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I. Introduction 

The immune system 

In nature, defense against other intrusions proposes surviving advantages in 

the selection arena of “survival of the fittest” during evolution. Prokaryotic 

microorganisms such as bacteria have already developed mechanisms to 

defend themselves from foreign invasions (1). Restriction enzymes, for 

example, protects bacteria from foreign DNA (2). Fungi and plants produce a 

wide range of antibacterial products including the most well-known penicillin 

(3,4). Among animals, a sophisticated set of molecules and cells dedicated to 

self-defense emerges in all metazoans, which can be grouped into the innate 

immune system (5). Later in vertebrates with jaws, the remarkable adaptive 

immunity with a distinct feature of immune memory transforms immunity into 

the higher level of specificity (5).  

  So, what is exactly immunity? In biology, immunity is the ability of multicellular 

organisms to recognize “self” and “non-self” components, eliminate pathogen 

infections and establish a self-sustaining balance (6). Therefore, three major 

tasks are involved in immune functions: (1) immune defense- to resist harmful 

invasions, (2) immune surveillance- to recognize “self” and “mutations”, and (3) 

immune homeostasis- to maintain a balance between tolerance and 

immunogenicity (6).  

  To accomplish the mission of immunity, two sets of arsenals are deployed, 

specific and non-specific. The innate immunity, which is non-specific and 

developed early in evolution, reacts fast during immune responses (7). It 

includes physical (e.g. skin), chemical (e.g. anti-microbial peptides), and 

microbiological barriers (e.g. microbiota), and importantly, the innate immune 

system including cytokines, chemokines, complements and innate immune 

cells such as neutrophils and macrophages (7). The adaptive immunity, on the 

other hand, is specific with prolonged immune memory, and responds at a later 

1 
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stage compared to the innate immunity during immune responses. It consists 

of antigen-specific reactions by T and B lymphocytes (8).  

Innate immunity 

The first line of defense in an organism is provided by the surface directly 

exposed to external environments. In humans, such areas include skin, lung 

and intestinal mucosa. Skin holds the largest area in direct contact with outside, 

and thereby can be deemed as the largest immune organ in the body (9). 

Cornification with expression of keratins and tight junctions between epithelial 

cells in the epidermis insulate the body from direct harms (10). Besides the 

physical barrier, keratinocytes and skin microbiota produce antimicrobial 

peptides such as defensins as chemical barriers, and reduce local pH levels to 

facilitate barrier functions (10,11). Upon infection, keratinocytes recognize 

invading pathogens through pathogen recognition receptors (PRR) such as 

Toll-like receptors (TLR), and release inflammatory cytokines and chemokines 

to recruit immune cells and amply immune reactions (12). During viral infection, 

after PRR recognition, skin resident cells such as plasmacytoid dendritic cells 

can be a major source of type I interferons, which protect uninfected cells by 

interfering viral RNA and DNA replication (13).  

  As a typical innate immune cell, neutrophil infiltration usually occurs in sites 

of inflammation in response to released chemokines (14). Exodus of neutrophils 

involves coordinated expression of adhesion molecules (addresins) and 

gradient chemokine concentrations (15). Once present in the local infection, 

neutrophils phagocytose invading pathogens and digest the engulfed 

pathogens within the phagocytic vacuoles (16). However, the capacity of 

neutrophils to ingest bacteria is limited with a total number of 5-25 kills, and 

thereafter, together with killed microorganisms, neutrophils undergo apoptosis 

and can form yellowish liquid called pus (17). On the contrary, the other 

phagocyte, macrophages can digest more than 100 invading pathogens.  

  Dendritic cells (DC) act as a bridge between innate and adaptive immunity. 
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In skin, for instance, Langerhans cells (DC) in the epidermis capture antigens 

from pathogens, and migrate into draining lymph nodes to relay the antigen to 

T lymphocytes (12,14). There they induce a vast proliferation of naïve T 

lymphocytes, and in turn, activated T cells home to the inflammation sites to 

combat the pathogens (18).  

Adaptive immunity 

T cells 

Antigen-presenting cells (APC) are cells that display antigen bound with major 

histocompatibility complex (MHC) molecules on their surface. This process is 

called antigen presentation. Almost all cell types express MHC class I 

molecules and thereby can present peptides with 8-10 amino acids to CD8+ 

cytotoxic T cells (19). Together with other innate immune cells such as natural 

killer cells (NK), CD8+ T cells are a strong component of the cell-mediated 

immunity. 

Professional APCs are a group of immune cells including dendritic cells, 

macrophages and B cells that can activate naïve CD4+ T cells. They capture 

antigens from invading pathogens, digest them into short peptides with usually 

13-25 amino acids in length, and present the peptides in the form of MHC class 

II- peptide (MHCII-p) to CD4+ T cells (20). Upon recognition of the MHCII-p 

complex by T cell receptor (TCR) and co-receptor molecule CD4, a secondary 

signal provided by molecules like CD80/86 on APC determines whether naïve 

T cells will be fully activated or undergo anergy (21). This constitutes the check 

points of immune reactions. When these check points are in imbalance, either 

uninhibited as in autoimmune diseases or suppressed as in carcinogenesis, 

diseases occur (22,23).  

  Fully activated CD4+ T cells are instructed by cytokines present in the local 

milieu to differentiate into different subsets of CD4+ T helper cells (Th) (Figure 

1, 24). Presence of IL-12 induces the differentiation of Th1 cells which express 

1 
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the typical transcription factor T-bet and produce the IFN-γ cytokine, while IL-4 

induces Th2 cells to express GATA3 and cytokines such as IL-4, IL-5 and IL-13 

(24). Combination of IL-1, IL-6 and TGF-β induces the differentiation of Th17 

cells with specific expression of the transcription factor RORγt (RORc) and 

cytokine IL-17. In contrast, TGF-β alone induces T regulatory cells (Treg) to 

express the transcription factor Foxp3 and the cytokine IL-10 (24,25). Different 

functions have been attributed to these different CD4+ Th cell subsets (25). Th1 

cells are believed to be important in combating intracellular bacterial and viral 

infections. Th2 cells are beneficial to immunoglobulin production and protection 

from extracellular parasites. Th17 cells contribute to control fungi infections, 

while Treg are pivotal in regulating immune tolerance. However, post-

differentiation plasticity has been observed in CD4+ Th differentiation, 

especially regarding the Th17 lineage (26,27). And dysregulation of Th subsets 

is involved in various human diseases (28). For instance, the Th17 cells and 

related cytokines are pathogenic in diverse autoimmune or autoinflammatory 

diseases, which are the main topics of this thesis (Chapter 2-6).  

 
Figure 1. Differentiation of CD4+ T cells into diverse Th cell subsets. After activation 



Molecular and cellular signatures in IMID 

7 

 

of naïve CD4+ T cells with TCR and costimulatory signals, T cells exposed to different 

cytokines induce various transcription factors and express various corresponding cytokines. 

 

B cells 

  B cells are antibody-producing cells. Each B cell expresses a specific B cell 

receptor (BCR), which, in the secreted form, constitutes the immunoglobulin (Ig) 

pool. The BCR is composed of two light chains (IgL) and two heavy chains (IgH), 

both of which undergo V(D)J recombination (29). This V(D)J recombination 

process determines the structure and therefore the BCR specificity of the 

antigen-binding fragments (Fab). The specific antigen-binding motifs are 

termed complementarity-determining regions (CDRs) (30). The IgH chain is 

different from the IgL chain with the presence of the fragment crystallizable 

region (Fc). Due to different lengths and structures of the Fc part, Ig can be 

grouped into IgM (pentamer), IgG, IgD, IgE, and IgA (dimer) (30). All these 

antibodies contribute to humoral immunity with IgM serving as the default 

choice.  

  Upon antigen stimulation and T cell costimulation (i.e. Th2, T follicular helper 

cells (Tfh)), B cells in the germinal center of draining lymph nodes undergo class 

switch recombination to produce high affinity antibodies such as IgG instead of 

low affinity IgM (31). Simultaneously, somatic hypermutation will occur in the 

CDRs and improve the reservoir of binding antibodies. Due to the somatic 

hypermutation process, the diversity of antibodies is estimated to increase to 

around 1010 compared to a repertoire of over 108 TCRs (32).  

  During immune responses, antibodies neutralize pathogens by binding to 

specific antigens. Antibody-bound pathogens substantially increase the efficacy 

of phagocytosis by immune cells such as macrophages and neutrophils (33). 

This process is called opsonization. For example, antibody opsonization is 100-

fold more effective compared to pathogen alone (34). This phenomenon 

indicates that innate and adaptive immunity influence each other and immunity 

1 
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is not a one-way path, but a closed circle enhancing each other’s reactions. 

Similarly, cytokines produced by Th1, Th2, and Th17 cells can modulate the 

responses of innate immunity including the function of innate immune cells and 

the stimulation of tissue resident cells such as fibroblasts (34-36). Therefore, 

immunity is not just a singular reaction to external distress to prevent infection, 

but also an orchestrated cross-talk between diverse cell types to achieve new 

immune homeostasis. 

Autoinflammatory/autoimmune disease 

The tasks of immunity are best illustrated when it goes awry (34). For instance, 

under-performance of immune systems during immune defense against 

pathogens will result in uncontrolled infections. Frail immune surveillance, 

specially at old ages, will miss malignant “mutations”, and will evade immune 

responses against tumors. Last but not least, loss of immune homeostasis will 

shift the paradigm of immune tolerance into immunogenicity, and cause 

immune reactions to unharmful “self” antigens. It is in this realm of loss of 

immune tolerance that we will continue our discussion. 

  Breach on immune tolerance can be caused by aberrant innate and adaptive 

immunity. By a recent definition, overactivity of innate immune responses is 

termed autoinflammatory diseases, while overactivity of the adaptive systems 

is called autoimmune diseases (37). However, as discussed above, innate and 

adaptive immunity are intertwined and influence each other. It is difficult to 

restrict diseases into one category, especially during the late stage of full-blown 

immune reactions. Therefore, immune-mediated inflammatory diseases (IMID) 

may serve as a better definition that covers everything under the same umbrella 

(38). In addition, each IMID can vary in a wide spectrum from predominantly 

autoinflammatory (i.e. innate immunity dominant) to predominantly autoimmune 

(i.e. adaptive immunity dominant) diseases (39,40). 
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II. Immune-mediated inflammatory diseases (IMID)  

Immune-mediated inflammatory diseases (IMID) is an umbrella term used to 

describe a group of diseases or conditions that are characterized by common 

inflammatory pathways (41). The estimated incidence of IMID is around 5-7% 

in Western population, and multiple organ involvements including the joint, skin 

and intestines may be observed in patients (42). Genetic predisposition and 

familial heredity are crucial determinants of disease susceptibility, especially 

relating to gene polymorphism of human leukocyte antigen (HLA) molecules 

and various cytokines (42,43). Besides, environmental factors such as trauma, 

infection and smoking may serve as external triggers for IMID disease 

developments (42,43). 

  Though a definitive etiology is still elusive, IMID share similar features of 

molecular and cellular immune dysregulation. Recent advances with biologics 

targeting specific immune cytokines or pathways have provided new insights 

regarding the shared pathogenesis and the management of IMID (41,43). Of 

particular interests are the wide efficacy of certain biologics observed across 

diverse IMID diseases, such as antibodies targeting TNF and the IL-23/IL-17 

pathway (41,43). However, it is worth noting that, despite of the clinical 

successes with biologics in IMID, divergency has also occurred in various 

treatment results (41). Particularly, these differential effects emphasized the 

facts of mixed autoimmune and autoinflammation nature of IMID contributing to 

disease pathogenesis (44). Therefore, we set out to discuss similarities and 

differences of molecular and cellular mechanisms in IMID with focus on skin 

and joint conditions, and to invite a reflection on what can be learnt from current 

biological treatments in IMID. Diseases pertaining to the scope of discussion 

will be limited to psoriasis, hidradenitis suppurativa as templates of skin 

conditions, and rheumatoid arthritis, psoriatic arthritis as examples of joint 

diseases.  

1 
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Psoriasis 

Psoriasis is a chronic autoimmune disease that mainly affects the skin. 

Estimated prevalence of psoriasis is around 2-3% world-wide (45). Five 

different types of psoriasis are described including plaque, guttate, inverse, 

pustular, and erythrodermic (45). Plaque psoriasis, also known as psoriasis 

vulgaris, accounts for around 90% of psoriasis cases (46). Red, dry, and itchy 

scales of inflamed skin are the most common symptoms. The scaling plaques 

are results of rapid growth of epidermal keratinocytes. In psoriasis, 

keratinocytes are regenerated every 3-5 days instead of the usual 28-30 days 

(47). Excessive proliferation together with premature differentiation causes 

epidermal hyperplasia and parakeratosis in epidermis (46,47).  

Genetic factors together with environmental triggers are thought to cause the 

disease onset. The psoriasis susceptibility 1 locus (PSORS1), which is linked 

to functions of antigen presentation and recognition, is a major genetic 

determinant locus located in the HLA region (45-48). HLA-Cw6 is reportedly the 

strongest gene variant associated with psoriasis, and is particularly common in 

early-onset and more-severe diseases (45,48). Besides HLA genes, mutations 

involving the epidermal differentiation complex (PSORS4), tyrosine kinase 2 

(TYK2, PSORS6) and IL-23 receptor (PSORS7) all have been confirmed to 

contribute to psoriasis susceptibility (45,47).  

  The pathogenesis of psoriasis can be postulated in two phases: (1) an 

initiation phase that can be triggered by trauma (for instance the Koebner 

phenomenon), pathogens, or drugs; (2) a maintenance phase with activation of 

T cell subsets and involvement of the adaptive immunity (48). The exact cause 

of psoriasis is not clear, but it is believed to be a combination of external triggers 

and internal hyperactive immune reactions. As shown in Figure 2, in response 

to external triggers such as trauma or infection, antimicrobial peptides (AMPs) 

are released by keratinocytes (48,49).  Genetic predisposition makes 

susceptible subjects to produce more of these AMPs such as cathelicidin LL37, 
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β-defensins, and S100 proteins (48,49). The AMPs bind with self RNA/DNA 

released during external stress stimulated plasmacytoid dendritic cells (pDC) 

via toll-like receptor (TLR) 9 to produce type I interferons (IFN-α and IFN-β) (50).  

After exposure to the type I interferons, myeloid dendritic cells (mDC) mature 

into inflammatory phenotypes and secret cytokines such as IL-12 and IL-23, 

which promote the differentiation of Th1 and Th17 cells, respectively (46,51). 

The activation of Th cell subsets, particularly the Th17 cells, marks the start of 

maintenance phase and immune perpetuation in disease development (48). 

Activated Th17 cells release typical Th17 cytokines including IL-17A, IL-17F 

and IL-22 and induce inflammatory cytokines such as TNF, IL-6 (52). These 

cytokines further stimulate skin resident cells such as keratinocytes and 

fibroblasts, recruit immune cells, and establish a feed-forward loop to 

perpetuate inflammation (46,53,54).  

  The IL-23/IL-17 axis plays a fundamental role in the pathogenesis of psoriasis 

(48,53). Genetic variations of the IL-23 receptor and its downstream signaling 

cascade Tyk2 have been implicated in psoriasis susceptibility (45). Congruently, 

aberrant expression of IL-23 cytokine in psoriasis lesions is significantly higher 

compared to normal skin (55,56). IL-23 is a heterodimer cytokine formed by the 

IL-23p19 and the shared IL-12/IL-23 p40 subunits. In combination with 

cytokines such as IL-6 and TGFβ, IL-23 promotes the differentiation of Th17 

cells (57-59). Concomitantly, marked increases of IL-17 family cytokines such 

as IL-17A, IL-17C and IL-17F are observed in psoriasis (60). Potential sources 

of IL-17A (and IL-17F) are predominantly immune cells such as CD4+ Th17 

cells, CD8+ T cells, ɣδT cells and innate lymphoid cells 3 (ILC3) (52,61). Skin 

resident cells such as keratinocytes can be major sources of IL-17C, which 

contribute significantly to keratinocyte hyperproliferation via autocrine manners 

(62). IL-17A is a more potent inducer of inflammatory stimulation than IL-17F, 

as observed in our own and others’ studies (54,63). Both cytokines function 

through the shared IL-17 receptor composed of subunits IL-17RA and IL-17RC, 

1 
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though preferential binding of different subunits is reported for each cytokine 

during signaling (64). Recently, IL-17RD is also reported to be a functional 

receptor subunit for these cytokines (65,66). IL-17A and IL-17F, alone or in 

combination with other cytokines such as IL-1β and TNF, can directly or 

indirectly exacerbate keratinocyte hyperproliferation (53,61,67). IL-22, another 

Th17 cytokine, is a prominent inducer of keratinocyte hyperplasia, and IL-20 

subfamily cytokines such as IL-19 and IL-24, which are downstream targets of 

IL-17 cytokines, can further sustain epidermal acanthosis (68,69). The IL-20 

subfamily cytokines are conducive to keratinocyte hyperproliferation especially 

during the chronic phase as has been found in the imiquimod-induced 

psoriasis-like mouse model according to our observation (54). Though 

keratinocytes may play a fundamental role in psoriasis initiation, our research 

results suggested that fibroblasts are probably the primary stromal skin cells 

that sustain inflammation during the maintenance stage (54). Firstly, fibroblasts 

are located in the dermis, where most of the recruited immune cells aggregate, 

and therefore are better positioned to interact with immune infiltrates. Secondly, 

in vitro culture results suggest that fibroblasts, compared to keratinocytes, 

produce more inflammatory cytokines when stimulated or cocultured with T 

cells. However, we do acknowledge that, in vitro culture system is not 

representative for the in vivo situations. The observed stronger production of 

inflammatory cytokines by fibroblasts in vitro may be confounded by the 

different culture conditions compared to keratinocytes. 

   Psoriasis is not a unanimous disease but comprises of different types. The 

underlying cellular and molecular mechanisms in disease pathogenesis may 

also vary (70). Take pustular psoriasis for example. In the pustular form, 

increased expression of IL-1 family cytokines including IL-1β and IL-36 family 

cytokines have been reported in comparison to plaque psoriasis (70,71). 

Neutrophil infiltration in the epidermis such as Munro’s microabscesses is one 

of the hallmark histological features of psoriasis (45). However, the number of 
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neutrophils is relatively low in plaque psoriasis compared to the massive 

recruitment of neutrophils in pustular psoriasis (72). Therefore, it can be stated 

that, while the chronic plaque psoriasis is predominantly an autoimmune 

response maintained by adaptive immune reactions, the pustular psoriasis 

shows more features of autoinflammation caused by the innate immunity (70). 

In different types of psoriasis, the contribution of autoimmune and 

autoinflammatory responses may tilt one way or the other. How each type of 

psoriasis is immunologically distinct, and how the diverse combinations of 

innate and adaptive immunity contribute to psoriasis pathogenesis still need 

greater appreciation. 

Hidradenitis suppurativa 

Hidradenitis suppurativa (HS), also known as acne inverse, is a chronic 

inflammatory skin disease that primarily affects the axillary, inguinal, gluteal and 

under the breast areas (73). Painful inflamed nodules, abscesses and tunnel 

formation such as sinus tracts and fistulas are typical features of HS (73). Acute 

and chronic forms are observed in HS. Acute HS shows symptoms of a few red 

deep-seated nodules that may coalesce into cord-like structures (74). Chronic 

HS shows characteristics of multiple abscesses, interwoven sinus tracts deep 

in the dermis, and foul exudate (74). As the disease progresses, fibrosis, 

scarring and dermal contractures may incur. The prevalence of HS is estimated 

to be about 1% in population, and females appear to be more commonly 

affected by HS than males (75). HS severity can be divided into three stages 

according to the Hurley’s staging system (76). Stage I HS indicates isolated 

nodules with abscess formation, stage II involves separated lesions with 

recurrent abscesses and sinus tract formation, and stage III includes diffuse 

regions of lesional areas with interconnected sinus tracts (73,76).  

  The exact cause of HS is unclear, but a combination of genetic, 

environmental factors, lifestyle and microbiota are believed to contribute to HS 

pathogenesis (73,77). Recently, gene polymorphism related to the subunit of γ-

1 
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secretase among others was suggested to contribute to HS pathogenesis 

(77,78). Besides, uncontrolled inflammation, especially massive accumulation 

of neutrophils, is detrimental in HS (79). Various inflammatory cytokines are 

overexpressed in HS lesions including IL-1β, IL-36 family, and IL-17 cytokines 

(73,77,78). Changes of the microbiome around HS lesional skin have been 

implicated in disease pathogenesis (73,77). However, whether these changes 

play an eliciting role or just by-products of immune responses of HS pathology 

remains to be further investigated. For simplicity, a theorized arbitrary division 

into “initiation phase” and “progression phase” is discussed to facilitate 

understanding (73). A historical view of the disease suggests that occlusion of 

the hair follicles may be the initial triggering factor (80,81). Hyperplasia of the 

follicular epithelium leads to follicular occlusion and resident bacteria 

propagation (73,80,81). Bacteria and damaged cells release pattern molecules 

that activate skin resident macrophages, which produce inflammatory cytokines 

including IL-1β and TNF (Figure 2, 82). These inflammatory cytokines further 

induce the secretion of chemokine (such as CXCL1, CCL2 and CCL20) and 

cytokines (such as IL-6 and IL-8), leading to recruitment of more immune cells 

and exacerbation of inflammatory reactions (73,83, unpublished data). During 

the “progression phase”, diverse infiltration of immune cells are typical features 

(73). Of particular interests are the involvement of T cell subsets such as Th1 

and Th17 cells (84,85). Enhanced expression of interferon-γ (IFN-γ) and IL-17 

are observed in HS lesions (85). Our data suggests increased local 

accumulation of IL-17+ CD4+ and CD8+ T cells in HS lesions (unpublished 

data). Interestingly, our results also show that expression of IL-17 receptor, 

particularly IL-17RC, is upregulated in lymphoid cells in HS (unpublished data). 

Stimulated by inflammatory cytokines such as IL-1β, TNF, and IL-17, HS skin 

fibroblasts produce large quantity of degrading enzymes including matrix 

metalloproteinases (MMP-1 and MMP-3), which contribute to disease 

progression and sinus tract formation (unpublished data). Scarring and dermal 
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contractures are common end-stage results of severe HS due to prolonged 

inflammation and wound healing (74).  

  Current treatment options for HS is rather limited due to the elusive nature of 
the disease (86). Lifestyle changes such as weight loss and quitting smoking 
are recommended, and warm baths may help in mild cases (86-88). Systemic 
or locally administered antibiotics can be prescribed as first-line treatments 
(73,87-89). However, these antibiotics are used more for their anti-inflammatory 
effects rather than to treat infections (86). Biologics, for instance, TNF blocking 
agents, are among choices for moderate to severe HS after failure of antibiotic 
options (90). Biologics targeting other pathways such as the IL-23/IL-17 axis 

 

Figure 2. Immune pathogenesis of psoriasis and hidradenitis suppurativa (HS). 

Diverse immune cells and cytokines contribute to the pathogenesis of psoriasis and HS. 

Generally, three stages can be proposed during the disease developments: ① genetic 

predisposition and environmental factors trigger inflammation, ② innate and adaptive 

immune responses exacerbate autoinflammation and autoimmunity, ③  stromal cells 

amplify immune responses and perpetuate the feed-forward loop of autoinflammation and 

autoimmunity. 

1 



Chapter 1 

16 

 

are being evaluated in several HS clinical trials (91,92). Some case report data 

indicate that these options are promising in HS therapy even after failure to 

above treatments (93-95). For patients with excessive disease, surgical 

removal can be a good choice to improve the patients’ quality of life (73,86). 

Psoriasis versus HS 

As in psoriasis, HS shares the characteristics of many other immune-mediated 

inflammatory diseases (IMID). Inflammatory cytokines, in particular the Th1 

(IFN-γ) and Th17 cytokines (IL-17), are similarly increased in HS as in psoriasis 

(84). This strongly suggests the involvement of adaptive immunity in both 

diseases (Figure 2). TNF expression is also suggested similar between 

progressed HS and psoriatic lesions (83,84). Nevertheless, massive 

accumulation of neutrophils and excessive expression of IL-1β and IL-1 family 

members including the IL-36 family cytokines suggest a strong signature of 

innate immunity activation in HS (83,96). Increased IL-1β may contribute to 

enhanced MMP induction and tissue degradation in HS (97). Though 

keratinocyte hyperplasia is present in HS, it is apparently less prominent 

compared to psoriasis. This is probably due to lower expression of IL-22 in HS 

lesions compared to psoriasis (84,98). Contrarily, higher expression of IL-10 is 

observed in HS than in psoriasis (84). As observed in our study, this may lead 

to downregulation of other cytokines such as IL-17 and IL-20 family cytokines 

IL-19 and IL-24, which are also conducive to keratinocyte hyperproliferation. 

Whether lower expression of IL-19 and IL-24 is present in HS compared to 

psoriasis still needs future verification. Taken together, HS, perhaps more like 

pustular than plaque psoriasis, poses a mixed presence of innate and adaptive 

immunity in the spectrum of autoimmune and autoinflammatory diseases (78). 
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Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a typical chronic autoimmune disease that primarily 

affects the joints. The prevalence rate is around 0.5-1% varying among regions, 

and more frequent occurrence in females than males is observed (99). 

Common clinical symptoms include arthralgia, morning stiffness, and 

symmetrical swollen joints (99). Despite of intensive research, the exact cause 

of rheumatoid arthritis is still not clear, but it is believed that a combination of 

genetic and environmental factors is involved (99). Inflammation, thickening of 

the synovial membrane known as pannus, and erosion of bone and cartilage 

are typical features present in RA (100). “Swan neck” deformation of fingers can 

develop in advanced stages of RA due to long-term damages to the joint (101). 

Rheumatoid factors (autoantibodies against the Fc portion of IgG) and 

antibodies to citrullinated proteins (ACPA) are observed in around 80% cases 

of RA (102).  

  Primary manifestations of RA involve the inflammation of synovial membrane 

and concomitant joint destruction (99). Three phases of RA progression are 

currently suggested: (1) an initiation phase due to non-specific inflammation; (2) 

an amplification phase with adaptive immunity activation; (3) the chronic phase 

with prolonged inflammation, tissue restructuring and joint damage. In the 

initiation stage, genetic variations such as HLA polymorphism predispose 

individuals to be more susceptible, and together with environmental factors 

such as cigarette smoking, immune tolerance is disturbed and replaced with 

immune activation (103). In the amplification stage, autoantibodies such as 

rheumatoid factors and ACPA augment the activation of innate immune cells, 

which consequently amply immune reactions by recruiting more T cells (104, 

Figure 3). Activated T cells secrete cytokines such as TNF, IFN-γ and IL-17, 

and interact with innate immune cells and local resident cells, which form a 

positive feed-forward loop of immune responses in joint inflammation (105). In 

the chronic phase, prolonged inflammation causes the formation of granulation 
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tissue by fibroblast-like synoviocytes (FLS), and activated FLS further 

contribute to disease progression by production of pro-inflammatory cytokines 

(such as IL-6, IL-8) and proteases involved in joint erosion (such as matrix 

metalloproteinases, MMPs) (106).  

As an autoimmune disorder, primary immune cells involved in RA 

pathogenesis are B cells, T cells and macrophages. The mechanism of 

autoantibody production by autoreactive B cells is still not clear in RA. Detection 

of these autoantibodies usually precedes clinical disease onset and continues 

to expand during disease progression (99). Two groups of the most studied 

antibodies are anti-citrullinated protein antibodies (ACPA) and rheumatoid 

factors (RF). ACPA positive RA is strongly associated with genetic variants 

HLA-DR1 and HLA-DR4 (107). As an indication of breaching immune tolerance, 

the presence of ACPA can last years before joint symptoms, and initial 

autoantibody titer holds predictive values regarding disease development (107). 

Autoreactive B cells coupled with HLA-DR susceptible polymorphism promote 

CD4+ Th cell proliferation and differentiation. During the early stage, Th2 cells 

secrete cytokines such as IL-4, which in turn activate B cell proliferation and 

immunoglobulin class switching to IgE (108). However, as RA deteriorates, 

highly inflammatory and pathogenic Th1 and Th17 cells are induced and 

accumulate in local joints (109). Th1 cells produce pro-inflammatory cytokines 

such as IFN-γ and TNF, while Th17 secrete IL-17 among other inflammatory 

cytokines. Both Th cell subsets contribute to RA progression via production of 

inflammatory cytokines and cellular interactions with other immune or resident 

cells. For instance, Th1 cells promote the antigen presentation function of 

macrophages to CD4+ Th cells (110). In our studies, cellular contacts between 

ex vivo cultured RA CD4+ T cells and synoviocytes are conducive to enhanced 

cytokine production compared to contact deprivation (unpublished 

observations). 

In the synovium, lining fibroblast-like synoviocytes (FLS) are important 
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amplifiers of immune reactions. In response to inflammatory cytokines such as 

IL-17 and TNF, FLS cells produce large amounts of inflammatory cytokines 

including IL-6, IL-8 and MMPs (111). This formed a feed-forward loop between 

FLS and immune cells, in particular CCR6+Th17 cells to perpetuate local 

inflammation (111). Similarly, macrophages are primed into inflammatory M1 

phenotype, and together with activated FLS, contribute heavily to local tissue 

destruction (110). Due to stimulation of inflammatory cytokines, FLS in RA joint 

exhibits increased resistance to apoptosis and impaired contact inhibition (106). 

This collectively contributes to synovial hyperplasia and eventual pannus 

formation. Moreover, RA FLS provide a niche for the survival of local immune 

cells. For instance, they provide cytokines such as granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and type I interferons to support the 

survival of neutrophils and T cells, respectively (106,112). Another pathology 

that can be largely attributed to FLS is the destruction of cartilage. MMPs, 

primarily produced by FLS and macrophages in RA, are mainly responsible for 

the degradation of type II collagen network and the disruption of cartilage 

biomechanical functions (113). Besides, cytokines such as IL-1 and IL-17 

promote chondrocytes to undergo apoptosis, and thereby deprive the cartilage 

of possible regeneration (114). Another hallmark feature of RA is bone erosion. 

One possible mechanism of bone damage in RA is that inflammatory cytokines 

such as IL-1β, IL-6, IL-17 and TNF induce higher expression of receptor 

activator of nuclear factor kappa-B ligand (RANKL) and macrophage colony-

stimulating factor (M-CSF), which subsequently promote osteoclastogenesis 

and reduce osteoblast proliferation (115). The combined result is more bone 

destruction, less bone formation, and therefore bone erosion in inflicted joints.  

  It should be noted that RA is a heterogenous disease (116). Subgroups of RA 

with more prominent features of systemic inflammation respond poorly to 

conventional disease-modifying anti-rheumatic drugs (DMARDs), but can be 

successfully treated with IL-1 pathway blockade (117). This indicates that 
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diverse contributions of mixed autoimmune and autoinflammatory phenotypes 

exist in RA pathogenesis.  

