded to the selected systemic therapy. How-
ever, in the cases of patients 1 and 2, insufficient clinical and laboratory therapeutic re-
sponses were initially observed, leading to a change in treatment. The mechanistic reasons
for treatment response or the lack of response to ruxolitinib or 5-azacytidine in some VEXAS
syndrome and MDS patients are currently unclear and cannot be explained by previously
published works [8–10,14,18,24]

Despite ruxolitinib or 5-azacytidine demonstrating a good treatment response, all four
of our patients required intermittent or permanent high doses of systemic glucocorticoids
(7.5–50 mg/day prednisolone). This fact underscores the clinical need to develop further
targeted therapy options for the autoinflammatory spectrum of the disease. In particular,
the JAK1/2 inhibitor ruxolitinib appears to be a suitable candidate for reducing the con-
current need for glucocorticoids in VEXAS syndrome patients, whether or not they have
myeloid neoplasia [9].

Our clinical experience supports the effectiveness of ruxolitinib and 5-azacytidine, as
described in the literature. Furthermore, we see the potential for both agents to be used in
combination treatment for MDS-VEXAS syndrome and MDS patients. Phase II data of rux-
olitinib in combination with 5-azacytidine in myelodysplastic syndrome/myeloproliferative
neoplasms demonstrated a tolerable safety profile with a good response rate [21]. There-
fore, a prospective study will be required to explore the potential of this combination in
the future.

The only known treatment that leads to a cure for MDS-VEXAS syndrome patients is
allogeneic hematopoietic stem cell transplantation (AHSCT). Currently, an ongoing phase
II study for patients with VEXAS syndrome aims to evaluate the impact of AHSCT for this
condition (NCT05027945)
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In summary, our report emphasizes the challenges posed by overlapping symptoms
in rheumatological and hematological conditions, compounded by the rarity of the disease,
making it difficult to identify these patients in routine clinical care. Based on our clinical
observations and experience, this study identifies prolonged diagnosis as one of the main
problems for MDS-VEXAS syndrome patients. Therefore, we see an opportunity for the
development of a basic standardized diagnostic criteria classifier for clinical routine to pre-
vent delayed diagnosis in their clinical course. This future MDS-VEXAS syndrome classifier
should include patient characteristics, key clinical features, the number of prior therapies,
duration of symptoms, laboratory findings, and radiological alterations. Moreover, we
recommend that patients with prolonged therapy-resistant autoinflammatory symptoms
undergo a comprehensive interdisciplinary evaluation and discussion. This should involve
at least the Departments of Rheumatology, Hematology, and Radiology. Only an early and
accurate diagnosis, including molecular genetic analyses, allows for the early treatment of
these patients and their inclusion in current and future clinical studies.
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Abstract: Background: Functional hyperthermia (FH) is characterized by hyperthermia resulting
from sympathetic hyperactivity rather than inflammation, and it is frequently overlooked by medical
practitioners due to the absence of abnormalities in a medical examination. Although FH is an
important differential diagnosis for fever of unknown origin (FUO), the literature on FUO cases in
Japan lacks information on FH. In this study, we aimed to uncover the population of FH patients
hidden in FUO cases. Methods: An outpatient clinic for FUO was established at Okayama University
Hospital, and 132 patients were examined during the period from May 2019 to February 2022.
Results: A diagnosis of FH was made in 31.1% of the FUO cases, and FH predominantly affected
individuals in their third and fourth decades of life with a higher incidence in females (68.3%). The
frequency of a history of psychiatric illness was higher in patients with FH than in patients with other
febrile illnesses. Although the C-reactive protein (CRP) is generally negative in FH cases, some obese
patients, with a body mass index ≥ 25 had slightly elevated levels of CRP but were diagnosed with
FH. Conclusions: The results showed the importance of identifying FH when encountering patients
with FUO without any organic etiology.

Keywords: C-reactive protein (CRP); fever of unknown origin (FUO); functional hyperthermia (FH);
psychiatric disorder; psychogenic fever

1. Introduction

Functional hyperthermia (FH), also known as psychogenic fever, manifests as an
elevation in body temperature that is not orchestrated by inflammatory cytokines but
is a result of sympathetic hyperactivity [1,2]. Increased body temperature secondary to
various types of stress has been studied in animal models, and various acute psycholog-
ical stresses have been reported to increase body temperature [3–20]. Of interest, such a
stress-induced increase in body temperature was also observed in many species of animals
other than rats and mice [21–30]. Since the publication of a report in 1977 showing that
prostaglandins act on the preoptic area of the hypothalamus to cause fever, the mechanism
of the control of body temperature has been gradually unveiled [31]. It has been suggested
that both inflammatory diseases and FH result in elevated body temperature due to in-
creased heat production via adrenergic β3 receptors and due to the suppression of heat
release by vasoconstriction via α1 receptors stimulated by the dorsomedial hypothalamus
(DMH) [32,33].

In cases of infectious fever, temperature elevation is caused by the prostaglandin E2
deinhibition of inhibitory inputs from the hypothalamic preoptic area to the DMH [34–36].
On the other hand, in cases of FH, temperature elevation is caused during stress through
input signals from the dorsal peduncular cortex/dorsal tenia tecta (DP/DTT) in the medial
prefrontal cortex area [37,38], wherein stress signals from multiple brain regions can be
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accumulated and connected to the induction of stress responses. Hence, a single stress
stimulus causes transient hyperthermia, and continued chronic exposure to a stressor can
lead to a habitually elevated body temperature without exposure to the stressor [39–41].

In humans, FH occurs mainly in young individuals and adolescents, and it is char-
acterized by an absence of elevated inflammatory markers and the ineffectiveness of
non-steroidal anti-inflammatory drugs (NSAIDs) [42–45]. Individuals afflicted with FH fre-
quently complain of fatigue, headache, insomnia, and other symptoms. Even a temperature
marginally surpassing 37 ◦C becomes distressing because it exacerbates fatigue [46]. Since
the main symptom of FH is prolonged fever, patients often visit a department of internal
medicine for the diagnosis and treatment of fever of unknown origin (FUO). However, FH
is inadequately recognized among internists, and it frequently escapes notice due to the
dearth of specific clinical findings or biomarkers. The confirmation of diagnosis hinges on
the elevation of body temperature in response to psychological stress or the normalization
of body temperature after the removal of the stressor. Explicit diagnostic criteria for FH
have not yet been established, and diagnosis depends on the subjective clinical discernment
of the attending clinician.

In general, FUO is one of the most challenging medical conditions, with causative
diseases exhibiting diversity and variance contingent upon regional characteristics and
practice settings. Since Petersdorf and Beeson reported their seminal study on FUO in 1961,
a plethora of investigations on FUO have been reported [47]. Concerning the epidemiology
of FUO cases in Japan, prevailing reports suggest relatively high incidences of autoimmune
and malignant diseases as causative factors, which are attributable to improved diagnostic
capabilities and an aging population [48,49]. Goto’s study indicated the importance of
encompassing a broad spectrum of febrile patients in studies for patients with temperatures
surpassing 37 ◦C, challenging the conventional definition of FUO, which stipulates a fever
of 38.3 ◦C or higher [50]. Previous studies, including our previous study, have shown the di-
agnostic utility of disease classification in febrile patients, the potential association between
subclinical thyrotoxicosis and tachycardia during fever, and the efficacy of procalcitonin in
febrile patients [51–53].

Although the significance of FH as a pivotal differential diagnosis in the domain
of FUO has been proposed in several reports, there has been no study in which FH is
incorporated into an investigation of the breakdown of final diagnoses in cases of FUO.
Earlier reports suggest that approximately 20–30% of febrile cases remain undiagnosed,
and we suspect that FH may account for some of these undiagnosed cases. We established
an Outpatient Clinic for Fever of Unknown Origin at the Department of General Medicine
of Okayama University Hospital. Through comprehensive analysis of FUO cases, we aimed
to elucidate the prevalence of FH in cases of FUO, delineate the patient cohort for which
the cause remained elusive in previous reports, and scrutinize trends and pathological
conditions among patients presenting with FH.

2. Patients and Methods

2.1. Inclusion of Patients

Of the 146 patients who were referred to the Outpatient Clinic for FUO at Okayama
University Hospital during the period from May 2019 to February 2022, 132 patients
(47 males and 85 females) were included in this study after the exclusion of patients
under 20 years of age. The Outpatient Clinic for FUO accepts patients with persistent
temperatures of 37 ◦C or higher without being bound by the classic definition of FUO,
for which the diagnosis is difficult. Their diagnostic breakdown and characteristics were
systematically analyzed. The study protocol (#K-2308035) received approval from the
Institutional Review Board (IRB) of Okayama University Graduate School of Medicine,
Dentistry, and Pharmaceutical Sciences.
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2.2. Definition of FH

In this study, the definition of FH was based on the following conditions according to
previous reports [1,2,50]: (1) prolonged hyperthermia of 37 ◦C or higher for two months or
longer, (2) the exclusion of organic febrile illness (through various tests, such as blood tests,
endocrine tests, CT scans, etc.), (3) the history of a definitive stressor and the ensuing onset
of prolonged fever, and (4) reproducible temperature increases with the stressor or return
to normal temperature when the stressor is resolved. FH was diagnosed when criteria
1 + 2 + (3 and/or 4) were met.

2.3. Laboratory Examination

All the blood tests, including blood chemistry tests, were performed using an auto-
analyzer system at the central laboratory of Okayama University Hospital for the dif-
ferential diagnosis of FUO. The main system in our central laboratory was as follows:
assays for complete blood count were performed using an electrical resistance method
and a cyanmethemoglobin method using ADVIA2120 (Bayer AG, Leverkusen, Germany),
and assays for serum CRP were performed using the latex agglutination turbidimetric
immunoassay and BM8040 (JEOL, Tokyo, Japan). Assays for serum lactate dehydrogenase
were also performed using BM8040. Assays for serum ferritin, plasma adrenocorticotropin,
serum cortisol, serum-free thyroxin, and thyrotropin were performed using an electro-
chemiluminescence immunoassay (ECLIA) and Cobas 8000 (F. Hoffmann-La Roche AG,
Basel, Switzerland).

Specifically, the assay for the serum soluble interleukin-2 receptor was an enzyme
immunoassay (EIA) using LUMIPULSE L2400 (Fujirebio, Tokyo, Japan). The assay for the
serum anti-nuclear antibody was performed using a fluorescent antibody method in the
laboratory. The assay for serum rheumatoid factor was a latex immunoturbidimetric assay
using BM6050 (JEOL). The assay for serum anti-cyclic citrullinated peptide antibodies was
a chemiluminescent enzyme immunoassay (CLEIA) using ARCHITECT i2000SR (Abbott,
Chicago, IL, USA). The assay for serum anti-neutrophil antibodies was a fluorescence
enzyme immunoassay (FEIA) using ImmunoCAP250 Phadia (Thermo Fisher Scientific,
Waltham, MA, USA). Assays for serum cytomegalovirus antibodies were FEIAs using
VIDAS (bioMerieux, Craponne, France). The assay for Epstein–Barr (EB) viral nucleic acid
quantification was performed by a real-time polymerase chain reaction in the laboratory.

2.4. Statistical Analysis

The Mann–Whitney U test, Kruskal–Wallis test, and Fisher’s exact probability test
were used to analyze each group of data. In cases where there were discrepancies in
the Kruskal–Wallis test, Steel–Dwass’s post hoc test was used to ascertain which means
exhibited differentiation. All statistical analyses were performed using EZR version 4. 2. 2;
a p-value less than 0.05 was deemed indicative of a statistically significant difference. EZR
(Saitama Medical Center, Jichi Medical University, Saitama, Japan) was used as the interface
for R (The R Foundation for Statistical Computing, Vienna, Austria). To be precise, it is a
modified version of the R commander curated to integrate statistical functions frequently
employed in biostatistics [54].

3. Results

3.1. Clinical Backgrounds of the Patients with FUO

Table 1 shows the clinical backgrounds of the patients. The median age of the patients
was 44 years. The majority of the patients were between the ages of 20 and 59 years. The
patients included 85 females (64.4%) and 47 males (35.6%). The median axillary body
temperature of the patients at the initial visit was 36.9 ◦C. The median duration of fever
before the first visit to our clinic was 63 days. The median body mass index (BMI) of the
patients was 21.1. In addition, 43 patients (32.6%) had a history of smoking.
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Table 1. Background of patients who visited the Outpatient Clinic for Fever of Unknown Origin.

Patients’ Background

Age
Case Number

(Total 132 Patients)
Male/Female

Median [IQR], years 44 [28–61.5] 47/85
20–29 years 42 (31.8%) 16/26
30–39 years 16 (12.1%) 4/12
40–49 years 20 (15.2%) 5/15
50–59 years 18 (13.6%) 9/9
60–69 years 11 (8.3%) 3/8
70–79 years 16 (12.1%) 7/9
80–89 years 9 (6.8%) 3/6

Body temperature
Median [IQR] (◦C) 36.9 [36.6–37.2]

Fever duration
Median [IQR] (days) 63 [30–240]

BMI

Median [IQR] (kg/m2) 21.1 [18.5–26.1]
IQR: Interquartile range.

3.2. Breakdown of the Final Diagnosis of FUO

Figure 1 shows a breakdown of the final diagnosis in individuals with FUO. A diagno-
sis of FH was made in 41 (31.1%) of the patients. There were 17 FH cases that met only the
criteria of (3), 3 FH cases that met only the criteria of (4), and 21 FH cases that met the crite-
ria of (3) and (4). Of the 41 patients with FH, 11 patients developed FH secondary to some
physical event, such as an upper respiratory tract infection. Thirteen patients had joint pain,
and four patients had skin rashes. Other diagnoses were familial Mediterranean fever in
8 patients (6.0%), microscopic polyangiitis in 3 patients (2.2%), polymyalgia rheumatica in
2 patients (1.5%), a chronic active EB virus infection in 2 patients (1.5%), and other identified
diseases in 22 patients (16.7%). There were 54 unidentified febrile cases (40.9%). For the
process of diagnosing FUO, 130 patients (85.6%) underwent a CT scan of their whole body,
and 10 patients (7.6%) underwent a PET-CT scan. In addition, 5 patients received genetic
testing in order to detect familial Mediterranean fever. As shown in Table 2, other identified
diseases included myelodysplastic syndromes, adult-onset Still’s disease, miliary tuber-
culosis, HIV infection, rheumatoid arthritis, dermatomyositis, cytomegalovirus infection,
Graves’ disease, and Fitzhugh–Curtis syndrome.

3.3. Distributions of Ages and Genders of Patients with FH

Figure 2 shows the distribution of ages and genders in the patients diagnosed with
FH. Patients with FH were predominantly women in their 20 s to 40 s. Males accounted for
31.7% of the cases, and females accounted for 68.3% of the cases.

3.4. Past Psychiatric Disorders in the Patients with FH

Figure 3 shows the percentage of patients diagnosed with FH who previously attended
a psychiatrist for any reason. FH patients with a psychiatric history accounted for about
half (48.8%) of the FH patients, and this percentage was significantly higher than that in
the organic disease group (10.8%; p < 0.01).

3.5. Interrelationship between Serum CRP Level and BMI in Patients with FH

Figure 4A shows the serum CRP levels in FH patients in two BMI-dependent groups,
and Figure 4B shows the serum CRP levels in patients with a diagnosis other than FH in
the two BMI-dependent groups. Obese patients with BMI ≥ 25 showed significantly higher
serum CRP levels than those in patients with BMI < 25 (p < 0.01). There were no significant
differences between the two BMI groups for patients with a diagnosis other than FH.
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Figure 1. Final diagnosis of the patients with FUO. The diagnostic breakdown of patients who visited
the Outpatient Clinic for Fever of Unknown Origin is shown.

Table 2. List of final diagnoses included in other identified diseases.

Final Diagnosis

Adult-onset Still’s disease
Aseptic meningitis

Aspiration pneumonia
Carcinomatous pleurisy

Clostridium difficile-associated diarrhea
Cytomegalovirus infection

Dermatomyositis
Drug allergy

Fitz–Hugh–Curtis syndrome
Graves’ disease

Human immunodeficiency virus infection
Inflammatory lymphadenitis

Lung abscess
Miliary tuberculosis

Myelodysplastic syndromes
Neurogenic fever
PFAPA syndrome

Pharyngeal carcinoma
Post-vaccination reaction to coronavirus vaccine

Pseudogout
Rheumatoid arthritis
Ureteral obstruction
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Figure 2. Characteristics of patients with FH. The age and gender distributions of patients diagnosed
with FH in the Outpatient Clinic for Fever of Unknown Origin are shown.

Figure 3. Past psychiatric disorders in patients with FH. The psychiatric histories of patients with
FH are shown. Data were analyzed using Fisher’s exact probability test. ** p < 0.01 between the
indicated groups.
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Figure 4. Relationships between the serum CRP level and obesity in patients with FH. Serum CRP
levels are shown in two BMI groups (<25 and ≥25) (A) for patients with FH and (B) for patients with
a diagnosis other than FH. The median is shown by the horizontal bar within the box, and the IQR
is shown by the upper and lower horizontal bars of the box. The upper and lower horizontal bars
outside the box represent the maximum and minimum values within 1.5 times the interquartile range.
Data were analyzed using the Kruskal–Wallis test. If differences were detected, Steel–Dwass’s post
hoc test was used to determine divergent means. ** p < 0.01 between the indicated groups.

4. Discussion

In the present study, we show the proportion of FH cases in FUO cases and the
clinical characteristics of FH. FH cases accounted for about 30% of the FUO cases examined
in our outpatient clinic for FUO. Although there have been reports on cases of FUO in
Japan, including reports from Okayama University Hospital, those reports predominantly
focused on inflammatory diseases such as infectious diseases, malignant diseases, and
collagen diseases with no mention of FH [46,48,49,51,53]. The reason why FH has not been
described in previous reports on FUO may be that FH has been relegated to the unidentified
category of fever cases because there are no abnormalities that can be identified in a medical
examination, and its presence is relatively unfamiliar to physicians. However, our study
suggests that FH is a crucial differential diagnosis and that FH cases account for the majority
of FUO cases.

The majority of patients with persistent FUO have a favorable prognosis, the char-
acteristics of which align well with those of FH [50,55]. In cases of FUO examined in
departments other than internal medicine, FH was reported to be diagnosed in 18.3%,
5.2%, and 4.4% of outpatients in pediatrics, child psychiatry, and obstetrics and gynecology
departments, respectively [43]. Consequently, FH is not uncommon in clinical practice and
is likely to be diagnosed in various medical departments. Internists, who play a pivotal
role in fever treatment, need to be aware of FH.

In this study, familial Mediterranean fever was the second most prevalent cause of
fever after FH. Familial Mediterranean fever, categorized as an autoinflammatory disease,
belongs to a category that is different from infectious diseases, collagen diseases, and ma-
lignant diseases, which historically served as representative causes of FUO. It is imperative
to adopt a flexible approach in the identification of the cause of FUO that is not subjected to
constraints imposed by antecedent reports. The causative diseases of FUO other than FH
and the familial Mediterranean fever in the present study were similar to those previously
reported. Patients diagnosed with FH were predominantly women in their 20 s to 40 s,
with a male-to-female ratio of 1:2.15. Although patients aged 19 years or younger were
excluded from the present study, making direct comparisons with other studies difficult,
the results of this study suggest that FH occurs more frequently in relatively young women,
in accordance with the results of previous studies.
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The results of the present study also suggest that patients with a history of psychiatric
consultation are a high-risk group for FH. Since FH is characterized by an elevation in
body temperature under stressful mental conditions, a history of psychiatric visits may be
helpful in diagnosing FH in febrile patients without organic disease. It is also considered
to be important to resolve the backgrounds of psychiatric disorders for the treatment
of patients with FH [56]. In the present study, FH in approximately one-quarter of the
patients with FH was possibly triggered by their preceding physical stress. Chronic fatigue
syndrome (CFS), similarly triggered by physical stress events, is known to be complicated
by hyperthermia [1,57–59]. The similarity between the modes of onset of FH and CFS and
the fact that FH and CFS can merge with each other suggest that FH and CFS may have a
common pathogenesis [60]. Further investigation is needed to determine whether patients
with FH concurrently manifest CFS.

In the FH group, obese patients with a BMI ≥ 25 kg/m2 showed a significantly higher
CRP level than that in patients with a BMI < 25 kg/m2. Previous studies showed that there
is a marginal elevation of CRP in obese patients, and a similar trend was observed in the
present study [61–63]. While CRP is generally negative in patients without inflammatory
disease, including those with FH, obese patients may show a slightly heightened inflamma-
tory response even in the absence of inflammatory disease. Consequently, in obese patients
with FUO, FH should remain within the differential diagnosis, even if they have a slightly
increased level of CRP.

The present study has several limitations. This study was a single-center study and
only included patients who visited the Outpatient Clinic for Fever of Unknown Origin, not
a general outpatient clinic. The high prevalence of FH in comparison with the prevalence
of infectious diseases, collagen diseases, and malignant diseases, historically reported as
the primary pathogenesis of FUO, may be due to the single-center nature of this study, in
which only patients visiting an outpatient clinic for FUO were included. Correspondingly,
data from another outpatient clinic for FUO in the National Center for Global Health
and Medicine indicated that FH accounted for 23.5% of FUO cases [64]. These findings
imply that the high prevalence of FH in the FUO cases in this study, unlike in previous
studies, may merely indicate that FH is more likely to be encountered in an outpatient
clinic for FUO.

In conclusion, this study shows that FH may account for a substantial proportion of
FUO cases and that FH occurs predominantly in women in their 20 s to 40 s. This study
also shows that patients with a history of psychiatric visits are at high risk for FH and that
the possibility of FH cannot be excluded even if serum CRP levels are slightly elevated in
FUO cases among obese patients. Recognizing that FH is an important differential disease
in FUO practice could help medical practitioners to accurately diagnose and guide FUO
patients to a resolution.
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Abstract: The purpose of the study was to evaluate the antibody response after COVID-19 vaccination
in patients affected by systemic autoinflammatory diseases (SAID) undertaking IL-1 inhibitors (IL-1i)
compared to healthy vaccinated controls (HC). The course of COVID-19 in vaccinated patients on
IL-1i was also assessed. The serological response was evaluated in SAID patients using the CLIA
MAGLUMI TM 2000 Plus test after the first vaccination cycle and the booster dose. Fifty-four fully
vaccinated healthcare workers were enrolled as HCs. GraphPad Prism 8 software was used for
statistical analysis. All patients developed an adequate antibody response. No differences were
observed between the antibody titers of patients on IL-1i and those not on IL-1i, either after the first
vaccination cycle or the booster dose (p = 0.99), and to HC (p = 0.99). With increasing age, a decrease
in antibody production was assessed after the second vaccine in SAID (r = 0.67, p = 0.0003). In general,
11.6% of SAID patients had COVID-19 after receiving vaccination. None of them developed severe
disease or experienced flares of their autoinflammatory disease. In conclusion, patients receiving IL-1i
develop an antibody response comparable to HC. No side effects after vaccination were observed;
IL-1i was continued before and after injections to avoid flare-ups.

Keywords: COVID-19; SARS-CoV-2 vaccination; anti-IL-1 drugs; anakinra; canakinumab; antibody
response

1. Introduction

The introduction of anti-SARS-CoV2 vaccination, which started in early 2021, has
dramatically changed the severity course of COVID-19, not only in the general population
but also in patients affected by different pathologies, such as cardiovascular diseases, dia-
betes, oncological disease, and rheumatological diseases (RD). In this field, a great deal of
attention was directed toward those affected by autoimmune diseases, in particular those
receiving conventional synthetic disease-modifying drugs (csDMARDs), biologics/target
synthetic (b/ts) DMARDs, or anti-CD-20 drugs (rituximab). It is well known that patients
affected by autoimmune and autoinflammatory syndromes [1] who undertake immuno-
suppressant and immunomodulatory therapies may have reduced immunogenicity after
vaccination [2]. Indeed, those treated with mycophenolate mofetil, rituximab, abatacept, or
glucocorticoids may present with reduced serological response [2]. A recent meta-analysis
of 20 seroprevalence studies on SARS-CoV-2 vaccination reported the highest seroconver-
sion rates with hydroxychloroquine and sulfasalazine. At the same time, methotrexate
(either used in monotherapy or combination with other treatments) and rituximab were
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associated with the lowest response rates (81.9% and 36.3%, respectively); however anti-
cytokine treatments were associated with a good seroconversion rate (>89%) either for
TNF-alpha inhibitors, IL-6 inhibitors, IL-17 inhibitors, IL-1 receptor antagonist (anakinra)
and Janus Kinases Inhibitors (JAK-I) [3]. In systemic autoinflammatory diseases (SAID),
the effect of vaccination has hardly been reported. In a recent prospective study, it was
observed that patients affected by severe COVID-19 and treated with anakinra alone or in
combination with tocilizumab subsequently did not have an altered antibody response [4];
another study investigating the effect of vaccination on autoinflammatory diseases showed
that the anti-SARS-CoV-2 vaccine was well tolerated in patients with pathologies mediated
by IL-1, IL-18, and interferon (IFN)-γ, with no disease relapses requiring hospitalization,
and presenting an adequate antibody production after the booster dose [5]. Regarding
safety and adverse events (AEs), a recent study on Familial Mediterranean Fever (FMF)
observed that 93 out of 161 patients reported adverse events/fever attacks after vaccination,
with 54.7% of AEs occurring after mRNA vaccines [6]. A cross-sectional observational study
in Turkey involving patients affected by FMF, Behçet Disease (BD), and rheumatic diseases
(RD) other than FMF and BD observed a similar frequency of AEs in FMF/BD compared to
RD. However, data on immunogenicity were not reported [7]. In general, anti-SARS-CoV-2
vaccination was well tolerated in patients with RD, with the vast majority obtaining a
consistent serological response and reassuring patients treated with immunomodulatory
therapies on the immunogenicity and short-term safety of the injections [8]. The present
work aims to evaluate the levels of SARS-CoV-2 Spike protein Receptor Binding Domain (S-
RBD) IgG antibody in a group of patients treated with IL-1 inhibitors (IL-1i), anakinra and
canakinumab to observe whether IL-1i may be associated or not with a reduced serological
response compared to a group of fully vaccinated healthy controls (HCs).

2. Materials and Methods

2.1. Clinical and Demographic Characteristics of the Patients Included in the Study

Forty-six SAID patients and fifty-four age- and sex-matched HCs were included in the
study. The demographical and clinical data of SAID patients are depicted in Table 1 and
graphically presented in Figure 1. SAID patients were included if they were injected with
the anti-SARS-CoV-2 vaccine and if they were treated with IL-1i (anakinra or canakinumab)
alone or in combination with colchicine or glucocorticoids (GCs) if they received colchicine,
GCs, or if they were not on treatment for disease remission (but previously treated with
colchicine or GCs). No relevant comorbidities (cardiovascular or oncological pathologies,
pre-existing lung disease, or diabetes) were reported in the cohort, and disease activity re-
mained stable throughout the study. Three patients were excluded from the study because
they did not receive IL-1i or colchicine but were on therapy with rituximab (two patients)
and adalimumab. Eight out of 43 (18.6%) patients had a previous diagnosis of COVID-19
infection (COVID+), based on the positivity to nasopharyngeal swab test, and therefore
were excluded from the analysis. Concerning the type of vaccine, 40 patients received
Comirnaty BNT162b2 mRNA (BioNTech-Pfizer, Mainz, Germany/New York, NY, USA),
2 received mRNA Spikevax 1273 (Moderna, Cambridge, MA, USA), and one patient re-
ceived AZD1222 ChAdOx1 (University of Oxford/AstraZeneca, Oxford/Cambridge, UK)
at the first two doses. HCs were chosen among healthcare workers of Padova University
Hospital and were not affected by relevant comorbidities. The mean age was 40 (range,
25–67) years with a standard deviation (SD) of ±11 years. All of them received the Comir-
naty BNT162b2 mRNA vaccine. Among the HCs included in this study, 33 (61%) were
women, and 21 (39%) were men. A total of 20/54 (37%) HCs had a previous diagnosis of
COVID-19 infection (COVID+), based on the positivity to nasopharyngeal swab test and
therefore excluded from the analysis. Patients and HCs underwent a primary vaccination
cycle at the local vaccination hub; for SAID patients, the first dose was followed by a second
after 21 days, between March and May 2021; the booster dose was between October and
December 2021. For HCs: first dose, followed by a second after 21 days, between January
and March 2021; booster dose between October and December 2021. Blood samples were
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prospectively collected in June 2021 (T3), October–November 2021 (T6), and February–
April 2022 (T9). The biological samples obtained from patients and HCs were deidentified.
Patients’ sera were collected at Rheumatology Unit and sent to Laboratory Medicine Unit
for analysis. The anti-SARS-CoV-2 Spike protein receptor binding domain (S-RBD) IgG
levels were assessed in SAID and HCs at different time points (T3, T6, and T9). For this
reason, we decided to conduct the subsequent analysis only in COVID-negative SAID and
HCs. All the subjects gave their fully informed written consent to participate in the study,
which was carried out per the Declaration of Helsinki. The protocol follows the guidelines
of the Ethics Committee of Padova University Hospital. The flow diagram depicted in
Figure 1 shows the study size and the number of participants included in the final analysis.

Table 1. Characteristics of SAID patients included in the study.

Demographic Characteristics

Patients, n 43
Age, years (IQR) 49 (37–60)
Sex, n (%) F, 26 (60.5); M, 17 (39.5)

Type of SAID

AOSD, n (%) 20 (46.5)
FMF, n (%) 17 (39.5)
TRAPS, n (%) 3 (7.0)
CAPS, n (%) 2 (4.7)
Schnitzler, n (%) 1 (2.3)

Therapy

IL-1i (alone), n (%) 18 (42.8)
IL-1i + colchicine, n (%) 6 (14)
IL-1i + GCs < 10 mg/day, n (%) 4 (9)
IL-1i + JAK inhibitors, n (%) 1 (2)
IL-1i + methotrexate, n (%) 2 (4)
Colchicine, n (%) 6 (14)
GCs < 10 mg/day, n (%) 1 (2)
None, n (%) 5 (11)

Type of Vaccine

mRNA Comirnaty BNT162b2 (%) 40 (93.0)
mRNA Spikevax 1273 (%) 2 (4.7)
AZD1222 ChAdOx1 (%) 1 (2.3)

Data are expressed as the median and interquartile range (IQR) or number of patients (n) and percentage (%). IL-1i,
IL-1 inhibitors; AOSD, Adult-Onset Still’s Disease; FMF, Familial Mediterranean Fever; GCs = glucocorticoids;
TRAPS, TNF receptor-associated periodic syndrome; CAPS, Cryopyrin-Associated Autoinflammatory Syndromes;
IQR, interquartile range; n, number of patients.

