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Abstract

AS is a common rheumatic condition characterized by inflammation and new bone formation. The patho-

genesis of AS is likely multifactorial and has not been fully elucidated to date. A major genetic role has

been demonstrated. The strongest genetic association is with HLA B27. Numerous other associated

genetic polymorphisms have been identified, including those affecting the type 17 immune pathway,

although the precise link between genetics and pathogenesis remains unexplained. Several immunological

alterations, together with recent therapeutic advances, support a central role for IL-23- and IL-17-produ-

cing immune cells in disease pathogenesis. Recently, perturbations of gut microbiota of AS patients have

further catalysed research and offer potential for future therapeutic intervention. In this review we outline

the genetic basis of AS and describe the current hypotheses for disease pathogenesis. We synthesize

recent experimental research data and clinical studies to support a central role for the type 17/23 immune

axis in AS.
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Rheumatology key messages

. AS is a complex immune-mediated condition whose pathogenesis is not fully understood.

. Genetic factors influencing antigen presentation and the IL-23/17 A pathway confer predisposition to AS.

. Therapeutic interventions in AS target inflammatory cytokines produced by innate and adaptive immune cells.

Introduction

AS is a common chronic immune-mediated disease char-

acterized by inflammation of the axial skeleton, with early

involvement of the SI joints. In AS inflammation likely ori-

ginates at the tendon�bone interface (an example of

enthesitis), leading to erosion and bone proliferation

through mechanisms that are poorly understood. Extra-

articular manifestations are common, with uveitis among

the most frequent, as well as co-occurrence of psoriasis

and IBD, which indicates a shared genetic predisposition

for these conditions.

This review delineates our current understanding of the

pathogenesis of AS. We summarize recent genetic and

immunologic literature and argue that SpA constitutes a

type 17 immune-driven disease. SpA lies, together with

psoriasis and IBD, on the spectrum of immune-mediated

diseases between autoimmunity and autoinflammation [1].

Here, we argue that these diseases likely share many

pathogenic features.

Genetic predisposition to AS

HLA-B27

AS has long been associated with inheritance of the HLA

allele B27 [2], representing one of the strongest genetic

associations of any common human disease. HLA-B27

carriage results in an increased odds ratio for AS of

�100 in many populations. The concordance rate in

monozygotic twins is 63%, and the risk in first-degree

relatives is 8.2% [3]. Molecular typing has shown that

many closely related forms of HLA-B27 exist, differing at

a few amino acid residues only. The likely ancestral form

of HLA-B27 is B*2705, which is the most common form in

white European populations. Of the 136 reported sub-

types of HLA-B27, B*2702, B*2703, B*2704, B*2705 and

B*2710 are reported to significantly increase risk in vari-

ous populations and ethnicities, whereas B*2706 and

B*2709 are not associated with disease. All causative
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variants produce modifications in the biochemical struc-

ture of the protein, leading to altered conformation of the

HLA heavy chain or to alternative peptide presentation.

Although the majority of patients with AS are HLA-B27

positive, this only accounts for �30% of the total heritabil-

ity of the disease, which is estimated at �90% [4]. Thus,

while HLA-B27 is by far the most important single gene, it

contributes a minority of the total genetic risk. Many of the

other genetic variants are shared with other immune-

mediated conditions, some of which often overlap with

AS. The most recent genome-wide association study

implicated over 40 genetic regions, significant numbers

of which are thought to have putative regulatory functions

and thus may contribute to AS susceptibility [5].

Non-HLA genes

Genetic variations in endoplasmic reticulum (ER) amino-

peptidase 1 (ERAP-1) are also associated with AS. ERAP-

1 is involved in trimming peptides to optimal length for

binding to HLA class 1 molecules (including HLA-B27).

Disease-associated ERAP-1 variants increase the risk of

AS only in the context of HLA-B27 [6], suggesting that

ERAP-1 polymorphisms alter the interaction of HLA-B27

with peptides.