Psoriatic arthritis 

Psoriatic arthritis (PsA) is a form of inflammatory arthritis that occurs 

predominantly in patients with psoriasis or a history of psoriasis including family 

history. Around 15% of PsA patients show symptoms of arthritis before onset of 

psoriatic skin lesions (118). Typical features of PsA include sausage-like 

swelling fingers and toes (dactylitis), pitting and ridging nails and nail 

detachment (onycholysis), and inflammation around the tendon insertion 

(enthesitis). PsA is a heterogeneous disease, and five clinical subtypes have 

been suggested including distal, oligoarticular, polyarticular, arthritis mutilans 

and spondylitis subtypes (118). Prevalence of PsA in both sexes is around equal, 

though in some subtypes of PsA, predominance in females is observed (118).  

  The exact cause of PsA is unknown. However, strong heritable influences 

have been observed in genome-wide association studies. In contrast to 

rheumatoid arthritis, PsA is more associated with class I rather than class II 

major histocompatibility complex (MHC) alleles. For instance, HLA-B alleles 

has been associated with about 40-50% of patients with PsA (118). Interestingly, 

HLA-C*06 is a risk factor for psoriasis but not for PsA (118). Besides, other risk 

alleles associated with psoriasis and psoriatic arthritis include IL-12A, IL-12B, 

IL-23R and genes involving the NF-κB signaling pathway (118,119). 

Environmental factors like obesity and some forms of psoriasis also contribute 

to increased risks of PsA.  

PsA is a multiple-phased disease that can involve diverse organs including 

the joint, the skin, the gut and bone marrow. As in psoriasis, the IL-23/IL-17 

pathway plays a detrimental role in the pathogenesis of PsA (120). Common 

features of disease initiation at different sites are believed to involve the 

production of IL-23 and the activation of IL-17+ cells (118, Figure 3). 

Pathogenic events of psoriatic skin lesions have been stated in above sections 
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of psoriasis. In the gut, microbial dysbiosis may induce IL-23 release and 

potentiate Th17 differentiation (118). During enthesitis, it was proposed that 

stress or trauma induces the local release of IL-23, which activates IL-17 

producing cells at the tendon-insertion sites (121).  

Th17 cells, CD8+ T cells, γδ T cells and type III innate lymphoid cells (ILC3) 

are all suggested cellular sources of IL-17. Especially, the percentages of IL-

17+ CD8+ cells have been associated with the disease severity of PsA, but not 

that of RA (122). However, our ex vivo data showed that, with T cell receptor 

activation, CD4+, but not CD8+ T cells produce measurable IL-17A in PsA (123). 

The induction of IL-17A in CD8+ T cells seems to be an effect resulting from 

strong stimulation of phorbol myristate acetate (PMA) and ionomycin during 

flow cytometry (123). Similarly, ILC3 reportedly fail to express IL-17A upon in 

vitro stimulation in spondyloarthritis (124). Other cell types including mast cells 

and neutrophils are also found IL-17+ in PsA joints (125). Sequestering of IL-

17 by these cells has been suggested instead of self-production (126-128). 

Activated IL-17+ cells in turn produce inflammatory cytokines including IL-17, 

IL-22 and TNF, which exacerbate inflammation and cause bone damage. Of 

particular importance is the fibroblast-like synovial cells (FLS) in amplifying 

inflammation. Data from our own and other groups suggest that FLS in PsA 

contribute importantly to local production of inflammatory cytokines (IL-6, IL-8) 

and damaging enzymes (MMPs) (123,129). For immune cells, inhibition 

mechanisms such as T regulatory cells and the production of IL-10 cytokine act 

as brakes to control inflammation. However, for stromal cells such as FLS, 

activation by inflammatory cytokines seem less well regulated and can 

contribute significantly to disease progression. 

 It should be noted that pathogenic bone formation including joint ankylosis 

also occur at sites of inflammation around the enthesis (129). The receptor 

activator of NF-kB (RANK) and corresponding ligand (RANKL) have been 

implicated in the metabolic regulation of bone destruction via osteoclast 
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proliferation, while IL-17A, a potential bone morphogenetic protein, and 

molecules in the Wnt signaling pathway are conducive to pathogenic bone 

formation in PsA (130). Psoriatic arthritis is a heterogeneous disease both 

among patients and within the same individuals (118). Axial or spinal 

involvements of PsA make it similar to ankylosing spondylitis (130). In contrast, 

bone erosion and destruction in PsA resemble more of rheumatoid arthritis 

(131). This puts PsA in between the characteristics of both ankylosing 

spondylitis and rheumatoid arthritis. 

RA versus PsA 

PsA is usually asymmetrical and involves distal joints, while RA is commonly 

symmetrical and involves wrist and metacarpophalangeal joints (131). 

Autoantibodies such as RF and ACPA are typical features of RA, and not found 

in PsA (131). In contrast, axial involvement is typical in PsA, but not in RA (131). 

As mentioned above, bone damage is present in both RA and PsA. 

Nevertheless, new bone formation can happen in late stage PsA, but not in RA 

(131). Hyperplasia of the synovium, known as pannus, can be seen in both RA 

and PsA. Neoangiogenesis is observed in both PsA and RA synovia with 

tortuous characteristics in PsA and straight and branching features in RA (132). 

Among immune cells infiltrating the synovium, more mast cells, CD15+ 

neutrophils and CD163+ macrophages are found in PsA compared to RA (133). 

In contrast, more infiltrating T lymphocytes and plasma cells are suggested in 

RA than in PsA (133). In line with this observation, biologics targeting B cells 

(anti-CD20) and T cells (CTLA4-Ig) have been approved for treatments of RA, 

while biologics targeting the IL-23/IL-17 pathway have been successful in 

treating PsA (131). Details regarding the differential effects of biologics in IMID 

will be discussed in Chapter 7. 
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Figure 3. Immune pathogenesis of psoriastic arthritis (PsA) and rheumatoid arthritis 

(RA). Diverse immune cells and cytokines contribute to the pathogenesis of PsA and RA. 

Generally, three stages can be proposed during the disease developments: ① genetic 

predisposition and environmental factors trigger inflammation, ② innate and adaptive 

immune responses exacerbate autoinflammation and autoimmunity, ③  stromal cells 

amplify immune responses and perpetuate the feed-forward loop of autoinflammation and 

autoimmunity. 

 

Summary 

Genetic predisposition and environmental triggers are commonly shared 

etiological factors for most IMID. Disease developments of IMID generally can 

be divided into three stages: an initiation stage with little or none clinical 

manifestations, a maintenance phase with explosive inflammation involving 

both innate and adaptive responses, and a chronic phase with stromal cells 

heavily contributing to disease symptoms (48, 99).  

Diverse cell types and cytokines are conducive to IMID pathogenesis, and 
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differential contributions of innate and adaptive immunity are observed in IMID 

such as psoriasis, HS, RA and PsA. Even within the same disease, different 

subtypes may be caused by divergent immune dysregulation. The surging 

usage of biologics targeting specific pathway provides the unique opportunity 

of observing their individual contributions to the disease pathology. Up till now, 

anti-TNF agents are the most widely applicable drugs in treatments of IMID 

such as psoriasis, HS, RA and PsA (43). This highlights the pivotal role of TNF 

in the pathogenesis of IMID. However, anti-TNF biologics can induce 

paradoxical psoriasis in some RA and IBD patients, and this casts another layer 

of immune complexity in psoriasis (135).  

Biologics targeting the IL-23/IL-17 pathway prove invaluable in treating 

psoriasis and PsA with especially remarkable improvements of skin symptoms 

(43). Reportedly, IL-12/IL-23p40 antibody can still benefit paradoxical psoriasis 

induced by anti-TNF agents (136). This suggests that TNF and IL-23/IL-17 

pathway may contribute to different aspects of psoriasis developments. 

Considering the dynamics of soluble and membrane TNF and the bifurcating 

functions of receptors TNFR1 and TNFR2, the concept of selective suppressing 

deleterious effects of TNF has been introduced (137). The observance that IL-

23 and IL-17 inhibitors appear more effective in relieving skin symptoms than 

joint manifestations in PsA patients indicates that the autoimmune signatures 

contributing to skin and joint disease developments might differ (43). Anti-IL-17 

biologics fall short of achieving the expected efficacy in RA. This further 

reiterates the fact that during the maintenance phase of IMID joint diseases 

such as RA, the contribution of IL-23/IL-17 pathway may be limited, though this 

pathway may be detrimental during disease initiation (105). Whether the IL-

23/IL-17 pathway inhibitors will achieve desirable and sustained efficiency in 

HS treatments is currently under intensive investigation (73).  

Both IL-1 and IL-6 inhibitors are clinically available for treatments of RA 

patients. Anti-IL-1 biologics are reportedly less effective compared to TNF 
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inhibitors in treating RA (138). In psoriasis and PsA, anti-IL-6 agents show no 

efficacy in alleviating skin symptoms, and incidental occurrence of paradoxical 

psoriasis was reported in some RA cases (139,140). Pustular psoriasis, a 

subtype of psoriasis, shows prominent expression of IL-1 family cytokines and 

massive infiltration of neutrophils. Both IL-1 and IL-6 inhibitors demonstrate 

clinical benefits of treating pustular psoriasis in case studies (141,142). 

Potential beneficial effects of these biologics are also expected in HS patients 

as increased IL-1 family cytokines and neutrophil recruitment are common 

features of HS lesions (73). However, more detailed random clinical trials will 

be necessary to prove these ideas.  

Together, it can be concluded that diverse contributions of innate versus 

adaptive immunity may play parts in the pathogenesis of IMID, and even in 

different subgroups of the same disease, diverse molecular and cellular 

mechanisms are involved. Immune stratification will help to shed light on the 

pathophysiology of IMID and improve targeted therapeutic effects in the 

personalized medicine era. 
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III. Aims of this thesis 

In this thesis we aim to identify critical IL-17A-producing cells and to explore the 

expression and regulation of the IL-17 receptor, consisting of IL-17 receptor A 

(IL-17RA) and IL-17RC on IL-17 target cells in different immune-mediated 

inflammatory diseases (IMID) with focus on joint inflammation and skin 

disorders. In chapter 1, a general introduction, including similarities and 

differences in molecular and cellular signatures, is given for these four IMID that 

includes rheumatoid arthritis (RA), psoriatic arthritis (PsA), psoriasis (PsO), and 

hidradenitis suppurativa (HS).   

 

Different cellular sources of IL-17 in PsA have been described in literature 

such as CD4+ and CD8+ T cells, γδ T cells. Particularly, IL-17A+ CD8+ T cells 

has been implicated in the pathogenesis of PsA and correlate with disease 

severity. In chapter 2, we investigated the production of IL-17A by CD4+ and 

CD8+ T cells in synovial fluid from PsA patients, and sorted them out to culture 

under anti-CD3/anti-CD28 stimulation with or without allogeneic fibroblasts or 

autologous CD14+ monocytes. Moreover, the differential roles of IL-17A and 

TNF were compared using the ex vivo CD4+ T cell- synovial fibroblast coculture 

system. 

 

IL-23/IL-17 pathway is involved in the pathogenesis of psoriasis. And the 

imiquimod (IMQ)-induced psoriasis-like skin inflammation is a well-established 

mouse model to study psoriasis. In chapter 3, we utilized the IMQ-induced 

psoriasis model to study the chronic skin inflammation due to aberrant IL-17 

expression. Early and late stages of disease progression were studied to 

understand the time-course changes of inflammatory cytokines and skin 

symptoms when IL-23/IL-17 pathway was heightened with IL-10 neutralization. 

In vivo mouse model findings were confirmed with ex vivo culture systems, and 

were further validated with open source clinical transcription analysis results.  
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Targeting IL-17A in HS treatments has been reported in sporadic cases and 

currently being evaluated in wider clinical trials. In chapter 4, we first screened 

the dysregulated cytokines and immune molecules in HS skin compared to 

normal control skin. Then we evaluated the IL-17A- and IL-17RA/RC-

expressing cells in HS skin lesions compared to peripheral blood. Finally, a HS 

fibroblast and T cell coculture system was set up to evaluate the differential 

therapeutic effects of TNF and IL-17A neutralization in HS.  

 

Tyrosine kinase 2 (Tyk2) belongs to the signal-transducing Janus kinase 

(JAK) family which also includes JAK1, JAK2, and JAK3. Tyk2 is reportedly 

involved in the down-stream signaling of IFN-α, IL-6, IL-10 and IL-12/IL-23. 

Tyk2 inhibitors showed positive results in clinical trials, and Deucravacitinib, a 

selective Tyk2 inhibitor, is being assessed for drug approvals of psoriasis 

treatments. Using the imiquimod-induced psoriasis-like mouse model, we 

evaluated the therapeutic benefits of a Tyk2 inhibitor, compared to the standard 

treatment dexamethasone and an inhibitor of lymphocyte-specific protein 

tyrosine kinase (Lck) in chapter 5. We found that, the Tyk2 inhibitor alleviates 

inflammation in lesional psoriasiform skin but shows negligible effects in 

reducing skin thickness such as acanthosis in this model.  

 

Biologics targeting the IL-17 pathway are successful in treating PsA patients. 

Contrarily, limited success is observed in targeting IL-17 for RA patients. The 

discrepancy in clinical responses between RA and PsA leads to our 

investigation described in chapter 6. Analyzing immune infiltrates of synovial 

fluid, we found higher IL-17A+ CD8+ T cells in PsA compared to RA, though 

percentages of IL-17A+ CD4+ T cells are similar. Interestingly, higher 

expression of IL-17 receptor, especially the IL-17RC subunit, is observed in T 

and B lymphocytes in RA compared to PsA. To understand the potential 
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regulating mechanism of IL-17R expression, sorted CD4+ T cells were 

stimulated with anti-CD3/CD28 antibodies, with/without cytokines or cocultured 

with synovial fibroblasts. 

 

In chapter 7 we discussed the biological treatment options for different IMID 

such as psoriasis, HS, RA and PsA, with focus particularly on the pathologic 

role of cytokines including the IL-23-IL-17 pathway, TNF, IL-1, and IL-6 in IMID. 

 

A general discussion, including future perspectives, regarding the IL-17A/IL-

17R pathway studies in IMID as described in this thesis is given in chapter 8. 
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ABSTRACT  

Objective: Interleukin-17A (IL-17A) and TNFα contribute to the pathogenesis 

of psoriatic arthritis (PsA). However, their functional relationship in PsA 

synovitis has not been fully elucidated. In addition, although CD8+ T-cells in 

PsA have been recognized as a source of IL-17A using flow cytometry, it is not 

clear whether CD8+ T-cells secrete IL-17A under more physiological conditions. 

Clarifying these issues are the objectives of this study. 

Methods: IL-17A+ T-cells were identified in PsA synovial fluid (SF, n=20), 

treatment-naïve PsA blood and healthy blood (n=22 each) by flow cytometry. 

IL-17A+ T-cells were sorted from PsA SF (n=12) and stimulated using anti-

CD3/anti-CD28 or phorbol myristate acetate and ionomycin (PMA/ion) ex vivo 

alone (n=3), with autologous monocytes (n=3) or with allogeneic PsA fibroblast-

like synoviocytes (PsA-FLS, n=5-6). To evaluate the differential effects of 

neutralizing IL-17A and TNFα, SF CD4+ T-cell and PsA-FLS co-cultures were 

used (n=5-6).  

Results: PsA-SF CD4+ (0.71 (0.35-1.50)%, median (IQR)) and CD8+ T-cells 

(0.44 (0.17-1.86)%) are IL-17A+ using flow cytometry. However, only CD4+ T-

cells secreted IL-17A after anti-CD3/anti-CD28 activation (p<0.05). Similar 

results were observed in co-cultures with PsA monocytes or PsA-FLS (p<0.05). 

Remarkably, CD8+ T-cells only secreted IL-17A after 4- or 72-hours stimulation 

with PMA/ion. Anti-IL-17A and anti-TNF treatments both inhibited PsA synovitis 

ex vivo. Neutralizing IL-17A strongly inhibited IL-6 (p<0.05) and IL-1β (p<0.01), 

while anti-TNF was more potent in reducing MMP-3 (p<0.05) and MMP-13.  

Conclusion:  PsA-SF CD8+ T-cells, in contrast to CD4+ T-cells, did not secrete 

IL-17A after TCR activation. Overlapping but also distinct effects at the level of 

inflammatory cytokines and MMPs were found after neutralizing IL-17A or 

TNFα in a human ex vivo PsA synovitis model. 
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INTRODUCTION 

Psoriatic arthritis (PsA) is a chronic inflammatory arthritis that develops in up to 

30% of patients with a history of or active psoriasis (1). Activated T cells have 

long been reported to contribute to arthropathies including PsA pathogenesis 

(2), and therapies depleting lymphocytes were tested in PsA patients with 

limited clinical response (3). The lack of efficacy during depletion therapy was 

attributed to a modest synovial lymphopenia despite of significant reduction in 

peripheral blood (3). This pinpoints to the pathogenic role of local T cells in PsA 

joints. Moreover, enhanced local clonal expansions of CD4+ and CD8+ T cells 

were identified in PsA synovial fluid compared to PsA peripheral blood (4), 

further suggesting that intra-articular T cell activation drives PsA joint 

inflammation. 

Activated T cells excrete a wide range of proinflammatory cytokines including 

IL-17A and TNFα, both of which have been shown to be elevated in PsA 

synovial fluid or synovium (5-7). Evidence from studies of PsA patients and 

other arthropathies points to the involvement of IL-17A in arthritis pathogenesis 

(8,9). It has been suggested that CD4+ (10,11), CD8+ T cells (12-14) and group 

3 innate lymphoid cells (ILC3) (15) can be potential sources of IL-17A in PsA 

synovial fluid or synovium. However, which of the above cell types is the main 

producer of IL-17A in local PsA joints is still not clear. Recently, ILC3 reportedly 

fail to express IL-17A upon in vitro stimulation in spondyloarthritis joints (16). 

Nevertheless, direct ex vivo comparison of IL-17A production upon T cell 

receptor (TCR) activation by CD4+ and CD8+ T cells remains unknown in PsA 

synovial fluid.  

TNFα is a proinflammatory cytokine present at high levels in PsA (5,6). 

Neutralization of TNFα proved to be effective in reducing local inflammation 

while slowing or halting joint destruction in patients with PsA (17). However, 

with success rates of around 60-70% in active PsA patients, standard anti-TNF 

therapies fail to achieve satisfactory results in remaining non-responding 

patients (18,19). Even among responders, initial efficacy with TNFα inhibition 

fails to sustain in subgroups of patients (18). Interestingly, in psoriasis patients 

not responsive to the TNF blocker, etanercept, persistent levels of serum IL-

17A were observed (20). Recent research showed that antibodies targeting IL-
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17A, including secukinumab and ixekizumab, were effective in treating PsA 

patients (21,22) and both were approved for treatment in active PsA. Similar to 

anti-TNF biologics, IL-17A blockades also successfully suppress joint 

inflammation and prevent radiographic progression (21,22). Patients intolerant 

or irresponsive to TNFα inhibition still showed disease improvement with anti-

IL-17A therapy (23,24). Further understanding of potential overlapping and 

distinct roles between anti-IL-17A and anti-TNF treatments is still relevant. It 

will help to guide future clinical practice and potentially achieve more 

sustainable therapeutic effects for patients with PsA.  

MATERIAL & METHODS 

Study design 
IL-17A+ CD4+ and CD8+ T cells were first identified using flow cytometry in: 1) 

synovial fluid (SF) of active PsA patients; 2) peripheral blood from treatment 

naïve early PsA patients; and 3) peripheral blood from age and sex matched 

healthy volunteers as controls. SF CD4+ and CD8+ T cells were then sorted to 

compare ex vivo IL-17A secretion with or without stimulation (anti-CD3/anti-

CD28 or PMA/ion). Sorted CD4+ and CD8+ T cells were further co-cultured 

with autologous PsA monocytes or allogeneic PsA fibroblasts to check ex vivo 

IL-17A secretion. With TCR activation, sorted SF CD4+ T cells were co-cultured 

with PsA fibroblasts to evaluate the effects of IL-17A neutralization in 

comparison to TNF blockade. 

Patients 
Synovial fluid (SF) of active PsA patients (n=20) were collected. Peripheral 

blood of treatment naïve early PsA patients and age-/sex-matched healthy 

volunteers (n=22 each) were also included. All PsA diagnoses were performed 

by rheumatologists according to classification for psoriatic arthritis (CASPAR) 

criteria. This study is part of the Dutch South-West Psoriatic Arthritis Register 

(DEPAR) study and is approved by medical ethics review board of Erasmus 

Medical Center Rotterdam. Details of PsA patients and healthy volunteers are 

summarized in supplementary table S1. 

Flow cytometry and cell sorting 
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Cell pellets from PsA-SF were stained for surface markers following standard 

practice with or without density gradient centrifugation. Peripheral blood of early 

PsA patients and healthy volunteers were additionally lysed for red blood cells 

and stained for surface markers as stated above. For intracellular staining, parts 

of the cell pellets were stimulated for 4 hours (hrs) with 50 ng/ml phorbol 

myristate acetate (PMA) (Sigma-Aldrich), 500 ng/ml ionomycin and Golgistop 

(BD Biosciences). Afterwards cells were stained for surface markers and 

Fixable Viability Dye eF506 (eBioscience 65-0866-14) following manufacturer’s 

instructions. Cells were then fixed with 2% paraformaldehyde in phosphate 

buffered saline (PBS) and permeabilized with 0.5% saponin buffer (0.5% BSA, 

0.05% NaN3 in PBS).  

Sorted CD4+ and CD8+ T cells were ex vivo cultured or co-cultured for 72 

hours and restimulated to examine intracellular staining as described above. 

LSR II flow cytometer (BD Biosciences) was used to analyze samples and 

FlowJo software (TreeStar) was used to process results. Cells were sorted with 

FACSAria cell sorter (BD Biosciences) and purity of obtained cell populations 

was ≥ 98%.  

Flow cytometry antibodies 
Following antibodies were used during staining. From BD Biosciences: CD8-

PE-CF594 (clone RPA-T8), TCRγδ-PE Cy7 (clone 11F2), CD19-PE Cy7 (clone 

SJ25C1), CD45-PE-CF594 (clone HI30), CD14-APC H7 (clone MϕP9), 

CD45RO-PerCP Cy5.5 (clone UCHL1). From BioLegend: CD56-AF700 (clone 

5.1H11), CD15-AF700 (clone W6D3), CD16-BV785 (clone 3G8), IFN-γ-AF488 

(clone 4S.B3), TNFα-BV421 (clone MAb11), CD25-PE Cy7 (clone BC96). From 

eBioscience: IL-17A-PE (clone eBio64DEC17), IL-22-eF660 (clone 22URTI). 

From Sony Biotechnology: CD45-PerCP Cy5.5 (clone HI30), CD3-BV785 

(clone OKT3), CD4-BV711 (clone OKT4), CD4-FITC (clone RPA-T4). 

Cell culture 
Sorted T cells were seeded 2.5×104 per well in 96-well round bottom culture 

plates and stimulated with 0.3 μg/ml soluble anti-CD3 and 0.4 μg/ml soluble 

anti-CD28 (both from Sanquin, Amsterdam, The Netherlands) for 4 or 72 hrs in 

IMDM (Lonza) supplemented with 10% fetal calf serum (Invitrogen), 100 U/ml 

penicillin/streptomycin, 2 mM L-Glutamine (both from Lonza) and 50 μM β-
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mercapto-ethanol (Merck). PsA-FLS was isolated and cultured as described 

previously (25). After reaching 90% confluence, allogeneic PsA-FLS was 

seeded 1.0×104 per well in 96-well flat bottom culture plates and after overnight 

incubation, 2.5×104 T cells per well were added with soluble anti-CD3/anti-

CD28 as above for 72 hrs. In co-cultures with autologous monocytes, 1.0×104 

per well CD14+ monocytes were seeded with 2.5×104 per well T cells in 96-well 

round bottom culture plates and incubated with soluble anti-CD3/anti-CD28 for 

72 hrs. 

During neutralization experiments, 100 μg/ml anti-IL-17 (secukinumab, 

Novartis) and 1μg/ml anti-TNF (adalimumab, AbbVie) were used. An isotype 

IgG1κ (Sigma-Aldrich) was included as control and soluble anti-CD3/anti-CD28 

activation was used as stimulation.  

Enzyme-linked immunosorbent assay (ELISA) 
IFN-γ, IL-6 and IL-8 in culture supernatants were measured with ELISA 

(Invitrogen) following manufacturer’s instructions. IL-17A, TNFα, MMP-1 and 

MMP-3 were measured with ELISA Duoset (R&D systems) following 

manufacturer’s instructions.  

Reverse transcription and real-time polymerase chain reaction (RT-PCR) 
RNA was isolated with Total RNA Miniprep Kit (Sigma Aldrich). cDNA was 

synthesized with 10U/μl Superscript II after treatment with 0.1 U/μl DNAse (both 

from Invitrogen). RT-PCR was performed with ViiA7 sequence detection 

system (Life Technologies). Probes were chosen from the universal probe 

library (Roche Applied Science) and primers were designed using ProbeFinder 

software. Gene expression data was normalized to house-keeping gene 

hypoxanthine-guanine phosphoribosyltransferase (HPRT).  Primer sequences 

are available upon request. 

Statistical analysis 
Flow cytometry results were shown as median (interquartile range (IQR)) and 

ex vivo stimulation data are mean ± standard error (SEM). Statistical 

differences were determined with paired or unpaired student’s t test. All data 

analyses were performed with GraphPad Prism V5 and P-values <0.05 were 

considered as significant.  
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RESULTS 

Subsets of lymphoid and myeloid cells, except B cells and NK cells, are 
comparable in PsA synovial fluid and peripheral blood 

Peripheral blood from early PsA and matched healthy volunteers (n=22 each) 

as well as synovial fluid (SF) from active PsA patients (n=20), were stained for 

surface markers to identify immune cells. Gating strategies for cell populations 

were shown in supplementary figure S1. As shown in figure 1A, percentages of 

CD3+ T cells were 44.8 (8.6-55.4)% (median (IQR)) in PsA-SF, 43.3 (25.6-58.2)% 

in PsA blood and 47.5 (26.7-60.3)% in blood of healthy volunteers. For myeloid 

cells, percentages of CD14+

 
Figure 1. Differences in percentages of B cells and NK cells in PsA synovial fluid 
compared to PsA and healthy blood. SF (n=20) of active PsA patients, peripheral blood of 

early PsA patients (n=22) and age/sex- matched healthy volunteers (n=22) were stained for 

surface markers. Gating as shown in supplementary figure S1. A. Frequencies of T cells (CD3+), 

myeloid cells (CD14+), and neutrophils (CD15+CD16+) among CD45+ immune cells. B. 
Among T cells, percentages of CD4+, CD8+ and γδT subsets were shown. C. Percentages of 

B cells (CD3-CD19+) and NK cells (CD3-CD56bright) among CD45+ immune cells. Data are 

median values and interquartile ranges, and asterisks indicate significance:  ***p<0.001. 
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monocytes in PsA-SF, PsA blood and healthy blood, were 6.2 (2.4-9.7)%, 5.2 

(2.7-  9.9)%, and 6.2 (3.7-9.9)%, respectively, while percentages of 

CD15+CD16+ neutrophils were 22.8 (4.3-38.3)%, 17.3 (3.3-50.4)%, and 10.2 

(3.1-40.6)% (figure 1A).  

Among CD3+ T cell subsets, CD4+ T cells on average accounted for over 

60% of the T cell population with 60.5 (52.7-69.9)% in PsA-SF, 64.6 (57.1-71.7)% 

in PsA blood, and 66.2 (56.5-71.6)% in healthy blood (figure 1B). About 30% of 

total T cells were CD8+ with 31.3 (22.6-40.3)% in PsA-SF, 29.7 (23.5-35.8)% 

in PsA blood, and 26.7 (21.9-38.2)% in healthy blood (figure 1B). TCRγδ+ T 

cell percentages were around 1.5-2.5% among groups with 1.4 (0.92-2.7)% in 

PsA-SF, 1.7 (0.99-2.8)% in PsA blood, and 2.3 (1.7-3.7)% in healthy blood 

(figure 1B). 

As shown in figure 1C, significant enhanced accumulation of CD56+(bright) 

NK cells in PsA-SF was observed comparing to blood of either treatment naïve 

early PsA patients or healthy volunteers (1.62 (0.64-2.62)% PsA-SF versus 

0.24 (0.13-0.69)% PsA blood and 0.39 (0.20-0.56)% healthy blood). On the 

contrary, CD19+ B cell percentage in PsA-SF was significantly lower in 

comparison to either blood samples with 0.17 (0.08-0.30)% in PsA-SF, 3.38 

(2.65-7.71)% in PsA blood, and 5.26 (2.05-6.87)% in healthy blood, respectively 

(figure 1C). 

Enriched percentage of IL-17A+ CD8+ T cells in PsA synovial fluid 
compared to peripheral blood  
Cell pellets from active PsA-SF (n=20), blood from treatment naïve early PsA 

and healthy volunteers (n=22 each) were intracellularly stained for IL-17A, IFN-

γ, TNFα and IL-22. Surface marker CD4 but not CD8 was down-regulated by 

PMA and ionomycin (PMA/iono) stimulation during intracellular staining 

(supplementary figure S2). Therefore, the CD45+CD3+CD8- population was 

considered CD4+ T cells. Figure 2A showed representative staining results of 

IL-17A, IFN-γ, TNFα and IL-22 among CD4+ and CD8+ T cells in PsA-SF, PsA 

blood and blood of healthy volunteers.  

In PsA-SF, 0.71 (0.35-1.50)% (median (IQR)) of CD4+ T cells was IL-17A+ 

and not significantly different comparable to 0.44 (0.17-1.86)% IL-17A+ CD8+ 

T cells (figure 2B). In PsA blood, however, the percentage of IL-17A+ CD8+ T 
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cells (0.13 (0.09-0.22)%) was significantly lower than IL-17A+ CD4+ T cells 

(0.95 (0.77-1.36)%) (figure 2B). Similar result was found in healthy blood (1.15 

(0.73-1.78)% CD4 vs 0.13 (0.08-0.21)% CD8) (figure 2B). For IFN-γ staining, 

44.4 (24.7-64.8)% CD8+ T cells were positive in PsA-SF, which is significantly 

higher than 28.8 (13.5-41.2)% of IFN-γ+ CD4+ T cells. 

 
Figure 2. Enriched percentage of IL-17A+ CD8+ T cells in PsA-SF compared to peripheral 

blood. A. Representative intracellular staining results of IL-17A, IFN-γ TNFα and IL-22 among 

PsA-SF (n=20), PsA blood (n=22) and healthy blood (n=22) after 4hrs’ PMA/ion stimulation. B. 