2.2. Evaluation of Binding IgG Antibodies against the RBD Portion of the SARS-CoV-2
Spike Protein

SARS-CoV-2 S-RBD IgG were measured by chemiluminescent immunoassays (CLIA)
on Maglumi 2000 plus (Snibe Diagnostics, Shenzhen, China), validated elsewhere [9], with
results expressed in kilo Binding Antibody Unit (kBAU). The cutoff value is 33.0 kBAU/mL.
Thus values ≥ 33.0 kBAU were accepted as positive and <33.0 kBAU as negative. IgG levels
in SAID patients were measured 2–4 weeks after the second dose (T3), six months after the
second dose (T6), and 90 days after the third dose (T9). Due to technical issues (limited
reagent availability) and reduced compliance of some SAID patients, not all samples were
assessed at each time point. Furthermore, not all SAID patients completed the analysis due
to the limited ability to reach the Hospital during the pandemic. Therefore, the number
of samples evaluated for SAID patients was: 43/43 (100%) in T3, 28/43 (65%) in T6, and
23/43 (54%) in T9. The numbers of samples evaluated for HCs were 48/54 (89%) in T3,
54/54 (100%) in T6, and 54/54 (100%) in T9.
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Figure 1. Flow diagram illustrating study size and participants.

2.3. Statistical Analysis

Data are reported as the median and interquartile range (IQR). The Shapiro-Wilk test
was used to analyze the distribution of continuous variables. As data distribution was
non-normal, Kruskal Wallis followed by Dunnet post hoc tests were used for multiple com-
parisons. Spearman correlation analysis was used to determine the correlations. Statistical
analysis was performed with GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA,
USA). A p-value < 0.05 was considered significant.

3. Results

We evaluated the anti-SARS-CoV-2 Spike protein receptor binding domain (S-RBD)
IgG levels in SAID patients and HCs at different time points (T3, T6, and T9). As previously
reported by Padoan et al. [10], S-RBD IgG levels were significantly higher in COVID+ HCs
than in COVID− HCs (p < 0.05) (Figure 2A). For this reason, we decided to perform the
subsequent analysis only in COVID-negative SAID and HCs. We evaluated S-RBD IgG
levels in patients with SAID and HCs at different time points (Figure 2B). The number
of samples evaluated for SAID patients was: 35/35 (100%) in T3, 24/35 (69%) in T6, and
19/35 (54%) in T9. In both analyzed groups (HC and SAID patients), the S-RBD IgG levels
were significantly higher at T3 and T9 than at T6 (p < 0.0001). We found no differences
between the patient group and the HCs at any of the time points considered. No significant
associations were found between age and S-RBD IgG levels in T9 (p = 0.61) in SAID patients,
while a negative correlation was found between age and S-RBD IgG in T6 (p = 0.0003,
r = −0.67) (Figure 2C). Median levels of S-RBD IgG and interquartile range (IQR) of HCs
and SAID patients are shown in Table 2.
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Figure 2. Levels of S-RBD IgG at different time points in patients with SAID and HC. (A). S-RBD IgG
levels in COVID and COVID+ HC were measured at T3, T6, and T9. Data are reported as median
and IQR. p was calculated according to the Kruskal-Wallis test. Dunn post hoc test, **** p < 0.0001,
** p < 0.01, * p < 0.05. (B). S-RBD IgG levels in COVID− SAID patients and COVID-HCs were
measured at T3, T6, and T9. Data are reported as median and IQR. p was calculated according
to the Kruskal-Wallis test. Dunn’s post hoc test, **** p < 0.0001. (C). Correlation of S-RBD IgG
levels in SAID patients measured at T3, T6, T9, and age. Spearman correlation analysis was used to
determine the correlations. HC, healthy controls; SAID, Systemic autoinflammatory diseases; IQR,
interquartile range.

Table 2. Anti-SARS-CoV-2 spike protein receptor binding domain (S-RBD) IgG levels at different
time points in SAID patients and HC.

T3 T6 T9

HC S-RBD IgG, kBAU/L (IQR) 2719 (724–4154) * 275 (149–443) 1077 (529–3409) *
female 2934 (1690–4796) * 345 (137–514) 1150 (529–3755) ◦
male 1878 (413–3334) # 197 (147–296) 828 (497–2943) #

SAID, patients S-RBD IgG, kBAU/L (IQR) 1400 (637–3206) * 86 (45–198) 2316 (1155–6681) *
female 1600 (852–3079) # 74 (43–378) 2316 (1155–6938) ◦
male 1261 (595–3548) # 87 (42–152) 1969 (594–5005) #

S-RBD IgG levels in COVID− SAID patients and COVID− HC were measured at T3, T6, and T9 using CLIA
Maglumi 2000 plus as described in Materials and Methods. Data are reported as median and IQR. p was calculated
according to the Kruskal-Wallis test. Dunn post hoc test, * p < 0.0001, ◦ p < 0.001, # p < 0.01 vs. T6. HC, healthy
controls; SAID, Systemic autoinflammatory diseases; IQR, interquartile range.

Among the COVID- SAID patients included in this study, 57% were females, and
43% were males. The overall mean value for age, which did not differ significantly by sex
(Mann-Whitney, p = 0.67), was 48 years with a standard deviation (SD) of ±14 years. The
number of samples evaluated for female SAID patients was: 20/20 (100%) in T3, 13/20
(65%) in T6, and 11/35 (31%) in T9. The number of samples evaluated for male SAID
patients was: 15/15 (100%) in T3, 11/15 (65%) in T6, and 8/15 (31%) in T9. Table 2 and
Figure 3 show that S-RBD IgG levels did not differ between male and female patients
with SAID.

Finally, we evaluated S-RBD IgG levels in COVID-negative patients treated with IL-1i.
Figure 4A shows no significant differences between S-RBD IgG levels in T3, T6, and T9 in
SAID patients treated with IL-1i and HCs. Furthermore, no significant differences were
observed in S-RBD IgG levels in SAID patients treated with IL-1i and those who did not
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receive these treatments (Figure 4B). The number of samples evaluated for SAID treated
with IL-1i was: 26/26 (100%) at T3, 16/26 (62%) at T6, and 15/26 (58%) at T9. The number
of samples evaluated for patients with SAID not treated with IL-1i was: 9/9 (100%) in T3,
8/9 (89%) in T6, and 4/9 (44%) in T9.

Figure 3. S-RBD IgG levels in patients with SAID and subdivided by sex. S-RBD IgG levels in SAID
patients (COVID−) divided by gender measured at T3, T6, and T9. Data are reported as median
and IQR. p was calculated according to the Kruskal-Wallis test. Dunn post hoc test, ** p < 0.01,
*** p < 0.0003. SAID, Systemic autoinflammatory diseases. IQR, interquartile range.

Figure 4. Levels of S-RBD IgG in SAID patients treated with IL-1i. (A). S-RBD IgG levels were
measured in COVID− HC and COVID− SAID patients treated with IL-1i at T3, T6, and T9. Data
are reported as median and IQR. p was calculated according to Kruskal-Wallis’s test. Dunn post hoc
test, **** p < 0.0001, *** p < 0.001. (B). S-RBD IgG levels in SAID patients treated or not with IL-1i
were measured at T3, T6, and T9. Data are reported as mean ± SEM. p was calculated according to
Kruskal-Wallis’s test. Dunn post hoc test, ** p < 0.005, **** p < 0.0001. HC, healthy controls; SAID,
Systemic autoinflammatory diseases; IL-1i, interleukin 1 inhibitors, IQR, interquartile range.

Through e-mail or telephone surveillance, patients were asked to report if they had
disease relapses after anti-SARS-CoV-2 injection; none of them complained of hyperpyrexia,
joint manifestations, skin rash, or serositis after vaccination, in addition to canonical
injection site reactions as observed in the general population, or mild fever and arm
pain for a few days after the injection. Regarding the five patients with a breakthrough
infection, no disease relapses were observed during COVID-19, and none discontinued
IL-1i. Table 3 illustrates the clinical features of COVID-19 in the five SAID infected and the
ongoing therapies.

46



J. Clin. Med. 2023, 12, 4741

Table 3. The course of COVID-19 in 5 SAID patients after receiving three injections of anti-SARS-
CoV-2 vaccine.

Patients 1 2 3 4 5

Disease TRAPS FMF AOSD FMF AOSD
Date of the booster

dose 21 November 21 November 21 December 21 November 21 December

Date of infection 22 January 22 May 22 January 22 March 22 June

COVID-19
symptoms

Sore throat,
running nose

Fever < 38◦, sore
throat, cough,
running nose

Fever < 38◦, cough,
running nose

Arthralgias,
sore throat

Fever < 38◦, sore
throat

Therapy during
COVID-19

CAM
300 mg/4 weeks

CAM
300 mg/4 weeks

Anakinra
200 mg/day

CAM
150 mg/4 weeks

Anakinra
100 mg/day

Therapy for
COVID-19 Antipyretics Antipyretics Antipyretics Monoclonal

antibodies Antipyretics

TRAPS, TNF-associated periodic syndrome; FMF, familial Mediterranean fever; AOSD, adult-onset Still’s disease;
CAM, canakinumab.

4. Discussion

The introduction of SARS-CoV-2 vaccination has profoundly changed the clinical
outcome of those affected. It aims to prevent the more severe consequences of the infection
itself, either in the general population or in patients affected by RD. Patients receiving im-
munomodulatory treatments are usually considered to have an increased risk of infections,
and several factors such as older age, male sex, comorbidities, and the intake of a high
dose of glucocorticoids (e.g., prednisone > 10 mg/day) or B-cell depleting therapies may
increase the risk of hospitalization and death [11,12]. However, several biologics used in
cohorts of patients with RD have been associated with a lower risk of hospitalization. Fur-
thermore, different immunomodulatory therapies have been evaluated in the last two years
as potential strategies for hyperinflammation, also called the ‘cytokine storm’, caused by
SARS-CoV2, and have shown beneficial effects to date [13]. With the results obtained from
our analysis, it is possible to observe that patients receiving anakinra and canakinumab
did not show reduced antibody production after vaccination after both the complete cycle
(I-II dose) and the booster dose, with titers that are compatible with those observed in
HCs. A significant reduction in antibody levels was reported at T6 (6 months after the
second injection) compared to T3, but this result is consistent with the normal decrease
in serological response commonly observed in the general population and, in our case, in
HCs. In T9, SAID patients presented with higher antibody titers. However, the difference
was not significant compared to HCs. This data may be interpreted as a bias since SAID
patients analysed in T9 were fewer than in T3, and the variability was elevated. Regarding
the age differences between SAID patients and controls, we observed a reduction in T6 titer
in both groups, in line with the increase in age. Overall, in this cohort, no patient was a
no responder, and all 43 subjects developed antibody titers that exceeded the established
cutoff, fixed at 33 kBAU/L, and were adequate to protect the patients from serious infection.
Our data are consistent with other reports in which the serological response to vaccination
was not impaired in those treated with IL-1i [14]. Similar results were also observed in
adults treated with canakinumab who received influenza and meningococcal vaccines and
had antibody titers comparable to controls [15]. Furthermore, comprehensive data on the
safety and efficacy of inactivated vaccines were also reported in children taking IL-1i [16,17].
Therefore, patients on therapy with IL-1i should be encouraged not to discontinue the
treatment during SARS-CoV-2 vaccination [18], given the risk of disease relapses and the
possible additional increase of IL-1 if breakthrough infections by COVID-19 appear. Re-
garding safety and AEs, in a real-life observational study reported by Peet et al. and carried
out in autoinflammatory patients treated with different biologics (IL-1i, IL-6 inhibitors,
TNF-alpha inhibitors), side effects after vaccination against COVID-19 were reported after
71 of 138 (51.4%) administrations and were consistent with a flare of the underlying disease
only in 26 of 138 (18.8%). Fatigue, myalgia, headache, and fever were the most frequent

47



J. Clin. Med. 2023, 12, 4741

side effects observed after mRNA and adenovirus vaccines, but no serious AEs or death
were reported [19]. Similarly, in the cohort reported by Shechtman et al., 273 FMF patients
vaccinated with the BNT162b2 vaccine reported local reactions and mild systemic events;
moreover, the Authors observed a recurrence of FMF-attacks (mostly abdominal serosi-
tis and joint involvement) after two doses in 12% of the subjects. However, the disease
activity remained stable in most patients, with a rate of attacks higher the month before
the vaccination than that after vaccination [20]. Moreover, they also observed that FMF
patients treated with colchicine and canakinumab had a significantly higher rate of attacks
following vaccination than those treated with colchicine alone. The explanation given is
that patients under combination therapy usually have a high disease activity, thus, are
more prone to develop attacks, but it is not an effect of IL-1 inhibition itself [20]. Güven and
Colleagues observed a considerable number of FMF patients (54.7%) who suffered from
vaccine-related adverse events and/or FMF attacks (mostly abdominal pain and fever),
especially after receiving BNT162b2. They observed an increased rate of AEs after the
booster dose. However, no serious events or increased mortality due to vaccination were
detected [6]. Episodes of serositis (peritonitis, pleuritis), fever attacks and articular manifes-
tations were observed in the Turkish cohort of 247 FMF patients reported by Ozdede et al.:
an overall rate of 13.4% flares occurred after the BioNTech vaccine; however, in general, a
similar AEs profile and frequency was observed in FMF/BD patients when compared to
RD patients [7]. Concerning COVID-19 breakthrough infections, 5 out of 43 patients (11.6%)
were infected with SARS-CoV-2 after the booster dose (third dose) but did not exhibit
severe manifestations of COVID-19 nor disease flare-ups or symptoms related to long
COVID-19 in the follow-up (Table 3). This could be explained by the fact that they received
three vaccine shots. Therefore, the course of the disease resulted in mild; however, they
all received IL-1i too, which could have down-regulated an eventual hyperinflammatory
response caused by SARS-CoV-2. It is well-assessed that IL-1i, especially anakinra, may
be beneficial in dampening the cytokine boost typical of the severe phases of COVID-19
infection. Therefore, the already in-place blockage of the inflammasome-IL-1β axis and the
effect exerted by vaccination could have protected these patients more from developing a
major infection and, in turn, from hyperinflammation. Our data are consistent with the
clinical profile of SARS-CoV-2 breakthrough infections in double or triple-vaccinated, in
which a lower rate of hospitalization and fatal outcome was reported compared to unvac-
cinated RD patients [21]. However, the sample size is too small to conclude the positive
effect exerted by IL-1i, but the intake of certain drugs should be considered. Notably, in
this cohort, two patients affected by IgG4-related diseases and receiving rituximab were
not included in the analysis, as it is widely recognized that anti-CD-20 drugs can severely
hamper the serological response [22]. No differences were observed between patients on
IL-1i and those on colchicine or not treated. Almost all patients (42/43, 97.6%) received
mRNA vaccines, and only one subject received the adenovirus vectored vaccine (AZD1222)
in the first cycle but received a dose of mRNA vaccine at the booster dose (heterologous
vaccination). Regarding safety, none of our patients treated with IL-1i or colchicine de-
veloped disease flares or serious AEs after receiving anti-SARS-CoV-2 vaccination, data
consistent with the previously discussed literature. According to the EULAR recommenda-
tion for vaccination in subjects with RD, we suggested the administration of the vaccine
to patients with ‘quiet disease’ (low disease activity or clinical remission), and we advise
not discontinuing medications during the vaccination period to avoid possible disease
flare-ups [23].

5. Conclusions

In conclusion, the present study supports that the anti-SARS-CoV-2 vaccines are
equally immunogenic in SAID and HCs. Treatment with IL-1i is not associated with a
delayed or hampered serological response, and no adverse events were observed after
vaccination in those treated, providing evidence of excellent safety and tolerance in patients
affected by autoinflammatory diseases. A limitation of the study is the small sample size of
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patients enrolled. However, considering that SAIDs are rare pathologies, the total number
of patients is acceptable to present sufficient data on the vaccine’s tolerability and efficacy
during IL-1i. Further studies are necessary to understand if a fourth and a fifth dose or
even annual vaccination against SARS-CoV-2 will be necessary for patients with RD or if
guidelines for the general population should be followed.
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Abstract: Fibrosis is the end result of persistent inflammatory responses induced by a variety of
stimuli, including chronic infections, autoimmune reactions, and tissue injury. Fibrotic diseases affect
all vital organs and are characterized by a high rate of morbidity and mortality in the developed
world. Until recently, there were no approved antifibrotic therapies. In recent years, high levels
of interleukin-17 (IL-17) have been associated with chronic inflammatory diseases with fibrotic
complications that culminate in organ failure. In this review, we provide an update on the role
of IL-17 in fibrotic diseases, with particular attention to the most recent lines of research in the
therapeutic field represented by the epigenetic mechanisms that control IL-17 levels in fibrosis. A
better knowledge of the IL-17 signaling pathway implications in fibrosis could design new strategies
for therapeutic benefits.

Keywords: IL-17; fibrosis; autoimmune; epigenetics; biological drugs

1. Introduction

Fibrosis is a process that develops slowly and leads to tissue degeneration, with severe
consequences for organs such as the heart, lung, liver, kidney, and skin [1]. In the last
few years, fibrotic disorders have significantly increased and negatively impacted public
health [2]. It is estimated that in the industrialized world, 45% of all deaths can be attributed
to diseases where fibrosis plays a major etiological role [2,3]. Interestingly, in pathological
disorders that are based on inflammatory processes, altered repair mechanisms can lead
to the formation of fibrotic tissue upon wound healing [4], which may be responsible
for aberrant tissue repair [1]. During the fibrotic process, an excessive accumulation of
extracellular matrix (ECM) components occurs; collagen, fibronectin, and hyaluronic acid
are released and synthesized to a greater level at the site of tissue injury, leading to organ
failure and death [5].

In recent years, growing evidence has highlighted that aberrant fibrosis is also a major
pathological feature of many chronic autoimmune diseases, including scleroderma, rheuma-
toid arthritis (RA), Crohn’s disease, systemic lupus erythematosus (SLE), and Sjögren’s
syndrome (SS) [6,7]. These fibrotic diseases have, in common, a persistent inflammatory
stimulus based on lymphocyte-monocyte interactions that produce growth factors and
fibrogenic cytokines, inducing the deposition of connective tissue components that pro-
gressively destroy the healthy tissue structure [6,7]. These data confirmed that cytokines
drive the acute and chronic inflammatory responses that culminate in fibrosis activation [8].
Recently, IL-17, a pro-inflammatory cytokine, has received growing attention derived from
published results collected from the study of the correlation between inflammation and
autoimmune diseases [9–11]. Based on this evidence, herein we review recent discoveries
on the role of the members of the IL-17 family in the crucial events of organ fibrosis.
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2. The IL-17 Cytokines Family and Its Receptors

The IL-17 family is a recently identified system of secretory regulatory peptides that
show homology in amino acid sequences, including an extremely preserved cysteine-knot
fold structure [12,13]. IL-17A was first identified in 1993 [14] and named human cytotoxic
T lymphocyte-associated antigen 8 (CTLA8). It was subsequently termed IL-17 in 1995 [15]
and, more recently, IL-17A. The IL-17A gene is inserted on the 6p12 chromosome, and hu-
man IL-17A is a homodimeric protein of 35 kDa that shares a different glycosylation [15,16].
Five other members of the IL-17 family were known: IL-17B, IL-17C, IL-17D, IL-17E (also
named IL-25), and IL-17F [16–18]. IL-17A and F are the closest members, with 50% ho-
mology, followed by IL-17B (29%), IL-17D (25%), and IL-17C (23%); IL-17E displays the
lowest degree of sequence conservation (16%), implicating that IL-17E is the most dissim-
ilar protein [19,20]. The functions of these five proteins moderately overlap with those
of IL-17A, whose precise role in health and disease remains elusive. IL-17, through its
binding to the IL-17 receptors (IL-17Rs), is involved in chronic and persistent inflammation,
autoimmunity, and the maintenance of epithelial layer integrity [21]. These receptors share
a unique protein-protein interaction domain in their cytoplasmic tail called the SEF/IL-17R
(SEFIR) domain [22]. Among the IL-17R family members, IL-17RA is the best-known
receptor [23–25]. The IL-17R is a heterodimeric complex that is formed by the IL-17RA, IL-
17RB, IL-17RC, IL-17RD, and IL-17RE, with the IL-17RA subunit in association with other
subunits. IL-17A and IL-17F link to a dimeric IL17RA/RC system; IL-17B and IL-17E link to
a dimeric 17RA/RB system; and IL-17C links to the IL17RA/RE complex [26]. In addition,
IL-17D was recently reported to bind CD93 [27]. IL-17RA and IL-17RC, acting through the
binding of the SEFIR domain with the ubiquitin ligase Act1, activate the TRAF6/TAK1/NF-
κB pathway and the TRAF6/TAK1/MAPK/AP1 pathway [28]. Because IL-17RB, IL-17RD,
and IL-17RE also contain a SEFIR domain, a similar mechanism of activation is probable.
Moreover, a conserved intracellular subdomain homologous to Toll-IL-1R (TIR) domains
was revealed which could be essential for signaling downstream of the IL-1 receptor and
Toll-like receptors (TLRs) [24,29].

3. Production and Functions of the IL-17 Family Members

Functionally, IL-17 cytokines, critical for normal host immune responses, are potent
drivers of inflammatory responses and cancer. Both in humans and in mice, IL-17 cy-
tokines are produced by a broad spectrum of cell types that operate on multiple cellular
targets [28,30,31], triggering the secretion of pro-inflammatory cytokines, chemokines, and
prostaglandins [28,32]. In this context, IL-17A has been implicated in the pathogenesis of
many disorders characterized by inflammatory complications, including cardiovascular
and neurological diseases [33]. IL-17A is produced by CD4+ and CD8+ T cells and γδ T cells,
and it acts on endothelial cells, macrophages, fibroblasts, osteoblasts, and chondrocytes [33].
This stimulation by IL-17A enhances the production of pro-inflammatory proteins from
monocytes, such as TNF-α, IL-6, IL-1β, and IL-23. IL-17A also operates on mesenchy-
mal cells derived from synovium and skin to stimulate the production of chemokines,
thus involving neutrophil (IL-8/CXCL8), lymphocyte (CCL20), and macrophage recruit-
ment [25]. However, if dysregulated, IL-17A responses can promote the development and
chronicity of inflammatory disorders in a number of autoimmune diseases [34,35]. IL-17B
was demonstrated to be highly expressed during the intestinal inflammatory state and
is able to induce neutrophil migration upon intraperitoneal administration, suggesting a
pro-inflammatory key role [18,36,37]. Interestingly, enhanced IL-17B levels are linked with
poor prognosis in patients with various types of cancer, like breast, lung, and pancreatic,
reinforcing the clinical relevance of this finding [38]. IL-17B expression was also detected
in synovial tissues from patients with RA, where it is mainly produced by neutrophils and
chondrocytes [39]. Likewise, IL-17A and IL-17C, produced by epithelial cells and immune
cells, promote anti-microbial protective activity in the skin and in the intestine [28,40,41]. In
addition, IL-17C is also secreted by keratinocytes and cutaneous neurons, but in a specific
condition, represented by the reactivation of the herpes simplex virus [42]. IL-17D is the
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least understood of the IL-17 family of proteins. It is expressed in a broad variety of healthy
tissues and has been found to be expressed at high levels in immunogenic cancer cells
compared to poorly immunogenic tumor cells, leading to immune rejection mediated
by NK cells. Therefore, it is well documented that IL-17D provokes exacerbated viral
infections [43,44]. Some interesting studies have highlighted that IL-17D stimulating the
endothelial cells promotes severe pro-inflammatory cytokine activity that leads to IL-6, IL-8,
and GM-CSF secretion [43,45]. IL-17E, also known as IL-25, is involved in the pathogenesis
of fungal infections, allergies, and autoimmune disorders. IL-17E is diverse from other
proteins of the IL-17 family; in fact, it was considered a “mucosal barrier” molecule that
confers immunity against parasitic infections. Indeed, large levels of IL-17E are secreted
following infection with the parasitic helminth Nippostrongylus or Aspergillus [28]. There-
fore, IL-17E induces expression of IL-4, IL-5, and IL-13, all of which are associated with type
2 immunity [46], and is able to promote epithelial-cell hyperplasia by increasing mucus
secretion and hyperreactivity of the airway epithelium [47].

4. Role of IL-17 in Fibrotic Evolution

All fibrotic tissues exhibit characteristics of chronic immunologically-mediated inflam-
matory status during the initial periods of their development. IL-17 is expressed in an
altered manner in several autoinflammatory diseases. Indeed, in inflammatory chronic
conditions such as liver cirrhosis, idiopathic pulmonary fibrosis, and heart failure, IL-17
contributes to the severe fibrotic process through various mechanisms, including the in-
duction of resident stromal cells and the progression of the inflammatory status. In liver
fibrosis, IL-17, operating in synergy with IL-1β, IL-6, and IL-23, continues the inflamma-
tory process by promoting transforming growth factor-β (TGFβ) expression in hepatic
stellate cells [48,49]. IL-17 stimulates the hepatocytes, involved in fibroblast activation
and collagen release, to secrete periostin [50]. Accordingly, inactivation of IL-17 signaling
in hepatocytes diminished the fibrotic process in the liver of murine models affected by
hepatitis-induced liver injury [51]. Therefore, IL-17 is markedly expressed in the bronchial
mucosa of patients affected by severe asthma and drives the epithelial-to-mesenchymal
transition (EMT) process when used to induce human small airway epithelial cells in
in vitro cultures [52]. Supporting the involvement of IL-17 in EMT-dependent fibrosis,
Sisto et al. recently demonstrated that IL-17, through the support of IL-22, contributes to
triggering the EMT-dependent fibrotic process in healthy human salivary gland epithelial
cells, clarifying the role of IL-17 in the fibrotic evolution observed in SS [53]. It is interesting
to note that, in patients with idiopathic pulmonary fibrosis (IPF), Th17 cells secrete TGFβ
and IL-17A at high levels; in addition, when lung fibrosis was induced in vitro through
bleomycin (BLM) treatment of a murine model or when Th17 cells were cultured simul-
taneously in the presence of human lung fibroblasts, an increase in collagen deposition
and other ECM factor production was revealed [54]. Indeed, blocking IL-17 improves the
fibrotic condition in the lung of murine models affected by pulmonary disease following a
post-bone marrow transplant [54]. Finally, IL-17 secreted by γδ T cells and Th17 cells plays
a key role in several conditions of heart fibrosis, probably involving various inflammatory
events in these organs. In fact, IL-17 induces cardiac myofibroblast transformation in
murine models, in which ischemia causes heart injury, as well as in experimental models of
hypertension [55]. Blockade of the IL-17 signaling pathway reduces cardiac fibrosis and
improves myocardial contractile function [56]. A schematic representation of the role of
IL-17 in autoimmune-related fibrosis is reported in Figure 1.
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Figure 1. Role of IL-17 cytokines in fibrotic autoimmune diseases IL-17 is produced by epithe-
lial cells, dendritic cells, macrophages, CD4 T helper 17 (Th17), and gamma/delta T cells (Tγδ17
cells). IL-17 signaling promotes the production of pro-inflammatory factors such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor (TNFα), and the release of
pro-inflammatory cytokines such as IL-6, IL-8, and IL-23. These pathogenic factors exacerbate chronic
inflammation and, often through the epithelial-mesenchymal transition (EMT) process, cause the
fibrotic evolution of autoimmune diseases.

5. Fibrosis Mediated by Several IL-17 Family Members

Dysregulated expression of IL-17 cytokines contributes to the triggering and exacer-
bation of fibrosis in a variable way, depending on the specific IL-17 family member. In
this paragraph, we report the most recent knowledge regarding the role of IL-17 family
members in the fibrotic evolution of inflammatory diseases.

5.1. IL-17A

Studies conducted using experimental animal models have demonstrated the role
of IL-17A in regulating the complex interplay between lung inflammation and fibrosis.
After BLM treatment to induce injury, IL-17A expression is upregulated, determining the
release of pro-inflammatory cytokines and chemokines by endothelial cells and epithelial
cells [54,57]. These factors recruit several types of inflammatory cells to the alveolar surface,
and the resulting inflammation activates pulmonary fibrosis [58]. In addition, the same
situations of inflammation, neutrophilia, and pulmonary fibrosis develop after IL-17A
production following IL-1β treatment [54]. Confirming the pro-fibrotic role of IL-17A,
blocking IL-17A through the intraperitoneal administration of an antibody against IL-17A
reduces the acute inflammatory and fibrotic features in an experimental animal model [58].
Consequently, it is not surprising that the depletion of alveolar macrophages decreased
the effects of IL-17 on the activation of lung fibrosis, supporting the hypothesis that these
cells are involved first in the activation, producing pro-fibrotic factors such as IL-1β and
IL-23 [59]. The IL-17A receptor is also ubiquitously expressed on the membrane surface of
epithelial cells and fibroblasts; these cells are involved in the EMT-mediated pulmonary
process correlated with pulmonary fibrosis; furthermore, these cells regulate fibroblast
transformation into myofibroblasts, increasing extracellular matrix deposition [60]. Re-
cently, it has been proposed that the IL-17A-mediated signaling and EMT of intrahepatic
biliary epithelial cells are involved in the pathogenesis of primary biliary cirrhosis (PBC).
This study demonstrated increased protein levels of the IL-17A receptor in intrahepatic
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biliary epithelial cells, and the IL-17A resulted in accumulation around those cells in the
patients affected by PBC [48].

Additionally, IL-17A can act as a pro-fibrotic interleukin by suppressing autophagy
in epithelial cells [59], although whether autophagy has a protective effect or not is yet
to be determined. In addition, in some studies, after BLM treatment, an overexpression
of IL-17R in fibroblasts was detected; furthermore, the addition of exogenous IL-17 can
accelerate fibroblast proliferation, accompanied by an increased synthesis of specific pro-
teins such as α-smooth muscle actin (α-SMA) and collagen [60]. The IL-17 stimulation of
fibroblasts occurs, probably, via activation of NF-κB through the NF-κB activator 1 protein
(Act1) [61], a critical mediator of IL-17 receptor family signaling, especially in autoimmune
conditions [62].

5.2. IL-17B

Research on IL-17Bs role in fibrotic evolution has been limited, and in general, the
function of IL-17B has not been thoroughly clarified. However, several studies support
the possibility that the effects of IL-17A and IL-17B are very similar in the regulation of
inflammation and fibrosis [63]. For example, IL-17B up-regulates the production of IL-6, IL-
23, and IL-1α in the peritoneal neutrophils, macrophages, and lymphocytes [61]; in addition,
it determines TNF-α and IL-1β release by the human monocyte/macrophage cell line [64].
IL-17B promotes the recruitment of cells that express the chemokine receptors CXCR4
or CXCR5, and the experimental intraperitoneal administration of recombinant human
IL-17B determines the chemoattraction of neutrophils, which release chemoattractants for
other cells [65]. Additionally, IL-17B can synergize with IL-33 to regulate T-helper (Th)-
mediated immune responses [66]. These pro-inflammatory functions suggest that IL-17B
may influence the progression of fibrosis, which follows the early stages of inflammation.
This hypothesis was confirmed by the research group of Yang, who recently reported that
the expression of IL-17B was affected by dysbiosis; this situation induces lung fibrosis
by interacting with TNF-α to stimulate the secretion of Th17-cell-promoting genes and
neutrophil-recruiting genes [67].

