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Abstract

Autoimmune diseases are a diverse group of conditions characterized 
by aberrant B cell and T cell reactivity to normal constituents of the host. 
These diseases occur widely and affect individuals of all ages, especially 
women. Among these diseases, the most prominent immunological 
manifestation is the production of autoantibodies, which provide 
valuable biomarkers for diagnosis, classification and disease activity. 
Although T cells have a key role in pathogenesis, they are technically 
more difficult to assay. In general, autoimmune disease results from an 
interplay between a genetic predisposition and environmental factors. 
Genetic predisposition to autoimmunity is complex and can involve 
multiple genes that regulate the function of immune cell populations. 
Less frequently, autoimmunity can result from single-gene mutations 
that affect key regulatory pathways. Infection seems to be a common 
trigger for autoimmune disease, although the microbiota can also 
influence pathogenesis. As shown in seminal studies, patients may 
express autoantibodies many years before the appearance of clinical or 
laboratory signs of disease — a period called pre-clinical autoimmunity. 
Monitoring autoantibody expression in at-risk populations may 
therefore enable early detection and the initiation of therapy to 
prevent or attenuate tissue damage. Autoimmunity may not be static, 
however, and remission can be achieved by some patients treated with 
current agents.
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only of the processes underlying the development of autoimmunity 
(that is, defined by the presence of B and/or T cell autoreactivity) but 
also of the transition to actual disease with characteristic clinical find-
ings2. Although the terms ‘autoimmunity’ and ‘autoimmune disease’ are 
often used interchangeably, the meanings are distinct — an important 
issue in both research and clinical care.

As indicated by the diversity of diseases that are categorized as auto-
immune, no simple or uniform set of signs and symptoms signifies an 
autoimmune aetiology; correspondingly, an autoimmune disease may 
present with manifestations that can result from many different patho-
logical processes. In the realm of nephrology, glomerulonephritides 
arise from diverse processes including autoimmunity and infection3. 
The clinical manifestations as well as findings on kidney biopsy can be 
similar regardless of aetiology. Determination of underlying autoim-
munity therefore requires adjunctive laboratory testing, with measure-
ment of autoantibodies the most common and informative modality 
currently available. Although T cells are critical in many autoimmune 
diseases, assays of T cell autoreactivity are challenging and not routinely 
performed, leading to the emphasis of autoantibodies in this setting.

Laboratory testing for autoimmune disease uses well validated 
assays to establish the presence of autoantibodies. Although many 
kidney diseases have long been thought to be autoimmune in origin, 
in some cases, the identification of the target of autoreactivity has 
happened only recently. In membranous nephropathy, auto antibodies 
to the M-type phospholipase A2 receptor 1 (PLA2R) were first described 
in 2009 (ref. 4). Antibodies to thrombospondin type 1 domain 
containing 7a (THSD7A) were described in 2014 and additional anti-
gens were identified in subsequent years5. For some conditions, the  
identification of target antigens is just beginning, as illustrated by  
the demonstration of autoantibodies to nephrin in a subset of patients 
with minimal change disease6.

The determination that a disease is autoimmune involves criteria 
that are similar to Koch’s postulates for infectious diseases and are 
sometimes denoted as the Witebsky’s postulates7. Specifically, such 
determination requires the presence of autoreactive B cells or T cells in 
patient blood; induction of the disease by transfer of cells or antibodies 
to experimental animals; transplacental passage of the disease; demon-
stration of characteristic pathophysiology in an in vitro or animal model; 
and demonstration of autoreactivity (for example, the presence of 
immune complexes) at a site of damage. Not surprisingly, many diseases 
that are considered autoimmune do not fully meet these criteria.

In the absence of characteristic serological findings, classifica-
tion of a disease in terms of its aetiology can be uncertain and lead to 
nonspecific terminology, such as ‘inflammatory disease’, ‘immune-
mediated disease’ or ‘seronegative autoimmunity’. Once autoanti-
bodies are found, the disease can be re-classified and the aetiology 
better established. The classification of a disease as autoimmune, 
however, does not mean that the autoantibodies mediate the clini-
cal manifestations. Additional studies are needed to show that the 
autoantibody induces pathology. Furthermore, autoantibodies may be 
only one element in the pathophysiology because T cells, neutrophils 
and macrophages can also mediate inflammation and tissue damage.

Autoantibodies as markers
Despite the fact that autoantibodies are valuable biomarkers for diag-
nosis and classification, there is often no obvious link between autoan-
tibody specificity and the resulting immunopathology; this situation is 
especially true when the autoantigen is an intracellular molecule that 
is widely expressed in cells. The association between autoantibodies 

Key points

 • Autoimmune diseases lead to diverse patterns of inflammation and 
organ dysfunction.

 • Autoantibodies are valuable markers for diagnosis, classification and 
of disease activity.

 • Although T cells play a key part in disease, their assessment is 
challenging.

 • Autoimmune disease reflects the interplay of genetic and 
environmental factors.

 • Pre-clinical autoimmune disease provides a window of time for early 
or preventive treatment.

Introduction
Autoimmune diseases are a diverse group of conditions characterized 
by immune disturbances that cause aberrant B cell and T cell reactivity 
to normal constituents of the host. These diseases can involve essen-
tially any organ system and affect individuals of any age, with a much 
greater prevalence among women. Although certain mechanisms unite 
these conditions into a single category, the clinical manifestations of 
autoimmune disease are highly varied. These manifestations range 
from acute, life-threatening organ failure to subtle laboratory abnor-
malities that can easily escape notice. Clinically, autoimmune diseases 
can be restricted in the pattern of organ involvement (organ-specific) 
or be generalized (systemic or non-organ-specific)1.

The diversity of autoimmune disease is striking and challenges the 
entire medical enterprise. For the clinician, the challenge is to reach a 
diagnosis for a patient who presents with concerning signs and symp-
toms that could arise from a variety of aetiologies, each of which may 
require a distinct and sometimes divergent approach to management. 
For the investigator, the challenge is to explicate the role of autoreac-
tivity in a clinical syndrome and determine whether autoreactivity is 
crucial or merely incidental. For the healthcare system, the challenge 
is to develop cost-effective strategies for early diagnosis and treatment 
and, optimally, prevention.

This Review provides a conceptual framework for autoimmune 
disease, with an emphasis on autoantibodies given that these are the 
mainstay of diagnosis and classification and provide valuable biomark-
ers with which to explore the mechanisms that underlie autoimmune 
disease and the consequences for the patient.

Criteria for autoimmune disease
Since autoimmune diseases are clinically so heterogeneous, a con-
certed search for aberrant B and T cell autoreactivity is necessary to 
identify those conditions in which autoimmune mechanisms drive 
pathogenesis and determine outcome. A set of clinical and laboratory 
criteria provides a framework to guide these investigations.

Clinical and laboratory findings
Autoimmunity can occur in the absence of signs and symptoms of 
disease; only some individuals who display aberrant B and/or T cell 
autoreactivity will develop clinical manifestations of any kind. Elucida-
tion of autoimmune disease therefore requires an understanding not 
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and tissue pathology tends to be more obvious in the context of organ-
specific autoimmune diseases than in systemic autoimmune diseases. 
The reason that certain autoantibodies track with clinical findings 
remains unknown despite the strength of these associations.

Within a diagnostic category, serological findings can be quite 
diverse. In systemic sclerosis, for example, antibodies to the protein Scl-70  
(DNA topoisomerase) are associated with diffuse skin involvement 
whereas antibodies to centromere proteins are associated with more lim-
ited skin disease8. These autoantibodies react with ubiquitous nuclear 
antigens, making the relationship between the antibody specificity and 
the pattern of cutaneous fibrosis difficult to understand. Similarly, in 
inflammatory myopathy, antibodies to transfer RNA synthetase enzymes 
are associated with interstitial lung disease; interestingly, patients with 
this condition usually express antibodies to just one of these enzymes9.

For some conditions, the pathophysiology points to processes 
that might be affected by an autoantibody. In myasthaenia gravis, 
for example, antibodies to the acetylcholine receptor can bind at the 
neuromuscular junction and, in model systems, induce the neurophysi-
ological changes associated with clinical weakness10. The finding of 
an autoantibody to one molecule at the neuromuscular junction has 
led to a more directed search for other autoantibodies, leading to the 
identification of antibodies to MuSK (muscle-specific tyrosine kinase).

For clinical conditions in which a target antigen is well defined, the 
role of autoimmunity can be assessed in immunization models. Classic 
examples of this type of model include experimental allergic encepha-
lomyelitis (a model of multiple sclerosis induced by immunization 
with myelin basic protein) and collagen-induced arthritis (a model of 
rheumatoid arthritis induced by immunization with collagen). The role 
of autoimmunity can also be explored in rodent models of spontaneous 
disease. These mice (for example, the New Zealand black–white hybrid 
mouse model of systemic lupus erythematosus (SLE) and the nonobese 
diabetic mouse model of type I diabetes) were discovered fortuitously 
during breeding programmes and incidentally found to have features 
of autoimmunity, such as the production of anti-DNA autoantibodies 
and glomerulonephritis in so-called ‘lupus mice’11.