Other important associated genes are involved in the

so-called IL-17 A/IL-23 immune inflammatory axis. These

two cytokines are physiologically linked, because IL-23

signalling through the IL-23 receptor (IL-23 R) on CD4+

Th cells is required for the differentiation and expansion

of Th17 cells, which are in turn major producers of the pro-

inflammatory cytokine IL-17 A [7]. Polymorphisms of the

IL23R gene, and also of the surrounding regulatory region,

have been strongly associated with the risk of developing

AS [8], IBD [9] and psoriasis [10]. This finding reinforces

the concept of a common pathogenic mechanism invol-

ving the IL-17 A/IL-23 axis in these diseases. It has also

been shown that the protective R381Q allele codes for a

loss-of-function mutation, resulting in defective signalling

and decreased Th17 cells [11]. IL-23 R signals via down-

stream cascades that include the Signal transducer and

activator of transcription 3 (STAT3) and Tyrosine kinase 2

(TYK2) [12]. Polymorphisms in these molecules are also

associated with disease susceptibility in AS [5, 13]. Other

polymorphisms associated with AS are found in genes

with effects on the IL-6 pathway (upstream of IL-17 A),

those involved in T cell proliferation and survival

(EOMES, RUNX3 and TBX21) [5], and those involved in

the innate immune response (CARD9) [14].

Immunopathogenesis of AS

Recent genetic and immunological research has high-

lighted a key role for IL-17 A/IL-23 cytokine dysregulation

in the aetiology of AS. Together with genetic data and the

results of clinical trials of IL-17 A�neutralizing antibodies,

this strongly supports the concept of SpA as a type

17-driven inflammatory disease.

HLA-B27 and AS

Despite intensive research, the pathogenic role of HLA-

B27 remains unclear. Three major theories explaining the

role of HLA-B27 in disease—the arthritogenic peptide

theory, the misfolded HLA-B27 hypothesis and the cell-

surface homodimers hypothesis—have been put forward

with varying degrees of evidence (Fig. 1).

The arthritogenic peptide theory proposes that HLA-

B27 plays a central pathogenic role in the presentation

of joint-specific peptides to CD8+ cytotoxic T cells.

Specific self or environmental peptides are proposed to

bind to and be presented by HLA-B27, to activate CD8+

cells. Although Chlamydia-specific CD8+ cells can be de-

tected in joints (using HLA-B27 tetramers) in Chlamydia-

triggered reactive arthritis [15], no convincing arthritogenic

peptides have so far been identified in AS. Furthermore,

disease occurs in the HLA-B27 transgenic rat model even

in the absence of CD8+ cells [16].

A second theory for the pathogenesis of HLA-B27 in AS

stems from the observation that HLA-B27 can misfold in

the ER [17]. This misfolding leads to ER stress, which ac-

tivates an unfolded protein response (UPR), leading to

upregulation of IL-23 in dendritic cells [18]. This has

been observed in the transgenic HLA-B27 rat model, in

which HLA-B27 misfolding in macrophages led to upregu-

lation of IL-23 [19]. However, in AS patients, studies of gut

biopsies showed no evidence of upregulated UPR gene

transcription, but instead showed autophagy (the intracel-

lular response seen in macrophages that degrades im-

properly folded proteins) [20]. Hence, the role of the

UPR in HLA-B27�driven inflammation remains unproven.

The third major theory for the pathogenesis of HLA-B27

in AS revolves around the ability of HLA-B27 to aberrantly

fold to form homodimers [21] or beta-2-microglobulin-free

heavy chains on the cell surface [22]. Aberrant forms of

HLA-B27 can be recognized in vitro by killer-immuno-

globulin-like receptors [23]. These receptors are primarily

expressed on NK cells, but are also found on circulating

CD4+ T cells [24]. HLA-B27 individuals with AS, and HLA-

B27 healthy donors, have a higher frequency of T cells

expressing this receptor, and these cells are polarized to-

wards a Th17 phenotype (discussed below), with high

levels of IL-17 A being produced [25]. It has also been

shown that this receptor is expressed on CD4+ cells

after activation, inducing transcription of the Th17 tran-

scription factor, retinoic-acid�related orphan receptor-gt

(ROR-gt) [26]. This body of work links cell-surface expres-

sion of HLA-B27 with the Th17 immune pathway for the

first time.

Finally, HLA-B27 may have an indirect effect in disease

causation by altering the individual’s microbiome (dis-

cussed below). It is possible that all these theoretical

mechanisms of HLA-B27�driven pathogenesis may con-

tribute to disease in an individual.