5.3. IL-17C

IL-17C has been shown to be expressed in CD4+ T cells, dendritic cells (DCs), macrophages,
and epithelial cells, which produce this interleukin during antimicrobial activity [68,69],
determining an enhanced inflammatory response [68,69]. The activity of IL-17C occurs
through binding to the IL-17 receptor complex, consisting of IL-17RA and IL-17RE sub-
units [70]. IL-17RE, in particular, was expressed mainly on epithelial cell surfaces and Th17
cells. Th17 cells react to stimulation with IL-17C, producing IL-17A and IL-17F, confirming
that IL-17C might regulate the initial phase of the development of inflammation [68,69].
Once again, IL-17C production is dependent on NF-κB/Act1 activation, determined by
IL-17C binding to the receptor complex IL-17RA/IL-17RE and, in turn, MAPK signaling
molecules expression [70,71]. The function of the IL-17C isoform in the progression of
fibrosis was mainly explored in IPF [72], using a lipopolysaccharide-induced lung injury as
a model of IPF. Data collected on epithelial cell damage, the release of pro-inflammatory fac-
tors, and neutrophil recruitment mediated by the release of IL-17C confirmed the key role of
IL-17C in lung inflammation. IL-17Cs role in Haemophilus influenzae and cigarette smoke-
induced lung inflammation has been recently reported [73], mediating the expression of
neutrophilic cytokines, the recruitment of neutrophils, and lung fibrotic damage [73].

5.4. IL-17D

IL-17D has a more limited expression and is detected in B lymphocytes and resting
CD4+ T cells; IL-17D acts, in particular, on endothelial cells, regulating their secretion of pro-
inflammatory factors [74]. However, knowledge of the role of IL-17Ds in the exacerbation
of pulmonary fibrosis remains poorly investigated and needs clarifying studies.
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5.5. IL-17E

IL-17E, recently correlated with pulmonary fibrosis, was secreted by Th2 cells, ep-
ithelial cells, endothelial cells, T cells, alveolar macrophages, DCs, eosinophils, and ba-
sophils [75]. Xu and collaborators [76] not only demonstrated an increase in IL-17E secretion
but also the activation of an EMT program in alveolar epithelial cells, determining EMT-
dependent fibrosis activation in patients with IPF. These observations were confirmed by
Hams [77] through the demonstration of increased levels of IL-17E in the lungs of IPF
patients, which is correlated, interestingly, with IL-13 release that exacerbates collagen
deposition during the IPF process. A schematic representation of the correlation between
IL-17 subtypes A and E and EMT-dependent fibrosis is shown in Figure 2.

 

Figure 2. The main cellular sources and targets of IL-17A and IL-17E in the EMT-mediated fibrotic
evolution of autoimmune diseases. IL-17A/E contributes to idiopathic pulmonary fibrosis, primary
biliary cirrhosis, and salivary gland fibrosis through the activation of EMT, which leads to fibroblast
proliferation and differentiation into myofibroblasts. EMT (epithelial-mesenchymal transition); T h17
cells (T helper 17 cells).

5.6. IL-17F

IL-17F shows a high homology of sequences and activities that mostly overlap with
those of IL-17A [78]. The cells that produce IL-17F are the same as those releasing IL-17A.
IL-17F is able to trigger the release of IL-6 and CXC chemokines from tracheal epithelial
cells, inflammatory cells, endothelial cells, and fibroblasts, supporting the hypothesis that
IL-17F could modulate autoimmune and inflammatory diseases [79,80]. However, the field
of investigation into the pro-fibrotic activity of IL-17F is still pioneering.

The data related to IL-17 subtypes are reported in Table 1.

Table 1. Collective table reporting the mechanisms of action and related references for IL-17 subtypes.

Cytokines Cellular Sources Target Cells Functions References

IL-17A
Th17, γδT, macrophages,

epithelial cells,
dendritic cells

Epithelial cells,
endothelial cells,

inflammatory cells

Stimulation of inflammatory
cells, release of profibrotic

factors, pulmonary fibrosis,
primary biliary cirrhosis,
EMT, activation of NF-κB

[58–62]

56



J. Clin. Med. 2024, 13, 164

Table 1. Cont.

Cytokines Cellular Sources Target Cells Functions References

IL-17B

Neutrophils, Th17, γδT,
macrophages,
epithelial cells,

dendritic cells, B cells

Neutrophils,
macrophages,
lymphocytes

Release of IL-6, IL-23, IL-1α,
TNF-α, IL-1β, regulation of
the T helper (Th)-mediated

immune responses, lung
fibrosis, EMT

[63–65,67]

IL-17C
CD4+ T cells, dendritic

cells, macrophages,
epithelial cells

Th17 cells,
epithelial cells

Severe inflammatory
response, NF-κB/Act1

activation, pro-inflammatory
factors, pulmonary fibrosis

[68–73]

IL-17D
B lymphocytes, resting

CD4+ T cells Endothelial cells
Secretion of inflammatory

factors, exacerbation of
pulmonary fibrosis

[73,74]

IL-17E

Th2 cells, epithelial cells,
endothelial cells, T cells,
alveolar macrophages,

dendritic cells, eosinophils,
basophils

Alveolar epithelial cells

EMT program, pulmonary
fibrosis, increased levels of
IL-17E in the lungs of IPF

patients, IL-13 release

[75–77]

IL-17F
Th17, γδT, macrophages,

epithelial cells,
dendritic cells

Tracheal epithelial cells,
inflammatory cells,

endothelial cells,
fibroblasts

IL-6 and CXC chemokines,
autoimmune and

inflammatory diseases,
profibrotic activity

[78–80]

6. Epigenetic Regulation of IL-17 in Fibrotic Diseases

Dysregulated Th17 cell responses contribute to the immunopathogenesis of multiple
inflammatory and autoimmune diseases [81]. Following aberrant activation stimuli, T
helpers appear to be involved in triggering autoimmune responses against many organs,
such as joints, brain, skin, gut, pancreas, salivary and lachrymal glands, and the eye. This
abnormal and persistent activation leads to the onset of multiple autoimmune diseases,
including multiple sclerosis (MS), psoriasis, Cröhn’s disease, type I diabetes, SS, uveitis,
systemic sclerosis (SSc), and SLE [82]. It is now accepted that the fibrotic evolution of
autoimmune diseases presents an excessive release of pro-fibrotic factors as a result of the
activation of molecular cascades depending on chronic inflammation, and the recent chal-
lenge consists of identifying anti-fibrotic therapies that can also have value in autoimmune
diseases. Previous research has significantly increased our understanding of genetic suscep-
tibility to fibrotic diseases based on the identification of sequence variants, polymorphisms,
and mutations in several genes [83,84]. However, the concordance rate for some fibrotic
diseases in monozygotic twins is low, indicating that genetic predisposition is insufficient to
explain disease development and suggesting a potential role of epigenetics as the missing
link that connects environmental exposure to disease development [85]. The following
paragraphs explore findings related to the epigenetic regulation of IL-17 in fibrosis.

6.1. Histone Modification and IL-17 Production

As an epigenetically modulated mechanism, differentiation of T helper cells was
acknowledged to imply total changes in histone modifications such as H3K4me3 and
H3K27me3 [86]. Recently, it was reported that the histone deacetylase (HDAC) inhibitor,
which has potential effects on epigenetic alterations, had been shown to mitigate renal
fibrotic conditions. Findings have observed the conversion of CD4+ forkhead box P3
(FOXP3)+ T regulatory (Treg) cells into T helper 17 cells (Th17), contributing to the progres-
sion of renal fibrosis. Worsening renal fibrosis was linked with the loss of CD4+FOXP3+IL-
17+ T cells in splenic single-cell suspensions. FOXP3+IL-17+ T cells expressed TGF-β1 both
in vitro and in vivo, and, indeed, the loss of TGF-β1 expression was confirmed using IL-17
siRNA. It is now well established that these cells play a critical role in converting Tregs
into IL-17- and TGF-β1-secreting cells [87]. Therefore, targeting the epigenetic process that
induces the pathogenic activation of CD4+ T helper cells may provide new therapeutic
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approaches to revolutionize the treatment of autoimmune conditions. Interestingly, remov-
ing acetyl groups by histone could occur through a series of HDACs that induce compact
nucleosome structure and prevent active transcription; however, in some events, HDACs
can directly activate transcription, although the exact processes by which they modulate
transcription are currently poorly known [88]. In addition, HDACs seem to modulate the
fibrotic process through fibroblast proliferation, senescence, and ECM production [89,90].
Based on this evidence, recent studies report that histone HDAC inhibitors can decrease the
inflammatory status mediated by CD4+ T cells and subsequent fibrotic evolution [91,92]
(Figure 3).

 

Figure 3. The main epigenetic changes associated with differentiation of T h17 cells and upregulation
of IL-17 are DNA methylation, histone post-translational modifications, and ncRNA (lncRNA and
miRNAs). Bet proteins (bromodomain and extra-terminal domain); BRDs (bromodomains); DNMTs
(DNA methyltransferases); ncRNA (non-coding RNA); lncRNA (long non-coding RNA); miRNA (mi-
croRNA); Dicer (Endoribonuclease Dicer C-terminal complex); TET (ten-eleven translocation); 2OG
(2Oxoglutarate Oxygenase); IOX-1 (Histone demethylase inhibitor); Risc (RNA-induced silencing
complex); T h17 cells (T helper 17 cells); the symbol “?” indicates that the mechanism has not yet
been clarified.

6.2. DNA Demethylation in the Control of IL-17 Pro-Fibrotic Activity

DNA demethylation, generally linked with gene silencing, has recently been identified
as a strategy in the regulation of IL-17-dependent fibrosis. Ichiyama et al. demonstrated
DNA methylation at T helper-specific IFNγ, IL17A, and Foxp3 [93]. Therefore, it was
demonstrated that the H3K27me3 demethylase JMJD3 [94] and DNA demethylases Ten-
Eleven-Translocation (TET)2/TET35 are key activators of IL-17 expression, and recent
data have evidenced that H3K9me3 may also modulate the expression of IL-17 [95]. It is
now accepted that bromodomain antagonists [96] and histone H3K27me3 demethylase
inhibitors [97] are able to decrease the inflammatory status linked to CD4+ T cell activation.
Emerging evidence underscores the importance of bromodomain antagonists that interfere
with epigenetic events on histones related to transcriptional processes. The bromodomain
and extraterminal domain (BET) family proteins, consisting of BRD2, BRD3, BRD4, and
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BRDT, are characterized by two bromodomains that recognize and bind to lysine-acetylated
histones and other acetylated proteins with different degrees of affinity. Small-molecule
BET inhibitors interact on the acetyl moiety inserted into the bromodomain acetyl-lysine-
binding pocket, which is specific to the BET family proteins, and this allows BET inhibitors
to be perfect candidates for blocking the constitutively active regions that have active
histone marks. Indeed, BET inhibition has been shown to reduce the differentiation of
naive T cells into Th17 cells [98]. Interestingly, studies in vitro have demonstrated that
BET inhibition potently suppressed Th17 cell responses in explanted lung tissue from
cystic fibrosis’ patients with a history of chronic lung inflammation. Thus, these BET
inhibitors are able to modulate T cell responses, specifically Th17-mediated inflammation,
to inhibit IL-17-driven chemokine production in human bronchial epithelial cells through
processes that include bromodomain-dependent inhibition of acetylated histones at the
IL-17 gene locus [99]. In addition, in a murine model of acute pseudomonas aeruginosa
lung infection, BET inhibition diminished inflammatory conditions without exacerbating
infection, suggesting that BET inhibitors may be a potential therapeutic candidate in
patients with cystic fibrosis [100].

Based on this evidence, targeting Th17 cells as well as those molecules mediating the
differentiation and inflammatory functions of these cells can become a plausible therapeutic
approach for many autoimmune diseases. While classical biologic agents (monoclonal
antibodies or recombinant proteins) targeting IL-17 and IL-23, as well as inhibitors of
RORγt, have shown potent efficacy only in some fibrotic diseases such as psoriasis and
RA, unfortunately, this potential has not been observed in other diseases, such as uveitis
and Cröhn’s disease [101]. This has led to the identification of new potential therapeutic
targets, and recently, IOX1 (a histone demethylase inhibitor) was identified as the potential
candidate that suppresses Th17 function, targeting TET2 activity on the IL-17a promoter.
The TET proteins TET1, TET2, and TET3 catalyze 5-methylcytosine (5 mC) conversion to
5-hydroxymethylcytosine (5 hmC) to regulate the DNA demethylation mechanism [102].
However, the potential therapeutic effect of the inhibitors of TET proteins has, until now,
not been fully appreciated or developed. IOX1 is a general 2-Oxoglutarate Oxygenase (2OG)
inhibitor that can also target other histone and DNA demethylases. Interestingly, IOX1
does not seem to have any direct interaction with demethylases, which could potentially
activate IL-17A expression but, probably, suppress Th17 cells through targeting other 2OG
enzymes [103]. From early studies conducted in the laboratory, IOX1 appears to have
the advantage of similar efficacy with less cellular toxicity when compared to previously
known inhibitors of IL-17-mediated inflammation, such as Tofacitinib [103] (Figure 3).

6.3. Correlations of Non-Coding RNA Expression and IL-17 Levels in Fibrosis

Different cascades and signaling pathways regulate fibrosis [6,104]. Recently, in addi-
tion to the large number of factors involved in fibrotic evolution, a number of non-coding
RNAs (ncRNAs) have been found to affect fibrotic processes. The ncRNAs include a vast
number of transcripts, within which long ncRNAs (lncRNAs) and microRNAs (miRNAs)
have been extensively investigated in recent years, as they have demonstrated extensive
regulatory activity on mRNA-coding genes. miRNAs are single-stranded transcripts with
sizes of about 22 nucleotides, produced from precursors of 60–100 nucleotides by modifica-
tions conducted by an RNase III endonuclease, namely Dicer [105]. These small transcripts
suppress the synthesis of proteins through base pairing to the 3′ untranslated region (3′UTR)
of mRNA or, rarely, to the 5′UTR and coding regions [106]. When created, one or both
strands of the miRNA duplex can be assimilated into the RNA-induced silencing complex
regulating gene transcription [107]. On the other hand, lncRNAs have sizes greater than
200 nucleotides and represent a quantity higher than protein-coding genes [108]. With a
total amount higher than that of protein-coding genes, their variability is correlated with the
complexity of the organism and with the type of molecular pathway that they regulate. In
fact, lncRNAs influence fundamental biological processes such as imprinting, chromosomal
configuration, and enzymatic activation [109]. Many studies have revealed that miRNAs
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and lncRNAs are key regulators of the development of fibrotic processes, often correlated
with autoimmune conditions. Probably they act on the most common fibrotic pathway,
mediated by TGF-β, phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT), and
Wnt/β-catenin. An example is represented by liver fibrosis, in which the activation and
proliferation of hepatic stellate cells were regulated by miRNA or lncRNA that exerted
their pro-fibrotic activity precisely by acting on the pathways just reported [110,111]. There
is recent evidence that this pro- or anti-fibrotic activity may be mediated by a dysregulation
of T helper cells with consequent variability in the release of IL-17. Positive correlations
in miRNA expression and IL-17 levels have been observed in different studies related to
fibrotic diseases or autoimmune diseases with a fibrotic evolution of the tissue or organs
involved (Table 2). In experimental autoimmune uveoretinitis (EAU), an overexpression of
miR-142-5p and miR-21 was detected to be correlated with increased IL-17 levels, but miR-
182 was decreased [112]. In psoriasis, characterized by the fibrotic evolution of skin lesions,
miR-1266 and miR-146, which are known to regulate IL-17A synthesis, were increased
in the sera of these patients [113,114], also in association with RA [115,116]. A positive
correlation was also observed in cardiac interstitial fibrosis, characterized by myocardial
fibrosis, between IL-17 and lncRNA-AK081284 [117]. On the contrary, complicating the
scenario, overexpression of ncRNA is accompanied by a reduction in IL-17 release in au-
toimmune conditions and other fibrotic diseases (Table 2), as observed, for example, in
RA [116,118]. In an experimental model of autoimmune myasthenia gravis (EAMG), the
administration of lentiviral miR-145 decreased EAMG disease, determining a concomitant
decreased secretion of IL-17 [106]. In the prototypic fibrotic disease SSc, there is an increase
in leucocytes in the skin, including primarily T cells. These T cells that are residing in the
skin are in close proximity to the myofibroblasts, suggesting that they are governing their
transdifferentiation [119] and may activate other immune cells in the inflammatory foci.
It has been described in SSc fibroblasts that miRNA-129-5p is repressed compared with
healthy control fibroblasts [120]. The authors also show that the T-cell cytokine IL-17 can
increase miRNA-129-5p levels, and using siRNA to knock down IL-17 receptors in dermal
fibroblasts reduced miRNA-129-5p levels. The actual target mRNA of miRNA-129-5p
appears to be collagen alpha-1 [120]. This all suggests that the Th17 cells reduce collagen
expression via the upregulation of the negative regulator miRNA-129-5p. Recently, Zhang
and colleagues demonstrated that miR-125a-3p decreases levels of interlukin-17 and sup-
presses renal fibrosis via down-regulating TGF-β1 in Lupus nephritis (LN), an autoimmune
disorder mediated by SLE. The condition of LN is accompanied by inflammation via a
progressive suppression of kidney function, mediated by developing fibrosis [121]. In
MS patients, the downregulation of miR-20b was revealed. In experimental autoimmune
encephalomyelitis (EAE), primarily used as an animal model of human autoimmune in-
flammatory MS, miR-20b overexpression decreased disease severity by decreasing Th17
differentiation by targeting RORγt and STAT3 [122]. In the EAE model, miR-873 induced
by IL-17 stimulation aggravated disease severity and increased inflammation by targeting
Tumor Necrosis Factor Alpha-Induced Protein 3, or TNFAIP3 (A20)/NF-κ [123]. The same
effect was obtained by the overexpression of miR-132 in the EAE [124]. Importantly, Du
et al. reported that miR-326 expression correlated with MS disease severity in human pa-
tients, and in EAE mice, miR-326 regulates Th-17 cell differentiation through translational
inhibition of Ets-1, a negative regulator of Th17 differentiation [125]. All these findings
suggest that miRNA or lncRNA regulation and correlation with IL-17 are dependent on the
fibrotic disease model (Table 2 and Figure 3).
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Table 2. Positive or negative correlations in lncRNA/miRNA expression and IL-17 levels in fibrotic
diseases or autoimmune fibrotic diseases.

lncRNA/miRNA Effect on IL-17 Signalling Pathway Fibrotic Diseases References

miR-21 positive liver fibrosis [110,111]
lmiR-142-5p; miR-21 positive autoimmune uveoretinitis [112]

miR-182 negative autoimmune uveoretinitis [112]
lmiR-1266; lmiR-146 positive psoriasis, also linked to RA [113–115]

lmiR-21 negative STAT3 RA [116]

lmiR-145 negative experimental autoimmune
myastenia gravis [106]

lmiR-132 negative EAE [124]
lmiR-20b negative RORγt; STAT3 MS/EAE [122]

lmiR-873; lmiR-326 positive A20; NF-kB; ets-1 MS/EAE [123]
miR-326 positive Ets-1 inhibition MS/EAE [125]

lncRNA-AK081284 positive cardiac fibrosis [117]
miRNA-129-5p negative collagen alpha-1 SSc [120]

miR-125a-3p negative Lupus nephritis [121]
RA: rheumatoid arthritis; EAE: experimental autoimmune encephalomyelitis; MS: multiple sclerosis; SSc: sys-
temic sclerosis.

7. IL-17 Inhibitors as a New Therapeutic Strategy

Given the strong pro-inflammatory role of IL-17, drugs that target IL-17 or the IL-17R
are potential therapeutic candidates for inflammatory autoimmune diseases [126,127]. In
2016, anti-IL-17A monoclonal antibodies (mAbs), such as the IL-17 inhibitor secukinumab
and the IL-17R inhibitor brodalumab, were both approved for the treatment of psoria-
sis [128]. More recently, the Food and Drug Administration has approved a novel drug,
Ixekizumab, for the treatment of moderate-to-severe plaque psoriasis as well as active
psoriatic arthritis. Ixekizumab is a humanized IgG4 mAb that selectively binds IL-17A
and prevents interactions with IL-17R [128]. By targeting cells, it hampers the release of
pro-inflammatory proteins, subsequently involving cellular components [127]. However,
these drugs have unexpectedly demonstrated low efficacy in the diseases linked to IL-17,
such as RA and MS [128]. Investigating in this context, Luo et al. discovered that a molec-
ular complex containing the adaptor molecule Act1 and the tyrosine phosphatase SHP2
mediates autonomous IL-17R signaling, sustaining an intense inflammatory state. The
resulting Act1–SHP2 complex is aberrantly increased in various autoimmune diseases, fa-
cilitating resistance to IL-17-directed therapy. The authors discovered that SHP2 inhibitors,
as well as iguratimod, a small molecule that disrupts the Act1–SHP2 interaction, show
promise in mouse models of MS and RA [129]. However, all monoclonal antibodies tar-
geting the IL-17-IL-17R pathway and approved as treatments have several disadvantages,
such as non-oral administration, poor tissue penetration, and various adverse effects as
an escalation of the immune system’s inflammatory response. Indeed, intensive research
is being performed to discover potent small molecules targeting the IL-17A/IL-17 RA
protein-protein interaction to modulate immune responses as an attractive approach for
immunotherapy [130]. These new small-molecule drugs (SMDs), which are orally bioavail-
able, are beneficial in terms of production cost, convenience of delivery, and potentially
higher efficacy. Actually, numerous clinical trials of anti-IL-17A and IL-17RA antibodies
are currently in progress [130,131].

8. Conclusions

IL-17 is critical for host defense, but its role in the regulation of many chronic inflam-
matory, fibrotic, and/or autoimmune diseases becomes more and more evident. Although
the pivotal roles of IL-17 in chronic inflammatory conditions are increasingly enumerated,
these new concepts are not enough to clarify the function of IL-17 in fibrosis, which often
represents the evolution of autoimmune diseases. Overall, the thin differences in IL-17
cytokines and their receptors seem to influence their role in fibrotic evolution. A thriving
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field of research concerns the inflammatory mechanisms mediated by the activation of
EMT, which may have links to fibrotic evolution. In addition, in recent years, various ex-
perimental data have demonstrated the key role of epigenetics in the genetic regulation of
fibrosis [107]. Several epigenetic modifications are involved in this process, such as histone
modifications, DNA demethylation, or miRNAs and lncRNAs. Currently, however, there is
no known clinical research on fibrotic diseases that is based on epigenetics. This would be
essential to identify not only new therapies but also predictive biomarkers for the diagnosis
of fibrotic diseases, such as many autoimmune diseases. In an attempt to optimize the
general application and effectiveness of therapies targeted against IL-17 subtypes and to
clarify the multiple molecular pathways in which they appear to carry out their regulatory
activity, it will be necessary to elucidate the immunological and genetic circumstances
under which IL-17 becomes pro-fibrotic.
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Abstract: Systemic connective tissue disorders constitute a heterogenous group of autoimmune
diseases with the potential to affect a range of organs. Rheumatoid arthritis (RA) is a chronic,
progressive, autoimmune inflammatory disease affecting the joints. Systemic lupus erythematosus
(SLE) may manifest with multiple system involvement as a result of inflammatory response to
autoantibodies. Spondyloarthropathies (SpAs) such as ankylosing spondylitis (AS) or psoriatic
arthritis (PsA) are diseases characterised by the inflammation of spinal joints, paraspinal tissues,
peripheral joints and enthesitis as well as inflammatory changes in many other systems and organs.
Physiologically, sclerostin helps to maintain balance in bone tissue metabolism through the Wnt/β-
catenin pathway, which represents a major intracellular signalling pathway. This review article aims
to present the current knowledge on the role of sclerostin in the Wnt/β-catenin pathway and its
correlation with clinical data from RA, SLE, AS and PsA patients.

Keywords: rheumatoid arthritis; systemic lupus erythematosus; ankylosing spondylitis; psoriatic
arthritis; sclerostin; Wnt/β-catenin pathway

1. Introduction

Systemic connective tissue disorders constitute a heterogenous group of autoimmune
diseases with the potential to affect a range of organs. The presence of autoantibodies can
be recognised as their characteristic feature. They are usually disease-specific, and so they
have been included into the classification criteria [1,2].

Rheumatoid arthritis (RA) is a chronic autoimmune disease involving the joints, but
may also be associated with serious systemic symptoms, e.g., interstitial lung disease
or hematologic disorders [3–5]. It is a progressive disease and the persistent inflamma-
tory process leads to cartilage damage and the formation of erosions, gradually causing
disability [6].

Systemic lupus erythematosus (SLE) is a systemic autoimmune disorder, which may
involve multiple systems. Its exact aetiology is still unclear [7]. The disease may have
different clinical presentations, which complicates prognostic assessment in this patient
group [8,9]. It has been demonstrated that environmental and genetic factors, through
their mutual interaction, may be implicated in triggering the immune response, resulting
in excessive autoantibody production, which leads to inflammation-mediated tissue and
organ injury. SLE is characterised by the presence of antibodies targeted at nuclear and
cytoplasmic antigens [10,11].

Spondyloarthropathies (SpAs) are inflammatory diseases involving spinal joints, pe-
ripheral joints and tendons. These include the following: ankylosing spondylitis (AS),
psoriatic arthritis (PsA), reactive arthritis and non-specific inflammatory bowel disease-
associated arthritis [12–15].
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Sclerostin, a glycoprotein produced and released primarily by mature osteocytes, is an
inhibitor of Wnt/β-catenin pathway-dependent osteoblast proliferation and differentiation
from mesenchymal stem cells [16]. Physiologically, sclerostin is a regulator of bone tissue
metabolism. As a result of mechanical loading and microtraumas, and with oestrogen
deficiency, the release of sclerostin is inhibited, which stimulates the processes of bone
formation and repair [17–20]. With age, there is an increase in plasma sclerostin concen-
tration in both sexes, and this may be associated with age-related osteoporosis [21]. Apart
from inhibiting the Wnt/β-catenin pathway, sclerostin can stimulate RANKL secretion
in osteocytes, osteoclastogenesis and bone resorption [22,23]. Sclerostin was originally
discovered as a result of studies on inactivating mutations in the coding and enhancer
regions of the SOST gene [24]. The function of sclerostin as an inhibitor of osteogenesis
has been confirmed in a study involving transgenic mice. Sclerostin knock-out (SOST KO)
mice showed high bone mass and increased bone formation and bone strength [25,26],
whereas animals with sclerostin overexpression presented with low bone mass and bone
fragility [27].

To date, only a few publications have investigated the role of sclerostin as a potential
biomarker in rheumatic diseases.

2. Wnt/β-Catenin Pathway

The Wnt pathway is recognised as a major intracellular signalling pathway that is also
in osteocytes [28,29]. It may involve the activation of the best-studied, β-catenin-dependent,
canonical pathway, or a few non-canonical pathways [30]. The canonical pathway regu-
lates the activity of T-cell factor (TCF), impacting the embryogenesis, differentiation and
proliferation of cells [31]. Wnt proteins are implicated in initiating intracellular signalling
pathways by binding to specific Frizzled transmembrane receptors, showing a high degree
of affinity to Wnt proteins [32]. Apart from the interaction of a Wnt protein with a Frizzled
receptor, the activation of the signalling pathway requires the binding of a co-receptor from
the family of low-density lipoprotein receptor (LDLR)-related proteins, particularly LRP5
and LRP6. This leads to the formation of a trimeric complex capable of signal transduc-
tion [33]. Additionally, Dishevelled (Dvl) protein [34] and axin [35] bind to the cytoplasmic
parts of the Frizzled receptor and LRP co-receptor, respectively. The activation of the
complex is associated with the heterodimerisation of Dvl proteins and axin, which results
in the re-configuration of the complex and the activation and detachment of β-catenin [36].
Free, active β-catenin accumulates in the cytoplasm and is then transported to the cell
nucleus, where it binds to the TCF protein, constituting one of the major transcription
factors. The interaction of β-catenin with CF leads to chromatin remodelling, adjacent to
the TCF binding site, and is a key stimulator in commencing gene transcription [37]. With
no signal stimulating the Wnt pathway, the amount and activity of β-catenin are limited
by the operation of the so-called destruction complex, formed by axin (here, unbound to
the LRP co-receptor), protein APC (adenomatous polyposis coli) and two serine-threonine
kinases: CKIα (casein kinase 1α) and GSK3 (glycogen synthase kinase 3). The activity
of kinases in the axin/APC/CKIα/GSK3 complex leads to β-catenin phosphorylation,
its identification via β-TrCP ligase (β-transducing repeat-containing protein ligase) and
ubiquitination, with its ultimate degradation in proteasomes [38]. The inhibition of the
Wnt signalling pathway may involve extracellular inhibitors of Wnt activators such as
sFRP (secreted Frizzled-related protein) [39] and WIF (Wnt inhibitory factor) [40], as well
as inhibitors of the LRP co-receptor including Wise proteins [41], Dkk-1 (Dickkopf-related
protein-1) [42] and sclerostin [43]. See Figure 1.

69



J. Clin. Med. 2023, 12, 6248

Figure 1. The effect of sclerostin on the Wnt/β-catenin pathway. When the Wnt signalling pathway
is not inhibited by sclerostin, it leads to increased bone formation. Sclerostin inhibits the canonical
Wnt-signalling pathway through its binding to the Wnt LRP 5/6 co-receptors and leads to decreased
bone formation. APC: adenomatous polyposis coli; CK1α: casein kinase 1 α; Dvl: Dishevelled
protein; FZD: Frizzled receptor; GSK3: glycogen synthase kinase 3; LRP 5/6: low-density lipoprotein
receptor-related protein 5/6; P: phosphorus; Ub: ubiquitin; TCF: transcription factor. Created using
BioRender.com (accessed on 16 August 2023).

3. The Role of Sclerostin in Rheumatoid Arthritis

Rheumatoid arthritis (RA) involves, as its integral component, disorders of bone
tissue metabolism manifested by erosions, periarticular osteoporosis and generalised osteo-
porosis [4,44,45]. The stage of the disease and the rate of bone involvement progression
depend on the intensity of bone resorption and inadequate bone formation, which may
be conditioned by a range of factors connected with inflammatory joint disease, such
as pro-inflammatory cytokine overproduction, limited physical activity or medications
used. They may also include well-recognised risk factors for osteoporosis, i.e., old age,
endocrine disorders, genetic susceptibility, low peak bone mass, nutrient-deficient diet and
smoking [46,47]. The ethology of RA is still not entirely clear. Many factors, such as genetic
background, smoking or infections, play a role in the process of converting arginine into
citrulline by the Peptidyl Arginine Deiminase 4 (PADI4) enzyme [48,49]. A genetic predis-
position was identified, which was located in a common epitope in the HLA-DRB1 locus
of major histocompatibility complex (MHC) class II antigens [50]. The key factor in the
development of RA is the occurrence of anti-citrullinated protein antibody (ACPA) and/or
rheumatoid factor (RF) produced by plasma cells of the synovial membrane [51], which
results in the stimulation of monocytes, mast cells and dendritic cells, but also Th1, Th17,
B lymphocytes and plasma cells, to produce mediators of the inflammatory reaction [52].
RF interacts directly with the Fc region of IgG and forms immune complexes that increase
vascular permeability and have a chemotactic effect [53]. ACPA is directed against, among
others, the following: citrullinated filaggrin, fibrinogen, vimentin and α-enolase, which
activates the complement system and induces the secretion of TNF-α by macrophages [54].
T lymphocytes recognise the antigen through antigen-presenting cells (APCs) and trigger a
specific response. The pathogenesis of RA involves Th1 lymphocytes producing IFN-γ and
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Th17 lymphocytes, which are often found in the synovium of RA patients and rarely in the
synovium of the joints of healthy people. Th17 lymphocytes, through the secretion of IL-17
and IL-22, strongly stimulate macrophages to secrete pro-inflammatory cytokines such as
TNF-α, IL-1 and IL-6 [55–57]. B lymphocytes differentiate into antibody-producing plasma
cells, and also produce pro-inflammatory cytokines and play the role of antigen-presenting
cells and cells regulating the humoral response [58]. Fibroblast-like synoviocytes (FSCs) are
activated and, together with other inflammatory cells, produce RANKL [59]. Ultimately,
this leads to increased production of osteoclasts and the formation of erosions. In RA,
in particular, macrophages produce large amounts of pro-inflammatory cytokines, i.e.,
TNF-alpha, IL-6, IL-1, IL-15, IL-18, IL-32 and chemotactic factors [57]. TNF-α increases
the expression of sclerostin in primary osteocytes and also enhances the formation of
osteoclasts induced by RANKL, which promotes the formation of erosions [60,61].