The utility of serological testing extends beyond diagnosis to 
encompass prognosis and assessment of disease activity and treat-
ment response, and depends on the availability of robust assays for 
routine testing; quantitative assays can be especially informative. 
Although a correlation of antibody levels with clinical manifestations 
could suggest a direct role in pathogenesis, changes may be incidental 
to the clinical outcome, with a decrease, for example, resulting from 
the action of immunosuppressive agents that attenuate disease by 
their effects on other processes or cell types (for example, T cells)12. 
Nevertheless, quantitative assessment of autoantibody production can 
provide a valuable biomarker for clinical decision-making, as illustrated 
by the antibody response to PLA2R in membranous nephropathy13,14.

In the absence of a concerted search for autoantibodies, the role 
of autoimmunity in a condition may not be appreciated. For example, 
studies now suggest that certain forms of chronic pain can be associ-
ated with antibodies that induce pain behaviour in mice. Similar con-
siderations may apply to other neuropsychiatric diseases, including 
psychosis, although complex psychological phenomena are difficult 
to model in animals15–17.

Identifying autoantigens for assays
The diverse clinical presentations of autoimmune disease requires 
exploration of autoreactivity, particularly for poorly understood condi-
tions. In these investigations, the first step is a search for autoantigens 

with which to provide a framework to consider the role of B and/or  
T cell autoreactivity in disease pathogenesis.

Molecular identification of autoantigens
The identification of autoantibodies and autoantigens is closely inter-
twined since autoantibody assays depend on knowledge of the target 
antigen. Currently, screening for autoantigens is accomplished using 
large protein arrays, peptide arrays or phage display libraries for tar-
get identification by antibodies in patient sera18,19. These techniques 
allow the screening of thousands of proteins or peptide fragments 
for autoantigenicity; they are also agnostic and can complement tra-
ditional immunochemical techniques that use extracts of the tissues 
involved as a source of antigens.

In general, large-scale screening efforts indicate a greater diversity 
of autoantibody specificities than has conventional serology, including 
the presence of autoantibodies found in only some affected individu-
als. In addition, these screens can identify autoantibodies in otherwise 
healthy individuals and in diseases that are not usually considered 
autoimmune (such as COVID-19)20. The origin of so-called ‘common’ 
autoantibodies in sera of healthy individuals is not known but their 
presence can complicate the search for autoantibodies in patients with 
presumed autoimmune disease21.

Although large-scale screening and other array techniques can 
reveal potential target antigens for many diseases, these approaches 
may fail to detect autoreactivity, especially when the antigenicity of a 
molecule depends on its conformation. The appropriate conforma-
tion of an antigen for antibody binding may require an intact protein 
structure (in contrast to a peptide or fragment) or the interaction of 
a putative autoantigen with another macromolecular component. 
Along with the use of protein or peptide arrays, molecular techniques 
can facilitate the identification of autoantigens at sites of tissue injury. 
For example, microdissection can be used to retrieve proteins from 
immune deposits in tissue samples, with subsequent ultrasensitive 
mass spectrometry analysis to identify the antigen. The discovery of 
neural adhesion molecule 1 (NCAM1) as a target antigen in membranous 
lupus nephritis exemplifies this approach22.

Animal models can also be used to identify potential target anti-
gens. For example, studies in the Heymann nephritis model of membra-
nous nephropathy provided initial evidence for a role for autoantibody 
binding to podocytes in disease pathogenesis23. Subsequent studies in 
patients demonstrated that autoantibodies to neutral endopeptidase 
can lead to the development of neonatal membranous nephritis in 
infants born to mothers lacking expression of this protein; in this case, 
disease relates to alloimmunization, supporting the idea that podocyte 
proteins are key targets in membranous disease, a mechanism first 
elucidated in the animal model23.

Searches for autoreactive antibodies have also demonstrated that 
autoantibodies of the same specificity can be expressed in different 
diseases. For example, antibodies to the protein glutamic acid decar-
boxylase (GAD) can occur in stiff person syndrome (a neurological 
condition characterized by muscle rigidity and spasms) as well as in 
type 1 diabetes mellitus (also known as immune dependent diabetes 
mellitus or IDDM)24. In such situations, it is likely that differences in the 
precise specificity of the autoantibodies for antigen or their amounts 
might induce different clinical manifestations. In addition, serological 
studies have documented a phenomenon known as latent autoim-
munity in which autoantibodies may be present in patients with other 
diseases, including autoimmune conditions, in the absence of usual 
clinical manifestations25.
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Limitations of serological assays
Despite the power of current technologies, screening assays may fail 
to identify autoantigens under conditions in which autoantibodies 
would be expected. In this context, as discussed above, the biochemi-
cal structure of a possible target molecule may affect its antigenicity 
in immunoassays, leading to a false-negative result. As well as false-
negative results, false-positive results can occur with serological assays, 
emphasizing the need to interpret laboratory results in the context of 
the clinical setting and to consider alternative diagnoses in the event 
of a positive result26.

Despite the fact that many autoantibodies have been identified 
and characterized, assays are available for only a small fraction of them. 
In SLE, for example, over a hundred different autoantibody specificities 
have been reported, but assays for only a few are available for routine 
testing27. To be used clinically, autoantibody assays should display 
certain properties as described by the SSSMAART criteria (Box 1).  
In the future, rather than assays of single autoantibodies, antigen 
arrays may enable simultaneous detection of a large number of differ-
ent autoantibodies, many of which are currently considered ‘orphan’ 
(Supplementary Box 1).

Antigenicity of nuclear molecules
Among autoimmune diseases, a group of related systemic diseases is 
characterized by the expression of antibodies to macromolecular com-
ponents of the cell nucleus (antinuclear antibodies)28. These antibodies 
target proteins, nucleic acids (DNA and RNA) and proteins complexed 
with DNA or RNA and characterize conditions known as rheumatic 
diseases. In addition to serological disturbances, these conditions have 
prominent involvement of the skin, joints and vasculature; kidney and 
pulmonary manifestations are also common. Antinuclear antibodies 
are also present in other non-rheumatic conditions, such as autoim-
mune hepatitis. As a group, the antigens targeted by these antinuclear 
antibodies share characteristic molecular features that may confer 
immunogenicity (Supplementary Box 2)29.

The role of post-translation modifications
Post-translational modifications can profoundly affect the anti-
genicity of proteins and their activity as neoantigens30. For example,  
citrullination can generate autoantigenic determinants on proteins 
that are targeted in rheumatoid arthritis. Citrullination is catalysed 
by the enzyme peptidyl arginine deiminase and probably affects the 
immunogenicity of the modified proteins (for example, vimentin, 
α-enolase or fibrinogen). Antibodies directed to citrullinated proteins 
are termed anti-cyclic citrinullated peptide antibodies (anti-CCPs) or 
anti-citrullinated protein/peptide antibodies (ACPAs). In IDDM, hybrid 
insulin peptides can form between a fragment of insulin and another 
peptide from a beta cell protein. This hybrid can be recognized as a 
neoepitope and stimulate T cell reactivity31.

Although studies of autoimmune disease usually assume that 
autoantibodies initiate inflammation and damage, it is nevertheless 
possible that these antibodies arise as a consequence of damage 
induced by some other mechanism; for example, local inflammation 
may perturb cells and expose or unmask autoantigenic sites to allow 
autoantibody induction. Without more detailed testing in in vitro mod-
els or transfer systems, it can be difficult to determine whether autoan-
tibody production is primary or secondary. Furthermore, although 
autoantibodies mark the course of a clinical condition, disease mani-
festations may actually result from the action of T cells, as may be the 
case for IDDM.

Mechanisms of tissue inflammation and injury
Autoantibodies can interact with autoantigens in many different 
ways, contributing to the wide variety of clinical manifestations and 
functional disturbances that characterize autoimmune disease.

The pathogenicity of autoantibodies
Autoantibodies can mediate disease through their antigen binding 
site (Fab) or the crystallizable fragment (Fc, a portion of the immuno-
globulin molecule that can activate complement as well as bind  
to Fc receptors on cells to heighten inflammation). Through these 
actions, autoantibodies can interact with cell surface receptors to 
alter cell function. In Graves’ disease, for example, antibodies to the 
thyrotropin receptor function as agonists; by contrast, antibodies to 
the acetylcholine receptor in myasthenia gravis have an antagonistic 
function, although these antibodies may modulate receptor function 
by mechanisms other than blocking ligand interaction. An autoanti-
body can also alter physiological processes simply by eliminating a cell 
population by complement-mediated lysis or antibody-dependent 
cell cytotoxicity; eliminating the targeted structure may also occur 
by antibody-mediated endocytosis and degradation.