Interestingly, recent genetic evidence comparing many

thousands of AS patients and controls suggested that the

nature of the amino acid residue at position 97 in HLA-B

molecules, including but not limited to HLA-B27, may be
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critical for disease predisposition [27]. Alterations at this

residue may alter free heavy-chain expression [28].

The role of type 17 immunity in AS:
different effector cells may be involved

Th17 cells

After selection in the thymus, CD4+ T cells are released as

naı̈ve CD4+ cells into the periphery, where they differenti-

ate into different types of effector T cell (shown in simpli-

fied form in Fig. 2). The first T cell subtypes described

were Th1 and Th2, each with a specific pattern of cytokine

production and key master transcription factors. These

were followed by the Tregs. Th17 cells, first described in

around 2005, are a relatively new addition to the Th subset

paradigm [29]. The key physiological effector function of

these cells is thought to be immunity against extracellular

bacterial and fungal infections. The importance of Th17 in

immune-mediated inflammatory disease was first demon-

strated in mouse models, where it was shown that knock-

ing out IL-23 but not IL-12 (with which IL-23 shares the

subunit p40) made mice resistant to experimental autoim-

mune encephalomyelitis, a model of human demyelinating

diseases [30]. The effector functions of Th17 are mediated

through the release of cytokines such as IL-17 A (the sig-

nature cytokine of the lineage), IL-17 F and IL-22. The dif-

ferentiation of Th17 is driven by a combination of

cytokines, including IL-1b, IL-6, TGF-b, and IL-23.

However, IL-23 is thought to be the key driver of the

pathogenic potential of Th17, promoting the expression

of the key transcription factor ROR-gt.

FIG. 1 Proposed pathogenic mechanisms in AS

(1) Autoreactive CD8+ T cells may recognize the arthritogenic peptides displayed by HLA-B27 on the APC surface; (2)

HLA-B27 misfolding in APCs leads to ER stress and consequent overproduction of IL-23; (3) abnormal cell-surface

expression of HLA-B27 leads to interaction with innate immune receptors such as KIR3DL2 on CD4+ T cells and pro-

motes type 17 immune responses; (4) HLA-B27 causes intestinal dysbiosis, resulting in overexpression of the IL-17A/IL-

23 axis with activation of Th17 or other CD4+ cells, gd T cells, mast cells, neutrophils and other innate immune cells. This

leads to production of IL-17A, IL-22, TNF-a, IFN-g and other cytokines that target organs and tissues directly or through

tissue-resident effector cells. APC, antigen-presenting cell; ER, endoplasmic reticulum; IL23R, IL-23 receptor; KIR3DL2,

killer immunoglobulin-like receptor; UPR, unfolded protein response.
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Recent studies have shown that the development of

Th17 from naı̈ve T cells can be regulated by hypoxia [31]

and by dietary and environmental factors [32]. In addition,

it is now apparent that Th17 cells show considerable plas-

ticity and heterogeneity and that some are more patho-

genic than others, in part due to production of additional

inflammatory cytokines. Thus, IL-17 A cytokine production

is often coupled with production of IL-17 F, IL-22 IFN-g
[33] and GM-CSF [34] in the same cell. Additional genes

have been found that confer pathogenicity to murine Th17

cells [35]. However, little is known about the existence of

such subtypes in humans.

Other type 17 immune cells may be important in
AS pathogenesis

The cytokine repertoire and transcriptional profile of Th17

cells are also present in other lymphocyte subsets now

being studied in AS pathogenesis. CD161-expressing

CD8 T cells, including mucosal-associated invariant T

cells [36], gd T cells [37] and innate lymphoid cells [38]

have also been shown to produce IL-17 A. The possible

contribution of these cell subsets to the pathogenesis of

AS, other than their production of IL-17 A, has only been

explored very recently.

A role for tissue resident IL-23�responsive cells in
AS pathogenesis?

One of the most specific pathologic features of SpA is

inflammation at the enthesis, the site of attachment of

bone into tendon or ligament [39]. This specificity of dis-

ease localization remains poorly understood, but it has

been suggested that the enthesis is a site of high stress,

and that local inflammation can be associated with dysre-

gulation of normal homeostatic repair mechanisms at this

site. Moreover, recent murine studies have identified resi-

dent entheseal cells that can respond to IL-23 and medi-

ate spinal and peripheral inflammation [40]. The existence

of these cell populations in humans has not yet been

established, but if shown would be hugely significant, pro-

viding a pathological basis of inflammation at the enthesis.