The risk for cardiovascular diseases observed in RA patients is significantly higher
than in the general population [5,6] and exceeds the risk assessed according to traditional
factors contributing to arteriosclerosis [7–9]. Chronic inflammation in RA is associated with
endothelial dysfunction and the formation of arteriosclerotic lesions. Advanced arterioscle-
rosis is marked by particularly severe arterial calcification [10–12], mainly involving the
intimal layer [13]; calcification of the medial layer (Mönckeberg’s calcification) may develop
independently of changes observed in arteriosclerosis [14]. While intimal calcifications
occupy focal areas and are mainly found in arteriosclerotic plaque, calcifications in the
medial layer display a linear pattern [15].

In the few studies conducted to date investigating the association between sclerostin
and the course of RA, serum sclerostin concentrations were higher [62–64], the same [65,66]
or lower [67] when compared to the results obtained in control groups of healthy individu-
als. The discrepancies may have been due to differences between patient groups participat-
ing in the study. They could have also been due to the effect of using different assays to
determine sclerostin concentrations. Somewhat unexpectedly, the sclerostin concentration
was observed to rise during successful therapy with etanercept [68] and tocilizumab [69],
while it decreased with greater disease activity, as measured via DAS28 [62–64,68], the
number of tender joints [65] and an increase in the C-reactive protein (CRP) level [64,66].
There seems to be no association between sclerostin concentration and advanced stage of
the disease radiologically [63,65,70], although there was a significant correlation reported
between its level and local occurrence of severe osteoarticular lesions, as assessed using
the Larsen scoring system [64]. Moreover, there was no correlation found between scle-
rostin concentration and bone mineral density in the forearm or femoral neck bone in RA
patients [64,71]. In a study by Paccou et al., there was an association identified between
increased BMD of the lumbar region and rise in sclerostin concentration, similarly to the
control group, where a high sclerostin level was consistent with high BMD values in the
femoral neck bone [71]. These results may suggest the involvement of total mass of active
osteocytes and potential engagement of other excited cells, including synoviocytes, in the
process of sclerostin production and release [72].

In a study by Wehmeyer et al. in an arthritis model in hTNFtg mice, SOST expression
was not only present in osteocytes but was TNF-α-induced in FLS cells, which were the
main source of sclerostin. Interestingly, also in this study, sclerostin seemed to exert a
protective effect, as the administration of sclerostin inhibitor led to greater joint swelling,
weaker grip and progression of bone lesions in the joints. In a mouse model of antigen
(G6PI)-induced, partially TNF-α-dependent arthritis, sclerostin was found to have no
effect on bone loss; however, it diminished the disease activity in a TNF-α-independent,
serum-derived model in K/BxN mice. Additionally, the administration of recombinant
sclerostin inhibited, through LRP6, the activity of TNF-α-induced (but not IL-1-induced)
MAP: p38 and ERK kinases, and as a result, the activity of NFκB in synoviocytes from
mice and in those obtained from RA patients as well. Moreover, it was associated with
decreased expression of the RANK ligand on human FLS [72]. In a study using a collagen-
induced arthritis model, using sclerostin inhibitor prevented the loss of total bone mass,
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having no effect on the formation of local bone erosions [73]. In another study, although
blocking sclerostin in hTNFtg mice inhibited bone destruction, this was only after the
additional administration of TNF-α inhibitor [74]. Of note, animal models of arthritis used
in the studies do not truly represent human rheumatoid arthritis, and so the reported
discrepancies in the results may be due to the dominant activity of particular cytokines in
these models.

4. The Role of Sclerostin in Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) may cause disorders of the locomotor system
which usually include painful conditions of joints and muscles, tendonitis or tenosynovitis.
However, periarticular structures usually remain unaffected [75]. Tendonitis, tenosynovitis
or capsulitis may lead to Jaccoud arthropathy, which is characterised by joint deformity, but,
unlike in RA, no erosions are observed [76]. In the pathophysiology of SLE, we observed
increased formation of autoantigen–antibody complexes by autoreactive B lymphocytes,
which were then recognised by plasmacytoid dendritic cells. This leads to the stimulation
of Toll-like receptor [TLR]-7 and TLR-9-dependent pathways, as well as the secretion of
endogenous IFN-α [77]. This causes the additional stimulation of both groups of lympho-
cytes: B and T. Hyperactivity of T lymphocytes, in particular the CD4+ subpopulation [78],
may affect the Wnt/β-catenin pathway, which has also been described in animal models of
lupus nephritis [79].

In the few studies conducted to date, aiming to assess the association between scle-
rostin and the course of SLE, the serum sclerostin concentration was found to be elevated.
Fayed et al. compared a group of 100 patients with a control group of 50 and demonstrated
increased sclerostin concentration in patients with SLE and its statistically significant corre-
lation with proteinuria in these patients. This confirms a key role of Wnt/β-catenin sig-
nalling in SLE pathogenesis, which means that sclerostin may become a potential biomarker
of lupus nephritis in the future [80]. The research to date has shown that the Wnt/β-catenin
signalling pathway plays a role in cell protection against stress factors and apoptosis [81].
However, excessive and long-lasting activation of Wnt/β-catenin signalling may enhance
the expression of matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9, in
glomeruli. Metalloproteinases, through the degradation of the matrix, lead to the loss of
membrane and extracellular matrix integrity, and, moreover, may lead to renal fibrosis and
progressive renal dysfunction [82]. Garcia-de los Ríos et al. reported on the association of
sclerostin with the presence of atherosclerotic plaque in the carotid arteries of women with
SLE [83]. To date, there have been reports on a correlation between sclerostin concentration
and arterial calcification in RA [71].

5. The Role of Sclerostin in Psoriatic Arthritis

Psoriatic arthritis (PsA) is a chronic disease manifesting with synovitis, enthesitis and
dermatitis, with no rheumatoid factor present. The disease has a heterogenous clinical
presentation regarding the number of joints affected and the degree of their damage, as
well as the severity of skin lesions, if seen, as these may be absent [84,85]. IL-17 plays an
important role in the pathogenesis of PsA, affecting bone formation in inflammatory places
as a result of mechanical injury, as is the case with entheses in animal models of SpA [86].
In addition, TNF-α, IL22 and IL23 play an important role. IL23, which is secreted mainly
by macrophages and dendritic cells, but also by keratinocytes, is primarily responsible for
the induction of Th17 cells [87]. Th17 cells produce IL-17, which enhances the production
of pro-inflammatory cytokines such as IL1-β, IL-6 and TNF-alpha by synovial fibroblasts
and macrophages [88]. Ultimately, this leads to the destruction of bone tissue as a result
of the inflammatory process. Moreover, IL-23 promotes the expression of RANK, which
leads to the differentiation of precursor cells toward osteoclasts, which intensifies bone
tissue damage [89]. In turn, IL-22 has a bone-forming effect by inducing the formation of
osteoblasts [90].
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Fassio et al. assessed the sclerostin concentration in 33 women with PsA comparing
the obtained results with a group of 28 women with RA and 35 healthy women of the
control group. No statistically significant differences were found between the groups for
sclerostin [91]. Fassio et al. assessed the efficacy of treatment with secukinumab (anti-IL-17)
in a group of 28 patients, as compared to a control group (n = 43), at a follow-up after 1, 3
and 6 months, and demonstrated that it may have an effect on the activity of osteocytes,
including Wnt/β-catenin pathway inhibitors, which may suggest the potential of the
drug to inhibit local excessive bone proliferation, being a typical component of PsA. The
treatment used did not cause a statistically significant increase in sclerostin concentration
in the study groups in comparison to the control group [92]. In 2019, Diani et al. compared
a group of 50 patients with psoriasis with a group of 50 patients with PsA and a group of
20 healthy individuals in order to identify potential differences in the concentrations of
predictive osteoimmunological biomarkers. The study mentioned above showed that both
the patients with psoriasis and the patients with PsA had higher sclerostin concentrations
than the individuals from the control group. Moreover, the study provided evidence for
a positive correlation between sclerostin concentration and the duration of psoriasis [93].
Tasende et al. conducted a study on a group of 45 patients, including 15 individuals with a
diagnosis of PsA, 8 individuals with RA, 15 patients with chronic arthritis and 4 patients
diagnosed with AS. In the above-mentioned study, there was no statistically significant
increase in mRNA expression in synovium, or in sclerostin concentration in patients with
PsA in comparison to patients with RA, chronic arthritis or ankylosing spondylitis [94].

6. The Role of Sclerostin in Ankylosing Spondylitis

Ankylosing spondylitis (AS) is an inflammatory disease affecting sacroiliac joints,
spinal joints, fibrous rings and spinal ligaments. The underlying inflammatory process
results in gradual spinal damage. The aetiology of this condition has not been fully eluci-
dated [15,95,96]. AS is characterised by chronic inflammation and bone remodelling as a
result of osteogenesis, mainly in the axial skeleton [97]. The link between inflammation and
bone remodelling has not been fully explained. TNF-α as a pro-inflammatory cytokine in
AS is responsible for the induction of Dkk-1 and sclerostin [98], which in turn downregulate
bone formation via the inhibition of Wnt and bone morphogenic proteins (BMPs) [28].
However, bone formation is also responsible for mechanical load, which stimulates osteo-
cytes to produce BMP, and thus activates the Wnt pathway and inhibits the production
of Dkk-1 and sclerostin [99]. In vivo studies in a mouse model of SpA demonstrated that
mechanical stress causes enthesitis and bone remodelling [100].

The first publication discussing the role of sclerostin in the course of AS appeared in
2009. Appel et al. reported a lower sclerostin concentration in patients diagnosed with AS
in comparison to a control group of healthy volunteers. Additionally, they found that a low
sclerostin level was correlated with syndesmophyte formation [101]. In the years to follow,
some publications reported decreased [102–112] or increased [113–115] sclerostin levels
in the course of AS, while according to other reports its values did not differ from those
found in the control group [116–118]. Consequently, the role of sclerostin remains unclear.
A low sclerostin concentration is correlated with an increased Dkk1 concentration, which
confirms its inhibitory effect on the Wnt/β-catenin pathway [101,102]. The association of
sclerostin and syndesmophyte formation was also confirmed by Heiland et al. [102,119].
However, this correlation remains unclear [103,120]. Korkosz et al. demonstrated that
sclerostin levels in patients treated with TNF inhibitor remained unchanged [121]. Similar
observations were made by Ustun et al., who found that sclerostin by itself did not induce
inflammation or damage which could be visualised via radiological examination [122,123].
In a study assessing sclerostin concentration during 12-week therapy with apremilast, a
PDE4 inhibitor, a significant reduction in sclerostin levels was seen. However, the clinical
relevance of this report remains uncertain [120].

In Table 1, detailed data are presented comparing patients and healthy controls, as
well as the type of assay used.
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Differences in the results obtained between individual studies may result from the
use of tests from different manufacturers, despite the use of the same testing technique
in most cases, as well as the accompanying additional diseases. The concentration of
sclerostin largely depends on the test used for measurement. Delanaye P. et al. showed
that the concentrations obtained using the R&D Systems and MesoScaleDiscovery tests
were lower than those obtained using Biomedica or TECO Medical, which means that the
results must be interpreted with great caution [124]. Moreover, the results were influenced
by the heterogeneity of the study groups, as well as the use of various exclusion criteria
from the studies, which are presented in Table S1 of the Supplementary Materials. So far,
higher sclerostin concentrations have been observed in older patients and patients with
chronic kidney disease or type 2 diabetes mellitus [125,126].

7. Conclusions

Among numerous clinical aspects connected with the course of rheumatoid arthritis,
disorders of bone metabolism and resultant complications significantly contribute to a
worse prognosis as negative regulators of bone growth. It may influence the development
of osteoporosis and erosions. In both RA and AS, TNF-α appears to play a key role in
sclerostin levels and increased osteoclast activity, but this is only reflected in studies in
RA. In AS, it appears that mechanical stress has a greater effect on inhibiting sclerostin
formation than TNF-α has on its increased production. It seems that in patients with PsA,
the concentration of IL-17 and IL-23 should be of key importance for the concentration of
sclerostin and the Wnt/β-catenin pathway itself; however, previous studies comparing
groups of patients with PsA with a control group of healthy people do not confirm this,
which may also mean that other factors may play a role. For patients with SLE, the sclerostin
concentration appears to be a promising biomarker associated with lupus nephropathy or
increased cardiovascular risk, which is related to an increased production of IFN-α and
effects on T lymphocytes. In spondyloarthropathy, the significance of sclerostin remains
unclear and requires further investigation. The Wnt/β-catenin pathway is a key regulator
in bone remodelling, but its role requires further research to gain a better understanding of
this issue.
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123. Özdemirel, A.E.; Güven, S.C.; Doğancı, A.; Sürmeli, Z.S.; Özyuvalı, A.; Kurt, M.; Rüstemova, D.; Hassan, S.; Sayın, A.P.Y.;
Tutkak, H.; et al. Anti-tumor necrosis factor alpha treatment does not influence serum levels of the markers associated with
radiographic progression in ankylosing spondylitis. Arch. Rheumatol. 2023, 38, 148–155. [CrossRef]

124. Delanaye, P.; Paquot, F.; Bouquegneau, A.; Blocki, F.; Krzesinski, J.-M.; Evenepoel, P.; Pottel, H.; Cavalier, E. Sclerostin and
chronic kidney disease: The assay impacts what we (thought to) know. Nephrol. Dial. Transplant. 2018, 33, 1404–1410. [CrossRef]
[PubMed]

125. De Maré, A.; Verhulst, A.; Cavalier, E.; Delanaye, P.; Behets, G.J.; Meijers, B.; Kuypers, D.; D’haese, P.C.; Evenepoel, P. Clinical
Inference of Serum and Bone Sclerostin Levels in Patients with End-Stage Kidney Disease. J. Clin. Med. 2019, 8, 2027. [CrossRef]
[PubMed]

126. Romejko, K.; Rymarz, A.; Szamotulska, K.; Bartoszewicz, Z.; Niemczyk, S. Relationships between Sclerostin, Leptin and Metabolic
Parameters in Non-Dialysis Chronic Kidney Disease Males. J. Pers. Med. 2022, 13, 31. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

80



Citation: Sisto, M.; Lisi, S.

Interleukin-23 Involved in Fibrotic

Autoimmune Diseases: New

Discoveries. J. Clin. Med. 2023, 12,

5699. https://doi.org/10.3390/

jcm12175699

Academic Editor: Eugen Feist

Received: 3 August 2023

Revised: 29 August 2023

Accepted: 30 August 2023

Published: 1 September 2023

Copyright: © 2023 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/).

Journal of

Clinical Medicine

Review

Interleukin-23 Involved in Fibrotic Autoimmune Diseases:
New Discoveries

Margherita Sisto * and Sabrina Lisi

Department of Translational Biomedicine and Neuroscience (DiBraiN), Section of Human Anatomy and
Histology, University of Bari “Aldo Moro”, 70123 Bari, Italy; sabrina.lisi@uniba.it
* Correspondence: margherita.sisto@uniba.it; Tel.: +39-080-547-8315

Abstract: Interleukin (IL)-23 is a central pro-inflammatory cytokine with a broad range of effects
on immune responses. IL-23 is pathologically linked to the induction of the production of the pro-
inflammatory cytokines IL-17 and IL-22, which stimulate the differentiation and proliferation of T
helper type 17 (Th17) cells. Recent discoveries suggest a potential pro-fibrotic role for IL-23 in the
development of chronic inflammatory autoimmune diseases characterized by intense fibrosis. In this
review, we summarized the biological features of IL-23 and gathered recent research on the role of
IL-23 in fibrotic autoimmune conditions, which could provide a theoretical basis for clinical targeting
and drug development.

Keywords: IL-23; autoimmunity; inflammation; fibrosis

1. Introduction

Multiple autoimmune diseases are a group of clinically heterogeneous conditions
that show common inflammatory signaling pathways arising from aberrant immune re-
sponses [1]. Some of these disorders are characterized by intense and severe fibrotic pro-
cesses as the result of a complex interplay between different immune cell types following
persistent inflammatory activity [2,3]. Autoimmune diseases, traditionally characterized
by chronic inflammation, present tissue damage that often evolves towards fibrosis. This
represents a serious clinical problem because it causes organ failure. The fibrotic evolution
of autoimmune diseases presents an excessive release of pro-fibrotic factors as a result of
the activation of molecular cascades depending on chronic inflammation. In recent years,
researchers’ efforts have focused on identifying molecular bridges that can connect the
various fibrotic pathways identified so far [2,3]. Several cytokines have been well studied
for their ability to generate inflammatory loops through positive feedback mechanisms [4].
Breaking these loops through cytokine neutralization has proved that inflammation at-
tenuates and ameliorates the disease [5]. One of these cytokines is interleukin (IL)-23,
a multifunctional pro-inflammatory cytokine that is involved in a variety of biological
processes [6]. Although the role of IL-23 in the immune response during bacterial and viral
infections has recently been evaluated, demonstrating its central role [7], its deregulation
has been demonstrated to aggravate chronic inflammatory status, contributing to the de-
velopment of autoimmune diseases [8,9]. As shown by several authors, IL-23 is involved
in the pathogenesis of several autoimmune diseases [10–13]. The importance of IL-23
implicated in the evolution of autoimmune pathologies was demonstrated by analyzing
the susceptibility of IL-12- or IL-23-deficient mice [10,11]. Indeed, mice that have a deletion
of IL-23 were protected from disease in several experimental models of autoimmunity.
Importantly, treatment of mice with anti-IL-23 prevents the development of autoimmune
conditions [12].

In this review, we provide an overview of the most recent discoveries, focusing on
the role of IL-23 in fibrotic pathways and its role in the pathogenesis of inflammatory
autoimmune diseases characterized by fibrotic evolution.
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2. Structure of IL-23 and Its Receptor

IL-23 is a heterodimeric member with pro-inflammatory characteristics that belongs to
the special IL-12 family, and it is constituted of two different subunits: p19 and p40 [14].
The p40 subunit is a glycosylated type I soluble protein that has a molecular weight
of 34.7 kDa and is positioned on the 11q1.3 chromosome [15,16]. The p19 subunit is a
non-glycosylated protein with a molecular weight of 18.7 kDa located on chromosome
12q13.2 [8]. Both subunits are linked by a disulphide bond, and they are attached only if
they are synthesized in the same cell [8,14]. Specifically, IL-23 is expressed and secreted
by activated macrophages and dendritic cells located in several tissues, such as the skin,
intestinal mucosa, joints, and lungs (Figure 1).

Figure 1. IL-23 is expressed and secreted by activated macrophages and dendritic cells located in
different tissues and by non-immune cells, such as keratinocytes, synoviocytes, and salivary gland
epithelial cells. IL-23, through several signaling pathways, provokes, on one side, the activation of
the epithelial–mesenchymal transition (EMT) mechanism, inducing fibrotic processes in autoimmune
diseases, and, on the other side, chronic inflammation that determines severe fibrotic evolution in
several diseases.

Interestingly, it is also secreted by non-immune cells, such as keratinocytes, synovio-
cytes, and salivary gland epithelial cells [17–19]. The IL-23 signaling pathway occurs
through a link with its receptor. IL-23 receptor (IL-23R) is a heterodimeric structure that
consists of two subunits: a heterodimer with the IL-12Rβ1 subunit and its unique IL-23R
subunit, positioned on human chromosome 19 and encoding the gene that constitutes
the IL-12Rβ1 subunit, and on human chromosome 1, encoding the gene that forms the
IL-23R subunit [20]. The IL-12Rβ1 subunit is principally expressed on T cells, mono-
cytes/macrophages, natural killer T cells, and dendritic cells [7,21], with minor expression
on B cells and lymphoid cells [22] (Figure 2).
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Figure 2. IL-23 is a heterodimeric cytokine composed of p40 and p19 subunits. It binds to its IL-
23 receptor complex, composed of IL-12Rb1 and IL-23R subunits, which are linked to Jak2 and
Tyk2, respectively. Active phosphorylated Jak2/Tyk2 leads to phosphorylation of STAT3 and STAT4.
Phospho-STAT3 and phospho-STAT4 translocate into the nucleus, inducing transcription of cytokines,
such as IL-17 and IL-22, and differentiation of T helper 17. STAT3 plus RORγt cooperate to increase
IL23R, IL-17, and IL-22 expression and to stabilize the Th17 phenotype. The binding of IL-23 to its
receptor through NF-κB/p65 activation leads to tumor progression. Jak2, Janus kinase 2; RORγt,
RAR-related orphan receptor gamma; Tyk2, tyrosine kinase 2.

3. Regulation of IL-23 Signaling

Since its discovery, IL-23 has received widespread attention, and although it has a
similar structure to IL-12, its role is totally different. Indeed, in spite of the protective
function addressed by IL-23 against bacterial, fungal, and viral infections, extensive knowl-
edge sustains the contribution of its alteration in triggering chronic inflammation and
autoimmunity, providing a solid substrate for the development of several autoimmune
diseases, like psoriasis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA),
Sjögren’s syndrome (SS), and multiple sclerosis (MS) [8,11,23,24].

Currently, the IL-23 signaling pathway remains largely uncharacterized. IL-23 involves
the activation of members of the Janus family of tyrosine kinases (JAKs), their downstream
factors, and the signal transducers and activators of transcription (STATs) family [25]. In
particular, IL-23, through binding to its IL-23 receptor, provokes phosphorylation and
activation of JAK/STAT signaling molecules (Jak2, Tyk2), promoting STAT3 and STAT4
phosphorylation and activation [25]. Subsequently, active STAT3 up-regulates the expres-
sion of the transcription factor RORγt, which is critical for IL-17 production [26]. Indeed,
STAT3 plus RORγt cooperate to facilitate a positive loop that increases IL23R, IL-17, and
IL-22 expression and that stabilizes the Th17 phenotype. Thus, STAT4 phosphorylation and
activation promote upregulation of IL23R, IL-17, and IL-22 expression and the increase of
Th17 [26]. However, other IL-23-regulated mechanisms are involved in the evolution of
disease. For example, STAT3 activation is not restricted to IL-23 because other cytokines,
such as IL-6, IL-21, IL-10, or IL-27, induce STAT3 activation without triggering adverse
effects; rather, in some cases, it exerts anti-inflammatory events [25] (Figure 2).
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To date, multiple cytokines play complex roles in IL-23 regulation. IL-23 was shown
to be upregulated in fibroblast-like synoviocytes in response to IL-1β and Tumor Necrosis
Factor (TNF)-α [27,28], while TNF-α receptor 1 can decrease IL-23 expression by downreg-
ulating subunit p40 [29]. Likewise, the cytokine IL-10, which has an anti-inflammatory role,
can also diminish IL-23 expression [30].

A mounting number of studies have evidenced [23,31] that the key role of IL-23
is to drive the differentiation of T CD4+ naive cells into Th17 cells [32,33]. This leads to
enhanced IL-17 production, considered a crucial player in the pathogenesis of inflammatory
and autoimmune diseases [34,35]. Thus, IL-23/IL-17 axis activation leads to the onset of
several inflammatory autoimmune diseases, and results obtained from experimental mouse
models confirm the crucial role of the IL-23/IL-17 axis in the pathogenesis of various
autoimmune conditions, such as arthritis [36]. Consequently, suppressing the trigger of
the IL-23/IL-17 axis improves the inflammatory condition and is considered a promising
therapeutic approach in patients with these disorders [34].

Recent advances have reported that IL-23 induction can also occur through Toll-
like receptor (TLR, TLRs) signaling. It has been demonstrated that Theiler’s murine en-
cephalomyelitis virus (TMEV), which leads to infection of central nervous system microglia
and macrophages in mice, provoking a disorder similar to MS in humans, stimulates the
expression of IL-23 via binding to TLR3 and TLR7, contributing to the development of
experimental autoimmune MS [37]. Additionally, other research findings have reported
that IL-23 induction can also occur through TLR9 or cooperatively with other TLRs [37,38].

More recently, IL-23 has been demonstrated to be regulated during tumor-promoting
development and to have protumor immunity [39]. An interesting study has demon-
strated that Stat3 induces expression of IL-23, which is mainly secreted by macrophages
in the tumor microenvironment via transcriptional activation of the IL-23/p19 gene and
through NF-κB/p65 activation, promoting tumor development. In contrast, Stat3 also
inhibits NF-kappaB/c-Rel-dependent IL-12/p35 gene expression in cancer-linked dendritic
cells. Furthermore, tumor-associated regulatory T cells (Tregs) express the IL-23 recep-
tor, which stimulates the expression of Stat3 in dendritic cells, leading to upregulation of
the Treg-specific transcription factor Foxp3 and the immunosuppressive cytokine IL-10.
These results demonstrate that Stat3 induces IL-23-mediated tumorigenes [40]. However,
findings of IL-23′s antitumorigenic and antimetastatic characteristics demonstrated that
IL-23 induced long-term regression of tumors similar to that of IL-12-transduced cancers.
Other studies have also shown that CD40 ligand expression on lung tumor cells activates
the immune response, determining increased transcription of p19 and p40 subunits and
influencing the regression of the tumors [41,42].

It has been suggested, based largely on in vitro observations, that IL-23 stimulation
increases the number of already-differentiated Th-17 cells and maintains IL-17 production
from Th17 cells. For example, the addition of IL-23 during the culture of activated or
memory T cells results in an increase in their proliferation and the frequency of IL-17+ T
cells produced [43]; IL-23 is also required during restimulation of Th17 cells (i.e., cells
previously stimulated with TGF-β and IL-6 to maintain IL-17 production from the Th-17
cells) [44]. Similarly, it has been suggested that IL-23 may stabilize the phenotype of Th17
cells through mechanisms dependent on the transcription factor STAT3 [45,46]. Two other
cytokines thought to be involved in Th17 differentiation, IL-6 and IL-21, also share the
STAT3-dependent signaling pathway with IL-23.

Emerging evidence has highlighted that IL-23 can be considered a survival factor for
Th17 cells [35]. These data are confirmed by the observation of reduced frequencies of Th17
cells in mice lacking the IL-23 gene [43].

Finally, several findings have highlighted the profibrogenic role of IL-23 as a promoter
of the epithelial–mesenchymal transition (EMT) process, an aberrant pro-fibrotic response
to repetitive injury of epithelia, and the acquisition of a mesenchymal phenotype. High
levels of IL-23 have been found in some chronic inflammatory autoimmune disorders
characterized by fibrosis [13,14,28].
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4. Role of IL-23 in the Fibrotic Process

IL-23 is known to mediate inflammatory conditions through the induction of Th17
cells, which produce the pro-inflammatory IL-17 [12]. Because the prevailing hypothesis
is that the fibrotic evolution of diseases is preceded by chronic inflammation, therapeutic
strategies blocking IL-23 were suggested as a promising approach, though the specific role
of IL-23 in fibrosis needs to be clarified. This section summarizes the most recent findings
regarding the role of IL-23 in fibrotic diseases.

4.1. Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is characterized by chronic progressive fibrosis of
the lung [47]. In pulmonary fibrosis, in vitro experiments have demonstrated that treatment
with an anti-interleukin-23-specific antibody attenuated airway inflammation and reduced
fibrosis by blocking interleukin-17A and -22 release. The role of IL-23 in the pathophysiol-
ogy of respiratory diseases is attracting increasing attention from researchers. An important
role of IL-23 in the pathological features of pulmonary emphysema was demonstrated [48],
and the involvement of IL-23 in the pathogenesis of a lipopolysaccharide-induced animal
model of acute respiratory distress syndrome was also demonstrated [49]. Also, in the
overall accepted bleomycin or IL-1β-induced pulmonary fibrosis, both IL-23 and IL-17A
play a significant role in this context. The data collected suggest that IL-23 and IL-17A are
essential for fibrosis pathway activation [50]. Moreover, the data seem to point towards
a priority role for IL-23, which would also be responsible for the consequent secretion of
IL-17 and the acute exacerbation of pulmonary fibrosis; in fact, by blocking the secretion of
IL-23, the release of IL-17 is also decreased [50]. In addition, IL-22, IL-23, and IL-17 were
significantly increased in the serum of lung cancer patients associated with IPF; the levels
of these cytokines found in the serum show such significant values that they represent a pa-
rameter used to discriminate between lung cancer patients and the lung-cancer-associated
IPF group; finally, the expression of IL-22, IL-23, and IL-17 was positively correlated with
the degree of differentiation and tumor metastasis [51].