Another important mechanism by which autoantibodies mediate 
disease is through the formation of immune complexes32,33 (Box 2). 
Immune complexes are an amalgam of antibodies and antigens that 
vary in size and structure depending on the physical–chemical prop-
erties of the constituents, including the antibody affinity. Immune 
complexes can deposit within tissue, particularly in the kidney, and 
activate complement to drive inflammation through the recruitment 
of neutrophils and other myeloid and lymphoid cells to the affected 
tissue. Although immune complexes can form in the blood, they may 
preferentially localize in certain tissue sites (for example, the glomeru-
lar basement membrane) because of their size or physical-chemical 
properties (for example, the charge of the antibody or the antigen).

In some conditions, rather than assembling in the circulation, 
immune complexes may form locally in the kidney, with antigen 

Box 1

SSSMAART criteria for the 
utility of autoantibody assays
To be clinically useful, a test for an autoantibody should fulfill the 
SSSMAART criteria: specificity, scalability, measurability, action-
ability, added value, realism and titre27. These criteria can help inform 
decisions about the utility and cost-effectiveness of autoantibody 
testing in the clinical setting. These criteria are also important for 
making decisions when developing assay kits for the commercial 
market and, correspondingly, for hospital and testing laboratories 
when deciding whether to make such tests readily available. Tests 
are subject to regulatory approval by the US Food and Drug agency 
(FDA) and comparable agents in Europe and elsewhere, although 
they can also be available as research use only (RUO) tests or 
laboratory developed tests (LDTs). Data suggest that a large number 
of tests never advance to clinical use and so many autoantibodies 
identified in research studies are still considered ‘orphan’.
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deposited or ‘planted’ from the circulation or released by kidney cells. 
In lupus nephritis, a local decrease in the activity of DNase enzymes 
can increase the availability of DNA to form complexes with anti-DNA 
antibodies, resulting in the activation of complement and inflamma-
tion34. In membranous nephropathy, the release of podocyte molecules 
provides a source of antigens for immune complexes that deposit on 
the basement membrane (Fig. 1). Immune complexes can also stimu-
late the production of cytokines through interaction of nucleic acid 
components of nuclear antigens with internal nucleic acid sensors 
(Supplementary Box 2).

For the glomerulonephritides, immunohistochemistry can 
help to delineate disease pathogenesis. In SLE, immunofluorescent 
microscopy of kidney biopsy samples can show the so-called full-house 
pattern with the presence of immunoglobulins IgG, IgA and IgM and 
complement in the glomerulus; electron microscopy can further local-
ize immune complexes to either the sub-epithelial or sub-endothelial 
side of the basement membrane. In contrast to the ‘lumpy bumpy’ 
pattern of immunoreactants in lupus nephritis, the immunohisto-
chemistry of kidney biopsy samples from patients with Goodpasture 
syndrome (also known as anti-GBM disease; a pulmonary-renal syn-
drome) shows a linear pattern of staining, which results from the bind-
ing of autoantibodies to the alpha 3 domain of type IV collagen present 
in the glomerular basement membrane and lung. In anti-neutrophil 
cytoplasmic autoantibody (ANCA)-associated vasculitis, immunofluo-
rescence staining fails to detect appreciable amounts of antibody or 
complement, leading to the designation of ANCA vasculitis as so-called 
pauci-immune glomerulonephritis3. Nevertheless, complement may 
have a role in ANCA-associated vasculitis, as demonstrated by the effi-
cacy of avocapan — an inhibitor of the C5a receptor35. We note that in 
some cases, such as in minimal change disease, the level of staining for 
immunoreactants may be very limited, diverting attention away from 
an autoimmune mechanism despite its role in disease pathogenesis.

The clinical manifestations of ANCA vasculitis, in particular, may 
be an indirect consequence of the action of autoantibodies36. Under 
these conditions, antibodies to myeloperoxidase or proteinase 3 can 
activate neutrophils to extrude neutrophil extracellular traps (NETs), 
which are large aggregates of DNA with bound granule proteins. NETs 
have antibacterial actions and also can damage endothelial and epithe-
lial cells to promote lung and vascular injury37. Autoantibodies can also 
act by inhibiting cell–cell interactions. For example, in the blistering 
skin conditions pemphigus vulgaris and pemphigus foliaceus, auto-
antibodies to desmoglein proteins bind at the desmosome to block 
cell attachment in the epithelial layer of the skin38.

In addition to targeting cellular antigens, autoantibodies can 
also bind to soluble molecules in the blood. Antibodies to cytokines 
can modulate immune function by inhibiting key regulatory interac-
tions involved in host defence, as may occur with antibodies to inter-
feron (IFN)-γ in SARS-CoV-2 infection and SLE39,40. In lupus nephritis, 
autoantibodies to the complement protein C1q can bind to immune 
complexes in the kidney and amplify complement activation and 
inflammation41. In another example, autoantibodies to components of 
the alternative complement pathway can lead to C3 glomerulonephritis 
(including dense deposit disease), which is characterized by isolated 
or predominant staining of C3 on renal biopsy42 (Fig. 2).

The role of T cells in autoimmune disease
Like autoantibodies, T cells can mediate autoimmune disease. T cells 
can be categorized in terms of their phenotypic markers, transcriptional 
control and functional properties (for example, cytokine production)43. 

In the context of autoimmune disease, antigen-specific CD4+ T helper 
cells (TH) cells can stimulate autoantibody production by B cells whereas 
cytotoxic CD8+ T cells can damage or kill cells. T cells may also produce 
factors (for example, circulating permeability factors) that can drive 
disease in diseases such as focal segmental glomerulosclerosis44.

Assays of T cell autoreactivity are challenging because of the way 
in which T cells recognize antigen and the huge diversity of molecules 
encoded in the major histocompatibility complex (MHC) region 
(discussed below). The technical issues involved in characterizing 
T cells in autoimmunity should in no way minimize the probably criti-
cal role of these cells in certain diseases. Moreover, a change in the 
physiological state of a tissue or organ can influence the extent of 
autoimmune injury in the presence of B and/or T cell autoreactivity 
to constituent molecules45. For example, the destruction of pancre-
atic beta cells in the context of IDDM reduces the capacity for insulin 
production. Subsequent attempts by the remaining beta cells to meet 
the demand for insulin may promote cell stress, thereby increasing 
their sensitivity to further injury by antibodies or autoreactive T cells.

Box 2

The role of immune complexes
Immune complexes have a key role in many autoimmune diseases, 
especially those that affect the kidney. Although a variety of 
different assays for immune complexes are available, these assays 
are no longer in common use because different assay formats 
produce varying and sometimes discrepant results that may not 
correlate well with clinical events. Instead, complement assays 
can provide a proxy for the presence of immune complexes, given 
that immune complexes can activate the complement system. 
These assays can measure complement components such as 
C3 or C4; direct measurement of C3 and C4, however, may not 
reliably indicate the burden of complexes (or disease activity) 
because C3 and C4 are acute-phase reactants. By contrast, 
measurement of complement split products may more reliably 
reflect levels of immune complexes; these products are generated 
during complement activation and can be measured directly by 
immunochemical assays. They can also be measured by flow 
cytometry on blood cells since, once activated, the split products 
can bind to nearby molecules, including those on the surface 
of blood cells. In addition to their role in glomerulonephritis, 
immune complexes can modulate immune cell function directly 
and indirectly. Thus, immune complexes comprised of antinuclear 
antibodies and cognate antigens can promote the uptake of DNA 
and RNA into innate immune cells such as plasmacytoid dendritic 
cells. Inside cells, the DNA and RNA stimulate production of 
cytokines such as type 1 interferon by interacting with internal 
nucleic acid sensors. In this case, the involvement of immune 
complexes can be inferred from patterns of interferon-induced 
gene expression in responding cells in the peripheral blood177. 
This pattern of gene expression is called the interferon signature. 
In a disease like systemic lupus erythematosus, immune complexes 
comprised of one antibody specificity can affect two distinct 
mechanisms of disease — glomerular deposition and cytokine 
deposition.
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Disturbances in tolerance
B and/or T cell reactivity signifies a disturbance of immune tolerance 
and is essential to the development of autoimmunity. The extent of 
these disturbances as well as the underlying mechanism may vary 
by disease, however, and can contribute to the heterogeneity of 
autoimmunity.

Mechanisms of tolerance
The generation of autoreactivity represents the loss of self-tolerance —  
a fundamental breakdown in immune regulation. In this context,  
the ‘self’ represents the molecular constituents of the organism, 
while ‘nonself’ represents the constituents of foreign organisms 
(bacteria, viruses or fungi). Tolerance is a state of immunological non-
responsiveness resulting from mechanisms that occur both centrally 
and peripherally and involve both B cells and T cells46–48.