Summary of IL-17A+, IFN-γ TNFα and IL-22 staining results in CD4+ and CD8+ T cells in PsA-

SF (left) and peripheral blood (right). C. Percentage ratio between CD8+ and CD4+ T cells of 

each individual sample was calculated and summarized for each cytokine staining. Data are 

median values and interquartile ranges, and asterisks indicate significance: *p<0.05 **p<0.01 

***p<0.001. 

 

Similar differences were observed in PsA blood (13.1 (10.0-15.2)% CD4 vs 36.4 

(20.3-47.2)% CD8) and  healthy blood (17.6 (13.3-22.2)% CD4 vs 42.1 (34.0-

72.0)%)   (figure 2B). The percentage of TNFα+ CD4+ T cells was significantly 

higher than TNFα+ CD8+ T cells in PsA-SF (15.7 (5.8-22.7)% CD4 vs 6.5 (3.4-
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12.1)% CD8) (figure 2B). However, similar results were observed between 

CD4+ and CD8+ T cells in PsA blood (12.5 (5.3-17.4)% CD4 vs 5.9 (3.5-17.9)% 

CD8) and healthy blood (16.5 (9.9-20.1)% CD4 vs 16.2 (9.1-22.0)% CD8) 

(figure 2B). IL-22+ cells were higher in CD4+ T cells than in CD8+ T cells in 

PsA-SF (0.61 (0.26-1.74)% CD4 vs 0.20 (0.06-0.38)% CD8) (figure 2B). Similar 

results were observed in PsA blood (1.35 (0.96-1.82)% CD4 vs 0.27 (0.16-0.32)% 

CD8) and healthy blood (1.51 (0.81-2.30)% CD4 vs 0.20 (0.15-0.34)% CD8). 

To compare directly percentage differences between CD4+ and CD8+ T cells 

between PsA-SF, PsA blood and healthy blood, percentage ratios (PR) were 

calculated. The percentage of IL-17A+ CD8+ T cells was divided by the 

percentage of IL-17A+ CD4+ T cells. Similar calculations were performed for 

IFN-γ, TNFα and IL-22. With PR close to 1 in PsA-SF (0.77 (0.33-1.39), median 

(IQR)), it indicated that nearly equal percentages of CD8+ and CD4+ T cells 

were IL-17A+ (figure 2C). In contrast, PR in PsA and healthy blood were 0.12 

(0.09-0.30) and 0.11 (0.08-0.18), both significantly lower than PsA-SF (figure 

2C). This suggested that a specific enrichment of IL-17A+ CD8+ T cells over 

CD4+ T cells in PsA-SF compared to peripheral blood. For IFN-γ+ cells, PR 

equals to 1.72 (1.34-2.10) in PsA-SF, 2.81 (1.90-3.75) in PsA blood, and 2.67 

(1.59-3.36) in healthy blood (figure 2C), indicating 2-3 times more IFN-γ+ CD8+ 

T cells versus IFN-γ+ CD4+ T cells in all groups. TNFα+ PRs were comparable 

in PsA-SF (0.60 (0.46-0.71)), PsA blood (0.75 (0.44-1.21)), and healthy blood 

(1.02 (0.72-1.31)) (figure 2C). This suggested that almost equal percentages of 

CD8+ and CD4+ T cells were TNFα+ in PsA-SF and peripheral blood. Similar 

to IL-17A, IL-22+ PR were significantly higher in PsA-SF (0.33 (0.07-1.17)) 

compared to in PsA blood (0.17 (0.14-0.31)) and healthy blood (0.19 (0.09-

0.32)), indicating enhanced accumulation of IL-22+ CD8+ T cells over CD4+ T 

cells in PsA-SF compared to peripheral blood. 

CD4+ but not CD8+ T cells in PsA synovial fluid secrete IL-17A upon TCR 
activation  
To compare IL-17A production and secretion between CD4+ and CD8+ T cells, 

PsA-SF CD4+ and CD8+ T cells were sorted from synovial fluid mononuclear 

cells (SFMC). These sorted cells were anti-CD3/anti-CD28 stimulated and ex 

vivo cultured for 72 hours. Sorted CD4+ T cells did not include CD4+CD14+ 
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monocytes and CD4+CD25high T regulatory cells. After 72 hours, the 

concentration of IL-17A was measured in culture supernatants using ELISA. In 

addition, cells were used for intracellular staining of IL-17A. For this, cells were 

stimulated with PMA/ion for another 4 hours. As shown in figure 3A, intracellular 

staining of IL-17A was positive for both CD4+ and CD8+ T cells. However, in 

contrast to the intracellular IL-17A staining, IL-17A was only secreted and 

measured in supernatants of CD4+ but not CD8+ T cells. Similar results were 

observed for IL-17F as shown in supplementary figure S3. 

 
Figure 3. PsA-SF CD4+ but not CD8+ T cells produce IL-17A upon anti-CD3/anti-CD28 

activation. A. IL-17A staining in cells and protein level in culture supernatants for sorted SF 

CD4+ and CD8+ T cells after 72 hrs’ ex vivo anti-CD3/anti-CD28 activation (n=5 or 6 from two 

independent experiments). B. IL-17A staining in cells and protein level in culture supernatants 

for SF CD4+ and CD8+ T cells co-cultured with allogeneic PsA-FLS and activated with anti-

CD3/anti-CD28 after 72 hrs (n=5 or 6 from two independent experiments). C. IL-17A in culture 

supernatants and mRNA expression in cells for SF CD4+ and CD8+ T cells after 72 hrs’ ex vivo 

co-culture with autologous CD14+ monocytes and anti-CD3/anti-CD28 activation (different 

patients from A/B, n=3). D. IL-17A in culture supernatants and mRNA expression in cells for 

sorted SF CD4+ and CD8+ T cells after ex vivo stimulation with anti-CD3/anti-CD28, PMA/ion, 

or without stimulation for 72 hrs (different patients from A/B, n=3) (dash line indicates IL-17A 
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detection limit for IL-17A) and (E) IL-17A in culture supernatants after similar stimulation for 4 

hrs (n=3). Data are mean ± SEM, and asterisks indicate significance: *p<0.05. 

 

To further confirm that anti-CD3/anti-CD28 activation didn’t result in secretion 

of IL-17A from CD8+ T cells, CD4+ and CD8+ T cells were sorted from PsA 

SFMC and co-cultured with allogeneic PsA fibroblast-like synoviocytes (FLS) 

or autologous CD14+ PsA monocytes. In line with the findings described above, 

flow cytometry revealed that CD8+ T cells stained positive for IL-17A after 3 

days of co-culture with PsA-FLS (figure 3B). However, excreted IL-17A levels 

were not detectable in supernatants of anti-CD3/anti-CD28 activated CD8+ T 

cells co-cultures with PSA-FLS (figure 3B). Similarly, in co-cultures of 72 hours 

with autologous monocytes, anti-CD3/anti-CD28 activation resulted IL-17A 

secretion in co-culture supernatants and mRNA IL-17A expression only in 

CD4+ but not CD8+ T cells (figure 3C). To further explain this discrepancy, PsA-

SF CD4+ and CD8+ T cells were cultured with anti-CD3/anti-CD28, PMA/ion, 

or without stimulation for 4 and 72 hrs. As shown in figure 3D, at 72 hrs, only 

CD4+ T cells produced IL-17A after anti-CD3/anti-CD28 activation at both 

protein and mRNA levels, while PMA/ion stimulated both CD4+ and CD8+ T 

cells to produce IL-17A. Similar results were confirmed with 72 hrs co-cultures 

of T cells and autologous monocytes (supplementary figure S4). More 

importantly, as shown in figure 3E, even after 4 hrs of PMA/ion stimulation, 

CD8+ T cells produced as much IL-17A as CD4+ T cells, but no IL-17A 

secretion was detectable by CD8+ T cells after 4 hrs of anti-CD3/anti-CD28 

activation. Time-course analysis including 24, 48 and 72 hrs with another three 

PsA patients confirmed above findings (data not shown). 

IL-17A induces overlapping and differential effects in PsA fibroblast-like 
synoviocytes compared to TNFα 

As established above, PsA-SF CD4+ T cells are the main IL-17A producers 

with anti-CD3/anti-CD28 activation. To evaluate overlapping and differential 

therapeutic effects of TNFα and IL-17A blockers, CD4+ T cells were isolated 

from PsA SFMCs, stimulated with anti-CD3/anti-CD28 and co-cultured with 

allogeneic PsA fibroblast-like synoviocytes (FLS). Expression of IL-17RA and 

IL-17RC was confirmed on both PsA-FLS and CD14+ PsA monocytes 



 IL-17A+ CD4+ in PsA 
 

53 
 

(supplementary figure S5). Pre-titrations of antibodies were performed as 

shown in supplementary figure S6, and concentrations were chosen to 

comparably achieve 60-70% of inhibition for each cytokine.  

Anti-IL-17A and anti-TNF antibody treatment specifically and significantly 

reduced the production of either IL-17A or TNFα, respectively in the co-culture 

system (figure 4A). IFN-γ was not affected compared to an isotype antibody 

control (figure 4A). Both anti-IL-17A and anti-TNF treatments significantly 

reduced IL-8 levels compared with the isotype antibody group (figure 4B). 

Combining two antibodies showed a significant additive effect compared to anti-

IL-17A alone (figure 4B). Interestingly, anti-TNF did not significantly influence 

IL-6 production in these co-cultures compared to isotype control, while anti-IL-

17A significantly suppressed IL-6 level compared to both isotype control and 

anti-TNF (figure 4B). Similar results were observed during antibody titrations 

(supplementary figure S6). Although anti-TNF significantly reduced mRNA 

expression of IL-1β, it was significantly less effective compared to anti-IL-17A 

(figure 4B). Levels of MMP-1 were significantly down-regulated by the 

combination treatment of anti-IL-17A and anti-TNF compared to isotype control 

or anti-IL-17A alone (figure 4C). MMP-3 levels were significantly suppressed 

after neutralizing TNFα compared to both anti-IL-17A and isotype control (figure 

4C). Similar to MMP-1, expression of MMP-9 was significantly reduced only by 

the combination of anti-IL-17A and anti-TNF compared to isotype control (figure 

4C). Similar to MMP-3, anti-TNF significantly down-regulated the expression of 

MMP-13 compared to isotype control, and combination with anti-IL-17A 

achieved a significant further reduction of MMP-13 compared to either antibody 

alone (figure 4C). 
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Figure 4. IL-17A induces differential effects compared to TNFα in PsA FLS. CD4+ T cells 

were sorted from PsA-SF and co-cultured with allogeneic PsA-FLS for 72 hrs with or without 

anti-CD3/anti-CD28 activation. A. Anti-IL-17A and anti-TNF specifically reduced IL-17A and 

TNFα, respectively, in culture supernatants compared to isotype control antibody, but not IFN-

γ, in co-culture system. B. IL-6 and IL-8 levels in culture supernatants and IL-1β expression 

level in co-cultured cells after 72 hrs’ co-culture. C. MMP-1 and MMP-3 levels in culture 

supernatants and MMP-9 and MMP-13 expression levels in co-culture cells after 72 hrs. Data 

(n=5 or 6) are pooled from two independent experiments and plotted as mean ± SEM. Asterisks 

indicate significance: *p<0.05 **p<0.01 ***p<0.001. 
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DISCUSSION 

The role of IL-17A in PsA pathogenesis is currently widely accepted following 

the clinical success of biologicals targeting the IL-17 pathway (21,22).  Various 

cell types have been suggested to be a potential source of IL-17A in PsA. 

However, a detailed ex vivo comparison of IL-17A producing cells with various 

techniques is still relevant. Here we present evidence that CD4+ but not CD8+ 

T cells from synovial fluid of PsA patients excrete IL-17A upon ex vivo activation 

with anti-CD3/anti-CD28. This indicates that upon TCR activation, CD4+ T cells 

will be the main producer of IL-17A in local PsA joints despite that both are IL-

17A-producing with PMA and ionomycin stimulation. To better reflect in-tissue 

situations, synovial fluid T cells were co-cultured with fibroblast-like 

synoviocytes. With this ex vivo PsA co-culture assay, we showed that anti-IL-

17A and anti-TNF both have therapeutic effects in inhibiting the 

proinflammatory activation loop between T cells and stromal cells. Interestingly, 

differential effects between anti-IL-17A and anti-TNF were also observed. Anti-

IL-17A exhibits stronger inhibition of inflammatory cytokines such as IL-6 and 

IL-1β, while anti-TNF is more potent in reducing the production of MMPs. 

Earlier reports suggested that CD8+ T cells are predominant in PsA (26). 

However, our findings show that CD4+ T cells are the major T cell subset in 

PsA-SF similar to PsA blood. Possible explanations for the discrepancy may lie 

in the methods of handling samples. Firstly, during our experiments, surface 

staining was performed directly after cell pelleting without density gradient 

separation to keep all subsets as genuine as in vivo. Secondly, percentages of 

cell subsets were analyzed without ex vivo stimulation and separated from 

intracellular staining. PMA and ionomycin stimulation conventionally used 

during intracellular staining can strongly downregulate CD4 but not CD8 surface 

expression as shown in supplementary figure S1. Therefore, research 

conditions should represent the infiltrated immune cell characteristics in PsA 

synovial fluid of patients with PsA as closely as possible.   

IL-17A+ CD8+ T cells have been reported in both psoriasis and PsA (12-

14,27,28), and particularly in PsA, it was found that percentages of IL-17A+ 

CD8+ T cells correlate with disease activity and progression of joint damage 

(12). Our results confirmed the enrichment of IL-17A+ CD8+ T cells in PsA 
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synovial fluid. However, most of the previous published IL-17A+ results were 

obtained via intracellular staining with PMA and ionomycin stimulation (11-

14,27,28). Such strong stimuli don’t resemble the physiological state of T cell 

activation. On the contrary, anti-CD3/anti-CD28 simulation used in our study 

activates T cells in vitro by providing both primary TCR signal and secondary 

costimulatory signal. Our findings proved that CD8+ T cells ex vivo activated 

with anti-CD3/anti-CD28 did not produce measurable amounts of IL-17A in 

contrast to CD4+ T cells.  Of note, both CD4+ and CD8+ T cells were IL-17A 

positive during intracellular staining. Furthermore, in a separate study by 

Raychaudhuri SP, et al (10), anti-CD3/anti-CD28 activation for three days was 

used during intracellular staining instead of PMA and ionomycin, and they found 

that percentages of IL-17A+ CD8+ T cells were negligible in PsA synovial fluid 

compared to distinct IL-17A+ CD4+ staining (10). However, in their study, mixed 

T cell subsets were activated simultaneously and chances of IL-17A 

endocytosis can’t be ruled out. We avoided this caveat by sorting CD4+ and 

CD8+ T cells from PsA synovial fluid and clearly showed that CD4+ but not 

CD8+ T cells secrete IL-17A upon ex vivo anti-CD3/anti-CD28 activation. This 

indicated that in PsA joints, TCR activation promotes CD4+ T cells but not 

CD8+ T cells to produce IL-17A. Similar results were observed for IL-17F 

(supplementary figure S3), and it implies that CD4+ T cells may be the dominant 

source of both IL-17A and IL-17F in PsA synovial fluid upon TCR activation. 

Recently, a dual specific antibody targeting both IL-17A and IL-17F was tested 

in PsA and supported that neutralizing both could achieve rapid and sustained 

therapeutic effects (29). Group 3 ILCs were another cell type that has been 

reported as a potential source of IL-17A in PsA synovial fluid (15). However, a 

recent study reported that though these ILC3s are expanded in inflamed 

arthritis joints, they failed to express IL-17A upon in vitro stimulation (16). These 

data resemble what we have found for CD8+ T cells. Therefore, the contribution 

of CD8+ T cells and ILC3 to IL-17 production in PsA joints may be limited under 

physiological conditions in contrast to CD4+ T cells.  

Biologics targeting IL-17A or TNFα prove effective in treating PsA patients, 

but clinical response rates vary considerably. Failure with one biologic will need 

to switch to an alternative, which can be a different biological from the same 

class or a biological with a different mode of action. We used an ex vivo model 
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of human PsA synovitis to explain differential effects and showed that although 

both biologics efficiently inhibited the proinflammatory loop in the co-culture 

system, distinct strengths existed between anti-IL-17A and anti-TNF. We 

provided evidence that neutralizing IL-17A reduced more strongly inflammatory 

cytokines such as IL-6 and IL-1β, while anti-TNF was more potent in reducing 

MMPs like MMP-3 and MMP-13. Therefore, to achieve better and sustainable 

treatment results, it is rational to target both IL-17A and TNFα. Recently, a 

bispecific antibody, ABT-122, has been developed, and first phase II study in 

PsA showed that dual inhibition had efficacy and safety similar to adalimumab, 

a TNF blocker (30, 31). Synergistic effects of anti-IL-17A and anti-TNF were 

also observed in our experiments and by others (32). Combinations or 

sequential therapy using both neutralizing agents may be another choice. 

However, adverse effects such as infection should be closely monitored during 

all dual neutralizations.  

The percentage of IFNγ positive CD4+ and CD8+ T cells are relatively high 

in blood of patients with PsA compared to IL-17A. In addition, the levels of IFNγ 

were much higher compared to IL-17A and TNF in the human ex vivo PsA 

synovitis model. However, neutralization of IL-17A or TNF did not influence the 

level of IFNγ in these co culture experiments but significantly decreased the 

inflammation in our synovitis model of PsA, indicating that IFNγ is not a major 

player in the T cell – PsA synovial fibroblast activation. 

We found lower percentages of CD19+ B cells but higher percentages of 

CD56+(bright) NK cells in PsA synovial fluid which is in line with data from other 

groups (33-35). B cells tend to function in a protective way in psoriasis or PsA, 

and can be a source anti-inflammatory cytokines, such as IL-10 (34, 36). 

Interestingly, increased percentage of CD56+(bright) NK subset was reported 

to trigger differentiation of monocytes into dendritic cells in PsA synovial fluid 

(37).  Monocytes and dendritic cells are major sources of IL-23 and the IL-23-

IL-17 axis plays a pivotal role in inflammatory arthritis (38, 39). Biologicals 

targeting IL-23 subunits, p40 and p19, were successfully tested in PsA clinical 

trials (40,41). Whether synovial fluid CD56+(bright) NK cells modulate IL-23 

expression by monocytes/dendritic cells and thereby influence IL-23-IL-17 axis 

is still not known and warranted further research.  
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In summary, our study showed that the contribution of CD8+ T cells to IL-17A 

local production in PsA synovial fluid needs further examination as TCR 

activation mimicked by anti-CD3/anti-CD28 didn’t induce IL-17A release from 

CD8+ in contrast to CD4+ T cells. IL-17A and TNF blockades showed 

differential effects in our human ex vivo PsA synovial inflammation model with 

the former more potent in dampening inflammatory cytokines while the latter 

more potent in lowering MMPs. We acknowledged the limitations of our ex vivo 

study systems, and further validation of a combination or sequential therapy in 

patients with IL-17A and TNFα neutralizing agents is needed. This study 

indicates that targeting both IL-17A and TNFα may complement each other and 

may possess additive benefits in coping with destructive synovitis in patients 

with PsA. 
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Supplementary Figures 

Parameters PsA fluid PsA blood healthy blood 

Age (mean ± SD, years) 47.7 ± 13.7 45.4 ± 12.4 45.3 ± 12.3 

Sex (female/male) 7/13 16/6 16/6 

DAS28 (mean ± SD) 3.16 ± 1.39 n.a. 0 

DMARD therapy, n(%) 18(90) 0(0) 0(0) 

oral predisone therapy, n(%) 0(0) 0(0) 0(0) 

Biologic therapy, n(%) 4(20) 0(0) 0(0) 

 
Table S1. Clinical characteristics of PsA patients and healthy volunteers 
Synovial fluid (SF) of established PsA patients (n=20), peripheral blood of treatment naïve 

early PsA patients and age-/sex-matched healthy volunteers (n=22 each) were collected. 

(n.a. indicates not available.) 

 

 
Figure S1. Gating strategy for cell subsets in surface staining results. Cell pellets directly 

from PsA-SF, PsA blood and healthy blood were stained and analyzed for frequencies in 

samples. T cells (CD3+), B cells (CD19+), NK cells (CD56+), monocytes (CD14+), and 

neutrophils (CD15+CD16+) were identified among CD45+ immune cells. Among T cells, CD4+, 

CD8+, and TCRγδ T cells were further identified.   
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Figure S2. PMA and ionomycin stimulation down-regulated CD4 surface marker. A. 

Healthy peripheral blood mononuclear cells (PBMCs) were stimulated with anti-CD3/anti-CD28 

or PMA/ion for 4 hrs and percentages of CD4+ and CD8+ T cells were examined after 

stimulation. B. CD4+ and CD8+ T cells were sorted from healthy PBMCs, and ex vivo 

stimulated for 4 hrs. Histogram of CD4 and CD8 surface expression were plotted after 

stimulation with anti-CD3/anti-CD28 (solid red) or PMA/ion (solid dark) and compared with 

unstimulated (dash blue) conditions (n=3). 
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Figure S3. Expression and induction of IL-17F in CD4+ and CD8+ T cells from PsA-SF. A. 
Representative flow cytometry staining of IL-17A and IL-17F in CD4+ and CD8+ T cells of PsA-

SF. B. mRNA expression of IL-17F in CD4+ and CD8+ T cells sorted from PsA-SF and 

stimulated with anti-CD3/anti-CD28, PMA/ion, or without stimulation for 72 hrs (n=3). 
 

 
Figure S4. PMA/ion, but not anti-CD3/anti-CD28, induced IL-17A from PsA-SF CD8+ T 

cells and monocytes co-cultures. IL-17A levels in co-culture supernatants and mRNA 

expression in cells after SF CD4+ and CD8+ T cells were ex vivo co-cultured with autologous 

CD14+ monocytes and activated with anti-CD3/anti-CD28, PMA/ion, or without stimulation for 

72 hrs (n=3) (dash line indicates ELISA detection limit for IL-17A).  
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Figure S5. PsA-FLS and monocytes expressed IL-17 receptor. A. Representative flow 

cytometry staining of IL-17RA and IL-17RC on PsA-FLS and monocytes (solid red) compared 

to isotype antibody (solid blue or dash dark) controls (n=2). B. mRNA expression of IL-17RA 

and IL-17RC in PsA-FLS and monocytes (n=2). 
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Figure S6. Pre-titration of anti-IL-17A and anti-TNF in co-cultures of PsA-FLS and CD4+ 

T cells from PBMCs of healthy donors. A. IL-17A, TNFα, and IL-6 ELISA results in co-culture 

supernatants after 72 hrs’ activation with anti-CD3/anti-CD28 with 0, 1, 10, 100 μg/ml of either 

antibody added. Data (n=6) are pooled from two independent experiments. (* indicates 

significant differences between two antibody groups and # shows significant differences 

compared to respective null antibody group.) B. Average concentrations of IL-17A and TNFα 

in culture supernatants of each group were summarized and percentage of reduction was 

calculated compared to null antibody group. 
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Abstract   

IL-17A has been shown to be up-regulated in psoriasis lesions and is central to 

psoriasis pathogenesis. IL-19, along with other IL-20 subfamily cytokines such 

as IL-20 and IL-24, is induced by IL-17A and contributes especially to epidermal 

hyperplasia in psoriasis. However, the regulation, cellular sources of IL-19 and 

whether targeting of IL-17A by biologics influence IL-19 expression is not 

completely understood. To investigate the regulation of IL-19 by IL-17A in 

psoriasis, the imiquimod-induced psoriasis mouse (IMQ) model was used. 

Enhanced expression of IL-17A in the IMQ model was achieved by anti-IL-10 

antibody treatment. Assessments of skin inflammation macroscopically, by 

histology and flow cytometry, all confirmed increased psoriatic symptoms. 

Interestingly, depletion of IL-10 markedly upregulated IL-23/IL-17 pathway 

related cytokines followed by a significant increase in IL-19 and IL-24. The up-

regulation of IL-19 and IL-24, but not IL-17A, coincided with increased 

keratinocyte proliferation. To investigate the cellular source and effects of 

biologics on IL-19, human skin fibroblasts from healthy controls and psoriasis 

patients were cultured alone or co-cultured with activated memory CD4+ T cells. 

Besides IL-1β, IL-17A induced direct expression of IL-19 and IL-24 in skin 

fibroblasts and keratinocytes. Importantly, intrinsic higher expression of IL-19 

in psoriatic skin fibroblasts was observed in comparison to healthy skin 

fibroblasts. Neutralization of IL-17A in the human skin fibroblast-T cell co-

culture system significantly suppressed IL-19 and IL-24 expression. Together, 

our data show that IL-17A-induced IL-19 and IL-24 expression in skin stromal 

cells contribute to keratinocyte proliferation.  
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INTRODUCTION 

Psoriasis is a chronic autoimmune skin disease affecting around 2 to 3% of the 

Western population (1,2). Psoriasis vulgaris, the plaque-forming phenotype, is 

the most common type and accounts for 85-90% of all patients with psoriasis 

(1,3). Aberrant regulation of pro-inflammatory and anti-inflammatory cytokines 

is considered important in the pathogenesis of psoriasis (1-4). Increased levels 

of IL-17A and elevated percentages of IL-17A-producing lymphocytes are 

found in psoriatic plaques (5-9). IL-17A alone, and in combination with other 

inflammatory cytokines such as TNFα, stimulate keratinocyte activation, 

proliferation, amplifies the immune response and perpetuates cell infiltration 

(10,11). Biologics targeting IL-17A alone or in combination with IL-17F or the 

IL-17 receptor A (IL-17RA) are efficacious in the treatment of plaque psoriasis, 

highlighting the central role of the IL-17A pathway in psoriasis pathogenesis 

(12). Interleukin-19, a member of the IL-20 subfamily together with IL-20 and 

IL-24, is up-regulated in psoriatic lesions and contributes to keratinocytes 

hyperplasia in psoriasis (13). IL-19 is reportedly down-stream of the IL-23/IL-17 

cascade and autocrine production of IL-19 by keratinocytes is shown to elicit 

keratinocyte proliferation (14).  Recent data show that serum IL-19 levels reflect 

clinical improvement induced by anti-IL-17 biologic treatment (15). However, 

whether other resident cells, such as skin fibroblasts, are a source of IL-19 and 

whether in situ IL-19 expression is normalized in patients with psoriasis treated 

with anti-IL-17 therapy is not clear.  

Previously, our group established a psoriasis-like skin inflammation model in 

mice using topical application of imiquimod (IMQ) (16). This model successfully 

re-captures most critical features of acute plaque formation in psoriasis such as 

keratinocyte hyper proliferation, acanthosis and parakeratosis (16). Like in 

human psoriasis, enhanced activity of the IL-23/IL-17 pathway was also 

involved in the IMQ-induced psoriasis mouse model (16). However, in contrast 

to the chronic natural course in human psoriasis, this mouse model does not 

develop into a chronic state of psoriasis, because of stabilization and even 

improvement of skin inflammation after 5 to 6 days. Interestingly, a clinical study 

in psoriasis patients showed that, non-lesional skin treated with IMQ initially 

developed typical features of psoriasis such as acanthosis and parakeratosis 
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(17). Nevertheless, both clinical and histological features subsided thereafter 

and in this human model of IMQ-induced psoriasis, the induced lesions showed 

spontaneous improvement after 5 to 6 days. This improvement was 

accompanied by significantly lower expression of IL-17A and with a higher 

expression of IL-10 (17). This suggests that upregulation of IL-10 is involved in 

the spontaneous improvement of psoriasis symptoms after 5 to 6 days in 

murine IMQ model and probably explains the spontaneous improvement 

observed in the IMQ mouse model. Therefore, we used an anti-IL-10 antibody 

to investigate whether we could achieve enhanced expression of IL-17 in the 

IMQ-induced psoriasis mouse model and the accompanying visible psoriatic 

symptoms beyond day 5. In vitro assays with human skin fibroblasts from 

patients with psoriasis and healthy skin were performed to evaluate the direct 

induction of IL-19 by IL-17. In addition, an ex vivo human psoriasis skin co-

culture system was used to examine the effects of biologics targeting IL-17A on 

IL-19 expression. 

MATERIAL AND METHODS 

IMQ-induced psoriasis mouse model 
BALB/C mice (8-11 week-old) received daily topical application of 62.5mg 5% 

Aldara (3M Pharmaceuticals) on their shaved back skin. Control mice (n=6, 

pooled from two independent experiments) were treated with a thin layer of 

petrolatum (Fagron). Daily evaluation of the local psoriasis area and severity 

index (PASI) has been described previously (16). Every other day, 20 mg/kg 

body weight of anti-IL-10 or isotype control antibody (n=10 each, pooled from 

two independent experiments) was intraperitoneally (i.p.) injected, or 5 mg/kg 

body weight of dexamethasone (n=7, pooled from two independent 

experiments) was subcutaneously (s.c.) injected as an anti-inflammatory gold 

standard. Five and ten days after IMQ induction, mice were sacrificed for 

analysis. Food and water were provided ad libitum, and mice were kept under 

specific pathogen-free conditions. All experiments were approved by the 

Erasmus MC Dutch Animal Ethics Committee (DEC). 
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Histology and Immunohistochemistry  
After sacrifice, skin biopsies were taken and snap-frozen in TissueTek (Bayer). 

Sections were cut with a Leica cryostat. Gr-1 antibody (clone RB6-8C5) and Ki-

67 antibody (Dako, A0047) were used for IHC staining. Subsequent steps were 

performed as described earlier (15). 

Images were analyzed with LAX V4.12 program (Leica microsystems) or 

NDP view2 (Hamamatsu photonics). To measure epidermal thickness, the 

average of four measurements was used as the representative thickness per 

sample. To reduce variance between different experiments, thickness ratios 

were calculated. Specifically, each skin thickness was divided by the mean skin 

thickness of the isotype group from that experiment, and thereby mean values 

of thickness for isotype groups were always set at one.  

Flow cytometry 
Back skin (ca. 1 cm2) was digested in 50 μg/mL Liberase (Roche) at 40C 

overnight and then at 370C for 1 hour to create a single cell suspension and 

cells were stained with the following antibodies: CD45-BV785 (Biolegend, clone 

104), CD11b-eF450 (eBioscience, clone M1/70), Ly6C-APC-Cy7 (BD 

pharmingen, clone AL-21) and Ly6G-PE-CF594 (BD horizon, clone 1A8). 

Samples were analyzed with LSR II flow cytometer (BD Biosciences) and 

results processed with FlowJo software (TreeStar).    

Healthy peripheral blood mononuclear cells (PBMC) were obtained from 

buffycoats (Sanquin, Amsterdam, the Netherlands) and harvested with Ficoll 

density gradient centrifugation. For the co-culture experiments, memory T cells 

(CD4+CD45RO+CD14-CD25low/int) were sorted using the FACSAria cell 

sorter (BD Biosciences) and co-cultured with skin fibroblasts. Cells were 

stained with the following antibodies: CD14-APC-H7 (clone MϕP9), CD45RO-

PerCP-Cy5.5 (clone UCHL1), both from BD Biosciences, and CD4-FITC (clone 

RPA-T4), CD25-PE Cy7 (clone BC96), both from Sony Biotechnology. The 

obtained cell purity was ≥ 98%.  