4.2. Inflammatory Bowel Diseases

Idiopathic inflammatory bowel diseases (IBD) represent chronic inflammatory dis-
eases of the gastro-intestinal tract characterized by a strong inflammatory component, often
on an autoimmune basis, against the intestinal microbiome; the main diseases that fall
into this group are Crohn’s disease and ulcerative colitis [52,53]. Intestinal fibrosis is a
severe complication of IBD. With the establishment of a fibrotic evolution, the intestinal
wall undergoes substantial structural modifications that lead to stiffness and a reduction
in caliber. These phenomena, in the long run, seriously compromise the quality of life of
patients. Chronic inflammation is certainly a factor that predisposes to fibrotic evolution.
Furthermore, currently, there are no drugs that have shown efficacy in blocking intestinal
fibrosis or improving the pathological condition. For these reasons, surgical treatment
remains the only intervention strategy in cases of intestinal fibrosis and stenosis. Inter-
leukin (IL)-12 and IL-23, with their structural similarities, are important cytokines in the
pathogenesis of IBD. Recent data reported the efficacy of p40 peptide-based vaccines on
intestinal inflammation in a colitis model made in a laboratory [54]. The results demon-
strate that the administration of the vaccine reduces the clinical symptoms, slows down
the fibrotic process with a significant attenuation of the inflammatory parameters, and
reduces the release of pro-inflammatory cytokines, leading to an improvement in intestinal
conditions in the mouse model used. In addition, in the intestinal lamina propria and in
the local lymph nodes, a high ratio of Treg/Th1 and Treg/Th17 cells was detected [54];
furthermore, in CD11c+ dendritic cells, the vaccine stimulates the release of IL-10, which
is critical to controlling small intestinal immune homeostasis by limiting the reactivation
of local memory T cells and so attenuating excessive immune responses [54]. These data
confirm a key role for IL-23 in the modulation of the activation of Th17 cells involved in
fibrosis pathway activation.
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4.3. Liver Fibrosis

Non-alcoholic fatty liver disease (NAFLD) is a condition in which the liver has an
excess of fat deposits [55]. Two types of NAFLD are non-alcoholic fatty liver (NAFL) and
non-alcoholic steatohepatitis (NASH). People generally develop one form of NAFLD, but a
good percentage appear to be predisposed to developing the second form in the long run as
well. NAFL and NASH are constantly increasing around the world [56]. NASH is currently
considered the progressive step of NAFLD. It is described in liver steatosis, inflammation,
and fibrosis with different severity [57]. A predominant role in the inflammatory condition
characterizing NASH is played by Th17 cells, which express high levels of IL-17 in response
to IL-23. A vital transcription factor for Th17 is the retinoic acid receptor-related orphan
receptor γt (RORγt), whose enhanced expression and nuclear translocation are correlated
with IL-23-dependent phosphorylation and dimerization of the signal transducer and
activator of transcription 3 (STAT3) [58]. Because no targeted therapies have been identified
for NAFLD/NASH, any factor that attenuates the inflammatory process and the related
fibrotic process is evaluated experimentally in order to test its efficacy in these complex
diseases [59]. In this respect, it is useful for scientists to hold in high regard the fact that
hepatic IL-17-producing cells promote liver inflammation and dysfunction [60]. However,
the genetic analysis carried out in subjects at risk of developing the NASH disease but who
do not yet show clinical signs has not yet given certain data regarding a possible alteration
of the gene that synthesizes IL-23, and the candidacy of the IL-17/IL-23 axis in NASH
is yet to be fully established. Experimental data obtained using a mouse model with a
double mutation in the IL-23 gene have, however, shown that protection against chronic
inflammation and fibrotic development is moderate but not total, and this seems to suggest
that although the IL-17/IL-23 axis is involved, it is probably related to the activation of
other inflammatory pathways, and targeting IL-23 signaling activation may not be the only
therapeutic approach for NASH [61].

5. Novel Role of IL-23 in Autoimmune Fibrotic Diseases

IL-23 is a factor involved in the development of autoimmune diseases, such as multiple
sclerosis (MS), rheumatoid arthritis (RA), and systemic lupus erythematosus; it carries
out its activity by stimulating and activating the pathogenic Th17 cells. Therefore, IL-
23 is a potential target for modulating autoimmune responses and pathogenic Th17 cell
effects. Recently developed clinical trials have shown the beneficial effects of blocking
the IL-23/Th17 pathway in chronic inflammatory autoimmune diseases characterized by
fibrotic damage to the organs. Here, we report the most recent and pioneering discoveries
in this field.

5.1. Rheumatoid Arthritis

The role of IL-23 in RA has been extensively studied in a co-morbidity that affects
approximately 15% of RA patients that is termed RA interstitial lung disease (RA-ILD) [62].
How much an excessive or altered immune response mediated by Th17 activation is
involved in this pathology remains to be demonstrated. Recently, insight on the direct role
of IL-23 in lung fibrosis was obtained by experimentally investigating the responsiveness
of lung fibroblasts to IL-23 stimulation. The induction of CCR2 expression that regulates
monocyte chemotaxis and the increased fibroblast migration suggest a direct role for IL-23
in fibrotic lung disease associated with a Th17-biased immune response [63]. In this context,
a process strictly correlated with fibrotic evolution [2,3] plays a role, represented by EMT,
which seems to be activated in the lung by chronic inflammatory stimuli and tissue damage.
The EMT process creates an environment that facilitates fibrosis when alveolar epithelial
cells are injured. In this scenario, IL-23 exerts its profibrogenic role on somatic alveolar
type I (ATI) epithelial cells [63]. Primary ATI cells, after prolonged culture on rigid culture
dishes, clearly show signs of a gradual transformation towards a mesenchymal phenotype
characterized by the loss of epithelial proteins, such as caveolin-1, and by a reorganization
of the F-actin cytoskeleton, indicating the initiation of the EMT process. IL-23 appears
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to be actively involved in this process because the mesenchymal transformation process
is accelerated by in vitro stimulation with this cytokine, which results in the loss of the
epithelial marker caveolin-1 and increased expression of mesenchymal markers, such as
α-smooth muscle actin (α-SMA) and collagen I/III protein. Furthermore, IL-23 significantly
promotes cell migration and regulates apoptotic resistance in IL-23-transitioning-treated
ATI cells [63]. IL-23-induced EMT seems to be activated and regulated by the Target
of Rapamycin (mTOR)/S6 signaling pathway, which has already been demonstrated to
be the pathway involved in the pro-fibrotic activity of IL-23 [64]. The hypothesis of an
involvement of IL-23 in the pathogenesis of RA-ILD exerted by promoting mTOR/S6
signaling-dependent EMT in alveolar epithelial cells was supported by transcriptional
sequencing analysis of human lung fibrosis biopsy tissue [63], which detected a significant
increase in IL-23 mRNA expression in RA-ILD lung sections positively correlated with
transitioning ATI epithelial cell [63] (Figure 3).

Figure 3. Schematic representation of a proposed mechanism by which IL-23 mediates EMT in
epithelial cells. Inflammation promotes repetitive injury to epithelial cells that leads to the secretion
of IL-23, inducing the EMT process. Injured cells start transforming into mesenchymal cells, and
IL-23 amplifies the EMT process. On binding to its receptor, IL-23 activates the kinase mTOR and
promotes the expression of mesenchymal markers. This process induces fibrosis in autoimmune
diseases. (EMT, epithelial–mesenchymal transition; mTOR, mammalian target of rapamycin).

5.2. Crohn’s Disease

Intestinal fibrosis is an important complication of Crohn’s disease (CD) characterized
by exaggerated proliferation of myofibroblasts and increased deposition of collagen in re-
sponse to prolonged injury or chronic inflammation typical of IBD [65,66]. The mechanism
underlying this hyperproliferation of myofibroblasts in CD seems to be linked, as in other
pathological conditions mentioned above, to an involvement of mTOR. Experimental data
report that the inhibition of mTOR determines a decreased production of IL-23, which,
in turn, negatively regulates IL-22 expression and determines an improvement in the
general conditions of the mouse model and a slowdown in the fibrotic evolution [66].
This inhibition of IL-23 expression is associated with elevated autophagy activity in in-
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testinal Cx3cr1+ mononuclear phagocytes. This result paves the way to identifying a
new molecular pathway that can explain the intestinal fibrotic progression in CD. The
autophagy gene Atg7 knockdown determines, in fact, increased IL-23 expression and,
consequently, induces the release of IL-22, triggering the fibrotic molecular events’ activa-
tion [65]. This evidence suggests, once again, a correlation between the production of IL-23
and IL-22 and identifies a new activation pathway of the fibrotic process that originates
in Cx3cr1+ mononuclear phagocytes, in which the mTOR/autophagy pathway regulates
the IL-23/IL-22 axis-dependent fibrosis. The synergistic action performed by IL-23 and
IL-22 is elucidated and confirmed by the fact that the double inhibition of the release of
both cytokines determines a decrease in all the parameters characterizing fibrosis [65]
(Figure 3).

5.3. Autoimmune Myocarditis

Recent observations have correlated IL-23 levels with the regulation of T cells’ func-
tion in autoimmune myocarditis, thus confirming the role of IL-23 in the regulation of
inflammatory processes [67]. Using mice mutated for the IL-23 gene and unable to produce
a functional interleukin, IL23a−/− mice, it was demonstrated that IL-23 is necessary for
the induction of cardiac inflammation in experimentally induced autoimmune myocarditis
(EAM) [68]. EAM has been considered a disease characterized by the altered function
of CD4+ T cells [67]. In addition, transfection experiments demonstrated that IL-23 was
able to restore pathogenicity to CD4+ T cells lacking the IL-23 gene. These results support
the hypothesis of a direct involvement of IL-23 in the autoimmune reactions of the heart,
which could occur either thanks to the action of IL-23 on the activity of T helper cells
or by inducing the secretion by the T helpers of a combination of cytokines capable of
triggering autoimmune responses [69]. Both hypotheses seem to be valid and have found
scientific evidence; in fact, continuous stimulation through IL-23 is necessary to determine
the production of IL-17A by T helper lymphocytes. On the other hand, even a temporary
stimulation by IL-23 seems to be sufficient to determine a pathogenic activation of the T
helper. Confirming this, the lack of IL-23 does not compromise the establishment of an
EAM condition when the T helpers have become autoreactive [68]. Based on this evidence,
because high levels of IL-23 were found in patients with autoimmune myocarditis, which
proceeded to stimulate T helper cells, determining an increased production and release
of IL-17A, a therapy against IL-23 could be effective in blocking or delaying the fibrotic
progression of the disease [68]. Moreover, elevated fibrosis and impaired heart function
were detected in IL-23−/− mice but not in mice lacking the IL-12 gene at the chronic stage
of the disease; this underlines the importance of IL-23-dependent T cell activation in the
resolution phase of the acute stage of autoimmune myocarditis.

5.4. Sjögren’s Syndrome

Sjögren’s syndrome (SS) is an autoimmune disease characterized by a chronic inflam-
matory response that causes a morphological and functional alteration of the exocrine
glands, in particular the salivary and lacrimal glands, and this seriously compromises
the quality of life of these patients [2,3]. “Primary” SS is defined as a standalone entity
occurring in the absence of another systemic autoimmune disease, whereas “secondary”
disease is associated with the presence of other autoimmune conditions, such as RA,
SLE, or systemic sclerosis (SSc). Currently, the data relating to the involvement of IL-23
in the pathogenesis of SS are still few, although very promising. Previous research re-
vealed that IL-17/IL-23 expression was increased in mouse models of SS, highlighting
that Th17 participates in lymphocytic infiltration of salivary glands and leads to lesion
formation [70,71]. Another experimental study demonstrated that both protein and mRNA
levels of IL-22, IL-23, and IL-17 were enhanced in the peripheral blood of patients affected
by SS [72], assuming that the IL-23/IL-17/IL-22 axis could be one of the key mediators
in the pathogenesis of primary SS [70,72–74]. Interestingly, in the absence of certain evi-
dence of primary SS, the immunohistochemical detection of IL-17/IL-23 would classify
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these patients as involved in a Th17 reaction and lead to the selection of patients to be
referred for subsequent periodic diagnostic screening. Based on this assumption, the
use of IL-17/IL-23 immunohistochemical detection could be employed to improve the
identification of SS patients with a possible diagnosis in all cases that do not fully meet the
American–European criteria for pSS, in particular when the germinal center is not present
at histopathological analysis and anti-SSA and anti-SSB antibodies are undetectable in
the serum [19]. Recently, a role for the synergetic interaction between IL-23 and TLR was
demonstrated in SS; TLR2 ligation induces the production of IL-23 and IL-17 via IL-6,
STAT3, and the NF-kB pathway in primary SS. Therefore, therapeutic strategies directed
against the TLR/IL-17 pathway might be valid candidates for the treatment of SS [75]. In
recent years, a thriving research sector has demonstrated that SS is often accompanied
by fibrotic phenomena affecting the salivary glands mediated by the activation of the
EMT program, triggered by the chronic inflammation that characterizes the disease [2,3].
Therefore, based on the attribution of an important role for IL-23 in the exacerbation of
the disease, there are all the premises to identify a correlation between IL-23 expression,
chronic inflammation, and fibrosis in SS.

5.5. Systemic Sclerosis

Systemic sclerosis (SSc) is a heterogeneous chronic, autoimmune, multisystem connec-
tive tissue disorder characterized by vasculopathy, inflammation, and progressive fibrosis
of the skin and internal organs [76]. Interstitial lung disease (ILD) is a major common
complication, along with pulmonary arterial hypertension, which is the leading cause of
morbidity and mortality in scleroderma patients [77]. The finding of pulmonary fibrosis in
patients with elevated IL-23 levels had a higher frequency when compared with subjects
showing normal IL-23 levels [78]. The increased release of IL-23 showed a correlation
with the initial stages of the disease and with the simultaneous presence of pulmonary
fibrosis; it was not associated with other clinical manifestations of SSc [78]. IL-23 has
been demonstrated to be abnormally expressed in autoimmunity, including Experimen-
tal autoimmune encephalomyelitis (EAE), collagen-induced arthritis, and inflammatory
bowel disease [79]. In SSc, chronic T cell activation certainly occurs, contributing to the
exacerbation of tissue inflammation [76]. Recent studies imply that IL-23 may determine
the differentiation of activated T cells into effector T cells in SSc [78,80]. Based on these
considerations, it is possible that Th17 cells, induced by IL-23, release IL-17, which can be
implicated in molecular processes leading to vascular lesions, fibrosis, and autoimmunity
in patients with SSc, exploiting the binding with the IL-17 receptor expressed on fibroblasts
and endothelial cells [81]. Recently, a strong correlation between the onset of the disease,
the initiation of pulmonary fibrosis, and the increase of IL-23 expression has been demon-
strated, suggesting that Th17, stimulated by IL-23, is involved in the onset of SSc, but not in
disease progression [78]. This hypothesis has also recently found radiological confirmation
because, in SSc patients, there was a statistically significant difference as regards serum
concentration of IL-23 in patients with pulmonary fibrosis by chest X-ray [82].

5.6. Multiple Sclerosis

MS is a chronic autoimmune disorder affecting an estimated two million people
worldwide. The pathological hallmarks of MS include perivascular T-cell inflammation
and disseminated demyelinating lesions [83]. Experimental autoimmune encephalomyeli-
tis (EAE) is an inflammatory autoimmune pathology that can be induced in mice and,
in addition, presents many similarities with human MS [79]. EAE is a complex disease
in which the interaction between several immunopathological and neuropathological
events determines an approximation of the pathological characteristics of MS manifested
morphologically by inflammation, demyelination, axonal loss, and gliosis [79]. The main
characteristic of the EAE condition is a fibrotic scar that determines an inhibitory environ-
ment hindering the remyelination; thus, anti-fibrotic drugs may serve as novel therapeutic
targets for MS. As in MS, aberrant T lymphocytes traffic against the brain and spinal
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cord, causing disruption of the myelin sheath integrity of the central nervous system
(CNS), leading to paresthesia, paraparesis, neuritis, and ataxia [84]. Because EAE presents
clinical features similar to human MS, it could be used as a model to identify the clinical
efficacy of targeting the IL-23 immune pathway. Indeed, specific anti-IL-23p19 antibodies
were produced to test whether blocking the functionality of IL-23 reduced the clinical
symptoms of EAE and whether it could also be used in human disease [85]. The treatment
of anti-IL-23p19 diminishes the serum level of IL-17 as well as the expression of IFN-γ,
IP-10, IL-17, IL-6, and TNF in the CNS, thus inhibiting multiple inflammatory signaling
pathways that drive CNS autoimmune inflammation. In addition, the therapeutic efficacy
of the anti-IL-23p19 antibody was demonstrated to prevent disease relapse [85]. Recently,
the wealth of knowledge in this field has been enriched with new discoveries that have
demonstrated IL-23 as a key factor driving inflammatory processes in the CNS [86]. In
particular, a transgenic mouse with astrocyte-specific expression of IL-23 developed an
ataxic phenotype and cerebellar infiltrates with high amounts of B lymphocytes. In these
mice, in which EAE was induced, it was demonstrated that the local IL-23 production in
the CNS determines the aggravation of the disease course with severe paraparesis and
an ataxic phenotype, leading to the enhancement of gliosis and neuroinflammation in
the CNS [86,87]. Certainly, further studies will be necessary to identify the mechanisms
that explain the key role of IL-23 in MS, but the premises are very interesting, and the
preliminary results are very intriguing.

6. New Therapeutic Challenges

6.1. IL-23 Blocking Agents

In the last two decades, several biological agents have been developed to ameliorate
the knowledge of the interactions between the immune system and related cytokines,
which affect the entire pathologic condition process. Some of these agents inhibit specific
molecular pathways involved in the pathogenesis of autoimmune diseases, specifically in
those characterized by severe fibrosis. Biological drugs targeting IL-23, either specifically
(anti-p19) or in conjunction with IL-12 (anti-p40), have displayed a wide range of antago-
nistic activities because IL-23 is an important upstream regulator of pathways involved
in fibrotic autoimmune diseases [88]. Since their approval, several real-life studies have
been published on IL-23 inhibitors use in routine clinical practice, and real-life results of
anti-IL-23 seem to confirm the promising findings of IL-23 demonstrated by clinical trials,
highlighting the efficacy and safety profiles of this new class of biologic agents also in
clinical practice [89]. Therefore, growing evidence supports the idea that drugs targeting
IL-23 have shown promising efficacy in inflammatory bowel disease. Indeed, they were
approved for the treatment of Crohn’s disease (CD) and, recently, for ulcerative colitis as
well. Guselkumab, risankizumab, and tildrakizumab represent the latest biologic agents ac-
cepted for the treatment of psoriasis with varying degrees of severity and have ameliorated
the perception of patients’ quality of life affected by fibrotic diseases [89]. In particular,
Guselkumab, in which the mechanism of action occurs through selective inhibition of IL-23
via binding to its p19 subunit, demonstrated greater efficacy and durability of response
in the treatment of plaque-type psoriasis compared with a placebo [90]. Therefore, emerg-
ing studies have observed a good therapeutic effect after treatment with Guselkumab of
patients affected by psoriasis vulgaris complicated by SSc, improving each symptom of
SSc, such as immune abnormalities, fibrosis, and vasculopathy [91]. Unfortunately, the
administration of anti-IL-23 agents has not had positive effects in all patients, and they
can cause undesirable immunological and non-immunological adverse events. However,
these inhibitors tend to be well tolerated, with good safety profiles [92]. Ustekinumab, for
example, already accepted for psoriatic arthritis, has shown promising data in SLE, but its
evaluation in clinical trials has led to very contradictory results [93].

In conclusion, the recent evaluations on the therapeutic use of IL-23 seem to have two
advantages: on the one hand, the possibility that IL-23 could represent a valid marker for
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the initial stages of autoimmune diseases, and, on the other, the possibility of identifying
pharmacological treatments that specifically modulate the T helper’s immune response [94].

6.2. Epigenetics in the Control of IL-23 Expression in Autoimmune Diseases

Epigenetics studies how stress, age, and exposure to environmental factors, including
physical and chemical agents, diet, and physical activity, can modify gene expression with-
out modifying the DNA sequence. Epigenetic modifications of DNA regulate physiological
processes, but recent data indicate that they play a role in the onset of diseases. A key
factor in the development of autoimmunity is the impaired function of Treg cells. The
identification and correction of diet, environmental, or stress factors improves the activity
of Treg cells, and these considerations represent the epigenetic approach to autoimmune
diseases [95]. Over the last few years, the field of epigenetics has been revolutionized by
various innovative technologies aimed at determining these modifications (epimutations)
through the analysis of DNA methylation, non-coding RNA expression, histone, and nucle-
osome modifications [95]. These data underline how the study of the genome and, even
more, of the epigenome, helps to trace an individual profile that shows intra-individual
variability. In this regard, epigenomics is also acquiring an important role in determining
susceptibility to various diseases. The epigenetic study of IL-23 regulation, conducted in
very recent times, has led to very intriguing results. The regulatory mechanism carried out
via mTOR responsible for histone methylation mentioned above, e.g., in RA, represents an
epigenetic modification that may regulate the IL-23-mediated process of EMT-dependent
fibrosis [64]. In addition, Jin et al. report an epigenetic mechanism for the regulation
of the gene Zranb1 (Zinc Finger RANBP2-Type Containing 1) responsible for the coding
of the deubiquitinase Trabid, which seems to be involved in the regulation of IL-23 and
correlated IL-12 expression in autoimmunity [96]. Deletion of Zranb1 in dendritic cells
inhibits the expression of IL-12 and IL-23 by TLRs, impairing the differentiation of Treg and
protecting mice from autoimmune inflammation. The role of Trabid takes place through the
TLR-induced histone modifications at the IL-12 and IL-23 gene promoters, which involve
deubiqutination. Another study conducted in SLE patients demonstrated the involve-
ment of IL-23 in the STAT3-mediated alteration of the loci of RORγt at STAT binding
sites, resulting in an exacerbated inflammatory function of Th17 in SLE [97]. Furthermore,
evidence that an epigenetic mechanism involving TNF and the neural Wiskott–Aldrich
syndrome protein (N-WASP) controls IL-23 expression in psoriatic keratinocytes has been
provided by Li et al. [98]. Keratinocyte-restricted deletion of the N-WASP gene revealed
an important function for N-WASP corresponding to increased TGF-β signaling, a potent
pro-fibrotic cytokine. The loss of N-WASP in keratinocytes provokes IL-23 over-expression
in keratinocytes, acting through the control of histone methylation mediated by IL-17 and
TLRs. Once again, this evidence suggests that different independently studied pathways
can converge in order to identify molecular bridges that can lead to a unique and complex
mechanism of activation in autoimmune diseases.

Can epigenetics clarify which factors can determine the fibrotic evolution of autoim-
mune diseases? Or could epigenetics help identify common mechanisms that drive the
chronic inflammation that characterizes multiple autoimmune diseases and that appears
to be responsible for fibrosis? The answer seems to be far from being identified, but re-
searchers engaged in this field of investigation are making giant strides and promising new
perspectives for effective therapies.

7. Conclusions

Recent discoveries place IL-23 in a prominent position in the modulation of the
immune response mediated by T helper lymphocytes. This has given rise to a series of
investigations on the ability of IL-23 to modulate autoimmune processes characterized by
chronic inflammation, which, frequently, evolve towards fibrotic processes. Although the
mechanisms underlying the pro-fibrotic activity of IL-23 are not clear, some underlying
mechanisms common to several fibrotic and autoimmune diseases have been identified.
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This suggests that we are on the right track and that, soon, therapies that block the activity
or the release of IL-23 could represent a valid therapeutic alternative in the course of
autoimmune fibrotic diseases.
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Abstract: Fibrosis is an important health problem and its pathogenetic activation is still largely
unknown. It can develop either spontaneously or, more frequently, as a consequence of various
underlying diseases, such as chronic inflammatory autoimmune diseases. Fibrotic tissue is always
characterized by mononuclear immune cells infiltration. The cytokine profile of these cells shows
clear proinflammatory and profibrotic characteristics. Furthermore, the production of inflammatory
mediators by non-immune cells, in response to several stimuli, can be involved in the fibrotic process.
It is now established that defects in the abilities of non-immune cells to mediate immune regulation
may be involved in the pathogenicity of a series of inflammatory diseases. The convergence of
several, not yet well identified, factors results in the aberrant activation of non-immune cells, such
as epithelial cells, endothelial cells, and fibroblasts, that, by producing pro-inflammatory molecules,
exacerbate the inflammatory condition leading to the excessive and chaotic secretion of extracellular
matrix proteins. However, the precise cellular mechanisms involved in this process have not yet been
fully elucidated. In this review, we explore the latest discoveries on the mechanisms that initiate and
perpetuate the vicious circle of abnormal communications between immune and non-immune cells,
responsible for fibrotic evolution of inflammatory autoimmune diseases.

Keywords: autoimmunity; inflammation; fibrosis

1. Introduction

Fibrotic autoimmune disorders are a group of chronic pathologies characterized by a
damage in self-tolerance to a broad variety of autoantigens in which fibrosis develops as
the end-result of a chronic inflammatory process [1]. The pathogenesis of autoimmunity
involves dysfunction of the entire immune system, including neutrophils among the innate
immune cells, B and T cells of the adaptive immunity, dendritic cells, and macrophages [2].
Within the various cell types related to fibrotic autoimmune diseases’ pathogeneses, non-
immune cells, such as epithelial cells, endothelial cells, and fibroblasts, are considered to
be key players in the occurrence and progression of these diseases [3]. Based on these
premises, immune and non-immune inflammatory cells are considered to be accountable
for tissue failure in a wide range of fibrotic autoimmune disorders such as rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), primary Sjögren’s syndrome (pSS),
and systemic sclerosis (SSc) [4]. Indeed, a plethora of recent advances has documented the
functional role of inflammatory cells as therapeutic targets in autoimmune disorders [5].
However, major questions and controversies in the field remain and the comprehension
of the different mechanisms that trigger fibrosis in autoimmune diseases is a challenge
for many researchers. This review collects the latest advances in understanding how
an alteration in the delicate balance between immune and non-immune cells is at the
basis of the fibrotic evolution that is observed in various autoimmune diseases. A list of
autoantigens associated with autoimmune fibrosis was reported in Table 1.
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Table 1. Autoantigens associated with autoimmune fibrosis. (RF = rheumatoid factor;
RNP = ribonucleoprotein).

Antigen Location Antigen Fibrosis Autoimmune Diseases

Nuclear Ro-RNP complex Systemic lupus erythematosus, Sjögren’s syndrome

La antigen Systemic lupus erythematosus, Sjögren’s syndrome

Small nuclear RNP Systemic lupus erythematosus, Idiopathic pulmonary fibrosis

Chromatin Autoimmune hepatitis, Systemic sclerosis

dsDNA Systemic lupus erythematosus, Autoimmune hepatitis

Topoisomerase I Systemic sclerosis

Centromere Systemic sclerosis

Modified proteins Citrullinated proteins Rheumatoid arthritis, Idiopathic pulmonary fibrosis

Carbamylated proteins Rheumatoid arthritis

Extracellular RF (IgG) Rheumatoid arthritis

2. The Role of Immune and Non-Immune Inflammatory Cells in Fibrotic Autoimmune
Diseases: New Discoveries

Inflammatory process is considered to be one of the main steps leading to fibrosis in
autoimmune diseases [6]. Numerous studies have demonstrated that the pathophysiology
of fibrosis in autoimmune diseases involves an aberrant interplay between the immune and
non-immune systems [7]. Both immune and non-immune responses play an essential role
in the early events of fibrosis. Dysregulation of these processes comprises inflammatory
changes, including proliferation of ECM-producing cells and the occurrence of mononuclear
cell inflammatory infiltrates. In this context, both immune and non-immune cells have been
implicated as important active participants in inflammatory processes involving fibrotic
autoimmune diseases [8]. This section will review new insights on the role of immune and
non-immune inflammatory cell types in fibrotic autoimmune diseases.

2.1. Current Understanding of the Involvement of Immune Cells in Fibrotic Autoimmune Diseases

Both innate and adaptive immunity are involved in fibrogenesis of autoimmune
diseases and, interestingly, altered orchestration of the immune system might be an early
event of fibrosis [7]. Dysregulation of these processes results in autoimmune responses
triggered by T lymphocytes, macrophages, or dendritic cells [2]. These activated immune
cells highly secrete factors that modulate inflammatory process and rapidly promote
progressive fibrosis, involving the activation of resident fibroblasts and their transformation
in myofibroblasts [2,7,8]. The following paragraphs report the recent discoveries on the
role of immune cells in the fibrotic evolution of autoimmune pathologies.

2.1.1. Update on the Correlated Pro-Fibrotic Role of CD4+ and CD8+ T Cells

Traditionally, B lymphocytes and CD4+ T lymphocytes are considered to be key cells
in the immunopathogenesis of autoimmune diseases and they have already been widely
studied and are well recognized [9]. However, more recently, studies have demonstrated
the increasing evidence that CD8+ T cells, infiltrating inflamed tissues, cooperate to induce
tissue fibrosis in autoimmune diseases [10]. Emerging studies reported that CD8+ T cells
infiltrate the lesioned skin of patients with SSc, predominantly in the early stage of the
disease and exert a pro-inflammatory and pro-fibrotic activity through the induction of
tissue damage [11,12]. Of particular note, key pro-fibrotic mediators, such as interleukin
(IL)-6, through their signal activate CD8+ T cells and promote their interactions with
fibroblasts, leading to the deposition of extracellular matrix (ECM) and contributing to the
perpetuation of the fibrotic process in SSc patients [13,14]. High levels of the profibrotic type
2 cytokine IL-13 were produced following activation of peripheral blood effector CD8+ T
cells from patients with SSc as compared with healthy controls or with patients with RA. In
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contrast, CD4+ T cells showed a lower and more variable level of IL-13 production. This
abnormality was correlated with the extent of fibrosis and with a high grade of cutaneous
involvement [11]. The role of CD4+ T cells is controversial because, recently, Sakkas and
collaborators demonstrated that in SSc a great number of T cells of TH2 type is detected,
producing pro-fibrotic IL-4, IL-13, and IL-31; in addition, CD4+ cytotoxic T lymphocytes
are increased in skin lesions, and cause fibrosis and endothelial cell apoptosis [15].

A key role for CD8+T cells was also demonstrated in SLE nephritis; Zhang and
colleagues showed that tubule-interstitial CD8+ T cells correlate with clinic-histologic
kidney impairment in SLE nephritis, determining an evident progression of interstitial
fibrosis and, thus, tubular organ atrophy [16]. In addition, the expression of cytotoxic T
cells is increased and the inactivation of CD4+ T cells induces fibrosis and injury of the
liver tissue in patients affected by autoimmune hepatitis [17]. Autoimmune hepatitis is a
progressive inflammatory liver disease characterized by chronic inflammation of the liver,
circulating autoantibodies, hypergammaglobulinemia, and progressive liver fibrosis [18].
CD8+ T lymphocytes may have a significant influence on liver fibrosis and intravascular
effects. After activation, CD8+ T cells usually differentiate into cytotoxic T lymphocytes,
which represent effector cells that destroy tumor cells and infected cells. Actually, the
function of CD8+ T lymphocytes in hepatic fibrosis needs further investigation because
their role is unclear. In the liver, the activity of immune surveillance of the CD8+ T cells
against virus-infected cells seems to be reduced in mice with liver fibrosis caused by HBV
infection [19]. Additionally, in an experimental mice model of carbon tetrachloride-induced
liver fibrosis, the transfer of splenic CD8+ T cells into the mice had the effect of exacerbating
fibrosis, a process that can be prevented by IL-10 treatment [20]. On the contrary, a reduction
of the number of CD8+ T cells had little effect on the progression of hepatic fibrosis in
carbon tetrachloride-treated animals [21]. Given that spleen-derived CD8+ T cells induce
liver fibrosis and that hepatic CD8+ T-cell depletion probably has no effect on liver fibrosis,
various subtypes of CD8+ T-cell may be distributed differently in the spleen and liver of
mice, playing distinct roles in liver fibrosis [22] (Figure 1).