The establishment of central tolerance begins during develop-
ment in the bone marrow for B cells and in the thymus for T cells49,50.  
In both locales, interaction with antigen initiates functional changes 
that determine cell fate. These processes differ for B cell and T cells 
because of the respective mechanisms of antigen binding. B cells bind 
antigen directly via their B cell receptor, which is a surface immuno-
globulin. By contrast, T cells recognize peptide fragments of antigens 
that have been enzymatically cleaved and then presented in the context 
of an MHC molecule, either class I or class II, depending on whether the 
antigen is endogenous or exogenous.

The creation of the B cell and T cell repertoires involves gene rear-
rangements and other molecular changes to generate the large array 
of receptor molecules that is essential for host defence. In the thymus, 
T cells undergo both positive and negative selection to create a T cell 
repertoire that is broad enough to respond to foreign antigens but 

nonetheless restricted enough to prevent responses to self-antigens. 
For T cells to recognize antigen, a T cell receptor requires some level of 
binding to an MHC molecule, regardless of the structure of the bound 
peptide. Developing T cells with sufficiently strong interactions of 
this kind undergo positive selection, whereas T cells with insufficient 
binding to MHC molecules are culled.

Negative selection to establish tolerance necessitates the interac-
tion of developing T cells with the myriad molecules that constitute the 
‘self’. The display of peptide fragments of these molecules on thymic 
epithelial cells occurs through the action of a transcriptional regulator 
called autoimmune regulator (AIRE)51. AIRE promotes the expression of 
tissue-restricted antigens, which are otherwise selectively expressed 
by differentiated cells; the transcription factor Fezf2 also regulates the 
expression of tissue-restricted antigens by a mechanism distinct from 
that of AIRE52. In the event of a high-affinity T cell receptor interaction, 
the T cell undergoes negative selection and is not released into the 
periphery. Thus, depending on the strength of their interactions with 
MHC molecules and their bound peptides, T cells can undergo positive 
or negative selection. Only a minority of T cells enters the periphery 
after these selection processes.

Like T cell development, B cell development involves the gene-
ration of a large number of receptor types to combat foreign antigen 
challenge while avoiding autoreactivity53,54. In response to foreign 
antigen challenge, the variable region genes of the heavy and light 
chains undergo somatic mutation. These mutational events occur in 
the complementarity-determining regions and give rise to variants 
with increased affinity for foreign antigens to promote host defence. 
B cells that can bind to autoantigens can also arise during this process, 
leading to a potential source of pathogenic specificities. These muta-
tional and selection events can take place in germinal centres, which are  

AutoantibodyImmune complex
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Subendothelial
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process 
e�acement
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Subepithelial
space

Locally generated
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Fig. 1 | Mechanisms of immune-mediated glomerulonephritis. A common 
mechanism for immune-mediated kidney disease involves the formation and depo-
sition of immune complexes followed by the activation of complement and ensuing 
inflammation. The mechanism for the formation of immune com plexes varies 
among diseases and may involve: the formation of immune complexes in the blood 

followed by their glomerular deposition; binding of antibody to an autoantigen 
that is bound to the basement membrane (or has been ‘planted’); the formation of 
complexes within the glomerulus by locally generated antigen; or direct binding 
of antibody to a site on the basement membrane. Adapted from ref. 32, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/).
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organized structures that allow the interaction of B cells and T cells. 
The specialized T cells that facilitate these responses are known as  
T follicular helper cells55. B cell responses can also develop outside ger-
minal centres through so-called extrafollicular pathways. Furthermore, 
in the context of autoimmune disease, autoreactive B cells can develop in  
tertiary lymphoid structures at sites of tissue inflammation56.

As shown in studies of both humans and mice, B cell development 
involves steps denoted as checkpoints that can alter the content of 
autoreactive cells in the repertoire53. The elimination of autoreactive 
B cells can occur by deletion, anergy and a process known as receptor 
editing. In receptor editing of a B cell expressing a self-antigen recep-
tor, the cell undergoes additional gene rearrangements to generate a 
receptor that has lost autoreactivity.

Although tolerance can occur centrally in the thymus and bone 
marrow, it can also occur in the periphery in lymphoid tissues57. In the 
periphery, regulatory cells — deriving from both the B cell and T cell 
lineages — have a key role in restraining autoreactivity by downregulat-
ing responses through various mechanisms, including via the produc-
tion of immunosuppressive cytokines58–60. A characteristic feature of 
regulatory T cells (Treg) cells is the expression of a transcription factor 
called FOXP3, which can serve as a marker of this cell population58.

Depending on the autoimmune disease, the origin and nature of 
these disturbances in tolerance varies, leading to differences in the 
number of targets of autoreactivity as well as their tissue distribu-
tion. In some diseases, autoreactivity is discrete and tissue-specific 
whereas, in other conditions (for example, SLE), the array of autoanti-
bodies is diverse, pointing to a more extensive disturbance in tolerance 
pathways.

Genetics of autoimmune disease
The current model of autoimmune disease posits that disease develops 
in a genetically susceptible individual in response to an environmental 
trigger. Evidence for genetic determination is longstanding, with the 
occurrence of autoimmune disease in family members pointing to a 
contribution of hereditary factors. Observational studies of multiplex 
families have further suggested the inheritance of a general tendency 
for autoimmunity rather than a specific disease. For example, one 
member of a family may have rheumatoid arthritis while another might 
have autoimmune thyroid disease61.

The role of HLA in autoimmunity
Screening for genes associated with autoimmune disease has become 
increasingly precise as studies of genetic variation in the human popu-
lation have advanced62–64; these studies have consistently delineated 
the important contribution of MHC genes to many diseases65. Although 
genes in the MHC region encode a variety of molecules that have 
immune activity (such as complement components and cytokines), 
the genetic association of MHC alleles with autoimmune diseases pro-
bably reflects the role of MHC class I and class II molecules in present-
ing self-antigen determinants for T cell recognition. As genes in this 
region are in linkage disequilibrium, the precise determination of the 
contribution of different genes can be challenging.

In humans, molecules of the HLA complex (the human MHC) are 
enormously polymorphic, with different class I and class II molecules 
able to present different peptides for T cell recognition. Such polymor-
phism is vital for host defence and increases the ability of the host to 
generate immune reactivity against infecting organisms. Even if the 
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Fig. 2 | The actions of autoantibodies in immunopathology. Autoantibodies 
can disturb the function of cells or promote their damage or death through 
diverse mechanisms. These mechanisms include actions as receptor agonists 
(for example, as occurs in Graves’ disease), receptor antagonists (for example, 
as occurs in myasthenia gravis), ligand antagonists (for example, as occurs in 
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neutrophil activation (with indirect damage to endothelium and epithelium)  
and acantholysis (for example, as occurs in pemphigus). ACh, acetylcholine; 
AChR, acetylcholine receptor; Fc, crystallizable fragment. Adapted from ref. 176, 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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capacity of an individual to respond to a particular antigen from an 
infecting organism is limited, the diversity of responses in a population 
confers overall protection. The polymorphism of HLA molecules, how-
ever, might also lead to autoreactivity in some individuals, according 
to their expression of specific alleles.

The contribution of genes to disease pathogenesis
Although dissecting the genetic architecture of autoimmunity is a huge 
undertaking, an increase in the number of both patients enrolled in 
studies and genetic markers tested has enabled the identification of 
genes that confer only a limited risk of disease66. In this regard, stud-
ies have shown that the same genes may increase the risk of different 
autoimmune diseases, consistent with an underlying propensity to 
autoreactivity. Genetic studies can also provide a unique perspective on 
disease mechanisms. For example, although the disease neuromyelitis 
optica is clinically similar to multiple sclerosis, it is genetically more 
similar to SLE67. Neuromyelitis optica is characterized by autoanti-
bodies to the protein aquaporin 4 that lead to manifestations such as 
blindness or limb paralysis.

Several important conclusions have emerged from genetic studies. 
The first is that many genes contribute to a predisposition to autoim-
munity. For diseases like rheumatoid arthritis, SLE and IDDM, over 100 
different genetic loci may confer risk. Variations in the MHC region 
usually confer the greatest risk, although linkage disequilibrium among 
genes in this region may increase the magnitude of this effect. For other 
genes, the contribution of each locus is smaller, with a relative risk of 
the order of 1.2 not unusual. The number of genes identified further 
suggests that disease susceptibility is multigenic, with an ensemble 
of genes affecting processes such as antigen presentation, chemotaxis 
or B cell and T cell signalling. In a multi-hit process, the effects of gene 
variants may be more than additive, especially if they act along the 
same pathway68.