Reverse transcription and real-time polymerase chain reaction (RT-PCR) 
RNA was isolated with TRIzol (Thermo Fisher) or Total RNA Miniprep Kit 

(Sigma-Aldrich). cDNA was synthesized with Superscript II after DNase 

treatment (both from Invitrogen). RT-PCR was performed with ViiA7 sequence 
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detection system (Life Technologies). Gene expression of IL-17A, IL-17F, IL-

19, IL-22, IL-23p19, IL-24 were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) in mouse samples and hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) in human samples. Primer sequences were 

summarized in supplementary Table S1.  

Human primary skin fibroblast cultures and co-cultures with T cells 
Fibroblasts (n=6) from lesional skin of psoriasis patients were obtained from our 

biobank collection. Healthy skin samples (n=6) were obtained from healthy 

individuals who underwent cosmetic surgeries in the Sint Franciscus Hospital 

(Rotterdam, The Netherlands). Signed consents were provided by all healthy 

participants. Human primary skin fibroblasts were cultured from above skin 

samples as described previously (18). Passages 3-8 fibroblasts were seeded 

1.0×104 per well in 96-well culture plates and stimulated with IL-1β (0.01 ng/mL, 

201-LB), TNFα (5 ng/mL, 210-TA), IL-17A (50 ng/mL, 317-IL), and IL-17F (500 

ng/mL, 1335-IL) (all from R&D systems) for 24 hours (hrs).  

In co-culture experiments, skin fibroblasts (1.0x104) were co-cultured with 

CD4+CD45RO+CD14-CD25low/int T memory cells (2.5×104) sorted from buffy 

coats (n=6). Soluble anti-CD3 and anti-CD28 (both from Sanquin, Amsterdam, 

The Netherlands) were added for 72 hrs. In addition, 100 μg/ml anti-IL-

17Aantibody (secukinumab, Novartis), 1μg/ml anti-TNF antibody (adalimumab, 

AbbVie), and an isotype IgG1κ antibody (Sigma-Aldrich) were used.  

Enzyme-linked immunosorbent assay (ELISA) 
Human IL-8 and IL-19 in culture supernatants was measured with ELISA 

(Invitrogen) and ELISA Duoset (R&D systems) following manufacturers’ 

instructions.  

Data set analysis 
Public microarray data (GSE13355) were analyzed to compare mRNA 

expression of psoriatic lesional (n=64), non-lesional skin (n=58) and skin from 

healthy controls (n=58). Based on GSE13355, values of 216876_s_at (IL-17A), 

220745_at (IL-19), 206569_at (IL-24) and 212021_s_at (MKI67) from gene 

expression profile GDS4602 were plotted. Dataset GSE53552 was analyzed 

for mRNA expression of psoriatic skin lesions following treatment with 
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brodalumab (AstraZeneca). Psoriatic non-lesional (n=23), lesional (n=25), and 

day 8 (n=4), day 15 (n=19), day 43 (n=16) after treatments were included. 

220745_at (IL-19), 206569_at (IL-24), 212022_s_at (MKI67) values from 

GDS5420 were plotted based on GSE53552.  

Statistics 
Statistical differences were determined with paired or unpaired student’s t test. 

All data analyses were performed with GraphPad Prism V5 and P-values <0.05 

were considered as significant.
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RESULTS 

IL-10 neutralization enhances skin thickness and scaling in the IMQ-
induced psoriasis mouse model 
The design of the IL-10 neutralization experiments is summarized in 

Supplementary Figure S1A,B. Local psoriasis area and severity index (PASI) 

score was used to evaluate psoriasis symptoms including skin scaling, 

thickness and redness. As shown in Figure 1A, ten days after IMQ treatment, 

macroscopic scores of skin scaling and thickness were significantly higher in 

the anti-IL-10 treated group (anti-IL-10) compared to the isotype antibody 

control group (isotype). This resulted in a significant higher PASI score after 

neutralizing IL-10 compared to the isotype control (Figure 1A). 

Dexamethasone treatment significantly improved both symptoms compared to 

either the anti-IL-10 or isotype group. No significant difference for skin redness 

was observed among groups. Details of kinetic data of the macroscopic scores 

were summarized in Supplementary Figure S2A. These data indicate that IL-

10 neutralization enhances skin thickness and scaling in the IMQ-induced 

psoriasis mouse model beyond day 5. 

 
Figure 1. IL-10 neutralization worsens psoriatic symptoms and epidermal thickness in 

the IMQ-induced psoriasis mouse model. (A) At day 10, scores for skin scaling, thickness, 

redness and PASI in various groups following IMQ treatment. (B) Measured average epidermal 
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thickness in psoriasis-like skin at days 5 and 10, and thickness ratios compared to isotype 

antibody controls at days 5 and 10. Data are shown as means ± SEMs. * P<0.05, ** P<0.01, 

and *** P<0.001. 

IL-10 neutralization increases epidermal thickness and keratinocyte 
proliferation in the IMQ-induced psoriasis mouse model 
To confirm the increased skin thickness observed macroscopically after anti-IL-

10 treatment, H&E staining was performed and epidermal thickness was 

measured microscopically (Figure 2A). At day 5, epidermal thickness was 

significantly higher in the anti-IL10 compared to dexamethasone treatment 

(Figure 1B). At day 10, anti-IL-10 significantly increased epidermal thickness 

compared to the isotype group, whereas dexamethasone significantly reduced 

this compared to both groups (Figure 1B). This is in line with our macroscopic 

findings of increased skin thickness with the PASI score in the anti-IL-10 treated 

group (Figure 1A).  

 
Figure 2. IL-10 neutralization increases keratinocyte proliferation and neutrophil 
accumulation in the IMQ-induced psoriasis mouse model. 
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(A) Representative H&E staining results of skin sections in IMQ-induced psoriasis mouse model 

at days 5 and 10. (B) Representative IHC staining of Ki-67+ proliferating keratinocytes in skin 

sections of IMQ-induced psoriasis mouse model at days 5 and10. All images were taken with 

200× magnification. 

 

As indicated before, compared to isotype group, ratios of epidermal thickness 

in the anti-IL-10 treated group were slightly increased at day 5, but significantly 

increased at day 10 (Figure 1B). Both epidermal thickness and thickness ratios 

in the isotype group were comparable to saline-treated IMQ groups 

(Supplementary Figure S2B). Ki-67 staining was performed to further identify 

proliferating cells. As shown in Figure 2B, 1-2 layers of keratinocytes in the 

epidermal stratum basale were Ki-67+ in dexamethasone group, 2-3 layers 

were Ki-67+ in isotype group, while 4-5 layers were Ki-67+ in anti-IL-10 group 

(at days 5 and 10). This is in line with the increased thickness of the epidermis 

in the anti-IL-10 treated group at day 10 (Figure 1B). Taken together, our data 

indicate that in the IMQ-induced psoriasis mouse model, IL-10 neutralization 

enhances skin thickness through facilitating keratinocyte proliferation. 

IL-10 neutralization increases the recruitment of neutrophils and 
monocytes into the skin  
Flow cytometry showed representative staining results of infiltrating neutrophils 

(CD11b+Ly6CintLy6G+) in lesional skin at day 10 (Figure 3A). Both neutrophils 

numbers and percentages were increased after neutralization of IL-10 

compared to the isotype group (Figure 3B). Treatment with dexamethasone 

significantly reduced both parameters compared to the other groups (Figure 
3B). At days 5 and 10, IHC staining confirmed the enhanced recruitment of Gr-

1+ neutrophils in IMQ lesional skin in the anti-IL-10 treated group compared to 

the isotype group (Figure 3C). Neutrophil chemokine CXCL2, but not CXCL1, 

was upregulated after neutralizing IL-10 and correlated with enhanced 

neutrophil recruitment (Figure 3B). Similar results were found for 

CD11c+Ly6Cint monocytes-derived dendritic cells (mono/DCs) (Figure 3D,E). 

The isotype group showed similar cell numbers and percentages of neutrophils 

and mono/DCs compared to the saline-treated IMQ group (Supplementary 
Figure S2C,D), indicating that no specific immune effects were induced by the 

isotype antibody injections. These data indicate that IL-10 neutralization in the 
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IMQ-induced psoriasis mouse model results in enhanced persistent 

inflammation, as evidenced by enhanced influx of neutrophils and mono/DCs 

into lesional skin. 

 

 

 

 
Figure 3. IL-10 neutralization increases neutrophil and monocyte/DC infiltration in the 
IMQ-induced psoriasis mouse model. 

(A) Flow cytometry staining of Ly6G+Ly6Cint neutrophils among pregated CD45+CD11b+ cells 

in lesional psoriasis-like skin at day10. (B) Percentages and cell numbers of neutrophils among 
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total CD45+ immune cells at day10 in flow cytometry analysis and levels of the neutrophil 

chemokines, CXCL1 and CXCL2, in lesional psoriasis-like skin. (C) Representative IHC 

staining of Gr-1+ neutrophils in skin sections of the IMQ-induced psoriasis mouse model at 

days 5 and 10. (D) Flow cytometry staining of CD11c+Ly6Cint monocyte-derived dendritic cells 

in lesional psoriasis-like skin at day10. (E) Percentages and cell numbers of monocyte-derived 

dendritic cells (mono/DCs) among total CD45+ immune cells at day10 using flow cytometry. 

Data are shown as means ± SEMs. * P<0.05, ** P<0.01, and *** P<0.001. 

 

IL-10 neutralization in the IMQ-induced psoriasis mouse model results in 
an early upregulation of the IL-23/IL-17 immune pathway related cytokines 

followed by a subsequent later increase of IL-19 and IL-24 in the skin 
In psoriasis, IL-17-producing T helper cells (Th17) are central in the 

pathogenesis and Th17-related cytokines such as IL-17A, IL-17F and IL-22, 

together with TNFα, drive epidermal hyperplasia (9,16,19). Therefore, we 

investigated the effects of IL-10 neutralization on T cells and T cell cytokine 

expression in the IL-23/IL-17-dependent IMQ-induced psoriasis mouse model 

(16). Neutralizing IL-10 did not change the number of CD3+ T cells, including 

CD4+ and γδ T cells at day 10 (Supplementary Figure S3A-C). However, at 

day 5, IL-23p19, IL-22, IL-17A and IL-17F were significantly increased in the 

anti-IL-10 treated group compared to the isotype control group (Figure 4A). 

Interestingly, no difference in expression of these cytokines was found between 

these two groups at day 10 (Figure 4A). In contrast, the IL-20 subfamily 

cytokines, IL-19 and IL-24, were significantly upregulated only at day 10 but not 

at day 5 (Figure 4B) which correlated with the significant increase of epidermal 

thickness at day 10. This indicates that IL-19 and IL-24, rather than IL-22, IL-

17A or IL-17F, were responsible for the late stage (day 10) keratinocyte hyper-

proliferation and acanthosis in the IMQ-induced psoriasis mouse model during 

anti-IL-10 treatment. 
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Figure 4. Early and late up-regulation of IL-23/IL-17 cytokines and IL-20 subfamily 

cytokines in the skin during anti-IL-10 treatment in IMQ-induced psoriasis mouse model. 

(A) At days 5 and 10, mRNA expression of IL-23, IL-22, IL-17A and IL-17F in various groups 

following IMQ treatment. (B) At days 5 and 10, mRNA expression of IL-19 and IL-24 in various 

groups following IMQ treatment. Data are shown as means ± SEMs. * P<0.05, ** P<0.01. 

IL-17 induces human skin fibroblasts to produce IL-19 and IL-24 
As the increase in IL-17 family cytokines preceded the upregulation of IL-19 

and IL-24, we assumed that the IL-17 family cytokines induced IL-19 and IL-24. 

Therefore, the expression of IL-19 and IL-24 in skin fibroblasts was examined 

after stimulation with IL-1β, TNF, IL-17A, or IL-17F for 24 hours. The expression 

of the IL-17 receptor, IL-17RA and IL-17RC, was confirmed on skin fibroblasts 

from psoriasis patients or healthy volunteers (Supplementary Figure S4A). As 

shown in Figure 5A, both IL-17A and IL-1β significantly increased IL-19 and IL-

24 mRNA expression compared to the unstimulated group. TNF, on the other 

hand, was only a significant inducer of IL-24 (Figure 5A). Additionally, we 

observed an intrinsic higher expression of IL-19 and IL-24 in psoriatic skin 

fibroblasts compared to skin fibroblasts from healthy controls (Figure 5A).  
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To further explore the induction of IL-19 and IL-24 by IL-17A, healthy and 

psoriasis skin fibroblasts were co-cultured with CD4+CD45RO+CD14-

CD25low/int T memory cells for 72 hours with or without stimulation. 

Neutralizing antibodies for IL-17A, TNF or the combination were added to these 

co-cultures. Figure 5B showed that anti-IL-17A treatment significantly reduced 

mRNA expression of IL-19 and IL-24 compared to either the isotype antibody 

or anti-TNF. In contrast, anti-TNF treatment only significantly reduced 

expression of IL-19 but not of IL-24 (Figure 5B). No additive effect was shown 

when both IL-17A and TNF were neutralized compared to anti-IL-17 treatment 

alone. In line with the mRNA expression data, ELISA data showed that both 

anti-IL-17A and anti-TNF significantly reduced the protein levels of IL-19 in the 

co-culture supernatants with anti-IL-17 more potent than anti-TNF, but without 

additive effect when treatment was combined (Figure 5C). However, anti-IL17A 

and anti-TNF both significantly reduced the levels of IL-8, with additive effect 

when combined (Figure 5C). Also in these skin fibroblast-T cell co-cultures, IL-

19 and IL-24 mRNA expression as well as protein levels of IL-19 and IL-8 were 

all lower when skin fibroblast were derived from healthy controls compared to 

patients with psoriasis (Figure 5B,C). This indicates an intrinsic higher 

expression of both cytokines in psoriasis lesions.  

IL-17A-induced expression of IL-19 was also checked in healthy human skin 

primary keratinocytes. Expression of the IL-17 receptor, IL-17RA and IL-17RC, 

was confirmed in these keratinocytes (Supplementary Figure S4A). IL-17A 

stimulation of human keratinocytes resulted in increased IL-19 mRNA 

expression. On the other hand, inhibition of IL-17A in keratinocyte-T cell co-

cultures reduced IL-19 mRNA expression (Supplementary Figure S4B). 

Overall, these data indicate that IL-17A induces IL-19 and IL-24 expression in 

human skin resident cells such as fibroblasts and keratinocytes, and IL-17A 

blockade reduces their expression. 
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Figure 5. IL-17A induces IL-19 and IL-24 expression in human skin resident cells such 

as fibroblasts and keratinocytes, and IL-17A blockade reduces their expression. (A) IL-

19 and IL-24 mRNA expression in fibroblasts of healthy donors (n=6) and psoriasis patients 

(n=4) without stimulation or stimulated with IL-1β, TNFα, IL-17A and IL-17F for 24 hours. (B) 
Healthy control skin fibroblasts and psoriatic fibroblasts (n=6 each) were co-cultured with 

unstimulated or anti-CD3/anti-CD28 stimulated memory CD4+ T cells from healthy controls for 

72 hours. IL-19 and IL-24 mRNA expression in these co-cultures without treatment or treated 

with an anti-IL-17A antibody, anti-TNF antibody, their combination or an isotype control 

antibody. (C) Levels of human IL-19 and IL-8 protein in the supernatant of the above- mentioned 

co-cultures without treatment or treated with an anti-IL-17A antibody, anti-TNF antibody, their 

combination or an isotype control antibody. Data are shown as means ± SEMs. * P<0.05, ** 

P<0.01, and *** P<0.001. 

 

IL-17A neutralization reduces IL-19 and cell proliferation in psoriatic skin 
lesions 
Gene expression data from psoriatic lesional skin, psoriatic non-lesional skin, 

and healthy skin, obtained in clinical trials with anti-IL-17 biologics in psoriasis, 

were analyzed using the Genomic Spatial Event (GSE) database. As shown in 

Figure 6A, IL-17A, IL-19, and IL-24 were all significantly higher in psoriatic 
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lesional skin compared to either psoriatic non-lesional skin or healthy skin. This 

corroborated our findings of a higher expression of IL-19 and IL-24 in psoriatic 

skin fibroblasts compared to healthy fibroblasts (Figure 5). Furthermore, Ki-67, 

was significantly increased in psoriatic lesional keratinocytes (Figure 6A). 

Significant upregulation of IL-17A, IL-19, IL-24, and Ki-67 in psoriasis was 

confirmed in another independent dataset (Supplementary Figure S5A). 

 
Figure 6. Expression of human IL-17A, IL-19, IL-24 and Ki-67 in psoriatic lesions and 

the effects of anti-IL-17RA therapy. (A) Expression of IL-17A, IL-19, IL-24 and Ki-67 in 

lesional and non-lesional skin biopsies from 58 psoriasis patients and in healthy skin biopsies 

from 64 normal controls in data set GSE13355. (B) Expression of IL-17A, IL-19, IL-24 and Ki-

67 in lesional and non-lesional skin biopsies from 25 psoriasis patients before anti-IL-17RA 

treatment, 8, 15 and 43 days after treatments in data set GSE53552. Data are shown as 

means ± SEMs. * P<0.05, ** P<0.01, and *** P<0.001. 

 

In a separate dataset, in which an IL-17 receptor A (IL-17RA) antibody was 

used in the treatment of psoriasis, a significant reduction of the expression of 

IL-19, IL-24, and Ki-67 in psoriatic lesional skin was found, reducing their 

expression levels close to those of non-lesional skin after treatment (Figure 
6B). Similar significant down-regulation of IL-19 and Ki-67 was confirmed in 

another study using anti-IL-17A treatment (Supplementary Figure S5B). To 

summarize, multiple gene expression data of psoriatic patients before and after 
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targeting the IL-17 pathway support our data that IL-17A regulates IL-19 

expression in fibroblasts and keratinocytes.  

DISCUSSION 
In the present study, we showed that IL-10 neutralization enhanced skin 

inflammation, thickness and scaling in the IMQ-induced psoriasis mouse model 

beyond day 5, via upregulation of the IL-17/IL-19 axis. IL-17A induced IL-19 

and IL-24 expression in human dermal fibroblasts and epidermal keratinocytes, 

and IL-17A neutralization reduced the expression of both cytokines. Gene array 

expression data also show high expression of IL-17A, IL-19, IL-24 and 

proliferation marker Ki-67 in psoriatic skin lesions, and that anti-IL-17 therapy 

reduced their expression. In addition to keratinocytes, dermal fibroblasts, 

through interaction with immune cells and cytokines such as IL-17A and TNF 

in psoriasis, can be a major source of IL-19 and IL-24 that contribute to 

perpetuation of psoriatic symptoms such as keratinocyte proliferation and 

acanthosis. 

   In psoriasis, recombinant human IL-10 treatment has been demonstrated to 

improve psoriatic symptoms in clinical trials (20-23). Similarly, in the IMQ-

induced psoriasis mouse model, a subset of IL-10-producing B cells was 

identified, and adoptive transfer of these IL-10-producing B cells reduced 

disease severity (24). In contrast, as shown by our and other groups, IL-10 

neutralization or IL-10 deficiency induced persistent psoriasis-like inflammation 

after IMQ application (25). In psoriatic skin, macrophages and DC both can be 

producers as well as direct target cells of IL-10 (28). Frequency of Th17 cells 

can also be directly controlled by IL-10 and vice versa (29,30).  

IL-10 belongs to the cytokine family of IL-19, IL-20, IL-22 and IL-24 and are 

located in the same cluster on chromosome 1 (31,32). Although IL-10 is the 

only anti-inflammatory cytokine in this family, simultaneous induction of IL-10 

and the IL-20 subfamily has been observed in monocytes by stimulants (33). 

IL-10 production during inflammation acts as a natural counter-balance to limit 

the side effects of inflammation. Without this Yin-Yang dynamic equilibrium, 

inflammation will be skewed towards uncontrolled harmful diseases. For 

instance, in psoriasis, low levels of IL-10 have been reported in comparison to 

other inflammatory skin conditions, while contrarily, enhanced expression of IL-
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23/IL-17 pathway cytokines has been widely confirmed in psoriatic lesions 

(9,34,35).  

Overexpression of IL-19 and IL-24 has also been observed in psoriatic skin 

and both induce keratinocyte hyper-proliferation in a reconstituted human skin 

model (36-38), suggesting a pathogenic role in psoriasis. Myeloid cells are 

producers of both cytokines, and keratinocytes are also potential producers 

(31,32,39). Recently, IL-19 was suggested as an important mediator of the IL-

23/IL-17 cascade in psoriasis, and IL-17A-induced expression of IL-19 in 

keratinocytes amplifies keratinocyte responses via auto-paracrine regulation 

(14). Here we confirmed the induction of IL-19 by IL-17A in human 

keratinocytes and extended to show that IL-17A neutralization reduced IL-19 in 

human keratinocyte-T cell co-cultures (Supplementary Figure S4B). In 

addition, our study provided evidence that dermal fibroblasts also produced IL-

19 and IL-24 in response to IL-1β and IL-17A, and, when co-cultured with 

activated memory T cells, fibroblasts produced significant protein levels of IL-

19 (Figure 5A-C). Synergistic induction of IL-20 subfamily cytokines by IL-1β 

and IL-17A has also been observed in recent publications (40). Interestingly, in 

psoriatic fibroblast-T cell co-cultures, higher levels of IL-19 was observed in 

comparison to healthy fibroblast co-cultures, further supporting the contribution 

of psoriatic fibroblasts to local IL-19 production. Compared to epidermal 

keratinocytes, dermal fibroblasts are positioned to encounter more frequently 

with inflammatory cells including T cells as most infiltrating T cells accumulate 

in the dermis (Supplementary Figure S3A). Therefore, in psoriasis, dermal 

fibroblasts could be an important local source of IL-20 subfamily cytokines and 

contribute to keratinocyte hyper-proliferation through a paracrine mechanism.  

    Discordant regulation of IL-20 in contrast to IL-19 and IL-24 has been found 

in our study. This could be due to different immune and resident cell types as 

potential cellular sources for these cytokines (32). Like skin fibroblasts and 

keratinocytes, other tissue cells such as endothelial cells and fibroblast-like 

synovial cells can also produce IL-20 subfamily cytokines (32,41). Nevertheless, 

whether blocking the IL-20 subfamily cytokines will be viable options in 

psoriasis treatments still warrants further research. 
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In summary, we show that IL-10 regulates the expression of cytokines related 

to the IL-23/IL-17 axis via IL-19 and IL-24 influencing a.o. skin thickness and 

scaling. These data give further insight into the cytokine network in the stromal 

milieu of psoriasis plaques. Strategies to upregulate local or systemic 

production of IL-10 in patients with psoriasis could help increasing the 

effectiveness of current therapies.  
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Supplementary tables 
Table S1. Primer sequences used in this study.  
 

Name Species Sequence 

mIL-23p19 F Mouse CACCTCCCTACTAGGACTCAGC 

mIL-23p19 R Mouse TGGGCATCTGTTGGGTCT 

mIL-22 F Mouse TTTCCTGACCAAACTCAGCA 

mIL-22 R Mouse CTGGATGTTCTGGTCGTCAC 

mIL-17A F Mouse TTTTCAGCAAGGAATGTGGA 

mIL-17A R Mouse TTCATTGTGGAGGGCAGAC 

mIL17F F Mouse CAAGAAATCCTGGTCCTTCG 

mIL17F R Mouse GAGCATCTTCTCCAACCTGAA 

mIL-19 F Mouse TGGAGAACCTCAGGAGCATT 

mIL-19 R Mouse GAATGTCAGCAGGTTGTTGG 

mIL-24 F Mouse AGAACCAGCCACCTTCACAC 

mIL-24 R Mouse GTGTTGAAGAAAGGGCCAGT 

mCXCL2 F Mouse AAAATCATCCAAAAGATACTGAACAA 

mCXCL2 R Mouse CTTTGGTTCTTCCGTTGAGG 

mKC (CXCL1) F Mouse GACTCCAGCCACACTCCAAC 

mKC (CXCL1) R Mouse TGACAGCGCAGCTCATTG 

mGAPDH F Mouse AGCTTGTCATCAACGGGAAG 

mGAPDH R Mouse TTTGATGTTAGTGGGGTCTCG 

IL-19 F Human GGAGACTCTGCAGATCATTAAGC 

IL-19 R Human GATCCTTGAACACCCTGTCC 

IL-24 F Human GAAGAATTGAGGCTGCTTGG 

IL-24 R Human GAGGGCAGAAGGGTCTGG 

HPRT F Human TGACCTTGATTTATTTTGCATACC 

HPRT R Human CGAGCAAGACGTTCAGTCCT 
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Supplementary Figures 

 
Figure S1. Experimental design of anti-IL-10 therapy in the IMQ-induced psoriasis mouse 

model. (A) Expression of IL-10 in lesional skin after topical Aldara application in the IMQ-

induced mouse model at day 5. (B) Experimental design and groups of the anti-IL-10 treatment 

experiments in IMQ-induced psoriasis mouse model sacrificing mice at days 5 and 10. Data 

are shown as means ± SEMs. ** P<0.01. 
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Figure S2.  Kinetic information of macroscopic and histologic scores and infiltration of 

myeloid cells after anti-IL-10 treatment in the IMQ-induced mouse model. (A) Time-course 

follow-up of local PASI scores, including skin scaling, thickness and redness, in anti-IL-10, 

isotype control antibody and dexamethasone-treated groups during 10 days of Aldara 

application. (B) Summary of days 5 and 10 epidermal thickness and thickness ratios in all 

groups including saline-treated IMQ group. (c&d) Summary of percentages and cell numbers 

of neutrophils (C) and monocyte-derived dendritic cells (D) in about 1 cm2lesional digested skin 

from all groups including saline-treated IMQ group at day10. Data are shown as means ± SEMs. 

* P<0.05, ** P<0.01, and *** P<0.001. 
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Figure S3. T cell subsets infiltration in IMQ-applied skin after IL-10 neutralization 

compared to isotype antibody group. (A) Representative CD3+ IHC staining in anti-IL-10 

and isotype antibody groups 10 days after IMQ application. (B) Representative flow cytometry 

staining of CD3+ T cells among CD45+ immune cells in anti-IL-10 and isotype antibody groups 

10 days after IMQ application. (C) Cell number summary of infiltrating CD3+ T cells, CD3+CD4+ 

T cells, and CD3+TCRγδ+ T cells in anti-IL-10 and isotype antibody groups (n=6 each) 10 days 

after IMQ application. 
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Figure S4. Fibroblasts and keratinocytes express IL-17RA and IL-17RC and respond to 

IL-17A stimulation. (A) Representative staining of IL-17RA and IL-17RC compared to isotype 

antibody controls on healthy and psoriatic skin fibroblasts, as well as healthy skin keratinocytes. 

(B) mRNA expression of IL-19 in keratinocytes stimulated with IL-17A for 24 hrs (left panel) and 

in anti-CD3/anti-CD28 stimulated co-cultures of keratinocytes and sorted healthy CD4+ T 

memory cells in which neutralizing antibodies against IL-17A, TNF, the combination of these 

antibodies or an isotype control antibody was added (right panel). 
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Figure S5. Expression of IL-19, IL-24 and Ki-67 in psoriatic lesions and the effect of anti-

IL-17A antibody treatment. (A) Expression of IL-17A, IL-19, IL-24 and Ki-67 in lesional and 

non-lesional skin biopsies from 4 psoriasis patients in dataset GSE50790. (B) Normalization of 

IL-19, IL-24 and Ki-67 in lesional biopsies from psoriasis patients before (n=8) and after (n=6) 

2-week anti-IL-17A treatment with placebo (n=8 each) treatment controls in dataset GSE31652. 

Data are shown as means ± SEMs. * P<0.05, ** P<0.01, and *** P<0.001. 
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Abstract 

Purpose 

Hidradenitis suppurativa (HS) is a recurrent, debilitating skin disease with 

limited therapeutic options. The purpose of this study is to identify the source 

and targets of IL-17A in HS lesions and to investigate the potential interaction 

with TNF in the pathogenesis of HS.    

Methods  

Expression of proinflammatory cytokines, chemokines and MMPs in lesional 

HS skin were assessed using RT-qPCR. Flow cytometry was used to identify 

IL-17A, IL-22, TNF and IL-17RA/RC positive cells. Interaction between IL-17A 

and TNF were investigated by neutralisation studies of these cytokine in an in 

vitro human model system of HS. 

Results  

Proinflammatory cytokines, including IL-17 and IL-1 family members were 

elevated in HS lesion compared to healthy skin. A significant enrichment of IL-

17A+, TNF+ and IL-22+ CD4+, and IL-17A+, TNF+ CD8+ T cells was found 

locally but not systemically in HS. Both IL-17RA, and in particular IL-17RC, 

were significantly upregulated in lymphocytes, monocytes, and neutrophils from 

HS skin relative to healthy blood. Also, HS skin fibroblasts were IL-17RA and 

IL-17RC positive. Interestingly, neutralizing IL-17A in addition to TNF in a 

human model system of HS has additive suppressive effects on the production 

of IL-6, IL-8, IL-beta and MMP-1 compared to single anti-cytokine treatment. 

Conclusions  

Here we show enrichment of IL-17A, TNF and IL-22 positive cells in HS lesional 

skin and found lymphocytes, myeloid and stromal cells as IL-17A target cells in 

HS. Targeting both IL-17A and TNF show better therapeutic effects in a human 

model system of HS compared to single cytokine blockade. 
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Introduction 

Hidradenitis suppurativa (HS) is a recurrent, chronic skin disease involving 

primarily the inverse body areas [1,2]. Inflammatory nodules and abscesses are 

the typical acute clinical manifestations [3,4]. These lesions are characterized 

by a highly mixed immune cell infiltrate and upregulation of a multitude of 

different cytokines and chemokines (such as IL-17A, IL-1β, TNFα, IL-6, CXCL8, 

CCL20). Tunnel formation and tissue destruction are prominent characteristics 

of chronic disease potentially driven by matrix metalloproteinases (MMPs). A 

strong IL-23/IL-17 signature has been consistently found in lesional skin 

regardless of disease severity or duration [5-7]. The capacity of IL-17A to induce 

many of the aforementioned downstream inflammatory markers characteristic 

of HS lesions makes it a potential pivotal player in HS pathophysiology. 

Nonetheless, in depth analysis of the IL-17A-producing as well as IL-17 

receptor- expressing target cells involved in HS lesions remains scarce [10,11].  