CD8+ T lymphocytes are also crucial players in the mechanism of exocrine gland
injury in pSS [23,24]. In fact, CD8+ T lymphocytes contribute to acinar injury in the salivary
glands, triggering a worsening fibrotic event in pSS [12,23]. Joachims et al. [25] showed
that expanded clones of memory CD4+ T cells in the salivary glands displayed sequence
similarity both within expanded clones of the same individual and among different patients,
indicating that these cells are able to recognize shared antigens. They also observed
that an increased frequency of expanded clones in salivary glands was correlated with
decreased salivary secretion and increased fibrosis. Although CD4+ cells are the majority
of T cells within the glandular infiltrates of pSS patients, CD8+ T cells are also present.
A percentage of these CD8+ T cells show an activated phenotype, as shown by a higher
expression level of Human Leukocyte Antigen–DR isotype (HLA-DR, an MHC class II cell
surface receptor). Increased proportions of HLA-DR+ T cells were associated with higher
disease severity [26]. Additionally, in the blood of pSS patients with anti-SSA positivity,
the increased frequencies of HLA-DR-expressing activated CD4+ and CD8+ T cells in
blood was correlated with the EULAR Sjögren’s syndrome (SS) disease activity index
(ESSDAI) scores [26]. Furthermore, the proportion of activated CD8+ T cells in blood was
established by a multi-omic study based on whole blood transcriptomes, serum proteomes,
and peripheral immunophenotyping, which identified pSS disease signatures dysregulated
in widespread epigenomes, mRNAs, and proteins. [27]. For example, the expression of the
chemokine receptor CXCR3 by activated CD8+ T cells in pSS patients may be important
for their migration to the inflamed salivary glands and, as demonstrated in mice, the
recruitment of activated CD8+ T cells to salivary gland tissue was dependent on CXCR3 [28].
We speculate that chronic antigen stimulation leading to systemic inflammation, reflected
as higher ESSDAI scores, results in the activation of CD8+ T cells in secondary lymphoid
organs, such as spleen, CXCR3 upregulation, and consequent migration to the salivary
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glands [29]. Whether CD8+ T cells, in turn, contribute to glandular dysfunction and fibrotic
evolution or systemic disease activity is unknown (Figure 2).

 

Figure 1. Schematic representation of the involvement of the immune cells in autoimmune hep-
atitis, derived from experimental mouse models (ECM = extracellular matrix) (A: Healthy liver;
B: Fibrotic liver).

 

Figure 2. Immune cells involved in the fibrosis of salivary glands observed in the chronic inflamma-
tory autoimmune diseases primary Sjögren’s syndrome (pSS), according to the most recent findings.
The figure highlights the role of TGF-β as pro-fibrotic factor (Treg = regulatory T lymphocytes;
TGF-β = tumor growth factor beta).
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2.1.2. Autoimmune Treg Pro-Fibrotic Role

Recently, an intriguing role identified for a functional T cell subset named regulatory
T lymphocytes (Treg) in tissue fibrosis has also begun to emerge [30]. Treg are crucial
keepers of the immune system, shaping the development of fibrosis and causing lethal
organ dysfunction [31]. Although some investigations have highlighted a controversial
role for the Treg cells depending on the disease model, in recent years the majority of
reports demonstrated an increase in the number of Treg in patients at the early phase
of SSc [32]. Treg seem to be able to secrete transforming growth factor-β (TGF-β), the
major pro-fibrotic factor, which induces myofibroblast activation and fibrosis [33]. In
addition, the dysfunction of Treg cells in the early phase of SSc leads to autoimmunity
and inflammation [34]. Notably, Treg cells have the capacity to differentiate in T-helper17
(Th17) cells under inflammatory conditions. Th17 cells secrete IL-17A, which could also
promote myofibroblast transformation and fibrosis and was related to vasculopathy by
promoting endothelial inflammation. A transcriptomic comparison between the early and late
phases of SSc revealed a differentiated gene expression exclusively in Treg cells. Using an
RNA-seq analysis to compare early SSc vs. late SSc patients, it was also reported that, in the
early phase of SSc, enhancement of the oxidative phosphorylation pathway was observed
which represents a metabolic sign of differentiation of Treg to Th17 cells [34]. Therefore,
an imbalance between Treg and Th17 cells seems to be implicated in the pathogenesis
of the early SSc. The contribution of Treg cells to the pathophysiology of SSc has been
explained by several mechanisms, sometimes conflicting. In a normal function, Treg
cells release inhibitory cytokines, such as IL-10, TGF-β, and IL-35, which function as
immunosuppressive factors [35]. First, in SSc the suppressive effect of Treg cells is limited,
causing an altered immune response and leading to chronic inflammation and fibrosis.
The decreased inhibitory ability of Treg cells in SSc patients is attributed to the decreased
production of TGF-β and IL-10 [36]. On the other hand, it is now established that the
promotion of fibrosis by pro-fibrotic cytokines is produced by Treg cells. For example,
TGF-β contributes to fibrotic pathology through the proliferation of fibroblasts, promoting
collagen production and ECM secretion, and also induces the epithelial–mesenchymal
transition (EMT). In addition, Treg cells seem to be able to differentiate into Th2-like
cells in SSc and to promote fibrosis through the production of IL-4 and IL-13 [36]. By
these mechanisms, Treg cells are thought to be associated with several aspects of immune
dysregulation and fibrosis during SSc pathogenesis.

Recent findings, based on the study of the dysfunction and imbalance of Treg cells
in pSS, have demonstrated a significantly lower frequency of Treg positive for pSTAT5 in
pSS patients after IL-2 stimulation, compared with healthy controls [37]. No differences
were demonstrated in other T-cell populations, indicating a specific impact of Tregs in
pSS pathogenesis which, of course, will need to be clarified [37] (Figure 2). A decreased
number of Treg cells was also demonstrated, specifically, in the patients with SLE, psoriatic
arthritis, juvenile idiopathic arthritis, and autoimmune liver disease [31,38]. In the liver,
a dual role of Tregs in fibrogenesis was detected because they are responsible for fibrosis
promotion or immunosuppression [39]. In fact, a large number of Tregs are revealed in
the fibrotic microenvironment in patients with hepatocellular carcinoma, in which it was
observed that a reduction in Tregs promoted the regression of fibrosis [40]. Conversely,
in autoimmune hepatitis, hepatic stellate cells (HSCs) were activated, whose function
is to produce and accumulate ECM, a pivotal event in liver fibrosis. Simultaneously,
HSCs selectively promote the survival and the activity of Tregs in an IL-2–dependent
manner. Tregs can both protect HSCs from NK cell attack and, on the contrary, exert an
inhibitory effect on HSCs, confirming the dual role of Tregs in liver fibrogenesis and the
importance of equilibrium. The balance between Tregs which could convert to Th17 cells,
seems, once again, fundamental in maintaining homoeostasis and immunoregulation; this
mechanism, for reasons that are still unclear, can deregulate and leads to the production of
pro-inflammatory cytokine by Th17, such as IL-17 and IL-22 [39].
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2.1.3. Emerging Pro-Fibrotic Role of T Follicular Helper Cells

T follicular helper (Tfh) cells have been identified as a distinct CD4+ helper T cell
subset. They express a high level of surface markers, such as CXCR5, CD40L, inducible
co-stimulator (ICOS), programmed cell death protein-1 (PD-1), and a downmodulation
of C-C chemokine receptor type 7 (CCR7) [7,41]. Tfh cells are important modulators
of B cell maturation and specialized to help B cells to produce high-affinity antibodies
toward antigens and, thus, to develop an important humoral immune response [42,43].
Moreover, they are characterized by enhanced expression of IL-21 that promotes B cells’
differentiation into plasma cells and Ig isotype switching and by elevated production
of the nuclear transcriptional repressor B cell lymphoma 6 (Bcl-6), essential for B cell
function [43]. Many investigations have found severe proliferation and/or activation of Tfh
cells in multiple autoimmune disorders characterized by intense fibrosis [7]. A possible role
played by Tfh cells in the pathogenesis of SS was known; indeed, increased percentages
of circulating Tfh cells (cTfh) have been demonstrated in peripheral blood [44] and in
salivary glands of SS patients [45]. Several lines of evidence also support a pathogenic role
of Tfh cells and IL-21 in human SLE. The Tfh surface marker ICOS seems to be crucial for
optimal IL-21 production [46]. Higher plasma levels of IL-21 are found in SLE patients
correlating with the number of switched memory B cells and with several markers of
disease severity [43,47]. Findings from the literature are instead conflicting regarding Tfh
cells’ frequencies in human RA. In some studies, augmented frequencies of cTfh cells in
RA patients were observed, in particular in those with new-beginning disease [48]. On
the role of Tfh in the fibrotic evolution of autoimmune diseases, few results are available
in literature regarding the role of Tfh cells in SSc pathogenesis. A recent study provides
evidence that Tfh cells induce skin fibrosis and correlate with dermal fibrosis [49] in SSc
patients. Furthermore, it has been shown that the administration of both IL-21 and ICOS
antibodies can effectively reduce skin fibrosis [50]. Moreover, an interesting recent report
also evidenced that in patients with idiopathic pulmonary fibrosis (IPF), the levels of Tfh
cells in the peripheral blood were increased [51]. Overall, from these data it can be deduced
that Tfh cells may be involved in both immunological and fibrotic autoimmune disease,
regulating autoreactive B cell expansion and fibroblast activation.

2.1.4. Macrophages, Dendritic Cells, Mast Cells

In the complexity of the immune scenario, macrophages—key cells that classically initi-
ate and sustain chronic inflammation in a simultaneous or parallel manner—are now recog-
nized as capable of secreting fibrotic factors once activated [52]. Monocytes’/macrophages’
activation, due to the plasticity of these cells, could be an important step for the transi-
tion from the inflammatory to the fibrotic phase in SSc pathology. Through the release
of fibro-proliferative factors, macrophages trigger the fibrotic process determining, for
example, skin and lung SSc-related tissue fibrosis [52,53]. Consequently, an autocrine loop
begins in which the release of fibrotic factors by macrophages drives the transformation of
more monocytes/macrophages into cells with pro-fibrotic phenotype [52–54]. This cellular
crosstalk occurs, clearly, in autoimmune hepatitis; hepatic resident macrophages have been
shown to exert an intricate role in the initiation of inflammatory responses causing liver
injury and can acquire a pro-fibrogenic phenotype that leads to aberrant tissue remodeling,
culminating in liver and fibrosis and failure [55]. It is not possible to define exactly whether
the macrophages involved in liver fibrosis belong to the M1 or M2 type. A switch between
M1 and M2 phenotypes probably occurs because of their plasticity. M2 macrophages can
be activated through IL-4Rα signaling, which determines liver inflammation and fibrosis.
However, it has been demonstrated that the activation of M2-macrophages also represents
a key event in viral-associated immune dysregulation and liver fibrosis [55].

Interestingly, in line with this concept, studies have highlighted that dendritic cells
also display high plasticity after injury, driving pro-fibrotic inflammatory mechanisms in
autoimmune diseases. Functional alterations of dendritic cells assist the immune processes
favoring the altered T cell polarization and pro-fibrotic inflammation in the SSc [56]. DCs
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are commonly categorized into three major populations: the conventional DC (cDC)1, cDC2,
and the plasmacytoid DC (pDC) [57]. pDCs are the subtype that appears to be more relevant
for the development of fibrosis in SSc pathogenesis [56,58]. In patients with SSc, pDCs are
mainly found in the skin and lungs [59], correlated with the severity of SSc disease [59].
Importantly, pDCs play a direct role in causing and maintaining fibrosis, as their depletion
has been shown to improve skin and lung fibrosis. Furthermore, the presence of pDCs
in the lungs appears to be a feature of pulmonary fibrosis, since their frequency in the
lungs is similar in both SSc-interstitial lung disease (ILD) and idiopathic pulmonary fibrosis
patients [60]. A key role in the pro-fibrotic activity of pDCs is done by CXCL4, secreted
from pDCs of SSc patients, which creates an inflammatory environment in the tissues that
they infiltrate. CXCL4 plays a central role in a feedback loop that contributes to increased
inflammation and fibrosis [61]. It can directly promote the differentiation of different cell
types into myofibroblasts, increasing the collagen and ECM component production and
contributing to fibrosis [62]. Furthermore, increased levels of CXCL4 are found in the
blood and skin of SSc patients [63], correlated with disease complications, such as ILD
and pulmonary hypertension (PH). The production of CXCL4 from pDCs of SSc patients
was also stimulated by TLR8, aberrantly expressed in this disease [64]. TLR8 induces the
production of CXCL4 [64]. Additionally, TLR8 expression leads to an increased infiltration
of pDCs into the tissues, exacerbating the disease and resulting in worse skin fibrosis [64].

Mast cells are immune cells mainly found in connective tissues with a well-established
role in allergy and anaphylaxis. However, a great deal of evidence underlines their active
role in tissue healing, angiogenesis, and exacerbation of chronic inflammation that char-
acterizes autoimmune diseases [65]. Leehan and collaborators have recently investigated
the role of mast cells in salivary gland fibrosis which is a pathological feature of pSS and
positively correlates with high focus scores, but not with the age of the patients [66]. They
demonstrated that mast cells are strongly associated with fibrosis and fatty infiltration of
salivary glands that represent a biological response to gland injury. It is hypothesized that
they promote fibrosis by interacting with local fibroblasts and producing enzymes respon-
sible for cleavage and activation of metalloproteinases, which are important mediators of
tissue injury and repair [66]. A schematic comprehensive overview of the involvement of
immune cells in autoimmune-related fibrosis is reported in Figure 3.

 

Figure 3. Immune cells recently linked to the fibrotic evolution of autoimmune diseases. In a condition

103



J. Clin. Med. 2023, 12, 3801

of chronic inflammation, many immune cell populations with diverse functions are activated to pro-
duce multiple cytokines that lead to the proliferation and activation of myofibroblasts, directly
involved in the development of fibrosis in various autoimmune diseases (Th17 = T helper 17;
Treg = regulatory T lymphocytes).

2.2. Non-Immune Cells in Fibrotic Autoimmune Diseases

Recently, it has been proposed that also the non-immune cells, such as epithelial cells,
endothelial cells, and fibroblasts may contribute to inflammation, autoimmunity, as well as
fibrosis. Non-immune cells, when damaged or activated, release molecules involved in the
regulation of several types of immune responses. Furthermore, the de novo production
of bioactive factors by non-immune cells, in response to several stimuli, can influence
immunological processes. Therefore, defects in the abilities of non-immune cells to mediate
immune regulation may be involved in the pathogenicity of a series of inflammatory
autoimmune diseases which often show a fibrotic organ evolution. This section will review
the main non-immune cell types involved in fibrotic autoimmune diseases.

2.2.1. Epithelial Cells

Epithelium includes various highly specialized cells that play critical roles in almost
all biological processes, and they are considered essential to maintain tissue homeostasis
in many organs. In this context, several studies have begun to examine the active role
of epithelial cells in several autoimmune disorders characterized by fibrosis. The EMT
program, under pathological conditions, can lead to the reduction of normal epithelial cells,
destroying tissue architecture, inducing pathogenic activation of fibroblasts, and driving or-
gan failure [8]. The knowledge of the molecular mechanisms that occur in the EMT program
has demonstrated that the epithelial state of the cells initially considered immutable can
undergo important changes in gene expression and post-translational regulation, leading
to the repression of the epithelial characteristics and to the acquisition of mesenchymal
characteristics displaying fibroblast-like morphology and cytoarchitecture [67]. Recently,
considerable attention has been paid to chronic inflammatory disorders pSS in which the
inflammatory status is often associated with pathological EMT-dependent salivary gland
fibrosis [68]. Emerging evidence suggests that epithelial cells are also an important source
of myofibroblasts in organ fibrosis [69], and this trans-differentiation is evaluated as a
tightly specialized system of the EMT process that may be a central event in the salivary
gland fibrosis [68]. The implications of these findings were very important and the recent
explosion of knowledge in the biology of cellular differentiation has highlighted, for ex-
ample, that differentiated cell type, such as a tubular or acinar salivary gland epithelial
cell in pSS, with a wide set of glandular characteristics, such as secretion and transport,
could radically change their transcriptional process, transcribing genes characteristic of
the mesenchymal cell type [68–71]. Supporting this opinion, recent evidence highlights
that salivary gland epithelial cells derived from healthy biopsies, when exposed to TGF-β1
stimulation, acquired a more fibroblast-like morphology [68,72,73]. Additionally, in SSc,
recent studies have demonstrated anomalous phenotypes of the skin epithelium [74]. In-
deed, phenotypically altered epithelial cells possibly explain the selective organ fibroses
in the skin, oesophagus, and lung that occur in SSc [74]. In this context, several studies
have begun to examine the functional role of tubular epithelial cells in the pathogenesis
of lupus nephritis [75]. Renal tubular epithelial cells actively participate in the tubuloin-
terstitial pathology of lupus nephritis through the expression of cytokines, chemokines,
and pro-fibrotic factors, and play a crucial crosstalk with infiltrating cells of the immune
system [75,76]. Findings suggest that anti-dsDNA antibodies that bind to the surface of
renal tubular epithelial cells, but without cellular uptake and cytoplasmic/nuclear translo-
cation, can promote tubule interstitial fibrosis and subsequently kidney dysfunction [77].
Yung et al. reported that anti-dsDNA antibodies derived from lupus nephritis patients
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induce a significant increase in the fibronectin expression in human renal tubular epithelial
cells, a process dependent, in part, on the secretion of such fibrogenic factors as TGF-β [77].
These data suggest that fibrosis development in lupus nephritis is initiated and amplified
via complex signaling pathways involving anti-dsDNA antibodies, fibronectin, and TGF-β
in renal tubular epithelial cells [75]. A recent study has identified a key role for IL-23 as a
pro-fibrotic molecule in RA-associated interstitial lung disease through the induction of the
EMT-dependent transformation of somatic alveolar type I epithelial cells in fibroblast-like
cells. The acquisition of a mesenchymal phenotype induced by IL-23 included increased
deposition of ECM, the acquisition of invasiveness, and resistance to apoptosis—all events
which may contribute to the formation of fibroblastic foci in fibrotic ILD, especially in the
context of autoimmune pathology such as RA [78] (Figure 4).

 

Figure 4. Representation of the hypothetical role of epithelial cells in the activation of the fibrotic
program in various autoimmune diseases (anti-ds DNA Ab = anti-double-stranded DNA antibody;
ECM = extracellular matrix; EMT = epithelial to mesenchymal transformation; TGF-β = tumor growth
factor beta; Treg = regulatory T lymphocytes).

2.2.2. EMT: New Player Regulating the Interplay between the Immunity and Fibrosis

In recent years, epithelial to mesenchymal transition (EMT) has been extensively stud-
ied as a possible therapeutic target for fibrosis [72,73,79] and, therefore, a brief refresher in
this area is needed. A better understanding of the crosstalk between chronic inflammation,
autoimmunity, fibrosis, and EMT may represent an opportunity for the development of
a broadly effective anti-fibrotic therapy in autoimmune diseases. Cells of multicellular
organisms hire several phenotypes that have different functions, morphologies, and gene
expression patterns, and, drastically, can undergo specific changes when subjected to de-
terminants stimuli and microenvironments [80]. The inflammatory cells secrete crucial
regulatory proteins, such as pro-fibrotic cytokines, chemokines, and growth factors, which
can trigger the EMT process [81]. EMT is a highly dynamic process that often gives rise to a
series of intermediate phenotypic states in which the cells progressively acquire mesenchy-
mal markers without a concomitant complete loss of epithelial markers [82]. The expression
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of both mesenchymal and epithelial markers reflects the plasticity of cells depending on
their environment [83]. Importantly, EMT leads to the early development of pathological
organ fibrosis through paracrine signaling from the epithelium to potential fibroblasts [84].
The fibrotic process affects a variety of organs and tissues through the activation of specific
molecular pathways [84]. However, two common hallmarks are evidenced: the critical
role of the TGF-β and the implication of the inflammatory process, which are essential for
initiating the fibrotic degeneration [72,79]. EMT is tightly related to fibrosis development
in several organs and fibrogenesis represents the common response of organs and tissues
to virtually all chronic repetitive injuries in multiple autoimmune disorders [72,73,79].
During chronic autoimmune diseases, inflammatory and epithelial cells produce fibrogenic
mediators. In this context, TGF-β1 emerged as a crucial factor regulating interactions
between epithelial and mesenchymal cells and fibroblasts proliferation [85]. One of the
hallmarks of excessive pathological fibrogenesis is the acquisition by resident fibroblasts of
a myofibroblasts contractile phenotype expressing high levels of α-Smooth muscle actin
(α-SMA). Additional immune cells are recruited into the fibrotic tissue, amplifying the
fibrotic response by the secretion of chemokines, cytokines, and growth factors responsible
for the differentiation of other myofibroblasts implicated in ECM deposition [86]. The prin-
cipal EMT pathway is mediated by Smad and we can indicate it as TGF-β1/SMAD/Snail
pathway; it is a particularly interesting system active in the EMT-dependent fibrotic process
in a number of diseases [72,87]. Alternatively, or parallel to Smads pathways, TGF-β1 also
utilizes a multitude of intracellular non-canonical, non-Smads TGF-β-mediated cascade
triggered by the binding of ligands different from TGF-β family members to tyrosine
kinase receptors [88,89]. This may suggest that the therapeutic use of TGF-β signaling
inhibitors, actually used in cancer, may also be hypothetically extended to the treatment
of inflammatory autoimmune disorders, but future investigations are needed to prove
this hypothesis.

2.2.3. Endothelial Cell

Dysregulation of endothelial cell function is proposed as a crucial start event, leading
to vascular remodeling linked to fibroproliferative vasculopathy. Impaired angiogenesis
may be induced by the massive proliferation of fibroblasts observed in some autoimmune
diseases characterized by intense pathological fibrosis. New insights have evidenced that
myofibroblasts involved in tissue fibrosis can still derive from endothelial cells through
a process known as EndoMT [90,91]. It is a non-malignant phenomenon of cellular trans-
differentiation in which endothelial cells undergo a phenotypical change where they lose
vascular epithelial factors and acquire mesenchymal cell markers [92]. Among systemic
autoimmune diseases, endothelial dysfunction has been extensively studied in SLE. In
SLE patients, endothelial dysfunction is the main factor of vascular aging and pre-clinical
atherosclerosis that leads to vascular fibrosis, contributing to the early onset of cardiovas-
cular disease and cardiovascular mortality [93]. Interesting studies have highlighted that
endothelial dysfunction also occurs in patients with pSS. Recent epidemiologic data indi-
cate an increase in cardiovascular risk in patients with pSS and endothelial dysregulation
may cause vascular fibrosis, leading to arterial stiffness, which precedes the development of
high blood pressure [94]. This study demonstrates that patients with pSS, without clinically
evident cardiovascular disease or without concomitant cardiovascular risk factors, have
an altered endothelial function and a massive proliferation of fibroblasts, which suggest a
higher susceptibility to the development of vascular fibrosis [94]. Therefore, induction of
pro-inflammatory cytokines, such as TNFα and IL-6, involved in atherosclerotic damage,
in combination with IFNγ and IL-17, reduces the number of smooth muscle cells, increases
collagen production, and favors fibrosis development, with subsequent formation of fi-
brous atherosclerotic plaque [95]. In this intriguing scenario, the evidence that circulating
biomarkers of inflammation predict future cardiovascular events in patients with pSS
further reinforces the strict interplay between chronic inflammation and atherosclerosis.
Furthermore, subclinical cardiovascular involvement is directly related to elevated inflam-
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matory injury, postulating that inflammation and disease activity are cardiovascular disease
risk factors in patients with pSS [94]. In the case of SSc, recent reports have evidenced that
this disease was characterized by a massive accumulation of fibroblasts and myofibroblasts
and by an abnormal production of interstitial collagens and extracellular matrix compo-
nents, and was identified by the dysregulation of endothelial cell activity as a pivotal event
that contribute to vasculopathy in SSc [92,96] (Figure 5).

 

Figure 5. In chronic autoimmune diseases, endothelial cells are often the primary site of inflammation
that triggers the downstream molecular events of fibrosis. The activation of myofibroblasts in various
autoimmune diseases such as SLE (Systemic Lupus Erythematosus) and SSc (systemic sclerosis)
may result from the phenotypic conversion of endothelial cells into activated mesenchymal cells,
a process known as endothelial to mesenchymal transition (EndoMT) (IFN-γ = interferon gamma;
pSS = primary Sjögren’s syndrome; TNF-α = tumor necrosis factor-alpha).

2.2.4. Fibroblasts

Traditionally, fibroblasts were considered the main contributory cells to the structural
integrity of tissues; only recently have they been recognized as cells that exhibit a dynamic
role in physiological or pathological processes [97,98] and are considered active producers of
inflammatory cytokines and chemokines. An emerging concept, derived from experimental
research on fibroblasts in inflammatory and fibrotic diseases, is that their differentiation is
maintained by extrinsic and intrinsic danger signals and local microenvironment-derived
morphogens [99,100]. Moreover, fibroblasts can initiate the early molecular processes
leading to inflammatory events [100] and, consequently, can be involved with a prominent
role in the pathogenesis of fibrotic autoimmune conditions [100].

An interesting paper by Wang, W. et al. [101] demonstrated an incisive role of fibrob-
lasts in systemic sclerosis. In this study, fibroblasts isolated from skin and lung biopsies
of patients with systemic sclerosis was analyzed and an altered expression of the A20
gene was detected; A20 is a gene strongly linked with disease susceptibility and fibrotic
manifestations [101]. According to some reports it was demonstrated that A20 expres-
sion in fibroblasts can inhibit the fibrotic process, whereas its negative transcriptional
regulator, called DREAM (downstream regulatory element antagonist modulator), pro-
motes fibrotic processes [102]. The authors proposed that the upregulation of DREAM in
systemic sclerosis fibroblasts underlies suppression of A20, which in turn contributes to
unchecked pro-fibrotic signaling in stimulated fibroblasts [101]. Interestingly, targeting the
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A20–DREAM regulatory network could represent a novel therapeutic approach in systemic
sclerosis [102].

New reports have documented that the immunomodulatory role of the fibroblasts
derived from salivary glands was discovered in a primary site affected by the pSS [103].
Interestingly, these specific clusters of fibroblasts constitute the formation of tertiary lym-
phoid structures, which are linked to severe disease and can determine a risk factor for the
development of lymphoma in pSS [103]. Recent advances in single-cell profiling techniques
have demonstrated the presence of fibroblasts in inflamed salivary glands tissue, providing
evidence of the existence of inflammation-associated fibroblasts in chronically inflamed
tissues [104]. Clusters of fibroblasts were identified as key players in the development of
renal fibrosis and, in particular, in lupus nephritis [105].

New discoveries highlighted as myofibroblasts are the main actors involved in renal
fibrogenesis. Interestingly, the differentiation of fibroblasts to myofibroblasts is a key
cellular event in many autoimmune fibrotic disorders [106].

Single-cell sequencing has demonstrated that myofibroblasts have different gene ex-
pression profiles with dynamic changes in fibrosis of different organs [107]. Myofibroblasts,
armed with myosin and smooth muscle actin (α-SMA), become able to secrete TGFβ, VEGF,
CTGF, IL-1, IL-6, and IL-8 [108].

It has been suggested that myofibroblasts localized in renal fibrotic tissue may de-
rive from different precursor resident cells, including fibroblasts and epithelial cells [109].
Moreover, myofibroblasts not only contribute to deposition of ECM, but they can produce
radical oxygen species and, through their intrinsic contractile properties, can alter renal
tissue architecture [109]. Their pathogenic role in renal fibrosis has been discovered in
different murine models in which the removal of myofibroblasts can reduce fibrogene-
sis [98]. Moreover, myofibroblasts are considered as one of the principal participants in
the final point of EMT. After an acute insult, a temporary activation of the EMT process
is considered of fundamental importance in renal repair [105,110]. The identification of
key morphogen signals that regulate fibroblast differentiation could provide a therapeutic
opportunity (Figure 6).

 

Figure 6. Recent advances in the pro-fibrotic role of fibroblasts in autoimmune diseases. The traditional
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view that fibroblasts represent purely structural elements has been gradually replaced by the ac-
knowledgement that they are dynamic cells actively involved in the evolution from inflamma-
tory states to fibrosis (A20-DREAM = A20-downstream regulatory element antagonist modulator;
CTGF = connective tissue growth factor; ECM = extracellular matrix; EMT = epithelial to mesenchy-
mal transition; Il: interleukin; pSS = primary Sjögren’s syndrome; SLE = Systemic Lupus Erythe-
matosus; SSc = systemic sclerosis; TGF-β = tumor growth factor beta; VEGF = vascular endothelial
growth factor).

3. Conclusions

The fibrotic consequences of various primary autoimmune diseases, characterized by
tissue damage resulting from chronic inflammatory conditions, remain a major unsolved
diagnostic and therapeutic challenge. From experimental experience, it seems that all
fibrotic tissues derived from autoimmune patients display signs of chronic immunologically
mediated inflammation during the earliest periods of fibrosis. In these initial stages of
fibrotic evolution, a predominant role is certainly played by immune cells, although some
questions remain open about the specificity of lymphocyte subtypes occurring in fibrotic
tissue, as well as about a possible imbalance of pro- and anti-fibrotic factors produced by
components of the immune cells infiltrate. For example, the precise mechanism underlying
the immune reaction in fibrogenesis mediated by Tregs, probably depending on different
immune microenvironments and molecular pathways, is still unclear and will require
further investigation. Actually, there is accumulating evidence showing that non-immune
cells, such as epithelial cells, endothelial cells, and fibroblasts are cells with important
immunomodulatory properties, play a pivotal role in the switch to chronic inflammation.
Determining the exact contribution of these mechanisms remains a challenge, as they are at
the cross-point of multiple regulatory networks also involving immune and non-immune
cells and this, in an autoimmune condition in which the immune system works in an altered
way, makes the scenario even more complex. For example, whether EMT activation may
interfere with the crosstalk between epithelial cells, mesenchymal cells, and immune cells,
stimulating fibrotic evolution, remains elusive. Since valid biomarkers for the diagnosis
and staging of autoimmune-related fibrosis are not yet available, more detailed knowledge
on the cellular and molecular basis of fibrogenesis is urgently needed. From this point of
view, a better knowledge of the non-immune cells contribution to autoimmune fibrosis
should help to appreciate the reasons underlying the actual clinical failures and design
more effective therapies.
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Abstract: Patients with systemic autoinflammatory diseases (sAIDs) are a section of the population
at high risk of severe COVID-19 outcomes, but evidence on the efficacy of SARS-CoV-2 vaccination in
this group of patients is scarce. To investigate the efficacy of SARS-CoV-2 vaccination in patients with
sAIDs receiving interleukin-1 (IL-1) inhibition is important. Vaccination and infection responses from
100 sAID patients and 100 healthy controls (HCs) were analyzed. In total, 98% of patients were treated
with IL-1 inhibitors at the time of vaccination (n = 98). After the second SARS-CoV-2 vaccination,
sAID patients showed similar anti-SARS-CoV-2 antibody responses (mean (standard deviation (SD)):
6.7 (2.7)) compared to HCs (5.7 (2.4)) as well as similar neutralizing antibodies (85.1 ± 22.9% vs.
82.5 ± 19.7%). Anti-SARS-CoV-2 antibody responses and neutralizing antibodies were similar in
sAID patients after SARS-CoV-2 infection and double vaccination. Furthermore, while antibodies
increased after the first and second vaccination in sAID patients, they did not further increase after
the third and fourth vaccination. No difference was found in antibody responses between anakinra
and anti-IL-1 antibody treatment and the additional use of colchicine or other drugs did not impair
vaccination responses. Primary and booster SARS-CoV-2 vaccinations led to protective antibody
responses in sAID patients, which were at the same level of vaccination responses in HCs and in
sAID patients after SARS-CoV-2 infection. Immunomodulatory treatments used in sAID do not seem
to affect antibody responses to the SARS-CoV-2 vaccine.