A second important conclusion is that gene variants in general do 
not affect the coding sequences of proteins69,70. Rather, the variants 
associated with autoimmune diseases seem to regulate the level of gene 
expression that could influence, for example, the downstream effects 
of cytokine stimulation not only on the magnitude of the inflammatory 
response but also with regard to their ability to induce direct damage 
to target cells such as the beta cells of the pancreas71. Although a candi-
date locus may be in the vicinity of a structural gene that is involved in 
immune responsiveness, it is often not possible to determine whether 
a causative link exists; patterns of gene transcription as well as epige-
netic changes in individual cell types may provide further insights72. 
In this regard, epigenetic factors can modify the expression of genes 
that predispose to autoimmunity, strengthening the relevance of these 
genes to disease pathogenesis73,74.

These studies have also identified the roles of genes that are associ-
ated with different autoimmune diseases. For example, studies have 
demonstrated a contribution of PTPN22 to several different diseases, 
such as rheumatoid arthritis, SLE and or IDDM, in which it represents 
one of the strongest susceptibility genes other than the genes of the 
MHC region. PTPN22 encodes the tyrosine phosphatase nonreceptor 
type 2, an enzyme that can remove phosphate groups from regulatory 
proteins that determine cell signalling75,76. In the case of the Arg620Trp 
variant, which predisposes to autoimmunity, enhanced phosphatase 
activity may increase T cell receptor or B cell receptor signalling, 
affecting tolerance and promoting autoreactivity. The situation is 
not simple, however, because the biology of PTPN22 is complex. Its 
encoded protein is expressed in different lymphoid and myeloid cell 

types and participates in a number of distinct interactions that affect 
immune responsiveness. Furthermore, PTPN22 polymorphisms can 
also decrease the risk of some inflammatory diseases, such as Crohn’s 
disease, while not affecting others77.

Finally, although genetic polymorphisms might affect the function 
of immune cells or antigen recognition, variants of genes that encode 
antigens might also affect disease susceptibility78. In membranous 
nephropathy, for example, genes in both the HLA region and the PLA2R1 
locus represent the major genetic determinants for this disease; how-
ever, this disease is unusual in that only four loci account for a major 
part of the genetic risk78,79.

The role of ancestry in disease pathogenesis
Genetic studies have also identified ancestry as an important determi-
nant of disease although, in some regions of the world, socioeconomic 
status can complicate assessment of this impact. In SLE, patients of  
African ancestry have more severe kidney disease than patients  
of other ancestries, as well as more abundant autoantibody production, 
as exemplified by higher levels of antibodies to RNA binding proteins80. 
Ancestral groups may also differ in the array of cellular immune dis-
turbances demonstrable in peripheral blood. For example, although 
gene variants may influence the expression of myeloid cells in European 
Americans with SLE, in patients of African ancestry, gene variants may 
be associated with functional changes in B cells as well as other biologi-
cal processes such cellular stress81–83. Gene variants may also affect the 
outcome of disease and response to certain therapeutic agents84,85.

Since genes for autoimmunity probably evolved for defence 
against infection, differences in the endemic infections in any given 
locale may lead to the selection of gene variants that affect disease 
risk or outcome. Variants of APOL1 (which encodes apolipoprotein L1) 
are a key example of such selection. Although APOL1 variants are not 
associated with SLE itself, they are associated with worse outcomes in 
patients with lupus nephritis of African ancestry86. The postulated role 
of APOL1 in defence against trypanosomiasis may have maintained the 
presence of risk alleles in some populations despite their association 
with kidney disease risk.

Current studies can account for only some of the heritability of 
autoimmune disease, because rare variants that increase disease risk 
may not be detected by current analytic approaches. In the future, 
complete sequencing of the genomes of affected patients will pro-
bably identify additional variants that increase disease risk and thereby 
reduce the missing heritability.

Single-gene models of autoimmunity
Most autoimmune diseases are multigenic; nevertheless single-gene 
mutations can powerfully influence disease susceptibility87. For exam-
ple, deficiency of the complement component C1q seems to be almost 
invariably associated with SLE. Although a complement deficiency 
would seem to be protective in a disease characterized by the deposition 
of immune complexes, complement has other actions (for example, 
in the clearance of dead and dying cells). Deficient clearance of such 
material could stimulate autoantibody responses, leading to autoim-
munity. Sequence and copy number variations in genes that encode 
components of the alternative complement pathway (for example, 
complement-factor H related proteins) may also drive disease in C3 
glomerulonephritis, lowering complement levels much as do the 
autoantibodies to these proteins32,88.

Other single-gene systems that contribute to SLE include those 
that encode the enzymes that degrade intracellular nucleic acids.  
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The impaired degradation of these nucleic acids in the context  
of infection or cell stress can lead to a rise in the intracellular levels of  
DNA and RNA, allowing their interaction with cytoplasmic nucleic acid 
receptors. Stimulation of these receptors can induce cytokines such as 
type 1 interferon and their downstream effects, including autoreactiv-
ity. Diseases of this kind have inflammatory and autoimmune features 
and have been termed interferonopathies89.

Abnormalities in single genes can also drive T cell autoimmunity. 
Mutations in AIRE can lead to an autosomal recessive disease known 
as autoimmune polyglandular syndrome type I or autoimmune poly-
endocrinopathy–candidiasis–ectodermal dystrophy (APECED)90,91. 
This condition classically presents with Whitaker’s triad (candidi-
asis, hypoparathyroidism and adrenocortical insufficiency), among 
other features. The absence of AIRE leads to the decreased expression 
of tissue-restricted antigens, resulting in impaired negative selec-
tion; the situation is more complicated because AIRE can also affect  
Treg cells. An interesting feature of this disease concerns the occurrence 
of candidiasis, which can result from autoantibodies to interferon, with 
autoimmunity leading to immunodeficiency.

Other monogenic diseases involve Treg cells and the action of 
FOXP3 — which, as mentioned earlier, is a transcription factor that 
regulates the development and expression of Treg cells. Mutations in  
FOXP3 are associated with a clinical syndrome called IPEX (immuno-
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome)92.  
Along with this triad, patients may have other manifestations such as 
hepatitis or thyroiditis. In addition, abnormalities in other genes that 
contribute to Treg cell function (for example, the genes that encode 
CD25 or the IL-2 receptor) can lead to related autoimmune syndromes 
known as tregopathies93.

Copy-number variations can also underlie the mechanism by 
which products of single-gene loci or gene families can increase disease 
susceptibility. For example, several different genes encode the two 
forms of the complement protein C4; these forms are called C4a and 
C4b and differ in their biochemical interactions with antigen during 
complement activation. Among the rheumatic diseases, copy-number 
variations in the genes encoding C4a determine the levels of C4a in the 
blood as well as susceptibility to SLE and the production of autoanti-
bodies to autoantigens known as SSA/Ro and SSB/La94. As in the case 
of C1q deficiency, the impact of C4a copy-number variations may 
reflect the role of complement in the clearance of immunostimulatory 
material, whether self or foreign.

The role of various single genes in the development of autoimmun-
ity can be verified in animal models by knocking out single genes. As 
these studies have demonstrated, single genes can act at various steps 
in tolerance, both centrally and peripherally. Furthermore, these stud-
ies have indicated the role of positive and negative selection not only  
for the development of conventional TH cells but also for Treg popu-
lations. Studies in animal models have indicated that enhancement of 
B cell signalling frequently leads to anti-DNA production and lupus-like 
disease. By contrast, disturbances in Treg function lead to an array of 
clinical manifestations and serological findings in humans and mice. 
For example, patients with IPEX can produce autoantibodies to gut-
associated target molecules such as harmonin or villin; the production 
of antinuclear antibodies is not a prominent feature of these diseases 
despite the widespread disturbances in T cell regulation95,96.

The role of sex
Many autoimmune diseases occur with a higher frequency in women 
than men, with sex representing a major genetic risk factor97–99. Since 

some diseases (for example, SLE) characteristically affect women in 
their child-bearing years, the influence of sex may relate to the action 
of hormones such as oestrogens and progestins. Both classes of sex 
hormones have important immunological activities; oestrogens,  
in particular, are able to boost immune activity. On the other hand, 
certain diseases (for example, rheumatoid arthritis) may improve dur-
ing pregnancy, highlighting the complexity of hormonal interactions. 
Sex hormone activity is not always deleterious, however, since women 
demonstrate increased levels of resistance to infection as well as height-
ened responses to vaccines compared with those of men100,101. The 
greater susceptibility of women to autoimmune disease may therefore 
represent a trade-off for more robust responses to infection. Of note, 
unlike cancer (for example, breast cancer and prostate cancer), sex 
hormones have not been a major focus of attention in the development 
of treatments of autoimmune disease.

The influence of sex may also involve genes on the X chromosome. 
Although men have a single X chromosome and women have two,  
the level of expression of X-linked genes in women is normalized by the 
inactivation of one of these chromosomes at the level of each somatic 
cell. X chromosome inactivation may be incomplete, however, allowing 
both copies of the X-linked genes to be expressed. For genes encoding 
proteins with immune activity, incomplete X chromosome inactiva-
tion could lead to increased protein production and the downstream 
effects of such proteins.