Environmental factors in AS pathogen-
esis: the potential role of gut inflamma-
tion and the microbiome

Environmental factors, which may include the micro-

biome, mechanical stress, infections, and drug or toxin

exposure, probably also play a significant role in AS

pathogenesis. Bowel inflammation and AS are frequently

clinically associated: up to 60% of patients with AS are

estimated to show some degree of microscopic inflamma-

tory involvement of the bowel [41], and up to 30% of pa-

tients with primary IBD will develop peripheral joint or axial

symptoms [42]. The importance of the gut microenviron-

ment in the pathogenesis of AS has been reinforced by

mouse studies. The central role of the gut microbiome in

SpA has long been suspected, following the observation

that rats from the HLA-B27�transgenic model of AS did

not develop the disease in germ-free conditions [43]. An

influence of HLA-B27 in shaping the microbiome has also

been proposed, and the caecal microbiota of Lewis rats

transgenic for HLA-B27 and human b2-microglobulin

showed differences in specific bacterial species in com-

parison with wild-type rats [44].

A recent study used 16 S microbial sequencing to com-

pare the microbiomes in terminal ileal biopsies from nine

patients with AS with those of healthy volunteers. The au-

thors found significant increases in several bacter-

ial families in AS (Lachnospiraceae, Ruminococcaceae,

Rikenellaceae, Porphyromonadaceae, Bacteroidaceae)

and a decrease in the abundance of two families

(Veillonellaceae and Prevotellaceae) [45].

It seems reasonable to propose that there is a gut�joint

immune axis. Notably, upregulation of mRNA for IL-23p19

has been found in the terminal ileum of patients with AS and

those with Crohn’s disease [46]. Local alterations in the gut,

such as dysbiosis, may alter type 17 immune responses

directly or indirectly through altered barrier function or mi-

crobial metabolites. These factors might induce loss of tol-

erance and/or an increase in proinflammatory cytokines,

such as IL-23, triggering SpA in susceptible individuals.

Inflammatory cytokines as drivers of
inflammation in AS: a rationale for
therapeutic inhibition

TNF-a blockade is a well-established and effective ther-

apy in AS. Its introduction followed the successful treat-

ment of other inflammatory conditions with TNF inhibitors

and demonstration of overexpression of this cytokine in

the SI joints of AS patients [47].

Overactivation of the type 17 immune pathway has

been demonstrated more recently, with increased num-

bers of circulating Th 17 CD4+ cells in the peripheral

blood of patients with AS [48]. Furthermore, a general in-

crease in IL-17 A�producing cells across different lympho-

cyte lineages (CD8+ T cells, NK cells) is seen in AS

FIG. 2 Cartoon showing induction, cytokine production

and transcription factor expression of Th17 and other

CD4+ T cell subsets
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compared with RA or healthy controls (Al Mossawi et al.

unpublished data).

The downstream pathogenic role of IL-17 A in AS is
probably a result of its effect on the recruitment of neu-
trophils, macrophages and epithelial cells, and subse-
quent release of other pro-inflammatory cytokines such
as IL-1b, IL-6 and TNF-a. Other type 17�related cytokines,
including IL-17 F, IL-22, GM-CSF and IL-9, might also be
relevant in driving inflammation in AS, and may thus con-
stitute novel therapeutic targets worthy of further investi-
gation. We propose that, in addition to IL-17 A, a positive
feedback loop may result, involving additional inflamma-
tory cytokine production, perhaps as a result of predis-
posing genetic factors.

New strategies for treating AS

The validity of targeting IL-17 A is confirmed by evidence
emerging from clinical trials, in which patients with AS
(including those unresponsive to TNF-a blockers) re-
sponded to IL-17 A inhibition [49]. The emerging immuno-
logical and genetic evidence confirming the key role of the
IL-17 A/IL-23 axis has led to the ongoing development of
new compounds targeting different molecules, such as
drugs inhibiting the p40 subunit of IL-12/IL-23 or the p19
subunit of IL-23. Preclinical studies targeting the Th17
transcription factor RORgt have also shown in vitro inhib-
ition of IL-17 A production [50].

We predict that further advances in our understanding

of the mechanisms driving AS pathogenesis will result in

the development of additional new treatments for AS.

These are exciting times in the AS field!
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