Despite the lack of in-depth knowledge of the role of IL-17 in HS, anti-IL-17 is 

currently under investigation in two ongoing phase 3 clinical HS trials 

(NCT02421172, NCT03248531).  Anti-IL-17 could be an interesting addition to 

the biologic arsenal for this disease, which is currently limited to adalimumab 

(anti-TNFα) with a response rate of 45-50% [12]. Additive and synergistic 

effects of IL-17A and TNF have been shown on keratinocytes in vitro and in 

other immune-mediated inflammatory diseases [13-15]. This suggests that 

combining anti-IL-17A with adalimumab (anti-TNFα) could increase treatment 

efficacy [12,16,17]. 

This study aims to generate a more in depth understanding of the IL-17 

pathway in HS by: 1) screening expression profiles of HS-associated cytokines, 

chemokines and MMPs in HS skin; 2) identifying IL-17A-producing and IL-17 

receptor (IL-17RA/IL-17RC) expressing cells in HS skin lesions; and 3) 

analyzing the potential therapeutic benefits of anti-IL-17A in comparison to and 

combined with anti-TNF in a co-culture system of IL-17R positive HS skin 
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fibroblasts and sorted memory CD4+ T cells.  

 

Materials and methods 

Patient characteristics 

Skin samples of 18 HS patients undergoing excision surgery at the Department 

of Dermatology, Erasmus MC, University Medical Center Rotterdam, The 

Netherlands were obtained. Patients did not use any biologics <2 months prior 

to surgery.  The opt-out principle of the Erasmus MC, University Medical 

Center Rotterdam, allows the use of surgical discard for research purposes 

without the need for additional informed consent. Skin samples from 8 patients 

were used for RT-qPCR analysis of HS-associated cytokines, chemokines and 

MMPs. Samples of 10 patients were used to assess identifying IL-17A-

producing and IL-17 receptor (IL-17RA/IL-17RC) expressing cells by flow 

cytometry.  

Healthy skin samples (n=8) were obtained from abdominoplasty and breast 

reduction surgery in the Sint Franciscus Hospital in Rotterdam, The 

Netherlands. Healthy controls reported no DMARD or biologic use and no 

family history of HS. Written informed consent was provided by all healthy 

controls.  

In addition, blood from HS patients (not paired with skin) and healthy 

volunteers was collected to serve as control for flow cytometry staining. Ethical 

review board approval was provided by the IRB Erasmus University Medical 

Center Rotterdam (reference NL45264.078.13).  

Flow cytometry 

Flow cytometry was used to identify TNF, IL-22, IL-17A-producing and IL-17 

receptor (IL-17RA/IL-17RC) expressing cells in HS skin lesions. Skin samples 

were cut into small pieces and digested with 50μg/mL Liberase DH (dispase 

high, Sigma-Aldrich) overnight at 40C and an additional 2 hours at 370C. 0.01% 
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DNase I (Sigma-Aldrich) was added for the last 15 minutes during digestion at 

370C. Single cells were vigorously resuspended and filtered through 70μm 

meshes. Parts of the cell pellets were stimulated with 50 ng/ml phorbol 

myristate acetate (PMA) (Sigma-Aldrich), 500 ng/ml ionomycin and Golgistop 

(BD Biosciences) for 4 hours and intracellular staining was performed as 

previously published [14]. Standard surface staining was performed for IL-17RA 

and IL-17RC.  

Flow cytometry of healthy skin samples, which are known to be almost devoid 

of T cells, yielded low T cell numbers (supplementary Fig. S1). As infiltrating 

dermal T cells are derived from the circulation, peripheral blood from non-

matched HS patients (HS blood, n=5) and healthy donors (healthy blood, n=5) 

was included as controls. Red blood cells were lysed prior to surface and 

intracellular staining. BD LSRFortessa flow cytometer (BD Biosciences) was 

used to analyze stained samples and FlowJo software (TreeStar) was used to 

process results.  

The following antibodies were used during staining. From BD Biosciences: 

CD8-PE-CF594 (clone RPA-T8), CD19-PE Cy7 (clone SJ25C1), CD45-PE-

CF594 (clone HI30), CD14-APC H7 (clone MϕP9). From BioLegend: CD15-

AF700 (clone W6D3), CD16-BV785 (clone 3G8), IFN-γ-AF488 (clone 4S.B3), 

TNFα-BV421 (clone MAb11), IL-17RA-AF647 (clone BG/hIL17AR), IL-17RA 

isotype-AF647 (clone MOPC-21). From eBioscience: IL-17A-PE (clone 

eBio64DEC17), IL-22-eF660 (clone 22URTI). From Sony Biotechnology: 

CD45-PerCP Cy5.5 (clone HI30), CD3-BV785 (clone OKT3), CD4-BV711 

(clone OKT4). From R&D systems: IL-17RC-AF488 (clone 309822), IL- 17RC 

isotype-AF488 (clone 133303). 

To compare expression levels among different cell types between groups, 

the mean fluorescent index (MFI) of IL-17RA or IL-17RC was divided by the 

MFI of the corresponding isotype controls and expression ratios were 

calculated for each sample (with expression ratios of 1 indicating negative 
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expression). 

Cell sorting 

To obtain memory CD4+ T cells (CD4+CD25low/intCD14-CD45RO+) for co-

culture experiments, healthy peripheral blood mononuclear cells were surface 

stained and memory CD4+ T cells were sorted with FACSAria cell sorter (BD 

Biosciences). Purity of obtained cell populations was ≥98%. The following 

antibodies were used: CD45RO-PerCP Cy5.5 (clone UCHL1), CD14-APC H7 

(clone MϕP9), both from BD Biosciences, CD25-PE Cy7 (clone BC96, 

BioLegend), CD4-FITC (clone RPA-T4, Sony Biotechnology). 

Cell cultures 

HS fibroblasts were isolated and cultured as described previously [18]. Cultured 

HS fibroblasts were passaged to improve purity with passages 3-8 used in 

experiments. After reaching 90% confluence, HS fibroblasts were seeded 

1.0×104 per well in 96-well flat bottom culture plates. After overnight incubation, 

fibroblasts were stimulated with IL-1β (0.01 ng/ml), TNFα (5 ng/ml), IL-17A (50 

ng/ml), or IL-17F (500 ng/ml), all from R&D systems, for 24 hours in DMEM 

medium with 0.5% AB serum and 100 U/ml penicillin/streptomycin.  

In co-cultures, overnight seeded HS fibroblasts were cocultured with 

2.5×104 per well sorted memory CD4+ T cells in complete IMDM medium 

containing 10% fetal calf serum (Invitrogen), 100 U/ml penicillin/streptomycin, 

2 mM L-Glutamine (both from Lonza) and 50 μM β-mercapto-ethanol (Merck). 

Soluble anti-CD3 (300 ng/ml) / anti-CD28 (400 ng/ml) (both from Sanquin, 

Amsterdam, The Netherlands) were added in co-cultures for 72 hours. To 

neutralize cytokines in co-cultures, 100 μg/ml anti-IL-17 (secukinumab, 

Novartis), 1μg/ml anti-TNF (adalimumab, AbbVie) or their combination were 

used. An isotype IgG1κ (Sigma-Aldrich) was included as control. The 

functionality and specificity of these antibodies are shown in supplementary 

Figure S4b. 
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Enzyme-linked immunosorbent assay (ELISA)  

Concentrations of IFN-γ, IL-6 and IL-8 in culture supernatants were measured 

with Invitrogen ELISA kits. Levels of IL-17A, TNFα, MMP-1 and MMP-3 were 

measured with R&D systems ELISA Duoset kits. All procedures were 

performed according to manufacturers’ instructions.  

Reverse transcription and real-time polymerase chain reaction (RT-PCR) 

RNA was isolated with Total RNA Miniprep Kit (Sigma Aldrich). Subsequently 

cDNA was synthesized with 10U/μl Superscript II after treatment with 0.1 U/μl 

DNAse (both from Invitrogen). RT-PCR was performed with ViiA7 sequence 

detection system (Life Technologies). Probes were chosen from the universal 

probe library (Roche Applied Science) and primers were designed using 

ProbeFinder software. Gene expression data was normalized to house-keeping 

gene hypoxanthine-guanine phosphoribosyltransferase (HPRT). Primer 

sequences are available upon request. 

Statistical analysis 

Statistical differences were determined with paired or unpaired student’s t test. 

All data analyses were performed with GraphPad Prism V5 and P-values <0.05 

were considered as significant.  

Results 

Dysregulation of proinflammatory cytokines, chemokines, and MMPs in 

HS skin 

Lesional biopsies from 8 HS patients (Hurley stage I n=3, Hurley stage II n=5) 

were compared with skin of 8 non-matched healthy controls (Table 1). Lesional 

HS skin showed significantly higher expression of IL-1β, IL-6, and IL-8 

compared with healthy skin (Fig. 1a). All assessed IL-23/IL-17 axis cytokines 

(IL-23p19, IL-22, IL-17A, and IL-17F) and IL-17C were significantly increased 

in HS lesions (Fig. 1b). In addition, significantly elevated expression of IL-36α, 
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IL-36γ and IL-36 receptor antagonist (IL-36RN), were found in HS lesional skin, 

while the expression of the anti-inflammatory cytokine IL-37 was significantly 

decreased compared with healthy skin (Fig. 1c). Relative to control skin, all 

analysed MMPs showed significantly increased expression in HS lesional skin 

(Fig. 1d). In addition, all assessed chemokines were significant upregulated in 

HS lesional skin compared with healthy control skin (Fig. 1e).  

 

Figure 1. Expression levels of cytokines, chemokines and MMPs in HS lesional skin and 

healthy skin. mRNA levels of (a) inflammatory cytokines, (b) IL-23/IL-17 axis related and IL-17 

family cytokines, (c) IL-36 family cytokines, (d) MMPs and (e) chemokines in lesional HS skin 

and healthy skin controls (n=8 each). * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Increased frequency of IL-17A+ and IL-22+ CD4+, and IL-17A+ CD8+ T 

cells in HS skin compared to peripheral blood 

Single cells were isolated from lesional skin of 10 HS patients (Hurley stage II 

n=7 and III n=3) and compared with non-matched HS blood (n=5) and healthy 

blood (n=5), (Table 1).  

Representative staining results of IL-17A+, IFN-γ+, TNF+, and IL-22+ CD4+ 

and CD8+ T cells, can be found in Figures 2a and 2c respectively. Lesional HS 

skin showed a significantly higher proportion of IL-17A+ among CD4+ T cells 

(13.09±1.77%, mean±SEM) than HS blood (1.24±0.42%, p=0.0004) and 

healthy blood (0.45±0.20%, p=0.0002) (Fig. 2b). Similarly, a higher percentage 

of CD8+ T cells were IL-17A+ in HS skin (6.98±1.74%) compared with HS blood 

(0.07±0.01%) and healthy blood (0.07±0.02%), both p=0.0007 (Fig. 2d). 

Comparable proportions of IFN-γ+ CD4+ and IFN-γ+ CD8+T cells were 

observed in HS skin, HS blood, and healthy blood. Both percentages of TNFα+ 

CD4+ and TNFα+ CD8+ T cells were significantly higher in HS skin compared 

with healthy blood (respectively 22.70±4.48% versus 6.97±2.63%, p=0.0343 

and 17.23±3.21% versus 6.41±1.68%, p=0.041).  

A significantly greater proportion of CD4+ T cells was IL-22+ in HS lesional 

skin (3.21±0.63%) relative to HS blood (0.56±0.09%) and healthy blood 

(0.34±0.04%), respectively p=0.013 and p=0.0036 (Fig. 2b). None of the three 

groups showed credible populations of IL-22+ CD8+ T cells (Fig. 2c). 
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 Table 1. HS patients' characteristics 

 HS patients Controls 

 Skin samples 
Blood 

samples 
Skin 

samples 
Blood samples 

Analysis 
RT-PCR FC FC RT-PCR FC 

cytokine 
staining 

FC 
receptor 
staining 

 n=8 n=10 n=5 n=8 n=5 n=10 

Female, n (%) 5 (63%) 5 (50%) 2 (40%) 
 

2 (40%) 5 (50%) 

Age, mean ±SD 
43.0 ± 
14.8 

38.3 ± 
11.2 

51.0 ± 
5.5 

 48.8 ± 
14.5 

45.0 ± 
12.1 

BMI, mean ±SD 
32.2 ± 

8.3 
30.6 ± 4.1 

30.0 ± 
6.5 

NA NA NA 

Current- or ex-smoker, 
n (%) 

6 (75%) 9 (90%) 4 (80%) 
NA 

 
NA NA 

Hurley stage       
  Stage I, n (%) 3 (26%) 0 (0%) 1 (20%)    
  Stage II, n (%) 5 (63%) 7 (70%) 3 (60%)    
  Stage III, n (%) 0 (0%) 3 (30%) 1 (20%)    
Location       
   Axilla, n (%) 5 (63%) 5 (50%)     
   Inguinal, n (%) 3 (27%) 3 (30%)     
   Gluteal, n (%) 0 2 (20%)     
   Abdomen, n (%)    5 (62%)   
   Mammary, n (%)    3 (38%)   

 

SD: standard deviation, FC: flow cytometry. * missing =3. 
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Figure 2. Enhanced accumulation of IL-17A+, TNFα+, IL-22+ CD4+ and IL-17+, TNFα+ CD8+ 

T cells in lesional HS skin compared to peripheral blood. Representative IL-17A, IFN-γ, TNFα, 

and IL-22 staining results among CD4+ (a) and CD8+ (c) T cells in HS skin (n=10) and 

peripheral blood of HS patients or healthy donors (n=5 each). Summary of IL-17A, IFN-γ, TNFα, 

and IL-22 staining results among CD4+ (b) and CD8+ (d) T cells in above samples. * p < 0.05, 

** p < 0.01, *** p < 0.001.  

 

Expression of IL-17RA and IL-17RC on lymphocytes, myeloid immune 

cells and fibroblasts in HS skin 

Expression of IL-17RA and IL-17RC was measured on inflammatory cells from 

HS skin (n=10) and healthy blood (n=10) using flow cytometry (Table 1). 

Representative staining results from HS skin are shown in supplementary 

Figure S2a.  

In HS skin, the MFI of IL-17RA was significantly higher than isotype control 
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on CD4+ T cells (p=0.0008), CD8+ T cells (p=0.0025) and CD19+ B cells 

(p=0.0388), Fig. 3a. Interestingly, CD4+ and CD8+ T cells and CD19+ B cells 

from HS skin showed a significantly higher MFI of IL-17RC than isotype control 

(p=0.0005, p=0.0019,and p=0.0088, respectively). Similar to HS skin, 

expression of IL-17RA and IL-17RC was found on the limited number of CD4+ 

and CD8+ T cells obtained from healthy skin (supplementary Fig. S3a). 

Among myeloid cells, a significantly higher MFI of both IL-17RA and IL-17RC 

was present on CD14+ monocytes, CD15+CD16+ neutrophils, and 

CD117+FcεR+ mast cells in HS skin (Fig. 3b).  

In healthy blood, a significantly elevated MFI of IL-17RA was found on all 

above cell types except mast cells (Fig. 3a,b), which was due to negligible 

numbers of mast cells in healthy blood (data not shown). Uniquely, in healthy 

blood IL-17RC was not expressed on CD4+ and CD8+ T cells (Fig. 3a,b). In 

contrast, monocytes and neutrophils were IL-17RC positive and IL-17RC was 

only slightly expressed on B cells (Fig. 3a,b). 

Interleukin-17RA was universally present on all tested lymphocytes and 

myeloid cells with expression ratios all around 2 (Fig. 3c). Similarly, IL-17RC 

was expressed on all tested cells with significantly higher expression of IL-

17RC on monocytes and neutrophils when compared with CD4+ (respectively 

p=0.0214 and p=0.0023) and CD8+ T cells (respectively p=0.0090 and 

p=0.0026), Figure 3c. 

Lesional HS skin showed a significantly higher expression of IL-17RC on 

CD4+ and CD8+ T cells, B cells, monocytes, and neutrophils compared with 

healthy blood (Fig. 3d). In contrast, the IL-17RA expression on T and B cells 

was similar between HS skin and healthy blood (supplementary Fig. S2b).   
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Figure 3. Enhanced expression of IL-17RA and IL-17RC on immune cells in lesional HS skin 

compared to peripheral blood. Mean fluorescence intensity (MFI) of IL-17RA and IL-17RC 

compared to corresponding isotypes on lymphocyte subsets and myeloid cell types in HS skin 

(a) and healthy peripheral blood (c) (n=10 each). (b) relative expression ratios of IL-17RA and 

IL-17RC across various lymphoid and myeloid cell subsets in HS skin. (d) relative expression 

ratios of IL-17RC on lymphoid and myeloid cell subsets in HS skin compared to healthy 

peripheral blood. * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

Additive effect of individual or dual neutralization of IL-17A and TNFα in a 

human ex vivo HS fibroblast - T cell co-culture system 

Fibroblasts cultured from HS skin lesions showed IL-17RA and IL-17RC 

expression (supplementary Fig S4a). To demonstrate functionality of the IL-

17RA/RC complex, fibroblasts were stimulated with IL-17A and IL-17F, which 

resulted in significantly upregulated protein levels of IL-6 and IL-8 in the culture 

supernatant. Stimulation with IL-17A but not IL-17F induced a significant 
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increase in levels of MMP-1 and MMP-3 compared to medium control (Fig. 4a). 

In addition, both IL-1β and TNFα were potent inducers of the above-mentioned 

mediators (Fig. 4a).  

Co-cultures were created with HS derived fibroblasts and healthy peripheral 

blood derived anti-CD3/anti-CD28 activated memory CD4+ T cells 

(CD4+CD45RO+CD14-CD25low/int). These memory CD4+ T cells showed 

upregulated expression of IL-17RA and IL-17RC when co-cultured with skin 

fibroblasts. Anti-CD3/anti-CD28 activation further increased the expression of 

both IL-17RA and IL-17RC (supplementary Fig. S3b). 

 

 

Figure 4. IL-17A neutralization reduces inflammatory cytokines, chemokines and MMPs in HS 

fibroblast-T cell co-cultures. (a) IL-1β, TNFa, IL-17A and IL-17F induced secretion of 

inflammatory cytokines (IL-6 and IL-8) and MMPs (MMP-1 and -3) in HS skin fibroblast cultures 

(n=6). (b) Anti-IL-17A, anti-TNF or their combination inhibited secretion of inflammatory 

cytokines (IL-6 and IL-8) and MMPs (MMP-1 and -3) and (c) mRNA expression of inflammatory 

cytokines (IL-1α and IL-1β) and chemokines (CXCL1 and CCL2) in HS skin fibroblast-T cell co-

cultures (n=6).  * p < 0.05, ** p < 0.01, *** p < 0.001, ## p < 0.01, ### p < 0.001. 
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Neutralizing IL-17A or TNFα significantly reduced the levels of IL-6, IL-8, 

MMP-1, and MMP-3 in co-culture supernatants compared with isotype antibody 

controls (Fig. 4b). Combination treatment of anti-IL-17A and anti-TNFα showed 

significantly stronger inhibition of the levels of IL-6, IL-8 and MMP-1 compared 

with either anti-IL-17A or anti-TNFα alone (Fig. 4b). The expression of IL-1α 

and IL-1β mRNA was significantly reduced after neutralization of IL-17A 

(respectively p=0.0062 and p=0.0001) or TNFα (respectively p=0.0007 and 

p=0.0058) compared to isotype control. Remarkably, neutralization of anti-

TNFα led to a stronger suppression of IL-1α mRNA whereas anti-IL-17A led to 

a stronger suppression of IL-1β mRNA (Fig. 4c). Combining anti-IL-17A and 

anti-TNFα treatment significantly suppressed the mRNA expression of IL-1β 

compared with either antibody alone (Fig. 4c). Anti-IL-17A but not anti-TNFα 

was found to significantly inhibit the mRNA expression of CXCL1 (respectively 

p=0.0007) and CCL2 (respectively p=0.0049) compared with isotype control 

(Fig. 4c). 

Discussion 

In this study, upregulation of a broad range of chemokines, MMPs and 

proinflammatory cytokines such as IL-1 family members and IL-23-IL-17 

immune pathway related cytokines in HS lesional skin was found. Moreover, IL-

17-producing and target cells were identified in HS lesional skin and in blood of 

HS patients compared with healthy controls. Interaction of IL-17A with TNF 

activity was shown in a human ex vivo model of HS showing that combination 

therapy of neutralizing IL-17A and TNF resulted in a significantly stronger effect 

on the suppression of the proinflammatory cytokines IL-6, IL-8 and IL-1beta and 

the proteinase MMP1 compared to anti-TNF alone. 

Screening of spontaneous cytokine production by HS lesional skin identified 

clear immune dysregulation with significantly upregulated cytokines from the IL-

1 family and the IL-23/IL-17 axis, the chemokines CCL2, CCL3, CCL20, and 
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CXCL1, and MMP-1, -3, -9, -12 and -13 similar to previous findings [19,25,26]. 

Interestingly, TNFα mRNA expression was not significantly different between 

HS lesions and healthy skin. This can be explained by the fact that TNFα mRNA 

expression and TNFα protein production do not correlate well in HS skin as 

observed in our earlier publication [17]. Lesional skin showed a significant 

upregulation of IL-1β but not of IL-1α compared with healthy skin, as has been 

previously reported [19,20]. These decreased or non-elevated IL-1α levels in 

lesional HS skin have previously been found and could indicate consumption 

of IL-1α and preferential intracellular translocation of IL-1α at sites of 

inflammation.  

Our results support the importance of the IL-23/IL-17 axis in HS pathogenesis 

with significantly elevated levels of IL-23p19, IL-22, IL-17A, and IL-17F [6,27]. 

Moreover, IL-17C, which is mostly produced by activated epithelial cells, 

including keratinocytes, was significantly upregulated in HS lesions, as 

previously shown [28]. Upregulation of IL-17C and IL-8 together with IL-36γ 

contribute to the strong neutrophilic nature of HS.  

Metalloproteinases (MMPs) are known to facilitate epithelial-mesenchymal 

transition. In HS lesions they may allow the epithelium from ruptured hair 

follicles or cyst walls to become invasive in the microenvironment and to start 

tunnel formation [29,30]. As depicted in Figure 1d, we found upregulation of 

MMP-1, -3, -9, -12 and MMP-13 mRNA in HS lesional skin. From our ex vivo 

stimulation experiments using HS fibroblasts, IL-17A could, comparable to IL-

1beta and TNF, directly induce the production of IL-6, IL-8, and MMP-1 and 

MMP-3, further supporting the role of IL-17A in HS pathogenesis (Fig. 4a).     

Not merely overexpression of IL-17 but also an imbalance of IL-17A 

producing T helper 17 cells (Th17) and regulatory T cells (Treg) has been 

suggested to contribute to HS pathogenesis [5]. Our data confirm the 

enrichment of IL-17A+ CD4+ and IL-17A+ CD8+ T cells in HS skin lesions 

compared with peripheral blood. This indicates that multiple cell sources 
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contribute to local IL-17A production in HS lesions, maintaining a pro-

inflammatory environment. Recently, a study in psoriatic arthritis revealed that 

CD4+ but not CD8+ T cells secreted IL-17A upon anti-CD3/anti-CD28 activation, 

although both were IL-17A+ during intracellular staining with PMA/Ionomycin 

stimulation [15]. Therefore, the exact role of CD8+ T cells in IL-17 production in 

HS requires further research. We also found enrichment of IL-22+ CD4+ T cells 

in HS skin compared with peripheral blood [5,31]. These results indicate 

specific local accumulation of IL-17A+ and IL-22+ CD4+ T cells in HS skin 

lesions. Since the IL-22 family is considered the driving force of epidermal 

hyperplasia in psoriasis, the presence of IL-22+ T cells in HS lesions might 

explain the observed psoriasiform hyperplasia in the overlying epidermis in HS 

[28,32].  

Apart from IL-17-producing cells, less is known regarding IL-17 target cells in 

HS [32]. IL-17RA is ubiquitously expressed on almost every cell and IL-17RC 

is predominantly expressed on stromal cells and myeloid cells [11,34]. We show 

that the expression of IL-17RA is present on lymphocytes and myeloid cells 

from both HS skin and healthy blood. In contrast, the expression of IL-17RC 

was significantly higher in CD4 and CD8 positive cells from HS skin but not in 

healthy blood. Since both T cell subsets express IL-17RA, this indicate that 

CD4+ and CD8+ T cells are also target cells for IL-17A and IL-17F in HS skin. 

Therefore, IL-17RC might serve as another potential target for HS treatment.  

Although IL-17RA and IL-17RC expression was present across different 

immune cells in HS skin, both IL-17RA and IL-17RC were expressed at higher 

levels in monocytes and neutrophils compared to other leukocyte subsets. This 

suggests that monocytes and neutrophils are better suited to respond to IL-17A 

and IL-17F stimulation and to contribute to the feed forward loop of 

inflammation in HS lesions. Overall, the multitude of immune cells in HS lesions 

expressing IL-17RA and the upregulation of IL-17RC on diverse immune cells 

in HS skin highlight the sensitivity of local lesional skin to IL-17A stimulation 
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underscoring its key role in HS pathogenesis. However, it should be noted that 

resident cell types such as keratinocytes, endothelial cells and fibroblasts, are 

direct targets of IL-17A and IL-17F and contribute to the inflammation loop and 

tunnel formation in HS [30,31]. 

We have shown that HS fibroblasts are IL-17RA and IL-17RC positive and 

will directly respond to IL-17A in HS by producing inflammatory cytokines and 

MMPs (Fig. 4a) [19]. When co-cultured with anti-CD3/anti-CD28 activated 

memory CD4+ T cell, HS fibroblasts produced significantly more inflammatory 

cytokines, chemokines and MMPs (Fig. 4b and c), suggesting a positive feed-

forward loop that might play a role in the development of chronic inflammation 

in HS, something we have observed previously in inflammatory arthritis [15,18]. 

This HS fibroblasts-T cell co-culture system provides a simplified, additional ex 

vivo model to the HS skin explant model reported earlier [17]. 

Anti-TNF therapy has been approved for HS patients and although a clinical 

response can be observed, only 45-50% of the HS patients respond to this 

therapy [12]. Therefore, there is an enormous unmet medical need. In our 

human ex vivo model system of HS, anti-IL-17A and anti-TNF antibody therapy 

showed overlapping as well as complementary differential effects on the 

expression and levels of proinflammatory cytokines, chemokines, and MMPs. 

For instance, anti-TNF was more potent in reducing IL-1α, while anti-IL-17A 

was better at inhibiting IL-1β, CXCL1, and CCL2. Both therapies suppressed 

IL-6, IL-8, MMP-1 and MMP-3, although at a different level. Interestingly, 

combining anti-TNF with anti-IL-17 achieved better reduction of IL-6, IL-8 and 

MMP-1 compared to single antibody treatment. In light of the ca. 50% response 

rate to anti-TNF monotherapy, the potentially synergistic effects of anti-IL-17 

therapy and anti-TNF-therapy could indicate a use for a combination of 

biologics in HS patients. Moreover, the significant reduction in MMP-1 when 

combining anti-IL-17 therapy and anti-TNF-therapy could suggest a role for 

combined treatment prior to or at the early stages of tunnel formation. Increased 
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risks of infection and other potential side effects should be duly noted when 

considering clinical implementation of this combination therapy.   

We acknowledge the limitations of our study. Only very few immune cells 

could be isolated from healthy skin samples and therefore no trustworthy 

staining results could be achieved for IL-17A and IL-17RA/IL-17RC positive 

cells. Therefore, HS lesional skin was compared to peripheral blood, as immune 

cells from peripheral blood migrate quickly into acute skin lesions to form the 

inflammatory infiltrate. Interestingly, with the lack of significant differences found 

between HS blood and healthy blood, and the significant differences seen 

between HS skin and peripheral blood leukocytes, our results highlight the 

compartmentalization of the immune response in HS [22].  

Conclusions 

In this study, we showed the overexpression of MMPs, IL-1 family and IL-23/IL-

17 axis related cytokines in HS lesions compared with healthy skin. In addition, 

significant enrichment of IL-17A+ and IL-22+ CD4+, and IL-17A+ CD8+ T cells 

was found in HS lesional skin compared to blood of HS patients or healthy 

donors. In addition, we showed for the first time the upregulation of IL-17RC 

expression on lymphocytes in HS lesions. Finally, we showed an interaction 

between IL-17A and TNF activity as neutralizing both cytokines showed the 

best results in suppressing IL-6, IL-8, IL-1beta and MMP-1 in our ex vivo HS 

fibroblast-T cell co-cultures.  
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Supplementary figure legends 

 
Supplementary Figure S1. Low numbers of CD4+ and CD8+ T cells in healthy skin. 

Representative staining results of CD4+ and CD8+ T cells among CD45+CD3+ T cells in 

healthy skin (n=2). 

 

 
Supplementary Figure S2. Expression of IL-17RA and IL-17RC on various immune cells in 

HS skin. (a) representative flow cytometry staining results of IL-17RA and IL-17RC on CD4+ 

and CD8+ T cells, B cells, monocytes, neutrophils and mast cells in HS skin. (b) relative 

expression ratio of IL-17RA on CD4+ and CD8+ T cells, CD19+ B cells in HS skin compared to 

healthy peripheral blood (n=10 each).  
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Supplementary Figure S3. Expression of IL-17RA and IL-17RC on T cells in healthy skin and 

their modulation during ex vivo co-cultures with skin fibroblasts. (a) expresion of IL-17RA and 

IL-17RC on CD4+ and CD8+ T cells in healthy skin compared to isotype controls (n=2). (b) 

representative staining of IL-17RA/RC on CD4+CD45RO+ T cells before and after co-cultures 

with skin fibroblasts with/without anti-CD3/anti-CD28 stimulation. Summary of relative 

expression of IL-17RA and IL-17RC on these CD45+ T cells before and after ex vivo co-cultures 

(n=3). 
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Supplementary Figure S4. Expression of IL-17RA/RC on HS fibroblasts and IL-17A and TNF 

neutralization in HS fibroblast-T cell co-cultures (a) representative flow cytometry staining result 

of IL-17RA and IL-17RC on HS fibroblasts isolated from HS skin lesions. (b) protein levels of 

IL-17A, TNFα and IFN-γ in supernatants of HS fibroblast-T cell co-cultures with addition of anti-

IL-17A, anti-TNF, their combination or isotype antibody (n=6). 
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Abstract 

Psoriasis is a chronic inflammatory skin disease characterized by typical red, 

scaly papules and plaques. Abnormal activation of immune cells, especially the 

IL-23/IL-17 pathway, are central in psoriasis disease pathogenesis. Tyrosine 

kinases such as the Janus kinase family (including Tyk2) and the Src kinase 

family (including Lck) are involved in signaling pathways of immune cell 

functions. In this study, a Tyk2 and a Lck inhibitor were used to examine the 

influence of these kinase pathways on psoriasis using the imiquimod-induced 

psoriasis-like mouse model. Tyk2 but not Lck inhibition significantly reduced 

skin scaling and both had no effect on skin thickness and redness. In addition, 

Tyk2, but not Lck inhibition, prevented dermal accumulation of immune cells, 

such as T cells, monocytes and neutrophils, and reduced the expression of 

Th17 related cytokines as well as chemokines. Interestingly, both kinase 

inhibitors suppressed IL-23 receptor (IL-23R) expression. These data show that 

Tyk2, but not Lck is involved in dermal inflammation and scaling in the IMQ-

induced psoriasis model, which corresponds with the positive results in clinical 

trials. 
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Introduction 

Psoriasis is a chronic autoimmune skin disease affecting around 2 to 3% of the 

whole population1,2. Immune dysregulation is found to play a pivotal role in 

psoriasis pathogenesis3. Aberrant expression of IL-23/IL-17 pathway has been 

discovered in psoriatic lesions, and recent clinical successes of antibodies 

targeting these cytokines further confirmed the contribution of this pathway4-7. 