Evidence for the influence of the number of X chromosomes on 
disease derives from studies on the occurrence of SLE in patients with 
Klinefelter’s syndrome102. This condition is characterized by an addi-
tional X chromosome so that affected individuals are genotypically 
XXY. Despite the presence of the Y chromosome in these patients, the 
prevalence of SLE is similar to that in women. Of the genes that can 
be affected by X chromosome inactivation, Toll-like receptor (TLR) 
7 may be particularly important, given that this internal nucleic acid 
sensor is stimulated by single-stranded RNA, which can be present 
in immune complexes in SLE. Of note, a gain-of-function missense 
mutation in TLR7 (TLR7Y264H) has been identified in a child with SLE, 
with in vitro and animal studies pointing to a role in B cell activation 
and survival103. Other genes encoding proteins with immune activity —  
including FOXP3, CD40L and IRAK1 — are also found on the X chromo-
some, highlighting the important contribution of the X chromosome 
to immunity.

The difference in disease occurrence between men and women 
may relate to differences in underlying disease mechanisms as well as 
in response to therapy; men and women may receive different therapy 
because of concerns about pregnancy, for example104. Interestingly, 
men and women may also differ in the transmission of genetic risk 
since children of fathers with IDDM are more likely to develop disease 
than children of mothers with this disease105.

Triggers of autoimmunity
Gene variants can create a predisposition to immune dysregulation 
in patients, but environmental factors seem to be necessary to induce 
B and/or T cell autoreactivity and clinical disease manifestations. The 
number and kind of these factors are unknown and, for the individual 
patient, they may be multiple and act over time.

Unlike the genes that predispose to autoimmunity, the environ-
mental factors that can act as triggers are more difficult to ascertain. 
One reason is the large number of potentially causative factors given 
the ubiquity of infective organisms and chemical agents in the environ-
ment. The time element is also important given that a relevant exposure 
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may occur years or even decades prior to disease onset. Birth by Caesar-
ean section, for instance, can affect the eventual development of IDDM 
years or decades later106. We note that the frequency of autoreactivity 
may be increasing in the general population, as indicated by assays for 
antinuclear antibodies107. Furthermore, changes in the environment 
may be increasing the prevalence of diseases such as IDDM as observed 
in Western countries; these changes may also affect the contribution 
of genetic factors to disease since stronger environmental influences 
may reduce added risk conferred by gene variants108,109.

The role of microorganisms
Of environmental factors, interaction with microorganisms remains 
the most likely direct trigger of autoimmune disease through at least 
two different mechanisms110,111. The first is through molecular mimicry 
based on structural similarity between self and foreign molecules. 
Despite being directed against a foreign antigen, antibodies induced 
during infection may also bind self-antigens. For example, rheumatic 
fever is an autoimmune process that can result from cross-reactive 
autoantibodies, in this case to group A streptococcus. Assessing the  
role of molecular mimicry in disease pathogenesis must consider  
the biochemistry of these cross-reactions, because sequence homology 
among proteins is not uncommon. It is therefore important to demon-
strate the occurrence of infection or colonization in the autoimmune 
individual when antibodies that bind homologous sequences are found.

The second mechanism is through nonspecific stimulation of the 
immune system. In general, infection exposes the host to pathogen-
associated molecular patterns (PAMPs), which can bind to pattern 
recognition receptors to stimulate innate immune responses and 
potentiate adaptive immune responses112. The action of PAMPs such as 
endotoxin or lipopolysaccharide can affect multiple cell types, enhanc-
ing responses to self as well as to foreign molecules by enhancing the 
stimulation of B or T cell responses. These responses can be elicited 
by different infections that can be symptomatic or asymptomatic.

The impact of some infections on disease processes can have both 
specific and nonspecific components. For example, certain Epstein–
Barr virus (EBV) proteins display structural similarity to RNA binding 
proteins (RBPs)113; thus, an aberrant antibody response to an EBV pro-
tein can lead to cross-reactivity to an RBP. Once an anti-RBP antibody is 
established, it can promote disease by forming immune complexes that 
drive cytokine production and potentiate antigen-specific responses. 
EBV can also lead to B cell activation and antibody responses.

The microbiota comprises all commensal organisms (bacteria, 
viruses and fungi) that coexist with the host and represents an impor-
tant source of foreign antigens110,111. The composition of microbiota 
varies by site (for example, in the gut, mouth and skin) and contains a 
huge variety of different organisms. Indeed, there are more bacterial 
cells than mammalian cells in the ordinary person. Disturbances in the 
composition of the microbiome can lead to dysbiosis and disturbances 
in homeostatic functions, especially of the immune system114.

As in the case of infection, dysbiosis can induce both nonspe-
cific and specific immune responses that underpin autoreactivity. 
In rheumatoid arthritis, expansion of Prevotella copri in the gut is 
associated with disease expression, with bacterial P. copri peptides 
showing homology to self antigens that can bind to the shared epitope 
(see below). In SLE, expansions of Ruminococcus gnavus are associ-
ated with disease activity as well as the presence of antibodies against  
lipoglycan antigens of this organism. The composition of the micro-
biome may also influence treatment response owing to effects on drug 
metabolism115–118.

Among other effects of the microbiome, bacteria from the gut can 
translocate into the circulation and localize in tissue to provide a nidus 
of microorganisms that can trigger autoantibody production; distur-
bances in the barrier function of the gut wall can increase transloca-
tion119. Although the body has traditionally been considered to be sterile 
except for the gut, sensitive molecular techniques have demonstrated 
the presence of organisms in a variety of different tissues. Interestingly, 
gut organisms that act as pathobionts can evolve in the host and develop 
mutations that influence their capacity for translocation120.

In addition to its role as a source of antigen, gut microbiota can 
affect the immune system through its effects on metabolism121–123. 
Gut bacteria have a key role in the metabolism of short-chain fatty 
acids, which can interact with G protein coupled receptors on immune 
cells to modulate their function124. The microbiome can also alter the 
metabolism of amino acids such as tryptophan. Since tryptophan can 
be converted to kynurenine, which has immunomodulatory effects, 
gut dysbiosis can lead to immune system changes through the actions 
of this mediator125.

Although both bacterial and viral infection can drive autoimmun-
ity, the overall level of exposure may have countervailing effects. The 
hygiene hypothesis posits that the frequency of autoimmune and 
allergic diseases in the population is accelerating, especially in the 
high-income regions, because of a relatively ‘clean’ environment that 
limits early life exposures to microbial organisms. Such environmental 
changes may shift the balance of the immune system processes, creat-
ing a predisposition to autoreactivity. In this schema, diet is another 
factor that can shape the immune system since the composition of diet 
(for example, the amount of fibre) can affect the microbiome, gut wall 
integrity and mediator production126,127.

Smoking
The impact of smoking on the development of rheumatoid arthritis is 
one of the clearest examples of the interplay between genes and the 
environment. Among genetic factors, the so-called HLA shared epitope 
dramatically increases the risk of rheumatoid arthritis. Smoking exacer-
bates the risk of rheumatoid arthritis, and the combination of smoking 
and presence of the shared epitope dramatically increases disease risk 
by approximately 10-fold128. The causative factor in smoke is not clear, 
although an increase in protein citrullination in the lung may elicit 
ACPA production, initiating a process that ultimately targets the joints.

Drugs
Drugs represent another exposure that can trigger autoreactivity, 
with SLE and autoimmune thyroid disease showing evidence of dis-
ease induction by a variety of therapeutic agents. Among widely 
used agents, statins have been associated with immune-mediated 
necrotizing myopathy (IMNM), which is characterized by antibodies 
to 3-hydroxy-3-methylglutaryl-CoA reductase, the target of statins129. 
The association of IMNM with certain HLA antigens provides further 
evidence for the interplay between genetic and environmental fac-
tors in disease aetiology. As another example, antibiotics may affect 
pathogenic processes via their effects on microbiota. Certain drugs 
(for example, NSAIDs) may be associated with distinct forms of kidney 
disease (for example, acute interstitial nephritis and membranous 
nephropathy), although the frequency of NSAID use in the population 
can complicate assessment of the effect on immune-mediated disease. 
Prostaglandins have complex immunological actions and may be anti-
inflammatory in certain settings; as a result, their inhibition through 
NSAID use may provoke nephritis130,131.
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Malignancy and its treatment
The systemic effects of malignancy include the induction of auto-
reactivity. As the host mounts a defence against tumour growth, the 
targeting of a neo-antigen can induce a cross-reactive response to non-
mutated self-antigen and clinical features such as severe neurological 
manifestations. The development of encephalitis from antibodies 
to the N-methyl-d-aspartate glutamate (NMDA) receptor in women 
with an ovarian tumour is a classic example of this process132,133. These 
manifestations, which are associated with characteristic antibodies, 
can sometimes precede the tumour and provide a clue to the underlying 
malignancy. In this regard, certain chemotherapeutic agents may cause 
‘immunogenic cell death’, which can provoke an antitumour response —  
an example of the way that a cell state (for example, involving cell 
damage or stress) can determine autoimmune reactivity134.