Keywords: autoinflammatory diseases; SARS-CoV-2; vaccination; familial Mediterranean fever; adult-onset
Still’s disease; cryopyrin-associated periodic syndrome; systemic autoinflammatory diseases

1. Background

Immune responses to vaccines depend on the quality of the vaccine used and the
immune response of the host. In immune-mediated inflammatory diseases (IMIDs), the
immune response of the host is altered due to intrinsic changes in the innate and adaptive
immune system as well as the concomitant presence of immune-modulatory drugs [1].
Initial studies on the use of SARS-CoV-2 vaccines in patients with IMIDs were reassuring as
to the efficacy of the vaccines despite the use of different immune-modulatory drugs such
as cytokine inhibitors [2], nevertheless indicating a reduced longevity in overall humoral
responses to SARS-CoV-2 vaccines [3]. However, patients with systemic autoinflammatory
diseases (sAIDs) were not included or were highly underrepresented in these studies,
which substantially limits our current knowledge on the efficacy of SARS-CoV-2 vaccines
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in these disease groups [4]. Notably, sAID patients receive different drugs than other
patient groups from the IMID disease spectrum. Thus, interleukin-1 (IL-1) inhibitors and
colchicine are widely used to treat sAIDs. As commonalities between sAIDs and COVID-19
infection have been observed, e.g., dysfunctional cytokine release [5], these medications
have been used outside the sAID field in the treatment of COVID-19, but with little to no
effect on adult hospitalized patients [6,7]. Furthermore, under certain circumstances, such
as comorbidities and glucocorticoid use, sAID patients are at risk of developing severe
COVID-19 [8]. This observation indicates that better knowledge about the response of sAID
patients to SARS-CoV-2 vaccine is of utmost importance.

We therefore addressed anti-SARS-CoV-2 antibody responses in a larger group of
sAID patients treated with IL-1 inhibitors to find out whether sAID patients are able to
mount sufficient humoral immunity against the coronavirus. We thereby analyzed primary
antibody responses and booster responses and compared them to data obtained from
healthy controls (HCs). In addition, we analyzed whether the additional use of colchicine
influenced the vaccination response.

2. Materials and Methods

2.1. Participants

After approval by the Research Ethics Committee of the Friedrich-Alexander-University
Erlangen-Nürnberg (FAU), 100 consecutive sAID patients were recruited. The HC group
was age- and gender-matched with the large COVID-19 study at the Deutsche Zentrum
Immuntherapie (DZI), Universitätsklinikum Erlangen (UKER), established in February
2020. Patient demographic data (age, sex, body mass index, comorbidities, medication)
and information on SARS-CoV-2 vaccination (date, type of vaccine) and infection (date,
general symptoms, severity of symptoms) were obtained through telephone interviews and
supplemented using a retrospective analysis of physician letters in the UKER electronic
archive and document management system Soarian® (Soarin Clinicals, version 4.5.200, Bay
Lake, FL, USA) until the end of July 2022.

2.2. Anti-SARS-CoV-2 Antibody Testing

Quantitative detection of specific antibodies of the IgG class against the SARS-CoV-2
spike protein was performed with the CE-marked version of the enzyme-linked immunosor-
bent assay (ELISA) kit from EUROIMMUN (Lübeck, Germany). The reagent vials were
evaluated photometrically at an optical density (OD) of 450 nm with reference wavelength
at 630 nm. The ratio was then determined by dividing the absorbances of the control or
patient sample and the calibrator; a ratio ≥ 0.8 was considered positive.

The determination of SARS-CoV-2 neutralizing antibodies was performed with the
CE-In Vitro Diagnostics (CE-IVD)-certified cPass surrogate virus neutralization assay from
the manufacturer GenScript (Piscataway, NJ, USA). Per test run, neutralizing antibodies
from 92 participants’ sera can be determined on a microtiter plate with two negative and
two positive controls. Photometric analysis was performed at 450 nm and a calculation
formula was used to determine the inhibition percentage. A cut-off value of 30% was
considered a positive test result and indicated the presence of neutralizing antibodies.

2.3. Statistical Analysis

Characteristics of the study groups were described using descriptive analyses—including
mean, standard deviation (SD) and counts/percentages. We used the Wilcoxon rank-sum
test to compare controls with the sAID group. Since on average, a longer time had elapsed
between the second vaccination and sample collection, we used linear regression to adjust
for this time difference. Separate models were fitted for the antibody and neutralizing
antibody values as independent variables and OD ratio values from the antibody assay
as the dependent variables. The visual image of an initial scatter plot in the analysis
indicated that the use of a native scale did not adequately present the data, which is why
the neutralizing antibodies were analyzed in the logit transformation and the SARS-CoV-2
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antibody ratio in the log transformation. The freely available programming language “R
v.4.01” (R Foundation for Statistical Computing, Vienna, Austria) was used for all statistical
analyses. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Characteristics of Patients and Controls

A total of 100 sAID patients were analyzed, of whom 58 were female and 42 were
male (Table 1). At the time of data collection in June and July 2022, the age (mean (min;
max) ± SD) of sAID patients was 43 (18; 80) ± 16 years. The largest proportionally
represented disease was familial Mediterranean fever (FMF), present in more than one
third (37%) of the patients, followed by adult-onset Still’s disease (AoSD; 25%), gout
(15%), cryopyrin-associated periodic syndrome (CAPS; 7%), sAID of unclear etiology (7%),
Behçet’s disease (4%), tumor necrosis receptor-associated periodic syndrome (TRAPS; 4%)
and Yao syndrome (1%).

Table 1. Demographics and characteristics of patients and controls.

sAID HC

n 100 100

Demographic characteristics

Age, years 42.7 ± 16.0 42.7 ± 15.8

Females, n (%) 58 (58.0) 57 (57.0)

Body weight 77.7 ± 21.5 -

Current smokers, n (%) 22 (22.0) -

Comorbidities, n (%)

Diabetes 10 (10.0) -

Hypertension 23 (23.0) -

History of CV event 8 (8.0) -

History of thrombotic event 7 (7.0) -

Type of sAID, n (%)

FMF 37 (37.0) 0

AoSD 25 (25.0) 0

Gout 15 (15.0) 0

CAPS 7 (7.0) 0

sAID of unclear etiology 7 (7.0) 0

Behçet’s disease 4 (4.0) 0

TRAPS 4 (4.0) 0

Yao syndrome 1 (1.0) 0

COVID-19 vaccinations, n (%) *

1st 96 (96.0) 100 (100.0)

2nd 95 (95.0) 100 (100.0)

3rd 82 (82.0) -

4th 9 (9.0) -

Immune-modulatory treatment, n (%)

IL-1 inhibitors 98 (98.0) 0

Anakinra 48 (48.0) 0
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Table 1. Cont.

sAID HC

Canakinumab 50 (50.0) 0

No IL-1 inhibitors 2 (2.0) 0

Colchicine 36 (36.0) 0

Glucocorticoids ** 5 (5.0) 0

csDMARDs 4 (4.0) 0

MTX 3 (3.0) 0

Allopurinol 2 (2.0) 0

Febuxostat 2 (2.0) 0

COVID-19 infections, n (%)

Total infected 43 (43.0) -

Infected more than once 3 (3.0) -
AoSD, Adult-onset Still’s disease; CAPS, cryopyrin-associated periodic syndrome; csDMARDs, conventional
synthetic disease-modifying antirheumatic drugs; CV, cardiovascular; FMF, familial Mediterranean fever; HC,
healthy control; IL, interleukin; MTX, methotrexate; sAID, systemic autoinflammatory disease; TRAPS, tumor
necrosis receptor-associated periodic syndrome. * For sAID patients: The majority of patients had received a
mRNA-based, not a vector-based vaccine—-more specifically, 89% of all patients who received the 1st vaccination
(85 patients with a mRNA-based vaccine and 11 with a vector-based vaccine), 96% (91 and 4) for the 2nd, 100%
(82 and 0) for the 3rd and 100% (9 and 0) for the 4th vaccination. ** Overall, five patients used glucocorticoids, for
only one of whom the dose was >10 mg.

At the time of vaccination, 48 patients were treated with an IL-1 receptor antagonist
(IL1RA) and 50 patients with an IL-1 inhibiting antibody, while two patients did not receive
anti-IL1 treatment due to being in remission during the vaccination period. Three patients
on treatment with anakinra received the IL1RA only on demand during a disease flare,
whereas the remaining 95 patients received anti-IL1 treatment permanently. The mean
dose was 104.17 mg (on average 6.6/days per week) for anakinra and 183 mg (once every
5.7 weeks) for canakinumab. The mean treatment duration before the first vaccination was
715 (SD: 1287) days for anakinra and 337 (511) days for canakinumab.

In addition to IL-1 inhibitors, colchicine was used in 36% of sAID patients. Glucocor-
ticoids and methotrexate were infrequently used treatments. Four patients were treated
with a dose of glucocorticoids lower than 10 mg per day, while one patient received a
dose of 20 mg/day. By the end of July 2022, one patient had received only one shot of the
COVID-19 vaccine, while 13 patients (13%) had received two, the vast majority (73%) had
received three and 9% had received four vaccinations. Only four patients (4%) received
no SARS-CoV-2 vaccination. In sAID patients, mRNA-based vaccines were by far the
most frequently used, whereas only a minority of patients received a vector-based vaccine.
The HC group (n = 100) had a similar age and sex distribution as the sAID patients and
consisted of 57 females and 43 males with a mean age of 43 (18; 89) ± 16 years.

3.2. Anti-SARS-CoV-2 IgG and Neutralizing Antibodies Responses in sAID

All analyses of anti-SARS-CoV-2 IgG antibodies in sAID patients showed an increase
from the first to the second vaccination (mean values in Table 2), with similar antibody
levels after the second vaccination in sAID patients compared to HCs (Figure 1A). Further
vaccinations did not increase anti-SARS-CoV-2 IgG antibody responses. Also, anti-SARS-
CoV-2 IgG antibody levels after additional SARS-CoV-2 infection were comparable to the
ones found after vaccination. The fact that HCs (5.7 (SD: 2.4)) had even lower anti-SARS-
CoV-2 IgG levels than sAID patients (7 (2.7); p = 0.0017) after two vaccinations was due to
the timing of sample collection after the second vaccination, which was 9.1 (7.5) weeks in
the sAID group as compared to 21.9 (6.5) weeks in the control group. When we adjusted
the sample collection time after the second vaccination, no difference in antibody levels
between the HC and the sAID groups was found (adjusted mean between group difference
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0.17; 95% CI −0.80 to 1.13, p = 0.73). The results for neutralizing antibodies were very
similar, with an increase in neutralizing capacity from the first to the second vaccination, a
peak after the second vaccination and no major differences between the vaccinations with
and without additional SARS-CoV-2 infection, as well as between vaccinated HCs and
sAID patients (Figure 1B).

Table 2. Mean anti-SARS-CoV-2 IgG and neutralizing antibodies.

Anti-SARS-CoV-2 IgG Neutralizing Antibodies in %

Event Sex sAID HC sAID HC

1st vacc.

F 3.3 ± 2.9 (n = 37) * - 42.5 ± 30.2 (n = 32) -

M 3.4 ± 2.3 (n = 23) - 40.2 ± 25.5 (n = 20) -

All 3.4 ± 2.7 (n = 60) - 41.6 ± 28.2 (n = 52) -

2nd vacc.

F 7.2 ± 2.2 (n = 56) 6.2 ± 2.2 (n = 57) 89.9 ± 15.5 (n = 54) 86.5 ± 17.6 (n = 57)

M 6.0 ± 3.2 (n = 38) 5.1 ± 2.5 (n = 43) 77.2 ± 30.1 (n = 33) 77.3 ± 21.3 (n = 43)

All 6.7 ± 2.7 (n = 94) 5.7 ± 2.4 (n = 100) 85.1 ± 22.9 (n = 87) 82.5 ± 19.7 (n = 100)

3rd vacc.

F 8.1 ± 1.7 (n = 45) - 94.6 ± 5.3 (n = 43) -

M 7.2 ± 2.9 (n = 35) - 85.3 ± 27.5 (n = 33) -

All 7.7 ± 2.3 (n = 80) - 90.5 ± 19.1 (n = 76) -

4th vacc.

F 7.3 ± 2.2 (n = 3) - 92.4 ± 5.7 (n = 2) -

M 7.4 ± 1.7 (n = 5) - 86.1 ± 20.6 (n = 5) -

All 7.4 ± 1.8 (n = 8) - 87.9 ± 17.2 (n = 7) -

1st
infection

F 7.4 ± 2.4 (n = 29) - 92.9 ± 9.8 (n = 23) -

M 7.3 ± 2.8 (n = 13) - 90.7 ± 14.1 (n = 12) -

All 7.3 ± 2.5 (n = 42) - 92.1 ± 11.3 (n = 35) -

2nd
infection

F 6.6 ± 0.8 (n = 2) - 97.3 ± NA (n = 1) -

M - - - -

All 6.6 ± 0.8 (n = 2) - 97.3 ± NA ** (n = 1) -

F, female; HC, healthy control; M, male; n, number; NA, not available; sAID, systemic autoinflammatory disease;
vacc., vaccination. * The numbers (n) represent the number of results we have measured for each category, not
necessarily the total number of individuals with 1st/2nd/3rd/4th vaccination or 1st/2nd infection in our study.
** We only had a serum from one patient to measure the neutralizing antibodies after 2nd infection, so there is no
standard deviation (SD) here.

3.3. Relation between Anti-SARS-CoV-2 Antibody Levels and Neutralizing Capacity

We have also analyzed the association between anti-SARS-CoV-2 antibody levels and
the neutralizing capacity. Figure 1C shows a descriptive plot showing the neutralizing
antibody levels observed at each total antibody measurement. The regression lines fit
separately for HCs and sAID patients, suggesting that at the lower range of antibody
levels, HCs show higher levels of neutralizing capacity compared to sAID patients, and
neutralizing capacity becomes similar with higher antibody levels. We have analyzed
this relationship using a mixed-effects linear regression model with the logit-transformed
neutralizing antibody levels as the dependent variable, log-transformed antibody levels
and study groups as fixed effects and patient identifier and sample collection timepoint (i.e.,
vaccination or infection) as crossed random effects. By adding an interaction term between
the study group and the log-transformed antibody levels, we tested the equality of the
slopes between sAID and HC groups for the relationship between the antibody levels and
neutralizing capacity. This interaction term was non-zero, indicating that the relationship
between the total antibody levels and neutralizing antibody levels depended on the study
group (p for interaction = 0.0051).
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Figure 1. Association between anti-SARS-CoV-2 IgG and neutralizing antibodies in patients and
healthy controls after COVID-19 vaccination and infection. (A) Anti-SARS-CoV-2 IgG antibodies and
(B) SARS-CoV-2 neutralizing antibodies for sAID patients and HCs after COVID-19 vaccination and
infection. (C) Anti-SARS-CoV-2 IgG and neutralizing antibodies in patients and HCs for all measured
events. (D) Anti-SARS-CoV-2 IgG and neutralizing antibodies observed separately in patients after
primary vaccination and in HCs after 2nd vaccination only. HC, healthy control; IgG (here), anti-
SARS-CoV-2 IgG antibodies; Neutralizing-ab, neutralizing antibodies; ODR, optical density ratio;
sAID, systemic autoinflammatory disease; vacc., vaccination.

3.4. Association between Immunomodulatory Treatment and Vaccination Response

We did not observe lower antibody levels in sAID patients compared to HCs, and since
the vast majority of the sAID patients but none of the HCs received IL-1 inhibition, there
seems to be no effect from IL-1 inhibitors on SARS-CoV-2 vaccination response. Accordingly,
the few sAID patients who did not use IL-1 inhibitors did not show different vaccination
responses compared to those using IL-1 inhibitors (Figure 2A,B). We next assessed whether
additional therapies with colchicine, methotrexate or glucocorticoids affected vaccination
responses in sAID patients but no major differences in anti-SARS-CoV-2 IgG antibodies
or neutralizing antibodies were found. Only one patient receiving mycophenolate and
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tacrolimus treatment at different timepoints showed negative results in both ELISA tests at
all time points.

Figure 2. Distribution of antibody levels by type of treatment. “Not taken” here refers to the single
drug considered. (A) Anti-SARS-CoV-2 IgG antibodies and (B) SARS-CoV-2 neutralizing antibodies
for sAID patients and HCs after COVID-19 vaccination and disease. HC, healthy control; IgG (here),
anti-SARS-CoV-2 IgG antibodies; Neutralizing-ab, neutralizing antibodies; ODR, optical density ratio;
sAID, systemic autoinflammatory disease; vacc., vaccination.

4. Discussion

This study shows that SARS-CoV-2 vaccines trigger adequate humoral responses in
sAID patients. Anti-SARS-CoV-2 IgG antibodies as well as neutralizing antibodies are
already formed after primary vaccination and increase after the second vaccination to a
level that is comparable to that of HCs. These results, acquired from a rather large sAID
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population treated with IL-1 inhibitors, confirm the initial data obtained in a smaller group
of sAID patients [9].

One unexpected finding of this study was that antibody responses appeared to be
even higher in sAID patients than in HCs. These differences, however, disappeared after
adjusting for the time interval between vaccination and sample acquisition. On the other
hand, we also found a slightly lower neutralizing antibody response in sAID patients for a
given total antibody level at the lower range.

Whether vaccination protects sAID patients from severe COVID-19 is beyond the scope
of our study. However, it was interesting to observe that a large proportion of sAID patients
(79% of all infected persons) only contracted the virus during the “fifth Corona wave”
(from calendar week 51/2021 on), when a majority of patients had already received triple
vaccinations. The four unvaccinated patients only had low anti-SARS-CoV-2 IgG antibodies
after infection. Whether a certain immunomodulatory treatment used for the treatment of
sAIDs dampens vaccination responses is another important question: Our results suggest
that therapy with an IL-1 inhibitor, which the vast majority of our patients received, did not
have a negative impact on vaccination response. Also, further treatment with colchicine
did not affect the vaccination response. Only one patient treated with a combination of
mycophenolate showed low antibody titers across all measurement time points, which
could be ascribed to the mycophenolate treatment as previously observed [10].

Our study has some limitations. Although the HC group had a similar age and sex
distribution to the sAID group, we were only able to compare the sAIDs to HCs at different
average time intervals after their second vaccination. We have addressed this issue with
regression adjustments and observed that the apparently higher antibody levels in sAID
patients were explained by this time difference in sample collection. Our findings on the
non-uniform association between total and neutralizing antibody levels in controls vs.
sAIDs could also have been affected for the same reason; therefore, this finding needs to
be interpreted accordingly. In addition, we did not collect information on adverse events
after vaccination as we focused on the analysis of antibody responses. However, a previous
study on a large cohort of FMF patients presented reassuring results, as they did not report
any relevant safety concern or an increasing number of flares after vaccination [11]. Finally,
we did not have data on the persistence of the vaccination response in sAID patients.

5. Conclusions

Primary SARS-CoV-2 vaccination as well as booster vaccinations showed efficacy in
sAID patients. In general, immunosuppressive therapy with IL-1 inhibitors could not be
associated with a weakened immune response to the vaccination. One further research goal
could be to investigate the long-term course of the antibody response. Hence, we do not see
the necessity to control anti-SARS-CoV-2 antibody responses and neutralizing antibodies
in sAID patients to ensure vaccination success.

The data provide the basis for recommendations and guidelines for the clinician in the
consultation of sAID patients in vaccination planning.
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Abstract: Morbus Adamantiades–Behçet (MAB) is an inflammatory disease typically manifesting
with oral and genital aphthosis, erythema nodosum, and vasculopathy, and in only around 2%, cardiac
involvement. Its prevalence is usually higher along the historic Silk Road, but rarer in Scandinavia
where 0.64–4.9 in 100,000 people are affected. We herein present two Swedish patients with cardiac
manifestations of Morbus Adamantiades–Behçet. Along with the intracardial thrombi, which both
patients presented with, one patient also had cerebrovascular insults leading to visual field deficits as
well as involvement of peripheral nerves. Being of Scandinavian origin and showing uncommon
symptoms as their initial manifestations of MAB, the 62- and 35-year-old patients presenting herein
constitute rare cases.

Keywords: Morbus Adamantiades–Behçet; intracardiac thrombus; rheumatology; autoinflammation

1. Introduction

Morbus Behçet, also known as Morbus Adamantiades–Behçet (MAB), is an inflam-
matory disease classified as systemic vasculitis [1]. Pathogenetic models that have been
proposed include a genetic predisposition that is triggered by infections [1]. Mainly, the Hu-
man Leukocyte Antigen (HLA)-B51 allele in the major histocompatibility complex (MHC)
is associated with MAB. Also, the prevalence of the disease is considerably more prominent
in regions along the historic Silk Road compared with the rest of the world [2,3]. Hence,
the occurrence in Scandinavia is rather low with a prevalence ranging from 0.64 to 4.9
in 100,000 people [1,4]. Two relevant sets of criteria have mainly been used. First, the
International Study Group criteria were introduced in 1990, showing 91% sensitivity and
96% specificity [5]. In 2014, the International Criteria for Adamantiades–Behçet’s Disease
were established [3]. None of these criteria sets include cardiac manifestations as the latter
are atypical. Only 2.1% of patients have cardiac symptoms as a first sign [6]. The occurrence
of symptoms usually includes oral aphthosis, genital aphthosis, erythema nodosum, and,
in 19%, vascular manifestations [3,7,8]. Peripheral nerves may be involved over the course
of the disease in only 4.9% of the patients, and the heart in roughly 6% [3,6].

Owing to the rarity of the disease in northern Europe and the even more uncommon
presentation with heart involvement at the initial encounter with healthcare, we herein
present two Swedish patients diagnosed with MAB who presented with heart involvement
among the initial symptoms.

2. Case One

We present a 62-year-old man from central Sweden who sought care due to general
muscular weakness, weight loss, and increased sweating. The patient had been a smoker
for fifteen years but had quit a decade ago, and his medical history was unremarkable
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apart from asthma, benign prostatic hyperplasia, and surgically treated bilateral carpal
tunnel syndrome. After the initial workup showing no signs of malignancy and excluding
an infection but showing a significantly elevated erythrocyte sedimentation rate (ESR)
and C-reactive protein (CRP), he was treated with prednisolone at a daily dose of 40 mg
initially which was later tapered to 20 mg daily. Consequently, the inflammatory markers
dropped. One month later, he presented again with a cough and dyspnea on slight exertion.
Referred to expert care, he presented with white sputum, Raynaud’s phenomenon, muscle
weakness, and a loss of vision of the right eye. His legs and feet showed red-purple
erythema, indicating a vasculopathy, as illustrated in Figure 1. He also complained of pain
in both feet combined with a dorsal extension deficit of the left foot.

Figure 1. Photographs of case one illustrating signs of vasculopathy.

The neurological evaluation showed no signs of amyotrophic lateral sclerosis and the
examination of the cerebrospinal fluid obtained by lumbar puncture was unremarkable.
An electroneurography showed a pronounced sensorimotor axonal polyneuropathy. Elec-
tromyographically, myopathic changes were detected at multiple sites and the palsy of the
left foot was confirmed. A biopsy of the muscle showed no inflammatory cell infiltrates
or vasculitis in the small vessels but hints of neurogenic damage. Computed tomography
(CT) and later 18F-fluorodesoxyglucose-Positron Emission Tomography-CT (PET-CT) of
the thorax as well as a bronchoscopy showed a CD4+/CD8+ ratio of 1.5 and no signs of
malignancy. Hence, pneumonia and sarcoidosis were deemed unlikely. Further, echocar-
diography showed an ejection fraction of 11%, general hypokinesia, and a thrombus near
the apex measuring 10 × 15 mm.

Ocular diagnostics showed a homonymous right-sided hemianopsia with no signs of
intraocular inflammation; it is worth noting that the patient had been under glucocorticoid
treatment for several months. The criteria for MAB describe ocular lesions as either
anterior uveitis, posterior uveitis, or retinal vasculitis [3]. To this end, it is important to
mention that it remains highly unclear what the initial ocular involvement might have been.
Possibly, before the treatment with glucocorticoids, there might have been an inflammatory
component in the patient’s visual impairment, consistent with the ocular items described
in the criteria for MAB. A CT and magnetic resonance imaging (MRI) of the head and neck
showed multiple relatively recent left occipital infarctions explaining the loss of vision.
Medial and posterior territories showed narrowed lumens, likely due to inflammatory or
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atherosclerotic factors. To prevent further cerebrovascular insults, dalteparin, which was
later substituted with a vitamin K antagonist, and acetylsalicylic acid were initiated.

Antinuclear antibodies (ANA), anti-neutrophil cytoplasmatic antibodies (ANCA),
cryoglobulins, antiphospholipid antibodies, autoantibodies related to neurological dis-
ease, autoantibodies for myositis diagnostics, complement levels, and creatin kinase were
unremarkable. Hence, various common rheumatic diseases including systemic lupus
erythematosus were deemed unlikely. Hepatitis and tuberculosis were also ruled out by
serology and quantiferon testing.

The clinical picture initially brought to mind a vasculitis, and differential diagnoses
included polyarteritis nodosa (PAN). On average, 74% of patients with PAN show pe-
ripheral neuropathy and 4–30% show cardiac involvement [9]. After the full diagnostic
workup and during the patient’s stay in the inpatient ward, aphthous ulcers in the oral
cavity were observed; this was a new symptom for the patient. Later, genetic diagnostics
revealed that the patient had the human leukocyte antigen (HLA)-B51 allele. Together
with neurological manifestations as well as vascular involvement, resulting in four points
in the International Criteria for Behçet’s Disease, the diagnosis MAB with neurological
involvement was made [3]. Assuming that ocular involvement might have been a part of
the patient’s MAB, accounting for this would yield six points in the criteria set. The patient
was subsequently initiated on colchicine and methotrexate, and the anticoagulant therapy
was continued.

3. Case Two

The second patient was a 35-year-old male, also from central Sweden, who presented
with fever, cough, sweating at night, a 3 kg weight loss over the past weeks, and fatigue.
Three years before, he had been investigated for erythema nodosum. Yet, no clear etiology
was found. One year before, he had repeated episodes of epididymitis, with negative
cultures. During the previous winter, the patient had experienced repeated febrile episodes
that had been evaluated to be tonsillitides.

At the infectious diseases department, a chest X-ray showed basal infiltrates in the
left lung. Inflammatory markers were elevated with a CRP of 110 mg/L and leukocytes
of 12 × 109 cells/L. Since urinalysis, virological testing, and four blood cultures did not
reveal a pathogen, and antibiotic treatment over the past month had not improved the
patient’s condition, infectious etiology was becoming unlikely. As the clinical picture
did not resemble sarcoidosis, the working diagnosis was an undifferentiated yet systemic
inflammatory disease.

During investigation, a murmur was heard during heart auscultation, and echocar-
diography showed vegetations on the mitral and bicuspid valves. Further, an MRI and
transesophageal echocardiography were performed. These revealed a pulmonary embolism
as well as an intracardiac thrombus of 4.7 mm in diameter (Figure 2). Using computer
tomography, splenomegaly and suspected infarction of the right kidney were ascertained.

Upon suspicion of autoimmune endocarditis, oral treatment with prednisolone was ini-
tiated, with good results. Moreover, subcutaneous dalteparin was initiated for the thrombi.

Upon further investigation, oral and genital ulcers were described by the patient since
childhood, at least six times a year. Genetic testing revealed the presence of HLA-B51.
Together with history of pulmonary embolism, renal infarction, intracardial thrombosis,
and erythema nodosum, the diagnosis of MAB was ascertained. The high and acute
inflammatory activity at presentation and the recurrent epididymitis strengthened the
suspicion. Oral and genital ulcers, vascular manifestations, and skin lesions, together give
six points in the International Criteria for Behçet’s disease [3].

The glucocorticoids were gradually reduced and discontinued after eight months,
while azathioprine and an anti-TNF agent were initiated. Dalteparin was also changed to
a vitamin K antagonist, i.e., warfarin. After one year, warfarin was discontinued since a
follow-up MRI of the heart showed that the vegetations had resolved. After two years, the
anti-TNF agent was also discontinued due to clinical remission.

125



J. Clin. Med. 2023, 12, 5377

 

Figure 2. MRI of the heart visualizing a thrombus in the right ventricle.

4. Discussion

4.1. Clinical Presentation

We herein presented two cases of MAB with uncommon initial presentations. The
starting point was, in both cases, an unclear inflammatory condition that was treated with
glucocorticoids and later referred to the Rheumatology Department. Yet, it took time to
arrive at a clear diagnosis. Partially, this could be due to the low probability of MAB
since both patients were not from the Silk Road territory [2]. Also, the presentation with
coagulopathy and cardiac involvement is not common. Altogether, this made for a very
rare constellation.

Usually, symptoms leading to diagnosis are oral (98%) and genital (74%) aphthosis,
as well as erythema nodosum (32%) [3]. Large vein thrombosis, epididymitis, and cardiac
manifestations constitute less common complications. However, they still are accounted
for more often compared to control patients having at least one major MAB sign of a MAB-
mimicking disease. The distribution of cardiac involvement in MAB based on a previously
reported series of 52 cases [6] is summarized in Table 1.
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Table 1. Cardiac involvement in MAB, based on a series of 52 patients [6].

Type of Cardiac Involvement Frequency, No. (%)

Pericarditis 20 (38.5)

Valvular pathology * 14 (26.9)

Intracardiac thrombosis 10 (19.2)

Myocardial infarction 9 (17.3)

Endomyocardial fibrosis 4 (7.7)

Abnormal ECG findings 31 (59.6)
Data based on a series of 52 patients, reported elsewhere [6]. * Including aortic valve insufficiency, mitral
valve insufficiency, tricuspid valve insufficiency, mitral valve prolapse, pulmonary valve prolapse, and multiple
endocardial involvement. ECG: electrocardiogram; MAB: Morbus Adamantiades–Behçet.

The first patient showed oral aphthosis, neurological manifestations, and vascular
involvement, resulting in four points in the International Criteria for Behçet’s Disease,
or six points if the ocular lesions are accounted for [3]. The second patient presented
with oral and genital aphthosis, vascular manifestations, and skin lesions, which sums
up to six points [3]. Hence, in both cases, the diagnostic criteria were met. Importantly,
extensive investigations were carried out in both cases, during which multiple alternative
explanations and mimickers were ruled out, including infectious diseases. Non-bacterial
endocarditis, which upon deposition of sterile fibrin and platelets, can result in non-bacterial
thrombotic endocarditis, which may be considered a manifestation of MAB, and could
have may have been part of the problem in the second case [10–13].

In a meta-analysis, HLA-B51-positive individuals had a 6-fold higher chance of devel-
oping MAB compared with HLA-B51-negative individuals, whereas HLA-B27 positivity
also increased the probability of being diagnosed with the disease by almost 2 times [14].
In northern Sweden, the prevalence of HLA-B27-positive individuals is estimated to be
16.6% [15]. Ek et al. [16] stated in a case series of twelve patients in 1993 that only one patient
with the HLA-B5 genotype, of which HLA-B51 is a subclass, was not an immigrant [17].
Importantly, the two patients presented herein had no immigration background.