However, treatments with neutralizing antibodies, which need to be injected 

subcutaneously, are expensive, and are restricted to patients with moderate to 

severe psoriasis. Therefore, there is still a need to search for more alternatives 

for oral administration, and small molecule inhibitors might be a plausible option. 

  Tyrosine kinases are intracellular enzymes that phosphorylate tyrosine 

molecules of downstream targets, and function as mediators to relay signal 

transduction from cell surface receptors. Increasing evidence indicates that 

abnormal activation of tyrosine kinases contributes to various inflammatory skin 

diseases including psoriasis8. Non-receptor tyrosine kinases are kinases 

without a direct extracellular receptor, but are often coupled to other surface 

receptors to transmit extracellular signals. Among them, the Jak-family kinases 

and the Src-family kinases are the most widely studied.  

  Tyk2 is an important member of the Janus kinase family, is ubiquitously 

expressed in all tissues and mediates IL-12/IL-23 induced T cell responses9,10. 

Recent evidence showed that Tyk2 inhibitor reduced IL-23 induced T cell 

activation and IL-23-mediated diseases such as psoriasis and 

spondyloarthritis11,12.  

  Lck is one of the Src kinase family, and plays an important role in T cell 

receptor (TCR) signaling. TCR dependent anti-CD3 induced T cell proliferation 

and IL-2 production were reported to be dampened by Lck inhibition13. 

Therefore, it is of great interest to evaluate the potential of Tyk2 and Lck 

inhibition in psoriasis treatment. Therefore, we used the imiquimod (IMQ)-

induced psoriasis-like mouse model which was previously established in our 
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lab and, like psoriasis is driven by the IL-23/IL-17 axis14. Treatments with either 

Tyk2 or Lck inhibitors were examined and standard psoriasis treatments with 

corticosteroid β-methasone were included as positive controls. 

Methods 

IMQ-induced psoriasis mouse model 

BALB/C mice (8-11 week-old) received daily topical applications of 62.5mg 5% 

Aldara (3M Pharmaceuticals) on the shaved back skin. Control mice were 

treated with petrolatum (Fagron). Daily evaluation of local psoriasis area and 

severity index (PASI) including skin thickness, redness and scales was 

described previously14. 70 mg/kg body weight of Tyk2 inhibitor, 45 mg/kg body 

weight of Lck inhibitor or 5 mg/kg body weight of dexamethasone was 

intraperitoneally injected daily. Both inhibitors were kindly provided by Dr. R. 

Buijsman and Dr. G. Zaman, Netherlands Translational Research Center 

(NTRC), Oss, The Netherlands. On day five of IMQ induction, mice were 

sacrificed for analysis. Animal experiments were approved by the Erasmus 

Medical Center animal welfare committee according to the Dutch/European law. 

Histology and Immunohistochemistry  

Skin biopsies were snap-frozen in TissueTek (Bayer) and sections were cut with 

a Leica cryostat. CD3 antibody (clone KT3, dilution 1:3,), CD4 antibody (GK1.5, 

dilution 1:1), CD11c antibody (clone N418, dilution 1:3) and Gr-1 antibody 

(clone RB6-8C5, dilution 1:300) were used for IHC staining. All primary 

antibodies were from Bioceros B.V.. H&E and IHC stainings were performed as 

described earlier14. 

Images were analyzed with LAX V4.12 program (Leica microsystems) or 

NDP.view2 (Hamamatsu photonics). To measure epidermal thickness, each 

section was semiquantified by counting the layers of keratinocytes at two 

different points in the epidermis and the average values were used to reflect 

overall epidermal thickness.  
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Reverse transcription and real-time polymerase chain reaction (RT-PCR) 

RNA was isolated with TRIzol (Thermo Fisher) or Total RNA Miniprep Kit  

(Sigma-Aldrich). cDNA was synthesized with Superscript II after DNase 

treatment (both from Invitrogen). RT-PCR was performed with ViiA7 sequence 

detection system (Life Technologies). Gene expression data were normalized 

to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in mouse samples. 

Primer sequences are provided in supplementary data. 

Statistical analysis 

Statistical differences were determined with unpaired student’s t test. All 

statistical analyses were performed with GraphPad Prism V5 and P-values 

<0.05 were considered as significant. 

Results 

Tyk2 inhibition reduces skin scaling but not thickness in IMQ-induced 

psoriasis-like model 

Tyk2 inhibition significantly reduced skin scaling but not the clinical skin 

thickness and redness in the IMQ-induced psoriasis model, leading to no 

significant difference in PASI score. In comparison, β-methasone inhibited both 

skin scaling and thickness but not skin redness, while Lck inhibition showed no 

effect on all of these symptoms (Fig. 1, Suppl fig 1). To further confirm these 

findings, H&E staining was performed to measure epidermal thickness and 

representative staining results are shown in figure 1B. Similar to the earlier 

clinical findings, measuring epidermal thickness revealed that only β-

methasone treatment significantly reduced epidermal thickness (Fig. 1C). 
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Figure 1. Tyk2 inhibition reduced scaling but not skin thickness in psoriasis-like mouse 

model. (A) skin scaling in IMQ-induced psoriasis-like skin with or without treatments. (B) 

representative H&E staining results and (C) epidermal thickness in IMQ-induced psoriasis-like 

skin with or without treatments. βMET, iLCK, and iTYK2 indicate β-methasone treatment, Lck 

and Tyk2 inhibition, respectively. N=5/6 per group. Normal mouse skin without IMQ application 

were included as controls (Ctrl, n=2). All staining results were observed with 200× magnification. 

** p<0.01, *** p<0.001. 

Epidermal levels of expression of keratins and anti-microbial peptides such as 

psoriasin (S100A7) serve as bio-markers in psoriasis15,16. In lesional skin, 

mRNA expression of keratin16 and keratin 17 was only significantly reduced by 

β-methasone treatment, but not by Tyk2 or Lck (Fig. 2A), which is in line with  

our clinical and histological observation that Tyk2 and Lck inhibition didn’t 

improve skin thickness in this model. However, and on the contrary, the anti-

microbial peptide S100A7A was significantly down-regulated by both β-

methasone and Tyk2 (Fig. 2B). Taken together, our results show that Tyk2 

inhibition improved skin scaling but not thickness in the IMQ-induced psoriasis 

model. 
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Figure 2. Tyk2 inhibition reduced antimicrobial peptide but not keratin 16 and keratin 17 

mRNA expression in psoriasis-like mouse model. Expression of keratin16, keratin17 (A) 

and S100A7A (B) in IMQ-induced psoriasis-like skin with or without treatments. *** p<0.001. 

 

Tyk2 inhibition reduces immune cells infiltration in psoriasis-like skin in 

IMQ-induced model 

IHC staining was performed to examine skin infiltration of CD3+ and CD4+ T 

cells, CD11c+ monocytes, and Gr-1+ neutrophils. Representative staining 

results are shown in figure 3A. Staining scores are summarized in figure 3B. 

Here we found that β-methasone significantly reduced the infiltraion of CD3+ 

and CD4+ T cells, monocyte and neutrophils in psoriasis-like skin. Tyk2 

inhibition also significantly down-regulated skin infiltration of above cell types 

(Fig. 3B). Lck inhibition didn’t affect dermal infiltration of immune cells in 

psoriasis-like skin (Fig. 3B). In summary, Tyk2 but not Lck inhibition significantly 

reduced immune cell infiltration in IMQ-induced psoriasis-like model. 
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Figure 3. Tyk2 inhibition reduced immune cell infiltration in psoriasis-like mouse model. 

Representative IHC staining (A) and score results (B) including CD3+, CD4+, CD11c+ and Gr-

1+ staining in IMQ-induced psoriasis-like skin with or without treatments. βMET, iLCK, and 

iTYK2 indicate β-methasone treatment, Lck and Tyk2 inhibition, respectively. Normal mouse 

skin without IMQ application were included as controls (Ctrl). All staining results were observed 

with 200× magnification. 

 

Tyk2 inhibition reduces cytokines and chemokines in IMQ-induced 

psoriasis-like model 

To further investigate the relation between the degree of infiltration of skin 

immune cells and proinflammatory cytokines/chemokines, expression of 

various cytokines and chemokines were analyzed in IMQ-induced skin lesions. 

Comparable to β-methasone treatment, Tyk2 inhibition significantly down-

regulated mRNA expression of IL-23/IL-17 axis-related cytokines including IL-

23p19, IL-22, and IL-17A (Fig. 4A). Other inflammatory cytokines such as IL-

12p35, IL-6 and TNFα were also significantly or strongly suppressed by Tyk2 

inhibition and β-methasone treatment (Fig. 4A). Interestingly, T helper cell 2 
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cytokine, IL-4, and anti-inflammatory cytokine, IL-10, were both significantly 

reduced by Tyk2 inhibition, similar to β-methasone treatment, indicating broad 

suppression of local skin inflammation (Fig. 4A). Consistent with cytokine 

results, β-methasone treatment and similarly Tyk2 inhibition both significantly 

 

Figure 4. Tyk2 inhibition reduced skin inflammation such as cytokine and chemokine 

expression in psoriasis-like mouse model. mRNA expression of various cytokines (A), 

chemokines and IL-23R (B) in IMQ-induced psoriasis-like skin. βMET, iLCK, and iTYK2 indicate 

β-methasone treatment, Lck and Tyk2 inhibition, respectively. N=5/6 per group. Normal mouse 

skin without IMQ application were included as controls (Ctrl, n=2). * p<0.05, ** p<0.01, *** 

p<0.001. 

suppressed mRNA expression of chemokines such as CCL2, CXCL1, and 

CXCL2 (Fig. 4B). Lck blockade showed no inhibition of all above cytokines and 

chemokines, except a down-regulation of IL-23 receptor expression (Fig. 

4A&B). Taken together, our data showed that Tyk2, but not Lck, inhibition 

significantly reduced expression of cytokines and chemokines in psoriasis-like 

lesions, further supporting earlier observations of reduced immune cell 

infiltration in lesional skin. 
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Discussion 

 Our results show that Tyk2 inhibitor suppressed expression of diverse 

cytokines including the IL-23/IL-17 pathway and reduced accumulation of 

immune cells such as CD4+ T cells, CD11c+ monocytes, Gr-1+ neutrophils in 

psoriasis lesions. These results corroborate findings from other groups in which 

an IL-23 induced psoriasis model was used instead of the imiquimod-induced 

model as in our study11. Furthermore, several phase II and phase III clinical 

trials reported promising results of Jak1/Tyk2 and selective Tyk2 inhibition in 

patients with moderate-to-severe psoriasis17-19. Suppression of IL-23/IL-17 

pathway and immune cell recruitment was also supported in these trials17,18. 

However, contrary to our findings, in Jak1/Tyk2 inhibitor clinical trials, epidermal 

thickness was observed to be reduced. This might be a result of dual Jak1/Tyk2 

inhibition instead of single Tyk2 inhibition in our case. Similar to our 

observations, a separate study found that epidermal thickness was improved 

with a Jak1/Tyk2 inhibitor, but not in Tyk2 mutant mice20. Moreover, according 

to earlier experiences, peak inflammation at day 5 of imiquimod-induced 

psoriasis-like model was chosen as the endpoint, which should be optimal for 

observation of epidermal thickness differences.  

  Lck inhibitor, to our surprise, reduced neither skin inflammation nor epidermal 

thickness in imiquimod-induced psoriasis-like model. Though expression of IL-

23 receptor was reduced after Lck inhibition, general experimental psoriatic 

symptoms were not improved with Lck treatment. This might be because Lck 

inhibition preferentially regulated TCR-dependent T activation but not non-TCR-

dependent phorbol 12-myristate 13-acetate/interleukin-2 (IL-2)-induced T cell 

proliferation13. In imiquimod-induced psoriasis-like model, strong local 

predominant innate inflammation and cytokine production might bypass TCR-

dependent activation and promote cytokine-centered non-TCR-dependent 

activation. Therefore, this phenomenon renders Lck inhibition ineffective.  

  In summary, our data show that Tyk2, but not Lck, inhibition reduced skin 
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scaling and dermal inflammation in imiquimod-induced psoriasis-like model. 

However, in our experimental model epidermal thickness was not improved by 

Tyk2 inhibition. This points either to a deficiency in the IMQ model in not being 

capable of capturing the full potential of Tyk2 inhibtion as seen in clinical trials 

with the selective Tyk2 inhibitor deucravacitinib or that our Tyk2 inhibitor is less 

potent than deucravacitinib. 
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Supplementary figure 

 

Supplementary figure 1. Tyk2 inhibition showed no effects on skin thickness, redness and 

total PASI scores in psoriasis-like mouse model. 
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Supplementary table 

Gene  Primers 

mGAPDH 
Forward AGCTTGTCATCAACGGGAAG 

Reverse TTTGATGTTAGTGGGGTCTCG 

mKeratin16 
Forward AGCAGGAGATCGCCACCTA 

Reverse AGTGCTGTGAGGAGGAGTGG 

mKeratin17 
Forward CCGAGATTGGTACCAGAAGC 

Reverse AGGATGCTGGCATTGTCC 

mS100a7a  
Forward GCCTCGCTTCATGGACAC 

Reverse CGGAACAGCTCTGTGATGTAGT 

mIL23p19  
Forward CACCTCCCTACTAGGACTCAGC 

Reverse TGGGCATCTGTTGGGTCT 

mIL22  
Forward TTTCCTGACCAAACTCAGCA 

Reverse CTGGATGTTCTGGTCGTCAC 

mIL17A  
Forward TTTTCAGCAAGGAATGTGGA 

Reverse TTCATTGTGGAGGGCAGAC 

mIL12p35  
Forward GAGACTTCTTCCACAACAAGAGG 

Reverse CAGGGTCATCATCAAAGACG 

mTNFa  
Forward CCACGTCGTAGCAAACCAC 

Reverse TTTGAGATCCATGCCGTTG 

mIL6  
Forward ATCAGGAAATTTGCCTATTGAAA 

Reverse CCAGGTAGCTATGGTACTCCAGA 

mIL10  
Forward CAGAGCCACATGCTCCTAGA 

Reverse TGTCCAGCTGGTCCTTTGTT 

mIL4  
Forward CATCGGCATTTTGAACGAG 

Reverse GACGTTTGGCACATCCATCT 

mCCL2 
Forward CATCCACGTGTTGGCTCA 

Reverse GATCATCTTGCTGGTGAATGAGT 

mCXCL1 
Forward GACTCCAGCCACACTCCAAC 

Reverse TGACAGCGCAGCTCATTG 

mCXCL2 
Forward AAAATCATCCAAAAGATACTGAACAA 

Reverse CTTTGGTTCTTCCGTTGAGG 

mIL23R 
Forward CCAAGTATATTGTGCATGTGAAGA 

Reverse AGCTTGAGGCAAGATATTGTTGT 
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Abstract 

 

A different role for the IL-17 pathway between rheumatoid arthritis (RA) and 

psoriatic arthritis (PsA) has been suggested. Mostly because clinical trials with 

IL-17A neutralizing antibodies in patients with RA were discontinued due to 

lower than expected efficacy. In contrast, biologicals targeting the IL-17 

pathway is approved for clinical treatment in patients with PsA. Here, we 

examined whether there is a difference in the synovial cytokine profile, and in 

expression and regulation of IL-17RA and IL-17RC on synovial immune cells 

between RA and PsA. We found much overlap in cytokine expression levels in 

the synovium fluid from patients with RA compared to PsA, except for IL-6, IL-

1beta, IL-10, RANKL, OPG, and PTH, which were significantly higher in RA. In 

addition, the composition of synovial T cell subsets was similar between PsA 

and RA. Interestingly, the expression of IL-17RC on synovial CD4+ and CD8+ 

T cells and on synovial B cells was significantly higher in RA compared to PsA. 

Furthermore, T cell receptor (TCR) activation increased the intensity of IL-17RA 

and IL-17RC expression, although the effect was higher for IL-17RA. In contrast, 

cytokine stimulation or stromal cell interaction increased significantly the 

intensity of IL-17RC expression. Taken together, we found differential 

expression and regulation of IL-17RC on synovial lymphoid cells between RA 

and PsA, indicating differences in IL-17 target cells between these diseases. 

Further analysis is needed to examine the functionality of these findings and to 

further explore the regulation of the IL-17 receptor family in the different types 

of inflammatory arthritis. 
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Introduction 

IL-17A is the most widely studied IL-17 family member, which consist of IL-17A 

to IL-17F. IL-17A was first discovered in a rodent T cell hybridoma and later 

confirmed to be mainly produced by T cells in both rodents and humans (1). 

Similar to the cytokines, the IL-17 receptor family (IL-17R) consists of IL-17RA 

through IL-17RE. IL-17A functions through the heterodimer receptor IL-17RA 

and IL-17RC (1). 

IL-17A/IL-17R pathway has long been associated with the pathogenesis of 

arthritis (2,3). Early studies showed that high levels of IL-17A and enhanced 

percentages of IL-17A+ T cells were present in the synovium and synovial fluid 

from patients with RA (2). Various arthritis animal models also supported the 

pivotal importance of IL-17A/IL-17R pathway in RA pathogenesis, and targeting 

this pathway promised new therapeutic options (3,4). 

Development of IL-17A/IL-17R neutralizing biologics put this idea to test and 

several proof-of-concept phase I clinical trials reassured the treatment benefits 

of IL-17A neutralizing antibodies in RA (5,6). However, during subsequent 

phase II clinical trials, IL-17A neutralizing antibodies fell short of expected 

therapeutic efficacy in RA, although improvements in the disease activity score 

in 28 joints (DAS28) were observed (7-9). Further phase III trials found 

significant but modest effects with IL-17A neutralization in RA, but no superior 

benefits were reported in comparison to other treatments (10-12). More 

contradicting was the findings that no therapeutic efficacy was observed with 

IL-17RA blockade in RA (13,14). On the contrary, in psoriatic arthritis (PsA), 

biologicals targeting the IL-17A/IL-17R pathway showed more favorable 

therapeutic results and subsequently were approved for clinical usage (15). To 

decipher the discrepancy between RA and PsA, we collected cells from synovial 

fluid of RA and PsA patients and studied the expression and the modulation of 

IL-17A, IL-17RA and IL-17RC with focus on T cells using flow cytometry. 
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Methods 

Patients 

Synovial fluid (SF) of active PsA and RA patients (n=10 each) were collected. 

RA patients' age 52.70±5.22, female:male ratio 7:3, PsA patients' age 

51.44±4.11, female:male ratio 5:7. All diagnoses were performed by 

rheumatologists according to classification criteria. This study is part of the 

Dutch South-West Psoriatic Arthritis Register (DEPAR) study and is approved 

by medical ethics review board of Erasmus Medical Center Rotterdam. 

Flow cytometry and cell sorting 

Cell pellets from SF were stained for surface markers following standard 

operating procedures. For intracellular staining, cells were stimulated for 4 

hours (hrs) with 50 ng/ml phorbol myristate acetate (PMA) (Sigma-Aldrich), 500 

ng/ml ionomycin and Golgistop (BD Biosciences). Afterwards, following 

manufacturer’s instructions, cells were stained for surface markers and Fixable 

Viability Dye eF506 (eBioscience 65-0866-14).  Subsequently, cells were fixed 

with 2% paraformaldehyde in phosphate buffered saline (PBS) and 

permeabilized with 0.5% saponin buffer (0.5% BSA, 0.05% NaN3 in PBS).   

CD4+CD45RO+CD25low/intCD14- T memory cells were sorted from buffy coats. 

LSR II flow cytometer (BD Biosciences) was used to analyze samples and 

FlowJo software (TreeStar) was used to process results. Cells were sorted with 

FACSAria cell sorter (BD Biosciences) and purity of obtained cell populations 

was ≥ 98%.  

Flow cytometry antibodies 

Following antibodies were used during staining. From BD Biosciences: CD8-

PE-CF594 (clone RPA-T8), TCRγδ-PE Cy7 (clone 11F2), CD45-PE-CF594 

(clone HI30), CD14-APC H7 (clone MϕP9), CD45RO-PerCP Cy5.5 (clone 

UCHL1). From BioLegend: CD25-PE Cy7 (clone BC96), IL-17RA-AF647 (clone 

BG/hIL17AR), IL-17RA isotype-AF647 (clone MOPC-21). From eBioscience: 
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IL-17A-PE (clone eBio64DEC17). From Sony Biotechnology: CD45-PerCP 

Cy5.5 (clone HI30), CD3-BV785 (clone OKT3), CD4-BV711 (clone OKT4), 

CD4-FITC (clone RPA-T4). From R&D systems: IL-17RC-AF488 (clone 

309822), IL-17RC isotype-AF488 (clone 133303). 

Cell culture 

Sorted T cells were seeded 1×105 per well in 96-well round bottom culture 

plates and stimulated with 0.3 μg/ml soluble anti-CD3 and 0.4 μg/ml soluble 

anti-CD28 (both from Sanquin, Amsterdam, The Netherlands) for 3 days in 

IMDM (Lonza) supplemented with 10% fetal calf serum (Invitrogen), 100 U/ml 

penicillin/streptomycin, 2 mM L-Glutamine (both from Lonza) and 50 μM β-

mercapto-ethanol (Merck). For cytokine stimulation, 10 ug/mL IL-6, 2 ug/mL IL-

23 or their combination was used in addition to anti-CD3/anti-CD28 activation. 

Fibroblast-like synovial cells (FLS) was isolated and cultured as described 

previously (16). After reaching 90% confluence, allogeneic FLS were seeded 

1.0×104 per well in 96-well flat bottom culture plates and after overnight 

incubation, 2.5×104 T cells per well were added with/without soluble anti-

CD3/anti-CD28 as above.  

Legendplex cytokine analysis 

Synovial fluid from 21 RA and 24 PsA patients were analyzed for cytokines and 

bone markers using Legendplex kits (BioLegend) according to manufacturer’s 

recommendations. 

Statistical analysis 

Data are shown as mean ± standard error (SEM). Statistical differences were 

determined with paired or unpaired student’s t test. All data analyses were 

performed with GraphPad Prism V5 and P-values <0.05 were considered as 

significant.  
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Results 

Overlapping but differential cytokine levels in synovial fluid of RA 

compared to PsA 

Synovial fluid (n=21 respectively 24) from RA and PsA patients were analyzed 

for cytokines and bone markers. Compared to PsA, significantly higher levels 

of IL-1β, IL-6, and IL-10 were found in RA, while cytokines such as TNF, IFNɣ, 

IL-17A, and IL-17F were similar between the two diseases (Figure 1). Moreover, 

osteoprotegrin (OPG), RANK ligand (RANKL), and parathyroid hormone (PTH) 

were all significantly higher in RA compared to PsA, but levels of osteopontin 

(OPN) were not different. Taken together, these data suggest that, overlapping 

but differential cytokine levels exist in RA and PsA, and a greater dysregulation 

of cytokines might contribute to RA pathogenesis. 

 

Figure 1. Overlapping but differential cytokine levels in PsA and RA SF. Levels of various 

cytokines and bone markers in synovial fluid of PsA and RA patients. Osteoprotegrin (OPG), 

osteopontin (OPN), and parathyroid hormone (PTH). * p<0.05, ** p<0.01, and *** p<0.001. 
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Similar T cell composition, but differential IL-17A/IL-17R expression in RA 

compared to PsA 

Cell pellets collected from synovial fluid (SF) of RA and PsA patients (n=10 each) 

were analyzed with flow cytometry. As shown in Figure 2, percentages of CD3+ 

T cells were comparable between RA and PsA SF (RA 23.26±4.53% 

(mean±SEM) versus PsA 21.90±5.97%). Similarly, comparing SF from patients 

with RA versus PsA, no significant differences were found for the percentages 

of T cell subsets such as CD4+ (RA 54.99±3.79% versus PsA 62.82±2.77%), 

CD8+ (RA 39.55±3.78% versus PsA 29.54±3.12%) and γδT cells (RA 2.70±0.99% 

versus PsA 2.31±0.57%) (Figure 2). Among myeloid cells, neutrophils (RA 

60.00±4.15% versus PsA 45.55±7.02%), eosinophils (RA 0.72±0.34% versus 

PsA 2.65±0.99%), monocytes (RA 6.50±2.42% versus PsA 8.62±2.36%) and 

mast cells (RA 0.74±0.26% versus PsA 2.30±0.84%) were all similar in SF from 

RA compared to PsA (Figure 2). 

 
Figure 2. Similar cell composition in PsA SF and higher IL-17R on T cells in RA SF. Cell 

percentage results of various immune cells including lymphocytes such as CD3+ T cells and 

CD4+, CD8+, γδT cell subsets and myeloid cells in PsA and RA SF (n=10 each).  
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Percentages of IL-17A+ cells in SF were also similar between RA and PsA (RA 

1.16±0.34% versus PsA 0.90±0.18%) (supplementary Figure 1). However, 

among CD8+ T cells, percentages of SF IL-17A+ cells were significantly higher 

in PsA (1.31±0.29%) compared to RA (0.32±0.10%) (supplementary Figure 

1).  

To identify the expression of the IL-17 receptor subunits IL-17RA and IL-

17RC, subunit specific antibodies and their isotype controls were used. 

Representative IL-17RA and IL-17RC staining results on SF lymphoid and 

myeloid cells from patients with RA versus PsA are shown in supplementary 

Figure S2. To compare between groups, IL-17RAIL-17RC double positive 

results were summarized in Figure 3. Among the different myeloid cells 

examined, such as neutrophils, eosinophils, monocytes and mast cells, showed 

a 70-100% IL-17RAIL-17RC double positivity in the RA and PsA SF samples 

(Figure 3A). However, among lymphoid cells, almost none of T cell subsets 

and B cells were IL-17RAIL-17RC double positive in PsA. Interestingly, the 

majority of the SF RA samples showed IL-17RAIL-17RC double positivity for 

CD4+, CD8+, B cells and gd T cells (Figure 3, Supple Fig 2). 

To further analyze the IL-17 receptor expression between groups, results 

were normalized by dividing the mean fluorescence intensity (MFI) of target 

antibodies with their corresponding isotype controls. As shown in Figure 3B, 

when comparing RA SF to PsA, trends of enhanced expression of IL-17R 

subunit IL-17RA was observed on both CD4+ and CD8+ T cells. Interestingly, 

as summarized in Figure 3C, significant up-regulation of IL-17R subunit IL-

17RC were found on these two T cell subtypes in RA SF compared to PsA  

(Figure 3C). Together, our data show that expression of IL-17A and the IL-17 

receptor subunit IL-17RC on T cells were differently regulated in RA and PsA 

SF.  
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Figure 3. Higher expression of IL-17R, particularly IL-17RC, on lymphoid cells in RA SF 

compared to PsA. (A) summary of IL-17RA+IL-17RC double positivity in various lymphocytes 

such as CD3+, CD4+, CD8+, γδT cell subsets and myeloid cells in PsA and RA SF (n=10-12). 

(B) Expression of IL-17RA and IL-17RC was normalized to isotype antibody staining, and 

compared between PsA and RA SF among CD4+ and CD8+ T cells. *** p<0.001. 

 

TCR activation, cytokine stimulation and cellular contacts regulate IL-17R 

expression on T cells 

To understand the regulation of IL-17R subunit expression of IL-17RA and IL-

17RC, CD4+CD45RO+CD25low/intCD14- T memory cells were sorted from buffy 

coats. Changes of IL-17R subunit expression were calculated by subtracting 

MFI results of receptor stainings from those of isotype controls. After 3 days of 

anti-CD3/anti-CD28 activation, expression levels of both IL-17RA and IL-17RC 

were significantly up-regulated (Figure 4A and supplementary Figure S3A). 

Moreover, in addition to anti-CD3/anti-CD28 activation, cytokine stimulation 

with IL-23, IL-6 or their combination further enhanced expression of IL-17RC 

but not that of IL-17RA (Figure 4B and supplementary Figure S3B). 

Percentages of IL-17R+ (IL-17RA/RC) cells were significantly increased with 
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IL-6 or combined IL-6/IL-23 stimulation, and higher levels of IL-6 were found in 

RA SF compared to PsA SF (supplementary Figure S3B and Figure 1). 

Furthermore, T cells cocultured with fibroblast-like synovial cells (FLS) greatly 

up-regulated IL-17RC expression, while activation with anti-CD3/anti-CD28 

greatly increased the expression of IL-17RA (Figure 4C and supplementary 

Figure S3C).  Collectively, our data suggest that the expression of IL-17R 

subunits IL-17RA and IL-17RC on T cells could be modulated by anti-CD3/anti-

CD28 activation, IL-6/IL-23 cytokine stimulation and/or T cell-fibroblast contacts. 

  
Figure 4. TCR activation, cytokine stimulation and stromal cell contacts regulate 

expression of IL-17R on CD4+ T cells. (A) CD4+CD45RO+ T memory cells (n=3-4) were 

sorted from buffy coats, and stimulated with anti-CD3/anti-CD28 for 3 days. Expression of IL-

17RA and IL-17RC was studied on these T cells before and after TCR stimulation with 

subtraction of isotype staining background. (B) Besides anti-CD3/anti-CD28 activation, IL-23, 

IL-6 or their combination were added to stimulate T cells. 3 days later, expression of IL-17RA 

and IL-17RC was checked. (C) Expression of IL-17RA and IL-17RC on sorted CD4+ T memory 

cells at day0 or co-cultured with SF FLS with/without anti-CD3/anti-CD28 activation at day4. * 

p< 0.05. 



IL-17A/IL-17R in RA and PsA 

145 
 

Discussion 

In animal and in vitro experiments, the IL-17A/IL-17R pathway has been 

demonstrated to contribute to the pathogenesis of arthritis (2,3). However, 

clinical trials targeting this pathway revealed that neutralzing the acitivty of the 

IL-17A/IL-17R axis achieved limited efficacy in RA compared to PsA (7-12). This 

indicates that the underlying regulation of the IL-17 pathway may be different in 

RA and PsA. Here, our data support this hypothesis, and show that the both IL-

17A and the IL-17R subunit IL-17RC were differentially expressed in SF 

lymphoid cells from RA and PsA. Al though the percentages of IL-17A+ CD4+ 

T cells were similar in these two diseases, significantly higher IL-17A+ CD8+ T 

cells were found in PsA compared to RA, which is in line with findings of other 

groups (17,18). Moreover, the expression of IL-17RC was higher on SF derived 

CD4+ and CD8+ T cells in RA compared to PsA. Our data also suggest that 

this is the case for SF derived B cells and gdTcells in RA compared to PsA. Our 

data further show that TCR activation, cytokine stimulation and cellular contacts 

influence the expression of IL-17RA and/or IL-17RC.  