The treatment of cancer with immune checkpoint inhibitors is 
an increasingly common setting for the development of autoimmun-
ity132,135. In this context, the goal of therapy is to increase immunity to 
the tumour, which has been restrained by immune checkpoints that 
also prevent autoreactivity. Removal or attenuation of the restraints 
through the administration of therapeutic antibodies to CTLA-4, PD1 
or PD1 ligand (alone or in combination) can induce a wide range of 
autoimmune syndromes; gastrointestinal and endocrine manifesta-
tions are particularly common. Although autoantibodies can occur 
in this setting, the development of antinuclear antibodies of the kind 
found in SLE is infrequent, providing another example of the differing 
consequences of aberrant B cell and T cell autoreactivity.

Stages of autoimmunity disease
Autoimmune disease is dynamic, with clinical manifestations leading 
to the culmination of a process that develops over many years. Defining 
the stages of disease is important for devising new strategies for early 
diagnosis, treatment and prevention; staging may also be important 
in determining the need for ongoing immunosuppressive therapy, 
especially if remission has occurred.

The concept of pre-clinical autoimmunity
One of most important outcomes of research on autoimmune disease 
is the concept of ‘pre-clinical autoimmunity’. Pre-clinical autoimmun-
ity defines a period of time in which autoreactivity or autoimmunity 
(usually assessed by the expression of autoantibodies) is present in 
the absence of classic signs and symptoms of disease136. The boundary 
between pre-clinical autoimmunity and autoimmune disease is vague 
and depends on the degree of patient symptomatology, availability of 
laboratory data and appropriate recognition by the provider. For some 
conditions, the term ‘incomplete’ disease is used, suggesting that, 
although clinical findings are present, they do not fully meet diagnostic 
or classification criteria for ‘complete’ disease137.

Regardless of the terminology, the period of pre-clinical auto-
immunity signifies that autoimmune disease entails a process that 
develops over time; a duration of years may not be unusual138–140. This 
dynamic differs greatly from that of a condition like acute rheumatic 
fever in which signs and symptoms rapidly follow infection. Many 
autoimmune diseases can therefore be best understood as diseases in 
which chronicity arises not just from the sequelae of an autoimmune 
attack (for example, insulin dependence in IDDM) but also from the 
gradual induction of the effector elements themselves, whether B cells 
or T cells (Fig. 3).

Pre-clinical autoimmunity can be recognized in various ways. The 
first involves retrospective analysis of blood from patients collected as 

part of longitudinal population-based studies such as that performed 
by the USA military. For patients who develop disease, the stored sam-
ples can be tested for autoantibodies to determine when they arise138. 
Pre-clinical autoimmunity can also be characterized prospectively 
as part of public health efforts to improve disease outcomes by early 
detection and treatment141. Although an entire population could be 
monitored, a more efficient approach involves testing of individuals 
who are at high risk of disease on the basis of family history or the pres-
ence of disease in a first-degree relative; identical twins are the most 
informative relatives but they are not common142.

Pre-clinical autoimmunity can also be discovered accidentally 
or incidentally. In the evaluation of patients with musculoskeletal 
complaints, providers may order tests such as the rheumatoid fac-
tor (an IgM anti-IgG antibody), anti-CCP, or an antinuclear antibody 
(Supplementary Box 3). Since these tests may be ordered in patients 
with a low pre-test probability of disease (for example, patients with 
degenerative arthritis or widespread pain), positive results are most 
probably false-positive. Some positive results, however, may represent 
the pre-clinical autoimmune state.

Both retrospective and prospective studies confirm that the pres-
ence of autoantibodies can pre-date disease by many years and that, 
during the pre-clinical autoimmune setting, autoantibody production 
can evolve and lead to the expression of antibodies to either more 
epitopes (epitope spreading) on a target antigen or additional antigens, 
which may accompany the progression to clinical disease. For instance, 
several different autoantibodies (including anti-GAD, anti-insulin, anti-
islet antigen-2 and anti-z-transporter 8) are associated with IDDM. The 
likelihood of developing clinical diabetes increases with the number of 
different autoantibodies present139. Similarly, in rheumatic diseases, the 
chance of developing SLE rises as the number of different antinuclear 
antibodies increases over time. In addition to expanding serological 
findings, the pre-clinical autoimmune state can be associated with 
evidence of immune dysfunction (for example, increased cytokine 
production) that can intensify as clinical findings develop138,143.

A transition from pre-clinical autoimmunity to clinical disease 
may not be inevitable. Prospective studies may facilitate the identifica-
tion of factors that drive this transition and may be targeted for early 
therapy144. Interestingly, studies have demonstrated that autoantibody 
responses may revert, with the risk of disease diminishing145. Better 
prediction of the transition from pre-clinical to clinical disease may 
require adjunctive information from genetic and genomic studies to 
identify more precisely the individuals at greatest risk.

Early or preventive therapy
The opportunity to initiate early or pre-emptive therapy depends on 
serological tests that can predict disease as well as the availability of 
treatments with a favourable efficacy-to-safety ratio. This approach 
also depends on the extent of the organ damage that has occurred 
by the time pre-clinical autoimmunity can be recognized by labora-
tory findings or symptomatology. Nevertheless, early treatment can 
have the enormous benefit of limiting subsequent tissue injury. The 
term ‘window of opportunity’ denotes the time period in which effec-
tive treatment may attenuate or even halt autoimmunity to prevent 
progression to permanent or persistent disease activity.

IDDM and rheumatoid arthritis are two diseases that enable the 
testing of strategies to treat pre-clinical autoimmunity. In IDDM, family 
members can be screened for evidence of autoantibody production; 
the function of pancreatic beta cells can be assessed by testing for 
glucose tolerance and insulin production, and a number of studies 
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are under way to identify therapeutic agents that are effective dur-
ing early stages of autoimmunity. One of these agents, teplizumab  
(an Fc receptor nonbinding humanized anti-CD3 monoclonal antibody) 
has received approval from the US FDA to delay the onset of stage 3 
IDDM (clinical diabetes) in high-risk individuals with stage 2 IDDM 
(that is, in individuals with two or more autoantibodies and elevated 
blood glucose levels) who are 8 years of age or older. Use of this agent 
is associated with an increase in the frequency of a population of CD8+ 
T cells that bear the features of ‘partial exhaustion’. For the pancreas 
as a targeted organ, various approaches, including insulin therapy, 
are being tested to decrease stress and thereby blunt the effects of 
autoimmune attack146–151.

In contrast to IDDM, for which several marker autoantibodies 
herald the onset of autoimmunity, anti-CCP antibodies are the only 
specific marker of rheumatoid arthritis; rheumatoid factors are much 
less specific. In the absence of a functional test for rheumatoid arthritis 
comparable to a glucose tolerance test in IDDM, pain (that is, arthralgia) 

can serve as a marker of incipient disease although, arguably, pain 
may indicate ongoing synovitis. Treatments such as hydroxychloro-
quine, methotrexate or rituximab have all been explored to prevent 
inflammatory arthritis in patients with arthralgia at risk of rheumatoid 
arthritis, although early treatment may only delay disease onset rather 
than foster a more significant shift in the immunological profiles of 
patients152,153.

In considering early or preventive therapy, benefits attributable 
to immunomodulatory therapies or immunosuppressive agents may 
actually reflect spontaneous remission, which can occur in certain 
autoimmune diseases depending on factors such as patient age and 
serological status14,154,155. Once disease manifestations occur, however, 
therapy may be necessary to prevent organ damage, limiting the ability 
to observe spontaneous remission and the immunological changes that 
terminate autoreactivity and restore homeostasis. In this regard, for 
remissions induced by therapy, autoantibody production may continue 
despite clinical quiescence.