While the Swedish heritage of our patients delayed the diagnostic procedure, these
cases emphasize that the disease can also occur in people outside the Silk Road territory,
which should not be neglected when patients present with fitting symptoms. Apart from
genetic polymorphisms in HLA-B51, interleukin (IL)-10 and IL-10 receptor (IL-10R) have
been discussed as factors that may have a role in the pathogenesis of the disease, as have
viral and bacterial infections, molecular mimicry, Th1 and Th17 regulation, IL-17, IL-21,
IL-23, and endothelial dysfunction [18]. Whether these factors contribute to the disorder
that is more or less dependent on heritage or environmental factors has yet to be elucidated.

4.2. Therapy

The 2018 EULAR treatment recommendations suggest both anticoagulant and anti-
inflammatory treatment in the case of recurrent deep vein thrombosis, provided that the
risk for bleeding is low and pulmonary artery aneurysm is ruled out. However, there is no
particular mention of intracardiac thrombosis [19].

Inflammation and coagulopathy are likely linked in MAB [20,21]. An important
mechanism seems to be the perivascular neutrophils that facilitate inflammation. Hence,
anti-inflammatory treatment is at least equally important as anticoagulation therapy. In fact,
a retrospective study of 37 patients has shown that anti-inflammation and anticoagulation
treatment combined showed no additional benefit compared with anti-inflammation treat-
ment alone [22]. Furthermore, anticoagulation treatment has, in some cases, been shown to
increase the risk of pulmonary artery aneurysm [23].

Eight cases with intracardiac thrombus responded well to glucocorticoids and im-
munosuppression with either azathioprine or cyclophosphamide, resulting in a resolution
of the thrombus and clinical remission in five of those cases [24]. Even though the co-
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agulopathy and cardiac involvement can be treated in many cases, MAB patients with
manifestations from the cardiovascular system are characterized by a higher morbidity
burden and mortality than those without, and an overall poorer prognosis [6].

In a questionnaire, most American and Israeli rheumatologists as well as about two-
thirds of rheumatologists practicing in Turkey, a country among those with the highest
prevalence of the disease, stated that they would start immediately with anticoagulation in
the case of intracardiac thrombosis [25].

As a matter of fact, with the disease being at the intersections of autoinflammation,
autoimmunity, and coagulopathy, therapeutic choices have to be made with caution and
desirably by experts.

5. Conclusions

We presented two cases of intracardiac thrombosis in patients with Morbus
Adamantiades–Behçet, both of them of a Swedish background. A question that arises
is whether the incidence of such cases in Nordic countries is currently underreported due
to lack of awareness. Surely, in case of an unclear inflammatory condition along with
coagulopathy, MAB should be thought of, especially in the absence of other better fitting
diagnoses, and prompt relevant genetic investigation. In terms of therapy, a combination
of anti-inflammation and anticoagulation may be needed, with the balance between these
two compartments of the therapy being, in several cases, delicate.
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Abstract: Background: Effective control of disease activity in Interleukin-1 autoinflammatory dis-
eases (IL-1 AID) is crucial to prevent damage. The aim was to longitudinally analyze the impact of
protocolized disease activity-based treatment adjustments in a real-life cohort. Methods: A single-
center study of consecutive children with IL-1 AID followed between January 2016 and December
2019 was performed. Demographics, phenotypes, genotypes, inflammatory markers, physician
(PGA), and patient/parent (PPGA) global assessment were captured. Disease activity and treatment
changes were assessed. The impact of distinct parameters on disease activity trajectories was ana-
lyzed. Results: A total of 56 children were included, median follow-up was 2.1 years reflecting 361
visits. Familial Mediterranean Fever was the most common IL-1 AID. At the first visit, 68% of the
patients had moderate/severe disease activity. Disease activity-based treatment adjustments were
required in 28/56 children (50%). At last follow-up, 79% had a well-controlled disease. Both PGA and
PPGA decreased significantly over time (p < 0.001; p < 0.017, respectively), however, both differed
statistically at last visit (p < 0.001). Only PGA showed a significant estimated mean decrease across all
IL-1 AID over time. Conclusions: Disease activity-based treatment adjustments can effectively refine
treat-to-target strategies, enable personalized precision health approaches, and improve outcomes in
children with IL-1 AID.

Keywords: autoinflammatory disease; FMF; CAPS; TRAPS; remission; personalized medicine; effec-
tiveness; exposure–response; outcome; monitoring

1. Introduction

Interleukin-1-mediated autoinflammatory diseases (IL-1 AID) are caused by pathogenic
gene variants encoding the inflammasome, resulting in excessive release of (pro-) inflam-
matory cytokines [1]. Clinical characteristics of active IL-1 AID include recurrent fever,
inflammation of the central nervous system, eyes, skin, serous membrane, and the muscu-
loskeletal system, typically paired with elevated laboratory inflammatory parameters [2].
Although awareness has increased in the past years, several patients face a long journey
until being diagnosed or treated [3,4]. Uncontrolled disease activity can result in organ
damage, disability, reduced health-related quality of life (HRQoL), school and work ab-
senteeism, and increased risk of mortality [5–7]. Furthermore, both the patient and the
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entire family carry a significant psychological burden. Therefore, effective treatment with
the achievement of no or as mild as possible disease activity is essential after diagnosis
is made.

The approval of effective treatment for IL-1 AID and treatment recommendations,
along with the availability of disease activity monitoring parameters, such as the au-
toinflammatory disease activity index (AIDAI), autoinflammatory disease damage index
(ADDI), the physician global assessment (PGA), and the patient/parent global assessment
(PPGA), as well as specific laboratory inflammatory makers have significantly improved
the patients’ management [8–13]. Based on the growing evidence of a relationship between
disease activity, drug exposure, and treatment response in inflammatory diseases, the AID
management should take personalized treatment approaches and disease activity-based
treatment adjustments into account.

Disease activity-based treatment adjustments, also known as the treat-to-target (T2T)
strategy, contain regular disease activity monitoring in a patient and disease activity-based
treatment adjustments to achieve the desired target of no or mild disease activity [14]. T2T
strategies were originally developed for optimized treatment in patients with rheumatoid
arthritis and have been adopted for the management of several other chronic diseases [15].

Recently, T2T strategies for IL-1 AID were published [16–18]. However, longitudinal
real-life data of disease activity-based treatment adjustments and their impact on IL-1
AID in childhood is scarce. In addition, data on disease activity parameters or the most
promising composite measures after established treatment to monitor disease activity in
IL-1 AID are needed.

Therefore, the objectives of this study were (i) to longitudinally assess the disease
activity of children and adolescents with different IL-1 AID diagnoses, (ii) to analyze the in-
dividually performed disease activity-based treatment adjustments and their response, and
(iii) to evaluate the impact of distinct parameters on disease activity trajectories/changes.

2. Materials and Methods

This was a single-center study assessing disease activity and disease activity-based
treatment adjustments in children and adolescents with IL-1 AID between 1 January
2016 and 31 December 2019. Pediatric patients aged ≤18 years diagnosed with cryopyrin-
associated periodic syndromes (CAPS), tumor necrosis factor-associated periodic syndrome
(TRAPS), the mevalonate kinase deficiency (MKD), and the Familial Mediterranean Fever
(FMF) were included if they fulfilled AID classification criteria [19], or in the case of FMF
and CAPS, met either the classification and/or the diagnostic criteria [19–21]. Children and
adolescents cared for less than one year or those with fewer than three routine visits during
the study period were excluded. Data were captured in the designated, institutional web-
based Arthritis and Rheumatism Database and Information System (ARDIS, ARDIS2, axaris
software & systeme GmbH, 89160 Dornstadt, Germany). Data analysis was performed
pseudonymized. Ethics approval was obtained from the ethics committee of Karl Eberhard
University Tuebingen (050/2021BO2).

2.1. Patient Related Data

Demographic data included clinical AID diagnosis, sex, age at symptom onset, and
diagnosis, as well as follow-up time. Furthermore, for those patients with genetic testing,
the genotype was recorded. The genotypes were classified as pathogenic, likely pathogenic,
variants of unknown significance (VUS), likely benign, or benign according to the Amer-
ican College of Medical Genetics and Genomics and Infevers [22–24]. In addition, the
treatment of interest was recorded and included colchicine or one of the following biologi-
cal Disease-Modifying AntiRheumatic Drugs (bDMARD): IL-1 inhibition, IL-6 inhibition,
and/or TNF-α inhibition. In each visit, disease activity and information on the treatment
regimen (absolute dose and body weight-based dose, frequency/administration interval,
and admission route) were captured. Data collection was performed for each patient at the
following visits: (i) the first visit in the study period, (ii) follow-up visits, defined as routine
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visits every 3 to 6 months during the study period, and (iii) the last study visit, defined as
the last documented routine visit before study end.

2.2. Treatment Regimen and Definitions

The treatment regimen was compared intra-individually between the visits. Treat-
ment escalations were categorized as (i) treatment start, (ii) treatment switch, (iii) dose
increase, and (iv) administration frequency increase. Treatment start was defined as treat-
ment initiation of colchicine or bDMARDs in a former treatment-naïve IL-1 AID patient.
Treatment switch was defined as a switch from colchicine to a bDMARD, switch between
different bDMARDs or an add-on drug, e.g., bDMARD treatment added on colchicine
maintenance treatment between study visits. Dose increase was defined as an increase
in absolute colchicine dose (mg) or an increase in mg/kg bDMARDs dosages in children
between study visits. Administration frequency increase was defined as a shortening of the
administration interval for bDMARDs between study visits, e.g., anakinra administration
twice daily instead of once daily or canakinumab administration switching from eight
weekly (q8w) to four weekly (q4w).

2.3. Definition of Disease Activity

In accordance with published studies, the physician global assessment (PGA) was
used for the physician’s perspective recorded on a 10 cm visual analog scale (VAS), with
0 representing no and 10 maximum disease activity. The patient/parent perspective was
captured through the patient/parent global assessment (PPGA) and was recorded on
the 10 cm VAS, with 0 representing no and 10 maximum disease activity. Furthermore,
inflammatory markers were captured, including C-reactive Protein (CRP) and Serum
Amyloid A (SAA) [16,25–27]. Disease activity categories were: (i) mild, if PGA ≤ 2 cm
plus CRP < 1.5 mg/dL and/or SAA levels < 30 mg/L; (ii) moderate, if PGA > 2–5 cm plus
CRP 1.5 < 2.5 mg/dL and/or SAA ≥ 30 < 50 mg/L; and (iii) severe, if PGA > 5 cm plus
CRP ≥ 2.5 mg/dL and/or SAA ≥ 50 mg/L. An increase in disease activity was defined as
a switch of category from mild to moderate, mild to severe, or moderate to severe.

2.4. Outcome

The primary outcome was disease activity at last study visit. Secondary outcomes
included the number of episodes with increased disease activity over time, the number and
characteristics of performed treatment adjustments, applied dosing regimens, treatment
responses, and disease activity trajectories/changes.

2.5. Analysis

Patients’ characteristics were summarized using descriptive statistics. Categorical
variables were presented as numbers (%) and continuous variables were shown as mean
(SD) or as median (interquartile range, IQR 25. and 75. percentile). The proportion of
patients with mild disease activity at first and last study visit was compared using the
McNemar sign rank test. The change in disease activity category was analyzed using
generalized linear mixed models, adjusting the baseline value to the previous study visit.
The significance level in this study was defined as p < 0.05. A paired t-test was used to
examine whether there was a significant difference in the means of the PGA or PPGA. For
the exploratory analysis of the influence of genotype on disease activity, pathogenic and
likely pathogenic variants were combined. Mean PGA and PPGA over time in different
IL-1 AID was estimated by non-parametric local polynomial approximation. The Statistical
analyses were conducted by SPSS 28.0.1.1 (IBM Corporation, Statistics for Windows, 2021,
Armonk, NY, USA) and STATA 12.1 (StataCorp. LLC., College Station, TX, USA).

3. Results

In total, 56 children and adolescents with IL-1 AID were included, with 19 (34%)
being girls. The median age at symptom onset for the entire cohort was 2.5 years (IQR
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0.5; 4.1). Children with CAPS showed the first disease symptoms early in infancy (median
0.3 years [IQR 0.2; 0.5]). The median age at diagnosis for the entire cohort was 4.9 years
(IQR 3.0; 7.7). At the first study visit, the median age was 4.9 years (IQR 3.3; 8.1). FMF was
the most common diagnosis, seen in 46/56 (82%) patients, followed by CAPS diagnosed
in 9/56 (16%), and 1 child was diagnosed with TRAPS. Eight out of nine children with
CAPS had a moderate and one had a mild phenotype. In 63% of the FMF patients, at
least one (likely) pathogenic variant or one VUS was detected; the remaining FMF patients
were diagnosed clinically. The median follow-up time for the whole cohort was 2.1 years
(IQR 1.4; 2.7) corresponding to a total of 361 visits. At the first visit, 15/56 children (27%)
had already received colchicine. Of these, 14 children were diagnosed with FMF and one
with CAPS. Only one FMF patient had been started on a combination treatment of anakinra
and colchicine at enrolment (Table 1 and Supplementary Tables S1 and S2).

Table 1. Demographic and genetic characteristics of children with IL-1 AID.

Total
n = 56 (100%)

FMF
n = 46 (82%)

CAPS
n = 9 (16%)

TRAPS
n = 1 (2%)

Demographic characteristics

Female 1 19 (34) 17 (37) 2 (22) 0
Symptom onset, age in years 2 2.5 (0.5; 4.1) 2.9 (1.6; 4.7) 0.3 (0.2; 0.5) 2.7
Diagnosis, age in years 2 4.9 (3.0; 7.7) 5.1 (3.6; 7.5) 2.8 (1.9; 4.5) 12.9
First study visit, age in years 2 4.9 (3.3; 8.1) 5.1 (3.7; 8.0) 3.2 (1.9; 4.5) 13.0
Follow-up, years 2 2.1 (1.4; 2.7) 1.9 (1.4; 2.5) 2.5 (2.3; 2.9) 3.0

Genetic variants

Pathogenic/likely pathogenic 1 28 (50) 25 (54) 2 (22) 1 (100)
VUS 1 11 (20) 4 (9) 7 (78) 0

1 n (%); 2 median (IQR). Abbreviations: n: Number of patients, IQR: Interquartile range, FMF: Familial
Mediterranean Fever, CAPS: Cryopyrin-associated periodic syndromes, TRAPS: Tumor necrosis factor receptor-1-
associated periodic syndrome, VUS: Variant of unknown significance.

3.1. Disease Activity over Time

At the first visit, 18/56 (32%) children presented with mild disease activity, 28 (50%)
had moderate, and 10 (18%) severe disease activity. In contrast, at the last study visit,
44/56 (79%) children had mild disease activity, 10/56 (18%) moderate, and 2/56 (4%)
severe disease activity. Over time, 36/56 (64%) children experienced at least one episode
of increased disease activity. Changes were observed from mild to moderate in 17/36
(47%) children, from mild to severe in 12/36 (33%), and from moderate to severe in 7/36
(20%) children. A subsequent episode of increased disease activity was documented in
17/56 (30%), including mild to moderate in 13/17 (77%) and mild to severe in 4/17 (24%)
(Figure 1 and Table 2).

Table 2. First and subsequent episodes of disease activity increase and performed treatment adjust-
ments in children with IL-1 AID.

Total
n = 56

FMF
n = 46

CAPS
n = 9

TRAPS
n = 1

First episode of increased disease activity, n (%) 36 (64) 30 (65) 5 (56) 1 (100)

Treatment adjustment in 28 out of 36 children *

New treatment start, n (%) 19 (34) 15 (33) 3 (33) 1(100)
Treatment switch n, (%) 4 (7) 3 (7) 1 (11) 0 (0)
Dose increase n, (%) 8 (14) 7 (15) 1 (11) 0 (0)
Administration frequency increase, n (%) 0 (0) 0 (0) 0 (0) 0 (0)
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Table 2. Cont.

Total
n = 56

FMF
n = 46

CAPS
n = 9

TRAPS
n = 1

Subsequent episode of increased disease activity, n (%) 17 (30) 13 (28) 4 (44) 0 (0)

Treatment adjustments in 7 out of 17 children *

New treatment start, n (%) 2 (4) 2 (4) 0 (0) 0 (0)
Treatment switch, n (%) 1 (2) 1 (2) 0 (0) 0 (0)
Dose increase, n (%) 3 (5) 1 (2) 2 (22) 0 (0)
Administration frequency increase, n (%) 1 (2) 0 (0) 1 (11) 0 (0)

n: Number of patients, % percentage, * One patient might have received multiple treatment adjustments. Abbre-
viations FMF: Familial Mediterranean Fever, CAPS: Cryopyrin-associated periodic syndromes, TRAPS: Tumor
necrosis factor receptor-1-associated periodic syndrome.

Figure 1. Disease activity in 56 children and adolescents with IL-1 AID at first and last study visit.
Legend: Disease activity assessed at first and last study visit in children with IL-1 AID (all IL-1 AID;
n = 56) and for IL-1 AID subgroups (FMF = 46, CAPS = 9, TRAPS = 1). Disease activity categories
were defined as mild, moderate, and severe. A significant increase in mild disease activity category
was shown between first and last study visit (McNemars sign rank test; all IL-1 AID p < 0.001, FMF
p < 0.001, and CAPS p = 0.031). Abbreviations: IL: Interleukin, AID: Autoinflammatory disease,
FMF: Familial Mediterranean Fever, CAPS: Cryopyrin-associated periodic syndromes, TRAPS: Tumor
necrosis factor receptor-1-associated periodic syndrome.

3.2. Treatment Adjustments
3.2.1. Disease Activity-Based Treatment Adjustments

The first episode of increased disease activity resulted in treatment adjustments in
28/36 (78%) children with disease activity increase. In 19/28 children, a new treatment
was started, a treatment switch was performed in four and a dose increase was performed
in eight children. Treatment adjustments were distributed similarly between groups of
children diagnosed with FMF and CAPS. A subsequent episode of increased disease activity
was seen in 17/56 (30%) children during follow-up. Treatment was adjusted in seven (41%)
out of the 17 children. Adjustments included new treatment start in two children, switch in
one, dose increase in three, and increase in administration frequency in one. CAPS patients
experiencing a subsequent disease activity increase typically received a dose adjustment
(Table 2).

3.2.2. Specific Dosing Regimen

Median colchicine dose captured during the study for CAPS and FMF patients was
1 mg/day (maximum dose 1.5 mg/day) and 0.75 mg/day (maximum dose 1 mg/day),
respectively. However, in those children with FMF carrying homozygous pathogenic/likely
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pathogenic MEFV variants, the median colchicine dose (1.13 mg/day) and the maximum
colchicine dose (1.75 mg/day) were higher compared to FMF patients carrying heterozy-
gous (likely) pathogenic variants (median dose 0.75 mg/day, maximum dose 1 mg/day).
Four patients with FMF received anakinra; the median dose was 1.55 mg/kg once daily
with a maximum dose of 1.62 mg/kg once daily. For canakinumab in CAPS, the median
dose and the maximum dose was 3.93 mg/kg and 6.13 mg/kg, respectively. The admin-
istration frequency ranged from q4w (n = 17 visits) to q8w (n = 8 visits). The maximum
canakinumab dose for the TRAPS patient was 2.78 mg/kg q4w. The two FMF patients
treated with canakinumab had a median dose of 3.2 mg/kg and a maximum dose of
4.2 mg/kg q4w.

3.3. Impact on Disease Activity Trajectories
3.3.1. PGA and PPGA

Overall, patient/parent-derived global assessments (PPGA) of disease activity tended
to be higher than physician-derived assessment (PGA) values. In 48/56 patients, both the
PGA and the PPGA were available at the first and the last study visit. At the first visit,
PGA and PPGA were comparable (p = 0.317). Within the study period, both measures
decreased significantly (p < 0.001 and p < 0.017, respectively). PGA and PPGA differed
statistically significantly (p < 0.001) at the last study visit (Figure 2). CAPS and FMF
patients showed comparable mean PGA and PPGA over the first 12 months when assessed
by non-parametric regression analysis (Figure 3).

Figure 2. The association of treatment and disease activity-based treatment adjustments with the
physician global assessment (PGA) and patient/parent global assessment (PPGA) at the first and
last visit. Legend: Boxplot of the physician-derived global assessment (PGA) and the patient/parent-
derived global assessment (PPGA) assessed with the visual analog scale (VAS) at the first and last
visit. At the first visit, the median PGA was 3 (mean 3.1 ± 1.6) and the median PPGA was 4 (mean
3.6 ± 2.9). At the last visit, the median PGA was 1 (mean 1.2 ± 1.1) and the median PPGA was 1
(mean 2.2 ± 2.6). The paired t-test indicated statistical differences between the PPGA and PGA at the
last visit. Legend: mean value (x), median (-).
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(a) (b) 

Figure 3. Longitudinal disease activity changes derived by the physician (PGA) and patient/parent
(PPGA) in pediatric CAPS and FMF patients for 12 months after the first study visit. Legend: Course
of (a) physician global assessment (PGA) and (b) patient/parent global assessment (PPGA) in children
and adolescents with CAPS (grey triangle) and FMF (black dot) over the first 12 months after the
first study visit estimated by local polynomial approximation. The PGA and PPGA are represented
on the visual analog scale. Grey line: Local polynomial approximation for CAPS. Black line: Local
polynomial approximation for FMF. Dashed gray line: Cut of PGA/PPGA > 2 cm and PGA > 5 cm.
Abbreviations: FMF: Familial Mediterranean Fever, CAPS: Cryopyrin-associated periodic syndromes.

3.3.2. Parameter Trajectories/Changes

The mean change of PGA, PPGA, CRP, and SAA adjusted for baseline values was
determined over observation time in all three IL-1 AID subgroups. The decrease in PGA
over time reached statistical significance in all subgroups with an estimated mean decrease
of −0.12 (p < 0.001) for CAPS, −0.15 (p = 0.001) for FMF, and −0.11 (p < 0.001) for TRAPS.
Additionally, a significant estimated mean decrease for the CRP (−0.05; p = 0.026) was
detected in CAPS only. The six-monthly change in PGA adjusted for baseline values
showed a significant estimated mean decrease, irrespective of pathogenic/likely pathogenic
variants, VUS, or clinically diagnosed IL-1 AID (Table 3).

Table 3. Mean change of disease activity parameters adjusted for baseline values between IL-1 AID
and genotypes.

IL-1 AID Subgroups

CAPS FMF TRAPS

beta 1 95%CI p Value beta 1 95%CI p Value beta 1 95%CI p Value

PGA −0.12 −0.16;
−0.08 <0.001 −0.15 −0.24;

−0.06 0.001 −0.11 −0.17;
−0.06 <0.001

PPGA −0.09 −0.19;
0.02 0.100 −0.11 −0.32;

0.10 0.304 −0.08 −0.21;
0.05 0.247

CRP −0.05 −0.10;
−0.01 0.026 −0.10 −0.23;

0.03 0.130 −0.04 −0.09;
0.01 0.093

SAA −2.49 −5.68;
0.71 0.127 −4.21 −10.62;

2.21 0.199 −2.26 −5.99;
1.47 0.236
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Table 3. Cont.

Genotypes

Pathogenic/likely
pathogenic variants

VUS
No genetic testing/no VUS or
(likely) pathogenic variants

detected

beta 1 95%CI p value beta 1 95%CI p value beta 1 95%CI p value

PGA −0.13 −0.19;
−0.08 <0.001 −0.09 −0.17;

−0.01 0.020 −0.15 −0.26;
−0.05 0.004

PPGA −0.09 −0.23;
0.06 0.225 −0.08 −0.22;

0.06 0.280 −0.07 −0.28;
0.14 0.526

CRP −0.07 −0.16;
0.01 0.073 −0.05 −0.12;

0.01 0.111 −0.04 −0.13;
0.05 0.444

SAA −3.18 −8.97;
2.62 0.283 −2.67 −6.15;

0.80 0.132 −1.73 −10.25;
6.79 0.691

1 Changes per six months adjusted for values at first study visit. FMF: Familial Mediterranean Fever,
CAPS: Cryopyrin-associated periodic syndromes, TRAPS: Tumor necrosis factor receptor-1-associated peri-
odic syndrome, VUS: Variant of unknown significance, physician global assessment (PGA), patient/parent global
assessment (PPGA), CRP: C-reactive Protein, SAA: Serum Amyloid A, CI: Confidence Interval.

4. Discussion

This is the first comprehensive study analyzing the impact of disease activity-based
treatment adjustments longitudinally in children and adolescents with different IL-1 AID
in a real-life cohort. At the first study visit, 68% had moderate to severe disease activity,
two-thirds (64%) experienced at least one flare episode, and one-third had subsequent
episodes over the study’s duration. Overall, the approach of iterative disease activity-
based treatment adjustments resulted in significant clinical improvements; most patients
(79%) were asymptomatic and met the criteria for the mild disease activity category at the
last study visit. Importantly, PGA and PPGA were similar at the first visit but differed
significantly at the last follow-up (p < 0.001). The mean change of the PGA adjusted for
baseline values over time revealed a significant decrease independent of genotype, clinical
diagnosis, or IL-1 AID subgroup. These results highlight the importance of disease activity-
based treatment adjustments and emphasize the need to further investigate the impact of
distinct disease activity parameters.

Disease activity-based treatment adjustments can improve the outcome of patients
with IL-1 AID including achieving remission/mild disease activity, improving HrQoL,
and reducing the risk of organ damage. A rationale for disease activity-based treatment
adjustments is the interplay of patient-related (e.g., age, living circumstances), disease-
related (e.g., genotype, organ damage), and treatment-related (e.g., pharmacokinetics, side
effects) factors [28–30]. The integration of these factors results in individual disease activity
trajectories, as demonstrated in this study. In IL-1 AID, the genotype has been shown
to influence the clinical phenotype, disease activity, and risk of organ damage [31–35].
External triggers including stress, lack of sleep, infections, and exercise as well as comor-
bidities can impact individual disease activity [36,37]. This complex interplay mandates
the need for personalized treatment adjustments. Consequently, standardized disease ac-
tivity monitoring and disease activity-based treatment adjustments are crucial to optimize
care [14]. Drug exposure–response relationships have been reported for some inflammatory
diseases in the past, indicating the need for higher drug exposure to control high disease
activity [38,39]. This study emphasizes the drug exposure–response relationship across
different IL-1 AID. The performed individual adjustments resulted in well-controlled dis-
ease in the majority of children (79%). In addition, a trend towards higher drug dosing in
children with homozygous pathogenic/likely pathogenic MEFV gene variants compared
to heterozygous carriers was observed. The exposure–response relationship in IL-1 AID
aligns with the published data: patients with severe CAPS phenotypes needed higher drug
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exposure to control disease activity in contrast to mild phenotypes [10,40]; FMF patients
with homozygous pathogenic gene variants (M694V, M680I) or compound heterozygous
gene variants (M694V/M680I, M694/V726A) required higher colchicine doses (mean average
range 1.19 mg/day to 1.09 mg/day) compared to those with any heterozygous genotype
(average dose 0.81 mg/day) [41]. Based on the drug exposure–response relationship in IL-1
AID, T2T strategies can help to avoid drug underexposure and associated treatment failure.
Additionally, they may guide treatment tapering decisions [17,28,42,43]. Individualized
disease activity-based treatments and the application of T2T recommendations in IL-1 AID
can, therefore, reduce the risk of suboptimal disease management, associated morbidity,
and long-term organ damage [10,16,17,44]. Furthermore, it can avoid drug overexposure
with increased risk of adverse events and higher drug costs than needed [43,45–48]. The
drug exposure–response relationship and individual factors need to be considered as they
help to further refine and optimize the management of children and adolescents with
IL-1 AID.

Iterative, standardized disease activity monitoring over the disease course is crucial
in IL-1 AID management. It is the cornerstone for T2T approaches. In the past, the de-
velopment of valid disease activity assessment tools, standardized outcome measures,
and HrQoL instruments in pediatric rheumatology have been important milestones for
enabling optimal patient care [49]. The disease activity and disease burden are commonly
assessed and quantified by the physician (e.g., PGA) and the patient/parent (e.g., PPGA),
by HrQoL tools and missed school/working days, measurement of inflammatory markers,
assessment of systemic and organ-specific signs of active disease, and evaluation of disease
damage [10,18]. Important milestones for disease activity monitoring in IL-1 AID included
the validation of the AIDAI and the development of the ADDI [8,9]. Furthermore, the
identification of advanced inflammatory markers such as SAA, S100A8/A9, and S100A12
facilitated the recognition of subclinical inflammation [50–52]. In this study, we used a
composite score for the assessment of disease activity, combining inflammatory markers
and PGA. In addition, the PPGA was captured iteratively. The six-monthly mean changes
in PGA, PPGA, SAA, and CRP adjusted for baseline values revealed a decrease in all
disease activity parameters. Importantly, only PGA changes were found to be signifi-
cant across all IL-1 subgroups. The estimated mean CRP decrease over time was only
significant for CAPS. Mean PGA and PPGA values were similar at the first study visit;
however, they differed significantly at the last visit. In line with the published evidence,
patient/parent-derived values (PPGA) in this study tended to be higher than those of the
physician (PGA) [53,54]. This might reflect the different concepts physicians and families
consider when scoring. PPGA may also capture levels of fatigue, pain, psychological co-
morbidities, and impaired social participation experienced by the patient and family [55,56].
This highlights the importance of clarity on measuring constructs of disease activity, dis-
ease damage, burden of illness, and objective assessment of fatigue/sleep quality [57].
Recently, the Protokolle in der Kinderrheumatologie (PRO-KIND) initiative of the German Soci-
ety for Pediatric Rheumatology (GKJR) has proposed a new composite tool for FMF [17].
This multidimensional instrument combines the assessment of flare frequency, missed
school/working days, inflammatory markers, chronic sequelae/disease damage, the PGA,
and the PPGA [17]. However, this tool has not been evaluated so far. Our results confirm
that T2T approaches to IL-1 AID can effectively control disease activity and guide treatment
adjustments. However, the overall burden of autoinflammation exceeds the concepts of
disease activity and requires a multidimensional approach including capturing the disease
impact on participation and mental health.

This study has several limitations. The sample size was small (n = 56); however,
IL-1 AID are orphan diseases. The analysis was comprehensive, as the study population
was well defined and the median follow-up of 2.1 years resulted in 361 visits. The study
was conducted at a national reference center for patients with AID potentially biasing
the sample towards children and adolescents with more severe, potentially difficult to
treat disease courses. This may raise concerns about the limited generalizability of our
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results. However, the cohort included the entire disease severity spectrum across different
IL-1 AID and analyzed the impact of disease activity-based treatment adjustments. Lastly,
disease activity was assessed by commonly used composite scores, combining laboratory
parameters and physician global assessments [16,25–27], neither AIDAI nor ADDI were
formally integrated. However, both instruments are regularly reviewed at clinical routine
visits, and, therefore, inform the global assessments.

5. Conclusions

This study demonstrates the importance of personalized disease activity-based treat-
ment adjustments in IL-1 AID to optimize care and improve outcomes. It can help in
preventing drug over- and underexposure. Prospective data collection and outcome assess-
ments to further refine recently published T2T strategies and disease activity monitoring is
critical. These insights will help to further optimize disease activity-based step-up but also
step-down treatment in IL-1 AID.
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