The dilemma of targeting IL-17 pathway in RA was nicely reviewed in a recent 

publication (19). New discoveries in the field of IL-17 and IL-17R biology may 

help to better understand the regulation mechanisms of this pathway. Our group 

recently reported that in PsA SF, although the percentages of IL-17A+ CD8+ T 

cells were higher, TCR activation didn’t induce meaningful amounts of IL-17A 

secretion from SF derived CD8+ T cells compared to CD4+ T cells (16). 

Therefore, the higher percentages of IL-17A+ CD8+ T cells observed in PsA 

compared to RA still need to be further investigated with other techniques. 

Similarly, new findings of IL-17RD as a functional receptor subunit of IL-17A 

also complicated the scope of the IL-17 pathway (20-22). Whether IL-17RD was 

differently expressed in RA and PsA posted another question to be answered. 

Besides, results supporting the existence of soluble IL-17R subunits are 

accumulating in other diseases (2), and whether/how they function as 
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regulators of IL-17 pathway is unknown.  

 

To summarize, our data show that IL-17A and in particular IL-17RC are 

differently regulated in SF derived lymphoid cells from patients with RA 

compared to PsA. TCR activation, cytokine stimulation and cellular contacts 

influence the expression of the IL-17R subunits IL-17RA and IL-17RC. Future 

research is needed to decipher the biological dynamics of the IL-17 pathway 

regulation. A deeper understanding of the IL-17R positive cells in disease 

settings and their contribution to the disease pathogenesis will help to increase 

personalized medicine targeting this immune pathway in inflammatory arthritis 

and other disorders. 
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Supplementary figures 

 
Supplementary figure 1. Higher percentages of IL-17A+ in CD8+ T cells in RA SF 

compared to PsA. Summary IL-17A+ staining results of CD4+ and CD8+ T cells in RA and 

PsA SF (n=10-12). * p<0.05. 
 

  

 



IL-17A/IL-17R in RA and PsA 

151 
 

 

 
Supplementary figure 2. Higher expression of IL-17RC on lymphocytes in RA SF 

compared to PsA. Representative staining results of IL-17RA and IL-17RC on various cell 

types in RA and PsA SF (n=10-12). IL-17RA or IL-17RC stainings were indicated as red solid 

lines, while isotype antibodies for each receptor antibody were included and labeled as black 

dash lines or blue solid lines, respectively. 
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Supplementary figure 3. TCR activation, cytokine stimulation and cellular contacts up-

regulated IL-17R expression on CD4+ T memory cells. (A) representative staining results of 

IL-17RA and IL-17RC on sorted CD4+CD45RO+ T memory cells before and after 3 days’ anti-

CD3/anti-CD28 activation. (B) representative staining results of IL-17RA and IL-17RC on 

CD4+CD45RO+ T memory cells after 3 days’ anti-CD3/anti-CD28 activation with or without 

stimulation of IL-23, IL-6 or their combination, and summary of IL-17R+ (IL-17RA+/RC+) results 

(n=3). (C) representative staining results of IL-17RA and IL-17RC on CD4+CD45RO+ T cells 

before and after 4 days’ co-cultures with SF FLS with/without anti-CD3/anti-CD28 activation 

(n=3). * p<0.05. 
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Biologics in immune-mediated inflammatory diseases (IMID)  

During the past two decades, advents of biological treatments targeting specific 

immune pathways have revolutionized therapeutic options in the management 

of IMID. These biological disease-modifying antirheumatic drugs (DMARDs) 

also shed light on the diverse contribution of molecular and cellular 

mechanisms in IMID pathogenesis such as psoriasis, hidradenitis suppurativa 

(HS), rheumatoid arthritis (RA) and psoriatic arthritis (PsA). Hereby, we will 

focus our discussion on the common and different therapeutic effects of 

targeting TNF, IL-23/IL-17 axis, IL-1 and IL-6 in these IMID diseases. A 

summary of currently available biologics targeting these pathways in psoriasis, 

HS, RA and PsA can be found in table 1. 

 
Table 1. Summary of biologics in IMID with focus on joint and skin 

Targeting 

pathway 
Biologics 

IMID Diseases 

RA PsA PsO HS 

TNF  

Adalimumab + + + + 

Infliximab + + + * 

Golimumab + +    

Certolizumab pegol + + +   

Etanercept + + + * 

IL-17  

Secukinumab   + + * 

Ixekizumab 

Bimekizumab 
   

+ 

  

+ 

+ 
  

Brodalumab    +   

IL-23  

Guselkumab   + +   

Tildrakizumab    +   

Risankizumab    +   

IL-1  Anakinra +   Pustular* * 

  AMG 108 Phase II       

IL-6  Tocilizumab +   Pustular*   

  Clazakizumab Phase II Phase II     
      
 + approved in clinic * multiple case reports  
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Tumor necrosis factor (TNF) inhibitors 

TNF is mainly produced by immune cells, particularly by activated 

macrophages and lymphocytes, although production by stromal cells such as 

fibroblasts, adipocytes and endothelial cells were also reported (1). TNF exists 

in two different forms, secreted or membrane-bound (2). Secreted TNF 

functions through the receptor TNFR1, which contributes importantly to 

autoimmune reactions (2). Membrane-bound TNF can function through both 

receptor TNFR1 and TNFR2, where TNFR2 signaling is involved in would 

healing (2). 

TNF is a master regulator of gene expression in a cell-specific manner. For 

instance, we and others found that TNF induces large amounts of cytokines 

such as IL-6 and IL-8 and tissue-degrading MMPs in synovial fibroblast-like 

synoviocytes (FLS) and skin fibroblasts (3,4, chapter 2-4). In contrast, cytokine 

induction such as IL-6 in monocytes and neutrophils by TNF is lower or limited 

(2). This might be attributed to the sustained NFκB signaling induced by TNF in 

stromal cells compared to better fine-tuned NFκB activation in immune cells (2). 

Furthermore, TNF contributes significantly to the recruitment and local survival 

of immune cells during inflammation (2).  

Anti-TNF biologics are among the first approved immunomodulatory 

monoclonal antibodies in the treatment of IMID. Currently available TNF 

targeting biologics include adalimumab, infliximab, golimumab, certolizumab 

pegol, and etanercept, a receptor fusion protein (5) (table 1). Besides 

golimumab, all other anti-TNF biologics have been approved as clinical 

therapies for psoriasis, RA and PsA. Golimumab is currently approved for the 

treatment of moderate to severe RA and PsA. To date, adalimumab remains 

the only approved biological agent for the treatment of moderate to severe HS 

(6). The effectiveness of other TNF biologics on HS is being actively tested, and 

several clinical trials show promising results with anti-TNF treatments in HS (7). 

In psoriasis, neutralizing TNF lead to reduction of Th17 cells at the site of 
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inflammation and downregulation of Th17 cytokines (8). However, in around 1-

5% of patients with RA or Crohn diseases, psoriasis develops paradoxically in 

early uninvolved skin after receiving anti-TNF biologics (9). This calls for further 

dissection of the pro-inflammatory and anti-inflammatory properties of TNF in 

immune reactions. Interestingly, it is suggested that TNF might be able to 

enhance IL-10 expression via the regulation of PD-1 and PD-L1 axis during viral 

infections, although a direct correlation between TNF and IL-10 was not 

supported in patients’ blood sample analysis (10). 

Moreover, limitations with TNF blockade in the IMID treatments should also 

be acknowledged, and clinical benefits versus entailed side effects with 

potential TNF depletion needs to be considered. These adverse effects include 

opportunistic infections, gradual generation of anti-drug antibodies, and low 

rates of disease remission (2). To reduce immunogenicity, induction of 

autoantibodies against TNF by active immunization is being tested for its 

treatment efficacy (11). To increase efficacy, biologics are being developed and 

evaluated that have multiple targets, such as bispecific antibodies targeting 

both TNF and IL-17A, TNF and vascular endothelial growth factor, or TNF and 

MMP-14 (2). Another approach is targeting primarily the pathogenic TNFR1 and 

sparing the homeostatic TNFR2. Currently, several TNFR1-specific antibodies 

have been developed, and their therapeutic potentials in IMID will be exciting 

to witness in the near future (2).  

 

IL-17 inhibitors 

The IL-17 family in humans comprises IL-17A, IL-17B, IL-17C, IL-17D, IL-17E 

and IL-17F (12). IL-17E is also known as IL-25 (12). Among them, IL-17A and 

IL-17F show the closest homology (around 50%) and consist as a homodimer 

(IL-17A/A or IL-17F/F) or as a heterodimer (IL-17A/F) (12). The most studied 

member is IL-17A, which shares the functional heterodimer receptor IL-

17RA/RC with IL-17F and IL-17A/F (12). Recently, IL-17RD, forming a 
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heterodimer with IL-17RA, is also reported to be a functional receptor for IL-

17A (13,14). IL-17A is mainly produced by immune cells including CD4+ Th17 

cells, CD8+ T cells, γδ T cells and type III innate lymphoid cells (ILC3) (12). 

Elevated expression of IL-17A or increased recruitments of IL-17A+ cells are 

widely observed in psoriasis, HS, RA and PsA (15,16). Compared to IL-17F, IL-

17A is a more potent inducer of many other cytokines (such as TNF, IL-6, IL-20 

subfamily), various chemokines (such as IL-8, CXCL1, CCL2) and MMPs in 

skin fibroblasts and synovial FLS, as observed in our own studies as well as 

from other groups (17,18, chapter 2-4). Critically, the release of IL-17A 

cytokines perpetuate autoimmune responses by establishing a positive-

feedforward loop between Th17 cells and local stromal cells (19). IL-17A and 

the downstream-induced cytokines such as IL-20 subfamily contribute to 

keratinocytes hyperplasia observed in psoriasis and to a lesser extent in HS 

(20,21, chapter 3). Production of MMPs induced by IL-17A is hypothesized to 

play an important role in tunnel formation in HS and cartilage degradation in RA 

and PsA (22,23, chapter 2&4). 

Current clinically approved IL-17 pathway-targeting biologics include 

secukinumab, ixekizumab, both neutralizing IL-17A, bimekizumab, targeting 

both IL-17A and IL-17F, and brodalumab, which blocks the receptor IL-17RA 

(24). The clinical intended diseases (among RA, PsA, psoriasis and HS) are till 

now psoriasis and PsA for secukinumab, ixekizumab, and psoriasis for 

bimekizumab and brodalumab (table 1). Anti-IL-17 treatments prove to be a 

success in psoriasis and PsA, especially regarding the improvement of skin 

symptoms. Furthermore, clinical efficacy in suppressing joint inflammation is 

comparable to anti-TNF therapy in PsA (25). Remarkably, although a significant 

increase of IL-17 was observed in RA patients, the efficacy of IL-17 targeting 

biologics failed to achieve satisfactory therapeutic results during clinical trials 

(26). Heterogeneity of IL-17 expression in RA synovitis may be the underlying 

reason for insufficient anti-IL-17 responses (26). Nevertheless, it should be 
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pointed out that, significant improvements were reported in a subgroup of RA 

patients with high levels of C-reactive protein (27). Therefore, immunological 

stratification may help to identify potential RA patients who can benefit from IL-

17 biologics. Therefore, as was nicely reviewed in a recent publication, IL-17 

targeting strategy should not be completely excluded from the choice of RA 

treatments (26). To our surprise, enhanced expression of IL-17 receptor, in 

particular IL-17RC, was observed on RA, but not PsA synovial lymphocytes 

(chapter 6). Whether this IL-17R upregulation is conducive to disappointing 

anti-IL-17 results in RA still needs further research. Clinical trials of targeting IL-

17A are actively ongoing in HS, and reported successes in case studies showed 

that anti-IL-17 treatment may be beneficial and effective in HS (28). Similar to 

RA, an upregulation of IL-17R, in particular IL-17RC, was observed in 

lymphocytes from HS lesional skin (chapter 4). The biological consequences 

of this upregulation are currently under investigation.  

 

IL-23 inhibitors 

IL-23 is a heterodimeric cytokine composed of the IL-23p19 subunit and the IL-

12p40 subunit. It is mainly produced by myeloid cells such as activated dendritic 

cells, macrophages or monocytes (29). Similarly, the functional IL-23 receptor 

is a heterodimer and is composed of IL-23R and IL-12Rβ1. Polymorphisms of 

IL-23R, also known as PSORS7, have been linked to disease susceptibility in 

psoriasis and PsA (30). The pathogenic role of IL-23 in IMID has been attributed 

to its involvement in Th17 maintenance and expansion. Differentiation of Th17 

cells is initiated by Th17 transcription factor RORγt, which is promoted by IL-6 

and TGF-β cytokines. However, only with stimulation of IL-23, Th17 cells 

stabilize RORγt expression and function properly to secret Th17 cytokines such 

as IL-17A, IL-17F and IL-22 (31). Similar effects of IL-23 on ILC3 cells have 

been described as in Th17 cells (32). 

Currently, several antibodies targeting the IL-23p19 subunit are clinically 
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available including guselkumab, tildrakizumab, and risankizumab (table 1) (24). 

Guselkumab is licensed for the treatment of psoriasis and PsA, while 

tildrakizumab and risankizumab are approved for psoriasis therapy. All anti-IL-

23p19 treatments achieved high efficacy in alleviating skin symptoms in 

psoriasis and PsA (33,34). Surprisingly, their efficacy in relieving joint symptoms 

are short of the successes observed in skin, though still effective in PsA (35). 

This highlights the differential role of IL-23 in skin compared to joint 

pathogenesis. Gene expression studies of paired skin and synovium from PsA 

patients suggest that IL-23 and IL-12/IL-23p40 is homogeneously expressed in 

lesional skin, but their expression is heterogeneous in paired synovial tissues 

and selective in different PsA patients (36). These differences might account for 

the observed differential efficacy in skin and joint treatments with anti-IL-23 

biologics. 

In contrast to psoriasis and PsA, treatment with IL-23 antibody guselkumab 

didn’t show significant improvement in RA patients with inadequate responses 

to methotrexate (37). Ustekinumab, the IL-12/IL-23p40 neutralizing antibody, is 

approved for the treatment of psoriasis and PsA among other IMID. However, 

as guselkumab, ustekinumab showed limited reduction of disease activities in 

RA patients (37). Cytokine expression studies with ex vivo transplants showed 

that unlike skin lesions in psoriasis and inflamed synovium in PsA, the 

inflammatory condition of RA synovium is distinctive (38). Furthermore, in 

response to anti-TNF, infliximab, divergent changes of gene expression are 

observed in psoriasis, PsA and RA (39). HS treatment with IL-23 targeting 

biologics are only found in occasional case reports, mostly following psoriasis 

treatment regimen (40). The exact efficacy of anti-IL-23 in HS still needs proof 

from large-scale clinical research, which is currently under way (7).  

IL-23 intracellular signaling involves activation of the Janus kinase (JAK) 

family members of tyrosine kinases, JAK2 and TYK2 (29). Small molecules 

targeting the JAK family have been approved as treatment options for 
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autoimmune and allergic diseases, for example, tofacitinib, baricitinib, and 

upadacitinib (41). Among them, only tofacitinib has been approved for use in 

both RA and PsA, while baricitinib and upadacitinib have been approved only 

for RA (41). These JAK inhibitors target multiple JAK kinases. Currently, 

selective inhibitors of the JAK family are under intensive research and show 

promising results in clinical trials such as TYK2 inhibitors (41,42). Interestingly, 

using the imiquimod-induced psoriasis-like mouse model, we found that TYK2 

inhibition attenuated significantly skin inflammation but was less effective in 

normalizing skin thickness (chapter 5). Collectively, current study results of 

small molecule inhibitors suggest that targeting these enzymes is applicable in 

the treatment of IMID. However, therapeutic efficacy and selection for specificity 

to limit side effects will be two trading-off points that warrants detailed 

consideration. 

 

IL-1 inhibitors 

The IL-1 family comprises 11 members with IL‑1α, IL‑1β, IL‑18, and IL‑33 the 

most widely studied (43). Besides eliciting inflammation, IL-1 family cytokines 

have been shown to influence naïve T cell differentiation and subsequent 

maintenance of phenotypes (43). For instance, IL-1β contribute to the 

differentiation of Th17 cells together with IL-6 and TGF-β (44). IL-18 is reported 

to induce Th1 cells and IFN-γ production together with IL-12 and IL-15, while in 

contrast, IL-33 promotes Th2 responses and IL-4 secretion (43). IL-1α and IL-

1β share the same heterodimer receptor IL-1 receptor type I (IL-1R1) and IL-

1R accessory protein (IL-1RAP). IL-1β is mainly produced by activated 

monocytes and macrophages, while IL-1α and IL-1β can also be expressed by 

keratinocytes and endothelial cells besides myeloid cells (43). IL-1 receptor 

antagonist (IL-1Ra), a naturally secreted member of the IL-1 cytokine family, 

can bind to the IL-1 receptor without signaling and thereby inhibit IL-1 function. 

Anakinra, a slightly modified version of IL-1Ra, is approved for the treatment of 
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patients with RA among other indications (table 1). However, the therapeutic 

efficacy of anakinra in RA is rather disappointing with less clinical improvements 

and higher disease scores compared to TNF biologics (45). Similar to the 

clinical results of IL-1Ra, antibodies targeting IL-1R such as AMG 108 was 

found not as effective as other biological treatments in RA (table 1) (43). 

Nevertheless, IL-1 inhibition might be a more promising target in skin diseases 

with massive infiltration of neutrophils such as pustular psoriasis and HS. 

Compared to plaque psoriasis, pustular psoriasis shows higher expression of 

cytokines IL-1, IL-36 and chemokines CXCL1, CXCL2, CXCL8, all of which are 

chemotactic for neutrophils (46). Successful treatment of pustular psoriasis with 

anakinra has been observed in sporadic case reports (47). However, 

scientifically designed clinical trials will be needed to objectively evaluate the 

benefits of IL-1 inhibitors in treating pustular psoriasis. Similarly, in HS skin 

lesions, higher expression of IL-1 family cytokines and enhanced infiltration of 

neutrophils are present compared to healthy skin controls (48, chapter 4). This 

provides a good rationale for testing the efficacy of anakinra as a therapy in HS. 

Results from a small HS patients group showed that 78% (7 of 9) of the 

treatment group achieved clinical response at 12 weeks compared to 30% (3 

of 10) of the placebo group (49). As in pustular psoriasis, large scale random 

controlled clinical trials will be necessary to objectively evaluate the efficacy of 

IL-1 inhibitors in HS.  

 

IL-6 inhibitors 

IL-6 is synthesized and secreted by both immune cells (such as monocytes, T 

cells) and stromal cells (such as fibroblasts, endothelial cells) (50, chapter 2&4). 

It binds to the IL-6Rα chain, which leads to the dimerization of gp130 and 

intracellular signal transduction by gp130 (50). IL-6 can signal via the classical 

signaling pathway, in which IL-6 binds to the IL-6R on the cell membrane or via 

the trans-signaling pathway, where soluble IL-6R binds IL-6 and forms a 
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complex with gp130 on the cell membrane to signal. Trans-signaling is possible 

on cells without membrane expression of IL-6R, but these cells should express 

gp130. Increased expression of IL-6, which is acknowledged as an 

inflammatory cytokine, has been found in many IMID including psoriasis, PsA 

and RA (51,52). Higher expression of IL-6 in HS skin lesions compared to 

healthy skin was confirmed in our study (chapter 4). IL-6, one of the cytokines 

involved in Th17 differentiation, can in synergy with TNF and IL-17A, be a 

potent stimulator of other cytokines (53). The involvement of IL-6 in the positive 

feed-forward loop in skin or synovial fibroblasts co-cultures with T cells has 

been observed across psoriasis, HS, PsA and RA (19, chapter 2-4).  

 Tocilizumab, an IL-6R antibody, has been approved for RA treatments (table 

1). Unexpectedly, however, tocilizumab is not effective in treating skin 

symptoms in psoriasis or PsA (54). Contrarily, like TNF biologics in RA and IBD 

treatments, tocilizumab induced paradoxical psoriasis in some patients with no 

previous history of the disease (55). Similar ineffectiveness regarding skin 

diseases in PsA was observed for clazakizumab, an anti-IL-6 monoclonal 

antibody (56). A possible mechanism accounting for this phenomenon is that 

IL-6 inhibition may lead to compensatory upregulation of other cytokines such 

as TNF (57). Recent studies suggest that IL-6 can also act as an anti-

inflammatory cytokine, and inhibit IL-1 and TNF via regulation of IL-1Ra and IL-

10 (58). Another hypothesis is that IL-6 bound to membrane IL-6R (classical 

pathway) has mainly a regenerative and protective role, while IL-6 bound to 

soluble IL-6R (trans-signaling) mediates inflammation (50). Interestingly, 

although plaque psoriasis seems not to benefit from IL-6 inhibitors, pustular 

psoriasis, on the contrary, may respond well to anti-IL-6 therapy as described 

in some case reports (59,60). Whether the indicated efficacy of anti-IL-6 

biologics in pustular psoriasis holds true in a wider population still needs more 

clinical research. 
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Summary 

Diverse cell types and cytokines are conducive to IMID pathogenesis, and 

differential contribution of innate and adaptive immunity are observed in IMID 

such as psoriasis, HS, RA and PsA. Compartmentalization of inflammatory 

responses in skin (such as psoriasis, HS) and joint (such as RA, PsA) seems 

to favor contributions of different cells and diverse pathways. The surging usage 

of biologics targeting specific pathway provides unique opportunities to observe 

their individual contributions to the disease pathology. In psoriasis and PsA, 

biologics targeting the IL-23/IL-17 pathway are likely superior to anti-TNF in 

alleviating skin symptoms, while in RA, TNF blockade showed more consistent 

improvements in treating joint diseases (25,26). In PsA itself, IL-23 biologics 

achieved better therapeutic results in treating skin compared to joint symptoms, 

and a stronger IL-17 gene signature is observed in skin compared to synovium 

(33-35,38). Even within the same disease, different subtypes may be caused 

by divergent immune dysregulation. For instance, subgroups of RA patients 

with high levels of C-reactive protein may potentially benefit from IL-17 biologics, 

while RA patients with low IL-17 expression may not respond to this therapy 

(26,61). Pustular psoriasis shows a more dominant presence of neutrophils and 

IL-1 family cytokines and will potentially respond better to IL-1 blockade than 

other subtypes of psoriasis (46,47). Therefore, immune stratification will not 

only help to shed light on the pathophysiology of IMID but also further improve 

targeted therapeutic effects in the personalized medicine era. 
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Immune-mediated inflammatory diseases (IMID) is an umbrella term used to 

describe a group of diseases characterized by chronic inflammation in diverse 

organs. Though a definitive etiology is still elusive, IMID share similar features 

of molecular and cellular immune dysregulation. The focus of this thesis is on 

the IL-17A/IL-17R pathway in IMID, including psoriasis, hidradenitis suppurativa 

as templates of skin conditions, and rheumatoid arthritis, psoriatic arthritis as 

examples of joint diseases. Using patients’ samples, the contribution of this 

pathway was studied in psoriatic arthritis (PsA, chapter 2), hidradenitis 

suppurativa (HS, chapter 4), and rheumatoid arthritis (RA, chapter 6). Using 

the imiquimod-induced psoriasis-like mouse model, the pathological roles of the 

IL-17A-IL-19 axis and tyrosine kinase 2 (Tyk2) in psoriasis were investigated 

(chapter 3 & 5). With these experiments, we have shown that IL-17A/IL-17R 

pathway is conducive to IMID pathogenesis with diverse effects at the cellular, 

tissue and clinical levels with therapeutic potentials. In this chapter the findings 

in the thesis are discussed and some future perspectives in research designs 

are presented. 

 

Cellular sources of IL-17A expression in IMID 

Diverse cell types have been reported to produce IL-17A, including CD4+, 

CD8+, γδ T cells, and type 3 innate lymphoid cells (ILC3) (1). In different IMID, 

contributions of these cells are distinct. For instance, IL-17A+ CD8+ T cells are 

more predominantly found in PsA synovial fluid than in RA, and their 

percentages also correlate with the disease severity of PsA patients (2). In 

chapter 2, we confirmed this finding and extended that sorted CD4+ T cells, 

but not CD8+, from PsA synovial fluid produced IL-17A upon ex vivo anti-

CD3/CD28 activation. The production of IL-17A by CD8+ T cells can be induced 

by phorbol myristate acetate (PMA)/ionomycin, which is commonly used as a T 

cell activator in flow cytometry. Anti-CD3/CD28 activation, which mimics the 8 
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process of T cell receptor/costimulatory pathway activation, is potentially the in 

vitro method to reflect more genuinely in vivo production of IL-17A compared to 

PMA/ionomycin stimulation. Interestingly, it was reported that in vitro 

PMA/ionomycin stimulation of ILC3 failed to induce IL-17A expression in 

spondyloarthritis (3). This raises the question which cell types are the main in 

vivo producers of IL-17A locally. CD4+ and CD8+ T cells can both be potential 

sources of IL-17A in IMID, as we have found in PsA synovial fluid and HS skin 

lesions (chapter 2 & 4). However, in peripheral blood of PsA and HS patients, 

the presence of IL-17A+ CD8+ T cells seem negligible (2, chapter 4). Therefore, 

their respective contribution to IL-17A production in vivo still warrants further 

research.  

 

IL-17A versus IL-17F in IMID 

Both IL-17A and IL-17F are secreted by T helper 17 cells (Th17). Our 

preliminary data showed that, in PsA synovial fluid, only a portion of the IL-17A+ 

CD4+ T cells are IL-17F+ during intracellular staining (figure 1). 

 

Figure 1. Representative staining results of IL-17A+ and IL-17F+ among CD4+ and CD8+ 

T cells in PsA synovial fluid.  
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In an experimental autoimmune encephalomyelitis (EAE) model, expression of 

IL-17F was also found in a subpopulation of IL-17A+ cells (4). This suggests 

that cellular sources of IL-17F are more restricted compared to IL-17A. Whether 

the differential expression of IL-17A and IL-17F in CD4+ T cells represents 

different Th17 populations is still not very well understood. Nevertheless, 

different transcriptional regulations of IL-17A and IL-17F have been suggested. 

During in vitro Th17 cell development, both RORα and RORγ are responsible 

for IL-17A induction, while RORα is dispensable for IL-17F production (5). In a 

B cell-T cell coculture system, prostaglandin E2 (PGE2) increases IL-17A 

concentration, but inhibits IL-17F secretion (6). Moreover, our and others’ 

studies show that IL-17F is less potent than IL-17A in induction of cytokines, 

chemokines, and matrix metalloproteinases (MMPs) during in vitro stimulation 

(1, chapter 3). Interestingly, in a head-to-head clinical trial for psoriasis, 

bimekizumab, an anti-IL-17A and anti-17F bispecific antibody, showed superior 

therapeutic effects compared to secukinumab anti-IL-17A alone (7). This 

indicates that, in psoriasis, both IL-17A and IL-17F contribute to disease 

development. Synergy with TNF has been reported for both cytokines. TNF 

potentiates the proinflammatory effects of IL-17A and IL-17F, while IL-17A and 

IL-17F can induce TNF receptor II expression (8). This may help explain the 

observed better therapeutic results when both cytokines were blocked 

compared to anti-IL-17A alone. 

  Other studies suggest a differential role of IL-17A and IL-17F in IMID. In 

fungal proteinase (FAP)-induced acute asthma model and dextran sulfate 

sodium-induced colitis model, reduced symptoms were observed in IL-17F, but 

not IL-17A, knock-out mice (4). Similarly, in a toluene diisocyanate-induced 

asthma model, neutralization of IL-17F, but not IL-17A, suppressed airway 

hyper reactivity (9). It seems that, in mucosal inflammation such as lung and 

intestine, IL-17F production by CD4+ T cells plays a more inflammatory role 8 
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than IL-17A. However, it should be noted that, in an ovalbumin-induced chronic 

asthma model, IL-17A knock-out, but not IL-17F knock-out, attenuated 

eosinophil accumulation in bronchoalveolar lavage fluid compared to wild-type 

mice (4). Whether these differential effects observed for IL-17A and IL-17F are 

a site-specific result or an individual disease entity still needs future research. 

Another key aspect that needs further consideration is the expression of the IL-

17 receptor (IL-17R). IL-17A and IL-17F signal both through the heterodimer IL-

17R that consists of IL-17RA and IL-17RC. However, in humans, IL-17A binds 

IL-17RA with higher affinity than IL-17F, while both cytokines bind comparably 

to IL-17RC (10). How this differential binding between IL-17A and IL-17F 

translates to clinical relevance is still beyond our understanding.  

 

IL-17 receptor (IL-17RA/RC) in IMID 

The IL-17 receptor (IL-17R) functions as a heterodimer of IL-17RA and IL-17RC 

to mediate IL-17A/A, IL-17A/F and IL-17F/F signaling. While IL-17RA 

expression is almost ubiquitous, expression of IL-17RC is high in epithelial cells 

but low in hematopoietic cells (10). In synovial tissues, immunohistological 

staining reveals that IL-17RA is present mostly in the sublining, while IL-17RC 

is expressed in intimal lining layer (11). Currently, limited data are available 

regarding the regulation of IL-17R expression. In this thesis, expression of the 

IL-17 receptor (IL-17R), both IL-17RA and IL-17RC, was studied by flow 

cytometry in HS (chapter 4), RA and PsA (chapter 6). Up-regulation of IL-17R, 

in particular IL-17RC, was observed in lymphocytes from RA and HS, but not 

from PsA (chapter 4 & 6). T cell activation (with anti-CD3/anti-CD28), cytokine 

stimulation (IL-6, IL-23), and cellular contacts with stromal cells (fibroblasts) 

might influence the expression of IL-17R (chapter 6). The clinical relevance of 

differential IL-17R regulation still warrants further studies. Mathematic modeling 

of IL-17 family cytokines and IL-17R binding might help to understand in this 

respect, as shown in the modeling of differential effects of anti-TNF biologics in 
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RA and systemic inflammatory response syndrome (12). 