Stages of autoimmune disease

?
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Therapy-associated

Predisposition
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ve

l
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Autoantibodies
Signs or symptoms

Benign
autoimmunity

Pre-clinical
autoimmunity

Time

Autoimmune
disease

Post-clinical
autoimmunity

Fig. 3 | The stages of autoimmune disease. Autoimmune disease develops 
over a time course and its trajectory may be affected by the presence of genetic, 
epigenetic and environmental factors. The presence of certain genetic risk 
factors, may, for example, cause disturbances in B cell and T cell signalling, even 
early in life. After a while, the impact of these disturbances becomes manifest, 
potentially as a consequence of environmental exposures (such as infection); 
in women, sex hormones may heighten these disturbances. Over time, evidence 
of autoimmunity (for example, elevated levels of autoantibodies or cytokines) 
increases and patients enter a stage that can be called asymptomatic or benign 
autoimmunity. The subsequent accumulation of other causative factors induces 
a transition to a stage of pre-clinical autoimmunity in which functional changes 
(for example, dysglycaemia) or symptoms (for example, arthralgia) occur but 
remain below a threshold that would cause the patient to seek medical attention 
or prompt the provider to order more testing. Once such a threshold has been 

reached, clinical autoimmune disease can be diagnosed and therapy started. The 
various stages probably represent a continuum, with more intensive screening 
moving each of the stages back in time. Post-clinical autoimmunity refers to the 
changes that may occur after clinical recognition and initiation of therapy. For 
diseases such as immune dependent diabetes mellitus, therapy might focus on 
agents such as insulin that aim to correct the functional disturbance without 
monitoring for autoimmunity or treatment with immunosuppressive agents. 
For other diseases, such as anti-neutrophil cytoplasmic autoantibody (ANCA)-
associated vasculitis and systemic lupus erythematosus, management may 
involve immunosuppressive therapy of varying intensity, in some instances 
guided by biomarkers such as anti-DNA, ANCA or complement. It is useful to 
distinguish between clinical autoimmunity and post-clinical autoimmunity 
because current therapy can induce remission in at least some diseases 
(for example, rheumatoid arthritis).
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The concept of post-clinical autoimmunity
Not surprisingly, research on autoimmune disease has focused on 
factors that initiate autoreactivity and induce inflammation. Fewer 
studies have addressed subsequent events in disease, particularly the 
long-term impact of treatment on underlying B cell and T cell distur-
bances. Studies of this kind require informative biomarkers as well 
as an understanding of the mode of action of immunosuppressive 
therapies. Many currently available agents have broad actions, with 
anti-proliferative agents capable of modifying the number or function 
of both B cells and T cells. Even agents that seemingly target a specific 
cell population can have complex and unexpected actions. For instance, 
although rituximab can eliminate B cells, it can also affect T cell function 
because B cells are effective antigen-presenting cells and are required 
for the maintenance of T follicular helper cells156.

For some autoimmune diseases, once irreversible damage has 
occurred, the need for ongoing immunosuppressive treatment lessens 
or disappears. In these conditions, long-term treatment focuses on the 
organ dysfunction (for example, thyroid replacement for hypothyroid-
ism from thyroiditis, or insulin therapy for IDDM). In instances in which 
autoimmune damage is permanent, further serological testing would 
be mostly of academic interest. For other diseases such as rheumatoid 
arthritis or multiple sclerosis, autoreactivity and inflammation can 
persist for many years at varying intensity, waxing and waning dur-
ing flares. The basis of flares is unknown, although flares may result 
from a nonspecific increase in immune reactivity (for example, from 
infection or stress) or a change in the exposure of the immune system 
to self-antigen.

The role of B cells in determining disease course
For autoimmune diseases mediated by B cells, characteristic changes 
in B cell populations can occur and signal the diverse roles of these 
cells in antigen presentation, cytokine production and autoantibody 
production. Among these changes, age-associated B cells can increase 
in number and distribution. Age-associated B cells are present in the 
context of ageing, infection and autoimmunity; they can be defined 
according to their expression of the T-bet transcription factor as well as 
cell surface markers (CD11c+ and CD21–/low) and represent a heterogene-
ous population of activated cells that can be induced by TLR7 or TLR9 
engagement157,158. These cells have unique functional and migratory 
properties and may also be found in tissue (for example, in synovium 
or synovial fluid). The expansion of age-associated B cells during active 
SLE and rheumatoid arthritis suggests that the expression of these cells 
contributes to disease initiation and persistence159,160.

In addition to changes in certain B cell populations, such as the 
decrease in anergic B cells in IDDM161, an important determinant of 
disease course is the nature of the autoantibody-producing cells and 
the respective roles of newly emergent B cells, memory populations 
and long-lived plasma cells (LLPCs)162. Unlike the transient role of 
plasma blasts or short-lived plasma cells, antibody production by LLPCs 
can persist for many years, with antibody production to some antigens 
being essentially lifelong. The duration of antibody production by 
LLPCs can vary and may reflect the strength of the activating signals 
during induction that ‘imprint’ the lifespan of the response163–165. LLPCs 
can survive in specialized niches in the bone marrow as well as second-
ary lymphoid organs; LLPCs may also reside in sites of inflammation 
such as the kidney in SLE or the joints in rheumatoid arthritis166.

Since LLPCs do not express CD20, they are not affected by 
rituximab, a monoclonal anti-CD20 agent. Other approaches aimed 
at eliminating plasma cells include proteasome inhibitors such as 

bortezomid and monoclonal antibodies to CD38 or SLAMF7 — agents 
developed to treat the plasma cell malignancy multiple myeloma. The 
elimination of LLPCs can affect protective antibody responses as well 
as autoantibodies167,168.

The role of LLPCs in many autoimmune responses is unclear 
because sequential autoantibody testing is often not performed after 
disease onset owing to the uncertainty of the role of antibodies as mark-
ers of disease activity or prognosis. For example, it has been difficult 
to establish whether ANCA testing helps to predict disease activity in 
ANCA vasculitis; the relationship between ANCAs and disease activity 
may vary depending on clinical manifestations (renal versus non-
renal), the specificity of the autoantibodies (myeloperoxidase versus 
proteinase 3) and the performance characteristics of the assays169.

The role of autoantibodies as a biomarker has been more exten-
sively explored in SLE. In this disease, levels of anti-DNA antibodies 
fluctuate widely and can rise and fall with disease activity and therapy. 
In some patients, these antibodies can essentially vanish only to reap-
pear months or years later170. This variability may reflect antibody secre-
tion by plasmablasts derived from a memory cell population or the 
emergence of new B cells. By contrast, antibodies to RBPs show a more 
stable level of expression, consistent with their production by LLPCs171. 
In general, levels of anti-RBPs are not assessed in patient follow-up, 
although antibodies to both DNA and RBPs have been associated with 
the formation of immune complexes that induce interferon.

The term ‘post-clinical autoimmunity’ or ‘post-clinical-onset auto-
immunity’ can be used to denote events in autoimmune disease after 
a clinical (or laboratory) threshold has been met, the diagnosis estab-
lished and therapy implemented. This terminology does not mean that 
autoimmunity has ended or that B and T cell reactivity is eliminated; 
rather, it focuses attention on the subsequent disease course, especially 
the effects of therapy. Thus, anti-inflammatory or immunosuppressive 
agents may attenuate or modify the immune system changes that led 
to disease onset. The natural history of disease may also determine 
the post-clinical autoimmune state since some diseases (for example, 
autoimmune haemolytic anaemia) can be monophasic and may remit 
after a single course of therapy; other diseases may enter into a state of 
low disease activity or even remission with therapy172.

Immune system changes in post-clinical autoimmunity
Studies of SLE point to the heuristic value of the concept of post-clinical 
onset autoimmunity. During the development of belimumab — a mono-
clonal antibody against the B cell factor BAFF (also known as BLyS) — 
many patients (about 30%) who entered the phase II clinical trials did 
not have detectable antinuclear antibodies despite active disease173. 
Importantly, in the phase II trials, patients who were seropositive had 
much better treatment responses than those who were seronegative173. 
The phase III trials enrolled only seropositive patients (antinuclear 
antibodies, anti-DNA and/or anti-Sm) and were successful, leading to 
regulatory approval of belimumab174. Subsequent trials of other agents 
have followed this approach and entered only patients with ‘autoanti-
body positive, clinically active’ SLE175. Thus, although at disease onset, 
essentially all patients with active SLE are autoantibody positive, in the 
post-clinical-onset state, some patients may have active disease despite 
seronegativity. Some aspect of the immune system has changed pro-
foundly in patients with this state, either as a consequence of therapy, 
natural disease history or both.

In trials for new agents for SLE and probably other autoimmune 
diseases (such as rheumatoid arthritis), at the time of enrollment, 
patients might already have had the disease for 5 to 10 years depending 
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on the manifestation. Much can happen during this time, includ-
ing reductions in autoantibody production in response to therapy. 
Without periodic assessment, it can be difficult to understand the 
relationship of autoantibodies and disease manifestations given that 
both may evolve during the course of disease. It is possible that T cell 
autoreactivity also ebbs and flows.

Conclusions
Autoimmune diseases are a diverse collection of conditions that arise 
from a breakdown in the mechanisms of tolerance and self–nonself dis-
crimination. Tolerance is enormously complicated and involves many 
different mechanisms and interactions, perhaps accounting for the 
heterogeneity of the various diseases classified as autoimmune. Future 
studies will delineate more precisely both the genetic and genomic 
architecture of the different diseases in the hopes of developing more 
effective, more targeted and less toxic therapies for both treatment 
and prevention.

Published online: 10 May 2023
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