Recently, IL-17RD, forming a heterodimer with IL-17RA, has also been 

reported to be a functional receptor for IL-17A (13). Knockout of IL-17RD down-

regulated IL-17A stimulated neutrophilia in mice, but expression of IL-17A-

induced IL-6 and CXCL1 was enhanced (14). This indicates, contrary to IL-

17RC, that IL-17RD mediates differential functions of IL-17A. Therefore, it 

would be interesting to screen the expression profile of IL-17RD compared to 

IL-17RC and decipher their respective properties during IL-17A mediated 

inflammation. Soluble IL-17R has also been observed. Downregulation of 

soluble IL-17RA is reported in alveolar Echinococcosis patients (15). Soluble 

form of IL-17RC has been suggested due to alternative RNA splicing (10). How 

the soluble forms of IL-17R regulate IL-17 levels and modulate disease 

pathogenesis still awaits exploration. Recently, soluble IL-17RD has been found 

to exacerbate collagen-induced arthritis via enhancement of the TNF 

inflammatory response (16). This further solidifies the speculation that, during 

IL-17 inflammatory cascades, IL-17RD signaling induces different responses 

from IL-17RC signaling. 

 

Combination therapies in IMID 

Biologics targeting the IL-17A/IL-17R pathway have achieved great success in 

treating IMID, as discussed in chapter 7. For instance, anti-IL-17 neutralizing 

antibodies proved successful in PsA, psoriasis and ankylosing spondylitis 

treatments (17). Indication extension into other IMID is currently under clinical 

evaluation such as in HS. However, one surprise was the unexpected low to 

non-responsiveness of RA patients during IL-17 blockade trials (18). Though a 

portion of RA patients with high C reactive protein (CRP) levels achieved 

benefits from anti-IL-17 biologics, the overall response was modest compared 

to conventional therapies (18,19). In chapter 6, the expression profile of IL-

17A/IL-17R pathway was explored in RA and PsA synovial fluid. We found lower 8 
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percentages of IL-17A+ CD8+ T cells in synovial fluid of patients with RA, while 

on the contrary, higher expression of IL-17R, in particular IL-17RC, were found 

on synovial lymphocytes in RA compared to PsA. How this differential 

expression of the IL-17 pathway is related to the different therapeutic results is 

beyond the scope of our studies. However, a better understanding of these 

differences may shed light on more specific targeting of the IL-17 pathway in 

the future. 

  Distinctive strengths of biologics with different modes of action should be 

evaluated to tailor for the needs of individual patients. Here, we studied the 

differential therapeutic benefits of IL-17 biologics compared to TNF blockade. 

Using an ex vivo T cell-fibroblast co-culture system, we found that in IMID such 

as PsA and HS, anti-IL-17 (secukinumab) seemed to show better inhibition of 

inflammatory cytokines such as IL-6 (chapter 2 & 4). Contrarily, in PsA but not 

HS, anti-TNF (adalimumab) showed stronger suppression of MMPs (chapter 2 

& 4). Considering the lack of efficiency or fading efficacy during IMID treatments, 

the possibility of combination therapy should be explored to achieve long-

lasting benefits for the patients. 

 Another therapeutic arsenal for IMID that is under fast development are small 

molecule inhibitors. For instance, the Janus kinase (JAK) family including JAK1, 

2, 3 and TYK2 are widely researched target for IMID. Both selective and 

nonselective JAK inhibitors are available to treat IMID (20). Tofacitinib, a 

nonselective JAK inhibitor, has been approved for treatments of RA, PsA, 

ulcerative colitis, and polyarticular juvenile idiopathic arthritis (20,21). Adverse 

effects related to cardiovascular problems were observed in RA patients (21), 

and a safety review for JAK inhibitors in inflammatory disorders has been 

started by the European Medicines Agency. Deucravacitinib, a TYK2-selective 

inhibitor, is currently under evaluation for treatment of moderate-to-severe 

psoriasis by Food and Drug Agency. In chapter 5, using the imiquimod-induce 

psoriasis-like mouse model, we found that TYK2 inhibitors partially suppressed 
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skin inflammation, but didn’t improve keratinocyte hyperproliferation. Whether 

this result is specifically related to the mouse disease model or translatable in 

clinical therapy still warrants future research. Additionally, the safety profile of 

TYK2 inhibitors should be closely followed as for other JAK inhibitors, 

particularly in cardiovascular diseases.  

 

Therapeutic potential of IL-20 subfamily in IMID 

In psoriasis, aberrant expression of IL-17A and IL-22 contributed to the 

induction of IL-20 subfamily cytokines such as IL-19 and IL-24, which in turn 

were conducive to keratinocyte hyperproliferation (chapter 3). Therefore, the 

IL-20 subfamily may be a potential therapeutic target in treating IMID with 

features of acanthosis such as psoriasis and HS (22). However, it was reported 

that IL-24 expression formed a negative feedback loop to downregulate IL-17A 

signaling (23,24). In a Th17-induced uveitis model, silencing of IL-24 

aggravated disease while IL-24 treatment ameliorated disease (23). Similarly, 

IL-19 reportedly plays a protective role in colitis and IL-19 knockout mice 

exhibited higher levels of inflammatory cytokines in DSS-induced colitis model 

(24). Therefore, it would be wise to further investigate the relationships between 

IL-17 pathway and IL-20 subfamily cytokines, before delving into their 

neutralization in IMID. 

 

Fibroblasts as therapeutic targets in IMID 

Fibroblasts are important participants in immune reactions. In response to IL-

17A, skin fibroblasts (from psoriasis and HS patients) and synovial fibroblasts 

(from PsA patients) produced inflammatory cytokines such as IL-6, IL-8 and 

matrix metalloproteinases (MMPs), which feed-forward the inflammatory loop 

(chapter 2-4). Using the fibroblast- T cell co-culture system, biologics targeting 

IL-17A and TNF were evaluated for their differential effects in PsA, psoriasis 

and HS (chapter 2-4). Fibroblasts are abundant, and actively interact with 8 
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immune cells in the pathogenesis of IMID. Fibroblast like synoviocytes (FLS) in 

RA were reportedly epigenetically imprinted with an inflammatory phenotype 

(25). However, how to harness this aberrant profile and target the FLS without 

causing widespread side effects still elude our understanding. Better 

identification of FLS subsets might hold the keys for future therapeutic success. 

For instance, in synovium, cadherin 11 (CDH11) is regarded as a surface 

marker for FLS from the synovial lining (25). Heterogeneity of FLS is observed 

in the sublining layer, and different subsets identified using diverse markers 

have been proposed by several groups (25). Currently, whether these FLS 

subsets are true subsets with a fixed phenotype or plastic modifications due to 

local microenvironment is unclear. Some believe that the FLS subsets are a 

spreading continuum that reflect the local influences of inflammation (25). 

Similarly, several types of skin dermal fibroblasts have been defined by their 

spatial location. The papillary fibroblasts are located close to the basement 

membrane and epidermis, while reticular fibroblasts reside within the lower 

reticular dermis (26). These different skin fibroblasts reportedly secret distinct 

extracellular matrix, with papillary, but not reticular, fibroblasts supporting the 

formation of basement membrane (26). Search for definite markers describing 

human skin fibroblast subsets has just started, and single cell sequencing 

analysis may help to unravel the heterogeneity of skin fibroblasts. Therefore, 

identification and characterization of FLS and dermal fibroblast subsets will 

contribute to our understanding of their involvements in joint and skin 

inflammatory diseases.  
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Main findings  

The current thesis delves into the role of IL-17A/IL-17R pathway in PsA, RA, 

psoriasis and HS. IL-17A-producing T cells and IL-17RA/IL-17RC expression 

on immune cells were studied in these diseases. Fibroblasts and keratinocytes 

are important responder cells to IL-17A, IL-17F and IL-17AF stimulation, and 

they participate actively in the feedback loop of IL-17A-induced inflammation.  

The main findings are summarized as follows: 

1. In PsA synovial fluid, CD4+, but not CD8+, T cells secrete IL-17A upon ex 

vivo stimulation with anti-CD3/anti-CD28, though both are IL-17+ when 

stimulated with PMA/ionomycin during flow cytometry intracellular staining. 

(chapter 2). 

2. Using the T cell-fibroblast co-culture system, overlapping and differential 

effects of anti-IL-17A and anti-TNF are observed in IMID such as PsA, 

psoriasis and HS. (chapter 2, 3, 4). 

3. Overexpression of IL-17R, in particular IL-17RC, is found on lymphocytes 

of HS skin and RA synovial fluid, but not in PsA synovial fluid (chapter 4 & 

6). 

4. Excessive IL-17A (and IL-17F) in imiquimod-induced psoriasis-like mouse 

model induces skin fibroblasts to produce IL-20 subfamily cytokines such as 

IL-19 and IL-24, which contribute to keratinocyte hyperproliferation. 

Neutralization of IL-17A suppresses IL-19 and IL-24 expression and 

normalizes keratinocytes proliferation in psoriasis. (chapter 3)  

5. Inhibition of tyrosine kinase 2 (Tyk2) but not lymphocyte-specific protein 

tyrosine kinase (Lck) reduces skin inflammation in imiquimod-induced 

psoriasis-like mouse model. However, Tyk2 suppression doesn’t improve 

keratinocyte acanthosis in this imiquimod mouse model. (chapter 5)   

6. Expression of IL-17R, the IL-17RA/RC heterodimer, on T cells may be 

enhanced by anti-CD3/anti-CD28 activation, cytokine stimulation and 

cellular contacts with fibroblasts (chapter 6). 
  8 
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Proposed future experiments 

1. Considering that PMA/ionomycin but not anti-CD3/anti-CD28 activation 

induced CD8+ T cells to secrete IL-17A (and IL-17F potentially), it would be 

interesting to analyze and compare the gene expression pattern of CD4+ 

and CD8+ T cells stimulated with PMA/ionomycin and anti-CD3/anti-CD28. 

2. Overexpression of IL-17 induced IL-19 and IL-24 production, and 

subsequent keratinocyte hyperproliferation in imiquimod-induced psoriasis-

like model. Whether IL-19 and IL-24 neutralization benefits psoriatic 

symptoms can be evaluated with the imiquimod-induced model, and 

blockades at early and later time-points should also be taken into 

consideration. 

3. Upregulation of IL-17R, in particular IL-17RC, was found on lymphocytes in 

HS skin and RA synovial fluid. Further elucidation of IL-17R regulation can 

be studied with in vitro T cell activation, cytokine stimulation and co-cultures 

with stromal cells.  

4. Expression of IL-17RD should be profiled using flow cytometry in HS, 

psoriasis skin, and RA, PsA synovial fluid. 

5. Use gene expression profiling to phenotypically characterize HS, psoriasis 

skin fibroblasts, and RA and PsA fibroblast-like synoviocytes (FLS). This 

may potentially help to understand the different subsets of fibroblasts in 

each disease. The main question is whether these differences contribute to 

the diverse anti-IL-17 and anti-TNF responses in ex vivo T cell-fibroblast co-

culture system and potentially correlate to clinical therapeutic effects. 

6. Tyk2 but not LCK inhibition improves skin inflammation in imiquimod-

induced psoriasis-like mouse model. In vitro inhibition of T cells and T cells 

co-cultured with skin fibroblasts may facilitate understanding the differential 

effects of these two inhibitors. 
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Summary  

The focus of this thesis is on the IL-17A/IL-17R pathway in immune-mediated 

inflammatory diseases. IL-17A-producing T cells were studied in psoriatic 

arthritis (PsA, chapter 2), hidradenitis suppurativa (HS, chapter 4), and 

rheumatoid arthritis (RA, chapter 6). Using flow cytometry, CD4+IL-17A+ and 

CD8+IL-17A+ T cells were found in PsA synovial fluid and HS skin lesions, while 

CD4+ T cells were IL-17A+ in RA synovial fluid rather than CD8+ T cells. 

Interestingly, sorted CD4+ T cells, but not CD8+, from PsA synovial fluid secrete 

IL-17A upon ex vivo anti-CD3/CD28 activation (chapter 2). Whether the same 

holds true for CD8+ T cells in HS skin lesion still awaits future research, partly 

due to the limited number of T cells in HS skin biopsies.  

Expression of the IL-17 receptor (IL-17R), that consist as a heterodimer of 

IL-17RA and IL-17RC, were studies in RA, PsA (chapter 6) and HS (chapter 

4). Up-regulation of IL-17R, in particular IL-17RC, was observed in synovial fluid 

and skin derived lymphocytes from RA and HS, respectively, but not from PsA. 

T cell activation, cytokine stimulation, and cellular contacts with stromal cells 

might influence the expression of IL-17R (chapter 6). The clinical relevance of 

differential IL-17RA/IL-17RC regulation still warrants further studies. 

The pathological roles of IL-17A and tyrosine kinase 2 (Tyk2) in psoriasis 

were investigated using the imiquimod-induced psoriasis mouse model 

(chapter 3 & 5). Aberrant expression of IL-17A contributed to the induction of 

IL-20 family cytokines such as IL-19 and IL-24, which in turn were conducive to 

keratinocyte hyperproliferation (chapter 3). Tyk2 inhibitor down-regulated IL-

17A expression and attenuated skin inflammation. However, skin acanthosis 

was not improved by Tyk2 inhibition, which suggests a decoupled process 

between inflammation and keratinocyte proliferation in this psoriasis model 

(chapter 5).  

Fibroblasts are important participants in immune reactions. In response to IL-

17A, skin fibroblasts (from psoriasis and HS patients) and synovial fibroblasts 
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(from PsA patients) produced inflammatory cytokines such as IL-6, IL-8 and 

matrix metalloproteinases (MMPs), inducing a proinflammatory feed-forward 

loop (chapter 2-4). Using the fibroblast-T cell co-culture system, biologics 

targeting IL-17A and TNF were evaluated for their differential effects in PsA, 

psoriasis and HS (chapter 2-4). A better inhibition of proinflammatory cytokines 

such as IL-6 by anti-IL-17A and a better reduction of MMPs such as MMP-1 by 

anti-TNF were generally found in this co-culture system across diseases. 

Whether these observations can be translated into clinical relevance still needs 

further studies. 

In summary, the current thesis delves into the role of IL-17A/IL-17R pathway 

in PsA, RA, psoriasis and HS. CD4+ T cells are probably the main in vivo IL-

17A-producing T cells in psoriatic arthritis. Expression of IL-17R, in particular 

IL-17RC, were upregulated on lymphocytes in RA synovial fluid and HS skin. 

Skin fibroblasts and fibroblast-like synoviocytes are important responding cells 

to IL-17A stimulation, and they participate actively in the feed-forward loop of 

IL-17A-induced inflammation. Inhibition of IL-17A and TNF shows overlapping 

and yet distinct results in a T cell-fibroblast co-culture system. Dual targeting of 

both cytokines might confer additive or synergistic therapeutic effects. 
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Samenvatting 

De focus van dit proefschrift ligt op de IL-17A/IL-17R route in immuun 

gemedieerde ontstekingsziekten. IL-17A-producerende T-cellen werden 

onderzocht bij artritis psoriatica (PsA, hoofdstuk 2), hidradenitis suppurativa 

(HS, hoofdstuk 4) en reumatoïde artritis (RA, hoofdstuk 6). Met behulp van 

flowcytometrie werd aangetoond dat zowel CD4+ als CD8+ T-cellen  in PsA-

synoviale vloeistof en HS-huidlaesies IL-17A+ zijn, terwijl in RA-synoviale 

vloeistof alleen CD4+ T-cellen IL-17A+ waren  maar niet de CD8+ T-cellen. 

Interessant is dat alleen gesorteerde CD4+ T-cellen, maar niet CD8+ cellen, uit 

PsA synoviale vloeistof IL-17A produceren na ex vivo anti-CD3/CD28 activering 

(hoofdstuk 2). Of hetzelfde geldt voor CD8+ T-cellen in HS-huidlaesie, moet 

nog verder onderzocht worden. 

Expressie van de IL-17 receptor (IL-17R), die bestaat als een heterodimeer van 

IL-17RA en IL-17RC, werd onderzocht in RA, PsA (hoofdstuk 6) en HS 

(hoofdstuk 4). Verhoging van de expressie van IL-17R, in het bijzonder IL-

17RC, werd waargenomen in gewrichtsvloeistof en van huid afgeleide 

lymfocyten van respectievelijk RA en HS, maar niet van PsA. T-cel activering, 

cytokinestimulatie en cellulaire contacten met stromale cellen kunnen de 

expressie van IL-17R beïnvloeden (hoofdstuk 6). De klinische relevantie van 

deze differentiële IL-17RA/IL-17RC regulatie rechtvaardigt verder onderzoek. 

De pathologische rol van IL-17A en tyrosine kinase 2 (Tyk2) bij psoriasis werd 

onderzocht met behulp van het imiquimod-geïnduceerde psoriasis muismodel 

(hoofdstuk 3 & 5). Afwijkende expressie van IL-17A droeg bij aan de inductie 

van IL-20 familie cytokines zoals IL-19 en IL-24, die op hun beurt bevorderlijk 

waren voor hyperproliferatie van keratinocyten (hoofdstuk 3). Het gebruik van 

een Tyk2-remmer verlaagde de IL-17A-expressie en verminderde de 

huidontsteking. Huid acanthose werd echter niet verbeterd door Tyk2-remming, 

wat wijst op een ontkoppeld proces tussen ontsteking en proliferatie van 

keratinocyten bij Tyk-2 remming in dit psoriasismodel (hoofdstuk 5). 
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Fibroblasten zijn belangrijke deelnemers aan immuunreacties. Als reactie op 

IL-17A, produceerden huidfibroblasten (van psoriasis- en HS-patiënten) en 

synoviale fibroblasten (van PsA-patiënten) inflammatoire cytokines zoals IL-6, 

IL-8 en matrixmetalloproteïnasen (MMP's), waardoor een pro-inflammatoire 

feed-forward-cyclus werd geïnduceerd (hoofdstuk 2-4). Met behulp van het 

fibroblast-T-cel-co-cultuur systeem werden biologics, die gericht zijn op IL-17A 

en TNF, geëvalueerd op hun differentiële effecten in PsA, psoriasis en HS 

(hoofdstuk 2-4). Een betere remming van pro-inflammatoire cytokines zoals 

IL-6 door anti-IL-17A en een betere reductie van MMP's zoals MMP-1 door anti-

TNF werden in dit co-cultuursysteem gevonden voor PsA. In zowel het co-

cultuursysteem voor PsA als HS, werd er een betere onderdrukking van pro-

inflammatoire cytokines als MMPs gevonden na combinatie behandeling van 

anti-IL-17A en anti-TNF. Of deze observaties vertaald kunnen worden naar 

klinische relevantie zal verder onderzocht moeten worden. 

 

Samenvattend gaat het huidige proefschrift in op de rol van de IL-17A/IL-17R-

route in PsA, RA, psoriasis en HS. CD4+ T-cellen zijn waarschijnlijk de 

belangrijkste in vivo IL-17A-producerende T-cellen bij artritis psoriatica. 

Expressie van IL-17R, in het bijzonder IL-17RC, werd verhoogd gevonden op 

lymfocyten in RA-synoviale vloeistof en HS-huid. Huidfibroblasten en 

fibroblastachtige synoviocyten zijn belangrijke cellen die reageren op IL-17A-

stimulatie en ze nemen actief deel aan de feed-forward-cyclus van door IL-17A 

geïnduceerde ontsteking. Remming van IL-17A en TNF vertoont overlappende 

en verschillende resultaten in een T-cel-fibroblast-co-cultuursysteem. Dubbele 

targeting van beide cytokinen kan additieve of synergetische therapeutische 

effecten hebben in diverse immune gemedieerde ontstekingsziekten.
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TimesNewRomanPS-ItalicMT: not embedded #11 (Page 112)
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SimSun: TrueType font #12 (Page 63,140)
ArialMT: TrueType font #1443 (Page 2-202)
Calibri: TrueType font #365 (Page 48-74,76-102,104-126,128-140,142-158,161)
DengXian: TrueType font #277 (Page 1-3,8-46,49,51,53,55,57,59,61,63,65,67,69,71,73,


77,79,81,83,85,87,89,91,93,95,97,99,101,105,107,109,111,113,115,117,119,121,123,
125,129,131,133,135,137,139,143,145,147,149,151,153,155,157,160-176,178-202)


MS-Gothic: TrueType font #3 (Page 1-2,195)
Arial-BoldMT: TrueType font #419 (Page 1,3-5,7,9-11,13-16,19,22-23,26,28-29,31-32,


34-35,47-58,60-61,64-65,68-73,75-94,96-104,106,108-113,115,117,121,123-124,
127-131,136-137,139,141-144,146,149,151-153,156-157,159-163,165,167-170,177,
179-180,182-183,185-189,193-194,196,199-202)


Calibri-Bold: TrueType font #10 (Page 139-140,161)
DengXian-Bold: TrueType font #4 (Page 161)
Arial-ItalicMT: TrueType font #81 (Page 48-49,51-52,56-57,61-62,64,70-71,78,81,86-87,


89-90,94-96,98-99,102-103)
YuGothic-Regular: TrueType font #5 (Page 2)
TimesNewRomanPSMT: TrueType font #32 (Page 77,79,81,83,85,87,89,91,93,95,


97-99,101,112,161)
Arial-BoldItalicMT: TrueType font #30 (Page 48,104,130-131,133-134,144-147,149,198)
MicrosoftYaHei-Bold: TrueType font #1 (Page 198)
TimesNewRomanPS-BoldMT: TrueType font #13 (Page 75,112)
TimesNewRomanPS-ItalicMT: TrueType font #11 (Page 112)
SimSun: TrueType CID font #4 (Page 79,108,144,146)
ArialMT: TrueType CID font #1521 (Page 3-5,7-46,48-64,67,69,73,76-77,79-81,86-87,


89,91-92,94-95,97,100,103-176,178-192,194-202)
Calibri: TrueType CID font #7 (Page 48,63,142,149-150,156,158)
DengXian: TrueType CID font #8 (Page 21,29,181)
CambriaMath: TrueType CID font #4 (Page 36,95,167)
Arial-BoldMT: TrueType CID font #355 (Page 1,3-5,7,9-16,19-23,26,28-29,32-35,58,60,


103-106,108-113,115-117,121,124-139,141-151,153-159,161-170,177,179-185,
187-189,193-202)


Calibri-Bold: TrueType CID font #1 (Page 140)
Arial-ItalicMT: TrueType CID font #34 (Page 18,24,27,32,45,103,125,145,166,179-181,


184,187-188,195)
MicrosoftYaHei: TrueType CID font #11 (Page 198)
HGMaruGothicMPRO: TrueType CID font #2 (Page 198)
Arial-BoldItalicMT: TrueType CID font #33 (Page 104,130-131,133-134,144-147,149,


198)
MicrosoftYaHei-Bold: TrueType CID font #2 (Page 198)
MalgunGothic-Semilight: TrueType CID font #8 (Page 198)
TimesNewRomanPS-BoldMT: TrueType CID font #1 (Page 112)


Images
Color image resolution 143.6 dpi is below 150.0 dpi #1 (Page 12)
Color image resolution 225.1 dpi is below 300.0 dpi #1 (Page 157)
Color image resolution 227.6 dpi is below 300.0 dpi #1 (Page 157)
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Color image resolution 237.5 dpi is below 300.0 dpi #11 (Page 21,29,55,69,83,85,99,
113,147,149,157)


Color image resolution 238.4 dpi is below 300.0 dpi #2 (Page 83,85)
Color image resolution 238.5 dpi is below 300.0 dpi #2 (Page 99-100)
Color image resolution 262.1 dpi is below 300.0 dpi #1 (Page 69)
Color image resolution 262.3 dpi is below 300.0 dpi #1 (Page 113)
Color image resolution 262.4 dpi is below 300.0 dpi #1 (Page 124)
Color image resolution 262.5 dpi is below 300.0 dpi #4 (Page 29,158,180)
Color image resolution 262.6 dpi is below 300.0 dpi #4 (Page 21,124,134,158)
Color image resolution 263.1 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 263.9 dpi is below 300.0 dpi #1 (Page 132)
Color image resolution 265.3 dpi is below 300.0 dpi #1 (Page 55)
Color image resolution 265.7 dpi is below 300.0 dpi #1 (Page 147)
Grayscale image resolution 197.2 dpi is below 350.0 dpi #1 (Page 73)
Grayscale image resolution 212.0 dpi is below 350.0 dpi #1 (Page 110)
Grayscale image resolution 236.9 dpi is below 350.0 dpi #1 (Page 115)
Grayscale image resolution 237.5 dpi is below 350.0 dpi #56 (Page 9,19,23,27,31,33,35,


37,39,41,43,45,49,51,53,57,61,63,67,71,73,77,81,87,89,93,95,97,101,105,107,109,111,
115,117,121,123,125,129,133,135,137,139,143,145,151,153,155,161,179,181,183,185,
187,189,191)


Grayscale image resolution 238.0 dpi is below 350.0 dpi #18 (Page 11,13,15,17,25,59,
65,79,91,119,131,163,165,167,169,171,173,175)


Grayscale image resolution 238.4 dpi is below 350.0 dpi #6 (Page 47,89,98,101-102,
177)


Grayscale image resolution 238.5 dpi is below 350.0 dpi #6 (Page 7,75,103,127,141,
159)


Grayscale image resolution 238.6 dpi is below 350.0 dpi #3 (Page 82,87,90)
Grayscale image resolution 238.9 dpi is below 350.0 dpi #1 (Page 75)
Grayscale image resolution 239.1 dpi is below 350.0 dpi #1 (Page 7)
Grayscale image resolution 239.9 dpi is below 350.0 dpi #1 (Page 103)
Grayscale image resolution 240.0 dpi is below 350.0 dpi #2 (Page 47,127)
Grayscale image resolution 240.1 dpi is below 350.0 dpi #1 (Page 177)
Grayscale image resolution 240.7 dpi is below 350.0 dpi #1 (Page 156)
Grayscale image resolution 240.9 dpi is below 350.0 dpi #1 (Page 156)
Grayscale image resolution 243.0 dpi is below 350.0 dpi #1 (Page 71)
Grayscale image resolution 247.8 dpi is below 350.0 dpi #1 (Page 3)
Grayscale image resolution 253.4 dpi is below 350.0 dpi #1 (Page 72)
Grayscale image resolution 255.3 dpi is below 350.0 dpi #1 (Page 146)
Grayscale image resolution 262.3 dpi is below 350.0 dpi #3 (Page 53,70-71)
Grayscale image resolution 262.4 dpi is below 350.0 dpi #3 (Page 125-126,139)
Grayscale image resolution 262.5 dpi is below 350.0 dpi #3 (Page 116,133,156)
Grayscale image resolution 262.7 dpi is below 350.0 dpi #2 (Page 135,150)
Grayscale image resolution 262.9 dpi is below 350.0 dpi #1 (Page 57)
Grayscale image resolution 265.3 dpi is below 350.0 dpi #1 (Page 60)
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Content
Transparency is present #99 (Page 7,9,11,13,15,17,19,21,23,25,27,29,31,33,35,37,39,


41,43,45,47,49,51,53,55,57,59,61,63,65,67,69,71,73,75,77,79,81,83,85,87,89,91,93,95,
97,99,101,103,105,107,109,111,113,115,117,119,121,123,125,127,129,131,133,135,
137,139,141,143,145,147,149,151,153,155,157,159,161,163,165,167,169,171,173,175,
177,179,181,183,185,187,189,191)


Line weight 0.088 mm is below hairline threshold 0.100 mm #202 (Page 1-202)
Trim missing #85 (Page 9,11,13,15,17,19,21,23,25,27,29,31,33,35,37,39,41,43,45,49,


51,53,55,57,59,61,63,65,67,69,71,73,77,79,81,83,85,87,89,91,93,95,97,99,101,105,107,
109,111,113,115,117,119,121,123,125,129,131,133,135,137,139,143,145,147,149,151,
153,155,157,161,163,165,167,169,171,173,175,179,181,183,185,187,189,191)


Page object is within cut tolerance #128 (Page 9,11,13,15,17,19,21,23,25,27,29,31,33,
35,37,39,41,43,45,49,51,53,55,57,59,61,63,65,67,69,71,73,77,79,81,83,85,87,89,91,93,
95,97,99,101,105,107,109,111,113,115,117,119,121,123,125,129,131,133,135,137,139,
143,145,147,149,151,153,155,157,161,163,165,167,169,171,173,175,179,181,183,185,
187,189,191)


Additional information
Settings used: CMYKDefault_Ridderprint


Color separations: 4
CMYK


Page 1 - 11
Page 12
Page 13 - 20
Page 21
Page 22 - 28
Page 29
Page 30 - 54
Page 55
Page 56 - 68
Page 69
Page 70 - 82
Page 83
Page 84
Page 85
Page 86 - 98
Page 99 - 100
Page 101 - 112
Page 113
Page 114 - 123
Page 124
Page 125 - 131
Page 132
Page 133
Page 134
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Page 135 - 146
Page 147
Page 148
Page 149
Page 150 - 156
Page 157 - 158
Page 159 - 179
Page 180
Page 181 - 202
Colored: 18   Black-and-white: 184


Color spaces
DeviceCMYK / DeviceGray


Fonts: 96
Arial-BoldItalicMT (4x) TrueType / WinAnsi / not embedded
Arial-BoldMT (7x) TrueType / WinAnsi / not embedded
Arial-ItalicMT (3x) TrueType / WinAnsi / not embedded
ArialMT (8x) TrueType / WinAnsi / not embedded
TimesNewRomanPS-BoldMT (2x) TrueType / WinAnsi / not embedded
TimesNewRomanPS-ItalicMT TrueType / WinAnsi / not embedded
TimesNewRomanPSMT (3x) TrueType / WinAnsi / not embedded
Arial-BoldItalicMT (4x) TrueType (CID) / Identity-H / embedded
Arial-BoldMT (9x) TrueType (CID) / Identity-H / embedded
Arial-ItalicMT (6x) TrueType (CID) / Identity-H / embedded
ArialMT (10x) TrueType (CID) / Identity-H / embedded
Calibri (5x) TrueType / WinAnsi / embedded subset
Calibri (2x) TrueType (CID) / Identity-H / embedded subset
Calibri-Bold (2x) TrueType / WinAnsi / embedded subset
Calibri-Bold TrueType (CID) / Identity-H / embedded subset
CambriaMath (3x) TrueType (CID) / Identity-H / embedded subset
DengXian (10x) TrueType / WinAnsi / embedded subset
DengXian (2x) TrueType (CID) / Identity-H / embedded subset
DengXian-Bold TrueType / WinAnsi / embedded subset
HGMaruGothicMPRO TrueType (CID) / Identity-H / embedded subset
MS-Gothic (2x) TrueType / WinAnsi / embedded subset
MalgunGothic-Semilight TrueType (CID) / Identity-H / embedded subset
MicrosoftYaHei TrueType (CID) / Identity-H / embedded subset
MicrosoftYaHei-Bold TrueType / WinAnsi / embedded subset
MicrosoftYaHei-Bold TrueType (CID) / Identity-H / embedded subset
SimSun (2x) TrueType / WinAnsi / embedded subset
SimSun (2x) TrueType (CID) / Identity-H / embedded subset
TimesNewRomanPS-BoldMT TrueType (CID) / Identity-H / embedded
YuGothic-Regular TrueType / WinAnsi / embedded subset







